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In this paper we present the general equations for a model of anion transfer reactions across the oiljwater
interface assisted by a neutral ligand. Our analysis mainly focuses on the effect of water autoprotolysis.
The equations reported here allow us to simulate the system under a variety of possible conditions. The
formation of complex with j:k anion-to-ligand stoichiometry is analyzed. Three different models are com-
pared: buffered solutions (BASA model) and unbuffered solutions with and without considering water
autoprotolysis (UBASA and UBAS model respectively). Moreover, the analytical relationships for the BASA
model between half-wave potential and the initial concentration of anion and ligand are developed.
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1. Introduction

Different assisted ion transfer mechanisms have been studied
and published since Koryta [1] reported that a decrease in the
Gibbs energy of transfer of an ion could be found due to the forma-
tion of a complex with a ligand or ionophore [2].

The molecular recognition of anions has received in recent years
special attention in the areas of supramolecular chemistry and
analytical chemistry [3]. During the last decade, the facilitated an-
ion transfer across the ITIES (interface between two immiscible
electrolyte solutions) was researched extensively using electro-
chemical techniques. Assisted anion transfer has been analyzed
for different anions in different solvents [4].

Shao et al. studied the complex formation between the syn-
thetic dicarboxylate receptor para-xylylenyl-bis-(iminoimidazolin-
ium) and dicarboxylates and analyzed its effect on the anion
transfer across a waterjnitrobenzene (WjNB) interface [5]. Lately,
Shao and co-workers used electrochemical methods to study the
thermodynamic and the kinetic transfer behaviour of several
monovalent anions, Cl�; Br�; NO�2 and CH3COO�, at a micro-
waterj1,2-dichloroethane (Wj1,2-DCE) interface. In this case, the
anion transfer was assisted by b-octafluoro-meso-octamethylca-
lix[4]pyrrole [6].

Teramae and co-workers reported the facilitated transfer of var-
ious hydrophilic anions across Wj1,2-DCE and WjNB interfaces [4].
The facilitated transfer of sulfate has been reported using strong
ll rights reserved.
hydrogen-bonding ionophores across a polarized Wj1,2-DCE [7]
and WjNB [8] interface. The selective transfer of HPO2�

4 and
H2PO�4 across a WjNB interface has also been reported using a thio-
urea-based hydrogen-bond forming ionophore consisting of a xy-
lene unit [9], and using a thiourea–isothiouronium conjugate
[10] or a thiourea-functionalized benzo-15-crown-5 [11] for selec-
tive binding of H2PO�4 at the Wj1,2-DCE interface. Nishizawa et al.
[12] studied the transfer of hydrophilic anions across the liquid–li-
quid interface assisted by bis-thiourea ionophore. These authors
demonstrated that a hydrogen-bond forming bis-thiourea can
effectively facilitate the transfer of various hydrophilic anions, such
as Cl�; CH3COO�; H2PO�4 ; HPO2�

4 and SO2�
4 , across the WjNB inter-

face. In addition, the chloride transfer across the WjNB interface as-
sisted by a mono-thiourea ionophore was characterized using ion
transfer polarography [13].

Qian et al. [14] recently designed a micro-ITIES array for
the detection of nitrate by facilitated ion transfer by a neutral
tripodal amide-based ionophore, N-{2-[bis-[2-(4-t-butylbenzoyla-
mino)ethyl]amino]ethyl}-4-t-butylbenzamide. The complexation
between this neutral tripodal amide-based ionophore and three
adenosine-containing nucleotides, ATP, ADP, and AMP, was inves-
tigated by facilitated ion transfer processes through a microhole
array film at the Wj1,2-DCE interface [15].

Dryfe et al. [16] studied the facilitated transfer of halide anions
(F�; Cl� and Br�) across a polarized Wj1,2-DCE interface using ste-
roid-based cholapod receptors. The transfer of F� ion assisted by an
organometallic complex cation tetraphenylantimony across the
polarized WjNB interface has taken place by means of ion transfer
voltammetry [17].

http://dx.doi.org/10.1016/j.jelechem.2010.03.013
mailto:sdassie@mail.fcq.unc.edu.ar
http://www.sciencedirect.com/science/journal/15726657
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Rodgers et al. [18] reported an electrochemically controlled
molecular recognition of heparin using the synthetic heparin mi-
metic Arixtra at WjNB microinterfaces assisted by quaternary
ammonium ionophores. More recently, Kivlehan et al. [19] re-
ported a complete analysis of the interaction of a urea-functional-
ized calix[4]arene ionophore using voltammetric ion transfer at the
Wj1,2-DCE interface and a combination of nuclear magnetic reso-
nance (NMR) spectrometry and potentiometric selectivity coeffi-
cient evaluation. Boronic acid-facilitated a-hydroxy-carboxylate
anion transfer at liquidjliquid electrode systems has been analyzed
by Katif et al. [20]. The transfer of the a-hydroxy-carboxylates of
glycolic, lactic, mandelic and gluconic acid from the aqueous elec-
trolyte phase into an organic 4-(3-phenylpropyl)-pyridine phase
was studied at a triple-phase boundary electrode system.

Different anion-to-ligand stoichiometries for several systems
have been reported in the literature, namely 1:1 [5–20], 1:2 [8]
and 2:1 [9]. In the last case it was suggested that the ligand pro-
motes interaction between H2PO�4 anions [4,9].

Cation transfer assisted by a ligand was reported in several
experimental and theoretical works. After the pioneering work
by Homolka et al. [21], where the authors performed digital simu-
lations of the current–potential curves for the formation of com-
plexes of different stoichiometry, numerical simulations of the
voltammetric response for numerous mechanisms have been suc-
cessfully carried out [22–33].

A theoretical approach for the proton facilitated transfer or
protonable species transfer was studied by Reymond et al. [34].
They developed a theory of reversible transfer reactions for mole-
cules containing an unlimited number of protonation–deprotona-
tion sites that can cross the interface in all their ionic forms.
Osakai and co-workers [35,36] deduced a theoretical equation for
the polarographic current–potential profiles corresponding to the
transfer of an oligopeptide or an amino acid at the oiljwater inter-
face, facilitated by a neutral ionophore. Dassie [37,38] derived the
general equations for ion transfer reactions across the oiljwater
interface assisted by a protonatable neutral ligand. This model
was solved using Laplace transforms and the explicit consideration
of water autoprotolysis was analyzed. Finally, the last model was
also solved by Garcia et al. [39] using explicit finite difference to
account for the different diffusion coefficients of each species in
each phase. This model was corroborated by the experimental re-
sults for the quinine transfer across the waterj1,2-dichloroethane
interface under different conditions [39].

In spite of the vast amount of information on the assisted trans-
fer of cations across liquidjliquid interfaces, according to our
knowledge, no theoretical treatment has been proposed in the lit-
erature for facilitated anion transfer. Experimental results, how-
ever, have already been published. In this work, the derivation of
the general equations for anion transfer reactions across oiljwater
interface assisted by a neutral ligand is presented. The effect of
water autoprotolysis on facilitated anion transfer is analyzed. The
equations developed in this research allow simulating the system
in different experimental conditions. The formation of three differ-
ent interfacial complexes (with 1:1, 1:2 and 2:1 anion-to-ligand
stoichiometry) is studied in detail.

1.1. Theory

In order to derive the current–potential equation for anion facil-
itated transfer by a neutral ligand, L, the following assumptions are
made:

(a) The interface between the aqueous and the organic phase is
stationary and planar.

(b) Both phases contain enough inert electrolytes so that migra-
tion of the transferring ion can be neglected.
(c) Complex formation and dissociation are at equilibrium even
when current is flowing, as the rates of the complex forma-
tion and dissociation processes are sufficiently high com-
pared with the corresponding diffusion rates.

(d) Acid–base association and dissociation are at equilibrium
even when current is flowing, since the rates of the acid–
base association and dissociation processes are sufficiently
high in relation to the corresponding diffusion rates.

(e) Transfer of all species through the interface is reversible and
diffusion-controlled. Diffusion occurs in the x coordinate,
normal to the interface, defined at x = 0.

(f) Double-layer effects and adsorption are not considered in
the model, and neither are acid dissociation constant and
complex formation constant change between the bulk and
the interface.

(g) The distribution constants of the neutral species, L and HnP,
do not depend on the applied potential and are defined as:

KD;L ¼
co

L
cw

L
and KD;HnP ¼

co
HnP

cw
HnP

, respectively.

(h) All the charged species are perturbed by the potential
applied to the interface and depend on the Nernst equation.

(i) The diffusion coefficients in each phase are the same for all
species. This is acceptable for all species except for Hþ in
the aqueous phase, but this assumption is necessary so as
to apply Matsuda’s approach to the model [24].

(j) In the BASA model, the total buffer concentration is larger
than the total ligand concentration and sufficient to main-
tain a constant pH value.

(k) All activity coefficients are equal to one.
(l) The neutral species, HnP, not form complexes with the neu-

tral ligand.

The acid–base equilibriums of the HnP are the following:

Hðn�iÞP
i�
�Hþ þHðn�i�1ÞP

ðiþ1Þ�

the ðiþ 1Þ-acid dissociation constant in the a-phase is defined by:

Ka
a;ðiþ1Þ ¼

ca
Hðn�i�1ÞP

ðiþ1Þ- ca
Hþ

ca
Hðn�iÞP

i�
ð1Þ

for i ¼ 0; . . . ; n and a = organic phase (o) or aqueous phase (w). It is
important to note that Pn� is the fully deprotonated species.

Water autoprotolysis is explicitly considered:

H2O�Hþ þHO�

and the water autoprotolysis constant is defined as follows:

Kw ¼ cw
Hþcw

HO� ð2Þ

All the anions can form complexes j : k with the neutral ligand,
which coexist in both phases. The neutral species HnP does not form
complex with the neutral ligand.

The ijk-complex formation equilibriums are the following:

jHðn�iÞP
i� þ kL� Hðn�iÞP

� �
jLk

h iji�

and the ijk-overall formation constant in a phase is defined by:

ba
ijk ¼

ca
½ðHðn�iÞPÞjLk �ji�

ca
Hðn�iÞP

i�

� �j

ca
L

� �k

ð3Þ

for i ¼ 1; . . . ;n; j ¼ 1; . . . ;m and k ¼ 1; . . . ; l.
The distribution of charged species at the interface is defined by

the following Nernst equations:
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co
Hðn�iÞP

i� ð0;tÞ

cw
Hðn�iÞP

i� ð0;tÞ
¼ exp � iF

RT
Dw

o /�Dw
o /o0

Hðn�iÞP
i�

� �� 	
for i¼1; . . . ;n ð4Þ

co
½ðHðn�iÞPÞjLk �ji�

ð0;tÞ

cw
½ðHðn�iÞPÞjLk �ji�

ð0;tÞ¼ exp � jiF
RT

Dw
o /�Dw

o /o0

½ðHðn�iÞPÞjLk �ji�

� �� 	
ð5Þ

for i ¼ 1; . . . ; n; j ¼ 1; . . . ;m and k ¼ 1; . . . ; l.

co
Hþ ð0; tÞ

cw
Hþ ð0; tÞ

¼ exp
F

RT
Dw

o /� Dw
o /o0

Hþ

� �� 	
ð6Þ

and

co
HO� ð0; tÞ

cw
HO� ð0; tÞ

¼ exp � F
RT

Dw
o /� Dw

o /o0
HO�

� �� 	
ð7Þ

In Eqs. (4)–(7), ca
Hðn�iÞP

i� ð0;tÞ is the bare i-anion and ca
½ðHðn�iÞPÞjLk �ji�

ð0;tÞ

the ijk-complexed anion concentrations, ca
Hþ ð0;tÞ the proton concen-

tration, and ca
HO� ð0;tÞ the hydroxide concentration at the interface

(x = 0) at any time. Dw
o /o0

Hðn�iÞP
i� ; Dw

o /o0

½ðHðn�iÞPÞjLk �ji�
;Dw

o /o0
Hþ ;D

w
o /o0

HO� are

the formal transfer potential of the i-anion, ijk-complexed anion,
proton and hydroxide, respectively. F is the Faraday constant, T is
the absolute temperature and R is the gas constant.

The technique considered in this work is cyclic voltammetry. A
constant sweep potential value jv j ¼ dD/

dt



 

 is applied to the system
and the distribution of charged species is given by:

co
Hðn�iÞP

i� ð0; tÞ

cw
Hðn�iÞP

i� ð0; tÞ
¼ exp � iF

RT
Dw

o /init þ vt � Dw
o /o0

Hðn�iÞP
i�

� �� 	
ð8Þ

Rearranging Eq. (8) according to Nicholson and Shain [40], Eq.
(9) is obtained as follows:

co
Hðn�iÞP

i� ð0; tÞ

cw
Hðn�iÞP

i� ð0; tÞ
¼ hHðn�iÞP

i� ½SkðtÞ��i ð9Þ

where

hHðn�iÞP
i� ¼ exp � iF

RT
Dw

o /init � Dw
o /o0

Hðn�iÞP
i�

� �� 	
ð10Þ

and

SkðtÞ ¼
expðrtÞ 0 < t 6 k

exp rð2k� tÞ½ � t > k

�
ð11Þ

with r ¼ Fv
RT.

Similarly, the following equations are defined for the other
charged species:

co
½ðHðn�iÞPÞjLk �ji�

ð0; tÞ

cw
½ðHðn�iÞPÞjLk �ji�

ð0; tÞ ¼ h½ðHðn�iÞPÞjLk �ji�
½SkðtÞ��ji

¼
bo

ijk

bw
ijk

ðKD;LÞk hHðn�iÞP
i�

� �j
½SkðtÞ��ji ð12Þ

co
Hþ ð0; tÞ

cw
Hþ ð0; tÞ

¼ hHþ ½SkðtÞ� ð13Þ

co
HO� ð0; tÞ

cw
HO� ð0; tÞ

¼ hHO� ½SkðtÞ��1 ð14Þ

The diffusion equations for the total anion (Eq. (18)), total ligand
(Eq. (19)), and total charged species (Eq. (20)) concentrations are
defined by Fick’s laws according to Matsuda et al. [24] as follows:
@ca
HnPtot

@t
¼ Da @

2ca
HnPtot

@x2 ð15Þ

@ca
Ltot

@t
¼ Da @

2ca
Ltot

@x2 ð16Þ

@ca
chargetot

@t
¼ Da @

2ca
chargetot

@x2 ð17Þ

where the diffusion coefficients ðDaÞ are assumed to be the same for
all species in each phase.

The total concentration of anions and neutral ligand are defined
by the mass balance equations:

ca
HnPtot ¼

Xn

i¼0

ca
Hðn�iÞP

i� þ
Xl

k¼1

Xm

j¼1

Xn

i¼1

jca
½ðHðn�iÞPÞjLk �ji�

ð18Þ

ca
Ltot ¼ ca

L þ
Xl

k¼1

Xm

j¼1

Xn

i¼1

kca
½ðHðn�iÞPÞjLk �ji�

ð19Þ

and the total charged species concentration is defined as:

ca
chargetot ¼ ca

Hþ �
Xn

i¼1

ica
Hðn�iÞP

i� �
Xl

k¼1

Xm

j¼1

Xn

i¼1

jica
½ðHðn�iÞPÞjLk �ji�

� ca
HO�

ð20Þ

Considering the boundary conditions, the fluxes of species across
the interface are expressed by:

Dw@cw
HnPtot

@x






x¼0
¼ Do@co

HnPtot

@x






x¼0
¼ fHnPtotðtÞ ð21Þ

Dw@cw
Ltot

@x






x¼0
¼ Do@co

Ltot

@x






x¼0
¼ fLtotðtÞ ð22Þ

Dw@cw
chargetot

@x






x¼0
¼ Do@co

chargetot

@x






x¼0
¼ fchargetotðtÞ ð23Þ

The total interfacial concentrations are expressed as a function of
the convolution integrals using Laplace transforms:

cw
HnPtotð0;tÞ ¼ cw;

HnPtot �
1

ðpDwÞ
1
2

Z t

0

fHnPtotðsÞds
ðt � sÞ

1
2

ð24Þ

co
HnPtotð0;tÞ ¼ co;

HnPtot þ
1

ðpDoÞ
1
2

Z t

0

fHnPtotðsÞds
ðt � sÞ

1
2

ð25Þ

cw
Ltotð0;tÞ ¼ cw;�

Ltot �
1

ðpDwÞ
1
2

Z t

0

fLtotðsÞds
ðt � sÞ

1
2

ð26Þ

co
Ltotð0;tÞ ¼ co;�

Ltot þ
1

ðpDoÞ
1
2

Z t

0

fLtotðsÞds
ðt � sÞ

1
2

ð27Þ

cw
chargetotð0;tÞ ¼ cw;�

chargetot �
1

ðpDwÞ
1
2

Z t

0

fchargetotðsÞds
ðt � sÞ

1
2

ð28Þ

co
chargetotð0;tÞ ¼ co;�

chargetot þ
1

ðpDoÞ
1
2

Z t

0

fchargetotðsÞds
ðt � sÞ

1
2

ð29Þ

ca;�
HnPtot; ca;�

Ltot and ca;�
chargetot being the total anion concentration, the to-

tal ligand concentration and the total charged species concentra-
tion, respectively, in the phase at t = 0 and for all x values. The
total initial concentration of all species in each phase can be calcu-
lated at t = 0 as a function of the total initial concentrations of an-
ions (cinit

HnPÞ and ligand (cinit
L Þ introduced into the system [37,38,41].

In the case of the total charged species concentration in the aqueous
phase, it can be calculated as the sum of all the charged species con-
sidering the pH value as constant and equal to the initial pH value.
This approximation is valid because at t = 0, the flux of current
across the interface is zero and the system is in equilibrium.

The total concentration of every species in the system is ob-
tained from Eqs. (24)–(29) by eliminating the convolution
integrals:
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c�HnPtot ¼ cw
HnPtotð0;tÞ þ nco

HnPtotð0;tÞ ð30Þ
c�Ltot ¼ cw

Ltotð0; tÞ þ nco
Ltotð0; tÞ ð31Þ

c�chargetot ¼ cw
chargetotð0; tÞ þ nco

chargetotð0; tÞ ð32Þ

where n ¼ Do

Dw

� �1
2; c�HnPlot; c�Ltot and c�chargetot are the total concentration

of anion, ligand and charged species in the system, respectively.
It is possible to obtain all the concentration values at the inter-

face at all simulation times using Eqs. (30)–(32).
In this study, a particular case is solved and analyzed. A system

where 1:1, 1:2 and 2:1 complexes and three different anion species
(n ¼ 3Þ are present in both phases:

c�H3Ptot¼
P3
i¼0

cw
Hð3�iÞP

i� ð0;tÞþnco
Hð3�iÞP

i� ð0;tÞ
� �

þ
P2
k¼1

P3
i¼1

cw
½Hð3�iÞPLk �i�

ð0;tÞþnco
½Hð3�iÞPLk �i�

ð0;tÞ
� �

þ
P3
i¼1

2 cw
½ðHð3�iÞPÞ2L�2i� ð0;tÞþnco

½ðHð3�iÞPÞ2L�2i� ð0;tÞ
� �

c�Ltot¼ cw
L ð0;tÞþnco

Lð0;tÞþ
P2
k¼1

P3
i¼1

k cw
½Hð3�iÞPLk �i�

ð0;tÞþnco
½Hð3�iÞPLk �i�

ð0;tÞ
� �

þ
P3
i¼1

cw
½ Hð3�iÞPð Þ2L�2i� ð0;tÞþnco

½ðHð3�iÞPÞ2L�2i� ð0;tÞ
� �

c�chargetot¼ cw
Hþ ð0;tÞþnco

Hþ ð0;tÞ�
P3
i¼1

i cw
Hð3�iÞP

i� ð0;tÞþnco
Hð3�iÞP

i� ð0;tÞ
� �

�
P2
k¼1

P3
i¼1

i cw
½Hð3�iÞPLk �i�

ð0;tÞþnco
½Hð3�iÞPLk �i�

ð0;tÞ
� �

�
P3
i¼1

2i cw
½ðHð3�iÞPÞ2L�2i� ð0;tÞþnco

½ðHð3�iÞPÞ2L�2i� ð0;tÞ
� �

�cw
HO� ð0;tÞ�nco

HO� ð0;tÞ

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð33Þ

Rewriting Eq. (33) as a function of cw
L ð0; tÞ; cw

Hþ ð0; tÞ and cw
P3� ð0; tÞ,

the following equations are obtained:

c�H3Ptot ¼ cw
P3� ð0; tÞ

P4
i¼1

Ai cw
Hþ ð0; tÞ

� 
ð4�iÞ

þcw
P3� ð0; tÞ

P2
k¼1

P7
i¼5

Ai1k cw
L ð0; tÞ

� �k cw
Hþ ð0; tÞ

� 
ð7�iÞ

þ2 cw
P3� ð0; tÞ

� �2
cw

L ð0; tÞ
P7
i¼5

Ai21 cw
Hþ ð0; tÞ

� 
2ð7�iÞ

c�Ltot ¼ A8cw
L ð0; tÞ þ cw

P3� ð0; tÞ
P2
k¼1

P7
i¼5

kAi1k cw
L ð0; tÞ

� �k cw
Hþ ð0; tÞ

� 
ð7�iÞ

þ cw
P3� ð0; tÞ

� �2
cw

L ð0; tÞ
P7
i¼5

Ai21 cw
Hþ ð0; tÞ

� 
2ð7�iÞ

c�chargetot ¼ A9cw
Hþ ð0; tÞ � cw

P3� ð0; tÞ
P4
i¼2
ði� 1ÞAi cw

Hþ ð0; tÞ
� 
ð4�iÞ

�cw
P3� ð0; tÞ

P2
k¼1

P7
i¼5
ði� 4ÞAi1k cw

L ð0; tÞ
� �k cw

Hþ ð0; tÞ
� 
ð7�iÞ

�2 cw
P3� ð0; tÞ

� �2
cw

L ð0; tÞ
P7
i¼5
ði� 4ÞAi21 cw

Hþ ð0; tÞ
� 
2ð7�iÞ

� A10
cw

Hþ
ð0;tÞ

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð34Þ
where

A1 ¼ 1þ nKD;H3P
� �

Kw
a;1Kw

a;2Kw
a;3

� ��1
ð35Þ

A2 ¼ 1þ nhH2P� ½SkðtÞ��1
n o

Kw
a;2Kw

a;3

� ��1
ð36Þ

A3 ¼ 1þ nhHP2� ½SkðtÞ��2
n o

Kw
a;3

� ��1
ð37Þ

A4 ¼ 1þ nhP3� ½SkðtÞ��3
n o

ð38Þ

A5jk ¼ bw
1jk þ nbo

1jkðKD;LÞk hH2P�
� �j½SkðtÞ��j

n o
Kw

a;2Kw
a;3

� ��j
ð39Þ

A6jk ¼ bw
2jk þ nbo

2jkðKD;LÞk hHP2�
� �j½SkðtÞ��2j

n o
Kw

a;3

� ��j
ð40Þ

A7jk ¼ bw
3jk þ nbo

3jkðKD;LÞk hP3�
� �j½SkðtÞ��3j

n o
ð41Þ

A8 ¼ 1þ nKD;L ð42Þ
A9 ¼ 1þ nhHþ ½SkðtÞ� ð43Þ

A10 ¼ Kw 1þ nhHO� ½SkðtÞ��1
n o

ð44Þ

In order to know the concentrations of anion, ligand and proton is
necessary to solve Eq. (34). The method used for solving this equa-
tion is a modification of the Powell hybrid method (HYBRD and
HYBRDJ included in the MINPACK libraries) [42–44].

By numeric integration of the convolution integrals, according
to Nicholson and Shain [40]:

Z t

0

fchargetotðsÞds
ðt � sÞ

1
2
¼ � pDwð Þ

1
2 co;�

chargetot � co
chargetotð0; tÞ

h i
ð45Þ

it is possible to know the total current of the system:

IchargetotðtÞ ¼ FAfchargetotðtÞ ð46Þ

where A is the interfacial area.
In this work, three different models are compared [37,38]:

(A) Unbuffered aqueous solutions with water autoprotolysis
according to the generalized Eq. (34). Model herein referred
to as UBASA model.

(B) Unbuffered aqueous solutions without water autoprotolysis
according to the generalized Eq. (34), considering that
A10 ¼ 0. Model herein referred to as UBAS model.

(C) Buffered aqueous solutions with a constant cw
Hþ ð0; tÞ value in

the generalized Eq. (34) during all the sweep scan potential
(according to the model’s suppositions (d) and (j)). Model
herein referred to as BASA model.

2. Results and discussion

For all simulations, the fixed parameters are the following:
T = 298.15 K, n ¼ 1:12 (waterj1,2-DCE interface), v = 0.050 V s�1,
Dw ¼ 1:0� 10�5 cm2 s�1 and A = 1.0 cm2. A hydrophobic ligand or
ionophore is considered, with logðKD;LÞ ¼ 2:00.

In all the cases, the initial potential will be taken as positive, i.e.,
the voltammetric scans will always start from the positive side of
the potential window. By convention, the transfer of a negative
(positive) charge from the aqueous (organic) phase to the organic
(aqueous) phase will produce a net negative (positive) current.

Since the ratio between the initial concentrations of anion and
ligand is not a reduced variable, two different behaviours are ob-
served depending on which is varied. The initial concentration ra-
tios between ligand and anion have been obtained at constant
anion concentration (cinit

H3P ¼ 1:00 mMÞ or at constant ligand con-
centration ðcinit

L ¼ 1:00 mMÞ.
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2.1. Interfacial complexation of H2PL�

2.1.1. Effect of water hydrolysis on anion transfer processes
In this section, we analyze and compare the effect of water

autoprotolysis in the BASA, UBASA and UBAS models. Fig. 1a shows
the voltammograms obtained with the different models for the
transfer of H2P� assisted by L present in the organic phase. The ini-
tial pH in each case is such that the H2P� and HP2� concentrations
in the aqueous solution are comparable.

The voltammograms obtained for unbuffered aqueous solutions
show two clearly defined transfer processes. The peak process at
high potential values corresponds to the facilitated transfer of
H2P� formed in the aqueous phase, and the other process to the
facilitated transfer of H2P� via water hydrolysis (UBASA model)
or with formation of P3� (UBAS model). In the case of the BASA
model, only one process is observed in the potential window. This
process is associated with the facilitated transfer of H2P� present in
the aqueous phase or formed from the reaction between Hþ and
HP2�.

It is important to highlight that the peak-to-peak potential dif-
ference of the second process, D Dw

o /peak

� �
, is higher than that ex-

pected from a charge equal to �1. The D Dw
o /peak

� �
values for this

process are 69 (UBASA model) and 83 mV (UBAS model). In these
models, it is assumed that the transfer of all species through the
interface is reversible and diffusion-controlled (supposition (e) in
the theoretical section); therefore, D Dw

o /peak

� �
values are deter-

mined by a mixed diffusion regime and by previous coupled chem-
ical reactions [26,27,31,32,37,38].
Fig. 1. Simulation results for the interfacial complexation of H2PL�. (a) Comparative
voltammograms and (b) evolution of the pHð0; tÞ as a function of the applied
potential obtained for the BASA (1), UBASA (2) and UBAS (3) models. pH 7.00.
pKw

a;1 ¼ 2:00; pKw
a;2 ¼ 7:00; pKw

a;3 ¼ 12:0; ba
ijk ¼ 0:00 except for log bo

111

� �
¼ 20:0; p

Kw ¼ 14:0; Dw
o /o0

Hþ ¼ 0:55V; Dw
o /o0

HO� ¼ �1:00V; Dw
o /o0

H2 P� ¼ �1:00V; Dw
o /o0

HP2� ¼ �1:20
V; Dw

o /o0

P3� ¼ �1:40V; logðKD;LÞ ¼ 2:00; logðKD;H3 PÞ ¼ �5:00; cinit
H3 P ¼ 1:00 mM and

cinit
L ¼ 100:0 mM.
In Fig. 1b we can observe the variation of pHð0; tÞ as a function
of the applied potential. In the UBAS model, the interfacial proton
concentration decreases indefinitely (pHð0; tÞ > 14Þ since it is con-
sumed by the H2PL� formation in the organic phase. This result
proves that the UBAS model does not represent a real system, in
which the water molecules would buffer the interface as the Hþ

ions are consumed. The importance of the inclusion of water auto-
protolysis in the model is evidenced by the occurrence of two
transfer processes with the real variation of the interfacial pH
(see line 2, Fig. 1b).

According to the previous results, the global reactions for the
facilitated transfer of H2P� can be postulated as following:

H2P�ðwÞ þ LðoÞ�H2PL�ðoÞ ðR1Þ

in all the models analyzed; and for BASA model:

HP2�ðwÞ þHþðwÞ þ LðoÞ�H2PL�ðoÞ ðR2Þ

or UBASA model:

HP2�ðwÞ þH2Oþ LðoÞ�H2PL�ðoÞ þHO�ðwÞ ðR3Þ

or

2HP2�ðwÞ þ LðoÞ�H2PL�ðoÞ þ P3�ðwÞ ðR4Þ

when the anion concentration is high enough so that protons are
provided by an acid weaker than water ðHP2�Þ. Reactions (R1) and
(R2) occur at the same applied potential, whereas reactions (R3)
and (R4) involve higher energy transfers.

2.1.2. Effect of pH
In this section, we will analyze the variation of the peak transfer

potential for the forward scan, Dw
o /peak, and the peak-to-peak po-

tential difference, D Dw
o /peak

� �
, as a function of pH. Fig. 2 shows

the variation of Dw
o /peak and Dw

o /peak for three different concentra-
tion ratios between the ligand and the anion. When buffered aque-
ous solutions are considered (BASA model), the peak potential
shows a linear relationship with a slope of �59 mV/decade, in
the pH range between 8 and 11. Within this pH range, HP2� is
the predominant species in the aqueous phase. Moreover,
Dw

o /peak reaches a constant value in the pH range of 3–7. The trans-
fer process is further facilitated in the pH range between 3 and 7
and has a maximum value when the ligand or the anion is in excess
(cinit

L � cinit
H3P or cinit

L � cinit
H3P). In the UBASA model, the three concen-

tration ratios analyzed present a pH range where the current–po-
tential profiles show two well-defined charge transfer processes.
The transfer process at more positive potential is associated with
reaction (R1), and the second process occurs via water autoprotol-
ysis (reaction (R3)). Outside the pH range, where two different
charge transfer processes take place, the potential transfer values
obtained with BASA and UBASA models are the same.

It is remarkable that the dependence change of the potential
transfer with pH depends only on the pKw

a;HnP values of the H3P spe-
cies. This behaviour is due to the high hydrophilicity of H3P and the
anionic species. The points where pH ¼ pKw

a;HnP are marked in Fig. 2
are intended to facilitate the comparison between the acid–base
equilibria and the potential transfer behaviour.

Fig. 2d shows the D Dw
o /peak

� �
for the three concentration ratios

between the ligand and the anion. D Dw
o /peak

� �
values obtained with

the BASA model are 59 mV for cinit
L � cinit

H3P or cinit
L � cinit

H3P and 84 mV
for cinit

L ¼ cinit
H3P. The latter D Dw

o /peak

� �
value is a consequence of

mixed diffusion regime of the neutral ligand in organic phase
and the anions or H3P, depending on the pH value, in aqueous
phase [27,32,37,38]. For both model, when pH < pKw

H2P� and ligand
or anion in excess, the potential difference is equal to 59 mV. For
UBASA model, when pKw

H2P� < pH < pKw
HP2� ;D Dw

o /peak

� �
reaches a

maximum value of 90 mV. In the case of cinit
L ¼ cinit

H3P, when



Fig. 2. Simulation results for the interfacial complexation of H2PL� . Variation of the peak transfer potential for the forward scan as a function of pH. Simulations obtained by
BASA (filled circle) and UBASA (open circle) models and for different experimental conditions: (a) cinit

H3 P � cinit
L , (b) cinit

H3 P � cinit
L and (c) cinit

H3 P ¼ cinit
L . Variation of the peak-to-peak

potential difference as a function of pH (d). Simulations obtained by BASA model (filled circle): (1) cinit
H3 P � cinit

L , (2) cinit
H3 P � cinit

L and (3) cinit
H3 P ¼ cinit

L , and UBASA model: (open
circle and open triangle up) cinit

H3 P � cinit
L (open triangle down and open square) cinit

H3 P � cinit
L and (open diamond and open hexagon) cinit

H3 P ¼ cinit
L . Simulated results correspond to

the first charge transfer process (open circle, open triangle down and open diamond) and the second charge transfer process (open triangle up, open square and open
hexagon). Panel (a): cinit

H3 P ¼ 1:00 mM and cinit
L ¼ 100:0 mM; panel (b) cinit

H3 P ¼ 100:0 mM and cinit
L ¼ 1:00 mM and (c) cinit

H3 P ¼ cinit
L ¼ 1:00 mM. Other parameters are the same as

those in Fig. 1.
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pH < pKw
H2P� , the potential difference is equal to 84 mV. For

pKw
H2P� < pH < pKw

HP2� , the potential difference reaches a maximum
value of 120 mV. In general, when pKw

H2P� < pH < pKw
HP2� and for all

concentration ratios, the charge transfer process is controlled by
mixed diffusion regime, defined by L in the organic phase and
HP2� in the aqueous phase, and coupled chemical reactions [37,38].

2.1.3. Effect of the initial concentration of the ligand and anion species
This section is devoted to analyze the effect of the initial con-

centration of ligand and anion on the charge transfer processes.
To increase the effect of coupled chemical reactions, the analysis
is performed at pH = 9.5, where HP2� is the predominant species
in the aqueous phase. In this experimental condition, facilitated
anion transfer occurs according to reaction (R2) for BASA model
or reactions (R3) and (R4) for UBASA model.

Fig. 3 shows the peak potential for the forward scan and the
peak-to-peak potential difference as a function of the concentra-
tion ratios between ligand and anion. These amounts have been
obtained by fixing the concentration of anion or ligand. When
the BASA model is considered, both the peak potential and the
peak-to-peak potential difference present the same behaviour in
both conditions. When cinit

L � cinit
H3PðfixedÞ (or cinit

H3P � cinit
L ðfixedÞÞ,

the Dw
o /peak shifts by 59 mV (�59 mV) per decade of concentration
ratio. Conversely, when cinit
L � cinit

H3PðfixedÞ (or cinit
H3P � cinit

L ðfixedÞÞ,
the potential peak remains constant. For concentration ratios close
to one, the peak potential corresponds to that of mixed diffusion
regime [26,27,31,32,37,38]. For the UBASA model, the limiting
behaviours are equivalent to the BASA model, but for concentration
ratios close to one, Dw

o /peak also depends on the chemical reactions
coupled to charge transfer process [37,38].

The effect of mixed diffusion regime and chemical reactions
coupled to charge transfer process is corroborated by the variation
of the peak-to-peak potential difference shown in Fig. 3b. In this
figure, typical current–potential profiles for different concentration
ratios for both models are found. The D Dw

o /peak

� �
values for BASA

model correspond to those reported previously in the literature
for cation transfer assisted by neutral ligands [27,28,32,38] and
protonated species transfer [37,38]. It is important to highlight that
the peak-to-peak potential difference, in the case of the UBASA
model, is higher than that expected from a charge equal to �1.
D Dw

o /peak

� �
reaches a maximum value of 120 mV and for

cinit
L � cinit

H3PðfixedÞ, D Dw
o /peak

� �
remains constant with a value equal

to 89 mV. Furthermore, when the concentration of ligand is fixed at
1.0 mM, the limiting behaviours of the potential value are equal to
those obtained with the BASA model (59 mV). Moreover,
D Dw

o /peak

� �
present an interesting behaviour for logðcinit

L =cinit
H3PÞ ffi



Fig. 3. Simulation results for the interfacial complexation of H2PL�. Variation of the
peak transfer potential for the forward scan (a) and peak-to-peak potential

difference (b) as a function of log cinit
L =cinit

H3 P

� �
. Simulations obtained for a constant

anion concentration cinit
H3 P ¼ 1:00 mM

� �
((filled circle) BASA model and (open circle)

UBASA model) and a constant ligand concentration cinit
L ¼ 1:00 mM

� �
((filled

triangle up) BASA model and (open triangle up) UBASA model). Panel (b):

Voltammogram obtained for a constant anion concentration cinit
H3 P ¼ 1:00 mM

� �
((1) BASA model and (2) UBASA model) and a constant ligand concentration
cinit

L ¼ 1:00 mM
� �

((3) BASA model and (4) UBASA model). pH 9.50. Other param-
eters are the same as those in Fig. 1.

Fig. 4. Simulation results for the interfacial complexation of H2PL2. Variation of the
peak transfer potential for the forward scan as a function of pH (a). Simulations
obtained for BASA (filled circle) and UBASA (open circle) models for cinit

L ¼ 2cinit
H3 P.

Variation of the peak-to-peak potential difference as a function of pH (b).
Simulations obtained by BASA model (filled circle) and UBASA model (open
diamond and open hexagon). Simulated results correspond to the first charge
transfer process (open circle) and the second charge transfer process (open
hexagon). ba

ijk ¼ 0:00 except for log bo
112

� �
¼ 20:0 and cinit

L ¼ 2cinit
H3 P ¼ 2:00 mM. Other

parameters are the same as those in Fig. 1.
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�2:0. For �2:0 < logðcinit
L =cinit

H3PÞ < �0:5, the peak-to-peak potential
difference is equal to 89 mV and the charge transfer process occurs
via reaction (R3). For logðcinit

L =cinit
H3PÞ < �2:0, reaction (R4) with the

formation of P3� species at the interface prevails (see Section 2.1.1).

2.2. Interfacial complexation of H2PL�2

2.2.1. Effect of pH
As in Section 2.1.2, we will here examine the variation of the

peak transfer potential, Dw
o /peak, for the forward scan and the

peak-to-peak potential difference, D Dw
o /peak

� �
, with pH. To increase

the effect of mixed diffusion regime, the analysis is performed for
cinit

L ¼ 2cinit
H3P. Fig. 4 compares the variation of Dw

o /peak and
D Dw

o /peak

� �
for BASA and UBASA models. The general behaviour

of the peak potential is equivalent to that found in Fig. 2c. When
buffered aqueous solutions are considered (BASA model), the peak
potential shows a linear relationship of pH with a slope of
�59 mV/decade, in the pH range between 8 and 11. In addition,
Dw
o /peak reaches a constant value in the pH range between 3 and

7. The UBASA model displays a pH range in which the current–po-
tential profiles show two well-defined charge transfer processes.
The transfer process at more positive potential is associated with
reaction (R5) and the other process occurs via water autoprotolysis
(reaction (R7)). Outside the pH range where two different charge
transfer processes take place, the potential transfer values ob-
tained with BASA and UBASA models are the same.

Accordingly, the overall reactions for the facilitated transfer of
H2P� can be postulated as following:

H2P�ðwÞ þ 2LðoÞ�H2PL�2 ðoÞ ðR5Þ

for both models, and, for BASA model:

HP2�ðwÞ þHþðwÞ þ 2LðoÞ�H2PL�2 ðoÞ ðR6Þ

or for UBASA model:

HP2�ðwÞ þH2Oþ 2LðoÞ�H2PL�2 ðoÞ þHO�ðwÞ ðR7Þ

or

2HP2�ðwÞ þ 2LðoÞ�H2PL�2 ðoÞ þ P3�ðwÞ ðR8Þ

depending on the initial concentration of HP2�.



Fig. 5. Simulation results for the interfacial complexation of H2PL2. Variation of the
peak transfer potential for the forward scan (a) and peak-to-peak potential
difference (b) as a function of logðcinit

L =cinit
H3 PÞ. Simulations obtained by a constant

anion concentration ðcinit
H3 P ¼ 1:00 mMÞ ((filled circle) BASA model and (open circle)

UBASA model) and a constant ligand concentration cinit
L ¼ 2:00 mM

� �
((filled

triangle up) BASA model and (open triangle up) UBASA model). Panel (b):
Voltammogram obtained for a constant anion concentration (cinit

H3 P ¼ 1:00 mMÞ ((1)
BASA model and (2) UBASA model) and a constant ligand concentration
cinit

L ¼ 2:00 mM
� �

((3) BASA model and (4) UBASA model). pH 9.50. Other param-
eters are the same as those in Fig. 4.
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Reactions (R5) and (R6) occur at the same applied potential,
whereas reactions (R7) and (R8) involve higher energy transfers
than reactions (R5) and (R6).

The D Dw
o /peak

� �
value obtained with the BASA model is

109.9 mV for cinit
L ¼ 2cinit

H3P (see Fig. 4b). This D Dw
o /peak

� �
value is a

consequence of mixed diffusion regime [26,27,31,32,37,38]. For
the UBASA model, when pH < pKw

H2P� the D Dw
o /peak

� �
is equal to

109.9 mV and for pKw
H2P� < pH < pKw

HP2� ; D Dw
o /peak

� �
reaches a

maximum value of 149 mV. In this pH range, the charge transfer
process is controlled by mixed diffusion regime and coupled chem-
ical reactions [37,38].

2.2.2. Effect of the initial concentration of the ligand and anion species
To increase the effect of coupled chemical reactions, the analy-

sis is performed at pH 9.5, where HP2� is the predominant species
in the aqueous phase. In this experimental condition, facilitated
anion transfer occurs according to reaction (R6) for BASA model
and reactions (R7) or (R8) for UBASA model.

Fig. 5 shows the peak potential for the forward scan and the
peak-to-peak potential difference as a function of the concentra-
tion ratios between ligand and anion. When the BASA model is
considered, the peak potential as the peak-to-peak potential differ-
ence exhibited the same behaviour in both conditions. When
cinit

L � cinit
H3PðfixedÞ (or cinit

H3P � cinit
L ðfixedÞÞ, Dw

o /peak shifts by 118 mV
(�59 mV) per decade of concentration ratio. On the other hand,
for cinit

L � cinit
H3PðfixedÞ, Dw

o /peak shifts by �59 mV per decade of con-
centration ratio. Conversely, when cinit

H3P � cinit
L ðfixedÞ, the potential

peak remains constant. For concentration ratios close to logð2Þ, the
peak potential is defined by a mixed diffusion regime
[26,27,31,32,37,38]. For the UBASA model the limiting behaviours
are equivalent to the BASA model, but for concentration ratios
close to one, Dw

o /peak also depends on the chemical reactions cou-
pled to charge transfer process [37,38].

Fig. 5b shows the peak-to-peak potential difference as a func-
tion of the concentration ratios between ligand and anion. The fig-
ure shows typical current–potential profiles for different
concentration ratios from both models. The D Dw

o /peak

� �
values for

BASA model correspond to those reported previously in the litera-
ture for the formation of complexes with cations [27]. It is impor-
tant to note that the peak-to-peak potential difference, in the case
of the UBASA model, is higher than that expected from a charge
equal to �1 and a stoichiometry 1:2. D Dw

o /peak

� �
reaches a maxi-

mum value of 149 mV and for cinit
L � cinit

H3P;D Dw
o /peak

� �
remains con-

stant with a value equal to 88.5 mV. Furthermore, when the
concentration of ligand is fixed at 1.0 mM, the limiting behaviours
of the potential peaks are equal to those obtained with the BASA
model (59 mV for cinit

H3P � cinit
L ðfixedÞ and 85.5 mV for cinit

H3P �
cinit

L ðfixedÞ ). Moreover, D Dw
o /peak

� �
present an interesting behav-

iour for logðcinit
L =cinit

H3PÞ ffi �1:0. For �1:0 < logðcinit
L =cinit

H3PÞ < �0:5,
the peak-to-peak potential difference is equal to 120 mV and the
charge transfer process occurs via reaction (R7). For
logðcinit

L =cinit
H3PÞ < �1:0, reaction (R8) prevails, and P3� is formed at

the interface.

2.3. Interfacial complexation of ðH2PÞ2L2�

2.3.1. Effect of pH
In this section we examine the variation of Dw

o /peak for the for-
ward scan and D Dw

o /peak

� �
as a function of pH for the formation of

complexes with 2:1 anion-to-ligand stoichiometry. To increase the
effect of mixed diffusion regime, the analysis is carried out for
2cinit

L ¼ cinit
H3P. Fig. 6 compares the variation of Dw

o /peak and
D Dw

o /peak

� �
for BASA and UBASA models. The general behaviour

of the peak potential is equivalent to that found in Fig. 2c. When
buffered aqueous solutions are considered (BASA model), the peak
potential shows a linear relationship of pH with a slope of �59 mV/
decade, in the pH range between 8 and 11. In addition, Dw
o /peak

reaches a constant value in the pH range between 3 and 7. The
UBASA model exhibits a pH range where the current–potential
profiles show two well-defined charge transfer processes. The
transfer process at more positive potential is associated with reac-
tion (R9) and the second process takes place via water autoprotol-
ysis (reaction (R11)). Outside the pH range, where two different
charge transfer processes occur, the potential transfer values ob-
tained with BASA and UBASA models are the same.

Therefore, the overall reactions for the facilitated transfer of
H2P� can be postulated as follows:

2H2P�ðwÞ þ LðoÞ� ðH2PÞ2L2�ðoÞ ðR9Þ

for both models;

2HP2�ðwÞ þ 2HþðwÞ þ LðoÞ� ðH2PÞ2L2�ðoÞ ðR10Þ

for BASA model; or:

2HP2�ðwÞ þ 2H2Oþ LðoÞ� ðH2PÞ2L2�ðoÞ þ 2HO�ðwÞ ðR11Þ
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or

4HP2�ðwÞ þ LðoÞ� ðH2PÞ2L2�ðoÞ þ 2P3�ðwÞ ðR12Þ

for UBASA model.
The last reaction occurs when the anion concentration is high

enough so that protons are provided by an acid weaker than water
ðHP2�Þ.

Reactions (R9) and (R10) occur at the same applied potential,
whereas reactions (R11) and (R12) involve higher energy transfers
than reactions (R9) and (R10).

D Dw
o /peak

� �
values (see Fig. 6b) obtained with the BASA model is

54.8 mV for 2cinit
L ¼ cinit

H3P. This D Dw
o /peak

� �
value is a consequence of

the mixed diffusion regime [26,27,31,32,37,38]. For the UBASA
model, when pH < pKw

H2P� the D Dw
o /peak

� �
is equal to 54.8 mV and

for pKw
H2P� < pH < pKw

HP2� ; D Dw
o /peak

� �
reaches a maximum value

of 94.1 mV. In this pH range, the charge transfer process is con-
trolled by mixed diffusion regime and coupled chemical reactions
[37,38].
Fig. 6. Simulation results for the interfacial complexation of H2Pð Þ2L�. Variation of
the peak transfer potential for the forward scan as a function of pH (a). Simulations
obtained for BASA (filled circle) and UBASA (open circle) models for cinit

H3 P ¼ 2cinit
L .

Variation of the peak-to-peak potential difference as a function of pH (b).
Simulations obtained by BASA model (filled circle) and UBASA model (open
diamond and open hexagon). Simulated results correspond to the first charge
transfer process (open circle) and the second charge transfer process (open
hexagon). ba

ijk ¼ 0:00 except for log bo
121

� �
¼ 35:0 and cinit

H3 P ¼ 2cinit
L ¼ 2:00 mM. Other

parameters are the same as those in Fig. 1.
2.3.2. Effect of the initial concentration of the ligand and anion species
In this section, we analyze the effect of the initial concentration

of the ligand and the anion on the charge transfer processes for the
formation of ðH2PÞ2L2�. To increase the effect of coupled chemical
reactions, the analysis is performed at pH = 9.5 where HP2� is the
predominant species in the aqueous phase. In this experimental
condition, facilitated anion transfer occurs according to reaction
(R10), or reactions (R11) or (R12) for BASA or UBASA models,
respectively.

Fig. 7 indicates the peak potential for the forward scan and the
peak-to-peak potential difference as a function of the concentra-
tion ratios. For the BASA model, both, the peak potential and the
peak-to-peak potential difference show the same behaviour in
each experimental conditions (cinit

H3PðfixedÞ or cinit
L ðfixedÞ). When

cinit
L � cinit

H3PðfixedÞ (or cinit
H3P � cinit

L ðfixedÞ), Dw
o /peak shifts by 28.5 mV

(�59 mV) per decade of concentration ratio, whereas for
cinit

L � cinit
H3PðfixedÞ, the potential peak remains constant. Conversely,

when cinit
H3P � cinit

L ðfixedÞ; Dw
o /peak shifts by �59 mV per decade of

concentration ratio. For concentration ratios close to � logð2Þ, the
peak potential is defined by a mixed diffusion regime
[26,27,31,32,37,38].

Fig. 7b shows the peak-to-peak potential difference as a func-
tion of the concentration ratios between ligand and anion. It also
shows typical current–potential profiles for different concentration
ratios from both models. For BASA model, D Dw

o /peak

� �
reaches a

maximum value of 54.9 mV. D Dw
o /peak

� �
remains constant with a

value equal to 29.6 mV and 42.6 mV for cinit
L � cinit

H3PðfixedÞ and

cinit
L � cinit

H3PðfixedÞ, respectively. It should be noted that the peak-
to-peak potential difference, in the case of the UBASA model, is
higher than that expected from a charge equal to �2. D Dw

o /peak

� �
reaches a maximum value of 94.6 mV and for cinit

L �
cinit

H3PðfixedÞ; D Dw
o /peak

� �
remains constant with a value equal to

79.8 mV.
Furthermore, when the concentration of ligand is fixed at

1.0 mM, the limiting behaviours of the potential are equal to those
obtained with the BASA model (42.6 mV for cinit

H3P � cinit
L ðfixedÞ and

ffi30 mV for cinit
H3P � cinit

L ðfixedÞ). Moreover, D Dw
o /peak

� �
present an

interesting behaviour for logðcinit
L =cinit

H3PÞ ffi �2:0. For �2:0 < log

ðcinit
L =cinit

H3PÞ < �1:5, the peak-to-peak potential difference is equal
to 60 mV and the charge transfer process occurs via reaction
(R11). For logðcinit

L =cinit
H3PÞ < �2:0, reaction (R12) prevails and P3� is

formed at the interface.
2.4. Analysis of the facilitated anion transfer for different anion-to-
ligand stoichiometries

We first perform a comparative analysis of the effect of water
autoprotolysis on the facilitated anion transfer. To quantify this ef-
fect we define the change of the free energy transfer as follows:

D DG00 ;w!o
tr

� �
¼ DG00 ;w!o

tr;BASA model � DG00 ;w!o
tr;UBASA model ð47Þ

where, DG00 ;w!o
tr;BASA model and DG00 ;w!o

tr;UBASA model are the free energy transfers
obtained for unbuffered and buffered aqueous solutions, respec-
tively. The change in free energy quantifies the extra energy neces-
sary for the breakdown of water molecules to produce the protons
involved in the transfer of the anion. The BASA model provides the
minimum energy required for the transfer and therefore the

DðDG00 ;w!o
tr Þ is defined according to Eq. (47). Fig. 8 shows the varia-

tion of DðDG00 ;w!o
tr Þ as a function of the concentration ratios between

the ligand and the anion for the systems analyzed in Figs. 3, 5 and 7



Fig. 7. Simulation results for the interfacial complexation of H2Pð Þ2L� . Variation of
the peak transfer potential for the forward scan (a) and peak-to-peak potential

difference (b) as a function of log cinit
L =cinit

H3 P

� �
. Simulations obtained by a constant

anion concentration cinit
H3 P ¼ 2:00 mM

� �
((filled circle) BASA model and (open circle)

UBASA model) and a constant ligand concentration cinit
L ¼ 1:00 mM

� �
((filled

triangle up) BASA model and (open triangle up) UBASA model). Panel (b):

Voltammogram obtained for a constant anion concentration cinit
H3 P ¼ 2:00 mM

� �
((1) BASA model and (2) UBASA model) and a constant ligand concentration
cinit

L ¼ 1:00 mM
� �

((3) BASA model and (4) UBASA model). pH 9.50. Other param-
eters are the same as those in Fig. 6.

Fig. 8. Change of the free energy transfer defined by Eq. (47) as function of

log cinit
L =cinit

H3 P

� �
. The change of the free energy transfer results is shown by different

anion-to-ligand stoichiometries: 1:1 (filled circle), 1:2 (open circle) and 2:1 (filled
triangle up).
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(particularly where cinit
H3P is fixed). D DG00 ;w!o

tr

� �
increases as the con-

centration ratio becomes more positive until reaching a constant
value for all stoichiometries studied (1:1, 1:2 and 2:1). For the 2:1

anion-to-ligand stoichiometry, D DG00 ;w!o
tr

� �
reaches a constant va-

lue of 21.7 kJ mol�1 due to the release of two hydroxide anion by

anion transfers (see reaction (R11)). D DG00 ;w!o
tr

� �
reaches a constant

value at the same concentration ratios where the peak-to-peak po-
tential difference attains a maximum value (see Figs. 3, 5 and 7b)
since, at these concentration ratios, the interfacial pH reaches a con-
stant value.

According to the model proposed, we can obtain analytical
expressions for relating the formal potential of the anion and the
complexes formed, as well as, the half-wave potentials to the ini-
tial concentrations of anion and ligand. From Eq. (12), it is easy
to show that, for all the transfer mechanisms, the relationship
between Dw
o /o0

½ Hðn�iÞPð ÞjLk �ji�
and Dw

o /o0

Hðn�iÞP
i� can be expressed by

[24,25,28]:

Dw
o /o0

½ðHðn�iÞPÞjLk �ji�
¼ Dw

o /o0

Hðn�iÞP
i� þ

RT
jiF

ln
bo

ijk

bw
ijk

ðKD;LÞk
" #

ð48Þ

This last relation clearly shows that assisted anion transfer oc-
curs at potential values higher than those of the simple anion

transfer, i.e.,
bo

ijk

bw
ijk
ðKD;LÞk > 1. On this basis, different limiting cases

can be recognized for the assisted ion transfer. Shao et al. [45] have
proposed a terminology to characterize such cases, based mainly
on the comparison of the stability constant of the complex at both
phases. The authors have defined three different types of assisted
ion transfer mechanisms: aqueous complexation reaction followed
by ion transfer (ACT); ion transfer by interfacial complexation
(TIC); and ion transfer followed by complexation in the organic
phase (TOC). The most frequently observed mechanisms corre-
spond to ACT and TIC types of transfer.

According to the methodology proposed by Matsuda and co-
workers for TIC mechanism [24,25], and further generalized by
Girault and co-workers for different mechanisms of facilitated
ion transfer [28], it is possible to derive general equations that re-
late the half-wave potential, Dw

o /1
2
, to the initial concentrations of

ligand and anion for the BASA model.
We will now consider the mathematical expressions for the

half-wave potential of a particular anion i. The complexes formed
by the anion show a single j anion-to-ligand stoichiometry. It is
only possible to obtain analytical expressions for two limiting
cases:

when cinit
L � cinit

HnP and co
Hðn�iÞP

i� �
cinit

HnP
2n ,

Dw
o /

1
2

½ðHðn�iÞPÞjLk �i�
¼ Dw

o /00

Hðn�iÞP
i� þ

RT
jiF

lnðnÞ þ RT
iF

ln aHðn�iÞP
i�

� �

þ RT
jiF

ln j
cinit

HnP

2

 !ðj�1ÞXl

k¼1

bo
ijk cinit

L

� �k

2
4

3
5 ð49Þ

and when cinit
L � cinit

HnP

Dw
o /

1
2

½ðHðn�iÞPÞjLk �i�
¼ Dw

o /00

Hðn�iÞP
i� þ

RT
iF

ln aHðn�iÞP
i�

� �
þ RT

iF
ln cinit

HnP

� �

þ RT
jiF

ln
Xl

k¼1

kbo
ijk

cinit
L

2

� �ðk�1Þ" #
ð50Þ
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where

aHðn�iÞP
i�

� ��1
¼ 1þ

Xi

g¼1

cw
Hþ

� �g Yi

h¼iþ1�g

Kw
a;h

 !�1

þ
Xn�i

g¼1

cw
Hþ

� ��gYg

h¼1

Kw
a;ðiþhÞ

When we consider j = 1 and a single anionic form, Eqs. (49) and
(50) show a behaviour similar to that described in previous works
[24,25,28]. In limiting experimental conditions, the limiting
expressions of half-wave potentials obtained with BASA and UBA-
SA models are mutually consistent (see Figs. 3, 5 and 7a). In the
case of cinit

L � cinit
HnP, the intercept differs in the energy required to

hydrolyze water (Fig. 8).
Another interesting topic is the peak-to-peak potential differ-

ences for the stoichiometries analyzed. Under purely diffusion-
controlled conditions at a liquidjliquid interface and taking account
of that all charge transfer processes analyzed in Section 2 occur by
interfacial complexation (TIC/TID mechanism [45]), the maximum
value is reached by the following concentration ratio:

k�1vpeak;L

ffiffiffiffiffiffi
Do

p
cinit

L ¼ j�1vpeak;H3P

ffiffiffiffiffiffiffi
Dw

p
cinit

H3P ð51Þ

where vpeak;L and vpeak;H3P are the dimensionless peak currents for
cinit

L � cinit
H3P and cinit

L � cinit
H3P, respectively [28]. Both dimensionless

peak currents vary with the complexation stoichiometry.

3. Conclusion

A key point in this work is the effect of water autoprotolysis on
the facilitated anion transfer across the oiljwater interface. General
equations were developed for facilitated transfer of anions and
three particular cases were systematically analyzed in order to
illustrate the effect of the stoichiometry of the complexes formed
on the shape of the current–potential profiles. These systems were
analyzed considering the maximum contribution of the coupled
chemical reactions using a pH for the aqueous phase where HP2�

prevails. A systematic analysis of the effect of pH and the concen-
tration ratios for the different complexes formed was performed.

In addition, the half-wave potential dependence on the initial
concentration of anion and ligand has been analyzed for a single
j anion. The relationships obtained allow determining the stoichi-
ometry and overall association constants of the complexes formed
[24,25,28].

It was shown that for unbuffered systems (UBASA model) and
experimental conditions that increase coupled chemical reactions;
the peak-to-peak potential difference may be substantially greater
than that expected according to the charge of the anion transfer.

In the analysis performed in this work, monovalent species were
chosen because all the parameters that characterize the charge
transfer process, i.e. peak-to-peak potential difference, can be easily
translated to polyvalent anions. For systems with monovalent an-
ions, the parameters that characterize the charge transfer process
show the maximum variation in all experimental conditions studied.
This analysis may yield further insights into the recent experimental
results reported by Arrigan and co-workers for the transfer of phos-
phate anions assisted by a urea-functionalized calix[4]arene iono-
phore [19]. In the basis of their results, the authors propose that
only the monohydrogen phosphate species is being transferred un-
der the experimental conditions studied [19].
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