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Electrophoresis of large polyelectrolyte-coated colloidal particles
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We perform electrophoretic mobility measurements of spherical colloidal particles coated with a charged
polyelectrolyte shell versus 1:1 electrolyte concentratiolmstead of the expected Smoluchowski scaling law
w~c Y2 for large xa, with « the inverse of the Debye length, we find thascales ag.~c~1/3. We account
for this result using a general theory for the electrophoresis of soft parfiele©hshima, Adv. Colloid
Interface Sci.62, 189 (1995] combined with the salt concentration dependence of the shell thickness, as
described by PincuP. Pincus, Macromolecule24, 2912(1997)].
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Colloidal particles in the micrometer scale are increas4ential describing electrostatic interactions is not completely
ingly demanded by optical microscopy techniques to studyndependent of steric effecf83-15. Despite these compli-
the structure and dynamics of colloidal suspensions. Microseations, Ohshim@l6] has worked out analytical solutions of
copy provides useful complementary information to otherthe governing equations for certain limiting situations in the
techniques such as light scattering or neutron scatt¢fihg absence of electric double layer polarization, and Sajikg
that are based on averages over spatial length scales and tifmas extended these to more general cases by solving the
[2]. The applications have included the study of the initialproblem numerically.
stages of nucleation and growth processes in crystal forma- From an experimental point of view, there are few quan-
tion [3], visualization of dislocation dynamidgl], analysis titative studies dealing with the electrophoresis of
of the colloidal glass transitiofb], and particle tracking for polyelectrolyte-coated colloids; the main interest is centered
microrheology studief6]. in understanding the influence of the shell, over the system’s

All these applications require the suspension to be colloicolloidal stability[17]. The adsorption of charged and neutral
dally stable. Electrostatic repulsion is in many cases unablsurfactants onto latex colloids has also been studlie].
to assure the necessary stability, and in order to avoid paElectrophoresis is performed in these cases as a supplemen-
ticle aggregation, steric interactions are introduced. Experitary measurement and is usually interpreted on a qualitative
mentally, this kind of stabilization is achieved using surfac-basis. There are, however, several works with neutral coat-
tants or polymers. Polyelectrolytes have also been exploreitigs which go beyond this and try to gain insight into what
and seem to play the role of these emulsifiers. Although pracgoverns the electrokinetic behavior of these collditig].
tical applications of polyelectrolyte coating of colloifi,8] In this paper, we perform electrophoretic mobiliiymea-
and emulsiong9] are receiving increasing attention, there surements of large, nearly uncharged, particles coated with
are still fundamental aspects which are not well understoodan ionic surfactant for different concentrationsof a 1:1
While the interactions between monomers in neutral poly-electrolyte. These experimental results contribute to a better
mers arise from excluded volume effects and are thus shotinderstanding of the dominant role played by the coating in
ranged with respect to the polymer chain dimensions, fothe electrophoretic mobility behavior. We find thatscales
polyelectrolytes, in addition to this short-ranged interactionasu ~ ¢ /3 over twoc decades. We account for this scaling
there is a Coulombic repulsion between chains; its range ibehavior by considering the adequate limit of Ohshima’s
comparable to the polymer size and influences the locajeneral theory for the electrophoresis of soft parti¢ies],
structure (stiffnesg of the polymer chains, resulting in a combined with the salt concentration dependence of the shell
length scale coupling that complicates the description othickness arising from the balance between osmotic pressure
polyelectrolyte systemflO]. and entropy loss upon polyelectrolyte expansion, as de-

These difficulties are also reflected in the electrokineticscribed by Pincu$20].
behavior of polyelectrolyte-coated particles with respect to We use polystyrene particles provided by Ikerlat Polymers
their uncoated counterparts. The electrokinetic behavior ofSpair. Their synthesis is based on emulsion polymerization
bare particles immersed in a solvent with electrolyte is wellprocedure$21] in the presence of ionic surfactants; these are
described by the standard electrokinetic model in the absenceeeded to avoid flocculation between nucleation droplets
of ionic correlationg11,12. The introduction of a polyelec- throughout the synthesis process, further warranting the col-
trolyte shell around the particle complicates the problem]joidal stability of the resultant particle suspension. To test
since the fixed charge is distributed throughout the coatinghis fact, we cleaned the latex suspension with serum re-
instead of being confined to a surface, and because the pptacement{22] and replaced the original agqueous solution
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FIG. 1. (a) Optical microscopy image of the polystyrene colloi-
dal particles. The scale in the bottom right corresponds t@h0
(b) Intensityl vs particle volume fractio). The linear dependence
under simple-scattering conditions is shown) Electrophoretic . — —
mobility w as a function of particle volume fractiof. « does not 0.1 1 10
depend onp within the volume fraction range probed in the experi- -2
ment. The data scatter at lov arises from the low number of [NaCl] (10 M)
particles in the cell scattering volume implying loss of statistics
when performing the measurement.

FIG. 2. Electrophoretic mobilityx as a function of 1:1 electro-
lyte (NaCl) concentratiorc. Measurements are performed with the

with ultrapure water. As a result the system aggregated, in;etamaster-SA) and the Zetasizer-ZO) instruments. The solid

. e ) 99, N ) o ~(0.33:0.03 )
dicating the inability of the repulsive electrostatic interaction e, COfeSPONds o the power-law fji.~c - For the ex

. .~ perimental system under consideratiam~1 for c=3x 108 M
to keep the suspension stable. We recall that synthesam%nd thus the experiments are performed in the ighimit, where

large particles implies creation of a small number of nucle-

. . . o a power scaling with exponent -1/2 is obtained in the case of
ation points and thus the use of small quantities of |n|t|ator.Chargeol hard spherédashed ling The encountered different scal-

Since it is the initiator that yields surface particle charge, oufng js attributed to the presence of grafted polyelectrolytes on the
particles are only slightly charged and become sterically stago|ioids’ surface(see text
bilized by the addition of ionic surfactants. They thus consti-
tute an excellent system for testing the importance of thetharged particles do move, causing a Doppler shift on the
charged shell over the electrophoretic mobility behavior. Therequency of the scattered light signal with respect to the
particles have a diametér=2a=(2.43+0.09 um as deter- modulation frequency. The Zetasizer-Z uses the so-called
mined by disc centrifugf23]. From the size distribution, the phase analysis light scatterig5] to determine the phase
polydispersity index (PDI) is obtained to be PDI shift between the scattering and reference beams rather than
=SxAM (AZxA3) ~1.007, withx; the fraction of particles the frequency shift. The rate of change of the phase differ-
with diameter4;, indicating the high monodispersity of the ence is related to the particle velocity and therefore to the
suspension; this is also apparent in the optical microscopglectrophoretic mobility.
image shown in Fig. (). The charge of the ionic surfactant ~ To warrant simple-scattering conditions we measure the
arises from dissociation of strong chemical groups; it is thusscattered intensity as a function of particle volume fraction
pH and salt concentration independent. ¢ with no added saltFig. 1(b)]. Two different regions can be
The electrophoretic mobility measurements are performedlearly distinguished. In the first onkjs linear with ¢ indi-
by means of two different instruments, a Zetamaster-S and eating simple-scattering conditions. Aboye~ 6 10°°, the
Zetasizer-Z, both commercialized by Malvern Instrumentdinear behavior is lost and is controlled by multiple-
(UK). The measuring technigue is based on the principles a$cattering events. We also checked the expected absence of
laser Doppler electrophoresjg4], consisting of analyzing particle-particle interactions at lows by measuring the elec-
the mixing of light scattered from a colloidal suspension androphoretic mobility versus particle volume fraction within
a reference beam of well-known frequency. Light is detectedhe simple-scatterings range[Fig. 1(c)] and recall thatu
at low scattering anglegg=14° (Zetamaster-Band §=17°  remains constant. The observed data scatter atfaavises
(Zetasizer-Z], assuring detection of single-particle motion. from the loss of statistics as a result of the low particle num-
In the Zetamaster-S a beam splitter divides the signal intder in the scattering volume. We choose a working concen-
two beams that are arranged to cross in the stationary regidnation of ¢~ 4 x 1075, that warranties simple-scattering con-
of the measuring cell resulting in Young's interferenceditions and constant electrophoretic mobility irrespective of
fringes of known spacing. An optical modulation of 250 Hz small variations on particle volume fracti¢@6].
is introduced to one of the beams by means of an oscillating The effect of added saltNaCl) over the electrophoretic
mirror causing the interference pattern motion with a speednobility of our polyelectrolyte-coated particles is presented
that is related to the modulation frequency. The particlesn Fig. 2. All samples are prepared keeping the total volume
move normal to the fringes under the influence of the exterfixed in order to avoid differences in the amount of surfactant
nal electric field and scatter light with fluctuating amplitude. adsorbed onto the particles’ surface. We show measurements
An uncharged particle does not move and scatters light witlperformed with both the Zetamaster-S and Zetasizer-Z ex-
amplitude varying with the modulation frequency. However,perimental devices. We explore two decades in electrolyte
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concentration and find that scales with salt concentration
as u~c Y3, This behavior deviates from the expected
Smoluchowski_limiting lawu~ x™*~c/2 for large «a, o
where «=2e?N,cl(seokaT) is the inverse of the Debye for arbitraryhd, with \=\y/ 7 and p=Q/{3a[(a+d)3-a]}.
length, withe the electron chargé\, the Avogadro number, Note that the existence of a nonvanishjagt high electro-
kg the Boltzmann constant, the absolute temperaturethe  lyte concentration is one of the characteristics of soft par-
relative dielectric constant of the solvent, asythe vacuum  ticles[16,27], since the electrophoretic mobility of rigid col-
permittivity. This deviation occurs because the experimentaloids tends to zero at high due to ionic shielding effects.
system has an ionic shell coating rather than the characterid4oreover, u is clearly controlled by the shell thicknesls
tic surface charge of more conventional latex particles. Weharge density, and its friction with the solvent. By con-
thus interpret our results on the basis of Ohshima'’s theory fosidering thathd is small, the hyperbolic secant can be ex-
the electrophoresis of polyelectrolyte-coated partiCles. panded in a Taylor series around=0 and

Consider a particle with a core of radiassurrounded by 2 2

. ) Q 1 (Ad) Q d

a polyelectrolyte shell of thicknes$ and charge density. ~ TR ~ S~
The fluid motion is described by the Navier-Stokes equation, [(@+d)°-a’]m\° 2 [3a"d + O(d)] 27
neglecting inertial termdow Reynolds numberand consid-
ering steady and incompressible flow,

= #[1 — seclind)] (6)

d,

(7)

where we have taken into account tleet d and thus have
neglected terms of ordat® in the denominator. Under this
limit, w is linearly related with the shell thicknesk and

M

7V XV XU(F) + VP(M) + pey V 41) + Y1) =0,

a<r<a+d, (1) since the shell charg® is conferred by strong chemical
groups and is therefore independentcpthe experimentally

7V X V X U(F) + VPF) +pg V) =0, r>a+d, observed salt concentration dependenceuafust be im-
@ plicit in the polyelectrolyte layer thickness dependence.

This was studied by PincUyg0]. The basic idea of the-c
relation rests on the balance between the counterion osmotic
pressurem; owing to expand the shell and an elastic contri-
bution 7, arising from the entropy loss in the expanding
process,

where u(r) is the fluid velocity,P(r) the pressurep the
charge density associated with the mobile io(s, the elec-
tric potential, andr the position vector with respect to the
particle center. The termvy-u represents the frictional force
exerted on the liquid flow by the polyelectrolyte segments in
the shell, withy the friction coefficient.

The electrolyte is taken as being composed of ions; the
ionic flow velocity v;(r) for theith ionic specie is given by ~Where the counterion concentratiog=N/(I°d), with N, the
number of charges in a polyelectrolyte chain &rfda mean
polyelectrolyte grafting density, is set equal to the charge
concentration resulting from dissociation of ionizable
groups, assumed uniformly distributed within the shell. The
establishing that ionic motion occurs because of the motiofonic contribution to the osmotic pressure arises from the
of the fluid and due to gradients in the chemical potentjal ~ ionic concentration difference inside and outside the shell
with \; the drag coefficient of théth ionic specie, each of that results from the presence of a Donnan potential within
which must fulfill mass conservation. the charged coating. The elastic osmotic pressure originates

The electric potentiali(r) is obtained from solving Pois- from the elastic energy stored in the expansion pro¢ess
son equations for the core and shell regions, %kdz, wherek= kBT/(N 2) is the elastic constant associated

with a random-walk chain, witta, and N the radius and

(8)

GO =0+ V ), 3

5 _ petp number of monomer unitsr, is then obtained as the product
VE(r) =~ er60 a<r<a+d, (4)  between the forc&=kd and the mean grafting densityr,
=kd/12
From Eq.(8) it is readily seen that the brush collapses
sz//(r”):—ﬂ r>atd (5 upon increasingc as d~c¢ %3, thus implying thatu~d

~c 13 [see Eq.(7)], as encountered experimentallig.

2). Our analysis assumes that application of a siadikld,
These equations are the basic equations describing the mtypically ~20 V cni? in the experiments described in this
tion of a core-shell particle under an external electric fieldpaper, does not distort the equilibrium ionic configuration of
and can be solved to obtain an integrodifferential equationhe polyelectrolyte-coated particle; this would allow applica-
for u [16]. Analytical solutions were obtained by Ohshima tion of Pincus equilibrium prediction to the stationary non-
for certain limiting cases, in the absence of electric doublesquilibrium situation of our electrophoretic mobility mea-
layer polarization. In the limit of high electrolyte concentra- surements.

&€

tion (k—c0) and for large colloidal particlesa— =), the
electrophoretic mobility becoméd46]

We have measured the electrophoretic mobility of
polyelectrolyte-coated colloids finding a different behavior
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as compared to that of bare particles. In particular a differenthe addition of salt as described by Pin¢@§], into a theo-
scaling law with salt concentratidp~¢™/3) is found over  retical description ofw [16].

two c decades; this emphasizes the importance of the

charged shell over the considered transport property. We ex- We acknowledge financial support from the Ministerio de
plain our results by introducing the shell compression uporCiencia y Tecnologia under Project No. MAT2004-03581.
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