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Abstract. The synthesis and properties of the most popular
and widely used electrically conducting polymer, polyani-
line, are considered. The proposed mechanisms of the
molecular synthesis and self-assembly of macromolecules
occurring during the polymerization agree with the large
body of experimental data. The reaction medium acidity is
demonstrated to affect the mechanism of aniline oxidative
polymerization and the formation of different types of
supramolecular structures, namely, nanoglobules, nanofi-
bres, nanotubes and microspheres. The bibliography
includes 250 references.

1. Introduction

Polyaniline (PANI) pertains to the class of conducting
polymers the history of which dates back to 1977 when
electrically conducting polyacetylene was synthesized. Due
to the presence of the extended system of conjugated bonds,
these polymers exhibited properties typical of semiconduc-
tors.! The Nobel Prize in Chemistry of 2000 was awarded
jointly to A Heeger, A MacDiarmid and H Shirakawa for
the discovery and development of conducting polymers.
Polyaniline has captured attention of scientists and engi-
neers due to the following unique complex of properties: the
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redox activity, the wide variation range of electronic con-
ductivity, the presence of ionic conductivity.? Due to its
high thermal and chemical stability and the low prime cost,
PANI was the first among conducting polymers to be used
in practice. It was applied in energy-saving devices, for
shielding electromagnetic radiation and as a corrosion
inhibitor for ferrous and non-ferrous metals, served as the
active component in chemical sensors and also was put
through clinical trials and as a potentially catalytically
active material.! =3 In the past decade, the interest in PANI
steadily increased and the PANI application field widened.
This is evident from the increasing number of scientific
publications (Fig. 1) and registered patents with the key-
word ‘polyaniline’.
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Figure 1. Dynamics of the increase in the number of scientific
publications on the subject ‘polyaniline’ according to the database
SCOPUS.

The PANTI history in Russia has deep roots. In 1840,
J Fritzsche, a German chemist who worked in Russia,
described in detail the procedure of synthesis of a dark-
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green powder, the aniline oxidation product.” Most likely,
this was polyaniline and thus the first polymer synthesized
in laboratory. According to the Internet database Web of
Science, in the past 15 years the Russian scientists published
more than 450 scientific studies on polyaniline. These pub-
lications were devoted to the PANI synthesis,® !5 the
fundamental investigations into its structure '~ '8 and the
mechanism of charge transport in this polymer %20 as well
as to the development of miscellaneous composite materi-
als,?! ~24 materials for catalysis,?>2¢ sensors?’~2° and pro-
ton-conducting and gas-separating membranes.30~33
During the past 10 years, the authors of the present
review also studied the molecular reactions of aniline
oxidation,?*~ 39 the processes of self-organization through-
out the polymer synthesis,3®40-45 the PANI interaction
with different types of templates,**~52 and synthesized
PANI-based nanostructured composite materials.>3 8

I1. Polyaniline structure and properties

Studies on the molecular structure of conducting polyani-
line have shown that the structure of its chains was highly
regular. Aniline monomer units were coupled in the ‘head -
to- tail’ manner; thus, PANI contained regularly alternating
benzene rings and nitrogen-containing groups. Moreover,
virtually all monomer units were para-coupled.®® Such an
organization of macromolecules allowed a continuous con-
jugation system to be formed, thus providing the high
conductivity level and, in certain cases, even metallic prop-
erties.*

Polyaniline can exist is different oxidation states,”® i.e.,
contain different numbers of oxidized nitrogen atoms in its
backbone (Scheme 1).7! The polymer is characterized by the
following oxidation states: the reduced form, namely, leu-
coemeraldine, containing non-oxidized nitrogen atoms; the
intermediate oxidation state, emeraldine in which every
second nitrogen atom is oxidized; and the highest degree
of oxidation, pernigraniline with fully oxidized nitrogen
atoms. Each PANI oxidation state exists in two forms,
namely, protonated and deprotonated.”’? Oxidized nitrogen

1 This study was published in German in the Scientific Bulletin of the
St Petersburg Imperial Academy of Sciences [J Fritzche. Ueber das
Anilin, ein neues Zersetzungsproduct des Indigo. Bulletin Scientifique
publie par L’Academie Imperiale des Sciences de Saint-Petersbourg.
Tome VII (No.12), No. 156 (1840)]. At present, this publication is avail-
able at the St Petersburg Public Library.
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atoms are protonated more easily than the non-oxidized
atoms,*73 because protonation leads to their stabilization
as radical cations or the so-called positive polarons.’® The
latter serve as charge carriers so that PANT in its protonated
form acquires the p-type electronic conduction. Usually, the
conductivity of the protonated emeraldine polymeric form
is 1-10 S cm~! and can exceed the conductivity of leucoe-
meraldine and deprotonated emeraldine by 10 orders of
magnitude.*

Under the term ‘polyaniline’, the protonated emeraldine
polymeric form is usually understood, which can directly be
prepared by synthesis. However, this is also often applied
not only to the polymer with the regular structure but also
to very different oxidation products of aniline. The proper-
ties of these materials can largely differ. Thus some samples
demonstrated the conductivity of several tens and even
hundreds of S cm—! whereas the specific conductivity of
other samples did not exceed 1071 S cm—! (Refs 74 and
75). The optical absorption of highly conducting samples
covered the whole range of visible and the near IR spectra,’®
whereas the low-conducting materials absorbed in the range
below 500 nm. The molecular mass (MM) of products could
vary from several hundred to several hundred thousand
Dalton, which affects the mechanical properties of the
material.”’

The aniline oxidation products were obtained in the
form of various supramolecular structures, their morphol-
ogy was extremely diversified. The polymer chains could
form one-dimensional structures, namely, rods, nanofibres
and nanotubes,’® 89 planar two-dimensional particles, e.g.,
the so-called ‘micromats’,3! ribbons, nanobelts and nano-
plates,32-86 and three-dimensional objects such as the
globular structure typical of polymers, microspheres, nano-
spheres and hollow microspheres.8” 8% Furthermore, more
complicated hierarchical formations were observed such as
flowers, urchins, branches, corals.8%:3°-°! In line with the
development of nanotechnology,' the active studies of
organized supramolecular structures of organic semicon-
ductors were aimed at the development of materials to be
used in molecular electronics, solar cells and sensors and
also in the field of catalysis and polymeric nanolitho-
graphy.®? As a rule, the nanoscale structured objects exhibit
the unique surface properties and the high mobility of
charge carriers.”® As a consequence, the development of
methods of targeted synthesis of materials with the desired
properties and the particular supramolecular structure
became extremely challenging.
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I11. Polyaniline synthesis

The wide diversity of aniline oxidation products with differ-
ent properties and supramolecular structures were directly
formed in the course of a one-step synthesis. The assembly
of polymer chains was initiated by an oxidant added to an
acidified aniline solution. With the correctly chosen
[oxidant] : [monomer] ([Ox]:[An]) molar concenrations, the
polymer is obtained in the emeraldine form used most often
in practice.* 3 The synthesis is carried out in the presence of
inorganic, organic and polymeric acids that protonate
PANI (this process is also termed doping).”-%-13-94.95 How-
ever, the mechanism of polymerization and formation of
supramolecular structures remains obscure so far. All the
types of supramolecular structures listed above rather than
being the target products were obtained accidentally when
developing the methods of the polymer synthesis.
Polyaniline samples with different properties and supra-
molecular structures can be obtained by varying the con-
ditions of synthesis.?®°7 Smooth variation of the polymer
properties and morphology following the transformation of
one supramolecular structure to another was described in
several publications.”8.88.98-104 However, the mechanism of
these transformations and the underlying factors remain
unclear. In some studies, such transformations were asso-
ciated with the changes in the [monomer]: [acid] ratio or in
their absolute magnitudes.®! in other studies, the nature of
the acid anion was considered as the main factor.!®> Some
scientists explained the changes in oxidation products by the
variation of the oxidant concentration®® and the temper-
ature factor.'%% Thus when analyzing the factors responsible
for the formation of supramolecular structures, the well
recognized and highly esteemed explorer of polyaniline
M Wan, whose team was the first to synthesize PANI
nanotubes, concluded that the situation ‘is strongly affected
by the nature of dopant and reaction conditions including
the concentration of dopant, oxidant and monomer as well
as the molar ratio of oxidant and dopant to aniline mono-
mer even reaction temperature and stirring conditions’.82- 88
Such a diversity of synthesis parameters that affect the
properties of the final product baffles experimentalists and
explains why the phrase of MacDiarmid ‘there are as many
different types of PANI as there are people who synthesize
it has become polular.!'®” In this situation, studying the
mechanism of PANI synthesis became a challenge.

1. Modern concepts on the mechanism of aniline
polymerization

Aniline forms macromolecules in the course of oxidative
polymerization. This reaction can formally be presented as
a covalent coupling of monomer molecules as the result of
elimination of two hydrogen atoms. This polymerization
type is characteristic of various classes of compounds,
namely, aromatic amines, phenols, arenethiols, aromatic
hydrocarbons and heterocycles.'%® Polymerization may be
carried out by electrochemical or chemical methods with
different oxidants. Most often, strong oxidants with the
oxidation potentials exceeding 1.0 V on the standard hydro-
gen electrode scale (persulfates, dichromates, cerium(IV)
salts, etc.) are employed. This is associated with the fact
that the onset of the propagation of the polymer chains in
acidic media requires overcoming the energy barrier corre-
sponding to the oxidation potential of 1.1 V.* Once the
chains have begun their propagation, the oxidation poten-
tial of polymerization products decreased to 0.8—0.7 V.

Under certain conditions, conducting PANI could be syn-
thesized in the presence of weaker oxidants, for example,
silver or iron(IIl) salts, vanadium(V) oxide, efc. The syn-
thesis of PANI starts under homogeneous conditions; how-
ever, the polymerization becomes a heterogeneous process
even in the initial step. In the chain propagation step, the
reaction is also heterogeneous,!%? because PANI is insoluble
in either water or organic solvents. This polymerization type
is called the precipitation polymerization because the poly-
mer is formed as a precipitate.

a. The chain mechanism of polymerization

The polymerization of aniline pertains to the class of chain
reactions,!!? i.e., its monomer units are ‘being added’ one
after another on a polymer chain that bears an active
terminal group. Y Wei!!l singled out the polymerization
of aniline into a special type of reactivation chain process.
The chain growth involves the repeated acts of activation—-
deactivation of the polymeric structure

Ox An

* >
" deactivation

M1,

" activation

M is the monomer unit, M* is the active form, An is aniline.

The dormant polymer chain (M,) is activated by an
oxidant (to form M), then it adds an aniline molecule to
yield a new dormant chain of higher molecular mass
My 41).

b. The active site of the polymerization
The question on the nature of the terminal active group
responsible for the polymerization of aniline was disputed
for a long time.!!'> This was assumed to be the nitrenium
cation 113-115 or the radical cation.!16:117 Studies on the
aniline oxidation in the presence of ‘traps’ for both types of
structures showed that alkyl-substituted phenols (2,6-di-
tert-butyl-4-methylphenol) and electron-enriched alkenes
(2,3-dimethoxybuta-1,3-diene) inhibited the polymerization
by acting as scavengers of the radical cations. At the same
time, PANI readily formed in the presence of electron-
enriched arenes (1,3- and 1,4-dimethoxybenzene) well
known as the ‘traps’ of nitrenium cations. This proved
that the oxidation of aniline proceeds via a radical cation
site.3

The activated terminal group of the chain was generated
by the oxidant. In the initial step, it is the monomer that is
oxidized; however, upon formation of oligomers, these are
terminal amino groups of the oligomer (polymer) that were
oxidized because they had lower oxidation potential.!'8 It
was shown that in the course of polymerization, the prop-
agating polymer chain oscillated between the highest and
intermediate oxidation states, i.e., pernigraniline and emer-
aldine.!'® Thus, the polymer chain performed the function
of a mediator in the monomer oxidation.!!6-119.120 The
active site formed at the end of the chain attacked the
monomer molecule. This attack was directed at a hydrogen
atom in the aromatic ring and resulted in its displacement
by a polymer fragment. This reaction pertains to the
electrophilic substitution, because the active site is the
electrophilic agent. The chain propagates due to the addi-
tion of new monomer units.!2!: 122

c. Polymer chain structure
It is surprising that in acidic media the oxidation afforded
high-molecular and strictly regular polymer chains. Aniline
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monomer units were coupled in the ‘head-to-tail’ mode and
had exclusively the para-structure.®® 121.122 The formation
of so regular chains is not typical of the closest analogues of
aniline (phenols, arenethiols), which also underwent oxida-
tive polymerization according to the electrophilic substitu-
tion mechanism.!!® Phenols and arenethiols formed
relatively low-molecular products, their polymer chains are
represented by random sets of monomer units of different
structures.!%® Polyaniline contains a small amount (<2%)
of phenazine fragments as the ‘foreign’ units. Their appear-
ance is explained by the intermolecular coupling processes
that occurred in the post-polymerization period.30-123

d. Kinetic features of polymerization

Studying aniline polymerization in acidic media has shown
that the oxidation proceeded non-monotonically.!1% 124 It
started with a slow process (induction period) during which
the aniline oligomers formed; the structure of the latter is
still little studied. The induction period is followed by a
rapid exothermic step of the polymer chain propagation.
The following kinetic dependence was proposed to describe
the two-step process:!0°

d[An]
S T

ki[An][OX] + kao[An]P,

where [An] is the molar concentration of aniline, [Ox] is the
molar concentration of the oxidant, k; is the rate constant
of the initial step (induction period) of polymerization, k> is
the rate constant for the polymer chain propagation, ¢ is the
surface factor, P is the surface of the reaction medium
interface.

Both the first and, presumably, the second steps are the
first-order reactions with respect to the monomer.!?5 For
the initial step, the reaction order with respect to the
oxidant was also the first. In the propagation step, the
monomer was oxidized by the oxidized pernigraniline form
of PANI rather than by the original oxidant.!!® Polyaniline
was insoluble and the reaction was heterogeneous; hence,
the parameter P and the factor ¢ were introduced into the
equation in order to characterize the interface on which the
reaction proceeded. The rate constant for the chain prop-
agation (k2) was three orders of magnitude higher than the
rate constant for the initial step of polymerization (k). In
other words, the formation of the polymer led to impressive
acceleration of oxidative polymerization.!4- 109,126,127 The
acceleration was also observed upon the introduction of
PANI ‘seeds’ into the reaction medium. Such autocatalysis
has not been explained so far.'%° The polymerization rate
was sensitive to the presence of different inert and insoluble
materials in the reaction medium, for example, alumina,'??
silica gel, carbon, cellulose, synthetic polymers,
etc.3%-44.56.61,62 The effect was stronger for materials with
the greater surface area (P).!! The mechanism of this effect
is still unclear and the surface factor (o) is very difficult to
estimate experimentally.

The strong effect of the medium acidity exerted on the
polymerization rate was revealed.!3 1517128 =134 Thjg effect
was different at different pH. Under conditions of high
acidity (for pH < 1), direct proportionality between the
molar concentration of the strong acid and k2 was
observed. At the same time, the increased acidity had a
little effect on the rate constant of the initial step; however,

the induction period substantially shortened with the
decrease in pH.

e. Molecular mechanism

At present, the only mechanism proposed for the descrip-
tion of molecular processes of the oxidative polymerization
of aniline was the Wei scheme.!14. 135

Induction period step

O

Ox +e

@NHZ 4’ @NHZ 7
H

Polymer chain propagation step

Ox
H
O
H
H H H H],

Presumably, in the induction period, aniline radical
cations formed,® which was followed by their recombination
by the electrophilic substitution mechanism to afford a
dimer, namely, N-phenylphenylene-1,4-diamine (p-semi-
dine).!'!'* The subsequent propagation step was assumed to
be similar to the electrophilic substitution process where the
oxidized terminal amino group of an oligomer (polymer)
attacked the para-position in the monomer. It was assumed
that the reaction involved the monomer in its most reactive
non-protonated form.!3® The oxidation rate-limiting step
was considered to be either the formation of aniline radical
cations % or their dimerization.!!® The experimental obser-
vation that the introduction of small amounts of the aniline
dimer (p-semidine) sharply accelerated polymerization can
be considered as a substantiation of the proposed mecha-
nism. The rationale was that the introduction of p-semidine
eliminated the limiting step so that the polymerization
began with the rapid step of chain propagation.

Wei’s scheme did not contradict formally the data on the
structure of PANI polymer chains, because it postulated the
growth of a regular polymer with para-substituted mono-
mer units. However, it failed to explain why it is the para-
coupled monomer units that should be reproduced during
the growth. In the electrophilic substitution reaction of the
protons in the benzene ring containing an electron-donating
substituent (amino group), the attack by the electrophilic
agent should be directed to both para- and ortho-positions
of the ring.!37 Hence, a polymer of a mixed ortho and para-
structure should be formed. It is this pattern that is
observed in the oxidative polymerization of phenols and
arenethiols containing an electron-donating substituent. At
the same time, high-molecular-mass PANI was shown to
consist of over 98% of para-coupled monomer units.®®

The Wei mechanism has also other drawbacks.

1. It ignores the effect of the reaction medium acidity on
polymerization; the mechanism as a whole contradicts the
experimental data'% on the effect of acidity on the poly-
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merization rate. In this scheme, the polymerization rate
decreased rather than increased with the increase in acidity
due to the lower content of the major reactant, the non-
protonated aniline form.

2. The scheme fails to explain the following changes in
the oxidation potential in the course of polymerization: its
increase to 1.1 V followed by its drop to 0.7—0.8 V in the
chain propagation step.

3. No explanation was given for the great difference in
the rate constants of the first and second steps.!% At the
same time, both reactions are associated with the identical
processes of nucleophilic substitution and afforded similar
structures.

4. The scheme is not consistent with the experimental
observation that homogeneous polymerization transformed
into a heterogeneous process as early as during the induc-
tion period, because the putative initial-step intermediates,
linear aniline oligomers, are well soluble in acidic aqueous
media. The effect of different types of surfaces on the
polymerization kinetics remains so far unclear as well as
the phenomenon of autocatalysis.

5. No species with unpaired spins (aniline radical cati-
ons) that according to the Wei scheme should be accumu-
lated during the induction period were detected in the initial
polymerization step. The radical cation sites appeared only
with the onset of the propagation step.!08

As a rule, discussions on the oxidative polymerization of
aniline state that the Wei scheme is inconsistent and the
molecular mechanism of this process remains obscure so
far.13¢6

Carrying on development of the concepts of PANI
synthesis, the authors of the present review proposed a
molecular mechanism of oxidative polymerization of ani-
line. This mechanism is based on the experimental
data 69-108,109, 111,114,118 degeribed above and proved to be
consistent with the latter. In addition to the existing
concepts, this mechanism takes into account the effect of
the medium acidity on the state and reactivity of polymer-
ization intermediates. Naturally, as for the majority of
chemical reactions, the oxidation of aniline depends on the
concentration factors and the temperature. However, their
effects is not that pronounced as that of the principal
factors. Presumably, the principal factors that determine
the course of this process are the reaction medium acidity
and the oxidant potential. To eliminate the effect of the
oxidation potential out, we consider the polymerization
induced by a strong oxidant (persulfate), which is capable
of oxidizing all intermediate reaction products. Under these
conditions, the pH of the medium is the main factor that
determines the mechanism of aniline oxidation and the
nature of polymerization products.

IV. Aniline oxidation in media of different acidity
1. The effect of pH

In the oxidation of aniline, coupling of the monomer units
occurs according to the electrophilic substitution mecha-
nism. The oxidized terminal imino structure is substituted
for a proton in the benzene ring of the monomer.!37- 13 In
this reaction, protons are liberated and the medium acidity
moniotonically increases.'%® This is typical of all oxidative
polymerization processes that proceed by the electrophilic
substitution mechanism. The overall reaction of aniline with
the oxidant [in our case, ammonium peroxydisulfate (per-

sulfate)] with liberation of sulfuric acid can be described by
the following equation:

an @NHZ + 51 (NH4)28:05 —>
+ +
H H H H

HSO;  HSO;
+ 3n HzSO4 + 5n (NH4)2SO4.

Both the initial pH value and the rate of pH variation
(drift) depend on many factors that are the subject of this
discussion. These include the initial concentrations of the
monomer and the oxidant, the presence of alkalis, acids or
buffering agents in the reaction medium the degree of
conversion of the monomer to the polymer, etc. Thus for
the initial aniline and persulfate concentrations of 0.4 mol -
litre=! and 0.5 mol litre—!, respectively, and upon the
complete monomer-to-polymer conversion, the reaction
medium pH varied from 9 to 1, i.e., the reaction that has
started in an alkaline medium ends under the conditions of
acid-promoted polymerization.

The pH factor plays a very important role in the
polymerization, because aniline and its polymerization
products are organic bases. They comprise different types
of the nitrogen-containing groups that exhibit different
basicities and react with acids at characteristic pH values
to form salts. Aniline is the strongest base with the proto-
nation constant (pK) ~ 4.6 (Ref. 140). In alkaline and
weakly acidic media, aniline exists as a neutral structure,
whereas in acidic media, it is protonated, i.e., acquires a
positive charge.

In addition to the monomer, the reaction involves
various polymeric (oligomeric) chains. They contain oxi-
dized nitrogen atoms, which are protonated at pH ~ 2.5
(Refs 4, 141—-143). During the protonation of the amino
groups, PANI is transformed into its acidic pernigraniline
form.!#3 As a result, the overall polymer structure is covered
with a system of delocalized positive charges (polarons) and
transformed into a polycation (see the first line in
Scheme 1).144145 This transformation changes in principle
the mechanism of aniline oxidation.

Other nitrogen-containing fragments, i.e., the non-oxi-
dized disubstituted amino groups and the nitrogen atoms of
the phenazine units, can be protonated only at very low pH
values usually unattainable under synthesis conditions. It is
extremely important to consider that the reactivities of
neutral and protonated molecules substantially differ, the
latter being far less reactive,!#% 147 which cannot but affect
the aniline oxidation when polymerization proceeds at
different pH values.

Thus the oxidative polymerization of aniline is a com-
plex process accompanied by permanent changes in the
synthesis conditions. What is important is the pH value at
which the process begins and the nitrogen-containing
groups (either protonated or non-protonated) that are
involved. However, of no less importance is how quickly
the pH drifts and at which pH values the polymerization
comes to end. The reaction often coveres the pH ranges
where nitrogen-containing fragments in different degrees of
protonation dominate. The transition from one pH region
to another can be accompanied by the changeover of the
polymerization mechanism. This can result in the changes in
the molecular structure of chains and, hence, in the proper-
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ties of products and also lead to transformations in the
PANI supramolecular structure.

2. Methods for studying the processes of the oxidation

of aniline

Analysis of the reaction parameters in the course of the
synthesis is among the most informative methods for the
studies on the mechanisms of chemical reactions. In the case
of the polymerization of aniline, the concentration of
products can be traced by gas chromatography,'!”
'H NMR spectroscopy,'4> UV-visible and near-IR absorp-
tion spectroscopy.”!-148-14% A procedure for in situ monitor-
ing of the polymerization of aniline was developed where
FTIR spectroscopy was applied following the deposition of
a drop of the reaction mixture on a ZnSe crystal.”> The EPR
method made it possible to observe the appearance of stable
paramagnetic species 33 13% and the changes in the oxidation
potential of reaction products were followed by electro-
chemical methods.!16-119-143 Each method provided impor-
tant information and helps understanding of the process as
the whole.

In our studies, pH of the reaction medium and the
temperature of the polymerization mixture were monitored
in the course of the synthesis. The oxidation of aniline is an
exothermic process and can easily be followed by temper-
ature changes. The temperature dependence provides infor-
mation on the intensity of the oxidation processes in
individual steps of the synthesis, thus supplementing the
results of pH measurements. The interpretation of results
involved the use of additional data obtained by the in situ
analysis of oxidation with the use of spectral and potentio-
metric methods3%36-45. 71, 115.116 45 well as the data '3® on
the formation of paramagnetic sites.

Experiments were carried out in order to elucidate the
kinetics of oxidation of aniline in different pH regions. We
used a strong oxidant (ammonium peroxydisulfate), which
has the oxidation potential of 2.0 V and is capable of
oxidizing all intermediates of the PANI synthesis. The
reaction proceeded under ambient conditions. It was ini-
tiated by instantaneous mixing of the reactant solutions and
proceeded without stirring. The kinetic data were supple-
mented by information on the properties and the morphol-
ogy of the reaction products. These were isolated by
filtration, dried in air at room temperature and then
analyzed by conductometry, spectroscopy, gel permeation
chromatography and electron microscopy.

3. Oxidation of aniline at different initial pH values
In the first series of experiments, the oxidative polymer-
ization of aniline (0.2 mol litre—!) was carried out with the
stoichiometric amount of ammonium persulfate (0.25 mol
litre— 1), which provided the complete monomer-to-polymer
conversion. Polymerization was started in the media of
different acidity, namely, 1) in 0.2 M ammonia solution
(pH 10); 2) in water (pH 6); 3)in 0.4 M acetic acid
(pH 4.5), 4) in 0.1 M sulfuric acid (pH 2). Monitoring of
temperature and pH is shown in Fig. 2. It is evident that
both parameters change synchronously. The decrease in pH
corresponded to the exothermic steps: the sharper increase
in the temperature corresponded to the more pronounced
decrease in the pH. This also suggested that thermal effects
were due to the processes of oxidation and proton libera-
tion.

General features of the aniline oxidation processes can
be formulated as follows.

> > @ O
NN~

Figure 2. Changes in the temperature (a) and pH of the medium () in
the course of the oxidation of aniline (0.2 mol litre—!) initiated by
ammonium persulfate (0.25 mol litre —') at different initial acidities;*!
(1) in 0.2 M NH3-HO0; 2, in water; (3) in 0.4 M acetic acid; (4) in 0.1 M
H>SO4.

1. The initial rate of the oxidation of aniline increases
with the increase in the pH of the medium. In sulfuric acid
(pH 2), it was close to zero (the oxidation induction period).

2. The oxidation processes in which the pH dependence
did not pass through pH ~ 2.5 are characterized by a single
temperature wave of oxidation. These processes include the
oxidation in ammonia, which began at pH 10 and ended at
pH > 3, and the reaction in sulfuric acid, which proceeded
at pH < 2.2.

3. The oxidation processes that occurred in a pH region
including pH ~ 2.5 had two temperature waves. These
processes include the reactions in water and acetic acid,
which stared at pH 6 and 4.5, respectively, and ended at
pH 1.

4. The first oxidation wave fell in the range with pH > 3
and resembled the monotonic process of the oxidation of
aniline in ammonia. The range 2.5 < pH < 3 is character-
ized by the abrupt deceleration of the oxidation processes.
However, with the attainment of pH 2.5, the exothermic
reaction regained its vigour and the oxidative polymer-
ization was concluded by the second temperature wave.
The character of pH variations in the second wave was
identical to that typical of polymerization in sulfuric acid.

5. The pH decrease in water proceeded much faster than
in acetic acid because this weak acid served as the buffer.
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4. Oxidation of aniline at different monomer : oxidant ratios
In the second series of experiments, the oxidation of aniline
(0.2 mol litre—') was carried out in 0.4 M acetic acid at
different [Ox]: [An] molar ratios. The ammonium persulfate
concentration was varied from 0.25 to 0.025 mol litre—!. At
the low oxidant concentrations, the monomer was oxidized
incompletely. In all the experiments, polymerization started
at pH 4.5 and continued up to the complete consumption of
the oxidant. Figure 3 shows the temperature and pH
dependences obtained in this series of experiments. It is
evident that the higher oxidant concentration, the lower the
final pH, which is associated with the more complete
monomer-to-polymer conversion and, correspondingly, the
larger amount of liberated protons.

pH 2.5, different molecular mechanisms of the synthesis
were realized in the pH ranges above and below this point.

5. Properties and morphology of the aniline oxidation
products

In the first experimental series, the synthesis proceeded up
to the 100% conversion of the monomer to the polymer
(Table 1). For polymerization in ammonia (3 < pH < 10),
the oxidation products represented aniline oligomers with
the weight-average molecular mass (My,) of 4000 and poly-
dispersity (My/My) of 1.3. The conductivity of the material

Table 1. Properties of oxidation products of aniline (0.2 mol litre ")
with ammonium persulfate (0.25 mol litre—!) for different acidity of
the medium.

T/°C a
40 |
1
30 2 3
4
5
6
I

0 20 40 60 80 100

Time /min

Figure 3. Changes in the temperature (a) and pH of the medium (b) in
the course of the polymerization of aniline (0.25 mol litre~!) in 0.4 M
acetic acid under the action of different amounts of ammonium
persulfate.40

[Ox]:[An] = 1.25 (1), 1.0 (2), 0.75 (3), 0.5 (4), 0.25 (5), 0.1 (6).

The second experimental series produced the relation-
ships similar to those of the first series. For the oxidation at
low [Ox]:[An] ratios (0.025, 0.5, 0.25), no acidity drift
below pH 3 was observed. In this pH region, as for the
oxidation of aniline in ammonia, the reaction proceeded
monotonically and the single temperature wave was
observed. For high [Ox]:[An] ratios (1.25, 1.0, 0.75), the
final pH of the medium was <2.0. Moreover, the processes
demonstrated two temperature oxidation waves. As in the
first series, in the range 2.5 < pH < 3, the reaction pro-
ceeded extremely slowly. The second exothermic wave
began once the reaction medium pH reached 2.5.

As follows from the data presented, irrespective of
which reaction parameter was varied (pH of the medium
or the [Ox]:[An] ratio), the process had the similar charac-
ter if proceeded in the same pH region. Judging from the
sharp change in the oxidation character in a point with

Product Synthesis conditions
properties
NH;-H,O water acetic acid H»>SO4
0.2 M) (see®) 0.4 M) (0.1 M)
(see?) (see©) (see9)
Conductivity /S ecm !
protonated form <1010 0.055 0.036 3.7

deprotonated - 6.0 x10=% 7.9%x10=% 1.1x10~°
form

Protonated form — 1.35 1.338 1.402
density /g cm—3

Molecular 4.090 — 32200 39400
mass (M)

Polydispersity 1.3 — 19.0 13.1
(Mw/My)

Morphology micro- plates, nano- granules

spheres nano- tubes
tubes

apH 9.5 3.0,° pH 5.7 - 1.1,¢ pH4.5 > 1.1,4 pH 2.2 - 1.0.

in the completely doped state did not exceed 10— S cm—1.
The electronic spectrum of oligomers (Fig. 4) contained no
polaron charge transfer band typical of the emeraldine
polymer form with a continuous conjugation system. Stud-
ies on the morphology of the oxidation products showed
that the microsphere structure dominated, i.e., the oligom-
ers formed spherical particles with the diameter from
500 nm to 2 um (Fig. 5).

The aniline oxidation products synthesized in the pres-
ence of sulfuric acid (1 < pH < 2.2) represented the poly-
mer with My ~ 40000 and M/M, = 13.1. The material
was characterized by an absorption band at 618 nm typical
of deprotonated emeraldine (see Fig. 4) and the conductiv-
ity of the protonated emeraldine form of 3.7 S cm—!. The
polymer had the globular structure typical of PANI with
globules measuring from 100 to 200 nm (Fig. 6).

The oxidation products obtained in acetic acid and
water exhibited characteristics intermediate between those
of aniline oligomers and high-molecular PANI. As com-
pared with PANI synthesized in sulfuric acid, the molecular
masses of the products were lower and their polydispersities
were higher; their conductivities were two orders of magni-
tude lower and the band corresponding to polaron charge
transfer was less intense and shifted to the short-wavelength
range. These characteristics suggested that PANI synthe-
sized in the intermediate pH range 1 < pH < 6 represented
a mixture of oligomers and polymer.
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Figure 4. Electronic absorption spectra of the oxidation products of
aniline (0.2 mol litre ') initiated by ammonium persulfate (0.25 mol
litre—!) recorded in media with different acidities;%*

(1) in 0.2 M NH3-H>0; (2) in 0.4 M AcOH; (3) in 0.1 M H»SO4.
Oxidation products are deprotonated and dissolved in N-methylpyrro-
lidone. Absorption peaks of the corresponding bands are given in
nanometres.

Table 2. Properties of oxidation products of aniline (0.2 mol litre 1)
with different amounts of ammonium persulfate in 0.4 M acetic acid.

Product [Ox]:[An] (pHfin) ®
properties
0.25 0.5 0.75 1.0 1.25
4.0 (3.3) (2.5 (1.2) (1.1
Conductivity of <10-10 24x10-10 — 0.036  0.095
protonated form
/S cm—!
Density of proto-  — 1.307 - 1.338  1.465
nated form
/g em~—3
Molecular mass 3600 <1000 23600 17600 44600
(M)
Polydispersity 3.8 16.4 11.1 94 10.6
(Myw/My)
Morphology amor- two-dimen- nano- nano- nano-
phous sional for- tube  tubes  tubes
mations inclu-
sions

a4 pHpiy, is the final pH; the initial pHi, = 4.5.

Figure 5. Oxidation products of aniline (0.2 mol litre ') with ammo-
nium persulfate (0.25 mol litre—!) in 0.2 M aqueous ammonia.’®
From here on, microimages obtained by a scanning electron micro-
scope are shown unless otherwise specified.

Figure 6. The globular structure of polyaniline synthesized by oxida-
tion of aniline (0.2 mol litre ') with ammonium persulfate (0.25 mol
litre—!) in 0.1 M sulfuric acid.?®

In the second series of experiments (Table 2), the rela-
tionships typical of the first series were reproduced. If the
polymerization was completed at pH > 2.5 ([Ox]:[An] =
0.025, 0.5, 0.25), it produced non-conducting aniline
oligomers without continuous conjugation systems. At the
same time, if the synthesis was completed at pH < 2.5, the
products comprised high-molecular PANI in addition to
oligomers, and the extent of conjugation and, hence, the
conductivity were higher.

The morphology of PANI synthesized in the intermedi-
ate pH range 1 < pH < 4 that included two temperature
waves was characterized by the presence of one-dimensional
structures, namely, nanotubes and nanofibres. The one-
dimensional structures began to appear in synthetic prod-
ucts at pH ~ 2.5. The appearance of nanofibres and nano-
tubes accompanied the transition from oligomeric products
to polymeric ones. As the pH drifted to acidic values, the
length of tubular fragments increased together with the
fraction of one-dimensional structures. For PANI synthe-
sized in acetic acid in the pH range 1 < pH < 4.5, the one-
dimensional structures prevailed (Fig. 7). However, further
decrease in pH increased the globular precipitate fraction.
Polyaniline synthesized in water also contained fibres and
tubes with the outer diameter of 150—200 nm; in addition
to tubes, the PANI precipitate contained the so-called
‘plates’ (Fig. 8) and the globules measuring up to several
hundred nanometres.

A comparative study of oligomers and conducting PANI
carried out by electronic and IR spectroscopy, NMR
spectroscopy and elemental analysis has shown that in
contrast to the polymer, low-molecular products had irreg-
ular structures.3%-37.41.84 Most probably, this was due to the
formation of dissimilar units and also to the secondary
processes of oxidation and hydrolysis that occurred in
parallel with the chain propagation. In addition to different
molecular structures and properties, the products also had
basically different morphology. However, no direct correla-
tion between the conductivity, the molecular mass and the
type of supramolecular structure could be found. Depend-
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Figure 7. One-dimensional morphology of the oxidation product of
aniline (0.2 mol litre—!) with ammonium persulfate (0.25 mol litre = ')
in 0.4 M acetic acid.®*

Figure 8. Two-dimensional structures shaped as plates with the thick-
ness of ~200 nm obtained in the polymerization of aniline (0.2 mol
litre—!) initiated by ammonium persulfate (0.25 mol litre—') in water
(our data).

ing on the syntheis conditions, the oligomers could repre-
sent microspheres, one- or two-dimensional formations,
whereas the high-molecular PANI could have either the
one-dimensional structure of nanofibres and nanotubes or
the three-dimensional structure of globules.

The results presented above demonstrated that pH is an
extremely important factor capable of inducing deep
changes in the polymerization process, the morphology
and the properties of the aniline oxidation products. How-
ever, the effect of pH was not always so obvious. It was
often masked by other parameters of the synthesis. The
changes in the overall concentrations of reactants and their
ratios, the presence of additives could perform the dual
function. They exerted the standard effect of reaction
acceleration or deceleration and, simultaneously, could
change the reaction medium pH. Thus aniline increased
the pH being an organic base. The increase in the monomer
concentration was equivalent to solution alkalization. By
adding the monomer to the solution, it was possible to
elevate the pH up to 9. Addition of acids and acidic salts
decreased the pH. The [monomer]:[acid] ratio and the
nature of the acid used were also important parameters.

Weak acids exhibited the buffer effect suppressing the pH
variations during the synthesis. The oxidant concentration
could affect the pH thus controlling the degree of conver-
sion and the number of liberated protons. The range of pH
variations during the synthesis was much wider in concen-
trated solutions as compared with dilute solutions.!® It
should be borne in mind that the pH factor masked by the
action of multiple diverse parameters could have the deci-
sive effect on the oxidation of aniline.

V. Molecular mechanism of aniline oxidation
at different pH of the medium

The results considered in the previous section demonstrated
the existence of two pH regions in which the oxidation of
aniline occurred in different fashion. At pH > 2.5, the
reaction gives oligomers without polyconjugation and with
low conductivity. At pH < 2.5, high-molecular PANI with a
high degree of conjugation are formed and the conductivity
of products is much higher. It is evident that different
properties can be attributed to the structures of the polymer
chains (irregular in oligomers and regular in polymer).
Thus, at a characteristic pH of the medium, the synthesis
was observed to abruptly ‘switch’ from the mixed irregular
addition of monomer units to the mechanism of regular
polymerization.

1. Formation of oligomers with units of irregular structure
As mentioned above, in the course of the oxidative polymer-
ization of aniline the attachment of the monomer units
occurs by the mechanism of electrophilic substitution. The
oxidized terminal imino group substitutes a hydrogen atom
in the benzene ring of the monomer.!?% 130 The monomer
units are linked in a ‘head-to-tail’ fashion. However, even
where this type of coupling is strictly reproduced, a high
probability exists that the resulting chains would contain
dissimilar monomer units. The substitution can produce
ortho-, para- and meta-isomers. A similar set of monomer
units was formed in the oxidative polymerization of phenols
and arenethiols, the closest analogues of aromatic
amines.'%® The content of dissimilar units in the polymers
can be different. The probability of the formation of meta-
structures is very low, because aniline, like phenol, has an
electron-donating substituent in the aromatic ring, which
induces the excess negative charge on the ortho- and para-
carbon atoms in the ring and directs the attack of the
electrophilic agent to the ortho- or para-positions.'3” Thus,
polyaniline should contain the ortho- and para-coupled
monomer units, where the ortho-units prevailed due to the
presence of two ortho-positions.!4¢

Apparently, in the pH range >2.5, the oxidation of
aniline did occur by this mechanism to form chains of mixed
irregular structure. In parallel with the chain propagation,
the secondary reactions could occur in the oligomeric
chain.''® Monomer units with the ortho-structure have a
low oxidation potential and can be oxidized further to close
the phenazine rings.!>!-152 These reactions can be of both
the intramolecular type such as the oxidation of o-phenyl-
enediamine '°2 and the intermolecular type with involve-
ment of the monomer. Thus, the oligomers can contain
phenazine rings in addition to the linear ortho- and para-
substituted monomer units.'33
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The more complicated irregular structure of oligomers
becomes obvious if we compare their IR and Raman spectra
with those of high-molecular PANI. The presence of phe-
nazine units in aniline oligomers was confirmed by the data
from IR spectroscopy,'’> UV-Vis spectroscopy,!'>* 155
NMR spectroscopy '3® and also electrochemical meth-
ods.113.156
Oligomers of irregular structure lack the continuous
conjugation system and should have low conductivity (this

agrees with the data listed in Tables 1 and 2). We call this
mechanism of the oxidation of aniline ‘oligomerization’.

n

2. The features of the oligomerization of aniline depending
on pH

At pH > 5, all nitrogen-containing groups (the NH» group
of the monomer, the oxidized terminal imino groups and the
inner NH groups) involved in the oxidative polymerization
are deprotonated. Neutral nitrogen-containing structures
have the low oxidation potential (~0.4 V) and their oxida-
tion should proceed at a high rate. According to Fig. 2, this
is encountered in the oxidation in ammonia and in the
initial step of oxidation in water. In a series of experiments
where the pH decreased, the rate of the initial step
decreased. The initial step of oxidation in acetic acid
(pH ~ 4) proceeded much more slowly. This is associated
with the first step of protonation of nitrogen-containing
structures involved in polymerization.

At pH < 4.6, the monomer is largely protonated;'4°
however, the oxidized imino groups of the polymer chains
remain deprotonated. This brings about unbalance between
the oxidation processes involving the chain and the mono-
mer. According to the general principles of redox processes
of organic compounds, the electron transfer steps must
occur independently of the mass transfer steps including
the processes of restructuring of the bulky organic molecule,
i.e., the electron transfer should proceed preferentially
between the fragments of the similar structure. In the
particular case of aniline oxidation, the deprotonated chains
are involved in a redox reaction with the deprotonated
monomer, but the electron exchange between the proto-
nated monomer form and the deprotonated chain is for-
bidden.!57-158

According to Figs2 and 3, in the pH range
2.5 < pH < 4, where the monomer is largely protonated
but the polymeric chain is not protonated yet, the oxidation
rate decreased. The reaction proceeds slowly being limited
by the supply of the neutral monomer through a step of its

deprotonation.!3® The sharp deceleration of the oxidation
processes in the pH range 2.5 < pH < 4 was observed in all
kinetic dependences and is associated with the deficiency of
the main reactant, i.e., neutral aniline. For polymerization
in acetic acid, the step of slow oxidation was the exception-
ally long due to the buffer nature of acetic acid, which
prevented the further decrease in pH and the transition to
the next step of oxidation.

How do the pH changes affect the oligomerization
products? Oligomers obtained at pH > 4 included several
tens of monomer units (see Tables 1 and 2). The relatively
low degree of polymerization is explained by the close rate
constants for the first and subsequent additions of the
monomer and also by the possibility of formation of
terminal phenazine structures. Aromatic phenazine units
have the high oxidation potential and their formation at the
chain end inhibited their further propagation. The slowing
down of oxidation, which is caused by a decrease in pH, and
the resulting deficiency of neutral molecules bring about
changes in the oligomer size and composition. The rate of
monomer addition, i.e., of the chain propagation, decreases
and the rate of intramolecular cyclization increases.!9-160
This must result in the formation of short and for the most
part cyclic molecules. Indeed, according to Table 2, even at
pH ~ 3, the chains become shorter (MM below 1000). In
the electronic spectra of the products, a broad absorption
band was observed in the vicinity of 500 nm, which corre-
sponded to the n—m*-transition in substituted phena-
zines;'%! the IR spectra demonstrated a set of bands at
1208, 1108 and 1144 cm~!, also typical of cyclic phenazine
structures.$*

3. Synthesis of polymer chains with the regular structure
The propagation of polymer chains with the regular struc-
ture becomes possible in the next step of protonation.
Spectral studies have shown that at pH <2.5 the imino
groups in the polymeric (oligomeric) chains are proto-
nated.!#! The interaction with the acid stabilizes the radical
cationic state of the oxidized nitrogen atoms as indicated by
the appearance of a stable EPR signal.!3® A positive charge
appeared on the nitrogen atoms, which results in substantial
changes in the reaction system. In all kinetic dependences,
the point pH 2.5 marked the onset of a new exothermic
oxidation step (see Figs 2 and 3). The oxidation rate
increased by several orders of magnitude and, in place of
oligomers, high-molecular chains with the regular polycon-
jugated structure grow.

a. Formation of the nucleates of polymeric chain propagation
However, in those cases where the pH of the reaction
medium is <2.5 (i.e., with both types of reaction groups in
the protonated state), the propagation of regular chains did
not start with the interaction of two monomer units. The
chain propagation step is always preceded by an induction
period during which the slow formation of aniline oligomers
takes place.

The presence of the induction period could not be
explained in terms of the Wei scheme as the formation and
accumulation of aniline radical cations followed by their
slow recombination to afford a dimer, namely, p-semidine.
The absence of an EPR signal suggests that no stable
paramagnetic centres form in this step. On the other hand,
it was shown?® that the IR spectra of the initial-step
products were identical to those of oligomers recorded at
the high pH and containing a set of bands typical of
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phenazines. Moreover, the electronic spectra of initial
oligomers were identical to those of phenazine deriva-
tives.!3*% 162 During the induction period, the oxidation
potential of products increased from 0.6 to 1.05 V,163-167
and cyclic voltammograms, too, demonstrated peaks typical
of phenazine fragments.!'3 It was shown!'%7 that initial
oligomers, like phenazine derivatives, had the low conduc-
tivity; moreover, mass spectrometric studies '%° identified
them with the low-molecular compounds corresponding to
aniline di- and trimers.

Considered together, all these factors suggest that in the
initial step of the oxidation of aniline, the formation and
accumulation of oligomers of the phenazine type occur. It
can be assumed that at any, even low, pH values, the
process follows the mechanism of ‘oligomerization’
(Scheme 2). Under the conditions of high acidity, the
reaction proceeds very slowly and involves trace amounts
of the neutral non-protonated monomer. Due to the higher
probability of ortho-coupling and the high cyclization rate
of ortho-dimers, the structures of the phenazine type are
mainly formed. As a result of formation of an aromatic
ring, the oxidation potential of products increased to 1.05 V
so that their further propagation by the ‘oligomerization’
mechanism is inhibited.!1%- 163

Apparently, at pH < 2.5, in the slow initial step of
polymerization (in the induction period), the accumulation
of single-type trimers shown in Scheme 2 took place. These
trimers with the well-developed conjugation system nucleate
future polymer chains and play an important role in both
the synthesis of polymer chains and the formation of
supramolecular structures.

b. The chain propagation step

The chain propagation starts with the addition of a mono-
mer unit to the phenazine nucleate. This is the limiting step
of the overall process, its energy barrier corresponds to the
potential of 1.05 V.156-166 With the beginning of imino
group protonation (pH < 2.5), the prohibition for the
redox reactions between the monomer and the nucleate
imino group is eliminated. If during the induction period

the neutral non-protonated monomer form 3¢ present in an
extremely low concentration is oxidized, then the oxidation
of the dominant protonated monomer form becomes possi-
ble. Both species transformed into the protonated state and
can readily be involved in the electron transfer.

Like oligomerization, the oxidation proceeds by the
electrophilic substitution mechanism. However, the com-
plexity of the first act of addition is explained by the fact
that the interaction occurs between two electron-deficient
molecules, namely, the phenazine nucleate containing the
oxidized, protonated imino group and the positively
charged monomer molecule. It is most likely that the role
the phenazine nucleate as a bulky molecule with the well-
developed conjugation system played in the addition of the
first monomer unit is very important. The aromatic phena-
zine structure is capable of lowering down the energy
barrier for the interaction of two species bearing charges
of the same sign. The nucleate contains a non-protonated
aromatic ring. In the instant of the monomer addition, the
excess positive charge of the nucleate can be delocalized
over the cyclic aromatic structure. This explains why even in
acidic media with pH < 2.5, the chain propagation is always
preceded by the induction period. The propagation reaction
could not start with small molecules containing insuffi-
ciently developed conjugation systems, e.g., with a reaction
between the oxidized and non-oxidized forms of the proto-
nated monomer. For the propagation to begin, a bulky
conjugated molecule, i.e., the phenazine nucleate, is
required.

The addition of monomer units elongates the conjuga-
tion system and facilitates the further chain growth. This is
why after the growth has started, the oxidation potential
decreases to 0.7—0.8 V.116.168 However, the common sys-
tem of conjugation could only be realized if the monomer
unit was added in the para-position. The formation of units
with other structures destroys the conjugation system and
makes impossible the charge delocalization. Thus, the pro-
tonation of imino groups in the polymeric chain changes the
mechanism of oxidative polymerization. In contrast to a
deprotonated chain for which the reactions of ortho- and
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para-substitution are equivalent as regards the energy, for
its protonated analogue the para-structure is energetically
advantageous. In this case only, for a linear chain, the
n-conjugation and the delocalization of the charge of
imino groups becomes possible; this is accompanied by a
decrease in the oxidation potential.?3-49-165 For this reason,
in the acidic medium the para-substitution is virtually the
only way of attachment of the monomer units. A polymer
with the strictly regular structure and a high conjugation
level forms. The conductivity of PANI reaches several tens
S cm—1. The chain size also increased from ten to several
hundred monomer units, because at pH < 2.5 the chain
propagation reaction becomes energetically advantageous
as compared with the formation of new nucleation centres.

Concluding the section on molecular processes in the
synthesis of PANI, it should be mentioned that the most
significant changes in the parameters of synthesis and in the
properties of oxidative polymerization products are associ-
ated with the pH effect. According to the protonation
constants of nitrogen-containing groups involved in the
polymerization, the oxidation process can be divided into
the following three regions (Fig. 9):

pKAn =46 pKPANI =25
Deprotonated l Protonated )ponomer >
monomer

Protonated chain

< Deprotonated cham

Non-conducting Aniline di-
ollgomers with and trimers

various structu res
Il Il

8 0 pH

Conducting
high-molecular PANI

Figure 9. Dependence of the aniline oxidation process on the proto-
nation constants of the monomer (pKan) and the chain imino groups
(pKpan).

1) pH > 4; all types of nitrogen-containing groups are
deprotonated and the oxidation proceeds in the same
fashion as the synthesis of typical polymers-dielectrics
(e.g., polyphenols 1°%) to afford irregular chains with the
molecular mass up to 10 000;

2) 2.5 < pH < 4; the monomer is protonated in contrast
to the backbone imino groups; an unbalance of redox
processes is observed, which results in the slow formation
of di- and trimers with the cyclic structure;

3) pH < 2.5; the backbone imino groups, like the mono-
mer, are protonated and this recovers the balance of
electron exchange between the chain and the monomer;
however, prohibition is imposed on all other types of chain
propagation except for para-substitution; this leads to the
growth of regular conjugated chains with the high molec-
ular mass.

Thus, the regular structure that underlies the unique
PANI properties is formed at pH < 2.5 as a result of
protonation of imino groups in the polymeric chain.

A concept that the protonated monomer form is oxi-
dized in the chain propagation step makes it possible to
explain the phenomena of shortening of the induction
period and the increase in the reaction rate.!® This is
associated with the acceleration of protonation of the

nucleate imino group and the increase in the concentration
of the reactive protonated monomer form. The low aniline
oxidation rate in the initial step in acidic media is due to the
necessity of oxidizing the neutral molecules the concentra-
tion of which is very low at pH < 2.5.

The introduced concept of a cyclic intermediate with the
phenazine structure explains the following non-monotonic
changes in the oxidation potential in the course of the
reaction: its increase throughout the induction period due
to the formation of an aromatic ring with the high oxidation
potential and its subsequent drop during the propagation of
a polyconjugated chain.

In Sections VI-VIII, it will be shown that the described
molecular mechanism makes it possible to explain the
following peculiarities of the oxidative polymerization of
aniline:

1) the transition from the homogeneous reaction mech-
anism to heterogeneous one, observed in the induction
period;

2) the effect of different types of surfaces on the poly-
merization kinetics;

3) the effect of p-semidine and phenylenediamine iso-
mers on the kinetics of the polymerization of aniline;

4) the phenomenon of autocatalysis.

Finally, the molecular mechanism is the clue to under-
standing the PANI self-organization processes in the course
of synthesis and the formation of all known types of supra-
molecular structures.

VI. Supramolecular structures of polyaniline

1. Types of supramolecular structures

The vigorous interest in supramolecular PANI structures
dates back to 2004 when this polymer was synthesized in the
form of nanotubes and nanofibres.”® 7% These forms repre-
sented one-dimensional PANI objects with the diameter
from several tens to several hundred micrometres. The
tube diameter could vary from several nanometres to one
hundred nanometres (Fig. 10). The earlier known globular
structure of PANI did not attract much attention of
scientists, although the synthesized specimens represented

Figure 10. Polyaniline nanotubes and nanofibres in the presence of
nanospheres.38

The microimage was obtained by the transmission electron microscopy
method.
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strictly spherical globules with a narrow size distribution
(see Fig. 6). This morphology suggested that throughout the
synthesis, the self-assembly occurred (in place of the trivial
agglomeration of insoluble polymers). The specific sorption
processes occurring throughout the PANI synthesis is also
evidenced by the formation of thin uniform polymeric films
on surfaces in contact with the polymerization
medium.!3-173 This phenomenon was explained by the
sorption of aniline oligomers on these surfaces followed by
the heterogeneous propagation of polymer chains, this time
on the surface. It has been shown earlier that under syn-
thesis conditions both the monomer and the oxidant are
soluble and are not adsorbed on the solid phase.!’ The
sorption was expected to be of the ionic nature, because the
protonated nitrogen-containing oligomers are positively
charged. However, the formation of PANI films was
observed not only on negatively charged surfaces but
virtually on every surface.!”>~177 The adhesion of films to
different supports was amazingly strong.!’*178 The struc-
tures of sorbed oligomers remain unclear.

Recently, numerous types of supramolecular structures
of PANI have been obtained. Their synthesis and potential-
ities are discussed in several reviews.88:179-185 Those with
one-dimensional, two-dimensional planar and three-dimen-
sional spherical morphology belong to the main types. Their
combination and more complicated organization give rise to
the vast diversity of structures. Different hierarchical for-
mations are built of fibres coming from the common centre
or axis.'® One-dimensional structures can be packed in
bundles ' or form a sort of networks or dendrimers
(Fig. 11).187 PANI fibres can also form two-dimensional
structures called ‘micromats’.8! These are rhomboid par-
ticles, ‘weaved’ to produce mats of several layers of fibres
coming from the vertex of the rhombus and crossing at right
angle (Fig. 12). Among three-dimensional structures,
microspheres and hollow microspheres should be mentioned
(see Figs 5, 10).188-191 Their outer diameters fall in the
range from a half of micrometre to several micrometres
and the thickness of their walls varied from nano- to
submicrometre sizes. Moreover, nanospheres with the diam-
eter of several tens and several hundred nanometers have
been prepared (see Fig. 12). The spheres can serve as the
centres of fibre growth or, conversely, the fibres can grow
inside the spheres. Under certain synthesis conditions, one
or another structural type dominates thus virtually deter-
mining the morphology of the polymer as a whole.

Figure 11. Hierarchical nanostructure of polyaniline.!87

Figure 12. The structure of two-dimensional polyaniline, ‘micromats’,
in the presence of nanospheres.'®?

2. Studies of the mechanism of polyaniline organization

in the course of synthesis

All supramolecular structures were discovered accidentally
when refining the methods of PANI synthesis. At present,
the pathways to the synthesis of all main types of the
polymer structures are known, but the mechanisms of their
formation remain unclear. All supramolecular structures
are formed in the course of the synthesis and the synthesis
conditions exert the decisive effect on this process.
Although the morphology is very sensitive to the polymer-
ization conditions, it proved to be reproducible when the
experimental conditions are strictly obeyed. Smooth tran-
sition from one structural type to another with the changes
in the synthesis parameters is described in many publica-
tions.38-88.169 The size characteristics of different structural
types (film thickness, size of colloidal particles, radii of
globules, radial sizes of fibres and tubes) were shown to
increase as the temperature was reduced, the monomer
concentration increased and the extent of the monomer
conversion increased.!92-194 Moreover, the sizes of different
supramolecular structures obtained in one synthesis coin-
cide.!®5 Thus the radii of colloidal particles and the thick-
ness of films obtained in the same reaction vessel were
equal. This suggests the common nature of all types of
supramolecular structures and the common mechanism of
their formation.

The first studies devoted to the elucidation of the
mechanism of synthesis of nanotubes related their forma-
tion to the presence of a certain structured template, i.e., a
matrix on which oligomers first adsorbed and then grew to
PANI, which emerged in the polymerization
medium.!96-198

Presumably, this template could represent salts or
micelles formed by aniline with an organic acid used as the
dopant.!99-200 It was also assumed that aniline can form
one-dimensional micelles with ammonium persulfate,!43 153
which in turn induced the synthesis of one-dimensional
structures. However, it was shown that PANI could form
fibres and nanotubes with many other oxidants (not only
with ammonium persulfate) 13! for which the formation of
micelles could hardly be assumed. Considering the PANI
growth on a template, the polymerization of aniline on the
template surface under the conditions of formation of a thin
uniform film indeed reproduced the template structure.
Thus polymerization of aniline in the presence of liquid
crystals,'®” nanosized inorganic particles,?°1-202 polymer
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networks 293 or salt agglomerates formed by aniline and the
dopant could result in the aniline growth on the template
surface to reproduce the template structure.?%* However,
neither the micelles formed by the monomer with the
dopant nor, particularly, the micelles with the one-dimen-
sional structure and the size matching the nanotube inner
hollow were observed experimentally.

Recent studies convincingly demonstrated that PANI
could form organized supramolecular structures not only in
the presence of a structured template. The majority of
scientists accepted that the self-organization is the intrinsic
property of PANI.131,143,155,181,205-208  Qpe-dimensional
PANI structures were observed to form under the action
of different oxidants in dilute aqueous media containing
only the monomer or the monomer weakly acidified with an
inorganic acid in which neither salt agglomerates nor
micelles could form.

At present, many methods of synthesizing one-dimen-
sional PANI structures that employ various experimental
procedures are known (of which a great deal have their own
names). These are the polymerization at the interface of
immiscible solvents 180-202.209 gne of which contains the
monomer and the other contains the oxidant2°7 (polymer-
ization on the interface); the synthesis in aqueous media
diluted with water-soluble organic compounds, for instance,
with lower alcohols,?!® or in very dilute aqueous media
(dilution method); polymerization in water 131-210 in the
presence of weak organic acids (soft template method)'°7
and also at low concentrations of strong inorganic
acids;!86-211  the electrochemical polymerization under
potentiodynamic conditions?!'? (potential cycling method),
the use of oxidants with potentials lower than that of
persulfates (<1 V),79213-215 ¢tc. The authors of different
methods give different rationale to the formation of one-
dimensional structures. Although the methods leading to
the formation of organized particles tend to increase in
number, the mechanism of self-organization of polymeric
chains during the synthesis has not been elucidated so far.

We believe that the mechanism of formation of supra-
molecular PANI structures has a common origin irrespec-
tive of whether thin PANI films or stable colloids, or
particles with the one-, two- or three-dimensional structures
are formed. The mechanism could be a logical extension of
molecular reactions of this synthesis and help to explain the
formation of particles with a given morphology under
different experimental conditions. Below we consider a
mechanism of self-organization of PANI macromolecules
in the course of the synthesis that will explain the formation
of all types of supramolecular structures from a common
standpoint. The molecular mechanism of oxidative poly-
merization of aniline described in Section V served as the
basis of this mechanism of formation of supramolecular
structures.

VII. Mechanism of polyaniline self-organization
during the synthesis

1. Sorption and association of phenazine nucleates in the
induction period

With few exceptions, the polymerization of aniline started
under homogeneous conditions, because in acidic aqueous
media both the monomer and the oxidant form true
solutions. However, as demonstrated experimentally, the
reaction became heterogeneous even in the early
step.!09:165 [n the induction period, the accumulation of

phenazine oligomers, i.e., nucleates of future polymeric
chains, occurred. Under the usual polymerization condi-
tions (pH > 0), the phenazine heterocycle does not react
with the acid and is not protonated.?!® It is well-known that
non-protonated phenazine structures are hydrophobic and
poorly soluble. They can strongly adsorb on different
surfaces or form agglomerates due to the m—m-electron
interaction.38 152

Nucleation of the main morphological types (films,
colloidal particles, coated particles 139 156-217-220) can be
represented as follows (Fig. 13). Even in the induction
period, the phenazine nucleates form templates for the
future supramolecular structures. Their adsorption on the
support or on stabilizer determines the formation of PANI
films or colloidal particles. As a result of association of
phenazine oligomers with one another, nuclei of the PANI
precipitate form. The adsorption and association can pro-
ceed both randomly and regularly. The random processes
lead to the formation of irregular particles, the nuclei of
PANI globules. However, it is the processes of regular
assembling of phenazine heterocycles that proved to be the
most energetically favourable. Phenazines are planar aro-
matic structures pertaining to discotics. They can stack one
flat molecule on another to form either one-dimensional
‘columns’ or two-dimensional planar precursors. The inter-
molecular coupling into columns occurs due to the mw—rm-
electron interaction of the aromatic rings.3%- 169

* Ay
e e (WOAUI)

Hydrophobic template

Hydrophilic template

Figure 13. Formation of polyaniline precipitate particles shaped as
globules (a) and one-dimensional structures (b); propagation of
PANI chains on hydrophilic (¢) and hydrophobic (d) supports.

The formation of organized intermediates is typical not
of all oligomers, but only of cyclic di- and trimers obtained
at pH < 4. The regular self-assembly is favoured by the
presence of single-type phenazine nucleates and the absence
of bulky substituents. The primary structures built of
regularly assembled nucleates served as the basis for the
preparation of one-dimensional fibres and tubes and two-
dimensional PANI structures. The in situ formation of
PANI films on various supports, colloidal particles and
PANI nanoparticles as such with different morphologies
including fibres and nanotubes was surveyed in detail. 38- 169

2. Self-organization during the polymer chain propagation

In the propagation step, the growth of high-molecular
chains from the phenazine nucleates begins. In contrast to
the phenazine heterocycle, the propagating chains are pro-
tonated and hence hydrophilic. Hydrophilic polymer chains
propagate from the nucleation centres into the aqueous
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phase; hence, PANI particles have most probably the radial
organization. In globules, the chains are arranged along the
radii, whereas in one-dimensional structures they are
arranged perpendicularly to the particle axis (see
Fig. 13).3%-1%9 Planar two-dimensional structures (plates,
ribbons) and films can be assembled in a brush-like chain
ordering.??! During the propagation, the chains are associ-
ated with one another due to hydrogen bonding, which
additionally stabilizes the supramolecular structure.$.169
Supramolecular PANI structures were shown to be very
stable,??? they are not destroyed during the polymer carbon-
ization 22* and are apparently soluble only in N-methylpyr-
rolidone. Presumably, it is the high binding energy of the
initial phenazine heterocycles and the interchain interaction
that are the reasons for the poor processability of PANI.

Conducting polyaniline in the form of highly organized
particles that consist of chains with the high degree of
conjugation can be synthesized only in the pH range
0 < pH < 2.5, because only here the following conditions
required for the synthesis of a conducting material are
realized: the growth of chains with the regular para-struc-
ture, which provided the interchain electron mobility, and
the self-assembling of chains into particles, which is neces-
sary for the interchain conduction.

The assembly of phenazine nucleates plays the key role
in the self-organization processes. However, in strongly
acidic media (in H>SO4, =2 mol litre~!), the phenazine
nitrogen atoms are in their protonated state, which exerts a
negative effect, because the solubility of phenazine nucleates
is increased and consequently the polymer self-organization
level is reduced. At high concentrations of strong acids, the
synthesis of PANI becomes altogether problematic, because
the polymer yield and its conductivity and the degree of
organization decrease.??*

3. The heterogeneous nature of the polymer chain
propagation

The growth of PANI, like apparently the growth of other
conducting polymers, differs from that of high-molecular
dielectrics. This polymer can serve as a model of the fractal
growth of biological objects. Its propagation resembles the
growth of nano- and submicroparticles rather than individ-
ual macromolecules. This is possible because PANI exhibits
both the electronic* 225 and ionic?2°-22% conduction. The
redox-active polymer mediates the aniline oxida-
tion.109-229.230. A PANI particle is oxidized by the oxidant
and then, in turn, oxidizes the monomer and attaches the
latter. The positive polaron that appeared upon oxidation
can easily be delocalized over the polymer particle and
stabilized by a mobile anion of the acid. The monomer
oxidation can occur in a site different from the site of the
chain - oxidant interaction. The PANI particle is involved in
the redox interaction as a whole.38 224,228,231.232 Thjg
increases the probability of the process by a large factor
and is one of the factors favouring the acceleration of
polymerization, i.e., the autocatalysis.

4. Structure — property relationships

The heterogeneous mechanism of the PANI growth, which
includes the in situ organization of the polymer chains,
enables the synthesis of organized particles. In turn, the
high degree of organization determines the high mobility of
electrons within a particle. For a globular polymer with
polymer chains packed along the radii, the degree of chain
organization and hence the conductivity is high in the

central part of the particle and decreases to its periphery
due to the increase in the number of organization defects.
The electron transfer between PANI particles is the most
hindered process. Hence, this determines the conductivity of
the material as a whole. A polymer with such a structure
should consist of highly conductive regions surrounded by
zones with low conductivity.

It is this pattern that is observed in studies of the
electrodynamic and magnetic properties of PANI. The
heterogeneous mechanism of polymer propagation in the
form of individual organized particles fits completely the
‘islands’ model proposed for describing the properties of
this material.'#* 233 The model represents PANI as conduct-
ing ‘islands’ embedded in the non-conducting matrix. Appa-
rently, it is the central parts of the globules grown from
phenazine agglomerates that served as the ‘islands’. It was
shown experimentally that the conductivity of PANI
increased after exposure of the polymer to certain organic
solvents capable of solvating chains as well as to aqueous
acidic media.?3* This is associated with the fact that PANI
particles swell, which improves the contacts at the interfa-
ces. In aqueous acidic solutions, the processes of proton
transport can also considerably contribute to the conduc-
tivity.228

VIII. Growth of particles with different
morphologies

The formation of particles with different supramolecular
structures was predetermined by the synthesis conditions. In
the present Section, we shall consider the general principles
of the effect of polymerization conditions on the PANI
morphology and analyze the particular cases of the forma-
tion of supramolecular structures described in Sections IV
and VI.

1. General mechanism of the effect of the synthesis conditions
on the morphology

According to the proposed mechanism of self-organization,
the form of the polymer particles is predetermined by the
structure of agglomerates of the phenazine nucleates.
Hence, the PANI morphology must be defined by the
processes of phenazine nucleate assembly during the initial
polymerization period. It is well known that the assembly of
similar molecules can result in the formation of regular
structures. It can be assumed that the deficiency of similar
nucleates leads to the formation of random agglomerates,
which determine the formation of globular polymer par-
ticles. In contrast, when nucleates of one type are accumu-
lated, the probability of formation of regular PANI
structures where the phenazine heterocycles form stacks is
high. These nucleates initiate the growth of one-dimensional
or planar two-dimensional structures.

The conditions of regular assembly are implemented in
the case of the accumulation of similar aniline di- and
trimers with the phenazine structure, while the phenazine
coupling reactions, for example, when chains begin to grow
by the mechanisms of oligomerization or polymerization,
are hindered. Such a situation is encountered under differ-
ent experimental conditions. However, as a rule, this is
characterized by a common feature, viz., by the presence of
a long induction period. As mentioned above, in the
induction period, phenazine nucleates are formed; hence, a
long induction period should favour their accumulation and
organization. The conditions of the oxidative polymeriza-
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tion of aniline characterized by the presence of a durable
induction period are listed below. Note that, as a rule, these
conditions correspond to one of the methods of synthesis of
one-dimensional structures known in the literature.3®

1. The polymerization in aqueous acidic media with low
(<0.02 mol litre—!) reactant (an oxidant and the monomer)
concentrations, the dilution method. In addition, the
oxidant: monomer molar ratio >1 and the single-step
instantaneous mixing of reactants, i.e., fast mixing proce-
dure,13%:298 fayours the formation of one-dimensional struc-
tures. This procedure enables the more active production of
the phenazine nucleates.

2. The use of oxidants with the low potential (<1 V) in
place of persulfates7%-187-213-215 or the electrochemical
synthesis carried out under the conditions providing a low
potential, which include the potentiodynamic method of
synthesis, i.e., the cyclic potential technique.?!! The low
oxidation potentials ensure the generation of nucleates, but
hinder further chain growth from them in the acidic
medium.

3. Synthesis under conditions of low initial pH and
relatively high reactant concentrations (the order of magni-
tude is several tenth of mol litre—!). The reaction can
proceed in the aqueous medium in the presence of weak
acids (the soft template method) 196-197.235-238 gr at the low
concentrations of strong acids?0%-20¢ a5 well as at the high
concentration of the reactants (aniline and persulfate) in the
absence of acids.!>3 The prerequisite for the formation of
one-dimensional structures was that the reaction coordinate
covered the pH range 4 > pH > 2.5 where only the accu-
mulation of nucleates occurs and the phenazine-initiated
growth reactions are inhibited.

4. Polymerization in mixed water—organic sol-
vents 119,216,239,240 and at the interface between the poorly
miscible aqueous and organic phases, i.e., the interface
polymerization.?06.207.241,242 Under these conditions, the
protonation of amino structures is suppressed even in the
presence of strong acids due to the lower permittivity of the
mixed solvent as compared with water.!37 Hence, as in the
previous case, the reaction falls in the range 4 > pH > 2.5
corresponding to the nucleate accumulation.

In all the cases, the low ionic strength of the solution
favours the formation of one-dimensional structures (at the
high ionic strength, phenazines are salted out from the
solution);?16-243.244 the reduction of the polymerization
temperature is also beneficial.293.240.245 A]l the discussed
conditions for the synthesis of one-dimensional structures
ensure prolonged processes due to the long induction
periods of polymerization. The effect of the synthesis con-

H
Active site

n

ditions on the PANI morphology is described in several
publications.38- 169

The only exception is the well-known synthesis of PANI
fibres based on the addition of the following para-arylenedi-
amines that mimic the PANI monomer unit: p-semi-
dine 205246 and p-phenylenediamine.!?¢-135.216,247 T this
case, the formation of one-dimensional structures is accom-
panied by the shortening of the induction period rather than
by its extension. The mechanism of this process is probably
as follows. Aromatic diamines take part in the limiting step
of the polymerization, i.e., in the growth of the polymer
chain. Their oxidation potential is lower than that of aniline
and they are oxidized preferentially. Their reactions with
the aniline molecule even in the dimerization step afford the
phenazine nucleates capable of inducing growth of a regular
conjugated chain. This leads to considerable reduction of
the induction period (Scheme 3).

On the other hand, the formation of a great number of
similar phenazine structures forces their regular assembly.
In this case, the acceleration of polymerization is accom-
panied by the increase in the content of PANI nanofibres. It
is significant that the addition of ortho-isomers of the same
diamines affected neither the acceleration nor the morphol-
ogy. In contrast, the addition of meta-isomers caused the
sharp deceleration of polymerization due to the extension of
the induction period. The latter was associated with the
formation of ‘defective’ nucleates incapable of continuing
the propagation of the conjugated chains.’® After the
exhaustion of meta-phenylenediamine due to its conversion
to ‘defective’ oligomers, the polymerization of aniline is
resumed.

2. Selected syntheses of miscellaneous supramolecular
structures

Let us consider the peculiarities of the formation of differ-
ent types of supramolecular structures by the example of
syntheses described in Section IV. Recall that in all the
cases, the polymerization was carried out at the high initial
concentration of aniline (0.2 mol litre —!') at 25 °C under the
action of a strong oxidant (ammonium persulfate) with the
oxidation potential of 2.01 V. All listed initial parameters
remained unchanged from one experiment to another; the
only parameter that changed was pH of the medium. Thus,
the transformation of one morphological type to another
could be followed as a function of a single factor, the
reaction medium acidity.

a. Microspheres
When the oxidation was carried out in 0.2M aqueous
ammonia, PANI mainly consisted of spherical particles of
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micron-scale sizes (see Fig. 5). The formation of micro-
spheres is determined by the emulsion mechanism of poly-
merization of aniline. At pH 10, aniline is in the non-
protonated form and hence poorly soluble. It exists as
droplets in the reaction medium. Under the action of
persulfate, the primary aniline oligomers partly sulfonated
by a strong oxidizing agent are formed. Such molecules
behaved as surfactants and could stabilize aniline droplets
to form a microemulsion with sufficiently narrow particle
size distribution. The oxidation proceeded mainly on the
surfaces of droplets, they were covered with a layer of
oligomers but could contain the non-consumed monomer
in their internal region. In this way, hollow spheres are
formed (see Fig. 10).

b. Two-dimensional structures

When the oxidation proceeded in acetic acid (the initial pH
value is 4.5), the monomer is for the most part protonated
and soluble. Oligomerization started under homogeneous
conditions. At low oxidant concentrations (0.02 mol
litre—1), pH decreased only to 4 by the end of synthesis
and the oxidation products represented shapeless micro-
metre-sized agglomerates (Fig. 14). These oligomers con-
tained up to ten monomer units with the irregular structure.
Upon precipitation, they formed shapeless agglomerates. At

Figure 14. Amorphous agglomerates of aniline oligomers synthesized
upon oxidation of aniline (0.2 mol litre~') under deficiency of ammo-
nium persulfate (0.05 mol litre—') (our data).

Complete conversion at pH ~ 3.5.

Figure 15. Oxidation products of aniline (0.2 mol litre ~!) with ammo-
nium persulfate (0.25 mol litre—!) isolated in the intermediate step of
polymerization at pH ~3.5.40

the same time, the tenfold increase in the oxidant concen-
tration led to changes in the morphology of products
synthesized in the same pH range (3.5 < pH < 4.5). The
aniline polymerization products ([aniline] = 0.2 mol litre — 1)
in 04M acetic acid under the action of persulfate
(0.25 mol litre—1!) isolated in the intermediate step of syn-
thesis contained the planar two-dimensional structures
rather than shapeless agglomerates (Fig. 15). Such mor-
phology is explained by the intensification of oxidation
processes. As a result, the content of phenazine fragments
in oligomers, the oligomer length, the degree of uniformity
of the molecules as well as their trend towards regular
organization increased. Short oligomers with the high con-
centration of phenazine fragments formed two-dimensional
structures.

c. One-dimensional structures

Nanofibres and nanotubes are formed among the polymer-
ization products when the reaction started in a weakly
acidic medium and then covers the pH range 2.5 < pH < 4
(Ref. 84) (see Figs 7, 10). One-dimensional structures
appear in the polymerization medium at pH < 3.12° As pH
drifts towards higher acidity, the one-dimensional frag-
ments elongate and their diameter increases; the portion of
one-dimensional structures in the polymerization products
increases as well. We explain the presence of one-dimen-
sional structures in the polymerization products by the fact
that the reaction proceeds in a pH range where the chain
propagation processes are hindered and similar phenazine
nucleates are accumulated. The formation of phenazine
columnar nucleates (see Fig. 13) is sufficient for the growth
of a fibre. For a nanotube to form, the presence of an initial
template that determines the internal diameter is necessary.
Its role could be played by various nanosized objects.?*3
However, most often the role of the template was played by
PANI oligomers formed at pH ~ 3. It is most probable that
these represented needle-shaped crystalline ‘columns’ of
phenazine nucleates tens of nanometers in diameter formed
in this period. It is shown #° that no nanotubes formed if the
PANI oligomers were removed from the polymerization
medium at pH 3.

In the propagation step at pH < 2.5, the tube walls grew
and the tube became longer.'2?-24° The one-dimensional
structures grew like organic crystals.?’® It can be shown
that in the propagation step, the elongation of fibres and
tubes occurred as a result of formation of new phenazine
nucleates directly at their ends. This process is energetically
more favourable than the formation of new nucleation
centres in the solution bulk.3® For polymerization in acetic
acid, the ratio of one-dimensional structures is higher than
in water. This agreed with the duration of the period of
phenazine nucleate accumulation, i.e., this period is twice
longer in acetic acid (see Fig. 2).

d. Globules

The polymerization that started at pH < 2.5 in the presence
of a strong oxidant and high concentrations of reactants
produced the globules of high-conducting high-molecular
PANI (see Fig. 6). The induction period of polymerization
in sulfuric acid is several times shorter as compared with
acetic acid. The rapid growth of polymer chains from the
phenazine nucleates is the main reason for the impossibility
of their assembly into planar or one-dimensional primary
structures so that random agglomeration prevailed. The
globules had a sufficiently narrow size distribution. This is
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associated with the fact that after the beginning of prop-
agation, the oxidation potential of the system decreased.
The supply of new nucleation centres that should proceed
through a high-energy route is hindered. The radial sizes of
globules are determined by the PANI chain length.

The results presented above demonstrate the effect of
the pH factor on the morphology of oligomers and high-
molecular-mass PANI. Under similar synthesis conditions,
by varying only the reaction medium acidity, it is possible to
obtain different types of supramolecular structures from
three-dimensional globules and spheres to one-dimensional
fibres and tubes. The type of supramolecular structures is
determined by the size and the structure of aniline oligomers
as well as by conditions of their assembly. These correlate
with the presence and duration of the induction period. In
alkaline and weakly acidic media, in the absence of the
induction period, the oligomers of various structures con-
taining 10—20 units formed and later assembled into either
spheres growing on aniline droplets or amorphous agglom-
erates. For pH 2.5—-4, in the induction period, the short
cyclic oligomers formed. For a longer induction period
where the chain growth from nucleates is hindered, the
latter formed primary structures of one- and two-dimen-
sional morphology. With the onset of the propagation step
at pH 2.5, the formation of organized PANI structures
began. At the same time, a short induction period typical
of the low pH values and the rapid chain growth from
phenazine nucleates leads to the formation of globules.

IX. Conclusion

Polyaniline is a multifunctional nanostructured material. It
is often called the ‘smart’ polymer. The area of practical
application of PANI and PANI-based composite materials
steadily increases, including the rapidly developing field of
nanotechnology. The latter field is associated with the
development of methods for the controlled polymerization.
Such methods of PANI synthesis aimed at the manufacture
of materials with the desired properties and supramolecular
structures may become the powerful tools for the prepara-
tion of new nanostructured materials and devices on their
basis.

The main obstacle to the development of methods of
controlled synthesis can be the insufficiently developed
concepts of the mechanisms of the oxidative polymerization
of aniline and self-assembly of its supramolecular struc-
tures. The mechanism shown in this review is an attempt to
explain the whole body of so-far accumulated experimental
data on the PANI synthesis from the unified standpoint.
This concerned both the molecular processes of polymer-
ization and also the self-assembling into different supra-
molecular structures, which accompanied the chain
propagation. The factors that determine the formation of
non-conducting oligomers with miscellaneous structures at
low acidity and the propagation of regular para-coupled
polymeric chains with the high conductivity under the
conditions of high acidity were revealed. Based on the
principles of molecular synthesis, a mechanism of self-
assembly of polymer chains into one-, two- and three-
dimensional structures is proposed. The acidity of the
medium is considered to be the most important parameter
of this synthesis that had the crucial effect on both the
molecular and supramolecular polymer structures.

This review was prepared with the financial support by
the Programme of the Presidium of the Russian Academy of

Sciences (P21), the Ministry of Education and Science of the
Russian Federation (Project 16.740.11.0211) and the Min-
istry of Education, Youth and Sports of the Czech Republic
(Czech-Russian Grant ME 847).

References

1. T A Skotheim, J R Reynolds Handbook of Conducting Poly-
mers. Conjugated Polymers: Theory, Synthesis, Properties and
Characterization (Boca Raton, FL: CRC Press, 2007)

2. J Prokes, S Nespurek, J Stejskal Vesmir 80 35 (2001)

3. N Gospodinova, L Terlemezyan Prog. Polym. Sci. 23 1443
(1998)

4. D C Trivedi, in Handbook of Organic Conductive Molecules and
Polymers Vol. 2 (Ed. H S Nalwa) (Chichester: Wiley, 1997)

p. 505

5. J Stejskal, in Dendrimers, Assemblies, Nanocomposites
( Microspheres, Microcapsules and Liposomes Series) Vol. 5,
Chs 6, 7 (Eds R Arshady, A Guyot) (London: Citus Books,
2002) p. 195

6. A A Nekrasov, V F Ivanov, O L Gribkova, A V Vannikov
Elektrokhimiya 40 284 (2004) #

7. A A Nekrasov, O L Gribkova, T V Eremina, A A Isakova,

V F Ivanov, V A Tverskoj, A V Vannikov Electrochim. Acta 53
3789 (2008)

8. M A Guseva, A A Isakova, O L Gribkova, V A Tverskoi,

V F Ivanov, A V Vannikov, Yu A Fedotov Vysokomol.
Soedinen., Ser. A49 9 (2007)°

9. V N Andreev Elektrokhimiya 36 379 (2000) #

10. O L Gribkova, A A Nekrasov, A A Isakova, V F Ivanov,
A V Vannikov Elektrokhimiya 42 1208 (2006) #

11. V F Ivanov, O L Gribkova, K V Cheberyako, A A Nekrasov,
V A Tverskoi, A V Vannikov Elektrokhimiya 40 339 (2004) 2

12. A V Caramyshev, V M Lobachov, D V Selivanov, E V Sheval,
A Kh Vorobiev, O N Katasova, V'Y Polyakov, A A Makarov,
I Yu Sakharov Biomacromolecules 8 2549 (2007)

13. G P Karpacheva, A V Orlov, S G Kiseleva, S Z Ozkan,
O Yu Yurchenko, G N Bondarenko Elektrokhimiya 40 346
(2004) 2

14. E V Ovsyannikova, M Yu Grosheva, N M Alpatova
Elektrokhimiya 40 1265 (2004) #

15. L V Lukachova, E A Shkerin, E A Puganova, E E Karyakina,
S G Kiseleva, A V Orlov, G P Karpacheva, A A Karyakin
J. Electroanal. Chem. 544 59 (2003)

16. V I Krinichnyi, S D Chemerisov, Ya S Lebedev Vysokomol.
Soedinen., Ser. A 40 1324 (1998)°

17. A A Nekrasov, V F Ivanov, A V Vannikov Electrochim. Acta
46 4051 (2001)

18. V F Ivanov, O L Gribkova, S V Novikov, A A Nekrasov,
A A Isakova, A V Vannikov, G B Meshkov, I V Yaminsky
Synth. Met. 152 153 (2005)

19. V I Krinichnyi Usp. Khim. 65 564 (1996) [ Russ. Chem. Rev. 65 521
(1996)]

20. A N Aleshin Fiz. Tv. Tela 49 1921 (2007)¢

21. A V Okotrub, I P Asanov, P S Galkin, L G Bulusheva,
G N Chekhova, A G Kurenya, Yu V Shubin Vysokomol.
Soedin., Ser. B52 351 (2010)®

22. Yu A Zubtsova, N V Kamanina Pis’'ma Zh. Tekh. Fiz. 32 57
(2006) 4

23. V G Sergeev, N A Lokshin, V B Golubev, A B Zezin, K Levon,
V A Kabanov Dokl. Akad. Nauk 390 66 (2003) ©

24. 1 Yu Pinus, A B Yaroslavtsev, E N Nasibulin, V G Sergeev,
V A Kabanov Zh. Neorg. Khim. 51 1035 (2006) ©

25. N V Andreev Elektrokhimiya 42 193 (2006) 2

26. B I Podlovchenko, V N Andreev Usp. Khim. 71 950 (2002)
[Russ. Chem. Rev. 71 837 (2002)]

27. V E Bochenkov, G B Sergeev Usp. Khim. 76 1084 (2007)
[Russ. Chem. Rev.76 1013 (2007)]

28. B I Podlovchenko, Yu M Maksimov, T D Gladishcheva,
E A Kolyadko Elektrokhimiya 36 825 (2000) 2



The effect of pH on the oxidative polymerization of aniline and the morphology and properties of products

29.

30.

31.

32.

33.

34.
35.

36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

48.

49.

50.
51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

A A Karyakin, M Vuki, L V Lukachova, E E Karyakina,

A V Orlov, G P Karpacheva, ] Wang Anal. Chem. 71 2534 (1999)
A V Orlov, S G Kiseleva, G P Karpacheva, V V Teplyakov,

D A Syrtsova, L E Starannikova, T L Lebedeva J. Appl. Polym.
Sci. 89 1379 (2003)

N P Berezina, A A Kubaisy, S V Timofeev, L V Karpenko

J. Solid State Electrochem. 11 378 (2007)

G A Tishchenko, J Dybal, J Stejskal, V Kudela, M Bleha,

E Y Rosova, G K Elyashevich J. Membr. Sci. 196 279 (2002)

G K Elyashevich, E Y Rosova, I S Kuryndin Desalination 144 21
(2002)

I Sapurina, A Riede, J Stejskal Synth. Met. 123 503 (2001)

G Ciric-Marjanovic, M Trchova, E N Konyushenko, P Holler,
J Stejskal J. Phys. Chem. B 112 6976 (2008)

G Ciric-Marjanovic, M Trchova, J Stejskal J. Raman

Spectrosc. 39 1375 (2008)

J Kfiz, L Starovoytova, M Trchova, E N Konyushenko,

J Stejskal J. Phys. Chem. B 113 6666 (2009)

I Sapurina, J Stejskal Polym. Int. 57 1295 (2008)

S Fedorova, J Stejskal Langmuir 18 5630 (2002)

E N Konyushenko, M Trchova, J Stejskal, I Sapurina

Chem. Pap. 64 56 (2010)

J Stejskal, T Sapurina, M Trchova, E N Konyushenko
Macromolecules 41 3530 (2008)

E N Konyushenko, J Stejskal, I Sedénkova, M Trchova,

I Sapurina, M Cieslar, J Prokes Polym. Int. 55 31 (2006)

M Trchova, I Sapurina, J Prokes, J Stejskal Synth. Met. 135-136
305 (2003)

J Stejskal, I Sapurina J. Colloid Interface Sci. 274 489 (2004)

M Trchova, I Sedénkova, J Stejskal Synth. Met. 154 1 (2005)

H Valentova, J Stejskal Synth. Met. 160 832 (2010)

J Stejskal, I Sapurina, M Trchova, J Prokes, I Kfivka,

E Tobolkova Macromolecules 31 2218 (1998)

J Stejskal, in Dendrimers, Assemblies, Nanocomposites.
(Microspheres, Microcapsules and Liposomes Series) Vol. 5, Ch. 7
(Eds R Arshady, A Guyot) (London: Citus Books, 2002) p. 245
J Stejskal, T Sulimenko, J Prokes, I Sapurina Colloid Polym. Sci.
278 654 (2000)

I Sapurina, J Stejskal, Z Tuzar Colloids Surf., A 180 193 (2001)
J Stejskal, O Quadrat, I Sapurina, J Zemek, A Drelinkiewicz,
M Hasik, I Kfivka, J Prokes Eur. Polym. J. 38 631 (2002)

I Yu Sapurina, M E Kompan, V V Malyshkin, V V Rozanov,
J Stejskal Elektrokhimiya 45 744 (2009) 2

I Sapurina, M Mokeev, V Lavrentev, V Zgonnik, M Trchova,
D Hlavata, J Stejskal Eur. Polym. J. 36 2321 (2000)

M Trchova, I Sapurina, D Hlavata, J Prokes, J Stejskal Synth.
Met. 121 1117 (2001)

N E Kazantseva, J Vilcakova, V Kfesalek, P Saha, I Sapurina,
J Stejskal J. Magn. Magn. Mater. 269 30 (2004)

I Sapurina, N E Kazantseva, J Prokes, P Saha, J Stejskal

J. Appl. Polym. Sci. 95 807 (2005)

I Sapurina, J Stejskal, M Spirkové,.l Kotek, J Prokes Synth. Met.
151 93 (2005)

N E Kazantseva, Yu I Bespyatykh, I Sapurina, J Stejskal,

J Vilcakova, P Saha J. Magn. Magn. Mater. 301 155 2006

I Yu Sapurina, J Stejskal, M Trchova, D Hlavata,

Yu F Biryulin Fullerenes, Nanotubes, Carbon Nanostruct. 14 447
(2006)

I Yu Sapurina, M E Kompan, A G Zabrodskii, J Stejskal,

M Trkhova Elektrokhimiya 43 554 (2007)#

E N Konyushenko, J Stejskal, M Trchova, J Hradil,

J Kovatova, J Prokes, M Cieslar, J-Y Hwang, K-H Chen,

1 Sapurina Polymer 47 5715 (2006)

E N Konyushenko, N E Kazantseva, J Stejskal, M Trchova,

J Kovarova, I Sapurina, M M Tomishko, O V Demicheva,

J Prokes J. Magn. Magn. Mater. 320 231 (2008)

A G Zabrodskii, M E Kompan, V G Malyshkin, I Yu Sapurina
Pis’'ma Zh. Tekh. Fiz. 32 50 (2006) 4

J Stejskal, M Trchova, J Brodinova, I Sapurina J. Appl. Polym.
Sci. 103 24 (2007)

A Kalendova, I Sapurina, J Stejskal, D Vesely Corros. Sci. 50
3549 (2008)

66

67.
68.
69.
70.
71.
72.
73.

74.

75.
76.
77.
78.
79.
80.

81.
82.

83.
84.

85.

86.

87.

88.
89.

90.
91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.
102.

103.
104.
105.
106.
107.

. I Sapurina, J Stejskal Chem. Pap. 63 579 (2009)

A Kalendova, J Stejskal, D Vesely, I Sapurina Prog. Org. Coat.
63 228 (2008)

M A Abshinova, N E Kazantseva, P Saha, I Yu Sapurina,

J Stejskal Polym. Degrad. Stab. 93 1826 (2008)

T Hagiwara, T Demura, K Iwata Synth. Met. 18 317 (1987)

W W Focke, G E Wnek, Y Wei J. Phys. Chem. 91 5813 (2009)
J Stejskal, P Kratochvil, A D Jenkins Polymer 37 367 (1996)

J Stejskal, P Kratochvil, A D Jenkins Collect. Czech. Chem.
Commun. 60 1774 (1995)

W S Huang, A G MacDiarmid, A J Epstein J. Chem. Soc.,
Chem. Commun. 1784 (1987)

S-C Kim, D Kim, J Lee, Y Wang, K Yang, J Kumar,

F F Bruno, L A Samuelson Macromol. Rapid Commun. 28 1356
(2007)

K Lee, S Cho, S H Park, A J Heeger, C-W Lee, S-H Lee Nature
( London) 441 65 (2006)

H Ding, J Shen, M Wan, Z Chen Macromol. Chem. Phys. 209
864 (2008)

H Zengin, H G Spencer, G Zengin, R V Gregory Synth. Met.
157 147 (2007)

L Zhang, M Wan J. Phys. Chem. B 107 6748 (2003)

H Ding, M Wan, Y Wei Adv. Mater. 19 465 (2007)

G M do Nascimento, C H Silva, M L A Temperini Macromol.
Rapid Commun. 27 255 (2006)

C Zhou, J Han, G Song, R Guo Macromolecules 40 7075 (2007)
Y Zhu, H He, M Wan, L Jiang Macromol. Rapid Commun. 29
1705 (2008)

G Song, J Han, J Bo, R Guo J. Mater. Sci. 44 715 (2009)

J Stejskal, I Sapurina, M Trchova, E N Konyushenko,

P Holler Polymer 47 8253 (2006)

G Li, H Peng, Y Wang, Y Qin, Z Cui, Z Zhang Macromol.
Rapid Commun. 25 1611 (2004)

Jun Wang, Jix Wang, Z Dia, Z Wang, F Zhang Synth. Met. 159
1583 (2009)

G Li, C Zhang, H Peng, K Chen, Z Zhang Macromol. Rapid
Commun. 29 1954 (2008)

M Wan Adv. Mater. 20 2926 (2008)

M-C Park, Q Sun, Y Deng Macromol. Rapid Commun. 28 1237
(2007)

C Zhou, J Han, R Guo J. Phys. Chem. B 112 5014 (2008)

G Li, S Pang, G Xie, Z Wang, H Peng, G Zhang Polymer 47
1456 (2006)

F J M Hoeben, P Jonkheijm, E W Meijer, A P H J Schenning
Chem. Rev. 105 1491 (2005)

J Stejskal, I Sapurina, in Polyaniline— A Conducting Polymer.
Materials Syntheses (Eds U Schubert, N Hiising, R Laine)
(Wien: Springer, 2008) p. 199

J Stejskal, D Hlavata, P Holler, M Trchova, J Prokes, I Sapurina
Polym. Int. 53 294 (2004)

I Sedénkovéa, M Trchovéa, N V Blinova, J Stejskal Thin Solid
Films 515 1640 (2006)

Jun Wang, Jix Wang, Z Yang, Z Wang, F Zhang, S Wang
React. Funct. Polym. 68 1435 (2008)

R-H Lee, H-H Lai, J-J Wang, R-J Jeng, J-J Lin Thin Solid Films
517 500 (2008)

Q Sun, M-C Park, Y Deng Mater. Chem. Phys. 110 276 (2008)
H Xia, D Cheng, P Lam, H S O Chan Nanotechnology 17 3957
(2006)

H Xia, J Narayanan, D Cheng, C Xiao, X Liu, H S O Chan
J. Phys. Chem. B 109 12677 (2005)

L Zhang, M Wan Nanotechnology 13 750 (2002)

W Zhong, Y Wang, Y Yan, Y Sun, J Deng, W Yang J. Phys.
Chem. B 111 3918 (2007)

M Zhao, X Wu, C Cai J. Phys. Chem. C 113 4987 (2009)

Q Sun, Y Deng Mater. Lett. 62 1831 (2008)

J Wu, Q Tang, Q Li, J Lin Polymer 49 5262 (2008)

Y-G Han, T Kusunose, T Sekino Synth. Met. 159 123 (2009)
A G MacDiarmid, W E Jones Jr, I D Norris, J Gao,

A T Johnson Jr, N J Pinto, J Hone, B Han, F K Ko,

H Okuzaki, M Llaguno Synth. Met. 119 27 (2001)

1141



1142

I Yu Sapurina, J Stejskal

10

(o)

109.
110.
111.
112.
113.
114.

115.
116.

117.
118.

119.
120.

121.
122.
123.

124.
125.

126.
127.
128.
129.
130.

131.
132.

133.

134.

135.

136.
137.

138.

139.

140.

141.
142.

143.

144.

145.

146.

147.

148.

149.

. Encyclopedia of Polymer Science and Technology (New York:

Wiley, 2006) p. 740

K Tzou, R V Gregory Synth. Met. 47 267 (1992)

F L Klavetter, Y Cao Synth. Met. 55 2 (1993)

Y Wei J. Chem. Educ. 78 551 (2001)

V Percec, D H Hill, in Cationic Polymerization: Mechanism,
Synthesis, and Applications (Eds K Matyjashewski, C Pugh)
(New York: Marcel Dekker, 1996) p. 646

X X Liu, L Zhang, Y-B Li, L-J Bian, Y-Q Hio, Z Su Polym.
Bull. 57 825 (2006)

Y Wei, X Tang, Y Sun, W Focke J. Polym. Sci., Part A 27 2385
(1989)

E M Genies, M Lapkowski J. Electroanal. Chem. 236 199 (1987)
P M Beadle, Y F Nicolau, E Banka, P Rannou, D Djurado
Synth. Met. 95 29 (1998)

A Petr, L Dunsch J. Electroanal. Chem. 419 55 (1996)

Y Ding, A B Padias, H K Hall J. Polym. Sci., Part A 37 2569
(1999)

Y Geng, J Li, Z Sun, X Jing, F Wang Synth. Met. 96 1 (1998)
S K Manohar, A G MacDiarmid, A J Epstein Synth. Met. 41
711 (1991)

J Bacon, R N Adams J. Am. Chem. Soc. 90 6596 (1968)

R L Hand, R F Nelson J. Electrochem. Soc. 125 1059 (1978)
A A Matnishyan, T A Achnarazyan Vysokomol. Soedinen.,
Ser. A 46 2004 (2004)

Y Fu, R L Elsenbaumer Chem. Mater. 6 671 (1994)

Z-H Mo, W Qiu, X-C Yang,J Yan, Z-D Gu J. Polym. Res. 16
39 (2009)

J Stejskal, P Kratochvil, M Spirkova Polymer 36 4135 (1995)
R Mazeikiene, A Malinauskas Synth. Met. 108 9 (2000)

S P Surwade, N Manohar, S K Manohar Macromolecules 42
1792 (2009)

C Laslau, Z D Zujovic, L Zhang, G A Bowmaker,

J Travas-Sejdic Chem. Mater. 21 954 (2009)

Z D Zujovic, L Zhang, G A Bowmaker, P A Kilmartin,

J Travas-Sejdic Macromolecules 41 3125 (2008)

X-G Li, A Li, M-R Huang Chem.— Eur. J. 14 10309 (2008)

E C Venancio, P-C Wang, A G MacDiarmid Synth. Met. 156
357 (2006)

L Zhang, Z D Zujovic, H Peng, G A Bowmaker,

P A Kilmartin, J Travas-Sejdic Macromolecules 41 8877 (2008)
N Gospodinova, L Terlemezyan, P Mokreva, K Kossev
Polymer 34 2434 (1993)

S A Jansen, T Duong, A Majo, Y Wei, L T Sein Jr Synth. Met.
105 107 (1999)

C Heichert, H Hartmann Z. Naturforsch., B 64 747 (2009)

D J Cram, G S Hammond Organic Chemistry Ch. 11 (2nd Ed.)
(London: McGraw-Hill, 1964)

Ya Kogan, G Davidova, E Knerelman, G Gedrovich, L Fokeeva,
L Emelina, V Savchenko Synth. Met. 41 887 (1991)

J N Murrell, S F A Kettle, ] M Tedder, in The Chemical Bond
Ch. 14 (New York: Wiley, 1978) p. 339

D R Lide (Ed.), in CRC Handbook of Chemistry and Physics
(76th Ed.) (Boca Raton, FL: CRC Press, 1995) p. 8

M Can, S Uzun, N O Pekmez Synth. Met. 159 1486 (2009)

L W Shackelette, J] F Wolf, S Gould, R H Baughman J. Chem.
Phys. 88 3955 (1988)

X Zhang, H S Kolla, X Wang, K Raja, S K Manohar Adv.
Funct. Mater. 16 1145 (2006)

M E Jozefowicz, R Laversanne, H H S Javadi, A J Epstein,

J P Pouget, X Tang, A G MacDiarmid Phys. Rev. B39 12958
(1989)

X-L Wei, A J Epstein Synth. Met. 84 791 (1997)

G Ciric-Marjanovic, M Trchova, J Stejskal Collect. Czech.
Chem. Commun. 71 1407 (2006)

M T Gill, S E Chapman, C L DeArmitt, F L Baines,

C M Dadswell, ] G Stamper, G A Lawless, N C Billingham,

S P Armes Synth. Met. 93 227 (1998)

T Sulimenko, J Stejskal, J Prokes J. Colloid Interface Sci. 236
328 (2001)

F G de Souza, T K Anzai, M V A Rodriguez, P A Melo Jr,
M Nele, J C Pinto J. Appl. Polym. Sci. 112 157 (2009)

150.
151.
152.

153.

154.
155.
156.

157.
158.

159.

160.

161.
162.
163.

164.
165.

166.
167.
168.
169.

170.

171.

172.

173.
174.

175.
176.
177.
178.
179.
180.
181.
182.

183.
184.

185.
186.
187.

188.

189.
190.

191.
192.
193.

194.
195.

196.
197.
198.
199.
200.

C Zhou, J Han, R Guo Macromolecules 41 6473 (2008)

R Mazeikiene, A Malinauskas Synth. Met. 128 121 (2002)
X-G Li, M-R Huang, W Duan, Y-L Yang Chem. Rev. 102 2925
(2002)

M Trchova, E N Konyushenko, J Stejskal, 1 Sedénkova,

P Holler, G Ciric-Marjanovic J. Phys. Chem. B 110 9461 (2006)
Y F Huang, C W Lin Polymer 50 775 (2009)

N-R Chiou, L J Lee, A J Epstein Chem. Mater. 19 3589 (2007)
E M Genies, M Lapkowski, J] F Penneau J. Electroanal. Chem.
Int. Electrochem. 249 97 (1988)

S-Y Hong, S-M Park J. Phys. Chem. B 111 9779 (2007)

M M Baizer, H Lund, in Organic Electrochemistry Pt. 1

(New York: Marcel Dekker, 1983) p. 52

X Tu, Q Xie, C Xiang, Y Zhang, S Yao J. Phys. Chem. B 109
4053 (2005)

I Losito, F Palmisano, P G Zambonin Anal. Chem. 75 4988
(2003)

Y Li, B Wang, W Feng Synth. Met. 159 1597 (2009)

Y F Huang, C W Lin Synth. Met. 159 1824 (2009)

A Malinauskas, R Holze Ber. Bunsen-Ges., Phys. Chem. 101
1851 (1997)

D Bejan, A Duca Croat. Chim. Acta 71 745 (1998)

LY O Yang, C Z Chang, S H Liu,C G Wu,S L YauJ. Am.
Chem. Soc. 129 8076 (2007)

Z Puskas, G Inzelt Electrochim. Acta 50 1481 (2005)

T Yamamoto, T Okuda J. Electroanal. Chem. 460 242 (1999)

S Yunus, A Attout, P Bertrand Langmuir 25 1851 (2009)

J Stejskal, I Sapurina, M Trchova Prog. Polym. Sci. 35 1420
(2010)

A Riede, J Stejskal, V Riede, M Helmstedt Synth. Met. 121 1365
(2001)

J Stejskal, M Trchova, S Fedorova, I Sapurina, J Zemek
Langmuir 19 3013 (2003)

I Yu Sapurina, V I Frolov, B M Shabsel’s, J Stejskal Zh. Prikl.
Khim. 76 863 (2003) &

J Stejskal, I Sapurina Chem. Int. 27 26 (2005)

R V Gregory, W C Kimbrell, H H Kuhn Synth. Met. 28 823
(1989)

M Onoda, K Tada, A Shinkuma Thin Solid Films 499 61 (2006)
S Shinkai, M Takeuchi, A-H Bae Supramol. Chem. 17 181 (2005)
A G MacDiarmid Synth. Met. 84 27 (1997)

A Malinauskas Polymer 42 3957 (2001)

H D Tran, D Li, R B Kaner Adv. Mater. 21 1487 (2009)

D Li,J Huang, R B Kaner Acc. Chem. Res. 42 135 (2009)

J Huang Pure Appl. Chem. 78 15 (2006)

S Bhadra, D Khastgir, K Singha, J K Lee Prog. Polym. Sci. 34
783 (2009)

C Dhad, M Das, G Sumana Nanoscale 2 747 (2010)

Y Wang, H D Tran, R B Kaner J. Phys. Chem. C 113 10346
(2009)

D Zhang, Y Wang Mater. Sci. Eng. B 1349 (2006)

C Zhou,J Han, R Guo Macromol. Rapid Commun. 30 182 (2009)
N V Blinova, J Stejskal, M Trchova, I Sapurina,

G Ciric-Marjanovic Polymer 50 50 (2009)

L Zhang, M Wan, Y Wei Macromol. Rapid Commun. 27 888
(2006)

E Jin, N Liu, X-F Lu, W Zhang Chem. Lett. 36 1288 (2007)

X Wang, N Liu, X Yan, W Zhang, Y Wei Chem. Lett. 34 42
(2005)

J Han, G Song, R Guo Adv. Mater. 18 3140 (2006)

J Stejskal Chem. Int. 24 20 (2002)

J Stejskal, I Sapurina, J Prokes, J Zemek Synth. Met. 105 195
(1999)

I Sapurina, S Fedorova, J Stejskal Langmuir 19 7413 (2003)

A Riede, M Helmstedt, I Sapurina, J Stejskal J. Colloid
Interface Sci. 248 413 (2002)

K Huang, M Wan Synth. Met. 135-136 173 (2003)

Z Wei, Z Zhang, M Wan Langmuir 18 917 (2002)

I Diez, K Tauer, B Schulz Colloid Polym. Sci. 283 125 (2005)

J Yang, Y Ding, J Zhang Mater. Chem. Phys. 112 322 (2008)

P Anilkumar, M Jayakannan Macromolecules 41 7706 (2008)



The effect of pH on the oxidative polymerization of aniline and the morphology and properties of products

1143

201.
202.
203.
204.
205.
206.

207.
208.

209.
210.
211.
212.
213.
214.
215.
216.
217.
218.
219.
220.
221.
222.
223.
224.
225.

226.
227.

228.

229.

230.
231.

232.

233.

234.

235.
236.

238.
239.
240.
241.
242.
243.
244.

245.

246.

Y Gao, F Wang,J Gong, Z Su, L Qu J. Nanosci. Nanotechnol. 8
5972 (2008)

Z Chen, C D Pina, E Falletta, M L Faro, M Pasta, M Rossi,
N Santo J. Catal. 259 1 (2008)

Q Tang,J Wu, X Sun, Q Li,J Lin, L Fan Polymer 50 752 (2009)
J Bhadra, D Sarkar Mater. Lett. 63 69 (2009)

S P Surwade, V Dua, N Manohar, S K Manohar, E Beck,

J P Ferraris Synth. Met. 159 445 (2009)

H D Tran, Y Wang,J M D’Arcy, R B Kaner ACS Nano 2 1841
(2008)

D Li, R B Kaner J. Am. Chem. Soc. 128 968 (2006)

P-C Wang, E C Venancio, D M Carno, A G MacDiarmid
React. Funct. Polym. 69 217 (2009)

Y He Appl. Surf. Sci. 252 2115 (2006)

J Kan, C Zhang, G Jing J. Appl. Polym. Sci. 99 1848 (2006)

C Zhou, J Han, R Guo Macromolecules 42 1252 (2009)

V Gupta, M Miura Mater. Lett. 60 1466 (2006)

R P Sajanlal, T S Sreeprasad, A S Nair, T Pradeep Langmuir 24
4607 (2008)

Xia Li, Xin Li Mater. Lett. 61 2011 (2007)

Z Zhang, ] Deng, M Wan Mater. Chem. Phys. 115 275 (2009)
T Komura, M Ishihara, T Yamaguchi, K Takahashi

J. Electroanal. Chem. 493 84 (2000)

J Stejskal, I Sapurina Pure Appl. Chem. 77 815 (2005)

J Stejskal, P Kratochvil, M Helmstedt Langmuir 12 3389 (1996)
J Stejskal, P Kratochvil, S P Armes, F Lascelles, A Riede,

M Helmstedt, J Prokes, I Kfivka Macromolecules 29 6814 (1996)
T Kuroda-Sowa, M Munakata, H Matsuda, S Akiyama,

M Maekawa J. Chem. Soc., Dalton Trans. 2201 (1995)

I Sapurina, A Yu Osadchev, B Z Volchek, M Trchova,

A Riede, J Stejskal Synth. Met. 129 29 (2002).

N V Blinova, I Sapurina, J Klimovi¢, J Stejskal Polym. Degrad.
Stab. 88 428 (2005).

M Trchova, E N Konyushenko, J Stejskal, J Kovafova,

G Ciric-Marjanovic Polym. Degrad. Stab. 94 929 (2009).

N V Blinova, J Stejskal, M Trchova, J Prokes Polymer 47 42
(2006)

R Patil, Y Harima, K Yamashita, K Komaguchi, Y Ttagaki,

M Shiotani J. Electroanal. Chem. 518 13 (2002)

L Wen, N M Kocherginsky J. Membr. Sci. 167 135 (2000)

F Treptow, A Jungbauer, K Hellgardt J. Membr. Sci. 270 115
(2006).

J Stejskal, O E Bogomolova, N V Blinova, M Trchova,

I Sedénkova, J Prokes, I Sapurina Polym. Int. 58 872 (2009).

N Gospodinova, P Mokreva, L Terlemezyan Polymer 34 2438
(1993)

Y Wei, Y Sun, X Tang J. Phys. Chem. 93 4878 (1989)

I Das, N R Agarwal, S K Gupta, S K Gupta, R P Rastogi

J. Phys. Chem. A 113 5296 (2009)

N V Blinova, J Stejskal, M Trchova G Ciric-Marjanovic,

I Sapurina J. Phys. Chem. B 111 2440 (2007)

S-T Yau, J N Barisci, G M Spinks Appl. Phys. Lett. 74 667
(1999)

C L Gettinger, A J Heeger, D J Pine, Y Cao Synth. Met. 74 81
(1995).

M Wan, J Huang, Y Shen Synth. Met. 101 708 (1999)

H Qiu, M Wan, B Matthews, L Dai Macromolecules 34 675
(2001)

. L J Zhang, H Peng, C F Hsu, P A Kilmartin, J Travas-Sejdic

Nanotechnology 18 115607 (2007)

Z Zhang, Z Wei, M Wan Macromolecules 35 5937 (2002)

S Xing, C Zhao, C Jing, Z Wang Polymer 47 2305 (2006)

S Zhou, T Wu, J Kan Eur. Polym. J. 43 395 (2007)

J Li, Q Jia,J Zhu, M Zheng Polym. Int. 57 337 (2008)

S Xing, H Zheng, G Zhao Synth. Met. 158 59 (2008)

Z Zhang, J Deng, L Yu, M Wan Synth. Met. 158 712 (2008)

A G MacDiarmid, A J Epstein Mater. Res. Soc. Symp. Proc. 247
565 (1992)

Q Tang, X Sun, Q Li,J Wu,J Lin, M Huang Mater. Lett. 63 540
(2009)

M M Ayad, A F Rehab, I S El-Hallag, W A Amer Eur.

Polym. J. 43 2540 (2007)

247.
248.

249.
250.

a
b
c
d
e

f

L Duic, M Kraljic, S Grigic J. Polym. Sci., Part A 42 1599 (2004)
T Thanpitcha, A Sirivat, A M Jamieson, R Rujiravanit Synth.
Met. 158 695 (2008)

C Debiemme-Chouvy Electrochem. Commun. 11 298 (2009)

J-Y Kim, M-H Kwon, J-T Kim, S Kwon, D-W Thm, Y-K Min
J. Phys. Chem. C 111 11252 (2007)

— Russ. J. Electrochem. (Engl. Transl.)
— Polym. Sci. (Engl. Transl.)

— Phys. Solid State (Engl. Transl.)

— Tech. Phys. Lett. (Engl. Transl.)

— Dokl. Phys. (Engl. Transl.)

— Russ. J. Inorg. Chem. (Engl. Transl.)

& — Russ. J. Appl. Chem. (Engl. Transl.)



	Introduction
	Polyaniline structure and properties
	Polyaniline synthesis
	Modern concepts on the mechanism of aniline polymerization

	Aniline oxidation in media of different acidity
	The effect of pH
	Methods for studying the processes of the oxidation of aniline
	Oxidation of aniline at different initial pH values
	Oxidation of aniline at different monomer : oxidant ratios
	Properties and morphology of the aniline oxidation products

	Molecular mechanism of aniline oxidation at different pH of the medium
	Formation of oligomers with units of irregular structure
	The features of the oligomerization of aniline depending on pH
	Synthesis of polymer chains with the regular structure

	Supramolecular structures of polyaniline
	Types of supramolecular structures
	Studies of the mechanism of polyaniline organization in the course of synthesis

	Mechanism of polyaniline self-organization during the synthesis
	Sorption and association of phenazine nucleates in the induction period
	Self-organization during the polymer chain propagation
	The heterogeneous nature of the polymer chain propagation
	Structure - property relationships

	Growth of particles with different morphologies
	General mechanismof the effect of the synthesis conditions on the morphology
	Selected syntheses of miscellaneous supramolecular structures

	Conclusion
	References

