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Abstract Poly(m-aminobenzoic acid) film is deposited

on glassy carbon electrode by electropolymerization at pH

6.0 in phosphate buffer solutions. The electrochemical

behavior of the polymer film is characterized by cyclic

voltammetry, electrochemical impedance spectroscopy,

Fourier-transform infrared spectroscopy, and scanning

electron microscopy. The effect of the scan rate on the peak

current is investigated in the range of 50–200 mV/s, indi-

cating that both the anodic and cathodic peak currents

increased with the solution pH until 8 and then decreased.

Characteristic absorption features related to benzenoid and

quinoid and various types of C–N bonds are analyzed.
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Introduction

Chemically modified electrodes (CMEs) have become an

exciting field of research due to their unique electrode

surface properties [1]. Many techniques have been devel-

oped for preparation of modified electrodes, such as

covalent bonding and polymer film formation [2].

Depositing a film of conducting polymer at the electrode

surface in an electrolyte medium has been shown to be

essential due to electrode surface protection and sub-

sequent prevention, delaying the electropolymerization

process [3]. Polymeric films possess three-dimensional

extensity, a large number of reactive sites, and good sta-

bility, and offer the possibility to be designed with

particular redox-active sites. On the other hand, electrop-

olymerization is a good technique for immobilizing

polymeric films on electrode surfaces and is privileged due

to its unique control over film thickness and charge trans-

port properties [4]. In this respect, numerous monomers,

such as thiophene, pyrrole, aniline [5, 6], o-, m-, and

p-aminobenzoic acid and their copolymers [7–10], and

others [11], have been synthesized electrochemically on

different metallic or nonmetallic substrates such as glassy

carbon, gold, copper, and aluminum [12, 13].

Also, a deposition mechanism proposed by Hillman and

coworkers involves instantaneous nucleation and three-

dimensional (3D) growth of nuclei until they overlap,

leading to the formation of polymeric film [14]. Various

measurement techniques have been applied to investigate

the electrochemical polymerization of m-aminobenzoic

acid and its derivatives, most studies being performed

under potentiostatic control using the potential pulse and

potential sweep techniques, while other measurement

techniques including conductivity measurements, ultravi-

olet–visible (UV–Vis) spectroscopy, and electrochemical

impedance spectroscopy (EIS) [15] have also been utilized

recently. Kinetic studies of electroactive polymer films,

including both redox and conducting polymers, have been

carried out by impedance spectroscopy, while the effects of

various parameters such as the solvent [16], electrolyte,

and temperature on the mechanical strength, stability, and

conductivity of polymer films have also been investigated
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[17]. In recent years, metal nanoparticles have attracted

much more attention in electroanalysis owing to their

unusual physical and chemical characteristics [18–20].

Many nanomaterials including TiO2 nanostructured films

[21], carbon nanotubes [22–26], carbon nanofibers [27, 28],

mesoporous carbon [29], and gold nanoparticles (GNPs)

[30] have been employed to modify the electrode surface,

while silicate films and composite materials have also been

utilized, being prepared by the sol–gel method [31]. This

methodology provides a cryochemical approach to both

design and control the microstructure of such materials.

Electrodes modified with metal nanoparticles, especially

noble-metal nanoparticles, usually exhibit high electrocat-

alytic activities towards compounds that show sluggish

redox processes at bare electrodes. As the most stable

noble-metal nanoparticles, GNPs have increasingly been

used in many electrochemical applications, since they

exhibit the ability to enhance the electrode conductivity

and facilitate electron transfer, thus improving the analyt-

ical performance [17].

In the present work, m-aminobenzoic acid was selected

as the monomer to perform electrochemical polymerization

in phosphate buffer solution (PBS). Cyclic voltammetry

(CV) was used to deposit polymeric films on glassy carbon

electrode (GCE) as the working electrode. Also, m-amino-

benzoic contains electron-rich N atom and carbonyl group

with high electron density, facilitating polymerization on

the GC surface. Among the various nanoparticles, prepa-

ration of silica–conducting polymer composites is of

particular interest, because the surface of silica nanoparti-

cles can easily be altered to accommodate specific catalytic,

magnetic, electronic, optical or optoelectronic properties. In

addition, these hybrid materials combine the properties of

the conducting polymer and the high colloidal stability of

the silica, which could significantly widen their applica-

bility in various fields. The silica may act as a template for

adsorption of m-aminobenzoic acid (m-ABA) monomers as

well as counterions for doping of the synthesized m-ABA.

The role of synthetic parameters such as scan rate and pH

was addressed, and the conductivity and electropolymer-

ization mechanism of the m-aminobenzoic acid and

m-aminobenzoic acid/SiO2 systems were also investigated.

Results and discussion

Electropolymerization of m-ABA on GCE surface

Figure 1 shows cyclic voltammograms recorded during

oxidative polymerization of 1.0 9 10-3 M m-aminoben-

zoic acid from -1.5 to 2.5 V at scan rate of 100 mV/s for

50 cycles in pH 6.0 PBS on GCE. In the first scan, anodic

current peak 1 was observed with current value of 261 lA

and potential value of 1.52 V, while larger peaks were

observed upon continuous scanning, reflecting continuous

growth of the film. The film growth was faster for the first

cycles than for the other cycles, and from the seventh cycle,

the film showed hardly any growth with maximum peak

current of 596 lA, indicating saturation of the polymeri-

zation process and m-ABA deposition on the GCE surface.

The mechanism of electrochemical polymerization of

the monomer is believed to proceed via a radical cation

which reacts with a second radical cation to give a dimer

[32]. It seems that the first step involves formation of a

radical cation [33], and then this intermediate forms a

dimeric species by para-coupling with either an unoxidized

monomer or another radical cation, giving rise to propa-

gation of the reaction (Scheme 1). This mechanism

(involving para-coupling) is assumed to be valid for oxi-

dative polymerization of m-aminobenzoic acid.

Oxidative doping of m-ABA may proceed through the

following pathway: An electron is removed from the

p-system of the backbone, producing a free radical and a

spinless positive charge. The radical and cation are coupled

to each other via local resonance of the charge and the

radical. The combination of a charge site and a radical is

called a polaron. This could be either a radical cation or

radical anion. Upon further oxidation, the free radical of the

polaron will be removed, creating a new spinless defect

called a bipolaron. This has lower energy than the creation

of two distinct polarons. The formation of polaron and bi-

polaron species will strongly depend on the level of doping,

which is clearly affected by the electropolymerization

condition. At higher doping levels, polarons are replaced

with bipolarons. Since the bandgap character of these spe-

cies is different, their availability will control the

voltammetric behavior of the m-ABA response (Scheme 1).

Fig. 1 Cyclic voltammograms of 1.0 9 10-3 M m-ABA in pH 6.0

PBS; potential range -1.5 to 2.5 V, scan rate 100 mV/s for 50 cycles

at GC electrode
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Effect of solution pH on the anodic current peak

The effect of solution pH on the formation of polymeric

film was investigated over the range of 3–11. Anodic and

cathodic peak currents increased with solution pH until 8,

then subsequently decreased until the solution pH reached

11 (Fig. 2).

Effect of scan rate on the anodic peak current

The effect of scan rate on the peak current was investigated

in the range of 50–200 mV/s in pH 6.0 PBS on GCE. The

anodic peak current was proportional to the scan rate: the

peak current enlarged at higher scan rates (Fig. 3) due to

rapid diffusion of m-ABA monomer to the electrode sur-

face. Also, the anion of the electrolyte may dope the

positively changed species formed during the electropoly-

merization of m-ABA faster as the scan rate increased.

Electrochemical impedance characterization

of poly(m-ABA)-modified electrode

As is well known from measurements performed under

potential control, the low-frequency impedance of poly-

mer-covered electrodes can be approximated by a limiting

low-frequency capacitance and a series resistance [34, 35].

Scheme 1

.
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EIS experiments were carried out in 5.0 9 10-3 M

[Fe(CN)6]-3/[Fe(CN)6]-4 solution. Figure 4 and Table 1

summarize the respective data related to the modified GC

electrodes. The results from the Nyquist profiles in Fig. 4

indicate that the charge-transfer resistance (Rct) of the

polymeric film is increased due to the electrochemical

polymerization of m-ABA in the presence of SiO2 nano-

particles. The embedding of nonconductive SiO2

nanoparticles within the polymer matrix may be responsi-

ble for the increment of Rct and observed reduced

conductivity.

The impedance plots were analyzed using an equivalent

electrical circuit, where Rs represents the electrolyte

resistance, Rc is the coating pore resistance with poly(m-

ABA), and Cc is the coating capacitance. Figure 4c shows

the Randle-type circuit used for the simulation process. The

quality of fitting was judged by limiting the relative error in

the value of each element in the equivalent circuit to a

maximum of 5 %.

Spectroscopic characterization of the produced

poly(m-ABA) film

Figure 5 shows the FT-IR spectrum of the film produced in

PBS. The band around 3,300–3,450 cm-1 is attributed to

characteristic N–H stretching vibration, while the band

Fig. 2 Effect of pH on the anodic peak current (a, b); scan rate

100 mV/s

Fig. 3 Effect of scan rate on the anodic peak current peak in pH 6.0

PBS

Cdl

Rs

Rct

Cc

Rc

(c)

(b)

(a)

Fig. 4 Nyquist impedance plots of a modified electrode, b modified

electrode with SiO2 nanoparticles, and c the corresponding equivalent

electrical circuit
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observed at 1,650 cm-1 is related to carbonyl group

vibration in the carboxylic acid moiety. The band appear-

ing at 1,150 cm-1 is related to single-band aromatic C–N

stretching of secondary aromatic amines [36]. These

diagnostic vibrational bands also support the proposed

mechanism of the electropolymerization process men-

tioned above.

It should be noticed that the preservation of the car-

boxylic group in the chemical structure of poly(m-

aminobenzoic acid) is evidenced by the existence of the

1,700 cm-1 (reduced form) and 1,729 cm-1 (oxidized

form) absorption bands [12]. The considerable shift, as seen

in Fig. 5, in the peak frequency for this band to 1,650 cm-1

may be due to the presence of the silica nanoparticles

and/or chemical interaction between the carboxylic and

amino groups in the reduced state of poly(m-aminobenzoic

acid). Also, the disappearance of the signal correspond-

ing to C=C stretching at about 1,500 cm-1 demonstrates

the transformation from benzenoid rings to quinoid

structures.

Surface analysis of deposited poly(m-ABA)

SEM images of the electrodeposited poly(m-ABA) film and

poly(m-ABA)/SiO2 nanocomposite are shown in Fig. 6.

The polymer was formed using the cyclic voltammetry

technique during 25 cycles. In Fig. 6a, b, the poly(m-ABA)

films appear to be thin on the carbon electrode surface,

exhibiting flower-like hierarchical structures with size

ranging from 4 to 10 lm, forming compact assembled

irregular sheets. Surprisingly, in sodium acetate solution

(Fig. 6c), the film morphology changed to granular with

greater thickness.

Effect of SiO2 nanoparticles on poly(m-ABA) deposition

Cyclic voltammograms (CVs) were recorded during

oxidative polymerization of m-aminobenzoic solution

(1.0 9 10-3 M) in a suspension of SiO2 nanoparticles in

PBS (pH 6.0). As can be seen in Fig. 7, during the first

scan, an anodic peak current was observed with current

value of 132 lA at 1.55 V, and upon continuous scan-

ning, the corresponding signal increased, reflecting

continuous growth of the film. During deposition of

poly(m-ABA)/SiO2 on the GC surface, as the number of

cycles increased, the peak currents increased accordingly.

Apparently, these current values are lower than for elec-

tropolymerization of m-ABA in the absence of silica

nanoparticles (Fig. 1). The maximum peak current value

observed during the electropolymerization process was

around 520 lA; moreover, it is also interesting to note

that the voltammetric charge decreases with increasing

SiO2 content.

Cyclic voltammograms of m-ABA- and m-ABA/SiO2-

modified electrodes and the corresponding peak currents

were compared at the 50th cycle. These results indicated

that the conductivity of the polymeric film decreased in the

presence of SiO2 nanoparticles (Fig. 8).

Table 1 Impedance parameters determined by fitting experimental

data using an appropriate equivalent circuit for the GC/m-ABA and

GC/m-ABA/SiO2 systems

Sample Rct/X cm-2 Rc/X cm-2 Rs/X cm-2

GCE/m-ABA 49.6 179.4 64.2

GCE/m-ABA/SiO2 68.2 275.1 68.3

Fig. 5 FT-IR spectrum of the

poly(m-aminobenzoic acid)

coating synthesized on GC

substrate using cyclic

voltammetry technique
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Fig. 6 SEM images of coatings synthesized on GC: a, b m-ABA, and c, d m-ABA/SiO2 systems at various magnifications

Fig. 7 Cyclic voltammograms of 1.0 9 10-3 M m-ABA with SiO2

nanoparticles in pH 6.0 PBS; potential range -1.5 to 2.5 V, scan rate

100 mV/s for 50 cycles on GC electrode

Fig. 8 Fifty cyclic voltammograms of a m-ABA, and b m-ABA/SiO2

systems on GC electrode
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Effect of scan rate on deposition of the poly(m-ABA)/

SiO2 system

The effect of scan rate on the anodic peak current was

investigated in the range of 50–200 mV/s. From the results,

shown in Fig. 9 and, it is clear that the anodic peak current

shifted in the positive direction at higher scan rates up to

150 mV/s, but then decreased at 200 mV/s. These obser-

vations indicate that there could be a limitation on the

electroactive species reaching the GC electrode surface for

high scan rates, with a corresponding decrease in Faradic

current.

Conclusions

Cyclic voltammetry was used to synthesize poly(m-ami-

nobenzoic acid) films at a GCE surface. The redox

behavior of the obtained films was investigated in the

presence of silica nanoparticles. Poly(m-aminobenzoic

acid) showed two separate voltammetric processes, which

may be attributed to the formation of polaronic and bipo-

laronic species. The effect of solution pH on the

electrochemical behavior of poly(m-aminobenzoic acid)

was also investigated. Results indicated that the presence of

the –COOH group attached to the polymer backbone pre-

served most of its electrochemical response, i.e.,

oxidation–reduction characteristics, at pH values typically

[6. FT-IR spectroscopy studies confirmed the para-cou-

pling mechanism, and EIS studies revealed that the

electron-transfer resistance of the polymeric film was

increased with increasing loading level of SiO2

nanoparticles.

Experimental

m-Aminobenzoic acid (Fluka AG, Buchs SG, Switzerland)

was utilized as monomer. Silica nanoparticles (purity

[99.5 %) were purchased from Aldrich (Germany) with

average size of 10–20 nm, confirmed by transmission electron

microscopy (TEM). PBS with pH 6.0 was prepared from

0.1 M NaH2PO4–Na2HPO4 and used as electrolyte.

Cyclic voltammetry (CV) studies were carried out on an

EG&G (USA) model 263 A potentiostat/galvanostat with a

personal computer (PC) and electrochemical setup using

M270 software. Electrochemical impedance spectroscopy

measurements were performed using an EG&G (USA)

model 1025 frequency response detector with a PC and

electrochemical setup controlled by M398 software. The

FT-IR transmission spectrum of the m-ABA coating was

recorded in horizontal attenuated total reflectance mode in

the spectral range of 550–3,500 cm-1 using a Bruker

(Germany) Vector series 22 spectrometer. Scanning elec-

tron microscopy (SEM) images were taken using a VEGA

HV (high potential) 1,500 V at various magnifications.

Cell and electrodes

A conventional three-electrode system was employed with

a bare or poly(m-ABA)-modified glassy carbon electrode

(GCE) (1.0 mm diameter) as the working electrode, a

Ag/AgCl (KCl: 3 M) electrode as the reference electrode, and

a platinum electrode considered as the counterelectrode.

Before each electrochemical experiment, the working

electrode was mechanically polished with abrasive paper

(2,400 grade), then rinsed with distilled water, and finally

dried under argon flow. After deposition, the working

electrode was removed from the electrolyte, rinsed with

double-distilled water, and finally dried in air. All mea-

surements were carried out at room temperature.

Electropolymerization

Electropolymerization solution consisting of 1.0 9 10-3 M

m-ABA was added to phosphate buffer as electrolyte

solution. Electrochemical studies were conducted using the

potentiodynamic polarization technique in buffer solutions.

The film was deposited on the electrode by cyclic sweeping

from -1.5 to 2.5 V at 50, 100, 150, and 200 mV/s for 10,

20, and 50 cycles in pH 6.0 PBS containing 1.0 9 10-3 M

m-ABA. The same preparation procedure was used to

deposit poly(m-ABA) films from suspension solution con-

taining SiO2 nanoparticles. EIS measurements were

performed in the presence of 5.0 9 10-3 M [Fe(CN)6]-3/

[Fe(CN)6]-4 as redox probe. An alternating-current (ac)

Fig. 9 Effect of scan rate on the anodic peak current of the coating

with SiO2 nanoparticles at pH 6.0 PBS
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voltage with 5 mV amplitude in the frequency range from

50 mHz to 65 kHz was superimposed on the direct-current

(dc) potential and applied to the studied electrode. The dc

potential was always set up at the formal potential of

[Fe(CN)6]-3/-4.
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