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ABSTRACT: We present spectroelectrochemical sensing of the =~ SPECTROELECTROCHEMISTRY Zoo —
potassium ion (K*) at three very distinct analytical ranges—  samole sample % . i

g 17 9 wpgf o Thin-layer CV.
nanomolar, micromolar, and millimolar—when using the same S 35 30 25 20 15
ion-selective electrode (ISE) but interrogated under various K 109 &
regimes. The ISE is conceived in the all-solid-state format: an (,,20'4%
ITO glass modified with the conducting polymer poly(3- K- < . Mass transport-CV
octylethiophene) (POT) and an ultrathin potassium-selective 25 50,75 10
membrane. The experimental setup is designed to apply a potential 06
in a three-electrode electrochemical cell with the ISE as the @02 ‘
working electrode, while dynamic spectral changes in the POT film ACCUMULATION STRIPPING ﬁ'}f“?gg\;—iﬁg—%

are simultaneously registered. The POT film is gradually oxidized s

to POT", and this process is ultimately linked to K* transfer at the

membrane-sample interface, attending to electroneutrality requirements. The spectroelectrochemistry experiment provides two
signals: a voltammetric peak and a transient absorbance response, with the latter of special interest because of its correspondence
with the generated charge in the POT and thus with the ionic charge expelled from the membrane. By modifying how the ion analyte
(K* but also others) is initially accumulated into the membrane, we found three ranges of response for the absorbance: 10—950 nM
for an accumulation-stripping protocol, 0.5—10 xM in diffusion-controlled cyclic voltammetry, and 0.5—32 mM with thin-layer cyclic
voltammetry. This wide response range is a unique feature, one that is rare to find for a sensor and indeed for any analytical
technique. Accordingly, the developed sensor is highly appealing for many analytical applications, especially considering the
versatility of samples and ion analytes that may be spotted.

In recent years, increasing progress has been made in the have also been explored, including ferrocene self-assembling
research field of ion-selective electrodes (ISEs) based on monolayers'>'* as well as metallic compounds and helicenes
polymeric ion-selective membranes (ISMs) that are inter- directly solved in the ISM.'*™"” In particular for POT, and
rogated using dynamic electrochemical techniques." The with electroneutrality as the driving force of the global process,
measurements go beyond the traditional zero-current inter- it was evidenced that an anodic potential sweep provokes the
rogation in potentiometry to pursue challenging analyses based oxidation of its basal state POT® to POT", which is stabilized
on calibration-free sensors,” titration of confined samples,” the by the lipophilic anion in the cation exchanger in the
improvement of the limit of detection,” the simultaneous membrane (tetrakis[3,5-bis(trifluoromethyl)phenyl]borate,

determination of multiple analytes,” high-concentration
discrimination,” and the extension of the linear range of
response,” among others. Principally, the use of all-solid-state
electrodes based on a conducting polymer as the ion-to-
electron transducer material with the ISM on top (ie., a
double-layer design) seems to stand out over other design
options. In essence, the ion-to-electron transducer is utilized to
generate a charge disbalance in the electrode via an electrical
perturbation that, in the end, results in an ion transfer (IT) at
the membrane-sample interface.

The transducer must be redox-active while compatible with Received:  April 11, 2022
a reversible (un)doping process involving ionic species present Accepted: May 31, 2022
in the membrane and/or coming from the solution. Such a Published: June 10, 2022
charge-based mechanism has been mainly demonstrated with
the conducting polymers poly(3,4-ethylene dioxythiophene)®’
and poly(3-octylthiophene) (POT),"”'" but other materials

TFPB™) and generates the release of the cationic counterpart
(sodium ion, Na*) from the membrane to the solution.' This
latter IT can be conveniently controlled for different analytical
purposes.

The ISM may contain up to three cation ionophores that
make the transfer selective for certain ions. The simultaneous
incorporation of lithium, sodium, and potassium ionophores in
the ISM makes it possible to obtain individual peaks for each
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cation and was used in the analysis of undiluted authentic
human blood."? Silver-selective membranes formulated with a
reduced exchange capacity and interrogated under an
accumulation/stripping protocol were demonstrated to be
responsive at nanomolar concentrations in water samples.A“’19
Notably, the thickness of the membrane used in these
successful cases was claimed to be crucial to preventing any
mass transport limitation on charge carrier rearrangement
within the membrane domain: ca. 250 nm."°

Recently, spectroelectrochemical experiments were pro-
posed to monitor the POT oxidation process in connection
with the IT across different membranes.”” The absorbance
changes registered when converting POT? to POT* are
ascribable to the electron transfer (ET) in the film, which is
visualized as a sigmoid curve in different potential windows. In
membranes presenting several ITs, the entire ET profile
manifests in different sigmoid-shaped parts connected to every
IT. The key discovery was that the dynamic absorbance of the
POT film unequivocally represents the connected IT(s). The
mathematical Sigmoidal—Boltzmann distribution was found to
fairly model the system, with key parameters, such as the
standard potential for the IT and the average number of
electrons involved in the ET, being implied in the equation. All
the ITs can be combined in one mathematical expression in
the form of the following equation (eq 1):***'

z
Ay — Ap
Az+1+2%

Y
oyt 1+ e(x_xO,n/kn)

(1)

where Y isequalto “ror*/.0 and expresses the dynamic

CTEPB
oxidation of POT in relation to the cation exchanger content
(cOTFPB_), x is equal to the applied potential (EEPP), z is the
number of exchangeable ions present in the membrane, A
values are distribution parameters that weigh each mathemat-
ical term (and therefore the contribution of each IT to the
overall sigmoidal curve), x,, values are the potentials for each
IT, and k, values are related to the ET in the POT lattice in
connection to each IT (l/k = ”POTP/RT , with F being the
Faraday constant, R the gas constant, T the absolute
temperature, and npor the average number of electrons
transferred at the electrode surface to go from POT to
POT™).

In this work, we demonstrate spectroelectrochemical sensing
of the potassium ion (K*), as a model target, at three very
distinct analytical ranges and using the same POT-membrane
ISE. The tuning of the accumulation input of K into the
membrane enables such a unique analytical feature, while
changes in absorbance are dynamically monitored. Accumu-
lation-stripping voltammetry allows for K" detection at the
nanomolar levels, whereas diffusion-controlled cyclic voltam-
metry and thin-layer cyclic voltammetry target micromolar and
millimolar K¥, respectively. Semi-empirical calculations predict
and confirm the discovered behavior. The wide concentration
range of response is highly appealing to the analytical
chemistry domain, especially regarding the versatility of
samples that could be spotted. Moreover, the developed
methodology may be easily applied to other ions by
exchanging the ionophore in the ultrathin ISM.

B EXPERIMENTAL SECTION

The ITO-POT-membrane electrode was prepared, as
described in the Supporting Information. Briefly, the POT
film was obtained via electropolymerization. The membrane

9141

was selective for K¥, with an ultrathin configuration (ca. 250
nm) comprising Na*TFPB~ as the cation exchanger, a K
ionophore, a polymer, and a plasticizer. The design of the
spectroelectrochemical cell is shown in Figure 1. The ITO-
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Figure 1. Spectroelectrochemical setup composed of (1) the light
detector, (2 and 10) metallic holders, (3) the ITO, (4 and 8) metallic
spacers, (S and 7) o-rings, (6) the acrylic sample compartment, (9)
the ITO-POT-membrane working electrode, and (11) the light
source, a counter electrode (Pt rod), a reference electrode (Ag/AgCl
wire), and a stirring bar.

POT-membrane acts as the working electrode and is placed
between a metallic part and spacer. A glass window makes up
the opposite side of the cell using a similar configuration. An
acrylic reservoir with a stirring compartment in the bottom
enables the loading and stirring of ca. 7 mL sample volume
without affecting the optical measurement, which occurs in the
horizontal direction. From the backside of the working
electrode, the light source is introduced, generating a beam
that goes through the sample solution and finally reaches the
detector placed behind the glass window (the second ITO).
During spectroelectrochemical measurements, both the
counter electrode and the reference electrode are placed in
the sample solution beside the light beam. Figure S1 in the
Supporting Information shows a real picture of the
experimental setup.

B RESULTS AND DISCUSSION

We herein present our findings on the sensing capability of
ISEs based on ultrathin ion-selective membranes as determined
through spectroelectrochemical measurements. The approach
comprises an ITO-POT-membrane electrode working on a
charge transfer (CT) principle with POT as the core element
due to a change in its absorbance (at 450 nm) while being
oxidized. Using the same ISE, we investigated how to displace
the linear range of response of the optical signal attending to
different working mechanisms, covering levels from millimolar
to nanomolar. Fundamentally, any operational regime of the
ISE involves electroneutrality as the driving force of the global
process: An anodic potential sweep provokes the gradual
oxidation of the basal state of the POT® film to POT", which is
stabilized with the TFPB™ in the membrane and eventually
generates the release of any cation from the membrane to the
solution. The key aspect is which cation(s) is(are) present in
the membrane and the path that enables its(their) presence
there (i.e., the accumulation step). Thus, with Na* coming
from Na'TFPB~ (cation-exchanger), the only cation initially
present in the membrane (as per its preparation), from the
very first moment at which the membrane is in contact with
the solution containing the cation analyte (in our case, K*),
there is a gradual partial/total replacement of Na* for K* that
mainly depends on (i) the concentration of K* in the bulk
solution and (ii) the conditions for the mass transport from the
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solution to the membrane. Tailoring these two factors, we
reach different response ranges. The global accumulation/
stripping mechanism as just described is presented in Figure
S2.

The response range targeting concentrations from millimolar
to nanomolar levels is a unique feature, rare to be found for a
sensor and even for any analytical technique. For example,
considering potentiometric ISEs that are indeed claimed to
present a wide range of response as a regular feature, while a
common linear range of response is from 10 uM to 10 mM ion
concentration (or formally activity), dozen nanomolar levels
can be fundamentally reached in inner-filling solution ISEs
formulated under specific conditions to control ion fluxes.
Such a concept was successfully demonstrated in the early
2000s but never reaching sufficient maturity to be applied in
authentic analytical cases, in contrast to the analytical concept
here developed.”

Operational Mode 1. Cyclic Voltammetry at Milli-
molar K* Levels: Thin-Layer Regime. Spectroelectrochem-
ical experiments were performed with the ITO-POT-
membrane at increasing KCl concentrations, in the range
from 0.5 to 32 mM, with a 10 mM NaCl background. The
electrode was interrogated under cyclic voltammetry (CV) in
the potential window from —0.4 to 1.3 V (Figure 2a), and in
parallel, the absorbance of the POT film was dynamically
acquired in the range of 400—500 nm, selecting 450 nm as the
studied wavelength (Figure 2b). No time for the accumulation
step was provided before starting the experiment. At a
millimolar concentration of K, its mass transport in the
solution is not the rate-limiting step for the global CT-based
mechanism. Moreover, the equilibration time for the
membrane is roughly estimated to be in the order of tens of
milliseconds, for a thickness of 200 nm, and a common
diffusion coefficient of 107® cm?* s™'.**** CVs were acquired
right after the K™ concentration was increased in the sample
(ca. 30 s of stirring after each K* addition to ensure solution
homogeneity).

The CVs at increasing K concentrations displayed one
voltammetric peak, which was ascribed to K expelling from
the membrane, and that shifted to more positive potentials
(Figure 2a). Such a displacement exhibited linearity with the
logarithmic K" concentration, as can be observed in Figure 2c
[Eppax(mV) = 87.63 log c*(mM) + 1146.5, R* = 0.9993]. The
CV peaks were found to be fairly reversible and, therefore, so is
the overall working principle: with an average separation
between the position of the anodic and cathodic waves of |
E.nodic — Ecathoaid = 52 = 8 mV and a peak charge that is very
similar for the anodic and cathodic waves, 48.5 + 2.6 and 51.4
+ 0.9 uC, respectively. It is notable that, as K* is increased in
the solution, the voltammetric peak is slightly wider (w,,,
increasing from 280 to 300 mV for 0.5 and 32 mM K'
concentrations) and develops a certain ohmic drop in the
zone of the peak growth that is likely related to an increase in
the resistance of the IT. In essence, the K* expelling process
from the membrane to the solution presents higher resistance
as the K" concentration in the solution increases.

The dynamic absorbance curves during the anodic scan at
increasing K* concentrations (Figure 2b) displayed sigmoidal
shapes coinciding with the potential window of the
corresponding voltammetric peak (Table S1). The absorbance
of the sigmoid goes from 1 to 0 after the values are normalized
considering that POT® (basal state before applying the
potential) presents the maximum absorbance at 450 nm and
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Figure 2. Experiments at the millimolar K* concentration levels. (a)
Cyclic voltammograms at increasing KCI concentrations with a 10
mM NaCl background. (b) Dynamic absorbance curves related to the
anodic part of the voltammograms. Corresponding calibration curves
using the (c) peak current and (d) potential at the inflection point of
the dynamic absorbance curve. Scan rate: 50 mV s~ '. Wavelength:
450 nm.

that this diminishes while POT? is oxidized to POT". Then,
the minimum absorbance is reached when the POT" charge
equals the TFPB™ in the membrane. An example of untreated
absorbance data is provided in Figure S3. Notably, in the ITO-
POT-membrane system, the amount of TEPB™ limits the total
charge that can be generated (and doped) in the POT film
and, therefore, the maximum color change that can be
reached.”’ For simplicity, only the anodic part is used
throughout the paper, with the cathodic part being a mirror
image (see Figure S4a). The potential at which the inflection
point appears in each sigmoid (Eyg), which corresponds to a
normalized absorbance equal to 0.5, was found to agree with
the peak potentials and also linearly shifted with the
logarithmic K* concentration (Figure 2d): Ep(mV) = 80.63
log c'(mM) + 826.1, R* = 0.9993. The reversibility of the
observed dynamic absorbance was fairly good, and so, the
reproducibility for the calculated potentials at the inflection
points over voltammetric cycles (824.4 = 3.1 mV; Figure S4b).

Equation 2, resulting from the dynamic expression of eq 1
with z = 1 (K*), Y = ror*e) .0 and x = E,,(1), is used to fit
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the optical experimental curves and thus calculate the A, and
A,, 0., ky, and npor values for the system (Table S2).

cP0T+(t)/ o A4
CTFPB™ 1 + elEam(®=x01/k)

A, +
’ )
In all the cases, excellent fittings were exhibited (R* =

0.9983—0.9995). We found that A; = 1 and A, = 0, as expected

when only one sigmoidal part is displayed. Then, the average

k, = 0.079 V revealed a value for npor of 0.33, which agrees

with previous predictions claiming that POT film oxidation

manifests in a number of electrons lower than 1 and generally

close to 0.35.'%%'

Next, a model based on thermodynamic equilibrium
assumptions was established to explain the empirically
observed displacement of the peak with the logarithmic
concentration of K* by the Nernst equation. The ET at the
ITO-POT interface is known to be a fast process that is not
limited by doping through TFPB~. Hence, mass-transport
limitation in the membrane or solution does not occur,
meaning that the system can be described in a pure thin-layer
regime. Then, E,,, can be described by its distribution
between the interconnected ET and IT:

Ep = Egr + Epp @3)

Yet, there is no empirical evidence about the weight, and so
the energetic cost of each process (ET and IT) recognizes the
total potential input provided to the system (E,,,). Although
the realization of experimental observations for Egr and/or E;p
is rather complex, some theoretical predictions pointed out the
possibility of the ET process being the main contributor."’
Indeed, the average number of electrons related to POT
oxidation (npor) has been proposed as the main factor
responsible for the voltammetric peak width.'*'

On the other hand, the generated current (i) upon the Epp
is expected to be the same for all the points of the ITO-POT-
membrane system, and consequently, it can be described for
only one element or interface, for example, for POT oxidation
as this is the process purely monitored with the optical
measurements. Considering that the POT film is sufficiently
thin (thickness is ca. 50 nm),”> the observed current is
proportional to its oxidation rate (%ror*[5,), the area of the
electrode (A), and the thickness of the film (dpor), as
follows:*°

oc POT"

ot

i = nporFAdpor (4)

The POT oxidation rate can be predicted from eq 2, with
z=2,A; =0and A, = 1, npor = 0.33, and k; = 0.079 V (as the
average values found in the fittings; Table S2) as well as xy, =
0.802,0.827,0.880,0.906, and 0.949 V. Accordingly, fpoT+<f>/ch _

B
was calculated and later derived to obtain #ror*/s,, predicting,
hence, the voltammetric peak according to eq 4.

Following such a procedure, we can fully simulate both
outputs from the spectroelectrochemical experiments, the
optical curve, and the voltammetric peak, with good agreement
with the experiments (Figure SS). Overall, while the values for
z and A depend on the number of ITs, and npor (and hence
k,) is fixed for the POT material, x,, is purely related to the
IT, depending on the nature of the ion and its concentration in
the sample solution. Certainly, in our previous studies, we
demonstrated that x,, is related to the potential of the IT
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(Eyr), fairly well coinciding with the peak potential of the
CV.”’ To provide adequate %, values for the theoretical
simulations, one may opt for two options: (i) X, values
referring to the standard potential of the IT (E};) or (ii) a
semi-empirical approach, considering that x,, values are equal
to the experimental peak potentials in the CVs, as we followed
for the simulations in Figure SS.

To express the E;y in terms of the Ejy, the Nernst equation
can be used:

o RT_ cpem
Er=Er — In aq
mrF (5)
where ¢2°™ is the concentration of the ion analyte (I*) in the

membrane being ideally fully bounded to the ionophore), ¢jd is
the concentration of I' in the aqueous solution, and n;y is the
number of electrons related to the IT process. Including the
dynamic form of the mass balance for ¢2*™ (eq 6), eq 7 is
obtained, which relates the concentration of I' in the
membrane with the gradual oxidation of POT? to POT".

memb

0
™ = crppp — cpor(t) (6)
0
. =% _ RTl crrps- — Cpor+(t)
IT — ~IT n aq
nITF C[* (7)

The mass balance deems that the concentration of I' in the
membrane is equal to the TFPB™ concentration remaining
after POT" doping, which is only true if all the cationic
positions in the membrane are initially filled by the ion analyte
I', i.e,, under a thin-layer regime.

Finally, eq 7 can be inserted into eq 2, with A; = 0, A, = 1,
and k; = 0.079 V, for a numerical simulation of the POT
oxidation rate, depending on the standard IT potential (eq 8).
Such calculations are more complex than those involved in the
semi-empirical approach, and hence, they were not adopted
here. However, from eq 8, it was evident that the concentration
of the ion in the aqueous solution (¢{?) was expected to modify
Eir and, therefore, the potential for POT oxidation, which
agreed with our experiments and is a valuable observation.

CP0T+/CO =1 1
TFPB E

1+e ™

RT In

0
—Eprt+ o F

O 4(t)
TEPB caqPOT /0.079)
I+

(8)
Operational Mode 2. Cyclic Voltammetry at Micro-
molar K* Levels: Mass-Transport Control. Spectroelec-
trochemical experiments were carried out with the ITO-POT-
membrane interrogated under CV at increasing KCI
concentrations, ranging from 0.5 to 3000 M, with a 10 mM
NaCl background. The absorbance of the POT film was
dynamically acquired at the same time as the CV. The CVs
were run without providing any significant time for K" to be
accumulated in the membrane (30 s of stirring after each K*
addition). At micromolar K* concentrations, it was expected
that the IT process would be chiefly controlled by mass
transport from the solution to the membrane, and with the
mild stirring step, we aimed to avoid (or only minimally engage
in) perturbing/promoting such transport. The CVs and the
corresponding dynamic absorbances obtained in the described
conditions are presented in Figure 3a and Figure 3b,
respectively.
The CV for the lowest K* concentration tested (0.5 uM)
presented two peaks at 528.4 and 806.9 mV. The first peak was
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Figure 3. Experiments at the micromolar K* concentration levels. (a)
Cyclic voltammograms at increasing KCl concentrations with a 10
mM NaCl background. (b) Dynamic absorbance curves related to the
anodic part of the voltammograms. Corresponding calibration curves
using the (c) peak current and (d) normalized absorbance at the
inflection point of the dynamic curve. Scan rate: 50 mV s~
Wavelength: 450 nm.

assigned to Na' transfer further to comparison with the CV
obtained in the background solution (only containing Na*).
The second one was related to K transfer, as binding with the
ionophore makes its expulsion from the membrane less
favorable energetically, and thus, a higher potential is required.
The first peak decreased, while the second one increased with
the K* concentration in the solution until a 30 yM K*
concentration was reached. From 30 #M K' and above, only
the K" peak appeared and was found to shift to a more positive
potential, indicating that a thin-layer regime was achieved from
such a concentration (Figure 3a).

The total cationic sites available in the membrane (provided
by the Na'TFPB~) are distributed between Na' and K*
transfers from 0.5 to 30 yuM K* concentration in such a way
that a higher K concentration in the sample solution promotes
K" accumulation in the membrane versus Na'. Notably, K
accumulation is additionally facilitated by the presence of the
ionophore, even though Na® is at a higher concentration than
K" in the solution. From the 30 uM K" concentration, the mass
transport of K* in the solution becomes a sufficiently fast
process (under the established experimental conditions), and
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consequently, the membrane is filled by K instead of Na¥, thus
exhibiting the thin-layer behavior.

The behavior of the charge under the Na" and K" peaks
agrees with the proposed description for the working
mechanism. The charge of the initial Na* peak (background
solution) reflects the total exchange capacity of the membrane
and was calculated to be 62.80 yC. Then, such a charge is
distributed between the Na* and the K peaks so that the sum
of both charges is always equal (or very similar, 62.46 + 0.56
uC) to that observed for the initial Na* peak (see Figure S6).
Moreover, the decrease and increase in the charge of the Na*
and K' peaks were found to be linear. Regarding the increase
in the current and charge for the K' peak, while both
parameters presented a concentration range with excellent
linear correlation (Figure 3c and Figure S6, respectively), this
was slightly wider in the case of the charge: 0.5—8 uM versus
0.5—10 uM for the current and charge, respectively. The linear
fittings in these ranges were Ippax x'(#A) = 8253 X 107"
cae(uUM) + 1.1246, R* = 0.9937 and Q-(uC) = 3.450 X
ce(UM) + 22114, R? = 0.9943.

Dynamic absorbance curves at increasing K* concentrations
are depicted in Figure 3b. They presented shapes significantly
different from those observed in the thin-layer CV experi-
ments. The curve is divided into two sigmoidal-shaped parts
(the separation of which is indicated by the dashed line in the
figure) when the connected CV presents two well-defined
peaks. The inflection points for each part coincide in turn with
the peak potentials in the CV (see Table S3). Furthermore, the
normalized absorbance at the inflection point (ABSyg) related
to K transfer was found to linearly change with the K'
concentration in the solution from a 0.05 to 10 yM K*
concentration (Figure 3d): ABS;yr = 3.38 X 1072 ¢p'(uM) +
0.0322, R* = 0.9965.

Thereafter, the potential at which the inflection point
manifests shifted to more positive values with increasing K
concentrations, coinciding with the thin-layer regime, and thus
with the results previously observed for thin-layer CVs (Figure
3). Only one sigmoid appeared in such absorbance curves. The
reproducibility of the absorbance responses was tested using a
solution containing 5 yM KCI, with a 10 mM NaCl
background (Figure S7). The dynamic absorbance curve was
found to remain constant over consecutive CV scans and when
checking three similar electrodes, with average inflection
absorbance values of 0.206 + 0.004 and 0.217 + 0.009,
respectively.

Of note, in the thin-layer CVs, no remarkable differences in
either the linear range of response or the sensitivity (slope)
were found when using the voltammetric peak potential or the
inflection point potential (Figure 2). However, in the CVs
under a diffusion-controlled mode, the fitting linear curve
calculated from the dynamic absorbance exhibited a wider
concentration range than that obtained with the voltammetric
peak current, with the former closer to the linear range found
for the peak charge (Figure S6). A possible explanation for this
behavior is that the measurement of the POT absorbance is
related to the charge formed in the film on oxidation, as
demonstrated in our previous paper,”’ and such a charge must
fairly coincide with that under the voltammetric peak.
Considering that some errors may be encountered in the
numerical calculation of the charge under the voltammetric
peak and given that the absorbance at the inflection point is a
direct experimental measurement, it is more convenient to
propose the use of this latter as the signal parameter in the
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calibration, especially considering the further analytical
purpose of the methodology.

Equation 9, resulting from the dynamic expression of eq 1
with z =2 (Na* and K*), Y = ‘ror*wfeo -y and x = Eqpp(t), was
used to fit the experimental optical curves and calculate the A,
Ay, Ay, %y, X, ki, ky, and npor values (Table S4).

CP0T+(t)/ 0 _ A4

CTEPB™ 1 + e Eamp(®=x01/k))
A, — A,

1+ e(Eapp(t)_xD,Z/kZ)

= A, + +A,

+
©)

Excellent fittings were exhibited (R* = 0.9983—0.9995) in all
cases. We calculated that A} = 0, A; = 1, and A, ranged from 1
to 0 as the K* concentration increased. Meanwhile, the average
values for x,; and x,, were 0.488 and 0.769 V, respectively,
and the average value for k, was 0.060 V, thus revealing a value
for npgr of 0.43. The value for A, was found to follow linearity,
as determined by K*: A, 5.34 X 10" * e+ (uM) + 0.94, R* =
0.9928.

Modeling the system under mass transport limitation
conditions is evidently more difficult than under thin-layer
conditions. The mass balance should now consider that the
available cationic positions, which are equal to the initial
TFPB~ concentration in the membrane (c};,5-) minus the
amount of oxidized POT" (cpor+(t)), are distributed between
both the ion in the background (J*) and the main ion (I'):

memb

memb 0 _ CP0T+(t) _ C]+

Crt = CTppB”

(10)

The initial concentrations of I* and J* in the membrane
depend on the I" concentration in the bulk solution, together
with the conditions affecting its mass transport to the
membrane phase. The initial concentration (or charge) of I*
or J' in the membrane is expelled to the solution during the
stripping step. Consequently, it is convenient to define the
system by the amount of I" and J* initially present in the
membrane. To that end, a continuity equation can be used to
generally describe the propagation of concentration changes in
I', both in time and space in the aqueous solution, and
considering, in turn, the diffusion coefficient of I' (D}9):

(acjﬁ(t)) _ D“q[ azcjﬁ(x)]
o ) o B t (11)

Hence, the aqueous solution can be approximated by a one-
dimensional space—time grid (x, t). Moreover, we hypothe-
sized that the space domain can be defined by the aqueous
layer’s thickness (dif,, ¢ ),as follows:

( acjﬂ(t)] ac(t)
P (12)

ot ot

with H denoting that the aqueous solution is a hydrodynamic
layer under unstirred conditions and F denoting that the
aqueous solution is a diffusion layer.””~*° In the absence of an
accumulation step, as in the experiments in this section (Figure
3), H will apply to eq 12. Clearly, d}! will be lower than i3,
and therefore, at the same I' concentration in the bulk
solution, the rate of gain of I in the membrane will be higher
with the former. The rate of gain of I' in the membrane during
the accumulation step must be equal to the rate of the loss of I'*
in the entire aqueous solution’s thickness (di§ or dil):

— 4%
— YHorF
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9c;3(0) _
ot

b
aq _dmemb aclnlem (t)
ot

HorF

(13)

This can be considered in the expression for the mass
balance (eq 10), and with the assumption that the aqueous
solution is infinitely larger than the thin membrane domain
(d3 o, ¢ > d™™), we get the following:

dc (1)
ot

_o0
= CTEPB~

memb

. — cpor+(t) — ¥

HorF

(14)

A similar reasoning can be applied to the J* gain in the
solution during the accumulation step, with this, in turn, being
equal to the rate of I'" that the membrane gains or the aqueous
solution loses

e (t)
ot

dc (1)
ot

0

aq _
= CTEpPB~

— 4%
HorF dH

— cpor+(t)

or F (1 5)

Then, solving eq 15 for cpor'(t) and discretizing with
adequate boundary conditions and considering eq 4, it would
be possible to calculate the current.

Though the purpose of the present work is not to provide
such a solution to the current calculation, we consider it
necessary to propose herein the fundamental equations that
likely describe the system under study. The validity of the
hypothesized expressions is expected to be confirmed in a
follow-up piece of work more deeply dedicated to the
theoretical description of the interconnected ET-IT mecha-
nism. Nonetheless, in the work presented here, instead, a less
complex semi-empirical approach based on eq 9 (A; =0, A; =
1, and A, calculated according to the found linearity; x,, =
0.488 V, xy, = 0.769 V, and k, = 0.43 V) was adopted to
simulate the current profiles in the CVs under mass transport
limitation conditions. By following such a procedure, we could
adequately simulate both outputs from the spectroelectro-
chemical experiments, as presented in Figure S8. Again, the
mathematical Sigmoidal—Boltzmann model showed a good
performance for current prediction at increasing K" concen-
trations. In principle, the averaged parameters for A, and k,,
together with the A, linearity discovered in this work, could be
used to simulate the voltammograms for any IT at the
micromolar level of concentration, just by iterating the values
for xy, and x,,.

Operational Mode 3. lon-Transfer Stripping Voltam-
metry at Nanomolar K* Levels: Enhanced Diffusion
Conditions. Spectroelectrochemical experiments were carried
out with the ITO-POT-membrane interrogated under a
striping anodic voltammetric protocol at increasing KCI
concentrations, ranging from 10 to 3000 nM, with a 10 mM
NaCl background. We implemented an initial accumulation
step where the exchange of Na" by K* in the membrane was
promoted. Thus, the entire electrochemical protocol was
composed of an accumulation step (E,,, = —0.2 V for 700 s,
sample stirring at 400 rpm) followed by the application of an
anodic linear sweep potential (from —0.2 to 1.4 V at a scan rate
of 50 mV s7'). Details of the optimization of the
accumulation/stripping protocol are provided in the Support-
ing Information (Figures S9—S11).

The intentional accumulation step was expected to maximize
the mass transport of K' from the bulk solution to the
membrane-solution interface, while the constant E, = ensured
that the entire POT film was in the basal POT? state. In the
consecutive stripping step, the linear sweep potential resulted
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in the release of all the cation species from the membrane to
the solution upon the oxidation of POT® to POT". Figure 4a

ENHANCED K" ACCUMULATION
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Figure 4. Experiments at the nanomolar K* concentration levels. (a)
Stripping voltammograms at increasing KCI concentrations with a 10
mM NaCl background. (b) Dynamic absorbance curves. Correspond-
ing calibration curves using the (c) peak current and (d) normalized
absorbance at the inflection point. Accumulation step (E,,, = —0.2 V
for 700 s while the sample solution is stirring at 400 rpm) followed by
the application of an anodic linear sweep potential from —0.2 to 1.4 V
(scan rate = 50 mV s7). Wavelength: 450 nm.

displays the observed stripping voltammograms, and Figure 4b
displays the corresponding dynamic absorbance traces. Even at
a low concentration of 10 nM, the stripping voltammogram
showed a peak for K" at 792.8 mV. The peak was found to
increase with increasing K concentrations in the sample
solution, while the Na* peak (528.1 mV) decreased. Moreover,
the K* peak current exhibited linearity with the K*
concentration from 150 to 850 nM (Figure 4c): Ipgag, x*(HA)
= 5.80 X 107° ¢+(nM) + 3.332, R* = 0.9947.

Our investigation of the charge under the peaks (Figure
S12) revealed that the charge of the initial Na* peak (62.53
uC) was well maintained as the total charge was distributed
between the Na* and K* peaks (61.3 = 0.40 uC). In addition,
the charge of the K* peak presented excellent linearity from a
10 to 950 nM concentration: Qu-(1C) = 4.43 X 1072 ¢x+(nM)
+6.992, R* = 0.9937. This linear range of response was wider
and began from a lower concentration (more than 10 times
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lower) than the linear range found for the peak current.
Concerning the dynamic absorbance (Figure 4b), the curves
appeared to be divided into two sigmoid-shaped parts (in
which separation is indicated with a dashed line in the figure),
well coinciding with the potential window for each
voltammetric peak (Table SS in the Supporting Information).
On the other hand, the absorbance observed at the inflection
point (ABS;yp) of the K* transfer part showed linearity with
the K* concentration from 10 to 950 nM (Figure 4d): ABS
= 3.385 X 107* ¢*(nM) + 0.0430, R* = 0.9934. Importantly,
the linear range was slightly wider than that observed for the
charge under the voltammetric peak, which again confirmed
the adequacy of the optical measurements for exploitation in
the calibration graph in further analytical applications.

Equation 9 was used to fit the experimental optical curves
and calculate the A), A,, A;, %51, X0, ki, ky, and npor values
(Table S6). An excellent correlation was obtained in all cases
(R* = 0.9969—0.9996). We found that A; = 0, A; = 1, and A,
ranged from 1 to 0 as the K* concentration increased, while the
average values for x,; and x,, were 0.495 and 0.772 V,
respectively, and k; = 0.060 V, which revealed a value for npgp
of 0.43. The value for A, exhibited linearity with the K*: A, =
—7.59 X 107*"(nM) + 0.94, R? = 0.9927. These values were
used to simulate the dynamic absorbance profiles and then to
predict the voltammetric peak current according to eq 4. The
results (Figure S13) were found to agree well with the
experimental curves. Advantageously, the same parameters and
the A, linearity may be further used to predict the
voltammograms related to any IT at the nanomolar level,
just by iterating the values for %y, and x,,, depending on the
nature of the ion.

Analytical Application of the Developed Spectroe-
lectrochemical Methodology. The analytical applicability
of the developed ISE was evaluated by analyzing the K'
content, using the standard addition method, in six samples
(see the Supporting Information): sample 1 (synthetic water
with 1 mM KCl), sample 2 (synthetic water with S M KCl),
sample 3 (synthetic water with 300 nM KCl), sample 4
(distilled water), sample S5 (NaCl powder A with K* traces),
and sample 6 (NaCl powder B with K' traces). The
voltammograms and dynamic absorbance of the three synthetic
water samples are presented in Figure 5, while those for
samples 4—6 are depicted in Figure S14.

Sample 1 displayed only one peak at 937.8 V that shifted
toward a more positive potential with subsequent KCI
additions. Sample 2 presented two peaks (at 574.6 and 855.4
mV), the first of which (cations other than K*) decreased and
the second (K') of which increased with KCl additions.
Sample 3 showed three peaks, the first two of which were at
527.8 and 593.8 mV (non-K* cations) and the third of which
(K*) was at 871.5 mV, with the two first peaks decreasing and
the third one increasing with KCIl additions. Samples 4—6
(Figure S14) presented two peaks, where the first (non-K*
cations) decreased and the second (K') increased with KCI
additions. All these results coincided with our expectations
based on the K' levels in each sample. Regarding the related
optical curves, the total sigmoidal transient change was divided
into a number of sigmoidal parts equal to the number of peaks,
except for sample 3, where the first two peaks overlapped in
only one sigmoidal part.

Table 1 presents the results of K" concentration
quantification in each sample using both the voltammogram
(Epgak of Ippax) and dynamic absorbance (Epg or ABSp),
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Figure S. Cyclic voltammograms and dynamic absorbance curves for
increasing concentrations of KClI in samples 1 (a), 2 (b), and 3 (c).

Table 1. Potassium Detection in Synthetic and Real
Samples®

absorbance voltammogram
recovery recovery
sample added K* & (%) G (%)
1 1 mM 0.90 mM* 90° 0.90 mM* 90°
2 5 uM 5.2 uM® 104° 4.8 puM4 96°
3 300 nM 252 nM® 84° 245 nM¢ 82°
4 - 184 nMP - 215 nM¢ -
+50nM 237 nMP 101f 302 nM¢ 114
+100 nM 289 nM® 101f 584 nM¢ 1661
5 - 642 nM® - 653 nM* _
+50nM 691 nM® 100° 896 nM 127
+100 nM 750 nM® 101f 1021 nM¢ 108"
6 - 517 nM® - 600 nM¢ -
+50 nM 585 nM® 103f 676 nM* 1041
+100 nM 612 nM® 96! 980 nM* 140f

“For the calculations, the following parameters were used: Ejye (a),
ABSr (b), Eppax (€), Ippax (d), difference with added K* (e), and
recovery (f).

together with the error and recovery calculations. As can be
observed, slightly better recoveries (closer to the 100%) were
obtained when using the absorbance data, which confirmed
our previous hypothesis that its use is preferable over the
voltammetric data. Overall, the dataset largely demonstrated
the analytical suitability of the developed spectroelectrochem-

9147

ical ISE for detecting the K concentration in different samples
ranging from the nanomolar to the millimolar levels.

B CONCLUSIONS

We have demonstrated that ISEs based on POT connected to
ultrathin membranes can operate as spectroelectrochemical
sensors in an unusually wide concentration range. In particular,
we investigated the case of K*. Interrogating the corresponding
ISE under different conditions (thin-layer CV, diffusion-
controlled CV, or accumulation/stripping voltammetry), we
found linear ranges of response in the nanomolar, micromolar,
and millimolar K" concentrations. While the three regimes
fundamentally operate via an accumulation/expulsion mecha-
nism, we ascertained that key to determining the different
ranges of response is the accumulation part of that. This
process, we found, dramatically depends on the amount of K*
present in the membrane, which in turn is ascribable to the
mass transport of the ion from the bulk solution to the
membrane. Beyond this, the mathematical Sigmoidal—
Boltzmann model has been conveniently used to fit
experimental data in searching for physicochemical parameters
that may help calculate different spectroelectrochemical
behaviors of an ISE. Moreover, equations enabling us to
theoretically understand the working mechanism have been
described to justify empirical observations of different regimes.
Finally, the analytical applicability of the ISE has been
illustrated with several samples of K* at nanomolar, micro-
molar, and millimolar concentrations.
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