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ABSTRACT: The complex formation between a weak polyelectrolyte chain and an oppositely charged
nanoparticle is investigated using Monte Carlo simulations. Global structural parameters such as the
polyelectrolyte length, nanoparticle size, solution pH, and ionic concentration as well as local features,
such as the nanoparticle surface charge density and polyelectrolyte intrinsic stiffness influences, are
systematically investigated. Phase states of the polyelectrolyte/nanoparticle complexes are presented,
and to bridge the gap with experiments, titration curves are calculated. It is shown that the presence of
one oppositely charged nanoparticle significantly modifies the acid/base properties of the weak polyelec-
trolyte as well as the charge distribution along the polymer backbone and that the solution pH and ionic
concentration largely control the polyelectrolyte conformation at the nanoparticle surface. Chain stiffness
promotes the polyelectrolyte expansion as well as ionization but penalizes the polyelectrolyte adsorption
at the nanoparticle surface, hence affecting its acid/base behavior.

Introduction

Polyelectrolytes (PEs) are defined as polymer chains
composed of monomer units having ionizable groups.
Their most prominent features are a high solubility, in
most cases in water or polar solvent, and strong ad-
sorbing capacity at oppositely charged surfaces. Non-
ionic polymers can be successfully modeled; nonetheless,
PEs require a more sophisticated approach including
the possibility of titrating groups. Because of their
strength and long-range nature, electrostatic interac-
tions are also critically important in understanding
behavior of PEs. On the other hand, we have to make
the distinction between strong and weak PEs: strong
charged polymers have strong acid or basic groups such
as poly(vinylpyridine) (PVP), so that total charge is
independent of pH over a wide range whereas weak PEs
have weak acid or basic groups such as poly(acrylic acid)
(PA). In that case, PEs solution behavior is directly
controlled by the pH and ionic strength of the solution.

The adsorption of PEs on colloidal material has been
investigated by a range of experimental methods,! 8
theoretical models,?18 and computer simulations.!9732
PEs and charged nanoparticle (NP) mixtures are im-
portant to understand phenomena such as the floccula-
tion of colloidal particles in water treatment3334 and
complex formation involving DNA which is expected to
find important applications in gene therapy and genetic
regulation.?® 37 The final structure formed by the
adsorption of positively charged histone proteins on a
single negatively charged DNA is called chromatin; the
DNA is wrapped around the histone core and preserves
its helical structure.?® The formation of multilayer PEs
films and micro- and nanosized capsules by successive
layer-by-layer deposition of anionic and cationic PEs at
surfaces has received great interest in the past 10
years.??~*2 The interaction between PEs and oppositely
charged micelles has also received substantial attention

*To whom correspondence should be addressed. E-mail:
serge.stoll@cabe.unige.ch.

10.1021/ma051142m CCC: $30.25

at the experimental level. Dubin and co-workers!=7
largely contributed to this field by suggesting the
importance of a critical surface charge density of mi-
celles which was found proportional to the inverse
Debye screening length at the adsorption/desorption
limit.

Polyelectrolyte/nanoparticle (PE/NP) complex forma-
tion has been studied theoretically by various authors
who have identified, using more or less detailed models,
several important issues. Muthukumar!! theoretically
predicted the behavior of charged polymers adsorbed on
spherical surfaces and concluded that adsorption is
favored by increasing the radius and surface charge
density of the sphere and decreasing the chain length
and ionic concentration. Then Muthukumar and co-
workers!213 checked numerically the analytical predic-
tions and the adsorption/desorption limits obtained by
analytical theory, and simulations were found to be in
good agreement considering particle radius and salt
concentration effects. Marky and Manning!® theoreti-
cally studied the DNA dissociation from the nucleosome
and concluded that there exists a “wrapping transition”,
i.e., a transition between a conformation where the PE
wraps around a sphere and a slightly bent conformation
of the PE close to the sphere.

Linse and co-workers2’~3! reported a comprehensive
set of simulations of PEs interacting with oppositely
charged spheres providing an useful depiction of the
local arrangement of PE segments in the bound state.
Stoll and co-workers?!~26 investigated by Monte Carlo
simulations the conformational changes and behavior
of a charged polymer in the presence of an oppositely
charged nanoparticle by focusing on the roles of the ionic
concentration, particle size, and chain length. These
Monte Carlo simulations were recently used to study
the interactions between a charged micelle and a flexible
chain.26 The ionic strength and adsorption/desorption
limits were estimated at different micelle charge densi-
ties and compared to data for the experimental system
of sulfonated poly(vinyl alcohol) and micelles of dim-
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ethyldodecylamine oxide of varying degrees of protona-
tion. The evolution of the adsorption/desorption limits
found by simulations with respect to the charge density
of the micelle and the salt concentration were in good
agreement with the experimental data of Dubin and co-
workers. Messina and co-workers*? proposed a review
of the complexation behavior of PE adsorbed onto
charged substrates. They summarized the results ob-
tained on the complex formation between charged
polymers adsorbed onto one or several oppositely charged
spherical colloids and compared them with theoretical
predictions and investigate the case of PE multilayer
structures.

An essential ingredient in complex formation is the
chain stiffness which includes both chain stiffening due
to electrostatic monomer/monomer repulsions and flex-
ibility of the underlying chain backbone which is
controlled by the PE local chemical structure. The
influence of chain stiffness on the interaction of PEs
with oppositely charged micelles and proteins was
experimentally investigated by Dubin and co-workers,”
and it was demonstrated that the increase of polymer
stiffness promotes chain desorption on an oppositely
charged sphere. Netz and Joanny!? theoretically studied
the interaction of a semiflexible PE with an oppositely
charged sphere and provided a full complexation phase
diagram for a stiff charged polymer in the presence of
an oppositely charged sphere. Recently, Schiessell8
provided scaling theories for the complexation between
a charged polymer and an oppositely charged sphere for
two limits of high and low ionic concentrations. He
presented a phase diagram as a function of the total
polymer length and its persistence length. Using a
simple model with explicit counterions in a salt-free
environment, Wallin and Linse?” investigated numeri-
cally the effect of chain flexibility. Then using a Debye—
Hiickel approximation in Monte Carlo simulations, Stoll
and Chodanowski?3 investigated the effect of added salt
on the formation of complexes between a flexible,
semiflexible, and rigid PE and an oppositely charged
spherical particle and the adsorption/desorption transi-
tion. Akinchina and Linse?! investigated the effect of
chain stiffness in addition to chain length and particle
size. Considering two different contour lengths and two
different sphere radii, a range of macromolecular struc-
tures such as tennis ball, solenoid, and multiloop or
rosette were obtained, and it was concluded that the
amount of adsorbed monomers is increased by decreas-
ing the chain stiffness when relatively small (compared
to the mean size of the charged polymer) spherical
oppositely charged colloids are considered. Kunze and
Netz*4%5 also numerically investigated the case of com-
plexation of semiflexible PE and an oppositely charged
sphere. To answer the question of the agreement
between simulations and experimental predictions, their
parameters were adjusted to mimic the DNA/histone
complex, and their results were in line with the expected
trends.

Because of their strength and long-range nature, the
intrinsic electrical PE properties, such as the degree of
ionization vs the pH and ionic concentration, are criti-
cally important in understanding their conformational
behavior in solution and complexation processes. Using
Monte Carlo simulations, Ullner and co-workers#6—49
investigated different models for a linear titrating PE
both in a salt-free environment*’ and with the presence
of salt*® and with explicit simple ions.*® Recently, we
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investigated the conformation and titration curves of
weak hydrophobic PEs using Monte Carlo simulations.?°
Important transitions related to cascades of conforma-
tional changes were observed in the titration curves,
mainly at low ionic concentration and with the presence
of strong hydrophobic interactions. We also demon-
strated that the presence of hydrophobic interactions
plays an important role in the acid/base properties of a
PE in promoting the formation of compact conforma-
tions.

Owing to the importance of chain flexibility, solution
pH, and also the salt effect on the formation of poly-
electrolyte/nanoparticle (PE/NP) complexes, in this pa-
per we present Monte Carlo simulations to investigate
the interactions of weak flexible and semiflexible PEs
with an oppositely charged spherical nanoparticle.
Because of their experimental importance in under-
standing the behavior of solution containing PEs since
the pKs of titrating groups depend on the local electro-
static environment and are sensitive to PE conforma-
tional changes and binding to nanoparticles, titration
curves are calculated and discussed.*

The influence of the ionic concentration on titration
curves of a flexible PE in the presence of a nanoparticle
were presented in a former paper.2* Here we will focus
on the influence of the nanoparticle size, PE length, PE
stiffness, and adsorbed amount of monomers investigat-
ing another unexplored multitude of cases.

The paper is organized as follows: first, the model and
Monte Carlo procedure are briefly presented according
to the fact that they have already been discussed
elsewhere to investigate the formation of complexes
between strong PEs and charged spherical colloids.23:2450
Then the results are presented in two different sections.
In section A, we first consider the case of a flexible weak
polyacid in the presence of a nanoparticle, whereas in
section B, the case of the semiflexible polyacid is
considered. Each section is divided in two different
parts. In the first part, the case of the fully charged PE
(high pH value conditions) is considered, whereas in the
second part, the PE charges are decreased as a function
of the solution pH.

Model. Monte Carlo simulations were performed
according to the Metropolis algorithm in the grand
canonical ensemble. A coarse grain model is used to
generate off-lattice 3-dimensional PE chains containing
a variable number of jointed, solvent excluded, hard
spheres N. A sphere is considered to be a physical
monomer of radius R, = Ig/2 = 3.57 A, where [p
represents the Bjerrum length at 298 K. Each monomer
can carry a negative charge on its center or can be
neutral. The charges on the polyacid are considered here
as in equilibrium with a bulk of fixed chemical potential.
Water is treated as a dielectric medium with a relative
permittivity ¢, = 78.5. The nanoparticle (NP) is repre-
sented as an impenetrable, solvent excluded, uniformly
charged sphere. The radius of the NP is noted R,. The
positive NP charge is assumed to be concentrated into
a point located on its center. Hard-sphere repulsions
between monomers and a monomer and the NP are
described using hard-core interactions. The long-range
repulsive electrostatic potential along the distance r;;
between charged units i and j is described via a screened
Debye—Hiickel potential:®!

zineQ exp[—«(r; — (R, + R))]
(1 +«R)(1 +kR)

(D

u.(r.)=
ey dreegry;
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The overall effect of free ions on monomer/monomer and
monomer/NP interactions are described via the depen-
dence of the inverse Debye screening length « on the
electrolyte concentration. The stiffness of the chain is
controlled by freely rotating connections between rigid
segments connecting the spheres. The intrinsic chain
stiffness is adjusted by a square potential with variable
amplitude to vary its strength. The bending energy is
given by

N
=Y kgng0; — 0)° (2)

1=

E

tor

where 0; represents the angle formed by the vectors
consecutive monomers r;—1 — ¥; and r;+; — r; and 0y =
180°. kang defines the chain stiffness and is here
expressed in kgT/deg? units.

To sample low-energy conformations, the monomer
positions are randomly modified by specific movements
such as pivot, end bond, and kink jump. After each
elementary random move, the change in energy AE is
considered, and the Metropolis®? selection criterion is
employed to either select or reject the movement. The
Monte Carlo simulations consist of an equilibration
period followed by a production period in which data
are saved every 5000 trials.

The PE is considered as adsorbed when at least one
monomer is in contact with the NP during more than
50% of the production period. Monomers are considered
in contact with the NP when the NP/monomer center-
to-center distance is less than R, + 2R,,. An adsorbed
PE is considered as an assembly of trains, loops, and
tail: (i) a train is composed of contiguous monomers that
lie in the first layer, (ii) a loop lies between two trains
and extends away from the surface, and (iii) a tail rises
up into the solution and does not return to the NP
surface.

Because of their connectivity along the PE chain,
charged monomers strongly interact and their acid/base
properties are different from ideal systems. In the case
of a polyacid, the total amount of charge increases with
the increase of the pH solution, but the electrostatic
interactions oppose the deprotonation. One have to
consider an apparent dissociation constant K which is
related to the solution pH and the degree of ionization
o via the Henderson—Hasselbach equation:

_ B o
pK = pH log(1 — a) 3)
The difference in the acid/base properties of the PE
monomer and of the isolated monomer is expressed by

ApK = pK — pK, = pH — pK, — log(ﬁ) @)

where pK) is the negative logarithm of the dissociation
constant of a monomer in the total absence of electro-
static interactions. ApK largely depends on PE length,
complex formation, and PE degree of ionization as well
as on the ionic concentration of the solution because of
the influence of screening effects between charges. In
our model, after a given number of Monte Carlo steps
to equilibrate the PE conformation, a monomer is chosen
at random, and depending on the solution pH, its charge
state may be switched on or off, respectively. The energy
change, AE, that determines the probability for accept-
ing (according to the Metropolis Monte Carlo criteria)

Polyelectrolyte/Nanoparticle Complexes 8941

| —e—C,=0001M

N B
OO0 o0 oo
P P e |

I
5 6 7 8 9 10

-

Number of monomers

100 4
80-
60-_
40 1
20-
0

Figure 1. Monomer radial distribution function of a flexible
(kang = 0 kpT/deg?) fully charged polymer (0. = 1 and N = 200)
forming a complex with a nanoparticle (R, = 35.7 A). Several
ionic concentration C; are considered for a constant surface
charge density (0 = +100 mC/m?). Maximum packing is
achieved at intermediate ionic concentration, C; = 0.07 M.

the new charge state is the sum of the change in
electrostatic interaction AE. and a term that corre-
sponds to the change in free energy of the intrinsic
association reaction of a monomer%6:53

When a monomer is deprotonated, the minus sign is
used in eq 5, and when the monomer is protonated, the
plus sign is required. In the grand canonical simulations
the chemical potential is fixed; hence, the difference pH
— pKj is an input parameter, and after energy minimi-
zation the degree of ionization o is measured.

Results and Discussion

A. Flexible Polyelectrolytes. 1. Fully Charged
Flexible Polyelectrolytes. a. Effect of Ionic Con-
centration. We carried out simulations with a fully
charged flexible PE (a0 =1, kang = 0 kpT/deg?) with N =
200 at different ionic concentrations C; (1073, 1072, 3 x
1072, 5 x 1072, 7 x 1072, and 107! M) with the
nanoparticle. The radius R, of the NP is fixed to 35.7
A, and its surface charge density is successively adjusted
to o = +10, +25, +50, +75, and +100 mC/m?. In Figure
1 are presented monomer radial distributions of the PE
forming a complex with the NP. When C; = 0.001 M,
only a given fraction of monomers is adsorbed on the
NP owing to the strong and critical repulsions between
monomers at the NP surface. The PE results to a
characteristic conformation where it partially wraps
around the NP with a large protruding tail in solution.
When C; = 0.1 M, a large number of monomers are
confined in the vicinity of the NP; nonetheless, Nain 18
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Figure 2. Number of monomers in trains, Ny, as a function
of the ionic concentration C; at different surface charge density
values o with R, = 35.7 A. A flexible and fully charged PE is
considered (o = 1 and N = 200). The maximum value of Niyain
is moved to lower ionic concentrations by decreasing the
nanoparticle (NP) surface charge density.

low and a large amount of monomers is present in loops.
In the “intermediate” ionic concentration regime, here
when C; = 0.07 M, a subtle balance between monomer/
monomer repulsion and monomer/NP attraction is
achieved. As a result, in good agreement with theoretical
prediction made by Netz and Joanny,!” a maximum
number of adsorbed monomers (or maximum packing)
is observed for an “intermediate” ionic concentration.
It should be noted that in these conditions overcharging
(NP charge inversion) is observed.

To get an insight into the influence of the ionic
concentration on the complex conformation, on a more
detailed level, the number of adsorbed monomers in
trains (Wirain) @s a function of the ionic concentration C;
is given in Figure 2. The subtle balance between
monomer/monomer repulsion and monomer/NP attrac-
tion is clearly observed. Ny, is increasing with the
surface charge density of the NP because of the increase
of the attractive electrostatic interactions between the
PE and the NP and the maximum value of Niin is
moved to lower ionic concentrations by decreasing the
surface charge density (given by the dashed line in
Figure 2).

b. Effect of Nanoparticle Size. To investigate the
influence of NP size (curvature effects) on complex
conformation and number of monomer in trains, we
carried out simulations with N = 200, C; = 0.001 M,
different NP radii R, from 15 to 105 A, and a constant
surface charge density fixed to o = +100 mC/m?2 (Figure
3). It should be noted here that with a constant ¢ an
increasing NP radius means a higher total charge and
a stronger contact energy (despite the increased distance
between the NP center and a monomer center at the
surface). When R, = 25 and 35.7 A (respectively parts
b and ¢ of Figure 3), a large tail is achieved because
full monomer confinement at the NP is not possible. By
decreasing the NP size to R, = 15 A (Figure 3a), the
number of monomer in trains decreases whereas the tail
length increases. The accessible NP surface is too small,
and the PE only slightly bends around the NP forming
two extended tails in solution. On the other hand, the
PE totally wraps around the NP when sufficiently large
sphere (R, = 45 A) are considered with the monomers
preferentially in trains. In the inset of Figure 3, the
variation of the number of monomer in trains as a
function of the NP radius R, is presented; as expected,
the number of monomer in trains is strongly related to
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Figure 3. Influence of the NP size on the complex conforma-
tion with C; = 0.001 M and ¢ = +100 mC/m? (a) R, = 15 A,
(b)R,=25A,(c) R, =35.TA, (d) R, =45 A, and (e) R, = 55
A. The increase of the number of monomer in trains as a
function of the NP radius R, is presented in the inset.
Saturation is observed because of the finite size of the PE (N
=200, o = 1, kang = 0 kpT/deg?).

R, and reaches a plateau value when R, = 80 A because
of the PE finite size. In good agreement with Muthu-
kumar,!! adsorption is favored by increasing the radius
and surface charge density of the sphere.

2. Titration of Flexible Polyelectrolytes. a. Iso-
lated Polyelectrolyte Titration Curve and Chain
Length Effect. The calculation of titration curves
which are defined as the variation of pH — pKj, as a
function of o has been proven to be a valuable approach
in the understanding of the acid/base properties of PEs.
Thus, considering first a free isolated PE and the
difference between the acid/base properties of the
polymeric acid and the corresponding isolated monomer,
i.e., ApK, we demonstrate that ApK increases continu-
ously with the PE degree of ionization (Figure 4a). We
also demonstrate that ApK decreases with an increase
of C; for a given o as shown in ref 24. To investigate
chain length effects on the titration curves, the mono-
mer number N was adjusted from 20 to 200 and the
ionic concentration set to C; = 0.001 M. Ullner and co-
workers*” showed with the increase of o there is an
accumulation of charge toward the ends which disap-
pears when the degree of ionization tends to 1. As
illustrated in Figure 4a at a given pH — pK, a decreases
when N increases. Hence, in the same conditions, small
chains exhibit a higher degree of ionization because of
end effects. By increasing the size of the chains, as the
intensity of the electrostatic repulsions is more impor-
tant, chains are more difficult to ionize. It should be
noted that an asymptotic limit is obtained at N = 200
and that size effects were found less pronounced by
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Figure 4. Variation of the PE degree of ionization o as a
function of pH — pK, when C; = 0.001 M for (a) an isolated
PE and (b, ¢) in the presence of an oppositely charged NP. The
influence of chain length is investigated in (a). The presence
of an oppositely charged NP greatly affects the acid/base
properties of the PE (see b) by promoting the formation of
charges along the PE backbone. When the radius of the NP
increases, the amount of adsorbed monomers increases, and
as a result, PE ionization is promoted (see c).

increasing the ionic concentration in good agreement
with the decrease of the Debye length of the system.
b. Complex Formation Effects on Titration
Curves. By adding a weakly charged NP with R, = 35.7
A (0 = +10 mC/m?) and considering the titration curve
of the isolated PE at N = 200 with C; = 0.001 M as a
reference curve, it is observed that the complex forma-
tion does not change significantly the acid/base proper-
ties of the chain (Figure 4b). The adsorption/desorption
limit is found when pH — pKj, ~ 0.7 and the NP presence
is not affecting the general shape of the titration curve.
However, by increasing the particle surface charge
density to ¢ = +25 mC/m?2, a deviation from the
reference curve is observed, suggesting modification of
the acid/base properties of the weak PE. Identical o
values are reached at lower pH — pKj values; i.e., the
acid/base properties of the PE are modified by making
chain ionization easier. When the charged polymer is
desorbed, here when pH — pKj < 0.15, the correspond-
ing titration curve goes to the isolated chain limit. By
further increasing o to +50, +75, and +100 mC/m?,
complexes are formed in the whole pH — pK, domain.
By decreasing the pH — pKj in such conditions, ApK
rapidly decreases to zero where the behavior of mono-
mers forming the PE is similar to the isolated mono-
mers. By further decreasing the pH — pKy, ApK becomes
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Table 1. Equilibrated Conformations of Weak and
Flexible PE with N = 200, R, = 35.7 A, and ¢ = +100
mC/m? at Two Ionic Concentration C; = 0.001 and 0.1 M
and vs pH — pKy*

Ci[M]
0.001
(=)
<
<
=
o
Q
0
<
*
T
S
3
=)
ol
<
=
o .
=0.33 a=0.01

¢ In the inset of each cell, the average value of the ionization
degree o is given. Charged monomers are represented by yellow
spheres whereas noncharged monomers are represented by blue
spheres. Because of the balance of attractive and repulsive
electrostatic forces, extended tail, compact, and desorbed confor-
mations are observed and the degree of ionization is controlled by
both pH — pKy and C; values. Ri (i = 1..4) indicates the
complexation regimes when C; > 0.01 M.

negative, making the PE monomers easier to ionize than
free monomers in solution because of the presence of a
strongly oppositely charged NP. This effect was found
to be reduced by increasing the ionic concentration in
agreement with charge screening. Table 1 and Figure
4b summarize the main results of our former paper.?*

c. Nanoparticle Size Effects on Titration Curves.
As observed in Figure 2, the number of monomer in
trains mainly depends on NP surface charge density and
ionic concentration controlling the balance between
monomer/NP attraction and monomer/monomer repul-
sion. On the other hand, NP size is also expected to play
a key role on PE adsorption and PE electrical properties.
To get an insight into the effect of NP size on titration
curves, we carried out simulations with R, = 15, 25,
35.7, 45, and 55 A. The chain length, ionic concentration,
and surface charge density of the NP were fixed at N =
200, C; = 0.001 M, and ¢ = +100 mC/m?, respectively.
The corresponding titration curves are presented in
Figure 4c, and once again we note a significant change
in the titration curve. For a given pH — pKj value, the
degree of ionization and Ni.i, increase (Figure 3) with
the increase of the NP radius because of the increase of
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Figure 5. Monomer distribution in trains Nimin at the NP
surface as a function of o for a flexible chain and various NP
surface charge densities. The total number of monomer and
the NP radius are respectively equal to N = 200 and R, =
35.7 A. Owing to the high PE/NP affinity at low ionic strength
and presence of a protruding tail, the number of monomers in
trains exhibits a rather constant value, suggesting that
monomers are preferentially switched off in the protruding tail.

the monomer/NP attraction for charged monomers
(along with reduced monomer/monomer repulsion). In
such conditions the PE can freely expand at the NP
surface and have its electrical properties fully modified
by the presence of an oppositely charged NP.

d. Variation of Nirainy Nioop, and Ny during
Titration. We consider here the situation where N =
200 and R, = 35.7 A. Nyin variations are presented in
Figure 5 as a function of a at several NP surface charge
densities. When C; = 0.1 M (Figure 5a), Niain decreases
when o decreases (excepted when no adsorption is
achieved, i.e., at 0 = +10 mC/m2), suggesting that
monomers in trains, in loops, or in short tails are not
switched off preferentially. When a protruding tail is
achieved in the low salt regime C; = 0.001 M (Figure
5Db), the variation of Ni.in as a function of the degree of
ionization shows a large plateau when high o values
are considered, suggesting that monomers in the large
tail are now switched off first. It should be noted here
that the corresponding titration curve (Figure 4b)
presents one inflection point which denotes the disap-
pearance of the protruding tail with the decrease of a.

To get an insight into the polymer conformation at
the NP surface, evolutions of Niain, Nioop, and Niai when
N =200, R, = 35.7 A, 0 = +100 mC/m?, and different
ionic concentration as a function of pH — pK, are
presented in Figure 6. Considering first the situation
corresponding to C; > 0.01 M, clearly four regimes can
be defined during the titration procedure in agreement
with the equilibrated conformations presented in Table
1. Regime 1. This regime is characterized by Niain ~
Nioop and with o close to one. Ny, is close to zero, and
thus most of monomers are present in trains or in loops.
Regime 2. By decreasing the pH — pKj, a decreases and
Nirain decreases to form loops. Regime 3. By further
decreasing the pH — pKj, Nirain rapidly decreases and
Nigop rapidly increases whereas Ny, increases but still
remains small. Then desorption is observed in regime
4. When C; = 0.001 M (Figure 6d), adsorption is
observed in the full considered pH range. When a is
close to one, monomers are equitably distributed in
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Figure 6. Monomer distribution in trains, loops, and tails as
a function of pH — pK) at various ionic concentrations with o
= 4100 mC/m?, R, = 35.7 A, kang = 0 kgT/deg?, and N = 200.

trains, loops, and tails. By decreasing pH — pKoy, Nail
decreases whereas Njop increases since Nirain remains
constant and then decreases. At this point, the PE is
homogeneously wrapped around the NP forming loops
and trains with no extended tail in solution.

e. Adsorption/Desorption Limit. For a practical
and rational use of PE, in flocculation processes for
example, it is important to predict adsorption/desorption
limits. In Figure 7a are presented the adsorption and
desorption domain as a function of the NP surface
charge density and pH — pKoritic), 1-€., the pH — pKj
value where desorption is observed, at two ionic con-
centrations. We clearly demonstrate here that adsorp-
tion is promoted with increasing pH — pKj, and decreas-
ing ionic concentration.

B. Semiflexible Polyelectrolytes. 1. Fully Charged
Semiflexible Polyelectrolytes. a. Nanoparticle Size
Effects. To get an insight into the complex structure
formed between a semiflexible PE and NP and influence
of the NP size, we carried out simulations at constant
N =40, o = 1, and kane = 0.04 kpT/deg? in the low salt
regime (C; = 0.001 M). Two surface charge densities
were also considered: +50 and 100 mC/m?. R, was



Macromolecules, Vol. 38, No. 21, 2005

4 Ndjarption domain
. 34
~ 24
- ]
S 1
: l\i
S

0] T3

14

-2 J desorption domam\I—I—E a)
T ——————
10 100

surface charge density o
il

—8—C,=0.01M
4 adsorption domain

> 2
51
5 ?'. —

-2 J desorption doma

T T
10 100
surface charge density o

2
—a—k, .= 0.0 k;T/deg

2
—o—k,,, =0.02 k,T/deg

Figure 7. Adsorption and desorption domain limits. Domains
are delimited by critical pH — pK, values. N = 200, R, = 35.7
A, and C; = 0.01 and 0.1 M. (a) Influence of the ionic strength.
(b) Influence of the chain stiffness when C; = 0.01 M.

successively fixed at 15, 20, 25, 30, and 35.7 A. Equili-
brated conformations are presented in Table 2, and the
mean N qin value for each situation is given in the inset
of each cell. According to Table 2, the number of
monomers in trains increases when o or when R,
increases. When the NP is small, here, when R, = 15
A, the polylectrolyte is tangent to the NP. That confor-
mation at ¢ = +100 mC/m? is similar to the (e)
conformation in Figure 7 of ref 27. The adsorption
energy is not large enough to overcome the bending
rigidity of the PE, and as a result the polylectrolyte is
tangent to the NP. By increasing further the R, values,
a “U” conformation is first reached, and when the NP
is sufficiently large, i.e., when R, > 30 A, the intrinsic
stiffness as well as curvature NP radius forces the PE
to adopt solenoid conformations as those predicted by
the analytical model of Nguyen and Shkloskii®#%5 and
already observed in Table 2 of ref 23.

b. Chain Length Effects. Several values of N were
chosen (N = 40, 80, 100, and 200 monomers) and kang
values adjusted (kang =5 x 1074, 1 x 1073, 5 x 1073, 1
x 1072, and 2 x 1072 kgT/deg?) to derive a conforma-
tional state diagram. The NP radius was fixed at 35.7
A, surface charge density to 0 = +100 mC/m?, and the
ionic concentration to C; = 0.001 M. According to the
large number of possible complex structures, even for
each situation, simulations were repeated more than 25
times. Characteristic conformations are given in Table
3. By increasing the PE length, a multitude of possible
structures are achieved?331.56 ag a function of N and Ean,.
The rosette structure is quite robust and appears when
N and kang are sufficiently large. When N = 200 and
kang = 0.02 kpT/deg?, a rosette with two large loops is
observed. In good agreement with Schiessel,!® the
number of loops increases and their size decreases when
the kang value decreases. A large tail is observed for PEs
with kang < 0.005 kpT/deg? when the PE can freely
adsorb at the NP surface. At a given ka,, value the
number of loops and their size decrease when N
decreases. No loops are observed when N < 80. Finally,
a “tennis ball” structure is observed when N = 80 and
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Table 2. Influence of the Colloidal Particle Size and
Surface Charge on the PE/NP Complex with N = 40, o =
1, and kang = 0.04 kgT/deg?®

o [mC/m?)

+50 +100

c.-"“””gw"m -
0 JR— | Iy
el

Mraun = 2-7 Ntrain = 35

o @~ | o
8 .

Ro[A]
25
%
o
Ef
-waﬂﬂ
@
s

W,
Nirain = 4.3 Niain = 6.4
ORIttt %0,
N
® V|
Mrain = 5-5 Ntrain = 168
\ o/
~ \ I
. @ | &
m e
Nigin = 14.4 Niain = 34.8

@ Tangent, U-shaped, and solenoid conformations are achieved.
Considering ¢ = +100 mC/m? with C; = 0.001 M and by gradually
increasing the NP size, the PE moves from a tangent to a solenoid
conformation.

kang = 0.005 kpsT/deg?. The PE persistence length L,
which is defined as the sum of an electrostatic /. and
intrinsic /o part was calculated using the analysis of the
bond angle correlation function.’”=5% L, is given in the
inset of each cell of Table 3 for the isolated PE. It should
be noted that for a given number of monomers L, first
decreases then increases with kang, presenting hence a
minimum value for PEs having a small amount of
intrinsic stiffness.60

c. Amount of Adsorbed Monomers. The variation
of the number of monomers in trains as a function of
kang for different N values with B, = 35.7 A, 0 = +100
mC/m2, and C; = 0.001 M is now presented in Figure 8.
When N < 40, the PE is totally adsorbed onto the NP,
and the number of monomers in trains is weakly
dependent on the chain stiffness. When N > 80, the
maximum amount of adsorbed monomers is reached
when Eane = 0.001 kgT/deg?, i.e., when the L, of the
isolated chain is minimum, hence, when the chain
stiffness is not too large to promote desorption but large
enough to promote minimum ordering at the particle
surface.

When N = 100, by increasing the kang value, Nirain
decreases due to the formation of large loops around the
NP. It should be noted that for a given kang value the
total number of adsorbed monomers is more or less
constant, in particular when kang is small, and indepen-
dent of the PE size. It should be also noted that the
standard deviation increases when k., increases, re-
flecting the increase of the possible conformations and
structural diversity that can be achieved with semiflex-
ible chains.
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Table 3. Equilibrated Conformations of PE/NP Complexes with a = 1, C; = 0.001 M, ¢ = +100 mC/m?, and R, = 35.7 A at
Various Polymer Lengths N and Chain Stiffness kang®

Kang [keT/deg?]
0.0005 0.001 0.005 0.01 0.02
.| @
b3
L,=301
[=]
[-=)
=
(=]
=
L,=719
(=] wp«ﬁ-l { .
° - S L% J ' )
N f — s
L,=952 L,=794 L,=926 L,= 1057 Lo= 1335

@ In the inset of each cells, the total persistence length L, of the isolated PE (prior to complexation) is given. Solenoid, tennis ball, tail,
and rosette conformations are achieved. Rosette conformations are caracterized by extended loops whose size is decreasing with the

increase of the chain flexibility.

2. Titration of Semiflexible Polyelectrolytes. a.
Effects of Chain Stiffness on Titration Curves
(Isolated Polyelectrolyte). We carried out simula-
tions with an isolated chain with N = 200 and C; =
0.001 M. Four values of kang were considered, kang = 0,
0.001, 0.01, and 0.02 kgT/deg?. Two limiting titration
curves A and B using frozen conformations, i.e., con-
formations with no possible movements, were first
calculated: for a rigid rod, namely form A and a self-
avoiding walk representative conformation, namely
form B (Figure 9). The two curves A and B constitute
here asymptotic cases for a given ionic concentration.
Then titration curves were calculated for various chain
rigidity. For a flexible PE with k., = 0, at low o values,
the B form dominates and the t1trat10n curve loglcally
lies along the curve B. By increasing the pH — pKj
value, when o > 0.1, the PE has a more extended
conformation which promotes deprotonation, and hence
the degree of ionization o and as a result the titration
curve are moving away from the curve B.

Increasing the chain stiffness with kang = 0.01 kpT/
deg?, the titration curve lies along curve A, indicating
that PEs adopt nearly rigid rod conformations at any
o. When £ang = 0.02, the titration curve fits curve A. It
should also be noted that (i) when £,z = 0.001 the
intrinsic stiffness is not large enough to completely move
the titration curve along the curve A and (ii) for a given
pH — pK, value, an increase of the chain stiffness
promotes deprotonation, i.e., the increase of the degree
of ionization.

b. Adsorption/Desorption Limit. We determined
the adsorption and desorption domain as a function of
the NP surface charge density and pH — pKo(critico when
C;=0.01 M and R, = 35.7 A (Figure 7b). The situation
with C; = 0.001 M is not considered here as the complex
is formed in the whole range of the investigated pH —
pKy values. A flexible (kang = 0) and rigid PE (kang =
0.02 kpT/deg?) with N = 200 are considered. For small

o values, it is clearly demonstrated that adsorption is
promoted with increasing pH — pKj and the decreases
of chain stiffness and the difference between the pH —
PKoritico values for a flexible and semiflexible PE
decreases when o increases.

Focusing on the situation where o = +75 mC/m?, Rang
= 0.02 kpT/deg? C; = 0.001 M, and corresponding
conformations which are given in Table 4, a solenoid
with two turns is achieved when o = 1. Then by
decreasing pH —pKj, it becomes here more evident that
(as previously suggested on Figure 5 and Table 1)
monomers in the large tail are switched off preferen-
tially and that the remaining charged units are in direct
contact with the NP. As a result, annealed polyanions
are expected to bound more strongly than quenched
polyanion of equivalent linear charge density due to
charge mobility.

c. Chain Stiffness Influence on Titration Curves
(with a Nanoparticle). We carried out simulations
with N = 200 and C; = 0.001 M. Four values of kang
were considered: kans = 0, 0.001, 0.01, and 0.02 kg7/
deg?. By adding a highly charged NP of radlus R,=35.7
A (0= +100 mC/m?) and considering the tltratlon curve
of the flexible PE as a master curve, it is observed that
the PE stiffness significantly changes the acid/base
properties of the chain (Figure 10a). Increasing the
chain stiffness (kang = 0.01 kpT/deg?) yields two effects
by comparing the titration curve of the flexible and
semiflexible chain. When a > a. (the degree of ionization
o corresponding to the point where the titration curve
at kang = 0 and kang > O intercept), chain stiffness is
promoting ionization by increasing the chain extension
decreasing hence the electrostatic repulsion between
monomers. On the other hand, when o < a., chain
stiffness has a strong effect on the number of adsorbed
monomers. By reducing the amount of adsorbed mono-
mers, the influence of the oppositely charged NP is less
important and makes PE ionization more difficult.
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Figure 8. Variation of the monomer number in trains as a
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the amount of adsorbed monomers is clearly decreasing with
increasing the chain stiffness. In each cell is represented the
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Summary and Conclusions

Monte Carlo simulations were used in the Debye—
Hiickel approximation to investigate the complexation
of a weak polyelectrolyte (PE) with an oppositely
charged nanoparticle (NP). Solution properties as well
as structural parameters (NP and PE sizes, NP surface
charge density) with special focus on the PE stiffness
were investigated. Their roles on the PE/NP complex
structure, adsorption/desorption limit, and titration
curves were systematically investigated by considering
the fully charged and pH-dependent charged PE.

Our simulations point out the importance of several
competing effects: the attractive interaction between the
charged PE monomers and the NP, the increase of the
electrostatic repulsions along the PE chain with the
increase of the pH which limits the PE degree of
ionization and promotes chain expansion, the ionic
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Figure 9. Titration curves of an isolated chain with N = 200,
C; = 0.001 M, and four values of kag = 0, 0.001, 0.01, and
0.02 kpT/deg?. Two limiting titration curves A and B using
frozen conformations are presented: form A for a rigid rod and
form B for a SAW conformation. The two curves A and B
constitute here asymptotic cases at high and low degree of
ionization, respectively. It is demonstrated here that increasing
the chain stiffness promotes the PE ionization.

Table 4. Equilibrated Conformations of a Weak
Polyelectrolyte Forming a Complex with a Nanoparticle®

o [mC/im?]
+75

5.50

2.00
H
@

pH-pKo
QL
Il
o
(@ 9]
o

-0.50
\

-2.00
®

a=0.07

aC;=0.001 M, R, =35.7TA, 0 = +75 mC/m2, N = 200, and £,
= 0.02 kpT/deg?. By decreasing the PE degree of ionization, we
clearly demonstrate that the monomer charges are switched off
preferentially in the large tails prior to desorption.

concentration which decreases the attractive interaction
between the PE and NP but promotes the PE ionization
degree, and finally chain stiffness which promotes PE
expansion and ionization but penalizes PE adsorption
at the NP surface. As a result, a multitude of possible
conformations (solenoid, rosette conformations, confor-
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Figure 10. Titration curves with N = 200, C; = 0.001 M, a
nanoparticle with R, = 35.7 A, and 0 = +100 mC/m? and
considering a flexible (kang = 0 kgT/deg?) and rigid PEs with
kang = (a) 0.02, (b) 0.01, and (¢) 0.001 kg7/deg? In all cases,
the acid/base properties of the PE are largely modified by the
presence of an oppositely charged NP. Polymer stiffness also
modifies the titration curves by promoting chain ionization for
high pH — pKj values and decreasing chain ionization for small
pH — pK, values because of monomer desorption. In each cell
is represented the conformation where pH — pKy = —2 and
Rang = 0 kpT/deg?.

mations presenting protruding tails in solution, etc.) can
be achieved and imposed by the NP size.

The analysis of the titration curves clearly demon-
strates that the presence of an oppositely charged NP
can profoundly affects the acid/base properties of a PE
by promoting chain ionization. In addition, because of
charge mobility, charges accumulate at the NP surface,
suggesting that annealed polyanions are expected to
bind more strongly than quenched polyanions of equiva-
lent charge density. Despite the fact that the simula-
tions reported here are a preliminary step to a more
precise modeling of PE/NP mixtures, our model is
expected to capture the physics of the interactions
between linear PE and oppositely charged particles with
a regular surface charge distribution. Further refine-
ments are presently under consideration by including

Macromolecules, Vol. 38, No. 21, 2005

explicit counterions and hydrophobic interactions, for
example, the computational description of adsorption
processes being part of great challenge.

It should be noted that chain stiffness influences the
acid/base properties of the PE, and both the titration
curves corresponding to the flexible and semiflexible
situation intercept on the isolated monomer titration
curves (ApK = 0), where the connectivity and hence
intrinsic stiffness along the polyelectrolyte do not play
a direct role.
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