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Conducting polymers are one of the most interesting materials due to their broad range of applications,
from sensing and energy storage to organic actuators. Among the different conducting polymers, the
family of poly-3,4-alkoxy thiophenes stands out due to its exceptional electrical, optical, and chemical
properties. The electro-donating effect of the 3,4-alkoxy groups favors the polymerization reaction,
provides stereoregularity, and increases the effective conjugation. With poly-3,4-ethylendioxythiophene
(PEDOT) as its flagship, this family has gained increasing attention in multiple fields of science, ranging
from bioanalysis and electrochromic systems to microelectronics. This review outlines the most recent
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Accepted Sth July 2025 developments in the study of 3,4-alkoxy thiophenes, from the synthetic routes of monomers to the
fundamentals behind the polymerization and functionalization. Finally, conventional and unconventional

DOI 10.1039/d5ta03149d applications of these materials in different fields of science, ie., batteries and supercapacitors,
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Introduction

Since the late 70s, when Shirakawa, MacDiarmid, and Heeger
published the first work concerning synthesizing high-
conductivity doped polyacetylene, conducting polymers (CPs)
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electroanalysis, or optoelectronics, are discussed.

have gained considerable attention in the scientific
community."? From a materials science point of view, CPs have
a unique combination of the electrical behavior of metals and
the mechanical properties associated with organic polymers. As
is well known, the semiconductor behavior of these polymers is
based on the redox formation and mobility of charged species
within the m-conjugated backbone.*” CPs have passed from
a laboratory curiosity to a technological reality due to their
numerous applications, ranging from sensing to optoelec-
tronics and energy storage devices.* Commonly, many -
conjugated monomers can be used to produce CPs, such as
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aniline, pyrrole, furan, or thiophene. In particular, thiophene-
based polymers exhibit high chemical and electrochemical
stability, which is attributed to the stabilizing effect of the
positive charges by the sulfur heteroatom and the resonance
effect within the conjugated oligomer.® Furthermore, incorpo-
rating electron-donating substituents onto positions 3 and 4 of
the thiophene ring favours the electropolymerization mecha-
nism, stabilizes the formed radical cations, and minimizes «-
B and B-PB couplings of the oligomers. Consequently, poly-3,4-
dialkoxythiophenes have become one of the most studied
materials in the field of CPs, and numerous potential applica-
tions have been developed.’®** The poly-3,4-dialkoxythiophene
family has a good balance between conductivity, stability, and
processability, making their materials very attractive among
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different families of CPs (Table 1). This review provides
a complete overview of recent trends in the study and applica-
tions of poly-3,4-dialkoxythiophenes. At first, different synthetic
routes for the efficient design of 3,4-dialkoxythiophene mono-
meric derivatives and the possible chemical modification of the
conjugated ring are summarized. Afterwards, chemical and
electrochemical polymerization methods of the monomers and
the formation of copolymers are discussed. Finally, the current
state of the art of selected applications of these m-conjugated
systems is presented.

Synthesis of 3,4-alkoxy thiophene-
based monomers

The most well-established methodology for synthesizing 3,4-
dialkoxythiophenes is based on a four-step reaction route
(Scheme 1). At first, a Hinsberg condensation between the thi-
odiglycolic acid ester (1) and an a-dicarbonyl (2a, b) in the
presence of a strong base, i.e., sodium methoxide, generates the
corresponding 3,4-dihydroxythiophene-2,5-dialkyl ether (3),
which is the starting molecule for the synthesis of 3,4-
alkoxythiophenes.®*** After this, the Williamson etherification
of (3) with alkyl halides in the presence of K,CO; leads to O-
alkylation at the 3,4-position, producing the 3,4-
alkoxythiophene-2,5-dialkyl ether (4a-g).'® In the next step, 3,4-
alkoxythiophene-2,5-dicarboxyl acid (5) is formed via a simple
saponification reaction, and finally, the Cu-catalyzed proto
decarboxylation in quinoline leads to the synthesis of the
desired 3,4-alkoxythiophene (6).'” Although, as mentioned
above, this is the most common methodology for synthesizing
3,4-alkoxythiophenes, multiple variations of each reaction step
have been developed.®?® This section summarizes different
synthetic approaches explored to improve each reaction step
involved in the synthetic route to obtain 3,4-alkoxy thiophenes.
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Table 1 Property comparison between different families of conducting polymers?”®

Polymer family Conductivity (S cm ™) Stability Processability
Polyacetylene 10° (Doped state) Very poor Very poor
Polpyrroles 1-100 Poor Poor
Polyanilines 1-100 Fair Moderate
Polythiophenes 107%-10° Good Poor
Poly-3,4-dialkoxythiophenes 107°-10? Excellent Excellent
Thiophene moiety generation a
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ethylenedioxythiophene-2,5-dicarbonitrile (9) as an interme-
diate to access the corresponding aldehyde (10) as the final
compound (Scheme 2a).>* Moreover, Hellberg et al. reported
a one-step synthesis approach for the synthesis of 3,4-dime-
thoxy thiophene (12) based on a ring closure (addition-elimi-
nation) between 2,3-dimethoxy-1,3-butadiene (11) and sulphur
dichloride (Scheme 2b).>* In an alternative approach, a two-step
route for the synthesis of 3,4-ethylenedioxythiophene (EDOT)
(6d) was developed based on the cyclization reaction of a diyne
precursor (13), mediated by di(cyclopentadienyl)zirconium(iv)
dichloride (Cp2ZrCl,) and using disulphuric dichloride as
a sulphur source, to generate 2,5-bis(trimethylsilyl)-3,4-
ethylenedioxythiophene (14) (Scheme 2c).** Afterward, EDOT
was obtained through a proto-desilylation in the presence of
tetra-n-butylammonium fluoride. Finally, a radical-cascade
procedure was proposed to synthesize EDOT, in which the
thioacetic acid reacts with a diyne precursor (15) in the presence
of AIBN acting as the initiator.**

O-Alkylation of the thiophene ring from 3,4-positions

From a synthetic point of view, the O-alkylation of (3) or 3,4-
dimethoxythiophene is a crucial reaction for synthesizing novel
and more sophisticated 3,4-alkoxythiophenes. Three synthetic
routes have been developed: the Mitsunobu reaction, a trans-
etherification synthesis, and a double Williamson ether-
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AIBN
H H

6.d

Toluene

M\
o [+
Il
H 15 H

Scheme 2 Synthesis of the thiophene ring to prepare 3,4-alkox-
ythiophenes; (a) modified Hinsberg condensation, (b) one-step
synthesis based on a ring closure (addition—elimination), (c) two-step
route based on the cyclization reaction of a diyne precursor and
a proto-desilylation reaction, and (d) a radical-cascade synthetic route.

azodicarboxylate (DEAD),* dialkylazodicarboxylate (DIAD)***
or tetramethylazodicarboxamide (TMAD),***° acting as a dehy-
drogenating agent in the presence of tri-substituted phosphine
and 1,2- or 1,3-diols (Scheme 3a). This approach has been used
for the synthesis of multiple 3,4-alkoxythiophenes, from classic
EDOT and 3,4-propylenedioxythiophene (ProDoT) derivatives to
more sophisticated alkyl short and large ring-alkylene, benzyl,
or crown ether-like thiophenes.

Transetherification is a reaction between an ether and an
alcohol, catalyzed by an acid, to interchange functional groups.
Such a reaction has been extended to the O-alkylation of 3,4-
dimethoxythiophene, acting as a starting compound.** For
example, Krishnamoorthy et al. used dibenzyl and substituted
phenylene 1,3-diols to synthesize dibenzyl propylenediox-

. . : L : ythiophene and 3,4-phenylenedioxythiophene derivatives
ification. The Mitsunobu reaction is based on the use of diethyl
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Scheme 1 Classic four-step reaction route for the synthesis of substituted 3,4-dialkoxythiophenes.
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Scheme 3 O-alkylation of 3,4-dialcoxythiophenes based on the Mit-
sunobu reaction using (a) diethyl azodicarboxylate (DEAD), (b) dia-
lkylazodicarboxylate (DIAD) and (c) tetramethylazodicarboxamide
(TMAD) as dehydrogenating agents.

(Scheme 4a).>*** In addition, with this methodology, enantio-
merically pure chiral EDOT derivatives have been designed
(Scheme 4b).**** Furthermore, a double transetherification of
the four positions of pentaerythritol with two 3,4-dimethox-
ythiophene molecules was reported to produce the spiro
bipropylenedioxythiophene (19) (Scheme 4c).** The same
approach was used to synthesize bis-EDOT by using threitol as
a bridge to connect two EDOT moieties.** On the other hand,
using the acid transetherification reaction, it is possible to
produce interesting reactive 3,4-dialkoxythiophene intermedi-
aries such as 3,4-diiodoethyloxythiophene. Roncali et al
exploited the reactivity of such a molecule to synthesize 3,4-
vinylenedioxythiophene (VDOT) (23) (Scheme 4d).** A contin-
uous flow synthesis process of 3,4-propylenedioxythiophene
derivatives is based on this methodology.*”

The double Williamson etherification reaction has recently
garnered considerable attention due to the potential O-alkyl-
ation of (3) with high steric hindrance substituents (Scheme 5a).
The ring closure step is achieved using alkyl halides and trialkyl
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Scheme 4 O-alkylation based on a transetherification reaction for the
synthesis of (a) dibenzyl propylenedioxythiophene and 3,4-phenyl-
enedioxythiophene derivatives, (b) chiral EDOT derivatives, (c) bis-
alkoxythiophenes and (d) 3,4-vinylenedioxythiophene (VDOT).
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Scheme 5 O-alkylation based on a double Williamson etherification
reaction for the synthesis of (a) 3,4-alkoxythiophenes with high steric
hindrance substituents (b) macrocycle 3,4-alkoxythiophenes and (c)
3,4-phenylenedioxythiophene (PhEDOT) functionalized with elec-
tron-withdrawing groups.

amines, acting as substituent moieties and a base-solvent.’®
This approach was used to prepare ethylene, propylene, mono
and di-toluene, phenyl-propene derivatives, para-, meta-, and
ortho-xylene, and 3,4-substituted thiophenes (Scheme 5b).>*** In
particular, using xylene groups enables the synthesis of more
sophisticated macrocycle alkoxythiophenes. Furthermore,
Krompiec et al. extended the double Williamson etherification
reaction to the synthesis of 3,4-phenylenedioxythiophene
(PhEDOT) functionalized with electron-withdrawing groups via
a double nucleophilic aromatic substitution of substituted
benzenes in a one-pot reaction (Scheme 5c¢).**

Proto decarboxylation

The final monomers are obtained through the double proto-
decarboxylation of (5), commonly carried out until a decade
ago, using Cu-based catalysts in quinoline as the solvent
(Scheme 1).”> Under these conditions, the complete conversion
of electron-rich aromatic systems like 3,4-alcoxythiophenes is
limited, leading to moderate yields. Besides, novel and envi-
ronmentally friendly methodologies have been developed due
to the toxicity of the reaction media and the time-consuming
experimental procedure. For example, using different metal

This journal is © The Royal Society of Chemistry 2025
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Scheme 6 Reactions of the double proto-decarboxylation of
3,4-alcoxythiophenes.

phthalocyanines (PC) of Cu, Zn, Co, Ni, Mn, Mg, Fe, and Ag as
catalysts allows decarboxylation in aqueous media and at mild
temperatures (Scheme 6).** Recently, Cisneros-Pérez et al
developed a highly efficient, low-temperature, and toxic-solvent-
free proto-decarboxylation reaction with Ag,CO; as a catalyst
and in a microwave reactor.** This synthetic method presents
a considerable improvement in yield and time (from hours to
minutes) compared with decarboxylation based on Cu,Cr,0,
(Scheme 6).

Chemical modification of the 2 and 5 positions

Interestingly, it is possible to fine-tune the physicochemical
properties of 3,4-alkoxythiophenes by introducing additional 7t-
conjugated groups within the aromatic structure of the mono-
mer. For example, the formation of a Mannich-type base at one
a-position of the thiophene ring allows the functionalization of
positions 2 and 5 (Scheme 7a).** However, the most straight-
forward alternative is via a direct C-H arylation of EDOT, cata-
lyzed by clay-supported Pd.*® This approach has given access to
multiple mono- and bis-arylated EDOT-based functional -
conjugated molecules.

With a similar philosophy, donor-acceptor-donor mono-
mers have been designed either by using a Pd(OAc),-catalyzed
direct heteroarylation of EDOT or via a Suzuki-Miyaura
coupling synthetic pathway (Scheme 7b);*” recently, deep
eutectic solvents have been employed for these couplings,
thereby avoiding the use of toxic solvents.*® In this context,
different methodologies involving metallic catalysts have been
developed. For example, the mono-arylation of Grignard-type
EDOT catalyzed by NiCl, in 1,3-bis(diphenylphosphine)-
propane allows the introduction of conjugated structures,
such as para-phenylene, vinylene, furane, or thiophene (Scheme
7¢).* Furthermore, thioporphyrins were produced in a three-
step synthetic pathway; at first, the reaction between the cor-
responding 3,4-diakoxythiophene and butyl-lithium to generate
the organolithium compound, followed by a condensation with
benzaldehyde, treated with boron trifluoride etherate, and
finally the proper oxidation with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (Scheme 7d).**** Nonetheless, generating
a Mannich-type base at one a-position of the thiophene ring is
a practical approach to overcome the use of metallic catalysts.

This journal is © The Royal Society of Chemistry 2025
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Scheme 7 Reactions employed for the functionalization of the posi-
tions 2 and 5 of the thiophene ring via (a) the formation of a Mannich
type-base, (b) a Pd(OAc), catalyzed direct heteroarylation, (c) a mono
arylation of Grignard-type alkoxythiophenes and (d) the generation of
organolithium thiophene. Schematic reactions for synthesizing (e)
vinylene-linked N-ethyl-carbazole substituted thiophenes and (f) 2,5-
substituted alkoxy thiophenes with benzimidazole rings.

1 4-benzoquinone, EIOH

Such an active group facilitates the efficient chemical coupling
of para-phenylene-vinylene, thiophenylene-vinylene,
substituted thiophene,”* and vinylene-linked N-ethyl-carba-
zole®® groups to the a-position of thiophene (Scheme 7e). Stoli¢
et al. developed a synthetic route based on the double oxidation
of the ether moiety present in the 3,4-ethylenedioxythiophene-
2,5-diethyl ether with LiAlH, and IBX to the corresponding
aldehyde, followed by the formation of the benzimidazole rings
(Scheme 7f).>*

Ethylene and propylene bridge modification

In addition to the above-mentioned a-o. functionalization of the
thiophene ring, it is possible to chemically modify the 3,4-
ethylene or the 3,4-propylene groups. At first, through a Wil-
liamson etherification reaction, ethylene or propylene groups
containing leaving groups, such as Cl and OH, are introduced to
the monomeric unit.>® Afterward, it is possible to substitute the
halogen atoms to functionalize 3,4-alkoxythiophene. Different
pendant groups have been introduced to the 3,4-alkoxy struc-
ture, ranging from polyethers®® and long alkyl chains®” to bulky
groups such as 4-(6-bromohexyl-oxy)-40-cyano biphenyl ether*®
and perylenebisimide, hydroxymethyl- or chloromethyl-
substituted EDOT (65 or 72) (Scheme 8a and 8b).”* For

J. Mater. Chem. A
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Scheme 8 The alkoxy bridge modification using (a) hydroxymethyl-
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salient groups, (c) chloromethyl-substituted EDOT (72), (d) exo-
methylene-3,4-ethylenedioxythiophene (75) and (e) ProDOT carbox-
ylic acid as starting building blocks.

example, Dong et al. reported the successful anchoring of (R)-
and (S)-2-phenyl propionic acid as pendant groups to Me-EDOT,
where the obtained monomers retain the configuration of the
initial chiral reactant (Scheme 8c).*° The incorporation of crown
ether into compound 72 produced CP with enhanced proper-
ties.;** after several synthetic steps it is possible to attach mal-
eimide derivatives from the same starting compound to prepare
human cell platforms.*

A helpful alternative is wusing exomethylene-3,4-
ethylenedioxythiophene (emEDOT) (75) as a versatile building
block. This can be obtained by the reaction between the mixture
of EDOT-CH,OH and ProDOT with para-toluenesulphony
chloride to obtain the tosylate ester, and after crystallization,
EDOT-CH,OpTS can be separated, and this at last, in the pres-
ence of potassium tert-butoxide, generates emEDOT.* With this
monomer as a starting unit, it is possible to functionalize the
3,4-ethylene group with many substituents (Scheme 8d). Finally,
ProDOT carboxylic acid (ProDOT-COOH) (79) was synthesized
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by trans-etherification of 1,3-diol and 3,4-dimethoxy-thiophene
under acidic conditions. From this starting monomer, it is
possible to substitute the OH from the carboxylic group via
a classic esterification reaction with different redox active
moieties, ie., dopamine, hydroxy-TEMPO, or tetra ethyl-
eneglycol (Scheme 8e).** The central sp® carbon of ProDOT has
been symmetrically functionalized to attach diverse substitu-
ents, for example azide, triazole,* aliphatic alkyl ether chains,®
alkyl ester chains,” glyme side chains,*®* and disulphide”
among others. These monomers have shown excellent proper-
ties for use in technological applications.

Chemical and electrochemical
polymerization

As is well known, m-conjugated monomers are suitable starting
units for generating conducting polymers. Commonly, this is
achieved by following an oxidative radical polymerization
mechanism, which involves the formation of highly reactive
species, ie., radical anions or dications. In this context, the
oxidative dimerization and oligomerization pathway is the most
studied polymerization mechanism in conducting polymers
(Scheme 9a). At first, oxidation of the monomer takes place to
form the corresponding radical cation, which dimerizes at the
a-position of the conjugated ring, with the subsequent depro-
tonation step to recover aromaticity. Afterwards, the formed
dimers undergo a series of consecutive oxidation and coupling-
deprotonation steps, continuously increasing the oligomers’
length. However, the coupling pathway followed by the formed
oligomeric radical cations strongly depends on the substituents
and their molecular position within the monomer. For example,
for the simple thiophene, o-a-, o-B and B-B- oligomeric
couplings can take place, leading to the formation of highly

Scheme 9 (a) Oxidative dimerization and oligomerization mechanism
of 3,4-alkoxy thiophenes and (b) long chain propagation catalyzed by
solid-state redox processes.
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cross-linked films. Thus, as stated above, the electron-donating
effect of the 3,4-alkoxy groups favours a-a-couplings, producing
well-defined oligomeric structures. Since the polymerization
conditions can fine-tune the electrical, electrochemical,
mechanical, and optical properties of such materials, this
section summarizes the recent advances in the chemical and
electrochemical polymerization of 3,4-alkoxythiophenes and
the possible post-functionalization of the obtained conjugated
films. The reader can consult the reviews and books in this field
for more details concerning the different oxidative and reduc-
tive polymerization mechanisms.**”*

Homogeneous redox polymerization

The homogeneous oxidative redox polymerization takes
advantage of the thermodynamically favored reduction of
aredox initiator, i.e., FeCl;.”” Thus, in the previously mentioned
mechanism, the oxidant dissociates into active species before
the oligomerization reaction.” Such highly reactive oxidants
cause the continuous generation of the radical cation of the
monomer and its subsequent oligomers, which, via the oxida-
tive dimerization pathway, produce the corresponding CP.
Among all the different m-conjugated systems, PEDOT
produced with homogeneous redox polymerization is one of the
few conducting polymers that have become an industrial
reality.”* However, solutions of doped monomers and oligomers
are highly unstable due to their different thermodynamic
standard redox potentials. An interesting alternative to slowing
down the oxidative process is to increase the pH slightly during
homogeneous redox polymerization. Different approaches have
been developed to produce highly conducting PEDOT films,
ranging from the use of vapour phase polymerization (VPP)”
and high temperature-non-hydrolyzed oxidants (Fe,(SO,)3),” to
ultrasonic spray polymerization (USPo) (producing nano-
spheres of PEDOT)”” and organic solid Brensted acids (p-tol-
uenesulfonic acid), to generate «-o carbon bonds.” The use of
mechanochemistry with 3,4-alkoxythiohenes, Fe*" salts as an
oxidant and NaCl as an additive, allows the solvent-free
synthesis of the corresponding polymers.”*® Also, consider-
able efforts have been made to achieve homogeneous redox
polymerization of alternative 3,4-alkoxythiophenes. For
example, a family of soluble donor-acceptor ProDOT-based
films has been reported. Such conjugated polymers were
synthesized through a Knoevenagel polycondensation or
a Yamamoto coupling polymerization.** The solid-state poly-
merization of 3,4-ethylenedioxythiophene-methanol (EDTM)
derivatives was carried out from the 2,5-dihalogenated mono-
mers, which induces the solid-state radical polymerization at
slightly higher temperatures (80 °C for 24 h),*> which is an
alternative to Br, oxidative polymerization using the same
starting materials.®® Lu et al., designed 3,4-dialkoxythiphene-
based copolymers using a palladium-catalyzed direct C-H ary-
lation polymerization (DHAP). Such a methodology produces
the linked dithiazole unit with the alkyl-substituted 3,4-dia-
lkoxythiophene derivatives.** Following this approach, copoly-
mers of ProDOT and acyclic dioxythiophene (AcDOT) with
PhEDOT were designed to increase the chemical stability of the
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starting monomers.** Water-processable polythiophenes with
conductivities up to 1000 Sem™" useful for roll-to-roll process-
ing were obtained in this way.*® An alternative for these Pd-
based hetero couplings employing the indophenine reaction
to incorporate an aromatic connector between thiophene
moieties is gaining interest.®”"*°

Furthermore, the homogeneous redox polymerization
approach has been successfully coupled with templated
substrates to generate sophisticated nanostructured conducting
films. Such highly ordered surfaces present an increasing
potentiality in microelectronics and photonic devices for energy
storage and biological applications. For example, V,05 nano-
fibers were used as sacrificial templates during the chemical
synthesis of PEDOT nanofibers.”® Monodimensional (1-D)
nanostructured PEDOT systems (tubes, thimbles, rods, and
belts) were obtained via oxidative polymerization using Al,O;
membranes as a template.® With the same philosophy, PEDOT:
VDOT thin films were obtained by chemical oxidation using
a sol-gel generated surface of di-Si(OEt); functionalized with
a free radical initiator (AIBN), which acts as an anchor point for
EDOT oligomerization.”” In addition to EDOT, the homoge-
neous redox polymerization of ProDOT-based monomers has
been successfully carried out. In principle, these materials were
used as model systems for optoelectronic applications; they
have recently gained considerable interest in the study of solid-
state electrochemical doping.®®** Although homogeneous redox
polymerization is so far the classic method for producing poly-
3,4-alkoxythiophene-based devices, the main limitation is the
poor control of the doping level within the oligomeric units, due
to the high thermodynamic redox potential value of the
required oxidants and the impurities that are frequently found
in the polymer matrix. In this context, electrochemical poly-
merization is a powerful tool for overcoming and controlling the
properties of the prepared materials.

Electrochemical polymerization

As stated above, electropolymerization offers several advantages
over homogeneous polymerization, including morphology
control and efficient fine-tuning of the doping level. This is
commonly performed using a conventional three-electrode
system composed of a working, counter, and reference elec-
trode. In such a setup, the anodic reactions are triggered by
controlling the thermodynamic (potentiodynamic or potentio-
static methods) or kinetic (galvanostatic method) parameters
associated with the oxidation of the monomers. Thus, the
oxidative dimerization pathway occurs at the electrode/
electrolyte interface, followed by an electrostatic deposit of
short-chain oligomers (nucleation).”* Afterwards, three-
dimensional growth catalyzed by solid-state redox processes
takes place. In addition, electrochemical methods can produce
templated electrodes to design sophisticated and highly struc-
tured materials (Scheme 9b).”* Interestingly, the properties of
the resulting polymers depend on the electrochemical tech-
nique used.®®

Once again, electropolymerization of EDOT is the most
studied system since the produced polymer exhibits high
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electrochemical stability during multiple charge/discharge
cycles.”” Furthermore, heterogeneous redox polymerization
can be carried out in the presence of different doping ions, to
fine-tune the electrochemical properties.”® Due to its efficient
electropolymerization, EDOT has been used as a building block
to design multiple functionalized conducting polymers. PEDOT
films functionalized with cyanobiphenyl derivatives,* sodium
sulfinopropyl,*® electron acceptor groups such as per-
ylenebisimide,”  9,10-anthroquinone  (AQ), perylenete-
tracarboxylic diimide (PTCDI), and 11,11,12,12-tetracyano-9, 10-
anthraquinodimethane (TCAQ)'* or biocompatible groups, i.e.,
biotin'*> have been designed, among many others. An exciting
alternative to facilitate the electropolymerization and minimize
steric hindrance is to use dimeric and trimeric units as starting
compounds.'®% For example, the dimer and trimer of Phe-
DOT present a higher reactivity than the monomer unit, which
facilitates electropolymerization.'*” Besides, starting from more
conjugated monomers decreases the oxidation potential; thus,
the redox properties of the CPs are enhanced. A classic example
is thiophene, where bithiophene is always preferred to obtain
PTh CPs due to the thiophene paradox.”* EDOT-aldehyde-
bearing thiophene-EDOT units facilitate the incorporation of
functional groups on the oligomeric backbone.'” Another
alternative is the design of m-conjugated 3D systems, where
EDOT groups are located strategically on the o and B positions
of bithiophene to generate a 3D template unit (Fig. 1a).’* In
addition, the electrochemical co-polymerization of EDOT with
alternative conjugated groups has gained considerable atten-
tion."® For example, bithiophene-alt-thiophene-S,S-dioxide
generated by anodic coupling of 2,5-bis(2-thienyl)thiophene-
S,S-dioxide substituted with EDOT exhibits peculiar magnetic
and luminescent properties.”** The efficient coupling of EDOT
electrochemically linked to thienopyrazine,
cyclopentadithiophen-4-one or 4-dicyanomethylenecyclopenta-
dithiophene produces low-gap thiophene-based materials.'*>
Electrochemical co-polymerization of ferrocene-derived EDOT
with hydroxymethyl-EDOT and oligo(oxyethylene)di-EDOT
leads to chemically and electrochemically stable polymeric
films."*® In particular, the non-covalent intramolecular S-O
interactions of EDOT promote planar conformations of the -
conjugated systems during electrochemical copolymerization.
For example, sulphur-bromine interactions lead to a strength-
ened and rigid backbone in a co-polymer formed by EDOT and
3-bromothiophene.”™ However, multiple efforts have been
made to polymerize alternative 3,4-alkoxythiophene systems
electrochemically. For example, electropolymerized derivatives
of PhDOT modified with naphthylmethyl-, 1-naphthylmethyl-,
and 9-anthracenylmethyl-groups, exhibit nanostructured
surfaces, providing these materials with unconventional phys-
icochemical properties (Fig. 1b).*

Recently, the electropolymerization of 3,4-ortho-xylendiox-
ytiophene (XDOT) in organic media was carried out.***® Such
a polymer exhibits a potentiodynamic mirror image associated
with fast electron transfer, attributed to an in situ internal
oligomeric order caused by the presence of a xylene unit. This
polymeric internal arrangement leads to an improved
insulating/conducting transition of PXDOT compared to
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Fig. 1 (a) Chemical structure of a 3D template formed by four EDOT
groups attached at the o and B positions of a bithiophenic structure
(left) and potentiodynamic electropolymerization of the correspond-
ing 3D oligomeric material obtained in 10 MM monomer 0.10 M
BusNPFe/ACN solution. Reproduced from ref. 109 with permission
from Elsevier, copyright 2008. (b) Chemical structure and SEM images
of the top view of electrodeposited functionalized PhDOT modified
with naphthylmethyl-, 1-naphthylmethyl-, and 9-anthracenylmethyl-
groups. Reproduced from ref. 32 with permission from the American
Chemical Society, copyright 2019. (c) Chemical structure of ordered
3D oligomeric networks formed by PDbDOT and electrochemical
polymerization of DbDOT obtained in a 5 mM monomer 0.1 M
TBAPFs/CH,Cl, solution. Reproduced from ref. 118 with permission
from Elsevier, copyright 2025.

PEDOT or bithiophene."” Furthermore, it has been proposed
that during the electropolymerization of 3,4-duren-bi-
dioxythiophene (DbDOT) ordered 3D oligomeric networks
could be generated (Fig. 1c)."® This is associated with the
double thiophene core within the monomeric unit and the
spatial conformation provided by the duren moiety. Poly-
ProDOT derivatives containing different functional groups
such as oxyphenyl methanol (-OPhCH,OH), oxybenzyl (-OBz),
bromide (-Br), and tosyl (-OTs) have been synthesized and
electropolymerized.”® A direct correlation was observed
between the oxidation potential of the monomer and the
electron-donating or electron-withdrawing character of the
substituent at the ether bridge. The presence of these substit-
uents leads to a more pronounced 7-7 intermolecular stacking,
improving the charge transport.

Although electrodeposition of 3,4-alkoxythiophenes is
carried out in non-aqueous media, mainly due to the mono-
mer's low solubility in water, the possible formation of micellar
structures employing a surfactant, i.e., sodium dodecyl sulfate

This journal is © The Royal Society of Chemistry 2025
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(SDS) or Triton X-100, allows the electrochemical polymeriza-
tion of EDOT in aqueous media."”**** This approach has been
extended to alternative 3,4-alkoxythiophene monomers such as
hydroxyl-methylated-EDOT>* or 3,4-dimethoxythiophene.'*
However, the functionalization of EDOT facilitates electro-
polymerization in aqueous media. For example, introducing
hydroxymethyl groups significantly improved the polymeriza-
tion and electroactivity of the polymer generated in aqueous
media." Additionally, Sun et al. carried out the polymerization
of 2/-aminomethyl-3,4-ethylenedioxythiophene hydrochloride
(EDOT-MeNH,, HCI) in an aqueous solution, obtaining highly
stable polymers with efficient electrochromic properties.***

In addition to organic and aqueous media, multiple efforts
have been carried out to explore the possible electro-
polymerization in alternative and, so far, unconventional
solvents, such as ionic liquids or liquid crystals. For example,
the oxidative electropolymerization of EDOT in an aqueous
solution of hydroxypropyl cellulose (HPC) acting as an inert
chiral nematic liquid crystal medium led to the generation of
chiral PEDOT with good electrochemical stability and reversible
optoelectronic properties.”* With a similar philosophy, Mat-
sushita et al. used a chiral nematic liquid crystal system to
electrochemically polymerize EDOT and bis-EDOT on helical
carbon and graphite films.””® Furthermore, it has been
demonstrated that the use of deep eutectic solvents such as
choline chloride-urea (reline) and choline chloride-ethylene
glycol (ethaline) leads to changes in the morphology and elec-
trochemical properties of PEDOT,"””**®* which enable the
possible use of these surfaces for sensing applications.

Finally, post-polymerization functionalization allows fine-
tuning of the chemical, electrochemical, electrical, and optical
properties of CPs. For example, poly-3-(x-haloalkyl) thiophenes
were post-functionalized with tetrathiafulvalene (TTF) deriva-
tives to improve their electrochemical properties. These mate-
rials exhibit a lower insulating/conducting transition onset
potential and an improved ionic permeability compared with
PEDOT."® With a similar philosophy, Wei et al. used thiol-ene
“click” chemistry to covalently attach alkyl-thiols to electro-
chemically deposited poly-(ProDOT-diene). The presence of
such pendant groups modifies the surface chemistry of the CP,
which is reflected in changes in its physico-chemical proper-
ties, ie., capacitance or hydrophilicity."*® Electrochemically
driven post-functionalization of a poly succinimidyl ester EDOT
derivative and oligo(oxyethylene)diEDOT with ferrocene-
labelled oligonucleotides (Fc-ODNs) has been carried out for
the design of bioelectrochemical sensors.” In another
example, co-polymers of dihexyl-substituted EDOT (Hex,-EDOT)
and azidomethyl-EDOT (N;-EDOT) have been electrochemically
functionalized with an electron-accepting phthalimide substit-
uent by “click chemistry”.**>

Property control by physicochemical
interactions

For decades, diverse effects of the 3,4-alkoxythiophenes have
been recognized as an important issue to consider during

This journal is © The Royal Society of Chemistry 2025
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polymer engineering, particularly in the case of conducting or
semiconducting organic polymers. For example, the band gap
of these materials depends on five energy contributions: the
energy related to the degree of bond length alternation, the
mean deviation from planarity, the aromatic resonance energy
of the cycle, the inductive or mesomeric electronic effects of
substitution, and the intermolecular or interchain coupling in
the solid state.™®® Recently, an excellent review addressing this
last contribution has reminded us that this sometimes unat-
tended aspect is important to consider for solid-state applica-
tions in these organic conductors.’** One of the most important
interactions in the polymer chain is m-m stacking, which
depends on the ability to form long-range planar structures.
Here, non-covalent intra-chain interactions, which generate
conformational locks of the polymer backbone, favour planar
structures between adjacent monomers. For poly 3,4-alkox-
ythiophenes, noncovalent O---S interactions are present to
control the planarity, whereas when nitrogenated hetero co-
polymers are used, N---S interactions guide the planarity of
the material (Fig. 2)."*

On the other hand, side-chain interactions of the polymers
contribute to controlling the material's properties. For example,
the presence of glycolated chains favours the processability of
the poly-3,4-alkoxythiophenes in aqueous media with good
electronic properties.®® In this example, a combination of O---S
interactions of the central heterocyclic moiety with the polar
chains was an innovative proposal to produce large CP surfaces.
Large alkyl chains on the 3,4-alkoxythiophenes promote van der
Waals interactions, which generate a large range order in the
polymer. Examples can be found in those used for organic
electrochemical transistors;'*® a similar situation to that
observed with 3-hexylthiophene used for organic solar cells.*®’
Electronic properties like conductivity, charge mobility, band
gap, and optoelectronic properties, among many others,
depend on these intra- and inter-chain interactions. Therefore,
the hydrophilicity and hydrophobicity of the chains™® and their
chemical structure (linear or branched)**** modulate the

CeHys, SCeHn

21(8 “0,_\0
\ o @
MO
9 s
8

SCsHyy 83

82 CsHuS

84 85 86 87

Fig.2 Chemical and single-crystal structures of 3,4-alkoxythiophenes
showing the O---S interactions in homo polymers and N---S interac-
tions in heterocopolymers. Adapted from ref. 135 with permission
from the American Chemical Society, copyright 2017.
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electronic properties. In addition to these, the doping level is
a crucial parameter to consider. The magnitude of this param-
eter directly impacts the electrical, electrochemical, and opto-
electronic response of the material. Commonly this can be fine-
tuned by using the nature of the dopant (counter-ion), the side-
chain structure, the polymerization method and post-
polymerization treatments.*®'**** More detailed information
about the relationship between the polymer structure and
properties can be found in specialized literature dealing with
organic semiconductors or polymer engineering.'*»'** None-
theless, it is evident that the nature of the 3,4-alkoxy group
controls the physicochemical properties of the polymer, thus
guiding the selection of the possible application (Table 2).

Applications of poly-3,4-
alkoxythiophenes

Due to their outstanding physicochemical properties, poly-3,4-
alkoxythiophenes have gained considerable attention in
multiple applications. Most of these utilize the polymers'
conductivity, their inherently large electroactive area, reversible
insulating/conducting transition, or efficient color switching. It
is essential to highlight that most reported systems use PEDOT-
based polymers.'** A representative group of these materials is
shown in Table 2, where it can be observed that properties such
as conductivity, polymer anodic window, and UV maxima
absorption can be manipulated to convenience with the modi-
fication of the lateral chains of the thiophenic core. The
conductivity of the CP can be enhanced by generating hydroxyl
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moieties on the polymer surface through post-processing side
chain removal, resulting in quasi-metal-like electron transport
with conductivities of ca. 1200 S cm™",°*'% thereby reviving its
use. Thus, recently, novel and unexplored poly-3,4-
alkoxythiophenes have begun to replace these well-known
materials. This section describes the various applications of
poly-3,4-dialkoxythiophenes over the past few years.

Batteries and supercapacitors

Due to their relatively fast charge/discharge transition, con-
ducting polymers, particularly 3,4-alkoxythiophenes, have
become a promising alternative for the design of energy storage
devices."*** For example, poly-(8-bis(2,3-dihydrothieno[3,4-5]
[1,4]dioxin-5-y1)-3,3-dimethyl-3,4-dihydro-2H-thieno[3,4-b][1,4]

dioxepine), exhibits a 3D porous network, which significantly
enhances the capacitance performance of the material.**
However, problems concerning the ionic transport within the
polymer matrix and mechanical and electrical stability hinder
the use of such conjugated materials. Therefore, the possible
use of conducting polymers as redox-active materials for high-
capacity commercial devices remains challenging. Research in
this field has focused on developing composites formed by
a conducting matrix and alkoxythiophenes.'*** Recently, the
efficient conductivity of poly-3,4-alkoxythiophenes has become
a promising alternative as anodic and cathodic binders to
enable charge transfer through the electrode."*® For example,
dihexyl-substituted poly-ProDOT (PProDOT-Hx,) was used as
a cathodic binder, showing a five-fold increase in capacitance at
high discharge rates compared to the classic insulating
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(a) Chemical structure of the copolymer of PProDOT-Hx, and oligoether-substituted poly-ProDOT with possible use as a conductive

cathode binder in lithium-ion batteries. (b) Electronic (left blue axis) and ionic (right red axis) conductivities of the copolymer series. Adapted from
ref. 157 with permission from the American Chemical Society, copyright 2022. (c) Schematic illustration of the EDOT-ProDOT-EDOT trimer
functionalized with a combined hydroquinone-trap pendant, with a representation of electropolymerization and the redox active group. (d)
Voltage profile for galvanostatic charge and discharge for multiple cycles (indicated in the figure) of the proton acceptor poly-3,4-alkox-
ythiophene acting as the organic cathode. Adapted from ref. 165 with permission from the Royal Chemical Soceity, copyright 2020. (e) Chemical
structures of the EDOT-ProDOT-EDOT trimers functionalized with NQ/NQH, and Q/QH, acting as anodic and cathodic redox groups,
respectively. (f) Voltage profile for the first (cyan) and the 500th cycle (grey) of a battery working at room temperature (left plot) and 24 °C (right
plot). Adapted from ref. 166 with permission from John Wiley and Sons, copyright 2020.
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polyvinylidene fluoride."® Such an enhancement in the perfor-
mance of the cathode is associated with an open polymeric
structure and increased solvation of the PProDOT-Hx, chains,
which improve the ionic conductivity. Furthermore, Thompson
et al. demonstrated that using copolymers of PProDOT-Hx, and
oligoether-substituted poly-ProDOT makes it possible to fine-
tune the ionic conductivity of the binder (Fig. 3a and b).*” An
interesting alternative is using conducting polymers as redox-
active materials and conducting electrodes. Such an approach
has gained considerable attention in the design of all-organic
batteries. For this, the 3,4-alkoxythiophene monomers are
functionalized with a redox-active group, ie., TEMPO or
quinone-type moieties.”*®*% In addition, by functionalizing the
pendant quinone groups with electron-withdrawing substitu-
ents, an increase in the formal redox potential of the redox-
active moiety has been observed. The synergy between the
conductive properties of PEDOT and these active pendant
groups makes these polymers a promising alternative for the
design of high-voltage cathode materials for lithium-ion
batteries.’® With a similar philosophy, a poly-3,4-
alkoxythiophene cathode material, functionalized with
a hydroquinone group as a redox group and pyridine moieties
acting as proton acceptors, was designed (Fig. 3¢).'*® For this,
a trimer formed by EDOT and ProDOT units was used as
a conducting material, exhibiting highly reversible redox prop-
erties. When using this polymer as an organic cathode coupled
to a lithium foil anode, efficient cycling with a high-capacity
retention of 99% after 100 cycles and 98% after 200 cycles was
achieved (Fig. 3d). Finally, an all-organic redox-polymer-based
proton battery was designed.'® In this case, the EDOT-
ProDOT-EDOT trimers were used as conducting materials. In
contrast, the benzoquinone/hydroquinone (Q/QH,) and
naphthoquinone/naphthohydroquinone (NQ/NQH,) systems
act as cathodic and anodic redox groups, respectively (Fig. 3e).
Such an organic battery exhibits good stability (around 85%
after 500 cycles) and fast full-capacity charging (100 seconds) at
low working temperatures (—24 °C) (Fig. 3f). Recently, a quini-
zarin-poly-3,4-alkoxythiophene was used as the cathode in an
all-organic proton battery.'®” Once again, in combination with
NQ/NQH,-poly-3,4-alkoxythiophene, acting as anode, a good
cycling stability of the battery (80% after 500 cycles) was ob-
tained. With a similar philosophy, donor-node-acceptor ambi-
polar 3,4-alkoxythiophenes have been used for the design of
wide-voltage and high-stability super capacitors.'*®**® For this,
EDOT and phthalic anhydride derivatives act as donor and
acceptor units, respectively, whereas the linker moiety works as
a separator, producing independent redox activity of the elec-
troactive groups. The simultaneous p- or n-doping within the
polymer increased the operating voltage of supercapacitors
composed by this material.

Electrochromism

Optical transitions of m-conjugated polymers have gained
considerable attention in electrochromic devices due to the
possible generation of different optical absorption bands
during the charging/discharging process. Such outstanding
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features of these materials enable the possible fine-tuning of
the film coloration by controlling the applied potential. Among
the different 3,4-alkoxy thiophenes, PEDOT is an electro-
chromic material due to its efficient optical transition between
dark blue and slightly transparent.’”®*”* In its discharged state,
PEDOT presents an optical absorption between 1.5 eV and 2 eV
(dark blue), whereas, in its conducting state, the maximum
absorption is at 0.6 eV (transparent in the visible region).
However, different approaches have been used to improve the
optical transition, extend the range of coloration, and improve
the switching time. For example, by fine-tuning the chemical
structure of the 3,4-alkoxy moiety, it is possible to improve the
electrochromic properties of these materials. Reynolds's group
studied the influence of linear and branched side chains on the
optoelectronic properties of poly-3,4-alkylenediox-
ythiophenes.'” Changing the side chain structure can modify
the color, switching time, electrochromic contrast, and switch-
ing stability. ProDOT-based polymers with oligoether or mono
and di-substituted amide functional groups have been designed
by a similar approach.’”>'”* Recently, Cumuru et al., designed
multichromic metallopolymers of PEDOT and poly-ProDOT by
functionalizing the ethylene group with bipyridine-based Ru(u)
complexes.””**”* In this case, the wide range of color is attrib-
uted to the optical transition of the 3,4-alkoxythiophenes and
the redox transitions of the metallic complexes.

An alternative approach is to design donor-acceptor mono-
mers by functionalizing the EDOT moiety in the o-position to
combine the electrochromic properties of each conjugated unit.
For example, different EDOT-para-phenylene-based polymers
present a broad range of coloration, between red and blue, with
fast transition times (0.9 s) and high coloration efficiency (305
C™' ecm?) (Fig. 4a and b).® Liu et al. designed donor-acceptor
EDOT-quinoxaline derivatives, which exhibit an optical transi-
tion between blue and transparent after electro-
polymerization. Furthermore, with such systems, fast
transition times (=0.5 s), high optical contrast (>50%), and
coloration efficiency (427 C™' e¢m”) were obtained. Finally,
considerable efforts have been made to extend the range of
coloration of different m-conjugated monomers by producing
copolymers with EDOT. Wang et al. used direct (hetero)aryla-
tion polymerization to obtain 2,7- and 3,6- substituted
carbazole-EDOT copolymers.'”® The obtained materials present
short response times (<1 s), high coloration efficiency (>370 C™*
cm?), and a range of coloration between yellow and dark blue.
Thiophene-benzothiadiazole-EDOT copolymers, obtained by
electropolymerization, exhibit good transition times (<1 s)
during multiple double pulse potentiostatic cycling, however,
with relatively low coloration efficiency (<100 C™" em?)."”® A
copolymer based on EDOT-benzothiadiazole and ProDOT was
designed using a similar approach.” The obtained polymer
exhibited adsorption in almost the entire visible region in its
neutral state and exhibited an enhanced optical contrast (>40%)
compared with pristine ProDOT. Cyan, magenta and yellow
colours were achieved by combining the electrochromic prop-
erties of ProDOT-based polymers with benzothiadiazole or N-
octylcarbazole.”® The trichromatic electrochromic device
reproduces the entire color spectrum of the visible region by
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2022. (c) Chemical structure of a copolymer formed by an N-dansyl substituted SNS derivative and EDOT. (d) Calculated color trajectory in the
CIE 1931 color space (left) and optical images of the rainbow-like multi-electrochromic behavior of the copolymer at different oxidation
potentials (indicated in the figure) (right). () Transmittance transients at 2 = 560 nm (top) and 990 nm (bottom) obtained during redox cycling.

Adapted from ref. 190 with permission from Elsevier, copyright 2020.

fine-tuning the applied potential. Moreover, a low-power flex-
ible electrochromic device was designed by immobilizing a co-
polymer formed by a branched 3,4-dialkoxy thiophene and
a pyrene-substituted EDOT on multi walled carbon nano-
tubes.”® This system exhibits short transition times (below 3
seconds) and long cyclability (above 15 k cycles).

Recently, coupling the outstanding electrochromic properties
of 2,5-dithienyl-N-substituted-pyrrole (SNS) and EDOT has gained
considerable attention. Poly-SNS derivatives present well-defined
redox processes, low switching times, and a broad range of
coloration.’®*'®* In particular, N-substituted SNS-EDOT copoly-
mers exhibit multi-electrochromic behaviors with fast switching
times and good coloration efficiencies.'®**® For example, poly(-
EDOT-co-1-(3,5-bis(trifluoromethyl)phenyl)-  2,5-di(thiophen-2-
yl)-1H-pyrrole) presents an optical contrast of 41% with a colora-
tion efficiency of 258 C* em” and 1.4 s transition time.'® Ribeiro
et al. recently obtained a rainbow-like multi-electrochromic
copolymer by coupling an N-dansyl substituted SNS derivative
and EDOT (Fig. 4c and d).* This polymer presents a multi-
chromatic contrast at 560 and 990 nm of 25 and 35, respec-
tively, with a coloration efficiency between 110 and 180 C~* cm®
and fast switching time (<1.0 s) during redox cycling (Fig. 4e).
Nicolini et al. demonstrated that the inclusion of EDOT improves
the kinetics of electropolymerization of an N-aniline substituted
di-SNS derivative, producing a well-ordered cross-linked polymer
matrix, which leads to an enhanced electron transfer rate during
the doping/dedoping process.*”* Furthermore, a multi-
electrochromic behavior, from purple to light blue, was
observed as a function of the applied potential.

Organic solar cells

Due to their outstanding optoelectronic properties, conducting
polymers have become classic materials for the design of
photovoltaic devices such as dye-sensitized solar cells (DSSCs),
organic solar cells (OSCs), and perovskite solar cells (PSCs).

This journal is © The Royal Society of Chemistry 2025

Electropolymerized mt-conjugated polymers are commonly used
in solar cells as anodic/cathodic interlayers'**'** or hole-/electron-
transporting layers.****** In such applications, PEDOT doped with
PSS is the most used conducting polymer due to its unique
electric and optical properties in synergy with its aqueous solu-
tion-processability.’***** However, multiple efforts have been
carried out to improve the performance of such devices. For
example, it has been demonstrated that electrochemical poly-
merization allows fine-tuning of the thickness and morphology of
the film, which impacts the performance of photovoltaic
devices.>** Alternatively, a synergetic effect between the alkoxy
thiophene's chemical structure and these systems' performance
has been extensively studied.”?*” For example, poly-
spirobipropylenedioxythiophene (poly-spiroBiProDOT) has been
used as a counter electrode as an alternative of electrocatalytic
platinum in solar cells.”*® Due to its ordered thiophenic structure,
poly-spiroBiProDOT exhibits better charge transfer than PEDOT,
which increases the photocurrent density and as a consequence,
the cell efficiency. Reynolds et al. studied the impact of the
placement, design and branching point of side chains present in
dialkoxy-functionalized thiophenes on the photostability of con-
ducting polymers.*” An enhanced photostability was obtained for
non-branched dialoxy-thiophenes in comparison with branched
and cross-linked alkyl substituents.

Electropolymerized PEDOT functionalized with Cg, fullerene
has been used as a selective contact and transparent electron-
conducting layer in perovskite solar cells. The fullerene
moiety acts as a strong electron acceptor, translating into a four-
fold improved energy conversion efficiency compared to the
device with pristine PEDOT.*"® Kuway et al. used a core of
alkoxy-substituted thiophene derivatives, connected to fluori-
nated 1,1-dicyanomethylene-3-indanone (DFIC) terminals for
the design of organic solar cells based on near-infrared (NIR)
(Fig. 5a).”' In particular, the presence of a non-cyclic alkoxy
thiophene core led to a blue-shifted absorption and an elevated
LUMO level; this resulted in a good conversion efficiency
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(a) Chemical structures of alkoxy substituted thiophene derivatives connected to fluorinated 1,1-dicyanomethylene-3-indanone groups:

C60T-4F, C6EDOT-4F, and PDOT-4F. (b) Energy level diagram of PTB7-Th and its comparison with the corresponding electron ring acceptors.
Adapted from ref. 211 with permission from Elsevier, copyright 2022. (c) SEM images of the top view of TiO, NRAs (left) PEDOT/TiO,-NRAs
(center) and PProDOT/TiO,-NRAs (right). (d) /-V curves of TiO,-NRAs, PEDOT/TiO,-NRAs and PProDOT/TiO,-NRAs illuminated by 365 nm UV
light. Adapted from ref. 223 with permission from Elsevier, copyright 2021.

(9.83%), with a low energy loss of 0.47 eV, which is relatively low
in comparison with that of alternative NIR based organic solar
cells (Fig. 5b). In addition to this approach, the study of the
nanostructure of the electrode surface impacting the perfor-
mance of photovoltaic devices has been conducted. For
example, organic photovoltaic devices based on PEDOT:PSS
deposited on copper nanowires exhibit an outstanding power
conversion efficiency of 17.6%.>*> With a similar philosophy,
TiO, nanorod arrays (NRAs), modified electrochemically with
PEDOT or PProDOT, present an efficient photocurrent perfor-
mance (Fig. 5¢ and d).>** The three-dimensional porous network
structure of the TiO, nanorod arrays increases the contact
surface during electropolymerization, which leads to a larger p—-
n heterojunction. Moreover, by fine-tuning the polymeric
nanofibril geometry it is possible to enhance the efficiency of
organic solar cells.***** The incorporation of 3,4-alkox-
ythiophene with different alkyl side chain lengths on the poly-
meric donor layer regulates the lamellar stacking, producing
fibril structures with different diameters (from 12 nm to 28 nm).
The formation of such structures promotes fibrillary charge
transport which is reflected in enhanced power conversion
efficiencies (above 18%).

Electroanalytical applications

In the field of electroanalysis, electrogenerated CPs are inter-
esting materials due to their large intrinsic contact area,
intrinsic porosity, efficient conductivity, and wide electroactive
window.** Furthermore, by fine-tuning the chemical structure of
the polymer, it is possible to produce an intrinsic surface
enrichment caused by physicochemical interactions between
the desired analyte and the heteroatoms within the monomeric
structure. The synergy between these ingredients leads to
a considerable increase in sensitivity and selectivity compared
to classic electrodes. In this context, 3,4-alkoxy thiophenes have
been widely used to analyze different organic and inorganic

J. Mater. Chem. A

probes efficiently. For example, PEDOT and substituted-PEDOT
modified electrodes exhibit relatively good detection limits, in
the range between ppb and ppm, for multiple metal ions, e.g.,
Na®, Hg>", zn*", Pb**, As**, Cu®*, Cd**, Ag" and Ca>*.>'%22° More
recently, highly ordered macroporous electrodes made of

o' eod

Aptamers

WY
“Click™
W ml\(o
@ 04 02 00 02 04 \ _/~KR\5<W
n E/V vs Ag/AgCl
(b) (d) Biorecognition

Before
After click

g,/mS

Current / pA
®
s/ mA

e D-DOPA
=== L-DOPA

60 -

000 015 030 045 060 o6 03 oo () o6
Potential / V vs. SCE Vo/V

Fig. 6 (a) SEM image of the cross-section of a highly ordered mac-
roporous PXDOT electrode. Insets show a square wave anodic strip-
ping voltammetry obtained during the successive addition of Cu?* in
a 10% diluted mezcal solution. Adapted from ref. 221 with permission
from the American Chemical Society, copyright 2018. (b) Differential
pulse voltammetry curves of (S)-PEDTM modified electrodes in
a solution containing p- or L-DOPA. Adapted from ref. 223 with
permission from The American Chemical Society, copyright 2017. (c)
Chemical structure of the poly-azidomethyl-EDOT (PEDOT-N3)
deposited between the drain and source electrodes to generate
OECTs, and the schematic representation of the possible click func-
tionalization with redox probes and biorecognition elements. (d)
Threshold voltage and maximum transconductance for a PEDOT-Nsz
OECT before and after the click reaction with ethynyl-ferrocene.
Adapted from ref. 239 with permission from The American Chemical
Society, copyright 2022.
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PXDOT were designed. With their unique design, these elec-
trodes could efficiently quantify Cu>* in commercial alcoholic
spirituous beverages (Fig. 6a).>** The formation of porous
structures within CPs improves the ion transport inside the
polymer matrix. It increases the contact surface, causing an
enhancement of the sensitivity and the response time of the
electrodes. In the past decade, the use of 3,4-alkoxythiophenes
has also been extended to chiral electroanalysis. Enantiose-
lective polymers were designed by introducing chiral moieties
such as hyaluronic acid and anionic collagen as counter ions
during electropolymerization or by carrying out the electro-
chemical deposition in a chiral solid phase, such as hydrox-
ypropyl cellulose (HPC). These materials have been used for the
enantioselective discrimination of (R)-(—)- and (S)-(+)-man-
delic acid in aqueous solution.?”> With a similar philosophy,
Dong et al. designed enantioselective electrochemical sensors
through two different EDOT derivatives: (2R)-(2,3-dihy-
drothieno[3,4-b][1,4]dioxin-2-yl)methanol ~ ((R)-EDTM) and
(25)-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-y])methanol ((S)-
EDTM) for the efficient recognition of o- and 1-3,4-dihydrox-
yphenylalanine (DOPA) (Fig. 6b).>**

The various efforts to develop novel and straightforward
electroanalytical applications based on poly (3,4-alkox-
ythiophene) systems have also led to their use in organic elec-
trochemical transistors (OECTs).?***** These devices consist of
an organic channel, a gate, and reference electrodes. Applying
avoltage between the gate and channel electrodes (gate voltage,
V) induces a current flow across the organic transistor (drain
current, I,) limited by the exchange of ions between the elec-
trolyte and the channel. Thus, in theory, the OECTs transform
relatively small Vg changes into large Iy, variations through the
m-conjugated polymer located in the channel. The reader is
invited to consult other publications for a more detailed
description of this technique.?””**® In particular, the organic
conductor must present easy ionic exchange, fast and reversible
charge/discharge transitions, and efficient charge storage
operation (high volumetric capacitance). Among all the
different types of conducting polymers, poly (3,4-alkox-
ythiophenes), particularly PEDOT, fulfills these requirements.
Since the efficiency of the OECT is intimately related to the
mixed conductivity of the polymer, it is possible to improve the
performance of the device by fine-tuning either the structure of
the doping counter ion*****® or the m-conjugated polymer.>*'>%
For example, it has been demonstrated that by functionalizing
EDOT and ProDOT with polar side chains, it is possible to
enhance the ion and electron mobility within the polymeric
matrix.”***** OECTs designed with these modified alkox-
ythiophenes exhibit efficient hole mobility and volumetric
capacitance with high stability (up to 500 cycles). With the same
philosophy, one can selectively target chemical analytes of
interest. Cloutet et al. designed a cation-selective poly-
electrolyte, poly-4-styrene sulfonyl (phenyl-18-crown-6)imide.>*®
The crown ether moiety is a cation scavenger targeting K' ions,
conferring the PEDOT: P(STFSIco-S(18-crown-6)) films with
cation selectivity. With a similar approach, copolymers of EDOT
and crown ether-modified thiophenes allow the design of ion-
selective OECTs, where the electric readout signal is

This journal is © The Royal Society of Chemistry 2025
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a function of the type of cation (i.e., Na' and K') and its
concentration.”® Recently, an EDOT-based trimer, modified
with a dipicolylamine (DPA) group, was electropolymerized and
used to build OECTs for the selective detection and quantifi-
cation of Zn** cations.?*® Finally, Knoll et al. proposed a “click-
able” OECT, based on azidomethyl-EDOT (Fig. 6¢) or ethynyl-
EDOT.***** The obtained transistors present lower threshold
voltages than alternative PEDOT-based devices, with maximum
transconductance voltage values close to 0 V (Fig. 6d). More
importantly, the azide and ethynyl moieties enable the func-
tionalization of the obtained transistor with alkyne-bearing
molecules, such as redox probes, biorecognition elements,
and gelatin macrostructures, thereby expanding the capabilities
of the OECT to alternative transistor-based biosensors and
enhancing biocompatibility for cell interfacing.

Unconventional approaches

Finally, in recent years, attempts have been made to couple the
outstanding properties of 3,4-alkoxythiophenes with bipolar
electrochemistry (BE). Briefly, BE is an interesting alternative to
induce wireless asymmetric polarization along a conducting
object, or a bipolar electrode (BPE), present in an electrolyte, but
without physical connection to an electrode.>*'-*** This can be
achieved by applying a high enough electric field (¢), which
produces a polarization potential difference (AV) between the
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Fig. 7 (a) Schematic illustration of the fundamental concept of bipolar
electrochemistry (BE) with a representation of the induction of redox
reactions at both extremities of the bipolar electrode (BPE). (b) Sche-
matic illustration of the modified IDME BPE, indicating the associated
chemical reactions. The yellow and purple parts represent the inter-
digitated structure and PXDOT, respectively. (c) Normalized resistance
plot as a function of the applied electric field for evaluating HER activity
of Pt-, Au- and Ni/Au-PXDOT IDME BPEs (blue, red, and green dots,
respectively). Adapted from ref. 261 with permission from Elsevier,
copyright 2023.
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extremities of the BPE (Fig. 7a). In the presence of electroactive
species, it is possible to trigger redox reactions at each side of
the BPE when the AV overcomes the reactions’ thermodynamic
threshold potential (AVy,,). This approach has gained consid-
erable attention in applications ranging from electroanalysis to
electrosynthesis.>**>* For a more detailed description of this
rather unconventional electrochemical concept, it is suggested
that the reader consult specialized reviews.>*>*

Bipolar electrochemistry has been used as a powerful tool to
modify conducting substrates with poly-3,4-alkoxythiophenes
asymmetrically. Inagi's group has extensively studied the wire-
less electropolymerization of PEDOT employing this method. In
brief, by applying an appropriate electric field, the oxidation of
EDOT and the reduction of a sacrificial compound, i.e. quinone,
occur at the anodic and cathodic extremities of the BPE,
respectively. Furthermore, fine-tuning of the experimental
setup enables the possible electrosynthesis of well-defined
macroscopic polymers. For example, PEDOT microfiber
networks have been obtained through alternating current
bipolar electropolymerization, which involves controlling the
frequency, type of solvent, and electrolyte.>***"' Similarly, Pt-
PEDOT Janus wires, in-plane PEDOT films, and fibers were
obtained.”*?** PEDOT's template-free perpendicular growth
was obtained using a bipolar electrochemical setup. In this
case, the spatial distribution of the feeder electrodes, coupled
with alternating current polymerization, enables the formation
of polymeric fiber arrays.** This approach enables the genera-
tion of polymeric films with anisotropic electrical behaviour due
to the formation of conductivity and composition gradients
along the films.>****® Forster et al. demonstrated the possible
region-selective deposition of PEDOT by taking advantage of an
array of multiple feeder electrodes with different spatial distri-
butions.*”**® This approach enables the efficient mapping of
the electric field distribution across the BPE by altering the
coloration or thickness of the deposited conducting polymer.>*®

Besides, the potential of BE for the asymmetric functionali-
zation of conductive objects has been recently explored. For
example, free-standing PEDOT wires have been used as a BPE to
design light-emitting self-propelled devices.** In this approach,
the electrogenerated chemiluminescence of luminol occurs at
the anodic side of the CP wire, whereas at the cathodic side,
hydrogen peroxide reduction occurs. The generation of oxygen
triggers the self-propulsion of such objects due to the intrinsic
breaking of symmetry. Finally, the synergy between the
conducting/insulating transition of 3,4-alkoxythiophenes and
BE was used to design a wireless method to evaluate the elec-
trocatalytic activity of metallic surfaces towards hydrogen and
oxygen evolution reactions.” In this work, a PXDOT-modified
interdigitated microelectrode (IDME) was used as a bipolar
electrode, where the insulating/conducting transition of the
polymer acts as a variable-resistance switch. In contrast, water
splitting takes place on the opposite side of the BPE (Fig. 7b).
The electrocatalytic activity of Pt, Au, and Ni was expressed in
terms of the half-wave electric field, showing good agreement
with the characteristic trend of these metals toward water-
splitting reactions obtained using more traditional electro-
chemical tools, such as cyclic voltammetry (Fig. 7c).
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Conclusions

The remarkable properties of poly-(3,4-alkoxythiophenes)
compared to other families of conducting polymers have trig-
gered intense research over the last few decades and can be
considered a first-choice material for developing new applica-
tions. They offer a balance between electrical conductivity,
stability, mechanical properties, and tunable chemical proper-
ties. The synthesis of the corresponding monomers produces
custom-made materials with specific physical and chemical
properties. This task can be achieved through diverse synthetic
pathways, which are part of molecular and polymer engi-
neering, generating significant molecular diversity to explore
the most suitable material for a specific application. Such fine-
tuning of these physicochemical features enabled an under-
standing of the relationship between the structure and response
properties, a knowledge development highly appreciated by the
materials chemistry community. This control is achieved by
selecting adequate polymer properties that are reflected in the
macroscopic behavior, such as inter- and intra-chain interac-
tions, band gap, and doping level. Among the emerging and
recent technologies, organic batteries and capacitors benefit
from their reversible redox capacity, which requires fast kinetics
for charge and discharge, as well as electrochemical and
chemical stability, to continue progress in this field. Applica-
tions in organic electronics primarily benefit from the
conductive properties of these materials, which are controlled
by the doping level and band gap. As an example of future
directions, post-processing the lateral chain to expose hydroxyl
groups resulted in an increase in the conductivity of the PEDOT
derivative to values close to 700 S cm™ ' through a simple
chemical process; with an additional thermal step, the
conductivity reaches values averaging 1100 S cm .** A key
consideration is the potential recyclability-degradability of
these materials,?**?% which would facilitate the use of sustain-
able materials in applications. This review demonstrates that
imagination is the only limit in the field of conducting poly-
mers, and many interesting and novel materials based on 3,4-
alkoxythiophenes will undoubtedly continue to be developed in
the future. Emerging applications such as biochemical
sensing,******  imaging,*****”  wearable devices*****  or
electrocatalysis,”*?”> nowadays use this polymer family. More-
over, the synergetic effect between wireless electrochemistry
and the properties of poly-3,4-alkoxytiophenes has paved the
way for novel applications in cell stimulation’”® and drug
delivery.””* Strategies to increase the amount of charge carriers,
without suffering from chemical or electrochemical degrada-
tion, or an increase in processability, require the exploration of
new substituents and strategies to achieve a long-range order of
chains, which is forecast to be very promising for future
members of the poly-(3,4-alkoxythiophenes).
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