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ABSTRACT: We used Monte Carlo simulations to study the formation of complexes between a flexible,
semiflexible, and rigid polyelectrolyte and an oppositely charged spherical particle. Polyelectrolyte
adsorption on a small particle, whose surface curvature effect is expected to limit the amount of adsorbed
monomers, was considered. We focused on the effects of the intrinsic polyelectrolyte rigidity and ionic
concentration of the solution and investigated the adsorption/desorption limit and conformation of the
adsorbed polyelectrolyte. Polyelectrolyte adsorption is controlled by several competing effects such as
the electrostatic confinement energy of the chain due to the electrostatic repulsions between the charged
monomers, polyelectrolyte intrinsic flexibility, and electrostatic attractive interaction between the
polyelectrolyte monomers and the particle. On one hand, rigidity and electrostatic repulsions force the
polyelectrolyte to adopt extended conformations and limit the number of monomers that may be attached
to the particle. On the other hand, electrostatic attractive interactions between the particle and the
polyelectrolyte monomers force the chain to undergo a structural transition and collapse at the particle
surface. In particular, by increasing the intrinsic rigidity, we observed a transition from a disordered
and strongly bound complex to a situation where the polymer touches the particle over a finite length,
while passing by the formation of a solenoid conformation. We found that the critical ionic concentration
at which adsorption/desorption is observed is rapidly decreasing with the polyelectrolyte intrinsic rigidity,
and the amount of adsorbed monomers has a maximum value for semiflexible chains. Adsorption is thus
promoted by decreasing the chain stiffness or decreasing the salt concentration for a given chain length.

Introduction

Because of their fascinating, complex, and important
modifications of solutions properties, mixtures of poly-
electrolyte chains and comparatively small oppositely
charged objects such as colloidal particles, proteins,
micelles, vesicules, etc., stimulate a great interest in
colloid science.1-3 Applications in the field of water
treatment such as flocculating/water insoluble mixtures,
adhesion, food technology, and powder processing are
numerous,4-6 and extension to gene therapy and bioengi-
neering is today under consideration.7 Also in environ-
mental chemistry, interactions between inorganic col-
loids and biopolymers are also of great interest since
complexation processes are expected to control colloid
coagulation and the fate and transport of trace polluants
associated with the inorganic colloids.8,9

However, the long-range attractive and/or repulsive
character of electrostatic interactions, solution chemis-
try, chemical nature, geometry and concentration of
both polyelectrolytes and particles, competitive adsorp-
tion, etc., give these solutions very specific properties
which are partially understood. Thus, so far, little is
known in the rational use of polyelectrolytes with
oppositely charged particles. By considering the poly-
electrolyte charge fraction and salt concentration, Haron-
ska et al.10 proposed a theoretical model (based on a self-
consistent approach) for the complex formalism of
flexible polyelectrolytes and oppositely charged spheres.
A particular emphasis on the influence of the finite size
of both polyelectrolyte and sphere was considered. The
theoretical results were compared with the adsorption

of PMA on a cationic micronetwork, and it was demon-
strated that the criterion for critical adsorption shows
a different behavior for small and large curvature of the
sphere. Dobrynin et al.11 developed a scaling theory of
polyelectrolyte adsorption at an oppositely charged
surfaces. At low surface charge densities, they predicted
two-dimensional adsorbed layers with thickness deter-
mined by the balance between electrostatic attraction
to the charged surface and chain entropy whereas at
high surface charge densities, they expected a 3-dimen-
sional layer with a density profile determined by the
balance between electrostatic attraction and short-range
monomer-monomer repulsion. The adsorption of weakly
charged polyelectrolytes at planar and oppositely charged
surfaces was modeled by Linse and Shubin12,13 using a
mean-field lattice theory for flexible polyelectrolytes in
solution. They demonstrated that in most cases, as salt
concentration is increased, the adsorbed amount is
reduced but the thickness of the adsorbed layer is
increased. Using a combination of variational proce-
dures and ground-state dominance approximation as
well as off-lattice Monte Carlo simulations, Von Goeler,
Muthukumar, and Kong14,15 derived explicit formula for
the dependence of adsorption characteristics of poly-
electrolytes onto curved surfaces (spheres and cylinders)
on temperature, Debye screening length, polyelectrolyte
charge density, molecular weight, and curvature. Ad-
sorption was found to be promoted by lowering temper-
ature, chain length, and salt concentration and by
increasing the radius and the surface charge density of
the sphere. Thermodynamic as well as kinetic factors
controlling the stability of colloid/polymer mixtures have
been addressed experimentally by Dubin and co-work-
ers16 by considering interactions between polyelectro-* To whom correspondence should be addressed.
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lytes and micelles. Critical conditions for adsorption vs
pH and ionic concentration were reported, showing that
the required critical surface charge density of the
micelles necessary for adsorption was proportional to
the inverse Debye screening length κ.

Recently, the overcharging issue or charge inversion
has attracted significant attention and debates. Indeed,
in some conditions, the adsorption of a charged polymer
(or a macroion) on an oppositely charged colloid can
induce charge inversion of the colloid. Mateescu et al.17

have shown that overcharging increases with the di-
ameter of the colloid (continuously or though multiple
transitions), until a total collapse of the polyelectrolyte
takes place. Nguyen, Grosberg, and Shklovkii18,19 have
investigated complexation for both salt-free and salty
solutions and demonstrated that polyelectrolyte winds
around the macroion, its turn repealing each other and
forming an almost equidistant solenoid. They also
demonstrated that adding monovalent salt makes charge
inversion stronger, exceeding 100% is some cases. By
studing an idealized model for the adsorption of weakly
charged polyelectrolyte, Gurovitch and Sens20 predicted
that the connectivity between the charges of the polymer
leads to an overcharge of the colloidal particle, which
can adsorb a chain of total charge up to 15/6 times its
own charge.

The behavior of polyelectrolyte/particle complexes is
usually described by considering the ionic concentration
of the solution, polyelectrolyte charge linear density,
particle charge, and radius. Nonetheless, an essential
parameter is the chain flexibility which includes both
chain stiffening due to electrostatic monomer-monomer
repulsions and stiffness of the underlying chain back-
bone (intrinsic flexibility). Until now, very few studies
have considered the role of the chain intrinsic flexibility
in the polyelectrolyte/particle complex formation. Sintes
et al.21 investigated the problem of adsorption of a single
semiflexible polymer chain onto a planar, homogeneous
surface using Monte Carlo simulations. Adsorption
characteristics were studied at different temperatures
for chains of various stiffness. They demonstrated that
the stiffer chains adsorb more onto the surface and the
adsorption takes place at a higher temperature when
compared to that of a flexible chain. The effect of
copolymer sequence distribution and stiffness on the
adsorption-desorption transition temperature was also
examined using Monte Carlo by Chidambaram and
Dadmun.22 Netz and Joanny23,24 recently provided a full
complexation phase diagram for a stiff polyelectrolyte
in the presence of an oppositely charged sphere. Both
the effects of added salt and chain stiffness were taken
into account. They demonstrated that for intermediate
salt concentration and high sphere charge a strongly
bound complex, where the polymer completely wraps
around the sphere, is obtained and that the low salt
regime is dominated by monomer-monomer repulsions
leading to a characteristic hump shape where the
polymer partially wraps around the sphere with two
polymer arms extended parallel and in opposite direc-
tions from the sphere. In the high salt regime, they
suggested that the polymer partially wraps the sphere.
They also provided an adsorption criterion and then
derived the density distribution of the adsorbed poly-
electrolyte to calculate the particle radius, below which
adsorption does not occur because of curvature effects.
Adsorption/desorption limits as well as charge reversal
mechanism were investigated, revealing that an in-

crease in the chain stiffness promotes chain desorption.
The binding of one semiflexible polyelectrolyte onto an
oppositely charged sphere, using parameters appropri-
ate for DNA-histone complexes was studied numeri-
cally by Kunze and Netz.25 They find complete wrapping
for intermediate salt concentration, discontinuous de-
wrapping for high salt concentration, and multiple
conformational transition for low salt concentration in
agreement with experiments. The wrapped conforma-
tions were characterized by four distinct structures with
rotational and mirror symmetries. As the complexation
free energy was much larger than kBT, thermally
induced dewrapping was neglected in the main part of
the phase diagram which was given. Park, Bruinsma,
and Gelbart26 shown that spontaneous overcharging in
polyelectrolyte-colloid complexes was accounted for in
the Poisson-Boltzmann approximation, and increasing
the rigidity of the polyelectrolyte was leading to under-
charging of the complex. Mateescu, Jeppesen, and
Pincus17 demonstrated the existence of a “wrapping
transition” between a slightly bent conformation of
the polyelectrolyte close to the sphere and a conforma-
tion where the polyelectrolyte wraps or collapses around
the sphere. This “wrapping transition” is expected to
be dependent on the salt concentration and sphere
diameter.

Monte Carlo simulations have corroborated some
experimental and theoretical conclusions. Chain flex-
ibility, linear charge density, and micelle radius were
considered by Wallin and Linse27-29 to investigate the
behavior of a polyelectrolyte-micelle complex. They
concentrated on free energy calculations to determine
the key parameters influencing critical aggregation
concentration. Critical aggregation concentration was
found to increase with decreasing chain stiffness, linear
charge density, and micelle radius. The complexation
between a linear flexible polyelectrolyte and several
oppositely charged macroions was recently examined by
Jonsson and Linse30,31 with focus on effect of linear
charge density, chain length, macroion charge, and
chain flexibility. Composition, structure, and thermo-
dynamic properties of the complexes were obtained and
the overcharging issue and location of small ions
investigated. Owing to the important potential of com-
puter simulations to provide qualitative and quantita-
tive means of understanding the factors that could
influence polyelectrolyte/particle interactions, we used
a Monte Carlo approach to get insight into the behavior
of a flexible, semiflexible, and rigid polyelectrolyte with
the presence of an oppositively small charged particle.
As the ionic concentration is expected, via screening
effects, to play a key role in controlling both chain
conformation (via the electrostatic persistence length)
and polyelectrolyte/particle interaction energy, we also
focused on it. A simple model with a uniformly charged
hard sphere to mimic a colloidal particle and a pearl
necklace chain consisting of point charges connected to
each other is used. Since a Debye-Hückel approach is
considered, ions and counterions are implicitely consid-
ered. The adsorption/desorption limit which is a key
parameter for technical applications of polyelectrolyte/
particle mixtures dependence with the ionic concentra-
tion and chain intrinsic flexibility is calculated. The
polyelectrolyte conformations are analyzed prior to and
after adsorption; the polymer interfacial structure is
investigated as well as the particle surface coverage and
polyelectrolyte adsorbed amount. Snapshots of equili-
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brated conformations are also provided to achieve
qualitative views of the polymer/particle complexes.
Recently we described in detail the complex formation
between a charged colloidal particle and an oppositely
charged polyelectrolyte.32,33 The formation of a polyelec-
trolyte-particle complex was investigated with special
attention focused on the effect of the particle size, chain
length, and salt concentration on the adsorption/desorp-
tion limit, interfacial structure, and overcharging issue.

Model
A pearl necklace model is used to generate off-lattice

3-dimensional chains. They are represented as a suc-
cession of N freely jointed hard spheres, and each sphere
is considered to be a physical monomer of radius σm )
3.57 Å with a negative charge equal to -1 on its center.
The fraction of ionized monomers f is set to 1, and the
bond length is constant and equal to the Bjerrum34

length lB ) 7.14 Å.
The particle is represented as an impenetrable,

uniformly charged sphere with a radius σp equal to 35.7
Å so as to get full insight into particle curvature effects.
The particle surface charge is assumed to be concen-
trated into a point charge located at its center. The
central point charge Q of the particle is adjusted to +100
so as to keep a constant surface charge density equal
to +100 mC m-2, which is representative of values
observed for natural inorganic particles at neutral pH.
The solvent is treated as a dielectric medium with a
relative dielectric permittivity constant εr taken as that
of water at 298 K, i.e., 78.5. The total energy Etot (kBT
units) for a given conformation is the sum of repulsive
electrostatic interactions between monomers and at-
tractive electrostatic interactions between the chain and
the particle, Eel, and Etor, the chain stiffness or bending
energy. Hard-core interactions Eev are also considered
to include both monomer and particle excluded volumes.

Hard-core repulsions between i and j physical units lead
to excluded-volume interactions using

with

where σi represents the radius of unit i (which can be
the monomer or the particle) and rij the distance
between the centers of the two units.

All pairs of charged monomers within the polyelec-
trolyte interact with each other via a screened Debye-
Hückel long-range potential,

where zi represents the amount of charge on unit i.
Monomers interact with the particle according to a

Verwey-Overbeek potential,

Free ions are not included explicitly in the simulations,
but their overall effects on monomer-monomer and
monomer-particle interactions are described via the
dependence of the inverse Debye screening length κ2

[m-2] on the electrolyte concentration according to

It is worth noting here that all pairwise interactions
have been calculated without taking into account cutoff
distances, and the entropy of counterion release is only
captured on a linear level. The intrinsic chain stiffness
is adjusted by a square-potential with variable ampli-
tude to vary its strength. This gives the bending energy

where R0 ) 180° and Ri represents the angle achieved
by three consecutive monomers i - 1, i, and i + 1. kang
[kBT/deg2] defines the strength of the angular potential
or chain stiffness.

Monte Carlo simulations were performed according
to the Metropolis algorithm in the canonical ensemble.
In this method successive “trial” chain configurations
are generated to obtain a reasonable sampling of low-
energy conformations.35 To generate new conformations,
the monomer positions are randomly modified by spe-
cific movements; the end-bond, kink-jump, crankshaft,
pivot, and reptation. After each elementary random
movement, the Metropolis selection criterion is em-
ployed to either select or reject the move. The central
monomer of the chain is initially placed at the center
of a large three-dimensional spherical box having a
radius equal to 2Nσm, and the particle is randomly
placed in the cell. The polyelectrolyte and the oppositely
charged particle are then allowed to move. After each
calculation step, the coordinates of both the particle and
monomers are translated in order to replace the central
monomer in the middle of the box. It should be noted
that the chain has the possibility to diffuse further away
and leave the particule surface during a simulation run
(desorption process). After relaxing the initial conforma-
tion through 106 cycles (equilibration period), chain
properties are calculated and recorded every 1000
cycles. Owing to the large number of possible situations
with regards to the modifications of both kang and Ci,
the application of this model with regards to processor
speeds has currently limited the chain length to 100
monomer units (200 for the isolated chain).

To characterize chain configurations relative to the
surface such as the mean-square radius of gyration 〈Rg

2〉
and the mean-square end-to-end distance 〈Ree

2〉, en-
semble averages (denoted by 〈 〉) are calculated after the
equilibration period. To determine the position of the
chain monomers along the coordinate normal to the
surface, spherical layers around the surface are defined.
The thickness of each layer, excepted the first one, is
set to one monomer radius. Because an adjacent layer
of one monomer radius in thickness is rarely visited
(because of strong excluded-volume effects between the

Etot ) Eev + Eel + Etor (1)

Eev ) ∑
i<j

uEV(rij) (2)

uev(rij) ) 0 when rij > σi + σj (3)

uev(rij) ) ∞ when rij e σi + σj (4)

uel(rij) )
zizje

2

4πεrε0rij
exp(-κrij) (5)

u′el(rij) )
zizje

2

4πεrε0rij

exp[-κ(rij - σp)]
1 + κσp

(6)

κ
2 ) 1000e2NA∑

i

zi
2Ci

ε0εrkBT
(7)

Etor ) ∑
i)2

N

kang(Ri - R0)
2 (8)
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monomers and the surface), the thickness of the first
layer was arbitrarily increased to two monomer radii.
To characterize the conformation of the adsorbed chain,
the mononer fraction in tails, loops, and trains has been
considered. Two parameters, the particle surface cover-
age θ and the adsorbed amount of polyelectrolyte Γ, are
also calculated to characterize the particle surface with
regards to the number of monomers in the first layer.
Surface coverage is defined as the fraction of the particle
surface covered with the monomers which are present
in the first layer,

where a0 is the projected area of one monomer, N* the
number of adsorbed monomers lying in the first layer,
and asurf the surface of the particle and the adsorbed
amount GΓ defined as

where θmax ) Na0/asurf is the maximum fraction of
particle surface area that can be covered by a fully
adsorbed polymer chain. To calculate the isolated poly-
electrolyte persistence length Lp, we used the bond-
angle correlation function BAC defined by the scalar
product between the normalized bond vectors. The
persistence length is then defined as the decay contour
length of all angular correlations, and the function BAC
exhibits an exponential decay such as

where k represents the contour distance along the
polyelectrolyte chain and Lp is the sum of the intrinsic
part L0 and electrostatic contribution Le.

Configurational Properties of Isolated
Semiflexible Polyelectrolyte Chains

Equilibrated conformations of isolated semiflexible
polyelectrolyte chains (used as initial conformations at
the beginning of the calculations) are discussed first vs
Ci and kang for comparison with adsorbed conformations.
Electrolyte concentration ranges from Ci ) 0 (κ-1 ) ∞)
to Ci ) 1 M (κ-1 ) 3 Å), kang values are adjusted from 0
to 0.02 kBT/deg2, and the chain length is equal to 200
monomers. Table 1 demonstrates that the semiflexible
polyelectrolytes exists as extended and SAW configura-
tions which are controlled by both the intensity of the
electrostatic repulsions between the monomers and
intrinsic stiffness kang. When kang ) 0 kBT/deg2, i.e.,
when fully flexible chains are considered, a decrease in
the ionic concentration causes a gradual spreading of
the polyelectrolyte dimensions so that rodlike structures
are achieved to minimize the electrostatic energy of the
chain. Rodlike here does not mean a straight pole but
rather a highly oriented object because of the monomer
thermal fluctuations causing movements and local chain
deformation. According to our model and effect of the
monomer excluded volume giving raise to an intrinsic
persistence length equal to 15 Å, screening is expected
to destroy the local electrostatic stiffening when the
electrostatic persistence length Le becomes smaller than
L0. The self-avoiding walk limit is thus expected to be
achieved (by representing from Table 2 the variation of

Le vs κ-1) when κ-1 becomes smaller than 2 Å, i.e., when
Ci is greater than 2.3 M.

When Ci ) 1 M, so that the chain stiffness is expected
to have predominant effects, a novel picture of chain
stretching must be considered. The increase of intrinsic
stiffness locally destroys a large amount of chain
entropy and results in the formation of rigid domains
connected to each other by flexible bonds (see for
example Table 1, Ci ) 1 M and kang ) 0.001 kBT/deg2).
It is important to note that when the salt concentration
is infinity (i.e., no electrostatic at all), the chain looks
smooth, with no kinks. As shown in Figure 1 where
〈Ree

2〉 variations are presented as a function of kang for
different Ci values, electrostatic interactions and in-
trinsic stiffness influence each other but at different
scales. Although long-range electrostatic repulsions
have full effects when Ci ) 0 M, it is still possible to
increase the chain dimension through local geometric
constraints. It is worth noting that (i) both electrostatic
and intrinsic rigidity are required to achieve straight
poles and (ii) chain dimensions of screened rigid poly-
electrolytes (Ci ) 1 M and kang ) 0.02 kBT/deg2) and
unscreened flexible polyelectrolyte (Ci ) 0 M and kang
) 0 kBT/deg2) are similar.

Polyelectrolyte Adsorption
Adsorption-Desorption Limit. To investigate the

complex formation, the charged particle is added to an
equilibrated polyelectrolyte chain (N ) 100) in a large
spherical box so that they are close but not in contact
to one another. Then the system is let to relax. The
polyelectrolyte chain is arbitrarily considered as ad-
sorbed when at least one monomer is in contact with

θ )
a0N*
asurf

(9)

Γ ) θ/θmax (10)

BAC(k) ∼ exp(- k
Lp

) (11)

Table 1. Monte Carlo Equilibrated Conformations of
Isolated Polyelectrolytes (N ) 200) as a Function of the

Intrinsic Polyelectrolyte Stiffness kang and Ionic
Concentration Ci

a

a When electrostatic interactions between monomers are screened
(Ci ) 1 M), the increase of the chain stiffness induces the formation
of rigid domains which are connected to each other by more flexible
regions.
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the particle during more than 50% of the simulation
time. Since the adsorption/desorption transition is
sharp, this limit is not sensitive to the criteria we used.
Equilibrated configurations as a function of Ci and kang
are presented in Table 3. (Snapshots with extended
polyelectrolytes appear smaller than their actual size
since they have been reduced in size.) No adsorption is
observed when Ci g 1 M whereas adsorption is always
observed when Ci e 0.1 M. When Ci ) 0.3 M, Table 3

clearly demonstrates that adsorption is controlled by the
value of kang. Adsorption is promoted by (i) decreasing
the chain stiffness (and subsequently the required
energy to confine the semiflexible polyelectrolyte at the
particle surface) and (ii) decreasing the ionic concentra-
tion (increasing thus the electrostatic attractive interac-
tions between the monomer and the particle surface that
we consider as the driving force for the adsorption).
Because of charge screening in the high salt regime,
monomers-particle interactions are not large enough
to overcome the polyelectrolyte confinement near the
particle.

A quantitative picture of adsorption/desorption is
achieved by calculating the critical ionic concentration
Ci

C vs kang, at which the adsorption/desorption process
is observed (Figure 2). The adsorption/desorption limit
is determined by carefully monitoring the ionic concen-
tration required to satisfy the adsorption/desorption
criteria (for a constant kang value). We found that Ci

C is
rapidly decreasing with kang from 0.38 M to a plateau
value at 0.22 M when kang> 0.01 kBT/deg2. In that
plateau region, as the polyelectrolyte conformation is
similar to that of a rigid rod, the polyelectrolyte is in
contact with the particle surface with a few consecutive
monomers only, with two polymer arms extended in
opposite directions from the particle. We also calculated
vs Ci the critical chain stiffness kang

c at which adsorp-
tion/desorption is observed (inset of Figure 2). We found
that kang

c ∼ κ -δ (with δ ) 14.5), revealing that the
increase of chain stiffness rapidly promotes chain de-
sorption on curved surfaces.

Polyelectrolyte Conformation at the Particle
Surface. To get an insight into the conformational
change due to adsorption, we calculated the mean-
square radius of gyration 〈Rg

2〉 (Figure 3) as a function
of Ci and for different values of kang. A nonmonotonic
behavior of 〈Rg

2〉 is observed and results from the
complex interplay of attractive particle-monomer, re-
pulsive monomer-monomer interactions at the particle

Table 2. Intrinsic L0 and Total Persistence Length Lp as a Function of the Chain Stiffness Parameter kang at Different
Ionic Concentration Ci (N ) 100)

kang [kBT/deg2] 0 0.0005 0.001 0.005 0.01 0.02
L0,CAL [Å] 15 30 52 235 355 910
Lp,CAL [Å]

Ci ) 0 M/κ-1 ) ∞ 1814 1664 1651 2171 2713 2724
Ci ) 0.01 M/κ-1 ) 30.5 Å 287 228 177 246 578 1311
Ci ) 0.1 M/κ-1 ) 9.6 Å 73 68 59 220 575 962
Ci ) 1 M/κ-1 ) 3.05 Å 40 31 45 191 568 943

Figure 1. Mean-square end-to-end distance 〈Ree
2〉 as a func-

tion of the chain intrinsic rigidity kang at different ionic
concentrations Ci. The 〈Ree

2〉 variation for a neutral chain is
represented by the continuous line. Rigid rods are achieved
by both increasing the electrostatic repulsions between the
monomers (large-scale effects) and intrinsic stiffness (local
effects).

Table 3. MC Equilibrated Conformations of Semiflexible
Polyelectrolyte/Particle Complexes as a Function of Ci

and kang
a

a By increasing the chain stiffness, solenoid conformations are
progressively achieved at the particle surface.

Figure 2. Plot of the critical ionic concentration Ci
C vs kang at

the adsorption/desorption limit. The critical stain stiffness
value kang

c , at which desorption is observed, is shown in the
inset vs κ.
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surface, and chain intrinsic flexibility. When Ci e 0.01
M, because of the strong monomer-particle interac-
tions, the polyelectrolyte completely wraps the particle
and chain dimensions do not exhibit a strong depen-
dence with kang. However, the monomer distribution at
the particle surface is largely controlled by the value of
kang. When the chain flexibility is important (kang e
0.001kBT/deg2), “tennis ball” conformations are achieved
whereas when rigid chains are considered (kang >
0.001kBT/deg2), the intrinsic flexibility forces the poly-
electrolyte to adopt solenoid conformations as those
predicted by the analytical model of Nguyen and Shk-
loskii.19 According to the contour chain length and
particle size ratio we investigated, the solenoid achieves
approximately three turns (Nσm/πσp) around the par-
ticle. Both the strong electrostatic repulsions between
the neighboring turns and intrinsic chain rigidity keep
the turns parallel to each other and a constant distance
between them. It is worth noting that the polymer ends
are not adsorbed at the particle surface in all cases.

When Ci > 0.01 M, the increase of 〈Rg
2〉 is promoted

via the formation of loops and tails and/or chain de-
sorption. Large changes in the chain dimensions are
now observed with increasing the chain stiffness. As
long as kang e0.001kBT/deg2, loops and tail are promoted
(Table 2; Ci ) 0.3 M and kang ) 0.0005 kBT/deg2),
resulting in an increase of the thickness of the adsorp-
tion layer. When kang g 0.005 kBT/deg2, and with
increasing Ci, the polyelectrolyte starts to leave the
surface by winding off. Extended tails in solution are
formed concomitantly with a decrease in the number of
turns of the solenoid and monomers in trains (Table 3;
Ci ) 0.1 M and kang ) 0.01 kBT/deg2). By increasing
further the ionic concentration or chain intrinsic flex-
ibility, the polyelectrolyte becomes tangent to the par-
ticle surface with dimensions close to its free unper-
turbed dimensions.

Interfacial Region. The number of monomers in
trains, loops, and tails as a function of kang and Ci is
presented in Figure 4a-c to get a quantitative insight
into the structure of the interfacial region. The monomer
fraction in trains has a maximum value when kang )
0.005 kBT/deg2, i.e., when semiflexible chains are con-
sidered. Below that value, i.e., when flexible chains are
considered, the solenoid conformation is lost and mono-
mers are moving from the first layer to the others to
form loops. Above that value, when rigid chains are
considered, most of the monomer entropy is lost and
ordered solenoid conformations are obtained. By de-
creasing the attractive monomer-particle interactions,
rigid chains desorb to form tails.

Competition between the attractive electrostatic en-
ergy and the increase in the torsional energy to control
the final complex structure is well illustrated when Ci
) 0.1 M. By increasing kang, we obtain a transition from
a disordered and strongly bound complex to a situation
where the polymer touches the particle over a finite
length, while passing by the formation of a solenoid
structure. Complexes exhibit a significant monomer loop
fraction only when kang< 0.001 kBT/deg2. In the other
cases, the fraction of monomers in train decreases while
that of the tails increases, monomers being transferred
to tails but not to loops. The amount of chain adsorption
Γ which is commonly used experimentally to derive
adsorption isotherms is presented in Figure 5. Γ is
decreasing with increasing the ionic concentration
because of monomer desorption. On the other hand, the
amount of monomer adsorption has a maximum value
when kang ) 0.005 kBT/deg2 (i.e., for semiflexible chains)
according to the formation of a solenoid without parts
extending in the solution. Because of the displacement
of the adsorption/desorption limit with kang, curves cross
each other.

Summary and Conclusions
In the present paper, MC simulations have been used

to investigate the behavior of a flexible, semiflexible,
and rigid polyelectrolyte in the presence of an oppositely
charged colloidal particle. The influence of polyelectro-
lyte intrinsic stiffness and ionic concentration on the
adsorption/desorption limit, polyelectrolyte conforma-
tion, and monomer distribution on the particle surface
was presented. It is shown that computer simulations

Figure 3. Mean-square radius of gyration 〈Rg
2〉 of the poly-

electrolyte (N ) 100) as a function of Ci at different kang values.

Figure 4. Number of monomers in trains, loops, and tails vs
kang at various ionic concentration values (N ) 100). Monomers
in loops are promoted by decreasing the chain rigidity whereas
monomers in trains exhibits a maximum value for semiflexible
chains (i.e., when kang ) 0.005 kBT/deg2).
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can isolate in good agreement the molecular factors that
control the polyelectrolyte interfacial behavior and, thus,
can help addressing the optimization of colloid-polymer
mixtures. Chain stiffness modify the conformation of
isolated and adsorbed chains by locally destroying a
large amount of monomer entropy. As a result, chain
stiffness influences the (i) amount of adsorbed mono-
mers, (ii) monomer distribution at the particle surface,
and (iii) adsorption-desorption limit. The amount of
adsorbed monomers has a maximun value for the
semiflexible chains in the low salt concentration regime.
In such conditions, the polyelectrolyte is strongly ad-
sorbed at the particle surface as a solenoid, and the
confinement energy does not contribute to the formation
of tails in solution. When the chain intrinsic stiffness
is small, tennis ball like conformations are achieved. At
the opposite, when rigid chains are considered, the
polyelectrolyte becomes tangent to the particle. Hence,
adsorption is promoted by decreasing the chain stiffness
or decreasing the salt concentration for a given chain
length.

The simulations reported here are a preliminary step
toward a more precise modeling of the problem to
understand the behavior of colloid/polymer mixtures. A
simple model involving one chain interacting with one
particle has been described, but it can be extended to
more concentrated systems involving several chains
(and/or colloidal particles) as well as polydisperse
systems to get insight into complex polymer/particle
mixtures and flocculation/stabilization processes. We are
currently extending our investigations to investigate the
effect of chain linear charge density.
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Figure 5. Adsorbed amount Γ and surface coverage θ of the
polyelectrolyte and particle respectively vs Ci for different kang
values. Γ reaches a maximum value for the semiflexible chain
kang ) 0.005 kBT/deg2 (and with decreasing Ci). Above that
value both chain rigidity (by forcing the chain to be extended
in solution) and flexibility (monomers are transferred to loops)
limit the amount of adsorbed monomers in the first adsorption
layer.
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