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ABSTRACT: Electropolymerization of O-phenylenedi-
amine (0-PD) on Pt-electrode from a deoxygenated aqueous
acid medium was carried out using cyclic voltammetry
technique. The kinetic parameters were calculated by means
of electrochemical data. The experimentally obtained kinetic
equation was Rpr = kg [monomer]'"? Tacid]'?® [electro-
lyte]”®” from the value of the anodic current density using
cyclic voltammetry technique. The apparent activation
energy (E,) is found to be 2834 k] mol~!. The polymer
films obtained have been characterized by X-ray diffraction,

elemental analysis, scanning electron microscopy, 'H-NMR,
IBC-NMR, UV-visible, and IR spectroscopy. The mechanism
of the electrochemical polymerization reaction has been dis-
cussed. TGA is used to confirm the proposed structure and
determination of the number of water molecules in the pol-
ymeric chain unit. © 2009 Wiley Periodicals, Inc. ] Appl Polym
Sci 112: 3695-3706, 2009
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INTRODUCTION

Electropolymerization of conducting polymers on
electrode surfaces is one of the targets of the
research work area in electrochemistry. The great
deal of attention in this area is due to the large num-
ber of potential applications of conducting polymer
itself as well as the modified electrode surfaces; in
batteries, electrochromic devices, microelectronic
devices, optoelectronic, display devices, chemically
modified electrodes, sensors, electrochemical chro-
matography, metallization, and as corrosion inhibi-
tors to protect semiconductors and metals.'

The oxidative polymerization of aromatic dia-
mines and the obtained polymers have been exten-
sively investigated. The polymers exhibit a number
of advantages including the choice of monomer, di-
versity, and facility of polymerization via oxidation
of one or both amino groups, variety of macromolec-
ular structure, variability of electroconductivity, mul-
tifunctionality due to one free amino group per
repetitive unit on the polymers and potentially wide
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applicability. The polymerization mechanism and
properties of the polymers have not been definitely
reported.

Most of the aromatic diamines polymers have
been prepared by electrochemical polymerization,
but only a small number of polymers were obtained
through chemically oxidative polymerization. Inves-
tigations on enzyme- and photo-catalyzed oxidative
polymerizations are very rare.

Poly(ortho-phenylenediamine) P(o-PD) has many
attractive properties. P(0-PD) can be prepared elec-
trochemically in acid, neutral, and alkaline solutions
and is very stable in both aqueous solutions and
air.*>® The ease of dissolution of P(o-PD) in organic
solvents, such as dimethylsulfoxide (DMSO), dime-
thylformamide (DMF), and etc., makes it one of the
so-called soluble electroactive polymers and thus
provides more flexibility in the studies of its struc-
tures.”*?” Different types of working electrodes were
used including Pt, Au, GC, ITO, PB/ITO, and
graphite.

To the best of the our knowledge, the kinetic stud-
ies of electrochemical preparation of P(0-PD) are not
investigated in the literature but, in case of the struc-
ture of P(0-PD), there are many trails in the litera-
ture.**®

Sayyah et al. studied the kinetic of the electropoly-
merization process of different substituted aromatic
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Figure 1 Cyclic voltammogram of Pt-electrode from solution containing 0.5M HCI and 0.1M NaySO, at 290 K with scan
rate of 25 m Vs~ ! in (A) absence of monomer, (B) 0.08M monomer.

amines. The kinetic equations were calculated from
ex situ micrograviemetric data®**> and from both the
micrograviemetric and electrochemical data.***”

In this study, we intend to investigate the electro-
deposition of P(o-PD) on Pt electrode from aqueous
HCl solution using cyclic voltammetry technique.
The kinetics, optimum conditions, and mechanism
of the electrochemical polymerization will be dis-
cussed using electrochemical data. Also, the charac-
terization of the obtained polymer film should be
done by 'H-NMR, IR, elemental analysis, TGA,
SEM, and X-ray diffraction.

EXPERIMENTAL
Materials

O-phenylenediamine (Merck-Darmstadt, Germany)
was purified by twice recrystallization from water as
described else where,?**** hydrochloric acid solu-
tion (Riedel-de Haén, Germany) and Dimethylforma-
mide were provided by El-Naser pharmaceutical
Chemical Company (Egypt), anhydrous sodium sul-
fate was provided by Merck (Darmstadt, Germany).
All solutions were prepared under nitrogen atmos-
phere in freshly double-distilled water.

TCCICL T

(a)

Cell and electrodes

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 dimensions of the platinum working
electrode were 1 x 0.5 x 0.05 cm. Before each run,
the working electrode was cleaned and washed
with distilled water, rinsed with ethanol, and then
dried.

The electrochemical experiments were performed
using the Potentiostat/Galvanostat Wenking PGS 95.
The I-E curves were recorded by computer software
from the same company (Model ECT).

IR, elemental analysis, TH-NMR, ®C-NMR,
UV-Vis, and TGA

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

Elemental analysis was carried out in the micro-
analytical center at Cairo University by oxygen flask
combustion and dosimat E415 titrator (Metrohm).

'"H-NMR and ""C-NMR measurements were car-
ried out using a Varian EM 360 L, 60-MHz NMR
spectrometer. NMR and '>C-NMR signals of the

TCICGT

Scheme 1 Different structures of the oxidized form of P(o-PD).
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Scheme 2 different structures of P(o-PD).

electropolymerized samples were recorded in dime-
thylsulphoxide using tetramethylsilane as internal
reference.

The ultraviolet-visible absorption spectra of the
prepared polymer samples were measured using
Shimadzu UV spectrophotometer (M160 PC) at room
temperature in the range 200-900 nm using dime-
thylformamide as a solvent and reference.

TGA of the obtained polymer was performed
using a Shimadzu DT-30 thermal analyzer (Shi-
madzu, Kyoto, Japan). The weight loss was meas-

ured from ambient temperature up to 600°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 JXA-840A Electron Probe Microanalyzer
(JEOL, Tokyo, Japan). The X-ray diffractometer (Phi-
lips 1976 Model 1390, Netherlands) was operated
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Scheme 3 The propagation and formation of P(0-PD).
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Figure 2 Repetitive cycling of electropolymerization of o-
phenylene diamine from solution containing 0.08M mono-
mer, 0.5M HCl, and 0.1M Na,SO, at 290 K with scan rate
of 25 m Vs L.

under the following conditions that were kept con-

stant for all the analysis processes:
X-ray tube: Cu Scan speed: 8° min~
Current: 30 mA Voltage: 40 kV
Preset time: 10 s.

1

RESULT AND DISCUTION

Electropolymerization of o-phenylenediamine
(0-PD) and mechanism

Electropolymerization of o-phenylenediamine on
platinum electrode from the deoxygenated aqueous
solution containing 0.5M HCl, 0.08M monomer, and
0.1M NaySO, at 290 K, in the absence and presence
of monomer, was studied by cyclic voltammetry at
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potential between —440 and +1790 mV (versus SCE)
with scan rate of 25 m Vs~ '. The obtained voltam-
mogram is represented in Figure 1(A,B), respec-
tively. In the absence of monomer, no peaks are
observed where in the presence of monomer, a well-
adhering P(0-PD) film is electrodeposited on the
electrode surface. The voltammogram exhibits only
one irreversible distinct anodic peak, at +609 mV
(versus SCE), in the anodic excursion.

For the structure of the obtained oxidized form of
P(0-PD), two different opinions have been suggested.
Oyama and coworkers® presumed monohydro-
phenazine rings (Structure “a” represented in
Scheme 1, for the polymeric backbone. In contrast,
Wu et al.*® proposed more oxidized phenazine rings
(Structure “b” represented in Scheme 1 on the basis
of an in situ resonance Raman spectroscopic study.

In the literature, two different structure of P(0-PD)
(cf. Scheme 2) (a) a “ladder” like structure by Oyama
and coworkers,®* and (b) a 14-substituted benze-
noid-quinoid “open” structure by Yano.”’

One of the amino groups of o-phenylenediamine
monomer in acidic solution must be protonated.”’”
The positively charged ammonium group without a
lone electron pair probably hinders the formation of
the phenazine ring during electropolymerization and
then has the meta orientation effect. Therefore, the
head-to-tail coupling must be favorable for the o-
phenylenediamine polymerization, leading to the
formation of poly(aminoaniline).

The oxidation peak corresponds to the oxidation
of o-phenylenediamine monomer and removal of an
electron from the nitrogen atom of the amino group
to form a radical cation, which interacts with
another monomer molecule to form a dimer radical
cation, trimer radical cation, and so on; finally, we
obtain 1,4-substituted benzenoid “open” structure as
shown in Scheme 3.
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Figure 3 (A) Effect of Scan rate on the of electropolymerization of o-phenylenediamine from solution containing 0.08M
monomer, 0.5M HCI, and 0.1M NaySO, at 290 K. (B) Relation between ip versus /2,
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Figure 4 (A) Potentiodynamic polarization curves for the effect of HCI concentration on the electropolymerization of o-
phenylenediamine from solution containing 0.08M monomer and 0.1M Na,SO, at 290 K with scan rate of 25 m Vs (B)
Double logarithmic plot of the anodic current densities versus HCI concentrations.

Figure 2 shows the effect of repetitive cycling on
the formation of the polymer film from the deoxy-
genated aqueous solution containing 0.5M HCI,
0.08M monomer, and 0.1M Na,SO, at 290 K. The
data reveal that, the peak current densities (i)
decrease with repetitive cycling. The potential posi-
tion of the redox peak does not shift with increasing
number of cycles, indicating that the redox reaction
is independent on the polymer thickness.

Figure 3(A) illustrates the influence of the scan
rate (5-25 m Vs ') on the potentiodynamic anodic
polarization curves for o-phenylenediamine from the
deoxygenated aqueous solution containing 0.5M
HCI, 0.08M monomer, and 0.1M Na,SO, at 290 K on
platinum electrode. It is obvious that the anodic
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peak current densities (i,) increase with the increas-
ing of the scan rate.

Figure 3(B) shows the linear dependency of i, ver-
sus v'/% This linear relation suggests that the elec-
tropolymerization of o-phenylenediamine may be
described by a partially diffusion-controlled process
(diffusion of reacting species to the polymer film/so-
lution interface).

Kinetic studies

The electropolymerization kinetics were evaluated
using deoxygenated aqueous solution containing
monomer in the concentration range between 0.01
and 0.08M, hydrochloric acid concentration in the
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Figure 5 (A) Potentiodynamic polarization curves for the effect of monomer concentration on the electropolymerization
of o-phenylenediamine from solution containing 0.5M HCI and 0.1M Na,SOy at 290 K with scan rate of 25 m Vs~ '. (B)
Double logarithmic plot of the anodic current densities versus monomer concentrations.
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Figure 6 (A) Potentiodynamic polarization curves for the effect of electrolyte concentration on the electropolymerization
of o-phenylenediamine from solution containing 0.5M HCl and 0.08M monomer at 290 K with scan rate of 25 m Vs . (B)
Double logarithmic plot of the anodic current densities versus electrolyte concentrations.

range between 0.1 and 0.5M, and Na,SOy, in the con-
centration range between 0.05 and 0.10M at 290 K.
The kinetic equation was calculated by means of
electrochemical study from the values of the anodic
current densities.***

The value of the anodic current density (i,) is pro-
portional to the electropolymerization rate (Rpr) at a
given concentration of the monomer, acid, and elec-
trolyte; then, we can replace the electropolymeriza-
tion rate by the anodic current density.***”

The effect of HCI concentration, monomer concen-
tration, supporting electrolyte concentration, and
temperature on the cyclic voltammetric characteris-
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tics for the polymer film formation on Platinum elec-
trode surface was investigated.

Effect of HCI] concentration

Figure 4(A) represents the influence of HCI concen-
tration in the range between 0.1 and 0.6M on the
cyclic voltammogram using scan rate of 25 m Vs ..
The voltammogram shows that, the anodic peak cur-
rent densities (i,) increase with the increasing of the
HCI concentration up to 0.5M and then starts to
decrease with further increase of HCl concentration
as a result of degradation and solubility of the
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Figure 7 (A) Potentiodynamic polarization curves for the effect of temperature on the electropolymerization of o-phenyl-
enediamine from solution containing 0.5M HCl, 0.08M monomer and 0.1M Na,SO, with scan rate of 25 m Vs '. (B)
Arrhenius plot of the of electropolymerization of o-phenylenediamine.
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TABLE I
Elemental Analysis of the Prepared P(0-PD)
Element (%)
C H Cl S
Calc. Found Calc. Found Calc. Found Calc. Found Calc. Found
43.68 4217 5.56 5.78 16.98 15.26 14.36 13.81 3.23 3.02

formed polymer film. A double logarithmic plot of
the current density related to oxidation peak against
HCI concentrations in the range between 0.1 and
0.5M is graphically represented in Figure 4(B). A
straight line with slope of 1.23 was obtained. There-
fore, the reaction order with respect to HCl concen-
tration is a first-order reaction.

Effect of monomer concentration

Figure 5(A) represents the influence of monomer
concentration in the range between 0.01 and 0.09M
on the cyclic voltammogram using scan rate of 25 m
Vs~'. The voltammogram shows that, the anodic
peak current densities (i,) increase with the increas-
ing of the monomer concentration up to 0.08M and
then starts to decrease with further increase of
monomer concentration. A double logarithmic plot
of the current density related to oxidation peak
against monomer concentrations in the range
between 0.01 and 0.08M is graphically represented
in Figure 5(B). A straight line with slope of 1.19 was
obtained. Therefore, the reaction order with respect
to monomer concentration is a first-order reaction.

Effect of electrolyte concentration

Figure 6(A) shows the effect of Na,SO, concentra-
tion, as a dopant (which is confirmed by IR study),
in the range between 0.05 and 0.125M on the cyclic
voltammogram using scan rate of 25 m Vs '. The
anodic peak current densities (i,) increase with the
increasing of the NaySO,4 concentration up to 0.1M
and then starts to decrease with further increase of
Na,SO, concentration. A double logarithmic plot of
the current density related to oxidation peak against
NaySO4 concentrations in the range between 0.05
and 0.1M is graphically represented in Figure 6(B).
A straight line with slope of 0.87 was obtained.

Depending upon the above results, the kinetic rate
law obtained from this method can be written as
follows:

Rpr = kg[monomer] lacid])-? [electrolyte]0‘87

Where, Rp,r is the electropolymerization rate and kg
is the kinetic rate constant.

Effect of temperature

The potentiodynamic polarization curves as a func-
tion of the solution temperature in the range
between 280 and 300 K under the same experimental
conditions as mentioned above were illustrated in
Figure 7(A). From the figure, it is clear that, an
increase of temperature up to 295 K results in a pro-
gressive increase of the charge included in the an-
odic peak. The plot of the log (i,) versus 1/T is
represented in Figure 7(B), a straight line is obtained
with a slope equal to —1.48 and then the apparent
activation energy was calculated using Arrhenius
equation and it is found to be 28.34 kJ mol .

Elemental and spectroscopic analysis

Elemental analytical data are given in Table I, which
are in a good agreement with those calculated from
the suggested structure given in Scheme 3.

The presence of six water molecules for each
repeated unit is confirmed by thermogravimetric
analysis. The TGA steps of the prepared P(0-PD) are
shown in Figure 8 and summarized in Scheme 4.
From the scheme, it is clear that, there are five stages
during thermolysis of the polymer sample.

First stage

It includes the loss of (1H,O + SO3) molecules in the
temperature rang between 25 and 131.6°C. The
weight loss for this step was found to be (9.68%)

TGA %

100 f=-

80 |=

60 p=

40 =

0.00 100 200 300 400 500 600
Temp. (C)

Figure 8 TGA of prepared poly(o-phenylenediamine) at
optimum conditions.
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Scheme 4 Steps of thermal degradation of the prepared P(o-PD).

which is in good agreement with the calculated  (12.81%) which is in good agreement with the calcu-
value (9.90%). lated value (12.79%).

Second stage Third stage

It includes the loss of (1HCl + 5H,0) molecules in  In the temperature range between 239.5 and 342°C,
the temperature rang between 131.6 and 239.5°C.  the weight loss was found to be (20.01%) which is
The weight loss for this step was found to be  attributed to the lost of (3HCI + 6NH,) groups. The

Journal of Applied Polymer Science DOI 10.1002/app
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DMSO + DO

ppm

Figure 9 '"H-NMR of poly(o-phenylenediamine) in DMSO
and DMSO+D,0.

calculated weight loss of this stage is equal to
20.78%.

Fourth stage

In the temperature range between 342 and 600°C, the
weight loss was found to be (19.88%) which is attrib-

uted to the loss of (NH—@— NH—@—NHZ) unit. The

calculated weight loss of this stage is equal to
19.21%.

Fifth stage

Above 600°C, the weight loss was found to be
(36.62%) which is attributed to the remammg

(O i it

The 'H-NMR spectrum of the prepared P(o-PD) is
represented in Figure 9 The spectrum shows a two
singlet signals at 6 = 2.52 ppm and 6 = 3.87 ppm
which are attributed to the solvent protons. The sin-
glet signal appears at § = 7.05 ppm could be attrib-
uted to NH protons. The doublet signals appear at §
= 7.2-7.7 ppm is attributed to benzene ring protons
in the polymeric structure. The singlet signals
appear at 6 = 8.04 ppm may be attributed to NH,
group protons. The singlet signal appears at 6 = 8.88
ppm is attributed to OH protons of water molecules.
The signal of (OH) in different types of water mole-

3703

cules are disappeared when we add deuterated
water to the sample.

The'>C-NMR spectrum of the prepared P(o-PD) is
represented in Figure 10 The signal at 133.588 ppm
could be attributed to the carbon-bonded nitrogen
(C—NH) in the benzenoid unit. The signals at
(130.373, 130.273, 128.725, 127.428, 123.649, and
122.014) ppm are due to the carbon-bonded hydro-
gen in the benzenoid unit. The signal at 97.483 ppm
may be due to carbon-bonded primary amine
(C—NH,) in the end group and/or noncyclized unit.
The signals at 34.477 ppm and 40 ppm are attributed
to the carbon-bonded hydrogen (CHj; group of the
solvent molecules). The above results confirm the
suggested open structure of P(0-PD) (cf. Scheme 3).

The infrared absorption bands and their assign-
ments for o-phenylenediamine and the prepared
polymer are summarized in Table II. A medium
absorption band appearing at 4389 cm ' and the
weak absorption band appearing at 459.3 cm ™' in
case of monomer appears as a weak absorption
bands at 472.5 cm ™! in case of polymer which could
be attributed to CH wagging deformation of 1,2-dis-
ubstituted benzene ring. The very weak absorption
band appearing at 670 cm ' in case of monomer
appears at 691 cm ™' in case of polymer which could
be attributed to NH, wagging deformation. A strong
absorption band at 750 cm ' in case of monomer
appears as a medium absorption band at 726.7 cm ™"
and a strong absorption band at 752 cm ™! in case of
polymer which could be attributed to the CH
stretching vibration of benzene ring. The weak
absorption band appearing at 1130 cm ™' in case of
polymer could be attributed to SO~ incorporation
in the polymeric chain. The strong absorption band
appearing at 1057 cm™! in case of monomer appears
as a weak band at 1050 cm ™' in case of polymer
which could be attributed to NH, twisting deforma-
tion. The weak absorption band appearing at 1169
cm ™! is attributed to Cl~ incorporation in case of
polymer. Accordingly, both SO3~ and Cl™ anions are
doped in the polymeric chain.***’ But no evidence
for the formation of new bonds between the polymer

* IIL.M.

Ae

L

200 180 160 140 120

100

80 60 40 20

ppm

Figure 10 ">C-NMR of poly(o-phenylenediamine) in DMSO.
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TABLE II
The Infrared Absorption Bands and Their Assignments
for o-Phenylenediamine Monomer and the Prepared

Polymer
Wave number
(em™)
Name

Monomer Polymer Assignments
438.9™ CH wagging deformation
459.3% 472 5% of 1,2-disubstituted benzene ring
539.9% 510"  Out-of-plane deformation of ring

584™
670" 691"  NH, wagging deformation

726.7™  CH Stretching vibration of benzene ring
750° 752°
799" 800""  CH out-of-plane deformation
833" 841.1%
927° 887"
1029.2° 1020™  CH in-plane deformation
1057° 1050"  NH, twist deformation
1116™ 1120""  CH stretching vibration
1153™ 1145""
1200% 1205°

1130% SO, 2 incorporation

1169%  CI™! incorporation
1272° 1250%  C—NH, stretching vibration
1324 C—C stretching vibration
14007 1365°
1458° 1400"™
1500° 1474°
1590° 1529°
1632° 1624°  NH, scissoring vibration

1685""

3008"  CH stretching vibration
3031.7° 3028"
3160"" 3139°  NH, symmetric vibration
3288° 3200°  NH, asymmetric stretching
3363.3° vibration of aromatic amine
3385° 3385°  NH, asymmetric stretching vibration

of aromatic amine or OH strong
hydrogen bonded group in H,O
molecules of hydration in polymer.

s, strong; w, weak; b, broad; m, medium; vw, very
weak.

chain and the doped anions was observed, which
means that the anions doped in the polymeric chains
exist in the ionic form™® as shown in Scheme 3. A
strong absorption band appearing at 1272 cm™' in
case of monomer, appears as a weak absorption
band at 1250 cm ™' in case of polymer which could
be attributed to C—NH, stretching vibration. Other
infrared absorption bands and their assignments are
summarized in Table II.

The UV-Visible spectra of o-phenylenediamine
monomer and its homopolymer are represented in
Figure 11. The spectra show the following absorp-
tion bands:

1. In case of monomer, three absorption bands
appear at Amax = 268, 274, and 306 nm, which

Journal of Applied Polymer Science DOI 10.1002/app
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may be attributed to n—m* transition (E, band)
of the benzene ring and the B-band (A, to By,).

2. In case of polymer, two absorption bands
appear at Ama.x = 269 and 280 nm, which may
be attributed to m—n* transition showing a red
shift. Also an absorption band appears in the
visible region at Amax = 482 nm, which may be
due to the high conjugation of the aromatic
polymeric chains.

Surface morphology

In most conditions, a homogeneous, smooth, brown,
and well-adhering P(o-PD) films were electrodepos-
ited on platinum electrode surface. The X-ray dif-
fraction pattern shows that the prepared polymer is

—— monomer

| I T
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N

200 300 400 500 600 700 800 900
% (nm)

P—

| IR S [N ST N T SN S W T S 1 1

200 300 400 500 600 700 800 900
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Figure 11 UV-Vis spectra of o-phenylenediamine mono-
mer and the prepared polymer.
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Figure 12 (A) X-ray diffraction pattern of poly(o-phenyl-
enediamine). (B) The picture of scanning electron micro-
scope of poly(o-phenylenediamine).

amorphous material as shown in Figure 12(A). The
surface morphology of the polymer obtained at the
optimum conditions was examined by scanning elec-
tron microscopy. The SEM micrograph shows a
smooth surface feature with uniform thickness and
has amorphous nature [cf. Fig. 12(B)].

CONCLUSIONS

In conclusion, the above data reveals the following:

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

2. The orders of the electropolymerization reaction
of P(0-PD) on platinum electrode are 1.23, 1.19,
and 0.87 with respect to HCl, monomer, and
electrolyte concentration, respectively.

3. The apparent activation energy is calculated to
be 28.34 k] mol .
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4. The prepared P(0-PD) shows a smooth surface
feature with uniform thickness and has amor-
phous nature, and well-adhered on platinum
electrode surface.

5. From cyclic voltammetry studies, it is clear that
the cyclic voltammogram consists of one irre-
versible peak at + 609 mV versus SCE, corre-
sponding to the conversion of amine nitrogens
to radical cations.

6. The electrodeposition of the polymer film on
platinum electrode may be described partially
by a diffusion-controlled process.

7. The proposed mechanism, depending on the
characterized tools used, is a 1,4-substituted
benzenoid “open” structure one and agree with
that obtained in H,SO,4 by Yano® but with no
quinoid units.

The authors gratefully acknowledge the assistance of Prof.
Dr. S.S. Abd El-Rehim (Chemistry Department, Faculty of
Science, Ain-Shams University, Cairo, Egypt) for helpful dis-
cussions and valuable supports.
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