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Abstract

We develop a theory of the double layer at electrolyte–electrolyte interfaces taking in to account the microscopic structure of the

interfacial region. This includes a ‘‘mixed boundary layer’’ where the overlapping of two space-charge regions occurs, and the effects

of ion association and adsorption at the interface. Theoretical results are in good agreement with experimental data obtained for

various organic solvents and electrolytes. The theory suggests a framework for the treatment of the capacitance data and establishes

a relationship between experimental results and the microscopic structure of interfaces between two immiscible electrolyte solutions

(ITIES).

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The electrochemical properties of interfaces between
two immiscible electrolyte solutions (ITIES) have been

actively investigated during the last 20 years [1–3]. These

interfaces are formed between an organic solvent con-

taining a hydrophobic salt and an aqueous electrolyte

solution. Most information on ITIES has been obtained

by classical electrochemical techniques including cyclic

voltammetry and impedance measurements [1,2,4–6].

Thus one of the most basic experimental characteristics
of the interface between two immiscible liquids is a

double layer capacitance. Capacitance properties of

ITIES are quite different from that extensively studied

for metal–solution interfaces. In contrast to the metal–

solution interfaces, it was found that the capacitance

of ITIES depends strongly on the nature of the ions

[2,6–11]. Often the capacitance curves show a strong

asymmetry as a function of the potential and essential
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deviations from the Gouy-Chapmen behaviour even

near the pzc. The discrepancy between experimental

results and predictions of the Gouy-Chapman theory
stimulated theoretical work, which went beyond the

classical scheme [12,13] including the ‘‘mixed boundary

layer’’, ion adsorption and ion pairing at the interface

[9–11,14–19]. It has been also shown that a thermally

induced corrugation of liquid–liquid interfaces can

strongly influence the capacitance dependence on the

potential drop and on ionic strength [20–22]. However,

in spite of numerous efforts, the structure of the ITIES is
still a matter of controversy and there is no unambigu-

ous picture for interpretation of capacitance data.

In this work we develop a mean-field theory of the

double layer of ITIES, which takes into account effects

of overlapping of the two space-charge regions, ion

adsorption and ion association at the interface. The

theory extends our recent studies [19], which have been

focused on the effect of ion penetration into an ‘‘un-
friendly medium’’ and described this effect within a

perturbation approach. Here we overcome limitations of

the perturbation approach that allows the treatment of

experiments in which a measured capacitance differs

essentially from the Gouy-Chapman prediction. We
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perform a detailed analysis of experimental data ob-

tained for various solvents and electrolytes [23] and es-

tablish relationships between experimental results and a

microscopic structure of ITIES.
2. Double layer theory

Consider a contact between two immiscible electro-

lyte solutions characterized by dielectric constants, e1
and e2, and Debye lengths, j�1

1 and j�1
2 , respectively (see

Fig. 1). For 1-1 binary electrolyte solutions j�1
i ¼

ðeikBT=8p n0i e
2Þ1=2, where n0i is the bulk electrolyte

concentration in the corresponding phase (i ¼ 1; 2), e,
the charge of proton, T , the temperature, and kB, the
Boltzmann constant. Here we assume that the ions that

have affinity to one solution cannot penetrate into the

bulk of the other solution, in other words the system

‘‘stays inside’’ the potential window over which the in-

terface is ideally polarizable. Then the bulk of solvent 1

(z � 0), contains only anions and cations of sort 1,
�
1

� �
, while the bulk of solvent 2 (z � 0) contains ions

of sort 2,
�
2

� �
. Here we also assume that the interface

is flat and all properties of the system are functions of
the distance from the interface, z, only.

2.1. Perturbation approach

Recently we have developed a theory of the double

layer at ITIES [19], which takes into account the overlap

of the two back-to-back double layers in the interfacial

region and a smooth variation of dielectric properties
across the interface. A solution of a modified nonlinear

Poisson–Boltzmann equation has been obtained within

the perturbation theory, which utilizes the smallness of
n
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n
1 ε

2

ε
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Fig. 1. An interface between two immiscible electrolyte solutions: di-

electric constant profile, eðzÞ (upper solid curve) and distributions of

ionic concentrations, niðzÞ (lower dashed curves), lmicr is the thickness

of the microscopic interface layer.
the ratio of the ‘‘mixed layer’’ thickness to the Debye

lengths in the adjacent solutions. It has been shown that

the capacitance dependence on the nature of the ions is

controlled by three integral parameters, L1, L2 and L3
which are expressed through the z-dependent energy
profiles of ion transfer across the interface, f�

i ðzÞ, and
through the dielectric profile of the solvent–solvent in-

terface, eðzÞ (see Fig. 1)

C ¼ dQ=dE

¼ C0
GC

dU0

dV

�
þ L1

dU1

dV
þ L2

dU2

dV
þ L3

dU3

dV

�
: ð1Þ

Here C0
GC is the Gouy-Chapman capacitance of the two

back-to-back ionic double layers separated by a sharp

interface at the point of zero charge [1,2]

C0
GC ¼ e1j1e2j2

4pðe1j1 þ e2j2Þ
; ð2Þ

L1 ¼
Z þ1

�1
dz exp

��
� f þ

1 ðzÞ=kBT
�

� exp
�
� f �

1 ðzÞ=kBT
��
; ð3Þ

L2 ¼
Z þ1

�1
dz exp

��
� f þ

2 ðzÞ=kBT
�

� exp
�
� f �

2 ðzÞ=kBT
��
; ð4Þ

L3 ¼
Z þ1

�1
dz

1

2

1

e1
exp

���
� f þ

1 ðzÞ=kBT
�

þ 1

e1
exp

�
� f �

1 ðzÞ=kBT
�
þ 1

e2
exp

�
� f þ

2 ðzÞ=kBT
�

þ 1

e2
exp

�
� f �

2 ðzÞ=kBT
��

� 1

eðzÞ

�
ð5Þ

and U0ðV Þ, U1ðV Þ, U2ðV Þ and U3ðV Þ are the functions of
the overall potential drop, E, and the bulk properties of

the contacting electrolyte solutions (dielectric constants

and ionic concentrations), V ¼ eE=kBT is the dimen-
sionless potential drop across the interface. The explicit

equations for U0ðV Þ, U1ðV Þ, U2ðV Þ and U3ðV Þ are given
in [19].

All three parameters L1, L2 and L3 are independent of
the potential and ionic concentrations and have the di-

mensions of length. The absolute values of these lengths

may be of the order of the thickness of a ‘‘mixed

boundary layer’’ where the overlapping of the two
space-charge regions occurs, but their sign may be po-

sitive or negative depending on the profiles of the in-

tegrands.

The result obtained within the perturbation theory

can be applied when the three characteristic lengths L1,
L2 and L3 are smaller than the Debye lengths in con-

tacting media, L1, L2, L3 < j�1
1;2. Under these conditions

the deviations of the measured capacitance from the
Gouy-Chapman result should be small. However, in
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most experiments [1,2,4,6–8,13,23] this condition is not

satisfied and the measured capacitance differs essentially

from the Gouy-Chapman value. Experimental data also

indicate that pair interactions between ions near the

interface that have been ignored within the analytical
theory [19] can contribute essentially to the capacitance

[23].
2.2. Beyond the perturbation approach

In the present paper we generalize the theory [19]

in order to overcome the limitations of the pertur-

bation approach and to include three contributions to
the double layer capacitance that go beyond the

Gouy-Chapman description: (1) an overlap of the two

back-to-back double layers in the interfacial regions,

(2) ion association across the phase boundary, and (3)

a variation of dielectric properties across the inter-

face.

In order to solve the problem we separate the en-

semble of ions into three subsystems: (1) ions located in
the microscopic interfacial layer where overlap of dou-

ble layers and ion association occur and, (2) and (3) ions

located in the diffuse double layers and in the bulk so-

lutions of the contacting phases. In the first region the

ion distribution can differ essentially from that given by

the Gouy-Chapman theory, while in regions 2 and 3 the

Gouy-Chapman theory works well. The boundaries

between the interfacial layer and regions 2 and 3 are
denoted as z ¼ �l and z ¼ l, correspondingly. This

separation can be done when the thickness of the mi-

croscopic layer is smaller than the thickness of the dif-

fuse double layers in two solutions. The latter

assumption is well justified for not too concentrated

solutions and not too high voltage drops across the in-

terface [14–16,24,25]. Under these conditions the mi-

croscopic layer can be contracted to a plane separating
the contacting phases. The surface concentrations of the

ions at this plane are expressed in terms of ionic distri-

butions n�i ðzÞ

C�
i ¼

Z
lmicr

dzn�i ðzÞ; ð6Þ

where lmicr is the thickness of the microscopic interfacial
layer.

Density profiles of the ions, n�i ðzÞ, and a distribution

of electrostatic potential, /ðzÞ, at the interface can be

calculated using the functional of the free energy of two

contacting electrolyte solutions. We start from a free

energy functional that contains the contributions of the

interfacial layer, FS, and of the diffuse double layers and

the bulk solutions, FGC

F ¼ FS þ FGC: ð7Þ
The free energy FGC consists of the electrostatic inter-

action and the entropy of diluted electrolytes [19]
FGC ¼ � 1

8p

Z �l

�1
dzeðzÞ½r/ðzÞ�2 � 1

8p

Z 1

l
dzeðzÞ½r/ðzÞ�2

þ e
Z �l

�1
dz/ðzÞ nþ1 ðzÞ

�
� n�1 ðzÞ

�
þ e

Z 1

l
dz/ðzÞ nþ2 ðzÞ

�
� n�2 ðzÞ

�
� Ee

Z �l

�1
nþ1 ðzÞ
�

� n�1 ðzÞ
�
dz

þ kBT
Z �l

�1
dz nþ1 ðzÞ log nþ1 ðzÞv1

� ���

þ n�1 ðzÞ log n�1 ðzÞv1
� �

� nþ1 ðzÞ
�

þ n�1 ðzÞ
���

þ kBT
Z 1

l
dz nþ2 ðzÞ log nþ2 ðzÞv2

� ���

þ n�2 ðzÞ log n�2 ðzÞv2
� �

� nþ2 ðzÞ
�

þ n�2 ðzÞ
���

: ð8Þ

The free energy of the interfacial layer, FS, can be

written as

FS ¼ e Cþ
2

�
� C�

2

�
/ð0Þ þ e Cþ

1

�
� C�

1

�
ð/ð0Þ � EÞ�

þ kBT
X2

i¼1

Cþ
i ln

Cþ
i

Ci0

� ���
� 1

�

þ C�
i ln

C�
i

Ci0

� ��
� 1

��
þ kBT

X2

i¼1

uþi C
þ
i

�
þ u�i C

�
i

�
þ kBT w12C

þ
2 C

�
1

�
þ w21C

�
2 C

þ
1

�
: ð9Þ

The first two terms in Eq. (9) describe the electro-

static contribution to FS while the third term presents

the entropy of ions at the interface. The last two terms

take into account interactions of ions with the interface

and short-range ion–ion interactions in the layer. The

following notations have been used in Eqs. (8) and (9):
vi is the volume per molecule of the solvent (i), Ci0 is

the maximal value of surface excess for the ion of kind

i which in general can be different for anions and ca-

tions, u�i is a constant of interaction (in units of kBT )
between the ion and the interface which represents the

effects of ion adsorption and penetration across the

interface, parameters w12ð21Þ describe the short-range

interaction of an anion from phase 1 (2) with a cation
from phase 2 (1). More precisely w12ð21Þ present the

ensemble-averaged energy of ion–ion interaction mul-

tiplied by the area pa2 where a is the radius of action

of the ion–ion potential. In order to obtain w12ð21Þ from
the results of molecular dynamics simulation the av-

eraging over different orientations and locations of

ionic pairs with respect to the interface should be

performed.
The expression for the free energy (7) does not include

the effect of saturation in the microscopic interfacial re-

gion. This effect can be important for high electrolyte
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concentrations, large ions or ionic absorption. In these

cases the following terms should be added to Eq. (9)

kBT
X2

i¼1

Ci0

��
� Cþ

i

�
ln

Ci0 � Cþ
i

� �
Ci0

� ��
� 1

�

þ Ci0

�
� C�

i

�
ln

Ci0 � C�
i

� �
Ci0

� ��
� 1

��
: ð10Þ

The effect of saturation will be considered elsewhere.

In order to derive equations for the electrostatic po-

tential, the ionic concentrations and the surface con-
centrations we minimize the grand potential, X

X ¼ F � l1

Z �l

�1
dz nþ1 ðzÞ
�

þ n�1 ðzÞ
�

� l2

Z 1

l
dz nþ2 ðzÞ
�

þ n�2 ðzÞ
�
�
X2

i¼1

li C
þ
i

�
þC�

i

�
ð11Þ

with respect to /, n�i and C�
i . Here li is the chemical

potential of positive and negative ions of kind i which is

related to the bulk concentration of the corresponding

electrolyte through the relation

li ¼ kBT ln n0i vi
� �

: ð12Þ
In this way we obtain:

(1) the Poisson–Boltzmann equation for the electro-

static potential

d

dz
eðzÞ d

dz
wðzÞ ¼ � 4pe2

kBT
N ½wðzÞ� � rdðzÞ; ð13Þ

where N ½wðzÞ� ¼ ½nþ1 ðzÞ � n�1 ðzÞ�hð�l� zÞ þ ½nþ2 ðzÞ�
n�2 ðzÞ�hðz� lÞ is the charge density in the diffuse layers

and r ¼ 4pe2=kBT
P2

i¼1½Cþ
i � C�

i � is the surface charge

density, w ¼ eu=kBT ;
(2) the relationships between the ionic concentrations

and the potential in the diffuse layers

n�1 ðzÞ ¼ n10 exp½�ðwðzÞ � V Þ�; ð14Þ

n�2 ðzÞ ¼ n20 exp½�wðzÞ� ð15Þ
(3) and the equations for the determination of the

surface concentrations of ions

Cþ
1 ¼ n10v1C10 exp ð

�
� wð0Þ þ V Þ � uþ1 � w21C

�
2

�
; ð16Þ

C�
1 ¼ n10v1C10 exp ðwð0Þ

�
� V Þ � u�1 � w12C

þ
2

�
; ð17Þ

Cþ
2 ¼ n20v2C20 exp

�
� wð0Þ � uþ2 � w12C

�
1

�
; ð18Þ

C�
2 ¼ n20v2C20 exp wð0Þ

�
� u�2 � w21C

þ
1

�
: ð19Þ

The quantities, Ci0vi, in Eqs. (16)–(19) have the dimen-
sion of length and are usually named as adsorption

lengths, la;i � Ci0vi.

2.3. Calculation of the capacitance

First we solve Eqs. (13)–(19) assuming a sharp vari-

ation of the dielectric function across the interface,
eðzÞ ¼ e0ðzÞ ¼ e1hð�zÞ þ e2hðzÞ. Later a smearing of the

dielectric profile will be taken into account within the

perturbation approach discussed in [19].

The distribution of the electrostatic potential can be

obtained from Poisson�s equation (13), which includes
both the bulk (diffuse layer) and surface charge densi-

ties. In order to perform calculations in the spirit of

Gouy-Chapman theory it is convenient to rewrite the

bulk and surface terms in the rhs of Eq. (13) in the

following form

N ½wðzÞ� ! N ½wðzÞ�
¼ nþ1 ðzÞ

�
� n�1 ðzÞ

�
hð�zÞ þ nþ2 ðzÞ

�
� n�2 ðzÞ

�
hðzÞ;

ð20Þ

r ! r ¼ 4pe2

kBT
Cþ

1

��
� lnþ

1 ð0Þ
�
� C�

1

�
� ln�

1 ð0Þ
�

þ Cþ
2

�
� lnþ

2 ð0Þ
�
� C�

2

�
� ln�

2 ð0Þ
��
: ð21Þ

Here we extended the ranges of the diffuse layers up to

the interface, z ¼ 0, and in order to keep the total charge

density, N ½wðzÞ� þ r, unchanged we subtracted the terms
added to N ½wðzÞ� from the surface contribution, r. Then
the solution of Eq. (13) gives

wðzÞ ¼ V � 4 arctan½expðj1ðzþ z10ÞÞ� for z6 0; ð22Þ

wðzÞ ¼ 4 arctan½expð�j2ðzþ z20ÞÞ� for z > 0; ð23Þ

where z10 and z20

z10 ¼ � 2j�1
1 arctan r

�	

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ 4 e2j2 þ e1j1eV =2ð Þ e2j2 þ e1j1e�V =2ð Þ

q �

2 e2j2eV =2
��

þ e1j1

��
; ð24Þ

z20 ¼ 2j�1
2 arctan

�	
� r

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ 4 e2j2 þ e1j1eV =2ð Þ e2j2 þ e1j1e�V =2ð Þ

q �

2 e2j2

��
þ e1j1eV =2

��
: ð25Þ

It should be noted that the surface charge density, r,
entering Eqs. (24) and (25) is not an independent vari-

able, but is a function of the potential at the interface,

wð0Þ. A relation between r and wð0Þ obtained from Eqs.

(22)–(25) reads

e2j2

�
þ e1j1eV =2

�
expð�wð0ÞÞ þ r expð�wð0Þ=2Þ

¼ e2j2

�
þ e1j1e�V =2

�
: ð26Þ

Eqs. (14)–(19), (21) and (26) present a complete system

that allows the double layer capacitance, surface charge

densities and potential distribution to be determined.
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The net result for the double layer capacitance is finally

given by

C ¼ Cð1Þ
d Cð2Þ

d

Cð1Þ
d þ Cð2Þ

d

1

(
þ e

Cð1Þ
d

dCþ
1

dE

�
� dC�

1

dE

�

� e

Cð2Þ
d

dCþ
2

dE

�
� dC�

2

dE

�)
; ð27Þ

where Cð1Þ
d and Cð2Þ

d are the diffuse double layer capaci-

tances in the contacting phases 1 and 2, which are cal-

culated within the Gouy-Chapman theory considering

the surface charge density in addition to the charge in

the diffuse double layer

Cð1Þ
d ¼ e1j1

4p
cosh

wð0Þ � V
2

� �
; ð28Þ

Cð2Þ
d ¼ e2j2

4p
cosh

wð0Þ
2

� �
: ð29Þ
Fig. 2. Capacitance–dimensionless potential curves with 2-heptanone as the o

contains 10 mM: (a) TBATPB; (b) THATPB; (c) TOATPB. The experime

Chapman result and the solid lines represents the theoretical curves calculate

uþ2 ¼ u�1 ¼ �5:4; w�
12 ¼ �0:5; w�

12 ¼ �0:5; Le ¼ �0:55 �AA. (b) uþ1 ¼ u�2 ¼ �
uþ1 ¼ u�2 ¼ �2:35; uþ2 ¼ u�1 ¼ �2:35; w�

12 ¼ �4:5; w�
21 ¼ �2:8; Le ¼ �0:55 �AA,

C10 ¼ C20 and la;1 ¼ la;2 ¼ l ¼ 1 �AA.
Eq. (27) shows a general resemblance to the equations

for the double layer capacitance derived in [9,23]. Con-

trary to the previous work [9,23] where ionic association

was considered in terms of ion-pair equilibrium, here we

take into account explicitly the dependence of surface
ion concentration on the potential and include all ion–

interface and ion–ion interactions. Therefore the pre-

dictions of our model differ from the results of [9,23]. It

should be noted that under the conditions, Cþ
1 ¼ C�

2 ;

C�
1 ¼ Cþ

2 and

dCþ
1

dE
¼ e

kBT
Cþ

1 ;
dC�

1

dE
¼ � e

kBT
C�

1 ;

Eq. (27) for the capacitance reduces to that derived in

[9]. However, our calculations show that the latter

conditions do not hold for realistic values of the system

parameters.

Below we demonstrate that a comparison of our

theoretical results with experimental data allows us to
determine the interaction constants, u�i and w12ð21Þ, in-
rganic solvent. Aqueous phase contains 10 mM LiCl; the organic phase

ntal results are shown by dots, the dashed line represents the Gouy-

d according Eqs. (27) and (32). Parameter values: (a) uþ1 ¼ u�2 ¼ �5:7;

2:5; uþ2 ¼ u�1 ¼ �2:5; w�
12 ¼ �1:3; w�

21 ¼ �1:45; Le ¼ �0:55 �AA. (c)

where w�
12 ¼ w12C10 and w�

21 ¼ w21C20. In all calculations we assumed
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volved in the model, and to understand the dependences

of the double layer capacitance on the nature of the ions.

It should be noted that all interaction constants can be

calculated within the framework of molecular dynamics

simulations. Thus this mean-field type model can pro-
vide a bridge between the ‘‘microscopic’’ description and

experimental studies of ITIES.

In the absence of ion–ion interactions the system of

Eqs. (14)–(19) and (26) can be solved analytically. Then

for the case of a small effect of the interfacial layer on

the capacitance, Eq. (27) for the capacitance takes the

form of Eq. (1) which has been derived previously within

the perturbation approach [19]. A comparison between
Eqs. (1) and (27) allows us to establish the relationships

between the parameters of ion–interface interaction, u�i ,
and the free energy profile functions for ion transfer

across the interface, f�
i

la;1 exp
�
� u�1

�
� l ¼

Z 1

�1
dz exp

��
� f �

1 ðzÞ
�
� hð � zÞ

�
;

ð30Þ
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Fig. 3. As in Fig. 2, but with 2-octanone. Parameter values: (a) TBATPB: uþ1
(b) THATPB: uþ1 ¼ u�2 ¼ �1:6; uþ2 ¼ u�1 ¼ �1:5; w�

12 ¼ �2:2; w�
21 ¼ �3:8; Le ¼

w�
21 ¼ �3:4; Le ¼ �0:3 �AA.
la;2 exp
�
� u�2

�
� l ¼

Z 1

�1
dz exp

��
� f �

2 ðzÞ
�
� hðzÞ

�
:

ð31Þ
Eqs. (30) and (31) clarify the physical meaning of the

interaction constants, u�i , introduced in this paper and

allow us to calculate them from microscopic models of

ITIES [17,18,25]. It should be noted that Eq. (27) for the

capacitance has been derived within a model considering

ion penetration into an ‘‘unfriendly medium’’. Our cal-
culations show that the same equation can be used for

any type of interaction between ions and the interface.

Particular features of this interaction affect the shape of

the free energy profile functions, f �
i and values of the

interaction constants, u�i .
In a general case Eqs. (14)–(19), (21) and (26) should

be solved numerically. Below we present results of such

calculations, discuss the dependence of the double layer
capacitance on the strength of ion–interface and ion–ion

interactions and compare our theoretical results with the

experimental data [23].
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¼ u�2 ¼ �5:2; uþ2 ¼ u�1 ¼ �5:2; w�
12 ¼ �0:6; w�

12 ¼ �0:7; Le ¼ �0:3 �AA.

�0:3 �AA. (c) TOATPB: uþ1 ¼ u�2 ¼ �2:1; uþ2 ¼ u�1 ¼ �2:0; w�
12 ¼ �1:6;
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2.4. Comparison with the experimental data

Here we focus on the interpretation of capacitance

measurements at the polarisable aqueous–organic in-

terfaces, which have been performed varying both the
solvent and the electrolyte of the organic phase [23]. The

organic solvents used in these measurements were

1,2-dichloroethane, 2-heptanone, 2-octanone and 1,3-

dibromopropane, while tetraphenylborates of tetra-

octylammonium (TOATPB), tetrahexylammonium

(THATPB), tetrabutylammonium (TBATPB), tetra-

propylammonium (TPrATPB) and myristyltrimethy-

lammonium (MTMATPB) were used as supporting
electrolytes in the organic phase (see Figs. 2–5). It was

found that experimental results depend strongly on the

type of organic solvent and on the electrolyte [23]. It

should be noted that in [19] the potential dependence of

the capacitance has been extracted from the impedance

data using the Randles scheme. Recent considerations

[26] suggested that the fitting of impedance data to the

Randles-type equivalent circuit can lead to an overesti-
mation of the capacitance. Here we perform a compar-
Fig. 4. As in Fig. 2, but with 1,3-dibrompropane. Parameter values: (a) TBAT

(b) THATPB: uþ1 ¼ u�2 ¼ �0:3; uþ2 ¼ u�1 ¼ �0:8; w�
12 ¼ 0; w�

21 ¼ 0, Le ¼ 0. (c)
ison of our theoretical results with the experimental data

assuming an applicability of the Randles scheme.

However, additional careful experimental studies are

needed to establish a range of potentials where the

Randles scheme can be applied.
The analysis of experimental data [23] within the the-

ory developed here suggests that, based on the potential

dependence of the capacitance the systems investigated

can be separated into three main groups. The systems

which fall in the first group (TBATPB in 2-heptanone

and TBATPB in 2-octanone) show high values of the

double layer capacitance at the pzc, followed by a steep

rise of the capacitance even in the range of moderate
potentials (see Figs. 2a and 3a). This behavior can be

explained by assuming a strong interaction of ions with

the interface, ju�i j � 1. According to Eqs. (30) and (31)

large values of u�i point to a strong penetration of the

corresponding ions across the interface (overlapping of

the two-space-charge regions). It should be noted that the

experimental observations for TBATB in 2-heptanone

and 2-octanone could be explained without considering
the effects of pair interactions between anions and ca-
PB: uþ1 ¼ u�2 ¼ �3:0; uþ2 ¼ u�1 ¼ �3:3; w�
12 ¼ �1:5; w�

12 ¼ �1:6; Le ¼ 0.

TOATPB: uþ1 ¼ u�2 ¼ �0:3; uþ2 ¼ u�1 ¼ �0:8; w�
12 ¼ 0; w�

21 ¼ 0, Le ¼ 0.



Fig. 5. Capacitance–dimensionless potential curves with 1,2-dichloroethane as the organic solvent. Aqueous phase contains 10 mM LiCl; the organic

phase contains 50 mM: (a) TPrATPB; (b) MTMATPB; (c) TOATPB; (d) TBATPB. The experimental results are shown by dots, the dashed line

represents Gouy-Chapman result and the solid lines represent the curves calculated according Eqs. (27) and (32). Parameter values: (a)

uþ1 ¼ u�2 ¼ �1:8; uþ2 ¼ u�1 ¼ �2:6; w�
12 ¼ 0;w�

21 ¼ 0; Le ¼ �0:2 �AA. (b) uþ1 ¼ u�2 ¼ �2.; uþ2 ¼ u�1 ¼ �1:8; w�
12 ¼ 0; w�

21 ¼ 0; Le ¼ �0:2 �AA. (c)

uþ1 ¼ u�2 ¼ �0:7; uþ2 ¼ u�1 ¼ �0:8; w�
12 ¼ �0:8; w�

21 ¼ �1; Le ¼ �0:2 �AA. (d) uþ1 ¼ u�2 ¼ �1:06; uþ2 ¼ u�1 ¼ �1:2; w�
12 ¼ 0; w�

21 ¼ 0; Le ¼ �0:2 �AA. The

notations are the same as in Fig. 2.
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tions. Figs. 2a and 3a demonstrate that for this choice of

parameters, the theoretical results fit well the experi-

mental data for TBATB in 2-heptanone and 2-octanone.

Handling the experimental data, we have also in-

cluded the effect of smearing of the dielectric function

near the interface. According to our previous results [19]

this effect leads to an additional contribution to the

capacitance in Eq. (27) which reads as

Ce ¼ C0
GCLe

dU3

dV
; ð32Þ

where

Le ¼
Z þ1

�1
dz

1

e1
hð

�
� zÞ þ 1

e2
hðzÞ � 1

eðzÞ

�
ð33Þ

and the explicit equation for U3 is given in [19]. Our

calculations show that this contribution to the capaci-

tance is essential for describing the experimental results
for TOATPB and TABATPB in 1,2-dicloroethene,

where the measured capacitance is smaller than the

Gouy-Chapmen capacitance. In other systems the effect

of smearing of the dielectric function does not play an

essential role.

The second group of data (TOATPB and THATPB

in 2-heptanone and 2-octanone, and TBATPB in 1,3-

dibrompropane) is characterized by a capacitance,
which is only slightly higher than the Gouy-Chapman

value at the pzc, grows slowly with a potential in the

range of moderate potentials (jEj6 50–100 mV), and

increases steeply for higher potentials. These observa-

tions can be attributed to a small penetration of ions

across the interface (ju�i j6 1), and a strong ion–ion in-

teraction (ion association) at the interface (see Figs.

2b,c, 3b,c and 4a). Our calculations show that for
modest values of the ion–surface interaction constants,

ju�i j6 1, the effect of ion association comes into play at

high potentials only. In this case there is only a marginal
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effect of pair interactions on the capacitance at moderate

potentials because of the smallness of the ion concen-

tration at the interface under these conditions.

The potential dependences of the capacitance for

TPrATPB and MTMATPB in 1,2-dicloroethane are
intermediate between those for groups 1 and 2. We ex-

pect that here both ion penetration and association play

some role, but these effects are less pronounced than for

the systems discussed above (see Figs. 5a and b).

In the systems belonging to the third group (TOA-

TPB and TBATPB in 1,2-dicloroethane, and THATPB

and TOATPB in 1,3-dibrompropane) the potential de-

pendence of the capacitance is similar to the Gouy-
Chapman value (see Figs. 4b,c and 5c,d). This behavior

points to a minor importance of ion penetration and

association in the above-listed systems. The modest

lowering of the observed capacitance compared to the

Gouy-Chapman predictions, which was observed for

TOATPB and TBATPB in 1,2-dichloroethane has been

explained by taking into account the effect of smearing

of the dielectric function near the interface. Figs. 5c and
d show a good agreement between the results of our

calculations and experimental data for TBATPB and

TOATPB in 1,2-dicloroethane.
3. Conclusions

We have developed a theory of the double layer at
electrolyte–electrolyte interfaces with account for a mi-

croscopic structure of the interfacial region. This in-

cludes a ‘‘mixed boundary layer’’ where the overlap of

two space-charge regions occurs and effects of ion as-

sociation and adsorption at the interface. The results

obtained suggest a new framework for the treatment of

the capacitance data and establish a relationship be-

tween the experimental results and the microscopic
structure of ITIES. Comparison of the theoretical re-

sults with the experimental data [23] demonstrates that

in accordance with the strength of ion–interface and

ion–ion interactions, the systems investigated can be

separated into three main groups. Fitting experimental

data to Eqs. (27)–(29) one may evaluate the interaction

constants, u�i and w�
12ð21Þ which characterize ion–inter-

face and ion–ion interactions at the interface and es-
tablish dependences of these parameters on the type of

ion. We have found that a good agreement between the

theory and experiment can be reached for the values of

parameters u�i and w�
12ð21Þ lying within the intervals

�5:76 u�i 6 � 0:3, �4:56w�
12ð21Þ 6 0. Here parameters

u�i describe an energy of interaction between the ion

�
i

� �
and the interface while the parameters w�

12ð21Þ ¼

w12ð21ÞC10ð20Þ present the ensemble averaged energy of

pair interaction between an anion (cation) from phase 1

and a cation (anion) from phase 2 multiplied by the
number of nearest neighbors. It should be noted that the

interaction constants, u�i and w�
12ð21Þ can be calculated

within molecular dynamics simulations [25,27]. Unfor-

tunately so far the corresponding calculations have not

been performed for the ions discussed in the paper.
However, the interaction constants used in this work are

in agreement with the parameters found for other ions

[27] and used in previous model calculations [17,18].
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