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Ionic condensation theories and the liquidlike structures observed in colloidal dispersions

M. Quesada-Pe´rez, J. Callejas-Ferna´ndez, and R. Hidalgo-A´ lvarez*
Grupo de Fı´sica de Fluidos y Biocoloides, Departamento de Fı´sica Aplicada, Facultad de Ciencias, Universidad de Granada,

Granada 18071, Spain
~Received 4 June 1999!

Though the notion of effective charge has been widely used to fit experimental data, the possibility of
predicting this adjustable parameter through a model remains unclear. A likely reason for this is the complexity
involved in the theoretical approaches in the case of fluids with large asymmetries between their components.
This paper deals with several condensation theories for spherical colloids, developed to provide effective
charge values from simple models. Liquidlike structures are formed in colloidal dispersions for a set of latexes
with different properties~charge, size, and polymeric composition!. Effective charges are determined from
experimental structure factors using a Derjaguin-Landau-Verwey-Overbeek potential and an Ornstein-Zernike
scheme. The numerical coincidence between effective and post-condensation charges is fairly acceptable only
for latexes with small size and charge. A simple approach based on the Manning condensation theory for linear
polyelectrolytes is also discussed.
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I. INTRODUCTION

Colloidal dispersions of charged particles exhibit a wi
variety of commercial, technological, and scientific applic
tions. Glues, paints, or pharmaceuticals are all colloids. N
ertheless, the control of these complex systems depe
strongly on a theoretical understanding of their constitue
and the interaction between them. For instance, latex sus
sions are useful in many cases if particles do not aggreg
Therefore, a theory of colloidal stability, in which electr
static forces play an extremely important role, is essen
The electrostatic interactions between charged particles
cause a certain spatial ordering observed in many diffe
ways.

For a long time, many workers have tried to determine
effective chargecharacterizing such phenomena from optic
techniques@1–3# and others directly related tou(r ), ~e.g.,
small angle neutron scattering, shear modulus titration,
torsional resonance digital video microscopy@4–7#!. The
Derjaguin-Landau-Verwey-Overbeek~DLVO! potential @8#
has been widely used for this task. One of the most puzz
findings is that the obtained effective charges are consi
ably smaller than the total number of elementary charges~Z!
on the particle surface. The strong accumulation of coun
rions in the vicinity of the macroion surface~due toelectro-
static coupling between opposite charges! could be respon-
sible for this noticeable reduction. To gain insight into th
phenomenon, the concept ofionic condensationmight be a
useful tool. Accordingly, the colloid and the condens
counterions would be considered as a whole carrying apost-
condensationchargeZ* that will be considerably reduce
~as compared toZ!, since the condensed counterions wou
neutralize~rather than screen! a great amount of surface site
on the particle.

This concept was initially developed by Oosawa a
Manning for linear polyelectrolytes three decades ago@9,10#.

*Author to whom correspondence should be addressed.
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According to the condensation theory, if thedimensionless
charge densityj[LBl ~l is the linear charge density,LB

5e2/4p«0« rkBT, « r the solvent dielectric constant,kB the
Boltzmann’s constant, andT the temperature! exceeds a criti-
cal value 1/v (v is the counterion valence! a condensed laye
emerges~see a recent review by Manning@11#!. The number
of condensed counterions increases in such a way that th
density of the polymer and the counterions combined
creases up to the critical value. But can the Manning the
be extended to spherical colloidal particles? The answe
this question does not seem to be so clear. According
Belloni @12#, simple laws for spherical colloids analogous
the laws for linear polyelectrolytes can be deduced from
Poisson-Boltzmann~PB! approach if a certain definition o
which ions can be considered condensed is applied. It sh
be emphasized, however, that this one presents some d
ent features when compared to the Manning condensa
~see Sec. II for further details!. Moreover, other models hav
been proposed recently in the attempt to predict effec
charges. In the same spirit as the above-mentioned con
sation model, the authors of Ref.@13# applied a PB cell
model as well, but assuming a different criterion to s
which counterions neutralize anionic sites on particles. T
authors of Ref.@14# also developed a simple theory fo
charged spherical colloids. In this case, however, the num
of counterions condensed on the macroions is calculated
ing a thermodynamic approach. However, these theories
so recent that experimental validation tests are quite sc
~practically nonexistent in the case of the models by Bell
and Levin!, and a comparison between them in the view
data obtained from real systems has not been carried out

At this point, therenormalizationprocedure proposed b
Alexander et al. @15# must also be quoted. Although th
strong accumulation of counterions close to the surface
the nonlinear screening is said to be responsible for this
fect, there exist some differences between the renorma
tion and condensation approaches. The former consist
matching the nonlinear and linearized solutions of the
equation at the edge of the spherical cell. Conversely,
574 ©2000 The American Physical Society
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PRE 61 575IONIC CONDENSATION THEORIES AND THE . . .
latter focuses on the ion profile in the neighborhood of
particle surface. Consequently, some discrepancies betw
the Zeff values predicted by both can appear~see, as an ex
ample, Fig. 7 in Ref.@11#!. Apart from that, several experi
mental studies@5,16,17# suggested that the titrable charge
not a suitable input parameter for renormalization and
role of ions close to the particle surface could be essen
For instance, Gisleret al. tried to explain their results, allow
ing for the adsorption of protons on the surface~as well as
the dissociation of carboxylate groups! @3#. This involves the
knowledge of the so-called Stern capacitance. If conden
tion were able to predict effective charge in purely elect
static terms, the use of specificchemicalparameters could be
avoided.

As matters stand, the following fundamental quest
arises: Would the reduced charge predicted by any of
above-mentioned ion condensation models be a good est
tion of the effective charge? It is not easy to give a answe
this question, which is intimately related to the validity of th
DLVO potential. In order to do that from astrict theoretical
viewpoint, one should consider ions and macroions on
same footing. In other words, primitive models ought to
used. But charged colloidal suspensions remain a se
challenge to any statistical-mechanics theory. Due to s
and charge asymmetries between small ions and macro
which can be as high as 1:10 000, to solve the integral eq
tions of the liquid-state theory turns into a formidable ta
Nowadays, several theoretical studies support the applica
of DLVO-like potentials@18–22#, in which some parameter
~like charge! are considered rather aseffectivethanbare pa-
rameters. This is what eventually would enable the use
this potential to determine effective charges from expe
ments. Nevertheless, the relationship between this phen
enological parameter and the predictions of some sim
models~namely, the above-raised question! is still a contro-
versial issue as a consequence of the complexity involve
theoretical treatments.

This work attempts to throw light on this matter with th
aid of experimental data obtained from a set of we
characterized polymeric latexes. Our main concern will be
find to what extent condensation models are able to pre
effective charges successfully. As a result of the studied
tems exhibiting different properties~size, charge, and chem
cal composition!, a discussion on the likely influence o
some factors~such as size and charge asymmetries! will also
be feasible. The paper is organized as follows. First,
method for determining effective charges from light scatt
ing measurements~taking polydispersity into account! and
some models for predicting such quantities are review
Second, experimental details on latex surface characte
tion and structure factor determination are given. Then
sults are presented and discussed focusing on a compar
study of the condensation theories. Furthermore, the effec
ionic impurities on both determination and prediction of e
fective charges will be examined. Some features of the or
nal Manning theory will be also considered in order to a
count for certain unexpected results.

II. THEORETICAL BACKGROUND

A. Determination of effective charges
from light scattering experiments

Although calculations become much more difficult, pol
dispersity in size and charge will be considered in determ
e
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ing effective charges. In order to do that, the continuous s
distribution is replaced by anm-component discretization
and number fractionsxi and diameterss i ( i 51,2,...,m) @23#.
The charge of speciesi (Zi) is assumed to scale linearly wit
the surface area. The microscopic structure of an unifo
multicomponent colloidal fluid like this is described by th
set of total correlation functionshi j (r ) with i<m and j < i .
These can be obtained from the solutions ofm(m11)/2
coupled Ornstein-Zernike~OZ! equations

hi j ~r !5ci j ~r !1r(
k51

m

xkE hik~ urW2sWu!ck j~s!d3s ~1!

plus m(m11)/2 approximate closure relations connecti
hi j (r ), ci j (r ), and the pair interaction potentialui j (r ).

There exist many examples of closure relations@24#. A
particularly simple one is the so-called mean-spherical
proximation~MSA!. As it leads to unphysical results for dis
persions of highly charged particles, a rescaling proced
was proposed known as the RMSA. The Percus-Yevick~PY!
and the hypernetted chain~HNC! approximations are more
sophisticated schemes but numerical integration is nee
The HNC has been successfully applied to highly charg
systems. The Rogers-Young closure@25# interpolates be-
tween PY and HNC schemes and provides even better re
than the HNC for systems of strongly interacting particle
However, it is more time consuming~especially when polid-
ispersity is allowed for!. Because of this, the HNC will be
used in this work.

Then the time-averaged light intensity~per unit of vol-
ume! scattered by the colloidal dispersion can be written
terms of suitably averaged structure and form factors as

^I ~q!&5r f 2P̄~q!S̄~q!, ~2!

wherer is the number density of macroions,q is the modu-
lus of the scattering vector, and

f 25(
i 51

m

xi f i
2, ~3!

P̄~q!5
1

f 2 (
i 51

m

xi f i
2Bi

2~q!, ~4!

S̄~q!5
1

f 2P̄~q!
(

i , j 51

m

f i f jBi~q!Bj~q!@11hi j ~q!#. ~5!

The expressions forf i andBi(q) must be provided by a
light scattering theory. In our case, the suitability of t
Rayleigh-Gans-Debye theory was checked before calc
tions. Functionshi j (q) are obtained through a Fourier tran
formation from the correlation functions.

The advantage of using Eq.~2! is that the averaged struc
ture factor can be extracted directly from experimental lig
intensities~as in the one component fluid! by means of

S̄~q!5
r0

r

^I ~q!&

^I 0~q!&
, ~6!
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576 PRE 61M. QUESADA-PÉREZ et al.
where^I 0(q)& is the light intensity scattered by a sample
noninteracting particles with number densityr0 .

The interaction potential deserves a brief comment
well. This work deals with the microscopic structure exh
ited by dispersions of negatively charged particles at a v
low ionic strength. Under such conditions, the electrosta
interaction become so strong that other forces can be
glected. The potential used for the electrostatic contribut
in this case~spherical particles with large double layers! is
the widely known DLVO potential calculated by Overbe
some decades ago. In the case of moderate polydispers
the following expression for the interaction potential b
tween particles with radiiai andaj can be applied:

ui j ~r !

kBT
5LBZiZj

exp~kai !

11kai

exp~kaj !

11kaj

exp~2kr !

r
, ~7!

wherek is the reciprocal screening length. The DLVO inte
action potential was derived under certain assumptio
Someof them are~i! low surface potentials,~ii ! infinite dilu-
tion; and~iii ! excess salt limit. Belloni gave a justification fo
low salt concentrations@26#, but restrictions~i! and ~ii ! are
still controversial issues. However, many theoretical stud
point out the possibility of using the DLVO potential in
description of concentrated and/or highly interacting syste
if the charge andk are considered aseffectiveparameters.
Expression~7! will be applied in this context.

B. Condensation models predicting effective charges

As stated earlier, a condensation model for linear po
electrolytes came out many years ago. According to t
whenj is greater than a threshold valuev21, a condensation
phenomenon occurs. Here we will only emphasize two fa
~i! the charge fraction on the polymer is given by

Z*

Z
5

1

nj
, ~8!

and ~ii ! the number of condensed counterions doesnot de-
pend on their bulk ion concentration. More information
the Manning condensation for linear polyelectroytes an
survey of several experimental and theoretical aspects
given in Ref.@11# and the references cited therein.

Here the purpose is to test condensation theories
charged spherical particles. Belloni pointed out th
Manning-like laws can be deduced for spheres from a
approach if a specific definition of the cutoff distancer 0
separating condensed from uncondensed counterions is
It consists of studying the number of counterions loca
between the particle surface and a sphere with radiusr ,N(r ).
r 0 would be the distance at which an inflection point in t
plot N(r ) vs 1/r is observed. Then Belloni clearly showe
that condensation takes place if and only ifZLH/4a.1/v
@12#. If ZLB /a is identified withj, this expression is analo
gous to the Manning’s criterion. Moreover, the po
condensation charge is given by

Z*

Z
5

4y0

nj
, ~9!
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wherey0[r 0 /a. Equation~9! also resembles Eq.~8!. Nev-
ertheless, the theories for linear and spherical electrolyte
not present exactly the same features. Asy0 can depend on
many factors~particle concentration, particle size, and bu
ion concentration!, the ratioZ* /Z also does. According to
Eq. ~7!, this dependsexclusivelyon j andv for charged lines.
In addition, it can be shown that the notion of ionic conde
sation for spheres has less meaning~and even disappears! in
the limit of high ionic strength and/or very high concentrat
systems.

Roberts, O’Dea, and Osteryoung also proposed a sim
model~PB approach! @13#. In fact, the main difference is the
definition of the cutoff distance, which in this case is bas
on the local counterion concentrationr(r ). r 0 would be the
distance at which this quantity equals its mean va
@r(r 0)5^r(r )&#.

Conversely, the authors of Ref.@14# put forward a theory
for charged colloids surrounded by their counterions est
lished on quite different ideas. The number of counterio
condensed on a macroion is determined from a thermo
namic criterion~free energy minimization!. Furthermore, the
linear PB equation is used, which simplifies calculatio
The omitted nonlinearity can be reintroduced into the the
allowing for ion association according to these authors.

III. EXPERIMENT

Five latexes were used in this work. Two of them, P
and PS2~polystyrene! were prepared from styrene by con
ventional emulsion polymerization~with K2S2O8 as initiator
and NaHCO3 as buffer!. Latex polymethyl-methacrylate aci
~PMMA! was also prepared by this procedure but fro
methyl-metacrylate@and (NH4!2S2O8 as initiator#. Latexes
CS1 and CS2 are core-shell-type~s! polymer particles. In the
first step of their synthesis, the core was prepared from
rene. In the second step, a shell of styrene and a s
amount of metacrylic acid was put on the core. The use
surfactants~sodium dodecyl-benzene-sulfonate for PMM
and Aerosol MA80, Cyanamid~Sodium dihexyl sulfosucci-
nate! in the rest of the cases! is almost unavoidable if smal
latexes~diameter below 100 nm! are wanted. Polymerization
reactions were carried out in a thermostat reactor fitted w
reflux condenser and stainless steel stirrer. First, a distil
deionized water, monomer, surfactant, and buffer~as well as
the seed of latexes CS1 and CS2! were added to the reacto
and purged with nitrogen. Then the initiator solution w
added to the mixture.

Before being characterized, latexes were cleaned by
rum replacement and ion exchange. The first step of clean
took always more than ten days, in order to remove
emulsifier used in the synthesis~as much as possible!
whereas the second step was carried out stirring the lat
with ion exchange resin Amberlite MB-3, suitably cond
tioned before use@27#, for more than 4 h.

The size distribution of the studied latexes was det
mined by transmission electron microscopy~TEM!. The av-
erage diameter~s! is shown in Table I. A polydispersity
index I PD defined asI PD5( ixis i

4/(s( ixis i
3) is also given

in Table I. These sizes were confirmed through dynam
light scattering~DLS! for latexes PS1, PS2, CS1, and CS
For latex PMMA, however, the size by TEM was found to
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PRE 61 577IONIC CONDENSATION THEORIES AND THE . . .
considerably smaller than the one determined by DLS (
62 nm). This could be attributed to the shrinkage th
PMMA particles suffer as a consequence of the elect
beam@28#. Thus the mean size obtained by DLS will be us
for PMMA hereafter.

The number of ionizable groups on the surface of e
system was determined by both conductimetric and poten
metric~forward and back! titrations. These experiments we
performed with Crison instruments (pH-meter and conduc
timeter! at 25 °C in a stirred vessel flushed with nitrog
~using NaOH and HCl as titration agents!. From the study of
surface charge as function ofpH, some worthwhile conclu-
sions can be reported. For latex PS1, PS2, and PMMA,
quantity increases only slightly with increasingpH ~from 4
to 9!, which suggests a majority of strong acid groups~like
sulfate provided by the initiator!. A small amount of weak
acid groups is also expected~presumably carboxylate as
result of the Kolthoff reaction@29#!. Conversely, latexes CS
and CS2 exhibit a stronglypH-dependent surface charg
The large number of weak acid groups~carboxylate! arising
from the metacrylic acid used in their synthesis could be
cause for this behavior. There should also exist sulf
groups resulting from the initiator. To give the reader an id
of the surface charge (Zsurface) at usual experimental cond
tions, the number of charged groups atpH;5.5 is also
shown in Table I~its uncertainty is not expected to exce
5%!. This quantity is nearly identical to the estimated sulfa
group number. This is reasonable, sincepKcarboxylatemust be
about 5.

With regard to the scattered light measurements, the u
set up was a 4700 °C System~Malvern! with an argon laser
~75 mW! and l05488 nm. These experiments were pe
formed at 25 °C, from 20° to 140° in 2° steps. Average
tensities were obtained from three individual measureme
at each angle, with different cell positions to minimize t
effect of scratches on the glass surface. Stock suspens
were filtered through 1.2-mm filters ~millipore! prior to mea-
surements.

Concerning structure formation, samples were prepa
by dilution and kept for at least ten days over a bed of
exchanger resin in cylindrical quartz glass cuvettes with t
different outer diameters~10 and 25 mm!. The functionI (q)
~intensity vs the modulus of the scattering vector! was moni-
tored until no significant changes were observed. Then
deionization process was supposed to be have been finis
In order to avoid gradients in particle density and artifa
like the ones reported by some authors@30#, samples were
homogenized quite repeatedly~even some minutes befor

TABLE I. Size, polidispersity, and charge of the latexes.

Latex
Diametera

~nm!

Standard
deviationa

~nm! I PD
a

Zsurface

(e2/particle!

PS1 62.1 7.4 1.043 1270
PS2 99.0 4.4 1.006 5240
CS1 72.5 7.7 1.029 1030
CS2 81.4 8.2 1.031 2190

PMMA 74.8 7.8 1.028 3100

aValues obtained from TEM.
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intensity measurements!. The light intensity scattered by di
lute samples (r0;2.531011 particle/ml!, in which spatial
ordering can be neglected, were used as references in o
to determine both form and structure factors. The access
range of particle concentrations is limited by several exp
mental factors. At low concentrations it is quite difficult t
achieve well-ordered dispersions. Ionic impurities can ha
undesirable effects~as will be discussed later!. At high con-
centrations, multiple scattering or absorption of the la
beam by the sample can occur.

IV. RESULTS AND DISCUSSION

Before showing some experimental results, a compari
between the condensation theories reported in Refs.@12#,
@13#, and @14# ~hereafter noted as theories I, II, and III, re
spectively! may be helpful. The post-condensation charg
Z* ~predicted by theories I, II, and III! as a function ofZ are
plotted for a representative system of those that will be a
lyzed later (s581.4 nm andr55.731012particle/ml) in Fig.
1. As can be seen, there is a qualitative agreement betw
the three theories studied in this work. At low charge,Z*
increases linearly in all the cases, whereas it seems to r
a plateau with increasingZ considerably. Moreover, the nu
merical coincidence is moderately good. However, some
crepancies come into view as well. At lowZ, the charges
predicted by theories I and III are equal toZ. In this sense,
both theories I and III could be considered asthresholdtheo-
ries, which means that condensation takes place if a crit
value is exceeded~actually Belloni@12# showed this!. Con-
versely, counterions condense even at vanishingZ according
to theory II. Apart from this, small differences between sa
ration changes can be observed. More specifically, the va
predicted by theory I are larger than the ones predicted
theory III. The resemblance between these curves and
ones derived from renormalization is just a consequence
the strong accumulation of ions close to the surface unde
ing these concepts~as mentioned earlier!.

Some tests on the reproducibility of structure factors m
sured in dilute deionized suspensions were carried out. St
tures of latex PS1 were formed~in presence of ion exchang
resins! at two different concentrations (r51.7731012 and

FIG. 1. Post-condensation charges (Z* ) predicted by theories I
@12# ~————!, II @13# ~-------!, and III @14# ~•••••••••!, for latex
suspension (r55.731012 particle/ml! of particles with r
581.4 nm. Straight line stands forZ* 5Z.
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TABLE II. Some specific parameters of the samples looked into in this work. Particle concentrationsrfit)
and effective charges (Zeff) and obtained by fitting experimental structure factors~assumingcs50 and
1026M ). Particle concentrations calculated from the dilution procedure~r! as well as the number of elemen
tary charges on the particle surface~Z! are also shown.Z was estimated fromZsurfaceand assuming charge
regulation~see text for further explanations!.

Sample Latex
1012r

~particle/ml!
1012rfit

~particle/ml!

Zeff

(e2/particle!
cs50

Zeff

(e2/particle!
cs51026M

Z
(e2/particle!

1 PS1 1.77 2.0 260 300 654
2 PS1 2.94 3.6 270 300 650
3 PS1 4.79 5.7 280 300 646
4 PS1 6.76 7.8 290 300 644
5 CS1 1.73 1.8 240 280 690
6 CS1 2.88 3.1 270 300 685
7 CS1 4.79 5.2 290 300 681
8 PS2 0.85 0.85 180 220 1822
9 CS2 1.77 2.0 300 330 1058
10 CS2 2.94 3.3 320 330 1055
11 CS2 4.79 5.7 330 330 1051
12 PMMA 1.54 1.8 340 400 1545
13 PMMA 2.99 3.2 360 400 1543
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6.7631012particle/ml) in different cells. It was observe
that at the highest concentration, structure factors were q
reproducible. However, one must be more careful about
functions measured at low particle concentrations. In mos
the cells the same structure factor was encountered bu
some of the them, the main peak ofS(q) was found to be
lower. This could be attributed to a certain ionic contamin
tion, which would have a more pronounced effect ifr is too
low ~as will be discussed later!.

The samples looked into in this work are summarized
Table II, and the corresponding experimental structure f
tors are plotted in Fig. 2. With increasingr, the height of the
first peak increases, whereas its position shifts toward hig
q values@1–3#. The first effect is a result of a higher degre
of interference in scattered light, since both interaction a
correlations become more intense when particles are clo
The change in the mean interparticle distance produces
shift in the peak position.

In order to fit these experimental data, the particle c
centration and themeaneffective charge (Zeff) were used as
fitting parameters. The Debye screening parameter is usu
calculated from them assuming complete deionization, wh
leads tok5A4pLBrZeff. Nevertheless, there could exist
residualstray ion concentration, and it would be desirable
know its effect on the effective charge determination. Unf
tunately, the precise concentration of these ionic impuritie
extremely difficult to monitor, but a certain value may b
assumed if just anestimationof its influence is wanted
Then, the Debye screening length is given byk
5A4pLB(rZeff1NA cs), wherecs would be the contribution
to ionic strength~in mM! due to these unidentified small io
concentrations. Everset al. often studied suspensions o
charged colloidal spheres at very low ionic strength. Th
estimated thatcs is below 1026M in deionized samples@31#.
In this work, calculations withcs50 and 1026M will be
done.
ite
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Polydispersity was modeled by am discretization of the
size distribution obtained by TEM. In order to avoid e
tremely long computational times,m53 was chosen. For
each latex, the diameters and number fractions were ca
lated requiring the equality of the first moments of t
3-component discretization and the original size distributi
For the numerical solution of the resulting set of 12 coup
equations~six OZ integral relations plus six HNC closure!
the iterative algorithm described in Ref.@22# was applied.

The theoretical structure factors fitting the experimen
ones are also plotted in Fig. 2. As can be seen, the agree
is quite good for all the systems except in the region of l
q. As polydispersity is said to be responsible for this discre
ancy, it was taken into account in this case. However, diff
ences at lowq are still observed. Large aggregates scatter
preferentially in the forward direction could be the main co
tribution to this effect. In Table II, the effective charges a
particle concentrations determined by fitting are also sho
~charges are expressed in absolute value!. The particle num-
ber densities are close to those calculated from the dilu
procedure, although systematically larger. However, th
deviations could be fairly reasonable if certain experimen
errors, such as those derived from size measurements
taken into account.

The obtained effective charges~assuming cs50 and
1026M ) are also shown in Table II. As many factors a
involved in its determination, it is not easy to calculate t
uncertainty in this adjustable parameter. Nevertheless
might be approximately 10–20 %. As expected, the effect
charges are found to be much smaller than the numbe
ionizable groups onto the particle surface. This remarka
reduction in charge will be discussed later with the aid
condensation. Previously, we will focus on the effect of ion
impurities. Despite of the fact that 1026M is rather an upper
bound ofcs , the differences between theZeff values calcu-
lated usingcs50 and 1026M are not very significant. Wha



PRE 61 579IONIC CONDENSATION THEORIES AND THE . . .
FIG. 2. Structure factors measured for~a! latex PS1, sample 1~j!, sample 2~d!, sample 3~m!, and sample 4~.!; ~b! latex CS1, sample
5 ~j!, sample 6~d!, and sample 7~.!, ~c! latex PS2, sample 8~j!; ~d! latex CS2, sample 9~j!, sample 10~d!, and sample 11~m!, and
~e! latex PMMA sample 12~j!, sample 13~d!. Solid lines denote the fits obtained using the HNC closure along with the OZ relation~and
allowing for polydispersity!.
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is more, these discrepancies lower~and even vanish! if par-
ticle concentration is high enough. This is logical since
share of stray ions corresponding to one macroion decrea
Moreover, it should be stressed that assumingcs51026M ,
the experimental structure factors at different particle c
centrations can be fitted using the same effective charge

Apart from the numerical disagreement betweenZsurface
and Zeff what additional preliminary qualitative conclusion
does a comparison between them yield? Being more pre
could one say that the greater the former the larger the la
Latex PS1 and CS1 present the same effective charge
e
es.

-

e,
r?
nd

comparable surface charges. TheZeff values for latexes CS2
and PMMA are a bit larger. Likewise, the numbers of ion
able groups on their surface are larger. Therefore, one c
be tempted to think that a qualitative relation linking bo
quantities seems to exist. But this is not the case. Latex
has the highest surface charge but, surprisingly, the low
effective charge. This result has been confirmed using tu
dimetry @32#.

Can ionic condensation account for these effect
charges? With the aim of giving an answer to this questi
the post-condensation charges predicted by theories I an
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were calculated. For sake of simplicity only these two the
ries were applied. Theories I and III were chosen beca
they are based on quite different ideas. It should be no
however, that in deionized suspensions the proton conce
tion close to the particle surface could be so extremely h
that the localpH would even be comparable topKsulfate.
Consequently, theactual number of dissociated surfac
groups ~Z! could be smaller thanZsurface ~mainly sulfate
groups!. In our calculations,Z was estimated fromZsurface,
allowing for charge regulation in the applied PB approa
using a mass equation. According to this, the dissocia
constant of the sulfate surface groups would be

Ksulfate5@H1#0a/~12a! ~10!

in which @H1#0 is the proton concentration close to the pa
ticle surface, anda5Z/Zsurfaceis the degree of dissociation
From some studies@5,33,34#, a pKsulfate'2 was assumed
Take, as an example, the case of sample 1~assumingcs
50). The PB equation together with Eq.~10! yields
2 ln@H1#0'2.03 andZ5654. The rest ofZ values calculated
in this way are also presented in Table II.

The predictions for the latex samples studied in this w
and calculated from theories I and III are given graphically
Figs. 3~a! and 3~b!, in which predictions can be compared
the effective charges obtained from light scattering d
~charges are plotted as a function of the volume fraction
the corresponding samples!. Some interesting conclusion
can be inferred from this figure. As a general rule, cond
sation theories I and III overestimateZeff , though the values
derived from theory III are always closer to this phenome
logical parameter. However, a more detailed analysis is b
eficial. There exist a extremely good agreement betweenZeff
and the post-condensation charge predicted by theory III
latex PS1, whose surface charge and size are the sma
The numerical agreement is moderately pleasant for la
CS1, whose size is a bit larger. Its charge is more or less
same than CS1~it depends on which value,Zsurfaceor Z, is
picked as the illustrative parameter!. When size and/or
charge are increased a bit more, the disagreement betw
Zeff and Z* become considerable~see latexes CS2 an
PMMA!. Eventually, if the latex with the highest charge a
size ~PS2! is examined, drastic discrepancies are observ
Size and charge asymmetries between small and large
are found to play an important role, which suggests that t
oretical models should be revised in some way.

Recently, some papers@35,36# have stated that ion-ion
correlations~neglected in PB approaches! could have marked
effects on the effective charge. This quantity would ev
pass through a maximum with increasingZ. Nevertheless,
these results are reported for systems with sizes compa
to LB ~see Fig. 6 in Ref.@35#!. In the limit of vanishing
LB /a, the PB theory is recovered. Our systems would be
this latter case, thus predictions would not be improved
ticeably.

One might also wonder whether ionic contamination co
tributes to explain these results. Particularly, what would
effect be on post-condensation charge predictions?. Unfo
nately, further information on impurities~nature, valency! is
needed to clarify this matter. In any case, an estimation~as
an illustration! for sample 1 assuming monovalent ions~with
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cs51026M ) was performed by means of theory I. It yielde
Z* 5385 e2/particle instead ofZ* 5395 e2/particle if cs
50. Lower differences between both values are found
higher particle concentrations. Though this improvemen
not enough one should bear in mind that~i! multivalent
counterions~which have been ignored in this estimatio!
would have a much higher local concentration in the nei
borhood of the surface than monovalent ions; and~ii ! spe-
cific interactions between this stray ions and the particle s
face have not been considered~because of chemica
parameters being necessary, as noted in Sec. I!. Nevertheless,
this kind of ion binding would presumably increase with t
charge and size~surface area! of particles.

Although condensation models for spherical partic
have not completely validated by our experiments, so
clues will be looked for in speculating on specific features
the original Manning theory. Particularly, the fact that t
ratio Z* /Z is proportional toj1 regardless of other factor
~like particle concentration! will be given attention.Noneof
the theories for charged spheres looked into in this st

FIG. 3. ~a! Effective charges as a function of the volume fra
tion ~calculated from the fitted particle concentration! for latexes
PS1~j!, PMMA ~d!, and PS2~m!; post-condensation charges pr
dicted by theory I for latexes PS 1~the dashed square!, PMMA ~*!,
and PS 2~the dashed triangle!; and post-condensation charges pr
dicted by theory III for latexes PS1~h!, PMMA ~s!, and PS2~n!.
~b! Effective charges as a function of the volume fraction~calcu-
lated from the fitted particle concentration! for latexes CS1~j! and
CS2 ~d!; post-condensation charges predicted by theory I for
texes CS1~the dashed square! and CS2~the dashed circle!; post-
condensation charges predicted by theory III for latexes CS1~h!
and CS2~s!.
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theories I, II, or III exhibits this peculiarity. As an exampl
a r dependence is reported in all the cases@see Fig. 3 or Eq.
~8!#. If one assumesj5Z/a for spherical charged polyelec
trolytes, andZeff is identified withZ* , some of the results
obtained in this study could be summarized in Fig. 4. D
from Ref.@5# have been also included for comparison. Sin
given a latex, the effective charges are practically the sam
different particle concentrations, only one sample was c
sen for each system. As can be seen, these points pres
monotonic trend. What is more, if a linear fit is tried, it yield
Z* /Z5(6.3760.89)j211(20.0460.06) ~see the straigh
line in Fig. 4!. The correlation coefficientr is found to be
0.963, which confirms this linear law. Moreover, the ind
pendent term is practically zero~within the error!. Though
the error in the slope seems to be considerable, it beco

FIG. 4. Charge fraction (Z* /Z) as a function ofj21 for several
samples~see labels!: latex PS1 sample 3~a!, latex CS1 sample 6
~b!, latex CS2 sample 10~c!, latex PMMA sample 13~d!, latex PS2
sample 8~e!, and latex~Ref. @5#! ~f!. Straight line: best linear fit.
ill

n

J

n
c
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,
at
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nt a

-

es

reasonable if one does not forget that these points~whose
coordinates arej1 and Z* /Z) have been obtained from a
extensive numerical treatment~which includes the use of dif-
ferential and integral equations!. Due to the same reason, th
Manning-like dependence, which would be justified som
how if the constancy ofy0 in Eq. ~9! were postulated, is
highlight. It should also be emphasized that this behav
does account for the unexpected effective charge found
latex PS2.

V. CONCLUSIONS

Several condensation models~for spherical particles! have
been tested using effective charges@in the sense of Eq.~7!#
determined from light scattering experiments. Size and
charge asymmetries between small ions and colloidal p
ticles have found to be important factors for the success
these theories in accounting for the observed liquidlike str
tures. For latexes with small sizes and charges, the ag
ment between effective and post-condensation charge
fairly acceptable. It should be emphasized, however, that
viations between both charges become larger with increa
size and/or charge. Nevertheless, a simple approach base
particular features of the Manning condensation theory
linear polyelectrolytes seems to explain these results rea
ably well ~at least qualitatively!. But a well-established jus
tification for this semiempirical behavior is still missing
These conclusions suggest a revision of some theoretica
pects of the condensation notions reported by several
thors.
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