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ABSTRACT: Poly(ortho-aminophenol) has been synthe-
sized electrochemically from a previously deoxygenated
acid medium. The initial rate of electropolymerization reac-
tion on platinum electrode is small and the rate law is: Rate
= k, [D]*°[HCI]"'*°[M]"*°. The apparent activation energy
(E,) was found to be 68.63 k] mol *. The polymer films
obtained have been characterized by cyclic voltammetry,
X-ray diffraction, elemental analysis, TGA, scanning elec-

tron microscopy, TH NMR, UV-visible, and IR spectroscopy.
The mechanism of the electrochemical polymerization reac-
tion has been discussed. © 2006 Wiley Periodicals, Inc. ] Appl
Polym Sci 99: 3093-3109, 2006

Key words: electrooxidation; kinetic study; cyclic voltamme-
try; characterization; mechanism

INTRODUCTION

Electroactive polymers, deposited electrochemically
on electrode surfaces, have received considerable at-
tention because of possible applications of the bulk
polymers themselves as well as for modified electrode
surfaces, in batteries,'™ electrochromic devices,>%71°
microelectronic devices,'" optoelectronic,'? display de-
vices,"® chemically modified electrodes,'* sensors,'*'¢
electrochemical chromatography,'” metallization,'®
and as corrosion inhibitors to protect semiconductors
and metals.'®

Owing to its ease of preparation, outstanding sta-
bility, and good electrical conductivity,” poly(aniline)
(PAni) is one of the most common electroactive poly-
mers for many applications. These applications are
limited by the insolubility of its protonated state due
to the stiffness of its backbone, and difficulty of pro-
cessing by conventional methods. One of the methods
that is used to overcome this problem is the polymer-
ization of different substituted aniline derivatives.'**
The obtained polymers possess higher solubility, and
thus, improve solution processibility.** Common de-
rivatives include substitution with —NH,, —CHj,,
—OCH,;, —OH, and —CH,CHj; groups.
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The hydroxy derivative of aniline, para-aminophe-
nol, has been studied.*'* Its anodic oxidation gives
benzoquinone as a product, but no film formation was
reported. Meta-Aminophenol was studied chemically
in acidic aqueous medium by Sayyah et al.,* yielding
a conductive polymer with conductivity ~107° S
cm ™!, and electrochemically in acetonitrile’* and in
acidic aqueous medium.** The obtained polymer film
is nonconductive because of the presence of an
activated group in this position, which leads to a
double electrophilic substitution that gives a heavily
crosslinked polymer structure: the crosslinked nature
of this polymer prevents electronic conjugation, mak-
ing it nonconductive.®®> On the other hand, ortho-
aminophenol (0-AP), which is unstable in aqueous
acidic medium particularly under the effects of light
and oxygen, turning the solution yellowish after elec-
trolysis, and brown after storing. The electrolyzed so-
lution becomes red-browish after some days of stor-
ing, due to the quinone-like compounds being
formed.* The oxidation process of 0-AP is complex,
owing to the presence of two susceptible groups,
—OH and —NH,, which makes 0-AP undergo hydro-
lysis to reactive, soluble intermediates. The electro-
chemical method of synthesis involves the anodic ox-
idation of the monomer at electrodes such as Pt,%>36-3°
basal-plane pyrolytic graphite (BPG),** In-Sn oxide
conducting glass (ITO),* glassy carbon (GC),?>841~43
Au,*? carbon paste,l semitransparent golcl,44 and
Ag.* The preparation of poly(o-aminophenol) (POAP)
has been performed using cyclic voltammetry tech-



3094

SAYYAH ET AL.

0.7""""'[l|

0.6 |-

Weight, (mg)

01

(| ¥ SmAcm™ ]
0.5 |- .
0.4 — _
0.3 | —
0.2 — —

0.0llllllllllll

time, (min)

Figure 1 Yield—time curve for the effect of duration time on the anodic polymerization of 0-AP from solution containing

0.05M monomer, 0.95M HC], and 0.1M Na,SO, at 306 K.

nique by several researchers.'®>*?%41=%5 The polymer-
ization was investigated at room temperature in the
presence of different acids such as HCIO,,?*36841,4445
H,50,*"**, HC1,*®> and benzene sulfonic acid**), fresh
acetate buffer solution,'® and alkaline medium such
as KOH solution.*” Anhydrous sodium sulfate
(Na,SO,),*** NaClO,,*>36%404244 1iClO,,** sodium
benzene sulfonate,** etc. were used as supporting elec-
trolytes at different concentrations. The major product
in alkaline and neutral medium was identified to be
2,2'-dihydroxyazobenzene, a linear dimer formed by
N-N coupling of 0-AP radical cations. In acidic solu-
tions, cyclic dimer 3-aminophenoxazone formed by
C-N coupling of 0-AP radical cations.

POAP is insoluble in most organic solvents (dichlo-
romethane, ether, ethyl acetate, tetrahydrofuran, and
acetone).’*** The conductivity and thermodynamic

properties of the film are highly dependent on the pH
of the solution.*!**

In the present study, we intend to investigate the
kinetics, optimum conditions, and mechanism of the
electrochemical polymerization of 0-AP in aqueous
HCI solution on a platinum electrode. Also, the char-
acterization of the obtained polymer film, using 'H
NMR, UV-visible IR, elemental analysis, TGA, and
cyclic voltammetry, was performed.

EXPERIMENTAL
Materials

0-AP (WinLap, UK) was purified by recrystallizing it
twice in ethyl acetate (El-Naser Pharmaceutical Chem-
ical Company, Egypt), the pale yellow plates were
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Figure 2 (A) Yield-time curve for the effect of current densities. (B) Double-logarithmic plot of initial rate of electropoly-

merization vs. different current density values.

then stored in a desiccator, under vacuum as de-
scribed elsewhere;****** hydrochloric acid (Riedel-de
Haén, Germany) and dimethyl formamide were pro-
vided by El-Naser Pharmaceutical Chemical Com-
pany, anhydrous sodium sulfate was provided by
Merck (Darmstadt, Germany). The solutions of o-AP
were prepared by taking a definite weight of 0-AP and
dissolving it in the supporting electrolyte solution,
under nitrogen atmosphere. This process avoids air
oxidation of 0-AP, which could introduce contami-
nants into the film. All solutions were prepared under
nitrogen atmosphere in freshly prepared double-dis-
tilled water.

Cell and electrodes

The experimental setup used consisted of a rectangu-
lar Perspex cell provided with two platinum foil par-
allel electrodes [dimensions: 1-cm height X 0.5-cm
width] as described previously.**~*° The polymeriza-
tion current was supplied by a DC power supply
[Thurby ~ Thandar PL 330]. Before each run, the
platinum electrode (anode) was cleaned, washed with
distilled water, rinsed with ethanol, dried, and
weighed. The experiments were done at the required
temperature * 1°C, using a circular, water thermostat.
At the end of the experiment, the anode was with-
drawn, washed with distilled water, dried, and
weighed.

Electropolymerization of o-AP

Anodic oxidative polymerization of 0-AP was carried
out in aqueous solutions containing monomer (con-

centration range between 0.007 and 0.018M), using
0.IM Na,SO, as the supporting electrolyte, and the
current densities were investigated in the range be-
tween 2 and 8 mA cm™ 2. Electropolymerization was
carried out in hydrochloric acid solution (concentra-
tion range between 0.2 and 1.2M), at different temper-
atures in the range between 298 and 313 K.

Cyclic voltammetry measurements

A standard three-electrode cell was used in the cyclic
voltammetry measurements, with a saturated calomel
electrode (SCE) as the standard reference electrode.
The auxiliary electrode was a platinum wire. The plat-
inum working electrode was 1 X 0.5 X 0.05 cm’.
Before each run, the working electrode was cleaned as
mentioned earlier.

The electrochemical experiments were performed
using an EG and G Potentiostat/Galvanostat Model
273 supplied by EG and G Princeton Applied Re-
search. The I-E curves were recorded using computer
software from the same company (Model 352 and
270/250).

IR,'H NMR, UV-vis, and TGA

IR measurements were carried out using Shimadzu
FTIR-340 Jasco spectrophotometer.

'"H NMR measurements were carried out using a
Varian EM 360 L, 60-MHz NMR spectrometer. NMR
signals of the electropolymerized samples were re-
corded in dimethyl sulphoxide, using tetramethylsi-
lane as internal reference.
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Figure 3 (A) Yield-time curve for the effect of HCI concentration. (B) Double-logarithmic plot of initial rate of electropo-

lymerization vs. HCl concentrations.

The UV-vis adsorption spectra of the prepared
polymer samples were measured using Shimadzu UV
spectrophotometer (M160 PC), at room temperature in
the range 200—-600 nm, using dimethyl formamide as
a solvent and reference.

TGA of the obtained polymer was performed using a
Shimadzu DT-30 thermal analyzer (Shimadzu, Kyoto,
Japan). The weight loss was measured from ambient
temperature up to 500°C, at the rate of 20°C min™', to
determine the degradation rate of the polymer.

Scanning electron microscopy and X-ray diffraction

Scanning electron microscopic analysis was carried
out using a JSM-T20 scanning electron microscope
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Figure 4 (A) Yield-time curve for the effect of monomer concentration. (B) Double-logarithmic plot

electropolymerization vs. different monomer concentrations.

(JEOL, TOKYO, Japan). The X-ray diffractometer
(Philips 1976 Model 1390, Netherlands) was operated
under the following conditions that were kept con-
stant for all the analysis processes: X-ray tube, Cu;
scan speed, 8 deg min~!; current, 30 mA; voltage, 40
kV; preset time, 10 s.

RESULTS AND DISCUSSION
Anodic oxidative electropolymerization of 0-AP
Effect of duration time

Anodic oxidative electropolymerization of 0-AP was
studied under the influence of different plating and
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Figure 5 (A) Yield—time curve for the effect of temperature. (B) Arrhenius plot for the electropolymerization. (C) Eyring

equation plot for the electropolymerization.

operating parameters. The effect of duration time on
the weight of the obtained polymer films was studied
with different current density values. The data reveal
that, the weight of the obtained polymer increased
with increase in duration time up to 7.5 min, after
which it began to decrease as a result of degradation
and the solubility of the polymer film from the plati-
num surface, in the case of all investigated values of

TABLE I
Elemental Analysis of POAP

Calcd. (%) Found (%)

NZmo

51.87 50.68
476 49

10.09 9.8

10.24 10.23
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TABLE 1I
Thermogravimetric Data of the Prepared POAP

Weight loss (%)

Temperature range (°C) Calcd Found Removed molecule
30-100 2.53 2.10 H,O
100-205 10.44 10.90 4H,0
205-250 17.87 18.00 2HCI + 3 (OH)
250-530 36.74 37.00 S
>530 - 32.00

—N —N + Na,SO,
N \N
o O

the current density. The data are graphically repre-
sented in Figure 1.

Effect of current density

The effect of the applied current density on the anodic
oxidative electropolymerization of 0-AP was studied
at a duration time of 7.5 min, using 0.05M monomer
concentration, 0.1M Na,SO, as supporting electrolyte,
and 0.95M HCI at 306 K, all of which were kept
constant. The data reveal that as the applied current
density increases the weight of the obtained polymer
film increased up to 4 mA cm™? and then tends to
decrease. This finding implies that evolution of oxy-
gen and chlorine takes place as a side reaction espe-
cially at high current densities. Each value of the cur-
rent density used was studied at different time inter-

DMSO + DO

DMSO

N

vals, and the yield-time curve was plotted. The data
are graphically represented in Figure 2(A), from
which the initial rate of electropolymerization reaction
was determined. The reaction exponent, with respect
to the current density, was determined from the slope
of the straight line presented in Figure 2(B), and was
found to be 0.50. This means that the electropolymer-
ization with respect to the current density is a half-
order reaction.

Effect of HCI concentration

Anodic oxidative electropolymerization was carried
out using 0.05M monomer, 0.1M Na,SO,, and a cur-
rent density of 4 mA cm ™2 at 306 K, for 7.5 min, all of
which were kept constant. However, the concentration
of HCl was varied in the range between 0.2 and 1.2M.

r T T 1

14 12 10 8

PPM

Figure 6 'H NMR spectrum for POAP.
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TABLE III
IR Absorption Bands and Their Assignments of Both 0-AP and POAP

Wave number (cm™?)

Monomer Polymer Assignments (50)
419° - CH wagging deformation of 1,2-disubstituted benzene ring.
447° -
495° 472
546° 554™
569" 581™ NH wagging deformation in aromatic amine.
712¢ 700"
761° 759™ CH deformation of 1,2-disubstituted benzene ring.
- 799™ CH deformation of 1,4-disubstituted benzene ring.
801° - C-C stretching vibrations in benzene ring.
846° 853™
996° -
923" -
1029™ 1039
1079™ -
1141™ 1114% C-O stretching vibrations.
1220™ 1183°
1267™ 1288°
1336™ 1376° C-N stretching vibrations.
1403™ 1418°
1446™ 1462° NH scissoring vibrations.
1511%
1511° - NH, deformation for primary aromatic amine.
- 1573° C-N stretching vibrations for quinoide structure or combination band
for protonated aromatic amine
1602° 1602° Stretching vibrations of C=C in benzene ring.
- 2926" Symmetric stretching of NH in primary aromatic amine.
3053™ 3051% Symmetric stretching of CH group.
3100 32340 Symmetric stretching of NH in aromatic amine.
3305° 3334° Symmetric stretching of OH (hydrogen bonded) in phenolic compound.
3375° 3381% Asymmetric stretching of NH in aromatic amine.

s, strong; w, weak; b, broad; sh, shoulder; m, medium; sp, splitting.

The polymer film obtained in each experiment was
weighed. The data reveal that maximum weight is
obtained when 0.8M HCl was used. The effect of HCI
concentration, in the range between 0.2 and 0.8M, on
the electropolymerization rate was investigated. The
weight of the deposited polymer film on the platinum
electrode in each experiment was plotted against the
duration time as shown in Figure 3(A). The initial rate
of the electropolymerization reaction was calculated,
and the double-logarithmic plot of the initial rate ver-
sus HCI concentration is represented in Figure 3(B). A
straight line was obtained which has a slope of 1.125.
This means that the electropolymerization with re-
spect to HCl is a first-order reaction.

Effect of monomer concentration

The electropolymerization reaction was carried out by
keeping all the aforementioned conditions constant at

0.8M HCI, a current density = 4 mA cm™ 2, Na,SO,
(0.1M), reaction time (7.5 min), and temperature at 306
K, but the monomer concentrations were varied in the
range between 0.007 and 0.018M. The weight of the
obtained polymer film in each case was determined.
From the obtained data, it was noticed that the maxi-
mum weight of the polymer film is obtained when the
concentration of the monomer was 0.010M. It was also
noticed that the weight of the polymer film decreased
at higher monomer concentration, which means that
polymer degradation may have occurred. The elec-
tropolymerization of 0-AP was performed using dif-
ferent monomer concentrations in the range between
0.007 and 0.010M at different time intervals. The data
are graphically represented in Figure 4(A). The initial
rate of electropolymerization was calculated, and the
double-logarithmic plot of the initial rate of electropo-
lymerization versus the monomer concentration is
represented in Figure 4(B). This relation gave a
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Figure 7 UV-vis spectra of 2-aminophenol monomer and its homopolymer.

straight line with a slope of 1.29, which means that the
electropolymerization of 0-AP is a first-order reaction,
with respect to the monomer concentration.

Effect of temperature

Anodic oxidative electropolymerization of 0-AP was
carried out under the following constant conditions:
0.8M HCI, 0.01M monomer, 0.1M Na,SO, as support-
ing electrolyte, current density = 4 mA cm™?, and the
duration time = 7.5 min. The reaction was carried out
at different temperatures in the range between 298 and
313 K. The maximum weight of the polymer film was
recorded at 306 K. It was noticed during the experi-
ments that at temperature higher than 306 K some
polymer formed in solution near the anode did not
adhere at the electrode surface, which means that the
adhesion of the film to the platinum electrodes de-
creases above 306 K. The electropolymerization of
0-AP was carried out at different temperatures (298,
303, and 306 K) for different time intervals. At each
temperature the weight of the formed polymer was
plotted versus the duration time, and the yield-time
curve is represented in Figure 5(A). The initial rate of
electropolymerization was calculated at each investi-
gated temperature and the logarithm of the initial rate

of electropolymerization was plotted versus 1/T [c.f.
Figure 5(B)], which gave a straight line with a slope of
-3665.3. By applying the Arrhenius equation, the ap-
parent activation energy (E,) was calculated and it was
found to be 68.63 k] mol .

Calculation of thermodynamic parameters

The enthalpy AH* and entropy AS* of activation for
the electropolymerization reaction can be calculated
from the k, values of eq. (1). The values of k, at
different temperatures were calculated, and the en-
thalpy (AH*) and entropy (AS*) of the activation asso-
ciated with k, were calculated using the Eyring equa-
tion (eq. 2).

Reaction rate

= k, [HCI]""*[Current density]’® [Monomer]'* (1)
k, = RT/Nh e*"/R ehH/RT (2)

where k, is the rate constant, R is the universal gas
constant, N is Avogadro’s number, and h is the
Planck’s constant. By plotting log k,/T vs. 1/T [c.f.
Figure 5(C)], we obtained a linear relationship with a
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Figure 8 (A) Cyclic voltammogram curve without monomer. (B) Cyclic voltammogram curve with monomer. (C): Repetitive
cycling of electropolymerization. (D) Effect of scan rate on the electropolymerization.

slope of —AH*/2.303R and intercept of log{(R/Nh)
+ AS*/2.303R}. From the slope and intercept, the val-
ues of AH* and AS* were found to be 66.03 k] mol *
and -75.16 ] K™! mol !, respectively.

Elemental analysis and spectroscopic analysis

Elemental analytical data are given in Table I, which
are in good agreement with those calculated for the
suggested structure represented in Scheme 2.

The presence of five water molecules for each repeated
unit is confirmed by thermogravimetric analysis. The
TGA data of the prepared POAP are summarized in
Table II. From the table, it is clear that there are five stages
during thermolysis of the polymer sample.

First stage.

Includes the loss of one water molecule, in the tem-
perature range between 30 and 100°C; the weight loss
of this step was found to be 2.10%, which is in good
agreement with the calculated value (2.53%).
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Second stage.

Includes the loss of four water molecules, in the tem-
perature range between 100 and 205°C; the weight loss
of this step was found to be 10.29%, which is in good
agreement with the calculated value (10.44%).

Third stage.

In the temperature range between 205 and 250°C, the
weight loss was found to be 18.00%, which may be
attributed to the loss of two molecules of hydrochloric
acid and three hydroxyl groups attached to the phenyl
rings. The calculated weight loss of this stage was
found to be 17.87%.

Fourth stage.

In the temperature range between 250 and 530°C, the
weight loss was found to be 37.00%, which may be
ibuted to the loss of (¢ w4 r-wp-{
attributed to the loss of ({ :/—N " NH- \ )
unit. The calculated weight loss was found to be 36.74%.

Fifth stage.
Above 530°C, a residual material of 32.00% was found,

which contains Q:N ‘QIN + Na,S0,.
Yo ‘o

The '"H NMR spectrum of the prepared POAP,
which is represented in Figure 6, shows a two singlet
signals at 8 = 2.5 and 3.5 ppm, which are attributed to
solvent protons. The singlet signal appearing at 6
= 6.4—7 ppm could be attributed to NH proton. The
multiplet signals appearing in the region 6§ = 7-7.7
ppm are attributed to benzene ring protons in the
polymeric structure. The singlet signals, which appear
at 6 = 7.8-8 ppm, may be attributed to NH, group
protons. The singlet signal appearing at 6 = 10.9 ppm
is attributed to the OH proton in phenolic moiety. The
singlet signals appearing at 6 = 1.2 and 5.6 ppm are
due to water of hydration. The singlet signals appear-
ing at 6 = 8.8 and 10.2 ppm are due to protonated
dopant molecule in the polymeric structure. The sig-
nal of OH phenolic or different types of water mole-
cules disappeared when deuterated water was added
to the sample.

The infrared absorption bands and their assign-
ments for 0-AP and the prepared polymer are summa-
rized in Table III. The strong absorption band appear-
ing at 712 cm ™!, in the case of monomer, appears as a
weak band at 700 cm ™" in the case of polymer, which
could be attributed to NH wagging deformation in
aromatic amine. A group of absorption bands appear
in the region 801 and 1079 cm Y, which in the case of
monomer, appears as a medium absorption band at
853 cm ™!, and as a weak absorption band at 1039 cm ™!
in the case of polymer, which could be attributed to
C—C stretching vibration in the benzene ring. Three
medium absorption bands, appearing at 1141, 1220,
and 1267 cm ™!, in the case of monomer, appear as one

SAYYAH ET AL.

weak band at 1113 cm ™' and two strong bands at 1183
and 1288 cm ™' in the case of polymer, which may be
due to C—O stretching vibration. The strong absorp-
tion band appearing at 1511 cm ' in the case of mono-
mer could be attributed to NH, deformation for pri-
mary aromatic amine. The strong absorption band at
1573 cm ™! in the case of polymer, could be attributed
to C—N stretching vibration of quinoid structure.
Other infrared absorption bands and their assign-
ments are summarized in Table III.

The UV-vis spectra of 0-AP and its homopolymer
(POAP) are represented in Figure 7. The spectra show
the following absorption bands:

1. In the case of monomer, two absorption bands
appear at A, = 220 and 300 nm, which may be
attributed to w—7* transition (E, band) of the
benzene ring and the g band 7—* transition (A,
to Byy).

2. In the case of polymer, two absorption bands
appear at lower wavelength (at A, = 210 and
270 nm) for m—* transition showing a bathochro-
mic shift. Beside these two bands, an absorption
band appears in the visible region at A, = 482
nm, which may be due to the high conjugation of
the aromatic polymeric chains.

Cyclic voltammetric characterization

Cyclic voltammograms of the POAP formation on
platinum electrodes from solution containing 0.8M
HCI, 0.1M Na,SO,, at 306 K, without and with 0.01M
monomer, at potentials between —400 and 1200 mV vs.
SCE, with scan rate 25 mV s}, are shown in Figures
8(A) and (B), respectively.

The voltammogram in the presence of the monomer
exhibits two oxidation peaks I and II that progres-
sively developed repetitively at —300 and +810 mV
vs. SCE. On the one hand, the first oxidation peak I
corresponds to removing of one electron from the
nitrogen atom of the amino group to a give radical
cation. The presence of hydroxyl group in the ortho
position facilitates the oxidation process (—300 mV vs.
SCE), and the formation of radical cation at low po-
tential. The formed radical cation interacts with other
monomer molecules to form dimer radical cation, fol-
lowed by further reaction with monomer molecule to
give trimer radical cation, and so on. Finally, the
semiquinone radical cation (polaron state) is formed,
which is adsorbed on the electrode surface, as shown
in Scheme 1.

On the other hand, the second oxidation peak II,
which is assigned to the oxidation of the adsorbed
semiquinone radical cation (polaron state) to the qui-
none imine (bipolaron state),” occurs at +810 mV vs.
SCE, and is represented in Scheme 2. Therefore, the
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second anodic peak is attributed to the conversion of
radical cations to the fully oxidized form (quinoidal
structure). However, as soon as polymerization is nu-
cleated, a brown polymer film is rapidly observed on

the electrode surface. The potential difference between
the first and the second oxidation peaks I and II is
~1110 mV, and no middle peaks were observed be-
tween them, which confirm the nonexistence of deg-
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radation products, higher regularity, homogeneity,
and adherence of the deposited film to the electrode
surface.”’ On reversing the potential scan from +1200
up to —400 mV, the reversing anodic current is very
small, indicating the presence of adherent layer of the
polymer on the electrode surface. Beyond +350 mV,
the reversing cathodic scan involves a cathodic peak
III. The cathodic peak III could be ascribed to the
reduction of the bipolaron state to polaron state (con-
jugated to the second oxidation peak II). The charge
involved in the cathodic peak III is smaller than that
consumed in the anodic peak II, with increasing the
number of cycles.

Figure 8(C) shows the effect of repetitive cycling on
the formation of POAP from a solution containing
0.01M monomer, 0.8M HCI, 0.1M Na,SO,, at 306 K.
The data reveal that the peak currents i, and i, of the
two anodic peaks I and II decrease. This could be
attributed to the presence of a part of the unreduced
polymer film on the electrode surface; therefore, the
currents of the following anodic half cycle decrease. It
is possible that the stability of the deposited film is
enhanced with successive cycling, and therefore, the
peak currents of the cathodic and anodic peaks con-
tinue to decrease with repetitive cycling. The potential
position of the redox peaks does not shift with increas-
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Figure 9 Relation between v'/? and i,, for the first anodic peak.

ing number of cycles, indicating that the reversibility
of the redox reactions is independent on the polymer
thickness.

Figure 8(D) shows the influence of scan rate (5-25
mV s~ ') on the anodic polarization curve for the elec-
tropolymerization of O-AP from a solution containing
0.01M monomer, 0.8M HCI, 0.1M Na,SO,, at 306 K, on
platinum electrode. The data reveal that the peak cur-
rent densities i, and i, of the first and second anodic
peaks, respectively, increase with increase of the scan
rate, with slight decrease of the potential of the anodic
peak II to more negative value. Figure 9 shows the
linear dependence of the first current peak, Ipp, VS. ol/2,
This linear relation suggests that the electroformation
of the radical cation may be described partially by a
diffusion-controlled process (diffusion of reacting spe-
cies to the polymer film/solution interface). It seems

that the charge of the cathodic peak III also increases,
with increasing of the scan rate up to 25 mV s .

The effect of HC] concentration, monomer concen-
tration, and temperature on the cyclic voltammetric
characteristics of the polymer film formation on plat-
inum surface was investigated.

Figure 10(A) represents the influence of HCl con-
centration in the range between 0.2 and 1.0M on the
electropolymerization process at 25 mV s~ '. The plot
shows that, the peak current densities i,; and i,y in-
crease with increasing HCI concentration up to 0.8M,
and then starts to decrease with further increase in
HCI concentration. These results are in agreement
with those obtained in the kinetic study.

Figure 10(B) shows that by increasing the concen-
tration of the monomer from 0.005 to 0.01M the anodic
peak current densities i,; and i, are enhanced and
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Figure 10 Cyclic voltammogram curves for the electropolymerization of 0-AP from solution containing 0.1M Na,SO,: (A)
effect of HCl concentration, (B) effect of monomer concentration, (C) effect of temperature.

then start to decrease. These results are in agreement
with those obtained in the kinetic study.

Figure 10(C) illustrates the influence of solution
temperature, from 286 to 306 K, on the cycling volta-
mmetric response of the polymer formation. The data
reveal that an increase of temperature up to 306 K
results in a progressive increase of the charge included
in the anodic peaks I and II and increase of the charge
included in the cathodic peak III.

The electropolymerization of 0-AP on the Pt elec-
trode from a solution containing 0.1M Na,SO,, 0.01M

monomer, and 0.8M HCI was carried out. The cyclic
voltammogram of the formed polymer sample on the
Pt electrode in presence of the aforementioned mate-
rials and concentrations, except monomer, using dif-
ferent acid concentration, is represented in Figure 11.
From the figure it is clear that the voltamogram shows
one small oxidation peak at —200 mV vs. SCE, which
could be attributed to electroactive species formed by
partial degradation of the film. Also the voltammo-
gram shows one reduction peak at +900 mV vs. SCE,
which could be attributed to the reduction of the bi-



ELECTROPOLYMERIZATION KINETICS OF POAP

3107

2 1 1 ! T | ! T T T T T T I T T T T
| | 1— o0.8M HCI |
|| 2 —- 0.6MHCI }
| 3 0.4M HCI :
1+|4-— 02MHCI -

-E | |
O. - N
< s _
E | |
= _1 - —
2 - _
_3 ] | ! 1 1 | 1 t 1 | 1 { 1 1 l { 4 1 { |
-0.5 0.0 0.5 1.0 1.5
E vs SCE, (V)

Figure 11 Electrochemical behavior of POAP prepared at its optimum conditions in a free-monomer solution in different

HCI concentrations with scan rate 25 mV s ..

polaron structure (i.e., benzinoid structure) of POAP
(cf. Scheme 2). It is also noticed from the voltammo-
gram that the cathodic current peak increases with
increasing acid concentration in the range between 0.2
and 0.8 mol/L

Surface morphology

In most conditions, a homogeneous, smooth, brown,
and well-adhering POAP films were electrodeposited
on the platinum electrode surface. The X-ray diffrac-
tion pattern shows that the prepared polymer is a
crystalline material as shown in Figure 12(A), for
which it is clear that there are two peaks at 26 angle
equal to 20.808 and 23.126.

The surface morphology of the polymer obtained at
the optimum conditions was examined by scanning

electron microscopy. The SEM micrograph shows tu-
bular or fibrillar elongated crystals [cf. Figure 12(B)].

CONCLUSIONS

In conclusion, the data obtained reveals the following:

1. The initial rate of electropolymerization reaction
of 0-AP on the platinum electrode is relatively
low. The fraction of the dissolved product may
be strongly dependent on temperature and
monomer or HCI concentrations.

2. The order of electropolymerization reaction of
0-AP on platinum electrode is 1.125, 1.29, and
0.50, with respect to HCl concentration, mono-
mer concentration, and current density, respec-
tively.
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Figure 12 (A) The picture of scanning electron microscope of POAP. (B) X-ray diffraction pattern of POAP.

The apparent activation energy is 68.63 k] mol .
The prepared POAP is smooth, brown, tubular or
fibrillar, crystalline, and well adhered on plati-
num surface.

From cyclic voltammetry studies, it is clear that
the cyclic voltammogram consist of two pairs of
resolved peaks at —300 and +810 mV vs. SCE,
the first corresponding to the conversion of
amine nitrogens to radical cations, and the sec-

ond to the conversion of the radical cations to
imine nitrogens. The electroformation of the
polymer film on the platinum electrode may be
described partially by a diffusion-controlled pro-
cess.
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