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ABSTRACT: Transient current measurements are used to characterize a
wide variety of charge carriers in nonpolar liquids. The transient current
method allows us to obtain both the concentration and mobility of charge
carriers and therefore also the hydrodynamic radius using Stokes’ law. In this
article, five different surfactants in dodecane are investigated: OLOA11K,
Solsperse13940, Span80, Span85, and AOT. We show that different types of
currents are observed depending on the size of the inverse micelles. For
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large inverse micelles such as for OLOAILIK, Solsperse13940, and Span80,

the measurement of the transient current is straightforward because of the low steady-state current level. However, for small
inverse micelles such as AOT and Span85, the current from the generation of charges is much larger such that high voltages, a
small distance between the electrodes, and dielectric coatings on the electrodes are required to measure the signal related to the
initially present charged inverse micelles. The estimated hydrodynamic radii of AOT and Span85, the two smallest inverse
micelles, are in good agreement with the values reported in the literature. The comparison of the transient currents with
simulations indicates that the dynamics of the charge transport are well-understood.

1. INTRODUCTION

The increased interest in surfactants in nonpolar liquids in the
past decade has led to the need for adequate characterization
techniques. Surfactants are used as detergents, wetting agents,
emulsifiers, foaming agents, and dispersants. In the case of inks
for electrophoretic ink displays,"~® inkjet printing,” and liquid
toner printing,'® surfactants are used to sterically stabilize and
charge pigment particles. The electrical behavior of such
nonpolar colloids is strongly influenced by the presence of
charged species in nonpolar media in the form of charged
inverse micelles.""

Inverse micelles consist of aggregated surfactant molecules,
with the hydrophilic heads pointing inward and the hydro-
phobic tails sticking outward into the nonpolar medium. In
thermal equilibrium, a small fraction of these inverse micelles
carry an electrical charge.""'> This results in a relatively high
conductivity for surfactant dispersions in nonpolar media,'>"*
which affects both the transport of colloidal particles and the
energy consumption of electronic ink devices.

Inverse micelles in nonpolar solvents can be investigated and
characterized with different methods. Static (SLS) and dynamic
(DLS) light scattering and viscosity measurements are often
used to study the size and shape of inverse micelles."*~>" For
instance, with DLS measurement, Guo et al. determined the
hydrodynamic radius of Span38 in hexane to be 1.4 nm,** and
Eicke et al. reported a value of 1.6 nm for the hydrodynamic
radius of AOT.”> The small-angle neutron scattering (SANS)
technique is a method used to study inverse micelles and to
estimate their size, shape, aggregation number, and internal
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structure. Kotlarchyk et al. used this method to characterize
AOT inverse micelles in n-decane.** They found that AOT
inverse micelles are approximately spherical, with an
aggregation number of about 22 monomers per micelle and a
hydrodynamic radius of 1.6 nm.

The previously mentioned methods measure charged and
uncharged inverse micelles simultaneously. Because only a
small portion of the inverse micelles carry a charge, the results
from these methods mainly represent the uncharged inverse
micelles. Conductivity measurements are one of the more
popular methods for studying the nature and the concentration
of charged inverse micelles of surfactants in nonpolar
liquids.”***® The dependency of the conductivity on the
surfactant concentration can be used to study the chargin
mechanism (disproportionation or dissociation model).”” >
Assuming that all of the inverse micelles have the same size and
a valency of +1,"”* the conductivity is proportional to the
products of the elementary charge, the concentration, and the
mobility of the charge carriers. From the conductivity
measurement we can find the product of the concentration
and the mobility, but an additional measurement is needed to
determine both quantities separately.””*®

In the following we focus on the analysis of transient current
measurements that can be used to determine the conductivity
o, the concentration ., and the mobility y, of charged inverse
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micelles. This technique has proven to be successful in
characterizing charged inverse micelles with low steady-state
currents (low bulk and surface generation currents).""* In
these experiments, a voltage is applied across a nonpolar liquid
containing surfactant. The polarizing current measured after the
application of a voltage step 0 — V,, is used to determine the
conductivity o, the concentration n,, and the mobility u, of
charged inverse micelles, assuming z = +1 and equal amounts
of positively and negatively charged micelles.

Applying a reverse step voltage (V, = —V,) allows us to
study possible interactions between charged inverse micelles
and interactions at the interfaces, such as adsorption and
desorption. A comparison of the total charge transfer in
polarizing and reversal currents between ¢ = 0 and ¢ = ¢, (the
time at which all charged species reach the electrodes) yields
the fraction of the charge that has disappeared due to
electrochemical reactions at the interfaces. The relaxation
current (—V, — 0) can be used to study the diffusion of
charged species. This method has ;)reviously been used for
PIBS (OLOA1200)* and AOT*"“** surfactants in nonpolar
media. For OLOA1200, the current on a shorter time scale
represents the motion of initially charged inverse micelles
under the influence of an electric field that can be modeled
accurately with drift and diffusion.”® On a longer time scale, a
nonzero steady-state current exists, which can be explained by
the generation of charged inverse micelles in the bulk of the
solution® and by surface generation.>® For AOT, the
generation rate of charged AOT micelles is much larger than
that of charged OLOA micelles and is sufficient to maintain the
equilibrium concentration of charged inverse micelles in the
bulk, even when a field is applied. For this reason, studying the
properties of charged AOT inverse micelles is not straightfor-
ward. We observe that most of the charged AOT inverse
micelles that have arrived near the oppositely charged electrode
remain very close to the surface and behave as a surface layer
capacitance. This results in an exponential decrease in the
transient current with a time constant that is proportional to
the bulk thickness and inversely proportional to the mass
fraction of AOT.*'

In this article, we demonstrate that charged inverse micelles
from a variety of surfactants in dodecane can be studied using
the transient current measurement method. We determine the
concentrations, mobilities, and hydrodynamic sizes of five
surfactants: OLOA11K, Solsperse13940, Span80, Span85, and
AOT for a wide range of applied voltages, cell thicknesses, and
concentrations of surfactant. On the basis of our experiments,
we distinguish two classes of surfactants with different
behaviors, mostly determined by their different generation
rates and interaction with the interface.

2. MATERIALS AND METHODS

The devices used for the transient current measurements consist of
two glass plates coated with indium tin oxide (ITO) electrodes, with
overlapping area S = 1 cm” Glass spacer balls mixed with ultraviolet
curing glue (Norland) position the two glass plates at a distance d. For
some measurements, the ITO electrodes have been coated with an e-
beam-evaporated Al,O; layer with a thickness of 50 nm to reduce the
surface generation of charged micelles and Faradaic reactions. Devices
were made with thicknesses of d = 7, 17, 20, 25, and 27 um. The
thicknesses are determined from the interference fringes in the
transmission spectra that are recorded with a spectrophotometer
(PerkinElmer, Lambda 35). The volume between the electrodes is
filled with a mixture of high-purity (99.9%) n-dodecane (dielectric
constant € =2) (VWR) and different concentrations of surfactants

AOT (Sigma-Aldrich), OLOA11000 (Merck), Solsperse13940
(Sigma-Aldrich), Span80 (Merck), and Span8S (Merck). No measures
have been taken to eliminate traces of water in the mixtures or to
purify the solutions.

The currents are measured using a setup based on a Keithley 428
current amplifier. Each experiment starts from a homogeneous
distribution of charges after the electrodes have been short-circuited
for a sufficient amount of time. At t = 0, a voltage V, is applied over
the electrodes, and the resulting polarizing current is measured. The
measured currents can be used to obtain information about transport
and generation mechanisms of charges in nonpolar media.

3. THEORY

The measured currents are analyzed by the following model. In
thermal equilibrium, a small fraction of inverse micelles is
charged by different mechanisms, the two most common being
disproportionation and dissociation.”” The concentrations of
positive and negative charged micelles are denoted as n, and
n_(m~>). Assuming the valency of charged micelles z to be
+1'>°% and from charge conservation, we can conclude that n,
= n_at t = 0. In the model, we assume that positive and
negative micelles have the same size and the same mobility y =
u, = p_ (m*>V's!). We believe that this is a reasonable
assumption as we do not observe two different mobilities in the
measurements. Because the surface of the electrodes (1 cm?) is
much larger than the cell thickness (~pm), the device can be
considered to be a 1D structure.

In the absence of an electric field for a sufficient amount of
time, there is a homogeneous distribution of charged micelles
and an equilibrium concentration # = n, = n at t = 0. When a
voltage is applied at ¢ = 0, drift, diffusion, and generation terms
influence the concentration of charged micelles, and the
transport of inverse micelles is determined by

on o’n on
—F=D—5 - 2 (i E) + (—i)
at ax ax B at generation (1)
where D is the diffusion constant (m*s™") given by the Einstein
relation D = uKyT/ze, with Ky being the Boltzmann constant
and T being the absolute temperature (K). E is the electric field
(V/m), which is V,/d at t = 0.

A similar equation describes the variation in the concen-
tration of neutral micelles n,. In this article, we will simulate the
currents without considering generation or recombination;
therefore, n, is a constant. The field distribution at time ¢ is
related to the potential at the electrodes ( f 9E dx = V,) and the
distribution of charges described by Poisson’s equation:

€€ JE =

“ox @)
In this article, transient currents are simulated by solving the
Poisson—Nernst—Planck (PNP) equations (eqs 1 and 2)
without considering the generation and recombination of
charged micelles. A fixed potential is applied over the
electrodes, and we assume that there is no micelle flux at the
electrode interfaces as the boundary condition. The focus of
this article lies on the initial part of the transient current that is
due to the motion of the initially present charged species rather
than to the motion of newly generated charges. Initial
conditions are homogeneous concentrations of charged inverse
micelles and a uniform electrical field in the bulk. The electrical
field is a function of the position x and time ¢ and follows from
the distribution of the charges and the law of Gauss. The
generation reaction rate is set to zero because we are interested
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Figure 1. Transient current measurements for cells with bare ITO electrodes and 1D simulation (solid lines) for (a) OLOAIL1K and (b)
Solsperse13940 in dodecane systems in cells with S = 1 cm? with a given thickness d and surfactant concentration at 5 V.

only in the current due to the initially present charged micelles.
Cell parameters V and d are taken from the values used in the
experiments. Estimated values for the concentration n and the
mobility y of charged species are derived from the measure-
ments by the following procedure. First the equilibrium
concentration of charged species 7 is calculated by integrating
the measured transient current for a voltage that is sufficiently
high to lead to the complete separation of charges:

t=0 b I dt
t=0 zeSd (3)

The integral is taken from t = 0 to t = t,, when the charged
species have reached the electrodes. At time t,, the current
drops steeply and reaches the steady-state value. Any current
after t, is due to the leakage and generation of new charged
species and is not included in the integral. The mobility is
determined from the initial current, when the field and
concentrations are considered to be uniform:

L.
# 2zeSnV, 4)

The best fit for the concentration n and the mobility u is found
by minimizing the average squared vertical distance between
the measured and simulated transient currents on the log—log
current—time graph. Because the initial current I; is determined
quite accurately, n and p are varied together in such a way that
their product always satisfies eq 4.

4. RESULTS AND MODEL

4.1. Transient Current Measurements. The polarizing
current I(t) is used to determine the concentration and
mobility of the charged species that are initially present in the
volume between the electrodes. Sets of polarizing current
measurements are shown in Figures 1—3 for different surfactant
concentrations of OLOA1100, Span85, Span80, AOT, and
Solsperse13940 in dodecane and for different device thick-
nesses. For each concentration of surfactant, the device
thickness and voltage amplitude are chosen to obtain a visible
decay in the polarizing current with a high value for f, the ratio
of the initial current I; over the steady-state current I, in order
to simplify the interpretation. In some cases, thinner devices

have been used to reduce the flow and electrohydrodynamic
effect.>*

12140

As can be seen in Figure 1, for OLOAI1K and
Solsperse13940, the current drops significantly at time f,, and
fis on the order of a few hundreds, at voltages higher than 1V
to separate the ion species. Interpreting and obtaining n and p
is straightforward in these types of surfactants, as explained
before.

For other surfactants such as Span80, f is about 10, as
illustrated in Figure 2. By properly choosing the thickness of
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Figure 2. Transient current measurements for cells with bare ITO
electrodes and 1D simulation (solid lines) for Span80 in dodecane in
cells with S = 1 cm? d = 17 um, and 0.1 and 0.3 wt % for different
applied voltages.

the device and the applied voltage, we can optimize the
measured polarizing current and increase the factor f. Although
the study of these types of surfactants is more critical compared
to that of the first discussed group, it is still possible to observe
the different stages at short and long time scales, corresponding
to the initially present and newly generated inverse micelles,
respectively. As can be seen in Figure 2 for Span80, at
sufficiently high voltages, the measured steady-state currents
become independent of the applied voltage. This 9phenomenon
has been studied in more detail for OLOA1200.”” As expected
for the case of the disproportionation of inverse micelles as the
charge-generating mechanism, the saturated steady-state
current is proportional to the square of the surfactant
concentration (as observed in Span80, Figure 2).
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Figure 3. Transient current measurements for (a) Span8S and (b) AOT in dodecane systems for cells with bare ITO electrodes (O) and with AL O,
coating electrodes (A) and 1D simulation (solid lines) in cells with S = 1 cm?, with a given thickness d, surfactant concentration, and applied voltage.

For AOT and Span85 (Figure 3), f is even lower. For these
materials, the measurements with bare ITO electrodes show a
ratio f that is close to 1 (O, Figure 3). In measurements with
such a low fvalue (with the steady-state current almost equal to
the initial current), it is not possible to find the mobility and the
concentration of the charged micelles.

The amplitude of the steady-state current is determined by
processes such as the bulk generation of new charged inverse
micelles and the surface generation of charged inverse
micelles.*® Faradaic currents in the sense of molecular ions
do not play a role (these should disappear with blocking
insulators); therefore, only charges in the form of inverse
micelles contribute to the electric current."?

To characterize surfactants with a high steady-state current,
two approaches are used. One option to increase f is to use a
small cell thickness and a high voltage because this increases the
initial current compared to the bulk generation current.
Another option is to use devices with a thin Al,O; coating
on top of the ITO electrodes to reduce the surface generation
current. With this method, the ratio between the initial current
and the steady-state current increases to about 10, as illustrated
in Figure 3, and the characterization of the initially present
charged micelles becomes possible. This also indicates that an
insulating layer can reduce the generation of charged inverse
micelles on the surface of the cell.

4.2. Simulations. As explained in section 2, transient
current measurements provide a straightforward way to obtain
information about transport and generation mechanisms of
charges in nonpolar media. Cell parameters V and d are taken
from the values used in the experiments. Estimated values for
the concentration n and the mobility s of charged species are
derived from eqs 3 and 4. First the equilibrium concentration of
charged species n is calculated by integrating the measured
transient current for a voltage that is sufficiently high to lead to
the complete separation of charges. Then, the mobility is
determined from the initial current and the concentration.

Figures 1—3 show simulations of the transient current (solid
lines) corresponding to the measurements (dots), obtained
after finding the best fit for the concentration n and the
mobility p. Table 1 presents the best fit values of n and p and
the corresponding radii R of inverse micelles for each
concentration of surfactants at the highest applied voltages in
Figures 1-3.
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Table 1. Type and Concentration of Surfactant, Measured
Concentration n, Mobility g, and Resulting Radius R of the
Inverse Micelles®

surfactant ¢ (wt %) n (no./m?) u (m*Vv1s™) R (nm)
OLOA11K 0.03 2.08 x 10'® 1.14 x 10~ 532
OLOA11K 0.1 7.14 x 10" 1.02 x 107 5.94
OLOA11K 0.3 16.1 x 10" 1.15 x 107 527
OLOA11K 1 422 x 10" 1.16 x 107° 523
Solsperse 13940 0.1 13.1 x 10* 0.76 x 10~° 7.98
Solsperse 13940 03 38.6 x 10" 0.70 X 107° 8.66
Solsperse 13940 1 150 x 10* 0.70 X 10~° 8.66
Span80 0.1 7.18 x 10" 1.50 x 10~° 4.04
Span80 0.3 20.8 X 10* 148 x 1070 4.09
Span8$ 1 0.78 x 10" 2.34 x 107° 2.59
AOT 0.03 0.18 x 10'* 3.61 x 107° 1.68

“Measurements are derived from the best fit for the transient current
measurements in Figures 1—3.

To calculate the size of the charged inverse micelles, we
assume that all inverse micelles of these surfactants are
spherical, as it has been reported in the literature. Kotlarchyk
et al. reported the spherical shape of AOT in n-decane,”* and
Guo et al. found the same results for Span83 in hexane.”> Some
works suggest that the reverse micelles formed by Span80 are
not spherical.>> However, we assume a spherical shape for Span
80 micelles, and we follow this approach in our calculations.
Under this assumption, we can calculate the effective
hydrodynamic radius of inverse micelles based on Stokes’ law,
R = ze/(67nt), the results of which are summarized in Table 1.
The viscosity # of the solutions is assumed to be equal to the
viscosity of dodecane (1.4 X 107> Pa-s at room temperature).
The concentration of surfactants is sufficiently low (<2%) to
neglect changes in the viscosity. For higher concentrations of
surfactant, additional viscosity measurements are recommen-
ded.

Using the hydrodynamic radius of the inverse micelles
reported in the literature*® " and Stokes’ law with the viscosity
of dodecane 77 = 1.38 X 107> kg'm™":s/, a similar value y = 3.8
x 107 m*V~"s7! is obtained for the mobility of charged AOT
inverse micelles. Assuming again that all the inverse micelles
have the same size and monovalent charge, the concentration of
charged inverse micelles using the conductive measurement
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with this estimated value of y, is @ = n, = n_ = 8.2 X 10"® (m™)
per weight percentage of AOT.

4.3. Small versus Large Inverse Micelles. Previous
studies have revealed differences between AOT and OLOA
inverse micelles”*" that deserve discussion in this context.
These studies suggest that most charged AOT inverse micelles
near the surface are immobilized in a Helmholtz double layer.
As a result, the screening of the electric field in the bulk is
mostly determined by the capacitance of the Helmholtz layer,
and the current decays exponentially over a long time.>!

It was observed that with high concentrations of OLOA and
relatively low applied voltages, the transient current decreases
considerably because the formation of a double layer with
thickness Ap; screens the electric field in the bulk within the so-
called diffuse double layer time, tpy; = 2dAp; D.'" Although other
methods such as impedance s;)ectroscopy or experiments
with small dielectric particles*®*” can reveal the properties of a
diffuse double layer for AOT, the transient currents that we
measure are dominated by the large interface capacitance C; =
9.56 X 107 F/m” and decrease exponentially. The time decay
constant can be characterized by Cd/So, where ¢ is the
conductivity of the mixture of AOT and dodecane and S(m) is
the surface area of the electrode. Additional measurements (not
shown here) indicate that Span 85 and Span 80 behave as AOT
in this respect, whereas Solsperse13940 forms a diffuse double
layer, just like OLOAI11k.

The size of the inverse micelles has an influence on the level
of the steady-state current as can be seen in Figures 1—3 and
Table 1. The electrostatic energy of a charged micelle with
radius R is gz = 2’KyTAg/ 2R,*7**37 where g is the Bjerrum
length, the distance at which two opposite charges can stay
separated and their thermal energy equals the electrical energy
of the ions. For univalent charges in dodecane (¢ = 2), the
Bjerrum length is 28 nm. For smaller inverse micelles, the
electrostatic energy of charged micelles gg is larger and the ratio
of charged over unchanged micelles y = (n, + n_)/n, =
2857 s expected to be smaller. A system with smaller
micelles leads to a higher reaction rate and a higher steady-state
current. This matches well with Figures 2 and 3, where the
levels of the steady-state currents are higher than in Figure 1.

It appears that the size of inverse micelles (Table 1)
determines whether a diffuse double layer is important.
Previous studies have revealed that for the small AOT inverse
micelles (radius 1.6 nm) the extended diffuse double layer
usually does not show up and screening is due to the thin
interface capacitor formed by the Helmholtz layer.’' For
OLOA1200 the inverse micelles of 7 nm form a normal diffuse
double layer.”® Additional measurements (not shown here)
indicate that Span 85 and Span 80 behave as AOT in this
respect, whereas Solsperse13940 forms a diffuse double layer,
just like OLOA11k.

5. DISCUSSION

The transient current method can be used to derive the
conductivity, the concentration, and the mobility of charged
species in nonpolar media. This method can be used to study
the dynamics and charging mechanism of surfactants in
nonpolar solvents. The analysis of the current is not
straightforward because different mechanisms may be present.
For AOT and Span8S it is not easy to separate the contribution
of initially charged micelles from the contribution of
generation. Apparently the size of the inverse micelles plays
an important role in the shape of the transient current I(¢). The

smaller the size, the lower the fraction of charged inverse
micelles and the higher the generation rate. In this article we
demonstrate for the first time that the method can also be used
for surfactants that produce small inverse micelles, by choosing
small device thicknesses and high voltages and, when necessary,
an insulating layer on top of the ITO electrode.

Figure 3 shows that the initial transient current can be more
easily observed in devices with a layer of Al,O; on top of the
ITO. A similar behavior is observed for devices with different
thicknesses and different mass fractions for AOT and Span85.
The steady-state current in devices with an insulator is limited
by the bulk generation rate of charged inverse micelles and
therefore saturates at higher voltages. This behavior is more
noticeable in devices with lower concentrations of AOT and
Span8s.

In the transient current measurement technique we assume a
unique size for the inverse micelles and study only the charged
inverse micelles. By combining this method with other
techniques (such as DLS or SANS), a complete set of
information on charged and uncharged inverse micelles can
be obtained. The strength of the transient current method is
that the mobility and the concentration of charged micelles can
be determined simultaneously.

In this article, the simple model for charge transport has been
used on the basis of drift and diffusion, neglecting generation.
This simple model can explain the shape of the initial transient
current and determine the concentration and mobility of
charged inverse micelles with a fitting procedure. The
calculated radii of charged inverse micelles from Stokes’ law
(presented in Table 1) are comparable to values found in the
literature. Kotlarchyk et al. studied AOT in decane using the
small-angle neutron scattering technique (SANA), and they
found that inverse micelles are spherical with a hydrodynamic
radius of 1.6 nm.** Guo et al. have used DLS to study Span85
in hexane. They have found a diameter of 2.8 nm for the
inverse micelles, which is in good agreement with our results.
The concentration of charged AOT inverse micelles presented
in Table 1 is in good agreement with the value of 10" m™
obtained from conductivity measurements and reported by Hsu
et al. and Roberts et al.*”?®

6. CONCLUSIONS

We have used transient current measurements to investigate
the mobility, size, and concentration of charged inverse micelles
for various surfactants in nonpolar liquid dodecane. For some
surfactants, the steady-state currents are low and the analysis of
the transient current is straightforward (OLOAllk, Sol-
sperse13940). For smaller surfactants and as a result of higher
steady-state currents (SpanSO), the accuracy of interpretation
can be increased by optimizing the device thickness and the
applied voltage. For the surfactants with even higher steady-
state currents and smaller sizes (AOT and Span85), the
contribution of bulk and surface generation is minimized by
additionally covering the electrode with an insulating layer. In
this way, the concentration and mobility of the inverse micelles
for all of these surfactants can be determined. The hydro-
dynamic radii of the inverse micelles have been calculated for
the surfactants on the basis of Stokes’ law, and we are able to
determine the radii of inverse micelles with an accuracy of less
than 1 nm.
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