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Abstract

The electrochemical oxidation of para-, meta- and ortho-aminophenols was carried out using a platinum electrode in aqueous

acid medium. The spectroscopic results indicate that p-aminophenol suffers hydrolysis giving the formation of hydroquinone/p-

benzoquinone. CO2 has been detected by in situ FTIR spectroscopy as the main soluble oxidation product. The m-aminophenol

oxidation produces a blocking polymeric film on the platinum surface. The main oxidation products detected by in situ infrared

spectroscopy were CO2 and quinone. Cyclic voltammetry and in situ FTIR spectroscopy were combined to study the redox pro-

cesses of the conducting polymer obtained in the o-aminophenol oxidation. The spectroscopic results indicate that phenoxazine units

are produced during the oxidation/reduction of poly(o-aminophenol).

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Aminophenols are interesting electrochemical mate-

rials since, unlike aniline [1] and other substituted ani-

lines [2], they have two groups (–NH2 and OH), which

could be oxidized. Therefore, they could show electro-
chemical behavior resembling anilines [1–3] and/or

phenols [4,5]. An important factor would be the relative

position of the amino and hydroxyl group in the aro-

matic ring. Accordingly, the reported electrochemical

properties of the three positional isomers (ortho, meta

and para) are strongly different. p-Aminophenol (pAP)

is a well-known compound which, in its simple form, or

derivative [6], has been used as redox agent in photog-
raphy. In neutral media, it is oxidized to complex olig-

omeric dyes that could be used in enzymatic assays [7].

Taj et al. [8] have studied the electropolymerization of p-
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aminophenol on a platinum electrode, which yields a

soluble electroactive polymer in organic solvents.

Konopelnik et al. [9] have studied the oxidation of m-

aminophenol (mAP) in aqueous solution on SnO2 elec-

trodes. According with these authors, only the amino

group of m-aminophenol undergoes oxidation while the
hydroxyl group remains unchanged.

On the other hand, the oxidation of o-aminophenol

(oAP) on different electrode materials (platinum, car-

bon, gold, etc.) in aqueous acid medium was shown to

form an electroactive polymer [10–12]. The polymer has

been characterized [12–15], its electrochemical and

electrochromic properties studied [11,16–22] and the

material applied to sensors [23–26] and metal deposition
[27]. Early on, the oxidation mechanism of oAP was

studied using electrochemical techniques [28]. The for-

mation of a soluble dimer (3-aminophenoxazone) was

proposed and the chemical synthesis of the dimer allows

this assignation to be proved [29]. The formation of this

compound as a soluble product in acid medium has been

revised by Goncalves et al. [30] using platinum and
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glassy carbon electrodes. The soluble product has been

characterized as 2-aminophenoxazin-3-one (APZ), a

product also prepared by chemical oxidation of oAP.

The oxidation of o-aminophenol in basic media resem-

bles that of phenol with formation of an electroinactive
film [12].

In the present work, cyclic voltammetry and in situ

FTIR spectroscopy have been combined to study the

oxidation mechanism of aminophenols and the behavior

of its polymeric products on a platinum electrode in acid

medium.
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Fig. 1. Steady state voltammogram for a Pt electrode immersed in 1 M

HClO4 + 5� 10�3 M p-aminophenol solution (dashed line). Steady

state voltammogram for a Pt electrode immersed in 1 M HClO4 +

5� 10�3 M hydroquinone (solid line). m ¼ 50 mV s�1.
2. Experimental

The test solutions were 1 M HClO4 prepared from

Merck Suprapur concentrated acids. Aminophenols

were from Merck for synthesis and the water employed

for the preparation of the solutions was obtained from a

Millipore-Milli-Q plus system. D2O was from Aldrich

chemicals, 99.9% atom % D. A reversible hydrogen
electrode (RHE) was used which is immersed in the

same solution.

The polycrystalline platinum electrode was thermally

cleaned and subsequently protected from the laboratory

atmosphere by a droplet of ultrapure water. Then, it was

transferred to the working solution (previously deaer-

ated by bubbling N2) where it was immersed at con-

trolled potential. The cyclic voltammograms were
recorded at a constant sweep rate of 50 mV s�1, at room

temperature.

A Nicolet Magna 850 spectrometer equipped with a

liquid nitrogen-cooled MCT detector was employed for

the in situ FTIR measurements. The sample compart-

ment was purged throughout the experiment using a 75-

50 Balston clean air package. The electrode used was a

polycrystalline platinum disc 8 mm in diameter obtained
from Goodfellow Metals (purity 99.99%). The disc was

mounted on a glass tube and its surface was polished

using alumina powder of several sizes (1, 0.3 and 0.05

lm). A platinum electrode was used as the counter-

electrode. The thin-layer spectroelectrochemical cell was

made of glass and was provided with a prismatic CaF2

window bevelled at 60�. Spectra were collected at 8 cm�1

resolution and are presented as DR=R.
Molecular modeling of reactants and intermediates

was performed with Hyperchem 5.0 using the semi-em-

pirical self-consistent field method (AM1).
3. Results and discussion

3.1. p-Aminophenol oxidation

Fig. 1, dotted line, shows the steady state voltam-

mogram obtained for a polycrystalline platinum elec-
trode in 1 M HClO4 + 5� 10�3 M p-aminophenol

(pAP). The electrode was immersed at 0.2 V and the

potential was swept to more positive values. The vol-

tammogram shows, beginning in the first positive cycle,

a quasi-reversible peak at approximately 0.8 V with its

corresponding reduction counterpart at 0.75 V during
the reverse scans. Subsequent cycling of the electrode

between 0.06 and 1.2 V does not alter the voltammo-

gram profile. Therefore, this result suggests a reversible

electrochemical reaction without the formation of a

polymer film on the electrode surface. The redox couple

observed in the voltammogram is very similar to that

obtained in the oxidation of hydroquinone under the

same conditions. Fig. 1, solid line, shows the steady state
voltammogram recorded for a platinum electrode in a

1 M HClO4 + 5� 10�3 M hydroquinone solution. The

oxidation of hydroquinone to p-benzoquinone occurs to

a potential 10 mV less positive than that for pAP. The

reversible reduction peak appears shifted 150 mV to

lower potentials. Thus, despite of these differences, the

possibility of obtaining hydroquinone/benzoquinone as

the hydrolysis product of pAP is not discarded as has
been proposed previously [31].

Fig. 2 shows the in situ FTIR spectra obtained for a

polycrystalline platinum electrode in 1 M

HClO4 + 5� 10�3 M pAP solution in water and deu-

terated water. After the flame treatment of the platinum

electrode, it was immersed at 0.4 V (reference potential)

into the spectroelectrochemical cell and was pressed

against the CaF2 window. The potential was stepped up



Fig. 2. FTIR spectra for a Pt electrode in a 1 M HClO4 + 5� 10�3 M

p-aminophenol solution; (a) water and (b) deuterated water. (c) FTIR

spectrum for a Pt electrode in a 1 M HClO4 + 5� 10�3 M hydroqui-

none in deuterated water. p-polarized light. 100 interferograms. Ref-

erence potential: 0.4 and sample potential: 1 V.
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to 1 V and the sample spectrum was collected. In this

way the spectrum obtained contains information about

the redox reaction undergone by the pAP. Fig. 2(a)

shows the spectrum obtained in water as the solvent in

which two positive bands at 1518 and 1256 cm�1 are

clearly observed in the spectrum. The band at 1518 cm�1

can be assigned to the C@C aromatic stretching and the

band at 1256 cm�1 to the O–H deformation vibration
and C–O stretching vibration of phenols [32]. The po-

sitive character of these bands indicates that these

groups are disappearing in the sample potential. A

negative band at 2345 cm�1 also appears, corresponding

to the formation of CO2 in solution. A negative band at

1625 cm�1 is also observed, but this spectral region near

1640 cm�1 suffers interference from the absorption band

of water. A negative band at 1441 cm�1 is also clearly
observed in the spectrum but its assignation is not clear.

A spectrum under the same conditions was obtained but

in deuterated water (Fig. 2(b)). In this spectrum, a very

clear negative band at 1659 cm�1 is observed. This band

is associated with C@O stretching of quinone but also

with the C@N stretching vibration of imines [32]. The

negative character of this band indicates that these

groups are produced as a consequence of the oxidation
of pAP (sample potential). Thus, we can suggest that the

oxidation of pAP produces quinonimine as is presented

in Scheme 1.

It has been proposed that the electrochemical oxida-

tion of pAP in acid media is coupled with a slow

chemical hydrolytic reaction, rendering benzoquinone as

the final product [31] (Scheme 1). To check whether the

observed bands are due to the hydrolysis product, the
FTIR spectra of hydroquinone was recorded in deuter-

ated water (Fig. 2(c)). The spectrum was obtained for

the same sample and reference potentials as in the case

of pAP and it is similar to that obtained in the case of

pAP (Fig. 2(b)). The spectrum of hydroquinone
(Fig. 2(c)) shows a positive band at 1514 cm�1 corre-

sponding to the disappearance of the aromatic ring and

a negative clear band at 1659 cm�1 that indicates the

formation of the carbonyl group of p-benzoquinone.

Now the band at 1441 cm�1 that appeared in the spec-

trum of Fig. 2(a) could be associated with the formation

of ammonium ion in the solution as is presented in

Scheme 1. Thus, we can conclude that the final oxida-
tion products of pAP are p-benzoquinone, CO2 and

ammonium ion, the former is responsible for the redox

couple observed in the cyclic voltammogram. No poly-

meric material was detected on the electrode.

3.2. m-Aminophenol oxidation

Fig. 3 shows the voltammograms for a polycrystalline
platinum electrode in 1 M HClO4 + 5� 10�3 M m-

aminophenol (mAP) solution. In contrast to p-amino-

phenol, the cyclic voltammograms of mAP reveal an

oxidation current at 1.1 V during the first positive cycle

without its reduction peak in the reverse scan, indicating

a fast follow up chemical reaction. The second cycle

shows a lower oxidation current, suggesting the forma-

tion of a blocking film on the electrode surface. Indeed,
after the fiftieth cycle the electrode is removed from the

mAP solution and washed with ultrapure water and

immersed again in a 1 M HClO4 solution free of mAP.

Fig. 4 shows the voltammogram obtained with the

covered platinum electrode under these conditions, in

which the characteristic voltammetric profile for a clean

platinum electrode is not observed (Fig. 4, dashed line).

The adsorption–desorption processes that occur be-
tween 0.06 and 0.5 V are blocked and the current density

associated with the surface oxidation is smaller than that

obtained for a clean platinum electrode. This behavior

confirms the formation of a blocking polymeric film.

In order to analyse the species produced during the

oxidation of mAP, in situ FTIR spectroscopy was per-

formed. Fig. 5 shows the spectra obtained for a poly-

crystalline platinum electrode in a 1MHClO4 + 5� 10�3

M mAP solution. After the flame treatment, the elec-

trode was introduced into the working solution at 0.2 V

and the reference spectrum (100 interferograms) was

collected. The potential was then stepped to higher

values, taking 100 interferograms at each step. Only two

spectra are presented in Fig. 5 obtained under these

conditions. When the potential is 1 V (Fig. 5(a)) no clear

bands appear in the spectrum, however, at 1.2 V
(Fig. 5(b)) two positive bands at 1498 and 1295 cm�1 are

clearly observed. The band at 1498 cm�1 can be assigned

to the C@C stretching vibration of the aromatic ring,
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and the band at 1295 cm�1 to the C–O stretching vi-

bration of an alcohol group [32]. The positive character

of these bands indicates that these groups are disap-
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Fig. 3. Cyclic voltammograms recorded for a Pt electrode in 1 M

HClO4 + 5� 10�3 M m-aminophenol solution. (——), first cycle;

(- - - - -), second cycle and (� � � � � �), fiftieth cycle. m ¼ 50 mV s�1.
pearing at the sample potential (higher potential values).

A strong band at 2345 cm�1 is also observed corre-

sponding to the formation of CO2 in solution produced
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Fig. 4. (——) Steady state voltammogram for a Pt electrode covered by

the polymeric film created after 50 cycles as in Fig. 4. 1 M HClO4

solution. (- - - - -) Steady state voltammogram for a clean Pt electrode in

1 M HClO4 solution. m ¼ 50 mV s�1.



Fig. 5. FTIR spectra for a Pt electrode in a 1 M HClO4 + 5� 10�3 M

m-aminophenol solution. (a) Sample potential: 1 V, (b) sample po-

tential: 1.2 V, (c) spectrum obtained at 1.2 V in deuterated water. p-

polarized light. 100 interferograms. Reference potential: 0.2 V.
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Fig. 6. Cyclic voltammograms obtained for a Pt electrode in FTIR

spectra for a Pt electrode in a 1 M HClO4 + 5� 10�3 M o-aminophenol

solution. (——), first cycle; (- - - - -), second cycle and (� � � � � �), one-
hundredth cycle. m ¼ 50 mV s�1.
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in the oxidation of mAP. A very small band at 1630

cm�1 is also observed, however, this spectral region

suffers interference from the absorption of water.

Fig. 5(c) shows the spectrum at 1.2 V obtained under the

same conditions as the spectrum of Fig. 5(b) but in
deuterated water. This spectrum shows the same bands

that appears in Fig. 6(b), that is a positive bands at 1496

cm�1 corresponding to the aromatic ring and at 1226

cm�1 corresponding to the alcohol group. Additional

bands are observed in the spectrum between 1700 and

1600 cm�1. A negative band at 1659 cm�1 can be asso-

ciated to the C@O stretching vibration of quinones that

are produced in the oxidation of mAP. A positive band
at 1615 cm�1 is also observed that could be assigned to

the N–H deformation vibration of aromatic amines, the

character of this band indicates that this species is dis-

appearing at the sample potential. Thus, during the

oxidation of mAP, quinone and CO2 were detected by

FTIR as the main soluble products.

3.3. o-Aminophenol oxidation

Fig. 6 shows the voltammograms for a polycrystalline

platinum electrode in 1 M HClO4 + 5� 10�3 M oAP

solution. The cyclic voltammogram of oAP in acid

medium shows during the first positive sweep to higher

potentials an oxidation peak at 0.86 V without a ca-

thodic counterpart during the reverse direction. How-

ever, during the backward scan, a new peak at 0.53
appears. This peak has its anodic counterpart in the

second scan in the positive direction at 0.55 V (Fig. 6,

dashed line). This redox system has been attributed [28]

to the head to tail dimer, 4-amino,20,3-dihydroxydi-
phenylamine. By subsequent cycling, the monomer ox-

idation peak at 0.86 V decreases somewhat, indicating a

partial blockage of the surface, and a new redox systems

develops between 0.2 and 0.5 V which has been assigned
to a cyclic dimer (3-aminophenoxazone (3APZ)) and/or

the electroactive polymer (poly(oAP)) (Fig. 6, dotted

line). If under these conditions the covered platinum

electrode is removed from the electrochemical cell, wa-

shed with water and introduced in a 1 M HClO4 solu-

tion free of oAP, the voltammogram of Fig. 7 is

obtained. This behavior has been attributed to that

corresponding to the electroactive polymer (poly(oAP))
obtained in the oxidation of oAP [10,13,14].

In situ FTIR spectroscopy has been employed to

study the oxidation of oAP in acid medium. Fig. 8

shows the spectra obtained for a polycrystalline plati-

num electrode in 1 M HClO4 + 5� 10�3 M oAP solu-

tion. The electrode was immersed at 0.1 V into the

spectroelectrochemical cell and was pressed against the

CaF2 window. The potential was stepped up to 0.4 V
and the reference spectrum was collected (100 interfer-

ograms). The potential was then polarized to higher

values to oxidise the oAP and the sample spectra were

acquired at 0.8 and 1 V. In the spectrum at 0.8 V

(Fig. 8(a)) two positive bands at 1510 and 1471 cm�1

appear. These two positive bands can be assigned to the

aromatic C@C stretching vibration and ring C@C vi-

bration of meta-disubstituted benzenes [31]. The positive
character of these bands reflects that there is consump-
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Fig. 7. Cyclic voltammogram obtained for a Pt electrode covered by

the conducting polymer created by 300 cycles as in Fig. 4 in 1 M

HClO4 solution. m ¼ 100 mV s�1.

Fig. 8. FTIR spectra for a Pt electrode in a 1 M HClO4 + 5� 10�3 M

o-aminophenol solution. (a) Sample potential: 0.8 V, (b) sample po-

tential: 1 V, (c) spectrum obtained at 0.9 V in deuterated water. p-

polarized light. 100 interferograms. Reference potential: 0.4.

Fig. 9. FTIR spectra for a Pt electrode covered with the conducting

polymer of poly(oAP) in a 1 M HClO4 solution in (a) water and (b)

deuterated water. Sample potential: 0.7 V and reference potential: 0.1

V. p-polarized light. 100 interferograms. (c) FTIR spectrum obtained

for a Pt electrode in 1 M HClO4 + 5� 10�4 M phenoxazine solution in

deuterated water. Sample potential: 0.7 V and reference potential: 0.4

V. p-polarized light. 1000 interferograms.
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tion of the species related to these features at the sample

potential. At 1 V (Fig. 8(b)) these bands are also ob-

served together with a strong band at 2342 cm�1 cor-

responding to the formation of CO2 in the solution. No

clear bands appear at lower sample potentials. When the

same spectrum is collected in deuterated water

(Fig. 8(c)), two negative bands at 1683 and 1645 cm�1

appear. These bands are associated with the C@O and
C@N stretching vibrations, respectively [32].

The only electroactive polymer obtained by the oxi-

dation of the isomers of aminophenol is that obtained

with oAP (poly(oAP)). While the polymer has been

studied using ex situ techniques [12,14,33], in situ tech-

niques could show a better insight into the polymer

structure and redox reactions.

In Fig. 7 the electrochemical response of the polymer
film has been shown, in the absence of the monomer. A

broad anodic peak is observed, with a sharper reduction

counterpart. It has been assumed that only one redox

process occurs in poAP. The redox response of poly(-

oAP) is usually due to the oxidation-reduction of

phenoxazine units in the polymer [11,28]. However, an

alternative structure for the polymer has been proposed

where the polymer remains linear and the –OH groups
are free and could be oxidized to ortho-quinonimines

[25]. There is little spectroscopic support for the struc-

ture of the poly(oAP). Moreover, the agreement of re-

dox potential and spectroscopic data between 3APZ and

the polymer suggests that the main chain contains

phenoxazine units. It is likely that some open units re-

main in the polymer, as it has been suggested before [14].
To try to clarify the structure of the polymer formed

during the redox processes of poly(oAP), in situ FTIR

spectroscopy was employed. Figs. 9(a) and (b) show the

spectra of a poly(oAP) in 1 M HClO4 solution, in the

absence of oAP, in water and deuterated water, re-
spectively. The reference spectrum was acquired at 0.1 V

(100 interferograms), so it contains the vibrational in-

formation corresponding to the reduced form of the

film. The electrode is then polarized to 0.7 V and the

sample spectrum was collected. Similar bands are ob-

served in both spectra. Fig. 9(a) displays two clear po-
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sitive bands at 1513 and 1278 cm�1, and a broad nega-

tive band at 1580 cm�1. The band at 1513 cm�1 is also

present in the spectra in D2O (Fig. 9(b)) but in this case

it appears at 1517 cm�1 and could be assigned to the

C@C stretching of the aromatic ring, which disappears
upon polymer oxidation (Scheme 2). The broad negative

band at 1580 cm�1 is also present in deuterated water

but in this case, the band has contributions from several

bands at 1564, 1606 and 1648 cm�1 and could be as-

signed to a quinoid ring or C@N stretching vibration in

the phenoxazine units produced upon complete polymer

oxidation (Scheme 2). The 1648 cm�1 band could be

assigned to C@N stretching, where conjugation with the
phenyl group shifts its frequency to higher values [34]

and it is more clearly observed in deuterated water due

to the reduced interference of water absorptions. An-

other negative band can be seen at 1330 cm�1 in both

spectra which is also clearly seen at low potentials

(spectra not shown) that could also be assigned to C@N

stretching of quinoid rings containing C@N and C–N

groups, as has been done in polyaniline [35].
In order to check this assignation, the spectra for

phenoxazine in the same range of potentials have been
O

O

N
H

N
H

n

 

Scheme

Fig. 10. Electronic density calculations for oAP and mAP obtained using th

head-to-tail (N-linked) dimers.
obtained. Fig. 9(c) shows the spectrum obtained for a

polycrystalline platinum electrode immersed in a 1 M

HClO4 + 5� 10�4 M phenoxazine solution in deuterated

water. After the flame treatment of the electrode it was

introduced at 0.2 V in the spectroelectrochemical cell
and a series of reference and sample spectra were col-

lected alternately at 0.2 and 0.7 V and then co-added.

The spectrum obtained shows a sharp and negative band

at 1508 cm�1 corresponding to the disappearance of the

aromatic ring at the sample potential. A positive band at

1374 cm�1 is also observed that can be assigned to the

C–N stretching vibration of a secondary aromatic amine

[32] that also disappears at 0.7 V. Two negative bands
appear at 1558 cm�1 that can be associated to the C@N

stretching vibration of the imine group that is produced

at higher potentials in the oxidation of phenoxazine.

Thus, it can be concluded that the most probable

structure of the polymer formed in the oxidation of o-

aminophenol contains the phenoxazine unit as the main

constituent of its structure.

The data discussed above allows us to propose reac-
tion pathways for the electrochemical oxidation of am-

inophenols.
O

O

N

N

n

 

+ 2 H+ + 2 e-

2.

e semi-empirical self-consistent field method (AM1), together with the
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3.4. Comparative reaction mechanism

The comparative mechanism of aminophenols oxi-

dation and/or polymerization is described in Scheme 1.

The reaction mechanism depends on the position of
the amino group in the aminophenol. The p-amino-

phenol cation radical, produced by electrochemical ox-

idation, could not couple with the free monomer,

through head to tail electrophilic substitution, because

the para position is blocked. Therefore, the preferred

pathway is the formation of p-quinonimine which is

stabilized by extended conjugation. On the contrary,

both o-aminophenol and m-aminophenol (Fig. 10) have
a high electronic density in the para position with re-

spect to the –NH2 group. Therefore, dimers could be

formed through attack of the cation radical at that po-

sition. The mechanistic difference, towards electrophilic

substitution, between o-aminophenol and m-aminophe-

nol is apparent in the electronic density distribution of

the dimers (Fig. 10). The dimer of o-aminophenol has

the higher electronic density in the para position with
respect to the –OH group, allowing closing of the

phenoxazine ring. The resulting polymer will have a

ladder type structure built in by phenozaxine units. On

the other hand, the dimer of m-aminophenol has several

positions with similar electronic densities (Fig. 10), fa-

voring multiple addition of cation radicals to the dimer.

Therefore, the resulting polymer will have a crosslinked

structure. Such a structure is more likely to have low
conductivity. An alternative is the dimerization of m-

aminophenol in a head to tail fashion (linked by the O)

(Scheme 1). Successive additions of radical cation to the

mAP will produce a linear poly(ether) much like poly-

phenol. Such a polymer is likely to be insulating. It is

noteworthy that a linear polyamine with pendant –OH

groups will be electroactive and this seems not to be

produced.
4. Conclusions

The electrochemical oxidation of para-, meta- and

ortho-aminophenols has been investigated by means of

cyclic voltammetry and in situ FTIR spectroscopy on a

platinum electrode. The three isomers of aminophenol
show different electrochemical behavior on platinum

electrodes. Thus, the p-aminophenol shows a cyclic

voltammogram with a quasi-reversible redox couple

without formation of polymeric product. The spectro-

scopic results indicate that p-aminophenol suffers hy-

drolysis giving the formation of hydroquinone/p-

benzoquinone in solution. Additionally, ammonium ion

and CO2 are detected by FTIR spectroscopy.
The electrochemical oxidation of m-aminophenol

produces a polymeric product on the platinum surface

that inhibits the subsequent oxidation of m-aminophe-
nol. The polymeric product could have a crosslinked or

a linear structure analogous to polyphenol. The main

soluble oxidation products detected by in situ infrared

spectroscopy were CO2 and quinone.

The electrochemical oxidation of o-aminophenol
produces electroactive dimers which polymerize to form

an electroactive material on the platinum surface. Cyclic

voltammetry and in situ FTIR spectroscopy were com-

bined to study the redox processes of the conducting

polymer obtained in the o-aminophenol oxidation.

Comparison with the model compound indicates that

phenoxazine units are the main units of the poly(o-

aminophenol) backbone.
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