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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 polymeBgeqmax), Were obtained. The different features of some of these dependencies (for instance, bulk electronic and
ionic transport onBredmax) 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 interfgcéoBtained by impedance spectroscopy) and the lateral
resistanceAR/R along the electrode (obtained by Surface Resistance measurements), as fundigemef 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 troactive polymer has been characterised by using different elec-
trochemical techniques [3-15]. The polymer exhibits its maxi-
Oxidation of o-aminophenol on different electrode materials mal electroactivity within the potential range -0.2 \E< 0.5V
(gold, platinum, carbon, etc.) in aqueous acid medium was (vs SCE) at pH values lower than 3 [8,10,12]. Recent spec-
shown to form poly-o-aminophenol (POAP) [1-3]. This elec- troscopic results seem to indicate that phenoxazine units are

froduced during the oxidation/reduction of POAP [13]. Also,
*To whom correspondence should be addressed: Fax: (54) (0221) 425-464 . . .
E-Mail: rtucce@inifta.unlp.edu.ar in a more recent paper [14] is demonstrated by using differ-
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ent in situ techniques (FTIR spectroscopy, Probe Beam Deflec-1. EXPERIMENTAL

tion and UV-Vis and Raman signals) that the redox transition of

POAP from its completely oxidised state to its completely re- 1.1 The Gold Base Electrode

duced state occurs through two consecutive reactions, in which

a charged intermediate species takes part. With regard to itsA conventional three electrodes cell was used for the experi-

practical applications, the material was used to study silver de-ments. A rotating disc gold electrode (RDGE) was used as base

position [16] and also it was employed as both cation sensorelectrode. This RDGE consisted of a gold rod press-fitted with

[17,18] and biosensor [19-21]. Recently, the electrocatalytic ox- epoxy resin into a Teflon sleeve so as to leave a disc aredlcm

idation of methanol at a glassy carbon electrode modified by aexposed. The gold electrode was carefully polished with emery

thin POAP film containing Pt, Pt-Ru and Pt-Sn microparticles paper of decreasing grit size followed by alumina suspensions

[22] and the development of NO sensors based on hybrid film of size 1, 0.3 and 0.0fm, respectively, until a mirror-like fin-

of POAP and Ni sulfonated phtalocyanine [23], were reported. ish was obtained. Then, it was submitted to ultrasonic clean-

In some of these practical applications, POAP is subjected toing to remove residual abraded polishing material. In order

positive potentials exceeding the potential range correspondingto obtain a more specular gold surface, a gold film of about

to the maximal electroactivity > 0.5 V (vs SCE)). In this 100 nm of thickness was deposited by vacuum evaporation (

connection, in previous works [24-26] it was demonstrated that 107 Torr) on the gold disc, following the procedure described

when the positive potential limit is extended to values higher in[28,29]. Then, POAP films were electrochemically deposited

than 0.5V ys SCE) anirreversible deterioration of POAP films on the RDGE after deposition of the gold film, and this POAP

occurs. Despite of these last works and considering the grow-modified electrode was employed as working electrode. A gold

ing applications of POAP no much efforts have been made togrid of large area was used as counter electrode. All the poten-

study more deeply the POAP degradation, specially in relationtials reported in this work are referred to the SCE.

to its effect in the interesting case where this polymer mate-

rial contacts an electrolyte solution containing a redox substratel-2  Synthesis of fresh and Degraded Poap films by

and a mediation reaction occurs at the polymer-electrolyte in- Using CV

terface. The aim of this work was to apply the Electrochemi- i

cal Impedance Spectroscopy (EIS) to analyse the effect of thel-2-1 Freshly prepared POAP films

gradual degradation of POAP on the different char_ge transportPOAP films were grown on the above mentioned RDGE (af-

and charge transfer processes through a POAP film, from the . . . :
: - . ter to deposit a 100 nm thick gold film) in the same way as

metal to the solution, when a mediation reaction occurs at thedescribed in [1,25,30]. These polymer films were obtained by

polymer-electrolyte interface. Also, Cyclic Voltammetry (CV) e

: . immersing the RDGE in a 1& M orthoaminophenol + 0.4 M
and Rotating Disk Electrode Voltammetry (RDEV) were used NaClQ, + 0.1 M HCIO, solution and cycling the potential be-

to synthesize and characterize fresh and degraded POAP ﬁlmst‘ween -0.25and 0.8 W6. SCE) at a scan rate= 0.05 Vs L. In

E_xperlmental |mpedance_ diagrams were interpreted on the ba;order to obtain a measure of the polymer thickness, these POAP
sis of an homogeneous impedance model, such as that devel-

; ; ; coated rotating disc gold electrodes were then rinsed and trans-
oped by Vorotyntsev et al. [27] which describes the |mpedanceferred to the sgupporfi]ng electrolyte solution (0.4 M Nagio
behaviour of electroactive polymers in the presence of redox |

species able to be discharged at the polymer-solution interface.o'1 M HCIOy) free of monomer. Then, the voltammetric re-

In this sense, this model described in [27] was employed within duction chargeQr req In this last solution was determined by

; : integration the cathodic current of the voltammetric response
the potentlgl range comprlsgd between -0.2 V and 0.0V, Wherebetween -0.25V and 0.5 W§. SCE) ¢ = 0.01 Vs 1) [1]. After
the reduction of p-benzoquinone (redox active substrate) oc-

curs through a rapid electron transfer mediation at the POAP-thIS’QTR@dWas conS|_dered as representative O_f the POAP thick-
. . ness. In these experiments only thick POAP films were used to

solution interface. Then, the different transport and transfer cover the gold surfaced reg = 2.8 MC cm2). A comparison

parameters of the polymer layer, extracted from the fitting of 9 Red = & ) P

the experimental impedance diagrams, were represented as %etween the redox char@kr regmeasured by CV and the thick-

function of the degree of polymer degradation. Some interfacial E%S:E,p ﬂeternlnni_dhby elllpsorretry.was pl;ewously reportgd for
transport parameters obtained in the present work by employin fims [1]. TheQr req value given above corresponds to
Yhe valuegp, ~ 60 nm. Eleven POAP coated rotating disc gold

the EIS technigque were compared with those obtained by using lectrodes, all of the same polymer thickness, were consecu-

Surface Resistance (SR) measurements in [25]. It is expecte(f. .
. . ively manufactured to perform the present experiments. Each
that the results of this work can help to exploit more success-

fully the restrictive stability conditions of POAP in its practical onekqf the 11 POAP caned.R_DGEs Was.successwely used as the
applications. working elegtrode in an individual experiment. The vo!tammgt—
ric responsg-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
(-0.2V<E<0.5V).

1.2.2 Degraded POAP films and their degree of degradation . ) )
(BredMax) Table 1: Maximum degrees of reductiBReqmax Obtained from

POAP films deposited on a rotating gold disk electrode within
Degradation of POAP films was quantitatively controlled using the potential region of maximal electroactivity (-0.2V <E <0.5
CV. Each one of the POAP coated gold electrodes, after to beV). Degraded POAP films are obtained after to subject freshly
equilibrated within the potential region -0.2K< 0.5V, was  POAP films to potential cycling between -0.2 V ang,EV.
subjected to a potential cycling between the limits -0.2 E <
Eupl wWith Eyp > 0.5V, during different time periods [25]. This

yields a gradual attenuation of the initigE response of the Films | Ejg/V .Cyclm.g Qf Red , ORedmax
polymer. More precisely, the 11 POAP coated gold electrodes time/mirP | /mC cnr

were split into three different groups. While the first group, in- | Freshly 2.8 1
cluding three samples, was subjected to potential cycles where Prepared

Eupl = 1.0 V, the second and third ones, each involving four De_graded

samples, were subjected to potential cycles witgyg values films

of 0.8 V and 0.65 V, respectively. The first column of Table 1, First 1.0

indicates the three different groups. In the second on&ghe group

value used for each group is indicated. The third column indi- 1 4 2.44 0.84
cates the different cycling times at the correspondipg value 2 8 2.17 0.75
at which each sample of each group was subjected. Then, after 3 55 1.25 0.43
these treatments, the positive potential limit was again restricted Second | 0.8

to the valueE = 0.5 V andj-E responses, for each sample of the group

different groups, were again recorded within the potential win- 4 6 2.58 0.89
dow of maximal electroactivity of POAR)T req, Values corre- 5 12 2.38 0.82
sponding to the completely reduced POAP films, were calcu- 6 35 2.06 0.71
lated for both freshly prepared and degraded POAP films (col- 7 70 1.60 0.55
umn 4 in Table 1). On the basis of a degree of reduction defined  Third 0.65

asOred™ Qred E)/QT Red, WhereQred(E) is the reduction charge group

at eachk value assessed frof = 0.5 V towards the negative 8 7 2.75 0.95
potential direction on the voltammetric responses (see Fig. 1) 9 33 2.35 0.81
andQr red = 2.8 mC cn?, aBredmaxvalue was calculated for 10 93 1.77 0.61
freshly prepared and degraded POAP films (column 5 in Table 11 183 0.93 0.32

l)- When the polymer film is Only SUbjECted to pote_ntial_ CY- 2 Extreme positive potential value at which the POAP film was
cles within the range -0.2 V £ < 0.5 V (see curve (a) in Fig. subjected to produce polymer degradation.

1) a maximum _degre_e of reduqtioﬁR@dMaxz 1, for QrRred = b Cycling time between the limits -0.2 V and,§ V at which
2.8 mC cn?) is achieved, takin@r red = 2.8 mC cm? as

the corresponding POAP film was subjected-(0.01 V s1).
reference charge.

¢ 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 < st E

V during the time period indicated in column 31 Qeq= 2.8 mC cn?,

is the maximal reduction charge obtained for a freshly prepared POAP film
only cycled within the potential range -0.2 < 0.5 V.

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 4 Maximum degree of reduction achieved by a POAP film within the potential
Poap Films region of maximal electroactivity of POAP after to be subjected to potential

cycles between -0.2 V and,f V during the time period indicated in column
With both freshly prepared and degraded POAP films obtained 3. The valuereqmax = 1 was considered as a reference value and it
as indicated in sectioris2.1and1.2.2 respectively, RDEV ex- arises from the value fke= 2.8 mC cm2, achieved for the POAP film
periments were performed in the presence of a solution contain- ©nly subjected to potential scans within the range -0.2 V<E <0.5 V.
ing equimolar concentrations of benzoquinone (Q) and hydro-
quinone (HQ) species. Firstly, stationary current-potential (
E) curves at different electrode rotation ratesvere recorded



308 R. Tucceri/ J. New Mat. Electrochem. Systems 8, 305-315 (2005)

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

100

8 1.5 Chemicals and Electrolyte Solutions

_ AR grade chemicals were used throughout. o-aminophenol

(Fluka) was purified as described elsewhere [4,30]. HGlad

NaClOs 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

-150 \ . . . Millipore Milli-Q system. The conductivity of the 0.1 M HCI©

06 -04 -02 00 02 04 06 +0.4 M NaCIQ, + 2 x 103 M (Q/HQ) solution was measured
EIV with a conventionahc bride Phillip PR 9500 at 1 kHz. A resis-

tance value arounBs ~ 1.09 ohm crd was obtained. This last

Figure 1:] versus Eresponses for a 2.8 mC ctthick POAP res?stance value_ was considert_ad in the fitting of the experimen-

film deposited on a 100 nm thick gold film. (a) A freshly pre- tal impedance diagrams by using the Vorotyntsev's model (see

pared POAP film: (1)-(3) POAP films after being subjected to P€low).

potential cycling within the range -0.2 VE< 1.0 V for: (1) 4

min; (2) 8 min; (3) 55 min. Electrolyte: 0.1 M HCIO+ 0.4 M 2. RESULTS AND DISCUSSION

NaClQ,. Scan ratev = 0.01 V s-1.

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

for a freshly prepared POAP film contacting a 0.1 M HGIO After degradation of POAP films (see for instangE,responses

0.4 M NaCIQ, + 2 x 103M (Q/HQ) solution. Secondly, the (1) to (3) in Fig.1) an attenuated reduction wave is observed as
same experiment was consecutively repeated with the 11 decompared with the initial wave corresponding to the film only
graded POAP films. Only cathodleE responses at potential subjected to potential cycling within the range -0.2 VE<<
values within the range -0.2 V E < 0.0 V where Q reduction 0.5 V (plot (a) in Fig. 1). This loss of electroactivity was con-
occurs at POAP films were considered here (see below). Fromsidered as due to an oxidative polymer degradation [24,25]. The
these curves, the cathodic limiting currerst electrode rota-  degradation of electroactive polymer films has been attributed
tion speed (im ¢ vs. Q'/?) dependencies were obtained for both to an excessive uptake of doping sites by dopant species from
freshly prepared and degraded POAP films. the electrolyte solution. These species may associate strongly

. with redox sites of the polymer chains resulting in electrostatic
These steady-state measurements were performed using the safi§ss_jinking. Thus, degradation results of the difficulty of re-

meagurement system indicated in section 1.2.2. The glectrod%overing dopant species, which have diffused deeper into the
rotation speed2 was controlled with a home-made equipment oy mer film. In this sense, degradation should lead to a mixed

that allows one to_sellectf_;lconstéhin th_e range 50 rev mm_1< material, formed on the electrode surface, having an important
Q) <10000 rev min®. This was periodically controlled with @  g|ecroactive fraction and also a degraded and non-electroactive
digital phototachometer (Power Instruments Inc., model 891). 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-

Impedance diagrams at potential values within the range -0.2 yA€protonation of polymer's nitrogen atoms [8,9,31,32] and also,
< E < 0.0V, corresponding to cathodic limiting currents where € existence of mobile and immobile forms of hydrogen ions
Q reduction proceeds on both freshly prepared and degraded!thin the bulk of POAP films was considered to be probable
POAP films, were recorded at select@dralues. Alsoacim- [33]. The existence _Of some traps .for hydr_ogen lons W'th'n_ the
pedance diagrams in the only presence of the supporting elechulk of thg polymer film which provide binding of the ions le[h'

trolyte (0.1 M HCIQ, + 0.4 M NaCIQy) were recorded within polymer film fragments was also suggested [33]. Thus, it is

the same potential region. Impedance spectra were measurefossible that degradation of POAP were related to the fixation
following 30 min application of the steady-state potential rang- °f hydrogen ions.

ing from -0.2 V10 0.0 V. Icrjnpedkance measu;emenés i_nr:he fre- Concerning RDEV experiments, Fig. 2 (full circles) shows that
quency range 0.01 Hz and 10 kHz were performed with a PAR for a freshly prepared POAP film contacting a HQ/Q solution,

309 System. The values of the impedances were determined at

1.4 AC Impedance Experiments with Both Fresh and De-
graded Poap Films
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a linearljimc vs. QY2 dependence is obtained for the cathodic
currents, within a wide range @ 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
atE < 0.0 V for the Q reduction and & > 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 0 2 4 B & 10 12 14
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 1

films, after a certaiff value, a constant limiting current value Figure 2: Levich representatidnim ¢ versusQ 2 for the ca-
lim.c independent of, is achieved (see, for instance, plots (1) thodic plateaut < 0.0 V) when POAP films contact a 0.1 M
to (3) in Fig. 2 for the three samples of the first group). This HCIO4 + 0.4 M NaCIQ,.+ 2 x 10°% M (HQ/Q) solution: (a)
limiting current value at whichjim ¢ (= 1) becomes constant & freshly prepared POAP film and (1)-(3) the three degraded
was considered as a representation of the maximum flux of re-POAP films of the first group (Table 1). Thickness of POAP

dox species (or electrons) confined in the polymer, according tofilms: 60 nm. Inset: steady-stait& curves at 5000 rpm for: (a)
Eq. (1) [37]: a fresh POAP film and (1)-(3) the three films of the first group.

The same electrolyte indicated above.

1oz

ﬂwz(rps)

le = NFADe(C/®p) 1)

frequency semicircle is independent of this variable. The size
This equation implies a constant gradient of redox species acrosef the HF semicircle depends on the degree of polymer degra-
the film (c/@,), wherec is the concentration of redox sites of the  dation @redmax)- In this connection, at a givef value as
polymer andg, the polymer film thickness.De represents a  higher the polymer degradation (lowegeqmax) the greater is
measure of the electron hopping rate arekpress the numbers  the HF semicircle. In both cases, fresh and degraded POAP
(fractions) of unit charges per monomer unit of the polyr#er.  films, at high-frequency impedance diagrams in the presence of
is the electrode area arfdthe Faraday’s constant. Then, such Q species tend to coincide with those obtained in the only pres-
a constant value of the current) (Fig. 2) for degraded POAP  ence of the supporting electrolyte [24].
films could be attributed to the slow electron transport across
the POAP film to mediate in the electron-transfer reaction at 2.2 Thick Poap Films Deposited on a Specular Gold Sur-

the polymer-solution interface. This was explained in terms of face. Experimental Conditions to Apply an Homoge-
a gradual increase in the hopping distance between redox sites ~ nenous Impedance Model. The Impedance Model of
with increasing the polymer degradation, which causBs de- Vorotyntsev et al. [27]

crease [25] (see also Eq. (1)). In this sense, experimental results

in [25] were interpreted assuming that a progressive degradatiorlt iS evident that the treatment of the impedance data is of-
of POAP leads to an extensive production of inactive gaps giv- t€n complicated by accompanying not only experimental but
ing rise to distributions of residual active redox sites, which are &S0 theoretical difficulties. With regard to experimental con-

the experimental section, it is expected to reduce at an atomic

With regard to impedance experiments, at potential values withinscale surface defects of the gold disc base electrode, in such a
the range -0.2 V € < 0.0 V,acimpedance diagrams at differ- way that the polymer film is deposited on an enough smooth
entQ values for a degraded film of the first group and a freshly surface. Gold films deposited under high vacuum conditions
prepared film, are shown in Fig. 3 and Fig. 4 and its inset, re- (~10~7 Torr), as in the present work, result polycrystalline with
spectively. While experimental impedance plots of freshly pre- crystallite sizes between 0.01 and Quth [38-40]. Studying the
pared POAP films exhibit only one semicircle, degraded films “Size effects” [39] on these gold films, a value of the specu-
show two semicircles. Also, while for degraded POAP films larity parameterp ~ 0.91, was estimategh correlates with the

the loop at low-frequency seems to Bedependent, the high-  roughness of the surface topography and the presence of surface
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oA reshly l:larepared polymer Iaye_r onan eIe_ctrpde surface to apply an homogeneous

0,088 Hz electrochemical model in its study. Then, the general theory of
acimpedance 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
0 50 100 150 200 250 they participate in the interfacial electron exchange with the
Zlohmem’ polymer at the film-solution boundary. As in the present case,
one has a modified electrode geometry with a redox active elec-

Figure 3: Ac im_pedance diagrams in the Nyquist co-ordinates trolyte solution (m|film|es), eq. (41) of Ref. [27] (Eq. (2) in this
(-Z"vs Z) obtained aE = -0.2 V for a freshly prepared POAP \york) must be applied:

film contacting @ 0.1 M HCIQ+ 0.4 M NaCIQ + 2 x 103 M

(HQ/Q) solution. The different diagrams correspond to different

electrode rotation rate$): (H) 1180 rpm; @) 2600 rpm; ¢)

5000 rpm. Discrete points are experimental data and continuous - Zpyiimjes = Rt + Rf + Rs+ [Zg‘SRi”SJer )

lines represent the fitting by using Eq. (2) [27]. (Zé‘er Rif|s+2Wf cothev) ! (2)

=

[=]

o
T

-Z'lohm cm’
3

defects. More precisely, this parameter represents the probabilyv here

ity of an electron being reflected specularly or diffusely (due to
the presence of defects) at the film surface. plalue ranges
from O for complete diffuse scattering to 1 for complete specu- m _ fls RY

lar scattering. Thus, imperfections should lead to experimental 212 = Ze ooty + (te—t)tanfy]

p values much lower than 1. In this connectjpnalues of our + R at2tany + Wi a2 (3)
gold films, deposited on the gold disc, are enough hjgh-(
0.91) to assume a low amount of surface defects on an atomiq
scale, as compared with the surface of a bulk electrode mechan-

ically polished (gold disc), to deposit a polymer film. v = [(joxp2)/4D] /2, is a dimensionless function of the frequency
. . W, @ is the film thicknessp is the binary electron-ion diffu-
Concerning the structure of the polymer layer deposited on thesionpcoefﬁcient andiandt, are the migration (high frequency)
metal electrode, it has been indicated that while open structures)  ilm transference numbers for anions and electrons. re-
of electroactive polymer films allow incorporation of electrolyte spectively. D is defined aD = 2D;De(De+D;)~* andt, _

. - 1“e e 1 e —

'”tt9 the 'loo%mer matnx{.comr;]).acr:]t structurigl{)revelnt Its ||f1corpo— Diye(De+Di)‘1 whereDe and D; are the diffusion coefficients
ration. n this connection, high permeabllity values Ol SOME ¢, ihq alactrons and ion species, respectively.

polymer films [41] to transport of species from the solution in
contact with the polymer to the metal substrate have been atyy; = [V/jwp,Cp] = ARg/v, is a Warburg impedance for the
tributed to dispersed polymer structures with imperfectieng ( electron-anion transport inside the polymer film. AR
pinholes and large channels) with dimensions large compared tq= @p/4DCy) is the amplitude of the Warburg impedance inside

those of species present in solution. On the basis of previous rethe film andCy, is the redox capacitance per unit volume.
sistometric measurements [11,12], it was proved that when a

2.8 mC cnt? thick POAP film covers a gold film, anions of  Rf(=@y/K) is the high-frequency bulk-film resistané¢®&,the ohmic
the electrolyte do not interact directly with the base gold film resistance of the bulk solutior {s the high frequency bulk con-
electrode, which should be indicative of the existence of a rela- ductivity of the film),Rm 1 is the metal-film interfacial electron-
tively compact polymer layer on the gold film electrode. Also, transfer resistance ari{'® is the film-solution interfacial ion-

in [15] it was demonstrated that porosity (or roughness) statusiyansfer resistance.

of the polymer-solution layer for POAP films is stabilised with

increasing the polymer thickness (thickness > 50 nm for POAP) Zé‘s = (Ré‘S+Ws), is the electronic impedance, th@s is

and then, porosity effects are not to high for sufficiently high the interfacial electron-transfer resistance at the film-solution
thick films. Then, the experimental arrangement used in thisinterface and/\s is the convective diffusion impedance of re-
work, that is, a gold base electrode of low surface roughnessdox species in solution, which contains the bulk concentrations
(p ~ 0.91 after deposition of a thin gold film by evaporation) of ox(red) forms,cox(Creg), and their diffusion coefficients in-
coated with a 2.8 mC cn? thick POAP film, could be a good  side the solutionDoy(Dyeq). Also, it contains the Nernst layer
approximation to the existence of an homogeneous (uniform)thicknessg.

n Eqgs (2) and (3):
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Ré‘s is defined as: information than Nyquist plots about the goodness of the fit-
ting, real and imaginary paris. frequency plots correspondig

fs 5 . to each Nyquist plot were are also built (not shown). In every

Re” = RT(NF“koCred) 4) impedance diagram was observed that while the fitting seems
to be very good at low and high frequencies, it is clearly less

wherek, is the rate constant of the reaction between the film satisfactory in the intermediate frequency region.
and the redox active forms in solution. Diffusion of the redox
forms from the bulk solution to the film-solution interface can The fitting procedure by using Eq. (2) was based on the CNLS

be regarded as stationary through the diffusion layer thickness(Complex Non-Linear Squares) method. A rigorous fitting pro-
expressed in cm by cedure was performed. Eight replicate measurements for each

degraded POAP film were carried out and the error structure
Y3 1/ 1/2 was assessed following the method recommended by Agarwal
0 =4.98D, eqN /6 (5) et al. [43-45] and Orazem [46]. In the present work the stan-
dard deviation for the reab,) and imaginaryz ) parts of the
wheren is the kinematic viscosity of the solution in the same impedance followed the form proposed by Orazem [46] (see eq.
units asDoxreq andQ the rotation rate of the disk electrode in  (8) of Ref. [46]):
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 ¢, — ozj = a|zj| + Blzr| + yZI’Rmt + 3 (6)

couple in solution) by con:sidern@fIs — o in Eq. (2).

It should be indicated that this theory is strictly valid when whereRm is the current measuring resistor used for the experi-
charging of interfacial double layers is negligible. If it is notthe ment,Zris the real part of the impedance afjds the imaginary
case, a more complete model, such as developed by Vorotyntsepart of the impedancen, 3, y andd are constant which have to

in [42], should have to be used. In [42], besides the traditional be determined. The values of these scaling factors resuited:
“double-layer” capacitance and interfacial charge transfer resis-= 5.77 x 103, 3 =0,y=3.7 x 10° andd = 6.3 x 104 The
tances, two additional parameters for each boundary, “interfa-error structure was found to follow the same model within the
cial numbers” for each species and “asymmetry factors”, are degradation range 0.3 Bregmax< 1. At Bredmax Values lower
introduced. However, it is well-known the mathematical dif- than 0.3 the error structure model parameters had different val-
ficulty of determining numerous parameters of a model from ues, but these results are not reported here. Then, continuous
experimental data. Despite of this last theoretical limitation, lines in Figs 3 and 4 represent the weighted complex non-linear
we ensure, at least with a good approximation, the conditionsleast-squares fit to the data. The regression was weighted by
assumed by the model described in [27] concerning a uniformthe inverse of the variance of the stochastic part of the measure-
and non porous film and no penetration of redox species fromment. In all conditions the weighted sum of the square of the
the solution. However, also, considering the mentioned limi- residuals was below one [46].

tation, to correctly describe the system, it should be expected

some discrepancy between experimental and theoretical resultdn the simulations the number of transferred electransyas
assumed to be 1 and diffusion coefficient values of the redox

2.2.1 Application of the impedance model of Vorotyntsev et al. Species (Q and HQ) were considered equBl§ered = 1.5 X
[27]. Determination of the different charge transfer and 107> cn? s™1. Also, the bulk concentrations of the redox sub-

charge transport parameters of POAP as functions of the Strate species were considered equatex (= Cred =
degree of degradatioBredmax- 2 x 106 mol cm™3). On the basis on the reduction charge
' vs ellipsometric thickness working curve reported in [1], the

Although in the preserdcimpedance study several experimen- polymer thickness was considered@s~ 60 nm. The value
tal impedance diagrams in Nyquist co-ordinates (imaginary of the total redox site concentration of POAP was considered as
susreal part of the impedance) were recorded for each degraded, = 4.7 x 102 mol cm 3 [4]. As was indicated in the exper-
and freshly prepared POAP film, for the sake of simplicity only imental section, the ohmic resistance of the solution in contact
complex impedance plane plots showed in Figs 3 and 4, are prewith the polymer filmsRs, was measured. A valugs ~ 1.09
sented. These diagrams correspond to a freshly prepared filnohm cnf was obtained. Then, considering the high-frequency
and the degraded film (1) (see Table 1), respectively, at differ- intercept of impedance diagrams of POAP films in the presence
entQ values. In these diagrams besides the measured valueand absence of the redox couple in solutionRgsthe high-
(discrete points), the simulated curves (continuous lines) calcu-frequency bulk POAP film resistanég was calculated aRs =
lated by using Eq. (2) [27] are also displayed. As often is con- Ry - Rs [47]. This last value varied within the range 1.02 <
sidered that some transformed curves could give more valuableRs < 2.6 ohm cr and it seems not to be strongly dependent
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' ' ' ' T tude lower tharRy¢. Also, Ri”S as a function 0Breqmax €X-
POAP degraded, Film (1) hibits a different feature as compared withys. That is, while

0068 Hz within the range 0.6 €regmax < 1.0, Ri”S remains nearly con-

stant R"® ~ 10 ohm cr), a marked increase R is observed

at the lowesBredmax Values Rif‘s ~ 40 ohm cn? for ORredMax
~ 0.3). In the same way &, @ pronounced increase in the

(=]
=]
T

Z"lohm cm’
3

resistance related to the electron interfacial exchﬁi&at the
polymer-solution interface, is observed from the beginning of

the polymer degradation (higBreqmax values) (Fig. 7).F2,§s

Figure 4:Acimpedance diagrams in the Nyquist co-ordinates (- values were extracted fflgom EQ. _(4) usikgas fitting param-
Z’vs Z) obtained aE =-0.2 V for the film (1) of the first group ~ Eter. The accuracy d&e " values is somewnhat affected, espe-

(see Table 1). Degree of degradati®iieqvax = 0.84. The dif-  Cially atthe beginning of the degrfadation (niBRedmax valufes)
ferent diagrams correspond to different electrode rotation rateswhere the experimental situati(’m_.IS « Ryt (and even R ‘S)

Q: (M) 2000 rpm; @) 3000 rpm: ¢) 5000 rpm. Electrolyte:  predominates. Thug!' values could be more realistic at high
0.1 M HCIO4 + 0.4 M NaCIQ+ 2 x 10-3 M (HQ/Q) solution. degrees of degradation (I®¢eqmax Values). Then, concerning
Discrete points are experimental data and continuous lines repthe polymer-solution interface, a slow ion transfer process is ob-
resent the fitting by using Eq. (2) [27]. served for POAP as compared with the electron transfer process
at this interface (compare Figs 6 and 7). Thexen when the
Rt increase, during POAP degradation, affects strongly the di-
ameter of the HF loop of the impedance diagrams (as reported

on the degree of polymer degradation. ThepandRs values ~ Previously [26]), this increase can also be associate®{Can-

were imposed in the fitting. The remnant parameters containedcrease [27]. With regard 6y values, starting at a value around

in Eq. (2): Ryt Rif\s’ Ré|s' Cp, De andD; were calculated from 17 pF.cm*Zfor a freshly prepared_ filmCy decreased with in-

the experimental impedance data by the fitting procedure above®"€asing the degree of degradation of the polymer, reaching a

. . , fls value about SIF cm? for a almost completely degraded POAP
described. With regard to the three first parametétg {, R film (Fig. 8). It is interesting to notice that in the same way

and Ré‘s) they were varied without restrains during the fitting. ¢ forRy(s and Ré‘s a more attenuated change on (g vs
However, some ref_erenc_e values were consMereonprDe _ Breqvax dependence is observed at the I08@sqvax values.
andD;. For POAP film thickness freshly prepared used in this ' '

— 2 — :
‘iVOfk (QrRed = 2.8 MC cm*, @, = 60 nm) and solution pH  gimjlar differential behaviours observed betwdff and RS
= %'7 De alrld Di Valli'e,S were allowed to vary within the range \yith degradation (see Figs 6 and 7, respectively) are observed
10710t cn? 57, in such a way that diffusion coefficient ¢4 the massive electron and ion transpdde andD; changes
values lower than 10 were considered not realistic for these with Bredmax are shown in Figs 9 and 10, respectively. As can

thick films. That is,De andD; values lower than 10 were be seen, whileDe is strongly affected even at low degree of
or_nly obtalne.d from impedance diagrams (not shown) of very degradation (0.8 €reqmax < 1.0), Dj changes are more pro-
thm. POAP f!Ims QrRed = 0.2 mC crrT2 @ = 10 nm) Con- nounced foBRreqmax < 0.6. It seems that a low degree of degra-
tacting solutions of pH = 1, where it is possible an incomplete y4tion should be enough to increase the hopping distance [25,48]
coating of the metal area by the thin polymer film. Conceming o restrict strongly the electron motion within the polymer ma-
Cp, reference values were extracted from experimentaV&Z” iy Taking into account that transfer and transport parameters

w~* slopes of impedance diagrams at sufficiently low frequency gptained in this work correspond to the reduced state of POAP
(in the absence of the redox substrate in solution) (see below).

- it i i fls . .
A contribution of the interfacial capacitandg, also consid- (0.2 V<E<0.0V), itis possible thaR ™ and b; only re

o : ) lect the proton movement through the polymer-electrolyte in-
ered as a fitting parameter, was included in order to represen o . ; .

: ) erface and inside the polymer film, respectively [14,15]. In this
the actual impedance diagrams from the calculated ones.

connection, the break &edmax ~ 0.6, in theDjvs Oredmax

The dependencies of the different charge transport and chargéependence could be related to the existence of two different
transfer parameters @keguax, extracted from the fitting pro- forms (mobile anq bound) of hydrogen ions in the bulk f|Ir_n,
cedure above described are shown in Figs 5 tRk, exhibits @S was proposed in [15]. That is, after profound degradation,
a strong increase from the beginning of the degradation, thatthe mobile form of hydrogen ions, which is related to the film
is, from Breqmax = 1 10 Bredmax = 0.5 (Fig. 5). At the same ~ conductance, should be affected.

Bredmax Values, the ion-transfer resistariﬂféS at the polymer-
solution interface (Fig. 6) results almost one order of magni-

1 1 1
0 50 100 150 200 250

Z'lohm cm’
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Figure 5: Metal-polymer interfacial electron-transfer resistance
(Rm/t ) as a function of the degree of degradatiBReqmax for
the 11 degraded POAP films indicated in Table ®) {iims of
the first group; &) films of the second groups] films of the
third group. (+) Value corresponding to the freshly prepare
POAP film. Electrolyte: 0.1 M HCI@® + 0.4 M NaCIQ, + 2

x 10-2 M (HQ/Q) solution. Inset: Surface resistance change
AR/Ras a function of the degree of degradati@feqmax for

the 11 degraded POAP films indicated in table 1 of [2) (
films of the first group; &) films of the second groupe] films

of the third group. Electrolyte: 0.1 M HCIOr 0.4 M NaCIlQ -+

2 x 103 M (HQ/Q) solution. Scan ratex = 0.01V s'1.

Figure 6: Polymer-solution interfacial ion-transfer resistance
(Rif/s) as a function of the degree of degradatiBfeqmax for
d the 11 degraded POAP films indicated in Table W) films of
the first group; &) films of the second groups] films of the
third group. (+) Value corresponding to the freshly prepared
POAP film. Electrolyte: 0.1 M HCI@Q + 0.4 M NaCIQ+ 2 x
103 M (HQ/Q) solution.

From a quantitative point of view the Vorotyntsev’'s model gives .
D¢ values near two orders of magnitude higher tBafor 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(ll) 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 000 02 04 06 08 10
work, relative diffusion coefficient value®§ >D;) refer to the 0

reduced state of POAP. That is, it is possible that our diffusion e N
coefficient values correspond to POAP films that suffered a vol- _ ) _ /
ume reduction due to their deswelling at the negative potential Fi9ure 7: Interfacial electron-transfer resistangé/{ ) at the
values corresponding to the reduced state. Then, under thesBOlymer-solution interface as a function of the degree of degra-
conditions it is possible to explain a fast electron transport as 9t0N, Bredmax for the 11 degraded POAP films indicated in

compared with the proton transport in the present experiment, 12P!e L ®) films of the first group; 4) films of the second
where POAP films are not enough swollen to facilitate the jon 9rUP; @) films of the third group. (+) Value corresponding to
motion. the freshly prepared POAP film. Electrolyte: 0.1 M HGI®

0.4 M NaClQ+ 2 x 103 M (HQ/Q) solution.
Cp vs Breduaxdependence obtained by using Eq. (2) for the
different degraded POAP films is shown in the inset of Fig. 8.
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Figure 8: Interfacial capacitanc€) at the metal-polymer in- E’M!W

terface as a function of the degree of degradatBagegmax for

the 11 degraded POAP films indicated in Table W) {ilms of Figure 9: The electron diffusion coefficier4) as a function of
the first group; &) films of the second groupg] films of the the degree of degradatioBreama for the 11 degraded POAP
third group. (+) Value corresponding to the freshly prepared fjms indicated in Table 1:W) films of the first group; &) films
PO@P film. Electrolyte: 0.1 M HCI@+ 0.4 M NaCIQ+ 2 X of the second group;e] films of the third group. (+) Value
107° M (HQ/Q) solution. Inset: Redox capacitandgj as a  corresponding to the freshly POAP film. Electrolyte: 0.1 M

function of the degree of degradatio®reqmax for the 11 de- HCIO, + 0.4 M NaClQ+ 2 x 10-3 M (HQ/Q) solution.
graded POAP films indicated in Table 1M films of the first

group; (a) films of the second group;e) films of the third

group. (+) Value corresponding to the freshly prepared POAP 2,50 . . . . .
film. Electrolyte: 0.1 M HCIQ + 0.4 M NaCIQ+ 2 x 103 M
(HQ/Q) solution.
+
2,251 Y
A " *
It can be seen that starting aCg value about 30 F cr?, for a w‘g
freshly prepared film, a strong decreaseSgfup to Oregmax ~ S 2,001 * |
0.8 is observed. However, for higher degrees of degradation _
(lower Bredmaxvalues) a more attenuated change is observed. o -
1,75 _

Always, it should be kept in mind that these values correspond
to the reduced state of POAP. There was no difference in the ] .
redox capacitances Bregmaxdependence achieved in the sup-

porting electrolyte from the -Z¥s w~? slopes and in the pres-
ence of the redox active substrate from Eq. (2). Only little
differences in the numerical values@f were found. The good

1,50

00 02 04 06 0.8

eRed, Max

1.0

agreement between the redox capacitance values attained under

these different conditions could be considered as an indicationFigure 10: The ion diffusion coefficient) as a function of
of the high fitting accuracy reached to obtain optimum parame- the degree of degradatiofigegmax for the 11 degraded POAP
ters values (in this casgy), for the treated system, by using Eq. films indicated in Table 1:W) films of the first group; 4) films
(2). Also, the coherent behaviour between interfacial transfer of the second group;e] films of the third group. (+) Value
processes and transport processes for a given entity (features aforresponding to the freshly POAP film. Electrolyte: 0.1 M

Ré.'s andDe as functions 0Bredmaxfor the electron (Figs 7 and  HCIO4 + 0.4 M NaCIQi+ 2 x 103 M (HQ/Q) solution.

9) and features dﬂ”s andD; as functions 0Bregmaxfor the ion
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(Figs 6 and 10) could be indicative of the suitability of the the- in this work strictly represent fitting parameters of the model
oretical model of Vorotyntsev [27] to interpret the experimental rather than real physical properties of the polymer.

impedance response of POAP, as compared with models used

in previous works [7,24,26,51]. However, as was above empha-CONCLUSION

sized, the fitting of experimental impedance spectra by means

of the model described in [27], is not so good within the inter- The Electrochemical Impedance Spectroscopy was employed
mediate frequency region. This effect could be due to the factto study the degradation of poly-(o-aminophenol) films. The
that additional parameters of charging the double layers shouldexperimental arrangement employed in this work (a substrate
be introduced to correctly describe a modified electrode systemhase 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
ﬁnpedance spectra obtained when freshly and degraded poly-(o-
aminophenol) films contact a redox active couple in solution.
o The dependencies of the different charge transport and charge
set n Fig. 5) [12,25].AR/R \{ersuﬁReqMax dependence was transfer parameters of the polymer on its degradation, were only
obtame_d from data reported in a previous work [25], where 11 extracted for the reduced state of the polymer and they exhibit
.P OAP films were degraded by employmg t_he same me_thod a%ifferent features. While some parameters are strongly affected
In the present work. As can be seen, similar fea_turel's’nm from the beginning of the degradation, others only exhibit a
versusireamax aNAR/R versuSireduax dependencies are ob- strong variation for high degrees of degradation. The Vorotynt-
served. Howe\{er, whil&y ¢ is a transversal resistance at the sev's model, applied to poly-(o-aminophenol), leads to a fast
met_al-polymer mterfac_e related to the electron transfer ProCeSSslectron transport as compared with the ion transport and both
du_rlng the redox reactlon_of the pOIymm/R changes were of them become slower after degradation. Different decreases of
gdj_udmated to the scattering of conduct|o.n electrons from the De andD; on the degree of degradation, were explained in terms
inside of .the metal to the metal-polymer interface, caysed byof the different transport mechanisms proposed for the electron
changes in the translatlonal symmetry pqrallel fo the mt.erfacemotion and the proton motion inside poly-o-aminophenol films.
due to the presence of different distributions of redox sites at A marked break at a degree of degradation about 0.6, obithe

this in(tjerfacg (g t;nore expindedldistributlignzgf reIdOE_sites aSys degree of degradation dependence could be adjudicated to
more degraded becomes the polymer) [12,25]. In this SENS€yitterent forms (mobile and bound) of hydrogen ions as was

AR/Rchanges are not the direct result of the electron transfergrorposeol for this polymer. A similar behaviour, in terms of

between the species on the ”?e.ta' surface electrode and thg ele egradation, was observed between the transversal charge trans-
trode, but rather that they originate from the effect of foreign ¢ * - ictance at the metal-poly-(o-aminophenol) interface and

s:(;fac_?hpartlgles .(in :P\e ZQ;dUCTon.e!ecn?E of thte me:al ![tselfthe surface (lateral) resistance along this interface, the last cal-
[40]. us, despite Ine difrerent origins ot these two €lectron ., a1a4 from the electron scattering mechanism for the conduc-

resistances at the polym(_ar—metql interface apd the different YP&ion electrons in metals. It is expected that the results of this
of measurements by which their were obtainadimpedance work can help to exploit more successfully the restrictive stabil-

measurements and potentiodynamic potential scans at low scaf) o . o ) )
o . conditions of poly-(o-aninophenol) in its practical applica-
ratesy = 5 x 103 Vs~1), similar behaviours are observed as a tizns poly-( P ) P P

function of the polymer degradation. This observation is inter-
esting because it seems that a given surface process on the eleifCKNOWLEDGMENTS
trode affects in a similar way both the electron transport along
(parallel) the metal surface and the electron transfer across th
electrode-polymer interface.

An interesting comparison can be stabilised betweerRthe
versusBredmax dependence for different degraded POAP films
obtained by impedance measurements in the present work (se
Fig. 5) and the surface resistance chadd®R of thin gold

film electrodes coated by different degraded POAP films (in-
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At this point it should be indicated that the oxidation level reachedracultad de Ciencias Exactas, National University of La Plata
by POAP films, when the potential limit is extended up to high (UNLP).

positive values, could cause lateral reactions that alter the molec-
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