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Abstract: Organic chemical reactions have been used to functionalize preformed conducting polymers
(CPs). The extensive work performed on polyaniline (PANI), polypyrrole (PPy), and polythiophene
(PT) is described together with the more limited work on other CPs. Two approaches have been taken
for the functionalization: (i) direct reactions on the CP chains and (ii) reaction with substituted CPs
bearing reactive groups (e.g., ester). Electrophilic aromatic substitution, SgAr, is directly made on
the non-conductive (reduced form) of the CPs. In PANI and PPy, the N-H can be electrophilically
substituted. The nitrogen nucleophile could produce nucleophilic substitutions (SN) on alkyl or acyl
groups. Another direct reaction is the nucleophilic conjugate addition on the oxidized form of the
polymer (PANI, PPy or PT). In the case of PT, the main functionalization method was indirect, and the
linking of functional groups via attachment to reactive groups was already present in the monomer.
The same is the case for most other conducting polymers, such as poly(fluorene). The target properties
which are improved by the functionalization of the different polymers is also discussed.

Keywords: conducting polymers; covalent modifications; solubility; electrophilic reaction; nucleophilic
substitution

1. Introduction

Conducting polymers (CP) [1] are modern materials that hold the promise of simulta-
neously possessing properties typical of metals (e.g., high electrical conductivity [2]) and
of non-conductive polymers: thermoplasticity [3], chemical stability in air [4], and good
mechanical properties [5]. It was quickly discovered that typical polymer and metal prop-
erties are mutually exclusive since the bulk conductivity of linear polymers requires orbital
overlapping between chains (strong interaction), leading to rigid and fragile materials with
high glass transition temperatures (Tg). Accordingly, there are no known applications
of CPs as massive electric conductors. However, they have been applied as flexible elec-
trical conductors in microelectronics [6] and are widely applied as “conductive inks” [7]
for micro- and nanotechnological applications. Moreover, it has been shown that other
properties—electrochromism, redox electroactivity, redox-driven ion exchange, remote
heating /blocking of electromagnetic radiation absorption, semiconductivity, interaction
with small molecules, charge storage, controlled light emission, etc., are technologically as
valuable as conductivity [1]. Indeed, conducting polymers can be used in different applica-
tions: electromagnetic shielding [8], electrochromic [9,10], electromagnetic actuators [11],
electrode materials of batteries [12,13] or supercapacitors [6], conducting hydrogels [14],
electrochemically driven ion exchangers [15], photothermal antitumoral/antibacterial ther-
apy [16-18], electrochemical sensors [19], etc. Moreover, being organic materials, they are
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more likely to be biocompatible and biodegradable than metals or semiconductors since no
toxic elements will be produced during degradation.

Being organic macromolecules, they also hold the promise of being easily interfaced
with by biological entities [20,21] since the CPs can, via well-known organic reactions,
covalently link biomolecules to the CP backbone. As we will see, the attached groups could
add other valuable properties, such as solubility in common solvents (including aqueous
solutions), fluorescence emission, additional charge storage, additional electrochromic
centers, complexing groups, improved wettability and stability, self-doping, etc. However,
the electrical conductivity of functionalized polymers is usually lower than that of the
base CP due to several factors: (i) Since charge carriers in p-doped CPs are cation radi-
cals, the attachment of negatively charged groups made it a self-doped polymer (i.e., has
fixed counterions linked to the chain which cannot be lost) but pin the charge carriers
to fixed locations, reducing their mobility [22]. Any groups which donate or withdraw
electrons from an aromatic ring could localize the charge [23]. (ii) Since CPs are made of aro-
matic rings linked in chains with extended conjugation, the presence of bulky substituents
induces steric effects, which diminish the ring-to-ring planarity decreasing extended conju-
gation and intrachain electronic conductivity [24]. Bulk electronic conductivity not only
requires high intrachain conductivity (related to extended conjugation and high charger
carrier mobility) but also interchain electron transfer related to m—m overlapping. The
presence of any group increases the chain-to-chain distance due to steric effects and de-
creases interchain conductivity. Therefore, polymer functionalization is likely to decrease
bulk polymer conductivity. On the other hand, additional properties (fluorescence, com-
plexation, hydrophobicity, self-doping) could be present in the functionalized polymer.
Moreover, significant improvements of intrinsic properties (electroactivity, redox coupled
ion exchange, electrochromism) are usually obtained. Therefore, the trade-off of some
conductivity loss is accepted. In most technological applications, electrical conductivity
is not the key parameter, while other properties and/or improved polymer processability
are more relevant. Extended conjugation along the chain also makes the CP rigid, which
could be useful in mechanical applications but strongly decreases the conformational en-
tropy in solution, making solubility thermodynamically unfavorable. A simple method of
processing CP films involves preparing solutions in specific solvents and then producing
film via solvent evaporation (spin coating, drop casting, etc.) [25]. However, unmodified
CPs are either insoluble (PT, PPy) or soluble in some special solvents (PANI in uncharged
forms (e.g., PANI(EB)), making them difficult to process. Additionally, having stiff chains
(due to the extended conjugation) makes them non-plastic, which does not allow the ther-
momechanical (e.g., extrusion) formation of films. Solutions of CPs can also be used to
produce CP nanoparticles by mixing the solution with an antisolvent which is miscible
with the CP’s solvent but does not dissolve it [26]. Dissolution of rigid polymers, like
CPs, is difficult because there is almost no entropic contribution. Unlike small molecules,
the number of particles of a high molecular weight polymer in solution is low and does
not contribute to entropy. Unlike flexible polymers (e.g., poly(styrene))—for which free
rotation in the C-C bond creates a number of different conformations, contributing to
entropy—rigid polymers have few conformations. Therefore, the solubility is determined
by enthalpy related to polymer—polymer (endothermic), polymer—solvent (exothermic),
and solvent—solvent (endothermic) interactions. When solvent—solvent enthalpy is large
(e.g., in water), few polymers are soluble.

A substituent attached to the polymer chain could increase solubility due to several
factors: (i) the steric effect of the substituent decrease chain-to-chain interactions, making
it energetically favorable to separate the chains; (ii) the attached functional group (e.g.,
—-R-OH) could have specific interactions with the solvent (e.g., hydrogen bonding) which
increase solubility. The attachment of fixed charged groups (e.g. -SO37) decreases the
interaction between chains due to coulombic repulsion, increasing dissolution. Moreover,
the ionic charge has strong ion—dipole interactions with the polar solvent (water), increasing
solubility. In aqueous electrolytes, the presence of fixed charges requires compensation
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by mobile counterions. Soluble ions (e.g., C17) do not form ion pairs with the charged
chains but create an ionic region of solvated ions (double-layer region, rich in counterions
but containing coions) whose thickness is inversely related to the ionic force of the solu-
tion [27]. The process increases the solubility since the whole double layer is the hydration
sphere of the ions. If the charge of the attached group is negative, the group will interact
coulombically with the positive charge carriers (in p-doped CPs). This phenomenon, called
self-doping, implies that no mobile counterions are present and that the solubility decreases.
Elimination of the positive charge carriers (by a reduction in all CPs or deprotonation in
the case of PANI and PPy) implies the formation of the ionic double layer and increases
solubility. This is the reason that sulfonated polyaniline (SPAN), in its EB state is soluble in
ammonia solution. Solvent evaporation and decomposition of the ammonium salt (with
loss of NH3) produces thin films which are insoluble in acid media [12]. In some CPs (e.g.,
PANI) the analogy is closer since both CE and PANI are insoluble in water but are strongly
wettted by the solvent due to hydrogen bonding. In the case of cellulose, such interaction
affects strongly the properties of the fibers (plasticizing effect) [28]. In the case of PANI,
the electrical conductivity of films is strongly affected by the humidity level. The analogy
extends to the use of salt/solvent (e.g., Li* salt/NMP) to avoid aggregation of cellulose [4]
or PANI chains [29,30]. Moreover, the solubility of cellulose in common solvents can be im-
proved through the use of acids or bases [4]. The same is true for PANI, for which solubility
has been induced by adding acid [31], and bases [32]. It is known that PANI forms strong
hydrogen bonds between neighboring chains [33] and with solvents [34]. PPy should
also be able to form hydrogen bonds, similarly to pyrrole [35]. Since thiophene monomer
units do not form hydrogen bonds, PT is insoluble. It is well known that substituted
celluloses (e.g., methylcellulose) are soluble in water, while the added functional group
(-OCH3) interacts more weakly with water than the group replaced (-OH) [36]. The role of
the added group is mainly to decrease the hydrogen bonding interchain interactions [37].
Since the conductive forms of the CPs are salts, the counterion can be bulky (impeding the
chain-to-chain interactions) and/or strongly interactive with the solvent, inducing the so-
called counter-ion-induced processability (solubility) [38]. However, reactions with highly
reactive reagents (e.g., SO3/HSO;4) could not only produce the desired functionalization
but also other reactions and even chain scission.

A drawback of polymer synthesis shared by functionalization is that macromolecular
byproducts cannot be separated, and will be present in the final materials. CPs are usually
applied as solid materials (film, pellets, particles, fibers, etc.). Therefore, functionalization
could be used to change not only bulk but also surface properties. Since CPs are mostly
insoluble (e.g., PPy and PT) or soluble in a few solvents (e.g., PANI), most reactions
are carried out heterogeneously. Therefore, the surface can be functionalized without
altering the bulk. In that way, the unmodified polymer with good bulk property (e.g.,
conductivity) is maintained but the surface property (e.g., wettability) is changed. Given its
large surface/bulk ratio, nano-objects (e.g., nanofibers) are particularly amenable to such
heterogenous modification.

However, one of the first reports of CP functionalization, the electrophilic sulfonation
of PANI, was carried out with the polymer dissolved in concentrated sulfuric acid, and
a bulk reaction occurred. Moreover, the unmodified polymer could be insoluble in the
solvent but still be soluble as a functionalized polymer. In this case, the reaction could
begin as heterogeneous (surface) but follows as homogenous (bulk). Judicious choice of
solvent allows choosing how the reaction occurs and which kind of product is obtained. On
the other hand, if bulk functionalization is desired and the product is insoluble, a solvent
that wets/swells the polymer is required. Since the diffusion coefficient (Do) inside can be
lower (Do < 10712 cm s71) [39] than in solutions (typical Do of ca. 1072 ecm? s~ 1 [40], small
polymer particle size (the time for mass transport depends on the square of the diffusion
path) and high soluble reactant concentration could be used to minimize the effect of slow
mass transport inside the polymer.
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The reactions occurring with the main conducting polymer chain are related to the
two kinds of monomer units: aromatic rings (including heterocycles) and quinone-like
rings. The aromatic rings react via aromatic substitution (with H* as leaving group) and the
quinone-like rings by nucleophilic addition. Both types of reactions maintain the extended
conjugation related to conductivity. Electrophilic (or radical) addition to ene bonds (e.g., in
poly(phenylenevinylene) molecules) will create sp® carbons [41], destroying the extended
conjugation. Indeed, this is the cause of air degradation of polyacetylene, for which the
addition of water or oxygen causes loss of conductivity.

The surface of thin films of conducting polymer, often prepared by electropolymer-
ization, can be surface modified changing the surface properties. Additionally, the sur-
face of nano-objects made of CPs (nanospheres, nanofibers, nanoplates, etc.) could be
functionalized by the same reactions. In both cases, the methodology resembles the bio-
conjugate chemistry of biomolecules [42], in which the surface is modified without affect-
ing the bulk. The added functional groups could help stabilize the colloidal dispersion
of the nano-objects.

It should be mentioned that an alternative method of introducing functional groups
is the polymerization of monomers containing the desired functional group. First, the
synthesis of the functionalized monomer is usually difficult due to the inductive and
steric effects of the attached functional group on polymerization. Indeed, it has been
reported that anilines bearing strong electron-withdrawing groups (ortho and meta to the
amino group) could not be polymerized [43]. Copolymerization could help produce high-
molecular-weight polymers including some amount of functionalized monomer units [44].
However, if the functionalized monomer does not homopolymerize, its reactivity will be
lower than the unmodified monomer. Different comonomer reactivity induces other effects,
such as low comonomer (of low reactivity) incorporation, formation of block copolymers,
and compositional shift [45]. Obviously, homo- and copolymerization of functionalized
monomers produce bulk-modified materials and cannot be used to modify the surface of
films or nano-objects. The polymerization of previously functionalized monomers [46]
requires the functionalization of the monomer while leaving free the positions where the
chain formation occurs (at least one N-H and position 4 -para- to the amino group in
anilines) and both positions to the heteroatom (N in pyrrole and S in thiophene) in pyrroles
and thiophene. Therefore, substituents in positions 2, 3, 5, 6 in the ring and 1 in the N
could be attached in anilines. In the case of pyrrole, both the N and f positions in the
ring can be modified. For thiophene, both 3 positions (3 and 4) can be functionalized.
It should be noted that the « (2 or 5) positions on pyrrole and thiophene and the para
(4) position in aniline are the most reactive positions due to inductive and steric factors.
Therefore, substitution in the monomer through typical reactions (e.g., SEAr) will attach
the substituents to those positions, blocking the oxidative polymerization. Therefore, the
synthesis of substituted monomers is not simple. Since the mechanism of incorporation of
functional groups is quite different from that of postfunctionalization, this kind of work
will not be discussed in this review.

2. Covalent Functionalization of Conductive Polymers

The conducting polymers which have been post functionalized are shown in Scheme 1.

In the case of PT, modified polymers made via polymerization of the substituted
monomer poly(3-hexylthiophene) (P3HT) have been even more studied than PT. Another
substituted CP (poly(3,4-ethylenedioxithiophene), PEDOT) has also been studied and
modified extensively. While the modern conducting polymer field began with the discovery
of doping in polyacetylene, the low stability of this polymer caused interest to fade out.
While all published work is reviewed, the goal of the review is not to simply recount the
work but to try to understand the rationale behind the reactions used. Therefore, the results
will be divided by type of polymer, with a brief introduction on the organic chemistry nature
of the polymer chains. Then, the work in which one type of polymer is modified with the
same type of reactions will be discussed. Finally, published research on the functionalization
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of other conducting polymers for which modifications have been less widely applied will
be described for the sake of completeness. In each section, when available, the effect of
modification on technologically relevant properties is also briefly discussed.

Polyaniline Polythiophene

(PANI) (PT)

g 0 /o \
m )

n
S
. . Polypyrrole
Poly(3,4-ethylenedioxythiophene) (PPy)
(PEDOT)
M
n n
Poly(acetylene) Polyfluorene
(PA) (PFO)
n i |n
Poly(phenylenevinylene) Poly(phenylenethylinene)

(PP (PPE)

Scheme 1. Conducting polymers which have been functionalized after polymerization by organic
chemistry reactions forming covalent bonds. All are shown in their reduced (undoped) forms. In
blue are the most thoroughly studied.

2.1. Polyaniline Functionalization

Polyaniline (PANI) is the most widely studied CP. It consists of chains of benzenoid
rings linked by amino groups (Scheme 1). The most stable form is emeraldine in its salt
form (PANI(ES), Scheme 2), which can be present in protonated form.
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Scheme 2. Different forms of PANI, which are interconverted by oxidation/reduction or protona-
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tion/deprotonation.

There are two other forms of PANI: the fully reduced form (leucomeraldine, LEB) and
the fully oxidized form (pernigraniline, PN). Leucoemeraldine is made of diphenylamine
(aromatic amine) units, while pernigraniline consists of quinonimine (non-aromatic but
cyclic o, 3-unsaturated) units. From the chemical point of view, emeraldine is made of
50% leucoemeraldine and 50% pernigraniline units. Diphenylamine units show typical
aromatic reactions (e.g., electrophilic aromatic substitution) while only ortho positions (to
any nitrogen) are available. (Scheme 3). Any electrophile could attack the aromatic ring,
which is activated by the presence of two N: linked to the ring. The N: share its non-bonded
electron pair, making the ring more reactive than that in benzene. In some cases (e.g.,
Clp), Lewis acids could act as catalysts by creating the electrophile. On the other hand,
the electrophile could also attack the nitrogen, replacing the hydrogen. Therefore, some
reactions (e.g., Friedel-Crafts acylation or alkylation) could give mixed products. The more
reactive form of PANI is leucoemeraldine, in which all rings are aromatic. Emeraldine
has 50% aromatic rings, showing an intermediate reactivity. Pernigraniline should be
unreactive since it has 0% aromatic rings. Some of the reactants (e.g., HNO3) are also
oxidants and could convert the ES form in PN, inhibiting the reaction. In fact, a sulfonitric
mixture of HNOj (65%)/H;SO4 (98%) in 1:1 relative amounts is usually used to clean up
CP films from glassware via oxidation and chain scission. While protective groups (e.g.,
acetyl) can be used to protect oxidizable amino groups in the nitration of anilines [47],
successful nitration of PANI by SEAr has not yet been achieved. Since -NO, groups could
be converted into amino, amide, azo, hydrazo, and imine groups, ring-nitrated PANI
would be a quite useful precursor for a variety of functionalized PANIs. The reaction of
electrophiles in the nitrogen atom is usually reversible, and functionalized polymer chains
are recovered only under carefully controlled conditions.
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Scheme 3. Reactions of the aromatic diphenylamine unit in PANI.

Moreover, diphenylamine has a N-H group that could be replaced (e.g., used as
nucleophiles in aliphatic nucleophilic substitution). Since the non-bonded electron pair
in the N is shared with the rings by resonance delocalization, the N-H in diphenylamine
units is a poor nucleophile (and base). However, using strong bases (e.g., hydride ion), it
is possible to convert the N-H to the amide (>N ™) ion, which is an excellent nucleophile.
Additionally, using activated reactants (e.g., anhydrides), it is possible to substitute the H
in the N-H. Both the nitrogen and the ring are susceptible to electrophilic attack. Given
the fact that diphenylamine and quinonimine units can be converted between them via
oxidation/reduction (both chemical and electrochemical), the reactivity to one type of
reaction can be modulated by the oxidation state. Table 1 summarizes the typical reaction
in PANI functionalization.

Table 1. Summary of reactions used in PANI postfunctionalization.

Reaction Time

Polymer (Form) % Funct Added Group Reaction Polymer Form Reactants Target Property (Temperature) Ref.
PANI (EB) 50 -S0O;~ SgAr Bulk SO3~ /H,S04 Water solubility 2h (rt) [48]
PANI (EB) 50 -SO;3~ SpAr Bulk SO;3~ /HSO4 Water solubility 2h(rt.) [49]

HSO;Cl . 5h (80°C
PANI PN/s 50 -S03~ SgAr Bulk H, 30 Water solubility 4h ((1 00° C)) [50]
Emeraldine o
PANI(EB) 25 -S0; SpAr Bulk hydrogen sulfate 130°C [51]
Aniline Solubility in
24-89 -SO;H SgAr Film FSOsH/can wide range of r.t. [52]
(Echem polym.)
solvents
PANILE 75 -SOs3~ SpAr Bulk SO;3~ /HSO4 solubility 1h(5°C) [53]
_ . _ Self-doping, ° .
PANI EB 50 -SO3 SpAr Film SO;3~ /HSO4 thermostability 3h(25°C) [54]
Spatial
PANI-LE CANQ - NO,C¢Hy— : o -
(Reduced state) - NO,C¢Hy— Film N, *BE,~ functionalization Var. [55]

control
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Table 1. Cont.
o . Reaction Time
Polymer (Form) % Funct Added Group Reaction Polymer Form Reactants Target Property (Temperature) Ref.
PNMANI 50-100 -SO;3~ SEAr Bulk SO;3~ /HSO4 Ton exchange 1h(25°C) [56]
PANI EB 50 Br SEAr (Halo- Bulk Br,/HBr Conductivity [57]
genation) increase
PANI LE/EB Var. Amide NuSAc Echem film Anhydrides Ifil.m . Var. [58]
modification
PANI EB 30 Aromatic amide SnAc Bulk a-sulfobenzoic Water solubilit 24h (25°C) [59]
(with SO;H) N anhydride Y -
(1) H-Na N R
—-C3Hg— Water solubility (1)2h (45°C)
PANI EB 47 e Sn2 Bulk (2) p-(3-BrCsHg)~ S0 [60]
CeHy-SO5 CgH,-S0;-Na* Self-doping (2) 24 h (rt.)
PANI EB - pyrrolidinium CANQ Bulk pyrrolidine Synthesis 96 h (25°C) [61]
PANI EB 20.7 C12HpsSH CANQ Bulk Dodecanotiol Synthesis 6 min (25 °C) [62]
3-mercapto-1- Conductivity
sulfonic acid . propanesulfonic Thermally
PANTEB 15-26 moiety CANQ Film acid sodium salt Stability 14h (rt) [e2]
Acetic acid (cat) Self-doping
Solubility in
PANI EB 38-121 butylthio group CANQ Film butane-1-thiol wide range of 14h (rt) [63]
solvents
PANI EB 50 5052~ /SOsH~ CANQ Bulk SO;H- Self-doping 2h (80 °C) [64]
PANI PN Sulfinic Anions CANQ Bulk Ce¢Hs550,~ Modification 2h (70°C) [65]
PANI ES Var. Chloride Ions CANQ Bulk HCl Synthesis <1h((°C) [66]
4-NO,-C¢H4—Cl
SnAr 2-NO,-CeH,~Cl
PANI (LE) Low activated aromatic SNAr Bulk 5 4f diI\GIOj— Modification 2h (70°C) [67]
halides CeHs—Cl
Ethanoic . o
PANI (LE) Low —CO-CHj3 SnAC Bulk anhydride (neat) Solubility 2h(25°C) [67]
- Controlled
2 _
PANI Echem 25-100 5052~ /SO;H CANQ Film -SO;H roifieation Var. [68]
PANI Echem - —S-R-Ferrocene CANQ Film HOCH,CH,SH Li“kig“r% 3; fdox 60-72 h (r.t.) [69]
PANI ES 100 -SO;H SpAr Bulk CISO;H Interpolymer 5h (80 °C) [70]
complex
P(2BrANI) 100 —PO;H, SnAT film P;Z%(ggtt))z Self-doping 2days(120°C)  [71]
PANI brushes Polymer o Sulfite
linked by S-Me 50 -SO:H CANQ brushes SOs determination - (721
P(ANI boronic OH~ ipso- . -OH . . o
acid) 100 X-(halide) reaction Echem film X Synthesis 10 min (25 °C) [73]
PPDA <100 -5-50;3~ CANQ Bulk S,052~ Solubility 6h (0-5°C) [74]
PPDA 25-50 N>Hy4 CANQ Bulk -NH-NH;, Reduction 12h (0-5°C) [75]
- Crystalline o
PANI (ES) 93-94 -SO3 SEAr Bulk SO3/H,SO04 structure 6h (25°C) [76]
PANI (ES) 50 -50;~ SEAr Bulk SO;/HSO4 Synthesis 0.5-2h (25°C) [77]
. 24h
PANI (ES) 0 none SEAr Bulk H,S04 Synthesis (100-150 °C) [77]
. Self-dopi
PANI (LE) - >N—(CH,)3-S0;~ SN, Echem film propanesultone serfsor gf}‘)an ; 12h (rt) [78]
Poly(3- . s
ethynylaniline)- 100 —C=C-SR Thiol-yne Bulk PEG-dithiol Linking 5 min (r.t.) [79]
click w/graphene
co-ANI)
PANI(ES) - -N-NO SgN Film NO* Lithography 15 min (r.t.) [80]
PANI(ES) - -N-NO SgN Film NO* Photolithography 15 min (r.t.) [81]
PANI(EB) 25 -N-tBOC SN Bulk t-BOC Photolithography 3h(80°C) [82]

The aforementioned reactions are summarized in Scheme 4:
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™~ RSH ,L
CN- ~
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ClAr-NO/ ‘
~

: N HN
/

/

: N N

H
SEAr SN,
El E2 Eli
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\ N \ H
N E
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E, =S0;3 RX (pretreated with H")
XSO;H cyclic anhydride
NO* sultone
zAﬂ'-T\IZJr

Scheme 4. General summary of the reactions used to functionalize PANI. E; are electrophiles which
produce SEAt on the aromatic ring. E, are electrophiles which suffer nucleophilic attack by the
nitrogen lone pair.

2.1.1. Electrophilic Substitution (SEAr) on Diphenylamine Rings
Electrophilic Aromatic Substitution in the Ring

Sulfonation of Polyanilines

Epstein et al. investigated the sulfonation of PANI (ES form) dissolved in HySOj4 (c.c.,
ca. 98%) using SO3 provided by fuming sulfuric acid [83]. The product (SPAN) has ca.
50% rings with one —-SO3H attached. SPAN is soluble in basic media (where the cation
radicals deprotonate and the polymer becomes a negatively charged polyelectrolyte). It
is insoluble in acid media, where the fixed sulfonate groups compensate (self-dope) the
radical cations. In that way, the conductivity does not decrease abruptly at neutral pH, as
occurs with PANL The conductivity is lower than that of the parent PANI (0.1 S cm ™! vs.
3S cm™!) due to electronic (charge pinning by the ~-S0;~ groups) and steric (hindrance of
the bulky sulfonate group with the C-H of the neighboring ring) effects. The self-doping
nature allows use of the material in metal (e.g., lithium) rocking chair batteries (in which
Li+ produced in the cathode compensates the charge of the sulfonate in the anode), unlike
PANI, for which salt is formed during discharge, requiring large solvent volumes [84]. The
molecular weight of SPAN was measured using light scattering [30], showing a reduction
to that of the parent PANI, implying that the electrophilic sulfonation causes some chain
scission. The redox-coupled ion exchange is different than PANI, with two steps of proton
expulsion upon oxidation (LE to ES and ES to PN) [12,65,85]. Epstein et al. explored
different routes to the sulfonation of ES, including heating with ammonium sulfate and
treating with CISO3H, showing that the homogenous reaction with fuming sulfuric acid
gives the best results [51]. Chen and Hwang showed the subtleties of self-doping in
SPAN [50]. While SPAN is soluble in basic media but not in water, when SPAN (EB) is
dialyzed and then converted in its completely self-doped form using an ion exchange
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membrane, it becomes soluble in water. Sahin et al. prepared sulfonated polyaniline via
electrochemical polymerization of aniline in a solution of FSO3H/ACN [52]. The FSOsH
acid act both as electrolyte and sulfonating agent. Up to 89% sulfonation is achieved.
Interestingly, the modified polymer is not only soluble in basic aqueous solution but also in
NMP and DMSO, revealing that the solubilizing effect of the -5SO3~ group is not exclusive
to water.

Sulfonated polyaniline is likely the most widely used functionalized CP, being ap-
plied in anticorrosion coating [86], electrodes for stimulation of biological cells [87], elec-
trochromism [88], interlayer in OLEDs [89], non-covalent functionalization of graphene [90]
and carbon nanotubes [91], polymer electrolyte membranes [92,93], cathodes for batter-
ies [94,95], enzymatic electrochemical sensors [96], polymer blends [97], acid catalyst [98],
photovoltaic cells [99], composites with hydrogels [100], nanofiltration membranes [101],
and stabilizer of colloids [102].

Then, Epstein et al. sulfonated PANI in its leucoemeraldine state, obtaining a polymer
with a higher sulfonation degree (ca. 78% of the rings) [53,103]. The polymer (HSPANI) is
more soluble, and the conductivity is not affected by the pH (0-14). The conductivity is
higher than SPAN, suggesting that is the alternation of sulfonated and unsulfonated rings
that pin the charge in SPAN. The XPS study of HSPANI agrees with such a model [104].
Pyskhina et al performed exhaustive sulfonation with HSO3Cl, reaching up to 100% sul-
fonation [70]. Barbero et al. extended the sulfonation methods (from ES and LE forms) to a
N-substituted PANI: poly(N-methylaniline) (PNMANI) [56]. Products similar to SPAN and
HSPANI were obtained via reaction with fuming sulfuric acid achieving 50% sulfonation
(SPNMANI) and ca. 100% sulfonation (HSPNMANI). The redox-coupled ion exchange,
measured by PBD, showed proton expulsion in the two redox steps for the HSPNMANI
and proton expulsion/anion insertion for SPNMANI [56].

Two groups have recently revisited the sulfonation of PANI. Mendes et al. studied
different sulfonation routes of PANI [77] concentrated H,SO, (100 and 150 °C for 24 h)
and fuming sulfuric acid (25 °C for 0.5-2 h). The authors concluded that PANI heated
with concentrated H,SO4 does not become sulfonated because sulfonation is reversible
and added groups are released. On the other hand, sulfonation is detected by FTIR when
fuming HySOy is used. Using DSC, the authors observe a broad endothermic band in PANI,
which they attribute to the hydrogen bonding interactions between neighboring chains. As
expected, the band decreases sharply in sulfonated polyaniline since hydrogen bonding is
hindered by the steric effect of -SO3~ substituents. Bhadra et al. sulfonated PANI (ES) for
6 h and obtained a PANI with 93-94% (according to elemental analysis and FTIR) sulfona-
tion (SPANI) [76]. They found via XRD that SPANI is more clearly crystalline (52.4%) than
PANI (37.3%) but with wider spacing between chains. A detailed Rietveld analysis of the
XRD data suggests that the sulfonic acid groups of two adjacent polymer chains are on the
same side and close to each other, likely due to the sulfonate (-5O3 ™) acting as a counterion
of the radical cations (Ar-NH*—-Ar). However, only 50% of sulfonates are required because
the polymer is in its emeraldine state (50% cation radicals of all N). Therefore, the excess
sulfonate could act as a counterion of protonated amine units (Ar-NH,"—Ar) and/or form
intrachain H-bonding (six-member ring structure) between amine groups and sulfonic acid
groups of the same polymer chain as well as inter-chain H-bonding between sulfonic acid
groups of adjacent polymer chains and amines. The authors found a conductivity of PANI
of 0.073 S cm™~!—low for PANI synthesized in solution (ca. 3S cm~! [69])—and 0.031/cm
for SPAN (lower than that HSPANI ca. 1S em ™! [69]). However, the ratio SPAN/PANI [R]
is ca. 43%, while that of HSPANI/PANI [69] is only 33%.

The main goal of PANI sulfonation was to produce a conducting polymer soluble in
aqueous solution. In fact, SPAN (ca. 50% of the rings sulfonated) shows good solubility in
basic aqueous solution but it is insoluble at pH > 5. In neutral-basic solution, PANI chains
are deprotonated and the CP is a polyelectrolyte, whereas ion-dipole interactions (of -SO3~
with water) promote polymer solubility. When the PANI chains become protonated, the
sulfonate group compensates the positive charge and the polymer becomes charge neutral.
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Since the emeraldine base form of PANI is partially (50%) oxidized, 50% sulfonation is
required to balance the charge. Moreover, partially sulfonated PANI [51] is only weakly
soluble in basic media. The pH is higher than that of PANI(EB) protonation because the
negative charges in the sulfonate groups create a Donnan potential, making the internal pH
lower than the external pH. On the other hand, HSPANI (75-100% of the rings sulfonated)
is soluble even in acid media. There is always an excess (>50%) of sulfonate groups, which
allows solubilization of the polymer. The charge compensation process is called self-doping
because the polymer contains mobile polarons and fixed counterions. The Donnan potential
allows protonation of the quinonimine units and the creation of polarons, which render
the polymer conductive. While SPAN is only conductive in acid pH (>7) [48], HSPANI is
conductive up to pH 11 [53]. Another property affected is the ion exchange coupled with
the oxidation/reduction. The ion exchange in PANI in moderately acidic pH (<2) is as
shown in Scheme 2. The combination of charge compensation processes (anion insertion on
oxidation) with acid-base equilibrium implies that PANI(LEB) inserts two anions into each
of the four rings during oxidation to PANI(ES). PANI(ES) releases four protons and four
anions, from the tetramer unit, during oxidation to PANI(PNB). Therefore, PANI chains
exchange anions during oxidation/reduction.

The incorporation of one sulfonate group per ring changes both redox-coupled ion
exchanges (Scheme 5):
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Scheme 5. Redox-coupled ion exchange of HSPANI. Cat* represents a cation (e.g., Li*).

SPAN (50% sulfonation) will only have a different ion exchange coupled in the first
oxidation step. In HSPANI, even the pernigraniline form is completely self-doped. In
nonaqueous media (e.g., LiClO4/ACN), HSPANI is a cation exchanger, not anion/proton
as in PANIL. If a battery is built with HSPANI as anode and Li” as a cathode, Li* is produced
in the cahode and inserted into the anode during discharge. This is a so-called “rocking
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chair” battery. On the other hand, using PANI as an anode, anions are produced during
discharge in the anode and cations in the cathode. Therefore, large amounts of solvents are
needed to store the formed salt in a soluble form [12]. Since the sulfonic group is a strong
acid (pKa < 0), SPAN and HSPANI are polymeric acids. Such solid-state acids can be used
to build polyelectrolyte membranes [86] or as catalysts for organic chemistry reactions (e.g.,
transesterification to produce biodiesel) [92].

Bromination (—Br) of Polyaniline

Bromine (Bry) is highly reactive towards aromatics (SEAr), resulting in the polybromi-
nation of aniline in water [105]. Moreover, p,p’-substituted diphenylamines (such as PANI)
give dibromo(ortho)diphenylamine. Stejskal et al. brominated PANI (ES and EB forms) and
obtained modified polymers (up to 59% Br/N ratio). The conductivity decreased by ca. five
orders of magnitude between PANI and 59% brominated PANI. The ratio can be regulated
by the relative amount of Br, /PANI. SEAr of Br, on PANI(ES) (or PANI(EB)) should give
only 50% bromination since quinonimine rings are not reactive in SEAr. However, since
HBr is produced during bromination, it is possible for Br- ions to add nucleophilically to
quinonimine units in PANI, explaining the slight excess (59%). While the brominated ring
in diphenylamine units would not be reactive enough for SNAr [106], the neighboring
quinonimine unit could act as an electron-withdrawing group. Moreover, catalysts (e.g.,
Cu complexes) could be used to promote SNAr on the PANI-Br moieties [107], making it
a possible precursor of a variety of functionalized PANIs. Indeed, pol(2-BrAni) has been
used to produce phosphonated polyaniline (Section 2.1.3). Bromination of the formed
polymer produces a material with higher electronic conductivity than those produced
by homopolymerization of 2-bromoaniline (or its copolymer with aniline). It seems that
postfunctionalized polymer chains retain the linear polymer chains of PANI, while poly-
merization of substituted anilines produced chains with other linking positions in the ring
(e.g., ortho) that break the extended conjugation.

Coupling with Diazonium Salts

The electrophilic attack of diazonium ion to aromatics is the most common method
of producing azo dyes [108]. The usual site of attack is the para position (due to steric
constraints in the ortho position), but if that position is blocked (as is the case in PANI), the
substituent could be linked to the ortho position (Scheme 6).
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Scheme 6. Reaction of diazonium ions with PANI according to Liu and Freund [55,109]
and Barbero et al. [110,111]. Only the amine ring of PANI is shown because the quinonimine

unit is unreactive.
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Freund et al. [55] described the reaction of aryldiazonium salts on electrochemically
produced PANIL They obtained a nonconductive polymer and proposed a mechanism in
which the diazonium ion decomposes, forming the aromatic cation (and nitrogen). The
electrophilic cation attacks the nitrogen (see Section “Electrophilic Substitution in the N-H
Group”), forming a N-aryl-substituted PANI with triphenylamine units. The modified poly-
mer is electro-inactive, analogously to the polymer produced by oxidative polymerization
of 4-(phenylamino)benzenesulfonic acid [109]. The conditions used (acid media and room
temperature) favor degradation of the diazonium ion. On the other hand, using the typical
reaction conditions for the diazonium coupling—basic/neutral media and low temperature
(0-5 °C)—together with a N-substituted-polyaniline (poly(N-methylaniline) allows the
coupling of the diazonium ion with the polyaniline chain, forming azo bonds [110]. The
presence of azo (-N=N-) groups is confirmed with FTIR. Since p-aminobenzensulfonic
acid was used to make the diazonium ion, the polymer is soluble in basic media. On the
other hand, thin films of the modified polymer, deposited from solution, are insoluble and
electroactive in acid media, unlike the polymer made by DeArmitt et al. [109], suggesting
that the substitution occurs in the ring and not in the nitrogen. This is expected since
substitution in the nitrogen of PNMANI involves removal of the methyl group. However,
the procedure was extended under the same coupling conditions (buffered solution of pH
= 8, temperatures below 10 °C) by Acevedo et al., to the functionalization of PANI [111].
Both reaction mechanisms are shown in Scheme 6. While the cyclic voltammograms of the
modified polymer differs to that of PANI, no loss of electroactivity is observed. Moreover,
the effect of functionalization on the CV is similar to that observed in polyanilines bearing
electron-withdrawing groups linked to the ring [112]—that is, a decrease in the potential
difference between the PANI(LEB)-PANI(ES) and PANI(ES)-PANI(PNB) redox transitions.
The data differ from those described by Liu and Freund [55], who found electrochemical
deactivation upon treatment of PANI films with aryldiazonium salts. However, the reaction
conditions (acid media, ambient temperature) promote the decomposition of the diazonium
ion to form the aryl cation, which attacks the nitrogen.

Different diazonium salts produce similar modifications. The modified polymers
suffer degradative reduction with dithionite where the azo (-N=N-) group is converted
into amino (-NHy) groups. Therefore, a PANI bearing amino groups in the ring is produced.
The redox response is more similar to the one of unmodified PANI than when azo groups
are attached, likely due to the stronger inductive and steric effect of the azo group com-
pared to the amino group. The amino group could be converted into a variety of functional
groups (e.g., amide), but such developments have not been pursued. It is noteworthy
that emeraldine base was used as reactant, and diphenylamine rings are the only reactive
moieties towards diazonium ion attack. On the other hand, using LE as reactant will allow
the modification of every ring in PANI. Since the reaction is quite straightforward (aque-
ous solution, low temperature) is amenable to combinatorial functionalization. Different
aromatic amines can be diazotized and coupled with PANI. Additionally, azo dyes can
be made via reaction of diazonium salts with other primary aromatic amines. In that
way, azo dyes which can be diazotized into diazonium ions to react with PANI can be
produced. By changing the reactants (primary aromatic amines, Scheme 5) of the azo dyes,
single linkage combinatorial modification can be achieved. Those coupling agents (CA) are
primary aromatic amines (e.g., 4-aminobenzensulfonic acid) which can form diazonium
ions able to couple with other activated aromatic amines but cannot couple with themselves
or be attacked by diazonium ions. On the other hand, those called aromatic amines (AA)
can couple with other AA (or themselves) and be attacked by CAs. Therefore, there are
AAn-AAn dyes but not CAn-CAn. The reason is that CAs bearing electron-withdrawing
groups (e.g., -NO;) are unreactive with a weak electrophile as the diazonum ion. On
the other hand, the presence of electron withdrawing groups in the ring destabilizes the
positive charge of the ion, making it a better electrophile. To the diazotized dyes are added
the diazonium salts of CAs and AAs.
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Using just 6 aromatic amines (Scheme 7), it is possible to create 17 functionalized
polymers. Moreover, using aromatic primary diamines (e.g., benzidine), it is possible
to link any activated aromatic ring (e.g., 2-naphtol) with a primary aromatic amine (the
diamine itself or another primary amine (e.g., 2-aminobenzoic acid) which can be made into
a diazonium ion and coupled with PANI. In the work [113], 65 functionalized polymers
were produced, which constituted a large part of the known functionalized PANIs (Figure 1).
The modification efficiency depends on nature of the diazonium ion and it being in the
range 7-33%.

Coupling agents
‘i o
HoN S—OH
(0] HO
4-aminobenzenesulfonic acid 4-aminobenzoic acid Aonitroaniline
Aromatic amines NH, NH,
@°\
CHj
aniline 2-methoxyaniline I -naphthylamine
AAl AA2 AA3

Scheme 7. Chemical structure of molecules used to combinatorially functionalize PANI by diazonium
ion coupling.
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Figure 1. Color coded 2D diagram of the effect of combinatorially added functional group on the

solubility in common solvents/solutions.
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The target properties were two: conductivity and solubility in common solvents.
A high-throughput screening procedure was developed where thin films of PANI were
chemically polymerized onto thin PE films. The thin (ca. 2 pum) weakly absorbing substrate
allows the measurement of the UV-visible and FTIR spectra of the conducting polymer
films (ca. 200 nm) via transmission and the measurement of conductivity [114]. In that
way, the success of the modification can be checked. By painting two contacts (silver
ink) at a known distance, the conductivity can be measured. As expected, all modified
polymers have lower conductivity than PANI due to electronic and steric effects. The
modification with diazonium ions from azo dyes produces lower conductivities than
with those diazonium ions from simple aromatic amines. By immersing a known area of
supported film in different solvents, the solubility can be assessed by the removal of the
film from the substrate. With those showing solubility, it was measured as highly soluble
(HS > 1% w/v) or soluble (1%> S > 0.1% w/v) [115].

Polymers functionalized with charged groups (-COO~, SO3; ™) show good solubility
in basic aqueous and alcoholic media. Unexpected results were that the polymers modified
with nitro (-NO;) or even azobenzene groups (PANI-AA1-AA1) showed high solubility in
toluene, chloroform, and acetone.

The main goal of coupling with diazonium salts was to improve the solubility of PANI
in different solvents while decreasing polymer conductivity as little as possible. Using a
combinatorial approach to both synthesis and property screening allows the identification
of conducting polymers with high solubility in low polarity organic solvents (e.g., toluene)
via modification with azo dyes bearing nitro groups. The effect is difficult to predict
from structure—property relationships. The solubility allows the coating of solids using
those materials and the blending of the conductive polymer with dielectric polymers (e.g.,
polystyrene). Using azo dyes as added functional groups incorporates other properties,
such as additional absorption bands in the visible spectrum [115], photochromism [115],
and even the possibility of selective insolubilization of the functionalized polymer by
localized reductive degradation of the azo group [111]. PANI chains modified with azo
moieties bearing ionic groups (e.g. -N(CHs)4") are soluble in water and have aromatic rings
(both in PANI and CA). Therefore, they can form 7— interactions with the aromatic ring
in nanocarbons. Allowing its use to stabilize dispersions of multiwall carbon nanotubes
in water [116], and likely to occur with other nanocarbons (graphene, single wall carbon
nanotubes). The dispersed particles bear net charges and can be assembled electrostatically
in layer-by-layer multilayers [116]. Moreover, the ionic group could be locally removed via
reductive degradation [111] to produce 2D patterns of the nanocarbon or removed from
the whole multilayer to make it resistant to dissolution.

Electrophilic Substitution in the N-H Group

Amide Formation at the Nitrogen

The first functionalization of PANI was achieved by Wrighton et al. [58]. They pro-
duced PANI films electrochemically and made them react with different anhydrides (in
acidic ACN). The reactivity depends on the oxidation state of PANL The reactivity goes in
the order: (F3CCO),0 > (C13CCO),0 > (H,CICCO),0 > (HCI,CCO),0 > (H3CCO);0. Lin
and Chen reacted PANI (EB dissolved in NMP) with sulfobenzoic anhydride [59]. The an-
hydride formed an aromatic amide with the diphenylamine nitrogen (Ar-NH-Ar), leaving
the sulfonate group linked to the benzene ring and able to self-dope the PANI chain. The
functionalized polymer is soluble in water and has a conductivity of ca. 7 x 107* Sem L.
Barbero et al. reduced PANI(EB) to PANI(LE) with phenylhydrazine to increase the number
of reactive N-H groups [67]. Then, they reacted PANI(LE) with neat ethanoic anhydride
at 80 °C. A high (>80%) modification ratio can be achieved, and the product is soluble
in common solvents (e.g., CH,Cl,). However, the polymer has very low conductivity
and no electrochemical activity. It seems that substitution in the nitrogen with electron
withdrawing groups (e.g., -COR) of PANI decreases the conductive and redox properties.
Liu and Freund reacted aryldiazonium salts with PANI films (electrochemically produced)
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in acid media and ambient temperature [55]. The diazonium ion decomposes to form
a highly reactive (non-aromatic) aryl cation which substitutes at the nitrogen, forming
triphenylamines. The PANI film loss electroactivity on a degree related with the reaction
time, suggesting that the reaction occurs from the film/solution interface inwards. The
resulting polymer is similar to that produced by DeArmitt et al. via the polymerization of
diphenylamines [109]. Both polymers are electroinactive due to the steric effect of the bulky
aryl substituent, which hindered the planarity of the rings in the PANI chain, decreasing
extended conjugation.

Wrighton et al., modified electrochemically produced PANI films supported on a
special three electrode device, which acted as a transistor [58]. Therefore, the goal of the
modification was to modify the electronic properties of PANL It was found that in situ
modification in the amine nitrogen drastically decreases conductivity. A similar effect was
observed by other researchers [55,67]. While the production of a whole non-conductive
film is of little interest, controlled functionalization of the external surface (e.g., making
it hydrophobic) could produce transistors with sensitivity to different chemical entities
(e.g., fatty acids) than PANI. Moreover, localized formation of non-conductive domains
(e.g., by mask-controlled reaction) could allow the drawing of conductive patterns in
non-conductive films to produce flexible electronic devices.

Tertiary Amine Formation at the Nitrogen

Hua and Chen produced a self-doped PANI substituted in the diphenylamine ni-
trogen [54]. Since the diphenylamine is a poor nucleophile, they first reacted PANI (EB)
with sodium hydride to form the amide (Ar,N~). Then, they reacted the amide with
p-(3-BrCsHy)-CsHy—SO3-Na*. The amide attacked the alkyl halide (SN, forming a new
amine with a pendant group containing sulfonate. Therefore, the cation radical of PANI
backbone was self-doped by the sulfonate groups. The polymer is soluble in water and
has a conductivity of ca. 2 x 1072 S cm~!. Barbero et al. used SNAr reaction to modify
PANI(LE) [67]. The reaction was performed with activated arylhalides (bearing -NO,
electron-withdrawing groups). The yields were low since diphenylamine is a poor nucle-
ophile. Raffa et al. reacted PANI (LE) films (prepared electrochemically) with propanesul-
tone [78]. The ring tension in propanesultone made it prone to nucleophilic attack by the
N-H groups in PANI (LE). The sultone ring was opened, and PANI became N-alkylated
with a pendant sulfonate group. Therefore, the PANI chains became self-doped and were
electroactive in neutral pH (unlike PANI), allowing the construction of an enzymatic sensor
active at pH = 7. Incorporation of ionic groups (-SO3 ™) attached to PANI chains makes
the polymer electrically conductive at neutral pH with a modest loss of conductivity. It
should be remembered that PANI shows a five-orders-of-magnitude loss of conductivity
when exposed to neutral media. This property of functionalized polymers allows different
biological applications, such as in electrodes for sensors/actuators. Indeed, Raffa et al. [78]
produced an enzymatic electrochemical sensor using such an approach.

Reversible Formation of Nitrosamine

Salavagione et al. showed that nitrosonium ion (NO"), which is formed via the
protonation and dehydration of nitrous acid, electrophilically attacks the nitrogen of the
diphenylamine units, forming nitrosamines [80]. The nitrosamine of PANI is soluble in
common solvents (e.g., chloroform) and can be cast into films. However, it is unstable
in acid media, losing the NO and reverting to PANI The reversible process was used to
create conductive patterns with chemical lithography using a spray of acid. In a more
detailed study, the authors studied the formation and decomposition of the nitrosated PANL
Then, using a photoacid generator (PVC), it was possible to create conductive patterns by
photolithography of nitrosated PANI. The reversible nature of this postfunctionalization,
coupled with the solubility of nitrosated PANI in nonaqueous solvents, allowed the drawing
of 2D patterns of PANI on surfaces, which can be used in flexible electronics.
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2.1.2. Nucleophile Addition on Quinonimine Units

While other reactions of CPs (e.g., SEAr) are not exclusive of CPs and could be
used to modify other polymers (e.g., polystyrene [117]), nucleophilic addition involves
o, 3 —unsaturated bonds, which are the backbone of the extended conjugation, giving CPs
their electronic properties (Scheme 8) [118]. Therefore, it is a reaction intrinsic to CPs.
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Scheme 8. Mechanism of nucleophilic addition to «,f-unsaturated bonds in quinoimine. BH is
usually the solvent or added acid. If the nucleophile (Nu) is neutral (e.g., thiols), the reduced form of
modified PANT is produced directly.

Han and Jeng discovered that a solvent of PANI (pyrrolidine) react with PANI by
nucleophilic attack [61]. They then observed a reaction with thiols (dodecanothiol and mer-
captoacetic acid). They observed that reaction with the nucleophile produces the reduced
form of PANI (a functionalized LE) and named the phenomena “concurrent reduction
and substitution reaction”. They extended the method to mercapropanesulfonic acid [62],
producing a self-doped polyaniline with higher conductivity than SPAN. Interestingly, they
used acetic acid as a catalyst.

Salavagione et al. synthetized a self-doped polyaniline (functionalized with -SO3~
groups) via nucleophilic addition of sulfite ions to emeraldine salt and pernigraniline [64].
It was already found that the reactivity depends on the relative amount of quinonimine
units in the polymer. Therefore, PN is more reactive than ES, and LE is unreactive. At the
same time, it was found that decreasing the pH increases the reaction rate since protonated
quinonimine is more reactive to nucleophilic attack than deprotonated attack. Accordingly,
bisulfite is more reactive than sulfite. Obviously, this depends on the nucleophile since
amines would be protonated by the acidic pH. Moreover, the so-called “concurrent reduc-
tion” of Han et al. [61] is a result of the addition mechanism, which gives the LE form of
the functionalized PANI as product. If no oxidant is present, the reaction will stop when all
(50% of the aniline rings) are converted. However, an additional oxidant can be used to
reconvert the amine to quinonimine units. In addition to sulfite ions, related arylsulfinic
acids were used as nucleophiles. Finally, a complete set of nucleophiles, which included
acetoacetate and cyanide, were used to modify PANI. Kumar et al. prepared PANI polymer
brushes linked to the electrode by thiolate bonds [72]. Then, they reacted PANI short
chains with sulfite, changing the voltametric response. In that way, an integrative sensor
of sulfite was developed. However, given the reactivity of quinonimine with biologically
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relevant molecules, such as thiols and amines, the sensor could not be used in biological
matrixes or food (e.g., wine). It is noteworthy that the nucleophilic addition of sulfite ions
produces sulfonated polyaniline with different degrees of sulfonation (from 25% to 100%)
in an ecofriendly way (using water or ethanol as solvent) without corrosive/toxic reagents
(e.g., fuming sulfuric acid). Moreover, the less harsh conditions (50-70 °C at pH = 3) avoid
chain scission, as was shown by measuring the molecular weight of the polymer during
reaction [87]. However, it has seldom been used to produce sulfonated polyaniline in the
myriad of applications.

Han and Chen modified PANI through nucleophilic addition of fluoride ions in
MeOH [119]. They used reoxidation as a way to increase the substitution degree of PANI
from 25% (1 F per 4 rings) to 125% (5 F per 4 rings). It was observed that EB only produces
25% substitution while PNB produces 50%. Then, they reoxidated the functionalized
monomer in suspension electrochemically (ACN/LiClO4). However, the authors took
great pains to deprotonate the functionalized PANI, although it has been shown that
protonation increases the reactivity. Han et al. [120] used the technique to functionalize
PANI and obtain a butylthio-functionalized derivative which has higher conductivity than
the unmodified PANI. Han et al. used the butylthio-modified PANI to produce nanospheres,
which were then converted to graphitic nanospheres [121]. Levon et al. used nucleophilic
addition to modify PANI (a film produced electrochemically) via nucleophilic addition
of 2-mercaptoethanol [69]. Then, they attached a redox group (ferrocene) by linking it
with the -OH group. Laiff et al. used nucleophilic addition of thiols to modify the surface
of PANI nanofibers [122-124]. The nanofibers, functionalized with carboxylic or amide
groups, were used to immobilize biomolecules [125], including redox enzymes which were
electrically connected to the conducting nanofibers. Interestingly, the nanofibers whose
surface is modified with self-doping groups show electroactivity at neutral pH and can
be used to electrochemically detect ascorbic acid [126]. This result confirms the model
proposed before [127], which is interparticle resistance at high pH, which inhibits PANI
electroactivity but not bulk effects. Bongiovanni Abel et al. [26] modified PANI chains via
the nucleophilic addition of cysteamine. The thiol group is a better nucleophile and became
attached to the PANI chains. Then, dansyl chloride was reacted with the aliphatic amino
groups, rendering the PANI fluorescent. The extended cysteamine linker avoids quenching
of the naphthalene rings by the quinonimine units of PANI. Fluorescent PANI NPs are
made from the solution of the modified PANI chains in NMP via solvent displacement with
PVP as stabilizer.

Yslas et al. modified the surface of PANI via NCA of the aminiacid cysteine and made
the film compatible with two biological cell lines [128]. Neira-Carrillo et al. modified PANI
nanoparticles via NCA with cysteine [129]. The -COOH groups in cysteine induce the
crystallization of calcium-carbonate, producing biomaterials with photothermal activity.
Durgaryan et al. observed the addition of thiosulfate ions [74] and hydrazine [75] to a
polymer (produced by oxidative polymerization of p-phenylenedianine) with a structure
very similar to that of pernigraniline. It is likely that PN will give similar reactions with
those molecules and the related hydroxylamine and phenylhydrazine. Recently, Amaya
et al. investigated the phosphonilation of PANI in solution (NMP) by nucleophilic addition
of p(OEt)3 [130]. To improve the functionalization degree, they reoxidized the partially
modified PANI with persulfate ion, in line with the mechanism of nucleophilic addition.
However, they still used the terminology of substitution.

Nucleophilic conjugate addition (NCA) allows the incorporation of a variety of func-
tional groups in the bulk or on the surface of films (or nanoparticles) made of PANIL. Again,
attaching ionic groups (e.g. -COO™) increases bulk polymer solubility while creating pH
dependent solubility. In acid media, the functionalized polymer is conductive and elec-
troactive but solubilizes in basic pH. As a solution, it can be used as ink in common printing
techniques (e.g., inkjet printing) to produce flexible electronics or electrochemical sensors.
The same effect is used to produce stable dispersions in water of PANI nanoparticles whose
surfaces were modified via NCA. In both cases, using functional groups which can be
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protonated /deprotonated allows control of the solubility. In that way, films of modified
PANI with carboxylic (<COOH) groups can be deposited from ammonia/water solution
(bearing -COO~NH,4* groups), which—upon drying and gentle heating—revert to the acid
form and become insoluble. Moreover, using a photoacid generator, patterns of insoluble
conductive polymer can be drawn photochemically. In the case of PANI films, only the
surface can be modified. The functionalization of the surface of films or nanoparticles via
NCA allows changing of the interaction of the solid with biological entities. In that way,
the biocompatibility was improved [128] or an inorganic biomaterial was synthesized [129].
In the latter case, the molecule attached through NCA (cysteine) induces the formation
of the inorganic biomaterials (crystals of calcium carbonate), which are biocompatible
due to the inorganic matrix, while the PANI nanoparticles absorb NIR light, allowing
its use in photothermal therapy. Other properties incorporated into the surface of PANI
entities through NCA are additional redox groups (ferrocene) to films [69], fluorescence to
nanoparticles [26], and biomolecules to nanofibers [121].

2.1.3. Reactions on Preattached Reactive Groups

Since PANI has only some reactions in the polymer backbone, it is possible to produce
PANIs with attached reactive groups (by oxidative polymerization or copolymerization).
The approach has not been used as much as in the case of polythiophene, but some re-
actions have been studied. Amaya et al. used Pd” as a catalyst to promote the SyAr
reaction of HPO,H, with poly(2-bromoaniline) (produced by oxidative polymerization
of 2-bromoaniline) [71]. In that way, self-doped phosphonate polyaniline was produced.
Shoji and Freund produced a substituted PANI through the electrochemical polymeriza-
tion of 2-aniline boronic acid in presence of fluoride [73]. Then, the boronic acid moiety
was converted into -OH or —X (halogen). The poly(2-hydroxyaniline) could not be pro-
duced by polymerization of 2-hydroxyaniline (2-aminofenol), which produced a ladder
polymer [131].

Salavagione has copolymerized (chemically and electrochemically) aniline with
3-ethinylaniline to produce PANI bearing alkyne groups [79]. The modified PANI could
react with thiols through the “click” reaction thiol-yne [132]. In that way, very fast function-
alization of PANI with a variety of functional groups could be produced. A preliminary
test with PEG-dithiol shows that the copolymer is able to link to the PEG chains in a
fast way. Using NCA, it is possible to attach nucleophiles (e.g., thiols) which bear active
groups. In that way, an electroactive group (ferrocene) was attached to the surface of
electrochemically produced PANI films [69]. Moreover, the surfaces of nanospheres were
modified with cysteamine and a fluorescent group attached to them. The alkyl chain act
as spacer separating the fluorophore from the quinonimine units and limiting the redox
quenching [26]. Finally, a thiol (nucleophile) bearing a long (Cyp) alkyl chain with an active
group (-COOH) at the other end is attached to PANI nanofibers [121-123]. To the carboxylic
group, biomolecules (e.g., redox enzymes) are linked by protein bioconjugate reactions. In
that way, electrochemical enzymatic sensors can be built [125].

2.2. Polythiophene Functionalization

Polythiophene (PT) and its derivates are another class of conducting (n-conjugated)
polymers that allow chemical modifications similar to what was afore-described for PANI
and PPy. The basic structure of PT is represented in Scheme 9. As can be seen, this thermally
stable CP has the possibility of doping, which leads to electron delocalization of m-orbitals
along the polymer backbone, giving optical and electronic interesting properties [133]. The
remotion of electrons of PT conduces to the formation of polaron/bipolaron depending on
the number of removed electrons (one or two electrons) [134,135].
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Scheme 9. Chemical structure of PT and the representation of polaron and bipolaron formation.

However, in the last three decades, a wide variety of research evidenced the versa-
tility of PT for chemical functionalization post-polymerization by using several kinds of
organic reactions. Among others, halogenation, cyanation, azide functionalization, esteri-
fication, alkyl, and aryl substitution on the PT backbone were described in the literature.
Moreover, interesting modifications employing ferrocene, reduced-graphene oxide (RGO),
Si surfaces, and combination with other organic molecules were developed for several
kinds of applications. In the following paragraphs, the most representative and interesting
functionalization procedures for PT are enlisted (Table 2) and described.

Table 2. Summary of reaction conditions used in PT postfunctionalization.

% . Polymer
Polymer (Form) Funct Added group Reaction Form Reactants Target Property Refs
PT, P3MeT, Nudleophili
poly(2,2'- var. (25 to 80) Halide (Cl, Br) ucieophic Film Cl-, Br~ Solubility [136]
L addition
bithiophene)
PT, P3MeT, Nucleophilic
poly(2,2’- var. (25 to 80) CH30- P Film CH;30- Solubility [136]
A addition
bithiophene)
P3MeT 50 ~Br Nucleophilic Film  E;N*Br/ACN Solubilit [157]
addition 4 y
P3MeT 70 —Cl Nucleophilic Film  Et;N*Cl-/ACN Solubilit [137]
addition 4 y
poly(thiophene- ) . Nucleophilic . EtyN*Br~ /CAN I
alt-fluorene) Halide (Cl, Br) additl Film Et;N*Cl~ /ACN Modification [138]
P3HT 7 _l Nucleophilic Bulk  EuN*CI-/ACN  Modification [139]
addIon
- boron trifluoride-
P3HS and Nucleophilic . . R
P3HT-b-P3HS 49/65 —Cl addition Film diethyl ether Modification [140]

(BFEE)
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% . Polymer
Polymer (Form) Funct Added group Reaction Form Reactants Target Property Refs
- Changes in
P3HT 9% _Cl Nucleophilic Film AICl3/MeCN optoelectronic [141]
addition .
properties
PTF and PBT >70 _al Nuclegphlhc Film Et4NX in thin Improv1ng in [142]
addition layered cell optical properties
P3HT 93 Br SpAr Bulk NBS Electrooptical [143]
properties
Electrooptical
P3HT 98 -Cl SgAr Bulk NCS . [143]
properties
P3HT 93 “NO, SpAr Bulk Fuming ‘sulfurlc Electroop.tlcal [143]
acid properties
Thermal stabil-
Diazoted-P3HT 58 -CN SgAr Film copper (I) cyanide ity /Corrosion [144]
inhibition
Modification for
P3HT - -Br SgAr Film NBS other functional- [145]
izations
Changes in
P3HT var. (2 to 84) —-Br SgAr Film NBS photovoltaic [146]
properties
P30T 64 pentaﬂz?égl))enzene Lithiation (SyAr) Film Click reaction Energy transfer [147]
Nucleophilic PIHT-Si5 —
P3HT-Si5 - Azide moiety OPH Film P3HTOHS5 Thermal stability [148]
susbstitution
Bu4NNj3
. : - Cu(CHj3CI) PFg,
poly(azidomethyl 90 alkyl Nucleophilic Film using ACN, TFH, Modification [149]
EDOT) susbstitution i
or benzonitrile
L 1 . N-phenyl-1,4- Solution
PT - Dianiilines groups Amidation Film phenylenediamine processability [150]
deprotonation of
. . P3T and -
P3HT - -COOH Deprotonation Film Solubility [151]
subsequent
reaction with CO,
Nucleophilic 3-bromopropene,
substitution methylimida-
P3HT 50-60 -MIM (carbanion Film zolium, Solubility [151]
formation + N-
hydrosilation) methylimidazole
PT-E - —Amide Ester aminolysis Bulk PELin N—r‘nethyl—Z— Water solubility [152]
pyrrolidone
.- . Ponderal and
Nucleophilic . Sodium hexanoate .
PT-Br 79 —ester group substitution Bulk/film in DMF microstructural [153]
features
HT.PHT - _OH Protected Bulk thienylzinc Modification ~ [154]
cross-coupling compounds/THF
Ponderal and
PT-ESTER >90 -OH Hydrolysis Bulk/film KOH /Methanol microstructural [153]
features

2.2.1. Direct reactions on the Thiophene Ring
Nucleophilic Addition

In PT the so-called “overoxidation” process is a thoroughly studied phenomenon [155].
In fact, PT is not stable at the redox potentials used for its synthesis [156]. Early on, it was
recognized that the degradation reaction involves the nucleophilic attack of water (or OH-)
on the oxidized form of the polymer, giving a ring substituted by -OH, which oxidizes
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to >C=0 [157]. Based on that information, Pickup and coworkers studied the addition of
nucleophiles (Cl-, Br—, CH30-) to electrochemically oxidized PT, P3MeT, and poly(2,2’-
bithiophene) [136]. While they show experimentally clear nucleophilic addition on the
quinonoid form, producing the modified and reduced form, they discuss the phenomena
as substitution. The mechanism proposed to explain the experimental data (Scheme 1 in
Reference [136]) seems to be incorrect since it shows the oxidation (—2 e™) of the product
of the addition to the aromatic form (which is the reduced state). It is found that reaction
does not occur with I". This is surprising since I” is a stronger nucleophile than C1~ or
Br~. However. at +1.4 Vggcg, I~ converts into I, which is not nucleophilic.

The electrochemically driven halogenation of PT derivatives was extensively studied
by Inagi et al. [137]. Initially, the authors assumed that the halide is converted into the
halogen, which electrophilically attacks electrophilically the polymer. However, the film is
in the same electrode (anode) in which the halide oxidation should occur. Therefore, it is ox-
idized to quinonimines which are not reactive in electrophilic aromatic substitution (SEAr).
The authors carried out a detailed study of the reaction mechanism, showing that elemental
halogens are unable to react in the conditions of the experiment, while conjugate nucle-
ophilic addition (NCA) is most probable mechanism [158]. A poly(thiophene-alt-fluorene)
synthesized via Suzuki-Miyaura coupling polymerization was exposed to tetraethylam-
monium chloride (Et;NCI) in acetonitrile, and electrochemical halogenation was made
during constant-current electrolysis [138]. The chlorination efficiently and selectively oc-
curred at the thiophene ring as revealed by EDAX and 'H NMR. When halogenation was
attempted to introduce bromine or iodine, the functionalization degree found was less
than chlorine (for bromine) and did not occur for iodine. This is the same order previously
found by Pickup et al. [136] for nucleophilic addition. The order of nucleophilicity is
I” > Br™ > CI™ > F~ [159], but the order of electrode potential (for the conversion of halide
into halogen) is F~ > C1~ > Br™ > I~ [160]. At the high potential used (1.65 VnuE), I is
converted into I; and no reaction occurs. The lower reactivity of Br~ vs. C1~ could be due
to steric effects since the attack is ortho to the N-H group.

The same halides also attach to poly(3-hexylthiophene) P3HT. The halide attach the
halide atom to the 4-position (only free) of the repeating 3HT ring [139]. In more recent
work, Inagi et al. compared the chlorination of P3HT to the selenophene-containing
(co)polymers —-P3HS and P3HT-b-P3HS- [140]. The results indicated different degrees of
chlorination for each polymer. For homopolymers, P3HS resulted in 65% of chlorination,
whereas P3HT reached ca. 49%. In the case of P3HT-b-P3HS, 49% of selenophene rings
were chlorinated compared to the 30% of thiophene rings for the P3HT segment, which was
attributed to the crystallinity of the polymer. Moreover, when the process was performed
on a statistical copolymer (P3HT-s-P3HS), a similar trend was observed regarding the
selectivity of sites for C1~ attack. The use of a boron trifluoride-diethyl ether (BFEE) instead
of acetonitrile as an electrolyte during the chlorination highly improved the chlorination
of P3HT. This fact can be explained as being due to the decreases of oxidation potential
of P3HT in BFEE [161]. Additionally, it was demonstrated that Lewis acids (e.g., AlCl3)
can facilitate the nucleophilic addition of CI~ to P3HT (achieving higher chlorination
degree) and other 7m-conjugated polymers [141]. As in the case of BF;, the Lewis acid
dopes the CP and decreases the potential for formation of the quinone-like species, which
react with the nucleophiles. Additionally, AICI; increases the stability of P3HT because it
reacts react with water, which will act as a nucleophile, degrading the polymer. Other PT
derivatives such as poly(thiophene-alt-9,9-dioctylfluorene) (PTF) and poly(bithiophene-
alt-9,9-dioctylfluorene) (PBT) were successfully functionalized via nucleophilic addition of
halide using a thin-layer cell [142].

Electrophilic Aromatic Substitution (SEAr) on Polythiophenes

Li et al. functionalized P3HT using SEAr. They produce polymer chains with —Br
(using NBS), —Cl (using NCS) and -NO; (using fuming nitric acid) as substituents in the
4-position of the thiophene rings [143]. Then, the -NO, substituents, (made by the same
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method) were converted to -INHj; by reduction with iron powder in water. In this way,
the use of any catalyst or additives is avoided [162]. This methodology is considered
eco-friendly, nonhazardous, and cheap, among other advantages. However, it is surprising
that a -NO; group linked to a solid reacts with another solid (Fe). It seems likely that local
corrosion of solid Fe generates Fe?*, which is the real reductant and is oxidized to Fe3*
by the -NO, groups. The solid Fe could then reduce Fe®* to Fe?* in a shuttle mechanism.
The -NH, group is then converted to diazonium ion (-N,*) through reaction with nitrite.
Then, using Sandmeyer’s reaction, the diazonium ion is substituted with -CN using
copper (I) cyanide [144]. PT functionalization through electrophilic bromination was also
explored. For example, a post-polymerization strategy to functionalize the 4-position of
P3HT was reported [143,145]. The Br—P3HT was obtained with a high degree of bromination
through electrophilic reaction of the polymer solution in chloroform via the addition of
N-bromosuccinimide (NBS). In other studies, the authors suggested that bromination of
P3HT disturbs the delocalization of p-conjugated electrons on the P3HT backbone. Different
bromination degrees (2%, 11%, 22%, 37%, 66%, 84%, and 100%) of P3HT were correlated
with the delocalization of m-electrons in the polymer (intra- and interchain), which affect
the target properties of the conducting polymer (e.g. photovoltaic properties) [146]. In the
same way, recently, some authors employed brominated PT derivates, highlighting the
importance of the feasibility of the reaction as well as the great potential of the products to
build hybrid materials with potential applications in energy and solar cell devices [163].

Substitution of Lithiated Thiophene Rings

The use of lithiated heterocyclic rings (made via reaction of halogenated aromatics
with lithium) is a useful strategy to produce a variety of substituted heterocycles [164].
Swager and coworkers functionalized P3HT via lithium—-bromine exchange for the intro-
duction of fluorine on the 4-position [145]. The fluorination was significantly higher (ca.
67% of fluorination degree) compared to other reported monomer-modification approaches.
The functionalization was easily made as follows: (i) lithiation of P3HT via reaction with
n-BuLi/THF and (ii) reaction with N-fluorobenzenesulfonimide (NFSI), corroborating the
modification using F NMR. Another interesting example of fluorinated PT derivate obten-
tion is the inclusion of pentafluorobenzene (PFB) as an end-group in poly(3-octylthiophene)
(P30T) via in situ quenching of the polymerization [147]. The resulting functionalized
polymer allows reaction via nucleophilic aromatic substitution (SNAr) with common nucle-
ophiles (e.g., thiols, alcohols, amines, etc.) in mild conditions as well as the synthesis of
diblock polymers.

2.2.2. Reaction with Active Groups Present in Substituted Polythiophenes
Azide Moiety and Reaction with Alkynes

PT containing azide-functionalized chains can be typically prepared using strategies
that involve nucleophilic substitution of haloalkyl side chains with azide anions and also
by hydroxyalkyl chain azidation (e.g., Mitsunobu reaction) [148,165]. However, in order to
minimize the step reaction number and improve the yield, new strategies were developed.
For example, Nam et al. synthesize poly(3-hexylthiophene-stat-3-(6-azidohexyl)thiophene)
(PSHT-N5) by the polymerization reaction of a tert-butyldimethylsilyl (TBDMS)-protected
thiophene with subsequent desilylation and conversion of the alcohols to azides [148]. First,
regioregular random poly(3-hexylthiophene-stat-3-(6-(tert-butylmethylsilyloxy)hexyl)thiophene)
(P3HT-Si5) was synthesized by Grignard metathesis polymerization and then P3HT-OH5
was obtained by remotion of TBDMS using tetrabutylammonium fluoride. Finally, the -OH
groups were transformed to azide groups using BusNNj3 in presence of triphenylphosphine
obtaining the product (P3HT-N5). For the functionalization of azide terminal moieties on
PT derivates, several reports have been available in the literature.
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Amide Functionalization of Carboxy Substituted PT

The incorporation of pendant dianiline groups on PT to improve the solution process-
ability can be achieved by a series of reactions. First, the copolymerization of alkylthiophene
with acetate-functionalized thiophene is obtained, followed by the hydrolysis of the car-
boxylic groups. Then, via amidation reaction with N-phenyl-1,4-phenylenediamine, the
oligoaniline groups are attached to the PT backbone, as was confirmed by NMR, FTIR, and
elemental analysis [150].

Zotti et al. reported PT-based copolymers obtained by anodic oxidation of 3,4-diamino-
or 3,4-dinitro-terthiophenes [166]. In this form, the -NH; or -NO, moieties are directly
linked to the conjugated backbone. The postfunctionalization of the polymeric films allows
or the conversion of the -NO; to -amino groups by reduction with SnCl; in ethanol/HCL
Additionally, 3,4-diamino-2,2:5,2-polythiophene and 3,4:3,4-bis(ethylenedioxy)-3,4-dinitro-
2,2:5,2 -polythiophene are able to react with glyoxal in ethanolic solution by condensation
obtaining pyrazine rings. The postfunctionalization of the PT-based films provokes impor-
tant changes from the point of view of the electronic, including optical and electrochemical
properties, allowing modulation of them. Other strategies for the synthesis of a variety of
aminoalkylsulfanyl PT presenting water solubility were reported as a result of copolymer-
ization via Stille coupling [167].

Anionic and Cationic Moieties

In the last decade, the generation of cationic and anionic PT derivatives has been
explored. P3HT can be functionalized by attaching a carboxylic acid moiety (P3HT-COOH)
through formation of the carbanion, followed by the reaction with carbon dioxide [151]. On
the other hand, cationic functionalization of P3T can be achieved via a series of reactions [46].
First, allyl-functionalized P3T was obtained through reaction of the carbanion form of P3T
with 3-bromopropene. Second, P3T-Br was synthesized via catalyzed hydrosilation reac-
tion of the terminal double bonds present in P3T-allyl with 4-bromobutyldimethylsilane.
Finally, the polycationic-methylimidazolium-functionalized, branched P3T-MIM was syn-
thesized by a nucleophilic substitution reaction of P3T-Br with N-methylimidazole. This
imidazolium-functionalized product is promising for several technological applications
due to its role in forming ionic liquids. Furthermore, the authors highlighted the ver-
satility of the synthetic route to tune the alkyl spacer length and also the feasibility of
using different nucleophiles in order to obtain other classes of end groups. In a similar
manner, So et al. comprehensively reviewed the novel methodologies for the synthesis of
a wide range of cationic PT through approaches that involved branched polymers, poly-
electrolyte diblock copolymers, and post-polymerization functionalization of regioregular
poly(alkyl)thiophenes derivatives, among others [46]. An interesting work reported the
synthesis of cationic water-soluble PT grafted to reduced graphene oxide (RGO) sheets.
The procedure involves the quaternization of RGO-g-P3BPT using trimethylamine for the
formation of poly(3-(3'-thienyloxy)propyltrimethylammonium bromide) [168]. The syner-
gistic combination of the functionalized conducting polymer and the RGO is promising in
the field of antibacterial photothermal therapy. Another method involved the crosslinking
of modified PT-ester with branched polyethylenimine (PEI) via ester aminolysis reaction un-
der mild conditions in N-methyl-2-pyrrolidone (NMP) [152]. These cationic, water-soluble
PEI-crosslinked-PT derivates were used to build Cu?* sensors. The synthetic methodology
is an alternative method to the conventional conversion of conjugated polymer with ester
group to water-soluble polymers through hydrolysis under basic conditions [169].

Reaction with other Carboxylic Functionalities

Using poly[3-(6-bromohexyl)thiophene] (P3T-6BrHex) as a start polymer, the synthesis
of a PT containing an ester group can be achieved. The method implies a single step for
functionalization using sodium hexanoate in DMF as solvent, and the final functionalized
polymer presents remarkable microstructural features [153]. Other researchers compared
the obtention of a PT derivative containing ester moieties (poly[3-(4-butanoyloxy) butylthio-
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phene]) through two different synthetic routes: the direct oxidative polymerization versus
the postfunctionalization of poly[3-(4-bromo)butylthiophene. While the nucleophilic sub-
stitution of sodium butyrate in the Br atom of the polymer resulted in excellent reaction
yield, the polymerization of 3-(4-butanoyloxy)butylthiophene monomer presents the ad-
vantage of versatility for the generation of other functionalized polyalkylthiophenes [170].
Through the covalent grafting of arenediazonium tosylate containing -COOH groups with
(poly(3,4-thylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), the introduction of
the carboxylic moiety on the CP can be made [171]. In this case, the diazo-cation acts as
a counterion of the sulfonic groups (cationic exchange), allowing the modification of the
pristine PEDOT:PSS thin films, changing its electrical and surface properties. More recently,
the covalent coupling of poly(3-thiophene acetic acid) (P3TAA) with a C-protected tripep-
tide was also reported to produce a bioconjugated conducting polymer [172]. Through
alkaline hydrolysis, a carboxylic-acid-deprotected tripeptide polythiophene conjugate can
be obtained [173]. Istif et al. produced aldehyde derivatives of thiophene [172], which
are polymerized into conductive polymer chains with aldehyde pendant groups. The
high reactivity of aldehydes allows producing conducting polymers with a variety of
functional groups attached to the chains. In addition to the functional groups linked to PT
chains, semiconducting oligomers of aniline can also be attached [174,175]. A thiophene
monomer, substituted with alkyl chains terminated in carboxyl (-COOH) groups is ami-
dated with amine (-NH;) terminated oligoanilines. While the conductivity of the polymers
is not as large as could be expected of a 3D network of conductive moieties, the physic-
ochemical properties of both conducting chains are observed. Bauerle described work
on post-polymerization functionalization of conducting polymers (poly(alkylthiophene)s)
substituted with replaceable ester groups [176]. The electrochemical properties of the films
can be tuned through the incorporation of different attached groups (e.g., ferrocene).

Reactions with Attached Hydroxyl (-OH) Groups

Poly[3-(10-hydroxydecyl)thiophene] can be synthesized via alkaline hydrolysis of
the ester group in its precursor. The most remarkable property is the high solubility in
a variety of solvents. The synthetic route allowed the full development of head-to-tail
(HH-TT) linkages [177]. McCullough et al. reported the inclusion of -OH in bromine
terminated HT-PHT [154]. The synthetic route involves the modification of the end group
modified at the w end through a cross-coupling reaction by using thienylzinc compounds.
Therefore, THP hydroxy group is protected but can then be deprotected to obtain the
—-OH functionality at the w e end. In another work, Lanzi et al. achieved the regioregular
poly[3-(6-hydroxyhexyl)thiophene] (POH) through alkaline hydrolysis of the ester poly[3-
(6-bromohexyl)thiophene] [153].

Reaction with Miscellaneous Groups

Covalent functionalization with ferrocene redox groups on regioregular head-to-tail
P3HT was achieved via substitution of —Br functionality in poly[3-(w-bromohexyl)thiophene].
The methodology implied the dissolution of ferrocenecarboxylic acid in THF (N, atmo-
sphere) with the addition of 1,8-diazabicyclo[5.4.0Jundec-ene at high temperatures (ca.
100 °C). A full spectroscopic characterization involving several techniques confirmed the
functionalization of the P3HT-Br [178]. The inclusion of a tetraphenylporphyrin (TPP)
in a poly[3-hexylthiophene-co-3-(6-bromohexyl)thiophene] (P(T6H-co-T6Br) copolymer
(in different molar contents of 80:20 and 75:25) was reported by Salatelli et al. [179]. The
reaction involved the replacement of bromine with TPP to obtain regioregular P(T6H-
co-T6TPP) in DMF/THEF in presence of dibenzo-18-crown-6. The final product has po-
tential applications in solar cell devices due to the increase of the dye content without
decreasing the solubility of the material compared to previous reports. PT multilayer
films deposited on amine-terminated Si surfaces are also possible to generate due to the
formation of secondary amine bonds on the surface amino (-NH;) by nucleophilic reac-
tion [180]. The PT films should be functionalized with bromine groups. The covalent
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interaction can be confirmed using spectroscopic techniques (UV-Visible, XPS). Addi-
tionally, the layer-by-layer deposition can be monitored using atomic force microscopy.
Esterification reactions between graphene oxide (GO) and the alkoxy poly[3-(2-(2-(2-(2-
(diethanolamine)ethoxy)ethoxy)ethoxy)ethoxy)thiophene] (PD4ET) allowed the obtention
of PD4ET-g-GO [181]. The synthetic approach consisted of the dispersion of GO in thionyl
chloride, helped by ultrasonic and stirring, followed by the addition of the PT derivate
and triethylamine under the same conditions. The most important difference from previ-
ous reports is the fact that in this work, effectively covalent interactions between the two
components (PT and GO) were confirmed (by XPS, Raman, FTIR, XRD, among others).

The target property in PT functionalization is an improvement on the semiconducting
and optoelectronic properties for applications on OLEDs, solar cells, etc. The attached
groups could affect the conjugation length through the steric and/or inductive effect. More-
over, simple attached groups (e.g. -NH;) could be used to link more complex molecules
(e.g., phthalocyanines) with optoelectronic properties of their own, which are combined
with those of PT. Optoelectronic properties of PT improve by functionalization, specifically
the chemical stability under illumination for the fluorine-containing polymers.

2.2.3. Reactions with Substituted Poly(3,5-dioxythiophene) (PEDOT)

The most widely studied substituted poly(thiophene) is poly(3,5-dioxythiophene) (PE-
DOT) [182]. The unmodified monomer unit contains only highly inert ether groups [183],
making it a chemically stable polymer [184]. However, polymers made of dioxy rings with
pendant reactive groups can be produced and used as platforms for covalent postmodifica-
tion of PEDOT [185,186]. Specifically, “click” chemistry of active PEDOT chains [149,187-191]
allows the production of conductive polymers with properties tuned to the applications in a
simple manner. The functionalized polymers show tuned electronic [192], or electrochromic
properties [193]. Wu et al. transformed a chloromethyl-EDOT into an alkene group and
used the thiol-ene reaction to attach simple thiols (mercaptopropionic acid) or complex
moieties (proteins, aptamers) [194]. The polymer films, modified with bioactive macro-
molecules, show enhanced biological activity. Finally, functionalizable derivatives of EDOT
were polymerized in the solid state, and active PEDOT-based chains were produced [195].
However, to the best of our knowledge, the polymers were not used for postmodification.
Bauerle and coworkers developed a versatile methodology for the postpolymerization of
poly(azidomethyl-EDOT) films through reaction with terminal alkynes under mild het-
erogeneous conditions [149]. The approach overcomes limitations that appear when the
substituents reacted with the monomer prior to polymerization (monomer modifications).
The modification was carried out through click reaction of the PEDOT derivate in presence
of the alkynes and Cu(CH3;CN)4 PFg, using ACN, TFH, or benzonitrile depending on
each alkyne. Successfully, the methodology allowed the inclusion of different functional
moieties, including alkyl chains, different electron acceptors, and electron donors [188].
Other authors functionalized a copolymer film P(EDOT-N3-co-3T) with 1-hexyne and
alkyne sulfonate via cycloaddition click reaction [191]. They used [Cu(NCMe)4]PF¢ and
copper (powder) as catalysts and DMSO as solvent. As a result of the PT derivate func-
tionalization, tuning of the surface polarities and wettability properties of the films was
achieved. A similar approach was also carried out for the functionalization of poly(3-(3,4-
ethylenedioxythiophene)prop-1-yne) -poly(pyEDOT)- [196]. Additionally, starting from
azide-containing thiophene obtained via SN, substitution and their subsequent electropoly-
merization, a poly(thiophene)-azide can be synthesized. Starting from this modified PT, a
glycosylated poly(thiophene)-lactose was obtained via click reaction with a disaccharide
(lactose). Evidence of the success during the functionalization was obtained using XPS
measurements and the contact angle technique, making the new modified CP substrate a
promising tool for biointerface applications [197].

The target properties of PEDOT are the electrochromism and the use of the polymer
as hole injection layer in OLEDs and solar cells. In the case of electrochomics, the attached
functional groups affect the energy of the HOMO to LUMO transition. In that way, the color
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of the dark/clear states can be changed. The ability to tune the color allows the production
of multicolor electrochromic pixels (red—green-blue) with the same base polymer (PEDOT).
On the other hand, as PEDOT has absorption on the near infrared (NIR) range, smart
windows which are transparent in the visible and switchable in the NIR allows to control
the heating/cooling by radiation of houses or satellites. PEDOT is an excellent material
for the hole injection layer [183]. Changing the absorption of that layer, it is possible to
produce OLED pixels of more defined colors when the emitting layer has multiple bands.
Moreover, both the electronic properties and the stability of the injection layer could be
improved by functionalization.

2.3. Polypyrrole Functionalization

The work on the postfunctionalization of PPy has been much more limited than that
on PANI or PT. It is summarized in Table 3.

Table 3. Summary of reaction used in polypyrrole postfunctionalization.

P((I):loyrr::;r Added Group Reaction Kind R;T)Crt:lim Reactants Target Property Ref
. . Ethynylferrocene Electrochromic
P(Py-N3) Ferrocene Click Azide-yne Bulk Cu?* (cat) properties [198]
Poly(T-Py(R-Nj3)-T) Ferrocene Click Azide-yne Echem film Ethynylferrocene Electrochromic [199]
yusry ) 4 yny
PP Aromatic ¢ rreld ;ct;orrlﬁ m Echem Diazonium salt + Sensing and [200]
y compounds orary sa?t o Film nBuyN*BF,;~ biological devices

_ SgAr Water
PPy 505 sulfonation Bulk HS0,C1 solubility (201]
PPy -S0;~ ™ SgAr sulfonation Granules HSO;Cl Catalyst support [202]

. Potential in

PPy 2-mercaptoethanol Latex Mercaptoacetic . SR

. . NuA . . immobilization of [203]
nanoparticles ethanolamine particles Ethanollamine .
proteins
DOT
. . CTA Combinatorial
PPy Multiple NuA Film MPS synthesis [204]
ATPhe
PPy P‘;gﬁiﬁl)' C:‘;g’i’:if;d(f;ﬂ Film PAMAM G4 Biosensing [205]
MeCN solutions

PPy p-nitroazobenzene Film containing 1 mM of Photoactivity [206]

diazonium salt and
0.1 M TBABF;~

* The authors claim that such a group is obtained but it is likely that sulfones or chlorosulfonates are present.
t See text for a discussion on the true nature of the reaction.

Camurlu et al. made clickable polypyrrole containing reactive azide groups [199].
The pyrrole monomer has a pendant alkyl chain terminated with an azide group (-N3).
The monomer is electrochemically polymerized to give films. The azide groups react in a
“click” fashion with alkynes to give cycles [207]. The polymer is reacted with ethinylfer-
rocene to give films with clear electrochromism. The same authors also made a clickable
poly(thiophene-pyrrole-thiophene) containing reactive azide groups [198]. First, they syn-
thesized a monomer containing a central pyrrol linked with two thiophenes. The pyrrole
unit has a pendant alkyl chain terminated with an azide group (-N3), which reacts in a
“click” fashion with ethinylferrocene to give a film with clear electrochromism.

Raicopol et al. used the well-known method of aryl radical formation through reduc-
tion of diazonium salts [208] to attach aromatics to PPy [200]. Given that reductive poten-
tials were used, the PPy was in its aromatic form and a Gomberg reaction occurred [209].
The main factor in the effective functionalization is the reduction potential of the diazonium
ion, which is related to the electronic effects of the group attached to the benzene ring.
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The method could be used to link reactive (e.g., -COOH) groups, which could then be
used to bioconjugate biomolecules. Raicopol et al. used the same method to attach a
p-nitroazoazobenzene moiety to PPy [206]. Since the azo group in p-nitroazobenzene can
change from trans to cis through light excitation, the UV-visible spectrum of the functional-
ized PPy changes upon irradiation. Jang et al. sulfonated PPy via electrophilic aromatic
substitution with chlorosulfonic acid [201]. After reaction, the chlorosulfonated PPy was
hydrolyzed by heating it in water (100 °C for 4 h). Then, the sulfonated PPy was further
doped with organic sulfonates (e.g., DBSA), which are known to help solubilize PPy in
organic solvents [210]. Some blends (e.g., PPy-SOs~ /DEHS) show up to 3% solubility in
water, with good (0.2 S cm~!) conductivity and good solubility in organic solvents.

Das et al. used the same procedure as Jang et al. [201] but did not heat the material
in water and wash it with methanol, likely forming methylsulfones or maintaining the
chlorosulfonate groups. The FTIR spectra could not distinguish between those groups.
The material is stable, and it is used in DMFC devices. Gustafsson et al. showed that PPy
reacts irreversibly with ammonia, changing the resistance and electronic spectra [211]. They
suggest that this could be a nucleophilic addition of ammonia and/or of OH™ (produced
from ammonia and residual water). Based on such information, Bieniarz et al. showed that
strong nucleophiles are able to add to the oxidized form of PPy particles [203]. Therefore,
thiols or amines are able to add nucleophilically to PPy, in a similar way to PANIL. However,
they failed to identify the reduced (and modified) form of PPy as the product of the
addition. They suggested that by linking mercaptoacetic acid to the PPy, it would be
possible to conjugate biomolecules via amide formation. It is noteworthy that PPy is the CP
of choice for biomedical applications [212], likely because it maintains good conductivity at
neutral pH (unlike PANI). However, biological fluids are full of thiols (cysteine, glutathione)
and aminoacids with amino active amino groups (e.g., lysine), which could irreversibly
react with PPy, changing its physical properties. Frontera et al. used similar reactions to
combinatorially modify films of PPy (supported on PE) with different nucleophiles [204].
Reactions were observed in all the thiols used. The physical properties (conductivity, water
contact angle) of the films modified by two nucleophiles together do not show values
intermediate to those of the films modified by each nucleophile alone but are larger or
smaller. Such synergic effects depart from the usual rules of combinatorial chemistry.

Miodek et al. modified electrochemically polymerized films of PPy [205]. They
subjected the PPy film to anodic potentials in the presence of a dendrimer (PAMAM G4).
They detected the immobilization of the dendrimer, which was then modified (using
bioconjugate peptide chemistry) with ferrocene and DNA strands. They assumed that the
aliphatic amino groups of PAMAM form radical cations which attack the PPy. However, at
the potentials involved (up to 1.1 Vryg), PPy is oxidized and could easily suffer nucleophilic
addition by the amino groups. Moreover, radical cations of aliphatic amines are unstable
(unlike aromatic ones) and easily produce carbocations [213].

The target property of PPy functionalization is its biocompatibility towards its appli-
cation biomedicine. Therefore, biomolecules and related molecules (e.g., mercaptoacetic
acid) were attached to the CP backbone. In a similar way, amino-terminated dendrimers
are linked to PPy, likely by NCA. All surface modifications increase the biocompatibility
and allow the linking of active biomolecules (e.g., enzymes). Since PPy is insoluble in
aqueous solutions and common organic solvents, the improvement of solubility by func-
tionalization is also an important goal. Surface reactions on nanoparticles of PPy which
attach ionic groups (e.g., sulfonate) allow the stabilization of high-solid dispersions of
nanoparticles towards producing conductive inks. Analogously, surface reactions on PPy
films allow changing of the wettability and related interactions, modulating biological cell
adhesion. For tissue growth, good cell adhesion is desirable, while the opposite is true
when the film is the coating of a biomedical device for which pathogenic biofilm formation
must be avoided.
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2.4. Functionalization of Other Conducting Polymers

Apart from the highly studied PANI, PT, and PPy, few studies of functionalization by
covalent postmodification of other conducting polymers have been published. The data
are summarized in Table 4.

2.4.1. Poly(acetylene)

The first “modern” conducting polymer is poly(acetylene) (PA) [214]. While PA is
highly reactive due to the conjugated C=C bonds, the addition reaction produces sp®
carbon in the chain. The extended conjugation is interrupted by those defects, drastically
decreasing the conductivity. On the other hand, each monomer unit contains two H, which
can hold substituent groups. Those groups can be then functionalized. A substituted PA
(poly(phenylacetylene)-PPA-) was synthesized through polymerization of derivatives of
4-ethynylbenzoic acid [215]. Those polymers containing activated ester groups are then
reacted with aromatic amines. A shift in the optical absorption bands, upon reaction with
amines, suggests an effect on the conjugated backbone of the polymers.

Table 4. Summary of reaction used in the postfunctionalization of other conducting polymers.

Conducting . . Reaction
Polymer Added Group Reaction Kind Form Reactants Target Property Ref.
(PI;’IZ) -CONHAr Amidation Bulk Aromatic amines ~ Optical absorption [212]
PP Nu . . .
(P(p-dMeoB2)) -CN substitution Film CN Electrochemical [213,215]
Nu s
PPV -HN-R-NH, substitution Bulk H;N-R-NH, Cytocompatibility [216]
(i) DCC catalyzed
PPV . conjugation with -COOH . .
(MEH-PPV) Multiple (ii) “click” Bulk various Synthesis [217]
alkyne-azide
PPV . “click” . Functionalized
(MEH-PPV) -Phtalocyanine alkyne-azide Film phtalocyanine Solar cells [218]
PPV L s -, NBS Fluorescence yield
(DOH-PPV) —X, Succinimide Electrophilic addition Bulk NCS Solubility [219]
PPV -HN-R-NH, Silane chemistry Bulk diamines Gene therapy [220]
. . . . Silane .
PPV -Si-O-Si-NR-NH, Silane chemistry L. Cell adhesion [221]
diamines
. . Reactive group . OEG +
PPE OEG-oligopeptide (_COOH) Film oligoppetide Gene therapy [222]
PFO PEG block Terminal group Bulk PEG Flgor.esc.ence [223]
mission
PFO Monosaccharides Thioether Bulk Monosaccharides Biocompatibility [224]
PFO PEG “click” Diels-Alder Bulk Transcyclooctene Fluorescence [225]
e s Transcyclooctene Fluorescence
PFO PEG click” Diels-Alder Bulk term. PEG 3D crosslink [226]
P(FO-alt-T) -X (halogen) NCA EchemFilm X~ (halide) Optical [226]

2.4.2. Poly(phenylene)s

Fabre and Simonet electropolymerized (alone or as a copolymer with 3-methylthiophene)
an activated (for SEAr) derivative of benzene (p-dimethoxybenzene) [217,218]. The cation
radicals produced by anodic oxidation of the polymer chains suffer nucleophilic attack by
CN~, which replaces one of the methoxy groups (-OCHj3) to be removed as methoxide ion.
The reaction is a nucleophilic substitution of the cation radicals of dimethoxybenzene, which
also occurs in the monomer [219]. The replacement of the electron donating methoxide
(-OCHB3) by the electron-withdrawing cyano (-CN) group increases the potential for the
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formation of polarons in the polymer. The cyano group could be easily transformed into
amine, carboxylic acid, or amide groups.

2.4.3. Poly(phenylenevinylene) (PPV)

Poly(phenylenevinylene) is a widely used semiconducting polymer [220]. Since it
contains an aromatic ring in each monomer unit, it can be functionalized by reactions of
activated groups linked to the aromatic ring. Since alkoxy derivatives of PPV (e.g., poly(2-
methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene, MEH-PPV) are widely studied as
optoelectronic materials, the alkyl chain can be used as linker to reactive groups for func-
tionalization. Duchateu et al. developed a general method of postfunctionalizing MEH-PPV
copolymers [217]. A MEH-PPV monomer in which the methoxy group has been replaced
by an alkoxy chain terminated in carboxylic groups was synthesized and copolymerized
with MEH-PPV monomer. Then, using DCC catalyzed conjugation vinyl, propynylphenyl
groups, methacrylate, and propargyl groups were attached. Additionally, MEH-PPV
copolymers with ATRP and dithiocarbamate initiator groups were produced. The propargyl
group was also used to further functionalization through “click” chemistry with an azide-
functionalized reagent. The method was used to attach Zn phtalocyanines to MEH-PPV
and broaden the optical absorption window of the base polymer [221]. On the other hand,
Holdcroft et al. treated a related polymer (poly(p-2,5-dihexyloxy —phenyelenevinylene)
(DHO—-PPV)) with N-halosuccinimides (NXSuc) [222,227]. In addition to electrophilic
substitution on the aromatic rings of PPV, halogen and succinimide (in CHCl3) add to the
vinylene groups, forming sp® defects. As expected, for high NXSuc/PPV ratios (>0.75),
the solubility increased but the fluorescence yield decreased dramatically due to the loss
of extended conjugation. However, for intermediate NXSuc/PPV ratios (0.5 to 0.75), the
solubility is improved, and the fluorescence yield is enhanced (up to 150%) due to exciton
confinement between defects and the reduction of intrachain quenching due to reduced
chain aggregation. Another approach is to synthesize block copolymers of phenyleneviny-
lene with vinylene moieties with pendant reactive groups (e.g., silane). The reactions
can be used to prepare surface active oligomers [223] or to modify the surfaces of nanos-
tructures [224]. Either the optoelectronic properties (e.g., luminescence), or the surface
properties of films (e.g., wettability) or nano-objects (e.g., colloidal stability) could be tuned
by polymer functionalization.

2.4.4. Poly(phenylene ethynylene)

Functionalized poly(phenylene ethynylene)s (PPEs) have been synthesized [225]. The
-COOH groups are separated from the conductive chain by oligo(ethylene glycol) (OEG)
spacers. A 14-mer peptide (Lys(DNP)-GPLGMRGLGGGGK) is attached to the spacer by
peptide bioconjugate reactions. The peptide quenches the fluorescence of the PPE. The
fluorescence is restored via treatment with trypsin which cut the oligopeptide, making the
polymer a fluorimetric sensor for proteases.

2.4.5. Poly(fluorene) (PFO)

Poly(fluorene) (PFO) is a semiconducting polymer used in optoelectronics [226].
Marsitzky et al. synthesized polyfluorene chains terminated in alcohol [228]. The PFO
block was then copolymerized with PEG to produce rod—coil block copolymers, which
produced organized systems with high fluorescence emission. Xue et al. used a thioether
approach to attach monosaccharides to PFO chains [229]. The resulting functionalized poly-
mers showed large solubility in water and allowed the interaction of biological systems and
semiconducting polymers. Kardelis et al. used “click” chemistry (inverse-electron-demand
Diels—-Alder) with trans-cyclooctene (TCO) to functionalize a CP related to poly(tetrazine-
co-fluorene) (PFO) [230]. The polymer showed enhanced fluorescence intensity compared
to poly(tetrazine). Moreover, linear chains and a 3D foam can be produced by grafting
TCO-functionalized poly(ethylene glycol) chains. Finally, direct reactions on the fluorene
units have been used to modify PFO nanoparticles to produce fluorometric sensors of
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explosive nitro compounds (e.g., picric acid) [231]. Inagi uses electrochemically driven
NCA to functionalize an alternating copolymer of thiophene and fluorene [167], which
reacts in the thiophene unit adding halide groups (e.g. —Br), likely by nucleophilic addition.
The goal of the functionalization of PFO is improving its optoelectronic properties. Direct
linkage of groups to the fluorine unit changes the optical properties (e.g., fluorescence
emission) of the polymer.

3. Conclusions

Conducting polymer (CP) functionalization is an important field with a wide variety
of technological applications under development. Among the common CPs, functionalized
polyanilines and polythiophenes constitute most of the work. It is surprising that methods
for functionalized polypyrroles (PPys) are somewhat limited given the important role of
the polymer in biomedical applications, likely due to its good electroactivity /conductivity
at neutral pH. In that sense, functionalized PPys should be easily linked to biomolecules by
well-known bioconjugate chemical reactions. Work on other polymers (PA, PPV, PD, etc.) is
even more limited.

Direct reactions on the chain are usually used for the modification of polyanilines (PA-
NIs). The main goal is to improve the solubility in organic solvents and aqueous solutions to
be able to coat materials or cast films. In that sense, polyaniline sulfonated via electrophilic
aromatic substitution while dissolved in concentrated acid is likely the most widely applied
functionalized conducting polymer. The good electroactivity/conductivity in acid/neutral
aqueous solution and nonaqueous electrolytes of functionalized PANI allow its use in
different applications. Among them are uses as electrode material in electrochromic de-
vices, batteries, bioelectrodes, interlayers in OLEDs, enzymatic electrochemical sensors,
anticorrosion coatings, and photovoltaic cells. The high solubility in water and extended
7 conjugation allow use in the noncovalent functionalization of graphene and carbon
nanotubes and as a stabilizer of their colloidal solutions. The strong acidic character of
the sulfonate group makes it useful in polymer electrolyte membranes and acid catalyst in
organic chemistry. Finally, its compatibility with other polymers is used to form composites
with hydrogels and nanofiltration membranes. It is remarkable that while use as an elec-
trode requires good conductivity (>0.01 S cm '), other properties do not require it and are
typical of polyelectrolytes. Sometimes, it seems that the qualification “conducting polymer”
obscures the polymer nature of the material, which could give better properties. Another
conclusion that can be drawn from the data reviewed is that synthetic methods applied to
CP have not kept pace with the developments in modern organic chemistry. Most reactions
used have been known since the 19t century (e.g., SgAr sulfonation). It should be remem-
bered that the main chains of CPs contain aromatic (or heteroaromatic) rings, while most
modern organic chemistry deals with aliphatic reactions. Accordingly, they use solvents
(e.g., cc. H,SO4) and reactants (e.g., SO3), far from acceptable in modern (green) chemistry.
Nor have novel experimental methods (microwaves, ultrasound, mechanochemistry) been
used. However, in the few studies of reactions with CPs bearing reactive groups (e.g.,
ethynyl), modern reaction methods (e.g., “click” reactions) are used. In fact, a green alter-
native for the synthesis of sulfonated polyaniline exists—this is the nucleophilic addition,
which could be made in water with nontoxic sulfite. However, it is seldom used to produce
sulfonated polyaniline for technological applications. Moreover, unlike Sg Ar sulfonation,
NuA can be performed heterogeneously, allowing the modification of the surface of films
or nano-objects without affecting the inner part of the polymer object. This is a capability
that also set this method apart from the alternative method of producing functionalized
PANIs, which is oxidative homopolymerization of previously functionalized monomers.
It should be mentioned that in several cases, it has been shown that the properties (e.g.,
electronic conductivity) of equivalent polymer chains (e.g., poly(2-bromoaniline)) are quite
different when produced using postfunctionalization (e.g., SpAr bromination of PANI)
rather than polymerization of the functionalized monomer. It seems that the real polymer
chains are quite different in each case and that the postfunctionalized polymer is closer



Polymers 2023, 15, 205

32 of 42

to the linear polymer chain. In the case of polythiophene, some direct reactions with the
polymer chain were studied, but the main line of work implies functionalization of PT
chains already bearing reactive groups (e.g., -COOR). Those polymers are produced via
homopolymerization or copolymerization of already functionalized monomers. It is not
clear why the polymerization of substituted anilines (ortho or meta) is more difficult than
substituted (3-) thiophenes or pyrroles, but this is where the experimental evidence leads.
The functionalization of such precursors uses all the breadth of modern organic chemistry.
Its main goal is not solubility, which has already been solved with monomer functionaliza-
tion (e.g., P3HT), but better electronic properties and interaction with the media. In that
sense, electrochromic, semiconducting materials working both in “clean” conditions and
inside biological systems have been developed using postfunctionalized PTs. In the case
of PPy, only some of these methods have been applied. Postfunctionalization reactions
seem to depend more on the presence of the reactive group than on the rest of the molecule
attached. Therefore, parallel reactions with different reactants bearing the same reactive
moiety can be easily performed in combinatorial fashion. The method has been applied
only twice, first by coupling combinatorially synthesized azo dyes to PANI (one dye per
polymer) and then by reacting multiple nucleophiles to the same PPy chain. Both methods
show promise in the fast creation of functionalized polymer libraries. The synergic effect
observed in the physical properties (conductivity, wettability) when multiple thiols were
used to modify the same polymer remains to be explained.

The model described in the introduction, which assumes that common reactions
exist for different CPs, has not been fully studied. There are reactions (e.g., nucleophilic
addition to oxidized CP chains) that are known to work in all materials. Others (e.g., SEAr,
especially coupling with diazonium salts), despite only having been demonstrated fully for
PANI, are known to work for pyrrole and thiophene monomers and should work on them.
Finally, the powerful method of producing polymers with reactive groups, which has been
extensively used in PT and related polymers, should be extended in full to PPy, for which
polymerization of substituted monomers is a simple task. In the case of PANI, the difficult
polymerization of functionalized anilines hindered the use of substituted monomers to
produce reactive precursor polymers. However, poly(2-bromoaniline) has been used as
precursor of phosphonated PANIL One problem common to polymer functionalization
in general is the lack of characterization techniques that could identify the new bonds
formed. In general, only attachment of the added group is verified, usually not even
quantitatively. Since NMR is difficult to apply to solid (usually insoluble) polymers, other
spectroscopies (FTIR, Raman) must be applied. Quantitative identification of functional
groups can be made with XPS, but the technique is unable to detect the position of the
attack, and even the band assignment is only based on known compounds. Even FTIR
shows shifts due to neighboring group effects. The use of model compounds, which can
be analyzed using NMR and FTIR, is an interesting approach that was used in the early
work of Wrighton et al. [52] and seldom utilized in later studies [55]. The use of modern
mass spectroscopy (e.g., MALDI-TOF) could be relevant to identify the new entities formed
by functionalization.

4. Patents
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Abbreviations

AA Aromatic amines

ACN Acetonitrile

ATPhe 4-aminotiophenol

CA coupling agents

CE Cellulose

CP conducting polymer

CTA cysteamine

DEHS di-(2-ethylhexyl) sulfosuccinate

DMF Dimethylformamide

DMEFC Direct methanol fuel cell

DMSO Dimethylsulfoxide

Do Diffusion coefficient

DOT Dodecanotiol

DSC Differential Scanning Calorimetry.
EChem Electrochemical

FTIR Fourier-Transform Infrared Spectroscopy
GO Graphene oxide

HSPANI highly sulfonated polyaniline (75-100%)
MALDI-TOF = Matrix assisted laser desorption/ionization-Time of Flight
MEH-PPV poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene vinylene
MPS mercaptopropansulfonate

NBS N-bromosuccinimide

NCA Nucleophilic conjugate addition

NCS N-chlorosuccinimide

NFS N-fluorosuccinimide

NMP N-methylpyrrolydone

NMR Nuclear Magnetic Resonance

Nu NucleiphileNucleophile

NXSuc N-halosuccucinimide

OEG oligoethyleneglycol

OLED Organic lifghtlight emitting diode

P3HT poly(3-heylthiophene)

P3MeT poly(3-methylthiophene)

P30T poly(3-octylthiophene)

PAMAM G4  polyamidoamine dendrimer 4th generation
PANI (EBA)  polyaniline (emeraldine base form)
PANI (ES) polyaniline (emeraldine salt form)

PANI (LEB) polyaniline (leucoemeraldine base form)
PANI (PNB)  polyaniline (pernigraniline base form)
PANI polyaniline

PBD probe Beam Deflection

PEDOT poly(ethylenedioxythiophene)

PEG poly(ethyleneglycol)

PEI poly(ethyleneimine)

PFO poly(fluorene)

PNMANI poly(N-methylaniline)

POH poly[3-(6-hydroxyhexyl)thiophene]
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PPDA poly(p-phenylenediamine)

PPV poly(phenylenevinylene)

PPy polypyrrole

PSS poly(styrene sulfonate)

PT polythiophene

pPVC poly(vinylchloride)

RGO Reduced graphene oxide

SgAr Electrophilic aromatic substitution

SgN Electrophilic substitution in the nitrogen
SnAc Nucleophilic substitution in the acyl group
SNAL Nucleophilic substitution in the alkyl group
SNAr Nucleophilic aromatic substitution
SPAN Sulfonated polyaniline (ca. 50%)

t-BOC tert-butoxycarbonyl

Tg Glass transition Temperature

THF Tetrahydrofurane

TPP tetraphenylporphyrin

VNHE Volts vs. Normal Hydrogen Electrode
VRHE Volts vs. Reversible Hydrogen Electrode
Vssce Volts vs. Saturated salt calomel electrode
XPS X-ray Photoelectron Spectroscopy

XRD X-ray diffraction

References

1.  Reynolds, ].R.; Thompson, B.C.; Skotheim, T.A. Handbook of Conducting Polymers; 2 Volume Set; CRC Press: Boca Raton, FL,
USA, 2019.

2. Gall, D, Jog, A.; Zhou, T. Narrow interconnects: The most conductive metals. In Proceedings of the 2020 IEEE International Elec-
tron Devices Meeting (IEDM), San Francisco, CA, USA, 12-18 December 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 32.3.1-32.3.4.

3. Cowie, JM.G,; Arrighi, V. Polymers: Chemistry and Physics of Modern Materials; CRC Press: Boca Raton, FL, USA, 2007.

4. White, J.; Turnbull, A. Weathering of polymers: Mechanisms of degradation and stabilization, testing strategies and modelling.
J. Mater. Sci. 1994, 29, 584-613. [CrossRef]

5. Kim, J.; Zhang, G.; Shi, M.; Suo, Z. Fracture, fatigue, and friction of polymers in which entanglements greatly outnumber
cross-links. Science 2021, 374, 212-216. [CrossRef]

6. Dhandapani, E.; Thangarasu, S.; Ramesh, S.; Ramesh, K.; Vasudevan, R.; Duraisamy, N. Recent development and prospective of
carbonaceous material, conducting polymer and their composite electrode materials for supercapacitor—A review. J. Energy
Storage 2022, 52, 104937. [CrossRef]

7. Yang, C.-Y.; Stoeckel, M.-A.; Ruoko, T.-P.; Wu, H.-Y,; Liu, X.; Kolhe, N.B.; Wu, Z.; Puttisong, Y.; Musumeci, C.; Massetti, M. A
high-conductivity n-type polymeric ink for printed electronics. Nat. Commun. 2021, 12, 2354. [CrossRef]

8.  Zahid, M.; Anum, R;; Siddique, S.; Shakir, H.E; Rehan, Z. Polyaniline-based nanocomposites for electromagnetic interference
shielding applications: A review. ]. Thermoplast. Compos. Mater. 2021, 08927057211022408. [CrossRef]

9.  Fungo, F; Jenekhe, S.A.; Bard, A.]. Plastic electrochromic devices: Electrochemical characterization and device properties of a
phenothiazine-phenylquinoline donor— acceptor polymer. Chem. Mater. 2003, 15, 1264-1272. [CrossRef]

10. Salavagione, H.J.; Arias-Pardilla, J.; Pérez, J.; Vazquez, J.; Morallén, E.; Miras, M.C.; Barbero, C. Study of redox mechanism
of poly(o-aminophenol) using in situ techniques: Evidence of two redox processes. |. Electroanal. Chem. 2005, 576, 139-145.
[CrossRef]

11. Molina, M.; Rivarola, C.; Miras, M.; Lescano, D.; Barbero, C. Nanocomposite synthesis by absorption of nanoparticles into
macroporous hydrogels. Building a chemomechanical actuator driven by electromagnetic radiation. Nanotechnology 2011,
22,245504. [CrossRef]

12.  Barbero, C.; Miras, M.; Kétz, R.; Haas, O. Sulphonated polyaniline (SPAN) films as cation insertion electrodes battery applications
Part II: Exchange of mobile species in aqueous and non-aqueous solutions. J. Electroanal. Chem. 1997, 437, 191-198. [CrossRef]

13. Singh, N.; Kumar, A.; Riaz, U. Conducting Polymer-Based Micro-and Nano-batteries for Biomedical Applications: A Short
Review. ChemistrySelect 2022, 7, €202201302. [CrossRef]

14. Molina, M.; Rivarola, C.; Barbero, C. Effect of copolymerization and semi-interpenetration with conducting polyanilines on the
physicochemical properties of poly(N-isopropylacrylamide) based thermosensitive hydrogels. Eur. Polym. J. 2011, 47, 1977-1984.
[CrossRef]

15.

Schmidt, V.M.; Barbero, C.; Kotz, R. The ion exchange in polypyrrole in aqueous electrolytes. A probe beam deflection study of
the effect of fixed negative charges. J. Electroanal. Chem. 1993, 352, 301-307. [CrossRef]


http://doi.org/10.1007/BF00445969
http://doi.org/10.1126/science.abg6320
http://doi.org/10.1016/j.est.2022.104937
http://doi.org/10.1038/s41467-021-22528-y
http://doi.org/10.1177/08927057211022408
http://doi.org/10.1021/cm0210445
http://doi.org/10.1016/j.jelechem.2004.10.013
http://doi.org/10.1088/0957-4484/22/24/245504
http://doi.org/10.1016/S0022-0728(97)00357-4
http://doi.org/10.1002/slct.202201302
http://doi.org/10.1016/j.eurpolymj.2011.07.015
http://doi.org/10.1016/0022-0728(93)80272-J

Polymers 2023, 15, 205 35 of 42

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

Bongiovanni Abel, S.; Gallarato, L.A.; Dardanelli, M.S.; Barbero, C.A.; Rivarola, C.R.; Yslas, E.I. Photothermal lysis of Pseu-
domonas aeruginosa by polyaniline nanoparticles under near infrared irradiation. Biomed. Phys. Eng. Express 2018, 4, 045037.
[CrossRef]

Vines, J.B.; Lim, D.-J.; Park, H. Contemporary polymer-based nanoparticle systems for photothermal therapy. Polymers 2018,
10, 1357. [CrossRef]

Yslas, E.I; Ibarra, L.E.; Molina, M.A_; Rivarola, C.; Barbero, C.A.; Bertuzzi, M.L.; Rivarola, V.A. Polyaniline nanoparticles for
near-infrared photothermal destruction of cancer cells. |. Nanoparticle Res. 2015, 17, 389. [CrossRef]

Kushwabha, C.S.; Singh, P.; Shukla, S.K.; Chehimi, M.M. Advances in conducting polymer nanocomposite based chemical sensors:
An overview. Mater. Sci. Eng. B 2022, 284, 115856. [CrossRef]

Hackett, A.J.; Malmstrom, J.; Travas-Sejdic, J. Functionalization of conducting polymers for biointerface applications. Prog. Polym.
Sci. 2017, 70, 18-33. [CrossRef]

Wang, C.-C.; Wei, S.-C.; Luo, S.-C. Recent advances and biomedical applications of peptide-integrated conducting polymers. ACS
Appl. Bio Mater. 2022, 5, 1916-1933. [CrossRef]

Krinichnyi, V. Dynamics of spin charge carriers in polyaniline. Appl. Phys. Rev. 2014, 1, 021305. [CrossRef]

Clark, R.L.; Yang, S.C. Poly-(2-methylaniline): The effect of chemical modification on the insulator/conductor transitions of
polyaniline. Synth. Met. 1989, 29, 337-342. [CrossRef]

Zaidi, N.A.; Foreman, J.P.; Tzamalis, G.; Monkman, S.C.; Monkman, A.P. Alkyl substituent effects on the conductivity of
polyaniline. Adv. Funct. Mater. 2004, 14, 479-486. [CrossRef]

Wei, W,; Hu, X,; Qi, X; Yu, H,; Liu, Y; Li, J.; Zhang, J.; Dong, W. A novel thermo-responsive hydrogel based on salecan and
poly(N-isopropylacrylamide): Synthesis and characterization. Colloids Surf. B Biointerfaces 2015, 125, 1-11. [CrossRef]
Bongiovanni Abel, S.; Yslas, E.I; Rivarola, C.R.; Barbero, C.A. Synthesis of polyaniline (PANI) and functionalized polyaniline
(F-PANI) nanoparticles with controlled size by solvent displacement method. Application in fluorescence detection and bacteria
killing by photothermal effect. Nanotechnology 2018, 29, 125604. [CrossRef]

Hiemenz, P.C.; Rajagopalan, R. Principles of Colloid and Surface Chemistry, Revised and Expanded; CRC Press: Boca Raton, FL,
USA, 2016.

Karger-Kocsis, J.; Kmetty, A.;Lendvai, L.; Drakopoulos, S.X.; Barany, T. Water-assisted production of thermoplastic nanocompos-
ites: A review. Materials 2014, 8, 72-95. [CrossRef]

Kolla, H.S.; Surwade, S.P.; Zhang, X.; MacDiarmid, A.G.; Manohar, S.K. Absolute molecular weight of polyaniline. J. Am. Chem.
Soc. 2005, 127, 16770-16771. [CrossRef]

Hsu, C.-H.; Peacock, P; Flippen, R.; Manohar, S.; MacDiarmid, A. The molecular weight of polyaniline by light scattering and gel
permeation chromatography. Synth. Met. 1993, 60, 233-237. [CrossRef]

Genies, E.; Syed, A.; Tsintavis, C. Electrochemical Study Of Polyaniline In Aqueous And Organic Medium. Redox And Kinetic
Properties. Mol. Cryst. Lig. Cryst. 1985, 121, 181-186. [CrossRef]

Watanabe, A.; Mori, K.; Iwasaki, Y.; Nakamura, Y. Molecular weight of electropolymerized polyaniline. J. Chem. Soc. Chem.
Commun. 1987, 3—4. [CrossRef]

Zheng, W.; Angelopoulos, M.; Epstein, A.J.; MacDiarmid, A. Experimental evidence for hydrogen bonding in polyaniline:
Mechanism of aggregate formation and dependency on oxidation state. Macromolecules 1997, 30, 2953-2955. [CrossRef]

Ponzio, E.A.; Echevarria, R.; Morales, G.M.; Barbero, C. Removal of N-methylpyrrolidone hydrogen-bonded to polyaniline
free-standing films by protonation—deprotonation cycles or thermal heating. Polym. Int. 2001, 50, 1180-1185. [CrossRef]

Del Bene, J.E.; Cohen, I. Molecular orbital theory of the hydrogen bond. 20. Pyrrole and imidazole as proton donors and proton
acceptors. |. Am. Chem. Soc. 1978, 100, 5285-5290. [CrossRef]

Lii, J.H.; Chen, K.H.; Allinger, N.L. Alcohols, ethers, carbohydrates, and related compounds. IV. Carbohydrates. J. Comput. Chem.
2003, 24, 1504-1513. [CrossRef]

Mazeau, K.; Heux, L. Molecular dynamics simulations of bulk native crystalline and amorphous structures of cellulose. |. Phys.
Chem. B 2003, 107, 2394-2403. [CrossRef]

Cao, Y.; Smith, P.; Heeger, A.]. Counter-ion induced processibility of conducting polyaniline. Synth. Met. 1993, 57, 3514-3519.
[CrossRef]

Harris, ].K.; Ratcliff, E.L. Ion diffusion coefficients in poly(3-alkylthiophenes) for energy conversion and biosensing: Role of
side-chain length and microstructure. J. Mater. Chem. C 2020, 8, 13319-13327. [CrossRef]

Konopka, S.; McDulffie, B. Diffusion coefficients of ferri-and ferrocyanide ions in aqueous media, using twin-electrode thin-layer
electrochemistry. Anal. Chem. 1970, 42, 1741-1746. [CrossRef]

Chambon, S.; Rivaton, A.; Gardette, J.-L.; Firon, M. Photo-and thermo-oxidation of poly(p-phenylene-vinylene) and phenylene-
vinylene oligomer. Polym. Degrad. Stab. 2011, 96, 1149-1158. [CrossRef]

Hermanson, G.T. Bioconjugate Techniques; Academic Press: Cambridge, MA, USA, 2013.

Dao, L.; Leclerc, M.; Guay, J.; Chevalier, ]J. Synthesis and characterization of substituted poly(anilines). Synth. Met. 1989, 29,
377-382. [CrossRef]

Barbero, C.; Kétz, R. Electrochemical formation of a self-doped conductive polymer in the absence of a supporting electrolyte.
The copolymerization of o-aminobenzenesulfonic acid and aniline. Adv. Mater. 1994, 6, 577-580. [CrossRef]


http://doi.org/10.1088/2057-1976/aacf33
http://doi.org/10.3390/polym10121357
http://doi.org/10.1007/s11051-015-3187-y
http://doi.org/10.1016/j.mseb.2022.115856
http://doi.org/10.1016/j.progpolymsci.2017.03.004
http://doi.org/10.1021/acsabm.1c01194
http://doi.org/10.1063/1.4873329
http://doi.org/10.1016/0379-6779(89)90315-9
http://doi.org/10.1002/adfm.200305488
http://doi.org/10.1016/j.colsurfb.2014.10.057
http://doi.org/10.1088/1361-6528/aaa99a
http://doi.org/10.3390/ma8010072
http://doi.org/10.1021/ja055327k
http://doi.org/10.1016/0379-6779(93)91285-A
http://doi.org/10.1080/00268948508074858
http://doi.org/10.1039/c39870000003
http://doi.org/10.1021/ma9700136
http://doi.org/10.1002/pi.755
http://doi.org/10.1021/ja00485a007
http://doi.org/10.1002/jcc.10271
http://doi.org/10.1021/jp0219395
http://doi.org/10.1016/0379-6779(93)90468-C
http://doi.org/10.1039/D0TC03690K
http://doi.org/10.1021/ac50160a042
http://doi.org/10.1016/j.polymdegradstab.2011.02.002
http://doi.org/10.1016/0379-6779(89)90321-4
http://doi.org/10.1002/adma.19940060711

Polymers 2023, 15, 205 36 of 42

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Salavagione, H.J.; Acevedo, D.F,; Miras, M.C.; Motheo, A.].; Barbero, C.A. Comparative study of 2-amino and 3-aminobenzoic
acid copolymerization with aniline synthesis and copolymer properties. J. Polym. Sci. Part A Polym. Chem. 2004, 42, 5587-5599.
[CrossRef]

So, R.C.; Carreon-Asok, A.C. Molecular design, synthetic strategies, and applications of cationic polythiophenes. Chem. Rev. 2019,
119, 11442-11509. [CrossRef]

Moodie, R.B.; Thomas, PN.; Schofield, K. Electrophilic aromatic substitution. Part 18. Nitration of acetanilide and some analogues:
A reconsideration. . Chem. Soc. Perkin Trans. 1977, 2, 1693-1705. [CrossRef]

Yue, J.; Epstein, A.J. Synthesis of self-doped conducting polyaniline. |. Am. Chem. Soc. 1990, 112, 2800-2801. [CrossRef]

Yue, J.; Epstein, A.; MacDiarmid, A. Sulfonic acid ring-substituted polyaniline, a self-doped conducting polymer. Mol. Cryst. Lig.
Cryst. 1990, 189, 255-261. [CrossRef]

Ito, S.; Murata, K.; Teshima, S.; Aizawa, R.; Asako, Y.; Takahashi, K.; Hoffman, B.M. Simple synthesis of water-soluble conducting
polyaniline. Synth. Met. 1998, 96, 161-163. [CrossRef]

Yue, J.; Gordon, G.; Epstein, A.J. Comparison of different synthetic routes for sulphonation of polyaniline. Polymer 1992, 33,
4410-4418. [CrossRef]

Sahin, Y.; Pekmez, K.; Yildiz, A. Electrochemical synthesis of self-doped polyaniline in fluorosulfonic acid /acetonitrile solution.
Synth. Met. 2002, 129, 107-115. [CrossRef]

Wei, X.-L.; Wang, Y.; Long, S.; Bobeczko, C.; Epstein, A. Synthesis and physical properties of highly sulfonated polyaniline. J. Am.
Chem. Soc. 1996, 118, 2545-2555. [CrossRef]

Chen, S.-A.; Hwang, G.-W. Structure characterization of self-acid-doped sulfonic acid ring-substituted polyaniline in its aqueous
solutions and as solid film. Macromolecules 1996, 29, 3950-3955. [CrossRef]

Liu, G.; Freund, M.S. Nucleophilic substitution reactions of polyaniline with substituted benzenediazonium ions: A facile method
for controlling the surface chemistry of conducting polymers. Chem. Mater. 1996, 8, 1164-1166. [CrossRef]

Barbero, C.; Salavagione, H.J.; Acevedo, D.E; Grumelli, D.E.; Garay, F; Planes, G.A.; Morales, G.M.; Miras, M.C. Novel synthetic
methods to produce functionalized conducting polymers I. Polyanilines. Electrochim. Acta 2004, 49, 3671-3686. [CrossRef]
Stejskal, J.; Trchova, M.; Prokes, J.; Sapurina, I. Brominated polyaniline. Chemn. Mater. 2001, 13, 4083-4086. [CrossRef]

McCoy, C.H.; Lorkovic, LM.; Wrighton, M.S. Potential-dependent nucleophilicity of polyaniline. J. Am. Chem. Soc. 1995, 117,
6934-6943. [CrossRef]

Lin, H-K,; Chen, S.-A. Synthesis of new water-soluble self-doped polyaniline. Macromolecules 2000, 33, 8117-8118. [CrossRef]
Hua, M.-Y;; Su, Y.-N.; Chen, S.-A. Water-soluble self-acid-doped conducting polyaniline: Poly (aniline-co-N-propylbenzenesulfonic
acid-aniline). Polymer 2000, 41, 813-815. [CrossRef]

Han, C.-C.; Jeng, R.-C. Concurrent reduction and modification of polyaniline emeraldinebase with pyrrolidine and other
nucleophiles. Chem. Commun. 1997, 553-554. [CrossRef]

Han, C.-C.; Lu, C.-H.; Hong, S.-P; Yang, K.-F. Highly conductive and thermally stable self-doping propylthiosulfonated
polyanilines. Macromolecules 2003, 36, 7908-7915. [CrossRef]

Han, C.-C.; Hong, S.-P; Yang, K.-F,; Bai, M.-Y;; Lu, C.-H.; Huang, C.-S. Highly conductive new aniline copolymers containing
butylthio substituent. Macromolecules 2001, 34, 587-591. [CrossRef]

Salavagione, H.; Morales, G.; Miras, M.; Barbero, C. Synthesis of a self-doped polyaniline by nucleophilic addition. Acta Polym.
1999, 50, 40-44. [CrossRef]

Yue, J.; Epstein, A J. Electronic control of pH at sulfonated polyaniline electrodes. J. Chem. Soc. Chem. Commun. 1992, 1540-1542.
[CrossRef]

Morales, G.M.; Llusa, M.; Miras, M.C.; Barbero, C. Effects of high hydrochloric acid concentration on aniline chemical polymeriza-
tion. Polymer 1997, 38, 5247-5250. [CrossRef]

Barbero, C.; Morales, G.; Grumelli, D.; Planes, G.; Salavagione, H.; Marengo, C.; Miras, M. New methods of polyaniline
functionalization. Synth. Met. 1999, 101, 694-695. [CrossRef]

Grumelli, D.E.; Forzani, E.S.; Morales, G.M.; Miras, M.C.; Barbero, C.A.; Calvo, E.J. Microgravimetric study of electrochemically
controlled nucleophilic addition of sulfite to polyaniline. Langmuir 2004, 20, 2349-2355. [CrossRef] [PubMed]

Blomquist, M.; Bobacka, J.; Ivaska, A.; Levon, K. Electrochemical and spectroscopic study on thiolation of polyaniline. Electrochim.
Acta 2013, 90, 604-614. [CrossRef]

Pyshkina, O.A.; Kim, B.; Korovin, A.N.; Zezin, A.; Sergeyev, V.G.; Levon, K. Interpolymer complexation of water-soluble
self-doped polyaniline. Synth. Met. 2008, 158, 999-1003. [CrossRef]

Amaya, T,; Hatai, T.; Kurata, I.; Hirao, T. Synthesis of self-doped polyaniline bearing phosphonic acid moiety via Pd-catalyzed
phosphonation of poly(2-bromoaniline). Tetrahedron Lett. 2018, 59, 1715-1718. [CrossRef]

Kumar, D.R,; Dhakal, G.; Shafi, PM.; Sayed, M.S.; Lee, ].; Lee, Y.R.; Shim, J.-]. Sulfite food additive electrochemical determination
by nucleophilic addition on poly(4-aminodiphenylamine)-4-aminothiophenol-Au composite electrode. Microchem. ]. 2022,
181, 107635. [CrossRef]

Shoji, E.; Freund, M.S. Poly (aniline boronic acid): A new precursor to substituted poly(aniline)s. Langmuir 2001, 17, 7183-7185.
[CrossRef]

Durgaryan, A.H.; Miraqyan, N.A.; Arakelyan, R.H.; Durgaryan, N.A. Investigation of addition reaction of sodium thiosulfate
pentahydrate to quinonediimine groups. Polym. Bull. 2019, 76, 3929-3940. [CrossRef]


http://doi.org/10.1002/pola.20409
http://doi.org/10.1021/acs.chemrev.8b00773
http://doi.org/10.1039/p29770001693
http://doi.org/10.1021/ja00163a051
http://doi.org/10.1080/00268949008037237
http://doi.org/10.1016/S0379-6779(98)00074-5
http://doi.org/10.1016/0032-3861(92)90288-8
http://doi.org/10.1016/S0379-6779(01)00650-6
http://doi.org/10.1021/ja952277i
http://doi.org/10.1021/ma951783p
http://doi.org/10.1021/cm9601502
http://doi.org/10.1016/j.electacta.2003.11.035
http://doi.org/10.1021/cm011059n
http://doi.org/10.1021/ja00131a016
http://doi.org/10.1021/ma000660o
http://doi.org/10.1016/S0032-3861(99)00452-8
http://doi.org/10.1039/a608079k
http://doi.org/10.1021/ma030337w
http://doi.org/10.1021/ma001664w
http://doi.org/10.1002/(SICI)1521-4044(19990101)50:1&lt;40::AID-APOL40&gt;3.0.CO;2-8
http://doi.org/10.1039/c39920001540
http://doi.org/10.1016/S0032-3861(97)82751-6
http://doi.org/10.1016/S0379-6779(98)00977-1
http://doi.org/10.1021/la0354990
http://www.ncbi.nlm.nih.gov/pubmed/15835695
http://doi.org/10.1016/j.electacta.2012.11.134
http://doi.org/10.1016/j.synthmet.2008.07.002
http://doi.org/10.1016/j.tetlet.2018.03.054
http://doi.org/10.1016/j.microc.2022.107635
http://doi.org/10.1021/la0114272
http://doi.org/10.1007/s00289-018-2575-8

Polymers 2023, 15, 205 37 of 42

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Miraqgyan, N.A.; Arakelyan, R.H.; Durgaryan, N.A.; Durgaryan, A.H. Synthesis and investigation of poly(p-phenylenediamine)-
poly(1,4-benzoquinonediimine-N,N-diyl-1,4-phenylene). Chem. Pap. 2018, 72, 1517-1524. [CrossRef]

Bhadra, S.; Kim, N.H.; Lee, J.H. Synthesis of water soluble sulfonated polyaniline and determination of crystal structure. J. Appl.
Polym. Sci. 2010, 117, 2025-2035. [CrossRef]

Mendes, L.C.; Falco, A.PS; Pinho, M.S.; Marques, P.O. Sulfonated polyaniline: Influence of sulfonation routes on its thermal and
structural characteristics. Mater. Res. 2011, 14, 466-471. [CrossRef]

Raffa, D.; Leung, K.; Battaglini, F. A microelectrochemical enzyme transistor based on an N-alkylated poly(aniline) and its
application to determine hydrogen peroxide at neutral pH. Anal. Chem. 2003, 75, 4983-4987. [CrossRef]

Salavagione, H.J. Preparation and characterization of “clickable” polyaniline derivatives on graphene modified electrodes.
J. Electroanal. Chem. 2016, 765, 118-125. [CrossRef]

Salavagione, H.J.; Miras, M.C.; Barbero, C. Chemical lithography of a conductive polymer using a traceless removable group.
J. Am. Chem. Soc. 2003, 125, 5290-5291. [CrossRef]

Salavagione, H.]J.; Miras, M.C.; Barbero, C. Photolithographic patterning of a conductive polymer using a polymeric photoacid
generator and a traceless removable group. Macromol. Rapid Commun. 2006, 27, 26-30. [CrossRef]

Lee, C.-W,; Seo, Y.-H.; Lee, S.-H. A soluble polyaniline substituted with t-BOC: Conducting patterns and doping. Macromolecules
2004, 37, 4070-4074. [CrossRef]

Yue, J.; Wang, Z.H.; Cromack, K.R.; Epstein, A.J.; MacDiarmid, A.G. Effect of sulfonic acid group on polyaniline backbone. J. Am.
Chem. Soc. 1991, 113, 2665-2671. [CrossRef]

Barbero, C.; Miras, M.C.; Schnyder, B.; Hass, O.; Kotz, R. Sulfonated polyaniline films as cation insertion electrodes for battery
applications. Part 1.—Structural and electrochemical characterization. J. Mater. Chem. B 1994, 4, 1775-1783. [CrossRef]

Barbero, C.; Miras, M.; Kotz, R.; Haas, O. Comparative study of the ion exchange and electrochemical properties of sulfonated
polyaniline (SPAN) and polyaniline (PANI). Synth. Met. 1993, 55, 1539-1544. [CrossRef]

Epstein, A.; Smallfield, J.; Guan, H.; Fahlman, M. Corrosion protection of aluminum and aluminum alloys by polyanilines: A
potentiodynamic and photoelectron spectroscopy study. Synth. Met. 1999, 102, 1374-1376. [CrossRef]

Min, Y,; Yang, Y.; Poojari, Y.; Liu, Y.; Wu, J.-C.; Hansford, D.J.; Epstein, A.]. Sulfonated polyaniline-based organic electrodes for
controlled electrical stimulation of human osteosarcoma cells. Biomacromolecules 2013, 14, 1727-1731. [CrossRef] [PubMed]

Li, C.; Mu, S. Electrochromic properties of sulfonic acid ring-substituted polyaniline in aqueous and non-aqueous media. Synth.
Met. 2004, 144, 143-149. [CrossRef]

Epstein, A.].; Wang, Y.; Gebler, D.; Fu, D.; Swager, T. Control of light-emitting polymer devices using polymer/polymer interfaces.
MRS Online Proc. Libr. 1997, 488, 75-85. [CrossRef]

Bai, H.; Xu, Y.,; Zhao, L.; Li, C.; Shi, G. Non-covalent functionalization of graphene sheets by sulfonated polyaniline. Chem.
Commun. 2009, 1667-1669. [CrossRef]

Zhang, H.; Li, H.X.; Cheng, H.M. Water-soluble multiwalled carbon nanotubes functionalized with sulfonated polyaniline.
J. Phys. Chem. B 2006, 110, 9095-9099. [CrossRef]

Dutta, K.; Das, S.; Kumar, P.; Kundu, P.P. Polymer electrolyte membrane with high selectivity ratio for direct methanol fuel cells:
A preliminary study based on blends of partially sulfonated polymers polyaniline and PVdF-co-HFP. Appl. Energy 2014, 118,
183-191. [CrossRef]

Sun, P; Li, Z.; Wang, S.; Yin, X. Performance enhancement of polybenzimidazole based high temperature proton exchange
membranes with multifunctional crosslinker and highly sulfonated polyaniline. . Membr. Sci. 2018, 549, 660-669. [CrossRef]
Zhou, M.; Li, W.; Gu, T.; Wang, K; Cheng, S; Jiang, K. A sulfonated polyaniline with high density and high rate Na-storage
performances as a flexible organic cathode for sodium ion batteries. Chem. Commun. 2015, 51, 14354-14356. [CrossRef]

Wei, Y; Yan, Y.; Zou, Y.; Shi, M.; Deng, Q.; Zhao, N.; Wang, J.; You, C.; Yang, R.; Xu, Y. Sulfonated polyaniline coated bamboo-
derived biochar/sulfur cathode for Li-S batteries with excellent dual conductivity and polysulfides affinity. Electrochim. Acta
2019, 310, 45-57. [CrossRef]

Tatsuma, T.; Ogawa, T.; Sato, R.; Oyama, N. Peroxidase-incorporated sulfonated polyaniline—polycation complexes for electro-
chemical sensing of HyO,. J. Electroanal. Chem. 2001, 501, 180-185. [CrossRef]

Lee, W.-].; Kim, Y.-J.; Kaang, S. Electrical properties of polyaniline/sulfonated polycarbonate blends. Synth. Met. 2000, 113,
237-243. [CrossRef]

Dai, J.; Zhu, L.; Tang, D.; Fu, X,; Tang, J.; Guo, X.; Hu, C. Sulfonated polyaniline as a solid organocatalyst for dehydration of
fructose into 5-hydroxymethylfurfural. Green Chem. 2017, 19, 1932-1939. [CrossRef]

Zhang, X.; Yan, G.; Ding, H.; Shan, Y. Fabrication and photovoltaic properties of self-assembled sulfonated polyaniline/TiO,
nanocomposite ultrathin films. Mater. Chem. Phys. 2007, 102, 249-254. [CrossRef]

Tao, Y.; Zhao, J.; Wu, C. Polyacrylamide hydrogels with trapped sulfonated polyaniline. Eur. Polym. ]. 2005, 41, 1342-1349.
[CrossRef]

Guo, Y,;Ji, C.; Ye, Y.; Chen, Y; Yang, Z.; Xue, S.; Niu, Q.J. High performance nanofiltration membrane using self-doping sulfonated
polyaniline. J. Membr. Sci. 2022, 652, 120441. [CrossRef]

Krutyakov, Y.A.; Kudrinsky, A.; Olenin, A.Y.; Lisichkin, G. Synthesis of highly stable silver colloids stabilized with water soluble
sulfonated polyaniline. Appl. Surf. Sci. 2010, 256, 7037-7042. [CrossRef]

Wei, X.; Epstein, A.]. Synthesis of highly sulfonated polyaniline. Synth. Met. 1995, 74, 123-125. [CrossRef]


http://doi.org/10.1007/s11696-017-0378-2
http://doi.org/10.1002/app.32152
http://doi.org/10.1590/S1516-14392011005000070
http://doi.org/10.1021/ac0341620
http://doi.org/10.1016/j.jelechem.2015.07.037
http://doi.org/10.1021/ja0298693
http://doi.org/10.1002/marc.200500653
http://doi.org/10.1021/ma0357624
http://doi.org/10.1021/ja00007a046
http://doi.org/10.1039/JM9940401775
http://doi.org/10.1016/0379-6779(93)90281-Z
http://doi.org/10.1016/S0379-6779(98)00383-X
http://doi.org/10.1021/bm301221t
http://www.ncbi.nlm.nih.gov/pubmed/23600698
http://doi.org/10.1016/j.synthmet.2004.02.020
http://doi.org/10.1557/PROC-488-75
http://doi.org/10.1039/b821805f
http://doi.org/10.1021/jp060193y
http://doi.org/10.1016/j.apenergy.2013.12.029
http://doi.org/10.1016/j.memsci.2017.10.053
http://doi.org/10.1039/C5CC05654C
http://doi.org/10.1016/j.electacta.2019.04.067
http://doi.org/10.1016/S0022-0728(00)00525-8
http://doi.org/10.1016/S0379-6779(00)00216-2
http://doi.org/10.1039/C6GC03604J
http://doi.org/10.1016/j.matchemphys.2006.12.013
http://doi.org/10.1016/j.eurpolymj.2005.01.006
http://doi.org/10.1016/j.memsci.2022.120441
http://doi.org/10.1016/j.apsusc.2010.05.020
http://doi.org/10.1016/0379-6779(95)03362-9

Polymers 2023, 15, 205 38 of 42

104.
105.
106.
107.
108.
109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Wei, X.-L.; Fahlman, M.; Epstein, A. XPS study of highly sulfonated polyaniline. Macromolecules 1999, 32, 3114-3117. [CrossRef]
Ioffe, D. Synthesis of monobrominated anilines via bromination-isomerization. Mendeleev Commun. 1993, 31, 16.

Bunnett, ].F; Zahler, R.E. Aromatic Nucleophilic Substitution Reactions. Chem. Rev. 1951, 49, 273-412. [CrossRef]

Wu, Z.; Zhou, L.; Jiang, Z.; Wu, D.; Li, Z.; Zhou, X. Sulfonato—Cu (salen) Complex Catalyzed N-Arylation of Aliphatic Amines
with Aryl Halides in Water. Eur. . Org. Chem. 2010, 26, 4971-4975. [CrossRef]

Aksungur, T.; Erol, F; Seferoglu, N.; Seferoglu, Z. Experimental and theoretical studies on monoazo dye including diphenylamine
and N-methyldiphenylamine derivatives. J. Mol. Struct. 2020, 1217, 128449. [CrossRef]

DeArmitt, C.; Armes, S.P.; Winter, J.; Uribe, F.; Gottesfeld, S.; Mombourquette, C. A novel N-substituted polyaniline derivative.
Polymer 1993, 34, 158-162. [CrossRef]

Planes, G.A.; Morales, G.M.; Miras, M.C.; Barbero, C. A soluble and electroactive polyaniline obtained by coupling of
4-sulfobenzenediazonium ion and poly(N-methylaniline). Synth. Met. 1998, 97, 223-227. [CrossRef]

Acevedo, D.F; Rivarola, C.R.; Miras, M.C.; Barbero, C.A. Effect of chemical functionalization on the electrochemical properties of
conducting polymers. Modification of polyaniline by diazonium ion coupling and subsequent reductive degradation. Electrochim.
Acta 2011, 56, 3468-3473. [CrossRef]

Arias-Pardilla, ].; Salavagione, H.J.; Barbero, C.; Morallén, E.; Vazquez, ]J. Study of the chemical copolymerization of
2-aminoterephthalic acid and aniline.: Synthesis and copolymer properties. Eur. Polym. ]. 2006, 42, 1521-1532. [CrossRef]
Acevedo, D. Estudio de la Sintesis y Propiedades de Nuevos Materiales Aplicando Tecnicas de Quimica Combinatoria.
Ph.D. Thesis, UNRC, Rio Cuarto, Argentina, 2005.

Monge, N.E.; Miras, M.C.; Barbero, C.A. High-throughput screening method to detect amphiphilic counterions able to solubilize
conducting polymers. J. Comb. Chem. 2010, 6, 814-817. [CrossRef]

Acevedo, D.; Miras, M.; Barbero, C.; Potyrailo, R.A.; Maier, W. Combinatorial Synthesis and Screening of Photochromic Dyes and
Modified Conducting Polymers. In Combinatorial High-Throughput Discovery Optimization of Catalysts Materials; CRC Press: Boca
Raton, FL, USA, 2006; p. 239.

Rodriguez, R.C.; Moncada, A.B.; Acevedo, D.F; Planes, G.A.; Miras, M.C.; Barbero, C.A. Electroanalysis using modified
hierarchical nanoporous carbon materials. Faraday Discuss. 2013, 164, 147-173. [CrossRef]

Yang, M.; Ma, J.; Zhang, C.; Yang, Z.; Lu, Y. General synthetic route toward functional hollow spheres with double-shelled
structures. Angew. Chem. Int. Ed. 2005, 44, 6727-6730. [CrossRef]

Maleki, A.; Nematollahi, D. Electrochemical synthesis and mechanestic study of quinone imines exploiting the dual character of
N, N-dialkyl-p-phenylenediamines. Org. Lett. 2011, 13, 1928-1931. [CrossRef] [PubMed]

Han, C.-C.; Chen, H.-Y. Highly conductive and electroactive fluorine-functionalized polyanilines. Macromolecules 2007, 40,
8969-8973. [CrossRef]

Han, C.C;; Yang, K.F,; Hong, S.P.; Balasubramanian, A.; Lee, Y.T. Syntheses and characterizations of aniline/butylthioaniline
copolymers: Comparisons of copolymers prepared by the new concurrent reduction and substitution route and the conventional
oxidative copolymerization method. J. Polym. Sci. Part A Polym. Chem. 2005, 43, 1767-1777. [CrossRef]

Han, C.-C,; Bai, M.-Y,; Yang, K.-F; Lee, Y.-S.; Lin, C.-W. A novel method for making highly dispersible conducting polymer
and concentric graphitic carbon nano-spheres based on an undoped and functionalized polyaniline. ]. Mater. Chem. B 2008, 18,
3918-3925. [CrossRef]

Lahiff, E.; Bell, S.; Diamond, D. Functionalised Nanostructured Polyaniline—A New Substrate for Building Adaptive Sensing
Surfaces. MRS Online Proc. Libr. 2007, 1054, FF05-05. [CrossRef]

Lahiff, E.; Lynam, C.; Gilmartin, N.; Wallace, G.G.; O’Kennedy, R.; Diamond, D. Controllable chemical modification of Polyaniline
Nanofibres. MRS Online Proc. Libr. 2009, 1240, Art nr 602. [CrossRef]

Lahiff, E.; Woods, T.; Blau, W.; Wallace, G.G.; Diamond, D. Synthesis and characterisation of controllably functionalised polyaniline
nanofibres. Synth. Met. 2009, 159, 741-748. [CrossRef]

Crean, C.; Lahiff, E.; Gilmartin, N.; Diamond, D.; O’Kennedy, R. Polyaniline nanofibres as templates for the covalent immobilisa-
tion of biomolecules. Synth. Met. 2011, 161, 285-292. [CrossRef]

Florea, L.; Lahiff, E.; Diamond, D. Modified polyaniline nanofibres for ascorbic acid detection. MRS Online Proc. Libr. 2011,
1312, 903. [CrossRef]

Yanez-Heras, ].; Planes, G.A.; Williams, F.; Barbero, C.A.; Battaglini, F. Sequential electrochemical polymerization of aniline and
their derivatives showing electrochemical activity at neutral pH. Electroanalysis 2010, 22, 2801-2808. [CrossRef]

Yslas, E.I; Cavallo, P; Acevedo, D.E,; Barbero, C.A,; Rivarola, V.A. Cysteine modified polyaniline films improve biocompatibility
for two cell lines. Mater. Sci. Eng. C 2015, 51, 51-56. [CrossRef] [PubMed]

Neira-Carrillo, A.; Yslas, E.; Marini, Y.A.; Vasquez-Quitral, P.; Sanchez, M.; Riveros, A.; Yanez, D.; Cavallo, P.; Kogan, M.].;
Acevedo, D. Hybrid biomaterials based on calcium carbonate and polyaniline nanoparticles for application in photothermal
therapy. Colloids Surf. B Biointerfaces 2016, 145, 634-642. [PubMed]

Amaya, T,; Kurata, I.; Inada, Y.; Hatai, T.; Hirao, T. Synthesis of phosphonic acid ring-substituted polyanilines via direct
phosphonation to polymer main chains. RSC Adv. 2017, 7, 39306-39313. [CrossRef]

Salavagione, H.J.; Arias-Pardilla, J.; Vazquez, J.; Miras, M.C.; Morallén, E.; Barbero, C. Spectroelectrochemical study of the
oxidation of diaminophenols on platinum electrodes in acidic medium. Electrochim. Acta 2005, 50, 5414-5422. [CrossRef]


http://doi.org/10.1021/ma981386p
http://doi.org/10.1021/cr60153a002
http://doi.org/10.1002/ejoc.201000840
http://doi.org/10.1016/j.molstruc.2020.128449
http://doi.org/10.1016/0032-3861(93)90299-P
http://doi.org/10.1016/S0379-6779(98)00132-5
http://doi.org/10.1016/j.electacta.2011.01.041
http://doi.org/10.1016/j.eurpolymj.2006.02.003
http://doi.org/10.1021/cc1001428
http://doi.org/10.1039/c3fd00018d
http://doi.org/10.1002/anie.200501556
http://doi.org/10.1021/ol103146k
http://www.ncbi.nlm.nih.gov/pubmed/21417353
http://doi.org/10.1021/ma071745t
http://doi.org/10.1002/pola.20660
http://doi.org/10.1039/b804131h
http://doi.org/10.1557/PROC-1054-FF05-05
http://doi.org/10.1557/PROC-1240-WW06-02
http://doi.org/10.1016/j.synthmet.2008.12.029
http://doi.org/10.1016/j.synthmet.2010.11.037
http://doi.org/10.1557/opl.2011.672
http://doi.org/10.1002/elan.201000325
http://doi.org/10.1016/j.msec.2015.02.049
http://www.ncbi.nlm.nih.gov/pubmed/25842107
http://www.ncbi.nlm.nih.gov/pubmed/27288818
http://doi.org/10.1039/C7RA04678B
http://doi.org/10.1016/j.electacta.2005.03.022

Polymers 2023, 15, 205 39 of 42

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.
160.

Hoogenboom, R. Thiol-Alkin-Chemie: Ein leistungsfahiges Syntheseverfahren fiir hochfunktionalisierte Verbindungen. Angew.
Chem. Int. Ed. 2010, 122, 3489-3491.

McCullough, R.D.; Tristram-Nagle, S.; Williams, S.P; Lowe, R.D.; Jayaraman, M. Self-orienting head-to-tail poly(3-
alkylthiophenes): New insights on structure-property relationships in conducting polymers. J. Am. Chem. Soc. 1993,
115, 4910-4911. [CrossRef]

Kaloni, T.P.; Giesbrecht, PX.; Schreckenbach, G.; Freund, M.S. Polythiophene: From fundamental perspectives to applications.
Chem. Mater. 2017, 29, 10248-10283. [CrossRef]

Huynh, T.-P; Sharma, P.S.; Sosnowska, M.; D’Souza, F.; Kutner, W. Functionalized polythiophenes: Recognition materials for
chemosensors and biosensors of superior sensitivity, selectivity, and detectability. Prog. Polym. Sci. 2015, 47, 1-25. [CrossRef]
Qi, Z.; Rees, N.G.; Pickup, P.G. Electrochemically induced substitution of polythiophenes and polypyrrole. Chem. Mater. 1996, 8,
701-707. [CrossRef]

Kurioka, T.; Inagi, S. Electricity-Driven Post-Functionalization of Conducting Polymers. Chem. Rec. 2021, 21, 2107-2119. [CrossRef]
Inagi, S.; Hosaka, K.; Hayashi, S.; Fuchigami, T. Anodic Halogenations of Poly (Thiophene) Derivatives; ECS Meeting Abstracts;
IOP Publishing: Bristol, UK, 2009; p. 1655.

Hayashi, S.; Inagi, S.; Hosaka, K.; Fuchigami, T. Post-functionalization of poly(3-hexylthiophene) via anodic chlorination. Synth.
Met. 2009, 159, 1792-1795. [CrossRef]

Shida, N.; Okazaki, D.; Kurioka, T.; Nishiyama, H.; Seferos, D.S.; Tomita, I.; Inagi, S. Anodic Chlorination of Selenophene-
Containing Polymers: Reaction Efficiency and Selective Reaction of Single Segment in Rod-Rod Diblockcopolymer. ChemElec-
troChem 2017, 4, 1824-1827. [CrossRef]

Kurioka, T.; Shida, N.; Tomita, L; Inagi, S. Post-Functionalization of Aromatic C-H Bonds at the Main Chains of -Conjugated
Polymers via Anodic Chlorination Facilitated by Lewis Acids. Macromolecules 2021, 54, 1539-1547. [CrossRef]

Hayashi, S.; Inagi, S.; Fuchigami, T. Efficient electrochemical polymer halogenation using a thin-layered cell. Polym. Chem. 2011,
2,1632-1637. [CrossRef]

Li, Y.; Vamvounis, G.; Holdcroft, S. Facile functionalization of poly(3-alkylthiophene)s via electrophilic substitution. Macro-
molecules 2001, 34, 141-143. [CrossRef]

Yadav, PK.; Prakash, O.; Ray, B.; Maiti, P. Functionalized polythiophene for corrosion inhibition and photovoltaic application.
J. Appl. Polym. Sci. 2021, 138, 51306. [CrossRef]

Koo, B; Sletten, E.M.; Swager, T.M. Functionalized poly(3-hexylthiophene)s via lithium-bromine exchange. Macromolecules 2015,
48,229-235. [CrossRef]

Tanaka, S.; Rosli, S.K.B.; Takada, K.; Taniai, N.; Yoshitomi, T.; Ando, H.; Matsumoto, K. Effects of bromination of poly(3-
hexylthiophene) on the performance of bulk heterojunction solar cells. RSC Adv. 2017, 7, 46874—46880. [CrossRef]

Boufflet, P; Casey, A.; Xia, Y.; Stavrinou, P.N.; Heeney, M. Pentafluorobenzene end-group as a versatile handle for para fluoro
“click” functionalization of polythiophenes. Chem. Sci. 2017, 8, 2215-2225. [CrossRef]

Nam, C.-Y; Qin, Y.; Park, Y.S.; Hlaing, H.; Lu, X.; Ocko, B.M.; Black, C.T.; Grubbs, R.B. Photo-cross-linkable azide-functionalized
polythiophene for thermally stable bulk heterojunction solar cells. Macromolecules 2012, 45, 2338-2347. [CrossRef]

Bu, H.-B.; Gotz, G.; Reinold, E.; Vogt, A.; Schmid, S.; Segura, J.L.; Blanco, R.; Gémez, R.; Bauerle, P. Efficient post-polymerization
functionalization of conducting poly (3, 4-ethylenedioxythiophene)(PEDOT) via ‘click’-reaction. Tetrahedron 2011, 67, 1114-1125.
[CrossRef]

Buga, K.; Kepczynska, K.; Kulszewicz-Bajer, I.; Zagorska, M.; Demadrille, R.; Pron, A.; Quillard, S.; Lefrant, S. Poly(alkylthiophene)
with pendant dianiline groups via postpolymerization functionalization: Preparation, spectroscopic, and spectroelectrochemical
characterization. Macromolecules 2004, 37, 769-777. [CrossRef]

Richter, T.V.; Biihler, C.; Ludwigs, S. Water-and ionic-liquid-soluble branched polythiophenes bearing anionic and cationic
moieties. . Am. Chem. Soc. 2012, 134, 43-46. [CrossRef] [PubMed]

Wang, X.; Zhang, C.; Zhang, Y.; Sun, J.; Cao, L.; Ji, J.; Feng, F. Facile crosslinking of polythiophenes by polyethylenimine via ester
aminolysis for selective Cu (II) detection in water. Biosens. Bioelectron. 2018, 109, 255-262. [PubMed]

Lanzi, M.; Costa-Bizzarri, P.; Paganin, L.; Cesari, G. Synthesis by post-polymerization functionalization of sensitive polythiophenes
for selective chemo-recognition purposes. React. Funct. Polym. 2007, 67, 329-340. [CrossRef]

Liu, J.; McCullough, R.D. End group modification of regioregular polythiophene through postpolymerization functionalization.
Macromolecules 2002, 35, 9882-9889. [CrossRef]

Barsch, U.; Beck, F. Anodic overoxidation of polythiophenes in wet acetonitrile electrolytes. Electrochim. Acta 1996, 41, 1761-1771.
[CrossRef]

Krische, B.; Zagorska, M. The polythiophene paradox. Synth. Met. 1989, 28, 263-268. [CrossRef]

Pud, A. Stability and degradation of conducting polymers in electrochemical systems. Synth. Met. 1994, 66, 1-18. [CrossRef]
Inagi, S.; Hosaka, K.; Hayashi, S.; Fuchigami, T. Solid-phase halogenation of a conducting polymer film via electrochemical
polymer reaction. J. Electrochem. Soc. 2010, 157, E88. [CrossRef]

Streitwieser, A., Jr. Solvolytic displacement reactions at saturated carbon atoms. Chem. Rev. 1956, 56, 571-752.

Isse, A.A; Lin, C.Y,; Coote, M.L.; Gennaro, A. Estimation of standard reduction potentials of halogen atoms and alkyl halides.
J. Phys. Chem. B 2011, 115, 678-684. [CrossRef] [PubMed]


http://doi.org/10.1021/ja00064a070
http://doi.org/10.1021/acs.chemmater.7b03035
http://doi.org/10.1016/j.progpolymsci.2015.04.009
http://doi.org/10.1021/cm950416p
http://doi.org/10.1002/tcr.202100052
http://doi.org/10.1016/j.synthmet.2009.05.028
http://doi.org/10.1002/celc.201700205
http://doi.org/10.1021/acs.macromol.0c02556
http://doi.org/10.1039/c1py00150g
http://doi.org/10.1021/ma001413n
http://doi.org/10.1002/app.51306
http://doi.org/10.1021/ma5019044
http://doi.org/10.1039/C7RA07454A
http://doi.org/10.1039/C6SC04427A
http://doi.org/10.1021/ma3001725
http://doi.org/10.1016/j.tet.2010.12.022
http://doi.org/10.1021/ma034997c
http://doi.org/10.1021/ja207458b
http://www.ncbi.nlm.nih.gov/pubmed/22171620
http://www.ncbi.nlm.nih.gov/pubmed/29571162
http://doi.org/10.1016/j.reactfunctpolym.2007.01.007
http://doi.org/10.1021/ma021362p
http://doi.org/10.1016/0013-4686(95)00493-9
http://doi.org/10.1016/0379-6779(89)90531-6
http://doi.org/10.1016/0379-6779(94)90155-4
http://doi.org/10.1149/1.3364926
http://doi.org/10.1021/jp109613t
http://www.ncbi.nlm.nih.gov/pubmed/21186813

Polymers 2023, 15, 205 40 of 42

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.
184.

185.

186.

Kurioka, T.; Nishiyama, H.; Tomita, I.; Inagi, S. Improvement of Current Efficiency in Anodic Chlorination of Poly(3-
hexylthiophene) by using a Boron Trifluoride-Diethyl Ether Complex. ChemElectroChem 2018, 5, 753-755. [CrossRef]

Patil, Y.; Sassona, Y. Chemoselective reduction of nitroarenes to aromatic amines with commercial metallic iron powder in water
under mild reaction conditions. Org. Chem. Curr. Res 2015, 4, 1-4. [CrossRef]

Liu, J.; Liu, Y,; Wang, J.; Li, H.; Zhou, K.; Gui, R.; Xian, K;; Qi, Q.; Yang, X.; Chen, Y. Brominated Polythiophene Reduces the
Efficiency-Stability-Cost Gap of Organic and Quantum Dot Hybrid Solar Cells. Adv. Energy Mater. 2022, 12, 2201975. [CrossRef]
Florio, S.; Salomone, A. Heterocycle-mediated ortho-functionalization of aromatic compounds: The DoM methodology and
synthetic utility. Synthesis 2016, 48, 1993-2008. [CrossRef]

Yin, J.; Zhou, W.; Zhang, L.; Xie, Y.; Yu, Z.; Shao, J.; Ma, W.; Zeng, J.; Chen, Y. Improved glass transition temperature towards
thermal stability via thiols solvent additive versus DIO in polymer solar cells. Macromol. Rapid Commun. 2017, 38, 1700428.
[CrossRef]

Zotti, G.; Zecchin, S.; Schiavon, G.; Vercelli, B.; Berlin, A. Novel polythiophene regular copolymers from 3’,4’-diamino-and
3’ A'-dinitro-terthiophenes: Modulation of electronic properties via post-polymerization functionalization. Electrochim. Acta 2005,
50, 1469-1474. [CrossRef]

Hayashi, S.; Inagi, S.; Fuchigami, T. Synthesis of 9-substituted fluorene copolymers via chemical and electrochemical polymer
reaction and their optoelectronic properties. Macromolecules 2009, 42, 3755-3760. [CrossRef]

Xiao, L.; Sun, J.; Liu, L.; Hu, R.; Lu, H.; Cheng, C.; Huang, Y,; Wang, S.; Geng, J. Enhanced photothermal bactericidal activity of the
reduced graphene oxide modified by cationic water-soluble conjugated polymer. ACS Appl. Mater. Interfaces 2017, 9, 5382-5391.
Bao, B.; Yuwen, L.; Zhan, X.; Wang, L. Water-soluble hyperbranched polyelectrolytes with high fluorescence quantum yield: Facile
synthesis and selective chemosensor for Hg?* and Cu?* ions. J. Polym. Sci. Part A Polym. Chem. 2010, 48, 3431-3439. [CrossRef]

Salatelli, E.; Angiolini, L.; Brazzi, A.; Lanzi, M.; Scavetta, E.; Tonelli, D. Synthesis, characterization and electrochemical properties
of new functional polythiophenes. Synth. Met. 2010, 160, 2681-2686. [CrossRef]

Guselnikova, O.A.; Postnikov, P.S.; Fitl, P; Tomecek, D.; Sajdl, P.; Elashnikov, R.; Kolska, Z.; Chehimi, M.M.; Svordik, V;
Lyutakov, O. Tuning of PEDOT: PSS properties through covalent surface modification. J. Polym. Sci. Part B Polym. Phys. 2017, 55,
378-387. [CrossRef]

Istif, E.; Mantione, D.; Vallan, L.; Hadziioannou, G.; Brochon, C.; Cloutet, E.; Pavlopoulou, E. Thiophene-Based Aldehyde
Derivatives for Functionalizable and Adhesive Semiconducting Polymers. ACS Appl. Mater. Interfaces 2020, 12, 8695-8703.
[CrossRef] [PubMed]

Mondal, S.; Hazra, S.; Shit, A.; Chatterjee, D.P.; Banerjee, A.; Nandi, A.K. Development of Polythiophene-Tripeptide Covalent
Conjugates Showing Excellent Structure-Dependent Photophysical and Photocurrent Properties. |. Phys. Chem. C 2021, 125,
17518-17529. [CrossRef]

DEMADRILLE, R.; BUGA, K.; ZAGORSKA, M.; QUILLARD, S.; RANNOU, P; KULSZEWICZ-BAJER, L.; PRON, A. Spectroscopic
and Spectroelectrochemical Studies of New Poly (thiophene)-Based Conjugated Polymers Containing Oligoaniline Side Chains.
Nonlinear Opt. 2005, 32, 39-57.

Buga, K.; Pokrop, R.; Zagorska, M.; Demadrille, R.; Genoud, F. Random and regioregular thiophene-based copolymers containing
oligoaniline side chains: Synthesis, spectroscopic and spectroelectrochemical investigations. Synth. Met. 2005, 153, 137-140.
[CrossRef]

Batierle, P; Hiller, M.; Scheib, S.; Sokolowski, M.; Umbach, E. Post-polymerization functionalization of conducting polymers:
Novel poly(alkylthiophene)s substituted with easily. Replaceable activated ester groups. Adv. Mater. 1996, 8, 214-218. [CrossRef]
Paganin, L.; Lanzi, M.; Costa-Bizzarri, P.; Bertinelli, F.; Masi, C. Synthesis and Characterization of a Highly Soluble Poly
[3-(10-hydroxydecyl) thiophene]. In Macromolecular Symposia; WILEY-VCH Verlag: Weinheim, Germany, 2004; pp. 11-20.

Iraqi, A.; Pickup, D.F. Preparation and characterisation of tractable regioregular head-to-tail poly(3-alkylthiophene)s with
ferrocene substituents. Polym. Int. 2006, 55, 780-783. [CrossRef]

Salatelli, E.; Benelli, T.; Caretti, D.; Cocchi, V.; Giorgini, L.; Lanzi, M.; Mazzocchetti, L. Novel porphyrin-containing regioregular
poly(alkylthiophene) copolymers tested as polymeric solar cells. Polymer 2016, 97, 314-322. [CrossRef]

Jayaraman, S.; Rajarathnam, D.; Srinivasan, M. Formation of polythiophene multilayers on solid surfaces by covalent molecular
assembly. Mater. Sci. Eng. B 2010, 168, 45-54. [CrossRef]

Li, Y,; Zhou, M.; Wang, Y.; Pan, Q.; Gong, Q.; Xia, Z.; Li, Y. Remarkably enhanced performances of novel polythiophene-grafting-
graphene oxide composite via long alkoxy linkage for supercapacitor application. Carbon 2019, 147, 519-531. [CrossRef]

Lan, X;; Liu, C.; Wang, T.; Hou, J.; Xu, J.; Tan, R.; Nie, G.; Jiang, F. Effect of functional groups on the thermoelectric performance of
carbon nanotubes. J. Electron. Mater. 2019, 48, 6978-6984. [CrossRef]

Ranu, B.C.; Bhar, S. Dealkylation of ethers. A review. Org. Prep. Proced. Int. 1996, 28, 371-409. [CrossRef]

Pei, Q.; Zuccarello, G.; Ahlskog, M.; Inganés, O. Electrochromic and highly stable poly(3,4-ethylenedioxythiophene) switches
between opaque blue-black and transparent sky blue. Polymer 1994, 35, 1347-1351. [CrossRef]

Deepa, M.; Bhandari, S.; Kant, R. A comparison of charge transport behavior in functionalized and non-functionalized poly 3,
4-(ethylenedioxythiophene) films. Electrochim. Acta 2009, 54, 1292-1303. [CrossRef]

Balog, M.; Rayah, H.; Le Derf, F.; Sallé, M. A versatile building block for EDOT or PEDOT functionalization. New J. Chem. 2008,
32,1183-1188. [CrossRef]


http://doi.org/10.1002/celc.201701282
http://doi.org/10.4172/2161-0401.1000154
http://doi.org/10.1002/aenm.202201975
http://doi.org/10.1055/s-0035-1561596
http://doi.org/10.1002/marc.201700428
http://doi.org/10.1016/j.electacta.2004.10.037
http://doi.org/10.1021/ma900358x
http://doi.org/10.1002/pola.24128
http://doi.org/10.1016/j.synthmet.2010.10.026
http://doi.org/10.1002/polb.24282
http://doi.org/10.1021/acsami.9b21058
http://www.ncbi.nlm.nih.gov/pubmed/31995987
http://doi.org/10.1021/acs.jpcc.1c04966
http://doi.org/10.1016/j.synthmet.2005.07.132
http://doi.org/10.1002/adma.19960080305
http://doi.org/10.1002/pi.1982
http://doi.org/10.1016/j.polymer.2016.05.040
http://doi.org/10.1016/j.mseb.2010.01.052
http://doi.org/10.1016/j.carbon.2019.03.030
http://doi.org/10.1007/s11664-019-07519-6
http://doi.org/10.1080/00304949609356549
http://doi.org/10.1016/0032-3861(94)90332-8
http://doi.org/10.1016/j.electacta.2008.09.010
http://doi.org/10.1039/b715568a

Polymers 2023, 15, 205 41 of 42

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.
205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Daugaard, A.E.; Hvilsted, S.; Hansen, T.S.; Larsen, N.B. Conductive polymer functionalization by click chemistry. Macromolecules
2008, 41, 4321-4327. [CrossRef]

Bu, H.-B.; Gotz, G.; Reinold, E.; Vogt, A.; Schmid, S.; Blanco, R.; Segura, J.L.; Bauerle, P. “Click”-functionalization of conducting
poly(3,4-ethylenedioxythiophene)(PEDOT). Chem. Commun. 2008, 1320-1322. [CrossRef]

Wei, B.; Ouyang, L.; Liu, J.; Martin, D.C. Post-polymerization functionalization of poly(3,4-propylenedioxythiophene)(PProDOT)
via thiol-ene “click” chemistry. J. Mater. Chem. B 2015, 3, 5028-5034. [CrossRef]

Daugaard, A.E.; Hansen, T.S.; Larsen, N.B.; Hvilsted, S. Microwave assisted click chemistry on a conductive polymer film. Synth.
Met. 2011, 161, 812-816. [CrossRef]

Goll, M,; Ruff, A.; Muks, E.; Goerigk, F.; Omiecienski, B.; Ruff, I.; Gonzalez-Cano, R.C.; Navarrete, ].T.L.; Delgado, M.C.R,;
Ludwigs, S. Functionalized branched EDOT-terthiophene copolymer films by electropolymerization and post-polymerization
“click”-reactions. Beilstein ]. Org. Chem. 2015, 11, 335-347. [CrossRef] [PubMed]

Besbes, M.; Trippé, G.; Leviallain, E.; Mazari, M.; Le Derf, F,; Perepichka, LE,; Derdour, A.; Gorgues, A.; Sallé, M.; Roncali, J. Rapid
and Efficient Post-Polymerization Functionalization of Poly (3,4-ethylenedioxythiophene)(PEDOT) Derivatives on an Electrode
Surface. Adv. Mater. 2001, 13, 1249-1252. [CrossRef]

Bhandari, S.; Deepa, M.; Srivastava, A K.; Kant, R. Post-polymerization functionalization of poly(3,4-ethylenedioxythiophene)
films by 1-fluoro-2-nitro-4-azidobenzene: Electrochromism and redox behavior. J. Mater. Chem. B 2009, 19, 2336—2348. [CrossRef]
Weng, M.; Yu, X. Electrochemical oxidation of para-aminophenol with rare earth doped lead dioxide electrodes: Kinetics modeling
and mechanism. Front. Chem. 2019, 7, 382. [CrossRef] [PubMed]

Gulprasertrat, N.; Chapromma, .; Aree, T.; Sritana-anant, Y. Synthesis of functionalizable derivatives of 3,4-ethylenedioxythiophene
and their solid-state polymerizations. J. Appl. Polym. Sci. 2015, 132, 42233. [CrossRef]

Huang, X,; Yang, L.; Emanuelsson, R.; Bergquist, J.; Stremme, M.; Sjodin, M.; Gogoll, A. A versatile route to polythiophenes with
functional pendant groups using alkyne chemistry. Beilstein ]. Org. Chem. 2016, 12, 2682-2688. [CrossRef]

Qu, K.; Kondengaden, S.M,; Li, J.; Wang, X.; Sevilla, M.D; Li, L.; Zeng, X. Carbohydrate-functionalized polythiophene biointerface:
Design, fabrication, characterization and application for protein analysis. Appl. Surf. Sci. 2019, 486, 561-570. [CrossRef]
Camurlu, P; Guven, N.; Bicil, Z. Ferrocene clicked polypyrrole derivatives: Effect of spacer group on electrochemical properties
and post-polymerization functionalization. Des. Monomers Polym. 2016, 19, 212-221. [CrossRef]

Camurlu, P.; Karagoren, N. Clickable, versatile poly(2,5-dithienylpyrrole) derivatives. React. Funct. Polym. 2013, 73, 847-853.
[CrossRef]

Raicopol, M.; Andronescu, C.; Atasiei, R.; Hanganu, A.; Pilan, L. Post-polymerization electrochemical functionalization of a
conducting polymer: Diazonium salt electroreduction at polypyrrole electrodes. J. Electrochem. Soc. 2014, 161, G103. [CrossRef]
Jang, K.S.; Lee, H.; Moon, B. Synthesis and characterization of water soluble polypyrrole doped with functional dopants. Synth.
Met. 2004, 143, 289-294. [CrossRef]

Das, S.; Dutta, K.; Kundu, P.P. Sulfonated polypyrrole matrix induced enhanced efficiency of Ni nanocatalyst for application as an
anode material for DMFCs. Mater. Chem. Phys. 2016, 176, 143-151. [CrossRef]

Bieniarz, C.; Husain, M.; Tarcha, PJ. Evidence for the Addition of Nucleophiles to the Surface of Polypyrrole Latex. Macromolecules
1999, 32, 792-795. [CrossRef]

Frontera, E. Quimica Combinatoria de Nanomateriales. PhD Thesis, UNRC, Rio Cuarto, Argentina, 2012.

Miodek, A.; Mejri-Omrani, N.; Khoder, R.; Korri-Youssoufi, H. Electrochemical functionalization of polypyrrole through amine
oxidation of poly(amidoamine) dendrimers: Application to DNA biosensor. Talanta 2016, 154, 446-454. [CrossRef]

Raicopol, M.; Andronescu, C.; Atasiei, R.; Hanganu, A.; Manea, A.M.; Rau, I; Kajzar, F; Pilan, L. Synthesis of conducting
azopolymers by electrochemical grafting of a diazonium salt at polypyrrole electrodes. Synth. Met. 2015, 206, 84-91. [CrossRef]
Huisgen, R. Centenary lecture-1,3-dipolar cycloadditions. In Proceedings of the Chemical Society of London; Royal Soc Chemistry
Thomas Graham House, Science Park, Milton Rd: Cambridge, UK, 1961; p. 357.

Assresahegn, B.D.; Brousse, T.; Bélanger, D. Advances on the use of diazonium chemistry for functionalization of materials used
in energy storage systems. Carbon 2015, 92, 362-381. [CrossRef]

Gomberg, M.; Bachmann, W.E. The synthesis of biaryl compounds by means of the diazo reaction. . Am. Chem. Soc. 1924, 46,
2339-2343. [CrossRef]

Kim, D.; Lee, J.; Kim, C.; Kang, E.; Tan, K. Difference in doping behavior between polypyrrole films and powders. Synth. Met.
1995, 72, 243-248. [CrossRef]

Gustafsson, G.; Lundstrom, I.; Liedberg, B.; Wu, C.; Inganés, O.; Wennerstrom, O. The interaction between ammonia and
poly(pyrrole). Synth. Met. 1989, 31, 163-179. [CrossRef]

Guimard, N.K.; Gomez, N.; Schmidt, C.E. Conducting polymers in biomedical engineering. Prog. Polym. Sci. 2007, 32, 876-921.
[CrossRef]

Hu, J.; Wang, J.; Nguyen, T.H.; Zheng, N. The chemistry of amine radical cations produced by visible light photoredox catalysis.
Beilstein J. Org. Chem. 2013, 9, 1977-2001. [CrossRef] [PubMed]

Shirakawa, H.; Louis, E.J.; MacDiarmid, A.G.; Chiang, C.K.; Heeger, A.J. Synthesis of electrically conducting organic polymers:
Halogen derivatives of polyacetylene,(CH) x. J. Chem. Soc. Chem. Commun. 1977, 578-580. [CrossRef]

Pauly, A.C.; Theato, P. Synthesis and characterization of poly(phenylacetylenes) featuring activated ester side groups. J. Polym.
Sci. Part A Polym. Chem. 2011, 49, 211-224. [CrossRef]


http://doi.org/10.1021/ma702731k
http://doi.org/10.1039/b718077b
http://doi.org/10.1039/C4TB02033B
http://doi.org/10.1016/j.synthmet.2011.02.005
http://doi.org/10.3762/bjoc.11.39
http://www.ncbi.nlm.nih.gov/pubmed/25815088
http://doi.org/10.1002/1521-4095(200108)13:16&lt;1249::AID-ADMA1249&gt;3.0.CO;2-W
http://doi.org/10.1039/b819807a
http://doi.org/10.3389/fchem.2019.00382
http://www.ncbi.nlm.nih.gov/pubmed/31245351
http://doi.org/10.1002/app.42233
http://doi.org/10.3762/bjoc.12.265
http://doi.org/10.1016/j.apsusc.2019.04.231
http://doi.org/10.1080/15685551.2015.1136526
http://doi.org/10.1016/j.reactfunctpolym.2013.03.014
http://doi.org/10.1149/2.0871412jes
http://doi.org/10.1016/j.synthmet.2003.12.013
http://doi.org/10.1016/j.matchemphys.2016.03.046
http://doi.org/10.1021/ma981109i
http://doi.org/10.1016/j.talanta.2016.03.076
http://doi.org/10.1016/j.synthmet.2015.05.006
http://doi.org/10.1016/j.carbon.2015.05.030
http://doi.org/10.1021/ja01675a026
http://doi.org/10.1016/0379-6779(95)03286-X
http://doi.org/10.1016/0379-6779(89)90812-6
http://doi.org/10.1016/j.progpolymsci.2007.05.012
http://doi.org/10.3762/bjoc.9.234
http://www.ncbi.nlm.nih.gov/pubmed/24204409
http://doi.org/10.1039/c39770000578
http://doi.org/10.1002/pola.24442

Polymers 2023, 15, 205 42 of 42

216.

217.

218.

219.
220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Fabre, B.; Simonet, J. Post-polymerization electrochemical functionalization of a conducting polymer: Anodic cyanation of
poly(p-dimethoxybenzene). |. Electroanal. Chem. 1996, 416, 187-189. [CrossRef]

Duchateau, J.; Lutsen, L.; Guedens, W.; Cleij, T.].; Vanderzande, D. Versatile post-polymerization functionalization of poly(p-
phenylene vinylene) copolymers containing carboxylic acid substituents: Development of a universal method towards functional
conjugated copolymers. Polym. Chem. 2010, 1, 1313-1322. [CrossRef]

Fabre, B.; Kanoufi, F.; Simonet, J. Electrochemical and XPS investigations of the anodic substitution of an electronic conducting
polymer. Cyanation of poly[(1,4-dimethoxybenzene)-co-(3-methylthiophene)]. J. Electroanal. Chem. 1997, 434, 225-234. [CrossRef]
Andreades, S.; Zahnow, E. Anodic cyanations of aromatic compounds. J. Am. Chem. Soc. 1969, 91, 4181-4190. [CrossRef]
Bradley, D. Precursor-route poly(p-phenylenevinylene): Polymer characterisation and control of electronic properties. . Phys. D
Appl. Phys. 1987, 20, 1389. [CrossRef]

Cid, J.-J.; Duchateau, J.; Van Severen, I.; Ganivet, C.R.; de la Torre, G.; Vazquez, P; Cleij, T.; Lutsen, L.; Vanderzande, D.;
Torres, T. Synthesis and characterization of high molecular weight phthalocyanine-PPV copolymers through post-polymerization
functionalization. |. Porphyr. Phthalocyanines 2011, 15, 659-666. [CrossRef]

Campo, B.J.; Duchateau, J.; Ganivet, C.R.; Ballesteros, B.; Gilot, J.; Wienk, M.M.; Oosterbaan, W.D.; Lutsen, L.; Cleij, TJ.; de la
Torre, G. Broadening the absorption of conjugated polymers by “click” functionalization with phthalocyanines. Dalton Trans.
2011, 40, 3979-3988. [CrossRef] [PubMed]

Ma, C.; Wang, Z.; Huang, X.; Lu, G.; Manners, I.; Winnik, M.A.; Feng, C. Water-Dispersible, Colloidally Stable, Surface-
Functionalizable Uniform Fiberlike Micelles Containing a t-Conjugated Oligo (p-phenylenevinylene) Core of Controlled Length.
Macromolecules 2020, 53, 8009-8019. [CrossRef]

Borah, R.; Ingavle, G.C.; Kumar, A.; Sandeman, S.R.; Mikhalovsky, S.V. Surface-functionalized conducting nanofibers for
electrically stimulated neural cell function. Biomacromolecules 2021, 22, 594-611. [CrossRef] [PubMed]

Wosnick, J.H.; Mello, C.M.; Swager, T.M. Synthesis and application of poly(phenylene ethynylene)s for bioconjugation: A
conjugated polymer-based fluorogenic probe for proteases. J. Am. Chem. Soc. 2005, 127, 3400-3405. [CrossRef]

Neher, D. Polyfluorene homopolymers: Conjugated liquid-crystalline polymers for bright blue emission and polarized electrolu-
minescence. Macromol. Rapid Commun. 2001, 22, 1365-1385. [CrossRef]

Li, Y.; Vamvounis, G.; Holdcroft, S. Control of conjugation length and enhancement of fluorescence efficiency of poly(p-
phenylenevinylene)s via post-halogenation. Chem. Mater. 2002, 14, 1424-1429. [CrossRef]

Marsitzky, D.; Klapper, M.; Miillen, K. End-functionalization of poly(2,7-fluorene): A key step toward novel luminescent rod-coil
block copolymers. Macromolecules 1999, 32, 8685-8688. [CrossRef]

Xue, C.; Donuru, V.R,; Liu, H. Facile, versatile prepolymerization and postpolymerization functionalization approaches for
well-defined fluorescent conjugated fluorene-based glycopolymers. Macromolecules 2006, 39, 5747-5752. [CrossRef]

Kardelis, V.; Denk, M.M.; Adronov, A. Click-Functionalization of a Poly (Tetrazine-co-Fluorene)-Conjugated Polymer with a
Series of trans-Cyclooctene Derivatives. Angew. Chem. Int. Ed. 2021, 133, 3017-3023. [CrossRef]

Malik, A.H.; Hussain, S.; Kalita, A.; Iyer, PK. Conjugated polymer nanoparticles for the amplified detection of nitro-explosive
picric acid on multiple platforms. ACS Appl. Mater. Interfaces 2015, 7, 26968-26976. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S0022-0728(96)01014-5
http://doi.org/10.1039/c0py00086h
http://doi.org/10.1016/S0022-0728(97)00259-3
http://doi.org/10.1021/ja01043a028
http://doi.org/10.1088/0022-3727/20/11/007
http://doi.org/10.1142/S1088424611003562
http://doi.org/10.1039/c0dt01348j
http://www.ncbi.nlm.nih.gov/pubmed/21416102
http://doi.org/10.1021/acs.macromol.0c01631
http://doi.org/10.1021/acs.biomac.0c01445
http://www.ncbi.nlm.nih.gov/pubmed/33448795
http://doi.org/10.1021/ja043134b
http://doi.org/10.1002/1521-3927(20011101)22:17&lt;1365::AID-MARC1365&gt;3.0.CO;2-B
http://doi.org/10.1021/cm011603s
http://doi.org/10.1021/ma991216s
http://doi.org/10.1021/ma060422e
http://doi.org/10.1002/ange.202010795
http://doi.org/10.1021/acsami.5b08068

	Introduction 
	Covalent Functionalization of Conductive Polymers 
	Polyaniline Functionalization 
	Electrophilic Substitution (SEAr) on Diphenylamine Rings 
	Nucleophile Addition on Quinonimine Units 
	Reactions on Preattached Reactive Groups 

	Polythiophene Functionalization 
	Direct reactions on the Thiophene Ring 
	Reaction with Active Groups Present in Substituted Polythiophenes 
	Reactions with Substituted Poly(3,5-dioxythiophene) (PEDOT) 

	Polypyrrole Functionalization 
	Functionalization of Other Conducting Polymers 
	Poly(acetylene) 
	Poly(phenylene)s 
	Poly(phenylenevinylene) (PPV) 
	Poly(phenylene ethynylene) 
	Poly(fluorene) (PFO) 


	Conclusions 
	Patents 
	References

