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1. Introduction

The development of organic materials for optics- and
electronics-related applications appeared to scientists as one of
the most pressing problems in the past few decades."® The
reason for the rapidly growing interest in this field can be
thought of as the “excellent structural versatility achieved using
high-precision molecular design of organic compounds and an
appropriate synthetic method.” Among the vast scope of mate-
rials used in opto- and nanoelectronics, conjugated electrically
conductive polymers may be highlighted.” Polyaniline (PANTI)
occupies a special place among high-molecular compounds.
This is a natural result because of the unique set of physical and
physicochemical properties of this compound, namely, ionic
and electronic conductivity, redox activity, thermal and chem-
ical resistance, low costs, and easy monomer-to-polymer
conversion. Moreover, PANI is very attractive in terms of its
practical applications, such as in solar cells,* anti-corrosion
coatings,” shielding of electromagnetic radiation,*” bio/
chemical sensors,'* " organic light-emitting diodes," energy
storage devices'*'® and many others. The range of existing and
potential PANI applications is very wide, however, serious
problems exist that hinder its practical use. First of all, it should
be noted as a drawback of this polymer that it does not melt and
is almost insoluble in typical organic solvents. PANI is a powder
that has no adhesion to other materials and is an intractable
material. Moreover, despite all the apparent simplicity of con-
verting a low molecular mass compound to a high molecular
mass compound, it is not so easy to synthesize PANI with
reproducible properties. Polymer samples contain various
aniline oxidation products with electrical conductivity that
differs by orders of magnitude. They also differ in spectral and
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of functionalized polyanilines depending on the nature, number and position of the substituents at the

magnetic characteristics and their morphology differs funda-
mentally. This uncertainty inspires scientific teams, both in
Russia and abroad, to deal with the following tasks of current
interest: development of methods for controlled synthesis of
PANI to provide target products with predefined morphology
and properties; use of functionalized anilines in the polymeri-
zation process to improve the product performance; expanding
the range of electrically conductive macromolecular
compounds using functionalized anilines in order to identify
efficient electroactive representatives.

Modified PANI can be synthesized in a number of ways:

(1) Polymerization of aniline pre-modified at the aromatic
ring or at the amino group;'’*°

(2) Polymer-analogous conversion of PANI (incorporation of
functional groups into a polymer obtained previously);****

(3) Copolymerization of aniline and derivatives based on
it;zz—zs

(4) PANI doping.>®

Thermogravimetric studies of PANI derivatives containing
various doping agents have shown that in the temperature
range of 50-100 °C, the counterion escapes from the polymer.*
This affects PANI properties significantly, since the loss of the
doping agent impairs its key property, viz., electric conductivity.
Although doping improves the operational characteristics of the
polymer, however, the accompanying decrease in heat resis-
tance significantly limits the field of its practical applications.

The polymer-analogous conversions of PANI are rather
poorly covered in scientific literature, apparently due to the fact
that the polymer almost does not allow recycling. Nevertheless,
several attempts were made to incorporate substituents into the
aromatic ring in the PANI macromolecular chain.?****” It should
be understood in this case that upon incomplete conversion of
the starting compound, polymers with varying chain lengths,
irregular structures and unsatisfactory target properties are very
likely to be obtained.

This journal is © The Royal Society of Chemistry 2020
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The most promising method for PANI modification involves
the functionalization of the initial monomer by introducing
substituents in order to synthesize mono- or disubstituted
aniline derivatives, followed by their polymerization. The
intensification of studies in this direction aimed at the devel-
opment of a variety of low molecular mass anilines for conver-
sion to high molecular mass objects should be noted as
a confirmation of the above considerations.””

This publication provides the most comprehensive review of
literature sources on modified PANI over the past 20 years. The
main methods and specifics of the polymerization of aniline
derivatives are considered. A correlation between the nature,
amount and position of substituents at the aromatic ring and
the variation in the properties of polymers in comparison with
unsubstituted PANI is given.

2. Synthesis of polyaniline derivatives

Functionalized PANI are usually obtained by chemical poly-
merization with oxidizing agents,* by electrochemical deposi-
tion on working electrodes made of noble metals,*
types of graphite and glass with an electrically conductive
coatings, as well as by interface polymerization. The properties
of the resulting high molecular mass product substantially
depend on the experimental conditions, such as temperature,
time, solvent, doping acid, and concentrations and nature of
the reagents.

various

2.1. Chemical synthesis

The classical oxidative polymerization of aniline derivatives
involves the monomer conversion in an aqueous solution of an
acid as the doping agent, in the presence of oxidizing agents
(potassium persulfate*® or ammonium persulfate,®* potas-
sium dichromate,* or iron(m) chloride®). As a rule, the poly-
merization process is performed in an acid environment at pH
0-2. If salt formation with the monomer is hindered in aqueous
acid solutions, organic solvents are used, such as DMF, DMSO,
methanol,** THF,*® chloroform,*” various ethers,***’ etc. Despite
the apparent simplicity of aniline oxidative polymerization, it is
a complex multi-stage reaction. It includes two interrelated
processes: assembly of monomeric units resulting in the growth
of macromolecules, and self-organization of the growing chains
into supramolecular structures. The polymer chains in an
electrically conductive PANI contain 95-98% para-substituted
monomeric units bound head-to-tail, thus providing a devel-
oped poly-conjugated system.>

The polymerization of aniline derivatives is performed
similarly to the synthesis of unsubstituted PANI. The difference
in the conditions required for synthesizing the target product is
determined by the nature of the substituent at the aromatic ring
of the starting monomer, since it affects the basicity of the
modified aniline and incorporation of functional groups
adversely affects its reactivity. According to literature sources,
aniline derivatives containing electron-donating or weak
electron-withdrawing groups form a stable free radical in the
course of polymerization and the reaction occurs slowly.* The
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situation is different if the monomer contains a strong electron-
withdrawing substituent: the free radical is unstable and poly-
merization does not occur.** Bearing in mind the results ob-
tained in ref. 41, the authors of ref. 42-44 did the following to
successfully convert a monomer into a high molecular mass
compound: they “compensated” for some decrease in the elec-
tron density on the nitrogen atom due to the presence of an
electron-withdrawing substituent by incorporating an electron-
donating group into the aromatic ring. The problem of low
reactivity of polymerization participants is successfully resolved
using catalysts, for example, such as aniline and phenylenedi-
amine dimers.**® To increase the yield of the target product, it
was suggested**® to use catalysts such as alkali metal salts,
lithium chloride in particular, for increasing the molecular
mass.

Ultrasonic***® or microwave radiation® ' are used to
improve the physicochemical properties of polymers and to
increase the product yield in the oxidative polymerization of
aniline and its functionalized derivatives. It is known that
external irradiation of this kind makes it possible to obtain
PANI derivatives in yields 2.5-3 times higher than the classical
synthetic method, the synthesis time being 5-10 minutes.>**°
The polymers that we isolated had a nanoscale supramolecular
structure, improved electrical conductivity and higher molec-
ular weights.®* The use of ultrasonic or microwave irradiation
allows one to decrease the amount of the oxidizer, thus
reducing the amount of side products and making PANI
synthesis more environmentally friendly.**

2.2. Electrochemical synthesis

Since electrochemical methods for synthesizing polymers are
advantageous in comparison with classical chemical methods,
it is quite understandable that anodic oxidation of monomers
on a working electrode is among the most common methods for
converting low molecular mass compounds to high molecular
mass compounds. The resulting product is “pure” and does not
require isolation from the initial monomer/oxidant/solvent
mixture. If this method of synthesis is used, it can be
combined with physical spectroscopic methods (UV, IR, visible
spectroscopy, Raman scattering, ellipsometry and con-
ductometry) in order to determine the properties of the material
in situ.

Electrochemical syntheses of PANI derivatives, which involve
the deposition of a polymer onto a working electrode made of
metals,>>**7> carbon materials (glass carbon, graphite), or
optically transparent electrodes made of glass coated with
metals or metal oxides,*””*7 are performed in galvanostatic,
potentiostatic, or potentiodynamic modes in a three-electrode
cell. A study of this process by scanning electron microscopy
confirmed that the most homogeneous products are obtained
in the potential cycling mode.”

The electrolytes commonly used in the syntheses of polymers
include acids, such as HCIO,, H,SO,, HCIl, HBF,, and HF, as
well as various buffer solutions. To convert substituted anilines
insoluble in aqueous solutions of acids into high molecular

RSC Adv, 2020, 10, 7468-7491 | 7469
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mass products, a mixture of an aqueous acid solution (70%) and
an organic solvent, acetonitrile (30%), is used.?

The substituents present in the aniline molecule affect the
electrochemical process considerably: the electron-donating
ones decrease the oxidation potential due to a decrease in the
basicity of the nitrogen atom (alkyl and alkoxy groups), while
the electron-withdrawing ones hinder the polymer formation.
The latter results from an increase in the positive charge on the
nitrogen atom and destabilizes it compared with aniline, thus
decreasing the reactivity. For example, it was found in a number
of studies that substituted aniline containing a sulfo and
alkoxysulfo group did not undergo electropolymerization.**”*7”

In order to prevent the overoxidation of the polymer film, the
anodic limit of the polymerization potential during the elec-
trosynthesis of functionalized high molecular mass anilines is
maintained at low values. At the initial stages of the process, the
PANI film grows slowly, but after about 20 cycles this process
accelerates significantly and approaches completion after 50
cycles at a scan rate of 10-100 mV s~ ', which indicates its low
electrical conductivity.®*7°

2.3. Interface polymerization

Scientific literature contains rather few examples of the inter-
face polymerization of aniline and its derivatives. Depending on
the polymerization conditions, PANI can form a wide range of
supramolecular structures. These are one-, two- and three-
dimensional particles, as well as complex hierarchical struc-
tures corresponding to different types of macromolecule
packing.”® Upon completion of the synthesis, the resulting
macromolecule agglomerates cannot be melted or dissolved;
the polymer structure remains unchanged. Thus, the synthesis
irreversibly “freezes” not only the molecular assembly of chains
but also their supramolecular packaging.

As a rule, the interface polymerization is performed at room
temperature. Aniline is dissolved in an organic solvent (chlo-
roform, hexane), and an aqueous solution of an oxidizing agent
(potassium dichromate, ammonium persulfate or perox-
ydisulfate, iron chloride) is gradually added with vigorous stir-
ring to the monomer solution in order to initiate the
polymerization. The formation of a greenish-blue precipitate is
observed in 5-10 minutes after the reaction is started. The
synthesis is completed after 24 hours of stirring, then water is
added to the reaction mixture in order to complete the precip-
itation. Some researchers prefer aqueous solutions of acids as
solvents for the oxidizing agents. The yield of the target product
in the synthesis described above is no higher than 50%.3747,74%>
Despite the simplicity of the experiment, it appears that the low
popularity of this method for synthesizing high molecular mass
compounds is explained by the low product yields.

3. Physicochemical properties of
polyaniline derivatives

As noted above, PANI has a unique set of properties that favor
its widespread use in many areas of technology. Nevertheless,
its extremely low solubility in typical organic solvents and the
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lack of adhesion to other materials significantly limits its
practical use. Its another drawback is that due to the complexity
of the synthesis of PANI samples with reproducible properties,
the electrical conductivity of oxidative polymerization products
differs by orders of magnitude. Therefore, it is of scientific and
practical interest to study the effect of substituents on the set of
properties of functionalized PANI in order to identify the most
efficient representatives of this class of compounds.

3.1. Solubility

PANI belongs to poorly soluble compounds, but the situation
changes upon incorporation of substituents at the monomer's
aromatic ring.

The nature of the substituent may help improve the solu-
bility in organic or inorganic media.?***47874

It was noticed that incorporation of substituents that acti-
vate the ortho and para positions (-CHz;, ~-OCHj3) into PANI
aromatic ring improved its solubility in polar solvents: DFMA,
DMSO, N-methylpyrrolidone, methanol, ethanol, acetone, and
partially in chloroform.**®”*% A significant improvement in
solubility is observed for disubstituted PANI derivatives, e.g.
with long alkoxy groups, up to 400 g 1™ in water, 100 g 1" in
acetonitrile, 50 and 40 g 17" in acetone and tetrahydrofuran,
respectively.®* Experimental results demonstrated a beneficial
effect of the presence of oxygen-containing groups on the
solubility of functionalized PANI in polar media. Solubility
improvement is achieved in the presence of other heteroatom-
containing substituents in the PANI macromolecule. In fact,
halogen derivatives show an increase in solubility in strongly
polar media (H,SO,, DMF, DMSO, N-methyl-2-pyrrolidi-
none),***> while the thiophene substituent at the ortho position
of the aromatic ring of PANI increases the solubility in non-
polar solvents.** Although the increase in solubility in typical
organic solvents is negligible for PANI with an unsubstituted
amino group at the ortho position, it increases strongly in acidic
media.*®

The presence of a doping agent drastically affects the prop-
erties of PANI. A good example is given by the solubility of the
fully doped sulfo derivative of PANI: on reaching the maximum
content of chlorosulfonic acid in the polymer, its solubility
increases 4-fold.*”"* Therefore, the groups framing the macro-
molecular chain are crucial for the solubility of functionalized
PANI: they must be charged. Polymers of this type are called
self-doped because the substituents act as a doping agent. The
solubility of such PANI derivatives both in water and in organic
media increases with an increase in the number of acid groups
in the macromolecule's side chain, whereas the presence of
anionic groups beneficially affects the solubility in
bases.75777,89794

One of the reasons for the solubility improvement is
assumed*”*® to lie in the formation of an oligomeric product
due to the presence of a substituent that causes a kinetic effect
and a decrease in the chain growth rate.

Thus, the presence of various substituents at the aromatic
ring of the starting aniline affects the growth of the macromo-
lecular chain and the molecular mass of the target product. The

This journal is © The Royal Society of Chemistry 2020
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increase in the solubility of functionalized PANI should be
attributed to the presence of C-R bonds along the main polymer
chain (where R is an electron-donor substituent: -Alk, -OAlk,
-Hal, etc.), which results in an increase in the macromolecule
flexibility in comparison with the rigid PANI structure.”

3.2. Electrochemical properties

PANI shows redox activity.”® Electron transfer processes occur
under the action of oxidizing/reducing agents or upon appli-
cation of a potential to an electrode modified with a polymer. It
is known that three stable oxidation states are characteristic of
PANI (Scheme 1), as the cyclic voltammogram (CV) of the
polymer shows (Fig. 1).

The maxima on the CV correspond to transitions between
the oxidized forms. Emeraldine is the most stable form of PANI
(from +0.2 to +0.8 V) (Scheme 1b), and at potential values below
+0.2 V it is in fully reduced state, i.e., in the form of leucoe-
meraldine (Scheme 1a). Pernigraniline, which exists at poten-
tials above +0.8 V (Scheme 1c), appears to be the most oxidized
form of PANI. If the applied potential increases above +0.8 V,
the polymer undergoes irreversible changes® that often give
a third peak on the CV. The latter phenomenon indicates the
loss of electroactivity by PANI observed upon overoxidation.®

Incorporation of various functional groups at the PANI
aromatic ring shifts the potential (E) of redox transitions in the
high molecular mass compound.®*®*¢”7® The value of E is an
important parameter for comparison of PANI derivatives and
for estimating the electrophysical characteristics of
compounds. The effect of substituents on the redox behavior of
PANI derivatives is determined by the nature of the functional
group and by its effect, i.e., electronic or steric.

Alkyl and alkoxy substituents are the most common electron-
donating groups. Incorporation of these substituents into
a macromolecule increases the potential of the first redox
transition in the polymer.>?"4147:48636567,7074 Thege shifts in
PANI alkyl derivatives can be explained taking into account the
structure and conformational changes caused by the presence
of substituents. It is known that the electronic properties of
aromatic macromolecular systems are determined by changes
in the torsion angle (dihedral angle) between the adjacent rings

-2¢ +2e”

-4H* | | +4H'

OO0

Scheme 1 PANIredox transitions: (a) leucoemeraldine, (b) emeraldine
salt, (c) pernigraniline (R = —H, CH3, —CsHo, etc.).
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1200

E, mV(Ag/AgCl)

Fig. 1 A cyclic voltammogram of PANI (versus Ag/AgCl) in
aqueous solution.

acidified

in a polymer chain. The presence of a substituent decreases the
degree of conjugation by increasing the torsion angle due to
a bulky alkyl group and hence decreases the degree of orbital
overlapping between the m-electrons of the aromatic ring and
the unshared electron pair on the nitrogen atom. Incorporation
of a substituent increases the energy of the radical cation of the
semi-oxidized form of PANI (Scheme 1b), which hinders its
formation from the completely reduced polyamine (Scheme 1a),
i.e., increases the oxidation potential of the leucoemeraldine
form.

At the same time, it may be assumed that the electron-
donating effect of an alkyl group would stabilize the radical
cation and thus decrease the oxidation potential. However,
steric effects prevail over electron effects. The formation of the
radical cation of a PANI derivative results in a lower E;,, for the
second redox process (compared to unsubstituted PANI). The
oxidation to the non-protonated quinonediimine form occurs
more readily due to the formation of two completely sp>
hybridized nitrogen atoms, which decreases the steric
hindrance due to a change in the bond angles at these
atoms.*>%

As the length of the alkyl group at an aniline ortho position
increases, the oxidation potential decreases, which is consistent
with the spatial rather than electronic effect of the electron-
donating group.

Unlike alkyl groups, alkoxy substituents have a more
appreciable electronic effect on the electrochemical properties
of PANI derivatives and decrease their oxidation poten-
tial.®*®>7° For example, polymethoxyaniline has a flatter
conformation and therefore a lower oxidation potential. It is
interesting that the oxidation potential of an ortho-methox-
yaniline isomer, viz., 2-aminobenzylalcohol, is much higher.*
In the former case, the substituent is bound through an oxygen
atom, and in the latter case, through a carbon atom. As a result,
—-CH,OH causes an electron-withdrawing effect whereas ~-OCH;
causes an electron-donating effect. Based on the above, it
should be believed that electron-donating groups have
a pronounced beneficial effect on the electrophysical charac-
teristics of the polymer.

RSC Adv, 2020, 10, 7468-7491 | 7471
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Incorporation of more than one functional group at the
aniline's aromatic ring decreases the oxidation potential in
comparison with monosubstituted derivatives. It should also be
noted that the presence of two methoxy groups at the aromatic
ring decreases the oxidation potential relative to dialkyl-
substituted or alkyl-alkoxy-substituted products. The lower
potential of the first redox transition is explained by the strong
electron-donating properties of the alkoxy group and formation
of a planar structure. Replacement of one alkoxy group with
a methyl group increases the oxidation potential due to an
increase in the torsion angle, whereas replacement of two
-OCH; groups with two -CH; groups gives a more twisted
polymer, as confirmed by an increase in the oxidation potential.
The presence of two alkoxy groups also affects the polymeriza-
tion rate: it decreases with an increase in the substituent chain
length. In view of the above, extension of the carbon chain in
the alkoxy group should reduce the oxidation potential, never-
theless it gradually increases. This is apparently due to an
increase in the steric effect.

Considerable shifts of the redox peaks were also noted for
polyanthranilic acid. These are due to the different stabilization
of the radical cations formed during the polymerization.*® Two
oxidation peaks appear at 0.12 and 0.65 V versus Ag/AgCl. They
correspond to the transitions from leucoemeraldine to emer-
aldine and from emeraldine to the perigraniline state of poly-
anthranilic acid, respectively. The redox nature of
polyanthranilic acid was compared with that of PANI. It was
noted that the peak caused by the second redox process had
a higher potential than that observed in the case of PANI (E =
0.23 V versus Ag/AgCl). It should be borne in mind that bulky
substituents (-COOH) at the aromatic ring cause stronger
twisting and hence decrease the degree of chain conjugation.
The latter adversely affects the stability of the polysemiquinone
radical cations formed in the first redox process. Since the
radical cation of polyanthranilic acid polysemiquinone is less
stable in comparison with that of PANI, a higher potential is
required for its formation. The potential of the second redox
peak of polyanthranilic acid is smaller than that of PANI (E =
0.79 V versus Ag/AgCl) in 0.5 N H,S0,.*° Hence, the oxidation of
polysemiquinone with simultaneous deprotonation occurs
more readily in polyanthranilic acid than in PANI. Like in the
case of alkyl substituents, an increase in the bond angle at the
nitrogen atom decreases the steric strain.®

It is significant that the oxidation potentials of all
substituted PANI derivatives are smaller than that of unsub-
stituted PANI, which indicates that PANI derivatives are
oxidized more readily (Table 1).

Comparative analysis of the effect of electron-donating and
electron-withdrawing groups in high molecular weight aniline
(Table 1) on the oxidation potential has shown that the latter
increases in the poly-2-fluoroaniline < poly-2-
chloroaniline < polymethylaniline < PANL®® Thus, electron-
withdrawing substituents that decrease the electron density
on the nitrogen atom favor a decrease in the oxidation potential.

series:
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3.3. Electrochemical stability

Examination of the PANI structure allows it to be stated that it
can exist in numerous states.” Immersion of PANI in an elec-
trolyte solution causes a change in its redox state depending on
the applied potential, and this change is reversible.®® According
to E. M. Genies and P. Noel,'* this behavior is also observed in
PANI derivatives.

Incorporation of functional groups at the monomer's
aromatic ring favorably affects the polymer stability. New PANI
derivatives with higher electrochemical stability in comparison
with the unsubstituted polymer were suggested.'® For example,
the presence of a hexyl substituent at the PANI aromatic ring
increases the redox stability in electrochemical processes rela-
tive to unsubstituted PANI:® ortho-propylaniline and ortho-hex-
ylaniline lost only 10% of their active charge capacity after 160
cycles between —0.15 and +0.4 V (versus Cu/CuF) in the envi-
ronment of NH,F x 2.35 HF. The presence of an electron-
donating substituent in the macromolecular chain inhibits
the polymer overoxidation and hydrolysis processes.

If the substituent simultaneously plays the role of a doping
agent, the stability of PANI derivatives increases relative to the
unsubstituted polymer. The voltammograms of the poly-ortho-
sulfoaniline film obtained in 1 M HCl remain almost
unchanged after 48 hour scanning in the range between 0.0 and
0.6 V at 50 mV s~ (approximately 5000 cycles).**

Increasing the PANI charge capacity and stability is aimed at
expanding its application in energy storage devices.
Compounds with disulfide bonds seem to be promising mate-
rials in this field (Fig. 2).**

In the case of PANI, incorporation of these bonds results in
a energy capacity increase due to the intramolecular self-
catalysis between the PANI macromolecular chain (doping/
dedoping of the m-conjugated system) and disulfide bonds in
the framing groups (breakdown/formation of S-S bonds). Since
the oxidation-reduction of conductive PANI and disulfide
bonds occurs in an identical potential range, the Li/poly[bis(2-
aminophenyloxy)disulfide] test cell displays a cathode charge
capacity of 230 mA kg™ ' and an energy density of 460 mW h
kg™" on the cathode, which is about 2 times higher than the
parameters of inorganic intercalation compounds.'”

In order to increase the PANI capacity, a ferrocene-
containing substituent is incorporated in its side chain
(Scheme 2).'* Charge/discharge tests demonstrated that the
PANI derivative in question showed an elevated cycling stability
relative to the unsubstituted analogue even after 30 cycles.

The electrochemical properties of a poly-ortho-methoxyani-
line film were studied in an ionic liquid electrolyte.® The
experiment showed that the polymer has a high specific
capacity of 260 F g~ for 80% 1-butyl-3-methylimidazolyl tetra-
fluoroborate (liquid electrolyte) in polyethylene glycol and good
electrochemical stability for a period of 3000 cycles. The specific
energy shows a 70% retention from the initial value, and the
specific power remains extremely stable throughout the entire
cycling period. According to literature, this is the first report on
the study of polymer films in an ionic liquid and in a poly-
ethylene glycol electrolyte.'*

This journal is © The Royal Society of Chemistry 2020
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Table 1 Oxidation potential of polyaniline derivatives
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Polymer Eox, V Ref. Polymer Eox, V Ref.
PANI 0.12 63 Poly-ortho-methylaniline 0.20 63
Poly-2-methoxyaniline 0.08 63 Poly-2-aminobenzyl alcohol 0.22 63
Poly-ortho-ethylaniline 0.30 67 Poly-2-ethoxyaniline 0.12 65
Poly-ortho-propylaniline 0.15 95 Poly-2-methoxy-5-methylaniline 0.16 63
Poly-ortho-hexylaniline 0.20 95 Poly-2-hexyloxyaniline 0.09 65
Poly-2,5-dimethylaniline 0.24 63 Poly-2,5-dihexyloxyaniline 0.09 65
Poly-ortho-butoxyaniline 0.09 65 Poly-2,5-dimethoxyaniline 0.07 65
Poly-ortho-fluoroaniline 0.52 98 Poly-2,5-dibutoxyaniline 0.09 65
Poly-ortho-chloroaniline 0.29 113 Polyanthranilic acid 0.23 80
Poly[bis(2-aminophenyloxy)disulfide] 0.32 101 Poly-[6-(2-aminophenol-9H-yl)-hexylferrocene carboxylate] 0.24 102

%yﬁ{%ﬁ N—
oo

Fig. 2 Poly[bis(2-aminophenyloxy)disulfide.

3.4. Conductivity

PANI is among the most prominent representatives of electri-
cally conductive polymers. It has a controlled electronic
conductivity in the range of 10 '° to 10' S em ™"
conductivity.

as well as ionic

NO, COOH
,—OH
o~(Cfiys @ DMAP

F
L EDCI

The PANI chain is a regular sequence of monomeric units
providing conjugation of the m-electron clouds on the aromatic
ring and the unshared electron pair on the nitrogen atom,
which overlap above and below the plane of the polymer
chain."'* The conjugated system of the macromolecular
compound determines the level of charge carrier mobility. The
conductivity of PANI depends on the content and mobility of
positive polarons (radical cations on nitrogen atoms, charge
carriers) in it that are formed during oxidation (Scheme 3). In
fact, leucoemeraldine contains no oxidized nitrogen atoms,
therefore its conductivity is low, 10 %to 107'°S cm ™. During
oxidation and with an increase in the number of charge carriers,
the electrical conductivity increases. Emeraldine, a stable semi-
oxidized form of PANI, has high conductivity (10-100 S cm™ ).

A O O

internal redox
KO O W,
s

polaron migration
Scheme 3 PANI structure: (a) bipolaron (dication); (b and c) polaron

(Cation radical),we

>|+Z

>z,

I\ O\/\/\/\O)‘\@O
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Pt/C O\/\/\/\
1l — "
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Scheme 2 Scheme of synthesizing 6-(2-aminophenol-9H-yl)-hexylferrocenecarboxylate.®®
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Further oxidation of PANI results in a decrease in electrical
conductivity, while pernigraniline, the completely oxidized
form, is even a dielectric (107'° S em ™).

The effect of substituents on the electronic conductivity of
PANI depends on their nature. The presence of both electron-
donating and electron-withdrawing groups in the macromole-
cule results in a decrease in electrical conductivity, but it is
caused by different reasons.

The electrical conductivity of doped forms of PANI deriva-
tives with electron-donating substituents (poly-ortho-toluidine,
poly-ortho-ethylaniline, poly-ortho-propylaniline) is higher than
that of their undoped forms but lower than that of PANI. The
decrease in conductivity was explained®® by the fact that
incorporation of a methyl group at the benzene ring increases
the torsion angle between the conjugated rings and thereby
reduces the steric strain with increasing distance between the
polymer units. The decrease in conductivity also depends on the
size of the functional group that is present. The longer and
bulkier the substituent in the side chain, the greater the steric
effect is and the less accessible is the nitrogen atom for the
doping agent that is a charge carrier, and hence, the higher is
the shielding effect of the group.'® Experimental data show
(Table 2) that the steric effects that are due to the increase in the
dihedral angle upon incorporation of alkyl substituents prevail
over the electronic effects. The results are consistent with the
measurements of the conductivity of PANI and alkyl substituted
derivatives: it was found that the conductivity decreases in the
series PANI > poly-ortho-toluidine > poly-ortho-ethylaniline >
poly-ortho-propylaniline.®**

The presence of an oxygen-containing electron-donating
group at the ortho position of aniline, like with alkyl groups,
results in a decrease in electrical conductivity. However, despite
the narrowing of the band gap in poly-ortho-methoxyaniline, the
conductivity of this material is significantly lower than that of
alkyl derivatives which, in turn, widen the band gap. Apparently,

Table 2 Conductivity of polyaniline derivatives
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this can be explained by the electronic effect of alkoxy groups on
the properties of the polymer. It was noted®” that the electrical
conductivity of poly-ortho-methoxyaniline is higher than that of
its isomer, poly-2-aminobenzylalcohol. The larger volume of the
—-CH,OH group in comparison with -OCHj; results in a more
twisted polymer with a low degree of conjugation and low
conductivity. Based on this information, it was assumed that an
atom with a low van der Waals radius (e.g., oxygen) favors the
formation of a polymer with good electrical properties.®””®

An increase in the number of substituents at the aromatic
ring of aniline leads to a larger torsion angle relative to mono-
substituted derivatives, which causes a decrease in electrical
conductivity.®® In fact, the lateral bond relieves the strain, and
more regular polymer structures are formed. Bulky substituents
(alkyl groups) induce additional deformation along the macro-
molecular chain. The latter favors a decrease in the degree of
conjugation and hence a decrease in conductivity (for example,
poly-(2,5-dimethylaniline)). Substituted poly-2,5-alkoxyanilines
have a lower band gap and higher electrical conductivity in
comparison with alkyl derivatives. However, replacement of an
alkoxy group at position 5 of the aromatic ring with an alkyl
group results in a sharp conductivity decrease due to an
increase in the torque angle of the polymer main chain caused
by the steric effect of the alkyl substituent. In comparison with
PANI, poly-2,5-dialkoxyaniline has a lower oxidation potential,
possibly due to an increase in the distance between the chains.
Elongation of the carbon chain in dialkoxy derivatives of PANI
decreases the conductivity. In the case of short substituents
(-OCH3;, -OC,H;), the presence of a second alkoxy group at
position 5 gives materials with improved conductivity owing to
the formation of a more regular structure.®® However, this is not
observed in disubstituted polymers with long side chains, since
the interchain distance increases in this case.

As mentioned above, elongation of the chain of a substituent
at the aromatic ring decreases the electrical conductivity.

Polymer Sem™! Ref. Polymer Sem™! Ref.
PANI 10-100 109 Poly-2-methoxyaniline 144.5 26
Poly-2-methylaniline 0.26 63 Poly-3-methylaniline 7.5 x 1072 70
0.13 70
Poly-2-aminobenzyl alcohol 1.7 x 10°? 63 Poly-2-methoxyaniline 0.14 63
Poly-2-ethylaniline 8.2 x 107° 70 Poly-2-ethoxyaniline 3.0 x 1073 65
Poly-2,5-dimethylaniline 3.0 x 10°° 63 Poly-2,5-dimethoxyaniline 0.2 63
Poly-2-methoxy-5-methylaniline 5.8 x 107° 63 Poly-2,5-dibutoxyaniline 7.0 x 10°* 65
Poly-ortho-butoxyaniline 2.0 x 1073 65 Poly-2,5-dihexyloxyaniline 1.0 x 10°° 65
Poly-2-hexyloxyaniline 1.0 x 107° 65 poly[bis(2-aminophenyloxy)disulfide] 6.4 x 10> 101
poly(2-methoxyaniline-5-phosphonic acid) 0.2 42 Poly-meta-aminophenol 5.0 x 107* 85
Poly-2-phenylenediamine 1.2 x 107° 106 2,5-bis(2-methoxyethoxy)aniline 2.4 x 1073 35
2,5-bis[2-(2-methoxyethoxy)ethoxylaniline 1.7 x 10°° 35 Poly-2-chloroaniline 2.2 x10°* 40
8.4 x 107" 98
Poly-3-fluoroaniline 6.5 x 1077 24 Poly-2,6-dibromoaniline 1.5 x 107® 36
9.2 x 107! 98
2,5-Poly-difluoroaniline 1.7 x 107° 116 3,5-Poly-difluoroaniline 2.0 x 107 116
2,6-Poly-difluoroaniline 3.0 x 107 116 Poly-1-naphthalamine 5.5 x 102 109
Poly-2,6-di(thiophen-2-yl)aniline 3.0 x 1077 36 poly[2-(2,3-dihydroxypropoxy)aniline] 2.8 x 1073 108
Poly-[2-(2-hydroxyethoxy)aniline] 4.6 x10°° 108 Poly-3-aminophenylboric acid 0.14 89
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Nevertheless, no noticeable dependence of electrical conduc-
tivity of polymers upon elongation of substituents was observed
(Fig. 3), and the electrical conductivity of these materials was
(1.7-2.4) x 10~* S em ™. Incorporation of one or two addi-
tional hydroxy groups in PANI functionalized with an alkoxy
group causes a conductivity decrease in comparison with PANI
due to a planarity violation in the macromolecular chain
structure.*”’

The great importance of the PANI's planar structure is
confirmed by the fact that its well studied derivative, poly-1-
naphthylamine (Scheme 4), is characterized by a flat structure
of the macromolecular chain and its conductivity reaches
0.055-0.083 S cm ™ '.1%

Incorporation of an amino or hydroxy group at the aromatic
ring of PANI changes the polymer structure.*>"*** According to
these studies, poly-meta-aminophenol and poly-ortho-phenyl-
enediamine form ladder-type structures with open and closed
rings (Fig. 4). The properties of the compounds differ: polymers
with open ring structure have higher solubility and the
following conductivity in doped state: poly-meta-aminophenol,
1.0 x 1077 S cm™'; poly-ortho-phenylenediamine, 1.2 x
107°Sem ™"

Since the electron-donating effect of alkyl groups adversely
affects the conductivity of PANI, it had to be expected that an
electron-withdrawing substituent would increase it. However,
the electrical conductivity of poly-ortho-chloroaniline, which is
the highest among halogen derivatives,>*#**>'1? is significantly
than that of its ortho-alkyl-substituted
analogues.**®**%11311¢ Thig result confirms the fact that the
decrease in conductivity upon incorporation of alkyl groups is
to a greater extent due to the steric effect than to the electronic
one. The low electrical conductivity of the PANI halo-derivatives
may result from a decrease in intramolecular charge diffusion
due to electron-withdrawing side groups and variation in the
structure planarity.*

The electrical conductivity of monosubstituted halogenated
polymers is higher than that of PANI dihalo-derivatives."**''® An
important role belongs to the halogen electronegativity: the
electrical conductivity decreases with its increase in the series of
halogen-containing PANI derivatives.®***»** In the case of poly-
dihaloanilines, a low doping level is observed due to the
electron-withdrawing effect of substituents leading to
a decrease in the basicity of nitrogen atoms. Under these
conditions, the doping possibilities are minimal, hence a low
conductivity is observed."® Of the PANI derivatives with

lower

<_ CH, <_ CH, ( CH, <_ O\CH3

@ﬁ%ﬁ}

CH; Q
P2-ES

Fig. 3 Poly-2,5-bis(2-methoxyethoxy)aniline.?*
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Scheme 4 Poly-1-naphthylamine.

substituents at positions 3,5-, 2,6- and 2,5- studied by Rubio
et al.,'* the latter shows the best conductivity (Fig. 5). Since
halogens at positions 2,5- and 2,6- affect the basicity of the
nitrogen atom more strongly, the level of doping and hence the
conductivity of this sample is the largest.

Studies on the synthesis of various PANI derivatives with
heteroatom-containing substituents*»****°* are rather inter-
esting. For example, a number of disubstituted PANI derivatives
were obtained® in order to study the structure-property (solu-
bility and conductivity) relationships (Fig. 6). It was found that
with an increase in the volume of substituents framing the
macromolecule, the electrical conductivity decreased from the
methoxy group at position 2,6- or 3,5- to 2,6-dithiophen-2-yl and
2,6-dibromopolyaniline.®

As a rule, heteroatom-containing substituents are inten-
tionally incorporated in PANI in order to change some specific
properties of the final material and to expand the spectrum of
possible applications in a particular industry.*”'*»'** In order to
increase the charge capacity of PANI, we obtained a polymer
with disulfide bridges, ie., poly[bis(2-aminophenyloxy)
disulfide], whose electrical conductivity is 2-3 orders of
magnitude lower than that of PANI - 6.4 x 107> S cm "
(Fig. 7).

An increase in the capacity of a material is also achieved in
the case of a synthesized ferrocene-containing polymer (Scheme
2) with an electrical conductivity of 2.1 x 10™°S cm™".*? In this
case, the decrease in electrical conductivity is due to the pres-
ence of bulky substituents with a large steric substituent effect,
which disrupts the conjugated structure of the polymer chain

u* u
o ¢
icssssos &
YOS SIS
oo doqe

Fig. 4 Structure of poly-meta-aminophenol with closed ring (a) and
open ring (b).
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Fig. 5 Substituted PANI: 3,5- (a), 2,6- (b), 2,5- (c).

NH,
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a b

Fig. 6 Structures of 2,6-di(thiophen-2-yl)aniline (a) and N1-(2,6-
di(thiophenyl-2-yl)phenyl)benzene-1,4-diamine (b).

NH,
O
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Fig. 7 2-Aminophenyloxydisulfide monomer.1°®

NH,

and reduces the electron transfer along the macromolecule.
This induced chain twisting not only increases the energy
barrier of charge transfer but also reduces the charge delocal-
ization along the chain.™*

A synthesis of a PANI containing a substituent with liquid
crystal properties in the side chain was reported.*” The sample
in undoped state had a conductivity of 107" S em™'. In
a magnetic field, the side substituents changed orientation and
became strictly perpendicular to the main polymer chain. As
a result, the conductivity increased to 10~° S cm™" (Fig. 8). The
change in electrical conductivity by 5 orders of magnitude can
be attributed to the alignment of the polymer chain and
a significant increase in the conjuration length.

Incorporation of dopants is an efficient way for modifying
PANI. Bearing in mind that the counterion readily leaves the
polymer under the effect of external factors, it is important that
substituents causing a self-doping effect be present in the
aromatic ring of the macromolecular chain. A large number of
studies dealt with this urgent problem, that is, synthesizing

7476 | RSC Adv, 2020, 10, 7468-7491
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Fig. 8 Scheme of orientation of polymer side chains under external
magnetic field.*”

substituted PANI with a self-doped polymer system.****7>7¢
However, the electrical conductivity of these materials is low.
The experimental electrical conductivity values of the acid
sample obtained in ref. 44 are about 107° S cm ™. These low
values should be attributed to the presence of a strong electron-
withdrawing group in the functionalized PANI macromolecule,
which simultaneously reduces the electron density on the
nitrogen atom and the degree of polymerization.****”> To
compensate the effects of the electron-withdrawing substituent,
an electron-donating group was incorporated at the ortho
position of the aromatic ring (Fig. 9). As a result, a water-soluble
polymer with enhanced electrical conductivity (0.02 S cm ™) was
obtained.*>**7>

The first successful synthesis of a self-doped PANI was
carried out by Epstein."” As expected, sulfonation of PANI
significantly improved its solubility"**** and beneficially
affected the conductive properties.’* The electrical conductivity
of PANI sulfonic acid derivatives depends on the sulfur : ni-
trogen ratio. It determines the degree of doping of a high
molecular mass compound, which affects the number of
polarons, i.e., charge carriers in the polymer. As the S : N ratio

increases, the solubility improves noticeably, while the

PO(OH), PO(OH),

H H
: : n
MeO MeO

Fig. 9 Poly-2-methoxyaniline-5-phosphoric acid.
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electrical conductivity of the sample decreases from 0.023 to 1.7
x 107" S cm™'.5088

It was found in a study of the behavior of self-doped poly-3-
aminophenylboric acid (Fig. 10) over a wide pH range® that the
tetrahedral boron atom is stable during potential cycling and
thus it increases the polymer's electroactivity. Its conductivity
reaches a maximum in an intermediate state between the fully
reduced form, leucoemeraldine, and the fully oxidized form,
pernigraniline. As the pH increases from 1 to 8, the electrical
conductivity of poly-3-aminophenylboric acid changes from
0.14 to 0.03 S cm ' (potential range 0.1-0.4 V). Non-modified
PANI shows a decrease in the maximum conductivity by
almost 2 orders of magnitude at pH values from 0 to 4.*

Thus, the main factors affecting the conductivity of PANI
derivatives are the parameters determining the nature of the
substituent, viz., electron-donating and electron-withdrawing
properties, as well as the volume of the functional group. The
effect of environment pH on the properties of PANI derivatives
whose aromatic rings contain orientants of the first or second
kind is also important.**>*%*** Acids better protonate deriva-
tives with an electron-donating group, as confirmed by UV
spectroscopy and electrical conductivity data. Upon incorpora-
tion of electron-withdrawing substituents as the macromolecule
framing groups, the basicity of the nitrogen atom decreases and
protonation of PANI derivatives only occurs in highly acidic
media."">''® Moreover, protonation with bulkier acids occurs
more easily.’ It is interesting that the dependence of the
electrical conductivity on the acid concentration used in the
synthesis is nonlinear. Electrical conductivity first increases
with an increase in acid concentration, but only to a certain
point. A further increase in the medium acidity results in
a conductivity decrease due to possible substitution at the
aromatic ring.”

The history of the electrically conductive material, i.e., the
choice of an appropriate method for the polymer synthesis and
oxidizing agents, also plays a role in achieving high electrical
conductivity. In fact, the conductivity of halo-containing PANI
samples was found to depend on whether potassium dichro-
mate is used in its synthesis: the conductivity decreases in this
case."''¢ The degree of polymer crystallinity determined by the
synthesis technique also affects the conductivity of functional-
ized PANI samples. As it was noted,”* the highest degree of
crystallinity, and hence the maximum electrical conductivity of
PANI derivatives, are reached when they are obtained by inter-
face polymerization. Table 2 shows the electrical conductivity
values of PANI derivatives, which can be used to track the
dependence of the polymer properties on its structure.

HO\ HO\
B—OH B—OH

OO

Fig. 10 Poly-3-aminophenylboric acid.
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3.5. Optical properties

Comparative studies of the electronic spectra of unsubstituted
PANI and its derivatives provide an understanding of the
molecular geometry changes caused by the effect of substitu-
ents on the main polymer chain.

The PANI absorption spectrum is characterized by two
absorption maxima at 330 and 620 nm. The first one corre-
sponds to the w-m* electron transition between the adjacent
conjugated aromatic rings in the polymer chain. The second
absorption maximum at longer wavelengths is due to the n-m*
electronic transition in the PANI's quinoid moiety. The areas
under these peaks correspond to the number of benzoid and
quinoid moieties in the polymer. Therefore, it is possible to
determine the ratio of oxidized and non-oxidized moieties in
the macromolecular chain.

The electronic spectra of PANI derivatives also consist of two
absorption bands.**#%>677%7  Nevertheless,
substituents are incorporated at the PANI's aromatic ring,
a shift in the absorption maxima relative to the unsubstituted
polymer is observed due to electronic and steric effects from the
polymer's framing groups.®’

It is noted in literature sources®**"° that alkyl groups at the
ortho position result in a hypsochromic shift of the PANI's
absorption maxima, while alkoxy groups cause a bathochromic
shift. This fact indicates that electron-donating groups have
various effects on the properties of PANI. The tetrahedral
carbon atom of the alkyl group increases the torsion angle of the
polymer chain and a non-planar polymer structure is formed.
For this reason, the hypsochromic shift in polyalkylanilines is
due to the steric factor (Fig. 11).

At the same time, alkoxy groups bound to the aromatic ring
through an oxygen atom lead to smaller deformation of the
planar conformation of the PANI derivative.®” It is believed®
that in the latter case, a more planar polymer structure is
formed because the van der Waals radius of the oxygen atom in
the methoxy group (1.40 A) is smaller than that of the carbon
atom in the methyl group (2.00 A). Therefore, the bathochromic
shift of the absorption maximum of polymethoxyaniline is most
likely caused by the electronic effect of the alkoxy group.®**>%” It

when various

- - PANI

— Poly-o-toluidine

-------- Poly-o-ethylaniline

ABSORBANCE

T T T T T ¥
300 400 500 600 700 800
A, nm

Fig. 11 Electronic absorption spectrum of PANI derivatives in DMF.
Reproduced with permission from ref. 70.
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was found later that incorporation of the second alkoxy group
contributes to an even greater bathochromic shift of the
absorption maximum.® Upon elongation of the substituent's
carbon chain, the bathochromic shift of the absorption peaks
increases, which can be attributed to the strong electron-
donating properties of alkoxy groups (Table 3).

An increase in the hypsochromic shift of the absorption
maximum is observed for PANI alkyl derivatives with elongated
side chains.**®¢778

PANI derivatives with electron-withdrawing substituents also
exhibit a bathochromic and hypsochromic shift of absorption
maxima.””#***” Halo derivatives of PANI have an absorption
maximum with a bathochromic shift with respect to PANI that
is due to the presence of an electron-withdrawing halogen
substituent that decreases the delocalization of the electric
charge in the conjugated polymer system (Fig. 12).%®

With an increase in the electronegativity of the halogen
substituent, the absorption peak shifts bathochromically.®*
However, a hypsochrome shift (315 nm) was observed for PANI
bromo and iodo derivatives (Fig. 13). Since the atomic radii of
bromine and iodine are larger than that of chlorine, they
significantly distort the planarity of PANI's high molecular
structure, which results in a sharp decrease in the conjugation
length along the main polymer chain. In this case, the steric
effect of halogen substituents predominates over their elec-
tronic effect. It was noted that the hypsochromic shift increases
with an increase in the bromine content in functionalized
PANL.>

The absorption maxima of poly-ortho-phenylenediamine are
shifted relative to those of PANI towards shorter wavelengths
due to the steric effect of the functional group.®>'**''° The
hypsochromic shift of the maxima in the spectra of poly-meta-
aminophenol and poly-ortho-phenylenediamine, despite the
strong electron-donating effect, occurs because they exist in the
form of a ladder-type structure, which decreases the degree of
conjugation of the polymer chain, similarly to the majority of
PANI derivatives.

In the previous sections, we considered PANI derivatives
containing bulky heteroatom substituents.’”***** The elec-
tronic spectra of these derivatives show a hypsochromic shift of
the absorption maxima due to the steric hindrance created by

Table 3 Optical properties of polyaniline derivatives®
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Fig.12 Electronic spectrum of PANI derivatives in DMSO. Reproduced
with 