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We perform electrophoretic mobilitym measurements of spherical colloidal particles coated with a charged
polyelectrolyte shell versus 1:1 electrolyte concentrationc. Instead of the expected Smoluchowski scaling law
m,c−1 / 2 for largeka, with k the inverse of the Debye length, we find thatm scales asm,c−1 / 3. We account
for this result using a general theory for the electrophoresis of soft particlesfH. Ohshima, Adv. Colloid
Interface Sci.62, 189 s1995dg combined with the salt concentration dependence of the shell thickness, as
described by PincusfP. Pincus, Macromolecules24, 2912s1991dg.
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Colloidal particles in the micrometer scale are increas-
ingly demanded by optical microscopy techniques to study
the structure and dynamics of colloidal suspensions. Micros-
copy provides useful complementary information to other
techniques such as light scattering or neutron scatteringf1g
that are based on averages over spatial length scales and time
f2g. The applications have included the study of the initial
stages of nucleation and growth processes in crystal forma-
tion f3g, visualization of dislocation dynamicsf4g, analysis
of the colloidal glass transitionf5g, and particle tracking for
microrheology studiesf6g.

All these applications require the suspension to be colloi-
dally stable. Electrostatic repulsion is in many cases unable
to assure the necessary stability, and in order to avoid par-
ticle aggregation, steric interactions are introduced. Experi-
mentally, this kind of stabilization is achieved using surfac-
tants or polymers. Polyelectrolytes have also been explored
and seem to play the role of these emulsifiers. Although prac-
tical applications of polyelectrolyte coating of colloidsf7,8g
and emulsionsf9g are receiving increasing attention, there
are still fundamental aspects which are not well understood.
While the interactions between monomers in neutral poly-
mers arise from excluded volume effects and are thus short
ranged with respect to the polymer chain dimensions, for
polyelectrolytes, in addition to this short-ranged interaction,
there is a Coulombic repulsion between chains; its range is
comparable to the polymer size and influences the local
structure sstiffnessd of the polymer chains, resulting in a
length scale coupling that complicates the description of
polyelectrolyte systemsf10g.

These difficulties are also reflected in the electrokinetic
behavior of polyelectrolyte-coated particles with respect to
their uncoated counterparts. The electrokinetic behavior of
bare particles immersed in a solvent with electrolyte is well
described by the standard electrokinetic model in the absence
of ionic correlationsf11,12g. The introduction of a polyelec-
trolyte shell around the particle complicates the problem,
since the fixed charge is distributed throughout the coating
instead of being confined to a surface, and because the po-

tential describing electrostatic interactions is not completely
independent of steric effectsf13–15g. Despite these compli-
cations, Ohshimaf16g has worked out analytical solutions of
the governing equations for certain limiting situations in the
absence of electric double layer polarization, and Savillef14g
has extended these to more general cases by solving the
problem numerically.

From an experimental point of view, there are few quan-
titative studies dealing with the electrophoresis of
polyelectrolyte-coated colloids; the main interest is centered
in understanding the influence of the shell, over the system’s
colloidal stabilityf17g. The adsorption of charged and neutral
surfactants onto latex colloids has also been studiedf18g.
Electrophoresis is performed in these cases as a supplemen-
tary measurement and is usually interpreted on a qualitative
basis. There are, however, several works with neutral coat-
ings which go beyond this and try to gain insight into what
governs the electrokinetic behavior of these colloidsf19g.

In this paper, we perform electrophoretic mobilitym mea-
surements of large, nearly uncharged, particles coated with
an ionic surfactant for different concentrationsc of a 1:1
electrolyte. These experimental results contribute to a better
understanding of the dominant role played by the coating in
the electrophoretic mobility behavior. We find thatm scales
asm,c−1 / 3 over twoc decades. We account for this scaling
behavior by considering the adequate limit of Ohshima’s
general theory for the electrophoresis of soft particlesf16g,
combined with the salt concentration dependence of the shell
thickness arising from the balance between osmotic pressure
and entropy loss upon polyelectrolyte expansion, as de-
scribed by Pincusf20g.

We use polystyrene particles provided by lkerlat Polymers
sSpaind. Their synthesis is based on emulsion polymerization
proceduresf21g in the presence of ionic surfactants; these are
needed to avoid flocculation between nucleation droplets
throughout the synthesis process, further warranting the col-
loidal stability of the resultant particle suspension. To test
this fact, we cleaned the latex suspension with serum re-
placementf22g and replaced the original aqueous solution
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with ultrapure water. As a result the system aggregated, in-
dicating the inability of the repulsive electrostatic interaction
to keep the suspension stable. We recall that synthesizing
large particles implies creation of a small number of nucle-
ation points and thus the use of small quantities of initiator.
Since it is the initiator that yields surface particle charge, our
particles are only slightly charged and become sterically sta-
bilized by the addition of ionic surfactants. They thus consti-
tute an excellent system for testing the importance of the
charged shell over the electrophoretic mobility behavior. The
particles have a diameterD=2a=s2.43±0.09d mm as deter-
mined by disc centrifugef23g. From the size distribution, the
polydispersity index sPDId is obtained to be PDI
=oxiDi

4/ sDoxiDi
3d,1.007, with xi the fraction of particles

with diameterDi, indicating the high monodispersity of the
suspension; this is also apparent in the optical microscopy
image shown in Fig. 1sad. The charge of the ionic surfactant
arises from dissociation of strong chemical groups; it is thus
pH and salt concentration independent.

The electrophoretic mobility measurements are performed
by means of two different instruments, a Zetamaster-S and a
Zetasizer-Z, both commercialized by Malvern Instruments
sUKd. The measuring technique is based on the principles of
laser Doppler electrophoresisf24g, consisting of analyzing
the mixing of light scattered from a colloidal suspension and
a reference beam of well-known frequency. Light is detected
at low scattering anglesfu=14° sZetamaster-Sd and u=17°
sZetasizer-Zdg, assuring detection of single-particle motion.
In the Zetamaster-S a beam splitter divides the signal into
two beams that are arranged to cross in the stationary region
of the measuring cell resulting in Young’s interference
fringes of known spacing. An optical modulation of 250 Hz
is introduced to one of the beams by means of an oscillating
mirror causing the interference pattern motion with a speed
that is related to the modulation frequency. The particles
move normal to the fringes under the influence of the exter-
nal electric field and scatter light with fluctuating amplitude.
An uncharged particle does not move and scatters light with
amplitude varying with the modulation frequency. However,

charged particles do move, causing a Doppler shift on the
frequency of the scattered light signal with respect to the
modulation frequency. The Zetasizer-Z uses the so-called
phase analysis light scatteringf25g to determine the phase
shift between the scattering and reference beams rather than
the frequency shift. The rate of change of the phase differ-
ence is related to the particle velocity and therefore to the
electrophoretic mobility.

To warrant simple-scattering conditions we measure the
scattered intensityI as a function of particle volume fraction
f with no added saltfFig. 1sbdg. Two different regions can be
clearly distinguished. In the first one,I is linear withf indi-
cating simple-scattering conditions. Abovef,6310−5, the
linear behavior is lost andI is controlled by multiple-
scattering events. We also checked the expected absence of
particle-particle interactions at lowf by measuring the elec-
trophoretic mobility versus particle volume fraction within
the simple-scatteringf rangefFig. 1scdg and recall thatm
remains constant. The observed data scatter at lowf arises
from the loss of statistics as a result of the low particle num-
ber in the scattering volume. We choose a working concen-
tration off,4310−5, that warranties simple-scattering con-
ditions and constant electrophoretic mobility irrespective of
small variations on particle volume fractionf26g.

The effect of added saltsNaCld over the electrophoretic
mobility of our polyelectrolyte-coated particles is presented
in Fig. 2. All samples are prepared keeping the total volume
fixed in order to avoid differences in the amount of surfactant
adsorbed onto the particles’ surface. We show measurements
performed with both the Zetamaster-S and Zetasizer-Z ex-
perimental devices. We explore two decades in electrolyte

FIG. 1. sad Optical microscopy image of the polystyrene colloi-
dal particles. The scale in the bottom right corresponds to 10mm.
sbd IntensityI vs particle volume fractionf. The linear dependence
under simple-scattering conditions is shown.scd Electrophoretic
mobility m as a function of particle volume fractionf. m does not
depend onf within the volume fraction range probed in the experi-
ment. The data scatter at lowf arises from the low number of
particles in the cell scattering volume implying loss of statistics
when performing the measurement.

FIG. 2. Electrophoretic mobilitym as a function of 1:1 electro-
lyte sNaCld concentrationc. Measurements are performed with the
Zetamaster-Ssmd and the Zetasizer-Zssd instruments. The solid
line corresponds to the power-law fit:m,c−s0.33±0.03d. For the ex-
perimental system under consideration,ka<1 for c<3310−8 M
and thus the experiments are performed in the high-ka limit, where
a power scaling with exponent −1/2 is obtained in the case of
charged hard spheressdashed lined. The encountered different scal-
ing is attributed to the presence of grafted polyelectrolytes on the
colloids’ surfacessee textd.
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concentration and find thatm scales with salt concentration
as m,c−1 / 3. This behavior deviates from the expected
Smoluchowski limiting lawm,k−1,c−1 / 2 for large ka,
where k=Î2e2NAc/s««0kBTd is the inverse of the Debye
length, withe the electron charge,NA the Avogadro number,
kB the Boltzmann constant,T the absolute temperature,« the
relative dielectric constant of the solvent, and«0 the vacuum
permittivity. This deviation occurs because the experimental
system has an ionic shell coating rather than the characteris-
tic surface charge of more conventional latex particles. We
thus interpret our results on the basis of Ohshima’s theory for
the electrophoresis of polyelectrolyte-coated particlesf16g.

Consider a particle with a core of radiusa, surrounded by
a polyelectrolyte shell of thicknessd and charge densityr.
The fluid motion is described by the Navier-Stokes equation,
neglecting inertial termsslow Reynolds numberd and consid-
ering steady and incompressible flow,

h = 3 = 3 uW srWd + = PsrWd + rel = csrWd + guW srWd = 0,

a , r , a + d, s1d

h = 3 = 3 uW srWd + = PsrWd + rel = csrWd = 0, r . a + d,

s2d

where usr d is the fluid velocity,Psr d the pressure,rel the
charge density associated with the mobile ions,csr d the elec-
tric potential, andr the position vector with respect to the
particle center. The term −g u represents the frictional force
exerted on the liquid flow by the polyelectrolyte segments in
the shell, withg the friction coefficient.

The electrolyte is taken as being composed of ions; the
ionic flow velocity visr d for the ith ionic specie is given by

vW isrWd = uW srWd +
1

li
= misrWd, s3d

establishing that ionic motion occurs because of the motion
of the fluid and due to gradients in the chemical potentialmi,
with li the drag coefficient of theith ionic specie, each of
which must fulfill mass conservation.

The electric potentialcsr d is obtained from solving Pois-
son equations for the core and shell regions,

¹2csrWd = −
rel + r

«r«0
, a , r , a + d, s4d

¹2csrWd = −
rel

«r«0
, r . a + d. s5d

These equations are the basic equations describing the mo-
tion of a core-shell particle under an external electric field
and can be solved to obtain an integrodifferential equation
for m f16g. Analytical solutions were obtained by Ohshima
for certain limiting cases, in the absence of electric double
layer polarization. In the limit of high electrolyte concentra-
tion sk→`d and for large colloidal particlessa→`d, the
electrophoretic mobility becomesf16g

m =
r

hl2f1 − sechslddg s6d

for arbitraryld, with l=Îg /h andr=Q/h 4
3pfsa+dd3−a3gj.

Note that the existence of a nonvanishingm at high electro-
lyte concentration is one of the characteristics of soft par-
ticles f16,27g, since the electrophoretic mobility of rigid col-
loids tends to zero at highc due to ionic shielding effects.
Moreover,m is clearly controlled by the shell thicknessd,
charge densityr, and its friction with the solvent. By con-
sidering thatld is small, the hyperbolic secant can be ex-
panded in a Taylor series aroundld=0 and

m <
Q

fsa + dd3 − a3g
1

hl2

sldd2

2
<

Q

f3a2d + Qsd2dg
d2

2h
, d,

s7d

where we have taken into account thata@d and thus have
neglected terms of orderd2 in the denominator. Under this
limit, m is linearly related with the shell thicknessd and
since the shell chargeQ is conferred by strong chemical
groups and is therefore independent ofc, the experimentally
observed salt concentration dependence ofm must be im-
plicit in the polyelectrolyte layer thicknessc dependence.
This was studied by Pincusf20g. The basic idea of thed-c
relation rests on the balance between the counterion osmotic
pressurepi owing to expand the shell and an elastic contri-
bution pe arising from the entropy loss in the expanding
process,

pi = kbT
cm

2

2NAc
<

kd

l2
= pe, s8d

where the counterion concentrationcm=Nc/sl2dd, with Nc the
number of charges in a polyelectrolyte chain andl−2 a mean
polyelectrolyte grafting density, is set equal to the charge
concentration resulting from dissociation of ionizable
groups, assumed uniformly distributed within the shell. The
ionic contribution to the osmotic pressure arises from the
ionic concentration difference inside and outside the shell
that results from the presence of a Donnan potential within
the charged coating. The elastic osmotic pressure originates
from the elastic energy stored in the expansion processE
= 1

2kd2, wherek=kBT/ sNap
2d is the elastic constant associated

with a random-walk chain, withap and N the radius and
number of monomer units.pe is then obtained as the product
between the forceF=kd and the mean grafting density,pe
=kd/ l2.

From Eq. s8d it is readily seen that the brush collapses
upon increasingc as d,c−1 / 3, thus implying thatm,d
,c−1 / 3 fsee Eq.s7dg, as encountered experimentallysFig.
2d. Our analysis assumes that application of a smallE field,
typically ,20 V cm−1 in the experiments described in this
paper, does not distort the equilibrium ionic configuration of
the polyelectrolyte-coated particle; this would allow applica-
tion of Pincus equilibrium prediction to the stationary non-
equilibrium situation of our electrophoretic mobility mea-
surements.

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 different
scaling law with salt concentrationsm,c−1 / 3d is found over
two c decades; this emphasizes the importance of the
charged shell over the considered transport property. We ex-
plain our results by introducing the shell compression upon

the addition of salt as described by Pincusf20g, into a theo-
retical description ofm f16g.
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