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ABSTRACT: We studied suspensions of sterically stabilized
poly(methyl methacrylate) (PMMA) particles in the solvent
cyclohexyl bromide (CHB; & = 7.92). We performed
microelectrophoresis measurements on suspensions containing
a single particle species and on binary mixtures, using confocal
microscopy to measure the velocity profiles of the particles.
We measured the charge of so-called locked PMMA particles,
for which the steric stabilizer, a comb-graft stabilizer of
poly(12-hydroxystearic acid) (PHSA) grafted on a backbone
of PMMA, was covalently bonded to the particle, and for
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unlocked particles, for which the stabilizer was adsorbed to the surface of the particle. We observed that locked particles had a
significantly higher charge than unlocked particles. We found that the charge increase upon locking was due to chemical coupling
of 2-(dimethylamino)ethanol to the PMMA particles, which was used as a catalyst for the locking reaction. For particles of
different size we obtained the surface potential and charge from the electrophoretic mobility of the particles. For locked particles
we found that the relatively high surface potential (~ +S.1 kzT/e or +130 mV) was roughly constant for all particle diameters we
investigated (1.2 ym < ¢ < 4.4 um), and that the particle charge was proportional to the square of the diameter.

1. INTRODUCTION

Suspensions of charged colloids are widely used as model
systems to study the phase behavior of atomic and molecular
systems." They are also of interest for many technological and
industrial applications.>®> In the past decade, interest in
interactions between charged particles in low- and apolar
solvents and the origins of their charges has been rekindled
because of the development of new model systems that can be
used to explore soft potentials with a range significantly longer
than the particle diameter, even for micron-sized colloids,*™ as
well as applications in several areas of advanced materials, such
as electrophoretic displays,'® toner for printing and copying,"'
and electrorheological fluids."> Unfortunately, the charging
mechanisms of particles in low- and apolar solvents are still
poorly understood compared to those in water, despite an
increasing number of efforts to understand these mecha-
nisms,'">~*” and they may differ for different particle systems.
For a recent review on the charging mechanisms that involve
charge control agents see ref 28.

In this work we performed electrophoresis measurements by
means of confocal microscopy to investigate the surface
potential and charge in systems of sterically stabilized charged
colloids (poly(methyl methacrylate); PMMA) in a low-polar
solvent (cyclohexyl bromide; CHB) at concentrations where
the particles strongly interacted, including dispersions com-
posed of colloidal crystals. The pair interaction in a system of
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charged colloidal particles is commonly described by a hard-
core repulsive Yukawa (screened Coulomb) potential“’s’29 (see
Supporting Information (SI)). In a previous paper of our group
the surface potential and charge were measured as a function of
volume fraction'® in similar systems, but the effect of the
particle size and mixtures of different particles were not
investigated. In the current work we determined the surface
potential and charge as a function of the particle diameter and
for mixtures of particles. Such mixtures can be tuned to contain
oppositely charged particles through addition of a salt such as
tetrabutylammonium bromide (TBAB), which can reverse the
surface charge on the particles from positive to negative,
because slightly more bromide ions than cations adsorb onto
the poly(12-hydroxystearic acid) (PHSA)—PMMA surface.’>?'

The solvent we used is a low-polar solvent, which means it
has a relative dielectric constant in the range €, & 5—10. Low-
polar solvents have advantages over apolar solvents (for which
& ~ 2), when used as a suspending medium for charged
colloids. It can be shown (see SI and refs 2 and 13), for a
monovalent salt, that the concentration (number density) of
free ions can be approximated by
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with ¢, the total concentration (number density) of salt, a the
center-to-center distance of the dissociating ion pair, and A the
Bjerrum length.

In apolar solvents (e, ~ 2) such as alkanes screening of
electrostatic interactions is usually negligible and the creation of
ions is energetically very unfavorable. A typical salt such as
NaCl (a & 0.28 nm>?) easily dissociates in water (&, = 80, A =
0.7 nm at T = 295 K), but the concentration of free ions in the
apolar solvent dodecane (¢, = 2, Az = 28.3 nm) would be only
~10722 mol L™" for ¢, = 0.01 mol L™" (from eq 1). This means
that in apolar solvents so-called charge control agents are
needed to arrive at sufficiently high ion concentrations to start
modifying interparticle interactions. Usually, these charge
control agents consist of a sizable alkyl chain and a more
polar section to provide binding sites to the ions. This
configuration makes these compounds in almost all cases
(strongly) surface-active and the particle interactions strongly
sensitive to (trace amounts of) water.”®

In low-polar solvents (S < & < 10) such as cyclohexyl
bromide (g, = 7.92> Az = 7.1 nm at T = 298 K) the
dissociation of ions is appreciably larger. The concentration of
free ions can be further increased by using a salt consisting of
large ions, for instance tetrabutylammonium bromide (TBAB; a
~ 0.55 nm>*). For TBAB (¢, = 0.01 mol L™") in CHB eq 1
yields a total concentration of free ions ~5 X 10™* mol L™".
Thus, in low-polar solvent systems the double layers can still be
very large (~ tens of microns), but also made quite small (~
nanometers) by addition of salts like TBAB.*>®'® Furthermore,
the charge and double-layer thickness are not very sensitive to
water; water can even be used as ion exchange agent to remove
salt.”'*

In short, the use of low-polar solvents (with 5 < ¢, < 10)
rather than apolar solvents (with &, & 2) retains many of the
desirable properties of apolar solvents (immiscibility with water,
low conductivities, very large double layers), while ions are
more easily created without surfactants and the system is less
sensitive to small amounts of water.

Electrophoresis techniques that have been commonly used to
study charged particles in low- and apolar solvents include
phase analysis light scattering® and electroacoustic phoresis.*®
The recently increased interest in these systems resulted in the
improvement of existing and development of new electro-
phoresis techniques. Most techniques measure the motion of
single particles."”'”"*? Several make use of optical tweezers to
confine the particles when they are driven by an electric
field."*'”** Position determination at the single-particle level is
done either using a photoquadrant detection scheme or by
image processing.

Our approach makes use of confocal microscopy, which also
allows measurements on individual particles in more con-
centrated systems, even in crystallized systems."> Of course, for
more concentrated systems it is harder to convert a measured
mobility to a surface charge or potential than for dilute systems.
The approach taken in this paper is the same as in earlier work
by our group, in which a Poisson—Boltzmann cell model was
used to obtain these quantities."> Measurements at high volume
fractions in systems with large relative screening lengths (ko)™
were also performed by the Palberg group using laser Doppler
velocimetry. They studied polar systems for which a large
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Despite significant progress, a lot is still unknown about the
exact charging mechanisms in low- and apolar solvents, which is
reflected in different approaches to explain them. Some groups
try to relate the particle charge to the acid/base properties of
the particles and thus relate the charging mechanism to
behavior in water,”>*® while others look at hydrophilic/
hydrophobic effects.*® It is quite clear that most of the
surfactant-like charge control agents enlarge the effective size of
ions by micelle formation and thus enhance dissociation of ion
pairs. However, details on how this enhanced ion pair
dissociation in solution exactly charges the particles are less
clear.">'®*?® It is important to mention that surfactants with
nonionizable groups are just as effective in increasing
conductivity and chargin§ the particles in low-polar solvents
as are ionic surfactants.>* Also, as we already mentioned, all
systems with char§e control agents are sensitive to trace
amounts of water,”"*>*® while the screening length of our
PMMA particles in CHB is not sensitive to water; these
suspensions can even be deionized effectively with water.”'*

The charge on the PMMA particles in “pure” CHB is
thought to arise from adsorption of protons and bromide ions,
which result from decomposition of CHB. The dehalogenation
reaction is not likely to be a simple equilibrium similar to the
dissociation of water, which is generally not considered a
decomposition of water. A slightly larger adsorption of protons
then gives a positive charge (see ref 39 and chapter 2 of ref 14).
When a salt with large ions such as TBAB is added to a solvent
like CHB, significant dissociation takes place and the
conductivity increases appreciably. In addition, the sign of the
particle charge changes from plus to minus, which is thought to
be due to an increased adsorption of bromide ions.”® In the
course of our investigation, we noticed that so-called “locked”
particles (for which the PHSA—g—PMMA—stabilizer chains
were chemically linked to other PMMA chains in the particle)
had a significantly higher particle charge than their “unlocked”
counterparts. We investigated this phenomenon in more detail
and found that the charge increase was presumably due to
chemical attachment of the locking catalyst to the particle.

A constant surface charge density is only expected when the
charge-determining ions arise from strongly dissociating salts or
acids/bases in water. In all other cases some kind of
association—dissociation equilibrium is operative at the surface
of the particles and one expects a more complex relation for the
surface potential of the particles as a function of size, volume
fraction, and ionic strength. In the Supporting Information we
provide the relation between surface potential and charge in the
limit of low density and low surface potential. The simplest
models predict a particle charge that scales with the particle
surface area over a large parameter range.** For several systems
with added surfactant-like charge control agents the surface
potential was found to be independent of particle size.'***
Complicated charge regulation mechanisms were required to
provide explanations for these results.">*"** As mentioned, in
our sterically stabilized PMMA system in CHB no charge
control agents were used and it is therefore interesting to find
out if the dependence of the surface potential on particle size
was different than the examples from refs 13, 21, and 22.

2. EXPERIMENTAL METHODS

2.1. Model System. We used poly(methyl methacrylate) spheres
(PMMA; density dpypys = 1.19 g cm™; dielectric constant €, = 2.6;
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refractive index n¥ = 1.492'%), synthesized by dispersion polymer-
ization and sterically stabilized by a so-called comb-graft steric
stabilizing layer formed by poly(12-hydroxystearic acid) (PHSA)
grafted onto a backbone of PMMA (PHSA—g—PMMA).‘“’42 We used
several batches of particles, of different mean diameter ¢ and labeled
with either the fluorescent dye rhodamine isothiocyanate (RITC; see
also SI) or the fluorescent dye 7-nitrobenzo-2-oxa-1,3-diazol (NBD).
The mean diameters and polydispersities s were determined by static
light scattering (SLS) or scanning electron microscopy (SEM). To
determine the average diameter and size polydispersity from the SEM
images we measured ~100 particles from each batch using the
program iTEM (Olympus Soft Imaging Solutions GmbH). Some
batches of particles underwent a so-called “locking” procedure, in
which the PHSA—g—PMMA stabilizer became covalently bonded to
the particle surface (see SI); in the remainder of this paper, these
particles are referred to as “locked”. In the case of “unlocked” particles,
the PHSA—g—PMMA stabilizer is adsorbed to the particle surface, but
not covalently bonded to it. The locking procedure was as follows.*!
The particles were transferred to a solution of dodecane (~ 1.3 g/g
PMMA) saturated with PHSA—g—PMMA stabilizer, which was made
by thoroughly mixing 1 g of stabilizer with 20 mL of dodecane. The
mixture was heated to 130 °C under stirring. A small amount (~ 4.2
uL/g PMMA) of 2-(dimethylamino)ethanol (DMAE) was added as a
catalyst and the mixture was stirred for 2 h at 130 °C. Finally, the
particles were washed 3X with hexane.

The particles were suspended in cyclohexyl bromide (CHB; Sigma-
Aldrich; density dcyp = 1.336 g cm™>;** dielectric constant &, = 7.92;>
refractive index n% = 1.4935"%%). As the refractive index of CHB
nearly matched that of the PMMA particles, the van der Waals
interactions are much smaller than kzT and can be neglected. The
solvent CHB is known to decompose in time, a process which
generates H' and Br™ ions (see ref 39 and chapter 2 of ref 14). To
reduce the ionic strength, we cleaned the solvent before use by
bringing it into contact first with activated alumina (AL,O;; S8 A, ~
150 mesh, Sigma-Aldrich) and then with molecular sieves (4 A, 10—18
mesh, Acros Organics). The conductivity of CHB after the cleaning
steps was on the order of 10 pS cm™' (Scientifica 627 conductivity
meter).

2.2. Sample Preparation. To measure the electrophoretic
mobility of the particles in real space, we constructed electrophoresis
sample cells in the following way (see also ref 15). A borosilicate glass
capillary with inner dimensions length X width X depth = 5 cm X 2.0
mm X 0.10 mm (x X y X z; VitroCom) was mounted on a microscope
glass slide with two thin strips of adhesive tape (Scotch). Two nickel
alloy wires (T2 thermocouple alloy wire, Goodfellow; diameter = 0.05
mm) served as electrodes. The wires were bent in a rectangular U-
shape and inserted into the capillary (one at each end) in such a way
that the wires were typically ~2 cm apart. We stuck the wires to the
glass slide with adhesive tape. For some measurements we used two
straight wires parallel to the capillary wall, ~2.0 mm apart.

We prepared suspensions with an overall volume fraction # & 0.02.
Each suspension was transferred to a separate electrophoresis cell
using a glass Pasteur pipet. We checked that no air bubbles were
present between the two electrodes. Both ends of the capillary were
sealed with UV-curing optical adhesive (Norland no. 68). We
prevented air bubbles at both ends of the capillary by tilting the
capillary before applying the glue, such that any air was pushed out by
the dispersion inside; the extra volume occupied by the glue also
expelled the air from the other side of the capillary. Prior to the
electrophoresis measurements the sample was homogenized on a
rotating stage** by slowly rotating the capillary around its long axis for
at least 1 h.

2.3. Electrophoresis Measurements. For each sample we
obtained the particle mobility in the following way. We applied a
DC electric field and measured the mean particle velocity as a function
of depth (total depth = 0.10 mm) in the capillary. The velocities were
converted to apparent mobilities (eq 2, below) and from a fit to the
mobility profile we obtained the mean particle mobility (the mean
apparent particle mobility at the stationary level). We used a wideband
amplifier (Krohn-Hite, model 7602M) to apply DC fields of 2—8 V
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mm™" in both directions. Typically, we measured two mobility profiles
for the same sample, using two different field strengths, to check
whether the measured mobility was independent of the field strength.

In most cases the long axis of the capillary and the electric field
direction were parallel to the direction of gravity to prevent a density
gradient across the 0.10-mm depth due to sedimentation of the
particles. We corrected for the effect of gravity on the apparent particle
mobility, as described below (Section 2.5).

2.4. Confocal Microscopy. Particle imaging was performed with
confocal microscopy with an oil immersion objective (100X NA 1.4,
63X NA 1.4, or 40X NA 1.25, Leica), in fluorescence mode with $32
nm, 543 nm (both RITC), and 488 nm (NBD) excitation. We mostly
used a Nipkow spinning-disk confocal microscope (CSU10,
Yokogawa) in combination with a digital video camera (Evolution
QEi). In some cases we used a Leica SP2 or Nikon C1 confocal
microscope. We obtained series of images (~ 20—S50 images; typical
image size S0 ym X S0 pm; pixel size 0.23—0.45 pm; time interval
between two frames 0.03—0.7 s) at several depths (typically ~10
positions across the 0.10-mm total depth). In most cases we took
series of 2D images at different depths; in a few cases we took series of
3D image stacks. Typically, we changed the field direction after each
series of images or image stacks.

2.5. Electrophoretic Mobility. We obtained the 2D trajectories of
the particles using an algorithm described by Vissers et al. in ref 15,
based on the 2D tracking code as described in ref 4S. Typically, for
each series of images, we determined the trajectories of 10—50
particles, which could be followed in at least five consecutive frames.
From the particle trajectories we calculated the (mean) apparent
mobility of the particles (see above) in the direction of the electric
field as a function of depth z in the capillary (mobility profile), given
by

u(z) = v(z)/E )

with v(z) the (mean) particle velocity (m s™*) in the direction of the
electric field at a certain depth z and E the field strength (V m™). The
particle velocity is the sum of the fluid velocity (electro-osmotic flow
velocity) at depth z and the particle velocity vy, with respect to the fluid
as a result of the applied field; the corresponding particle mobility is g
= vy/E.

We fitted the mobility profile with a parabolic function. For samples
for which the direction of the electric field was parallel to the direction
of gravity, we either averaged i(z) for the two different field directions,
or fitted with an extra fit parameter, a constant correcting for the
sedimentation velocity.

We set z = 0 to correspond to the maximum of the parabolic profile
and the middle of the capillary. At the stationary levels (at depth z =
Zgat), Where the electro-osmotic flow was assumed to be zero, we could
obtain the particle mobility py = p(zy,). The stationary levels in a
rectangular cell are located at*

Zoar 1 (2)51
N = | = [
h 3 )k 3)

where h is half the depth of the channel and k is the ratio between the
long and short cross-sectional distances (width and depth) of the
channel.

2.6. Surface Potential and Charge. An estimate for the Debye
screening length k! was obtained from the measured conductivity of
the solvent CHB (see SI). We used the theory of Carrique et al.* to
obtain the dimensionless surface potential ey, and charge number Z
from the measured mobility. In this theory a Kuwabara cell model is
used to calculate y; and Z from the measured mobility 4 for any given
screening length k™' and volume fraction 7 by numerically solving the
full Poisson—Boltzmann equation; the double layers are allowed to
overlap. In ref 15 the theory was used to relate the mobility to Sey,
and Z for a system similar to our systems. As for our systems the plane
of shear is close to the particle surface (at a distance of ~10 nm, the
thickness of the steric stabilizing layer), the electrostatic surface
potential y;, may be assumed to be similar to the zeta potential."**’
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Table 1. Summary of the Electrophoresis Results for Locked and Unlocked PHSA—g—PMMA-Stabilized PMMA Particles in

CHB (See Text for Details)”

sample particle single/mixture o/um s (%) dye locked E/(V mm™) n state  pg/(10% pm?* V1 s71) Peys, Z
1* L12 s 1.18 4.0 RITC yes 2.6 0.032 F 109 6.77 438
2% L12 s 1.18 4.0 RITC yes 2.5, 3.5 0.027 F 8.43+0.02 5.73+0.01 296+1
3% L19 s 1.92 3.1 NBD yes 2.5, 3.5 0.014 X 12.74+0.3 5.17+0.09 653420
4% L20 s 1.98 3.5 NBD yes 24, 34 0.018 X 8.7+0.3 4.24+0.10 456+19
S5* L20 s 1.98 3.5 NBD yes 24,33 0.011 X 13.5+0.4 5.06+0.13 688+29
6 L20 m 1.98 3.5 NBD yes 2.5, 3.5 0.028 F 13.8+0.3 6.5+0.1 1015+40
6 Ulé6 m 1.58 3.5 RITC no 2.5, 3.5 0.028 F 3.5+0.2 3.29+0.09 153+9
7* L22 s 2.23 3.6 NBD yes 23,32 0.031 F 8.3+0.3 4.60+0.08 579421
8% L29 s 2.87 2.4 NBD yes 2.5, 34 0.006 X 13.9+0.4 3.77+0.12 896+36
9% L44 s 4.36 2.8 NBD yes 2.6, 3.7 0.005 X 21.3+1.1 5.44+0.41 2960+400
10 Ulé s 1.58 3.5 RITC no 2.5, 3.5 0.02 F 5.89+0.04 3.85+0.01 24242
11 U20 s 1.98 3.5 NBD no 35,74, 74 0.02 F 5.6+1.0 3.29+0.38 290+56

“Values from the samples marked with an asterisk (*) were used to create the plots in Figure 2. Mobility profiles for all samples can be found in the

SL

3. RESULTS AND DISCUSSION

3.1. Mobility Profiles. Typically, we measured two
mobility profiles for each sample, at two different field
strengths (see Table 1). We did not find a significant
dependence of the mobility on the field strength. All measured
mobility profiles on which the electrophoresis results in Table 1
were based are included in the Supporting Information. The
given errors are the standard deviation of the measurements on
the same sample; they serve as a rough indication of the
measurement error.

It is important to note that most samples containing one-
component suspensions of locked particles (samples 3-S5, 8, 9)
were crystalline before and also during the electrophoresis
measurements. No shear melting of the crystals took place
during the measurements. Because the velocity of the particles
during the measurements depended on the distance from the
wall, the 3D crystalline order could not be preserved. Instead,
during the measurements the crystalline samples consisted of
sliding 2D crystalline layers. Three samples containing one-
component suspensions of locked particles were not crystalline,
but fluid (samples 1, 2, and 7), by which we mean that there
was no crystalline order (3D or 2D). Samples of composition
similar to that of sample 7 were usually crystalline, indicating
that the particle charge and/or Debye screening length varies
between the samples even though they were prepared in the
same way. The remaining samples (6, 10, and 11), which
contained a mixture or a one-component suspension of
unlocked particles, were fluid. Because the mobility profiles
for all samples, including the crystalline samples, could be well
fitted with a parabolic function (SI), we assumed in all cases
that the stationary levels were located at z = z, and that yg =
U(zgy), as explained above (Section 2.3).

We observed shear-melting twice, for two samples containing
a one-component suspension with L20 (partial shear-melting)
or L29 particles (full shear-melting). The measurements for
these samples were performed at relatively high field strengths
of E = 7.6 and 7.7 V. mm™, respectively, corresponding to
typical energies on the particle length scale of the order of Ze X
E X 6 = 10°%k3T, which illustrates how far the systems were
brought out of equilibrium by the external electric field (see
also refs 30, 31.). Although the resulting mobility profiles
looked parabolic, analysis of the results yielded unphysically
high values for the surface potential and charge. This most
likely was due to the measurements being performed in the
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nonlinear regime, where the particle velocity is not linearly
dependent on the electric field strength. The results were
therefore not included in Table 1.

Some of our findings are different from observations of
Medebach and Palberg™ in systems of polystyrene particles in
water with ¢ = 136 nm, (k6)~' ~ 5 and a volume fraction of a
few percent; they found a distinct difference between the shape
of the mobility profile for colloidal crystals and that for fluids or
melts (shear-molten crystals). In their case, the profile for fluids
and melts had the expected parabolic shape, whereas the profile
for colloidal crystals was a flattened parabola at the start of the
measurement and became completely flat (plug-like motion)
on the time scale of a second. In contrast, we observed
parabolic profiles for both fluid and crystalline samples, despite
the fact that our measurements typically took ~30 seconds to
several minutes. Furthermore, Medebach and Palberg observed
shear melting of the colloidal crystals above a critical field
strength, which increased with volume fraction (from E ~ 3.5V
mm™' for # &~ 0.0076 to E ~ 4.6 V mm™" for  ~ 0.0090). We
also observed shear melting twice, for measurements that were
performed at relatively high field strengths of E = 7.6 and 7.7 V
mm~'. We note that Medebach and Palberg®® used particles
with a diameter of 136 nm, 9—32 times smaller than our
particles with 6 = 1.18—4.36 ym. In a later paper, Medebach et
al.’” reported that, despite the nonparabolic mobility profiles
they found for colloidal crystals, the measured electrophoretic
mobility seemed to be a single-particle property, not influenced
by the structural state of the suspensions (fluid or crystal).

Our results show that it is possible to perform electro-
phoresis measurements on samples with sliding 2D crystalline
layers without melting (i.e., disappearance of 2D crystalline
order) taking place during the measurement and that parabolic
flow profiles can be obtained for those crystalline samples.

3.2. Surface Potential and Charge. Table 1 summarizes
the electrophoresis results. For each sample we report the
suspension properties: the name of the particle, whether the
measurements were done in a one-component suspension or in
a mixture, the mean diameter o, and polydispersity s of the
particles as determined by static light scattering (SLS; particles
L12 and U16, samples 1, 2, 6, and 10) or scanning electron
microscopy (SEM; all other particles), the type of fluorescent
dye used to label the particle, and whether the particle was
locked or unlocked. These are followed by the field strengths E
at which the measurements were performed, the volume
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Figure 1. Mobility profiles for locked and unlocked PHSA—g—PMMA-stabilized PMMA particles in CHB. (a) Locked particles (L20, samples S and
6) and (b) unlocked particles (U16, samples 10 and 6), measured in a one-component suspension (black circles) and for the particles in the (same)
binary mixture (green or red triangles). The vertical lines in each panel indicate the positions of the walls, the arrows indicate the two stationary
levels (where the electro-osmotic flow is zero; z = z,; eq 3). The data and fits have been corrected for the contribution of gravity to the apparent
mobility of the particles (see Section 2.3). Experimental details for these samples are in Table 1. The profiles for all samples reported in Table 1 can

be found in the Supporting Information.

fraction 7 of the suspension, and the state of the suspension
during the measurements (X = crystalline, F = fluid). Finally, in
the last three columns of Table 1, we report the results: the
mean particle electrophoretic mobility uy as determined by
electrophoresis, the dimensionless surface potential fey, (T =
298 K), and the number of charges on the particle Z. The latter
two were calculated from g, assuming a Debye screening
length k™" of 6 um. The errors reported for uy, ey, and Z are
the standard deviations of multiple measurements for the same
sample and thus are not available for sample 1, for which only
one measurement was performed.

The samples did not all have exactly the same volume
fraction (Table 1), but the volume fractions are in the range
where no significant dependence of the charge on the volume
fraction is expected."® The volume fraction reported for sample
6 is the total volume fraction of L20 and U16 particles.

The electrophoretic mobility u; was obtained from a
parabolic fit to the mobility profiles as described in Section
2.3. We used the theoretical approach of ref 46 to calculate the
dimensionless surface potential fey;, and charge number Z
from pug, using the values for 7 specified in Table 1 and k™' = 6
pum. All entries in Table 1 apply to one-component
suspensions, except for those corresponding to sample 6, a
mixture of particles L20 and U16, which will be discussed
below (Section 3.3). The theory of ref 46 took into account the
effects of overlapping double layers, which resulted in higher
values for fey, and Z than would follow from assuming a
negligible double-layer overlap.'®

The variation in fey;, and Z between two samples of similar
composition can be quite large, much larger than the error
estimated from measurements on the same sample, as we see
from the two samples containing L12 (samples 1 and 2) and
the two samples containing L20 (samples 4 and S). The volume
fractions were different in these samples, but this should not
have a large effect on the charge, as was shown in ref 15 for a
system similar to our systems. Moreover, there seems to be no
systematic dependence of the charge on the volume fraction.
However, the samples were made at different points in time,
with different dispersions, prepared from different batches of
cleaned CHB. Also, we note that the electrophoresis cell was
constructed separately for each sample, each time using a new
capillary and new electrodes. These circumstances apparently
affected the surface potential and charge of the particles.
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All particles in Table 1 were found to be positively charged,
from the direction of movement when the electric field was
applied, in agreement with earlier work on similar systems.*'®
Electrophoresis measurements in previous work on similar
systems (PMMA particles in CHB/cis-decalin) indicated that
the type of dye did not significantly influence the charge (see
chapter 2 of ref 14 and also SI). However, we observed that the
chemical attachment of the comb-graft PHSA—PMMA steric
stabilizer to other PMMA chains of the particle (locking) had a
profound influence on the charge density of the particles.
Locked particles clearly had higher surface potentials and
charges than unlocked particles. This general trend is clearly
illustrated by comparison of particles L20 (samples 4 and S)
and U20 (sample 11). Particle L20 was obtained by locking a
batch of particle U20. The surface potential and charge of
particle L20 were significantly higher than those of particle
U20. We investigated the charge increase upon locking in more
detail. In Section 3.5 we show that the catalyst 2-
(dimethylamino)ethanol (DMAE), used in the locking step,
attached to the particle by chemical bonding, thereby adding
binding sites for H" ions to the particle and increasing the
(positive) charge of the particles.

Samples 10 and 11, containing unlocked particles, were in
the fluid state, which is consistent with their lower surface
potential and charge density compared to the locked particles.
We see this from the constant-potential and charge-regulation
phase diagrams in ref 47 (for Az/c = 0.005): a system with
(ko)™ ~ 3 and 77 = 0.02 (approximately as for our samples) is
expected to be crystalline with bec symmetry if ey, = S, but to
be fluid when the surface potential is fey, = 3. Samples 1, 2,
and 7, containing locked particles and having a potential close
to ey, = S or higher, were also in the fluid state. We see from
ref 47 that this could be due to the relatively high volume
fractions of these samples. For certain combinations of
parameters fey, and (ko) re-entrant melting is expected to
occur, as was observed experimentally in our group before.””**
For example, for Az/c = 0.005, ey, = S and (k6)™' ~ 4.1, a
fluid is stable for 1 > 0.031.*"

On the basis of the bare charges in Table 1, we can estimate
the concentration of counterions in the Wigner—Seitz cell,
which is up to two orders of magnitude larger than the
background concentration of ions estimated from the measured
conductivity of purified CHB (2.4 X 107'° mol L™"). It would
therefore be interesting to investigate in future work whether
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the theory can be modified to incorporate this by allowing the
screening length to vary.

3.3. Binary Mixture. In Figure 1 we plotted two mobility
profiles for two one-component samples (samples S and 10;
filled and open black circles), containing particles L20 and U186,
respectively. We also measured the mobility profiles for the
same particles in a binary mixture 1 day after mixing. The green
and red triangles in Figure la and b correspond to particles L20
(green) and Ul6 (red), respectively, in the binary mixture
(sample 6). For each sample two profiles were measured, at
different field strengths, ~ 2.5 V mm™' (filled circles or
triangles) and 3.5 V. mm™' (open circles or triangles). The
vertical solid lines indicate the positions of the walls. The two
stationary levels (where the electro-osmotic flow is zero; z =
Zgas €9 3) have been indicated by arrows. The mobility of the
particle is given by the value of the mobility profile at the
position of the stationary levels. We see that the two profiles
measured at different field strengths in each case give almost
the same value for the particle mobility.

The values of fey, and Z for particles L20 and U16 in the
mixture (sample 6) are somewhat higher and lower,
respectively, than the same values in samples 4 and 5 (L20)
and 10 (U16) (Table 1). This could be due to charge
regulation effects between the two different species. We also
note that the theory of ref 46 is valid for one-component
suspensions and might not be accurate for the binary mixture of
sample 6. Although we can therefore not be sure of the precise
values for fey; and Z in the binary mixture, we can draw the
following conclusions from the mobility profiles. First, both
particles were positively charged, because they both moved in
the same direction across almost the entire depth of the
capillary. Only very close to the wall did the smaller particles
move in the opposite direction. At the location of stationary
level the smaller particles moved in the same direction as the
larger particles, indicating that both particles were positively
charged. Second, the charge on the smaller U16 particles was
lower than the charge on the larger L20 particles, as the smaller
particles had a smaller apparent mobility at all depths.

3.4. Size Dependence of Surface Potential and
Charge. Figure 2a and b show, for the locked particles, the
dimensionless surface potential fey;, and charge number Z,
respectively, as a function of the diameter of the particles 6. We
plotted the data for samples 1—5 and 7—9 (marked with an
asterisk in Table 1), corresponding to particles L12 (2x), L19,
L20 (2x), L22, L29, and L44. All these samples contained
locked particles with diameters in the range 1.18—4.36 pm.
Samples 3, 5, 7, 8, and 9 were prepared using the same batch of
purified CHB. The values for ey, (red squares in Figure 2a)
and for Z (red squares in Figure 2b) corresponding to k™' = 6
pum, were taken from Table 1. To show what the effect is of
using different estimates for k™', we also included fey, and Z
values, obtained from a similar cell model calculation carried
out for k™' = 4 ym (green triangles pointing down) and 8 ym
(blue triangles pointing up). In general, assuming a smaller
screening length yields a smaller fey, (Figure 2a) and a larger
Z (Figure 2b). For the smaller particles, varying the estimate for
k' in the range 4—8 um has little effect on the calculated
charge. For the largest particle, the effect can be quite
substantial, especially when lowering the estimate of k' (the
data point for Z corresponding to k™' = 4 um for the largest
particle is off the scale of the graph in Figure 2b).

Figure 2a shows that, despite large variations between
different samples, there is no systematic dependence on the
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Figure 2. Surface potential and charge number versus diameter for
locked PHSA—g—PMMA-stabilized PMMA particles in CHB for
different estimates of the Debye screening length ' (a)
Dimensionless surface potential fey, versus diameter 0. The dashed
line is the fit result fey, = S.1 + 0.3. (b) Charge number Z versus
diameter 6; inset: charge number Z versus the surface area 76> of the
particles. The dashed line is the fit result, corresponding to a surface
charge density of 47 + 3 ¢ yum™>. Error bars (shown for k' = 6 um)
correspond to the errors given in Table 1 and are only clearly visible
for the largest particle; for all other particles the error bars are smaller
than the point size. The gray shaded areas indicate possible charge
renormalization regimes. See text for details.

particle size. Therefore, the surface potential can be considered
approximately constant, independent of the size of the particle.
This is in agreement with results of Roberts et al,,"®> who also
found a size-independent surface potential; however, in their
case in a system with added surfactants to control the charge. A
fit to our data for k™! = 6 ym resulted in fey, = 5.1 = 0.3 (for
k' =4 and 8 ym the fits gave fey, = 4.4 + 0.3 and 5.6 + 0.3,
respectively).

In Figure 2b we see that the data points of Z versus ¢ can be
approximated by a parabolic fit of the form y = ax?, which is
also plotted in the figure, suggesting a roughly constant surface
charge density on the particles (Z « ¢°), for this range of
particle diameters. The inset of Figure 2b makes this more
clear. Here, we show Z as a function of the surface area of the
particle, given by zco”. The line plotted through the data is a
linear fit to the data. The slope is equal to the surface charge
density divided by the elementary charge ¢, and corresponds to
a surface charge density of 47 + 3 e um™> (57 + 4 ¢ yum > and
45 + 2 e ym™ for k' = 4 and 8 um, respectively). Our results
for the surface potential and surface charge density are
comparable to values measured in ref 15. for systems of
PMMA particles (6 ~ 1 ym) in CHB/cis-decalin with €, = 5.6
for the solvent mixture and (x6)™' & 1, and to values obtained
in ref 48 for PMMA colloids (¢ = 1.66 ym) in a mixture of
cycloheptyl bromide and decalin by comparing measured radial
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Table 2. Overview of Treatment, Phase Behavior, and Electrophoresis Results of Six Different Batches of PMMA Particles”

batch  particle treatment conditions catalyst
1 U29 unlocked
2 L29 locked 2 h@130 °C DMAE
3 H29 heated 2 h@130 °C
4 S29 stirred 2wks@25 °C DMAE (10x)
S T29 TEA 2 h@130 °C TEA
6 N21 5% DMAE-MA

sedimentation electrophoresis
sediment height (um) state n Pew, V4
11 F 0.015 —2.12+0.06 —280+9
100 X 0.012 +4.04+0.07 +688+18
<$ F 0.015 -1.76 —223
16 F+X 0.018 +3.59+0.00 +536+0
<S5 F 0.008 —0.40+0.00 —59+0
100 X 0.015 +3.23+0.06 +266+8

“Batches 1S5 originated from the same synthesis batch, but after synthesis each batch received a different treatment. Batch 6 was synthesized using a
monomer mixture containing S wt % 2-(dimethylamino)ethyl methacrylate (DMAE-MA) monomer. From left to right we report: the batch number,
the particle name, the treatment name, the reaction conditions during the heating or stirring (if applicable), and the catalyst (if present). These data
are followed by the results from the sedimentation study: the sediment height and the state of the suspension in CHB (F = fluid, X = crystalline) 2—
3 h after sample preparation. Finally, we report the results from the electrophoresis measurements: the volume fraction during the electrophoresis
measurements, the dimensionless surface potential ey, (T = 298 K), and the charge number Z, measured in a solvent mixture of CHB and 20 wt %

cis-decalin, assuming a Debye screening length k™

of 6 um. Corresponding confocal images are in Figure 3.

distribution functions with those from Monte Carlo simulations
(in ref 1S for 7 < 0.04: fey, ~ 3—4 and surface charge density
~80 e um™%; in ref 48 ~ 28 e um™~>). We note that the quadratic
dependence of Z on o relies heavily on the data point at ¢ =
4.36 ym (sample 9). Excluding this data point would result in a
linear relation between Z and o.

For particles with a high charge the interactions between two
particles at some distance from each other can still be described
by the Yukawa potential, but with the bare charge replaced by a
(smaller) renormalized charge.zg'49 At low bare charge the
renormalized charge is equal to the bare charge, but as the bare
charge increases the renormalized charge increases less and
eventually, in the saturated charge regime, levels off to a plateau
value. The saturated charge number Z, is proportional to the
particle diameter.

Alexander et al. proposed the relation Z,, = Ac/Ay for the
saturated charge.” In experiments,*”*° simulations,>" and
theoretical approaches without*”** or including®>** charge
regulation, the proportionality constant A was found to depend
on the volume fraction # and the salt concentration c,.
Experiments,®® simulations,”" and two theoretical approaches,
using the Poisson—Boltzmann cell model and the jellium
model,>>*% all found A &~ 3—4.5 for the volume fraction range
1073—1072. In accordance with these values, we made the lines
corresponding to A = 3 and 4 the upper bounds of the dark
gray and light gray shaded area, respectively.

The dark gray shaded area in Figure 2b is bound on the
lower side by the line Z = 6/ and on the upper side by the
line Z = Z,, = 30/3. The light gray shaded area is bound on
the upper side by the line Z = Z,, = 46/ . The lower bound of
the dark gray area indicates above which charge renormalization
effects become relevant.*”*® The upper bound is an indication
of the maximum charge (saturated charge Z,) a particle can
acquire®>*® when charge renormalization is taken into account.

The shaded areas thus indicate possible renormalization
regimes for the particle charge. As the theory in ref 46, which
we used to obtain Bey, and Z from the mobility, employs the
nonlinearized Poisson—Boltzmann (PB) theory, the corre-
sponding charges are not renormalized charges. The renormal-
ized charges would follow from matching the linear to the
nonlinear PB solution at the cell boundary>® and are expected
to saturate at a value Z,, when the bare charge (i.e., the charge
that follows from the nonlinear PB solution) exceeds this value.
The bare charge for all particles is in or above the
renormalization regime (gray areas) and therefore the
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renormalized charge is expected to be lower than the reported
bare charge.

3.5. Origin of Charge Increase upon Locking. As
described in Section 3.2, we found that locked particles had
higher surface potentials and charges than unlocked particles. It
seemed probable that the locking procedure affected the surface
chemistry of the particles, changing the adsorption equilibria of
ions on the surface, and thereby increasing the surface charge
density. We hypothesized that some 2-(dimethylamino )ethanol
(DMAE), which was added during the locking step as a catalyst
(see Section 2.1), attached to the particle either by adsorption
or by the formation of covalent bonds. DMAE has a basic
amino group, which can bind H" ions. Adsorption or covalent
bonding of DMAE would therefore add binding sites for H*
ions to the particles and explain the increase of (positive)
charge.

One possible mechanism for the attachment of DMAE to the
particles is adsorption on the particle surface or inside the bulk
of particles. Another possible mechanism is covalent bonding of
DMAE to PMMA. Our PMMA contains a small fraction (~ 3
wt %) of methacrylic acid (MAA) monomers, which are added
to provide carboxylic acid groups for chemical linking of the
steric stabilizer.*' ™" DMAE has an alcohol group that possibly
reacted with the carboxylic acid groups of the MAA monomers
present in PMMA, forming an ester bond (see SI).

To test our hypothesis, we prepared suspensions of six
different batches of PMMA particles for which we measured the
charge and studied the phase behavior (sediment height and
structure). Batches 1—5 originated from the same synthesis
batch, but after synthesis each batch received a different
treatment (see Table 2). Batch 6 was prepared in a separate
synthesis.

Batches 1 and 2 contained unlocked particles (U29) and
locked particles (L29), respectively. To find out whether
DMAE was responsible for the charge increase, we performed
the locking procedure (batch 3, H29) as described above
(Section 2.1), but without the catalyst DMAE. To find out
whether covalent bonding played a role, we performed the
following three tests. For the first test (batch 4, S29) we
prepared a reaction mixture similar to that used for locking the
particles, only this time the DMAE concentration was 10 times
higher, the particles were not heated, just stirred, and for a
longer period of 2 weeks. We checked the behavior of the
suspension after different durations of stirring. For covalent
bonding (chemisorption) an activation energy barrier exists,
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Figure 3. Confocal images corresponding to batches 1—6 in Table 2. Samples were prepared using suspensions of particles from batches 1—6 in
cyclohexyl bromide (CHB) at a volume fraction 5 & 0.02. Images were taken 2—3 h after sample preparation. (a—f) xz Images of (a) U29, batch 1;
(b) L29, batch 2; (c) H29, batch 3; (d) S29, batch 4; (e) T29, batch S; (f) N21, batch 6. (g—i) xy Images of (g) L29, batch 2; (h) S29, batch 4,

second layer from wall; (i) N21, batch 6. Scale bars represent 25 ym.

while for adsorption (physisorption) there is no energy
barrier.”” Therefore, if attachment of DMAE took place by
covalent bonding, we would expect a dependence of the rate of
charge increase on the temperature. In case of adsorption as the
dominant mechanism, we would not expect a (strong)
temperature dependence.

For the second test (batch S, T29) we performed the same
locking procedure as described above (Section 2.1), but instead
of DMAE we used triethylamine (TEA) as a catalyst. TEA is
similar to DMAE in the sense that TEA also has a tertiary
amino group, which can bind H*. Therefore, if attachment of
the catalyst took place by adsorption, we would find a similar
charge increase for T29 as for L29. In contrast to DMAE, TEA
does not have an alcohol group and therefore cannot form an
ester bond with MAA. If attachment of the DMAE took place
by covalent bonding, we would not find a similar charge
increase for TEA.

The proposed esterification reaction between the MAA
monomers and DMAE converts MAA monomers into 2-
(dimethylamino)ethyl methacrylate (DMAE-MA) monomers.
To verify this mechanism further, we prepared for the third test
a batch of PMMA particles (batch 6; N21; see Table 2) in a
separate synthesis using a monomer mixture containing S wt %
DMAE-MA monomer. We thus incorporated the DMAE-MA
groups in PMMA via a different route.

We prepared suspensions of all six batches in CHB (for a
comparison of sedimentation) or a solvent mixture of CHB and
20 wt % cis-decalin (for electrophoresis measurements) at a
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volume fraction of # & 0.02. The experimental procedure and
analysis were the same as described before; see Section 2.
Additional experimental and analysis details can be found in the
Supporting Information.

The charges and observed phase behavior for the six batches
are summarized in Table 2; the corresponding confocal images
are shown in Figure 3. We see that U29 and H29 had similar
low and negative charges. The charge of T29, including the
sign, was comparable to that of U29 and H29, but closer to
zero. On the other hand, L29, §29, and N21 had larger positive
charges. The phase behavior (Figure 3) reflected the measured
charges. The phase behavior of U29, H29, and T29 (Figure 3a,
¢, e) is similar: all were fluid and had a small sediment height.
In accordance with the higher charge, L29 was crystalline and
had a sediment height equal to the height of the capillary
(Figure 3b, g). The slightly lower charge of S29 resulted in a
sediment with a lower height that contained three crystalline
layers adjacent to the wall (Figure 3d, h). The phase behavior
of the N21 particles (Figure 3f, i) was similar to that of the L29
particles (Figure 3b, g): at a volume fraction of 77 ~ 0.02 this
system was crystalline and the sediment spanned the entire
height of the capillary.

In contrast to unlocked particles U20 and U16 (Table 1),
particle U29 had a negative charge. Apparently, the adsorption
equilibria of positive and negative ions were different for U29,
in such a way that the net charge was negative. At this point, we
do not have a definite explanation for this difference. The
similarity of the charge and behavior of particles U29 and H29
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means simply heating the particles without the presence of
DMAE (H29) did not result in a charge increase. In contrast,
L29 and S29 showed a large increase in charge compared to
U29, indicating that DMAE indeed played a role. Batch 4 (S29)
was not only checked after 2 weeks, but also after 2 h of stirring,
the same reaction time as used for the locking procedure (batch
2, L29). The phase behavior at this earlier point in time was
similar to U29, H29, and T29 (fluid, small sediment height).
Thus, stirring the locking reaction mixture for 2 h at room
temperature (as for S29) did not result in a similar charge
increase as stirring the locking reaction mixture at 130 C (as for
129), despite the 10 times higher concentration of DMAE in
the former case. This dependence on temperature indicates that
attachment of DMAE took place by covalent bonding, for
which we expect an activation energy and therefore a
dependence on temperature, rather than adsorption, for
which we do not expect a temperature dependence, since
there is usually no energy barrier to overcome. Furthermore,
the relatively high positive charge of N21 and its phase behavior
being similar to L29 also indicate that the charge increase
resulted from covalent bonding of DMAE to MAA monomers.
Finally, the measured charge and phase behavior of T29 were
comparable to those of U29 and H29, which is another
indication that the large charge increase of L29 and S29 was
primarily caused by covalent bonding of DMAE, not by
adsorption, as in the latter case we would expect a similar
charge increase with TEA. The less negative charge of T29,
compared to U29 and H29, might be due to some adsorption
of TEA. We note that TEA has a low dielectric constant (g, =
2.4), in contrast to DMAE (e, = 17.18%%), which means the
possibility exists that adsorbed TEA was removed by washing
with hexane, while DMAE was not. However, given the
temperature-dependence of the rate of charge increase, we do
not think that this was the case. We conclude that covalent
bonding of DMAE was the dominant mechanism by which
DMAE was incorporated into the particles.

As a final test, to find out whether the DMAE-MA ester can
be formed in dodecane under the conditions of the locking
procedure, we performed a test reaction between MAA and
DMAE (molar ratio 1:1) under the same conditions. Infrared
(IR) spectroscopy and electron spray ionization-mass spec-
trometry (ESI-MS) showed that under these conditions DMAE
can bind covalently to MAA (see SI).

On the basis of our findings we recommend that the catalyst
for the locking reaction should be carefully selected. To lock
PMMA particles while at the same time increasing the particles’
capability to acquire charge, alcohol or diol amines should be
used, such as DMAE and diethanolamine.** To avoid affecting
the particles’ charging behavior, alkyl amines, such as TEA or
N,N-dimethyldodecylamine,*® should be used instead.

Because DMAE reacts with MA groups of the particle, the
DMAE concentration decreases over time. However, since
DMAE is present in excess (2—10 X ) compared to the number
of MA groups in a 10-nm layer of PMMA at the surface of the
particles, we expect that this concentration decrease will not
affect the locking reaction. In the case that MA groups in the
interior of the particle can also react, which cannot be
completely ruled out at the increased temperature of 130 °C,
the concentration decrease could be significant. We performed
a test to verify the locking (see SI), and we concluded that the
stabilizer was indeed covalently bonded to the PMMA particles.
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4. CONCLUSIONS

We determined the size dependence of the dimensionless
surface potential fey, and particle charge number Z in
suspensions of PHSA—g—PMMA-stabilized poly(methyl meth-
acrylate) (PMMA) particles in cyclohexyl bromide (CHB) with
diameters in the range ¢ = 1.18—4.36 pm. From the
conductivity of CHB, the Debye screening length x~' was
estimated to be 6 um. We performed electrophoresis
measurements in homemade electrophoresis sample cells,
using confocal microscopy to measure the particle velocity
profiles, from which we obtained the electrophoretic mobility
ug for each particle species, both for fluid samples and for
samples which had formed colloidal crystals. To calculate feyy,
and Z from pp we employed the theoretical approach by
Carrique et al,,*® which takes into account double-layer overlap
and uses a Kuwabara cell model to relate yy to ey and Z for
arbitrary k' and volume fraction 7 by numerically solving the
full Poisson—Boltzmann equation.

We used mostly locked particles (for which the stabilizer is
covalently bonded to the particle surface), but also some
unlocked particles (stabilizer adsorbed to the particle surface)
for our measurements. We found that the locking state of the
particles had a profound influence on their surface potential.
For locked particles we found a surface potential independent
of the size of the particle (a fit yields fey, = 5.1 + 0.3), and a
(bare) particle charge that was proportional to the square of the
diameter, corresponding to a surface charge density of roughly
47 + 3 e um™> Unlocked particles had a significantly lower
surface potential and charge (fey, ~ 3.3—3.9) than locked
particles (fey, ~ 3.8—6.8). We investigated this difference in
more detail and found that the charge increase was due to
chemical coupling of the locking catalyst 2-(dimethylamino)-
ethanol (DMAE) to methacrylic acid groups in our PMMA,
which were present at a low mass fraction (of a few %) to
facilitate the locking of the comb-graft stabilizer. The chemical
incorporation of amino groups is an interesting way to
systematically increase the positive charge on our particles in
low-polar solvents like CHB. We found small but significant
shifts in particle charges when different spheres of roughly the
same size were mixed.

In future work it would be interesting to systematically
investigate the particle surface potential and charge as a
function of the added amount of DMAE, including the
possibility to tune the particle charge by varying the amount
of DMAE. In addition, it would be interesting to extend the
Pewy-versus-c and Z-versus-o curves to even smaller and larger
particle diameters than in the present work (o = 1.18—4.36
um), and to extend the research on mixtures of particles of
different size to further investigate the changes in particle
charge that occur upon mixing. Questions relating to the details
of the particle interactions remain open—for example, how the
charge is affected by the screening length, the solvent
composition, and the adsorption of salts like TBAB, and how
the particle interactions in binary mixtures can be described. To
what extent the insights about the charging of this PMMA
model system can be applied to other types of colloidal
particles remains an open question as well.
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phoresis measurements. Background information and exper-
imental details for the study of the charge increase upon
locking: (6) locking reaction and esterification reaction, (7) IR
and ESI-MS analysis. (8) Experimental details for the
electrophoresis measurements in Table 2. (9) Locking test.
(10) Unlabeled PMMA. This material is available free of charge
via the Internet at http://pubs.acs.org/.
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