
Journal of New Materials for Electrochemical Systems 8, 305-315 (2005)
c© J. New. Mat. Electrochem. Systems

The Effect of High Positive Potentials on the Different Charge Transport and Charge
Transfer Parameters of Poly(O-Amnophenol) Modified Electrodes. A Study Using Cyclic

Voltammetry, Steady-State Rotating Disc Electrode Voltammetry and AC Impedance
Measurements

R. Tucceri

Instituto de Investigaciones Fisicoquímicas Teóricas y Aplicadas (INIFTA)
Facultad de Ciencias Exactas, Universidad Nacional de La Plata,

Sucursal 4, Casilla de Correo 16, (1900)- La Plata, Argentina.
Mailing Adress: R.I. Tucceri, Instituto de Investigaciones Fisicoquímicas Teóricas y

Aplicadas (INIFTA), Sucursal 4, Casilla de Correo 16, (1900)- La Plata, Argentina.

( Received March 31, 2005 ; received in revised form January 06, 2006 )

Abstract: Cyclic Voltammetry was employed to prepare fresh poly(o-aminophenol) (POAP) films and also to degrade them quantitatively. Then,
the different behaviour of freshly prepared and degraded POAP films was studied by Steady-State Rotating Disc Electrode Voltammetry and
Electrochemical Impedance Spectroscopy, when a mediated redox reaction is taking place at the polymer-solution interface. With regard to the
last technique, the resulting experimental impedance diagrams of these POAP films, contacting the p-benzoquinone/hydroquinone redox couple,
were interpreted on the basis of the homogeneous impedance model described in M.A. Vorotyntsev, C. Deslouis, M.M. Musiani, B. Tribollet, K.
Aoki, Electrochimica Acta, 44 (1999) 2105-2115. The different dependencies of the charge transfer and charge transport parameters on the degree
of degradation of the polymer (θRed,Max), were obtained. The different features of some of these dependencies (for instance, bulk electronic and
ionic transport onθRed,Max) were explained in terms of the different mechanisms of electron and proton transport in this polymer. Also, similar
behaviours of the transversal charge transfer resistance at the metal-polymer interface Rm| f (obtained by impedance spectroscopy) and the lateral
resistance∆R/R along the electrode (obtained by Surface Resistance measurements), as functions ofθRed,Max, were explained in terms of two
different aspects of the electron motion at metal surfaces contacting a polymeric material. The results of this work allows one to demonstrate that
after to subject POAP films to rough conditions, as in some of practical applications of POAP, ion and electron diffusion inside the film and rates of
interfacial charge transfer processes, are strongly reduced. It should be expected that this deterioration process reduces drastically the efficiency of
the material to act in practical applications.

Key words : poly(o-aminophenol), mediation reaction, steady-state rotating disc electrode voltammetry, ac impedance measurements, charge
transfer parameters, ion and electron diffusion.

INTRODUCTION

Oxidation of o-aminophenol on different electrode materials
(gold, platinum, carbon, etc.) in aqueous acid medium was
shown to form poly-o-aminophenol (POAP) [1-3]. This elec-
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troactive polymer has been characterised by using different elec-
trochemical techniques [3-15]. The polymer exhibits its maxi-
mal electroactivity within the potential range -0.2 V <E < 0.5 V
(vs. SCE) at pH values lower than 3 [8,10,12]. Recent spec-
troscopic results seem to indicate that phenoxazine units are
produced during the oxidation/reduction of POAP [13]. Also,
in a more recent paper [14] is demonstrated by using differ-
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ent in situ techniques (FTIR spectroscopy, Probe Beam Deflec-
tion and UV-Vis and Raman signals) that the redox transition of
POAP from its completely oxidised state to its completely re-
duced state occurs through two consecutive reactions, in which
a charged intermediate species takes part. With regard to its
practical applications, the material was used to study silver de-
position [16] and also it was employed as both cation sensor
[17,18] and biosensor [19-21]. Recently, the electrocatalytic ox-
idation of methanol at a glassy carbon electrode modified by a
thin POAP film containing Pt, Pt-Ru and Pt-Sn microparticles
[22] and the development of NO sensors based on hybrid film
of POAP and Ni sulfonated phtalocyanine [23], were reported.
In some of these practical applications, POAP is subjected to
positive potentials exceeding the potential range corresponding
to the maximal electroactivity (E > 0.5 V (vs. SCE)). In this
connection, in previous works [24-26] it was demonstrated that
when the positive potential limit is extended to values higher
than 0.5 V (vs. SCE) an irreversible deterioration of POAP films
occurs. Despite of these last works and considering the grow-
ing applications of POAP no much efforts have been made to
study more deeply the POAP degradation, specially in relation
to its effect in the interesting case where this polymer mate-
rial contacts an electrolyte solution containing a redox substrate
and a mediation reaction occurs at the polymer-electrolyte in-
terface. The aim of this work was to apply the Electrochemi-
cal Impedance Spectroscopy (EIS) to analyse the effect of the
gradual degradation of POAP on the different charge transport
and charge transfer processes through a POAP film, from the
metal to the solution, when a mediation reaction occurs at the
polymer-electrolyte interface. Also, Cyclic Voltammetry (CV)
and Rotating Disk Electrode Voltammetry (RDEV) were used
to synthesize and characterize fresh and degraded POAP films.
Experimental impedance diagrams were interpreted on the ba-
sis of an homogeneous impedance model, such as that devel-
oped by Vorotyntsev et al. [27] which describes the impedance
behaviour of electroactive polymers in the presence of redox
species able to be discharged at the polymer-solution interface.
In this sense, this model described in [27] was employed within
the potential range comprised between -0.2 V and 0.0 V, where
the reduction of p-benzoquinone (redox active substrate) oc-
curs through a rapid electron transfer mediation at the POAP-
solution interface. Then, the different transport and transfer
parameters of the polymer layer, extracted from the fitting of
the experimental impedance diagrams, were represented as a
function of the degree of polymer degradation. Some interfacial
transport parameters obtained in the present work by employing
the EIS technique were compared with those obtained by using
Surface Resistance (SR) measurements in [25]. It is expected
that the results of this work can help to exploit more success-
fully the restrictive stability conditions of POAP in its practical
applications.

1. EXPERIMENTAL

1.1 The Gold Base Electrode

A conventional three electrodes cell was used for the experi-
ments. A rotating disc gold electrode (RDGE) was used as base
electrode. This RDGE consisted of a gold rod press-fitted with
epoxy resin into a Teflon sleeve so as to leave a disc area 1 cm2

exposed. The gold electrode was carefully polished with emery
paper of decreasing grit size followed by alumina suspensions
of size 1, 0.3 and 0.05µm, respectively, until a mirror-like fin-
ish was obtained. Then, it was submitted to ultrasonic clean-
ing to remove residual abraded polishing material. In order
to obtain a more specular gold surface, a gold film of about
100 nm of thickness was deposited by vacuum evaporation (∼
10−7 Torr) on the gold disc, following the procedure described
in [28,29]. Then, POAP films were electrochemically deposited
on the RDGE after deposition of the gold film, and this POAP
modified electrode was employed as working electrode. A gold
grid of large area was used as counter electrode. All the poten-
tials reported in this work are referred to the SCE.

1.2 Synthesis of fresh and Degraded Poap films by
Using CV

1.2.1 Freshly prepared POAP films

POAP films were grown on the above mentioned RDGE (af-
ter to deposit a 100 nm thick gold film) in the same way as
described in [1,25,30]. These polymer films were obtained by
immersing the RDGE in a 10−3 M orthoaminophenol + 0.4 M
NaClO4 + 0.1 M HClO4 solution and cycling the potential be-
tween -0.25 and 0.8 V (vs.SCE) at a scan rateν = 0.05 V s−1. In
order to obtain a measure of the polymer thickness, these POAP
coated rotating disc gold electrodes were then rinsed and trans-
ferred to the supporting electrolyte solution (0.4 M NaClO4 +
0.1 M HClO4) free of monomer. Then, the voltammetric re-
duction chargeQT,Red in this last solution was determined by
integration the cathodic current of the voltammetric response
between -0.25 V and 0.5 V (vs.SCE) (ν = 0.01 V s−1) [1]. After
this,QT,Redwas considered as representative of the POAP thick-
ness. In these experiments only thick POAP films were used to
cover the gold surface (QT,Red = 2.8 mC cm−2). A comparison
between the redox chargeQT,Redmeasured by CV and the thick-
nessφp determined by ellipsometry was previously reported for
POAP films [1]. TheQT,Red value given above corresponds to
the valueφp ∼ 60 nm. Eleven POAP coated rotating disc gold
electrodes, all of the same polymer thickness, were consecu-
tively manufactured to perform the present experiments. Each
one of the 11 POAP coated RDGEs was successively used as the
working electrode in an individual experiment. The voltammet-
ric responsej-E of each of the POAP coated RDGE (immedi-
ately after growing the polymer film on the gold surface, that is,
freshly prepared) was recorded. These records were performed
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within the potential region of maximal electroactivity of POAP
(-0.2 V < E < 0.5 V).

1.2.2 Degraded POAP films and their degree of degradation
(θRed,Max)

Degradation of POAP films was quantitatively controlled using
CV. Each one of the POAP coated gold electrodes, after to be
equilibrated within the potential region -0.2 <E < 0.5 V, was
subjected to a potential cycling between the limits -0.2 V <E <
Eupl with Eupl > 0.5 V, during different time periods [25]. This
yields a gradual attenuation of the initialj-E response of the
polymer. More precisely, the 11 POAP coated gold electrodes
were split into three different groups. While the first group, in-
cluding three samples, was subjected to potential cycles where
Eupl = 1.0 V, the second and third ones, each involving four
samples, were subjected to potential cycles whereEupl values
of 0.8 V and 0.65 V, respectively. The first column of Table 1,
indicates the three different groups. In the second one theEupl

value used for each group is indicated. The third column indi-
cates the different cycling times at the correspondingEupl value
at which each sample of each group was subjected. Then, after
these treatments, the positive potential limit was again restricted
to the valueE = 0.5 V andj-E responses, for each sample of the
different groups, were again recorded within the potential win-
dow of maximal electroactivity of POAP.QT,Red, values corre-
sponding to the completely reduced POAP films, were calcu-
lated for both freshly prepared and degraded POAP films (col-
umn 4 in Table 1). On the basis of a degree of reduction defined
asθRed= QRed(E)/QT,Red, whereQRed(E) is the reduction charge
at eachE value assessed fromE = 0.5 V towards the negative
potential direction on the voltammetric responses (see Fig. 1)
andQT,Red = 2.8 mC cm−2, a θRed,Maxvalue was calculated for
freshly prepared and degraded POAP films (column 5 in Table
1). When the polymer film is only subjected to potential cy-
cles within the range -0.2 V <E < 0.5 V (see curve (a) in Fig.
1) a maximum degree of reduction (θRed,Max= 1, for QT,Red =
2.8 mC cm−2) is achieved, takingQT,Red = 2.8 mC cm−2 as
reference charge.

In these CV measurements a PAR model 173 potentiostat and
a PAR Model 175 function generator were used. A X1-X2-Y
Hewllet-Packard Model 7046 B Plotter was used to record the
j-E responses.

1.3 RDEV Experiments with Both Fresh and Degraded
Poap Films

With both freshly prepared and degraded POAP films obtained
as indicated in sections1.2.1and1.2.2, respectively, RDEV ex-
periments were performed in the presence of a solution contain-
ing equimolar concentrations of benzoquinone (Q) and hydro-
quinone (HQ) species. Firstly, stationary current-potential (I-
E) curves at different electrode rotation ratesΩ were recorded

Table 1: Maximum degrees of reductionθRed,Max obtained from
POAP films deposited on a rotating gold disk electrode within
the potential region of maximal electroactivity (-0.2 V < E < 0.5
V). Degraded POAP films are obtained after to subject freshly
POAP films to potential cycling between -0.2 V and Eupl V.

Films Ea
upl/V Cycling Qc

T,Red θd
Red,Max

time/minb /mC cm−2

Freshly 2.8 1
prepared
Degraded

films
First 1.0
group

1 4 2.44 0.84
2 8 2.17 0.75
3 55 1.25 0.43

Second 0.8
group

4 6 2.58 0.89
5 12 2.38 0.82
6 35 2.06 0.71
7 70 1.60 0.55

Third 0.65
group

8 7 2.75 0.95
9 33 2.35 0.81
10 93 1.77 0.61
11 183 0.93 0.32

a Extreme positive potential value at which the POAP film was

subjected to produce polymer degradation.
b Cycling time between the limits -0.2 V and Eupl V at which

the corresponding POAP film was subjected (ν = 0.01 V s−1).
c Maximal voltammetric reduction charge achieved by a POAP film

within the potential region of maximal electroactivity of POAP after

to be subjected to potential cycles within the range -0.2 V < E < Eupl

V during the time period indicated in column 3. QT,Red = 2.8 mC cm−2,

is the maximal reduction charge obtained for a freshly prepared POAP film

only cycled within the potential range -0.2 V<E < 0.5 V.
d Maximum degree of reduction achieved by a POAP film within the potential

region of maximal electroactivity of POAP after to be subjected to potential

cycles between -0.2 V and Eupl V during the time period indicated in column

3. The valueθRed,Max = 1 was considered as a reference value and it

arises from the value QT,Red= 2.8 mC cm−2, achieved for the POAP film

only subjected to potential scans within the range -0.2 V < E < 0.5 V.
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Figure 1: j versus Eresponses for a 2.8 mC cm−2 thick POAP
film deposited on a 100 nm thick gold film. (a) A freshly pre-
pared POAP film; (1)-(3) POAP films after being subjected to
potential cycling within the range -0.2 V <E < 1.0 V for: (1) 4
min; (2) 8 min; (3) 55 min. Electrolyte: 0.1 M HClO4 + 0.4 M
NaClO4. Scan rate:ν = 0.01 V s-1.

for a freshly prepared POAP film contacting a 0.1 M HClO4 +
0.4 M NaClO4 + 2 x 10−3M (Q/HQ) solution. Secondly, the
same experiment was consecutively repeated with the 11 de-
graded POAP films. Only cathodicI-E responses at potential
values within the range -0.2 V <E < 0.0 V where Q reduction
occurs at POAP films were considered here (see below). From
these curves, the cathodic limiting currentvs. electrode rota-
tion speed (I lim,c vs.Ω1/2) dependencies were obtained for both
freshly prepared and degraded POAP films.

These steady-state measurements were performed using the same
measurement system indicated in section 1.2.2. The electrode
rotation speedΩ was controlled with a home-made equipment
that allows one to select a constantΩ in the range 50 rev min−1<
Ω < 10000 rev min−1. This was periodically controlled with a
digital phototachometer (Power Instruments Inc., model 891).

1.4 AC Impedance Experiments with Both Fresh and De-
graded Poap Films

Impedance diagrams at potential values within the range -0.2 V
< E < 0.0 V, corresponding to cathodic limiting currents where
Q reduction proceeds on both freshly prepared and degraded
POAP films, were recorded at selectedΩ values. Also,ac im-
pedance diagrams in the only presence of the supporting elec-
trolyte (0.1 M HClO4 + 0.4 M NaClO4) were recorded within
the same potential region. Impedance spectra were measured
following 30 min application of the steady-state potential rang-
ing from -0.2 V to 0.0 V. Impedance measurements in the fre-
quency range 0.01 Hz and 10 kHz were performed with a PAR
309 System. The values of the impedances were determined at

seven discrete frequencies per decade with a signal amplitude
of 5 mV. The validation of the impedance spectra was done by
using Kramers-Kronig transformations

1.5 Chemicals and Electrolyte Solutions

AR grade chemicals were used throughout. o-aminophenol
(Fluka) was purified as described elsewhere [4,30]. HClO4 and
NaClO4 Merck were used without further purification. Benzo-
quinone and hydroquinone Merck were also used without purifi-
cation. The solutions were prepared with water purified using a
Millipore Milli-Q system. The conductivity of the 0.1 M HClO4
+ 0.4 M NaClO4 + 2 x 10−3 M (Q/HQ) solution was measured
with a conventionalac bride Phillip PR 9500 at 1 kHz. A resis-
tance value aroundRs ∼ 1.09 ohm cm2 was obtained. This last
resistance value was considered in the fitting of the experimen-
tal impedance diagrams by using the Vorotyntsev’s model (see
below).

2. RESULTS AND DISCUSSION

2.1 Different Behaviour of Freshly Prepared and Degraded
Poap Films Under CV, RDEV and EIS Experiments

After degradation of POAP films (see for instance,j-E responses
(1) to (3) in Fig.1) an attenuated reduction wave is observed as
compared with the initial wave corresponding to the film only
subjected to potential cycling within the range -0.2 V <E <
0.5 V (plot (a) in Fig. 1). This loss of electroactivity was con-
sidered as due to an oxidative polymer degradation [24,25]. The
degradation of electroactive polymer films has been attributed
to an excessive uptake of doping sites by dopant species from
the electrolyte solution. These species may associate strongly
with redox sites of the polymer chains resulting in electrostatic
cross-linking. Thus, degradation results of the difficulty of re-
covering dopant species, which have diffused deeper into the
polymer film. In this sense, degradation should lead to a mixed
material, formed on the electrode surface, having an important
electroactive fraction and also a degraded and non-electroactive
part. It was proved that polymers, such as POAP and deriva-
tives, are doped by hydrogen ions [9,15,26,31] rather than sup-
porting electrolyte anions. Is is usually assumed that redox re-
actions of POAP modified electrodes result from protonation-
deprotonation of polymer’s nitrogen atoms [8,9,31,32] and also,
the existence of mobile and immobile forms of hydrogen ions
within the bulk of POAP films was considered to be probable
[33]. The existence of some traps for hydrogen ions within the
bulk of the polymer film which provide binding of the ions with
polymer film fragments was also suggested [33]. Thus, it is
possible that degradation of POAP were related to the fixation
of hydrogen ions.

Concerning RDEV experiments, Fig. 2 (full circles) shows that
for a freshly prepared POAP film contacting a HQ/Q solution,
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a linearI lim,c vs. Ω1/2 dependence is obtained for the cathodic
currents, within a wide range ofΩ values. In previous work
[34] RDEV experiments were performed to study the diffusion
processes of benzoquinone (Q) and hydroquinone (HQ) species
through freshly prepared POAP films. Diffusion limited-currents
at E < 0.0 V for the Q reduction and atE > 0.8 V for the HQ
oxidation were observed. Cathodic limiting currents for Q re-
duction (see inset in Fig. 2) were related to a rapid electron-
transfer mediation at the POAP-redox active solution interface
(without significant penetration of Q into the polymer layer).
For freshly prepared POAP films, the cathodic limiting current
is polymer film thickness independent and follows the Levich
equation. Interpretation of these results was made on the basis
of the membrane diffusion theory [34] and the electron-hopping
model [35,36]. However, for degraded POAP films, as more de-
graded the polymer film the more attenuated is the limiting cur-
rent atE < 0.0 V (see inset in Fig. 2). Also, for degraded POAP
films, after a certainΩ value, a constant limiting current value
I lim,c independent ofΩ, is achieved (see, for instance, plots (1)
to (3) in Fig. 2 for the three samples of the first group). This
limiting current value at whichI lim,c (= Ie) becomes constant
was considered as a representation of the maximum flux of re-
dox species (or electrons) confined in the polymer, according to
Eq. (1) [37]:

Ie = nFADe(c/φp) (1)

This equation implies a constant gradient of redox species across
the film (c/φp), wherec is the concentration of redox sites of the
polymer andφp the polymer film thickness.De represents a
measure of the electron hopping rate andn express the numbers
(fractions) of unit charges per monomer unit of the polymer.A
is the electrode area andF the Faraday’s constant. Then, such
a constant value of the current (Ie) (Fig. 2) for degraded POAP
films could be attributed to the slow electron transport across
the POAP film to mediate in the electron-transfer reaction at
the polymer-solution interface. This was explained in terms of
a gradual increase in the hopping distance between redox sites
with increasing the polymer degradation, which causes aDe de-
crease [25] (see also Eq. (1)). In this sense, experimental results
in [25] were interpreted assuming that a progressive degradation
of POAP leads to an extensive production of inactive gaps giv-
ing rise to distributions of residual active redox sites, which are
more expanded as more inactive becomes the polymer.

With regard to impedance experiments, at potential values within
the range -0.2 V <E < 0.0 V, ac impedance diagrams at differ-
entΩ values for a degraded film of the first group and a freshly
prepared film, are shown in Fig. 3 and Fig. 4 and its inset, re-
spectively. While experimental impedance plots of freshly pre-
pared POAP films exhibit only one semicircle, degraded films
show two semicircles. Also, while for degraded POAP films
the loop at low-frequency seems to beΩ dependent, the high-

Figure 2: Levich representationI lim,c versusΩ
1
2 for the ca-

thodic plateau (E < 0.0 V) when POAP films contact a 0.1 M
HClO4 + 0.4 M NaClO4.+ 2 x 10−3 M (HQ/Q) solution: (a)
a freshly prepared POAP film and (1)-(3) the three degraded
POAP films of the first group (Table 1). Thickness of POAP
films: 60 nm. Inset: steady-stateI-E curves at 5000 rpm for: (a)
a fresh POAP film and (1)-(3) the three films of the first group.
The same electrolyte indicated above.

frequency semicircle is independent of this variable. The size
of the HF semicircle depends on the degree of polymer degra-
dation (θRed,Max). In this connection, at a givenΩ value as
higher the polymer degradation (lowerθRed,Max) the greater is
the HF semicircle. In both cases, fresh and degraded POAP
films, at high-frequency impedance diagrams in the presence of
Q species tend to coincide with those obtained in the only pres-
ence of the supporting electrolyte [24].

2.2 Thick Poap Films Deposited on a Specular Gold Sur-
face. Experimental Conditions to Apply an Homoge-
nenous Impedance Model. The Impedance Model of
Vorotyntsev et al. [27]

It is evident that the treatment of the impedance data is of-
ten complicated by accompanying not only experimental but
also theoretical difficulties. With regard to experimental con-
dition, by depositing a gold film on the gold disc as described in
the experimental section, it is expected to reduce at an atomic
scale surface defects of the gold disc base electrode, in such a
way that the polymer film is deposited on an enough smooth
surface. Gold films deposited under high vacuum conditions
(∼10−7 Torr), as in the present work, result polycrystalline with
crystallite sizes between 0.01 and 0.1µm [38-40]. Studying the
“Size effects” [39] on these gold films, a value of the specu-
larity parameter,p∼ 0.91, was estimated.p correlates with the
roughness of the surface topography and the presence of surface
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Figure 3: Ac impedance diagrams in the Nyquist co-ordinates
(-Z”vs. Z) obtained atE = -0.2 V for a freshly prepared POAP
film contacting a 0.1 M HClO4 + 0.4 M NaClO4 + 2 x 10−3 M
(HQ/Q) solution. The different diagrams correspond to different
electrode rotation rates,Ω: (�) 1180 rpm; (N) 2600 rpm; (•)
5000 rpm. Discrete points are experimental data and continuous
lines represent the fitting by using Eq. (2) [27].

defects. More precisely, this parameter represents the probabil-
ity of an electron being reflected specularly or diffusely (due to
the presence of defects) at the film surface. Thep value ranges
from 0 for complete diffuse scattering to 1 for complete specu-
lar scattering. Thus, imperfections should lead to experimental
p values much lower than 1. In this connectionp values of our
gold films, deposited on the gold disc, are enough high (p ∼
0.91) to assume a low amount of surface defects on an atomic
scale, as compared with the surface of a bulk electrode mechan-
ically polished (gold disc), to deposit a polymer film.

Concerning the structure of the polymer layer deposited on the
metal electrode, it has been indicated that while open structures
of electroactive polymer films allow incorporation of electrolyte
into the polymer matrix, compact structures prevent its incorpo-
ration. In this connection, high permeability values of some
polymer films [41] to transport of species from the solution in
contact with the polymer to the metal substrate have been at-
tributed to dispersed polymer structures with imperfections (e.g.
pinholes and large channels) with dimensions large compared to
those of species present in solution. On the basis of previous re-
sistometric measurements [11,12], it was proved that when a
2.8 mC cm−2 thick POAP film covers a gold film, anions of
the electrolyte do not interact directly with the base gold film
electrode, which should be indicative of the existence of a rela-
tively compact polymer layer on the gold film electrode. Also,
in [15] it was demonstrated that porosity (or roughness) status
of the polymer-solution layer for POAP films is stabilised with
increasing the polymer thickness (thickness > 50 nm for POAP)
and then, porosity effects are not to high for sufficiently high
thick films. Then, the experimental arrangement used in this
work, that is, a gold base electrode of low surface roughness
(p ∼ 0.91 after deposition of a thin gold film by evaporation)
coated with a 2.8 mC cm−2 thick POAP film, could be a good
approximation to the existence of an homogeneous (uniform)

polymer layer on an electrode surface to apply an homogeneous
electrochemical model in its study. Then, the general theory of
ac impedance described by Vorotyntsev et al. in [27] was em-
ployed to interpret experimental impedance data of this mod-
ified electrode system. This theory was developed within the
framework of the assumption that the redox active species is
only present in the solution phase but not inside the film, and
they participate in the interfacial electron exchange with the
polymer at the film-solution boundary. As in the present case,
one has a modified electrode geometry with a redox active elec-
trolyte solution (m|film|es), eq. (41) of Ref. [27] (Eq. (2) in this
work) must be applied:

Zm| f ilm|es= Rm| f +Rf +Rs+[Z f |s
e Rf |s

i +Wf Z
m
12]

(Z f |s
e +Rf |s

i +2Wf coth2ν)−1 (2)

where

Zm
12 = Z f |s

e [cothν+(te− ti)2tanhν]

+Rf |s
i 4t2

i tanhν+Wf 4t2
i (3)

In Eqs (2) and (3):

ν = [(jωφ2
p)/4D]1/2, is a dimensionless function of the frequency

ω, φp is the film thickness,D is the binary electron-ion diffu-
sion coefficient andtiandte are the migration (high frequency)
bulk-film transference numbers for anions and electrons, re-
spectively. D is defined asD = 2DiDe(De+Di)−1 and ti,e =
Di,e(De+Di)−1 whereDe and Di are the diffusion coefficients
for the electrons and ion species, respectively.

W f = [ν/jωφpCp] = ∆Rf /ν, is a Warburg impedance for the
electron-anion transport inside the polymer film. ∆Rf

(= φp/4DCp) is the amplitude of the Warburg impedance inside
the film andCp is the redox capacitance per unit volume.

Rf (=φp/κ) is the high-frequency bulk-film resistance,Rs the ohmic
resistance of the bulk solution (κ is the high frequency bulk con-
ductivity of the film),Rm| f is the metal-film interfacial electron-

transfer resistance andRf |s
i is the film-solution interfacial ion-

transfer resistance.

Z f |s
e = (Rf |s

e +Ws), is the electronic impedance, whereRf |s
e is

the interfacial electron-transfer resistance at the film-solution
interface andWs is the convective diffusion impedance of re-
dox species in solution, which contains the bulk concentrations
of ox(red) forms,cox(cred), and their diffusion coefficients in-
side the solution,Dox(Dred). Also, it contains the Nernst layer
thickness,δ.
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Rf |s
e is defined as:

Rf |s
e = RT(nF2kocred)−1 (4)

whereko is the rate constant of the reaction between the film
and the redox active forms in solution. Diffusion of the redox
forms from the bulk solution to the film-solution interface can
be regarded as stationary through the diffusion layer thickness,
expressed in cm by

δ = 4.98D1/3
ox,redη1/6Ω−1/2 (5)

whereη is the kinematic viscosity of the solution in the same
units asDox,red andΩ the rotation rate of the disk electrode in
rpm. The rest of the constants have their usual meaning.

This model also includes the impedance behaviour of the poly-
mer contacting the inactive electrolyte (absence of the redox

couple in solution) by consideringZ f |s
e → ∞ in Eq. (2).

It should be indicated that this theory is strictly valid when
charging of interfacial double layers is negligible. If it is not the
case, a more complete model, such as developed by Vorotyntsev
in [42], should have to be used. In [42], besides the traditional
“double-layer” capacitance and interfacial charge transfer resis-
tances, two additional parameters for each boundary, “interfa-
cial numbers” for each species and “asymmetry factors”, are
introduced. However, it is well-known the mathematical dif-
ficulty of determining numerous parameters of a model from
experimental data. Despite of this last theoretical limitation,
we ensure, at least with a good approximation, the conditions
assumed by the model described in [27] concerning a uniform
and non porous film and no penetration of redox species from
the solution. However, also, considering the mentioned limi-
tation, to correctly describe the system, it should be expected
some discrepancy between experimental and theoretical results.

2.2.1 Application of the impedance model of Vorotyntsev et al.
[27]. Determination of the different charge transfer and
charge transport parameters of POAP as functions of the
degree of degradation,θRed,Max.

Although in the presentac impedance study several experimen-
tal impedance diagrams in Nyquist co-ordinates (imaginaryver-
susreal part of the impedance) were recorded for each degraded
and freshly prepared POAP film, for the sake of simplicity only
complex impedance plane plots showed in Figs 3 and 4, are pre-
sented. These diagrams correspond to a freshly prepared film
and the degraded film (1) (see Table 1), respectively, at differ-
ent Ω values. In these diagrams besides the measured values
(discrete points), the simulated curves (continuous lines) calcu-
lated by using Eq. (2) [27] are also displayed. As often is con-
sidered that some transformed curves could give more valuable

information than Nyquist plots about the goodness of the fit-
ting, real and imaginary partsvs. frequency plots correspondig
to each Nyquist plot were are also built (not shown). In every
impedance diagram was observed that while the fitting seems
to be very good at low and high frequencies, it is clearly less
satisfactory in the intermediate frequency region.

The fitting procedure by using Eq. (2) was based on the CNLS
(Complex Non-Linear Squares) method. A rigorous fitting pro-
cedure was performed. Eight replicate measurements for each
degraded POAP film were carried out and the error structure
was assessed following the method recommended by Agarwal
et al. [43-45] and Orazem [46]. In the present work the stan-
dard deviation for the real (σZr) and imaginary (σZ j) parts of the
impedance followed the form proposed by Orazem [46] (see eq.
(8) of Ref. [46]):

σZr = σZ j = α|Z j| + β|Zr| + γ|Z|2Rm−1 + δ (6)

whereRm is the current measuring resistor used for the experi-
ment,Zr is the real part of the impedance andZj is the imaginary
part of the impedance.α, β, γ andδ are constant which have to
be determined. The values of these scaling factors resulted:α
= 5.77 x 10−3, β = 0, γ = 3.7 x 10−5 andδ = 6.3 x 10−4. The
error structure was found to follow the same model within the
degradation range 0.3 <θRed,Max< 1. At θRed,Max values lower
than 0.3 the error structure model parameters had different val-
ues, but these results are not reported here. Then, continuous
lines in Figs 3 and 4 represent the weighted complex non-linear
least-squares fit to the data. The regression was weighted by
the inverse of the variance of the stochastic part of the measure-
ment. In all conditions the weighted sum of the square of the
residuals was below one [46].

In the simulations the number of transferred electrons,n, was
assumed to be 1 and diffusion coefficient values of the redox
species (Q and HQ) were considered equals,Dox,red = 1.5 x
10−5 cm2 s−1. Also, the bulk concentrations of the redox sub-
strate species were considered equals (cox = cred =
2 x 10−6 mol cm−3). On the basis on the reduction charge
vs. ellipsometric thickness working curve reported in [1], the
polymer thickness was considered asφp ∼ 60 nm. The value
of the total redox site concentration of POAP was considered as
co = 4.7 x 10−3 mol cm−3 [4]. As was indicated in the exper-
imental section, the ohmic resistance of the solution in contact
with the polymer films,RS, was measured. A valueRS ∼ 1.09
ohm cm2 was obtained. Then, considering the high-frequency
intercept of impedance diagrams of POAP films in the presence
and absence of the redox couple in solution, asRo, the high-
frequency bulk POAP film resistanceRf was calculated asRf =
Ro - RS [47]. This last value varied within the range 1.02 <
Rf < 2.6 ohm cm2 and it seems not to be strongly dependent
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Figure 4:Ac impedance diagrams in the Nyquist co-ordinates (-
Z”vs. Z) obtained atE = -0.2 V for the film (1) of the first group
(see Table 1). Degree of degradation:θ Red,Max = 0.84. The dif-
ferent diagrams correspond to different electrode rotation rates,
Ω: (�) 2000 rpm; (N) 3000 rpm: (•) 5000 rpm. Electrolyte:
0.1 M HClO4 + 0.4 M NaClO4+ 2 x 10−3 M (HQ/Q) solution.
Discrete points are experimental data and continuous lines rep-
resent the fitting by using Eq. (2) [27].

on the degree of polymer degradation. Then,Rf andRS values
were imposed in the fitting. The remnant parameters contained

in Eq. (2):Rm| f , Rf |s
i , Rf |s

e , Cp, De andDi were calculated from
the experimental impedance data by the fitting procedure above

described. With regard to the three first parameters (Rm| f , Rf |s
i

andRf |s
e ) they were varied without restrains during the fitting.

However, some reference values were considered forCp, De

andDi . For POAP film thickness freshly prepared used in this
work (QT,Red = 2.8 mC cm−2, φp = 60 nm) and solution pH
= 1, De andDi values were allowed to vary within the range
10−7-10−11 cm2 s−1, in such a way that diffusion coefficient
values lower than 10−11 were considered not realistic for these
thick films. That is,De andDi values lower than 10−11 were
only obtained from impedance diagrams (not shown) of very
thin POAP films (QT,Red = 0.2 mC cm−2, φp = 10 nm) con-
tacting solutions of pH = 1, where it is possible an incomplete
coating of the metal area by the thin polymer film. Concerning
Cp, reference values were extracted from experimental -Z”vs.
ω−1 slopes of impedance diagrams at sufficiently low frequency
(in the absence of the redox substrate in solution) (see below).
A contribution of the interfacial capacitance,CH , also consid-
ered as a fitting parameter, was included in order to represent
the actual impedance diagrams from the calculated ones.

The dependencies of the different charge transport and charge
transfer parameters onθRed,Max, extracted from the fitting pro-
cedure above described are shown in Figs 5 to 10.Rm| f exhibits
a strong increase from the beginning of the degradation, that
is, from θRed,Max = 1 to θRed,Max = 0.5 (Fig. 5). At the same

θRed,Max values, the ion-transfer resistanceRf |s
i at the polymer-

solution interface (Fig. 6) results almost one order of magni-

tude lower thanRm| f . Also, Rf |s
i as a function ofθRed,Max ex-

hibits a different feature as compared withRm| f . That is, while

within the range 0.6 <θRed,Max < 1.0,Rf |s
i remains nearly con-

stant (Rf |s
i ∼ 10 ohm cm2), a marked increase inRf |s

i is observed

at the lowestθRed,Max values (Rf |s
i ∼ 40 ohm cm2 for θRed,Max

∼ 0.3). In the same way asRm| f , a pronounced increase in the

resistance related to the electron interfacial exchangeRf |s
e at the

polymer-solution interface, is observed from the beginning of

the polymer degradation (highθRed,Max values) (Fig. 7).Rf |s
e

values were extracted from Eq. (4) usingko as fitting param-

eter. The accuracy ofRf |s
e values is somewhat affected, espe-

cially at the beginning of the degradation (highθRed,Max values)

where the experimental situationRf |s
e « Rm| f (and even <Rf |s

i )

predominates. Thus,Rf |s
e values could be more realistic at high

degrees of degradation (lowθRed,Max values). Then, concerning
the polymer-solution interface, a slow ion transfer process is ob-
served for POAP as compared with the electron transfer process
at this interface (compare Figs 6 and 7). Thus, even when the
Rm| f increase, during POAP degradation, affects strongly the di-
ameter of the HF loop of the impedance diagrams (as reported

previously [26]), this increase can also be associated to aRf |s
i in-

crease [27]. With regard toCH values, starting at a value around
17 µF cm−2for a freshly prepared film,CH decreased with in-
creasing the degree of degradation of the polymer, reaching a
value about 5µF cm−2 for a almost completely degraded POAP
film (Fig. 8). It is interesting to notice that in the same way

as forRm| f andRf |s
e , a more attenuated change on theCH vs.

θRed,Max dependence is observed at the lowerθRed,Max values.

Similar differential behaviours observed betweenRf |s
i andRf |s

e

with degradation (see Figs 6 and 7, respectively) are observed
for the massive electron and ion transport.De andDi changes
with θRed,Max are shown in Figs 9 and 10, respectively. As can
be seen, whileDe is strongly affected even at low degree of
degradation (0.8 <θRed,Max < 1.0), Di changes are more pro-
nounced forθRed,Max < 0.6. It seems that a low degree of degra-
dation should be enough to increase the hopping distance [25,48]
and restrict strongly the electron motion within the polymer ma-
trix. Taking into account that transfer and transport parameters
obtained in this work correspond to the reduced state of POAP

(-0.2 V < E < 0.0 V), it is possible thatRf |s
i and Di only re-

flect the proton movement through the polymer-electrolyte in-
terface and inside the polymer film, respectively [14,15]. In this
connection, the break atθRed,Max ∼ 0.6, in theDivs. θRed,Max

dependence could be related to the existence of two different
forms (mobile and bound) of hydrogen ions in the bulk film,
as was proposed in [15]. That is, after profound degradation,
the mobile form of hydrogen ions, which is related to the film
conductance, should be affected.
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Figure 5: Metal-polymer interfacial electron-transfer resistance
(Rm/ f ) as a function of the degree of degradation,θRed,Max for
the 11 degraded POAP films indicated in Table 1: (�) films of
the first group; (N) films of the second group; (•) films of the
third group. (+) Value corresponding to the freshly prepared
POAP film. Electrolyte: 0.1 M HClO4 + 0.4 M NaClO4 + 2
x 10−3 M (HQ/Q) solution. Inset: Surface resistance change
∆R/Ras a function of the degree of degradation,θRed,Max for
the 11 degraded POAP films indicated in table 1 of [25]: (�)
films of the first group; (N) films of the second group; (•) films
of the third group. Electrolyte: 0.1 M HClO4 + 0.4 M NaClO4+
2 x 10−3 M (HQ/Q) solution. Scan rate:ν = 0.01 V s−1.

From a quantitative point of view the Vorotyntsev’s model gives
De values near two orders of magnitude higher thanDi for POAP.
Different reasons could be invoked to explain a fast electron
motion relative to ion motion at POAP films. In the same way
as was observed for Os(II) polyvinyl-bypyridile [49] and PANI
films [50], it is possible that in POAP films also occurs a volume
reduction during the redox switching, namely when going from
the fully oxidised form to the reduced one. Thus, it is possible
that electron hopping controls the charge transport process at
POAP films in its oxidised state, where the polymer is swollen,
which facilitates the ion transport [9]. However, in the present
work, relative diffusion coefficient values (De >Di) refer to the
reduced state of POAP. That is, it is possible that our diffusion
coefficient values correspond to POAP films that suffered a vol-
ume reduction due to their deswelling at the negative potential
values corresponding to the reduced state. Then, under these
conditions it is possible to explain a fast electron transport as
compared with the proton transport in the present experiment,
where POAP films are not enough swollen to facilitate the ion
motion.

Cp vs. θRed,Maxdependence obtained by using Eq. (2) for the
different degraded POAP films is shown in the inset of Fig. 8.

Figure 6: Polymer-solution interfacial ion-transfer resistance

(Rf/s
i ) as a function of the degree of degradation,θRed,Max for

the 11 degraded POAP films indicated in Table 1: (�) films of
the first group; (N) films of the second group; (•) films of the
third group. (+) Value corresponding to the freshly prepared
POAP film. Electrolyte: 0.1 M HClO4 + 0.4 M NaClO4+ 2 x
10−3 M (HQ/Q) solution.

Figure 7: Interfacial electron-transfer resistance (Rf/s
e ) at the

polymer-solution interface as a function of the degree of degra-
dation, θRed,Max for the 11 degraded POAP films indicated in
Table 1: (�) films of the first group; (N) films of the second
group; (•) films of the third group. (+) Value corresponding to
the freshly prepared POAP film. Electrolyte: 0.1 M HClO4 +
0.4 M NaClO4+ 2 x 10−3 M (HQ/Q) solution.
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Figure 8: Interfacial capacitance (CH ) at the metal-polymer in-
terface as a function of the degree of degradation,θRed,Max for
the 11 degraded POAP films indicated in Table 1: (�) films of
the first group; (N) films of the second group; (•) films of the
third group. (+) Value corresponding to the freshly prepared
POAP film. Electrolyte: 0.1 M HClO4 + 0.4 M NaClO4+ 2 x
10−3 M (HQ/Q) solution. Inset: Redox capacitance (Cp) as a
function of the degree of degradation,θRed,Max for the 11 de-
graded POAP films indicated in Table 1: (�) films of the first
group; (N) films of the second group; (•) films of the third
group. (+) Value corresponding to the freshly prepared POAP
film. Electrolyte: 0.1 M HClO4 + 0.4 M NaClO4+ 2 x 10−3 M
(HQ/Q) solution.

It can be seen that starting at aCp value about 30 F cm−3, for a
freshly prepared film, a strong decrease ofCp up toθRed,Max∼
0.8 is observed. However, for higher degrees of degradation
(lower θRed,Maxvalues) a more attenuated change is observed.
Always, it should be kept in mind that these values correspond
to the reduced state of POAP. There was no difference in the
redox capacitancevs. θRed,Maxdependence achieved in the sup-
porting electrolyte from the -Z”vs. ω−1 slopes and in the pres-
ence of the redox active substrate from Eq. (2). Only little
differences in the numerical values ofCp were found. The good
agreement between the redox capacitance values attained under
these different conditions could be considered as an indication
of the high fitting accuracy reached to obtain optimum parame-
ters values (in this caseCp), for the treated system, by using Eq.
(2). Also, the coherent behaviour between interfacial transfer
processes and transport processes for a given entity (features of

Rf |s
e andDe as functions ofθRed,Maxfor the electron (Figs 7 and

9) and features ofRf |s
i andDi as functions ofθRed,Maxfor the ion

Figure 9: The electron diffusion coefficient (De) as a function of
the degree of degradation,θRed,Max for the 11 degraded POAP
films indicated in Table 1: (�) films of the first group; (N) films
of the second group; (•) films of the third group. (+) Value
corresponding to the freshly POAP film. Electrolyte: 0.1 M
HClO4 + 0.4 M NaClO4+ 2 x 10−3 M (HQ/Q) solution.

Figure 10: The ion diffusion coefficient (Di) as a function of
the degree of degradation,θRed,Max for the 11 degraded POAP
films indicated in Table 1: (�) films of the first group; (N) films
of the second group; (•) films of the third group. (+) Value
corresponding to the freshly POAP film. Electrolyte: 0.1 M
HClO4 + 0.4 M NaClO4+ 2 x 10−3 M (HQ/Q) solution.
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(Figs 6 and 10) could be indicative of the suitability of the the-
oretical model of Vorotyntsev [27] to interpret the experimental
impedance response of POAP, as compared with models used
in previous works [7,24,26,51]. However, as was above empha-
sized, the fitting of experimental impedance spectra by means
of the model described in [27], is not so good within the inter-
mediate frequency region. This effect could be due to the fact
that additional parameters of charging the double layers should
be introduced to correctly describe a modified electrode system.

An interesting comparison can be stabilised between theRm| f
versusθRed,Max dependence for different degraded POAP films
obtained by impedance measurements in the present work (see
Fig. 5) and the surface resistance change∆R/R of thin gold
film electrodes coated by different degraded POAP films (in-
set in Fig. 5) [12,25].∆R/R versusθRed,Max dependence was
obtained from data reported in a previous work [25], where 11
POAP films were degraded by employing the same method as
in the present work. As can be seen, similar features inRm| f
versusθRed,Max and∆R/R versusθRed,Max dependencies are ob-
served. However, whileRm| f is a transversal resistance at the
metal-polymer interface related to the electron transfer process
during the redox reaction of the polymer,∆R/Rchanges were
adjudicated to the scattering of conduction electrons from the
inside of the metal to the metal-polymer interface, caused by
changes in the translational symmetry parallel to the interface
due to the presence of different distributions of redox sites at
this interface (a more expanded distribution of redox sites as
more degraded becomes the polymer) [12,25]. In this sense,
∆R/Rchanges are not the direct result of the electron transfer
between the species on the metal surface electrode and the elec-
trode, but rather that they originate from the effect of foreign
surface particles on the conduction electrons of the metal itself
[40]. Thus, despite the different origins of these two electron
resistances at the polymer-metal interface and the different type
of measurements by which their were obtained (ac impedance
measurements and potentiodynamic potential scans at low scan
rates,ν = 5 x 10−3 Vs−1), similar behaviours are observed as a
function of the polymer degradation. This observation is inter-
esting because it seems that a given surface process on the elec-
trode affects in a similar way both the electron transport along
(parallel) the metal surface and the electron transfer across the
electrode-polymer interface.

At this point it should be indicated that the oxidation level reached
by POAP films, when the potential limit is extended up to high
positive values, could cause lateral reactions that alter the molec-
ular structure of the polymer and, hence its properties. These
reactions could increase the residual saturation in polymeric
chains and conduction can occur mainly by intermolecular elec-
tron transfer between adjacent short segments instead of in-
tramolecular conduction through conjugated domains in large
polymeric chains. Under these conditions, parameters obtained

in this work strictly represent fitting parameters of the model
rather than real physical properties of the polymer.

CONCLUSION

The Electrochemical Impedance Spectroscopy was employed
to study the degradation of poly-(o-aminophenol) films. The
experimental arrangement employed in this work (a substrate
base electrode free of a large amount of surface defects to de-
posit the films and the use of thick polyner films), was consid-
ered as suitable to apply an homogeneous impedance model,
such as that of Vorotyntsev et al. [27], to interpret experimental
impedance spectra obtained when freshly and degraded poly-(o-
aminophenol) films contact a redox active couple in solution.
The dependencies of the different charge transport and charge
transfer parameters of the polymer on its degradation, were only
extracted for the reduced state of the polymer and they exhibit
different features. While some parameters are strongly affected
from the beginning of the degradation, others only exhibit a
strong variation for high degrees of degradation. The Vorotynt-
sev’s model, applied to poly-(o-aminophenol), leads to a fast
electron transport as compared with the ion transport and both
of them become slower after degradation. Different decreases of
De andDi on the degree of degradation, were explained in terms
of the different transport mechanisms proposed for the electron
motion and the proton motion inside poly-o-aminophenol films.
A marked break at a degree of degradation about 0.6, on theDi

vs. degree of degradation dependence could be adjudicated to
different forms (mobile and bound) of hydrogen ions as was
porposed for this polymer. A similar behaviour, in terms of
degradation, was observed between the transversal charge trans-
fer resistance at the metal-poly-(o-aminophenol) interface and
the surface (lateral) resistance along this interface, the last cal-
culated from the electron scattering mechanism for the conduc-
tion electrons in metals. It is expected that the results of this
work can help to exploit more successfully the restrictive stabil-
ity conditions of poly-(o-aninophenol) in its practical applica-
tions.
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