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ABSTRACT: Monte Carlo simulations are used to study in the Debye—Huckel approximation the
complexation between a polyelectrolyte and an oppositely charged spherical particle. Attention is focused
on the effect of chain length and ionic concentration on (i) the adsorption/desorption limit, (ii) the interfacial
structure of the adsorbed layer, and (iii) the overcharging issue. In particular, we are interested in
polyelectrolyte adsorption on particles whose surface area is small to allow the polyelectrolyte to spread
to the same extent on a flat surface. The extent of polyelectrolyte adsorption is found to be the result of
two competing effects: the electrostatic repulsion between the chain monomers which forces the
polyelectrolyte to adopt extended conformations in solutions and limits the number of monomers which
may be attached to the particle, and the electrostatic attractive interactions between the particle and
the monomers forcing the chain to undergo a structural transition and collapse at the particle surface.
To overcome the loss of entropy per monomer due to adsorption, it is shown that a stronger electrostatic
attraction, with decreasing ionic concentration, is needed for the short chains. Below that critical ionic
concentration, it is found that the degree of adsorption increases with the decrease in both the chain
length and ionic strength. Trains are favored at low degrees of chain polymerization while loops are
favored more when increasing the size of the chain. Above a critical chain length, electrostatic repulsions
between the adsorbed monomers force the polyelectrolyte to form a protuding tail in solution. Charge
inversion is also observed. Indeed, depending on the polyelectrolyte length, the number of monomers
close to the particle surface is higher than it is necessary to neutralize it. Charge inversion is found to
increase with the ionic concentration of the solution.

Introduction

In colloid science, aqueous solutions involving poly-
electrolytes and charged particles have received a great
deal of attention because of their industrial applications
in the field of water treatment to promote the rate of
coagulation, in food technology to control the rheology
of numerous dispersions, and in powder processing to
facilitate powder handling and transfer processes.’ =2 In
natural waters, complexation between polysaccharide
chains and mineral submicrometer particles will control
the fate of trace polluants,* and in biology or biochem-
istry, a polyelectrolyte like the DNA will complex
proteins.5 In all cases the behavior of such solutions
depends largely on the ability of the polyelectrolytes to
adsorb and adhere to the particle surface, as well as on
the structure of the adsorbed layer.

The most prominent features of polyelectrolytes,
compared to nonionic polymers, are their high solubility
in water and strong adsorbing capacity on surfaces
bearing opposite charges. Thanks to these properties,
dissolved polyelectrolytes can be used as spacers to keep
surfaces apart from one another or as a polymer glue
to hold the particles together.6” However, in view of the
complexity of adsorption processes, the applications of
polyelectrolytes to real systems are often based on
empirical or ssmiempirical observations®~1° rather than
on predictions based on theoretical3'1-16 or computa-
tional models.1”18 The understanding of thermodynamic
as well as kinetic factors controlling the stability of
colloidal dispersions of solid particles in solutions
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requires a knowledge of a large number of parameters
such as the surface chemistry of the particles, the
chemical nature (intrinsic flexibility, pKs) and concen-
tration of the polymer, solvent quality, pH, temperature,
and ionic strength (in particular, the size and nature of
the counterions). Extensive literature exists on interac-
tion of polymers with a flat surface®89°1113-18 gnd
interaction between solid surfaces in the presence of
polymers.211.1920 However, few studies have been re-
ported on adsorption of supersized charged linear
polymers on comparatively small oppositely charged
objects. In particular, we have in mind the flocculation
of submicrometer mineral particles (clays, silicates, iron
and manganese oxides) by supersized extracellular
polymers such as polysaccharides* or interactions be-
tween micelles and large polymers in aqueous solution.
Using scaling concepts, adsorption of large linear neu-
tral polymer chains on small and neutral spherical
entities, so that their curvature radius is small com-
pared to the size of the chains, has been reported by
Alexander.?! It was demonstrated that the confinement
of an adsorbed chain to a finite volume is expected to
lead to high excluded-volume energies which limit the
molecular weight of the adsorbed part.

Experimentally, adsorption of flexible polyelectrolytes
onto small micelles has been investigated by Dubin and
co-workers.?? Critical conditions for the adsorption/
desorption limit have been quantitatively investigated,
indicating that the critical surface charge density o of
micelles was proportional to the inverse Debye screening
length «. Haronska et al.?® also examined critical
conditions for the adsorption/desorption limit, focusing
on polyelectrolyte charge fraction z and salt concentra-
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tion. Their experimental results demonstrated that «I
scales as z2 (where | represents the Kuhn length), close
to the theoretical dependence they calculated in the
limit of an asymptotically low charge fraction (kI ~ z).

The complexation between a polyelectrolyte and an
oppositely charged sphere has also been described using
analytical theories. Muthukumar et al.2* used varia-
tional methods based on a ground-state dominance
approximation to predict polyelectrolyte adsorption on
spherical and cylindrical surfaces. They provided an
adsorption criterion and then derived the density dis-
tribution of adsorbed polyelectrolyte to determine the
critical sphere radius below which adsorption does not
occur. Adsorption criterion predicts that adsorption is
favored when (i) lowering the temperature, chain length,
and ionic concentration and with (ii) increasing the
radius and surface charge density of the sphere. Netz
and Joanny?® recently provided a full complexation
phase diagram for a stiff polyelectrolyte in the presence
of an oppositely charged sphere. The adsorption/desorp-
tion limit was also calculated, and it was revealed that
the increase of chain stiffness promotes chain desorp-
tion.

On the other hand, Monte Carlo simulations (MC)
have supported some of these points. In three paper,
Wallin and Linse?6-28 investigated the behavior of a
polyelectrolyte—micelle complex by adjusting chain flex-
ibility, linear charge density, and micelle radius. They
focused in particular on free energy calculations to
determine the key parameters influencing critical ag-
gregation concentration. Muthukumar et al.?° checked
numerically the analytical predictions they presented
in two papers.’32* The adsorption/desorption limits
obtained by analytical theory and simulations were
found to be in good agreement in the case of a planar
and spherical surface by considering particle radius and
salt concentration effects.

Recently, studies of the complexation of a macroion
by an oppositely charged polyelectrolyte or Z ions have
considered the phenomenon of overcharging. Generally
speaking, this phenomenon induces charge inversion of
the complex upon adsorption of multivalent ions or
polyions. Mateescu et al.2% by considering the electro-
static interaction between a spherical macroion of
charge Qq and an oppositely highly charged polyelec-
trolyte of charge —Ng demonstrate using both analytical
theory and Monte Carlo simulations that for N > Q the
amount of collapsed polyelectrolyte on the macroion can
be bigger than that required to neutralize it. They also
demonstrated that overcharging increases with the
diameter of the macroion until total collapse of the
polyelectrolyte takes place. This phenomenon has been
supported by a great deal of experimental evidence3! by
mesuring the electrophoretic mobility of the complex.
For example, it has been shown?3? that negative DNA
winds around a positive liposome leading to a complex
called nucleosome. After an enzymatic cutting of the
protuding DNA tail in solution, the complex exhibits a
net negative charge that correspond to 15% overcharg-
ing. Other experiences®® with synthetic polyelectrolytes
adsorbing on planar, cylindrical, or spherical charged
surfaces display a similar behavior.

Monte Carlo simulations334-36 have demonstrated
that on one hand overcharging increases particle diam-
eters and on the other hand decreases with increasing
chain intrinsic rigidity. Although theoretical studies
agree with these facts, at this moment the origin of
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overcharging is not clearly defined. Park et al.3* have
proposed that counterions release, i.e., entropic effects,
is the main driving force leading to overcharging. On
the other hand, Mateescu et al.3° have observed charge
inversion without taking into account ions and counter-
ions, i.e., by considering enthalpic effets only. Nguyen
and Shklovskii®® argue that overcharging comes from
repulsive correlations of the multivalent ions or the
polyelectrolyte turns at the macroion surface. In this
manner the adsorbed Z ions or polyelectrolytes are
compared to a two-dimensional strongly correlated
liquid, and an analogy is made with a Wigner crystal.
Adding monovalent salt makes the charge inversion
stronger, exceeding in some cases 100%. Gurovitch and
Sens?®® assumed that overcharging is due to connectivity
between the charge of the polyelectrolyte by investigat-
ing an idealized model for the adsorption of a weakly
charged polyelectrolyte.

In the present study, we use Monte Carlo simulations
to investigate the complex formation between a single
polyelectrolyte chain and an oppositely charged sphere.
In particular, we focus on the influence of the polyelec-
trolyte length N. As ionic concentration C; is expected,
via screening effects, to play a key role in controlling
both chain conformation and polyelectrolyte/particle
interaction energy, we also focus on its influence. A
simple model with an uniformly charged hard sphere
to mimic a colloidal particle and a pearl necklace chain
consisting of point charges connected to each other were
considered in the Debye—Huickel approximation. Since
a Debye—Huckel approach is used, ions and counterions
are not explicitly present. The polyelectrolyte conforma-
tions are analyzed prior to and after adsorption to
investigate the resulting conformational changes as well
as the polymer interfacial structure, the surface cover-
age, and the amount of polymer adsorbed. Snapshots
of equilibrated conformations are also provided. Our
objective consists to give a complete description of the
complex as a function of N and C; and compare our
results to some analytical predictions. In particular, we
are interested in the adsorption/desorption limit de-
pendence on N to made a comparison with Muthuku-
mar’s?* adsorption criterion. We also investigate the
overcharging issue, and comparisons are made in par-
ticular with the theoretical predictions of Nguyen’s and
Shklovskii’'s model (subsequently referred as the NS
model).35

This paper is organized as follows. The model descrip-
tion and MC method are given first, and the properties
of isolated polyelectrolyte chains are investigated. Then
adsorption/desorption limits, polyelectrolyte conforma-
tional changes, and interfacial structures are discussed.
The last part of the discussion addresses the overcharg-
ing issue. In conclusion, some possible extensions and
perspectives of the present model are presented.

Model

A pearl necklace model is used to generate off-lattice
3-dimensional polymer chains. Chains are represented
as a succession of N freely jointed hard spheres so as to
include excluded-volume effects. Each sphere is consid-
ered to be a physical monomer of radius oy = 3.57 A
with a negative charge equal to —1 at its center. The
fraction of ionized monomers f is set to 1 whereas the
bond length is constant and equal to the Bjerrum length
Ie = 7.14 A. A strong polyelectrolyte chain is thus
considered here at the limit of the Manning counterion
condensation domain.®”
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The colloidal particle is represented as an impene-
trable, uniformly charged sphere with a radius equal
to op = 35.7 A. To calculate the electrostatic energy of
the system, the total surface charge of the particle is
assumed to be condensed into a point charge located at
its center. The dielectric constant in the inner part of
the particle is assumed to be the same as the surround-
ing medium.38 The central point charge in the particle
is kept constant with Q = +100, corresponding to a
surface charge density of +100 mC m~2, representative
of the values observed for natural particles such as
hematite at neutral pH.3°

The solvent is treated as a dielectric medium with a
relative dielectric permittivity constant ¢, taken as that
of water at 298 K, i.e., 78.5. Thus, in this model the
solvent serves only as a dielectric permittivity param-
eter. The total energy Eiw: (ksT units) for a given
conformation is the sum Eg of the repulsive electrostatic
interactions between monomers, the attractive electro-
static interactions between the chain and the particle,
and the excluded-volume interactions Egy

Etot = EEV + EeI (1)

All pairwise interactions have been calculated without
taking into account cutoff distances in our model. Hard-
core repulsions between i and j lead to excluded-volume
interactions using

Eev = ZUEv(rij) )

1<)
with

Ugy(ry) =0

Ugy(r)) =  whenr; = 0, + g 3

when ry; > 0; + 7

where oj represents the radius of unit i (which can be
the monomer or the particle) and rj; is 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—
Huckel potential,

2
zize

Are ol

Ugi(ry) = exp(—«ry) (4)

where e is the elementary charge (e = 1.6 x 10719 C), ¢
is the dielectric permittivity of the vacuum (o = 8.854
x 10712 C V-1 m™1), and z; the amount of charge on
unit i.

Monomers interact with the particle according to a
Verwey—Overbeek potential,

z,z6°  exp(—«(ry; — 0,)) )
1+ KOy,

We(ry) Ame €ql;;
Free ions are not included explicitly in the simulation;
nevertheless, their overall effect on chain conformation
and the monomer—particle strength of adsorption is
described via the dependency of the inverse Debye
screening length «2 [m~2] on the electrolyte concentra-
tion according to
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where Na represents Avogadro’s number (6.022 x 1023
[mol~1]), C; the ionic concentration [mol L], kg the
Boltzmann constant (1.3807 x 10723 [J mol~! K~1]), and
T the temperature. Considering the polyelectrolyte
chain at infinite dilution, the summation term includes
only the species of added electrolyte and does not include
polymer charges or explicit counterion effects.

A more detailed model, which is beyond the limit of
this preliminary study, would require a more realistic
surface—polyelectrolyte potential based on the Gouy—
Chapman theory or a Coulomb potential including
explicit counterions and/or solvent molecules so that
local electrostatic effects could be fully effective. Inclu-
sion of these effects using molecular dynamics or
advanced Monte Carlo methods makes the model more
complicated and CPU time intensive and is beyond the
scope of this paper.

The Monte Carlo Method

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. The central monomer of the
polyelectrolyte chain is placed initially at the center of
a large three-dimensional spherical reflecting box of
radius 2Nom, and the particle is randomly placed in the
cell. The chain and the particle are then allowed to
undergo elementary movements, and after each calcula-
tion step, the coordinates of both the particle and the
monomers are translated in order to replace the central
monomer in the middle of the box. After each elemen-
tary random movement, the Metropolis selection cri-
terion is employed to either select or reject the move. If
the change in energy AEq: resulting from the movement
is negative, the move is selected. If AE is positive, the
Boltzmann factor p,

p = exp (7)

—A Etot
kgT

is computed and a random number rand with 0 < rand
< 1isgenerated. If rand < p, the movement is selected.
When rand > p, the trial configuration is rejected, and
the previous configuration is retained and considered
as a “new” state in calculating ensemble averages. This
is the conformation that is perturbed in the next step.
The perturbation process is continued for a given
number of cycles; a typical run requires several million
perturbations to equilibrate and minimize the energy
of the particle—chain system. To generate new chain
conformations, the monomer positions are randomly
modified by elementary movements. They include three
“internal” or elementary movements (end-bond, Kink-
jump, and crankshaft), the reptation, and the pivot. The
execution of all these movements is very important to
ensure the ergodicity of the calculations as well as good
convergence to equilibrated conformations. It should be
noted that the chain may diffuse further away and leave
the particle surface during a simulation run. After
relaxing the initial conformation through 10° cycles
(equilibration period), chain properties are calculated
and recorded every 1000 cycles. However, despite the
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use of refined algorithms, these calculations require
intensive computer processor speeds and memory ca-
pacities due to the need to investigate a large number
of situations with regard to the investigation of both N
and C; effects. In our case, the application of this method
currently limits the chain length to 200 monomer units.

Calculated Properties

The following definitions are used to characterize
polyelectrolyte conformations and monomer positions
relative to the surface of the particle. Chain properties
are considered every 1000 cycles, and ensemble aver-
ages (denoted by OO are calculated after a period of
equilibration. The mean-square radius of gyration
[leDis calculated according to

2 1 - 2
Ri= =3 Wren = )70 (8)

where r¢m, is the position of the mass center of the chain
and r; that of monomer i, whereas the mean-square end-
to-end distance [RZ,[is calculated as

EleeD= {r, — rN)ZD ()]

where r; represents the position of the first monomer
and ry the position of the last monomer. 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 is set
to one monomer radius. It should be noted that the
thickness of the first layer is increased to one monomer
diameter to avoid any excluded-volume effect artifacts
between the monomers and the particle surface. (An
adjacent layer of one monomer radius in thickness is
never visited by the center of the monomers.) To
characterize the conformation of adsorbed chains, the
mononer fraction in tails, loops, and trains is considered.
The terms refer to the different conformations that are
present on the surface: a train is composed of contigu-
ous monomers that lie in the first layer, a loop lies
between two trains and extends away from the surface,
and a tail rises up into the solution and does not return
to the surface.

Two parameters, the particle surface coverage 6 and
the adsorbed amount of polyelectrolyte T', are used to
characterize the particle surface with regard 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,

agN*
" a

(10)
surf

Here ap represents the projected area of one monomer,
N* the number of adsorbed monomers lying in the first
layer, and ag,f the surface of the particle. The adsorbed
amount I or the average bound fraction of the polymer
chains adsorbed on the surface is defined as

I'=0/0,. (12)
where Omax = Naog/asyrt is the maximum fraction of the
particle surface area which could be covered by a
completely adsorbed polymer chain.

Results and Discussion

Chain structural changes upon adsorption are dis-
cussed by first considering isolated polyelectrolyte chains.
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Table 1. Monte Carlo Equilibrated Conformations of
Isolated Polyelectrolyte Chains as a Function of the
Chain Monomer Number N and lonic Concentration C;

A €

Electrolyte concentration ranges from C;=0M (k1 =
®), Ci=0.001 M (x 1 =96 A), C;=0.01 M (« "1 =30 A),
Ci=0.1M (K 1=9.6 A)toCi=1M (k1 =3 A)whereas
chain lengths are adjusted to N = 25, 50, 100, 140, 160,
and 200 monomers.

Configurational Properties of Isolated Polyelec-
trolyte Chains. Polyelectrolyte conformations are linked
to the intensity of the electrostatic repulsions between
the monomers. Nonetheless, in addition to screening
effect due to added salt, the total length of the chain is
also expected to play an important role because low ionic
concentrations and high degrees of polymerization cause
an increase of the repulsions between the monomers.
Hence, by decreasing the ionic concentration, rodlike
structures are favored in order to minimize the energy
of the chain. It should be noted that “rodlike” does not
mean a straight pole but rather an object highly
oriented. When Coulombic screening increases, poly-
electrolytes become less stretched; if the Debye screen-
ing length «~1 is less than the distance between two
charges, the polymer recovers the self-avoiding walk
limit. To achieve a qualitative picture of chain confor-
mations, equilibrated structures have been extracted
from MC calculation runs and presented as three-
dimensional projections in Table 1 vs Cj and N.

Scaling concepts can be applied to polyelectrolytes and
the scaling exponent theoretically varies from v = 3/
(SAW limit) to v = 1 (rodlike limit) when the following
relationship is considered

RZ0~ N (12)

This relationship was used to check our model hypoth-
esis as well as the validity of our algorithms. As shown
in Figure 1, the self-avoiding walk and rigid-rod models
are recovered. The ratio r = [R2, IR’ which provides
a more quantitative description of chain extension, has
also been investigated. For example, a random walk is
identified by a value of r = 6, and a fully stretch polymer
is characterized by r = 12. When a SAW chain is
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Figure 1. Root-mean-square radius of gyration [R£3? as a
function of N when C; = 0 and 1 M. The rigid rod and self-
avoiding walk limit are observed.
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Figure 2. r = Re?[IR20as a function of «~* at various chain
lengths. Fully stretched conformations are never reached. Data
on the y-axis are for the salt-free case.

considered, r is close to 6.3. The effects of k1 and N on
r are presented in Figure 2; r increases with «~1 and
reaches a plateau value when =1 > Re.. Whatever the
ionic concentration, polyelectrolytes never reach the
limit r = 12. This is due to the fact that thermal energy
always causes movements and in turn local chain
deformations. When «~! is less than the distance of
separation between charges along the chain backbone,
r converges to 6.3 with the increase of the chain length.*t
Short chains have the largest deviation from the ideal
value of r which is expected to be more representative
of chains with infinite sizes. Subsequently, short chains
are less stretched in the salt-free case and more swollen
than the long chains in the SAW region. Thus, due to
finite size effects, the curves cross each other for
different values of N.

Polyelectrolyte Adsorption. To investigate adsorp-
tion processes in the polyelectrolyte/particle system, a
spherical charged particle is added to the equilibrated
polyelectrolyte chain so that they are close with each
other. Then the polyelectrolyte/particle complex is en-
closed in a spherical cell and allowed to relax. The ratio
of the mean end-to-end distance of equilibrated chains
in solution to the particle radius (Recllop vs Cj is given
in Table 2 to achieve a quantitative picture of the
polyelectrolyte/particle relative sizes whereas equili-
brated conformations of the complex as a function of C;
and N are presented in Table 3 to achieve a more
qualitative picture of the equilibrated structures. It
should be noted that the extended polymer chain
conformations appear smaller than their actual size as
they have been reduced in size. It can be clearly seen
from Table 3 that no adsorption is observed when C; >
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Table 2. (Reellop: Ratio of the Mean End-to-End Distance
[ReeJof Equilibrated Chains in Solution to the Particle
Radius (op = 35.7 A) vs N and C;

Ci[M]

N 0 1073 1072 101 1

25 3.0 2.9 2.7 2.1 1.6

50 6.6 6.2 5.1 34 2.5
100 14.1 12.4 9.0 55 3.9
140 20.5 17.2 11.6 6.8 4.9
160 23.7 19.6 12.9 7.5 5.2
200 30.1 23.8 15.0 8.4 6.0

Table 3. Equilibrated Conformations of the
Polyelectrolyte/Particle Complex as a Function of N
and C;

CG[M]| . 0 0.01 0.1 0.3 1
N

25

50

100

140

160

200

1 M. Attractive surface—polymer interactions in this
domain are not strong enough to overcome the entropy
loss of the polymer due to its confinement near the
particle. To determine the adsorption/desorption limit
(a chain is considered as adsorbed when it is in contact
with the particle during for more than 50% of the
simulation time), the ionic concentration is adjusted
between 0.3 and 1 M for each chain length. The plot of
the critical ionic concentration CiC (ionic strength at
the adsorption/desorption limit) as a function of N is
presented in Figure 3. To overcome the entropy loss per
monomer due to adsorption, it is demonstrated that
stronger electrostatic attractions, with decreasing the
ionic concentration, are needed to adsorb short poly-
electrolyte chains. C{ increases with N from 0.34 M
when N = 25 to 0.4 M when N = 200. When chains
longer than 100 monomers are considered, C{ in-
creases slowly to reach a plateau value close to 0.4 M.
The critical electrostatic energy ES associated with this
limit for a single monomer in contact with the particle
surface is plotted as a function of N in the inset of Figure
3. Eg values range from —1.18 kgT when N = 25 to
—1.03 kg T when N = 200. Hence, adsorption is achieved
when the attractive energy is greater than the thermal
energy, i.e., 1 kgT. These results are in accordance with
the picture of polymer adsorption on flat surfaces.
Indeed, in dilute solutions of polydisperse polymers, long
chains are found preferentially on the surface because
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Figure 3. Adsorption/desorption limit is expressed by the

variations of the critical ionic concentration Cic as a function

of N. The critical interaction energy between one monomer in

contact with the particle is plotted in the inset.

less translational entropy (per unit of mass) is lost
compared to the short ones, while they gain approxi-
mately the same (total) adsorption energy, even if the
adsorption energy per segment is the same.!* Such a
behavior is not in agreement with Muthukumar's®
adsorption criterion of a polyelectrolyte chain onto a
sphere which is given by

127jog| 1 —exp(-2¢a) (13)
€bgbkgT P

where o is the surface charge density of the sphere, a
is the sphere radius, g/b is the linear charge density of
the chain, € is the dielectric constant, b is an effective
Kuhn length of the chain taking into account self-
excluded-volume effect and « is the inverse screening
length. The disagreement between our results and
Muthukumar’s predictions can be explained by the fact
that eq 13 is based on enthalpic effects and neglect
entropic effects and valid in the limit of large polyelec-
trolyte chains.

When the polyelectrolyte is adsorbed on the particle
surface, its conformation is expected to be different from
its conformation in solution. The extent of the change
in our simulations is controlled by the polyelectrolyte
contour length and C;. It should be noted that the size
ratio between the particle diameter and monomer size
is also expected to play a key role but is beyond the scope
of this paper. Plots of the ratio of the mean-square
radius of gyration [R¢[dgs to the free mean-square radius
of gyration [R¢?[#ee Which give a quantitative description
of the extent of the change are presented in Figure 4 as
a function of C;. Curves exhibit a nonmonotonic behavior
with the chain length N. When N = 25, adsorption
approaches that on a nearly planar surface. In this case,
the chain can fully spread on the surface with dimen-
sions close to its dimensions in a free solution. When
chain length is increased up to N = 140, polyelectrolytes
wrap around the particle to optimize the number of
contacts. The conformation of the polymer is then
dictated by the particle size and is subject to the highest
level of deformation (the maximum is observed when
N = 140). By increasing further chain length, excluded
electrostatic volume prevents any additional monomer
adsorption on the surface via the formation of an
extented tail in solution. Because of the formation of a
protruding tail in solution, the ratio Ry?us/(Rg>(fee
raises to 1. Owing to the size ratio between the particle

Polyelectrolyte Adsorption on Charged Particles 2325

o8t " .
g —~B—N=25
vy —O—N=50
o6k £ P —@—N=100 4
S e —O—N=140
K k: —€—N=160
o : &
o> 04 ‘ —O— N =200 |
v o .

1E-3 0.01 0.1 1
C M

Figure 4. Ratio of the adsorbed to free chain mean-square
radius of gyration as a function of Ci;. Chain exhibit a
maximum of deformation when N = 140 and C; = 0 M. Data
with the coordinates log(Ci) = —6 correspond to the salt-free
case.

diameter and monomer sizes and polyelectrolyte lengths
which were investigated in this study, complexes with
two tails were not observed during our simulations.

The number of monomers in trains, loops, and tails
as a function of N and C; is presented in parts a and b
of Figure 5, respectively, to get insight into the structure
of the interfacial region. When the chain length is
increased (Figure 5a) with C; greater than 0.01 M, the
total number of monomers in trains and loops increases
monotically. When C; is less than 0.01 M and N greater
than 140 monomers, the number of monomers in trains
and loops levels off since any additional monomer is
expelled in tails. Beyond that critical chain length N¢,
intrachain repulsions outweigh the attraction between
the monomers and the particle to form tails. It is worth
noting here that the length of the tails increases linearly
with N above N°¢ When short chains are considered,
monomers are mainly in trains, whereas a few ones are
present in loops. Short chains have thus a tendency to
flatten more since this lowers the energy most.

By increasing C; up to 0.03 M (Figure 5b), the
electrostatic excluded volume is decreased, allowing the
particle to attract more monomers. Then by increasing
further C; to the critical adsorption/desorption limit
CF, the number of monomers in trains decreases while
the number of monomers in loops and tails increases to
reach a maximum value. When C; > Cic, polymer
desorption is observed so that the number of monomers
in trains, loops, and tails rapidly decreases.

Further insight into the adsorption properties of
polyelectrolytes is gained by examining the amount of
adsorbed polymer T" and the particle surface coverage
6. The influence of C; and N on T (Figure 6) clearly
demonstrates that the polyelectrolyte ability to be
adsorbed on the particle surface decreases with the
increase of C; and N. When N > 140, T reaches a
maximum value in the range 0.1 M > C; > 0.01 M, the
exact value being dependent on the polyelectrolyte
contour length. By increasing further C;, desorption
takes effect and I' decreases. Variations of surface
coverage 6 (i.e., the total number of adsorbed monomers
in the first layer) as a function of ionic strength and for
different degrees of chain polymerization are presented
in Figure 7. When N < N¢, 6 is monotically decreasing
with the ionic concentration while a maximum value is



2326 Chodanowski and Stoll

1 T T T
100 b /° 4
*}
/ S ] J
0/
80 | . .
' ="
60 - .
2 —=—C,=0M
Bal —0—C,=0.001 M 4
——C =001M
—0—C,=0.03M
20 ——C=01M .
0 LD AL A AL S L S RN RN S RS IS MU AN R
0 20 40 60 80 100 120 140 160 180 200 220
N
100 .
80 - .
]
60 | .
7]
Q
3
—40_ -
20 | .
0 T ) T M 1 4 1 L) M 1 v 1 M 1 M T M
0 20 40 60 80 100 120 140 160 180 200 220
N
80 M T M T M T v T T T v T T T T T
—=—C,=0M
—0—C =0.001 M
60 F i ]
——C,=001M
—0—C,=0.03M
—4—C=01M
40} .
0
s
20} o
|
R e
0 d "7l 1

T A S A S e e S B L R
0 20 40 60 80 100 120 140 160 180 200 220
N

a)

Macromolecules, Vol. 34, No. 7, 2001

80 . T T

70“\ —B—N=25 T

6o} A e Nio 1
—0— N=

or —A—:Jgg ]

a0k —a—N=200 _

30

Figure 5. Quantitative description of the interfacial region. Number of monomers in trains, loops, and tails as a function of N
and C;. Because of the formation of a tail in solution and an increase of the capacitance of the particle with C;, nonmonotonic

variations are observed.

achieved when C; is close to 0.03 M and N = N¢. These
results clearly demonstrate that particle surface cover-
age and amount of adsorbed polymer are not simple
monotonic functions of N and C; when the polyelectro-
lyte is large enough to form a tail in solution.
Overcharging. Before starting a discussion with the
overcharging issue, some points must first be clarified.
Theoretically, collapsed monomers are the ones partici-
pating in the overcharging process and are either in
contact with the surface of the particle or belong to one
of the tightly packed multiple layers. With simulations,

this limit is subjective and often fixed arbitrarily owing
to the difficulties in deciding where the adsorbed layer
ends. In this paper, when overcharging is discussed, the
monomers are either adsorbed (N2%) or in tails (N,
so that the number of adsorbed monomers is defined as
Nads =N — Ntail'

In Figure 8, we plot as a function of N the variation
of the number of collapsed monomers Nads in the salt-
free case. Our MC simulations and the NS model
predictions®® are presented, and a qualitative and
guantitative good agreement is found between the two
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Figure 8. Number of collapsed monomers N2 and monomers
in tails (N — N2%) as a function of the total number of monomer
in the chain N. MC data (squares) are in good agreement with
theoretical predictions (lines) of Nguyen and Shklovskii.

models. In a private communication, Nguyen and
Shklovskii fitted their equations®® on our model relating
the total free energy of a polyelectrolyte/particle complex
to the sum of that spherical complex, the self-energy of
the tail, and their interactions. (To find the optimum
value of the tail, the total free energy was minimize with
respect to the tail length.) A numerical solution giving
a first-order transition at N¢ = 151 with the formation
of a protuding tail composed of 19 monomers was
obtained in perfect agreement with our observations.

With increasing the size of the polyelectrolyte, several
key results are demonstrated: (i) The chain is fully
collapsed on the charged particle as long as N < Q and
N ~ Nads and the complex is undercharged. (ii) When
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Figure 9. Number of collapsed monomers N2% as a function
of the total number of monomers in the chain N, for different
values of the ionic concentration. Because of an increase of
the particle capacitance N2% increases with C;.

N > Q, more monomers adsorb on the particle surface
than is necessary to neutralize it, and the complex is
overcharged. Accumulation of monomers close to the
surface continues up to N¢ = 151. (iii) Beyond that
critical number of monomers, a protuding tail in solution
appears. The NS model®® predicts a first-order transition
at this point followed by a small decrease in N29s with
N rapidly reaching a plateau value. Our MC simulations
follow this behavior perfectly.

Despite our results supporting the analytical de-
scription of complex formation given by Nguyen and
Shklovskii, it should be noted that in the NS model the
adsorbed part of the chain winds around the macroion
to form a solenoid conformation and, as observed in
Table 3, such highly ordered conformations are not
achieved with our flexible polyelectrolyte model. In our
case, the pattern obtained by the collapsed monomers
at the particle surface is close to that found on tennis
balls. Solenoid-type wrapping is expected to require
more locally ordered chains. By including local rigidity,
some preliminary results demonstrate that solenoid
conformation is achieved. These results will be pre-
sented in a future paper.

We now consider the overcharging issue in the pres-
ence of added salt. All calculations were performed with
Ci < 0.03 M, i.e., in the adsorption domain, before the
desorption process takes place. The number of collapsed
monomers as a function of N and C; is reported in Figure
9. By increasing the screening of the electrostatic
interactions, it is clearly demonstrated that the elec-
trostatic volume of the monomers decreases, thus al-
lowing the adsorption of a greater number of monomers
on the particle surface. This result supports the NS
model which predicts an increase of charge inversion
as «~1 decreases. In addition to the increase of charge
inversion with C;, Figure 9 demonstrates that the
position of the first-order transition increased with
increasing the polyelectrolyte chain length. In particu-
lar, when C;j = 0.01 and 0.03 M, it is worth noting that
a chain composed of 200 monomers is not large enough
to induce the formation of a tail.

Conclusions

In the present paper, MC simulations have been used
to investigate the adsorption/desorption limit and ex-
plore the conformational changes and behavior of a
polyelectrolyte in the presence of an oppositely charged
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colloidal particle by focusing on the roles of the ionic
concentration and monomer number. Adsorption occurs
if the loss of entropy of the chain is at least compensated
by the gain of energy. Thus, most favorable conditions
to achieve adsorption are obtained by considering long
chains. Our simulations point out the importance of two
competing effects when the ionic concentration in-
creases: on one hand, the particle capacitance increases,
and so, much monomers could be adsorbed; on the other
hand, the electrostatic attraction between the particle
and the monomer becomes less important, giving the
monomers and the polyelectrolyte the opportunity to
leave the particle surface.

Polyelectrolyte conformational changes resulting from
adsorption are found to be dependent on the polyelec-
trolyte size. Maximum chain deformation is achieved
in the low screened limit and when the ratio of the mean
end-to-end distance of the free polyelectrolyte to the
particle radius is close to 20. By increasing further the
chain length, excluded electrostatic volume prevents any
additional monomer adsorption on the surface. As a
result, an extended tail is formed in solution. Our MC
results demonstrate that the complexation between a
polyelectrolyte and a charged sphere can lead to over-
charging when N > Q. We find a perfect agreement with
the Nguyen and Shklovskii model both in the salt-free
case and in the case of added salt. Variations in the
number of adsorbed monomers as a function of the total
number of monomers support a first-order transition
with the spontaneous formation of a protuding tail in
solution.

The simulations reported here are a preliminary step
toward a more precise modeling of the problem to get
insight into the behavior of more concentrated polymer
solutions (systems with several chains) and thus floc-
culation/stabilization processes of polymer/particle mix-
tures. A simple model involving one chain interacting
with one particle has been described. It will be extended
to more complicated systems involving several chains
as well as to polydisperse systems. We hope the obser-
vations made in this study are particularly useful for
choosing an appropriate polymer for applications such
as steric stabilization of dispersed particles. We are
currently extending our investigations to the adsorption
of semiflexible polyelectrolytes.
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