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ABSTRACT

Charge-stabilized colloidal suspensions display a rich variety of microstructural and thermodynamic properties, which are determined by
electro-steric interactions between all ionic species. The large size asymmetry between molecular-scale microions and colloidal macroions
allows the microion degrees of freedom to be integrated out, leading to an effective one-component model of microion-dressed colloidal
quasi-particles. For highly charged colloids with strong macroion-microion correlations, nonlinear effects can be incorporated into effective
interactions by means of charge renormalization methods. Here, we compare and partially extend several practical mean-field methods of
calculating renormalized colloidal interaction parameters, including effective charges and screening constants, as functions of concentration
and ionic strength. Within the one-component description, we compute structural and thermodynamic properties from the effective inter-
actions and assess the accuracy of the different methods by comparing predictions with elaborate primitive-model simulations [P. Linse, J.
Chem. Phys. 113, 4359 (2000)]. We also compare various prescriptions for the osmotic pressure of suspensions in Donnan equilibrium with a
salt ion reservoir and analyze instances where the macroion effective charge becomes larger than the bare one. The methods assessed include
single-center cell, jellium, and multi-center mean-field theories. The strengths and weaknesses of the various methods are critically assessed,
with the aim of guiding optimal and accurate implementations.
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NOMENCLATURE MC Monte Carlo
MSA mean spherical approximation

CM cell model OCM  one-component model (of dressed macroions)
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CT contact theorem )
DFT density-functional theory PB PO}sson—Boltzmann
DH Debye-Hiickel PBCM  Poisson-Boltzmann cell model
DLVO Derjaguin-Landau-Verwey-Overbeek (potential) PM primitive model
EPC extrapolated point charge with PBCM RIM renormalized jellium model
HS hard sphere RLRT  renormalized linear response theory
JA jellium approximation RY Rogers-Young (integral equation scheme)
M jellium model SC surface charge with PBCM
LRT linear response theory SDHA  shifted Debye-Hiickel approximation
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. INTRODUCTION

Charge-stabilized colloidal suspensions consist of mesoscopic
particles (macroions), typically a few nanometers to micrometers in
size, suspended in a polar, low-molecular-weight solvent (e.g., water)
and carrying ionizable chemical groups, which can dissociate, releas-
ing oppositely charged counterions into solution. In the presence of
salt in the solution, the charged colloids and released counterions
coexist with solvent-dissolved counterions and coions (microions).
As first explained by the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory,"” surrounding each colloid is an electric double
layer, resulting from the buildup of an inhomogeneous mobile cloud
of microions, which carries a charge of the opposite sign to that of
the colloidal particles and tends to screen their electrostatic poten-
tial.®> The overlap of the double layers of two neighboring colloids
generates a repulsive force, which stabilizes the particles against
aggregation. Charge-stabilization is important in many practical
applications, including water purification and the stability of clays,
foods, pharmaceuticals, and consumer products.

By taking advantage of the large size and charge asymme-
tries between macroions and microions, the electrostatic part of the
corresponding effective pair potential can be derived from the mean-
field Poisson-Boltzmann (PB) theory, where microion-microion
correlations are neglected.”” The nonlinear PB equation for the
electrostatic potential can be solved analytically only in certain
geometries (planar and cylindrical). Linearizing the PB equation
allows for an analytical solution in spherical geometry as well.
Within the linear Debye-Hiickel (DH) approximation,® in which
the Boltzmann factor for the electrostatic potential is linearized, one
obtains an effective macroion-macroion pair potential of Yukawa
(screened-Coulomb) form, characterized by the bare valence of
the macroions Z and a screening constant x (inverse screening
length), which depends on the concentrations of microions. The DH
approximation is most accurate for weakly charged species, where
the macroion-microion interaction energy is low compared with the
thermal energy.”

With increasing charge, when the characteristic Coulomb
energy rivals the thermal energy in magnitude, nonlinear screening
effects grow, and the DH approximation becomes increasingly
inaccurate.” These nonlinear effects arise from a strong electro-
static coupling between oppositely charged colloids and counterions,
inducing a significant accumulation of counterions in the vicin-
ity of the macroion surfaces.”'* Even though the nonlinear PB
equation for the electrostatic potential cannot be solved analyti-
cally in spherical geometry, the concept of charge renormalization
allows for the incorporation of nonlinear effects in a linear DH-like
treatment. Numerical simulations also indicate that the electro-
static potential far from colloidal particles saturates as a function
of the bare colloidal charge,'’ suggesting that the thermodynamics
of highly charged colloidal systems can be based on a linear
treatment.’

The basic premise of charge renormalization theories is that
a colloidal particle and its cloud of quasi-condensed counterions
may be treated as a composite particle that carries a charge much
lower than the bare charge,”” thereby redefining the screening
constant of the system. Renormalization methods thus map a
highly charged macroion suspension with significant nonlinear
electrostatic effects onto an equivalent linearly behaving system
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characterized by renormalized effective interaction parameters,
namely the renormalized valence Z. and screening constant kef.
These renormalized parameters are used in the effective DLVO
electrostatic pair potential in order to summarily account for
nonlinear effects in the macroion-macroion interactions.

While the concept of renormalized (effective) charge has
proven very useful for modeling systems beyond the DH approxi-
mation, the absence of a general and precise definition’ has led to
a wide variety of proposals. Different charge renormalization meth-
ods, distinguished by their underlying physical assumptions, predict
different dependences of the renormalized interaction parameters,
Zefr and ke, on the bare parameters, Z and «, as well as on colloid and
salt concentrations. All methods necessarily rely on approximations
(sometimes uncontrolled), which affect their efficacy in describing
nonlinear electrostatic screening and their accuracy in predicting
system properties.'*

Many charge renormalization methods have been proposed
and independently tested within the context of Poisson-Boltzmann
theory. Only a few previous studies, however, have aimed to assess
the relative strengths and weaknesses of the different methods.”'*'°
The purpose of this work is to thoroughly analyze and partially
extend a selection of the most commonly used and easily imple-
mented renormalization methods and to assess their performance
and applicability over broad ranges of particle charge and ionic
strength. We consider only methods applicable to systems in the
weak-coupling limit, where microion-microion correlations are
negligible and nonlinear PB theory is a valid starting point. We
further restrict our study to methods of the simplest forms—those
that do not require the recursive calculation of distribution func-
tions for computing effective interaction parameters.'”'” By taking
advantage of the effective one-component model of colloidal
suspensions, we quantitatively evaluate the performance of the
various methods by testing the accuracy of their predictions of
structural and thermodynamic properties.

We focus here on charge renormalization methods based on
mean-field PB approximations, including surface charge and extrap-
olated point charge methods within the spherical cell model with
edge and mean potential linearizations, the renormalized jellium
model, and the renormalized linear response theory. These meth-
ods provide the effective interaction parameters, Zeg and g, which
we use as input to the effective macroion pair potential for comput-
ing pair correlation functions. The latter characterize the structure
of colloidal suspensions. We explore and compare the predictions
of the different approaches for thermodynamic quantities, including
the suspension pressure and the osmotic compressibility.

Special attention is devoted to analyzing different prescriptions
for calculating the pressure. In particular, we discuss the importance
of the different pressure contributions arising from the renormal-
ized, density-dependent, effective macroion pair potential. We also
examine concentrated suspensions of weakly coupled macroions,
for which some approaches predict an effective macroion valence
larger than the bare valence. Our study is restricted to impermeable,
rigid, spherical colloidal particles, disregarding methods designed
to describe ion-permeable macroions, '’ colloidal mixtures,”’ or
different colloidal architectures.'” With this work, we aim not only
to provide a guide for optimal and accurate implementations of the
analyzed methods but also to bring some clarity to their underlying
theoretical foundations.
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In the discussed PB mean-field theory methods, the microions
are described only by their concentration profiles. The discrete
nature of the microions and their correlations, particularly, those
induced by their nonzero sizes, are here disregarded. This approach
excludes the discussion of macroion overcharging and like-
charge attraction effects induced by strongly correlated polyvalent
counterions and of microion nonzero-size effects relevant to nano-
sized colloidal macroion systems and protein solutions. PB-based
methods are applicable in the so-called weak-coupling regime of
monovalent microions, relatively large macroion-to-microion size
ratios, and low to moderately high macroion surface charge densi-
ties. For a salt-free suspension of spherical macroions of radius a
and, say, negative surface charge —Ze, this regime is roughly delin-
eated by low values, I'.c < 1, of the counterion Coulomb coupling
parameter, defined as Tcc = Agzi /lc. Here, z,e is the charge of a
counterion (cation) released from the macroion surface, with e > 0
the proton elementary charge, and Ag is the Bjerrum length of the

polar solvent (typically water). Moreover, I = a\/ (87/v/3)z+/|Z]

is the characteristic nearest-neighbor distance between counterions
quasi-condensed on the macroion surface and taken to reside on
the vertices of a triangular lattice.””” For monovalent microions
and macroions of radius a > Ag, PB methods work quite well up to
very high macroion surface charge densities.”” Prominent examples
of charge-stabilized colloidal systems amenable to a PB mean-field
treatment are polystyrene or silica spheres of radius a 2 50 nm
with monovalent, ionizable surface groups that are suspended in an
aqueous 1:1 electrolyte solution.

The paper is organized as follows. In Sec. 11, we first review the
primitive and effective one-component models of charge-stabilized
colloidal suspensions. In Sec. III, we then describe several charge
renormalization methods, detailing their underlying assumptions
and outlining their practical implementations. Next, in Sec. IV,
we discuss predictions of the various methods for structural and
thermodynamic properties of suspensions of charged macroions
interacting via an effective pair potential in the one-component
model. In Sec. V, we assess the performance of the different methods
by comparing their predictions against data from simulations of the
primitive model. Finally, in Sec. VI, we summarize our results and
conclude with a discussion of the relative strengths and weaknesses
of the various renormalization methods.

1. MODELS
A. Primitive model

A wide variety of soft materials, including polyelectrolyte solu-
tions, charge-stabilized colloidal suspensions, and globular protein
solutions, can be reasonably described by the primitive model
(PM). In this idealized model, all ions interact via Coulomb and
excluded-volume forces and are immersed in a structureless sol-
vent. Specific properties of the solvent are neglected, except for its
static dielectric constant & and its shear (Newtonian) viscosity 7.
Here, we also neglect image-charge effects, which can give rise to
many-body dielectric interactions caused by differences in the
dielectric properties of the ions and the solvent.

Consider a three-component PM system consisting of N
negatively charged macroions (species « = m) of negative charge
number z, = —Z, with macroion valence Z > 0, and N, microions
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of valence z,, with a =4+, in a macroscopic suspension of
volume V and temperature T. The three ion species are modeled
as spherical particles of monodisperse radius a, and mass mq, with
o =m,+. Here, (+) and (-) label the positively charged counteri-
ons (cations) and negatively charged coions (anions), respectively,
collectively referred to as microions. The counterion species (+)
of valence z4 > 0 includes both the salt counterions and coun-
terions released from the macroion surfaces, which are taken as
chemically identical for simplicity. The macroion mean number
density, ny = Ni/V, determines the macroion volume fraction,
¢ = 47a3,nm /3. The Hamiltonian of the system can be expressed in
the general form

H =Huoym +Hiy +H-— + Hy— + Hyt + Hy—y (1)

where Hy, is the Hamiltonian of the ion species «, i.e.,
N, 1 Ny N /
Haa({raa}) :K“+EZ Z uaa(rij)’ (2)
i=1 j=1

and the prime denotes the restriction that i # j. The first term on the
right side of Eq. (2) is the kinetic energy,

Koz L3 g7 3)
o 2mo¢ & ptxv

where p_ . is the momentum of the a-type ion i. The second
term is the potential energy of interaction between particles of the
same species a, described by the bare pair potential um(r,-j), with
rij =r; —rj and r; denoting the center position of the ith a-type
particle. The terms Hy_, Hn+, and Hy— in Eq. (1) correspond to
the potential energies due to the bare interactions between particles
of different species a # f3, i.e.,

N, Np

Hep = - uap(ry). 4)

i=1 j=1

The pair-interaction potential between two impermeable ions
of species « and f, with hard-core radii a, and ag, whose center
distance is r, is of the form wuup(r) = u&%(r) + ugﬁ(r). Here,
excluded-volume interactions are modeled by the hard-sphere pair
potential,

hs 00,  r<aq+ag
Uup(r) = (5)
aﬁ( ) {0 otherwise,
and electrostatic interactions by the Coulomb pair potential,
ZaZ
uacﬁ(r) = kBTABa—ﬂ, r> aq + ag, (6)
r

where Ap = ¢*/(ekpT) is the Bjerrum length of the solvent, expressed
here in Gaussian cgs units, and kg is the Boltzmann constant. The
Bjerrum length is a length scale defined as the distance between two
unit charges at which the Coulombic potential energy equals the
thermal energy kg T. For water at room temperature, Ag ~ 7.1 A.
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The PM system is subject to the global electroneutrality
condition

> Neza=0, (7)

a={m,+}

where 14 = No/V is the mean number density of species a. In equi-
librium, the condition of local electroneutrality for the macroion
species m can be stated as

> Naza f A gma(r) = —zm» (8)
a={x}

where g (r) is the partial radial distribution function for ion
species m and a. The partial radial distribution functions gaﬁ(r)
and partial pair correlation functions hug(r) = gaﬂ(r) — 1 are deter-
mined by the partial pair interaction potentials u,s(r), which are
symmetric, i.e., uag(r) = upo(7). This symmetry is inherited by the
partial static (and dynamic) pair correlation functions.

In addition to structural properties, the PM also describes
thermodynamic properties, such as the suspension pressure. From
simulations of the PM with its pairwise additive interactions, the
suspension pressure p can be obtained from the many-component
virial equation of state.’> Using proper regularization of the
Coulomb pair potential parts in conjunction with global electroneu-
trality expressed in Eq. (7), the PM suspension pressure is as
follows:"""*

ﬁ}ﬂ=1+2ﬂ Z

n 3 wyimay

nnip
>

ay={mz+}

3 +
XaXyOay8ay ( Uay)
2
XaXyZaZyOuy

N 2nnAp Z

3 xaxyzazyf Tdrr hay(r). — (9)
Tay

ay={m,z+}

Here, x4 = 1/ is the molar fraction of a-type ions, and n = ¥, n,
=nm+ns +n- is the total ion number density. Moreover,
Oay = da + ay. The contact values, ga,y(o;ry), of the three partial radial
distribution functions differ from those of neutral hard spheres
because of the influence of the Coulomb interactions. The pressure
contribution involving the square of 0,y results from the property,
hay(r < 0ay) = -1.

For systems with relatively small size and charge asymmetries
between ionic species, bulk properties can be extracted from the
PM, usually only by computer simulations, except in the dilute
limit. With increasing asymmetry and concentration, however,
simulations rapidly become computationally more expensive,
especially when dynamic properties are considered. Fortunately,
if the asymmetries are sufficiently large, approximations become
possible based on exploiting the wide separation of length and time
scales of different ionic species. Owing to the large size difference
between macroions and microions, the dynamics of the microions
is much faster than that of the macroions. If the structure and
dynamics of the macroions are of most interest, this asymmetry
allows for integrating out the degrees of freedom of the microions,
giving rise to structural and dynamic equations for a system of
effective (“microion-dressed”) macroions only. (Although this
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coarse-graining procedure can be formally applied to any species
in a classical system, it is of practical utility only when applied
to the smaller species.) The price to pay for this reduction is the
introduction of three-body and higher-order effective interactions
not present in the PM, as well as the occurrence of a one-body
contribution to the volume (grand) free energy associated with
microion entropy and macroion-microion interactions.

B. Effective one-component model

For simplicity, we now restrict the discussion to monovalent
microions (a. =0,z = £1) and macroions that are monodisperse
in size (am = a) and of negative charge, zme = —Ze, with bare valence
Z > 0. We consider the suspension to be in osmotic (Donnan) equi-
librium with a 1:1 electrolyte reservoir of ion concentration 2#yes,
which is separated from the suspension by an ideal membrane that is
permeable only to microions and solvent. For simplicity, we assume
the bare macroion valence Z to be constant, independent of ion
concentrations and ionic strength. Therefore, we neglect possible
chemical charge regulation effects. The condition of global elec-
troneutrality can be rewritten as ZNy, = (N, ) — (N_), where (N_)
denotes the equilibrium number of (monovalent) coions in the
system, which equals the number N of salt ion pairs, and (N.)
is the equilibrium total number of (monovalent) counterions, con-
sisting of N salt counterions and ZNr, counterions released from
the macroion (colloid) surfaces. The equilibrium number density
of salt ion pairs, n; = Ni/V, in the suspension is determined by
the chemical equilibrium between the suspension and the reservoir,
specifically by the equality, 4, =y, of the chemical potentials of
cations and anions, y,, in the suspension and the microion chemical
potential, pres = kT In (Af;nm), in the reservoir, assuming that all
microions have the same thermal de Broglie wavelength Ag. There-
fore, a suspension in Donnan equilibrium has an equilibrium salt
concentration that is determined by the salt concentration of the
reservoir. A closed suspension, which does not exchange microions
with a reservoir with a given fixed salt concentration, can be directly
mapped to an equivalent system in Donnan equilibrium with a
reservoir of salt concentration ires > #s.

In this McMillan-Mayer implicit solvent model, the semi-
grand canonical partition function of the suspension can be
expressed as

E= (e ))m: (10)

where $=1/(kgT). The angular brackets denote a canonical
trace over macroion (m) center-of-mass coordinates and a grand-
canonical trace over microion () coordinates. By tracing out the
microion degrees of freedom for a fixed configuration of macroions,
one obtains the formally exact relation

= (e M), (11)

[

with the effective Hamiltonian of pseudo-macroions

Heff = Km + Evol(nm) + Ueff({er}, ”m); (12)

where K accounts for the translational kinetic energy of the
macroions, Eyo(7m) is the macroion configuration-independent
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volume energy, and U ({r"}, nm) is the configuration-dependent
effective N-particle interaction energy of the macroions in an
equivalent one-component model (OCM) of microion-dressed
macroions. The latter describes the interactions among macroions
mediated by microions, and can be written as”>*°

1 N 1 N
Ust= 5 > ui (i) + 5, >0 ul(rinra) +--- (13)
2 i#j=1 ti#jEk=1
where uéff), with 2 <#n < Np, represents the different n-body

effective interactions.

Denoting the semi-grand free energy of the suspension in the
OCM by Q = —kg T In E, the suspension pressure, p = —(9Q/OV )res,
is then given by the generalized virial equation in the OCM,"”’

~ 1Y QU OUsst
P =Pva t+ nmkpT — W(;rl : or; )eff < oV >eff) (14)

including the contribution to the pressure from the volume
energy, p.. = —0Ey/OV, and an extra volume derivative term
due to the density dependence of Ueff({er}; nm). Here, the
angular brackets (---)o denote the canonical ensemble average
with respect to the equilibrium distribution function, Peq({r"})
oc exp [-BUei({r" )], of pseudo-macroions, which should not be
confused with the canonical macroion trace (- -)m over macroion
positions and momenta. Note that the volume derivative of U in
Eq. (14) is taken for fixed reservoir ion chemical potentials and,
hence, for fixed nr. It is important to emphasize that the gener-
alized virial equation does not suffer from ambiguities introduced
when state-dependent effective pair potentials are combined in an
ad hoc manner with the compressibility and virial equation of state
expressions for one-component simple liquids.””**

For sufficiently weakly charged macroions, with electro-
static coupling constant ZAg/a < 0(10), and sufficiently weakly
correlated, monovalent microions, the effective potential energy
Ueit({t };nm) is well-approximated by including only up to
two-body contributions in Eq. (13) with effective macroion pair
interaction,””’

2
) - 72 (SEEDY S0 E) o

where 0 = 2a is the macroion diameter. The screening constant
(inverse screening length) is given by

k=1/ 4117?:; (Znm + 2n5), (16)

with 1y < #1res. Depending on the analytical treatment, the excluded-
volume factor 1/(1-¢) may appear” or not.’’ In the salt
dominated regime (#ires > Znm ),

€ =~ \/8TABHres. (17)

We note that the basic approximation underlying the effective
pair potential ueg(r) [Eq. (15)] between macroions is a linearized
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mean-field Poisson-Boltzmann description of the microions, which
neglects all but long-range mutual correlations between free
microions, including those due to their nonzero size. This mean-
field approximation is most accurate for monovalent microions, a
low microion-macroion size ratio, and a relatively low macroion
valence. We note further that defining from Eq. (16) a released-

counterion screening constant, x. = \/47TABan/(1 — ¢), and a
salt-ion screening constant, ks =+/87Agns/(1 — ¢), identifies the

counterion-dominated regime with the condition x. > «s and the
salt-dominated regime with x. << ;.

It should be noted that ZAg/a < ©(10) is a criterion for the
negligible nonlinear response of monovalent microions in a mean-
field description, i.e., for the validity of linearized PB-based theories
without charge renormalization. The criterion has been confirmed,’’
e.g., by comparing it with MC data in the PM.*> For monovalent
microions and a > A, PB-based mean-field theories are applicable
even for strong nonlinear response, where Z is significantly lower
than Z, since microion correlations are still very weak.””

When Ues may be assumed to be pairwise additive, the
generalized virial equation for the suspension pressure [Eq. (14)]
reduces to*’

p = onl +Pvir +pden) (18)

where the contribution

pVir = }’lkaT— Zjnxzn_[oo drr"’g(r)M, (19)
3 0 or

corresponding to the second and third terms on the right side of
Eq. (14), represents the virial pressure of the OCM system with-
out consideration of the density dependence of u.y(r) and the
contribution

Pden = Zﬂn,snfooo dr rzg(r)%m) (20)

corresponding to the last term on the right side of Eq. (14), accounts
for the density dependence of ueg (7).

Within the mean-field Poisson-Boltzmann-type description of
charge-stabilized colloidal suspensions, different theories predict
different expressions for ues and Ej, which are generally accurate
only when ZAg/a < 6(10), in which case the microion distribu-
tions are relatively weakly perturbed by the macroion charges.”””
For more strongly coupled suspensions, linearized theories can be
extended by renormalizing the bare macroion valence Z and sus-
pension screening constant « to incorporate the nonlinear response
of the microions to the strong electric field of the macroions. Essen-
tially, charge renormalization maps the highly charged nonlinear
system onto an equivalent linear one that accounts for the higher-
order nonlinear contributions. The latter are subsumed into an
effective screening constant k., describing the weakly associated
(linearly responding) microions, and an effective macroion valence
Zegs, describing the mean effect of the colloids and the strongly
associated (nonlinearly responding) microions (see Fig. 1). This
approach leads to an effective pairwise interaction potential between
macroions similar to that in Eq. (15), but with the replacements
K = Keg and Z — Zegy,
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FIG. 1. Schematic illustration of charge renormalization: Surrounding a colloidal
macroion of radius a = ¢/2 and charge —Ze < 0, some counterions become
strongly associated and quasi-condense on the macroion surface, reducing the
bare valence Z > 0 to an effective valence Zg < Z.

2
Bueii(r) = ABszf( e);er(:effZ) ) exp ( rkeffr) , r>0 (21
eff

This newly defined ue(r) allows calculating  the
macroion-macroion radial distribution function g(r) and
static structure factor S(q), which characterize pair correlations
in real and Fourier space, respectively, of highly charged colloidal
suspensions.

In Sec. III, we briefly outline the most prominently used
charge renormalization methods that we have assessed. We restrict
our study to methods of the simplest form, those that do not
require recursive calculation of distribution functions for comput-
ing effective interaction parameters. We focus on two main classes
of methods, based on (1) single-center models, where the system is
represented by a singled-out colloid, and (2) multi-center models,
which include all colloids interacting via effective pair potentials. In
the first class, we study cell-model-based methods and renormalized
jellium models. In the second class, we analyze renormalized
linear response theory and shifted Debye-Hiickel approximation
methods. We focus especially on the appropriate linearization of the
suspension mean-field electrostatic potential ®.

lll. CHARGE RENORMALIZATION METHODS
A. Cell model approximations

Commonly used charge renormalization schemes are based
on a simplified cell model (CM) representation of the suspension.
These schemes exploit the observation that, for strongly repelling
spherical colloids, each colloid is surrounded by a region that is
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devoid of other colloids.”” On assuming a crystalline-like struc-
ture, a Wigner-Seitz cell tessellation can be applied, where each
Wigner-Seitz cell is approximated by a spherical cell containing
a single colloid at its center. Each cell is treated identically and
independently (no inter-cell correlations) and is considered to be
in Donnan equilibrium with a 1:1 strong electrolyte reservoir of
monovalent microions of fixed concentration, 2#es. The only bulk
property of the colloid environment is the volume fraction ¢, related
to the radius R of the spherical cell via R = a/¢"”>. Considering
Boltzmann distributions for the microion number densities, the
total electrostatic suspension potential in the cell region a < r <R
is determined by the nonlinear PB equation

o (r) + %CD'(r) — & sinh [®(r)], (22)

where ®(r) = fey(r) is the reduced form of the total electrostatic
potential y(r), and «res = V/87Apnres is the reservoir electrostatic
screening constant. The inner and outer boundary conditions for
ion-impermeable macroions are given by

®'(a) = =5, @' (R)=0 (23)

Z\p
a
at the colloid surface and cell edge, respectively. The inner boundary
condition dictates that the radial electric field on the colloid surface
obeys Gauss’s law, while the outer one ensures that the cell is over-
all electroneutral. The suspension salt ion pair concentration, #s, is
calculated by integrating the coion (anion) number density profile

n-(r) over the volume of the cell, i.e.,

4 R 47N res R r
ns:%‘/o n_(r)rzdr= ﬂVncf (1—¢)L 02 ar, (24)

thus relating ns to the reservoir salt concentration. Here, V.
= 471R%/3 is the cell volume, and VI = V(1 - ¢) is the free volume
of the cell (unoccupied by the macroion). Since ®@ < 0 for negatively
charged macroions, then ng < #1res(1 — ¢), expressing the Donnan
salt-expulsion effect. The CM discussed here is also referred to as
the nonlinear Poisson-Boltzmann cell model (PBCM) approxima-
tion since it involves the nonlinear, Boltzmann-distributed microion
density profiles.

For defining effective interaction parameters characterizing the
effective macroion pair potential with charge renormalization effects
included, we expand the nonlinear term in Eq. (22) up to first order
around a yet undetermined reference potential ®, leading to a PB
equation for the linearized electrostatic potential @;(r), i.e.,

2 .
O (r) + Z0(r) = ke @1(r) - D +y), (25)
where y = tanh (®) and

Ksz = K?es cosh ((i)) (26)

is a new renormalized (effective) screening constant. In order to
make further progress, we need to specify the reference potential
®. Two convenient choices are the (nonlinear) electrostatic poten-
tial value at the cell edge, i.e., b= ®(R), and the volume-averaged,
mean (nonlinear) electrostatic potential, ® = ® = % [uR drr*@(r).

The first choice, which linearizes the potential with respect to its
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edge value, is referred to as “edge linearization” for short. The
second choice, which linearizes the potential with respect to its
mean value, is called “mean linearization” for short. For either
choice, one boundary condition that ®;(r) must fulfill is ®;(R) = 0,
which ensures the electroneutrality of the cell. The second bound-
ary condition, required to uniquely determine ®;(r), depends on
the choice of linearization. For edge linearization, ®;(R) = ®(R),
equating the linearized and nonlinear potentials at the cell
edge. For mean linearization, % faR dr*®)(r) = ®, equating the
free-volume-averaged mean values of the linear and nonlinear
potentials. The general solution of Eq. (25) has the form

Keff?" —Keff!"
+Cc-

Dy(r) =c +O -y, (27)

r

where ¢, are constants determined by the boundary conditions.
Note that since the cell radius is finite for ¢ >0, the positive
exponential term must also be retained.

We now proceed to discuss the renormalized (effective)
macroion valence, Z, and screening constant, kg, which together
determine the renormalized effective pair potential. For a sufficiently
weak bare macroion charge, where Zs = Z, the linear electrostatic
part of the DLVO potential is recovered [Eq. (15)]. For a specified
linearization reference potential ®, the corresponding renormal-
ized screening constant follows from Eq. (26). For specified ® and
hence @,(r), the renormalized valence is then consistently defined
by the electrostatic boundary or surface charge (SC) condition in the
PBCM,

®j(a) da’

Zeoff =
eff /lB

(28)

on the surface of the macroion sphere based on the linearized poten-
tial. This definition of Z.s was first introduced in the pioneering
work of Alexander et al. using edge linearization.” Depending on
the choice of @, different values for Z.g and k. are obtained.
Following Boon ef al.,* an alternative effective valence can be
defined by analytically extrapolating @;(r) to the center of the cell
by assuming a pointlike colloid with effective valence Q. defined by

Qef = 171_13 (29)

@ (r)r?

A
The quantity Q. is called the extrapolated point charge (EPC), and
its definition is motivated by noting that ®;(r ~ 0) = QAs/a, since
no screening is operative at » = 0. In order to directly compare the
two renormalized valence definitions, one needs to account for the
geometric factor in the renormalized DLVO potential. Therefore,
the renormalized valence Z in the EPC scheme is actually defined
as

1 + Kefra
Zeff = ﬁQefﬂ (30)

This EPC definition of Z. in Eq. (30) differs from the SC definition
of Zgs in Eq. (28) even though the same ®;(r) is used. The
difference can be evaluated fully analytically in the DH regime,
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where |¢(a)| <1 and counterion quasi-condensation is absent.
Here, ®;(r) = ®pu(r) reduces to the solution of the two-point
boundary value problem in Egs. (22) and (23) for ¢ = ¢,,;(r) and
sinh (¢py) = ¢pu. In the DH regime, it holds that Z3§ = Z, indepen-
dent of xresa, whereas™

folgc _ 2(xa+1) (xR cosh (kR) — sinh (KR))eK(R—Za)
Z (1—Ka)(KR+1)+(Ka+1)(KR_1)82K(R—u)’

(31)

with & = kres. In the low salinity limit, the EPC effective valence
in the DH regime reduces to Z5" = Z/(1 - ¢) + @((Kresa)z). As
further discussed in Sec. V B, the EPC definition allows for an effec-
tive valence exceeding the bare one (i.e., Z55C > Z). However, this
effect results from the exclusion of counterions from the macroion
core rather than from a nonlinear response. It is not due to counte-
rion quasi-condensation, which tends to decrease Z.g below its bare
value Z.

Depending on the choice of ® with according boundary con-
ditions and on the SC or EPC definitions of Zg in Eqs. (28) and
(30), respectively, four different expressions for Z in terms of the
independent system variables xresa, ZAg/a, and ¢ are obtained,

ZeffAB

" =y Fi(kara, ¢, (32)

Recall here that ¢ '°=R/a. The four functions F;, with
ie{1,...,4}, are obtained from ®;(r) in Eq. (27) with appropri-
ately determined coefficients c.. For the SC definition of Z.s and
linearization with respect to the edge potential (SC edge) in the
PBCM, "

Fi(xy) = {(y = Dsinh [x(y— )] + x(r = D cosh [x(y - D]},
(33)

while for the SC definition of Z.g and linearization with respect to
the mean potential (SC mean) in the PBCM,

2 -1)

3 (34)

Fy(x,y) =

Alternatively, the EPC definition of Z with edge linearization (EPC
edge) yields*’

Fi(x,y) = (i + l)e_x[xy cosh (xy) — sinh (xy)], (35)

while the EPC definition of Z. with linearization with respect to the
mean potential (EPC mean) gives

Fy(x,y) = F2(x.y) §(x. ), (36)
with
l+x F(1+xy+e(xy-1))
R ETee it ]

Notice that, in all four cases, Z.f — Z for ZAg/a << 1 and ¢ — 0. For
larger values of Z, nonlinear screening comes into play, triggered
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by a strong accumulation of counterions near the colloid surface,
so that Z.¢ < Z. With increasing Z, Zg approaches a plateau value
7%, This renormalized charge saturation is due to the invoked
mean-field PB approximation, which neglects discreteness and
nonzero sizes of microions, allowing for an arbitrarily high surface
concentration of counterions.”*”” The approach of Zeg to an (appar-
ent) plateau value, however, is a genuine physical effect for large
Z/\B / a.

Using Eq. (22), one can show that |®(r)| is a strictly monotoni-
cally decreasing function with increasing radial distance r, implying
that |®| > |®(R)| and consequently that x.g(mean) > keq(edge).
Therefore, there is a stronger effective screening for mean than for
edge linearization.

For given @)(r), the linear microion number density profiles
inside the cell are given by

n(r) = Hrese™ [1+®70i(r)] (38)

Integrating the linear microion charge density, ', () — n'(r), and
the total microion density, n', (r) + n'(r), over the free volume V{
of a cell and using the definition of Z.g in Eq. (28), we obtain the
effective screening parameter under mean linearization,*®

47Ap i 4mA
Kegr = 7(Zeff+ 2N ) = e

C

(Zeffnm + 2n§f‘). (39)

Here, N:ff= 47'rfaR drv? nl,(r) and »nf = Nseff/VC are the mean

number and mean concentration, respectively, of free salt ion pairs

in the suspension. From Eq. (39), we obtain nsff as

off 3 @ 2 Zeff/\B]
= 1- @) (kera)? — 3028 | 40
e = 019 () - 37 (40)
Alternatively, for edge linearization, where b= ®(R),
2 _ 4l 2NfE
eff (1 _ y) V(f eff 1+ y
eff
e ( 2E)
(1-¢)(1-y) L+y
with the effective suspension salt concentration given by*°
K 2y 1
= M (1-¢)(1-9) = =Zegnm(1 , 42
n 8MB( $)(1=y") = 5 Zettnm(1 +y) (42)

where y = tanh[®(R)]. We notice from Egs. (39) and (41) that the
square of the effective screening constant consists of two additive
contributions, namely a contribution proportional to Zef#n, arising
from the free (i.e., uncondensed) part of the macroion-surface-
released counterions, and a contribution due to free salt ion pairs.
When implementing the EPC scheme for incorporating nonlinear
effects, approximations for the effective suspension salt concentra-
tion are obtained by substituting the corresponding renormalized
interaction parameters into Eqs. (40) or (42) for mean or edge
linearization, respectively.

From a physical viewpoint, mean linearization is more consis-
tent than edge linearization, since in the former case the density
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variations of the nonlinear potential around ®; are only of second
order, which is not so in the latter case. Moreover, only in mean
linearization is the Donnan expression for ns correctly recovered to
first order, where Zo; = Z + O([ZAs/a]?), and the correct expression
for 1% is also recovered for #yes — 0. Different from Eq. (41), which
invokes the factors 1/(1 + y), Eq. (39) naturally splits into free coun-
terion and salt ion contributions. Using a proper pressure definition,
mean linearization further guarantees positive pressures.”” Another
convenient feature of mean linearization is that Z. is directly
obtained from @, according to

Zhs _(1-¢ 2
a —( 3¢ )(Kresa) sinh ((D) (43)

In the salt-free case, where s = 0, the suspension is a closed
system since no counterions can leave the cell into the microion-
empty reservoir because of electroneutrality. For a system in Donnan
equilibrium, it holds that |® (R, #1res)| = oo for nres — 0. To recover
the salt-free system as a limiting case, one therefore redefines the
salt-free system potential by

O(r) = limo[d)(r; fires) — O(R; fires ) |- (44)

The salt-free potential satisfies the nonlinear PB-type equation for
negatively charged macroions,

/i 2 / —Or
Q" (r) + 20/ (r) = —kae *, a<r<R, (45)
;

where ko = \/4mApn} is the new electrostatic screening constant
and n (r) = n exp [-®(r)] is the nonlinear counterion number
density profile. In addition to the boundary conditions on ®(r)
[Eq. (23)], electroneutrality dictates that

_ ZAB
faR drr* exp[-0(r)]

since ®(R) = 0. The present nonlinear boundary-value problem
can be solved self-consistently. Alternatively, it can be mapped
onto a boundary-value problem invoking a third-order differential
equation, following Ref. 38.

Linearization of Eq. (45) with respect to an arbitrary reference
value @ gives

ks = -0"(R), (46)

;' (r) + %q)l'(r) = —ky exp (-®)[1-D)(r) + D], a<r<R,
(47)

with boundary conditions similar to systems with salt, and ko
determined from the nonlinear boundary-value problem. The
renormalized screening parameter in the salt-free case follows then
explicitly as

-®

) ) e, mean,
Kege = kg % (48)
eff 0 { efcI)(R)’ edge.

Notice that e ®® =1 under salt-free conditions. Therefore, as
in the Donnan equilibrium case, xeg(mean) > keg(edge). The
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renormalized macroion valence in the four considered cases follows
from Eq. (32) with y = 1,

Zefid _
% = Fi(keia, ¢'7°), (49)

forie{l,...,4} with F;(x,y) still given by Egs. (33)-(37). For Zg
in the SC mean model, it follows explicitly that

ZeffAB

(”res = 0) = (l%f)(koa)ze_d). (50)

Since ® = ®(R) = 0 in edge linearization and ® = ® in mean lin-
earization, with ® <0 for negatively charged macroions, it fol-
lows that Zg(mean) > Zeg(edge) under salt-free conditions. This
inequality holds empirically for salty systems as well.

In the salt-free case and in the dilute limit ny - 0 (R — o0),
when Zg = Z and k. = 0, we notice that ®(r) — ZAg/r. This limit
expresses the domination of the counterion entropy over the electro-
static energy of counterion-macroion attraction in an unbounded
three-dimensional space (a<r <R — o0), in which case the Z
counterions around the central macroion are randomly distributed
throughout space and thus do not contribute to screening.

B. Renormalized jellium model (RIM)

In contrast to the spherical CM, which is motivated by
the crystalline-like structure of the suspension, the renormalized
jellium model (RJM) presumes a fluid suspension. Based on the
jellium approximation (JA),” this charge renormalization scheme
provides renormalized parameters, Z.s and kg, as input to the
linear electrostatic part of the DLVO potential. In the JA, a spher-
ical macroion of radius a is singled out and placed at the origin
of the coordinate system. The remaining Ny — 1 macroions and
their quasi-condensed counterions are assumed to form a uniform
neutralizing background, called the jellium, smeared out in the
space r > a, where the uncondensed counterions and coions can
freely move.”” The RJM has also been generalized to polydisperse
suspensions of macroions.”’ Assuming a Boltzmann distribution
for the monovalent free microions and a uniform, structureless
jellium for the remaining macroions, i.e., gmm(r) =1 for r > a, the
resulting nonlinear PB equation for the total (reduced) electrostatic
potential ® in Donnan equilibrium with a salt reservoir takes the
form'*

o (r) + gq)’(r) = Kiey sinh [O(r)] + 3¢Z"L';AB, r>a, (51)
r a

where 2% = 87Ap#ires. The first term on the right side is the (reduced)
microion charge density contribution, while the second term is the
contribution from the (reduced) uniform jellium charge density
outside the central macroion, with Zy,« denoting the background
macroion valence. The latter is taken to be equal to Zgs and is self-
consistently determined. The boundary conditions guaranteeing
a unique solution are ®'(a) = ZAg/a?, with Z the bare macroion
valence, and ®'(r — o0) = 0, accounting for the electroneutrality of
the suspension with an asymptotically decaying electric field. The
electrostatic (Donnan) potential at infinity (r - 00), @ oo, is nonzero
and related to Zp,ck by
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d)oo:arsinh[— 3¢ Zb“kh]. (52)

Kresa)2 a

This boundary-value problem can be solved numerically only. Lin-
earizing Eq. (51) with respect to ®., we obtain the linearized
electrostatic potential, ®;(r), satisfying

o) (r) + %(D,’(r) = Kﬁg[d)l(r) - 0], r>a (53)

with effective screening constant «2; = &%, cosh (®e ), which can be
alternatively written as
4
()’ = (o)’ + (3672522 59
We see that (kega)® has two clearly distinguishable contribu-
tions: the first due to the salt microions involving the reservoir
salt concentration, and the second due to microion-dressed
macroions. The boundary conditions that uniquely determine ®;
are ®](r — 00) = 0, expressing the overall electroneutrality of the
infinite jellium system, and ®;(r) ~ ®(r) for r - co, demanding
asymptotic matching of the linear and nonlinear solutions. As
in the CM, the effective valence, Z.g, is obtained from ®; using
Eq. (28)."""" The solution of Eq. (53) can be analytically expressed
in terms of Z. as

e"eﬂ'a e Keff?"

Q1) — Poo = ApZefr r>a (55)

1+ Kegpa 1

Finally, by comparing Eq. (55) against the similarly exponential
asymptotic form of the nonlinear solution ®(r), we obtain Zg in
terms of Zp,ck. In order to find Z.g, we demand self-consistency by
requiring that Zeg = Zpaek,'* from which Zg is obtained iteratively
using a selected starting value Zp, < Z.

Similarly to the CM, there is a relation between semi-open and
closed systems. This relation follows from the mean concentration
of the free co- and counterions inside the suspension,”’

Ni = Hres €Xp (FDoo ). (56)

The effective suspension salt concentration, nt, is thus obtained in
terms of #ires and Qoo as

ff
Vl: = N— = Nyes €XP ((Doo) < Mres, (57)

since @ < 0 holds for negatively charged colloids. Just as in the
CM, the renormalized valence, Z, in the RJM asymptotes to a satu-
ration value when Z — oo. Likewise, typically Z.¢ < Z, and it is found
that Zes — Z and kefr — Kres in the dilute limit ¢ — 0 and the salt-free
limit #1es — 0.

In the salt-free case, suspension electroneutrality requires that
nl exp (-Doo ) = Zpackm and O(r) — 0 as r — oo. The nonlinear
PB equation [Eq. (51)] then acquires the form

" (r) + %CD'(r) = —3¢Zb%l;AB{exp [-®(r)] -1}, r>a,

(58)
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with boundary conditions @’(a) = ZAg/a* and @(r — o0) = 0.
Linearizing the right side of Eq. (58) around @« = 0 yields

2
(Dl" 7') + 7<D;(r) = Ktzaffq)l(r)) r>a, (59)
r
where

Ksz = 47T/1BZbacknm; (60)

and the boundary conditions are ®;(r — o) = 0 and ®;(r) ~ O(r)
for r - co. With the effective valence defined by Eq. (28), the
solution of Eq. (59) has the form

eKeffu e’Keffr
D)(r) = ApZe——— R r>a. (61)
1+ Kera 1

As for a system with added salt, Z is determined by asymptotically
matching the linearized potential ®;(r) to the nonlinear potential
for a selected Zp,. and self-consistently assuming Zpack = Zefr.

A variant of the discussed non-penetrating RJM is the pen-
etrating RJM, where the neutralizing jellium is not only smeared
out across the volume r > a but also penetrates the volume of the
central colloid while the microions are still expelled. This leads to
the same PB equation [Eq. (51)] for r > a, but now with boundary
conditions

’ /\B ’
() (a) = ?(Z +Zback¢)> [} (r — oo) =0. (62)
The inner boundary condition states now that the electric field
on the surface of the central colloid is due to the bare valence,
Z, of the central colloid plus an additional contribution, Zpsk¢,
arising from the penetrating jellium charge inside the volume of
the central colloid. Charge renormalization is introduced identically
to the non-penetrating jellium case by linearizing with respect to
®oo. The inner boundary condition in Eq. (62) now involves the
modified self-consistency condition Zeg = Z + Zp,c§, which implies
that Zeg = Z(1 + ¢) + 6(Z*) for small Z. This is the same effective
charge as obtained from the high-temperature-limiting mean spher-
ical approximation (MSA) solution for the PM."*"’

C. Renormalized linear response theory (RLRT)

When applied to charge-stabilized colloidal suspensions, linear
response theory (LRT) provides analytic expressions for the one-
body volume energy E,o and the effective pair potential between
the microion-dressed macroions ug(r) [Eq. (15)] in the effective
one-component Hamiltonian [Eq. (12)]. The screening constant
[Eq. (16)] accounts for the excluded volume of the macroion hard
cores through the factor 1/(1 - ¢).

For coupling parameters ZAg/a 2 0(10), the LRT fails when
nonlinear screening effects associated with macroion-microion
correlations lead to a strong accumulation of counterions near the
macroion surface.”** However, the theory can be extended to more
strongly coupled macroion suspensions by explicitly distinguishing
between surface-associated (bound) microions and dissociated
(free) microions in the volume energy,’ """ according to

Evol = Qfree + Foound- (63)
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Here, Qg is the grand free energy of the free microions, and
Fpound is the free energy of the bound microions. This approach
yields the same form of effective pair potential as in Eq. (15) but
with Z and « replaced by a renormalized effective valence, Z; < Z,
and a renormalized effective screening constant, k., both depend-
ing on the state-dependent concentration of free microions. The
fraction of strongly associated (quasi-condensed) counterions is
related to an association shell of thickness é surrounding a macroion
(a <r<a+40), which is defined as the distance from the macroion
surface at which the electrostatic energy of attraction of a counterion
is comparable to its thermal energy, i.e.,

ely(a+0)- V| =CksT, (64)
or in reduced form,
|®(a+8)-d|=C, (65)

where ©(r) is the (LRT-orbital) reduced electrostatic potential at
distance r from a macroion center, with mean (spatially averaged)
value

& = Beyy = — (4 — 1) [(i1s + 1), (66)
and C is a constant of order unity. Here,
i N.
fly = ————— (67)
v(-¢)

are mean number densities of free microions, defined as the num-
bers of free (uncondensed) microions N, in the effective free
volume, V(1 - ¢), where ¢ = ¢(1+8/a)® is the effective volume
fraction of the macroions including their (quasi-condensed)
counterion-association shells.

Combining the LRT with this approximate scheme for incor-
porating nonlinear microion responses yields the renormalized
electrostatic potential around a dressed macroion,

eKerr(““S) —Kefi?

e
1+xe(a+9d) r

with xes = \/47mAs (714 + 71—) being the effective (renormalized)

screening constant. Notice that k. can be rewritten as

7
Keft = \} 4nAB(fL'2“ + 2;::“), (69)

using electroneutrality and - = 7", with #¢f the renormalized salt

concentration of free microion pairs. Substituting Eq. (68) into
Eq. (65), the association shell thickness is determined by

O(r) = —ABZes , r>a+é, (68)

ZeffAB -
D =C,
‘[erg(ma)](aw) ¥ ‘ ¢ (70)

for given Z, ¢, and C, on noting that «.¢ depends self-consistently
on J. The physical requirement that the coion density be non-
negative dictates that C = 1, although numerical results prove to
be not strongly sensitive to variations of C within the range
1< C < 2.}1,H,15

The distinction between free and bound microions implies a
corresponding separation of the total grand free energy Q. The free
microions are only weakly correlated with the macroions and are
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thus well described by linear-response theory. The volume energy
per macroion, &y = Eyol/Nm, has the form

N; [ ( i ) ] Zi  Keids
&ol =), —|In -1-=— =
vol Z N Mres 2 1+ ke(a+96)

i=+

Zeff h+ - ;l_

2 fy+ -

+ fbound> (71)

with the bound counterion free energy per macroion being approx-
imated by

2
fowma = (2~ Zap)[in (22255 ) -]+ e )
Vs 2a

The first term on the right side is the ideal-gas free energy
of the bound counterions in the association shell of volume
vs = (41/3)[(a + 8)° — a*], and the second term accounts for the
self-energy of a dressed macroion of valence Z, assuming the
bound counterions to be localized near the macroion surface (r = a).
The effective macroion valence Z., and hence the association
shell thickness J, can be determined then by equating the chemical
potentials of microions in the free and bound phases, which is
equivalent to minimizing the volume energy at a fixed temperature
and mean microion densities.”’ For a given bare valence Z, the

effective valence is then obtained from the variational condition,

8‘Svol )
=0. 73
(8Zeff Ty 73

Notice that Zes and § are inter-related by Eq. (70) and together
determine the effective screening constant ..

D. Shifted Debye-Huickel approximation (SDHA)

The SDHA method,” like the RLRT method, is based on a
multi-colloid-center model and combines density-functional theory
(DFT) with PB-type approximations. Following Ref. 33, we present
its essential features for suspensions of impermeable colloids.

Assuming for the moment pointlike macroions, we formally
expand the DFT-PB grand-free energy functional (,(X) in the
presence of Np, (pointlike) macroions at positions X up to quadratic
order in the microion trial densities p, (r; X), measured relative to
yet-unknown constant densities 7..°> In Donnan equilibrium, the
densities 71, are not independent, but are related by
@

s = Nyese (74)

for a yet unspecified potential value, ®, so that 71,71 = nls. On
minimizing (), (X), quadratically expanded with respect to the trial
microion densities p, (r; X), the linearized equilibrium microion
profiles

14 (15X) = Tres e {1%[®)(r;X) - D]}, (75)

are obtained, with the linearized suspension potential ®;(r; X). The
so-called shifted linearized potential, ®;(r; X), is defined by

O} (1;X) = Dy(1;X) - D +y, (76)

for y = tanh (®), fulfills the multi-colloid-center linearized PB
equation (shifted Debye-Hiickel equation)

ARTICLE pubs.aip.org/aip/jcp
qu)?(r;X) = ngf @?(r;X) - 4n/\Bq(r;X). (77)
Here,
Ni,
q(5:X) = > 8(r—R;) Qe (78)
j=1

is the charge number density of pointlike macroions at positions
X ={Ry,...,Ry, }, where charge renormalization (discussed below)
is accounted for in the effective macroion valence Q.. Moreover,
K2 = Kies cosh (@) is taken as the renormalized screening parameter
linked to Q.. Fourier transformation straightforwardly yields the
solution

s N e—Ke[[‘r—le
Oj(55X) = Q) , ——— (79)
=1 Ir - Rj|

for the shifted linearized potential, which is a superposition of
Nm Yukawa-type orbitals. Substitution of n.(r; X), according to
Eq. (75), into the quadratic-order expanded microion grand free
energy results in

) N e—stf\Rl—le
ﬁQM(X) = ﬂEvol + ABQeffZ T (80)
i<j |Ri - Rj|
with volume energy per macroion
2 4
Keff Kres z
Evol = — +1]+ D —-7). 81
ﬁ vol 877.'/\]3 . ( Kgff ) Qeff( V) ( )

So far, we have not specified the value of ® and, hence, the
resulting value for ke and Q.. This is performed now using, for
simplicity, a spherical CM with ® identified as ®(R) or ®.”* The
macroion effective valence Q.¢, defined using Eq. (29), is related to
the effective valence Zgg by Eq. (30), i.e., Zes is obtained from Qg
by multiplying the latter with a geometric factor due to the actually
nonzero radius of the macroions. The hard-core of the macroions
is reintroduced a posteriori by enforcing electroneutrality of the
individual orbitals, leading to the geometric factor in the relation
between ZeEfI;C and Q..

Interestingly, in contrast to the CM with SC definition of
the renormalized valence in Eq. (28), Z52C in the EPC definition
can exceed the bare colloid valence Z for sufficiently high colloid
concentration and small coupling parameter ZAg/a, where nonlin-
ear renormalization effects are negligible.

In the salt-dominated regime, where 2#.es >> Znm, one obtains
ZeEfI;C — Z, Keff = Kres, and @ — y — 0. The volume energy reduces
then to minus the kinetic energy density, &yo = —2kT fires, Of
the reservior ions, and the effective pair potential to Bue(r)
- ApZ? exp (2kres) /(1 + Kresa)2 exp (—krest) [r for r > 2a.%°

In the present paper, we analyze the SDHA method for vol-
ume energy and effective pair potential in combination with the
EPC charge renormalization scheme originally introduced for edge
linearization only by Boon et al.’® Although the SDHA may also
be combined with SC for conciseness, we do not consider this
combination here. A study of the combined SDHA-SC method using
edge linearization is presented in Ref. 16.
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IV. THERMODYNAMICS AND STRUCTURE

Before comparing predictions from the various renormaliza-
tion methods for the thermodynamic and structural properties of
charge-stabilized colloidal suspensions, we first recall that the CM
approximates the bulk pressure p using the contact (cell) theorem
(CT) as”/

Bp ~ Bpcr = n+(R) + n-(R) + tim, (82)

where 7, (R) are the microion densities at the cell edge and the ideal-
gas contribution n, of the macroions is included. Since the CM
neglects contributions to the pressure due to macroion correlations,
in concentrated suspensions, p- can differ significantly from the
actual suspension pressure p, except at low salt reservoir concentra-
tions, where the backbone-released counterions overwhelm salt ions
(ZNm > Ns) and make the dominant contribution.*®

Similar to the CM, in RJM the bulk pressure is determined from
the microion concentrations in the electric field free region at the
edge of the system, reached here in the asymptotic limit r — co0,'*
according to

ﬂpjell = 1’l+(00) + T’L(OO) + Ny
V (21ees)? + (e Zer)” + . (83)

Here, n.(co) are the microion densities infinitely far from the
central macroion, and again, the ideal-gas macroion contribution
is included. The first term on the right-hand side of Eq. (83) is the
microion contribution, resulting from salt ions of concentration #res
and non-condensed surface-released counterions. In the salt-free
case, Eq. (83) reduces to

Bpjett = nm (1 + Zegr), (84)

which is of the same form as the ideal-gas pressure p,; of macroions
and counterions,

Bpia = tm (1 + 2), (85)

but with Z replaced by Z. < Z, expressing that only free counterions
contribute directly to the pressure.

In the one-component model of a suspension of charged
colloids interacting via the effective pair potential in Eq. (21),
thermodynamic and structural properties can be computed once the
renormalized interaction parameters, ke and Zg, are determined
for given system parameters Z, nrs, and ¢. Comparing predictions
of these properties by the various renormalization methods against
data from simulations of the PM gauges the performance of the
different methods.

Since ug(r) is purely repulsive, we can use the thermo-
dynamically self-consistent Rogers-Young (RY) integral-equation
scheme” for calculating the static structure factor, S(g), of colloids
and the associated radial distribution function, g(r). This hybrid
integral-equation scheme, based on a mixing function that inter-
polates between the hypernetted chain (HNC) and Percus-Yevick
(PY) closures,” is known from comparisons with computer simu-
lation data to accurately predict structural properties for a variety
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of repulsive interaction potentials, including the screened-Coulomb
potential. 1950 The mixing parameter, &, in the RY mixing function
is determined self-consistently by enforcing equality of the sus-
pension osmotic compressibility derived from the one-component
compressibility and virial equation of states, respectively, i.e., by
demanding™**

. 1 (0p(a)
im S@a =P ( O ) (86)

where S(q) and p are the static structure factor and pressure, respec-
tively, of the OCM system, and the density derivative of p is taken
at fixed ueg(r), i.e., disregarding any ny,-dependence of the effective
macroion pair potential.

In general, the suspension pressure p can be calculated by
several methods. For instance, p can be determined from the
thermodynamic relation

__(99) _ 20w
p - (8‘/)1’65 N nm(anm )res) (87)

provided the semi-grand suspension free energy per macroion,
w = Q/Np, is known, including its volume energy contribution. In
practice, the renormalized interaction parameters (Zer, 8, Kefr) are
held constant when taking thermodynamic derivatives.* Within
RLRT and SDHA, w is obtained for impermeable, rigid macroions
as

W = &yl + fms (88)

where €01 = Evol/Nm is the volume energy per macroion and fn is
the macroion free energy per macroion. From Egs. (87) and (88),
the total pressure correspondingly separates into

P = Pvol + P> (89)

where the contributions p_; and p _ are associated with the vol-
ume energy and the effective macroion-macroion interactions,
respectively.

With renormalized interaction parameters, ke and Zeg, as
input, the RLRT method predicts the pressure contribution arising
from the renormalized volume energy as’"***’

2 ( OPevol o Zer(e — 1o )KeiAn

/5onl=nm(7) =hyt - —— 7> (90)

anm res 4[1 +Keff(a+6):|
where 71, are number densities of free (uncondensed) microions,
corrected for the effective excluded volume of the macroions plus
their (quasi-condensed) counterion-association shells [Eq. (67)]. In
taking the macroion density derivative in Eq. (90), the temperature
and reservoir salt concentration, #res, are held constant and system
electroneutrality is maintained for given Z. The bound counterions
make no direct pressure contribution, since the effective interaction
parameters are kept fixed in the concentration derivative.

In the salt-dominated regime, 2#ires > Znm, where iy — fres
and Keffa — Kresa > 1, the RLRT volume pressure reduces to the
reservoir pressure, i.e., P, = P, = 2Hres. In the salt-free case
of vanishing coion density (#- =0) and in the DH regime
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(ZAg/a < 1) of electrostatically weakly interacting macroions, the
volume energy-related pressure reduces in the RLRT to

3
K 2

vol = MmZ — — Z + O(ny, ), 91

Bpyol = 1 T (nm) (91)

where x> = 4m\gnmZ here involves only the counterions. Therefore,
the correct ideal-gas contribution to the volume pressure, kg TnnZ,
is recovered. The exact leading order non-ideal (DH limiting law)
volume pressure contribution, proportional to n2!?, as obtained
from the DH limiting law (i.e., macroion size-independent) vol-
ume energy &y for a salt-free system,”’ differs from the RLRT
expression in Eq. (91) only in that the former has a factor (Z +2/3)
instead of Z. The difference, however, is negligible for the com-
monly encountered case of Z > 1. The Appendix describes how the
pressure contribution, p_, due to effective macroion interactions is
determined in the RLRT method.

In the SDHA method, pyo = 115 (Deyl/Onm) is obtained
analytically from Eq. (81) by keeping constant the effective
interaction parameters, Z g and kg, and the linearization points,
f14, of the microion concentrations in the DFT-PB grand free energy
functional. The result is*’

__ aﬁEvol) _ Kezsz (@)4
ﬁpvol h ( 8V N, T,y N 87TAB Keff 1 (92)

for a suspension in osmotic equilibrium with a reservoir of microion
pair concentration 2#..s. We have followed Boon et al.”* in holding
fixed the effective pair potential and the linearization points while
taking the volume derivative in Eq. (92). A thorough theoretical
study’” based on the linearized cell model has come to the
conclusion that, while treating the linearization points of the
microion concentrations as volume-dependent in calculating p is
admissible, there are advantages in treating them as independent
variables. In particular, in a linear approximation, the system pres-
sure remains always positive for a proper choice of the linearization
point.

In the salt-dominated regime, where &g = kres, the reser-
voir pressure is recovered from the SDHA volume pressure, i.e.,
Pyol = Pres- In the salt-free case, where «res = 0, the volume pressure
in SDHA reduces to

2
K,
Bbvol = 8;;{3. (93)

For weakly interacting macroions, where Zlp/a < 1 and %
=4mAgnmZ, the SDHA volume pressure reduces further to
BPyo = "mZ/2, which is only one-half of its exact ideal-gas value.
Moreover, no leading-order non-ideal pressure contribution is
predicted. Interestingly enough, there is a pressure contribution
nm(1+ Z/2) to first order in macroion concentration arising from
the macroion-related virial pressure contribution fp ; in the no-salt
DH regime, such that overall, the correct suspension ideal-gas
pressure limit, Bpiq = nm(1 + Z), is recovered in SDHA, where the
pressure contribution p,. . is not considered. Actually, the latter
gives, to linear order in concentration, the negative pressure contri-
bution, Bpden = —1mZ/2 + @(nfn), in the zero-salt DH regime, whose
inclusion in the SDHA would spoil again the recovery of the exact
ideal-gas suspension pressure. While interesting from a principal
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viewpoint, the peculiarities of the SDHA method in the DH regime
are of minor concern in the present study, which focuses mainly
(with the exception of Sec. V B) on systems in which ZAg/a > 6(10),
where counterion quasi-condensation is operative.

Since three-particle or higher-order effective interaction con-
tributions are neglected for the considered mean-field methods, the
suspension pressure p can be computed from the generalized virial
equation for pairwise-interacting systems [Eq. (18)], from which the
macroion pressure contribution can be expressed as

Pm = Pvir + Pdens (94)

with p. and p,  given by Egs. (19) and (20), respectively. Note
that, in taking the density derivative of the effective pair poten-
tial, Ouegr/Onm, in Eq. (20) for p, den® only the density dependence of
U (73 nm ) arising from tracing out the microions should be consid-
ered, and not that due to the extra imposed charge renormalization.
Only the first density dependence is thermodynamically relevant
and is accordingly accounted for in the RLRT calculation of p,, . In
contrast, in the SDHA calculation, the pressure contribution, p e
is disregarded. This treatment is consistent with Eq. (92) for p_;
derived from the volume derivative of Eq. (81), keeping Z.g and «egr
fixed, and the recovery of the correct ideal-gas suspension pressure
limit in the zero-salt DH regime.

Assuming a semi-open system of macroions in Donnan
(osmotic) equilibrium with a microion reservoir, the osmotic com-
pressibility x .. of the suspension of macroions plus dispersed
microions is given by’

1 Onm _ 1 (0Onm
Xosm = E( Ortoom )res = T’lm( ap )res, (95)

where 7Tosm = p — p,, is the osmotic pressure of the suspension rel-
ative to the reservoir pressure, p .. = 2kpTnres. The leading order
non-ideal (limiting-law) contribution to the reservoir pressure is
negative and scales with the power of 3/2 of the reservoir salt
concentration, according to —kpTiks/(247).”> Therefore, non-
ideality contributions to the reservoir pressure are negligible for the
considered reservoir ionic strengths of monovalent electrolyte
ions, which is consistent with the implemented PB description of
microions.

The macroion density derivative in Eq. (14) is taken for fixed
reservoir properties, ie., for fixed T and u_ (or, equivalently,
fires), summarily denoted by the subscript res. Quite remarkably,
in Donnan equilibrium, the osmotic compressibility y . divided

by its ideal-gas value, X(iim =1 /(nmksT), can be expressed via the
Kirkwood-Buff relation™"”’

)% =1+ 1y fd3r[gmm(r) - 1] = lim Smm(q), (96)
Xosm q-0
solely in terms of the solvent-averaged macroion-macroion static
structure factor Smm(q) and its associated radial distribution
function, g, (r), as defined in the PM for colloidal macroions
and microions. The Kirkwood-Buff relation remains valid in the
zero-salt limit (n; — 0) of a binary PM mixture, where 7osm reduces,
due to global electroneutrality, to the system (osmotic) pressure
relative to a pure-solvent reservoir.

One can exploit here a theorem by Henderson®* asserting that
for an (effective) one-component model system with only pairwise
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interactions, for each thermodynamic state (density n and tempera-
ture T, there is a one-to-one correspondence between the associated
pair distribution function g(r; n) and an associated pair poten-
tial ueg(r), up to an irrelevant additive constant for the latter. As
discussed in Ref. 54, at given macroion density n, and tempera-
ture, the osmotic compressibility in Donnan equilibrium can thus be
obtained also from the density derivative of the suspension pressure
p of the fictitious OCM system with state-independent pair potential
e (73 M, T), 1.e.,%°

oY @) __ eT
(anm)res_(anm ueﬂf— S(q—>0)’ (97)

where S(q) is the static structure factor of the OCM system with
the radial distribution function g(r). The second equality expresses
the OCM compressibility equation in which, when taking the den-
sity derivative of p, any ny-dependence of the effective pair potential
uefr is disregarded. For a direct application, consider a salt-free sus-
pension at low macroion concentration, where p ~ p, can be used
as an analytic approximation for p, with p,,, given in Eq. (84).
The OCM compressibility equation, where Z is kept constant
in the density derivative, leads here to S(q — 0) ~ 1/(1 + Ze).
This expression is consistent with the DH limiting law result
Smm(g = 0) =1/(1+ Z) + O(\/nm) for a binary Z:1 PM system
with ZAg/a « 1.

For the exact validity of the OCM compressibility equation,
it is understood that ucg is determined such that g(r) =g__(r)
and, hence, S(g) = Smm(q) is exactly valid, with no approxima-
tions involved in obtaining u.g. Of course, these premises are not
fulfilled, in particular, by the discussed PBCM approaches, which
per se do not provide an effective macroion pair potential expres-
sion, rendering the substitution of the PBCM-generated effective
interaction parameters into the Yukawa form in Eq. (19) arbi-
trary to some extent. An additional ambiguity arises from the
different PB-based charge renormalization schemes, which are not
uniquely defined. Based on the PM, a unique effective macroion pair
potential with uniquely defined interaction parameters can be
obtained, in principle, from the dressed ion theory (DIT) of
Kjellander and Mitchell.”>”° DIT, however, requires as input the
partial pair distribution functions of the PM, which can be obtained
only from elaborate simulations or accurate Ornstein-Zernike
integral-equation theory calculations, as performed, e.g., in Ref. 57.
Keeping in mind these facts, Eq. (97) is useful as a means of checking
the degree of internal consistency of an OCM charge renormal-
ization scheme by comparing its (approximate) prediction for the
suspension osmotic compressibility in Donnan equilibrium with
the (approximate) prediction of the zero-wavenumber limit OCM
static structure factor S(q) based on the (approximate) u.s(r) and
calculated using an (approximate) Ornstein-Zernike integral
equation scheme, such as RY.

V. RESULTS

For suspensions of spherical colloidal macroions in osmotic
equilibrium with a 1:1 electrolyte (salt) reservoir, the effective
one-component description in the weak-coupling limit is based on
three reduced parameters that uniquely determine the system: the
colloid concentration, quantified by the macroion volume fraction
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¢; the reduced reservoir screening parameter kresd, related to the salt
reservoir concentration; and the electrostatic coupling parameter
ZAg/a, with Z denoting the bare macroion valence.

To assess the performance of the various renormalization
methods and directly compare their predictions for thermody-
namic and structural properties with PM computer simulation
data,”” we choose the following system parameters: solvent Bjer-
rum length Ag = 0.714 nm (corresponding to water at T = 293 K),
bare macroion valence Z = 40, and macroion radius a correspond-
ing to Ag/a = 0.0222,0.0445,0.0889,0.1779,0.3558,0.7115, and cou-
pling parameter ZAg/a = 0.89,1.78,3.56,7.12,14.23,28.5. The reser-
voir salt pair concentration, #res, is chosen such that kea is in the
range of 0-18, which connects the counterion-dominated regime at
low &res with the salt-dominated regime at high xres. The selected
values of the volume fraction ¢ = (471/3)nna’ are in the range of
1x107*-3.75x 10", We numerically solve the nonlinear PB
equation using the MATLAB routine bvp4c™ and the RY integral-
equation scheme using the same code as in Ref. 52.

A. Renormalized interaction parameters

We employ the charge renormalization methods discussed in
Sec. 111 to compute the renormalized interaction parameters, Keff
and Z.r, and use them as input to the effective macroion-macroion
pair potential, ueg(r) [Eq. (21)]. In the RIM and RLRT methods,
the renormalized interaction parameters are directly connected to
ueg(r), while in the CM-based methods, such as SDHA,* only an
ad hoc connection can be established.

To explore predictions for the effective interaction para-
meters, we first consider the salt-free case. In this limiting case,
the suspension is closed since electroneutrality prevents counteri-
ons from leaving the suspension into the salt-free reservoir. The
parameter space is here two-dimensional only and spanned by ¢
and Z\g/a.

Figure 2 shows predictions of the renormalization methods for
Kefr as a function of ¢ and ZAg/a (inset) in the salt-free case. For
all considered methods, k. increases with increasing ¢ and ZAg/a.
Notice that, for the CM-based SC and EPC methods, . differs
only by the invoked linearization. In the assessed mean-field meth-
ods, «.i depends only on the concentration of free (uncondensed)
microions. Therefore, k. increases with increasing concentrations
of (surface-released) free counterions, triggered by increasing col-
loid volume fraction ¢ or bare valence Z. This trend follows clearly
from Egs. (39) and (41) for the CM-based methods with edge and
mean linearization, respectively, from Eq. (60) for RJM, and from
Eq. (69) for RLRT. The potential linearization in RLRT is equivalent
to the potential linearization with respect to the (volume-averaged)
mean electrostatic potential. The screening constant comparison in
Fig. 2 allows for a distinction between methods that linearize with
respect to the mean electrostatic potential and those that linearize
with respect to the minimum absolute value of the potential at the
cell edge. The methods based on mean potential linearization predict
alarger ., a distinguishing feature that becomes more pronounced
with increasing ¢ and ZAg/a.

Figure 3 shows predictions of the different methods for the
effective valence Z as a function of ¢ and ZAg/a (inset). Renormal-
ization arises from the interaction of the charged colloidal surfaces
with strongly (nonlinearly) associated counterions””'” and from
the competition between a reduction in the electrostatic energy of
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FIG. 2. Reduced renormalized screening constant, xega, vs colloid volume frac-
tion, ¢, for different renormalization methods as indicated. A salt-free suspension
(nres = 0) is considered with bare macroion valence Z = 40 and ZAg/a = 7.12
for Ag = 0.714 nm. Inset: kfa vs coupling parameter, ZAg/a, for the different
methods at ¢ = 0.01. In the inset, the SC/EPC results with edge linearization are
indistinguishable from the RJM result on the scale of the figure. The dotted gray

line represents the screening constant xa = \/3¢ZAg/a without accounting for
charge renormalization.

quasi-condensed counterions and the gain in entropy of free coun-
terions spread across the system. In the considered zero-salt case
and for spherical macroions, Z.s = Z at ¢ =0, since the gain in
entropy by dispersing the finite number of counterions over an infi-
nite (cell) volume outweighs here the electrostatic attraction energy
tending to confine the counterions near the macroion surface. With
¢ increasing above 0, the entropy per counterion decreases since
the accessible volume decreases, and the initially zero fraction of

T T T
-—.— SCedge |
—— SCmean | A
——- EPC edge
++++ EPC mean
—— RLRT 1
— — RIM -

without salt

FIG. 3. Renormalized valence, Zs/Z, in units of the bare valence, as a func-
tion of volume fraction ¢ for the indicated renormalization methods and a salt-free
suspension (nws = 0). The bare macroion valence is Z = 40 with the coupling
parameter ZAg/a = 7.12 for Ag = 0.714 nm. Inset: ZsxAg/a vs coupling para-
meter, ZAg/a, at ¢ = 0.01. In the inset, the EPC edge and SC edge curves
coincide, and likewise, the EPC and SC mean potential linearization curves.
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counterions subject to quasi-condensation (with electrostatic attrac-
tion energy >kpT) increases. This effect results in the steep initial
decline of Z. at very small ¢. With further increasing ¢, elec-
trostatic screening becomes operative roughly when the effective
Debye length 1/x.g decreases below the geometric mean macroion

distance n,,/*. The electrostatic potential difference, |©(a) — ®(R)|,
decreases then at such a rate that the fraction of quasi-condensed
counterions decreases. As a result, Zes has a minimum, roughly
here at ¢ ~ 0.01, and it increases subsequently with increasing ¢.
Notice further that Z. tends asymptotically to Z for large val-
ues of ¢. All considered renormalization methods share this qual-
itative behavior, except for the RJM, where Z.y increases only
weakly with increasing ¢. The non-monotonic behavior of Zeg(¢)
becomes less pronounced with increasing salt content, where the
minimum turns more shallow and is shifted to larger volume
fractions.

The inset of Fig. 3 shows how Z.g depends on the bare valence
Z. For low values of Z, the potential difference between a colloid
surface and the bulk region of the suspension is small enough that
Z ~ Zegs, implying no significant counterion condensation. As Z
increases, condensation sets in, leading to Zs < Z. Notice that all
renormalization methods predict Zg ~ Z and ke ~ ko = /4mApns
for ZAg/a $ 5 (cf. insets in Figs. 2 and 3). Charge renormalization
first becomes relevant for ZAg/a % 5, beyond which the predictions
for k. and Z.g progressively differ from one another as the cou-
pling strengthens. For sufficiently high Z, most methods predict that
Zg saturates to a value dependent on the invoked method. The
exception is RLRT, for which Z continues to grow gradually with
increasing Z.

All considered methods make comparable, though quantita-
tively different, predictions for Zg and «.g. The only exception is
RJM, which predicts distinctly stronger counterion condensation
with accordingly lower Zg. Comparing the CM-based methods only
shows that Zg is higher for mean than for edge linearization. The
fact that Z.g(mean) > Z.g(edge) was discussed earlier in relation
to Eq. (50). It is important to realize, however, that Zs and e
have physical significance only insofar as they affect predictions of
thermodynamic and structural properties.

We analyze next how salt concentration variation affects the
renormalized interaction parameters. Since we assume Donnan
equilibrium, results are presented as functions of the reservoir
screening constant, kres o< \/fres, Which is proportional to the
square-root of the reservoir salt concentration. Figure 4 depicts how
Zesr and kg (inset) vary with reservoir salt concentration. In the limit
of high salt concentration, all considered renormalization methods
predict that the Z.g curve flattens out and approaches a limiting
value of Zs — Z. Most methods predict Zg to grow monotonically
with increasing salt concentration. The exception is RLRT, which,
despite showing the correct limiting behavior for low and high salt
concentrations, is nonmonotonic for intermediate concentrations
and saturates at Z.s = Z above a critical value of x;es. This unusual
behavior can be attributed to the property of the RLRT, described in
Sec. I1I C, by which counterion quasi-condensation ceases abruptly
when the counterion-macroion electrostatic energy of attraction
is comparable to the thermal energy [Eq. (65)]. In concert with
Zeff, the renormalized screening constant ks (inset of Fig. 4) is
constant in the counterion-dominated regime and monotonically
grows with increasing salt concentration, tending to the reservoir

J. Chem. Phys. 159, 204904 (2023); doi: 10.1063/5.0180914
Published under an exclusive license by AIP Publishing

159, 204904-15

91:L€:} €20 J9qWIBNON 8Z


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

- —- SC/EPC edge q) =0.08
121 10§ —— SC/EPC mean -
: H o S.IJI\T E Zhgla=7.12
- A -
b L ] ]
1
8
©
N
F———— =TT -—.- SCedge |_|
0.8 —— SC mean
— —- EPC edge
| Y ++++ EPCmean| |
Pid —— RLRT
PR — — RJM
06E=——" . .1 . e ] I
1 10
K _a
res

FIG. 4. Predictions of different renormalization methods for ratio of renormalized
(effective) and bare macroion valence, Zg/Z, as function of reduced reservoir
screening constant xres@ (Kres o< \/Mres ), for ¢ = 0.08, Z = 40, ZAg/a = 7.12,
and Ag = 0.714 nm. Inset: reduced effective screening constant, kera, as a
function of xresa.

screening constant kres in the salt-dominated regime. Again, while
the various renormalization methods define the effective interac-
tion parameters differently, only the measurable thermodynamic
and structural properties are physically meaningful.

According to Eq. (16), x% from the different mean-field
approaches has two additive contributions—one associated with free
(uncondensed) counterions, (Kﬁff 2 and the other with salt ions,

(xﬁff)z, ie.,
i = (k87 + (1), (98)

From Egs. (39), (41), (54), and (69), it follows that Kiff o< \/PZese
for the CM-based methods and for RLRT and RJM, whereas stf
o< /s for RIM. Equation (98) allows to specify two regimes: a

counterion-dominated regime for s ) where xe ~ x5, and

a salt-dominated regime for k<" <« %, where . ~ . The major
differences in the predictions for Z.g and «.g between the various
renormalization methods are in the counterion-dominated regime,
where these parameters are insensitive to changes in salt con-
centration. In contrast, in the salt-dominated regime, all methods
converge to Keff — Kres and Zegr — Z. Therefore, differences between
the methods tend to emerge at low salt concentrations.

In Donnan equilibrium, the suspension salt concentration, #s,
is determined by equating the microion chemical potentials in the
reservoir and suspension. In the nonlinear CM approximations, 7
is calculated from Eq. (24). When charge renormalization is oper-
ative, the renormalized suspension salt concentration, ne, follows
from the renormalized interaction parameters and depends on the
concentration of free salt ion pairs. Explicit expressions for ncff
predicted by the various methods are given in Egs. (40) and (42)
for SC (and EPC) with mean and edge linearization, respectively, in
Eq. (69) for RLRT, and in Eq. (57) for RJM. Figure 5 illustrates how
the suspension salt concentration, ngff, varies with the reservoir salt
concentration nyes. The fact that ngff < nres reflects the salt expulsion
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FIG. 5. Predictions of different renormalization methods for effective suspension
salt concentration in units of reservoir salt concentration, n€ /nrs, as a function of
reduced reservoir concentration, nresa®, for ¢ = 0.08, Z = 40, ZAg/a = 7.12, and
Ag = 0.714 nm. Results for the nonlinear (unrenormalized) cell model, according
to Eq. (24), are included for comparison (solid red curve). Inset: Magnification of
the transition region from the counterion-dominated to the salt-dominated regime.

effect for a colloidal suspension in Donnan equilibrium. Two limit-
ing plateau regions are observed: one in the counterion-dominated
regime, where n¢" ~ 0, and the other in the salt-dominated regime,
where 7" > (1 - ¢)nres. The predictions for n<" by the different
methods tend to coincide in these limits. In the transition regime
at intermediate salt concentrations, the relative differences are at
most 20%. It is interesting to compare the various predictions for
ne with 75 obtained [from Eq. (24)] by integrating the coion density
profile into the nonlinear CM approximation (red curve). As seen,
n, is approximately equal to the RLRT prediction of n¢f.

As previously noted, salt ions are expelled from the suspension
into the reservoir at low to intermediate reservoir salt concen-
trations, leading to ngff < (1 — ¢)nres since the counterions make
here the largest contribution to the suspension chemical potentials.
According to Fig. 5, RIM predicts the weakest salt-expulsion effect,

while CM-based methods predict the strongest effect.

B. Case of effective valence exceeding bare valence

On comparing predictions by the various charge renormaliza-
tion methods in the (¢, nresa3) parameter space, one notices that
the EPC methods predict an effective valence higher than the bare
valence (Z > Z) for sufficiently high colloid concentrations and
low Z. Since quasi-condensation of counterions at higher Z always
results in Z.g < Z, this observation is not a nonlinear renormaliza-
tion effect. Instead, it is due to a reduction in the linear microion
screening of a macroion caused by other nearby macroions. In the
context of the EPC method, Boon™ attributes this effect to the
creation of a spherical hole in the one-component plasma (coun-
terions plus neutralizing background) by the hard core of a central
macroion. Since the hole acts effectively as a region of charge density
opposite to that of the counterions, the pointlike effective macroion
particle in EPC attains an increased effective charge. The effective
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coupling parameter, Z.gAg/a, increases here with increasing volume
fraction.

In Fig. 6, Zes and xegr are plotted for an exemplary, weakly
coupled system with ZAg/a = 1.52. Notice that Zg > Z in EPC for
¢ > 0.075, with no noticeable difference between edge and mean
linearization. There is a remnant of quasi-condensation of coun-
terions visible for ¢ < 0.075, where Z.g < Z. The inset displays the
expected monotonic increase of kg, with the results for edge and
mean linearizations being qualitatively similar.

The EPC method is not the only method predicting Zeg > Z
for concentrated suspensions of weakly charged colloids. Another
method is the penetrating RJM, described in its simplest version in
Sec. I11 B, where, different from the non-penetrating (expelled) RJM,
the homogeneous neutralizing jellium also penetrates the macroion
core, as quantified by the boundary conditions in Eq. (62).

As noted earlier in Sec. III B, the RJM is based on the jellium
approximation (JA), widely used in solid state physics and originally
applied to charge-stabilized colloidal suspensions by Beresford-
Smith ef al*” The JA approximates the macroion radial distribution
function by g () =1 for all r > 0. By combining this approxima-
tion with the linear MSA closure for the microion-microion direct
correlation functions of pointlike microions plus the MSA closure
for the macroion-microion direct correlation functions at r > a, the
effective macroion pair potential for weak macroion coupling and
high dilution is obtained in the linear penetrating JA as®

R o e 2 K
uerr(7) = AsZ°(1 + - 99
Bues(r) = AsZ"( ¢)(1+m) . (99)
with k* = 47Ap(n+ + n_) in the case of monovalent microions. Con-
trasting this pair potential with the one in Eq. (15), one notices
that they are identical apart from the factor (1 + ¢)?, which is
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FIG. 6. Effective macroion valence in units of the bare valence, Z/Z, as a function
of volume fraction ¢ for the indicated methods. Note that EPC and penetrating RIM
allow for Z > Z at sufficiently large ¢ and low coupling. Inset: Reduced effective
screening constant «ef/xres Vs ¢ for the different methods. The solid black part of
the PM-MSA curve is for gysa (o™ > 0), as physically demanded, while the red
part violates this condition. Other system parameters are Z = 80, ZAg/a = 1.52,
Ag = 0.714 nm, and «resa = 1.327.
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due to the macroion core penetration by the jellium. By combin-
ing the (penetrating) JA with the nonlinear HNC closure for the
macroion-microion direct correlation functions, nonlinear effects
can be included, leading to a description equivalent to the nonlinear
PB equation in Eq. (51), with associated boundary conditions for the
penetrating jellium in Eq. (62). Therefore, one can apply a charge
renormalization procedure similar to the one for the nonpenetrat-
ing case, resulting in renormalized valence and screening parameters
used as inputs to Eq. (99) in order to incorporate nonlinear screen-
ing effects. The effective pair potential derived within the nonlinear
penetrating JA approximation has proven to accurately describe the
pair structure of highly coupled suspensions for ZAg/a ~ 13 up to
macroion concentrations of ¢ = 0.13.%

Another model predicting Zg > Z at high concentration and
small ZAg/a is the PM-MSA scheme, which gives rise to the effective
pair potential,"**’

Buese(r) = ABZZXI%/ISAM, r>2a, (100)
r
with prefactor*’
Xwmsa = cosh (xa) + U [ka cosh (xa) — sinh (xa)], (101)

and screening constant x = \/47Ag(Znm + 2ns) for monovalent

counterions and added 1:1 electrolyte of pair concentration #s.
Notice that x here does not include the excluded-volume factor
1/(1-¢).

The PM-MSA effective pair potential in Eq. (100) is of
the DLVO-type with effective macroion valence Zeg = XmsaZ.
The parameter U is determined by U = ¢/(xa)® - y/(ka), where
c=3¢/(1-¢) and yp=(c+Twmsaa)/(1+c+Tmsaa). The MSA
screening parameter I'visa is the unique positive solution of the
biquadratic equation

(q0)° (102)

Tmsaa)® = Ka2+7,
( MSA ) ( ) (1+C+FMSA€£)2

fulfilling T'ysa > «, where (qoa)2 = 3/\13(/522 /a. In the infinite dilu-
tion limit (nm — 0), one obtains Xmsa — /(1 + ka), recover-
ing hereby the standard DLVO potential. Within the considered
Donnan equilibrium, #; is given in PM-MSA by

1/2
s NmZ 5 ( ez )2
T 1- L — Rres /\ ,

Nres 2Mres + [( ¢) exp [( MSA — K, ) B] + e
(103)

which needs to be solved in conjunction with Eq. (102) for I'yisa. The
above-mentioned expression for ns reduces, in the limit a — 0, to the
standard Debye-Hiickel limiting law result for the salt concentration
in Donnan equilibrium. In the infinite dilution limit of macroions
(nm — 0), Xmsa tends to the geometric factor exp (xa)/(1 + ka) of
spheres.
Furthermore, in the high-temperature limit, where xa <« 1, it
follows that
MSA 1+ xa VA

M~ 7 — TR
eff exp(m) MSA 1_¢

Notice that ngfSA differs from the linear effective valence Z.g

= Z(1 + ¢) appearing in the penetrating JA pair potential of Eq. (99)

~(1+¢) Z+ O(ka). (104)
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only by small corrections of quadratic order in g} and linear order in
«. An explicit calculation indeed shows that Z¥ > Z,

Figure 6 depicts Zeg and k., predicted by the EPC meth-
ods and by the penetrating and non-penetrating (expelled) RJM,
for weakly coupled macroion suspensions with ZAg/a = 1.52 and
system parameters where the EPC-based g(r) calculated using RY is
of higher accuracy than that based on the SC methods.*® The curves
Of Kefr/Kres, depicted in the inset, show the expected monotonic
increase with increasing ¢ for all cases. However, it is only in EPC
and penetrating RJM that Z > Z for ¢ 2 0.1. The non-penetrating
(expelled) RJM predicts Zg < Z for all concentrations.

The solid black part of the PM-MSA curve in Fig. 6 represents
ZM5A and « obtained in linear PM-MSA for ¢ > 0.3, where the MSA
contact value g(o™) is non-negative. As noted, Z* is larger than Z
and approximately equal to Z, as predicted by the penetrating RTM
in its simplest version described in Sec. I1I B. According to Ref. 42,
ZMA > 7, or equivalently, Xysa > €/(1 + xa), can be attributed
to a decreased screening ability of the microions around a given
macroion owing to a steric constriction by neighboring macroions,
leading to stronger effective macroion-macroion repulsion. Such
reduced screening occurs when neighboring electric double layers
overlap.

To examine how electric double layer overlap relates to the
EPC prediction of Z.s>Z, in Fig. 7(a), we compare the EPC
effective electrostatic screening length, Aef = Ke};, with the (reduced)
mean surface-to-surface distance of neighboring macroions,

&= nfnl/ 3 /a - 2. This comparison reveals the volume fraction ¢ at
which the overlap of double layers sets in. As seen in Fig. 7(c),
Ztt becomes larger than Z at about the same concentration where
neighboring double layers begin to overlap, suggesting that Z.g > Z
is not a single-macroion effect. This linear screening effect should
play a role in concentrated solutions of weakly charged proteins.
At sufficiently large ¢ and strong electrostatic coupling, however,
Zef < Z due to significant counterion quasi-condensation (charge
renormalization). Remnant charge renormalization is predicted
by all considered schemes (except MSA) and is noticeable in
Fig. 7(c) for ¢ < 0.05 when the electric double layers are practically
non-overlapping. The linear MSA does not account for counterion
quasi-condensation. Actually, the red part of the MSA curve in
Fig. 6 is in the regime ¢ < 0.3, where the MSA predicts unphysical
negative values of the macroion radial distribution function g, ()
at contact distance r = ¢ = 2a.

The prediction Z.s>Z by the EPC and penetrating RJM
mean-field methods for concentrated macroion dispersions, where
nonlinear microion response (counterion quasi-condensation) is
absent or weak, should be compared with the so-called macroion
charge amplification effect described by Gonzélez-Mozuelos,
Guerrero-Garcia et al.””"" The latter effect, predicted on the basis
of elaborate molecular dynamics and dressed ion theory calcula-
tions, where microion correlations are included, is found for dilute
dispersions of charged nano-sized particles at larger concentrations
of the suspending 1:1 electrolyte solution and for a small
macroion-counterion size ratio of 5:1. This effect likely originates
from microion correlations, in particular, from the non-negligible
size of the counterions and (to a lesser extent) coions close to
the macroion surface attenuating the electrostic shielding of the
macroion charge.”” Microion correlation effects are outside the
scope of the discussed PB mean-field methods, and a > Ag is
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FIG. 7. (a) Sketch of two spherical macroions (blue), labeled with relevant para-
meters. (b) Reduced effective screening length, Aer/a, with the red curve depicting
the reduced mean distance, ¢ = n;” 8 /a — 2, between two macroion surfaces. (c)
Reduced effective valence, Zg/Z, plotted vs ¢ as predicted by the EPC edge
method with system parameters from Fig. 6. Note Zei > Z for sufficiently large ¢.

implicitly assumed for their validity. In the PM-MSA method,
microion correlations are accounted for to reasonable accuracy only
for concentrated dispersions of weakly charged macroions, where
nonlinear microion response is negligible. The microions in PM-
MSA are taken here as pointlike for simplicity, allowing for an ana-
Iytic expression for the effective macroion pair potential in Eq. (100)
of single-Yukawa form. While microion nonzero size effects are
excluded hereby, remaining electrostatic correlations between the
pointlike microions contribute in PM-MSA to an effective macroion
valence larger than the bare one.

C. Pair structure

Having discussed the renormalized interaction parameters,
kef and Zg, predicted by the considered renormalization methods,
we next compute structural suspension properties within the
OCM governed by the effective pair potential, u.s(r). Explicitly,
we compute the macroion-macroion radial distribution function,
g(r), and static structure factor, S(q), using the thermodynamically
self-consistent Rogers-Young (RY) integral-equation scheme,
which provides accurate results for dispersions with Yukawa-type
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repulsive interactions.””"** We first consider salt-free systems, for
which differences in the renormalized parameters are largest (cf.
Fig. 4) and for which Monte Carlo (MC) simulation data based on
the PM are available from Linse.’”

Figure 8 compares OCM-based theoretical predictions for g(r)
with PM-MC simulation data from Linse* for ¢ = 0.01 for the two
highest considered coupling parameters, ZAg/a, where the renor-
malization methods show the greatest differences. Qualitatively, all
considered methods provide good results for g(r) in the explored
parameter range. With increasing ZAg/a, there is a gradual decrease
in the principal peak height, g(7m), and an increase in the peak
position, 7y, as seen in the simulations. The analyzed renormal-
ization methods reproduce this behavior but slightly overestimate
g(rm), increasingly so with increasing coupling, with the exception
of RJM. In the simulation study,’” it is shown that stronger coupling
promotes macroion aggregation.

Figure 9(a) shows the principal peak height, g(rm), as a
function of ZAg/a, as predicted by the various renormalization
methods. Renormalization becomes relevant for ZAg/a 25 (see
insets of Figs. 2 and 3). At weak coupling below the onset of
renormalization, all methods accurately reproduce the initial
increase of g(rm) visible in the PM-MC simulation data. This
agreement simply reflects the accuracy of the RY method for sus-
pensions with repulsive Yukawa-type interactions. The dotted curve

g(r)

PM-MC sim.
<<<<< SC edge b
—— SC mean J
—— RLRT
— — RJM 1

FIG. 8. Macroion-macroion radial distribution function, g(r), of a salt-free sus-
pension (nres = 0) at volume fraction ¢ = 0.01, for different coupling parameters,
Z)g/a. The curves are computed using the RY method with renormalized inter-
action parameters, Zes and ke, from the considered renormalization methods
inserted into the OCM ug(r). Results from the EPC edge and mean methods
are omitted since these are close to the SC edge and mean results, respectively.
Green and yellow open symbols are PM-MC simulation data®” for ZAg/a = 7.12
and 14.23, respectively. The latter are vertically upshifted by 0.5 for better visibility.
Other system parameters are Z = 40 and Ag = 0.714 nm.
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FIG. 9. (a) Principal peak height, g(rm), of the macroion-macroion radial distri-
bution function, and (b) reduced effective pair potential at contact, fu (a*), vs
bare coupling, ZAg/a. The indicated charge renormalization schemes describe a
salt-free suspension (s = 0) of bare macroion valence Z = 40 at ¢ = 0.01 and
for A\g = 0.714 nm. The SC edge and SC mean results are very close to the EPC
edge and EPC mean results, respectively (the latter, therefore, is not shown). The
dotted gray line in panel (a) is a prediction without charge renormalization. Curves
in panel (a) are OCM-RY results, while symbols are PM-MC data.>?

in Fig. 9(a) illustrates that g(rm) is significantly overestimated
at stronger coupling if charge renormalization is neglected. It is
obtained by using the non-renormalized pair potential in Eq. (15)
in the RY calculation of g(r), for x determined by Eq. (16),
but without invoking the 1/(1 — ¢) free volume correction factor.
Provided renormalization is incorporated, the nonmonotonic
behavior of the MC data for g(rm) in panel (a) is qualitatively
captured by all renormalization methods. Consistent with its com-
paratively strong renormalization of Z.g (cf. Fig. 3), the RJM strongly
underestimates g(rm). In contrast, RLRT is more accurate, over-
estimating g(rm) only for the highest considered coupling. The
CM-based methods for mean and edge linearization reproduce the
PM-MC g(rm) most accurately at moderate coupling, with mean
linearization giving slightly better results than edge linearization.
Except for RJM, all methods overestimate g(rm) at the highest
coupling. The EPC and SC results for peak height are hardly distin-
guishable from each other when either edge or mean linearization is
used.

For salt-free suspensions, g(m) has a dependence on the cou-
pling parameter similar to that of the contact value, ueg(o™), of
the effective pair potential. This similarity is evident from Fig. 9(b),
where Bu (o) is plotted as a function of ZAs/a. The curves for the
contact value of the effective pair potential predicted by the different
renormalization methods qualitatively reflect the curves for g(rm)
in panel (a), with peaks located at the same respective coupling
parameter values. Notice that Buc(0™) oc Zx(1 + kefra) ™, with the
geometric factor (1 + Kegtd) "> arising from the impermeability of the
macroion cores.

Figure 10 displays the concentration dependence of g(r) and
g(rm) for salt-free suspensions with ZAg/a = 7.12, for which g(rm)
in Fig. 9 is most structured. In Fig. 10(a), predictions made by
different renormalization methods are compared with PM-MC sim-
ulation data for ¢ = 0.04 and 0.08. With increasing ¢, the suspension
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FIG. 10. (a) Macroion—-macroion radial distribution function, g(r), for ¢ = 0.04 and
0.08. (b) Principal peak height, g(rm), vs ¢ for salt-free suspensions (nes = 0)
with ZAg /a = 7.12. The curves in panel (a) are obtained using the RY method with
renormalized interaction parameters from the indicated renormalization methods.
Open circles are PM-MC simulation data.>? In panels (a) and (b), the SC edge
and mean results for g(rm) are very close to those for the EPC edge and mean,
respectively (the latter is, therefore, not shown). The dotted gray line in panel (b)
is the result without charge renormalization. Other system parameters are Z = 40
and Ag = 0.714 nm.

becomes more structured, reflected in a sharpening of the principal
peak of g(r), whose position rn shifts to smaller inter-particle dis-
tances. Moreover, the secondary peak becomes more pronounced,
reflecting the buildup of the second-neighbor shell. The posi-
tion of the principal peak is approximately equal to the macroion
next-neighbor distance, rm ~ np/? = [3¢/(47a®)]"'/3, typical of
suspensions whose structure is determined by long-range repulsive
interactions,”” for which g(¢*) =0. In Fig. 10(b), predictions of
g(rm) by the different methods are plotted as functions of ¢. As
seen, g(rm) is underestimated by RJM and, to a lesser degree, also
by RLRT, while the CM-based methods give quite accurate results in
the full concentration range. Unlike the coupling variation depicted
in Fig. 9, the performance of the renormalization methods is
relatively insensitive to variations in colloid concentration. The red
and yellow open circles in Fig. 10(b) relate to the according g(r)
depicted in Fig. 10(a).

The static structure factor, S(g), characterizes pair correlations
in Fourier space. Its principal peak value, S(g,,), at wavenumber
4, ® 27/rm, allows to roughly identify the freezing transition of
suspensions of spherical particles with Yukawa-type repulsion, while
§(0) provides the osmotic compressibility factor of a monodisperse
suspension. We investigate next the effect of added salt on S(q,,,)
as predicted by the considered renormalization methods, focus-
ing on the largest concentration, ¢ = 0.08, to highlight structural
differences. Figure 11 shows the RY-generated principal peak height,
8(q,,) as a function of the reduced reservoir screening constant,

Kresd = \/ 87Apa° nres, for salt concentrations (reservoir screening
parameter values) spanning the range from the counterion- to the
salt-dominated regimes. Two plateaus are visible at low and high
salt concentrations, reflecting the counterion- and salt-dominated
regimes, respectively. The largest differences in the S(q,,) predic-
tions occur in the counterion-dominated regime, consistent with
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FIG. 11. Static structure factor peak height, S(q,,), vs reduced reservoir screening
constant, xresa (;cfes ~ Iyes ), for different renormalization methods as indicated,
with ¢ = 0.08 and ZAg/a =7.12. The horizontal dotted line is S(q,,) of a
hard-sphere fluid from Eq. (105). Other system parameters are Z =40 and
Ag = 0.714 nm.

the observation regarding the renormalized parameters in Fig. 4.
RJM predicts the smallest S(g,,) value at low salt content, consis-
tent with its overestimate of the renormalized charge (cf. Fig. 4),
followed by RLRT and CM-based methods. Regarding the SC and
EPC methods, S(g,,) obtained for mean linearization is smaller
than for edge linearization, and this difference is more pronounced
for S(q,,) than for g(rm). These distinguishing features are of key
relevance in estimating freezing transition concentrations based on
the Hansen-Verlet rule. This empirical rule states that S(q,,) ~ 3.1
at freezing of a charge-stabilized system with g(o%) ~ 0, as it
applies to salt-free systems. According to Figs. 9 and 10, Z.s and
kee obtained from SC with mean potential linearization give the
most accurate prediction of the freezing concentration based on the
Hansen-Verlet rule.

In the transition region between counterion- and salt-
dominated regimes, S(q,,,) decreases with increasing ., reflecting a
loss in structure. The different renormalization methods predict the
same S(g,,) in the salt-dominated regime, where S(q,,) approaches
the hard-sphere value, $"°(q,.), for the considered ¢. The horizon-
tal, dotted line in Fig. 11 indicates the hard-sphere fluid peak value
§™(q,,) ~ 1.06, obtained from the expression

S (gm) =1+ 0.644¢>1_7¢’/2 (105)

(1-¢)*

provided by Banchio et al.,> which quantitatively reproduces the
simulation data and Verlet-Weis corrected PY structure factor peak
height values for the hard-sphere fluid.

D. Osmotic pressure and compressibility

Having assessed the implications of different charge renormal-
ization methods for the structural properties, g(r) and S(gq), we
address next their effect on various contributions to the pressure p
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and osmotic compressibility y .. of a suspension. We first consider
the salt-free case.

In the CM, p can be computed by solving the nonlinear PB
equation and using the contact theorem [Eq. (82)]. The results are in
reasonable agreement with PM-MC simulations for salt-free suspen-
sions.”” In the RJM, we compute p from Eq. (84), and in the RLRT
from the generalized virial equation [Eq. (94)], with p_ | determined
according to Eq. (90). Details of the RLRT pressure calculation are
given in the Appendix). The latter method yields essentially the same
results for the pressure as the variational method in Refs. 31 and 44.
In the SDHA-EPC method, we compute p using Eq. (94), with p_;
according to Eq. (93) in the salt-free case, by holding the effective
pair potential and the potential linearization point fixed in taking
the macroion density derivative according to Ref. 33. We stress that
if p is determined in this way using the SDHA with EPC macroion
charge renormalization, the correct ideal-gas limit fp = nm (1 + Z)
is recovered to first order in ny.”” This procedure is equivalent to
computing the pressure of a suspension of pointlike macroions with
a fixed effective charge, Q. [Eq. (29)], on neglecting the macroion
density-dependence of kg in teg (7).

In Fig. 12(a), we compare predictions for p vs ¢ by the
renormalization methods with one another and with PM-MC
simulation data’ over a range of coupling parameter values ZAg/a.
We normalize p by p,, to reveal deviations from p,; due to pair inter-
actions. Notice that p < p,;, except for sufficiently weak couplings
and high volume fractions where charge renormalization ceases
and excluded-volume interactions play a role. At fixed ZAg/a, the
reduced pressure has a weakly nonmonotonic ¢-dependence with
a shallow minimum, while at fixed ¢, p decreases with increasing
ZAg/a. Analysis of the PM-MC data for p attributes devia-
tions from p,; and its decrease with increasing coupling to the
strong accumulation of counterions near the macroion surfaces.*”
This accumulation reduces the number of free counterions that
contribute to the pressure. As seen, p/p,; displays a minimum at
¢ ~ 0.03, where the decrease in reduced pressure due to strength-
ening electrostatic interactions with increasing ¢ is balanced by an
increase in the excluded-volume pressure contribution.”

All considered effective one-component methods in Fig. 12
agree closely with the PM-MC data for p/p,;, except for the RJM
pressure, p,, at larger ¢. In addition, shown in Fig. 12 [panel (b)],
is the effective valence, Z, divided by Z to reveal the influence of
charge renormalization. The similarity in shape between the reduced
pressure and effective valence curves shows that, without salt,
P/Piq ® Zess/ Z is valid for relatively low values of ¢, as suggested by
Eq. (84). In particular, the minima of p/p,; and Z.g/Z are located at
roughly the same volume fraction.

We recall that the considered charge renormalization methods
are all based on linear screening and mean-field approximations.
The overall good agreement between the OCM-based pressure pre-
dictions and the PM-MC simulation data suggests that effective
many-body interactions and microion correlations have negligi-
ble impact on the thermodynamic properties of the considered
suspensions with monovalent microions. A more detailed compar-
ison of the different methods reveals that the PB contact theorem
and RLRT accurately predict the pressure, yielding nearly identical
curves on the scale of Fig. 12(a). SDHA with EPC methods (edge
and mean linearization) tends to overestimate p, particularly at large
¢ and for strong coupling. Since SDHA-EPC determines p using
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FIG. 12. (a) Reduced pressure, p/pqy, With py=nmksT(1+2Z) and (b)
reduced renormalized valence, Z/Z, as functions of volume fraction ¢
for salt-free suspensions (nes =0) and coupling strengths ZAg/a = 0.89,
3.56,7.12,14.23,28.46 (top to bottom), distinguished by different colors. The
curves correspond to different charge renormalization methods, while the symbols
are PM-MC simulation data.>? In panel (a), for ZAg/a = 0.89 and 3.56, the EPC
edge and mean curves practically overlap. The nonlinear CT and RLRT pressure
curves are also practically indistinguishable and, therefore, are represented by a
single curve. Other system parameters are Z = 40 and Ag = 0.714 nm.

the generalized virial equation [Eq. (94)], which overestimates the
pair structure for strong coupling [cf. Fig. 9(a)], it is not surprising
that the predicted p is less accurate. On contrasting the differ-
ent linearizations within SDHA-EPC, one notices that p is larger
in mean than in edge linearization. This difference is understood

from the effective valence predictions in Fig. 12(b), showing that

M > Z:?fge, indicating that counterion condensation is less
pronounced for mean linearization. The strong effective coupling
predicted in mean linearization implies that p™" > p°%° Even
though the RJM performs rather poorly in predicting structure, it
accurately predicts the pressure for strong coupling and underes-

timates p only mildly for weak coupling and high concentrations.

mean
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According to Eq. (84), this behavior is consistent with the RJM
prediction of strong counterion condensation.

It is interesting to analyze the different pressure contributions
in the generalized one-component virial equation [Eq. (94)] for the
total suspension pressure. For the RLRT, in particular, we focus
on the contribution p,,, defined in Eq. (20), resulting from the
macroion density dependence of u.g. Recall that this term is absent
from the calculation of p when using the SDHA method. For this
reason, we decompose the suspension pressure according to

P = DPvol + Pvir + Pden> (106)

where p_, is the contribution associated with the volume energy
with renormalization included [Eq. (90)] and p,, is the virial con-
tribution for an effective one-component model system with the
state-dependence of ue(r) disregarded, as defined in Eq. (19).
Figure 13(a) shows the RLRT-calculated pressure contributions for
the most structured suspension treated in the PM-MC simulations.
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FIG. 13. (a) Reduced pressure, p/p,, and its additive contributions as functions of
¢, with ZAg /a = 7.12 for salt-free suspensions. (b) Reduced suspension pressure
and pressure difference, p — pyen, VS ¢ for coupling strengths ZAg /a = 0.89,7.12,
and 28.46 (top to bottom), distinguished by different colors. In both (a) and (b),
the generalized virial theorem in Eq. (94) is used in combination with the RLRT
renormalization method. Symbols are PM-MC simulation data.?? Other system
parameters are as in Fig. 12.
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We observe that p_ | is the dominant contribution in the considered
concentration range for the salt-free suspension. Note further that
Pgen is negative and practically compensates for the positive con-
tribution p . for most ¢ values. At large ¢, the macroion-induced
pressure contribution, p_ = p; + P4.,» becomes positive and non-
negligible. In fact, for ¢ > 0.1, p, contributes up to 20% of the total
pressure.

Figure 13(b) quantifies the contribution of p,_ to p for different
indicated couplings. The RLRT method predicts a non-negligible
(negative) contribution of p,, with a larger relative contribution
for weaker coupling. Neglecting p,,,, would result in an unphysically
large contribution of the macroion-induced pressure p at low ¢.

The influence of adding salt on the pressure and its constituent
contributions is analyzed in Fig. 14. For low salt concentrations in
the counterion-dominated regime (kresa S 1), p stays constant and is
practically equal to the pressure of a salt-free system. With increasing
reservoir salt concentration, p grows monotonically, approaching
the reservoir pressure Pres = 2kp Tnres in the salt-dominated regime,
where the Donnan effect is absent and Z.g ~ Z holds with &g ® Kyes.
As noted earlier in the salt-free case, Pyl 18 the main contributor to
P> approaching p . in the high-salinity limit. Although p,_, is domi-
nant throughout the counterion-dominated regime, p_, = p.. + Pyen
gives a non-negligible positive contribution to p, visible even on the
depicted logarithmic scale. As seen in Fig. 14, the negatively valued
Pgen, tends to compensate p,, for kresa S 1. Similarly to pand p, , p.;.
and p,,, are constant in the low-salt region. With further increasing
reservoir salinity, p ;. tends to the hard-sphere pressure value (red
dashed horizontal line segment), while p,_ tends to zero.

Another thermodynamic quantity of interest is the osmotic
compressibility, Xosm: AS discussed at the end of Sec. IV, for a
semi-open system in osmotic equilibrium with a salt reservoir,
the (exact) reduced osmotic compressibility, Yosm/x'm» is equal
to the (exact) macroion-macroion static structure factor in the
long-wavelength limit, Smm(g — 0). Provided no approximations
were involved in contracting out the microions and subsequently

100 —————rq ———
F[—»p
r —= Py
F - Pocm
c— |Pyenl
- 105 """" Pres E
= :
o
S
/m
< ..
§ ~e =
- \. M -
o N
L RN
[ o e
L S
N m==—
0.1 \.\ 4
E | R
1 10
K _ a
res

FIG. 14. Reduced suspension pressure, 471ga?3p, and its additive constituents vs
Kres@ (% ~ Mres ) fOr ¢ = 0.2. The pressure is calculated using the RLRT method.
The red dashed horizontal line segment represents the pressure of a hard-sphere
system, computed using the Carnahan-Starling equation of state at the same ¢.
Other system parameters: ZAg /a = 7.12, Z = 40, Ag = 0.714 nm.
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FIG. 15. (a) RY-calculated OCM zero-wavenumber limiting static structure factor
S(0) vs volume fraction ¢, viewed as an approximation for the reduced osmotic
compressibility, yosm/x'%,, and deduced from the EPC-mean renormalization
method for different coupling parameters, ZAg/a = 0.89, 1.78, 3.56,7.12, 14.23,
and 28.46 (bottom to top), distinguished by different colors. (b) S(0) vs ¢ from
different renormalization methods, as indicated, and ZAg/a = 7.12. Open circles
are PM-MC data for yosm/x'%,,, Obtained from a numerical derivative of the PM-MC
pressure data in Fig. 12. Other system parameters are as in Fig. 12.

calculating the OCM S(gq), this structure factor would be identical
to Smm(q). Hence, the accuracy of the considered renormalization
methods in predicting thermodynamic properties is linked to their
respective accuracy in describing the pair structure. In Fig. 15(a),
the RY-calculated S(0) obtained using ueg(r) with EPC-mean input
for Zg and «.f is plotted vs ¢ for different coupling parameters.
At fixed coupling, S(0) has a non-monotonic ¢-dependence with
a maximum at ¢ ~ 0.01 for all considered cases. The position of
this maximum coincides approximately with the volume concentra-
tion ¢ at which Z.g has its minimum [cf. Fig. 12(b)]. For fixed ¢,
§(0) increases with increasing coupling, i.e., the suspension becomes
more compressible as Z.g decreases.

Figure 15(b) depicts the RY-calculated S(0) vs ¢ for
different renormalization methods with a fixed ZAg/a =7.12.
Evidently, S(0) is larger for the methods predicting stronger charge
renormalization, i.e., smaller Z., except for the CM-based meth-
ods, for which this tendency is reversed using both edge and mean
linearizations. The simulation data for p from Fig. 12°” allow us
to compute the compressibility factor from numerical differenti-
ation according to Eq. (95). While the non-monotonic shape of
the PM-MC data for yosm/yiom is qualitatively reproduced by the
different methods, including the location of the maximum, there
are significant quantitative differences. The figure shows that the
methods using linearization around the mean potential give more
accurate results for the osmotic compressibility factor than those
using edge linearization.

VI. CONCLUSIONS

Suspensions of highly charged colloidal particles in which
nonlinear electrostatic screening is prevalent can be modeled
using charge renormalization theories based on linear screening
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and mean-field approximations that predict effective interaction
parameters. In this work, we analyzed several commonly used
renormalization methods and identified conceptual differences
between them. Furthermore, we numerically evaluated the con-
sidered methods and assessed their pros and cons by comparing
the theoretical predictions for structural and thermodynamic
properties of salt-free suspensions in the cell model and multi-center
one-component models with corresponding data from MC simu-
lations of suspensions in the primitive model.”* For simplicity, we
have restricted our analysis to spherical hard colloids dispersed in
solvents containing only monovalent microions, whose correlations
are neglected. Our results and conclusions can help guide the
selection of methods for modeling charge-stabilized suspensions of
impermeable colloids and for interpreting experiments based on,
e.g., light, x ray, and neutron scattering.

The charge renormalization methods examined here differ
from one another in how the Poisson-Boltzmann equation is
linearized and whether they are based on the cell model or the
one-component model. Methods invoking edge linearization
include those based on cell models that linearize the electrostatic
potential around its value at the cell edge and the RJM, which
linearizes around the asymptotic value of the potential. Methods
invoking mean linearization include those based on cell models that
linearize the potential around its value averaged over the cell volume
and the OCM-based RLRT, which linearizes around the poten-
tial averaged over the suspension volume. Regarding the resulting
effective interaction parameters predicted by edge and mean
linearization, we observe clear differences in the renormalized
screening parameters, with xg(mean) > xeg(edge), but no clear
differences for the renormalized valence Z.4.

In analyzing the effect of added salt on the effective interaction
parameters, the largest differences between the renormalization
methods are observed at low salt concentrations in the counterion-
dominated regime. While in the explored parameter space, most
of the methods predict similar effective interaction parameters,
the RJM predicts notably lower values of Z.s and e than the
other methods. Consequently, the RJM predicts a distinctly stronger
counterion quasi-condensation on the colloid surfaces.

Interestingly, the EPC and penetrating RJM methods predict an
effective valence, Z.f;, larger than the bare one at comparatively low
coupling strengths and high macroion concentrations. According
to the PM-MSA, this unusual effect can be attributed to a reduced
electrostatic screening caused by the geometric exclusion of the
microion clouds by nearby colloids. The possibility that Z can
exceed Z in EPC” renders this method the most accurate in
predicting the peak value of the radial distribution function, g(rm),
as we noticed from the comparison with PM-MC simulation data.

From comparing the macroion g(r) and S(q) calculated
using the RY scheme with the PM-MC simulation data, one
observes considerably improved agreement at high coupling values,
5 < ZAg/a < 30, if charge renormalization is incorporated. Most of
the considered renormalization methods predict radial distribution
functions with principal peak heights, g(7m), that deviate from the
MC data by less than 5% for ZAg/a < 15 and less than 10% for
ZAg/a < 30. While yielding significantly stronger counterion con-
densation, the RJM predicts peak heights with an error of less than
10% at high coupling values ZAg/a > 5. Consistent with predictions
for the renormalized interaction parameters, significant differences
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in S(q) are observed in the counterion-dominated regime. All renor-
malization methods yield the correct hard-sphere limit at high salt
concentrations.

To assess the performance of the renormalization methods in
predicting thermodynamic properties, we analyzed the suspension
pressure in the OCM, p, along with its constituent contributions and
the osmotic compressibility, y_ . Our analysis shows that nonlinear
electrostatic effects become relevant for coupling values ZAg/a > 5,
in accordance with the findings for the structural properties. We
further analyzed the contribution to p from the density derivative
of the pair potential, p,,, which appears in the RLRT method for
computing p using the generalized virial equation [Eq. (94)]. We also
analyzed the volume pressure contribution, p, , and the macroion
virial pressure contribution, Pyirs which must be included in both the
RLRT and the SDHA methods.

In calculating the suspension pressure in the OCM, one con-
sistently needs to account for the dependence of the effective pair
potential, ueg(7; 7m ), on macroion density ny,. We emphasized the
importance of separating the macroion density dependence emerg-
ing from charge renormalization from the thermodynamic density
dependence. In this context, we showed that p,.  contributes essen-
tially to p in the RLRT method but needs to be excluded from
the SDHA-based pressure calculation in order to obtain the correct
ideal-gas suspension pressure at high macroion dilution.

While predictions of structural properties by the various renor-
malization methods deviate significantly from the PM-MC data for
coupling strengths ZAg/a 2 15, the corresponding pressure predic-
tions remain in close agreement with simulation data (within 5%)
even up to ZAg/a ~ 30. The higher accuracy for thermodynamic
properties is explained by the observation that for the considered
zero-salt systems in the PM-MC simulations, where ¢ < 0.1, the
counterion-related pressure contributions, associated with the
volume energy-derived p_ in the RLRT and SDHA methods, and
Pjn and poy in the RJM and CM methods, respectively, give the
dominant contribution to p and are overall well approximated by
the considered renormalization methods.

Regarding the overall performance of the various methods, the
following comments are in order. The CM-SC method with edge
linearization has been widely used for impermeable colloids due
to its simple implementation. However, mean linearization is not
only conceptually preferable’ but also improves the predictions for
g(r) and S(g). Implementing this alternative linearization requires
merely an extra integration step to compute the mean potential in
the numerical solution of the nonlinear PB equation.

The SDHA combined with the EPC method provides the most
accurate structural description at low coupling and high concentra-
tions, where it predicts Zg > Z. This method is as easy to implement
as the pure CM, but its validity extends to high concentrations and
salinities by using, e.g., the virial theorem for the pressure calcu-
lation. In this parameter range, macroion-macroion correlations
are relevant, and predictions for the pressure based on the contact
theorem become accordingly poor.

The originators of the RJM argue'* that the renormalized
valence predicted by this method is more appropriate than that
from CM-based methods since a DLVO-type u.g(r) arises naturally
within the JA by integrating the electrostatic stress tensor over the
colloid surfaces.”** However, we showed that the RJM significantly
underestimates the pair structure in comparison with the PM-MC
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simulation data for g(r). Notwithstanding this property, RJM
accurately predicts the suspension pressure over a wide range of
colloid concentrations.

The RLRT is shown in our analysis to be quite accurate in
predicting both structural and thermodynamic properties. The ther-
modynamic basis of its counterion association mechanism offers a
clear conceptual framework for the phenomenology behind charge
renormalization. While its implementation requires some effort, the
RLRT has the advantage of predicting the suspension free energy,
including the contribution from macroion-macroion interactions.

In summary, we have provided a detailed analysis and
assessment of widely used charge renormalization methods for
charge-stabilized colloidal suspensions. With this work, we have
aimed to guide the selection of appropriate methods, document their
benefits and limitations, and outline their practical implementation
under conditions where nonlinear screening effects are important.
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APPENDIX: SUSPENSION PRESSURE FROM RLRT
METHOD

We explain in more detail here how the suspension pres-
sure, p=p 1 +p,., with p_=p.. +p,. ., is calculated in the OCM
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using the RLRT method’"**"
effective pair potential,

> based on Eq. (18) with renormalized

00, 0<r<o,
Buett(r) = 2 (exp (xefra) )2 exp (—Kefr) r> (AD

/\Bzeff -

1+ Kera
The effective interaction parameters, ke and Zeg, are calculated
as described in Sec. I1T C. The volume pressure contribution, p, |,
derived from the volume energy, is due to the free microions
outside of an association shell of thickness §. On accounting for
charge renormalization, p_, is given by

Zeg(fy — 1) KestAB

4[1 +Keff(a+6):|2 (AZ)

/3on1 = ;1+ + - —

where i = N./[V(1 - ¢efr)] and N are mean number densities
and numbers of free microions, ¢ = ¢(1+8/a)’ is an effective
macroion volume fraction that accounts for the volume of the

association shell, and keg = \/47mAg (714 + 71-).

The remaining two terms in Eq. (18) add up to the macroion
pressure contribution [Eq. (94)],

Pm = Pvir t Pden- (A3)

The first term is the virial contribution for an OCM system with the
density dependence of pair interactions disregarded,

Dvir = NmkpT — z—ﬂnfn/ drrg(r) =22 8u5ff(r)

= Z—ann/+ dr g(r)ueff(r)(zceffr+ 1)
+ dnmkpTog(a™h), (A4)

where, in the second equality, we have singled out the contribution
from the macroion hard cores involving the contact value of g(r).
The second term on the right side of Eq. (A3), involving the
macroion density derivative of u.g, is calculated by accounting
only for variations of u.s with np, that are thermodynamically
relevant, disregarding the nm-dependencies of kg and Zg due to
charge renormalization. Furthermore, in taking the derivative with
respect to 1y, electroneutrality must be maintained. For simplicity,
in the canonical ensemble, in which Z.4Nm = N4 — N_, one obtains
OZe/O¢p = 0. Therefore, the effective pair potential in RLRT
depends on concentration only via the effective screening parameter.
Assuming ¢ to be independent of #y, it follows that

aueff

Pden = 27'mm‘/+ drr* g(r)
= 27111,21,[ dr rzg(r)ueff(r)y(oc - 1), (A5)
I a
where

_ 2Kefta (A6)
1 + Keffa
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and

OKeff@  Kefi

¢ 2(1- o)’

=¢ (A7)

For a charge-renormalized suspension, the bulk pressure from
Eq. (A3) agrees precisely with that obtained from the (Gibbs-
Bogoliubov) first-order thermodynamic perturbation expansion and
OCM-based MC simulations.*’
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