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Abstract

The influence of pH on the electrochemical behaviour of conducting polymer films electrosynthesised from aminobenzoic acids

and aminobenzenesulphonic acids was investigated by voltammetric and electrochemical impedance studies in sulphuric acid

solution, acetate buffer and neutral phosphate buffer. The change in electrochemical behaviour with increasing pH is significantly

less for poly(aminobenzenesulphonic acid)s and poly(aminobenzoic acid)s than for polyaniline. Polymer films made by

electrosynthesis of mixtures of these monomers with aniline have also been analysed by the same techniques. Experimental results

obtained over this pH range are interpreted in the light of previous studies carried out on these polymers in strong acid solution.

# 2002 Elsevier Science B.V. All rights reserved.

Keywords: Polyaniline; Aminobenzoic acids; Aminobenzenesulphonic acids; Electropolymerisation; pH variation

1. Introduction

Due to their high environmental stability and ease of

synthesis, polymers from aniline and its derivatives have

attracted great interest in recent years. In particular, the

importance of chain length and branching in determin-

ing the electronic, magnetic, optical, structural and

mechanical properties of polyaniline have been stressed

[1]. Potential applications include use as the cathode

material for lithium batteries [2�/5], in polymer light-

emitting diodes [6�/8], microelectronic devices [9], as

conducting fibres [10], blends with Nafion† [11,12] or

with cellulose esters [13], electrocatalytic material [14] or

as sensors [15�/25]. These include sensors for pH

measurement [18,23,24], which exploit the change in

conductivity and related properties with pH. For

bioelectrochemical applications, it is important that

the polymer film remains conductive at a pH value

greater than 4, and although it is known that the

conductivity of polyaniline is significantly reduced as

the pH of the solution is increased, there has been some

success reported concerning polyaniline electrodes mod-

ified by immobilised enzymes [17,20�/22]. Co-poly-

merised aniline and 3-aminobenzoic acid have been

employed for measuring ascorbate at pH 7.0 [25].

The variation in conductivity of polyaniline, and the

factors that influence it, is extremely important in a

number of applications. Thus, a number of studies have

been undertaken concerning the influence of pH and of

the variation of properties as a function of the counter-

ions incorporated from the electrolyte both during

synthesis and during characterisation [26�/37]. Alterna-

tively, the pH effect can be modified by external doping

during synthesis or by introducing substituents in the

aromatic ring of aniline. The latter has been explored in

different ways and involves essentially three types of

substituent. The first is electron-donating e.g. alkylated

or alkoxy, such as in Refs. [38�/42], and the second is

electron-withdrawing, e.g. chloro or nitro groups such

as in Refs. [38,43,44]; both of these types of substituent

lead to lower conductivity than polyaniline itself. The

third type of substituent involves introduction of acidic

groups in the benzene ring, which directly influence the

acidity constants of the amine groups and can lead to a
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decrease in the pH dependence. Important acidic group

substituents studied include phosphonic [45], carboxylic

[46�/48] and sulphonic [47,49�/52] acid substituents.

Another synthetic possibility is to polymerise mix-
tures of aniline and the substituted aniline, which has

been investigated quite extensively [42,48,49,51�/56], but

often the influence of reaction conditions and the nature

of the film formed has not been addressed in detail. This

concern was addressed in Ref. [42] with regard to aniline

and 2-methoxyaniline, in which regiospecific co-poly-

anilines were made by electropolymerisation of meth-

oxy-substituted dimeric and trimeric oligoanilines. It
was shown that such regiospecific polyanilines had a

more crystalline and regular structure than random

copolymers resulting from monomer mixtures, leading

to higher film conductivities. In Ref. [49], probe beam

deflection was employed to investigate the ion exchange

properties of the film formed from mixtures of 2-

aminobenzenesulphonic acid and aniline in the absence

of supporting electrolyte, it being shown that the
concentration of anions can be much smaller than that

of the substituted aniline.

The electropolymerisation of carboxylate-substituted

anilines (2-, 3- and 4-aminobenzoic acids (2-, 3- and 4-

ABA, respectively)) [48] and sulphonate-substituted

anilines (2- and 4-amino-benzene sulphonic acids (2-

and 4-ABS, respectively)) [52] in sulphuric acid solution

has recently been investigated by us. Polymer films were
formed on glassy carbon substrates using cyclic poten-

tial sweep synthesis, and were characterised in sulphuric

acid solution by cyclic voltammetry (CV). IR spectro-

scopy was carried out on the films after removal from

the electrode substrates. Scanning electron microscopy

was done using ITO electrodes, no difference being

found in film growth between the two substrates. It was

clearly demonstrated that coupling can occur in posi-
tions other than the position para - to the amine group

on the aromatic ring. The rate of polymerisation of the

substituted anilines was lower than that of aniline owing

to inductive, mesomeric and steric effects and there was

a tendency for formation of compact films containing

short-chain polymers and of one- or two-dimensional

growth.

Polymerisation of mixtures of aniline and the sub-
stituted aniline in different ratios was also carried out

[48,52]. It was shown that aniline polymerisation

dominates although the morphology of the films formed

is changed from that of polyaniline alone by the

presence of the substituted monomer and there is

evidence from CV, chromatic properties and IR spectro-

scopic characterisation of the existence of both compo-

nents. No direct experimental evidence was found for
true co-polymerisation.

Conducting polymers offer a number of potential

advantages in electrochemical sensors, for example as

electrode materials not subject to fouling or as sub-

strates for enzyme immobilisation. Therefore, with a

view to such future applications, in this paper the

electrochemical behaviour of substituted polyanilines

prepared from carboxylic and sulphonic substituted
anilines and from their mixtures with aniline, has been

investigated at different pH, principally using voltam-

metric techniques and electrochemical impedance*/in

highly acid pH, in weak acid and in approximately

neutral aqueous solutions.

2. Experimental

Aniline (Riedel-de Haen), anthranilic acid (2-amino-

benzoic acid) (Aldrich), 3-aminobenzoic acid (Aldrich),

4-aminobenzoic acid (Aldrich), 2-aminobenzenesulpho-

nic acid (Aldrich), 4-aminobenzenesulphonic acid (Al-

drich) were used as received, except for aniline which

was distilled under a nitrogen atmosphere at reduced

pressure, kept in the dark, and used within 3 days. The
electrolyte for electrosynthesis was usually 0.5 or 1.0 M

H2SO4, in some cases with the addition of Na2SO4 as

will be detailed below. All other reagents were analytical

grade and tridistilled water was used to make all

solutions. Experiments were carried out at 259/1 8C.

The electrochemical cell consisted of a glassy carbon

disc working electrode (WE), diameter 0.5 cm, a Pt foil

auxiliary electrode in a separate compartment connected
by a glass frit and a Radiometer K401 saturated calomel

reference electrode. Before use, the WE was polished

with diamond lapping compound (Kemet International

Ltd.) down to 1 mm particle size on a polishing cloth.

The electrode was then held at a potential of �/1.6 V

versus SCE in H2SO4 electrolyte for 6 min and following

this, cycled in the potential range �/0.5 to �/1.5 V at a

sweep rate of 50 mV s�1 for 15 min. After this treatment
a reproducible voltammogram of the GCE was obtained

showing much reduced background currents.

Films were prepared on glassy carbon electrodes by

cyclic potential sweep electropolymerisation as in Refs.

[48,52] between potential limits to be specified below, for

30 cycles at a scan rate of 50 mV s�1, using an analogue

potentiostat constructed in this laboratory. For poly-

merisation of the aminobenzoic and aminobenzenesul-
phonic acids alone, a 0.05 M solution was used in 0.5 or

1.0 M H2SO4. The monomer solutions used for co-

polymerisation experiments were 1:1 mixtures of the

aminobenzoic or amino-benzenesulphonic acid with

aniline of total concentration 0.1 M, again in 0.5 or

1.0 M H2SO4. The freshly coated electrodes were

transferred to a H2SO4 electrolyte solution with the

same composition as during electrosynthesis, but with-
out any aniline derivatives, for characterisation. Three

cycles of the film-electrode assembly were necessary to

establish steady-state conditions, leading to cyclic vol-
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tammograms the same as those after the 30 polarisation

cycles.

Electrochemical impedance measurements were done

with a PC-controlled Solartron 1250 frequency response
analyser coupled to a Solartron 1286 electrochemical

interface using ZPLOT software (Scribner Associates

Inc.). An rms potential perturbation of 10 mV was

applied over a frequency range from 65 kHz to 0.1 Hz

logarithmically with five steps per frequency decade.

To investigate the changes occurring with an increase

in pH, the cyclic voltammogram of each film was first

measured in 1.0 M H2SO4 (pH �/0.2), then in 0.1 M
H2SO4 (pH 1), in 0.2 M acetate buffer (pH 4.6) and in

0.2 M phosphate buffer (pH 6.2). Impedance spectra

were also recorded.

3. Results and discussion

The influence of pH on the polyaniline films has been

measured mainly through CV and electrochemical
impedance studies. For many applications it is impor-

tant to prepare a polymer that is still electroactive in

weak acidic or neutral aqueous solutions.

3.1. Morphology and general characteristics

Although aniline can be electropolymerised even at

pH 7, the polymer film formed shows little electroactiv-
ity in non-acidic media. However, the films are more

compact at higher pH owing to the lower growth rate

and scanning electron microscopy demonstrates that the

fibrous open nature of films formed in strong acid

solution is lost [35]. Nevertheless, on placing these films

in acid solution, protons enter the film and they exhibit

the normal electrochemical characteristics of polyani-

line, despite the physical differences in the film. This
reversible behaviour with respect to counterion and

proton insertion has been observed on switching be-

tween sulphuric acid and acetate buffer solution in the

presence of different counterions [35].

The films formed from substituted anilines also lead

to compact films [48,52]. An example of the morphology

of films formed by polymerisation of substituted anilines

in sulphuric acid solution is given for poly(2-ABA) in
Fig. 1. They show evidence of one- and two-dimensional

growth patterns occurring from nucleation points with

little evidence of branching in the polymer chains on the

microscopic scale. Chemical microanalysis shows that

all the substrate is covered by film. Although these

micrographs were recorded using ITO substrates, the

electrochemical behaviour of films formed on glassy

carbon substrates was found to be the same, suggesting
that under the polymerisation conditions employed,

there is no difference between the two. This means

that polymer growth is occurring mainly at the poly-

mer j solution interface rather than at the substra-

te j solution interface, as generally occurs for aniline

polymerisation [57].

3.2. Cyclic voltammetry

The effect of pH on the cyclic voltammograms of

polymer films formed by electropolymerisation in acid
solution is exemplified in Fig. 1, 2-ABS (Fig. 2a), and a

1:1 mixture of 2-ABS and aniline (Fig. 2b). Potential

Fig. 1. Scanning electron micrograph of polymer film formed on ITO

in sulphuric acid solution from 2-aminobenzoic acid (adapted from

Ref. [48]).

Fig. 2. Cyclic voltammograms of polymer films formed by electro-

polymerisation of: (a) 2-ABS; and (b) 1:1 mixture of 2-ABS and

aniline. (*/) in 1.0 M H2SO4, (----) 0.1 M H2SO4, (�/ �/�/ �/�/ �/�/) 0.2 M

acetate buffer pH 4.6, ( �/ �/ �/ �/) 0.2 M phosphate buffer pH 6.2.
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limits used in electropolymerisation of substituted

anilines were usually 0 and �/1.0 V versus SCE. The

most salient features are the progressive loss of the

oxidation and reduction peaks associated with the
conducting-insulating transitions, although it is clear

that the relative effect of this change is less when

mixtures of substituted aniline and aniline are used for

electrosynthesis.

The influence of pH on the first oxidation peak

current from cyclic voltammograms for polymers from

the aminobenzoic acids, aminobenzenesulphonic acids

and aniline is given in Fig. 3. With increasing pH the
way in which the current diminishes as the polymer

deprotonates is clearly demonstrated. All substituted

anilines show very similar normalised currents at pH 1,

higher than polyaniline. However, the differences be-

tween the various polymers become greater at higher pH

values; the decrease in response of polymers made from

ABS monomers is less than those from ABA. The peak

current corresponding to polyaniline itself measured in
pH 6.2 phosphate buffer was only 2% of its value in 1 M

sulphuric acid, while for poly(2-ABA) it dropped to ca.

26% and for poly(2-ABS) it was still 53%. The sub-

stituent certainly reduces the influence of the pH value.

The position of the peak potential is influenced by pH,

and also by the counterion [35]. Between pH 0 and 1 this

effect led, in general, to a shift in the first oxidation peak

to a higher potential, while the second peak was shifted
to a lower potential. For substituted anilines, these shifts

were much smaller than in the case of polyaniline.

3.3. Impedance

Some typical impedance spectra of poly(2-ABS) in 1.0

M H2SO4 solution are shown in Fig. 4a after electro-

synthesis for 30 cycles. They exhibit a predominantly

capacitive behaviour at 0.0 and 0.4 V, charge transfer

becoming evident at 0.9 V versus SCE, corresponding to

full oxidation. At high pH*/pH 6.2 phosphate buffer
(not shown)*/the impedance values increase by a factor

of around 5 and the spectra are similar in form to that at

0.9 V in Fig. 4a.

Fig. 4b shows spectra of the polymer formed from a

1:1 mixture of 2-ABS and aniline. These are similar to

those measured for aniline, i.e. very small values at 0.0

and 0.4 V (at the beginning and in the middle of the

electronically conducting zone) and larger values with
resistive behaviour at 0.9 V versus SCE.

Detailed studies on polyaniline in strong acid solution

[58�/63] have been carried out. In Ref. [58] the variation

of conductance and capacitance with applied potential

was monitored, showing the larger values expected in

the conducting zone from �/0.2 to 0.8 V versus SCE

and a direct correlation between the variation of the two

parameters, also demonstrated in Ref. [59]. In Ref. [60]
it was shown by potential modulated transmittance

measurements that the capacitance is associated entirely

with charge transfer. It was demonstrated that the

impedance can be described to a reasonably good

approximation by a Randles-type circuit at low poten-

tials, modelling ion-exchange phenomena at the

film j solution interface, in series with a capacitance

representing the film itself; at more positive potentials a
double nested RC parallel combination can be used.

Nevertheless, the possible equivalent circuits depend on

a number of experimental factors. For example, when a

very high positive switching potential is used in electro-

polymerisation and there is formation of benzoquinone

side products, a more complex circuit with negative

capacitance has to be employed [64], or when there is

only partial coverage of the electrode substrate [65].
For the case of the substituted polyanilines studied

here, there are not clearly defined conducting and non-

conducting zones. It is therefore difficult to apply the

equivalent circuits described above. For this reason,

comparisons are made between film capacitance values

derived from spectra such as those in Fig. 4 which reflect

principally the properties of the film itself. At higher

potentials where a semicircle feature appears for some
combinations of polymer and pH, the C value from

fitting to an RC parallel combination is employed.

Although approximate, this is able to illustrate the

trends occurring. In order to make the comparison

more meaningful, capacitance values have been normal-

ised with respect to the film thickness obtained with

polyaniline.

Values of film capacitances, calculated in this way, are
summarised in the plots in Fig. 5 for polymerisation of

the substituted anilines alone and of Fig. 6 for 1:1

mixtures of polymers from substituted aniline and

aniline, in both cases for pH �/0.2 and 6.2.

Fig. 3. Plot showing effect of pH on normalised peak current of first

oxidation peak for polymers from: j, aniline; %, 2-ABA; ", 3-ABA,

., 4-ABA, m, 2-ABS, ', 4-ABS. The dotted curve refers to

polyaniline.
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Fig. 4. Complex plane impedance spectra in 1.0 M H2SO4, recorded at different applied potentials for polymer films formed from: (a) 2-ABS; and (b)

a 1:1 mixture of 2-ABS and aniline.

Fig. 5. Plots showing the values of capacitance, C , at various applied potentials from impedance spectra of polymer films grown electrochemically

from: (a) ABA monomers: %, 2-ABA; ", 3-ABA; ., 4-ABA; and (b) ABS monomers: m, 2-ABS; ', 4-ABS. Values have been normalised by film

thickness, using polyaniline as reference.
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For films made from either ABA or ABS monomers,

the normalised capacitance values are around 80 mF

cm�2, becoming lower at pH 6 by a factor of 2 or 3. The

trend with variation of potential is for capacitance to be

larger in the more conducting zone in the middle of the

potential range and lower at 0.0 and 0.9 V*/in

agreement with studies on polyaniline [63], where an

equivalent observation was made in terms of an

‘impedance pit’ i.e. the modulus of the impedance

measured at fixed frequency was found to decrease at

such potentials. Additionally in acid solution, capaci-

tance values are larger for the 2-substituted anilines than

for the 4-substituted aniline, which do not show the

variation in the conducting zone similar to the others.

Interestingly, in the case of aminobenzenesulphonic

acids, both 2- and 4-ABS show a similar profile to 2-

and 3-ABA, i.e. here there is not a different behavioural

trend with applied potential when para -coupling is

impeded.
The capacitance values for the 1:1 mixtures calculated

directly from the experimental impedance spectra are

much higher owing to the presence of aniline, which

increases the rate of polymer growth and the difference

between pH �/0 and 6.2 is much more striking.

However, in the normalised plots of Figs. 5 and 6 the

trends are similar to those obtained from the polymer-

isation of the substituted anilines alone. As discussed

previously [48,52], there is good evidence for incorpora-

tion of polymer chains of the substituted monomer with

polyaniline chains. Nevertheless, although aniline shows

higher capacities than the films formed from aniline plus

aminobenzoic acid monomers in acid solution this is not

the case for aminobenzenesulphonic acids. Indeed, it

was noted [52] that the peak currents obtained for the

first oxidation peak from mixtures of aniline and

aminobenzenesulphonic acids are larger than for aniline

itself, which is a confirmation of these results. This

suggests that there may be some true co-polymerisation,

or at the very least that there is interaction between the

poly(ABS) and polyaniline chains. In fact, at pH 6.2 the

capacitance of all mixed polymer films is essentially the

same, except at 0.0 V when aniline is clearly worse than

the substituted aniline polymers; however, the values of

capacitance are slightly larger than the corresponding

values in Fig. 5.

Fig. 6. Plots showing the values of capacitance, C , at various applied potentials from impedance spectra of polymer films grown electrochemically

from 1:1 mixtures of aniline with: (a) ABA monomers: %, 2-ABA; ', 3-ABA; ., 4-ABA; and (b) ABS monomers: m, 2-ABS; ', 4-ABS. j

represents aniline. Values have been normalised by film thickness, using polyaniline as reference.
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Although polymerisation of a mixture of aniline and

substituted aniline (in an attempt to improve conduc-

tivity and increase film thickness) leads to differences in

morphology of the film formed with respect to polyani-
line, comparison of Figs. 5 and 6 shows clearly that the

behaviour at neutral pH is certainly dominated by

aniline. Therefore, for applications which are not in

strong acid solution, such as in film sensors for

biological matrices, it is preferable to use the substituted

monomer electropolymerisation strategy without poly-

merisation of mixtures with aniline.

4. Conclusions

The studies described in this paper have demonstrated
that polymers made by electrosynthesis of aminobenzoic

acids and of aminobenzenesulphonic acids lead to a

lesser variation of electrochemical behaviour with pH

than aniline itself. Sulphonic acid substituents appear to

offer particular advantages. Interesting changes in

behaviour can also be obtained by mixing these mono-

mers with aniline, where the presence of aniline dom-

inates the behaviour at weak acid and neutral pH values.
For sensor applications it thus seems that it is better to

polymerise the substituted anilines, carrying out the

synthesis for a longer period of time in order to achieve

the necessary film thickness. The exploitation of these

characteristics will be the object of future studies.
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