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Celebrating Soft Matter's 10th Anniversary:
Influencing the charge of poly(methyl
methacrylate) latexes in nonpolar solvents

Gregory N. Smith,? James E. Hallett® and Julian Eastoe*®

Sterically-stabilized poly(methyl methacrylate) (PMMA) latexes dispersed in nonpolar solvents are a classic,
well-studied system in colloid science. This is because they can easily be synthesized with a narrow size
distribution and because they interact essentially as hard spheres. These PMMA latexes can be charged
using several methods (by adding surfactants, incorporating ionizable groups, or dispersing in
autoionizable solvents), and due to the low relative permittivity of the solvents (¢, ~ 2 for alkanes to
& ~ 8 for halogenated solvents), the charges have long-range interactions. The number of studies of these
PMMA particles as charged species has increased over the past ten years, after few studies immediately
following their discovery. A large number of variations in both the physical and chemical properties of the
system (size, concentration, surfactant type, or solvent, as a few examples) have been studied by many groups.
By considering the literature on these particles as a whole, it is possible to determine the variables that have
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DOI: 10.1039/c5sm01190f an effect on the charge of particles. An understanding of the process of charge formation will add to
understanding how to control charge in nonagqueous solvents as well as make it possible to develop improved

www.rsc.org/softmatter technologically relevant applications for charged polymer nanoparticles.
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1 Introduction

Ten years have passed since Hsu, Dufresne, and Weitz published
the paper “Charge Stabilization in Nonpolar Solvents”, and this
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article helped revive interest in surfactant-induced charging of
colloids in nonpolar solvents." The results showed the importance
and tunability of charge on dispersions of model colloids and
suggested that this phenomenon would be useful in industrial
colloid science. The formation and application of charges in non-
polar solvents generally have been discussed in several interesting
reviews: by Novotny in 1987,> by Morrison in 1993,> and by Smith
and Eastoe in 2013.*

The charge of many types of colloids in low dielectric media
has been reported. In addition to polymer nanoparticles, carbon
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Fig. 1 Charge stabilization of a nonpolar suspension of PMMA latexes in
dodecane. The images are optical micrographs of PMMA latexes in pure
dodecane (a) and a 12 mM solution of AOT in dodecane (b). The field of
view is 135 x 108 pm?. Reprinted with permission from Hsu et al.* Copy-
right 2005 American Chemical Society.

black,>® mineral oxides,”® pigments,” " and aerosols'> have all been

studied. In this article, the focus is a specific system of charged
colloids: polymer brush stabilized poly(methyl methacrylate)
(PMMA) latexes, where typically poly(12-hydroxystearic acid) (PHSA)
is used as the steric stabilizer. By studying a specific system of
colloids in detail, a better understanding of charged colloids in
nonpolar solvents generally can be obtained. These latexes represent
an excellent model system because their synthesis results in colloids
with a very low size distribution that act essentially as hard
spheres.">'* The particles are commonly dispersed in nonpolar
solvents with low relative permittivities (¢, &~ 2), such as dodecane
or hexadecane. This reduces the dispersion attraction between
colloids but can enhance the effect of charge. Charges are difficult
to stabilize in nonpolar solvents; for example, AOT has a dissociation
constant in alkanes of 107°.%'®> Also, interactions are long-
range; this can be encapsulated by considering the Bjerrum
length (A = */4negekyT; & is the vacuum permittivity and kT
is the thermal energy),'® which is the separation between two
point charges where the electrostatic interaction is equal to the
thermal energy. For nonpolar solvents, iz = 28 nm, and for
water, g < 1 nm. When species are charged, the interaction
potentials can be as great as in water for charge numbers that
are orders of magnitude lower." Fig. 1 shows an example of the
dramatic effect of charge formation in nonpolar solvents from
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Hsu, Dufresne, and Weitz’s 2005 paper. The addition of the
anionic, double-tailed surfactant Aerosol OT (AOT) to a dispersion
of PMMA latexes results in particles that are further separated and
more ordered.!

Although PMMA latexes are primarily sterically stabilized,
they may also possess a surface charge, as observed by several
groups.””?° The number of charges on PMMA particles in
alkane solvents is typically very low (Z < 20e). While seemingly
a small number of charges, due to the low relative permittivity of
the solvent and weak screening, the residual charge can influence
the interparticle interactions; for example, crystallization phase
behavior is shifted by even one electron per sphere.”” Avoiding
the presence of water, known to influence the charge of inorganic
colloids in nonpolar solvents,*"** is crucial to understanding how
to control the charge of PMMA latexes. Greater charges can be
introduced using several methods. Kitahara et al. produced the first
academic report of surfactant-charged polymer latexes in
1981, using salts of alkylammonium and dioctylsulfosuccinate
surfactants to charge lauryl methacrylate-stabilized PMMA dis-
persions.* Despite the development of PHSA-stabilized PMMA
particles in collaboration with ICI and the University of Bristol
in the 1970s and 1980s,>*** there were no reports of surfactant-
charged PHSA-stabilized PMMA latexes until decades later.>*®
In addition to using surfactants, there are other methods of
producing charged polymer colloids in nonpolar solvents.
Polymerizable ionic monomers or salts can be added during
the particle synthesis, introducing a dissociable group into the
colloids.”**® Latexes in density-matched solvent mixtures
including brominated solvents can also charged by solvent
decomposition.?*3*

The nature of the formation of charges is different for these
three methods. The reduced mobilities (u* = p/u, where p, =
e/6mnig; n is the viscosity of the fluid) for three systems of
charged PMMA latexes as a function of volume fraction (¢) are
shown in Fig. 2. There are two systems containing background
electrolyte. The results from these are similar; the mobility
tends to a plateau at low ¢. Vissers et al. studied dyed latexes in
a mixed solvent of cis-decalin and cyclohexyl bromide (CHB);**
Smith et al. studied AOT charged latexes in dodecane.*® On the
other hand, the results from particles with no background
electrolyte are very different. Gillespie et al. studied ionic
monomer charged latexes in dodecane, and u* continues to
increase as ¢ is decreased.”” As can be clearly seen, the three
charging methods are not equivalent.

In this review, the effects of varying either physical or
chemical properties on the electrophoretic mobility and surface
potential of charged, sterically-stabilized PMMA latexes are
considered. Physical variations include volume fraction, size,
and ion screening; chemical variations include solvent, surfac-
tant type, and fluorescent dye, as a few examples. The effect of
varying parameters (such as adding surfactant and changing
the charging method) can clearly be seen in Fig. 1 and 2. Many
groups have studied these particles using different methods
and charging agents, and therefore, it is only possible to
determine the correlations between variables and particle
charge by considering the literature as a whole. By analyzing

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Reduced mobility (u* = u/ug) for three systems of charged PMMA
latexes as a function of volume fraction (¢). Gillespie et al. studied ionic
monomer charged latexes,®” Smith et al. studied surfactant (AOT) charged
latexes,*® and Vissers et al. studied solvent (cyclohexyl bromide, CHB)
charged latexes.®® The line is Ohshima's prediction of the electrophoretic
mobility in a salt-free medium.*® The results show that the mobility of
latexes depends on the method used to charge the particles.

all the variations studied so far in the literature, those that do
or do not have an influence on the charge of particles can be
identified.

2 Physical variations

Physical variations involve changes that control the interactions
between particles. These include the concentration of particles,
their size, and the amount of ion screening (controlled by the
concentration of surfactants or other salts). The effects of varying
these will be discussed in relation to charged colloids in water, to
show the differences between these extreme solvents. Due to the
much lower relative permittivity of nonpolar solvents compared
to water, the double layers will be thicker and charge interactions
will be more long ranged.

2.1 Particle volume fraction

In most dilute suspensions of colloids in water, the electro-
phoretic mobility and { potential are usually independent of
particle concentration, although unusual volume fraction-dependent
electrophoretic mobilities of sulfate-terminated polystyrene particles
have been observed in highly deionized aqueous suspensions.®*™*>
The large relative permittivity of water (¢, = 80.1 at 293 K)** and
high solubility of many electrolytes results in a very short
screening length,** typically a few nanometers. For micrometer-
sized particles, this typically results in a ka > 1; the same particles
in nonpolar solvents usually have a ka < 1. For large ka, all
particles and their associated double layers essentially do not
interact with each other except at very high volume fractions, so
the charge contributions are essentially the same at all volume
fractions. Ohshima determined a general expression for how the
electrophoretic mobility varies as a function of both xa and ¢.**> For
lower values of xa, the mobility deviates from infinite dilution at
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much lower volume fractions than for higher values. The reduced
mobilities for three systems of charged colloids in nonpolar
solvents are shown in Fig. 2. At low volume fractions, the two
systems containing electrolyte (AOT and CHB charged latexes)
approach a ¢-independent mobility.

There are several mechanisms that can result in a decrease
in electrophoretic mobility at high volume fraction. These can
be divided into entropic, hydrodynamic, and electrostatic. The
entropic argument can simply be reduced to, as the volume
fraction increases, the charging equilibrium is different. For
example, the adsorption of the charging agent, such as AOT,
per particle reaches a plateau value at large charging agent
concentrations.*® At high volume fractions there are fewer
charge additives per particle and eventually each particle is
no longer saturated with charge additive.">*” Another entropic
charging argument is that, if the dissociation of surface groups
is at equilibrium with the solvent ion content, then an increase
in volume fraction will favor association of some of these
surface groups to maintain the counterion concentration.*®

Different theoretical descriptions have been put forward to
consider these surface charge equilibria and how they relate to
the surface potential and particle charge. For example, it is
often assumed that particle surface charge density is constant,
which would yield a particle charge that increases with the
square of the particle radius. However, instead a linear relation-
ship is often observed. Strubbe et al. studied the charging
mechanism in a system with an excess of chargeable sites, a
charge neutral particle placed in a solvent where an electrolyte
ion has a greater affinity for the particle surface or where
a charged surface group has a higher solubility in the solvent.
By considering the preferential dissociation or adsorption of
electrolyte or surface ions, a linear relationship between particle
size and particle charge could be obtained.*” The surface
potential was found to increase with the number of surface
charging sites and ion concentration up to a saturation point.
Furthermore, this model resulted in a surface potential independent
of particle size, provided the particle had a sufficiently large number
of chargeable sites. Roberts et al. found a form of this model to be a
good description for the electrophoretic charge (measured through
{ potential and conductivity measurements) of PMMA charged with
different surfactants as a function of surfactant concentration."®

Hydrodynamic arguments are related to the physical inter-
actions between particles and the resulting flow as they become
more crowded,” or through Poiseuille flow, where flow of the
solvent alters the particle mobility across a cell.*> However,
provided these hydrodynamic contributions are accounted for
by considering relative velocity or a change in viscosity, the
reduced electrophoretic mobility should be unchanged from
the static case. Finally, the electrostatic mechanism for electro-
phoretic mobility reduction is related to the interactions
between particle double layers and the changing electrolyte
content. The Holm group showed through both experiments and
simulations that increasing the volume fraction is analogous to
increasing the salt concentration (alternatively, increasing rega of
the system), as a constant number of dissociated surface counter-
ions must occupy a smaller volume available for each particle.*>*

Soft Matter, 2015, 11, 8029-8041 | 8031
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Increasing k.ga (for ka < 3, typical for nonpolar solvents) at a
fixed surface potential results in a decrease in electrophoretic
mobility in the O’Brien and White description (who derived full
numerical solutions to the linearized Poisson-Boltzmann and
Navier-Stokes equations to produce accurate dilute { potential
values up to 250 mV as a function of xa);>> the effect may be less
pronounced if the number of charges on the particle also
decreases with increased volume fraction. In an infinitely dilute
system, the counterion charge density (and so, the electrical
potential) tends toward zero at long distances. In a dilute
system, this is essentially the case for all particles. However,
as the particle volume fraction increases beyond a critical value,
neighboring potential tails begin to overlap, increasing the
mid-plane potential. There are various potential arguments
used in the literature (encapsulated by the boundary conditions
at the particle surface and at long distances®®), but in essence, the
effective potential distribution around the particle is modified by
the overlapping potential from neighboring particles, which
manifests in a change in electrophoretic mobility.*">**> There
is a considerable body of work devoted to consolidating
the effective interactions or mobilities measured in non-dilute
systems with quite diverse theoretical descriptions.>®™*" As pre-
viously mentioned, Roberts et al. used a variation of the model
proposed by Strubbe et al. and applied it specifically to the
problem of AOT particle charge.">*® Cao et al. used a modified
form of the model proposed by Roberts et al (intended to
describe the charge of the AOT-PMMA system in dodecane),
specifically including the contribution of volume fraction and
radius, to describe the influence of AOT on the charge of
colloidal titania and polystyrene in dodecane with a more
comprehensive sweep of parameters.?” Their data broadly repro-
duced trends predicted by the model (although not for a PMMA
system): that surface potential would increase with the number
of micelles per particle until a saturation point, at which point it
would gradually decay (for a fixed volume fraction) and that
surface potential would display a constant value below a critical
volume fraction and radius, that increased with a higher number
of micelles per particle, above which it would decrease. Kanai
et al. studied the structure of the AOT-charged PMMA particles at
high volume fractions in a density and refractive-index matched
mixture of cis-decalin and tetrachloroethylene.*® At low concen-
trations (1 mM), confocal microscopy measurements of the
radial distribution function were consistent with a charge-
stabilized fluid. At higher AOT concentrations, they observed
the formation of charge-stabilized Wigner crystals, with the
formation of a body-centered cubic (BCC) phase. At even higher
AOT concentrations a face-centered cubic (FCC) structure was
present. At the highest AOT concentrations (200 mM), they
observed reentrant melting to a fluid phase as the screening
length was significantly reduced, and the radial distribution
function was essentially the same as at 1 mM AOT. The positions
of the phase boundaries showed some dependence on PMMA
particle size. To explain this unusual behavior, they constructed a
Poisson-Boltzmann (PB) cell model where they defined the surface
charge as a function of the ratio of chargeable surface sites and
surface and bulk micellar equilibrium constants. By solving the PB
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equation in a spherical Wigner-cell,”” they obtained values for the
surface charge and potential, Donnan potential, and far-field back-
ground charge density. They used this information to map the
colloidal dispersion onto a one-component plasma (OCP) of n point
particles of charge Zocp, maintaining electroneutrality with the
background charge density. The OCP crystallizes for Coulombic
coupling parameter I" > 106; therefore, the phase boundary for
crystallization and reentrant melting was determined to be at this
point. By solving the PB equation for the different volume fractions
and AOT concentrations used experimentally, the OCP I" could be
determined for each state point. Remarkably, the phase boundaries
measured experimentally for both crystallization and reentrant
melting were in close agreement with the model description,
despite its simplicity (although the BCC-FCC transition was not
predicted). In aqueous systems, Makino and Ohshima® analyzed
data by Agnihotri et al.® of the { potential of gold nanoparticles of
different sizes. Based on the observation that { potential changes
with electrolyte concentration, so is an ill-defined parameter to
describe a colloidal system, they developed an analytical method to
relate electrophoretic mobility to particle surface charge density.
They found that although the { potential of the different gold
systems changed with electrolyte concentration, the surface charge
density was reasonably constant and variations were attributed to
electrolyte ion adsorption.

For ionic monomer charged particles, which do not contain
any electrolyte, the mobility continues to increase as the
volume fraction is decreased (u* oc In(1/¢)).**®* Gillespie
et al. attributed this volume fraction dependence to counterion
condensation at higher volume fractions, due to the balance of
configurational entropy of the counterions and the electrostatic
interactions.?” At even lower volume fractions, a limit should be
reached where the potential and mobility depend solely on the
bare surface charge rather than the effective surface charge
(reduced due to counterion condensation).*®**%* In these ionic
monomer charged latexes in nonpolar solvents, the bare
charged limit has yet to be reached.

2.2 Particle size

In water (particularly aqueous electrolyte solutions), changing
the size of colloids will not influence the magnitude of the
{ potential, as long as the particles have homogenous charge
densities. For extreme ka, there are approximations to deter-
mine the { potential from measurements of the electrophoretic
mobility. For ka >» 1 (thin double layers), the Helmholtz-
Smoluchowski equation is applicable, and this is generally
the case in aqueous electrolyte solutions. For xka < 1 (thick
double layers), the Hiickel-Onsager equation is applicable.®® In
either of these extremes, the { potential should be independent
of size. However, for PMMA latexes charged by AOT, for
example, ka ~ 1,"'>*®*” and neither of these approximations
is appropriate. Therefore, the size of the particles needs to be
considered.

It is not immediately obvious why changing the size of
PMMA particles charged by AOT should result in different
surface potentials. For particle diameters in excess of 300 nm,
the surface potential is apparently the same regardless of

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Reduced surface potential ((* = e{/kgT) for AOT charged PMMA latexes
in either dodecane or hexadecane. Lines are guides to the eye. Data were
obtained using either electrophoresis (phase-analysis light scattering and
optical tweezer microelectrophoresis) or interaction measurements (micro-
scopy and blinking optical tweezers). The largest surfactant concentration for a
given particle size from each study is taken (3.5 < [AOT] < 200 mM), all above
the inverse micelle CMC.%97° There is scatter but no systematic variation in the
surface potential for particles larger than 300 nm (average (* = —2.6), shown by
the solid black line. For smaller particles, the surface potential appears to
decrease in magnitude, shown by the solid grey line. Data were taken from the
literature: red diamonds (electrophoresis and interaction), Hsu et al;' blue
upward triangle (interaction), Sainis et al.;*’ yellow downward triangles (elec-
trophoresis), Roberts et al;*> green star (interaction), Sainis et al.;*° pink squares
(electrophoresis), Kemp et al.;*® and black circles (electrophoresis), this study.

particle size, shown in Fig. 3. There is some variation in the
magnitude of the surface potential as a function of size,
ranging from (* ~ —1 to —6, but this is not systematic. ({* is
the reduced ( potential, e{/kT.) The average surface potential
shown in Fig. 3 taken from the literature is {* = —2.6. Although
there is no apparent correlation between particle size and
potential, some recent measurements on small particles suggest
that for particles smaller than 300 nm, the surface potential is
lower (Fig. 3). Although the parameter xa is taken into account
when calculating the particle charge from electrophoretic
mobility or interaction measurements, differently sized PMMA
are not strictly chemically identical. The main difference is that
there are differences in composition between differently sized
PMMA latexes; there is more stabilizer in smaller particles.
Approximately 25% of total reaction weight for particles of
diameter smaller than 100 nm is stabilizer, compared to 5%
for larger particles, due to the larger total surface area of the
synthesized particles. Whether AOT has an affinity for particular
groups within the PMMA core or on the particle surface is an
open question. Recent work indicates that AOT percolates homo-
geneously through the whole of the latex.°® It may be that AOT
preferentially adsorbs or dissociates in regions of “pure” PMMA,
rather than close to the surface, either in the stabilizer layer or
where the stabilizer backbone is bonded to the PMMA matrix.
This contribution would be negligible for large particles but
would become increasingly significant for small particle sizes as,
for example, either a higher ratio of the methacrylic acid mono-
mer would be chemically locked to the stabilizer backbone®

This journal is © The Royal Society of Chemistry 2015
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or a higher percentage of the particle volume would consist of
stabilizer.

For CHB charged latexes, the charge of particles does not
seem to depend on the size of the particles. Both the surface
potential ({* ~ 5) and surface charge density (~50e um>) are
constant for latexes from 0.5 < a < 2 pm.”* Without investigating
smaller latexes, however, it is not possible to know whether or not
there would be a reduction in surface potential for smaller particles
as is the case for AOT charged particles.

The situation is different for ionic monomer charged parti-
cles, as they are in a salt-free medium. Ramanathan showed
that for highly charged particles there is a critical radius for
counterion condensation to occur.”” Gillespie et al. experimen-
tally demonstrated this by measuring the reduced mobility of
ionic monomer particles of different sizes at fixed volume
fractions (u* oc In(1/¢)), and their results are shown in Fig. 4.
The mobility of small particles (@ < 300 nm) is much lower
than the asymptote at large a. This demonstrates that the
surface charge density is fixed and that counterion condensa-
tion is absent for small particles. The data shown in Fig. 4 is
well reproduced by a two-state variational model. Manning
showed that the fraction of condensed ions in a salt free system
can be determined by considering the two different populations
of ions present: condensed and free.”*”* The fraction of con-
densed ions can determined by minimizing the free energy of
the system through reduction of the electrostatic energy and
increase of the configurational entropy of the ions. Free energy
minimization with respect to the condensed fraction o yields
the following expression.

, o y
2(1 — o) = ln(] _a) +ln(g) (1)
10 T — T T T T
o I // i
Z gL ; .
3 )
= | / . ‘
= gl l/’ 3 |
gL Y : 3]
| /’
B 4r . T
8] Z
=] - 4 1
2 '
x 2r T
O L 1 L 1 L 1 X
0 200 400 600 800
R/nm

Fig. 4 Reduced mobility (u* = u/uo) of ionic monomer charged latexes at
fixed volume fractions (blue squares, ¢ = 10~%; red circles, ¢ = 1073). The
solid curves represent fits to the data using the Poisson—Boltzmann
equation and Ohshima’s expressions for the electrophoretic mobility in
salt-free dispersions.>®¢* The dashed lines represent linear fits to the data
at small radius. The arrows mark the critical radius for counterion con-
densation. Reproduced from Gillespie et al.*” with permission of The Royal
Society of Chemistry.
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In this expression, A is the Manning radius (the particle radius
divided by the Gouy-Chapman length, the distance at which
the electrostatic interaction between an ion and a wall of
constant charge density is equal to kg7) and ¢ is the volume
fraction. Fig. 4 shows that at fixed volume fraction and charge
densities (therefore, Gouy-Chapman lengths), the fraction of
condensed ions increases with particle radius as A increases. By
determining o for a given particle size, charge density, and
volume fraction, an effective charge and, thus, electrophoretic
mobility can be determined.

2.3 Ion screening

In water, the addition of ionic surfactants can lead to flocculation
of charge stabilized colloids; this is due to two consequences
of adding the surfactants. As salts, they screen the Coulombic
repulsion between the colloids, resulting in a secondary attractive
minimum in the interparticle interactions.”* Also, surfactants with
the opposite charge to the surface adsorb onto the particles,
neutralizing the charge.”® In nonpolar solvents, PMMA latexes
are sterically-stabilized rather than charge stabilized, so adding
surfactant increases the charge of the particles. Also, no secondary
minimum is reached, because van der Waals attraction is weak and
double layers are thicker. In water, surfactants form ions through
salt dissociation; in nonpolar solvents, surfactants form ions
through a disproportionation mechanism in the same way as
water-in-oil microemulsions.”

As the surfactant concentration is increased, two things vary.
The amount of ion screening increases, due to a larger number
of background ions; this has been observed as an increase in
solution conductivity."****78 Also, the amount of surfactant
incorporated into the particles increases; this has been measured
using small-angle neutron scattering.®®

Neither of these variations has a significant effect on the
surface potential of the PMMA latexes.™**® Reduced { potentials
(¢* = el/kgT) are shown in Fig. 5. The two sets of data are
measured using electrophoresis: single-particle optical micro-
electrophoresis or SPOM, which requires low volume fractions of
¢ ~ 107°, and phase-analysis light scattering or PALS, which
requires higher volume fractions of ¢ ~ 10~ *. That the measure-
ments are very similar at volume fractions that differ by 50 times
shows that it is the concentration of surfactant that determines the
particle charge. Only surfactant concentrations above 0.1 mM, the
CMC for inverse micelle formation, are considered.®®”° Below this
concentration, the potential decreases to 0.

The constant potential as a function of surfactant concen-
tration suggests that the charging of particles by AOT surfactant
is due to the preferential adsorption of charged species. More
surfactant may be adsorbed at 100 mM than 1 mM,°® but the
number of dissociated surfactant molecules is the same.

For other methods used to generate charged particles, the
amount of ion screening is fixed, and the method used to
charge the particles does not modify it. For ionic monomer
charged particles, there is no background electrolyte, and the
suspensions are salt-free.’” For CHB charged particles, there is
a constant amount of screening, as the bromide ions arising
from solvent decomposition determine the ionic background,
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Fig. 5 Reduced { potential ((* = e{/kgT) as a function of AOT concen-
tration for 425 nm radius PMMA latexes in dodecane. Two techniques are
used, optical tweezer single-particle microelectrophoresis (SPOM) and
phase-analysis light scattering (PALS). The two methods use very different
particle concentrations (shown in the legend), and this shows that it is the
surfactant concentration that determines {*. The magnitude of {* is also
independent of concentration, as has been found by others.%%4® Data is
reproduced from Kemp.”®

and the surface potential of the particles is constant regardless
of changes in particle concentration or size.*>”"

3 Chemical variations

Chemical variations involve changes to the chemical composition for
systems with the same charging method. These include proper-
ties of the charging agents (their ionicity, constituent ions, or
hydrophobicity), the particles (their stabilizer or component chemi-
cals), and of the entire system (the solvent or presence of water). As
many of these are specific to charged species in nonpolar solvents,
rather than comparing the variations to colloids dispersed in water,
they will be compared to other systems of charged colloids in
nonpolar solvents, where appropriate.

3.1 Charging agent

As introduced in Section 1, there are three main ways of
charging polymer particles in nonpolar solvents.

PMMA latexes can be charged by the addition of surfactants,
which form inverse micelles, to the solvent. In the Hsu,
Dufresne, and Weitz paper of 2005, AOT was used,' and this
surfactant has frequently been used as a charge control additive.
Polymerizable ionic monomers and other ionizable small mole-
cules can be added during the synthesis of the latexes, and these
particles can be charged without the addition of a surfactant.>**°
Latexes can also be charged in density-matched solvents contain-
ing halogenated solvents due to the autoionization of the solvent
into free halide ions.>'*

Of the proposed mechanisms for particle charging in non-
aqueous solvents,’ acid-base interactions are unlikely to be the
origin of charge for these particles given the lack of dissociable
protons on the PMMA latexes. Therefore, preferential adsorption
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seems like the most likely explanation for the charging of latexes
by surfactants or halogenated solvents.* In the case of ionic
monomer or salt containing particles, the origin of charge is a
preferential dissociation of one component.

3.2 Surfactant ionicity

From the reports in the literature, ionic surfactants are required
to charge PHSA-stabilized PMMA latexes. Two nonionic charging
agents have been tested. Sainis et al used polyisobutylene
succinimide surfactant,’” and Roberts et al. used the PMMA-
graft-PHSA stabilizer copolymer.'®> Both can act as electrolytes,
but they do not charge PMMA latexes. As a contrast to sterically-
stabilized PMMA, aqueous dispersible PMMA is charged posi-
tively in hexane by nonionic sorbitan oleate surfactants.*® The
mechanism of charging will be different for these two types of
PMMA, presumably acid-base interactions for aqueous disper-
sible PMMA and preferential adsorption for sterically-stabilized
PMMA latexes.>”

Of the ionic surfactants studied, the vast majority are
anionic. Aerosol OT (AOT) is the primary anionic surfactant
used, and it charges particles negatively.'!*!823:16.68,81.82 poq
is frequently used as a charging agent, but there is nothing
particularly special about the 2-ethylhexyl tailgroup.®>** Other
sodium dialkylsulfosuccinate surfactants have been found to be
similarly effective to AOT as charging agents.>® Counterion-
exchanged AOT surfactants also charge particles negatively, except
for manganese AOT, which charged particles positively.”® Octanoate
surfactants with divalent metals (zirconium or calcium) charge
particles positively.">"®*” The difference between AOT and octanoate
surfactants is likely due to the complexation between the metal
cation, a single surfactant, and carbonyl groups on the particles; this
results in a net positive charge.

Kitahara et al. are the only group to report the charging of
PMMA latexes by cationic surfactants (carboxylic acid anions
and alkylamine cations), and they found that the particles were
positively charged.?

3.3 Surfactant counterion

The surfactant counterion has been varied for two surfactants:
the AOT series and the octanoate series. The polarity of the
charge will be discussed in this section rather than the magni-
tude. The reduced mobilities (u* = u/u,) of PMMA latexes
charged by four different surfactants (sodium AOT, calcium
AOT, calcium octanoate, and zirconyl 2-ethylhexanoate) as a
function of surfactant concentration are shown in Fig. 6. Only
data above the CMC for inverse micelle formation (~0.1 mM)
are shown so that the counterions will be inverse micelles
rather than monomers.®*”°

In the first study of AOT charging of PMMA latexes by
Kitahara et al, they studied salts of AOT with four different
counterions (Na*, Mn**, Co®, and Ca**). They found that
NaAOT, Co(AOT),, and Ca(AOT), surfactants charged particles
negatively but that Mn(AOT), surfactant charged particles
positively. They were unable to explain why Mn(AOT), behaved
differently to the other surfactants.>® Other than the study by
Kitahara et al., the inorganic cation does not seem to dictate the
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charge of PMMA latexes. Aside from Mn(AOT),, all AOT salts
seem to charge particles negatively.

The inorganic counterion of octanoate (either isooctanoate
or 2-ethylhexanoate) surfactants does not dictate the charge of
PMMA latexes either. Two counterions have been studied,
27,28 151885 Both surfactants charge

calcium and zirconium.

particles positively.

3.4 Surfactant organic ion

For ionic surfactants, either the counterion or surfactant ion
can be varied. As discussed in Section 3.3, the counterion was
found to have limited effect on the polarity of the particle
charge. Of all the surfactants studied in the literature, calcium
surfactants are an interesting case, as they have been studied
with different organic anions (shown in Fig. 6). Schofield used
calcium octanoate as a charging agent and found that it
charged particles positively.>”?® Kitahara et al. used calcium
AOT as a charging agent and found that it charged particles
negatively.”®

The dissociation of the two surfactants should be identical;
they will both form singly charged CaX" and X~ groups, where X
is the organic ion. The charge of the particle will then depend
on whether the CaX' or the X~ group preferentially adsorbs.
The reason that a different ion would preferentially adsorb
between the two surfactants is not clear. Both groups assign the
X~ moiety as more hydrophobic (equivalently solvophilic).
Schofield and Ottewill assert that the Ca** containing salt will
complex with esters in the latexes,” but Kitahara et al. state
that the more hydrophobic ion will adsorb onto the particles.”?
These two explanations are inconsistent. The origin of the

—@— Ca(Oct), (Schofield)
64 —y— Zr(Oct), (Roberts)
—O— NaAOT (Kitahara)
—a— Ca(AQT), (Kitahara)
4 4 —— NaAOT (Kemp)
- —s— \‘ —¥
2 =
-7
0
o
0‘(
2 4
44 I—E///?/EI//A
1 10 100

[Organic anion] / mM

Fig. 6 Reduced mobility (u* = u/po) for PMMA latexes charged by four
surfactants, shown in the legend. The organic anion of the surfactant
(dioctylsulfosuccinate or octanoate/2-ethylhexanoate) seems to dictate
the polarity of the particle charge rather than the inorganic cation.
Dioctylsulfosuccinate (AOT) surfactants charge particles negatively, and
isooctanoate/2-ethylhexanoate (Oct) surfactants charge particles positively.
The data are measured using electrophoresis equipment (either light
scattering or optical tweezers) and are from several sources (Ca(Oct), from
Schofield,®® Zr(Oct), from Roberts,®> NaAOT and Ca(AQOT), from Kitahara
et al,?® and NaAOT from Kemp’®).
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difference in the polarity of the charge arising from these two
calcium surfactants is unclear, but it is clear that the organic
ion determines the charge of the particles.

3.5 Incorporated charging agent

Bartlett et al. developed a method to produce charged PMMA
latexes through the incorporation of charging additives rather
than the through the addition of surfactants. They have primarily
used a polymerizable ionic monomer, consisting of a tetra-
alkylammonium cation that is bound to the particles and a
fluorinated tetraphenylborate anion that can dissociate, but they
have also added non-polymerizable hydrophobic salts to the particle
synthesis. The non-polymerizable salts produced particles that were
negatively charged, and the polymerizable ionic monomer produced
particles that were positively charged (as expected) with a larger
surface potential.>® The charge of the ionic monomer particles did
not depend on the chemical properties of the monomer (spacer or
alkylammonium chain length). The particles are in a counterion-
dominated regime where their electrophoretic mobility and surface
potential are determined by counterion condensation and are less
than the bare charge.®”® In the bare charge limit (at very low ¢), the
properties of the alkylammonium cation may influence the charge,
but at higher volume fractions, the effective mobility is restricted by
the requirements of counterion condensation, obscuring any differ-
ence between different charging species. The dependence of the
charge on ionic monomer concentration is unclear. Some studies
showed a dependence,®® and some did not.*” There were differences
in the solvent conditions as well as amount of centrifugation used to
clean the particles, which may explain the discrepancy.

3.6 Charging dyed particles

Royall et al. showed that fluorescently labeled PMMA latexes
can be charged by adding halide anions into the system; they
used tetrabutylammonium chloride (TBAC). Particles with different
fluorescent dyes were both positively charged, although with
different magnitudes, but the addition of 40 uM TBAC inverted
the charge of the particles.*”

An interesting application of inverting particle charge is that
oppositely charged latexes can be produced. Both Leunissen
et al. and Bartlett and Campbell reported colloidal crystals of
oppositely charged particles in 2005;**** an example is shown
in Fig. 7. Vissers et al. also reported the formation of lanes
when oppositely charged particles were driven by electric
fields.®® The presence of halide anions is required to modify
the charge of the particles. Leunissen et al. and Vissers et al.
introduced bromide ions through the tetrabutylammonium
bromide salt,***® and Bartlett and Campbell introduced bromide
ions by adding a ferromagnetic wire to catalyze the autoionization
of the CHB solvent.**

3.7 Surfactant hydrophobicity

There has been little work in systematically varying the hydro-
phobicity (equivalently solvophilicity) of surfactants and deter-
mining the effect on charging PMMA latexes. This could,
however, partly explain the differences in charging for different
organic ions, discussed in Section 3.4. Differences have been
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Fig. 7 CsCl-type binary crystals formed from oppositely charged colloids.
All particles were dispersed in salt-containing CHB—decalin solutions. In
subfigures (a—e), red particles are positive PMMA latexes and green
particles are negative PMMA latexes; in subfigures (f and g), green particles
are positive PMMA latexes and red particles are negative silica. Reprinted
by permission from Macmillan Publishers Ltd: Nature, Leunissen et al.,
2005.%

observed for other colloids in nonpolar solvents. For example,
Gacek and Berg recently found differences in how surfactants
with different hydrophobic-lipophilic balances charged
mineral oxide particles.?® Similar results have been found for
PMMA latexes. The triple-chain analogue of AOT, which is more
hydrophobic than AOT itself, is a more effective charging agent
than AOT at equimolar concentrations.>®

3.8 Particle stabilizer

Poly(12-hydroxystearic acid) (PHSA) has by far been the most
common steric stabilizer used for producing PMMA latexes in
nonpolar solvents, since their development in the 1970s and
1980s.>**> PHSA is incorporated into the latex using a brush
copolymer consisting of PHSA brushes and a backbone of
methyl methacrylate and glycidyl methacrylate.”® There are
other possible stabilizers that can be used; the primary require-
ments for good steric stabilizers are that there is a high surface
coverage and that the solvent is good for the stabilizing chains.

This journal is © The Royal Society of Chemistry 2015
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In addition to PHSA, poly(dimethylsiloxane) (PDMS), polyethylene,
polypropylene, polyisobutylene, and poly(alkyl acrylate) stabilizers
have been used to generate PMMA latexes in alkane solvents.”
Several groups have recently prepared latexes for electrophoretic
display applications using PHSA alternatives. Richez et al. pre-
pared PDMS-stabilized latexes,’> and Farrand et al. prepared
poly(octadecyl acrylate) and poly(2-ethylhexyl acrylate) stabilized
latexes.”*

None of these studies produced charged particles though.
PHSA-stabilized PMMA latexes have been used to produce all
surfactant, ionic monomer, and solvent or dye charged parti-
cles discussed so far, with the exception of Kitahara et al. They
produced latexes that were stabilized by copolymers of butyl or
lauryl methacrylate. They found that the particles were
negatively charged by AOT, but they did not discuss particle
size or concentration, making it difficult to directly compare to
other experimental results.”® Several surprising results have
been found for PDMS-stabilized latexes. Sanchez found that
AOT does not charge particles in decalin and destabilizes
particles in dodecane.’® Lin et al found that AOT charges
particles in decalin to a similar degree as PHSA-stabilized ones
(|#*| ~ 4), although the particles decelerated as they moved
electrophoretically across a microfluidic cell. Additionally, the
PDMS-stabilized particles without any charging additive were
highly charged, with 170e per particle.”

These are the only studies of charged latexes stabilized
by non-PHSA polymers, despite additional stabilizers being
identified in recent decades. This is a parameter that is worth
exploring further.

3.9 Particle synthesis

Recently, there has been some work into the effect of locking
the PHSA stabilizer to the surface. A catalyst, such as diethanol-
amine, is added to enable the reaction between epoxide groups
on the stabilizer and methacrylic acid groups on the latex. This
covalently links the PHSA brush copolymer stabilizer to the
particle surface, which is only entangled after the first step.’

This step does not need to performed to produce stable
latexes, as has been shown for ionic monomer charged latexes.*
Gillespie et al. measured p* for ionic monomer charged patrticles,
some of which had been locked and some of which had not, and
they found that the electrophoretic mobilities for different particles
were effectively the same.>”

This is not the case for particles charged by CHB solvent
decomposition. van der Linden et al. measured the electro-
phoretic mobility of dyed PMMA latexes using confocal micro-
scopy, and they found that latexes that had been locked were
more highly charged than those that had not. They attributed
this to complexation between free protons and the 2-(dimethyl-
amino)ethanol (DMAE) catalyst. By systematically varying the
conditions relating to the locking stage (temperature, catalyst,
and concentration), they determined that the DMAE catalyst is
chemically incorporated into the latexes, and therefore that
locked latexes include groups that can complex with H' ions
and increase their positive charge.”" The choice of locking
catalyst can dictate whether or not protons can be complexed.
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Basic amines, such as diethanolamine or DMAE, can lead to
positively charged particles,>**>’" and alkyl amines, such as
triethylamine or N,N-dimethyldodecylamine, can reduce particle
charging.”"% This is particularly relevant to particles charged by
CHB solvent decomposition, but it is a variable that should be
considered further for all charging methods to understand how
to control the charge of PMMA latexes.

3.10 Solvent type

The effect of varying solvent depends on the method that is
used to charge particles. The charge of latexes where charging
agents are added (such as surfactants in alkanes) does not
depend on the solvent. On the other hand, the charge of latexes
where the charging agents are a component of the particle or
the solvent (such as ionic monomers or CHB) can depend on
the solvent. The relative permittivity of the solvent is important
for determining the magnitude of charge dissociation; the
conductivities of tetraalkylammonium salts and AOT surfactant
are known to vary in different solvents.””°® This ability to study
solvent effects requires that varying the solvent does not change the
stability of the particles. While generally not an issue, differences in
stability have been reported in the literature. For example, PHSA-
stabilized latexes are stable in hexadecane,'*®”*°'%! but PDMS-
stabilized latexes are not."”

For surfactant-charged particles in alkanes, varying the
solvent has no influence on the electrophoretic mobility other
than through the change in viscosity. For example, the reduced
mobilities (u* = u/uy) of AOT-charged latexes at the same
volume fraction and the same surfactant concentration are
identical (Table 1), as u, normalizes for the solution viscosity.*>

For ionic monomer charged latexes, the charge of particles
depends on the polarity of the solvent. This is because the
charge arises from the dissociation of an ion from the surface,
and the solubility of the ion will dictate the particle charge.
Sanchez and Bartlett measured the charge of latexes including
an ionic monomer in mixtures of dodecane and pentanol
(2.0 < & < 15.1), and found that the particle charge decreased
as the amount of pentanol, and consequently &,, was increased.>®

For dyed particles dispersed in density-matched solvents,
the charge was attributed to the self-ionization of the cyclohexyl
bromide (CHB) solvent used for density and refractive index
matching.®” The weak charge of dyed colloids was originally
attributed to the dye incorporated for fluorescence micro-
scopy.”® However, later work showed that neither removing
water from the solvent nor producing particles without dye
resulted in uncharged particles.>”'*® Therefore, it appears that
the solvent itself is responsible for the particle charge.

Table 1 Reduced mobilities of PMMA latexes in alkanes with [AOT] =
100 mM (from Smith et al.%?)

Solvent u*

Octane —-3.8£0.6
Dodecane —3.9 £ 0.6
Hexadecane —4.1 £ 0.8
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Thermotropic liquid crystals (LCs) are another “solvent”
often used with PMMA particles. However, this solvent system
is not used to investigate charge but rather to study the
formation of defect-induced soft solid materials. The PHSA
stabilizer on the PMMA surface strongly orients liquid crystal
molecules in a radial configuration, distorting the local liquid
crystal director. A nematic liquid crystal acts to minimize
distortion by bringing these defects together, and at sufficiently
high particle loadings can form percolating gel-like structures,
capable of supporting their own weight.'®* Furthermore, PMMA
particles dispersed in isotropic 5CB that are then cooled into
the nematic phase form a similar free-standing structure,
induced by highly localized aggregation of particles at the
boundaries of nucleating nematic regions, forming a so-called
soft solid.’®™%” The dielectric environment is more complicated
in these systems due to their birefringence, and although many
liquid crystal mixtures possess low dielectric constants in both
parallel and perpendicular orientation (3 < ¢, ¢, < 8),"°'* the
majority of studies on PMMA-LC composites use 4-cyano-4’-
pentylbiphenyl, more commonly known as 5CB. It possesses an
intermediate dielectric constant of 11.4 in the isotropic phase
(when heated above the clearing point at 35.6 °C), and ¢ = 19.7
and ¢, = 6.6 in the nematic phase."*’

The charge of ionic monomer-charged and unmodified
PMMA latexes has been measured in both isotropic and
nematic 5CB. While the unmodified particle system showed
no noticeable charge, the results for the ionic liquid-modified
system were qualitatively the same as Lavrentovich et al'''
for hydrophobically-coated silica spheres: the electrophoretic
velocity was directly proportional to field strength in isotropic
5CB but was field dependent for nematic 5CB."** Directly
comparing these results to conventional solvents, due to the
difficulties in defining the dielectric constant and viscosity, is
challenging. The ability to produce charged particles in
nematic liquid crystals is very interesting, however, due to the
development of technologies such as electrophoretic liquid
crystal displays.'*?

3.11 Presence of water

The presence of water in nonpolar solvents is known to
influence properties of the system. For example, Eicke and
Christen showed that the CMC of AOT in nonpolar solvents
depends on the amount of water,"** and both Tettey and Lee
and Gacek et al. showed that trace amounts of moisture can
influence the charge of silica particles in nonpolar solvents.>"*>
The effect of added water has differing effects on the charge of
PMMA latexes, depending on the method used to charge the
particles.

For particles charged by CHB decomposition, water does not
seem to dictate the charge of the particles, as drying and distilling
the CHB do not influence the interparticle interactions.**”
Instead, water can be used as a bulk ion reservoir to remove ions
from the CHB."">*®

Water has profound, well-known effects on solutions of
surfactants in nonpolar solvents. The conductivity of water-
containing microemulsion droplets is different than surfactant
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inverse micelles due to charge fluctuation.”” For particles
charged by AOT surfactant, water has a clear influence on their
charge. Wood et al. exposed AOT charged PMMA latexes in dry
dodecane to moisture, and they found that charge of the
particles reversed from —10e to +10e after 30 min exposure to
water.®" The electrokinetic properties of PMMA latexes have
been measured to determine the electrophoretic mobility and
charge of small particles with a w ratio (w = [H,OJ]/[AOT]) of 41.
The { potential determined from optical tweezer microelectro-
phoresis of 425 nm latexes was found to decrease for micro-
emulsions ({* = —3.5 for AOT inverse micelles and (* = —1.7 for
AOT microemulsions). However, the dimensionless charge
(ZAg/a) determined from conductivity for two different PMMA
latexes was found to be approximately the same (2.6 for AOT
inverse micelle charged 610 nm latexes and 2.8 for microemul-
sion charged 42 nm latexes).">"*¢

4 Conclusions

By considering the literature of charged PMMA latexes as a
whole, it is possible to determine the variables that can be used
to control the particle charge. Some groups have studied
systematic variations, but by comparing different methods of
charging particles and different techniques, the relationship
between the variable and the charge becomes clearer. This
contributes to understanding how to control the charge of
these latexes and can be applied to charged colloids in low
dielectric fluids more generally. For example, the effect of
varying particle size and surface charge density has been
studied for AOT charged latexes,> ionic monomer charged
latexes,” and CHB charged latexes.”! The surface potential of
AOT charged latexes and CHB charged latexes appears to be
independent of particle size, and the surface charge density of
ionic monomer latexes is also constant. However, the electro-
phoretic mobility of ionic monomer charged latexes shows
some dependence on particle size, as there is a critical radius
beyond which counterion condensation becomes significant.
This is a consequence of how the particles are charged, so by
considering the studies together, it is possible to see the effect
of varying the charging method. The advantage of considering
PMMA latexes is that there are several methods to charge them,
and this reveals the detail of changing properties of both the
charging agent and the dispersant.

Of the physical variations studied, changing the volume
fraction seems to have the largest effect on the particles,
particularly at higher volume fractions. The particle size and
double layer thickness (controlled by the surfactant or salt
concentration) have less of an effect, only showing deviations
at very small particle sizes or surfactant concentrations below
the CMC. In general, the electrophoretic mobility can be
controlled by varying volume fraction, size, or surfactant
concentration, but the electrokinetic potential is constant. This
is due to the relationship between electrophoretic mobility and
{ potential, which is different in nonpolar solvents than in
water due to the thick double layer.**>>%¢
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Of the chemical variations studied, the charging method
used has a large effect on the particle charge. This is because
the location of the charging agent is different for the three
methods, either chemically bound to the particle, added as an
external species, or a byproduct of solvent decomposition. For
surfactant charged PMMA particles, the ionicity of the surfactant is
important; nonionic species do not charge particles whereas ionic
surfactants do. This is in contrast to other colloids dispersed in
nonpolar media, where nonionic surfactants can act as charging
agents due to acid-base interactions."”” Changing the solvent does
not vary the electrophoretic mobility of AOT charged particles in
alkane solvents, beyond increasing the viscosity, as expected from
the definition of 1,. For CHB charged particles, changing the dye or
drying the solvent does not modify the charge of the particles; it is
determined by the concentration of bromide ions in the solvent.
For ionic monomer charged particles, changing the size of the
bound cation does not modify the charge of the particles; the
counterion controls the ion dissociation. These observations
are particular to PMMA latexes, as such charging methods
cannot be used for other types of colloids, but this shows that
it is crucial to consider the interactions of the charging agent
with the particle and the solvent to fully understand the
formation of charge.

By choosing a well-studied model colloidal system, it is
possible to determine how to influence the charge of colloids
in nonpolar solvents. Physical electrokinetic models can be
applied to understand the electrophoresis of colloids in non-
polar solvents, but the results may initially seem counterintui-
tive when compared to water. By considering the reduction in
relative permittivity and subsequent increase in the thickness
of the double layer, the results are generally as expected. The
interaction of the charging agent, whether a surfactant, salt, or
dissociated surface species, with the solvent and the particle
surface is key to understanding the charge of the colloid.
Interfacial interactions are particularly important.

Gaining an understanding of how to control the charge of
polymer particles will be important for guiding the application
of charged species in nonpolar solvents. Charged particles in
nonaqueous media are already widely used in applications,
such as in electrophoretic electronic paper displays,"*® and will
be equally important in the future. Many of the possible
technologies that have been proposed for next-generation elec-
tronic paper devices require control of charged species.'™>*"°
Research by many groups, particularly over the past 10 years,
has shown that producing charge on particles in nonpolar
solvents continues to provide surprising, technologically-
relevant results, with a rich variety of properties achievable
through careful tuning of the colloidal system. Technological
requirements may demand deviations from the simple case of
AOT as the charging agent, at an intermediate surfactant
concentration, and at a low latex volume fraction. When this
is the case, it is clearly not a perfect model system. By establishing
the variables that influence the charging of latexes in nonpolar
solvents, this review provides guidance to predicting how these
deviations will control their electrophoretic mobility and inter-
particle interactions.
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