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Abstract — Polyaniline (PANI) is one of the most intensively investigated polymers during the last
decade. The establishment of the scientific principles allowing regulation of its properties, deter-
mining the potential application areas (alternative energy sources and transformers, media for
erasable optical information storage, non-linear optics, membranes, etc.) is an important scientific
problem. We have shown for the first time that the behavior of this polymer is subject to the same
basic principles as the polymerization process itself. Both the polymerization of aniline and the
subsequent transformations of polyaniline have to be regarded as typical redox processes, where
the direction and establishment of equilibrium are dependent on the oxidation potentials and
concentrations of the reactants (and also on pH of the medium, affecting the values of oxidation
potential of the reactants). Such an approach allows us to identify the oxidative polymerization of
aniline (and presumably of thiophene and pyrrole) as a new area in cationic polymerization,
wherein the conditions of initiation, propagation and termination of the chains can be expressed
by means of the electrochemical potential of the system. Furthermore, this allows an elucidation of
the key problems related to the main types of transformations of this polymer (the so-called
oxidative and non-oxidative doping of polyaniline). It also gave us a reason to suggest a novel
original classification of the numerous potential application areas of PANI.

1. INTRODUCTION

The continuously growing interest in the study of PANI may be illustrated by the following
statistical data: while during the period 1986—1989 there were 948 published papers and
patents worldwide, for the last 3-year period (1993-1995) only the papers amount to 1143.
This interest is caused, on the one hand, by diverse, but also unique properties of PANI,
allowing its potential applications in various fields, such as energy storage and transformation
(alternative energy sources, erasable information storage, non-linear optics, shielding of
electromagnetic interference), as well as catalysts, indicators, sensors, membranes of pre-
cisely controllable morphology, etc. On the other hand, although some industrial companies
have put a lot of effort into the development of some applications of this material, there exist
too many ambiguities about PANI. They are related to both the mechanism of polymerization
and the polymer structure (including its transformations), determining the material properties.

The main results from the PANI investigations, presented most comprehensively in the
review articled™®, can be summarized by the following picture. PANI exists in three well
defined oxidation states: leucoemeraldine, emeraldine and pernigraniline (Fig. 1). Leuco-
emeraldine and pernigraniline are the fully reduced (all the nitrogen atoms are amine) and the
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fully oxidized (all the nitrogen atoms are imine) forms, respectively, and in emeraldine the
ratio -Nw-N= IS ~0.5. Starting from the electrically insulating leucoemeraldine, electrically
conducting emeraldine can be obtained by standard chemical or electrochemical oxidation, as
with other conducting polymers. But, upon further oxidation a second redox process occurs,
which yields a new insulating material, pernigraniline. In addition to this unusual behavior, a
decrease of conductivity by ten orders of magnitude is obtained just by treatment of the
conducting emeraldine in neutral or alkaline media. Protonation induces an insulator-to-
conductor transition, while the number sfelectrons in the chain remains constant. A lot

of work has been devoted to the study of this unusual transition. The mechanism of oxidative
polymerization of aniline, which always results in a conducting emeraldine PANI, appears
also to be ambiguous.

In this review article we do not aim at solving, and even at showing, all the ambiguities
about PANI. We shall try to present a novel approach to the study of this polymer, which,
naturally, may also have some defects, but, in our opinion, will contribute to clarify the
picture. The key point is that PANI is regarded as a polymer, the behavior of which is subject
to the same principles as the polymerization process itself. This is the essential difference
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Fig. 1. Generalized scheme of the oxidative and non-oxidative (protonic acid) doping of
polyaniline: n, number of aniline unitsmn = 4n.
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between PANI and conventional polymers, the polymerization mechanism of which affects
their properties in as much as it influences the microstructure, the molecular weight and the
molecular weight distribution. Therefore, the mechanism of the oxidative polymerization of
aniline is the clue for understanding the transformations of PANI, and hence its properties and
application spectrum.

Based on numerous works by other authors and our own results, we tried for the first time
to present the mechanism of aniline polymerization as subject to the principles of the redox
processes, i.e. such processes, where the direction and establishment of the equilibrium
depends on the oxidation potentials and the concentrations of the reactants (and also on
pH of the medium, affecting the oxidation potentials of the reactants). In a similar way the
behavior of PANI, which determines its potential applications, was treated also for the first
time. Namely, all the transformations of PANI, irrespective of the method employed (stan-
dard chemical or electrochemical oxidation and reduction, variation of pH of the medium,
effects of various types of energy), appear to be redox processes with participation of PANI
chains, the oxidation potential of which is determined by the degree of oxidation (i.e. the
oxidation state) and protonation.

2. MECHANISM OF OXIDATIVE POLYMERIZATION OF
ANILINE

The mechanism of oxidative polymerization of aniline is still debatable. This polymeriza-
tion has been assigned to the oxidative category since it is concomitant with the oxidation of
aniline by means of standard methods of chemical or electrochemical oxidation. (It has to be
noted that such an oxidation does not necessarily result in formation of polymer; thus, e.g.
polymer was not formed when the potential was kept at the level required for oxidation of
aniline'®*3) The consideration of the mechanism of oxidative polymerization of aniline as a
redox process, however, has been limited basically to the initial stage of the pfotgss
while at further stages a kinetic approach, which is characteristic of polymerization studies,
has been usé@*>'"1°=%6 Even the potential profiles (typical electrochemical method) of
aniline polymerization have been discussed mainly from the viewpoint of the rate differences
of the various stages of polymerization (the corresponding sections of the profifes)®
rather than from the standpoints typical of the redox processes, viz. establishment of the
equilibrium electrochemical potential during such a process.

Let us now consider in detail the most generalized mechanism of aniline polymerization
suggested by Wei et af1"?*?® pased mainly on kinetic studies of the electrochemical
polymerization of aniline (see Fig. 2). In the last pa&Bewhile studying the potential profile
of the polymerization process, they introduced some corrections in this scheme, referring to
the process as ‘non-classical chain polymerization’ (or something between a classical step-
growth polymerization and a classical chain-growth polymerization). According to the
authors, “the slowest step in the polymerization of aniline is the oxidation of aniline mono-
mer to form dimeric species (i.e-aminodiphenylamine, PADPA-N’-diphenylhydrazine
and benzidine), because the oxidation potential of aniline is higher than those of dimers,
subsequently formed oligomers and polymer. Upon formation, the dimers are immediately
oxidized and then react with an aniline monomer via an electrophilic aromatic substitution,
followed by further oxidation and deprotonation to afford the trimers. This process is
repeated, leading eventually to the formation of PANI".
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Fig. 2. Mechanism of the polymerization of aniline, proposed by Wei &tH}?

In our opinion, there are several fundamental contradictions and discrepancies in this
consideration. Thus, the authors took the view of Genies and Lapkdimkdt the oxidation
of aniline up to the dimer occurred by formation of nitrenium catiogH§NH"). Genies and
Lapkowski, however, as early as in the initial few seconds of the polymerization process,
have already observed in situ by means of electronic absorption spectroscopy (EAS), a
soluble intermediate absorbing at 420 nm, which has been assignegHgNi8*. In fact,
the oxidation of aniline up to the dimer formation is not the slowest step in the polymeriza-
tion, but appears to be the step requiring the highest electrochemical poténtidlthe
system. The term ‘rate-determining step’ is related to the polymerization stage (as we have
concluded from the analysis 3}, which is characterized by increasiEgf the system from
0.4 to 0.78V (versus saturated calomel electrode, as throughout this paper). Several
author$>33 while studied the kinetics of the process by calorimetry, considered this period
even as an induction period. Thus, according to Wei, at this stage various oxidized oligomeric
species and pernigraniline have been formed (pernigraniline formation has been first shown
by Manohar et af?).

The unclear point is why the electrochemical potential increases at this stage and why this
stage is the slowest (i.e. rate-determining) step. But, according to the authors thefselves
the oxidation potential of oligo- and polyanilingd,, decreases asincreases. Further, the
questions on what is dependent the oxidation potential of the ‘oxidMgd and most
important, whichM, is able to add the next monomer molecule, have not been addressed
at all. In fact, at this point we approach the key problem in elucidation of the mechanism of
oxidative polymerization of aniline, which has not as yet been solved in either of the mechan-
isms proposed, namely:

1. what forces the oligo- and polyaniline chains to grow and why does propagation terminate
when the emeraldine oxidation state of PANI has been reached?

2. what are the basic factors determining the ‘activity’ of the growing chain in the monomer
addition? In our opinion, the ambiguities in the oxidative polymerization of aniline arise
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from the application of an approach typical of the investigation of the polymerization
processes, to a process wherein the driving force is the difference in the oxidation poten-
tials of the reactants (oxidantaniline, oxidant- oligomeric or polymeric chain, oligo-
meric or polymeric chair- monomer).

We hope that our investigatiofts **during recent years contribute substantially in solving
this problem. As mentioned above, we considered the process of oxidative polymerization of
aniline from the viewpoint typical for the usual redox processes. Namely, we tried for the first
time to express the conditions, determining the elementary steps of the polymerization
process, viz. initiation, propagation and termination of the chains, using the values of the
electrochemical potential of the system. In order to employ such an approach and to prove its
conformity with the real situation, we used both experimental and theoretical methods.

In our experiments we used methods allowing to change and to record the electrochemical
potential of the system and the oxidation state of oligo- and polyaniline chains. We followed
by in situ potential- and pH-measurements of the reaction medium and by EAS both the
formation of intermediates in situ and their transformations during the changes of the elec-
trochemical potential of the system (changes in pH of the medium and in the concentrations
of oxidants and reducers in the system). This became possible due to our success in prepara-
tion of stable (in the whole pH range) aqueous dispersions of PANI with particles smaller than
200 nnf®~*?using poly(vinyl alcohol coacetate) as a steric stabilizer.

To obtain theoretical support for the proposed mechanism, we performed for the first time
calculations by the Hueckel methtid taking into account the well known fatthat the
electrochemical potential of the redox transition correlates fairly well with the difference in
the w-electron energyAE,, of the oxidized and the reduced forms of a given conjugated
molecule. We performed calculations Bf of oligoanilines of various numbers of units,
degree of oxidation (number afelectrons involved in the redox transition) and degree of
protonation. For the model compounds and during the analysis of the results obtained, the
following assumptions have been accepted:

« the basicity of the imine nitrogen atoms is substantially higher than that of the amine
nitrogen;
« the oligoanilines oh > 8 reproduce to a great extent the characteristics of PANI.

The redox transitions were simulated as processes of electron detachment or acceptance,
which concern mainly the population of the frontier molecular orbitals. We assume that the
adopted model gives a relevant (from thelectron standpoint) description of the formation
of a propagating particle. In the protonated forms of oxidation states the imine nitrogen was
regarded as a cation-radical of the amine one. The calculations for the oxidation of protonated
forms were done stepwise, but since the Hueckel method is unable to distinguish between the
ionization potential of two electrons in the same molecular orbiBl, has the same value
for each pair of electrons detached from a monomer unit. That is why curves 2 and 4 in Fig. 8
are dashed. Thus, the mechanism of oxidative polymerization of aniline can be presented as
follows.

2.1. Initiation

As mentioned above, the oxidation of aniline into nitrenium cation (or cation-radical) at
E~0.9 V was accompanied by an instant formation of the dimer PADPA. Analyzing the
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AE, level of this transition?

results from cyclic voltammograms for electropolymerization of aniline (for the first cycle)
and for anodic oxidation of PADPR#17 it is seen that, whil& of the system, correspond-
ing to the oxidation of aniline in an acidic medium, is about 0.F\torresponding to the
oxidation of PADPA is considerably lower—0.4-0.5V). Therefore, the formation of
PADPA can be regarded as an initiation stage of the aniline polymerization.

Actually, the initial oxidation {n = 1) of the dimer, trimer, tetramer,..., polymer and any
higher degree of their oxidation (up te=n) were characterized by lowaE ., as compared
to the oxidation of aniline (Fig. 3).

The substantial difference in the electrochemical potentials, corresponding to the oxidation
of aniline and PADPA (and of longer chains, as shown later), allows us to suggest that the
formation of new growing sites (i.e. PADPA) is possible only at the initial stage of poly-
merization. Hence, it is hard to expect the formation of new active sites at the chain propaga-
tion step, the growth of the already existing active species being much more probable at this
stage.

The considerably lower electrochemical potential, corresponding to the oxidation of
PADPA as compared to aniline, is the exact reason for the instant oxidation of PADPA to
its oxidized form N-phenyl-1,4-benzequinonediimine (PBQ), which we have identified at the
initial stage of the oxidative polymerization of aniline by using EAS*3

Fig. 4 presents the absorption spectra of intermediates obtained at the initial stage of aniline
polymerizatiorf®. Spectra A* and C* were taken in situ at different time intervals during the
polymerization of aniline in acidic medium (pHD) and A, B and C are the spectra of
corresponding samples after alkalization of the reaction systems up t®pHpectra of
intermediates formed during aniline polymerization taking place in initially alkaline and
neutral media, are shown in Fig?'51t can be stated that the intermediate A, absorbing at
420 nm (Fig. 4, spectrum A*), which has already appeared in the first minute of the reaction,
does not correspond tog8sNH* as stated by Genié§ but can be assigned to PBQ, since a
similar absorption appears also in neutral and alkaline media (Figs 4 and 5, spectrum A).
Using the well knowrR" oxidation of aniline in neutral or alkaline medium, Cao ef“al.
obtained PBQ, the absorption spectrum of which is identical to our spectrum A. Next to
our papers, the authdrsalso revealed that in neutral and alkaline media an absorption at
about 430 nm appeared at the initial stage of polymerization. Further evidence that the
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Fig. 4. Electronic absorption spectra of aniline oligomers and polymer during polymeriza-
tion for different time intervals: A*, 1-2 min; C*, 8—10 min; A, 1 min; B, 5 min; C, 8 min;
A* and C* at pH~0; A, B and C at pH-9%°.

pH

- =
Absorption
N>

60 Time,min

Fig. 5. Variation of pH during the polymerization of aniline starting at different initial pH

values (pH). Concentration of poly(vinyl alcohol coacetate), 10 wt%; initial concentra-

tion of aniline, 0.2 mol T molar ratio of aniline/oxidant, 1T = 20°C; pH, values: 11, 8

and 6 for curves 1, 2 and 3, respectively. A, B and C: points where samples for EAS were

taken. Insert: electronic absorption spectra of intermediates A, B and C, corresponding to
points A, B and ¢,
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Fig. 6. Experimental potential-time (1) and temperature—time (2) profiles of oxidative
polymerization of aniline. Concentration of poly(vinyl alcohol coacetate), 10 wt%; aniline
concentration, 0.83 mor¥; equimolar ratio oxidant/anilirf.

product absorbing at about 420 nm is PBQ is the valug, efhich we have registered at the
stage of polymerization corresponding to formation of A (Fig. 6, cun/8 1)

As noted previously?, the method of measuring during the chemical oxidative poly-
merization of aniline by means of redox electrode, gives a good indication of when the
reaction ends, but the beginning of the reaction is hard to discern.

We have for the first time succeeded in recordiygorresponding to PBQ formation (i.e.
to the oxidation of PADPA) by means of redox electrode, using high initial concentrations of
the reactants (Fig. 6). It is worth noting the fairly good coincidence o&kalue found by
other author®*>*’for PBQ and that obtained in our study (about 0.4 V at{isee Fig. 6,
curve 1).

As mentioned above, the oxidation of aniline to PBQ occurred not only in acidic medium,
but also in neutral and alkaline media, when ammonium peroxidisulfate (the oxidation
potential of which does not depend on the pH of the medium) was used. It is reasonable to
suggest that the electrochemical potential, corresponding to the oxidation of aniline, has to
decrease on increasing the pH of the medium due to its deprotonaKgmofgniline is 4.6).

Duic and Mandi¢® have indeed found thdE, corresponding to the oxidation of aniline
decreased by 50—60 mV/pH. As a consequence, the rate of PBQ formation has to increase
on increasing pH of the medium, as was actually found in our experiments (Ffg. 7)

Therefore, the conditions for initiation of the oxidative polymerization of aniline can be
expressed by the value of the electrochemical potential of the system: in strongly acidic
media it is about 0.9 V and drops on increasing pH of the medium. Thus, the most favorable
conditions for initiation of the oxidative polymerization of aniline exist in neutral and even in
alkaline media, rather than in strongly acidic media.

As can be expected, each additive of lower oxidation potential as compared to aniline
(which is able to add aniline), has to reduce the electrochemical potential of the initiation and
consequently to accelerate the process. Support of this assumption can be found in
Refs1417:1921.28 sing such an additive, the polymerization can be initiated or accelerated
by oxygen or another mild oxidant, which has been actually obsernt&&’iThe results seem
reasonabl&, showing that the initial stage of polymerization of substituted anilines (where
the initiation contributes substantially) is faster for the monomers of lower oxidation
potential. Hence, in case of copolymerization the chain should start exactly from those
monomers.
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Fig. 7. Time dependence of the absorbance at 420 nm (characteristic of PBQ) at different

pH values of the medium: 1, pH 9.0; 2, pH 4.5. Concentration of aniline, 0.04Mol |

molar ratio of aniline/oxidant, 1; concentratign of poly(vinyl alcohol coacetate), 2 wt%;
T=23C™.

It is worth noting that, besides PADPA, two other types of dimer can be formed upon
oxidation of aniline (as shown in Wei's mechani&f): benzidine and\,N-diphenylhydra-
zine. It is well known that considerable amounts of benzidine (over 25% of the total amount
of PADPA and benzidinéf were formed at pH values lower than 0, whieN-diphenyl-
hydrazine was formed in strongly alkaline meditfimWhereas the oxidized form of benzi-
dine is capable of taking part in chain propagation, formation of azobenzene results in
inhibition of polymerization.

2.2.Chain propagation and termination

The propagation of polymer chains proceeds by a redox process between the growing chain
(as an oxidant) and aniline (as a reducer) with addition of monomer to the chain end. The high
concentration of a strong oxidant, (NHS,Os, at the initial stage of the polymerization
enables the fast oxidation of oligo- and polyaniline, as well as their existence (and conse-
quently their registration) in the oxidized form. This explains the presence of oxidized
oligomers and pernigraniline at the initial stage of polymerization (see Fig. 4). Spectra were
analyzed using available data on absorption of oligoffemsd PANI of different oxidation
state. The results presented in Fig. 6 show an incredsfghe system at this stage starting
from 0.4 V corresponding to PBQ, up to 0.7 V corresponding to pernigraniline. It is note-
worthy that this dependence correlates fairly well with the dependenti gfcorresponding
to the highest degree of oxidatiom € n) of oligo- and polyaniline, on the chain length,
presented in Fig. 3 (curve 3).

The high degree of oxidation (and consequently a high concentration of the imine bonds) of
the growing chains at the initial stage of the polymerization, favors the hydrolysis of imine
bonds. As we have shown in our investigatiththis process is endothermic. Obviously, the
effect of hydrolysis prevails over the effect of polymerization (exothermic) in the overall
thermal effect, thus resulting in an overall endothermic effect, which was actually recorded at
the initial stage of the process (Fig. 6, curve 2).

When the equilibrium electrochemical potentig~0.7 V), corresponding to pernigrani-
line degree of oxidation, has been established, reduction of PANI chains with addition of
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aniline was predominantly observed. This was evident by the lowerikgpbthe system and
by exothermic effect of the process (Fig. 6, curve 1).

The system reached a new equilibriuntat0.25 V, corresponding to emeraldine degree
of oxidation. The oxidation potential of PANI chains in this degree of oxidation is insufficient
for the addition of aniline. The same conclusion can be drawn, when analyzing the results
shown in Fig. 3 (curve 3 and dashed line). It is seen A&}, corresponding to the oxidation
potential of PANI in emeraldine degree of oxidation is lower, as compared to the oxidized
forms of oligo- and polyaniline (starting from PBQ), which are ‘active’ in chain growth.
Besides, the chains of oligo- and polyaniline are ‘active’ not only in the highest degree of
oxidation (i.e. wherm = n, see Fig. 3, curve 3), but also in intermediate steps between the
emeraldine and the highest degree of oxidation (i.e. whean/2 + 1, see Fig. 8, curves 2,

4 and the dasped line parallel to the abscissa), which correspond to the previously
suggested-N=/-N-> 1

The relatively low oxidation potential of PBQ explains, in our opinion, the so-called
induction period of aniline polymerization, observed by some autidtsThe increase of the
oxidation potential of the oxidized forms of oligoaniline on increasing length of the growing
chains from PBQ to pernigraniline, is most likely the reason for autoacceleration in the reaction
kinetics, which several authdfs?®?*related to the formation of pernigraniline.

As we assumed in our first paper on the mechanism of polymeriZ8titme reduction of
growing chains with addition of aniline was controlled not only by their degree of oxidation,
but also by the pH of the medium, which determines the degree of protonation of the chains.
Thus, more time was necessary for the equilibriEmn the redox process between the
growing chain and aniline to be reached, on increasing the pH of the medium from 0 to 6,
and in neutral and alkaline media reduction did not occur, i.e. the polymerization process was
terminated.

We have already showfithat the oxidative polymerization of aniline can be terminated by
increasing the pH higher than 6 and reinitiated on acidification of the medium. (It is note-
worthy, however, that Manohar et #. proving that pernigraniline has been formed at the
initial stage of the aniline polymerization, terminated the reaction, in fact the reduction, by
alkalizing the reaction system. But they pay no attention to this experimental fact.) The only
exception appeared to be the process of PBQ formation, which proceeds, as shown above,
even favorably in neutral and alkaline media.
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Fig. 9. Experimental dependence of the electrochemical poteitialprresponding to
pernigraniline (1) and the difference of the electrochemical potentials between pernigrani-
line and emeraldineAE, (2), on pH of the mediurff.

In order to explain the observed termination of polymerization in neutral and alkaline
media, we have suggested that the oxidation potential of oligo- and polyaniline chains
depends not only on the degree of oxidation, but also on the degree of protonation of the
chains. Thus, a decreasing degree of protonation on increasing the pH of the medium brings
about a lowering of the oxidation potential of the chains. This results not only in retardation or
even impossibility of chain growth, but also in their easy oxidation by traces of oxidant, or
even by atmospheric oxygen.

The results presented in Figs 3, 8 and 9 show that both the calculated vahEsanfid the
experimentally founck for the corresponding redox process, decreased considerably on
deprotonation of PANI chains, i.e. on increasing pH of the medium. The deprotonation of
PANI chains, according to the calculations (Fig. 3, curves 1 and 2; Fig. 8, curves 1 and 3),
results also in a narrowing of the potential window in which the transition of PANI from the
fully reduced (leucoemeraldine) into the fully oxidized (pernigraniline) form takes place.
This corresponds very well to the experimental data from electrochemical oxidation of PANI
(e.g>¥, as well as to the dependence of the transition of PANI from emeraldine to pernigrani-
line on the pH of the medium (Fig. 9, curve 2), presented in this study.

The dependence of the oxidation potential of PANI chains (and hence, their ability to take
part in various redox processes) on the degree of oxidation and protonation, determines to a
great extent the behavior of the polymer, which will be discussed in more detail in the
sections ‘Electrochemical activity of polyaniline’ and ‘Emeraldine base—emeraldine salt
transition’.

It is very important to note that two substantially different stages can be distinguished in
the process of chain propagation: propagation of PBQ and growth of longer chains. This is
most pronounced and informative when the polymerization proceeds in initially alkaline,
neutral or slightly acidic media. We have first shown the existence of these two stages,
following the pH changes during the aniline polymerization under the above mentioned
conditiong. The process of PBQ formation and the increase of its concentration in the
system was accompanied by a decrease of the medium pH (Fig. 5), which is indicative of
considerably lower basicity of PBQ, as compared to aniline. As seen from Fig. 5, the
propagation of PBQ (the first stage of the chain propagation) started only when the pH
dropped below about 2, in contrast to the propagation of longer chains, which took place
at pH< 6.
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Hence, the possibility of initiation of the aniline oxidative polymerization in the whole pH
range, which results in the formation of PBQ, having substantially lower basicity than aniline,
allowed, under conditions leading to a decrease of pH below about 2, the polymerization of
aniline to be carried out both in aqueous and non-aqueous media without added acids.
Whether the necessary pH will be attained will depend on both PBQ concentration and the
protophilicity of the solvent. Results from the study of electrochemical synthesis of PANI in
organic solution® > as well as chemical synthesis of the polymer at low acid concentra-
tions?® confirmed our observations and conclusions.

Thus, the author§ have found, that 1,2-dichloroethane is a more effective solvent for the
preparation of PANI without proton donor, as compared to acetonitrile and propylene carbo-
nate, which are characterized with higher donor number (protophilicity). In the presence of
the last solvents, in the author’s opinion, the chain propagation will be inhibited until the
proton concentration near the working electrode becomes higher. The period required for the
increase in proton concentration near the working electrode, was referred to by the authors as
induction time.

The two steps in the course of aniline polymerization atpH.2, have also been found by
the authoré® by using solution calorimetry. Each of these steps gives off varying amounts of
heat, the second being substantially higher. There is a long ‘delay’ between the first heat
evolution and the second. This ‘delay time’ is clearly dependent on the pH of the reaction
medium: the increase of initial pH results in prolongation of the ‘delay time’. In our opinion,
the reaction period, named by the authors as ‘delay time’, corresponds to the period of PBQ
accumulation, which, according to our observations, is accompanied by decrease of pH down
to about 2, after which the chain propagation starts. Similar dependence of this period
duration on the initial pH of medium is also seen in Fig. 5 (curves 2 and 3).

The process of PANI chain propagation, as a redox process between the growing chain and
aniline [Fig. 10, eq. (3)], will take place until their oxidation potentials have not been
equilibrated. This occurs on reaching the emeraldine oxidation state of the PANI chains.
The corresponding potential, according to our investigations, as well as numerous studies on
electrochemical oxidation of PANI, is approximately 0.2—-0.25V (at{dhl (It has to be
noted that we are not speaking of standard oxidation potential, which has to be determined
under standard conditions using very precise experimental technique. For that reason, we
specified the potential range corresponding to a defined redox transition. The same holds true
in respect of all other potential values.) Hence, it can be supposed that the same electro-
chemical potential is characteristic also of the redox transition related to the oxidation of
aniline upon its addition to the PANI chain [Fig. 10, eq. (1)]. The PANI chains are capable of
growing when their oxidation potential is higher than 0.2(5) V, which takes place on
keeping trﬂe following two conditions: oxidation state of the chains higher than emeraldine
(i.e. =N~-N- > 1) and pH of the medium lower than 6 (except for the growth of oxidized
dimer, where pH of the medium has to be lower than 2) [as shown in Fig. 10, eq. (3a) and eq.
(3b)].

Considerably lower electrochemical potential of the redox process concerning addition of
aniline to the polymer chain, as compared to the potential relevant to its initi&io8.0), as
well as the lowelE necessary for oxidation of PANI chains (even to the highest oxidation
state), determine the chain-growth type of the process. Namely, after the dimer formation, for
the oxidant is more favorable to oxidize the dimer, trimer, tetramer...polymer, and for the
monomer is more favorable to be added to the chain rather than to form new active sites. The
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Fig. 10. Prog osed mechanism of the chain propagation for the polymerlzatlon of aniline
based of”"**% n, number of aniline unitsm, number of electrons involved in the redox
transition = 2,4...n); E, electrochemical potentials of the system, corresponding to
each ofn/2 redox transitionsA.q andA,,, reduced and oxidized forms of the monomer,
respectively;Bes andB,,, reduced and oxidized forms of oligo- and polyaniline.

growing sites in this polymerization appear to be, most probably, nitrenium cations, since the
chain propagation occurs solely in acidic medium, as shown above.

Therefore, the oxidative polymerization of aniline can be regarded as a new area in cationic
polymerization, since the conditions of initiation, propagation and termination of the chains
can be expressed by means of the electrochemical potential of the system. Moreover, this
polymerization appears to be a living polymerization, since during the chain propagation all
the chains are thermodynamically equivalent with respect both to the monomer addition
(since they have the same oxidation potential) and the termination. The termination is a
result of the establishment of thermodynamic equilibrium in the redox process corresponding
to the chain propagation. Classical living polymerization, completing with total exhaustion of
the monomer, is possible when the oxidation potential of the chains is kept higher than
0.2(5) V. The oxidation state of the resulting PANI, however, is also higher than emeraldine.

The higher the oxidation potential of the growing chains, the faster the equilibrium in the
redox process determining chain growth is reached. This should be detected as an enhanced
rate of polymer formation. Such an ‘accelerating’ effect in aniline polymerization should
show, for example, dimers (able to add aniline) of oxidation potential higher than that of
PBQ, but naturally lower thak of aniline oxidation. Actually, results from investigations of
aniline polymerization in the presence of aromatic additi¢&$*>?confirmed this assump-
tion, additives with oxidation potential in the range of 0.6—0.7 V showing an accelerating
effect.

A similar approach can be used in the study of polymerization of substituted anilines and
their copolymerization with aniline. Indeed, comparing the cyclic voltammograms of
PANI and its derivatives with the kinetics of polymerization of aniline and the respective

monomer$®>? it can be seen that the polymerization rate is higher with the monomers
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possessing higher oxidation potential of the growing chain (particularly dimer and
pernigraniline).

Further, in aniline copolymerization with substituted anilines, the growing chains of which
(e.g. in pernigraniline oxidation state) possess lower oxidation potential than the fully oxi-
dized PANI, a lower rate of the process should be observed, as compared to PANI, which was
actually found®. It can be supposed that tailor-made copolymers of aniline and its derivatives
of predicted composition and sequence distribution could be obtained by regulating the
potential window, where the copolymerization will take place.

The main conclusion to be drawn from the above discussion can be formulated as follows.
Consideration of aniline polymerization first of all as a redox process, implies PANI should
be regarded as a compound characterized by a sequence of defined oxidation potentials. Their
values are determined by the degree of oxidation and the degree of protonation of the chain.
In its turn, the value of the oxidation potential of PANI chains determines the direction of the
redox processes with their participation. Thus, the oxidative polymerization of aniline
appears to be a particular caselemonstration of the electrochemical activity of polyaniline
Detailed analysis of the current state of investigations on the electrochemical activity of
PANI will be presented in the section ‘Electrochemical activity of polyaniline’.

We find it necessary, however, to discuss in advance the influence of hydrolysis on the
oxidative polymerization of aniline. The mechanisms of the two processes are not interre-
lated. Nevertheless, in our opinion, the hydrolysis has also to be regarded from the stand-
points of the suggested approach.

3. INFLUENCE OF HYDROLYSIS ON THE OXIDATIVE
POLYMERIZATION OF ANILINE

As far as the authors are aware, there are only a few data on the influence of hydrolysis of
the imine nitrogen—carbon bonds on the chemical polymerization of aniline. Thus, elemental
analysis data of PANI, prepared by chemical oxidative polymerization at high HCI concen-
tration (2—4 M) have revealed a deficit of nitrogen atoms (with respect to carbon atoms)
which equaled the number of oxygen atoms introduced into the Thaihis was explained
by the hydrolysis of imine nitrogen—carbon bonds, which may result in either chain breaking
[Fig. 11, eq. (1)] or nitrogen elimination if an end-group is involved [Fig. 11, eq. (2)]. The
hydrolysis that occurred in more acidic media became significant for PANI exhibiting a
higher oxidation state than that of emeraldine.

The mechanism of hydrolysis in the processes of electrochemical and chemical oxidation
of aniline has been studied in detail under conditions when PANI has not been formed, i.e. at
constant electrode potential higher than 0.78V2 The oxidation of aniline under these
conditions resulted in the formation of PBQ and was accompanied by hydrolysis of the PBQ
formed.

Summarizing the experimental results from the electroanalytical studies, preparative elec-
trolysis and preparative chemical oxidation of aniline in 0.5 N and 6,8®}, Hand et af*
suggested the following mechanism of formation and hydrolysis of PBQ [Fig. 11, eq. (3)].

However, this mechanism was based on the identification of the final products and on
Hueckel molecular orbital (HMO) calculation of the fully protonated diimine, but not on
the experimental observations of the intermediates. Intermediates both in this mechanism
(hydrolysis in position 2), as well as in the only plausible alternative mechanism (hydrolysis
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Fig. 11. Hydrolysis of imine nitrogen—carbon bonds in polyaniline (1, 2) adtenyl-
1,4-benzoquinonediimine (3).

in position 1) have not been detected. In view of the experimental evidence, or the lack
thereof (especially the absence of either intermediate) it was not possible to determine which
mechanism was operative, though according to Hand et al. on the basis of HMO calcula-
tions'®, the former was favored.

Summarizing the data on the mechanism of oxidative polymerization of aniline and on the
concomitant hydrolysis presented above, it can be stated that under certain conditions the
hydrolysis competes with the polymerization. Such conditions, in our opinion, appear to be
mainly the potential window, pH of the medium and temperature of polymerization.

The influence of the last parameter is associated with the opposite thermal effects of the
two processes: exothermic polymerization and endothermic hydrolysis.

Only recently have publications appeared, wherein the authors have tried to estimate the
extent of influence of hydrolysis on the process of PANI synti{e8$* In both cases the
ratio between hydrolysis and polymer chain growth has been studied in electropolymerization
of aniline in presence of strong acids (sulfuric acid and perchloric acid). The atihwsig
the mechanism suggested by Hand, have assumed that hydrolysis proceeds most probably at
the stage of PBQ formation. After the polymer formation (in pernigraniline form), hydrolysis
is not likely to take place due to the presence of aniline. That means that according to the
authors, it is very likely that PANI in pernigraniline form will attach an aniline molecule
rather than water molecule. The auti8reave also considered the competitive power of
hydrolysis in respect to polymerization from the viewpoint of the concentration ratio of the
participants in competing reactions. In our opinion, such an approach is not quite correct for
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Fig. 12. Conductivity of composite (PANt poly(vinyl alcohol coacetate)) films versus
HCI concentration in the polymerizing mixture at various initial temperatdrggurve 1
(0), 2°C; curve 2 (), 4°C; curve 3 ), 3C°C. Concentration of aniline, 0.2 malt
aniline/oxidant molar ratio, 1; concentration of poly(vinyl alcohol coacetate), 10*vt%

the same reasons stated above in the discussion of polymerization mechanism. We attempted
to avoid these shortcomings in a study of the influence of hydrolysis on the polymerization of
aniline®, the results being shown below.

We estimated the influence of hydrolysis on the process of oxidative polymerization of
aniline by the effect of the above mentioned parameters on the yield of PANI. The yield was
evaluated by the conductivity of composite films cast from aqueous dispersions of PANI
prepared by polymerization of aniline in the presence of poly(vinyl alcohol coacetate). The
plots of conductivity of films vs HCI concentration algpresented in Fig. 12, revealed three
regions of HCI concentration, differing in the extent of its effect on the yield of the conduct-
ing constituent. In the first region (1), the initial values of pH of the reaction system were
changed within wide limits: from pki= 4.6 for 0.1 M HCI to pH =0.7 for 0.5 M HCI. In the
slightly acidic region (pH> 4) the conductivity of the films increased considerably (about
two orders of magnitude) on decreasing the initial temperaflgefrom 30 to 4-2C,
whereas at pH0.7 the influence of temperature was not substantial (compare curve 3 with
curves 1 and 2 in region | of Fig. 12), and even decrea3indid not result in increased
conductivity of the films. This last tendency of relatively low yield of PANI and its inde-
pendence on temperature was observed also in the second region (II) of HCI concentration
(from 0.5 to 1.5 M). Further increase of HCI concentration (region lll, Fig. 12) resulted in a
situation analogous to the slightly acidic region, i.e. decredggdesulted in an abrupt
increase in conductivity of the films obtained (compare curves 1 and 2 with curve 3 in region
lll, Fig. 12).

Based on these results it can be supposed that the hydrolysis effect is substantial in the
whole range of HCI concentration studied. However, the strong hydrochloric acid is not
suitable for elucidation of the influence of hydrolysis on the PANI yield. First, a variation
of its concentration in a very narrow range results in an abrupt changeqaifiihie medium;
secondly, as a strong acid it does not possess a buffering ability. Thus, it is not possible to
keep a constant pH in a certain time interval during polymerization in the presence of
hydrochloric acid.
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Fig. 13. (a) Variation of pH during the polymerization of aniline in the presence of: 0.1 M
formic acid (J), 0.1 M hydrochloric acid £), 0.15 M orthophosphoric acidX). Con-
centrations of aniline, poly(vinyl alcohol coacetate) and molar ratio aniline/oxidant as
shown in Fig. 12Tg = 23"C4 (b) Variation of pH during the polymerization of aniline

in the presence of: 1 M monochloroacetic adid),(1 M orthophosphoric acidX), 1 M
formic acid @), 5 M formic acid ©), 0.5 M hydrochloric acid 4). Concentrations of
aniline, poly(vinyl alcohol coacetate) and moliir ratio aniline/oxidant as shown in Fig. 12,

TO =23C™.

However, it was interesting to find exactly the ranges of pH (but not the concentration of a
particular acid) where the influence of hydrolysis on the chemical oxidative polymerization
of aniline is most pronounced, as pH can be regarded as a parameter summarizing the
influence of both the concentration and the strength of the acids and bases present in the
system. For that purpose we studied the polymerization of aniline at different initial pH
values, pH, from 5 to 0 and for various rates of change of pH during the process. For that
reason, except for the strong hydrochloric acid, various other acids ghphe range of 2—-5
(orthophosphoric, monochloroacetic, formic, acrylic, and acetic acids) were used. The most
illustrative results are shown in Fig. 13a and 13b.

Based on these results, three main pH regions differing by the extent of the influence of
hydrolysis on the yield of PANI can be distinguished. In the first regiony(pHt) (Fig. 13a)
the effect of hydrolysis is substantial, as judged by the low conductiwityl0>-10"* S/cm)
of the films obtained from dispersions prepared at23°C. The conductivity of these films
increased considerably (about two orders of magnitude) on decreasing the initial temperature
from 23 to 4—2C. In the second range, 1s5pH, < 4 (Fig. 13b), films of higher conductivity
(0 =107-10" S/cm) can be obtained @ = 23C and the conductivity of the films does not
depend on polymerization temperature in the whole range studigd @—30C). These
experimental facts suggest the negligible effect of hydrolysis on the yield of PANI in this
pH range. In the third range (pH< 1.5) a strong influence of hydrolysis on the yield of PANI
similar to that described above for slightly acidic medium gpH4), was observed.

All these experimental results can be explained as follows. As shown above, at the initial
stage of the process (8—10 min at room temperature), oxidized oligomers and pernigraniline
have been formed consecutively. It is natural to suggest that, exactly at this stage of the
polymerization process, the hydrolysis of imine nitrogen—carbon bonds would have the most
substantial effect.

Further, as mentioned above, reduction of PBQ proceeded at a measurable rate only at
pH < 2, in contrast to the longer oxidized chains where reduction took place at higher pH
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Fig. 14. Variation of temperature during the polymerization of aniline at different HCI
concentrations®,[1, 0.1 M; O,l, 3 M. Concentrations of aniline, poly(vinyl alcohol
coacetate) and molar aniline/oxidant ratio as shown in Fi§*.12

values as well. Therefore, in polymerization of aniline under conditions wheypi2, an

initial time interval should exist (before reaching the value ofgH when PBQ formation

and its hydrolysis take place, but reduction practically does not occur. This actually occurred
when polymerization took place at g 4, i.e. at low concentration of the acid (Fig. 13a).
Evidence that in polymerization at gH> 4, hydrolysis considerably affects the yield of the
conductive constituent (and thus the conductivity of the films obtained), is the above dis-
cussed dependence of the yield of PANI on The

Additional confirmation of the suggestion that hydrolysis affects mainly the initial stages
of polymerization (at pkd > 4 the stage of PBQ formation) is decreased conductivity of the
film obtained by polymerizing aniline in 0.1 M HCI @t= 23°C (¢ = 10~% S/cm), as compared
to a similar film obtained aT = 30°C (¢ = 10™ S/cm) under conditions when the highest
polymerization temperaturd;.,, iS equal in both cases (Fig. 14). When polymerization
(initial stage) proceeds at pH< 4, and especially at pft-2, conditions exist that are
probably more favorable for reduction than for hydrolysis both of PBQ and of longer oxidized
chains. Such conditions could be created when acids of medium strength (formic, mono-
chloroacetic) were used. In a fairly large range of concentration they correspond to the above
stated conditions in respect to pL.5 < pHy < 4). Under those conditions pH at the initial
stage was kept between 4 and 1.5 due to buffering ability of these acids. As a result, films of
conductivity 10°-10"* S/cm were obtained (Fig. 13b). As a consequence of the negligible
effect of hydrolysis on the yield of PANI under these conditions, the conductivity of the films
does not depend on polymerization temperature in the whole range stlide?230C).

When the polymerization took place in initially strongly acidic medium, conditions were
again created where hydrolysis and reduction proceeded as competitive processes. As a
result, films prepared at pH< 1.5 andT = 23°C revealed conductivity in the range of
1073-10* S/em (Fig. 12, regions Il and III; Fig. 13b). It is worth noting, however, that the
dependence of the PANI yield on the reaction temperature, which in our opinion is an indirect
measure of the influence of hydrolysis on the process of aniline polymerization, differs
considerably in the pH rangesQpH, < 1 (concentration of HCI 0.5-1.5 M) (Fig. 1, region
II) and pHy~0 (HCI concentration higher than 1.5 M) (Fig. 1, region 1lI).

As seen from Fig. 12, the increase in conductivity of the films on decreagngas
observed only at HCI concentration higher than 1.5 M (region IIl). According to our state-
ment, the hydrolysis in this pH range is competitive with polymerization. The decredge of
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Fig. 15. Conductivity of composite (PAN poly(vinyl alcohol coacetate)) films cast from

dispersions, prepared in 1 M solution of various acids vergyopthe acids. Concentra-

tions of aniline, poly(vinyl alcohol coacetate) and molar aniline/oxidant ratio as shown in
Fig. 12,To = 23°C**,

down to 2—4C allows PANI of high yield (conductivity 18 S/cm) to be obtained even in a
strongly acidic medium. By analogy with slightly acidic medium ¢H 4), in this case
temperature affects most considerably the initial stage of polymerization too, i.e. the yield of
PANI is affected byT,. Thus, the increase @, from 23°C to 30°C when polymerization took
place in 3 M HCI, resulted in decreased conductivity of films fror?1@10 S/cm (Fig. 14).

In the concentration range 0.5—1.5 M HCI (Fig. 12, region Il), however, the chanbg of
from 2 to 30C practically did not change the conductivity of films; a conductivity of*:0
107 S/cm was observed even at low temperature, with a following slight increase at the
border line between regions Il and Ill.

Probably, the range & pHy, < 1 corresponding to Il is not only characterized by the
substantial effect of hydrolysis on the yield of PANI, but also is not favorable for the
polymerization of aniline itself, which results in a lower yield of PANI. Similar results have
been obtained by Duic and Mandfavhen the electrochemical polymerization of aniline at
different pH, values was studied.

Another approach we have used to illustrate the dependence of PANI yield gempl-on
the pH range where the initial stage of the polymerization proceeds was polymerizing aniline
in 1 M solution of acids of differentlg, values: hydrochloric, orthophosphoric, monochloro-
acetic, formic, acrylic, acetic. This selection of acids of different strength enabled us to cover
all the pH ranges, using the same (1 M) concentration.

Thus, the dependence of the conductivity of films, preparetyat 23°C by using 1 M
solutions of the above-mentioned acids, on th&i (-ig. 15), reflects the influence of the pH
range where the polymerization takes place on the PANI yield. The dependence obtained
reflects in a generalized form the information presented in Fig. 13a and 13b. It enabled us to
draw the conclusion that in the presence of acids of medium strengthgfg, < 4) the
influence of hydrolysis on the polymerization of aniline was reduced to a minimum, and films
of the highest conductivity were obtained.

Therefore, the following ranges of pHwhich differ in the extent of the influence of
hydrolysis on the oxidative polymerization of aniline can be distinguished:

e atpH,> 4 and pH < 1.5 hydrolysis has a profound effect and cooling to at le&st 5
is a necessary condition for its elimination;
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e at1.5< pHg < 4 the effect of hydrolysis is negligible and polymerization with a high
yield occurs in a wide range of temperature; as the pH of the medium decreases during
oxidative polymerization of aniline, it is advisable to use acids of medium strength
(2 < pK, < 4) in order to keep a nearly constant pH value at the initial stage of the
polymerization (stage of oxidized products).

In conclusion it is noteworthy that kinetic characteristics of the polymerization process of
aniline such as changes in temperature and electrochemical potential, weight of the product
obtained, overall current density and/or film charge, cannot reflect the actual mechanism of
polymerization, when the hydrolysis effect has not been taken into account. Very often, however,
studies of the polymerization kinetics aimed to elucidate the mechanism have been performed by
electrochemical (for exampl&®) or calorimetri@®* methods. Besides, the influence of
hydrolysis (the mechanism of which has nothing in common with the polymerization mechan-
ism) on the molecular mass and molecular mass distribution of PANI, does not allow these
characteristics to be employed in the elucidation of the mechanism of polymerization, except
for the cases when the conditions of the process studied minimize this side reaction.

Further, the influence of hydrolysis should be taken into account in investigations of the
electrochemical activity of PANI as well.

4. ELECTROCHEMICAL ACTIVITY OF POLYANILINE

The key problem in understanding the physical and electrochemical properties of PANI
appears to be the investigation of its electrochemical activity, i.e. the establishment of the
basic principles of the redox processes determining the changes of oxidation state of the
polymer. A lot of studies on the electrochemical properties of PANI (for exafnpé>°}
have been directed toward both the examination of the redox processes themselves and the
preparation of PANI of defined oxidation state. The basic methods for investigation of the
electrochemical activity of PANI are various kinds of voltammetry.

The existing concept based on these investigations, presented by the generalized scheme in
Fig. 1, can be briefly formulated as follows.

« PANI exists in three well defined oxidation states: leucoemeraldine, emeraldine
and pernigraniline. Cyclic voltammetry actually reveals two redox processes (or
the so-called oxidative doping of polyaniline). They correspond to the transitions
from leucoemeraldine to emeraldine and from emeraldine to pernigraniline, although
the existence of a limited potential window of conducting state (emeraldine) and the
corresponding three-state switching, have been regarded as a surprising behavior, as
compared to the conventional semiconductors

« The electrochemical activity of PANI (evaluated by the positions of the oxidation and
reduction peaks, the shape of the transitions, anodic and cathodic charge) depends
mainly on the pH of the medium; in neutral and alkaline media PANI loses its
electrochemical activity.

However, the results of detailed studies of the redox behavior of PANI reported recently
have necessitated a critical attitude towards the above mentioned stat¥ménfsus, the
author§*~"°have convincingly shown that:

» the redox behavior of PANI is characterized by a fundamental asymmetry;
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e during oxidation the PANI system is far from equilibrium, while during reduction it is
much closer to equilibrium;

» the oxidation peak current depends on both the ‘wait-time’ of the PANI electrode at
the negative potential and the sweep rate, the so-called ‘memory effect’;

« the oxidation process is completed, but reduction is not entirely completed on the
timescale of cyclic voltammetry;

< the reduction transient is more rapid than the oxidation one;

« PANI does not lose its electrochemical activity in neutral and alkaline media; merely,
there are two prerequisites for its registration: (a) higher sweep rate (100 V/s), so that
the timescale of the experiments is in the millisecond range, and (b) preliminary
keeping (for a few minutes) of the PANI coated electrode at proper negative potential
(from - 0.2 to — 0.8 V on increasing pH from 3.2 to 9.3).

Itis worth noting that, in spite of the above cited statements, for the main question ‘why do
oxidation and reduction occur by different pathways?’, Peter & affered a ‘geometrical’
explanation: the nucleation and growth of a separate phase with different chemical potential
on oxidation and progressive contraction of a network of this separate phase on reduction,
respectively.

This suggestion is quite provisional even for explanation of the different pathways of the
transitions and does not explain at all the observed difference in the rates of the oxidation and
reduction processes, as well as their dependence on pH of the medium. Further, registration of
the so-called ‘blue products’ in the range of the second peak of the cyclic voltammogram, is
usually explained by reference to the coexistence of PANI chains of different oxidation states
(pernigraniline and emeraldin®)’’. This explanation corresponds also to the growth of a
separate phase with defined chemical (more precisely electrochemical) potential.

It is also noteworthy that the oxidation of PANI, which has been recorded by Peter et al. as
complete on the timescale of cyclic voltammetry, was really complete only in the time
intervals mentioned. So, for pernigraniliffeand for the ‘blue product$® as well, relaxation
(reduction) to emeraldine was observed under conditions of open-circuit experiments, when
the observation time considerably exceeded the timescale of cyclic voltammetry.

The only assumption, allowing the explanation of the above described observations within
the framework of the existing concept, is the possibility of coexistence of separate phases
of different electrochemical potentials (viz., leucoemeraldine/emeraldine and emeraldine/
pernigraniline) at a defined electrode potential.

In our opinion, a more likely explanation is the possibility of not only two, but a sequence
of n/2 redox transitions in PANI, leading to the formation of products of gradually changing
degree of oxidation, which is excluded according to the existing concept. The registration of
the whole spectrum of redox transitions (or products of gradually changing degree of oxida-
tion) would prove unequivocally our alternative concept. The possibility of recording of these
products (or corresponding transitions) is determined by their stability towards reactions
changing their oxidation potential (redox processes concomitant to the electrode processes)
and hence by the conditions of investigation of the electrochemical activity of PANI.

The possibility of the occurrence and the direction of redox processes with participation of
PANI chains depended on the oxidation potential of PANI chains (determined by the oxida-
tion state and the degree of protonation) and the oxidation potentials and the concentrations of
oxidants and reducers present in the system (or the electrode potential in the case of electro-
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chemical processes). The chain growth, which is in fact a redox process between an oxidant
(PANI chain) and a reducer (aniline), resulting in addition of aniline to the chain, takes place
whenE of the system is higher than 0.2(5) V. Thermodynamic control of the chain propaga-
tion and termination suggested a possibility for the presence of residual monomer (and
oxidant in case of standard chemical oxidation) in the polymer.

Consequently, the redox processes with participation of PANI, occurring at defined elec-
trode potential by interaction not only with an electrode (anode or cathode upon oxidation and
reduction, respectively), but also with other oxidants and reducers present in the system
(oxygen, aniline), have to affect the main characteristics of voltammograms related to the
electrochemical activity of PANI.

Extending our investigations on the mechanism of aniline polymerization, we have simu-
lated the conditions usually used in the study of the electrochemical activity of 2 Abding
oxidants and reducers (instead of working electrode) for oxidation and reduction of PANI,
we were able to avoid the occurrence of the possible electrode effects, viz. formation and
growth of separate phases with defined electrochemical potential. The values of the electro-
chemical potential during the oxidation or reduction were recorded using in situ potential
measurements.

Using this approach we tried to formulate a new concept of the electrochemical activity of
PANI, based on answers to the following questions:

* which are the processes revealed in the voltammetric study of PANI; how are they
related to the electrochemical activity of the polymer?

« which are the factors affecting the actual electrochemical activity of PANI and how it
can be recorded?

Thus, we have studied the processes of oxidation and reduction of PANI under conditions
simulating those of voltammetry. The choice of the potential window between 0.2(5) and
0.75 V corresponding (at pH 0-1) to the region between the two peaks and to the second peak
in the cyclic voltammogram, was prompted by the following considerations. Firstly, in this
very region PANI reveals its surprising behavior and secondly, objective experimental
obstacles exist associated with the maintenance ofHowalues (lower than 0.2 V) at pH
0-1, corresponding to the region before the first peak in cyclic voltammogram of PANI.

Oxidation of PANI in the range dE between 0.2(5) and 0.75 V (pHL, room temperature)
was performed by gradually adding increasing amounts of strong oxidant) {8805, into
PANI dispersion containing the polymer in emeraldine oxidation state (see point A in Fig. 16a
and Fig. 17, corresponding to the valuesh\gf, and E of the initial system, respectively).
Initial PANI dispersion was prepared by oxidative polymerization of aniline &€20 5 M
formic acid at aniline concentrations of 0.2 mol/l and oxidant/aniline molar ratio of 0.5, using
poly(vinyl alcohol coacetate) as the steric stabilizer and (JNBLO5 as the oxidarff**® The
non-equilibrium behavior of the oxidation process in the regiob eélues of 0.2(5)-0.75 V
was evidenced by the relaxation of the system (except for a very high excess of oxidant), with
respect to botlt and oxidation state of PANI, from a state intermediate between emeraldine
and pernigraniline, into a state corresponding to emeraldine (Figs 16 and 17). Besides, the
process itself and the registration of PANI in intermediate oxidation state during our experi-
ments cannot be explained by the formation and growth of a phase of defined electrochemical
potential, as suggested by Peter e?*&f and other authof$">"’

The only logical explanation of the observed processes appears to be the occurrence, under
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the given conditions, both of oxidation of PANI chains and their subsequent reduction
(with addition of aniline), which is in fact a polymerization (post-polymerization) process.
Therefore, the conditions determining the ability of the system to oppose the oxidation (i.e. to
relax into a state corresponding to emeraldine oxidation state), should be the same as the
above mentioned conditions of aniline polymerization.

Thus, if the real electrochemical activity of PANI in the potential window between
0.2(5) V and 0.5V has been obscured by the post-polymerization, its registration should
be possible by elimination of the influence of this concomitant redox process. Hence, on
changing the experimental conditions of cyclic voltammetry from favorable to unfavorable
for post-polymerization (exhausting the monomer, increasing the pH and the sweep rate,
decreasing the temperature), a tendency to a monotonic shape of anodic transition has to
appear.

Similar consideration can also be used for the other potential regions, where PANI reveals
its electrochemical activity. In the range of low potentigdis<€ 0.2 V), it is possible for
oxidation of PANI by oxygen to occur, while & > 0.5V the electrode processes can be
accompanied by hydrolysis of PANI. Therefore, registration of the real electrochemical
activity of PANI in these cases is also possible only upon elimination of the concomitant
processes. We will try to prove all these assumptions by our own experiments and also the
results of other authors set forth below.

(1) The possibility for occurrence of post-polymerization is related, first of all, to the
presence of residual monomer in PANI of emeraldine oxidation state resulting from oxida-
tive polymerization of aniline. The presence of residual monomer in the polymer obtained
by electrochemical and chemical (even in homogeneous conditions) polymerization has
been noted by some auth8t§. On the one hand, this results from the thermodynamic
control of propagation and termination of PANI chains, as mentioned above. On the other
hand, the very presence of residual monomer determines the stability of emeraldine oxida-
tion state in a quite wide potential range (0.2—0.5 V), and also the well known stability of
voltammetric characteristics upon multicycling (up to®Xycles) in the potential range
mentioned. In this range oxidation of aniline cannot occur. PANI chains, however, are
oxidized into an oxidation state higher than emeraldine (see Fig. 17, curve 1). Then, they are
able to interact with the monomer (by adding it) and to restore the emeraldine oxidation
state. Actually, the absence of residual monomer in PANI films (prepared for example using
the Langmuir—Blodgett technigfie®) resulted in obtaining PANI in the pernigraniline
oxidation state. Hence, PANI when devoid of its own protector (aniline), can be oxidized
easily (e.g. by atmospheric oxygen). An excess of proper reducer has to be added in order
for the emeraldine oxidation state to be kept. This excess must be considerably higher,
since, in contrast to the aniline, the typical reduckr <€ 0.2 V) will react not only
with the oxidized PANI chains, but also with the ‘external’ oxidant providing the range
0.2<E<O05V.

Actually, after adding a high excess of oxidant into PANI in emeraldine oxidation state (i.e.
creating conditions for complete exhaustion of the monomer), in reversal of the electro-
chemical potential of the system into emeraldine oxidation state, we used different reducers
(Na,S,03 and ascorbic acid) (Fig. 18). As seen, in order for the emeraldine oxidation state of
PANI chains to be reached and also to be kept for a long time, a very high (in respect of the
stoichiometry) excess of reducer is needed.

The low oxidation potentials of PANI in emeraldine and lower than emeraldine oxidation
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states, even in acidic medium, suggest the easy oxidation of these products (even from
atmospheric oxygen). This appears to explain the dependence of the anodic peak current
on the sweep raf@%%® the ‘memory effec*="° (which in our opinion reflects the
dependence of the degree of reduction of PANI on the ‘wait-time’ of PANI coated electrode
at negative potential), as well as the obligatory presence of an excess of strong reducer in
order for leucoemeraldine to be obtained. Moreover, prolonged keeping of leucoemeraldine
is possible only in an inert atmosphere (&%y.

(2) Evidence that the observed relaxation appears to be a post-polymerization can be
illustrated by our following experiments, and also by the results of other authors. As seen
(Fig. 17, curve 2), the relaxation process was accompanied by an exothermic effect, which is
characteristic of aniline polymerization. Study of the thermal effects concomitant to electro-
chemical oxidation of PANI revealed similar exothermic effect in the potential range men-
tioned (0.2 V< E < 0.5 V)%,

Further, the post-polymerization has to result in an increasing yield of PANI. With the
polymer blends PAN# poly(vinyl alcohol coacetate) studied, this should give rise to a higher
content of the conductive constituent, thus enhancing the electrical conductivity. We have
observed increased conductivity of two orders of magnitude (fromtd@0™* S/cm) in films
cast from PANI dispersions obtained upon increasing molar ratio oxidant/aniline from 0.5 to
0.8 (corresponding to an increase of the PANI content from 7 to 12 wt%). Still further, Aoki
et al.”*"2 studied the growth of conducting zone in PANI film in the range of electrode
potential 0.22—-0.5V. The authors mentioned that iterative switching up to 0.6 V resulted
in a gradual decrease in the growth rate. In our opinion, the experimental facts described can
be explained by post-polymerization and gradual exhaustion of the monomer upon iterative
switching up to a potential higher than 0.5 V. According to the authors themselves, however,
after the percolation threshold potential, which was determined to be 0.22 V, growth of the
conducting zone into the insulating zone occurred. In fact, this explanation also suggested
coexistence of separate phases with different electrochemical potentials at a defined electrode
potential. Pistoi&’ has shown that, if the PANI electrode is conveniently polarized and then
left on open circuit, polymer growth occurs in the absence of current. The author even
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referred to this phenomenon as ‘post-polymerization effect’, which was most pronounced
when the electrode has been polarized at 0.5 V.

(3) In the potential range 0.5 ¥ E < 0.75 V (oxidant/aniline molar ratio of 0.8-2.2)
the relaxation time increased considerably and real conditions for registration of the so-called
‘blue products’ (530 nm< A < 800 nm) and pernigranilineN(,x = 530 nm) were
created (Fig. 16). These products have been observed in the region of the second oxidation
peak of the cyclic voltammograms. However, the conditions used in our experiments
allowed us to assert that these products did not result from coexistence of PANI chains
(or separate phases) in emeraldine and pernigraniline oxidation state, as was suggested
previously’*=®8®77 but from PANI chains in intermediate oxidation states between
emeraldine and pernigraniline.

Much longer times of relaxation of these products into emeraldine oxidation state, as
compared to the timescale of cyclic voltammetry, made possible their recording and
explained their above-mentioned ability to restore the emeraldine oxidation state upon keep-
ing for several hours under open-circuit conditiGhs.

The termination of post-polymerization (relaxation) of the ‘blue products’ and pernigrani-
line by removal of the electrolyte may be supposed to be a prerequisite for obtaining these
products. Under the conditions used, we succeeded in obtaining products characterizing by
530 NM < Amax < 800 nm and corresponding electrical conductivity in the rangé-10
1072 S/cm, when films cast from PANI dispersions (prepared at oxidant/aniline molar ratio
of 1.8—2.2) were dried for 2 h at room temperature.

Obviously, when the drying conditions of the ‘blue products’ and pernigraniline (pH,
temperature, duration) are favorable for post-polymerization, the dry product will possess
lower oxidation state, as compared to the corresponding wet product. Possibly, such a post-
polymerization during the transition from ‘wet state’ to ‘dry state’ has been actually observed
by the author®, which have found that pernigraniline oxidation state is unstable and cannot
be obtained in the dry state.

Upon oxidation of PANI atE > 0.5V (particularly atE > 0.7 V), conditions arise for
hydrolysis of >c=N- bonds, which results in chain breaking, leading to formation of PANI
chains of various length, as well as of low-molecular-weight products such as benzoquinone
and aniliné*®%¢-77 Most probably, the aniline thus formed is a reducer for the ‘blue pro-
ducts’ and pernigraniline, obtained in this potential range.

By the influence of hydrolysis during prolonged cycling in the potential range2—0.8 V
(sweep rate of 30 mV/s, more than 20 cycles), the auffiesplained the decrease of anodic
peak current. Further, the authBrkave also shown that the decrease in anodic peak current
and in anodic charge depended on the positive potential ‘limit’, as well as on the duration of
cycling. Thus, att = 0.98 V the anodic charge decreased for 10 min by several orders of
magnitude.

A similar decrease in oxidizing capacity of the system (corresponding to lowering of the
anodic charge) was observed in our experiments upon oxidation of PANFa0.7 V. The
increase in duration of the oxidation process (i.e. the increase of the extent of hydrolysis of
PANI chains) up to 1 h brought about a considerable increase of the extent of reduction of
PANI upon adding an equal amount of reducer,,8®; (Fig. 19). This fact showed a
decrease in oxidizing capacity of the system with the time of oxidation, which could be
explained by exhaustion of the oxidant during the post-polymerization. As was supposed
above, the aniline required for the occurrence of this process is a product of PANI hydrolysis.
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Fig. 19. Dependence &f.in the visible range of the electronic absorption spectrum of
PANI reduced by using molar N§,0/aniline ratio of 0.93 on the time of preliminary
oxidation at a molar oxidant/aniline ratio of 2%

The influence of hydrolysis can also explain the decrease in the electrochemical potential of
the system, in spite of the enhanced concentration of oxidant, as seen from Fig. 17, curves 4
and 5.

It can be supposed that by adding aniline to such a system the more competitive process of
polymerization can suppress the hydrolysis. Actually it was f§Gtitht PANI is more stable
with respect to hydrolysis in an aniline-containing solution.

However, under the conditions of cyclic voltammetry in the range of the second anodic
peak, the hydrolysis probably prevails over the post-polymerization. This has to influence the
overall thermal effect of the electrode processes. Indeed, the authors studying the thermal
effects accompanying the cyclic voltammetry study of PANI have recorded an endothermic
change in the range of the second peak of the cyclic voltammd§raxa we have shown
above, this endothermic effect is characteristic of hydrofysis

(4) The relaxation process (post-polymerization) is very fast in the potential range 0.2(5) V
< E < 0.5 V. For that reason, the influence of relaxation has been recorded not only by using
millielectrodes, but also when ultramicroelectrodes have beerft¥ed?3 Nevertheless, it
is worth noting that in both cases the increasing sweep rate resulted in a tendency to a
monotonic shape of the anodic transient as we have suggested above.

(5) As we have mentioned above, the possibility of post-polymerization decreased as pH of
the medium increased up to 6. This is associated with decreasing oxidation potential of the
PANI chains as a result of deprotonation. As is evident from the above results (see Fig. 9),
even pernigraniline turned from an oxidant into a reducer on increasing pH. This has to result
in both a narrowing of the potential window corresponding to the emeraldine oxidation state
(where the post-polymerization can compensate the anodic oxidation), and also in a simulta-
neous shift of the cyclic voltammograms into the range of lower potentials, which have been
observed in the papét&®. In neutral and alkaline media (including aprotic solvents) post-
polymerization does not occur, i.e. a monotonic oxidation of PANI (from leucoemeraldine
into pernigraniline) in the range of low potentials should be observed, as was actually
found®”%”*° The ease of oxidation of PANI in alkaline and neutral media (it can be oxidized
even by the atmospheric oxygen) accounts both for the special technique, required for the
registration of the electrochemical activity of PANI under those conditions (see above), and
for the electrochemical activity of PANI (in fact its oxidizability) in neutral and alkaline
media, observed by the authd¥s™ instead of the expected absence of electrochemical
activity.
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(6) It can be expected that when the cyclic voltammograms are taken at lower temperature,
the rate of post-polymerization and particularly of hydrolysis will decrease. Thus, the
effect of lowering the temperature on the characteristics of the voltammograms has to be
analogous to increasing sweep rate or pH, i.e. a tendency to monotonic shape of anodic
transient has to appear. Such a change of the shape of transients on decreasing the tempera-
ture of recording of the cyclic voltammograms from 27+®3°C, was actually observed by
Peter et af°.

In conclusion, it can be stated that the conditions of study of the electrochemical activity of
PANI by cyclic voltammetry allow the occurrence (and hence, recording) not only of the
anodic and cathodic processes with participation of PANI themselves, but also of concomi-
tant redox processes, as follows:

« oxidation of PANI chains in the range of low potentials € 0.2 V) by atmospheric
oxygen;

* reduction with addition of aniline (post-polymerization) Bt> 0.2(5) V, which
compensates entirely the oxidation (on the timescale of the cyclic voltammograms)
in the potential range 0.2(5) ¥ E < 0.5 V.

The occurrence of the mentioned processes during the recording of the conventional cyclic
voltammograms determines:

« the non-equilibrium behavior of the oxidation transition and its lower rate as com-
pared to the reduction transition;

« completion of oxidation only on the timescale of the cyclic voltammetry and incom-
plete occurrence of the reduction transition under the conditions of conventional
cyclic voltammetry;

» existence of a limited potential window (instead of defined potential) of the emer-
aldine oxidation state and the three-state-switching behavior;

« dependence of the electrochemical activity on the pH of the medium.

Hence, the conventional cyclic voltammograms appear to be a total effect of both the
electrode processes with participation of PANI (i.e. its electrochemical activity) and the
concomitant redox processes, taking place during their registration. Therefore, the concept
based on the analysis of results from conventional cyclic voltammetry does not reflect the
actual electrochemical activity of PANI.

Thus, a real estimate of the electrochemical activity of PANI is possible only when all the
above mentioned processes have been eliminated, i.e. complete absence of aniline in non-
aqueous electrolyte and inert atmosphere. The monotonic oxidation and reduction transients
appear to be a real effect of the electrochemical activity and they imply that on oxidation (and
reduction) of PANI from leucoemeraldine to pernigraniline (and vice versa) not only two, but
n/2 redox processes exist., associated with the existenu@ okidation states of PANI where
the degree of oxidation-{N-~N= ratio) changes gradually.

After the completion of our work on the above presented concept, a paper of McCoy
et al*® appeared, showing convincingly for the first time that “polyaniline is best described
as having access to a continuum of states of charge on a molecular level, ranging from 0 to 1
electron per aniline repeat unit rather than mixtures of the three states”, evidenced by study
of potential-dependent nucleophilicity of PANI. This strongly supports the novel concept
presented in this paper.
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5. ‘EMERALDINE BASE-EMERALDINE SALT’ TRANSITION IN
POLYANILINE

One of the most important conclusions which can be drawn from the results presented and
discussed so far can be formulated as follows: PANI in emeraldine oxidation state, even in the
protonated form, exhibits low oxidation potential, i.e. appears to be a typical reducer.

In order to keep such an easily oxidizable product unaffected, an ‘internal protector’ and
relevant pH of the medium are required. On increasing the pH from 0 to 6, oxidation of PANI
(by residual oxidant or atmospheric oxygen) proceeds increasingly easily and its reduction
(i.e. aniline addition) takes place with increasing difficulty. On each pH value the system
reaches an equilibrium state corresponding to a defined oxidation state of PANI. The higher
the pH of the medium and the higher the oxidant concentration (or the anode potential), the
higher the oxidation state of PANI. It has to be noted that the redox processes with participa-
tion of PANI are accompanied by changes in pH of the medium. Thus, when the system does
not contain a buffer, not only the initial pH, but also the pH value corresponding to the
equilibrium state, must be taken into account. Further, the increase of pH up to values higher
than 6 (the upper statement about pH is also valid) precludes the possibility of the PANI
reduction with addition of aniline. For that reason, PANI will be oxidized into different
equilibrium oxidation states depending on the oxidation potential and concentration of the
oxidant present in the system (residual oxidant and oxygen). When the oxidation potential of
those oxidants is not pH dependent, the equilibrium oxidation state of PANI will be invariable
in the whole pH range corresponding to neutral and alkaline media.

Actually, when PANI (as aqueous dispersion or film cast therefrom) was titrated using
solutions of pH 0—11, we obtained all the spectrum of the ‘blue products’ (Fig. 20), similar to
the above described, i.e. corresponding to oxidation states between emeraldine and perni-
graniline. At each pH value, the oxidation of PANI can be performed up to the highest degree
of oxidation (pernigraniline), when upon increasing pH an oxidant of regularly decreasing
amount was added. As evident from the results on oxidation, shown in Fig. 9, the electro-
chemical potential of the system, corresponding to the pernigraniline formation, actually
dropped as pH increased.

Absorbance
<<

300 420 540 660 A.nm

Fig. 20. Electronic absorption spectra of polyaniline dispersion at different pH values: 1,
0.6;2,12;3,3;4,4,5,5;6,6;7,9.
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The ‘blue products’ and pernigraniline, formed in neutral and alkaline media on acidifica-
tion to pH < 6, are capable of reduction with addition of aniline, until the equilibrium
oxidation state of PANI is reached.

Oxidation of PANI in acidic medium (the process was described in detail in the section
‘Electrochemical activity of polyaniline’), in the potential range where the ‘internal protec-
tor’ aniline has already been exhausted, resulted in formation of the same (in respect to the
electronic absorption spectra) ‘blue products’ and pernigraniline. Naturally, the neutraliza-
tion of thus obtained oxidized forms of PANI in neutral and alkaline media and the subse-
guent acidification did not result in changes of their oxidation state and of the corresponding
electronic absorption spectra of those products.

Analogous considerations allowed us to suggesn alternative concept of the transition
‘emeraldine base—emeraldine salt’. According to this concept, PANI in emeraldine oxidation
state is oxidized when treated in neutral or alkaline medium ¥pHBl), and the ‘emeraldine
base’ thus obtained (a blue product characterizexi yin the visible range of 620 nm) in fact
does not represent the emeraldine oxidation state, but appears to be PANI in an intermediate
oxidation state between emeraldine and pernigraniline. (In the same paper we have assumed
that the electronic absorption spectrum of PANI reflects first of all its oxidation state.)

According to the existing concept, suggested by MacDiarmid éf%lthe changes in
PANI structure which appeared on treatment of the polymer of emeraldine oxidation state
in media of various pH, and which affected its electronic absorption spectrum and the
conductivity, can be explained by the different degree of protonation of the imine nitrogen
atoms in PANI of emeraldine oxidation state. The highest degree of protonation, and the
highest conductivity, respectively, were attained at pH 0-1, i.e. when the emeraldine salt was
formed, while the deprotonated form of the emeraldine salt, viz. the emeraldine base, which
appeared to be an insulator, was formed in neutral (or alkaline) medium. The transition
‘emeraldine base—emeraldine salt’ was called non-oxidative (protonic acid) doping. This
conclusion served as a basis for the existing viewpoint of the transition from the conducting
to the non-conducting form of PANI: unlike all other conducting polymers, conductivity of
PANI depends on two variables, namely the degree of oxidation and the degree of protona-
tion. Therefore, two types of PANI doping, oxidative and non-oxidative doping, respectively,
could be distinguished.

Hugot-Le Goff et al’’, simultaneously with us, while studying the possibilities of optical
multichannel analysis for following the kinetics of color changes in electrochromic experi-
ments of PANI, have stated fundamental (according to the authors themselves) speculations!
The main point of those speculations is that the oxidation of leucoemeraldine in emeraldine
base necessarily goes through the intermediate emeraldine salt, which, in fact, coincides with
our statement that the ‘emeraldine base’ is characterized by a higher oxidation state than
emeraldine.

The investigations of Kang et &f:°®~1%n the processes of PANI protonation—deprotona-
tion, especially in their last papérs® evidenced that on deprotonation an increase in the
oxidation state occurred, while with subsequent acid treatment the oxidation state lowered.
This also supports the concept suggested by us.

Possibly, it is necessary here to stress the significance of the problem of precise determina-
tion of the PANI oxidation states. While choosing the proper methods, the possibility of
changes in the oxidation state during the analysis has to be taken into account, which is
impossible without expertise in the field of electrochemical activity of PANI.
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We cannot but agree with Kang et®lthat elemental analysis does not provide an accurate
indication of the chemical structure, and common spectroscopic techniques, such as infrared
and electronic absorption spectroscopies, only give a fairly qualitative indication of the
oxidation state of PANI. Even X-ray photoelectron spectroscopy does not allow precise
resolution of the peaks corresponding to imine and amine nitfSgétcording to these
authors, a more quantitative technique is the titration of PANI (for example withg)lifDl
our opinion, the most considerable errors may arise under the conditions used in the last
method. For that reason, we consider that despite being only qualitative, the most realistic
information is offered by electronic absorption spectroscopy.

In conclusion to this section, it has to be noted that the redox behavior of PANI cannot
be considered apart from the pH of the medium, and the influence of the pH of the
medium on PANI properties cannot be examined without taking into account the redox
processes with participation of the polymer. The pH value of the medium appears to be
one of the main parameters to affect significantly the direction of redox processes with
participation of PANI, and thus the oxidation state of the polymer, which determines its
properties.

6. POLAR AND HYDROGEN-BONDING INTERACTIONS IN
POLYANILINE AND THEIR POSSIBLE EFFECTS ON ITS
TRANSFORMATIONS

Strong polar and hydrogen-bonding interactions in all forms of PANI have been proved by
many author®*~**> The long known ‘interaction’ of PANI with waté?>1°419~3ppears to
be a consequence of those interactions. The exposure to water vapor results, for example, in
reversible enhancement of the PANI conductivity with approximately one order of magni-
tude. MacDiarmid et at** suggested that solvated water molecules reduced the electrostatic
interactions leading to greater charge delocalization, thus increasing conductivity. Shacklette
et al1® confirmed this idea based on experimental and theoretical evidence. They suggested
describing the interaction of PANI with organic solvents and with conventional polymers, i.e.
the solubility and dispersibility of PANI, by polar and hydrogen-bonding interactions.

An opinion also exists that the interaction of water (and organic solvents of general
formula R—OH) is not limited solely by the hydrogen-bonding interactions. Thus, the
authorg®*1%-1have supposed that the interaction of water molecules with the PANI back-
bone obeys the same mechanism as that of protonic acid doping of PANI. According to these
authors, a general scheme for the interaction of water with polymer backbone includes two
stages: (i) hydrogen-bonding of the water molecule to the nitrogen atom; (ii) dissociation of
the adsorbed molecule and protonation of the polymer chain. The authors, however, have
offered these mechanisms, following the behavior of PANI upon thermal treatment (thermo-
gravimetric and calorimetric measurement$)and upon polarizing by a.c. voltage in the
frequency range IT6—10° Hz at a temperature between100°C and + 100°C** In the last
paper, the changes of electric behavior of PANI under the influence of applied electric field
revealed that the variation of both the acid and the water concentration in PANI caused
similar changes of the electric behavior, thus indicating a similar mechanism of interaction
of water and acid molecules with the polymer backbone.

Hence, the changes of PANI, identified by the authdras the transition ‘emeraldine
base—emeraldine salt’ under the influence of water molecules, does not proceed under
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equilibrated ambient conditions, but appear to be effected by an electric field of defined
frequency and by thermal treatment.

It is noteworthy that many data exist showing that the changes in PANI structure, dis-
cernible by variation of either spectral characteristics or conductivity, occur under the influ-
ence of light'®'8(i.e. of electromagnetic field of optical frequency) or H&t*"119-121
These phenomena will be discussed in more detail in the next section. A general feature of all
the mentioned works is, however, that the changes in PANI structure have not been con-
sidered in conjunction with the redox processes with participation of PANI.

Thus, summarizing the information described in this section, the following suggestions and
conclusions can be drawn.

1. PANI is a polar and hydrogen-bonding material and hence, during its preparation and
subsequent treatment with various chemical compounds, it can take part in strong
hydrogen-bonding and polar interactions with corresponding compounds like aniline,
water, acids, solvents etc. These compounds can be retained between the PANI chains
due to those interactions.

2. Under defined external conditions PANI can take part in redox-processes (oxidation upon
interaction with oxidants, including atmospheric oxygen, and reduction upon interaction
with aniline) with some of the mentioned compounds included in it.

3. Defined external conditions appeared to be either the presence of electrolyte or defined air
humidity. In fact, this concerns the possibility of occurrence of redox processes with
participation of PANI. The oxidation state of PANI chains to be reached is determined
by the direction of those processes.

4. It can be suggested that except under the conditions mentioned, a possibility of occurrence
of redox processes with participation of PANI arises also upon releasing of other reactants
in the redox processes (oxidant, aniline, acid, water), bounded with PANI by means of
polar and hydrogen-bonding interactions. Such a release can be a result of the effect of
defined energy, such as heat or electromagnetic field of certain frequency.

7. CLASSIFICATION OF THE POTENTIAL APPLICATIONS OF
POLYANILINE

Analysis of the literature data concerning the potential applications of PANI showed that
they are related to the ability of the polymer to change the oxidation state, irrespective of the
effect, which induces this change (referred to hereafter as change-inducing effect): standard
chemical or electrochemical oxidation and reduction, variation of pH of the medium, effect of
various types of energy. Variation of the oxidation state results in changes of the whole
spectrum of chemical, physicochemical and physical properties of the polymer: oxidation
potential, light absorption, dielectric constant, refractive indds,, ronductivity, crystal-
linity, dimensionality, etc.

In our opinion, all the potential applications of PANI can be classified into two large
groups. In the first group, PANI is not required to respond quickly towards the change-
inducing effect, but rather to retain the result of this effect, which means that the polymer
has to retain its performance in a defined time interval (i.e. to exhibit a ‘memory’ in respect of
e.g. charge, optical image etc.). In the second group of applications the polymer is required to
reveal rapid change of defined property as a result of the change-inducing effect.
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In a separate group we have classified the application areas which are not directly related to
the change in the oxidation state of PANI. Thus, e.g., a change in oxidation state, which
means a change at molecular level, results in a change in supramolecular structure (from
entirely amorphous into partially crystalline). Nevertheless, detachment of the third group is
quite provisional, since, depending on whether the given change-inducing effect must be
accumulated or has to provoke a fast response, the corresponding materials have to be
assigned to the first or to the second group.

PANI-based materials assigned to the first group conform to the ability of the polymer to
accumulate and transform energy (including optical frequencies), and hence, to memorize
(erase) information. This ability allows PANI to be used as an electrode in rechargeable
batteries, in corrosion protection, in electrochromic displays and windows, in photovoltaic
cells and transistors, as a medium for photoelectric devices and light (laser) induced erasable
information (image) storage, as electromembranes, etc.

Most of the papers in this area have been devoted to the investigation of PANI as a battery
electrode. Although PANI can serve both as cathode (leucoemeraldine) and anode (perni-
graniline), it has been studied mostly as a cathode. As a medium in such batteries the
following have been studied: aquedts*®**’and non-aqueous (LiClQin propylene
carbonate or its mixture with ethylene carbon&te}*>*?*'%electrolyte solutions, and
recently also solid electrolytes (polyethylene oxide with LiGi&% or with HsPO,*?°
acrylonitrile—methacrylate copolymer with LiBF LiPFs or LiCF;SO,™1321%  very
recently, composite battery electrodes of PANI associated with sulfur compounds (dimer-
captans) have been suggested™? It was found that the slow redox reaction of the dimer-
captan at room temperature was accelerated in PANI matrix.

Analysis of the cyclic voltammograms reveals that charging and discharging processes
occur in the range oft 1V, the corresponding potentials being dependent on the type of
electrolyte and mostly on pH of the medium. While the discharge capacity does not depend
substantially on the type of electrolyte and amounts to 100—150 Ah/kg, the number of the
cycles increases drastically on changing the aqueous electrolyte (16—30 cycles depending on
pH of the medium) with non-aqueous (over 100 cycles) and solid (250 cycles) electrolytes.
These variations have to result from the difference in electrochemical activity and chemical
stability of the electrode material in different media.

The lack of systematic studies on the electrochemical activity of all the oxidation states of PANI
has to be noted. Recently, however, there has been growing interest in the study of the chemical
stability of PANI, namely the influence of hydrolysis of the polymer on the performance of PANI
films. Hydrolytic instability probably limits the use of PANI as an anode material.

PANI coatings can provide significant corrosion protection to steel (and copper) exposed to
severe corrosion environments. This protection extends to exposed areas of bare steel that are
galvanically coupled to the PANI coated steel. It appears to be electrochemically driven,
being derived from both anodic and cathodic polarization. Passivation was found to occur by
the formation of an oxide layer induced by contact with PAN1**

The processes of electrochemical oxidation (reduction) of PANI in the range of applied
potential of * 1V are concomitant with changes in the optical absorption spectrum
in the visible range (400—800 nm). The electrochromism of PANI, predominantly in
aqueou§” " put also in non-aqueolfsand solid*®**!electrolytes, has been the subject
of numerous investigations. The study of electrochromic transformations is a very important
point in the elucidation of the question of activity of various oxidation states of the polymer,
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since it couples the electronic absorption spectrum with the applied potential at a defined pH
of the medium.

The electrochromism of PANI and the related differences in the visible light transmission
(up to 40% at 580 niff and up to 70% at 800 nt) led to the development of electrochro-
mic displays and windows (in conjunction with complementary electrochromic material as
tungsten oxid&°-14214%r tungsten oxide and Prussian bifie'*9, the last popularly called
‘smart windows'. The ‘optical memory’ of those products and the cycle life of the devices
should depend again on the activity of PANI in different oxidation states.

As mentioned above, the variation of PANI structure (in our opinion, the variation of the
oxidation state), leading to a change in the optical absorption in the visible range, can also be
aresult of thermal effects®**"*1°=121The thermochromism of PANI should be accompanied
by changes in electrical conductivity, as was actually observed by the atiftidfsThe
variation of PANI spectral characteristics in the visible range, which in our opinion reflects
the direction of the redox processes with participation of PANI (oxidation or reduction),
depends on the conditions of thermal treatment: temperature range, humidity, etc. It is worth
noting that the potential applications of thermochromism, except to the first group of our
classification, could be assigned also to the second group, since the changes occur rapidly and
the corresponding fast response can be used, for example, in sensors.

The variation of oxidation states on charging and discharging, with concomitant diffusion
of ions into and from the polymer, makes PANI useful as ion-exchange mafériat
controllable by the electrochemical potential of the system. Conductive stationary phase
consisting of glassy carbon particles was modified with PANI film to add selectivity to the
electrochemical separation of anionic compounts?

As can be expected, PANI reveals ion exchanging and ion separating properties without
applied potential as well. Actually, PANI has been used as anion exchange nfatetfil
the ion exchange capacity being dependent on the ‘history’ of the polymer (i.e. on the
characteristics set up during synthésfs and also on its transformations, occurring after
treatment at various pH (viz. the so-called degree of proton&fipiwe suppose that both the
‘history’ of the polymer and its transformations upon a change in pH of the medium affect,
first of all, the oxidation state, which determines the value §f pnd the ion separating
properties of PANI, respectively.

The ability of PANI to change its electron-donating or electron-accepting properties
depending on the oxidation state, renders it a promising material as a component of p—n
heterojunctions, the second component being an inorganic semicona(ictr -V and
C-V characteristics of heterojunction p-PANI/MZi**? p-PANI/N-1n,S;'° and of PANI
with other metal sulfides (CuS, CuzZpSCuCdS)*®” have been described.

PANI heterojunctions, like all other p—n heterojunctions, are sensitive to sunlight, which
makes them suitable for photovoltaic cells (solar cells). Study of photoelectric characteristics
of p-PANI/n-Si junctiort®® has shown that the photocurrent spectrum of the junction and the
optical transmission spectrum of p-PANI film occur in the same range of the photon energy
(1.8-2.8 eV), i.e. the PANI film in the heterojunction offers a window for photons of energy
in the range 1.8—-2.8 eV.

Poly(o-methylaniline) (and hence PANI as well) can be reversibly transformed from p-type
into n-type. Study of photoelectrochemical properties of PANI-containing heterojunction has
demonstrated that this reversible transition depends on the applied potential and pH of the
medium, the photocurrent of p-PANI being much less as compared to the Fype
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Light-emitting devices (LEDs) have been made using PANI spin cast on poly(ethylene
terephthalate) substrate or a combination of PANI and indium—tin oxide as the transparent
hole-injecting anode and poly[2-methoxy-5-@hylhexyloxy)-1,4-phenylene vinylene] as
the active layet®>'®* LED has also been made by closely contacting &iype porous
silicon film with chemically polymerized PANI inside the pot&$%” Sulfonated PANI and
poly(p-phenylene vinylene) multilayer heterostructure LED has been prepared using electro-
static self-assembly technigtfé

Photoinduced redox processes in PANI film containing potosensitive oxides (titanium
dioxide and tungsten trioxide) and corresponding changes in the electronic absorption spec-
trum have permitted the formation of an erasable light image by illuminating (including by
laser) the film in both aqueous and non-aqueous solutions containing an alcohol as a hole
scavenger. Turning back the electrochemical potential of the system by polarizing the film at
e.g. 0.5V vs SCE in the dark, is enough to erase the light iftfd§e "

Inorganic—organic conducting polymer composite systems with controllable electrical and
optoelectronic properties are of current interest for applications including electrochromic
displays, rechargeable batteries, membranes and sensors. Methods of intercalation of the
organic guests into inorganic hosts have been describ€&1® Aqueous dispersions of
PANI have been mentioned as promising in this respect.

Of particular interest is the very large capacity of PANI to absorb and reflect electromag-
netic radiation by changing its dielectric constant on interaction with energy of radiowave—
microwave—millimeter wave rand@-®! This makes PANI an appropriate candidate to
shield electromagnetic interference (where PANI approaches the shielding efficiency of
copper’®'82-18 'in the design of microwave absorbers for stealth purposes and in areas
involving remote heating of materials and surfaces (e.qg. joining of plast¢§§ '’ Depen-
dence of the electric behavior of PANI on the frequency of the electric field and the tem-
peraturé’®~'2 allows PANI application possibilities in this area to be extended, designing
materials which are effective in a defined temperature—frequency range.

As mentioned above, the fast response of PANI to variation of the change-inducing effect
is the basis of the second group of potential applications as indi¢atoesectrochemical
sensor§®-19 including ‘artificial muscle!®*~*% and as catalyst$°~2°2 Thus, variations
in anodic (cathodic) current due to redox processes with the substrate, make it appropriate for
use in e.g. gas sensé¥$® and biosensors®%t All-plastic electromechanical actuators
(‘artificial muscle’) have been constructed based on electrochemomechanical deformations
of PANI films (expansion and contraction on oxidation and reduction, respectiVely}

Color changes caused by changes in the pH of the medium related to the processes of
protonation—deprotonation in emeraldine oxidation state as mentioned above, allow PANI
to be used as an ‘acid—base’ indicafér

Due to the reversible redox processes PANI has been suggested as a versatile catalyst in
dehydrogenative (and/or decarboxylative) oxidation of benzylamines and 2-phenylglycine
into corresponding imines and in combination with cuprous chloride or ferrichloride for dehy-
drogenation of cynnamyl alcohol into cynnamaldehyde possibly due to complexation. Rever-
sal to the active (oxidized) form of PANI has been performed by oxidation with oxgen

By coupling the metal reduction process in acid solutions with an increase in the oxidation
state of PANI, and the subsequent reduction of the oxidized polymer in acidic media, spon-
taneous and self-sustained electroless precipitation of precious metals, such as gold and
palladium, in their elemental form has been readily achiéVed®
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Such a spontaneous deposited thin noble metallic layer can be used as an electrode for
subsequent Cu electro-plating. On the other hand, in metallization of printed circuit boards,
PANsllgélm can be used as an electrode for the electrolytic deposition of Cu on the trough
holes™".

Electrodes modified by platinum particles dispersed inside a PANI film have shown high
activity with respect to electrocatalytic oxidation of methanol and other C1 molecules (such
as formaldehyde and formic acfdy.

PANI protonated with 12-tungstophosphoric acid has been used in catalytic conversion of
isopropanol into acetorié’.

Due to its response to an electromagnetic field in the optical regime, PANI itself is
appropriate as a medium for erasable optical information stdfagfé-2°®(which can be
assigned to the first group of potential applications) and also in non-linear THti¥s*>°
(which belongs to the second group). The application of PANI for erasable optical informa-
tion storage is determined by the existence of long-lived (several hours at low temperature)
photoinduced excitations near 1.4—1.5'87%"2%jn the absorption spectra, which also
possess spiff see Refs1792952% |t i well known that absorption in this range is character-
istic of the PANI conducting form referred to as emeraldine salt according to MacDiarmid. It
was suggested that these long-lived photoinduced excitations in pernigraniline base and
emeraldine base are composed of neutral solitons and neutral polarons (confined neutral
solitons pair) stabilized by ring twist and interchain interactféh&¢ We rationalize these
photoexcitations in pernigraniline base and emeraldine base as having occurred from post-
polymerization analogous to the transition emeraldine base—emeraldine salt on changing pH
of the system.

Paper$'®*!8appeared recently on changes (similar to those described above) in the near-
infrared excited resonance Raman spectra of PANI (excitation wavelength of 1064 nm),
which evidenced a broadening of the frequency range of light response of PANI.

PANI membranes for g&&%'°and neutral soluté'**?separations can be assigned to a
separate group in our classification, where the respective applications are not related directly
to the change in oxidation state. Their selectivity is based on precise control of the morphol-
ogy changes due to oxidation—reducfirand protonation—deprotonatitii®*!processes.

Finally, applications based solely on the electrical conductivity of PANI are also worth
noting 9181213219 ,ch as conductive coatings useful in a variety of applications, including
static charge dissipation (antistatic coatirfg®)?*° Three years ago it was announé®dhat
the group Zipperling and Kessler, Americhem and Allied Signal Corp. produced 20960 m
transparent antistatic PANI layers monthly.

The requirement for conductivity span a very wide range from as low &5SI6m for
electrostatic elimination up to values greater thafi $@&m for commercially useful light-
weight conducting wires. Because of the commodity nature of metals, particularly copper, it
is unlikely that PANI or any conducting polymer, will replace conductive metals in the near
future. But nevertheless, it has to be noted, that the intrinsic electrical conductivity of metallic
PANI has been estimated to be ca’ 83cm°. Conductivities of the order of 300 S/cm have
been measured for stretch-oriented free-standing PANI ffimghe three-dimensional
nature of metallic state has been demonstrated by the correlation of low temperature
dielectric response with the parallel and perpendicular crystalline domain lengths obtained
from X-ray data. The charge localization to delocalization transition depends on the polymer
processindf’.
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Conducting polymers, including PANI, are inherently anisotropic materials. When the
macromolecular chains are well oriented, metallic conducting polymers are highly dichroic
over a wide spectral range from the near infrared through the far infrared. Thus, highly
oriented, metallic conducting polymers are analogous to wire grid polarizers, but with the
anisotropy on the molecular scale. PANI should, therefore, be an excellent candidate as a
material for infrared polarizers for operation over a broad spectral fahge
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