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ABSTRACT

Applying spectroelectrochemistry to all-solid-state electrodes composed of poly(3-octylthiophene) (POT)
and an ultrathin ion-selective membrane on top, it is possible to monitor the dynamic charge transfer
(CT) in POT when this event is coupled to ion transfers (ITs) promoted by the absence/presence of a se-
lective ionophore in the membrane. Herein, we report on a combination of empirical and theoretical ev-
idence revealing that different molar ratios of the ionophore and the cation exchanger in the membrane
result in the modulation of non-assisted and assisted ITs of different stoichiometries. This occurs upon
the same anodic voltammetric scan. The use of the developed theory together with Sigmoidal—Boltzmann
fittings of the experimental dynamic absorbance observed in the POT film permits calculating voltammo-
grams with different ITs. An easy semi-empirical treatment additionally provides the calculation of bind-
ing constants related to the assisted transfers. Furthermore, the approach is suitable for both preferred
and non-preferred ions by the ionophore, which additionally leads to the estimation of the selectivity
profile of the POT-membrane system. The extra discovery about the number of electrons associated to
the CT in the POT film is expected to propitiate further research towards maximizing peak resolution
in the voltammetric experiments. In this context, the developed theory would help in future steps to-
wards the prediction of voltammetric responses for multi-ionophore membranes backside contacted with
new redox materials, prospecting hence new electrodes for multi-ion detection with optimized analytical

features.

© 2021 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Within the field of potentiometric ion-selective electrodes
(ISEs), today efforts are focused on the so-called all-solid-state con-
figuration, which is primarily based on two key elements: the ion-
to-electron transducer and ion-selective membrane (ISM) [1]. This
class of ISEs has demonstrated to be the analytical technique per
excellence for ion sensing in decentralized applications, particularly
involving wearable sensors in the form of epidermal patches and
microneedles as well as environmental probes for water monitor-
ing [2-4]. The versatility, simplicity and cost-effectiveness of the
fabrication process of all-solid-state potentiometric ISEs place them
as a unique platform to design any gadget for ion sensing purposes.
For example, a common cloth, paper or rubber material of any size
and shape can be converted into an ISE through hand-made depo-
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sition of the ion-to-electron transducer (e.g., carbon nanotube ink)
and then the ISM on top [5-8].

In general terms, the potentiometry readout represents the dif-
ference between the potential occurring at the ISM-sample inter-
face and that provided by a reference electrode (RE) at zero cur-
rent conditions [1]. This is specifically called 'the membrane po-
tential’ and is defined by the local equilibrium of ions present in
both the ISM and sample; thus, any change in the activity of these
ions results in a change in the membrane potential value. Ideally,
the potential related to each interface contained in the ISE-sample-
RE system should be constant, except for the membrane potential.
Also, the ISE is designed in such a way that the membrane poten-
tial exclusively depends on the ion activity in the sample. As a re-
sult, the potentiometric response unequivocally follows the Nernst
equation [9].

Despite potentiometric ISEs being a well-entrenched technique
for ion sensing, yet not all the analytical scenarios can be ad-
dressed because of some restrictions in the analytical performance
(such as the limit of detection and selectivity). Indeed, authors in
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Fig. 1. (a) Illustration of the mechanism underlaying the POT-membrane system
upon application of a linear sweep potential. POT?/POT+=neutral and oxidized
poly(3-octylthiophene). Na*TFPB-=the cation exchanger sodium tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate. I[SM=ion-selective membrane. Ecr=charge-transfer
potential. Ejr=ion-transfer potential. (1), (2) and (3) refer to the Electrode-POT,
POT-ISM and ISM-sample interface respectively, with the electrode specifically be-
ing an ITO glass in this work. (b) Illustration of the voltammogram observed when
three ion transfers (ITy, IT, and IT3) occur at the membrane-sample interface and
the simultaneous dynamic absorbance recorded by spectroelectrochemistry setup.
Eapp=applied potential.
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the field have directed their investigations over the last decades
towards: (i) searching for new ion-to-electron transducer materials
to assure the potential stability at its interface with the ISM [10-
12] or (ii) even introducing an instrumental adjustment for this
purpose [13]; (iii) the control of inconvenient ion fluxes across the
membrane that may deteriorate the ISE response [14-16]; and (iv)
discovering new ionophores with special emphasis on anions [17-
19], among other actions. Of particular interest is the interrogation
of ISEs with dynamic electrochemistry rather than traditional mea-
surements at zero current conditions [20].

While the role of the ion-to-electron transducer is providing
a constant potential at its interface with the ISM in classical po-
tentiometric all-solid-state ISEs [1], extraordinary properties can
be manifested when the redox state of the transducer is exter-
nally adjusted in order to control any ion-transfer (IT) process at
the membrane-sample interface. Investigations pioneering this idea
were based on a ISM backside contacted with a conducting poly-
mer such as poly(3,4-ethylenedioxythiophene) (PEDOT) or poly(3-
octylthiophene) (POT) [21-23]. The application of a linear sweep
potential generates the oxidation or reduction of the conducting
polymer and this results in a net flux of ions at the ISM-sample
interface driven by electroneutrality maintenance. In the particular
case of a membrane based on a cation exchanger (Na*tR™) with a
POT underlayer, POT is gradually oxidized to POT* and stabilized
by R~ in the membrane, thus resulting in the release of Na* to the
solution (Fig. 1a) [22]. This IT at the membrane-sample interface
generates a voltametric peak whose position and current magni-
tude (or charge) depends on the type of ion and its concentration
in the sample solution [24,25,26].

A rather wide plethora of possibilities has been recently opened
around this concept, primarily involving: (i) the use of different re-
dox materials to induce the charge disbalance in the system (such
as 7,7,8,8-tetracyanoquinodimethane [24,27], self-assembled mono-
layers [28,29] and redox probes directly dissolved in the membrane
[30-33]; (ii) the tuning of the membrane thickness and its compo-
sition (e.g., multi-ionophore nanometer-sized membranes [34,35],
reduced ion-exchange capacity [36]); (iii) the electrochemical pro-
tocol (cyclic voltammetry [22,25], stripping voltammetry [37,38] or
chronoamperometry [39]); and (iv) the theoretical understanding
and modelling of the working mechanism.[25,26,40-43] Regarding
this latter, the approach that seems to be most widely investigated
(and probably accepted) in the literature refers to the definition of
the applied potential as the sum of interconnected charge transfer
(CT) in the redox material and IT process at the membrane-sample
interface; whereas the current is assumed constant at each point of
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the system [25,26,42,43]. Recent directions agree in claiming that
the appropriate definition of the CT, in terms of the amount of the
material that is oxidized or reduced with the applied potential, is
crucial to define the current observed for the system; but also for
the characterization of thermodynamic aspects related to the inter-
connected ITs [42-44].

In our recent publication, we have introduced a new spectro-
electrochemistry approach for the monitoring of the dynamic oxi-
dation degree in the POT layer when connected to ultrathin mem-
branes able to provide IT(s) of different nature and number [43].
The absorbance of the POT layer changes upon polarization to
POT+ (see Fig. 1a) and we could mathematically model how the
POT experimentally becomes oxidized depending on the linked ITs.
More specifically, the CT is expressed in a sigmoid coinciding with
the range of the applied potential in which any voltametric peak
occurs and with the peak potential coinciding with the inflection
point of the CT curve. Whether more than one IT is possible, the
entire sigmoid curve is divided into portions linked to each IT. For
example, for a membrane based on three different selective re-
ceptors and thus providing three ITs, three sigmoidal portions ap-
peared (Fig. 1b). One important finding is that, between the dif-
ferent ITs, the experiments and theory demonstrated that no POT
is oxidized because no IT occurs [43]. This pointed out the un-
equivocally link between the CT and any IT process at the sample-
membrane interface, but also revealed that the sigmoidal shape
was not ascribed to the optical readout per se but to the pure CT
process in POT, i.e., the integral current for the CT-IT system.

In this work, we demonstrate for the first time spectroelec-
trochemistry measurements to monitor the CT in POT films that
are interconnected with ultrathin membranes designed to pro-
vide non-assisted (NAS) and ionophore-assisted (AS) ITs during the
same polarization (voltammetric) scan. The theoretical description
of how the CT advances with the applied potential reveals a huge
potential of this approach for different purposes. First, the molar
ratio between the ionophore and the cation exchanger in the mem-
brane crucially dictates the nature of the IT(s) (ionophore-AS versus
NAS ITs) that are visualized upon POT oxidation to POT*. Second,
this is the first time that both the dynamic CT and voltammograms
can be predicted by knowing some initial parameters related to
the ion-ionophore interaction(s) in the membrane. Finally, the the-
oretical model can be used in the direction to easily obtain ion-
ionophore binding constants and selectivity coefficients.

2. Experimental section
2.1. Reagents, materials and equipment

Aqueous solutions were prepared by dissolving the appro-
priate salts in deionized water (> 18.2 M). 3-octylthiophene
(97%, OT), lithium perchlorate (> 98%, LiClO4), high molecular
weight poly(vinyl chloride) (PVC), bis(2-ethylhexyl)sebacate (DOS),
sodium tetrakis[3,5-bis-(trifluoromethyl)phenyl|borate (NaTFPB),
potassium ionophore I (Valinomycin), sodium ionophore X (4-tert-
Butylcalix[4]arene-tetraacetic acid tetraethyl ester), sodium chlo-
ride (99.5%, NaCl), potassium chloride (99.5%, KCl), tetrahydrofuran
(> 99.9%, THF) and acetonitrile (anhydrous, > 99.8%) were pur-
chased from Sigma Aldrich. Absolute ethanol (99.5%, CH3CH,0H)
was acquired in VWR. Indium tin oxide (ITO) coated glass slides
(25 mm x 25 mm x 1.1 mm, surface resistivity 8-12 /sq) were
sourced from Sigma Aldrich.

Cyclic voltammetry was performed by an Autolab PGSTAT204
potentiostat (Metrohm Nordic). All the voltammograms showed in
this paper are the second scan obtained in each experiment. As
demonstrated in our previous publication, after discarding the very
first scan, the voltammograms are very well-maintained (i.e., ac-
ceptable reproducibility) for successive scans [43].
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An Autolab D/HAL light source (200-2500 nm, equipped with a
software-controlled shutter) and a reflection probe (DRP-RPROBE-
VIS-UV, produced by Metrohm) were used to generate illumina-
tion. Autolab Spectrophotometer UA (collecting wavelength range:
200-1100 nm), an optical cable from Dropsens (UV/VIS/NIR Optical
fiber) and a lens were combined to record spectra. All instruments
were controlled by Nova 2.1 software (supplied by Autolab). Calcu-
lations were accomplished in MATLAB_R2018b software.

2.2. Preparation of ITO-POT-membrane electrodes

ITO coated glass electrode was cleaned with ethanol through
ultra-sonification and then rinsed with water. For the POT syn-
thesis, a solution comprising 0.1 M of both 3-octylthiophene and
LiClO4 in acetonitrile (ACN) was used. After degassing by purg-
ing nitrogen for 15 min, POT was electrochemically polymerized
on the ITO electrode by performing cyclic voltammetry (0-1.5 V,
100 mV/s, 2 scans) and then discharged at 0 V for 120 s. A Plat-
inum electrode and a home-made Ag/AgCl wire were used as
counter electrode (CE) and reference electrode (RE) respectively in
the three-electrode cell. Thereafter, the synthesized POT film was
immersed in ACN and then THF for 30 min and 10 s respectively.

Stock membrane cocktails were prepared according to the
compositions presented in Table S1 (Supporting Information), es-
sentially containing or not potassium ionophore I or sodium
ionophore X. Then, the stock cocktails were diluted in THF: 50 uL
of stock membrane cocktail + 150 uL of THF. A volume of 30 uL
of diluted membrane cocktail was deposited on the POT-based ITO
by spin coating (1500 rpm, 60 s) using a spin coater provided by
GreatCell Solar (Australia).

2.3. Spectroelectrochemical measurements

The spectroelectrochemical cell was prepared as reported else-
where [45]. Briefly, the ITO-POT-membrane electrode (working
electrode, WE) is placed at the bottom of a Teflon compartment
via a metallic piece composed of a circled window in the middle
to allow the light passing. The metallic piece perfectly matches the
Teflon compartment with screws. The compartment possesses the
same rounded window. Next, the solution under study is added to
the compartment, with the CE and RE placed inside the solution.
The light source and detector are aligned to the center of the WE
for the light path to come through the circled window, with the
detector fixed on the bottom part of the cell and the light source
introduced together with the CE and RE in the solution compart-
ment but without touching the liquid. Thus, the POT film was il-
luminated from the top of the electrochemical cell and the trans-
mitted light was collected from the bottom after absorption by the
POT film. Notably, the same cell was used for the POT electropoly-
merization.

During CV experiments, spectra of the POT film were col-
lected with an acquisition time of 50 ms. After discarding the very
first voltammogram/spectra, four spectra were averaged to improve
signal-to-noise ratio. Dynamic absorbance change of the POT film
at 450 nm was selected as the optimum wavelength to distin-
guished between neutral and oxidized POT, as demonstrated in our
recent publication [43].

3. Theory

3.1. Formal definition of interconnected CT-IT processes in
POT-membrane systems

The CT-IT system is composed of a redox active film of POT that
is electropolymerized on an ITO glass electrode, and the ultrathin
membrane containing a fixed concentration of cation exchanger
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(Na*TFPB™) is situated on top of the POT film, as decribed in the
Experimental section. Accordingly, the system has three interfaces:
ITO-POT (interface 1), POT-membrane (interface 2), membrane-
solution (interface 3), as illustrated in Fig. 1a. The CT occurs at the
interface 1 by the application of a linear sweep potential (Eapp),
in which neutral POT is gradually oxidized to POT* and is doped
with the TFPB~ present in the membrane across the interface 2.
The transport of the TFPB~ at the interface 2 creates a charge dis-
balance in the membrane that is compensated with Na* (or a gen-
eral cation I* present in the membrane) release to the solution
across the interface 3, in other words, the IT process. Any IT oc-
curring at the interface 3 may be assisted by a selective receptor
(or ionophore, L) incorporated into the membrane.

From our previous studies with POT-membrane electrodes, we
know that the TFPB- transport at the interface 2 for POT dop-
ing/undoping upon polarization has a neglected influence in the
distribution of the applied potential, but also in the generated cur-
rent in the system, as the membrane behaves as a true thin layer
element [25,26,42].

Regarding the initial state of the POT-membrane system, while
the membrane is prepared with the Na* cation as part of the
NaTFPB cation exchanger compound, this is quickly and entirely re-
placed by any other cation present in the solution at relatively high
concentration [25,34]. For example, for a membrane containing
NaTFPB and potassium ionophore I, K™ is expected in the mem-
brane when this is introduced in a 10 mM KCI concentration solu-
tion. The expelled amount of Na* from the membrane to the so-
lution is so tiny as compared to the bulky K* concentration that
any voltammetric peak related to Na* transfer in/to the membrane
is not experimentally visualized [25,34]. Accordingly, Na*t traces in
the sample solution are not considered in the development of this
theory.

Then, the applied potential (Eqpp) is distributed between the CT
(Ect) at the interface 1 and the IT (Ejr) at the interface 3, and is
described by Eq. (1), as proposed elsewhere [25]. The generated
current upon the Ejpp is the same in all the points of the system
and is provided by Eq. (2) [25], with the maximum amount of POT
that can be oxidized to POT+ equal to the amount of TFPB~ in the
membrane [25,26,43].

Eqpp = Ecr + Epr (1)

dcpor+
ot (2)

where nppr is the average number of electrons transferred in the
oxidation/reduction of POT/POT*, F is the Faraday constant, A is
the area of the POT-membrane electrode that is in contact with
analyte solution, dpgr is the thickness of POT film, and ac%iotﬁ is
the rate of the oxidation or reduction of POT.

According to Eq. (2), it is necessary to obtain an expression
defining the dynamic oxidation of POT to POT* to be able to calcu-
late the current in the associated voltammograms. The next section

obtains such definition in the form of analytical equations depend-
org

. . . .
ing on the molar (or concentration) ratio j’;ﬁfﬂl in the membrane,

i = npor FAdpor

TFPB
which was found to dictate the presence of NAS and AS ITs in our
experiments (see below).

3.2. Varying the lonophore/NaTFPB molar ratio to promote
non-assisted and assisted transfer of I'* in a sole membrane

The CT process at the interface 1 is considered as a fast pro-
cess limited by electron transfer and not by the incorporation of
the lipophilic anion TFPB~ in the POT lattice, as above described.
Therefore, the potential at this interface is assumed to be at ther-
modynamic equilibrium and hence the Nernst equation is used for
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its description, as previously described in the literature for analo-
gous systems [25,26]:
Cporo

(3)
Cpot+

0
Ecr = Egr —spor In

where EgT is the standard potential for the CT process, spor is equal
to - IZTTF (where R is the gas constant, T is the absolute tempera-
ture, npor is the average number of electrons transferred in the ox-
idation or reduction of POT?/POT*, and F is the Faraday constant),
and cppro and cpor+ are the concentrations of reduced and oxidized
POT respectively.

From the total amount of POT that is electropolymerized in the
ITO, only a fraction is oxidized with the applied potential. The
maximum concentration of POT that can be oxidized is indeed
equal to the concentration of NaTFPB that is initially present in
the membrane, which is herein labeled as cﬁ‘l‘,’é,. The total con-
centration of TFPB~ will indeed be shared between the membrane
and the POT lattice according to the POT+ and POT° concentrations
(cporo and cpor+) through the following mass balance:

Total
Crrpp- = Cporo + CpoT+ (4)

where the cppr0 is equal to the TFPB- concentration that remains
in the membrane (also denoted as ‘org’). Accordingly, another way
to express the mass balance for the TFPB~ is with Eq. (5), in which
chort — ¢ as above described
TFPB = “POT+ » :

Total _ o1 POT*
Crrpe- = Crepg- + Crrps- (5)

Solving Eq. (4) for cpyro and inserting the result into Eq. (3), the
following equation is reached:

Total

Crrpg- — CpoT+

ECT = EgT — Spor In L o (6)
CpoT+

The concentration of TFPB~ that is in every moment in the
membrane (org) upon the Eqpp is in turn equal to the concentration
of I* in the membrane according to the electroneutrality condition,
and being I* complexed or not by the ionophore (L):

org __ Rorg org
Crepp- =€ + 0 (7)

Inserting Eq. (7) in Eq. (5), and considering that the concen-
tration of oxidized POT™* is equal to the concentration of TFPB~ in
its lattice cf2T; = cpor+ at every time during the Eqpp, Eq. (8) is
reached:

CIosh = ¥ + % + cpor+ (8)
Solving Eq. (8) for the concentration of I* in the membrane

(cE):

ClE = crfipp — €% — Cpor+ 9
When the IT process for IT at the interface 3 is a NAS event,

the Nernst equation is used to describe the IT as follows [25]:

Corg

(Err)nas = (Efr)nas — Snas ln(C’;]) (10)
I+

where (EIOT)NAS is the standard potential for the NAS IT, syas is

equal to n’\ﬁTsF (with nyss being the number of I transferred at

the membrane-solution interface for the NAS IT event) and c;’f is
the concentration of I* in the sample solution.

Inserting Eqs. (6) and (10) into Eq. (1), the applied potential
(Eqpp) related to the NAS transfer of It is described by Eq. (11):

Total

0 Crrpg- — CpoT+ 0 ®
Eapp = Ecr — spor In| —————— ) + (Ejr)nas — Snas In| —g
Cpor+ Cp+

(11)
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Then, Eq. (12) is reached by inserting Eq. (9) into Eq. (11), con-
sidering that spor and syas are ideally equal because npor has to be
equal to nyus to assure electroneutrality in the system, and reorga-
nizing:

2 org Eapp— (E&+Efnas) it
CpoT+ ) 2 ~SNAs Hn| ot -
+ — — e TFPB
CTotal CTotal
TFPB- TFPB-
org
CpoT+ 2
X (CTotal 1= cTotal =0 (12)
TFPB- TFPB-

For a detailed description on how to reach Eq. (12), the reader
is kindly referred to the Supporting Information.
Rewriting Eq. (12) by solving it for the term <E2C* as a function

cTotal
of Eqpp, Eq. (13) is obtained:

TFPB—

Anas—Eapp
+G
2 —Byas+e  ws NAS

Anas—Eapp 2
—\/ (2 — Bnas +e s +CNAS> + Bnas — 4

Cpot+
= (13)
T 2
with
Anas = EX + (E))nas (14)
)
Bnas = ot (15)
TFPB-
.
Cnas =In Totdl (16)
CTFPB-

Notably, when the binding constant between I* and L is high
enough, the NAS and AS ITs for It will take place at different po-
tential windows, which means that ¢{'® ; remains invariable during

NAS IT process (and equal to ¢;'f) and it starts decreasing when
the AS IT takes place. As a result, Byas is constant, as well as Ayas
and Cyus in the potential window of the NAS IT. Then, consider-
ing that the total amount of POT that can be oxidized to POT™ is
equal to the amount of NaTFPB initially present in the membrane,
Eq. (13) represents the degree of POT (from O to 1) that is oxidized
to POT* during the NAS IT process.

Considering now the AS transfer of I, the potential at the in-
terface 3 (Fig. 1a) is described by the Nernst equation as follows
[25]:

org
(R0 Gt

(Err)as = (Ejr)as — Sasln| —rgag (17)
C, °Cp

where (E,OT)AS is the standard potential for the AS IT, sa5 is

equal to % (with nys being the number of It transferred at the

membrane-solution interface for AS IT event) and ¢;"® the con-
centration of free (non-complexed) ionophore L in the membrane
phase.

Inserting Eqgs. (17) and (10) into Eq. (1), the applied potential
(Eapp) related to the AS transfer of I" is described by Eq. (18):

Total
C — CpoT+
0 TFPB- poT
Eapp = ECT — Spor Inf ——+—
CpoT+

org
E9 )5 — sas [ In—ioL 18
+| (Eir)as — Sas " orgeag (18)

L S
The total concentration of L in the membrane cﬁoml is dis-

tributed as free L (c;"¥) and complexed I*-L (c[:® ) as follows:

org _ org org
CoToral =€ 617 (19)
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Solving Eq. (19) for ¢]"é:

org __ 0rg org
CL” =L Total — S L (20)
And solving Eq. (8) for ¢/ :
or, Total Or’
€181 = Crepp- — €1 — Cpor+ 1)

This latter equation is rearranged into Eq. (22), assuming that
the NAS and AS transfers of I occur in totally separated potential
windows and hence, the NAS IT does not take place during the AS
IT process and viceversa (i.e., ¢/ = 0).

ClE | = Crfigg — Cpor+ (22)
Inserting then Eq. (22) into Eq. (20):

org _ corg Total
CL° = €, Toa — Crpp- + CroT+ (23)

Next, Eq. (24) is obtained by inserting Eqs. (22) and (23) into
Eq. (18), considering that spor = Sas are ideally equal since npor =
nnas to assure electroneutrality in the system, and reorganizing:

L . (e&+(£3) 1)
C " pp (T‘ IT ) oS 1 ﬂﬁ
(G ) [ e ] 2

CrrpB-

oz o (8 (8),)
Cpor+ CLTotal A2 4 in ()
+ <CTotal ){(CTotal —T1)le " +2-1=0
TFPB- TFPB-

For a detailed description on how to reach Eq. (24), the reader
is kindly referred to the Supporting Information.
Rewriting Eq. (24) by solving it for <9I+ as a function of Eapp,

CTatal
Eq. (25) is obtained:

TFPB—

Ass—Ea
—(BAS — 1) X e ASsAS pp+CAS _ 2
—Eq, 2 g
+\/[(Bf‘5 1) e RO 2] + e s _ g
Ceor+ _
ngtft’ltl}f e% o 5
(25)
with
Ans = Er + (Ef)as (26)
Corg
L,Total
BAS = CTotal (27)
TFPB-
Cas = In(c}T) 08)

Considering that the total amount of POT that can be oxidized
to POT* is equal to the amount of NaTFPB initially present in the
membrane, Eq. (25) represents the degree of POT that is oxidized
to POT* during the AS IT process. Notably, Ass, Bas and Cyg are
constant values, because all the implied concentrations are fixed in
the experimental preparation of the ITO-POT-membrane system. In

particular, the CCT"O‘{Zf of the AS transfer of I, and therefore the cur-

TFPB—

org
rent as defined in Eq. (2), directly depends on the Eﬂgi‘” concen-
TFPB—
tration (i.e., the ionophore | NaTFPB molar ratio) in the membrane
through the parameter Bas. This is an important finding towards

the prediction of the response of membranes formulated with dif-
org

c -
ferent 77", as those explored in this paper.

TFPB—
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3.3. Current profiles upon anodic linear sweep potential in
membranes with increasing lonophore/NaTFPB molar ratio

The current generated in the ITO-POT-membrane system has
been defined by Eq. (2), which depends on the dynamic genera-
tion of POT* upon the experimental time. This is in turn given by
the applied potential and a fixed scan rate as follows [25]:

Eapp = Eturn + vt (29)

with Egympthe initial potential and v is the scan rate.

Egs. (13) and (25) can be reformulated in terms of the applied
potential provided in Eq. (29), as follows (Eq. (30) and Eq. (31) re-
spectively):

Anas— (Eturn+vt) +Chas

2 — BNAS +e SNAS

2
Anas— (Eturn+vt)
—\/(2 — Bnas + € NAS +CNAS) + Bnas — 4
( Cpor+ ) _
NAS

Total
CTFpB- 2
(30)
Aps—(Eurntvt) C
—(Bas—1) xe s T _2
2
Aps—(EurntVt) C
[(BAS —1)xe w42
Aps=(Erurn+v0)
(CPOT*> +4e w4
Total - Ans—(Eturn+vt)
CTFPB- / As 2o 4G _ o
c Total
POT+
(CTotal ) (31)
TFPB- / NAS

Then, these two equations are combined in a unique formula
that considers both the NAS and AS transfers of I™ occurring at
different potential windows during the applied linear sweep po-
tential, Eq. (32):

Anas— (Eurn+vt)

2-Bust+e ws

2
Anps— (Eturn+V0)
- \/ <2 —Bnas +e~ ows +CNAS> + Bnas — 4
< Cpor+ > _
NAS-+AS

+Chas

Total
CrFpB- 2

Aps—(Egyrn +vt
A (SAS ) Gy

—(BA_;—])XE -2

2
Aps— (Eturn+Vt) Aps— (Eturn+vt)
+\/[(BAS ~Dxe w w4 2} tde ws w4

Aps— (Eturn+vt)
SAS

J’_

2e s _ o

c Total

POT+

- ( CTotal ) (3 2 )
TFPB- / NAS

Eq. (32) can be inserted into Eq. (2) to calculate the current
upon the applied potential for membranes containing different
Ionophore/NaTFPB ratios.

3.4. Estimation of logarithmic selectivity coefficients

The overall reaction occurring in the ITO-POT-ISM is described
by the following equilibrium assuming one electron transfer in the
CT process and the IT of I as the preferred ion for the ionophore
L [22]:

POT(POT) +e + TFPB- + I+ (—)POTJr

— +
m Tm) oty + TFPB por) + 1, (33)
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Fig. 2. Voltammograms and dynamic absorbance of the POT film observed in 10 mM KCl solution with membranes formulated with increasing potassium ionophore/NaTFPB
molar ratio: (a) 0:40, (b) 10:40, (c) 20:40, (d) 30:40, (e) 40:40 and (f) 80:40. Scan rate=100 mV s~!. NAS=non-assisted transfer. AS (1:1)=assisted transfer with 1:1 stoi-
chiometry (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.).

The potential related to the entire process is described by the
Nernst equation according to Eq. (34):

org org
E =0 — KTy Spor Crevs G- (34)
= F C cPOTT g
POT+ “TEpp- I+
This latter equation can be re-written as Eq. (35):
org org
E—E0— KTy Spor Covpp- _ RT ) G (35)
- F "¢ chors F ¢
POT+ “TEPB- I+

Then, considering the IT of a non-preferred cation (J*), an anal-
ogous equation can be formulated reckon with the modulation of
the selectivity coefficient (K;;) as per definition of the well-known
Nicolskii coefficient applied to ISMs [46]:

RT . Cporo %%, RT ik
E=E0— —In "0 TEPB. 0 Ky 2 (36)
F Cpor+ C'[[:p — F C]+

The two first terms in Eqs. (35) and (36) are constant (labelled
from now on as D) and equal between them in both equations
whether E is considered equal to the peak potential in the asso-
ciated IT voltammogram:

RT . ¢
Epeak,ﬁ =D- F 1 CIITf (35a)
RT ne
Epeat, j» =D — - In Ky Cfaq (36a)
j+

By subtracting Eqs. (35) and (36), and considering that c[{® =
C]"Ig in the individual IT of each cation, the following expression is
obtained:

E ]’ﬁ — E kIt F Caf
log Kl,] _ ( peak o ln](l);em ) 1 ITq (37)
]+

For the particular case that the voltammetric peak potentials

are obtained at ¢/ = cjaf Eq. (37) is indeed simplified to:

Epeak, j+ — Epeakr)F
log K _ (Breas peak, 38
8 %y RT In10 (38)

3.5. Estimation of ion-ionophore binding constants

Eq. (17) arising from the application of the Nernst equation to
the NAS transfer of I* can be rewritten as Eq. (39):

L c%®
(Err)as = (Ef)as — SAsl"<ﬂIiaql>

I+

(39)

. . . . . . org
with the ion-ionophore binding constant being g;_; = leL/CoigCorg.
L

By subtracting Eqs. (39) and (10) and considering that sj5 =
Snas» EQ. (40) is reached. For a detailed description on how to reach
Eq. (40), the reader is kindly referred to the Supporting Informa-
tion.

(Err)as — (Er)nas = (Ep)as — (Ef)nas — Sasin(Bi-r ) (40)
Solving Eq. (40) for B;_; :
Inﬁjfl_ _ (EIT - E%)NAS - (EIT - EIQ[)AS (41)

SAs

Because (Eir)as = (Eir)nas When equative distribution of the
potential for each event is considered, as demonstrated else-
where [43], and additionally considering logfB;_; instead of Inf;_;,
Eq. (41) is simplified to:

_ (EIOT)AS — (EIOT)NAS

- Sas In10 (42)

lOg,B]_L

4. Results and discussion

4.1. Spectroelectrochemistry measurements with membranes
formulated with increasing potassium ionophore/exchanger molar
ratio for potassium transfer

Fig. 2 presents the cyclic voltammograms obtained in 10 mM
KCl solution with ITO-POT-membrane systems in which the mo-
lar ratio between the potassium ionophore (L) and the cation ex-
changer NaTFPB was varied in the membrane. Specifically, the total
amount of NaTFPB (40 mmol kg-!) was kept constant and that of
the ionophore was increased to provide 0:40, 10:40, 20:40, 30:40,
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40:40 and 80:40 molar ratio of L/NaTFPB (see membrane compo-
sitions [M1-M6] in Table S1 in the Supporting Information). No-
tably, the NaTFPB amount of 40 mmol kg~! was selected from the
results obtained in our previous papers [34,43]. As observed, the
peak appearing at 367 mV in the 0:40 membrane (Fig. 2a) devel-
ops in another peak at 900 mV (Fig. 2b-f) that increased while the
former decreased with the ionophore content in the membrane.
From previous results, the first peak at 367 mV is attributed to
NAS potassium transfer, whereas the peak at 900 mV corresponds
to AS potassium transfer with a 1:1 stoichiometry [43].

In addition to these two peaks, there were two other voltam-
mogram features represented as a small peak (or band) at ~600
mV for 10:40, 20:40 and 30:40 L/NaTFPB molar ratios in the mem-
brane; and a shoulder of the peak at 900 mV (AS transfer with
1:1stoichiometry), which is distinguished at about 800 mV for the
20:40 and 30:40 membranes (see the arrows in Fig. 2). The nature
of this small peak and shoulder was evaluated with a series of con-
trol experiments using the membrane based on a 20:40 L/NaTFPB
molar ratio, selected as an intermediate composition. First, we var-
ied the scan rate to confirm that the thin layer behavior of the
three peaks, i.e., linear relationship of the peak current against the
scan rate, see Fig. S1a in the Supporting Information). Furthermore,
the shoulder at ca. 800 mV becomes a better-defined peak (at ca.
750-800 mV) upon lowering the scan rate.

Our core hypothesis is that the peak at 600 mV, but also the
shoulder, may likely correspond to AS transfers comprising stoi-
chiometries different than 1:1, which is known to be the most en-
ergetically favorable ratio [47]. This behavior indeed agrees with
the fundamental theory proposed by Amemiya and co-workers
for voltametric ITs at the membrane-sample interface when more
than one ion-ionophore stoichiometries are possible [48]. Accord-
ingly, peak distortions in the form of ‘localized widenings’ were
manifested in such a circumstance. The widenings described by
Amemiya may indeed appear as ‘shoulders’ in the peak corre-
sponding to the primary stoichiometry at certain membrane com-
positions and ion-analyte concentrations. Moreover, the voltamet-
ric peak in Fig. 2e for the 40:40 membrane presents this sort of ‘lo-
cal widening’ at the peak starting compared to the more symmetri-
cal peak presented by the 80:40 composition (dotted line included
in the same figure for a better comparison). This wider peak is
likely the result of the peak at 600 mV and the shoulder merging
in only one voltammetric wave.

Second, we increased the KCl concentration from 1 to 10 mM
and followed any change in the peak position (Fig. S1b in the
Supporting Information). Notably, at the lowest KCl concentration,
some electrical resistance due to the low background concentra-
tion appeared in the voltammogram, i.e., the extra slope at the be-
ginning of the anodic peak. The first peak (at 220 mV, identified
as the NAS transfer) was found to shift to more positive poten-
tials: a change of 27 mV when changing the concentration from
1 to 10 mM was observed. This latter magnitude agrees with a
sub-Nernstian behavior, which is an expected behavior for the NAS
transfer [17,25].

The next peak (ca. 500 mV) shifted to more positive potentials
and hence, its association with a possible anion transfer was dis-
carded. Specifically, the peak change was of ca. 90 mV, which is
a super-Nernstian magnitude typically found in ionophore-based
membranes when the measured concentration is close to the limit
of detection [17,49]. This behavior indicated that the peak at 500
mV corresponds to an AS potassium transfer rather than a NAS
one. The third peak (at ca. 800 mV and identified as the AS trans-
fer with 1:1 stoichiometry) also shifted to more positive potentials
with the KCI concentration in the sample solution: 57 mV from 1
to 10 mM, which corresponds to the expected Nernstian behavior
[25,43]. On the other hand, any shift in the shoulder of that peak
was not possible to be properly quantified, as observed in Fig. S1b.
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Subsequently, we studied the distribution of the charge for each
peak (Qq, Q; and Q3 for the peaks at 367, 600 and 900 mV), but
not for the shoulder, at increasing L/NaTFPB molar ratios in the
membrane. The results are collected in Table S2 in the Support-
ing Information. As a general trend, it was observed that the to-
tal charge is rather maintained as a result of the integration of a
sole peak (membranes M1 and M6 with 0:40 and 80:40 composi-
tion) or the addition of the individual charge of each peak appear-
ing in the anodic scan (Q;+Q,+Q3 in membranes M2-M5). How-
ever, it was not possible to entirely match the total charge (or ion-
exchange capacity) in the different membranes because of slight
variations in the membrane preparation concerning the weighted
amount of the NaTFPB [43]. As a result, the average charge was of
55.945.5 uC, with a deviation of less than 10% between the mem-
branes.

With the charge corresponding to each peak and the total
charge of the membrane (ion-exchange capacity as the result of
Q;+Q>+Qs3), it is possible to calculate the percentage of charge
that is dedicated to the NAS (Q;) and AS (Q,+Qj3) transfers of K+
at each L/NaTFPB molar ratio (Table S2). It is evident how the sum
of the AS transfers is favored by the increase of the ionophore in
the membrane, being the majority of the charge dedicated to the
AS potassium transfers from a 20:40 L/NaTFPB molar ratio (65% for
the AS against 35% for the NAS). Then, the available charge is en-
tirely dedicated to the AS transfer(s) from a 40:40 L/NaTFPB ra-
tio and the primary 1:1 stoichiometry exclusively appeared for the
80:40 composition, i.e., double molar content of ionophore with
respect to the cation exchanger.

Interestingly, the need for a membrane composition based on a
double molar content for the ionophore than for the ion exchanger
to optimize the ISE response was already reported for potentiome-
try measurements: The ionophore/exchanger ratio in an ISE mem-
brane was demonstrated to change the potentiometric selectivity
by many orders of magnitude [50-54]. The reason for that lies
in the stoichiometry of the target ion with the ionophore, which
modifies the charge requirements to maintain the electroneutrality
in the membrane [9,55,56].

Very recently, the group of Biihlmann has suggested that the
presence of two or more complexes of different stoichiometries in-
fluences the membrane selectivity, being this only visualized in the
potentiometric response when the membrane does not contain an
excess of the ionophore with respect to the exchanger [57]. Anal-
ogously, our experiments shown that the main (1:1) stoichiometry
is exclusively displayed only for the 80:40 ratio, which is indeed
the recommended content for potentiometric ISE to show an op-
timized response. Other stoichiometries —and even NAS transfer-
occur when the L/NaTFPB molar ratio decreases, which is in agree-
ment with the theory and experiments proposed by Biithlmann and
co-workers [57]. Advantageously, the interrogation of the mem-
brane under a linear sweep potential allows for the visualization of
every IT occurring at the sample-membrane interface at increasing
ionophore concentrations in contrast to the potentiometric mea-
surements. For future studies, it would be very beneficial to com-
bine both types of theories and experiments: i.e., potentiometry-
voltammetry tandem with ISEs.

Another advantage of the voltametric system is that the dy-
namic conversion of POT to POT* upon the applied potential
can be monitored by means of spectroelectrochemistry [43]. Ab-
sorbance measurements of the POT film at a fix wavelength of 450
nm are combined with the application of a linear sweep poten-
tial to the ITO-POT-membrane system, thus providing the dynamic
tracing of the oxidized POT*. Fig. 2 presents normalized dynamic
absorbance measurements of the POT film when coupled to the
membranes formulated with increasing L/NaTFPB molar ratio (blue
lines). For the 0:40 membrane with no ionophore, the absorbance
displays one reversible sigmoidal curve in the potential window
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from 50 to 600 mV, coinciding with the voltametric peak (Fig. 2a).
Moreover, the potential at which the inflection point of the sig-
moidal curve appears (311 mV) rather coincides with the peak po-
tential (370 mV).

In the 10:40 membrane (Fig. 2b), the dynamic absorbance splits
into two reversible sigmoidal parts with a flat region between
them. The two sigmoidal parts (in the ranges of 72-534 mV and
666-1083 mV and with inflection points appearing at 311 and 881
mV) coincide with the two main voltametric peaks at 286 and 927
mV corresponding the NAS and (1:1) AS potassium transfers re-
spectively. Then, the flat region in the absorbance represents that
no IT is happening and hence, there is practically no change in
the absorbance [43]. However, the small voltammetric peak at 600
mV did not manifest in the dynamic absorbance, likely because a
higher resolution of the spectrophotometric measurements would
be necessary to be able to visualize such as small peak, which was
not actually possible with our experimental setup.

Analogous trend was observed for the 20:40 and 30:40
L/NaTFPB membrane compositions, though the total magnitude for
the normalized dynamic absorbance dedicated to either the NAS
or (1:1) AS transfers changes with the ionophore concentration
in the membrane. Percentages of 73.6, 52.2 and 28.2% were dedi-
cated to the NAS and percentages of 26.4, 47.8 and 71.8% to the AS
for the 10:40, 20:40 and 30:40 membrane compositions, respec-
tively. These percentages rather agree with the values calculated
for the charge under the NAS and AS voltametric peaks as above
discussed (see Table S2). Then, the membranes with 40:40 and
80:40 L/NaTFPB molar ratio, and presenting a single voltammet-
ric peak, displayed a dynamic curve based on a single sigmoidal.
More specifically, the potential window is slightly narrower for the
80:40 than for the 40:40 composition (490-1303 mV versus 556-
1237 mV), as the voltametric peak is also narrower.

Overall, despite the voltammograms reflecting the NAS and AS
IT(s) occurring at the membrane-sample interface and the dynamic
absorbance exclusively representing the CT in the dynamic conver-
sion of POT to POT™, our experiments demonstrate the univocal re-
lationship between the CT and the IT(s) in the ITO-POT-membrane
system. Indeed, just acquiring the optical data would be enough to
describe the system.

As demonstrated in our previous paper, the experimental ab-
sorbance related to each membrane composition can be fit-
ted to the mathematical Sigmoidal-Boltzmann model by using
Eqgs. (43) and (44), depending if the curve presents one or two sig-
moidal regions [43]. Moreover, the derivation of those fittings pro-
vides the semi-empirical simulation of the corresponding voltam-
mograms by considering Eq. (2) to define the current in the system
(theory section).

A —A

Y=A+ e (43)
1+e(
A —A A, —A

Y =A3+ L X*’i 2 Xﬁj (44)
1+e(e 1+6<T0)

with Y being the “Eor*

ot A1, Ay, A3, Xo, X;, k and k- fitting parame-

ters, and with x asgﬁﬁned to be equal to the applied potential. No-
tably, xo, and x;, define the inflection points of the sigmoidal tran-
sitions, while k and k' determine the slopes of the fitted sigmoidal
curve [58].

Fig.3a presents the anodic part of the dynamic absorbance reg-
istered at increasing L/NaTFPB molar ratio (solid line) and consid-
ering increasing change in absorbance (i.e., inverted direction com-
pared to the data shown in Fig. 2) together with the correspond-
ing fittings using either Eqs. (43) or (44). The parameters used for
the fittings are provided in Table 1. As observed, excellent agree-
ment was found between the experimental and the mathematical
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fittings by the Sigmoidal—Boltzmann model. In addition, it is possi-
ble to correlate any of the parameters in the model with a physical
meaning of the system under study, as demonstrated in our previ-
ous studies [43]. Accordingly, A values are related to the percentage

of the ;ggg,* ratio (from O to 1) that is dedicated to each sigmoidal

part in TtFtIljBé fitting (i.e., for each IT), xq values are ascribed to the
standard potential of the related IT, and k relates to the s parame-
ter in the Nernst equation (and therefore to npgr, nas and ny,g) as
defined in the theory section.

Inspecting Table 1 more in detail, Xy values always coincide
with the peak potential of the experimental voltammograms and
A, values are the same as the charge portion dedicated to the NAS
potassium transfer. On the other hand, k values are higher than
the Nernstian one (0.059 V) and hence, the associated n is differ-
ent than the ideal case of n = 1. Notably, k values are indeed sig-
nificantly high in the case of the AS potassium transfer with the
different membranes. Therefore, this behavior deserves a special
inquiry, as provided in the next section.

The Sigmoidal-Boltzmann fittings can be used to simulate the
experimental voltammograms by means of Eq. (2), as presented in
Fig. 3b. Peak positions and the normalized charge under the volta-
metric peaks agreed rather well. Any difference between the sim-
ulated and the experimental traces is likely due to the presence of
the peak and shoulder at ca. 600 and 700 mV respectively, which
are not considered in the mathematical model for simplicity. But
also, all the assumptions made in the theory development together
with experimental peak asymmetries influenced the results. Ad-
vantageously, this is the first time that complex voltametric traces
showing ITs of different nature are simulated in such a precise way

. C . . .
from experimental measurements of Cgﬂgg,* , which is uniquely ac-

TFPB—
complished by spectroelectrochemistry technique.

4.2. Simulation of spectroelectrochemistry measurements with
membranes formulated with increasing potassium
ionophore/exchanger molar ratio for potassium transfer

Despite the mathematical Sigmoidal-Boltzmann model being
useful for the calculation of current profiles showing NAS and AS
ITs in the same membrane, this is indeed a semi-empirical ap-
proach that needs for the recording of the dynamic absorbance of
the POT film. As demonstrated below, this approach is very con-
venient for the exploration of certain features of the CT-IT sys-
tem but, pure theoretical calculations by means of the Eqs. (30)-
(32) emerge in this paper as a complementary tool to predict both
the dynamic absorbance (i.e., gradual oxidation of POT to POT™)
and the current profile at increasing L/NaTFPB molar ratios in the
membrane, whatever is the ion and ionophore nature.

Fig. 3c presents the dynamic curves calculated by means of
Eqgs. (30), (31) or (32) obtained for the analytical solution of <Eor*

Total
CTF PB~

in membranes displaying NAS and/or AS IT(s). A comparison with
the experimental results can be accomplished by visualization of
Fig. 3a versus Fig. 3c. At a first glance, the experimental and cal-
culated curves coincide rather well and show similar qualitative
trend with increasing ionophore content in the membrane. No-
tably, only the NAS and the primary AS potassium transfer were
selected for the simulation of the curves because the secondary
stoichiometries do not manifest properly in the experimental dy-
namic absorbance, as already discussed.

A deeper evaluation arises when comparing key experimental
and calculated parameters of the sigmoidal curves: Table 2 collects
the potential window, absorbance change and inflection point for
each sigmoidal in both the experimental and calculated curves. As
a general trend, the potential window at which each sigmoidal re-
gion occurs is always narrower in the calculated curves than in
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Fig. 3. For 10 mM KCI solution and using increasing potassium ionophore/NaTFPB molar ratios in the membrane: (a) Dynamic absorbance corresponding to the anodic part
of voltammograms presented in Fig. 2 (solid lines) and the corresponding fittings to the mathematical Sigmoidal-Boltzmann model (dotted lines). (b) Experimental anodic
peaks (solid lines) and the derivatives of the Sigmoidal-Boltzmann fittings in (a). (c¢) Calculated C”;’;,’;‘ profiles using Eqs. (30)-(32). (d) Calculated anodic peaks by means
TFPB~
of derivation of the profiles displayed in (c) and using Eq.(2). All the parameters used in the calculations are provided in the Supporting Information. NAS = non-assisted
transfer. AS (1:1) = assisted transfer with 1:1 stoichiometry. For interpretation of the references to color in this figure, the reader is referred to the web version of this

article.

Table 1
Parameters used for the mathematical fittings of the dynamic absorbance observed with membrane M1-M6 in 10 mM KCI.

Normalized current

Fittings Fittings Experimental
L/NaTFPB IT nature A values  x, values (V)  k values (V)  Peak position (V)  charge Peak position (V)  charge
0:40 NAS A;: 0 Xp: 0.31 k: 0.071 0.312 1.00 0.370 1.00
Az 1
10:40 NAS A;: 0 X0:0.31 k: 0.062 0.312 0.74 0.335 0.68
AS Az: 074  Xp:0.88 k': 0.068 0.881 0.26 0.909 0.32
As: 1
20:40 NAS A;: 0 Xg: 0.27 k: 0.060 0.271 0.49 0.272 0.38
AS Az: 049  x,:0.86 k': 0.080 0.861 0.51 0.884 0.62
As: 1
30:40 NAS A;: 0 Xp: 0.30 k: 0.066 0.304 0.28 0.246 0.15
AS A;: 028  xp:0.85 k': 0.081 0.855 0.72 0.904 0.85
A3Z 1
40:40 AS A;: 0 Xp: 0.82 k: 0.090 0.819 1.00 0.865 1.00
Ay 1
80:40 AS A;: 0 Xp: 0.84 k: 0.076 0.841 1.00 0.869 1.00
Ay 1
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Table 2
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Parameters for the experimental and calculated dynamic normalized absorbance in 10 mM KCl solution and using membranes with increasing potassium

ionophore/NaTFPB molar ratio.

Sigmoidal change(s) Inflection point  Flat region
Exp Calc Exp Calc Exp Calc
L/NaTFPB  IT nature  from-to, mV  Absorb %  Slope V! from-to, mV  Absorb %  Slope V! mV mV from-to, mV  from-to, mV
0:40 NAS 50-600 100.0 -3.12 105-581 100.0 -6.18 311 289 - -
10:40 NAS 72-534 73.6 -2.62 105-496 75.0 -5.31 311 286 534-666 496-763
AS 666-1083 26.4 -0.86 763-1123 25.0 -1.51 881 927
20:40 NAS 72-468 51.5 -1.94 105-433 50.0 -3.86 271 275 468-600 433-746
AS 600-1127 48.5 -1.50 746-1127 50.0 -2.81 860 910
30:40 NAS 138-500 28.2 -1.00 105-411 25.0 -2.21 304 279 500-600 411-707
AS 600-1105 71.8 -1.86 707-1141 75.0 -3.98 855 886
40:40 AS 490-1303 100 -2.27 571-1159 100.0 —4.74 818 865 - -
80:40 AS 556-1237 100 —2.86 718-1200 100.0 —5.52 840 909 - -
Table 3

Parameters for the experimental and calculated anodic voltametric peaks observed in
increasing ionophore/NaTFPB molar ratio in the membrane.

10 mM KCI solution using

Peak position, mV

Peak width, mV?

Peak charge, norm.

L/NaTFPB  IT nature  exp calc Diff, %  Exp Calc Exp/Calc  Exp calc Exp/Calc
0:40 NAS 369.8 2779 201 267.7  131.1 2 1.00 1.00 1
10:40 NAS 3354 2796 128 2193 1216 1.8 0.68 075 09

AS 9085 9186 0.8 1824 1380 13 032 025 13
20:40 NAS 2718 2788 1.8 1683 1089 1.5 038 0.5 0.8

AS 884.4 8975 1.0 2502 1493 1.6 0.62 0.5 1.2
30:40 NAS 2457 2763 83 1454  98.7 1.5 015 025 06

AS 903.6  885.1 1.5 3192 1789 19 085 075 1.1
40:40 AS 8649 8815 1.3 353.0 1813 2 1.00 1.00 1
80:40 AS 869.1 897.2 2.2 267.0 1504 1.8 1.00 100 1

2 Width was calculated at half of the peak height. ® Charge was calculated in voltammograms plotted with nor-

malized values for current.

the experimental ones, while the change in the normalized ab-
sorbance (i.e., the cpor+ dedicated to the corresponding IT) agree
rather well. This resulted in a slope in the linear range(s) of the
sigmoidal part(s) (absorbance change/Eqpp) that is always ~2 times
in the calculated curves than in the experimental graphs. Differ-
ences also manifested in the flat regions between the different sig-
moidal parts, being wider in the calculated than in the experimen-
tal curves.

The described differences between the experimental and cal-
culated absorbance curves likely originate from the definition of
the equations in the theory section under ideal conditions together
with the assumption than only one AS IT (indeed the primary 1:1
stoichiometry) occurs in the membranes. The most interesting fea-

ture is the demonstrated dependence of the dynamic ;}’ﬂf with

the L/NaTFPB molar ratio in the membrane, which allowrsms rather
accurate prediction of the experimental curves. Indeed, the current
profiles can be additionally obtained by derivation of the calculated
curves and applying Eq. (2). The calculated voltammetric peaks are
displayed in Fig. 3d. While the qualitative trend for the evolution of
the calculated peaks at increasing L/NaTFPB ratio evidently agrees
with the experiments, there are some remarkably quantitative dif-
ferences (see Table 3). Comparing first the peak positions, as a gen-
eral matter, experimental and calculated values agree rather well.
Regarding the peak width, the calculated peaks are in average be-
tween 1.5 and 2 times narrower than the calculated ones, which
directly relates to the narrower potential windows obtained for the
calculated sigmoidal curves compared to the experimental ones. Fi-
nally, the degrees that the (normalized) charge is dedicated to each
IT are quite similar in the calculated and experimental voltammo-
grams.

The main difference between the calculated and experimental
anodic voltammograms is the peak width, and thus, this deserves
further discussion. As above described, the peak width is a re-
flection of the potential window at which the POT oxidation oc-

10

curs in connection with the IT at the membrane-sample interface.
Whether it is considered that only one IT is possible, in principle,
the isolated POT oxidation can be described using Eqn 6 in the the-

ory section and solving it for the fﬁ;gg,* ratio according to Eq. (45).
TFPB~

A detailed description on how to reach Eq. (45) in found in the
Supporting Information.

CroT+ 1
= (45)
CTotalf Ecr — EO
TFPB e( CT)/SPOT
This equation is in the form of the mathematical

Sigmoidal-Boltzmann model as per comparison with Eq. (43),
with A] =0, A2 = 1, Y= Ccﬁggfr y XZECT, X0 ZE(C)T and k:SPOT-
TFPB—

Then, x = Eqpp can be assumed, as Ect is a constant fraction of the
Eapp, as described in Eq. (1) in the theory section. The parameter
EgT is known to be connected with the energy that is needed
for the CT-IT event, whereas spor (equal to nlf;TTF) is linked to
the total amount of charge that is ‘moved’ across the interface 1
(Fig. 1a) considering the electroneutrality condition in the CT-IT
system [43]. Because such a charge is definitely linked to the
width of the voltametric peak, and hence the potential window

for the oxidization of POT to POT*, we have simulated the f}’g,*

TFPB—
curves and the corresponding voltammograms at different npgr

values (from 0.2 to 1.5, Fig. S2 and Table S3 in the Supporting
Information).
Regarding the

Cpor+
cTotal

Ecr=037 V coincidiTngB with the experimental peak position of the
NAS potassium transfer. Then, increasing npor from 0.2 to 1.5 re-
sulted in narrower potential windows for the sigmoidal, which
is translated into narrower voltametric peak simulated by insert-
ing the <E2™ profiles into Eq. (2). Interestingly, the width that

Total
CrEPB-

was closer to the experimental voltammogram of the NAS potas-
sium transfer is that corresponding to npor=0.35 (see Fig. S2c in

profiles, all of them were calculated for
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Fig. 4. Voltammograms and dynamic absorbance of the POT film observed in 10 mM NacCl solution with membranes formulated with increasing potassium ionophore/NaTFPB
molar ratio: (a) 0:40, (b) 10:40, (c) 20:40, (d) 30:40, (e) 40:40 and (f) 80:40. Scan rate=100 mV s~!. NAS=non-assisted transfer. AS=assisted transfer.

the Supporting Information), therefore confirming that the charge
transfer in the ITO-POT-membrane system does not occur through
the ideal case of npgr=1. Despite the consideration of non-ideality
through npgor=0.35 being easily considered in the equations within
the Sigmoidal-Boltzmann model, as just demonstrated, its im-
plementation in the developed theory would be more complex.
Changes in the mass balances defining the ITO-POT-membrane sys-
tem would impede the achievement of any analytical solution, as
those obtained for the ideal case (npor=1). While this direction is
possible and would probably provide calculations closer to the ex-
perimental curves, this is outside the goal of the present paper.

This later finding is very important to describe the connection
between the CT-IT processes. Essentially, the average number of
electrons in the material where the CT occurs (in this case the con-
ducting polymer POT, but it could be other material such as redox-
active monolayers or metal compounds directly dissolved in the
membranes [28-33]) marks the stoichiometry of the IT exchange at
the sample-membrane interface. On the other hand, the net charge
transfer is limited by the amount of TFPB~ that is present in the
membrane and that allows for POT* doping upon oxidation. As
presented in Fig. S2, the number of electrons involved in the ox-
idation of the redox active material sets the width of the peaks
revealed in the current profile, and this in turn will lead to differ-
ent levels of peak overlapping additionally depending on the dis-
tance between the NAS and AS IT peaks, but whatever displayed in
the voltammogram. As a result, to minimize peak overlapping and
maximize hence the IT resolution whatever its nature, it would be
convenient to have a redox material able to behave under ideal
conditions of n = 1. Indeed, an even higher number of electrons
would result in a better resolution. This conclusion agrees with
previous studies suggesting the use of redox materials different
that POT that provides experimental voltammograms slightly nar-
rower than those provided by POT [28].

4.3. Exploring the response of membranes formulated with increasing
potassium ionophore/exchanger molar ratio towards a non-preferred
cation (sodium, Na*)

Next, spectroelectrochemistry experiments were performed us-
ing the same membranes, formulated with increasing concentra-
tions of the potassium ionophore (M1-M6 in Table 1), but examin-

1

ing a solution that contains a cation different than the primary one
for which the ionophore is selective, i.e., sodium instead of potas-
sium. Fig. 4 depicts the cyclic voltammograms and corresponding
dynamic absorbance of the POT film in 10 mM NacCl solution. As
observed, the membrane with a 0:40 L/NaTFPB molar ratio pre-
sented a sole peak at 353 mV with the corresponding dynamic
absorbance displaying one sigmoidal curve in the same potential
window as the peak and the inflection point rather coinciding with
the peak potential (see Tables S4-S6 in the Supporting Informa-
tion). Furthermore, the results with the 0:40 membrane in NaCl
rather coincide with those observed in KCl solution, as the IT is as-
signed to a NAS one and this is expected to be practically the same
for both sodium and potassium ions (according to the Hofmeister
series) [25].

As the ionophore content is increased in the membrane, two
new peaks appeared at 594 and 793 mV that are in principle as-
cribed to two different AS sodium transfer, as these peaks appear
only when the ionophore is present in the membrane. The peak
at 594 mV continues increasing with the ionophore content in the
membrane, being clearly the main peak in the voltammograms for
30:40, 40:40 and 80:40 L/NaTFPB molar ratios. On the contrary,
the peak at 793 mV did not show any significant trend upon in-
creasing the ionophore concentration in the membrane once it ap-
peared at the 10:40 L/NaTFPB molar ratio. In view of these results,
the peak at 594 mV is assigned to the primary 1:1 stoichiome-
try for the complex between Na* and the potassium ionophore,
whereas that at 793 mV likely corresponds to a secondary
stoichiometry.

Being sodium a non-preferred ion by the ionophore valino-
mycin, the potential at which the peak related to its primary com-
plex appears at a less positive value than that observed for potas-
sium ion at the same concentration (594 mV versus 900 mV).
The requirement for a higher potential to generate the IT from
the membrane to the solution, according to the mechanism pre-
sented in Fig. 1a, is connected to a stronger retention (i.e., binding
constant) of potassium over sodium in the membrane, i.e., higher
binding constant of the ionophore with potassium than sodium
[43]. In other words, peak positions are related to the selectivity
profile of the membrane while the level at which this selectivity
is manifested in the voltametric response (i.e., NAS and AS ITs) de-
pends on the L/NaTFPB molar ratio in the membrane.
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Fig. 5. For 10 mM NaCl solution and using increasing potassium ionophore/NaTFPB molar ratios in the membrane: (a) Dynamic absorbance corresponding to the anodic part
of voltammograms presented in Fig. 4 (solid lines) and the corresponding fittings to the mathematical Sigmoidal—Boltzmann model (dotted lines). (b) Experimental anodic

peaks (solid lines) and the derivatives of the Sigmoidal—Boltzmann fittings in (a). (c) Calculated

Cpor+

profiles using Eqs. (30)-(32). (d) Calculated anodic peaks by means

ol

B
of derivation of the profiles displayed in (c) and using Eq. (2). All the parameters used in the calculations are provided in the Supporting Information. NAS=non-assisted
transfer. AS=assisted transfer. For interpretation of the references to color in this figure, the reader is referred to the web version of this article.

Other aspect to highlight is the overlapping presented between
the NAS and AS sodium transfers, in contrast to the well sepa-
rated peaks in the case of potassium. This overlapping causes that
the transition between the different sigmoidal parts in the exper-
imental dynamic absorbance is vaguely distinguished and flat re-
gions are not even distinguished. As a result, both the Sigmoidal-
Boltzmann fittings and the calculated curves by Eqgs. (30)-(32)
are not matching the experimental results as good as in the case
of potassium (Fig. 5, Tables S4-S6). For example, the calculated
voltammograms provided peak positions that differ from the ex-
perimental ones in an average of 15% for the NAS and < 7% for
the AS sodium transfers. Then, and once more, the calculated peak
widths are between 1.5-2.0 times narrower than those obtained
experimentally, as a result of considering npor=nyas=nss=1. In any
case, qualitative trends at increasing L/NaTFPB molar ratio in the
membrane totally agree when experimental and calculated curves
are compared.

Inspecting now the results for the membranes M1-M6 for the
preferred and non-preferred cations in a joint way, it is possible
to propose a protocol to establish the selectivity profile in the sys-
tem on the basis of the different peak positions. Eq. (38) has been
developed in the theory section for that purpose, under the as-
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sumption that at equal membrane composition and the same con-
centration of the preferred and non-preferred ions in the solution,
the charge dedicated to the IT for the corresponding AS IT is in
turn equal. This was confirmed in our experimental results. Table 4
shows the difference between the charge in the AS ITs for potas-
sium (preferred) and sodium (non-preferred) ions with membranes
using increasing potassium ionophore/NaTFPB molar ratios. An av-
erage difference of 4% was found, which is within the variation
percentage found for the total charge variation in different mem-
branes (ca. 10%, see above) associated to preparation reasons (i.e.,
the weighting process of the membrane components).

Table 4 additionally collects the values of the logarithmic selec-
tivity coefficients using Eq. (38) based on the different positions of
the peak potentials. An average logKy n, value of -5.4+0.4 was ob-
tained, which excellently agrees with those values reported in the
literature for analogous membranes interrogated in potentiometry
mode (see Table 4) [59-63]. As an alternative of using the volta-
metric peak potentials, the potential corresponding to the inflec-
tion points provided by the fitting of the dynamic absorbance mea-
surements to the mathematical Sigmoidal-Boltzmann model can
be used for the calculation of the logarithmic selectivity coeffi-
cient. The obtained values are collected in Table 4, with an aver-
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Calculation of the logarithmic selectivity coefficients by assuming equal charge of the assisted IT for potassium and sodium in
membranes formulated with increasing potassium ionophore/NaTFPB molar ratio and using Eq. (38).

L/NaTFPB  Voltammograms Absorbance Reported [0gKy ng

L=KIP  Diff ()Q-Qna  Epeacna — Epeack® (V) 108Kina  Einpna — Empi®(V)  logKena (59, 60159 [63]¢  [62]f
10:40 8.7 -0.314 -53 -0.271 -4.6 -4.5 -5.1 —4.7
20:40 2.7 -0.293 -4.9 -0.316 -5.3

30:40 0.1 —0.356 -6.0 —-0.301 -5.1

40:40 5.4 -0.312 -53 -0.327 -5.5

80:40 1.0 -0.324 -5.5 -0.310 -5.2

2 Difference between the peak potentials for the assisted IT peaks of Na* and K* in the voltammograms. ® Difference between
the inflection points for the sigmoidal ascribed to assisted ITs of Na* and K* in dynamic absorbance curves. ¢ Molar ratio of
L/exchanger=1:2 for reference [59]. ¢ Molar ratio of L/exchanger=4:1 for reference [60]. ¢ Molar ratio of L/exchanger=10:1. f Molar

ratio of L/exchanger=2:1.

Table 5

Calculation of the logarithmic binding constants for different ion-ionophore systems and using Eq. (42).

L/NaTFPB  Cation (I)  Voltammograms Absorbance Reported log B,
L=K IP Epeakss — Epeaknas® 108811 Einpas — Empnas®  logBip 1= K* I= Na*
[64]c [60]¢ [61]° [64]c  [65]°
10:40 K+ 0.573 9.71 0.570 9.66 9.32 10.10 10.00 6.65 6.4
Na+ 0.276 4.68 0.330 5.59
20:40 K+ 0.613 10.38 0.589 9.98
Na+t 0.320 5.42 0.321 5.44
30:40 K+ 0.658 11.15 0.551 9.34
Na+ 0.327 5.54 0.331 4.61

K IP=potassium ionophore (valinomycin).

2 Difference between the peak potentials for the assisted and non-assisted IT peaks in the voltammograms. " Difference between
the inflection points for the sigmoidal ascribed to assisted and non-assisted ITs in dynamic absorbance curves. ¢ Molar ratio of
L/exchanger=2:1. 9 Molar ratio of Ljexchanger=4:1. ¢ Molar ratio of L/exchanger=3:4.

age logKy ng value of -5.1+0.3, again within the range reported in
the literature. Thus, it can be concluded that Eq. (38) is suitable to
calculate the selectivity coefficients in ITO-POT-membrane systems,
with any accuracy deviation ascribed to the assumptions and iter-
ations performed in the theoretical and semiempirical treatments.

The selectivity profile of the membrane reflects the different
binding constants for each cation facing the membrane. The mag-
nitude of any ion-ionophore binding constant can be calculated by
means of Eq. (42) in the theory section. This later equation uti-
lizes the differences between the EO potential of the NAS and AS
ITs (i.e., the peak potentials) and has been developed by adapt-
ing the theory proposed in our recent publication for membranes
independently presenting NAS (no ionophore) and AS (ionophore)
transfer of the same ion [43]. Table 5 collects the values calcu-
lated for logB;_; for I=K* and Na* from the peak potentials in
the voltammograms and the inflection points in the fittings of
the dynamic absorbance in the corresponding experiments per-
formed with membranes M2-M4 (L/NATFPB=10:40, 20:40, and
30:40), which show responses to both NAS IT and AS IT. As ob-
served, the logB;_; for valinomycin-K* complex were calculated to
be 10.4+0.7 and 9.7+0.3, given by voltammograms and absorbance
curves respectively, both of which agree well with literature val-
ues. Lower logarithmic binding constant values were obtained in
the case of I=Na*(5.24+0.5 by voltammograms and 5.54+0.1 by ab-
sorbance), which is expected considering the high selectivity of
valinomycin towards potassium than sodium ion.

4.4. Prediction of responses, selectivity profiles and binding constants

The mathematical Sigmoidal-Boltzmann model and the devel-
oped theory can in principle be jointly utilized to characterize
and predict several response characteristics of membranes con-
taining any kind of ionophore and facing any NAS and AS IT
at the membrane-sample interface. To demonstrate such a fea-
ture, we selected a membrane based on the Na ionophore X in a
L/NaTFPB molar ratio of 20:40 (M7), and Na* and K* as the pre-
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ferred and non-preferred cations respectively. Fig. 6a and b display
the voltammograms and the corresponding dynamic absorbance
recorded in 10 mM NaCl and KCI solutions respectively. The NAS
IT peaks for Na* and K* are rather similar regarding peak poten-
tials (305 and 313 mV respectively), while the AS peaks yield a
relatively large difference (788 and 601 mV respectively), reflect-
ing a clear preference for sodium over potassium ion. The asso-
ciated dynamic absorbance curves displayed the typical sigmoidal
parts related to each IT, with a flat transition region between them
that is more evident in the case of the NaCl solution, as the peak
overlapping is lower than in the KCI solution.

Subsequently, we predicted the ;‘.’ﬂf

TFPB—
K™ NAS and AS ITs with membranes containing increasing Na

ionophore/NaTFPB molar ratios, using the peak potentials in Fig. 6a
and b as (EQ)nas and (EJ)as for Nat and K+ and using Eq. (32).
The simulated curves (Fig. 6¢c and d) are plotted together with the
fitting of the experimental curves (dotted line) to the mathemat-
ical Sigmoidal-Boltzmann model for comparison, with the corre-
sponding parameters collected in Tables S7-S9 in the Supporting
Information. Moreover, these curves were transformed into current
profiles through Eq. (2) and the corresponding results are depicted
in Fig. 6e and f after normalization (for the used parameters see
Tables S10 and S11 in the Supporting Information). Once more, the
main difference between calculated and experimental curves (and
hence fittings to the mathematical model) originates from the peak
width, as the simulated peaks are ca. 2 times wider than the ex-
perimental ones. Regarding peak positions, the predicted AS peak
potentials are really close to the experimental values (1.4% and
0.3% difference for NaCl and KCl respectively), whereas the NAS
peaks displayed slightly higher difference (11% and 8% for NaCl and
KCl respectively). Overall, the qualitive features of the prediction
are in excellent agreement with the experimental data.

As above introduced for the valinomycin-based membrane, the
AS IT potential difference between Na* and K* can be further uti-
lized to calculate the selectivity coefficient of the ionophore. Anal-
ogously, Table S12 collects the calculated values for logKy n, as

profiles of Na* and
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Fig. 6. For a membrane with 20:40 molar ratio of sodium ionophore/NaTFPB: Experimental voltammograms and dynamic absorbance of the POT film in (a) 10 mM NaCl and

Cpor+
CTotal

(b) 10 mM KCl solution. Calculated

profiles using Eqs. (30)-(32) for membranes containing increasing L/NaTFPB molar ratios in (¢) 10 mM NaCl and (d) 10 mM KCI

solution. Fitting of the experimental c{;ﬂve to the mathematical Sigmoidal-Boltzmann model is provided with dotted lines. (e) Calculated anodic peaks by means of derivation
of the profiles displayed in (c¢) and using Eq. (2). (f) Calculated anodic peaks by means of derivation of the profiles displayed in (d) and using Eq. (2). All the parameters
used in the calculations and fittings are provided in the Supporting Information. Scan rate=100 mV s~!. NAS=non-assisted transfer. AS=assisted transfer. For interpretation
of the references to color in this figure, the reader is referred to the web version of this article.

well as those reported in the literature. From the voltammetric
peaks and the dynamic absorbance, the logarithmic selectivity co-
efficients are calculated to be -3.16 and -2.52 respectively, with
the latter one being even closer to the range reported in the liter-
ature (from -2.0 to -2.5). This agreement confirms again the fea-
sibility of using the developed method to calculate the membrane
selectivity coefficients.

Binding constants logf;_; for the Na ionophore were also de-
termined and values are reported in Table S13. For I = Na*, the
calculated logB;_; values of 8.17 (from voltammograms) and 7.46
(from absorbance) highly agree with the previously reported value
of ca. 7.6 in literature [60,61,63,64]. Weaker binding strength was
observed with the sodium ionophore-K* complex, as the log8;_;
is calculated to be 4.93 from voltammetry and 5.42 from optical
measurement, coinciding with the already reported value 4.8 [64].

Overall, with the developed theory, it is possible to predict the
current profiles at different L/NaTFPB molar ratios in the mem-
brane together with the estimation of selectivity coefficients and
binding constants. It is only necessary to experimentally obtain the
(E%)nas and (E})as, which could be achieved by a single experi-
ment using a membrane with a 20:40 L/NaTFPB molar ratio, but it
could be whatever presenting the NAS and AS transfer of the stud-
ied ion. In addition, the difference of this potential values could be
used whether binding constant values already reported in the lit-
erature are used into the developed theory. This opens up further
research in the direction of predicting voltammetric responses for
multi-ionophore membranes backside contacted with new redox
materials (with at least n=1), accelerating hence the provision of
new electrodes for multi-ion detection with optimized selectivity
profiles and peaks’ resolution (i.e., minimum overlapping).

5. Conclusions

Spectroelectrochemistry technique has demonstrated to be
an essential tool to provide tangible evidence of the dynamic
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charge-transfer (CT) process in redox active films of poly(3-
octylthiophene) (POT) that are interconnected with ultrathin ion-
selective membrane that facilitates different number and nature of
ion transfers (ITs). In particular, the application of an anodic linear
sweep potential gradually oxidizes POT to POT*, which results in
a series of ITs at the membrane-sample interface driven by elec-
troneutrality requirements. Each IT is manifested in an individual
voltammetric peak, whereas the CT in the POT film is monitored
through a dynamic absorbance profile. Specifically, the ITs are of
non-assisted and assisted nature when different molar ratios of
the ionophore and the ion-exchanger compound are utilized in the
membrane. The observed experimental behavior is well-predicted
by a theory formulated on the basis of the definition of each in-
terface of the CT-IT system: at increasing ionophore concentra-
tion in the membrane, the assisted IT associated to the primary
ion-ionophore stoichiometry (1:1 in our case) acquires importance
through the dedicated charge in the voltammetric peak. The the-
ory can be indistinctly utilized for ions with a different prefer-
ence level by the ionophore, which additionally permits evaluat-
ing the selectivity profile of the POT-membrane system. Overall,
the developed theory well complement with the use of the math-
ematical Sigmoidal-Boltzmann for the fittings of the experimen-
tal dynamic absorbance observed in the POT film and describing
hence the CT-IT process in a highly complete manner. Calculated
voltammograms well agree with the experimental data, whereas
ion-ionophore binding constants can be also estimated, showing
excellent correlation with values previously reported in the lit-
erature. Advantageously, new findings about the number of elec-
trons associated to the CT in the POT material may facilitate fur-
ther investigations in maximizing peak resolution in the voltam-
metric experiments. The developed theory may undoubtedly help
as the basis of future research towards new electrodes for multi-
ion detection with optimized features through the prediction of
the peak overlapping level when several ionophores are simulta-
neously present in the membrane.
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