Dissipative Particle Dynamics Simulations in the
Grand Canonical Ensemble: Applications to
Polymer Brushes
Florent Goujon,[a] Patrice Malfreyt,*[a] and Dominic J. Tildesley[b]

We have used the dissipative particle dynamics (DPD) method in
the grand canonical ensemble to study the compression of grafted
polymer brushes in good solvent conditions. The force ± distance
profiles calculated from DPD simulations in the grand canonical

ensemble are in very good agreement with the self-consistent field
(SCF) theoretical models and with experimental results for two
polystyrene brush layers grafted onto mica surfaces in toluene.

Introduction
Polymers grafted onto surfaces have applications in many
important technical problems: wetting, adhesion, colloid stabilization and biocompatibility. At high surface coverages in good
solvent conditions, the polymer chains are strongly stretched in
the direction perpendicular to the grafted surface. The structure
formed is called a polymer brush and results from a balance
between the entropic elastic energy of the chain, the monomer ± monomer interactions and the affinity for the solvent.
When two brush layers are brought into contact, two new
phenomena occur: interpenetration between the opposing
brush layers and changes in the brush properties as a result of
compression. There have been a significant number of experimental and theoretical studies on the properties of polymer
brushes. Much of the computer simulation work on polymer
brush systems has been carried out using molecular methods.
The fastest motions in a polymer system are the chemical
bond stretching vibrations with times of the order of 10 14 s,
whereas the relaxation time of the whole chain may exceed
1 ms. Moreover, numerous interesting polymer properties are
observed at times of microseconds and beyond. A polymer chain
exhibits structure from the scale of a chemical bond to the coil
radius with collective phenomena on the length scale of
microns. Simulations of polymer systems using a molecular
description require solving the equations of motions on a
timescale of 10 15 s and a length scale of ängstroms. Atomistic
simulation cannot reach the required length and timescales to
study most polymer phenomena. One way to overcome these
limitations is to use a coarse-grained description.
In this case we use a mesoscopic simulation technique,
dissipative particle dynamics (DPD), to study the equilibrium
properties of grafted polymer brushes in athermal solvent
conditions.[1] The structural properties of polymer chains have
been calculated as a function of the grafting density and the
polymer chain length. In a recent study,[2] we reported the
response of a grafted polymer to flow by using the sliding
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periodic boundary technique. The width of the layer, the friction
coefficient and the structuring of the layer were calculated as a
function of the shear rate and the quality of the solvent. Both of
these studies were performed using a fixed separation between
the surfaces. We have also established that the DPD method can
reproduce the features of the equilibrium polymer brush
behaviour and the rheological properties of polymer brushes.
Herein, we plan to study the equilibrium polymer brushes as a
function of the separation between the grafting surfaces.
The equilibrium conformations and force ± distance profiles of
compressed polymer brushes have been the subject of theoretical,[3±7] molecular simulation[8, 9] and experimental studies.[10±12]
Compression in the simulation can be studied by three methods:
keeping the total number of particles constant; keeping the
density constant; or keeping the chemical potential of the
solvent constant. Keeping the chemical potential constant
models the situation in which the fluid between the surfaces is
in equilibrium with a reservoir at the same temperature and
chemical potential. This mimics the surface force apparatus
where the compressions are measured experimentally.
Herein, we give a basic description of DPD simulations in the
grand canonical ensemble with the appropriate transition
probabilities. We check the method by simulating the excess
pressure and excess chemical potential for the pure DPD fluid.
We extend this study to grafted polymer brushes by comparing
the calculated force ± distance profiles with those deduced from
theoretical models and experiments.
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Results and Discussion
Dissipative Particle Dynamics Fluid
Before studying polymer brush systems, we performed canonical
(NVT) simulations of a pure DPD fluid containing 5000 particles
with periodic conditions applied in the three directions for 1
varying from 2.0 to 9.0. We took two values of the repulsive
parameter (a  aij  30;60). We computed the excess pressure
using the virial theorem as a function of the density. We report
these values in Figure 1. We thus find the same analytical

of the grids depended on the box size. For each particle,
exp( DUtest/kT) was calculated and averaged for each plane
separately, to obtain a value of the configurational chemical
potential at a given z. For this homogenous DPD fluid, the
average of the configurational chemical potential along the z
direction gave a mean value which could be directly compared
to the sum of excess chemical potential mex and kT ln1. The
maximum deviation between these two calculations was found
to be 0.2 %. We show the excess chemical potential as a function
of the density (Figure 1). We find that the slope of this linear fit
for the excess chemical potential is equal to 2aa, where a 
0.101  0.001. This value is in perfect agreement with that
previously calculated for the excess pressure equation of state.[13]
This test establishes that the method of calculating the
configurational chemical potential in a particular direction is
reliable and accurate. To complete this test and to check the DPD
algorithm in a constant-mVT ensemble, we performed different
simulations at a given configurational chemical potential. At the
end of the simulations, we again computed both the configurational chemical potential and the excess pressure from the saved
configurations. We report these points in Figure 1. The excess
chemical potential and the configurational chemical potential
are given in Table 1 with the corresponding fixed chemical

Table 1. DPD simulations of pure DPD fluid in the constant-mVT ensemble
using two values of the repulsive parameter a. minput is the input configurational
chemical potential, h1i is the average density number, pex is the excess pressure
calculated from the virial route, hmconfiz is the average configurational chemical
potential calculated over the saved configurations and throughout the z
direction and mex is the excess chemical potential calculated from the standard
Widom insertion method, hmconfiV is then defined as mex  kTln1. The number
128.511 means 128.5  1.1.

Figure 1. a) Excess pressure and b) excess chemical potential calculated from
pure DPD fluid simulations as a function of the density; the points calculated with
a  60 (~) and a  30 ( ! ) result from NVT simulations, whereas the points (*) are
from DPD simulations in the constant-mVT ensemble. The full curves represent the
fits aa12 and 2aa1 for the excess pressure and the excess chemical potential,
respectively.

shape for the equation of state for the excess pressure (pex 
aa12) as that obtained by Groot and Warren.[13] From the
definition of the chemical potential and pressure as derivatives
of the Helmholtz free energy, Equations (1)
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we find Equation (2) for the DPD fluid.
@m ex
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In the NVT simulations of the pure DPD fluid, the simulation
box in the z direction was divided into slabs of width Dz  0.2.
Rectangular plane grids of uniformly distributed test particles
were inserted at different z positions 0.2 apart. The dimensions
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minput

h1i

20.0
30.0
40.0
50.0

3.461
5.011
6.541
8.121

pex
hmconfiz
Repulsive parameter a  30
34.04
73.817
128.511
200.310

20.01
29.91
39.72
49.72

hmexi

hmconfiV

17.5
26.7
36.1
45.7

20.0
29.9
39.8
49.9

18.3
32.4
46.6
70.6

19.8
34.8
49.6
74.3

Repulsive parameter a  60
20.0
35.0
50.0
75.0

2.131
3.331
4.531
6.451

23.32
62.84
120.16
250.24

19.81
34.81
49.61
73.82

potential and the excess pressure. There is excellent agreement
between the fixed chemical potential and that calculated over
the saved configurations. The maximum deviation observed is
1 %. We also checked that the densities and excess pressures
calculated from our simulations in the grand canonical ensemble
obey the equation of state for the excess pressure. This
additional test shows the validity of our DPD algorithm in this
ensemble.
Polymer Brushes
The model used to describe the polymer brush system is
composed of polymer chains, solvent particles and two planar
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walls. The periodic boundary conditions are applied in the x and
y directions; in the z direction the particles are confined by two
walls. The polymer chains are tethered to the boundary walls to
form two polymer brushes, one on the top and the other on the
bottom of the box (Figure 2). The model consists of 108 grafted

temperature profile of each component along the z direction
perpendicular to the surfaces. The average temperature profile,
Tzz(z) is defined by Equation (3)
N
X
*
H zi mi vi z  vi z +

kTzz(z) 

i1

N
X

(3)
H zi 

i1

where H(z) is given by Equation (4)

H(zi)  1 if z Dz=2<zi <z  Dz=2
0 otherwise

Figure 2. a) Typical configuration for the polymer brush system studied here in
good solvent conditions at kT  2.0; h is the distance separating the two surfaces.
The polymer chains are represented using sticks and the green particles represent
solvent particles. The grey particles represent wall particles that are uncovered.
b) Similar configuration with a grid of ghost particles inserted at a z position.

homopolymer chains attached to each wall and containing
20 polymer beads. Each wall contains 972 particles arranged in
three hexagonally close packed layers. 108 particles of the layer
nearest to the fluid were replaced by the first bead of the
polymer chains. This resulted in a 33 % grafting density. The
number of solvent particles was 8393 and 222 for the weakest
and highest compressions, respectively. The cell dimensions
were: Lx  16.659, Ly  6.412 and Lz varied from 9.5 to 28.5. The
simulations were performed in athermal solvent conditions
when the repulsive force parameter was set to 60 for all the
interactions. When the polymer ± solvent interaction was lowered to 40, we simulated good solvent conditions. We defined h
as the distance between the two grafting surfaces and h0 as the
distance separating the two surfaces at which the overlap
between the two opposing brush layers vanished. h0/2 is close to
the height of an unperturbed brush or the maximum extent of a
single brush. When the ratio h/h0 was smaller than 1, the brushes
came into overlap and they are described as compressed
brushes. The system at which the distance between the surfaces
is equal to h0 is considered as the reference system. Our results
will be compared with the experimental data obtained by
Taunton and others[11] for two grafted polystyrene brush layers in
toluene (a good solvent). To make our simulations closer to the
experiments, we performed them in good solvent conditions
with the repulsive parameter between polymer and solvent
particles fixed at 40.

(4)

where h...i denotes an ensemble time average. (vi)z is the z
component of the velocity of particle i and mi is the particle mass
taken as unity. The simulation box along the z direction is divided
into bins, each of which has a volume equal to LxLyDz, where Dz
is the width in the z direction of each bin (Dz  0.2). Figure 3 a

Figure 3. a) Tzz(z) component temperature profile calculated for the simulations
in the constant-mVT ensemble for two different compression ratios. The
temperature profile of the most compressed system has been displaced by 0.5
temperature units for clarity. b) The solid curve represents the normal component
of the pressure tensor profile calculated using the IK definition[14, 15] for the
simulations in the constant-mVT ensemble at a compression rate (h/h0  0.77)
whereas the dotted line represents the profile of the same component resulting
from the MOP method.[16, 17] The bold lines give the positions for the two surfaces.

Equilibrium Thermodynamics
We have developed a simulation method, DPD in the grand
canonical ensemble, to calculate the force ± distance profiles
between two grafting surfaces. In this technique, the number of
solvent particles fluctuates during the simulations. Initially, we
checked the thermal and mechanical equilibrium of this method.
The thermal equilibrium was ensured using the calculation of the
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shows that the Tzz component is uniform throughout the
simulation box and equal to the input temperature defined by
kT  2, whatever the compression ratio. The profiles for the other
components are similar. It also means that the perturbations
(addition or destruction of solvent particles) do not prevent the
system from relaxing towards its thermal equilibrium.
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For the pressure tensor calculation, we employed the Irving ±
Kirkwood[14, 15] definition (IK method). The normal pressure
tensor is expressed by Equation (5)
 N

1 X
pzz(z) 
mi(vi)z(vi)z 
V i1
!
!+
*
1 XX
1
z zi
zj z
(zij)(Fij)z q
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zij
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jzij j
zij
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where V is the volume of the basic bin and A  LxLy is the
!
z zi
surface area. q
is the unit step function which is equal
zij
!
z zi
to 1 when
> 0 and zero otherwise. The distance zij
zij
between two particles i and j is divided into slabs of width Dz 
0.2 and the chains i and j contribute to the pressure tensor in a
particular slab if the line joining i and j crosses, starts or finishes
in the slab. The contribution from i ± j interaction is distributed
uniformly along the line joining the particles i and j.
We also used an alternative definition of p based upon the
method of planes (MOP)[16, 17] [Equation (6)].
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In the method of planes, the kinetic part is calculated from the
momentum flux.[18] If zi and zj are both either smaller or larger
than z, the contribution to the pressure tensor is zero. If zi < z and
zj > z then the first product of the Heaviside functions is zero and
the second is unity. If zi > z and zj < z then the second is zero and
the first is unity. In the method of planes, the pressure is
computed across each plane and z corresponds to the position
of the plane along the z direction whereas using the IK definition,
z refers to the position of the kth volume element (Lx  Ly  Dz).
The normal pressure components profiles (Figure 3 b) are
constant throughout the z direction for the two definitions
used. Except for oscillations due to the tethered particles in the
walls, the profiles are independent of z and thus allow a reliable
calculation of the average normal component of the pressure
tensor across the pore. The deviations between the local normal
pressures resulting from the two definitions differ by less than
1 % inside the pore. Figure 3 b also shows the mechanical
stability of our systems. We also checked the surface tension
between the grafted polymer chains and the solvent particles. In
good solvent conditions, it was close to zero, for all the
compression ratios studied here.
For simulations of polymer brushes in good solvent conditions, the solvent density profile was not uniform along the
direction perpendicular to the surfaces (Figure 4). The calculation
of the configurational potential in the polymer brushes in good
solvent conditions was carried out using the same Widom
method used in the pure DPD fluid simulations. One hundred
and nineteen test particles uniformly distributed in a rectangular
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Figure 4. Solvent density (- - - -) and configurational chemical potential (––)
profiles resulting from simulations for a compression ratio (h/h0  0.80) in the
constant-mVT ensemble.

plane grid (17  7) were inserted at different z positions 0.2
apart. Figure 4 shows the profiles of the solvent density and the
configurational potential. We see that the local configurational
chemical potential is independent of z even in the case of
nonuniform density number. The fact that mconf(z) was constant
across the simulation box allowed us to extract a unique value of
the activity hZiz directly comparable to the fixed activity in the
constant-mVT ensemble (see Equations (18) and (19) in the
Computational Methods section). Using adapted algorithms, we
have demonstrated that the polymer brush system in the
constant-mVT ensemble is in thermal, mechanical and chemical
equilibrium.

Force ± Distance Profiles
In studying compression, we compared the three different
methods by keeping N, 1 or m constant during the simulations.
The calculated configurational chemical potentials are shown in
Figure 5 as a function of the ratio (h/h0) for the three approaches.

Figure 5. Calculated configurational chemical potential for the three methodologies: constant N (~), constant m (&), constant 1 (*). The solid curve represents
the configurational chemical potential calculated in the reference system.

Figure 5 shows that the simulations carried out with the total
number of particles fixed gave a significant increase in the
configurational chemical potential on compression. For (h/h0 
0.5), the configurational chemical potential is two times higher
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than that calculated in the reference system. This means that it is
very difficult to relate the experiments where the solvent is open
to the bulk reservoir to simulations at constant N. We observe
that the simulations at constant 1 are closer to those at constant
m, except at high compressions. We emphasise that most
molecular simulations of polymer brush systems have been
performed by keeping the solvent density constant at different
compressions. We also checked that the calculated configurational chemical potential values in the constant-mVT ensemble
matched those calculated in the reference system for all the
compression ratios used here. Figure 6 shows the force ±

Figure 6. Force ± distance profiles between the two grafting surfaces calculated
from the three methods: constant N (~), constant m (&), constant 1 (*).

distance profiles at different separations for the three methods.
At each separation h, the average force per unit area f(h)
between the two surfaces was calculated by subtracting the
average normal pressure at h  h0 from the average normal
pressure at h. The forces are always repulsive. It also shows that
the magnitude of the forces inside the pore depends on the
methodology used and more precisely on the number of solvent
particles present. We observed that the brush layers resulting
from simulations with constant N were more resistant to
compression than those calculated at constant m and 1. When
h/h0  0.5, the magnitude of the force was ten times higher in
simulations with constant N than that in constant m. With
decreasing separation of the brushes, the increase in collisions is
due to the higher monomer density number and implies an
increase in the osmotic pressure in the brush which acts to swell
the compressed brush, thus leading to an increase in the normal
pressure. This increase in the magnitude of the forces is related
to the number of solvent particles.
A scaling model of polymer chains adsorbed onto a surface by
one end in good solvent conditions has been proposed by
Alexander[3] and further extended by de Gennes[5] to the case of
compressed polymer brushes to give an analytical expression of
the force per unit area f1(h) as a function of h, Equation (7).
" 9  3 #
h0 4
h 4
f1(h) 
(7)
h0
h
The first term in Equation (7) comes from the osmotic pressure
and is predominant at strong compressions. The second term
describes the elastic term of the polymer chains. From the self-
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consistent field (SCF) method of Milner, Witten and Cates,[6] and
after derivation of the free energy per unit area with respect to h,
we obtained two expressions, Equations (8) and (9), of the force
per unit area, differing in the form of the brush density profile.
The first expression f2(h) predicts a very similar force law to the
Alexander ± de Gennes equation. The f1(h) and f2(h) force laws
both suppose a flat brush profile, whereas the third expression,
f3(h), considers the brush profile as parabolic.
" 2  #
h0
h
(8)
f2(h) 
h0
h
"  2  
 #
1 h0
h
1 h 4

f3(h) 
(9)
2 h
h0
2 h0
These models assume a very little interpenetration between
the two opposed brush layers and experiments do not provide
an answer about this microscopic property. We have also
calculated the interpenetration coefficient using the formula
proposed by Murat and Grest[8] and found that it is not ever
negligible, particularly at strong compressions. The interpenetration coefficient increases with decreasing surface separation,
reaching a maximum value of 0.15 at the highest compression.
Figure 7 a shows the semilogarithmic plot of the force ± distance
profiles as a function of the surface separation for the two
methodologies considered. We have normalized the force ±

Figure 7. a) Semilog plot of the force ± distance profiles calculated from the
simulations (&, constant m) and (*, constant 1). The solid curves represent the
calculated profile with Alexander ± de Gennes model, Equation (7). b) Semilog plot
of the force ± distance profile calculated in the constant-mVT ensemble (&). The
solid curve represents the profile calculated from the Alexander ± de Gennes
model, whereas the dashed [Equation (8)] and dotted [Equation (9)] lines are
based on the Milner ± Witten ± Cates model. The simulation results have been
normalized to allow an overlap with the data calculated both with Alexander ±
de Gennes and Milner ± Witten ± Cates models.
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distance profiles in order to compare only the shape of these
curves and fit them with the Alexander ± de Gennes equation.
We find a very good agreement between the simulations
performed in the grand canonical ensemble and the Alexander ±
de Gennes model. To see this more clearly, we plotted the
variation of the normal pressures calculated in the constant-mVT
ensemble as function of the surface separation. The fitted curves
using Equations (7), (8) and (9) are included for comparison
(Figure 7 b). We checked that our results were well-predicted by
the Alexander ± de Gennes model. A very close agreement was
also found with the model of Milner, Witten and Cates, assuming
a flat monomer density profile, Equation (8). The fitting curve
calculated using f3(h) with a parabolic polymer profile diverged
from our results at weak compression and became closer to the
f1(h) and f2(h) functions at strong compressions. As the
compression became stronger, the third term in Equation (9)
vanished and the three force laws have similar shapes. Figure 8

Figure 9. Interaction energy per unit area E(h/h0) profiles calculated from
simulations at constant m (&) and constant 1 (*). The points (*) result from the
measured forces between two grafted polystyrene brush layers onto mica surfaces
in toluene.[11]

Conclusions

Figure 8. Monomer density profiles of a brush layer calculated for five
compression ratios h/h0  1.0, solid curve; h/h0  0.85, dashed curve; h/h0  0.70,
dash-dot curve; h/h0  0.54, dash-dot-dot curve; h/h0  0.38, dotted curve

shows the monomer density profiles at various surface separations. These plots show that the profiles resemble a step function
at weak compression and evolve towards a parabolic profile at
higher compressions. This result explains why the fit with a
model assuming a parabolic function is less good at weak
compression. In order to make our simulations closer to the
experiments of Taunton and others, we plotted the interaction
energy per unit area E(h), defined as the integral of the force per
unit area f(h) between h0 and h. The experimental and calculated
points are displayed in Figure 9. The results from experiments
have been vertically shifted to lie on the simulated points for a
direct comparison of their shapes. We observe good agreement
between the interaction energies calculated in the constant-mVT
ensemble and the corresponding experimental results. The
interaction energy values, resulting from simulations at constant
density, showed discrepancies at larger separations, exaggerated
by the logarithmic scale. We see that the shape of the
experimental curve is much more closer to our data resulting
from simulations in the grand canonical ensemble. This indicates
that this statistical ensemble combined with the DPD model is
the more appropriate for studying polymer brushes under
compression.
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We have demonstrated that the DPD model can be used in the
grand canonical ensemble to simulate grafted polymer brushes
under compression. In a first step, we have demonstrated from
simulations of the pure DPD fluid that the simulations in the
constant-mVT ensemble provide reliable values for the excess
pressure and the excess chemical potential as expected from the
corresponding equations of state. The use of appropriate
algorithms for calculating the chemical potential in an inhomogeneous system allowed us to study grafted polymer brushes in
good solvent conditions. The temperature, pressure and chemical potential profiles showed that the system in the constantmVT ensemble is in thermal, mechanical and chemical equilibrium. We have shown that the results derived from simulations
in the grand canonical ensemble are consistent with the
experimental results and with the data predicted by SCF theory.
More exactly, the shape of the force ± distance profile calculated
in the constant-mVT ensemble is close that predicted by the
Alexander ± de Gennes and the Milner, Witten and Cates models,
assuming a flat function for the monomer density profile. The
first model proposed by Milner, Witten and Cates, suggesting a
parabolic profile for the brush layer, shows some discrepancies
compared to the simulations at large separations.
We plan to extend this work to the study of compressed
polymer brushes under shear. We recognize that the addition
and removal of particles in the DPD simulation may affect the
conservation laws and hence the stability of the method for
simulating hydrodynamics. We will consider this point in detail in
a future publication. This issue does not affect the results
presented in this Article.

Computational Methods
DPD simulation model: In the DPD formalism, the individual particles
are not regarded as molecules but as fluid elements. As a
consequence of this coarse-graining, the conservative interactions
are soft. In our model, the cutoff radius, rc , and the particle mass, m,
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were taken as unity. All other variables are given in reduced units. The
particles interact through pairwise additive conservative, dissipative and
random forces. The conservative force is a soft repulsion acting along
the line of centres and is given by Equation (10)

fCij 

f

dU rij 
^rij  aij 1
drij

rij ^rij

rij < 1

(10)

rij  1

0

where U(rij) is the potential that gives rise to the conservative force
fCij, aij is the maximum repulsion between particles i and j, rij is the
relative displacement of particles i and j and r√ij is the corresponding
unit vector. The dissipative force, fDij, and the random force, fRij, are
given by Equations (11) and (12), respectively

fDij  gwD(rij)(r√ij ¥ vij)r√ij
fRij  swR(rij)zijr√ij(dt)

(11)

1/2

(12)

where dt is the time step, vij is the relative velocity of a pair of particles.
wD and wR are the dimensionless weighting functions, s and g are
constants. zij is a random Gaussian variable whose mean is 0 and which
has unit variance. Espanol and Warren[19] have shown that the system
has a correct equilibrium distribution in the canonical ensemble, if the
following conditions, Equations (13) and (14), are satisfied,

wD(rij)  wR(rij)2, s2  2kTg

2
rij <1
1 rij 
wD(rij) 
0
rij  1

(13)
(14)

The DPD method conserves momentum and consequently gives a
correct description of hydrodynamics. In comparison, the Brownian
dynamics technique does not obey Newton's third law and is a
purely diffusive method. To make a grafted homopolymer chain, DPD
particles are connected in linear chains using a conservative spring
force. A similar harmonic force is used to model the interactions
between the surface particles and their initial lattice sites.[1, 2] The
equations of motion are integrated using a modified version of the
velocity Verlet algorithm.
Calculation of the chemical potential: The full chemical potential m in
a spatially homogeneous system can be calculated[20] using Equation (15)



m  kT ln1  kT lnL3

kT ln



exp

DUtest



kT



(15)
NVT

where k is Boltzmann's constant, T is the temperature, L is the
thermal de Broglie wavelength, 1 is the density number of the
system and DUtest is the interaction energy of the test particle with
the other N particles in the fluid. The first two terms represent the
ideal gas chemical potential mid and the third term defines the excess
chemical potential of the system. The angular brackets represent the
average in the canonical ensemble. For a system with an inhomogeneity in density in the z direction, the full chemical potential m(z)
depends on the z position, according to Equation (16)

2
6
6
m(z)  kT lnL3  kT ln6
4

3

exp

7
7
7
5

h1 ziNVT


DUtest

kT lnL  kT lnhZ(z)iNVT
3

kT

NVT

(16)

where 1(z) and Z(z) are the number density and the local activity at z,
respectively. The term kTlnhZ(z)iNVT is defined by Widom[21] as the
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configurational chemical potential at z,mconf(z). By defining the
chemical potential in this way, others have shown[21±23] the constancy
of the chemical potentials m(z) and mconf(z) along the z direction in the
case of a nonuniform density profile 1(z).
DPD simulation in the grand canonical ensemble: The uniformity in
the z direction of the full chemical potential and the local activity
means that it is possible to deduce in our inhomogeneous
simulations values of m(z) and Z(z) at all z, called hmiz and hZiz,
respectively. In the constant-mVT ensemble, the partition function for
a system of N particles possessing only translational degrees of
freedom is given by Equation (17)

Q(m,V,T) 

V N exp mN=kT
L3N N!



Z
N

dr exp


U rN 
kT

(17)

VN

where the integration extends over the N dimensional hypervolume
VN in configurational space. In this ensemble, the number of particles
can fluctuate. During the course of a normal DPD simulation, we
could make a number of trial deletions and inclusions of solvent
particles with equal probability. After further simplification and
replacing m by hmiz in Equation (17), we find the transition
probabilities for the creation or destruction of a solvent particle.
The acceptance probabilities for a trial creation and deletion of a
solvent particle become Equations (18) and (19)



hZiz V
P acc

min
1;
exp
creation
N1


N
P acc
exp
deletion  min 1;
hZiz V

DU



kT

DU
kT

(18)

(19)

where V is the total volume of the box, T is the instantaneous
temperature calculated from the kinetic energy and N is the total
number of particles before the move. DU is the energy between the
added or removed particle and the N or N 1 remaining particles,
calculated using the conservative potential. When a creation attempt
is accepted, the velocity of the corresponding p
particle
is chosen from

a Gaussian distribution with zero mean and kT variance. When a
deletion attempted is successful the solvent particle is removed.
p
Simulation details: The parameter s was chosen so that s/ dt 
7.07 with a time step equal to 0.02. The reduced temperature was
fixed at kT  2.0. A conventional DPD simulation in the canonical
ensemble was performed in a run consisting of an equilibration
phase of 500 000 steps, followed by a production phase of 500 000
steps. For a DPD simulation in the constant-mVT ensemble, we used
an additional step which consisted of removing a randomly chosen
solvent particle or creating a new solvent particle at a randomly
chosen point in the box with equal probability. The trial creation or
destruction was accepted with a probability given by Equations (18)
or (19), respectively. We attempted about 5000 creations and
5000 destructions in a given run; the percentage of successful
attempts was between 15 % and 25 %, depending on the extent of
the compression.
For a better efficiency in the calculation of the forces, we used the
linked-cell method.[24] This method consists of partitioning the
simulation box into smaller cells, each of them with dimensions
slightly larger than the reduced cutoff. With this algorithm, the
interactions between a given particle and its neighbours can be
calculated by considering the particles that are in its same cell or in
the twenty-six other linked cells surrounding it.

¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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