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Abstract

The influence of electrostatic effects in various model systems of the soft matter is
presented. Computer simulations (Monte Carlo and molecular dynamics) as well
as numerical and analytical theories are developed to understand the role of the
Coulomb interaction in those systems. In particular, phenomena such as anomalous
counterion distribution (overcharging), polyelectrolyte adsorption and multilayering,
image forces, and charged colloids in bulk and in strong confinement are investigated
and discussed.
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Ubersicht

Diese Habilitationsschrift fasst meine Forschungsarbeit im Gebiet der geladenen
weichen Materie. Eigentlich sind alle Materialien mehr oder weniger an der mesoskopischen
Skala geladen, dies hdngt vom Grad der Polarizabilitdt des Losungsmittels (oder
Matrix) und der gelosten Partikel (z. B. kolloidale Partikel, Polymere, Membra-

nen. etc.) ab. Das meiste weithin bekannte Beispiel des polaren Losungsmit-

tels ist zweifellos Wasser, welches eine entscheidende Rolle im Leben, in biolo-
gischen Prozessen sowie bei Industrieanwendungen spielt. Wenn die gelosten Par-

tikel auch polar sind, konnen sie sich dann in geladene Teilchen (Makroionen) und
(mikroskopische) Gegenionen trennen. Die Gegenion-Verteilung in der Néhe der
Makroionen erweist sich fiir die Oberflicheneigenschaften als entscheidend.

Historisch wurden mittleres Feld (mean-field) Theorien erstmals eingefiihrt und ver-
wendet um geladene soft-matter-systeme zu charakterisieren. Die Pionierarbeiten
von Gouy und Chapman [Goul0, (Chal3] wurden vor fast einem Jahrhundert real-
isiert. Sie haben die Gegenion-Verteilung in der Nihe von einer flachen geladenen
Grenzflache analysiert. Die heute genannte Poisson-Boltzmann Theorie anwendend,
demonstrierten sie, dass die Gegenion-Verteilungsprofile algebraisch als eine Funk-
tion der Trennung von der Wand mit einer charakteristischen Linge abfallen. Diese
ist umgekehrt proportional zur Oberflachenladungsdichte der Grenzfliche. Zehn
Jahre spiter vollendeten Debye und Hiickel [DH23]] einen grundlegenden Fortschritt
zum Verstdndnis der Abschirmung. Diese Theorie wurde urspriinglich fiir Elek-
trolyte entwickelt (d.h. eine Losung der mikroskopischen Kationen und der Anionen,
z.B. NaCl) und basierte auf der Linearisation der Poisson-Boltzmann Gleichung.
Diese wird heute weitgehend im Plasma und in der Festkorperphysik benutzt

Aufgrund ihrer intuitiven und klaren physikalischen Grundlage, sind mittleres Feld
Theorien attraktive Werkzeuge. Es sind robuste Theorien, solange die elektrostatis-
chen Korrelationen nicht zu gross sind. In vielen praxisnahenn Situationen (Chro-

! Man beachte, dass ein #hnliches Potential der Wechselwirkung (sogenanntes Yukawa Poten-
tial) an der subatomistichen Skala entsteht, um die Kohision der nuklearen Materie zu beschreiben.
Nichtsdestoweniger ist die Interpretation dieses Potentials hinsichtlich der Abschirmung in diesem
Fall weniger direkt.
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matin, Polyelektrolytvielschichte, geladene kolloidale Suspension) sind elektrostatis-
che Korrelationen stark genug, um diese Theorien zu entkriften sogar auf einem
qualitativen Niveau. Zwei auffallend und natiirliche Konsequenzen der elektro-
statischen Korrelationen, die sich nicht mittels mittler Feld Theorien erkiren lassen
konnen, sind Ladung-Umkehrung (auch benannt Uberladung) und “Anziehung gle-
icher Ladungen”: (i) Uberladung betrifft die Situation, in der ein Makroion durch
eine Wolke von Gegenionen bedeckt wird, deren globale Ladung die des Makroions
tiberkompensiert. Folglich dndert die Nettoladung (oder effektive Ladung) ihr Ze-
ichen. (ii) Anziehung gleicher Ladungen ist die gegenintuitive Anziehung zwischen
zwei Makroionen, die das gleiche Ladungszeichen tragen.

Andere ebenso interessante und noch komplexere Systeme werden von der Kombi-
nation unterschiedlicher Sorten hoch geladener Korper angeboten. Die Adsorption
geladener sphirischer kolloidaler Teilchen auf einen gegesitzlich geladenes Substrat
oder die Anordnung von Polyelektrolyt-multilayers (Mischung von Polykationen
und Polyanionen) sind typische Beispiele deren volles Verstindnis auch Methoden
erfordert, die weit {iber die mittleres Feld Konzepte hinausragen.

Die vorliegende Arbeit untersucht das Problem elektrostatischer Korrelationen, die

in Systeme der weichen Materie auftretten. Dabei werden Computersimulationen

und einfachen theoretischen Modellen benutzt. Kapitel [2] behandelt die Rolle der
Gegenionen-Korrlationen. Das Verhalten komplexerer Systeme wie Kolloid-Polyelektrolyt
Komplexbildung, die Polyelektrolyte in der Nihe einer geladenen Wand oder die
Polyelektrolytvielschichte werden im Kapitel [3|diskutiert. Geladene kolloidale Sus-
pensionen in der starken Raum-Beschriankung werden in Kapitel 4| présentiert. Einige
ausgewdhlte entsprechende Publikationen befinden sich im Anhang.
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Chapter 1

INTRODUCTION

HIS thesis outlines my research work in the field of charged soft matter. Virtu-
T ally all materials are more or less charged at the mesoscopic scale, depending
on the degree of the polarizability of the embedding solvent (or matrix) and the so-
lute particles (e. g., colloidal particles, polymers, membranes. etc.). The most well
known example of polar solvent is evidently water which plays a crucial role in life,
biological processes as well as industrial applications. When the solute particles are
polar too, they can then dissociate into charged particles (also called macroions) and
(microscopic) counterions. The counterion distribution near macroions turns out to
be decisive for the surface properties of the latter.

Historically, mean-field theories were first introduced and applied to characterize
charged soft-matter-systems. The pioneering works of Gouy and Chapmann [Goul0),
Chal3l], realized almost one century ago, concerns the counterion distribution near
a planar charged interface. Applying the nowadays called Poisson-Boltzmann the-
ory, they demonstrated that the counterion distribution profiles decays algebraically
as a function of the separation from the wall with a characteristic length that is in-
versely proportional to the surface charge density of wall. Ten years later, Debye
and Hiickel [DH23]] accomplished a fundamental advance towards the understand-
ing of screening. This theory originally developed for electrolytes (i.e. a solution
of microscopic cations and anions, e.g. NaCl) and based on the linearization of the
Poisson-Boltzmann equation is now widely used in plasma and solid state physicsE]

Mean-field theories are appealing tools due to their intuitive and clear physical ba-
sis, and are robust theories as long as electrostatic correlations are not too important.

! Note that a similar potential of interaction (so-called Yukawa potential) arises at the subatomistic
scale to describe the cohesion of the nuclear matter. Nonetheless, the interpretation of this potential
in terms of screening is less straightforward in that case.



In many practical situations (chromatin, polyelectrolyte multilayering, charged col-
loidal suspension) electrostatic correlations are strong enough to make mean-field
theories fail even on a qualitative level. Two striking and natural consequences of
electrostatic correlations, that can not be explained by mean-field theories, are charge
reversal (also called overcharging) and like charge attraction: (i) Overcharging con-
cerns the situation where a macroion is locally covered by a cloud of counterions
whose global charge overcompensates that of the macroion so that the net charge (or
effective charge) changes its sign. (i) Like charge attraction is the counterintuitive
effective attraction between two macroions carrying the same electric charge sign.

Other equally interesting and more complex systems are offered by the combina-
tion of different species of highly charged bodies. For instance the adsorption of
charged spherical colloidal particles onto an oppositely charged planar substrate, or
the formation of polyelectrolyte multilayers (i.e., a “stratified” mixing of polycations
and polyanions) are typical examples whose full understanding necessitates also ap-
proaches that go far beyond mean-field concepts.

The present work examines the problem of electrostatic correlations setting in soft
matter systems using computer simulations and simple theoretical models. The role
of the counterion correlations is addressed in chapter 2l The behavior of more com-
plex systems such as colloid-polyelectrolyte complexation, polyelectrolytes near a
charged wall, or polyelectrolyte multilayers are discussed in chapter[3] Charged col-
loidal dispersions in strong confinement are presented in chapter 4] Some selected
corresponding reprinted publications can be found in the appendix.



Chapter 2

ELECTROSTATIC CORRELATIONS
IN SOFT MATTER

Most of the materials in soft matter are made up of water solvent embedding solute
bodies (macroscopic/mesoscopic particles). When those solute particles are polar,
they can dissociate into charged macroions and counterions.

The first theoretical determination of counterion distribution for an inhomogeneous
fluid was realized by Gouy [GoulO] and Chapman [Chal3]] independently almost
one century ago. They applied the so-called Poisson-Boltzmann (PB) theory to pre-
dict the distribution of monovalent ions near a uniformly charged interface. The ba-
sis of the PB theory is the classical Poisson equation, A¢ (7) = —p (¥) /€, relating the
second derivative of the (mean) electrostatic potential, ¢ (¥), to the source of charges,
p (7), within the solution assuming a Boltzmann distribution p (¥) o< exp [—Bed (7)].
It is precisely this latter approximation (i.e., the potential of mean force [HM90]]
is replaced by the mean electrostatic potential in the Boltzmann factor) that makes
the PB theory a mean-field one. To be more precise, lateral ion-ion correlations are
ignored in the same spirit of the Curie-Weiss theory of magnetism. A nice feature
of this mean-field theory is that the PB equation can be solved analytically for some
cases, and the numerical procedure is rather simple compared to other more sophisti-
cated existing theories. Furthermore, as long as the Coulomb coupling between ions
is “fairly” moderate (which is the case for monovalent ions in aqueous solution),
the PB theory describes astonishingly well the ion distribution when compared to
computer simulations [JWHS80, BDHMO04, EMLO6] and even experiments [BVTO06].
Nonetheless, as soon as ion-ion correlations get relevant, mean field theories such as
the Poisson-Boltzmann one or its linearized version (so called Debye-Hiickel the-
ory) can not explain effects (experimentally observed) such as like-charge attraction
[GCY97, BS9E|] or overcharging [RVMWOO0, LGBO4]. A large part of my work de-



scribed in this chapter is devoted to the understanding of the effect of ion correlations
and especially overcharging occurring in charged colloidal suspensions.

2.1 Overcharging and like-charge attraction

One of the most curious and spectacular effect in the soft condensed matter com-
munity is the appearance, under specific circumstances, of an effective attraction
between-like charged colloids. At the beginning of the 21" century [MHKOOD,
MHKO00a, MHKO1b], we discovered a possible mechanism explaining a long-ranged
attraction between like-charged spheres. The underlying physical mechanism is
based on the overcharging. The latter corresponds to an excess charge of the counte-
rions in the vicinity of the macroion so that the net charge of the macroion changes
its sign (also called charge inversion). Naively, one could think that the stable config-
uration corresponds to an exact neutralization of macroion by the counterions. This
intuition is only correct for the case where the counterions are uniformly smeared
out over the surface of the colloid. Indeed a simple calculation shows that the en-
ergy of interaction, between a central charge Z,,e¢ < 0 (representing the macroion

charge) and the shell of the counterions of radius a and charge Z.e > 0 (with e being

 ZnZeé
- a

provided by g—é‘: = 0 leading to neutrality, i.e. Z. = —Z,,. In reality, the counteri-
ons are discrete, and when electrostatically bound to the macroion’s surface, they
will maximize their separation such as to minimize the counterion-counterion repul-
sion. This problem turns out to be exactly the one that was addressed one century
ago by Thomson [ThoO4] (also called the Thomson sphere or Thomson problem)
who studied the ground state energy and structure of n (classical) electrons confined
on a sphere (model of a classical atom). The Thompson problem has only (exact)
analytical solutions for n <5 and possibly for some magic numbers (e.g., n = 72
corresponding to the fullerene structure). Nonetheless, based on Wigner crystal
ideas [BM77, IShk99al, IGNS02], we have developed a model that (nearly) quan-
titatively accounts for the energy gain upon adsorbing overcharging counterions
[MHKOOb, MHKO1bl]. Our simple approach to the understanding of the overcharg-
ing via the Thomson problem, Wigner crystal concept and computer simulations has
triggered a new interest in the community [Lev02, [LAO2, [PPKO3, MSBO3|| for the
Thomson problem applied to soft matter.

2,2
the elementary charge), is given by E + ZE—Z The criterion of stability is

We now consider the problem of a pair of macroions. In our paper [MHKOOb],
we show that two equally charged spheres are likely to be overcharged and under-

!To achieve overcharging in nature one should normally add salt to the system to ensure global
electroneurality. For the sake of simplicity, however, we will consider non-neutral systems because
they can on a very simple basis explain why colloids prefer to be overcharged.



charged in the strong Coulomb coupling regime leading to a metastable ionized state
that yields a strong long-ranged attraction due to a monopolar contribution. (All
the mechanisms, so far reported in the literature, can only explain short-ranged
like-charge attraction [GJBP9S| |ADL98, [LL99, NO99, [SRO0, LLPO0, GIMBGY7,
HL97, IShk99b, | KL99, IASL99, NAHNO4, |OJLCO06] .) To further rationalize this
phenomenon and the stability of ionized states [MHKOOa, MHKO1b], we have con-
sidered two charged spheres (of same radius a) carrying the same electric sign of
charge but characterized by a charge ratio pz such that 0 < pz = Zp/Z4 < 1. Start-
ing from a macroion pair where each macroion is neutralized by its counterions, we
investigate the process where a counterion is transfered from macroion B (low bare
charge) to macroion A (high bare charge). Having demonstrated that the ability of
a macroion to get overcharged increases with growing (bare) surface charge density
(or the bare charge at fixed radius), it is clear that this counterion-transfer process
will be energetically favorable below a certain value of pz. Our theoretical pre-
diction shows that the criterion for stable ionized states (latter also called by other
authors auto-ionization) is governed by the value of \/Z4 — \/Zp, which reflects the
correlation-hole energy difference between the two macroions. In particular, it was
demonstrated that the higher the charge-asymmetry (i.e., pz) the more stable the
ionized state and concomitantly the higher the degree of ionization.

Our main findings related to this work [MHKOOb, MHKO0Oa, MHKO1b]], (see also
Appendices [A] [B] [C) can be summarized as follows:

e The ground state of a charged sphere is always overcharged due to counterion
correlations.

e At finite temperature and in the strong Coulomb regime (accessible with mul-
tivalent aqueous ions), colloids having different bare surface charge density
auto-ionize due to counterion correlations.

2.2 Discretely charged surfaces

The structural (i.e., bare) charge of spherical macroions is usually modeled by a cen-
tral charge, which, by virtue of the Gauss’ law, is equivalent to a uniformly charged
macroion’s surface as far as the electrostatic field (or potential) outside the sphere is
concerned. However, in nature the charges on the colloidal surface are discrete (ex-
actly as the counterions are) and localized. Thus, a natural question that comes up
is: Why and how does the strength of overcharging and more generally counterion-
counterion correlations depend on the way the macroion structural charge is repre-
sented (i.e., uniformly charged or discrete charges on its surface)? It is precisely this
problem that was addressed in our publications [MHKO1a, Mes02bl].



Why is the counterion distribution sensitive to the choice of the representation of
the macroion charge (discrete vs. uniform)? This question can be best answered
by looking at and comparing the (intrinsic) electrostatic potentials generated by dis-
cretely and uniformly charged macroions (without counterions) [MHKO1a]. It was
demonstrated in Ref. [MHKO1al] that the electrostatic potential at a reduced distance
r/a from the sphere (where a stands for the distance of closest approach between
an external unit test-charge and the macroion surface) may be significantly different
according to the nature of the macroion charge. In particular we show that the higher
the bare surface charge (i.e., the closer we get from a uniform charge distribution) the
shorter the correlation length (typically r. ~ /1/0p, with 6y being the macroion’s
surface charge density) between the discrete surface charges, as intuitively expected.
Besides, at contact r = a, the difference of the calculated electrostatic potentials be-
tween discrete and uniform charge distributions is considerable. To be more specific,
the contact potential is sensitive to the localization of the discrete charges, leading
to pronounced depth in their vicinity. All those features, solely based on the spa-
tial behavior of the electrostatic potential stemming from the bare macroion, indi-
cate that the counterion distribution should be much more complicated for a discrete
macroion’s surface charge distribution than for the uniform case.

We now come to the other important question: How is the counterion distribution
modified when introducing the more realistic discrete macroion’s surface charge
distribution? This point is thoroughly addressed in [Mes02b], where two regimes
are considered: Ground state (7 = 0) and finite temperatures. The corresponding
relevant findings (see also Appendices D} [E) can be summed up as follows:

e At zero temperature, the counterion (surface) structure is the more ordered the
higher 6y and/or counterion valence Z..

e When overcharging comes into play several scenarios occur: (i) At large oy,
the overcharging is quasi the same as that obtained at a uniformly charged
macroion’s surface. (i1) At low oy and for monovalent counterions, overcharg-
ing is always weaker for discrete macroion charge distribution, due to the ion-
pairing frustration for the overcharging counterions. (iii) At low oy and for
highly multivalent counterions, overcharging can even be stronger in the dis-
crete case due to ion-pairing.

e At finite temperature (in aqueous solutions), the volume counterion distribu-
tion is only affected for low oy and multivalent counterions.

The effect of surface charge discretization was later examined for similar systems by
several groups [MNO2, [LSLP02, ALHLO3, [ HSPPO4, [TSYTOS, |QLOS].



2.3 The crucial role of excluded volume

So far, we have a pretty good understanding of the overcharging caused by coun-
terion correlations in the regime of strong Coulomb coupling in salt-free (or low
salt content) where excluded volume effects are irrelevant. The situation becomes
much more complicated at finite salt-concentration in aqueous solutions (i.e., water
at room temperature), where the Coulomb coupling is (rather) weak especially for
monovalent ions. Thereby, a direct application of Wigner crystal ideas is not straight-
forward to account for the unexpected overcharging at weak Coulomb coupling that
was reported (by integral-equation and simulation [GTLCHSS, IDJAHLCO1]), but
unexplained, for monovalent salt-ions of large size.

In our Letter [MGLCHO2] (see Appendix [F)), we perform molecular dynamics com-
puter simulations as well as use integral-equation theory to identify the mechanisms
that govern overcharging in this weak Coulomb coupling regime. Those mechanisms
are as follows:

e Increasing the electrolyte particle size (at given salt concentration) decreases
the available volume of the fluid (or equivalently its entropy) which favors
ion-ion correlations.

e The interface provided by the macroion causes an increase of the ion density
close to it, and concomitantly enhances the lateral ordering (similar to the
prefreezing phenomenon in neutral inhomogeneous fluids).

o Surface lateral ordering and weak Coulomb coupling lead to overcharging.

2.4 Image charges in spherical geometry

In a typical experimental setup, the dielectric constant of a macroion is rather low
(&n =~ 2 —5) which is much smaller than that of its embedding solvent (e. g., for
water €, ~ 80) leading to a high dielectric contrast, Ay = g::;gz, at the interface.
The (practical) consequence of this dielectric discontinuity is that a solute ion will
then induce surface polarization charges whose strength and sign are dictated by the
value of A¢. Hence the electrostatic interactions for an electrolyte at finite A¢ is much
more complicated compared to the case where Az = 0, since now the contribution
of the induced surface charges (whose distribution may be very complicated) at the
interface must be taken into account. It turns out that for perfect planar substrates
(that can be seen as a colloid of vanishing curvature), there is an elegant analytical

solution: The electric field generated by the induced surface charge at the interface

10



positioned at z = 0 (due to the presence of a point-like ion of charge g located at
z = b) can be exactly obtained by a “fictive” point-like charge g;,, = A¢q located
at z = —b [Jac75)]. This technique corresponds to the so-called method of image
charges. The inclusion of such image forces for the case of an electrolyte close to a
planar dielectric interface was studied in the past by computer simulations [TVP82,
TVO84, BIW86, MNO2], integral equation formalisms [KM&4, KM85], mean-field
[OB&3, Net99, vGMOO0] and strong-coupling theories [MNO2].

The problem of image forces in spherical geometry is, already at the level of a sin-
gle ion, more complex. If we want to think in terms of image charges, one would
need in that case an infinite number of image charges making the use of the image
charge method much less attractive than in the planar case. Due to this difficulty, the
problem of image charges in spherical geometry is sparsely studied in soft matter.
Nonetheless, twenty years ago, Linse studied the counterion distribution with im-
age forces around spherical charged micelles by means of Monte Carlo simulations
[Lin86]. In his work [Lin86], he used a two-image charge approximation instead of
the full continuous image charge distribution. The conclusions of his study remain
qualitatively correct.

In my work [Mes02a]] (see Appendix [G)), I study analytically and exactly the elec-
trostatics of an ion interacting with a dielectric sphere. Furthermore, I performed
Monte Carlo simulations to elucidate the behavior of an electrolyte near a spheri-
cal macroion at finite dielectric contrast, where image forces are properly taken into
account. My main results are as follows:

e Single ion: A compact and exact analytical expression has been derived for
the polar profile of the induced surface charge. The strength as well as the
range of image forces in spherical geometry are considerably smaller than at
vanishing curvature, due to the auto-screening.

e Electrolyte: For monovalent ions the (effective) image force is basically equal
to the self-image one. However, when dealing with multivalent counterions,
the lateral image-counterions correlations can significantly affect the (local)
counterion density and, as a major effect, they screen the self-image repulsion.
Upon adding salt, it was shown that the strength of the image forces induced by
the coions is marginal. Besides, overcharging is robust against image forces.

11



Chapter 3

POLYELECTROLYTE ADSORPTION
AND MULTILAYERS

Polyelectrolytes (PEs) are polymers containing a variable (usually large) amount
of ionizable monomer along the chemical backbone. Once dissolved in a suitable
polar solvent such as water, the ion pairs dissociate by creating a charged chain with
floating counterions. PEs represent a broad and interesting class of materials that
attract an increasing attention in the scientific community. PEs have applications in
modern technology as well as biology, since virtually all proteins, as well as DNA,
are charged. The adsorption of PEs onto surfaces is an important process, since
they modify the physico-chemical properties of the surface. From a theoretical point
of view, charged polymers (in bulk or adsorbed) are much less understood [BJ96,
Joa01]] than neutral ones [[dG79]. One of the main difficulties is the addition of new
length scales set by the tremendous long-ranged Coulomb interaction. Hence, the
study of adsorption of PEs is motivated by fundamental aspects as well as practical
ones.

Over the last years, I have studied PE adsorption essentially by means of computer
simulations. Probably, one of the most exciting research work that I performed in
this field concerns the study of PE multilayers [MHKO03, Mes03, Mes04bl]. We wrote
a short overview [MHKO4]] (see Appendix on “Polyelectrolyte Adsorption and
Multilayering on Charged Colloidal Particles” emphasizing theoretical and com-
puter simulation results. I now briefly describe my contribution to this research area.

12



3.1 Polyelectrolyte-colloid complexation

The complexation of flexible PEs with oppositely charged macroions is a relevant
process in biology [Sch03]]. For instance a nucleosome can be seen as an electrostatic
binding between DNA and histone proteins. The latter can be visioned as charged
spheres. We are aware that this assumption is at best a caricature of a real system
(provided that non-specific interactions are dominant). Nonetheless, from an electro-
static viewpoint, we think that the qualitative features should be captured. Whereas
many studies were devoted for the case of chain-sphere complexation where the two
charged bodies are oppositely charged (see [SchO3] and references therein), much
less is known concerning the problem of like-charge sphere-PE complexation.

In [MHKO2a, MHKO2b], we discuss the complexation between a sphere and a long
flexible PE (both negatively charged). Whereas like-charge attraction in the strong
coupling limit is expected (and therefore complexation too), new and rather un-
expected chain conformations are reported. Different coupling regimes as well as
the influence of the linear charge density, f, of the PE chain were considered in
[MHKO2b]] (see Appendix [l). The relevant conclusions are as follows:

e At strong coupling the PE chain is always adsorbed in a flat structure, whose
conformation strongly depends on f. At high f, the conformation consists of
a densely packed monomers following a Hamiltonian-walk. Upon reducing
f the chain tends to spread more and more over the particle surface. Those
findings could have some relevance for organic solutions.

e Under aqueous conditions, complexation can be obtained with multivalent
counterions and for high enough values of f. In contrast to the strong cou-
pling case, the formation of /oops is reported.

3.2 Polyelectrolyte adsorption at planar surfaces

The adsorption of highly charged polyelectrolytes onto oppositely charged planar
surfaces in a salt-free environment was investigated by means of Monte Carlo sim-
ulations. Flexible [Mes04al Mes06b] (see Appendix [J) as well as rod-like [Mes06al]
(i. e., rigid - see Appendix [K) PEs are considered. Having well understood and
analyzed the problem of image charges in spherical geometry [Mes02al, I decided
to elucidate the problem of dielectric discontinuity to the case of PE adsorption onto
planar surfaces.
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3.2.1 Flexible chains

When no image forces are present (i.e., A¢ = 0), it was found that the monomer
density profile, n(z), decays monotonically for very short chains even near contact.
Longer chains experience a short-ranged repulsion in the vicinity of the charged wall
(z < a, with a denoting the diameter of a monomer) due to chain-entropy effects. In
all investigated cases, the density-contact-value seems to be nearly independent of
the chain length N, and it is surprisingly close to the (exact) value obtained for
systems containing only counterions of the charged interface [n(z =a/2) = 2%1363,
with [p representing the Bjerrum length, i.e., the distance at which two monovalent
ions feel a repulsion of magnitude kgT']. This feature can be qualitatively understood
by saying that near the interface, (nearly) all the little counterions were replaced
by the monomers and the entropy of the latter is similar to that of the free surface
counterions.

When image forces come into play, (partial) monomer desorption sets in, whose
strength increases with growing chain length N,,. This feature is due to the repul-
sive image-chain force that scales like N7, whereas the attractive chain-interface one
scales like N,,.

The fraction of charge 6*(z) of the fluid as a function of monomer-wall separation,
Z, is another interesting quantity to characterize the adsorption behavior. At A; =0,
overcharging [as signaled by 6*(z) > 1] occurs as soon as chains are longer than
dimers. In the presence of image forces, the strength of the overcharging is presently
nearly identical to that obtained without image forces at A = 0. Thereby, the main
effect of image charges is (i) to decrease the fraction of charge 6*(z) near contact
(z < 1.2a) upon growing N, and (ii) to (slightly) shift the position of the maximum
of 0*(z) to larger z.

3.2.2 Rigid chains

Dimers exhibit a monotonic behavior for n(z) that is similar to point-like ions. For
longer chains there exits a small monomer depletion near the charged wall for an
intermediate regime of N,,. At high enough N,, n(z) reveals again a monotonic
behavior. This interesting effect is the result of two antagonistic entropy-driving
forces, namely, (i) chain-entropy and (ii) counterion release. Electrostatic chain-
chain correlations, whose strength grows in a non-trivial way with N,,, favor also
chain adsorption. A comparison to the case of flexible chains [Mes04al] shows that
the adsorption of rigid PEs is much stronger than that of flexible ones.
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Upon polarizing the interface, it is found that the degree of adsorption is considerably
reduced. Nonetheless, a comparison with the flexible case [Mes06b] shows that the
values at contact at finite A¢ are quite similar.

3.2.3 Summary

The adsorption behavior of flexible and rigid PEs was addressed using computer
Monte Carlo simulations. The influence of chain length and repulsive image forces
were systematically investigated. My main findings can be summarized as follows:

e Without dielectric discontinuity (A = 0), flexible PE chains experience short-
ranged repulsion near the charged substrate due to chain-entropy effects. In
contrast, rigid PE chains are more strongly adsorbed (due to a weaker loss of
chain-entropy) and, when long enough, experience a purely effective attrac-
tion.

e Image forces lower the degree of adsorption for flexible and rigid PE chains.
However, the overcharging of the substrate by the PEs is robust (irrespectively
to the chain flexibility) against image forces.

3.3 Polyelectrolyte multilayers at planar and spheri-
cal substrates

PE multilayer thin films are often obtained using a so-called layer-by-layer depo-
sition technique [DHS92! Dec97]]: A (say negatively) charged substrate is alterna-
tively exposed to a polycation (PC) solution and a polyion (PA) one. This method
and the resulting materials have a fantastic potential of application in technology, e.
g., biosensing [CFA 98], catalysis [OAK99], nonlinear optical devices [WYLR99],
nanoparticle coating [[CCM9§]], etc.

From the theoretical side the literature is rather poor. However, a few analytical
works about PE multilayers on charged planar surfaces based on different levels of
approximation are available [SdIC99,NJ99,CJO0]]. Solis and Olvera de la Cruz con-
sidered the conditions under which the spontaneous formation of polyelectrolyte lay-
ered structures can be induced by a charged wall [SdIC99]. Based on Debye-Hiickel
approximations for the electrostatic interactions, but including some lateral correla-
tions by the consideration of given adsorbed PE structures, Netz and Joanny[NJ99|]

15



found a remarkable stability of the (semi-flexible) PE multilayers supported by scal-
ing laws. For weakly charged flexible polyelectrolytes at high ionic strength qualita-
tive agreements between theory [[CJO0Q], also based on scaling laws, and experimen-
tal observations [LSV™00] (such as the predicted thickness and net charge of the PE
multilayer) were achieved.

A tremendous difficulty in PE multilayer is the strong electrostatic correlations be-
tween PCs and PAs, which are hard to be satisfactorily taken into account in (modi-
fied) mean-field theories. In this respect, computer simulations are of great help. In
my work I have addressed those PE multilayer structures by means of Monte Carlo
computer simulations [MHKO3, Mes03, Mes04b]. I hereby outline our findings for
spherical [MHKO3]] and planar substrates [Mes04b]].

3.3.1 Spherical substrates

From this study [MHKO3]] (see Appendix |L]) that concerns substrates with finite radii
(i. e., charged spheres), we have learned that non-electrostatic forces are required
to obtain (true) PE multilayers. More precisely, by introducing a (additional) short-
range van der Waals-like attraction (whose strength is characterized by its value at
contact, X,qy, in units of kpT) between the substrate’s surface and the (monomers
of the) oppositely charged chains. The PE structure results then from a complicated
interplay between: (i) PC-PA strong attraction (favoring a collapse into a compact
globular state) (ii) PE-substrate correlations (favoring flat adsorption and wrapping
Elaround the sphere). Briefly, our findings are as follows:

e Flat bilayer-structures, involving two long oppositely charged chains, set in
only for large enough ¥,4,,. At low X4, the strong driving PA-PC force leads
to PE globular structures.

e Stable and flat multilayers are only obtainable at large enough J,4,,. In a purely
electrostatic regime (),q, = 0) PE globules are formed preventing a uniform
coverage of the surface.

e Short chains are not suitable candidates for PE multilayers, due to the weaker
chain-substrate correlations.

'Note that the wrapping from the chain(s) around the colloid is peculiar to spherical substrates.
Besides it should be reminded that wrapping is also governed by the repulsive interaction between
the turns of a chain [[GNSO02]].
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3.3.2 Planar substrates

PE multilayering onto planar substrates were investigated in [Mes04bl] (see Ap-
pendix [M)). The zero-curvature case differs qualitatively from the spherical one. First
the intrinsic electric field is higher in the former caseﬂ Secondly the chain-wrapping
is no-longer present at zero curvature. Consequently at given surface charge den-
sity, we expect a stronger PE-layering. The important results can be formulated as
follows:

e Like for spherical substrates, the relevance of short-ranged non-electrostatic
forces was also demonstrated here. Flat multilayers can not be achieved with
solely electrostatic forces.

e The formation of islands (i.e., clusters of PC-PA chains) onto the substrate are
reported and qualitatively confirm the experimental observations in the early
stage of PE deposition (one or two bilayers) [MJCP0O3, HBOO].

2 At zero curvature we have V ~ r in contrast to finite curvature where V ~ 1/r
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Chapter 4

CONFINED CHARGED COLLOIDS

It is well known from solid state studies that strongly confined (i.e., quasi two-
dimensional) systems exhibit properties and a phase behavior that may drastically
differ from those in the bulk. This feature is also vivid in colloidal systems and those
materials represent ideal model systems to analyze (experimentally as well as theo-
retically) and understand confinement effects on a mesoscopic scale corresponding
to the interparticle distance. Using external fields, a colloidal system can be prepared
in a controlled way into prescribed equilibrium and non-equilibrium states [LowO1].
For instance, in equilibrium, solidification near interfaces (provided by a substrate or
a large “impurity”’) can occur under thermodynamic conditions where the bulk is still
fluid (so-called prefreezing). In non-equilibrium, a wall may act as a center of het-
erogeneous nucleation (favored by the excess surface-energy already offered by the
wall/nucleus interface) and initiate crystal growth. Most of our experimental knowl-
edge of freezing in confining slit-like geometry is based on real-space measurements
of mesoscopic model systems such as charged colloidal suspensions between glass
plates [MSWO0, NBLP97].

The effective interaction between these mesoscopic macroions is neither hard-sphere
like nor purely Coulombic, but it is rather described by an intermediate screened
Coulomb [also called Yukawa or DLVO (Derjaguin-Landau-Verwey-Overbeek) [DL41,
VO48]] due to the screening mediated by the additional microions present in the sys-
tem. The screening strength can be tuned by varying the microion concentration: For
colloidal systems, salt ions can be conveniently added to the aqueous suspension;
The complex plasma, on the other hand, consists of electrons and impurity ions.

Recently, we have investigated crystalline colloidal bilayers at equilibrium [MLO3}
BSK™05] and out of equilibrium under shear [ML0O6, LMH"05]. Our research
achievement in this field is outlined below.
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4.1 Phase diagram of crystalline colloidal bilayers

The equilibrium phase diagram at zero temperature of crystalline bilayers was inves-
tigated theoretically in [MLO3] (see Appendix [N). The constitutive particles interact

via a Yukawa pair potential of the form V(r) = Vow, where K represents the
screening strength and Vj sets the energy scaleE] The choice of this potential is mo-
tivated by the experimental model systems described above. The crystalline bilayer
consists of two (identical) layers containing in total N particles in the (x,y) plane.
The corresponding (total) surface density p is then given by N/A, with A being the
the (macroscopic) layer area. The distance D, separating the two layers. in the z-

direction is prescribed by an external confining the system.

The zero-temperature phase behavior is fully determined by two dimensionless pa-
rameters, namely the reduced layer density, 1 = pD?/2, and the reduced screening
strength, A = kD. Using a straightforward lattice sum technique, the phase diagram
was calculated for arbitrary A and T]EI Our most interesting findings [MLO3] are as
follows:

e Whereas the two known extreme limits of zero [SSP99b, ISSP99a, |(GP9S§|] and
infinite [PSP83}[SL96,[SL.97] screening strength A are recovered by our calcu-
lations, it is demonstrated that, at intermediate A, the phase behavior is strik-
ingly different from a simple interpolation between these two limits. First,
there is a first-order coexistence between two different staggered rhombic lat-
tices differing in their relative shift of the two unit cells. Second, one of these
staggered rhombic phases exhibits a novel reentrant effect for fixed density
and varied screening length. Depending on the density, the reentrant transition
can proceed via a staggered square or a staggered triangular solid including
even a double reentrant transition of the rhombic phase.

e In a joint publication [BSK™05] with the Group of Palberg at Mainz, a com-
parative study on the phase behavior of highly charged colloidal spheres in a
confined wedge geometry reveals semi-quantitative agreement between theory
and experiment.

! Note that in the ground state, i.e. at rigorously zero temperature, the value of Vj is irrelevant.

xp(2kR
2 ; ( lp—f- KR))2
of the charge Z of the particles with a physical hard core radius R reduced by the dielectric constant
€ of the solvent (¢ = 1 for the dusty plasma). For a charged colloids, Z is typically of the order of
100 — 100 000 elementary charges such that V(r = d) can be much larger than kT at interparticle
distance (d), justifying formally our zero-temperature calculations.

~Note that 7 must have an upper bound, such as to prevent the onset of multilayers.

Nonetheless in experimental situations, the energy amplitude V) = Z

scales like the square
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4.2 Crystalline colloidal bilayers under shear flow

The non-equilibrium cas at finite temperature as driven by a linear shear flow has
been addressed in [ML06, LMH™05] (see also Appendix @[) The steady state devel-
oped under shear as well as the relaxation back to equilibrium after cessation of shear
were analyzed with the help of non-equilibrium Brownian dynamics. The pertinent
results are:

e For increasing shear rates, the following steady states are reported: First, up to
a threshold of the shear rate, there is a static solid which is elastically sheared.
Then, at higher shear rates the crystalline bilayer melts, and even higher shear
rates lead to a reentrant solid stratified in the shear direction.

e After instantaneous cessation of shear, a nonmonotonic behavior of the typical
relaxation time is found. In particular, application of high shear rates acceler-
ates the relaxation back to equilibrium since shear-induced ordering facilitates
the growth of the equilibrium crystal.

e The orientation of a crystalline bilayer can be tuned at wish upon applying a
(strong) shear rate in the desired direction and subsequently letting the system
relax.

3 The starting unsheared configuration corresponds to a staggered square lattice with a reduced
surface particle density 1 = 0.24 and a reduced screening strength A = 2.5. Two walls are present
to ensure the confinement. To this end, screened Coulomb and short-ranged (of the Lennard-Jones
type) repulsive potentials were tested, and it was found that our results are marginally sensitive to the
choice of the repulsive wall-particle interaction.
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Chapter 5

CONCLUSIONS

In this thesis, I have presented my humble point of view and understanding of elec-
trostatic effects in soft matter. Charged systems are fascinating because they si-
multaneously involve short-ranged excluded volume effects (as soon as the latter
are properly taken into account) already present in neutral systems, and additionally
the long-ranged Coulomb interaction. The latter constitutes a formidable theoretical
challenge.

In terms of similarities with classical solid state physics and (elementary) quan-
tum chemistry, I noticed two striking analogies: (i) The overcharging occurring at a
sphere is (rigorously) equivalent to the old Thomson’s problem; (ii) The ground state
of two spherical macroions is ionized, and the degree of ionization (and therefore the
attraction strength) grows with the difference in surface charge density between the
two macroions. This behavior is highly reminiscent to the (molecular) ionic bonding
where the difference in electronegativity between the two atoms governs its stability.

Moreover, | investigated the problem of adsorption for many model systems involv-
ing substrates and adsorbate that are both charged. In particular, polyelectrolyte
adsorption, polyelectrolyte multilayering, and more recently polyampholyte adsorp-
tion have been addressed. The inclusion of image forces for spherical and planar
substrates has shown that their effect are only vivid at short range distances of the
order of the linear size of the microion (counterions and/or charged monomers).

An important problem in soft matter that still lacks a deep understanding is the
behavior of charged spherical colloids near an oppositely charged wall. Indeed a
sound analytical solution for the adsorption/desorption transition is still missing. I
think that some (analytical) work could be done in this direction by means of mean-
field theories that should be suitable for marginally adsorbed colloids. On a more

! The behavior might be less clear for highly charged spherical macroions as adsorbate.
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“material-oriented” level, I think that the polyelectrolyte multilayer structures could
also be obtained by combining oppositely charged colloids. To confirm this idea, a
considerable theoretical effort would be needed to identify the parameters window
(such as salt concentration, charges of the colloids and the substrates, particle size
etc.) allowing the onset of such structures without strong clustering.
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We report a mechanism which can lead to long-range attractions between like-charged spherical
macroions, stemming from the existence of metastable ionized states. We show that the ground state of
a single highly charged colloid plus a few excess counterions is overcharged. For the case of two highly
charged macroions in their neutralizing divalent counterion solution we demonstrate that, in the regime
of strong Coulomb coupling, the counterion clouds are very likely to be unevenly distributed, leading
to one overcharged and one undercharged macroion. This long-living metastable configuration in turn

leads to a long-range Coulomb attraction.
PACS numbers: 82.70.Dd, 61.20.Ja

One of the great challenges in the theory of charged col-
loidal suspensions is the understanding of effective attrac-
tions between like-charged macroions that have recently
been observed experimentally in confined systems [1,2],
and for which no clear theoretical explanation is avail-
able. The usually employed mean field Derjaguin-Landau-
Verwey-Overbeek theory [3,4] foresees purely repulsive
electrostatic forces between like-charged macroions. How-
ever, with divalent counterions present, simulations (using
a pair of macroions) find short-range attraction for a high
macroion volume fraction in aqueous systems [5] or, at
an extremely low dielectric constant, a Coulomb depletion
force [6]. Recent simulations of similar systems in aque-
ous solutions also find attractive forces [7-9]. However
all simulations have in common the fact that the observed
attraction occurs only for very small distances away from
the colloid surface (order of counterion size).

In this Letter we investigate highly charged macroions
in bulk and present two important new results. The first
concerns the ground state of an isolated macroion sur-
rounded by excess counterions, where it is found that the
first few overcharging counterions lower considerably the
energy. As a second finding we demonstrate that, for two
highly charged macroions separated by intermediate dis-
tances, thermal fluctuations are sufficient to distribute the
counterions unevenly, leading to one overcharged and one
undercharged macroion. This results in a long-range ef-
fective Coulomb attraction between the macroions.

Consider one or two spherical macroions of radius ry,
and bare charge Q = —Z,,e¢ (where e is the elementary
charge and Z,, > 0) within the framework of the primitive
model [10] surrounded by an implicit solvent of relative
dielectric permittivity €,. The small counterions with di-
ameter o and charge +Z_.e are confined in a cubic box
of length L, and the macroion(s) are held fixed. The
colloid volume fraction f,, is defined as N,4mr2 /3L>
(where N,, is the number of macroions). In the case of
an isolated macroion, it is located at the center of the box,
whereas, in the case of macroion pairs, they are placed
symmetrically along the axis passing by the two centers of
opposite faces.

872 0031-9007/00/85(4)/872(4)$15.00

The molecular dynamics method employed in this
paper is similar to the one used by Kremer and Grest
[11]. To simulate a constant temperature ensemble, the
ions are coupled to a heat bath and their motion is gov-
erned by the Langevin equation: mj—é?i = —VVi(#) —
ml“%?,» + j‘,-(t), where m (chosen as unity) is the mass
of the counterions, i is the ith counterion, Vi is the total
potential force made up of a Coulomb term and an ex-
cluded volume term, which are both pairwise additive, I’
is the friction coefficient, and ]_;,- is a random force. These
two last quantities are linked by the dissipation-fluctuation
theorem ( f;(z) - f;(t')) = 6mI'kpgT 8;;6(r — t’). For the
ground state simulations the random force was set to zero.

Excluded volume interactions are introduced via a pure
short-range repulsive Lennard-Jones (LJ) potential given
by Viy(r) = 4e[(;5)"? = 5] + € for r — rg <
reuts and O otherwise, where ryp = 0 for the counterion-
counterion interaction, ro = 70 for the macroion-
counterion interaction, and rey (= 2Y%0) is the cutoff
radius. This leads to r, = 7.50, whereas the closest
center-center distance of the small ions to the macroion is
therefore a = 80. The Coulomb potential between a Z;
and a Z; valent ion at distance r, where i and j denote
either macroion or counterion, is given by Vcou(r) =
kBTolB@, with  the Bjerrum length [z =
e?/4meye kgTy, where €y is the vacuum permittivity.
To link this to experimental units and room temperature
we denote € = kT (Ty = 298 K) and fix o = 3.57 A.
We neglect hydrodynamical interactions and hydration
effects. Being interested in strong Coulomb coupling we
choose, for the rest of this paper, €, = 16, corresponding
to Ip = 100.

To study the possibility of overcharging a single
macroion, we recall the Gillespie rule, also known as
the valence-shell electron-pair repulsion theory [12].
From this, one knows that the ground state structure of
two, three, and four electrons disposed on a hard sphere
corresponds to simple geometrical situations, namely, a
line (two electrons diametrically opposed), a triangle, and
a tetrahedron, respectively. A straightforward calculation

© 2000 The American Physical Society
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shows that, for a central charge of +2e, the maximally
obtainable overcharging is —2e (i.e., two electrons), being
independent of macroion radius. The excess electrons
gain more energy by assuming a topological favorable
configuration than by escaping to infinity, by the simple
reason of overcharge. We resort to simulations to elucidate
this behavior for one colloid with a high central charge.

To quantify this phenomenon, we have considered three
macroionic charge Z,,: 50, 90, and 180, corresponding to a
surface charge density of one elementary charge per 180,
100, and 50 A2, respectively, and fixed Z, = 2 for the
rest of this Letter. We then add successively overcharging
counterions (OC). The electrostatic energy as a function
of the number of OC is displayed in Fig. 1. We note
that the maximal (critical) acceptance of OC (4, 6, and
8) increases with the macroionic charge (50, 90, and 180,
respectively). Furthermore, for a given number of OC,
the gain in energy always increases with Z,,. Also, for a
given macroionic charge, the gain in energy between two
successive overcharged states decreases with the number
of OC. Note that, at T = 0, the value €, acts only as
a prefactor. It means that the ground state structure is
dictated solely by topological rules (i.e., the counterions’
arrangement around the sphere).

The resulting curve can be very simply explained by
assuming that the energy & per ion on the surface of a
neutralized macroion depends linearly on the inverse dis-
tance between them, hence is proportional to +/N for fixed
area, where N is the number of counterions on the surface.
The energy gain AE; = (N + 1)e(N + 1) — Ne(N) of
the first OC is a pure surface correlation term. For the next
OC, one needs to take into account the Coulomb repulsion
IpZ?/a, leading to lowest order in 1/N for the energy gain
of the nth OC:

om T T T T T

E/(k,T,)

-100 \\ 7
-120 | . A

—140 o o) 1

O~ ©O
71 60 1 1 1 1 1
0 2 4 6 8 10 12
Overcharging counterions

FIG. 1. Electrostatic energy (in units of kzT) for zero tem-
perature configurations of a single charged macroion of radius
rm = 7.50 as a function of the number of overcharging coun-
terions for three different bare charges QO (in units of e¢). The
neutral case was chosen as the potential energy origin, and the
curves were produced using the theory of Eq. (2) (compare text).

3—”} + 13Z%(kgTo)

3 (n — n
= =+ s
AE, nE(N)|: > N 2a
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Determining €(N) from the measured value for AE], we
obtain a curve that matches the simulation data almost
perfectly (compare Fig. 1).

An energy per ion, which scales like VN, has been
found for an ionic Wigner crystal (WC) on a planar sur-
face, where each ion interacts with an oppositely charged
background charge which is smeared out over its Wigner-
Seitz cell. This energy per ion is given by &(c)/kgTy =
— acl/leZZ, with @« = 1.96, and c is the two-dimensional
concentration of the crystallized counterions of valence Z,
[13]. This ansatz has been tried recently to explain strong
ionic correlations observed in various soft matter systems
[14,15]. In our simulation we find, for AE;/(kgTy),
—18.0, —24.4, and —35.3 for Z,, = 50, 90, and 180,
respectively, whereas the Wigner crystal scenario predicts
—21.0, —28.0, and —39.5, which is off by a decreasing
rate of (17-12)%. This might be due to the assumption
of a homogeneous background charge and the assumption
of a planar geometry, neither of which are fully fulfilled;
however, the error gets smaller for higher values of Z,,.

Using the Wigner crystal ionic energy and Eq. (2), the
maximally obtainable number n’,  of OC counterions is
readily found to be

* — i + 9;“2 + 3_a N
"max T T o T aym
3a 2703 1
+ + — 4+ O(1/N).
[16ﬁ 256773/2J VN owN. @

This value depends only on the number of counterions N.
It originates from the topological arrangement of the ions
around a central charge, and is independent of the Bjerrum
length or the radius of the macroion. For large Q it reduces
to the form Q) /e = 43% * \/Z,Z. which was derived
in Ref. [15] in a more elaborate fashion.

To obtain the interaction potential profile, we added one
counterion coming from infinity towards a macroion of
bare charge Z,, = 180 and computed the global electro-
static energy of the system (see Fig. 2). The first OC starts
to gain correlational energy at a distance r = 12¢ from the
center of the colloid, which is about 4o from the surface.
This fits only roughly with the distance Z21p/4 predicted
from WC theory [14,15], and is more of the order ¢ /2.
By adding more excess counterions, the Coulomb barrier
increases, and for the ninth OC it exceeds the gain in cor-
relational energy, when it is on the macroion surface. Thus
the configuration becomes metastable. The curve for the
first OC can be nicely fitted with an exponential fit of
the form E{(r)/kgTy = —35.3exp[—7.1(r — a)/a]. For
the nth OC, simply the appropriate Coulomb monopole
contribution 4/g(n — 1)/r needs to be added (see Fig. 2).
This exponential dependence is not predicted by the WC
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FIG. 2. Electrostatic energy (in units of kgTj) of a divalent
counterion as a function of distance from the center of a
macroion with radius r,, = 7.50 and charge O = —180 (in
units of e). The energy is normalized to zero at distance
infinity. Data and fits are shown for the first, second, eighth,
and ninth overcharging (OC) counterion.

theory, where a 1/r dependence should be seen due to the
interaction of the removed ion with its correlation hole.
Next, we consider two spherical like-charged macroions
at a colloidal volume fraction f,, = 7 X 1073 at room
temperature Ty, at fixed center-center separation R, in
the presence of their divalent counterions (ensuring global
charge neutrality). Initially the counterions are randomly
generated. Figure 3 shows two macroions surrounded by
their quasi-two-dimensional counterion layer. The striking
peculiarity in this configuration is that it corresponds to
an overcharged and an undercharged sphere. There is one
counterion more on the left sphere and one less on the right
sphere compared to the bare colloid charge. Such a con-
figuration is referred to as an ionized state. In a total of ten
typical runs, we observe this phenomenon five times. We
have also carefully checked against a situation with peri-
odic boundary conditions, yielding identical results. How-

FIG. 3. Snapshot of a pseudoequilibrium configuration at room
temperature 7, where the counterion layers do not exactly com-
pensate the macroions’ charge. Here the deficiency charge is
*1 counterion (or *+2e¢ as indicated above the macroions) and
R/a = 3.6.
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ever, it is clear that such a state is in “pseudoequilibrium”
because it is not the lowest energy state.

To estimate the energy barrier, electrostatic energy
profiles at zero temperature were computed, where we
move one counterion from the overcharged macroion to
the undercharged macroion, restoring the neutral state
(see Fig. 4). We have checked that the path leading to the
lowest barrier of such a process corresponds to the line
joining the two macroions’ centers. One clearly observes
a barrier, which increases linearly with the charge Z,,,. The
ground state corresponds, as expected, to the neutral state.
The overcharged state is only slightly higher in energy, the
difference being approximately the monopole contribution
E/kgTy = 13(4/8 — 4/12) = 1.67. The physical origin
of this barrier can be understood from the single macroion
case, where we showed that a counterion gains high
correlational energy near the surface. This gain is roughly
equal for both macroion surfaces, and decreases rapidly
with increasing distance from the surfaces, leading to the
energy barrier with its maximum near the midpoint. For
the single macroion case we showed that the correlational
energy gain scales with \/Z,,, whereas here we observe
a linear behavior of the barrier height with Z,,. We
attribute this effect to additional ionic correlations since
both macroions are close enough for their surface ions to
interact strongly. For large separations we find again that

R
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FIG. 4. Total electrostatic energy (in units of kzTy) of the sys-
tem, for zero temperature configurations, of two macroions at
a center-center separation of R/a = 2.4 as a function of one
displaced counterion distance from the left macroion for three
typical values Q (in units of e). The exact neutral state was
chosen as the potential energy origin. The lines are guides to
the eye. The inset indicates the path (dotted line) of the moved
counterion. The ending arrows of the arc indicate the start posi-
tion (left sphere) and final position (right sphere) of the moved
counterion.
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the barrier height increases with /Z,,, as expected. This
Z,, dependence of the barrier also shows that at room tem-
perature such ionized states can occur only for large Z,,.
In our case, the ionized state was stable for all accessible
computation times only for Z,, = 180. Unfortunately, it
is not possible to get a satisfactory accuracy of the energy
jumps at nonzero temperatures. Nevertheless, since we
are interested in the strong Coulomb coupling regime,
which is energy dominated, the zero temperature analysis
is sufficient to capture the essential physics.

Results concerning the effective forces at zero tempera-
ture between the two macroions are now investigated in
which the expression is given by

Feff(R) = me(R) + FLy + Fpe, 4

where F,,,,(R) is the direct Coulomb force between
macroions, Fpj is the excluded volume force between a
given macroion and its surrounding counterions, and F,.
is the Coulomb force between a given macroion and all of
the counterions. Because of symmetry, we focus on one
macroion. To understand the extra-attraction effect of these
ionizedlike states, we consider three cases: (i) Fijon =
Fese in the ionized state, (ii) Fheut = Fefr in the neutral
case, and (iii)) Fpono = Ferr simply from the effective
monopole contribution. Our results are displayed in
Fig. 5 for Z,, = 180, where the ionized state was also
observed at room temperature. The noncompensated case
leads to a very important extra attraction. This becomes
drastic for the charge asymmetry of *£2 counterions at
short separation R/a = 2.5, a situation which was also
observed in our simulation at room temperature [16]. In
contrast to previous studies [5,6], these attractions are long
range. For a sufficiently large macroion separation (from
3.5) the effective force approaches in good approximation
the monopole contribution.
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FIG. 5. Reduced effective force between the two spherical

macroions at zero temperature for Z,, = 180 as a function of
distance from the center. The different forces are explained in
the text. The lines are guides to the eye.

In summary, we have shown that a sufficiently charged
colloid can, in principle, be highly overcharged due to cor-
relation effects of the counterions, and this effect is quan-
titatively well described by a Wigner crystal, i.e., Egs. (2)
and (3). In the strong Coulomb coupling regime, this en-
ergy gain can be of the order of many kgTY.

Furthermore, due to this energetically favorable over-
charged state, it was found that for two like-charged
macroions, an initially randomly placed counterion
cloud of their neutralizing divalent counterions may
not be equally distributed after relaxation, leading to
two macroions of opposite net charges. The resulting
configuration is metastable, however, and separated by
an energy barrier of several kgTy when the bare charge
is sufficiently large. Such a configuration possesses a
natural strong long-range attraction.
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Abstract. — In this letter, we study the ground state of two spherical macroions of identical
radius, but asymmetric bare charge (Qa > @Qg). Electroneutrality of the system is ensured by
the presence of the surrounding divalent counterions. Using Molecular Dynamics simulations
within the framework of the primitive model, we show that the ground state of such a system
consists of an overcharged and an undercharged colloid. For a given macroion separation the
stability of these ionized-like states is a function of the difference (v/Na —+/Ng) of neutralizing
counterions N4 and Np. Furthermore the degree of ionization, or equivalently, the degree of
overcharging, is also governed by the distance separation of the macroions. The natural analogy
with ionic bonding is briefly discussed.

Charged colloids are found in a great variety of materials such as latex, clays, paints,
and many biological systems, and thus have an important place in everyday life. To under-
stand the complex interaction between charged colloids and their surrounding neutralizing
counterions, a reasonable starting point is to study the elementary case of a pair of spherical
macroions. From the theoretical side such a system is described by the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory [1,2] which leads to purely repulsive effective forces. More
sophisticated modified Poisson-Boltzmann approaches based on density-functional theory [3]
or inhomogeneous HNC techniques [4,5] have been developed in order to incorporate the ion-
ion correlations which are neglected in DLVO. Surprisingly recent experiments showed effective
attractive forces between like-charged colloids [6-8] when they are confined near charged walls,
and for which no clear theoretical explanation is available. This triggered reinvestigations of
the pair-interactions in the bulk with computer simulations [9-13]. A common feature of
all these studies is that they assume the two macroions identically charged. The results of
refs. [9-12] show for high Coulomb coupling an attractive force in a range of the order of a
few counterion radii. However, Messina et al. [13] have demonstrated that it is possible to
get a strong long-range attraction between two like-charged colloids due to metastable ionized
states. In particular it has been shown that the energy difference between the compensated
bare charge case, where each colloid is exactly neutralized by the surrounding counterions,
and the ionized state can be very small (less than 2 kgT).

(*) E-mail: messina@mpip-mainz-mpg.de
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In this letter, we use molecular dynamics (MD) simulations to investigate the case where
the colloidal radii are identical but the bare colloidal charges are different. It is found that in
this asymmetric situation the ground state is no longer the intuitive bare charge compensated
case, provided that the charge asymmetry is high enough and/or the colloid separation is
not too large. We derive a simple formula valid for large separations which gives a sufficient
condition for the bare charge asymmetry to produce a ground state consisting of an ionic pair
leading to a natural long-range attractive force.

The system under consideration is made up of two spheres: i) macroions (A and B) of
diameter d with bare charges Q@4 = —Z e (where e is the elementary charge and Z4 = 180 is
fized) for the highly charged sphere and Qp = —Zpe (variable) for the less charged one and
ii) a sufficient number of small counterions of diameter o with charge ¢ = +Z.e (Z. = 2) to
neutralize the whole system. The macroions center-center separation is given by R. The ions
are confined in a cubic box of length L, and the two macroions are held fixed and disposed
symmetrically along the axis passing by the two centers of opposite faces. The colloid volume
fraction f,, is defined as 2-4m(d/2)3/3L3. For describing the charge asymmetry we define the
quantity a« = v/Na — v/Np, where No = —Qa/q, and Ng = —Qp/q.

The motion of the counterions is coupled to a heat bath acting through a weak stochastic
force W (t). The equation of motion of counterion 7 reads

d2 T d’r‘i
m = — —
dit?

+ Wz(t) ) (1)

where m is the counterion mass, I" is the friction coefficient, chosen here between 0.1 and 1.0,
and U is the potential consisting of the Coulomb interaction and the excluded-volume in-
teraction. Friction and stochastic force are linked by the fluctuation-dissipation theorem
(Wi(t) - W;(t')) = 6mITkgTé,;;6(t —t'). In the ground state T' = 0 and thus the stochastic
force vanishes.

Excluded-volume interactions are taken into account with a pure repulsive Lennard-Jones
(LJ) potential given by

ULy(r) = * [(Tf%)m - (TfTO)G

0, for r—ry>2Y%,

+ e, for r—ry<2Y6¢,

(2)

where rg = 0 for the counterion-counterion interaction, rq = 7o for the macroion-counterion
interaction, thus leading to a macroion diameter d = 2ry + ¢ and electrostatically more
important to a macroion-counterion distance of closest approach a = 8¢.
The pair electrostatic interaction between any pair ¢j, where ¢ and j denote either a
macroion or a counterion, reads
Ucoul(r) = ksTols 4iZ; ; (3)

r

where Ig = e? /4mege, kT is the Bjerrum length describing the electrostatic strength. To link
this to experimental units and room temperature, we denote ¢ = kpTy (Tp = 298 K). Fixing
o = 3.57 A would then lead to the Bjerrum length of water at room temperature (7.14 A).
Being interested in the strong Coulomb coupling regime, we choose the relative permittivity
€; = 16, corresponding to I = 100.
The electrostatic energy of the system is investigated for different uncompensated bare
charge cases [14] by simply summing up eq. (3) over all Coulomb pairs. Note that for the
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Fig. 1 — Total electrostatic energy as a function of the degree of ionization for zero-temperature
configurations of two colloids (A and B), for three typical charges Qg/e (—30,—90 and —150) for
macroion B and for three given distance separations: a) R/a = 4.25, b) R/a = 3.0 and c) R/a = 2.4.
Dashed lines are obtained using eq. (7).

zero-temperature ground-state study entropic effects are nonexistent. We define the degree of
ionization (DI) as the number of counterions overcharging colloid A (or, equivalently, under-
charging colloid B). The system is prepared in various DI and measure the respective energies.
These states are separated by kinetic-energy barriers, as was demonstrated in ref. [13]. We
consider three typical macroionic charges Zp (30, 90 and 150) and separations R/a (2.4, 3.0
and 4.25). The main results are given in fig. 1. For the largest separation R/a = 4.25 and
largest charge Zp = 150 (see fig. 1a), one notices that the ground state corresponds to the
classical compensated bare charge situation (referred to as the neutral state). Moreover the
energy increases stronger than linear with the degree of ionization. If one diminishes the bare
charge Zp to 90 and 30, the ground state is actually the ionized state for a DI of 1 and 3,
respectively. The ionized ground state is about 8 and 36 kpTy, respectively, lower in energy
compared to the neutral state. This shows that even for a relative large colloid separation,
stable ionized states should exist for sufficient low temperatures and that their stability is
conditioned by the structural charge asymmetry «.

For a shorter separation R/a = 3.0, ionized ground states are found (see fig. 1b) for the
same charges Zp as previously. Nevertheless, in the ground state the DI is now increased
and it corresponds to 2 and 4 for Zp = 90 and 30, respectively. The gain in energy is also
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significantly enhanced. For the shortest separation under consideration R/a = 2.4, the ground
state corresponds for all investigated values of Zp to the ionized state, even for Zp = 150.
We conclude that decreasing the macroion separation R enhances the DI and the stability of
the ionized state.

To understand this ionization phenomenon, it is sufficient to consider an isolated macroion
surrounded by its neutralizing counterions. We have investigated the energies involved in the
ionization (taking out counterions) and overcharging (adding counterions) processes. We show
in ref. [13] how they can be separated into two parts: i) a pure correlational term (AFE")
and ii) a monopole contribution (AE™°"), see also ref. [15] for the case of added salt. The
main assumption is that the correlational energy per ion can be written as a pure surface term
e(N) = —yv/N (with v > 0), as is predicted for example in a theory where the counterions
on the surface of the colloids form a Wigner crystal (WC) [15,16]. The gain in energy when
adding the first counterion is simply a pure correlation term of the form

AEPC = AES" = (Ng+1)e(Na+1) — (Na)e(Na) = —vy/Na { + v, O 2@

Adding the summed up monopole contributions, one obtains the energy gained by adding the
n-th counterion to leading order in 1/N4:

1
AEOC = AE®" + AE™™ = —ny\/N, [3 + 3—} (kT 22 =1

2 8N 2a (5)

which has been verified to give a correct description when compared to simulations [13]. A
derivation of the formula describing the ionization energy AE™°" proceeds completely analo-
gously and gives for the n-th degree of ionization

; 3  3n (n+1)n
AE°" = Np |- — —— T 72
£ =N [ - o] + etz (6)

In fig. 2 we compare the predictions of eqgs. (5), (6) to our simulation data, which shows
excellent agreement. Our numerical data for AE® for Ng = 15, 45, and 75, the value of
AEPC for Ny = 90, as well as the corresponding values for v, which have been used for fig. 2
can be found in table I. They show that « is almost independent of N. The value of v can
also be compared to the prediction of WC theory applied to an infinite plane which leads

to the value 1.96lBZ62\/; A 2.76 [17], where F' denotes the surface area of the colloid. The

difference of 10% to WC theory is presumably related to the fact that we do not deal with
purely planar correlations but have a finite spherical geometry.

TABLE I — Measured value, for an isolated colloid, of the first zomzatwn energy AE°® for Np =
15,45,75, and the energy gain for the first overcharging counterion AEYC for Na = 90. The value
of v can be compared to the prediction of WC' theory for an infinite plane, which gives 2.76, compare
text.

Q/e N AE’l/k‘BTo ’y/kBTo
- 30 15 17.9 2.26
—-90 45 29.2 2.42
—150 75 37.4 2.50

—180 90 —35.3 2.47
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Fig. 2 — Total electrostatic energy as a function of the degree of ionization for zero-temperature
configurations of an isolated colloid. The three upper curves correspond to the ionization energy for
the three typical charges @Qp/e (—30,—90 and —150). The lower curve corresponds to the energy
gained by overcharging (Qa/e = —180). Dashed lines were obtained using egs. (5), (6) with the
measured values for v from table 1.

Fig. 3 — Relaxation, at room temperature Ty = 298 K, of an initial neutral state towards ionized state.
Plotted is the total electrostatic energy vs. time (LJ units), for Zg = 30 and R/a = 2.4. Dashed lines
lines represent the mean energy for each DI state. Each jump in energy corresponds to a counterion
transfer from the macroion B to macroion A leading to an ionized state (DI = 2) which is lower in
energy than the neutral one. The two energy jumps AFE /kgTy = —19.5 and AFE>/kgTy = —17.4 are
in very good agreement with those of fig. 1c (—20.1 and —16.3).

With the help of egs. (5), (6), one can try to predict the curves of fig. 1 for finite center-
center separation R. Using for colloid A and B the measured values 74 and 5, we obtain for
the electrostatic energy difference at finite center-center separation R

3 n
AE, = AEP" 4 AEOC =2 Ng|1l— —| —
(R) + 277/)/13 B |: 4NB:|

3 a
—Sn7av/Na {1 + W} + kpTolp 22> (1 . E> . (7)

The quality of the theoretical curves can be inspected in fig. 1. The prediction is very good
for large separations, but the discrepancies become larger for smaller separations, and one
observes that the actual simulated energies are lower. With the help of eq. (7), we can
establish a simple criterion, valid for large macroionic separations, for the necessary charge
asymmetry a to produce an ionized ground state of two unlike charged colloids with the same

size:
(kpTy)lp Z2
—7(\/NA—\/NB 73 0B (8)

The physical interpretation of this criterion is stralghtforward. The left term represents the
difference in correlation energy and the right term the monopole penalty due to the ionization
process. This means that the correlational energy gained by overcharging the highly charged
colloid A must overcome the loss of correlation energy as well as the monopole contribution
(two penalties) involved in the ionization of colloid B. If one uses the parameters of the present
study one finds the requirement Np < 66 to get a stable ionized state. This is consistent with
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Fig. 4 — Snapshot of the ionized state (DI = 2) obtained in the relaxation process depicted in fig. 3,
with the net charges +4e and —4e as indicated.

our findings where we show in fig. 1 that, for Ng = 75, and R/a = 4.25, no ionized ground
state exists whereas for Ng = 60 we observed one even for infinite separation. The criterion
eq. (8) is merely a sufficient condition, since we showed in fig. 1 that when the colloids are
close enough this ionized state can appear even for smaller macroion charge asymmetry due to
enhanced intercolloidal correlations. If the colloids have different radii this can be accounted
for by simply replacing Nil/ 2 by the concentration of counterions (N;/ Fi)l/ 2 and redefining
v in eq. (8).

At this stage, on looking at the results presented above, it appears natural and straightfor-
ward to establish an analogy with the concept of ionic bonding. It is well known in chemistry
that the electro-negativity concept provides a simple yet powerful way to predict the nature
of the chemical bonding [18]. If one refers to the original definition of the electro-negativity
given by Pauling [18]: “the power of an atom in a molecule to attract electrons to itself”,
the role of the bare charge asymmetry becomes obvious. Indeed, it has an equivalent role
at the mesoscopic scale as the electron affinity at the microscopic scale. Another interesting
analogy is the influence of the colloidal separation on the stability of the ionized state. Like
in diatomic molecules, the ionized state will be (very) stable only for sufficiently short colloid
separations. Nevertheless, one should not push this analogy too far. Indeed, in many respects
it breaks down, and these are in fact important and interesting points. One concerns the
existence of an ionized ground state in colloidal system for large colloid separation, providing
that « is large enough. In an atomistic system this is impossible since even for the most
favorable thermodynamical case, namely CsCl, there is a cost in energy to transfer an elec-
tron from a cesium atom to a chlorine atom. Indeed, the smallest existing ionization energy
(for Cs, 376 kJ mol_l) is greater in magnitude than the largest existing electron affinity (for
Cs, 349 kJ molfl). In other terms, for atoms separated by large distances in the gas phase,
electron transfer to form ions is always energetically unfavorable.

As a last result, aimed at experimental verification, we show that an ionized state can also
exist at room temperature Tjy. Figure 3 shows the time evolution of the electrostatic energy of a
system Z4 = 180 with Zg = 30, R/a = 2.4 and f,, = 7-1073, where the starting configuration
is the neutral state (DI = 0). One clearly observes two jumps in energy, AE; = —19.5 kpTy
and AFEy = —17.4kgTy, which corresponds each to a counterion transfer from colloid B to
colloid A. These values are consistent with the ones obtained for the ground state, which
are—20.1 kg7 and —16.3 kgTy, respectively. Note that this ionized state (DI = 2) is more
stable than the neutral but is expected to be metastable, since it was shown previously that
the most stable ground state corresponds to DI = 5. The other stable ionized states for higher
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DI are not accessible with reasonable computer time because of the high-energy barrier made
up of the correlational term and the monopole term which increases with DI [13]. In fig. 4 we
display a typical snapshot of the ionized state (DI = 2) of this system at room temperature.

Obviously, these results are not expected by a DLVO theory even in the asymmetric case
(see, e.g., [19]). Previous simulations of asymmetric (charge and size) spherical macroions [20]
were also far away to predict such a phenomenon since the Coulomb coupling was weak (water,
monovalent counterions).

In summary, we have shown that the ground state of two unlike charged spherical macroions
is mainly governed by two important parameters, namely the bare charge asymmetry o and
the colloids separation R. If « is high enough, the ground state corresponds to the so-called
ionized state, whatever the macroions separation R is. In return, the degree of ionization
depends on R. Furthermore, for large R, we have established a criterion for «, allowing to
predict when a stable ionized configuration can be expected. The bare charge difference « plays
an analogous role to the electron affinity difference between two atoms forming a molecule
with ionic bonding. We demonstrated that the results presented here for the ground state can
lead to a stable ionic state even at room temperature providing that the Coulomb coupling
and/or the charge asymmetry is sufficiently large. This is a possible mechanism which could
lead to long-range attractions, even in bulk. Future work will treat the case where salt ions are
present. Finally, it would be desirable to theoretically quantify the influence of intercolloidal
correlations at short separations in a similar fashion as we have done for large separations.
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We investigate spherical macroions in the strong Coulomb coupling regime within the primitive model in
salt-free environment. We first show that the ground state of an isolated colloid is naturally overcharged by
simple electrostatic arguments illustrated by the Gillespie rule. We furthermore demonstrate that in the strong
Coulomb coupling this mechanism leads to ionized states and thus to long range attractions between like-
charged spheres. We use molecular dynamics simulations to study in detail the counterion distribution for one
and two highly charged colloids for the ground state as well as for finite temperatures. We compare our results
in terms of a simple version of a Wigner crystal theory and find excellent qualitative and quantitative agree-
ment.

DOI: 10.1103/PhysReVE.64.021405 PACS nuni®er82.70.Dd, 61.20.Qg, 41.20q

I. INTRODUCTION We further will discuss the necessary ingredients to explain
this phenomenon in terms of a simple Wigner crystal theory.

Charged colloidal suspensions are often encountered ibsing this Ansatz we show that it is possible for a pair of
the everyday life(technology, biology, medicine ejcand colloids that are sufficiently different in charge density to
have an important practical impadtl]. In numerous have an ionized ground state. Both, the one and two colloid
application-oriented situations, electrostatic repulsion amongases, are treated in terms of analytical predictions and veri-
colloids (macroion$ is desired in order to obtain a stabilized fications by simulation. Of special interest are the energy
suspension. Consequently the understanding of the electrbarriers necessary to cross from a neutral pair to an ionized
static interaction in such systems is motivated by practical aBair state. We finally demonstrate by explicit simulations that
well as theoretical interests. There is recent experimental evthe described features survive also at finite temperature.
dence that the effective interaction between two like-charged The paper is organized as follows. In Sec. Il a simple
spherical colloidgin the presence of neutralizing salsan ~ model based on the Gillespie rule is proposed to understand
be attractive in the presence of one or two glass Waks4]. charge inversion. Section IlIl contains details of our MD
This is in contrast with the classical work of Derjaguin, Lan- Simulation model. Section IV is devoted to the study of a
dau, Verwey, and OverbeelpLVO) based on a linearized single highly charged colloid. In Sec. V we investigate the
Poisson Boltzmann theoif,6], which foresees only repul- Situation where two colloids are present. Finally, in Sec. VI
sive effective Coulomb forces between two like-chargedwe conclude with a summary of our results.
spheres even in confined geometry. There are some indica-
tions that this attraction might be explainable in terms of
hydrodynamic effects induced by the wdll3.

Already in the bulk case there have been disputes for a
long time about the existence of long range attractive forces, Here we propose a simple model solely based on electro-
triggered mainly by the observation of voids in colloidal so- static energy considerations in order to understand the phe-
lutions[8—11]. There is no clear experimental and theoreticalnomenon of charge inversion for strongly coupled systems.
picture, either, and there have been speculations that the eBecause of the analogy between a spherical macroion sur-
periments observed phase coexistence. Recent theoreticg@unded by counterions and an atdne., nucleus+ elec-
[12—-14 and simulation[15—18 investigations have shown trons, it turns out fruitful to use classical pictures of atomic
the existence o$hort rangeattraction. physics in order to gain comprehension of certain phenom-

In two short communication§19,20,, we demonstrated ena occurring in mesoscopic colloidal systefd8,20. To
by molecular dynamicéMD) simulations, how a mechanism study the possibility of overcharging a single macroion, we
involving overcharged and undercharged spherical macrorecall the Gillespie rule also known as the valence-shell
ions could lead to astrong long rangeattraction between electron-pair repulsion theoffy21,22 that is well known in
charged spheres. In this paper we give a more detailed achemistry to predict the molecular geometry in covalent
count and elaborate on the physical mechanism responsibt®mpounds. Note that originally this model has nothing to do
for charge inversion(overcharge Why and how does a with overcharge. Applying simple electrostatics one can
charged particle strongly “bind” electrostatically at its sur- compute that thground state structuref two, three, four,
face so many counterions that its net charge changes sigrind five electrons disposed on a hard sphere corresponds to

simple geometrical situations like those depicted in Fig. 1.
The electrons try to maximize their mutual distances that

II. UNDERSTANDING OVERCHARGING
VIA THE GILLESPIE RULE

*Email address: messina@mpip-mainz.mpg.de leads, for example, in the case of three and four electrons to
TEmail address: holm@mpip-mainz.mpg.de equilateral triangular and tetrahedral arrangements.
*Email address: k.kremer@mpip-mainz.mpg.de Now, we can apply this concept to a spherical colloid of
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Neutral state Overcharged states and the corresponding energy values are given in Fig. 1. One
deduces that the maximally obtainable overcharging is
—2e (i.e., 100% around the central charge. That is, the ex-
cess counterions gain more energy by assuming a topological
favorable configuration than by escaping to infinity, the
simple reason of overcharge. Note the arguments for over-
charging are independent of the Bjerrum length and of the

number of sphere radius, which enter only as prefactors in @&j.
electrons . . .

To safely use this above outlined model one has just to
geometric line equilateral tetrahedron trigonal ensure that the counterion size is small enough to avoid ex-
figure triangle bipyramid . . . .

cluded volume effects, which in practice is always true. The
angles 0=180° 0=120° 0=109.47° a=120° important message is that, from an energy point of view, a

p=o0° colloid alwaystends to be overcharged. Obviously, for high

electrostatic  E(2)=-3.500  E(3)=-4.268 E(4)=-4326  E(5)=-3.525 central charge, the direct computation of the electrostatic en-
energy ergy by using the exact equatiail) becomes extremely
FIG. 1. Ground state configurations for two, three, four, and ﬁvecompllcated. Therefore we resort to simulations for highly

counterions. The corresponding geometrical figures show the typicharged spheres.
cal angles. The electrostatic ener@y units ofkgTlg/a) is given
for a c%ntral charge of-2e. » Tlela) 10 lll. SIMULATION MODEL

The system under consideration contains two types of
radiusa, central charg&,= +2e, wheree s the elementary  spherical chargesti) one or two macroiofs) with a bare
charge, andN. monovalent counterions. By referring to Fig. central charg®= —Z,.e (with Z,,>0) and(ii) small coun-
1, the neutral system corresponds to the case where tWQerions of diametetr with chargeq= + Z.e (with Z.=2) to
counterions are present, and the three other déises, four,  neutralize the whole system. All these ions are confined in an
and five counterionscorrespond tamon-neutral overcharged jmpermeable cell and the macroishis (are held fixed.
states. The MD technique employed here is similar to the one

The total electrostatic enerdy(N.) is merely made up of ysed in previous studig49,20. In order to simulate a ca-

two terms: ) an attractive terne,(N¢) due to the attraction nonical ensemble, the motion of the counterions is coupled
between the counterions and the central charge (@t to a heat bath acting through a weak stochastic foute).
repulsive termE,.,(N;) due to the repulsion among the The equation of motion of counteridrreads
counterions. The final expression for the electrostatic energy
as a function of the number of counter ions reads d?r;

dr;
mF——ViU—myawLWi(t), 2

g

E(NC):Ea“(N°)+EreP(NC):kBTE[_chm+f(0)]’ where m is the counterion masd) is the potential force
(1)  having two contributions: the Coulomb interaction and the

excluded volume interaction, andis the friction coefficient.
wherelg=e?/(4mege, kg T) is the Bjerrum length and(6) Friction and stochastic force are linked by the dissipation-
is the repulsive energy part which is solely a function of thefluctuation theorem(W;(t)-W;(t"))=6mykgT5;;s(t—t’).
topology(relative angles between counterions, suckk@nd  For the ground state simulations the fluctuation force is set to
B appearing in Fig. 1, which also depend bdh) of the  zero.
ground state figure. For the specific cases reported in Fig. 1, Excluded volume interactions are taken into account with
the calculation ofE(N,), with 2<N =<5, is straightforward a purely repulsive Lennard-Jones potential given by

g 12 ag
r—ro r—ro

6

4e +e g, for r—ro<rgy,
Upy(r)= ()
0, for r—ro=rqut,
|
where ry=0 for the counterion-counterion interactiong =kgTp (With T,=298 K) ando=3.57 A, respectively. In

=70 for the macroion-counterion interactiony,,(=2"°)  the following we will setkgTo=1, so that all energies are

is the cutoff radius. This leads to affectivemacroion radius measured in those units, suppressing thereby all factors of
a (a=ro+o==8c) corresponding physically to the kgT, in our equations.

macroion-counterion distance of closest approach. Energy The pair electrostatic interaction between any p@air
and length units in our simulations are defined @5  wherei andj denote either a macroion or a counterion, reads
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TABLE |. Simulation parameters with some fixed values. 6 T .

Parameters n=0

n=2_8
0=357 A Lennard Jones length units
To=298 K Room temperature 4l i
€ 3=kgTg Lennard Jones energy units
Zn Macroion valence —
Z.,=2 Counterion valence No)
lg=100 Bjerrum length S0
fm Macroion volume fraction
a=8c Macroion-counterion distance of closest approach |

Ucouln)=lg—/, (4)
r 0
0 30

where Z; represents the valence of the ioftounterion or r/c

macroion. Being essentially interested in the strong Cou- . . .
n 9 y 9 FIG. 2. Ground state surface counterion correlation functions for

IOTb coupling reglme we Ch_oose the relative permittivity Z.,,=180 and two states of charfeeutral =0) and overcharged
€,=16, corresponding to a Bjerrum length of dOfor the (n=8)]

remaining of this paper. To avoid image charges complica-
tions, the permittivitye, is supposed to be identical within
whole the cellincluding the macroionas well as outside the ma

cell. Typical simulation parameters are gathered in Table . CL 2arg(rydr=(Nc+n—1), ©

IV. ONE-MACROION CASE
In this section, we focus on counterion distribution exclu-\’\/herm\lczZm/ZC Is the number of counterions in the neu-
' tral state anch is the number of overcharging counterions.

s!vely govemed byenergy minimizationi.e., T=0K. The Because of thdinite size and the topology of the sphere,
single spherical macroion is fixed to the center of the large

outer spherical simulation cdli.e., both spheres are concen g(r) has a cutoff atra (=25.17) and azerovalue there.
) . . Y i " More precisely one cannot state that the uncorrelated case
tric) of radiusR=40c. This leads to a colloid volume frac- P y

i eyl s . corresponds tg(r)=1 for the present finite system. There-
tion fr,=a”/R*=8x10 " In such a case correlations are fore at “large” distance the correlation function differs from

maximal, and all the counterions lie on the surface of thethe one obtained with an infinite planar object. Furthermore

spherical macr0|on._To avoid being trapped in rT1(;["’15'[""t)|‘?he absolute value @f(r) cannot be directly compared to the
states, we systematically heated and codlHal cycle$ the ope obtained with an infinite plane

system and only kept the lowest energy state then obtaine Correlation functions for the structural charge,=180

23]. It turns out that for this type of repulsive potential
Ebe]tween counteriosno rough Zﬁergy IaE dscapepappearsand for two states of charge, neutral<0) and overcharged
(n=8), can be inspected in Fig. 2. One remarks that both

and thus, the MD method is efficient to find the ground State'structures are very similar and highly ordered. A snapshot of
First, we checked that this method reproduces well th y gnly j P

ground state energies and structures of the simple situatio?ige ground state siructure of the neutral staie:Q) is de-
depicted in Fig. 1. picted in Fig. 3. A visual inspection gives an almost perfect

triangular crystalline structurdsee Fig. 3. A closer look at
Fig. 2 reveals that thg(r) of the overcharged state, contain-
ing eight more counterions than the neutral one, shows its

To characterize the counterion laysiructure we com-  first peak at some shorter distance compared tay(ng of
pute the counterion correlation functigr) on the surface the neutral state, as is expected for denser systems.

A. Counterion distribution

of the sphere, defined as It is also interesting to know how the counterion-layer
structure looks like when the system is broughtdom tem-

2P — . . perature T. At non zero temperature, correlation functions
cg(r) ;J Ar=ry)a(r=ry, ® are computed by averagirigj.; 5(r —r;) 8(r —r;) over 1000

independent equilibrium configurations that are statistically
wherec=N/4ma? is the surface counterion concentratidth ( uncorrelated. Results are depicted in Fig. 4Zg/= 180 and
being the number of counterions corresponds to the arc f,,=8x10 3. As expected the long-range counterion posi-
length on the sphere. Note that at zero temperature all equiional order is neatly weaker at room temperature than in the
librium configurations are identical, thus only one is requiredground state case. Meanwhile, the structure remains very
to obtaing(r). The pair distributiong(r) is normalized as correlated and highly short-range ordered and therefore it is
follows referred as a strongly correlated liqy24]. In terms of Cou-
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FIG. 3. Snapshot of the ground state structure of the neutral n

state (=0) with a macroion charg&,,=180 [see Fig. 2 for the
correspondingy(r)].

lomb coupling paramet¢4,25 FzZiIB/aCC, wherea, is

the average distance between counterions, we fhavd3
for Z,,=180.

B. Energy analysis

FIG. 5. Electrostatic energ§in units of kgT,) for ground state
configurations of a single charged macroion of as a function of the
number of overcharging counterionsn for three different bare
chargesZ,,. The neutral case was chosen as the potential energy
origin, and the curves were produced using the theory of(Eg),
compare text.

50, 90, and 180 corresponding to a surface charge density of

As demonstrated in Sec. Il, the spatial correlations arene elementary charge per 180, 100, and ) fespec-
fundamental to obtain overcharge. Indeed, if we apply theively. For a given macroion, we always start by adding the
same procedure and smeacounterions onto the surface of exact number of counteriond, to have an electroneutral

the colloid of radiusa, we obtain for the energy

@)

The minimum is reached f&=Z,,, hence no overcharging
occurs.

system. Once equilibrium of this system is reached, we add
the first overcharging counterion and let the new non-neutral
system relax, and we repeat this operation a given number of
times. The electrostatic energy is computed by summing up
the pairwise interactions of E@4) over all pairs.

The electrostatic energy as a function of the number of
overcharging counterions is displayed in Fig. 5. We note

To generalize results of Sec. Il to hlgher central Charge$hat the maxima[criticaD acceptance ofi (4, 6, and 8 in-

we have considered three macroionic charge of values

8 - | - .

=
1l
x O

=
1]

o

0 10 20 30
r/c

FIG. 4. Surface counterion correlation functionsrabm tem-
perature T, for two states of chargeutral(n=0) and overcharged
(n=8)] with Z,,=180 andf,,=6.6x 103,

creases with the macroionic chargg (50, 90, and 180 re-
spectively. Furthermore for fixech, the gain in energy is
always increasing witlZ,,. Also, for a given macroionic
charge, the gain in energy between two successive over-
charged states is decreasing with

The results of Sec. IV A showed that in the ground state
the counterions were highly ordered. Rouzina and Bloom-
field [25] first stressed the special importance of these crys-
talline arrays for interactions of multivalent ions with DNA
strands, and later Shklovsk[i12,24] and references thergin
showed that the Wigner crystQiVC) theory can be applied
to determine the interactions in strongly correlated systems.
In two recent short contributiorf49,20 we showed that the
overcharging curves obtained by simulations of the ground
state, like Fig. 5, can be simply explained by assuming that
the energys per counterion on the surface of a macroion
depends linearly on the inverse distance between them,
hence is proportional tgN for fixed macroion area, wheié
is thetotal number of counterions on the surfdd®,20,28.
This can be justified by the WC theory. The idea is that the
counterions form an ordered lattice on the surface of a ho-
mogeneously charged background of opposite charge, which
is also called a one component plas(@CP [27]. Each ion
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interacts in first approximation only with the oppositely a/ / n2
charged background of its Wigner-Seit?VS) cell [24], AE,=— —[(N+n)¥?— N§’2]+—7. (13
which can be approximated by a disk of radimswhich VA a

possesses the same area as the WS cell. Because we can o
assume the area of the WS cell to be evenly distributedequation(13) can be seen as an approximation of the exact

among theN counterions on the sphere’s surfade=47a?  general expression E@L), where the topological terrfi( )
we find is handled by assuming a perfect planar crystalline structure

through Eqgs.(11)—(13). Using Eq.(13), where we deter-

5 . mined the unknowny from the simulation data foAE; via

mhe=-=c" " (8 Eq. (12 we obtain a curve that matches the simulation data
almost perfectly, compare Fig. 5. The second term in equa-

The electrostatic interaction energy™ of one counterion tion (13) also shows why the overcharging curves of Fig. 5

with the background of its WS cell can then be determinec®™® Shaped parabolically upwards for larger values. of
Using the measured value af we can simply determine

zZl >

by the maximally obtainable numben,,,, of overcharging
h 1 counterions by finding the stationary point of Ed3) with
eM=—1572 fo 2mre —dr=— 2\mlgz%\c, (9)  respect ton:
2 2 1172
hence is proportional tgc, which proves our initial assump- nmangi S_Q\/N_c[lJr QL (14)
tion. It is convenient to define’=15Z2 and o'M=2\7 32m  4\m 647N,
~3.54. For fixed macroion area we can then rewrite @§.
as The value ofn,,,, depends only on the number of counteri-
ons N, and a. For large N. Eg. (14) reduces tongay
oM/ ~3aN/4\/7 which was derived in Ref[24] as the low
eM(N)=— IN. (100 temperature limit of a neutral system in the presence of salt.

What we have shown is that the overcharging in this limit
. S has a pure electrostatic origin, namely it originates from the
If one computes this value for an infinite plane, where they,,,|6gical favorable arrangement of the ions around a cen-
counterlons_ form an exact trlang_ular lattice, and takes_ IntQral charge. In the following we will investigate the behavior
account all interactions, one obtains the same form as in Eqt , on the surface charge density and on the radius of the
(9), but the prefactor™ gets replaced by the numerical \14croi0n
WC_ H .
valuea™~=1.96[28]. Although thevalueis almost a factor We have performed simulations for various surface charge
of two smaller than the simple hole picture suggests, the ansities by keepind fixed and changing,,= 2N, in the
functional dependencen the concentration is still the same. range 2 up to 180. Results can be found in Table Il and in
. Not "“OYV'”Q the precise value af we can Sf“” use the Fig. 6. We observe that is already for values dfl; as small
simple scaling behavior withto set up an equation to quan- 55'vyo where one can use the Gillespie rule to calculate the
tify the energy gainAE, by adding the first overcharging gnegy exactly, close the planar vala®C, and actually os-
counterion to the colloid. To keep the OCP neutral we imagyj|ates around this value. Foic>50, one reaches a plateau
ine adding a homogeneous surface charge density of opposi&q: a=1.86+0.05
charge ezce/A) to the_ C°”°id[.29]' T_his ensures that the This value is about 5% smaller then the one predicted by
bag:kground still neutralizes the incoming overcharging counyy= theory, and is presumably due to the finite curvature of
terion and Wwe can apply Eq10). To cancel our surface the sphere. For large values of the radiug/e expecta to
charge addition we add another homogeneous surface charge, ' e planar limit. To see the rate of convergence we
density of opposite sigi.e/A. This surface charge does not 4 rie 4 at a fixed concentration The results can be found
interact with the now neutral OCP, but adds a self-energy, Table Il and Fig. 7. For our smallest value @& 60 we
term of magnitude’/(2a), so that the total energy difference find a=1.91. For smalla, which is equivalent to a small

for the first overcharging counterion reads as number ofN., we observe again a slight oscillatory behavior
s of a, whereas for our two largest valuas-800 and 16@r
AE;=(Ng+1)e(Ng+1)—Nge(Ng) +=—. (11  we find up to numerical uncertainties the planar result
2a =aWC€=1.96. Again we stress that the numerical valuerof
enters only as a prefactor into the equations which govern
By using Eq.(10) this can be rewritten as the overcharging, it does not change the qualitative behavior.
One could wonder if the results presented above are still

_al s a3z L valid when the bare central charge of the colloid is replaced
A =-— ﬁ[(Nch D7 =N+ 2a’ (12 by smalldiscreteions lying on the macroion surface? In fact

Completely analogously one derives for the energy gdiip
for n overcharging counterior[80] !Note that this is the only part of the paper where 8c-.
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TABLE Il. Measured values for aisolatedmacroion, with fixed TABLE Ill. Measured values of the energy galriE$® and fixed
radiusa, of the energy gain for the first overcharging counterion counterion concentratioty varying this time the macroion radias
AESC for various macroion bare chargg,=2N,. The value ofr  and the number of counteriom, .
can be compared to the prediction of WC theory for an infinite
plane, which gives 1.96, compare text. We also record the values &/ o N¢ AE;/kgTy @
the fitting parameter of Eq. (15) for selected\, corresponding to

those of Fig.(9). The symbol®) stands for the ionization process 9 —133 191
discussed in Sec. VB 1. 16 —14.4 197
10 25 —-14.5 1.93
Zm N, AE; /kgTo o o 12 36 —-14.7 1.92
14 49 —-15.1 1.94
2 L —25 1.94 012 44 64 ~15.1 1.92
4 2 —38 1.89 018 29 100 ~15.3 1.92
6 3 53 1.97 019 4o 400 ~15.9 1.94
8 4 ~61 1.92 024 g9 1600 —16.4 1.97
10 > 7S 2.02 024 160 6400 ~165 1.96
20 10 —10.7 1.93
300 15 +17.9 1.91
32 16 0.41 C. Macroion-counterion interaction profile
gg j: _;i:g i:gé 8:2; In this part, we study the interaction potential profile at
900 45 429.2 1.89 T=0 K between aneutral effectivemacroion(bare macro-
128 64 0.79 ion + n(_eutrallzmg counterionsand one excess overcharglng
15000 75 374 lo1 counterion at a distanaefrom the colloid center. The profile
: : is obtained by displacing adiabatically the excess overcharg-
180 90 —35.3 188 0.93 ing counterion from infinity towards the macroion. We inves-
igg igg oo e 119 figated the case oZ,=2, 4,86,8, 10, 32, 50, 90, 128, 180,
: . and 288. All curves can be nicely fitted with an exponential
fit of the form
it has been shown that the energy of the overcharged state E,(r)=AE,e 70~9), (15)

(Fig. 5 for randomdiscrete colloidal charge distribution is

more or less quantitatively affect¢81,32 depending on the _ ] )
the valence of the counterions. More precisely it was showihereAE, is the measured value for the first overcharging
that the overcharge still persists and has a sim{far ~ counterion, andr is the only fit parametetsee Table i

monovalent counteriopor quasi-identicalfor multivalent ~ Results for the two valueg,=50 and 180 are depicted in
counterion$ behavior to the one depicted in Fig. 5, and this, Fig. 8. If one plots all our results for versusyN, we ob-
even ifionic pairing occurs between the counterions and theserve a linear dependence for a wide range of valuesl! for
discrete colloidal chargd81,37, that is even wheno coun-

terion WC is formed. =myN,, (16)
22 . . .
2 T T T
21 .
1.95 .
2 4
B 1.9 .
B 19+ .
18 ]
1.85 .
1.7 | .
1.6 L L . 1 8 1 1 1
0 50 11\?0 150 200 ~o 50 100 150 200
¢ alc
FIG. 6. Wigner crystal parameter as a function of the number FIG. 7. Wigner crystal parameter as a function of the colloid
of counterions\,, for fixed colloid radiusa. radiusa for a fixed surface counterion concentratian
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As in Eq. (9), h=(mc) 2 is the hole radius. For small
distancex, we expand Eq(17)

o 11, x4
-10 | 1 Vs X)=¢ l—HX'i‘ﬁX +0 F , (18
~ where the surface terid s (x=0)=¢M is given by Eq.
:m 20 | ; (9). By expanding the exponential in EQL5) to 2nd order
= for small 7x we obtain
S
7'2
0 E;(X)=AE;| 1— rx+ §x2+ o(7x3)|. (19
A comparison between E@19) and Eq.(18) shows that
to this order we can identify
-40 ! L L
0 1 2 3 4
1 N
rla r=r=\mc= gmo.oem_c. (20)

FIG. 8. Electrostatic interaction energiyn units of kgT,) of a
divalent counterion with a neutral effective colldidare particlet+ Comparing this to Eq(16) we note that this simple illustra-
surrounded counteriohsas function of distance/a from the center tion gives us already the correct scaling as well as the pref-
of a macroion for two different macroion bare charggs. The  5016r'yp 1o 30%. We neglected here the effect that the surface
energy is set. to zero at distance infinity. Solid lines correspond t%oncentration changes when the ion is close to the macroion
exponential fitgsee Eq.(15)]. as well as the curvature of the macroion.

with r_nowo.l,_ as can be _inspected i_n Fig. 9 V. TWO-MACROION CASE
This behavior can again be explained using a “WC hole”
picture in the limiting situation where:=r —a is small(i.e., In this section we consider two fixed charged spheres of

the displaced counterion is close to the macroion suyface bare charg®, andQg separated by a center-center separa-
this end we consider the classical electrostatic interactioion R and surrounded by their neutralizing counterions. All
Vg4isk(X) between a uniformly charged digthe WC hole—  these ions making up the system are immersed in a cubic box
supposed planaand a point ion(the displaced counteripn  of lengthL =800, and the two macroions are held fixed and
located on the axis of the disk at a distandeom its surface, disposed symmetrically along the axis passing by the two
which is given by centers of opposite faces. This leads to a colloid volume
fraction f,=24m(a/L)3~8.4x10 3. For finite colloidal
volume fractionf ,, and temperature, we know from the study

Viis(X) = =2/ C(Vh*+x"=X). A7 carried out above that in the strong Coulomb coupling re-
gime all counterions are located in a spherical “monolayer”
1.4 . . in contact with the macroion. Here, we investigate the
mechanism ofstrong long rangeattraction stemming from
1.2 P : monopolecontributions: that is one colloid is overcharged
// and the other one undercharged.
1+ -1 P 1
m=0.16 & A. Like charged colloids
//
o) 0.8 \//° | 1. Observation of metastable ionized states
© 06 | /. i In the present charge symmetrical situation we h@ue
// =Qg=—Ze. This system is brought abom temperature
| & | To. Initially the counterions are randomly generated inside
’ // the box. Figure 10 shows two macroions of bare chatge
o =180 surrounded by their quasi-two-dimensional counteri-
027 o® | ons layer. The striking peculiarity in this configuration is that
. it corresponds to an overcharged and an undercharged
[t > P 6 8 10 12 14 Sphere. There is one counterion more on the left sphere and

12
¢

one less on the right sphere compared to the bare colloid
charge. Such a configuration is referred@szed stateln a

FIG. 9. Exponential fit parameter as a function of the square total of ten typical runs, we observe this phenomenon five
root of the number of counteriongN.. The dashed line corre- times. We have also carefully checked against a situation
sponds to a linear fit in/N,. with periodic boundary conditions, yielding identical results.
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where we showed that a counterion gains high correlational
energy near the surface. This gain is roughly equal for both
macroion surfaces and decreases rapidly with increasing dis-
tance from the surfaces, leading to the energy barrier with its
maximum near the midpoint. For the single macroion case
we showed that the correlational energy gain scales with
JZ.,, whereas here we observe a linear behavior of the bar-
rier height withZ,,. We attribute this effect to additional
ionic correlations since both macroions are close enough for
their surface ions to interact strongly. For large separations
(here Rla=4.25) we find again that the barrier height in-
creases with/Z,,, as expectefisee Fig. 11b) and Table \].
Furthermore the energy barrier height naturally increases
with larger colloidal separation. Th#,, dependence of the
barrier also shows that at room temperature such ionized
states only can occur for largg,. In our case only foiZ,
=180, the ionized state was stable for all accessible compu-
compensate the macroions charge. Here the deficiency chatgk is tation times. Unfortunately, it is not possible to get a satis-

counterion(or *+2e as indicated above the macroiprand R/a  [actory accuracy of the energy jumps at nonzero tempera-
—36. tures. Nevertheless, since we are interested in the strong

Coulomb coupling regime, which is energy dominated, the

However it is clear that such a state is “metastable” becaus&€™ temperature analysis is sufficient to capture the essential
Physms.

it is not the lowest energy state. Indeed, in this symmetrical Simulation results presented in Fia. 11 can be again theo-
situation the ground state should also be symmetrical so therlt tically well describeg using the re\?ibusl ex onegrlltial .
both colloids should be exactly charge-compensated. Su y Y P Y €xp P

arguments remain valid even at nonzero temperature as qugeé ?gra;n;c:] f(l)er égﬁozgagg:ot?}_slf\f/?ﬁgc(;g% r;]tseré(;r;eln t?\ic-
as the system is strongly energy dominated, which is pres- 9 . !

ently the case. Nevertheless the ionized states observed héur?neral expression for the electrostatlg interackiggy(r,R)
seem to have a long life time since even afte? MD time Or'the present process can be approximated as

steps this state survives. In fact we could not observe within

the actual computation power the recover of the stable neu-  Epa/(r,R)=AE] exd — 7(r—a)]

tral state. To understand this phenomenon we are going to
estimate the energy barrier involved in such a process. +AE* exd —(R—r—a)]— a 21)

FIG. 10. Snapshot of a “pseudoequilibrium” configuration at
room temperaturd, where the counterion-layers do not exactly

R—r’
2. Energy barrier and metastability

To estimate the energy barrier, electrostatic energy prowhereAE7 is the “effective” correlationalenergy gained by
files atzero temperaturgvere (;Ompu'[edl where we move one the first OC at one macroion surface assumed identical for
counterion from the overcharged macroion to the underboth colloids. The last term in Eq21) corresponds to the
charged, restoring the neutral stasee drawing depicted in additional monopole attractive contribution of the displaced
Fig. 11(a)]. We have checked that the path leading to thecounterion with the undercharged colloid. Fitting parameters
lowest barrier of such a process corresponds to the line joilAET and 7) for R/a=2.4 andR/a=4.25 can be found in
ing the two macroions centers. The simulation data ardables IV and V, respectively. Same valuesrofvere used
sketched in Figs. 14—b and were fitted using a similar here as those of the single macroion césee Fig. 9 and
technique to the single macroion-counterion interaction proTable 1) . However for the small colloidal separatioR/@
file given by Eq.(15), which will be explicitly treated later. =2.4), due to the extra intercolloidal surface counterions
The resulting simulated energy barri&E, ., is obtained by correlations, we used a slightly largébsolut¢ value for
taking the difference between the highest energy value of thAE} compared to the oneAE,) of an isolated colloid
profile and the ionized state energgtart configuration Val-  (compare Tables IV and VThis is compatible with the idea
ues ofAE,,, can be found in Table IV for the small macro- that between the two colloidespecially when both spheres
ion separation cade/a=2.4. One clearly observes a barrier, come at contagt we have the formation of a “superlayer”
which increases quasi linearly with the chargg for the  that is more dense, thus leading to a smaller hole radius and
small colloids separatioR/a=2.4[cf. Fig. 11(@ and Table a higher energy gain. An analysis of the counterions structure
IV ]. The ground state corresponds as expected to the neutrafl the two macroions reveals that both WC counterion layers
state. Note that the ionized state and the neutral state aege interlocked, that is the projection along the axis passing
separated by only a small energy amodass than 2.5 the  through the colloid centers gives a superlattice strudtsee
difference being approximately of the order of the monopoleFig. 12.
contributionE=15(4/8—4/11)~1.36. The physical origin of For large colloidal separatiorR{a=4.25), the WC struc-
this barrier can be understood from the single macroion castire on one of the colloids is unperturbed by the presence of
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TABLE IV. Measured value of the energy barrier and fit param-
eters of the electrostatic interaction process involved in Figa)11
for Rla=2.4 and for for different macroion bare charges.

Zm A Ebar/kBTO A EI/kBTO TO

50 4.9
90 9.6
180 20.4

—20.4
—27.5
—-39.4

0.51
0.68
0.92

the other, hence we can talkée} = AE,, and our simulation
data can nicely be fitted by the parameters inferred from the
single colloid system.

3. Effective forces

Results concerning the effective forceszato tempera-
ture between the two macroions are now investigated which
expression is given by

Fett(R)=Fmm(R)+FL3+ Fpe, (22
whereF,«(R) is the direct Coulomb force between macro-
ions,F | ; is the excluded volume force between a given mac-
roion and its surrounding counterions aRg, is the Cou-
lomb force between a given macroion and all the
counterions. Because of symmetry, we focus on one macro-
ion. To understand the extra-attraction effect of these ion-
izedlike states, we consider three cagesk;,,= Fe¢s in the
ionized state with a charge asymmetry-ofl counterion(ii)
Fheu= Fefs IN the neutral caséii) F,ong= Fets SIMply from
the effective monopole contribution. Our results are dis-
played in Fig. 13 forZ,,= 180, where the ionized state was
also observed at room temperature. The noncompensated
case leads to a very important extra attraction. This becomes
drastic for the charge asymmetry &f2 counterions at short
separatiorR/a= 2.4 leading to a reduced effective attractive
force Flg=—10.7, a situation that was also observed in our
simulation at room temperature. In contrast to previous stud-
ies[15,16], these attractions are long range. For a sufficiently
large macroion separatiofirom 3.5), corresponding here
roughly to a macroion surface-surface separation of one col-
loid diameter, the effective force approaches in good ap-
proximation the monopole contributiqisee Fig. 13

B. Asymmetrically charged colloids

In this section we investigate the case where the two col-
loids have different charge densities. We will keep the col-
loidal radii a fixed, but vary the bare colloidal charges. The

FIG. 11. Total electrostatic energyn units of kgTy) of the
system, forzero temperatureonfigurations, of two macroions at a TABLE V. Measured value of the energy barrier and fit param-

center-center separation @) R/a=2.4 (b) Rla=4.25 as a func-  eters of the electrostatic interaction process involved in Fig)11
tion of one displaced counterion distance from the left macroion foffor R/a=4.25 and for different macroion bare charges.

three typical valueZ,,. The exact neutral state was chosen as the

potential energy origin. The schematic drawing indicates the patty AEa ks Ty AE¥/kgT o
(dotted ling of the moved counterion. The ending arrows of the arc

indicate the start positiorfleft sphere¢ and final position(right 50 16.8 —18.4 0.51
spherg of the moved counterion. Dashed lines correspond to the fiB0 23.3 —-24.4 0.68
using Eq.(21) of which parameters can be found in Tables IV and 180 33.8 -35.3 0.92

V.

021405-9
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10

; . r : gated for different uncompensated bare charge déaseized
state$ by simply summing up Eq(4) over all Coulomb
% o pairs. We define thdegree of ionizatioriDI) as the number
® N - ’ of counterions overcharging colloid (or, equivalently, un-

L J b‘ ‘ | dercharging colloid). The system is prepared at various DI
® 0 and we measure the respective energies. These states are
. . . 5 separated by kinetic energy barriers, as was demonstrated

. . . above. We consider three typical macroionic chaigg$30,
’J . . 3 90, and 15D and separation®/a (2.4, 3.0, and 4.25 The
. | J main results of the present section are given in Fig. 14. For
6 the largest separatiolR/a=4.25 and largest charg&g
. . ‘. =150([see Fig. 14a)], one notices that the ground state cor-
o responds to the classical compensated bare charge situation
5L . -~ . ‘ . i [referred as thaeutral state(DI of 0)]. Moreover the energy
* increases stronger than linear with the degree of ionization. If
& \’ ¢ one diminishes the bare chargg to 90 and 30, thground
‘ stateis actually the ionized state for a DI of 1 and 3, respec-
tively. The ionized ground state is about 8 and 36 , respec-
0 10 tively, lower in energy compared to the neutral state. This
X/oc shows that even for a relative large colloid separation, stable

o i » ionized states should exist for sufficient low temperatures

FIG. 12. Projection of the counterion positions, located on both

. ) ) : _~and that their stability is a function of their charge asymme-
inner (face to facg hemispheres, along the symmetrical axis passing,
through the macroion centers. Opitied) circles are counterions Y

belonging to macroio\(B). One clearly sees the interlocking of
the two ordered structures yielding locally to a superlattice.

Y/o
o
L]
®

-10 - s
-10 -5

o -

For a shorter separatidR/a= 3.0, ionized ground states
are found[see Fig. 14b)] for the same chargegg as previ-
ously. Nevertheless, in the ground state the DI is now in-
creased and it corresponds to 2 and 4 Zg=90 and 30,
respectively. The gain in energy is also significantly en-
hanced. For the shortest separation under consider&fian
=2.4[see Fig. 14&)], the ground state corresponds fat
investigated values afg to the ionized state, even fatg
=150. We conclude that decreasing the macroion separation
R enhances the degree of ionization and the stability of the
ionized state.

To understand this ionization phenomenon, it is sufficient

We start out again with studying the ground state of sucho refer to anisolatedmacroion surrounded by its neutraliz-
a system. The electrostatic energy of the system is investing counterions. We have investigated the energies involved

in the ionization(taking out counterions The complemen-

charge on sphera is fixedat Z,= 180, and spherB carries
variable charges withZg (whereZg<Z,) ranging from 30
up to 150. Global electroneutrality is ensured by addihg
+Ng divalent counterions, withNa=Z,/Z., and Ng
=ZglZ.. In this way we vary the bare counterion concen-
trationsc; = \N;/47a?, wherei stands forA or B.

1. Ground state analysis

1 - ' tary process of overchargingadding counterionshas al-
ready been investigatgdee Fig. $. A derivation of the for-
ol = = a i mula describing the ionization energ@E'®" proceeds

completely analogously to the one carried out for the over-

; charging Eq(13) and gives for thenth degree of ionization

) aB/ 7/ n?
Al | AEP"= —ﬁ[ms—n)”— NE+ -5 (@3
wherea”® are the values o belonging to colloidA andB,
respectively. In Fig. 15 we compare the predictions of Egs.
G—aF L . X
; N (13) and(23) to our simulation data, which shows excellent
-4 o—oF. . agreement. Our numerical data faE’" for Ng=15, 45,
= and 75, the value oAES® for No=90 (overcharging pro-
_5 , . cess, as well as the corresponding values fgrwhich have
2 3 R 4 5 been used for Fig. 15 can be found in Table II.
a With the help of Eqs(13) and(23), one can try to predict
FIG. 13. Reduced effective force between the two sphericathe curves of Fig. 14 for finite center-center separaton
macroions atzero temperaturdor Z,,=180 as a function of dis- Using for colloid A and B the measured values® and o®,
tance from the center. The different forces are explained in the textve obtain for the electrostatic energy difference at finite
The lines are a guide to the eye. center-center separatidh

FL/(k,T,)
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(a) 300 . ,
R/fa=4.25 [u] ZB =30
100 ; :
0 Z,=90
A A Z,=150
0 Z,=30 A / ¥ overcharge
0 Z,=90 e 200 / o) 1
A Z,=150 £
50 < 1 ;3 s
/’ v / - T
= e 0 g S v/,v—-"" ¥y
Y *A, /, g A ,/ ’14
< o . S
= AT et 100 K ,/,'f/zr .
OfBszz---- AT o7 1 Ko7
N Q-7 % A
\EL\ ’/:,/’/ i
g D ) /,E"
‘-""‘--B- _______ E]_,-— ":,:ET
ou’ 1 I I I
-50 1 2 3 . 5 4 . &5 . 10
Degree of ionization Degree of ionization
(b) FIG. 15. Total electrostatic energy as a function of the degree of
Rla=30 ionization for zero temperature configurations of iaolated col-
100 ‘ : loid. The three upper curves correspond to the ionization energy for
the three typical charge&g (30, 90, and 150 The lower curve
0 Z,=30 corresponds to the energy gain@thanged sign for commodity
0 Z,=90 overcharging Z,=180). Dashed lines were obtained using Egs.
A Z,=150 b (13) and(23) with the measured values far from Table II.
50 - 7 A
-~ g oc
= . AE,(R)=AE "+ AE;
) -
e P ) :
E B T 3naB/\/N_ L n o n2)
______________ Yy -t | =—F— VNg| 1= +0| —
omt\_::\:\é ______ - o " 2\/K 4Np Ng
aS Ay 2
R 3na”/ n n
T ———\N,| 1+ —+ 0| —
B B o 2VA 4Na Ni
-50 I I I I
0 2 3 4 5 2,
.S, n</ a
Degree of ionization + 1—=|. (24)
a R
(© , , _ _
Rja=2.4 The quality of the theoretical curves can be inspected in
100 ; ; . . Fig. 14. The prediction is is very good for large separations,

but the discrepancies become larger for smaller separations,
and one observes that the actual simulated energies are
lower. Improvements could be achieved by including polar-
ization effects along the ideas leading to E2{l), by adjust-
ing, for example,a” and «B. More important, the physical
interpretation of Eq.(24) is straightforward. The left two
terms represent the difference in correlation energy, and last
term on the right the monopole penalty due to the ionization
and overcharging process. This means that the correlational
energy gained by overcharging the highly charged colkoid
must overcome the loss of correlation energy as well as the
monopole contributioritwo penaltie$ involved in the ioniza-
-100 : 2 s : tion of colloid B. With the help of Eq(24) we can establish
Degree of ionization a simple criterion(more specifically a sufficient conditipn
valid for large macroionic separations, for the charge asym-
FIG. 14. Total electrostatic energy as a function of the degree ofetry VNa—Ng to produce an ionized ground state of two
ionization for zero temperature configurations of two colloids ( Unlike charged colloids with the same size,
andB), for three typical charge&g (30, 90, and 150for macroion

B and for three given distance separatiof@:R/a=4.25,(b) R/a N N 4\/;%
=3.0 and(c) R/a=2.4. Dashed lines were obtained using Ex). (VNa—=VNg)> 3a 1.2. 25
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Referring to Fig.(15) this criterion is met when the over- -23150 ;
charge curve(changed signis higher than the ionization
curve.

If one uses the parameters of the present study one find
the requiremenNg <66 to get a stable ionized state. This is
consistent with our findings where we show in Fig. 14 that
for Ng=75, andR/a=4.25, no ionized ground state exists _ =
whereas folNg=60 we observed one even for infinite sepa- & -23250
ration (not reported hepe The criterion Eq(25) is merely a &
sufficient condition, since we showed in Fig. 14 that when
the colloids are close enough, this ionized state can appee
even for smaller macroion charge asymmetry due to en-
hanced intercolloidal correlations. At this stage, we would
like to stress again, that the appearance of a stable ionize
ground state is due merely to correlation. An analogous con- ~ -233%0 - : ‘ ,

-23200

-23300

. . : . oo 500 1000 1500 2000
sideration with smeared out counterion distributions along time (LJ)
the lines of Eq.(7) will again always lead to two colloids _

exactly neutralized by their counteriof&3]. Our energetical FIG. 16. Relaxation, at room temperatufg=298 K, of an

arguments are quite different from the situation encounterethitial unstable neutral state towards ionized state. Plotted is the
at finite temperatures, because in this case even a PoissdAtal electrostatic energy versus tinieJ units, for Zg=30 and
Boltzmann description would lead to an asymmetric counterR/2=2.4. Dashed lines lines represent the mean energy for each DI
ion distribution. However, in the latter case this happens duét@te. Each jump in energy corresponds to a counterion transfer
to pure entropic reasons, namely, in the limit of high tem_from the_ mgcrmorB _to macroionA leading to an ionized stai(®I
peratures, the counterions want to be evenly distributed ifff 2 Which is lower in energy than the neutral one. The two energy
space, leading to an effective charge asymmetry. jumps AE; /kgTo=—19.5 and AE,/kgTo=—17.4 are in very

At this stage, on looking at the results presented above, QOOd agreement with those of Fig. (8#(~20.1 and—16.3).
appears natural and straightforward to establish an analo
with the concept of ionic bonding. It is well known in chem-
istry that the electronegativity concept provides a simple ye
powerful way to predict the nature of the chemical bonding
[34]. If one refers to the original definition of the electrone-

gativity given by Paulind34] *the power of an atom in a ground state, which are 20.1 and— 16.3, respectively. Note

molecule to attract electrons to itself,” the role of the barewat this ionized statéDl of 2) is more stable than the neutral

charge asymmetry becomes obvious. Indeed, it has all i ; ) .
. - -Dut is expected to be metastable, since it was shown previ-
equivalent role at the mesoscopic scale as the electron affin-

ously that the most stable ground state corresponds to DI of

ity at the microscopic scale. Another interesting analogy iss_ The other stable ionized states for higher DI are not ac-

the influence of the colloidal separation on the stability of thecessible with reasonable computer time because of the hidh
ionized state. Like in diatomic molecules, the ionized state P 9

will be (very) stable only for sufficiently short colloid sepa- energy :)arrler n;]adg up of the_ cr:lorrelatlonal term z;nd lthe
rations. Nevertheless, one should not push this analogy togronopoe term that Increases with DI. In Fig. 17 we display
! typical snapshot of the ionized stdfel of 2) of this sys-

far. One point where it breaks down concerns the existenc?
of an ionized ground state in colloidal system farge col- enz)gfli?lfsrr t(?[hmepseera:g;i.lts are not expected by a DLVO
loid separation, providing that the difference in the counter- y: P y

ion concentration on the surface is large enough. In an atot_heory even in the asymmetric casee, e.g[35]). Previous

mistic system this is impossible since even for the mosF”.nu'at'ons of asymmetriccharge and sigespherical mac-

favorable thermodynamical case, namely, CsCl, there is 50|ons[36] were also far away to predict such a phenomenon

h . ince the Coulomb coupling was weé&kater, monovalent
cost in energy to transfer an electron from a cesium atom tS piing C

: S counterion
a chlorine atom. Indeed, the smallest existing ionization en- a

ergy (for Cs, 376 kJmol?) is greater in magnitude than the
largest existing electron affinitiffor Cs, 349 kJmoll). In

other terms, for atoms separated by large distances in the gas | summary, we have shown that the ground state of a
phase, electron transfer to form ions is always energeticallgharged sphere in the presence of excess countericals is
unfavorable. waysovercharged. A sufficiently charged colloid can in prin-
ciple be highly overcharged due to counterion mediated cor-
relation effects, and this phenomenon is quantitatively well
As a last result, aimed at experimental verification, wedescribed by a simple version of Wigner crystal theory. In
show that an ionized state can also exdpbntaneoushat  the strong Coulomb coupling regime, the energy gain of a
room temperature J. Figure 16 shows the time evolution of single excess ion close to a counterion layer can be of the
the electrostatic energy of a systefq=180 with Zz=30, order of many tens okgT,. Furthermore we demonstrated

Ra=2.4 andf ,=7x10 3, where the starting configuration

'[s the neutral statéDI of 0). One clearly observes two jumps

in energy,AE;=—19.5 andAE,=—17.4, each of which
corresponds to a counterion transfer from collBitb colloid

A. These values are consistent with the ones obtained for the

VI. CONCLUDING REMARKS

2. Finite temperature analysis
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bare charge is sufficiently large, and can thus survive for
long times. Such configuration possess a natural strong long
range attraction.

In return, if the symmetry in the counterion concentration
on the colloidal surface is sufficiently broken, the ionized
state can bestable The ground state of such a system is
mainly governed by two important parameters, namely, the
asymmetry in the counterion concentration determined by
Jea—cg, and the colloid separatioR. If the counterion
concentration difference is high enough, the ground state cor-
responds to an ionized state, whatever the macroions separa-
tion R is. However, the degree of ionization dependsRon
Besides, for largdR, we have established a criterion, allow-
ing to predict when a stable ionized configuration can be
expected. The counterion concentration difference plays an
analogous role to the electron affinity between two atoms

FIG. 17. Snapshot of the ionized stdfl of 2) obtained in the ~ forming a molecule with ionic bonding. We demonstrated
relaxation process depicted in Fig. 16, with the net chargde  that the results presented here for the ground state can lead to
and — 4e as indicated. a stable ionic state even at room temperature provided that

the Coulomb coupling and/or the counterion concentration
that the electrostatic interaction between a counterion and asymmetry is sufficiently large. This is also a possible
macroion effectively neutralized by its counterions decaysmechanism that could lead to strong long range attractions,

exponentially on a length scale which is equal to the Wignekgyen in bulk. Future work will treat the case where salt ions
crystal hole radius. are present.

We further found that for twdike-charged macroions
(symmetric case an initially randomly placed counterion
cloud of Fhe_lr neutralizing d|va_lent counterions may not be ACKNOWLEDGMENTS
equally distributed after relaxation, leading to two macroions
of opposite net charges. This is due to the short range WC This work was supported blyaboratoires Europens As-
attraction that leads to this energetically favorable oversocies (LEA) and a computer time Grant No. hkf06 from
charged state. The resulting configuration is metastable, howNIC Juich. We acknowledge helpful discussions with B.
ever separated by an energy barrier of sevies@l, when the  Jonsson, R. Kjellander, H. Schiessel, and B. Shklovskii.
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Abstract. The effect of fixed discrete colloidal charges in the primitive model is investigated for spherical
macroions. Instead of considering a central bare charge, as it is traditionally done, we distribute discrete
charges randomly on the sphere. We use molecular dynamics simulations to study this effect on various
properties such as overcharging, counterion distribution and diffusion. In the vicinity of the colloid surface
the electrostatic potential may considerably differ from the one obtained with a central charge. In the
strong Coulomb coupling, we showed that the colloidal charge discretization qualitatively influences the
counterion distribution and leads to a strong colloidal charge-counterion pair association. However, we
found that charge inversion still persists even if strong pair association is observed.

PACS. 82.70.Dd Disperse systems: Colloids — 61.20.Qg Structure of associated liquids: electrolytes, molten
salts, etc. — 41.20.-q Applied classical electromagnetism

1 Introduction

The electrostatic interactions in charged colloidal systems
play a crucial role in determining the physical properties of
such materials [1,2]. The behavior of these systems is ex-
tremely complex due to the long-range Coulomb interac-
tions. A first simplifying assumption is to treat the solvent
as a dielectric medium solely characterized by its relative
permittivity €,. A second widely used approximation con-
sists in modeling the short-range ion-ion excluded-volume
interaction by hard spheres. These two approximations
are the basis of the so-called primitive model of elec-
trolyte solutions. The system under consideration is an
asymmetrical polyelectrolyte made up of highly charged
macroions and small counterions in solution. A further
simplification can be achieved by partitioning the system
into subvolumes (cells), each containing one macroion to-
gether with its neutralizing counterions plus, if present,
additional salt. This approximation has been called ac-
cordingly the cell model [3,4]. The cells assume the sym-
metry of the macroion, here spherical, and are electrostati-
cally decoupled. In this way one has reduced a complicated
many-body problem to an effective one-colloid problem.
For spherical macroions the structural charge is normally
modeled by a central charge, which, by Gauss theorem, is
equivalent to considering a uniform surface charge density
as far as the electric field outside the sphere is concerned.

Most analytical work as well as simulation approaches
rely on the above assumptions. It is well known that in
the strong Coulomb coupling regime ion-ion correlations
become very important, and significant deviations from
mean-field approaches are expected. One of the effects

? e-mail: messina@mpip-mainz.mpg.de

which a mean-field theory like the Poisson-Boltzmann
one cannot explain is the phenomenon of overcharge, also
called charge inversion. It consists of binding excess coun-
terions to a charged particle (macroion) so that its net
charge changes sign. This has recently attracted signifi-
cant attention [5-14]. It may give rise to a possible mech-
anism for strong long-range attraction between like-sign
charged colloids [12,13].

The purpose of this paper is to investigate if such a
phenomenon (overcharge) depends on the way the struc-
tural charge is represented. The macroion is taken to be
perfectly spherical, i.e. we neglect any surface roughness
[15]. We introduce discrete charges on the macroion sphere
instead of a central charge, and compare the results to
those obtained with a central charge. We concentrate on
the following properties in the strong Coulomb coupling:
overcharging, counterion distribution and surface diffu-
sion.

2 Simulation model
2.1 Macroion charge discretization

The macroion charge discretization is produced by using
Ny, identical microions of diameter o, all identical to the
counterions, distributed randomly on the surface of the
macroion. Then the structural charge is Q = —Z,e =
—Z.Npe, where Z,, > 0, Z. is the counterion valency and
e is the positive elementary charge. The discrete colloidal
charges (DCC) are fized on the surface of the spherical
macroion. In spherical coordinates the elementary surface
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Fig. 1. Schematic view of the setup: the discrete colloidal
charges (DCC) of diameter o are in dark grey. The radial elec-
trostatic field components E, and E, are represented. For a
detailed meaning of the other symbols, see text. Note that this
is a a two-dimensional representation of the three-dimensional
system.

is given by
dA = 72 sin0dfdp = —rid(cos)dyp, (1)

and, to produce a random discrete charge distribution on
the surface, we generated randomly the variables cos 6 and
. Only configurations leading to an overlap of microions
are rejected. Figure 1 shows a schematic view of the
setup. Note that in real physical systems like sulfonated
latex spheres, no large heterogeneities are expected in the
charge distribution, provided that the colloid surface is rel-
atively regular, therefore our choice is justified. Neverthe-
less, the experimental situation is more complicated since
other phenomena such as surface chemical reactions [16],
hydration, roughness [15] and many more may be present.
Here, we restrict ourselves to a simple model in order to
understand the effect of macroion charge discretization,
and leave the other questions for future investigations.

2.2 Molecular dynamics procedure

We use molecular dynamics (MD) simulations to compute
the motion of the counterions coupled to a heat bath act-
ing through a weak stochastic force W(t). The equation
of motion of counterion i reads

dzI‘i dI‘i
e~ ViU

m + W, (t), (2)
where m is the counterion mass, U is the potential force
having two contributions: the Coulomb interaction and
the excluded-volume interaction and I' is the friction
coefficient. Friction and stochastic force are linked by
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the dissipation-fluctuation theorem (W,(t) - W;(t')) =
6mI'kgTd;;0(t —t'). For the ground state simulations the
fluctuation force is set to zero.

Excluded-volume interactions are taken into account
with a pure repulsive Lennard-Jones potential given by

4e {(rﬁm)m— (T0T0>6:| +¢, for r—r9 < reus,
Ury(r)= (3)

0, for r —rg > rcut,

where 79 = 0 for the microion-microion interaction (the
microion can be a counterion or a DCC), rg = 7o for
the macroion-counterion interaction, and 7.y (= 21/ 60)
is the cut-off radius. This leads to a macroion-counterion
distance of closest approach a = 8¢. Energy and length
units in our simulations are defined as € =kgTy (with Ty =
298 K), and o = 3.57 A, respectively.

The pair electrostatic interaction between any pair i,
where ¢ and j denote either a DCC or a counterion, reads

7,7,

Y
r

Ucoul(r) = kTol (4)
where I = €2 /Amepe kpTh is the Bjerrum length describ-
ing the electrostatic strength. Being essentially interested
in the strong Coulomb coupling regime, we choose the
relative permittivity e, = 16 (Ig = 100), divalent counte-
rions (Z. = 2) and divalent DCC for the remaining of this
paper.

The macroion and the counterions are confined in a
spherical impenetrable cell of radius R. The macroion is
held fixed and is located at the center of the cell. The
colloid volume fraction fy, is defined as r2 /R®, where
rm = a— o /2 is the colloid radius. We have fixed R = 400
so that fy = 6.6 x 1073, To avoid image charge complica-
tions, the permittivity ¢, is supposed to be identical within
the whole cell (including the macroion) as well as outside
the cell.

3 Macroion electric field

The first step to understand the effect of colloidal charge
discretization consists of estimating the electric field, or
equivalently, the electrostatic potential generated by such
a sphere in the absence of counterions. A simple graphical
visualization of the field lines is here not possible, since
there is no perfect symmetry. Indeed, in the present case
the electric field becomes very anisotropic and irregular
close to the sphere, which is the most interesting region
where correlations are expected to be large. To describe
qualitatively the effect of charge discretization on the elec-
trostatic potential, we compute for three perpendicular di-
rections z, y, z the resulting radial potentials V,.(r), V, (r),
V.(r) for one given DCC random distribution as a func-
tion of the distance r > a from the macroion center. The
radial component of the electric field E;(r) = —%Vi(r)
has the important feature of representing the attractive
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Fig. 2. Radial electrostatic potential as a function of the
macroion center distance r produced by the fixed microscopic
colloidal charges disposed on the sphere. These potentials have
been measured in three perpendicular directions (z,y, z) (see
Fig. 1). The isotropic case corresponds to the field obtained
with a central charge (monopole). Three structural charges are
considered: (a) Zm = 50, (b) Zm =90, and (c) Zn, = 180.
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component towards the sphere. The normalized radial po-
tential V; in the i-th direction at a distance r from the
colloid center is given by

N,

m
Vi(r) = —ksTolg 22>
j=1

e ()]

where r;(r) is the vector pointing from the microion j to
the point where the electric potential is computed (see
Fig. 1). Physically, V(r) is the electrostatic potential in-
teraction between a counterion and all the surface mi-
croscopic colloid charges. The monopole contribution is
merely given by Vinono(r) = —kBTOZB%. In Figure 2 we
show the electric potential for three typical bare charges,
each corresponding to one given random macroion charge
distribution. For all cases, one notes that in the vicinity of
the surface the potential becomes very different from the
one computed with a central charge. We carefully checked
that similar results were obtained for other choices of z,
y, z directions (by rotating the trihedron (ez, e, e.)).
However, if we observe the electric field sufficiently far
away from the colloidal surface (about one macroion di-
ameter), the field is almost exactly the same as the one
produced by a central charge, which we term isotropic for
the rest of this paper. A closer look at Figure 2 reveals
that by increasing the bare charge Z,, the electric field
starts to become isotropic at smaller distances from the
sphere’s surface. This last feature can be physically easily
interpreted. In fact when one increases the bare charge,
one also increases the absolute number of discrete charges
which has the effect of approaching the uniform contin-
uous charge density limit (corresponding to the isotropic
case).

To capture the discretization effect on the surface elec-
trostatic potential, we have measured the electrostatic po-
tential along a circle of radius a concentric to the spherical
macroion (see Fig. 1). We start from the top of a given
DCC microion and move along a circle in a random di-
rection and measure the electrostatic potential V(s) as a
function of the arc length separation s from the start-
ing point. The same formula as equation (5) has been
used here. The constant monopole contribution is merely
given by Vinono = —kpTolp Z"(‘ZZC. Results are reported in
Figure 3 for the same configurations as before. It clearly
shows that the electrostatic potential is strongly fluctu-
ating. More specifically, the higher the structural charge
Zm, the larger the “oscillation frequency” of the poten-
tial fluctuations over the surface. This feature can be ex-
plained in terms of “holes”. In the very vicinity of a given
DCC the potential is increased (in absolute value) in av-
erage, and around a given DCC there is a hole (depletion
of charges) which tends to decrease the potential (in abso-
lute value). The average surface of this hole is increasing
with decreasing bare charge Z,, (i.e. decreasing density of
charged sites).

In the following sections we are going to study the
effect of charge discretization on the counterions distribu-
tion in the strong Coulomb coupling. For all following re-
sults we used the same random charge distributions which
gave the results of Figures 2 and 3.

()
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Fig. 3. Surface electrostatic potential as a function of the
arc length s along a circle of radius a concentric to the the
macroion for three different trajectories. The monopole contri-
bution is represented by the dashed line. The same configura-
tions as those of Figure 2(a-c) have been used.
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4 Ground state analysis

In this section, we focus on counterion distribution exclu-
sively governed by energy minimization, i.e. T =0 K. In
such a case correlations are maximal, and all the coun-
terions lie on the surface of the spherical macroion. To
avoid the trapping in metastable states, we systematically
heat and cool (10 cycles) the system and retain the low-
est energy state obtained in this way. Furthermore, we
choose as the starting configuration the one where each
DCC is exactly associated with one counterion, and each
of these dipoles is radially oriented (each dipole vector and
the macroion center lie on the same line). Preliminary, we
checked that this method reproduces well the ground state
energy and structure in simple situations where a central
charge with two, three, four or five counterions is present.
The structure of these systems is well known by the Gille-
spie rules [17]. It turns out that in these situations no
rough energy landscape (even for Z,, = 180 and 90 coun-
terions) appears and therefore the MD simulation easily
finds the global minimum. It is only in the case of DCC
that several energy minima are observed.

4.1 Neutral case

First we consider the simple salt-free case where the sys-
tem [macroion + counterions] is neutral. In order to char-
acterize the counterion layer, we compute the counterion
correlation function (denoted by CCF) g(r) on the surface
of the sphere, defined as

pig(r) =Y o(r—r)d(r—r)), (6)

i#]

where ps = N, /47ra2 is the surface counterion concentra-
tion (N, = Zn,/Z. being the number of counterions), r
corresponds to the arc length on the sphere. Note that at
zero temperature all equilibrium configurations are identi-
cal, thus only one is required to obtain the CCF. Similarly,
one can also define a surface macroion correlation function
(MCF) for the microions on the surface of the macroion.
The CCF is normalized as follows:

" / " drg(r)dr = (N, — 1), (1)

Because of the finite size and the topology of the sphere,
g(r) has a cut-off at ma (= 25.10). Therefore at “large”
distance the correlation function differs from the one ob-
tained with an infinite planar object.

The CCF and MCF for two different structural charges
Zm (50 and 180) can be inspected in Figure 4. The CCF is
computed for a system with a central charge (CC) and for
the discrete colloid charges (DCC) case. One remarks that
both CCF differ considerably following the nature of the
colloidal charge, i.e., discrete or central (see Fig. 4). For
the isotropic case (central charge) a Wigner Crystal struc-
ture is observed as was already found in references [12,13,
18]. It turns out that when we have to deal with DCC the
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Fig. 4. Ground state surface correlation functions for two
macroion bare charges: (a) Zm = 50 and (b) Zn, = 180. The
two counterion correlation functions (CCF) are obtained for
discrete colloidal charges (DCC) and for the central charge
(CC). To get the same distance range for CCF and the col-
loidal surface discrete microions correlation function (MCF),
the MCF curve z-axis (r/c) was rescaled by a factor a/ro
(compare the setup of Fig. 1).

counterion distribution is strongly dictated by colloidal
charge distribution (see Fig. 4). Ground state structures
are depicted in Figure 5. It clearly shows the ionic pairing,
between DCC and counterions. Also, it appears natural to
call such a structure a pinned configuration. However, one
can expect that the structure might become less pinned
if the typical intra-dipole distance (here o) and the typ-
ical mean inter-dipole distance become of the same or-
der. This is a case which is not discussed in the present
paper. It would correspond to extremely highly charged
colloids that are rarely encountered in nature. Neverthe-
less, we checked that even for Z, = 360 the structure
is still pinned, where the average inter-dipole distance is
about 20.
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Fig. 5. Ground state structures for two values, (a) Zm = 50
and (b) Zm = 180, corresponding to the two cases of Figure 4.
The colloidal surface microions are in white, and the counteri-
ons in blue. Full ionic pairing association occurs.

4.2 Overcharge

We now investigate the overcharge phenomenon. The
starting configuration corresponds to neutral ground
states as were previously obtained. The spirit of this study
is very similar to the one undertaken in reference [12].
To produce overcharge, one adds successively overcharging
counterions (OC) in the vicinity of the colloidal surface.
Thus the resulting system is no longer neutral. By using
Wigner crystal theory [6,19], we showed that the gain in
electrostatic energy (compared to the neutral state) by
overcharging a single uniformly charged colloid can be
written in the following way [12,13,18]:

AESC :AEcor+AEmon _
3 3n
_ N2
MV |5+ o ¥

where AFE°°", which is equal to the first term of the right
member, denotes the gain in energy due to ionic correla-
tions for n OC. The functional form of this term can be
derived from the WC theory [12,13,18]. The second term
on the right-hand side, AE™°", is the monopole repul-
sion, which sets in when the system is overcharged (with

(n—1)n
2a

:| + (kBTo)lBZE
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charges Zy,. CC stands for the central charge case. The neutral
case was chosen as the potential energy origin. The dashed lines
are produced by using equation (8).

n > 1). This term will, for sufficient high number n of OC,
stop the process of overcharging. As before N, = Z,,/Z.
is the number of counterions in the neutral state, and ~ is
a constant which was determined by using the measured
value of AEPC of our simulations.

The total electrostatic energy of the system as a func-
tion of the number of OC is displayed Figure 6 for four
bare charges Zy, (50, 90, 180 and 360). These energy
curves corresponding to discrete systems were produced
by averaging over five random DCC realizations. Again,
the overcharging process is affected by the charge dis-
cretization and pinning, but it is still energetically favor-
able. The main effects of charge discretization are: i) the
reduction of gain of energy and ii) the reduction of max-
imal (critical) acceptance of OC. Both points can be ex-
plained in terms of ion-dipole interaction. It is exactly
this attractive ion-dipole correlation which is responsi-
ble of charge inversion for colloidal systems with discrete
charges. When the first OC is present, it is normally lo-
cated in between the pinning centers, and will essentially
interact with its neighboring dipoles (DCC-counterion).
This interaction increases with decreasing OC-dipole sep-
aration, i.e. increasing the colloid bare charge Z,,. This
explains why the energy gained increases with Z,, (see
Fig. 6). On the other hand, the repulsion between the
counterions is not fully minimized since they do not adopt
the ideal Wigner crystal structure that is obtained with a
central charge which in turn explains i). For a higher de-
gree of overcharge, one has to take into account a repulsive
monopolar contribution identical to AE™°™ appearing in
equation (8). Again, since for DCC structures counterions
are not perfectly ordered, the attractive correlational en-
ergy is smaller (in absolute value) than the one obtained
with a central charge, which in turn explains ii). Note that
for very high bare charge (Z,, = 360) the overcharge curve
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obtained with DCC approaches the one from the contin-
uous case as expected.

Common features of overcharging between isotropic
and discrete systems are briefly given here. We note that
the maximal (critical) acceptance of OC (4, 6 and 8 for a
central charge and 2, 4 and 6 for DCC) increases with the
macroionic charge Z,, (50, 90 and 180, respectively). Fur-
thermore, for a given number of OC, the gain in energy
is always increasing with Z,,. Also, for a given macroionic
charge, the gain in energy between two successive over-
charged states is decreasing with the number of OC. Note
that at T = 0, the value ¢, acts only as a prefactor. All
these features are captured by equation (8).

5 Finite temperature

In this part, the system is brought to room temperature
Ty. We are interested in determining the counterions dis-
tribution as well as the counterion motion within the coun-
terion layer. The radius R of cell is again fixed to 400 so
that the macroion volume fraction fy, has the finite value
6.6x 1073, Under these conditions the system is still highly
energy-dominated so that at equilibrium all counterions lie
on the surface of the macroion (strong condensation).

5.1 Counterions distribution

Like in the ground state analysis, we characterize the
counterion distribution via its surface correlation function.
At non-zero temperature, correlation functions are com-
puted by averaging >, . 6(r —r;)d(r —r;) over 1000 inde-
pendent equilibrium configurations which are statistically
uncorrelated. Results are depicted in Figure 7. For both
bare charges Z,, (50 and 180) considered the counterions
distributions are affected by charge discretization. The ef-
fect of temperature is to smooth the CCF. As expected,
for the central charge case, the counterion positional order
is much weaker at room temperature than in the ground
state case.

5.2 Surface diffusion

The aim of this section is to answer the following question:
do the counterions only oscillate around their equilibrium
(ground state) position or do they have also a global trans-
lational motion over the sphere?

To answer to this question one introduces the following
quantity:

A2 (1) = / A — 2(t)]2,  (9)

—to Jy,
which is referred to as the mean-square displacement
(MSD), where x(ty) represents the position of a given
counterion at time ¢ = to and x(¢,tp) is its position at
later time ¢. The root-mean-square displacement (RMSD)
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two CCF are obtained for discrete colloidal charges (DCC) and
for the central charge (CC). (a) Zm = 50, (b) Zn = 180.

is defined as Axz(t,tg) = /Ax2(t,1p). Like for the sur-
face correlation function, the MSD is measured on the
spherical surface (arc length) and it has a natural up-
per limit (7a)?. Results for the discrete case are depicted
in Figure 8 for two macroion bare charges Z,, (50 and
180), where each counterion RMSD is given. In both cases,
the RMSD is smaller than the typical mean inter-dipole
separation, which is approximatively (ps)~/? ~ 60 for
Zm = 50 and (ps)~Y? ~ 30 for Z, = 180. This sug-
gests that the motion of the counterion is purely oscilla-
tory around its DCC pinning center. Figure 8 also shows
that pinning is stronger for Z,, = 50 than for Z,, = 180.
This is in agreement with our previous statement, where
we point out that the inter-dipole distance has to be com-
parable (or smaller) to (than) the intra-dipole distance in
order to reduce pinning effect. Thus the DCC sites do pro-
duce a noticeable energy well. One can get convinced on
this point, by evaluating the electrostatic binding energy
of an ionic pair E;, which is

Epin = —kpTolpZ2 /o = —40kpTy. (10)

369

Z,=50
0.7 . . . .
(@
0.6} .
O
@ ost
=
4
04} 1
03 1 1 1 1
0 5 10 ) 15 20 25
counterion
5 : ,Zm: 190 : :
(b)
4t ]
g3 ~
fa)
[#)
Z 2t ~
l 4
0 L 1 1 1 1 |
0 20 40 60 80 100
counterion

Fig. 8. Root mean square displacement (RMSD) for each
counterion; (a) Zm = 50, (b) Zm = 180.

However, for much higher temperatures a liquid-like be-
havior is to be expected. Also, of course, the strength of
the pinning can be lowered by different parameters: larger
ions, higher dielectric constant €., monovalent ions as is
captured by equation (10). For the isotropic case, we have
checked that counterions have a large lateral motion and
can move all over the sphere. This is obvious since in this
situation there are no pinning centers.

6 Concluding remarks

We have carried out MD simulations within the frame-
work of the primitive model to elucidate the effect of col-
loidal charge discretization. The main result of our study
is that, in the strong Coulomb coupling, the charge inver-
sion is still effective when the macroion structural charge
is carried by discrete charges distributed randomly over
its surface area. We have shown that the intrinsic elec-
trostatic potential solely due to the surface colloidal mi-
croions varies strongly from point to point on the macroion
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sphere. When counterions are present, it leads to a pinned
structure where every counterion is associated with one
colloidal charge site. Furthermore, we observed a pure
phonon-like behavior (counterion vibration with small lat-
eral motion) found at room temperature.

Future work will address the problem of valency asym-
metry, that is when the colloidal charges are represented
by monovalent counterions and the counterions are multi-
valent. This is a non-trivial situation since ionic pairing
may be frustrated. Also, the case of the weak Coulomb
coupling regime should be addressed.

We thank B. Shklovskii for helpful and constructive remarks.
This work is supported by Laboratoires Furopéens Associés
(LEA).
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Abstract

We report the coupled effects of macroion charge discretization and counterion valence in the
primitive model for spherical colloids. Instead of considering a uniformly charged surface, as it
is traditionally done, we consider a more realistic situation where discrete monovalent micro-
scopic charges are randomly distributed over the sphere. Monovalent or multivalent counterions
ensure global electroneutrality. We use molecular dynamics simulations to study these effects at
the ground state and for finite temperature. The ground state analysis concerns the counterion
structure and charge inversion. Results are discussed in terms of simple analytical models. For
finite temperature, strong and weak Coulomb couplings are treated. In this situation of finite
temperature, we considered and discussed the phenomena of ionic pairing (pinning) and unpair-
ing (unpinning). (©) 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Charged colloidal suspensions are a subject of intense experimental and theoretical
work not only because of their direct application in industrial or biological processes,
but also because they represent model systems for atomistic systems. The electrostatic
interactions involved in such systems have a fundamental role in determining their
physico-chemical properties [1,2]. Theoretical description of highly charged colloidal
solutions faces two challenges: (i) different typical length scales due to the presence of
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macroions (i.e., charged colloids of the size 10—1000 A) and microscopic counterions
and (i1) their long-range Coulomb interaction. A first simplifying assumption is to
treat the solvent as a dielectric medium solely characterized by its relative permittivity
&-. A second widely used approximation consists in modeling the short range ion—ion
excluded volume interaction by hard spheres. These two approximations are the basis of
the so-called primitive model of electrolyte solutions. The system under consideration is
an asymmetrical electrolyte solution made up of highly charged macroions and small
counterions. A further simplification motivated by this asymmetry can be made by
partitioning the system into subvolumes (cells), each containing one macroion together
with its neutralizing counterions plus (if present) additional salt. This approximation
has been called accordingly the cell model [3,4]. The cells adopt the symmetry of the
macroion, here spherical, and are electrostatically decoupled. It is within the cell model
that we present our simulation results.

For spherical macroions the structural charge is usually modeled by a central charge,
which by Gauss theorem is equivalent to a uniform surface charge density as far as
the electric field (or potential) outside the spherical colloid is concerned.

Most analytical concepts as well as simulations rely on the above assumptions and
especially on the central charge assumption. It is well known that in the strong Coulomb
coupling regime ion—ion correlations become very important, and significant deviations
from mean-field approaches are expected. A counter-intuitive effect which classical
mean-field theories (like Poisson—Boltzmann model) cannot explain is the phenomenon
of overcharge, also called charge inversion. That is, there are counterions in excess
in the vicinity of the macroion surface so that its net charge changes sign. This has
recently attracted significant attention [5S—17]. In particular, we showed recently that
this phenomenon may give rise to a strong long range attraction between like-sign
charged colloids [12,13,17]. A natural question which comes up is: does overcharge
and more generally ion—ion correlations strongly depend on the way the macroion
structural charge is represented (i.e., uniformly charged or discrete charges on its sur-
face)? In a recent paper [16], we studied such a situation in the strong Coulomb
coupling regime where the macroion charge was carried by divalent microions in the
presence of divalent counterions (same ionic valence). In Ref. [16] we reported the
important result showing that overcharge is still possible under those conditions. More-
over we showed that the intrinsic electric field solely due to the macroion surface
microions (without counterions) varies strongly from point to point on the colloidal
sphere [16].

The goal of this paper is to study by means of molecular dynamics (MD) simula-
tions the coupled effects of macroion charge discretization and counterion valence in
the primitive model for spherical colloids. A systematic comparison with the uniform
macroion charge distribution (i.e., central charge) is undertaken. The paper is organized
as follows. In Section 2 we give some details on the macroion charge discretization
as well as on the MD simulation model. Section 3 is devoted to the ground state
analysis where surface counterion structure and overcharge are addressed. In Section
4 we investigate the finite temperature situation, where counterion structure is studied
for strong and weak Coulomb couplings. Finally, in Section 5 we provide a summary
of the results.
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Fig. 1. Schematic view of the setup: the discrete colloidal charges (DCC) of diameter ¢ are in dark gray.
For a detailed meaning of the other symbols see text. Note that this is a two-dimensional representation of
the three-dimensional system.

2. Simulation model
2.1. Macroion charge discretization

The procedure is similar to the one used in a previous study [16]. The discrete
macroion charge distribution is produced by using Z,, monovalent microions of diam-
eter o (same diameter as the counterions) distributed randomly on the surface of the
macroion. Then the structural charge is Q =—Z2,e=—2,,Z,e, where Z,, >0, Z;=1 1is
the valence of these discrete microions and e is the positive elementary charge. These
discrete colloidal charges (DCC) are fixed on the surface of the spherical macroion.
Fig. 1 shows a schematic view of the setup. The counterions (not shown in Fig. 1)
have a charge ¢ = +Z.e, where Z. > 0 stands for the counterion valence. In spherical
coordinates the elementary surface is given by

d4 =risin0d0de = —rf d(cosf)de , (1)

where 7y is the distance between the macroion center and the DCC center. Thus to
produce a random discrete charge distribution on the surface we generated (uniformly)
randomly the variables cos 6 and ¢. Excluded volume is taken into account by rejecting
configurations leading to an overlap of microions. Phenomena such as surface chem-
ical reactions [18], hydration, roughness [19] are not considered. For commodity we
introduce the notation (—Z; : +Z.) to characterize the valence symmetry (asymmetry)
for Z. =1 (Z. > 1) of the ions (DCC and counterions) involved in discrete systems.
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2.2. Molecular dynamics procedure

A MD simulation technique was used to compute the motion of the counterions
coupled to a heat bath acting through a weak stochastic force W(¢). The procedure is
very similar to the one used in previous studies [12,16].

The motion of counterion i (DCC ions being fixed) obeys the Langevin equation

dzl'i dl'l'
i :_viU(ri)_myE"i_Wi(t)a (2)
where m is the counterion mass, U is the potential force having two contributions:
(1) the Coulomb interaction and (ii) the excluded volume interaction, and 7y is the
friction coefficient. Friction and stochastic force are linked by the dissipation-fluctuation
theorem (W;(¢) - W;(¢')) = 6mykpTd;;0(t — t'). For the ground state simulations the
stochastic force is set to zero.

Excluded volume interactions are taken into account with a pure repulsive Lennard—
Jones potential given by

12 6
w |(7) - (5)
ULJ(}"): r—r r —r

0 forr —rog = reys,

m

+ery, forr—ryg <veu,

(3)

where o =0 for the microion—microion interaction (the microion being either a counte-
rion or a DCC), ry =70 for the macroion—counterion interaction and 7., = 2164 is the
cutoff radius. This leads to a (center—center) macroion—counterion distance of closest
approach a = 8a (see also Fig. 1). The macroion surface charge density ¢, is defined
as

 4ma?

Om (4)
Energy and length units in our simulations are related to experimental units by taking
er; =kgTy (with Tp =298 K) and ¢ =3.57 A, respectively.

The pair electrostatic interaction of any pair ij, where i and j denote either a DCC
a counterion or the central charge (for the non-discrete case), reads

7.z

Ucoul(r) - kBTOIB T 5

(5)
where [z =e?/4meye kpTy is the Bjerrum length describing the electrostatic strength. For
the rest of this paper, electrostatic energy will always be expressed in units of kgTj.
This also holds for the ground state analysis where the temperature is 7 = 0 K but
Ty =298 K. From now on the pair electrostatic interaction will be written in reduced
units so that Eq. (5) reads Ueous = Z;Zj/r.

The macroion and the counterions are confined in a spherical impenetrable cell of
radius R. The macroion is held fixed and is located at the center of the cell. The
colloid volume fraction f,, is defined as a*>/R*. To avoid image charge complications,
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Table 1
Simulation parameters with some fixed values

Parameters

c=357A Lennard—Jones length units

To =298 K Room temperature

erg = kgTy Lennard—Jones energy units

Zm Macroion valence

Z;=1 Discrete colloidal charge valence
Z; Counterion valence

Ip Bjerrum length

a=38cg Macroion—counterion distance of closest approach
Om Macroion surface charge density
R =40¢ Simulation cell radius
fm=8x1073 Macroion volume fraction

the permittivity &, is supposed to be identical within the whole cell (including the
macroion) as well as outside the cell. Typical simulation parameters are gathered in
Table 1.

3. Ground state analysis

In this section, we focus on counterion distribution exclusively governed by
energy minimization, i.e., T = 0 K. In such a case correlations are maximal and all
the counterions lie on the macroion surface. This situation has the advantage to enable
accurate computation of energy variations in processes such as overcharging and also to
provide a clear description of effects which are purely correlational in nature. The
method employed here was successfully carried out in Refs. [12,13,16,17] and is ex-
plained in detail in Ref. [17]. The Bjerrum length /z is set to 10g. Note that in the
ground state the value of /3, or equivalently the value of the dielectric constant ¢,, does
not influence the counterion structure at all. Only the electrostatic energy is rescaled
accordingly.

3.1. Neutral case

First we consider the simple case where the system [macroion + counterions] is
globally neutral. In order to characterize the two-dimensional counterion structure we

compute the counterion correlation function (CCF) g.(r) on the surface of the sphere
defined as

Age(r = ¥ =)= Zé(r’ —r)o(r" —r;), (6)
i#j

where c=N,/4na® is the surface counterion concentration (N.=Z,,/Z. being the number
of counterions) and » corresponds to the arc length on the sphere. Note that at zero
temperature all equilibrium configurations are identical (except for degenerate ground
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state), thus only one is required to obtain g.(7). The counterion correlation function
gc(r) is normalized as follows:

c /OW 2nrg.(r)dr=(N, —1). (7)

Because of the finite size and the topology of the sphere, g(r) has a cut-off at r, =
na =25.1¢ and ¢(r,.) = 0. Furthermore the absolute value of g(7) cannot be directly
compared to the one obtained with an infinite plane.

Similarly, one can also define a surface macroion correlation function (MCF) g,,(7)
for the microions (representing the colloidal structural charge) on the surface of the
macroion. The normalization of g,,(7) is very similar to Eq. (7) and reads

am/o 2nrg,(r)dr=(Z,, — 1), (8)

where the arc length has been rescaled by a factor a/ry so that g.(r) and g,(r) are
directly comparable (see also the setup Fig. 1) and are defined in the same » range.

3.1.1. Monovalent counterions

We first treat the systems where we have monovalent counterions, that is we have to
deal with the symmetric discrete system (—1 : +1). The counterion correlation functions
gc(r) are computed for a central macroion charge [denoted by gf;cc)(r)] and for discrete
macroion charge distribution [denoted by gEDCC)(r)]. Results for three structural charges
Z, = 60, 180 and 360 are given in Figs. 2(a), (b) and (c), respectively. For the
continuous case (central charge) the counterion structure consists of a pseudo-Wigner
crystal (WC) as was already found in Refs. [12,13,16,17]. Also the higher the absolute
number of counterions N, (i.e. the concentration c¢) the higher the order of counterion
structure for the continuous case [compare Fig. 2(a) with Fig. 2(c¢)].

It turns out that in the case of discrete colloidal charges the counterion distribution
is strongly dictated by the colloidal charge distribution and especially for low macroion
surface charge density 7, (Z,, =60) [see Fig. 2(a)]. For Z,, =60, gEDCC)(r) and g,,(7)
are almost identical. This indicates that each counterion is exactly associated with one
DCC site. The ground state structure for Z, = 60 is depicted in Fig. 3(a) where one
clearly observes this ionic pairing.

This strong ionic pair association can be easily explained in terms of local corre-
lations. Let us consider the picture sketched in Fig. 4 which holds for strong ionic
pairing, where a given dipole A (ionic pair made up of a counterion and a DCC
site) on the macroion surface essentially interacts with its first nearest surrounding
dipoles B. Note that very similar lengths were also considered in a recent theoretical
study [20] in the one-dimensional case (counterion adsorption on a linear polyelec-
trolyte). It is important to have in mind that such a local description is physically
justified due to the strong screening generated by ionic pairing. Thereby local cor-
relations are twofold: (i) the attractive interaction between the DCC site of dipole
A with its paired counterion and the counterions of dipoles B, and (ii) the repul-
sive interaction between the counterion of dipole A and counterions of dipoles B. The
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Fig. 2. Ground state surface correlation functions ¢(r) for monovalent counterions (Z, = 1) and for three
macroion bare charges: (a) Z, = 60 (b) Z, = 180 and (c¢) Z, = 360. The two counterion correlation
functions (CCF) g.(r) are obtained for discrete colloidal charges [gE;DCC)(r) denoted by CCF(P€O)] and
for the central charge [ggcc)(r) denoted by CCF(®®)]. MCF stands for the discrete colloidal charges pair

distribution g, (7).

correlations between DCC sites are not relevant since they are fixed. The intra-dipole
attractive interaction E,;, between the DCC site and its “pinned” counterion can be
written as

Zch

Epin=— .
P g

)

For the elementary nearest inter-dipole (or inter-ionic pair) interactions, one can write
for the attractive interaction £, _ between the DCC site of dipole A and the counterion
of dipole B:

Zd Zc

Ade

E = (10)
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Fig. 3. Ground state structures for discrete monovalent systems (—1 : +1): (a) Z, = 60 and (b) Z, = 360.
The discrete colloidal charges (DCC) are in white, and the counterions in blue. Full ionic pairing association
occurs. The corresponding counterion correlation functions g.(r) can be found in Figs. 2(a) and (c).

dipole A dipole B

e ) a
(0)
‘ ) a

Fig. 4. Schematic view of the local electrostatic interactions and typical correlation lengths involved between
nearest dipoles. The negatively charged DCC (—) are in gray and the positively charged counterions (+) in
white.

A similar expression can be written for the repulsive inter-dipole interaction E
involving counterions of dipole A and dipole B, which reads

Eif=—. (11)

cc
Note that the repulsive counterion—counterion term FE,, alone, even if space
truncated,' drives to the long-range ordered triangular WC structure. However at
zero temperature the DCC sites represent pinning centers for the counterions where
the electrostatic potential is considerably lowered (due to the term E,;,) compared to
its direct “empty” neighborhood (charge hole), which in turn prevents the counterions

! This statement holds if the cutoff is larger than the lattice constant.
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from adopting the ideal WC structure. This latter aspect was thoroughly discussed in
Ref. [16]. Another important quantity characterizing discrete systems is the ratio
dCC

—< 12
dom (12)

P pin =
between the mean inter-dipole separation d.. (more exactly the mean counterion—
counterion separation) and intra-dipole separation d ,;, of an ionic pair (in the present
study d ,;, = o as depicted in Fig. 4). The value of d.. can be obtained by taking the
first peak position of gE.CC)(r).

Obviously, for sufficiently low macroion surface charge density g, (i.e., large p i)
the ionic pairing term E,;, will be dominant and strong ionic pairing occurs. More
specifically, when the typical inter-dipole distance is large compared to the intra-dipole
distance then dipole—dipole interactions are weak (i.e., |E4_ — E, | <|Ei|) and the
DCC distribution dictates the counterion structure. This is what qualitatively explains
our simulation findings for Z, = 60 [see Figs. 2(a) and 3(a)].

When ¢,, becomes sufficiently important the situation may become qualitatively
different. In this case dipoles approach each other and because of excluded volume?
a.. becomes comparable to ¢ (see Fig. 4).° Thereby, the counterion—counterion repul-
sion term E, . (overcompensating £, ) induces counterion ordering compatible with
the local attractive pinning potential field generated by DCC centers. This effect can

be inspected in Figs. 2(b) and (c) where one sees that upon increasing o, gf;DCC)(r)

is gradually less correlated with g,,(») and more correlated with gﬁCC)(r). As a topo-
logical consequence, some counterions will be in contact with several (two or more)
DCC attractors as can be seen in Fig. 3(b).

The quasi-triangular counterion arrangement for high o,, (Z,, =360) can be inspected
in Fig. 3(b). For this symmetric system in size (same diameter for the counterions and
the DCC ions) one expects that for a compact amorphous DCC layer the counterion
structure should become perfectly ordered. This extreme limit which would correspond
to unreachable experimental charge densities has not been addressed in our simulations.

In parallel, increasing o, induces by purely excluded volume effect a stronger local
order within the DCC layer as can be checked on the g,(r) plots in Figs. 2(a)—(c).
This is quite similar to what occurs in a system of hard spheres where the (dense)
liquid phase is locally correlated and the (dilute) gaseous phase is uncorrelated.

In summary, the system depicted above is the siege of an order—disorder phase
transition where upon increasing o,, (i.e., decreasing p,;,) we pass from a disordered
counterion structure (imposed by the DCC layer) to a long-range ordered one which
is induced by local counterion—counterion correlations.

Although results presented above concern one given random distribution (for each
Zn), we carefully checked that similar results and conclusions could be drawn for
different random realizations (systematically five). This also holds for the following
section below where we deal with multivalent counterions.

2Note that in the present model no surface dipole flip is allowed which should also be the case
experimentally.

3 The limiting case is where the global structure is compact, i.e., touching spherical microions.
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3.1.2. Multivalent counterions

We turn to the asymmetric discrete systems (—1 : +Z.) where multivalent counte-
rions are present (Z. > 1). The correlation functions g(r) for two macroion charges
Z, =60 and 180 and various counterion valences Z. can be found in Fig. 5. One re-
marks that upon decreasing the number of counterions N. (i.e., increasing Z.) for fixed
Zy, the first peak of g.(r) is gradually shifted to the right (compare also the mono-
valent case given in Fig. 2) whatever the nature of the macroion charge is (discrete
or continuous). Furthermore, we observe for the discrete systems that upon increas-

ing Z. (for fixed Z,) the correlation between gEDCC)(r) and g,,(r) decreases and in-

creases between gf;DCC) (r) and g&CC)(r). This effect is clearly noticeable in Fig 2(b) and
Fig. 5(c)—(e) corresponding to Z, = 180. The very high counterion valence Z. = 10
reported in Fig. 5(e) was undertaken in order to stress the counterion multivalence
effect. These findings lead to the conclusion that the counterion valence has the effect
of reducing the disorder in the counterion structure stemming from the randomness of
the DCC distribution.

This related phenomenon can be theoretically explained with simple ideas. Basically,
the mechanisms involved in this counterion valence induced ordering stem from two
concomitant sources: (i) topological and (ii) correlational.

The topological aspect is due to the presence of (Z,, — Z,,/Z.) unbound DCC sites
(free of associated counterion) ensuring global electroneutrality [cf. e.g. Figs. 3(a) and
6]. It is to say that here, compared to the monovalent case (—1 : +1), the counterions
have all the more “freedom” to choose their pinning locations because Z. is high.
To be more precise, the number of topologically accessible “pinned” configurations is
given* by

CZnlZe _ Zn!
Zn (Zn — Zin|ZI)NZm) Ze)!

which reduces to 1 for Z.=1. In the ground state, counterions will “decide” to choose
among these various possible arrangements the one which minimizes the total energy
of the system. It is clear that this topological feature by itself promotes counterion
valence induced ordering.

Concomitantly, there is a purely counterion correlation induced ordering which is Z,.
dependent. Indeed, using similar arguments as those previously employed for mono-
valent systems (—1 : +1) built on Eqgs. (9)—(11), one can infer the role of Z.. More
specifically, by assuming an ordered WC structure® the term E, . given by Eq. (11)
can be rewritten as

(13)

pe 22

YT (14)

4 Rigorously, Eq. (13) holds when each counterion is associated with one and only one DCC site (case
of low gy,). For high 7, it remains a good approximation to capture the essential physics.

> From a topological point of view, it consists in replacing the current (random) Voronoi structure by the
ordered WC structure.
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Fig. 5. Ground state surface correlation functions for different multivalent systems: (a) Z, =60, Z. =2; (b)
Zn =060, Z. =3; (¢) Zn =180, Z. =2; (d) Z, =180, Z. =3; (e) Zn = 180, Z, = 10. The two counterion
correlation functions (CCF) are obtained for discrete colloidal charges (DCC) and for the central charge
(CC). The gmu(r) curves (denoted by MCF) are identical from (a) to (b) and from (c) to (e).



70 R. Messinal Physica A 308 (2002) 59-79

Fig. 6. Ground state structure for (—1 : +10) with Z, = 180. The corresponding counterion correlation
function g.(r) can be found in Fig. 5(e).

where a.. in Eq. (11) is now given by

—1/2

Z

Qe = Qpp ~ 12 o (Z_ZZ) . (15)
C

Eq. (14) shows that for fixed Z, and a (i.e., fixed macroion charge density) E”S ~

Zg/ % whereas E pin ~ Z. (recalling that Z; =1) and therefore for sufficiently high Z, the
term E_KVE will be dominant. Thereby Z. induces counterion ordering so as to minimize
mutual counterion—counterion repulsion merely dictated by Eq. (14). As a topological
consequence, some counterions which would be in contact with several DCC sites if
they were monovalent can now be in contact with less DCC sites (see Fig. 6).

In summary, these discrete multivalent systems are again the siege of an
order—disorder phase transition which is counterion valence controlled.

3.2. QOvercharge

We now investigate the charge inversion (overcharge) phenomenon. The starting
equilibrium configurations correspond to neutral ground states as were previously
obtained. The method employed here is very similar to the one used in Refs. [12,16].
To produce a controlled overcharge, one adds successively overcharging counterions
(OC) in the vicinity of the macroion surface. Thereby the resulting system is no longer
neutral. Using Wigner crystal concepts [6,21], we showed that the gain in electrostatic
energy (compared to the neutral state) by overcharging a single uniformly charged
macroion (i.e., central charge) with n overcharging counterions can be written in the
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Fig. 7. Total electrostatic energy for monovalent counterions ground state configurations as a function of the
number of overcharging counterions n: (a) Z, = 60, Z. =1 (b) Z, = 180, Z. = 1. Overcharge curves were
computed for discrete macroion charge distribution (DCC) and macroion central charge (CC). The neutral
case was chosen as the potential energy origin. Dashed lines were produced by using Eq. (16). For discrete
systems (DCC) error bars are smaller than symbols.

following way [12,13,17]:
2

VA

As before N.=Z,,/Z. is the number of counterions in the neutral state, 4 is the macroion
area (4ma®) and o is a positive constant which was determined by using simulation
data for AEPC. AES", which is equal to the first term of the right member, denotes the
gain in energy due to ionic correlations. The derivation of this term can be found in
Refs. [12,13,17], and the basic idea is that each counterion interacts essentially with its
neutralizing uniformly charged Wigner—Seitz cell. The second term on the right-hand
side, AE"", is the self-energy of the excess of charge. This repulsive term stops the
overcharging for sufficiently large n. Note that the WC concept for describing energy
correlations is already excellent for highly short range ordered structures (strongly
correlated liquids, see Ref. [6] for a detailed discussion). The total electrostatic energy
of the system as a function of # is displayed Fig. 7 (for monovalent counterions) and
Fig. 8 (for multivalent counterions) for two bare charges Z,, =60 and 180. The energy
curves corresponding to discrete systems were produced by systematically averaging
over five random DCC realizations.

2
n
[(N. +n)** = N>?| + 22— (16)

AEJC = AES + AE)" = — o
a

3.2.1. Monovalent counterions

Let us first focus on the monovalent symmetric case (—1 : +1) where for the
neutral state each DCC site is exactly associated with one counterion as was shown
above. The results in Figs. 7(a) and (b) show that the overcharging process occur-
ring with a discrete macroion charge distribution is quite different from the one ob-
tained with an uniform surface charge distribution. Especially for the smallest bare
charge Z, = 60, the effect of disorder is very important in agreement with what was
already found above for the neutral state in Section 3.1.1. The main effects of charge
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Fig. 8. Total electrostatic energy for multivalent counterions ground state configurations as a function of
the number of overcharging counterions n: (a) Z, =60, Z. =2 (b) Z, =60, Z. =3 (¢c) Z, =180, Z. =2
(d) Z, = 180, Z. = 3. Overcharge curves were computed for discrete macroion charge distribution (DCC)
and macroion central charge (CC). The neutral case was chosen as the potential energy origin. Dashed lines
were produced by using Eq. (16). For discrete systems (DCC) error bars are only indicated when larger
than symbols.

discretization are: (i) the reduction in gain of energy and (ii) the reduction of maxi-
mal (critical) number, n*, of stabilizing overcharging counterions (corresponding to a
minimum in the energy curve). Both points were thoroughly discussed elsewhere [16]
for an equivalent symmetric discrete system (—2 : +2). It was shown that points (1)
and (ii) can be explained in terms of ion—dipole interaction, which presently is the
main driving force for overcharging. When the overcharging counterions are present,
each of them will essentially interact (attractively) with its neighboring dipoles (ionic
pairs). The attractive ion—dipole interaction increases with decreasing ion—dipole sepa-
ration, i.e., increasing macroion charge density a,,. This explains why the energy gain
increases with Z,, [compare Figs. 7(a) and (b)]. On the other hand, the repulsion be-
tween the counterions is not fully minimized since they do not adopt the ideal WC
structure that is obtained with a central charge which in turn explains (i) and (i1). How-
ever for high bare charge (Z, = 180) the overcharge curve obtained with DCC [see
Fig. 7(b)] approaches the one from the continuous case as expected for high counterion
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concentration. This feature is fully consistent with what was already found in Section
3.1.1, where it was shown that the order of the counterion structure in the neutral state
(for discrete systems) increases with ¢,. In other terms, the WC approach through
Eq. (16) is a good approximation for describing discrete systems at high o, since
stronger ordering exists.

Common features of overcharging between continuous and discrete systems are
briefly given here. We note that »n* increases with the macroionic charge Z,.
Furthermore, for a given n, the gain in energy always increases with Z,,. Also, for
a given macroionic charge Z,,, the gain in energy between two successive overcharged
states is decreasing with n. Note that at 7=0 K, the value of ¢, acts only as a prefactor.
All these features are captured by Eq. (16).

3.2.2. Multivalent counterions

Now we are going to discuss the asymmetric discrete systems (—1 : +Z.) where
multivalent counterions are present (Z. > 1). The results of Figs. 8(a)—(d) indicate that
the energy gain in the overcharging process at fixed Z,, and » is higher the higher the
counterion valence Z. for both macroion charge distributions (discrete and continuous).
For the continuous case this can be directly explained in terms of WC concepts [i.e.,
Eq. (16)]. Indeed the main leading term of the correlational energy AES” in Eq. (16)
scales like

AEC ~ 732 (17)

for fixed n and fixed macroion charge Z,,, and recalling that N.=2,,/Z.. Eq. (17) quanti-
tatively (qualitatively) explains why overcharging is stronger with increasing counterion
valence Z, for the continuous (discrete) case.

As far as discrete systems are concerned, the overcharging mechanisms occurring
with multivalent counterions differ from those occurring with symmetric monovalent
systems (—1 : +1). This is again due to the presence of (Z,, — Z,,/Z.) unbound DCC
sites in the neutral state as discussed in Section 3.1.2. When overcharging comes into
play, each overcharging counterion becomes paired with some® of these free DCC
sites. Fig. 8 shows that the overcharging with multivalent counterions (especially the
higher Z,,) is significantly less affected by colloidal charge discretization than in the
monovalent case (see Fig. 7).

For Z,, = 60, simulations show that overcharging in the discrete case can even be
stronger than in the continuous case [see Figs. 8(a) and (b)]. This phenomenon can be
qualitatively understood by referring to the very low macroion surface charge density
limit, where the correlation term AES”" in Eq. (16) becomes negligible compared to
the ionic pairing term £ ,;, given by Eq. (9). In this limiting situation, the energy gain
by overcharging is approximatively given by —nZ;Z./d ,;, so that full overcharging
occurs where each monovalent DCC site is paired with one multivalent counterion.

For Z,, = 180, the overcharging curves for discrete and continuous distributions are
almost identical [see Figs. 8(c) and (d)]. This is consistent with what we already found

It can be one or more depending on the valence, surface charged density and the local DCC site
arrangement.
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in Section 3.1.2 for the counterion structure in the neutral state, where we showed that
gE.DCC)(r) approaches gE.CC)(r) with increasing Z.. However, the agreement between
discrete and continuous cases is even better for overcharging than for counterion struc-
ture [see the corresponding g.(7) given in Figs. 5(c) and (d)]. This is due to the fact
that, as previously mentioned, the WC approach [Eq. (16)] quantifying the energy gain
by overcharging is already excellent for highly short-ranged ordered systems. Gener-
ally speaking, all the ordering mechanisms related in Section 3.1 for neutral discrete
systems hold for the overcharging features: all causes leading to ordering enhance
overcharging.

4. Finite temperature

In this part, the system is globally neutral and is brought to room temperature 7.
We are interested in determining the counterion distribution as well as the counterion
motion within the counterion layer. The cell radius R is fixed to 406 so that the
macroion volume fraction f;, has the finite value 8 x 1073.

4.1. Strong Coulomb coupling

The Bjerrum length /3 is set to 100 as previously in the ground state study Section
3.1. In this section we consider two macroion bare charges Z,, (60 and 180) and three
counterion valences Z. (1, 2 and 3). A typical parameter for describing the Coulomb
coupling strength is the so-called plasma parameter I' [22] defined as I'=13Z?/d,.. For
our simulation parameters, I ranges from 2.6 (for Z, =60 and Z.=1) up to 23.1 (for
Z,=180 and Z.=3). Under these conditions, systems are still highly energy dominated
so that at equilibrium almost all (if not all depending on Z,, and Z_.) counterions lie
in the vicinity of the macroion surface (strong condensation). Therefore for the strong
Coulomb coupling regime it is suitable to focus on the counterion surface properties.
In the following sections we are going to study surface counterion distribution and
diffusion.

4.1.1. Counterion distribution

Like in the ground state analysis, we characterize the counterion distribution via its
surface correlation function. At non-zero temperature, correlation functions are
computed by averaging >, ,; 0(r" — r;)0(r"” — r;) over 1000 independent equilibrium
configurations which are statistically uncorrelated.

The results for monovalent counterions are depicted in Figs. 9(a) and (b) for Z,, =60
and 180, respectively. For both charges Z,, the counterion distributions are weakly af-
fected by charge discretization and gCDCC)(r) and gf;cc)(r) are almost identical. A closer
look on Fig. 9 reveals that the agreement between discrete and continuous distribu-
tions is even better for high macroion charge density (Z, = 180) as expected. In
fact for monovalent systems the pinning term E,;, has its lowest magnitude so that,
for sufficiently high o,,, the fluctuating intra-dipole separation becomes comparable to
the inter-dipole separation and discretization effects (i.e., pinning) are canceled. These
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Fig. 9. Surface correlation functions at room temperature 7y for monovalent counterions. The two counterion
correlation functions (CCF) g.(r) are obtained for discrete colloidal charges (DCC) and for the central charge
(CC): (a) Zn =60, Z. =1 (b) Z, =180, Z. = 1. MCF stands for g, (r).

pinning and unpinning aspects will be addressed in more details in Section 4.1.2. As
expected, the counterion positional order for discrete and continuous cases is much
weaker at room temperature than in the ground state case (compare Figs. 9 and 2).

The results for multivalent counterions are depicted in Fig. 10. We now find that the
counterion distributions are strongly affected by charge discretization, and especially
the higher Z.. This is in contrast with what was found in the ground state analysis
(Section 3.1.2) where no counterion motion occurs. This effect is of course due to the
pinning (inhibition of large counterion motion) which is proportional to Z,.

Note that all the statements above hold for the particular finite temperature 7. How-
ever the effect of finite temperature discussed here should hold, at least qualitatively,
for a large temperature range. For very low temperature one should recover all ground
state properties mentioned in Section 3.1.

4.1.2. Surface diffusion
This section is devoted to answer the following question: do the counterions only
oscillate around the DCC sites or do they have also a large translational motion over
the sphere?
To study this problem we introduce the following observable:
t
AX(t,1) = L/ de'[x(t") — x(10)], (18)
t—1 Jyg
which is referred as the mean square displacement (MSD), where x(zy) represents the
position of a given counterion at time ¢ = ¢y (at equilibrium) and x(¢,7y) is its position
at later time ¢. All particles lying within a distance 9.2¢0 from the macroion center are

radially projected on the macroion surface of radius a = 8¢ to give x(z,7). The root
mean square displacement (RMSD) Ax(¢,ty) is defined as

Ax(t, 1) = \/ Ax2(t, 1) . (19)
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for gm(r).

Like for the surface correlation function, the RMSD is measured on the spherical
surface (arc length) and it has a natural upper limit na. For the case of free counterions
(i.e., macroion central charge without pinning) the RMSD Axj,, reads

24
AXjiee = a ”2 ~ 1370 . (20)

This quantity Axs.. will be useful to refer to the “unpinned” state.

The results for discrete systems are sketched in Fig. 11 for Z,, =60 and 180. Mono-
valent counterions are free to move over the macroion surface for both bare charges
Z, considered here. Moreover, our simulation data show that the counterions gradually
become pinned with increasing Z.. All these features are captured by the Z. dependency
of the pinning term £ ;,. For multivalent counterions, the degree of pinning increases
with decreasing Z,. This is due to the fact that the discrete charges get closer from
each other by increasing Z,, so that a counterion jump from site to site is energetically
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Fig. 11. Root mean square displacement (RMSD) as a function of counterion valence Z. for Z, = 60 and
180. Errors are smaller than symbols.

less demanding. For the continuous case, we have checked that for the same parameters
counterions always have a large lateral motion and move all over the sphere.

4.2. Moderate Coulomb coupling

In this last part, the Bjerrum length corresponds to that of water at room temperature
(I =20 = 7.14 A). For this moderate Coulomb coupling counterions occupy al/ the
cell volume. Clearly, the probability of finding counterions plainly outside the macroion
surface is no more negligible (in contrast with the strong Coulomb coupling). The target
quantity is the fraction P(r) of counterions lying within a distance » from the macroion
center and is defined as

P(r) = N(r)/Ne (21)

with

N(r) = / r dnriey(r;)dr; (22)

o

where c¢,(r) is the profile of the volume counterion concentration and N(r) is the
so-called integrated charge.

The results for Z, = 60 and 12 are sketched in Figs. 12(a) and (b), respectively.
For the highest charge, Fig. 12(a) shows that discretization effects are canceled for any
counterion valence. On the other hand, for the small charge density case, Fig. 12(b)
shows that discretization effects become important for multivalent counterions. In the
present situation, the Coulomb coupling is five times less important than in the strong
coupling case studied in Section 4.1. Therefore pinning effects can only be noticeable
for sufficiently low a,, (here Z,, = 12) and multivalent counterions.
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Fig. 12. Counterion fraction within a distance » from the macroion center for different counterion valence Z..
(a) Zn =60 (b) Z, = 12. Data were obtained for discrete macroion charge distribution (DCC) and macroion
central charge (CC).

5. Conclusion

We have performed MD simulations within the framework of the primitive model
to study the coupled effects of macroion charge discretization and counterion valence.
The macroion bare charge is carried by monovalent microions randomly distributed
over the colloidal surface. Different correlational regimes were considered: (i) ground
state and (ii) finite temperature.

Concerning the ground state analysis, we were interested in the counterion structure
in the neutral state and the overcharging phenomenon. We demonstrated that the order
in the surface counterion structure (disorder in counterion structure induced by the
discrete random macroion charge distribution) is increased (decreased) by increasing
macroion surface charge density o, and/or counterion valence Z.. For monovalent
counterions, we showed that the ratio between the intra-ion pair (made up of a discrete
colloidal surface ion and a counterion) distance and the mean distance between ion pairs
is a fundamental quantity to describe counterion ordering. When overcharge comes into
play similar effects occur. More precisely, for sufficiently high charge density o, the
overcharging with monovalent as well as multivalent counterions is quantitatively the
same as the one obtained in the continuous case. For low g, the overcharging with
multivalent counterions can even be stronger in the discrete case than in the continuous
case counterions. In contrast, for monovalent counterions overcharging is always weaker
than in the continuous case but approaches the latter with increasing a,,.

In the finite temperature case, strong and moderate Coulomb couplings were
addressed. In the strong Coulomb coupling, we showed that counterion pinning is
very weak for monovalent counterions but it increases with increasing Z. and decreas-
ing o0,,. This involves an increasing disorder in the surface counterion structure with
increasing Z. and decreasing o¢,,. In the moderate Coulomb coupling corresponding to
an aqueous situation, the volume counterion distribution is only affected for low a,,
and multivalent counterions.
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A future work will address the presence of added salts as well as the case of two
interacting macroions.
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Abstract. — In this letter we investigate the mechanism for the overcharging of a single
spherical colloid in the presence of aqueous salts within the framework of the primitive model
by molecular dynamics (MD) simulations as well as integral-equation theory. We find that the
occurrence and strength of overcharging strongly depends on the salt-ion size, and the available
volume in the fluid. To understand the role of the excluded volume of the microions, we first
consider an uncharged system. For a fixed bulk concentration we find that upon increasing the
fluid particle size one strongly increases the local concentration nearby the colloidal surface and
that the particles become laterally ordered. For a charged system the first surface layer is built
up predominantly by strongly correlated counterions. We argue that this is a key mechanism
to produce overcharging with a low electrostatic coupling, and as a more practical consequence,
to account for charge inversion with monovalent aqueous salt ions.

Overcharging, or charge inversion, is defined as the situation where a charged colloid
(macroion) accumulates close to its surface more counterions than necessary to compensate
its own bare charge. This effect was already discovered in the beginning of the '80s, both
by computer simulations [1] and analytical studies [2,3]. Based on reversed electrophoretic
mobility, some experimental [4] and numerical (MD) [5] studies provide some hints for the
manifestation of overcharging and its possible experimental relevance. More recently, it has
regained a considerable attention on the theoretical side [6-16].
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Overcharging is rather well understood for counterions in salt-free or low-salt environment,
when excluded-volume effects play no role. The underlying physics at zero temperature of such
non-neutral systems can be quantitatively explained with Wigner crystal (WC) theory [6-8,
11]. The basic concept is that the counterions form a two-dimensional lattice on the macroion
surface, and when overcharging counterions are present on this layer the energy of the system
is lowered compared to the neutral case. This feature can be directly and ezactly computed
for a small number of counterions at zero temperature, and was illustrated in refs. [11]. This
WC approach remains qualitatively correct for finite temperature as long as the Coulomb
coupling is very high. The crystal then melts into a strongly correlated liquid, where the local
order is still strong enough to lower the free energy for the overcharged state.

The situation becomes much more complicated for aqueous systems, where the coupling is
weak and in addition salt is present. One-particle inhomogeneous integral equation theories
can describe some of these situations fairly well [2, 3,14, 16] but the computed correlation
functions do not necessarily give direct insight into the physical mechanisms behind these
effects. The presence of excluded-volume interactions can lead to layering effects near the
macroion, which are known from simple fluid theories. Here, due to the presence of charge
carriers of both signs, this can even lead to layers of oscillating charge inversions [3,14,17]. This
overcharging was also observed (by integral-equation and simulation [3,15]) for monovalent
salt ions of large size. However, until today, the basic mechanism of charge inversion for dense
salt solutions remains unclear.

The goal of this letter is i) to study in detail the role of the excluded-volume contribution
for the overcharging of a colloidal macroion in the presence of salts and ii) to provide a
qualitative insight into the mechanism behind these effects. We find that in the presence
of salt the contribution of excluded volume can be so important that the size of the small
ions dominates the occurrence of overcharging and the overcharging strength increases with
increasing ionic size when the electrolyte concentration is fixed. Even for monovalent ions
with high enough ionic size, we observe overcharging, which cannot be explained with a salt-
free WC picture due to the low Coulomb coupling strength. In order to have the simplest
system, we study only the cases where the coion and the counterions have the same size. This
will reduce the effects of depletion forces which lead to nontrivial features already in neutral
hard-sphere fluids.

Our proposed mechanism will rest on the following arguments: For a fixed salt concen-
tration, the available volume in the fluid is a function of the electrolyte particle size. More
precisely, the entropy of the solution is decreased by enlarging the size of the salt ions [18],
which enhances inter-particle correlations. On the other hand, the interface provided by the
macroion leads to an increase of microion density close to the macroion, and promotes there
also lateral ordering, even in the absence of strong electrostatic coupling, similar to a pre-
freezing phenomenon. However, entropy alone can never lead to overcharging, since in this
limiting case coions and counterions have the same radial distribution. But ordering and weak
electrostatic correlations can lead to overcharging, as we are going to prove in this letter.

In this work we carried out MD simulations and the HNC/MSA (hypernetted chain/mean
spherical approximation) integral equation to study the overcharging in spherical colloidal
systems within the primitive model. In particular, the solvent enters the model only by its
dielectric constant and its discrete structure [19] is ignored. The system is made up of i) a
large macroion with a bare central charge Q = —Z,e (with Z;,, > 0) and ii) symmetric salt
ions of diameter o and valence Z.. The system is globally electrically neutral.

For the simulation procedure, all these ions are confined in an impermeable cell of radius R
and the macroion is held fixed at the cell center. In order to simulate a canonical ensemble, the
Langevin thermostat has been used to predict the ions trajectory as has been done in refs. [11].
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TABLE I — Simulation run parameters for the charged fluid (A-F ) and the neutral fluid (G-H ).

Parameters Salt valence Zm o/ls f
run A 2:2 48 1 2.3x 1071
run B 2:2 48 0.5 2.9 x 1072
run C 2:2 48 0.25 3.6 x 1073
run D 1:1 10 1 2.3x 1071t
run F 1:1 48 1 2.3x 1071
run F' 1:1 48 0.5 2.9 x 1072
run G - - 1 2.3x 1071
run H - - 0.5 2.9x 1072

Excluded-volume interactions are taken into account with a purely repulsive (6-12) Lennard
Jones (LJ) potential characterized by the standard (o, €) length and energy parameters, re-
spectively, which is cut off at the minimum [20]. The macroion-counterion distance of clos-
est approach is defined as a. Energy units in our simulations are fixed by e = kg7 (with
T =298 K).

The pair electrostatic interaction between any pair ij, where ¢ and j denote either a
macroion or a microion, reads Ucou(r) = kgTlp ZiTZj, where Ip = e2?/(4mege kpTy) is the
Bjerrum length fixing the length unit. Being interested in aqueous solutions, we choose the
relative permittivity e, = 78.5, corresponding to Iz = 7.14 A. The time step is At = 0.017
with 7 = I'"!, where I' is the damping constant of the thermostat. Typical simulation runs
consisted of 2-7 x 10 MD steps after equilibration.

In order to give prominence to the effect of ionic size, we choose to work at fized distance
of closest approach (between the centers of the macroion and the salt ion) a = 25 = 14.28 A.
In this way, the electrostatic correlation induced by the colloid remains the same (i.e. fixed
macroion electric field at contact) no matter what the ionic size is. Thus by changing the
ionic size o one also changes the colloidal radius accordingly, so that a remains constant. The
salt concentration p is given by N_/V, where V = %ﬂ'R3 is the cell volume and N_ is the
number of coions. We will restrict the present study to p = 1 M salt concentration. The fluid
volume fraction f is defined as (N4 + N_)(5%)®, where N, is the number of counterions.
To avoid size effects induced by the simulation cell, we choose a sufficiently large radius
R = 8.2l yielding more than 1000 mobile charges. Simulation run parameters are gathered
in table I. The HNC/MSA calculations were performed using the technique presented in [16]
and references therein. Here it is assumed that the system size is infinite, and the bulk salt
concentration is fixed. In practice, there should be no observable difference in the correlation
functions (between HNC/MSA and MD) close to the macroions, because the wall effects die
off sufficiently fast.

We first illustrate the excluded-volume correlations present for a neutral hard-sphere fluid
(runs G-H) (identical to systems A-B and E—-F, but uncharged (see table I)). Although
these kinds of systems are “simple” fluids [21], it is fruitful to elucidate what exactly happens
at this “low” fluid density upon varying the fluid particle size o in the presence of a single
large spherical particle. To characterize the fluid structure, we consider the pair distribution
function g(r) between the colloid and the fluid particle, which is just proportional to the local
density n(r): n(r) = pg(r). Results are depicted in fig. 1. For the large value o = I, one
clearly observes a relative high local concentration as well as a short-range ordering nearby
the colloidal surface. When the particle size is reduced by a factor 2 (keeping a fixed), the
behavior is qualitatively different and the system is basically uncorrelated. By increasing o
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Fig. 1 — Pair distribution function g(r) between the colloid and the fluid particle in the neutral state
(runs G-H) for two particle sizes 0. The origin of the abscissa is taken at the distance of closest
approach a = 2lg. Lines and symbols correspond to the HNC theory and simulation, respectively.

at fixed fluid density p, the mean surface-surface distance between particles is reduced, which
in turn leads to higher collision probability and thus to higher correlations. In other words,
by reducing the awvailable volume, one promotes ordering [16,22]. This seems to be trivial
in the bulk, but the presence of the colloidal surface induces an even enhanced ordering and
the system can prefreeze (order) close to the colloid. Note that the same effects are naturally
present for a fluid close to a planar wall [21,23].

To characterize the overcharging, we introduce the fluid integrated charge Q(r) which
corresponds to the total net charge in the fluid (omitting the macroion bare charge Z,)
within a distance r from the distance of closest approach a. Results are sketched in fig. 2(a)
and (b) for divalent and monovalent salt ions, respectively. Theoretical and numerical analysis
are in very good qualitative agreement.

1.6 . . . . . 1.4
e—TUnA (@ (b)
£ £
N N
o o
0 1 2 3 4 5 6 0 1 2 3 4 5 6
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Fig. 2 — Reduced fluid integrated charge Q(7)/Zm as a function of distance r for three different particle
sizes 0. (a) Divalent salt ions (runs A-C), (b) monovalent salt ions (runs D—F'). The origin of the
abscissa is taken at the distance of closest approach a = 2Iig.
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Fig. 3 — Two-dimensional surface counterion correlation functions gec(s) for divalent salt (run A-C),
monovalent salt (run E), and a neutral system (run G).

For the divalent electrolyte solutions (runs A-C'), we observe that overcharging is strongly
dictated by the ionic size o (see fig. 2(a)). For small ions (run C') no overcharging occurs
(i.e. Q(r)/Zm < 1), which is a nontrivial effect probably related to the forming of ionic pairs
(counterion-coion pairing) due to the strong pair interaction of 8kg7. This delicate point will
be addressed in a future study, and was also observed in [15]. Upon increasing o, the degree of
overcharging increases. We carefully checked that the distance r = r*, where Q(r*) assumes
its maximal value, corresponds to a zone of coion depletion (in average there are less than 2
coions within r*). This implies that also the absolute number of counterions at the vicinity of
the macroion surface increases with increasing o. This is qualitatively in agreement with what
we observed above for neutral systems. However, we are going to show later that electrostatic
correlations are also concomitantly responsible of this extra counterion population (increasing
with o) in the vicinity of the colloidal surface.

For the monovalent electrolyte solution (see fig. 2(b)) overcharging occurs for o = Ig (runs
D and E). In respect to the salt-free WC picture this is rather unexpected since here the
“plasma” parameter I'c. = I Z2/ace, where ac. = (7'('0)_1/ 2 (¢ standing for the two-dimensional
surface counterion concentration) is the mean distance between counterions on the surface,
is small. More precisely for Z,, = 10 (run D) we find T'cc =~ 0.8, and for Z,, = 48 (run
E) we have T'ce < 1.0 [24]. But following this salt-free approach, it is necessary to have at
least I'cc > 2 to get overcharge [25]. Note that from run D (Z,, = 10) to run E (Z,, = 48)
one increases the macroion surface-charge density leading (for Z,, = 48) to a higher absolute
overcharging Q(r*) but a weaker ratio Q(r*)/Zy, which is qualitatively in accord with the
WC picture, since the maximal overcharging is proportional to y/c. A closer look at fig. 2(b)
reveals that for Z,,, = 48 (run E) r*/o is shifted to the right compared to the divalent case.
This is merely a packing effect and it is due to the fact that for monovalent counterions the
macroion charge (over)compensation involves twice more the number of counterions particles
than in the divalent case. Therefore, for the macroion charge density under consideration
(Zm = 48), more than one counterion layer is needed to compensate for the macroion charge.
Again, for a smaller ionic salt size 0 = 0.5l (run F') the overcharging effect is canceled.

Recently, a depletion of salt ions (total local density of co- and counter-ions) near the
macroion surface was reported for bulk salt ion concentrations similar to ours but very low
surface charge density [26]. For all of our investigated cases (runs A-F'), however, we never
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observe such a depletion. The reason is that such an effect vanishes as soon as the ionic size is
sufficiently large and/or the surface-charge density is large enough, which is in agreement with
our findings. Indeed, similarly to what happened with image charges, the self-image repulsion
is only relevant for low charge density [27]. Note that the parameters leading to overcharging
cannot give rise to an observation of salt ion depletion.

For the WC picture to be effective we need strong lateral correlations which cannot come
from pure electrostatic effects. To see if such correlations are present, we consider the local two-
dimensional surface counterion structure. We analyzed in our simulations the two-dimensional
counterion pair distribution ge.(s), where s is the arclength on the macroion sphere of radius
a. All counterions lying at a distance r < a + 0.50 from the macroion center are radially
projected to the contact sphere of radius a. Predominantly, counterions are present in the
first layer. For the neutral system (run GG) we analyzed the small neutral species. Results
are given in fig. 3. We observe that all systems with an ion diameter ¢ = g show their first
peak at roughly 1o, and a weaker second peak at about 2¢, exhibiting long-range surface
correlations. The second peak is very weak in the neutral system G, but clearly visible in
system A and E. Due to the stronger electrostatic repulsion the second peak for the divalent
system A is somewhat further apart than for the monovalent system E. The systems B and C'
with smaller ion diameters show a correlation hole of size =~ 20, which is of purely electrostatic
origin. Therefore, lateral correlations can be produced either by pure entropy effects (run G)
or pure electrostatic effects (run C'), or we can have an enhanced lateral ordering due to the
interplay of both (run A, E). Qualitatively, WC arguments are still applicable to monovalent
systems (such as run F) if one considers an effective low local surface temperature stemming
from the strong surface ordering.

In summary, the observed overcharging for low Coulomb coupling can be traced back
to the complicated interplay of entropy and energy by the following two effects. First, by
enlarging the excluded volume of the salt ions at fixed concentration, one lowers the accessible
volume to the fluid particles. Second, the presence of the large macroion provides an interface
near which the density of the fluid is increased as compared to the bulk, and the solution
can prefreeze due to entropic effects, provided the available volume gets low enough. The
closest layer to the interface possesses already strong lateral correlations, even for a neutral
system. If the system is additionally charged, then even weak Coulomb correlations can lead
to the formation of a strongly correlated liquid, where the overcharged state is energetically
favorable, as shown in [7,11,12,16]. The order of this counterion layer is however not created
by electrostatic interactions as in the normal WC picture, but it is largely due to entropic
effects. The observed overcharging effect might have implications for the stability of colloidal
suspensions. Additions of monovalent salt will eventually make colloidal suspensions unstable
due to the onset of the van-der-Waals attractions. Upon addition of even more monovalent salt,
there is the possibility of salting the precipitate again in, as has been seen for polyelectrolyte
systems [28]. The observation of such a re-entrant transition could be an important hint
towards the existence of overcharging with monovalent salt ions.

The authors are grateful to K. KREMER for a critical reading of the manuscript, and RM
thanks the LEA for financial support. EG-T acknowledges the support by PROMEP and
FAI-UASLP.
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The effects of image chargése., induced surface charges of polarization spherical geometry

and their implication for charged colloidal systems are investigated. We study analytically and
exactly a single microion interacting with a dielectric sphere and discuss the similarities and
discrepancies with the case of a planar interface. By means of extensive Monte Carlo simulations,
we study within the framework of the primitive model the effects of image charges on the structure
of the electrical double layer. Salt-free environment as well as salty solutions are considered. A
remarkable finding of this study is that the position of the maximum in the counterion density
(appearing at moderately surface charge densigmains quasi-identical, regardless of the
counterion valence and the salt content, to that obtained withinsithgle counterion system.

© 2002 American Institute of Physic§DOI: 10.1063/1.1521935

I. INTRODUCTION our results. Section Il is devoted to the computational de-

tails of our MC simulations. In Sec. IV, we present our simu-

In charged colloidal systems electrostatic effects, and eSzion results for salt-free environment as well as salty solu-
pecially the structure of the electrical double layer, often play;ons where image forces are explicitly taken into account

a determinant role for their physico-chemical properties. It iSyith no approximation. Finally, Sec. V contains brief con-
well known that charged colloids.e., macroionshave typi- cluding remarks.

cally a low dielectric constante(~2-5) which is much
smaller than that of the surrounding solvéatg., for water
&,~80). In most of the theoretical works, this dielectric dis-
continuity is ignored. Il. THEORY
Nevertheless, a few studies have addressed the effects of
image charge$i.e., image forces stemming from the dielec-
tric discontinuity on the counterion distribution for planar
geometry which is closely related to our problem. An

In this part we mainly study the interaction ofsangle
excesharge with a dielectric sphere. We briefly present the
formalism of the dielectric model for spherical interfaces and
electrolyte close to a charged wdllor confined between two discuss some important eIgctrostaug prope.rtles. Such a Sys-
tem captures the underlying physics of image forces in

charged platéshad been the subject of MC simulations. ; . o

o . . spherical geometry. Moreover a systematic quantitative com-
Similar systems have also been investigated by . . .
integral-equatiofr® and mean field theorids? parison with the planar geometry is undertaken.

As far as the spherical geometry is concerned, much les. Poisson equation with azimuthal symmetry

literature is available. Counterion distributions with image
forces in salt-free environment were investigated by MC
S|muIaF|onsl.0 There some approximations for the treatmentg, (relative permittivity e, embedded in an infinite di-
of the image forces were used that are not always fully CoNG actric medium(region 1 characterized by:;. A single

trolled;[ The main conclusions however remain qualltatlvelyexcess charge of magnitudes located outside the dielectric
correct. fsphere at a distande=|b| from its center.

The aim of th|§ Paper s to provide a detalled.analyss o' The central problem is to determine the electrostatic po-
the image forces in spherical geometry and their effects orE

thg strl_Jcture of the electrical double_ layer. The remainder o eor;\tlliilgd;ﬁrg F?ctﬂgggnpggxalt?o;hsvﬁizﬁcreéazgIS Is achieved by
this article is set out as follows. Section Il corresponds to the
analytical part of the paper. We first briefly present the gen-
eral theoretical background of the concept of image charges A (r)=— & (1)
in spherical geometry. Then we apply it to colloidal systems €
to compute(exactly) some relevant observables and discuss
wherep(r) is the volume charge density ara=eqge; with
¥Electronic address: messina@thphy.uni-duesseldorf.de; Permanent ado being the vacuum permitiivity and=1,2. Since here

dress: Institut u theoretische Physik II, Heinrich-Heine-Univeisipiis-  P(1) =d4&(r —b) and taking into account the aZimUtha_-' sym-
seldorf, Universitsstrasse 1, 40225 Bseldorf, Germany. metry, Eqg.(1) reducedfor r #b) to the Laplace equation

The model system is sketched in Fig. 1. Consider an
unchargeddielectric sphere of radiua and dielectric con-

0021-9606/2002/117(24)/11062/13/$19.00 11062 © 2002 American Institute of Physics
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REGION1 sults are that the normal components of the displacement

€ and the tangential components Bf on either side of the
b spherical interface at=a satisfy
(D1=D3)-np=0
(E1—E2)Xnp=0, (7)

REGION 2 wheren,,=r/r is a unit normal vector to the surface directed

from region 2 to region Isee Fig. 1 Within the framework
of the linear response theory we hale=e¢E. Combining
Egs.(4) and (6) with Eq. (7) and noting thaE=—-V®, it

follows that

a

FIG. 1. Model for a dielectric spheréolloid) of dielectric constank,

embedded in an infinite medium characterized by a different dielectric con-

stante;. An excess chargeq] is located near the boundary outside the -1 I+1 q la
. ] s . . - - Alla =g, —C +

spherical particle. This is a two-dimensional representation of the three- 27 1 |a|+2 4mege; pltl

dimensional system.

I-1

. 1 q a
AIa_CI a|+l+4’778081 b|+1. (8)
1o 00, 1 1 o b _ _ _
AdD(r,0)= Tl += Sind 90 sin 0(9—0 =0, This set of two equationfEq. (8)] can be readily solved to
r r @ yield the Legendre coefficients, andC; :
where 6 is the angle between andb (see Fig. 1 andr . q 1 eq(20+1)
=|r|. The general solution of the Laplace equation with azi- " Amege, p'tloeqg(I+1)+ eyl
muthal symmetry is given B¢~
» 1 c__d a2l (g1—g,)l ©
d(r,0)=2> M|r'+N|ﬁ Pi(cosb), ) ' 4mege; pltl es(I+1) el
=0 r
where P|(cosd) is the associated Legendre polynomial of and hence
orderl. q 1
Inside the dielectric spher@egion 2 the electrostatic O(r,0)=——| —
potential®,(r) must be finite ar =0 so thatN,=0 in Eq. 4megey | |r—b
(3), and hence X S (el 1 - (cou
D,(r,0)= >, Ar'P(cos6). 4 Fopt ea(lH D) el (ea
2\ “b (10)

Concerning the electrostatic potential outside the dielec-

tric sphergregion 1 we know that without dielectric discon- me ?hytS'tC al mterpretatlton tﬁf quO)I ISI st:mg?n;prwar;j. tial
tinuity (at r=a) the potential would simply be given by e Nirst term represents he usual electrostatic potentia

. N f ithout image forcesgenerated by and the second term
/4 r—b|. Making use of the following identit (Wi . . i
a/4meoe | | g g y can be referred to as the electrostatic potential due to “image

1 - charges” stemming from the dielectric discontinuity. As ex-
= ZEO r|—+1P|(C089), (5 pected, the strength of the image force is strongly governed
oz by the jumpAce¢ in the dielectric constant defined as
wherer _ (r-.) is the smalleflargep of r andb, the electro-

static potentiakP,(r) in region 1 reads

© |

Ae=g;—¢5. (1)

o 1 q ! In particular, one can anticipate and state that the interaction
‘Dl(rﬁ):E C'ﬁ+ 7 |_+<1 P,(cosf), (6) between the microiom and the dielectric particléi.e., the
=0 r TEOEL T self-image interaction is repulsive for As>0 (i.e., g,
recalling that®,(r) must be finite at — so thatM,=0 in >g5) _andattractivefor Ae<0 (i.e.,e,<e,) asitis also the
Eq. (3). case in planar geometry. .
One can show that Eq10) can also be written as fol-
lows (see, e.g., Ref. 15 and references therein
B. Boundary conditions q 1 e1—e,1[ u
The electrostatic potentials given by E¢#. and(6) will D1, 6)= 4778081| [r—b * e1tepal|r—ul
be univocally determined by applying the proper boundary oy l(e1+85)
conditions that will fixA; andC,. The boundary conditions ! JU (u/x)®2'te1me2 dx (12
are derived from the full set of Maxwell equations. The re- e1te2)o |r—x| '
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whereu=ba?/b? (see Fig. 1 In this formalism the geo-
metrical structure of the image charges is transparent and it is
specified by the second main teftretween bracketof Eq.

(12). More precisely, one has to deal with arfinite mani-

fold of image charges distributed along the oriented segment
u that electrically compensates the image point-chayge
located atu and whose magnitude is given by

€1 82a

Adim= q8 +825 (13)

C. Polarization charge

It is important to know the surface distribution of the
induced charge on the spherical interface. In the lulk, in
region 1 or 2 we have a zero volume density of polarization
charge p,,)) Since ppo=goV-E=—V-P=0 (except atr

René Messina

T
Q .
—
S

—
b - -
[

s |id

- b) At the interface ( a) the surface den5|ty of polarlza- FIG. 2. Model for a microion §) near a planar interfacet( separating the

tion chargeaéso’? is glven by two semi-infinite media characterized by ande,. The imaginary spheri-
(sph) B cal dielectric of radiusi is shown for geometrical comparison with the setup
Tpol —(P1—=P2) Ny, (14 of Fig. 1. This is a two-dimensional representation of the three-dimensional
where system.

Pi=eo(e1—1)E1=—go(e,— 1) VD,
Py=eo(e,—1)Ey=—g0(e,—1)VD,

are the polarizations in region 1 and 2, respectively. Usin
Egs.(4), (6), (9), (14) and(15), the final expression af 3"
reads

(19

olshP(coso) =

* -1
2( ) (21 +1)] by

47781b

€17 &2

Xmﬂ(COS@). (16)

where

The  net charge  of  polarization QUf"
=[2,27ma‘o cosd)d(cosd) is zero," meaning tha
J1i2ma?oi (cosb)d(cosd) o that
there isno monopolecontribution as it should be.
The critical angles* whereo3i” changes sign is given
by the geometrical condition

whered= X%+ y2 is the radial distancén cylindrical coor-
dinates systejrbelonging to the planar interfa¢see Fig. 2
Equation (19) demonstrates thatr(3*”(d) never changes
%Ign [as can also be deduced from simple geometrical
considerations—Eq(17)] in contrast with the spherical in-
terface. The total charge of polarizati@f?*” is obtained

by direct integration ofr

®R7(d) and its expression is given

(20

(21)

is theuniqueimage charge located at the mirror positiorgof
(see Fig. 2 This nonzeromonopolar contribution for the

Ei(r=a,6*)Lng, planar interface involves strongerandlonger rangedself-

Ez(r =a, 0* )J_ Nqo

(17) image interaction.

which is the orthogonality condition at the interface betweenD. Application to colloidal systems

the (inner and outerelectric field anch;,. In terms of Leg-
endre polynomials, Eq17) can be equivalently written as

Sl(l +1)+82|

So far we treat in a rather general manner the physics of
a point charge near a spherical dielectric interface. We now
a\'""l  (21+1)l would like to apply the above theory to colloidal systems. In
Pi(cos#*)=0, (18 the remaining of this paper we suppose that region 1 corre-
sponds to water, so that we take= 80 corresponding to the

where Eq.(16) was used. Two limiting cases can be easilywater dielectric constant at room temperature. To character-
described:(i) for b/a>1 we haved* — «/2 [recalling that ize the low permittivity of the colloid we consider hesg

P,(cosf)=cosd] and (ii) for b/a—1 we haved* —0. In =2 so thatAe=78. The little ion carries a charge=Ze
general,#* increases withb and it is a complicated function wheree stands for the elementary charge ahdor its va-
of b/a, g, ande,. lence, and has a diameter An important quantity is
For aplanarinterface, the surface density of polarization
chargec{? 2" (d) is given by* ro=a+ % (22)
Ej%llan)( )= 17 %2 b-a (19 being the center—center distance of closest approach between

27781 g1t ez [(b—a)2+d?)]3?

the colloid and the microion,.
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FIG. 3. Polar profile of the surface density of polarization charfg" ()
in units of (rgz)l: (q/4me o) for different radial distanceb of the excess
chargeq with £,=80, ¢,=2 anda=7.50.

FIG. 4. Potential of self-image interaction for a microian<Ze) in spheri-
cal and planar geometries with =80 ande,=2.

charges. Nevertheless, for sufficiently lagene should re-
1. Induced surface charge cover the p|anar case.

It is helpful to have a precise representation of the polar

profile of o{3i"(6) in order to get a clear understanding of 2. Self-image interaction

the source of the image forces. Although at first glance such  \We now compute the potential of interaction between the
a study should belong to standard electrostatics we are n@ficroion q and the dielectric particle or, in terms of image
aware of any data in the literature that treats this relevanforces, the potential of self-image interaction. This is the
aspect. work done in bringing the microion from infinity to its posi-
The numerical computation of E¢16) was performed tion b, and it is equal to th@alf-product ofq and the second
using a cutoffl ,,5,=300 in the Legendre space leading to term of ®,(r=b) given by Eq.(10). In that case we have
high accuracy® The plot of o{3i"(6) for a=7.50 and r=b (see Fig. 1, so thatd=0 and thereforeP [ cos@=0)]
b/o=8, 9 and 10 can be found in Fig. 3. One can clearly=1. In order to normalize the energy wikaT we introduce
observe that-38"(6) is stronglyinhomogeneousor small  the Bjerrum lengthlg=e?/(4meqe,ksT) which is 7.14
0, aGRV(6) is highly positive(i.e., it carries the same charge A for water atT=298 K. By choosingr=3.57 A we have
sign asq) and decreases abruptly. The angfe [given by  |;=2¢. The potential of self-image interactioflSPP(b) is
Eq. (18)] wheres3h?(6) changes sign is 16.9°, 29.5° and then given by
37.4° forb/o=8, 9 and 10, respectively. In parallel, by in-

. . . 2 ® 21+1
creasingp one drastically decreases the magnitude as well as VP () = lk Tl z 5 a (g1 gyl
the inhomogeneity ot-(3i"(6). Recall that forb/a>1 we self 2B Bph &b e1(1+1)+e,l
have o{3h" (6) ~ cose. (23
ic ingi (sph(p— i (plan) . . . .
It is insightful to compareryq;”(6=0) with o67™"(d  Equation(23) shows that the typical interaction range scales

=O)_[compute(g l:;om Eq(lgg]lgjyce both quantities give the e 1/p* and therefore it isshort-ranged® Note that it is
maximum oot (6) andoo™(d), respectively. The cor- 1y equivalent to compute/SPV(b) from the surface po-
responding numerical values are gathered in Table I. The i-ation charges as follows

values found at finite curvature are very similar to those of
zero one. The fact thatSP"(6=0) is systematically

pol VP (p _EL ! 2 Wd &)
smaller tharo ()" (d=0) is consistent with the idea that in selt (P)= 5 e ra—pdcos).
spherical geometry we have the presence of opposite image (24)

where r, is the radial vector of magnitudér,]=a and
o(3h"(cosd) is given by Eq.(16).

TABLE |. Numerical values obrii”(6=0) ando ;" (d=0) in units of It is insightful to compare the potential of self-image

pol ol
g/4me,0? as a function ob. The corresponding profiles of 2 (6) can be

found in Fig. 3. ol intelrziction obtaingd ilj spherical geometry with that,
Vg%f’f‘ )(b—a), obtained in planar geometry. The setup for a
bl aSiP(6=0) o (d=0) planar interface is sketched in Fig. 2. In this situation the
5 v — analytical expression o# %" (b—a) is simply given by
9 0.794 0.846
1 g1—¢ 1
10 0.278 0.304 (plan) oy — = 2%t *2 -
VIR (b-a)= keTleZ? 2 o (25)
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Profiles of VEPP(b) (for two colloidal radii and

viaV(r) are reported in Fig. 4. Since in botplanar and
spherical cases the potential of interaction diverges at the /
interface, we only show results from>r as it is the case in
experimental systems. The numerical computation of Eq. 08
(23) was performed using the formalism of EG2) allowing
an arbitrary precisioR? —_
Figure 4 clearly shows that the self-image interaction Sgo,s
is weaker(the higher the curvatuyewith a spherical inter-
face than with a planar one. In particular, at contact we
have VEPP(ro=80)=0.6&2%kgT and VEPD(r,=400)
=0.862%kgT for the spherical interface anttPi2"(o/2)
=0.9522%kg T for the planar one. These features can be physi- TR T s s w0
cally explained in terms of polarization charges. In the con- alo
tact region(i.g., fpr smalla—lsee Fig.. iwg know that the . 0.2 0 2'0 4'0 6'0 BIO 160 1é0 1"‘0 1éo “'30 200
surface polarization charge is quasi-identical on both spheri- aloc

cal and planar interfaces. However, fibmite curvature we

also know that (sph chanoes sian abové* and in the FIQ. 5. R'educed contact potenti}a{[’;_(a) as a fun_ction of the colloidal
9 pol 9 9 radiusa with £,=80, £,=2. The limit value of unity corresponds to the

presen_t Case"(asoﬁh getsoppositelycharged tog. This Iattgr planar interface. The solid line is the exact contact poteMjdla) and the

effect is the main cause that leads to a weaker Self"mag&’ashed one is the contact potenﬁﬁ@(a) obtained with the two-image
interaction for spherical interfaces. Nevertheless, by increasharge approximation used by Linggef. 10. The insert shows the ratio
ing a (i.e., reducing the curvatur@ne approaches the planar Vi (a)/Vi(a).

case as expectddee Fig. 4. Physically, this means that the
contribution of the negative polarization charggsng at ¢

> 6*) to the self-image interactiofEq. (24)] becomes neg-

-~

XXy e —

0.4

al/ o smaller than about 20 the contact potential varies rapidly

ligible for sufficiently large colloidal radius. and therefore it is strongly dependent on the curvature. This
length scale typically corresponds to micellar systemsl0
3. Effect of curvature on the contact potential nm).

It is clear that for sufficiently low curvature one should Some years ago, LinSeused an approximation where
recover the planar case as far as the self-image interaction ¢ replaced théexacy infinite manifold of image charges
concerned. Thus, a natural question that arises is: for whickentering Eq.(12)] of total charge—q;y, by a single image
typical colloidal size are curvature effects relevant? point-charge— g, [given by Eq.(13)] located at the center

A suitable observable for this problem is provided by thef the spheré Although this ansatz was motivated by the

contact potentia¥S?P (b=a+ ¢/2). This quantity is of spe- Study of many counteriongwhere the degree of spherical

cial interest since it will correspond to the highest repulsiveSYmmetry can be enhanced compared to the single-
part of the global interaction between a macroitire., ~ counterion systeinit is instructive to see what this approxi-
chargedmacro-particle and an oppositely charged counter- mation inyolves for the self-im.age interactiqn. Doing SO, the
ion. In order to investigate the effect of finite curvature weSetup of image charges consists oftao point-chargg di-

are going to comparg$PP(a+ o/2) to the contact potential POI® Pim=0dimu, and the corresponding contact potential

VI (h—a=o/2) obtained with a planar interface. VERP(ro) reads

The plot of the normalized contact potenti&] (a) de- Z2e,-s,a 1 1
fi VP (h=r )= B e
ined as Vseir (b=To) =kgTlg 2 g1teylg|lo—U Ip @7

g
VR g+ 5 The plot of
Vi (a)= (26) - o
se =~
2 Vi(@)=————— (28)

can be found in Fig. 5. For the sake of numerical stability we vplan 5)

used the formalism of Eq12) allowing an arbitrary preci-
sion. Figure 5 shows that f@/o larger than about 100 the can also be found in Fig. 5. It shows that the two-image
contact potential is close to that of the planar interfdess  charge approximation used by Linse is only valid for very
than 5% difference This length scale typically corresponds low curvature (i.e., close to the planar cgseand may

to “true” colloidal systems (-100 nm. Therefore, in the strongly overestimate the self-image repulsion as expected
dilute regime where the self-image interaction is dominanby its inherent constructioff.Using MC simulations, Lins@

(i.e., lateral microion—microion correlations are negligible investigated micelles of radius 3218 A (i.e., a/oc~3.5
large-sized colloidal particles can be reasonably approxi—5) leading to errors as large as 40%ee insert of Fig. b
mated by planar interfaces as far as the modeling of th&his proves that this ansatz is unsuitable to determine the
self-image interaction is concerned. On the other hand, foself-image interaction in this regime, which is the source of
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0 T T T TABLE Il. Theoretical values of* minimizing the macroion-counterion
potential of interactionwith Z,,=60, £,=80, ¢,=2 andr,=8c). The
corresponding profiles can be found in Fig. 6.

&5 Ae z (r*=rg)lo
2 78 1 0

2 78 2 0.17

2 78 3 0.32

V(b)/(k,T)

course the same qualitatively happens for charged plates.

The values of * minimizing V,(b) (with b>r) are given

in Table Il. The quantityr* will be useful to discuss our

simulation results that concemanycounterions and where

~05 > 4 6 8 - we also have the same macroion bare charyg=60).
(b_ro)/(; Keep in mind that all our results above concern a single

microion. Whenmanycounterions come into play, other im-
FIG. 6. Global macroion-counterion potential of interacti@olid lineg portant effects might appear in principle. In particular, when

with Z,,=60, ro=80, £,=80 ande,=2. The values of the corresponding the nymber of counterions near the macroion surface is very
minimar* can be found in Table Il. The dashed lines correspond to the

usual electrostatic potential of interaction without image for@es, Ae large thgzémage forces are practl_cally canceled by sy_mmetry
=0). reasont’?® Clearly, by approaching théerfeci spherical
symmetry one asymptotically cancels the polarization
charges everywhere on the macroion surface. This point
the image forces. Even in a many-counterion system, thishows that the discrete nature of the counterions is crucial for
approximation is too strong when the self-image interactiorthe existence of image charges in spherical geom&tjIn
is dominant® However, in the limit of high spherical sym- planar geometry the situation is radically different, where
metry (with many counterionsthis approximation becomes one gets an amplified image force upon increasing the num-
precise, but then the effects of image forces are negligible.ber of “surface” counterions.

4. Charged colloid
. . . ~1ll. MONTE CARLO SIMULATION
As a last theoretical result, we consider the interaction

between(a single counterionq and a negativelycharged Standard canonical MC simulations following the Me-
dielectric sphere. The procedure is completely similar to theéropolis scheme were uséd® The system we consider is
neutral colloid case, and we now apply the principle of su-similar to those studied in previous works®? It is made up
perposition to take into account the additional potential duef two types of charged hard spherég:a macroion of ra-
to a central chargeQ,,=—Z,e. The (globa) macroion- diusa with a bare charg®,,= —Z,e (with Z,,>0) and(ii)

counterion potential of interactiovi,,(b) reads small microiongcounterions and coionsf diametero with
chargeq= = Ze to ensure the electroneutrality of the system.
ZnZ H . ' ; : )
Vi(b) = _kBTIB_+V(sSe'|)f)(b)1 (290  All these ions are confined in an impermeable cell of radius
b R and the macroion is held fixed at the center of the cell.
wherevgfj,’fh)(b) is given by Eq.(23), and hence The dielectric media are modeled as in Sec Il. It is to
mention that we suppose, for the sake of simplicity, that the
V. (b)=k TI—BZZ B ﬁJr} dielectric discontinuity coincides with the macroion radius.
m B'b zZ 2 One must note that the effects of image forces can be sig-

nificantly reduced when the location of the dielectric bound-
ary is somewhata few Angstrons) beneath the macroion
surface'® On the other hand, the outer region of the simula-
tion cell is assumed to have the same dielectric constant
as the solvent in order to avoid the appearance of artificial
€image forces.
The work done in bringing thé&eal) ions together from

infinite separation gives the interaction energy of the system.
The corresponding Hamiltoniakl,,;, can be expressed as

Ui(m) + 2 Ui(jbare)}

j>i

a\ 2+t (61— 8,)]
5) . (30

><|Zl 81(|+1)+82|
Profiles of V,(b) for Z,,=60, ro=80, ¢,=2 andZ
=1, 2 and 3 are reported in Fig. 6. An important result is th
occurrence of aninimumin V,,(b) whose depth and position
r* increase with increasing. This is due to the purelye-
pulsiveself-image interaction which scales |ik&, whereas
the directattractive Coulomb macroion-microion interaction
scales likeZ (at fixedZ,,). Nevertheless the occurrence of a Ug=S
minimum is strongly dictated by the ratid,,/Z [see Eq. tot™ &
(30)]. For high value ofZ,,/Z, |Vy(b)| is maximal forb
=r, (only attractionoccurg and for smallZ,,/Z one recov- +> {U_(self)_i_ D U_(_im)}.
ers the neutral colloid case where omgpulsionoccurs. Of i : 4

(31

i>i
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The first two terms in Eq(31) correspond to the tradi-
tional electrostatic interactions between real charges. More

explicitly,
ZZ T
*lgkgT——, for ri=a+ -,
ri 2
uU™(ry)= (32)
g
o, for ri<a+ X

represents the macroion-microion interaction, where ap-
plies to coions and-) to counterions, and

René Messina

2
ilBkBT_, for ri=o,

(bare) _ Fij J
Uiy o (rij) = (33

[ee]}
)

for rij<o,

the pair interaction between microiofjsand i where (+)
applies to microions of the same type an€) otherwise.

The two last terms in Eq31) account for the interaction
between images and microions. Tiepulsiveself-image in-
teraction is given by

1 ZZ Imax a 21+1 (81_82)|
— — — - = =g+ —
el 2 1| D O EAt
U= (34)
g
o, for ri<a+ X
wherel .y IS the cutoff in the Legendre space, and
I 21+1
ke (e1—e7)l 1 o
+ 2 = e
_ *lakeTZ ;1 ri*t eyl +1)+eol r:“PI(cose)’ for ri=at+ 7,
U™ (r )= (35
g
o, for ri<a+ X

represents the interaction between microi@and the image
(surface charge induced bgf microionj, where(+) applies
to charges of the same sigand(—) otherwisd and 6 is the
angle between; andr; . Itis this term that generatdateral
image-counterion correlations. Due to the symmetrny}T“)
upon exchangingj with ji there is an implicit factor 1/2 in
Eq. (35).

ions were extrapolated. The radial distancesre discretized
over logarithmically equidistant nodes so that close to the
macroion surface the radial resolution is Qz04nd near the
simulation wall 0.Ir. The polar discretization consists of
2000 equidistant co$nodes leading to even smaller lateral
resolutions. The corresponding values 0f*®'?(r;) and
U{™(r;,r;,cos6) were then initially stored into tables. Note

Convergence of the Legendre sums with a relative errothat in principle one could also have used the formalism of

of 1078 is obtained with the employed value Igf,,= 1003

Eq. (12 to compute the image-ion interactions. However, at

For the sake of computational efficiency and without loss ofidentical numerical accuracy, this method involving a nu-
accuracy, we computed the image-ion interactions on anerical integration is too time and resource consuming.

(very) fine (r,cosé) grid where the coordinates of the micro-

TABLE IIl. Model simulation parameters with some fixed values. Apart

Typical simulation parameters are gathered in Table Ill.
The cases,= 80 corresponds to the situation where there is
no dielectric discontinuity Ae=0). Measurements were
performed over 1DMC steps per particle.

from the charge sign, counterions and coions have the same parameters.

Parameters
T=298 K room temperature
£,=80 water solvent dielectric constant
£,=2 colloidal dielectric constant
Ae=g,—¢e,=78 strength of dielectric discontinuity
Zn macroion valence
z counterion valence
o=3.57 A counterion diameter
lg=20=7.14 A Bjerrum length
a=7.50 macroion radius

g
ro=a+ 5= 8o macroion-counterion distance of closest approach
R radius of the outer simulation cell

IV. SIMULATION RESULTS

Here we present our MC simulation results in salt-free
environment as well as in the presence of multivalent salt-
ions. We essentially study in detail the radial microion dis-
tributionsn;(r) around the macroion, which are normalized
as follows

J
J

R
47r?n, (r)dr=N,
0

R (36)

4ar®n_(r)dr=N_,
0

Downloaded 11 Oct 2006 to 134.99.64.141. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 117, No. 24, 22 December 2002 Image charges in spherical geometry 11069

TABLE IV. System parameters. Z,=60;Z=1
0.04 . : ; .
System A B C D E F G H | J
Zn 60 60 60 60 60 60 60 60 180 180 as=l
z 1 1 2 2 3 3 2 2 2 2 |7
N, 60 60 30 30 20 20 430 430 445 445 0:02 o
N_ - - - - - - 400 400 400 400
&5 2 80 2 80 2 8 2 80 2 8
Ae 78 0 78 0 78 0 78 0 78 0

)
=2
Rlo 40 40 40 40 40 40 20 20 20 20 %0-02

wherer is the distance separation from the macroion center, ~ 0.01
+(—) stands for counteriofcoion species andN, (N_) is
the total number of counteriongoiong contained in the
simulation cell.

Another quantity of special interest is the integrated 0
cumulative fluid net chargeQ(r) defined as

;
Q(r)=J 47u?Z[n, (u)—n_(u)]du, (37) 0.6 . . : .
o (b)
where we chose=1. Q(r) corresponds to the total fluid 05

charge(omitting the macroion bare char@g,) within a dis-
tancer from the macroion center, and at the cell wal(r
=R)=Z,,. Up to a factor proportional to 87, [Q(r)

—Z.] gives (by simple application of the Gauss theojem NE
the mean electric field at ThereforeQ(r) can measure the /:\ 0.3
strength of the macroion charge screening by salt-ions. Ins
salt-free environment systems we have(r)=0 and N 0.2
=Z.lZ.

The simulation run parameters can be found in Table IV. o1

For all these simulation systems, the ion densitig¢s) were
computed with the same radial resolutian.** The discreti-
zation of the radial distancein n;(r) is realized over loga- 0 ] 5 s
rithmically equidistant points so that close to the macroion (r-r)lc
surface (—ry<o) we haveAr<0.04o. It is important to 0

obtain such an accurac(‘ﬂ_md_ the required statis_th:ﬁ ON€  FIG. 7. Monovalent counterion distributiofsystemsA andB): (a) Density
wants to describe quantitatively the effects of image forces, (r). The dashed line in gray corresponds to the counterion density

which are short-ranged at strong curvature. n'%(r) obtained in the same systef(Ae=78) but where thelatera)
) image-counterion correlational teridfj'm) [Eg. (35)] has been omitted in the
A. Salt-free environment total HamiltonianU,; [Eq. (31)]. (b) Fluid charge.

Salt-free system8 —F (see Table 1Y were investigated
for a moderately charged macroi@g,= 60 corresponding to

a surface charge density,=0.11 Cm 2. _ _ <
g B A (Ae=78) but omitted the correlational tertd{™ [Eq.

1. Monovalent counterions (35] in the total HamiltoniarU,; [Eq. (31)]. Physically, this
means that, on the level of the image force, each counterion

The profiles ofn,(r) and Q(r) are depicted in Figs. . ) ) - . :
sees uniquely its self-image interaction. Thereby, Fi@) 7

7(a) and 1b), respectively for the monovalent counterion ) X ) _Self
systemsA andB. ;hows thq(|) th_e corresponding c_c_)ur?terlon d_e_nsplS? (r)
Figure 7a) shows that the counterion density at contact!S néarly |((1See||1f§|cal ton..(r), and (i) in the vicinity of the
(r=r,) is somewhat smaller with s =78 as a direct conse- Interface ni="(r) is slightly smaller thann..(r). These
quence of the self-image repulsion. However there is ndindings (i) and(ii) lead to the _two important conclusions:
maximum appearing im, (r) with Ae=78, in agreement -Fpr monovalen_t c_ounterlons z_and moderqtely _charged
with the study of the single-counterion systdésee Fig. 6 Mmacroions, theeffectlsvelmage force is basically identical to
and Table I). Forr—ry>~0.60 (corresponding roughly to e self-image forcé? _ _
three half ionic sizes from the interfacéhe effects of image _ *1he crucial effect of lateral image-counterion correla-
forces are negligible and afi, (r) curves are nearly identi- ONS is toscreenthe self-image repulsion.
cal. This latter feature is generally true for afigite curvature at
To gain further insight into the effects tdteral image- identical fixed macroion charge density. Findifig is also
counterion correlations, we have considered the same systetonsistent with the fact that, close to the interfdsay r
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—ry<0.20), the average number ¢$urface counterionsN

0.06
is (very) small (N<5) as can be deduced from the fraction
of counterionsQ(r)/Z,, [Fig. 7(b)]. Ae=0

Figure 1b) shows that the fluid charg®(r) decreases 0.05 Ae=78 ]
when image forces are present, meaning that they lower thi Ae=178
macroion charge screening by counterions. At the distance  0.04 ]
r—ro=o (corresponding to a@-layer thicknesg the mac-
roion is 29% electrically compensatefi.e., Q(r—rg % 0.03 ]
=0)/Z,=0.29] with Ae =0 against 26% withAe=78. At T
the distance —ry=40, the relative differencAQ/Q be-
tween theQ(r) obtained withAe=0 andAe =78 drops to o 1
2% (against 10% atr —ry=0) where the bare macroion
charge is nearly half-compensated. 0.01 .

0
3 4

2. Multivalent counterions

a. Divalent counterions. The profiles ofn,(r) and
Q(r) are depicted in Figs.(8) and 8b), respectively for the
divalent counterion systen andD.

Figure 8a) shows that the counterion density at contact
becomes strongly reduced witi\e=78 due to the
Z?-dependence of the self-image repulsioompare the case
Z=1 in Fig. A@]. This sufficiently strong(short-rangeg
repulsion leads to a maximum m, (r) close to the macro-
ion surface. The corresponding radial positich maximiz-
ingn,(r)isr*=ry+0.220, in very good agreemeiivithin
Ar) with the one-counteriontheoretical valuery+0.170
(see Table ). This shows that for divalent counterions
many-body effects do nearly not affect. This nontrivial
finding is the result of the competition between two driving
forces that controt* in manycounterion systems:

oIz,

°Fim: the screening of the self-imagepulsionby the 0 s ; ‘
(extra negative polarization charges tendslecreasaher* 0 2
obtained in the one-counterion system. (r_r0)/6
*Fmc: the screening of the macroion-counteriattrac-

tion by the (extra surface counterions tends itocreasethe FIG. 8. Divalent counterion distributionsystemsC andD): (a) Density
* obtained in th teri t n.(r). The dashed line in gray corresponds to the counterion density
r* obtained in the one-counterion system. n®¢"(r) obtained in the same systef(Ae=78) but where thdlatera)

It is precisely a balance of these two driving forces that lead#nage-counterion correlational terdf;"™ [Eq.(35)] has been omitted in the
to a nearly unchanged® (compared to the one-counterion total HamiltonianU, [Eq. (31]. (b) Fluid charge.

system in many-counterion systems. Whereas for monova-

lent counterions both driving forcds;,, andF,,. are weak,

those become relevant for multivalent counterions. roion is 62% electrically compensated fdre =0 against
We stress the fact that this is specific to the sphericab3% for Ae =78 [compare the casé=1 in Fig. 7b)].
geometry, and that for a planar interfa@e identical surface b. Trivalent counterions. The profiles ofn, (r) and

charge densityone should get a highe (compared to that Q(r) are depicted in Figs. (8 and 9b), respectively for
of the one-counterion systgmsince there we have no trivalent counterion systents andF.
screening driving forc&;,,. We are not aware of any previ- Figure 9a) shows that the counterion density at contact
ous studies for the planar interface that address this Ssue.is drastically reduced witthe =78, as expected for high
To gain even further insight into the effect @fon the  (compare the previous cageét Ae=78, we haver* =r
lateral image-counterion correlations, we have ignored the-0.360, in quantitative agreement with thene-counterion
term Ui(j'm) in Uy in the same systed® (Ae=78) as done theoretical value 3+ 0.320 (see Table . This shows again
previously with systemA. Figure 8a) shows a qualitatively that even for trivalent counterions many-body effects do
different n®®'"(r) wherer* =r,+0.26s is now somewhat (practically not affectr* (compared to that obtained in the
larger, proving that with divalent counterions the screeningsingle-counterion systendue to a balance of the driving
of the self-image repulsion by lateral image-counterion corforcesF;,, andF ..
relations is appreciable. This is in contrast to what was ob- By neglecting the lateral image-counterion correlations
served withZ=1. in the same syster (Ae=78), Fig. 9a) indicates that the
At the distance —ry= o, Fig. 8b) shows that the mac- positionr* of the maximum inn®¢'%(r) gets considerably
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Z,=60;Z=3
0.07 ;

(a)

n(r)c

o/zZ,

FIG. 10. Snapshots of typical equilibrium configurations for trivalent coun-
terions(systemsE andF). (a) Ae =0 (b) Ae=78. One can clearly observe
the larger mean radial counterion distance far=78 stemming from the
self-image repulsion.

charge densityr,=0.32 Cn. The salt concentration de-

FIG. 9. Trivalent counterion distributiofsystemsE and F): (a) Density ~ fined as N_/37R%) is 0.44 M for all salty system&—J
n.(r). The dashed line in gray corresponds to the counterion densitysee Table V. The simulation cell radiuR= 200 of these

(self) i i = . . .
N (r) obtained in the same systef(Ae=78) but where thelatera) gy gtems js still very large compared to any screening lengths
image-counterion correlational terid](j [Eq. (35)] has been omitted in the that finit . fect liqibl
total HamiltonianU,, [Eq. (31)]. (b) Fluid charge. SO that finite size efiects are negligible.

_ _ _ ] 1. Moderately charged macroion
larger (* =ry+0.5Qr). This relatively strong shift confirms

g : : . Profiles ofn.(r) andQ(r) are depicted in Figs. 14
the Z-enhancing of the screening of the self-image repulsion =N .
by lateral imag?a-counterion corrgelations. gerep and 11b), respectively for the salty systen@ andH with
At the distance —ro= o, the macroion is 84% electri- ZmZTGhO- ion densit ith Ae—78 is basicall
cally compensated fode=0 against only 67% forAe _'he coion densl yn_(r) wi &= IS basically
—78 [see Fig. @) and compare previous systen§nap- shifted to the right of about 0.15(compared to that with

shots of typical equilibrium configurations faxe=0 and 38:?% due;l tf)d t:\e r?puls%e CO'Ont’ s_elf-lénag?ﬁmteractlon.
Ae=78 can be visualized in Figs. 1@) and 1@b), respec- ear the calloldal stirtace, the counterion densi e4r) are
tively. considerably higher than those obtained with no added salt

(systemsC andD) as it should bécompare Fig. &)].

A rather surprising result here is that, despite the pres-
ence of a considerable amount of added salt, we still have

We focus on the case of divalent salt-ions. This choice is* =r;+0.220 remaining unchanged. This is a nontrivial
motivated by two reasonsi) effects of image charges are finding since one should have &extrg attractive contribu-
clearly observable for multivalent counterions afiid such  tion to the macroion-counterion potential of mean force
systems must be experimentally reachable. To study the eftemming from thelocalized negativepolarization charges
fect of added salt we have considered two macroion chargdaaduced by the coions, which in turn could lead to a shorter
Z,=60 (as previously and Z,,=180 corresponding to a r*. However there are two concomitant sources that lead to

B. Salty solutions
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Z =60;Z=2 Z,=180;Z=2
0.08 : ; |
(a)
---- Ae=0 -—-- A£=0
Ae=0 Ae=0 ]
---- Ae=78 b === Ae=178
— Ae=178 — Ae=78 ]
2 4 : :
0 1 2 3 4
(r-r)/c (r-r)lo
. Z,=60;Z=2 Z,=180;Z=2
(b)
S
N |
\k/ |
=]
— Ae=0 ]
] ---- Ae=T8
0 L 1 1
0 2 3 4 0 ! . .
(r_ro)/o 0 1 3 4

2
(r-r)/c

FIG. 11. Divalent salt-ion distributiofsystemsG andH) with Z,=60: ()

The solid and dashed lines correspond to counterion and coion densitie§!/G- 12. Divalent salt-ion distributiotsystems andJ) with Z,=180: (&)
respectively(b) Net fluid charge. The solid and dashed lines correspond to counterion and coion densities,

respectively(b) Net fluid charge.

a marginal screening of the counterion’ self-image repulsion

by the negative coion-induced polarization chardgsthere ~ Ae =78 decreases drastically in the vicinity of the interface,
is a strong coion depletion close to the interfdsee Fig. and already for —ry>~0.20 the two profiles ofn . (r) are
11(a)] due to the large direct Coulomb macroion-coion repul-nearly identical. Besides, near the interfage effective
sion and(ii) |oh"| decreases abruptly with the radial dis- macroion-counterion repulsion occurs &t=78. This ab-
tance of the microion as discussed in Sec. |l 3&e also sence of a maximum in . (r) is due to two main concomi-

Fig. 3. Of course the role of thexcluded volumés crucial  tant effects:

here. *For such a highly charged macroion, there is a very

As expected the macroion charge screening is weakghyge number of counterions close to the interfimempare
when image forces come into play as can be deduced frorpig_ 12b) and Fig. 11b)]. In this limit, one can use Wigner

the profile ofQ(r) plotted in Fig. 11b). crystal concepts and say that, on the level of the force stem-
) ] ming from the bare chargédge., ignoring the image forcgs
2. Highly charged macroion each surface counterion essentially interacts with the oppo-

Profiles ofn..(r) andQ(r) are depicted in Figs. 18 sitely charged background of its Wigner-Seit¥'S) cell. At
and 12b), respectively for the salty systenisand J with  sufficiently high macroion charge densitye., small WS
Z,=180. hole radiug, this attractive interaction becomes very impor-
Figure 12a) shows that the effects of image forces aretant and it always overcomes the self-image repulsion.
considerably reduced. The relatively small difference be- ¢The secondconcomitant mechanism is specific to the
tween then (r) obtained withAe =0 and that obtained with closed spherical topology: at high number of surface counte-
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rions, the image forces are reduced because of the enhancegstem. This feature is specific to the spherical geometry and

degree of spherical symmetry as already mentioned in Secan not take place with planar interfaces where theneois

1D 4. self-screening of the polarization charges. For monovalent

counterions we showed that theffective image force is

both dielectric discontinuitieds, in contrast to what hap- Pasically equal to that of the self-image interaction, and the

pened withZ,, =60 (systemsJ and K). This phenomenon lateral image -counterion co_rrelatlons a(neary) weak. How- _
gver for multivalent counterions the lateral image-counterion

can be explained as the enhanced screening of the coio . o i 4
self-image repulsion by the positive polarization charges incorrelations affect significantly the counterion density, and as

duced by the other coions present in the electrical doublgor effect theyscreenthe self-image repulsion. Neverthe-

layer (EDL). Indeed, because of the macroion chamgeer- €SS, the combined effects G the macroion charge screen-
sal that occurs atZ,=180 [i.e., Q(r)/Z,>1—see Fig. N9 by counterions andii) the screening of the self-image

12(b)], there is also a larger number of coiofa fixed salt '€Pulsion lead to a nearly unchangetl (compared to that

concentratiop in the EDL [compare Fig. 1@) and Fig. obtained in the single-counterion systerfior multivalent

11(a)]. Therefore, since the magnitude and the inhomogeneany-counterion systems. Furthermore, we showed that the
ity of —o>h"(6) induced by a coion strongly decreases with ccljun;erlog .der;{sﬁy it conc}e;(r:‘t (tjricrelasgs drastically g(&s
its radial distancésee Eq(16) and Fig. 3, the screening of &S0 found in Ref. 1)) and that* also increases wit as
the coion’ self-image repulsion gets highly sensitive to argxpected. These latter results have important implications for
increase in number of coions in the EDL. the stabilization of charged colloidal suspensions where a

Concerning the net fluid charg@(r), we see that both component of the pair-force is proportional to the ion density

profiles obtained with\e =78 andAs =0 are nearly identi- &t contact.

cal, as expected from those pf (r). The net fluid charge By adding salt, it was found for moderately charged
Q(r) reaches its maximum ag—rozo.goa and 0.94 for macroions that the strength of the image forces induced by

Ag,=0 and 78, respectively. In both cases we have a madhe coio_nsis very _smaII compared to that resqlting from the
roion charge reversal of 9%more explicitly Q(fS)/Zm counte:-rlor)s. This lls.d.ue to the couplled gffect{;lbfhe coion
=1.09]. This proves the important result that, for typica|deplet|or_1 in the vicinity of the_ coIIO|_daI mterfa_ce dl_J_e to the
systems(with high macroion charge densjtyleading to st(ong direct Coulomb macroion-coion repulsmn @m)jthe
overcharging” 26323738 mage forces donot affect the (highly) short range of the image forcgs in sphencal geom-
strength of the macroion charge reversal. etry. Consequently the positiarf remains identical to that
obtained in salt free environment and a fortiori to that ob-
tained within the one-counterion system. Faghly charged
V. CONCLUDING REMARKS macroions the effects of image charges are significantly re-

We have presented fundamental results about the effec%uced since(i) the attractive counterion-hole interaction
of image forces on the counterion distribution around a oml.r.lates the repulswe countenqn s,elf-|n_1age mteracpon
spherical macroion. and(ii) the screening of the counterion’ self-image repulsion

Exact analytical results have been provided for the cas@®tS enhanced_ by symmetry.reason. !n this s.|tuatm)maX|-
of a single microion interacting with a dielectric sphere, UM appears in the counterion dens_lty and it was found that
Within this framework, the self-image interaction and theoverpc\lhsrgmﬁls neal\l/lrlc):/ unalffe_cted by 'ma.gz forcgs.
surface charge of polarization have been studied and also though our analysis was carried at given macro-

compared to those obtained with a planar interface. Besidd§" 1€ aI_I the above reasonings that conaeﬁmycoqn_te-
we also estimated the positio* where the macroion- rions remain unchangefor symmetry reasorfor any finite

counterion potential of interaction is minimized. We demon-Curvature by a rescaling at fixed macroion charge density.

strated that the effects of image forces due to a spherical Finally, this contribution should constitute a solid basis
interface are qualitatively different from those occurring with t(ihunde_rs_tland artld predict thle TffetCtT tOf |r(rj1age t_chargets n
a planar interface, especially when the colloidal curvature i her .S'T' ir sysdemﬁe..g., polyelectrolyte adsorption onto
large. We showed that theelf-screeningf the polarization spherical charged colloigis

chargeqi.e., the screening of the positive surface charges of
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ABSTRACT: In this article we review the complexation behavior of charged polymers

adsorbed onto charged substrates. In the first part we summarize the results obtained
on the adsorption properties of a single polyelectrolyte chain with one or several
oppositely charged spherical colloids. The results of various simulational studies are
compared with theoretical predictions. After that, we show that under strong electro-
static coupling conditions one can also obtain complexations, where chain and colloid
carry the same charge (like-charge complexation). This effect is due to counterion
correlation effects. Finally, we investigate the case of polyelectrolyte multilayers struc-
tures, which are composed of alternating polycations and polyanions on various sub-
strate geometries. This structure, normally obtained by a so-called layer-by-lay depo-
sition, is very stable experimentally, but only poorly understood in terms of theoretical
approaches. Our simulation results suggest that short range attractive interactions
(e.g., van der Waals) are important for obtaining a stable sequence of multilayers.

© 2004 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 42: 3557-3570, 2004

INTRODUCTION

Polyelectrolytes (PEs) are polymers that possess
ionizable groups that can dissociate charges in
polar solvents, resulting in charged polymers and
small counterions. Both charged species can be
influenced by external electric fields, or additional
charged bodies, like charged membranes, charged
colloids, or other charged polymers. Because the
interactions are long ranged in low-salt or salt-
free solutions, and due to the complicated inter-
actions, various complexes, and even hierarchical
nanostructures, can emerge. On the other hand,

Correspondence to: C. Holm (E-mail: holm@mpip-mainz.
mpg.de)

Journal of Polymer Science: Part B: Polymer Physics, Vol. 42, 3557-3570 (2004)
© 2004 Wiley Periodicals, Inc.

charged species are notoriously difficult to de-
scribe with analytical theories.™? This is one rea-
son that theoretical insight of very complex
charged systems had to go hand in hand with
more and more involved computer simulations of
such systems. With the increase in speed of mod-
ern computers on the one hand, and with the
development of advanced simulation methods for
the treatment of time consuming electrostatics
routines® on the other hand, more and more in-
sight could be gained by computer simulations.
In this article we present three different cir-
cumstances under which PE adsorption were
studied by numerical simulations. The first one
deals with the usual adsorption of PEs onto an
oppositely charged spherical particle. This case
has been experimentally extensively studied*~”
because it can be observed in many soft matter
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systems like surfactant—polyelectrolyte systems,
protein—DNA complexes, or even chromatin fibers
that are built out of DNA-histone complexes in a
very complicated fashion.® Various authors have
investigated this phenomenon theoretically® 7
and by Monte Carlo simulations,'® 22 and we will
put the different findings into relation with each
other. The second part deals with the much less
investigated case of the complexation of a charged
sphere with a like-charged PE. It is only very
recently that we reported such a phenomenon in
the strong Coulomb coupling regime.?>?* From a
theoretical point of view, the long-range Coulomb
interactions of these systems represents a formi-
dable challenge, and especially the understand-
ing of effective attraction of like-charged bodies
has attracted recent attention.?’ There, we will
elaborate on the complexation between a sphere
and a long flexible PE both negatively charged.
Although complexation in the strong coupling
limit due to counterion correlations is expected,
we report new and rather unexpected chain con-
formations. We present MD simulation results
without added salt but taking into account the
counterions explicitly. We will explain the mech-
anisms accounting for the different encountered
complex structures. The last part of this article
deals with thin PE multilayer films made up of
alternating layers of polycations (PCs) and polya-
nions (PAs). The so-called layer-by-layer method,
first introduced in planar geometry by Decher,
consists in a successive adsorption of the polyions
onto a charged surface, and has proven to be
extremely efficient.?®2” Due to the many poten-
tial technological applications such as biosens-
ing,?® catalysis,?® optical devices,?® and more, this
process is today widely used. Another very inter-
esting application is provided by the PE coating of
spherical metallic nanoparticles.”3! This process
can modify in a well-controlled way the physico-
chemical surface properties of the colloidal parti-
cle.

Some experiments (see, e.g., ref. 32) were de-
voted to the basic mechanisms governing PE mul-
tilayering on planar mica surfaces where, espe-
cially, the role of surface charge overcompensa-
tion was pointed out. Nevertheless, despite the
huge amount of experimental works, the detailed
understanding of the multilayering process is still
rather unclear.?® Hence, the study of PE multi-
layering is motivated by both experimental and
theoretical interests. We will discuss our recently
obtained results on substrates of various geome-
tries, and stress the importance of nonelectro-

static short-range interactions for a smooth lay-
ering structure.

ADSORPTION OF A SINGLE
POLYELECTROLYTE

Case of an Oppositely Charged Sphere

We first briefly review the works related to the
adsorption of a long PE onto an oppositely
charged sphere. The situation where a single PE
chain wraps around a spherical macroion is often
encountered in practical situations. For instance,
the case of chromatin corresponding to the com-
plexation between DNA and histone is one of the
most well-known examples, and was thoroughly
reviewed by Schiessel.® Many analytical works
were devoted to understand the role of electro-
static interactions coming into play within those
structures.!°71¢34 The most common result is the
overcharging of the spherical macroion by the
long PE chain and a strong wrapping, see Figure
1 for an example.

On the simulation side, there is today a consid-
erable amount of available contributions where var-
ious authors have analyzed the PE-macroion com-
plexation by means of MC simulations.!?22-35-40
We briefly review here the main results.

Effect of Chain Stiffness

The effect of chain flexibility (at prescribed chain
length) was first systematically investigated by
Wallin and Linse!'® and then recently further in-
vestigated by Stoll and Chodanowski®” and Ak-
inchina and Linse.?® In these first simulations,
with explicit counterions in a salt-free environ-
ment, Wallin and Linse'® showed that the degree
of PE adsorption, and concomitantly that of over-
charging, decreases with the stiffness of the chain
as expected. Using Debye-Hiickel pair interac-
tions in their MC simulations, Stoll and
Chodanowski®’ could include the effect of added
salt beside of that of the chain flexibility. In that
work,?” the PE carries the same absolute charge
as that of the spherical macroion, so that no PE-
induced overcharging could occur. Within this
framework, Stoll and Chodanowski®” showed that
by increasing the chain stiffness, solenoid confor-
mations are progressively achieved at the particle
surfaces, as also analytically predicted by Nguyen
and Shklovskii'® for semiflexible chains. At high
salt concentration, full PE desorption is always
predicted.®” It is interesting to mention that the
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large values of PE stiffness (characterized there
by k., considered at zero-salt concentration in
ref. 19 and ref. 37 differ in many orders of mag-
nitude. This explains the qualitatively different
PE conformations observed at large &,,,, (compare
Fig. 6 in ref. 19 with Table 3 in ref. 37). Unfortu-
nately, Stoll and Chodanowski®’ did not comment
this point, nor did they compare their results with
those of the earlier work of Wallin and Linse.®

Effect of Chain Length

Some systematical studies about the effects of
chain length (or more precisely, the ratio o, = L/d
between the chain contour length L and the col-
loid diameter d) on the micro structural proper-
ties of the PE—colloid complexation were carried
out by Wallin and Linse,?® Chodanowski and
Stoll,?>36 and Akinchina and Linse.?® At (very)
high «;, Chodanowski and Stoll**® found, for
fully flexible chains, that only a marginal portion
of the PE is adsorbed to the colloid, and extended
tails in solution are formed. At “intermediate” oy,
again for fully flexible chains, the PE always col-
lapses (at low salt concentration) to a so-called
“tennis-ball” like conformations.?®3¢ At suffi-
ciently small o;, one basically recovers the planar
case (i.e., zero curvature), where the PE confor-
mations look very similar.®® Akinchina and
Linse®® also investigated the effect of chain stiff-
ness in addition to o;. They find a rich phase
diagram (see Fig. 1 in ref. 38) comprising “tennis
ball”-like, solenoid, multiloop (also called “ro-
sette”®?), single loop, as well as “U” conforma-
tions. The rosette conformation had already been
predicted theoretically for short-range attractive
sphere—polymer interactions!” that could corre-
spond to a high-salt concentration regime. None-
theless, Schiessel also confirms theoretically this
type of structure for screened Coulomb interac-
tions (involving charged species) for low salt con-
centration (see Fig. 2 of ref. 17) and a (very) good
qualitative agreement is reached with the MC
findings (at a salt-free environment) of Akinchina
and Linse.?®

Other Relevant Effects

Recently, Carlsson et al.*! considered the effect of
the discrete nature of the protein charge distribu-
tion on protein—polyelectrolyte complexation.
Still, in the primitive model, instead of consider-
ing a uniform surface-charge density (see also
Ref. 42 for a more detailed discussion), they dis-
tribute little ions (each of valence Z = —1, 0 or

Figure 1. An example of PE—colloid complexation
(tennis ball-like conformation). Here all 80 monomers
are positively charged (le/bead) with a diameter o, and
the oppositely charged colloid carries a bare charge of
—40e and has a diameter of 95.*°

+1) so that the net charge of the protein could be
either positive or negative.*’ The motivation of
such a protein charge model*! stems from the
experimental situation (lyzozymes) where the
protein net charge, as prescribed by the number
of ionized amino groups, is pH-dependent. Be-
sides electrostatic correlations, short-range at-
tractions (typically scaling like —1/r%) were also
considered so as to allow a more realistic compar-
ison with experimental data.*’ Within that
framework, Carlsson et al.*! showed the following
interesting results:

1. Complexation can be stronger with a dis-
crete protein-charge distribution. This lat-
ter result is fully consistent with the find-
ing of Messina concerning counterion dis-
tribution (see Fig. 12b in ref. 44).

2. Concomitantly, their analysis also reveals
that the negative beads tends to be local-
ized around the positive discrete positive
surface ions, as expected.

For the completeness of the model, image
charges should have been taken into account, as
recently analyzed by one of us.*3

The “polarizability” of PE-colloid complexes
(i.e., the derivative « = dP/dE of the complex-
polarization P with respect to the external ap-
plied electric field E) has also been recently inves-
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tigated by Dzubiella et al. (see Sec. III in Ref. 39).
Notice that, strictly speaking, in a presence of a
uniform external electric field the true equilib-
rium state corresponds to a colloid and a PE chain
that are infinitely separated from each other. In
practice, however, one can say that the energy
barrier of “decomplexation” is so high that the
complex state is apparently very stable (but still
metastable). The authors restrict their MC study
to the case where the PE chain and the spherical
macroion have the same charge in absolute value,
so that there is no monopole contribution.?® More-
over, image forces*® were not taken into account,
which might be a crude approximation for short
chains. Within this framework, Dzubiella et al.?®
showed that two length scales are relevant:

1. For small chains and small E, « is strong
and reaches its maximal value for chain
length comparable to the circumference of
the colloid. This regime can be theoreti-
cally well described in terms of thermally
fluctuating dipoles with an effective length
that depends on the chain length.

2. For chains longer than circumference of
the colloid, the magnitude of the polariz-
ability « is of the order of that of a classical
conducting sphere of radius of the complex
size.

Multisphere Complexation

The complexation between a single PE and many
spherical colloids were investigated by Jonsson
and Linse*®*® by means of MC simulations. In
these works, electroneutrality is ensured by the
explicit presence of little monovalent counterions
(anions and cations), and no salt-ions were added.
The effect of charge density, chain length, and
macroion charge was discussed in ref. 45,
whereas the effect of chain flexibility was dis-
cussed in ref. 46. Jonsson and Linse introduced

two dimensionless charge-parameters:*>46

| NwZwu
B = ‘NmZm ) (D
and
|NiZy
B = ‘Nmzm ) (2)

where Ny, is the total number of macroions, Zy; is
the negative valence of the macroions, N,, is the
number of monomers, Z_, is the positive valence of
the monomers, and Nj; is the number of macro-
ions in molecular contact to the PE defining the
degree of complexation. We briefly review and
discuss the main results of those two articles.*54¢

Effect of Charge Density, Chain Length, and
Macroion Charge*

In this study, the PE is modeled as charged hard
spheres connected by harmonic bonds, so that
here the chain is fully flexible Gi.e., k,,, = 0). The
main relevant findings can be summarized as fol-
lows:

1. For undercharged complexes (i.e., B¢ = 1),
the degree of complexation [i.e., B = B%(B)]
is first linear in B at low B, and in the
overcharging regime (i.e., 8¢ > 1) B¢ exhib-
its a plateau that is the signature of an
overcharging saturation.

2. An increase of the linear charge density
and/or of the colloidal surface-charge den-
sity leads to a stronger complexation or
equivalently to a stronger overcharging
(i.e., higher values of §°), as expected.

3. At fixed PE linear charge density, an in-
crease of the chain length leads also to a
stronger complexation.

From an overcharging viewpoint, one can say
that those results are in qualitative agreement
with the theoretical predictions of Nguyen and
Shklovskii'®*” and Schiessel et al.*®

Effect of Chain Flexibility*®

In a subsequent work,*® Jonsson and Linse con-
sidered the effect of chain flexibility (k,,, > 0).
The latter is taken into account by a harmonic
angular potential. The main relevant findings can
be summarized as follows:

1. In the undercharging regime (¢ = 1), the
binding isotherms [3¢ = B°(B)] is also linear
and identical to that found for flexible
chains.

2. The complexation structure, however,
strongly depends on the chain flexibility.
As the latter is decreased, the macroion
arrangement gets gradually more linear
and ordered along the chain.
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LIKE-CHARGE COLLOID-POLYELECTROLYTE
COMPLEXATION

The complexation of a highly charged colloid with
a long flexible PE, both negatively charged, was
recently investigated by ourself 23?* by means of
molecular dynamics (MD) simulations. Electro-
neutrality is ensured by multivalent counterions,
whose presence is crucial for the occurrence of
that rather counterintuitive like-charge complex-
ation. In this MD simulation model,?32* the coun-
terions of the colloid and the PE are supposed to
be identical. Below, we review some important
aspects of those new studies that concern the
strong Coulomb coupling®® and the weak Cou-
lomb coupling,?* the latter corresponding to aque-
ous solutions. We would like to mention here that
there is no particular advantage to use MD sim-
ulations rather than MC ones. These two methods
are fully equivalent as long as equilibrium prop-
erties are concerned. It is only for “historical”
reasons that MD simulations were employed here
in the present context.

Strong Coulomb Coupling

The colloid carries a negative bare charge of
—180e and has a diameter d = 150 with o = 3.57
A being the diameter of the positive divalent
counterions. The long polymer chain contains
about N, = 256 monomers, and 1/f monomer is
negatively charged (—2e). The strong Coulomb
coupling is ensured by taking a Bjerrum length of
Iz = 100 = 35.7 A.

Typical equilibrium microstructures of the col-
loid—polyelectrolyte complex can be found in Fig-
ure 2. In all reported cases complexation occurs
and the PE is completely adsorbed onto the col-
loidal surface. This renders the conformation qua-
si-two-dimensional, in contrast to the bulk case
(i.e., in the absence of the macroion but with the
presence of the PE counterions — see also Fig. 3
in ref. 24. Nevertheless, the structure of these
resulting complexes depends strongly on the
value of f. For the fully charged PE case [f = 1, see
Fig. 2(a)] the monomers are closely packed form-
ing a two-dimensional compact Hamiltonian-
walk with the condensed counterions on the PE.
Upon reducing f [see Figs 2(b) and (c¢)], the com-
plex structures are qualitatively different. For f
= 1/2 [see Fig. 2(b)], the monomers spread more
over the particle surface and the polymer par-
tially wraps around the sphere exhibiting a quasi-

Figure 2. Typical equilibrium configurations of the
like-charge colloid—polyelectrolyte complex in strong
Coulomb coupling for (a) f = 1, (b) f = 1/2, and (c) f
= 1/3. Monomers are in white and counterions in red.

two-dimensional pearl necklace structure. For f
= 1/3 [see Fig. 2(c)], the monomers spread en-
tirely over the particle surface, and the chain
wraps the colloidal particle leading to an almost
isotropic distribution of the monomers around the
spherical macroion.

Within this strong Coulomb coupling regime,
we were able to quantify the chain conformation
with simple theoretical concepts.?®2?* More pre-
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Figure 3. Degree of PE overcharging yPE as a func-

tion of 1/f. The dashed line corresponds to the theoret-
ical prediction (eq 4).%°

cisely, it was shown that the concept of polyelec-
trolyte overcharging is relevant to rationalize
those observed PE conformations. The degree of
PE overcharging ypy is defined as follows

ch
XPE = 77 > 3)

cm

where N4 is the number of “condensed” counteri-
ons onto the PE chain (i.e., counterions that are
within a prescribed distance from the PE chain)
and N, stands for the total number of charged
monomers. Hence, the PE is (locally) overcharged
when ypg > 1. The plot of xpg as a function of 1/f
can be found in Figure 3. It is seen that ypg is a
decreasing function of /. This result can also be
obtained analytically (see also Fig. 3) by assum-
ing that the counterion distribution of the colloid
(that are responsible of the PE overcharging) is
nearly unperturbed by the presence of the PE
chain with its stuck counterions. This latter fea-
ture was carefully checked by our MD simulations
in refs. 23 and 24. Thereby, the theoretical degree
of PE overcharging is given by:

where C is a constant that depends on the chosen
system parameters (see eqs 4 and 5 in ref. 23).
Because the renormalized charge g%, of a mono-
mer can be given by

qﬂx; = = (XPE - 1)qm7 (5)

where q,, is the bare monomers charge, we can
state that ¢ increases with 1/f as deduced from
Figure 3. This PE overcharging leads to an effec-
tive local monomer-monomer repulsion that is
controlled by g%, and therefore, to a bond stiffen-
ing that is f~dependent. The latter in turn ex-
plains why the PE expands with increasing 1/f.
Concomitantly, by increasing 1/f, one reduces the
number of available dipoles (i.e., ion pairs made
up of monomers and counterions), which also dis-
favors the compaction of the chain.

Weak Coulomb Coupling

The case of a weak Coulomb coupling, involving
monovalent monomers and the Bjerrum length of
water [g = 7.14 AGe., aqueous solvent), was also
investigated by us.?* Interestingly, it was found
that even in that situation like-charge complex-
ation can occur for trivalent counterions.

Typical colloid—-PE complex microstructures
are depicted in Figure 4. In all cases (here, 1/3 = f
= 1), we have adsorption of the PE onto the like-
charged colloid. Compared to the (very) strong
Coulomb coupling, the PE adsorption is much
weaker due to the reduced counterion correla-
tions in the weak Coulomb coupling. More specif-
ically, for f = 1 [see Fig. 4(a)] the PE conformation
consists of dense globules (which are mainly coun-
terion induced and at least extend entropically
mediated) separated by strings, reminiscent of
the pearl necklaces found in studies of polyam-
pholytes.*® Upon reducing f, the PE adsorption is
weakened due to the reduced available dipoles
leading to the formation of chain loops [see Fig.
4(b) and (c)].

MULTILAYERING

PE multilayer thin films are made of alternating
layers of polycations (PCs) and polyanions (PAs),
supposing that the substrate is negatively
charged. It was only recently that the study of PE
multilayering by means of numerical simulations
was reported.*®?%51 The presence of oppositely
and highly charged PEs renders the understand-
ing of PE multilayers extremely difficult, and a
robust analytical theory will be difficult to con-
struct.'*?%53 We briefly review some important
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aspects of PE multilayering for spherical,*’ pla-
nar,’® and cylindrical substrates.?!

In all these studies,**®%?! the influence of an
additional nonelectrostatic short-range attraction
between the PC monomers and the substrate was
considered. The strength of this “sticky” potential
is characterized by a value for the attractive en-
ergy Xvaw that corresponds to the PC monomer
energy (in units of kg7) at contact. The PEs are
always fully charged (f = 1), and the PAs and PCs
have the same length and carry the same charge
in absolute value.

Spherical Substrate

The formation of PE multilayers on charged
spheres was investigated by MC simulations in
ref. 40. The colloid is characterized by a radius a
= 4.50, with o = 4.25 A being the microion (mono-
mer and counterion) radius, and a negative
charge of —40e. Counterions were explicitly taken
into account, ensuring the overall electroneutral-
ity of the system.

A highly interesting situation is already pro-
vided by the study of PE bilayering. Equilibrium
configurations of two oppositely charged PEs
(with N, = 80) adsorbed onto the negatively
charged colloid can be found in Figure 5. One can
clearly see that at sufficiently low x4, (in partic-
ular at xyqw = O corresponding to purely electro-
static regime) the oppositely charged PEs build
up a rather compact complex (i.e., a globule), rem-
iniscent of the classical PE collapse. In return for
Xvaw = 2 the PE complex gets flatter and wraps
around the colloidal particle, indicating the im-
portance of nonelectrostatic contribution in the
bilayering process. The two main mechanisms
controlling the structure and the PE bilayer can
be summarized as follows:

1. The PC-PA globalization driving force
tends to produce one or more neutral glob-
ules and results thus in a weaker and more
diffuse PE adsorption.

2. The attractive PC monomer—colloid short-
range interaction increases the PE adsorp-
tion. True bilayering (involving flat layers)

Figure 4. Typical equilibrium configurations of the
like-charge colloid—polyelectrolyte complex in “weak”
Coulomb coupling for (a) f = 1, (b) f = 1/2, and (c) f
= 1/3. Monomers are in white and counterions in red.
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Figure 5. Typical equilibrium configurations for one PC (in white) and one PA (in red)
adsorbed onto the negatively charged colloid at different x4, couplings. The little
counterions (anions and cations) are omitted for clarity. (a) xygw = 0 () Xvaw = 1 (€) Xvaw
=2 (d) Xyaw = 3 (&) Xyaw = .

requires a minimal y,4,, and hence, flat
layers cannot be obtained within a purely
electrostatic regime.

For a detailed analysis of the monomer and the
net fluid charge distributions, the reader is in-
vited to look at Secs. IV and V of ref. 40.

Now that PE bilayering is rather well under-
stood, the much more complicated case of PE mul-
tilayering (beyond bilayering) can be addressed.
The adsorption of 12 PEs (6 PCs and 6 PAs) onto
the negatively charged colloid is sketched in Fig-
ure 6. Even for such a high number of adsorbed
PE chains (always with N, = 80), MC simula-
tions show that in a purely electrostatic regime
[xvaw = O0; see Fig. 6(a)] that the formation of
globular PC-PA complexes is still strong, leading
to a nonhomogeneous monomer coverage of the
colloidal surface. In particular, large “holes” are
present at x,4w = 0 due to this PC—PA globaliza-
tion driving force. On the other hand, at x4, = 3
[see Fig. 6(b)], the monomer coverage gets much
more homogeneous, where the colloidal surface is

nearly uniformly recovered by the PC and PA
monomers. This feature indicates again the im-
portant role of nonelectrostatic interaction in PE
multilayering (even at a relatively high degree of
layering).

The influence of chain length was also investi-
gated by considering the adsorption of short PE
chains with N, = 10 (see Sec. VII of ref. 40).
Typical equilibrium configurations are sketched
in Figure 7. In the purely electrostatic regime
(Xvaw = 0), the PE adsorption is weak and it
significantly increases with y,q.,. Nevertheless, at
finite x, 4 only PE bilayering is found to be stable
in contrast to previous systems containing long
chains (for a more quantitative analysis, compare
also Fig 13 with Fig. 10 of ref. 40). Moreover,
several globally neutral PC—PA complexes are de-
tected in the bulk, whose number decrease with
Xvaw (see Fig. 7). This feature is inhibited for long
chains (here N, = 80) due to the strong PC-PA
binding energy that keeps all chains near the
colloidal surface. Those results concerning short
chains, indicate that PE multilayering must also
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Figure 6. Typical equilibrium configurations for 12
PEs (6 PCs in white and 6 PAs in red) adsorbed onto the
negatively charged colloid at different y,q4. couplings.
The little counterions (anions and cations) are omitted
for clarity. (a) xyaw = 0 (b) Xyaw = 3-

involve specific PC-PA interactions and/or non-
equilibrium effects that are not captured by our
model.

Comparison with Other Substrate Geometries

More insight can be gained by comparing the
process of PE multilayering just studied above for
a spherical substrate with those involving differ-
ent charged substrate geometries. For instance,
the case of a planar substrate has the property of
being curvature-independent (where no wrapping
can occur), and hence, it corresponds to a more

universal situation. On the other hand, the case of
a cylindrical substrate presents a very low dimen-
sionality.

Planar Substrate

The study of PE multilayering onto charged pla-
nar surfaces was investigated by one of us (see
Sec. VI of ref 50 for the present discussion). The
monomer density profiles n.(z) are depicted in
Figure 8 (at fixed total number of monomers of
800 where the number of PC and PA chain is the
same) and the corresponding microstructures can
be found in Figure 9. Even at yyq., = 0 with N
= 10, a nonnegligible second peak in n_.(z) can be
detected [see Fig. 8(b)]l, which is the signature of
a third layer. This finding strongly contrasts with
what was just reported above at spherical sub-
strates for short chains (also with a similar mac-
roion surface charge density), where not even a
stable PE bilayer could build up. This behavior
can be accounted by geometrical arguments. In-
deed, the electrostatic potential in spherical ge-
ometry goes like 1/r against z in the planar case.
Hence, at sufficiently high curvature (as it was
the case in ref. 40 where N,,0/a > 1), qualitative
differences from the planar case are then ex-
pected. Always at x, 4, = 0, but with longer chains
(N,, = 20), Figure 8(a) shows that the degree of
layering is higher as expected. This feature is well
illustrated by Figure 9(b), where the PA mono-
mers are visibly more attracted to the planar
macroion surface. At x,q4» = 5, the adsorption of
monomers is drastically increased due to the en-
hanced stability of the first PC layer that, in turn,
induces a larger adsorption of the subsequent PAs
and PCs. Compared to x,qw = 0, all the peaks in
n.(z) are shifted to smaller z, indicating a higher
compaction. These higher ordering and compac-
tion at x,4., = b can be visually checked in Figure
9(c) and (d).

Cylindrical Substrate

The adsorption of oppositely charged PEs onto a
charged rod was recently investigated by on of us
in ref. 51. Typical equilibrium configurations (IV,,
= 20) can be visualized in Figure 10(a)—(f). The
main relevant conclusions of this work can be
summarized as follows:

1. As far as the PC adsorption is concerned
(in the absence of PAs), it was demon-
strated that huge macroion charge reversal
occurs even at x,qn = O (see Fig. 3 in ref.
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Figure 7. Typical equilibrium configurations for short PC (in white) and PA (in red)
chains adsorbed onto the negatively charged colloid at different y,q4, couplings. The
little counterions (anions and cations) are omitted for clarity. (a) xyqw = 0 (0) Xoaw = 3

(C) Xvaw = 5.

51). By adding exactly the same amount of
PAs, only a (relatively) marginal over-
charging is surprisingly observed [see Fig.
10(a)], which is due to (a) PC-PA cluster-
ing and (b) above all to entropic effects.

At higher number of PEs, MC simulation
data show that true bilayering (i.e., flat
and dense PE layers) can only occur at
finite x,q., in contrast to what was found
with planar substrates,?® but similar to the
spherical case. Even at finite y,,,, stable
multilayering (beyond bilayering) is hard
to reach at large macroion rod curvature
[see Figs. 10(b), (d), and (f), and Fig. 5 in
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ref. 51 for a detailed radial monomer dis-
tribution] due to the high entropy loss
there. This latter, in turn, inhibits the ap-
pearance of charge oscillations.

CONCLUDING REMARKS

In this article we have reviewed various ways how
polyelectrolytes adsorb onto other charged ob-
jects. This can happen with oppositely charged
colloids, like-charged colloids, or with polyanions
and polycations which form multilayers on

0.8

0.6

n(z)o
o
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0.2

w=3
b
(b) N =10
----- N =10
= N =20
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X _—
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Figure 8. Profiles of monomer density n = (z) for oppositely charged PEs adsorbed
onto a negatively charged planar substrate. x, 4, couplings. (a) xyqaw = 0 (b) Xyaw = 5.
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Figure 9. Corresponding microstructures of systems involved in Figure 8, with PCs
in white and PAs in red. The little counterions (anions and cations) are omitted for
clarity. (a) xyqw = 0, N = 10 (b) Xyaw = 0, N, = 20 () Xvaw = 95 N = 10 (d) xyqw = 5,
N, = 20.

charged surfaces with varying substrate geome-
tries.

At this point we would like to remark that
the analytical theories have been developed
best for the polyelectrolyte complexes with op-
positely charged bodies. The discussed case of
like-charged complexations is based on strong
charge correlations, and requires thus a strong
Coulomb interaction. This is certainly out of the
validity of mean-field theories, and needs alter-
native theoretical approaches, like Wigner crys-
tal theories or theories based on strong coupling

expansions. For the last discussed case of poly-
electrolyte multilayers it is not even known if
the experimentally observed PE multilayers are
equilibrium structures or meta-stable states. At
least for our choice of short range x4, and of
the electrostatic coupling parameter, which is
based on chain interactions in the bulk state,
we do not observe a slow relaxation dynamics of
the layers. The chains can reorient in the layers
quite freely. This is different from observations
in experiments,3® under slightly different con-
ditions. It is too early to compare quantitatively
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Figure 10. Typical equilibrium configurations for the adsorption of oppositely
charged PE chains (at different total number Ny of PEs) onto a cylindrical macroion.
The polycations are in white and the polyanions in red. The little ions are omitted for
clarity. The outer green cylinder is a guide for the eye. (a) xyaw = 0, Npg = 12 (b) Xyaw
=5, Npg = 12 (¢) xvaw = 0, Npg = 24 (d) Xxvaw = 5, Npg = 24 (€) Xyaw = 0, Npg = 48 (f)
Xedaw = D, Npg = 48.
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the outcome of our simulations with experi-
ments, because we dealt only with a consider-
ably small number of chains that also were
rather short. However, our results suggest that
also nonelectrostatic interactions quite strongly
influence the layer morphology. Certainly, more
careful experiments and simulations are
needed to elaborate on this point.

In basically all cases the observed PE confor-
mations depend highly on the exact parameters of
the systems like stiffness, salt content, charge
strength, counterion type, and others. The mu-
tual dependencies of these parameters on the ob-
served complexes lead to a highly nontrivial be-
havior. Although we are far from understanding
all the details, we made great progress in under-
standing at least the qualitative behavior of these
systems. Nevertheless, there are still many more
questions to be resolved in the future, which par-
tially explains why this field has attracted that
much interest in the last few years.

R.M. thanks F. Caruso, H. Léwen, S.K. Mayya, and E.
Pérez for helpful discussions. This work was supported
in part by the SFB TR6, the SFB 625, and the “Zentrum
fir Multifunktionelle Werkstoffe und Miniaturisierte
Funktionseinheiten,” grant BMBF 03N 6500.
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Like-charge colloid—polyelectrolyte complexation
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We investigate the complexation of a highly charged sphere with a long flexible polyelectrolyte,
both negatively chargeth a salt-free environment. Electroneutrality is insured by the presence of
divalent counterions. Using molecular dynamics within the framework of the primitive model, we
consider different Coulomb coupling regimes. At strong Coulomb coupling we find that the
adsorbed chain is always confined to the colloidal surface but forms different conformations that
depend on the linear charge density of the chain. A mechanism involving the polyelectrolyte
overchargingis proposed to explain these structures. At intermediate Coulomb coupling, the chain
conformation starts to become three-dimensional, and we observe multilayering of the highly
charged chain while for lower charge density the chain wraps around the colloid. At weak Coulomb
coupling, corresponding to an aqueous solvent, we still find like-charge complexation. In this latter
case the chain conformation exhibits loops. 2002 American Institute of Physics.
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I. INTRODUCTION Il. SIMULATION METHOD

The MD method employed here is based on the Lange-

charged spherical particle has been experimentally exteryi €quation and is similar to that employed in previous

sively studied recentl}* Various authors have investigated studies’ Con5|dgr within the frameworl_< of the prl_m|t|ve
this phenomenon theoreticallj® and by Monte Carlo model one spherical macroion characterized by a dianteter

simulations'*~*® Nonetheless, much less is known concern—anoI a bare chargQu=—Zye (wheree is the elementary

: . . e harge an@y,>0) surrounded by an implicit solvent of rela-
ing the complexat!on of a charged sphere with a like Chargeﬁve dielectric permittivitye, . The polymer chain is made up
polyelectrolyte. It is only very recently that we reported in a

S . of N,, monomers of diametes. Both ends of the chain are
short communication such a phenomenon in the strong Couc.{lways charged and eacH thonomer is charged so that the
lomb coupling regimé? From a theoretical point of view, the

; ¢ chain containdN.,= (N,—1)f +1 chargedmonomers. The
long range Coulomb interactions of these systems representsonomer charge ig,=—Z.e (with Z,>0). The small
m m m .

a formidable challenge, and especially the understanding qfunterions, assumed all are identical, ensure global electro-

effective attraction of like charged bodies has attracted receMeutrality and have a diameter and charge+ Z.e (with

attention. Z.>0). All these particles making up the system are con-
In this paper, we elaborate on the complexation betweefined in an impermeable spherical cell of radRsand the

a sphere and a long flexible polyelectrolydeth negatively  spherical macroion is helffixedat the center of the cell.

charged While complexation in the strong coupling limit it The equation of motion of any mobile partidleounter-

is expected, we report new and rather unexpected chain coien or monomeri reads

formations. We present MD simulation results without added

The adsorption of polyelectrolytes onto appositely

salt but taking into account the counterions explicitly. Vari- d?r; dr;
ous Coulomb couplings as well as different polyelectrolyte Mgz =~ ViU (i) —my -+ Wi(t), 1

linear charge densities are investigated. A detailed study of

the ions(monomer and counteriordistribution is reported  \yhere m is the mass particlésupposed identical for all

and mechanisms accounting for the different encountereghopile species U is the total potential force, andy is the

complex structures are proposed. friction coefficient. Friction and stochastic force are linked
The paper is organized as follows: Section Il containshy the dissipation-fluctuation theorendW; (t) - W;(t'))

details of our MD simulation model. Section Il is devoted to =6mykgT &;; 5(t—t').

the strong Coulomb coupling regime. Section IV is devoted  Excluded volume interactions are introduced via a pure

to the intermediate Coulomb coupling regime. In Sec. V, weshort range repulsive Lennard-Joried) potential given by

consider the like-charge complexation in the weak Coulomb

coupling regime corresponding to the water solvent. o \2 [ o \®
4e - + €,
r— ro r— I’O
@Electronic mail: messina@mpip-mainz.mpg.de UL r= for r— Fo<fcuts )
bElectronic mail: holm@mpip-mainz.mpg.de cu
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TABLE |. General data of the simulation model. Note that the temperature The polyelectrolyte chain connectivity is modeled by us-

is used as energy scale for the simulations. ing a standard finitely extensible nonlinear elagfENE)

Parameters potential in good solventsee for example Ref. 20which
reads

oc=3.57A Lennard-Jones length units

T=298K room temperature

e=kgT Lennard-Jones energy units 2 2

Zu=180 macroion valence Upend(r) = _EKRoln 1 3|, for r<Ry, @)

Zn monomer valence FEN 0

Z, counterion valence o, for r=Ry,

N, total number of counterions

s Blerrum length where « is the spring constantlike chosen as 1Kg0 o

a=8co macroion—counterion distance of closest approach A

R= 400 simulation cell radius and Ry=1.5¢0. These values lead to an equilibrium bond

fu=8x102 macroion volume fraction lengthl =0.80.

k=100 T/ 012 FENE spring constant Typical simulation parameters are summarized in Table

IROE%;T FENE Cutt:’ffd o I. The simulation runs are reported in Table Il. The time step

=0. average bond leng . _ . 1 . . .

N, total number of Monomers is At=0.002r with 7=y . Eq(_:h _S|mu_lat|on_ run requires

Ner number of charged monomers about 16 MD steps, and equilibrium is typically reached

f monomer charge fraction after 5<10° up to 3x10° steps. We normally performed

Npe=Znefll polyelectrolyte linear charge density between 5 10° and 10 MD steps to take measurements.

We cover the whole range of strength of Coulomb electro-
static interaction from the strong coupling limit, which is

more theoretical interest, to the weak coupling limit, which
where ro=0 for the microion—microion interactionfy  corresponds to an aqueous solvent.

=70 for the macroion—microion interaction, and.

=2Y%y is the cutoff radius. This leads tol=2r,+o

=1.50', whereas the c!osest centgr—c_enter distance of the M STRONG COULOMB COUPLING

croions to the spherical macroion &=ry+oc=8c¢. The

macroion volume fraction is defined dg=(a/R)* and is First we look at the like-charge complexation in the

fixed to 8x10~° with R=400". strong Coulomb coupling regime. We choose the relative

The pair electrostatic interaction between any pRir  permittivity e, = 16, corresponding ths =100, and divalent
wherei andj denote either a macroion or a charged microionmicroions ¢,,=Z.=2). Such a set of parameters is of spe-

(counterion or charged monomereads cial theoretical interest to study the influence of strong elec-
Ucour) _ ZiZ; trostatic correlations.
keT B r ©® A Single charged object
wherel g=e?/4meqe kg T is the Bjerrum length. Energies are In this section we first studgeparately(i) the spherical

measured in units oE=kgT with T=298 K. Choosingr  macroion andii) the flexible polyelectrolyte in the presence
=3.57 A requires that the Bjerrum length of water at roomof their surrounding neutralizing divalent counterions. This
temperature equalso2(7.14 A). In this work the macroion provides the reference states for the more complicated situ-
charge is fixed aZ,,= 180. ation, where both of these two objects interact.

TABLE II. Specification of the simulated systems. The chain radii of gyraBff!*’ andR{**" are given for
an isolated chairi.e., in the absence of the collgidnd for the complexed caggee., in the presence of the
colloid), respectively.

Parameter k] Npm Nem N Zn Ze lglo R/ o R{omP) -
run A 1 256 256 346 2 2 10 3.81 6.42
run B 2 257 129 219 2 2 10 3.90 8.69
run C 3 256 86 176 2 2 10 3.95 8.75
run D 5 256 52 142 2 2 10 4.49 8.86
run E 1 256 256 346 2 2 4 4.40 4.8
run F 2 257 129 219 2 2 4 4.8 9.4
run G 3 256 86 176 2 2 4 54 9.3
run H 1 256 256 346 2 2 2 6.6 6.1
run | 2 257 129 219 2 2 2 12 13
run J 3 256 86 176 2 2 2 . 21
run K 1 252 252 144 1 3 2 8.4
run L 2 251 126 102 1 3 2 9.8
run M 3 250 84 88 1 3 2 10.4
run N 1 256 256 436 1 1 2
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FIG. 1. Counteriorsurfacecorrelation functiong(s) for 90 divalent coun-

terions ¢, =180) in the case of arsolatedmacroion in strong Coulomb
coupling (g=100). See Fig. 2 for a typical equilibrium snapshot.

FIG. 2. Snapshot of the equilibrium counterion structure ofisolated
macroion with a bare chargé,, =180 [see Fig. 1 for the corresponding

9(s)].
1. Spherical macroion

Consider an isolated macroion with its surrounding di-

valent counterions. A pertinent parameter to describe thgeak abous~6¢ and finally the third small peak aroursd
Coulomb coupling for such highly asymmetric electrolyte ~94. This structure, which is highly correlated, is referred
solution (macroion and counteriopsis the so-called to as a strongly correlated liquitBCL),%>?’ but not yet a
“plasma” parametel’ = Z31 5 /a,, wherea, (which willbe  \igner crystal. A typical equilibrium configuration is de-

determined beloyvis the average distanc&iangular lattice  picted in Fig. 2, where one can see the local arrangement
parameter in the ground stateetween counterions lying on close to a triangular lattice.

the macroion surfac®. For the strong Coulomb coupling
considered we find'~13 (with Z,,=180, and for finite
macroion volume fractioitheref,,=8x 10~%), all counteri-

ons lie in the vicinity of the macroion surfaé&.?® 2. Polyelectrolyte chain

To characterize the counterion laygtructure we com- Now we investigate an isolated polyelectrolyte chain to-
pute the counterion correlation functigfs) on the surface gether with its surrounding divalent counterions in bulk con-
of the spheré}** defined as fined to the same spherical cell of radiRs- 400. We con-

sider four monomer charge fractiofise., four linear charge
czg(s)=<2 5(5’—si)5(s”—sj)>, (5) densitie$ f=1, 1/2, 1/3, and 1/5. The chain is made up of
1 Nm=256 monomersN,,=257 for f=1/2), while Z,=Z,

where c=N_./4ma? is the surface counterion concentra- =2. The polymer chain parameters are identical to those of
tion (N.=2Zy/Z. being the number of counterionsands  the complexation casesee Table ). The chain extension is
=|s'—s"| corresponds to tharc lengthon the sphere of characterized by its radius of gyrati®ty given by
radiusa (center-distance of closest approach of macroion and

counterion. Each counterior{located in the vicinity of the , 1 Nm )

surface is radially projected on thé&contact”) shell around Rg:N_ 21 (ri=rem”/, @)
the macroion center of radiuss=8c. Correlation functions

are computed by averaging(s) over 1000 independent wherer,, is the center-of-mass position of the chain.
equilibrium configurations which are statistically uncorre-  The corresponding values B, can be found in Table Il

lated. The pair distributiog(s) is normalized as follows: [seeRéb”'k) for runs A—DJ]. The chain extension varies little
ma with f and is roughly given byRy~4o. For this strong Cou-
Cfo 2msg(s)ds=(N.—1). (6)  lomb coupling,all counterions are “condensed” into the

polyelectrolyte globule for all three linear charge densities
Because of théinite size and the topology of the sphere, considered. The strong counterion condensation induces a
g(s) has a cutoff atra (=25.10) and azerovalue there. collapse of the chain, which is by now well understétdf?
Therefore, at large values sf g(s) cannot directly be com- A typical equilibrium chain conformation is shown in Fig. 3
pared to the correlation function in an infinite plane. for f=1. As expected the structure is very compact and
Results are depicted in Fig. 1 fat,,=180. The first highly ordered. Very similar structures are obtained for
peak® appears at abouw=a..~3c, whereas the second =1/2, 1/3, and 1/5.
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negatively charged. Four different parameter combinations,
denoted by run A, B, C, and D, were investigated which are
summarized in Table Il. Going from run A to D the polyelec-
trolyte charge fractio decreases from 1 to 1/5. The contour
length of the chain is much largéN,|/d~14 times than
the colloidal particle diameter.

Due to the high coupling energies involved for 1 (run
A), we carefully examined the final results, to avoid meta-
stable states. We started with several initial configuration
where each monomer is close to the macroion surface, and
ensured that we ended up each time in the same (fimakst
energy equilibrium state. By starting from a chain that is far
from the colloid we found a “long globule” adsorbed on the
macroion surface with a much higher energ\AH
~80kgT), which we therefore discarded. For all other inves-
tigated parameters, we found the same final equilibrium con-
figuration, irrespectively of the starting configuration.

. i ) 1. Observation of the complexation
FIG. 3. Snapshot of the equilibrium conformation of ianlated polyelec-

trolyte chain made up of 256 monomers where all monomers are charged Figure 4 shows typical equilibrium configurations of the
(f=1). Monomers are in white and counterions in dark gray. colloid—polyelectrolyte complex. We notice that in all re-
ported cases complexation occurs and the polyelectrolyte is
completely adsorbed onto the colloidal surface, that is, in
presence of a highly charged colloid, the polyelectrolyte con-
We now investigate the complexation of a highly formation becomes quasito-dimensionaln contrast to the
charged colloid with a long flexible polyelectrolyte, both bulk case(compare Fig. 4 with Fig. 3 However the struc-

B. Complexation

FIG. 4. (Color) Typical equilibrium configurations of the colloid—polyelectrolyte complex in strong Coulomb couglizglOo) for (a) run A (f=1), (b)
run B (f=1/2), (c) run C (f=1/3), and(d) run D (f=1/5). Monomers are in white and counterions in red.
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FIG. 5. lon adsorption profilegruns

A-D) as a function of the distanae
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P(r) and (b) radial densityn(r) of

counteriongthin lines and monomers
(thick lines; (c) reduced net fluid
chargeQ(r)/Zy .
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ture of these resulting complexes depends strongly on ththe ion fractionP;(r), and (iii) the net fluid charge;(r)
value off. For the fully charged polyelectrolyte cagein A (omitting the macroion bare char@g,), wherer is the dis-
with f=1, see Fig. #4a)] the monomers are closely packed tance from the spherical macroion center. The radial ion dis-
forming atwo-dimensionaktompact Hamiltonian-walk with tribution functionn;(r) is normalized as follows:

the condensed counterions on the polyelectrolyte. This struc-

ture consists of closed packed lines made from either coun- j ni(r)4mr2dr=N; with i=c,m, (8)
terions or monomers. When the linear change density is re- ro

duced [see Figs. %4)—4(d)], the complex structures are
qualitatively different. In these cases the monomers are n
longer closely packed. For run BF=1/2, Fig. 4b)], the
monomers spread more over the particle surface and t
polymer partially wraps around the sphere exhibiting a

guasi-two-dimensional surface pearl-necklace structure. For f[oni(r’)47-rr2dr’

run C[f=1/3, Fig. 4c)] and run D[f=1/5, Fig. 4d)], the Pi(r)= N, with i=c,m. (9)
monomers spread entirely over the particle surface, and the :

chain wraps the colloidal particle leading to an almost iso-Note that forf<1, neutral and charged monomers are all
tropic distribution of the monomers around the sphericalincluded in the quantities,,(r) and P,(r). The net fluid

whereN; is the total number of ions, and the subscriptad
fn stand for counterion and monomer, respectively. The re-
duced integrated ion radial densiB(r) is linked ton;(r)

macroion. chargeQ(r) is given by

The like-charge complex formation is due to the strong
counterion mediated correlations which are known to induce Q(r)= fr [Zena(r') = Znin(r ) ]4mr2dr’, (10)
attractions in the strong Coulomb coupling regime. Basically, ro

the charged species will try to order locally in a way which is
: : . o : where we choose=1.

compatible with the chain connectivity and the macroion sur- o . o

. . - Integrated distributionP(r), radial distributionn(r),
face constraints. We now quantify those observations and : : : A

. . . and fluid net charg€(r) profiles are depicted in Figs(&—
propose a simple mechanism to explain the observed confog— . ; ;
mations (c), respectively. Figure(®) shows that all ions for all runs
' are condensed within a distance of aboutrItbm the col-
loid center and more than 80% of the monomers and coun-
terions are within a distance of %3rom the colloid center

To quantify the adsorption of the monomers and countecorresponding roughly to two atomic layefsee also the

rions on the macroion particle surface, we analyze threeadial distribution in Fig. 80)]. Due to strong electrostatic

quantities:(i) the ion radial distribution functiom;(r), (i)  attraction between the sphere and the counterions and strong

2. Adsorption profile
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FIG. 7. Schematic view of the chain intercepting counterions within a
6 [ ] distancer .
4 1 1 1 1 1
0 3 4 6 ) ] ) ] ) )
1f inspection of the chain conformations presented in Fig. 4.

FIG. 6. Radius of avration of the pol function of the polvel Moreover, the isotropic casgnonomers fully spread over
. 6. Radius of gyration of the polymer as a function of the polyelectro- : . - .

lyte charge fractiorf for 3= 100 (runs A-D), |s—4o (runs E~G, and| the particle corresponding tdR,~8.70 (Ref. 33 is already
=24 (runs H-J. reached forf =1/2 (run B).

electrostatic repulsion between the sphere and the chargéd Surface counterion correlation function

monomers the first layer -a=8¢) is exclusively made up In this section we are interested in determining the struc-
of counteriongsee Figs. &) and §b)]. Note that the mono- ture of the “free” counterions which areot condensednto

mer depletion in this first counterion layer also concer@s-  the polyelectrolyte chain. Counterions are called “con-
tral monomergruns B-D and this effect is attributed to the densed” on the polyelectrolyte chain when they lie within a
chain connectivity. This means that the repulsion stemminglistancer.=1.20 perpendicular to the chaitFig. 7). All

from thechargedmonomers impose the polymer structure asother counterions are called “free,” although they are still
long asf and the Coulomb coupling are sufficiently high, adsorbed onto the colloidal surface. To characterize the struc-
which is the case in the present study. The height of the firsfure of the free counterions we proceed in the same way as in
peak in the counterion(r) profile is almost independent on Sec. Il A 1. The surface free counterion correlation function
f. The second ion layer is mixed of monomers and counterig;.(s) is now given by

ons, however with a majority of monomefrsee Figs. &)

and §b)]. Indeed the first monomer peak in tt_l,g(r) prof!le Cﬁeegfree(s): < E (s’ —s)8(s"—s) ), (11)
(located atr~8.70) and the second counterion peak in the i#]

n(r) profile (located atr~9.20) are only separated by where the sum in Eq(11) is restricted to the free counteri-
roughly Ar~0.50 [see Fig. #)]. This leads to a medium  ong anct .= Nyed4ma? is the surface free counterion con-
position located at~9o corresponding to a bilayer thick- - centration, withNge being the average number of free coun-

ness. The height of the second peak in the countein)  (arions. The normalization is obtained as follows:
profile increases with increasirfgsee Fig. ®)].

For f=1 (run A), we observe a massive macroion f”a _
’ c 27s S)ds=(Nfee— 1 12
charge inversiorof more than 100%i.e., Q(r)/Zy>2] in free TS Gred S) (Niree™1) (12

the first layer as well as a strong charge oscillafisee Fig. Results are depicted in Fig. 8 for runs A—D. The impor-

5()). Upon'reducmg (runs B-D) the macroion chargg over tant result is that the first peak of..r) is located at the
compensation decreases as well as the charge oscillation am-

plitude [see Fig. &)]. This is due to the fact that upon re- same position %wBU.) as in the unperturbed. case of an
. . . -~ _jsolated macroionwithout polyelectrolytg studied in Sec.
ducing f less counterions are present and their correlation

MA1 (see Fig. 1 Although the second peak Of.«S) is
change. : p "

less pronounced than in the “unperturbed” casempare
Fig. 8 with Fig. 1, the local order of the free counterion
3. Polyelectrolyte chain radius of gyration structure is still high as can be visually inspected on the

Next, we investigate the radius of gyratidy, of the snapshots sketched in Fig. 4. Thus the adsorbed chain only

chain, i.e., Eq(7), in order to gain insight of the spreading of affects the counterion distribution significantly in its imme-
the monomers over the sphere. The results reported in Fig. @ate neighborhood.
(for 1g=100) show thatRy increases with decreasing
which demonstrates that the spreading of the monomers over .
the macroion surface is enhanced by decreasing the polyeleg'— Polyelectrolyte overcharging
trolyte charge density. The jump Ry is particularly large We now show that the concept of polyelectrolyteer-
betweenf=1 andf<1. This is in agreement with the visual chargingcan be used to explain the observed complex struc-
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FIG. 8. Free counteriofunbounded to the polyelectrolytsurface correla-  FIG. 9. Polyelectrolyte overcharge as a functionfofruns A-D. The
tion function gyed(s) for runs A—D. dashed line corresponds to the theoretical prediction where(1y.was

used.

tures. LetN.4 be the number of counterions we consider asmalized linear charge densitype= — (é(SPEf 1)\pg that ob-
condensed onto the polyelectrolyte. Then the overchargingiously has the opposite sign &fpg.”> Similarly one can

ratio ypg is defined as define therenormalizedcharge of a monomer as
~ Neg 13 Im=—(xpe~1)0n. (16)
XPE Nem' Using Eq.(16) and the results of Fig. 9 this shows thgt

which is merely the ratio between the amount of theal increases with increasing f1/The overcharging leads to an

condensed counterion charge and the polyelectrdbgie effective local repulsion of the monomers, and subsequently
charge. to a bond stiffening of the chain. This in turn explains why

This “overcharging” can also be analytically predicted the chain expands with increasingf 16ee Figs. 4 and 6 for
by the simple assumption that the presence of the polyeledh® corresponding structupe¥
trolyte (with its counterions does not affect the free coun-
terion distribution®* Let us consider the bare charged chain!V. INTERMEDIATE COULOMB COUPLING
plus its own neutralizing counterions as an uncharged object

) ; . In this section we are dealing with a higher dielectric
that gets overcharged by intercepting all counteri@fshe

X A . ; constant €,=40), meaning that we consider weaker Cou-
macroion whose center lie within a ribbon of widthrgand |/ coupling (s=4c). Experimentally this could corre-

areaAribzerle (Fig. - If cis the cou.nterion(of the _spond to using alcohol as a solvent. We consider a set of
macroion concentration, then the theoretical overchargingy, oo runs E-G withs =40 (see Table . Thus these sys-

ratio xy, is merely given by tems are, up to a shorter Bjerrum lenggh identical to runs

AinC 2r Nl Z A—C. It will be helpful to start the discussion with the de-
Xth=1+ No =1+ N, ZAma2’ (14 scription of the observed complex microstructures.
and since the number of charged monomégs, is given by ~ A- Complex microstructure
Nem=(Np—1)f+1, Eq.(14) reduces foN,>1 to Typical equilibrium macroion—polyelectrolyte complex
Y~ 1+CIf, (15  Structures are sketched in Fig. 10. When the polyelectrolyte
is fully charged(f=1, run B, Fig. 10a shows again a
with C=2rIZy /Z Ama®. strongly compact chain conformation. But in the present situ-

Results are presented in Fig. 9 and the correspondingtion the chain does not spread on the macroion surface as it

values can be found in Table IlI. It indicates that in all casesyas the case in the strong Coulomb couplingmpare Fig.
overcharging occuré.e., ype>1), and that it increases with

decreasing polyelectrolyte charge density. We have excellent

agreemenﬂess than 10% dif‘feren¢®etween simulation re- TABLE Il Polyelectrolyte overcharggpe values as a function df
sults and our toy moddIEqg. (14)]. In turn it explains why
xpe Vvaries almost linearly with f/in our simulations.

Run 1f xpe (MD) xpe (Theory)

The f-dependency of the complexation structure can beg‘ ; 1-1140t0-022 i-il
explained through the overcharging. For this we consider thec 3 1'?;8'82 1'62
overcharged polyelectrolyte asdressed(or renormalized D 5 188003 206

chain[bare chair-counterion$ with an effective(or renor-
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FIG. 10. (Color) Typical equilibrium configurations of the colloid-polyelectrolyte complex in moderate Coulomb coup§rgl¢) for (a) run E (f=1), (b)
run F (f=1/2), and(c) run G (f=1/3). Monomers are in white and counterions in red.

10(a) with Fig. 4(a@)]. In fact the conformation of the charged pact, and also small loops appésee Fig. 1(c)]. Again it is
chain in the presence of the macroion is very similar to theobserved that upon reducing the polymer charge density the
bulk conformation compare Fig. 1@&) with Fig. 3]. chain expands, but this time it expands also into the radial
By reducing the monomer charge fraction, Figs(hl0 direction away from the macroion.
and 1Qc) show that the complex microstructure for runs F, G~ The forthcoming sections are devoted to study in more
is again qualitatively different from the fully charged casedetail the monomer and counterion distributions.
(run B). For these smaller polyelectrolyte linear charge den-
sities (f=1/2 andf=1/3), the chain conformation is again
almost wrapping around the colloid. Fé=1/2 (run P the
pearl-necklace structure observed in the strong Coulomb Integrated distributionP(r), radial distributionn(r),
coupling[see Fig. 4b)] does not appear here, instead smalland fluid net charg€(r) profiles are given in Figs. 14)—
loops appeafsee Fig. 1(b)]. For the smallest monomer 11(c), respectively. In a general manner, the fraction of
charge fraction(f=1/3, run Q the monomers fully spread monomers and counterions in the vicinity of the macroion
over the macroion surface and the conformation is not comsurface is clearly smaller than the one obtained in the strong

B. Adsorption profile
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Coulomb coupling as expectédompare Fig. 1() with Fig.  As in the strong Coulomb coupling case, we find here only
5(a)]. Also the width in theP(r) profile of adsorbed ions is one charge oscillation for=1/2 andf =1/3, and the ampli-
enlarged with decreasing Coulomb couplirgpmpare Fig. tude of the reduced net fluid charge decreases with decreas-
11(a) with Fig. 5(@)]. These features show that the monomering f.

adsorption is more diffuséin the normal direction to the

macroion spheneas expected for a weaker Coulomb cou- C. Polyelectrolyte chain radius of gyration

pling. Concerning the ion densitp(r) profile [see Fig.
11(b)], it is interesting to note that the height of tfiest peak
in the monomer density,(r) profile is twice smaller forf

Results for the radius of gyratioR, of the polymer
chain are reported in Fig. @or Iz=40). As for the high
- . Coulomb coupling case withy= 100, Ry increases with de-
=1 than forf <1, whereas the one from the counterion den'creasingf. However, forf=1, here we obtairRy,~4.8c

sity profile is almost independent dnin parallel, the mac- which is clearly smaller than the valii,~6.4c obtained in
roion charge overcompensation as well as charge oscillatiomn A (see Fig. 6 This proves that folg=4c the chain
?m%“tUd?S are clearly [r:(_edui:ed cprr?lp;gred to the strong COL(1:'onformation stays as a globule, since we already found that
omb regime[compare Fig. 1&) with Fig. 5c)]. for the same chain length and witg=100 the chain con-

For the fu_IIy _cha_rged polyelectrolyte cate=1, run B formation was compact and two-dimensional. In the case un-
then,(r) profile in Fig. 1Xb) shows a strong second mono- der considerationf= 1)5=40), the value ofR,~4.8 is
mer peak and a weaker third one in agreement with the SNaRy 1 ost identical to thé one ot;tained in the bgulk whete
shot of Fig. 10a). The radial monomer ordering naturally —4.45 (see Table I\
goes along with a counterion ordering in antiphase. In other Upon reducing (runs F and G the chain is much more

words, multilayering of different chain segments occurs, bUtexpanded and it is found thi,~ 9.4 Taking into account
without. strqng adsorption of the .macroic[nompare Fig. the fact the chain is still adsorbed for both systemms F
:I_.O(a) with F.'g' Aa] Thgrefore we f|n_d three charge oscilla- and G as was found in the analysis of the adsorption profile
tions[see Fig. 11lc)] against only two in the strong Coulomb

coupling[see Fig. &)].

For smaller linear charge density, F|gs(a)]_and 11b) TABLE IV. Polyelectrolyte overcharggpg values as a function df (runs
indicate that for runs Ff(=1/2) and G (= 1/3) the chain is
almost fully adsorbed to the macroion surface without monog 1" Yoe
mer chain multilayeringi.e., no appearance of monomer
second peak in tha,(r) profile, see Fig. 1(b)]. However, ; 1'8;1;8'885
the conformation is a little bit swollen probably due to the 3 1065 0.006
onset of loop formation, compare the snapshots in Fig. 10
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FIG. 12. (Color) Typical equilibrium configurations of the colloid-polyelectrolyte complex in weak Coulomb couplijigZo) for (a) runH (f=1), (b) run
| (f=1/2), and(c) runJ (f=1/3). Monomers are in white and counterions in red. Snap&hatas obtained with periodic boundary conditions.

(see Fig. 1], one deduces that the spreading of the mono+atio ypg defined by Eq.(13) with the same condensation
mers is very important as soon &s.1. A comparison with  distancer.=1.20 as was done folg= 100 in Sec. Il B5.
the strong Coulomb coupling shows that valuesRyf for Numerical values ofypg can be found in Table IV. It
lg=40 are systematically larger than those Rf with Ig clearly shows that polyelectrolyte overcharge is negligible
=100 (see Fig. 6 and Table)ll indicating again that the (i.e., ypg=~1) for the present Coulomb coupling regime
chain fluctuates more in the outward macroion radial direcwhatever the value df Consequently one cannot explain the
tion at weaker Coulomb coupling. expansion of the chain with increasingf Mith a polyelec-
trolyte overcharge mechanism. We will give clear and quali-
tative arguments in Sec. VI that account for these conforma-
D. Polyelectrolyte overcharging tions.

In order to check if the local polyelectrolyte overcharge
is responsible for the expansion of the chain upon reducing
as was demonstrated in the strong Coulomb couplind gor This part is devoted to aqueous solutions where the Bjer-
=100 in Sec. llIB5, we again consider the overchargingrum length islg=20=7.14 A corresponding to the dielec-

V. WEAK COULOMB COUPLING
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FIG. 13. lon adsorption profileguns
H-J) as a function of the distance
from the macroion cente(a) Fraction
P(r) and (b) radial densityn(r) of
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tric constante, ~80 of water. Such systems will be referred typical of aqueous systems, our simulations show that like-
to as the weak Coulomb coupling regime. We have considcharge complexation can occur fér=1 and f=1/2 with
ered the set of runs H—Kéee Table ). Runs H—J are iden- divalentions Zn=Z.=2). _

tical to the previous ones but with a shorter Bjerrum length  For even lower linear charge densify=1/3, run J, Fig.
lg=20. Runs K—M, that will be investigated in Sec. VD, 12(¢) shows polymer desorption frorfi=1/2 to f=1/3. In
correspond to systems where each charged monomer §8€ Same time there is a certaiedunterion releasefor f
monovalent Z,,=1) and counterions are trivalerf{=3). = 1/3, meaning that not all counterions are in the vicinity of
This latter choice(runs K—M) is motivated by the fact that the highly charged objecténacroion and polyelectrolyte
such systems should be easily accessible by experimenté/e carefully checked that, with periodic boundary condi-

Run N has both, counterions and monomers, monovalent. tions, the same features qualitatively appear, namely, chain
desorption fromf=1/2 to f=1/3.

A. Complex microstructure B. Adsorption profile

Typical equilibrium macroion—polyelectrolyte complex Integrated distributio®(r), radial distributionn(r) and
structures for runs H—J can be found in Fig. 12. In all casesfluid net chargeQ(r) profiles for runs H-J are depicted in
one finds that the polymereveradopts a “two-dimensional” Figs. 13a)—13(c), respectively. The ion fractio®(r) pro-
conformation. A comparison of the bulk value Rf and the files show that fof =1 (run H) andf=1/2 (run I) almost all
Ry of the chain in the complexed situati¢goompare Table particles lie within a distanca<r<20c [i.e., P(r =200)

II) reveals that the chain conformation is only weakly af-=~1], corresponding to roughly one macroion diameter away
fected by the macroion. For the fully charged polyntér from the colloidal surfacgésee Fig. 189)]. This is in contrast
=1, run H), the conformation is again rather compact butto what was previously foundwith f=1 and f=1/2) at
without exhibiting a strong monomer-counterion orderingstronger Coulomb coupling regimes where almost all ions lie
(within the polymeric aggregakas it was the case for higher within a distance of a few monomer sizes from the macroion
Coulomb coupling regimefcompare Fig. 1@) with Figs.  surface[compare Fig. 1&) with Figs. §a) and 11a)]. For
4(a) and 1@a)]. However we do have an effective macroion— f=1/3 (run J only a very small fraction of monomers
polyelectrolyte attraction, and the dense monomer4P,,(r=2100)<5%] lie in the vicinity of the macroion sur-
counterion aggregate is adsorbed onto the colloidal surfaceace. In this latter situation, the counteriéq(r) profile in-

For f=1/2 (run I), the chain conformation is more ex- dicates that a larger fraction of counterions float in the solu-
panded than fof =1 [compare Fig. 1@) with Fig. 12a)]. tion. Because thdr, of the chain is very large and some
Nevertheless we do have polymer adsorption with the formaehain monomers might be interacting with the cell boundary
tion of chain loops. Therefore even for couplings which arewe performed for this situation a simulation where we em-
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FIG. 14. (Color) Typical equilibrium configurations of the colloid—polyelectrolyte complex in weak Coulomb coufiling20, Z,,=1, andZ.=3) for (a)
run K (f=1), (b) run L (f=1/2), and(c) run M (f=1/3). Monomers are in white and counterions in red.

ployed periodic boundary condition, and where the interacf =1 andf=1/2 and corresponds tn,,~0.0386>, whereas
tions were computed using the P3M algoritAwith this  for f=1/3 we haveh,~0.01i°.
run we found no chain monomers in the vicinity of the col-
loid surface, hence unambiguously found monomer desorpc-:
tion from the colloidal surface.

Concerning the intrachain monomer ordering fer 1, As far as the net fluid charg®(r) is concerned, Fig.
Fig. 13b) shows that, although the chain conformation is13(c) shows that forf =1 a weak charge oscillation appears
relatively dense, there is only one main peak in the monomewith a marginal macroion overcharge compensation of 3%.
ny,(r) profile (the second peak is marginalhis proves that For f=1/2, the same marginal macroion overcharging occurs
there is no strong intrachain monomer orderiimgthe nor-  but without exhibiting charge oscillation. Finally, fof
mal direction to the macroion spheriea this weak Coulomb =1/3 no overcharging appears and the net charge increases
coupling in contrast with our observationslgt=4c [com-  monotonically.
pare with Fig. 11b)]. Nevertheless a second counterion layer  In Fig. 6 (for Ig=20) the chain radius of gyratioR, as
(third monomer layeris built. The heighth,, of the mono-  function of f is plotted for runs H-J. It is found theR,
mer peak is identicafwithin the statistical uncertaintyfor  increases almost linearly with f1/ This result fits well with

. Polyelectrolyte chain radius of gyration
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the scaling theory in this regime from Ref. 38, where it isn,(r) is now significantly higher than for runs H-J ahg
found that the chain extension shrinks proportionally withincreases witli as was observed on the snapshots in Fig. 14.
lg, and we can assume for our purpo$edg. Because the The expansion of the chain as a functionfotan be
electrostatic interactions are weaker in the present dase (deduced fronR,. The corresponding values are gathered in
=20), the ion pairlmonomer-condensed counterjiattrac-  Table Il and show that the chain expands with decreafsasy
tions are weaker which results in a highy value(at fixed  observed in the previous runs.

f) than in the strong Coulomb coupling regime. The net fluid charge is similar to that of runs Hfedm-
pare Figs. 1&) and 15c)]. Due to the stronger counterion
D. Moderately charged polyelectrolyte induced correlations that occur wi= 3, we find a stron-

. . ) ger macroion overcharging and amplified charge oscillations.
Typical macroion-polyelectrolyte complex microstruc-

) 7= Finally, we checked that foz.=Z,,=1 andf=1, cor-
tures for runs K—M are depicted in Fig. 14. In all cases we

h d . h vel | he likech cLr-;'sponding to run N(see Table I, we have a strong
ave adsorption of the polyelectrolyte onto the like-chargedy, ¢roion—polyelectrolyte repulsion that does not allow like-
sphere. Similar features as with systems Hid., Z,,=Z,

) ) ) charge complexation.
=2) happen here. In particular, for the highest linear charge

density[f=1, run K, Fig. 14a)] the polyelectrolyte consists
of dense globules separated by strings, reminiscent of th@l_ CONCLUDING REMARKS
pearl-necklaces found in studies of polyampholytealso
for run K, we have a stronger polymer adsorption compared We have carried out MD simulations to study the com-
to run H due to the stronger counterion mediated correlaplexation of a charged colloid with a charged polyelectrolyte
tions. By decreasinf[see Figs. 1é) and 14c)], we observe of the same charge for various Coulomb couplimgsand
the formation of loops as for run I. varying monomer charge fractidn

Integrated distributionP(r), radial distributionn(r), For high Coulomb couplinglg=100) we gave a rea-
and fluid net chargeQ(r) profiles are depicted in Figs. soning for the observed conformation in terms of overcharg-
15(a)—15(c), respectively. Figure X8 shows that withinr ing of the single chain. However this argument only worked
~100, corresponding to a three-layer thickness, most of thdor the largest coupling parameter.
counterions are adsorbdde., P (r~100)~80%)]. More- A complementary view of the observed conformations is
over, the fractionP,,(r) of adsorbed monomers is signifi- to regard both macroions as being neutralized by their coun-
cantly higher than that with systems H{dompare Fig. terions. The isolated chain would then collapse into a glob-
13(a@)]. As in the previous runs H-J, the height of the firstule, and the colloid would be regularly covered by its coun-
peak in the counterion density(r) is nearly independent of terions. By changing the Bjerrum length we change the
f [compare Figs. 1®) and 1%b)]. The monomer density correlations between the charges which lead in a first ap-
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Effect of image forces on polyelectrolyte adsorption at a charged surface
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The adsorption of flexible and highly charged polyelectrolytes onto oppositely charged planar surfaces is
investigated by means of Monte Carlo simulations. The effect of image forces stemming from the dielectric
discontinuity at the substrate interface is analyzed. The influence, at fixed polyelectrolyte volume fraction, of
chain length and surface-charge density is also considered. A detailed structural study, including monomer and
fluid charge distributions, is provided. It is demonstrated that image forces can considerably reduce the degree
of polyelectrolyte adsorption and, as a major consequence, inhibit the charge inversion of the substrate by the
polyelectrolytes.
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I. INTRODUCTION scaling predictions of Borisoet al. [9], where different re-
) gimes of adsorption are identified. Elg$ al. [29] considered
The adsorption of charged polymefgolyelectrolytes {he interesting case of heterogeneously charged surfaces
(PE9] on charged surfaces is an important phenomenon ifmade of positively and negatively charged surface sied
mdust_nal and biological processes. Well cc_)ntrolled modelyemonstrated that a PE carrying the same sign of charge as
experiments[1,7] were devoted to characterize PE adsorp-that of the net charge of the substrate can adsorb. Cheng
tion. The understanding of PE adsorption remains an outy 23] also investigated the effect of image charges on a
standing problem because of the many different typical inyign-gielectric constant substrate. It is important to mention
teractions involved there: strong electrostatic substrate-PE 5t all these MC simulation§23,26—29 use the Debye-
binding, monomer-monome(PE-PB repulsion, chain en-  ckel approximation. The problem of PE multilayering was
tropy, exclluded. vollume,'et'c. Another complication arisesery recently studied by Messir0], where the full un-
from thedielectric discontinuitypetween the solvent and the g.reened long-range electrostatic interactions were consid-
substrate generating surface-polarization charges. In Mmogteq put without image forces.
practical cases, water plays the role of the solvent fo_r PEs_, In this paper, we investigate multichain adsorption in the
whereas the substrate corresponds to an unpolar dielectrig,te regime at fixed PE volume fraction in a salt-free envi-
medium leading to considerable polarizatigmage forces.  rgnment but where counterions from the substrate and the
On the theoretical side, PE adsorption on planar chargefies are explicitly taken into account. In order to clearly
surfaces has been |ntenS|veI_y studleq by several amho\'éentify the effect of image forces on PE adsorption, we
[3-24 on the level of mean--field theories. The case of PEgysiematically compare situationgith and without image
adsorption on heterogeneously charged surfaces was recenfliytces which was not properly done in the literat¢see
theoretically addressed by de Vriesal. [21]: A remarkable e.g., Refs[9,16,24). The influence of chain lengiffor short
common feature of some of these studies is the charge revegpaing and substrate-charge density is also considered. Our
sal (overcharging of the substrate by the adsorbed RESe,  paner is organized as follows. The model and simulation

e.g., Refs[12,13,15,16,19,23. The problem of PE adsorp- technique are detailed in Sec. Il. Our results are presented in
tion onto similarly charged substrates was recently investi-gec 11 and Sec. IV provides concluding remarks.

gated by Dobrynin and Rubinste[d9] and Cheng and Lai
[23,24. In the latter situation, the PE adsorption is then
driven either bynonelectrostatic short-rangéorces[19] or
attractive image forceg23,24 stemming from a high-
dielectric surface. The problem @épulsiveimage forces A. Simulation model
stemming from a low-dielectric surface was studied by
Borisov et al. [9] and Netz and JoannjL6] on the level of
the Debye-Huckel approximation.

As far as computer simulations are concerned, there exi
few Monte Carlo(MC) studies about PE adsorption on pla-
nar charged substrat§z3,26—3@. The first MC study on PE
adsorption was that of Beltaat al. [26], where a lattice
model was employed. Yamaket al. [28] performed exten-
sive MC simulations and found excellent agreement with th

1. MODEL AND PARAMETERS

The setup of the system under consideration is similar to
that recently investigated with a planar substratéthout
image forcey [30]. Within the framework of the primitive
%odel, we consider a PE solution near a charged hard wall
with an implicit solvent(water atz>0) of relative dielectric
permittivity €.~ 80. The substrate located 20 is char-
acterized by a relative dielectric permittivitys,,s which
leads to a dielectric jumpA, (When e, # €59 at the inter-
Race defined as

A = €solv ~ €subs _ 0 (1)
*Electronic address: messina@thphy.uni-duesseldorf.de € Eson T €subs '
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The negativebare surface-charge density of the substrate ~ TABLE I. List of key parameters with some fixed values.
is —age, Where e is the (positive) elementary charge and
0> 0 is the number of charges per unit area. Electroneutral- Parameters
ity is always ensured by the presence of explicit monovalent

(Z.=1) substrate counteriong.e., monovalent cationsof T:zggzg K room temperature
diametera. PE chains are made up bf, monovalen{posi- ool charge number of the substrate
tively charged monomer&,,=1) of diametera. Each mono- A.=00r0.951 dielectric discontinuity
mer is charged so that the fraction of charged monomers is Z=1 microion valence
unity. Their counteriongmonovalent anionsare also explic- a=4.25 A microion diameter
itly taken into account with the same parameters up to the |;=1.68=7.14 A Bjerrum length
charge sign as the monomers. Hence, all microions are L=25a (x,y)-box length
monovalentZ=27.=Z,,=1 with the same diameter size ~75a 2box lenath
A . . . T g

All these particles making up the system are immersed in N ber of PE
a rectangularL X L X 7 box. Periodic boundary conditions PE nUMbEr ot F=s _
are applied in thex,y) directions, whereas hard walls are N number of monomers per chain
present aiz=0 (location of the charged interfacend z=7
(location of anunchargedwall). A

The total energy of interaction of the system can be writ- Bugitle(zi) - |B[1277002i + _e} (6)
ten as 4z,

Ug= > [Ugaslate)(zi) + U%’c',"f,ﬁe)(zi)] + > [Upndri) where, for the first termi+ (—) applies to positivelynega-
|

tively) charged ions. The second term in Ef) stands for
the self-imageinteraction, i.e., the interaction between the
*+Ucoulri,j) + Urene(rij) + ULa(ry)], (2)  joni and its own image. An appropriate and efficient modi-
where the first(single sum stems from the interaction be- f'ed Lekner Sl.”r? was dL.’t'.l'ze.d to ccj:pmp_ute tge elec}rolftatlc
tween an ioni (located atz=z) and the charged plate, and interactions with periodicity irtwo directions[32]. To lin

the seconddoublg sum stems from the pair interaction be- our simulation parameters to experimental uni_ts and room
tween ions andj with r;; =|r;—r;|. All these contributions to temperaturéT=298 K), we choose=4.25 A leading to the

ii<j

Uit in EQ. (2) are described in detail below. Bjerrum length of wateig=1.68a=7.14 A. In order to in-
Excluded volume interactions are modeled via a hardcor¥estigate the effect of image forces, we take a value of
potential[31] defined as follows: €sub_s=2 _for the_dlelectrlc cons_tant of thg charged substrate

(which is a typical value for silica or mica substra{@s])

0 forrj=a and e;,=80 for that of the aqueous solvent yieldirg,

©) =(80-2/(80+2=0.951. The case of identical dielectric
constants gy = €sups (Ac=0) corresponds to the situation

Ung(rij) :{

o forrj<a

for the microion-microion one, and where there are no image charges.
0 fora/2<z<r—a2 The PE_ (_:hain connectivity_is modeled by employ_ing a
UE,%""“E)( ) :{ - asT (4) standard finite extension nonlinear elagf&ENE) potential
o otherwise for good solvent, which reads
for the plate-microion one. For clarity, we recall that a mi- 1, r?
_croion stands either for echargeg monomer or a counter- Upenelh) = B EKRO Inf 1 ‘5(2) forr <Ry 7
ion.
The electrostatic energy of interaction between two mi- o forr=R,
croionsi andj reads with k=27kgT/a2 andR,=1.5a. The excluded volume inter-
1 A action between chain monomers is taken into account via a
BUcoulrirj) = £ |B{— + < . (5) shifted and truncated Lennard-Jor(ed) potential given by
M X+ Y5 + (5 +2)? a\12 [4\6
1/6.
where + (—) applies to microions of the sam@pposite U = 46[(?) - (F) ]J'E forr=2"a (8
sign, lg= B’/ 4meyesyy iS the Bjerrum length corresponding 0 forr > 2163

to the distance at which two protonic charges interact with
1/B8=kgT, andA, is given by Eq.(1). The first term in Eq. wheree=kgT. These parameter values lead to an equilibrium
(5) corresponds to the direct Coulomb interaction betweerbond lengthl=0.98.

real ions, whereas the second term represents the interaction All the simulation parameters are gathered in Table I. The
between the real ionand the image of iofj. By symmetry, set of simulated systems can be found in Table Il. The equi-
the latter also describes the interaction between the real ionlibrium properties of our model system were obtained by
and the image of ion yielding an implicit factor 1/2. The using standard canonical MC simulations following the
electrostatic energy of interaction between aniiaand the  tropolis scheme[34,35. Single-particle moves were consid-
(uniformly) charged plate reads ered with an acceptance ratio of 30% for the monomers and
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TABLE Il. Simulated systems’ parameters. The number of coun- a(2)
terions(cations and anionensuring the overall electroneutrality of o*(2=—. (13
the system is not indicated. %o

Thereby,o* (2) corresponds, up to a prefactege, to the net
System Npg N ool? fluid charge per unit are@mitting the surface charge density
-oe of the substratewithin a distancez from the charged

A 96 2 64 wall. At the uncharged wall, electroneutrality imposes(z
B 48 4 64 =7-al/2)=1. By simple application of Gauss’ lag* (2)
c 24 8 64 —1] is directly proportional to the mean electric field at
D 12 16 64 Therefore,o* (z) can measure thscreeningstrength of the
E 6 32 64 substrate by the neighboring solute charged species.

F 12 16 32

G 12 16 128 IIl. RESULTS AND DISCUSSION

H 12 16 192

From previous studief9,16,36,37, it is well understood
that effects of image charges become especially relevant at
50% for the counterions. Depending on the parameters, th%uﬁiciently low surface Ch?‘rge de_nsity of_the inte_rface. Itis
length of a simulation run ranges fromx2L0® up to 7 also clear .that the self—lmage_ mtgrachc(repul;we for
% 10P MC steps per particle. Typically, aboub@.(P to 2.5 A<=0, as is presently the cgseés higher the higher the
X 10° MC steps were required for equilibration, afit-4)

X 10° subsequent MC steps were used to perform measuré . .
q P P of the chain(N,,,) is a key parameter that can be seen as the

valence of a polyion. Hence, we are going to stytythe
- influence of chain lengtiSec. Il A) and(ii) that of surface
B. Measured quantities charge densitySec. Il B). For the sake of consistency, we
We briefly describe the different observables that are gofixed the total number of monomersieeN,=192, meaning
ing to be measured. In order to study the PE adsorption, wéat the monomer concentrationfiged (see also Table )i
compute the monomer densityz) that is normalized as fol- The PE volume fraction

lows: 3
47N al2
= _”—PEN”;( S 214x10°
™al2 3 LT
2 —
f L, M@L7dz= NoeNn, ©) s fixed.
To further characterize the PE adsorption, we also compute A. Influence of chain length
the total number of accumulated monomé¥) within a In this part, we consider the influence of chain lenbith

distancez from the planar charged plate that is given by at fixed surface charge density parametgir?=64. The lat-
, ter corresponds experimentally to a moder§2¢ surface

. Ny 2 charge density with ege~-0.091 C/n. The chain length

N(2) = LIZ n(z)L dz’. (10 is varied fromN,,=2 up toN,,=32 (systemsA—-E, see Table

II). We have ensured that, for the longest chain wh

It is useful to introduce the fraction of adsorbed monomers=32. Size effects are still negligible since the mean end-to-
N* (2), which is defined as follows: end distance is about @adwhich is significantly smaller than

L=25a or 7=75a.
— The profiles of the monomer distribution(z) can be
N * (z):M. (11 found in Fig. 1 and the corresponding microstructures are
NpeNm sketched in Fig. 2. Let us first comment on the more simple

case where no image charges are pregaptO—see Fig.
1(a@)]. For (very) short chainghereN,,<4), Fig. 1(a) shows
that the density profiles exhibit a monotonic behavior even
z near contact. Within this regime of chain length, the mono-
o(2) = [n.(z) - n.(z)]dZ, (12) mer density near the charged wall increases with increasing
al2 Ny This feature is fully consistent with the idea that stronger
lateral correlations, the latter scaling lik&*? for spherical
where n, and n_ stand for the density of all the positive counterions at fixedr, [38,39, induce a higher polyion ad-
microions(i.e., monomers and plate’s counteripasd nega- sorption. In other words, atvery) low N, conformational
tive microions(i.e., PEs’ counterionsrespectively. It is use- entropic effects are not dominant and the short-chains sys-
ful to introduce the reduced surface charge densityz)  tems can be qualitatively understood with the picture pro-
defined as follows: vided by sphericafor pointlike) ions. The scenario becomes

Another relevant quantity is the globakt fluid charge
o(z), which is defined as follows:
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FIG. 1. Profiles of the monomer densityz) for different chain
length N, with oxL.2=64 (systemsA-E). (a) A.=0. (b) A,=0.951.

qualitatively S"ﬁefem at higher chain Ien_gtr[here FIG. 2. Typical equilibrium microstructures of systerAs E.
Np,=8—see Fig. ()], wheren(z) presents a maximum near The little counterions are omitted for clarity.

contact which is the signature ofsaort-range repulsiorthat

was also theoretically predictgd0]. This nontrivial feature parameters under consideration. In fact, for (ane-
can be explained in terms of entropy: Near the surface of theomponentelectrolyte, the density at contact candectly
substrate, the number of available PE conformations is corebtained [41] via the relation n(z=a/2)-n(z=7-a/2)
siderably reduced, yielding to an entropic repulsion that car 27lgo2 yielding n(z=a/2)~0.11a"% [where basicallyn(z

be detected if the driving force of PE adsorpti@ucially = =7—-a/2)=0], which is in remarkable agreement with the
controlled byoy) is not strong enough. This latter statementvalue found in Fig. @a). One can wonder why such a simple
will be properly examined and confirmed in Sec. Il B, theorem is “equally” well satisfied for PE systems that sig-
where the influence obr, is addressed. Nonetheless, thenificantly deviate from simple structureless spherical ions. In
highest value oh(z;N,,) increases wittiN,,,, as it should be. fact, this is a nontrivial finding since already fardlike PEs

All these mentioned features can be visualized on the microa fully different behavior is observed. Certainly more data
structures depicted in Fig. 2. One can summarize those reare needed to clarify this point.

evant findings, valid for small enoughy and A.=0, as We now turn to the more complicated situation where
follows: (i) For very short chains, the PE adsorption isimage forces are presept =0.951—see Fig. (b)]. An im-
similar to that occurring with spherical electrolytég) PE =~ mediate remark that can be drawn from a comparison with
chains experience a short-range repulsion near the substrate A_=0 case is that the PE adsorption is much weaker due
due to conformational entropic effects. Now, taie con-  to the repulsive image-polyion interactions. At al}, n(z)
tact (i.e., z=0.5a) it seems that the monomer densityz  presents a maximum a=z* that is gradually shifted to
—al2) [40] seems to be nearly independentNf, for the  largerz with increasingN,,. In other words, thehicknessof
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A.=0 clearly smaller tharN* (z;N,,=16) and even smaller than
0.8 ' : ' N* (z;N,,=8) when one is sufficiently far from the wall. This
(a) remarkable phenomenon is going to be explained later by
advocating the role of overcharging. Upon switching the im-
-l 32 16 | age forces oA .=0.951—see Fig.@®)], N* (z;N,,) shows a

qualitatively different behavior from that found At=0, in
,.&/”'// accordance with our study concerningz). More precisely,
(i) very close to the wallN*(z;N,,) decreaseswith N,
while (ii) sufficiently far away from the wallN* (z;N,,,) in-
creaseswith N, This behavior is fully consistent with our
2 mechanisms previously discussed fuz). Below, we are
going to show that the reduced net fluid charge(z) is a

N (z)

02T key observable to account for those reported properties of
N* (z;Npp)-
A deeper understanding of the physical mechanisms in-
o5 . s y 5 s m T volved in PE adsorption can be gained by considering the net
zla fluid charge parametes™* (z) [Eq. (13)] that describes the

screening of the charged interface. The profilegdfz) for
differentN,, can be found in Fig. 4. AA.=0 [see Fig. 4a)],
it is shown that for long enough chairieere N,=4) the
substrate gets locallgverchargegdas signaled by* (z) > 1.
Physically, this means that the global local charge of the
adsorbed monomefd2] is larger in absolute value than that
of the interface. In other words, the charged walloiger-
screenedby the adsorbed PE chains. Figur@yindicates
that the degree of overcharging increases with as ex-
pected from the behavior of multivalent counterions, and
seems to saturate at higty,. This enhancedl,,, overcharging
leads to a sufficiently strong effective repulsion between the
substrate and the PEs in the solution, which in turn prevents
further adsorption. It is precisely this mechanism that ex-
plains the apparent anomaly found in Figa)3 where, suffi-
ciently away from the surface, it was reported a significantly
. lower monomer fractiorN* (z;N,,) at N,=32 than atN,,
Zla =16 orN,,=8. That is to say, although the amount of over-
charging is essentially the same fg§,=32 andN,,=16, the
FIG. 3. Profiles of the fraction of adsorbed monomiétqz) for  effective repulsivénteraction between the waltovered by
different chain lengtiNy, (as indicated by its numerical valueith  the adsorbed PEsnd the nonadsorbed PEs increases with
ooL?=64 (systemsA-E). (a) A.=0. (b) A,=0.951. N, leading to a stronger PE depletion above the PE layer at
large enoughN,, This spectacular effe¢tiue to electrostatic
the adsorbed PE layer as determinedzbyincreases with  correlationg is well illustrated in Fig. 2(with N,=32),
Nn. This phenomenon is of course due to the fact that theavhere above thestrongly boundg adsorbed PEs there is a
image-polyion repulsion increases wh, similarly to what  depletion zone.
happens with multivalenpointlike or sphericglcounterions Upon inducing polarization charg¢d .=0.951—see Fig.
[36,37. On the other hand, interestingly, the monomer den4(b)], overscreening is canceled. This, in turn, accounts for
sity at contacidecreasesvith increasingNy, This is the re-  the absence of plateau M (z;N,) at A.=0.951. That strik-
sult of a combinedeffect of (i) conformational entropy as ing disappearance of overcharging can be rationalized by es-
explained above andi) the N.-induced image-polyion re- tablishing again an analogy with multivalent spherical ions,
pulsion. All those features are well illustrated on the micro-as follows.
structures of Fig. 2. For the sake of simplicity, let us assume that the PE can
To gain further insight into the properties of PE adsorp-be electrostatically envisioned as a spherical polyion of va-
tion, we have plotted the fraction of adsorbed monomersenceN,,with a radius corresponding roughly to the radius of
N*(2) [Eg. (11)] in Fig. 3. At A.=0 [see Fig. 8], it is  gyration of the chain. Thereby, the image-polyi@pulsive
observed in the immediate vicinity of the walioughly for interactiondincluding the self-image repulsion as well as the
z=1.53) thatN* (z; N, increases monotonically witN,,, as  lateral image-ion correlations as given by the second term of
expected. However, further away from the wall, a nontrivial Eq. (5)] scale likeN2, whereas thattractivedriving force of
effect is found wherd\* (z;N,,) surprisingly exhibits a non- polyion adsorption due to Wigner crystal ordering scales like
monotonic behavior with respect td,,. More explicitly, in Nf;{z [37]. The latter driving force corresponds to the highest
the regime of largeN,, we haveN* (z;N,,=32), which is  possible attraction between the substrate and the polyion, and

0.8

0.6 [

0.2
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FIG._4. Profiles of_the reduced net fluid chakg&(z) for differ- FIG. 5. Profiles of the monomer densityz) for different pa-
ent chain lengttNp, with ooL?=64 (systemsA—E). (@) A.=0. (b)) rameters of surface charge densityl? with N,=16 (systems
A=0.951. D,F-H). The caseol?=64 (systemD) from Fig. 1 is reported

here again for easier comparisga) A.=0. (b) A,=0.951.
is therefore a good candidate for the present discussion. Con- ] ] )
and inhibit overcharging. (here oyL><64)] vanishes at larger, [see Fig. &a)]. This
This behavior strongly contrasts with the casepifierical ~ feature is the result of ag-enhanced driving force of adsorp-

substrates, where image forces do not affect the occurrendi®n that overcomes entropic effects at large enoaghrhe
of overcharging37]. strong adsorption at,L?>=192 leads to dlat PE layer as

well, illustrated in Fig. 6.
By polarizing the substrate surfa¢4,.=0.95)), it can be
seen from Fig. &) and the snapshot of Fig. 6 that there is a
To complete our investigation, we would like to addressstrong monomer depletion near contactogt>=32. This
the influence of the substrate charge density on the PE adeature is due to the combined effects(df conformational
sorption in the presence of image forces. In this respect, wentropy, (ii) image-monomer repulsion, an@i) a lower
consider(at fixed N,,=16) three additional values of the electrostatic wall-monomer attraction. Upon increasing
charge densityo,.2=32, 128, 192 corresponding to the sys- the monomer density near contact becomes larger, and con-
temsF,G,H, respectively(see Table I\ comitantly, the maximum im(z) is systematically shifted to
The plots of the monomer densityz) at various values smallerz. That is to say, the thickness of the adsorbed PE
of ooL2 can be found in Fig. 5. Microstructures of systefns layer decreases with,.
andH are presented in Fig. 6. AA.=0 [see Fig. 8a)], the The profiles ofN* (z) are provided in Fig. 7, from which
monomer density at contact increases wifas it should be. further characterization of PE adsorption can be obtained. At

B. Influence of substrate surface-charge density
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2
qu = 32

o, L’ =192

B

FIG. 6. Typical equilibrium microstructures of systefandH.
The little counterions are omitted for clarity.

A.=0, Fig. 1@ indicates thaitN* (z;0,) increases withog )
but saturates at highy. This latter saturation effect should
only be relevant for a regime of charge where

=NpeN/ooL? is about unity. Indeed, in a typical experi- o 122 ]
mental situation at finite monomer concentratiewen in the 138

dilute regimg, we haven> >1 so that overcharging is al-

ways possible at large, and therebyN* (z; o) should al- = oa |

ways significantly increase witl, as long as packing effects Z,

(as generated by the excluded volume of the monoyreges
not vivid. In parallel, the plateau reported @jL°=128 and
ooL?=192 in Fig. 7a) is the signature of a monomer deple-
tion above the adsorbed PE laysee also Fig. Bdue to a
strong screening of the surface charge by the latterA At
=0.951, Fig. Tb) shows thatN* (z) is considerably smaller 0 .
than atA.=0 even for highoy, in accordance with the be- z?a

havior of n(z) from Fig. 5. TheA_induced desorption is

especially strong at,L.?=32, where the image-monomer re-  FIG. 7. Profiles of the fraction of adsorbed monomtsz) for
pulsion clearly counterbalances the electrostatic walldifferent parameters of surface charge densiy? (as indicated by
monomer attraction. More quantitatively, zt3a (a z dis-  its numerical valug with N,,=16 (systemsD,F-H). The case
tance corresponding roughly to the radius of gyration of theroL?=64 (systemD) from Fig. 3 is reported here again for easier
chain with N,=16), about 30%][i.e., N*(2=0.3] of the = comparison(a) A.=0. (b) A=0.951.

monomers are adsorbed with,=0 against only 10% with

A_=0.951[see Fig. )]. that the counterion distribution is marginally modifigi3]
even for trivalent counterions. Hence, we think that our re-
IV. CONCLUDING REMARKS sults will not qualitatively differ from the more realistic situ-

ation of non-smeared-out substrate charges consisting of dis-
We first would like to make some final remarks about thecrete monovalent ions.

presented results. As far as the charge surface distribution on Another approximation in our model is the location of the
the substrate’s surface is concerned, we have assumeddelectric discontinuity. More precisely, it was implicitly as-
smeared-oubne in contrast to a real experimental situationsumed that the latter coincides with the charged interface
where it isdiscrete Previous numerical studi¢43—45 have  (considered here as a hard walh fact, experimentally, it is
shown that the counterion distribution at inhomogeneoushnot clear where the dielectric discontinuity is located and the
charged substrates may deviate from that obtained atansition is rather gradual and spreads out over several ang-
smeared-out ones at strong Coulomb couplirg, multiva-  stroms[46], so that in a continuum description the dielectric
lent counterions and/or high Bjerrum lengthr strong sub- discontinuity might be located somewhat below tiged in-
strate charge modulations. Nonetheless, at standard Bjerrutarface. In this respect, our model tends to slightly overesti-
length (i.e., Ig=7.1 A for water at room temperature, as is mate the effect of image forces and namely, with>0, the
presently the cagand with discrete monovalent ions gener- self-imagerepulsion Furthermore, in the presence stiort-
ating the substrate’s surface charge, it has been demonstratethge attractive interactions between the substrate and the
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PEs (for instance, stemming from some specific chemicalcurring with little (spherical multivalent counterions. For
properties of the chains and the substrate, i.e., chemisorgpenger chains(here N,,=8), the PEs experiencéven at
tion), the effect of image charges might also be redydei A.=0) a short-range repulsion near the substrate due to chain
This means that the substrate-chawelercompensationy  entropy effects. This latter feature is especially relevant at
PEs induced by repulsive image forces as reported in Figow substrate charge,.
4(b) is dependent on the relative strength of that short-range (ii) At fixed o and in the presence of repulsiv@age
attractive interaction, which is not taken into account in ourforces(hereA,=0.95J), it was demonstrated that the mono-
model. Nevertheless, we are confident that our results proner depletion in the vicinity of the substrate as well as the
vide a reliable fingerprint for the understanding of the effectthickness of the PE layer grow with chain length,. Con-
of image forces on PE adsorption in a salt-free environmentcomitantly, and as a major result, tobarge reversabf the

It is not a straightforward task to access experimentallysubstrate by the adsorbed P&mishesThis latter point was
these effects stemming from image forces. One major diffiin fact overlooked in the literature(see, e.g., Refs.
culty arises from the fact that by changing the dielectric con{9,15,16,2%).
stant of the solvente,,,, one changes the degree of ioniza- (i) Upon varyingoy at fixed Ny, it was shown at\ =0
tion of the PEs. However, there is the experimentalthat the net substrate-PE force becomes purely attractive at
possibility to tuneA, by usingorganic solvents(i.e., with a  sufficiently high o, where chain-entropy effects are over-
low e, but still polap with a mixture of large colloidal compensated. When image forces are present, theepie-
particles[e.qg., latex particles with weak curvature afov)  tion near the substrate as well as the thickness of the ad-
dielectric constangg,ssuch thateg << €5,,] and PEs. In this  sorbed PE layer decrease wiit.
experimental context, one should be able to verify the trends A future work will address the adsorption of stiffdlike
of our current findings. PEs. This situation was recently theoretically examined by

To conclude, we have performed MC simulations to ad-Cheng and de la Crug22]. Nonetheless, simulation data
dress the effect of image forces on PE adsorption at oppowvould be of great help to further characterize the arrange-
sitely charged planar substrates. The influence of chaiment of the rodlike charged particles near the interface as
length and surface-charge density was also considered. Weell as to elucidate the influence of image forces on the
have considered a finite monomer concentration in the dilutéatter.
regime for relatively short chains. Our main findings can be
summarized as follows.

(i) For very short chainghereN,,<4) and with no image The author thanks H. Léwen for enlightening discussions.
forces(i.e., A.=0), the PE adsorption is similar to that oc- The SFB TR6 is acknowledged for financial support.
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Equation (6) is erroneous and leads to an overestimation of the effect of image forces. The correct form of that equation
containing the dielectric term discontinuity A, reads

, A,
BUBE () = Iy| £27m0y(1+ A )z, + il (6)

It is precisely the term (1+A,) that was missing in the original paper, which physically represents the image charge contri-
bution stemming from the charged interface itself. A simple derivation can be obtained as follows: Assume that a charged
surface characterized by a surface charge density o is located at z=6>0 (z=0 being the dielectric interface position), then its
image is located at z=—8<<0 with a charge A_o. Taking the limit §— 0, the effective surface charge density of the interface
becomes (1+A,)o [1]. Doing so the total image charge of the electroneutral system (charged interface+counterions) remains
also zero. Despite the error in Eq. (6) most of our conclusions remain qualitatively correct. The only conclusion that is truly
affected concerns the overcharging. With our data based on the corrected Eq. (6), it is found that overcharging is robust against
image forces. Furthermore, all our results obtained in the absence of image charges (i.e., A,=0) in the original paper are
evidently unaffected by this mistake.

We now briefly discuss the impact of our corrections by providing some representative corrected data. The profiles of the
monomer distribution n(z) can be found in Fig. 1 that corresponds to our earlier Fig. 1(b). From Fig. 1, it can be seen that the
same qualitative behavior is found as that sketched in Fig. 1(b) from the original paper. The height of the peaks in Fig. 1 are
roughly twice as large as those found in Fig. 1(b) in the original paper. Some data from Fig. 1 were also published elsewhere
[see Fig. 3(b) in Ref. [2]].

A =0.951
€
I I I I I
Z — =2 |
- =-=- Nm=4 4
L T F Nm= 4
N =16
0.1 " .
g} L
5
) L
=
0.05F
0
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FIG. 1. (Color online) Profiles of the monomer density n(z) for different chain length N,, with o,L?=64 and A_=0.951.
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FIG. 4. (Color online) Profiles of the reduced net fluid charge o (z) for different chain length N,, with oyL>=64 and A_=0.951. The inset
is a magnification of the region near contact.

An important change concerns Fig. 4(b) in the original paper where an erroneous cancellation of overcharging was reported.
The corrected data are now depicted in Fig. 4. The strength of the overcharging is presently nearly identical to that obtained
without image forces at A =0 (compare with Fig. 4 in the original paper). Near contact (z=<1.2a) it is found that the fraction
of charge o' (z) (see Fig. 4), that is, essentially due to the adsorbed monomers, decreases with growing N,,. This feature was
already reported in Fig. 4(b) from the original paper.

[1] Note that one obtains exactly the same effective surface charge [2] R. Messina, J. Chem. Phys. 124, 014705 (2006).
density if we start from a charged surface located at z=-6
<0 and then take the limit 6—0.
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The behavior of highly charged short rodlike polyelectrolytes near oppositely charged planar
surfaces is investigated by means of Monte Carlo simulations. A detailed microstructural study,
including monomer and fluid charge distributions and chain orientation, is provided. The influence
of chain length, substrate’s surface-charge density, and image forces is considered. Due to the lower
chain entropy (compared to flexible chains), our simulation data show that rodlike polyelectrolytes
can, in general, better adsorb than flexible ones do. Nonetheless, at low substrate-dielectric constant,
it is found that repulsive image forces tend to significantly reduce this discrepancy. © 2006
American Institute of Physics. [DOI: 10.1063/1.2140692]

I. INTRODUCTION

Polyelectrolyte (PE) (i.e., charged polymer) adsorption
on charged surfaces is a versatile process having industrial as
well as biological applications. In particular, the case of rod-
like (stiff) PEs, which corresponds to the situation of short
DNA fragments or other similar biomaterials, has some rel-
evance for biological processes such as gene therapyl or
biotechnology.2_4

From a theoretical viewpoint, the behavior of stiff PEs
near an oppositely charged surface has been studied by vari-
ous authors on a mean-field level.”™"' Menes ef al.” consid-
ered the interaction between two infinitely long charged rods
near a salty surface in the framework of the Debye-Hiickel
theory. Due to the low dimensionality of the system, they
reported an algebraic decay for the effective interaction that
was confirmed by their Brownian dynamics simulations.”
The more simple and fundamental situation of a single and
infinitely long charged rod in the vicinity of a charged sur-
face was investigated by several authors.®™ The problem of
the so-called counterion release (i.e., “Manning decondensa-
tion”) from a rigid PE approaching an oppositely charged
was examined by Sens and Joalnny7 and by Fleck and von
Griinberg8 using the Poisson-Boltzmann theory. In a similar
spirit, Menes et al.® found that the screening of the adsorbed
charged rod’s field, due to counterions and mobile surface
charges, is highly sensitive to the degree of membrane’s sur-
face charging. The adsorption of short rodlike PEs was also
considered by some researchers.”!” Recently, Cheng and
Olvera de la Cruz’ investigated the adsorption/desorption
transition including lateral correlations by assuming a regular
flat lattice for the adsorbed charged rods. This latter assump-
tion is only valid when the electrostatic rod-surface binding
is strong enough. Closely related to our problem, Hoagland10
analyzed the monomer concentration profile as well as the
chain orientation with respect to the charged substrate’s sur-
face for a single short rodlike PE. The notorious complica-
tion of image forces stemming from the dielectric disconti-
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nuity between the substrate and the solvent was also
addressed by some authors.”'""'? More specifically, for low
dielectric constant (i.e., repulsive image forces) and fixed
surface ions of the substrate, (i) Sens and Joanny7 showed
that the condensed counterions are not always released as the
stiff PE approaches the substrate and (ii) Netz'' showed an
extra decrease of the charge dissociation of the stiff PE (i.e.,
charge regulation in salty solution nearby an uncharged po-
larized interface).

Since those studies were realized in the framework
of the the Poisson-Boltzmann theory and for a single chain,
the relevant phenomenon of charge reversal of the sub-
strate’s surface charge by the adsorbed PEs cannot be cap-
tured.

In this paper, we propose to elucidate the microstructural
behavior of (very) short rodlike PEs near an oppositely
charged surface by using Monte Carlo (MC) computer simu-
lations. The effect of image forces is also systematically in-
vestigated. To better understand the effect of chain entropy, a
comparison with the previous work of Messina' concerning
fully flexible PEs is carried out. Our article is organized as
follows: The simulation model is detailed in Sec. II. Our
results are presented in Sec. III, and concluding remarks are
provided in Sec. IV.

7,10,11

Il. MODEL AND PARAMETERS
A. Simulation model

The model system under consideration is similar to that
recently investigated for the adsorption of flexible
chains.'>'* Within the framework of the primitive model, we
consider a PE solution near a charged hard wall with an
implicit solvent of relative permittivity €., =~ 80 (i.e., water
at z>0). The substrate located at z<<0 is characterized by a
relative permittivity €g,, which leads to a dielectric jump A,
(when €, # €quns) at the interface (positioned at z=0) de-
fined as

€solv T Esubs

© 2006 American Institute of Physics
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The negative bare surface-charge density of the sub-
strate’s interface is —oye, where e is the (positive) elemen-
tary charge and 0,>0 is the number of charges per unit area.
The latter is always electrically compensated by its accom-
panying monovalent counterions of charge Z.e (ie.,
monovalent cations with Z,=+1) of diameter a. Rodlike PE
chains are made up of N,, monovalent positively charged
monomers (Z,=Z,=+1) of diameter a. The bond length [
is also set to l—a so that the length L4 of a rodlike PE
is L;,q=N,,[=N,a. The counterions (monovalent anions:
Z_=-1) of the PEs are also explicitly taken into account with
the same parameters, up to the charge sign, as the substrate’s
counterions. Hence, all the constitutive microions are
monovalent (Z=Z,=Z7,,=—Z_=1) and monosized with diam-
eter a. All these particles are immersed in a rectangular L
X L X 7 box. Periodic boundary conditions are applied in the
(x,y) directions, whereas hard walls are present at z=0 (lo-
cation of the charged interface) and z=7 (location of an un-
charged wall). 1t is to say that we work in the framework of
the cell model.

The total energy of interaction of the system can be writ-
ten as

U= 2 [U(mtf (Zi) + Uglgtxfl (Z )]

+ 2 [U(mlc (rlj + U<Cn:)‘ucl)(rz7r/)], (2)

1L,i<j

where the first (single) sum stems from the interaction be-
tween a microion i [located at z=z; with i=(+,—,m)] and the
charged interface, and the second (double) sum stems from
the pair interaction between microions i and j with r,-j=|r,-
—r;|. All these contributions to U, in Eq. (2) are described in
detail below.

Excluded volume interactions are modeled via a hard-
core potential defined as follows:

0 forr,=a

(mlC)(r’/) o for rlj <a ®)
ij

for the microion-microion one and

0 foral2<sz,<7-al2

UR"(z) = - “

o otherwise
for the interface-microion one.
The electrostatic energy of interaction between two mi-
croions i and j reads
Ac

1
BU(crglucl)( L /) ZiZjlg| — [2, .2 20’ (5)
rij g+ i+ (2i+ )

where I= e/ (4m€€,,) is the Bjerrum length correspond-
ing to the distance at which two protonic charges interact
with 1/B8=kgT, and A, is given by Eq. (1). The first term in
Eq. (5) corresponds to the direct Coulomb interaction be-
tween real microions, whereas the second term represents the
interaction between the real microion i and the image of
microion j. By symmetry, the latter also describes the inter-
action between the real microion j and the image of microion
i, yielding an implicit prefactor of 1/2 in Eq. (5). The elec-

J. Chem. Phys. 124, 014705 (2006)

TABLE 1. List of key parameters with some fixed values.

Parameters

T=298 K Room temperature

o,L? Charge number of the substrate
A.=0 or 0.951 Dielectric discontinuity
Z=1 Microion valence
a=4.25 A Microion diameter
I;=1.68a=7.14 A Bjerrum length

L=25a (x,y) box length

7=75a z box length

Nioa Number of rodlike PEs

Ny, Number of monomers per rodlike chain

trostatic energy of interaction between a microion i and the
(uniformly) charged interface reads

ZIA,
C“f,}fl(z)—lg 27Z(1 + A)oyz; + 4 . (6)
Z

i

The second term in Eq. (6) stands for the self-image interac-
tion, i.e., the interaction between the microion i and its own
image. An appropriate and efficient modified Lekner sum
was utilized to compute the electrostatic interactions with
periodicity in two directions."® This latter technique was al-
ready successfully applied to the case of PE multilayering14
and polycation adsorption.13 To link our simulation param-
eters to experimental units and room temperature (T
=298 K), we choose a=4.25 A leading to the Bjerrum
length of water [z=1.68a=7.14 A. In order to investigate the
effect of image forces, we take a value of €., =2 for the
dielectric constant of the charged substrate (which is a typi-
cal value for silica or mica substrates'®) and €,1y=2380 for that
of the aqueous solvent yielding A.=(80-2)/(80+2)
~(.951. The case of identical dielectric constants €y,
= €1y (A=0) corresponds to the situation where there are no
image charges.

All the simulation parameters are gathered in Table I.
The set of simulated systems can be found in Table II. The
equilibrium properties of our model system were obtained by
using standard canonical MC simulations following the Me-
tropolis scheme.'”"® In detail, single-particle (translational)
moves were applied to the counterions (i.e., anions and cat-
ions) with an acceptance ratio of 50%. As far as trial moves
for the rodlike PEs are concerned and given the anisotropy of

TABLE II. Simulated systems’ parameters. The number of counterions (cat-
ions and anions) ensuring the overall electroneutrality of the system is not
indicated.

System Nyoa N, o,l?
A 96 2 64
B 48 4 64
C 32 6 64
D 24 8 64
E 16 12 64
F 24 8 32
G 24 8 128
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these objects, random translational moves as well as rora-
tional ones were performed at the same frequency.19 Random
rotational moves were achieved by choosing randomly new
orientation vectors of the rodlike particles. This method is (i)
computationally not too demanding, (ii) leads to an efficient
configurational space sampling, and (iii) fulfills the rules of
detailed balance. The acceptance ratio was also set to 50%.

The total length of a simulation run is set to 3 X 10° MC
steps per particle. Typically, about 10° MC steps were re-
quired for equilibration, and 2.5 X 10® MC steps were used to
perform measurements.

B. Measured quantities

We briefly describe the different observables that are go-
ing to be measured. In order to study the PE adsorption, we
compute the monomer density n(z) that is normalized as fol-
lows:

—al2
f n(Z)deZ = Nrode- (7)
al2

To further characterize the PE adsorption, we also compute

the total number of accumulated monomers N(z) within a
distance z from the charged interface that is given by

(o) = f e (8)
al2

It is useful to introduce the fraction of adsorbed monomers
N"(z), which is defined as follows:
) N(z)
N(@)=—r. )
N, mdN m
The orientation of the rodlike PEs can be best monitored
by the angle 6 formed between the z axis and the PE axis.'?
A convenient quantity is provided by its second-order Leg-
endre polynomial:

Py[cos 8(z)] = %[3 cos? 6(z) - 1], (10)

where z corresponds to the smallest wall-monomer distance
for a given PE. Thereby

S(z) = (Pl cos 6(z)]) (11)

takes the values —%, 0, and +1 for PEs that are perpendicular,
randomly oriented, and parallel to the z axis, respectively.

Another relevant quantity is the global net fluid charge
o(z) which reads

0(z)=fz [ny(z") —n_(z")]dz’, (12)
al2

where n, and n_ stand for the density of all the positive
microions (i.e., monomers and substrate’s counterions) and
negative microions (i.e., PEs’ counterions), respectively. The
corresponding reduced surface-charge density o (z) is given
by

Behavior of rodlike polyelectrolytes near an oppositely charged surface
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o'*(z)=@. (13)
g0

Thereby, o (z) corresponds, up to a prefactor gye, to the net
fluid charge per unit area (omitting the surface-charge den-
sity —ope of the substrate) within a distance z from the
charged wall. At the uncharged wall, electroneutrality im-
poses o (z=7—a/2)=1. By simple application of the Gauss
law, [0 (z)—1] is directly proportional to the mean electric
field at z. Therefore o (z) can measure the screening strength
of the substrate by the neighboring solute charged species.

lll. RESULTS AND DISCUSSION

It is well known that the effects of image forces become
especially relevant at low surface-charge density of the
interface.""? Furthermore, it is also clear that the self-image
interaction (repulsive for A_.>0, as is presently the case) is
higher the higher the charge of the ions (polyions). Hence,
we are going to study (i) the influence of chain length (Sec.
IIT A) and (ii) that of surface-charge density (Sec. IIT B). For
the sake of consistency, we set the total number of monomers
to N,ogN,,=192, meaning that the monomer concentration is
fixed leading to a PE volume fraction ¢=(47/3)
X[NyogN,,(al2)3 1 L*7]=2.14 X 1073 (see also Table II).

A. Influence of chain length

In this part, we consider the influence of chain length N,,
at fixed surface-charge-density parameter o,L>=64. The lat-
ter would experimentally correspond to a moderate®’
surface-charge density with —ope =-0.091 C/m?2. The chain
length is varied from N,,=2 up to N,,=12 (systems A—E, see
Table II). We have ensured that, for the longest chains with
N,,=12, finite-size effects are not important since there L 4
=12a which is significantly smaller than L=25a or
7="75a.

1. Monomer distribution

The profiles of the monomer distribution n(z) can be
found in Fig. 1, and the corresponding microstructures are
sketched in Fig. 2. When no image charges are present
[A.=0, Fig. 1(a)], the monomer-density profile n(z) exhibits
a monotonic behavior for very short rigid chains (here N,,
=2). For longer chains there exists a small monomer deple-
tion near the charged wall for an intermediate regime of N,,
(here 4<N,,<8). At high enough N,, (here N, =12) our
simulation data reveal again a monotonic behavior of n(z).
This interesting behavior is the result of two antagonistic
driving forces, namely, (i) chain entropy and (ii) the electro-
static wall-monomer attraction. More precisely, the mecha-
nisms responsible for this N,-induced reentrant behavior at
A =0 are as follows.

* For very short chains (here N,,=2) chain-entropy effects
are negligible so that one gets a similar behavior to that
of pointlike counterions with the usual monotonic de-
caying n(z) profile.
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FIG. 1. Profiles of the monomer density n(z) for different chain length N,
with o(L?>=64 (systems A—E). (a) A.=0. (b) A.=0.951.

e The chain-entropy loss (per chain) by adsorption should
typically scale like InN,, whereas the electrostatic
wall-chain attraction scales like N,,, explaining why at
high enough N,, a purely effective attractive wall-
monomer interaction is recovered.

Upon polarizing the charged interface [A.=0.951, Fig.
1(b)], the PE adsorption becomes weaker and the n(z) profile
more broadened due to the repulsive image-polyion interac-
tion. For N,,<4, n(z) presents a maximum at z=7"=0.9a
that can be seen as the thickness of the adsorbed PE layer.
Interestingly, the monomer density at contact decreases with
increasing N,,. This is the result of a combined effect of (i)
chain-entropy loss near the interface and (ii) the N,,-induced
image-polyion repulsion. All those features are well illus-
trated on the microstructures of Fig. 2.

It is instructive to compare the above findings with those
obtained for fully flexible chains. To do so, we use existing
MC data for flexible chains from our previous work"? where
all the parameters, up to the chain flexibility, are identical
with those presently employed for rodlike PEs. The compari-
son is provided in Fig. 3. At A_=0 [see Fig. 3(a)], the n(z)
profiles for flexible and rigid PEs are quasi-identical for
N,,=2, as it should be. For longer chains (N,,=8), we clearly

J. Chem. Phys. 124, 014705 (2006)

FIG. 2. Typical equilibrium microstructures of systems A—E. The little
counterions are omitted for clarity.

see at A =0 that the degree of adsorption as indicated by the
value of n(z) near contact is considerably stronger for rigid
chains. This feature is due to entropy and electrostatic ef-
fects. Indeed, in the bulk and at given degree of polymeriza-
tion N,,, the chain entropy associated to rigid PEs is much
lower than that associated to flexible chains, so that chain-
entropy loss upon adsorption is reduced for rigid chains. Sec-
ondly and concomitantly, the wall-PE attraction is more ef-
ficient for rigid chains than for flexible chains because in the
latter case the z fluctuations of the charged monomers are
more important.

As far as the monomer density at true contact is con-
cerned [i.e., n(z—a/2)], it seems that, for flexible PEs, its
value is nearly independent of N,, as already reported in Ref.
13. For a single ionic species of spherical shape, a variant of
the contact theorem provides the exact relation, n(a/2)
—n(r—al2)=2mally, yielding to n(a/2)~=0.11a"3, which is
surprisingly in remarkable agreement with the value reported
in Fig. 3(a) for flexible PE (and rigid ones for N,,<4). None-
theless, Fig. 3(a) shows, already with N,,=8, a strong devia-
tion from the contact theorem (which in principle only holds
for structureless spherical ions) for rigid PEs, as expected.

The scenario becomes qualitatively different when A,
=0.951 [see Fig. 3(b)], where the n(z) profiles for flexible
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FIG. 3. Comparison between flexible and rodlike (rigid) PEs for the profiles
of the monomer density n(z) at different chain length N,,. (a) A.=0. (b)
A.=0.951.

and rigid PEs become more similar. It is to say that the
image-polyion repulsion tends to cancel chain-entropy ef-
fects. A closer look at Fig. 3(b) reveals, however, that, at
given N,,, the degree of PE adsorption is systematically
larger for rigid PEs than for flexible ones, as expected. Those
relevant findings can be summarized as follows.

» Without dielectric discontinuity (A,=0) rigid PE chains
can much better adsorb than flexible ones at oppositely
charged surfaces essentially because of their significant
lower chain entropy.

* In the presence of polarization charges (A,=0.951) the
degree of PE adsorption becomes significantly less sen-
sitive to the chain stiffness.

In order to quantify the amount of adsorbed monomers
as a function of the distance z from the charged wall, we
have also studied N*(z) as defined by Eq. (9). Our results are
reported in Fig. 4. At A_=0 [see Fig. 4(a)] the fraction of
adsorbed monomers N*(z) is always larger with growing N,
even near the interface. On the other hand, at A_=0.951 [see
Fig. 4(b)], (i) N"(z) gets smaller with growing N,, near the
interface (roughly for z/a=<0.65) and (ii) N"(z) is consider-

Behavior of rodlike polyelectrolytes near an oppositely charged surface
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FIG. 4. Profiles of the fraction of adsorbed monomers N*(z) for different
chain length N,, with o(L?>=64 (systems A—E). (a) A_=0. (b) A,=0.951. The
inset is merely a magnification near contact.

ably reduced compared to the A_=0 case. For instance (with
N,,=12), at z/a=0.9 (corresponding to a layer thickness at
A.=0.951), N*(z) can be as large as 0.4 for A =0 against
only 0.2 for A.=0.951.

2. PE orientation

To gain further insight into the properties of rodlike PE
adsorption, we have plotted S(z) as given by Eq. (11) in Fig.
5 so as to characterize the PE orientation with respect to the
charged interface. At A_=0, Fig. 5(a) shows that in the vi-
cinity of the interface (roughly for z=<a), the rodlike PEs
tend to be parallel to the interface plane with growing N,,,
i.e., S(z)——1/2 (see also Fig. 2). This effect is obviously
due to the electrostatic wall-PE binding whose strength in-
creases linearly with N,,. For the longest chains (N,,=12)
non-negligible positive S(z) values are reported at intermedi-
ate distance from the wall (roughly for 2=<z/a=<6), signal-
ing a nontrivial orientation correlation with respect to the
interface plane that will be properly discussed later. Suffi-
ciently away from the wall, the rodlike PEs are randomly
oriented [i.e., S(z) — 0], as it should be.
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FIG. 5. Profiles of S(z) for different chain length N,, with o(L>=64 (systems
A-E). (2) A=0. (b) A,=0.951.

In the presence of image forces [A.=0.951, see Fig.
5(b)] the S(z) behavior is more complex. A comparison with
Fig. 5(a) corresponding to A =0 immediately shows that re-
pulsive image forces tend to inhibit the alignment of the
rodlike PEs with respect to the interface plane near contact.
This effect will be especially vivid at lower surface-charge
density oy, as we are going to show later.

The nonmonotonic behavior of S(z) near contact at A,
=0.951, similar to that reported for n(z) in Fig. 1(b), is the
result of two antagonistic forces: (i) the repulsive image driv-
ing force that scales like 1/z and (ii) the attractive wall-
monomer one that scales like z. As in the case with A_=0, (i)
the degree of PE-wall parallelism increases with growing N,,
near contact and (ii) far enough from the wall the PEs are
randomly oriented.

3. Fluid charge

Another interesting property is provided by the net fluid
charge parameter o (z) [Eq. (13)] that describes the screen-
ing of the charged interface. The profiles of o”(z) for differ-
ent N,, can be found in Fig. 6. At A_=0 [see Fig. 6(a)], it is
shown that for long enough chains (here N,,=4) the sub-
strate gets locally overcharged as signaled by o'(z)>1.
Physically, this means that the (integrated) local charge of

J. Chem. Phys. 124, 014705 (2006)
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FIG. 6. Profiles of the reduced net fluid charge o"(z) for different chain
length N,, with 0L?=64 (systems A—E). (a) A.=0. (b) A,=0.951.

the adsorbed monomers™ is larger in absolute value than that
of the substrate’s surface charge. In other words, the plate is
overscreened by the adsorbed PE chains. Fig. 6(a) indicates
that the degree of overcharging increases with N,, as ex-
pected form the behavior of multivalent counterions. Upon
inducing polarization charges [A.=0.951, see Fig. 6(b)]
overscreening is maintained and weakly disturbed, proving
that the latter is robust against repulsive image forces.

B. Influence of substrate’s surface-charge density

To complete our investigation, we would like to address
the influence of the substrate-charge density on the PE ad-
sorption. In this respect, we consider (at fixed N,,=8) two
additional values for the surface-charge density: o,L>=32
and 128, corresponding to the systems F and G, respectively
(see Table 1I).

1. Monomer distribution

The plots of the monomer density n(z) for various values
of oyL? can be found in Fig. 7. Typical microstructures of
systems F and G are sketched in Fig. 8. At A_=0 [see Fig.
7(a)], the monomer density at contact increases with oy, as it
should be. Interestingly, the local maximum in n(z), present

Downloaded 11 Oct 2006 to 134.99.64.141. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 7. Profiles of the monomer density n(z) for different parameters of
surface-charge density o,L> with N,,=8 (systems D, F, and G). The case
0,L*=64 (system D) from Fig. 1 is reported here again for easier compari-
son. (a) A.=0. (b) A,=0.951.

at small oy, (here o(L*<64), vanishes at large o, [see Fig.
7(a)]. This feature is the result of a oy-enhanced driving
force of adsorption that overcomes chain-entropy effects at
large enough o, The strong adsorption at o;,L.>=128 leads to
a flat PE layer, as well illustrated in Fig. 8.

By polarizing the interface (A.=0.951), it can be seen
from Fig. 7(b) and the snapshot from Fig. 8 that there is a
strong monomer depletion near the interface for oyL>=32.
This feature is due to the combined effects of (i) image-PE
repulsion and (ii) a lower electrostatic wall-PE attraction.
Upon increasing o the monomer density near contact be-
comes larger, and concomitantly, the location of the maxi-
mum in n(z) is systematically shifted to smaller z. It is to say
that the thickness of the adsorbed PE layer decreases with
0. We also expect that, at very large oy, (not reported here),
this maximum vanishes leading to a purely attractive effec-
tive wall-PE interaction.

2. PE orientation

At A_=0, Fig. 9(a) shows that near the charged interface
(when z=<a), the degree of parallelism between the rodlike
PE and the interface increases with growing oy, as indicated

J. Chem. Phys. 124, 014705 (2006)

FIG. 8. Typical equilibrium microstructures of systems F and G. The little
counterions are omitted for clarity.

by S(z) ——1/2. This observation is merely due to the elec-
trostatic wall-PE binding whose strength scales like oy, at
fixed N,

In the presence of image forces (A,=0.951), Fig. 9(b)
demonstrates again for o,L>=32 [see also Fig. 5(b) for com-
parison] a strongly nonmonotonic behavior of S(z) near the
interface. This feature is fully consistent with the ideas that
(i) image forces become especially strong at low o and (ii)
repulsive image forces induce orientational disorder, as pre-
viously established. This finding leads to the important gen-
eral statement: Repulsive image forces at low surface-charge
density induce orientational disorder near the interface.

3. Fluid charge

The profiles of o”(z) for different o;,L?> can be found in
Fig. 10. At A_=0 [see Fig. 10(a)], it is found that the planar
interface gets always locally overcharged as signaled by
0"(z)>1. The location of the maximum in o"(z) is shifted to
lower z with increasing oy,.

Upon inducing polarization charges [A.=0.951, see Fig.
10(b)], overscreening is still there. However, at oL’>=64,
there is a non-negligible shift of the maximum of about 0.5a.
The distance at which the substrate is compensated [i.e.,
where o'(z)=1] corresponds to 1.72a (2.54a) for A_=0
(A.=0.951), leading to a neutralization z shift of 0.72a.

IV. SUMMARY

To conclude, we have performed MC simulations to ad-
dress the behavior of rodlike polyelectrolytes at oppositely
charged planar surfaces. The influence of image forces stem-
ming from the dielectric discontinuity at the charged inter-
face was also analyzed. We have considered a finite and fixed
monomer concentration in the dilute regime for relatively
short chains.

In the absence of image forces (A.=0), our main find-
ings can be summarized as follows.
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FIG. 9. Same as Fig. 7 but for S(z). FIG. 10. Same as Fig. 7 but for o' (z).

* Repulsive image forces induce PE orientational disorder

e At moderately charged interfaces, only (very) short rod-
near the interface.

like PEs (here 2<<N,,<8) experience a short-ranged
repulsion near the interface. For longer rodlike PEs the  The substrate-charge reversal is robust against repulsive
effective wall-PE interaction becomes purely attractive. image forces.

This behavior is in contrast to that occurring with flex-

ible PEs, where the chain entropy is larger leading to

stronger entropy-driven depletion.

* Near the charged interface, the rodlike PEs get more =~ ACKNOWLEDGMENTS
and more parallel to the interface plane when the chain
length N,, is increased. Concomitantly, the strength of
the substrate-charge reversal is N,, enhanced.
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The adsorption of highly oppositely charged flexible polyelectrolytes on a charged sphere is investigated
by means of Monte Carlo simulations in a fashion which resembles the layer-by-layer deposition technique
introduced by Decher. Electroneutrality is ensured at each step by the presence of monovalent counterions
(anions and cations). We study in detail the structure of the equilibrium complex. Our investigations of
the first few layer formations strongly suggest that multilayering on a charged colloidal sphere is not
possible as an equilibrium process with purely electrostatic interactions. We especially focus on the influence
of specific (nonelectrostatic) short-range attractive interactions (e.g., van der Waals) on the stability of the

multilayers.

I. Introduction

Polyelectrolyte multilayer thin films are made of
alternating layers of polycations (PCs) and polyanions
(PAs). The so-called layer by layer method, firstintroduced
in planar geometry by Decher, consists of a successive
adsorption of the polyions onto a charged surface and has
proved to be extremely efficient.!? Due to the many
potential technological applications such as biosensing,®
catalysis,* optical devices,® etc., this process is nowadays
widely used. Various techniques are employed to control
the polymer multilayer buildup such as optical®” and
neutron®® reflectometry, AFM,° UV spectroscopy,’* NMR
techniques,? and others. Some experiments (see, e.g., ref
13) were devoted to the basic mechanisms governing
polyelectrolyte multilayering on planar mica surfaces
where, in particular, the role of surface charge overcom-
pensation was pointed out.

Another very interesting application is provided by the
polyelectrolyte coating of spherical metallic nanopar-
ticles.*15 This process can modify in awell-controlled way
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11, Heinrich-Heine-Universitat Dusseldorf, Universitatsstrasse
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the physicochemical surface properties of the colloidal
particle. Despite of the huge amount of experimental
works, the detailed understanding of the multilayering
process is still rather unclear, especially for a charged
colloidal sphere. Hence, the study of polyelectrolyte
multilayering is motivated by both experimental and
theoretical interests.

On the theoretical side, the literature on this subject is
rather poor. Based on Debye—H{uickel approximations for
the electrostatic interactions and including lateral cor-
relations by considering different typical semiflexible
polyelectrolyte-layer structures, Netz and Joanny?¢ found
a remarkable stability of the periodic structure of the
multilayers in planar geometry. For weakly charged
flexible polyelectrolytes at high ionic strength, qualitative
agreements between theory,'” based on scaling laws, and
experimental observations,®!8 have been provided. The
driving force of all these multilayering processes is of
electrostatic origin, and it is based on an overcharging
mechanism, where the first layer overcharges the mac-
roion and the subsequent layers overcharge the layers
underneath. However, the role of nonelectrostatic inter-
actions, though pointed out in refs 17 and 19, is not clear.
In particular, it is still open whether the layer buildup is
an equilibrium or out of equilibrium process, which
resembles more a succession of dynamically trapped states.
Therefore, we do not know whether the complex poly-
electrolyte is in thermodynamical equilibrium. This point
has also been emphasized in a recent experimental work
on planar multilayers” where considerable kinetic effects
were reported. So far, there are neither analytical results
nor simulation data for multilayering formation onto
charged spheres.

The goal of this paper is to study the underlying physics
involved in the polyelectrolyte multilayering onto a
charged colloidal sphere by means of MC simulations.
The paper is organized as follows: section Il is devoted
to the description of our MC simulation method. The
relevant target quantities are specified in section 111. The
single chain adsorption is studied in section 1V, and the
polyelectrolyte bilayering in section V. Then the multi-
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layering process is investigated in section VI. The case of
short polyelectrolyte chains is considered in section VII.
Finally, section VIII contains some brief concluding
remarks.

Il. Simulation Method

The setup of the system under consideration is very
similar to those recently investigated by means of mo-
lecular dynamics simulations.?%2! Within the framework
of the primitive model we consider one charged colloidal
sphere characterized by a radius a (=4.50) and a bare
charge Qu = —Zue (where e is the elementary charge and
Zy = 40) surrounded by Zy neutralizing monovalent
(Z. = 1) counterions and an implicit solvent (water) of
relative dielectric permittivity ¢, ~ 80. In the remainder
of the paper, we will refer to the term macroion as the
charged colloidal sphere. Polyelectrolyte chains (N4 PCs
and N_ PAs) are made up of N, monovalent monomers
(Zm = 1) of diameter o. For the sake of simplicity, we only
consider here symmetrical complexes where PC and PA
chains have the same length and carry the same charge
in absolute value. To each charged PC or PA we also add
Nn, small monovalent (Z. = 1) counterions (anions and
cations countering the charge of the polyelectrolytes) of
diameter o; hence, always a charge neutral entity was
added. Thereby all the microions have the same valence
Z=272.=7Zy=1as well as the same diameter o. Added
salt of course would even weaken the effects observed and
would be especially important for the case of an adsorption
interaction between macroion and polyelectrolyte.

All these particles making up the system are confined
in an impermeable spherical cell of radius R = 600. The
spherical macroion is held fixed and located at the center
of the cell. To avoid the appearance of image charges,?
we assume that the macroion has the same dielectric
constant as the solvent.

Standard canonical MC simulations following the
Metropolis scheme were used.?324

The total energy of interaction of the system can be
written as

Ut = .Z.Uhs + Ugu + Upgne + Uy + Uy, (1)

i1<j

where all the contributions of the pair potentials in eq 1
are described in detail below.

Excluded volume interactions are modeled via a hard
sphere potential Uns?® defined as follows

_Joo, forr <ry,
Un(r) = {o, forr=rg, @

where r = o for the microion—microion excluded volume
interaction, and rq: = a + o/2 for the macroion—microion
excluded volume interaction. Hence the center—center
distance of closest approach between the macroion and a
microion is ro = a + 0/2 = 5o.

The pair electrostatic interaction between two ions i
and j (where i and j can be either a microion or the
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macroion) reads

Upou(fy) = kg Tlgo 3
coully) = £kgTlg - 3)
ij

where +(—) applies to charges of the same (opposite) sign
and lg = e?/4mepe,ksT is the Bjerrum length corresponding
to the distance at which two elementary charges interact
with kgT. To link our simulation parameters to experi-
mental units and room temperature (T = 298 K), we choose
o =4.25 A, leading to the Bjerrum length of water Iz =
1.680 = 7.14 A and to a macroion surface charge density
of 0.14 Cm~ 2.

The polyelectrolyte chain connectivity is modeled by
using a standard FENE potential in good solvent (see,
e.g., ref 26), which reads

1 2 r2
— 5«kRy"In|1 ——|, forr <R,
Ugene() = 2 Ro (4)
o0, forr = R,
where we chose k = 27kgT/0? and Ry = 1.50. The excluded
volume interaction between chain monomers is taken into
account via a purely repulsive Lennard-Jones (LJ) po-
tential given by

12 6
€ g) - ((—;) ] +¢€ forr < 2%

U 4= 4 [(r
- , for r > 2Y%¢

where € = kgT. These parameters lead to an equilibrium
bond length | = 0.980.

An important interaction in the multilayering process
addressed in this study is the non-electrostatic short
ranged attraction, U,q,, between the macroion and the
PC chain. To account for this kind of interaction, we choose
without loss of generality a van der Waals (VDW) potential
of interaction between the macroion and a PC monomer
that is given by

®)

o 6
Vo) = et —gg) » Torr=ro (6)

where yyqw is @ positive dimensionless parameter describ-
ing the strength of the attraction. Thereby, at contact
(i.e., r = rp), the magnitude of the attraction is yyawe =
xvawks T, and for ywaw = 1, one recovers the standard
attractive component of the LJ-potential (see eq 5). Since
itis notstraightforward to link this strength of adsorption
directly to experimental values, we therefore investigated
different possible strengths of attraction, which are known
to be realistic for soft matter systems.

All the simulation parameters are gathered in Table 1.
The set of simulated systems can be found in Table 2.
Single-particle moves were considered with an acceptance
ratio of 20—30% for the monomers and 50% for the
counterions. At equilibrium, the (average) length of the
trial moves Ar are about 300 for the counterions and 0.10
for the monomers. About 105—10°% MC steps per particle
were required for equilibration, and about 2 x 108
subsequent MC steps were used to perform measurements.

I1l. Target Quantities

Before presenting the results, we briefly describe the
different observables that are going to be measured. Of

(26) Kremer, K. Computer Simulation in Chemical Physics; Kluwer
Academic Publishers: Amsterdam, 1993.
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Table 1. Model Simulation Parameters with Some Fixed

Values
parameters
T=298K room temp
Zv = 40 macroion valence
z=1 microion valence
0=425A microion diameter

Is =1.680 =7.14 A Bjerrum length

a =450 macroion radius

ro=a-+ 0/2="50 macroion—microion dist of closest approach

R = 600 radius of the outer simulation cell

N4 no. of PCs

N- no. of PAs

Npe = N+ + N- total no. of polyelectrolyte chains

Nm no. of monomers per chain

Avdw strength of the specific van der Waals

attraction
Table 2. System Parameters
system Npe N+ N_- Nm

A 1 1 0 80
B 2 1 1 80
C 3 2 1 80
D 4 2 2 80
E 5 3 2 80
F 6 3 3 80
G 12 6 6 80
H 40 20 20 10

2 The number of counterions (cations and anions) ensuring the
overall electroneutrality of the system is not indicated.

first importance, we compute the radial density of
monomers n.(r) around the spherical macroion normalized
as follows

I OR4nr2ni(r) dr=N.N,, @)

where (+)— applies to PCs (PAs). This quantity is of special
interest to characterize the degree of ordering in the
vicinity of the macroion surface. _
The total number of accumulated monomers N.(r)
within a distance r from the macroion center is then given

by
NL(r) = [ 4ar?n,(r) dr ®)

where (+)— applies to PCs (PAs). This observable will be
used for the study of the adsorption of (i) asingle PC chain
(section 1) and (ii) two oppositely charged polyelectrolytes
(section V).

Another quantity of special interest is the global net
fluid charge Q(r) which is defined as follows

Q) = [ 4ar?Z[f.(r) — A_(r)] dr )

where fiy (A-) include the density of all the positive
(negative) microions. Thus, Q(r) corresponds to the total
fluid charge (omitting the macroion bare charge Z) within
adistance r from the macroion center, and at the cell wall
Q(r = R) = Zy. Up to a factor proportional to 1/r?, [Q(r)
— Zwv] gives (by simple application of the Gauss theorem)
the mean electric field at r. Therefore, Q(r) can measure
the strength of the macroion charge screening by the
charged species present in its surrounding solution.

1V. Single Chain Adsorption

In this part, we study the adsorption of asingle long PC
chain (system A) for different couplings yvaw. Experimen-
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tally, this would correspond to the process of the first
polyelectrolyte layer formation. _

The monomer density n.(r) and fraction N.(r)/Ny, are
depicted in Figure 1, parts a and b, respectively. The
density n.(r) near contact (r ~ ro) increases considerably
with yyaw as expected. At a radial distance of 1.5¢0 from the
macroion surface (i.e., r = ro + ¢), more than 97% of the
monomers are adsorbed for sufficiently large yvaw (here
vaw > 3) against only 78% for yyaw = O.

The net fluid charge Q(r) is reported in Figure 2. In all
cases, we observe a macroion charge reversal (i.e., Q(r)/
Zw > 1), as expected from previous studies?’?8 addressing
only yvaw = 0. The position r = r* at which Q(r*) gets its
maximal value decreases with yyaw, due to the yyaw-
enhanced adsorption of the chain. This overcharging
increases with yqaw, Since the gain in energy by macro-
ion-monomer VDW interactions can better overcome (the
higher yvaw) the cost of the self-energy stemming from the
adsorbed excess charge. Note that the maximal value of
charge reversal of 100% allowed by the total PC charge
(i.e., Q(r*)/zy = 2) cannot be reached due to a slight
accumulation of microanions.

Typical equilibrium configurations can be found in
Figure 3. For all y,qw values, there is a wrapping of the
chain around the macroion. In parallel, one can clearly
see that the formation of chain loops is gradually inhibited
by increasing yvaw-

Although all the obtained results are intuitively easy
to understand, they will turn out to be helpful in order to
have a quantitative analysis of the effect of an extra short-
range attraction already on the level of a single chain
adsorption.

V. Adsorption of Two Oppositely Charged
Polyelectrolytes

We now consider the case where we have additionally
a PA chain (system B), so that we have a neutral
polyelectrolyte complex (i.e., one PC and one PA). Ex-
perimentally this would correspond to the process of the
second polyelectrolyte layer formation (with system A as
the initial state). We stress the fact that this process is
fully reversible for the parameters investigated in our
present study. In particular, we checked that the same
final equilibrium configuration is obtained either by (i)
starting from system A and then adding a PA or (ii) starting
with no chains and then adding the two oppositely charged
polyelectrolytes, together with their counterions, simul-
taneously. ~

The monomer density n.(r) and fraction N.(r)/N,, are
depicted in Figure 4. parts a and b, respectively. The
corresponding microstructures are sketched in Figure 5.
The density of PC monomers n.(r) near contact (r ~ ro)
increases considerably with y,qw as expected. However, a
comparison with system A (see Figure 1) indicates that
the adsorption of PC monomers (at given yyaw) is weaker
when an additional PA is present. This is consistent with
the idea that the PC chain tends to build up a globular
state by getting complexed to the PA chain. This feature
is well illustrated in Figure 5. More precisely, for suf-
ficiently small yvaw <1, the polyelectrolyte globular state
is highly favorable compared to the “flat” bilayer state
(see also Figure 5). Nevertheless, at sufficiently large yvaw
z 2, thefirst layer made up of PC monomers is sufficiently
stable to produce a second layer made up of PA monomers.
Thereby, the two chains wrap around the macroion. As
far as the PA monomer adsorption is concerned, Figure

(27) wallin, T.; Linse, P. Langmuir 1996, 12, 305—314.
(28) Wallin, T.; Linse, P. J. Phys. Chem. 1996, 100, 17873—17880.
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Figure 1. Monomer adsorption profiles of a single PC-chain (system A) at different yqaw couplings: (a) radial density n.(r); (b)

fraction of monomers N.(r)/Np.
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Figure 2. Net fluid charge Q(r) for system A at different yyaw

couplings. The horizontal line corresponds to the isoelectric
point.

4 shows that n_(r) always increases with yyaw. FOr yvaw =
0, the polyelectrolyte complex is very close to the globular
polyelectrolyte bulk state (i.e., in the absence of the
macroion). Thisanontrivial result, since naively one would
expect a “true” multilayering for any yyqw. It is only for
large yvaw 2 3 thatone gets a true bilayer formation, where
there is a pronounced peak in n_(r) around r — ro ~ 0.

It is useful to introduce the following dimensionless
interaction parameters I'y = ZyZ(lg/ro), which measures
the strength of the macroion—PC electrostatic attraction,
and I', = Z?(Ig/o) which controls the PC—PA complex
interaction. For large values of I'y, the bulk complex will
always be in a globular state, since then the Coulomb
interaction will give rise to a chain collapse, similar to
those seen in polyelectrolyte systems. Thus, for a suf-
ficiently large value of I'/T'y at given yaw, the globular
state will always be favorable and no bilayering can occur.
In this case unwrapping occurs, similar to the micro-
structures depicted in Figure 5, parts a and b. On the
other hand, we find at fixed parameters I', and 'y, that
one needs a sufficiently large value y,,, to achieve
bilayering.

One can summarize these important results as follows:

eThe equilibrium bilayering process on a spherical

charged colloid with long polyelectrolyte chains requires
a sufficiently strong extra short-ranged macroion—PC
attraction.

A closer look at Figure 4b reveals a further nontrivial
behavior in the profiles of N.(r) at high yyaw. Very close
to the macroion surface we always have a monotonic
behavior of the fraction of adsorbed PC [N.(r; yvaw)] and
PA monomers [N_(r; yvaw)] With respect to y,qw as it should
be. However, for a certain distance away from the surface
we observe an unexpected behavior where N.(r; yvaw = 3)
> N4(r; xvaw = 5) as well as N_(r; yvaw = 3) > N_(r; yvaw =
5). One can qualitatively explain this effect by the onset
of the formation of one (or several) polyelectrolyte mi-
croglobule(s), i.e., small cluster(s) of oppositely charged
monomers (see Figure 5, parts d and e). This is indeed
possible because at high y.aw in principle more PC (and
consequently also PA) monomers want to get close to the
macroion surface. Already for neutral chains a two-
dimensional flat adsorbed chain needs a high (surface)
binding energy. Compared to bulk conformations the chain
entropy is roughly reduced by kg TN In(q¢=2/qs=3). Here q
is the effective number of conformational degrees of
freedom of a bond, giving that In(qy=2/qs=3) = O(1). Thus,
local microglobules that induce a small local desorption,
are entropically much more favorable. Also, on the level
of the energy, an increase of g concomitantly favors the
PC—PA microglobule.

The net fluid charge Q(r) is reported in Figure 6. For
xaw Z 2, the macroion gets even overcharged and
undercharged as one gets away from its surface, whereas
for low yvaw NO local overcharging occurs. Again, at high
xvaw the strength of the charge oscillation is nota monotonic
function of y.qw Where we observe a higher local over-
charging (and undercharging) with y,sw = 3 than with
2vaw = 5. This latter feature is fully consistent with the
profiles of N.(r) (see Figure 4b) previously discussed.?®
However this onset of local (surface) microglobules (for
xvaw = D) IS not strong enough to produce a nonmonotonic
behavior of r* with respect to yyaw-

VI. Multilayering

We now turn to the case where there are many
polyelectrolytes (with Npg = 3) in the system. We recall

(29) Here we assume the presence of little counterions to be negligible
in the vicinity of the macroion surface, which is a very good approxima-
tion.
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Figure 3. Typical equilibrium configurations for a single PC adsorbed onto an oppositely charged macroion (system A). The little
ions are omitted for clarity. (a) yviaw = 0 (b) yvaw = 1 (¢) yvaw = 2 (d) yvaw = 3 (€) Yvaw = 5.
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Figure 4. Monomer adsorption profiles of two polyelectrolyte chains (system B) at different y.qw couplings. The solid and dashed
lines correspond to PC and PA monomers, respectively. Key: (a) radial density n.(r); (b) fraction of monomers Nz(r)/Npn.

that when yuw = 0, the VDW interaction concern
monomers of all PCs lying within the range of interaction.
To keep the number of plots manageable, we will present
our results obtained for yyqw = 0 and yww = 3. The case
xvaw = 0 is (conceptually) important since it corresponds
to the situation where only purely electrostatic interactions
are present. The other case yyuw = 3 seems to be a
reasonable choice, since we found a “true” bilayering for
that value. Moreover, such a strength should be easily
accessible experimentally.

A. Adsorption with yyqw = 0. The density profiles of
n.(r) for the systems A—G (with y.aw = 0) are reported in
Figure 7, and the corresponding microstructures are
sketched in Figure 8.

Figure 7 shows that when the total polyelectrolyte
charge

Qpe = (Ny = N_)N,e (10)

is zero, the density of PC monomers n.(r) near contact is
lower than when charge Qpe = Npe (recalling that our
systems are such that Qpe = 0 or Nye). This tendency
[lower n.(r) near contact with Qpg = 0] gradually decreases
as the total number Npg of polyelectrolytes is increased.
In particular, for system G, where Npg = 12 and Qpg =
0, the density n.(r) near contact is nearly identical to that
of systems A, C, and E where Qpe = Npe. On the other
hand, when Qpe = Npe, then n(r) near contact is nearly
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Figure 5. Typical equilibrium configurations for one PC (in white) and one PA (in red) adsorbed onto the charged macroion (system
B). The little ions are omitted for clarity. (&) yvaw = 0 (b) %vaw = 1 (€) Yvaw = 2 (d) yvaw = 3 (€) Yvaw = 5.
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Figure 6. Net fluid charge Q(r) for system B at different yyaw

couplings. The horizontal line corresponds to the isoelectric
point.

independent of Npe. The height of the peak in the PA
monomer density n_(r) increases monotonically with Npg.
Concomitantly, athird layer made of PC monomers builds
up for high enough Npe. This multilayering is especially
remarkable for Npg = 12 (system G).

All these features concerning the first layer structure
can be rationalized with simple ideas. When Qpe =0, then
the resulting global attraction between the macroion and
the polyelectrolyte complex is much weaker than when
Qre = Npe. In this latter situation, where Qpg = Npye, this
excess charge carried by a PC chain leads to a relatively
strong PC adsorption near the surface. The equilibrium
configurations sketched in Figure 8 suggest a wrapping
from the PC monomers when Qpe = Npe (see Figure 8,
parts a and c) and a (partial) unwrapping when Qpg = 0

x=0
0.3 .

— 1PC
—— 1PC-1PA

2
(r-r))/c

Figure 7. Radial monomer density for the systems A—G with
xvaw = 0. The solid and dashed lines correspond to n.(r) and
n-(r), respectively. The number of PC and PA chains is indicated.
The plots of n(r) for the systems A (1PC) and B (1PC-1PA) are
again reported here for direct comparison.

[see Figure 8, parts b and d). Even for high Npg = 12 (see
Figure 8e), we can see this tendency of unwrapping leading
to a polyelectrolyte complex globular state. However, for
symmetry reasons, when the total number of monomers
is large enough as it is the case with Npg = 12, the
distribution of the polyelectrolyte complex gets more
isotropic leading to a weaker unwrapping at Qpe = 0.
The collapse into a globular polyelectrolyte complex
becomes even more spectacular when o is reduced (i.e.,
larger I',).%° In that case (not reported here), we found a

(30) Messina, R. Unpublished data.
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Figure 8. Typical equilibrium configurations for many polyelectrolyte chains adsorbed onto the charged macroion with yyaw = 0.
The PC monomers are in white and PA ones in red. The little ions are omitted for clarity. (a) 2PC-1PA (system C) (b) 2PC-2PA
(system D) (c) 3PC-2PA (system E) (d) 3PC-3PA (system F) (e) 6PC-6PA (system G).
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Figure 9. Net fluid charge Q(r) for the systems A—G with
xvaw = 0. The number of PC and PA chains is indicated. The
plots for the systems A (1PC) and B (1PC-1PA) are again
reported here for direct comparison. The horizontal line
corresponds to the isoelectric point.

wrapping (for Qpe = Nme) similar to that depicted in Figure
8, parts a and c, and a strong unwrapping (for Qpe = 0)
where the compact neutral polyelectrolyte complex is
adsorbed onto a small area of the colloid.

The net fluid charge Q(r) is reported in Figure 9. As
expected one detects an overcharging and undercharging
for Qpe = Niwe and Qpe = 0, respectively. For Qpe = 0, the
macroion is also locally overcharged very close to the
macroion surface and its strength increases with Npe. On
the other hand, the strength of the undercharging (oc-
curring at the largest radial position r* of the extrema)

at Qpe = 0 is nearly independent of Npe. In parallel, the
strength of the overcharging (occurring at the largest
radial position r* of the extrema) measured at Qpe = Nme
is also nearly independent of Npe (systems C and E).
Moreover, our simulations show that for Npg > 2 the
strength of the overcharging (with Qpe = Nye) and
undercharging (with Qpe = 0) have nearly the same
amplitude, in qualitative agreement with experimental
data.

B. Adsorption with yyaw = 0. In this part, we consider
the additional attractive VDW macroion—PC monomer
interaction with y,qw = 3. The same investigation as with
xvaw = 0 is carried out here.

The density profiles of n.(r) for the systems A—G (with
xvaw = 3) are reported in Figure 10, and the corresponding
microstructures are sketched in Figure 11.

Figure 10 shows that the density n.(r) near contact (for
agiven system) is about six times larger than that obtained
at yvaw = 0 (compare Figure 7). When Qpg = Npe, the
density n.(r) at contact (slightly) increases monotonically
with Npg in contrast to what happened at yyqw = 0 where
it was nearly independent of Npe. When Qpg = 0, we
remark that the density n.(r) near contact is nearly
independent of Npe (for Npg = 2) in contrast to what
happened at yyqw = O.

As far as the PA density n_(r) is concerned, the height
of the first peak (for a given system) is about twice larger
than that obtained at y,qv = 0. This height is a monotonic
function of Npg within a given regime of Qpg (here, either
0 or Nme). Nevertheless, in general this height exhibits a
nontrivial dependence on Npg, in contrast to our results
with yaw = 0. For the systems B and C both containing
a single PA chain (N_- = 1), the height of the first peak in
n_(r) is smaller with N = 2 (system C) than with N, =
1 (system B). This is again due to the formation of clusters
of oppositely charged monomers that takes place above
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x=3

Figure 10. Same as Figure 7 but with yw = 3.

the first layer. This effect is more pronounced when the
amount of PC monomers (at given N_) is larger (system
C), leading to a local desorption of PA monomer. Those
features are remarkable by a comparison of the snapshots
of the systems B and C depicted in Figure 5d and Figure
11a, respectively. Similar arguments can be used for the
systems D and E, where the same effect is found. At large
Nege, the height of the first peak in n_(r) saturates as
expected.

For 3 < Npg < 6, our simulation shows that the formation
of the third layer [i.e., the second peak in ny(r)atr —rg
~ 2.60] is enhanced when Qpg = Nye at fixed Ny. This
effect can again be explained in terms of polyelectrolyte
(micro)globules formation. Indeed, above the second layer,
the formation of clusters made up of oppositely charged

Messina et al.

monomers is enhanced when the polyelectrolyte complex
(seen by the underneath bilayer) is uncharged which
corresponds to a state of charge Qpg = O.

It is interesting to see that with Npg = 12 one even gets
a second peak (and not a shoulder) in n_(r), which is the
signature of a fourth layer. This qualitatively contrasts
with our findings at y,qw = 0. Therefore, we conclude that
the effect of an extra short-ranged macroion—PC attraction
is crucial for the multilayering process.

On a more qualitative level, it is very insightful to
compare the microstructures obtained with purely elec-
trostatic interactions (yvaw = 0) sketched in Figure 8 with
those obtained with a short-ranged VDW macroion—PC
interaction (yvaw = 3) sketched in Figure 11. From such
avisual inspection, itisclear thatin all cases the adsorbed
polyelectrolyte complex is flatter at yyaw = 3 than at yyaw
= 0. An other important qualitative difference, is that the
unwrapping occurring at yyqw = 0 with Qpe = 0 [see Figure
8b and (d)] is no longer effective when yyqaw = 3 (see Figure
11, parts b and d). In the same spirit, for a large number
of chains (Npg = 12), the macroion surface is only partially
covered by the PC monomers where some (large) holes
appear (see Figure 8e), in contrast to what occurs at
xvaw = 3, where all the macroion surface is covered (see
Figure 11e).

The net fluid charge Q(r) is reported in Figure 12. As
expected one finds an overcharging and undercharging
for Qpe = Nme and Qpe = 0, respectively. Now one can get
a local overcharging larger than 100% (i.e., Q(r)/Zm > 2)
due to the VDW attraction that can lead to a first layer
with many PC chains. For systems C and E, we see that
the overcharging at the third layer is around 50% and
nearly independent of Npg.

On the other hand, the strength of the undercharging
(occurring at the largest radial position r* of the extrema)
at Qpe = O decreases with increasing Npg, providing a

Figure 11. Same as Figure 8 but with yaw = 3. (2) 2PC-1PA (system C) (b) 2PC-2PA (system D) (c) 3PC-2PA (system E) (d) 3PC-3PA

(system F) (e) 6PC-6PA (system G).
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Figure 12. Same as Figure 9 but with yvw = 3.

Short chains

(r-r,)/c

Figure 13. Radial monomer density for short polyelectrolyte
chains (system H) at different y.aw couplings. The black and
gray lines correspond to PC and PA monomers, respectively.

gradually weaker driving force for the subsequent ad-
sorption of the PC chain. On the basis of our results with
xvaw = 0, we expect that the strength of the undercharging
at yvaw = 3 (for larger Npg) should stabilize around 50%.
So it appears that the oscillations of under- and over-
charging are not 100% but instead close to 50%. This is
probably sensitive to the specific model parameters chosen.

Langmuir, Vol. 19, No. 10, 2003 4481

What can be stated from our data is that there is no reason
to find a generally applicable overcharging fraction. In
particular, for the case of relatively small colloids, the
results will strongly depend on the specific system
parameters, which are both of electrostatic and of non-
electrostatic natures.

VII. Case of Short Chains

We now investigate the effect of chain length depen-
dence. In this case, the adsorption of a single chain does
not necessarily produce an overcharging since the chain
length (N, = 10, system H) is too short. The density profiles
of n.(r) are reported in Figure 13 for various yyaw, and the
corresponding microstructures are sketched in Figure 14.

In the purely electrostatic regime (yvaw = 0), the
polyelectrolyte adsorption is weak and it significantly
increases with yyqw. However, for all reported cases, we
only observe a bilayering in contrast with previous long
chain systems (compare Figure 13 with Figures 7 and 10)
where thereby a true multilayering was reported.

In addition we observe several globally neutral poly-
electrolyte complexes in the bulk, whose number decreases
with yvaw (see Figure 14). This feature was inhibited for
long chains due to the strong PC—PA binding energy that
keeps all the chains near the macroion surface. At
sufficiently strong yvaw (See Figure 14c with yyqw = 5), the
macroion area gets largely (and uniformly) covered by the
PC chains, leading to a strong bilayering. Nevertheless,
due to the weak PC—PA binding energy, the formation of
additional layer seems to be prohibited in contrasts to
what was observed at y,qw = 3 with systems D and E that
contain asimilar number of monomers. Those observations
lead us to the relevant conclusion that multilayering with
short chains (if experimentally observed on a charged
colloidal sphere) must involve additional nontrivial driving
forces like specific PC monomer—PA monomer interactions
that are not captured by our model. This again seems to
be in agreement with the arguments presented in ref 7
which argue against a stable thermodynamic equilibrium
complex when there is excess polyelectrolytes present.

The net fluid charge plotted in Figure 15 indicates that
only one charge oscillation (around the isoelectric point)
is obtained in contrast to what can happen with longer
chains. Again, here the driving force for the bilayer
formation is the overcharging that increases with yygw.

VIIIl. Concluding Remarks

We have carried out MC simulations to study the basic
mechanisms involved in forming equilibrium polyelec-
trolyte complexes on a charged colloidal sphere. Thiswork

Figure 14. Typical equilibrium configurations for short PC (in white) and PA (in red) chains adsorbed onto the charged macroion
(system H). The little ions are omitted for clarity. (a) yvaw = 0 (b) xvow = 3 (C) Yvaw = 5.
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Figure 15. Netfluid charge Q(r) for system H at different yyqw

couplings. The horizontal line corresponds to the isoelectric
point.

emphasizes the role of the short-range van der Waals-
like attraction (characterized here by y.4) between the
spherical macroion surface and the oppositely charged
adsorbed chain(s).

It was demonstrated that, for the bilayering process
involving two long oppositely charged chains at fixed I'y,
and I'y, it is necessary to have a sufficiently high yyaw. In
particular, below a certain value of yyaw = Yq. @ dense
adsorbed polyelectrolyte globule is obtained, whereas
above x4, a flat bilayer builds up.

The same qualitatively applies to the case of many (more
than two) long polyelectrolytes. In a purely electrostatic
regime (i.e., yvaw = 0) One can never obtain a true (uniform)
multilayering. However, by increasing yvaw, one gradually
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increases the polyelectrolyte (polycation and polyanion)
chain adsorption ultimately leading to a true multilayering
where the macroion is uniformly covered. Nonetheless, at
given yqwand especially for small yyqw, the polyelectrolyte
globular state is always favored when its net charge is
zero.

As far as the short chain case is concerned, it was shown
that even bilayering cannot be reached within the pure
electrostatic regime. Only at higher y,qw (higher than those
coming into play with long chains), one recovers a bilayer
formation. However, multilayering (beyond bilayering)
with very short chains seems to be very unlikely within
our model. The large complex would not be thermody-
namically stable and dissolve into smaller charge neutral
polyelectrolyte complexes, consistent with the ideas
presented in ref 7.

As an overall conclusion, our results clearly demon-
strated that besides an overcharging driving force [i.e.,
successive macroion (effective) charge reversal by suc-
cessive polymer layering], the stability of the polyelec-
trolyte multilayer is strongly influenced by the specific
macroion-polyelectrolyte short-range attraction. This
statement should at least hold for the investigated cases
of equilibrium structures.

A future study should include other important effects,
such as chain flexibility, specific interchain monomer—
monomer interaction, microion valency, etc. Nevertheless,
our present findings hopefully will generate some further
systematic studies to explore the effects of nonelectrostatic
effects for the layer-by-layer deposition technique.
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ABSTRACT: The adsorption of highly oppositely charged flexible polyelectrolytes (PEs) on a charged
planar substrate is investigated by means of Monte Carlo (MC) simulations. We study in detail the
equilibrium structure of the first few PE layers. The influence of the chain length and of a (extra)
nonelectrostatic short range attraction between the polycations and the negatively charged substrate is
considered. We show that the stability as well as the microstructure of the PE layers are especially
sensitive to the strength of this latter interaction. Qualitative agreement is reached with some recent

experiments.

I. Introduction

PE multilayer structures are often obtained in a so-
called layer-by-layer method by alternating exposure of
a charged substrate to solutions of polycations (PCs) and
polyanions (PAs). This widely used technique was first
introduced by Decher and co-workers,? and its simplic-
ity and versatility have triggered a large interest in the
engineering community. As examples of technological
applications, one can mention biosensing,? catalysis,*
nonlinear optical devices,> nanoparticles coating,6~7 etc.

On the theoretical side, there exist a few analytical
works about PE multilayers on charged planar surfaces
based on different levels of approximation.8-19 Solis and
Olvera de la Cruz considered the conditions under which
the spontaneous formation of polyelectrolyte layered
structures can be induced by a charged wall.8 On the
basis of Debye—Huckel approximations for the electro-
static interactions, including some lateral correlations
by the consideration of given adsorbed PE structures,
Netz and Joanny?® found a remarkable stability of the
(semiflexible) PE multilayers supported by scaling laws.
For weakly charged flexible polyelectrolytes at high ionic
strength qualitative agreements between theory,1° also
based on scaling laws, and experimental observations!!
(such as the predicted thickness and net charge of the
PE multilayer) have been provided.

The important driving force for all these PE multi-
layering processes is of electrostatic origin. More pre-
cisely, it is based on an overcharging mechanism, where
the first layer overcharges the substrate and, along the
PE multilayering process, the top layer overcharges the
adsorbed PE layers underneath. Nevertheless, the
strong correlations existing between oppositely charged
polyions, especially for highly charged PEs, provide a
formidable challenge for the understanding of the PE
multilayer microstructures. In this respect, numerical
simulations are of great help. It is only recently, that
MC simulations were carried out to study such PE
structures built up on spherical charged surfaces.'?

In this paper, we provide a detailed study of the PE
multilayer structure adsorbed on a charged planar
surface and discuss the basic mechanisms that are
involved there by means of MC simulations. Our paper
is organized as follows: section Il is devoted to the

T E-mail: messina@thphy.uni-duesseldorf.de.

description of our MC simulation technique. The mea-
sured quantities are specified in section Ill. The PE
monolayering is studied in section IV, and the PE
bilayering is studied in section V. Then the PE multi-
layering process is addressed in section VI. Finally,
section VII contains some brief concluding remarks.

Il. Simulation Details

The setup of the system under consideration is similar
to that recently investigated with a spherical sub-
strate.? Within the framework of the primitive model,
we consider a PE solution near a charged hard wall with
an implicit solvent (water) of relative dielectric permit-
tivity ¢, =~ 80. This charged substrate located at z = 0
is characterized by a negative surface bare charge
density —aoge, where e is the (positive) elementary charge
and gp > 0 is the number of charges per unit area.
Electroneutrality is always ensured by the presence of
explicit monovalent (Z. = 1) plate’s counterions of
diameter a. PE chains (N4 PCs and N_ PAs) are made
up of N, monovalent monomers (Z,, = 1) of diameter a.
Hence, all microions are monovalent: Z=7.=27,=1.
For the sake of simplicity, we only consider here
symmetrical complexes where PC and PA chains have
the same length and carry the same charge in absolute
value.

All these particles making up the system are confined
inalL x L x t box. Periodic boundary conditions are
applied in the (x, y) directions, whereas hard walls are
present at z = 0 (location of the charged plate) and z =
7 (location of an uncharged wall). To avoid the appear-
ance of image charges,'314 we assume that on both parts
of the charged plate (at z = 0) the dielectric constants
are the same.

The total energy of interaction of the system can be
written as

Ut0tl — Z[U g)slate)(zl) + U(plate)(zl) + U(plate)(zl)] +

coul vdw
T

.Z_[Uhs(rij) + Ugou(riy) + Ueene(ryy) + Ul (2)

iiI<j

where the first (single) sum stems from the interaction
between an ion i (located at z = z;) and the charged
plate, and the second (double) sum stems from the pair
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interaction between ions i and j with r;; = |r; — rj|. All
these contributions to U in eq 1 are described in detail
below.

Excluded volume interactions are modeled via a
hardcore potential defined as follows

_Joo, forr;<a
Uhs(rij) - O, for rij > a (2)

for the microion—microion one, except for the monomer—
monomer one,® and

o, forz; < a/2
Uﬂ[;late)(zi) =({ o, forz; > v —al2 (3)
0, fora/2<z;<v—a/2

for the plate—microion one.
The electrostatic energy of interaction between two
ions i and j reads

Ueu(ry) g
kT Tr, )

where +(—) applies to charges of the same (opposite)
sign, and lg = e%4mepeksT is the Bjerrum length
corresponding to the distance at which two monovalent
ions interact with kgT. The electrostatic energy of
interaction between an ion i and the (uniformly) charged
plate reads

U (plate)(zi)

%: :|:2.7'L’|BO'OZi (5)

where +(—) applies to positively (negatively) charged
ions. An appropriate and efficient modified Lekner sum
was utilized to compute the electrostatic interactions
with periodicity in two directions.’817 To link our
simulation parameters to experimental units and room
temperature (T = 298 K), we choose a = 4.25 A, leading
to the Bjerrum length of water Iz = 1.68a = 7.14 A. The
surface charge density of the planar macroion was
chosen as —age ~ —0.165 C/m?2.

The polyelectrolyte chain connectivity is modeled by
employing a standard FENE potential in good solvent
(see, e.g., ref 18), which reads

—lfchlnl—r—2 forr <R

0 ’

Ueene( ={ 2 R02 )
0 forr > R,

with « = 27kgT/a? and Ry = 1.5a. The excluded volume
interaction between chain monomers is taken into
account via a purely repulsive Lennard-Jones (LJ)
potential given by

a\l2 a\6
46[(—) - (—) ] +¢€ forr=<2"%a
U, = r r (7)
0, for r > 2463

where ¢ = kgT. These parameter values lead to an
equilibrium bond length | = 0.98a.

An important interaction in PE multilayering is the
nonelectrostatic short ranged attraction, U &2 pe-
tween the planar macroion and the PC chain. To include
this kind of interaction, we choose without loss of
generality a (microscopic) van der Waals (VDW) poten-
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Table 1. Model Simulation Parameters with Some Fixed

Values
parameters
T=298K room temp
0o = 90/L? macroion surface charge
z=1 microion valence
a=4.25A microion diameter
lg=1.68a=7.14A  Bjerrum length
L =22a (X, y)-box length
7=75a z-box length
Ny no. of PCs
N- no. of PAs
Npe = N+ + N- total no. of PEs
Nm no. of monomers per chain
Avdw strength of the specific VDW attraction

Table 2. System Parameters?

system Npe N+ N- Nm
A 20 20 0 10
B 10 10 0 20
C 40 20 20 10
D 20 10 10 20
E 80 40 40 10
F 40 20 20 20

aThe number of counterions (cations and anions) ensuring the
overall electroneutrality of the system is not indicated.

tial of interaction between the planar macroion and a
PC monomer that is given by

6
U Plate) ) — —exvdw(ﬁ) , forzza2 (8)

where yvaw IS a positive dimensionless parameter de-
scribing the strength of this attraction. Thereby, at
contact (i.e., z = a/2), the magnitude of the attraction is
xvaw€ = xvawKsT which is, in fact, the relevant charac-
teristic of this potential. Since it is not straightforward
to directly link this strength of adsorption to experi-
mental values, we chose yvaw = 5 (also considered among
other values in the case of a spherical macroion?), so
as to mimic good “anchoring” properties to the planar
substrate.

All the simulation parameters are gathered in Table
1. The set of simulated systems can be found in Table
2. The equilibrium properties of our model system were
obtained by using standard canonical MC simulations
following the Metropolis scheme.1%20 Single-particle
moves were considered with an acceptance ratio of 30%
for the monomers and 50% for the counterions. Typi-
cally, about 5 x 10* to 10 MC steps per particle were
required for equilibration, and about 5 x 105 — 108
subsequent MC steps were used to perform measure-
ments. To improve the computational efficiency, we
omitted the presence of PE counterions when N+ = N_
so that the system is still globally electroneutral. We
have systematically checked for Ny = N_ = 20 (system
C) that the (average) PE configurations (especially the
monomer distribution) are indistinguishable, within the
statistical uncertainty, from those where PE counterions
are explicitly taken into account, as it should be.

I1l. Measured Quantities

We briefly describe the different observables that are
going to be measured. To characterize the PE adsorp-
tion, we compute the monomer density n. (z) that is
normalized as follows

T—al2
[ Nu@L?dz=N.N, (9)



Macromolecules, Vol. 37, No. 2, 2004

0.4 T T T T

Za

Figure 1. Profiles of PC monomer-density n.(z) at different
xvaw couplings (systems A and B). The inset corresponds to yvaw
= 5 where the two curves (N, = 10 and 20) are nearly
indistinguishable.

where + (=) applies to PCs (PAs). This quantity is of
special interest to characterize the degree of ordering
in the vicinity of the planar macroion surface.
The total number of accumulated monomers N.(r)
within a distance z from the planar macroion is given

by
N, (2) = [0, ()% dz’ (10)

where + (—) applies to PCs (PAs). This observable will
be addressed in the study of PE monolayer (section 4)
and PE bilayer (section 5).

Another relevant quantity is the global net fluid
charge o(z), which is defined as follows

0@ = [l @) - fi_@)] dz (12)

where A (f-) stands for the density of all the positive
(negative) microions (i.e., monomers and counterions).
Thus, o(z) corresponds to the net fluid charge per unit
area (omitting the bare macroion surface charge —oo)
within a distance z from the charged wall. At the
uncharged wall, electroneutrality imposes o(z = 7 — a/2)
= 0o. By simple application of the Gauss’ law, [0(z) —
oo] is directly proportional to the mean electric field at
z. Therefore, o(z) can measure the screening strength
of the macroion-plate charge by the neighboring solute
charged species.

1V. Monolayer

In this part, we study the adsorption of PC chains
for two chain lengths N, = 10 (system A) and N, = 20
(system B), and for two different couplings yvaw = 0 and
xvdaw = 5. Experimentally, this would correspond to the
formation of the first polyelectrolyte layer. This is a
decisive step to elucidate the even more complex PE
multilayer structures where additionally PAs are also
present.

Here, where N_ = 0 (i.e.,, no polyanions), global
electroneutrality is ensured by the presence of explicit
PC’s counterions (i.e., monovalent anions) and the
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Figure 2. Fraction N+(z)/(N+Np) of adsorbed PC monomers
at different yyqw couplings (systems A and B).
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Figure 3. Net fluid charge o(z) at different y.aw couplings
(systems A and B).

macroion-plate’s counterions (i.e., monovalent cations).
Also, we recall that the total number of monomers,
NNy, = 200, is identical for both systems A and B
under consideration (see Table 2). Hence, the total
monomer charge is the same for systems A and B.

The profiles of the monomer density n(z) are depicted
in Figure 1. At yvaw = O, the density n;(z) near contact
(z ~ a/2) is basically independent of the chain size Np,.
However, away from the surface, the density of mono-
mers is slightly higher for larger Np,. This is a combined
effect of (i) entropy and (ii) electrostatic correlations.
These underlying mechanisms at yvwaw = O can be
explained with simple ideas as follows:

+At fixed number of total monomers, entropic effects
are larger the shorter the chains, and in the limiting
case of Ny, = 1 (i.e., the electrolyte limit) entropy effects
are maximal leading to the highest monomer “release”.
It is to say that the chain connectivity lowers the
entropy of the system.

«In parallel, electrostatic correlations?1=23 are also
higher the higher the valence of the adsorbed particles.
In our case N, plays the role of the polyion valence.
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Figure 4. Typical equilibrium configurations for PC chains adsorbed onto an oppositely charged planar macroion (systems A
and B). The little counterions are omitted for clarity. Key: (a) yvaw = 0, Nm = 10; (b) %vaw = 0, Nm = 20; (C) yvaw = 5, Nm = 10; (d)

ovaw = 5, Nm = 20.

The density ny(z) near contact increases consider-
ably with yyaw (here about 1 order of magnitude) as
expected. It turns out that with yyaw = 5, the ny(2)-
profiles are basically identical for Ny, = 10 and N, =
20. This is due to the sufficiently strong nonelectrostatic
attractive force that can overcompensate the antago-
nistic entropic effects that were more efficient at
Xvdw = 0.

The fraction N4(z)/(N+Nm) of adsorbed monomers
can be found in Figure 2. At a z-distance of 1.5a
from the planar macroion surface (corresponding to a
width of two monomers), about 90% of the mono-
mers are adsorbed for ywaw = 5 against only ~50%
for yvaw = 0. Again, at given yvaw, N(2)/(N+Np) is
larger for longer chains due to the same coupled
effects of entropy and electrostatic correlations ex-
plained above.

The (global) net fluid charge o(z) is reported in Figure
3. In all cases, we observe a macroion-surface charge
reversal (i.e., o(z)/lop > 1). The position z = z* at which
o(z*) gets its maximal value decreases with yyqw, due to
the yvaw-enhanced adsorption of the PCs. Concomitantly,
this overcharging increases with yyqw, since the (extra)
gain in energy by macroion-monomer VDW interactions

can better overcome (the higher yvaw) the cost of the self-
energy stemming from the adsorbed excess charge.l?
More quantitatively, we have o(z*)/log = 1.7 at yyqw = 5
against only o(z*)/op ~ 1.25 at yvaqw = 0. Note that the
maximal value of charge reversal of (200—90)/90 = 122%
(i.e., o(z%)lop = 2.22) allowed by the total charge of PCs
cannot be reached due to a slight accumulation of
microanions. In agreement with the profiles of n.(z) and
N.(z) (see Figure 1 and Figure 2), at given yvaw, the
overcharging gets higher the higher the chain length.
Those (locally) overcharged states should be the driving
force for the building of subsequent PE bilayers when
PA chains are added.

Typical equilibrium configurations can be found in
Figure 4. The qualitative difference between yygw = 0
(Figure 4, parts a and b) and yvaw = 5 (Figure 4, parts
c and d) is rather spectacular. Without additional VDW
attraction (yvaw = 0) the adsorption is much weaker than
at yvaw = 5, where in the latter situation the z-
fluctuation is very weak within the adsorbed layer.
Basically the first layer is glued at yvaw = 5, and the
excess PC chains float in the solution. It is typically this
type of configurations for the first layer that is wanted
in experimental situations.
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Figure 5. Profiles of monomer density n. (z) for oppositely

charged polyelectrolytes (systems C and D). Key: (&) yviw = 0;
(b) xvaw = 5.

The next section (section 5), which concerns bilayer-
ing, will show that the (enhanced) stability of this first
layer is decisive for the onset of multilayers.

V. Bilayer

We now consider the case where additionally PA
chains are present (systems C and D), so that we have
a neutral polyelectrolyte complex (i.e., Ny+Ny = N-Np,
= 200). Global electroneutrality is ensured by the
counterions of the planar macroion as usual. For such
parameters, the final equilibrium structure consists
essentially of bilayers with sometimes the onset of a
weakly stable third layer. Experimentally this would
correspond to the process of the second polyelectrolyte
layer formation (with system A or B as the initial state).
We stress the fact that this process is fully reversible
for the parameters investigated in our present study.
In particular, we checked that the same final equilib-
rium configuration is obtained either by (i) starting from
system A or B and then adding PAs or (ii) starting
directly with the mixture of oppositely charged poly-
electrolytes.

The profiles of the monomer density n.. (z) at yvaw =
0 and yvaw = 5 are depicted in Figure 5, parts a and b,
respectively. The corresponding microstructures are
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sketched in Figure 6. The density of PC monomers
n.(r) near contact increases considerably with yygw as
expected. Interestingly, at yvaw = 0, @ comparison with
systems A and B (see Figure 1) indicates that the
adsorption of PC monomers is weaker when additional
PAs are present. This effect was already observed with
spherical substrates,'?2 and the same mechanisms apply
here to planar surfaces. More explicitly, the PC chain
tends to build up a globular state (reminiscent of the
classical bulk PE collapse?*) by getting complexed to the
PA chain, as well illustrated in Figure 6, parts a and b.
Thereby, the mean monomer coordination number (or
the mean number of monomer neighbors) gets higher
which is both (i) entropically and (ii) energetically (at
least from the PE complex viewpoint) favorable. This
PC desorption is only appreciable at sufficiently low yyaw
where the energy loss stemming from the PC desorption
is well balanced (or even overcompensated depending
generally on the parameters) by the energy gained in
building a PC—PA globular structure. This “auto-
globalization” is also enhanced by increasing N, as it
should be (compare Figure 6, part a and part b). Note
also that there is a small second peak in ni(z) at z =
3.8a (see Figure 5a), which is rather the signature of a
strong PC—PA globalization than a third PE layer.
Besides, the peak in the PA density n_(z) located at z =
z* ~ 2.3a (see Figure 5a), which is relatively far from
that of a compact bilayer where z* = 1.5a, indicates the
diffuse character of the bilayer at yyqw = O.

At yvaw = 5, the ny(z)-profiles are basically identical
for Ny = 10 and Ny, = 20. In contrast to yyaw = 0, N+(2)
near contact is somewhat larger at yvaw = 5, and it is
going to be explained later in the discussion of N.4(z).
As far as the PA density n_(z) is concerned, we see that
the peak is roughly 2—3 times higher (depending on Np)
with yvaw = 5 than with yyqw = 0. Also, its position (z*
~ 1.5a) corresponds to that of a compact bilayer. A
visual inspection of Figure 6, parts ¢ and d, confirms
this feature. This again shows how important is the role
of extra nonelectrostatic attractive force for the stability
of bilayers.

An intermediate conclusion can be drawn from the
above findings and especially from the microstructures
depicted in Figure 6:

e True bilayering (i.e., flat and dense layers) can only
occur at nonzero yyqw, as already reported for spherical
charged substrates?? with large curvature.

An interesting common characteristic of the micro-
structures at yvaw = 0 and yvaw = 5 is the formation of
small islands (along the substrate) made up of more or
less flat (depending on yvaw) PC—PA complexes, easily
identifiable at Ny, = 20 (see Figure 6, parts b and d).

The fraction N4(z)/(N+N,) of adsorbed monomers at
xvaw = 0 and yvaw = 5 can be found in Figure 7, parts a
and b, respectively. A close look at Figure 7a reveals a
smaller PC monomer accumulation (at yygw = 0) up to z
~ 3a (independently of Ny,) than in the case where PA
chains were absent (compare with Figure 2). This is
fully consistent with the formation of PC—PA globules
(relevant at yvwaw = 0) leading to the effective PC
desorption already discussed above. In parallel, this
PC—PA globalization tends to cancel the effect of chain
length N, on N.(z). On the other hand, at yyqw = 5, the
situation is qualitatively different where the presence
of PAs now induces an increase of N(z) (compare Figure
7b and Figure 2). This phenomenon can be explained
by electrostatic correlation effects. Indeed, at yygw = 5,
the highly stable PC layer attracts more PA monomers
than at y.qw = 0, and thereby, “super” dipoles made of
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Figure 6. Typical equilibrium configurations for the adsorption of oppositely charged PE chains (systems C and D) onto a planar
macroion. The polycations are in white and the polyanions in red. The little ions are omitted for clarity. Key: (a) yvaw = 0, Nm =
10; (b) yvaw = 0, Nm = 20; (¢) vaw = 5, Nm = 10; (d) yvaw = 5, Nm = 20.

PC—PA monomer pairs build up, that are perceptible
in Figure 6, parts ¢ and d. This leads to a strong
attractive correlation interaction between the plate and
those dipoles. In other terms the effect of finite yyqw is
to (strongly) polarize the adsorbed charged chains. Note
also that at yyqw = 5 the PC—PA globalization is much
less favorable than at yyqw = O due to the higher cost of
PC desorption energy in the former case. As a net effect
there can be more adsorbed PC monomers compared to
yvaw = 0. In that case of yyaw = 5, it is precisely this
mechanism that tends to cancel the effect of Ny, on
Ni(z). As far as the PA monomer fraction N_(z) is
concerned, Figure 7 shows that the adsorption of
monomers is much weaker and more diffuse at yyaw =
0 than at yvaw = 5, as expected from Figures 5 and 6.

The net fluid charge o(z) is reported in Figure 8. In
all cases, the planar macroion gets overcharged and
undercharged as one gets away from its surface. That
is we have to deal with charge oscillations. Our results
clearly show that the amplitude of those oscillations is
systematically larger at high Np, as also observed
without PAs (see Figure 3). This is consistent with the
idea that lateral electrostatic correlations are enhanced
by increasing the valence of the polyions (here Np,).

Nevertheless, as soon as oppositely charged polyions can
interact, there is a subtle interplay between clustering
and the lateral correlations of polyions that governs the
degree of overcharging near the planar macroion. At yygw
=5, we observe a significantly higher overcharging than
without PAs (compare with Figure 3). This is in agree-
ment with the profiles of N4 (z) discussed previously.
However, the positions of the first peak (z* ~ a for yydw
= 5 and z* ~ 1.8a for yyaw = 0) in o(z) remain nearly
unchanged by the presence of PAs (compare Figure 8
with Figure 3).

VI. Multilayer

Presently, we consider the case where there are
enough polyelectrolytes (N+Ny = N-Ny, = 400) in the
system to produce multilayers (systems E and F). Hence,
compared to systems C and D, we have now doubled
the polyelectrolyte concentration. Global electroneutral-
ity is ensured by the counterions of the planar macroion
as usual.

The density profiles of ny (r) for yyaw = 0 and yvaw =
5 are depicted in Figure 9, parts a and b, respectively.
The corresponding microstructures are sketched in
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Figure 7. Fraction of adsorbed monomers N.. (z) for oppositely
charged polyelectrolytes (systems C and D). Key: (&) yviw = 0;

() Zvaw = 5.
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Figure 8. Net fluid charge o(z) at different yvaw couplings
(systems C and D).

Figure 10. In general, the densities of PC and PA
monomers are systematically larger than those found
for systems C and D corresponding to a lower PE
concentration. This effect is due to the fact that, at
higher concentration of oppositely charged chains, the
number of dipoles (i.e., PC—PA monomer pairs) are also
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Figure 9. Profiles of monomer density n. (z) for oppositely
charged polyelectrolytes (systems E and F). Key: (a) yviw = 0;
() Zvaw = 5.

larger, and from this it gives larger plate—dipole cor-
relations.

Even at yvaw = 0 with Ny, = 10, we can observe a
nonnegligible second peak in ny(z) (located at z ~ 3.8a)
which is the signature of a third layer. This finding
contrasts with what was observed at spherical sub-
strates?? (also with yyaw = 0, N = 10, and with a similar
macroion surface charge density), where not even a
stable bilayer could build up. This radically different
behavior can be accounted by geometrical arguments.
Indeed, the potential of electrostatic interaction scales
like 1/r in spherical geometry against z in planar one.
Hence, at sufficiently high curvature (as it was the case
in ref 12 where Npma/ro > 125 with ro being the radius of
the spherical macroion), qualitative differences from the
planar case are then expected. However, the corre-
sponding microstructure (see Figure 10a) suggests a
relatively large formation of PC—PA globules leading
to a diffuse and porous multilayer. Always at yyiw = O,
but with longer chains (N, = 20), Figure 9a shows that
the degree of layering is higher as expected. This feature
is well illustrated by Figure 10b, where the PA mono-
mers are visibly more attracted to the planar macroion
surface.

At yvaw = 5, the adsorption of monomers is drastically
increased due to the enhanced stability of the first PC
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Figure 10. Typical equilibrium configurations for the adsorption of oppositely charged PE chains (systems E and F) onto a
planar macroion. The polycations are in white and the polyanions in red. The little ions are omitted for clarity. Key: (&) yviaw =
0, Nm = 10; (b) Avdw = 0, Nm = 20; (C) Xvdw = 5, Nm = 10; (d) Xvdw = 5, Nm = 20.

layer that, in turn, induces a larger adsorption of the
subsequent PAs and PCs. Compared to yvaw = 0, all the
peaks in n. (z) are shifted to smaller z, indicating a
higher compaction. These higher ordering and compac-
tion at yvaw = 5 can be visually checked in Figure 10,
parts ¢ and d.

The net fluid charge o(z) is reported in Figure 11. As
expected charge oscillations are detected. However in
all cases, the corresponding amplitude is decaying (as
also found in ref 12 for spherical geometry). Compared
to the bilayer situation (see Figure 8), one remarks that
the charge oscillations are now larger due to the
enhanced “plate—dipole” correlations occurring at higher
chain concentrations (as discussed above). On the other
hand, the positions of the extrema in the charge oscil-
lations remain quasi unchanged.

VII. Concluding Remarks

We first would like to briefly discuss our findings with
some experimental examples.Our results concerning the
first layer (i.e., single PC layer) show that an additional
nonelectrostatic force is needed to enhance its stability.
Experimentally, this is achieved by choosing PCs with
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Figure 11. Net fluid charge o(z) at different y,4w couplings
(systems E and F).

good “anchoring” properties to a given substrate. In our
model this was done by taking yvaw = 5. This being said,
the case yvaw = 0 is from a fundamental point of view
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interesting, since it corresponds to a purely electrostatic
regime.

Recently, Menchaca et al. found, by means of “liquid-
cell AFM”, that PE-complex grains appear at the first
PE-layers.?® This kind of structure (that we referred to
as small islands—see Figure 6) are confirmed by our
simulations. Concomitantly, a significant roughness of
the deposited bilayer was also detected in this experi-
ment, which is directly linked to the presence of those
grains. This microstructure seems also to be (indirectly)
reported in other experiments using ellipsometry,?”
where it is found that the structure of the two first
bilayers are more porous than that of later bilayers. This
is also in qualitative agreement with our microstruc-
tures depicted in Figures 6 and 10. However, more
simulation data are needed to understand the PE
structure beyond two bilayers.

The degree of charge inversion of the substrate can
be indirectly obtained by measuring the {-potential via
electrophoresis.!? In their experiment, Ladam et al.!
observed that, after a few deposited PE layers,?® the
C-potential profile is symmetrically oscillating. This
reveals a “stationary” regime where successively, poly-
cations and polyanions are adsorbed with the same
strength. Unfortunately, it is not possible for us to
investigate numerically this regime due to the highly
prohibitive computation time required there. However,
the charge oscillations observed in our o(z) profiles
indicate that by increasing the amount of layers, one
first increases the amplitude of these oscillations. This
confirms at least the general experimental evidence of
the nonstationary regime a the early stage of PE
multilayering.

We also would like to mention the possible effect of
image charges stemming from the dielectric discontinu-
ity between the substrate (typically ¢, ~ 2—5) and the
solvent (here ¢, =~ 80), as is the case under experimental
conditions. It is expected that image forces become
especially relevant for PE monolayering (i.e., when PCs
solely are present).?® Indeed for multivalent ions, a
strong self-image repulsion occurs and leads to a shifted
density-profile ny(z) with a maximum located somewhat
further than the contact region.1314 However for PE
multilayering, due to the presence of oppositely charged
PEs, the effect of image forces may be considerably
reduced (especially sufficiently away from the wall) due
to the (self-)screening of the image charges.

In summary, we have investigated by means of
extensive MC simulations the equilibrium buildup of the
few first layers adsorbed on a charged planar substrate.
Two parameters were considered: (i) the chain length
Nm and (ii) the extra nonelectrostatic short-range at-
traction (characterized here by yvaw) between the planar
macroion surface and the polycation chains.

For the bilayering, it was demonstrated that, within
the electrostatic regime (i.e., yvaw = 0), significant PC—
PA globules build up leading to a very “porous” and
diffuse bilayer structure. The PC—PA globalization is
enhanced with Ny,. At sufficiently large yvaw (here yvaw
=b5), the bilayer is much less diffuse and the oppositely
charged chains are more polarized, leading to a high
stability of the structure.

The same qualitatively applies to the case of the two-
bilayer (i.e., four PE layers) adsorption. Within this
regime of layering as investigated here (up to four
layers), we also found a nonlinear regime, where for
instance the separation of the peaks in the monomer
densities are not identical. This is in qualitative agree-
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ment with the finding of Ladam et al.' where they
reported a nonlinear regime in the so-called “region 1”
corresponding to the PE multilayer-region close to the
buffer.28 The effect of N, is to globally enhance the
stability of the multilayer structure due to the higher
electrostatic correlations and also due to entropic effects.

A future study should take into account the rigidity
of the chain, which can drastically change the multilayer
structure depending the stiffness. The formation of PE
multilayers on cylindrical substrates seems also to be
a promising research area, and to our knowledge it has
never been investigated so far.%°
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The phase diagram of crystalline bilayers of particles interacting via a Yukawa potential is calculated
for arbitrary screening lengths and particle densities. Staggered rectangular, square, rhombic, and
triangular structures are found to be stable including a first-order transition between two different
rhombic structures. For varied screening length at fixed density, one of these rhombic phases exhibits
both a single and even a double reentrant transition. Our predictions can be verified experimentally in
strongly confined charged colloidal suspensions or dusty plasma bilayers.

DOI: 10.1103/PhysRevLett.91.146101

Confined systems exhibit structural and dynamical
behavior very much different from the corresponding
bulk state [1,2]. In particular, freezing is strongly af-
fected by the presence of a planar wall. In equilibrium,
solidification near walls can occur at thermodynamic
conditions where the bulk is still fluid (so-called ““pre-
freezing”’) [3,4]. In nonequilibrium, the wall may act as a
center of heterogeneous nucleation [5] in order to initiate
crystal growth [6]. A system confined between two par-
allel planar walls exhibits various layered crystalline
states at low temperature if the plate distance gets com-
parable to the mean interparticle distance. For hard
spheres between hard plates, geometric packing consid-
erations lead to the stability of different crystalline latti-
ces including multiple square and hexagonal layers [7] as
well as buckled [8], rhombic [8,9], and prism superlattices
[10]. On the other hand, for pure Coulombic systems such
as (classical) electrons in quantum wells [11] or trapped
ions [12], several crystalline bilayer structures were re-
ported [13].

Most of our experimental knowledge of freezing in
confining slitlike geometry is based on real-space mea-
surements of mesoscopic model systems such as charged
colloidal suspensions between glass plates [7,10] or of
multilayers of highly charged dusty plasmas [14]. The
actual interaction between these mesoscopic ‘‘macroions”
is neither hard-sphere-like nor pure Coulombic but is
described by an intermediate screened Coulomb or
Yukawa pair potential [15,16] due to the screening via
additional microions in the system. The screening length
can be tailored by changing the microion concentration:
For charged colloids, salt ions are conveniently added to
the aqueous suspensions; the complex plasma, on the
other hand, consists of electrons and impurity ions.

In the present Letter, we study the stability of different
crystal lattices in bilayers of Yukawa particles as moti-
vated by the experimental model systems. The zero-
temperature phase diagram is calculated for arbitrary
screening lengths and particle densities [17]. We find a
variety of different staggered solid lattices to be stable
which are separated by either first- or second-order phase
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transitions. The two known extreme limits of zero or
infinite screening length corresponding to hard spheres
[9] and the plasma [13,18] are recovered. For intermediate
screening lengths, the phase behavior is strikingly differ-
ent from a simple interpolation between these two limits.
First, there is a first-order coexistence between two differ-
ent staggered rhombic lattices differing in their relative
shift of the two unit cells. Second, one of these staggered
rhombic phases exhibits a novel reentrant effect for fixed
density and varied screening length. Depending on the
density, the reentrant transition can proceed via a stag-
gered square or a staggered triangular solid including
even a double reentrant transition of the rhombic phase.
All of our theoretical predictions can, in principle, be
verified in real-space studies of confined charged suspen-
sions or dusty plasmas.

In detail, our system consists of two layers containing
in total N particles in the (x,y) plane. The total area
density of the two layers is p = N/A with A denoting
the system area in the (x, y) plane. The distance D be-
tween the layers in the z direction is prescribed by the
external potential confining the system. The particles are
interacting via the Yukawa pair potential,

V() = v, 76"";’“), (1)

where r is the central separation. The inverse screening
length « which governs the range of the interaction is
given in terms of the microion concentration by Debye-
Hiickel screening theory. The energy amplitude V, =
7% exp(2kR)k/€(1 + kR)? scales with the square of the
charges Z of the particles of physical hard core radius R
[19] reduced by the dielectric € permittivity of the sol-
vent (e = 1 for the dusty plasma). Typically, Z is of the
order of 100—100 000 elementary charges such that V(r)
at typical interparticle distances can be much larger
than the thermal energy kg7 at room temperature justify-
ing formally zero-temperature calculations. Then the
energy scale is set by V|, alone and phase transitions in
large bilayer systems are completely determined by two

© 2003 The American Physical Society 146101-1



VOLUME 91, NUMBER 14

PHYSICAL REVIEW

week ending

LETTERS 3 OCTOBER 2003

dimensionless parameters, namely, the reduced layer den-
sity § = pD?/2 and the relative screening strength A =
kD. For zero temperature, the stable state is solid but
different crystalline structures of the bilayers are con-
ceivable. As possible candidate structures, we assume that
the two two-dimensional periodic lattices in the bilayers
are the same, have a simple unit cell, and are shifted
relative to each other in the lateral direction by a displace-
ment vector c. If the two layers are labeled with A and B,
the particle positions in the (x, y) plane of the two layers
are given by

Ry(m, n) = ma, + na, + ¢,
(2

where a; and a, are the primitive vectors of the two-
dimensional lattice and m, n are integers. The total inter-
nal energy U is obtained by the double lattice sum,

R,(m, n) = ma, + na,,

1 1
U=35 > VIR, =RiD+5 > V(IR; — R}

R,#R/, Rp#R/
+ > V({IR, — Rgl* + D272, 3)
R4 Rp

In the limit N — oo, the stable crystalline structure mini-
mizes the total internal energy per particle U/N.

We have minimized U/N with respect to a;, a,, and ¢
under the constraint of prescribed density 7 for given A
mapping out the phase diagram in the (57A) plane. As a
result, five typical staggered lattice structures turn out to
minimize U/N for different 5. Adopting the notation
developed for plasma bilayers [18], we label them by I,
IL, III, IV, and V. As summarized in Table I, phase I is the
staggered rectangular crystal with a fixed aspect ratio
a,/a, of +/3; phase II is also staggered rectangular but
with a different aspect ratio y interpolating continuously
between phase I and the staggered-square phase I1I where
ay/a, = 1. The staggered rhombic phase IV has two
nonorthogonal lattice unit vectors (a; and a,) forming
an angle # and contains a general lateral shift¢c = a(a; +
a,) between the two rhombic lattices. In fact, we find two
possibilities for « defining two variants of stable thombic
phases which we call IVA and IVB. For IVA, a = 1/2

TABLE I. Structure and parameters of the different stag-
gered bilayer crystals. a; is set to (a;, 0), where a, is the nearest
intralayer distance between particles. For phase II, y = a,/qa,
is the aspect ratio. For phase IV, 6 is the angle between a; and
a,, and « is a free parameter characterizing the relative lateral
interlattice shift c.

Phase a,/a, c pa3/2
L. Rectangular 0,4/3) (a; +ay)/2 1//3
IL. Rectangular ©, ) (a; +ay)/2 Y
II1. Square 0,1 (a; +ay)/2 1
IV. Rhombic (cos#, sinf) (a; + ay)a 1/ sinf
V. Triangular (1/2,/3/2) (a; +a,)/3 2/\/3

146101-2

while @ < 1/2 for IVB. Finally, phase V is a staggered
triangular crystal. Both phases III and V can be consid-
ered as special cases of the rhombic phase IV; the former
has § = /2 and @ = 1/2 while the latter is character-
izedby # = 7/3 and @ = 1/3.

The result for the phase diagram for a wide range of
screening strengths (0 = A = 100; A — o) and densities
(0 = » = 0.8) is shown in Fig. 1. At very low screening
A, we recover the known plasma limit [18], with our
labeling of the phases being in line with their sequence

100.0Q

80.00-

60.00-

40.00-

20.00+

0.00

[ T T T —
® O O |

15.00

10.00

5.00

FIG. 1 (color online). Phase diagram of the Yukawa bilayer in
the (n, A) plane. (a) The hard sphere limit A — oo is sketched
on top. The dashed (solid) lines denote continuous (discontinu-
ous) transitions. The filled region corresponds to the coexis-
tence domain of phases IV and V. The vertical arrow indicates
the double reentrant behavior of phase IVA. The insets show the
lattice geometries, where the filled (open) circles correspond to
the lower (upper) layer. (b) Magnification of (a) showing a
reentrant behavior of phase IVA occurring at moderate A. The
four diamonds along the arrow indicate state points which were
investigated by computer simulation at finite temperatures.
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for increasing density 7). Phase I has a finite but extremely
small density region of stability up to p = 3.6 X 107 at
A = 0 [18]. For finite A, the I — II transition stays second
order and occurs at even smaller densities which decrease
monotonically to zero as a function of A until the hard-
sphere limit A — oo is reached. In this latter case, a; is
playing the role of an effective particle diameter. This is
sketched by the vertical line in Fig. 1. The II — III tran-
sition is second order and the transition densities increase
drastically with growing A and interpolating monotoni-
cally between the plasma and hard-sphere limit. More
details of the I — Il — III transition scenario are de-
picted in Fig. 2 where the aspect ratio y of phase II is
shown versus 7 for different A. Phases I and III corre-
spond to vy =+/3 and y = 1, respectively. As can be
clearly deduced from Fig. 2, the aspect ratio y interpo-
lates continuously as a function of 7 between +/3 and 1 for
any A such that both the I — II and the IT — III transitions
are second order. In the hard-sphere limit, v approaches
Yhs = —2m + /41> + 3 continuously which is also
shown in Fig. 2.

Novel effects are observed for the I[II — IV — V tran-
sitions. First, for small A, the IIT — V transition proceeds
via a IVA phase, the former being second order, and the
latter first order. For A = 8, however, there is a strong first-
order transition directly from III toV with a large density
jump as determined by Maxwell’s construction [20]. For
even higher screening, A = 30, the IIl — V transition
happens via the cascade III — VIA — IVB — V. The
stability range of the IVA phase becomes smaller for
increasing A shrinking to zero in the hard-sphere limit.
Details of the III — V transition scenario can be detected

1.8 T T T

—-— =10

31 A =100
Yis

FIG. 2 (color online). Aspect ratio y = a,/a; for phase II
versus density 7 for different screening strengths A. The hard
sphere case vy, is also shown. The lattice geometry is shown as
an inset, where the filled (open) circles correspond to the lower
(upper) layer.
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via the order parameters sinf and « of the lattice mini-
mizing the total potential energy at prescribed density 7.
Plotting sinf and « versus n reveals the order of the
transitions (see Fig. 3): A cusp, which is found for the
III — IVA transformation, implies a second-order tran-
sition. All other transitions are first order as signaled by
discontinuous jumps in at least one of these order pa-
rameters. The corresponding coexistence density gap is
not shown in Fig. 3 but included in Fig. 1(a). Across the
IVA — IVB transition, the order parameter jump is small
yielding a tiny density gap which cannot be resolved in
Fig. 1(a).

Our most striking result is reentrant behavior of the
IVA phase at fixed density upon varying A as indicated in
Fig. 1 by the vertical arrow. For 0.5 < 1 < 0.525, there is
reentrance of the VIA phase via the III phase. The
full sequence over the whole range of A is IVA —
IIT — IVA — IVB. For 0.530 < n < 0.536, there is even
a double reentrant behavior of the VIA phase via the

’ T |
= —— A=20
(a) \;\, Tox=30
\ —— A=40
BN A =60
N %: 21;80
0.95 . = 1
—_ v A
D | \
2 L
@ Do ' \
0.9} ! : ]
1
o
! i
I~ 1 1 1
08553 0.57 0.62 0.67 0.72
n
05 |_ . T T ]
b ! — =20
(b) | 250
| —-— A=40
\ A =60
0.45} \1 A =280 1
" A =100
{
)
S o4l v A ]
TlHexe o W\
O | \
Lo\
1 \
' 3
035l @ [ \@ L ]
| |
0. 1 1 1
352 0.57 0.62 0.67 0.72
n

FIG. 3 (color online). (a) Sine of the angle # and (b) the
relative shift parameter @ = ¢/€ (with € = |a; + a,|) versus
density regarding the III — IV — V transition scenario for
different A. The insets show the lattice geometry of phase I'V.
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sequence IVA — V — IVA — IIIl — IVA — IVB. This
rich scenario is due to a subtle interplay of the range of
the interaction in conjunction with the different bilayer
lattice structures. Finally, at finite temperatures 7, we
performed extensive Monte Carlo computer simulations
with 800 particles in a rectangular-shaped box periodi-
cally repeated in the x and y directions and with hard
walls of distance D in the z direction allowing fluctuating
z positions of the particles (“‘buckling’). For fixed n =
0.533, we investigated four states at A = 0.5, 3.0, 8.2, 10
[see the four diamonds along the arrow in Fig. 1(b)] for
different 7' up to melting. The melting point is detected
via a modified Lindemann-type criterion involving dif-
ferences of mean-square displacements of nearest neigh-
bors [13]. We confirm that the reentrant behavior is stable
with respect to increasing 7 up to melting.

In summary, we have calculated the full phase diagram
for a Yukawa bilayer at zero temperature by lattice sum
minimizations. A competition between three length
scales, namely, the bilayer distance D, the averaged par-
ticle distance p~'/2, and the range 1/ of the interaction,
induces a rich phase behavior which is different from a
simple interpolation of the extreme limits of the confined
plasma and the hard-sphere system. We predict a coex-
istence of two different rhombic phases at finite screening
and a single and double reentrant scenario for one of the
rhombic phases for varied ‘“‘softness” of the interaction.
These effects are in principle detectable in real-space
experiments of charged colloidal suspensions confined
between plates and in layers of dusty plasmas by tuning
the screening strength via the microion concentration. The
reentrant effect as obtained here in equilibrium should
also manifest itself as an interesting fingerprint in non-
equilibrium situations. For example, bilayer crystal nu-
cleation and growth could be greatly stimulated via
structures which are energetically close to the stable
ones [21]. Soft particle interactions different from the
Yukawa type of Eq. (1), as, e.g., inverse power potentials
where V(r) o« r™", will lead to similar reentrant effects as
long as the softness of the potential (e.g., the exponent n)
is varied. Different realizations of soft interactions occur
in sterically stabilized colloids, in spherical block-
copolymer micelles, and in star polymers and den-
drimers, where the softness of the effective interaction
can be tuned by the length and grafting density of the
polymer chains or the solvent quality [22]. Hence, the
reentrant scenario should also occur in foam films con-
taining polymer bilayers [23]. Finally, for a general ex-
ternal potential confining the particles to layers, the
bilayer distance D is not prescribed but the system will
minimize its total energy realizing an optimal D. In this
case, second-order phase transitions will still be de-
scribed in terms of scaled parameters. This implies a
universal behavior of our bilayer phase diagram. In a
general external potential, however, the system has the

146101-4

additional possibility to split into tri- and higher-order
multilayers. This can happen either discontinuously or
continuously via merging prism phases. Details have to
be explored in future studies.
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support.
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Crystalline bilayers of charged colloidal suspensions which are confined between two parallel plates and
sheared via a relative motion of the two plates are studied by extensive Brownian dynamics computer simu-
lations. The charge-stabilized suspension is modeled by a Yukawa pair potential. The unsheared equilibrium
configuration is two crystalline layers with a nested quadratic in-plane structure. For increasing shear rates 7,
we find the following steady states: First, up to a threshold of the shear rate, there is a static solid which is
elastically sheared. Above the threshold, there are two crystalline layers sliding on top of each other with a
registration procedure. Higher shear rates melt the crystalline bilayers and even higher shear rates lead to a
reentrant solid stratified in the shear direction. This qualitative scenario is similar to that found in previous bulk
simulations. We have then studied the relaxation of the sheared steady state back to equilibrium after an
instantaneous cessation of shear and found a nonmonotonic behavior of the typical relaxation time as a
function of the shear rate y. In particular, application of high shear rates accelerates the relaxation back to
equilibrium since shear-ordering facilitates the growth of the equilibrium crystal. This mechanism can be used
to grow defect-free colloidal crystals from strongly sheared suspensions. Our theoretical predictions can be

verified in real-space experiments of strongly confined charged suspensions.

DOI: 10.1103/PhysRevE.73.011405

I. INTRODUCTION

A fundamental understanding of the different processes
governing the relaxation of metastable phases back to equi-
librium is critical for many basic questions in condensed
matter physics and material science. Also, relaxational pro-
cesses are omnipresent in industrial applications. Colloidal
suspensions represent excellent model systems where such
questions can be studied directly in real space as the length
scales are conveniently accessed experimentally, the (vari-
able) interactions can be described theoretically in a simple
way, and the microscopic processes are rather slow as com-
pared to molecular materials. This has been extensively ex-
ploited in previous studies of interaction-dependent equilib-
rium properties and dynamics [1-4]. One important example
for a nonequilibrium steady state is a sheared colloidal sus-
pension. It is known that application of shear may destroy
the underlying equilibrium crystalline structure of the un-
sheared suspension [5] and can also lead to a reentrance or-
dering for high shear rates [6]. After cessation of shear the
system will relax back to equilibrium from the sheared
steady state. The microscopic details of this relaxation pro-
cess are far from being resolved.

If an additional confinement between two parallel plates is
considered [7], various experiments [8—14] reveal a rich and
subtle influence of shear on the structure. Accordingly the
relaxation back to equilibrium after cessation of shear is a
fascinating but complex process which is a competition be-
tween wetting effects near the walls and bulk relaxation. In
experiments on strongly confined suspensions, for instance, a
complex pathway of the relaxation back to equilibrium was
obtained [15]: a bilayer bce crystal was shear-molten to re-
crystallize as a buckled single-layer triangular lattice which
subsequently underwent a martensitic transition back to the
equilibrium phase.

1539-3755/2006/73(1)/011405(9)/$23.00
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Most of the theoretical studies on colloidal suspensions
have addressed the influence of linear shear flow on the bulk
structure via nonequilibrium Brownian dynamics (NEBD)
computer simulations [16] where hydrodynamic interactions
[17] are neglected and involve charged colloidal particles
modeled by a Yukawa pair interaction [18-27]. Shear-
induced melting of colloidal bulk crystals and subsequent
reentrant ordering at higher shear rates are confirmed by
simulation. More recent works addressing a wall acting on a
sheared suspension include a NEBD simulation in a channel
[28] and theoretical investigations for a single colloidal par-
ticle [29,30].

In the present paper we address the relaxation of shear-
induced structures after cessation of shear. We use the stan-
dard Yukawa model for confined systems and employ NEBD
simulations. Here we focus on the simple and transparent
situation of colloidal bilayers which are confined between
two parallel plates and sheared via a relative motion of the
two plates. The reasons to do so are threefold: First, the
equilibrium phase diagram for confined crystalline bilayers
interacting via a Yukawa pair potential is known from recent
lattice-sum techniques at low temperatures [31]. The phase
diagram is drastically influenced by the presence of the walls
and differs from its bulk limit. This phase diagram was re-
cently confirmed in experiments on charged suspensions
strongly confined between two glass plates [32]. Second, the
structure and the defects in a crystalline bilayer are easier to
classify than in a multilayer. Last but not least, there are
experimental studies for strongly confined situations which
are not completely understood and are a challenge for a the-
oretical treatment [15]. Recent simulation studies of Das and
co-workers [33,34] have addressed similar questions regard-
ing sliding bilayers. The model employed in the studies of
Das et al., however, is simpler than ours: it does not possess
a spatial dimension z perpendicular to the plates and hopping

©2006 The American Physical Society
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processes between the layers are ignored. Furthermore, the
relaxation back to equilibrium is not investigated in Refs.
[33,34].

In order to be specific, we chose the unsheared equilib-
rium configuration to be two crystalline layers with a nested
quadratic in-plane structure. This is the same starting con-
figuration as used in the experiments [15]. For increasing
shear rates 7y, we find the following scenario of steady states:
first, there is a static solid which is elastically sheared until a
shear-rate threshold is reached. Then there are two crystalline
layers sliding on top of each other with a lock-in registration
procedure similar to that observed in recent experiments by
Palberg and Biehl [35,36]. Higher shear rates melt the crys-
talline bilayers and even higher shear rates lead to a reentrant
solid stratified in the shear direction. This qualitative sce-
nario is similar to that found in previous bulk simulations
[18,20,23]. The shear-induced ordering at high shear rates is
reminiscent of the transition towards lane formation in oppo-
sitely driven particles [37]. We have then studied the relax-
ation of the sheared steady state back to equilibrium after an
instantaneous cessation of shear and found a nonmonotonic
behavior of the typical relaxation time as a function of the
shear rate . In particular, application of high shear rates
accelerates the relaxation back to equilibrium via shear or-
dering in the steady state. This mechanism can be used to
grow defect-free colloidal crystals from strongly sheared sus-
pensions as was proposed by Clark and co-workers [38,39].
Our theoretical predictions can be verified in experiments of
confined charged suspensions [15,35,36].

The paper is organized as follows: In Sec. II, we introduce
the ground state model for crystalline bilayers. The nonequi-
librium Brownian dynamics simulation technique is ex-
plained in Sec. III. Results are presented in Sec. I'V. Finally
we conclude in Sec. V.

II. THE MODEL

In this part, we define our model. This is basically a gen-
eralization towards finite temperature of the ground state
model used in Ref. [31] concerning the equilibrium (i.e.,
without external applied shear flow) phase diagram of crys-
talline colloidal bilayers interacting via a Yukawa potential.
In detail, our system consists of two layers containing in total
N particles in the (x,y) plane. The total area density of the
two layers is p=N/A with A denoting the layer area in the
(x,y) plane. The distance D between the layers in the z di-
rection is prescribed by the external potential confining the
system. The particles are interacting via the Yukawa pair
potential

Part)(r) — VOM’ (1)

ik
i Kr

where 7 is the center-center separation. The inverse screening
length k which governs the range of the interaction is given
in terms of the micro-ion concentration by Debye-Hiickel
screening theory. The energy amplitude Vo
=7Z%exp(2kR)k/ €(1+kR)? scales with the square of the
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FIG. 1. (Color online) View in the (x,z) plane of the setup of the
colloidal bilayer confined between two walls.

charges Z of the particles of physical hard core radius R
reduced by the dielectric € permittivity of the solvent (e=1
for the dusty plasma). Typically, Z is of the order of
100—100 000 elementary charges such that V,,,(r) at typical
interparticle distances can be much larger than the thermal
energy kpT at room temperature, justifying formally zero-
temperature calculations. Then the energy scale is set by V,,
alone and phase transitions in large bilayer systems are com-
pletely determined by two dimensionless parameters, namely
the reduced layer density,

n=pD?*2, (2)
and the reduced screening strength,
N=kD. (3)

For zero temperature, the stable state is solid but different
crystalline structures of the bilayers are conceivable. The re-
sult for the phase diagram in a (7,\)-map can be found in
Ref. [31]. Here, we explore the same model for finite tem-
perature by computer simulation.

III. THE NONEQUILIBRIUM BROWNIAN DYNAMICS
COMPUTER SIMULATION

A. Simulation method

Here, we provide a detailed description of our Brownian
dynamics method that was used to investigate nonequilib-
rium sheared colloidal bilayers (at finite temperature). A
schematic setup of the system in the (x,z) plane is depicted
in Fig. 1. The integration scheme for our model system in the
presence of an external steady shear rate y reads

D
ri(t+ &) =r,t) + k—OTF,.(z) St+ W, + yzi(n) dre,.  (4)
B

Thereby r;(£)=[x,(t),y,(t),z;(t)] is the position of the ith col-
loidal particle at time ¢ and D, denotes its free diffusion
constant. By imposing a linear velocity profile, the
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possibility of solvent shear-banding is excluded. All the con-
tributions to the equation of motion (4) are explained below.

Within a small time interval &, that particle moves under
the influence of the sum of conservative forces F,(r) stem-

oy 10
€, S — -
Y Dwall _ |Z|
2

D

Vi) (2) =4 g

wa

where

gLy

wall _ | |
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ming from (i) the pair interaction V,,, [see Eq. (1)] between
particle i and the neighboring ones and (ii) the repulsive
interaction with the (soft) wall(s) whose potential of interac-
tion, V., is modeled as follows:

4
wall
+ €1y, 2 _|Z| 5\ 1/6
for (5) )
g,
LJ (5)
wall
2 _|Z| 5 1/6
for <(—) )
gry 2

1 10 41-1
a=- (—) —(—) =3.07002...
Zmin Zmin

[with zmin=(5/2)”6(ru minimizing V,,,; in Eq. (5)] so that

Va0 ) =€ This (truncated and shifted) 10—4 Lennard-
Jones potential given by Eq. (5) assumes that we have thin
soft walls. Note that the use of a 9—3 Lennard-Jones poten-
tial corresponding to semi-infinite walls would not qualita-
tively change the results. Also the use of charged hard walls
would not affect our main results. To check this latter state-
ment, we have also considered charged walls leading to the
following external interaction potential,

sail@) = Wolcosh(xz) = 11, (6)

wall

where the amplitude W, is governed by the surface charge
density of the plates.

Furthermore, due to the presence of the solvent, the par-
ticles experience (i) a friction whose constant is given by
kgT/Dg and (ii) random displacements, SW,. Those latter are
sampled from a Gaussian distribution with zero mean and
variance 2D,dt (for each Cartesian component). The last
term in Eq. (4) represents the applied shear in the x direction
and imposes an explicit linear flow field. The zero velocity
plane of the imposed shear lies at the midplane between the
plates.

B. Parameters

The colloidal particles are confined in a rectangular L
X LXD,,; box where periodic boundary conditions are ap-
plied in the (x,y) directions. The system is made up of N
=800 particles (i.e., 400 particles per layer). The units are set
as follows: kzT=1/p sets the energy scale, the (typical aver-
age) interlayer separation D=D,,;—20;; (see also Fig. 1)
sets the length scale, and 7=D?/D, sets the time scale. For
the screened Coulomb wall-particle interaction [see Eq. (6)]
we use BW,=30. For the Yukawa interparticle interaction

[see Eq. (1)] we choose BV,=6000, whereas for the wall-
particle interaction [see Eq. (5)] we choose Be; ;=1 and
0,,=0.1D. The time step was set to &t=1077. The reduced
colloidal particle density is set to 7=ND?/2L*>=0.24 (so that
L=40.82D) and the reduced screening is A\=«kD=2.5. Those
latter parameters lead to the staggered square phase in the
ground state (or at very low temperature) as can be seen on
the phase diagram from Ref. [31].

A time interval of 1.5X 10° BD time steps (i.e., 1.57) was
sufficient to obtain the equilibrium (i.e., y=0) properties of
our model system. The corresponding in-plane (x,y) pair dis-
tribution function g(r) is shown in Fig. 2. It clearly shows a
high degree of ordering as characterized by the pronounced
peaks and the deep minima. The snapshot also provided in
Fig. 2 confirms the square lattice structure expected for those
parameters. Moreover, the structural properties are insensi-
tive to the kind of particle-wall potential [here Eq. (5) versus
Eq. (6)] as expected.

To quantify the layer extension in the z direction we have
also plotted the particle density n(z) that can be found in Fig.
3. The mean interlayer separation is then given by
2[Bwazn(z) L2 dz~0.99D, so that (in practice) D corre-
sponds indeed to the interlayer separation. This latter result
was identically obtained by employing either Eq. (5) or (6).
In the forthcoming, where y# 0, we will only show results
for the LJ potential [Eq. (5)]. We have carefully checked that
the results are qualitatively the same as those obtained with
charged walls [Eq. (6)]. In particular, the general scenario for
increasing shear rates does not change.

IV. RESULTS
A. Effect of shear flow

Starting from the equilibrium configuration described in
the previous section, an external shear is applied during a
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FIG. 2. (Color online) Intralayer (x,y) pair distribution function
g(r=vx*+y?) at equilibrium (¥=0). The solid and dashed lines cor-
respond to the use of Egs. (5) and (6) (for the wall-particle potential
of interaction), respectively. The inset shows a simulation snapshot

where the filled (open) circles represent particles belonging to the
upper (lower) layer.

period of 4X10° BD steps (ie., 407). A steady state is
reached after typically 107, and subsequent measurements
are performed over a typical period of 207.

It is instructive to start our study by analyzing the micro-
structures reported in Fig. 4 corresponding to different .
From a structural point of view one can (qualitatively) iden-
tify three regimes:

o At sufficiently low shear rates (here y=20/7 and ¥
=50/17), it can be seen that the crystalline structure (namely

12
10 | 1
8 B
L)
Qef -
N
N’
=
4 -
2 r i
0 Vi ~ 3 P \
-1 -0.5 0 0.5 1

z/ID

FIG. 3. (Color online) Laterally averaged inhomogeneous par-
ticle density n(z) at equilibrium (=0). The solid and dashed lines
correspond to the use of Egs. (5) and (6) (for the wall-particle
potential of interaction), respectively.
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square) as well as the degree of ordering are conserved com-
pared to the equilibrium situation (i.e., y=0, see Fig. 2).
Consequently, we are in an elastic regime.

e For intermediate shear rates (here y=60/7 and ¥
=80/7), there is a (relatively) strong disorder and the struc-
ture can therefore be qualified as liquid. In other words we
have to deal with a shear induced melting.

e At high shear rates (here y=100/7 and y=200/7), the
system gets ordered again (especially for the highest shear
rate =200/ 7) but exhibits a different (intralayer) crystalline
symmetry (namely a triangular lattice) than the equilibrium
one. Consequently, we have a reentrant behavior concerning
the intralayer-ordering upon shearing.

In order to obtain a more quantitative description of these
vy-dependent structural properties, we have also computed
the (azimuthally averaged) interlayer- and intralayer-pair-
distribution functions g(r=\x>+y?) for different 7. The re-
sults are presented in Fig. 5.

The elastic behavior can be best understood by consider-
ing the interlayer and intralayer g(r). From Fig. 5, we see
that at weak shearing (here y=20/7), the intralayer crystal-
line structure as well as the interlayer-lattice-correlation re-
mains unchanged compared to the y=0 case (the latter is not
reported in Fig. 5). At larger shear rate (here y=50/7) the
degree of interlayer-lattice-correlation gets weaker than that
of the intralayer one. A closer look at Fig. 5(a) reveals that,
for y=50/7, the first peak is (asymmetrically) split into two
neighboring peaks. This is the signature of a small relative
displacement of the two square layer lattices. Upon further
increasing the shear rate (now at y=60/7), the bilayer be-
comes a liquid, demonstrating that there is a critical shear
rate ¥, (below which an elastic behavior is recovered) whose
value is such that 50/ 7<y,<60/T.

Above 7, the intralayer g(r) exhibits a nontrivial behav-
ior with respect to ¥ [see Fig. 5(b)], in agreement with our
previous discussion on the microstructures depicted in Fig. 4.
More precisely, at intermediate y (here 60/ and 80/7), the
intralayer layer structure corresponds to a liquid one. None-
theless and interestingly, at first neighbor separations, the
square structure locally persists, but in coexistence with a
triangular structure, as indicated by the broadened (splitted)
first peak. This feature can also be nicely visualized on the
snapshots from Fig. 4. At high shear rates (here 100/ 7 and
200/ 7), there is a strong short-ranged (re)ordering into a tri-
angular lattice as indicated by the shifted first pronounced
peak (especially for y=200/7). However, the degree of or-
dering reported for those highly sheared structures is not as
high as that observed below v.

In order to quantify the degree of ordering in the x shear
direction, we have also investigated the (intralayer) one-
dimensional pair distribution function g(|x|). For the compu-
tation of g(|x|) we consider pairs of particles (of a given
layer) that lie within a width Ay/D=0.25. The results are
shown in Fig. 5(c): Below ¥, and for y=200/7 a crystalline
state is found, whereas for the intermediate values of y a
liquid one is reported. A special case is achieved for 7¥,,,,
=100/ 7 [thick solid line in Figs. 5(b) and 5(c)]: Here there is
liquid-like ordering in the shear flow direction [see Fig.
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FIG. 4. (Color online) Simulation snapshots for different values of the shear rate ¥ (as indicated) where the filled (open) circles represent

particles belonging to the upper (lower) layer.

To further quantify the behavior of highly sheared colloi-
dal bilayers and also to provide a dynamical information, we

ranged solid-like ordering in the radial g(r)

5(c)], but long

[see Fig. 5(b)]. This immediately implies that there is solid-

are going to examine the (dimensionless) modified Linde-

mann parameter, I';(¢), that is defined as follows,

like ordering in the vorticity direction. Hence, this structure
can be classified as a liquid crystalline columnar phase.
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8 T T

(a)

interlayer

FIG. 5. (Color online) (a) Interlayer (x,y) pair distribution func-
tion g(r=x2+y?) for small values of ¥ (as indicated in the legend).
(b) Intralayer (x,y) pair distribution function g(r=vx>+y?) and (c)
g(|x]) for different values of ¥ (as indicated in the legend). The
corresponding simulation snapshots are displayed in Fig. 4.

(1)

I'y(n)= R (7)
where (u*(r)) corresponds to the difference in the mean
square displacement of neighboring particles from their ini-
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FIG. 6. (Color online) Modified Lindemann parameter I';(¢) for
different values of y (as reported in the legend).

tial sites ro=r(t=t,). More explicitly, (#*(t)) can be written
as

2 1 " 1 < 2
W)= 2 B0 - ri)] - 50 ~x0) ) ).
i=1 Vb j=1

(8)

where r,(1)=[x,(r),y,(t)], (-**) denotes an averaging over BD
steps and the index j stands for the N, nearest neighbors of
particle i lying in the same upper or lower layers. Typically,
for a (local) triangular lattice environment N,=6 while for a
rectangular one N,=4. Besides, we also average over several
reference times 7, to improve the statistics. Due to the finite
size of the simulation box, one is typically limited to obser-
vation times At of the order of Az~ L/ ¥,,,.D=0.27 (by
taking here v,,,,=200/7).

Our results are presented in Fig. 6. In the elastic regime
(small ), the Lindemann parameter I'(z) exhibits a plateau at

50000 T T
Ofr=20
shear 041=50
48000 OYr=60
x yT=380
AT =100
Q; 46000 Vit=200 ]
=2
=
= 44000 | o relaxation _
S|
42000

40000
0

FIG. 7. (Color online) Time evolution of the total potential en-
ergy of interaction E(7): before, during, and after shear. The values
of 7, considered during the shear process, are reported in the
legend.
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FIG. 8. (Color online) Simulation snapshots of relaxed systems taken at t=807 for different values of the prior applied shear rates ¥ (as

indicated).

“long” times, confirming the crystalline intralayer structure.
At higher ¥ (i.e., y=60/7) the situation gets more compli-
cated. For 60/ 7< y=<100/ 7, I'; () diverges, proving a liquid
behavior, in agreement with our static analysis of g(|x|) [see
Fig. 5(c)]. It is therefore only at very high shear rate (i.e.,
¥=200/7) that true intralayer crystalline reordering is re-
covered, as indicated by the existence of the plateau in I";(7)
whose value is comparable to that obtained in the elastic
regime.

B. Relaxation after cessation of shear

We now investigate how the system gets back to equilib-
rium after cessation of shear. A suitable and simple way to

study a relaxation process is to monitor the evolution in time
of the total potential energy of interaction E()=V,,;+ V.
In our simulations, the cessation of shear occurs at r=407.
Profiles of E(z) for different shear rates y applied prior re-
laxation are plotted in Fig. 7. The corresponding microstruc-
tures at long time =807 for 60/ 7< y=<200/ 7 are sketched
in Fig. 8. For low ¥ (here y=<50/7), the relaxation process is
very fast as it should be. Note that the equilibrium energy
value is not exactly recovered because of the existence of
some long-living defects.

The relaxation process gets qualitatively different for
more highly sheared systems (here y=60/7). For the
samples that have undergone a shear-induced melting as de-
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duced from our criterion based on I';(¢) [see Fig. 6 with
¥7=60,80,100], we remark that they all exhibit a similar
relaxation behavior [see Fig. 7 with y7=60,80,100]. In par-
ticular the relaxation is thereby much slower, partly due to
the existence of many long-living defects. Those latter also
explain the high energy reported in the long time scale. There
are several defects such as dislocations, (low angle) grain
boundaries (especially for y7=60,80), and vacancies that are
easily identifiable in the snapshots of Fig. 8.

On the other hand, at large enough ¥ (here y=200/7), the
relaxation is faster as indicated by the faster earlier occur-
rence of an E(f) plateau (which is also deeper). Nonetheless,
the energy of this (nearly) relaxed system remains higher
than those that were weakly sheared (y< ¥,). Again the ex-
istence of some vacancies (see Fig. 8 with y=200/7) in-
creases the energy system as well as the time of full relax-
ation.

By fitting E(f) with an exponential decay, we were
able to extract a typical relaxation time, 7, for the
early stage (40.5<t/7<60) of the relaxation process:
Tr/ 7=5.3(2£0.1),9.3(x0.1),4.7(x0.1),4.3(z0.1) ~ for  y7
=60,80,100,200, respectively. Those data confirm at least
the general trend that very highly sheared samples having
strong ordering (prior cessation of shear) relax faster than
those moderately sheared having weak ordering.

V. CONCLUSIONS

To conclude we perform Brownian dynamics computer
simulations to study crystalline bilayers of charged colloidal

PHYSICAL REVIEW E 73, 011405 (2006)

suspensions which are confined between two parallel plates
and sheared via a relative motion of the two plates. For the
parameters under consideration, the unsheared equilibrium
configuration is two crystalline layers with a nested quadratic
in-plane structure. For increasing shear rates y, we find the
following steady states: first, there is a static solid which is
elastically sheared until a shear-rate threshold is reached.
Higher shear rates melt the crystalline bilayers and even
higher shear rates lead to a reentrant solid stratified in the
shear direction. We have then studied the relaxation of the
sheared steady state back to equilibrium after an instanta-
neous cessation of shear and found a nonmonotonic behavior
of the typical relaxation time as a function of the shear rate
7. In particular, application of (very) high shear rates accel-
erates the (post-)relaxation back to equilibrium since shear
ordering facilitates the growth of the equilibrium crystal. The
steady-state structure may be drastically altered by shearing
topographically structured walls (e.g., atomic structures,
roughness, chemical patterns, etc.). Hydrodynamic flow ef-
fects of the solvent are also expected to have significant in-
fluence at high shear rate. These questions will be addressed
in future work. We finally point out that similar effects might
be present in sheared granular sheets [40].
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