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Why does the Gouy–Chapman theory often predict the magnitude and behavior of capacitance curves at the interface between

two immiscible electrolytic solutions, and sometimes fail? Why do experiments sometimes show an ‘‘unphysical’’ negative or zero

Stern-layer contribution to the inverse capacitance? These questions motivated the construction of a model to encapsulate the anat-

omy of this easily experimentally accessible interfacial characteristic. The Verwey–Niessen theory is extended here to allow ionic

penetration at the interface. This extension explains several features of experimental curves that arise when solutes vary, such as

asymmetry and shifts of the capacitance minimum – features that are described by neither the Gouy–Chapman nor the Verwey–

Niessen theories. Free energies of ion transfer are taken as model input parameters to describe ionic penetration into a mixed-solvent

interfacial layer. With a single additional parameter that lies in a narrowly constrained range, the model successfully reproduces

experimental data. It also shows why the Gouy–Chapman theory works and why the Verwey–Niessen theory rarely does, rational-

izing how inner-layer contributions are hidden in the capacitance response.

� 2005 Published by Elsevier B.V.
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R1. Introduction

The past decade has witnessed a significant increase

of research interest in the study of interfaces between

two immiscible electrolytic solutions (ITIES), fueled in

part by new experimental and theoretical methods [1–
4]. Systems based on the liquid–liquid interface have

drawn much attention; ITIES have structural and dy-

namic properties unobserved in bulk liquids and are

integral to many chemical, biological, and biomimetic

systems. These interfaces are important in various prac-

tical applications, such as phase-transfer catalysis, sol-

vent extraction, and ion-selective electrode operation.

They also provide a defect-free junction for studying
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adsorption phenomena, charge-transfer reactions, and

phase-formation processes. ITIES are chargeable due

to the presence of back-to-back double layers; the elec-

tric fields localized at the solvent junction offer unique

opportunities to influence processes at and properties

of the interface.
Early models applied to classical experiments such as

differential-capacitance and electrocapillary measure-

ments have depicted the interface as two space–charge

regions, either with a sharp impenetrable boundary or

separated by a compact inner layer of solvent molecules

[5–10]. These models have been widely applied to ITIES,

although there remains some controversy regarding the

nature of the inner layer [11–13]. In particular, it re-
mains unclear why Parsons–Zobel plots [14,15] do not

consistently show an inner-layer contribution to inverse

capacitance.
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Nomenclature

Roman

ah
i;j potential- and concentration-independent

secondary reference state for the activity of

species i from phase j

CITIES area-specific capacitance of the ITIES (F/m2)

cji concentration of species i in diffuse layer j

(mol/m3)

cj0 bulk concentration of neutral electrolyte in

phase j (mol/m3)

d inner-layer thickness (m)
e elementary charge, 1.60 · 10�19 C

F Faraday�s constant, 96,487 C/equiv

DGj;k
i free energy of transfer for species i from

phase j to phase k (J/mol)

DGIHP
i;j free energy cost for species i from phase j to

reach IHP (J/mol)

IHP inner Helmholtz plane depicted in Figs. 1 and

2
ITIES the interface between two immiscible electro-

lytic solutions

Kj
i equilibrium constant for mixed-layer penetra-

tion of species i from phase j (m3/mol)

K dimensionless function defined by Eq. (15)

K
j
i dimensionless equilibrium constant for

mixed-layer penetration by species i from

phase j

M
j
þ chemical symbol of a cation from phase j

MD molecular dynamics

NA Avogadro�s number, 6.022 · 1023 mol�1

ns saturation number defined by Eq. (13)

NB nitrobenzene

OHP outer Helmholtz planes depicted in Figs. 1

and 2

ODDL outer diffuse double layer depicted in Fig. 1
Q dimensionless surface charge on IHP defined

by Eq. (3)

qII charge contribution from semispace II (C/m2)

qIHP surface charge on IHP (C/m2)

R gas constant, 8.3143 J/mol K

r mean radius of interacting ions (m)

T absolute temperature (K)

TBATPB tetrabutylammonium tetraphenylborate

Xj
� chemical symbol of an anion from phase j

z equivalent ionic charge, defined to be positive
(equiv/mol)

Greeks

a transfer fraction defined by Eq. (5)

bi,km interaction free energy between species k

from phase m and species i (J/mol)

CT total surface concentration of available pene-

tration sites (mol/m3)
c ratio of dielectric constants defined by Eq. (2)

�0 permittivity of free space, 8.85 · 10�12 (F/m)

�j dielectric constant of solvent in phase j

�eff effective dielectric constant when ions interact

f ratio of Debye lengths defined by Eq. (2)

Hi,j fractional surface penetration of species i na-

tive to phase j on surface IHP

kj Debye length in phase j (m)
m stoichiometric number of ions in the symmet-

ric salts

- dimensionless function defined by Eq. (14)

U electrostatic potential (V)

/ dimensionless potential, defined similarly to

D/
D/ dimensionless potential drop across the

ITIES defined by Eq. (3)
D/int dimensionless potential drop across the

mixed inner layer

v dimensionless inner-layer capacitance defined

by Eq. (2)

Symbols and superscripts

* chemical symbol of an available penetration

site on the interface
I phase at the right of Fig. 1

II phase at the left of Fig. 1

int phase at the center of Fig. 1

+o cations from the organic phase

�o anions from the organic phase

+w cations from the aqueous phase

�w anions from the aqueous phase
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URecently, the structure of and kinetics at the ITIES

have been under close examination by spectroscopic

and optical techniques [1,16–18]. Several analytical

methods have also been applied to describe the chemical

physics of the ITIES. Molecular dynamics (MD) and

Monte Carlo simulations by Benjamin suggest that the

interface is molecularly sharp, with capillary waves

extending over 1 nm [3,19]. However, MD computations
focus mainly on the neat molecular interface or inter-
faces with few ions present. Computer simulations have

been extended to more complex systems by employing

the lattice gas model, which is a useful theoretical ap-

proach to describe space–charge regions, adsorption,

and kinetics at the interface [2,20,21]. In addition, theo-

retical approaches based on a continuüm description of

the interfacial region have been developed to include the

effects of capillary waves, ionic penetration and ionic
association [22,4,12].
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Fig. 1. Schematic of the interface between immiscible electrolytic solutions (ITIES).

Fig. 2. Sketch representing the idealization of a mixed-layer penetra-

tion event.
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RThe ideas of ion penetration and a special interfacial

layer are not new. Torrie and Valleau [23] suggested a

primitive model in which penetration of ions close to

the interface was controlled by image forces but did not

introduce an inner layer with distinct properties. Samec

et al. [24] were the first to incorporate a separate inner

layer. In their model, only organic ions were allowed to
enter the inner region and no free energy of transfer from

the bulk to the inner layer was considered. In addition,

the model introduced a separate empirical ‘‘Debye

length’’ in the inner region, a parameter that cannot be

rationalized physically on that short length scale. Only

the linearized Poisson–Boltzmann response was used,

limiting the results to polarizations near the potential of

zero charge. Schmickler et al. [25–27] have shown by ana-
lytical methods that an interfacial region of finite thick-

ness into which ions penetrate explains enhancements

of the capacitance from the Gouy–Chapman limit, and

that ion association can rationalize asymmetries in the

capacitance response. Very recently, the research group

of Girault [28] also demonstrated that the charge distri-
T
E
D
P
R
O
Obution in the interfacial region can be affected by the

adsorption of ionic species, which results in significant

changes in the potential profiles across the interface.
The same group found that the commonly observed char-

acteristics of experimental capacitance–voltage curves

can be explained by ionic adsorption at the interface.

In the present work, an idealized three-phase phe-

nomenological model is developed to describe both pen-

etration of and interactions between ionic species at the

ITIES. As discussed below, the approach is basically

similar to the one proposed by Su et al. [28], but it incor-
porates a number of new elements. The solvent junction

is included as a distinct, mixed-dielectric region into

which ions may penetrate; entry by all ions into the in-

ner layer is also allowed. Impeded penetration, rather

than an energetically favorable adsorption, is a central

part of the model presented here. These two features

were included similarly as in the model of Schmickler

et al. [27]. However, this model has two principle differ-
ences. Thermodynamic ion-transfer data are directly

employed and limit the model to a single adjustable

parameter that varies within a narrow range. In addi-

tion, the simplified three-phase model presented here

does not require numerical solution of a coupled system

containing a nonlinear differential equation, and thus is

computationally simpler.

Several experimental quantities are involved in the
model without any special assumptions. Free energies

of transfer for ionic species between solvent phases, as

summarized in [29,30], are included to describe the ener-

getics of ion penetration into the interfacial layer. In

addition, the interfacial region is taken to have a finite

thickness that corresponds to X-ray diffraction measure-

ments [1] – a feature not present in the model by Su et al.

[28]. The nitrobenzene–water interface has been very
thoroughly characterized and is selected as an exemplary

system for analysis here. As the model equations can be

derived by standard methods, the paper contains mini-

mal algebra. The primary emphasis will be on a qualita-

tive description of the results, which are intended to

provide experimentalists with a tool to interpret their

capacitance data.



C

134

135

136

137

138
139

140

141

142

143

144

145

146
147

148

149

150

151

152

153

154
155

156

157

158

159

160

161

162

163

164

165

166

167

168
169

170

171

172

173

174

175

176
177

178

179

180

181

182

183

184
185

186

187

188

189

190

191

192
193

194

195

196

197

198

199

200
201

202

203

204
205

207207

208

209

210

211

212
213

214

215

216

217
218

220220

221

222

223

224

225

226
227

228

229

230
231

233233

1 This second physical picture is often called the ‘‘modified Verwey–

Niessen model’’, and was proposed by Gavach et al. [10].
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2. The basic model

Due to considerable observed potentials of zero

charge [31,32] that cannot be explained by surface-di-

pole potential drops at the water/oil interface, it is

often speculated that there must be some charge den-
sity at the equilibrated, unpolarized ITIES. Su et al.

[28] have suggested the existence of a potential trap

at the interface, showing that specific interactions

involving a charged solute can explain the accumula-

tion of interfacial charge without a potential bias. In

fact, there are two types of specific phenomena that

may impact the free energies of charged species near

the boundary between solvents: solute–solute interac-
tions and solute–solvent interactions.

Solute–solute interactions can be included in the

model presented here; their role is addressed in a later

section, where they are shown to be a secondary effect

at low polarizations. Solute–solvent interactions are of

primary importance. They are accounted for in this

model by the ionic free energies of transfer. The free

energies determine the milder or stronger exclusion of
ions from the interface, but not attractions toward it.

Differences in exclusive forces and the roughly concen-

tration-independent dipolar potential drop are taken

here to be the sources of the system capacitance signa-

ture. Thus, the model relies on a different physical con-

ception than that typically applied to adsorption

processes.

2.1. Model equations

Fig. 1 sketches the ITIES structure as it is considered

in the model. The figure shows three phases, denoted by

I, II, and int. Phases I and II are typical diffuse double

layers containing well-solvated ions. Phase int is an in-

ner layer of thickness d at the interface between the

two immiscible solutions. The solvents may mix to some
extent in the inner region, and, though it is energetically

unfavorable, ions may also enter it. The penetration of

ions from the phase in which they are well solvated into

the opposing phase is neglected; this is a simplifying but

quantitatively viable assumption because the statistical

weight of the ions that go beyond the inner layer to

the opposite phase is relatively small. Three dividing sur-

faces are marked on the figure. Those marked OHP de-
note outer Helmholz planes, the closest distance to

which well-solvated ions approach the interface; IHP

shows the inner Helmholz plane, which is the average

position of ions that penetrate the mixed layer. For sim-

plicity in the analysis, surface IHP is placed at the mid-

point between surfaces OHP, and the diffuse double

layers are taken to extend semi-infinitely in either

direction.
To avoid terminological confusion, the terms

‘‘Gouy–Chapman model’’ and ‘‘Verwey–Niessen
T
E
D
P
R
O
O
F

model’’ used throughout the paper should be clarified.

Hereafter, the term ‘‘Gouy–Chapman model’’ refers to

a physical situation in which the two back-to-back dif-

fuse double layers, generally described by nonlinear

Poisson–Boltzmann equations, meet at a plane impene-

trable to ions. The ‘‘Verwey–Niessen model’’ differs
from the Gouy–Chapman model in that there is a com-

pact solvent layer between the diffuse double layers.1

In the diffuse double layers, the potential distribution

is described by the nonlinear Poisson–Boltzmann equa-

tion. The inner layer is considered as two parallel-plate

capacitors in series; in this sense, the derivation of the

equations is very similar to that of the Verwey–Niessen

model [10]. However, the solution to the electrostatic
governing equations is modified slightly to allow charge

accumulation at surface IHP. The dimensionless poten-

tial drop from phase II to phase I, D/ = /II � /I, is gi-

ven by

D/ðQ;D/intÞ

¼ 2 ln
c2ðQþ vD/intÞ þ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 Qþ vD/int
� �2 þ 16f2

q
f2ðQ� vD/intÞ þ f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2ðQ� vD/intÞ2 þ 16c2

q
2
64

3
75

þ D/int; ð1Þ

which is a function of the potential drop across phase

int, D/int, and the surface charge density on the IHP,

Q. Eq. (1) is derived under the conditions that both elec-

trolytes have identical equivalent charges and are

symmetrical.
The expression for potential drop in Eq. (1) contains

several dimensionless quantities for brevity of notation.

Eq. (1) is parameterized by the ratio of Debye lengths, f,
a solvent dielectric constant ratio, c, and the dimension-

less inner-layer capacitance v,

f2 ¼ kII

kI
¼

ffiffiffiffiffiffiffiffiffi
�IIcI0
�IcII0

s
; c ¼

ffiffiffiffiffi
�II

�I

r
; v ¼ 2�int

d

ffiffiffiffiffiffiffiffiffi
kIkII

�I�II

s
. ð2Þ

Here, �j; kj; and cj0 are the dielectric constant, Debye

length, and bulk salt concentration in phase j, respec-

tively. In the model, the dielectric constant of the inner

layer, �int, is considered to be constant and equal to

the average of the solvent dielectric constants. The

assumption that �int is constant is reasonable, because
the maximum values of the electric field at the inner

layer are insufficient to induce dielectric saturation.

The potential drop and surface charge are defined

dimensionlessly as

D/ ¼ FzDU
RT

; Q ¼ FzqIHP

RT �0

ffiffiffiffiffiffiffiffiffi
kIkII

�I�II

s
; ð3Þ
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2 Although this analysis is restricted to ions at infinite dilution, a may

also in general depend on the bulk electrolyte concentration. Surface

tension lowers with bulk concentration; as the interface becomes less

stiff, capillary fluctuations increase, the distance over which the free-

energy barrier rises smears, and there is a lower energy cost for ions to

penetrate the inner layer and reach the IHP [22]. This dependence is

not considered explicitly here, but should be borne in mind.
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where F is Faraday�s constant, R is the gas constant, and

�0 is the permittivity of free space; T is the absolute tem-

perature, z the (positive) equivalent charge of the salt

ions, U the electrostatic potential, and qIHP the charge

density on the inner dividing surface. The inner-layer

potential drop, DUint, occurs between dividing surfaces
OHP in Fig. 1. Its dimensionless form, D/int, is defined

similarly to the overall dimensionless potential drop D/
given in Eq. (3).

Entrance of an ion into the inner layer is considered

here to be an elementary, reversible, and equilibrated

electrochemical reaction. Mechanisms for the four

mixed-layer penetration reactions are shown beneath

phase int in Fig. 1. Five chemical quantities are em-
ployed in the mechanisms: Mj

þ and Xj
�, respectively, de-

note cations and anions from bulk solution j, and *
represents a site through which an ion may penetrate

surface IHP.

The idealization of a penetration event is shown in

Fig. 2, which depicts dividing surface IHP as a plane lat-

tice. The interstices in the grid represent sites available

for ion penetration, denoted by * in the penetration
mechanisms shown in Fig. 1. In this analysis, the Lang-

muir condition is adopted; the total number of ion pen-

etration sites is assumed independent of concentration

and potential such that

1 ¼ Hþ;I þ H�;I þ Hþ;II þ H�;II þ H�;IHP; ð4Þ
where H*,IHP denotes the fractional surface coverage of

available penetration sites on dividing surface IHP.

Fig. 2 also shows the energetics of an ion penetration

reaction between dividing surfaces OHP. The double ar-

row in the figure represents a path an ion may travel

over time due to random thermal motion. There is a

free-energy cost for an ion to lose the shell of solvent

in which it is naturally miscible and become solvated
in the other phase. This cost, DG, is sketched as a func-

tion of position in the figure. The ion depicted is miscible

in the left phase, as indicated by the free-energy barrier,

which increases from left to right. Overall energy barri-

ers for ions to lose their solvation shells in one phase and

take on shells of another solvent are experimentally

accessible. Thermodynamic measurements of ionic free

energies of transfer abound in the literature [29,30,33–
38]; the magnitude of the free energy of transfer for

the penetrating ion is shown to the right of the free-en-

ergy profile in Fig. 2. It should be noted that the energy

profile associated with the penetration of ions may not

always be sigmoidal as depicted in Fig. 2; surfactant ions

may adsorb at the ITIES and their energy profiles may

not be monotonic across it. However, for the ions con-

sidered in this paper, which are geometrically symmetric,
there is no grounds to expect that the energy profile has

a minimum at the interface.

Dividing surface IHP is defined to reside at the center

of phase int. At this plane, a penetrating ion has a free
T
E
D
P
R
O
O
F

energy higher than in the bulk solution, but lower than

its free energy of transfer. In the model, this relative free

energy, DGIHP
i;j , is expressed as a fraction, a, of the free

energy of transfer. The free energy of a species on divid-

ing surface IHP relative to its energy in the diffuse layer

is given by

DGIHP
i;j ¼ aDGj;k

i ; ð5Þ

where DGIHP
i;j denotes the free energy cost for species i

from phase j to reach dividing surface IHP and the free

energy of transfer of species i from phase j to phase k is

represented by DGj;k
i . Fig. 2 also shows the magnitude of

the penetration barrier DGIHP
i;j to the right of the free-en-

ergy profile. In reality, there is a distribution of penetra-

tion energies because individual ions may cross the

interface to varying extents. Thus, DGIHP
i;j should be

interpreted as the average penetration-energy barrier

for ions of a given type. Because surface IHP is at the

center of phase int, it is expected that a should be less

than or equal to 1/2. As a true input parameter, the
transfer fraction a is independent of potential.2 Free

energies of transfer are different for each species, but

random thermal fluctuations affect all ions equally; the

transfer fractions may, in principle, be different for each

ion. However, as a simplification to reduce the parame-

ter space of the model, this quantity is taken to be iden-

tical for all species. Even with this assumption, the

model successfully describes experimental results in a
typical ITIES. In less ideal systems, where ions are

asymmetric or behave as surfactants, differences in a
may need to be considered from species to species. The

exact values of DGIHP
i;j could be accessed by MD

simulation.

Free-energy considerations between dividing surfaces

can be taken into account by standard methods. The

four penetration equilibria in the inner layer are incor-
porated into the model according to the electrochemical

thermodynamic method presented by Newman and

Thomas-Alyea [39], which accounts for reactions that

occur between multiple dividing surfaces. For example,

the penetration of cations from plane OHP in phase I

(at position d/2) to dividing surface IHP (at position 0)

is described by the relationship

KI
þ ¼ Hþ;I

cIþ
��
d=2

H�;IHP

exp½�ð/jd=2 � /j0Þ�. ð6Þ

Here, KI
þ is the equilibrium constant for mixed-layer

penetration of cations from phase I, defined such that
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it is zero if the species cannot enter phase int. To denote

the ionic concentration and dimensionless potential at

surface OHP, the symbols cIþjd=2 and /jd=2 are em-

ployed; the variable. /j0 represents the dimensionless

potential at surface IHP.

Equilibrium constants for penetration are also re-
lated to the penetration-barrier free energies according

to

Kj
i ¼ ah

i;j exp �
DGIHP

i;j

RT

 !
. ð7Þ

The quantity ah
i;j has units of inverse concentration,

and represents a potential- and concentration-indepen-

dent secondary reference state for the activity of spe-

cies i from phase j. Here, an ideal-solution

approximation is adopted, and ah
i;j is taken to be the

inverse of the pure solvent concentration in phase j,

ah
i;j ¼ 1=cjs. A similar approximation was applied suc-

cessfully in the single-species adsorption model pre-

sented by Su et al. [28]. Dimensionless equilibrium

constants for the mixed-layer penetration of species i

from phase j are defined by

Kj
i ¼ mcj0a

h
i;jK

j
i ; ð8Þ

where m represents the stoichiometric number of an ion

in the neutral salt. The coefficient mcj0a
h
i;j can be con-

strued in the ideal-solution limit as the particle fraction

of ions in the neutral bulk.

Equilibrium relations like Eq. (6) can be simplified

due to the absence of faradaic processes at the inner

layer. Near an ideally polarizable interface, the diffuse-

layer ion concentrations. cji j�d=2 are Boltzmann distrib-
uted in potential. This relationship allows the concentra-

tions of ions at OHP to be replaced with results from the

electrostatic analysis. The equilibrium expressions for

ion penetration become

Hþ;I ¼ KI
þH�;IHP expð�D/IÞ;

H�;I ¼ KI
�H�;IHP expðD/IÞ;

Hþ;II ¼ KII
þH�;IHP expðD/IIÞ;

H�;II ¼ KII
�H�;IHP expð�D/IIÞ

ð9Þ

These equations express the fractional surface penetra-

tions through the potential drops in semispaces I and

II, given by D/I and D/II, respectively, and the dimen-

sionless equilibrium constant Kj
i . The potential drop

in semispace I, which is the entire region to the right

of IHP in Fig. 1, can be obtained through the solution
of the electrostatic problem

D/I ¼ 2 ln
c
4f

ðQþ vD/intÞ
�

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2

16f2
ðQþ vD/intÞ2 þ 1

s #
þ 1

2
D/int þ 1

2v
Q. ð10Þ
T
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This equation gives D/I as a function of surface charge

and the mixed-layer potential drop. The potential drop

in semispace II is

D/II ¼�2 ln
f
4c

ðQ� vD/intÞ
�

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2

16c2
ðQ� vD/intÞ2 þ 1

s 3
5� 1

2
D/int � 1

2v
Q. ð11Þ

The sum of D/I and D/II is the overall potential drop

D/.
As a final equation to close the model, the surface

charge on dividing surface IHP is related to the surface

concentration of penetrating species by

Q ¼ nsðHþ;I � H�;I þ Hþ;II � H�;IIÞ. ð12Þ
This equation introduces a dimensionless quantity, the

saturation number

ns ¼
CTF 2z2

RT �0

ffiffiffiffiffiffiffiffiffi
kIkII

�I�II

s
¼ NACTLB

ffiffiffiffiffiffiffiffiffi
kIkII

p
; ð13Þ

where CT represents the total molar surface concentra-

tion of available penetration sites, LB is the Bjerrum

length, and NA is Avogadro�s number. ns thus repre-

sents the total number of available penetration sites

contained on a surface of area LB

ffiffiffiffiffiffiffiffiffi
kIkII

p
in the inner

plane. In the limit ns ! 0, the penetration equilibria

become trivial and the system behaves as though it
has a compact solvent layer between the two diffuse

double layers. When ns is nonzero, ions may enter

the inner layer.

An estimate can be obtained for the total site concen-

tration by computing the average number of solvent

molecules per unit area in the inner layer. This is given

to a first approximation by the mean of the pure-solvent

concentrations multiplied by the inner-layer thickness d;
this estimate results in ns � 200 for the system studied

here. Su et al. [28] performed their analysis under condi-

tions in which ns � 6.

The ITIES capacitance, CITIES, was obtained by

numerical differentiation, through the definition

CITIES ¼
oqII

oDU

� �
T ;p

¼ �0

ffiffiffiffiffiffiffiffiffi
�I�II

kIkII

s
oQII

oD/

� �
T ;p

. ð14Þ

In this equation, qII is the total charge per unit superfi-

cial area from semispace II and QII is its dimensionless

form, defined similarly to Q in Eq. (3). The total semi-

space charge is the sum of the surface excess charge of
diffuse layer II and the charges of the species from phase

II on IHP,

QII ¼ 2f
a

sinh � 1

4
D/int � d

v
Q

� �
þ 1

2
D/II

� �
þ nsðHþ;II � H�;IIÞ. ð15Þ
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Fig. 3. Lower free-energy barriers to inner-layer ion penetration

increase the capacitance. Results for the water/nitrobenzene ITIES at

0.01 M are shown by solid curves for several cases in which the

penetration barrier is varied for all four ions. Each curve is labeled

with the value of DGIHP
i;j in kJ/mol. The Verwey–Niessen compact layer

model (bold black line, VN) corresponds to an infinite barrier.

Table 1

Properties of the water/nitrobenzene (NB) ITIES used to generate

Figs. 3–7

Phase II (water) Phase I (nitrobenzene)

�II 78.33 �I 34.82

cIIs 55.3 M cIs 9.20 M

cII0 0.01 M cI0 0.01 M

kII 3.04 nm kI 2.03 nm

ITIES

�int 56.58 d 0.5 nm

CT 3.23 · 10�5 mol/m2 � NAe2

r�int ��10 kJ/mol

The Debye lengths are reported at the listed concentration. For the

salt, m = 1 and z = 1 equiv/mol. Dielectric constants are taken to be

those of the pure solvents [30,40].
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The first term describes a contribution of the diffuse

layer and the second term represents a contribution of

the charge on surface IHP.

Eqs. (1), (4), (9), and (12) give seven governing equa-

tions that contain seven unknowns: the surface charge

Q, the inner-layer potential drop D/int, four fractional
surface coverages of ions, H+,I, H�,I, H+,II, and H�,II,

and the fractional surface coverage of available sites,

H*,IHP. The semispace potential drops in terms of which

the penetration equilibria in Eq. (9) are expressed, D/I

and D/II, are dependent on Q and D/int by Eqs. (10)

and (11).

The capacitance of the ITIES is determined by several

independently accessible dimensional parameters. Elec-
trostatics are parameterized by the equivalent charges

and stoichiometric numbers of ions, z and m, the salt De-

bye lengths kj, the three dielectric constants �j, the bulk

electrolyte concentrations cj0, the absolute temperature

T, and the inner-layer thickness d. In the governing

equations, the overall potential drop DU may be fixed

arbitrarily, as it would be in experiments. Penetration

equilibria are parameterized by all of the aforemen-
tioned quantities, as well as the concentrations of pure

solvent in phase j, cjs ¼ 1=ah
i;j, the four penetration

free-energy barriers DGIHP
i;j , and the surface concentra-

tion of penetration sites, CT. The penetration energies

depend on the free energies of ion transfer, DGj;k
i , as well

as one free parameter – the transfer fraction a.
To generate the data presented here, Eqs. (1), (4), (9),

and (12) were solved for the seven variables
Q; D/int; and Hi;j over a range of the parameter D/.
These results were used to obtain QII as a function of

D/ with Eq. (15), which was then differentiated to com-

pute the capacitance by Eq. (14). The problem can be re-

duced from seven dimensions to one; this streamlined

computational procedure is presented in A. The deriva-

tive in the definition of capacitance was computed

numerically by a finite-difference approximation; pre-
sented numerical results are accurate to the fifth signifi-

cant digit.

2.2. Results

Fig. 3 shows the ‘‘three-phase’’ model capacitance re-

sponse for the ITIES when the penetration barrier,

DGIHP
i;j , is set to an identical value for all species. Each

relevant parameter used to describe the system is listed

in Table 1. Dielectric constants and solvent concentra-

tions are reported for the pure solvents [30,40], and

the neat inner-layer thickness was estimated from the

experimental X-ray diffraction data provided by Luo

et al. [1].

As previously discussed, the Verwey–Niessen theory

can be obtained by taking ns ! 0, which makes the
adsorption equilibria trivial; the same results can alter-

natively be reached via infinite free-energy barriers to io-
nic penetration. The development by Su et al. [28] also

follows as a limiting case of the three-phase model. Their

results may be duplicated by taking v and all but one of

the DGIHP
i;j to infinity and choosing a nonzero value of

the saturation number, ns = 6.4. Because comparison

to familiar classical models is of primary interest here,

this case is not shown in the following discussion.

When the ionic penetration barriers are lowered (cf.
Fig. 3) the system capacitance rises relative to the Ver-

wey–Niessen curve. This rise can be understood by con-

sidering the length scales over which charge is

distributed. In systems where ions are prevented from

entering the inner layer, the charge is spread over a cer-

tain range that is reduced exponentially with increased

polarization. If ions are allowed to enter the inner layer,

the range of the charge distribution is shortened due to
the charge contained in phase int. The resultant effect is

a net increase of the system capacitance.

Gouy–Chapman predictions can be obtained as a

limit of the model by taking ns ! 0 and v ! 1; the sec-

ond condition corresponds to an inner layer of zero

thickness. Results of the three-phase model are most
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Fig. 4. Inner-layer penetration suppresses the apparent capacitance of

the inner layer. Parsons–Zobel plot of the model results over a range of

penetration barriers. Each curve was obtained by a linear fit of data

over ten solution compositions ranging from 0.005 to 0.1 M, spaced

evenly with respect to the square root of concentration. The curves are

labeled with the value of DGIHP
i;j for all species; DGIHP

i;j ¼ 4.6 kJ=mol

coincides almost exactly with the Gouy–Chapman prediction.
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easily compared to the Gouy–Chapman theory by a Par-

sons–Zobel plot, which is shown in Fig. 4. In the plot,

the inverse values of capacitances yielded by the model,

1/CITIES, are plotted against the inverse Gouy–Chap-

man values over concentrations ranging from 0.005 to

0.1 M. The points represent data obtained at three dif-
ferent values of the penetration barrier, which was set

to be the same for all species.

Linear fits of the data in Fig. 4 demonstrate that

when ions penetrate into the inner layer the apparent

Stern-layer capacitance given by the intercepts of the lin-

ear extrapolation is reduced. As the adsorption barrier

lowers, the apparent compact layer capacitance may

even become negative. The intercept, however, is not
reached by the full curve. In reality, as concentration

rises, the data at null penetration barrier begin to devi-

ate upward from the fit and eventually intercept the ver-

tical axis at a value of approximately 0.15 m2/F.

However, the data points in the plot are presented over

a practical range to show that experimental results gath-

ered at reasonable concentrations may yield aphysical

‘‘Stern-layer’’ capacitances when penetration occurs.
Upward deviation from linearity in a Parsons–Zobel

plot, as observed in the three points at the left of the null

penetration-barrier curve in Fig. 4, is a signature of ion

penetration into the inner layer. This deviation decreases

as the penetration barrier is increased. When there is no

penetration, the Verwey–Niessen theory gives an ideally

straight Parsons–Zobel line. Relaxing the barrier in-

creases penetration and thereby enhances the deviation
‘‘upward’’. Thus, the larger the deviation observed on

an experimental curve, the greater the expected penetra-

tion of ions. This not new conceptually, as distortions of

straightness in Parsons–Zobel plots are typically consid-

ered to be a signature of specific adsorption.3

In addition, Fig. 4 shows that when penetration bar-

riers are near 4.6 kJ/mol for all species, the result of the

three-phase model corresponds nearly exactly to the re-
sult of the Gouy–Chapman prediction. In the following

comparison of model results to experimental data this is

found to be an appropriate magnitude for the barriers,

explaining to some extent how the Gouy–Chapman

model has such great success at fitting experimental re-

sults [30,8] while neglecting the presence of an inner

layer.
U
N 582

583
584

585

586

587

588

589

590

591
592

3 At metal/electrolyte interfaces, the deviation typically goes down.

[41–46] show that this can be attributed to the interference of structural

effects and correlations in the Debye plasma of electrolytes. This

theory predicted ‘‘downward’’ deviation because the effective dielectric

constant of water near the metal surface was lower than in the bulk. In

the ‘‘three-phase’’ model there is also no compact Stern layer, as ions

may penetrate. But if the aqueous part is taken as an analogue of the

metal electrode, and the organic phase as one of the bulk solution, the

effective dielectric constant of the inner layer is higher than of the bulk

organic solvent. Thus it is natural to expect deviation ‘‘up’’ on a

Parsons–Zobel plot.
T
E
DWhen all of the penetration energies are equal, the

qualitative features of the capacitance response are sim-

ilar to those yielded by the classical theories: the capac-

itance is symmetric about zero polarization, and

increases exponentially with polarizations of either sign.

More dramatic effects occur when the penetration barri-

ers differ among ions. Fig. 5 shows the capacitance re-

sponse when the penetration barrier is removed for a
single species; the result of the Verwey–Niessen theory

is shown on the plot for comparison.

If the penetration barrier is lowered for a single ion,

the capacitance response becomes asymmetric with re-

spect to potential and the capacitance minimum shifts

to the right or left. Fig. 5 demonstrates this shift for each

species. If cations from the water phase or anions from

the organic phase penetrate the inner layer, the capaci-
tance minimum shifts to the left; a shift to the right oc-

curs if either of the other two species penetrates.

To understand the capacitance-minimum shifts, con-

sider the case when cations from the water phase are al-

lowed to penetrate the inner layer. A positive

polarization drives aqueous cations toward the inner

layer and a negative polarization drives them away. Be-

cause aqueous cations may enter phase int, the charge in
the aqueous phase is distributed over a shorter region

than the compact-layer theory predicts at positive polar-

izations. At negative polarizations, aqueous cations are

driven away from the interface and the capacitance re-

sponse returns to that predicted by the compact-layer

theory. The overall result is an asymmetric capacitance

curve with a minimum shifted to the left of zero polari-

zation. Similar reasoning can be applied to describe the
shifts of the other curves qualitatively.
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Table 2

Properties of aqueous NaBr and tetraphenylammonium tetraphenylb-

orate (TBATPB) in NB used to generate Fig. 6

(Aqueous NaBr)/(TBATPB in NB)

DGII;I
þ 32 kJ/mol DGI;II

þ 26 kJ/mol

DGII;I
� 22 kJ/mol DGI;II

� 35 kJ/mol

Literature values for the free energies of transfer were obtained from

[29] and [30].

Fig. 5. Ion penetration induces asymmetry and shifts the capacitance minimum. Capacitance responses when the penetration barrier is lowered to

DGIHP
i;j for a single species and the rest cannot enter the inner layer, DGIHP

i;j ! 1. The gray curve shows the Verwey–Niessen result corresponding to a

compact solvent layer. Curves are labeled by ion; solid lines correspond to aqueous ions and dashed lines to organic ions.
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Fig. 5 also shows that aqueous ion penetration leads

to a lower overall rise in capacitance than organic ion

penetration. This discrepancy can be explained by the

differences in dielectric constants between the inner layer

and the solvents flanking it on either side. Water has a
much higher dielectric constant than NB, and phase

int has a dielectric constant of an intermediate value.

If organic ions penetrate the inner layer, they enter a re-

gion with a higher dielectric constant than the double

layer they leave; the opposite situation holds for aque-

ous ions. Thus, the net contribution to the capacitance

response is higher when organic ions enter the inner

layer and lower when aqueous ions penetrate.
It should be noted that the capacitance features dis-

cussed above (asymmetry and a shift of the minimum)

were predicted earlier within a perturbation approach

[4]. The important advantage of the present theory is

that it allows the analysis to go beyond the range of

small perturbations and to consider the large deviations

from the Gouy–Chapman and Verwey–Niessen results

that have been observed experimentally.

2.3. Comparison with experiments

To test the validity of the physical approximations

employed in its development, the model results were

compared to experimental data from an exemplary

ITIES. Samec et al. [31] measured the capacitance–volt-

age response of a concentration-balanced ITIES con-
taining aqueous sodium bromide (NaBr) and

tetrabutylammonium tetraphenylborate (TBATPB) in

NB at 298 K by taking the slopes of galvanostatic tran-

sients. Because the free energies of transfer for this sys-

tem are well known, the data could be used to determine

the physical accuracy of this model. The relevant param-

eters that describe this experimental system are listed in
Table 2. Ionic free energies of transfer were taken from

the summary provided in [29] and from Samec et al. [30].

The model results are compared with the experimental

data in Fig. 6; results provided by the Gouy–Chapman
and Verwey–Niessen theories are presented on the same

figure for comparison.

The experimental data show the characteristic fea-

tures of ion penetration; they are asymmetric about zero

overpotential. Fig. 6 shows the results of the basic model

at an electrolyte concentration of 0.01 M. Model results

lie significantly closer to the experimental data than the

predictions of either the Gouy–Chapman or the Ver-
wey–Niessen theories. The Verwey–Niessen model con-

sistently underpredicts the experimental data, and the

Gouy–Chapman model, while providing a better esti-

mate than the Verwey–Niessen theory, fails to capture

the asymmetry of the capacitance response.

The data are fit well with a transfer fraction of

a = 0.11. The fact that a < 0.5 is physically reasonable.

The interface of two liquids is soft; as ions from one
phase approach it, they cause protrusions into the

opposing phase. Thus, the free energy at surface

IHP, which has fixed position, is effectively lower,

resulting in a smaller transfer fraction. A value of

a = 0.11 yields penetration energies of the order of

2–4 kJ/mol for all species. These energies are in the
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Fig. 6. The ‘‘three-phase’’ model rationalizes asymmetry in an

experimental capacitance curve. Comparison of the model with no

solute–solute interactions to experimental data from the (aqueous

NaBr)/(TBATPB in NB) system at 0.01 M. The fit was obtained with

appropriate free energies of transfer and the single transfer fraction

a = 0.11 for all ions. Solid circles represent data, the gray curve depicts

the Verwey–Niessen theory, the dashed curve shows the Gouy–

Chapman theory, and the black curve is the model result. Experimen-

tal data are reproduced from Samec et al. [31].
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3. Incorporating ion pairing

3.1. Modification of the model

Phenomenological considerations by Cheng et al. [47]

and Pereira et al. [48] and simulations by Schmickler [21]

also suggest that solute–solute interactions may play a

role at the inner layer. To take these interactions into ac-

count in the model, the penetration-barrier free energy
given by Eq. (5) may be modified by an energetic correc-

tion [49,50],

DGIHP
i;j ¼ aDGj;k

i þ
X2
k¼1

X2
m¼1

bi;kmHk;m; ð16Þ

where bi,km denotes the specific-interaction energetic

contributions between species i and species k from phase

m on surface IHP, and Hi,j denotes the fractional surface

penetration of species i native to phase j on dividing sur-

face IHP. These interactions can be attributed to forces

that arise when ions are proximate on the lattice (what

are often called ‘‘discreteness-of-charge’’ effects in the

double-layer theory). In the model, bi,km is zero for spe-
cies of like charge, in line with the Brønsted principle of

specific ion interactions [51]. Simply put, ions of like

charge rarely meet at the interface due to their electro-
T
E
D
P
R
O
O
F

static repulsion; they are rarely nearest neighbors at

IHP and their interactions can be neglected. The interac-

tion parameters are taken to be symmetric as in the

Brønsted theory – the interaction energy between species

i and species k from phase m is the same as that between

species k from phase m and species i. The order of the
ion-pairing energies can be roughly estimated by the

classical electrostatic coulomb energy of two oppositely

charged particles in contact,

bi;km � � NAe2

4pr�eff�0
; ð17Þ

in which r denotes the mean of the two ionic radii, �eff is
the effective dielectric constant of the medium when ions

are proximate, and e is an elementary charge. Avoga-

dro�s number NA is included to translate the estimate

into a molar energy. The magnitude of this estimate
for the water/NB system is included in Table 1.

The cation/anion IHP interaction energies bi,km add

four free parameters to the model and lead DGIHP
i;j to de-

pend on coverage. When interactions are taken into ac-

count, the governing equations must be solved

simultaneously for the charge, coverages, and inner-

layer potential drop. To generate the results presented

below, the governing system was solved by a seven-
dimensional Newton–Raphson procedure. The transfer

fraction a is set to zero to eliminate the penetration bar-

rier and enhance the effects of solute–solute interactions.

3.2. Results

Capacitance responses at larger applied potentials,

when available penetration sites become limiting and
solute–solute interactions occur in the inner layer, are

shown in Fig. 7. The figure shows the capacitance when

interionic attraction in the interfacial region is described

by Eq. (16), which leads to a Frumkin isotherm when

interactions occur. When included, the interaction ener-

gies bi,jm are set to the order estimate given in Table 1.

To amplify the effect of ion interactions, a is set to zero,

which corresponds to the absence of barriers to ion pen-
etration into the inner layer. Two ions are allowed to

pair in each case shown in the figure; the dashed curves

are labeled with the species that are allowed to form

pairs, and the gray curves show the case where there is

no penetration barrier and no pairing.

One feature should be noted immediately from Fig. 7:

available penetration sites become limiting at very high

applied potentials. This effect is clear from the inflection
points in the gray curve at �±0.25 V. When the poten-

tial bias becomes sufficiently large, the available sites

for ion penetration become saturated. Capacitance be-

gins to fall because ions are no longer permitted to leave

the diffuse double layers and reach the inner layer. As

polarization rises, the portion of the overall potential

drop that occurs across the inner region increases; even-
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Fig. 7. Ion pairing can asymmetrically effect the capacitance at large applied potentials without shifting its minimum. Capacitance response when

interactions exist between species of opposite charge at the inner layer. The transfer fraction a is set to zero. Curves are labeled with the species that

are allowed to interact, for which bi,jm = �10 kJ/mol in each case. The bold gray line corresponds to bi,jm = 0 for all species; it coincides with the

response when interactions occur between ions from the same phase.
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tually, the inner layer comes to dominate the

capacitance.

Interactions between species from the same phase do
not affect the capacitance response; the curves for aque-

ous cation–anion interactions and organic cation–anion

interactions coincide with the zero-interaction curve and

are not shown in Fig. 7. This result owes to the fact that

when the double layer is polarized, the concentration of

one ion at OHP rises exponentially and that of the other

falls exponentially. Interaction energetics in the inner

layer cannot overcome the electrostatic response of the
double layer, and therefore no signature of ion pairing

is observed in the capacitance.

However, at high polarizations the capacitance is sig-

nificantly affected by interactions between oppositely

charged species from different phases at the inner layer.

In Fig. 7, ion–ion interactions manifest as an asymmetry

in the capacitance response without a corresponding

translation of the capacitance minimum. The interac-
tions affect results only under applied potentials when

both species are driven toward the interface. Thus, the

aqueous cation/organic ion interactions cause the capac-

itance to increase with positive polarizations, and aque-

ous anion/organic cation interactions cause it to increase

with negative ones. At high applied potentials, the con-

tribution of species interactions obscures the effects of

site limitation.

3.3. Does ion pairing appear in the data?

Now that interactions have been considered, it is

appropriate to return to the data presented in Fig. 6.

To generate the figure, bi,km were neglected and the

transfer fraction a was adjusted to fit the data. The mod-

el provides an excellent fit over the entire range of poten-
T
E
D
Ptials, save for a few outlying points. In theory, the

discussion provided in this section demonstrates that

the deviating point at large positive potential could be
matched by the inclusion of surface interactions between

Na+ and TPB� ions. However, the interaction energies

required to match the experimental data were found to

be significantly higher than the Coulomb-energy esti-

mate; this adjustment of the model was therefore

deemed inappropriate. One possibility that would ac-

count for this issue is that the free energy of interaction

depends on potential, as postulated by Higgins and
Corn to describe surfactant adsorption at the interface

[52]. Also, nonlocal electrostatic effects may occur at

very short distances and dramatically increase the ener-

gies of interionic interactions [41].
4. Concluding remarks

A three-phase phenomenological model has been

proposed to account for ion penetration and interac-

tions at the inner layer of an ITIES. It provides a theo-

retical justification for experimentally observed

asymmetries in the capacitance–voltage response that

cannot be provided by the Gouy–Chapman or Ver-

wey–Niessen theories. The model incorporates penetra-

tion energetics through independently measurable free
energies of ion transfer, which are scaled by a fraction

a to account for the fact that penetrating species do

not have to overcome their entire transfer energy to en-

ter the mixed inner layer between solvents.

The Gouy–Chapman and Verwey–Niessen theories

can both be obtained as limiting cases of the model.

When mixed-layer penetration occurs, it tends to raise

the system capacitance above the Verwey–Niessen limit.
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If the penetration energy of a single species differs from

the others, it causes the capacitance minimum to shift

and the curve becomes asymmetric with respect to poten-

tial about its minimum. Interactions between ions at the

inner layer also affect the capacitance response; they lead

to asymmetry of the capacitance curves without a corre-
sponding shift in the minimum. However, the effects of

ion interactions only appear at large polarizations.

Experimental data were fit by the theory with the sin-

gle-parameter model given by Eq. (18). The results cor-

rectly predict the deviation of the capacitance–voltage

curves from the idealized Gouy–Chapman theory and

agree with data significantly better than the

results of the Verwey–Niessen compact layer model.
Thus, limited species penetration into the mixed layer is

a physically reasonable hypothesis. Application of this

principle can explain the curious features common to

most experimental results and rationalize perplexing neg-

ative or zero values of the inverse ‘‘compact-layer capac-

itances’’ at interfaces between immiscible electrolytes.
 P
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The seven governing equations may be solved directly

by seven-dimensional New-ton-Raphson iteration. How-

ever, the problem can be reduced to one dimension when
bi,km is zero or at moderate polarizations when the impact

of the interaction contribution to capacitance is small.

The DGIHP
i;j are then constant with respect to the surface

coverage of ions. When the equilibrium constants Kj
i

are independent of coverage, the governing system may

be simplified by substitution of the adsorption equilib-

rium expressions into Eq. (4) and insertion of the result

into Eq. (12). This yields the single master equation

QðQ;D/intÞ ¼ ns-ðQ;D/intÞ
1þKðQ;D/intÞ

; ð18Þ

where the functions - and K are given by

-ðQ;D/intÞ ¼KI
þe

�D/I �KI
�e

D/I

þKII
þe

D/II �KII
�e

�D/II

; ð19Þ
KðQ;D/intÞ ¼KI

þe
�D/I þKI

�e
D/I

þKII
þe

D/II þKII
�e

�D/II

. ð20Þ
R
O
O
F

The quantities D/I and D/II can be obtained as func-

tions of Q and D/int through Eqs. (10) and (11); Eq.

(18) thus represents a transcendental equation that gives

Q as a function of D/int.

Transcendental master equation (18) can be solved to

high precision in a few iterations by Newton�s method.
Substitution of Eq. (9) into (12) shows

H�;IHP ¼ Q

-ns
. ð21Þ

When Kj
i is constant with respect to Hi,j, each ion cov-

erage in Eq. (9) is a function of Q and D/int only,

through algebraic equations (10), (11), (19), and (21).
Eq. (1) can be also be used to retrieve the overall poten-

tial drop D/ðQ;D/intÞ. The problem can thus be solved

efficiently by specification of Q when Kj
i is constant,

and the application of a far slower seven-dimensional

Newton–Raphson procedure is unnecessary. With this

computational method, capacitance curves may be ob-

tained more rapidly.
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