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Abstract

Charged inverse micelles (CIMs) generated during a continuous polarizing voltage between
electrodes in the model system of polyisobutylene succinimide in dodecane do not populate a

diffuse double layer like CIMs present in equilibrium (regular CIMs), but instead end up in
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interface layers. When the applied voltage is reversed abruptly after a continuous polarizing
voltage step, two peaks are observed in the transient current. The first peak is due to the
release of regular CIMs from the diffuse double layers formed during the polarizing voltage
step, which is understood on the basis of the Poisson-Nernst-Planck equations. The second
peak is due to the release of a small fraction of generated negative CIMs from the interface
layer. A model based on space charge limited release of the generated negative CIMs from the
interface layer is presented and the results of the model are compared with several types of
measurements. For the situation in which the bulk is deprived of regular CIMs and neutral
inverse micelles, the results of the model are in agreement with the experimental results.

However, for the situation in which regular CIMs and neutral inverse micelles are present, the
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model shows discrepancies with the experiment for high voltages and high charge contents.
These discrepancies are attributed to electrohydrodynamic flow caused by local variations in
the electric field at the vicinity of the electrodes, which occur during the reversal voltage.
Also the long term decrease of the amount of released generated CIMs is studied and it is
found that the presence of regular CIMs and neutral inverse micelles speeds up the decrease.
This study provides a deeper insight in the electrodynamics of CIMs and is relevant for

various applications in non-polar liquids.

1. Introduction

Non-polar liquids have a low dielectric constant and the concentration of free charges is
typically very low. The addition of surfactant molecules that contain polar groups can
stabilize free charges and charged particles, in particular when the critical micelle
concentration (CMC) is reached and inverse micelles can be formed'. In thermal equilibrium
a small fraction of these inverse micelles is charged (to +e or -¢) and called charged inverse
micelles (CIMs)*™*. The formation of CIMs, their charge stabilization and electrodynamical
properties have been studied widely*~''. However, not all aspects of the charging dynamics

have been clarified. Non-polar liquids with surfactants are used in inkjet printing', liquid

13-15 16-19

toners'%, electrophoretic image displays and many others applications

To study the motion of CIMs in a non-polar medium, transient current measurements
after the application of a voltage step over the electrodes of a planar cell have been used
10.1120-23 1 this study, transient current measurements in response to a polarizing voltage step
(0—Vy) and a reverse voltage step (Vy—-V;) have provided insight about the generation
mechanism and the dynamics of CIMs and the adsorption/desorption of CIMs at

20,24,25

interfaces . On the basis of transient electrical behavior, surfactant systems can be
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categorized in two broad categories. The first category corresponds to the surfactant systems
in which the generation rate of CIMs is so low that the bulk is almost depleted of CIMs when

a polarizing voltage larger than 1 V is applied*

. Surfactant systems such as polyisobutylene
succinimide (PIBS), commonly known as OLOA 11K, Solsperse 13940, and sorbitan
monooleate or Span 80 are in this category. The radius () of CIMs of these surfactants is
larger than 3 nm. The surfactants OLOA 11K (r = 5.5 nm'"**?%) and Span 80 (r = 4 nm?®) are
non-ionic while Solsperse 13940 (» ~ 8 nm”®) is an ionic surfactant. The second category
includes surfactant systems such as ionic sodium dioctylsulfosuccinate or Aerosol OT (AOT)

2% and non-ionic sorbitan trioleate or Span 85 (» ~ 3 nm***"), in which the

(r = 1.6 nm
generation rate of CIMs is much higher than their transportation rate to the opposite polarity
electrode on application of an electric field. Therefore, in these surfactant systems, the
concentration of CIMs in the bulk always remains approximately equal to the equilibrium
concentration®**®. Also, the behavior at interfaces of each category of CIMs is different, the
CIMs of the first category surfactant systems end up in a diffuse double layer28 while that of
the second category CIMs form interface layers®® at the electrodes. The difference in the
interfacial electric behavior of CIMs leads to different transient currents. Detailed theoretical
and experimental studies have been carried out for the first category of surfactant systems and
various electrodynamical regimes, depending on the applied voltage and the charge content,

. . 11,20,23
have been identified .

Similarly, for the second category of surfactant systems
exponentially decreasing currents are observed, which can be modeled as a resistor in series
with interface capacitances™.

For the first category of surfactant systems such as OLOA 11K and Solsperse, when
the voltage is reversed abruptly after a continuous polarizing voltage step (Vp > 1 V), two

23,25

peaks are observed in the currents™ > while no peak is observed for the second category of

surfactant system such as AOT. The occurrence of the first peak is understood well on the
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basis of the Poisson-Nernst-Planck equations. It is observed that the integral of the first peak
always remains the same because it is related to the fixed amount of CIMs present in
equilibrium®™. However, the integral of the second peak increases with increasing duration of
the polarizing voltage step and eventually reaches a saturation level for high voltages. From
this observation, it has been concluded that the second peak is a result of new charges

generated during the quasi steady state of the polarizing voltage step® .

Previously, we have reported on two studies about the properties of generated CIMs and the

mechanism of their release®”’

. In the first study, we showed that the mobility and the size of
the generated CIMs are the same as that of the regular CIMs®’. The other study investigated
space-charge limited release of generated CIMs and pointed out that the newly generated
CIMs do not populate the diffuse double layer at the electrodes like the regular CIMs, but
instead end up in interface layers”. When the applied voltage is reversed or switched off only
a small fraction of the negatively charged generated CIMs is released from the interface layer,

these CIMs are termed as special CIMs or SCIMs. The release of SCIMs from the interface

layer during the reversal or relaxation voltage results in a second peak in the current.

In this article, we examine the origin of the second peak by varying the duration and
magnitude of the polarizing voltage step, the bulk thickness and the mass fraction of the
surfactant. We propose a theoretical model for the release of generated negative CIMs from
the interface layers and compare the results of the model with measurements performed in
various situations. Finally, we study the long term decrease of the excess of generated CIMs

with and without the presence of regular CIMs.
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2. Materials and Methods

For the transient current measurements, test devices are used that consist of two parallel glass
substrates coated with indium tin oxide (ITO) electrodes with overlapping area S = 1 cm®.
Quartz spherical balls mixed with ultraviolet curing glue (Norland) are used to hold the ITO
coated glass substrates at a distance d from each other, with d = 7.6, 20 or 46 pm. The
thicknesses are confirmed using the optical transmission spectrum. Solutions are prepared
with mass fraction ¢,,, = 0.001, 0.003, 0.006, 0.012 and 0.024 of polyisobutylene succinimide
(PIBS), commonly sold as OLOA 11K (Chevron Oronite) in dodecane (Aldrich, & = 2). No
particular measures were taken to eliminate traces of water or to purify the mixtures. The
volume between the electrodes is filled with the prepared mixtures. Currents are measured
using a custom built setup based on a Keithley 428 current amplifier. Before starting a
measurement, equilibrium conditions are ensured in the device by short-circuiting the
electrodes for 10000 s. Then, five types of experiments are performed that all provide some

insight in the behavior of generated CIMs (see Fig.1).

The different types of experiments are illustrated in Fig. 1. In the first experiment

Published on 28 June 2016. Downloaded by University of Sussex on 04/07/2016 03:51:04.

(Type A) the effect of the polarizing voltage step duration on the reverse current is studied by
increasing the duration #) (10 s to 10000 s) of the polarizing voltage step 0—V, (Vy >1 V)
while keeping a constant duration of the reverse (¢; = 200 s) and relaxation voltage steps (¢, =
10000 s). In the second type of experiment (Type B) the effect of the voltage V', on the current
due to the release of the generated CIMs is studied after the removal of regular and neutral
inverse micelles (IMs). The experimental sequence is: polarizing voltage step 0—Vy (Vy=5V)
with duration 7y =10000 s; short-circuiting for #; = 100 s. Then using a suction pump the
liquid between the substrates is sucked out and the space between the substrates is replaced by
air. Afterwards, the space between the substrates is refilled with pure dodecane and the same

suction process is repeated. This suction and filling process is repeated 10 times to ensure that

5
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the liquid in the volume is completely replaced with pure dodecane®. Afterwards, the
electrodes are re-connected to the measurement setup, a voltage step 0— 7 is applied for ¢, =
200 s and the device is short circuited for a time #,. In the third type of experiment (Type C)
the effect of the reverse voltage step on the reverse current is studied by increasing the
magnitude of the reverse voltage step (Vy—-V;) while keeping constant durations for the
polarizing (zp= 10000 s), reverse (¢;,= 200 s) and relaxation voltage steps (¢,0= 10000 s). In the
fourth type of experiment (Type D) the decrease in the number of the generated CIMs is
studied as a function the short circuit duration ;. The experimental sequence is: polarizing
voltage step (V=15 V) of duration 7= 10000 s; short circuiting for a duration #; between 20 s
and 5000 s; voltage step 0—V; (V3 =5 V) for t3= 20 s and short circuiting for #,p = 10000 s. In
the fifth type of experiment (Type E) the decrease in the number of the generated CIMs is
studied with increasing the short circuit duration #, in the absence of regular CIMs and
neutral IMs. The experimental sequence (Type E) is identical to that of experiment type B
until the filling with pure dodecane. Afterwards, a voltage step 0—V, (V, =5 V) is applied
across the electrodes for a duration of ¢, = 20 s and then the electrodes are short circuited for
ty (t;4 = 1000 to 50000 s). Then, again a voltage step 0—V, is applied. By measuring the
initial current after applying the polarizing voltage pulse ¥, and the integral of the current
pulse over # (without the quasi-steady state current) as described elsewhere®, the mobility of

the CIMs has been determined as 1320 um?/Vs.


http://dx.doi.org/10.1039/c6cp03544b

Page 7 of 27 Physical Chemistry Chemical Physics
View Article Online
DOI: 10.1039/C6CP03544B

Type A

t,=11t0 10000 s

v (V)
v (V)

V,=0to 10V

V(V)

| £(s)
I

t.;= 10 to 10000 s t.+= 10 to 50000 s

Figure 1: Schematic illustration of the voltage sequences for various types of transient current experiments.
Type A: the duration ¢, is varied. Type B: the bulk liquid is replaced by dodecane (clean) and ¥ is varied.

Type C: V; is varied. Type D: ¢; is varied. Type E, ¢, is varied.

3. Theoretical Model

In this section a one-dimensional numerical simulation model is introduced that describes the
transport of CIMs and the release of SCIMs from the interface layer. We consider the case

when the space between two parallel electrodes, separated at a distance d, is filled with a

Published on 28 June 2016. Downloaded by University of Sussex on 04/07/2016 03:51:04.

mixture of nonpolar liquid and surfactant. In thermal equilibrium and in the absence of an
electric field, a small fraction of inverse micelles is charged due to a disproportionation

mechanism'®* leading to an equilibrium concentration of positively and negatively charged
inverse micelles: 1 = n, = n_ = /K, f1,. Here, 1 and 71, are the initial concentrations of
charged and uncharged inverse micelles respectively and K, is the equilibrium constant. The

CIMs present in the equilibrium are referred to as regular CIMs. When there is a field and a

concentration gradient, drift and diffusion of the regular CIMs result in a flux of positive or
negative CIMs: ¥, = +nj uE — D%. Here x is the position between the electrodes which

are situated at x = 0 and x = d, u is the mobility of the CIMs, E is the electric field and D is the
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diffusion constant of the CIMs. The diffusion constant and the mobility are linked by

Einstein’s relation: D = ukgT /e.

The observed quasi steady-state currents are well explained by the bulk disproportionation
mechanism, in which two neutral inverse micelles collide and exchange a charge, resulting in
a positive and a negative CIM*'*®. In contrast to the dissociation of single neutral micelles,
the disproportionation mechanism can explain the quadratic dependency of the quasi steady-
state current on the surfactant concentration (which is also proportional to the neutral inverse
micelle concentration)'**. In the present model we assume that there are three types of CIMs
that can be generated in the bulk in the presence of an electric field as the result of
disproportionation. For each reaction on average the following CIMs are created: 1 positive
(ns+) and 0.95 negative (n,.) CIMs that will stick to the interface layer and are never released
again, and 0.05 special negative CIMs (ngcpys) or SCIMs that can be released from the
interface layer®’. The mobility and diffusion constant of these CIMs are the same as that of the
regular CIMs®. For each of them we can define a flux ¥,,; ¥,_; Wy, which satisfy
similar relations as ¥,.. The low generation rate constant B (order 10?* m?/s) for OLOA 11K
in dodecane leads to the conclusion that the concentration of the neutral inverse micelles n,

remains approximately equal to the original value 71,,.

Ignoring the electric field dependency of S, ignoring recombination of CIMs and taking into
account the above-mentioned proportions 100%, 95% and 5% in which the various CIMs are
generated in the presence of an electric field, the continuity equations for the different types

of CIMs can be written as:

an d
— =5 (W) ®
on 0

el MR @
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ong_ d

a; =)+ 0.958n% 3)
an d
— = o= (scius) + 0.054n 4)

The electric field between the electrodes is governed by Gauss’s equation:

OE
gogra = p ®)

In this equation, p = e(ny —n_ 4+ ng, — ns_ — Ngcpys) is the charge density. By integrating

equation 5 we find E(x) = E(0) + foxidx and by using E(0) = g — %fod fox 2 dx'dx,

Eo&r

we can find the electric field:

1
Eo&rd

EGO) = Lo —— (¥ pe)wdx’ + [F p(x)(d — x)dx") ©)

The current in the external circuit is given by

I(t) = (eS/d) [} (¥ — ¥+ Pyy — o — Wcis) dx (7)

Initially, at # = 0, when the device is in equilibrium, the regular CIMs are uniformly
distributed and we assume that the concentration of generated CIMs is zero. Thus, the initial
conditions at ¢ = 0 are given by:

n,=n_=nmn (8)
Mgy = Ng— = Ngerys = 0 )

Now we discuss the boundary conditions. Regular CIMs form a double layer in the
bulk, while the different types of generated CIMs (ng4 and ngcpys) are adsorbed at the
surface and form the interface layers with thickness A. Previous studies show that the distance
between the charges in the interface layer and the electrode (a.A with a<1) is so small, that
the charges do not affect the electric field in the bulk significantly”®, and therefore A has to be

much smaller than 1 nm.
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For the regular CIMs there is no flux into the interface layers and blocking boundaries
conditions are used:

P,(x=N)=¥,(x=d-A)=0 (10)
When they reach the interface layers the generated CIMs get adsorbed with their charge
situated at x = A and x = d — A. Therefore their bulk concentration can be set equal to zero
at the corresponding locations:

ngt(x =A4) = ngy(x=d—-A)=0 (11)
For the negative SCIMs we consider two cases. First we consider the case when the electric
field in the bulk near the interface layer is pointing away from the interface. In this case the
SCIMs are adsorbed in the interface layer, just like the other generated CIMs

ngeims (x = A) = 0, when E(x=A)>0 (12)

Ngeyms(x =d —A) = 0, when E(x=A)<0 (13)
The flux of SCIMs going into and out of the interface layer is linked to the surface densities
of SCIMs in the interface layer Nscyu situated at x = A and Ngcpyir situated atx = d — A by

the continuity equations:

ANscims
% = —¥scims (x = B) (14)
MR = Yoyys (x = d — 4) (15)

When the field in the bulk near the positive electrode becomes less than zero, SCIMs can be
released from the interface layer. We assume here that the release of negative SCIMs is
governed by field clamping, which means that as many charges are released as needed to keep
the field at x = A (or at x = d - A) equal to zero ', This continues until all the negative
charges are released. At that moment the field in the bulk near the interface layer can start to

point into the electrode.

10
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During field clamping we have E(x = A) = 0 and in the electrode E(x = d - A) = 0 which
means that the charge in the interface layer remains exactly opposite to the charge on the

electrode. By taking the time derivative of both quantities we can find the flux of SCIMs:

I(t
Ysems(x = A) = — 2—5), as long as Ngciys, >0 (16)
The decrease of Nscmz is found by the continuity equation given earlier. When its value
becomes zero, no more SCIMs can be released:

Yscims(x = A) = 0, when Ngcyys, = 0 (17)

With similar formulas applying for the release of SCIMs near the x = d interface.

b » . (O .
|
©

o | B ©
o o I
o <

Figure 2: Representation of the device with two parallel electrodes at distance d with area S =1 cm”. The device
is filled with a suspension of OLOA 11K in dodecane. The regular CIMs are shown in red and blue while the
generated CIMs are in cyan and yellow. (a) Shows the response to a polarizing voltage step (0— 7)) with the
formation of diffuse double layers and interface layers (light pink color). The SCIMs in the interface layer are
shown in cyan, the other adsorbed CIMs are not shown. (b) Shows the release of regular CIMs and SCIMs
(cyan) when the voltage is reversed (Vy,—-V;). (c) Shows interface layers with SCIMs after cleaning the device

and the release when a voltage is applied.

The set of equations for the CIMs fluxes are numerically solved. This involves solving the

differential equations 1-5, using the initial conditions of equations 8-9 and the boundary

11
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conditions of equations 10-17. The electric currents in the external circuit are calculated using

equation 7.

4. Experimental Results and Simulations
In this section we provide the results for the transient current measurements that are described in
section 3. Typically series of measurements are carried out to investigate the influence of the short

circuit time or the amplitude of the voltage pulse.
4.1. Reverse Current for Different Pulse Durations

In this subsection we describe the results for the experiment of type A: reversal transient
current as a function of the duration of the polarizing voltage step, the cell thickness and mass
fraction (¢,,) of OLOA 11K. Fig. 3 (a) shows that, for a short duration of the polarizing
voltage step (79 =10 s), there is a single peak in the reverse current, which is well-understood
on the basis of the Poisson-Nernst-Planck equations®. For longer durations of the polarizing
voltage step (¢ > 100 s) there is a second peak in the current, starting at ¢, = 0.15 s, which
grows with the duration of the polarizing voltage step #, and saturates for #) > 3000 s. The
effect of the cell thickness and the duration of the polarizing voltage is evaluated by
integrating the current of the second peak over the interval ¢, = [0.15 s, 1 s] to obtain Q,. Fig.

3 (b) indicates that the saturation level of Qy, scales roughly linearly with the cell thickness
(for d >10 pum) as (8.8 x 1074 %) Xd(m). Fig. 3 (c) shows that an increase in the mass

fraction ¢, of the surfactant leads to an increase in Q,,. The saturation level of Qy, (for long

ty) is approximately proportional to ¢,, (for ¢, < 0.012).

12
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Figure 3: Reverse transient current experiment of type A for OLOA 11K in dodecane. (a) Reverse transient
current for different durations #, of the polarization pulse for a device with d = 20 um and ¢,, = 0.003. (b)
Integral of the second peak O, on a semilogarithmic scale as a function of the duration of the polarizing voltage
pulse, for different cell thicknesses d, with ¢,,, = 0.003. (c) Integral of the second peak Oy, on a semilogarithmic
scale as a function of the duration of the polarizing voltage pulse for different mass fraction ¢,, for a device with

d =20 pm. The black lines show approximately linear fit with the experimental data.

The charge generated during a polarizing voltage step (V) > 1 V) scales as'®® Qg =
BnZedSt,. Fig. 3(b) shows that the integral of the second peak Oy, is also roughly linear with

the duration of the polarizing voltage step 7, (shown by black line in Fig. 3 (a) & (b)) and the

Published on 28 June 2016. Downloaded by University of Sussex on 04/07/2016 03:51:04.

saturated integral of the second peak scales with the cell thickness d (for d >10 um) as
(8.8 x 1074 %) Xd(m), which indicates that the second current peak is related to the

generation of new charges in the bulk. Fig. 3(c) shows that the saturation level Oy, scales
linearly with ¢, according to 6540 nCX ¢,,, for ¢, < 0.012 (and not quadratically as Qg as

will be discussed later). Therefore, the saturation level of the integral of the second peak
scales proportionally with the cell thickness and with ¢,, (for ¢,, < 0.012) as (0.34%) X

¢md(m). For the concentration ¢,,= 0.003, the maximum integral of the second peak Q,, =
20 nC is approximately 6.7 % of the charge O, = 300 nC generated during a polarizing

voltage step of 10000 s.

13
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4.2. Reverse Current for Cleaned Device

Fig. 4 shows experiments of type B in which, after a polarizing voltage step, the bulk is
replaced with pure dodecane and a positive voltage pulse is applied. The experiments are
carried out for two concentrations: (a) ¢p,,, = 0.003 and (b) ¢,, = 0.006, yielding for the
integral of the measured currents Q* during #, respectively 8 nC and 16 nC. The experiment
of type B has been repeated for a negative voltage pulse 0—-7>. In this case the shape of the
transient current and the integral values are about identical to those shown in Fig. 4. This
indicates that the SCIMs are redistributed equally on both the electrodes during the short
circuit time” 7, as depicted in Fig. 2 (c). The total amount of charge is then the double of
what is measured for a voltage step, namely 16 nC for ¢p,,, = 0.003 (Fig. 4 (a)) and 32 nC
for ¢,,, = 0.006 (Fig. 4 (b)), which is approximately matching with the saturated integral of the

second peak shown in Fig. 3 (¢).

The simulation of the transient current is based on the release of SCIMs from the interface
layer near the x = d electrode, when the field at x = d - A remains clamped to zero as explained
in section 3. The good agreement between the measurements and the simulations confirms
that the SCIMs are indeed released at zero field. We can recognize two particular regions in
the time dependency of the simulated currents in Fig. 4: up to about 10° s the current
decreases and is proportional to r%; and between about 10™" s and 10 s the current remains
approximately constant. We will now explain these two particular regimes, based on the

model that has been described in section 3.

After cleaning and removing all the regular CIMs from the bulk, a charge corresponding to —
Q" remains in both interface layers and the field in the bulk is zero. When the voltage pulse V,
is applied to the electrode at x = 0, a charge -Q = -CV; is supplied to the electrode at x = d,

with C = (gy¢€,S)/d the capacitance of the device. To maintain the field at x = d - A equal to

14
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zero an equal charge -CV is released from the interface layer at # = 0. At short time scales,
drift in the field can be neglected compared to diffusion, and the motion of the SCIMs is

determined by free diffusion from the surface. This means that the average distance from the

electrode increases with time as v2Dt. This leads to the diffusion current:

I(t) = S22 (V2Dt) = e |EET (18)

In the double logarithmic graph of Fig. 4 this equation is represented by a straight line. It

matches numerical simulations for small values of #.

Now we will develop a model for the time interval where the current remains practically
constant. Let us assume that the current density / which is due to SCIMs is independent of the
position®! and that we can neglect diffusion. The current density is then given by:

J = ngepm(x) epE (x) (19)
Combining this equation 19 with Gauss’s equation and replacing p by—engcys, gives:

EC) _ ]
0x __,uE(x)

(20)

After separating the variables x and E and integrating the above equation from x to d - A using

the boundary condition E (d - A) = 0, one obtains:

_ HeoerE(x)?
J= 2(d—A—x) @1

Equation 21 can be written as:

2](d—-A—-
E(x) = /“#—) (22)

Integrating equation 22 over the thickness and neglecting A yields:

Vz—f Yd-x) _ | 8dY 23)

HEoEr e 61t
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The current J is also equal to the steady state current measured in the external circuit. Then,
using J = I/S equation 23 yields the well-known Mott-Gurney formula which is used to
calculate the value of currents in the stationary state of space charge limited release of

charges3 031

9¢,6-US VZZ
ss = % (24)
Fig. 4 shows that the Mott-Gurney formula indeed represents the observed (and simulated)

current well. The time at which the stationary state current comes to an end can be estimated

from the total charge that is present in the interface layer and the steady state current: #, =

O .
6 -6
10 0VoV, V,=e 150 V | 10 [ ’ 0V, Vo= 150 V
10'7 \&; 5 ‘5.0 Vi . 50V
10°® e 05V e 05V
< 10° . ;
= 107° "‘.\ 5
10" (a) ".’\;‘ | '\
10°10°10*10°10%10™"10% 10" 10° 10°10°10*10*10%10"10° 10" 10°
t, (s) t;(s)

Figure 4: Measured transient currents (colored dots) for the experiment type B (after cleaning) are compared
with the simulated currents (black lines) for a device with d = 20 um which was filled with a suspension (a) ¢,,
= 0.003 (b) ¢, = 0.006 of OLOA 11K in dodecane. The colored lines show the calculated currents using

equation (18) while the dotted color lines correspond to the Mott-Gurney equation.

The time variation of the electric field distribution and the charge distribution is shown in Fig.
5 for a number of times, when a voltage pulse of 5 V is applied for the case of ¢,, = 0.003.

Up to about 10 ms, free diffusion of SCIMs is observed from the interface at x = d. Between ¢

16
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= 45 ms and ¢ = 185 ms the field is approximately proportional to the square root of the

position x, which corresponds to the Mott-Gurney regime of space charge limited current.

S e o IO

34 s RS o 3

5 0.3 \< 1§

£ £

8041 | g

- \| 8

% 5 10 15 20 % 5 10 15 20

x (um) X (um)

Figure 5: Simulated transient profile of (a) the electric field (b) the concentration of the released SCIMs for the
experiment type B in a device with d =20 pm with ¢,, = 0.003. The SCIMs are released from the interface layer
situated at the right electrode (shown by a red line) clamping the field to zero. The stationary state is reached

around 45 ms and lasts up to 800 ms.

4.3. Reverse Current for Different Voltages

Published on 28 June 2016. Downloaded by University of Sussex on 04/07/2016 03:51:04.

A comparison between the reverse transient current measurements and simulations for the
experiment type C (variation of the applied voltage), for different concentrations of surfactant
(¢m = 0.001 or 0.003) and different thicknesses (d = 20 um or d = 46 pm) is shown in Fig. 6.
The initial transient current and the first peak are due to the motion of regular CIMs from the
double layer, which was formed during the polarizing voltage step. The second peak or
shoulder after the first peak, is due to the release of SCIMs from the interface layer when the
field near x = 0 becomes zero. Since the shape and the origin of the first peak have been

123

explained earlier in detail™, in this article we focus on the second peak.
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In Fig. 6 (a) the measurements are in excellent agreement with the simulation results (except
for V; = 0 V), which indicates the validity of the assumptions. In Figs. 6 (b), (c) and (d),
corresponding to higher concentrations and/or larger thicknesses, even though the first peak is
described well by the simulations, there is a discrepancy since the measurements show a

second peak while the simulations show only a shoulder after the first peak.

The integral of the current in the second peak (Qy,) does not depend on the amplitude of the
voltage V| and is given by Oy, = 8, 23, 14 and 45 nC for the experiments in Figs. 6 (a), (b), (¢)
and (d) respectively. The integrals of the measured transient correspond well with the
integrals of the simulated transient currents. This means that the same amount of charge is

released but quicker (second peak) than predicted by the simulations for voltages larger than 1

V.
= u i t
. e 15V | Bf
10 10°
—~ 0.0V ~—~ 5
< 10° < 10° L
510_10 — 10_105 V,=e 1o?v |
10" 10.1{ e 15V S
10-124 3 2 o, ol 1L:'_; 10-12.-4 "-3 0'(-)2\/ A 0 anl z
100 10 10° 10 10 10 10 10 10" 10" 10 10 10 10
t; (s) t; (s)
=0 . 1
107 (c) "e 50V 107 (d)
1.5V .
10
< 10°
510_10V1=o 10N
10-11
10‘12 . . o - X1 10'12 . 0.0V .
10* 10° 102 10" 10° 10" 10° 10* 10° 102 10" 10° 10" 10
t, (s) t; (s)
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Figure 6: Measured transient currents (|/]) (colored dots) for the experiment type C are compared with the
simulated currents (black lines) for 5 V—-V,. The measurements are performed on devices with thickness d
filled with a suspension of OLOA 11K in dodecane (a) d = 20 pm with ¢, = 0.001 (b) d = 20 pm with ¢, =

0.003 (c) d = 46 um with ¢,, = 0.001 (d) d = 46 pm with ¢,,, = 0.003.

Fig. 7 shows the simulated transient profile of the electric field and the concentration of
negative charges for the experiment of type C (reverse current after a long polarization pulse)
in a device with d = 20 um filled with a suspension with ¢,, = 0.001, which corresponds to
the values of Fig. 6 (a). Immediately after reversing the polarity of the voltage (Vo—-V, V=
V; =5 V), CIMs move away from the electrodes into the bulk since the field at x = A is
positive (not shown). At #; = 21 ms the field E(A) decreases to zero, negative SCIMs are
released from the interface layer at x = A and the field there remains clamped to zero up to
490 ms as shown in Fig. 7(a). Between =110 ms and ¢ = 490 ms the field distribution in Fig.
7 (a) remains more or less stationary. The relation with x is more or less a square root
dependency (corresponding to the Mott-Gurney formula), except for a few um near x = 0
because of the influence of the double layer. At # = 800 ms all the negative CIMs and SCIMs

have arrived near the electrode atx = d.

0 ; : : A50 :

= (a) t,=0s o (b)
E 01 N a0 o
; t, =800 ms / E Vo— V4 (Vo=V,=5V)
= e e t
% -0.2 it womes N o 30 yaiba
Z—, -0.3 ~ \ g 20 t,= 800 ms
E ’ g L t;=45ms \
2-04 g 10|/ t,=110ms
o Vo— -V; (Vo=V;=5V) 8 t, =490 ms

5 5 10 15 20 % 5 10 15

x (um) X (um)

19


http://dx.doi.org/10.1039/c6cp03544b

Published on 28 June 2016. Downloaded by University of Sussex on 04/07/2016 03:51:04.

Physical Chemistry Chemical Physics Page 20 of 27
View Article Online
DOI: 10.1039/C6CtP03544B

Figure 7: Simulated transient profile of (a) the electric field (b) the combined concentration of negative CIMs
and SCIMs for the experiment of type C in a device with d = 20 pm filled with a suspension ¢,,, = 0.001 OLOA
11K in dodecane. The SCIMs are released from the interface layer near x = 0. As long as SCIMs are released

from the interface layer at x = 0 the field there remains zero.

4.4. Long Term Decrease of the Number of SCIMs

In the following section we study the long term decrease of SCIMs which are generated
during a polarizing voltage step (0—Vy, Vy = 5 V) of duration ¢y = 10000 s. Two types of
experiments were performed. In the first experiment (Type D), we investigate the influence of
a long short circuit time ;3 on the transient current. Fig. 8(a) shows the transient currents for a
device with d = 20 um filled with ¢,,=0.003 OLOA 11K in dodecane for five different short
circuit times. It is clear that the current peak due to the release of SCIMs strongly decreases
when the short circuit time is extended over several 1000 s. The current (until the peak) due to
regular CIMs is unaffected by the short circuit time. To obtain a value for the decay time of
the SCIMs in the interface layer, we have integrated the charge in the second peak Oy, and
plotted this value as a function of the short circuit time #; in Fig. 8(b) on a semilogarithmic
scale. The decay is roughly exponential with an average decay time of 1000 s. The experiment
has been repeated for ¢,,= 0.001, 0.003 and ¢,,=0.006 and the values of O, have also been

plotted in Fig. 8 (b). The decay times are 1700 s, 1000 s and 700 s respectively.

By using the cleaning procedure before applying the long short circuit time, we can
investigate if the uncharged inverse micelles or CIMs in the bulk play a role in the decrease of
the SCIMs in the interface layer. This means that the experiment of type E is carried out with
variable duration of the short circuit time. The transient currents are shown in Fig. 8 (¢). First
of all we remark that the transient currents behave as in the case of field clamping: the current
increases to a stationary value and then decreases abruptly to zero (as in Fig. 4). This indicates
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that after cleaning and the long short circuit time there are SCIMs in the interface layer and no
CIMs in the bulk of the layer. We can notice that the total charge of SCIMs that is released
decreases with increasing short circuit time. The integral is shown in Fig. 8 (d). The average
decay time is about 7000 s. The fact that this decay time is much longer than in Fig. 8 (c)
indicates that either the CIMs or the neutral inverse micelles play a role in the decrease of the

SCIMs in the interface layer.

10 = 100s
\. e 1000 s

¢, =m 0.006
. ©2000s

40.001

I(A)
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Figure 8: Results of the experiment types D (a & b) and E (¢ & d), which show the long term decrease of
SCIMs, generated during a polarizing voltage step (0—Vy Vo=15 V) of 10000 s in a device with d = 20 pm and
filled with OLOA 11K (¢, = wt.fraction) in dodecane. (a) Transient currents for different values of the short
circuit duration #; for ¢p,, = 0.003 in experiment D. (b) Integral of the peak plotted on a semilogarithmic scale
as a function of the short circuit duration f; and fitted with an exponential (lines). (¢) Transient currents for
different values of the short circuit duration ¢, for ¢,, = 0.003 in experiment E (after cleaning the cell). (d)
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Integral of the peak plotted on a semilogarithmic scale as a function of the short circuit duration ¢, and fitted

with an exponential (lines).

5. Discussion

In this section we discuss a number of remarkable results that have been presented in section
4 and try to provide appropriate explanations. First we consider the saturation of the charge
Osp as illustrated in Fig. 3(b) and (c) and the relation with the generated charge Q,. We know
that CIM that are generated during the polarizing pulse are separated and move to the
electrode with the opposite polarity. They do not reside in the double layer (the first peak in
Fig. 3(a) remains unchanged), but contribute to the interface layer. If we assume that the
interface layer consists of a single layer of CIMs with radius®® » = 5.5 nm, then we can
estimate how much charge the interface layer in our device may contain. The formula for the
maximum charge is Ona= f.€S/(mr?) with f. = 0.91 the maximum packing density of circles
ina?2D plane3 2 which yields for our device Onax=153 nC. For thick cells, high concentrations
of OLOA 11K and long durations of the polarizing pulse, the generated charge exceeds this
value by a large amount: 0x<<Q,, e.g. for ¢, = 0.012, Qg = 300max. This indicates that not
all the CIMs can be accommodated in the interface layer corresponding to a single layer of
micelles. An explanation for this could be that these CIMs release their charge at the electrode
and become uncharged. By electrical measurements we cannot discern if a charged ion
remains at the surface or if there is a Faradaic current flowing into the electrode. The
saturation of O, may be linked to the decay rate of the SCIMs in the interface layer in the
presence of uncharged (or charged) micelles. In Fig. 8 (b) we observed a decay rate of the
order of 1000 s for SCIMs at the interface layer in the absence of an applied voltage. An
equilibrium between generation and decay (also in the presence of a voltage) may explain the
time at which saturation takes place.
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What could be the reason that 5% of the negative CIMs (the so-called SCIMs) remain in the
interface layer and can be released after the voltage is switched, while no positive generated
micelles are released? We propose that the difference in the behavior can be explained by the
location of the charge in the CIMs. We assume that in most of the generated CIMs (95% of
the negative and all of the positive generated CIMs) the charge is located near the surface of
the micelle surface. As a result the charge (or a small charged molecule) is transferred to the
electrode surface. However, for 5% of the negatively charged generated CIMs the charge is
not at the surface of the CIM and is not released when the SCIM reaches the interface layer.

These micelles can be released after reversal of an appropriate electric field.

The discrepancies between the measurements and the simulations in the case of experiment
type C (Fig. 6 b, c, and d) for higher concentrations or thicknesses can be explained by
considering electrohydrodynamic (EHD) flow”. EHD flow has been observed by tracking
tracer particles in response to a voltage step23 during the reverse voltage pulse when the
transport by positive and negative CIMs in a one-dimensional solution becomes unstable, and

also transverse fluxes in the y and z direction occur. The result of the 3D EHD flow is that the

Published on 28 June 2016. Downloaded by University of Sussex on 04/07/2016 03:51:04.

released SCIMs are transported faster towards the opposite electrode, and the current in the
second peak is larger and shorter (Fig. 6 (b, ¢ and d)). With or without EHD the total
transported charge remains the same, e.g. 23 nC for Fig. 6 (b). For the case of Fig. 6 (d), EHD
flow occur during the release of regular CIMs which explains the mismatch between

measurements and simulations during the first peak.

We will now discuss the discrepancy between measurements and the simulations for low
voltages (experiment type C, Fig. 4 and 6) (V; < 0.5 V). In the simulation model the SCIMs
are released when the field changes sign near the electrodes (in the interface layer) keeping
the field equal to zero. The discrepancy with the experiments, namely that the shoulder is

missing in the simulations, may be explained by the fact that the SCIMs can be released by
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thermal energy, even when the electric field yields a (small) force towards the electrode
surface. This is confirmed by the observation of currents for the experiment type C (Vo—+V7),

with V; up to 0.2 V that are almost identical and independent of the polarity of V.

6. Conclusions

This study provides a better understanding about the nature, motion, generation and
recombination of charges in nonpolar liquids. Apparently, in the model system of OLOA 11K
in dodecane, different variants of charged inverse micelles (CIMs) exist, each with its own
properties. The regular CIMs form a double layer at the electrodes while the generated CIMs
end up in the interface layer. Most of them release their charge at the electrode and become
neutral micelles, but negatively charged SCIMs retain their charge and can be released when
the field changes sign. We hypothesize that the origin of these differences lies in the location
of the electric charge inside the CIM: for regular CIMs the charge is in the middle and
remains stable; for SCIMs the charge is closer to the interface of the micelle and relatively
stable; for most of the generated CIMs the charge is on the surface of the micelle and is
released upon contact with the electrode. Transient current measurements are a good tool to
study the nature, the electrodynamics, the generation and reduction of different types of
charges. It is found that a numerical model based on drift and diffusion of regular CIMs, in
combination with the space-charge-limited release of special charged inverse micelles can

explain most of the experiments.
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