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Abstract The effect of storage time without use (STWU)

in the supporting electrolyte solution on the charge-trans-

port parameters of poly(o-aminophenol) (POAP) film

electrodes was studied by electrochemical impedance

spectroscopy. STWU decreases the charge-transport rate of

the polymer. This effect is herein called deactivation.

Impedance diagrams of both nondeactivated and deacti-

vated films in contact with a solution containing the p-

benzoquinone/hydroquinone redox couple were interpreted

on the basis of a model formulated for homogeneous

conducting polymers, where the bathing electrolyte con-

tains a redox pair that provides the possibility for electrons

to leak from the film surface. Dependences of diffusion

coefficients for electron (De) and ion (Di) transport and

interfacial resistances related to ion R
fjs
i

� �
and electron

Rmjf ;R
fjs
e

� �
transfer across the polymer/solution and metal/

polymer interfaces, respectively, on the degree of deacti-

vation (hd) of the polymer were obtained. These depen-

dences were compared with those from previous work for

POAP films deactivated by employing other procedures,

such as high positive potential limits, soaking in a ferric ion

solution, and prolonged potential cycling.

Keywords Poly(o-aminophenol) � Deactivation � Storage
time � Electrochemical impedance spectroscopy �
Charge-transport parameters

1 Introduction

The oxidation of o-aminophenol on different electrode ma-

terials (gold, platinum, carbon, indium-tin oxide, etc.) in

aqueous acid medium was shown to form poly-o-aminophe-

nol (POAP) [1–3]. POAP exhibits its maximal electroactivity

within the potential range-0.2 V\E\ 0.5 V (vs. SCE) at

pH values lower than 3. The electroactivity of POAP was

explained by a redox mechanism that involves an addition/

elimination of protons coupled with a reversible electron

transfer [4, 5]. Poly(o-aminophenol) synthesized in acidic

medium is found to be a useful material to build electro-

chemical sensors and electrocatalysts [6–9]. Also, the

copolymer of aniline and o-aminophenol poly(aniline-co–o-

aminophenol)has been synthesized [10] and applied for dif-

ferent purposes, e.g., to develop an electrically controlled

anion exchange process to remove perchlorate from industrial

wastewaters [11, 12] and for electrocatalytic oxidation and

reduction [13, 14]. Considering the interesting applications of

POAP, where the polymer is subjected to rugged conditions

(prolonged potential cycling (PPC), potential range, storage

conditions, etc.) that could cause a decay in electrochemical

activity, not many efforts have been made to study POAP

deactivation. We have demonstrated that the different elec-

trochemical and chemical treatments PPC [15], high positive

potential limits (HPPL) [16], soaking in a ferric ion solution

(SFeIS) [17, 18], and storage timewithout use (STWU) [19] ),

in which POAP films are subjected to both applied and basic

studies, decrease the charge-transport rate of the polymer,

affecting its conductivity. This effect is herein called deacti-

vation. The loss of conductivity of an electroactive polymer

film is often a problem in electrochemical measurements

where the polymer acts as an electron-transfer mediator [16–

19]. Very low conduction and permeation are, for instance,

observed in passivating polymeric films deposited on
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electrode surfaces [20]. In this regard, during the electro-

chemical analysis or disposal of most phenolic compounds,

insulated polymeric substrates are created and cover the

electrode surface. This can cause the signal current to decay

over time, which is called electrode fouling or electrode pas-

sivation [20].

With regard to POAP deactivation, it was recently

demonstrated that STWU in the supporting electrolyte so-

lution for time periods longer than 32 h strongly reduces

the polymer electroactivity. The effect of STWU on the

electron transport rate of POAP film electrodes was studied

in previous work employing cyclic voltammetry, rotating

disk electrode voltammetry (RDEV), and surface resistance

(SR) [19]. This deactivation is evidenced by an attenuation

of the voltammetric response, which allows one to define a

degree of deactivation (hd). RDEV experiments carried out

in [19] with both deactivated and nondeactivated films in

the presence of the hydroquinone/p-benzoquinone (HQ/Q)

redox couple were interpreted in terms of the electron

hopping model. A decrease of the electron transport rate

(De) with the increase in the degree of deactivation of

POAP films was observed. This effect was explained on the

basis of an increase in the electron hopping distance be-

tween two adjacent redox sites as the degree of deactiva-

tion increases. A higher distance between adjacent redox

sites in a deactivated POAP film than in a nondeactivated

one is consistent with SR results, where the more deacti-

vated the film is, the more diffuse the reflection of the

conduction electrons of gold at the gold film/POAP film

interface becomes. In order to obtain a more complete

series of charge-transport parameters than those obtained

from RDEV measurements [19], electrochemical impe-

dance spectroscopy (EIS) measurements were carried out

in the present work. Impedance diagrams of POAP films, in

the presence of the same redox couple employed in [19],

were interpreted on the basis of a model formulated by

Vorotyntsev et al. [21]. Charge-transport parameters ob-

tained in this work for POAP films deactivated by STWU

are compared with those obtained in other studies for

POAP films deactivated employing other procedures such

as PPC [15], HPPL [16], and SFeIS [17, 18]. It should be

remarked that in the present work, as in previous ones [15–

19], we are only interested in analyzing the effects of

different electrochemical and chemical treatments on the

charge propagation process of POAP films. That is, it is

expected that after reading this paper, researchers will pay

attention to the limits of stability and durability of POAP,

particularly with regard to maintenance of its conducting

properties under different chemical and electrochemical

treatments. It is not the aim of the present work to differ-

entiate the physicochemical phenomena involved in POAP

deactivation employing different treatments. In this regard,

further work is in progress to elucidate the chemical and

physical transformations that alter the conducting proper-

ties of a POAP film after being subjected to different

treatments such as PPC, HPPL, SFeIS, and STWU.

2 Experimental

The same gold rotating disk electrode (RDE) described in

[19] was used as base electrode to deposit POAP films.

Also, POAP films were synthesized from a 10-3 M

orthoaminophenol ? 0.4 M NaClO4 ? 0.1 M HClO4 so-

lution and stabilized in the supporting electrolyte (0.4 M

NaClO4 ? 0.1 M HClO4) solution, as previously described

[19]. These POAP films are herein called nondeactivated

films. These films were deactivated employing the same

procedure described in [19]. That is, the same series of

eight POAP-coated RDEs listed in Table 1 of Ref. [19] was

prepared in this work, and each one of them was succes-

sively deactivated in the supporting electrolyte solution

employing the same storage time sequence listed in

Table 1 of Ref. [19]. A degree of deactivation (hd) was also
defined here on the basis of the attenuation of the

voltammetric response by employing Eq. (1) [19] as

hd ¼ 1� QRed;c

�
QRed;T

� �
; ð1Þ

where QRed,c is the total reduction charge assessed by inte-

gration of the corresponding voltammetric response for a

deactivated film, and QRed,T = 2.8 mC cm-2 is the total

reduction charge for the nondeactivated film. Thus, for a

nondeactivated POAP film, the degree of deactivation was

hd = 0, taking QRed,T = 2.8 mC cm-2 as reference charge.

However, values of hd[ 0 are indicative of POAP films that

have been deactivated by storage in the supporting elec-

trolyte solution. Then, with both nondeactivated and deac-

tivated POAP films, RDEV experiments were performed in

the presence of a solution containing equimolar concentra-

tions of p-benzoquinone (Q) and hydroquinone (HQ) species

(0.1 M HClO4 ? 0.4 M NaClO4 ? 2 9 10-3 M Q/HQ).

Impedance spectra of deactivated and nondeactivated POAP

films in contact with the redox couple were measured fol-

lowing a 30-min application of the steady-state potential in

the range from -0.2 V to 0.0 V (SCE). Impedance values

for different degrees of deactivation (hd) were determined at

seven discrete frequencies per decade with a signal ampli-

tude of 5 mV. Impedance spectra were validated by Kra-

mers–Kronig transformations. Impedance diagrams at

potential values corresponding to the reduced state of POAP

were only considered in this work because the impedance

model described in [21] was developed within the frame-

work of the assumption that the redox active species (HQ/Q)

are only present in the solution phase but not inside the film,

and they participate in the interfacial electron exchange

within the polymer at the film/solution boundary. At
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potential values more positive than 0.4 V (SCE), the redox

couple is incorporated into the POAP film.

A large-area gold grid was used as counter electrode. All

the potentials are referred to the SCE. Impedance mea-

surements in the frequency range 0.01 Hz–10 kHz were

performed with a PAR 309 system.

3 Results and discussion

3.1 Different charge-transport and charge-transfer

parameters of POAP films deactivated

by storage and their dependence on the degree

of deactivation

Impedance diagrams of nondeactivated and deactivated

POAP films are shown in Figs. 1, 2, 3. Solid lines are

simulated curves calculated by Eq. (2) [21] (see Appendix).

As it is often considered that some transformed curves

could give more valuable information about the goodness

of the fitting than Nyquist plots, real and imaginary parts

versus frequency plots corresponding to each one of the

Nyquist representations were also built. One of these rep-

resentations for a hd value of 0.41 is shown in Fig. 4.

Although several ac impedance diagrams at potential val-

ues within the range -0.2 V to 0.0 V (SCE) were recorded

for different POAP films, those shown in Figs. 1 2, 3, 4

were considered as representative of the potential region

where POAP is in its reduced state. A good fitting was

observed for the different impedance diagrams. The fitting

procedure using Eq. (2) was based on the complex non-

linear squares (CNLS) method (see Appendix).

In the simulations, the number of transferred electrons,

n, reported in [22] was employed, and diffusion coefficient

values of the redox species (Q and HQ) were considered

Fig. 1 Ac impedance diagrams in the Nyquist coordinates (-Z00 vs.
Z) obtained at E = -0.2 V for a nondeactivated POAP film. The

different diagrams correspond to different electrode rotation rates, X:
(open rectangle) 100 rpm; (open triangle) 200 rpm; (multiplication)

300 rpm; (open circle) 600 rpm. Electrolyte: 0.1 M HClO4 ? 0.4 M

NaClO4 ? 2 9 10-3 M (HQ/Q) solution. Discrete points are ex-

perimental data, and solid lines represent the fitting using the theory

described in [21]

Fig. 2 Ac impedance diagrams in the Nyquist coordinates (-Z00 vs.
Z) obtained at E = -0.2 V for a deactivated POAP film, hd = 0.62.

The different diagrams correspond to different electrode rotation

rates, X, indicated in the figure. Electrolyte: 0.1 M HClO4 ? 0.4 M

NaClO4 ? 2 9 10-3 M (HQ/Q) solution. Discrete points are ex-

perimental data, and solid lines represent the fitting using the theory

given in [21]

Fig. 3 Ac Impedance diagrams in the Nyquist coordinates (-Z00 vs.
Z) obtained at E = -0.2 V and a constant electrode rotation rate,

X = 1000 rpm, for two deactivated POAP films: (open circle)

hd = 0.10; (open rectangle) hd = 0.35. Electrolyte: 0.1 M HClO4 ?

0.4 M NaClO4 ? 2 9 10-3 M (HQ/Q) solution. Discrete points are

experimental data, and solid lines represent the fitting using the theory

given in [21]

Fig. 4 Real part (Z0) and imaginary part (-Z00) versus frequency (x)
plots (point-to-point representations) for a POAP film with hd = 0.41.

E = -0.2 V, X = 3000 rpm. Electrolyte: 0.1 M HClO4 ? 0.4 M

NaClO4 ? 2 9 10-3 M (HQ/Q) solution. (open circle) Experimental

data; (bullet) fitting using Eq. (1) [21]
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equal, Dox,red = 1.5 9 10-5 cm2 s-1. Also, the bulk con-

centrations of the redox substrate species were considered

equal (cox = cred = 2 9 10-6 mol cm-3). The polymer

thickness was /p = 60 nm [19]. The value of the total

redox site concentration of POAP was co = 4.7 9 10-3

mol cm-3 [1]. The ohmic resistance of the solution in

contact with the polymer films, RS, was measured. A value

RS *2.14 ohm cm2 was obtained. Then, by considering

the high-frequency intercept of impedance diagrams of

POAP films in the presence and in the absence of the redox

couple in solution as Ro, the high-frequency bulk POAP

film resistance, Rf, was calculated as Rf = Ro-RS [23]. The

latter value varied within the range 1.27\Rf\ 2.01

ohm cm2 and it seems not to be strongly dependent on the

degree of deactivation. Then, Rf and RS values were im-

posed on the fitting. The other parameters contained in

Eq. (2) Rmjf ;R
fjs
i
;Rmjf ;R

fjs
i
;Rfjs

e
;Cp;De and Di

� �
were cal-

culated from the experimental impedance data by the fitting

procedure described above. The first three parameters

Rmjf ;R
fjs
i and R

fjs
e

� �
were varied without restraints during

the fitting. However, some reference values were consid-

ered for Cp, De, and Di. For the nondeactivated POAP film

thickness used in this work (/p = 60 nm) and solution pH

1, De and Di values were allowed to vary within the range

10-7–10-11 cm2 s-1, in such a way that diffusion coeffi-

cient values lower than 10-11 were considered unrealistic

for these thick films. That is, De and Di values lower than

10-11 were only obtained from impedance diagrams

(not shown) of very thin POAP films QT;Red ¼ 0:2mC
�

cm�2;/p ¼ 10 nmÞ contacting solutions of pH 1, where

incomplete coating of the metal area by the thin polymer

film is possible. Concerning Cp, reference values were

extracted from experimental -Z00 versus x-1 slopes of

impedance diagrams at sufficiently low frequency (in the

absence of the redox substrate in solution). A contribution

of the interfacial capacitance, CH, also considered as a

fitting parameter, was included in order to represent the

actual impedance diagrams from the calculated ones.

Different charge-transport and charge-transfer pa-

rameters versus hd dependences for a POAP film deacti-

vated by STWU, extracted from the fitting procedure

described above, are shown from Figs. 5, 6, 7, 8, 9, 10.

The Cp versus hd dependence is shown in Fig. 5. As can

be seen, starting from a Cp value of about 27 F cm-3, for a

nondeactivated film, a decrease of Cp with increasing hd is
observed. This decrease is consistent with the continuous

attenuation of the voltammetric response as the degree of

deactivation increases [19]. It should be kept in mind that

these Cp values correspond to the reduced state of POAP.

There was no difference in the redox capacitance versus hd
dependence achieved in the supporting electrolyte from the

Fig. 5 Redox capacitance (Cp) as a function of hd for a POAP film

deactivated by STWU. The value 27.5 F cm-3 for hd = 0 corre-

sponds to a nondeactivated film. Electrolyte: 0.1 M HClO4 ? 0.4 M

NaClO4 ? 2 9 10-3 M (HQ/Q) solution. Inset Cp as a function of hd
for the different deactivation processes

Fig. 6 Polymer–solution interfacial ion-transfer resistance R
f=s
i

� �
as

a function of hd for a POAP film deactivated by STWU. Electrolyte:

0.1 M HClO4 ? 0.4 M NaClO4 ? 2 9 110-3 M (HQ/Q) solution.

Inset R
f=s
i as a function of hd for the different deactivation processes

Fig. 7 Metal–polymer interfacial electron-transfer resistance (Rm/f)

as a function of hd for a POAP film deactivated by STWU.

Electrolyte: 0.1 M HClO4 ? 0.4 M NaClO4 ? 2 9 110-3 M (HQ/

Q) solution. Inset Rm/f as a function of hd for the different deactivation
processes
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-Z00 versus x-1 slopes and in the presence of the redox

active substrate from Eq. (2). Only small differences in the

numerical values of Cp 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 pa-

rameter values (in this case Cp) for the treated system using

Eq. (2).

The dependences of R
fjs
i and Rm|f on hd are shown in

Figs. 6 and 7, respectively. R
fjs
i as a function of hd exhibits

a different feature than that of Rm|f. That is, while Rm|f

seems to change continuously within the whole hd range,

R
fjs
i firstly exhibits a slight increase within the range

0\ hd\ 0.30 and then, a strong increase within the range

0.35\ hd\ 0.77. Also, the magnitude of the Rm|f and R
fjs
i

change within the whole hd range is different. The R
fjs
i

change is around one order of magnitude lower than the

Rm|f change. This difference could indicate that the high-

frequency semicircle on the impedance diagrams (Figs. 1,

2, 3) is mainly determined by Rm|f. The increase of inter-

facial Rm|f resistance could be due to an increasing number

of inactive sites at the metal/polymer interface with the

increase in the degree of deactivation [19].

R
fjs
e values were extracted from Eq. (4) (see Appendix)

using k as fitting parameter 0:01\ k\ 1000 cms�1ð Þ. The
characteristic of the R

fjs
e versus hd dependence (Fig. 8) is

similar to that of the Rm/f versus hd dependence. However,

R
fjs
e values are around one order of magnitude lower than

Rm/f values.

Also, it is interesting to note that at a degree of deacti-

vation lower than 0.4, R
fjs
e values are higher than R

fjs
i val-

ues. Then, the storage without use seems to more strongly

affect the polymer/solution interfacial electron-transfer

resistance, R
fjs
e , than the polymer/solution interfacial ion-

transfer resistance R
fjs
i . The increase in interfacial R

fjs
e re-

sistance could be due to an increasing number of inactive

sites at the polymer/solution interface with the increase in

the degree of deactivation.

Ion and electron diffusion coefficients versus hd de-

pendences are shown in Figs. 9 and 10, respectively. Both

diffusion coefficients decrease as hd increases. As was

proposed from RDEV data [19], the decrease of De with the

increase of hd could be attributed to an increase in the

hopping distance between redox active sites after polymer

deactivation. De values are nearly two orders of magnitude

higher than Di values. It is possible that electron hopping

controls the charge-transport process at a POAP film in its

oxidized state, where the polymer is swollen, which fa-

cilitates ion transport. However, in the present work,

relative diffusion coefficient values (De[Di) refer to the

Fig. 8 Interfacial electron-transfer resistance R
f=s
e

� �
as a function of

hd for a POAP film deactivated by STWU. Electrolyte: 0.1 M

HClO4 ? 0.4 M NaClO4 ? 2 9 10-3 M (HQ/Q) solution. Inset R
f=s
e

as a function of hd for the different deactivation processes

Fig. 9 Ion diffusion coefficient (Di) as a function of hd for a POAP

film deactivated by STWU. Electrolyte: 0.1 M HClO4 ? 0.4 M

NaClO4 ? 2 9 10-3 M (HQ/Q) solution. Inset Di as a function of

hd for the different deactivation processes

Fig. 10 Electron diffusion coefficient (De) as a function of hd for a

POAP film deactivated by STWU. Electrolyte: 0.1 M HClO4 ? 0.4 -

M NaClO4 ? 2 9 10-3 M (HQ/Q) solution. Inset De versus hd
dependence for different deactivation processes
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reduced state of POAP. As can be seen by comparing

Fig. 10 of this paper with Fig. 4 of Ref. [19], the

Vorotyntsev’s model gives De values almost three orders of

magnitude higher than the De values extracted from RDEV.

In this regard, the interpretation of diffusion coefficients at

polymer films depends on the model employed to describe

the charge propagation and, sometimes, on the technique

used in its measurement. Another interesting difference

between De and Di versus hd dependences can be observed

by comparing Fig. 9 with Fig. 10. While Di is reduced one

half in going from hd–0 to hd–0.77, De is reduced ap-

proximately four times. This finding would mean that

although ion motion always controls the charge-transport

process at POAP films, the influence of electron motion on

the whole charge-transport process becomes more pro-

nounced at a high degree of deactivation. With regard to De

and Di versus hd dependences, while a continuous decrease
is observed for De within the whole hd range, a break

around hd *0.30 seems to be observed in the Di versus h
d
c

dependence. Such break also becomes evident in the R
fjs
i

versus hd dependence (Fig. 6). Probe beam deflection

measurements [24] suggest that while protons and anions

are exchanged during POAP oxidation, insertion of protons

is the dominant process during the POAP reduction pro-

cess. Also, impedance measurements reported in [25]

indicate that POAP is only doped with hydrogen ions, and

the effect of anions is negligible. Then, it is possible that

both parameters R
fjs
i and Di are related to proton move-

ments across the POAP/solution interface and inside the

polymer film, respectively, rather than to anion transport.

Concerning the proton movement into POAP films, the

existence of two forms (mobile and bound) of hydrogen

ions in the bulk film has been proposed [25]. It was sug-

gested that in polymers derived from aromatic amines,

hydrogen ions could be constrained by nitrogen atoms of

polymer chains and do not contribute to the electrical

conductance of the film, and another part of such con-

strained groups is able to dissociate producing the mobile

form of hydrogen, which provides the film conductance. In

other words, besides mobile protons, some traps for hy-

drogen ions within the bulk of the film may be present,

which provides the binding of these protons with polymer

film fragments. This proton conduction mechanism is

similar to that proposed for ion transport in some solid-

state materials [26], where ion movement occurs by a

hopping process with the participation of two different

types of sites. While some sites allow a fast ion diffusion

process, other sites immobilize ions and do not allow them

to participate in the diffusion process. The existence of

these different types of sites was explained in terms of

different energy barriers [26]. In this regard, the slight in-

crease in the R
fjs
i versus hd (the slight decrease in the Di vs.

hd) dependence within the range 0\ hd\ 0.30 could be

due to the inhibition of traps for hydrogen ions, which only

causes a small ion conductivity change. However, the

strong R
fjs
i increase (more pronounced Di decrease) for

hd[ 0.35 could be attributed to the inhibition of nitrogen-

containing groups that provide the binding of hydrogen

ions and at the same time are able to dissociate and give the

mobile form of hydrogen that markedly contributes to the

polymer conductivity.

With regard to CH values, starting from a value of

around 17 lF cm-2 for a nondeactivated film, CH de-

creases in a nearly continuous way as the degree of deac-

tivation increases, reaching a value of about 7.5 lF cm-2

for hd *0.77 (not shown). The CH decrease, as well as the

Rm|f increase, could be assigned to the creation of inactive

gaps in the redox site configuration at the polymer/metal

interface with deactivation.

3.2 Effect of different deactivation procedures

on the charge-transport parameters of POAP

films extracted from EIS

Dependences of charge-transport and charge-transfer pa-

rameters on the degree of deactivation of POAP films

subjected to STWU (this work), PPC [15], HPPL [16], and

SFeIS [17, 18] extracted from EIS are compared in this

section.

As can be seen by comparing the four De versus hd
dependences shown in the inset of Fig. 10 with those ob-

tained from RDEV data (see inset in Fig. 4 in [19] ),

although diffusion coefficient values obtained from the

Vorotyntsev et al.’s model [21] are three orders of mag-

nitude higher than those obtained from RDEV, the same

sequence of De values is obtained from both techniques,

i.e., at each hd value De (STWU)[De (PPC)[De

(SFeIS)[De (HPPL). The consistence of the electron

diffusion coefficient sequences obtained from EIS and

RDEV measurements could allow one to interpret again the

rate of electron transport extracted from EIS in terms of

different redox site distributions according to the deacti-

vation procedure employed. In this regard again, the more

spread redox site distribution should correspond to a POAP

film deactivated applying HPPL, as compared with the

other deactivation procedures.

By comparing the insets in Figs. 7 and 8, it is interesting to

note that Rm|f and R
fjs
e resistances follow the same sequence

for the different deactivation processes. That is, while the

stronger increase is observed for a POAP films subjected to

PPC, the interaction with a ferric ion solution causes the

lower effect on the electron transfers across the metal/poly-

mer and polymer/solution interfaces. The effects of STWU

and HPPL seem to be intermediate between those caused by
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PPC and SFeIS. The sequence followed by Rm|f and R
fjs
e is

different from those followed by the electron diffusion co-

efficient (inset in Fig. 10) and the potentiodynamic DR/R
change (Fig. 10 in [19] ). In this connection, it should be kept

in mind that whileDe is related to the bulk electron transport,

Rm|f andR
fjs
e are related to interfacial electron transfers. Also,

although Rm|f, like the potentiodynamicDR/R change, is re-

lated to the metal/polymer interface, both Rm|f and DR/R
resistances cannot be directly related because Rm|f is asso-

ciated with a transversal charge motion due to the electron

transfer across the polymer/metal interface, while the DR/R
change is attributed 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 a different distribution of

scatterers (redox sites) at the interface.

As was indicated, R
fjs
i and Di at POAP seem to be related

to proton transfer across the polymer/solution interface and

proton diffusion across the film, respectively. The sequence

followed by the polymer–solution interfacial ion-transfer

resistance R
fjs
i as a function of hd (inset in Fig. 6) for the

different deactivation processes is opposite to those followed

byRm|f andR
fjs
i . In this regard, the stronger restriction (higher

R
fjs
i value) for the proton transfer at the polymer/solution

interface seems to be caused by the interaction of ferric ions

with POAP. Also, as can be seen from the inset in Fig. 9,

although Di as a function of hd for the different deactivation

processes does not follow the same sequence as R
fjs
i versus

hd, the incorporation of ferric ions into the POAP matrix

causes a more pronounced decrease in the ion diffusion co-

efficient value than in the other deactivation procedures.

Thus, soaking of POAP in a ferric ion solution seems to

mainly affect proton diffusion across the film and proton

transfer across the POAP/solution interface. In this regard,

deactivation of POAP by SFeIS has been attributed to the

direct interaction of iron ions with the redox sites of POAP,

which impedes the protonation reaction of the polymer [27].

The redox capacitance (inset in Fig. 5) seems to be strongly

affected by the incorporation of iron ions into the POAP

matrix. PPC affects this impedance value to a lesser extent.

STWU and HPPL seem to cause intermediate effects on the

redox capacitance. The same characteristics are observed in

R
fjs
i versus hd dependence (inset in Fig. 6).

4 Conclusions

While diffusion coefficients for electron (De) and ion (Di)

transport decrease, interfacial resistances related to ion (R
fjs
i )

and electron Rmjf ;R
fjs
e

� �
transfer across the polymer/solution

and metal/polymer interfaces, respectively, increase with the

degree of deactivation of a POAP film subjected to STWU. A

decrease of the redox capacitance with the increase in the

degree of deactivation is also observed for a POAP film de-

activated by STWU. These dependences were compared with

those obtained from POAP films subjected to other deacti-

vation procedures such as PPC, SFeIS, andHPPL.At constant

degree of deactivation, the electron transport rate follows the

order De (STWU)[De (PPC)[De (SFeIS)[De (HPPL),

i.e., the greatest effect on the electron transport was observed

for a POAP film deactivated by HPPL. Rm|f and R
fjs
e resis-

tances follow the same sequence for the different deactivation

processes. That is, while the strongest increase is observed for

a POAP films subjected to PPC, the interaction with a ferric

ion solution causes the smallest effect on the electron transfers

across the metal/polymer and polymer/solution interfaces.

R
fjs
i andDi at POAP were related to proton transfer across

the polymer/solution interface and proton diffusion across

the film, respectively. R
fjs
i , as a function of the degree of

deactivation for the different deactivation processes, is op-

posite to those followed by Rm|f and R
fjs
e . In this regard, the

strongest restriction (higherR
fjs
i value) for the proton transfer

at the polymer/solution interface seems to be caused by the

interaction of ferric ions with POAP. Although Di, as a

function of the degree of deactivation for the different de-

activation processes, does not follow the same sequence as

R
fjs
i does, the incorporation of ferric ions into the POAP

matrix causes the most pronounced decrease in the ion dif-

fusion coefficient value as compared with the other deacti-

vation procedures. Thus, soaking of POAP in a ferric ion

solution seems to mainly affect the proton diffusion across

the film and the proton transfer across the POAP/solution

interface. The redox capacitance is also strongly affected by

the incorporation of iron ions into the POAP matrix. PPC

affects this impedance value to a lesser extent.
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Appendix: interpretation of ac impedance
diagrams

A particular interpretation of impedance data is based on

the choice of a certain equivalent electrical circuit as a

model for the system under study or by introducing a
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number of additional elements corresponding to peculiar

features of the impedance spectra into the available cir-

cuits. However, a correct microscopic formulation of the

problem of a modified electrode impedance and its solu-

tion for homogeneous conducting polymer films has been

reported by Vorotyntsev in [28] and then, extended to the

case where the bathing electrolyte contains a redox pair

that provides the possibility for the electron to leak from

the film surface [21, 29]. The general theory of

Vorotyntsev et al. considers diffusion-migration transport

of electrons and ions as mobile charge carriers in a uni-

form medium, coupled with a possibly nonequilibrium

charge transfer across the corresponding interfaces at the

boundary of the film [30]. ‘‘Essentially, the approach is

based on the formulae of the multicomponent diffusion’’

[31] relating the electrochemical potential gradients of

flux components. Standard Nernst–Planck–Einstein ex-

pressions are used for flux densities of both species

(electrons and ions) taking account of both diffusion and

migration transport mechanisms. On the basis of the ex-

perimental arrangement used in this work, i.e., a gold disk

electrode of low surface roughness (high specularity) after

deposition by evaporation of a thin gold film coated with

a thick POAP film [19], the system could be considered

as a good enough approximation to a uniform polymer

layer deposited on a smooth electrode surface to apply a

homogeneous electrochemical impedance model in the

interpretation of experimental ac impedance diagrams.

Then, the microscopic formulation of ac impedance of a

modified electrode described by Vorotyntsev et al. in [21]

was employed in this work to interpret impedance data of

nondeactivated and deactivated POAP films. It should be

remarked that the theory developed in [21] is strictly valid

when the charging of interfacial double layers is negli-

gible, i.e., it does not account for the charging of the

film/substrate and film/solution layers in parallel with the

injection processes of charge carriers. If this is not the

case, a more complete model, such as the one developed

by Vorotyntsev in [28], should be used. In this model

[28], besides the traditional ‘‘double-layer’’ capacitance

and interfacial charge-transfer resistances, two additional

parameters for each boundary, ‘‘interfacial numbers’’ for

each species and ‘‘asymmetry factors,’’ are introduced.

Although we also fitted our experimental impedance

diagrams with the model reported in [28], the fitting did

not result much more precise than that using the model

given in [21], and furthermore, the increasing mathema-

tical difficulty of determining the numerous parameters of

the model given in [28] from experimental data was a

major drawback. Then, despite this last theoretical

limitation, the model described in [21] concerning a

uniform and nonporous film and no penetration of redox

species from the solution was employed to interpret our

experimental impedance diagrams.

As in the present case, one has the modified electrode

geometry with a redox active electrolyte solution (m/film/

es), Eq. (2) [21] must be applied.

Zm filmj jes¼RmjfþRfþRs

þ Z
fjs

e R
fjs
i þWfZ

m
12

h i
Zf js
e þRf js

i
þ 2Wf coth2m

� ��1

;

ð2Þ

where

Zm
12 ¼ Z

fjs

e cothmþ te � tið Þ2tanhm
h i

þ Rfjs
i
4t2i tanhm

þWf4t
2
i : ð3Þ

In Eqs. (2) and (3), m ¼ jx/2
p

� �.
4D

h i1=2
is a dimen-

sionless function of the frequency x, /p is the film thick-

ness, D is the binary electron–ion diffusion coefficient, and

ti and te are the migration (high frequency) bulk-film

transference numbers for anions and electrons, respec-

tively. D is defined as D = 2Di De (De ? Di)
-1 and

ti,e = Di,e (De ? Di)
-1, where De and Di are the diffusion

coefficients for the electrons and ion species, respectively.

Wf ¼ m
�
jx/pCp

� �
¼ DRf=m is a Warburg impedance for

the electron–ion transport inside the polymer film.

DRf ¼ /p

�
4DCp

� �
is the amplitude of the Warburg impe-

dance inside the film, and Cp is the redox capacitance per

unit volume.

Rf (= /p/j) is the high-frequency bulk-film resistance,

Rs is the ohmic resistance of the bulk solution (j is the

high-frequency bulk conductivity of the film), Rm|f is the

metal/film interfacial electron-transfer resistance, and R
fjs
i

is the film/solution interfacial ion-transfer resistance.

Z
fjs

e ¼ R
fjs
e þWs

� �
is the electronic impedance, where

R
fjs
e is the interfacial electron-transfer resistance at the

film/solution interface, and Ws is the convective diffusion

impedance of redox species in solution, which contains the

bulk concentrations of ox(red) forms, cox(cred), and their

diffusion coefficients inside the solution, Dox(Dred). Also, it

contains the Nernst layer thickness, d.

R
fjs
e is defined as

Rfjs
e ¼ RT nF2k cred

� ��1
; ð4Þ

where k is the rate constant of the reaction between the film

and the redox active forms in solution. The diffusion of the

redox forms from the bulk solution to the film/solution

interface can be regarded as stationary through the diffu-

sion layer thickness, expressed in cm by

d ¼ 4:98D
1=3
ox;redg

1=6X�1=2; ð5Þ
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where g is the kinematic viscosity of the solution in the

same units as Dox,red, and X the rotation rate of the disk

electrode in rpm. The rest of the constants have their usual

meaning. This model also includes the impedance behavior

of the polymer contacting the inactive electrolyte (absence

of the redox couple in solution) by considering Z
fjs

e ! 1 in

Eq. (2).

A rigorous fitting procedure was performed employing

Eq. (2). Six replicate measurements for each degree of

deactivation were carried out, and the error structure was

assessed following the method recommended by Agarwal

et al. [32] and Orazem [33]. The standard deviation for the

real (rZr) and imaginary (rZj) parts of the impedance fol-

lowed the form proposed by Orazem (see Eq. (8) of Ref.

[33]).

rZr ¼ rZj ¼ ajZjj þ bjZrj þ cjZj2Rm�1 þ d; ð6Þ

where Rm is the current measuring resistor used for the ex-

periment, Zr is the real part of the impedance, and Zj is the

imaginary part of the impedance. a, b, c, and d are constants
that have to be determined. The values of these scaling fac-

tors were a = 0, b = 4.22 9 10-3 ± 0.005 9 10-3, c =

2.5 9 10-5 ± 0.1 9 10-5, and d = 4.8 9 10-3 ± 0.3 9

10-3. The error structurewas found to follow the samemodel

within the range of the degree of deactivation 0.05\ hc\
0.77. At hc values lower than 0.05, the error structure model

parameters had different values, but these results are not

reported here. Then, solid lines in Figs. 1, 2, 3 and point

representation in Fig. 4 represent the weighted complex

nonlinear least squares fit to the data. The regression was

weighted by the inverse of the variance of the stochastic part

of the measurement. Under all conditions, the weighted sum

of the square of residuals was below one [33].
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