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1 Introduction

Probing a conducting polymer by proton-coupled
electron transfer of biosimilar redox moleculesy

Canyan Che, (22° Viktor Gueskine, (2 °¢ Martin Sjodin, ¢ Alexander Pozhitkov,®
Liang Yao,® Magnus Berggren,®’ Yuguang Ma, (2 ® Reverant Crispin®" and
Mikhail Vagin € *f

In bioelectronics, the preservation of host homeostasis upon alteration of the electrical charge caused
by an implantable electrode has not yet been addressed properly. Here, we propose an in vitro strategy
to evaluate the appearance of acidic regions in conducting polymer film electrodes due to the hosting
of proton-coupled electron transfer (PCET) of bioinspired redox quinone molecules. The effects of
electrode-inherent ion transport selectivity as well as the media-inherent buffer capacity on the
response of a molecular pH probe, being the quinone redox process, were evaluated using the
conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT). The hosting of the PCET, within
the phase of the mixed ion—electron conductor, affects both the surrounding characteristics and the dif-
fusion of the redox molecules. The involvement of di-anion quinone in the primary doping of the
conducting polymer results in slowing down its diffusion within the bulk of the porous electrode. The
redox process, imposed on the porous electrode in the weakly buffered media, controls the electrode
operation in vivo. This leads to the appearance of two acidic regions located at the electrode bulk and
at the interface between the electrode and the hosting electrolyte, respectively. The proposed
methodology is highly relevant for the pre-evaluation of porous electrodes for various (bio-
)technological applications.

concentration of protons is essential for living systems, as an
acid-base disorder typically results in pathologic changes and

The progress in implantable bioelectronics for monitoring,
measuring, and transforming electrophysiological and bio-
chemical responses in vivo requires the development of soft
electrodes in contact with living matter," where the match
between the mechanical properties with host tissues is related
to the biocompatibility of the electrical implant. In addition,
the maintenance of acid-base homeostasis, or a constant
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diseases. The in vivo proton concentrations are tightly regulated
in both extracellular fluids (ECFs) and intracellular fluids
(ICFs).>”® In the case of ECFs, albumin plays the role of a weak
nonvolatile acid, which together with phosphate acts as a
buffer. The deviation of ECF’s pH from the normal range
(7.35 to 7.45) is caused by various disorders.*’ Strong electro-
Iyte ions (e.g. alkali metal cations and chloride) being present in
millimolar concentrations in the ICF appear to be the major
determinants of its pH due to the activity of membrane trans-
port proteins, e.g. the Na'/H" exchanger, which plays a pivotal
role in enzymatic transport of strong electrolyte ions across the
cellular membrane, thereby regulating the pH of ICFs.?
The increased pH of ICFs promotes many cancer-specific
activities.” From this perspective, we understand that the
change of electronic charge of the implanted porous
electrode'® in bioelectronics is compensated by ion transport,
which can strongly affect the localized acidity of the host media
such as the ECF. Although living organisms have a self-
regulation of pH by acid-base homeostasis, these mechanisms
are likely limited to maintaining the pH changes upon implan-
table electrode operation. We believe that such processes
imposed on living tissue by in vivo bioelectronics should be
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Scheme 1 The cation (A) and anion (B) transport selectivity on the CP; (C) and (D): the effect of buffer capacity on PCET hosted on the CP-based porous

electrode.

evaluated by studying the compatibility with the acid-base
homeostasis of the host." ™

The molecular porosity of conducting polymers (CPs),
enabling the access of ions and reagents to individual
backbones,'* ' enables these organic materials to act as mixed
ion-electron conductors (MIECs),"”'® which are utilized in
solid-state ion-selective electrodes.'® The interface of the por-
ous electrode is a three-dimensional region defined by its
boundaries with the electrolyte solution and the current col-
lector. This region, accessible to both ions and electrons, acts
as a distinct phase and inherently strives to preserve its
electroneutrality. The alteration of either the electrical charge
by the external electronic circuit or the ionic charge by the
gradient of ion concentration results in the appearance of
compensational ionic or electronic transport, respectively.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

Specifically, the free positive charge carriers defining the
electronic conductivity of the p-type CP phase are compensated
by anions, such as the mostly investigated polyethylenediox-
ythiophene (PEDOT) electrodes. Moreover, the ionic transport
species and kinetics differ dramatically due to the counter ion
mobility. Compensated by mobile tosylate (Tos), PEDOT:Tos
undergoes anion transport upon the modulation of the electro-
nic charge (Scheme 1B), while the one compensated by immo-
bile polystyrene sulfonate (PSS), PEDOT:PSS, presents cation
transport behavior (Scheme 1A).>° Considering that soft biosi-
milar electrodes help narrow down the mismatch in the
mechanical properties between the host tissues and implanta-
ble bioelectronics aiming to diminish the immune
reaction,”™ ™ and that CPs facilitate heterogeneous electron
transfer,’* > an experimental strategy to evaluate these two
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model porous electrodes with various ionic transport under the
conditions modeling in vivo is proposed here.

Quinones are redox-active molecules involving proton trans-
port and are the key organic molecules in in vivo electron
transport chains. This explains the abundance of such mole-
cular electron shuttle systems: the photosystem I1,>*** ADP-to-
ATP oxidative phosphorylation in mitochondria®® and
neurochemistry.*® Quinones are also popular, low cost, sustain-
able redox-active additives used extensively in energy devices to
enhance the energy density,>”° coupled with the conducting
polymer matrix due to intrinsic insulating properties.?®*°™*?

Therefore, in this report, the acidity of CP-based porous
electrodes was probed under the conditions of controlled ionic
transport with redox reactions of two quinone molecules, i.e.,
catechol and tiron.**™*” In contrast to hosting media of high
buffer capacity, weakly buffered media mimicking the in vivo
conditions showed the decoupling of the acidity within the
interior of the porous electrode from the hosting media. The
selectivity of ion transport on porous electrodes defined by the
mobility of the primary dopant affects the kinetics of the redox
process. The proposed experimental approach can be utilized
in pre-tests of electrodes implanted in living organisms.

2 Results and discussion

Films of PEDOT:Tos and PEDOT:PSS deposited onto a current
collector (glassy carbon (GC)) were used as a general model of
porous electrodes. PEDOT is archetypical among CPs due to its
high electronic conductivity (up to 1000 S cm™*)*® and proces-
sability. The high conductivity of PEDOT at the potential region
of the quinone redox process is independent of the pH. The
sluggish kinetics of catechol redox conversion on blank glassy
carbon (Fig. S1, ESIT)*® illustrate the inertness of the current
collector. The transport of chemical species within the porous
electrode is assured by both diffusion into the pores and
coulombic forces induced on ions to compensate for the
electrical charge inside the MIEC. The selectivity of transport
towards the anions or the cations is defined by the mobility of
ionic species virginally present in the MIEC phase for the
compensation of free carriers of electronic charge, the so-
called primary dopants.

3 Thermodynamics
3.1 Standard conditions: proton transfers at the inherent
acid-base equilibria

The redox reaction of quinones in protic solvents including
water involves transfers of both electrons and protons and can
be represented as:

Q+nH' +2e” < C(HY), (1)

where n, the number of protons involved, can be 0, 1, or 2
depending on the pH. If 7 is equal to 1 or 2, then reaction (1)
proceeds via PCET. Considering only mono- or bi-molecular
reactions as elementary steps, the enumeration of any possible
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intermediates gives a nine-membered scheme of squares
(Scheme 2) as a mechanism of reaction (1).***°° Deprotona-
tion of C(H"), facilitates its oxidation thermodynamics as soon
as the proceeding of reaction (1) from right to left becomes
easier.

The achievement of inherent acid-base equilibria upon the
coupled proton transfers (vertical routes at Scheme 2) during
reaction (1) is assured in voltammetry experiments using an
aqueous electrolyte of high buffer capacity. The outcome of
such conditions is the so-called Nernstian behavior of equili-
brium potential: the dependence of the equilibrium potential
of (1) on the pH, the so-called Pourbaix diagram, is linear with a

slope of —(%) x 0.059 V per pH unit. Indeed, in the media of

high buffer capacity, we observed, by voltammetry experiments,
that the increase of pH led to a shift of the peak current
potentials as well as the equilibrium potential of the redox
process in the negative (cathodic) direction for all the systems
utilized in this study (e.g. for the catechol redox process on a
PEDOT-based blend with polystyrene sulfonate (PEDOT:PSS),
Fig. 1).

The Pourbaix diagram for a certain redox process allows (i)
the Nernstian diagnostics of the number of protons involved
and (ii) the evaluation of the solvation properties of the solvent.
Specifically, (i) the slopes of pH dependence of the equilibrium
potential are 0.059 V (pH unit)™", 0.030 V (pH unit) " and 0 V
(pH unit) " for n of 2, 1 and 0, respectively, while (ii) the pH

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 1 The maintenance of reversibility for the catechol redox process on
the PEDOT:PSS-modified GCE. The voltammograms were recorded in
1 mM catechol solution in buffered background electrolytes (pH 1.7-12.1;
20 mV s

values where the switching between the slopes takes place
identifies the acid dissociation constants.

3.1.1 Catechol. The inherent acid-base equilibria of qui-
nones, namely, their first and the second acid dissociation
constants in water, are:

) HY
K ="emn,) @
and
ety
K = e ®)

where [C], [C(H")], [C(H"),] and [H'] are the concentrations at
the equilibrium. For catechol, —log(K;) = pK; 9.45 and pk;
12.8,>" define the pH points where the switching of n of 2-to-1
and 1-to-0, respectively, takes place in solution. Essentially, at
low pH values the catechol redox process on PEDOT films of
different compositions (Fig. 2A and B) showed full coincidence
of equilibrium potentials with a Nernstian slope for n = 2
(namely, 0.059 V (pH unit)™") illustrating the identity of the
acid-base equilibria established outside and inside the porous
electrode phase (Scheme 1C). On the other hand, the pH values
of the switching points are significantly affected by the porous
electrode materials. With PEDOT:PSS, reaction (1) with n = 2
spans almost the entire studied pH range (Fig. 2A). This implies
that the switching pH points with this porous film are signifi-
cantly shifted to deeply alkaline external media in comparison
with the same reaction driven on the smooth electrode surface
in water. In contrast, the catechol redox process on PEDOT:Tos
(Fig. 2B) showed that the switching pH points shifted to acidic
media (2-to-1: at pH 6.7, 1-to-0: at pH 9.6) in comparison with
the surface reaction in bulk water (2-to-1: at pH = pK;; 1-to-0: at
pH = pK,). The influence of the electrode composition on the
switching pH points witnesses two aspects of the redox process

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 2 Pourbaix diagrams of proton-coupled electron transfer reactions
on conducting polymers. The pH dependencies of midpoint potentials of
redox processes of catechol on PEDOT:PSS and PEDOT:Tos ((A) and (B),
respectively) and tiron (C) on both PEDOT:PSS- and PEDOT:Tos-films in
buffered and unbuffered electrolyte solutions (open and filled symbols,
respectively); OU and OF are midpoint potentials of oxidation-unfavorable
and oxidation-favorable processes.

on the porous electrode. (A) The catechol redox process takes
place in the porous electrode interior, which is illustrated by
the dependence on the catechol redox currents on the thickness
of PEDOT films (Fig. S2, ESIt). (B) The inherent acid-base
equilibria of catechol (vertical routes of Scheme 2) are affected.
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Fig. 3 The dopant-dependent selectivity of the MIEC to the redox pro-
cess of quinone di-anion. (A): cyclic voltammograms acquired on PED-
OT:PSS and PEDOT:Tos-modified electrodes in the presence of tiron
(1 mM, pH 2, high buffer capacity); thickness dependencies of the redox
peak currents of tiron, the capacitive currents on PEDOT films and redox
peak currents of tiron normalized on the capacitive currents (B), (C) and
(D), respectively).

This could be due to three reasons. (i) Polarity of the polymer
interior is different from the water in the bulk. Both protons
and pristine catechol can be excluded from the species affected
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by the solvation due to the intactness of the proton energetics
illustrated by the coincidence of equilibrium potentials with
Nernstian slopes and the neutrality of non-dissociated catechol,
respectively. Therefore, the acidic or alkaline shifts of switching
pH points observed on PEDOT:Tos or PEDOT:PSS films, respec-
tively (Fig. 2A and B), could witness that the environment inside
these porous electrodes is more polar or less polar than the
bulk water, respectively. (ii) The pH inside the porous electrode
could be affected by the ion selectivity of the porous film
towards the acidic or basic components of the buffer. (iii) The
involvement of de-protonated forms of catechol in the primary
doping of PEDOT:Tos, namely, in the stabilization of positive
charge carriers of PEDOT:Tos.

Coherently, the ionic selectivity of the CP affects the stability
of the redox probe. The catechol redox process in aqueous
media at the smooth (inert) interface, such as blank GC, leads
to the irreversible redox behavior of catechol already at a pH
above 9 due to the nucleophilic attack on the catechol oxidation
product, namely, o-benzoquinones by hydroxyl anions via the
Michael addition reaction.*®®° The porous interior of cation-
transporting PEDOT:PSS leads to protection of the catechol
probe and stabilization of the ortho-benzoquinone against
nucleophilic attack, represented by the extension of the cate-
chol redox reversibility in the voltammogram up to pH 12
(Fig. S3A, ESIT). In contrast, the interior of the anion-transporting
PEDOT:Tos interface leads to deprotonation of catechol, and de-
stabilization of the ortho-benzoquinone against nucleophilic attack,
which is illustrated by interruption of the reversibility in the
voltammogram at pH 12 (Fig. S3B, ESIt), correspondingly.

The reversibility of the catechol redox process on PED-
OT:PSS can be attributed to the selective transport of cations
into the bulk of the conducting polymer (CP), while access for
nucleophiles, such as anions that could attack quinones, is
effectively restricted. Unlike aliphatic sulfonates, such as those
in Nafion,®" the nucleophilic reactivity of aromatic sulfonates,
such as those in PSS, is significantly suppressed. This demon-
strates how controlling the ionic transport can influence the
chemical reactivity within the bulk of a porous electrode.

3.1.2 Tiron. The redox process of the di-anion tiron shows
higher selectivity towards the PEDOT electrode composition in
comparison with the redox behavior of neutral catechol. The
tiron redox process on anion-transporting PEDOT:Tos achieves
a high degree of reversibility and yields one order of magnitude
higher peak currents in comparison with a similar process on
cation-transporting PEDOT:PSS. This could be explained by the
coulombic interactions between the redox probe and primary
dopant of PEDOT (Fig. 3A). A significant effect of the PEDOT
film composition on the thickness dependences of redox peak
currents is also visible (Fig. 3B). Redox peak currents of tiron
scale up linearly with the PEDOT:Tos thickness, while a similar
process is almost independent of the thickness of PEDOT:PSS.
This implies that the access to the film interior of the redox
process of di-anion tiron is significantly affected by the initial
primary dopant, PSS or Tos.

The slower diffusion of tiron was observed on anion-
transporting PEDOT:Tos in comparison with cation-

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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transporting PEDOT:PSS, which is an origin of observed selec-
tivity. This is illustrated by lower diffusional currents of the
tiron redox process on PEDOT:Tos in comparison with PED-
OT:PSS (Fig. 3A, oxidation currents at diffusion control: ca.
0.9 V; reduction currents at diffusion control: ca. 0.4 V).
Coherently, the slow diffusion of tiron on PEDOT:Tos is visible
in voltammetry experiments on a rotating disk electrode (RDE;
Fig. S4A, ESIY). The increase of rotation speed resulted in the
conservation of the peak current of tiron oxidation on PEDOT:-
Tos, which disabled the use of Levich analysis in the estimation
of the diffusion coefficient (Supporting Note S1, ESIf). The
diffusion coefficient estimated for tiron oxidation on PED-
OT:PSS was 3.6 x 10 ° ecm” s~ .

In contrast to di-anion tiron, neutral catechol shows indis-
crimination of the redox behaviour towards the PEDOT film
composition (e.g. similar thickness dependencies on PED-
OT:PSS and PEDOT:Tos, Fig. S2, ESIt) and higher diffusion
coefficients (8-10 x 10® cm?® s™') in comparison with tiron.
These facts allows us to hypothesize that di-anion tiron is
involved in the compensation of positive charge carriers within
the phase of PEDOT:Tos, ie, the primary doping of PEDOT by
tiron. The alteration of electronic charge within the MIEC
phase of dopant-exchangeable PEDOT:Tos is equilibrated by
the transport of anions, such as tiron. On the contrary, the
doping of PEDOT with an excess of immobile poly-anion PSS
results in the change of ion transport selectivity to cations.

Regardless of the composition, the capacitive currents on
PEDOT-modified electrodes (e.g. at 0.2-0.3 V, Fig. 3A) scale
linearly with the film thickness (Fig. 3C). This implies that the
capacitive currents can represent the electrochemical active
surface area (EASA), namely, the surface area of the CP hosting
the electrical double layer formed by the ions of the back-
ground electrolyte. The slope of the thickness dependence of
PEDOT:Tos is more than 7 times higher than the slope of
PEDOT:PSS. The lower volumetric capacitance observed for
PEDOT:PSS could be due to the presence of both an excess of
the electronic insulator PSS®> and water inside the CP film.
Assuming the intactness of the density of states defining the
heterogeneous electron transfer on the electronic conductor,
one can conclude that PEDOT:Tos has more than 7 times larger
EASA than PEDOT:PSS. The normalization of the peak currents
of the tiron redox process recorded on CP films of different
thicknesses (Fig. 3B) on the corresponding capacitive currents
allows the evaluation of the effect of EASA on the redox process.
The close similarity of the thickness dependences of tiron peak
currents observed for PEDOT:PSS and PEDOT:Tos (Fig. 3D)
implies the identity in the density of states for heterogeneous
electron transfer on both CP films and the absence of any
catalytic phenomena created upon the change of the primary
dopant.

The thermodynamics of the tiron redox process is affected
by its involvement in the primary doping of PEDOT. The
significant acidic shifts of the switching pH points are visible
in the Pourbaix diagram of the tiron redox process on PED-
OT:Tos (Fig. 2C) in comparison with inherent acid-base equili-
bria for tiron in bulk water (pK; 7.66, pK, 12.6%7).
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To sum up, the composition of PEDOT films with the mobile
or immobile anions, ie. Tos or PSS as primary dopants,
respectively, affects the thermodynamics of the proton-
coupled electron transfer of quinones (reaction (1)). The qui-
none redox process on PEDOT films, as a model of the porous
electrode, is affected by the ionic transport that appeared upon
the alteration of the electronic charge of the film. The solvation
properties and the reactivity of water are altered by the porous
electrode.

3.2 In vivo conditions: low buffer capacity

The high buffer capacity of the quinone solution during the
investigation of redox process is essential to observe the effect
of the inherent acid-base equilibria on the thermodynamics of
reaction (1). In contrast, under the conditions of low buffer
capacity of the outer background electrolyte,®® particularly
relevant for the electrodes implanted in vivo,>>** the decou-
pling of the porous electrode phase from the outer electrolyte is
expected.

3.2.1 Catechol. First, consider 1 mM catechol solution in a
weakly acidic electrolyte (pH > 3) of low buffer capacity. The
concentration of catechol is higher than the concentration of
protons ([H'] < 1 mM). Notably, the observed redox potentials
of catechol that do not suggest the establishment of thermo-
dynamic equilibrium, on both PEDOT:PSS and PEDOT:Tos,
become almost pH-independent (Fig. 2A and B, respectively,
filled symbols). The value of pH, at which the behavior of
buffered and unbuffered systems starts to diverge, is 2.7
(Fig. 2A and B). This pH value is recorded by electrochemical
methods and is defined by the protons (2 mM) released during
catechol oxidation within the phase of the porous electrode.
Note that this electrode-localized pH is lower than the pH at the
bulk of the electrolyte.

Second, consider the pH dependence of the catechol redox
process on both PEDOT:PSS and PEDOT:Tos obtained in the
electrolyte of low buffer capacity at a moderate to a high pH
(Fig. 2A, B (filled symbols) and Fig. S6A, B, ESIt). The peak
currents visible at potentials around 0.4 V (Fig. S6, ESIt) start
losing their intensity with an increase in the pH. At ca. pH > 9
the change is profound: the redox peak at 0.4 V disappears
completely, while a new reversible redox process appears at
close to 0 V. We will define redox processes at 0.4 V and 0 V as
oxidation-unfavorable (OU) and oxidation-favorable (OF),
respectively.

The interim character of the OF process, as an indication of
its far-from-equilibria origin, is shown by two aspects: (i) the OF
process disappears with the increase of the scan rate of
voltammetry (e.g. catechol on PEDOT:Tos Fig. 4) and (ii) the
redox peak currents of the OF process decrease with the
increase of buffer capacity.®* These facts exclude the assign-
ment of the OF process either to pH-independent redox process
of catechol dianion (C, Scheme 2) or to the redox reactions of
products of single electron oxidation of catechol, namely, the
semi-quinone radical family (S(H"),, S(H) and S, Scheme 2).

It is believed that both OF and OU processes involve redox
reactions of intact catechol as a starting reagent (Scheme 2)
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located at the film surface, namely, at the PEDOT/aqueous
electrolyte interface, and at the bulk of the PEDOT film,
respectively (Scheme 1D). The slower diffusion within the pores
of the PEDOT film can lead to the slower diffusion observed for
the OU process in comparison with OF. This is supported by
higher diffusional currents of oxidation for the OF process (e.g.
at 0.2 V, Fig. S6A, ESIt) than for the OU process (e.g. at 0.6 V,
Fig. S6A, ESIf). The different diffusional behavior of redox
processes located at the surface (OF) and at the bulk of the
film (OU) results in square root and linear dependencies on the
scan rate, respectively. Indeed, the voltammetry at slow scan
rates shows the appearance of the OF process of catechol on
PEDOT:Tos (Fig. 4), even in a highly acidic 0.1 M H,SO,
solution of low buffer capacity. The increase of the scan rate
leads to the disappearance of the OF process (Fig. 4). The long
time of the experiment at a slow scan rate allows the protons
released within the porous electrode to be neutralized. In such
a scenario, the part of the film that is close to the PEDOT/
aqueous electrolyte interface is available for slow neutraliza-
tion, while the bulk of the film remains acidified by released
protons (Scheme 1D). This leads to the observation of OF and
OU processes illustrating neutralized and acidified parts of
the film.

3.2.2 Tiron. Regardless of the PEDOT composition, the pH
dependence of the tiron redox process on electrolytes of low
buffer capacity showed the co-existence of OF and OU processes
(Fig. S6C, D and S7, ESIt). This is in stark contrast to catechol
where only one process is observed (Fig. 2A, B and Fig. S6A, B,
ESIt). Considering the significantly slower diffusion of tiron di-
anion on the PEDOT film in comparison with catechol, one can
hypothesize that the OF-OU coexistence observed for the tiron
redox process in the electrolyte of low buffer capacity has
diffusional origin. The fast diffusion of catechol could result

T T T T T T
1.0 ou i
OF
0.5 -
é _—
— 0.0 ]
S~
057 @ﬂ 1
OF ou
-1.0 T T T T T T
0.0 0.2 04 0.6 0.8 1.0

E /V (Ag/AgCl)

Fig. 4 The kinetic control of released proton neutralization during the
catechol redox process in the neutral electrolyte of low buffer capacity.
The voltammograms normalized by the oxidation peak currents of cate-
chol (1 mM in 0.1 M H,SO,4) recorded on PEDOT:Tos film-modified glass
slides at scan rates of 5 mV s~ and 50 mV s~* (black and red curves,
respectively).
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in the presence of the OU process even at the surface of the
film, which leads to OF process disappearance. On the contrary,
the slower diffusion of tiron enables the presence of the OF
redox process. Therefore, the zones of the films where the OF
and OU redox processes take place are different for catechol
and tiron. Coherently, the involvement of tiron in the primary
doping of PEDOT:Tos slows down its diffusion, which leads to
the appearance of the surface OF redox process at a lower pH
value (ca. pH 4, Fig. S7B, ESIT) in comparison with the similar
process on PEDOT:PSS (ca. pH 6.5, Fig. S7A, ESIt).

4 Oxidation kinetics

The kinetics of catechol and tiron oxidation was evaluated by
voltammetry at the PEDOT-modified RDE. The diffusion limita-
tion observed on RDE measurements for tiron oxidation on
PEDOT:Tos (Fig. S4A, ESI) motivates the assumption that the
hydrodynamic voltammetry probes the oxidation reaction at
both the surface and the bulk of the PEDOT film. High buffer
capacity media served to assure that the acid-base equilibria
are effectively established. The analysis of voltammograms
obtained on the RDE was based on the Koutecky-Levich
equation supposing the kinetic control of the electrode reaction
(Supporting Note S1, ESIt).

The standard rate constants of the electron transfer for
catechol and tiron oxidation on porous electrodes in well-
buffered solutions obtained as described above (Fig. 5A and
B, respectively) were found to change non-monotonously with
the pH. According to E. Laviron,>® the slope of dependences of
the logarithm of the standard rate constant on the pH is 0.5
(dashed lines in Fig. 5A and B), provided all the inherent acid-
base equilibria (vertical routes of Scheme 2) are established.
Our results for the oxidation of neutral catechol on cation-
transporting PEDOT:PSS (Fig. 5A) agree with this prediction
only in a limited range of pH values (pH 6-10), which suggests
the achievement of acid-base equilibria. On the contrary, at the
anion-transporting PEDOT:Tos, the Lavironian behavior was
not observed in the entire pH range of this study. A possible
explanation of this difference could be the effect of selectivity of
ion transport, cations (protons) for PEDOT:PSS, and anions for
PEDOT:Tos, on the neutralization of released protons. Coher-
ently, the significant effect of ion transport selectivity (PED-
OT:PSS vs. PEDOT:Tos) on the standard rate constant was
observed for dianion tiron (Fig. 5B), while the oxidation of
neutral catechol remains almost unaffected (Fig. 5A). These
facts support our concept of ion-selective electrocatalysis.®

An attempt was made to simulate the archetypical reversible
cyclic voltammetry of the quinone redox process observed on
stagnant smooth electrodes using well-reputed DigiSim soft-
ware and the full scheme of squares (Scheme 2) with the
thermodynamics, namely, equilibrium potentials and acid
dissociation constants, listed by R. Compton et al.>* Strikingly,
for any choice of rate constant values for the electron transfer
and rates of protonation spanning many orders of magnitude,
even a qualitative agreement with the shape of cyclic

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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voltammograms observed in an experiment (e.g. Fig. 1) could
not be obtained at any pH and scan rate (data not shown), leave
alone pH dependence. It is noteworthy that R. Compton et al.>>
themselves were able to fit the experimental cyclic voltammo-
grams only in a limited range of pre-defined pH values,
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independent of each other, as two effective inverted single-
electron transfers, leaving aside the experimental pH depen-
dence and explicit treatment of proton transfers (then the
primary acid-base equilibria are introduced as the ratio
between the rates of the forward and backward elementary
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Fig. 5 The pH dependencies of standard rate constants and Tafel slopes of catechol ((A) and (C), respectively) and tiron ((B) and (D), respectively)
oxidation on PEDOT:Tos and PEDOT:PSS in Britton—Robinson buffers; (E) the pH dependencies of the exchange current densities of catechol-on-
PEDOT:PSS-, catechol-on-PEDOT:Tos-, tiron-on-PEDOT:Tos- and tiron-on-PEDOT:PSS-modified GC normalized by capacitive current densities in
buffered electrolytes. % - catechol oxidation on the GC.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

New J. Chem., 2025, 49, 4178-4190 | 4185


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nj04718d

Open Access Article. Published on 06 February 2025. Downloaded on 5/24/2026 10:10:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

NJC

proton transfers). It is supposed that such a critical negative
result illustrates the proceeding of reaction (1) via concerted
proton electron transfers corresponding to the diagonal transi-
tions in the scheme of squares, e.g. direct C(H"),-to-S(H") and
direct S(H')-to-Q (Scheme 2). Such a mechanism is explicitly
excluded from the scheme of squares as well as from the
DigiSim algorithm. Concerted proton electron transfers are
not considered in Lavironian kinetics with its explicit assump-
tion of infinitely fast rates of proton transfers, compared to the
rates of electron transfer. Moreover, Laviron’s assumption of
fast proton equilibria is questionable for weak acids like
quinones, since their dissociation and association reactions
(vertical path in Scheme 2) may not be fast enough to maintain
equilibrium.

The Tafel slope, which might be simplified as a voltage loss
due to the slow electrode reaction Kkinetics, increases with
growing pH for all electrode reaction systems (Fig. 5C and D).
This illustrates the change of the rate-determining step (RDS) of
oxidation due to the kinetic effect of proton transfers. The
overall oxidation of quinones at pH values allowing n =2 or 1
(reaction (1)) suggests the existence of a chemical step (C),
namely, de-protonation between two single electron transfers
(E): the ECE mechanism. The increase of the Tafel slope
observed upon increasing the pH led to a shift of the RDS from
the second electron transfer, namely, the ECE* mechanism

0
S mV dec™!, where 4

3
is an overpotential-dependent constant)®® to the early indivi-

dual reaction steps, such as C (yielding EC*E; Tafel slope:
60 mV dec ').®® Among all systems of study, only tiron oxida-
tion on PEDOT:Tos (Fig. 5D) showed the conservation of the
EC*E mechanism in a pH range between 2 and 5, which might
be a result of the additional equilibria imposed on tiron due to
the involvement into the PEDOT doping.

To consider the effect of the porous electrode surface, the
exchange current densities were normalized by the capacitive
current densities,®” which represent EASA (Fig. 5E). Assuming
the equal specific capacitance of all PEDOT films of study, it is
possible to confirm the effect of ion transport selectivity on the
rate of the heterogeneous transfer on quinones. The appear-
ance of ion-selective electrocatalysis in the oxidation of di-
anionic tiron yields more than 30 times higher surface-
normalized exchange current at anion-transporting PEDOT:Tos
compared to that at cation-transporting PEDOT:PSS at pH 2.
For neutral catechol oxidation at PEDOT:Tos vs. PEDOT:PSS,
the increase is smaller: 6 times at pH 2.5 in the absence of ion-
selective electrocatalysis. Essentially, the catechol oxidation on
the smooth GC showed the lowest values of roughness-
normalized exchange currents in comparison with the porous
electrodes of conducting polymers.

(where * denotes the RDS; Tafel slope:

5 Conclusions

Organic redox processes involving PCET were utilized as
calibration-free pH probes to examine the interior of a
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conducting polymer, serving as a model for soft implantable
electrodes. The di-anionic quinone participates in the primary
doping of the MIEC, influencing its diffusion within the porous
electrode phase and defining the redox process selectivity
relative to dopant-dependent ionic transport in the conducting
polymer. The high buffering capacity ensures pH conservation
both inside and outside the porous electrode, while the Nerns-
tian mechanistic transitions of PCET are modulated by the
electrode environment.

Selectivity of ionic transport further impacts the chemical
reactivity within the interior of the porous film. In weakly
buffered host media, designed to mimic in vivo microenviron-
ments, two localized acidic regions emerge: one within the bulk
of the porous electrode and another at the interface between
the electrode and the external electrolyte. It is proposed that
this experimental approach holds broad relevance for porous
electrodes in various technological applications.

6 Experimental section
6.1 Reagents

All inorganic salts, 3,4-ethylenedioxythiophene (EDOT), ethanol
pyridine, glycerol, dimethyl sulfoxide (DMSO) and (3-glycidyl-
oxypropyl) trimethoxysilane (GOPS) were purchased from Sigma
(Sweden) and used as received. PEDOT:PSS (Clevios, PH1000)
and iron(m) tosylate (54 wt% in butanol, Clevios CB-54) were
purchased from Heraeus Holding GmbH. Experiments were
carried out with deionized water.

6.2 Procedures

A GC (disk, diam. 5 mm) was used as the substrate for film
loadings. The GC was polished using 0.3 pm and 0.05 pm
alumina powder (CH Instruments, Inc.) and rinsed with
DI water.

PEDOT:PSS films on the GC were prepared by drop-casting
of 5 pL of the polymer blend (PEDOT:PSS, DMSO, 10 mM
glycerol, GOPS (94 wt%, 4 wt%, 1.5 wt% and 0.5 wt%, respec-
tively)), followed by drying in an oven (75 °C) for 30 minutes.

PEDOT:Tos films were first prefabricated by vapour phase
polymerisation. First, 5 mL of iron(ui) p-toluenesulfonate (40%
solution in n-butanol) and 0.2 mL of pyridine were mixed and
stirred for 1 hour. Next, the oxidant solution was spin-coated
onto the metal-modified glass described above and then heated
up for 30 seconds at 60 °C before putting in a vacuum chamber,
and three drops of the EDOT monomer were added onto two
glass slides and placed in a hotplate by the side of the
sample. The polymerization was completed under a vacuum
condition of 60 mm Hg, after 1 hour followed by heating for
2 minutes at 60 °C. The samples were gently rinsed in ethanol
and dried under nitrogen flow before use. Then, the PEDOT:-
Tos films were gently lifted up in water and attached to the GC
followed by drying under nitrogen flow and heating (60 °C for
30 min).

Britton-Robinson buffers (Table 1) were used as the uni-
versal buffer systems in all experiments with buffered

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 1 The compositions of the Britton—Robinson buffers
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Concentration, g L™

Molar concentration, M

Total
pH NaOH CH;COOH H;PO, H;BO; KCl NaOH CH;COOH H;PO, H;BO; KCl concentration, M
2.09 0.558 2.234 3.647 2.301 5.964 0.014 0.037 0.037 0.038 0.08 0.206
2.87 1.191 2.044 3.336 2.105 5203  0.03 0.034 0.034 0.035 0.07 0.203
4.1 1.6 1.922 3.136 1.979 4.562 0.04 0.032 0.032 0.032 0.06 0.196
5.02 2.074 1.779 2.904 1.832 3.683 0.052 0.03 0.03 0.03 0.05 0.192
6.09 2.386 1.686 2.751 1.736 2.959  0.06 0.03 0.028 0.029 0.04 0.187
7 2.754 1.575 2.57 1.622 1.804 0.07 0.026 0.026 0.027 0.024 0.173
7.96 3 1.501 2.45 1.546 0.357 0.075 0.025 0.025 0.025 0.005 0.155
8.95 3.224 1.434 2.34 1.477 0 0.081 0.024 0.024 0.024 0 0.153
9.91 3.493 1.353 2.208 1.393 0 0.087 0.023 0.023 0.023 0 0.156
10.88 3.616 1.316 2.148 1.355 0 0.09 0.022 0.022 0.022 0 0.156
11.98 4 1.201 1.96 1.237 0 0.1 0.02 0.02 0.02 0 0.16
media.®®® The actual pH values of the solutions were con- ACknOWledgementS

firmed by pH measurements.

6.3 Methods

A BioLogic SP200 potentiostat was used for all the electroche-
mical measurements. An Ag/AgCl electrode in 3 M KCl and a Pt
mesh were used as the reference electrode and counter elec-
trode, respectively. 85% of ohmic drop correction (determined
by a high-frequency impedance (50 kHz and 20 mV amplitude))
was performed prior to each voltammetry measurement on film
working electrodes. A RDE (GC disk 5 mm diam., Pine Research
Instrumentation Inc., USA) was used. The RDE was modified
with PEDOT:PSS films via blend drop-casting followed by
heating (60 °C for 30 minutes). PEDOT:Tos films were prepared
first as described above followed by gentle transfer onto the
RDE in water. Then, the RDE was dried under nitrogen flow
followed by heating (60 °C for 30 minutes).
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