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Particle-counterion clustering in highly charge-asymmetric complex fluids
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The formation of particle-counterion clusters through electrostatic interaction is studied in this work for a
highly charge asymmetric colloidal suspension. The occurrence of such clustering is probed by the particle
electrophoretic mobility, i.e., with the aid of a transport property. The results show that the effective charge
manifesting under the presence of an external electric field is the renormalized charge predicted by an exten-
sion of the Debye-Hekel-Bjerrum theory to the fluid state of highly charged colloids.
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[. INTRODUCTION of the liquid state theory predicting such quantities are pre-
sented. The next section describes the experimental system.
Charged colloidal suspensions present an outstandingpherical gel particles will be employed because of their
challenge to modern theories of statistical mechanics due teery highly charged surface, yielding charge asymmetries in
the charge asymmetry between a colloid and a counteriothe fluid as high as £6-10°:1. Results are presented and
that makes the use of traditional methods of liquid-statediscussed afterwards. The influence of surface charge and
theory unfeasible. Recently, an extension of the Debyesalt concentration over the electrophoretic mobility will be
Huckel-Bjerrum theory to the fluid state of a highly asym- presented and discussed in terms of charge renormalization
metric charged colloid has been preserited]. The full free  based on particle-counterion clustering phenomena. Finally,
energy of the colloidal suspension was calculated as the sugome conclusions are given.
of electrostatic and entropic contributions, encountering that
counterions condense onto particles forming clusters com-
posed of a colloid aneh counterions. A direct consequence
of this particle-counterion clustering phenomena is the ap- A, Effective charge determination from electrophoretic
pearance of an effective particle chargg, lower than the mobility measurements
bare charg€Z), governing the colloidal features.

This theory does not consider correlations between con- The velocityU of a charged_co!lom_ial _par'ucle moving In
[{:e presence of a weak electric fididis linearly related to

densed counterions, which are treated as pointlike. lonic siz S : .
effects and correlations should be taken into account if thé € Sfrengih of the applied field by the electrophoretic mobil-

fluid is composed of multivalent counterions or solvents withity: U=uE. For spherical polyelectrolytes of raditsim-
low dielectric constantg3]. For water and monovalent coun- Mersed in an uniform medium of dielectric constagg,,
terions these effects are insignificant and thus can be ndbe electrophoretic mobility is written 49]:
glected[4]. : 2 b2 (= 3r2 23 2
Since the works of Oosaw&] and Manning 6], the con- =h _ - L= -~
: . : Iz (b)+ 1= 47+ 5 |G(r)dr 2
cept of counterion condensation and effective charge are b 9 Jb b b 3\
widely accepted in the field of linear polyelectrolytes. In the

Il. THEORY

3 _ .

case of colloidal suspensions formed by spherical charged ° r_ COSHAT) —sinh(Ar)/Ar r

; . . : X 3 . G(r)dr
particles, the notion of effective charge is employed for ex- o \b® coshiab)—sinh(Ab)/\b b
plaining equilibrium and dynamical propertigg], although .
the relation between this phenomenological parameter and +i(1_ b_)\ sinh(Ab) )
the underlying physics is not always cld€&i. 3\? 3 coshAb)—sinh(Ab)/\b

In this paper, effective charge arguments are employed in . 3
studies of transport propertie;; particularly, in the electro- XJ 1—r—3>G(r)dr, 1)
phoretic mobility (w) of very highly charged spherical col- b

loids. It will be shown thaju is controlled by a renormalized
surface charge, predicted by Levin-Barbosa-Tamashiro _ 12 . . - .
(LBT) liquid state theory. As a result, a new colloidal entity V\(here)\—(y/ )" |s.def|ned In terms of the friction coeffl-
consisting of a particle and a number of associated counterfZlent ¥ and the continuum medium viscosiy and

ons should be considered for explaining the experimental

behavior ofu. The paper is organized as follows. First, the 3 b

method for determining effective charges from electro- h(b)= mj prixt > dr v
phoretic mobility measurements together with a description 0

with psix being the fix charge density of the polymer net-
*Email address: finieves@ual.es work. The radial functiorG(r) and the constart(b) con-
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tain the electrical parameters of the particle. For low potenthe framework of Debye-Hikel [13], applied to an cluster

tials and homogeneously distributed char@¢r) is equal to  of effective charger,, inside the ionic atmosphere. The re-

[9]: sultant free-energy density is obtained through a Debye
charging process, yieldind,2]:

€, k% d

G(r)=- dr

o). 3 Ap z
pCe—- . - _ 2
In this expressiony®) stands for the electric potential in
the absence of external electric field ande where B~1=kT and \,=e?B/(4me.€,) is the Bjerrum
=[e%/(e,e,kT)=;2n;1°%is the inverse of the Debye length. length.
In solving Eq.(1), the particle charge distribution is needed. ~ The particle-particle contribution to the free energy is ob-
For surface charged polyelectrolytas® =Ze/[4me ep(1 tained in the frame of the van der Waals theory, giving rise
+xb)] with Z the number of surface charges. Using thist0 [1,2]
equilibrium potential, the electrophoretic mobility becomes

. 1+2kb ps
[10]: BfPP= m > (6)
M:isz §+ 2(1—& smk(.)\b) where the long-ranged interaction between two clusters is
7\[b b 3 coshiAb)—sinh(Ab)/\b screened by the cloud of free counterions, producing an ef-
2b)\2 fective short-ranged potential of a Derjaguin-Landau-
+ . (4)  Verwey-Overbeek form.
3(1+ «kb)

The electrostatic free energy due to the interactions be-
tween free counterions is estimated to be equal to that of a

. S one-component plasna,14]. In particular and although the
havior, as expected. Far from this limit, E¢) accounts also b plasma, 14 In p g

. . counterions are assumed to be point particles, the electro-
for the particle permeability to the solvent. For deswollen

. static repulsion between two equally charged counterions

polyelectrolytes, the contribution arising from those terms ISill keep them from approaching each other closer than a

}North emphasizing that the described mo_del is valid only fo%clfz';amnge?ﬁéror?; fg‘ nbgi(E?lchlilgiefb)u 1?3!2915?,? (Eielé(.)n;ﬁgnent
ow potentials, aI_Iowmg the_ use of the linearized PO'Sson'result for this free-energy contribution [i2,14)
Boltzmann equation. The linear dependence of the electro-
phoretic mobility with the surface charge densify BfC=—pF(ps), (7)
=eZ(4mwb?) 1], results from this linearization.

Equation(4) can be employed for describing the electro- where

phoresis of highly surface charged particleZ ié substituted

In the limit \—<, Eq. (4) tends to the hard-sphere be-

2
by an effective charg.<Z [11]. By allowing for particle- Eloe) = 1 1+ 2 inl® totl)
counterion cluster formation, the validity of the linearized (pr) 4 3% : 3 @
Poisson-Boltzmann equation is extended into the nonlinear 5 2wt
H w
regime[12]. —3—1,§tan*l —r ) , ®
B. Liquid-state theory of charged colloids
w(py)={1+3[4m\zp;] 31~ 9

Consider a system consisting Wfparticles inside a vol-
umeV. The particles are idealized as hard spheres of radius In the bulk, this contribution is negligible.
b, each carryingZ ionized groups of charge, uniformly The final contribution to the free energy is due to entropic
spaced on the surface. Consequently, a totalMfcounter-  motion of counterions and particles being expressed as a sum
ions must be present in order to preserve the overall electraf ideal-gas terms:
neutrality of the system. The solvent is described as an uni-
form medium of constant permittivity. 3 femr:E ﬂs)
The fluid state of the system will be composed of bare s
particles of densityp,, free counterions of density;, and
clusters consisting of a particle andassociated counterions with s accounting for bare particles, free counterions, and
(0<n<2Z). On the other handy, represents the density of clusters particle counterionp,=2mp,b® and ¢¢=amp;d3
clusters withn counterions. It is assumed that one condensedre the volume fractions occupied by each spefijare the
counterion neutralizes one of the particle charges, in such imternal partition functions for an isolated speceSince
way that the effective charge density ofnacluster iso, bare particles and unassociated counterions do not have an
=eZ/(4mb?). internal structure, their internal partition functions are simply
The contributions to the Helmholtz free-energy density,given by {,={;=1. However, for an cluster the internal
f=—F/V, arise from electrostatic interactions and entropicpartition  function is  {a=ZY[(Z—n)!n!]exd(Zn
terms[1]. The particle-counterion contribution is obtained in —n?2)\,/b] [1].

ps—psin (10
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TABLE |. Bare surface charge&Z) and particle sizg2b) at 5
three solutionpH’s.
pH Z(e7) 2b (nm) ~7
10.1+0.1 (2.27:0.02)x 10° 231+ 6 ~ /%‘i
6.8+0.1 (1.240.02)x 10° 227+5 g /%
5.8+0.1 (1.52+0.02)x 10° 234+6 N; %%
® %/
=
Combining all these contributions, the total free energy of =

+ fPP. Minimization of f againstn leads to the relation be-

tween bare and effective charges. Polydispersity in clusters is ;
not relevant, as reported in R¢fl]. As a consequence, the 2 : T
cluster distribution can be replaced by one characteristic o 7 10

particle-counterion cluster.

the colloidal suspension is obtained=fe"'+ fPc+ fc¢ ',-"}

FIG. 1. Electrophoretic mobility as a function of bare charge
([NaCll=1 mM). The linear dependenge—Z is shown for refer-
ence.

IIl. EXPERIMENT

Deswollen gel particles based on p@Brvinylpyridine)
crosslinked with divinylbenzend0.25% [16] were em-
ployed as experimental system. The use of such a systearcount for the discrepancies. In this paper, we claim that
allows very high charge asymmetries to be introduced in thehis charge renormalization could be caused by the strong
fluid [17]. Deswollen particle states guarantee that the parelectrostatic interaction between the colloidal particles and
ticles behave, hydrodynamically, as hard spheres and consghe counterions, leading to the formation of particle-
quently u— tnard spherd €XPression4). counterion clusters, with a renormalized surface chatge

Dynamic light scattering was employed for obtaining the=z7—n. This effect would be specially relevant when high
mean particle hydrodynamic diameterb2(230+6) nm.  charge asymmetries are present in the complex fluid.
Particle charge was determined by titratidV]. The weak Levin-Barbosa-Tamashiro liquid-state theory has been ap-
character of the chemical surface groups permits particl@lied in this paper to renormalize the particle chafig. 2),
charge control through changes in the medipkh Surface  obtaining a very good agreement between the experimental
charges covering one order of magnitude were obtained byesults and theoretical predictions for the electrophoretic mo-
modifying the pH between 10.1 and 5.8, keeping the par-bility. Now, x depends linearly on the renormalized charge
ticles in the deswollen statsee Table)l Z¢, with physical meaning on particle-counterion clustering

Electrophoretic mobilities were obtained by Doppler light phenomena. Additionally, the equilibrium classical picture of
scattering using a Zetamast@r{Malvern Instruments  a colloid surrounded by its diffuse double layer is recovered,
working with a 632.8 nm He-Ne laser. All measurementsif the particle is replaced by a cluster formed by the particle
were carried out in dilute regime&5x 10°cm™3), in order  itself andn counterions. This conclusion is only applicable to
to avoid undesirable interactions between particles and mul-
tiple scattering. The mediumpH was fixed by the addition of
HCI or NaOH while the background electrolyte was modi-
fied by using NaCl. The temperature was set to 25°C in all
experiments.

w

IV. RESULTS AND DISCUSSION

The electrophoretic mobility of a colloid is an interesting
transport property depending on the charge asymmetry of the
fluid. Theoretical predictions for this variable disagree with
experimental results, even though the theories are applied in
their validity regions. This situation is shown in Fig. 1 by
plotting the electrophoretic mobility against the particle sur-
face charge. As expected, increases withZ, but not in a )
linear fashion as theoretically predictathshed ling In ad- 310° ' ' 6%10°
dition, theoretical electrophoretic mobilities are much higher 7 =7-n
than experimental ones, indicating that not all the surface «
charge reverts on the particle motion. FIG. 2. Electrophoretic mobility versus the effective charge

This result suggests that an effective charge, lower thasharge predicted by LBT liquid-state theory. The solid line is the
the bare one, should be introduced in the physical picture, ttheoretical predictiofexpression(4)].

pn(10%m? V' s
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FIG. 3. Electrophoretic mobility as a function of salt concentra-

tion. V;Z=2.27x10°, 0;Z=1.24x10°, and 0;Z=1.52x 1(F.

The lines are theoretical fits leaving the fraction of condense

counterions as free parameter.
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TABLE II. Experimental (1-Z/Z) and predictedrf/Z) frac-
tion of condensed counterions.

z 1-Z4/Z n'z
(2.27+0.02)x 10° 0.976+0.008 0.99280
(1.24+0.02)x 10° 0.995+0.008 0.99858
(1.52+0.02)x 10° 0.995+0.008 0.99884

tions, remarking the neccessity of including the particle-
counterion clustering that occurs as a result of the intense
electrostatic interactions between the particle and the coun-
terions. Moreover, this agreement confirms thgt=Z—n is
salt independent, at least in the range where ionic size effects
or correlations are negligible.

As a consequence, effective charges obtained from trans-
port properties, such as the electrophoretic mobility, are
based on a particle-counterion phenomenon that renormal-

d’zes the charge that manifests on the colloidal features. On

considering this entity as the colloidal particle, predicted
electrophoretic mobilities agree with experimentally mea-
sured ones.

aqueous suspensions with monovalent counterions. When-
ever electrostatic interations between condensed counterions

are significant, as is the case for low dielectric solvents and The electrophoresis of highly charged, spherical particles
multivalent counterions, the theory needs to be extended ify a primitive electrolyte reflects the ocurrence of a charge
order to account for these correlations. In the eXperimentqlenormanzation, which is conseguence of the strong electro-
situation considered here, these effects are negligible and thgatic interaction between the colloid and the counterions.
agreement is thus worthy of mention. The resultant particle-counterion cluster presents an effective
In order to further validate this scenario, electrophoreticchargezef:Z_n, which is predicted by an extension of the
mobilities were measured as a function of salt CO“Ce”tfatiOfDebye-Hin:keI-Bjerrum theory to the fluid state of highly
for three surface charge values. The results are shown in Figharged colloids. These effective charges should be taken
3. As can be seery decreases with salt concentration as ajnto account for a proper description of the electrophoresis of
consequence of electric double layer compression. If surfaqs;igmy charged colloids and presumably when studying other

V. CONCLUSIONS

bare charges are considered, theoretical predictions agre@nsport properties of any charged system.

gualitatively with experimental results, but overestimate the
measured values. From fitting the experimental results with
Eq. (4) (Fig. 3), the fraction of bare charge that contributes to
u can be obtainedTable Il). The resultant fraction ofon-
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