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ABSTRACT
The review is based mainly on the experimental results obtained with
electrode systems consisting of different substrates modified by such
typical conducting polymers, as polythiophenes and nickel polymer
complexes with the Schiff base ligands. The established electrochemical
properties of these modified electrodes, as well as the obtained data of
their spectroelectrochemical and quartz crystal microbalance studies are
discussed in the main part of the review. The performed comparison
between these results and those followed from the accepted theory of
charge transfer in modified electrodes shows only their qualitative
agreement, so that the necessity of improving the existing representations
becomes evident. Different methods of syntheses of metal-containing
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films based on conducting polymers are shortly discussed in connection
with the subsequent studies of some electrochemical processes occurring
at such composite electrodes. A new approach to treating the polaron
conductance of polymer films is proposed. As shown, its inferences
significantly differ from the predictions of the existing theory. This
permits one to consider the proposed approach as some premise for more
detailed studies.

1. INTRODUCTION
Since discovery of a new class of materials usually called as “conducting
polymers” (CPs) in 1977 [1], a lot of new research directions with a use of
these materials has been developed. They include not only studies of different
CPs and their copolymers, but also a great variety of new composite materials
based on CPs with inclusions of metal or metal oxide particles, other inorganic
compounds etc. Such development was stimulated by practical applications of
these materials in the fields of electrocatalysis, energy storage, electrochemical
sensors and biosensors, molecular electronics, photoelectrochemistry,
electroluminescence and electrochromic devices, antistatic and anticorrosion
coatings, microwave and radar-adsorbing materials [2-14].
Conducting polymers can be obtained from molecular monomers
containing aromatic benzoid or non-benzoid amines (like aniline, oaminophenoles, o-phenylendiamine), heterocyclic molecules and its
derivatives (pyrroles, thiophenes, carbazoles etc.), which, under their
oxidation, form conjugated polymer chains with alternated single and double
bonds. The most important groups of CPs possessing the high electronic
conductivity are polyaniline family (PANI), polythiophenes (PTh), and
polypyrroles (PPy). CPs belong to a class of substances with a mixed
electronic–ionic conductance and their conductive properties change between
quasi-metallic and semiconductor ones. During the initial period of CP studies,
the main research interests have been focused on syntheses of new polymers
and understanding of the mechanisms of charge transport into CPs. Nowadays,
the major research interest has shifted to studying new materials based on CPs,
their nanostructuring, and producing different composite films that include
metal and metal oxides nanostructures [15-25].
Electrochemical methods have played an important role in elaboration of
practical procedures of syntheses of CPs and composite films, their
characterization, and different applications. This results from the high
conductivity of polymers and the evident possibility to control the key
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electrochemical parameters (current, potential, charge) during the polymer
syntheses, which allows one to vary the morphology and properties of the
obtained materials. However, chemical routes of an oxidative polymerization
are also widely used for preparations of conducting polymers.
A broad spectrum of problems related to CPs and CP-based materials
investigations, as well as a great number of methods used in such studies do
not allow to describe completely all aspects of the research in the field under
discussion in scope of a separate review article. Therefore in this work, we
will restrict ourselves only to consideration of electrochemical (and related)
aspects of such research and illustrations of using some models at treatment of
electrode processes occurring in a series of particular systems.
Polythiophenes (PTh) and polianilines (PANI) belong to the most
intensively studied families of CPs, because of simple procedures of their
syntheses, their stability, the high conductivity, and possible applications in
different devices [2-5,11-14]. Among CPs with conjugated bonds, PTh films
exhibit a relatively simple electrochemical behavior due to the absence of
protonation effects, which are characteristic for PANI films in aqueous
solutions. Electrodes modified with polymer complexes of transient metals
with the Schiff bases are also the permanent subjects of intensive studies due
to the same reasons. Accounting for these aspects and owing large experience
obtained during the corresponding studies, we will discuss below the main
patterns of CP electrochemical behavior with aforementioned systems.

2. ELECTROCHEMICAL PROPERTIES OF
CONDUCTING POLYMERS
2.1. Conductivity of CPs. Polaron-Bipolaron Concept
A fundamental breakthrough in CP studies was made with introduction of
the polaron-bipolaron concept of conductivity, explaining the mechanism of
charge transport into CP-modified electrodes [3-6, 14, 26-29]. Now it is well
recognized that the electrochemical behavior of CPs and their conductivity are
based on the electrode processes known as p- and n-doping ones, which, in
electrochemical terms, corresponds to oxidation and reduction of the polymers
with switching between quasi-metallic and insulating states. The
doping/dedoping processes in CPs are related to the mixed electronic and ionic
transport in the bulk of such materials. Formation of positively charged
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delocalized states (polarons) during a p-doping process is accompanied with
corresponding insertion of charge-compensating species, which in the most
cases are doping anions (in general case, counter-ions) [3-6]. Translocations of
delocalized electrons or holes along polymer chains obviously lead to the
accompanying movement of counter-ions. However, if polyanionic species are
used as supporting electrolyte during CPs syntheses, for instance PSS–anion,
such anion-dopant is immobile and other more mobile ions act as chargecompensating ions [11, 12].
As mentioned above, the general polaron concept accepted in the physics
of condensed matter was expanded to the case of organic conducting
polymers. An electrochemically active fragment of CPs is a double bond.
Electron of a π-bond in a π-conjugated polymer can be easily removed or
added electrochemically to form a polymeric ion without much disruption of
σ–bonds, which corresponds to p- or n-doping of the polymer. The charge
formation promotes a local distortion in the polymer backbone and the arising
charged quasi-particles together with their local surroundings are called as
polarons or bipolarons [26-29].
EPR studies of CP films confirm the presence of polarons (radical cations)
with unpaired electrons in such systems [30-31]. The formed radical cation is
spatially delocalized over a number of polymer chain fragments (usually 3÷6
monomer units). This leads to deformation of the polymer structure and
polarization of the environment (this gave the name `polaron' to the chain
fragments containing a radical cation). Polarization of the environment and
interactions with both the neighboring polymer chains and counter-ions lead to
stabilization of such radical cations. The polaron state might undergo further
oxidation with formation of bipolaron, i.e. a pair of positively charges of
opposite spins (dication). At present, the polaron theory of conductivity has
been accepted as the main model for explanation of the electronic conductivity
of polymers with conjugated bonds. Theoretical description of charge transfer
processes in conducting polymers is based on this polaron-bipolaron concept
and usually explores the model of "hopping" mechanism, i.e. the charge
exchange between two neighboring quasi-particles of different oxidation states
[32-40].

2.2. Cyclic Voltammetry of CP films
CPs can be prepared as relatively thick films on the electrode surfaces
(conducting substrates) by electrochemical oxidation of monomers. A cyclic
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voltammetric (CV) response of CP-modified electrodes in electrolyte solutions
usually shows a broad, not well-expressed cathodic and anodic peaks with a
pronounced current plateau [6, 43, 44].
Figure 2.1a,b shows the typical CV curves of some polythiophenes with
different substituents in the thiophene rings: namely, poly-3-methylthiophene
(PMT)
[43-49],
poly-3-octylthiophene
(POT)
[50-54],
poly-3dodecylthiophene (PDDT) [41, 50], poly-3,4-ethylenedioxythiophene
(PEDOT) [55-58]. More or lesser expressed current peaks are observed for
POT and PDDT films, whereas, in the case of PMT and especially PEDOT
films, CV curves display very broad peaks in a wide range of electrode
potentials.
The potential ranges of CVs for a series of polymers given in Figure 2.1
differ essentially from each other due to some differences in the positive limits
of applied potentials, where the polymers are stable. It is also worth to note
that PEDOT films having the cyclic electron-donated ethylene substituent in
thiophene rings display a high electroactivitity in a very wide potential range
at using both aqueous and non-aqueous solutions.
Due to its electronic structure, PEDOT is one of the few conducting
polymers that can be both n- and p-doped polymer, and its behavior
significantly differs from other polythiophene derivatives [11, 12].

Figure 2.1a. Cyclic voltammograms (CVs) of PMT (1), POT (2), PDDT (3) films in
0.5 М LiClO4 acetonitrile solution (scan rate 50 mV s-1).
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Figure 2.1b. Cyclic voltammograms of PEDOT film in 0.5 М LiClO4 acetonitrile (1)
and propylene carbonate (2) solutions (scan rate 50 mV s-1).

For all polythiophene-modified electrodes, current responses are
proportional to the rate of sweeping the potential, which indicates to a quasiequilibrium character of CV-curves, i.e. the absence of diffusion obstacles
within the film interior. Voltammetric behavior of the most CPs is
characterized with stable current responses after first two-three cycles and
these responses are proportional to the charge consumed at polymerization of
the film tested. In case of PEDOT films, such proportionality takes place up to
polymerization charge values equal to 60 C cm-2 (with the film thickness of
about 0.5 mm), as reported in [59]. The appearance of broad CV peaks has
been explained by the existence of similar redox systems with different formal
potentials (due to some differences in a conjugation length of separate polymer
chains, their local environment, structural inhomogeneity of the films [6], and
the presence of negative interactions between the forming charges).
Cyclic voltammetry is probably the most widely used electrochemical
method, but it should be considered only as a method for a primary studying of
CPs due to a multistep character of the electrode processes within such
systems. Actually, the information to be obtained from such measurements
reduces only to the peak current and potential values, as well as their
dependences on the rate of sweeping the electrode potential.
Many attempts have been carried out on earlier stages of studying CPmodified electrodes in order to evaluate diffusion coefficients of charge
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carriers within the films investigated. However, the values reported in the
literature seem often to be unreliable, since they vary in their magnitude by
several orders according to different works. Such scattering is, most probably,
a consequence of some structural variety of CPs obtained in different works.
At the same time, it might also result from some unreliability of the
calculations performed. As shown in [25], implementation of the RandlesShevchik equation in case of modified electrodes requires adequate
redefinitions of its parameters, which have more complex meanings for such
systems than those assumed according to the original equation. Here, one more
possible source of some errors should also be indicated.
During a relatively long period, it has also seemed that some important
conclusions might be extracted from such characteristics of CV curves as their
mid-width. These expectations were based on the representations developed
earlier by Laviron in case of reactions proceeding in compact monolayer films
of electroactive particles adsorbed onto metal electrodes [60,61]. However, the
criteria proposed by Laviron to establish the presence and character of the socalled short-range interactions within these films are only qualitatively valid
for multilayer ones, as shown in [62]. This results from the fact that modifying
films of CPs, as a rule, have a phase character in contrast to monolayers of
adsorbed particles and, hence, the first ones are electroneutral formations. The
latter means that the concentrations of charge carriers inside such films depend
on the electric potential value within their interior and this circumstance is not
accounted for in scope of the Laviron's consideration (see review [63]).
The above said determines the reasons why, in parallel to CV
measurements, application of more sophisticated techniques and combined
methods is necessary for detailed studies of charge transport in CPs.

2.3. Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is recognized as one of the
most powerful technique for evaluations of the parameters of charge transfer
and diffusion processes in polymer-modified electrodes immersed into
electrolyte solutions [33, 64]. Among CPs with conjugated bonds PPy and PTh
films exhibit a relatively simple electrochemical behavior. When using nonaqueous solutions these systems are free from the problems resulting from
protonation effects inherent to PANI films, for example.
The schematic impedance spectra presented in Figure 2.2 show typical
features corresponding to the parallel resistance (R) - capacity (C) junction, the
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existence of the Warburg impedance, and the capacitive-like behavior [32, 33].
A similar EIS pattern with the indicated characteristic parts of its spectrum
was found for a series of polymer modified electrodes. For instance, a
suppressed high-frequency semicircle and an extended (with respect to the
frequencies interval) capacitive response were observed for polypyrrole (and
its derivatives) films on various substrates in propylene carbonate solutions of
LiClO4 [65-69] and aqueous KCl solutions [70].

Figure 2.2. Schematic impedance spectra, corresponding to the Rendles circuit (inset).

The same parts in the impedance spectra were registered for
polythiophene derivatives, namely, poly(3-methylthiophene) (PMT) [43-49],
poly(3-octylthiophene) (POT) [50-54], poly(3,4-ethylene-dioxythiophene)
(PEDOT) [55-58], and some other compounds [71,72]. It was also reported
that the impedance spectra of the reduced or weakly oxidized forms of
polythiophenes exhibit not only the high-frequency semicircle regions and
low-frequency capacitive responses, but also the parts corresponding to the
Warburg impedance with their slopes approaching to unity [51, 52, 54]. The
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high-frequency semicircles were mostly pronounced for a slightly doped
polypyrrole [66, 70]. The presence of such semicircles and noticeable
capacitive responses were also reported for poly(3,6-dioxyheptylpyrrole) and
poly(3-methylthiophene) films in propylene carbonate 1M LiClO4 solutions
[67]. However, it should be pointed out here that the above semicircles are
sometimes distorted and correspond to negative values of ZRe-axis in the limit
of high frequency, which probably connected with some irregularities in
working the reference electrodes at these frequencies. Thus, the impedance
spectra of polypyrrole- and polythiophene-based polymer films exhibit
characteristic parts with well-separated frequency regions that correspond to
the limiting influence of different stages of charge transfer within these
objects. Below, we will represent the results obtained for particular systems, in
which the impedance parameters were systematically estimated.
In scope of the existing theory of modified electrodes [32-38], no principal
differences are present in a quantitative treatment of the redox and polaron
conductance. The only thing accounted for in case of polaron-containing films
is the established fact that a polaron quasi-particle includes several monomer
units (3÷6, as pointed out above) of the polymer chain, along which the
polaron moves. However, the subsequent use of the same theoretical equations
(in particular, the Mathias & Haas equations of the modified electrode
impedance [32]) as those derived, in essence, for redox-polymer films
eliminates the above peculiarity of polaron quasi-particles. Postponing a more
detailed explanation of this statement up to the seventh section of the review,
we would like to emphasize here that the most part of diffusion coefficient
determinations (including those given below) are based on the indicated
theory. This means that the parameters obtained from the corresponding fitting
might be considered as reliable ones only if a complete agreement between the
used theory and experiment is observed. As will be clear from the further
discussion, such complete correspondence does not take place usually.
Typical impedance spectra exhibiting three noticeable regions (quasicapacitive, Warburg, and high-frequency ones) were observed for polypyrrole
films in aqueous electrolyte solutions [66]. Using these data, the electron
diffusion coefficient for polypyrrole films was estimated as De~10-3 cm2 s-1. It
was also found that the ion diffusion coefficient Dm for the film (L=15 µm)
strongly depends on the anion nature of the electrolyte used, namely,
Dm=2.56·10-6 (Cl-), 6.2·10-7 (ClO4-), 8.2·10-8 (SO42- ), and 1.6·10-9 cm2 s-1
(tosylate ion), but is weakly dependent on the cation nature (H+, Na+, Me4N+).
The impedance spectra of non-substituted polythiophene films were
analyzed [73] in functions of the electrode potential and the film thickness for
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an asymmetric configuration of the metal/polymer/solution system (that is
characteristic for modified electrodes) and a symmetric one (namely,
metal/polymer/metal with using an air-dry film). The high-frequency
semicircle in the impedance spectrum of the asymmetric configuration and the
derived parameters of a model RC-circuit (Rct =30 Ohm·cm2 and Cdl =1÷5
μF·cm-2) were attributed to the film-solution interface. However experimental
indications to such localization of the chosen interface (substrate or solution)
were, strictly speaking, absent.
The platinum electrode modified with a PMT film was studied in a 0.2M
LiClO4 solution in MeCN by EIS method [43]. As established, the impedance
spectra of the reduced PMT form exhibit high-frequency semicircles, which
are gradually transformed into quasi-capacitive responses if the applied
frequency decreases. When going to the oxidized form of PMT, the diameter
of such semicircles significantly decreases. The diffuse part (i.e. the Warburg
one) of the spectr was not practically registered in these measurements.
Figure 2.3 shows the typical impedance spectra of PMT, POT, PDDT, and
PEDOT obtained in acetonitrile solutions of 0.5M LiClO4. The results
presented in Figure 2.3 were partly published in our papers [49,54,74,75].
Strongly suppressed or partly pronounced high-frequency semicircles were
observed for electrodes modified with PEDOT and PMT films. This is in
agreement with the impedance spectra obtained for similar conditions in a
series of other works [55, 58] for PEDOT). Analogous shape of the impedance
spectra of PMT films was registered in a 0.1M NBun4PF6 solution in
propylene carbonate [45]. The mid-frequency parts of the spectra for PMT and
PEDOT did not exhibit a well expressed pattern of the Warburg impedance
and quickly transformed into abruptly rising curves associated with the quasicapacitive response of the films. The charge transfer resistance (30-60 Ohm
cm2) determined from the semicircles that observed for PMT was attributed to
the film/electrolyte solution interface [45, 49].
Results of the impedance studies of PMT films deposited on platinum in
aqueous electrolyte solutions containing different anions were also reported
[46]. It was concluded that the charge transfer resistance at the film/solution
interface contributed largely to the measured impedance. The overall patterns
of the impedance spectra of PMT films were also reported in work [50],
however its authors drew only qualitative conclusions on the appearance of
incomplete high-frequency semicircles and low-frequency pseudo-capacitive
responses.

Charge Transfer and Electrochemical Reactions …

89

Figure 2.3 a,b,c,d. Impedance spectra of PMT (a), POT (b), PDDT (c) and PEDOT (d)
films in 0.5 М LiClO4 acetonitrile solution at different potentials Е,V: a: –1 – 0.5, 2 –
0.7, 3 – 0.9, 4 – 1.0; b :1 – 0.8, 2 – 0.9, 3 – 1.1; c: 1 – 0.8, 2 – 0.9, 3 – 1.0; d: variation
in the range -0,3 ÷ 0.7.

Significantly different impedance spectra have been obtained for the
neutral and oxidized forms of POT and PDDT films in acetonitrile solutions of
lithium perchlorate [49, 54] (see Figure 2.2b). In addition to the characteristic
high-frequency semicircle and pseudo-capacitive response, the transient
Warburg type region is appeared in these spectra. The diffusion impedance
components become well-pronounced ones, when analyzing the impedance
data in the -ZIm, ZRe vs. f -0.5 coordinates. This analysis reveals parallel linear
dependencies indicating diffusion-controlled charge transfer in the film
interior.
The diffusion coefficients occurred be equal to 2.9·10-8 сm2∙s-1
(Е = 0.8 V), 6.8·10-8 сm2∙s-1 (Е = 0.9 V), 1.5·10-7 сm2∙s-1 (Е = 1.0 V),
6.3·10-7 сm2∙s-1 (Е = 1.1 V), 1.7·10-6 сm2∙s-1 (Е = 1.2 V), that is, they were
dependent on the electrode potential.
Similar results were obtained in [51,53] for Pt/POT-electrode immersed in
a 0.1M solution of LiBF4 in propylene carbonate. The spectra of the neutral
form of POT exhibited a semicircle corresponding to a rather high resistance
Rct (about 30 kOhm), which was explained by the effects of the double layer
on the polymer/ electrolyte solution interface with Cdl=2 µF·cm-2. For the
doped (oxidized) form of POT the semicircle becomes more pronounced and
its diameter considerably decreases as the degree of film oxidation increases,
namely, Rct decreases to 980-790 Ohm at the electrode potential equal to 1.2
V. At the potential changes in the range 0.8÷1.2 V, the capacitance Cdl
increased by nearly a factor of 1.5 (from 2.8 to 4 µF·cm-2) and the low-
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frequency capacitance Clf changed from 0.76 to 4.1 mF·cm-2. The diffusion
coefficients of charge carriers determined at different oxidation states of the
POT film lie in the range (1†8)·10-8 сm2∙s-1. Similar values of the diffusion
coefficient of BF4- ions (Deff=8 10-9 cm2 s-1 for the potential of the anodic
maximum in CV) were reported for POT films [51].
In contrast to the spectra considered above, the impedance spectra of
polyaniline films and films based on polyaniline derivatives, e.g. poly(ophenylenediamine) (PPD) and poly(o-aminophenol) (PAP), have, as a rule, a
more complex shape. This manifests itself in the absence of well-defined
spectral regions, which could be associated with particular processes. In other
words, the impedance spectra of these systems cannot be described with
simple theoretical equations. The impedance of polyaniline films was also
studied in hydrochloric acid [76]. Dependences of the capacitance and
conductivity on the electrode potential as measured ones at a constant
frequency of 10 Hz exhibit maxima in the region of electrical activity of the
film. The authors of work [77] performed a thorough analysis of the published
data [76] and concluded that the properties of polyaniline films can be
explained only with allowance for the porous film structure.
The EIS spectra of PPD films exhibit a region corresponding to the
Warburg impedance and a poorly pronounced low-frequency capacitive
response [78]. Analysis of the impedance spectra and estimation of the
corresponding parameters were carried out in scope of the homogeneous film
model [32]. It was established that the low-frequency capacitance is
proportional to the film thickness and the maximum capacitance is achieved at
the polymer formal potential. A minimum of the Warburg constant and the
maximum width of the Warburg impedance region were also observed near
the formal potential. The effective diffusion coefficients are of the order of
(1†10)∙10-8 cm2 s-1 depending on the electrode potential [78]. At the same
time, it was reported that the used model of homogenous films is irrelevant to
describe specific features of the processes occurring in the polymer, in
particular, protonation of the film redox centers. The study of the impedance
spectra of PPD film on a glassy carbon substrate in a broad range of pH values
allowed the authors of [79] to analyze the dependences of charge transfer
parameters on the hydrogen ions concentration. It was found that, at low pH
values, the observed impedance spectra were slightly different from those
published earlier [78, 80] and the high-frequency semicircles appeared in the
spectra only at pH > 4.
Such key parameters, as interfacial charge transfer resistance Rct, lowfrequency capacitance Clf, and effective diffusion coefficient Deff were
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determined in [79] by using relationships of the homogeneous film impedance
[32]. It was also established that capacitance Clf and diffusion coefficient Deff
depend on the electrode potential and reach maximal values near the formal
potential. The observed increase in Deff-values with a decrease in pH was
treated as an indication to the fact that electron transfer is accompanied by an
intermolecular proton transfer.
The role of porosity in charging CP films has been discussed in the
context of the `faradaic' and `capacitive' components of the overall current [8189]. A number of methods for experimental separation of these contributions
was proposed. Among them, the most important is a spectroelectrochemical
research of CP films in UV and visible spectral regions [89-98]. However, the
problem of interpreting the capacitive responses has not been solved so far in
complete form.
When analyzing the experimentally determined low-frequency
capacitance Clf of electroactive polymer films in the region of their redox
activity, it usually occurs to be a parabolic function of the electrode potential
with a maximum at oxidation state y of about 0.5 (Figure 2.4). This results
from the fact that the maximum value of the product of the concentrations of
the oxidized and reduced fragments in the polymer corresponds to the formal
potential. However, the observed dependences of Clf on the electrode potential
are only in a qualitative agreement with the theoretical equation for the lowfrequency capacitance, which follows from the homogeneous film model

СLF

AF 2 L 1  a R0 (1   R0 )
1 

 2 0

0
0
RT  CR (1   R )
zmCm 

1

(2.1)

The Clf(E)-dependence calculated for poly(3-octylthiophene films [54,74]
according to Eqn (2.1) fits the experimental curve only if one assumes the
interaction parameter value, a(see eqn (2.1)), be equal to 6.8. According to the
definition of the parameter, its obtained sign and magnitude indicate to high
repulsive interactions between redox fragments in the film. The same character
of the experimental Clf(E)-curve was established for PPD films [78].
Possible reasons for significant differences between theoretical and
experimental curves include structural inhomogeneity of CP films that leads to
dispersion of the formal redox potentials and film swelling effects; both of
them are ignored in the homogeneous film model [54, 74].
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Figure 2.4. Dependence of low-frequency capacitance of POT film vs. electrode
potential in 0.5 М LiClO4 acetonitrile solution.

It seems that these factors affecting the low-frequency capacitance cannot
be accounted for even formally with the help of parameter a.
Analogous fitting of the experimental curve of Clf vs. E was performed for
PDDT film, where a satisfactory agreement between the results compared was
found at interaction parameter a=7.4. This value seems to be too high for
repulsive interactions. However, one can consider the data obtained for PОТ
and PDDT polymer films to be in a qualitative agreement with theoretical
predictions.
Dispersion of the low-frequency capacitance is characteristic for the
impedance spectra of CPs. Up to now the nature of such dependence is a
debated topic. Considerable attention to this issue was paid by Bisquert et al.
[68, 69, 99, 100], who reported results of a detailed analysis of the lowfrequency capacity dependence on the thickness of polypyrrole films and the
electrode potential. In particular, the frequency dispersion of the capacity was
explained by the existence of film porosity and the experimental data were
treated in scope of the modified Albery‟s model for charge transmission lines
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[101-103]. However, from this analysis it follows that the specific lowfrequency capacitance C = Clf/L = 100†200 F·cm-3 is almost independent of
the film thickness. This points to a linear dependence of Clf on the film
thickness and thus, suggests the volume character of the film charging rather
than formation of charged double layers on the large inner surface of the
porous film. In this case, the dispersion of capacity is associated with effects
of a diffusion length (pore size and polymer grain size), spatial distribution of
charge carriers over the bulk polymer, and binding of counter-ions in the film
[68].
We have spared a sufficiently high attention to the above discussions of
the cyclic voltammetry and impedance results obtained with the objects in
question. This was stipulated by our wish to clearly demonstrate that, basing
on such data, one can say only about some qualitative accordance between the
existing theoretical and experimental results. Actually, in all the cases
considered, it occurs necessary to draw additional arguments in order to
explain the observed deviations (or abnormalities) of experimental results with
respect to the theoretical predictions. Certainly, this might be the consequence
of a real complexity of the studied systems, but such explanation is only a
verbal one. On the other hand, the absence of a complete (quantitative)
agreement between the compared results allows one to have some doubts as to
validity (or sufficiency) of the applied theoretical representations for polaronconducting polymer films.
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3. UV-VIS-SPECTROELECTROCHEMISTRY
OF PEDOT-MODIFIED ELECTRODES
A priory assumed connection between the electrochemical properties of
the modified electrodes and their structural or morphology features requires an
implication of various structural-physical studies. In that connection,
combinations of purely electrochemical methods and such techniques, as UVVis-NIR-spectroelectrochemistry or electrochemical quartz
crystal
microbalance (EQCM) seem to be perspective, since their application might
provide an additional information on the mass and charge transport processes
in CPs. Actually, at studying of complicated p-doping processes with
formation of quasi-particles that possess specific optical and electrochemical
properties, a parallel and simultaneous use of electrochemical and
spectroscopic characterization of polymer films leads, as known, to the
necessary information. Such spectroelectrochemical studies in UV-visible
range of electronic absorption spectra have been performed for different CPs,
confirming the polaron-bipolaron concept of their conductance and the
presence of detectable quasi-particles in the film interior. Most simple and
easily treated data have been obtained, for instance in case of thiophene
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polymer family. In the papers related to such research [1-8], it is reported that
electronic absorption spectra of polythiophene films contain two isobestic
points. The latter means the presence of two redox transitions and three kinds
of optically different absorbing particles in the systems studied. Let us
consider in more detail the concrete examples of such studies performed with
poly-3,4-ethylenedioxythiophene films in a number of works (see, e.g., [110]).
Figure 3.1 shows a series of steady–state electronic absorption spectra
taken of a solid-state PEDOT film in a 0.1 M LiClO4 solution at different
electrode potentials [8]. The arrows indicated in the figure designate the
direction of the optical density variation at a gradual film oxidation, i.e. at
increasing the positive potentials.

Figure 3.1. Electronic adsorption spectra of PEDOT film in 0.1 М LiClO4 acetonitrile
solution at different potentials, mV: -1000÷ 800.

As seen from Figure 3.1, the absorption bands of the reduced state (λmax of
about 600 nm, see below) coincide to each other at the most negative electrode
potentials (–1000 and –800 mV), which indicates to the constant concentration
of the reduced fragments in this potential range. In accordance with the literary
data on PEDOT films [1, 2], this absorption band can be attributed to π-π*
interband electronic transitions in neutral film fragments. Wavelength λmax of
the absorption maximum of the PEDOT reduced form equals 600 nm, which is
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in a good agreement with the literature data [3–6]. A gradual decrease in the
intensity of the π-π* electronic transition band at λmax = 600 nm and the
observed shift of the absorption peak maximum towards the short–wave range
occur in the course of the polymer oxidation (or doping), that is, a
hypsochromic shift of the peak is registered at the conditions indicated. As can
be seen from Figure 3.1, the absorption band intensity at λmax = 600 nm
practically stops its changing at the highest positive potentials.
An increase in the positive electrode potential results in the simultaneous
appearance of the second and wide absorption band with a maximum at about
λmax = 850 nm. Its intensity grows at the potential increase up to E = 200 mV.
At higher potentials, the absorption growth slows down and the edge of a new
absorption band appears in the near IR spectral range with a maximum
probably located beyond the registered wavelength range (λmax > 1100 nm). It
is worth to not that the above evolution of the spectra is typical for different
thiophene derivatives at variations in their oxidation degree [1-7, 9, 10]. This
indicates to a similar nature of the processes, which take place in the polymers
with their different chemical substitutes.
The observed existence of isobestic points in the set of spectra of the
polymer film at variations in the film oxidation degree evidences that, in the
case of PEDOT films, we deal with the constant overall concentration of two
absorbing polymer fragments. Their ratio appears to be dependent on the
electrode potential. Besides, the presence of isobestic points indicates
indirectly to a compliance with the Beer‟s law for absorbing fragments.
Thus, one can speak on at least three absorption bands that can be singled
out in the observed spectrum. The first one with a pronounced maximum at
λmax = 600 nm corresponds to π-π* electronic transitions (in case of a PEDOT
film in its reduced state), but other two ones conform to the oxidized film
fragments: the absorption band at λmax = 850 nm and the second one with its
possible maximum beyond the registered wavelength range (λmax> 1100 nm).
It should be noted that the observed evolution of electronic absorption spectra
of PEDOT films as a process dependent on the applied potential is a common
phenomenon, which earlier observed for other polythiophenes [7, 11-15].
So the above data indicate to the appearance in the PEDOT film of three
kinds of absorbing species and this is in agreement with the well-known
polaron-bipolaron model of redox processes in CPs. These redox processes
can be represented by two consecutive electrochemical stages, each of which
possesses its certain formal potential (E10, E20):
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(3.1)

Here, symbol R1 obviously corresponds to the neutral fragments of
PEDOT films, whereas symbols О1 and О2 should most probably be assigned
to polaron and bipolaron species.
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4. EQCM INVESTIGATIONS OF MASS TRANSFER
PROCESSES IN PEDOT FILMS
The electrochemical quartz crystal microgravimetry (EQCM) method has
played an important role in studying the electrode processes in CPs. In many
cases from such measurements, one can extract a reliable knowledge on the
nature of counter-ions incorporated into a polymer film and changes in its
viscoelastic properties during the course of an electrode process. The p-doping
processes occurring in the CP films include formation of positive charges in
polymer chains that is accompanied with counter-ions and solvent molecules
transfer into the polymer bulk and, probably, some conformation changes. The
regularities of these complex processes determine electrochemical and
microbalance behavior of these systems.
In case of acoustically thin films, EQCM measurements of shifts of the
resonance frequency of the electrode crystal oscillations allow one to obtain
conclusions as to the average molar mass of transferred particles participating
in the electrode process. In particular, microgravimetrical responses of PPymodified electrodes and some poly-3-alkylthiophenes ones demonstrate
typical monotonous increases of the electrode mass with increasing the film
oxidation level (Figure 4.1).
These dependencies are in agreement with uptake of anions–dopants
during the oxidation of films and release of the same ions at the reverse
process. The calculated values of the apparent molecular mass of transferred
species were close to those of anions of the electrolytes used. Some ingress or
a lack of the transferred mass as compared to the molecular mass of the
electrolyte anion is usually assigned to the arising fluxes of solvent molecules
during the doping process. However in many cases, a more complicated
behavior is observed, which results from non-monotonous changes in the
resonance frequency with charging the films and a possible participation of
both cations and anions in the studied electrode processes.
In particular, more complicated microgravimetrical responses of PEDOT
films were observed in [1-7]. Though these films are often considered as
reference polymer ones due to stability of their electrochemical properties in a
wide range of potentials, anyone can note a great difference in the behavior of
PEDOT films and other alkyl-substituted polythiophenes. Such difference in
the film microgravimetric responses is reflected with the appearance of
different regions of the mass dependence on the electrode potential, the effect
probably caused by conformation changes occurring in the films at potential
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variations. The observed dependence of resonance frequency f on the electrode
potential (in the range of – 0.8 to 0.8 V) reveals two its different regions at
using solutions of TBABF4 and TBAPF6 in PC (corresponding curves are not
given here).

Figure 4.1. CV of POT film (line) and corresponding frequency-potential dependence
(dots) for the POT modified quartz crystal electrode. 0.1М LiClO4 acetonitrile
solution.

The first and most complex region (I) is observed in the potential range of
– 0.8 to 0.3 V. In this region, the resonance frequency increases at a gradual
rise of the potential and this conforms to a film mass decrease. A similar
region of the f(E)-dependence was pointed out in [3] for acetonitrile solutions
of TBAPF6, though an increase of the resonance frequency was much less
pronounced at the initial stage of the PEDOT film oxidation. The second
characteristic region (II) of the dependence is in the range of more positive
potentials of 0.3 – 0.8 V. A monotonous frequency decrease in region (II) at
rising the electrode potential points to the film mass increase resulted from
entering the counter-ions into the film interior. The direct and reverse runs of
the f(E)-dependence do not coincide, i.e. some hysteresis phenomenon is
observed.
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Effects of the electrolyte ions nature were also investigated to elucidate
stoichiometric mechanisms of redox processes in PEDOT films. The obtained
Δm vs. ΔQ curves of PEDOT films are represented in Figure 4.2a for
perchlorate solutions containing Li+, Na+, and TBA+-ions. The anion effects on
the Δm, ΔQ-dependence are illustrated by Figure 4.2b.

Figure 4.2a,b. Mass-qoulombic curves for PEDOT films in 0.1 М salts PC
electrolytes: a – () LiClO4, () NaClO4 and () TBAClO4 ; b – () TBABF4,
() TBAPF6 and () TBAClO4.

As it is seen from the figures, significant effects of the nature of the
supporting electrolyte ions of both signs are observed in the mass change
curves. The film mass somewhat decreases passing through a minimum or
remains practically constant in the initial region, though the electricity
consumed is rather significant (up to 30% of the overall electricity amount). In
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the second region of the m(Q)-dependence (corresponding to the potential
range of 0 – 0.8 V), a monotonous (and practically linear) mass increase is
observed at an increase in the electricity amount consumed during the anodic
cycling. The same shape of the curves is also registered in this region at the
reverse cathodic cycle of the film reduction.
The anion effect on the Δm, ΔQ-dependence in the case of a PEDOT film
is illustrated by Figure 4.2b. At the first step of oxidation (corresponds to the
potential range of –0.8 to 0.1 V) in PC solutions of TBABF4 and TBAPF6, the
film mass decreases and then it becomes to increase.
The observed character of mass variations within the potential range of 0–
0.8 V qualitatively agrees with that corresponds to anion-doping processes.
The average molar mass values for transferred particles are found by using the
slopes of m(Q)-dependences according to the Sauerbrey equation:
∆f = - Cf ·∆m,

(4.1)

where ∆f, the observed shift of the resonant frequency (Hz); ∆m, the
corresponding mass change (g/cm2); Cf, the sensitivity factor of the used
crystal.
As indicated in Table 1, these values for solutions of lithium, sodium, and
tetrabutylammonium perchlorates occur be equal to 62, 61, and 57 g/mol,
correspondingly, each of which is considerably lower than the molar mass of
non-solvated perchlorate-ions (99.5 g/mol).
Table 1. Experimental values of the average molar mass of the mobile
species per 1 F of the consumed electricity in PEDOT films for solutions
of different electrolytes. The data were calculated from mass change
curves registered at the potential sweep rate of 0.01 V/s
Electrolyte

MA–(calculated),
g/mol

M(exper.),
g/mol

N solvent
molecules

LiClO4
NaClO4
TBAClO4
TBABF4
TBAPF6

99
99
99
87
145

62 ± 3
61 ± 3
57 ± 3
45 ± 2
65± 4

0.3–0.4
0.3–0.4
0.5–0.6
0.3–0.4
0.7-0.8

The decreased molar mass values as compared to the anion mass point to
the simultaneous removal of the solvent molecules from the film in the course
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of the film oxidation. As seen from the table, the number of solvent molecules
leaving the film varies from 0.3 up to 0.8 per a single anion entering the film
[7]. Thus in all the cases, an underestimated average molar mass of transferred
anions is observed. This evidences the opposite directions of the anion and
solvent fluxes. Such conclusion agrees with the data obtained in [1] for
PEDOT films in an acetonitrile solution of lithium perchlorate.
The authors of [1] showed that variations in the degree of the film filling
with the solvent have not changed monotonously in the course of p-doping;
firstly, the film oxidation results in a significant decrease of the solvent
amount, then the solvent flux changes its direction, when it enters the film, and
after a film desolvation again occurs at more high positive potentials. Thus, the
reduced film form seems to be the most solvated one and the solvent and iondopant fluxes are not interrelated.
The same conclusions concerning to the solvent transfer from poly-3alkylthiophene films in the presence of hexafluorophosphate anions have been
done in papers [8, 9]. The authors of works [9, 11] assume that two types of
polymer zones exist in polythiophene films: the zones with a high conjugation
length and the regions with its lower value. The zones of the first type are
more compact than those of the second one and practically desolvated, while
the second zones have a more open configuration and easily include the
solvent molecules. The latter can be replaced by anions in the oxidation
process. In the reverse cathodic cycle, the solvent species enter the film in the
considered potential region [1, 2]. In paper [2], the mass transfer processes in
PEDOT films are also discussed for both the aqueous and acetonitrile
solutions containing a number of different salts. Its authors also conclude that
the anion and solvent fluxes are only responsible for the observed mass
changes.
A different conclusion was made in [3], where analysis of EQCM data for
acetonitrile solutions of a number of electrolytes has been performed basing on
a model that accounts for the possibility of a common participation of both
cations and anions in p- and n-doping processes. The authors of [3] believe
that the electrolyte cations (in particular, large tetrabutylammonium ones
(TBA+)) participate together with anions in the p-doping process of PEDOT
films. The cation transport into the films is predominant at the potentials
below – 0.2 V, while the anion one begins at higher potentials. This conclusion
is also supported by the data obtained in work [4], where ion transfer has been
studied by EQCM in aqueous solutions containing such cations, as Na+, K+,
and Ru+3. The mixed participation of the electrolyte ions in charge transfer
processes within PEDOT films is also discussed in papers [5, 6].
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As it took place under the preceding discussion of the electrochemical
results obtained with CPs, the above data have also created some impression
on complexity of the phenomena related to charge transfer within these
objects. Probably, the most important result following from
microgravimetrical studies of CPs is in the appearance of solvent fluxes that
accompany charge transport within the films under consideration. This fact
directly shows the existence of interactions between polymer chains and
surrounding solvent molecules. Moreover, it indicates to some changes in such
interactions at charging/discharge of the studied films. It remains only to add
here that the presence of these interactions and the possibility of their changes
are not accounted for by the existing theory of modified electrodes.
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5. METAL-CONTAINING COMPOSITES
BASED ON CONDUCTING POLYMERS
5.1. Synthesis of Metal-Containing Polymers
As mentioned in the Introduction, a lot of research of nanocomposite
materials formed from CPs has been performed during the last decade [1–9].
The strategy used at incorporation of metallic particles or other compounds
into CP films is in the following. It is assumed that syntheses of these
composites should lead to some positive effects related to the threedimensional distribution of the included particles, the improved transport
characteristics for electronic and ionic charges in the film matrix, and the
increased catalytic activity of the inclusions due to producing of their nanosized structures.
A number of different synthetic methods reviewed partly in refs. [1, 2]
were proposed for preparation of such composites. These methods include
either chemical or electrochemical deposition of metals from the
corresponding solutions, incorporation of preliminary synthesized metal
nanoparticles in the course of film electropolymerization, spontaneous
reduction of metal ions by monomer or polymer film precursors, codepostion
during potentiodynamic or pulse potential sweep, etc. Probably, the simplest
way to load metal particles into CP films is electrodeposition of metals, which
has been employed firstly for PMT [10] and PPy [11]. Aiming a fabrication of
electrocatalytic materials, various metals were electrodeposited in CPs, in
particular Au [12-18], Pd [19-30], Pt [31-70], Ag [71-75], etc. The metal
electrodeposition can obviously be performed into a preliminary synthesized
CP film or by simultaneous formation of a polymer film with included metal
particles during one stage syntheses. In the last case, a common deposition of
polymers and metal particles might proceed with using cyclic voltammetry in
a wide range of electrode potentials in the presence of monomer film
precursors and metal ions in a working solution. Asymmetric potential
impulses can also be applied for the monomer oxidation and metal ions
reduction at different chosen potentials. In this case, the oxidative
polymerization and metal clusters growth take place at using the same working
solution, but during the time-resolved processes.
It is clear that, depending on the technique applied for the metal
electrodeposition, one can obtain significant differences in the size and spatial
distribution of metal particles within the film volume. These issues are
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reviewed in detail [2], and the important role of the polymer morphology at
such applications is clearly demonstrated in [29]. A possible polymer surface
inhomogeneity and some energetic and topographic peculiarities of different
CPs are usually considered as factors determining different sizes of the formed
aggregates or their agglomeration [76-78]. Depending on the CP porosity and
the film conductivity at the potentials of a metal deposition, different spatial
distributions of metal particles across the film might take place [5]. In general,
it is expected that, for poorly conducting and porous films, a metal deposition
starts from an inner (substrate/CP) interface growing through the polymer
layer. In the case of highly conducting polymers, nucleation of metals takes
place predominantly at an outer (polymer/solution) interface including the
internal surface of film pores filled with the electrolyte used [78,79]. Presoaking of CP layers with electrolytes containing metal ions and a use of the
impulse deposition technique lead to more homogenous distributions of metal
clusters within polymer films [5, 33, 50, 69].
The electrochemical polymerization of modifying films in the presence of
pre-synthesized metal nano-particles (MeNPs) is also the widely accepted
method to prepare the composite electrodes [31-34, 80-83]. Its advantage is in
the presumed use of homogeneous distributions of MeNPs over their size.
A special attention has been paid to the synthetic approaches, according to
which either a CP film on the whole or its monomer precursors existing in a
working solution act as reducing agents with simultaneous formation of metal
particles in the polymer film or polymer structures in the solution,
respectively. Simultaneous redox reactions between ions of electropositive
metals (mostly complex ions of noble metals) and reduced forms of polymer
films were used to prepare CP composites including such metals, as gold [8493], palladium [28-30, 94-108], silver [109-119]. This method was also
applied to produce metal-containing PEDOT films in our recent papers [92,
93, 106-108, 119].
PEDOT/Pd electrodes were obtained by the palladium ions reduction from
a working solution containing PdCl2 of different concentrations in contact with
the reduced PEDOT film. As the standard electrode potential of the
Pd(II)/Pd(0) couple is about +0.85 V (S.H.E.) in a 0.5 M H2SO4 solution,
palladium ions can act as effective oxidizing agents for the reduced form of
PEDOT films. The corresponding reaction is schematically represented by the
equation


2 A
Pd 2  2PEDOT 0 
 Pd 0  ( PEDOT  )2  2 A ,

(5.1)
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where PEDOT0 is the reduced fragment consisting of three-four neighboring
repeat units of the polymer chains. Different anion-dopants A- existing in a
working solution (both sulfate- and chloride-ions) can participate in this
reaction.
The direct evidence of loading palladium particles into preliminary
reduced PEDOT films was obtained at the subsequent use of energy-dispersive
X-ray analysis. It should also be mentioned that, in CV curves of such
composite electrodes immersed into a 0,1 M H2SO4 solution, characteristic
peaks of the hydrogen sorption–desorption, as well as the peaks associated
with formation and reduction of PdO have been observed, which are the
additional evidences of the presence of Pd particles in the films prepared.
On the other hand, the weight changes accompanying the palladium
deposition into the prepared composite electrodes were studied by quartz
crystal microbalance method. These measurements were carried out with
PEDOT films of 0.1–0.2 μm thickness, which made it possible to neglect any
contribution from their viscoelastic properties to the observed resonance
frequency (f) shifts. Figure 4.3a shows how the shape of f(E)-dependence has
changed in result of successive palladium loadings (30 s each time) of the
same film after it was reduced and then maintained in a 0.1 M H2SO4 solution
with the palladium chloride concentration of 5·10-4 M. As a result, the f(E)
curves undergo a parallel displacement to the region of lower frequencies,
which directly indicates to an increase in the amount of the palladium
incorporated. From the observed shifts of the resonance frequency, the
corresponding changes in the film mass were found by using Sauerbrey
equation (3) (see Figure 4.3b).
At the same time, if one assumes that the palladium deposition into the
films proceeds in accordance with Eqn. (5.1), the amount of the deposited
palladium can be estimated independently, basing on the Faraday law. To
perform such estimations, one needs two sets of experimental data. First, CV
curves of PEDOT-modified electrodes in solutions that do not contain
palladium ions must be established. Second, the dependence of changing the
electrode potential in the course of the metal loading must be registered from
its initiation to its end, when the loading is interrupted. Integrating a CV
current curve divided by its sweep rate with respect to the electrode potential
from its initial value up to the final one, obviously, gives the amount of
electricity consumed during the palladium deposition. This makes it possible
to calculate the loaded mass of Pd according to Faraday‟s law (see the fourth
column of Table 2).
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Figure 4.3. a) The resonant frequency of PEDOT (1) and PEDOT/Pd film (2-6)
modified quartz crystal electrode as a function of potential (E) in 0.1M H2SO4. Сurves
2-6 corresponds to successive 30 s deposition of Pd from 5·10-4 М PdCl2; b) Mass of
palladium vs. amount of electricity passed during the oxidation of film by palladium
ions.
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Table 2. Loaded mass of Pd according to Faraday’s law

№

Deposition time, τ (s)

1
2
3
4
5

30
60
90
120
180

mPd, Δm (μg·cm-2)
EQCM
1.41
2.83
4.77
6.18
7.17

mPd, Δm (μg·cm-2)
Coulombic method
1.30
2.61
4.46
5.90
6.82

As seen from the table, a good agreement between the results of both
methods really takes place, though the mass values obtained from EQCM data
are somewhat increased as compared to those calculated from CVs.
One of the reasons of such increase is the possibility that solution
components (mainly water molecules) are included in the composite film in
result of their sorption by palladium clusters. As the mass values obtained with
two indicated means are sufficiently close, one can consider both methods be
equivalent to each other.
Some morphologic features of PEDOT/Pd composite films were studied
with scanning electron microscopy (SEM) [106,107]. Figure 5.1 represents the
typical SEM image of their surface. One can see an irregular porous structure
of the polymer film with a wide range of pore sizes. This figure also shows
that the globular structures settled at the film surface and the pore walls are
covered with mostly spherical nano-sized palladium particles. The latter are
close in their size (10–20 nm for the chosen conditions of their deposition) and
uniformly distributed over the polymer surface. More unambiguous
evaluations of sizes of the deposited palladium particles and their distribution
across the film thickness were performed with transparency electron
microscopy (TEM) (Figures 5.2 and 5.3).
Figure 5.2 presents a bright-field TEM image of a PEDOT/Pd composite
film at varying deposition time (deposition from 5∙10–3 M PdCl2). In this
recording mode, palladium particles are visualized as dark spots. As seen from
Figure 5.2, the size of the dominant palladium clusters grows substantially
with increasing the deposition time (as compared to their size at the deposition
time equals 60 s). The data of Figure 5.2 confirm the volume character of
palladium particles distribution (at least, in subsurface regions of the polymer);
one can see a series of dense polymer regions surrounded by palladium
particles.
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Figure 5.1. SEM image of a PEDOT/Pd film. Pd particles are deposited by dipping of
previously reduced polymer film for 60 s into 5·10-3 M PdCl2 / 0.1 M H2SO4 solution.
Separate palladium clusters are indicated by arrows.

Figure 5.2. TEM images of a PEDOT/Pd film. a- 30 s deposition time ; b. 120 s
deposition time from 5·10-3 M PdCl2 / 0.1 M H2SO4 solution.

Gold ions possessing of the high oxidation potential (1.002 V) can also be
deposited into PEDOT films (and some other CP ones), producing metal
particles in the film in result of the polymer fragments oxidation. This process
is similar to the considered above, but schematically described by the
equation:
3PEDOT0 + AuCl4- + 3A- = (PEDOT +·A-)3 ·Au0 + 4Cl-

(5.2)

114

V. V. Kondratiev, O. V. Levin and V. V. Malev

Loadings of the metal gold particles account for their chemical deposition
into PEDOT films have also been estimated by using the EQCM method and
the approach based on the Faraday law. As it took place for PEDOT/Pd films,
the same good correlation between the mass values obtained by two indicated
means was established in case of PEDOT/Au films [92, 93]. The presence of
such correlation permitted us to perform subsequent studies of redox processes
on the electrodes modified with the above composite films.

5.2. Redox Reactions at Metal-Conducting Polymer Coated
Electrodes
Metal clusters included into conducting polymers might accelerate
numerous reactions such as oxidation of hydrogen, hydrogen peroxide,
hydrazine (and other small organic molecules), reduction of oxygen, hydrogen
peroxide, carbon dioxide, electrohydrogenation of organic species, and many
others. Catalytic activity of metal nanoparticles in CPs has attracted much
attention due to possible applications of these objects in low temperature fuel
cells, catalysis of organic reactions, and sensors. An attractive feature of the
metal–polymer composite materials is that nitrogen, oxygen, or sulfur atoms of
polymer chains can stabilize nano-sized metal clusters due to interactions with
the surface metal atoms, preventing agglomeration of such clusters into largescale aggregates. Besides, such composite materials exhibit good transport
properties due to their porosity and high electron conductivity.
In connection with such applications, the possible location of electrode
reactions proceeding on the composites in question deserves a special
discussion. In general, an electrode process with participation of redox-active
particles may take place at the polymer/electrolyte interface, the phase
boundary of metal clusters, and the inner electrode substrate/electrolyte
interface in case of existing thorough film pores.
The experimental evidences of inhomogeneity of composite films resulted
from their porosity and non-regular metal inclusions are shown in Figures 5.15.3. Therefore electrochemical reactions can actually occur not only on their
visible “outer” surface, but also an “inner” surface of film pores. The porosity
of composite films and the existence of different reaction surfaces (metal,
substrate, and polymer) might lead to a complex electrochemical behavior of
composite electrodes, which is not described with classical equations of the
electrochemical kinetics on compact metal electrodes.
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Figure 5.3. TEM image of PEDOT/Pd film (120 s palladium deposition time from
5·10–3 MPdCl2).

However, the performed quantitative simulations of electrode processes
taking place in metal-containing films of CPs [121] show that a use of such
equations often occurs possible if two essential conditions are fulfilled. The
first one assumes that the heterogeneous rate constant of a studied process
does not depend on the sizes of the metal clusters included into a CP film. The
second condition is in a relative smallness of the film thickness as compared to
the diffusion layer that appears in the adjacent solution under the passing
currents. At the above conditions being fulfilled, the classical electrochemical
equations (inclusive of non-stationary ones) appear to be valid for electrode
processes in the metal-containing composite electrodes. The only point to be
accounted for at such applications is the fact that the effective rate constant of
the studied process occurs dependent on the metal loading into the used
composite film (for more details see recent review [122]).
Two examples of experimental verifications of these theoretical inferences
are shortly discussed below. In particular, the hydrogen peroxide reduction at
PEDOT/Au composite electrodes [92] and the hydrazine oxidation at
PEDOT/Pd composite film [107] have been studied as some testing reactions.
It has been shown that, in 0.2 М phosphate buffer solutions (PBS) (рН = 6.86),
the electroreduction of H2O2 proceeds simultaneously on both the gold clusters
surface and the film one free from the metal inclusions. The observed shift of
the half-wave potential of the Н2О2 reduction on PEDOT/Au film (≈ - (500

116

V. V. Kondratiev, O. V. Levin and V. V. Malev

÷ 570) mV) with respect to that of pristine PEDOT film (≈ -750 mV) amounts
about 200 mV at the same experimental conditions. This indicates to the
significant increase in the rate of the Н2О2 electroreduction in the presence of
dispersed gold particles incorporated into PEDOT films and, probably, results
from electrocatalytic properties of the included gold particles with respect to
the process under discussion.
Partial voltammetric curves of the hydrogen peroxide reduction on Au
particles have been obtained and analyzed as functions of the electrode
potential and the metal loading into PEDOT films [92]. As has been
established, an increase in the amount of gold loaded into the films leads to a
shift of the half-wave potential of the electroreduction wave to more positive
potential values. At the same time, the observed limiting currents (jd) increase
their value and tend asymptotically to the limiting one that exactly corresponds
to the Levich equation for diffusion limiting currents to rotating disc
electrodes (RDE method has been applied in the study reviewed (see [92])).
This phenomenon evidently results from a gradual transition from a small
active surface of gold particles acting as separate microelectrodes at their low
content in PEDOT films to the conditions of mass-transfer of reacting particles
within the diffusion layer of the bathing electrolyte, when the amount of gold
in composite films is high enough.
Based on the obtained partial voltammetric curves, the Tafel plots of E vs.
log [j/(jd – j)] corrected for a mass transfer were constructed for the hydrogen
peroxide reduction on the gold particles surface of composite films. Linear
parts of such semi-logarithmic dependences were observed in the main range
of the electrode potential changes (Figure 5.4), where the calculated partial
currents were not too close to the observed limiting values. Tafel‟s slopes bk of
all the constructed curves were in the range of 0.21÷ 0.24 V/dec, which
allowed us to conclude that an irreversible two-electron process took place in
case of the hydrogen peroxide electroreduction on gold particles of
PEDOT/Au films.
From the obtained slopes (bk = 2.303RT/α/F), the apparent transfer
coefficient of the cathodic process in question was estimated as quantity
α′ = 0.24÷0.28. The obtained value of α′ indicates that the first electron
transfer is a limiting step of the overall two-electron process. This is consistent
with the two-steps hydrogen peroxide electroreduction suggested in [120]. In
the case of a polycrystalline gold electrode, slope bk of the linear part of the
E[log(j/(jd – j))]-dependence occurs equal to 0.23 V/dec [92], i.e. it is close to
that obtained for the hydrogen peroxide electroreduction on the surface of gold
clusters included into PEDOT films.
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Figure 5.4. Mass-transfer corrected Tafel plots for the hydrogen peroxide reduction on
Au-particles in PBS solution plus 1∙10-3 M H2O2 at different durations of gold loading,
s: 1 - 60, 2 - 150, 3 - 240, 4 - 330, 5 - 560, 6 – 720.

Figure 5.5. RDE voltammograms of PEDOT/Pd modified electrodes in presence of
2.5·10-3 M N2H4 in 0.2 M phosphate buffer solution. Scan rate: 20 mV/s. Time of Pd
deposition from 5·10-3 M PdCl2/0.1 M H2SO4, s: 1 – 30, 2 – 40, 3 – 50, 4 – 60, 5 – 90,
6 – 120, 7 – 180, 8 – 240. On the inset – dependence of limiting current Id from
deposition time.
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Analogous approach has been applied in work [107] devoted to the
hydrazine electro-oxidation on PEDOT/Pd-modified electrodes. An
asymptotic growth of the limiting currents of hydrazine oxidation with
increasing Pd deposition time (Figure 5.5) has been observed similar to that
mentioned above for the hydrogen peroxide reduction on PEDOT/Au
electrodes. As it took place in that preceding case, the diffusion nature of the
limiting currents of the hydrazine oxidation on composite PEDOT/Pd films in
PBS has been established. This allowed us to estimate the hydrazine diffusion
coefficient in the adjacent solution as value equal to 1.2·10-5 cm2s-1, which is
in agreement with the data published in [124]. Analysis of the obtained cyclic
voltammetry data led us to the conclusion that the four-electron process of the
hydrazine oxidation on PEDOT/Pd composites proceeded predominantly on
the palladium clusters distributed over the surface layers of the polymer films.
Thus, the performed experimental studies with metal-containing PEDOT
films show that their results might successfully be treated in scope of the
traditional approaches to electrochemical processes on metal electrodes. As
mentioned above, the only point to be accounted for at using such equations in
the case of metal-containing CP films is in the appearance of some dependence
of the effective rate constant of the studied process on the metal loaded into
the used film. The existence of such dependence for the both systems
investigated is reflected with the observed gradual shifts of polarization curves
of composite electrodes with increasing the metal content towards the curve
inherent to the proper metal electrode (see Figure 5.4). As the slopes of these
curves (in the corrected Tafel coordinates: E vs.lg [j/(1─ j/jd)]) are practically
independent on the metal loading, it can be concluded that the mechanisms of
the studied processes in cases of the composite electrodes tested are the same
as those, which take place at the corresponding metal ones. This allows one to
assume the absence of specific catalytic activity of the studied composite
electrodes as compared to that of the compact metal ones, at least in the cases
investigated. So, the only preference of the above composite electrodes as
compared to the corresponding solid ones seems to be in using very small
amounts of expensive noble metals.
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6. CHARGE TRANSFER IN THE FILMS FORMED
BY POLYMERIC COMPLEXES OF NICKEL
WITH THE SCHIFF BASE LIGANDS
Metal-containing polymer films can be prepared not only as
heterogeneous structures, but also due to incorporation of chemically bonded
metal atoms into the organic backbone of a polymer. Here we would like to
summarize the results received at studying of one of such compounds, namely
polymer films of Ni(Schiff) complexes (figure 6.1).
Electrode modification by anodically polymerized films of metal N, N′bis(salicylidene)ethylenediamine (salen) complexes was first demonstrated in
1988 [1, 2]. Horwitz and Murray [1]polymerized the 4,4'-di(N-methyl-Nphenylmethyl)salen complexes of nickel(II), cobalt(II), and manganese(III)
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onto the surfaces of platinum electrodes. Independently, electropolymerization
of nickel(II) salen onto both the platinum and tin oxide electrodes was
performed by Goldsby and coworkers [2]. Almost simultaneously Timonov
and Shagisultanova have synthesized salen-type polymeric complexes of
palladium [3].

Figure 6.1. General formula of the metal complexes with salen-type ligand; M- metal
atom, R1-R3 – hydrogen or organic radical, Y – bridge group.

Literature data [4] give a list of conditions that are important for formation
of conducting polymer films by electropolymerization of metal-salen
complexes:
1.
2.
3.
4.
5.

ability of the metal center (M in Figure 6.1) to have at least two
different oxidation states (+2,+3,+4);
existence of π-conjugated network in the ligand;
planar geometry of monomer complex;
low coordination ability of the solvent, from which polymer is
formed;
oxidation potential must be high enough to ensure two-electron
oxidation of the monomer, but low enough not to destroy the πconjugated network at overoxidation of the complexes (typical values
of potential are 0.9 – 1.3 V vs. Ag/AgCl (sat.)).

The existence of a ligand-based π-conjugated network together with
electrochemically active central metal atom makes it possible to consider the
polymeric complexes as a unique type of CPs. Mechanisms of their
electropolymerization and charge transfer have been the subjects of
discussions for years.
In general, an oxidative electropolymerization of salen-type metal
complexes is described as an oxidative coupling of cation-radicals with
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formation of C-C linkage, leading to formation of polyphenylene-type
polymers [2, 5, 6] (figure 6.2).

Figure 6.2. Structure of the polymeric complex [M(Salen)] according to the oxidative
coupling polymerization model.

Such polymerization route is confirmed by chemical analysis of polymer
decomposition products [7] and impossibility of electropolymerization of 5alkyl substituted complexes [2]. However, some experimental facts could not
be explained in the scope of this model, namely:





electropolymerization of 5-Br substituted complexes [8];
absence of electropolymerization for complexes with non-planar
structure [3];
low conductivity of the Zn polymeric complexes, where the central
atom can have only one (2+) oxidation state [7];
conductivity of electropolymerized films in the direction normal to the
electrode surface is 6-9 orders higher than that of in directions
tangential to the electrode surface [9].

It is well known that a solid phase of planar monomeric complexes of
transition metals (including salen-type complexes) consists of dimeric
aggregates or linear chains, linked by d8-d8interaction between metal atoms
[10-12]. This fact together with the above observations has led to the
appearance of another polymer formation model, which assumes formation of
a stack-type supramolecular structure with intermolecular charge transfer [13]
(figure 6.3).
Now the most plausible model of polymers molecular structure is the
hybrid one proposed by Piters et. al. [14] and confirmed by other groups [8,
15, 16]. According to the model, polymer films consist of fragments linked to
each other by both C-C covalent bonds and intermolecular interactions (figure
6.4).

Charge Transfer and Electrochemical Reactions …

127

Figure 6.3. Stack model of molecular materials based on salen-type complexes of the
transition metals. Arrows indicate the routes of intermolecular charge transfer.

Figure 6.4. Hybrid model of molecular structure of polymeric [M(Salen)] complexes.

During the first electropolymerization step, self-organized films,
consisting of monomer stacks brought together with intermolecular
interactions, are formed. Subsequent oxidation leads to their linkage and
formation of polymers by C-C bonding between p-positions of ligand phenyl
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rings. As a result, the obtained polymers are characterized with the capability
of intermolecular and intramolecular charge transfer proceeding due to
different mechanisms and providing different conductivities.
As well as the electropolymerization mechanism, the mechanism of the
redox transformations in the polymeric salen-type complexes is still not clear.
Here, we will demonstrate the recent findings in studies of such transfer on the
example of nickel complexes.
Initially, the Ni(II) -> Ni(III) transformation was assumed to be
responsible for the electroactivity of the polymeric [Ni(Schiff)] complexes, so
such materials were designated as redox polymers[14, 17, 18]. However, direct
detections of Ni(III) by electron paramagnetic resonance methods have failed
[6, 19-21]. Indeed, studies of oxidized monomeric SalEn-type complexes with
substituents preventing polymerization show that, in the oxidized state, these
complexes can be described as Ni(II)-phenoxyl radical ones instead of Ni(III)phenolate, if no exogenous ligands are added to the used solution [22-25]. This
was the reason why ligand-based model of polymers electroactivity was
suggested [6, 19-21]. According to the model, the polymers were assumed to
have the polaron conductivity like other intrinsically conducting polymers.
However, some phenomena could not be explained in scope of this model
[26]. It is known that the electronic structure of oxidized Ni(II) square-planar
complexes is sensitive to many factors. Electron paramagnetic resonance
(EPR) spectroscopy data prove that exogenous ligands, such as pyridine or
highly coordinating solvents (e.g. dimethylformamide) are localized in the
axial positions and, thus, stabilize Ni(III) oxidation state [2, 27-29].
The same might happen in polymeric nickel SalEn-type complexes, and a
high oxidation state of nickel atoms becomes stable through coordination of
solvent molecules in axial positions. In such case, ex situ detection of Ni(III)
will be impossible in result of the Ni(III)/Ni(II) transformation after removing
the solvent. However, Ni(III) in SalEn-type complexes has characteristic
ligand-to-metal charge transfer (LMCT) light absorption band near 500 nm
[25]. Phenoxyl radical has ligand-to-ligand charge transfer (LLCT) band at
900-1100 nm in the same spectra. So, the intensity of the LLCT indicates to
the charge localization degree; it is high for a delocalized system, while no
characteristic LLCT band is observed in the case of a fully localized system.
Both LMCT and LLCT bands are observed for polymeric [Ni(SalEn)] type
complexes [6, 19, 21, 30], so one can assume a combined mechanism of the
polymers electrooxidation involving both the ligand based and metal based
processes.
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Cyclic voltammetry data confirms such complicated route of redox
transformations in the polymeric complexes in question. It will be
demonstrated on examples of a series of nickel complexes having different
ligand structures (figure 6.5).

Figure 6.5. Monomer complexes. Abbreviations:
R=H, Y=CH2-CH2 – [Ni(SalEn)]
R= OCH3, Y= CH2-CH2 – [Ni(CH3OSalEn)]
R= H, Y= C(CH3)2-C(CH3)2 – [Ni(SaltmEn)]
R=OCH3, Y= C(CH3)2-C(CH3)2 – [Ni(CH3OSaltmEn)]

R= H, Y=

R= OCH3, Y=

– [Ni (SalPhen)]

– [Ni (CH3OSalPhen)]

Cyclic voltammograms of unsubstituted poly[Ni(SalEn)] have a pair of
broad peaks (Figure 6.6a). Polymeric complexes with substitued ligands have
different voltammetric responses. Such responses of complexes with methyl
substituents in imino bridges have shoulders on both the anodic and cathodic
branches (poly[Ni(SaltmEn)], Figure 6.6b). Introduction of the methoxy
substituents in the phenyl rings leads to the appearance of additional
voltammetric peaks together with the observed shift of polymer electroactivity
in the cathodic direction (poly[Ni(CH3OSalEn)], poly[Ni(CH3OSaltmEn)]],
Figure 6.6c,d). Two pairs of voltammetric peaks are usually interpreted as an
evidence of two electrochemical processes.
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Figure 6.6. Typical voltammograms of polymeric complexes, a) poly[Ni(SalEn)], b)
poly[Ni(SaltmEn)], c) poly[Ni(CH3OSalEn)], d) poly[Ni(CH3OSaltmEn)].
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In the literature, it was attributed to structurally determined transport [19,
30] or to some combination of the ligand-based and metal-based oxidation
processes [31, 32]. It can also be noticed that the reduced currents (i.e. the
ratios of I/L, where L, the film thickness) recorded for two different values of
L (approximately equal to 1 and 2 μm) at scan rate ν = 50 mV/s differ
insignificantly from each other, demonstrating only a small shift of the peak
potentials. This allows one to assume a quasi-monolayer occupancy of both
films with their ox- and red-fragments in the course of recording CV-curves,
i.e. the practical absence of charge carriers‟ gradients within the film interior.
Impedance spectra of the polymer nickel complexes are also quite unusual
[33]. Typical Nyquist plots (see figure 6.7) are characterized with the absence
of high frequency semicircles (at least, at frequencies lower than 100 kHz) and
hardly resolvable Warburg and pseudo-capacitive changes in the imaginary (–
Z”) and real (Z‟) impedance constituents with decreasing angular frequency ω
= 2πf (105 Hz > f > 10-1 Hz) of the applied alternating potential (its amplitude
is 10 mV) [31]. At potentials on the edges of the film electroactivity region
(300÷400 and 1000 mV) and ac frequencies below 1 kHz, the Warburg
constituent of the impedance is explicitly revealed as linear dependences of
Z”,Z’ in functions of the reversal square rooted frequency with the slope close
to π/4 [34]. Thus, the obtained data of impedance measurements appear to be
non-trivial most likely resulting from several redox transitions.

Figure 6.7. Impedance spectra of 1 μm thick poly-[Ni(CH3O- SalphEn)] film on 0.07
cm2 glassy carbon electrode in solution of 0.1 M Et4NBF4 in acetonitrile. Potentials of
the spectra registrations indicated on the graph are given vs. Ag/AgCl/KCl (sat.).
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The impedance theory is well developed for polymer films containing two
kinds of charge carriers [34]. However, the systems in question do not satisfy
the model assumptions of such theory due to the presence of several redox
transitions, the potential regions of which overlap each other. It appeared that
the impedance Z(ω) in the regions of overlapping redox transitions can be
represented as follows[31]:
Z(ω) = Z'(∞) + (1− j)σW/ω1/2 – j/ωCLF,
where Z'(∞) is the value of the impedance extrapolated at f = ∞, j 

(6.1)

1 ;

angular frequency ω = 2πf; CLF is the low-frequency capacity of the film; σW,
the Warburg constant. Such form of the frequency dependent impedance,
which is not predicted by the existing theory [34], is a combination of the
Warburg and pseudo-capacitive responses. It seems that the necessary
condition for observation of such impedance response is the existence of two
overlapping redox transitions, which should be accompanied with some cross
effects resulting from the presence of three kinds of charge carriers in the film
interior instead of two ones assumed in the existing theory.
To estimate what a factor is exactly responsible for the complicated
voltammetric and impedance responses of the polymeric complexes, it is first
necessary to establish stoichiometric relationships of the charge transfer
process investigated. Number n of electrons consumed for reduction/oxidation
of one repeat unit of the polymers was determined by parallel CV and EQCM
measurements in [35]. In particular, it was found that number n is equal to 1.0
± 0.1 for all the poly-[Ni(Schiff)] films. This means that the polymer fragment
oxidation/reduction is exactly one electron process. It is just the reason why
one needs to assume the existence of three kinds of charge carriers within the
polymers, in order to explain the appearance of two (or even more) transitions
separated sufficiently in the electrode potentials. Though the nature of such
charge carriers is still questionable, some verisimilar speculations on their
entity seem possible.
As mentioned above, three structural models are discussed in the
literature, to explain the existence of such transitions:



as typical conjugated chains with polaron and bipolaron conductivity
[6, 7],
as stacked supramolecular structures with metal-based conductivity
[18, 36],
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as some combination of the previous ones [6, 14, 37].

The appearance of two redox transitions in scope of each model was
discussed on the basis of thermodynamic considerations [32]. The authors
considered three particular electrode systems corresponding to the assumed
existence of three kinds of charge carriers within a polymer film. The simplest
system corresponds to a film containing two kinds of immobile carriers that
are not capable to transform into each other (“mechanical mixture of two
immobile charge carriers”). The second analyzed system corresponds to a
polymer film, in which the polaron/bipolaron conversion takes place:
2R – e ↔ P and P – e ↔ B

(6.2)

The third model system describes polymer films possessing both the
polaron and redox conductance.
Usually, the polaron charge is distributed over 3÷6 neighboring fragments
of polymer chains [4]. In case of complexes with the Schiff bases, phenol rings
can be considered as possible sites for such distribution, so that two monomer
units might provide four sites for the polaron localization. For the sake of
simplicity, we therefore assumed that polarons P and bipolarons B are
delocalized over 2 polymer repeat units R; this is the reason, why the polaron
formation is described by the first reaction from reactions (6.2). At the same
time, the redox reaction of changing the electron state of nickel atoms
R – e ↔ Ox

(6.3)

is also possible (here, Ox symbolizes a [Ni(III)Schiff]-unit). The above
reactions, in essence, mean the existence of the third reaction proceeding in the
film interior, namely the following one:
P ↔ Ox + R,

(6.4)

which can be treated as a disproportionation reaction, i.e. the electron
exchange reaction that might proceed in any polaron with formation of the
reduced and oxidized states of the nickel atoms included into its structure.
After solving the corresponding thermodynamics equations, it was found
that, in all the above cases, splitting of voltammetric peaks into two apparent
transitions can be observed at proper ratios of the constants characterizing the
reactions assumed [32]. However, the obtained results are not sufficient to
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determine the real route of redox transformations by basing exclusively on the
obtained voltammetric curves. To determine such route, one should refer to the
data obtained by other techniques. The obtained electrochemical quartz crystal
microbalance (EQCM) data demonstrate that oxidation of the polymers in
question is accompanied with an increase in their weight ∆m(Q) due to
entering charge-compensating ions and solvent molecules into the film,
whereas the reversal process takes place under the polymer reduction.
However, the molar weights of charge-transferring species occur to be
dependent on the oxidation potential [20]. One can find two linear regions on
the obtained ∆m(Q)-curves, where Q, the consumed charge. At the oxidation
potentials below 0.8 V vs. Ag/AgCl (sat.), the molar masses of transferring
species are less in all cases than the mass of BF4--anion, which corresponds to
replacement of a solvent molecule by each charge compensating anion. If
oxidation is continued up to the electrode potentials of about 1.2 V, no solvent
ejection is observed; the mass of charge-compensating species becomes higher
than that of BF4--anion, so the flux of counter-ions is most probably
accompanied by solvent injection into the film. The latter indicates to some
expansion of the film under these conditions. These peculiarities were
confirmed by probe-beam study [20] and in-situ ellipsometric study of
Pd[CH3OSalEn] films [26]. From the above voltammetric, impedance, and
EQCM results it becomes clear that the polymer oxidation proceeds by two
steps, and the second step is accompanied by solvent injection into the film.
As concerns the nature of the observed redox transformations, it might be
uncovered with the help of spectral methods. Characteristic UV-visible spectra
of poly[Ni(SalEn)] films measured at their potentiostatic polarization from 0 V
to 1.2 V (vs. Ag/AgCl (sat.)) are presented in Figure 6.8. The reduced form of
the polymer (Red) has a characteristic absorption band at 406 nm and another
one in near-UV range, which is not well resolved due to some system
limitations. In result of the polymer oxidation new absorption bands appear.
Namely up to 0.9 V, a growth of the wide near-infrared band is observed. Such
low energy band is characteristic for delocalized charge state, which can be
identified as a polaron in terms of the conducting polymer theory (similar
bands are observed for PEDOT films, see the preceding section).
However at potentials higher than 0.9 V, some decrease of the indicated
absorption band is observed together with an increase of absorbancy at 460
nm, leading to the formation of a well-defined band at polarizations higher
than 1 V. According to the data obtained for monomeric complexes [27-29],
the appearance of such band corresponds to localization of charge density on
Ni atoms in the presence of axial ligands.
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Figure 6.8. Characteristic spectra of poly[Ni(SalEn)] films, measured at potentiostatic
polarization from 0 V to 1.2 V. Directions of absorption maxima evolution with an
increase of the electrode potential are indicated by arrows.

In this case, we should assume that the highly oxidized state of the
polymer is metal-centered and the axial positions of Ni atoms are occupied by
some exogenous ligands.
We assume that moderately coordinating solvents, such as acetonitrile
may act as axial ligands in case of the studied polymer films. If the oxidized
film is removed from the working cell and dried under vacuum without
exposure to the air, a rapid decrease of the band at 460 nm is observed together
with increasing the near-infrared band. This demonstrates a crucial role of a
coordinating solvent in the stabilization of the highly oxidized form of the
polymers in question.
Here, we would like to conclude that the oxidation of SalEn-type
polymeric nickel complexes proceeds in two steps. The reduced form of the
polymer is first oxidized to the form, which is characterized by charge
delocalization over the conjugated bonds system of the polymer. Subsequent
oxidation in acetonitrile solutions leads to formation of the second oxidized
form, spectra of which cannot be described in terms of delocalized charge, but,
in our opinion, correlate with charge localization on metal atoms stabilized by
axial coordination of solvent molecules or another particles.
Such coordination may cause important features of the polymers if the
axial ligands are also electroactive in the range of polymer‟s electroactivity. In
non-aqueous solutions at the water traces being carefully removed, the most of
SalEn-type polymeric metal complexes are quite stable if cycled in the
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potential range below 1.2 V. Even if a small amount of water is added to the
bathing solution this leads to a film degradation (i.e. gradual loss of its
electroactivity), the rate of which increases with increasing the anodic limit of
the potential scan. If such anodic limits do not exceed 0.8 V, the most of
[Ni(Schiff)] polymers are stable even after some prolonged cycling in watercontaining solutions. However, attempts to increase the oxidation potential
lead to the polymer degradation. In mixed aqua-acetonitrile solutions, the
water decomposition is thermodynamically allowed at potentials higher than
0.8 V, but its rate on the bare substrate is negligible due to strong adsorption of
acetonitrile molecules. In this case, defoliation of polymer films by gas
bubbles produced on the substrate should not be responsible for the observed
loss of the polymers electroactivity. Thus, the water decomposition might be
responsible for the film degradation if and only if it is somehow catalyzed by
polymer fragments. To determine how water interacts with polymer structure,
we have performed a comparative study of the polymer films stability with
different substituents in the ligands of their monomer precursors.
Introduction of the metoxy substituents in the third positions of phenyl
rings increases the elecrtronic density in the aldehyde moieties. It shifts the
beginning of the polymer electroactivity range by more than 200 mV in the
cathodic direction.
Phenyl substituents in the imine bridge decrease the electronic density
mostly on nitrogen and metal atoms through the system of conjugated bonds
and shift the electroactivity region to the anodic direction. If water molecules
attack any kind of aldehyde atoms, one may expect a strong influence of the
metoxy substituents on the stability of Salen-type polymeric complexes of
nickel. If bridge atoms (for example, imine nitrogens) are the main targets for
water attack, then the influence of phenyl substituents on the stability is
expected. Replacement of nickel by other metals should influence the stability
of complexes provided that water molecules interact with metal atoms. We
have performed stability tests for a series of substituted NiSalen type polymers
by cyclic voltammetry in acetonitrile solution of 0.1 M TEABF4 in the
presence of 1 volume percent of water. In figure 6.9 the relative charge
consumed for the reduction of polymers is presented as a function of the scan
number.
It can be noted that the metoxy substituent has a negligible effect on the
polymer degradation rate. This gives the evidence that aldehide moiety does
not participate in the reaction with water. Exchange of ethyl groups with the
phenyl ones in imine bridge leads to some inhibition of degradation, however
the observed effect is rather small. In contrast to ligand groups, metal atoms
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have an extreme influence on the stability of Salen-type complexes. In
particular, films formed from copper complexes also degradate if cycled in the
presence of water, but palladium ones are stable.

Figure 6.9. Relative charge consumed for the reduction of polymers as a function of
the scan number. The represented data were obtained by integration of the cathodic
branches of cyclic voltammograms. Scan rate equals 50 mV/s, potential range is of 0 ÷
1 V vs. Ag/AgCl (sat.)

To explain such phenomena, one should remember that, as was shown for
monomeric complexes of similar structure, copper and nickel complexes can
be oxidized to higher oxidation states in the presence of exogenous ligands,
such as pyridine or dimethilsulfoxide [2, 23, 25]. At the same time, as far as
we know, no evidence of the existence of palladium atoms in the oxidation
state higher than two has been ever observed for Salen-type complexes. Water
has a donor number higher than acetonitrile, so it might be coordinated on
axial positions. Then, as soon as the potential becomes high enough, water
molecules start to decompose with the help of highly oxidized metal atoms and
this process leads to cleavage of neighboring bonds or transition of metal
atoms from the initial complex to a more stable hydrated form, such as
Ni(OH)2 or NiOOH. Formation of the later compounds can be detected after
electrochemical oxydation of the film in alkaline media. As it starts, an
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alkaline electrolyte destroys the ligand polymer matrix and nanoparticles of
the metal hydroxyde are kept on the substrate surface. Polymeric structure of
the Schiff base complex ensures enough the distance between nucleation
centers during the hydroxide formation, so no agglomeration of the formed
nanoparticles is observed.
Figure 6.10 demonstrates the scanning electron microscope (SEM) image
of the obtained layer on a polished glassy-carbon surface, where nickel
hydroxide particles of about 10 nanometers size can be distinguished. Such
deposits occur to be electroactive ones. For example, they can catalyze the
alcohol oxidation processes. Figure 6.11 proves the catalytic oxidation of ethyl
alcohol on the formed catalyst in an alkaline electrolyte.

Figure 6.10. SEM image of NiOOH catalyst deposited on a glassy-carbon surface after
decomposition of poly[Ni(CH3OSalen)] film by 50 cycles in 0.2 M NaOH solution at
50 mV/s from 0 to 0.8 V vs. Ag/AgCl (sat.).

In this section, we have summarized the obtained experimental results
concerning structure and charge transfer properties of polymeric complexes of
nickel with Salen-type ligands. It has been demonstrated that, like other CPs
discussed above, such complexes form electroactive polymer films
characterized with the following features:


joint ion and solvent transfer during redox transformations followed
with reversible expansion of the films at their more profound
oxidation;
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only qualitative agreement between their electrochemical properties
and those predicted with the existing charge transfer theory.

Besides, such films possess unusual peculiarities in their voltammetric and
impedance responses resulting from the evident existence of more than one
kind of “immobile” charge carriers within the film interior.

Figure 6.11. Electrooxydation of ethyl alcohol on CG electrode coated with NiOOH
catalyst in a solution of 0.2 M NaOH and 1 M C2H5OH (curve 2). Voltammetric
response of the same electrode in 0.2 M NaOH is also presented (curve 1).
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7. POSSIBLE DEVELOPMENTS OF THE POLARON
CONDUCTANCE REPRESENTATIONS
From the above discussion of a series of experimental studies performed
with conducting polymers (CPs) it is clear that the results of such works are
only in a qualitative agreement with the existing theoretical representations on
charge transport within electroactive polymers. Not repeating the previous
arguments in favor of such affirmation, we would like to restrict ourselves
only to the indication that, among problems to be solved in connection with an
adequate description of CPs, at least two ones seem to be of the most
importance.
The first problem originates from the established presence of some
conjugation between the charge and solvent fluxes into polymer films. In our
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opinion, the problem can be solved in the way applied usually in the nonequilibrium thermodynamics, according to which linear combinations of
gradients of electrochemical potentials of transferring species are considered
as moving forces for the fluxes of such particles [1]. However, something new
should be introduced into this approach in order to describe the above
indicated sign conversion in the solvent fluxes at changing the oxidation
degree of PEDOT and poly-Ni(Schiff) films (see Sections 2, 4). It seems that
the desired solution might be achieved only if the appearance of mechanical
strains in a polymer film with variations in its oxidation is accounted for at a
proper consideration. This is not a simple task, but might issue in a practical
importance connected with the artificial muscle problem.
The second problem is less obvious than the first one and, as mentioned
earlier, springs from some doubts in the accepted approach to treating CPs as
practically exact analogs of redox polymers (see Section 2). To explain this,
we remind the reader that, in scope of the widely used homogeneous model of
electroactive polymer films, the corresponding flux equations are as follows
J1 = ― D1{∂C1/∂z ― C1(1― θ) ∂[ Φ ─ aθ]/∂z }
J2 = ― D2{∂C2/∂z + z2C2∂Φ/∂z}

(7.1)

Here, the used notations are determined by the following definitions:
C1(z,t) and C2(z,t) are the concentrations of reduced film fragments and
counter-ions, respectively; θ = C1/N is the occupancy of the film fragments
(sites) by their reduced form; N is the total concentration of film sites that is
not dependent on distance z from the substrate/film interface; Φ(z,t) =
Fφ(z,t)/RT, the dimensionless electric potential (φ(z,t), its value in electrical
units (here V)); a, the so-called attraction constant (in RT units) characterizing
short-range interactions between film fragments; Dk, the diffusion coefficient
of the k-th species (k =1, 2); Jk, their flux; z2, the charge of counter-ions; t, the
time variable [2-4].
We also remind that, according to the above definitions, the occupancy of
film fragments with their oxidized form is equal to (1― θ), which corresponds
to the fact that any film site might be in either the oxidized or reduced state. In
other words, the so-called “hopping” mechanism of charge transfer takes place
within the film interior [2-4], i.e. the electron exchange reaction between two
neighboring film fragments of different oxidation states (Red and Ox) is as
follows
Red – e ↔ Ox
(7.2)
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The same set of flux equations (7.1) is assumed be valid for the case of
polaron conducting films [2-4]. In reality, this assumption means an
introduction of the additional one, namely the supposition that all the reduced
fragments participating in the polaron formation reaction
m Red – e ↔ P

(7.3)

should be considered as a separate site (or a separate quasi-particle) in the film
lattice (P symbolizes a polaron quasi-particle, m is the number of film
fragments included into the polaron structure). As pointed out in review [5],
“imperfection of such consideration becomes obvious if any two polaron
particles of a polymer chain are divided with the reduced ones, the number of
which is smaller than that included into the polaron structure; in scope of the
assumption in question, the polaron transfer is forbidden under these
conditions”. Not detailing this statement (other details see in [5]), we indicate
only that, in any case, the above additional assumption seems questionable
and, maybe, it is an excessive one. In this context, the justified question might
arise whether some quantitative changes in the polaron conductance
description should appear in result of refusing from such assumption? As will
be shown below, it actually happens.

7.1. Quasi-Equilibrium Cyclic Curves of CP Films Containing
M-Site Polarons
Let us consider a modified electrode covered with a conducting polymer
film and immersed into a symmetrical (1 – 1) electrolyte solution of
concentration CS in its bulk. Assuming any reduced (further on, neutral)
fragment of polymer chains to be a separate particle (but not their complex
consisting of m fragments), one can apply the Gibbs principle of equilibrium
[6] to reaction (7.3):
mμRed(f) ‒ μe(es) = μP(f),

(7.4)

where μRed(f) is the chemical potential of neutral (reduced) fragments in the
film bulk, while μP(f) and μe(es) are the electrochemical potentials of polarons
(in the film bulk) and electrons (in the electrode substrate), respectively. For
the sake of simplicity of subsequent derivations, one can consider the film as
an ideal mixture of polarons and reduced fragments, i.e. neglect specific
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interactions between the film particles. This leads to the following equilibrium
relationship:
θ0/(1‒ θ0)m = exp{[mμ0Red(f) ‒ μ0P(f) ‒ μ0e(es)]/RT}exp(E ‒ Φ0) == ke×
×exp(E ‒ Φ0)

(7.5)

Here, μ0P(f), μ0e(es), μ0Red(f) are the standard chemical potentials of the
corresponding species; E and Φ0 are the dimensionless electric potentials (in
RT/F units) of the substrate and the film bulk (with respect to the solution bulk
potential); θ0 is the equilibrium occupancy of the film lattice with polaron
fragments, so that factor (1‒ θ0) gives the probability of finding of a sole
reduced fragment in the film interior; ke = exp{[mμ0Red(f) ‒ μ0P(f) ‒
μ0e(es)]/RT} is the partition coefficient of electrons between the film and the
electrode substrate.
According to the initial assumption, any polaron quasi-particle includes m
fragments and, therefore, their equilibrium concentration in the film interior,
C10, is equal to Nθ0/m, which, after accounting for Eqn. (7.5), gives
C10 = Nθ0/m = (Nke/m) (1‒ θ0)m exp(E ‒ Φ0)

(7.6)

The latter reduces to the well-known result for concentration Nθ00of
positively charged (oxidized) film fragments [2-4]:
C10= Nθ00 = Nke (1‒ θ00) exp(E ‒ Φ00) at m =1,
(7.6‟)
if one puts number m be equal to unity (upper index “0” is used in Eqn.
(7.6‟) to emphasize possible discrepancies of the quantities marked with the
index from those included into Eqn. (7.6)). Taking into account the indicated
difference in Eqns. (7.6, 7.6‟), one can actually expect the appearance of some
new results (as compared to the known ones) in scope of the proposed
consideration. To continue it, we indicate that the equilibrium counter-ions
concentration in the film bulk, C20, is given by the equation [2-4]:
C20 = km CSexp(z2Φ0)

(7.7)
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independently of the fact what number m is assigned to polaron quasi-particles
(km, the partition coefficient of counter-ions; CS, their concentration in the
bathing electrolyte bulk). As mentioned earlier, the electroneutrality condition:
C10 + z2 C20 = 0

(7.8)

should be satisfied in the most part of the film interior, so that, after
substitutions of Eqns. (7.6, 7.7), this condition takes a view
(Nke/m)∙(1‒ θ0)m∙exp(E ‒ Φ0) + z2 km CSexp(z2Φ0) = 0

(7.9)

The θ0-value included into this relationship must be found from Eqn. (7.6)
in order to obtain finally the desired dependence of film bulk potential Φ0 on
electrode one E. It appears that this task has an analytical solution if a polaron
quasi-particles contains only two monomer (or repeat) units (i.e. m = 2) and
charge z2 = ‒1. In this case, Eqn (7.6) is a quadric algebraic one, so that
occupancy θ0 might accept two values given below
θ0 = 1+ exp(Φ0 – E)/2ke ± exp(Φ0 – E)/2ke [1+ 4keexp(E – Φ0)]1/2,

(7.10)

Substituting this expression into the electroneutrality condition (Eqn. (7.9)
rewritten for the considered case of m =2 and z2 = ‒1), one obtains the
following equation
N/2 + Nexp(Φ0 – E)/4ke ± [exp(Φ0 – E)/4ke]·[1+ 4keexp(E – Φ0)]1/2 =
=kmCsexp(Φ0)
(7.11)
If one becomes free from the radical of this equation, the latter reduces to
exp(2Φ0) – (N/kmCs)[1–(N/2kekmCs)exp( – E)]-1exp(Φ0) + ((N/kmCs))2∙[1–
(N/2kekmCs)exp( – E)]-1 = 0 and, hence, film bulk potential Φ0 might also
accept two values determined by the expression:
eΦ0 = (N/2kmCs)[1–(N/2kekmCs)e – E]-1{1± (N/2kekmCs)1/2e – E/2}

(7.12)

This allows one to write counter-ion concentration C20 and then film
charge Q = FLC20 in explicit forms as follows
C20 = N/2[1 ± exp(U/2)]

(7.13)
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and Q(U) = FLN/2[1 ± exp(U/2)]

(7.14)

where new independent variable U included into these equations is defined by
the equality: U = u0 – E = ln(N/2kekmCs) – E.
In scope of cyclic voltammetry, potential E is a linear function of time t
and, therefore, current density I(t) = dQ/dt appears be equal to
I(t) = I[U(t)] = ± (νF2LN/4RT)·exp(U/2)/[1 ± exp(U/2)]2,

(7.15)

where ν, the rate of sweeping the electrode potential. The routine analysis of
the above expression permits one to establish, first, that, among two possible
signs in Eqns. (7.13-15), only positive one has a real (physical) meaning.
Thus, Eqn. (7.15) should be rewritten in the form:
I(t) = I[U(t)] = ± (νF2LN/4RT)·exp(U/2)/[exp(U/2) +1]2,

(7.15΄)

where sign “+” conforms to the anodic direction of sweeping the electrode
potential, while the negative sign is assigned to the cathodic direction. Second,
current dependence I(U) possesses two symmetrical extrema appearing at U max
= 0 (i.e. Emax = ln(N/2kekmCs)) and corresponding to different directions of
sweeping the electrode potential. The absolute value of such peak currents,
│Ip│, is given by the equation
│Ip│= νF2LN/16RT at m =2

(7.16)

It should be indicated here that Eqn. (7.15‟) in its type is close to the
Laviron equation of cyclic voltammetry with electrodes covered by compact
monolayer films of an adsorbate capable to reduction/oxidation [7, 8] (see also
[9]). The main difference between such equations is in the fact that variable U
(i.e., in essence, electrode potential E) times factor ½ is included into Eqn.
(15΄), while the Laviron one contains the analogous variable without such
factor. This is the reason why semi-width h of the cyclic curve described by
Eqn. (7.15‟) appears to be exactly two times higher (namely, h = 181 mV at
room temperature) than that follows from the Laviron equation (h = 90, 6
mV).
What is important, the obtained quasi-equilibrium cyclic curve (that is
Eqn. (7.15‟)) differs not only from the Laviron one, but also the curve that
follows from the analogous consideration in case of m =1 (and z2 = ‒1), i.e., in
essence, the case considered in the existing approach to treating the polaron
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conductance of polymer films. The corresponding curve was calculated in [10]
(case of p-doped polymers) in the way similar to that used above. Here, it is
sufficient to point out that the peak current density values of such curve are
given by the equation:
│Ip│≈ 0.172νF2LN/RT at m =1,

(7.17)

while its semi-width h appears be equal to 131 mV at room temperature [10].
A subsequent comparison between these results (at m =1) and the preceding
ones (at m =2) must obviously be performed at the same values of total charge
Q consumed at charging both model systems. To satisfy such requirement, one
should decrease the peak current density of Eqn. (7.17) by two times exactly:
│Ip│≈ 0.086νF2LN/RT at m=1,

(7.17‟)

in order to equalize maximum polaron occupancies (lim θ00 and lim θ0) in the
E→∞

E→∞

both cases considered. As charge Q is the product of the peak current and the
semi-width of the corresponding cyclic curve, the ratio of charges
Q(m=1)/Q(m=2) actually coincides with unity at the conditions indicated:
Q(m=1)/Q(m=2) ≈ 0.086∙131∙16/181 ≈ 1

(7.18)

The established differences in the peak currents and the semi-widths for
the compared cases are obviously reserved at the equalizing procedure
performed. As the above parameters of the compared cyclic curves
significantly differ from each other, it is possible to conclude that the proposed
and existing approaches to treating the polaron conductance lead to the
essentially different quantitative results, at least in the case of two-site
polarons. Although the above comparison has been carried out in the partial
case of m = 2, one can reasonably assume that differences in the quantitative
inferences following from the compared approaches must be the greater the
greater number m of the repeat units included into the polaron structure.
Thus, the expected appearance of new results actually takes place in scope
of the proposed approach even if the level of equilibrium and quasiequilibrium relationships is considered.
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7.2. Probable Directions of Theoretical Studies of CPs
The approach shortly outlined above needs some further development and
its inferences should be verified with the corresponding experimental studies.
In this context, it seems necessary to extend the proposed description on the
case of non-equilibrium conditions, for example those, which take place at
impedance measurements. Indeed, the cyclic voltammetry method gives
restricted information on the electrode processes occurring in CPs and,
therefore, it might be applied only at their primary characterization (see
Chapter 2). This is the reason, why the results obtained in the preceding
paragraph can be considered only as some premise to more detailed
considerations. Here, it must be pointed out that we have performed the
necessary analysis of some partial models of polaron-containing films in nonequilibrium conditions. Not detailing the obtained results (they will be
published elsewhere), we indicate that the derived polaron flux equation
differs from that used (in essence, the first equation of set (7.1)) in the existing
theory of modified electrodes. As it must be, the same expression for the
polaron concentration (see Eqn. (7.6)) follows from the obtained flux equation
at equilibrium conditions, which is important, since it shows self-consistency
of the applied approach. These circumstances mean the inevitable appearance
of new issues at the level of non-stationary processes in polaron-conducting
polymer films.
As concerns experimental verifications of the outlined approach, at the
given stage of its development they seem to be premature, since a series of real
features of CPs should preliminarily be accounted for. Among such features, it
is necessary to analyze firstly possible effects of short-range-interactions
within the objects in question. On the level of equilibrium and quasiequilibrium results, the necessary analysis can be performed along the abovestated way with using the traditional representation of the electrochemical
potentials of transferred particles in the Bragg-Williams (or molecular field)
approximation [11]. This task can easily be solved, but requires numerical
calculations (see, for example [10, 12]). We would not like to detail further a
possible list of the desired developments, but indicate only the following
problem to be solved. It originates from some uncertainty in the number of
repeat polymer units included into the polaron structure; as mentioned above,
this number varies from three to six depending on the polymer nature and,
probably, the solvent used. One cannot exclude that some population of
polarons with different numbers of containing units might exist in real
polymer films due to their local inhomogeneity. If so, the experimentally
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determined numbers of polaron fragments should be treated as mean values
averaged over the existing polaron population. This means that the adequate
description of such systems must account for possible changes in polaron
sizes, to say nothing about polaron/bipolaron transformations in result of the
so-called disproportion reactions [13]. In our opinion, the resolution of this
problem will help to elucidate, at least the concrete reasons responsible for the
existence of several current peaks in cyclic curves of electrodes covered with
the Schiff base polymer complexes (see Section 6).
It should also be emphasized here that, from the general point of view, a
quantitative treatment of the polymer film conductance should be performed
ab ovo, i.e. in terms of the quantum mechanics, since some changes in the
electronic coupling between separate fragments of polymer chains underlie
charge transport within these objects. This is the reason why phenomena
related to charge transfer in single molecules and microscopic wires (or their
nets) formed such species have been the subjects of numerous studies during
the last years (for example, see [14, 15]). One can therefore expect that the
further development of such approaches will also assist in elucidation of the
problems discussed in this review.
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CONCLUSION
Although the electrodes modified with the films of polythiophenes and
polymer nickel complexes with Schiff base ligands possess different
properties, these electrode systems reveal a certain resemblance in their
electrochemical behavior. This firstly concerns the established polaron-ion
character of their conductance. The second common feature is in the fact of
conjugation between the fluxes of charge-compensating ions and solvent
molecules of the electrolytes used. Moreover, both electrode systems
demonstrate some expansion of modifying films with an increase in their
oxidation degree. Finally, the experimental results obtained for the both
systems are only in a qualitative agreement with the accepted theory of charge
transfer within electroactive polymer films. In our opinion, such incomplete
agreement results from the absence of principal differences in the existing
representations on the conductance of the redox and polaron-containing
polymer films. However, some discrepancy appears if the reduced repeat units
of polymer chains are assumed to be separate particles instead of their
complexes consisting of three-six units and considering as separate quasiparticles in scope of the existing theory. Though such discrepancy, at first
sight, seems immaterial, it leads to quantitative changes in the inferences
following from the proposed and accepted approaches to treating the polaron
conductance of polymer films. Additional developments of the proposed
approach should precede its experimental verifications.

Charge Transfer and Electrochemical Reactions …

151

One more conclusion should be done in connection with the performed
studies of electrode processes at PEDOT films containing the noble metal
inclusions. The obtained experimental results are in agreement with the
previously developed treatment of electrochemical processes in composite
electrodes and show the possibility of using such systems at electroanalytical
determinations of different substances.
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