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1. Introduction

It is well known that properties of conducting polymers strongly
depend on their structural characteristics. Therefore, many efforts
have been made in the field of the synthesis of both, new monomers
and polymers with the aim to obtain materials with suitable
characteristics for potential applications in electrochemistry and
some other sciences [1–3]. Electro-oxidative polymerization of new
monomers with concurrent polymer film deposition has been con-
sidered as an effective and versatile route for modification of an
electrode surface by organic polymeric compound.

During the past quarter century, the most widely studied
conducting polymer was polyaniline because of its potential appli-
cations in rechargeable batteries, electrochromic, display devices,
supercapacitors, antistatic coating, biosensors, etc. [4,5]. A reaction
mechanism for the anodic oxidation of anilines, leading to head-to-
tail, head-to-head and tail-to-tail dimmers, as well as to polymeric
products, with the participation of electrogenerated cation radi-
cals, has been previously proposed [6,7]. However, the study of
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polynaphthidine, poly(NAP), was synthesized electrochemically by direct
ne in aqueous media. The yield of the electropolymerization reaction
d pH of the solution. It was possible to differentiate two working regions: I
s) where the film yield tends to zero and II (for approximately 2.0 < pH < 2.8

e the film production is maximum. Therefore, the naphthidine electrooxi-
under experimental conditions of region I by cyclic (CV) and square wave

s by controlled potential electrolysis.
of region II were chosen to obtain the poly(NAP). The electrochemical

igated in pH 1 HClO4 + 0.1 M NaClO4 electrolyte solution by CV and SWV.
tammograms showed the so-called “quasi-reversible maximum”. Formal
and anodic transfer coefficient for the surface redox process were also

common organic solvents and shows electrochromic behaviour. Its prob-
by FTIR spectroscopy.

© 2008 Elsevier Ltd. All rights reserved.

this polymer is highly complicated due to the existence of two
different redox forms, with the possibility of protonation and/or

oxidation reactions which allow the passage from a form to another
one. On the other hand, the main objective of basic research in
the polyaniline system has been to investigate properties of sub-
stituted polyanilines [8–10]. The goal of this research has been
to introduce substituents on to the polyaniline backbone which
enhance the desirable properties of polyaniline. Substituent groups
placed on the phenyl ring of polyaniline have been found to yield
the best results in this respect [11–15]. However, literature search
reveals that there is another much less tested but equally interest-
ing possibility, the electropolymerization of the dinuclear aromatic
amines [1,16–19]. We have previously reported the electrooxidation
of polynuclear amines such as 1-napthylamine and 4,4′-diamine-
biphenyl (benzidine) in aqueous solutions and 1,1′-binaphthalene
4,4′-diamine (naphthidine) (NAP) in non-aqueous media [20–24].
In general, it has been found that the behaviour of these polynu-
clear amines follows general rules of mononuclear amines. The
overall electrode process follows a mechanism of ECE type [25,26].
The films obtained in each case showed different structural char-
acteristics and properties, determined not only by the monomer
type that originated them, but also by the nature of the solvent
and the proton concentration in the reaction medium. In addi-
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tion, these new conducting polymers show some advantageous
properties such as, high chemical stability in aqueous solution and
air, good redox reversibility and broad potential window, wide pH
range of application without evident degradation, capacity to pre-
concentrate species in solution and easy preparation and strong
attachment to the electrode surface [23,24,27–30].

Due to the interesting properties that show this kind of novel
conducting polymers and considering that the main propose of our
investigation group is to show the electroanalytical usefulness of
these materials, we report in this paper the preparation of a film,
poly(NAP), produced by the electrochemical oxidation of NAP in
aqueous solution. This reaction medium was chosen because of the
most of analytical determinations reported in literature have been
principally carried out in this medium. The probable mechanism of
the polymerization process is discussed by combining cyclic (CV)
and square wave voltammetries (SWV) and controlled potential
electrolysis.

In this respect, the SWV is particularly a fast and sensitive tech-
nique for the detection of the amount of initially adsorbed analyte
by considering its ability to discriminate against capacitive currents
[31]. In addition, SW voltammograms of surface redox processes are
highly sensitive to the kinetics of the charge transfer [32,33]. They
are characterized by both, the so-called “quasi-reversible maxi-
mum”, where the ratio between the peak current and the frequency
is approximately a parabolic function of the kinetic parameter �,
and by the splitting of the voltammetric peak with the amplitude
at a given frequency [34–36]. According to the theory, the maxima
of these parabolic functions and the splitting of the voltammetric
peak can be used to calculate the formal rate constant, the trans-
fer coefficient, the number of electrons exchanged and the formal
potential of redox couples immobilized on the electrode surface
[34–37].

Therefore, the thermodynamic and kinetics parameters of the
NAP film electrogenerated are measured from SWV experiments
by combining the results of quasi-reversible maximum and the
splitting of the voltammetric peak on the SW amplitude at a given
frequency methods.

Moreover, in order to improve the performance of this new
conjugated polymer, basic studies on the variables that affect the
deposition and redox properties of film are evaluated.

2. Experimental
The monomer employed for the electropolymerization, NAP (I)
[22] from ICN Biomedicals Inc., was used as received. All the other
reagents were analytical grade unless otherwise stated.

Ultra pure water was obtained from LABCONCO equipment
model 90901-01 (HPLC grade water). The solutions used to obtain
the film were prepared by weighted amounts of NAP and dissolved
in an acidic supporting electrolyte solution. All the experiments
were carried out under inert nitrogen atmosphere. The pH was
changed by the addition of an acid or a base as it was necessary. The
pH was measured in situ with an Orion 8104 Ross (pH 0–14) combi-
nation electrode. The working temperature was controlled using a
LAUDA K4R thermostat-cryostat. The temperature was varied from
10 to 35 ◦C.
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Electrochemical experiments were performed by using an Auto-
Lab PGSTAT 30 potentiostat, run with GPES software, version 4.9
(Eco Chemie, Utrech, The Netherlands). Working electrodes were
a Pt wire or a Pt disk (area, A = 0.31 and 0.018 cm2, respectively).
Before each experiment the Pt disk was polished mechanically
with wet alumina power (0.3 and 0.05 �m, from Fischer) and then,
it was rinsed with distilled water and sonicated for 15 min to
remove residual polishing material. The Pt wire was flame burnt.
The counter and the reference electrodes were a Pt wire of large area
(A ∼= 2 cm2) and a saturated calomel electrode (SCE), respectively.
All potentials are referred to the aqueous SCE.

The scan rate (v) in cyclic voltammograms was varied from 0.002
to 0.200 V s−1. The voltammograms were corrected for IR drop by
positive feedback technique.

Characteristic parameters used for diffusion controlled SW
voltammograms were pulse-half-peak-to-peak (�ESW) = 25 mV;
staircase step height (�Es) = 5 mV and the square wave frequency
(f) was varied in the range from 10 to 100 Hz. SW voltammograms
were fitted by using the COOL algorithm [38]. Background currents
were substrated by using a home made programme. SW parame-
ters used to study the film surface redox process were �Es = 5 mV;
�ESW and f were varied in the range from 25 to 200 mV and from
8 to 60 Hz, respectively.

In situ spectroelectrochemical studies on polymer were per-
formed using a spectroelectrochemical cell consisting of an
optically transparent indium tin oxide (ITO)-coated glass as work-
ing electrode, Ag/AgCl and platinum wire as reference and counter
electrodes, respectively. UV–vis spectra were obtained with a
Hewlett-Packard 8452A spectrophotometer. The infrared absorp-
tion spectra were recorded in the range of 500–4000 cm−1 using a
Nicolet 5-5XLFTIR Spectrophotometer by the KBr pellet method at
a resolution of 4 cm−1 for 120 scans.

3. Results and discussion

3.1. Electrochemical oxidation of the NAP monomer

The oxidation of NAP is a reversible process whose potential
E0 is given by the average value of the anodic peak potential Ep,aI
(peak I) and the cathodic peak potential Ep,cII (peak II); that means
E0 = (0.55 + 0.52)/2 = 0.54 V, Fig. 1a. A certain yellow substance was
produced at the electrode surface. This couple could be assigned to
the formation of the dication of NAP through the following quasi-

reversible processes as is discussed below:

NAP
ko

f1�NAP•+ + 1e− (1)

NAP•+
ko

f2�NAP++ + 1e− (2)

where NAP•+ and NAP++ are the radical monocation and the dication
of NAP, respectively. In addition, the NAP Ep,aI is lower than that of
1-naphtylamine (Ep,a = 0.700 V) [20] and benzidine (Ep,a = 0.600 V)
[21], which are structurally related to NAP. This fact could be
explained by considering that a more extended � system is present
in NAP than in 1-naphtylamine and benzidine, which would stabi-
lized the radical monocation and the dication of NAP in a greater
extension, making easier the NAP electrochemical oxidation. The
second and further potential scans (see inset in Fig. 1a) showed
a new peak system in the potential range from 0 to 0.50 V (peaks
III/IV). This peak system shows the characteristic behaviour of a sur-
face electroactive substance. The progressive increase in the peak
current values for both, peaks III and IV, suggests the continuous
build-up of a polymeric electroactive film, poly(NAP), on the work-
ing electrode surface.
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Fig. 1. (a) Cyclic voltammogram of NAP at pH 2.5 and 0.025 V s−1, in
HClO4 + 0.1 mol L−1 NaClO4 aqueous solution at a Pt wire electrode (A = 0.31 cm2);
cNAP = 5 × 10−4 mol L−1; T = 20 ◦C. Inset consecutive cyclic voltammograms. (b) Elec-
trochemical response of poly(NAP) film in pH 1 HClO4 + 0.1 mol L−1 NaClO4 aqueous
solution: v = 0.050Vs−1; T = 20 ◦C.
In addition, a visual inspection of the electrode surface showed
the formation of a visible film on the electrode which was ini-
tially blue in colour and then became black as the deposit material
amount was increased. As a consequence of the film formed on the
electrode surface, the oxidation of NAP detected in the first cycle
at 0.55 V was shifted to a more positive potential and a decrease
in currents of peaks I/II was observed in consecutive scans. These
results provide information about the increase of the resistance in
the polymer film and the over-potential need to over-come that
resistance (see below) [39].

To confirm the existence of a film on the electrode surface the
experiment showed in Fig. 1a was repeated under strong nitrogen
bubbling in order to clarify whether the species responsible for the
III/IV peaks are attached to the electrode surface or are in the vicin-
ity of the electrode surface. Under these experimental conditions,
peaks III/IV appeared and peak currents increased slowly during
the consecutive potential scans. This behaviour was also confirmed
when the electrode was cycled in a free amine solvent-supporting
electrolyte medium. A typical voltammogram for the poly(NAP)
film obtained under this conditions is shown in Fig. 1b. Its redox
Fig. 2. Yield of electropolymerization reaction with pH and T.
cNAP = 5 × 10−4 mol L−1, Pt wire electrode (A = 0.31 cm2); v = 0.025Vs−1. Poly(NAP)
anodic charge measured at pH 1 HClO4 + 0.1 mol L−1 NaClO4 aqueous solution:
v = 0.050Vs−1; T = 20 ◦C.

response showed an oxidation and a reduction peak centred at
about 0.29 and 0.20 V, respectively, putting clearly in evidence the
electroactive nature of this surface redox couple.

The electropolymerization reaction yield showed a dependence
with temperature and pH of the solution. Therefore, systematic
studies were performed varying these parameters in order to obtain
the optimum conditions for the electropolymerization reaction.
The film was always prepared by cycling the potential 15 times at
the same potential interval showed in Fig. 1a. The same procedure
was used for films prepared at different pH and temperatures. Then,
films were rinsed with supporting electrolyte solution to remove
the excess NAP and transferred to another cell containing only
an electrolyte solution (pH 1 HClO4 + 0.1 mol L−1 NaClO4), where
studies about films were carried out. The amount of poly(NAP)
deposited on the electrode surface, which can be expressed as
the electropolymerization reaction yield, was determined from its
anodic charge (peak III). The net charge was calculated by sub-
tracting from the total charge the corresponding background value.
The anodic charge was plotted as a function of pH for each tem-

perature at which the film was obtained. Results are shown in
Fig. 2.

As can be seen, when the temperature was increased the charge
increased, indicating that the overall process for film formation fol-
lowed a normal Arrhenius behaviour. When the pH was increased
the film yield reached a maximum, which showed dependence with
the temperature. Then, the film yield decreased, which could be
indicating that another reaction would be competing with the film
formation.

From Fig. 2, it is possible to differentiate two working regions:
I (for pH < 0.5 at all temperatures) and II (for approximately
2.0 < pH < 2.8 at temperatures > 15 ◦C). In region I, the film yield
tended to zero, while the film production was maximum in region II.
On the basis of these results, the NAP electrooxidation mechanism
without any surface complication was studied under experimen-
tal conditions of region I, where the coupled chemical reaction to
the film formation was minimized. On the contrary, the experi-
mental conditions of region II were chosen to obtain the maximum
yield for the electropolymerization reaction. Then, studies related
to films were performed at pH 1 HClO4 + 0.1 mol L−1 NaClO4 elec-
trolyte solution in the absence of NAP at 20 ◦C.
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3.1.1. Studies performed at pH 0.5
3.1.1.1. Cyclic voltammetry and controlled potential electrolysis.
When experiments of CV are carried out at pH 0.5 the current
response that is obtained is similar to that shown in Fig. 1a, with
the exception that the film formation is not detected. A separation
between the anodic and cathodic peak potentials (Ep,aI − Ep,cII) of
0.031 V was found at 0.050 V s−1, being this value close to the theo-
retical one predicted for a two-electron Nernstian redox couple, i.e.
0.030 V at 25 ◦C [40,41]. Moreover, the ratio between cathodic and
anodic peak currents (Ip,cII/Ip,aI) determined by using the method
proposed by Nicholson [42] was very close to 1, indicating the pres-
ence of a Nernstian wave with a stable reaction product under these
experimental conditions.

Behaviours of Ip,aI and Ep,aI were studied at different scan rates.
No Ep,aI shift was observed when the v was varied from 0.002 to
0.100 V s−1, as it is theoretically expected [40,43]. A plot of Ip,aI
vs. v1/2 was linear showing a diffusion control for the electrode
process. This behaviour was observed for all NAP concentrations
studied, i.e. from 1 × 10−4 to 5 × 10−4 mol L−1. The highest NAP
concentration studied was limited by the monomer solubility in
this reaction medium. The same behaviour mentioned on Ip,aI
vs. v1/2 plots was observed at the different temperatures studied
(10–35 ◦C), with an increase in slope values as the temperature
was increased, as it is theoretically expected. In addition, it was
also found that Ip,aI varied linearly with the cNAP in the range from
0.5 × 10−4 to 5 × 10−4 mol L−1. From Ip,aI vs. cNAP plots, a value of
3.65 × 10−6 cm2 s−1 was calculated for the diffusion coefficient of
NAP (DNAP) at 25 ◦C by using n = 2 [40].
These results would be indicating that the oxidation process is
consistent with two successive monoelectronic charge transfers to
give the NAP dication, where the second electron transfer is much
easier then the first one [41]. These results are similar to those
obtained for benzidine [21] and NAP studied in our laboratory in
aqueous and non-aqueous media, respectively [22].

Controlled potential electrolysis was performed in order to con-
firm the number of electron exchange in the redox process under
those experimental conditions. Therefore, solutions of NAP at pH
0.5 were electrolyzed at 0.60 V on a Pt electrode of large area
(A = 8 cm2). The apparent electron number (napp) per molecule of
electrolyzed substance was obtained by plotting ln I vs. t [44]. A lin-
ear relationship was observed up to 15% conversion, giving a value
of napp ∼= 2.

3.1.1.2. Square wave voltammetry. The forward (If), reverse (Ir) and
net (In) currents obtained from a typical SW voltammogram after
background currents subtraction are shown in Fig. 3. The best fitting
curves for net, forward and reverse currents (solid lines in Fig. 3)
were obtained when the two-electron quasi-reversible dimension-
less current function was chosen to perform the fitting. After the

Table 1
Results of the best fitting obtained from the individual forward and reverse square wave
0.5 HClO4 + NaClO4 aqueous medium on a platinum disk electrode (A = 0.018 cm2)a

f (Hz) E1/2 (V) (1 − ˛) log(�′t1/2
p ) Slop

10 0.554 0.13 −0.3187 53.
20 0.550 0.20 −0.2213 72.
30 0.539 0.29 −0.3029 92.
40 0.542 0.31 −0.3197 108.
60 0.545 0.30 −0.3406 129.
80 0.541 0.27 −0.3183 155.

100 0.542 0.36 −0.3967 179.

a Reference electrode: SCE. Temperature: 25 ◦C.
b Ratio between experimental and dimensionless currents.
c Complement of correlation coefficient of experimental vs. dimensionless currents lin
d �2: chi2 function.
Fig. 3. Square wave voltammograms for oxidation of 2 × 10−4 mol L−1 of NAP at
pH 0.5 in HClO4 + 0.1 mol L−1 NaClO4 aqueous solution. Forward (If), reverse (Ir)
and net (In) experimental currents are shown by squares while the corresponding
currents from the best fitting are shown by solid lines. Working electrode: Pt disk,
A = 0.018 cm2, �ESW = 25 mV, �Es = 5 mV and f = 20 Hz.

most probable mechanism was identified, calculations were carried
out with a 95% confidence level.
The net currents responses showed a constant peak width of
64 mV in the frequency range studied, value close to that expected
theoretically for a two-electron reversible reaction, i.e. 63 mV at
25 ◦C [38,43]. The voltammetric half wave potential (E1/2 ≈ Eo

f ), ko
f

and (1 − ˛) for an overall two-electron process can be obtained
from SW voltammograms using a non-linear least square analysis
through the COOL algorithm [38]. For reaction controlled by semi-
infinite diffusion conditions, the slope, (a), of the linear regression
between experimental and dimensionless currents is:

a = nFAD1/2
NAPcNAP(�tp)−1/2 (3)

where n is the electron number exchanged, F the Faraday constant,
tp the characteristic time, i.e. the pulse width of the excitation wave-
form and the other terms were previously defined.

When a quasi-reversible electrochemical reaction is chosen as
the mechanistic model for performing the fit, the COOL algorithm
gives the best values of E1/2, (1 − ˛) and the dimensionless function

log(�′t1/2
p ), which is related to the heterogeneous charge transfer

voltammograms from data corresponding to a solution of cNAP = 2 × 10−4 M in pH

eb (�A) �′ (1 − r)c (×104) �2d (×1014 �A)

4 2.15 3.95 8.75
7 3.80 6.56 35.0
6 3.86 12.0 108.0
4 4.28 9.70 117.0
9 5.00 7.71 128.0
6 6.08 8.03 189.0
0 5.67 13.42 414.0

ear regression.
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rate constant through:

�′ = ko
f

D1/2
(4)

by assuming that the diffusion coefficient for the reduced and oxi-
dized species are taken as equal [38].

Characteristic values of E1/2, (1 − ˛) and log(�′t1/2
p ) for NAP in

pH 0.5 HClO4 + 0.1 mol L−1 NaClO4 aqueous solution obtained from
the best fitting curves for individual forward and reverse currents,
which are more sensitive to the kinetic effects than net currents
[45,46] are reported in Table 1. Besides, results of fitting performed
on net currents did not differ significantly from those obtained
when the fitting was carried out on forward and reverse currents, as
expected for a system not complicated by complex reaction mech-
anisms [46].

The fits were very good, as can be inferred from the complement
of the correlation coefficient (1 − r) of the linear regression between
experimental and dimensionless currents and the chi2 (�2) func-
tion values (see Table 1), two parameters which measure the quality
of fitness. From the fitting results, an average value of �′ = 4 ± 1 was
calculated. A plot of a vs. t−1/2

p (Eq. (3)) was linear when the fit-
ting was performed on forward and reverse currents (r = 0.9982).
From the slope of this plot, a value of DNAP = 3.7 × 10−6 cm2 s−1

was determined, being this value in excellent agreement with
that value previously obtained for DNAP from CV. It was then
used to obtain the overall rate constant for the two-electron pro-
cess by using Eq. (4), i.e. ko

f = 0.009 cm s−1. Average values of
E1/2 and (1 − ˛) calculated for the overall electrode process with
the corresponding standard deviations were: (0.545 ± 0.003) V and
(0.27 ± 0.08), respectively. The apparently odd results obtained for
(1 − ˛) and �′ at a frequency of 10 Hz may be explained by con-
sidering that the experimental system would be moving from
quasi-reversible to nearly reversible behaviour for that long mea-
surement time [46], although a definitive conclusion is not known
yet. The statistical Q-test (at 90% confidence level) performed on
(1 − ˛) and �′ values showed that these values did not have to be
rejected.

3.1.2. Studies performed in the 2.0 < pH < 2.8 range
As mentioned above, the maximum yield of the electropoly-

merization reaction can be obtained in the 2–2.8 pH range and
T > 15 ◦C (see Fig. 2). The pH clearly affects the cyclic voltammo-
gram of NAP/NAP++ couple. Specifically, we have observed two main

changes when the pH increases; first, the potential range where
NAP is oxidized is shifted to more negative values and second,
a change in the peak current ratio Ip,cII/Ip,aI, i.e., it is lower than
one.

On the other hand, as it can be observed in Fig. 4a, the NAP
anodic charge (QNAP) was independent from pH, on the contrary,
cathodic charge continuously decreased as the pH increased. These
results would be indicating that the NAP++ concentration at the
electrode–solution interface decreases as the pH increases, sug-
gesting that this species it is not stable. Obviously, this observed
pH-influence indicates that following chemical reactions involving
protons should be coupled with the two-electron electrochemi-
cal reaction. This assumption is also supported by the observed
behaviour of the NAP oxidation current (peak I), at pH 2.5 and
25 ◦C, when the sweep rates and NAP concentration are varied. It
was found that the experimental current function (Ipa,I/CNAPAv1/2)
decreases with the square root of the scan rate (v1/2) and depends
on the monomer concentration as shown in Fig. 4b. These results
confirm that a chemical reaction would be coupled to the initial
charge transfer step, which may have higher than first-order kinet-
ics [26].
Fig. 4. (a) Correlation of QNAP whit pH in HClO4 + 0.1 mol L−1 NaClO4 aqueous
solution: (�) anodic and (©) cathodic charges. Pt wire electrode (A = 0.31 cm2);
v = 0.025Vs−1 and T = 20 ◦C. (b) Correlation of Ip,aI/cNAP A v1/2 with square root of
the scan rate for different cNAP at pH 2.5 HClO4 + 0.1 mol L−1 NaClO4 aqueous solu-
tion: (�) 2.15 × 10−4 mol L−1; (�) 2.96 × 10−4 mol L−1; (©) 3.65 × 10−4 mol L−1; (�)

4.5 × 10−4 mol L−1.

3.1.2.1. Studies of the surface redox couple by cyclic voltammetry.
According to the results presented above, the poly(NAP) is prepared
by repetitive cycling at a rate of 0.05 V s−1 between 0.0 and 0.65 V in
a pH 2.5 HClO4 + 0.1 mol L−1 NaClO4 aqueous solution containing a
cNAP of 5 × 10−4 mol L−1. The electrochemical response of poly(NAP)
in monomer free 0.1 M HClO4 + 0.1 mol L−1 NaClO4 aqueous solu-
tion have a characteristic response, as shown in Fig. 1b. Reversible
redox peaks, attributed to a proton/electron addition/elimination
reactions at the –NH– sites in the polymeric film, are clear. It should
be noted that films obtained under these conditions have a peak
system much simpler than other known electroactive films such as
those of polyanilines [8–10].

The study of the effect of v shows that anodic (III) and
cathodic (IV) peak currents vary linearly with v between 0.002
and 0.150 V s−1 as predicted theoretically for adsorbed species or
film-modified electrodes with thin-layer behaviour [40,47]. In addi-
tion, both peak current values are similar. For values of v above
0.200 V s−1 semi-infinite diffusion behaviour is observed. These
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effects of v on Ip depend on the film thickness and are characteristic
of a redox modified electrode.

On the other hand, both anodic and cathodic peaks of the film
have similar shapes with a peak potential difference (Ep,aIII − Ep,cIV)
of about 0.080 V, which is independent from v. Values of the
peak potentials are also independent of the sweep rate between
0.002 and 0.150 V s−1. Anodic and cathodic peaks have a width
at half-height maximum slightly greater than 0.091 V at 25 ◦C,
value expected for a thin-layer cell with Nernstian behaviour for
n = 1 [40]. If we assume this model to explain the behaviour of
poly(NAP), combining the charge involved in either the voltam-
metric oxidation (Qa,III) or reduction (Qc,IV) peaks with the slope
of the respective plot Ip vs. v (i.e., nFQ/4RT), it is possible to esti-
mate a value of 0.7 for the apparent number of electrons exchanged
in the redox sites (see also results of SWV below, Section 3.1.2.2).
A molecular interpretation of this value would imply the knowl-
edge of the film redox reaction. However, it could be interpreted
as a function of interactions between redox sites [22] or even sur-
face heterogeneity [48]. The charges Qa,III and Qc,IV for the anodic
and cathodic redox processes are quite similar when the mea-
surement is performed under conditions of thin-layer behaviour.
According to these results, all quantitative studies were performed
only when these conditions were satisfied. Qa,III, measured as pre-
viously indicated, is proportional to the number of cycles involved
in the film formation (Fig. 5), this fact could be interpreted as
homogeneous growth of the film. Besides, it was found that the
electronic resistance of the surface redox couple increases as the
poly(NAP) anodic charge increases (see inset in Fig. 5). The elec-

tronic resistance of the film was measured by following the Pickup
et al. method [49], by dipping the Pt/film electrode into a mercury
pool, and measuring the current through the film as a function of
applied voltage. The electrode was immersed in the mercury at
open circuit for ca. 10 min before measurements were made. Lin-
ear Ohm’s law plots were obtained between 0.0 and 0.200 V for
poly(NAP).

3.1.2.2. Studies of the surface redox couple by square wave voltam-
metry. If, Ir and In currents obtained from SW voltammograms of
the surface redox couple, recorded in supporting electrolyte solu-
tion (pH 1 HClO4 + 0.1 mol L−1 NaClO4) as the reaction medium, are
shown in Fig. 6. These results put clearly in evidence the surface
nature of this electrochemical signal. If the adsorption of both, the
reactant and the product of a quasi-reversible surface redox cou-
ple is equally strong, a plot of the net peak current frequency ratio
(Ip,n)/f vs. f or 1/f shows a maximum, which appears at the SW fre-
quency which is approximately equal to the standard (formal) rate
constant (ks) of the redox reaction [33,35]. A plot of Ip,n/f vs. f is
shown in Fig. 7, where Ip,n values are the average of five replicated
experiments. The ratio between the net peak current and frequency

Table 2
Anodic (Ipa,III) and cathodic (Ipc,IV) peak currents, anodic (Epa,III) and cathodic (Epc,IV) peak

redox couple of poly(NAP) at pH 1 HClO4 + NaClO4 aqueous medium on a platinum disk e

f (Hz) �ESW (mV) Ipa,III (�A) Ipc,IV (�A)

10

75 18.51 15.5
100 20.99 19.12
125 22.47 21.32
150 23.15 22.45
175 23.16 22.6
200 21.94 21.94
225 19.6 19.63

40
150 70 62.2
175 71.3 63.7
200 69.7 60.5

Eo
f

= (0.254 ± 0.003) V, (1 − ˛) = (0.48 ± 0.02).
Fig. 5. Correlation between the anodic charge of poly(NAP) and the number of
potential cycles employed in the production of the film: cNAP = 5 × 10−4 mol L−1

at pH 2 in HClO4 + 0.1 mol L−1 NaClO4 aqueous solution at 0.025 V s−1. Pt wire
electrode (A = 0.31 cm2) and T = 20 ◦C. Film charge measured at pH 1, T = 20 ◦C and
v = 0.050Vs−1. Inset: the variation of the electronic resistance of poly(NAP), R, with
different anodic charge of the film.

reached a maximum at an average maximum frequency (f ) of
max

(11 ± 1) Hz.
On the other hand, the relationship between the maximum

kinetic parameter (�max) and ks can be expressed as [33,35]

ks = �maxfmax (5)

where �max depends on the transfer coefficient, (1 − ˛), and on the
product of the SW amplitude and the number of electron, n�ESW,
but it is independent of the normalized potential increment, n�ES,
and of the amount of initially adsorbed reactant [35].

As the anodic transfer coefficient of the surface redox couple
is not known, at this stage of the work, an average parame-
ter �̄max, which is applied for 0.1 < (1 − ˛) < 0.9, can be used to
obtain ks (see Table 2 in [36]). Besides, as the apparent elec-
tron number exchanged in the redox sites is nearly one, as it
was previously inferred from cyclic voltammograms, ks could be
only estimated as 14 s−1 by using the critical kinetic parameter
�max = (1.25 ± 0.07), which apply for 0.1 < (1 − ˛) < 0.9 and n�ESW
equal to 25 mV [36].

On the other hand, the combination of the “quasi-reversible
maximum” and the “split SW net peak” methods [50] can be used to

potentials for the spitted SW peaks, the overall Eo
f

and (1 − ˛) values for the surface

lectrode (A = 0.018 cm2)

Epa,III (V) Epc,IV (V) Eo
f

(V) (1 − ˛)

0.244 0.273 0.258 0.45
0.229 0.283 0.256 0.47
0.215 0.293 0.254 0.48
0.200 0.308 0.254 0.49
0.181 0.322 0.251 0.49
0.166 0.342 0.254 0.50
0.142 0.356 0.249 0.50

0.215 0.298 0.256 0.46
0.195 0.317 0.256 0.47
0.181 0.332 0.256 0.46
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Fig. 6. The forward (If), reverse (Ir) and net (In) currents from SW voltammograms
recorded at different SW amplitudes. (a) �ESW = 25 mV; (b) �ESW = 100 mV and (c)
�ESW = 150 mV, at pH 1 in HClO4 + 0.1 mol L−1 NaClO4 aqueous solution, �Es = 5 mV
and f = 40 Hz.
Fig. 7. Dependence of the ratio between net peak currents and frequency (Ip,n f−1)
and the SW frequency at pH 1 in HClO4 + 0.1 mol L−1 NaClO4 aqueous solution,
�Es= 5 mV and �ESW = 25 mV.

obtain the exchange electron number, n, the anodic transfer coef-
ficient, (1 − ˛) and the formal rate constant, ks, as it is discussed
below.

As reported elsewhere, changes in the peak shapes, which carry
kinetics information, are more effectively produced by varying
the SW amplitude than by varying the frequency [34]. Thus, a
set of SWV experiments where SW amplitude was varied at a
given frequency was performed. These representative voltammo-
grams showing net, forward and reverse currents performed at a
f = 40 Hz and at different �ESW are shown in Fig. 6. As it is theo-
retically predicted [34,36], large changes in voltammogram shape
were obtained as �ESW was increased at a given frequency. For
small �ESW (i.e., 25 mV) and f = 40 Hz, only a narrow net peak was
observed (Fig. 6a). However, the peak started to widen as �ESW
is increased (Fig. 6b and c). The occurrence of widen peak is due
to the relationship between the potential-dependent rate constant
for the surface redox process and the time scale of the experiment.
An average value of (0.254 ± 0.003) V was estimated for the for-
mal potential (Eo

f ) of the adsorbed redox couple by considering
that, both, the forward and reverse peaks are symmetrically located

about the formal potential of the surface redox couple [34]. Values
of the anodic and cathodic peak potentials as well as the average
value obtained for the formal potential of the surface redox couple
are shown in Table 2.

The peak separation (�Ep) of the split net SW responses of fast
and chemically reversible surface redox reaction has been proposed
to depend on the product n�ESW as well as on the kinetic parameter
�. This dependence can be expressed by [51]:

�Ep (mV) = 2n�ESW − (50 − 5�) (6)

where the influence of (1 − ˛) on �Ep is not significant [51].
Plots of �Ep vs. �ESW at frequencies of 10 and 40 Hz were lin-

ear (r = 0.9973 and r = 0.9995, respectively). An average value of the
slope with the corresponding standard deviation of (1.32 ± 0.05)
was obtained from these plots. Therefore, the apparent number of
electrons exchanged in the redox sites was determined to be 0.66,
in good agreement with that value previously determined from CV
experiments (see Section 3.1.2.1).

On the other hand, the form of the net SW voltammogram for
adsorbed reversible redox couples is strongly influenced by the
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transfer coefficient [34,51]. For (1 − ˛) > 0.2, the ratio between the
forward (anodic) and reverse (cathodic) peak currents, (Ipa,III/Ipc,IV),
can be approximated by a single exponential curve [51]:

Ipa,III

Ipc,IV
= 5.6414 exp[−3.4606(1 − ˛)] (7)

Values of Ipa,III and Ipc,IV obtained at different �ESW and f = 10 and
40 Hz are shown in Table 2. An average value of (0.48 ± 0.02) was
calculated for (1 − ˛) from experimental data through Eq.(7).

Finally, the ks value was determined combining both meth-
ods, i.e., the “quasi-reversible maximum” and “the split SW peak”
through Eq.(5). fmax = (11 ± 1) Hz was taken from the first method
and �max = 1.19 was extracted from Table 1 in Ref. [36] by consider-
ing values calculated from the second method, i.e. (n�ESW = 25 mV)
and (1 − ˛) = 0.5. Therefore, one can calculate ks = (13 ± 1) s−1 which
agrees very closely to that calculated from “quasi-reversible maxi-
mum” method (see above).

3.1.2.3. Properties and structure of the surface redox couple. Interest-
ing properties of poly(NAP) films were observed:

(i) Poly(NAP) films are insoluble in common organic solvents
such as acetonitrile, dimethylformamide, dimethylsulphoxide,
dichloromethane and hexane. This fact could be indicating a
stiff structure and probably having a high molar mass, preclud-
ing any study of the film in solution.

(ii) Poly(NAP) films retain their electrochemical activity even
when they are left in the air or dipped in aqueous solutions
for long a time.

iii) The film redox behaviour is dependent on the pH of the elec-
trolyte solution. It has a reproducible behaviour in the pH range
from 1 to 4, but at pH values ≥ 5, practically no response is
observed. However, at these pH values the film is not destroyed
and its original redox response can be recovered when the pH
is restored to 1. This fact would be indicating that protons and
electrons take part in the electrode reaction of poly(NAP). It
is also important to emphasize that in spite of the monomer
that produces poly(NAP) is a derivative of aniline, this poly-
mer shows an advantage respect to polyaniline films because
of it can be used directly on a wide pH range without evident
degradation.

(iv) Poly(NAP) films has electrochromic properties. It is colourless
in the reduced state at 0.0 V and light blue in the oxidized state
at 0.50 V (Fig. 8a). The absorbance of the film at reduced state

shows the UV band related to the �–�* transition of the basic
aromatic structure of NAP at the wavelength region from 320 to
360 nm. As the film is progressively oxidized there is a decrease
in absorbance in this region. An increase in absorbance at
wavelength region from 450 to 800 nm is observed which cor-
respond to the oxidized form of the polymer. This behaviour is
similar to that observed during the oxidative doping of other
conducting polymers, such as polybenzidine [21] and polyani-
line [52] and it is reversible, i.e. when the oxidized film is
reduced the initial spectrum is recovered.

All these characteristics of poly(NAP) allow several possibilities
of application of these materials, which are being investigated more
deeply in our laboratory.

Other important question to solve is the kind of coupling exist-
ing between the monomer species. In order to further explore the
poly(NAP) structure the IR absorption spectrum of NAP together
with the spectra of the polymer was recorded (Fig. 8b). In the
monomer spectrum two absorption peaks due to the N–H stretch-
ing vibrations of the amino groups were observed at ∼3399 (1)
and ∼3312 cm−1 (2), a strong absorption peak corresponding to the
Fig. 8. (a) UV–vis spectra of poly(NAP) on an ITO electrode at pH 1 in
HClO4 + 0.1 mol L−1 NaClO4 aqueous solution at (—) 0 mV and (. . .) 500 mV. (b) FTIR
spectra of NAP and its electropolymerized film poly(NAP).

N–H stretching vibrations of the imino groups of the poly(NAP)
was observed at ∼3460 cm−1 (3). This fact suggests that the NH2
groups take part in the electropolymerization. The C–N stretch-
ing bands, which are characteristic of an aromatic amine, were
observed at 1270 (4) and 1326 cm−1 (5) for the NAP and at ∼1301 (6)
and 1365 cm−1 (7) for the polymer sample [53,54]. The absorption

peaks at ∼3042 cm−1 (8) and ∼1510 (9)–1464 cm−1 (10) in the NAP
spectrum are considered to be due to the stretching vibration mode
of the C–H and C C bands present in the aromatic ring, respec-
tively [54]. These absorption peaks were recorded at ∼2930 cm−1

(11) and 1500 (12)–1460 cm−1 (13) in the poly(NAP) spectrum.
The absorption peaks observed at ∼1637 (14) and 1586 cm−1

(15) for both the monomer and the polymer are characteristic
of bending vibration of N–H bonds. The comparative study of
the NAP and poly(NAP) FTIR spectra in the low-frequency region
650–1000 cm−1, corresponding to the aromatic C–H out-of-plane
deformation vibrations, �(C–H), reveals changes of the aromatic
substitution pattern. In the monomer spectrum two bands appear
at 848 (16) and 746 cm−1 (17) due to the �(C–H) vibrations of two
and four adjacent H atoms of the fused benzene rings, respectively.
The intensity decreased in the first band respect to the second
one in the spectrum of poly(NAP) indicates that some coupling
reactions between the amino group of one NAP moiety and the
carbon 3 (3′) of other monomer may occur. On the basis of these
results, a new band at 936 cm−1 (18) in the spectrum of the poly-
mer are attributable to the �(C–H) vibration of one isolated ring H
atom.
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Finally, the bands at about 1092 (19) and 634 cm−1 (20) which
are present only for the polymer spectrum, are assigned to the
presence of ClO4

− anion [53].

4. Conclusion

A novel conducting polymer, poly(NAP), was electrochemically
synthesized in aqueous solution by direct anodic oxidation of NAP.
Studies of CV as well as SWV and controlled potential electroly-
sis demonstrate that the electrooxidation of NAP in acidic media
leads to the formation of the dication, NAP++, by an EE process
where the second electron transfer is much easier than the first
one. At pH < 0.5 and all temperatures tested the NAP peak cur-
rent ratio, Ipc,II/Ipa,I, was close to 1 indicating that the dication is
stable under these experimental conditions. At higher pH, only
the NAP anodic charge (Qa,I) remained unaltered, while a diminu-
tion of the NAP cathodic charge (Qc,II) and the current peak ratio
(Ipc,II/Ipa,I) when the pH increases were observed. These facts imply
that the pH change affects the NAP++ stability and as consequence
favours a coupled chemical reaction to give a polymer film fol-
lowing the two-electron transfer. The dependence of the current
function with NAP concentration shows that the dication reacts
following a kinetic law of order higher than one to form proba-
bly a dimmer which may induce the polymerization reaction. From
the fitting of the experimental cyclic and square wave voltammo-
grams, performed at pH < 0.5, employing a quasi-reversible redox
reaction model the formal rate constant (ko

f = 0.009 cm s−1), an
average values of E1/2 = (0.545 ± 0.003) V and (1 − ˛) = (0.27 ± 0.08),
were obtained for the overall two-electron electrode process.

Poly(NAP) film has a voltammetric peak system much simpler
than other known electroactive films such as polyaniline. This film
shows a thin-layer behaviour at sweep rates lower than 0.150 V s−1,
while at higher rates semi-infinite diffusion behaviour is

observed.

From the square wave voltammograms an average values for
the formal potential Ēo

f = (0.254 ± 0.003) V and for (1 − ˛) = (0.48 ±
0.02) for poly(NAP) were estimated. The ks = (13 ± 1) s−1 value was
determined by combining both methods the “quasi-reversible max-
imum” and the “split SW peak”.

Poly(NAP) exhibits interesting properties: it is insoluble in com-
mon organic solvents, retain its electrochemical activity even when
it is left in the air or dipped in aqueous solutions for long a
time, it has electrochromic properties and it has a reproducible
behaviour in the pH range from 1 to 4. At pH higher than 5 its
response is lost but it is recovered when the medium is acidified.
The future work will be focused to study these properties and its
applications.
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28] F. D’Eramo, J.M. Marioli, A.H. Arévalo, L. Sereno, Talanta 61 (2003) 341.
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35] Š. Komorsky-Lovrić, M. Lovrić, J. Electroanal. Chem. 384 (1995) 115.
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