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Abstract Uniform conducting polymer films of

poly(N-(1-Naphthyl) ethylene-diamine dihydrochlo-

ride), PNED, were prepared conveniently and

reproducibly by the anodic oxidation of the monomer,

N-(1-Naphthyl) ethylene-diamine dihydrochloride,

NED, in an acidic aqueous solution using the conven-

tional potentiodynamic technique. The different

parameters influencing the preparation conditions like

monomer concentration, solvent constitution, scan

range, scan rate, scan repetition, rotation speed of the

working electrode and the type of the substrate were

investigated and the optimum preparation conditions

are specified. The stability of the prepared films was

tested in both aqueous and non-aqueous media. The

characteristics of the polymer films and their electro-

chemical activity towards catalyzing some technologi-

cally promising redox reactions were also examined. The

films were found to be very stable in aqueous solutions

and in some organic solvents like acetone, acetonitrile,

and chloroform and dimethyl sulfoxide. The film sta-

bility was found to depend on the solution pH. The

polymer films were capable of catalyzing the redox

processes of several natural products and amino acids

e.g. vitamin C and glycine. The polymer film possesses

electrochromic properties and the color of the film

changes from purple to violet to dark blue and then to

brown according to the preparation and/or polarization

conditions. The electrochromic properties are related to

polaron formation, which subsequently oxidizes to dii-

mine species followed by the oxidation of the aromatic

ring. The mechanism of the polymerization process was

investigated and discussed. The process involves de-

protonation reactions and a head-to-tail coupling of the

oxidized monomer with cation radicals.
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1 Introduction

Electrogenerated polymer films are novel conducting

and semi-conducting materials with great promise

because of their wide range of potential technological

applications that have attracted intense multidisci-

plinary research worldwide [1–4]. The excellent redox

cyclability and reversible proton dopability beside

other attractive properties displayed by the resulting

polymer films represent attractive fields that have

received a great deal of attention [5, 6]. These in-

clude applications in lightweight (rechargeable) bat-

teries [7, 8], electro-chromic display devices [9–11],

biosensors [12] and corrosion protection [13]. Some

polymer films have shown good stability in aqueous

media under normal atmospheric conditions [14].

Among the conducting polymers, poly(aniline),

(PANI), has been studied extensively due to the

commercial availability of the monomer, its relatively

non-complicated synthesis, well-behaved electro-

chemistry, good environmental stability, high con-

ductivity and multiple redox and protonation states

[15–17]. Some ring and N-substituted PANI deriva-

tives like 1-naphthylamine (NPA) or 1-aminoanthra-

cene have been successfully synthesized by chemical

W. A. Badawy (&) � K. M. Ismail � Z. M. Khalifa
Chemistry Department, Faculty of Science, Cairo
University, Giza, Egypt
e-mail: wbadawy@wbadawy.csc.org.eg

123

J Appl Electrochem (2007) 37:593–604

DOI 10.1007/s10800-007-9290-8



and electrochemical methods and their electrochem-

ical characteristics or electrochromic properties have

been well-investigated [18–21]. The mechanism of

electrochemical polymerization of NPA was reported

to be similar to that of PANI formation. PNPA

possesses many properties different from PANI

derivatives, such as solubility, electrochemical and

electrochromic properties [22, 23].

PNPA derivatives have been used as pH indicator

materials, protective films for mild steel and electro-

active electrodes in different redox processes [24–26].

Films of PNPA modified by transition metal ions were

employed for quantitative detection of organic com-

pounds [27, 28]. One of the attempts to improve the

electrochemical and electrochromic properties of

PNPA is the copolymerization of NPA with aniline

and O-toluidine [23]. The potential used in these

electrochemical copolymerization processes is as high

as 1.0 V, which resulted in the formation of undesir-

able degradation by-products [29]. The addition of a

small amount of aniline derivative to the monomer

enhances the rate of polymer film deposition, signifi-

cantly [30, 31]. It was also reported that, the prepara-

tion of water-soluble poly(aniline) derivatives

involving orthanilic acid units has been made feasible

by introducing small amounts of aniline in the feed

solutions for electropolymerization [32–34]. While the

electropolymerization of aniline derivatives has re-

ceived a great deal of attention, the electropolymer-

ization of PNPA, and its derivatives has had much less

attention. The mechanism proposed for the electrop-

olymerization processes involves E(CE)n reactions.

This mechanism is initiated by the electrooxidation of

the monomer to the corresponding cation radical, fol-

lowed by polymerization and deposition of a polymer

film onto the electrode surface at the appropriate oxi-

dation potential [35–38]. Although N-(1-Naphthyl)

ethylene-diamine dihydrochloride, (NED) represent a

promising polymer worthy of investigation, there are

no reports on the electropolymerization and charac-

terization of this material.

In this work, we are aiming at the electropolymer-

ization of NED from aqueous solutions to produce

PNED films of beneficial applications. The optimiza-

tion of the preparation conditions and the investigation

of the electrochemical properties of the films besides

the understanding of the mechanism of the polymeri-

zation process represent the main tasks. The electro-

catalytic activity of PNED modified electrodes towards

the redox processes occurring in some natural products

and amino acids of industrial relevance were investi-

gated. Detailed mechanistic investigation and discus-

sion of the electropolymerization process in aqueous

acidic solutions and the utilization of prepared films

were also presented.

2 Experimental details

N-(1-Naphthyl) ethylene-diamine dihydrochloride (re-

ferred to as NED herein), BDH was used without

further purification. HPLC grade ethanol (Merck) was

used as received. The aqueous solutions were prepared

using triply distilled water and analytical grade re-

agents.

A standard all glass three-electrode cell was used for

the electropolymerization and the investigation of the

electrochemical response of the polymer films. The

working electrode was a glassy carbon (GC), gold

(Au), or platinum (Pt) disk of geometric area of

0.071 cm2. A silver/silver chloride (Ag/AgCl/ 3.0 M

KCl) was used as reference electrode. The counter

electrode was a large area platinum spiral. Before each

experiment, the working electrode was polished

mechanically, with alumina powder (1.0 lm diameter),

washed thoroughly with triply distilled water, and then

rubbed with a smooth cloth. All electrochemical mea-

surements were carried out using the electrochemical

work station, IM6 Zhaner elektrik (Kronach, Ger-

many). All experiments were carried out at room

temperature (25 ± 0.1 �C) and the potentials were

measured against and referred to the Ag/AgCl refer-

ence electrode (Eo = 0.222 V).

The electropolymerization process was carried out

in solutions containing 25.0 mM NED dissolved in an

aqueous solution of 1.0 M HClO4 acid containing

ethanol with 9:1 acid/alcohol ratio. The presence of

ethanol is essential for both the complete dissolution of

the monomer and the stabilization of the formed

polymer film on the working electrode surface. For

reproducibility, each experiment was carried out at

least twice. Details of all experimental procedures

were as described elsewhere [35–37].

3 Results and discussion

3.1 Optimization of the electropolymerization

process

Thin films of poly(N-(1-Naphthyl) ethylene-diamine

dihydrochloride), PNED, were prepared by the po-

tentiodynamic electropolymerization technique, using

25.0 mM NED dissolved in 1.0 M HClO4/EtOH mixed

solvent of a 9:1 volume ratio. The potentiodynamic

technique was found to be better than the galvanostatic
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or potentiostatic technique. Films grown potentiody-

namically were very smooth and adherent to the sub-

strate surface whereas those formed galvanostatically

or potentiostatically were not stable [36]. The working

electrode was a GC disk and the potential was swept

continuously at a rate of 100 mV s–1 between –1.0 and

+1.2 V. The cyclic voltammograms of the first 30 cycles

of the electropolymerization process are presented

in Fig. 1. During the first positive scan an irreversible

current peak (I) at ~+0.56 V and an irreversible wave

(II) at ~+0.83 V were recorded. The peak (I) and

wave (II) are due to the oxidation of the amino group

of the monomer molecule to a radical cation then to a

dication, respectively [39]. In the reverse scan a com-

plementary peak (III) for the anodic peak (I) is

recorded at ~+0.38 V, which is attributed to the

reduction of the dication radical (bipolaron). Another

cathodic wave was recorded at ~+0.04 V, that can be

attributed to the reduction of the oxidized species,

which are formed from the monomer. The cation

radicals produced from the aromatic amine derivatives

couple rapidly to give dimers, which are more easily

oxidized than the parent monomer [38]. In the first

cycle, the electrooxidation process is accompanied by

the release of protons that are then involved in the

protonation of the monomer molecules [16].

During the second forward scan, a thin film is

formed on the electrode surface and an anodic wave

(V) appears at ~+0.37 V, which corresponds to the

cathodic wave (IV). This wave (V) can be attributed to

the oxidation of the cation radicals to oligomers. These

oligomer species are brown in color and are free

floating at the electrode surface. Above a certain chain

length the oligomer transforms into a polymer film,

which mediates the oxidation of the reactive species

and an adherent purple surface film appears [40, 41].

For short polymerization times (£5 cycles), both the

anodic peak (I) and anodic wave (II) potentials shift to

more negative values and a decrease of the anodic

current occurs. The decrease in anodic current is

attributed to the insulating nature of the initially

formed film. By continuous cycling (6–15 cycles) the

anodic peak (I) shifts to ca. +0.41 V and its current

starts to increase, whereas the anodic wave (II)

diminishes and appears as a small shoulder. The

cathodic peak (III) shifts to ca. +0.38 V and its current

starts to increase, and at the same time, the cathodic

wave (IV) shifts to –0.05 V and the corresponding

current starts to increase. Such behavior represents the

characteristic behavior of a deposited electroactive

substance, and is a direct indication of a conductive

polymer growth [19, 37, 41]. In general, the potential of

oxidation decreases as the molar mass of the species

increases, reaching a nearly constant value after few

couplings [42]. Film formation during potential cycling

is readily recognized by the color change of the elec-

trode surface, which can be noticed easily by the naked

eye.

The deposition of thick films of PNED on the GC

electrodes occurred rapidly, indicating an efficient film

formation process. The direct proportionality of the

amount of polymer to the anodic peak current (I) is

fundamentally important for studies of the electropo-

lymerization processes [7, 41]. The anodic peak cur-

rents of the different electropolymerization cycles were

measured and plotted as a function of the cycle num-

ber, which corresponds to the reaction time, and are

presented in Fig. 2. The amount of polymer formation,

which is directly proportional to the film thickness,

increases linearly with increase in cycle number until

the 20th cycle. Between the cycle numbers, 20 and 30

stabilization of the peak current was recorded. The

slope at any point on the linear relation gives the rate

of polymer formation at the corresponding reaction
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Fig. 1 Typical cyclic voltammograms of the electropolymeriza-
tion of NED up to the 30th cycle from a solution of 25.0 mM
NED dissolved in 1.0 M HClO4/EtOH solvent mixture at a 9:1
volume ration. Scan rate is 100 mV s–1 in the potential range
between –1.0 and +1.2 V
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time and implies that the polymerization process is

obeying first order kinetics in the monomer concen-

tration up to the 20th cycle [43]. Under such condi-

tions, where the rate of electropolymerization is

directly proportional to the monomer concentration,

two possibilities have to be considered. The first is that

the rate of polymerization is dependant on the diffu-

sion of the monomer to the electrode surface to par-

ticipate in the polymerization process and the reaction

is then under diffusion control. The second is that the

reaction rate is directly proportional to the charge

transfer on the monomer molecules and the process is

charge transfer controlled [35]. Increasing the number

of cycles above 30 cycles is accompanied by a

remarkable decrease in the anodic peak current. The

decrease in peak current can be attributed to increased

insulating properties, where a relatively compact and

thick film is formed. The color of the film in these cases

becomes dark brown.

The effect of initial monomer concentration on the

electropolymerization process was investigated. In

Fig. 3a, the cyclic voltammograms of the 30th cycle of

the NED polymerization at different monomer con-

centrations are presented. The anodic peak current is

presented as a function of the monomer concentration

in Fig. 3b. It is clear from Fig. 3b that the amount of

the formed polymer increases linearly with the

monomer concentration in the range between 0.1 and

30.0 mM. The slope of this relation, which represents

the rate of increase of polymer amount with the

concentration of the monomer, is about unity, which

is in excellent agreement with the theoretical predic-

tions for adsorbed species on thin film modified

electrodes [7]. At higher concentrations, a very slow

increase in the peak current was recorded. Analysis of

the solution after the electropolymerization process

has shown that the excess monomer remained un-

changed and was not involved in the electropoly-

merization process.

The electropolymerization process was found to be

affected by the scan rate and the scan range. The best

polymer films were formed when the scan range was

between –1.0 and +1.2 V vs. Ag/AgCl electrode. If the

scan range was shortened to more positive than –1.0 or

less than +1.2 V, a decrease in the rate of film forma-

tion occurs. Extension of the scan range to more neg-

ative than –1.0 V or more positive than +1.2 V, leads

to a decrease in the rate of film formation. In both

cases, the films do not adhere to the working electrode

surface.

The effect of scan rate on the polymer film forma-

tion is presented in Fig. 4. Figure 4a presents the cyclic

voltammograms of the 30th cycle of film formation as a

function of scan rate, v. The variation of the amount of

polymer formed at the electrode surface, as presented

by the anodic peak current, IpaI with v is presented in

Fig. 4b. It is clear that the peak current increases as the

scan rate increases till 200 mV s–1 and then a stabil-

ization of the peak current is attained. The increase in

the wave recorded in Fig. 4a can be attributed to an

increased rate of apparent diffusion; including physical

diffusion and electron self-exchange [44].

The kinetics of the electropolymerization process

can be understood by analyzing the cyclic voltam-

mograms presented in Fig. 1. The oxidation peak

recorded at +0.56 V is dependant on the scan rate, v.

The dependence of the peak current, IpaI, on the scan

rate shows a linear relation between 10 and

200 mV s–1 and then stabilization in the peak current

values occurs, which is strongly dependant on the

monomer concentration (cf. Fig. 5a). In this relation,

the anodic peak (IpaI) increases as the scan rate in-

creases up to 200 mV s–1. This can be attributed to

the presence of an irreversible adsorbed electroactive

substance [39]. The experimental current function

(IpaI/v
1/2Co) decreases with v1/2 in a way, which is

dependant on the monomer concentration (cf.

Fig. 5b). This leads to the conclusion that the follow-

up chemical reaction of the formed cation radical

obeys higher than first-order kinetics [35–38].

The type of substrate was found to affect the elec-

tropolymerization process. Glassy carbon disks are

more appropriate than both Au and Pt disks. Figure 6

presents the cyclic voltammograms of the 30th cycle of

film formation on Pt, Au, and GC. It is clear that the

peak current in the case of the GC substrate is higher

than that of both Pt and Au. This observation can be

attributed to the amorphous nature of GC [35, 36].
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Fig. 2 Relation between the cycle number and the anodic peak
currents values for the cycles between 1 and 50 during PNED
formation, under the conditions of Fig. 1
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The rotation of the working electrode affects the

polymerization process. Rotation of the working elec-

trode during potential cycling increases the anodic

peak (I) current and the cathodic peak (II) is dimin-

ished. The increase in anodic current was found to be a

linear function of the rotation speed as presented in

Fig. 7a.

Although, the increase in rotation speed increases

the formation peak current value, which indicates in-

creased film thickness, the films at high rotation

showed a remarkable loss in the electrochemical

activity. Such a loss of electrochemical response may

be explained by the formation of a compact film with

lower charge transfer properties. The electrochemical

response of the films at different rotation speeds for

the 30th cycle was measured as a function of rotation

speed. These results are presented in Fig. 7b. The best

electrochemical activity is obtained whenever the

working electrode is stagnant. This behavior can be

explained on the basis that during electropolymeriza-

tion, rotation enhances the accumulation of reaction

products on the surface and hence better charge

transfer conditions for electropolymerization occur.

This is reflected in the increase in polymerization peak

current with the increase of working electrode rotation

speed (Fig. 7a).

After film formation, the electroactive response in

amine free solutions shows the highest values for

films formed under stagnant conditions. In these

cases, the film is capable of exchanging ions with the

solution, especially protons and so the electroactivity

is notable. Films formed at higher speeds of rotation

are adherent to the substrate surface and represent a

highly compact structure that cannot exchange ions

with the solutions; hence both the rate of charge

transfer and the electrochemical activity are

decreased.
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Fig. 3 (a) Effect of NED concentration on the 30th cycle of
PNED film formation between 0.1 and 70.0 mM NED/1.0 M
HClO4/EtOH (9:1 v/v), at scan rate 100 mV s–1. (b) Dependence
of the anodic peak current value of the PNED film formation on
the monomer concentration between 0.1 and 70.0 mM
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Fig. 4 (a) Effect of the scan rate on the anodic peak current
(IpaI) of the 30th cycle during the formation of PNED at different
scan rates between 10 and 1,000 mV s–1 in the potential range
from –1.0 to +1.2 V. (b) Relation between the scan rate and the
anodic peak current, as derived from (a)

J Appl Electrochem (2007) 37:593–604 597

123



3.2 The electrochromic properties of the PNED

films

The prepared PNED films show electrochromic prop-

erties similar to those reported for electroconductive

polymers such as polyaniline, which changes its color as

a result of the redox reactions of the film itself [10, 18,

22, 23, 37]. The polymers films change color according

to the polymerization time under the optimized con-

ditions of scan range, scan rate and monomer con-

centration. For short electrochemical polymerization

time corresponding to three to four cycles (<3 min) a

purple film was formed. For longer polymerization

times ~5 min (10 cycles) a violet colored film was ob-

tained. Longer polymerization times (6–22 min) pro-

duced dark blue films, which transformed into dark

brown. The produced films showed multiple color

changes according to the redox reactions occurring at
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film formation for two NED concentrations, 25.0 and 35.0 mM,
at different scan rates ranging between 50 mV s–1 and 1.0 V s–1.
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different potentials as was observed for polyaniline

films in the potential range between –0.2 and +1.2 V vs.

NHE [10]. The electrochromic properties of these

electroactive films find a great deal of applications in

filter preparation, optics and electrochromic display

devices [9 –11, 18, 22, 23].

3.3 Electroactive characteristics of the PNED film

The PNED modified electrodes obtained by the elec-

tropolymerization of the NED on GC under the opti-

mized conditions described above were tested in amine

free perchloric acid to investigate their electrochemical

response. Figure 8 shows the cyclic voltammograms of

the electrochemical response of the modified elec-

trodes in 1.0 M HClO4 solution (pH = 0.01) at a scan

rate of 100 mV s–1 between +0.2 and +0.7 V vs. the Ag/

AgCl reference electrode. The figure represents the

redox system of the polymer backbone, which exhibits

only a single redox couple at ~+0.52 V. The reversible

redox wave corresponds to the oxidation of the amine

nitrogen i.e. polaron state formation like the polyani-

line structure [43]. The figure shows the first, third, fifth

and tenth cycles, and shows that the PNED modified

electrodes show stepwise decrease in the electro-

chemical activity. It was found that the polymer film

activity decreased about ~9% in the 3rd cycle, ~14% in

the 5th cycle, and ~22% in the 10th cycle and then

remained unchanged, whatever the number of cycles.

In contrast to ordinary aniline, the peak potentials

appearing in both the positive and negative branches

did not change on repetition of the cycling, as if only

the solution species are involved in the reaction.

The electrochemical response of the modified elec-

trodes was found to depend on scan rate. Figure 9

presents the effect of v on the cyclic voltammograms of

the modified electrodes in amine free 1.0 M HClO4

solution. It is clear from Fig. 9a that the peak current

of the first cycle increases as the scan rate increases,

which can be attributed to an increased contribution of

capacitive charging and/or the diffusion and electron

self exchange [44]. The capacitive charging ratio of the

cathodic to anodic peak current (Ipc/Ipa) was found to

increase as the scan rate increases. This means that the

apparent electrochemical reversibility for the PNED

film is better at relatively high scan rates, which can be

attributed to the ease of movement of the counter ion

(ClO4
–) into and out of the polymer film. In Fig. 9b, the

anodic peak current is plotted against the square root

of v. The linear relation presented in this figure indi-

cates that the redox reaction occurring at the polymer
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PNED film in 1.0 M HClO4
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film/electrolyte interface is a diffusion-controlled

reaction, as expected for redox reactions involving

surface attached species [5, 6].

It should be pointed out that the peak current

and also the wave shape of the electrochemical

response of the polymer films are affected by the acid

concentration. Typical cyclic voltammograms of the

electrochemical response of PNED at different

concentrations of HClO4 have been obtained, and

similar results were obtained with other acids e.g. HCl,

HNO3, and H2SO4, and even with organic acids like

oxalic acid. In general, the peak current decreases the

increase in the acid concentration. The value of the

peak current depends on the strength of the acid and

the order of increase follows HNO3 > HClO4 >

HCl > H2SO4 > Oxalic (cf. Fig. 10a). This behavior

can be explained on the basis of the anion effect on

the peak currents and the facility of the anion to reach

the interface. Although the effect of anions and acid

concentration is clear as presented in Fig. 10a, the peak

current is much affected by the solution pH [37]. Below

pH = 1.0 and at constant ionic strength a linear rela-

tion between log IpaI and pH is recorded. By successive

increase of solution pH, stability in the anodic peak

current value was attained. In the linear part, the

relation between log IpaI and the pH can be formulated

mathematically as

Log Ipa ¼ aþ b log½Hþ�

The linear relation is presented in Fig. 10b and

values of the constants a and b were calculated and

found to be a = 2.41 which is equivalent to 260 lA for

the peak current at pH = 0, and b = 0.0015, which

represents the rate of increase of the peak current

with the pH. It should be pointed out that the same

holds for the cathodic peak currents which show an

exponential relation to the hydrogen ion concentra-

tion. This behavior was recorded for different acids

without regard to the nature of the acid, and the

general trend is the increase in electroactive response

as the pH of the electrolyte increases up to pH = 1.0.

In neutral solutions, the polymer film loses its elec-

trochemical activity, which means that the presence of

protons in the solution is essential for the redox

reaction to occur. It should be mentioned that the

polymer film remains unchanged without any loss in

electrochemical activity after the 10th cycle, whatever

the number of potential cycles (cf. Fig. 8). The sta-

bility of the polymer film was found to depend on the

strength and concentration of the acid. The presence

of a strong acid retards the decomposition of the fully

oxidized polymer film by shifting the equilibrium of

water protonation towards the hydroxonium (H3O+)

ion [37, 45].

3.4 Solubility and molar mass determination

The film is very stable since it does not lose its re-

sponse even after months of exposure to air or after

repetitive cycling on solvent-supporting electrolyte

solution at sweep rates between 10 mV s–1 and

1.0 V s–1. In addition, immersion in common organic

solvents such as ethanol, acetone, chloroform, ethyl

acetate, acetonitrile and dimethyl sulfoxide do not

affect the film. These facts, which indicate a stiff

structure and probably a high molar mass, prevent

any study of molar mass or spectroscopy in solution

[39]. Similar to many other conducting polymers, the

PNED films are insoluble in common solvents,

therefore their exact chemical structure has never

been determined up to now.
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Fig. 10 (a) Relation between the acid concentration and the
anodic peak current values of the 1st cycle of the PNED
electrochemical activity in different acids. (b) Effect of pH on
the anodic peak current value of the PNED film electrochemical
activity
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4 IR spectroscopy of NED and PNED

The IR absorption spectrum of a KBr pellet of the

monomer, NED, and the polymer, PNED, film were

recorded and are presented in Fig. 11. The spectral

data are summarized in Table 1. A broad band be-

tween 3,200 and 3,700 cm–1 is due to N–H stretching of

the amine or imino groups of the PNED film, whereas

two absorption peaks corresponding to the N–H

stretching vibrations of the amino groups of the NED

were recorded at ~3,390 and 3,456 cm–1 [46]. This fact

suggests that the –NH2 groups are involved in the

electropolymerization process. The peaks observed at

~1,635 and 1,624 cm–1 for both the polymer and the

monomer, respectively, are attributed to the bending

vibration of the N–H bond. The C–N stretching bands,

which are characteristic of an aromatic amine, were

observed between ~1,323 and 1,225 cm–1. The absorp-

tion peak recorded at about ~1,450 cm–1 can be as-

cribed to the C=C stretching vibration [47]. The

observed band in the region of ~1,083 cm–1 is due to

the ClO4
– vibrational band.

The absorption peak corresponding to the stretching

vibrations of the C=N bonds was recorded at

~1,605 cm–1. Analysis of the absorption peak pattern

between ~991 and 628 cm–1, which arises from the C–H

out-of-plane bending modes, enables us to assign the

substitution pattern of the aromatic ring [40, 47, 48].

5 Mechanism of the electropolymerization process

The mechanism of polymerization of NED is based on

the consideration that the oxidation of a conducting

polymer is easier than the monomer itself, and

the oxidation occurs at the secondary amine group

of the naphthylamine molecule as the chain end [49].

In the actual reaction, chain growth and electron

transfer may not be distinguished separately. From the

electrochemical data, NED molecules oxidize at

~+0.56 V, and during the anodic polymerization the

species being oxidized must not be the end of the

polymer but the solution species, i.e. the monomer

molecule or its oligomers. The polymerization has to

take place in the solution phase between two oxidized

NEDs by, for instance, successive dimerization:

2PNED��!�2e�
2PNED�þ ��!�2Hþ ðPNEDÞ2

��!�e� ðPNEDÞ�þ2 ��!�2Hþ
��!
ðPNEDÞ�þ2 ðPNEDÞ4

��!�2e�;�2Hþ ��!
ðPNEDÞ4ðPNEDÞ8 ��!�2e�;�2Hþ ��!

ðPNEDÞ8ðPNEDÞ16

A molecular mass of the polymer can be achieved if

successive dimerization e.g. four times occurs, and the

resultant product will precipitate on the electrode

surface. If this mechanism is actually operating, the

anion doping should be quite restricted and the elec-

trical conductivity will remain very low, in agreement

with the experiments described above. Accordingly,

the radical cation, NED•+, formed in the first charge

transfer steps presented in Fig. 12 follows the pathways

indicated in the figure. In such a mechanism the aro-

matic amine cation radicals, NED•+, may dimerize by

either C–N coupling (III) or C–C coupling (VI). The

most probable coupling mechanism is the C–N cou-

pling, because of the steric hindrance of the C–C

coupling [19, 37, 38], and hence dimer IV will represent

the major product.

These dimers oxidize to the corresponding dications

at lower potentials than the monomer itself. The

polymer film obtained is, most likely, a linear chain

structure similar to poly (aniline) and poly (naphthyl-

amine) [19, 37, 49, 50]. The electropolymerization
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Fig. 11 IR absorption spectra of the monomer, NED, and the
polymer, PNED
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mechanism proceeds via successive head-to-tail cou-

pling of oxidized monomers with its oligomeric radical

cations. As shown in Fig. 12, the oxidation of the

monomer (I) produces the radical cation (II) which

dimerize to the dimer cation (III) that gives the

structure (IV) by mesomeric effect. The NED radical

cation can adopt a coplanar conformation that facili-

tates a strong electronic interaction between the two-

phenyl rings, to stabilize the radical [51]. The radical

cations (II) and (III) are quite reactive and undergo

head-to-tail coupling to give the dimer (IV), which is

subsequently oxidized and react with other monomer

radical cations to produce a polymer with a structure

(V). The final structure of the polymer film is, most

likely, similar to that of poly (aniline) or poly (p-phe-

nylene). The mechanism proposed in Fig. 12 is con-

sistent with the E(CE)n reaction revealed from the

results of the cyclic voltammetry and confirmed by the

IR spectra [37, 52].

6 Applications of the PNED modified electrode

Electrode modification has been widely employed to

optimize the performance of many electrochemical

processes [53, 54]. Chemically modified electrodes in

particular have been used to facilitate electron transfer

reactions [55] and the preferential accumulation of

analytes at electrode surfaces [56].

PNED modified electrodes are capable of decreas-

ing the overpotential and/or improving the reversibility

of the redox processes of several natural products like

vitamin C (ascorbic acid), benzoic acid, boric acid,

citric acid, oxalic acid, sodium benzoate, sodium

citrate, sodium oxalate, tartaric acid, and also for sev-

eral amino acids such as L-glycine, b-alanine, L-lysine,

L-cystine, L-lucien and glutamic acid. The decrease of

the overpotential of the oxidation processes means that

there is a decrease in the background currents and

limited interference from other dissolved species,

which is reflected in higher selectivity and better

performance. The improvement in electrochemical

reversibility is reflected in sharper current response

peaks and prevention of electrode fouling from

oxidation products i.e. increased stability. Both of

these factors are important in obtaining lower detec-

tion limits in electroanalytical applications.

The optimized PNED modified electrodes were

used as working electrodes for testing different redox

reactions of technological relevance. Diagnostic cyclic

voltammetry was then carried out using solutions of

10.0 mM of each of the tested compounds in 1.0 M

HClO4 at a scan rate 100 mV s–1, and in the potential

Table 1 Assignments of the IR data of NED and PNED formed
by the oxidative polymerization of 25.0 mM NED dissolved in
1.0 M HClO4/EtOH (9:1 v/v)

Vibration mode Wave number/cm–1

NED Poly-NED

(N–H)s 3,700 to 3,200 3,500 to 3,300
(C–H)s 3,000 3,080
(C–C)s 1,580 1,510
(C=N)s – 1,605
(C–N)s 1,280 1,290

1,260 1,230
(N=N)s – 1,515
ClO4

– – 1,083
– 628

(C–H)b 1,060 1,284
1,080 1,230
1,100 1,140

(C–C)b 698 713
964 650

(C=C)s 1,420 1,388
1,440 1,450

(N–H)b 1,650 1,624

RHN NHR RHN NHR

o+
NHR

(VII)

N
R

NHR
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Fig. 12 Mechanism of the electropolymerization of NED
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range between +0.2 and +0.7 V vs. Ag/AgCl at these

modified surfaces. A comparison of the behavior of

PNED modified electrodes with that obtained by bare

glassy carbon electrodes was made and the oxidation

potentials and the anodic peak current values are

presented in Table 2.

Figure 13 presents typical cyclic voltammograms of

the electrochemical oxidation of 10.0 mM citric acid on

both the bare GC and the modified GC-PNED elec-

trode under the above described conditions. It is clear

that the modified electrode has a very clear response to

the oxidation of citric acid compared to the bare GC

electrode, and a definite anodic peak current value of

143.0 lA was recorded. Beside the remarkable de-

crease in the overpotential of the oxidation process,

which is reflected in the lower value of the peak po-

tential, Epa, there is a large increase in the peak current

corresponding to the oxidation reaction.

The PNED modified electrode, was found to be sen-

sitive for any variation of the concentration of the spe-

cies to be oxidized. A typical example of the sensitivity of

the modified electrode towards variation of the ascorbic

acid concentration compared to bare GC electrode is

presented in Table 3. The anodic peak currents were

measured in solutions of concentrations from 0.0 mM to

10.0 mM of ascorbic acid in a background solution of

0.1 M sodium citrate/0.1 M NaH2PO4 at a scan rate

100 mV s–1 in the potential range between +0.2 and

+0.7 V. These are presented in Fig. 14. The linear rela-

tion of this figure can be considered as a calibration curve

for the determination of unknown ascorbic acid con-

centration in the specified range.

Table 2 Comparison of the oxidation potentials and the anodic
peak current values for bare and modified glassy carbon elec-
trode for 10.0 mM of each of the tested compounds dissolved in
1.0 M HclO4 at scan rate of 100 mV s–1, and in the potential
range between +0.2 and +0.7 V vs. Ag/AgCl

Bare GC GC-PNED

Epa/mV Ipa/lA Epa/mV Ipa/lA

Vitamin C +0.68 140 +0.63 270
Citric acid – – +0.66 143
Oxalic acid – – +0.64 119
Sodium oxalate – – +0.65 107
Tartaric acid – – +0.69 75
Benzoic acid – – +0.68 46
Sodium Benzoate – – +0.58 41
Boric acid – – +0.67 36
L-Lucien – – +0.53 314
L-Glycine – – +0.57 304
b-Alanine – – +0.56 295
L-Lysine – – +0.55 252
L-Cystine – – +0.54 226
Glutamic acid – – +0.64 82

E/ V

0.2 0.3 0.4 0.5 0.6 0.7

0

30

60
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120

Bare GC
GC-PNED

I/
µA

Fig. 13 Cyclic voltammogram of the electrochemical activity for
both the bare GC and the PNED-GC modified electrode in
10.0 mM citric acid at scan rate 100 mV s–1, in the potential
range between +0.2 and +0.7 V

Table 3 The anodic current value of PNED electrochemical
response for the variation of vitamin C concentration from
0.0 mM to 10.0 mM in a background solution of 0.1 M sodium
citrate/0.1 M NaH2PO4 at a scan rate of 100 mV s–1, in the po-
tential range between +0.2 and +0.7 V

Concentration/
mM

Bare GC GC-PNED

Epa/mV Ipa/lA Epa/mV Ipa/lA

0.0 – – +0.38 17
4.0 +0.30 78 +0.24 74
6.0 +0.33 92 +0.26 122
8.0 +0.38 112 +0.29 153

10.0 +0.51 149 +0.42 195

Ascorbic acid Concentration / mM
0 2 4 6 8 10
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I pa
/ µ

A

Fig. 14 Relation between the anodic peak current value and the
vitamin C concentration of the PNED modified electrode in a
background solution of 0.1 M sodium citrate/0.1 M NaH2PO4 at
a scan rate mV s–1
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7 Conclusions

• Stable, electroactive conducting PNED films are

produced on GC electrodes from a solution of

25.0 mM NED dissolved in 1.0 M HClO4/EtOH

(9:1 volume ratio) mixed solvent by potentiody-

namic polymerization at a scan rate of 100 mV s–1

in a scan range between –1.0 and +1.2 V.

• The prepared modified electrodes are very stable in

aqueous acidic solution and show electroactive

response in the potential range between +0.2 and

+0.7 V.

• PNED films electrogenerated under stagnant con-

ditions give the best electrochemical response.

• The PNED films show clear electrochromic prop-

erties for promising optical applications.

• The polymerization process obeys an E(CE)n

mechanism in which C–N coupling of the cation

radicals is the main process.

• PNED is capable of decreasing the overpotential

and/or improving the reversibility of the redox

processes for several natural products and several

amino acids, e.g. ascorbic acid.
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