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SUMMARY

The formation of mobile and surface-bound electric charges in aqueous
environments has been widely studied; by contrast, charge formation in nonpolar media
is far from understood. The existence of charged mobile species and significant surface
charging in nonpolar solutions of ionic surfactants are well documented, but there is no
consensus about the mechanisms of charging, and very few studies acknowledge that
even nonionic, non-dissociable surfactants can promote charging in nonpolar liquids. The
present work primarily aims at expanding ourunderstanding of surfactant mediated
electric charging in nonpolar liquids. This task is approached by comparing the
electrostatic effects of an ionic and nonionic surfactant that form very similar micelles.
The surfactants’ ability to raise the conductivity in low dielectric media is analyzed first.
Next, the tendency of both types of surfactants to impart surface charges on polymer
particles in nonpolar liquids is studied by electrophoresis for particles of different
material and surface functionalization. Independent evidence both for particle charging
and for the formation of screening ions in solution is obtained by analyzing the pair
interaction energy of suspended polymer particles. The results of this study provide
valuable clues about the mechanisms of charge separation in the nonpolar liquid bulk and
on particle surfacesat surfactant concentrations above and below the critical micelle
concentration.
Besides the fundamental understanding the charging phenomena in nonpolar oils
associated with surfactants, self-assembled spherical reverse micelles are described as a
xv

novel tool to synthesize nano-sized hydrogel particles, highly crosslinked networks of
water-soluble polymers. In order to achieve good reproducibility and particle size control,
the hydrophilic cores of reverse micelles/microemulsions are utilized as templates for the
polymerization process. More excitingly, copper-free Click chemistry is introduced in
synthesizing nanogels templated by swollen reverse micelles. This nanogel synthesis
allows for even better control of the particle size while avoiding metal catalysts and free
radicals that are considered hazardous for most biomedical applications.

xvi

CHAPTER 1
INTRODUCTION

1.1

Overview and concepts
The possibility to introduce and control electric charge and to understand

charging mechanisms in nonpolar media has great relevance to scientific studies and
industrial applications, for examples, in the prevention of explosion hazards in petroleum
handling due to the flow electrification [1-3], in the context of asphaltene deposition in
crude oil processing [4], in the design of electrophoretic displays [5, 6], liquid toners [7],
and drug delivery systems [8], or for the development of detergents [9] and novel
crystalline materials [10].
Electric charges are ubiquitous in aqueous environments and their formation
mechanisms are widely studied and reasonably well understood. In very nonpolar
solvents, by contrast, the separation of opposite charges requires a prohibitively large
energetic cost that thermal forces cannot provide [9]. Yet, stable mobile charges are
nonetheless found in the presence of ionic surfactant additives [11-19], a phenomenon
often ascribed to the disproportionation of reversed micelles [20, 21]; a process in which
two neutral micelles exchange a charge to form a pair of oppositely charged micelles.
Important details, such as the role of the ionic surfactant headgroups in micellar charging
or the electrostatic behavior of surfactant solutions upon crossing the critical micelle
concentration (CMC) still remain unclear. Moreover, recently reported charging
phenomena caused by nonionizable surfactants have not yet been widely acknowledged
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and much less explained. Prior to this work, controversial claims had been published that
nonionizable surfactants can promote charging in nonpolar media as effectively as ionic
ones, but no study had ever compared the charging effect of an ionic surfactant and a
surfactant without ionizable headgroup, but similar aggregation behavior.
Liquids that support the mobile electric charges typically also promote the net
electric charging of wetted solid surfaces. In polar solvents, solid surfaces can acquire
charges via the dissociation of surface-bound groups [22-26], similar to the generation of
small ions from a bulk dissociation reaction, via partial dissolution of a crystalline solid
[27-32] or through the adsorption of charged species [33-35]. In all cases, the charging of
colloidal particles is affected by the surface chemistry and the surrounding liquid phase in
ways that are generally understood. Surface and particle charging has also been observed
in nonpolar surfactant solutions, but here our knowledge is almost purely empirical.
Several mechanisms of surfactant-mediated surface charging in nonpolar media have
been proposed that typically require the presence of reverse surfactant micelles. In one
case these micelles act as acceptors of counterions from a surface dissociation [36]; in
another case, micelles charged independently of the surface by disproportionation carry
charges to the surfaces via competitive adsorption [16]. Yet another tentative explanation
invokes charge transfer driven by acid-base interactions between the solid surface and the
surfactant. Neither of these mechanisms has yet been verified conclusively, nor has the
presence of micelles been firmly established as a prerequisite for surface charging. Some
clarification is obviously needed.
Recent interest in reverse surfactant micelles has been sparked not just by their
role in generating electric charges in nonpolar media, but also by their use as “nano2

reactors” for aqueous reactants and templates for nano-sized hydrogel particles. These
“nanogels” are networks of water-soluble polymers, that can be conveniently assembled
and crosslinked in the hydrophilic core of swollen reverse micelles. Such nanogels have
great promise for applications in biomedical engineering [37-39], drug delivery [40-42],
consumer products [43], and the development of novel materials and technologies [4447].
Polymerization in reverse microemulsion droplets (swollen reverse micelles)
potentially allows the control of the hydrogel dimension and size distribution, thus
avoiding the variations in particle morphology associated with alternative methods
relying on polymer self-assembly [48-51] and the low throughput of microfluidics
methods [52-54]. We pioneer the use of microemulsion templates for nanogel preparation
by copper-free azide-alkyne cycloaddition (“click” reaction). The ring-strain promoted
“click” reaction avoids the toxicologically undesirable use of free radicals and metal
catalysts in the polymerization process, and guarantees a fast reaction rate and improved
size control.
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1.2

Motivation and objectives
Although the observed charging effects induced by surfactants in nonpolar media

can be dramatic, the underlying mechanisms are far from understood. The lack of
understanding motivates us to investigate the role of nonionizable surfactants as “charge
control agents” and any distinction from the behavior of ionic surfactants. A part of this
investigation involves relating the size, shape and composition of water-swollen micelles
to their electrostatic properties. We see an opportunity to further apply the gained
experience with swollen micelles toward their use as polymerization reactors in a novel
type of nanogel synthesis with unique advantage for biomedical applications.
Our objectives are to understand the mechanisms, in which the surfactant
additives can
a) Introduce mobile ions in nonpolar liquids;
b) Promote surface charging and charge screening of suspended particles in nonpolar
dispersions;
c) Provide a template for nanogel particles synthesized via copper-free click reaction.
So far, scientific studies of charging in nonpolar solvents mostly focus on
solutions of ionic surfactants. We aim to compare the electric phenomena caused by
nonionic surfactants with the better-known behavior of aqueous electrolytes and ionic
surfactants. The findings in a) and b) will help us understand the intriguing and
commonly ignored role played by nonionizable surfactants. Not limited to the nonionic
surfactants, the participation of surfactants in c) realizes the novel pathway to obtain
controllable synthesis of nanogels.
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1.3

Thesis organization
Systematic experimental studies of surfactant mediated conductivity in alkane-

based solutions, and a detailed analysis of the charge formation promoted by a nonionic
surfactant will be presented in Chapter 2 (Objective a).
The surfactant mediated charging of polymer particles in alkanes will be
discussed in Chapter 3 (Objective b). A careful analysis of electrophoretic particle
mobilities in electric fields of different magnitude is used to study the particles’
electrostatic surface potential and compare it with the potential of the same particles in
aqueous media. Systematic variation of the surfactant type and concentration, the particle
material, and the functional surface groups, make it possible to estimate the relative
importance of surface dissociation, acid-base interactions between the surfactant and the
particle material, and charge screening by the mobile ions responsible for the solution
conductivity. Measurements of the pair interaction energy for PMMA sulfate particles in
hexane solutions of the nonionic surfactant Span 85 suggest a screened Coulomb
interaction with particle charges and Debye screening lengths that corroborate both the
particle charging observed by electrophoresis and the presence of mobile ions seen by
conductometry in the previous chapter.
Chapter 4 introduces the procedure of preparing nanogels in reverse
microemulsion via “click” reaction (Objective c), and compares the process to the
formation of nanogels by free radical polymerization of acrylate-terminated prepolymers.
Chapter 5 summaries the primary contribution of this research and presents
recommendations for further investigation.
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CHAPTER 2
IONIZATION IN NONPOLAR LIQUIDS INDUCED BY
SURFACTANTS

2.1

Backgrounds and theories

2.1.1
2.1.1.1

Surfactants and their self-assembled aggregates
Basic properties of surfactants
Surfactants are amphiphilic organic compounds containing both hydrophilic, oil

insoluble heads, and hydrophobic, oil soluble tails.
Surfactants are widely used to lower the surface tension of a liquid and the tension
of liquid-liquid or liquid-solid interfaces, with the applications including emulsifiers,
detergents, dispersants, and wetting agents, among others. Because of their amphiphilic
nature, surfactants will migrate to the water-air or water-oil interfaces, where the
hydrophilic head groups remain in water while the hydrophobic tail groups extend out of
the water phase into the air or oil phase. This interfacial assembly is responsible by the
reduction in interfacial tension.
Above a threshold surfactant concentration known as the critical micelle
concentration (CMC), self-assembly of surfactant molecules also takes place in the
solution bulk. Driven by the unfavorable interaction of solvent molecules with the
surfactant’s solvophobic part, surfactant molecules form aggregates with a solvophobic
core and a solvophilic shell. These aggregates are referred as (direct) micelles when
11

surfactants assemble in water, and reverse micelles when they assemble in oil, which will
be described in the next section.
Surfactants are often classified according to the composition of their hydrophilic
head groups. Ionic surfactants are the ones whose head carries an electric charge: if the
head group is negatively charged, the surfactant is called anionic (sulfate, sulfonate,
phosphate, carboxylate, etc.); if the head group is positively charged, the surfactant is
called cationic (primary, secondary, or tertiary amines, etc.); and if the head groups
contain two opposite charges, the surfactant is called zwitterionic (both anionic and
cationic groups). Nonionic surfactants are the ones without charged heads. This includes
surfactants with a very low ionization tendency in water, such as fatty alcohols, and
surfactants without any ionizable groups, such as sorbitan alkyl esters or many
ethoxylates. The research reported in this thesis focuses on comparing the behavior of
ionic surfactants and nonionic surfactants without ionizable groups.
2.1.1.2

Micelles
In aqueous solution, surfactants form micelles in which the hydrophobic

hydrocarbon groups tend to stick together and the hydrophilic head groups form a shield
to protect the aggregates of hydrophobic tails from external interaction with the
surrounding water. These surfactant micelles are usually formed above the critical
micellar concentration (CMC), a narrow concentration window separating the low
concentration regime, in which the surfactant dissolves molecularly, from the micellar
regime, in which added surfactant predominantly gets incorporated into micelles without
significantly raising the concentration of unaggregated molecules. Near the CMC, the
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surfactant micelles tend to have spherical shape, whereas at higher concentrations
spherical, rod-like or lamellar structures can form, depending on the surfactant
architecture [1, 2].
Surfactants in nonpolar solutions assemble into the corresponding inverse
structures (reverse micelles), exposing the hydrophobic tails to the solvent and burying
the hydrophilic polar heads in the micelle core. (Reverse) micellization in nonpolar media
thus mirrors the formation of the (direct) micelles in water-based system, but there are
two subtle differences observed empirically: the CMC in nonpolar solutions tends to be
higher and less sharply defined than in aqueous system, meaning that the transition
between the dilute and micellar concentration regime is typically somewhat more gradual
in nonpolar than in aqueous solutions, and values for the aggregation number, i.e. the
average number of surfactant molecules per aggregate, are typically lower for nonpolar
systems.
Thermodynamic characterizations of surfactant solutions are very important to
help us better understand and study the behaviors of surfactants in liquid [3]. The CMC
and aggregation number are two key characteristics for the surfactant solution. Various
properties, such as interfacial tension, structure and dimension of self-assembled entities,
and viscosity, would change as the surfactant concentration crosses the CMC. These
changes in surfactant solutions provide different CMC determination methods by
measuring a change in, for instance, the UV-vis spectrum, the fluorescence emission
spectrum, the electrical conductivity [4, 5], the size of growing surfactant aggregates, and
the interfacial tension, etc. [6-8] Typical experiments to determine the mean aggregation
number involve luminescence quenching [9, 10], surface tension isotherm [11], light
13

scattering [12, 13], etc.
2.1.1.3

Microemulsions
Micelles in aqueous solutions present as a hydrophobic core and hydrophilic shell

structure. Nonpolar oils, immiscible with bulk water, can be solubilized through uptake
by the hydrophobic micelle cores, thus swelling the micelles. Solutions of swollen
micelles are often referred to as microemulsions. The defining difference between
microemulsion droplets and surfactant-covered droplets of a regular emulsion is that the
former are thermodynamically stable. Similarly, water can be solubilized in nonpolar
surfactant solutions by the incorporation in the hydrophilic cores of the reverse micelles,
thereby increasing the micelle size and turning a nonpolar surfactant solution into a
reverse microemulsion.
Because of their thermodynamic stability, microemulsions form spontaneously
upon mixing their constituents, whereas are ordinary emulsions generally require
vigorous agitation for droplets to form. Because of their typically small (submicron)
droplet size, microemulsions tend to be transparent. The basic types of microemulsions
are direct (oil dispersed in water, o/w) and reverse (water dispersed in oil, w/o) based on
the ratio of oil-and-water liquid phases and self-assembly of amphiphilic surfactants.
2.1.2
2.1.2.1

Electric charges in low dielectric media
Electric charge formation and stabilization in liquids
In aqueous and other polar liquids environments, the mechanisms of charge

formation and stabilization haven been widely studied and are reasonably well-
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understood [14-16]. Ionogenic compounds (molecules, salts, or complexes) can dissociate
into smaller charged entities. The polar solvent molecules form a “solvation layer”
around the charged species, which keeps the oppositely charged centers at a distance
where the Coulombic attraction is balanced or outweighed by the random forces of
thermal motion. Thus, the protection from “solvation layer” allows the separation of
opposite sign of charges and further stabilizes them.
In very non-polar environments, by contrast, the low dielectric constant makes the
energetic cost of separating charges prohibitively large [17]. A medium’s electrostatic
resistance to ion separation is often quantified by the liquid’s Bjerrum length [18],
⁄4

.

Equation 2-1

The Bjerrum length, as expressed in Equation 2-1, is the separation distance at which two
embedded opposite elementary charges attract each other with energy kT , or
alternatively, the effective diameter of a monovalent ion with Born energy kT . Thanks to
its large dielectric constant (

80), water has a low Bjerrum length (λB

0.7 nm),

supporting the dissociation of small ions, the amount of which is directly linked to the
conductivity of fluid. In contrast, very nonpolar liquids generally have dielectric
constants around 2 and the corresponding Bjerrum lengths over 28 nm, which is much
larger than a typical salt ion.
The Born energy [14],
UB

Ze ⁄8πεε a ,

Equation 2-2

is the cost in free energy of introducing an ion of radius a and charge Ze in a medium of
dielectric constant ε. Here, e is the elementary charge, Z the ion valency with the value of
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1 for the case of monovalent ions, which will be considered the default situation in the
following, and ε the dielectric permittivity in vacuum. In an aqueous environment, the
Born energy is typically smaller than or comparable to the available thermal energy kT
[17], which makes dissociation happen spontaneously. The effective ion radius a
increases in solution due to a protective solvation shell. This reduces the Born energy and
keeps the oppositely charged ions apart. However, the Born energy of common
oppositely charged ions in low dielectric media typically far exceeds the available
thermal energy [17]. Therefore, nonpolar liquids are a very charge-hostile environment
with very low conductivity, usually about five orders of magnitude lower than that of
pure water.
2.1.2.2

Electric conductivity raised by surfactants in nonpolar liquids
For the reasons discussed above mobile ions are generally considered to play no

role in nonpolar liquids at room temperature. This conventional wisdom, however, is
often contradicted in the presence of surfactant additives, which can, in some cases,
induce strong electric charging effects and electrostatic interaction in nonpolar media
[19-31]. While experiment evidence for such surfactant-mediated charging abounds, their
scientific explanation is still a matter of ongoing research.
Morrison [19] firmly established for the first time that surfactant additives (or
impurities) can give rise to electric charging effects. This was followed by great efforts
dedicated to finding the existence of mobile charges in the presence of surfactants and to
understand the charging effects on the suspended solid surfaces by such mobile charged
species. To date, numerous ionic surfactants [19, 25, 31-34] and some select nonionic
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surfactants with ionizable functional groups [24, 35, 36] have been identified as powerful
“charge control agents” [33, 37-39]. It has been shown that these surfactants can raise the
conductivity of nonpolar liquids by many orders of magnitude [34] and cause surface
charging and charge screening for suspended particles [22, 24-26].
Three different charge formation mechanisms have been suggested, based on data
gathered from conductivity studies. The first mechanism considers the injection of charge
into the bulk liquid by the electrodes used to probe the conductivity [40]. However, this
mechanism cannot explain the raise of conductivity in the case of applying sufficiently
low field strength. The second proposed mechanism concerns the spontaneous
dissociation of ionic surfactant molecules [34],
,

Equation 2-3

which is so strongly suppressed by the unfavorable balance of electrostatic and thermal
energy as discussed before.
The third and most important hypothetical charging mechanism is the
disproportionation of reversed micelles [29, 41],
2

,

Equation 2-4

and typically this mechanism is suggested for the micelles of ionic surfactants.
Strubbe [29] proposec a general scheme for the generation of charges by
disproportionation of reversed micelles (seen in Figure 2-1). A hypothetical intermediate
structure forms via the collision of two neutral reverse micelles and then splits up into
two oppositely charges micelles. In the context of water-in-oil micro-emulsions, the
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exchange of charge between neutral entities explains the dependence of conductivity on
droplet size and volume fraction [42, 43].

The comparably large size of the

microemulsion droplets provides the necessary separation to keep the charge species
apart by reaching the Bjerrum length of nonpolar liquids. Thus, thermal motion is enough
to keep the separated ions fairly stable. This charging pathway may also apply to reverse
micelles of surfactants, especially since there is always some amount of water in the
hydrophilic core. Figure 2-2 illustrates the common view of the surfactant hydrophilic
core as a counterions reservoir in the microemulsion droplet or swollen micelle. This
reservoir of mobile charge would appear crucial for the ability of micelles to exchange
charges. The counterions to ionic surfactant headgroups are the suggested origin of the
charge in the reverse micelles according to the disproportionation pathway sketched
in Figure 2-1.

Figure 2-1 Schematic of reversed micelle disproportionation via a hypothetical
intermediate structure [29].
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Figure 2-2 An aqueous microemulsion droplet stabilized by anionic surfactant [42].

Clues as to whether bulk charging occurs via charge dissociation (Equation 2-3)
or disproportionation (Equation 2-4) can be inferred from conductivity measurements.
The conductivity increase observed by Sainis [34] involves the regions both below and
above the CMC of AOT (sodium bis(2-ethylhexyl) sulfosuccinate) in hexadecane, as
shown in Figure 2-3. The conductivity vs. concentration in region I scales like
/

~

Equation 2-5

which is consistent with the mass action law for the dissociation of individual surfactant
molecules; by contrast, the relationship
~

Equation 2-6

found in regime III (above the CMC), is consistent with the mass action law for the
charge disproportionation of reverse micelles (RM).
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Figure 2-3 Conductivity of AOT/hexadecane solutions [34].

Both the dissociation of ionic/ionizable functional group as well as the charge
exchange in reverse micelles by disproportionation would seem to involve the ionic
component of the surfactants’ hydrophilic head. Yet, when Bumajdad et al. [44] studied
nonpolar solutions with mixtures of ionic and nonionic surfactant, they found no
systematic dependence of conductivity on the fraction of ionic surfactant used. The
authors nonetheless never questioned the need for some ionic surfactants in the mixture
to generate the observed conductivity and never investigated purely nonionic surfactant
solutions.
The first and to our best knowledge, the only study focused on electric charging in
solutions of nonionizable surfactant (prior to our own work), published by Duhkin and
Goetz in rarely cited article [45], comes to a surprising conclusion that challenges the
traditional understanding of surfactant mediated charging. The study suggests that
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nonionic surfactants (sorbitanoleate surfactants as shown in Figure 2-4) can enhance the
conductivity and ion stability in nonpolar liquids as effectively as ionic surfactants do.
The authors speculate that the observed charges are “sterically stabilized” ionic
impurities, but do not provide a detailed analysis to further substantiate this claim.

Figure 2-4 Conductivity of the kerosene solutions with various nonionic surfactants [45].

This study does not answer the question whether charging occurs by direct
dissociation of the hypothesized impurities or whether micelle disproportionation can still
take place, and if so, whether the concept of an ion reservoir in the micelle core might
still apply even in the absence of ionic surfactant head groups and their counterions. Even
if micellar disproportionation was possible for both ionic and nonionic surfactants, no
such similarity can be expected below the CMC, where dissociation of the surfactant
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headgroup is the alleged primary charging mechanism in solutions with ionic surfactants.
The mechanism is clearly unavailable to surfactants with a non-dissociable hydrophilic
head group. Since no CMC values are pointed in Figure 2-4 and the source article, it is
unknown whether any charging effects are caused by the molecularly dissolved nondissociable surfactants. Without a connection to the concentration and the aggregation
state of surfactant additives, such questions remain unanswered.
2.1.2.3

Charge fluctuation model
Theoretically, the occurrence of a net charge in nonpolar liquids can be

understood as a matter of equilibrium fluctuations around a zero average charge [42].
Eicke and co-workers originally proposed the charge fluctuation model for large droplets
[42]. Hall [43] modified this model by explicitly accounting for the discreteness of
electric charge, which allowed him to explain experimental data on the conductivity of
water-in-oil microemulsions as a function of the droplet size. Recently the charge
fluctuation model has been used to describe charging effects caused by reverse micelles
in solutions of ionic surfactants [31] or surfactant mixtures [44]. However, the model has
not been applied to systems with nonionic surfactants, arguably because the ability of
these additives to promote charge formation is not (yet) widely acknowledged. A detailed
study and thermodynamic modeling in the regions both below and above the CMC are
needed to achieve a better understanding of the mechanism responsible for the formation
of mobile charges in nonpolar liquids. In this thesis, we systematically investigate the
electrostatic behaviors of nonionic surfactants in nonpolar solutions and theoretically
understand the electric charges formation predicted by the charge fluctuation model.
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2.2

Materials and methods

2.2.1

Surfactant solutions
Surfactant solutions are prepared by precisely measuring the weight of the

surfactants and the volume of the solvents and simply mixing them on a magnetic stirring
plate overnight. The well dissolved solutions are thermodynamically stable and
transparent. Most types of solutions are colorless, but Span 85 in nonpolar oil solution is
slightly yellowish due to the color of surfactant. All surfactant solutions are allowed to
equilibrate for 1 day prior to use. All experiments are performed in a thermostatted
environment at 22
2.2.1.1

0.5

.

Solvents
In order to capture the effects related to very nonpolar liquids, we focus our

attention on alkane solutions with a high degree of purity.
Hexane (BDH, ACS grade) was chosen because of its very low dielectric constant
(

1.89). Compared to longer chain alkanes, it also offers the advantage of better

optical contrast with the surfactants used in this study, but it has the slight disadvantage
of being more volatile. Small material losses observed gravimetrically correspond to an
increase in concentrations of up to 1% over the course of our experiments; the reported
concentrations are averages of initial and final values.
Ultrapure water with a resistivity of 18.3 Ω ·

(Barnstead) is used for swelling

reverse micelles and for interfacial tension measurements.
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2.2.1.2

Surfactants
To find out the similarities and differences between nonionic and ionic surfactant

in inducing charging effect in nonpolar liquids, we compare the results with the wellknown ionic charge control agent AOT (sodium bis(2-ethylhexyl)sulfosuccinate). Two
members in the Span family are selected for the nonionic surfactant without any ionizable
functional group: Span 80 (Sorbitanmonooleate, HLB value 4.3), and Span 85
(Sorbitantrioleate, HLB value 1.8); the latter resembles AOT in its branched structure and
micelle size. Sorbitanoleates are widely used as food emulsifiers, for cosmetic and
pharmaceutical preparations, and for protein separation. AOT, Span 80, and Span 85 are
all purchased from Sigma-Aldrich and used without further purification. The nominal
structures of these surfactants are shown in Figure 2-5, but it is important to mention that
all Span surfactants are truly mixtures of mono-, di-, tri- and tetra-oleates [46, 47]. All of
these lack ionizable groups and thus seem unlikely vehicles for electric charges, but as
mentioned before, the findings by Duhkin and Goetz [45] had already suggested the
counterintuitive possibility of controlling the conductivity and ion composition of nonpolar liquids with precisely this type of surfactant.

Figure 2-5 Structure of AOT (left), Span 80 (middle), and Span 85 (right).

The results and discussion sections will describe our study of the surfactant/nonpolar oil solutions with regard to aggregate size and architecture, the influence of
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impurities on electrostatic properties, and the theoretical analysis.
2.2.2

Dynamic light scattering
The characterization by dynamic light scattering (DLS) uses a precision

goniometer setup (ALV/DLS/SLS-5022F). In the technique of DLS as implemented in
this study, the intensity autocorrelation function is computed using a digital correlator,
and the collective diffusion coefficient is determined from the measured correlation
function using the second-order cumulant fit [48]. The selection of the scattering angle
depends on the intensity of scattered light. If the surfactant micelles are too small to
exhibit significant angular dependence of the scattered light intensity, the measurements
90°. Diffusion of the micelles changes

can be made at a fixed scattering angle of

their relative position and thus the relative phase with which light scattered by different
micelles superimposes on the detector; the ensuing decorrelation rate for the scattered
intensity reflects the average diffusivity of the micelles. From this, the hydrodynamic
radius of the micelles can be determine using the Stokes-Einstein relation [49]
⁄6
where

,

Equation 2-7

is the solvent viscosity. The scattering intensity from non-aggregated surfactant

molecules is negligibly small.
2.2.3 Static light scattering
The characterization by static light scattering (SLS) is performed on the same
instrumental setup. While the DLS measurements yield the average micellar
hydrodynamic radius, Rh, the SLS measurements yield the weight-averaged micelle
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aggregation number, N, which provides more information of the micellar configuration.
To simply introduce the technique of SLS, the angle dependent Rayleigh ratio, a
quantity used to characterize the scattered intensity as a function of scattering angle, is
calculated based on the intensity of scattered light from the micellar solution and from a
reference solvent. The difference in Rayleigh ratio between the micellar solution and the
reference solvent in the absence of micelles, ∆R
molecular weight of the micelles
lim

R

, is related to the apparent

, via [13]
Equation 2-8

∆R

with the optical constant
/

where

is the refractive index of the solvent,

the solution,

/

,

Equation 2-9

the refractive index increment of

Avogadro’s number, and λ the wavelength of light used. As seen in

equation 2-9, the value of

depends sensitively on the refractive index increment

,

which is measured with an Abbé refractometer. The increment is calculated by fitting n
as a function of concentration to a linear function. Equation 2-8 only features the
surfactant concentration in excess of the critical micelle concentration (CMC) because
only this excess effectively contributes to the micelles. The determination of the CMC
will be described in the following section. Finally the aggregation number (the number of
surfactant molecules per micelle) is obtained by dividing the average molecular weight of
micelles by the known molecular weight of the individual surfactant molecule.
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2.2.4

Interfacial tensiometry
The interfacial tension of drops of pure water in hexane solutions of Span 85 are

measured with a drop volume tensiometer (TVT-2, Lauda). This instrument allows the
determination of the interfacial tension of liquids at the moment of drop separation, from
the volume of the drop growing in an immiscible second fluid. When air is chosen as the
surrounding phase, this method yields the surface tension of the pending liquid drop. The
densities of the concerned phases need to be known in order to calculate the
surface/interfacial tension from the measured drop volume.
Drops of a liquid with a high density, e.g. water, are generated in a liquid with
low density, e.g. hexane (with surfactant solution). As soon as the droplet weight,
corrected for buoyancy, reaches the same magnitude as the tension-mediated holding
force, the drop will fall. Mathematically, once the volume of the falling drop is measured,
the interfacial/surface tension can be calculated by

σ =

g ( ρ 1 − ρ 2 )V
,
2πrf HB

Equation 2-10

where σ is the interfacial tension, ρ 1 and ρ 2 are the density of specific heavier or lighter
phase, g is the acceleration due to gravity, and f

HB

is the correction factor for the

dimension of the droplet injector. When the lighter phase is air, the density of air can be
neglected compared to the liquid drop phase. Thus, Equation 2-10 gives the surface
tension of the drop pending phase.
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2.2.5

High-precision conductometry
Conductivity measurements were taken with a high-precision conductivity meter

(model 1154, Emcee Electronics).
Prior to the measurements, the sample cell is carefully cleaned in a multi-step
procedure with hot water, DI water, acetone, toluene/isopropyl alcohol mixture, dried
with nitrogen, and rinsed with sample solution.
A specific volume (around 100 mL, doesn’t have to be exact amount) of test
sample solution is placed in the conductivity cell between two concentric electrodes. The
measuring cell is then connected using a triaxial cable to a sensitive DC ammeter in the
Console. A series of DC voltage source is then applied between the two electrodes.
Due to the physical geometry of the cell, the cell constant is stable and calculable.
The conductivity is calculated by Ohm's law from the cell characteristics, the voltage
across the cell, and the almost instantaneous peak current reading. Then the resultant
peak current is readily transformed and digitally displayed as picosiemens per meter
(pS/m), or commonly known as conductivity units (CU, 1 CU = 1 pS/m).
2.2.6 Karl Fischer titration
The water content of our solutions was determined using Karl Fischer titration
(TitroLine KF, SCHOTT).
HYDRANAL® Karl Fischer Titration Reagents is used by the titration instrument
to react with water in the test sample solution. Methanol is used as the alcohol solvent
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because it is miscible with both base reagents and sample solution. The net reaction as
shown below in Equation 2-11 is oxidation of SO2 by I2, and one mole of I2 is consumed
for each mole of H2O,
Equation 2-11
2

2

where RN is the base reagents using imidazole or diethanolamine as a base.
In the measurement process, a pair of Pt electrodes is immersed in the methanol
solution with a constant current between them during titration measurement. At the
beginning of titration, only I- but little I2 is in the solution; at the equivalence point,
excess I2 appears and an abrupt voltage drop below the pre-set threshold indicates the end
point. The amount of consumed titration reagents can then be used to calculate the
amount of water in the test sample. By giving the mass or volume of the original test
sample to the system, the percentage of water containing is digitally displayed and
recorded for further discussion.
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2.3

Results and discussions
To better understand the electric charging phenomena in nonpolar solution, we

focused on studying the nonionic surfactant without any ionizable functional groups, and
explored the previously neglected possibility of introducing mobile charge by such
additives in non-polar liquids.
The thermodynamic properties of nonionic surfactants were obtained by
characterization of the critical micellar concentration and the micellar configuration. By
observing the raise of electric conductivity with surfactant concentration in nonpolar
solution, we aim to differentiate the behavior of individual surfactant molecules from
reverse micelles and ultimately to establish the pathway of charge formation with the
association of surfactants.
2.3.1

Self-assembly of surfactants
It has been confirmed that the electric properties of nonpolar media can be

dramatically changed in the presence of surfactant additives, thus the surfactant
concentration should be one factor to affect the electric property of the nonpolar solvent.
Dynamic light scattering (DLS) allows the measurement of the micelles’ hydrodynamic
size and provides the information on the surfactant critical micellar concentration (CMC)
and micellar shape [50, 51]. We also use static light scattering (SLS) to determine the
average aggregation number of micelles [51], N, which is important to calculate the
number of reverse micelles in the bulk phase.
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2.3.1.1

Hydrodynamic size of surfactant aggregates
Commercial AOT being a well-known charge control agent, its composition, the

critical micelle concentration, and the structure of AOT micelle have been studied in the
past 30 years by light and X-ray scattering [52], photon correlation spectroscopy (PCS)
[51], small angle neutron scattering (SANS) [53]. Especially, it is well established that
AOT can form spherical structures of a well-defined size at concentrations above the
CMC in nonpolar solvents. This constant micellar size makes it convenient to study the
(micelle) concentration dependence of electric properties, with the assumption of a
disproportionation pathway [34]. The connection between micellar configuration and
electrostatic phenomenon induced by surfactants in nonpolar solution motivates to study
the size and shape of the nonionic surfactant reverse micelles to compare with the betterknown AOT, and thus DLS will be a good way to obtain such information.
Dynamic light scattering (DLS) is applied to measure the apparent hydrodynamic
size of surfactant aggregates in non-polar oils. The results of AOT in hexane solution are
shown in Figure 2-6, where the data marked by open symbols suffer from poor signal-tonoise ratio. Each data point is averaged from three independently measurements and
standard deviation is calculated. The corresponding error bars would be in the size range
of the data markers.
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Figure 2-6 Apparent hydrodynamic diameter of AOT in hexane measured with DLS.

The hydrodynamic size of AOT aggregates in hexane initially increases with
AOT concentration, and then remains roughly constant around 3 nm in diameter over a
wide range of concentration till the highest one in the measurements. The DLS results of
AOT in hexane confirm that AOT forms spherical micelles at high concentration, and the
size is consistent with the published result in literature [54, 55].
According to the literature, relatively larger microstructures are formed by Span
80 and the shape is worm-like [56], which is consistent with our DLS data shown
in Figure 2-7. With increasing concentration of Span 80 in hexane beyond the CMC, the
average hydrodynamic size of Span 80 aggregates keeps rising. This size increase is
expected for worm-like micelles, which tend become increasingly elongated and
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polydispersed as more surfactant is added.
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Figure 2-7 Apparent hydrodynamic diameter of Span 80 in hexane measured with DLS.

In contrast with the single hydrophobic tail of Span 80, Span 85 molecules have
highly branched structure, and would therefore be expected to favor aggregates with high
curvature, similar to AOT. Our DLS results (Figure 2-8) confirm the insensitivity of
micelle size (a plateau value above the CMC) indicative of spherical micelles. Again, the
open symbols are not reliable because the scattering intensity drops sharply, making the
experimental uncertainty prohibitively large for the very low concentration.
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Figure 2-8 Apparent hydrodynamic diameter of Span 85 in hexane measured with DLS.

We conclude that Span 85 forms small, spherical reverse micelles with a roughly
constant size, much like the widely studied ionic surfactant AOT [54, 55]. A value
around 2.8 nm for the hydrodynamic diameter for Span 85 micelles in hexane can be
inferred from the plateau in Figure 2-8.
Besides the size and shape of surfactant aggregates, the critical micellar
concentration (CMC) is another important aspect to understand the self-assembly
properties of surfactants in nonpolor media; the CMC measurement is discussed in the
following section.
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2.3.1.2

Critical micellar concentration
For a surfactant solution, the dissolved surfactant molecules present below the

CMC scatter too little light for a meaningful DLS analysis. Once a sufficient number of
micelles have formed (around and above the CMC) the scattering intensity increases
significantly and the autocorrelation function yields a robust value for the hydrodynamic
size. Thus the onset of the size plateau roughly indicates the CMC of surfactant.
Compared to Span 85 with no reported CMC information, AOT is widely studied,
although the reported values differ in orders of magnitude [54, 55], and Span 80 forms
worm-like micelles with the complication of polydispersity and unclear micelle number
concentration [56]. We targeted the nonionic surfactants Span 85 to study the CMC and
aggregation number of a well-defined spherical micelle.
The hydrodynamic diameter results of Span 85 in hexane in Figure 2-8 indicate
the formation of Span 85 aggregates. The concentration around 10 mM above which the
hydrodynamic size remains roughly constant is the CMC of Span 85 in hexane.
Interfacial tension (IFT) provides an alternative way to measure the CMC. Below
the CMC, the IFT decreases with increasing surfactant concentration and correspondingly
increasing surfactant adsorption to the water-and-oil interface. Above the CMC, the bulk
concentration of molecularly dissolved surfactant remains almost constant, and so does
the interfacial coverage, and, by extension, the interfacial tension. Therefore, the
transition of IFT can also be used to determine the CMC of surfactant in nonpolar liquids,
which will prove useful in the following sections for estimating and studying the water
content in an individual micelle and participation of surfactant (molecules or micelles) in
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Figure 2-9 The interfacial tension of Span 85 in hexane solution when contact with DI
water with the concentration of Span 85.

The interfacial tension results in Figure 2-9 indicate that the CMC of Span 85 in
hexane is about 10 mM, above which the interfacial tension remains constant. The CMC
obtained from this independent method is consistent with the one confirmed from the
DLS method. A CMC of ~10 mM is large, but not surprising for Span 85, which features
three or four hydrocarbon tail groups around a weak hydrophilic head group. We can also
expect that the aggregation number of Span 85 micelle is low due to its large lipophilic
component [57].
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2.3.1.3

Aggregation number
The aggregation number of surfactant in nonpolar solution is obtained from the

interpretation of SLS results. With the confirmed CMC and the principles described
in Equation 2-8 and Equation 2-9, the refractive index increment dn/dc of the
surfactant solution is necessary to calculate the optical constant K0, by extension, the
aggregation number. The refractive index results of Span 85 in hexane solution are
measured by an Abbe refractometer and shown in Figure 2-10. The value of refractive
index depends on the concentration of Span 85 linearly, with a slope of dn/dc
0.1572 mL/g.
According to Equation 2-8, the limit value of the Rayleigh ratio difference
between the micellar solution and the reference solvent in the absence of micelles,
“excess Rayleigh ratio” ∆R , is related to the apparent molecular weight of the micelle.
In the interpretation of the SLS data, we used the slope of 0.1572 mL/g in the linear fit
in Figure 2-10 for the refractive index increment dn/dc in the concentration range of
10-50 mg/mL to calculate the optical constant K0. A plot of the Rayleigh ratio as a
function of Span 85 concentration is shown in Figure 2-11. The inversed value of
Rayleigh ratio is linearly dependent on the concentration of Span 85 where the x-axis is
the surfactant concentration subtracting CMC from the total Span 85 concentration, and
the limiting value for the concentration approaching the CMC of Span 85 in hexane is the
inverse of molecular weight of the Span 85 micelle.
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Figure 2-10 Refractive index of Span 85 in hexane solution.
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Figure 2-11 The angular dependent Rayleigh ratio obtained by SLS. The x-axis is the
surfactant concentration subtracting CMC from the total Span 85 concentration.
38

In Figure 2-11, the inversed value of molecular weight of the Span 85 micelle is
the intercept of the linear fit, 3.0149 × 10-4. Thus, the molecular weight is around 3400
g/mol, which gives the aggregation number around 3.5 based on the molecular weight of
single Span 85 molecule 957.5 g/mol.
According to SLS measurement a Span 85 micelle in hexane thus contains only
3.5 surfactant molecules on average (each with typically 3 – 4 hydrocarbon chains [46]).
2.3.2
2.3.2.1

Microemulsions
Hydrodynamic size of swollen micelles or micro-emulsions
Once there is solubilized water in the surfactant/alkane solution, it will be located

in the hydrophilic core of the micelle. The amount of solubilized water will affect the size
of reverse micelle. Published schematics like the ones of Figure 2-1 and Figure 2-2
suggest an important role for the “ion reservoir” in the core of reverse microemulsion
droplet, which for ionic surfactants arises naturally from the surfactant counterions [29].
In the case of nonionic surfactant one might speculate that ions introduced by added
water will play a similar role and affect the ability of such “swollen micelles” to acquire a
net electric charge in nonpolar oils. Therefore, in order to understand the electrostatic
effects induced by water swollen reverse micelles, we here characterized the systems
with swollen micelles or microemulsions, the size and shape of which were measured by
DLS.
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Figure 2-12 Hydrodynamic diameter of the water swollen Span 85 micelles with waterto-Span 85 molar ratio at 50 mM Span 85 in hexane.

Figure 2-12 shows the results of hydrodynamic size of water swollen Span 85
micelle with increasing amount of added water into 50 mM Span 85 in hexane. The
maximum of water-to-Span 85 molar ratio is around 0.46, above which there is clearly
phase separation between surfactant solution and added water. It is clear that the
hydrodynamic diameter of swollen micelles is not significantly increased. Thus, we
conclude that Span 85 can only solubilize very little amount of water.
2.3.2.2

Water content
We don’t work specifically to get rid of the water existing in the commercial

surfactant sources, but determine the precise water content using volumetric Karl Fischer
titration (TitroLine KF, SCHOTT), which achieves a resolution of ~10 ppm in the entire
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range of 0-100% water.
We confirmed that water content is below 0.003 wt % (30 ppm) for the pure
solvent and found that very little water is introduced with the nonionic surfactant, with a
molar water-to-surfactant ratio in their micellar solution below 0.05.
Knowing how much water is contained in the solvent and original surfactant, the
total amount of water content in water swollen micro-emulsion solution can be calculated
by summing with the added water. From the results shown in Figure 2-12, little water can
be accepted by Span 85 in hexane solution. In contrast, nonpolar solutions of AOT can
involve significant amounts of water. More details on this point will be given in Chapter
4 on particle charging in nonpolar dispersions and charge screening mediated by
surfactants.
2.3.3

Conductivity of nonpolar oils increased by surfactants
We measured the conductivity of hexane in the presence of different surfactants,

using a high precision conductometer (Emcee Electronics, Model 1154) to monitor
electrical conductivity in the range of 0.01 – 20,000 pS/m.
The conductivity results of AOT/hexane solution are shown in Figure 2-13. Each
data point is plotted by taking average of three parallel measurements. The standard
deviation of the results is considered to be the error introduced by both handling and
instrument. The x- and y- error bars are also shown in Figure 2-13, some of which may
not be seen when covered by the data markers.
We compared our conductivity values in Figure 2-13 with the results of
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AOT/hexadecane solution in Sainis’ work in Figure 2-3 [34], the increasing trend of
conductivity as a function of AOT concentration is similar, and the conductivity data are
in the same order of magnitude for the entire range of AOT concentration. Therefore, we
verified the validation of the measurements by our high precision conductometer. The
exact values of the conductivity in our AOT work have a little difference from the results
in Sainis’ work [34] because of either the system error from different instrument or the
water content that dissolved in different types of solutions.
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Figure 2-13 Conductivity of AOT/hexane solution.

There appears to be different AOT concentration regions for individual molecule
dissolution and micelle formation as shown in Figure 2-3. And the dissociation and
disproportionation pathway are suggested as the charge formation mechanism respective
for sub and above the CMC for the AOT/hexadecane system in Sainis’ work [34]. It
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motivates us to study the conductivity of the whole range nonionic surfactant
concentration from very dilute to concentrated solutions, and we are interested in
observing charged induced even before the micelles formed.
Although Duhkin and Goetz [45] found that nonionic surfactant can surprisingly
raise the conductivity of nonpolar liquids acting as common ionic charge control agent,
they did not build a connection with the surfactant molecular complex or micellar
formation. In addition, they were not able to explain where the charge came from Span
85, the only one surfactant in Figure 2-5 with an analogous structure to AOT, which
showed almost no effects in forming charged species in alkanes.
Open questions are raised whether we can confirm that nonionic surfactants show
strong charging effects as the ionic ones do, and if so, how the nonionic surfactants below
the CMC can induce charge in nonpolar solutions when ionic surfactants like AOT are
believed to dissociate and Spans clearly cannot do. We focused on the typical nonionic
surfactants without ionizable groups Span family (Span 80 and Span 85) and studied the
conductivity raise induced by Spans in nonpolar media.
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Figure 2-14 Conductivity of Span 80/hexane solution.
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Figure 2-15 Conductivity of Span 85/hexane solution.
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3.5

The CMC and micellar information of the Spans are obtained in the previous
sections, and we show the measured conductivity of surfactant/hexane solutions as a
function of Span 80 and Span 85 from sub-CMC to above the CMC, in Figure 2-14
and Figure 2-15, respectively. Nonpolar liquids with high purity have conductivity in the
range of 10-14-10-12 S/m, which can be resolved by our conductometer.
We confirmed that surfactants without any ionizable groups can raise the
conductivity of alkanes as efficiently as AOT can. Impressively, in the addition of less
than 1 mM Span 80, the conductivity of Span 80/hexane solution is raised by four orders
of magnitude. The observed effect is likely caused by the Span 80 micelles, and the
change in slope around 0.5 mM is due to the variation of elongated aggregate structure.
Therefore, a quantitative interpretation of the data in Figure 2-14 is complicated by the
fact that the micelle size and shape varies with surfactant concentration in the displayed
concentration range [56].
The conductivity results show the enhancement of electrical conductivity by
different kinds of nonionic surfactants in the very nonpolar liquid hexane. The
conductivity is increased significantly by Span 80 and even by Span 85, which was not
clear from the data reported by Dukhin and Goetz (Figure 2-4, [45]). Although the effect
is somewhat less pronounced for Span 85 because of a higher CMC and smaller micelles,
the uniform spherical shape of the Span 85 micelles over a useful concentration range
make this surfactant the more suitable surfactant for theoretical modeling. In the
following section, we will attempt to rationalize our experimental findings by application
of the commonly accepted thermodynamic charge fluctuation model [43,31].
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2.3.4

Theoretical fit to charge fluctuation model
In order to better understand the charge formation mechanism by Span 85 and

compare the impacts of individually dissolved surfactant molecules and reverse micelles
on raising conductivity, we fit the conductivity results in Figure 2-15 as a function of
Span 85 concentration in two regimes, below and above the CMC, in Figure 2-16.
Although the conductivity data look “almost but not quite” linear throughout the
sampled concentration regime, an even better fit can be obtained by considering the dilute
and micellar regime separately. Both below and above the CMC of Span 85, we observe
the linear increase in conductivity with surfactant concentration that is usually associated
with charge disproportionation. The slope in the two concentration regimes is shown in
the insets of Figure 2-16 together with the correlation coefficient R. The correlation
coefficient R near 1 attests to the near-perfect linearity of the concentration dependence
in these two regimes. Even though the transition is not sharp, the intersection point of the
two linear fits is roughly located around 10 mM of Span 85, consistent with the CMC
from DLS and IFT data. Thus using a double linear fit in Figure 2-16 (dotted line for
dilute regime from Equation 2-12, and dashed line for micelle-dominated regime
from Equation 2-13), we can write the conductivity as,

for

Equation 2-12

for

where σ the is the conductivity of the pure hexane.
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Figure 2-16 Conductivity of hexane as a function of added Span 85. Markers:
experimental data. Dashed line: linear fit (with additive offset) for the micelle-dominated
regime; dotted line: linear fit for the submicellar regime; solid line: double linear fit
described in the text. Insets: linear portions above and below the critical micelle
concentration.

In the following discussion, we separately consider the charging processes in the
micellar and in submicellar solutions that could explain the two conductivity regimes
of Figure 2-16.
2.3.4.1

Conductivity of micellar solution
Above the CMC of our nonionic surfactant nonpolar solutions, just as in the case

of ionic surfactants [31], the conductivity is most likely dominated by charged reverse
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micelles.
Theoretically, charge fluctuation theory is usually used to describe the
conductivity enhancement. Thermodynamics allows the spontaneous disproportionation
of two neutral species into oppositely charged ones, as 2

[31].

According to the theory of equilibrium charge fluctuations, the corresponding
concentration of neutral, cationic, and anionic charged species

,

,

should satisfy

the Boltzmann relation in Equation 2-14,
Equation 2-14
Where 2a is the Born diameter, in this case the size of the hydrophilic core where charges
can reside, and λB

e ⁄4πεε k B T is the solvent’s Bjerrum length.

The expression of conductivity from the reverse micelles charging is given
in Equation 2-15 [43]. For

⁄2 as large as in the present system, only the terms for

1 are non-negligible, and

is well approximated by the total concentration of

micelles.
∑

Equation 2-15

where the infinite sum excludes the term for Z=0,and the friction coefficient
spherical micelle is related to the micelles’ hydrodynamic radius
viscosity

6

via the Stokes’ equation

micelles

for a

and the solvent

.The equilibrium fraction of charged

⁄ , according the Boltzmann relation in Equation 2-14,

can be

expressed as
⁄2

2
Here it is important to note that

Equation 2-16

is independent of the surfactant concentration, and thus
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from

, a feature that distinguishes charging by disproprotionation2
dissociation reactions
dependence of

, where the law of mass action implies a square root

on concentration instead [31, 34].

Above the CMC, the derivative of the micelle-dominated conductivity with
respect to the concentration of added surfactant micelles

is given by
Equation 2-17

where N is the micellar aggregation number obtained from SLS data, and we have made
the common assumption that all surfactant in excess of the CMC aggregate into
micelles. Equation 2-17 also neglects the concentration dependence of the viscosity,
which we have verified to be legitimate for the entire concentration range shown
in Figure 2-16.
⁄

By comparing the fitted experimental

to the prediction

of Equation 2-17 and taking the aggregation number (N = 3.5) from SLS measurement
and the friction constant

6 η

from DLS measurement (

a tiny fraction of charged micelles,

4.86

10

1.42

), we find

to account for the observed

conductivity increase above the CMC. From this fraction, we can infer a Born radius
of

0.98

, which does not seem an entirely unreasonable magnitude for the

hydrophilic micellar core compared to the hydrodynamic radius for the whole reverse
micelle.
2.3.4.2

Conductivity in the sub-micellar regime
Below the CMC, the observed linear scaling of conductivity with added Span85
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in Figure 2-16 represents a sharp contrast to the square root scaling that was reported for
AOT solutions and explained by the dissociation of individual AOT molecules[34]. For
Span 85 the charging mechanism must obviously be different.
One conceivable pathway again involves the complexation of ionizable impurities
with surfactant molecules, followed by a charge disproportionation of the resulting
complexes. Note, for instance, that a hypothetical complex involving two trioleate
surfactant molecules would have six lipophilic arms and might assume conformations
that resemble a “miniature micelle”. One might therefore imagine that such complexes
would mimic the previously discussed charging behavior of Span 85 micelles. Moreover,
Span 85 is known to contain not only pure sorbitan trioleate but also other (similarly
nondissociable) sorbitan esters, such as tetraoleate [58]. We do not currently know which
of the nonionic surfactant species present in Span 85 participate in forming the charged
entities.
Whatever the detailed composition and architecture of these complexes may be,
their charging tendency might again be captured by charge fluctuation theory. If, for
example, all charged complexes had a hydrodynamic radius RH,c and a Born radius ac,
then the conductivity slope in the lower part of Figure 2-16 should be given, in perfect
analogy to Equation 2-17, by Equation 2-18,

,

where

2

⁄2

Equation 2-18

is the fraction of complexes that acquire a net charge and

the number of surfactantmolecules per charge carrier. Since we do not know the
hydrodynamic radius independently (as we do in the case of micelles), we cannot solve
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for

. According to Equation 2-18, the conductivity slope of in the submicellar

regime,

⁄

dominated regime

observed in Figure 2-16, is larger than the one for the micelle⁄

. This fact does not imply a larger charging tendency

of the submicellar complexes compared to micelles but might be explained by the
difference in the number of surfactant molecules
the difference in hydrodynamic size

,

contained in the charged species and

. The notion that the conductivity below the

CMC is caused by charged entities of the different size than the micelles found above the
CMC will be supported independently by experimental data on the interaction of charged
colloidal particles in Span 85/hexane solutions presented in Chapter 4.
2.3.5 Role of impurities and charge formation mechanisms
The arguments presented above show that charge disproportionation both above
and below the CMC regimes would be variable from an equilibrium statistics point of
view, but do not offer any explanation regarding the reaction pathway or the actual
source of electric charges in the absence of ionizable surfactant head groups for Span 85.
Given the small fraction of charged micelles created, the presence of trace amounts of
ionizable impurities incorporated in the micelle core would suffice to explain the
availability of separable charges. Good reproducibility of the experimental results with
different batches of surfactant and hexane, however, suggests that the charging reaction is
not limited by the amount of impurities present in the micelle core, but instead by the size
and number of micelles. The most likely ionizable impurities are courterions contained in
water contamination and the excess ionic reactant to produce Span 85, which will be
discussed in the following sections.
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2.3.5.1

Water content and ions in the hydrophilic micelle core
As suggested in Figure 2-2, the aqueous core of swollen micelles or

microemulsion droplets is commonly viewed as an ion reservoir [42, 43]. With the
assumption of disproportionation [29] two overall neutral micelles react into oppositely
charged ones by exchanging an ion between their internal reservoirs.
Hence, by controlling ion content in the hydrophilic core of the micelles, it is
possible to study the effects of these reservoirs on the net electric charging of the micelles.
One might speculate that particularly large amounts of ions in the reservoir would
promote micelle charging and lead to larger conductivity.
In order to study the effect of the micelle core composition on the formation of
charged species, we solubilized small aliquots of either pure water (solid squares) or 0.1
M NaCl solution (open triangles) in the micellar solutions (30 mM Span 85 or 20 mM
AOT in hexane) and measured the conductivities shown in Figure 2-17. For each case,
the amount of water incorporated in the micelle cores was determined by Karl Fischer
titration and translated, for better comparison with literature data, into the molar ratio W0
of water to surfactant molecules. As one might expect from Equation 2-15 and Equation
2-16, swelling reverse micelles with aqueous solution increases the conductivity, which
depends sensitively on the core radius a.
The conductivity results shown in Figure 2-17 indicate no significant difference
between the reverse micelles swollen with DI water and those swollen with 0.1M NaCl
solution. This leads us to the surprising conclusion that only the size of the micelle core,
but not its precise ion content, determines the micelles’ tendency of acquiring a net
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charge. It would be wrong to infer from this that impurities play no role at all; their
presence in the micelle core may well be crucial for the generation of charged micelles. It
rather appears that ionizable impurities always provide enough ions to accommodate the
extent of net micelle charging consistent with the charged micelles’ Born energy
⁄2
2

. This energetic constraint for a given core size, according to

⁄2 , cannot be removed by raising the concentration of ionizable molecules

in the core even further. Hence, the similarity between the conductivity of nonpolar
surfactant solutions with solubilized water and solubilized salt solution seen in Figure
2-17.
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Figure 2-17 Conductivity of hexane solutions containing either 30 mM Span 85 or 20
mM AOT as a function of solubilized DI water (solid markers) or solubilized 0.1 M NaCl
solution (open markers).
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It is not surprising, considering the above arguments, that the micelles of
ionizable and nonionizable surfactants show the same qualitative behavior and are well
described by the same statistical model for charge fluctuations [42, 43, 59]. Although this
well established model does not explicitly account for the ionic character of the surfactant,
its application has practically been reserved to micelles of ionic surfactants.
Conductivity measurements on swollen micelles of AOT are also included
in Figure 2-17. Again, the conductivity appears completely insensitive to salt ions in the
swelling solution. The ionic surfactant AOT is much more hygroscopic than Span 85; the
lowest indicated water content of

0.5 for this surfactant was determined before

addition of any swelling solution. Since even in the unswollen state AOT micelles are a
little larger [60, 61] than Span 85 micelles, it takes a slightly larger Span 85 concentration
to obtain a comparable conductivity. Conversely, Span 85 micelles can only solubilize
very small amounts of water and are so small, even in the swollen state, that their size
variation upon swelling could not be resolved by light scattering as shown in Figure 2-12.
2.3.5.2

Ionic impurities from unreacted educts of the surfactant synthesis
Further solubilization experiments with various ionic compositions of the

solubilizate, larger extents of micelle swelling, and different surfactant compositions shall
be carried out in order to understand the insensitivity to the free ions content. One
popular dispute concerning the ability of nonionic surfactant to introduce charge in
nonpolar liquids relates to likely ionizable organic impurities. Span 85 is known to
contain not only pure sorbitan trioleate, but also other non-ionic sorbitan esters, such as
tetrooleate [62]. The most likely ionizable impurity in Span 85 is unreacted oleic acid.
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We purposely add oleic acid into pure alkanes and surfactant solutions with fixed Span
85 concentration, the conductivity results Figure 2-18 can tell us quantitatively the effect
of the ionizable impurity.

CONDUCTIVITY σ / (nS/m)
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8
6
4
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2

0.001

no Span 85

0.000
0

2

4

40

CONCENTRATION COleic Acid / mM

Figure 2-18 Conductivity of Span 85/hexane solutions (pure hexane, hexane solutions
with Span 85 below and above the CMC) as a function of added oleic acid.

We verified experimentally that unreacted oleic acid, the most likely ionizable
impurity to be found in Span 85, is not responsible for the observed behavior, at least not
in the sense of simple contamination acting independently of the surfactant molecules.
Increasing amounts of oleic acid were added to Span85/hexane solutions of different
surfactant concentrations, including pure hexane and hexane solutions with Span 85
concentration both below and above the CMC. The nonionic surfactant emerges as the
determining factor for the conductivity: no raise in conductivity in Figure 2-18 is
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observed at all upon addition of the oleic acid; in fact, the conductivity of the surfactant
solutions slightly decreases in response to a slight dilution of the surfactant by oleic acid.
2.3.5.3

Charge formation mechanism
The general insensitivity to the salt content and the existence of different

conductivity regimes below and above the CMC speaks against the notion that the
observed conductivity merely stems from the solvation of ionic impurities. Complexes of
ionizable impurities with surfactant dimers or even with single amphiphilic molecules
with several hydrophobic arms could resemble a small reversed micelle, and such “premicellar complexes” might well be the charge carriers in the dilute regime. Their
disproportionation into pairs of charged complexes would explain the conductivity below
the CMC just like the disproportionation of micelles with ionic impurities in their core
would account for the conductivity above the CMC (Figure 2-19). Importantly, it would
be the charge disproportionation step, not the initial complexation of the impurity with
the surfactant, that requires overcoming an electrostatic “activation barrier” and limits the
overall charging process.

Figure 2-19 Scheme of disproportionation pathway of charge formation in hexane via
nonionic surfactant Span 85.
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We conclude that, although ionogenic impurities, such as salts, oleic acid, or
residual water, may play an important role for the conductivity of our solutions, it appears
to be the surfactant, not the impurity, which limits the ionization process. Note that a
similar conclusion is reached by Dukhin and co-workers [45] using very different
arguments that consider the “steric stabilization of ions” rather than the Born energy
associated with introducing an electric charge in the confinement of a hydrophilic region
embedded in a nonpolar medium. The conclusion of surfactant limited ionization has an
important practical implication: precise control of solution conductivity by nonionizable
surfactants should be possible without detailed knowledge or control of impurities.
Besides the electric charging phenomena in nonpolar solvents induced by
surfactants, it is also interesting to analyze the effect of surfactants aggregates on the
surface charging of dispersed solid particles in nonpolar liquids, which will be discussed
in the next chapter.
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2.4

Conclusions
Basic properties of surfactants, both ionic and nonionic ones, including

hydrodynamic size of self-assembly aggregates, critical micelle concentration (CMC),
aggregation number of refined reverse micelles, and ability to solubilize water in
hydrophilic micellar cores, are characterized by dynamic light scattering, static light
scattering, interfacial tensiometry, and Karl-Fischer titration. The results are used to
rationalize the conductivity effects observed when these surfactants are added to nonpolar
oils.
Surfactants are found to be able to raise the electric conductivity of nonpolar
solvents both above and below the CMC. Data for the nonionizable surfactant Span 85
were chosen for a quantitative analysis because this surfactant forms spherical reverse
micelle of a uniform size and cannot contain much water due to branched hydrophobic
tails. For Span 85 solutions in hexane, a linear increase of conductivity with surfactant
concentration is found both above and below the CMC. It is consistent with a statistical
description of equilibrium charge fluctuations, which may arise from charge
disproportionation of reverse micelles above the CMC or of surfactant complexes with
ionizable impurities below the CMC.
In order to study the effect of ionic impurities in the hydrophilic core of reverse
micelle, pure water, salt solution, and organic ionic impurities (oleic acid) were added to
the surfactant solutions. The conductivity results show no significant difference between
the Span 85 reverse micelles swollen with DI water and those with 0.1M NaCl solution,
nor do large additions of oleic acid, the most likely contaminant, enhance the
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conductivity in Span 85/hexane solution. Both above and below the CMC, the ionization
process appears to be limited by the surfactant, not by ionizable impurities. Our findings
suggest that the conductivity of nonpolar solutions can be controlled in a robust way via
nonionizable surfactants. We expect that charge screening and conductivity control with
nonionic surfactants will prove especially useful for oils in contact with a water phase,
which would typically act as a drain for ionic surfactants.
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CHAPTER 3
PARTICLE SURFACE CHARGING AND CHARGE SCREENING IN
NONPOLAR LIQUIDS VIA SURFACTANTS

3.1

Backgrounds and theories

3.1.1
3.1.1.1

Basic properties of particle surface charging in liquids
Charged solid surface immersed in a liquid
Charged solid surfaces are very important in many applications, for example,

electrophoretic displays, protein studies, coatings, etc. The equilibrium distribution of
electric charges at a solid-liquid interface is called an electric double layer. The double
layer refers to two parallel layers: the first or “compact” layer comprises immobile
positive or negative ions on the particle surface; the second layer is filled with oppositely
charged mobile ions in solution attracted to the surface charge via the Coulomb force.
This second layer is also called diffuse layer because it is made of ions freely moving in
the liquid and loosely associating with the particle.
3.1.1.2

Surface charge and zeta potential
The formation of a double layer on the particle surface leads to the build-up of an

electric surface charge, which creates an electrostatic field that affects the ions in the
liquid. Figure 3-1 shows the ionic concentration and potential difference as a function of
distance from particle surface when suspended in a liquid dispersion.
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Figure 3-1 Scheme of a negatively charged particle suspended in a liquid medium,
showing the ionic concentration and potential difference as a function of distance from
the particle surface.

The electric potential difference between the fluid bulk and the surface is called
the electric surface potential. The “slipping plane” or “plane of shear” denotes the
hydrodynamic boundary between surface-bound fluid and fluid free to move relative to
the surface. It is the electrostatic potential at this slipping plane, the so-called
electrokinetic potential or zeta potential, which is experimentally accessible and
commonly used for estimating the degree of double layer charging. It is worth to mention
that zeta potential is not equal to the electric surface potential in the double layer, but zeta
potential is often the only measureable parameter to characterize the double layer
properties. For particle dispersed in a system with low ionic strength, typical nonpolar
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dispersion, the electrostatic potential decays so slowly that the zeta potential and surface
potential need not to be distinguished.
The zeta potential cannot be measured directly, but for colloidal particles, it can
be calculated from the particles’ electrophoretic mobility μ using the standard
electrokinetic model [1]. The electrophoretic mobility is defined as the drift velocity v of
a charged particle in an external electric driving field , divided by the field strength,
. It can be determined experimentally by applying a known electric field across the
dispersion and measuring the induced particle velocities. Modern instruments typically
determine this velocity with the help of laser light scattered by the particles, either by
intensity frequency analysis of light from particles illuminated by a moving fringe pattern
(laser Doppler velocimetry), or by analyzing phase shifts in the scattered light with
respect to the incident laser beam (Phase Analysis Light Scattering, PALS).
3.1.2 Particle charging mechanisms in liquids
3.1.2.1

Charging mechanisms of aqueous dispersions
In aqueous colloidal suspension, several mechanisms are proposed to describe the

process of charging the immersed solid surfaces which are greatly dependent on the
surface chemistry and surrounding phase.
The dissociation of surface bound head groups (for example –OH, –COOH, -SO4,
etc.) represents one of the mechanisms for particle surface charging [2-6]; it is similar to
the bulk dissociation of salt ions in aqueous solutions. A neutral surface molecule splits
into two oppositely charged parts, one remaining on the surface and the other departing
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as a free ion. Therefore, a dissociation process is dependent on the bulk electric property
which affects the equilibrium of surface molecule’s reaction, and on the surface
concentration of dissociable surface sites [7].
The colloidal particles dispersed in a liquid can become charged not only by
dissociation of surface molecules, which are mostly acid-based, but also due to the
preferential adsorption of charged species such as polyelectrolytes and surfactant ions,
which depends on the available acceptor sites as well. Sefcik [8], for example, studied
surface charging of polymeric latex particles stabilized by sodium dodecyl sulfate (SDS),
an anionic surfactant. Lee [9] examined the adsorption of cationic and anionic surfactants
on metal oxide surfaces, by sodium nonyl benzene sulfonate (SNBS) and dodecyl or
tetradecylpyridinium chloride (DPC/TPC). Iruthayaraj [10] analyzed the effects of ionic
strength and pH on the silica surface charging by adsorption of polyelectrolyte containing
poly(ethylene oxide) side chains.
Sometimes the chemical composition of the surface gives an indication for the
charging mechanism. Water can be incorporated in the metal crystal structure resulting in
the formation of responding hydroxides which can dissolve into water to an extent
dependent on the solution pH and temperature [11]. When the metal oxide surface (for
example

,

,

, etc.) is immersed in aqueous solution, the surface reacts with

water to produce surface hydroxyl groups [12-16], and partial dissolution can leave the
remaining particle surface charged.
3.1.2.2

Charging mechanisms of nonpolar dispersions via surfactants
In non-polar media, according to the studies of the electrophoretic mobility and
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colloidal stability of non-aqueous systems firstly carried out by Fowkes [17-19], a
charging effect happens only if it can be explained by the particle surface chemistry. The
authors gave the credit to competitive acid-base interaction of the surfactant and the
solvent with the suspended particle, but did not propose a detailed model of how charge
is transferred to or from the particle surface.
More recent studies observe that colloids dispersed in a nonpolar solvent become
charged in the presence of reverse micelles. Although there can be no doubt that
surfactant additives can promote surface charging of immersed particles, the charging
mechanisms remain largely unclear and competing models still await conclusive
validation.
Two likely charging mechanisms given by Morrison in his review article [20]
involve either preferential adsorption of the charged species (micelles) of one sign over
the other, or the surface dissociation of ions which are then incorporated in some
lyophilic structure such as the reverse micelles also capable of charging in the absence of
a solid surface. Neither of these concepts is universally accepted.
For AOT as the charge control agent, several studies have reported that with
increasing surfactant concentration the particle potential either monotonically decreases
[21], or (more commonly) displays a maximum [22].
Smith et al. [21] observed the gradual reduction in zeta potential of
hydrophobically modified TiO2 colloids with increasing AOT concentration, and Keir et
al. [22] reported a sign reversal of electrophoretic mobility of silica particle in decane as
AOT concentration was increased. In marked contrast to these observations, Hsu et al.
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[23] found that the surface potential of sterically stabilized PMMA colloids in alkanes
was independent of AOT concentration above the CMC, as seen both by electrophoresis
and particle interaction measurements, although the presence of reverse micelles
appeared to be required for surface charging. They proposed that the surface entropy
played an important role for surface charging, which is very different from aqueous
systems, where surface entropy effects are typically neglected.
Meanwhile, other researchers believe that asymmetric adsorption of charged
reverse micelles formed in bulk liquid phase is the reason why the particles undergo
surface charging in surfactant/nonpolar oil solutions.

Figure 3-2 Dimensionless surface potential as a function of inverse Debye length
(controlled viasurfactant concentration)for 3 different types of surfactants[24].

70

Figure 3-3 Micelle-decorated polymer particle [24]

For example, in Roberts’ work [24] different kinds of surfactants, AOT, Zr(Ort)2
and poly(12-hydroxystearic acid) poly(methyl methacrylate) (PHSA-PMMA), promoted
negative, positive or no charging of the sterically stabilized poly(methyl methacrylate)
particles. They used the technique of single particle optical micro-electrophoresis
(SPOM), which allowed the detection of mobility effects in individual colloidal particles
caused by just a few elementary charges. In the absence of surfactant reverse micelles,
their particles had a very small electrophoretic mobility and were essentially uncharged in
dodecane. However, the addition of 1 mM of AOT or 1.7 mM of Zr(Ort)2 affected the
electrophoretic mobility and zeta potential dramatically, with AOT reverse micelles
causing a large negative charge and Zr(Ort)2 micelles a large positive in the case of added
Zr(Ort)2 micelles, as shown in Figure 3-2. However, the colloidal particles remained
essentially uncharged upon addition of PHSA-PMMA. Note that for each micellar system,
the surface potential was independent of the inverse Debye length or equivalently the
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surfactant micellar concentration. Despite the micelles of AOT, Zr(Ort)2 and PHSAPMMA being chemically different, the oppositely charged species were formed with
equal probability. In view of the independence of surface potential on the added
surfactant concentration, it was hypothesized that micelles of both signs of the charge
adsorb to the particle surface as illustrated in Figure 3-3. The mechanism of dissociation
or adsorption of a single species proposed before is inconsistent with their experimental
observation of a constant surface potential. However, there is still no model for the
respective adsorption isotherms that would explain the experimental data.
In either case, the mechanism of surface charging remains unclear, and there are
many open questions. If the notion of the dissociation of surface bound groups is correct,
are neutral micelles necessary as counterion acceptors? Or, if asymmetric adsorption of
charged micelles explains the different surface charge in the presence of various kinds of
surfactant, how does the preference for micelles of one sign of charge arise? Do these
proposed mechanisms for surface charging both occur, possibly simultaneously in the
same systems, since oppositely charged micelle pairs and neutral micelles always
coexist? Can the immersed solid surface get charged in the absence of micelles, due to
molecularly dissolved surfactant molecules only? (Previous studies [25, 26] suggest that
conductivity effects occur in surfactant solutions below the CMC, surface charging does
not.) Finally, is there any other mechanism to describe the charging effect to the nonpolar colloidal suspensions?
Besides the two widely debated charging mechanisms, the acid-base interaction
between particle surfaces and surfactants pointed out by Fowkes [17-19] is drawing more
attention. This mechanism involves the acid-base charge transfer between particle
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(surface functional groups or particle materials) and participating surfactant aggregates
(complex or micelle). The acid-base interaction to explain the particle charging in
nonpolar media will be introduced in more detail in the following section.
3.1.3

Acid-base interactions
The concept of acid-base interaction involves the transfer of protons or electrons

between the acid and basic species. The acid species is defined to be a molecular entity
(and the corresponding chemical species) that would donate protons or accept electrons,
while the basic species is defined as the one that would donate electrons or accept protons.
The acid-base properties of interacting molecules as a key to predicting and
understanding the formation of an adhesive bond was proposed by Fowkes and
coworkers beginning in the 1960s [19, 27, 28].
Some compounds could be both acid and base (in the Bronsted or Lewis sense),
such as water, because they are able to either accept or donate protons or electron pairs.
In most cases, the proton or electron transfer between interacting molecules is not simply
determined by an absolute classification as acid or base, but determined by the
comparison of the acid-base properties of the interacting species. For instance, a surface
with high basicity (such as the PMMA particles used in the research described below) is
most likely to exchange charge with a species of high acidity, where high acidity does not
preclude high basicity of the same molecule. Note that it is often unclear whether electron
or proton transfer is responsible for the charge exchange [20].
In aqueous dispersion, the acid-base interaction as the driving force for charging
is known where the hydroxyl groups on the surface of immersed solid particles are
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charged with the surrounding solution. The inherent acidity or basicity of the composition
of the particles, surface appending groups, and the pH of the water solution determine the
polarity and magnitude of charge on the particle surface.
It is not well understood whether this acid-base interaction can be correlated to
surface charging in nonpolar dispersion, more specifically, in the presence of surfactants
in the nonpolar solution. Proponents of this idea [26] claim that the polarity and
magnitude of surface charge in these systems are determined by the relative acidity (or
basicity) of the particle and surfactant in the mechanism of acid-base charge transfer
process.
The sign and magnitude of the particle electrophoretic mobility or zeta potential
are always used to characterize the surface charging. However, the dependence of zeta
potential on surfactant concentration is not settled. The zeta potential is reported as
constant [23, 24], monotonically increasing [29] or decreasing [21], switching sign [22],
or going through a maximum value as the surfactant concentration increases [30-33]. The
inconsistency of these results is partly due to a lack of consistency in the choice particle
materials (particle matrix materials and surface groups), charge-stabilizing solutes
(surfactants in these cases) and solvents, and to a limited range of surfactant
concentration.
Poovarodom and Berg [26] studied surface functionalized silica particles and
compared the effects of Span 80 (an acidic surfactant) and PIBS (polyisobutylene
succinimide, a basic surfactant) in nonpolar silica particle dispersions. The acid-base
properties of surface functionalized silica particles and surfactants had a direct effect on
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the magnitude of the resulting surface potential. No particle charging was detected at low
surfactant concentrations, but around and above the CMC, Span 80 led to positive
particle charging regardless of the surface characteristics, whereas the presence of PIBS
invariably resulted in negatively charged particles; this behavior was attributed to the
acidic (Span) and basic (PIBS) nature of the surfactants. Furthermore, the degree of acidbase charging is also determined by the relative acid-base properties between the
interacting species. In the presence of acid surfactant Span 80, the basic groups
functionalized silica particle obtained a large positive surface charge; in contrast, the
acidic silica particle only showed a small positive surface charge because compared to
Span 80 the acidic silica particle still had a higher ability to donate electrons (or accept
protons). This acidic surfactant (electron acceptor or proton donor) conducts an acid-base
driven charge transfer, leaving a positive surface charge on the silica particles, and
similarly the basic surfactant leaves a negative particle surface charge. From the results of
functionalized silica particles, the magnitude of surface charge depended on the relative
acidity of the particle compared to the surfactants.
To test the hypothesis of acid-base interactions as the origin of particle charges in
nonpolar media, a systematic study accounting for the chemistry of surface headgroups,
the nature of the particle material and surfactant, a large range of surfactant
concentrations, and a potential influence of the applied electric field is necessary.
The section “Experiments and Discussion” in this chapter describes experiments
to compare the acid-base properties of the particles and the surfactants and finds some
support for the theory of acid-base driven charging in nonpolar media. Acid-base driven
charging could represent a method to predict and control the immersed solid surface
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charging in nonpolar dispersions.
3.1.4

Electrostatic particle interactions
For charged particles in dispersion, the interaction depends strongly on both

surface potential and ionic concentration in solution. Thus, electrostatic particle
interactions provide an opportunity for independent measurements to understand
charging phenomenon, besides the conductivity measurements and electrophoresis
analysis.
The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [34, 35] was developed
to explain colloidal stability and analyze the electrostatic interactions between the
immersed charged surfaces in aqueous solutions. It combines the effect of van der Waals
forces and electrostatic double layer forces.
The stability of aqueous colloidal dispersion is controlled by both free ions in the
bulk phase and the charge on the particles surface. The pair-particle interaction energy,
, between two equally-charged particles immersed in solution can be expressed by
the well-know screened-Coulomb interaction potential [36]:

exp
where

is a function of conductivity and

length, e is the elementary charge,

Equation 3-1

is known as the Debye-Huckel screening

is the (effective) number of elementary charges per

particle, r is the distance away from the particle surface, and

is the radius of the

spherical particle. The first term on the right side of the Equation 3-1,
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, is the

classical Coulomb term for point charges; the second,
the finite particle size; the third, exp

, is a correction for

, is the screening term.

Equation 3-1 is derived from a linearized theory accurate only for weakly charged
is interpreted not as the actual

particles, but applicable much more generally if

particle charge, but a renormalized lower “effective” charge (hence the asterisk).In
particular when the particle size is much larger than the screening length, as it often
happens in aqueous media, the effective surface charge can be significantly smaller than
the actual surface charge, but for nonpolar dispersions such renormalization effects are
typically small and the distinction between true and effective charge is unnecessary.
In the colloidal system, the Debye length is defined as
⁄2

,

Equation 3-2

where I is the ionic strength and NA Avogadro’s number, describing the screening of net
charge in solution. This Debye length is the decay length of the interaction energy,
electrostatic potential, and the ion concentration in the counterion atmosphere. The ionic
strength, I, is set by the concentration of ions in the bulk fluid far away from the surface,
and affects the Debye length, as can be seen from Equation 3-2, through the scaling,
/

. A large concentration of ions in the bulk fluid (a small Debye length)

effectively “screens” the electrostatic interaction between charged surfaces. The spatial
dependence of the electrostatic interaction therefore attracts particular interest.
While the important role of electrostatic interactions in aqueous colloidal
dispersions has long been appreciated, their relevance to nonpolar suspensions remains
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unclear. Conventionally, it is believed that in nonpolar liquids the electrical double layer
and surface charge are not significant, because ions are expected to have very low
solubility. Yet, there is solid proof of surface charging in contact with nonpolar liquids in
the presence of surfactants [20]. Even if the occurrence of some surface charge is
accepted, it is unclear whether this charge leads to significant electrostatic interaction,
and if so, how this interaction decays as a function of surface separation. Given the ion
paucity of nonpolar solutions, one might doubt that the familiar concepts of charge
screening by mobile ions are applicable here, and evidence for both screened [23] and
unscreened interaction [31] has been reported.
A good understanding of charge formation in bulk solution and the mechanism of
surface charging builds the base of analyzing the electrostatic interaction of colloidal
dispersions by controlling the electric properties and modifying the immersed solid
surface. The observation of electrostatic repulsion between pair particles via added
surfactants should provide solid evidence of surface charging in nonpolar liquids.
As mentioned before, the screened-Coulomb expression of DLVO theory
describes the particle interactions very well in aqueous dispersion. We would like to put
efforts here to explore whether surface charging and charge screening in nonpolar
solutions could also be elucidated in the framework of screened-Coulomb interaction.
The measured interactions give information about the surface charge density and
concentration of charged species in the solution, as they have done in aqueous systems.
More importantly, the measurements under different surface and solution conditions can
provide us valuable clues about the charging mechanism in nonpolar media, and the
better-understood electrostatic interactions allow us to build a theoretical model
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describing the stability of colloidal dispersions. We are going to discuss the electrostatic
pair interaction of particles in our nonpolar dispersions and relate it to our surface
potential and conductivity measurements.
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3.2
3.2.1

Materials and methods
Surfactant solutions
Surfactant solutions are prepared in the same way as the ones described in section

2.2.1. After overnight mixing, the solutions are stable and transparent. All surfactant
solutions are allowed to equilibrate for 1 day prior to use. All experiments are performed
in a thermostated environment at 22

0.5

.

The surfactants include AOT and Span 85, purchased from Sigma-Aldrich and
used without further purification. The nonpolar solvents hexane (BDH, ACS grade) and
decane (Sigma-Aldrich, > 99%) were chosen for their very low dielectric constants (ε =
1.9 for hexane and 2.0 for decane) and for their relatively large refractive index mismatch
with surfactant solutes and dispersion particles of interest.
3.2.2

Particle dispersions via solvent swap
Nonpolar dispersions were obtained by transferring commercially available

particles in Table 3-1 from aqueous dispersions into the target alkanes via a multi-stage
solvent swap. Polymethyl methacrylate (PMMA) sulfate particles (Bangs Laboratories; I
diameter 0.11 μm: product no. PP02N/5814; II 0.52 μm: PP02N/8813; III 1.08 μm:
PP04N/6896), polystyrene (PS) sulfate particles (IV; invitrogen Molecular Probes, Inc.; 1
μm: product no. S37498/456091), PS carboxyl particles (V; invitrogen Molecular Probes,
Inc.; 1 μm: product no. C37274/832532), and PS amidine particles (VI; invitrogen
Molecular Probes, Inc.; 1 μm: product no. A37322/807567) were originally delivered as a
dispersion in deionized water. Ultrapure water with a resistivity of 18.3 MΩ · cm
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(Barnstead) and isopropanol (Sigma-Aldrich, >99.5%) were used in the solvent swap step
as described below.
Table 3-1 Different types of particles. The diameter of various particles: I – 0.11μm; II 0.52 μm; III – VI 1μm.
Surface group
Sulfate Carboxyl Amidine
Material
PMMA

I, II, III

Polystyrene

IV

V

VI

In order to transfer these particles into nonpolar solvents, a solvent swap is carried
out as follows: an aliquot of aqueous dispersion is diluted with a1:1water/isopropanol
mixture and centrifuged at 3500 r/min for 10 minutes. The clear supernatant is discarded,
the dense bottom phase collected and diluted with pure isopropanol. After sonication for
about 30 seconds, the concentrated particles are again dispersed. Centrifugation, disposal
of the supernatant, redispersion of particles, and sonication were repeated three times and
the dispersant exchanged for pure isopropanol, 1:1 isopropanol/surfactant in alkane
solution, and eventually pure alkane/surfactant solutions. Since isopropanol is miscible
with both water and alkanes, transfer through this intermediate circumvented the
challenge of crossing a phase boundary without irreversible particle aggregation and
reduced the residual water content to a minimum. In the last step, the surfactant
concentration is adjusted to its target value by dilution or further addition of surfactant. If
particles are transferred into surfactant-free alkane, the resulting dispersion is observed to
be unstable and aggregate fast and irreversibly. The presence of surfactant at some
fraction of the CMC, however, guarantees the monodispersity and colloidal stability of
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the final nonpolar dispersions as confirmed by microscopy and light scattering.
3.2.3

Karl Fischer Titration
This technique was previously introduced in Section 2.2.6. In this part, we use

Karl Fischer titration (TitroLine KF, SCHOTT) to determine the water contents of the
colloidal dispersions obtained from the solvent swap.
3.2.4

Electrophoretic mobility and zeta potential
Phase analysis light scattering (PALS) [37, 38] was used (Malvern Zetasizer Nano

ZS90) to determine the electrophoretic mobility and the respective zeta potential of the
dispersed particles [39, 40]. A dip cell provided by Malvern is designed specifically for
measurements in nonaqueous environment. It consists of a glass cuvette with square
cross-section as the sample container and a unit dipped into the glass cuvette that
introduces the external electric field between the two planar palladium electrodes
separated by 2 mm. Prior to each measurement, the dip cell electrodes and glass cuvette
were sonicated in methanol, carefully cleaned and dried, and rinsed with the target
solution. We confirmed that the measured electrophoretic mobility was insensitive to the
particle number density in our experiments. In order to observe particle motion in highly
nonpolar dispersion, a large electric field is usually required in electrophoresis
experiments. As a result, the particles’ response to the field can become nonlinear and the
apparent electrophoretic mobility a function of the field strength [41], which makes it
questionable in our view draw conclusions from the measured raw mobilities about the
particle charge in the absence of a field, as is often done in the literature [26, 42]. We
indeed found the field-dependent effects in many of our samples by the systematic
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mobility variation with the applied electric field. To avoid misinterpretations, we
extrapolated the measured electrophoretic mobility to zero field strength, as discussed in
the Results section.
3.2.5

Electrostatic interaction measurements
In collaboration with Carlos Espinosa [43], independent evidence of surface

charging and charge screening in nonpolar dispersion via surfactants was obtained by
measuring the particle interaction through statistical analysis of equilibrium particle
configurations. Particle tracking video microscopy as first described by Crocker and
Grier [44] is used to locate particle positions, from which the pair interaction energy as a
function of particle separation is inferred using an implementation of liquid structure
analysis first discussed by Behrens and Grier [45]. In this part of the research, I was in
charge of training Carlos and providing the nonpolar dispersions and their
characterization, and contributing the conductivity and electrophoresis data. Carlos
carried out the interaction measurements and computational modeling. Then we were
both involved in interpreting the interaction results for systematic study of particle
charging and charge screening in nonpolar media. The scheme of the entire process of
pair interaction measurement is shown in Figure 3-4 (below).
The pair interaction of 1.08 μm PMMA particles in nonpolar dispersions was
studied by analysis of quasi-2-dimensional equilibrium particle configurations [23].
Dispersions are confined in a narrow gap between two almost parallel glass coverslips
(18 mm × 18 mm) spin-coated on their facing surfaces with a thin (0.1 μm) layer of
PMMA. The confining gap is created by placing the coverslips together, with a 15 μm
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poly(ethylene terephthalate) spacer on one side, and sealing the two contacting sides with
a UV-curable epoxy adhesive (NOA 71).This thin, wedge-shaped sample cell is filled,
through the open sides, with a nonpolar dispersion of interest and placed horizontally into
a glass dish with a thin bottom made from a larger coverslip. The dish is then filled to a
level well above the glass wedge with more of the same dispersion (a sample “bath”) and
covered with a glass lid to prevent solvent loss by evaporation. Particles confined in the
wedge, as shown in the upper left of Figure 3-4, are imaged with a long working distance
40×/0.6 NA air objective on an inverted microscope (Nikon Eclipse TE2000-E). [43]
A large number of images (typically 60,000 frames) showing on average 30-80
particles in a 28.8×103 μm2 field of view were recorded with a CCD camera at a rate of 1
frame/s, using the Nikon Perfect Focus system to automatically correct focus drift.
Particle positions in two dimensions are obtained from each image with sub-pixel
accuracy [44]. From these particle position the ensemble averaged 2-D radial distribution
function g(r) is computed [45]. This function, which contains valuable information about
the particle interaction, is defined as the average (2-D) particle concentration at distance r
from a randomly chosen central particle, normalized by the average particle concentration
of the entire system. The chosen number of frames and overall duration of our
measurements (60,000 s=17 h) guarantee that enough independent configurations were
sampled to keep the statistical error in g(r) below 7.5% when g(r) is evaluated at
separation intervals of 0.5 μm [45].
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The radial distribution function g(r) relates to the pair interaction energy u(r) in
the limit of infinite dilution via,
Equation 3-3
For finite particle concentration, these two terms are not related in a simple way,
but an excellent approximation to describe the long-range interactions can be expected
from the Ornstein-Zernike (OZ) integral equation combined with the hypernetted chain
(HNC) closure relation [46]. The interpretation of the interaction results and the
comparison between the conductivity data and electrophoresis measurements will be
discussed in the following section.

Figure 3-4 Scheme of pair interaction measurement through statistical analysis of
equilibrium particle configurations observed by video microscopy. [43]
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3.3

Results and discussions
Supported by the proof of charge induced by nonionic surfactant in nonpolar

liquids, we studied the electrophoretic mobility of suspended solid particles with the
participation of surfactants. The interaction measurements provided independent
evidence to further confirm the ability of nonionic surfactants as “charge control agents”.
In addition, the charging effects from various kinds of surfactants, polymer materials, and
particle surface groups were also studied to understand the charging mechanism in
nonpolar dispersion.
3.3.1

Particle stabilization mediated by surfactants
Electrophoresis measurements on two different types of PMMA particles (I and

II) were carried out both in aqueous solutions of sodium chloride, prepared by direct
dilution of the aqueous commercial dispersion, and in hexane solutions of Span 85,
prepared by solvent swap from the same dispersion.[43]
3.3.1.1

Electrophoresis in aqueous solutions
Figure 3-5 shows the electrophoretic mobility

in aqueous dispersions as a

function of NaCl concentrations [43]. The observed behavior is typical for polymer
particles that retain negatively charged sulfate groups on the surfaces from the initiator
used in the polymerization.
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Figure 3-5 Electrophoretic mobility and zeta potential in aqueous dispersions at varied
salt concentration for the two particle types with different diameter (I and II). Error bars
reflect standard deviations over five measurement runs.[43]

For convenience, Figure 3-5 also indicates the zeta potential
particles as given by the Smoluchowski expression

/

, where

of the different
is the dynamic

viscosity of the continuous medium. Strictly, this expression is valid only for the limit of
strong screening,

∞, whered is the particle diameter, and

is the inverse Debye length, determined by the number concentration
cations and anions in solution. For finite

/

4
and

of

, the classic theory by O’Brien and White [1]

shows a nonlinear relation between μ and ς, which is not even monotonic for very
strongly charged particles [47]. Still, for the system at hand, we can expect the ς-scale
shown in Figure 3-5 to correctly capture the qualitative features and the general
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magnitude of the zeta potential.
The observed decrease in absolute values in the electrophoretic mobility and zeta
potential, less negative and less positive in respective type of surface charge, with added
salt is typical of electrostatic screening.
Measured differences between the two particle types in Figure 3-5 may have
several origins: apart from the size difference, particles may have a different surface
density of sulfate groups, and the 0.52 μm particles come with a small amount of the
antimicrobial additive sodium azide, whereas the 0.11 μm particles do not. We shall see
below that none of these differences appear to affect the particles’ electrophoretic
mobility in nonpolar solutions.
3.3.1.2

Electrophoresis in nonpolar surfactant solutions
PMMA sulfate particles from the same two original aqueous dispersions were

transferred into Span 85/hexane as described before and found to form a stable dispersion
above a minimum surfactant concentration of 05.mM. DLS confirmed that the 0.52 μm
particles remained fully dispersed, whereas stable clusters around half a micrometer in
size were detected and possibly from during the solvent swap. Monitoring over a week
after transferring the particles into hexane solutions, no continued aggregate growth was
detected by DLS.
The concentrations of the target Span 85 in hexane solutions include the
surfactant molecules (or complex)-dominated regime below the CMC and the reverse
micelles-dominated regime above the CMC. The particles after solvent swap were fully
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and stably dispersed in the hexane/Span 85 solutions despite of their concentrations. We
measured the electrophoretic mobility of the two types of PMMA particles (I and II) at
different Span 85 concentrations with deliberate variation of the accelerating electric field,
shown in Figure 3-6. [43]

Figure 3-6 Electrophoretic mobility and apparent zeta potential (Huckel limit) of 0.11μm
(top) and 0.52 μm (bottom) PMMA particles (I and II) in hexane as a function of field
strength and Span 85 concentration. [43]
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The distinguished responsive behaviors of PMMA particles as a function of Span
85 concentration and applied field shown in Figure 3-6 indicate that the PMMA particles
in nonpolar dispersions have substantial electrostatic surface potentials, which are greatly
affected by the added surfactants and external field strength. The interpretation of the
results is explained as follows.
3.3.1.3

Voltage dependence and zero field electrophoretic mobility
In aqueous dispersion, a very small electric field is required to create significant

particle motion when there are plenty of free charge entities. A linear response of the
particle velocity to the applied field, which means a field-independent electrophoretic
mobility, is the premise of standard electrokinetic theory relating the induced particle
motion to the charging state of the dispersed particles in the absence of external fields.
For nonpolar systems, this premise should not be adopted blindly, because here
the electric field strengths necessary to induce measureable electrophoresis can influence
both the electrophoretic mobility [48] and solution conductivity [49] and lead to
measurement artifacts [41]. Data shown in Figure 3-6 demonstrate that the assumption of
a field-independent electrophoretic mobility would indeed be very wrong for our
dispersions. Especially at surfactant concentrations below the CMC of 10 mM Span 85,
the measured mobilities are seen to vary strongly, even nonmonotonically, with the field
strength. At the lowest Span 85 concentration of 0.5mM the mobility of both particle
types is field-dependent down to the weakest fields (2.5kV/m) applied in our study, and it
even reverses its sign around field strength of 50 kV/m (which is still a moderate value by
some standards [22, 41]). At high surfactant concentration, by contrast, the mobility is
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seen to be field-independent, in which case the solution environment is more like the one
of aqueous dispersions with plenty of free mobile ions. The measured electrophoretic
mobilities are also translated, in Figure 3-6, into apparent zeta potentials, using the
Huckel expression

1.5

/

, which is valid strictly in the limit of vanishing ionic

strength (κd = 0). [43]
In order to allow conclusions about the particles’ charging behavior without
applied external fields, we extrapolate the mobility data of Figure 3-6 to zero field
strength. Figure 3-7 shows this zero-field electrophoretic mobility and the corresponding
zeta potentials (Huckel limit) as a function of surfactant concentration. Some important
features are discussed next.

Figure 3-7 Zero field electrophoretic mobility and zeta potential (Huckel limit) of PMMA
particles (I and II) in hexane as a function of Span 85 concentration. Confidence intervals
are comparable to the marker sizes.[43]
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Although the particles I and II are negatively charged in aqueous dispersions
(Figure 3-5) the zero-field electrophoretic mobility and thus the particle charge is positive
in the entire range of surfactant concentrations (Figure 3-7). It is clear that the positive
particle surface charge in Span 85/hexane solution neither stem from the surface sulfate
group, nor from the adsorption and dissociation of surfactant molecules since Span 85 is
non-dissociable surfactant. Based on the hypothesis of an acid-base interaction between
the surfactant and the particle as the source for the charge transfer, PMMA is classified as
a basic polymer and Span 85 (sorbitan oleates family) as an acidic surfactant [26].
Relatively strong acid-base interaction between the PMMA particle and Span 85 can
occur even in very nonpolar solvents such as hexane. Although it is not clear whether the
transferred species is a proton or an electron [20], a charge transfer reaction predicted by
the acid-base concept could leave the immersed particle surface positively charged in
nonpolar surfactant solutions.
The zero-field mobility obtained (Figure 3-7) in Span 85/hexane solution is one
order of magnitude smaller than the mobility in aqueous solution (Figure 3-5). However,
the observed mobilities are fairly large compared to values reported for other nonpolar
systems [21-23, 26]. For nonpolar dispersions, the zeta potential is considered to
represent the electrostatic surface potential. [50] Figure 3-7 indicates the value of zeta
potential in the Huckel limit (κd = 0) as an approximation of the actual potential in the
present condition of small but finite values of κd.
It is important to know that in media of low permittivity substantial surface
potentials can be caused by a small number of surface charges. For low values of κd, the
particle charge Ze is related to the surface potential via
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Z

⁄

T

1

Equation 3-4

Application of Equation 3-4 with values κd <1 shows that the zeta potentials reported
in Figure 3-7 correspond to no more than a few tens of elementary charges per particle
because of the large

for the highly nonpolar solvent hexane.

The zeta potential is observed to decrease with increasing ion concentration in
both aqueous solution (Figure 3-5) and surfactant/hexane solution (Figure 3-7). The
potential drop in aqueous system is a common phenomenon, explained by the screening
of the surface charge by a dense atmosphere of indifferent electrolyte ions (NaCl). In
nonpolar system, the “ion atmosphere” surrounding the immersed particles is far more
extended at all experimental surfactant concentrations and composed of far fewer charged
species. The large zeta potential at very low Span 85 concentration below its CMC
suggests that individual surfactant molecules or some pre-micellar complexes, rather than
regular micelles, are involved in the generation of surface charge and in the initial
reduction of surface potential upon further surfactant addition.
Overall, the electrophoresis data for both types of PMMA particles (I and II) in
the nonpolar solvent are identical within the experimental uncertainty. Hence, the surface
charging in hexane/surfactant solutions appears insensitive to the differences in particle
size or surface headgroup density that distinguish the surface charging in aqueous media.
The opposite sign of surface charge compared to the aqueous dispersion indicates that the
surface charging is dominated by the addition of surfactants.
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3.3.2

Particle pair interaction
Electrophoresis and zeta potential measurements confirmed that the surface

charging in nonpolar dispersions is closely coupled with the addition of surfactants.
Particle interaction measurement provides independent evidence for the presence of
particle charge and of charged species in nonpolar solutions. [43]
PMMA particles III in hexane dispersion were obtained by solvent swap with
Span 85 concentration ranging from 0.7 mM (below the CMC) to 50 mM (above the
CMC). The particles were fully dispersed in the gap between two sandwiched PMMA
coated glass plates, and the spatial correlation for the dispersion particles was studied by
video microscopy, evaluated in terms of the radial distribution function g(r), and
converted into the pair interaction energy u(r).
The pair interaction energy profiles u(r) shown in Figure 3-8 were extracted from
the radial distribution functions by application of the OZ equation with the HNC closure
relation. The results shown in Figure 3-8 indicate a purely repulsive and long-range
interaction. The decay is therefore fitted with the screened Coulomb expression

u r

⁄

Equation 3-1

which constitutes the electrostatic component of the classical DLVO theory [34, 35]. The
lines in the inset of Figure 3-8 are best fits to Equation 3-1 and provide strong support for
a screened-Coulomb type interaction.
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Figure 3-8 Pair interaction energy as a function of inter-particle distance obtained from
the experimental radical distribution functions using the OZ/HNC formalism. Inset:
logarithmic representation of the data and best fits to the DLVO potential in Equation 31.[43]

The fitted parameters,

and

from the respective slope and interception in the

linear fit are listed in Table 3-2 with the sample concentration of Span 85. Here,

is the

effective number of particle charges, related to the effective surface potential

via

Equation 3-4.
As seen in Table 3-2, the Debye screening lengths observed in our experiments
are several micrometers, similar to those obtained in nonpolar solutions of ionizable
surfactants [25], yet far larger than values achievable in aqueous dispersions [51]. The
low effective particle charge and nonetheless substantial surface potential are again quite
typical of nonpolar dispersions, but the pronounced decrease in these properties with
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increasing surfactant concentration is noteworthy. We also note that the measured

is

somewhat lower and its drop even more pronounced than the previously discussed
electrophoretic data for smaller but otherwise similar particles (Figure 3-7) would have
led us to expect. A similar disagreement between surface potentials obtained through
electrophoresis and through interaction measurements has been reported for AOTstabilized dispersions [23]. In qualitative agreement with the previously discussed
electrophoresis measurements on similar particles, our interaction measurements suggest
a maximum in the particle charge well below the CMC.

Table 3-2 Fit parameters for the pair potential data presented in Figure 3-8. [43]
Surfactant
concentration
[mM Span 85]
0.7

Screening length

Effective charge
number

Effective surface
potential [mV]

7.0 ± 1.4

63 ± 9

82 ± 10

2

2.8 ± 0.7

49 ± 17

58 ± 17

10

1.5 ± 0.2

35 ± 3

36 ± 3

50

0.8 ± 0.1

21 ± 2

18 ± 1

Table 3-3 Conductivity and approximate ion size. [43]
Surfactant
concentration
[mM Span 85]
0.7

Electric
conductivity
[nS/m]
0.33 ± 0.05

Hydrodynamic
diameter
dH [nm]
1.5 ± 0.6

2

0.9 ± 0.08

3.4 ± 1.7

10

4.13 ± 0.15

2.6 ± 0.7

50

16.1 ± 0.5

2.3 ± 0.6
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From the fitted Debye lengths, the size of mobile ions in solution can be estimated
when combined with the conductivity results reported in Chapter 3. Disregarding, for
simplicity, any asymmetry in the size and concentration of the cations and anions, the
hydrodynamic ion diameter is calculated as Equation 3-5 and listed in Table 3-3.

dH

Equation 3-5

The resulting diameters agree, within the experimental uncertainty, with the micelle
diameter of 2.8 ± 0.2 nm determined by dynamic light scattering in Chapter 3, in the
regime above the Span 85 CMC in hexane. At the lowest surfactant concentration, in the
regime below the CMC, the estimated ion size is significantly smaller than a micelle,
which is consistent with the idea that the conductivity in this regime is due to a smaller
charged species, such as a small pre-micellar complex involving surfactant and an
ionizable impurity.
The particle pair interaction measurements show a good agreement of u(r) with
the DLVO potential down to the lowest concentration of Span 85 that results in robust
electrostatic stabilization. The decrease of screening length with the increase of surfactant
concentration indicates that Span 85 effectively screens the surface charge of the PMMA
particles by introducing more charged species. The estimated hydrodynamic size of
charged species in the range both below and above the CMC is consistent with the
experimental results from DLS and further confirms the complex role of Span 85 in
charging up the immersed particles and screening the surface charge.
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3.3.3

Variation of colloidal particles
The surface charging of electrostatic stabilized particles is directly related to the

interaction between particles and surfactant solutions in nonpolar media. To test the
hypothesis of acid-base interactions as the origin of particle charge, we varied the particle
material (using basic PMMA and neutral PS), the surface headgroups (using anionic
sulfate or carboxyl groups and cationic amidine groups) and the surfactant. Besides the
nonionic (but acidic) surfactant Span 85, we also used the anionic surfactant AOT in the
nonpolar solution and explored the similarity and difference between these two types of
surfactants in solid surface charging.
The selected particles are listed in Table 3-1. Prior to the comparison of different
types of particles in surfactant nonpolar solutions, the original charging states of the
particles were characterized in aqueous dispersion (pH around 6.2) in Figure 3-9. The
appending negatively (positively) charged sulfate or carboxyl (amidine) groups on
particle surfaces account for the negative (positive) particle mobility. For all particle
types the addition of ions in the form NaCl salt leads to screening of the particle charge
and a drop in the magnitude of the electrophoretic mobility for high salt
concentration. Figure 3-9 also shows the occurrence of a maximum in the (absolute)
mobility at low salt concentration, which is a well-known feature for large particles in
aqueous dispersion. It does not reflect a maximum in the particle charge or zeta potential,
but originates from a non-monotonic relation between mobility and zeta potential for
large but finite κd [47].
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Figure 3-9 Electrophoretic mobility and zeta potential of 1 μm particles in aqueous
dispersions at varied salt concentration for the four particle types with different polymer
materials (III and IV) and surface groups (IV, V and IV). Error bars reflect standard
deviations over five measurement runs.

3.3.3.1

Difference in polymer material
Keeping the surface group (sulfate) and particle size (1 μm) the same, we

compared the charging of PMMA particles (III) with the charging polystyrene particles
(IV) in Span 85/decane dispersion since polystyrene is considered to be Lewis neutral in
contrast with the basic PMMA polymer.
After transfer from the original aqueous dispersion, the particles were confirmed
by DLS to be fully dispersed in Span 85/decane solutions at the original size of 1 μm.
The field-dependent electrophoretic mobility of particle III (PMMA sulfate) is
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shown in Figure 3-10 and the corresponding zero-field mobility and zeta potential in the
Huckel approximation are shown in Figure 3-11. Similarly, the field-dependent
electrophoretic mobility and extrapolated mobility results of particle IV (PS sulfate) are
shown in Figure 3-12 and Figure 3-13, respectively.
In Figure 3-10 and Figure 3-12, important trends in the dependence of
electrophoretic mobility on applied electric field and surfactant concentration are
consistent with the previously reported trends for particle I and II (smaller PMMA sulfate
particles). At low concentration of Span 85 in decane, the particles’ mobility is again
strongly dependent on the applied voltage. This dependence gradually disappears when
increasing surfactant concentration introduces more mobile charged species and makes
the surroundings of the immersed particles resemble more closely the ion bath of an
aqueous dispersion.
The electrophoretic mobility obtained by extrapolation to zero field strength
reflects the zeta potential and the surface charging in the absence of an applied voltage.
The PMMA particles III have positive surface charge in the entire range of surfactant
concentrations (Figure 3-11), whereas and the polystyrene particles IV have slightly
negative surface charge at the lowest surfactant concentration and switch to positive
charge at higher surfactant concentration (Figure 3-13), although both of particles III and
IV are negatively charged in aqueous dispersions (Figure 3-9). The electrophoretic
mobility of particle III is generally larger than that of particle IV.
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Figure 3-10 Electrophoretic mobility of 1μm PMMA particles with sulfate group (III) in
decane as a function of field strength and Span 85 concentration.
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Figure 3-11 Zero field electrophoretic mobility and zeta potential (Huckel limit) of
PMMA particleswith sulfate group (III) in decane as a function of Span 85 concentration.
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Figure 3-12 Electrophoretic mobility of 1μm polystyrene particles with sulfate group (IV)
in decane as a function of field strength and Span 85 concentration.

-30

-0.04

0

10

20

30

40

50

60

CONCENTRATION CSpan 85 / mM

Figure 3-13 Zero field electrophoretic mobility and zeta potential (Huckel limit) of
polystyrene particles with sulfate group (IV) in decane as a function of Span 85
concentration.
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The observed differences in between these two particle types can be explained by
the acid-base properties of the polymer materials. While Span 85 is considered to be a
Lewis acid, and PMMA with its electron-rich carbonyl group is a Lewis base, whereas
polystyrene has neither strong acidity nor strong basicity. In the dispersion of particle III,
Span 85 and PMMA therefore should have stronger acid-base interaction, with PMMA as
the electron donor (or proton acceptor) becoming positively charged. By contrast, Span
85 and polystyrene are expected to have weaker acid-base interaction, which would
explain the generally weaker positive charging of particle IV in the nonpolar dispersion.
The observed evidence of negative charge on these particles at the lowest Span 85
concentration cannot be explained by the acid-base interaction between the surfactant and
the polymer, but may suggest an influence of the sulfate headgroups. It has been
proposed in the literature that a small number of surface headgroups can dissociate in
nonpolar liquids as they would in water, and that even immeasurably small amounts of
water at the particles surface might promote this dissociation [20].
We therefore hypothesize that the sign of surface charge is determined by the
competition of surface group dissociation and acid-base interaction. According to this
hypothesis, at the lowest surfactant concentration, the negative charge on particle type IV
(PS) brought about by the dissociation of surface sulfate groups outweighs the positive
charge introduced by the acid-base charge transfer at the lowest surfactant concentration,
where fewer acidic surfactant molecules are available. At higher surfactant concentration,
the charge transfer between surfactant and polymer is more significant, which leaves the
surface positively charged. In the dispersion of the basic PMMA particles (type III),
however, the stronger acid-base interaction masks the surface group dissociation even at
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the lower surfactant concentrations, making the surface positive throughout the entire
range of concentrations.
3.3.3.2

Difference in surface group
To further test our hypothesis regarding the influence of particle surface

headgroups, we compared the 1 μm polystyrene particle (IV - VI), to maintain similar
acid-base interaction, with different surface groups.
In aqueous dispersion (Figure 3-9), sulfate and carboxyl groups dissociate to
create a negative particle charge, whereas amidine groups protonate and cause a positive
charge. The corresponding behavior in the nonpolar dispersions, obtained by solvent
swap, is discussed next.
The field-dependent electrophoretic mobility of particle V (PS carboxyl) is shown
in Figure 3-14 and zero-field mobility and zeta potential at Huckel limit are shown
in Figure 3-15. Similarly, the field-dependent electrophoretic mobility and extrapolated
mobility results of particle VI (PS amidine) are shown in Figure 3-16 and Figure 3-17,
respectively.
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Figure 3-14 Electrophoretic mobility of 1μm polystyrene particles with carboxyl group
(V) in decane as a function of field strength and Span 85 concentration.
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Figure 3-15 Zero field electrophoretic mobility and zeta potential (Huckel limit) of
polystyrene particles with carboxyl group (V) in decane as a function of Span 85
concentration.
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Figure 3-16 Electrophoretic mobility of 1μm polystyrene particles with amidine group
(VI) in decane as a function of field strength and Span 85 concentration.
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Figure 3-17 Zero field electrophoretic mobility and zeta potential (Huckel limit) of
polystyrene particles with amidine group (VI) in decane as a function of Span 85
concentration.
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The polystyrene carboxyl particles V (Figure 3-15) have slightly negative surface
charge at low surfactant concentration and become positively charge at higher surfactant
concentration, in close resemblance to the sulfate particles IV (Fig 3-13). The polystyrene
amidine particles VI, by contrast, have positive surface charge in the entire range of
surfactant concentrations (Figure 3-17).
The extrapolated electrophoretic mobility results of the four types of particles (III,
IV, V, and VI) in decane/Span 85 solutions are summarized to plot in Figure 3-18, by the
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Figure 3-18 Summary of the zero field electrophoretic mobility and zeta potential
(Huckel limit) of PMMA particle with sulfate group (III) and polystyrene particles with
different surface group (IV, V, and VI) in decane as a function of Span 85 concentration.
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We see that in the regime of high surfactant concentration, where we suspect acidbase interactions between the particles’ polymer material and the surfactant to dominate
particle charging, all the tested particle types are positively charged in decane, and that all
PS based particles appear to converge towards the same surface charge as the surfactant
concentration increases, whereas the positive charge on the PMMA surface remains
larger as one might expect, given the stronger acid-base interaction between PMMA and
Span 85. We conclude that the surface charging is likely dominated by the acid-base
interaction between the polymer material and surfactant in the presence of high
concentration of surfactant.
At lower surfactant concentration in the nonpolar dispersion, the sign of surface
charge appears to be determined by a balance of surface group ionization and charge
transfer due to acid-base interaction between the surfactant and the particle material. At
the lowest surfactant concentrations, surface group ionization can fully account for the
sign of charge of the PS particles, and only the PMMA particles remain positively
charged despite their sulfate surface groups, suggesting that charging mediated by acidbase interaction with the surfactant still dominates for these strongly basic particles.
While the observed signs of charge can tentatively be explained in the interplay of
surface group ionization and acid-base charge transfer with the surfactant, variations in
the magnitude of charge (or zeta potential) with the surfactant concentration must also be
influenced by charge screening. In light of the observed surfactant mediated conductivity
increase in nonpolar solutions and the screened Coulomb type interaction found in
particle dispersions, it seems very reasonable to credit surface charge screening by an
increasing number of mobile charges in solution for the mobility decrease with increasing
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surfactant concentration observed for the always positively charged PS amidine and
PMMS sulfate particles.
We conclude that the sign and magnitude of surface charge can be rationalized
qualitatively by a joint consideration of surface group dissociation, charge transfer
between the polymer material and surfactant complex due to acid-base interaction, and
the screening of surface charges by mobile charges in the surfactant solution. As seen in
Chapter 2, such mobile charges are generated even in the absence of particles,
presumably by charge disproportionation of reverse surfactant micelles and possibly of
smaller surfactant complexes involving ionizable impurities.
Overall, Span 85 a supposedly nonionizable surfactant, is seen to contribute
greatly to bulk charging, surface charging and charge screening in nonpolar dispersion.
3.3.4

Variation of surfactants
In Chapter 2, we have confirmed that the mechanism by which nonpolar solutions

of the nonionic surfactant Span 85 develop mobile charges is different from the charging
mechanism in solutions of the ionic surfactant AOT. While the conductivity of Span 85
solutions shows the scaling with surfactant concentration indicative of charging by a
disproportionation reaction both above and below the CMC, the conductivity of AOT is
consistent

with

charge

dissociation

of

AOT

molecules

below

and

charge

disproportionation of AOT reverse micelle above the CMC.
Aside from the ability to ionize by dissociation, AOT also differs from Span 85 in
both the capability to solubilize water in nonpolar solution and the acid-base property as
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AOT considered being a neutral surfactant. In this part of the thesis, we investigate the
effects of AOT on the charging of particles in nonpolar dispersion and obtain additional
clues about the charging mechanism.
We used the same types of PMMA particle (III) and polystyrene particles (IV, V,
and VI) introduced previously, and now transferred, by solvent swap, into decane/AOT
solutions. Electrophoresis measurements were carried out in complete analogy to the
procedure for the Span 85 systems.
The field-dependent electrophoretic mobility of particle III in decane dispersion in
the presence of AOT is shown in Figure 3-19; the extrapolated zero-field mobility and
zeta potential (in the Huckel approximation) of particle III are shown in Figure 3-20.
Similarly, the field-dependent electrophoretic mobility and extrapolated mobility results
in decane/AOT solutions are shown in Figure 3-21 and Figure 3-22 for particle IV,
in Figure 3-23 and Figure 3-24 for particle V, and in Figure 3-25 and Figure 3-26 for
particle VI, respectively.
A general trend of a strongly field strength dependent electrophoretic mobility at
low surfactant concentration and field insensitive mobility at high surfactant
concentration, seen in Figures 3-19, 3-21, 3-23, and 3-25, is consistent with the previous
observations for the same particles in Span 85/decane solution.
In low AOT concentration (low ionic strength) the diffuse part of the electric
double layer consists of few, widely spaced counterions, and so the intrinisic electric field
near the surface is relatively weak. Therefore, the externally applied field is more than
just a weak perturbation and the response to it in terms of particle velocity becomes
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nonlinear. At high AOT concentration, by contrast, the excess of charged AOT reverse
micelles increases the ionic strength in the solution, and the electrostatic potential drops
now from its value at the particle surface over a much shorter Debye length; therefore the
intrinsic field strength in the diffuse layer, which is on the order of κζ, becomes much
larger, and the externally applied field only leads to a linear response in particle velocity,
i.e. a field independent mobility.
The extrapolated electrophoretic mobility results of the four types of particles (III,
IV, V, and VI) in decane/AOT solutions are summarized to plot in Figure 3-27.
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Figure 3-19 Electrophoretic mobility of 1μm PMMA particles with sulfate group (III) in
decane as a function of field strength and AOT concentration.
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Figure 3-20 Zero field electrophoretic mobility and zeta potential (Huckel limit) of
PMMA particles with sulfate group (III) in decane as a function of AOT concentration.
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Figure 3-21 Electrophoretic mobility of 1μm polystyrene particles with sulfate group (IV)
in decane as a function of field strength and AOT concentration.
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Figure 3-22 Zero field electrophoretic mobility and zeta potential (Huckel limit) of
polystyrene particles with sulfate group (IV) in decane as a function of AOT
concentration.
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Figure 3-23 Electrophoretic mobility of 1μm polystyrene particles with carboxyl group
(V) in decane as a function of field strength and AOT concentration.
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Figure 3-24 Zero field electrophoretic mobility and zeta potential (Huckel limit) of
polystyrene particles with carboxyl group (V) in decane as a function of AOT
concentration.
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Figure 3-25 Electrophoretic mobility of 1μm polystyrene particles with amidine group
(VI) in decane as a function of field strength and AOT concentration.
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Figure 3-26 Zero field electrophoretic mobility and zeta potential (Huckel limit) of
polystyrene particles with amidine group (VI) in decane as a function of AOT
concentration
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Figure 3-27 Summary of the zero field electrophoretic mobility and zeta potential
(Huckel limit) of PMMA particles with sulfate groups (III) and polystyrene particles with
different surface group (IV, V, and VI) in decane as a function of AOT concentration.

The PMMA particle III (Figure 3-20) and polystyrene particles IV (Figure 3-22)
and V (Figure 3-24) have negative surface charge in the entire range of AOT
concentration, as they do in aqueous dispersions (Figure 3-9). However, the polystyrene
particle with amidine surface group VI (Figure 3-26), which is positively charged in
aqueous solution (Figure 3-9), shows hardly any charging in AOT/decane, with a barely
resolved trend indicating a possible transition from weak positive charging at low AOT
concentration to very weak negative charging at high AOT concentration.
To explain these results, we considered the combination of three factors including
the dissociation of surface group, the dissociation of adsorbed AOT molecules, and acid-
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base interaction.
Compared to the acidic surfactant Span 85, AOT is known to be Lewis neutral so
that it has weaker acid-base interaction with the basic PMMA particle and negligible
acid-base interaction with the neutral polystyrene particles. Thus, acid-base interactions
could possibly contribute some positive charge to the PMMA particles, but should have
no significant impact on the surface charge of the three polystyrene particles. Charging
mechanisms equally plausible for all particle types involve the dissociation of either
surface groups (anionic for particle IV and V, cationic for particle VI), or of adsorbed
AOT (anionic) molecules.
The different acid-base properties of PMMA and polystyrene would indeed
explain why the basic PMMA sulfate particle III, systematically acquires less (negative)
charge than its (neutral) PS counterparts with anionic surface groups, particles IV and V.
For polystyrene particle VI, the very slight positive charge at low AOT concentration
presumably comes from the dissociation of surface amidine group.
In addition, AOT, as an ionic surfactant, can dissociate to generate a sodium ion
(positive) and a hydrophobic part (negative). As AOT concentration increases in the
decane dispersion, the hydrophobic parts from the AOT dissociation adsorb onto the
hydrophobic polystyrene particles and bring negative charge onto the particle surface. As
a result, the surface charge turns to (very slightly) negative in the regime of higher AOT
concentration.
Based on the above arguments, one might expect an even stronger dependence of
the PS amidine particle charge on AOT concentration. Moreover, one might expect that
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at high AOT concentration, the contribution of adsorbed, negatively charged surfactant
should dominate the charging of PS particle in the same way that acid-base interaction
with the acidic surfactant appeared to dominate charging at high concentrations of Span
85 in decane, and that differences between PS particles with different surface groups
would again become small. Figure 3-27, however, suggests otherwise: the charging of PS
amidine (type VI) and PS sulfate (IV) or PS carboxyl (V) particles remains substantially
different even at high AOT concentration. The reason, we hypothesize, may be that the
addition of the hygroscopic surfactant AOT increases not only the amount of negatively
charged surfactant molecules, but also the amount of water, which in turn promotes the
ionization of the particle surface groups. In the case of PS amidine particle (VI), the
increase in negative surface charges due to adsorbed, dissociated AOT would be partly
compensated by an increased number of amidine groups that charge positively thanks to
the increased water content. The effect of water is considered more closely in the
following section.
3.3.5 Effects of residual water
Since the dissociation of surface group is important in affecting the surface charge,
it is important to quantitatively know how much water is dissolved in the nonpolar
dispersion. We did not attempt to the notoriously difficult task of eliminating water from
our systems, but instead used the Karl-Fischer titration to determine precisely the amount
of water left in our samples.
For the pure solvent, hexane or decane, we confirmed that the water content in the
purchased solvent is below 0.003 wt%. For the nonpolar dispersion, since all the steps of
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the solvent swap were carried out in the same way and by the same person, we
considered the operation error to be consistent for all the samples. Water from the
addition of surfactants was expected to be proportional to surfactant concentration. The
water contents for selected particle dispersion samples after solvent swap are plotted and
shown in Figure 3-28 and Figure 3-29 in the presence of Span 85 and AOT, respectively.
The comparison between these two surfactants is shown in Figure 3-30.
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Figure 3-28 Water content (wt. %) in the final sample of particle dispersion after solvent
swap as a function of Span 85 concentration.
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Figure 3-29 Water content (wt. %) in the final sample of particle dispersion after solvent
swap as a function of AOT concentration.
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Figure 3-30 The summary of water content (wt. %) in the final sample of particle
dispersion after solvent swap as a function of surfactant concentration.

The water contents in the final particle IV and V dispersions in Span 85/decane
are roughly constant and below 0.008 wt% in the entire range of Span 85 concentration
(Figure 3-28). The average results and standard deviation are from three independent
measurements. The independence between water content and Span 85 concentration
indicates that Span 85 only introduces very little water, within the combined tolerance of
preparation. The small increase of water content compared to the pure solvent decane can
be credited to the multiple steps of solvent swap. Thus, we assume that the other types of
Span 85/decane dispersion have similar amounts of water left in the final samples,
regardless of how much Span 85 is added into the dispersion.
By contrast, the water contents in the final particle III and VI dispersions in
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AOT/decane are independent of the particle type, but highly dependent on the AOT
concentration (Figure 3-29). Again, the average results and standard deviation are from
three independent measurements. The raise in water content with the increase of AOT
concentration proves that water is introduced directly by the addition of AOT. We also
consider that the other types of AOT/decane dispersion have similar amount of water left
in the final samples if the concentration of AOT is the same.
According to Figure 3-30, the amount of water in AOT/decane dispersions is
generally much higher than that in Span 85/decane dispersions. This is consistent with the
well-known, much larger hygroscopy of AOT. The increased water content upon addition
of AOT presumably promotes the dissociation of surface groups, which explains these
groups appear more important for particle charging in nonpolar solutions of AOT than in
nonpolar dispersions of Span 85. In conclusion the measurements of water content
provide further support for the proposed interplay of surface charging mechanisms
involving the surfactant, the particle material, and the particles’ surface groups.
3.3.6
3.3.6.1

Other effects
Order of contact: surfactant molecules vs. reverse micelles
From the results above, we found that the surface charging and charge screening

is closely associated with the addition of surfactants: not only can reverse micelles affect
the surface charge on the immersed particle in nonpolar solution, but sub-micellar
surfactant concentrations can also contribute to the surface charging. We further
investigated, whether a particle’s history of surfactant exposure influences its charging
state, too. We usually transfer the particles from aqueous dispersion to nonpolar solution
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with very low surfactant concentration, and then achieve the target surfactant
concentration by dilution of the concentrated particle dispersion with a solution of higher
surfactant concentration. One might wonder, in particular for particles in Span 85 below
the CMC, whether earlier exposure to Span 85 micelles would make any difference or
whether particle charging is due to an equilibrium state that depends only on the particle
current environment.
To answer this question we used PMMA particles (type III) transferred into
hexane/Span 85 solution by solvent swap. To qualitatively understand the effect and
simplify the measurements, we did not vary the applied electric field, but used a fixed
field strength of 20 kV/m.
The particles were transferred from original aqueous dispersion directly into the
hexane solution with Span 85 concentration of 0.1 – 5 mM, i.e. below the critical micelle
concentration of 10 mM. The zeta potential results are shown with the solid markers
in Figure 3-31. The open markers in Figure 3-31 show the results for particles that were
first transferred into the hexane solutions with Span 85 concentration above the CMC and
then diluted into the solutions with same final Span 85 concentration the same as the
solid markers. The consistence in zeta potential of the particles obtained from the two
kinds of procedure indicates no hysteresis whatsoever. In particular, this finding does not
support the notion of surface charging by irreversible adsorption of reverse micelles on
the particle surface prior to the dilution.
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Figure 3-31 The comparison between the particles III that meet surfactant molecules only
(solid markers) and that meet reverse micelles first (open markers).
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Figure 3-32 The comparison between the particles III that meet reverse micelles only
(solid markers) and that meet surfactant molecules first (open markers).
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Similarly, the zeta potential results of particles transferred directly into the hexane
solution with Span 85 concentration of 50 – 75mM were compared with zeta potentials of
particles first exposed to sub-micellar concentrations of Span 85, see Figure 3-32. Again,
the results suggest no charging “memory” of the earlier exposure to a different surfactant
concentration.
Overall, the particles’ charging state in nonpolar dispersions reassuringly appears
to depend only on the momentary solution conditions and not on the way in which these
conditions were prepared.
3.3.6.2

Surfactant batch difference
Another concern that could bring uncertainty to surface charging in nonpolar

dispersion are batch-to-batch variations in the surfactant because we did not purify the
commercial surfactants or otherwise control their composition, and Span 85 in particular
is known to be a mixture (of different sorbitan oleates) rather than a pure substance.
After obtaining the PMMA particles II in hexane in the presence of Span 85 from
a new batch via solvent swap, we re-measured the field-dependent electrophoretic
mobility (Figure 3-33) and converted the extrapolated zero-field mobility to zeta potential
at different surfactant concentrations (Figure 3-34).
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Figure 3-33 Electrophoretic mobility of 0.52μm PMMA particles (II) in hexane as a
function of field strength and Span 85 concentration from a new batch.
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Figure 3-34 Comparison of the zero field electrophoretic mobility and zeta potential
(Huckel limit) of PMMA particle (II) in hexane as a function of Span 85 concentration
from two different batches.
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We compared the zero-field mobility and zeta potential of the PMMA particle II
in the presence of Span 85 from the previous batch with the new one in Figure 3-34. The
results are very similar, especially in the range with higher Span 85 concentration. The
deviation in the very low Span 85 concentration might be due to slight differences in the
composition of Span 85.
In order to make sure a new batch of commercial available Span 85 has the same
charging effects on particles in nonpolar solutions, we used the PMMA particles II and
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Figure 3-35 Electrophoretic mobility of 1μm PMMA particles (III) in hexane as a
function of field strength and Span 85 concentration from a new batch.
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Figure 3-36 Comparison of the zero field electrophoretic mobility and zeta potential
(Huckel limit) of PMMA particle (II and III) in hexane as a function of Span 85
concentration from a new batch.
The field-dependent electrophoretic mobility of PMMA particle III is shown
in Figure 3-35. Together with the extrapolated mobility and zeta potential results for
particle II in Figure 3-34, the comparison between these particles with two different sizes
is shown in Figure 3-36 in the presence of a new batch Span 85. The similarity of the
charging phenomena on particle II and III with new Span 85, consistent with the
comparison between particle I and II in Figure 3-7 with old Span 85, again shows that the
surface charging in nonpolar dispersion is independent on the particle size and number
density of surface charge in original aqueous dispersion.
For the largely qualitative conclusions drawn in this study, the batch-to-batch
variation of surfactants can be considered negligible in particle surface charging and
charge screening.
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3.4

Conclusions
In this part of the research, we focused on studying the particle charging and

surface charge screening in nonpolar oils in the presence of surfactants. Span 85, as a
nonionizable surfactant, was previously found capable of raising the electric conductivity
of nonpolar solutions. Here it is shown to also induce large electric surface potentials on
suspended colloidal particles and provide efficient electrostatic stabilization of (dilute)
nonpolar dispersions. AOT, a widely studied ionic surfactant, showed a similar capability
of generating significant surface potentials on dispersion particles in nonpolar solvents.
The comparison between these two types of surfactants gives valuable insights into the
elusive mechanism of charging in nonpolar suspensions.
While earlier studies focused on surface charging in the presence of reverse
micelles, we also addressed charging in the sub-micellar regime. Particles of different
size and surface groups with different zeta potential in aqueous solutions can acquire very
similar zeta potentials in nonpolar dispersions in the addition of surfactants. Special care
needs to be taken when measuring the zeta potentials via electrophoresis because at very
low surfactant concentration the electrophoretic mobility shows a pronounced
dependence on the applied electric field strength. We obtained, therefore, robust and
meaningful results on zeta potentials by extrapolating the electrophoretic mobility results
to zero field strength.
The surface charging and charge screening in nonpolar dispersion is closely
associated with the addition of surfactants. The sign and magnitude of surface charge are
rationalized qualitatively by the joint consideration of acid-base interactions between the
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particle materials and surfactants, the dissociation of surface groups, and by adsorbed
charged surfactant molecules in the case of ionic surfactant. Span 85 as a Lewis acid and
a hydrophobic, nonionizable surfactant can dissolve little water in nonpolar solvent and
does not have the option to dissociate, but charge transfer due to acid-base interaction
between Span 85 and the particle surface provides a mechanism of surface charging that
is consistent with our observations. By contrast, the Lewis neutral, ionic surfactant AOT
has been confirmed to import relatively large amounts of water into nonpolar dispersions,
and the water-assisted dissociation of surface groups and adsorbed surfactant molecules
appears as the main pathway towards AOT mediated particle charge. Considering the
acid-base property of the surfactant and particle in order to predict and control the surface
charge in nonpolar dispersions certainly seems warranted, although it is still unclear
whether the transferred species are electrons or protons.
Significant surface charging and charge screening is observed both above and
below the CMC of surfactant in nonpolar solution. We can therefore conclude that these
effects do not necessarily require the presence of micelles as charge donors or acceptors
for the particle surfaces.
Particle pair interaction energy profiles are consistent with a screened Coulomb
interaction for the nonpolar dispersion in the presence of Span 85, even at the lowest
surfactant concentration far below the CMC. This behavior provides independent
confirmation of surfactants’ impact on charging at the particle surface and in the nonpolar
bulk witnessed by electrophoresis and conductivity measurements.
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CHAPTER 4
REVERSE SURFACTANT MICELLES AS TEMPLATES FOR
SYNTHESIZING NANO-SIZED HYDROGELS

4.1

Backgrounds and theories

4.1.1
4.1.1.1

Hydrogels
Basic properties and synthetic methods
Hydrogels are dilute, water-swollen networks of crosslinked hydrophilic polymers.

Their degree of swelling can be so high that they consist almost entirely of water, hence
the name hydrogel (or“aquagel”).
Besides this high water content, hydrogels have tunable chemical properties,
flexible three-dimensional physical structures, variable mechanical properties, and
biocompatibility. Because of these useful properties hydrogels have drawn great interests
in the areas of biomaterials science, biomedical engineering, and pharmaceutical
engineering. Applications include medical implants (breast, etc.) [1], sustained-release
drug delivery (micro- or nano-sized hydrogels) [2-4], environmentally sensitive “smart”
hydrogels [5], tissue engineering (similarity to natural tissue) [6, 7], consumer goods
(diapers, contact lenses, etc.) [8], and bio-nanotechnology [5, 9-11].
Physical and chemical pathways can both be utilized to synthesize bulk hydrogels.
Some commonly used preparation methods are reviewed here to exhibit the variety of the
synthetic approach and provide the clue of preparing nano-sized hydrogels based on the
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objective of this thesis.
For the methods of physical crosslinking, Liet al. [12] synthesized biocompatible
and thermo-responsive ABA triblock copolymers (A: poly(N-isopropylacrylamide), B:
poly(2-methacryloyloxyethyl phosphorylcholine)), which dissolved in dilute aqueous
solution at room temperature but separated and formed physical hydrogel at 37 °C due to
hydrophobic interactions between A blocks. When temperature droped below the lower
critical solution temperature of the PNIPAM block back to room temperature (below the
lower critical solution temperature of the PNIPAM block), the hydrogel redissolved. Mi
et al.[13] studied the self-assembly of proteins to stable hydrogels when concentration
was above the threshold in certain range of temperature and pH. The mechanism of
hydrogel assembly was the intermolecular association of the helical domains with unique
structures and mechanical properties. In Miyauchi’s work [14, 15], supramolecular gels
were formed with a helical structure by the host-guest interactions in aqueous solutions.
In Dai’s work [16], temperature-induced sol-gel transition led to hydrogels which were
opaque white at low temperature but became transparent and eventually dissolved as
temperature increased. Both optical transition and volume swelling were reversible
responding to temperature stimuli. In addition, hydrogen bonding [17], crystallized
domains [18], and stereocomplexation [19] can all be utilized to physically form
hydrogels. In general, the physically crosslinked hydrogels are able to form and degrade
reversibly in response to the external stimuli.
Other methods to the synthesis of hydrogels involve chemical crosslinking with
the addition of various types of crosslinkers, including the modification of biopolymers
and free radical polymerization of hydrophilic monomers. Murakami et al. [20]
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synthesized microbial poly(gamma-glutamic acid) hydrogels in the presence of various
saccharides such as glucose, maltotriose, and cyclodextrin. These bio-based hydrogel
crosslinked with various saccharides showed different capabilities of water absorption
and recovery yields due to their different crosslinker structure and crosslinking density.
In Levesque’s study [21], a peptide crosslinker was utilized in the development of matrix
metalloproteinase sensitive hydrogels derived from dextran in order to separate random
hydrolysis and enzymatic digestion. Various water-soluble monomers such as
poly(ethylene glycol) (PEG) [22] and its block copolymers [23], poly(amino acid)
[24],methacrylates [25], and methacrylate derivatives of sugars [26] have been used in
the preparation of synthetic hydrogels via free radical polymerization in aqueous
solutions.
4.1.1.2

Nano-sized hydrogels
Although containing a large percentage of water, hydrogels are (soft) solids and

show three-dimensional structure. The size of hydrogels varies widely and can be
dictated either by the architecture of its constituents or by the dimensions of the container
they are formed in. The smallest variants are crosslinked polymeric particles in the
colloidal size range of nanometers to microns; they are often referred to as nanogels or
microgels [27, 28]. In submicron size dimension, nanogels are developed to provide
unique advantages for drug delivery applications by conjugating the polymeric matrix
with proteins and drugs [29, 30] and functioning as units of micelles and vesicles [31-34].
In addition to the conjugation of bioactive proteins, drugs, and DNA in the polymer
networks, nanogels are also studied for the incorporation of inorganic nano-species such
as magnetic nanoparticles [35], metallic nanorods [36], and quantum dots [37].
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Meanwhile, new challenges and requirements come up with the developments of
nanogel applications to obtain the polymeric networks with more stability, more
biocompatibility, and more controllable size and structure. An effective way to achieve
these goals is to investigate the synthetic strategies and preparation processes.
Various synthetic methods for the preparation of nano-sized hydrogels will be
briefly introduced in the following part, including crosslinking biopolymers,
supramolecular assembly of biopolymers, microfluidics, free radical polymerization, and
polymerization in reverse microemulsions. Each of the preparation methods has their own
superiorities and deficiencies in producing morphology controllable nanogels.
Together with Dr. Murthy and his team in the School of Biomedical Engineering
at Georgia Tech, we had the idea of combining our experience in controlling the size of
water-swollen reverse micelles with the Murthy’s group unique expertise in copper-free
click chemistry for a novel approach to nanogels synthesis with clear advantages for
biomedical applications: size, biocompatibility, degradability, etc.
4.1.2
4.1.2.1

Preparation methods of nanogels
Modification of biopolymers
In order to utilize the biocompatibility, biodegradability, and low toxicity of

biopolymers in micro/nanogels, self-assembled structures composed of biopolymers can
be further modified to form particles either by supramolecular assembly or by chemically
crosslinking.
Nanogel formation by physical bonding in self-assembly of amphiphilic
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biopolymers in aqueous solution have been demonstrated in Akiyoshi’s work, such as
hydrophobitizied polysaccharide [38, 39] and cholesterol-bearing pullulan [40, 41].
Pullulan, as a hydrophilic polymer, was partly substituted by hydrophobic cholesterol.
This modified pullulan was able to form a stable nano-sized hydrogel in water via the
supramolecular assembly among the hydrophobic branches. The size and density of the
self-aggregation systems were closely related to the substitution degree of the
hydrophobic cholesterol. The resulting nanogels, stably dispersed for one week at room
temperature, were reported to have the width of 60-200 nm and the height 30-50 nm. [40]
In addition to the participation of hydrophobitized substitution, crosslinking
reaction that happens between the active sites in biopolymers and crosslinkers can also
help to form size and shape confined nanogels. Chitosan based nanogels were generated
by Bodnar et al. [42] from the intramolecular crosslinking the PEG dicarboxylic acid to
the chitosan linear chains. The nanogel aqueous dispersion was stable, and the size and
structure of the nanogel depended on the ratio of crosslinking and the molecular weight
of chitosan. In the study of Shen et al. [43], chitosan was crosslinked with
ethylenediaminetetraaceticdianhydride (EDTAA) to form pH-sensitive nanogels. The
nanogel composed of EDTA and chitosan, stable in the entire range of pH, achieved
reversible surface charge switching upon contact to pH stimuli.
Obtaining nanogels via modification of biopolymers has a great advantage in
simplifying the synthetic process; however, results wide size distribution and cannot
avoid the participation of free radical in polymerization.

139

4.1.2.2

Microfluidic preparation
Microfluidic devices have recently been used to prepare monodispersed

micro/nanogels. Injecting one liquid with dissolved monomers or oilgomers into the other
continuous immiscible phase through microchannels with a tapered junction where the
two phases meet. Breaking up the injected phase to droplets and in-situ crosslinking the
containing monomers to micro/nanoparticles. Considering the design of microfluidic
device and gelation process, the dimensions of microchannels, the confinement of
droplets, flow rate of the injected phase, and the crosslinking reaction time are the key
parameters to prepare nanogels with controllable shape and size. [44]
The unique property of the microfluidic preparation to form nanogels is to apply
various gelation methods in a micro-scale environment. De Geest et al. [45] utilized
chemical gelation to produce 10 μm monodisperse dextran-modified microgels by
emulsifying aqueous droplets stably dispersed in continuous oil phase with the aid of
surfactants and crosslinking the monomers to polymer networks. Ionic crosslinking for
gelation was carried out by Zhang et al. [44, 46] in microfluidics by controlling the
diffusion of crosslinking agents towards the droplets containing the gelling polymer. In
addition, Xu et al. [47] achieved physical gelation by temperature change and generated
monodispersed microgels by using microfluidics to control the size, shape, and
composition. Sugiura et al. [48] obtained calcium alginate gel beads with narrow size
distribution via coalescence-induced gelation in microchannels.
The advantages of this method are excellent control over shape, morphology, and
size distribution of the resulting nanogels. Microfluidics, however, involve specialty

140

design and complicated operations.
4.1.2.3

Free radical polymerization
In the presence of crosslinkers, various free radical polymerization reactions of

hydrophilic or water-soluble monomers have been utilized to prepare nanogels, usually
with the help of amphiphilic stabilizer. In a common process, the monomers, stabilizers,
and initiators are soluble in solutions as the continuous phase. Once the free radical
polymerization reaction is triggered, the forming polymer networks become insoluble in
the continuous medium and stably dispersed in the solution.
Ma et al. [49] successfully obtained spherical nanogels by free radical
polymerization from 2-hydroxyethyl methacrylate (HEMA) as monomers, stabilized by
poly(ethylene oxide)-b-poly(1,1,2,2-tetrahydroperfluorodecyl acrylate) (PEO-b-PFDA)
block copolymer in the supercritical carbon dioxide as the continuous phase. In Jones’
work [50], nanogels composed of crosslinked poly(N-isopropylacrylamide) (pNIPAm)
was synthesized via free radical polymerization, which were multi-responsive to
temperature [51] and pH [52]. Xiong et al. [53] reported a simple one-step ring-opening
polymerization to conveniently synthesize poly(ethylene glycol) PEG-armed nanogels.
The formation of the core-crosslinked star polymer is surfactant-free; however, the shape
and size of the resulting nanogels are associated with the ratio between arm and core
materials.
In general, the formation of nanogels via free radical polymerization usually takes
a relative long time and the resulting nanogels have irregular shape and non-defined
polydispersity. Constraining the polymerization process in a confined space, such as a
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reverse micelle or microemulsion in a W/O system, can effectively lead the formed
nanogels with controllable size and shape.
4.1.2.4

Polymerization in reverse microemulsions
To avoid multi-steps in the preparation process and to allow precise control of the

dimensions and internal structure of the nanogels, reverse micelles and microemulsions
are used in this research as containers or templates, which contains the hydrophilic
monomers or polymers, crosslinking agents, and initiators if necessary, for the generation
of polymeric nano-sized networks.
In some practical applications, drug, DNA, magnetic particles, and cells can be
physically bonded inside of the aqueous droplets. The emulsified droplets are stabilized
by oil-soluble surfactant such as AOT and Span 80 to form reverse microemulsions.
Water-soluble

crosslinking

agents

implement

the

formation

of

cargo-loaded

micro/nanogels. The resulting crosslinked nanogel particles exist as dispersion in the
organic solvent, and can be collected and purified by solvent swap via repeated
precipitation, centrifugation, sonication, and washing. For the nanogels obtained from the
polymerization in reverse microemulsions, the size and shape can be controlled by the
amount of surfactants and degree of swelling, in other words, by the volume of
hydrophilic core.
As shown in Figure 4-1, Oh et al. [54] synthesized nanogels in reverse
microemulsions by the combination of atom transfer radical polymerization catalyzed by
Cu(II). The water-soluble oligo(ethylene glycol) monomethyl ether methacrylate
(OEOMA) and disulfide-functionalized crosslinker dissolve in water droplets, which are
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stabilized by Span 80 in nonpolar solvent cyclohexane. Going through the polymerization
in the hydrophilic core of the reverse microemulsion, the resulting p(OEOMA) networks
show the range around 200 nm in diameter with very narrow size distribution.
Furthermore, the disulfide linkages can be degraded to destruct the formation of nanogels
and lead the crosslinked nanogels back to linear polymer chain.

Figure 4-1 Illustration of synthesis and degradation of nanometer-sized colloidal particles
of well-controlled water-soluble polymers. [54]

In Mitra’s study [55], chitosan nanogels around 100 nm in diameter were
prepared in reverse microemlusions stabilized by AOT in hexane. Doxorubicin (Dox)modified dextran (Dex) also dissolved in the hydrophilic core of swollen AOT reverse
micelles. Thus, Dox-Dex encapsulated chitosan-based nanogels were obtained with the
crosslinking of glutaraldehyde.
With the stabilization of surfactant mixture of Span 65, Span 80, and Tween 80 in
hexane, Lee et al. [56] were able to prepare hyaluronic acid (HA)-based nanogels to
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deliver si-RNA. The combination of carbodiimide coupling reaction with reverse
microemulsion led to nanogels with a diameter of roughly 200 nm.
McAllister et al. [57] synthesized nanogels via reverse microemulsion
polymerization with various types of acrylate monomers. The aqueous droplets were
stabilized by laureth-3 in heptane. After free radical polymerization, the acrylate
monomers were crosslinked to form nanogels with diameters down to 50 nm. Successful
uptake of DNA in the nanogel networks was confirmed by an increase in the
hydrodynamic size observed with DLS.
There are some other methods for the preparation of nanogel, for example,
precipitation polymerization [58, 59] and micromolding [60, 61]. Chemical reactions to
form nanogels usually involve free radicals, toxic catalysts, or heat, under which the
bioactives cannot survive. Physical association processes can be more benign, but do not
usually offer the desired control over shape, morphology, and size distribution of very
small nanogels. Therefore, we propose to combine the reverse microemulsion
polymerization with copper-free “click” chemistry avoiding free radicals and metallic
catalysts in order to form size, shape, and composition controllable nanogels.
4.1.3 Azide-alkyne cycloaddition in click chemistry
Click chemistry is a powerful and reliable synthetic strategy to explore new
molecules by joining small units together through carbon-heteroatom bonds (C-X-C) [62].
Copper(I) catalyzed reactions are known to allow high yields in the regioselective
synthesis of triazoles from azide group [63, 64], and thus the copper-mediated azidealkyne cycloaddition (“click” reaction) has contributed greatly to the development of
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polymer synthesis/functionalization and surface modification. [65]
Azides, as mild electrophiles, do not appreciably react with water and oxidation,
and require soft nucleophiles for reaction such as alkynes [66]. However, the reactions
between azides and terminal alkynes typically require vigorous heating for several hours
[67]. The [3+2] azide-terminal alkyne cycloaddition to produce kinetically stable triazole
adduct was first described by Huisgen [68]. This reaction is thermodynamically favorable
and requires elevated temperature to provide necessary activation energy. Very high
temperature is usually not compatible with living systems, therefore alternatively, a
copper catalyst was introduced to activate the alkyne groups and drive the reaction going
towards the cycloaddition. Fokin&Sharpless and coworkers [64] and Meldal and
coworkers [63] concurrently and independently found the significant effects of Cu(I) on
accelerating this [3+2] cycloaddition reaction rate, by an impressive 106 fold. The coppermediated reaction can be easily carried out at room temperature and provide excellent
regioselectivity. The resulting triazole products are stable to oxidation and acid
hydrolysis. Thus, this type of reaction is nowadays used for selectively labeling azidefunctionalized biomolecules, such as virus particles and proteins [69, 70].
The fast reaction rate of the catalyzed azide-alkyne cycloaddition is the primary
advantage when applying this technique into polymer synthesis; however its disadvantage
is that the metal catalyst is toxic and harmful for cellular studies and applications [71]. A
more bio-friendly way of introducing the azide-alkyne cycloaddition reaction into living
cells is to activate the alkynes via ring strain [72]. In addition to the stability to oxidation
and acid hydrolysis, the cycloaddition process and the resulting triazole products are also
non-toxic to bioactive, based on the assumption that the harmful azide groups are fully
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consumed.
An eight-membered ring (cyclooctyne) is the most appropriate candidate to
promote the cycloaddition reaction, because much of the strain energy in the eightmembered ring is released in the transition state [73], but a seven-membered ring is too
active and a nine-membered one is not active enough at room temperature. As a
consequence, the strain-promoted [3+2] azide-alkyne cycloaddition reaction happens at
physiological temperature without the participation of a metal catalyst, and has been used
in cellular works without any obvious toxic effects [72]. The simple examples of the
heat-generated, copper-catalyzed, strain-promoted azide-alkyne cycloaddition reactions
are shown in Figure 4-2. Furthermore, appending electron-withdrawing groups to the
cyclooctyne ring can increase the reactivity of alkyne as a nucleophile and thus increase
the reaction rate of the strain-promoted cycloaddition [74].

Figure 4-2 Examples of heat-generated, copper-catalyzed, strain-promoted azide-alkyne
cycloaddition reactions.
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Applying the strain-promoted polymerization of azide-alkyne click components in
reverse microemulsions is expected in the following experiments and results parts to
allow the synthesis of nano-sized hydrogels with controllable size, shape, composition,
and crosslinking density, while avoiding toxic catalysts and free radicals that are
considered to be harmful for biomedical applications. We put efforts in studying the
chemical composition, size, polydispersity, stability, and swelling behavior of the
resulting nanogels from this novel method.
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4.2
4.2.1

Materials and methods
Crosslinker synthesis
Microemulsion-templated nanogels were formed via copper-free azide-octyne

[3+2] cycloaddition. Both the cyclooctyne-containing poly(ethylene glycol) (PEG)-based
crosslinker and azide-containing PEG-based copolymer were generously provided by our
collaborators, Dr. Xinghai Ning and Dr. Scott Wilson in Dr. Niren Murthy’s Group in the
School of Biomedical Engineering at Georgia Tech.
The process to synthesize is as shown in Figure 4-3. The main part of the
crosslinker is linear PEG chain to ensure the solubility of the crosslinker in water solution.
Both ends of the crosslinker are cyclic-alkyne with two benzyl appending groups to
further withdraw electrons. After each step of this process, the target product is separated
and purified in a silica gel column.

Figure 4-3 Synthesis process of the PEG-bis-cyclic-alkyne crosslinker.
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4.2.2

Copolymer synthesis
The azide-containing copolymer is formed via the polymerization from two

monomers: a PEG-acrylate and an acrylate-PEG-azide. These two components are
combined at a 4:1 molar ratio in a Schlenk flask. With the participation of a micro
reversible addition fragmentation chain transfer (RAFT) agent (benzothioylsulfanyl)
acetic acid (1:100, uRAFT:total monomer) and azobisisobutyronitrile (AIBN) (1:10000,
uRAFT:total monomer) in dimethylformamide (DMF), the reaction flask was degassed
by five freeze-pump-thaw cycles, and then immersed in an oil bath magnetically stirring
at 70 °C for 20 hours.
After reaction terminated by flash freezing the flask in liquid nitrogen, the
products were dissolved in dichloromethane (DCM), and then further diluted in methanol.
Since the polymer is not soluble in methanol, it precipitated out after mixing the DCM
solution with methanol. The supernatant was decanted and the precipitated polymer was
subjected to three more cycles of re-suspension and precipitation. The purified polymer
was concentrated under reduced pressure and ready for use.
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Figure 4-4 Synthesis process of PEG-based heterogeneous copolymer with azide as a side
group.

The final heterogeneous copolymer was analyzed by gel permutation
chromatography (GPC) and its structure and purity were tested by 1H nuclear magnetic
resonance (NMR). It was confirmed that the molecular weight of the copolymer is 22
kDa with a polydispersity of 2.1. On the NMR spectrum, the monomer peaks were almost
not visible and less than 1% of the final products, so the polymer concentration is > 99%
pure.
4.2.3

Surfactant solutions
Surfactant solutions were prepared just as described in section 2.2.1, by precisely

measuring the weight of the surfactants and the volume of the solvents and simply mixing
them on a magnetic stirring plate over night. The well dissolved solutions appeared stable
and transparent. AOT in hexane solutions were colorless. All surfactant solutions were
allowed to equilibrate for 1 day prior to use. All experiments were performed in a
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thermostated environment at 22

0.5

.

The surfactant was AOT (Sigma-Aldrich), used without further purification. The
solvents included hexane (BDH, ACS grade) and acetone (Sigma-Aldrich, > 99.5%).
Ultrapure water with a resistivity of 18.3

Ω·

(Barnstead) was used for

swelling reverse micelles and for dispersing the formed nanogels transferred from the
hydrophilic core of the micro emulsions via solvent swap. Besides the crosslinker and
copolymer provided by Murthy’s group, other dissolved monomers in aqueous swelling
solutions were PEG-diacrylate (Sigma-Aldrich, Mw: 575 and 700 g/mol).
4.2.4

Nanogel synthesis
The dissolved AOT molecules self-assembled to form reverse micelles with a

core-shell structure in nonpolar solvent such as hexane. Subsequent addition of water into
the AOT/hexane solution induced swelling of the hydrophilic micelle cores. Aqueous
solution of the crosslinker was then mixed into the microemulsions, whereby the aqueous
droplets were further enlarged. In the following step, anaqueous solution of the
copolymer was added and also incorporated into the aqueous core. The PEG base of the
crosslinker and copolymer were carefully selected to maintain enough aqueous solubility
and keep the relaxed-state size small enough to be encapsulated inside the microemulsion
droplets because over-sized polymer chain cannot stably stay in the aqueous core and
thus cause phase separation.
Once both alkyne crosslinker and azide copolymer co-existed in the same
microemulsion, the cycloaddition reaction happened instantaneously. The formed
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nanogel particles were then collected transferred into aqueous solution via solvent swap.
The entire experimental procedure is described schematically in Figure 4-5. The order of
swelling the AOT reverse micelles by crosslinker aqueous solution prior to the copolymer
solution made stable swollen microemulsion after mixing the components. Instead, we
confirmed that adding copolymer solution to swell the AOT reverse micelles first would
cause phase separation.

Figure 4-5 Experimental procedure of nanogels preparation.

For comparison with a more conventional method of preparing PEG-based
nanogels than azide-alkyne cycloaddition, we also used free radical polymerization of
PEG diacrylate to synthesize nanogels in the hydrophilic core of AOT microemulsion in
hexane. Free radicals drive a polymerization reaction at both acrylate end groups of short
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chains of PEG diacrylate monomers, which thus connect into a crosslinked polymer
network. The experiments were carried out in a similar fashion as the ones described
by

Figure

4-5,

except

that

the

monomers

and

initiator

2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS) were added in the same step from a
single aqueous solution. Continuous exposure to UV light for 12 hours was used to
initiate the polymerization. The hydrodynamic size of the resulting PEG diacrylate
nanogel was analyzed by DLS and compared with the nanogel formed by “click”
components.
4.2.5 Nanogel dispersion via solvent swap
The microemulsion-templated nanogel synthesis yields a dispersion of nanogel
particles in AOT/hexane. Transfer of the particles into water was similar to the solvent
swap described in section 3.2.2. An aliquot of the nanogel dispersion in hexane is diluted
with the same volume of acetone, well mixed, and centrifuged for 20 minutes at 12000
r/min. The supernatant is discarded (and with it most of the surfactants), the concentrated
bottom phase is collected and diluted it with pure acetone. After sonication for about 5
minutes, the centrifugation, disposal of the supernatant, dilution, and sonication is
repeated for three more cycles. The dispersant is replaced by a 50% acetone/50% water
mixture, and then by pure water. After completion of the solvent swap, the resulting
nanogels are fully dispersed in the aqueous environment. The size and morphology are
then tested by dynamic light scattering and SEM.
4.2.6 Dynamic light scattering
Dynamic light scattering (ALV/DLS/SLS-5022F) was used to measure the
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hydrodynamic size of the original reverse micelles, microemulsion droplets, and the
synthesized nanogels, dispersed in either hexane or water.
4.2.7

SEM
The nanogels were freeze-dried from the aqueous dispersion under reduced

pressure to best maintain the three-dimensional structure. The dried nanogel particles
were gently transferred onto carbon SEM sample substrates. Then the size, morphology,
and distribution of the nanogels in the dry state were studied by SEM (Zeiss Ultra60).
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4.3

Results and discussions
We combined the techniques of reverse microemulsion polymerization and

copper-free azide-alkyne cycloaddition to prepare nano-sized hydrogels with controlled
size and morphology of the nanogel particles while avoiding free radicals and metal
catalysts that would limit biomedical applications
The core of water-swollen reverse AOT micelles serves as a reactor for the
investigated nanogel synthesis. Since we are interested in understanding how this reactor
controls the size of the generated nanogel particles, we start by systematically studying
the micelle size as a function of solubilized water and AOT concentration. We then first
discuss the nanogels synthesis by conventional free-radical polymerization of PEG
diacrylate in the aqueous micelle cores. Finally we present the results of our attempts to
template nanogels crosslinked by the copper-free “click” reaction of azide PEG-based
copolymers and cyclooctyne crosslinker. Observed difference between these two types of
nanogels is explained by considering the respective rates of the crosslinking reaction and
the lifetime of reverse AOT micelles.
4.3.1 Reverse microemulsion stabilized by AOT
We measured and confirmed that the hygroscopic surfactant AOT can introduce a
substantial amount of water into nonpolar dispersions and that the water content is
directly related to the AOT concentration (Figure 3-29). Here, we studied the water
content and micellar size in AOT/hexane solutions for different surfactant concentrations
and varying amounts of water added deliberately to swell the micelles. After magnetic
stirring, the added water was fully dissolved into the hexane solution, and we used DLS
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to measure the droplet size; the results are shown in Figure 4-9.

Figure 4-6 Hydrodynamic size of water swollen AOT microemulsions in hexane.

It is not surprising that the hydrodynamic size of water swollen AOT micelles
increases with the water content at every given AOT concentration because the added
water takes up more space in the surfactant hydrophilic core. From Figure 4-6, we also
infer that the swelling degree is a function of the overall water-to-AOT molar ratio only,
regardless of the absolute mass of water added into the solution and the absolute
surfactant concentration. This observation leads to convenient conclusion regarding the
choice of surfactant concentrations when using swollen micelles as reactors for nanogel
synthesis: the reactor size can be controlled by varying the water-to-surfactant ratio and is
otherwise insensitive to the surfactant concentration. We chose to use the hexane

156

solutions with 100 mM AOT and vary the volume of added aqueous monomer or
crosslinker solution.
4.3.2

PEG diacrylate nanogel
Similar to McAllister’s work [57] of preparing acrylate nanogels via free radical

polymerization in laureth-3 stabilized reverse microemulsionsin heptane, we used PEG
diacrylate to simply prepare nanogels in water/AOT/hexane reverse microemulsions as a
reference point for the novel “click” nanogels synthesis discussed later.
In AOT/hexane system, the reverse micelles were swollen by pure water, by
aqueous solution containing PEG, or by PEG diacrylate chains (at different molecular
weight and different concentration) that serve as potential “monomer” for the
crosslinking reaction. Since these organic solutes are different in solution from water
molecules, the swelling of reverse micelles by PEG solution must be expected to differ
from swelling by pure water. The molecular weight of the PEG “monomer” indicates the
length of hydrocarbon chain, and influences the size of swollen microemulsion droplets.
In addition, PEG diacrylate is more hydrophobic than PEG chains without the acrylate
end groups, which results in a different relaxed size for the same chain length.
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Figure 4-7 Hydrodynamic size of microemulsion swollen by water or aqueous PEG
solution in AOT/hexane solution. Numbers in the legend denote the molecular weight of
the PEG solute.

The hydrodynamic size of AOT microemulsion swollen by pure water, PEG in
water solution at different molecular weight, and PEG diacrylate in water solution at
different molecular weight and mass concentration is shown in Figure 4-7. The
microemulsions grow with the addition of water and aqueous solutions. The shortest
chain of PEG at 400 g/mol shows the most similar swelling capability to pure water.
When the molecular weight of PEG increases to 1000 g/mol, the longer PEG chain
requires more space in the aqueous droplets of the reverse microemulsion for the same
volume of aqueous solution added into the AOT/hexane system. Solutions of larger PEG
chains (>4000 g/mol) could not be solubilized, but phase separated from the
microemulsion.
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Appending acrylate groups to both ends of PEG chain increases the
hydrophobicity of the solute, the size of microemulsion droplets shown in Figure 4-7 is
found significantly increased when comparing PEG diacrylate 575 with PEG 400, and
even compared to PEG 1000 (the number in the solute name always indicating its
molecular weight). Moreover, with the addition of the same volume of aqueous solution,
concentrated solution further swells the AOT microemulsion when increasing the mass
concentration of PEG diacrylate 575 from 10% to 30% in water. Consistently, PEG
diacrylate 700 at 30% in water solution confirms the above conclusions that the solute
with larger molecular weight (chain length), higher hydrophobicity, and larger
concentration in aqueous solution leads to the largest size of swollen reverse
microemulsion.
To carry out the free radical polymerization in the hydrophilic core of reverse
microemulsion, PEG diacrylate with molecular weight of 575 g/mol at 10% in water was
used as monomer to synthesize PEG hydrogels in reverse microemulsions. Together with
the water-soluble ABTS as radical initiator, the aqueous mixture was added into 100 mM
AOT/hexane solution and fully solubilized without showing any signs of phase
separation. UV light was used initiate to the generation of free radicals. With the help of
ABTS, the originally transparent microemulsion turns opaque and polymerization is
completed.
The resulting nanogels were transferred and re-dispersed into water via solvent
swap with acetone as the intermediate solvent. Figure 4-8 compares the hydrodynamic
size of microemulsion droplets swollen by aqueous PEG diacrylate monomer solution
(triangles) and of the resulting PEG nanogel particles after transfer into water (squares).
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Figure 4-8 Hydrodynamic size of the microemulsions swollen by PEG diacrylate
monomer in aqueous solution (triangular markers) and of the PEG nanogels transferred in
water dispersion (square markers) as a function of added monomer weight in the PEG
diacrylate 575 g/mol at 10 wt.% aqueous solution. Gray dashed lines show the size range
of the formed PEG nanogels.

Figure 4-8 shows that the final nanogel particles are significantly larger than the
swollen reverse micelles where the nanogels were formed in, and there is no clear
correlation between the particle and reactor size.
The click reaction differs from the PEG diacrylate polymerization in many ways,
including chain length, molecular size of solutes in aqueous solution, and overall reaction
rate. The preparation of nanogel from azide-alkyne cycloaddition using AOT reverse
microemulsion as a template will be introduced next to verify the consistency of the
formed nanogel size to the aqueous container size in microemulsion.
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4.3.3

“Click” nanogel
PEG-bis-cyclic-octyne and heterogeneous PEG-azido copolymer were selected as

the crosslinker and polymer material for the nanogel synthesis. The network structure of
the crosslinked hydrogel is shown in Figure 4-9, in which the moiety marked by the green
circle is formed via [3+2] cycloaddition of the alkyne group marked by the red circle
in Figure 4-3 and the azide group marked by the blue circle in Figure 4-4.

Figure 4-9 Structure of the crosslinked polymer from azide-alkyne cycloaddition.

With the promotion of ring strain in cyclooctyne, the cycloaddition happens
spontaneously, without the need for a copper catalyst. The two components react
instantaneously upon contact, so we cannot simply mix them together in water before
feeding them into the microemulsion droplets; instead aqueous solutions of the
crosslinker and the copolymer need to be added into the AOT/hexane solution in
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separated steps.
Both the crosslinker and the copolymer are PEG-based to ensure water solubility.
Since the cyclooctyne crosslinker has a smaller molecular weight than the copolymer, it
is expected to require less space upon inclusion in the microemulsion droplets. Therefore,
we added the crosslinker solution first and the copolymer solution second. The other way
around was confirmed to cause phase separation.
The hydrodynamic diameter of the reverse microemulsion swollen by aqueous
solution of 1 wt.% PEG-bis-cyclooctyne crosslinker is shown in Figure 4-10. According
to DLS, the crosslinker solution swells the microemulsion droplets to a size range of 200300 nm, independently of the absolute amount of crosslinker added into the hexane
solution. It is unknown exactly how the incorporation of large aqueous solutes into the
microemulsion droplets proceeds, but there clearly is a big difference to swelling by pure
water where the total aqueous volume dictates the average droplet size. Here, it seems
more as if the space requirement of individual solutes determined the droplet size. A
possible explanation to the independency of droplet size in crosslinker amount is that
there are crosslinker-filled and unfilled microemulsions existing together upon swelling,
although the number of each is not clear. DLS is sensitive to the largest droplets, so the
apparent droplet size is insensitive to the total crosslinker concentration.
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Figure 4-10 Hydrodynamic size of the microemulsions swollen by an aqueous solution of
1 wt.% PEG-based cyclooctyne crosslinker. Gray dashed lines show the size range of the
reverse microemulsions.

A fixed volume of PEG-azido copolymer solution in 1 wt.% was added to the
mixture next. Magnetic stirring fully dissolved the copolymer solution into the reverse
microemulsion. After the spontaneous cycloaddition reaction, the crosslinked nanogels
were transferred and re-dispersed into water via solvent swap. The hydrodynamic
diameter of the resulting nanogel was measured by DLS and is shown in Figure 4-11.
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Figure 4-11 Hydrodynamic size of the nanogels from azide-alkyne cycloaddition in
reverse microemulsion transferred into water dispersion. Gray dashed lines show the size
range of the reverse microemulsions in Figure 4-10.

The grey dashed lines in Figure 4-11 indicate the size range of the crosslinker
swollen microemulsion, which is also the container size of the click reaction. As one
might expect from a more densely crosslinked network, the nanogels formed at a higher
crosslinker-to-copolymer ratio remain more compact when transferred into water. In the
range of higher crosslinker concentration, the final nanogel particles have a similar size
as the aqueous reactors where they were formed. Thus, we have successfully prepared
“click” nanogels with a size dictated by the droplets of a reverse microemulsion. Lower
crosslinker density however, leads to nanogel particles above the size range of the
templating microemulsion droplets.
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We also studied the size and morphology of the formed nanogels after freezedrying by SEM. Selected SEM images are shown in Figure 4-16. The dry nanogels are
around 100-150 nm in diameter, substantially smaller than the ones dispersed in water.

Figure 4-12 SEM images of the crosslinked nanogels formed with “click” components
after freeze drying. a) and b) present the SEM images for nanogel formed by the
copolymer-to-crosslinker mass ratio at 1.0; c) and d) present the ones at 1.5.

4.3.4

Kinetic analysis in nanogel preparation
The PEG diacrylate nanogels were generally larger than their containers of free

radical polymerization, whereas the “click” nanogels stayed in the size range of the
templates if they were highly crosslinked. To rationalize this observation, we consider the
kinetics involved in the nanogel preparation in reverse microemulsion.
As the container for the nanogel synthesis, the structures of the swollen reverse
micelles or microemulsions are at the thermodynamical equilibrium in nonpolar solution.
An exchange mechanism explains the coalescence and separation of transient droplets
stabilized by AOT. The equilibrium of this dynamic process maintains the size and
polydispersity of the microemulsions, when the components involved in the hydrophilic
core have chances to expose to others during the exchange.
The surfactant exchange rates were measured using very fast chemical reactions
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as indicators for exchange [75] and time-resolved fluorescence probing [76]. For AOT
reverse micellar system and corresponding reverse microemulsions, their lifetime are
reported to be approximately on a millisecond timescale, dependent in surfactant
concentration, hydrodynamic size of microemulsion, aggregation number, and
environmental temperature [75-77]. Despite this variation, it is clear that in the case of
PEG diacrylate nanogels, the timescale of (free radical) polymerization is much larger
than the characteristic time of surfactant exchange between different micelles. The
reverse micelles therefore should not be expected to act like a static confinement over the
course of the crosslinking reaction that would imprint the reactor size onto the nascent
particle. Instead, an exchange of reactants between different micelles during the
polymerization is likely and would explain why the resulting nanogels are systematically
larger than the templating micelle cores. It would be nice to document the droplet size
increase in the microemulsion during the reaction, but that this cannot be done, at least by
DLS, because the raising turbidity makes DLS intractable.
By contrast, the reaction rate of the strain-promoted cycloaddition [66, 72, 74] is
comparable to the exchange rate in AOT microemulsions. The nanogel synthesis is
completed so fast that little or no exchange between the droplets is expected to take place
during the reaction, and thus the forming nanogels truly confined by its host droplet, and
if highly crosslinked, it cannot expand much further even when the confinement is
removed by transfer into water. The formed nanogel, thus, retains a size consistent with
the hydrophilic core of the microemulsion.
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4.4

Conclusions
As hydrophilic polymer networks, hydrogels have valuable properties including

large water content, mechanical flexibility, variable physical and chemical structure, etc.
When hydrogels approach sub-micro meter range in dimension, the micro/nanogels have
wide and important applications in biomedical areas. However, it is challenging to
prepare nanogels with controllable small size and morphology without introducing free
radicals or metal catalysts that constitute hazards for biological tissues or sensitive
nanogel cargoes. In this chapter, we discussed hydrogel synthesis in the core of water
swollen reverse surfactant micelles in nonpolar media. The aqueous core provided the
reaction space for nanogel synthesis, and the shell, composed of surfactant molecules,
provided some size limitation for the resulting nanogels.
We investigated the nanogels prepared from PEG diacrylate by free radical
polymerization and from “click” components by azide-alkyne [3+2] cycloaddition.
Nanogels were successfully obtained from polymerization in reverse microemulsion, and
their dimensions explained qualitatively by comparing the rate of exchange between
reverse surfactant micelles and the reaction rate of polymerization. PEG diacrylate
nanogels were generally larger than the microemulsion core size because free radical
polymerization proceeds at a much slower pace than the exchange between of AOT
micelles, whereas the size of highly crosslinked “click” nanogels is consistent with the
micelle size because the cycloaddition reaction can be completed within the micelle
lifetime.
To test the nanogels in practical applications, the physical stability of nanogels,
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the uptake and release of cargo, and the viability of cells and pharmaceutical actives
should be investigated in future studies.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

We find that sorbitan oleate surfactants without dissociable groups can effectively
raise the electric conductivity of nonpolar solvents as ionic surfactants usually do, and
that they can do this at concentrations both above and below the critical micelle
concentration (CMC). For Span 85 solutions in hexane, a linear increase of conductivity
as a function of the surfactant concentration is found in both concentration regimes.
Based on the statistical theory of equilibrium charge fluctuation, this linear conductivity
dependence is expected if the charged species is created by disproportionation of two
uncharged entities into a pair of oppositely charged objects. Reverse surfactant micelles
are the most obvious species to undergo such a charging reaction above the CMC, and
indeed, the hydrodynamic size of the ions, inferred from the experimental conductivity
and the Debye length obtained independently (via particle interaction measurements),
agrees with light scattering results for the micelle size. It remains unclear, however,
exactly where in a charged micelle the electric charge resides. Ionizable impurities like
water, simple salt solutions, or organic salts that can lower their ionization energy by
incorporation in the hydrophilic micelle core, and may well be involved in the charge
formation, but the conductivity appears to be limited by the size and number of host
micelles rather than the concentration of impurities. Below the CMC, where no micelles
are expected, conductivity and particle interaction measurements suggest a smaller “ion”,
which we hypothesize to be a smaller (“pre-micellar”) complex of an ionogenic impurity
with one or more surfactant molecules. For both concentration regimes, our findings
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suggest that the conductivity of nonpolar solutions can be controlled conveniently and in
a robust way via the surfactant concentration, without the need to know or control the
impurity level. We expect that nonionic surfactants will prove useful as “charge control
agents” especially for oils in contact with a water phase, to which ionic surfactants would
tend to partition, thus losing their intended effects on the oil phase.
Besides the conductivity raise in nonpolar solvents, large electric surface
potentials on suspended colloidal particles and efficient electrostatic stabilization of
nonpolar dispersions are also found in association with surfactants. Surface charging and
charge screening can be characterized by electrophoresis measurements. Extrapolation of
electrophoretic mobility data to zero field strength is required to avoid misinterpretations
of the strongly field dependent particle mobility at low surfactant concentrations. Surface
charging and charge screening are observed both above and below the CMC, and thus
reverse micelles are not necessary to produce strong charging effects. The particle pair
interaction energy profiles suggest a “screened Coulomb” interaction with the
participation of Span 85, in contrast to the unscreened (“counterion only”) interaction
reported for particles in dilute solutions of ionic surfactants.
We further investigated the charging mechanism in nonpolar dispersions. A
reversal in the sign of particle charge upon transfer from water to Span 85/decane
solution suggests that the surfactant’s role in particle charging does not simply consist of
facilitating the dissociation of the particles’ surface groups. Charge transfer driven by
acid-base interactions between the surfactants and particle materials appears to play a
decisive role in determining the particle charge in the case of Span 85. At low Span 85
concentration without sufficient surfactant molecules, however, the dissociation of
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surface groups appears to also contribute to the charge on the particle surface. In the case
of AOT, dissociated surfactant molecules at the particle surface might be one more
source of the apparent surface charge.
In order to better understand and fully explain the electrostatic phenomena in
nonpolar media caused by surfactants, a wider selection of surfactants and better
established surfactant solutions/dispersions are needed for further exploration. The
targeted synthesis and purification of surfactants with systematically varied architecture
and functional groups, resulting in a systematic variation of amphiphilicity and acid-base
properties, would greatly facilitate the testing of hypotheses about the charging
mechanisms.
Current research also focuses on very dilute particle dispersions, so it is worth
working on more concentrated dispersion and studying the associated limitations of
charge stabilization provided by surfactants. The stability of nonpolar dispersions in the
presence of a contacting aqueous phase is another direction for future research. In this
situation, nonionic surfactants should hold an advantage over ionic surfactants, which
tend to get extracted by water as explained before.
In addition to the electrostatic charging phenomena, nonpolar surfactant systems
are also involved in preparing nano-sized hydrogel. We are able to obtain nanogels from
PEG diacrylate by free radical polymerization and from “click” components by azidealkyne [3+2] cycloaddition, which takes place in the aqueous core of the reverse
microemulsion droplets stabilized by AOT. The ring strain energy promoted
cycloaddition avoids the toxic metal catalysts, free radicals, and heat, which are
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hazardous in most biomedical applications. The size of the resulting nanogels is
determined by the comparison of exchange rate between reverse surfactant micelles and
the reaction rate of synthesis.
Further investigation in understanding the nanogel formation is recommended,
including the potential of swelling and appending functional groups, physical stability,
mechanical flexibility, and polydispersity. For instance, a systematic study of the
crosslinking degree and its relation to resulting nanogel dimension should yield a better
understand of swelling and degradation. Modification of the polymers by appended
functional groups helps in studying the recognition of loaded cargo and targeted sites;
modification of the crosslinker by designing branch structure would provide further
control over the size and morphology of the nanogels. Moreover, the ability of cargo
loading and delivery are also necessary for practical application and may introduce new
challenges in future research.
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