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Abstract: Since the discovery of conductive polyacetylene, conductive electroactive polymers are
at the focal point of technology generation and biocommunication materials. The reasons why
this research never stops growing, are twofold: first, the demands from the advanced technology
towards more sophistication, precision, durability, processability and cost-effectiveness; and second,
the shaping of conducting polymer research in accordance with the above demand. One of the major
challenges in conducting polymer research is addressing the processability issue without sacrificing
the electroactive properties. Therefore, new synthetic designs and use of post-modification techniques
become crucial than ever. This quest is not only advancing the field but also giving birth of new hybrid
materials integrating merits of multiple functional motifs. The present review article is an attempt to
discuss the recent progress in conducting polymer grafting, which is not entirely new, but relatively
lesser developed area for this class of polymers to fine-tune their physicochemical properties. Apart
from conventional covalent grafting techniques, non-covalent approach, which is relatively new but
has worth creation potential, will also be discussed. The aim is to bring together novel molecular
designs and strategies to stimulate the existing conducting polymer synthesis methodologies in order
to enrich its fascinating chemistry dedicated toward real-life applications.
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1. Introduction

Conducting polymers are considered as the fourth generation of polymeric materials.
The physicochemical properties inherited from typical polymeric materials combined with the fascinating
electrical conductivity approaching metals in cases, brought this class of materials in the focal point of
scientific research towards energy applications for decades [1-6]. Apart from energy application centered
on electrical and electronic properties, conducting polymers are becoming increasingly attractive towards
various biomedical applications too due to their responsive chemistry in presence of electrical fields from
various types of tissues, including muscle, connective tissue, epithelium and nervous tissue [7-11]. The
opportunity to synthesize new conducting polymers with improved and desired properties began to
attract the attention of synthetic chemists in the 1980s. Since then a wide range of conducting polymers
and their derivatives are synthesized. Some of the most widely used and popular conducting polymers are
polyacetylene, polythiophene, poly[3—ethylenedioxy)thiophene], polypyrrole, and polyaniline (Scheme 1).

A key and unique property of a conducting polymer is the presence of conjugated double bonds
along its backbone. However, conjugation alone is not enough to make a polymer conductive. The other
prerequisite is that some charge carriers in the form of extra electrons or holes have to be injected into
the material. Such doping not only induces carriers into the electronic structure but also leads carrier
delocalization along the polymer chain and to charge carrier mobility, which is extended into three
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dimensions through interchain electron transfer [12]. During the doping process, an organic polymer,

either an insulator or semiconductor having a small conductivity typically in the range 1071% to 107 S

1,is converted into a polymer which is in the ‘metallic’ conducting regime (ca. 1 to 10* S cm™).
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Scheme 1. Chemical formulae of most widely used conducting polymers.

The physicochemical properties of a conducting polymer crucially depend on several factors such
as: the chemical identity of the monomer, molecular weight, presence of functional groups and side
chains attached to the monomeric units, and even on the polymer conformation. On the other hand,
the conduction property of the polymer is directly influenced by any factors affecting the electron
delocalization along the main chain. Therefore, designing a conducting polymer is much more than
only overcoming the synthetic complexity. Time to time functionalization of conducting polymers is
perhaps more challenging compared to the synthesis of the parent molecules [7,13]. There are various
available routes for conducting polymer synthesis such as chemical [14-17], electrochemical [18-21],
photochemical [22,23], metathesis [24,25], emulsion [26-28], plasma [29,30] etc. While synthesis of the
polymer is the important first step, frequently the resultant polymer lacks in desired properties at
the desired levels. Processability, morphology, stability, durability etc. are some of the issues, which
are extremely vital in the field of technology generation based on the conducting polymer. Such
properties are not always solely dependent on the chemical nature of the polymer backbone but on
other factors such as availability of the functional groups, nature of the side chain etc. Therefore,
engineering chemical structure by keeping the polymeric backbone intact is a well-established strategy
for fine-tuning the conducting polymer physicochemical properties. The side chains in conjugated
polymers are primarily beneficial as solubilizing groups. However, the overall contribution of side
chains is truly far-reaching and a side chain modification can directly influence the optical, electronic,
conformational and electrical properties [31]. Therefore, sidechain functionalization of conducting
polymers is a popular approach to fine-tune the polymer property. While the polarity (electron
withdrawing vs. electron donating) of the sidechain can influence the main chain charge transport,
the steric factor of the functional group can alter the planarity and conformation of the main chain
thereby influencing the conjugation behavior. On downside amplification of a particular property by
side chain modification frequently sacrifices the conduction efficiency of the parent polymer.

The physicochemical property of a polymer can be engineered even more drastically by making
a copolymer with another polymer or with the help of grafting. Conducting polymers as the
components in block-copolymer systems have been reported for nanostructural control as alternative to
lithography [32]. However, the conducting property can severely be scarified in this approach because
of dilution effect from nonconducting components. Grafting of the polymers [33,34] on the other hand
is an old and classical approach; however, this strategy with conducting polymer is still new and
under development. Grafting of conducting polymer is particularly important, as it does not alter the
extended conjugated structure in the main chain, however, is capable of introducing and integrating the
properties from the grafted materials. Grafting can potentially compensate and improve the properties
of the conducting polymers beyond its charge transport, and therefore it could be more associated with
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solubility, nanodimensional morphology, biocompatibility, biocommunication etc. Especially, in order
to qualify for technological or biomedical application conducting polymers need several other factors
than only electron delocalization. In this question, it is hard to find the alternatives of grafting with
other conventional nonconducting polymers frequently visible in industrial and biomedical sectors.

This review specifically aims to bring together the novel strategies built around conducting
polymer grafting to stimulate the real-life applications of this class of materials. We will emphasize on
key and recent report based on novelty in strategy, urgency in terms of application and variations in
grafted materials. While covalent grafting is a more conventional approach noncovalent immobilization
of polymeric counterpart with the parent polymer is no longer a fantasy either. Therefore, we will also
discuss the importance and the essence of noncovalent grafting of conducting polymer with the help
of limited examples. Ultimately, our goal will be to critically assess and demonstrate at the same time,
how the power of grafting can revolutionize the fate of conducting polymer chemistry from academic
interest to technology generation and biocommunication.

2. Covalent Grafting of Conducting Polymers

The covalent approach for the synthesis of graft copolymers is the conventional method of
grafting. It ensures a highest degree of property mixing among associated species and thus, offers
the scope of material design as per the requirement. General methods to synthesize graft copolymers
are of three types: (i) ‘grafting to’, (ii) ‘grafting from” and (iii) ‘grafting through” (Figure 1) [35].
In brief, ‘grafting to’ method involves attachment of pre-polymerized chains to backbone polymer
having reactive end-groups [36]. In ‘grafting from’, conducting polymer backbone functionalized with
initiation sides acts as macroinitiator, from which the side chains are grown afterwards [37]. ‘Grafting
through” method involves synthesis of macromonomers that form backbone polymer after subsequent
polymerization [38].
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Figure 1. Generalized categories of graft copolymer synthesis: grafting through (macromonomer
approach), grafting from (macroinitiator approach), and grafting to. Reproduced with permission [35].

Selected works on covalent grafting of conducting polymers are summarized in Table 1. Among
various polymerization techniques available in the literature, the most frequently used methods for the
synthesis of conducting polymers are oxidative-radical coupling in presence of oxidant catalyst [39]
and electrochemical polymerization at electrode surface [40]. For example, Khairkar et al. [41] prepared
chitosan—graft—polyaniline via oxidative polymerization of aniline in acidic medium using ammonium
persulfate (APS) catalyst (Scheme 2). This approach resulted in a cost-effective, environmentally
benign conductive biomaterial for sensing application. In a similar way, Abd El-Salam et al. grafted
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poly(2-hydroxyaniline) and poly(2-methylaniline) on chitosan for the wastewater treatment [42,43].
Polyacrylamide—graft—poly(2-methoxyaniline) [44] was also developed by the same group to adsorb
lead selectively from contaminated water. Pandey et al. [45] modified natural polymer xanthan gum
(XG) by grafting polyaniline (PANI) on it. This XG—¢—PANI was reported to show high response and
recovery times (in order of 10-30 s) in ammonia vapor (concentration range: 1-100 ppb), even at room
temperature. Thus, it can be used as a promising ammonia sensor.

OH OH o o oH
o) o) OH APS o 0
NH
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(e] (o] HCI HO o
HO NH, Ie} NH
HO NH,
HO NH, n

Scheme 2. Grafting of polyaniline on chitosan.

Moreover, Ramaprasad et al. [46] followed similar approach in order to prepare more processable
polypyrrole (PPy) by grafting PPy onto chitin (Scheme 3) using APS. The authors verified the grafting
of PPy by dissolution studies of as prepared material and calculated the % grafting of PPy on chitin via
gravimetric method. In another example, Rezaei et al. [47] prepared novolacs grafted with PANI to
develop a new adhesive. For the synthesis, they performed grafting of novolacs with p-aminobenzoic
acid to introduce amine groups to the novolacs, from which further polymerization of aniline was
initiated to form the final graft polymer. After grafting, the authors found a decrease in tensile
strength and elasticity. However, the grafting appeared to have no effect on the conductivity of PANI,
making the graft polymer an interesting candidate as conductive adhesive. In addition, Smirnov
et al. [48] prepared polyacrylamide—g—polyaniline electroconductive fibrous mat by electrospinning
of copolymers in a water-dimethyl formamide mixed solvent. This fibrous mat can be utilized as a
potential electrode material for supercapacitors.
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Scheme 3. Proposed mechanism of grafting of PPy onto chitin.

Using the electrochemical polymerization approach, conducting polymer poly
(3,4-ethylenedioxythiophene) (PEDOT) grafted hyperbranched polyglycerol (HPG) was synthesized
by Ma et al. [49]. To synthesize the graft conducting polymer (Figure 2), the author introduced
hydroxyl groups containing side chains to develop 3,4-ethylenedioxythiophene (EDOT) based monomer,
which after subsequent electropolymerization on glass carbon electrode followed by the attachment of
alpha-fetoprotein (AFP) antibodies produced antifouling and conducting biosensors. Very recently, Molina
et al. [50] designed and developed an amphiphilic conducting graft copolymer having “rod-coil” type
randomly distributed conducting backbone of PPy, poly(Schiff base) (PSB) and hydrophilic poly(ethylene
glycol) (PEG) side chains. For the synthesis, they prepared bis (pyrrole) benzoic Schiff base-containing
PEG macromonomer (AzbPy-¢g-PEG), which after subsequent electrochemical co-polymerization
with pyrrole monomers produced the desired polymer P(Py—co-AzbPy—¢-PEG) (Figure 3) capable of
generating implantable electrodes for serotonin detection. This macromonomer approach was also
employed by Hatamzadeh et al. [51] for the grafting of PPy on thiophene-functionalised polystyrene (PS)
macromonomer via the oxidative polymerization of pyrrole monomer. The graft conducting polymer is
more solution processable compared to PPy itself. Also, grafting with non-conjugated polystyrene was
reported not to affect the characteristic redox behavior of PPy.
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Figure 2. Synthesis route of the new EDOT-based monomer (top), and electrochemical synthesis of
PEDOT—graft-HPG. Reproduced with permission [49].
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Figure 3. Scheme illustrating the anodic polymerization of P(Py-co-AzbPy—¢-PEG). Reproduced with
permission [50].

In another approach, Guo et al. [52] took tetramer of aniline (AT) instead of PANI to prepare
dextran—graft—(aniline tetramer)—graft—(4-formylbenzoic acid). First, they synthesized hexamethylene
diisocyanate-graft-AT and then substituted with dextran. In the next step, 4-formylbenzoic acid
was grafted (Figure 4). With this copolymer they developed degradable, conductive, self-healing
injectable hydrogel in N-carboxyethyl chitosan solution for myoblast cell therapy and muscle repair.
The same research group offered another hydrogel consisting of N-carboxyethyl (oxidized hyaluronic
acid)—graft—-(PANI tetramer) [53] for the delivery of antibiotic (amoxicillin). The hydrogel was reported
to possess good antibacterial, wound healing properties and it can also prevent wound infections. The
gels with higher AT contents showed faster wound healing processes compared to the one with less
amount of AT.

()= » OO (b) B >~
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Figure 4. (a) Synthesis of dextran—graft—(aniline tetramer)-graft—(4-formylbenzoic acid), (b) Preparation
of conducting self-healing hydrogel. Reproduced with permission [52].
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Controlled radical polymerization such as Atom transfer radical polymerization (ATRP), reversible
addition-fragmentation chain transfer polymerization (RAFT) is another popular and well accepted
technique to develop a variety of conducting polymers-based brushes for wide range of applications.
Grafting of side chains not only increases the solubility and processability of conducting polymers
but also introduces modulation of properties by external stimuli such as temperature, pH, salt
concentration, and electrical potential etc. Conducting polymer grafting can also be done by
click reactions [54,55]. Using ATRP technique, Malmstrom et al. [37] successfully grafted pH
responsive poly(acrylic acid) brushes from PEDOT backbone. To generate ATRP initiating site,
the monomer of PEDOT was functionalized with 2-bromopropanoate. This monomer then was
electropolymerized to get bromo-functionalized PEDOT, which undergoes ATRP of tert-butyl acrylate
(tBA). PAA brush was obtained after acid hydrolysis of tert-butyl group. The conducting brush
was reported to exhibit pH sensitivity, improved aqueous solubility and redox behavior at basic pH,
thus can be utilized as functional biointerface and versatile cell culture substrate. Moreover, Zhao
et al. [56] reported grafting of neutral poly((oligo(ethylene glycol) methacrylate), poly(OEGMA),
and zwitterionic poly([2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide),
poly(SBMA) from bromo-containing PEDOT. A general electropolymerization was done prior to
grafting reaction to attach initiating -Br sites from PEDOT and then polymer brushes were grafted
via surface-initiated ATRP(SI-ATRP). These brushes were reported to prevent cell attachment and
adhesion on the copolymer grafted surface. A self-templating SI-ATRP technique in combination
with oxidative polymerization was developed by Wolski et al. [57] to produce conjugated ladder-like
polythiophene-based polymer brushes. In this two-step process, 3-methylthienyl methacrylate
was polymerized via SI-ATRP giving grafted poly(3-methylthienylmethacrylate) (PMTM) brushes
with pendant polymerizable thiophene groups, which after subsequent template polymerization
resulted in the formation of ladder-like architecture. Ghosh et al. [58] have synthesized water soluble
polythiophene—g-poly-[N-(6-methyluracilyl)-N,N-dimethylaminochloride]ethylmethacrylate (PTDU),
which shows thermo-responsiveness in presence of halides and exhibits light induced conformational
change. The thermoresponsive behavior was introduced to polythiophene backbone via ATRP of
2-(dimethylamino)-ethyl methacrylate (DMAEMA) from polythiophene macroinitiator (PTI) giving
PTDU. Then, cationic PTDU was prepared by the quaternization of amine groups of DMAEMA with
6-chloromethyl uracil (Figure 5). Attachment of the uracil moieties makes the system responsive to
diffused light by changing the conformation from extended to coiled structure.

In another interesting example, Strover et al. [59] grafted hydrophilic poly(2-hydroxyethyl
methacrylate) on bromo-initiator functionalized conducting polymer poly(2-(2,5-di(pyrrol-2-yl)
thiophen-3-yl) (PPyThon) using electrochemically controlled ATRP (eATRP). For the first time
this group introduced eATRP as a grafting method where PPyThon was used as a working
electrode and macroinitiator as well, from which electrografting of (2-hydroxyethyl methacrylate)
occurs giving the graft polymer via ATRP. Recently, Chan et al. [60] prepared thermoresponsive
water soluble laterally-branched phenylene derivative of polythiophene (PThP) to develop soluble
thermometer. At first, PThP attached with ATRP initiating sites and azide groups in the side
chains was prepared and then subjected to ATRP to graft poly(ethylene glycol) methacrylate
(PEGMA) generating water soluble conducting polymers. To introduce thermoresponsive
behavior, propargyl functionalised poly(2-n-propyl-2-oxazoline) was then grafted via click reaction.
Voorhaar et al. [61] prepared self-healing graft copolymer for stretchable and wearable electronics.
To introduce self-healing properties, PThP was grafted by poly(acetamidoalkyl acrylate) side
chains via controlled radical polymerizations of 3-acetamidopropyl acrylate and 6-acetamidohexyl
acrylate. In another example, Mohamed et al. [62] used a combination of oxidative radical
polymerization and click reactions to synthesize amphiphilic polythiophene—graft—poly(ethylene
oxide)(P3HT-¢-PEO) copolymer. To synthesize this copolymer, random copolymer of
3-hexylthiophene (P3HT) and 3-(6-bromohexylthiophene) (P3HT-Br) were prepared via oxidative
polymerization and treated with sodium azide (NaN3) to form azido-functionalized polythiophene.
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Finally, polythiophene—graft—poly(ethylene oxide) was synthesized from alkyne terminated PEO via
alkyne-azide click reaction (Scheme 4).
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Figure 5. Synthesis of PTDU from 3-(2-Hydroxyethyl)thiophene. Reproduced with permission
from [58].
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Scheme 4. Synthesis of PAHT-¢-PEO random copolymers through oxidative polymerization and
click reactions.

To explore the properties of all-conjugated graft architectures, Obhi et al. [63] synthesized a comb
polymers polythiophene-graft—polyselenophene, having polythiophene backbone and polyselenophene
side chains. This synthesis was not very straight forward and was done only for low and medium graft
density by synthesizing azide-functionalized polythiophene and acetylene-terminated polyselenophene
via Kumada catalyst-transfer polycondensation polymerization (KCTP), followed by alkyne-azide click
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reaction between them. Using Kumada cross-coupling reaction thiophene-functionalized poly(vinyl
chloride) (PVC) macromonomer (ThPVCM) was prepared by Massoumi et al. [64] for chemical
and electrochemical grafting of polythiophene on PVC. The graft polymer was then synthesized
chemically from the macromonomer via oxidative polymerization of thiophene and electrochemically
by electrolysis under constant potential. In another interesting study, Hong et al. [65] reported a simple
approach to prepare polythiophene containing branched chains in a single step via dual initiation
polymerization technique. This approach consists of both oxidative and metal-catalyzed radical
polymerization simultaneously in presence of Cu?*/Cu* catalyst system that allows polymerizations
of both the backbone polythiophene and branched polymers in a single step (Figure 6).
Dual initiation

- ﬂ ]
Br polymerization

+ T\ —
‘ R (Single-step Process)

R
(a) OH
0 Triethylamine 0
+ %Br Br
/ \ Br Dichloromethane
s oc,2ene (/)

o]
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(b) O—y s Il
tyrene, Cu'Br,,PMDETA Br
Br
CHCl,, 80°C, 24hr m
— 3 m
* s” Th

s

Figure 6. Schematic illustration and synthetic route of the synthesis of r-conjugated polymers bearing
branched chains (a) via the dual initiation polymerization process. (b) Reproduced with permission [65].

Apart from the grafting of regular polymers people also use covalent grafting of polypeptide as
an alternative approach to composite formation in order to prevent leaching of polypeptides from
the scaffold materials. As for example, Akbulut et al. [66] prepared polythiophne—graft—polyalanine
(PTh—g-PAla), which after attachment with glucose oxidase (GOx) enzyme can act as a glucose sensor.
For the synthesis, thiophene-functionalized polypeptide macromonomer by the N-carboxyanhydride
(NCA) ROP was prepared first and then electropolymerization of the macromonomer was done.
This biosensor was reported to possess better sensitivity and repeatability due to inhibition of leaching.
Moreover, Guler et al. [67] synthesized polythiophene-g—polyphenylalanine (PTh—¢-PPhe) and attached
GOx to develop similar type of biosensor. Further, RGD was attached to the polyphenylalanine chains
of this graft copolymer to promote better cell adhesion.

In order to develop electroactive biomaterials for biomedical applications, grafting of biocompatible
and biodegradable polymers such as poly(caprolactone) (PCL), poly(p,L-lactic acid) (PDLA, PLLA),
poly(glycolic acid) (PGA) with conducting polymers has gained much attention as a novel approach.
To summarize the developing research on the synthesis of conducting polymer-based biomaterials and
improvement of their properties after grafting, very recently, Sliva et al. [68] presented a good review
article. Mainly, there are two ways to generate such conducting graft polymers: (i) attachment of
electroactive oligomers to the biodegradable polymers via ester linkage (Figure 7A) and (ii) subsequent
synthesis of electroactive, biodegradable polyesters macromonomer followed by polymerization of
conductive monomers (Figure 7B).
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Figure 7. Schematic illustrations for synthesis of (A) electroactive oligomers and block copolymers and
(B) electroactive macromonomers and graft copolymers. Reproduced with permission [68].

Using the oligomer attachment approach, Chen et al. [69] synthesized a series of biodegradable
electroactive shape memory-based polymer network comprising of aniline trimer as hard block, PEG
and PLLA as soft blocks for soft tissue engineering applications. By this combination the authors were
able to achieve super stretchability and low modulus required to mimic soft tissues. For muscle tissue
engineering, the same group developed biocompatible, biodegradable, electroactive copolymers of
polyurethane-urea (PUU), PLLA and aniline trimer [70]. The elastomeric properties of PUU combined
with the conductive behavior of aniline trimer and biocompatibility, biodegradability of PLLA make it
a potential candidate for repair and regeneration of soft tissues like skeletal muscle, cardiac and nerve
muscle. Although, oligoaniline (trimer, tetramer, pentamer) is a better substitute of PANI itself in terms
of biocompatibility, solubility and processability, but both the materials have harmful effect on cells for
long-term in vivo studies. To address this point, Spicer et al. [71] developed a series of oligomers of
EDOT for tissue engineering purposes.

Apart from the oligomer approach macromonomer approach is also very effective for the
development of degradable conducting graft copolymers. To exemplify, PCL grafted PPy was
synthesized by Guo et al. [72] aiming the fibrous membrane formation for biomedical applications.
First, pyrrole-¢—PCL (Py-g-PCL) macromonomer was synthesized using ROP of caprolactone.
Then, PPy—¢-PCL was achieved by oxidative polymerization of Py-g—PCL monomer. Recently,
Sliva et al. [73] reported a series of copolymer of PEDOT with poly(p,L-lactic acid) (PEDOT-co-PDLLA)
as a scaffold materials for neuronal tissue engineering. The copolymers were synthesized via subsequent
EDOT-PDLLA macromonomer production using ROP of lactide in presence of EDOT-OH, followed
by chemical copolymerization of EDOT monomers.
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Table 1. Representative important research works done in the field of covalent grafting of conducting polymers.

11 of 23

Conducting Polymer System Grafted/Attached System Approach Outcome Ref
. . N ATRP, followed by acid hydrolysis of tert- Functional biointerface and versatile cell
poly(3,4-ethylenedioxythiophene) Poly(acrylic acid) butyl acrylate culture substrate. [37]
poly(o-methoxyaniline) Polyacrylamide Oxidative-radical coupling Wastewater treatment [44]
Polyaniline Xanthan gum Oxidative polymerization Room temperature ammonia [45]
vapor sensor
Polyaniline Novolac Oxidative polymerization Conductive adhesive [47]
Polyaniline Polyacrylamide Electrospmn'mg of copolymers in a Potential electroconductlye fibrous mat [48]
mixed solvent for supercapacitors
. . - Amphiphilic conducting graft copolymer
Polypyrrole Poly(Schiff base) and poly Electrochemical co—Polymerlzatlon of pyrrole based implantable electrode for [50]
(ethylene glycol) and pre-synthesized macromonomer. . .
serotonin detection
Aniline tetramer Dextran and (4-formylbenzoic acid). Y . POy injectable hydrogel for myoblast cell [52]
coupling reaction from hexamethylene .
B 1 therapy and muscle repair
diisocyanate-graft-aniline tetramer
. . Self-templating SI-ATRP combined with Formation of conjugated ladder-like
Polythiophene Poly(3-methylthienylmethacrylate) oxidative polymerization architecture [57]
Water soluble conducting brush
Polvthiophene poly-[N-(6-methyluracilyl)-N,N- ATRP followed by quaternization of exhibiting light-Induced conformational 58]
yHiop dimethylaminochloride]ethylmethacrylate amine groups change and thermo-responsiveness in :
presence of halides.
Poly(2-(2,5-di(pyrrol-2-yl) g . New grafting method to produce
thiophen-3-yl) Poly(2-hydroxyethyl methacrylate) Electrochemically controlled ATRP (eATRP) hydrophilic conducting graft copolymers. [59]
s Poly(ethylene glycol) methacrylate and
Phenylene fierlvatlve of propargyl functionalised ATRP followed by click reaction Soluble thermometer [60]
polythiophene :
poly(2-n-propyl-2-oxazoline)
Phenylene derivative of . Self-healing, stretchable and
polythiophene Poly(acetamidoalkyl acrylate) ATRP wearable electronics (1]
Polythiophene Poly(ethylene oxide) Combination of oxidative radical More processable amphiphilic [62]

polymerization and click reactions

conducting system.
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Table 1. Cont.

12 of 23

Conducting Polymer System Grafted/Attached System Approach Outcome Ref.
. . . Production of all-conjugated comb-like
Polythiophene Polyselenophene KCTP followed by click reaction graft architectures [63]
Single step dual initiation polymerization . .
. technique consisting of both oxidative and Simple smgk step approach to. prepare
Polythiophene Polystyrene . conducting polymer containing [65]
metal-catalyzed radical )
N branched chains.
polymerization simultaneously
Polythiophene Polyalanine First ROP, then electropolymerization Glucose sensor [66]
Biodegradable shape memory-based
Aniline trimer Poly(ethyl_elr; i Eclyacctzii))and poly(t Coupling via polycondensation reaction. superstretchable electroactive elastomer [69]
network for soft tissue engineering.
Polypyrrole Poly(caprolacton) First ROP, then oxidative polymerization Degradable, fibrous, conducting scaffold [72]

materials for neuronal tissue engineering
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In recent years, the development of all-conjugated donor-acceptor based polymer solar cell
has gained high attention because the presence of both donor and acceptor segments in a single
polymer chain can contribute easily to fabricate high performance solar cell. The general methods
for the synthesis of all-conjugated donor-acceptor graft copolymers are beautifully summarized in a
mini-review article by Wang et al. [74]. The synthetic routes (Figure 8) are categorized into four types:
(i) step-wise monomer addition via catalyst transfer polycondensation, (ii) attachment of end-terminal
P3HT and end-functionalized n-type polymers (iii) copolymerization of end-functionalized conducting
polymers (mainly P3HT) with n-type monomers by Suzuki coupling, Yamamoto coupling, Stille
polycondensations, etc. and (iv) catalyst-transfer polycondensation from acceptor polymers
based macroinitiator.

[[ o%%®e0e so0000 1, ®eo®e

End-functional polymer coupling (Grafting-to) method

o¥%%0oce®e

Macroinitiator (Grafting-from) method

Figure 8. Synthetic approaches of all-conjugated D-A block copolymers. (The lighter shaded balls
stand for p-type monomers or p-type polymers, and the darker one stands for n-type monomers or
n-type polymers). Reproduced with permission [74].

The above examples give a good idea about how the covalent grafting of conducting polymers
are a steadily growing area. The key issue in this effort is to define the purpose of grafting. The nature
of grafted materials entirely depends on that purpose. Therefore, the same conducting polymer
backbones are being grafted with various polymeric or oligomeric materials. In the covalent grafting
approach, the grafted materials have a high degree of contribution to the overall system. Therefore,
complementarity in property and function makes this approach unique.

3. Non-Covalent Grafting of Conducting Polymers

The term grafting more commonly refers to a covalent attachment to the polymer backbone.
However, in cases, covalent grafting might have its own demerit too. Complex synthetic design and
modification techniques, undesired property modification, irreversible nature of attachments, are a few
key issues which prompted chemists to think about a more adaptive approach. Such concerns give
birth to an entirely unconventional grafting strategy where the associated components stay together
via noncovalent bonding. Therefore, one might also term this as supramolecular grafting.

To date, there are only a few reports on supramolecular grafting with nonconducting polymer,
which for example, utilized quadruple hydrogen bond formation [75], and host-guest complexation
between adamantyl group and (3-cyclodextrin [76], or between ferrocene and (3-cyclodextrin [77].
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The importance and usefulness of supramolecular grafting approach is perhaps even more important
for conducting polymers compared to the nonconducting polymer family. While grafting of the
conducting polymer can introduce the desired durability and processability on top of its unbeatable
electrical and electronic properties, in cases, direct attachment to the conducting polymer backbone
might have detrimental effect on the main chain conjugation. Therefore, supramolecular attachment to
the conducting polymer might add the property of the grafted species and also minimize the main chain
perturbation at the same time. As this particular area is not fully developed and there are only limited
reports available in the literature, interesting works involving polymer—polymer supramolecular
attachments will also be included in the present discussion as the pathway toward efficient and
successful supramolecular grafting. Selected works on non-covalent grafting of conducting polymers
are summarized in Table 2.

In order to prepare soluble polyaniline, in one of the earliest examples, Geng et al. doped
polyaniline (PANI) by phosphonic acid containing hydrophilic tail. When poly(ethylene glycol)
monomethyl ether (PEGME)with molecular weight M,, 550 was used as the hydrophilic chain of the
dopant, the doped polymer was soluble in water, NMP and chloroform [78]. Free-standing films could
also be cast from water, chloroform and NMP solutions. The film cast from aqueous solution showed
good electrochemical redox reversibility. Interestingly, reversible phase transformations in DSC spectra
at 19.1 and —9.8 °C for heating and cooling curve respectively, was observed due to the melting and
crystallization events of hydrophilic PEGME segments. In this system design, the attachment of two
polymeric components are ionic in nature. Later, self-assembly property of the same composite system
was studied by Nandan et al., where the strong PANI backbone-PEG side chain repulsion resulted
in a microphase-separated lamellar morphology consisting of alternating ionic layer composed of
PANI backbones and ionic headgroups of the dopant and nonionic layers consisting of PEG side chain
(Scheme 5) [79]. The thickness of the nonionic layer increased with increasing binding fraction because
of higher chain stretching as the separation distance between the junction points at the PANI backbone
increased. In addition, the lamellar interface was found to be almost planar. An order-disorder
transition near 225 °C due to deprotonation in the complex was captured from temperature dependent
SAXS studies. The conformational rigidity of PANI backbone coupled with the strong backbone-side
chain ionic attachment strongly retarded the crystallization kinetics and the crystallizability of the PEG
side chains in the complexes. In general, conformationally flexible PEG segment experienced a higher
degree of property modification compared to the conformationally rigid PANI backbone. Another
example of a doping approach for attaching polymeric component to PANI backbone is the work
by Nandi and co-worker, where, interestingly, the attached polymer itself was another conducting
polymer [80]. In this work, polythiophene—g—poly(methacrylic acid) (PTMA) was prepared by ATRP
of tert-butyl methacrylate upon a polythiophene backbone followed by hydrolysis of tert-butyl groups.
The resultant grafted polythiophene acted as both a template and a dopant for the synthesis of PANI
nanostructures by oxidative polymerization of aniline. A nanorod hybrid morphology was observed
up to a 1:10 composition (PTMA-PANIL w/w). On the other hand, for 1:20 composition a helical
nanorod was produced along with some small size spheroids. The hybrids were semiconducting in
nature and exhibited reproducible photoconductivity by alternate “On” and “Off” switching of white
light. Polymerization of adsorbed aniline on the surface of the micellar polythiophene moiety has been
postulated and considered responsible for helical PANI chain and variable morphology based on the
relative ratios of involved conducting polymer components (Figure 9).



Polymers 2020, 12, 709 15 of 23

o.oo o

=0

’

T
Q

T

Q
o2
y

ZT

O

ofP\go Ho-R—0

VWV = PEG
Scheme 5. Structure of the PEG derived phosphoric acid doped PANL

@)

OH

- |y

Aniline APS

—p

[\
S

n

Figure 9. Chemical structure of grafted polythiophene dopant (left) and schematic illustration of
hybrid helical structure formation. Violet spheres stand for polythiophene core, red hairs correspond
to polymethacrylic acid chain, green spheres stand for aniline molecule and green chain with green
spheres represents polyaniline. Reproduced with permission [80].

A similar approach involving supramolecular polar interaction could be adopted to form other
conducting polymer hybrids. Electrostatic interaction between cationic conducting polymer and
anionic biopolymer like DNA has been used successfully to align two polymeric materials. The key
difference with conventional grafted system is that here the attachment is multipoint along the parent
polymer backbone. A supramolecular hybrid formation between poly(o-methoxyaniline) (POMA) and
DNA was utilized by this author as a tool for the formation of semiconducting DNA hybrid and POMA
radical cation stabilization. An uncoiling of POMA chain on the DNA template facilitated by the
attractive interaction between DNA anion and POMA radical cation and repulsive interaction among
POMA radical cations was key event involved in this stable hybrid formation [81-83]. Such a system
was further utilized to produce a large-band-gap semiconducting nano-biocomposite in presence
of silver ion [84]. Similarly, DNA/polypyrrole supramolecular hybrid by oxidation of pyrrole in
DNA-containing solution was achieved by Dong et al. [85]. Interestingly, reactions carried out on
surface-immobilized DNA and on DNA free in solution resulted different nanostructures. The former
method resulted in a beads-on-a-string appearance for the strands, whereas, nanowires prepared
in solution had continuous coverage of DNA (Figure 10). The latter type of strand was electrically
conducting and conformationally flexible, allowing alignment of the polymer nanowires by molecular
combing, which can be considered a convenient way of fabricating a simple electrical device by
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stretching DNA/PPystrands across an electrode gap. Expanding this approach to other conducting
polymer, supramolecular assembly of poly[3-(6’-(trimethylphosphonium)hexyl)thiophene-2,5-diyl]
(P3HT-PMe3) with single-stranded oligonucleotides or long genomic DNA has been studied in a very
recent work by Leclercq et al. [86]. Self-assembly of two polymeric components in buffered aqueous
solution yielded polyplexes with hydrodynamic radii ranging from 7 nm to around 25 nm. In these
polyplexes, chirality was transcribed to achiral polymer from chiral DNA in supramolecular manner
as evidenced from circular dichroism spectra (Figure 11). When the hybrid solution is deposited on a
surface formation of dendritic fibers extending over tens of um was observed. Such chemistry has
prospective applications in cell transfection, or self-assembled fibers for organic bioelectronics.

Figure 10. Proposed mechanism of self-assembly of DNA/PPy nanowires. (a) Oxidation of pyrrole
monomer with FeCls, (b) association of oligomers on DNA through supramolecular interactions,
(c) polymer growth on DNA template. Reproduced with permission [85].
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Figure 11. Chemical structure of the cationic (P3HT-PMe3) (left) and UV-Vis and CD spectra of dT20
(black line), PBHT-PMe3 (red line) and dT20(oligonucletide)/P3HT-PMe3 complex (blue line) ata 1:1
DNA/polymer charge ratio. Reproduced with permission [86].
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Utilizing a similar electrostatic protocol, polyaniline-poly(styrene sulfonate) (PANI-PSS) hydrogels
have been developed by Dai et al. [87]. A hierarchical porous microstructure consisting of oriented
1D nanofibers was observed in the hydrogels (Figure 12). The hydrogels transformed into colloidal
particles in alkaline solutions because of dedoping of PANI. Interestingly, the PANI-PSS hydrogels
demonstrated improved capacitance performance such as higher energy density, higher power density
and better electrochemical stability, compared to the conventional PANI-PSS colloids.

—~—"\PSS chain

colloidal particle

Figure 12. Illustration showing the effects of the reagent concentrations on the formation of the
molecular networks. (a) In dilute solutions, PANI and PSS chains spontaneously assemble to colloidal
particles. (b) In concentrated solutions, molecular network structures are formed and established. The
red circles denote the linking points of the networks, where the interactions between the polymer
chains take functions. Reproduced with permission [87].

In addition to polar interaction, solvophobic interaction can be a leading driving force for
supramolecular association. Shinkai and co-workers pioneered in using 3-1,3-Glucan polysaccharides
as novel one-dimensional hosts for various species including conducting polymers [88]. In one of their
works, they used a modified polysaccharide (Curoeg) to form a “loose” but helical macromolecular
complex with an achiral cationic polythiophene (PT1) [89]. The effective conjugation length of PT1 was
changed consistently with temperature between 5 and 85 °C (Figure 13). As the color changes in the
absorption and the fluorescence were detectable by naked eye and are reversibly controlled under
thermal cycles, authors termed this system as molecular thermometer. Interestingly, the polymeric
complex also showed vapor chromism in the film state (Figure 13). In solution as well as in film state the
driving factor was the conformational rearrangement of the conducting polymer on the polysaccharide
surface in presence of stimuli. The significant part of this study is that because of the nonpolar type of
interaction conducting polymer backbone or its electronic property was least influenced because of
the attachment.

As mentioned earlier, the hypothesized effectiveness of supramolecular grafting lies in its minimal
interference with the electronic and electrical properties of conducting polymer. Therefore, a host-guest
interaction mediated grafting strategy could be promising technique because of two key reasons: first,
nonpolar nature of attachment will ensure retention of electronic property along the conducting polymer
backbone; and second, strong host-guest binding could reproduce the close association of covalent
grafting for significant property mixing. To the best of our knowledge, the only work of supramolecular
conducting polymer grafting in its true sense is reported by these authors, where PANI was grafted with
PEG coupled with b-cyclodextrin (CD-PEG) forming a pseudorotaxane with the aniline moiety [90].
The supramolecularly grafted PANI (3CD-PEG-PANI) in the doped state showed an extremely high
solubility in aqueous as well as in organic solvents. Interestingly, the grafted PANI exhibited a higher
degree of doping and a highly efficient radical cation stabilization, compared to a control PANI system
synthesized under identical conditions. It is worth noticing that the redox switching property of PANI
was fully retained in the grafted state. In addition, a novel disk-like morphology was observed in the
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BCD-PEG-PANI system. A pseudo-micellar assembly formation of BCD-PEG-PANI could explain the
high solubility, efficient radical cation stabilization, and morphology of the grafted PANI (Figure 14).
The restricted conformation in a pseudo-micellar assembly structure in solution, forming a uniform
disk-like morphology was the cause behind efficient radical cation stabilization and a lesser electron
delocalization in CD-PEG-PANL The present system represents a powerful integration of three key
elements: first, fascinating electronic and physicochemical properties of parent PANI; second, extremely
high aqueous solubility; and third, biocompatibility transcribed from PEG and 3CD. The self-assembled
supramolecularly grafted system exhibited adaptivity towards PANI-DNA complexation in aqueous
solution, which could be considered a step forward towards biocommunication.
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Figure 13. (a) Chemical structure of the polymeric components, (b) schematic representation of the

vapor-induced color change in PT1/Cur-oeg complex film and (c) photographs of the PT1/Cur-oeg
complex solution under the temperature control from 5 to 85 °C; upper line: bright images, lower line:
fluorescence images (Aex = 365 nm), [PT1]ypit = 0.2 mM, [Cur-oeg]ynit = 0.6 mM, in water containing 5
vol % DMSO. Reproduced with permission [89].

(d) (NH,),S,0,
BCD-PEG-PANI BCD-PEG-PANI

Pseudo-micellar Assembly

Figure 14. (a) Molecular structure of CD-PEG, (b—d) simplified illustration of formation and assembly
of BCD-PEG-PANI. Here, the involvement of 3CD units (attached to PEG chains), during polymerization
is considered random. Reproduced with permission from [90].



Polymers 2020, 12, 709

19 of 23

Table 2. Representative important research works done in the field of non-covalent grafting of

conducting polymers.

Conducting Polymer System  Grafted/Attached System Approach Outcome Ref.

Polyaniline Poly(ethylene glycol) Acid doping: Electrostatic attachment  Solubility enhancement, film formation [78,79]
. . . Novel hybrid morphology; Electrical and
Polythiophene Poly(methacrylic acid) ATRP photoconduction [80]
" . . . Enhanced radical cation stabilization;

Poly(o-methoxyaniline) DNA Acid doping: Electrostatic attachment Semiconducting hybrid [81-83]

Poly(o-methoxyaniline) DNA and silver Redox and electrostatic Large-band-gap semiconductor [84]

Polypyrrole DNA In-situ polymerlgatlon in DNA Distinct nanostraucture b_asec_l on surface 85]

solution or bulk polymerization
Polythiophene derivative Oligonucleotide, DNA Co-assembly in buffer Formation of extended dendritic fiber [86]
Polyaniline Poly(styrene sulfonate) Doping: electrostatic attachment Porous microstructure; Improved [87]

capacitance performance

Hybrids with temperature responsiveness

Cationic polythiophene Polysaccharide Electrostatic in solution and vapor responsiveness in [89]
film state
Solubility enhancement; morphology
L . transition; high radical cation stability;
Polyaniline Poly(ethylene glycol) Pseudo rotaxane formation [90]

adaptive complexation with DNA in
aqueous medium

Authors believe that in supramolecular grafting the synchronization of additive approach and
adaptive behavior can revolutionize polymer modification techniques to address multiple issues
associated with processability and device fabrication based on conducting polymers. Finally, the
non-covalent mode of attachment of the monomer implies that a strategy applied to one conducting
polymer can potentially be employed for a wide range of conducting polymers.

4. Outlook

Grafting is undoubtedly a fascinating expansion of the conducting polymer family bridging its
chemical assets with the real-world demands. Unparallel electronic and electrical property together with
environmental responsiveness can couple sensibly with flexibility, processability and biocompatibility
of nonconducting traditional polymeric systems to generate many breakthroughs in technology
generation and biocommunication strategy. Apart from conducting and non-conducting polymer
pair, association or co-assembly of multiple conducting polymers in the same system could also be an
excellent extension of the above chemistry.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ibanez,].G.;Rincén, M.E.; Gutierrez-Granados, S.; Chahma, M.; Jaramillo-Quintero, O.A.; Frontana-Uribe, B.A.
Conducting polymers in the fields of energy, environmental remediation, and chemical—-chiral sensors.
Chem. Rev. 2018, 118, 4731-4816. [CrossRef] [PubMed]

2. Swager, TM. 50th anniversary perspective: Conducting/semiconducting conjugated polymers. a personal
perspective on the past and the future. Macromolecules 2017, 50, 4867-4886. [CrossRef]

3. Han, Y;; Dai, L. Conducting polymers for flexible supercapacitors. Macromol. Chem. Phys. 2019, 220, 1800355.
[CrossRef]

4. Meng, Q.; Cai, K;; Chen, Y.,; Chen, L. Research progress on conducting polymer based supercapacitor
electrode materials. Nano Energy 2017, 36, 268-285. [CrossRef]

5. Le, T.-H,; Kim, Y,; Yoon, H. Electrical and electrochemical properties of conducting polymers. Polymers
2017, 9, 150. [CrossRef]

6.  Ghosh, S.; Maiyalagan, T.; Basu, R.N. Basu. Nanostructured conducting polymers for energy applications:
Towards a sustainable platform. Nanoscale 2016, 8, 6921-6947. [CrossRef]

7. Nezakati, T.; Seifalian, A.; Tan, A.; Seifalian, A.M. Conductive polymers: Opportunities and challenges in
biomedical applications. Chem. Rev. 2018, 118, 6766-6843. [CrossRef]


http://dx.doi.org/10.1021/acs.chemrev.7b00482
http://www.ncbi.nlm.nih.gov/pubmed/29630346
http://dx.doi.org/10.1021/acs.macromol.7b00582
http://dx.doi.org/10.1002/macp.201800355
http://dx.doi.org/10.1016/j.nanoen.2017.04.040
http://dx.doi.org/10.3390/polym9040150
http://dx.doi.org/10.1039/C5NR08803H
http://dx.doi.org/10.1021/acs.chemrev.6b00275

Polymers 2020, 12, 709 20 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Guo, B; Glavas, L.; Albertsson, A.C. Biodegradable and electrically conducting polymers for biomedical
applications. Prog. Polym. Sci. 2013, 38, 1263-1286. [CrossRef]

Guo, B.; Ma, PX. Conducting polymers for tissue engineering. Biomacromolecules 2018, 19, 1764-1782.
[CrossRef]

Moon, ].-M.; Thapliyal, N.; Hussain, K.K.; Goyal, R.N.; Shim, Y.-B. Conducting polymer-based electrochemical
biosensors for neurotransmitters: A review. Biosens. Bioelectron. 2018, 102, 540-552. [CrossRef]

Green, R.; Abidian, M.R. Conducting polymers for neural prosthetic and neural interface applications.
Adv. Mater. 2015, 27, 7620-7637. [CrossRef] [PubMed]

Heeger, A.J. Semiconducting and metallic polymers: The fourth generation of polymeric materials.
Angew. Chem. Int. Ed. 2001, 40, 2591-2611. [CrossRef]

Inagi, S.; Fuchigami, T. Electrochemical Post-Functionalization of Conducting Polymers. Macromol. Rapid
Commun. 2014, 35, 854-867. [CrossRef] [PubMed]

Sapurina, L.Y.; Shishov, M. Oxidative polymerization of aniline: Molecular synthesis of polyaniline and the
formation of supramolecular structures. In New Polymers for Special Applications; De Souza Gomes, A., Ed.;
InTech: Winchester, UK, 2012.

Abu-Thabit, N.Y. Chemical Oxidative Polymerization of polyaniline: A practical approach for preparation of
smart conductive textiles. J. Chem. Educ. 2016, 93, 1606-1611. [CrossRef]

Petsagkourakis, I.; Kim, N.; Tybrandt, K.; Zozoulenko, I.; Crispin, X. Poly(3,4-ethylenedioxythiophene):
Chemical synthesis, transport properties, and thermoelectric devices. Adv. Electron. Mater. 2019, 5, 1800918.
[CrossRef]

Kojabad, Z.D.; Shojaosadati, S.A. Chemical synthesis of polypyrrole nanostructures: Optimization and
applications for neural microelectrodes. Mater. Des. 2016, 96, 378-384. [CrossRef]

Ramirez, AM.R,; Gacitia, M.A.; Ortega, E.; Diaz, ER.; del Valle, M.A. Electrochemical in situ synthesis of
polypyrrole nanowires. Electrochem. Commun. 2019, 102, 94-98. [CrossRef]

Xiao, R.; Cho, S.; Liu, R.; Lee, S.B. Controlled electrochemical synthesis of conductive polymer nanotube
structures. . Am. Chem. Soc. 2007, 129, 4483-4489. [CrossRef]

Admassie, S.; Elfwing, A.; Ingands, O. Electrochemical synthesis and characterization of interpenetrating
networks of conducting polymers for enhanced charge storage. Adv. Mater. Interfaces 2016, 3, 1500533.
[CrossRef]

Lindfors, T.; Boevaac, Z.A.; Latonen, R.-M. Electrochemical synthesis of poly(3,4- ethylenedioxythiophene)
in aqueous dispersion of high porosity reduced graphene oxide. RSC Adv. 2014, 4, 25279-25286. [CrossRef]
Heydarnezhad, H.R; Pourabbas, B.; Tayefi, M. Conducting electroactive polymers via photopolymerization:
A review on synthesis and applications. Polym. Plast. Technol. Eng. 2018, 57, 1093-1109. [CrossRef]

de Barros, R.A.; de Azevedo, W.M.; de Aguiar, EM. Photo-induced polymerization of polyaniline. Mater.
Charact. 2003, 50, 131-134. [CrossRef]

Evans, P; Grigg, R.; Monteith, M. Metathesis of aniline and 1,2-Dihydroquinoline Derivatives. Tetrahed. Lett.
1999, 40, 5247-5250. [CrossRef]

Masuda, T.; Karim, S.M.; Nomura, R. Synthesis of acetylene-based widely conjugated polymers by metathesis
polymerization and polymer properties. J. Mol. Cataly. A Chem. 2000, 160, 125-131. [CrossRef]
Palaniappan, S.; John, A. Polyaniline materials by emulsion polymerization pathway. Prog. Polym. Sci.
2008, 33, 732-758. [CrossRef]

Khadem, F.; Pishvaei, M.; Salami-Kalajahi, M.; Najafi, F. Morphology control of conducting polypyrrole
nanostructures via operational conditions in the emulsion polymerization. J. Appl. Polym. Sci. 2017, 44697.
[CrossRef]

Nowaczyk, J.; Kadac, K.; Olewnik-Kruszkowska, E. Emulsion polymerization of thiophene-the new way of
conducting polymer synthesis. Adv. Sci. Technol. Res. J. 2015, 9, 118-122. [CrossRef]

Park, C.-S.; Jung, E.Y,; Kim, D.H.; Kim, D.Y.; Lee, H.-K.; Shin, B.J.; Lee, D.H.; Tae, H.-S. Atmospheric pressure
plasma polymerization synthesis and characterization of polyaniline films doped with and without iodine.
Materials 2017, 10, 1272. [CrossRef]

Liu, C.; Goeckner, M.].; Walker, A.V. Plasma polymerization of poly(3,4-ethylenedioxyethene) films:
The influence of plasma gas phase chemistry. J. Vac. Sci. Technol. A 2017, 35, 021302. [CrossRef]

Mei, J.; Bao, Z. Side chain engineering in solution-processable conjugated polymers. Chem. Mater. 2014, 26,
604-615. [CrossRef]


http://dx.doi.org/10.1016/j.progpolymsci.2013.06.003
http://dx.doi.org/10.1021/acs.biomac.8b00276
http://dx.doi.org/10.1016/j.bios.2017.11.069
http://dx.doi.org/10.1002/adma.201501810
http://www.ncbi.nlm.nih.gov/pubmed/26414302
http://dx.doi.org/10.1002/1521-3773(20010716)40:14&lt;2591::AID-ANIE2591&gt;3.0.CO;2-0
http://dx.doi.org/10.1002/marc.201400023
http://www.ncbi.nlm.nih.gov/pubmed/24590504
http://dx.doi.org/10.1021/acs.jchemed.6b00060
http://dx.doi.org/10.1002/aelm.201800918
http://dx.doi.org/10.1016/j.matdes.2016.02.045
http://dx.doi.org/10.1016/j.elecom.2019.04.007
http://dx.doi.org/10.1021/ja068924v
http://dx.doi.org/10.1002/admi.201500533
http://dx.doi.org/10.1039/C4RA03423F
http://dx.doi.org/10.1080/03602559.2017.1370111
http://dx.doi.org/10.1016/S1044-5803(03)00080-9
http://dx.doi.org/10.1016/S0040-4039(99)00993-4
http://dx.doi.org/10.1016/S1381-1169(00)00239-9
http://dx.doi.org/10.1016/j.progpolymsci.2008.02.002
http://dx.doi.org/10.1002/app.44697
http://dx.doi.org/10.12913/22998624/59093
http://dx.doi.org/10.3390/ma10111272
http://dx.doi.org/10.1116/1.4968017
http://dx.doi.org/10.1021/cm4020805

Polymers 2020, 12, 709 21 of 23

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

McCullough, L.A.; Matyjaszewski, K. Conjugated conducting polymers as components in block copolymer
systems. Mol. Cryst. Lig. Cryst. 2010, 521, 1-55. [CrossRef]

Bhattacharya, A.; Misra, B.N. Grafting: A versatile means to modify polymers Techniques, factors and
applications. Prog. Polym. Sci. 2004, 29, 767-814. [CrossRef]

Kato, K.; Uchida, E.; Kang, E.-T.; Uyama, Y.; Ikada, Y. Polymer surface with graft chains. Prog. Polym. Sci.
2003, 28, 209-259. [CrossRef]

Hackett, A.].; Strover, L.T.; Baek, P.; Malmstrom, J.; Travas-Sejdic, ]. Polymer grafted conjugated polymers
as functional biointerfaces. In Conjugated Polymers for Biological and Biomedical Applications; Liu, B., Ed.;
Wiley-VCH: Weinheim, Germany, 2018.

Zdyrko, B.; Luzinov, L. Polymer brushes by the grafting to method. Macromol. Rapid Commun. 2011, 32,
859-869. [CrossRef] [PubMed]

Malmstrom, J.; Nieuwoudt, M.K.; Strover, L.T.; Hackett, A.; Laita, O.; Brimble, M.A.; Williams, D.E.;
Jadranka, T.S. Grafting from poly(3,4-ethylenedioxythiophene): A simple route to versatile electrically
addressable surfaces. Macromolecules 2013, 46, 4955-4965. [CrossRef]

Maione, S.; Fabregat, G.; del Valle, L.J.; Bendrea, A.-D.; Cianga, L.; Cianga, L; Estrany, F.; Aleman, C. Effect of
the graft ratio on the properties of polythiophene-g-poly(ethylene glycol). J. Polym. Sci. Part B Polym. Phys.
2015, 53, 239-252. [CrossRef]

Toshima, N.; Hara, S. Direct synthesis of conducting polymers from simple monomers. Prog. Polym. Sci.
1995, 20, 155-183. [CrossRef]

Nazzal, A.; Street, G.B. Pyrrole-styrene graft copolymers. |. Chem. Soc. Chem. Commun. 1985, 375-376.
[CrossRef]

Khairkar, S.R.; Raut, A.R. Synthesis of chitosan-graft-polyaniline-based composites. Am. J. Mater. Sci. Eng.
2014, 2, 62-67. [CrossRef]

Abd El-Salam, H.M.; Kamal, EHM., Ibrahim, M.S. Synthesis and characterization of
chitosan-grafted-poly(2-hydroxyaniline) microstructures for water decontamination. J. Polym. Environ.
2017, 25,973-982. [CrossRef]

Abd El-Salam, H.M.; Kamal, E.H.M.; Ibrahim, M.S. Cleaning of wastewater from total coliform using
chitosan-grafted-poly(2-methylaniline). . Polym. Environ. 2018, 26, 3412-3421. [CrossRef]

Abd El-Salam, H.M.; Mohamed, R.A.; Shokry, A. Preparation and characterization of novel and
selectivepolyacrylamide-graft-poly(2-methoxyaniline) adsorbent for lead removal. Polym. Bull. 2018,
75,3189-3210. [CrossRef]

Pandey, S.; Ramontja, J. Rapid, facile microwave-assisted synthesis of xanthan gum grafted polyaniline for
chemical sensor. Int. |. Biol. Macromol. 2016, 89, 89-98. [CrossRef] [PubMed]

Ramaprasada, A.T.,; Lathab, D.; Rao, V. Synthesis and characterization of polypyrrole grafted chitin. J. Phys.
Chem. Solids 2017, 104, 169-174. [CrossRef]

Mohammad-Rezaei, R.; Massoumi, B.; Abbasian, M.; Eskandani, M.; Jaymand, M. Electrically conductive
adhesive based on novolac-grafted polyaniline: Synthesis and characterization. . Mater. Sci. Mater. Electron.
2019, 30, 2821-2828. [CrossRef]

Smirnov, M.A.; Tarasova, E.V.; Vorobiov, V.K.; Kasatkin, I.A.; Mikli, V.; Sokolova, M.P.; Bobrova, N.V,;
Vassiljeva, V.; Krumme, A.; Yakimanskiy, A.V. Electroconductive fibrous mat prepared by electrospinning of
polyacrylamide-g-polyaniline copolymers as electrode material for supercapacitors. J. Mater. Sci. 2019, 54,
4859-4873. [CrossRef]

Ma, L.; Jayachandran, S.; Li, Z.; Song, Z.; Wang, W.; Luo, X. Antifouling and conducting PEDOT derivative
grafted with polyglycerol for highly sensitive electrochemical protein detection in complex biological media.
J. Electroanal. Chem. 2019, 840, 272-278. [CrossRef]

Molina, B.G.; Cianga, L.; Bendrea, A.-D.; Cianga, I.; del Valle, L.J.; Estrany, F.; Alemén, C.; Armelin, E.
Amphiphilic polypyrrole-poly(Schiff base) copolymers with poly(ethylene glycol) side chains: Synthesis,
properties and applications. Polym. Chem. 2018, 9, 4218-4232. [CrossRef]

Hatamzadeh, M.; Mohammad-Rezaei, R.; Jaymand, M. Chemical and electrochemical grafting of
polypyrroleonto thiophene-functionalized polystyrene macromonomer. Mater. Sci. Semicond. Process.
2015, 31, 463-470. [CrossRef]


http://dx.doi.org/10.1080/15421401003719951
http://dx.doi.org/10.1016/j.progpolymsci.2004.05.002
http://dx.doi.org/10.1016/S0079-6700(02)00032-1
http://dx.doi.org/10.1002/marc.201100162
http://www.ncbi.nlm.nih.gov/pubmed/21509848
http://dx.doi.org/10.1021/ma400803j
http://dx.doi.org/10.1002/polb.23617
http://dx.doi.org/10.1016/0079-6700(94)00029-2
http://dx.doi.org/10.1039/C39850000375
http://dx.doi.org/10.12691/ajmse-2-4-3
http://dx.doi.org/10.1007/s10924-016-0847-7
http://dx.doi.org/10.1007/s10924-018-1225-4
http://dx.doi.org/10.1007/s00289-017-2188-7
http://dx.doi.org/10.1016/j.ijbiomac.2016.04.055
http://www.ncbi.nlm.nih.gov/pubmed/27118045
http://dx.doi.org/10.1016/j.jpcs.2017.01.017
http://dx.doi.org/10.1007/s10854-018-0558-z
http://dx.doi.org/10.1007/s10853-018-03186-w
http://dx.doi.org/10.1016/j.jelechem.2019.04.002
http://dx.doi.org/10.1039/C8PY00762D
http://dx.doi.org/10.1016/j.mssp.2014.12.015

Polymers 2020, 12, 709 22 of 23

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Guo, B; Qu, J; Zhao, X,; Zhang, M. Degradable conductive self-healing hydrogels based on
dextran-graft-tetraaniline and N-carboxyethyl chitosan as injectable carriers for myoblast cell therapyand
muscle regeneration. Acta Biomater. 2019, 84, 180-193. [CrossRef]

Qu, J; Zhao, X,; Liang, Y.; Xu, Y.; Ma, P.X.; Guo, B. Degradable conductive injectable hydrogels as
novelantibacterial, anti-oxidant wound dressings for wound healing. Chem. Eng. ]. 2019, 362, 548-560.
[CrossRef]

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

Martin, K.L.; Nyquist, Y.; Burnett, E.K.; Briseno, A.L.; Carter, K.R. Surface grafting of functionalized
poly(thiophene)s using thiol—ene click chemistry for thin film stabilization. ACS Appl. Mater. Interfaces
2016, 8,30543-30551. [CrossRef] [PubMed]

Zhao, H.; Zhu, B,; Luo, S.C; Lin, H.A; Nakao, A.; Yamashita, Y.; Yu, H.-H. Controlled protein absorption and
cell adhesion on polymer-brush-grafted poly(3,4-ethylenedioxythiophene) films. ACS Appl. Mater. Interfaces
2013, 5, 4536-4543. [CrossRef] [PubMed]

Wolski, K.; Gruszkiewicz, A.; Wytrwal-Sarna, M.; Bernasik, A.; Zapotoczny, S. The grafting density and
thickness of polythiophene-based brushes determine the orientation, conjugation length and stability of the
grafted chains. Polym. Chem. 2017, 8, 6250-6262. [CrossRef]

Ghosh, R;; Das, S.; Bhattacharyya, K.; Chatterjee, D.P; Biswas, A.; Nandi, A.K. Light-induced conformational
change of uracil-anchored polythiophene-regulating thermo-responsiveness. Langmuir 2018, 34, 12401-12411.
[CrossRef]

Strover, L.T.; Malmstrém, J.; Stubbing, L.A.; Brimble, M. A.; Travas-Sejdic, J. Electrochemically-controlled
grafting of hydrophilic brushes from conducting polymer substrates. Electrochim. Acta 2016, 188, 57-70.
[CrossRef]

Chan, EW.C,; Baek, P; De la Rosa, V.R.; Barker, D.; Hoogenboom, R.; Travas-Sejdic, ]. Thermoresponsive
laterally-branched polythiophene phenylene derivative as water-soluble temperature sensor. Polym. Chem.
2017, 8, 4352-4358. [CrossRef]

Voorhaar, L.; Chan, EW.C.; Baek, P; Wang, M.; Nelson, A.; Barker, D.; Travas-Sejdic, J. Self-healing
polythiophene phenylenes for stretchable electronics. Eur. Polym. ]. 2018, 105, 331-338. [CrossRef]
Mohamed, M.G.; Cheng, C.-C.; Lin, Y.-C.; Huang, C.-W.; Lu, FE-H.; Changa, F.-C.; Kuo, S.-W. Synthesis and
self-assembly of water-soluble polythiophene-graft-poly(ethylene oxide)copolymers. RSC Adv. 2014, 4,
21830-21839. [CrossRef]

Obhi, N.K; Peda, D.M.; Kynaston, E.L.; Seferos, D.S. Exploring the graft-to synthesis of all-Conjugated comb
copolymers using azide—alkyne click chemistry. Macromolecules 2018, 51, 2969-2978. [CrossRef]

Massoumi, B.; Farnoudian-Habibi, A.; Jaymand, M. Chemical and electrochemical grafting of polythiophene
onto poly(vinyl chloride): Synthesis, characterization, and materials properties. J. Solid State Electrochem.
2016, 20, 489-497. [CrossRef]

Hong, J.K.; Kim, Y.S.; Cho, W.; Kim, J.H. Single-step preparation of polythiophene bearing branched chains
by dual initiation polymerization. Macromol. Res. 2017, 25, 243-248. [CrossRef]

Akbulut, H.; Yavuz, M.; Guler, E.; Demirkol, D.O.; Endo, T.; Yamada, S.; Timur, S.; Yagci, Y. Electrochemical
deposition of polypeptides: Bio-based covering materials for surface design. Polym. Chem. 2014, 5, 3929-3936.
[CrossRef]

Guler, E.; Akbulut, H.; Bozokalfa, G.; Demir, B.; Eyrilmez, G.O.; Yavuz, M.; Demirkol, D.O.; Coskunol, H.;
Endo, T.; Yamada, S.; et al. Bioapplications of polythiophene-g-polyphenylalanine-covered surfaces.
Macromol. Chem. Phys. 2015, 216, 1868-1878. [CrossRef]

da Silva, A.C.; de Torresi, S.I.C. Advances in Conducting, Biodegradable and Biocompatible Copolymers for
Biomedical Applications. Front. Mater. 2019, 6, 98. [CrossRef]

Chen, J.; Guo, B.; Eyster, TW.; Ma, P.X. Super stretchable electroactive elastomer formation driven by aniline
trimer self-assembly. Chem. Mater. 2015, 27, 5668-5677. [CrossRef]

Chen, J.; Dong, R.; Ge, ].; Guo, B.; Ma, P.X. Biocompatible, biodegradable, and electroactive polyurethane-urea
elastomers with tunablehydrophilicity for skeletal muscle tissue engineering. ACS Appl. Mater. Interfaces
2015, 7, 28273-28285. [CrossRef]

Spicer, C.D.; Booth, M.A.; Mawad, D.; Armgarth, A.; Nielsen, C.B.; Stevens, M.M. Synthesis of
hetero-bifunctional, end-capped oligo-EDOT derivatives. Chem 2017, 2, 125-138. [CrossRef]


http://dx.doi.org/10.1016/j.actbio.2018.12.008
http://dx.doi.org/10.1016/j.cej.2019.01.028
http://dx.doi.org/10.1021/ma702731k
http://dx.doi.org/10.1021/acsami.6b08667
http://www.ncbi.nlm.nih.gov/pubmed/27797483
http://dx.doi.org/10.1021/am400135c
http://www.ncbi.nlm.nih.gov/pubmed/23573953
http://dx.doi.org/10.1039/C7PY01418J
http://dx.doi.org/10.1021/acs.langmuir.8b02679
http://dx.doi.org/10.1016/j.electacta.2015.11.106
http://dx.doi.org/10.1039/C7PY00919D
http://dx.doi.org/10.1016/j.eurpolymj.2018.06.015
http://dx.doi.org/10.1039/C4RA02433H
http://dx.doi.org/10.1021/acs.macromol.8b00138
http://dx.doi.org/10.1007/s10008-015-3070-x
http://dx.doi.org/10.1007/s13233-017-5028-6
http://dx.doi.org/10.1039/C4PY00079J
http://dx.doi.org/10.1002/macp.201500219
http://dx.doi.org/10.3389/fmats.2019.00098
http://dx.doi.org/10.1021/acs.chemmater.5b02086
http://dx.doi.org/10.1021/acsami.5b10829
http://dx.doi.org/10.1016/j.chempr.2016.12.003

Polymers 2020, 12, 709 23 of 23

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Guo, H.; Qiao, T.; Jiang, S.; Li, T.; Song, P.; Zhang, B.; Song, X. Aligned poly (glycolide-lactide) fiber
membranes with conducting polypyrrole. Polym. Adv. Technol. 2017, 28, 484-490. [CrossRef]

da Silva, A.C.; Semeano, A.T.S.; Dourado, A.H.B.; Ulrich, H.; de Torresi, S.I.C. Novel conducting and
biodegradable copolymers with noncytotoxic properties toward embryonic stem cells. ACS Omega 2018, 3,
5593-5604. [CrossRef] [PubMed]

Wang, J.; Higashihara, T. Synthesis of all-conjugated donor-acceptor block copolymers and their application
in all-polymer solar cells. Polym. Chem. 2013, 4, 5518-5526. [CrossRef]

Ohkawa, H.; Ligthart, G.B.W.L.; Sijpesma, R.P.; Meijer, E.W. Supramolecular graft copolymers based on
2,7-Diamido-1,8-naphthyridines. Macromolecules 2007, 40, 1453-1459. [CrossRef]

Moers, C.; Nuhn, L.; Wissel, M.; Stangenberg, R.; Mondeshki, M.; Berger-Nicoletti, E.; Thomas, A.; Schaeffel, D.;
Koynov, K.; Klapper, M.; et al. Supramolecular linear-g-hyperbranched graft polymers: Topology and
binding strength of hyperbranched side chains. Macromolecules 2013, 46, 9544-9553. [CrossRef]

Szillat, F.; Schmidt, B.V.K.]J.; Hubert, A.; Barner-Kowollik, C.; Ritter, H. Redox-switchable supramolecular
graft polymer formation via ferrocene—cyclodextrin assembly. Macromol. Rapid Commun. 2014, 35, 1293-1300.
[CrossRef]

Geng, YH,; Sun, Z.C,; Li, J.; Jing, X.B.; Wang, X.H.; Wang, F.S. Water soluble polyaniline and its blend films
prepared by aqueous solution casting. Polymer 1999, 40, 5723-5727. [CrossRef]

Nandan, B.; Chen, H.-L.; Liao, C.-S.; Chen, S.-A. Self-assembly and crystallization in a supramolecular
hairy rod polymer from the complex of polyaniline with w -Methoxy poly(ethyleneoxide) phosphates.
Macromolecules 2004, 37, 9561-9570. [CrossRef]

Das, S.; Chatterjee, D.P.; Nandi, A.K. Supramolecular assembly of polythiophene-g-polymethacrylic
acid-doped polyaniline with interesting morphological and opto-electronic properties. J. Mater. Chem. A
2014, 2, 12031-12042. [CrossRef]

Dawn, A.; Nandi, A.K. Biomolecular hybrid of a conducting polymer with DNA: Morphology, structure,
and doping behavior. Macromol. Biosci. 2005, 5, 441-450. [CrossRef]

Dawn, A.; Nandi, AK. Slow doping rate in DNA-poly(o-methoxyaniline) hybrid: Uncoiling of
poly(o-methoxyaniline) chain on DNA template. Macromolecules 2005, 38, 10067-10073. [CrossRef]

Dawn, A.; Nandi, A K. Simple method for the preparation of DNA-Poly(o-methoxyaniline) hybrid: Structure,
morphology, and uncoiling of poly(o-methoxyaniline) on the DNA surface. Langmuir 2006, 22, 3273-3279.
[CrossRef] [PubMed]

Dawn, A.; Nandi, A.K. Formation of silver nanoparticles in deoxyribonucleic acid-poly(o-methoxyaniline)
hybrid: A novel nano-biocomposite. J. Phys. Chem. B 2006, 110, 18291-18298. [CrossRef] [PubMed]

Dong, L.; Hollis, T.; Fishwick, S.; Connolly, B.A.; Wright, N.G.; Horrocks, B.R.; Houlton, A. Synthesis,
manipulation and conductivity of supramolecular polymer nanowires. Chem. Eur. ]. 2007, 13, 822-828.
[CrossRef] [PubMed]

Leclercq, M.; Rubio-Magnieto, J.; Mohammed, D.; Gabriele, S.; Leclercq, L.; Cottet, H.; Richeter, S.; Clément, S.;
Surin, M. Supramolecular self-assembly of DNA with a cationic polythiophene: From polyplexes to fibers.
ChemNanoMat 2019, 5, 703-709. [CrossRef]

Dai, T, Jia, Y. Supramolecular hydrogels of polyaniline-poly(styrene sulfonate) prepared in concentrated
solutions. Polymer 2011, 52, 2550-2558. [CrossRef]

Sakurai, K.; Uezu, K.; Numata, M.; Hasegawa, T.; Li, C.; Kaneko, K.; Shinkai, S. 3-1,3-Glucan polysaccharides
as novel one-dimensional hosts for DNA/RNA, conjugated polymers and nanoparticles. Chem. Commun.
2005, 4383-4398. [CrossRef]

Shiraki, T.; Dawn, A.; Tsuchiya, Y.; Shinkai, S. Thermo- and solvent-responsive polymer complex created
from supramolecular complexation between a helix-forming polysaccharide and a cationic polythiophene.
J. Am. Chem. Soc. 2010, 132, 13928-13935. [CrossRef]

Maity, N.; Dawn, A.; Kuila, A.; Nandi, A K. Supramolecular grafting of doped polyaniline leads to an
unprecedented solubility enhancement, radical cation stabilization, and morphology transformation. J. Mater.
Chem. A 2018, 6, 12654-12662. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/pat.3912
http://dx.doi.org/10.1021/acsomega.8b00510
http://www.ncbi.nlm.nih.gov/pubmed/30023923
http://dx.doi.org/10.1039/c3py00979c
http://dx.doi.org/10.1021/ma062317a
http://dx.doi.org/10.1021/ma402081h
http://dx.doi.org/10.1002/marc.201400122
http://dx.doi.org/10.1016/S0032-3861(99)00134-2
http://dx.doi.org/10.1021/ma048384r
http://dx.doi.org/10.1039/C4TA01521E
http://dx.doi.org/10.1002/mabi.200400185
http://dx.doi.org/10.1021/ma051474r
http://dx.doi.org/10.1021/la052536+
http://www.ncbi.nlm.nih.gov/pubmed/16548588
http://dx.doi.org/10.1021/jp063269z
http://www.ncbi.nlm.nih.gov/pubmed/16970449
http://dx.doi.org/10.1002/chem.200601320
http://www.ncbi.nlm.nih.gov/pubmed/17154323
http://dx.doi.org/10.1002/cnma.201900022
http://dx.doi.org/10.1016/j.polymer.2011.04.006
http://dx.doi.org/10.1039/b506673p
http://dx.doi.org/10.1021/ja1067349
http://dx.doi.org/10.1039/C8TA04092C
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Covalent Grafting of Conducting Polymers 
	Non-Covalent Grafting of Conducting Polymers 
	Outlook 
	References

