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Abstract

This paper discusses electrochemistry at the
interface between two immiscible electrolyte
solutions (ITIES) as a tool for studying charge-
transfer processes. It describes the ITIES
concept, including ideal polarization and the
formation of the electrical double layer. Different
models developed for the liquid-liquid interface
are briefly reviewed, emphasizing the
importance of the electrical double layer in
analyzing experimental data related to charge
transfer across the ITIES. Lastly, the
thermodynamic foundations of charge transfer
across the ITIES are explored, and an example
involving one of the most widely studied cations
in such systems is presented.

Keywords: Soft Interface. ITIES. Charge
Transfer. Thermodynamics.

1 INTRODUCTION

Resumo

Este artigo discute a eletroquimica na interface
entre duas solucbes eletroliticas imisciveis
(ITIES) como ferramenta para o estudo de
processos de transferéncia de carga. Ele
descreve o conceito de ITIES, incluindo a
polarizacdo ideal e a formacdo da dupla
camada  elétrica. Diferentes  modelos
desenvolvidos para a interface liquido-liquido
sdo brevemente revisados, com énfase na
importdncia da dupla camada elétrica na
analise de dados experimentais relacionados a
transferéncia de carga através da ITIES. Por
fim, sdo explorados os fundamentos
termodindmicos da transferéncia de carga
através da ITIES, e é apresentado um exemplo
envolvendo um dos céations mais amplamente
estudados nesses sistemas.

Palavras-chave: Interface Macia. ITIES.
Transferéncia de Carga. Termodinamica.

The interface between two immiscible electrolyte solutions (ITIES) has proven to

be a highly valuable platform in both fundamental and applied electrochemistry. It has
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CHARGE TRANSFER ACROSS SOFT INTERFACES: A MODEL FOR ELECTROCHEMICAL STUDIES

been extensively studied owing to its potential applications in quantifying and analysing
the transfer of charged species across interfaces. This opens up possibilities for
understanding various phenomena in chemistry, physical chemistry, sensor development,
molecular recognition, and molecular dynamics (lIzadyar, 2018), as well as environmental
applications like the selective recovery of heavy metals (Veldzquez-Manzanares et al.,
2022). Moreover, ITIES systems can provide insights into the thermodynamics of ion
transfer between biological systems and aqueous environmental matrices, serving as
models for the cell membrane—aqueous medium interface.

Research on ITIES began in the early 20th century, when Nernst and Reisenfield
experimentally evaluated the transport numbers of coloured electrolytes under an electric
field applied across the interface formed between two solvents, specifically, in a
water/phenol/water system (Nernst & Riesenfeld, 1902). Their work stimulated further
interest in examining charge transfer across interfaces between immiscible solvents
(Veladzquez Manzanares, 2003).

Progress in this area remained slow during the first half of the last century owing
to the limited understanding of the interfacial structure and potential distribution, as well
as the difficulty in obtaining experimental data, attributable to voltage drops caused by
the high resistance of organic solvents (Shao, 2007). Only in the 1960s did this field
undergo rapid advancements, driven by improvements in electronic systems that enabled
compensation for voltage drops and by enhanced recognition of the potential applications
of these systems in chemistry and biology (Velazquez Manzanares, 2003). Development
of the ITIES gained attention following the work of Koryta et al., who proposed that the
ITIES behaves similar to a metallic electrode immersed in a solution. This analogy
allowed the system to be studied using classical electrochemical techniques traditionally
applied to metal—electrolyte interfaces, thereby establishing the theoretical foundation for
studying charge transfer across such interfaces (Koryta et al., 1977).

The ITIES also focuses on studying the electrochemical behaviour of organic
molecules to obtain thermodynamic parameters that aid in understanding partition
phenomena and ion-transfer Kinetics in biphasic systems (water—organic solvent). The
aim of this paper is to provide an overview that facilitates a straightforward understanding
and study of the principles governing electrochemistry at liquid—liquid interfaces (ITIES).

In contrast to previous reviews, which often address the subject with a level of technical
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detail intended primarily for specialists, this work seeks to offer a clear and accessible
explanation by focusing on fundamental concepts and their significance. To this end, the
basic features of the electrical double layer at these interfaces and the main strategies used
to investigate it are discussed. Finally, a practical example is presented to illustrate how
these systems can be analysed and which parameters can be obtained using classical
electrochemical techniques. With this approach, the text aims to serve as a
comprehensible introduction that supports readers in transitioning to more advanced

studies.

2 OVERVIEW OF ITIES

The ITIES refers to the boundary formed between two immiscible liquids
containing electrolytes, each phase possessing different physicochemical properties. One
of the main differences between ITIES and metal—electrolyte systems is the nature of the
interfacial region (figure 1): In the ITIES, one phase is agueous, containing a hydrophilic
electrolyte, whereas the other is an organic solvent with a hydrophobic electrolyte. Under
these conditions, the interface is ideally polarizable, similar to that observed in a metal—-
electrolyte system (figure 1). However, ideal polarization occurs only within a specific
potential window, which depends on the choice of supporting electrolytes and organic
solvent (Koryta, 1979; Reymond & Girault, 2000).

Figure 1

a) ldeally polarizable TIES similar; b) Metal-electrolyte interface.
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3 ELECTRICAL DOUBLE LAYER

EnWhen two phases of different nature are brought into contact (as in ITIES
systems), an electrical double layer is formed, provided that both phases are ionic
conductors (Gavach et al., 1977). The first model of the electrical double layer was
developed for classical electrochemical systems (metal—electrolyte), with the double layer
considered a non-homogeneous region consisting of solvent molecules, ions, and other
molecules located near the surface of a polarized metal electrode. This region is divided
into two parts: a compact layer, composed of solvent molecules and ionic species that
may be specifically adsorbed, and a diffuse layer, composed of ions surrounded by their
solvation sphere (figure 2a) (Bard & Faulkner, 2001; Volkov et al., 1996).

The concept of the electrical double layer and its theoretical formulation for ITIES
systems was proposed by Verwey and Niessen (MVN) in 1937 (Verwey & Niessen,
1939). Their model postulated that, at a liquid—liquid interface, an electrical double layer
arises from the presence of electrolytes and the unequal distribution of positive and
negative ions between the phases. In this model, the double layer consists of a
geometrically negligible layer defined by solvent immiscibility, flanked by two diffuse
layers extending into the bulk of each phase (figure 2b). sphere (figure 2a) (Bard &
Faulkner, 2001; Volkov et al., 1996).

In 1977, Gavach et al. (Gavach et al., 1977) modified the MVVN model based on
experiments involving the point of zero charge, measurements of ion-transfer potentials
across the water—nitrobenzene interface, and interfacial tension studies. This modification
introduced the concept of an ion-free interfacial region, formed by the orientation of
solvent molecules resulting from molecular interactions between the phases. This ion-
free region separates two independent electrical double layers, one in each phase, each

consisting of compact and diffuse layers (figure 2c).
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Figure 2

The electrical double layer: a) metal | electrolyte system, b) MVN electrical double layer
model for ITIES systems, ¢c) modified MVN model. gM; electric charge on the metal, CC;
compact layer, CD; diffuse layer, RI; interfacial region, RL; ion-free region, Sol; solvent
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In 1983, Girault and Schiffrin challenged the concept of an ion-free interfacial
region in ITIES systems. Through interfacial tension measurements in three systems
(water/n-heptane, water—nitrobenzene, and water—1,2-dichloroethane (1,2-DCE)) under
conditions of excess water and solvated ions, the authors evaluated the thermodynamic
feasibility of such a layer. Their findings supported a revised model in which the interface
consists of a mixture of solvent molecules and ions that penetrate the region, maintaining

a continuous dynamic exchange between the phases (figure 3) (Girault & Schiffrin, 1983).

Figure 3
Structure of the interfacial region for ITIES, Girault & Schiffrin Model. RI; interfacial

region.
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In recent years, computational simulations have been increasingly used for
describing the charge distribution near the interface between two immiscible liquids, as
they enable the consideration of various molecular interactions (ion—solvent, solvent—
solvent, and ion—ion) that influence both the structural properties of the liquid and charge
distribution in such systems. However, these simulations require significant
computational resources (Gschwend et al., 2020).

To reduce computational costs, molecular dynamics simulations are often used.
These simulations consider the structure of liquids by assessing the mean force potential
on an ion and reconstructing the ion distribution near the interface using the generalized
Poisson—Boltzmann equation (Luo et al., 2006). However, such frameworks typically
assume a constant electrical permittivity or its abrupt discontinuity, ignoring the influence
of the width of the interfacial region on the potential distribution. To address this,
researchers have adopted finite element simulations to explore the influence of varying
electrical permeability on the capacitance (Momotenko et al., 2012).

The structure of the electrical double layer in ITIES systems remains an active
area of research, given the implications of the interfacial structure for interpreting
experimental data related to potential drop, as well as current and potential responses to
ion or electron transport. In a recent study, Gschwend and Girault (Gschwend & Girault,
2020) examined the dependence of the surface charge density of polarized ITIES on the
applied potential difference and electrolyte concentration in the organic phase using
electrocapillary curves, capacitance measurements, and nonlinear spectroscopy (second
harmonic generation at the interface). Their results showed that the surface charge density
varies quasi-linearly with the applied potential difference, suggesting that the potential
drop occurs solely between two ionic monolayers, with no contribution from the diffuse

layer, a framework they termed the ‘discrete Helmholtz model’.
4 TRANSFER OF CHARGED SPECIES ACROSS THE ITIES

When two immiscible liquids in contact behave as good ionic conductors
(favoured by the presence of ions), such as water (w) and an organic phase (0), a partition
of charge-carrying species, mainly ions, occurs across the interface. This charge transfer

is driven by the energy difference between the two phases, depending on the
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electrochemical potential (i) of the electrolytes present in each phase. At the ITIES, three
types of charge-transfer processes can be defined, as described by equations (1)-(3) (Shao,
2007):
Transfer of ions (M?*) across the interface:
a) Simple ion transfer:
M7t (w) 2 M** (o) 1)
b) lon transfer facilitated by complex formation:

M*(w) + mL(0) 2 L,,M*(0) (2)

Electron transfer between a redox pair O1/R1 in the aqueous phase and another

0O2/R2 in the organic phase:
0;(w) + Rz (0) 2 Ry(w) + 02(0) 3)

This work focuses on ionic transfer processes across the ITIES
4.1 Thermodynamics of ion transfer across the ITIES

To understand the thermodynamics of ion transfer across the ITIES, the system

must be considered at equilibrium.
4.1.1 Simple ion transfer
Considering a system similar to that discussed in previous sections, for a specific

M#* ion, equilibrium implies that the Gibbs transfer energy between the two phases is

zero (equation 4) and the j values in each phase are equal (equation 5):

Veredas do Direito, v.23, 238002 — 2026




CHARGE TRANSFER ACROSS SOFT INTERFACES: A MODEL FOR ELECTROCHEMICAL STUDIES

A tWT;VIOZ+ = IIAM/;Z+ - [II?/IZ+ (4)
ﬁ$z+ = IZI(\)/IZ+ (5)
where

AG/ =+, 1s the Gibbs transfer energy of the species from the aqueous to the organic phase, and

fiyz+ and fiy -+ are the electrochemical potentials in the aqueous and organic phases, respectively.

The electrochemical potential can be expressed as the sum of chemical and
electrical contributions (equation 6)
Uzt = Uyzt + ZF P (6)
where

Uyz+ is the chemical potential, z is the charge, F is the Faraday constant, and ¢ is the Galvani
potential. u,,z+ can be expressed in terms of the standard chemical potential (yf,,z+) and the activity

of the ionic species (a,,z+), as shown in equation (7):
Uzt = ,uf,,“ + RT Inayz+ (7)

where

R is the ideal gas constant and T is the temperature.

By rewriting equation (5) in terms of the chemical potential and electrical
contribution (equation 6) and considering equation (7), equation (5) can be expressed as

follows:
U, + RT Ina¥zr + 2F Q™ = po2, + RT InaSzs + 2F ° (8)

By rearranging equation (8) to obtain an expression describing the change in the

Galvani potential due to ion transfer across the interface, equation (9) is obtained:
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In equation (9), the standard Galvani potential can be defined as A%¢?® =
ll;),,g+ ﬂMz+
zF

concentration as shown in equations (10) and (11):

, With ayz+ = yyz+cyz+. Then, equation (9) can be rewritten in terms of

RT, VMz+ RT , Cyz+

0 4 KT
b = Ayp® + VLVH + = In s (10)
, RT, Cyz
b = MY +—In cf»;: (12)
where

Y=+ and yyz+ are the activity coefficients; cy 2+ and c,;-+ are the ion concentrations in the organic

and aqueous phases, respectively; and A% 9’ is the formal ion-transfer potential.

Equations (9)-(11) represent the Nernst equations for ion transfer across a liquid—
liquid interface. These equations are analogous to the Nernst equation for the potential of
a metal electrode immersed in an electrolyte solution. Therefore, the standard Galvani
potential corresponds to the standard Gibbs free energy of ion transfer expressed on a

voltage scale (equation 12):

Acfr""_“’

69° = (12)

Equation (11) shows the dependence of Aj ¢ on the partition of M** species and
their concentrations across the ITIES (Koryta, 1979, 1988; Koryta, Vanysek, et al., 1977;
Reymond et al., 2000; Shao, 2007; Velazquez Manzanares, 2003; Velazquez-Manzanares
et al., 2022). Thus, by studying Ag ¢, charge transfer across the ITIES can be examined.
By varying Aj¢ using an external voltage source, the partition equilibrium of these

species can be manipulated, concentrating them in one phase or another.
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4.1.2. lon transfer facilitated by complex formation

The study of ion transfer across the ITIES is often limited by the potential window,
which depends on the choice of solvents and supporting electrolytes. When the ion
transfer potential lies outside the potential window defined by the supporting electrolyte
and organic solvent, charge transfer at the ITIES cannot be observed (Shao, 2007).
However, the transfer of certain ionic species, especially metal ions, can be studied
through facilitated transfer, which involves the formation of complexes between the ionic
species M*"and a ligand or ionophore (L). The presence of L reduces the Gibbs energy
of transfer, shifting it into the potential window. In this case, the transfer potential can be
described as equation (13) (Koryta, 1979; Senda et al., 1991):

A = Aplar — MDY, (13)

If facilitated transfer occurs as described in equation (2), with either L or M** in
excess and under the simplest reaction condition (1:1 stoichiometric ratio), then mass
transport is similar to that in a redox process at a solid electrode in metal—electrolyte
systems. (Reymond et al., 2000). Therefore, the thermodynamic equilibrium for the
species involved can be described as equation (14):

f+ + AL = [, (14)

If L is hydrophobic and neutral, its g7 will equal u? (Bard & Faulkner, 2001).
Thus, equation (14) can be rewritten as equation (15):

U + RT Inalzv + zFQ™ + ui® + RT Inaf = uyy? + RT Inafy, + zF ¢°
(15)

By simplifying equation (15) similar to equation (8) in the previous section, we
obtain an equation analogous to the Nernst equation for facilitated ionic transfer (equation
16):
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B =97 = it + 977 — ol + L in Lt (16)

where

-aGovw°

AW PG = povi + ¢ — by = . As in the case of equation (10), equation (16) can be

rewritten in terms of ion concentrations as equation (17):

AYp = AVl + —l LGy (17)

CO

In this case, facilitated transfer can be expressed using the association constant
(Ka) (equation 18):

RT
Ay b, = — = InKq + AY Pyya (18)

Assuming an ideal solution with AY¢g, = AW¢$, and by substituting equation

(18) into equation (17), the following expression is obtained (equation 19):

DY = A yyr + S L (19)

KaCPCyyz+

Equations (17) and (19) are analogous to the Nernst equation and describe the

change in potential at the interface owing to facilitated ion transfer.
5 STUDY OF CHARGE TRANSFER ACROSS THE ITIES

Electrochemical studies at the ITIES require careful consideration of several
factors, including the electrochemical cell design, selection of an organic solvent
immiscible in water, choice of suitable electrolytes for both phases, and the use of a
potentiostat/galvanostat configured for a four-electrode setup when employing a large-
area cell.
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5.1 Electrochemical cell

To study ion transfer at the liquid—liquid interface, the agueous and organic phases
must be placed in contact within a cell. The cell design is aimed at minimizing resistivity
associated with the organic solvent and reducing the ohmic drop during charge transfer
across the interface. A conventional four-electrode cell typically consists of two counter
electrodes (typically platinum wires) immersed in the aqueous and organic phases to
apply perturbation. Additionally, two reference electrodes (Ag/AgCl or saturated calomel
electrodes) are constructed using Luggin capillaries and positioned close to the interface
on both sides (aqueous and organic) to minimize the ohmic drop (Shao, 2007; Velazquez
Manzanares, 2003) (figure 4). This configuration enables the accurate implementation of
various electrochemical techniques.

As most organic solvents used in these systems are toxic, it is advisable to use

small solvent volumes, typically 1-2 mL

Figure 4
Typical four-electrode cell configuration for ITIES studies.
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5.2 Organic solvents and support electrolytes

Another key component in ITIES studies is the supporting electrolyte in both the
aqueous and organic phases. These electrolytes enhance conductivity and facilitate
interface polarization. To ensure a wide potential window, the electrolytes must exhibit a
large Gibbs energy of transfer, greater than that of the electroactive species, thereby
ensuring that it does not transfer at the same potential as the electroactive species.

In the aqueous phase, common supporting electrolytes include LioSO4, MgSQOs,
LiCl, and HCI, whereas in the organic phase, tetrabutylammonium tetraphenylborate and
tetrakis(4-chlorophenyl)borate—tetraphenylarsonium chloride are frequently used. These
salts can be prepared in the laboratory or purchased commercially, and both are soluble
in nitrobenzene and 1,2-DCE (Velazquez Manzanares, 2003).

Given the toxicity of commonly used organic solvents, alternatives have been
explored, such as 2-heptanone, 2-octanone (Cheng & Schiffrin, 1997), 1,4-
dichlorobutane, 1,6-dichlorohexane (Katano, 2004), and trichlorotoluene (Olaya et al.,
2012). The latter two have shown promising results for ITIES studies, extending the

potential window towards more negative potentials.
5.3 Electrochemical techniques

Research has shown that the ITIES behaves similarly to a metal—electrolyte
system. Therefore, classical electrochemical techniques can be applied to study charge
transport across the liquid-liquid interface (Koryta, 1979; Koryta, Vanysek, et al., 1977).
The electrochemical techniques commonly used to study the ITIES include potential
sweep methods such as cyclic voltammetry (CV), differential pulse methods such as
square wave voltammetry (SWV), and impedance techniques such as electrochemical
impedance spectroscopy.

Although data obtained using these techniques for ITIES must be interpreted
differently from those of metal—electrolyte systems, the obtained parameters can be
considered equivalent. The main difference lies in the phenomenon being studied

(Velazquez Manzanares, 2003).
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5.3.1 Cyclic Voltammetry

CV is one of the most versatile and widely used techniques for studying the
electrochemical behaviour of electroactive species. It provides information crucial for
understanding electrochemical processes, such as reversibility and reaction mechanisms.
Therefore, CV is often the first technique used to explore electrochemical systems
(Kissinger & Heineman, 1983; Mabbott, 1983). In CV, the system is polarized by
applying a potential ramp from an initial potential E; to a final potential Es. Once the final
potential is reached, the scan direction is reversed back to Ei, generating a classic cyclic

voltammogram (i—E(t)) (figure 5).

Figure 5
CV of TMA* (Tetramethylammonium) transfer across the water | 1,2 DCE interface

(Solid line). Baseline shows the system potential window (dotted line).
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From the CV data, system reversibility can be easily determined. Specifically, for

a reversible system (metal—electrolyte), the ratio of the cathodic to anodic peak currents

approaches unity (i”—* ~ 1) (Bard & Faulkner, 2001; Wang, 2000). In ITIES systems,
o—

these peaks are referred to as positive (ip*) or negative current peaks, as the process

involves charge (mass) transfer across the interface (Velazquez Manzanares, 2003).
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A reversible system is described by the Nernst equation (20). At equilibrium, the
applied potential is equal to E?’. In CV analyses, E?" can be determined from the
correlation between the positive (E,.) and negative peak transfer potentials (E,_)

(equation 21) (Mabbot, 2020; Scholz et al., 2010a):

_ pOr 4 RT Cﬁl“
E=E" + in k™ (20)
E E,_
By, =E% = e (21)

The number of charges transported across the interface can be evaluated from CV

curves, based on the separation between (E,..) and (E,_) (equation 22) [11, 26]:

0.059
z

AE, = E,y —E,_ ==V (22)

The value of 0.059 V corresponds to the theoretical prediction at 25 °C, estimated
from the Nernst equation for peak current in both positive and negative charge transfer
modes. As in metal—electrolyte systems, diffusion coefficients for each phase of ITIES
systems can be determined using the Randles—Sevéik equation (23) (Bard & Faulkner,
2001; Velazquez Manzanares, 2003; Wang, 2000):

ip = 2.69 X 105¢°z3/2ADY/2p1/? (23)

where

ip is the peak current, c® (mol cm) the initial concentration of the electroactive species, A (cm?)

is the interfacial area, v (V s%) is the scan rate and D (cm?s?) is the diffusion coefficient.
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5.3.2 Square wave voltammetry

SWV is a highly versatile electrochemical technique (Bard & Faulkner, 2001),
typically implemented by applying a staircase potential programme, where the potential
increases by a fixed increment (AE;). Through this programme, a symmetrical double
pulse is applied: one pulse towards positive potentials (AE,,;-) and another towards
negative potentials (AE,,;_), relative to AE; (Bard & Faulkner, 2001; Scholz et al.,
2010b; Wang, 2000)

The response of the system to these perturbations is measured at the end of each
individual pulse. For each cycle, two currents (ipui+ and ipui-) are recorded, corresponding
to the transfer of electroactive species across the ITIES. The difference between these
currents, Ai = ipy4 — ipy—, €liminates the background current resulting from the
capacitance of the electrical double layer and enhances the signal, making the technique
highly sensitive. These results are interpreted by plotting Ai versus the applied potential
(E), with the maximum response obtained when AE,= E?’ ("Mabbot, 2020; Scholz et al.,
2010b). One of the earliest applications of pulse electrochemical techniques at the ITIES
was reported by Marecek & Samec in 1981. The authors examined acetylcholine using
differential pulse stripping voltammetry (DPV) and concluded that pulse techniques are
promising tools for electroanalysis. Furthermore, for a reversible system, the peak

potential (E,,) obtained by SWV is equal to the half-wave potential (E1/2) obtained by

potential sweep techniques (MareCek & Samec, 1981).

Pulse techniques have also been used for ITIES studies aimed at quantifying
various analytes. In 2005, Beni et al. performed the determination of dopamine (DA) in
the presence of ascorbic acid using DPV and SWV. Selectivity toward DA was achieved
by facilitated transfer based on dibenzo-18-crown-6 (DB18C6), obtaining a detection
limit (DL) of 2 uM (Beni et al., 2005). In 2008, Juarez & Yudi conducted a quantitative
analysis of the herbicide prometryne using SWV without any pretreatment, obtaining a
DL of 1.5 yM (Juarez & Yudi, 2009). Similar techniques have also been applied to
quantify DA across micro-interfaces between two immiscible electrolyte solutions
(UITIES) via facilitated transfer based on DB18C6, achieving a DL of 0.5 uM and

demonstrating a linear relationship between concentration and i, (Berduque et al., 2008).
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The SWV has also proven effective in analysing electroactive species. For example,
Ortufio et al. performed the electrochemical characterization of the neurotransmitter 2-
phenylethylamide via DB18C6-facilitated transfer, determining its standard transfer
potential and diffusion and complexation coefficients. Subsequent quantification was
performed using chronoamperometry and double-pulse chronocoulometry (Ortufio et al.,
2016).

Numerous studies have adopted ITIES, demonstrating its relevance across various
fields (Jetmore et al., 2022; Jin et al., 2025; Laborda & Molina, 2021; Ribeiro et al.,
2024), including interfacial electrocatalysis (Gamero-Quijano et al., 2023). Fundamental
investigations have addressed the partitioning and charge transfer of environmentally
relevant analytes, such as triazines and heavy metals (Reyes-Reyes et al., 2017;
Velazquez-Manzanares et al., 2019), as well as the development of pharmacological
compounds and synthetic drugs (Borgul et al., 2022; Mandic, 2014; Reymond et al.,
1999; Reymond, Steyaert, Carrupt, et al., 1996; Reymond, Steyaert, Pagliara, et al.,
1996), neurotransmitters (Beni et al., 2005; Rudnicki et al., 2024), and other ionizable
chemical species. Researchers have also incorporated kinetic analyses of transfer
processes (Canseco et al., 2024; Velazquez-Manzanares, 2016; Veldzquez-Manzanares
et al., 2022; Velazquez-Manzanares & Schiffrin, 2004).

A current trend in ITIES research is the miniaturization of the interface to
micrometre scales (MITIES), which helps reduce the ohmic potential drop. HITIES
systems have thus been used to study electrochemical behaviour and develop detection
and quantification methods for a wide range of analytes, including poly(amidoamine)
dendrimers of various generations (Islam & Arrigan, 2024); enzymes such as catalase
(Zannah & W. M. Arrigan, 2021), trypsin, and pepsin (Zannah & Arrigan, 2025);
neurotransmitters such as DA (Berduque et al., 2008) and ractopamine (Sairi & Arrigan,
2015); pharmaceuticals and synthetic drugs such as ephedrine (Borgul et al., 2021) and
quinine (Rudnicki et al., 2021); antibiotics from the fluoroquinolone (Rudnicki et al.,
2019) and cephalosporin families (You et al., 2025); cocaine metabolites (Borgul et al.,
2024); and contaminants such as ametryn (Lu et al., 2020) and Cd(Il) (Ahmed et al.,
2022). In all cases, DLs in the micromolar (M) range were achieved.

Recently, Xu and Shen reported the development of a HITIES-based

microelectrode for in vivo monitoring of acetylcholine in the mouse brain, enabling its
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detection and quantification via CV and chronoamperometry (Xu & Shen, 2025). This
work represents a significant advancement in ITIES-based electrochemical sensing.

Obtaining thermodynamic information on charge transfer from data acquired
using electrochemical techniques typically requires a non-thermodynamic reference. The
most widely used approach, proposed by A. Parker, assumes that the transfer energies of
tetraphenylarsenic (TPAs*) and tetraphenylborate ions (TPB°) are equal in the same
solvent and can be determined using different extraction techniques (Koczorowski, 1981;
Koryta, Vanysek, et al., 1977; Velazquez Manzanares, 2003). These data enable the
evaluation of the Galvani potential scale from the cell potential.

6 EXAMPLE OF HOW TO STuDY THE TRANSFER OF
TETRAETHYLAMMONIUM CATION ACROSS THE WATER-1,2-DCE
INTERFACE

6.1 Experimental conditions

Thermodynamic studies of Tetraethylammonium (TEAY) transfer were performed
in a four-electrode electrochemical cell (figure 4), consisting of two platinum counter
electrodes (Sigma Aldrich, 99.9% purity) and two Ag/AgCl reference electrodes. CV and
SWV measurements were performed using a Reference 620 Potentiostat/Galvanostat
(Gamry Instruments, USA). All experiments were conducted inside a Faraday cage at
room temperature (25 °C).

All reagents were of at least analytical grade. The solvents used were
spectrophotometric-grade 1,2-DCE (Sigma Aldrich, 99%) and triple-distilled water
(Jalmek, Mexico). Tetraphenylarsenic tetrakis-4-chlorophenylborate (TPASTPBCI,
Aldrich) and lithium chloride (LiCl, Sigma Aldrich) were used as supporting electrolytes
in the organic and aqueous phases, respectively. Tetraphenylarsenic chloride (TPASCI,
Aldrich) was used as the reference salt in the organic phase. TEA™ was obtained from its

salt, tetramethylammonium chloride (TEACI, Sigma Aldrich).

The cell configuration was as follows:
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Table 1
TPAsSCI | TPASTPBCI | LiCl
Ag/AgCly - 0.01M Ag/AgCl,
0.01M | 0.01M [X] MM TEA*
where

Ag/AgCl; and Ag/AgCl; are the reference electrodes located in the organic and aqueous phases,

respectively.

For CV studies, the TEA" concentration was 0.12 mM, with the system polarized
at scan rates between 20 and 100 mV/s. For SWV studies, the system was polarized at a
frequency of 10 Hz, with the TEA* concentration varied between 0.058 and 0.230 mM.

The potentials were reported on the Galvani scale and calculated from equation
(24):

Ecgrpa = A40¢ — A‘3V¢TPA5+ (24)

where

Ay ¢ is the Galvani potential, and Ay ¢pac+ IS the reference potential. The standard transfer

potential 4% ¢§P a5+ OF TPAS™ was set as -0.364 V (Velazquez-Manzanares, 1999).
6.2 Analysis

At the positive potential limit, the polarization window is bounded by the transfer
of Li* ions from the aqueous phase to the organic phase and TPBCI~ from the organic
phase to the aqueous phase, at approximately 0.45 V. In the reverse scan, these ions return
to their respective phases. At negative potentials, the potential window is limited by the
transfer of TPAs* ions from the organic phase to the aqueous phase and CI~ from the

aqueous phase to the organic phase, at approximately —0.23 V.
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Figure 6

CV of TEA* transfer at different polarization rates.
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As TEA" is present in the aqueous phase, and the interface is polarized in the
positive direction, a current peak is observed at 0.046 V, corresponding to the transfer of
TEA* from the aqueous to the organic phase. At —0.011 V, the transfer of TEA™ from the
organic to the aqueous phase is observed. These transfers occur in the ideal polarization
region of the system, facilitating its differentiation from the supporting electrolytes.

The reversibility of the process can be determined from equation (22), yielding a
value of 0.057 V, which is close to the theoretical value determined by the Nernst equation
(0.059 V at 25 °C) for the transfer of a single charge, confirming that this process is
reversible. Similarly, the half-wave potential (A7 ¢, ) for the process occurs at 0.017 V.

The transfer process is governed by the following balance (equation 25):

TEA*w 2 TEA%, (25)

6r,w—o
tr,i

Using A7 ¢4 2, the formal Gibbs energy of transfer (A7 G ) for a chemical

species i can be estimated. At equilibrium for TEA™ transfer (A‘5”¢?;\4A+ = Ay b12):

AWGY W0 = ZFAY I, 4+ (26)
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Figure 6 shows the CV curves of TEA* transfer across the water—1,2-DCE
interface at different polarization scan rates. The potential window defined by the
supporting electrolytes (TPASTPBCI in the organic phase and LiCl in the aqueous phase)
is sufficiently wide. When the interface is polarized toward more positive potentials, the
aqueous phase becomes more positive relative to the organic phase. Conversely, when
the polarization is swept in the opposite direction, the organic phase becomes more
positive relative to the aqueous phase. The potential window ranges from —0.2 V to 0.42

V (under ideally polarized conditions), as shown on the Galvani potential scale.

6r,w—o0

The transfer energy, AGG,,. 1+

represents the energy required for a chemical

species to cross the interface and serves as an indicator of the hydrophobicity. In this case,
the obtained value was 1.67 kJ mol ™, which is consistent with values reported for TEA*
ion transfer across the ITIES (Abraham & de Namor, 1976; Canseco et al., 2024). Figure
6 also shows that at different polarization scan rates, the maximum current peaks remain
at the same potential, whereas the signal increases as a function of the scan rate (from 20
to 100 mV s™'). This behaviour indicates that the response is diffusion-limited by the
TEA" ion.

Using the Randles—Sev¢ik expression, relating v¥2 to iy, (figure 7) based on

equation (23), the diffusion coefficients were obtained as Dry,+ = 1.50 x 107° cm?s*
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Figure 7

Linear dependence of current peaks on the square root of the polarization rate.
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Figure 8a shows the SWV voltammograms for different TEA* concentrations. The
current increases with increasing TEA™ concentration, whereas the current peak remains
at the same potential. Upon plotting the maximum response currents as a function of
concentration (figure 8b), a linear correlation was observed, with a correlation coefficient
of R? = 0.9906. These results demonstrate the potential of SWV for quantifying
electroactive species; however, this was not the objective of the present example. Detailed
electroanalytical applications can be found in the cited references. (Beni et al., 2005;
Juarez & Yudi, 2009; MareCek & Samec, 1981; Ortuiio et al., 2016).
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Figure 8
a) SWV for TEA* transfer, b) Linear relationship between concentrations and peak

current transfer.
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7 CONCLUSION

This study highlights that the electrochemical behaviour at the ITIES is similar to
that observed at classical metal—electrolyte interfaces. ITIES has proven to be a useful
platform for studying electrically charged compounds, particularly ions and ionizable
organic molecules, using traditional electrochemical techniques.

ITIES-based investigations enable the determination of the reversibility of transfer
processes and the acquisition of thermodynamic information, such as the formal transfer
potential and Gibbs free energy of transfer. These data are valuable in various
applications, such as the development of analytical quantification methods, ionic sensors,
and selective metal recovery systems. Furthermore, because ITIES serves as a model
system analogous to cell membrane—aqueous medium interfaces, it can provide insights
into the behaviour of drugs and contaminants in living systems, based on the derived
thermodynamic data.
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