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Abstract Conducting polymers have been synthesised elec-
trochemically from 4-amino-3-hydroxynaphthalene-1-sulfon-
ic acid (4A3HN1SA), 4-aminonaphthalene-1-sulfonic acid
(4AN1SA) and 7-amino-4-hydroxynaphthalene-2-sulfonic
acid (7A4HN2SA) on glassy carbon electrodes. The influence
of the positive potential limit on the potential cycling poly-
merisation of 4A3HN1SA was studied, and a sufficiently high
potential limit allowed better film growth. Under similar po-
lymerisation conditions, the three monomers showed different
radical formation potentials and different voltammetric peak
profiles. The effects of scan rate and solution pH on the elec-
trochemical properties of the polymers were investigated, in
the range between 10 and 200 mV s, all the modified elec-
trodes showing a surface-confined electrode process. In the
pH range from 2.0 to 9.0, the anodic peak potentials decreased
linearly with increasing pH for all the three modified elec-
trodes. The modified electrodes were characterised by electro-
chemical impedance spectroscopy in pH 4.0 and 7.0 buffer
solutions. The results showed a more porous
poly(7A4HN2SA) film, which is less affected by pH change
than the other two films. Scanning electron microscopy of the
polymer films also showed significant differences in their
morphologies.

P4 Christopher M. A. Brett
cbrett@ci.uc.pt

Department of Chemistry, School of Natural and Computational
Sciences, Samara University, Samara, Ethiopia

Department of Chemistry, Faculty of Sciences and Technology,
University of Coimbra, 3004-535 Coimbra, Portugal

Published online: 26 July 2016

Keywords Conducting polymer - Amino-naphthalene
sulfonic acid - Electropolymerisation - Electrochemical
impedance spectroscopy - Morphology - Polymer-modified
electrodes

Introduction

Since their discovery, conducting polymers have attracted
global attention in both research and industrial applications.
The possibility of finding the combined properties of process-
ability and flexibility of organic polymers and electronic prop-
erties of semiconductors and conductors in these materials is
the main driving force for various applications [1].
Furthermore, their properties can be tailored electrochemical-
ly, mechanically, chemically and biochemically to suit specific
applications, e.g. [2].

Among the conducting polymers, extensive work has been
devoted to the study of only a few classes, such as polypyr-
role, polyaniline, polythiophene and their derivatives [3].
However, recent trends show increasing interest in fused ring
systems such as polynaphthalenes and their derivatives, owing
to their remarkable inherent properties such as intense fluores-
cence, non-linear optical properties, strong 7-stacking and
good chemical stability. Such properties of naphthalene-
based polymers and their derivatives allow the prospect of a
considerable range of applications in various domains such as
chemical sensors [4—11], batteries [12], electrochromic and
electroluminescence devices [3, 13—16] and anti-corrosion
coatings [17-21].

However, most of the reports to date have focused on co-
polymers [6, 17, 21-23] or composites [7, 8, 12] which utilise
naphthalenes or their substituted derivatives as one compo-
nent. The use of naphthalenes and their derivatives in co-
polymers and composites was found to impart uniformity
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and stability to the polymer films [6], increase the selectivity
[4] and catalytic activity [12] of chemical sensors, enhance
corrosion protection efficiency [21], increase polymer pro-
cessability [22] and surface reactivity [19].

Although some naphthalenes and their derivatives have
been known for a long time to undergo homopolymerisation
and co-polymerisation by both chemical and electrochemical
routes, reports on their homopolymers are still limited. Hence,
the synthesis and characterisation of homopolymers with
high-quality and improved properties is needed and essential
owing to their simplicity and potential use for new applica-
tions [17].

The polymerisation and applicability of 4-amino-3-
hydroxynaphthalene-1-sulfonic acid has previously been
demonstrated in the catalytic reduction of oxygen [12], anti-
corrosion coatings [17, 20] and electrochemical determination
of some biologically important compounds [8—10]. These re-
ports showed excellent performance of the polymer film that
served as a stable catalytic layer in modified electrodes and as
an efficient corrosion inhibitor of different materials.

The monomer 4-amino-3-hydroxynaphthalene-1-sulfonic
acid contains amino (-NH,), hydroxyl (~OH) and sulfonic
acid (-SO;H) functional groups in its structure. The presence
of such functional groups in monomers and their existence in
the resulting polymer backbone plays an important role in
various applications [22]. For instance, the existence of sul-
fonic acid groups in polymer chains helps to improve the
solubility of the polymers in common polar solvents [19,
24]. Moreover, the polymers acquire an intrinsic proton dop-
ing ability leading to the formation of highly soluble self-
doped homopolymers and co-polymers [22]. On the contrary,
the extra benzene ring on substituted naphthalene molecules
would confer greater hydrophobicity to the films formed from
these materials (compared with their substituted benzene
counterparts). It could also result in a lower degree of solva-
tion, closer packing of the polymer chains, and reduced diffu-
sion of solvated species through the film [4].

In addition, the presence of free -OH and —NH, in the
polymer chain helps to promote attachment to other functional
groups which can give the polymer film strong binding prop-
erties and good compatibility with other polymer layers and
underlying surfaces [18].

In this work, the electrochemical potentiodynamic poly-
merisation of 4-amino-3-hydroxynaphthalene-1-sulfonic acid
(4A3HNISA) is investigated using different potential ranges
and supporting electrolyte media. The optimum condition is
then extended to polymerise and study the structurally similar
monomers, 7-amino-4-hydroxynaphthalene-2-sulfonic acid
(7A4HN2SA) and 4-aminonaphthalene-1-sulfonic acid
(4AN1SA) (Fig. 1). After electrochemical polymerisation,
the resulting polymer films from the three monomers were
characterised by cyclic voltammetry, electrochemical imped-
ance spectroscopy and scanning electron microscopy. To the
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Fig. 1 Chemical structures of 4-amino-3-hydroxynaphthalene-1-
sulfonic acid (4A3HN1SA), 4-aminonaphthalene-1-sulfonic acid
(4AN1SA) and 7-amino-4-hydroxynaphthalene-2-sulfonic acid
(7A4HN2SA)

best of our knowledge, the polymerisation and characterisa-
tion of 7-amino-4-hydroxynaphthalene-2-sulfonic acid and 4-
aminonaphthalene-1-sulfonic acid has not been reported
previously.

Experimental
Reagents and solutions

The monomers 4-amino-3-hydroxynaphthalene-1-sulfonic
acid (4A3HNISA), 4-aminonaphthalene-1-sulfonic acid
(4AN1SA) and 7-amino-4-hydroxynaphthalene-2-sulfonic
acid (7A4HN2SA) were purchased from Sigma-Aldrich.
Britton-Robinson (B-R) buffer solutions were prepared from
a mixture of boric acid (May and Baker Ltd.), acetic acid
(Fischer Scientific Ltd.), 85 % phosphoric acid (Riedel-de
Haen AG) and NaOH (Riedel-de Haen GmbH).

All chemicals were analytical reagent grade and used as
received without prior purification. All aqueous solutions
were prepared with Millipore Milli-Q nanopure water (resis-
tivity >18 M2 cm). All experiments were performed at room
temperature (251 °C).

Instrumentation

Electrochemical experiments were done using a potentiostat/
galvanostat (Autolab PGSTAT30) connected to a computer
with General Purpose Electrochemical System software
(GPES v4.9) and frequency analysis software (FRA v4.9)
from Metrohm-Autolab (Utrecht, Netherlands).
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All experiments were carried out in a three-electrode cell
using a modified or unmodified glassy carbon working elec-
trode (3 mm diameter), a platinum wire as counter electrode
and a silver/silver chloride (Ag/AgCl, 3 M KCl) as reference
electrode. For impedance experiments, a sinusoidal voltage
perturbation of 10 mV was applied, scanning from 65 kHz
to 0.1 Hz, with ten measurement points per frequency decade.
The equivalent circuit modelling was done with ZView3.2
software (Scribner Associates, Inc., USA). The pH measure-
ments were done with a CRISON 2001 micropH-meter
(Spain).

Scanning electron microscopy (SEM) was performed on
films deposited on indium tin oxide (ITO) electrodes of area
about 1 cm” with a Jeol JSM-5310 Scanning Microscope
(JEOL, Inc., Peabody, MA, USA).

Electrode preparation

Prior to use, the glassy carbon electrode was polished with
alumina powder and diamond spray of 1-pm diameter on a
polishing cloth and thoroughly rinsed with ultrapure water
(Milli-Q, Millipore).

The clean electrode was used to electropolymerise the re-
spective monomer in a 0.1 M HNOj; supporting electrolyte
solution containing 2 mM 4A3HNI1SA, 4AN1SA or
7A4HN2SA. Polymer film deposition was followed by a
stabilisation step in a monomer free 0.5 M H,SO, solution
by scanning the potential between —0.8 and 0.8 V until a stable
voltammogram was obtained.

For SEM measurements, polymer films were deposited on
ITO electrodes by potential cycling for 60 cycles between
—0.8 and 2.0 V (vs. Ag/AgCl) in 0.1 M HNOj; solution con-
taining 2 mM of the respective monomers. After coating, the
electrodes were rinsed with water and allowed to dry under a
nitrogen atmosphere.

Results and discussion
Electropolymerisation

The course of electropolymerisation by potential cycling can
be influenced by several factors including potential scan rate,
applied potential range, concentration of the monomer, type of
supporting electrolyte, temperature and the electrode material
[25, 26]. Preliminary studies were made on the effect of
supporting electrolyte on the electropolymerisation of
4A3HNISA in 0.1 M HNO;3 and 0.1 M H,SO, solutions.
The polymerisation was also carried out at different scan rates,
and the results showed better polymerisation of 4A3HN1SA
in 0.1 M HNOj at the scan rate of 100 mV s .
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Fig.2 Cyclic voltammograms obtained during the electropolymerisation
of2mM a 4A3HN1SA, b 4AN1SA and ¢ 7A4HN2SA in 0.1 M HNO; at
a glassy carbon electrode between —0.8 and 2.0 V (vs. Ag/AgCl) for
15 cycles at 0.100 V s™'. Inset: voltammograms recorded during film
stabilisation in monomer-free 0.5 M H,SO, between —0.8 and 0.8 V

Cyclic voltammograms showing electropolymerisation of
the three monomers 4A3HN1SA, 4AN1SA and 7A4HN2SA
in 0.1 M HNOs are given in Fig. 2.

The effect of positive potential limit on the polymerisation
of 4A3HNI1SA in 0.1 M HNOj at scan rate 100 mV s ! was
investigated by scanning the potential for 15 cycles from —0.8
to 1.6, 1.8 and 2.0 V (vs. Ag/AgCl). In the resulting voltam-
mograms, higher current densities with faster growth of peaks
were observed when the positive limit is set at 2.0 V followed
by 1.8 and least with 1.6 V. The cyclic voltammograms re-
corded during polymerisation between —0.8 and 2.0 V, see

@ Springer



J Solid State Electrochem

Fig. 2a revealed two additional peaks, one anodic at ca. 1.6 V
and a sharp cathodic one at around —0.11 V. In [27], a similar
reduction peak observed at —0.12 V (vs. Ag/AgCl) during the
electropolymerisation of p-aminobenzene sulfonic acid in
0.1 M HNO; between —0.5 and 2.0 V was attributed to the
inclusion of anions (NO5~ and SO,*") accompanied by hydro-
genation of the polymer chain. However, in our work, scan-
ning the potential in the same potential range using a clean
electrode in monomer-free 0.1 M HNOj solution for 15 cycles
gave a cathodic peak at —0.11 V and an anodic peak at 1.6 V
but not the other peaks seen during polymerisation in the
solution containing the monomer. These peaks at 1.6 and
—0.11 V are therefore not related to the monomer or the
resulting polymer film, but could correspond to electrode sur-
face oxidation and reduction, respectively. A detailed discus-
sion of the other peaks will be given below.

After each polymerisation, the electrodes were rinsed with
water and transferred to monomer-free 0.5 M H,SO, solution
to stabilise the polymer film by removing unpolymerised
adsorbed monomers and other loosely attached species. The
applied potential was cycled until a stable voltammogram was
obtained, indicating no additional adsorption or film degrada-
tion. The acid H,SO, was chosen instead of HNO;, since
stable voltammograms were obtained after fewer potential cy-
cles. This difference may be due to the higher conductivity of
the sulphate ions present as well as to the lower pH.

Figure 3 shows voltammograms recorded in 0.5 M H,SO,4
after 10 cycles of stabilisation of poly(4A3HN1SA) films,
scanning between —0.8 and 0.8 V at 100 mV s~ '. Regardless
of the potential window used to form the polymer, all elec-
trodes had similar voltammetric profiles but different current
densities, related to the amount of polymer film deposited on
the electrode surface. The peak current recorded after poly-
merisation between —0.8 and 2.0 V is twofold and sixfold
higher than that of films obtained after polymerisation at 1.8
and 1.6 V positive potential limits, respectively. Moreover, the
maximum peak current and absence of any new peaks during
stabilisation after polymerisation using a positive limit of
2.0 V shows the absence of film degradation during polymer-
isation. Therefore, it is necessary to apply a high positive
potential to allow better growth of the 4A3HN1SA polymer
film on the electrode surface. Hence, all further polymerisa-
tions were carried out between —0.8 and 2.0 V.

Figure 2a—c shows cyclic voltammograms obtained during
the polymerisation of 4A3HNISA, 4ANISA and
7A4HN2SA, concentration 2 mM, respectively, in 0.1 M
HNO; on a glassy carbon electrode between —0.8 and 2.0 V
(vs. Ag/AgCl) for 15 cycles at 100 mV s '. Film stabilisation
in monomer-free 0.5 M H,SO, is shown in the insets. The
anodic and cathodic peak potentials observed during the po-
lymerisation process of the three monomers are summarised in
Table 1. The presence of a broad anodic peak at high poten-
tials and a sharp cathodic peak below —0.11 V is common to
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Fig.3 Cyclic voltammograms during stabilisation of poly(4A3HN1SA)-
modified glassy carbon electrode in 0.5 M H,SO, after polymerisation
between —0.8 Vanda 1.6,b 1.8 and ¢ 2.0 V

the three voltammograms, ascribed to surface oxidation and
subsequent reduction in the presence of nitric acid, as
discussed previously. All peaks are easily distinguishable on
plotting individual cycles from the cyclic voltammograms in
Fig. 2.

In the first cycle of 4A3HN1SA polymerisation, anodic
peaks at potentials 0.10, 0.45 and 1.28 V and cathodic peaks
at 0.26 and 0.05 V were observed. During 4AN1SA polymer-
isation, an anodic peak at 0.85 V, cathodic peaks at 0.25 and
0.05 V were seen in the first cycle. From the second cycle
onwards, additional anodic peaks at 0.18 and 0.28 V started
to appear and all peaks grew continuously with increasing
cycle number. In the case of 7A4HN2SA, two anodic peaks
at 0.91 and 1.18 V and two cathodic peaks at 0.23 and 0.0 V
appeared during the first potential cycle. Repetitive potential
scanning resulted in an additional broad anodic peak around
0.50 V and the increase in the height of all the peaks, showing
the growth of polymer film at the electrode surface. Unlike
4ANSA, 4A3HNISA and 7A4HN2SA have —OH in their
structure. The additional oxidation peak seen in the first cycle
of polymerization in the latter two is probably due to the
oxidation of the hydroxyl group, as in [28]. To confirm the
actual groups involved in the process, additional investiga-
tions are needed.

Comparing the cyclic voltammograms during the forma-
tion of the three polymers, as well as those of the stabilised
polymer films, there are clear differences in peak profiles and

Table 1  Anodic, E,,, and cathodic, E,,, peak potentials vs. Ag/AgCl

observed during the polymerisation of 4A3HNI1SA, 4AN1SA and
7A4HN2SA in 0.1 M HNOj; containing 2 mM monomer

Monomer E,/V E,J/V

4A3HNI1SA 0.10 0.45 1.28 0.26 0.05
4ANISA 0.18% 0.28% 0.85 0.25 0.05
7A4HN2SA 0.50% 091 1.18 0.23 0.00

? Peaks observed starting in the second cycle
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peak positions, reflecting structural differences of the
electroactive moieties of the monomers and the resulting poly-
mers. Polymerisation of such monomers can be expected to
occur through the —-NH, groups, as suggested in [22], with the
other aromatic ring in the case of in the case of 4A3HNISA
and 4AN1SA and the same aromatic ring (owing to steric
effects) for 7A4HN2SA. The anodic peaks observed at 1.28,
0.85 and 1.18 V during the electropolymerisation, respective-
ly, of 4A3HN1SA, 4AN1SA and 7A4HN2SA can be attrib-
uted to oxidation of the monomers, at the positively charged
amine group -NH;", in the acidic medium, leading to radical
formation. The other peaks appearing after the first cycle (see
Table 1) could correspond to the oxidation and reduction of
intermediate species and the resulting polymers. Comparing
the values for 4A3HN1SA and 4AN1SA, both -NH;" and —
SOsH have a negative inductive effect, this being reduced by
the addition of the —OH group, which stabilises the monomer
so that 4A3HNISA (with —OH in position 3) is oxidised at a
higher potential than 4AN1SA (without —OH). The monomer
7A4HN2SA is less directly affected by the —-SO3;H and —OH
groups in the other aromatic ring, although electron
delocalisation can be expected to stabilise the charged mono-
meric species, the result being a value intermediate between
4A3HNI1SA and 4AN1SA.

Characterisation of the polymer films
Cyclic voltammetry

The electrochemical behaviour of the polymer film modified
electrodes was studied in 0.5 M H,SOj solution at scan rates
between 10 and 200 mV s ' in the potential range between
—0.8 and +0.8 V. For all three polymer-modified electrodes,
both anodic and cathodic peak currents increased linearly with
increasing scan rate over the range investigated. The values of
the slopes of anodic and cathodic peak current densities (j,a
and j,.) vs. scan rate (v) plots for poly(4A3HNISA)-,
poly(4AN1SA)- and poly(7A4HN2SA)-modified glassy car-
bon electrodes are shown in Table 2. The results imply
surface-controlled electron transfer processes of the polymer
coatings [29].

The effect of solution pH on the electrochemical behaviour
of the polymer film modified electrodes was also investigated
in Britton-Robinson (B-R) buffer solutions of pH 2.0-9.0. The
voltammograms obtained in solutions of different pH at the
three polymer-modified electrodes are shown in Fig. 4.

For all the polymer-modified electrodes, the anodic and
cathodic peaks gradually shifted towards less positive poten-
tials as the pH increased from 2.0 to 9.0. The anodic peak
potential shift with solution pH as observed from the plots
were =69 mV pH™' for both poly(4A3HN1SA) and
poly(7A4HN2SA) and —60 mV pH ' in poly(4AN1SA)-mod-
ified electrodes. These values are close to the theoretical value

Table 2 Slopes of the anodic and cathodic peak current densities (jp,
and ji,c) vs. scan rate calculated from cyclic voltammograms recorded in
0.5 M H,S0, solution at scan rates from 10 to 200 mV s~

Polymer Jpa (MA em mV s Jpe (MA cm 2mVs Y
poly(4A3HNISA)  0.130 —0.149
poly(4AN1SA) 0.116 —0.104
poly(7A4HN2SA)  0.178 —0.142

for a redox process involving an equal number of protons and
electrons.
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Fig.4 Cyclic voltammograms obtained in B-R solutions between pH 2.0
and 9.0 at a poly(4A3HNI1SA)/GCE, b poly(4AN1SA)/GCE and ¢
poly(7A4HN2SA)/GCE after polymerisation between —0.8 and 2.0 V
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The increase in solution pH resulted in a decrease in the
anodic and cathodic peak currents in all the three modified
electrodes. Comparing the anodic peaks obtained at pH 2.0
and 9.0, the decrease in peak current is significant in
poly(4A3HNISA) (84 %) followed by poly(4AN1SA)
(50 %) and least in poly(7A4HN2SA) (41 %) modified elec-
trode. This could be due to a slow decrease in the electrochem-
ical activity of the polymer films and/or degradation of the
films from the electrode surface with increasing pH.
Repeating the sequence of experiments (from pH 2 to pH 9)
showed that the effect of the increase in pH is partly reversible,
corroborating this explanation. For example, at pH 4, the an-
odic peak current in the second series of measurements is less
by 35 % for poly(4A3HNI1SA), 15 % for poly(4ANSA) and
10 % for poly(7A4HN2SA), this decrease doubling after hav-
ing reached pH 9. Thus, for future applications, care must be
taken in using the modified electrodes in high pH media, par-
ticularly at more positive potentials.

Previously, the solubility of aniline-aminonaphthalene sul-
fonic acid co-polymer with different ratios of aniline to
aminonaphthalene sulfonic acid had been investigated in
0.2 M NaOH solution. The decrease in the molar ratio of
aniline to aminonaphthalene sulfonic acid resulted in an in-
crease in the solubility of the co-polymer because of the great-
er number of —SO;H groups in the polymer backbone, which
can become a water-soluble salt in alkaline medium [30].

Despite the presence of some similar functional groups in
the monomers used, the difference in the rate of current
change with increasing pH in the polymers can be partly at-
tributed to the difference in the solubility of the films in high
pH solutions, tested up to pH 9. This in turn could be related to
the different relative positions of the functional groups in the
polymer backbone. In addition, the better stability of
poly(7A4HN2SA) at higher pH compared to the others makes
it a promising candidate for electrochemical sensors and other
potential applications that require stable films over a broader
pH window.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was used to
characterise the physical and interfacial properties of the
polymer-modified electrodes; complex plane impedance spec-
tra are shown in Fig. 5. Impedance spectra in 0.5 M H,SO, at
0.045V (vs. Ag/AgCl) of poly(4A3HNI1SA)-modified glassy
carbon electrodes, prepared by polymerisation at different
positive potential limits are shown in Fig. Sa. Spectra for the
three types of polymer-modified electrodes in B-R buffer so-
lutions of pH 4.0 and 7.0 at different applied potentials are
given in Fig. 5b—d.

Figure 6 shows the three equivalent electrical circuits that
gave the best fits to the experimental spectra. The circuit ele-
ments used in different combinations were cell resistance
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(Rq), charge transfer resistance (R), constant phase element
(CPE) and the Warburg element (Zy). The R, is composed of
the solution and the bulk composite resistances, and R rep-
resents the charge transfer at the solid-liquid interface. The
CPE represents the interfacial or polymer film charge separa-
tion, modelled as a non-ideal capacitor (CPE = [(Ciw)“]™),
where 0.5 <a <1, when a =1, the CPE corresponds to a pure
capacitor. The Warburg impedance Zy, is modelled as an
open circuit finite linear diffusion element defined by
Zw = Rycoth[(Tiw)*](riw) *, where Ry is the diffusion resis-
tance of electroactive species, 7 is the diffusion time constant
and av= 0.5 for a perfectly uniform flat interface.

Figure Sa shows impedance spectra at poly(4A3HN1SA)-
modified glassy carbon electrodes, prepared by
electropolymerisation at different positive potential limits, in
0.5 M H,SO, at an applied potential of 0.045 V (vs. Ag/
AgCl)), close to the midpoint between the anodic and cathodic
potentials of the major peaks in the cyclic voltammogram
obtained using the modified electrode. Two equivalent circuits
are proposed to fit the EIS results. When the positive limit is
set at 1.6 V, the equivalent electrical circuit consists of R, in
series with a parallel combination of CPE; and R, in series
with CPE,, the latter representing the bulk redox capacitance
of the film that has been formed (Fig. 6a). The equivalent
electrical circuit of Fig. 6b is used for fitting both the 1.8
and 2.0 V positive limit polymerised films which consists of
Rg, in series with CPE representing charge separation at the
polymer-solution interface in series with Zy, representing dif-
fusion in the film. The values of circuit elements calculated by
fitting the spectra are summarised in Table 3.

The polymer-modified electrode prepared by polymerisa-
tion at 1.6 V positive potential limit has a significantly higher
impedance magnitude of ~2.2 kQ cm? at 0.1 Hz than those
obtained at 1.8 V of ~0.6 k2 cm” and 2.0 V of ~0.4 k2 cm’
(see Fig. 5a). This is in agreement with cyclic voltammetry
(Electropolymerisation section), where the maximum peak
current is obtained after polymerisation at the 2.0 V positive
limit and the least at 1.6 V.

The higher impedance value and the need for a different
equivalent circuit for the 1.6 V limit is a reflection of the
change in both resistivity and electrode surface structure with
the change in the positive potential limit during polymer film
formation. An application of a lower switching potential may
lead to inadequate polymer formation, which is then not
enough to completely cover the electrode surface. This is fur-
ther supported by similarities between spectra at bare glassy
carbon electrodes (not shown) and polymer-modified elec-
trodes after polymerisation with the 1.6 V limit.

The values of R were almost the same for each film (1.7
+0.3 2 cm?), which therefore seems to be dominated by the
resistance of the electrolyte solution. The values of CPE; in-
creased with increasing positive potential; this can be due to
the increase in the electroactive area of the electrode which
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Fig. 5 Complex plane
impedance spectra of a
poly(4A3HNISA)/GCE in 0.5 M
H,SO, after polymerisation
between —0.8 Vand 1.6, 1.8 and
2.0 V; (b—d) poly(4A3HN1SA)/
GCE, poly(4AN1SA)/GCE and
poly(7A4HN2SA)/GCE in B-R
buffer solutions of b pH 4 and ¢, d
pH 7. Spectra (a—c) recorded at
potentials close to the midpoint
between the potentials of the
major anodic and cathodic peaks
in the cyclic voltammograms of
the polymers in each medium and
d outside the redox peak region.
Lines show equivalent circuit
fitting to the circuits in Fig. 6. See
text for further details
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allows faster charge and discharge of the interfacial double
layer [31]. The «; value for CPE, is also the lowest for the
1.6 V positive limit, which could be due to the partial coverage
of the glassy carbon electrode and thence greater surface non-
uniformity.

(a)
o
(0)
—NNAN— cPE, —{ Zw |—

(c)

Fig. 6 Equivalent electrical circuits used to fit the experimental
impedance spectra in Fig. 5. Rq is the cell resistance, R, the charge
transfer resistance, CPE a constant phase element and Zy, a Warburg
impedance

In relation to the linear diffusion, the linear diffusion resis-
tance is only a little larger for the polymer film formed at
+2.0 V than at 1.8 V (see Table 1), but the time constant is
double that mainly reflects the fact that the polymer film is
thicker (evidence from higher peak currents in cyclic
voltammetry).

Electrochemical impedance spectra using the three differ-
ent polymer-modified electrodes were then recorded in B-R
buffer solutions of pH 4.0 and 7.0, Fig. 5b—d. Results from
fitting the spectra are summarised in Table 4.

In pH 4.0 solution, Fig. 5b, spectra were recorded at the
potentials —0.11, 0.04 and 0.12 V (vs. Ag/AgCl) using
poly(4A3HN1SA)/GCE, poly(4AN1SA)/GCE and
poly(7A4HN2SA)/GCE, respectively. The values of applied
potential were chosen to be close to the midpoint between the
anodic and cathodic peak potentials of the polymers’ respec-
tive major peaks at the specified pH. All the spectra were fitted
by the same equivalent circuit of Fig. 6b consisting of R, in
series with CPE; and Zy. A higher CPE value is observed at
poly(4A3HN1SA)/GCE, while poly(4AN1SA)/GCE and
poly(7A4HN2SA)/GCE have almost the same values. The
Warburg diffusion resistance obtained using
poly(7A4HN2SA)/GCE is about half of that obtained using
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Table3  Equivalent circuit element values obtained by fitting of the impedance spectra after 4A3HN2SA polymerisation between —0.8 V and different
positive potential limits

Positive imit’V.~~ Ro/QYcm®>  Ry/Qcm®  CPEy/mFem 2 s o CPE,/mFem 2 s*! o Ry/Q cm? s*7! /s «
1.6 1.98 13.8 6.17 0.58 0.68 0.86 - - -
1.8 1.68 - 13.7 0.80 - - 1.59 0.004 0.47
2.0 1.51 - 17.5 0.70 - - 1.89 0.008 0.48

poly(4A3HN1SA)/GCE and poly(4AN1SA)/GCE. This is an
indication of the porosity (see SEM below) and easier diffu-
sion of species through the poly(7A4HN2SA) film.

At pH 7.0, Fig. Sc, spectra were recorded at potentials
—0.20, —0.09 and —0.05 V (vs. Ag/AgCl) using
poly(4A3HNI1SA)/GCE, poly(4AN1SA)/GCE and
poly(7A4HN2SA)/GCE, respectively. The equivalent circuit
used to fit the spectra of poly(4AN1SA)/GCE and
poly(7A4HN2SA)/GCE is the same as the circuit used at pH
4.0 (Fig. 6b). However, the spectrum of poly(4A3HNI1SA)/
GCE at low frequency shows the beginning of a semicircle,
Fig. Sc, and was fitted better with a Randles-type circuit
(Fig. 6¢). This difference shows the greater effect of pH
change on poly(4A3HN1SA)/GCE compared to the other
two modified electrodes.

There is intense interest in materials that can perform
well around physiological pH at different potentials, such
as in biosensors. Therefore, spectra of the polymers in pH
7.0 solution were also investigated outside their redox
region. Spectra were recorded at potentials —0.50 V for
poly(4A3HNISA)/GCE and —0.25 V for both
poly(4AN1SA)/GCE and poly(7A4HN2SA)/GCE. At
these negative applied potentials, a semicircle correspond-
ing to a high charge-transfer resistance together with
Warburg diffusion is observed (Fig. 5d). All spectra were
fitted well by a Randles-type circuit (Fig. 6¢). From the
circuit fitting values, R, is dominant, an indication of a

mainly charge transfer controlled process, most probably
due to traces of oxygen in the solution. The values of
charge-transfer resistance increased in the order
poly(7A4HN2SA)/GCE, poly(4AN1SA)/GCE and
poly(4A3HN1SA)/GCE, indicating a faster electron trans-
fer process at poly(7A4HN2SA)/GCE.

The values from the fittings of experimental results are
almost the same for poly(7A4HN2SA)/GCE in pH 4.0
and 7.0 solutions while significant changes are observed
at poly(4A3HN1SA)/GCE and poly(4AN1SA)/GCE. This
is in agreement with cyclic voltammetry in solutions of
different pH, showing the stability and better electrochem-
ical activity of poly(7A4HN2SA) films over a broad pH
range. In the case of poly(4AN1SA)/GCE, the change in
solution pH from 4.0 to 7.0 led to a decrease in both the
Warburg diffusion resistance and the CPE values by a
factor of two. The value of Ry also decreased for all
polymer film modified electrodes with increasing pH,
which cannot be ascribed to the change in the composi-
tion of the supporting electrolyte with the addition of Na*
and OH ions with removal of protons, and suggests some
small irreversible polymer film degradation.

Comparison of the CPE « values in both pH 4.0 and 7.0
solution inside and outside the redox region, the smallest is
obtained using poly(7A4HN2SA)/GCE and higher and com-
parable values are observed for both poly(4A3HN1SA)/GCE
and poly(4AN1SA)/GCE. This reflects the greater porosity

Table 4 Equivalent circuit element values obtained by fitting the impedance spectra of poly(4A3HNISA)/GCE, poly(4AN1SA)/GCE and

poly(7A4HN2SA)/GCE recorded in B-R buffer solution of pH 4.0 and 7.0

pH Electrode Ep/V Ro/Q cm? R/ cm? CPE,/mF cm %™ o Rw/Q cm? s /s «
4.0 poly(4A3HNI1SA)/GCE -0.11 40 — 2.25 0.92 9.38 0.003 0.21
poly(4AN1SA)/GCE 0.04 40 — 1.68 091 8.99 0.003 0.25
poly(7A4HN2SA)/GCE 0.12 43 — 1.69 0.83 4.20 0.003 0.22
7.0 poly(4A3HN1SA)/GCE -0.20 24 3.11 1.18 091 7.46 0.003 0.26
poly(4AN1SA)/GCE -0.09 25 - 0.90 0.89 3.67 0.003 0.24
poly(7A4HN2SA)/GCE —-0.05 21 - 1.77 0.86 4.61 0.003 0.29
70 poly4A3HNISAYGCE  -0.50 26 6.83 0.51 091 225 0003  0.19
poly(4ANTSA)/GCE 025 25 465 0.74 091 493 0003 025
poly(7A4HN2SA)/GCE -0.25 21 3.39 0.87 0.82 3.53 0.003 0.20
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Fig. 7 Scanning electron microscopy images of films on ITO electrodes
prepared in 0.1 M HNO; solution containing 2 mM a 4A3HN1SA, b
4AN1SA and ¢ 7TA4HN2SA

and non-homogeneity of the poly(7A4HN2SA) film com-
pared to poly(4A3HN1SA) and poly(4AN1SA), which form
films of better and comparable homogeneity and smoothness.

Morphology

Figure 7 shows scanning electron microscopy (SEM) images
of the polymer films of 4A3HNI1SA, 4ANISA and
7A4HN2SA on ITO. The micrographs show clear differences
in the morphologies of the three substituted naphthalene sul-
fonic acid-based polymer films that can be attributed to the
difference in reactivities of the monomers and polymer growth
during film formation.

The poly(4A3HN1SA) film on ITO, Fig. 7a, exhibited a
homogeneously and densely distributed irregular

microstructures. The microstructures are composed of uni-
formly distributed fibres, particles and small pores.

The surface of poly(4AN1SA), Fig. 7b, consisted of
well-defined tubular structures randomly distributed on
top of a sponge-like homogenous surface. The tubes are
about 1 um in diameter and stretch up to 30 pum in length.
Such tubular structures are known in polymers and co-
polymers of aniline with different naphthalene sulfonic
acids as doping agents or co-monomers. The formation
yield, tubular morphology, size and electrical properties
of the nanostructures obtained were reported to depend
on the position and number of —SO;H groups attached
to the naphthalene ring as well as the synthesis conditions
[22, 32]. Moreover, the possibility of synthesising such
nanotubes of conducting polymers is very important for
the applications in controlled drug delivery and neural
interfaces [2].

The presence of the relatively homogeneous spongy-
like surface below the tubes of poly(4AN1SA) seems to
be a background film on which the tubular structures
grow. This might be due to the change in the mechanism
of polymer deposition when the film becomes thick, and a
direct access of unreacted monomers to the electrode sur-
face is inhibited [25]. The texture of the underlying film
also resembles the polymer film poly(4A3HN1SA), in
agreement with EIS results showing comparable surface
homogeneity and smoothness.

The image of poly(7A4HN2SA), Fig. 7c, showed isolated-,
spherical- and irregular-shaped growths of different sizes un-
evenly distributed over the surface. The dispersed distributed
isolated structures accounted for the lack of smoothness and
homogeneity of poly(7A4HN2SA)/GCE, as deduced from the
analysis of the impedance spectra.

Conclusions

The electrosynthesis, characterisation and comparison of new
conducting polymers from 4-amino-3-hydroxynaphthalene-1-
sulfonic acid (4A3HN1SA), 4-aminonaphthalene-1-sulfonic
acid (4AN1SA) and 7-amino-4-hydroxynaphthalene-2-sul-
fonic acid (7A4HN2SA) are reported. The
electropolymerisation of 4AN1SA and 7A4HN2SA and char-
acterisation of the polymer-modified electrodes is reported for
the first time.

Polymerisation parameters were optimised using
4A3HN1SA and results showed the need to apply a sufficient-
ly high positive potential limit to allow better film formation.
The three polymers were synthesised under similar
electropolymerisation conditions. Characterisation of the
polymer films was done using cyclic voltammetry, electro-
chemical impedance spectroscopy and scanning electron mi-
croscopy. Despite the presence of similar functional groups in
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the monomers, the resulting polymers showed distinct prop-
erties and behaviour, which could be due to the difference in
the reactivities of the monomers and reaction routes for film
formation, which in turn led to different relative positions of
functional groups in the polymer backbone. SEM showed that
poly(7A4HN2SA), which demonstrated the best stability in
solutions of higher pH up to 9, formed a porous and non-
uniform film, whereas poly(4A3HN1SA) has a homogeneous
irregular microstructure; tubular and microstructures were ob-
served in the micrographs of poly(4AH1SA) films.

These results show the potential utility of these
substituted naphthalene sulfonic acid polymers in various
applications, such as chemical sensors, neural interfaces,
anti-corrosive materials, energy storages, drug delivery
and electroluminescence devices, especially when appli-
cations require stable films over a broad pH window.
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