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ABSTRACT

Understanding the properties and behavior of nonpolar liquids containing surfactant and colloidal particles is
essential for applications such as electrophoretic ink displays and liquid toner printing. Charged inverse micelles,
formed from aggregated surfactant molecules, and their effect on the electrophoretic motion of colloidal par-
ticles have been investigated in quite some detail over the past years. However, the interactions of charged
inverse micelles at the electrode interfaces are still not well understood. In some surfactant systems the charged
inverse micelles bounce off the electrodes, while in other systems they are quickly adsorbed to the electrodes
upon contact. In this work a fluorocarbon solvent doped with a fluorosurfactant is investigated in which the
adsorption of charged inverse micelles to the electrode occurs slowly, leading to long-term charging phenomena.
We propose a physical model and an equivalent electrical model based on adsorption and desorption of inverse
micelles into a Stern layer with finite thickness. We compare two limiting cases of this model: the ‘adsorption/
desorption’ limit and the ‘Stern layer adsorption’ limit. Both limits are compatible with electrical measurements.
The ‘Stern layer adsorption’ limit additionally explains the optical measurements, because these measurements
indicate that the diffuse double layer vanishes over time when a polarizing voltage step is applied. The obtained
value for the Stern layer thickness and the proportionality between the charging time constant and the surfactant
concentration are also compatible with the ‘Stern layer adsorption’ limit.
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1. Introduction

In the last two decades many detailed investigations have been
carried out on nonpolar liquids with added surfactant and pigment
particles, directed towards applications such as electronic ink displays
and liquid toner printing [1-18]. In these dispersions, surfactant acts as
a charging agent for colloidal particles, resulting in charged and sta-
bilized colloidal particles [15-18]. At the same time surfactant mole-
cules form inverse micelles of which a small fraction is electrically
charged. A few studies have focused on the switching of charged col-
loidal particles in nonpolar liquids with surfactant [1-5]. In all these
studies, complicated electrodynamics are observed because of the effect
of electrical charge -from colloidal particles and charged inverse mi-
celles- on the electric field. These studies have made clear that under-
standing the switching dynamics of colloidal particles requires a more
complete understanding of the role of charged inverse micelles. Other
studies have focused on the fundamental properties of nonpolar liquids
with added surfactant, in the absence of pigment particles, to isolate the
effect of charged inverse micelles [6] often based on transient current
measurements [7] or impedance spectroscopy measurements [8,9]. For
example, the charge stabilization in inverse micelles in nonpolar media
has been investigated [10], as well as the equilibrium concentration of
charged inverse micelles and its dependency on micelle size and charge
generation mechanisms in the bulk and at the interfaces [11]. Various
regimes of charge transport have been identified that depend on applied
voltage, surfactant concentration and how inverse micelles interact
with the electrodes [12]. It has been found that charged inverse mi-
celles of the surfactant OLOA 1200 in dodecane bounce off the elec-
trodes leading to a diffuse double layer of charged inverse micelles at
low applied voltages [13]. As a result, transient current measurements
of the OLOA 1200system (and equivalently of the very similar OLOA
11,000 system) can be modelled well using a non-sticking boundary
condition, leading to a variety of regimes (geometry limited, double-
layer limited, space-charge limited, ...) [7,12]. In contrast, charged
inverse micelles of the well-known surfactant AOT in dodecane stick at
the electrodes upon contact when a voltage is applied. Here, an ad-
sorbing boundary condition is appropriate, corresponding to the for-
mation of a Stern layer capacitance [14]. Transient current measure-
ments of the AOT system can be explained using an equivalent
electrical network consisting of a bulk conductance and an interface
(Stern) capacitance.

Recently, Yezer et al. [9] reported an intermediate situation using
the system of Span 80 and Span 20 in dodecane, in which the inverse
micelle interaction with the boundary is not simply non-sticking but
shows an additional effect on a longer time-scale, related to adsorption
of charges from the diffuse double layer at the electrodes. The authors
propose a physical model based on adsorption and desorption of
charges at the electrodes and an equivalent electrical model that mat-
ches well with impedance spectroscopy measurements. They find that
the desorption rate constant in their model is proportional to the con-
centration of surfactant, which cannot be explained by mechanisms
with surface species alone but rather requires including another phy-
sical desorption mechanism. For example, the authors mention the in-
teraction between surface charges with uncharged bulk micelles.

In this work, we investigate a mixture consisting of a nonpolar
fluorosolvent with added fluorosurfactant. We have carried out tran-
sient current measurements, which capture essentially the same in-
formation as impedance spectroscopy [8,9,19], and find that this
system displays a similar behavior as observed by Yezer et al. [9], in
which charges from the diffuse double layer are adsorbed at the elec-
trodes. Additionally, measurements are conducted on mixtures with
added positively charged pigment particles with a radius between 50
and 200nm. On these samples total internal reflection measurements
are made simultaneously with the transient current measurements. Due
to the adsorption of the charged pigment particles the TIR gets fru-
strated in a region of about 100 nm close to the surface. Such optical
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measurements provide direct information on the electric field in the
region near the electrodes, that is inaccessible by electrical current
measurements alone. For example, the optical measurements can reveal
whether there is a diffuse double layer or not. More information on this
optical measurement method can be found in [1].

The presented study aims to clarify which physical mechanism is at
the basis of the observed electrical and optical long-term charging
phenomena. We describe a general model which includes adsorption of
inverse micelles into a Stern layer with finite thickness and desorption
of inverse micelles from the Stern layer. Within this model we compare
two limiting cases: the ‘adsorption/desorption’ limit, equivalent with
the model introduced by Yezer et al. [9] where the voltage drop over
the Stern layer is neglected and the ‘Stern layer adsorption’ limit where
the desorption of charges is neglected. We assess the agreement of both
limits with the observations, by analyzing transient current measure-
ments, total internal reflectivity measurements —-where TIR gets fru-
strated by the adsorption of positively charged pigment particles— and
the dependency of the fitting parameters on surfactant concentration
measurements from the literature. Both models are equivalent in de-
scribing the electrical measurements, and the ‘Stern layer adsorption’
limit additionally describes total internal reflectivity measurements for
polarizing and relaxation voltage steps. Also, the obtained limit for the
Stern layer thickness and the proportionality of the time constant with
the concentration is in agreement with the ‘Stern layer adsorption’
limit.

2. Materials and methods

Measurements are carried out on mixtures of surfactant and non-
polar media, with and without colloidal particles. In the first set of
measurements, (charged) inverse micelles are obtained by mixing sur-
factant molecules with a low dielectric constant solvent. This mixture
consists of a fluorocarbon surfactant in a nonpolar fluorosolvent (di-
electric constant ¢ about 7) without absorbing particles, with surfactant
concentration far above the critical micelle concentration. The mixture
is inserted into a measurement device consisting of two parallel, ITO-
coated glass (n = 1.51, 15 Q/sq) substrates, that are kept at a distance d
of 15um using spherical glass spacers. The overlapping area S of the
patterned ITO electrodes is 1cm?. The glass substrates are glued to-
gether with UV curing glue (Norland, NOA 68).

Transient current measurements are performed with a Keithley 428
current amplifier. Initially the two ITO electrodes are short-circuited for
at least 100s. Then, a polarizing voltage with amplitude V, = 0.05V is
applied for a polarizing time t, ranging between 1 and 200s. After this,
the voltage amplitude is reduced to V4/2 for a duration of 50s. Finally,
the voltage is set to zero for at least one hundred seconds to restore a
homogenous state. This sequence is repeated for different polarizing
times t,. The device under test is shielded from external electrical in-
terference to obtain picoampere resolution. Data acquisition is achieved
with a NI DAQ device (NI USB-6212 BNC).

A second set of measurements is again based on a mixture consisting
of the same fluorosurfactant, with surfactant concentration far above
the critical micelle concentration, in a nonpolar fluorocarbon solvent
(with dielectric constant € about 4 and refractive index n ~ 1.3) and a
few volume percent pigment particles with radius between 50 and
200 nm. The mixture is inserted in a similar measurement device con-
sisting of two parallel, ITO-coated glass substrates. For this second set of
experiments, to avoid that pigment particles chemically bind with the
interface, the ITO surfaces are silane-treated. Any influence of this
monolayer on the interface capacitance is included in the Stern layer
capacitance.

Transient current measurements (as explained above) and total in-
ternal reflectivity (TIR) measurements are performed simultaneously.
The reflectivity under total internal reflection at the ITO/liquid inter-
face is determined by measuring the intensity of a reflected laser beam
(continuous CrystalLaser, 532nm) which is coupled into the glass
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Fig. 1. Schematic of the setup for the total internal reflection measurement of an electrophoretic device, when a potential difference V, is applied. The incident laser
beam (532 nm) makes an angle of 10° with the horizontal and is attenuated and expanded to 5 mW and 1 mm diameter. A 45° prism is in optical contact with the top
glass substrate by immersion oil, allowing incidence at 67°, above the critical angle of 59° needed for TIR. The intensity of the reflected beam is measured with a

photodetector.

substrate at a large angle of incidence using a 45° prism, as shown in
Fig. 1. Due to the adsorption of pigment particles we have frustration of
the TIR resulting in a decrease of the reflectivity. The optically probed
side is at the electrically grounded side. Prior to each measurement, the
two ITO electrodes are short-circuited for at least 100s. Then, a polar-
izing voltage with amplitude V, is applied for 3000s. Next, the device is
relaxed by applying 0V for 3000s. Then, a negative polarizing voltage
with amplitude V, is applied for 3000 s. Finally, the cell is relaxed again
(0V). This sequence is performed for V4 = 0.1V and V4, = 0.2V.

More information on the combined transient current measurements
with TIR can be found in [1].

Note that the solvents used in both sets of experiments have a dif-
ferent dielectric constant. For the second set, the particle mixture is as
provided by Merck. For the first set of measurements we choose a
nonpolar fluorosolvent with a higher dielectric constant. Due to the
higher dielectric constant a larger fraction of the inverse micelles is
charged resulting in thinner diffuse double layers, a higher charge
concentration in the diffuse double layer near the interface, and a re-
duced Stern layer time constant according to Egs. (5) and (8) as ex-
plained further below. This smaller 77 leads to shorter and more
practical measurements.

3. Measurement results

Next, we show the results from two sets of experiments. Firstly,
transient currents are measured for the solvent-surfactant mixture (in
the absence of pigment particles). Here, a nonpolar solvent with a re-
latively high dielectric constant is chosen, which has the practical ad-
vantage that the transient phenomena of interest occur in a relative
short time. A particular driving scheme, namely a switch of 0 to V4 and
back to V,/2, is chosen because this clearly illustrates the effect of the
duration of the polarizing pulse on the long-term current at V,/2.
Secondly, we show measurements of the mixture with positively
charged pigment particles. On this system, besides transient current
measurements also TIR measurements are carried out which are based
on light-absorption by pigment particles in the evanescent field region.
These measurements provide insight in the electric field close to the
electrode-liquid interface, which is crucial for determining the domi-
nant charging mechanism at this interface.

Fig. 2 shows the transient current measurements for fluor-
osurfactant in fluorocarbon solvent, after switching on (from 0V to
V4 = 0.05V) and after reducing the voltage by a factor two (from 0.05V
t0 0.025V at t,), for t, = 1s (blue), 2s, ... 200s (red). Fig. 2a shows the
current up to 1s, Fig. 2b shows the current between 0.1s and 100s in
more detail.

For the polarizing voltage step (from 0V to 0.05 V) the initial current
Iy is 54nA/cm? and over the time range 10~* — 10~!s the current decays
approximately exponentially with a time constant 7p, = 40ms (see
Fig. 2a). Around 1s a current level I, of about 1.8nA/cm? is observed,

after which the current further decreases exponentially with a time
constant 7; of 52s (see Fig. 2b). The polarizing current is similar for all
values of t,, which confirms that the relaxation time of 100s between
consecutive measurements is long enough to restore a homogeneous
state.

After the voltage is reduced by a factor two (from 0.05V to 0.025V)
the current starts at Iy = — 26nA/cm? and the amplitude decreases
exponentially over the time range 10~* — 10~!s with the same time
constant 7p;, = 40ms as for the polarizing current (see Fig. 2a). At
t = 1s a current L4 is observed which is strongly dependent on the
duration t, of the polarizing voltage step (see Fig. 2b). Fig. 2c shows the
current Iy 4 versus the polarizing time t,. When the duration of the
polarizing pulse is short compared to the long-term exponential decay
(tp < ) we find Log = 0.87nA/cm? ~ %" When the duration of the
polarizing pulse is long compared to the long-term exponential decay
(t, > ) we find Ipq = —0.75nA/cm? ~ —%. These currents decrease
exponentially with about the same time constant 7, = 52s.

The second set of measurements is based on a similar mixture of
surfactant in a low dielectric solvent, but now with the addition of
pigment particles (see Materials and methods). The transient current
and the reflectivity by TIR are measured simultaneously. The electric
current measurement is shown in Fig. 3a. The total internal reflectivity
(normalized by setting the value without particles equal to one) is
shown in Fig. 3b. Polarizing measurements for a voltage step from 0V
to V4, = 0.1V and 0.2V are visualized in red. Relaxation measurements
(switching back to 0V) after a polarizing step of V4 = —0.1V and
— 0.2V with a duration t, = 3000s are visualized in green. The polar-
izing measurements with amplitude V, (red) match well with the re-
laxation measurements after a 3000s polarizing step with the same
amplitude V, but with opposite polarity (green).

The transient currents for t < 1s are exponentially decreasing (not
shown in Fig. 3a), similarly as in Fig. 2a. Around 10s the measurements
show a current of 1.55nA/cm? and 3.1nA/cm? for 0.1V and 0.2V, re-
spectively, after which the current further decreases exponentially with
a decay time constant t; = 450s.

The TIR measurements in Fig. 3b show a high initial reflectivity
which decreases and reaches a minimum around 35s. The minimal re-
flectivity is 0.8 and 0.4 for 0.1V and 0.2V, respectively. Between 100s
and 1000s, the reflectivity slowly increases again and returns to the
initial value.

4. Charge transport model

In this section we introduce a model for the transport of inverse
micelles. We first briefly introduce the double layer limited regime to
explain the short time behavior (more information can be found in
[12]). Afterwards, we develop a theoretical model for the long term
behavior with the aim of explaining the experimental results of the
previous section.
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Fig. 2. Electrical current measurement after switching from 0 to V4 (with durationt, = 1 s (blue), 5, ..., up to 200 s (red)); and current after switching from V, to VTA

with duration 50s. a) Visualization of the short time for t < 1s. The inset visualizes the absolute values of the current on a semi-log plot b) Visualization at low current
levels with a long time range 0.1 s< t < 200s. ¢) Visualization of the amplitude of the current at 1 s after the voltage was reduced versus the duration of the polarizing
time t,.. Full lines represent the theoretical result based on the ‘Stern layer adsorption’ limit (Eq. (16)) with G, = 1.08uS/cm?, Ap, = 69nm, G, = 71 X 10~ S/cm? and

dy = 1.6nm.

For the behavior during the polarizing pulse for ¢t < 0.1s in Fig. 2a
we can rely on the well-established theory of diffuse double layer
charging. In this theory, positively and negatively charged inverse mi-
celles are considered with equal electrophoretic mobility u, diffusion
coefficient D and initial concentration 7i. The transport of charged in-
verse micelles is governed by drift and diffusion, and inter-particle in-
teractions are ignored. It is assumed that these charged inverse micelles
do not stick to the surface of the electrodes. When the charge content is
high and the applied voltage low, as is the case here (1 = —-7d? > 100

eV

and V, ZI{TZ’T, with 1 the dimensionless charge content defined in [12],
go the dielectric constant of the solvent, ¢ the vacuum permittivity, v
the thermal voltage, k; the Boltzmann constant, T the temperature and
e the elementary charge) [12], the theory predicts screening of the
electric field in the bulk due to buildup of charge in the diffuse double
layers. When a voltage is applied, the initial current per unit surface
area is given by I, = 2euniV,/d. The characteristic time constant for
exponential decay is [12]:

egod

L= ———
P deunip, )

with Ap, = /% the Debye length and the diffuse double layer
thickness. This behavior can be modelled by an equivalent electrical
circuit consisting of a conductor with conductance G, per unit surface
area representing the bulk conductivity of the device in series with two
capacitors with capacitance Cp; per unit surface area representing the
diffuse double layers at the two electrodes:

2enu

G,=—=—

T4 2
)

Cpr = 2

o oL 3)

. 1 G .
with 7p; = G—b%. The current per unit surface area for ¢t < 0.1s can

therefore be approximated by [12]:

L) =1 exp(—L)

oL

4

The observation in Figs. 2b and 3 a of a persisting current between
0.1s and 1000s indicates that there is an additional transport me-
chanism. Firstly, we propose, just like in the case of AOT micelles in
dodecane [14], that charged inverse micelles present in the diffuse
double layer are getting adsorbed at the electrode surface. At the
electrode they form a Stern layer in which the charge of the inverse
micelles remains at a distance d;, equal to half of the inverse micelle
radius, from the electrode. Secondly, we consider that charges can
desorb from the Stern layer by introducing a desorption rate 7;. We first
will elaborate the solution of the linearized differential equation before
providing an equivalent circuit model. Note that all formulas are de-
rived for the optically probed side which is electrically grounded; the
formulas for the opposite side (where the voltage is applied) can be
found similarly.

We assume that the increase of the Stern layer surface charge den-
sity 7z; per unit time, kopp ,, is due to adsorption of inverse micelles in
the Stern layer, which is proportional to the net charge density p;, ; in
the diffuse double layer closest to the interface, with k, the adsorption
rate constant in m/s. The charge in the Stern layer decreases over time
due to desorption of the charges present in the Stern layer with a des-
orption time constant 7, resulting in a decrease of the Stern layer charge
density per unit time with — %. The combination of adsorption and
desorption results in:

dmy k T
a aPpL,s o (5)

1072 10° 10 10* 1072

102 10* 102 10° 102 10

t[s] t[s]

Fig. 3. a) Current measurement b) Integrated current and c) reflectivity measurement for a fluorocarbon based black ink, for voltage steps from 0 to V, (polarizing,
red) and -V, to O (relaxation after a 3000 s negative polarizing step, green) with amplitude 0.1 V and 0.2 V. In a) and b) Exponential fits are provided in black with
amplitude 1.55 nA/cm? and 3.1nA/cm? for 0.1V and 0.2V, respectively. Both have a time constant of 450s. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article).
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Optically
probed side

Fig. 4. Equivalent electrical circuit of the ‘Stern layer adsorption’ limit, with
bulk conductance G, diffuse double layer capacitance Cp;, Stern layer forma-
tion conductance G, and Stern layer capacitance C;. The electrode resistance R,
and the cell capacitance C, are not shown because R,C; < G%,CDL'

According to the diffuse double layer theory we find that the net
charge density close to the surface is proportional to the voltage drop
Vpr over the diffuse double layer: p,, (= %VDL [12]. Based on the

’ DL

capacitive nature of the Stern layer we also find that V; = nS:TS. After the
diffuse double layers are established (t > 7p;) we assume that the sum
of the voltage drop over the diffuse double layers and Stern layers is
equal to the applied voltage, meaning that the bulk field is completely
screened: VZ—A =V, + Vp.. Based on these relations we can rewrite Eq. (5):
drg ey Va d T
— = Ka—/>5— 7_711‘7)_*
dt A3 2 €€ T4 (6)
If we combine the factors proportional to the surface charge density,
we can rewrite this in a simplified linear differential equation of first
order:

dmy _ 7 kaseoﬁ

dt Ty ApL 2 @
L = ka dZS + l

Teff App T ®

with an effective time constant 7. Solving Eq. (7) for the surface
charge density results in:

s = kajsoﬁ |1 — exp —L.
op 2 Teff ©)

Since the surface charge density changes over time, the voltage drop
over the Stern layer changes over time resulting in a change in the
voltage drop over the diffuse double layer. This implies that Qp;, the
charge in the diffuse double layer per unit surface area, changes over
time as:

Vi €€ ds kgeeg Va t
Qpr = VprCpr, = —— — — Ty |1 — exp| —
2 App App A 2 & Toff

(10)

For d > Ap; the external current per unit surface area I (t) fort > 1p
can be approximated by the charge accumulation in the Stern layer
dr/dt found by plugging Eq. (9) into Eq. (7):

I(t) = kaiEoﬁ exp(—L) , t> 1
/1DL 2 Teﬁ" (11)
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Therefore, according to the present theory the external current in
Eq. (11) follows an exponential decay with fitting parameters k, and
7,5. Knowing 7., one can introduce a lower boundary for 7; and an
upper boundary for d; based on Eq. (8):

Ta Z Teﬂ'

2
d, < 2oL
kaTeﬁ" (1 2)

We can consider two limiting cases: the ‘adsorption/desorption’
limit, in which we neglect the voltage drop over the Stern layer by
setting the Stern layer thickness zero (7; = 7y, dy = 0), and the ‘Stern
layer adsorption’ limit, in which we neglect the charge desorption
B
katefp
emerges in the amount of charge which is present in the diffuse double

layer calculated with Eq. (10):

(g = o0, dg = ). An important difference between these two limits

Ya e (‘adsorption/desorption’ limit)
2 Apy
Qpr(t) = V. e ¢
A0 exp [——] (‘Stern layer adsorption’ limit)

2 ADL Teff (1 3)

The former ‘adsorption/desorption’ limit, is carefully elaborated by
Yezer et al. [9] where also an equivalent electrical network is proposed
which makes the understandings more intuitive. In the following, we
will explore the latter, namely the ‘Stern layer adsorption’ limit. Further
below, in the discussion section we will then show that the ‘adsorption/
desorption’ limit is also able to explain the optical measurements.

In order to describe the equivalent electrical network for the ‘Stern
layer adsorption’ limit we can describe the proportionality between the
charge adsorption k, and the voltage drop over the diffuse double layer
Vpp, using a Stern layer formation conductance per unit surface area:

_ kaegg
VTS (14)

The adsorption of charges at a distance d, from the electrode results
in a capacitive voltage drop represented by the Stern layer capacitance
per unit surface area:

o)
S as)
2
The related RC or C/G time constant is Ty = ,%L.
ats

Based on the equivalent electrical circuit elements given by Egs. (2)
(3)(14) and (15) the equivalent electrical circuit model is shown in
Fig. 4. In the limit of slow Stern layer adsorption (i.e. assuming Gi > Gib

'S

and GLSCS > GibCDL), the electrical model can be simplified, and the slow
and fast RC characteristics can be decoupled as follows: For the short-
term behavior, we obtain RC characteristics due to G, (representing the
bulk liquid conductance given by Eq. (2)) and Cp; (representing the
diffuse double layer capacitance given by Eq. (3)). For the long-term
behavior, we find RC characteristics due to G; (representing adsorption
of charges from the diffuse double layer into the Stern layer given by
Eq. (14)) and C; (representing the Stern layer capacitance given by Eq.
(15)). The electrode resistance R, and the cell capacitance C, are not
shown because R.C, < GibCDL. This decoupled equivalent electrical
network can be solved analytically:

=1, exp(-TL) + L0
DL

(16)
L(t) = GVpr () 17)
_Va_ =@
Vo (1) = 2 €gp ds (18)
d
Eﬂs(t) = Is(t) (19)
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In Eq. (16), Ioexp(—i) is the current per unit surface area related
to the formation of the diffuse double layers at both electrodes and I;(t)
is the current per unit surface area related to the diffuse double layer to
Stern layer transition. In Eq. (17), Vp.(¢) is the voltage drop over the
diffuse double layer, d; is the charge-electrode distance for the adsorbed
charges in the Stern layer. In Eq. (18) 7 (¢) is the Stern layer surface
charge density. Egs. (16)-(19) can be solved for a step function of the
applied voltage at t = 0s, where 7;(0) represents the Stern layer charge
density at t = 0, to obtain the Stern layer formation current per unit
surface area:

L) = Gs(% + LZo)ds)exp(—i) = GVal2+ %) ES(O)e d

xp (——)
T

€0 Ts Ts (20)

s

Here, 7, = % is the Stern layer exponential decay time. The initial
surface charge density 7 (0) is equal to O for the polarizing voltage step.
The initial surface charge density 7;(0) for the transition from V, to
Va/2 is equal to the charge density which has been accumulated in the

Stern layer during the preceding polarizing step: CZZA (1 - exp(—%)).

The results of the theoretical model (Egs. (16)-(20)) are plotted as
full colored lines in Fig. 2, with parameters chosen to match the ex-
perimental results: I, = 54nA/cm?, 1, = 40ms, Gy = 71nS/cm? and
7, = 51s, resulting in G, = 1.08uS/cm?, Cp,=86nF/cm? and
ds; = 1.6nm. Based on the diffuse double layer theory (Egs. (1)-(4)) we
can relate these circuit model parameters with physical parameters of
the inverse micelle system: Ap, =69nm, 7= 9.8 X 10°m=3 and
u=0.5x 10~°m?/Vs.

Note that this model assumes that the concentration of charged
inverse micelles in the bulk does not change. A closer look at the
amount of charge needed to build up the Stern layer shows that the
collected charge in the Stern layer is of the same order of magnitude as
the total initial charge in bulk. However, since the diffuse double layer
to Stern layer process is slow compared to the disproportionation/
comproportionation process in the bulk [20] and the concentration of
neutral micelles is much larger than the concentration of charged mi-
celles, we expect this assumption to be valid. The fact that the initial
currents, after reducing the voltage to VTA, overlap for all 7, supports the
assumption that the bulk charge doesn’t change during accumulation.
We can neglect leakage currents supported by the fact that we don’t
measure dominant resistive losses in the system (the integrated current
in the polarizing step is approximately equal to the integrated current
during relaxation, visualized in Fig. 3b).

5. Discussion

Let us now analyze in more detail the electrical current measure-
ments of Fig. 2 using the above described ‘Stern layer adsorption’ limit
model, assuming the desorption of charges from the Stern layer is
negligible. We examine what happens if the applied voltage is reduced
from V, to VZ—A at a time ¢, when the Stern layer has been charged to a

value 7, = C;—ZA 1- exp(—%’ . Let us consider three cases (see Fig. 5):
tp1, tp2 and t,3, which are all longer than the diffuse double layer char-
ging time 7py.

The first time t,, is chosen just after the diffuse double layer has
been fully charged (Qp; = Cpr,Va/2), so in good approximation the field
in the bulk is approximately zero and a negligible amount of inverse
micelles has been adsorbed to the surface. When the voltage over the

device is reduced from V, to VZ—A, then the field in the bulk will become

- ‘2%‘ because the voltage drop % is distributed over the device thick-
ness d. Due to this field, there is a negative current that de-charges the
diffuse double layers until a new equilibrium is obtained (the negative
current for t < 1s in Fig. 2a). In this new equilibrium the diffuse double
layers will contain half of the charge as before, namely Qp; = Cp.Va/4,
since the voltage across the diffuse double layer capacitance is reduced
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by a factor 2, and the bulk field will be approximately zero. Since the
charging of the Stern layer is proportional to Qp, the Stern layer
charging current is expected to be positive, with half the amplitude
compared to the case with an applied voltage V,, precisely as observed
in Fig. 2b (blue curve corresponding to t, = 1s). The exponential decay
of the Stern layer charging current is expected to occur with the same
time constant 7, since 7, is independent of the voltage over the diffuse
double layer (see Eq. (20)), as is observed in Fig. 2b.

tp, is chosen at the moment that a charge 7z, = CS% has been ac-
cumulated in the Stern layer such that the voltage drop over the Stern
layer at both sides has become ‘%‘ (see Fig. 5b (middle)). After the ap-
plied voltage is reduced to V4/2, again a negative current de-charges the
diffuse double layers while the Stern layer charge remains approxi-
mately the same in this timescale. But after this phase, the voltage over
the diffuse double layers and over the bulk has become zero, because
the full applied voltage V,4/2 is already lost over the two Stern layers. As
a result, there is no further Stern layer charging, and no Stern layer
charging current, as can be seen in Fig. 2b (green curve for t, = 405s).

Finally, £,; is taken sufficiently long that the voltage drop over both
Stern layers is equal to the applied voltage V4 and the diffuse double
layers have disappeared. After reducing the voltage to V,4/2, a negative
electric field emerges in the bulk and the corresponding negative cur-
rent builds up a negatively charged diffuse double layer at the optically
probed side (grounded) and a positive diffuse double layer at the op-
posite side, which are therefore oppositely charged as in the polarizing
phase. The reduction of the potential difference shown in Fig. 5b, right
(red) is directly related to this oppositely charged diffuse double layer.
After the bulk field becomes zero and this diffuse double layer is fully
established (roughly at t = t,; + 1), the adsorption mechanism will
now slowly reduce the net charge in the Stern layer, because the diffuse
double layers have the opposite charge of the neighboring Stern layers.
Therefore, a current with the same amplitude but opposite sign as for
the case of t,; is expected. The time-scale of the Stern layer charging is
again equal to T.

Since the electrical circuits of the ‘Stern layer adsorption’ limit (Egs.
(16)-(20)) and the ‘adsorption/desorption’ limit proposed by Yezer
et al. are mathematically equivalent, both models explain the electrical
measurements of Span 80 in dodecane [9] or fluorosurfactant in
fluorocarbon solvent (this work) equally well. However, the physical
interpretation of both models is quite different. The ‘adsorption/deso-
rption’ limit model [9] is based on a balance between adsorption and
desorption of charged inverse micelles at the electrodes, in which the
amount of charges in the Stern layer is sufficiently small so there is no
associated voltage drop, which is mathematically simplified by taking
the adsorption infinitely close to the electrodes. Therefore, after the
diffuse double layers are formed in the polarizing step (after 7p;), the
diffuse double layers and the voltage drop over the diffuse double layers
do not change (visualized in Fig. 5¢). So, while in the ‘Stern layer ad-
sorption’ limit the diffuse double layers gradually disappear over time
due to Stern layer charging, in the ‘adsorption/desorption’ limit the
diffuse double layers remain fixed. The exponential decay in the ex-
ternal current originates from the fact that the adsorption flux remains
constant while the desorption flux, which is proportional to the accu-
mulated surface charge, increases until it becomes equal to the ad-
sorption flux. After reducing the applied voltage by a factor two, a
negative current de-charges the diffuse double layers until the voltage
drop over the diffuse double layers (and the associated adsorption flux)
reduces by a factor two, independent of the polarizing time. However,
the desorption process is proportional to the total charge that has been
accumulated during the polarizing voltage step and increases with the
time t,. For example, for t,, the interface charge is still approximately
zero, so the interface will keep charging up, but with a current ampli-
tude half the one expected for V. For t,, the interface charge already
has the equilibrium value corresponding to the applied voltage V,/2, so
there is no further electrode charging current. And for t,3, the interface
charge is twice the equilibrium value, so the desorption of this excess
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Fig. 5. a) Sketch of the driving voltage sequence, b) Sketch of the potential ¢ (x) (top row) and Stern layer charge and diffuse double layer charge (bottom row) for
the ‘Stern layer adsorption’ limit, c¢) Sketch of the potential ¢ (x) (top row) and Stern layer charge and diffuse double layer charge (bottom row) for the ‘adsorption/
desorption’ limit. b) & c) show the situation just after the diffuse double layer formation (left), just before reducing the voltage (middle) and just after the diffuse
double layer is formed after reducing the voltage (right). This is visualized for polarizing times ¢, much larger than the diffuse double layer time constant 7, but
smaller, similar and larger than the time constant 7; visualized in blue, green and red, respectively.

will result in a negative current. With this we can now understand why
the ‘adsorption/desorption’ limit leads to the same external electrical
currents as predicted by the ‘Stern layer adsorption’ limit, but with
important differences in terms of the presence of diffuse double layers
and their associated electrical fields.

Now we analyze the reflectivity measurements given in Fig. 3, in
which positively charged colloidal particles are used as an optical probe
for determining the electric field in the neighborhood of the electrode
where TIR takes place. Using a similar optical configuration as showed
in previous work [1], a region of about 100nm is optically probed,
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matching roughly with the diffuse double layer thickness. Following the
procedure of [1] the application of a voltage leads to a diffuse double
layer of positively charged inverse micelles and pigment particles at the
negative electrode, and a diffuse double layer of negatively charged
inverse micelles at the positive electrode, shortly after a polarizing
voltage is applied. The optical detection of an increased concentration
of pigment particles (through a reduced reflectivity) indicates that there
is an electric field in the diffuse double layer pointing towards the
electrode.

In Fig. 3, the reflectivity for the polarizing voltage step (red) de-
creases for t < 10s due to the buildup of the diffuse double layer which
results in an increase in pigment particles in the optically probed re-
gion. For t > 100s the reflectivity increases again, indicating that the
concentration of particles in the diffuse double layer decreases. This can
be understood if the voltage drop over the diffuse double layer and the
corresponding electric field decreases. The behavior and the time de-
pendency of the optical signal are consistent with the predicted re-
duction of the diffuse double layer charge within the ‘Stern layer ad-
sorption’ limit derived in Eq. (13), with a time constant of 7y = 450s.
The increase in reflectivity for t > 100s is not explained by the ‘ad-
sorption/desorption’ limit because in this limit the diffuse double layer
charge remains constant after the diffuse double layer formation
(t > 10s) as derived in Eq. (13). If the diffuse double layer charge re-
mains fixed, the associated field also persists and the pigment particles
would stay in the optically probed region, leading to a persisting low
reflectivity.

The measurement of the reflectivity (at the electrically grounded
side) during the relaxation step (—0.2V to 0V) after a long negative
polarizing step (¢, > 7;) (green curve in Fig. 3c) is also not explained by
the ‘adsorption/desorption’ limit. This behavior is remarkably similar
to that for the polarizing voltage step (0V to + 0.2V). This observation
is compatible with the Stern layer charging model and can be explained
as follows. After a (very) long polarizing voltage step, the applied
voltage (— 0.2V) is taken up completely by the Stern layer. By
switching the applied voltage to zero, the effective voltage over the
bulk becomes equal to 0.2V, because the voltage over the Stern layers is
equal to — 0.2V. The time dependency of the field in the bulk and in the
diffuse double layers is then equivalent to the case of a positive po-
larizing voltage pulse. In the ‘adsorption/desorption’ limit we expect to
have at the probed surface a negatively charged diffuse double layer
during the total polarizing step of — 0.2V (see Eq. (13)). Within the
diffuse double layer time t < 7, after the relaxation step, this nega-
tively charged diffuse double layer will quickly vanish such that the
bulk field becomes zero, since this limiting case assumes there is a
negligible voltage drop over the surface charge. Of course, there still is
a long-term de-charging current due to the desorption of the negative
charges which have been accumulated at the surface. Measurements of
reflectivity are in this limit expected to always show a high reflectivity,
since no positively charged diffuse double layer (and thus no field and
no associated positively charged pigment particles) is formed at the
probed surface, neither during the negative polarizing step (when a
negatively charged diffuse double layer is present) nor during the re-
laxation step (since there is no diffuse double layer present).

A third argument supporting the ‘Stern layer adsorption’ limit is the
estimated distance d; between the charges and the electrode, based on
the value of the capacitance per unit area C; = E;—f’. We find, by fitting C
from the measured current using Eq. (20), a disAtance of 1.6 nm for the
measurements of Fig. 2 and 0.24 nm for the measurements of Fig. 3.
This means that, based on Egs. (8) and (12), the Stern layer distance d
should be considerably smaller than 1.6 nm to fit the measurements by
a non-negligible desorption. Since we expect d, to be a few nanometers
if the adsorbed inverse micelles stay intact and close to 1 nm if the
adsorbed inverse micelle would wet on the surface, d; is close to its
lower limit supporting the ‘Stern layer adsorption’ limit. For compar-
ison, also in other surfactant systems the adsorption of inverse micelles
at the interface has been found to result in similar distances and
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capacitance values. For example, a 1 nm thickness of the Stern layer for
the surfactant AOT in dodecane is calculated by Karvar et al. [14]. For
the surfactant Span 80 in dodecane and Span 20 in dodecane the ca-

pacitance per unit area Cpgs = % introduced by Yezer et al. (Eq. 23

in [9]) has been interpreted wi?ﬁin the ‘adsorption/desorption’ limit
[9]. We will here reinterpret these capacitance values within the ‘Stern
layer adsorption’ limit to find the maximal Stern layer distance allowed
for the general model (Eq. (12)). Based on the measurements provided
in [9], we obtain: for 3 mM Span 80 in dodecane d; = 0.6 nm (estimated
values: k, = 557, Ap, = 0.55um and 74 = 100s), for 90 mM Span 80 in
dodecane d; = 0.3nm (estimated values: k, = 5%, Apy = 0.08 um and
73 = 5s) and for 10 mM Span 20 in dodecane d; = 0.7nm (estimated
values: k, = 10%, Apr = 0.1um and 7z = 1.55). These nonpolar systems
all give Stern layer distances in the nanometer range even though they
use different surfactants, concentrations and solvents. The obtained
maximum for d; appears to be physically close to a minimal value for d;
that results in a non-negligible voltage drop over the Stern layer and,
based on Eq. (8), a much longer desorption time constant than found
within the ‘adsorption/desorption’ limit. All calculated values for d; are
close to (or slightly smaller than) the expected inverse micelle radius.
The obtained values for the Stern layer distance may be an under-
estimation because we used the dielectric constant of the solvent, which
is probably somewhat smaller than the equivalent value for inverse
micelles. Also surface roughness may lead to an underestimation of the
Stern layer distance. Overall, we arrive at an estimated physical
thickness of the Stern layer on the order of 1 nm.

And fourthly, based on Eq. (8) we see that the only relation between
7, and the surfactant concentration is through Ap; which is propor-
tional with Ln We find that 7,y is independent of the concentration
within the ‘adsorption/desorption’ limit while it is inversely propor-
tional to the concentration within the ‘Stern layer adsorption’ limit. As
has been noted by Yezer et al. [9] (visualized in Fig. 16 in [9]), the
measured time constants requires that the desorption rate should be
proportional not only with the adsorbed surface charge concentration
but also with the concentration of surfactant. Interpreted in the general
model, this means that the measured 7,4 is inversely proportional with 72
which is the case for the ‘Stern layer adsorption’ limit. In order to fit to
the ‘adsorption/desorption’ limit one needs to alter the theory of the
desorption mechanism and possible explanations are therefore more
complex, for example desorption also involving interactions with un-
charged inverse micelles.

A side note must be made for the ‘Stern layer adsorption’ limit. Since
this limit only considers the adsorption of charged inverse micelles, the
surface will be collecting charges of both polarities over time since we
assume that a charged inverse micelle is not able to desorb. To avoid
that all surfactant would end up at the surfaces, we can assume that
positive and negative inverse micelles at the same surface can re-
combine into neutral micelles (comproportionation) which then desorb
from the surface.

Even though different surfactant systems are used in our work
(fluorosurfactant in fluorocarbon solvents with and without pigment
particles) and in the work by Yezer et al. [9] (Span 80 in dodecane and
Span 20 in dodecane) the above arguments suggest that the long-term
charging for all these experiments originates from the formation of a
Stern layer.

6. Conclusion

We have investigated the long-term electro-optical behavior of de-
vices containing a fluorosurfactant in fluorocarbon solvent using elec-
trical and optical measurements. To explain the observed long-term
effects, we propose a general model which includes adsorption of
charged inverse micelles, charge accumulation within a Stern layer and
desorption of charged inverse micelles. We compare two limiting cases
of this model, the ‘adsorption/desorption’ limit and the ‘Stern layer
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adsorption’ limit. An important difference between both limits is that in
the ‘Stern layer adsorption’ limit the voltage drop over the diffuse
double layer vanishes during a long polarizing step, while in the ‘ad-
sorption/desorption’ limit the diffuse double layer remains constant
during the polarizing step. Transient current measurements and optical
measurements, where we visualize the electric field in the diffuse
double layer by means of added positively charged pigment particles,
are conducted. Both limits of the general model can equally explain the
electrical current measurements, and the ‘Stern layer adsorption’ limit
additionally explains the optical measurements for polarizing voltages
as well as for relaxation voltages. The ‘Stern layer adsorption’ limit
assumes that charges from the diffuse double layer are adsorbed over
long time-scales in a Stern layer with a thickness on the order of the
inverse micelle size. This model fits our data in fluorocarbon solvents as
well as previously reported data by Karvar et al. for AOT in dodecane
[14] and the measurements over a range of concentrations of Span 80
and Span 20 in dodecane reported by Yezer et al. [9].
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