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a b s t r a c t
We present a method to accurately measure the electrophoretic mobility of spherical colloids at high volume fractions in real space using confocal laser scanning microscopy (CLSM) and particle tracking. We
show that for polymethylmethacrylate (PMMA) particles in a low-polar, density- and refractive-indexmatched mixture of cyclohexylbromide and cis-decahydronaphthalene, the electrophoretic mobility
decreases nonlinearly with increasing volume fraction. From the electrophoretic mobilities, we calculate
the f-potential and the particle charge with and without correcting for volume fraction effects. For both
cases, we ﬁnd a decreasing particle charge as a function of volume fraction. This is in accordance with the
fact that the charges originate from chemical equilibria that represent so-called weak association and/or
dissociation reactions. Finally, as our methodology also provides data on particle self-diffusion in the
presence of an electric ﬁeld, we also analyze the diffusion at different volume fractions and identify a
nonlinear decreasing trend for increasing volume fraction.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Colloids in nonpolar media are usually stabilized by grafting or
adsorbing a polymer layer onto the particle surfaces. Short-ranged
repulsive interactions resulting from the overlap of these steric
layers provide stability against the attractive Van der Waals forces.
However, it has long been recognized that, even in solvents of the
lowest polarity, charges sometimes play an important role, despite
the fact that ion concentrations are extremely low [1,2]. Wellknown examples are the strong electric ﬁelds that may arise when
friction causes charges to become separated during the pumping of
insulating liquids or when electrically charged water droplets settle to the bottom of a container ﬁlled with petroleum products [3].
Addition of small amounts of organic salts containing large ions
proves to signiﬁcantly increase the conductivity, allowing the
charges to dissipate sufﬁciently fast to prevent explosion hazard
of the products. Furthermore, charged colloids can be used in
xerography as an alternative to dry toning [2]. In this process,
the charged particles move by electrophoresis toward a charged
surface that holds a charge image. Once the particles have arrived
on the surface, they form a real image on the electronic template
that can be made permanent by evaporation of the solvent, leaving
the particles behind. Driven by the wish to realize soft interactions
for micron-sized colloids [4,5], and the design of advanced materials like electronic ink [6], interest in interactions between charged
⇑ Corresponding author.
E-mail address: t.vissers@uu.nl (T. Vissers).
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particles in nonaqueous solvents has again increased in the last
decade [7–11].
The overlap of double layers can contribute signiﬁcantly to the
interactions between the particles as a result of long double layers
in nonaqueous colloidal dispersions. In general, double layers start
to overlap when the distance between two colloidal particles becomes of the same order as the Debye–Hückel screening length
j1:

/1=3 a  j1 :

ð1Þ

Already in 1948, Verwey and Overbeek calculated the free energy
required to let two colloids approach each other from inﬁnity
[12]. It was found that for small surface potentials (f < 25 mV)
and moderate ja, it hardly matters whether the charge or the surface potential is held constant during this process [12,13]. The difference between these two cases is on the order of 20% at ja = 0.1
when the colloids are separated by a distance equal to their radius.
The low, but ﬁnite degree of dissociation of electrolytes in lowpolar media causes long double layers around the colloids,
(j1  a) and limits the total amount of charge that builds up on
the particle surface. However, since these charges are poorly
screened, the double-layer interactions are long ranged and the
colloids may acquire surface potentials that are similar in magnitude to those observed in aqueous dispersions [1]. Albers and
Overbeek used this to explain the reduced stability of some
water-in-oil emulsions at all but the lowest water volume fractions
[14]: even though the electric potential is sufﬁciently high, the potential gradient, corresponding to the repulsive force, is low when

Author's personal copy

444

T. Vissers et al. / Journal of Colloid and Interface Science 361 (2011) 443–455

the droplets are already sitting in each other’s (extended) double
layer. In addition, Albers and Overbeek realized that in such situations, it no longer sufﬁces to describe the system using only pair
interactions and provided a simpliﬁed model to account for multi-particle interactions.
Indirectly, the particle charge and screening length j1 in a
nondilute suspension can be estimated by measuring the radial
distribution function of a particle suspension and ﬁtting it to distribution functions from Monte Carlo simulations, assuming pairwise
additivity [4,15,16]. Although this method works well for ﬂuid suspensions, it was recently shown [17] that for an fcc crystal of the
same charge-stabilized colloidal model system as studied in our
paper, pairwise additivity breaks down and an effective radially
symmetric pair potential does not yield an appropriate description
of the system. One example of a direct measurement, again using
particles and solvent similar to the present study, is given by Roberts et al. [18], where the charge on a particle can be resolved with
an uncertainty of about 0.25e by studying the resonance of a particle in an optical tweezer trap while it is driven by a sinusoidal
ﬁeld. Micron-sized polymethylmethacrylate (PMMA) particles in
(dry) dodecane were found to carry on average three electron
charges, but this increased to around 60e when oil-soluble surfactants were added. Although the accuracy of this method is high, it
can only be performed at reasonably low volume fractions. Recently, Merrill et al. measured the electrostatic forces in a manybody system at low ionic strength (PMMA particles in hexadecane)
by bringing small groups of particles together using optical tweezers [19]. These data showed good agreement with a constant surface potential model, showing a decreasing charge as a function of
increasing volume fraction. In strongly deionized dispersions,
interactions can also become rather long ranged. Indeed, threebody interactions contribute signiﬁcantly to the total interaction
energy and should be taken into account [20].
Electrophoresis [21] offers another way to determine the particle surface potential and charge and we will employ it in the present paper. By measuring the electrophoretic mobility l = v/E,
where v is the speed of the particle moving in an electric ﬁeld of
strength jEj, the surface potential and the particle charge can be
determined. Electrophoretic mobilities can be measured by laser
Doppler anemometry [22] but can also be determined in real space
using an optical microscope [23,24]. In this paper, we use confocal
laser scanning microscopy (CLSM) and particle tracking software to
obtain the trajectories of individual particles moving in an electric
ﬁeld. From this, we can directly obtain the electrophoretic mobility. The particles used in this work have a refractive index that is
matched to the ﬂuid mixture, which allows for measuring at different depths in the sample simply by altering the focal plane of the
microscope. The optical resolution of our confocal microscope allows for the measurement of small collective particle displacements of several nanometers. This is indeed a large advantage,
since in apolar solvents, the charge is generally low, resulting in
small mobilities. Additionally, real-space techniques allow for
obtaining three-dimensional information during the measurements. This is useful because several additional phenomena can
inﬂuence the structure and local volume fraction of the dispersion
[25]. For example, particle polarization can result in string formation and ﬂows can become unstable under certain conditions. In
this respect, real-space techniques offer a large advantage since
the presence or absence of these phenomena can be directly
observed.
The outline of this paper is as follows. Before we discuss our
results, we give a short overview of the relevant theory for this
paper and brieﬂy discuss the methods that we employ. First, we
determine the electrophoretic mobility l of the colloids at different
colloidal volume fractions. We compare the results from our realspace technique with measurements that we performed with the

same particles using a commercially available apparatus employing Doppler anemometry. We extract the f-potential and the
surface charges Q as a function of volume fraction / using calculations of electrophoresis for concentrated colloidal dispersions [26].
We also analyze the self-diffusion of the charged particles in the
electric ﬁeld as our methodology to analyze the electrophoresis
data in real space provided us with this information as well. We
compare our results with earlier investigations and theoretical
predictions.
2. Theory
2.1. Electrophoresis
When a DC ﬁeld is applied on a dispersion of particles (low-
solvent) free components in the system that are charged (colloids,
ions, and ﬂuid) are set into motion. For dilute systems, in the limit
of thick double-layers (ja  1) the relationship between the zetapotential f and the electrophoretic mobility l is given by the Hückel equation l ¼ 2m3g0 f, where m is the relative permittivity, 0 the
permittivity of vacuum, and g the viscosity. In the limit of thin
double layers (ja  1), the electrophoretic mobility is given by
the Smoluchowski equation l ¼ mg0 f.
Since Hückel and Smoluchowski did not include deviations of
the local electric ﬁeld from the applied ﬁeld, the above formulas
do not predict the situations for intermediate ja correctly. It was
demonstrated by Henry [27] that, when taking into account the local electric ﬁelds around the particles, by superimposing the external electric ﬁeld on the particle’s electric ﬁeld, the electrophoretic
mobility can be written as l ¼ 2m3g0 f  f1 ðjaÞ where f1(ja) is given
by Henry’s function [27,28], which approaches 1 and 3/2 for small
and large ja respectively, in line with the Hückel and Smoluchowski limits. The charge can be calculated from the f-potential using
for example the relationship by Loeb et al. [29].
In order to ﬁnd solutions for any ja and any f-potential, it is
necessary to take into account geometrical effects and the correct
ion distribution around the particle (this distribution is inﬂuenced
by the ﬂuid ﬂow and the electric ﬁeld). To accomplish this, in general, a set of partial differential equations must be solved for the local ion density, ion ﬂuxes, and the ﬂuid ﬂows around the colloid.
Analytical solutions were obtained by Overbeek [30] in 1943 and
by Booth in 1950 [31], by expressing the mobility as a power series
in f and evaluating the ﬁrst few coefﬁcients. Later, Wiersema [32]
and O’Brien and White [33] used numerical calculations to relate
the f-potential to the mobility l. These results, and their comparison with analytical expressions, are treated extensively by Hunter
[34].
2.2. Effects of volume fraction on the electrophoretic mobility
When suspensions become more concentrated, the particles
start to interact with each other. In systems where a high degree
of ionic screening is present (ja  1), the double layer is very thin
compared to the particle radius. Therefore, charge separation only
occurs in the double-layer region around the particle. Net electric
forces exerted by an external ﬁeld will therefore only act on this region, resulting in strongly screened hydrodynamic and electrostatic interactions [35]. It was shown both theoretically [36] and
experimentally [37] that the electrophoretic mobility shows a
weak concentration dependence, which results from the back ﬂow
of ﬂuid that is caused by the motion of the particles:

l ¼ l0 ð1  C/Þ þ Oð/2 Þ:

ð2Þ

Here, l0 is the electrophoretic mobility at inﬁnite dilution, C is a
constant that is close to unity and Oð/2 Þ denotes second-order
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terms. Recently, Pérez et al. conﬁrmed this for particles suspended in an apolar solvent with added salt (ja  1) [38]. Medrano et al. showed that for longer screening lengths (ja  0.44),
the dependence of the mobility on the concentration is much
stronger due to particle interactions, with the constant in Eq.
(2) found to be C = 8 ± 2 [39]. In a paper by Lobaskin et al. [40],
the electrophoretic mobility of aqueous colloidal dispersions in
the low-salt regime was studied with a combination of LatticeBoltzmann and Molecular Dynamics (LB-MD) computer simulations and laser Doppler velocimetry experiments that also shows
a nonlinear decrease in the mobility with increasing volume
fraction.
In the case of very low bulk ion concentrations and extended
double layers (ja  1), the dependence of various dispersion
parameters such as charge and surface potential on volume fraction becomes important and has been the subject of several experimental and theoretical studies. The ﬁrst mobility expression for
spherical particles at low f-potentials and arbitrary double-layer
thickness was derived by Levine and Neale [41] using the Kuwabara cell model [42]. Kozak and Davies generalized this theory
for arbitrary values of the f-potential. A paper by Ohshima [43],
which gives the mobility for a swarm of spherical particles, also
covers the limiting cases from these earlier works. The effect of
charge regulation, by means of ion exchange with the ﬂuid, on
the electrophoretic mobility and the particle surface potential in
highly concentrated suspensions was studied in more detail by
Hsu et al. [44]. Since surface charge density can change as a result
of a different degree of dissociation of charge carrying groups, both
the surface charge and potential are allowed to change with the
screening parameter ja and volume fraction /. It is shown that
the surface potential decreases for increasing ja. Also, a decreasing
trend of the electrophoretic mobility with increasing volume
fraction is predicted. The polarization of the double layers
becomes more signiﬁcant for higher surface potential, but completely vanishes when ja ? 1. The ﬁrst theoretical work on the
electrophoretic mobility of spherical colloidal particles at high
concentrations for arbitrary f-potentials that fully takes into
account overlapping double layers was given recently [26]. These
calculations use a Kuwabara cell model to relate the f-potential
and surface charge for arbitrary ja and / to the electrophoretic
mobility l. The effect of overlapping double layers on the
electrophoretic mobility and the choice of appropriate boundary
conditions is treated in more detail in [45].
In this paper, we measure the conductivity and mobility as a
function of volume fraction of PMMA particles in a low-polar solvent mixture of cis-decalin and CHB using confocal laser scanning
microscopy. We focus on the cases where the ﬁeld strength is sufﬁciently low to ensure that particle polarization does not have an
important effect on the structure of the suspension. We use calculations on electrophoresis that correct for the effect of volume fraction [26] to calculate the charge and surface potential on the
particles.

In the most simple case of independent Brownian particles at
inﬁnite dilution, the particles do not inﬂuence each other and the
diffusive motion of particles is given by:

2.3. Diffusion coefﬁcients

Polymethylmethacrylate (PMMA) particles were synthesised by
dispersion polymerization [49]. The particles were covalently
labeled with either 7-nitrobenzo-2-oxa-1,3-diazole (NBD) or
rhodamine B isothiocyanate (RITC) [49]. The colloids were sterically
stabilized with a graft-poly-12-hydroxystearic acid PHSA–PMMAcomb stabilizer. In all cases, the stabilizer was covalently linked to
the particle surface after the synthesis. After this step, the particles
were washed with hexane several times to remove unreacted
monomer and consequently dried by letting the hexane evaporate
in air. The particle size and polydispersity were determined by static
light scattering (SLS). For the electrophoresis measurements, we
used two different particle batches A (average diameter
rA = 1.06 lm, 6% polydispersity, NBD-labeled) and B (rB = 0.91 lm,

Since we obtained the trajectories of the charged particles
from our electrophoresis measurements, we can also study the
self-diffusion in an electric ﬁeld. Self-diffusion relates to the diffusional properties of individual particles and is different from,
for instance, collective diffusion which is the response of a dispersion to concentration gradients. Whenever we mention in
the following of the paper diffusion, we mean self-diffusion.
The diffusion of charged particles with double layers larger than
the particle size has been studied theoretically [46–48] and we
will qualitatively compare the results with our experiments in
Section 4.4.

hðDrÞ2 i ¼ 6D0 Dt

Dt > sB ;

ð3Þ

where sB sets the Brownian time scale and D0 is the single particle
diffusion coefﬁcient given by the Stokes–Einstein relation:

D0 ¼

kB T
;
6pga

ð4Þ

where kB is the Boltzmann constant, T is the temperature, g is the
dynamic viscosity of the solvent, and a is the radius of the particle.
When more particles are present, the diffusion of the charged particles is inﬂuenced by a combination of hydrodynamic, electrostatic,
and direct interactions. The time scale on which a particle feels a
change in conﬁguration is set by the interaction time scale sI. Since
the double layers can interact as well, sI / a2/D0 will be shorter for
soft spheres than for hard spheres.
For short time intervals sB < Dt < sI, the particles move in a
nearly constant conﬁguration of neighboring particles and only
experience hydrodynamic interactions. In this regime, the meansquare displacement and time are related to the short-time selfdiffusion coefﬁcient:

DS ¼

hðDrðDtÞÞ2 i
6 Dt

s B < Dt < s I :

ð5Þ

On the other hand, if Dt  sI, the mean-square displacement is
a result of the combined effect of hydrodynamic, electrostatic, and
direct interactions (the particles cannot penetrate each other and
interact through their interparticle potential). The mean-square
displacement and time are related to the long-term diffusion
coefﬁcient:

DL ¼ lim

Dt!1

hðDrðDtÞÞ2 i
6Dt

sI  Dt:

ð6Þ

For intermediate time scales sS < Dt < sI on which the particle
interactions cannot be averaged over all possible conﬁgurations
within that time, the mean-square displacement is not a linear
function of time and the diffusion coefﬁcient is not a constant.
For these intermediate time scales, an apparent diffusion coefﬁcient can still be deﬁned:

DðDtÞ ¼

hðDrðDtÞÞ2 i
6 Dt

Dt  s I ;

ð7Þ

which is a function of the time interval Dt over which it was measured. The diffusion of charged particles while they are also driven
by an electric ﬁeld is studied in Section 4.4.
3. Methods
3.1. Particle dispersions
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7% polydispersity, RITC-labeled). In addition, particles N (rN =
2.05 lm, 4% polydispersity, RITC-labeled) were used for conductivity measurements. Suspensions at different volume fractions
containing either particles A or particles B were prepared by
dispersing colloids in a mixture of 27.2 w% cis-decahydronaphthalene (‘cis-decalin’) and 72.8 w% cyclohexylbromide (CHB). In this
solvent mixture, the density and refractive index of the background
and the colloids are nearly matched. After dispersing the particles,
they were allowed to equilibrate in CHB/cis-decalin for a period of
at least three days prior to the electrophoresis measurements.
3.2. Electrophoresis
After the equilibration period, the particle dispersions were
transferred to rectangular glass capillaries (Vitrocom 0.1 
2.0 mm) with electrodes connected on both ends of the capillary
(Fig. 1). We veriﬁed that no air bubbles emerged inside the dispersion in the capillary during this procedure. The capillaries were then
sealed with either wax or UV-glue (Norland optical adhesive). In the
latter case, the glue was cured with UV-light (k = 350 nm, UVGL-58
UV lamp, UVP) for approximately 30 min. During this curing process,
the capillaries were covered with aluminum foil to shield the suspension inside the sample and protect it from the UV radiation. Since
the electric cells could not be reused, we prepared a new one for each
volume fraction. All electrophoretic proﬁles were measured on a Leica SP2 confocal microscope (using a 488 nm or 543 nm laser), using
an NA 1.3 40 oil-immersion objective (Leica). For the generation of
the electric ﬁelds, a wideband ampliﬁer (Krohn-Hite, Model 7602M)
was used. The electric ﬁeld was applied in the x-direction (Fig. 1).
Measurements were performed in the middle between the electrodes and at the center of the capillary channel in the y-direction.
We used a so-called dial-indicator (Schut) that measures micrometer scale displacements to locate the center of the capillary in the
y-direction (y = 0).
In electrophoresis measurements, the electrophoretic velocity
should be measured at the stationary layers (Eq. 9), where the ﬂuid
ﬂows resulting from electro-osmosis on the walls of the capillary
channel cancel each other. To increase the accuracy of the measurement, we recorded movies for a number of different depths
(more than 5 in all cases) along the vertical (z)-axis of the capillary.
Then, we ﬁtted the resulting velocity proﬁle to a parabolic function,
to obtain the velocity at the stationary layers [22]. After mounting
the sample on the stage, the location of the lower and upper glass
walls was determined using the z-stage on the confocal microscope. From this, the distance h between the capillary walls in
the z-direction, which varied about 10–30% for different capillaries,
was determined for each individual sample. Occasionally, capillary
effects acting on the immersion oil droplet between the objective
and the capillary caused a small drift of the sample in the z-direction. This drift was taken into account by assuming that the extremum in the Poiseuille ﬂow (PF) proﬁle was always located exactly
in the center of the capillary channel in the z-direction (z = 0).
Images were recorded at a resolution of 512  512 or
1024  1024 pixels, at a scanning speed of approximately 2–3

z
y

x

E

+

2 mm

0.1 mm

_

1-4 cm
Fig. 1. A schematic 3D view of a rectangular glass capillary with cross-section
dimensions 0.1 mm  2 mm. After a dispersion was transferred into the capillary,
conducting wires bent at an angle were inserted as electrodes at both ends of the
capillary. The capillary itself was closed at both ends with either UV-glue or wax.
Black lines represent the conducting wires.

frames per second. To determine the particle positions in each
frame, we used algorithms similar to [50]. We used Gaussian blurring to smoothen the intensity landscape and reduce noise. To correct for background noise, we occasionally used a top hat ﬁlter. The
particle trajectories were determined using the 2D tracking algorithms described in the next section.
3.3. Particles moving uniformly in an electric ﬁeld
To estimate the charge on the particles, it is required to obtain
the electrophoretic mobility l = v/E of the particles, where v is the
electrophoretic velocity and E the electric ﬁeld strength. To determine the electrophoretic velocity, we need to identify the moving
particles in different frames to construct their trajectories. To do
this, we cannot simply apply the existing tracking algorithm described above, since in our confocal setup already for moderate
driving ﬁelds E the average particle displacements in the ﬁeld
direction can exceed the typical spacing between the colloids d,
resulting in wrong particle identiﬁcations.
We demonstrate that particles can still be correctly identiﬁed, if
ﬁrst an estimate is made of the average displacement in the ﬁeld
direction. To do this, we make use of the fact that the drift velocity
at a depth z in the middle of the capillary channel is similar for all
particles so that the particles move uniformly in one direction.
First, an estimate of the uniform displacement hDRi between successive frames is made. Subsequently, we add this average displacement to a particle in a given frame to match it with a
particle in the next frame. We make use of the fact that if we
add the correct uniform displacement to the particles in frame m,
the total mean-square displacement over all particles to their nearest particles in frame m + 1 will be minimal. If the ﬁeld is applied
along the x-direction, we can minimize the total mean-square distance to nearest neighbors in the next frame with respect to the
estimated displacement Dx. This total mean-square displacement
for a displacement Dx = DR  ^
x is given by:

nðDxÞ ¼

Nm
1 X
ðRi;m  ^x þ DR  ^x  Rj;ðmþ1Þ  ^xÞ2
Nm i¼0

ð8Þ

^ is here tawhere Ri,m is the position of particle i in frame m. DR  x
ken along the x-axis but it could be taken along any direction in the
plane. Rj,m+1 is the position of particle j in frame m + 1 that is nearest
to the displaced particle i. Particle j should be located within a circle
with a well-deﬁned critical radius rc around the displaced particle i.
Nm is the total number of particles in frame m that has at least one
particle in frame m + 1 that is closer than rc (after adding the estimated displacement to the particles in frame m).
We recorded a series of images of particles B moving uniformly
in an electric ﬁeld. For this dataset, we plotted Eq. (8) in Fig. 2.
From the minimum in n(Dx), we estimate the uniform displacement hDxesti = 1.226 lm. First, this estimate was added to all
the particle positions in frame m. Subsequently, the particles were
matched with particles in the next frame m + 1 by means of the
conventional 2D tracking algorithm. The resulting average displacement hDxi along the ﬁeld direction between two consecutive
frames was thus reﬁned to 1.215 lm. Recently, we became aware
of a paper that calculates the cross-correlation function for two
successive frames to estimate the uniform displacement as in a
sheared suspension [51]. Their method is similar to the one we
used here, but uses the correlation between all the pixels in consecutive frames instead of already determined particle coordinates.
3.4. Testing the particle tracking algorithm
In the confocal microscopy experiments, the particles could diffuse in and out of the diffraction-limited optical slice that deﬁned
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Fig. 2. (a) Confocal images (taken in the (xy)-plane) of particles B (/ = 0.02). The electric ﬁeld is in the horizontal direction. The red circles mark particles recognized by the
tracking algorithm. (b) n (Eq. (8)) for particles B at / = 0.02 moving in an electric ﬁeld (2.65 V/mm). The value for n is minimum for a displacement of Dxest = 1.226 lm. Using
this estimate, we determined the average displacement after identiﬁcation of all the particles at 1.215 lm. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

our ﬁeld of view. Inevitably, this occasionally resulted in incorrectly identiﬁed particles. To estimate the number of incorrectly
matched particles between the frames, we used data from
Brownian dynamics computer simulations in which the particles
are driven by an electric ﬁeld.
In these simulations, each particle had a unique ID number. To
mimic the experimental reality, we only saved the x-and y-coordinates and the unique particle ID of particles inside a slice out of the
simulation box that was oriented in the (xy)-plane with a thickness
Dz = 1.6 lm and used these data as input for the particle tracking
algorithm. The particle IDs allowed us to detect falsely identiﬁed
particles, for which the results are shown in Fig. 3. The number
of incorrectly identiﬁed particles increases with / but does not depend on the ﬁeld strength since in the simulations the particles
moved uniformly. Naturally, the larger the Brownian motion, the
more uncertain the results of the tracking will be. In these tests,
we used a scanning speed of 5 frames per second and the meansquare ﬂuctuations between two consecutive frames were between 0.04 and 0.15 lm2, which is close to the values in this work.
In reality, the error could depend on the ﬁeld strength in the case
that there is a breakdown of uniform movement. We compared the

particle displacements and diffusion coefﬁcients from the simulation with the values found by our particle tracking algorithm.
The errors in the drift velocity were typically less than 1%. The errors in the diffusion coefﬁcients were larger, typically around 10%.
Hence, we can be conﬁdent that we can accurately determine the
electrophoretic mobility of a uniformly moving concentrated colloidal suspension. For the determination of the self-diffusion constant, care should be taken, since the values can deviate if the
number of wrongly identiﬁed particles becomes large.
3.5. Doppler velocimetry measurements
In addition to the confocal microscopy measurements, we also
determined the electrophoretic mobility using a Zetasizer Nano
(Malvern(UK)) apparatus. To do this, the equilibrated samples were
transferred into a glass cell (12 mm square glass cell PCS1115, Malvern) after which the electrophoretic mobility was measured using
a probe that is suitable for organic solvents (universal dip cell
PCS1115, Malvern).

Fraction of erroneously identified
particles

3.6. Conductivity measurements

0.12
0.1

φ = 0.01
φ = 0.05

φ = 0.1
φ = 0.2

The conductivity of both the pure CHB/cis-decalin mixture and
the suspensions with particle A in CHB/cis-decalin were measured
with a Scientiﬁca (UK) model 627 conductivity meter.

|E| = 0 V/mm
|E| = 30 V/mm

|E| = 60 V/mm

|E| = 30 V/mm
|E| = 0 V/mm

|E| = 60 V/mm

|E| = 120 V/mm

0.08
0.06

4. Results & discussion
|E| = 120 V/mm

4.1. Conductivity of the suspensions

0.04
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|E| = 120 V/mm
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1
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3

Average x-displacement Δx [σ]

4

Fig. 3. The fraction of erroneously identiﬁed particles between successive frames
obtained from testing our tracking algorithm with Brownian dynamics computer
simulations data of colloids (r = 0.93 lm) moving in an electric ﬁeld with ﬁeld
strength jEj. Note that the actual magnitude of the uniform displacement does not
change the fraction of falsely matched particles, although the time interval (and
hence the mean-square particle displacements) between two successive frames
was the same for all ﬁeld strengths. The depth of the slice, used to mimic the
‘optical depth’ in the experiments, was 1.6 lm.

We study the conductivity of the suspension for different volume fractions / of two different particle species, namely A,
(rA = 1.06 lm) and N (rN = 2.05 lm). Since a relatively large quantity of suspension (approximately 4 mL for each measurement)
was required to obtain the conductivity rc, we started with a concentrated suspension of particles and diluted this after each measurement to obtain the conductivity curve rc(/). For our
suspension conductivity measurements, we used 3 different
batches (with different treatment, suppliers, and/or shelf-times)
of cis-decalin (27.2 w%) in CHB that we labeled a, b, c and d. In
the case of batch a, molecular sieves were added during the puriﬁcation to lower the conductivity from 115 pS/cm to 2.3 pS/cm.
Batches b and c were obtained by mixing as received CHB with
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Table 1
Measured conductivities of different batches of cis-decalin (27.2 w%) in CHB without
any colloids added. For each batch the origin of the CHB and the date that the bottle
was received are also given.
Batch

a

b

c

d

rc (pS/cm)

2.3
Fluka
puriﬁed
March 2008

51
Sigma–Aldrich
as rec.
April 2009

272
Fluka as rec.

263
Sigma–Aldrich
as rec.
October 2007

CHB:
CHB received

March 2008

cis-decalin, without any puriﬁcation steps. The initial conductivities were measured for each batch and are summarized in Table 1.
For particles A in solvent b, the conductivity initially drops and
then increases again with approximately a factor 3 to reach a level
of approximately 120 pS/cm. The initial drop at low concentrations
could be caused by the effect of adding insulating PMMA particles
to the solvent mixture, in this case lowering the conductivity of the
dispersion as a whole. Interestingly, something different happens
with particles N in solvent c; as the volume fraction increases,
the conductivity decreases to approximately the same plateau as
for particles A in solvent b. Evidence that the particles can indeed
enhance the concentration of ions in the solution is given by studying particles A and N in the puriﬁed solvent batch a. The increase in
conductivity with the particle volume fraction suggests that the
particles themselves introduced new ions or that they increased
the degree of ion dissociation by the presence of polar groups at
the surface of the particle.
To determine the origin of the ions upon addition of colloids, we
used a suspension of colloids N in solvent a (/ = 0.1) with a measured conductivity of rc = 75.5 pS/cm. After sedimenting the particles by centrifugation, we determined that the conductivity of the
supernatant had a comparable value of rc = 81.4 pS/cm. This measurement suggests that the ion concentration did not only increase
in the double layer around the colloids, but also in the bulk solution. This suggests the possibility that the ion concentration was
increased as a result of species that were introduced by the particles. These substances could have originated from the stabilizer
that was adsorbed to the particle surface. To conﬁrm this, we completely dried the (PHSA)–PMMA-comb stabilizer and washed it
three times with hexane (same treatment as the particles with stabilizer on them receive after their synthesis and before dispersing
them in CHB/cis-decalin) to remove remains of toluene, ethyl acetate, butyl acetate, and other (polar) substances. After this step, we
saturated the mixture of cis-decalin (27.2 w%) and CHB (rc = 34 pS/
cm) with the remaining stabilizer and measured the conductivity
of the viscous mixture of solvent and (PHSA)–PMMA-comb
stabilizer (rc = 315 pS/cm). Although free stabilizer is not the same

Conductivity [pS/cm]

300

Particles A in β
Particles N in γ
Particles A in α
Particles N in α

250
200
150

4.2. Electrophoresis measurements
In this section, we describe our electrophoresis measurements
of the colloidal dispersions A and B. First, we present our measurements of the electrophoretic mobility l = v/E. Subsequently, we
use this quantity to calculate the charge and the f-potential of
the colloidal particles.
To calculate the mobility l from our data, we extracted the trajectories of particles from a sequence of frames that we obtained
using the confocal microscope and applying the tracking algorithms described in Section 3.3. In Fig. 5, a few examples are depicted in the experimental data obtained for particles B. Fig. 5a
shows trajectories for colloids B at a volume fraction of / = 0.35
when no ﬁeld was applied and only Brownian motion was observed. In Fig. 5b, an electric ﬁeld was present, resulting in the uniform motion of colloids in the direction of the ﬁeld (horizontal).
Fig. 5c shows something similar as in Fig. 5b, for particles B in a dilute suspension (/ = 0.0026). The particle trajectories have a limited length, since the particles can diffuse in and out of the
optical slice that deﬁnes our ﬁeld of view, causing the particles
to move out of sight after some time. Fig. 5d shows the distribution
of the trajectory lengths, which conﬁrms this. From each particle
trajectory, we obtained the velocity of a particle, from which the
mobility was calculated in turn. The result was then averaged over
all particles. To ensure the reliability of our data, we only used trajectories of particles that could be identiﬁed for more than 5 consecutive frames in our calculation.
When an electric ﬁeld is applied in a closed capillary, counterions near the charged wall are set in motion and drag along the
ﬂuid, resulting in an electro-osmotic plug ﬂow (EOF). Since the
ﬂuid is incompressible, a counterpressure builds up and a parabolic
Poiseuille ﬂow (PF) ensues in the opposite direction to cause a zero
net ﬂow. Both ﬂows exactly cancel at the stationary layers, which
for our rectangular capillary (Fig. 1) are located at [34]:

zstat
¼
h

100
50
0

in composition as stabilizer adsorbed to the particle surface, this
measurement seems to conﬁrm that compounds in the stabilizer
can be a source of extra ions.
Generally, it can be said that there is a dissociation/association
equilibrium of ions near the surface of the colloid. By adsorbing
ions from the bulk solvent, it is possible that chemical equilibria
inside the solvent are shifted to generate new ions, leading to an
increase in the conductivity. In addition, it is possible that the
colloids themselves can introduce new ions to the suspension or
enhance the concentration of ionic groups.
For the electrophoresis experiments in this paper, particles A
and B were dispersed in a mixture of cis-decalin (27.2 w%) in
CHB (batch d) that has an initial conductivity of 263 pS/cm, corresponding to j1  1 lm. Unfortunately, we did not have a sufﬁcient amount of colloids to perform the conductivity experiments
for these particles in solvent mixture d. From the conductivity measurements of particles N in batch c (Fig. 4), it seems reasonable to
assume that the screening length j1 again remains relatively
constant for increasing particle volume fraction.

0

0.05

0.1

φ

0.15

0.2

Fig. 4. Measured conductivities as a function of volume fraction / for several
different systems containing either particles A or N and solvent batch a, b or c.
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ð9Þ

where k is the ratio between the major and minor cross-section of
the capillary, h is the distance in the z-direction from the center
of the channel to either of the walls, and zstat is the distance in
the z-direction from the center of the channel to one of the stationary layers (for y = 0, where our measurements were performed). For
example, for a capillary with h = 61 lm, zstat  ±36.3 lm (k  20).
To calculate the electrophoretic mobility l of the particles at the
stationary layers, the electrophoretic mobility was measured for
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Fig. 5. Particle trajectories, the direction of movement is given by the orientation of the triangles. (a) Trajectories for particles B at / = 0.35 in the (xy)-plane, at zero E-ﬁeld. (b)
Trajectories for particles B at / = 0.35, and jEj = 10.78 V/mm. (c) Trajectories for particles B at / = 0.0026, and jEj = 2.21 V/mm. Only trajectories starting at t = 0 are shown for
at most the next 10 frames (a and b) or at most the next 80 frames (c). (d) The distribution of the trajectory lengths for particles B at / = 0.0026, and jEj = 2.21 V/mm. The
frame rates were either 1.35 s1 (a) or 2.37 s1 (b and c).

several depths z and ﬁtted to a parabola [22]. By evaluating this
parabola at z = ±zstat, the mobility at the stationary layer was
obtained.
For both particle batches A and B, the mobility was determined
as a function of the channel depth z for volume fractions in the
range of / = 0.001–0.35. In Fig. 6, the electrophoretic mobility proﬁle along the z-direction of the channel is given for particles B at /
= 0.02 (Fig. 6a) and / = 0.13 (Fig. 6b). The blue vertical lines depict
the upper and lower glass walls of the capillary. The magenta vertical lines denote the positions of the stationary layers. The positive
mobility at the stationary layers indicates that the particles were
positively charged. We have veriﬁed that the mobility did not
change signiﬁcantly with the ﬁeld strength for all measurements
where / 6 0.3 and jEj < 20 V/mm, indicating a linear ﬁeld dependence of the velocity v = lE. In one measurement (particles B at
/ = 0.35), already a large amount of local order was present, suggesting that the suspension was close to crystallization. Moreover,
the mobility proﬁle did in this case change for different ﬁeld
strengths.
We noticed an unusual change of direction of the EOF at the
lowest volume fractions while studying l as a function of /. The
mobility proﬁles for particles A at / = 0.001 and / = 0.0025 demonstrate this (Fig. 7a and b respectively). At the stationary plane, l
has a positive value for both volume fractions, showing that the
particles moved toward the negative electrode and were therefore
positively charged. Also, for both suspensions, we observed the
adsorption of particles to the upper and lower glass walls of the
capillaries. The adsorption of particles is only expected if the sign
of the particle charge is opposite to the charge sign of the wall,
indicating that the bare wall charge was initially negative.
For / = 0.0025, the Poiseuille ﬂow (PF) is directed in the same
direction as the particle movement. Recall that in a closed capillary, a PF arises to counteract the EOF that was caused by negatively charged ions on the wall. Hence, the capillary walls are
positively charged for / = 0.0025. On the other hand, for /
= 0.001, the PF counteracts the direction in which the particles

move, meaning that the capillary walls are negatively charged
(the EOF is caused by moving positively charged ions). Hence, we
conclude that particle adsorption reverses the net charge on the
capillary wall and thus also reverses the direction of the EOF and
PF.
Since a signiﬁcant fraction of particles was adsorbed to the
walls at these low volume fractions, the actual volume fraction inside of the capillary was lower than for the prepared suspensions.
For the higher volume fractions / > 0.01, this effect was relatively
small, but in the cases where the volume fraction was very low,
this was certainly not the case. At / = 0.001, the volume fraction
of particles kept decreasing in time, until all free particles were
stuck to the wall (no particles were observed in the suspension
anymore). The upwards shift of the mobility proﬁle going from
2.28 V/mm to 5.54 V/mm for / = 0.0025 was probably due to ongoing particles adsorption in the time between the two measurements, lowering the effective volume fraction and increasing the
particle mobility.
In Fig. 8, the stationary mobilities l are depicted as a function of
the volume fraction / for species A and B. It is observed that both
particle batches exhibit a similar trend of nonlinear decreasing
mobility l with increasing volume fraction /. The /-dependence
is much stronger than for particles with thin double layers
[37,39]. For particles A and volume fraction / = 0.01, the electrophoretic mobility shows a sudden dip. Since we do not observe a
similar dip for particles B, it is likely that this is an outlier that is
caused by an unknown external factor.
In order to compare our measurements with an independent
method we have also performed mobility measurements on particles B with the ZetaSizer Nano (Malvern) which uses laser Doppler
anemometry [52,53] to measure electrophoretic mobilities. First,
the electrophoretic mobility was measured directly at the stationary layers for an applied DC electric ﬁeld. Second, the mobility was
measured in a low-frequency AC ﬁeld, where electro-osmosis is
suppressed [54]. The mobility data (Fig. 8) show roughly the same
trend as observed with the CSLM method. However, the variance in
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Fig. 6. Confocal images (taken in the (xy)-plane) and mobility proﬁles along the z-axis measured for (a and b) particles B at / = 0.02 at two different ﬁeld strengths E = 1.32 V/
mm (h) and E = 2.65 V/mm (s), and (c and d) particles B at / = 0.13 at 1.28 V/mm (h), 2.58 V/mm (s), 2.58 V/mm (}) and 3.85 V/mm (5). The plots show that for these low
ﬁelds, the electrophoretic mobility l does not depend on the sign nor the magnitude of the applied electric ﬁeld. Blue vertical lines depict the upper and lower glass walls of
the capillary. The magenta vertical lines denote the stationary planes. The red circles in the images mark particles recognized by the tracking algorithm. The center of the
capillary is located at z = 0. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

the measured mobilities is larger than for the confocal microscope
measurements especially at low volume fractions. It is likely that
the precision of the method is lower, in particular for dilute systems, since the refractive index of our particles is very close to that
of the solvent, and the ZetaSizer Nano uses scattered light. Additionally, it is likely that the apparatus is not sensitive enough to
pick up the small Doppler shifts associated with the small speeds
at which our particles travel.
4.3. Surface potential and charge
In this section, we use the measured electrophoretic mobilities
to calculate the charge and surface potential. Several factors contribute to the strong decrease of the mobility with volume fraction.
There is a (1  /)-dependence due to the ﬂuidback ﬂow [36,37,39]
when the colloids translate and a factor 1  /2 due to the lowering
of effective electric ﬁeld strengths in a medium containing insulating, weakly charged particles [55]. There are also hydrodynamic effects arising from the overlap of electric double layers. This in turn
has effects on the local ﬁeld, the ion distribution around the colloids, and thus on the hydrodynamics. These effects can all be accounted for by numerical calculations used in modern theories of
electrophoresis. Here, we employ the calculations described in
[26], which are designed to relate the electrophoretic mobility to
the f-potential for arbitrary double-layer thickness. We do not consider the effect of a dynamic Stern layer here. Since the polymer
layer that provides steric stabilization is very small with respect
to the particle diameter, we consider our particles to be rigid
spheres. The calculations use a Kuwabara cell model [42], where
each particle of radius a is deﬁned inside a cell with radius b to
model a concentrated suspension. The boundary condition for
the potential at the slipping plane, chosen at r = a, is given by:

f ¼ W0 ðaÞ:

ð10Þ

Moreover, a local potential minimum is present in the middle between two neighboring particles r = b:

"
#
dW0
dr

¼ 0;

ð11Þ

r¼b

where b denotes the outer boundary of the cell. For all calculations,
we used a dynamic viscosity of the solvent of g = 2.726  103 Pa/s,
a bulk conductivity of 263 pS/cm, a dielectric constant of the solvent
mixture of m = 5.6, and a dielectric constant of the particles of
m = 2.6. The conductivity measurements suggest that there are
no dramatic changes in the ion concentration (Section 4.1). However, we do acknowledge that the ionic strength of the dispersion
might have changed with increasing volume fraction since the
dependence of the conductivity on the volume fraction is in this
case not yet fully understood. For this reason, we performed the calculations not only with a constant ja = 0.5 (based on the conductivity of the solvent mixture at inﬁnite dilution) but also for several
different ja 2 [0.3, 0.7]. In addition, we performed the calculations
without taking the volume fraction effects into account by ﬁlling
in a very low value for / = 1  105. For these calculations, we used
a constant value for ja = 0.5.
Since for particles B, at a volume fraction of / = 0.35, we observed out-of-equilibrium phenomena that are not accounted for
in the theory, such as stick-slip motion, we did not use this measurement in the calculation of the f-potential and the particle
charge. Also, we excluded the outlier (in the mobility data) for particles A at / = 0.01 from the analysis.
From the calculation, we obtain the full solution for the potential as a function of distance from the particle surface. Two examples are shown in Fig. 9 where the potential W(r) is drawn for two
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Fig. 7. Confocal images (taken in the (xy)-plane) and mobility proﬁles along the z-axis measured for (a and b) particles A at / = 0.001 for two different ﬁeld strengths
E = 3.31 V/mm (h) and E = 4.96 V/mm (s), and (c and d) particles A at / = 0.0025 at 2.28 V/mm (h) and 5.54 V/mm (s). Both the direction of the EOF and PF are inverted with
increasing volume fraction. Blue vertical lines depict the upper and lower glass walls of the capillary. The magenta vertical lines denote the stationary planes. The red circles
in the images mark particles recognized by the tracking algorithm. The center of the capillary is located at z = 0. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Fig. 8. The measured electrophoretic mobilities for particles A (green h) and B (red
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Doppler anemometry on the ZetaSizer Nano are shown (red s). Inset: close-up of
the electrophoretic mobilities measured at low volume fraction. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

neighboring particles in a dispersion with volume fraction /
= 0.0026 (Fig. 9a) or / = 0.1 (Fig. 9b). Both calculations are performed for ja = 0.5. The two green vertical lines denote the surfaces of the two neighboring particles. It can be observed that as
the volume fraction increases, the double layers start to overlap.
Note that the applied electric ﬁeld Oð1  10 V=mmÞ is small
compared to the electric ﬁeld at the surface of the particles
jEj ¼ Oð10  100 V=mmÞ.

In Fig. 10, the f-potential is given for both particles A and B as a
function of volume fraction /. The uncertainty in the screening
parameter ja is marked by the lightly shaded area (blue). When
ja is assumed to be constant (red circles), the f-potential is
roughly constant for different /. This corresponds to the idea that
particles in chemical equilibrium with the solution maintain a constant potential. For comparison, we show the f-potential that was
obtained under the assumption of inﬁnite dilution (green squares).
Clearly, the correct treatment for particle interactions is important.
Alternatively, the potential with respect to the potential minimum at the boundary of the Kuwabara cell can be shown as a function of volume fraction (Fig. 11). As the volume fraction increases,
the cell becomes smaller, and the potential at the boundary of the
cell increases. As a result, f  W(b) decreases and the potential
landscape becomes more ﬂat with respect to the dilute situation
(see also Fig. 9).
From the calculated function for the potential W(r), we can obtain the electrokinetic particle charge using Gauss’s theorem:

Q ¼ 4pm 0 a2

 
dW
;
dr r¼a

ð12Þ

where [dW/dr]r=a is the slope of the potential at the surface of the
particle. In Fig. 12a and b, the calculated number of elementary
charges Z = Q/e is given as a function of volume fraction. Again,
the calculation was performed for j = 0.5 (blue points) and for
ja = 0.3 and ja = 0.7.
The particle charge is reasonably constant at low volume
fractions, but shows a decreasing trend with increasing volume
fraction as the double layers start to overlap. For particles B, there
seems to be ﬁrst an increasing trend and a maximum at / = 0.02
(the same can be observed for the f-potential). This trend is not
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a

b

Fig. 9. The electric potential between the surfaces of two particles (vertical green lines) as a function of the distance r, given in units of the particle radius a. These data were
calculated using [26] and our electrophoretic mobility data for particles B at (a) / = 0.0026 and ja = 0.5 and (b) / = 0.1 and ja = 0.5. It can be seen that for higher volume
fractions, when the particles approach each other, the potential landscape ﬂattens. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)
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Fig. 10. The f-potentials for (a) particles A and (b) particles B for different volume fractions calculated from the electrophoretic mobility. The red points (s) represent the
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results assuming inﬁnite dilution. The solid lines are guides to the eye. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Fig. 11. The surface potential, given relative to the potential at the Kuwabara cell-boundaries f  W(b) for (a) particles A and (b) particles B for different volume fractions
calculated from the electrophoretic mobility. The red points (s) represent the calculations for a constant value of ja = 0.5. The blue shaded area covers the results of the
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references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

present for particles A and could therefore be coincidental. However, it could as well be related to a signiﬁcant fraction of ions
adsorbing to the wall (and consequently not to the surface of the
particles) at low volume fractions, thus lowering the charge on
the particles.
In addition, we display the predicted particle charges without
the volume fraction correction (green squares in Fig. 12), again

showing the importance of taking into account the effects of
double-layer overlap. A lowering of the particle charge is expected
if particles are to maintain a constant surface potential when they
approach each other. We also note that, while the particle charge is
low in comparison with colloids in an aqueous environment, the
f-potential is quite similar. This is in agreement with previous ﬁndings on dilute suspensions in apolar solvents [1]. Finally, we note
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that the decreasing charge with increasing / was still observed
when we repeated the calculations, using the same measured
mobilities, but now assuming a much higher value of ja = 2 (not
shown). In this case, the f-potential was seen to slightly decrease
with increasing volume fraction.
Although the electrokinetics of our concentrated suspensions in
apolar solvents is now clear, the origin of the charges is not. One
possibility is that the particles adsorb some of the ions present in
the solvent.
The dotted red line in Fig. 12a and b denotes the maximum
number of elementary charges that a particle can acquire based
on the amount of ions that were present initially in the pure solvent mixture:

Z solvent ¼

qion ð/Þ q0ion ð1  /Þ
¼
;
qcol ð/Þ
qcol ð/Þ

ð13Þ

where qion and qcol are the number densities of ions and colloids,
respectively. The concentration inside the pure solvent mixture is
measured to be (conductivity measurements) q0ion  4  1015 L1.
As the volume fraction of colloids increased, the present ions had
to be distributed over more colloids, reducing the number of
charges per colloid. The fact that the measured charges were higher
than the red line indicates that adsorption of ions which were present in the solvent before colloid addition cannot totally account for
the particle charge. Apparently, part of the charge originated from
the colloids themselves, either directly or indirectly.
Sterically stabilized PMMA particles (with a diameter of
2.16 lm) in CHB/cis-decalin were also used in earlier work by Royall et al. [15]. In their systems, different phases were obtained by
increasing the colloidal volume fractions. At low volume fractions,
their system was in a ﬂuid phase; at intermediate volume fractions, the system crystallized (body centered cubic), a re-entrant
ﬂuid phase was found at slightly higher volume fractions and the
system again crystallized at high volume fractions. For our particles (rA = 1.06 lm and rB = 0.91 lm, respectively), we observed a
ﬂuid phase at all probed volume fractions lower than or equal to
/ = 0.3.
Our results show that confocal microscopy offers a reliable and
novel route to accurately measure the electrophoretic mobility in
concentrated suspensions. In our case, i.e., the case of extended
double layers, the mobility decreased nonlinearly with increasing
volume fraction. This is an indication that the situation for thick
overlapping double layers is more complicated than the simple linear dependence on volume fraction observed in studies for thin

double layers [36,37,39]. Our calculations show that PMMA particles in a low-polar solvent decrease their surface charge as the volume fraction increases, while their f-potential remains
approximately constant. More research is required to study the
mechanism of particle charging in more detail.
4.4. Self-diffusion in concentrated suspensions
From the two-dimensional trajectories of particles, we can not
only obtain the electrophoretic mobility but also the self-diffusion
coefﬁcients in the directions parallel and perpendicular to the ﬁeld
axis. Here, particles are labeled with the index i, so that the position of particle i can be written as ri ðtÞ ¼ ðrki ðtÞ; r?
i ðtÞÞ, where we
have split the position coordinate in a component parallel and another perpendicular to the ﬁeld. Using these projected positions,
we calculated the apparent self-diffusion coefﬁcients both parallel
D(Dt)k and perpendicular D(Dt)\ to the ﬁeld:

D
Da ðt; DtÞ ¼

ðDrai ðt; DtÞ  Drai ðt; DtÞ Þ2
ð2DtÞ

E
;

ð14Þ

with

Drai ðt; DtÞ ¼ r ai ðt þ DtÞ  r ai ðtÞ 8 a 2 fk; ?g:

ð15Þ

The angular brackets indicate averaging over all particles and all
frames. Note that the mean-square displacements are calculated
with respect to the average motion. That is to say, the average particle displacement is subtracted ﬁrst, because it represents the drift
velocity due to the electric ﬁeld. For the ﬂuctuations perpendicular
to the ﬁeld, Dr ?
i ðt; DtÞ ¼ 0. In this section, we express the diffusion in units of the diffusion at inﬁnite dilution D0 = kBT/(6pga).
From the mean-square displacements parallel and perpendicular to the ﬁeld axis, we observed that the ﬂuctuations parallel and
perpendicular to the ﬁeld were almost the same. If there had been
a high polydispersity in the electrophoretic mobility, it is expected
that the spread in particle displacements would have been higher
parallel to the ﬁeld than perpendicular to the ﬁeld. Since this is not
the case, the polydispersity in the particle charges is likely to be
low. This is different from observations in low-polar solvents
where only a few elementary particles were present on each particle, giving rise to large variations in the electrophoretic mobility
between different particles and even for the same particle in time
[56].
For different depths z in the capillary channel, D(Dt)k/D0 and
D(Dt)\/D0 were calculated for Dt = 0.42 s and are given for two
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a

Fig. 15. Long-time self-diffusion coefﬁcients D in terms of D0, obtained from Fig. 14
for particle species B as a function of the volume fraction /. In all cases, a small
electric ﬁeld was present. The black solid line is a guide to the eye. The blue dotted
line shows the trend for hard spheres as given by DL = D0(1  2.1/). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

b

Fig. 13. Apparent self-diffusion coefﬁcients D(Dt)k and D(Dt)\ expressed in units of
the self-diffusion constant at inﬁnite dilution, as a function of the channel depth z
for particles B at (a) / = 0.0054 (1.04 V/mm) and (b) / = 0.1 (1.71 V/mm) for
different depths in the channel (Dt = 0.42 s). The (blue) vertical lines depict the
positions of the lower and upper glass walls. The center of the capillary is located at
z = 0. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 14. The ratio between the apparent self-diffusion coefﬁcient and the selfdiffusion constant at inﬁnite dilution D(Dt)/D0 as a function of time for particles B
and for different volume fractions. In all cases, a small electric ﬁeld was present.

different volume fractions / = 0.0054 and / = 0.1 in Fig. 13. The
self-diffusion coefﬁcients are constant throughout the channel,
showing that the EOF and PF did not affect the measurements.
There was a small difference between the diffusion perpendicular
and parallel to the ﬁeld axis. Within approximately 3 lm of the
glass walls, the diffusion of the particles was signiﬁcantly lower

than in the bulk (Fig. 13a, data point near the upper glass wall).
This is caused by the fact that the hydrodynamic interactions are
affected by the presence of the walls [57,58]. Moreover, we observed no signiﬁcant dependence of the self-diffusion coefﬁcients
on the ﬁeld strength for ﬁeld strengths lower than 7 V/mm. Therefore, we expect the self-diffusion coefﬁcients presented here to be
almost identical to the case where no electric ﬁeld was applied.
Only in the case of the most concentrated dispersion (/ = 0.35),
layers on top of each other were observed to occasionally move in a
stick-slip fashion [59]. Here, the character of the ﬂuctuations becomes more complex than is the case for normal ﬂuids moving
in an electric ﬁeld. Additional research is required to study the
behavior of this dispersion, in an electric ﬁeld and close to freezing,
in more detail.
To study the effect of volume fraction, we averaged D(Dt)k and
D(Dt)\ to obtain:

DðDtÞ ¼

DðDtÞk þ 2DðDtÞ?
3

;

ð16Þ

as a function of time Dt for different volume fractions. The time
intervals for which we calculated the apparent self-diffusion coefﬁcients are all on the time scales for which the colloids interact electrostatically with their neighbors Dt > sI.
For all volume fractions, D(Dt) decreases as the time interval Dt
between two measured particle positions increases and D(Dt)
asymptotically approaches a constant value which we take to be
the long-time self-diffusion coefﬁcient DL. For the lower volume
fractions (/ < 0.01), where the mean-square displacements were
calculated by averaging over a relatively small number of particles
trajectories, the experimental error is higher than for the more
concentrated suspensions. Generally, the measurement error in
the mean-square displacements increased with Dt, since the number of trajectories decreases with the length of those trajectories
(Fig. 5).
The long-time self-diffusion coefﬁcients DL (Dt ? 1) were estimated by taking the longest-time value from the curves in Fig. 14.
The resulting long-time self-diffusion coefﬁcients are given in
Fig. 15. The dependence of DL on the volume fraction for hard
spheres, interacting directly via hydrodynamic interactions as
calculated by Batchelor and Cichocki and Felderhof [60,61], is also
shown (dotted line). Even at low /, D/D0 is well below unity,
showing the importance of the interactions between the particles.
This trend agrees with theoretical studies on the long-time
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self-diffusion for Yukawa particles [62,46–48], where a nonlinear
decrease in the self-diffusion coefﬁcient with volume fraction is
seen as well.
Since the scanning speed of our confocal microscope is limited,
we could not obtain values for the short-time self-diffusion constant. It would however be interesting to measure the short-time
self-diffusion coefﬁcient and compare the result with theoretically
obtained values [63–65]. This can be achieved by using confocal
microscopes that can operate at faster scanning speeds, or by using
light scattering techniques.
5. Conclusions
We showed that by using a combination of confocal laser scanning microscopy, electrophoresis and particle tracking algorithms,
we can accurately measure the electrophoretic mobility in concentrated suspensions of micron-sized colloidal particles. We applied
this method to suspensions of charged PMMA-spheres in a low-polar solvent up to high volume fraction. Unlike in earlier studies that
were performed in systems with higher electrostatic screening, we
found that in our system the mobility decreases nonlinearly with
increasing volume fraction /.
The screening length was estimated from the conductivity to be
about j1  1 lm, so that ja  0.5. However, the conductivity depended on the particle concentration from volume fractions below
about /  0.05, after which it became roughly constant. The interpretation of the conductivity data is not straightforward, but it
seems clear that part of the ions in the higher volume fraction dispersions originated from the particles and not from the solvent.
By using theory for electrophoresis that takes into account double-layer overlap, we have calculated the potential W(r) and the
particle charge Q = Ze, where Z is the number of elementary
charges, from the electrophoretic mobility. We found that the f-potential (at the surface of the particle) stays fairly constant around
80 mV, whereas the particle charge Ze decreases nonlinearly from
approximately 250e to less than 100e when / increases from 0 to
0.3. When no correction for the volume was used, this decrease
was even stronger. It has become clear that the majority of the particle charge must have originated as a result of the presence of the
particles at all but the lowest volume fractions. We have also analyzed the diffusion of particles as function of volume fraction and
observed a nonlinear decrease in the long-time self-diffusion coefﬁcient which corresponds qualitatively well with earlier theoretical work.
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