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Towards the prediction of thermodynamic properties for complex systems and the design of self-assembly
techniques for the production of nanocomposite materials, we employ Monte Carlo simulations to calculate the
effective interactions between colloidal brushes dissolved in nonadsorbing polymer solutions. For simplicity,
all interactions are reduced to excluded-volume potentials. Our results indicate that �1� due to excluded-volume
effects and the absence of attractive van der Waals forces in our calculations, the effective interactions between
colloidal brushes in a continuum medium are always repulsive; and �2� that the short-ranged repulsion between
the colloidal brushes may be coupled to a midrange attraction when nonadsorbing polymers are in solution. We
prove that a depletion mechanism is responsible for the midranged attraction and we observe that the strength
of the induced attraction is weaker compared to the depletion attraction computed for hard-sphere colloids in
nonadsorbing polymer solutions. More interestingly, however, our results indicate that, even for the simple
interaction potentials employed here, it is not possible to superimpose depletion attraction and steric repulsion
to predict the correct pair potential between colloidal brushes in nonadsorbing polymer solutions.
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I. INTRODUCTION

As a consequence of the impetus in nanotechnology re-
search, several nanoscale building blocks are now available
�e.g., icosahedral virus particles �1�, thermal responsive gold
nanoparticles �2�, polyhedral oligomeric silsesquioxanes �3�,
colloidal particles with well-determined geometrical shapes
�4�, catalytic platinum nanoparticles immobilized on spheri-
cal polyelectrolyte brushes �5�, photoswitchable colloidal
brushes �6�, etc.� The next challenge consists in tuning the
interactions between these, and others, nanoscale building
blocks to design nanostructured materials �7�. For example,
under optimal conditions alkylphenylglucopyranosides
form nanotubes �8� due to a combination of hydrophobic
and hydrogen-bonding interactions �9� and by tuning the in-
teractions between carbon nanotubes and polymer chains it
may be possible to assemble carbon nanotube-polymer
composites films �10�.

The investigation of self-assembly strategies in nanotech-
nology builds upon the results obtained for effective particle-
particle interactions in complex systems �11�. Under this per-
spective, mixtures of colloids and polymers provide an
important class of advanced materials characterized by a
wide range of mechanical, adhesive, and optical properties.

Equilibrium �e.g., stability, ordering, and adsorption� as
well as hydrodynamic properties, �e.g., viscosity and fric-
tion� in complex systems are governed to a large extent by
particle-particle effective interactions �12�. Colloidal par-
ticles in a solvent usually attract each other because of dis-
persive van der Waals forces. The effective pair interactions
depend on the shape of the particles and on the chemical
composition of both the colloidal particles and the interven-
ing solvent �13,14�. In addition to dispersive attractions,

electrostatic repulsions arise between like-charged particles
�15�, and the solvent determines important phenomena such
as depletion attractions �16�, solvation forces �17�, and steric
repulsions �18�. One of the most effective methods to stabi-
lize colloidal suspensions is the steric stabilization obtained
by end-grafting polymer chains on the particle surfaces to
yield colloidal brushes �19�.

While the qualitative effects on particle-particle interac-
tions of each of the phenomena listed above are generally
understood �20�, the design of precise self-assembly strate-
gies for nanotechnological applications requires the quantita-
tive prediction of the effective interactions as a function of
well-controlled experimental parameters �in the case of col-
loidal brushes these parameters could be the concentration of
nonadsorbing polymers in solution, the density of grafted
chains, etc.�

Molecular simulation techniques, especially when com-
bined with appropriate experimental investigations, are help-
ful in quantifying these interactions. Here we employ Monte
Carlo simulations �MC� to investigate the effective interac-
tions between colloidal brushes in solutions containing non-
adsorbing polymers. This effort continues our previous stud-
ies on the interactions between hard-sphere colloids in
nonadsorbing polymer solutions �21�. We are now interested
in understanding if the effective interactions between spheri-
cal colloidal particles could be manipulated by tuning en-
tropic effects �e.g., the concentration of free polymers in so-
lution or the density of grafted chains�. To this end we do not
consider any interaction other than excluded-volume effects.
Our interest stems from recent experimental evidence which,
in agreement with mean field theory, indicates that the layer
thickness of a polymer brush on a colloidal surface increases
as the surface coverage increases �22�. Under good-solvent
conditions for the polymers long-range repulsive forces of
osmotic origin keep the colloids apart and entropic effects
restrict the interpenetration between opposing polymer
chains to a narrow interfacial zone �23�.
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Earlier theoretical studies relevant to our project concen-
trated on the interactions between flat surfaces covered by
polymer brushes �24�. Those results could be extended to
spherical particles by using the Derjaguin approximation
�25�. Only recently theoreticians have explicitly considered
the spherical shape of colloidal particles �26�. Roan �27�,
using self-consistent field theories, predicted weak attrac-
tions between colloidal brushes under specific conditions.
Cerdà et al. �28�, using MC simulations, showed that strong
repulsive interactions arise between colloidal brushes de-
pending on the density of the polymer brushes and that the
force profiles follow the theory of Witten and Pincus at short
colloid-colloid separations �29� and that of Flory for dilute
polymer solutions at large separations �30�. Matsen �31�, us-
ing the strong-stretching theory of Milner, Witten, and Cates
�32�, showed that the tilt angle of the grafted chains depends
on the distance between two approaching colloidal brushes.

Complementing previous theoretical efforts, the results
shown below demonstrate that the effective interaction be-
tween colloidal brushes in a continuum medium is always
repulsive. Additionally, and more interestingly, our simula-
tions show that it is possible to induce an effective midrange
attraction between the colloidal brushes by adding nonad-
sorbing polymers to the solution, although the attraction is
weaker than the depletion attraction observed for hard-sphere
colloids dissolved in nonadsorbing polymer solutions
�21,33,34�. We quantify the effective colloid-colloid interac-
tions as a function of volume fraction of the nonadsorbing
polymers in solution, density of the grafted chains, and ra-
dius of gyration of both the nonadsorbing polymers and the
grafted chains. Our simulations are restricted to colloidal
brushes �the chains grafted on one colloid interact with each
other� dissolved in dilute nonadsorbing polymer solutions.
Our results will be useful to improve existing theories which
predict effective interactions between polyelectrolyte brush-
coated colloids by considering the equilibrium distribution of
electrolytes, but neglecting steric effects due to the presence
of the brushes �35�; they can also be used to explain the
face-centered cubic crystal structures that silica particles
grafted with concentrated polymer brushes form in liquid
suspensions �36�.

This paper is organized as follows: in Sec. II we present
the simulation details; in Sec. III we discuss the results ob-
tained in this work; in Sec. IV we summarize our main
conclusions.

II. SIMULATION DETAILS

We conduct our simulation calculations in the canonical
ensemble �NVT� in which the number of particles �N�, the
volume of the simulation box �V�, and the temperature of the
system �T� are maintained constant �37�. All interactions
are reduced to hard-sphere potentials, thus the systems
investigated are at athermal conditions. Because we insert
in the cubic simulation box two colloidal brushes and
many nonadsorbing polymer chains, the results for the
colloid-colloid effective interactions should be considered at
“infinitely-dilute” concentration.

In Fig. 1�a� we report a schematic representation of
one colloidal brush with four 5-segment-long side chains
and of one 10-segment-long polymer. One colloidal brush
is represented as one large hard sphere on which short
polymer chains are grafted. The diameter of the large
hard sphere equals five times the diameter of one polymer
segment. The grafted chains are equally spaced on the sur-
face of the large hard-sphere colloidal particles and modeled
as freely-jointed-tangent-hard-sphere chains.

The nonadsorbing polymers in solution are modeled
as freely-jointed-tangent-hard-sphere chains. The diameter
of one polymer segment equals the distance between
two consecutive segments in the chain and it is considered as
the unit length throughout this manuscript. The simulations
discussed below are conducted at dilute conditions for the
nonadsorbing polymers.

To obtain the initial configuration we first place two hard-
sphere colloids with no grafted chains within the simulation
box at a fixed center-to-center separation. We then grow the
grafted chains and, subsequently, the nonadsorbing polymers
following an algorithm developed previously �21,38�.

The attempted MC moves are translations and rotations.
Translations are attempted for the colloidal brushes and the
nonadsorbing polymers. One maximum translation vector is
employed to displace the colloidal brushes, and a different
one is employed to displace the nonadsorbing polymers.
Both maximum translation vectors are automatically ad-
justed during the course of the simulation to ensure an ac-
ceptance probability of �35%. Rotations are performed us-
ing the Pivot algorithm �39�. We attempt rotations of the
entire colloidal brushes, of single grafted chains, and of the
nonadsorbing polymers. The MC moves are accepted or

FIG. 1. Schematic representation of the systems considered in
this work. In �a� we report one colloidal brush �top� and one
10-segment-long polymer �bottom�. The colloidal brush in �a� is
composed by one large hard sphere �light gray� and four 5-segment-
long grafted chains. The black small spheres are rigidly attached to
the large colloidal particles. In �b� we represent a simulation box in
which 2 colloidal brushes and 4 polymers are dissolved. The dashed
and dash-dot lines indicate the directions of the planes �parallel and
perpendicular to the line connecting the centers of the colloids,
respectively� on which we compute polymer-segment densities.
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rejected according to the Metropolis criterion �37�. Each sys-
tem is equilibrated for 20 million MC moves and the produc-
tion run lasts up to 10 billion MC moves. During the produc-
tion phase we sample the radial distribution function �RDF�
between the centers of the colloidal brushes. From the RDF
we obtain the effective pair potential of mean force �PMF�
between the interacting colloids using standard statistical
mechanics derivations �40�

W�r�
kT

= − ln�g�r�� . �1�

In Eq. �1� W�r� and g�r� are respectively the potential of
mean force and the radial distribution function at a separa-
tion r between the centers of mass of two colloidal brushes;
k is the Boltzmann constant and T is the absolute tempera-
ture. From the potential of mean force it is possible to obtain
the excess thermodynamic properties for the system of
interest �see, for example, Refs. �41,42��.

In applying Eq. �1� we assume that the center of the
large hard sphere in one colloidal brush corresponds to the
center of mass of the colloidal particle. Because the grafted
chains are distributed symmetrically around each colloidal
sphere, this approximation should not introduce noticeable
errors, especially when one assumes that the mass of the
hard-sphere colloidal particle is significantly larger than that
of the grafted chains. This assumption holds true in most
experimental situations.

The grafted chains radii of gyration are computed by ini-
tiating separate simulation calculations in which only one
colloidal brush is present within the system. The center of
the colloidal brush is maintained fixed at the center of the
simulation box. Attempted MC moves are translations and
rotations of the nonadsorbing polymers as well as rotations
of both the entire colloidal brush and the individual grafted
chains. Data presented here for the grafted chains radii of
gyration and for the polymer-segment density around one
colloidal brush are obtained after an equilibration phase of at
least 10 million MC trial moves. The production phase lasts
at least 100 million MC trial moves. The radius of gyration
for the nonadsorbing polymers in solutions is obtained from
data available for freely-jointed-tangent-hard-sphere poly-
mers at infinitely-dilute concentration �43�. To compute the
polymer-segment density around pairs of interacting colloi-
dal brushes we maintain the two colloids at a fixed separa-
tion and we compute the density in the two planes repre-
sented schematically in Fig. 1�b�. One plane contains the line
connecting the centers of both colloids and the second is
perpendicular to the first line and passes through the
midpoint between the two colloids.

The properties of polymer chains grafted on a surface are
governed by the interactions between segments of neighbor-
ing chains. When the distance between individual grafted
chains is significantly larger than their radius of gyration,
freely-jointed-tangent-hard-sphere chains such as those con-
sidered here are isolated and their behavior is described in
terms of the “mushroom” regime. When the distance be-
tween the grafted chains is less than their radius of gyration,
they interact and stretch away from the surface. In this latter

case their behavior is described in terms of the “brush” re-
gime �44�. The properties of grafted chains in the mushroom
regime are similar to those of polymers at dilute solution
conditions, while those of grafted chains in the brush regime
are different compared to those of polymers in solution, and
depend on the shape of the surface. Theories have been de-
veloped for grafted chains in the brush regime at good-
solvent conditions �19,32,45,46�. To assess the regime to
which the grafted chains considered here belong to we com-
pute their radius of gyration and we compare it to that of
freely-jointed-tangent-hard-sphere chains at infinitely-dilute
conditions �43�. In Fig. 2 �right� we report the ratio between
the radius of gyration squared of the grafted chains to that of
the chains in solution as a function of the number of the
grafted chains. The grafted chains are composed of 15 �dia-
monds�, 30 �squares�, 50 �triangles�, and 60 segments
�circles�. In all cases, the radius of gyration for the grafted
chains is larger than that of the free polymer, and it increases
as the number of grafted chains increases. This suggests that
the grafted chains are in the brush regime in all cases con-
sidered in this work. To corroborate this result we report in
Fig. 2 �left� representative simulation snapshots for colloidal
brushes with 14 grafted chains of 60 segments �top�, 6
grafted chains of 15 segments �center�, and 20 grafted chains
with 5 segments �bottom�. Visual inspection demonstrates
that the grafted chains interact with each other, although the
interaction is clearly more pronounced for the longest grafted
chains considered �top�.

III. RESULTS

A. Colloidal brushes dissolved in a continuum medium

We first consider colloidal brushes dissolved in a con-
tinuum medium with no polymers. In Fig. 3 we report the

FIG. 2. Left: Representative simulation snapshots for colloidal
brushes composed of 14 grafted chains of 60 segments �top�, 6
grafted chains of 15 segments �center�, and 20 grafted chains of 5
segments �bottom�. For visualization purposes one grafted chain per
colloidal brush has been colored in dark gray. Right: Ratio between
the radius of gyration squared for the grafted chains ��Rg

2
SC�� and

that of polymers of the same length but at infinite dilution ��Rg
2

FP��.
These latter values are estimated from Ref. �43�, and correspond to
�5, 12, 24, and 29 for polymers of 15, 30, 50, and 60 segments,
respectively. Diamonds are for grafted chains of 15 segments,
squares of 30 segments, triangles of 50, and circles of 60.
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PMF, and the corresponding RDF �inset�, between two inter-
acting colloidal brushes. In each panel we present the results
obtained for colloidal brushes with grafted chains of the
same length. Panel A is for grafted chains of 15 segments,
panel B for grafted chains of 30 segments, panel C for
grafted chains of 50 segments, and panel D for grafted chains
of 60 segments. In each panel we compare results obtained
when 6 �diamonds�, 8 �squares�, or 14 �triangles� chains are
grafted to each colloidal brush. We observe that the PMF is
repulsive at all separations, in qualitative agreement with the
results reported by Cerdà et al.. �28� for the effective inter-
actions between colloidal brushes with 5 or 25 grafted
chains. As the number of grafted chains increases, the repul-
sion becomes longer-ranged �because the grafted chains
stretch due to crowding at the colloidal surfaces �22�, see
Fig. 2� and steeper �because as the number of grafted chains
increases the crown of polymer segments that surrounds each
colloidal particle becomes less compressible�. The effective
colloid-colloid repulsion observed in all the results reported
in Fig. 3 is due to entropic effects originated by the presence
of the grafted chains. Towards the development of accurate
thermodynamic models �47� it helps observing that when the
hard-sphere colloids are decorated with grafted chains �col-
loidal brushes�, the effective pair interactions resemble those
between “soft” spheres. The fewer and the longer the grafted
chains are, the softer the colloidal-brush spheres become. It

is also important to note that the range of the effective
colloid-colloid repulsive interaction increases as the length
of the grafted chains increases.

In Fig. 4 we reorganize the results presented in Fig. 3 to
emphasize the effect of grafted-chain length on the colloid-
colloid effective pair potentials. We only consider the PMF
and the RDF �inset� between colloidal brushes with 6 �panel
A� and 14 grafted chains �panel B�. The length of the grafted
chains is 15 �diamonds�, 30 �squares�, 50 �triangles�, and 60
segments �circles�. As observed above �see Fig. 3�, the effec-
tive interactions between the colloidal brushes are repulsive
at all separations. Additionally, the results shown in Fig. 4
indicate that two phenomena occur as the grafted-chain
length increases. The first phenomenon is related to the range
of interaction. As the length of the grafted chains increases,
the effective interactions become longer ranged. This is
clearly due to the fact that longer grafted chains extend to-
wards the continuum solvent to a larger extent than short
grafted chains do, thus the grafted chains of two interacting
colloids “overlap” with each other at larger colloid-colloid
center-to-center separations. The range of colloid-colloid re-
pulsive interaction is of the order of four times the radius of
gyration of the grafted chains. The second phenomenon is
related to the steepness of the repulsive interaction. As the
length of the grafted chains increases, the PMF profiles in-
crease more gradually as the center-to-center separation

FIG. 3. Potential of mean force, W�r�, and radial distribution function, g�r�, �inset� between two colloidal brushes as a function of the
number of grafted chains from MC simulations. Diamonds are for 6 grafted chains, squares for 8, and triangles for 14. The results are
obtained for colloidal brushes with grafted chains of different lengths. Panel A is for grafted chains of 15 segments; panel B for grafted
chains of 30 segments; panel C for grafted chains of 50 segments, and panel D for grafted chains of 60 segments. Symbols are larger than
statistical uncertainty.
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decreases, indicating that the colloidal brushes become
“softer” as the grafted-chain length increases. This is prob-
ably a consequence of the spherical nature of the colloidal
brushes considered here. As the length of the grafted chains
increases, the grafted chains are projected further into the
bulk solution, and consequently the density of polymer seg-
ments in correspondence of the end of the brush decreases
�see Fig. 2�. The lower the density of the grafted-chain seg-
ments is, the weaker the effective repulsion becomes because
the latter is due exclusively to entropic effects.

As a special case for the results discussed in Fig. 4 we
report in Fig. 5 the PMF and the RDF �inset� between col-
loidal brushes with 1 grafted chain. The interest in this spe-
cific system stems from two reasons: �1� recent theoretical
calculations predict that in some circumstances the effective
interactions between colloidal brushes with only 1 grafted
chain can be attractive �27�; and �2� by concentrating the
grafted chains in specific regions of the colloidal brushes we
may induce directional interactions between them, thus pro-
moting the formation of duplets, triplets, and maybe colloi-
dal wires �4�. The length of the grafted chain in the colloidal
brushes considered in Fig. 5 is 10 �diamonds�, 25 �squares�,
50 �triangles�, and 75 segments �circles�. The results ob-
tained for the longest grafted chain show a ragged profile.

This is due to statistical inaccuracy observed when the simu-
lated system becomes too dense. Our results indicate that the
effective pair potentials between the two colloidal brushes
are repulsive at all separations even when the grafted chain is
only 10-segment long. This result disagrees with recent cal-
culations by Roan �27�, but it agrees with the general as-
sumption that as one colloidal brush approaches another, the
number of possible conformations for each grafted chain de-
creases, and consequently a repulsion, primarily due to en-
tropic effects, arises between the colloidal brushes �28�. In
fact there is good evidence according to which the attraction
predicted by Roan between brush-coated spheres is due to
numerical inaccuracy �48�. As observed above �see Fig. 4�,
our results indicate that as the length of the grafted chain
increases, the effective interactions become longer-ranged
but increase less steeply as the center-to-center distance de-
creases, indicating a ‘softer’ behavior. The results shown in
Fig. 5 are orientation-averaged potentials �49�, thus they do
not allow us to understand if the effective colloid-colloid
interactions are directional when only 1 grafted chain is con-
sidered on the colloidal brushes. We are currently initiating
follow-up studies to investigate directional colloid-colloid
interactions and, possibly, the self-assembly of colloidal
brushes to yield, for example, colloidal wires.

B. Colloidal brushes in nonadsorbing polymer solutions

The main goal of our study is to understand if the repul-
sive pair potentials between colloidal brushes in solution de-
scribed above may change upon the dissolution of other spe-
cies in the system. We seek to induce effective attractions by
exploiting entropic effects. One possibility consists in ex-
ploiting the depletion effects observed between hard-sphere
colloids in nonadsorbing polymer solutions �16,21,33�. In
such systems, when two hard-sphere colloids are close to
each other the polymers are excluded from the gap between
the interacting colloids, thus an osmotic pressure rises that
induces an effective colloid-colloid attraction. For the devel-
opment of accurate thermodynamic theories, it would be

FIG. 4. PMF and RDF �inset� between two colloidal brushes as
a function of the length of the grafted chains from MC simulations.
The colloidal brushes have 6 �panel A� or 14 grafted chains �panel
B�. Diamonds, squares, triangles, and circles are for grafted chains
of 15, 30, 50, and 60 segments, respectively. Symbols are larger
than statistical uncertainty.

FIG. 5. PMF and RDF �inset� between two colloidal brushes as
a function of the length of the grafted chains from MC simulations.
The colloidal brushes have 1 grafted chain of length 10 �diamonds�,
25 �squares�, 50 �triangles�, and 75 segments �circles�. Symbols are
larger than statistical uncertainty.
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interesting to understand if in solutions containing colloidal
brushes in the presence of nonadsorbing polymers the en-
tropic repulsions described above �see Figs. 3–5� can be
superimposed on depletion phenomena �16,21�.

We start our investigation by dissolving hard-sphere
monomers of diameter equal to that of one grafted-chain seg-
ment in a system that contains two colloidal brushes. When
two hard-sphere colloidal particles are in solution with hard-
sphere monomers of diameter one fifth that of the colloids, a
short-ranged depletion attraction is coupled to a weak
midrange repulsion which is due to packing effects �50�. If
the steric repulsions found between colloidal brushes �see
Figs. 3–5� can be superimposed on these depletion forces the
effective pair potential simulated between two colloidal
brushes in the presence of hard-sphere monomers should
show a weaker repulsion at close colloid-colloid separation
and a stronger repulsion at midrange separations, when com-
pared to the results obtained when the same colloidal brushes
are dissolved in continuum media. We expect that the pres-
ence of a small amount of monomers in solution yields more
noticeable effects when the colloidal brushes are decorated
with only a few short grafted chains. However, when we
consider the potential of mean force between two colloidal
brushes with 6 grafted chains of 15 segments, each dissolved
in a solution containing hard-sphere monomers with volume
fraction 0.0055, our data �not shown for brevity� indicate that
the presence of the nonadsorbing monomers does not affect
appreciably the effective pair potential between the colloidal
brushes. In particular, at close colloid-colloid separations the
effective pair potential does not become less repulsive, nei-
ther does it become more repulsive at intermediate separa-
tions. It is possible that the volume fraction of the nonad-
sorbing hard-sphere monomers in solution �0.0055� is too
low to generate appreciable effects on the simulated pair po-
tential, but it is also possible, and in our opinion likely, that
the grafted chains repeal the nonadsorbing monomers from
the interacting colloidal brushes. Consequently the presence
of the nonadsorbing hard-sphere monomers is simply not
affecting the pair interactions between the colloids. Finally,
because the range of effective repulsive interactions induced
by the grafted chains is longer than that of depletion attrac-
tions generated by the nonadsorbing monomers �which is of
the order of the hard-sphere diameter�, it is possible that the
depletion effect is cancelled out by the strong steric repulsion
between the colloidal brushes due to the grafted chains. Ac-
cording to this latter speculation, the depletion effect due to
the presence of nonadsorbing polymers in solution should
become more significant as the ratio between the radius of
gyration of the nonadsorbing polymers and that of the
grafted chains increases.

To test our hypothesis we dissolve two colloidal brushes
in solutions that contain nonadsorbing polymers of increas-
ing length and concentration. When we consider the RDF
and the PMF between two colloidal brushes with 6 grafted
chains of 15 segments each in solutions containing nonad-
sorbing polymers composed of 5 segments �results not
shown for brevity�, our data indicate that: �1� both RDF and
PMF are not affected to a large extent by the presence of the
short nonadsorbing polymers in solution; and �2� although
weak, the effect of dissolving the nonadsorbing polymers

consists in reducing the effective colloid-colloid pair repul-
sion, especially at midrange separations. The weakened
colloid-colloid repulsion is manifested by larger RDF and
lower PMF values at defined center-to-center distances.

We expect that as the length of the nonadsorbing poly-
mers increases, the repulsion between the colloidal brushes
becomes weaker and weaker, at least at intermediate separa-
tions. In Fig. 6 we report MC simulation data for the PMF
and the RDF �inset� between colloidal brushes of 6 �panel A�
or 14 grafted chains �panel B�. The grafted chains in the
colloidal brushes in Fig. 6 are 15-segment long. The colloi-
dal brushes are in the presence of 10-segment-long nonad-
sorbing polymers. Results are displayed at increasing
polymer-segment volume fraction: 0 �gray diamonds�, 0.003
�black continuous lines�, 0.006 �gray dotted lines�, and 0.011
�black circles�. The statistical uncertainty increases as the
polymer-segment volume fraction increases, and we believe
it is responsible for the ragged data profiles obtained at
the larger densities. Despite the statistical inaccuracy at large
concentrations, our data indicate that the effective colloid-
colloid repulsion at any colloid-colloid center-to-center

FIG. 6. PMF and RDF �inset� between two colloidal brushes
with grafted chains of 15 segments dissolved in solution containing
10-segment-long nonadsorbing polymers from MC simulations. The
colloids have either 6 �panel A� or 14 grafted chains �panel B�. The
nonadsorbing polymer-segment volume fraction is 0 �gray dia-
monds�, 0.003 �black continuous lines�, 0.006 �gray dotted lines�,
and 0.011 �black circles�.
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separation becomes less intense as the polymer-segment
volume fraction increases. Although the effect shown in
Fig. 6 is more pronounced compared to that observed
when shorter polymers are dissolved in the system at
similar polymer-segment volume fractions, the effective
colloid-colloid pair interactions remain repulsive at all the
colloid-colloid center-to-center separations.

According to our hypothesis �namely that the repulsive
colloid-colloid pair potential can be weakened when
long nonadsorbing polymers are in solution�, the effect of
dissolving nonadsorbing polymers in solution on the
effective colloid-colloid repulsion should become less
pronounced as the length of the grafted chains increases,
when the length of the nonadsorbing polymers and
the polymer-segment volume fraction remain constant. In
Fig. 7 we report MC simulation data for the PMF and
the RDF �inset� between two colloidal brushes with 14
grafted chains of 30 segments each. The colloidal brushes
are dissolved in systems that contain 10-segment-long
nonadsorbing polymers. The polymer-segment volume
fraction is either 0 �gray diamonds� or 0.0045 �black
squares�. As expected, our results indicate that, although the
effective colloid-colloid repulsion becomes less intense in
the presence of the nonadsorbing polymers, the effect is
almost negligible. Additionally, we note that the effect is
stronger at mid separations between the interacting colloids.
This latter observation is quite interesting because the deple-
tion attraction between hard-sphere colloids generated by
dissolving nonadsorbing polymers in solution is stronger at
short colloid-colloid separations. Further, MC simulations
�21�, as well as classical density-functional-theory calcula-
tions �33�, predict a weak midrange repulsion between the
hard-sphere colloids in the presence of nonadsorbing poly-
mers such as those considered in Fig. 7. Thus the results
shown in Fig. 7 indicate that in order to predict the effective
pair potential between hard-sphere colloidal brushes
dissolved in nonadsorbing polymer solutions it is not pos-
sible to simply superimpose theindependently obtained pair

potentials betweenpairs ofinteracting hard-sphere colloids in
nonadsorbing polymer solutions �e.g. Refs. �16,21,33�� and
that between colloidal brushes in a continuum medium �e.g.
Figs. 3–5�.

Based on the discussion provided above, we expect that
the effective pair potential between colloidal brushes could
become attractive, at least at some intermediate colloid-
colloid center-to-center separation, only when nonadsorbing
polymers with radius of gyration longer than that of the
grafted chains are present at large concentrations. To test this
expectation we consider two colloidal brushes with 20
grafted chains, each composed of 5 segments, in solutions
containing 10-segment-long nonadsorbing polymers. The ra-
dius of gyration squared for 10-segment-long freely-jointed-
hard-sphere polymers at infinitely-dilute concentrations is
�2.9 �43�, that of the grafted chains for the colloids consid-
ered in Fig. 8 is �1.1. In Fig. 8 we display the results for the
PMF and the RDF �inset� at increasing polymer-segment vol-
ume fraction. Results are shown for polymer-segment vol-
ume fraction of 0 �gray continuous lines�, 0.004 �black dot-
ted lines�, and 0.042 �gray triangles�. As the polymer-
segment volume fraction increases from 0 to 0.004 the
effective colloid-colloid pair potential becomes less repulsive
at all center-to-center separations. However, the effect is
minimal. When the polymer-segment volume fraction in-
creases to 0.042 our results indicate that the strong colloid-
colloid repulsion at short center-to-center separations, ob-
served even at lower polymer-segment volume fractions,
couples with a midrange colloid-colloid effective attraction
of approximately 0.25 kBT at center-to-center distances of
�10-11. This attraction is expected to become more signifi-
cant as the polymer concentration increases, but computing
limitations prevent us from testing this hypothesis. The
midrange attraction presented in Fig. 8 is weak in absolute
terms, even weaker than depletion attractions observed be-
tween hard-sphere colloids in nonadsorbing polymer solu-
tions �21,33�, but it is strong enough to promote the

FIG. 7. PMF and RDF �inset� between two colloidal brushes
with 14 grafted chains of 30 segments dissolved in solutions con-
taining 10-segment-long nonadsorbing polymers from MC simula-
tions. The polymer-segment volume fraction is 0 �gray diamonds�
or 0.0045 �black squares�. Symbols are larger than statistical
uncertainty.

FIG. 8. PMF and RDF �inset� between two colloidal brushes
from MC simulations. The colloidal brushes have 20 grafted chains,
each of 5 segments. The colloidal brushes are in solution with
10-segment-long nonadsorbing polymers. The polymer-segment
volume fraction is 0 �gray continuous lines�, 0.004 �black dotted
lines�, and 0.042 �gray triangles�.
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formation of gels in colloidal systems �51�, thus it could
become useful for designing unique materials.

To appreciate the effect of the nonadsorbing polymers on
the characteristics of the colloidal brushes we simulate one
colloidal brush with 8 grafted chains of 40 segments each
dissolved in a solution that contains 10-segment-long nonad-
sorbing polymers. This representative system was chosen be-
cause the effect of the nonadsorbing polymers on the grafted
chains is expected to be more evident when few long grafted
chains are on the colloidal brush. In Fig. 9 we display the
density of the nonadsorbing polymer segments in a plane that
passes through the center of the colloid �top� and we plot the
radius of gyration squared of the grafted chains as a function
of the polymer-segment volume fraction �bottom�. Our re-
sults for the density of the polymer segments indicate that
the grafted chains �although only 8 grafted chains are con-
sidered in the colloidal brush in Fig. 9� effectively repeal the
nonadsorbing polymers from the hard-sphere colloidal par-
ticle. This phenomenon explains why to predict the exact
pair potential between colloidal brushes in nonadsorbing
polymer solutions it is not possible to superimpose the effec-
tive repulsion due to the chains anchored to the hard-sphere
colloid and the depletion attraction due to the presence of the

nonadsorbing polymers in solution. Because the grafted
chains repeal the nonadsorbing polymers, the molecular
mechanism responsible for the depletion attraction between
hard-sphere colloids in nonadsorbing polymer solutions is
not exactly reproduced in the case of colloidal brushes dis-
solved in nonadsorbing polymer solutions.

To further understand the effect of the nonadsorbing poly-
mers on the isolated colloidal brushes we compute the radius
of gyration squared for the grafted chains at increasing
polymer-segment volume fraction �Fig. 9, bottom panel�. To
put our data in perspective it helps to remember that the
radius of gyration squared for freely-jointed-hard-sphere
polymers of 10 and 40 segments at infinitely-dilute concen-
trations is �2.9 and �17.9, respectively �43�. We note that
the grafted chains radius of gyration squared is larger than
that of the nonadsorbing polymers considered in this system.
We also note that at low polymer-segment volume fractions
the grafted chains radius of gyration squared ��19� is larger
than that reported for 40-segment-long freely-jointed-hard-
sphere polymers at infinitely-dilute concentrations �17.9, see
Ref. �43�; see also Fig. 2�. Our results suggest that the pres-
ence of the large hard-sphere colloid to which the chains are
grafted, and the presence of the other grafted chains on the
colloidal brush, affect the conformation of one individual
grafted chain and cause it to stretch compared to its equilib-
rium conformation at infinitely-dilute conditions. Our results
indicate that the radius of gyration of the grafted chains de-
creases as the polymer-segment volume fraction increases. It
should be pointed out that as the polymer-segment volume
fraction increases, the MC code employed in our calculations
become less reliable. We do present results obtained at
polymer-segment volume fraction of 0.126, but those data
should only be considered as indicative. Our results imply
two consequences: �1� the effective pair potential between
the colloidal brushes should become shorter-ranged as the
concentration of the nonadsorbing polymers increases; and
�2� the effective colloid-colloid repulsion should increase
faster as the center-to-center colloid-colloid separation de-
creases when larger concentrations of nonadsorbing poly-
mers are in solution than when lower concentrations are.
Consequently, as the nonadsorbing polymer concentration in-
creases, the colloidal brushes will eventually behave as hard
spheres of larger diameter, and at that point the depletion
attraction may become observable. Although the MC simu-
lation data presented above qualitatively support our specu-
lations, computational limitations prevent us from verifying
the latter expectation.

To understand the molecular phenomena responsible for
the midrange attraction between the colloidal brushes of Fig.
8, we compute the polymer-segment density around the two
interacting colloidal brushes at a fixed center-to-center sepa-
ration. In Fig. 10 we report the results obtained for the
polymer-segment density of the nonadsorbing polymers, that
of the grafted chains, and the total polymer-segment density
�nonadsorbing polymers plus grafted chains� when the col-
loids are at a separation of 12.5. At this separation MC simu-
lation results suggest weak colloid-colloid attraction �see
Fig. 8�. Our results for the polymer-segment density �Fig. 10�
indicate that the nonadsorbing polymers are repelled from

FIG. 9. Polymer-segment density around one colloidal brush
�top� and radius of gyration squared of the grafted chains, �Rg

2�, as a
function of the polymer-segment volume fraction, �, �bottom� from
MC simulations. The colloidal brush has 8 grafted chains of 40
segments each. The top panel is obtained at polymer-segment vol-
ume fraction of 0.008. The color scheme is: black �0.015 polymer
segments per unit volume, and white �0.002 or less.
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the interacting colloidal brushes; however we note that the
total polymer-segment density is similar both in the gap be-
tween the colloidal brushes and in the region outside the
colloidal brushes. Because of this, the resulting depletion
attraction is weak. The grafted chains form a crown around
the hard-sphere core of the colloidal brushes and effectively
repeal the nonadsorbing polymers from the colloids �see
Fig. 9, top panel�. When we consider the plane perpendicular
to the line connecting the colloids �bottom of Fig. 10�
we note that a small circular region exists, in the center of
the graphs, where the total polymer-segment density is less
than that far from the colloidal brushes. The depletion of
polymer segments from this region apparently induces the
weak attraction observed in our MC calculations �see Fig. 8�.

Rationalizing our results, it appears that the effective
interaction between colloidal brushes is repulsive at short
separations. The range of this repulsive interaction depends
on the radius of gyration of the grafted chains, which
increases as the density and the length of the grafted chains
increase and decreases as the concentration of the nonadsorb-
ing polymers in solution increases. This short-range repul-
sion can be coupled to a midrange attraction that is due
to depletion effects. The range of the depletion attraction is
of the order of magnitude of the radius of gyration of the
nonadsorbing polymers. Because the steric repulsion due to
the grafted chains is generally stronger than the depletion
attraction due to the nonadsorbing polymers in solution, we
speculate that it is possible to observe the midrange colloid-
colloid attraction only when the radius of gyration of the
nonadsorbing polymers in solution is larger than that of

the chains grafted to the colloidal brush. The MC simulation
results reported here support this phenomenological interpre-
tation but clearly additional investigations are required to
prove it. Due to computational limitations encountered in
MC calculations, classical density functional theory provides
a viable alternative route to accomplish this investigation
�52�.

IV. CONCLUSIONS

We employed Monte Carlo simulations to investigate the
interactions between colloidal brushes in solution. We con-
sidered solutions in which the solvent was a continuum me-
dium containing nonadsorbing polymers at dilute concentra-
tion. The molecular mechanisms operating in the systems
considered in this work are limited to those of entropic ori-
gin, thus the only interactions considered are represented by
excluded-volume potentials.

The effective interactions between colloidal brushes in the
absence of nonadsorbing polymers are always repulsive, and
the features of the potential of mean force profiles as a func-
tion of the center-to-center colloid-colloid separation depend
on the number and length of the grafted chains. The range of
the effective repulsion depends on the grafted chains radius
of gyration. Midrange attractions between the colloids may
arise when nonadsorbing polymers are present. The range of
the weak attraction depends on the radius of gyration of the
nonadsorbing polymers. The molecular mechanism respon-
sible for the short-range repulsion is the steric effect due to
crowding of the grafted chains in the region between the
interacting colloids. The molecular mechanism responsible
for the weak attraction is similar to that responsible for the
depletion interaction observed between hard-sphere colloids
dissolved in nonadsorbing polymer solutions. Because the
short-range repulsion is always stronger than the depletion
attraction �which is primarily due to the osmotic pressure of
the nonadsorbing polymers in solution�, it is possible to ob-
serve the midrange effective attraction between the colloidal
brushes only when the radius of gyration of the grafted
chains is shorter than that of the nonadsorbing polymers in
solution. The resulting midrange attraction is weaker than
that observed between hard-sphere colloids in nonadsorbing
polymer solutions because the grafted chains in the colloidal
brushes repeal the nonadsorbing polymers from the region
near the interacting colloids. Our calculations prove that it is
not possible to obtain the correct pair potential between
colloidal brushes in nonadsorbing polymer solutions by su-
perimposing the steric repulsion between colloidal brushes in
a continuum solvent and the depletion attraction between
hard-sphere colloids in nonadsorbing polymer solutions.

The results obtained with our simple model suggest that it
is possible to promote the formation of novel materials �e.g.,
gels� by dissolving nonadsorbing polymers in colloidal sys-
tems stabilized by polymer brushes. We are currently explor-
ing via molecular simulation possible routes to employ ex-
cluded volume effects such as those described in this paper
to induce directional colloid-colloid attractions towards the
production of self-assembled one-dimensional structures in
solution.

FIG. 10. Polymer-segment density around the interacting col-
loids maintained at a center-to-center separation of 12.5 from MC
simulations. The top panels represent the results obtained in a plane
through to the line connecting the centers of the colloids. The bot-
tom panels are for the results obtained in the plane perpendicular to
the line connecting the centers of the colloids. From left to right, the
results are for nonadsorbing polymers, grafted chains, and total seg-
ment density �nonadsorbing polymers plus grafted chains�. The
color scheme is white for 0 segment density, and black for the
highest segment density computed. The highest segment density
changes from panel to panel, as indicated in the legend. The units
are number of polymer segments per unit volume.
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