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ABSTRACT: We report a study of the influence of chain entanglements in dissipative particle dynamics
simulations of polymer brushes under shear.We observe that the incorporation of an entanglement potential
to prevent bond crossings significantly changes the friction and viscosity of these systems. Simulations have
been carried out for different compression ratios at constant chemical potential. We have also studied the
influence of the solvent quality and the intensity of the shear rate on the thermodynamic, structural, and
rheological properties of the system. We show that the behavior of the model polymers is in good agreement
with SFA experiments and theoretical scaling laws. The use of an entanglement potential avoids the artificial
overlap between polymer particles that often occurs on the mesoscopic scale. We conclude that such a model
is necessary for the correct description of the polymer brush system, especially for the calculation of
rheological and frictional properties.

Introduction

The coating of a surface with end-grafted polymer chains is an
interesting way of changing the mechanical properties of
the surface. If the grafting density is high enough, then the chains
are oriented normal to the surface, forming a polymer brush.
Two sliding solid surfaces can have their friction reduced by three
orders of magnitude when coated with such polymer chains.1

This mechanical effect is not the only application of polymer
brushes: they can be used for surface protection, colloidal
stabilization,2-4 surface modification,5 or biocompatibility. All
of these applications require a detailed understanding of the
structural and rheological properties of the brush system.

The polymer brushes have been widely studied by theoretical
methods.6-10 Scaling laws have been deduced, describing the
scaling behavior of these systems. These systems have been
extensively studied using surface force apparatus (SFA) experi-
ments.1,11-16 Improvements in these techniques have made it
possible to measure precisely the normal and tangential compo-
nents of the pressure when sliding the two surfaces under
compression. These experiments are of great importance in
understanding the lubrication process.

The polymer brushes systemhas also beenwidely studied using
various simulation methods. Molecular dynamics has been
used to study both the brush structure17,18 and polymer
melts to characterize the entanglement regime.19,20 However,
the time and length scales involved in polymer dynamics
are too large to be studied with an all-atom, molecular descrip-
tion. Simulations on the mesoscopic scale are an interesting
alternative to model polymer brushes, and stochastic dynamics
methods have been successfully applied.21-28 These methods
are specifically designed to model polymer systems far from
equilibrium, which is the case when applying a high shear rate.
Lattice Monte Carlo methods have also been used to model
the mesoscopic scale.29,30

Dissipative particle dynamics (DPD) is a coarse-grain method
first introduced byHoogerbrugge andKoelmann.31,32 As for any
mesoscopicmethod, oneDPDparticle represents an entire region
of the fluid phase. Consequently, the simulated time and length
scales are much greater than those in conventional molecular
dynamics. Polymer brushes systems have been studied using this
method and compared with molecular dynamics.33 We have
shown in previous works that DPD is a useful tool for studying
the structural, thermodynamical and rheological properties of
polymer brushes.34-36

The lubrication effect of the solvent has been shown to be an
important factor in those models, so the solvent particles are
described explicitly in the model. Many stochastic methods do
not generally use a discrete description of the solvent interacting
with the polymer brushes. We have shown in a previous paper
that the use of a continuum description of the solvent leads to a
different description of the rheological properties,37 particularly
during a compression. However, care has to be taken when
considering the behavior of soft DPD-like particles because this
can result in unphysical overlap. This is a major issue for
simulating confinedpolymers, where the behavior canbe strongly
governed by the topology. We have recently suggested a bond
repulsion potential38,39 tomodel polymer brush systems.Wehave
shown that an additional repulsion force between interacting
polymer segments prevents the chains from crossing each other,
preserving the systems topology.

This work aims to model the compression of polymer brushes
using this entanglement DPD model. Using a previously well-
established methodology, we plan to study the influence of the
entanglement potential on the structural and rheological proper-
ties of the system. This article is organized as follows. In the first
section, we detail the model used in our simulations. The
calculation of the thermodynamical, structural, and rheological
properties is outlined, and the different mesoscopic simulation
methods are described. The second section contains our results,
divided into three parts: The first part details the methodology
of simulating a compression and highlights the differences in
an entangled and a nonentangled brush system. The scaling*Corresponding author. E-mail: florent.goujon@univ-bpclermont.fr.
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behavior of the brushes is compared with theoretical scaling laws
and experimental results. The second part dealswith the influence
of the solvent quality and the shear rate on friction. The third part
explains the details in simulation, including the checks of the
thermodynamic consistency and the calculation of the rheologi-
cal properties.

Simulation Model

Dissipative Particle Dynamics Model. Dissipative particle
dynamics uses a classical time integration of the forces acting
on each particle. We used a modified velocity Verlet algo-
rithm,which gives accurate convergence and iswidely used in
DPD simulations. The total force acting between two DPD
particles, i and j, separated by a distance, rij, can be split into
three pairwise additive contributions. The conservative
force, fij

C, derives from a soft repulsion potential and is
expressed as

fCij ¼
aij 1-

rij

rc

� �
^rij ðrij < rcÞ

0 ðrijgrcÞ

8>><
>>: ð1Þ

where aij is themaximum repulsion parameter, rc is the cutoff
radius, and r̂ij is the unit vector along the i-j direction. The
dissipative force, fij

D, includes the energy loss due to the local
friction between the particles. The function of the random
force, fij

R, is to input energy to the system to model the
Brownian motion, which is of importance for particles
interacting on this scale

fDij ¼ -γωDð^rij 3 vijÞ^rij ð2Þ

fRij ¼ σωRθij
1ffiffiffiffiffi
δt

p ^rij ð3Þ

where σ and γ are constants, ωD and ωR are dimensionless
weighting functions, δt is the unit time step, and θij is a
random number with Gaussian distribution, zero mean, and
unit variance. The DPD method has been shown to sample
the canonical ensemble if the following relations are satisfied,
which follow from the fluctuation-dissipation theorem

γ ¼ σ2

2kBT
and ωDðrijÞ ¼ ðωRðrijÞÞ2 ð4Þ

where kB is the Boltzmann constant and T is the imposed
temperature. Because no explicit form is imposed for the
weighting functions, a simple soft repulsive expression has
been chosen that is similar to the expression for the con-
servative force (ωD = 1 - rij/rc).

47 The DPD method uses
virtual mesoscopic particles, so the time and length scales
require careful consideration. We return to this issue in the
next section.

Reduced Units. At the mesoscopic level, it is difficult to
have a precise idea of the scales involved in the simulations.
The real size of aDPDpolymer particlemay vary fromone to
several dozens of monomers, depending on the interaction
potential and the time scale. Many recent papers deal with
this issue, trying to connect the microscopic and mesoscopic
scales.42-46 Because this work aims at characterizing only the
scaling behaviors of polymer brushes, a simple linear repul-
sion potential has been used for the conservative force. It has
been shown by Groot47 that any soft potential can give a
correct description on the mesoscopic scale.

The unit mass and distance are chosen to be the particle
mass, m, and the cutoff radius, rc. The reduced values are
thenm*=m/m=1 and r*= r/rc. The reduced temperature
is expressed using the unit energy, ε, as T* = kBT/ε = 2.0.
Consequently, the unit of time is t* = t(ε/mrc

2)1/2, and the
unit interaction parameter is a* = a(rc/ε). Any other unit
used in this article can be deduced from these definitions.
Because all values calculated in this article are in reduced
units, the star notation has been removed for clarity.

The interaction parameter, aij, is a key value for simulating
polymer chains in a solvent of a particular quality. In a
previous work, a set of parameters was established34,35 to
model the polymer brushes system efficiently: the reduced
interaction parameter is set to aij = 60.0 for any type of
particle. Therefore, the polymer-polymer and the solvent-
solvent interactions are defined by apol-pol= asol-sol= 60.0.
The value of the polymer-solvent interaction para-
meter apol-sol can be set to be equal to, less than, or more
than this value to provide an athermal, good, or bad solvent,
respectively. In this work, the polymer chains are immersed
in a good solvent, defined by apol-pol = 40.0. In a previous
paper, we also established the entanglement parameters
designed to avoid most bond crossings with a minor influ-
ence on the thermodynamic properties of the system. The
values aij

ent= 40.0 and rc
E=0.80were found to be optimal.39

Polymer Brushes. A polymer chain can be created from
DPD particles by adding a simple harmonic spring force
between the beads. This simple model has been developed by
Schlijper40,41 and exhibits the behavior of a Gaussian chain.
The chains are described in our model by adding a spring
force fij

S acting between two connected particles i and j

fSij ¼ ksðrij -reqÞ^rij ð5Þ
where req is the equilibrium bond length and ks is the spring
force constant. The polymer chains are grafted to solid
surfaces using the same harmonic force. Figure 1 shows a
schematic view of the system: each solid surface consists of
three 27 � 20 hexagonal-packed layers tethered to their
initial positions by a harmonic force. The z axis is oriented
along the normal to the solid surfaces. We applied a shear is
applied by moving the surfaces in opposite directions along

Figure 1. Schematic view of the polymer brushes system. Each solid
surface consists of three layers (b) separated by a distance h. Polymer
chains are chemically grafted onto each surface and immersed in a good
solvent (O). We applied a shear rate by moving the solid surfaces in
opposite directions along the x direction.
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the x axis by an amount xδ in one time step

δx ¼ (
γ_aLz

2
δt ð6Þ

where _γa is the applied shear rate. The reduced time step, δt,
is set to 0.01 units of time. A total of 270 polymer chains are
grafted onto the two surfaces. Each surface contains 135
randomly grafted chains, which gives an overall grafting
density of 0.25. The length of each chain is 20 beads, which
gives a total number of 5400 polymer DPD particles. Those
chains are immersed in a solvent represented by various
numbers of DPD particles, depending on the system size.
Figure 2 shows a snapshot of a typical simulation cell under
shear.

We have shown in a previous article39 that this polymer
model cannot prevent the bond crossings because of the soft
repulsion between the beads. This leads tomany violations of
the topology of the polymer chains and ignores entangle-
ments. 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.38 The entanglement force, fij

E, is

fEij ¼
aentij 1-

dij

rEc

 !
^
dij ðdij < rEc Þ

0 ðdijgrEc Þ

8>>><
>>>: ð7Þ

where aij
ent is the maximum repulsion value, rc

E is the
entanglement cutoff value, and dij is the minimal distance
between the two interacting bond segments i and j. The
force is then applied on the polymer beads by using a simple
lever rule: each bead receives a fraction of the force corre-
sponding to its distance from the segment interaction
point.38 The calculation of fij

E, the tests for topology viola-
tion, and a detailed study of the efficiency of such a model in
DPD and polymer brushes can be found in a previous
paper.39

Thermodynamic and Rheological Properties. The profile of
the components of the pressure tensor are calculated using
the Irving-Kirkwood definition48,49

pRβðzÞ ¼ FðzÞkBTRβðzÞ-
1

LxLy ÆÆXi Xj>i

ðrijÞRðf ijÞβ
jzij j θ

z-zi

zij

 !
θ

zj -z

zij

 !
æ ð8Þ

where <...> denotes a configurational average and R and β
represent the x, y, or z directions. The double sum is over all
pairs of interacting particles and fij is the total force acting
between particles i and j. The entanglement contribution is
considered to be acting between the two positions calculated
on the bonds so that it gives a pairwise contribution, which is
easily included in eq 8. The calculation of the local pressure is
useful to check themechanical equilibrium inside the simula-
tion cell because the pressure must be constant through the
system. Additionally, the calculation of the tangential pres-
sure component, pxz, allows us to calculate rheological
properties. The friction coefficient is defined by the ratio of
tangential and normal pressure50

εðzÞ ¼ -
ÆpxzðzÞæ
ÆpzzðzÞæ ð9Þ

The profile of the shear viscosity, η, of the solvent is

ηðzÞ ¼ -
ÆpxzðzÞæ
γ_ðzÞ ð10Þ

where _γ(z) is the x component of the derivative of the solvent
velocity profile with respect to z. The value of η used in this
article represents the minimal solvent viscosity value, which
corresponds to the middle of the pore.35

We also established the chemical equilibrium by calculat-
ing the chemical potential of the solvent. To do this, we use
the test particle insertion method,51 calculating the interac-
tion energy of a test particle inserted in the box. Because the
local solvent density varies across the simulation cell, we used
the definition of the configurational chemical potential first
introduced by Widom,52 which can be used to validate the
local chemical equilibrium.36,53-55

μconfðzÞ ¼ kBT ln
ÆFðzÞæNVT

Æexp - ΔUtest

kBT

� �
æNVT

2
64

3
75 ¼

kBT lnÆZðzÞæNVT ð11Þ

In this equation, F(z) is the solvent number density andΔUtest

is the interaction energy of the test particle at height z with
the other N particles in the cell. A demonstration of the
thermodynamic consistency of the simulation is provided in
the last section of the discussion.

Figure 2. Snapshot of a simulation box containing entangled polymer brushes immersed in solvent at amoderate compression ratio (h/h0= 0.54). The
polymer chains are reconstructed from their grafting point for a better visualization. Different particle sizes are used for clarity. The arrows show the
direction of the shear applied to each wall.
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Grand Canonical Ensemble. We have shown in a previous
study that a set of simulations modeling a compression
should be conducted at constant chemical potential.36 In-
deed, because we want to simulate various surface separa-
tions, the number of solvent particles has to be adjusted. This
is done by fixing the chemical potential for the solvent in each
simulation. The grand canonical conditions can be readily
included in a DPD simulation by performing creation/dele-
tion moves in a dynamical run.56 We attempt to create
or delete a solvent particle with equal probability at
given times by using the grand canonical Monte Carlo
acceptance rules57,58

Pacc
creation ¼ min 1,

ÆZæzV
N þ 1

exp -
ΔU

kBT

� �" #
ð12Þ

Pacc
deletion ¼ min 1,

N

ÆZæzV
exp -

ΔU

kBT

� �" #
ð13Þ

whereV is the total cell volume,ΔU is the potential energy of
the created/deleted particle interacting with the system, and
Z= exp(-μconf/kBT) is the activity of the solvent related to
the imposed chemical potential. The details of this modified
code are described in a previous paper.36 The velocity of the
inserted particle is chosen randomly using a Maxwell-
Boltzmann distribution using the imposed temperature. To
take into account the shear along the x direction, the x
component of the solvent particle velocity is changed by
the addition of the x component of the streaming velocity.

Results and Discussions

Compression under Shear. The methodology for simulat-
ing a compression inDPD is as follows. A reference system is
chosen for which the opposite brushes do not overlap, with
the smallest distance between the solid surfaces. This system
is equilibrated over 100 000 timesteps. The solvent chemical
potential, μ, is then calculated during a 300 000 timestep
acquisition at constant NVT and considered to be the
reference chemical potential. We then perform other simula-
tions by decreasing the separation, h, between the walls.
These simulations are carried at constant μVT. The
compression ratio is h/h0, where h0 is the surface separation
of the reference system. Consequently, low values of the
compression ratio correspond to a high compression. Each
constant μVT simulation is 500 000 timesteps long, trying a

creation/deletion move every 500 timesteps. The number of
solvent particles is stabilized after a first run, and the
acquisition is done during a second one.

The interpenetration coefficient, I, between the brushes is
defined as

I ¼
R h=2
0 F1ðzÞ dzR h=2
-h=2 F1ðzÞ dz

ð14Þ

where F1(z) is the number density profile of a single brush
considering the origin of the z axis at the middle of the cell.
The reduced interaction parameter, apol-sol, is set to 40.0,
which is characteristic of a good solvent. The reference
separation was found to be h0 = 28. We use a total number
density of F=4, which corresponds to a dense liquid.47 This
gives a reference chemical potential ofμconf=36.5.A total of
18 compression ratios have been simulated, ranging from
h = h0 = 28 (h/h0 = 1.0) to h = 7 (h/h0 = 0.25). The
corresponding number of solvent particles ranges
from approximately 12 900 to 50, respectively. A shear rate
_γa = 0.10 is applied for each simulation. Two sets of
simulations are run: the first one uses bond repulsions to
exclude unphysical polymer crossing (the entangled poly-
mer), the second one is used as a reference without those
entanglement forces.

As in previous studies,36,37 it is important to study the
scaling behavior of the polymer brushes system under
compression. A model for polymer chains attached to sur-
faces under good solvent conditions has been proposed by
Alexander59 and further extended by de Gennes.7,60 The
force per unit area, F(h), is defined as the difference between
the pressure at a given compression ratio and the pressure of
the reference system

FðhÞ ¼ pzzðhÞ-pzzðh0Þ ð15Þ
The Alexander-de Gennes theory for compressed polymer
brushes gives the following analytical expression for F(h)

FðhÞ� h0

h

� �9=4

-
h

h0

� �3=4
" #

ð16Þ

The first term of eq 16 comes from the osmotic pressure
and is predominant for strong compressions. The second
term describes the elastic term of the polymer chains.
Figure 3a shows the force-distance profile for the entangled

Figure 3. (a) Force per unit surface, F, as a function of the compression ratio, h/h0, for entangled (filled symbols) and nonentangled (open symbols)
polymer brush systems. The values are scaled so that they fit on the sameAlexander-deGennes scaling law (curve). (b) Energy per unit surface,E, as a
function of the compression ratio, h/h0, for entangled and nonentangled systems (b and O, respectively). The crosses are experimental measurements
from SFA by Taunton et al.61 The values are scaled for comparison.
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and nonentangled polymer brushes compared with the Alex-
ander-de Gennes theory. The two sets of values from the
simulations have been scaled so that they fit eq 16 at high
compression. We can see that both systems exhibit a similar
scaling behavior, and the Alexander-de Gennes theory is
followed. Note that the divergence at low compression
comes from the logarithmic scale and the fluctuations of
the measured pressures, which are on the same order as F(h)
at these compression ratios.

The interaction energy per unit area, can be deduced from
F(h) by

EðhÞ ¼
Z h0

h

Fðh0Þ dh0 ð17Þ

E(h) can be accessed experimentally. Figure 3b shows the
values of E(h) calculated from the two sets of simulations.
Experimental values obtained by SFA12,61 have been added
for comparison. It is interesting to note that the improve-
ment of the DPD model by the addition of bond repulsion
does not change the scaling behavior of the system under
compression already observed in our previous simulations.36

However, the main difference between entangled and none-
ntangled systems has been shown to be in the structure of the
brushes:39 the repulsion is stronger between the polymer
chains, which gives rise to a swelling of the brush. As a
consequence, we have calculated the interpenetration coeffi-
cient, I, to be a function of h/h0. The Alexander-de Gennes
theory suggests that I(h) is

IðhÞ� h

h0

� �-4=3

1-
h

h0

� �3
" #

ð18Þ

Figure 4a shows the interpenetration coefficient for both
sets of simulations. The values of I have been scaled to fit the
same scaling law, represented by the continuous line. The
scaling behavior of the brush overlap fits with the theoretical
predictions for both sets of simulations.We can then see that
the addition of entanglement gives the scaling description of
the polymer brushes for both structural and thermodynami-
cal properties, as well as for the systems without entangle-
ments. The structure change and the influence of the solvent
quality will be studied in more detail in the next section.

We now focus on the rheological properties of the polymer
brushes system during the compression under shear. Con-
sidering a polymer brush at low compression, the repulsions
between chain segments induced by the entanglement forces
cause the brushes to extend, which causes an increase in the

interpenetration. As the compression ratio decreases, the
overlap of the brushes increases, which should intuitively
result in an increase in the friction coefficient. Previous
studies of the compression under shear show a decrease or
a plateau in the friction values as the system is compressed.
Figure 4b shows the values of the normal and tangential
pressure tensor components (pzz and pxz, respectively) for
both sets of simulations.

Considering the nonentangled system, the increase in pxz
during the second part of the compression (0.2< h/h0< 0.5)
is only 93%, whereas pzz increases 107%. This results in a
limiting value of the friction, which was previously inter-
preted as a strong lubricant effect.37 As we can see in
Figure 4b, the behavior of the entangled system is very
different because the tangential pressure increases radically
at low compression ratio.As a comparison, the increase in pzz
is similar to that of the nonentangled system (102%), but the
tangential component is increased by 423% in the high
compression domain (0.2< h/h0<0.5). This is in agreement
with a strong interpenetration between brushes: because this
model includes segment repulsions, the shear rate imposes
strong interactions between sliding chains of opposite walls.

The effect of the entanglement force can be quantified by
the number of topology violations, that is, bond crossings
per time step. Using no entanglement force, a system at low
compression (h/h0= 20) contains an average of 1.5 crossings
per time step, and the addition of the entanglement force
makes this number fall to 0.03 crossings per time step. Those
two results increase to 11.3 and 0.7, respectively, for a highly
compressed system (h/h0 = 8). The usefulness of the entan-
glement forces then increases for highly compressed systems.
Note that the reduction of bond crossings remains very
effective at high compression (94% for h/h0 = 8).

The friction coefficient can also be deduced from the
tangential and normal components of the pressure resulting
from experimental measurements. Klein et al.12 have exten-
sively studied the compression of grafted polymer brushes
under shear using SFA. However, the signal from the
tangential pressure appears to be very small at low compres-
sion and is almost undetectable. Therefore, the accessible
experimental values for the tangential component are not
accessible for the compression ratio h/h0 > 0.2. At high
compression, experiments show a strong increase in the
tangential component.Unfortunately, this high compression
zone (h/h0< 0.2) is not accessible in DPD because of the top
limit for high density. (DPD fluids are correctly described for
a number density in the range of F=2 to 9.47) In Figure 5, we
have plotted the friction coefficient, ε, as a function of the
compression ratio for both sets of simulations. The profile

Figure 4. (a) Brush interpenetration coefficient as a function of the compression ratio for entangled (filled symbols) and nonentangled (open symbols)
polymer brushes. The values are shifted horizontally to fit the same scaling law (eq 18), represented by the curve. (b) Values of the pzz (square symbols)
and pxz (circle symbols) components of the pressure tensor as a function of the compression ratio. Filled and open symbols are used for entangled and
nonentangled systems, respectively.
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ε(z) is averaged to get the value of the friction, ε. The inset of
this Figure shows the experimental measurements of the
tangential and normal pressures taken from Klein.14 The
increase in pxz is much greater than that for pzz and suggests
that the frictionmay greatly increase in the high compression
zone. We observe a strong increase in the friction in the
highest compression zone for entangled systems, which is in
better agreement with experimental observations.

The entanglement model gives rise to a more satisfactory
interpretation of the friction between the polymer brushes in
DPD. The entanglement force is designed to avoid the bond
crossings, and many of these crossings occur in the inter-
penetration zone when applying a shear rate. The entangle-
ment contribution is then greater in the highly compressed
systems, giving raise to a large increase in the friction. The
model without entanglements appears to fail in this respect
because of proximity of the opposite brush and the shear
rate. The soft bead repulsion is insufficient to respect the
topology of the polymer chains. Therefore, the entangled
polymer model is of great importance in confined polymer
systems using mesoscopic simulations and must be taken
into account when rheological properties such as the friction
are studied.

Influence of Solvent and Shear Rate. We have noted in a
previous paper39 that the addition of entanglement forces
results in a swelling of the polymer brushes. The modeling at
higher solvent quality has the same influence on the brush
structure. In a previous work,35 the influence of the solvent
quality on the polymer brushes under shear was studied for
nonentangled systems. We have performed simulations
using various solvent qualities to show the influence of
the entanglement potential on the general structural beha-
vior of the brushes. Two sets of simulations have been
carried: with and without the bond repulsion. Each
set consists of 11 simulations with the solvent quality vary-
ing from Δapol-sol = -20 to 20. The value Δapol-sol =
apol-sol - apol-pol represents the increase/decrease in the
interaction force between the polymer and solvent particles,
referred to the polymer-polymer interaction taken as a
reference. Therefore, a zero value refers to an athermal, Θ,
solvent; negative values indicate good solvent quality, and
positive values indicate poor solvent quality. The simula-
tions are performed at a moderate compression ratio (h =
16, h/h0 = 0.57). Each run consists of a 50 000 time step
equilibration, followed by a 300 000 timestep acquisition in
the canonical ensemble.

Figure 6 shows the correlation between the brush inter-
penetration and the friction coefficient for both sets of
simulations. In the poor solvent zone, the polymer brushes

reject the solvent particles to form a pure solvent phase in the
middle of the simulation cell. As the solvent quality in-
creases, the brushes tend to overlap, which increases the
interpenetration, I, giving rise to larger friction. The open
symbols show this behavior, centered on the athermal sol-
vent value Δapol-sol = 0. For the systems with entangled
polymer brushes, we observe a similar behavior, but the
shrinking of the brushes occurs at poorer solvent qualities.
This is in line with our previous study concerning the
structure of the entangled brushes. Consequently, the posi-
tion of the theta solvent may vary depending on the entan-
glement forces included in the polymer model.

We have seen in the previous section that the swelling of
the brushes is not the only consequence of adding entangle-
ment forces. However, the change in the friction values
during the compression occurs only for strong compressions.
At low compression, the friction coefficient of entangled
systems remains greater than that for nonentangled systems
but follows the same behavior. This can be readily explained:
at low compression, the brush interpenetration stays very
small, which gives a constant and small additional contribu-
tion to the friction for the entangled system.

Wehave conducted simulations at a low compression ratio
(h = 8, h/h0 = 0.29) to study the behavior of the entangled
brushes as a function of the shear rate. As before, two sets of
simulations have been performed, using values for the shear
rate ranging from 0.02 to 0.2. Each run is composed of an
equilibration part (50 000 timesteps) and an acquisition part
(300 000 timesteps) at constant NVT. Figure 7a displays the
evolution of the shear viscosity of the solvent confined to the
middle of the simulation cell by the polymer brushes. A
significant decrease in the viscosity is observed as the shear
rate increases. This strong shear-thining effect is widely
known in experimental systems and is in good agreement
with recent studies using various simulationmethods.28,62-64

It can be explained by the ordering and the extension of the
brushes along the shear direction (the x axis). Figure 7b
shows the x-component of the chain radius of gyration as a
function of the shear rate. The entangled chains appear to be
stongly stretched along the shear direction, even for low
shear rate values. This ordering is due to the repulsions
between bonds, which force the chains to align and stretch
to avoid entanglements. This constraint between the brushes
results in higher values of the tangential component, pxz,
which results in higher viscosity.

The addition of the entanglement force shows two distinct
effect that have been discussed in this section. The
first consequence is to make the chains more voluminous
because of this additional repulsion between the polymers.
This results in the swelling of the brushes and the shift of
the apparent solvent quality. This effect is not due to the

Figure 5. Friction coefficient, ε, as a function of the compression ratio.
Filled and open symbols are used for entangled and nonentangled
systems, respectively. The inset shows the pzz (+) and pxz (2) compo-
nents of the pressure tensor measured with SFA by Klein et al.12

Figure 6. Interpenetration (I, circles) and friction (ε, squares) as a
function of the solvent quality for entangled and nonentangled polymer
brushes systems (filled and open symbols, respectively).
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fact that the chains are entangled: the bond repulsion adds
an energetical contribution to the system, which changes
its structure and static properties. The second consequence
of this force is that the chain topology is conserved by
the removal of bond crossings. This effect becomes more
visible for highly compressed chains and could not be
replaced by an increase/decrease in the solvent quality.
Avoiding the chain topology violations makes the chains
be entangled and changes the rheological behavior of the
system.

Thermodynamic Equilibrium. In this section, we detail the
different analysis thatmust be performed for each simulation
to check the thermodynamic consistency of the system.
Figure 8a shows the z profile of the configurational part of
the normal pressure. Except for oscillations due to the
tethered particles in the surfaces, the profile is independent
of z. Therefore, it allows a reliable calculation of the average
components of the pressure tensor across the pore. This
constant profile is only obtained by including the entangle-
ment contribution.39

Figure 8b (lower part) shows the number density profiles
of both the polymer brushes and the solvent particles. The
system simulated here is for a high compression ratio (h =
24, h/h0 = 0.86), which gives a small overlap zone between
the brushes at themiddle of the cell. The upper part shows the
corresponding profile of the configurational chemical po-
tential, μconf. Two features of this profile have to be checked
for each simulation. First, the profile must be constant
throughout the cell, which denotes that the chemical equili-
brium is reached. Second, the chemical potential has to be
close to the imposed value. The dashed line indicates the
imposed value of μconf, which is in good agreement with the
calculated value. There is a slight difference between the
calculated and the imposed chemical potentials. Simulations
under shear may cause an overheat, which is hard to dis-
sipate: this results in a small deviation of the calculated
chemical potential. (See eq 11.) This issue has been studied
for various DPD thermostats.65

The calculation of the viscosity involves the calculation of
the velocity profile of the solvent. Figure 8c displays the x

Figure 7. (a) Shear viscosity at the middle of the pore for the entangled (b) and nonentangled (O) systems as a function of the shear rate intensity. The
system is at high compression ratio (h=8, h/h0=0.29). (b) x component of the radius of gyration as a function of the shear rate (same legend as part a).

Figure 8. (a) z profile of the normal component of the pressure tensor calculated from eq8 for an entangled system at a compression (h/h0=0.64). (b) z
profile of the configurational chemical potential calculated from eq 11 in the same system (O); the imposed chemical potential (—) and the solvent
(upper curve) and brushes (lower curves) number density profiles are shown for comparison. (c) z profile of the x component of the solvent velocity for
entangled (b) and nonentangled (O) systems at high compression (h = 0.28). The curves represent the respective sigmoidal fit. (d) Viscosity profiles
corresponding to the system described in part c.
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component (along the shear direction) of the solvent velocity
profile for two systems with h = 12 with and without the
entanglement forces. As the polymer chains are immersed in
a good solvent, the solvent particles are carried by the
brushes, which gives the characteristic shape of the velocity
profile. The swelling of the polymer brushes due to the
entanglement potential is visible in the solvent velocity
profile, as evidenced by the strong variation of slab velocity
at the middle of the cell. The profiles are fitted to a sigmoid
function, which is used for amore accurate calculation of the
viscosity profile.

Figure 8d shows the corresponding viscosity profiles. As
mentioned before, the value used is the minimum viscosity in
the middle of the pore. The influence of the entanglement
model is obvious under these conditions because it drama-
tically increases the minimum in the profile and increases the
width of the curve.

Conclusions

We have used the DPD method to perform mesoscopic
simulations of polymer brushes under shear. We have included
a bond repulsion force to model entangled polymer chains and
compared the results with a simple nonentangledmodel.We have
used a constant μVT algorithm to model the compression of
polymer brushes under shear. The force-distance profiles are
compared with scaling laws and experimental results from SFA
experiments.We show that the addition of an entanglement force
does not affect the scaling behavior of the polymer brushes,which
is well represented in both cases. However, the use of entangled
polymer chains appears to be crucial in the study of rheological
properties. The value of the friction coefficient during the
compression has been calculated and is in good agreement with
the experimental measurement.

We have also studied the influence of the solvent quality on the
structure of the polymer brushes. The chain repulsions cause a
swelling of the brushes, mimicking an increase in the solvent
quality. This effect is most pronounced at medium and low
compression ratios. Therefore, the use of an entangled model in
DPD adds an energetical contribution to the polymer-polymer
interaction, which results in a shift of the chain behavior as a
function of the solvent quality. We have also simulated varying
shear rates for a highly compressed polymer brush system. The
viscosity values show a strong shear-thining effect, as observed
with other simulationmethods.Themodel used in thiswork gives
a better description of the polymers chains under shear and high
compression.

DPD is a powerful tool for simulating the scaling behavior and
the rheological properties of polymer systems far from mechan-
ical equilibrium. The use of soft mesoscopic forces allows us to
simulate large length and time scales, but the possible overlap
between DPD particles may cause many topology changes in the
polymer chains. This appears to be a crucial issue when simulat-
ing concentrated or confined systems.We show that the addition
of entanglement forces improves the rheological properties of
such systems by avoiding the polymer brush overlap. This
entangledpolymer systemappears tobe very efficient inmodeling
the polymer physics and rheology on the mesoscopic scale.
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