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Electrode process of mobile ions in generating space-charge polarization
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Macroscopic dipole moments formed in electrolytic cells influence dielectric properties of the cells, and their
magnitudes can be quantified by dielectric spectroscopy. We analyze the dielectric spectra observed for dilute
electrolytic cells in low-frequency regions from two perspectives: space-charge polarization and diffuse double
layers on the electrodes. The difference between the two polarization phenomena is characterized by the effective
dielectric constant and the kinetic parameter introduced in the Poisson-Nernst-Planck model. The analytical
results indicate that the generation of space-charge polarization is attributed to the kinetic process of mobile
ions replacing solvent molecules on the electrode surface. This is an experimental confirmation of the formation
process of macroscopic dipole moment due to space-charge polarization and its practical contribution to the
dielectric constant of material.
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I. INTRODUCTION

Space-charge polarization (SCP) is a physical phenomenon
in which positive and negative free charges in a material
are displaced by an external electric field and form concen-
tration gradients to generate a macroscopic electric-dipole
moment in the material. The theoretical study of SCP was
initiated about 70 years ago based on the Poisson-Nernst-
Planck (PNP) model [1–4], and then extensive research on
SCP was carried out by many researchers in the context of
material science [5–12]. As SCP is often referred to as elec-
trode polarization, dielectric spectra observed for electrolytic
cells with polarizable electrodes were analyzed using the PNP
model [13–18]. It was recognized in the previous studies
that the PNP model describes the linear response dynam-
ics of mobile ions perturbed from an equilibrium state, and
that the capacitance of ions accumulating at the electrodes
is approximately equivalent to the capacitance of diffuse
double layer (DDL) derived from the Gouy-Chapman (GC)
theory.

For a dilute electrolytic cell with a parallel-plate blocking
electrode, DDLs can form near the electrode in equilibrium
state under an external voltage application. In the GC the-
ory, the capacitance of DDL of the dilute electrolytic cell
is calculated by solving the Poisson-Boltzmann (PB) equa-
tion for a mean-field approximation level where mobile ions
are considered as point charges and immersed in a contin-
uum dielectric medium. The PNP model is also based on
the same assumption that pointlike ions interact through the
mean field. The standard PB model as described above can be
successfully applied to systems where only Coulombic forces
between pointlike ions need to be considered with respect to
a mean-field level, and their electrostatic potential energies
are lower than the thermal energy kT. However, it does not
work well for systems with high ionic concentrations, high
electrode potential, polarizable ions, and various structured
ions. Therefore, properly modified PB models were developed
to address each of these issues [19–24].

On the other hand, it is not well known that the standard PB
model does not always reproduce the capacitances of DDL ob-
served in very dilute electrolytic cells with nonpolar solvents.
This suggests that the conventional PNP model currently in
use is flawed for analyzing such cells. We have reported [25]
that the capacitances of electrolytic cells, in which tetrabuty-
lammonium cations and tetraphenylborate anions dissolved in
chlorobenzene in the concentrations below 1.0 × 10−6 mol/L,
are much larger than those predicted by the PNP model, and
the underestimated values of the capacitance are attributed to
the definition of dielectric constant in the PNP model. The
conclusion of the study was that the dielectric effect of SCP
had to be taken into account in the dielectric constant of the
chlorobenzene solution in order to derive correct values of the
capacitance. A further study [26] showed that the effective
dielectric constant εeff introduced to the PNP model is very
useful for explaining experimental data, and εeff depends on
the polarity of solvent molecule. εeff should represent the
contribution of SCP and not the molecular polarization; in this
sense, the root cause of its solvent polarity dependence has not
been clarified yet.

Both SCP and DDL induce external charges on the elec-
trode, but they have physically different processes. In the
present work, we reconfirm the definition of SCP and discuss
the difference of dielectric processes between SCP and DDL.
We show that εeff can represent intermediate states where the
contributions of SCP and DDL are mixed in dielectric spec-
tra. By introducing a kinetic parameter into the PNP model,
we reanalyze the previously obtained experimental data of
dielectric spectra and clarify the dielectric mechanism of SCP,
which is related to the electrode process of mobile ions and
strongly affected by the polarity of solvent molecule.

II. DEFINITION OF SCP AND ITS CALCULATION
PROCESS

In the case that polarization density P is generated in a
dielectric material under an electric field E, Gauss’s law for
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the material is expressed as ∇ · (ε0E ) = ρt + ρp = ρt –∇ · P,
with ε0 the dielectric constant of vacuum, ρt the true charge
density, and ρp the polarization charge density. In general, P
is defined in terms of bound charges confined in molecules.
However, if the material contains free positive and negative
charges and their distributions under the electric field induce
a macroscopic dipole moment inside, the dipole-moment den-
sity should be defined as PSCP and included in P [27]. Let Pm

be the molecular polarization, P = Pm + PSCP. Pm produces
polarization charge density ρm; similarly, PSCP produces po-
larization charge density ρSCP, so ρp = ρm + ρSCP. Just as Pm

leads to the relative dielectric constant εm, PSCP leads to εSCP

in the same way. This argument is also justified by the concept
of the multipole expansion [26]. Thus, the relative dielectric
constant of the material is written as εr = εm + εSCP.

Consider a symmetric dilute electrolytic cell with a
parallel-plate blocking electrode of gap d . The change in ion
density under an external electric field is assumed to occur one
dimensionally in the direction x perpendicular to the electrode
surface. The space-charge polarization density PSCP at time t
is given by [10,11,28]

PSCP(t ) = ec0(〈x+〉 − 〈x−〉) = e

d

∫ d
2

− d
2

x[p(x, t ) − n(x, t )]dx,

(1)

with e the elementary charge and c0 the density of positive and
negative ions when no voltage is applied. 〈x+〉 and 〈x−〉 are
the mean positions of positive and negative ions in the cell,
respectively. p(x,t) and n(x,t) are the densities of positive and
negative ions at position x and time t , respectively, and can be
calculated by using the PNP model.

Let Jp(x, t ) and Jn(x, t ) be the current densities of positive
and negative ions, respectively, and E(x,t) be the electric field.
We assume that the diffusion coefficient of positive ion is
equal to that of negative ion; similarly, the mobility of positive
ion is equal to that of negative ion. Thus, let D and μ be the
diffusion coefficient and the mobility for positive and nega-
tive ion, respectively. Under the conditions, the Nernst-Planck
equations are expressed as

Jp(x, t ) = eμp(x, t )E (x, t ) − eD∂ p(x, t )/∂x,
Jn(x, t ) = eμn(x, t )E (x, t ) + eD∂n(x, t )/∂x.

(2)

The continuity equations are written as

e∂ p(x, t )

∂t
= −∂Jp(x, t )

∂x
, e∂n(x, t )/∂t = ∂Jn(x, t )/∂x. (3)

From Eqs. (2) and (3),

∂ p(x, t )

∂t
= D

∂2 p(x, t )

∂x2
+ μ

∂

∂x

[
p(x, t )

∂�(x, t )

∂x

]
,

∂n(x, t )

∂t
= D

∂2n(x, t )

∂x2
− μ

∂

∂x

[
n(x, t )

∂�(x, t )

∂x

]
, (4)

where �(x, t ) is the electrical potential.
In Eq. (4), we assume that the Einstein relation μ=eD/kT

is valid. k is the Boltzmann constant and T is the absolute
temperature. When the voltage applied between the electrodes
is V(t), the ion densities must satisfy the Poisson equation,

∂2V (x, t )/∂x2 = −e[p(x, t ) − n(x, t )]/(ε0εr0), (5)

where ε0 is the dielectric constant in vacuum. εr0 is defined
as the relative dielectric constant of solution. We also require
that

V (t ) =
∫ d

2

− d
2

E (x, t )dx . (6)

We discuss the case in which a simple sinusoidal forcing
voltage V(t)= V1 exp(iωt ) is applied between the electrodes,
where ω is the angular frequency and i = √−1. The cur-
rents through the electrolytic cell, jp and jn, will contain
all harmonics of the forcing voltage, and accurate solutions
for p, n, and E would show that they would all involve
zero-frequency components with the fundamental and all its
overtone. However, the ratio of higher-harmonic components
to the fundamental component in p, n, and E can be made
negligible by taking V1 sufficiently small. Thus, by providing
such a small V1, p, n, E, jp, and jn may all be written in the
form [1]

p(x, t ) = p0(x) + p1(x) exp(iωt ), (7)

where p0 represents the number density of positive ion in
the absence of the external field. In the present case, the
number density of positive ions is equal to that of negative
ions in the absence of the external field, and thus we set p0 =
n0 = c0. Since the applied voltage contains no dc component,
E0 = 0 and jp0 = jn0 = 0. If the motions of positive and
negative ions under the electric field are completely blocked
at the electrode surfaces and no conduction current flows
across the electrodes, the boundary conditions are written as
jp1(±d/2) = jn1(±d/2) = 0. Under the boundary condition,
we obtain p1(x) as [25]

p1(x) = 2α sinh(zx), (8)

where

α = V1μc0

2d[Dz − 1/(τBz)] cosh(zd/2) + 2/(τBz2d ) sinh(zd/2)
,

z =
√

(1 + iωτB)/(DτB),

and τB = ε0εr0/(2μc0e). The space-charge polarization PSCP+
induced by the positive ions is expressed as

PSCP+ = e

d

∫ d/2

−d/2
xp1(x)dx. (9)

Similarly, one obtains PSCP− for the negative ions. Finally,
the complex dielectric constant ε∗

SCP brought about by the
polarization effect of positive and negative ions becomes

ε∗
SCP = εSCP

′ − iεSCP
′′ = PSCP+ + PSCP−

ε0(V1/d )

= εr0
(zd/2) − tanh(zd/2)

tanh(zd/2) + iωτB(zd/2)
, (10)

where εr0 is the relative dielectric constant of solution. In
the analysis of electrolyte solution using the PNP model, the
relative dielectric constant of solvent, εsol, has usually been
used for εr0 in Eq. (10). However, if PSCP is generated, εr0

should be εsol + εSCP to account for ρSCP.
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FIG. 1. Equivalent circuits representing two different polariza-
tion modes for an electrolytic cell.

III. COMPARISON OF DIELECTRIC SPECTRA BETWEEN
DIFFUSE DOUBLE LAYER AND SCP

In the present work, the difference between DDL and SCP
is discussed from the perspective of the characterisrics of
dielectric dispersion observed in the low-frequency region for
dilute electrolytic cells. The low-frequency region refers to the
frequency range where the drift of mobile ions occurs under a
small ac voltage application, and that is much lower than the
ranges where molecular polarizations, i.e., electronic, atomic,
and dipole polarizations, appear. The influence of the molecu-
lar polarizations on DDL has been extensively studied with
various modified PB models proposed with different levels
of mean-field approximation [19–24,29]. Here, we consider
a dilute electrolytic system to which the standard PB model,
assuming pointlike ions, is applicable. DDL is characterized
by the behavior of mobile ions being attracted to the counter
charges of electrode, and the external electric field is screened
by the mobile ions accumulated near the electrode. On the
other hand, SCP generates a macroscopic dipole moment in
the bulk under the influence of electrode charges, and its
function of compensating the electrode charges in terms of
dielectricity is similar to that of the molecular molarization.
The electric-field screening and the electrode charge compen-
sation are physically different phenomena.

As shown in Fig. 1(a), a DDL near the electrode is repre-
sented by a capacitor CD, the thickness of which is equal to the
Debye length, and the bulk layer between the two capacitors
is represented by a resistor Rb. (GC mode) It is assumed
that there is no specific adsorption of ions on the electrodes
and the distance between the electrodes is sufficiently large
compared to the Debye length. For the SCP mode the space
between the electrodes is filled with a dielectric material with
the relative dielectric constant εsol + ε′

SCP and dielectric loss
ε′′

SCP, resulting in a parallel connection with capacitors Csol

and CSCP and a resistor RSCP. Here, Csol represents a solvent
capacitance. The difference between the GC and SCP modes
is that for a potential difference externally given to the cell,
potential drop occurs in the diffuse layers in the GC mode,
while it occurs throughout the material between the electrodes
in the SCP mode [30].

Converting the series circuit consisting of two CDs and
Rb, excluding Csol in GC mode in Fig. 1(a), into an
equivalent parallel circuit yields the equivalent parallel ca-
pacitance Cp = 2CD/(4 + ω2R2

bC2
D) per unit area and the

equivalent parallel resistance Rp = Rb + 4/(ω2RbC2
D). Here,

CD = ε0εsol/LD, where LD is the Debye length expressed as
LD =

√
ε0εsolkT/(2e2c0), and Rb = d/(2c0μe). Replacing εr0

in τB by εsol, i.e., τB = ε0εsol/(2μc0e), the complex dielectric
constant of the GC mode, ε∗

GC, is expressed as ε∗
GC = ε′

GC −
iε′′

GC, where

εGC
′ = dCp

ε0
= εsol(τ0/τB)

1 + ω2τ 2
0

, (11)

εGC
′′ = d

ωε0Rp
= εsolω

(
τ 2

0 /τB
)

1 + ω2τ 2
0

, (12)

and τ0 = (d/2)
√

τB/D. It is found from the forms of the
equations that ε∗

GC exhibits a Debye-type dielectric relaxation.
The ε∗

SCP of the SCP mode is expressed as Eq. (10). Replac-
ing εr0 by εsol in Eq. (10) and applying the approximations
tanh(zd/2) ≈ 1, z ≈ 1/

√
DτB, d/(2

√
DτB) � 1, ε′

SCP and
ε′′

SCP in Eq. (10) have exactly the same form as Eqs. (11) and
(12), respectively.

It has been shown in Ref. [26] that the GC mode and the
SCP mode can be quantitatively identified in terms of the
magnitude of εeff . Here, the maximum value of εSCP must
be known because the value of εeff cannot exceed the value
of εsol + εSCP. The maximum value εSCP(max) is calculated
from the low-frequency limit of the real part in Eq. (10)
and it becomes d2 e2 c0/(8ε0kT ). Thus, εeff takes values be-
tween εsol and εsol + εSCP(max) Defining εmax as the maximum
value of εeff , then εmax = εsol + εSCP(max). Assuming that c0 =
1.0 × 1020 m−3, d = 2.26 × 105 m, and T= 293 K, εSCP(max)

is calculated to be 4565. When εsol = 5.0, the value of εmax

is 4570. By using Eq. (10) with D= 7.0 × 10−10 m2/s, the
simulated frequency dependences of ε∗

SCP for four εeff values,
including the intermediate values 45.7 (= εmax/100) and 457
(= εmax/10), are shown in Fig. 2 as solid lines. The open
circles in the figures show the frequency-dependent behaviors
of ε′

GC and ε′′
GC calculated using Eqs. (11) and (12), respec-

tively, with εsol = 5.0.
It is found from Fig. 2 that as εeff increases, the relaxation

frequency shifts to lower frequencies and the low-frequency
plateau value of ε′

SCP increases. A significant difference be-
tween ε′

SCP and ε′
GC for εeff = εsol = 5.0 appears in the

high-frequency region. ε′
GC decreases with frequency with

a slope of −2; however, the slope of ε′
SCP changes from

−2 to −1.5 in the range between 1000 and 10 000 Hz. The
f −1.5 dependence of ε′

SCP in the high frequencies is often
invisible in actual measurements, because it is hidden by the
contribution of molecular polarization to ε′

r . Therefore, it has
been believed for a long time that ε′

SCP exhibits f −2 depen-
dence [3,15,17,31–33]. The difference between ε′

SCP and ε′
GC

mainly comes from the assumption that z ≈ 1/
√

DτB provid-
ing ωτB → 0. The assumption is valid for small values of εsol

included in τB; however, it collapses when the contribution
of εSCP becomes significantly large. As shown in Fig. 2(a),
the frequency at which the slope of ε′

SCP changes from −2 to
−1.5 shifts to the lower-frequency side as εeff increases. Thus,
the frequency dispersion of ε′

SCP is inherently f −1.5 depen-
dent. Experimentally, obvious f −1.5 dependences of ε′

r have
been observed not only for very dilute electrolytic solutions
[30,34] but also for liquid crystals [35–41] and polymers [42]
containing impurity ions. A common point for these experi-
mental results is that the ion concentrations in the materials
are quite low and the polarities of the matrix materials are
comparably low.
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FIG. 2. Frequency dependences of complex dielectric constant
with εeff as a parameter. (a) Relative dielectric constant. (b) Relative
dielectric loss factor. Black lines: ε∗

SCP with εeff = 5; blue lines: ε∗
SCP

with εeff = 45.7; green lines: ε∗
SCP with εeff = 457; red lines: ε∗

SCP

with εeff = 4570; and open circles: ε∗
GC with εsol = 5.

IV. KINETIC PROCESS OF MOBILE IONS ON
ELECTRODES

We have used tetrabutylammonium tetraphenylborate
(TBATPB) for experiments as an electrolyte and added it
to several solvents at different concentrations. TBA+ and
TPB− ions are known to be difficult to form solvated ions
in various organic solvents and their Stokes radii are nearly
the same, which are about 4 Å [43,44]. It has been found
in Ref. [26] that TBA+ and TPB− dissolved in chloroben-
zene (CB) completely follows the SCP mode, while those in
1,2-dichlorobenzene (o-DCB) or dimethyl sulfoxide (DMSO)
behave as a GC-SCP mixed mode. The origin of such a solvent
dependence can be attributed to the behaviors of TBA+ and
TPB− as they approach the electrode surface. To reach the
electrode under an external electric field, the ions must push
away and replace solvent molecules attached to the electrode.
This situation is schematically illustrated in Fig. 3.

As shown in the inset of Fig. 3, electrons are expelled
from the electrode surface by quantum mechanical effects,
leaving a positively charged layer behind [45–47]. Thus, an
electric double layer is formed. Under the influence of the
electric field created by the electric double layer, solvent
molecules in contact with the electrode surface are polarized
[48,49]. According to the first-principles calculation results on
the structure of metal–liquid interface [50,51], the dipoles of
liquid molecules in contact with a metal prefer to be oriented

Positive background 
& spillover electrons 

Solvent 
molecules

(a) Low-polarity solvent (b) High-polarity solvent

Helmholtz plane

Electrode Solution

Helmholtz plane

Electrode Solution

E E

FIG. 3. Replacement of solvent molecules by ions at an electrode
surface. Yellow cations and red anions represent TBA+ and TPB−,
respectively. Open circles are solvent molecules. Inset shows an
electric double layer due to the electronic spillover at the electrode
surface and induced polarizations of solvent molecules.

perpendicular to the surface, which increases attractive force
at the interface. Since the values of electric dipole moment
μd for CB, o-DCB, and DMSO are 1.55, 2.25, and 3.96D,
respectively, the magnitude of the attractive force to the elec-
trode should be in the order of CB < o−DCB < DMSO.
The calculation results of image forces given in Appendix
A also suggest that it may be easy for a TBA+ or TPB−
ion to replace CB molecules, but more difficult to replace
o-DCB molecules, and even more difficult to replace DMSO
molecules.

Here, we introduce a rate constant ξa, which represents the
rate to replace solvent molecules by ions, into the boundary
condition of the PNP model. The same value of ξa is assumed
for both TBA� and TPB−. The mathematical process of ξa as
the boundary condition is the same as that of the rate constant
ξ , which was introduced by Chang and Jaffe [2] and repre-
sents the discharge rate of ions at electrodes. The physical
interpretation of ξa is, however, different from that of ξ . When
ξa = 0, the drifts of TBA� and TPB− under an external
field are completely blocked at the Helmholtz plane in Fig. 3.
When ξa > 0, some amount of TBA� and TPB− enter the
Helmholtz layers and replace solvent molecules depending on
the magnitude of ξa. The fact that TBA� and TPB− reach
the electrodes results in generating PSCP in bulk and inducing
ρSCP at interfaces, which compensates true charges on the
electrodes.

The PNP equation is solved considering ξa to the boundary
condition. The other calculation conditions are the same as
those for Eq. (10). The rate to replace solvent molecules is
proportional to the difference between instantaneous values of
ion concentration at the electrodes, i.e., p(−d/2), n(−d/2) or
p(d/2), n(d/2), and the undisturbed concentration p0 = n0 =

034802-4



ELECTRODE PROCESS OF MOBILE IONS IN … PHYSICAL REVIEW E 109, 034802 (2024)

c0. Thus, the pertinent boundary condition is expressed as

jp1

(
±d

2

)
= ±ξaep1

(
±d

2

)
,

jn1

(
±d

2

)
= ∓ξaen1

(
±d

2

)
. (13)

Under the conditions of Eq. (13), the solution for p1(x) is
expressed as

p1(x) = μc0V1 tanh(zx)

d
{[

2
dz2τB

+ ξa
]

tanh(zx) − 1
zτB

+ Dz
} . (14)

The current density j1 (= jp1 + jn1) becomes

j1 = ε0εsol
dE (t )

dt
+ e

[
2μc0E1 − D

d p1

dx
+ D

dn1

dx

]
, (15)

where εsol is the relative dielectric constant of solvent. The
total current density J1 flowing into the electrolyte layer can
be obtained by taking a space average of j1 over the whole
layer, and we obtain

J1 = iωε0εsol
V1

d
+ e

d

{
2μc0V1 − D

[
p1

(
d

2

)
− p1

(
−d

2

)]

+ D

[
n1

(
d

2

)
− n1

(
−d

2

)]}
. (16)

The admittance per unit area, Y1 (= J1/V1), is expressed as

Y1 = iωε0εsol

d
+ 2eμc0

d

− 4eμc0D

d2

tanh
(

zd
2

)
[

2
dz2τB

+ ξa
]

tanh
(

zd
2

) − 1
zτB

+ Dz
. (17)

The parallel resistance per unit area RB(ω) and the parallel
capacitance per unit area CB(ω) given by the sum of the
space-charge capacitance and the geometrical capacitance are
written as RB(ω) = 1/Y ′

1 and CB(ω) = Y ′′
1/ω, respectively,

providing that Y1 = Y ′
1 + iY ′′

1. Thus, we obtain the complex
dielectric constant ε∗

B as

ε∗
B = ε

′
B − iεB

′′, (18)

where

εB
′ = dCB

ε0
= dY1

′′

ωε0
, (19)

εB
′′ = d

ωε0RB
= dY1

′

ωε0
. (20)

The first term on the right side of Eq. (17) represents the
solvent capacitance. By excluding the first term and setting
ξa = 0, Eq. (18) agrees with ε∗

SCP using Eq. (10).
In the present work, the equivalent circuit shown in Fig. 4

is used for data analysis. Cm is the capacitance representing
the dipole layer on electrode surface; Rm is the resistance
representing the leak current through the dipole layer. CB(ω)

CB(ω)RB(ω)

Cm/22Rm
Dipole layers of 
electrode surfaces

Bulk

CpRp

FIG. 4. Equivalent circuit of an electrolytic solution cell.

and RB(ω) are the capacitance and resistance calculated with
Eqs. (19) and (20), respectively. Cp and Rp are the parallel
capacitance and resistance per unit area, which are used for
data acquisition of ε∗

r = ε′
r − iε′′

r in measurements, where
ε′

r = dCp/ε0 and ε′′
r = d/(ωε0Rp). The changes in the fre-

quency dependence of ε∗
r are simulated with different values

of ξa and the results are shown in Fig. 5. The physical pa-
rameters used for the calculation are D= 7.0 × 10−10 m2/s,
c0 = 1.0 × 1020 m−3, εsol = 5, εeff = 4570, Cm = 0.1 F/m2,
Rm = 1.0 × 104 
/m2, T= 293 K, and d = 2.26 × 10−5 m.
The relaxation frequency of ε∗

r in the low-frequency region
shifts to higher frequencies with increasing ξa. The influence
of ξa on ε′

r in the high-frequency region, where the contribu-
tion of PSCP is dominant, becomes visible with the values of
ξa larger than 1.0 × 10−5 m/s [52].

ε r'
 

Frequency (Hz)
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104
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1 10 102 103 10410-210-3 10-1
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1 10 102 103 10410-210-3 10-1

1

10

102
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(a)

(b)

FIG. 5. Frequency dependence of ε∗
r with ξa as a parameter.

(a) Relative dielectric constant. (b) Relative dielectric loss factor.
Black lines: ξa = 0 m/s; red lines: ξa = 10−7m/s; blue lines: ξa =
10−6m/s; green lines: ξa = 10−5m/s; pink lines: ξa = 10−4m/s; and
brown lines: ξa = 10−3 m/s.
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FIG. 6. Correlation between ξa and εeff/εmax. Each symbol rep-
resents different solvent: BB, CB, o-DCB, and DMSO. The
numbers next to symbols represent the concentrations of TBATPB in
solution samples given in Table II.

V. DATA ANALYSIS AND DISCUSSION

We use reported data of complex dielectric constant given
in Ref. [26] for the present analysis. The data were obtained
for TBATPB solutions with different solvent, CB, o-DCB, or
DMSO. Data for another solvent, bromobenzene (BB), were
added to the present analysis. The solution sample preparation
and measurement condition are summarized in Appendix B.
We analyzed the dielectric spectra observed for the solution
samples and determined physical parameters by a curve-fitting
process with calculated values. The examples of the dielectric
spectra and the values of physical parameters are shown in
Appendix C.

The unit of ξa is m/s, which represents velocity. If the
effective value of the voltage applied to the cell is Vapp and the
average electric field in the cell is Eav, then Eav = Vapp/d =
221 V/m in the present condition. The drift velocity vav of ions
under an average electric field through the cell is calculated
to be vav = μEav. Comparing the values of vav with those of
ξa given in Table IV in Appendix C, we find that vav < ξa

and εeff/εmax = 1 for all the solutions of BB and the 50 ppb-5
ppm solutions of CB, while vav > ξa and εeff/εmax < 1 for all
the solutions of o-DCB and the 500 ppb solution of DMSO.
Figure 6 shows the logarithms plot of ξa and εeff/εmax values
where BB solution, CB solution, o-DCB solution,
DMSO solution, and a strong correlation between them was
observed. The numbers in the graph indicate the concentra-
tions of TBATPB in solution samples given in Table II. The
ratio of vav to ξa is regarded as the ratio of the bulk current
density Jb to the Helmholtz layer current density JH . From
this point of view, the behaviors of TBA� and TPB− ions
in BB and CB are considered to be operating in the SCP
mode because the impedance of the Helmholtz layer is lower
than that of bulk layer, while those in o-DCB and DMSO are
operating in the GC-SCP mixed mode because the impedance
of the Helmholtz layer is higher. As expected, if Jb � JH , the
polarization process of mobile ions in the cell approaches the
GC mode.

In our previous work [26], we analyzed experimental data
by introducing a different boundary condition into the PNP

model, which represented the adsorption-desorption process
of mobile ions on electrodes. The measured values of ε∗

r for
the solution samples shown in Table II were well fitted by
the calculated values in the previous analysis as well as in
the present analysis. We then revisited the previous result
and found that for CB solutions with low concentrations of
TBATPB, there was a discrepancy in which the number of
adsorbed ions exceeded the total number of ions in the cell in
a single measurement. Accordingly, the experimental results
could not be explained by the adsorption-desorption model.
In fact, the measured values of ε∗

r were reproducible in re-
peated measurements within a short period of about one hour,
suggesting invalidity of the adsorption-desorption model.

VI. CONCLUSION

We have found that the dielectric spectra brought about by
the SCP differ significantly from those by the DDL and they
can be characterized by the magnitude of εeff introduced in
the PNP model and the values of ξa determined in analyzing
the dielectric spectra of the electrolytic solutions are clearly
correlated with εeff/εmax. This result indicates that the gen-
eration of SCP in the electrolytic cells originates from the
kinetic process of mobile ions to replace solvent molecules
at the electrode surfaces. This is an experimental confirmation
of PSCP and its practical contribution to the dielectric constant
of material. A deep understanding of PSCP will not only im-
prove analytical techniques using dielectric spectroscopy, but
also provide a perspective for the development of dielectric
materials.

APPENDIX A: IMAGE FORCES OF CHARGE AND DIPOLE

The image-charge method is very useful for calculating
the electric field generated by a point charge +q placed near
a conductor plate. As shown in Fig. 7(a), by treating the
conductor as a mirror, an image charge is assumed at a point
symmetrically opposite of +q. Since the true charge +q feels
a force from the conductor owing to the electric field, the force
Fc can be calculated. It is expressed as

Fc = q2

4πε0(2a)2 = q2

16πε0a2
, (A1)

where a is the distance between the conductor surface and the
point charge. Since the image charge is opposite in sign of a
true charge, Fc is always attractive force.

The same concept can be used to calculate the attractive
force Fd when the electric dipole is placed near the conduc-

FIG. 7. Method of image charges.
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TABLE I. Comparison of image forces between ion and solvents.

Radius
Electric dipole moment Image force

Molecule r (m) μd (debye) μd (Cm) Fc (N) Fd (N) 3Fd (N) 4Fd (N) 5Fd (N)

TBA+ (≈TPB−) 4.9 × 10−10 2.4 × 10−10

CB 2.2 × 10−10 1.55 5.2 × 10−30 3.9 × 10−11 1.2 × 10−10 1.5 × 10−10 1.9 × 10−10

o-DCB 2.3 × 10−10 2.25 7.5 × 10−30 6.8 × 10−11 2.0 × 10−10 2.7 × 10−10 3.4 × 10−10

DMSO 2.2 × 10−10 3.96 1.3 × 10−29 2.5 × 10−10 7.5 × 10−10 1.0 × 10−9 1.3 × 10−9

tor, as shown in Fig. 7(b). The dipole vector is assumed to
be perpendicular to the conductor surface. l is the distance
between +q and −q, and a is the distance between the con-
ductor surface and the center of l . Thus, Fd is expressed as

Fd = q2

4πε0

{
1[

2
(
a − l

2

)]2 + 1[
2
(
a + l

2

)]2 − 1

2a2

}
. (A2)

The dipole moment μd is defined as μd = ql . By applying
an infinitesimal separation to the two charges, i.e., l → 0,
keeping the magnitude of μd , the two-charge system can be
treated as a point electric dipole. Thus, Eq. (A2) is written
as

Fd = 3μd
2

32πε0a4
(A3)

by eliminating the terms of l2 in Eq. (A2).
The values of the image force calculated using Eq. (A1)

for TBA+(≈ TPB−) and using Eq. (A3) for CB, o-DCB, and
DMSO are shown in Table I. For the volume of a solvent
molecule, we referred to Ref. [53] for TBA+, Ref. [54] for
CB and o-DCB, and Ref. [55] for DMSO, and calculated
equivalent molecular radius assuming a sphere. Thus, a point
dipole is placed at the center of the sphere. The distance
between the electrode and the point dipole is assumed to be
equal to the radius of the sphere, i.e., a = r. The radii of CB,
o-DCB, and DMSO are all smaller than half of the radius of
TBA+. Considering their molecular sizes, a single TBA+ ion

needs to displace three to five solvent molecules to contact
the electrode. Therefore, Fc should be compared to the sum
of the image forces of the multiple molecules, not Fd . In this
sense, the values of 3Fd , 4Fd , and 5Fd for CB, o-DCB, and
DMSO are listed in Table I. As an example, when comparing
the value of Fc with the values of 4Fd , the attractive force
from the electrode is TBA+ > CB, TBA+ ≈ o-DCB, and
TBA+ < DMSO.

APPENDIX B: SAMPLE PREPARATION AND
MEASUREMENT CONDITION

Tetrabutylammonium tetraphenylborate (TBATPB:
Aldrich purity > 99%) was used as an electrolyte and added
to several solvents at different concentrations. The electrolyte
solution samples prepared are summarized in Table II. The
solution was injected into a parallel-plate glass cell with
indium tin oxide electrodes, the area and the distance between
electrodes of which were 1.13 cm2 and 22.6 µm, respectively.
The complex impedance of the cell was measured in the
frequency range of 0.001 Hz and 10 KHz at 20 °C using a
Solartron 1260 frequency response analyzer connected to a
1296 dielectric interface. As can be seen from Eqs. (8)–(12),
the complex dielectric constants brought about by SCP and
DDL depend on the concentration of mobile ions, diffusion
coefficient, and the distance between electrodes. On the other
hand, the dielectric dispersion property of the SCP mode
is different from that of the GC mode as shown in Fig. 2.

TABLE II. Electrolyte solution samples prepared for experiment.

Dipole moment
TBATPB concentration

Solvent (D) εsol mol/L (m−3)

50 ppb 1.3 × 10−7 8.0 × 1019

Bromobenzene 100 ppb 2.6 × 10−7 1.6 × 1020

1.74 5.2(BB: Merck, purity >99%) 200 ppb 5.2 × 10−7 3.2 × 1020

500 ppb 1.3 × 10−6 8.0 × 1020

50 ppb 9.9 × 10−8 5.9 × 1019

Chlorobenzene 500 ppb 9.9 × 10−7 5.9 × 1020

1.55 5.7(CB: Merck, purity >99%) 5 ppm 9.9 × 10−6 5.9 × 1021

50 ppm 9.9 × 10−5 5.9 × 1022

50 ppb 1.2 × 10−7 7.0 × 1019

1,2-Dichlorobenzene 500 ppb 1.2 × 10−6 7.0 × 1020

2.25 9.9
(o-DCB: Merck, purity >99%) 5 ppm 1.2 × 10−5 7.0 × 1021

50 ppm 1.2 × 10−4 7.0 × 1022

Dimethylsulphoxide 3.96 47.2 500 ppm 9.8 × 10−4 5.9 × 1023

(DMSO: Aldrich, purity >99%)
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FIG. 8. Frequency dependences of complex dielectric constant for electrolytic solutions. (a) TBATPB 500 ppb in BB. (b) TBATPB 500
ppb in CB. (c) TBATPB 500 ppb in o-DCB. (d) TBATPB 500 ppm in DMSO. Filled and open circles represent observed values of ε′

r and ε′′
r ,

respectively. Solid and dashed lines represent calculated values fitted to the observed values.

Therefore, the choice of frequency range and cell thickness is
very important in the measurement. We determined the cell
thickness and the frequency range so that the two dielectric
dispersion properties could be clearly distinguished. The
ac voltage applied to the cell was 0.005 V (rms), which
satisfies the relationship that eV<kT. The complex impedance
was then transformed to the complex dielectric constant
ε∗

r (= ε′
r − iε′′

r).

APPENDIX C: PHYSICAL PARAMETERS DETERMINED
BY DATA ANALYSIS

The frequency dependences of ε∗
r measured for the

TBATPB solution samples described in Table II were ana-
lyzed by using the equivalent circuit given in Fig. 4. For
all the samples, the measured values of ε∗

r were well fitted
by the calculated values. As an example, the analytical re-
sults for BB-TBATPB (500 ppb), CB-TBATPB (500 ppb),

TABLE III. Physical parameters determined by data analysis I.

TBATPB concentration D μ c0 Cm Rm

Solvent (mol/L) (m−3) (m2/s) (m2/Vs) (m−3) (F/m2) (
/m2)

50 ppb 1.3 × 10−7 8.0 × 1019 3.3 × 10−10 1.3 × 10−8 3.5 × 1019 3.0 × 10−2 6.0 × 103

100 ppb 2.6 × 10−7 1.6 × 1020 3.5 × 10−10 1.4 × 10−8 6.0 × 1019 5.0 × 10−2 4.0 × 103

BB
200 ppb 5.2 × 10−7 3.2 × 1020 3.5 × 10−10 1.4 × 10−8 1.2 × 1020 5.0 × 10−2 7.0 × 103

500 ppb 1.3 × 10−6 8.0 × 1020 3.7 × 10−10 1.5 × 10−8 2.2 × 1020 5.0 × 10−2 3.0 × 103

50 ppb 9.9 × 10−8 5.9 × 1019 6.0 × 10−10 2.4 × 10−8 3.2 × 1019 1.3 × 10−1 6.0 × 103

500 ppb 9.9 × 10−7 5.9 × 1020 6.5 × 10−10 2.6 × 10−8 1.8 × 1020 1.3 × 10−1 6.0 × 103

CB
5 ppm 9.9 × 10−6 5.9 × 1021 6.8 × 10−10 2.7 × 10−8 7.0 × 1020 1.3 × 10−1 2.0 × 103

50 ppm 9.9 × 10−5 5.9 × 1022 7.0 × 10−10 2.8 × 10−8 2.8 × 1021 1.3 × 10−1 2.0 × 103

50 ppb 1.2 × 10−7 7.0 × 1019 4.0 × 10−10 1.6 × 10−8 6.5 × 1019 6.0 × 10−2 6.0 × 103

500 ppb 1.2 × 10−6 7.0 × 1020 4.2 × 10−10 1.7 × 10−8 6.2 × 1020 5.0 × 10−2 3.0 × 103

o-DCB
5 ppm 1.2 × 10−5 7.0 × 1021 4.0 × 10−10 1.6 × 10−8 6.0 × 1021 5.0 × 10−2 3.0 × 103

50 ppm 1.2 × 10−4 7.0 × 1022 4.0 × 10−10 1.6 × 10−8 4.0 × 1022 5.0 × 10−2 2.0 × 103

DMSO 500 ppm 9.8 × 10−4 5.9 × 1023 2.7 × 10−10 1.1 × 10−8 5.9 × 1023 1.0 × 10−1 2.0 × 103
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TABLE IV. Physical parameters determined by data analysis II.

TBATPB vav ξa

Solvent concentration εsol (m/s) (m/s) log(ξa ) εeff εmax εeff/εmax log(εeff/εmax)

50 ppb 5.2 2.9 × 10−6 6.0 × 10−6 −5.22 1.51 × 103 1.51 × 103 1.00 0.00
100 ppb 5.2 3.1 × 10−6 6.0 × 10−6 −5.22 2.58 × 103 2.58 × 103 1.00 0.00

BB
200 ppb 5.2 3.1 × 10−6 5.0 × 10−6 −5.30 5.15 × 103 5.15 × 103 1.00 0.00
500 ppb 5.2 3.2 × 10−6 5.0 × 10−6 −5.30 9.44 × 103 9.44 × 103 1.00 0.00
50 ppb 5.7 5.3 × 10−6 1.3 × 10−5 −4.89 1.47 × 103 1.47 × 103 1.00 0.00
500 ppb 5.7 5.7 × 10−6 1.1 × 10−5 −4.96 8.22 × 103 8.22 × 103 1.00 0.00

CB
5 ppm 5.7 6.0 × 10−6 9.0 × 10−6 −5.05 2.50 × 104 3.20 × 104 0.78 −0.11
50 ppm 5.7 6.1 × 10−6 4.0 × 10−6 −5.40 1.50 × 104 1.28 × 105 0.12 −0.93
50 ppb 9.9 3.5 × 10−6 1.4 × 10−6 −5.85 70 2.98 × 103 2.35 × 10−2 −1.63
500 ppb 9.9 3.7 × 10−6 2.5 × 10−7 −6.60 55 2.83 × 104 1.94 × 10−3 −2.71

o-DCB
5 ppm 9.9 3.5 × 10−6 1.2 × 10−7 −6.92 90 2.56 × 105 3.52 × 10−4 −3.45
50 ppm 9.9 3.5 × 10−6 8.0 × 10−8 −7.10 300 1.83 × 106 1.64 × 10−4 −3.78

DMSO 500 ppm 47.2 2.4 × 10−6 5.0 × 10−8 −7.30 1200 2.69 × 107 4.46 × 10−5 −4.35

o-DCB-TBATPB (500 ppb), and DMSO-TBATPB (500 ppm)
solutions are shown in Fig. 8. The physical parameters deter-

mined by curve fitting for all solution samples are summarized
in Tables III and IV.
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