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ABSTRACT: Electrochemical oxidative polymerization of
pyrrole on platinum electrode in acid medium was carried
out. Different reaction parameters were investigated such as
current density, acid concentration, monomer concentration,
and temperature with duration of time. The orders of the
electropolymerization reaction were found to be 1.3, 1.26,
and 1.2 with respect to current density, acid concentration,
and monomer concentration, respectively. The apparent ac-
tivation energy was found to be 38.3 k] mol~". The obtained
polymer films were characterized by "H-NMR, elemental

analysis, thermogravimetric analysis, and cyclic voltamme-
try. The mechanism of the electrochemical polymerization
reaction was also discussed. The surface morphology of the
obtained polymer film was characterized by X-ray diffrac-
tion and scanning electron microscopy. © 2003 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 90: 1783-1792, 2003
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INTRODUCTION

The preparation of conducting polymers is an active
area of both academic and industrial research because
of their many potential applications in batteries,'®
electrochromic devices,”” microelectronic devices,'®
electrochemical chromatography,'' and as corrosion
inhibitors to protect semiconductors and metals."*™®

After the discovery of polyacetylene,'” great interest
continues to be generated in electrically conducting
organic polymers, especially for device applications.*
A considerable amount of work has been devoted to
conducting polymers,®>* although control of the
growth orientation of the conducting polymers is es-
pecially important to obtain a polymer possessing ex-
cellent physical and/or chemical properties, such as
high electronic conductivity.?***

In the series of conducting polymers, considerable
attention has been drawn to the pyrrole family of
polymers prepared by electrochemical oxidation such
as polypyrrole, poly(N-methyl pyrrole), and their co-
polymers for their applications in solid-state devices.*
Several investigations have been performed to observe
the effects of various parameters such as solvent, elec-
trolyte, and temperature on their mechanical strength,
stability, and conductivity.?*~>?

The kinetics of electrooxidative polymerization of
heteroarenes to afford thin films of electronically con-
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ductive polymer is strongly dependent on the elec-
trode material.>* The process of polymerization relies
on oxidation of the heteroarene to afford radical cat-
ions that couple to form oligomers. These oligomers
must precipitate to nucleate polymerization on the
electrode surface.

Scanning electron microscopy studies on polypyr-
role prepared by electrochemical polymerization
show that the surface morphology is greatly influ-
enced by several factors like the dopant anion, com-
position of the electrolytic solution, applied current
density, and electrode configuration.?¢=%3132

The kinetics of the chemical polymerization of some
substituted polyaniline in aqueous solution and char-
acterization of the obtained polymers by IR, UV-visi-
ble, X-ray, electron microscopy, TGA-DTA analysis
and ac conductivity were previously investigated by
Sayyah et al.*>* To the best of our knowledge, no
study reported in the literature has investigated the
rate of the electropolymerization reaction, reaction or-
ders with respect to different electropolymerization
parameters such as current density, monomer concen-
tration, and acid concentration. Also, thermodynamic
activation parameters such as enthalpy (AH*), entropy
(AS*), and activation energy (E,) for the electrochem-
ical polymerization were not reported.

The objective of the present work was to investigate
the kinetics and optimum conditions for the electro-
chemical preparation of pyrrole in aqueous hydro-
chloric acid medium. The obtained polymer prepared
at the investigated optimum conditions was character-
ized by 'H-NMR, elemental analysis, and thermo-
gravimetric analysis (TGA). Cyclic voltammetry mea-
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surements were carried out at different concentrations
and parameters. The surface morphology of the ob-
tained polymer was characterized by scanning elec-
tron microscopy and X-ray diffraction.

EXPERIMENTAL
Materials

Pyrrole, hydrochloric acid solution, and anhydrous
sodium sulfate, all of analytical pure grade, were pro-
vided by Merck (Darmstadt, Germany). Dimethyl for-
mamide (DMF) was provided by El-Nasr Pharmaceu-
tical Chemical Co., Egypt. All solutions were freshly
prepared using double-distilled water.

Cell and electrodes

The experimental setup used was described previous-
ly**~*2 and consisted of a rectangular Perspex cell
provided with two platinum foil parallel electrodes
(dimensions: 1 cm height X 0.5 cm width). Before each
run, the platinum anode was cleaned and washed
with distilled water, rinsed with ethanol, dried, and
weighed. The experiments were conducted at the re-
quired temperature +1°C using a circular water ther-
mostat. At the end of the experiment, the anode was
withdrawn, washed with distilled water, dried, and
weighed. The polymerization current was supplied by
a dc power supply (Thurby-Thandar PL 330).

Electropolymerization of pyrrole

Anodic oxidative polymerization of pyrrole was car-
ried out in aqueous solutions containing monomer
(concentration range between 0.01 and 0.055M) using
0.1M Na,SO, as the supporting electrolyte and the
current densities were investigated in the range be-
tween 2 and 14 mA cm 2. Electropolymerization was
carried out in hydrochloric acid solution (concentra-
tion range between 0.6 and 1.6M) at different temper-
atures in the range between 288 and 323 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 platinum electrode was cleaned as men-
tioned earlier.

Electrochemical experiments were performed using
an EG&G Potentiostat/Galvanostat Model 273 sup-
plied by EG&G Princeton Applied Research. The I-E
curves were recorded by computer software from the
same company (Model 352 and 270/250).
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TH-NMR and TGA

'"H-NMR measurements were carried out using a Var-
ian EM 360 L, 60-MHz NMR spectrometer (Varian
Associates, Palo Alto, CA). NMR signals of the elec-
tropolymerized samples were recorded in dimethyl-
sulfoxide using tetramethyl silane as an internal ref-
erence. TGA of the obtained polymers 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 poly-
mer.

Scanning electron microscopy and X-ray diffraction

Scanning electron microscopic analysis was carried
out using a JSM-T20 scanning electron microscope
(JEOL, Tokyo, Japan). The X-ray diffractometer (Phil-
ips 1976 Model 1390, The Netherlands) was operated
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;
and preset time, 10 s.

RESULTS AND DISCUSSION
Anodic oxidative electropolymerization
Effect of duration time

Anodic oxidative electropolymerization of pyrrole
was studied under the influence of different plating
and operating parameters. The effect of duration time
on the weight of the obtained polymers was studied
with different current density values. The data reveal
that the weight of the obtained polymer increased
with increases of duration time up to 10 min, after
which it tended 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
the current densities. The data are graphically repre-
sented in Figure 1.

Effect of current density

The effect of applied current density on the anodic
oxidative electropolymerization of pyrrole was stud-
ied at constant time intervals (10 min) using 0.05M
monomer concentration, 0.1M Na,50, in a dimethyl
formamide/water mixture (30:70 v/v), and 1M HCI
at 303 K, all of which were kept constant. The data
reveal that as the applied current density increased,
the weight of the obtained polymer increased to 8 mA
cm™? after which it tended to decrease. This finding
implies that an oxygen and chlorine evolution takes
place as a side reaction especially at high current
densities. Each value of the used current density was
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Figure1 Yield-time curve for the effect of duration time on
the anodic polymerization of pyrrole from solution contain-
ing 0.05M monomer, 1.0M HCl, and 0.1M Na,SO, at 303 K.

studied with different time intervals and the yield—
time curve was plotted. The data are graphically rep-
resented in Figure 2(A), from which the initial rate of
the electropolymerization was determined. The reac-
tion exponent with respect to the current density was
determined from the slope of the straight line pre-
sented in Figure 2(B), and was found to be 1.3.

Effect of HCI concentration

Anodic oxidative electropolymerization was carried
out using 0.06M monomer concentration, 0.1M
Na,S0O, in a dimethyl formamide/water mixture (30 :
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70 v/v), and a current density of 8 mA cm 2 at303 K,

all of which were kept constant. However, the hydro-
chloric acid concentration was varied in the range
between 0.6 and 1.6M (<0.6M, the adherence of the
polymer film is decreased and the polymer is formed
in the solution near the anode). The obtained polymer
film in each experiment was weighed. The obtained
data show that the maximum weight is obtained when
1.2M HCI concentration was used. The effect of HCl
concentrations in the range between 0.6 and 1.2M on
the electropolymerization rate was investigated. The
weight of the deposited polymer film on the platinum
electrode in each experiment is 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 that has a slope of 1.26. This
means that the order of the reaction with respect to
HCl is a first-order reaction.

Effect of monomer concentration

The electropolymerization reaction was carried out by
keeping all the above-mentioned conditions constant
at 1.2M HC], a current density of 8 mA cm ™2, Na,SO,
(0.1M), and temperature at 303 K, although the mono-
mer concentrations were varied in the range between
0.01 and 0.055M. The weight of the obtained polymer
film in each case was calculated. From the obtained
data, one may observe that the maximum weight of
the polymer film is obtained when 0.05M monomer
concentration was used. It may also be observed that
the weight of the polymer film decreases at higher
concentrations of monomer, which means that poly-
mer degradation may have occurred. The electropoly-
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Figure 2 (A) Yield—time curve for the effect of current density. (B) Double-logarithmic plot of initial rate of electropoly-

merization versus different current density values.
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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 versus different HCI concentrations.

merization of pyrrole was performed using different
monomer concentrations in the range between 0.01
and 0.05M at different time intervals. The data are
graphically represented in Figure 4(A). The initial rate
of electropolymerization was calculated and the dou-
ble-logarithmic plot of the initial rate of electropoly-
merization versus the monomer concentration is rep-
resented in Figure 4(B). This relation gave a straight
line with a slope of 1.2, which means that the order of
the electropolymerization reaction of pyrrole is a first-
order reaction with respect to the monomer concen-
tration.

Effect of temperature

Anodic oxidative electropolymerization of pyrrole
was carried out under the following constant condi-
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tions: 1.2M HCI, 0.05M monomer, 0.1M Na,SO,, and 8
mA cm”?, although the reaction was carried out at
different temperatures in the range between 288 and
323 K. The maximum weight of the polymer film was
recorded at 303 K. It may be observed during the
experiments that, at temperatures higher than 303 K,
some polymers are formed in the solution near the
anode that do not adhere to the electrode, which
means that at temperatures higher than 303 K, the
adhesion of the film to the electrode is decreased. The
electropolymerizatipon of pyrrole was carried out at
different temperatures (288, 293, 298, and 303 K) for
different time intervals. At each temperature the
weight of the formed polymer at the anode was plot-
ted versus the duration time and the yield—time curve
is represented in Figure 5(A). The initial rate of elec-
tropolymerization was calculated at each investigated
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Figure 4 (A) Yield—time curve for the effect of monomer concentration. (B) Double-logarithmic plot of initial rate of
electropolymerization versus different monomer concentrations.
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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.

temperature and the logarithm of the initial rate was
plotted versus 1/T [cf. Fig. 5(B)], which gave a
straight line with a slope of —2.00. By applying the
Arrhenius equation, the apparent E, was calculated
and was found to be 38.3 kJ/mol.

Calculation of thermodynamic parameters

The enthalpy and entropy of activation for the elec-
tropolymerization reaction can be calculated from the
k, values of the following equation:

Reaction rate

= k,[HCI]"**[current density]"*[monomer]"*

The values of k, at different temperatures were calcu-
lated and the enthalpy (AH*) and entropy (AS*) of the
activation associated with k, were calculated using the
Eyring equation:

RT

— _~ ,AS*/R,—AH*/RT
k, Ni ¢ e
where k, is the rate constant, R is the universal gas
constant, N is Avogadro’s number, and # is Plank’s
constant. By plotting log k,/T versus 1/T [c.f. Fig.
5(C)] we obtained a linear relationship with a slope of

—AH*/2.303R and an intercept of log{[(R/Nh) + AS*]/
2.303R}. From the slope and intercept, the values of
AH* and AS* were found to be 36.19 and —237.4 K]
mol !, respectively.

Mechanism of the electropolymerization

Pyrroles present as resonating structures® as follows:

Py ) Yy LY [N
T i g g e
H H

| l j
H H H

I il i v

Structures II and IV are more stable resonating struc-
tures in the above scheme because of the presence of
positive and negative charges near each other. The
negative charge is predominant at C2 or C5 in the two
resonating structures II and IV. The anodic oxidative
electropolymerization proceeds in two steps, initiation
and propagation, as follows.

Initiation step

In this step, the pyrrole monomer is oxidized by loss
of electrons and formation of the radical cations as
shown in the following equation of Scheme 1:
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Propagation step

This step involves the interaction between the formed
radical cation and the monomer to form a dimer rad-
ical cation as follows (Scheme 2):

| \

H H

H
%
N
;

(Dimer radical cation)

Scheme 2

This reaction is followed by further reaction of the
formed dimer radical cations with monomer mole-
cules to give trimer radical cations, and so on. The
degree of electropolymerization depends on different
factors such as current density, HCl concentration,
monomer concentration, and temperature. From the

elemental analytical data given in Table I, it is clear
that the repeating unit of the polymeric chain contains
four pyrrole units, one chloride ion, one proton
present as hydronium ion, and four water molecules.
At the end of the experiment and cessation of the
flow current, the termination step occurs as follows:
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TABLE 1
Elemental Analysis of Polypyrrole
%C %H %N %Cl
Calcd 49.60 5.90 14.48 9.18
Found 48.70 5.60 13.90 8.70

As shown in Scheme 3, the presence of five water
molecules for each repeated unit is confirmed by ther-
mogravimetric analysis. The TGA data of the prepared
polypyrrole are represented in Table II. From the ta-
ble, it is clear that there are five stages.

First stage. Includes the loss of one molecule of water.
In the temperature range between 25 and 100°C, the
weight of loss of this step was found to be 4.60%,
which is in good agreement with the calculated value
(4.66%).

Second stage. In the temperature range between 100
and 200°C, the weight loss was found to be 8.7%,
which could be attributed to the loss of two molecules
of water. The calculated weight loss in this case was
9.3%.

Third stage. In the temperature range between 200 and
250°C, the weight loss was found to be 8.0%, which
may be attributed to the loss of two molecules of
water. The calculated weight loss of this stage was
9.3%.

Fourth stage. In the temperature range between 250
and 320°C, one molecule of hydrochloric acid was lost;
the weight loss of this stage was found to be 10.7%,
although the calculated value was 9.4%.

Fifth stage. Above 500°C, a residual material (8%) re-
mained.

Also, from 'H-NMR studies, it is clear that the OH
proton, which appeared as a broad singlet at 8.8 ppm,
disappeared after addition of deuterated water. This
confirms the presence of the terminal OH group in the
polymeric units.

Cyclic voltammetric characterization

Cyclic voltammograms of the polypyrrole film depos-
ited on platinum electrodes in 1.0M HCl, 0.1M Na,SO,
at 303 K, without and with monomer at potential
between —400 and 1600 mV versus SCE, are shown in
Figure 6(A) and (B), respectively. A well-adhering,
homogeneous polypyrrole black film is electrodepos-
ited on the electrode surface. The voltammogram
shows a distinct anodic peak in the anodic excursion
and a very small plateau in the cathodic cycle. The
onset oxidation potential of pyrrole shown as a rise in
the anodic current is 300 mV. The oxidation of the
monomers to radical cations or dimer species is con-
sidered to be the first step in the polymerization of the
conducting polymers.
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Figure 6(C) shows the repetitive cycling of pyrrole
electropolymerization. The data reveal that the peak
current i, of the anodic peak decreases significantly
upon continued cycling as the film become thicker. An
increase in the thickness of the deposited film de-
creases its conductivity and also decreases the rate of
diffusion within the film.

Figure 6(D) illustrates the influence of scan rate v
(5-25 mVs™!) on the anodic polarization curve for
electropolymerization of pyrrole on platinum elec-
trode. It is obvious that the peak current i, of the
anodic peak increases with increasing scan rate. Fig-
ure 7 shows the linear dependency of i, versus v'/%.
This linear relation suggests that the electroformation
of polypyrrole film on the electrode surface may be
described partially by a diffusion-controlled process
(diffusion of reacting species to the polymer film/
solution interface). Moreover, the permeation of the
reacting species from this interface into the polymer
film or the charge transport within the film itself limits
the overall current. Under such conditions, the peak
current i, is given by the Randless* and Sevick*
equation:

i, = (2.69 X 10°)An®>CD"/2y!/2

where A is constant, n is the number of exchanged
electrons, C is the bulk concentration, D is the diffu-
sion coefficient of diffusing species, and v is the scan
rate.

Cyclic voltammetric characteristics of the polymer
film formation on platinum electrode as a function of
the concentrations of HCI and monomer and temper-
ature were investigated. Figure 8(A) represents the
influence of HCIl concentration (0.6 to 1.4M) on the
characteristic features of the response. As can be seen,
the anodic peak current is enhanced with increasing
the acid concentration up to 1.2M after which it starts
to decrease.

Figure 8(B) shows that, by increasing the concentra-
tion of the monomer from 0.01 to 0.055M, the anodic
peak current is enhanced by increasing the monomer
concentration to 0.05M after which it starts to de-
crease.

TABLE 1I
Thermogravimetric Data of the Prepared Polypyrrole

Weight loss (%)

Temperature Removed
range (°C) Calcd Found molecule
25-100 4.66 4.60 H,O
100-200 9.30 8.70 2H,0
200-250 9.30 8.00 2H,0
250-320 9.40 10.70 HCl1

Remaining weight (%) above 500°C
8.00
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Figure 6 (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.

Figure 8(C) illustrates the influence of solution tem-
perature (288 to 308 K) on the cyclic voltammetric
response of the polymer formation. The data reveal
that an increase of temperature to 303 K results in a
progressive increase of the charge included in the
anodic peak. The data of Figure 8(A)-(C) are in good
agreement with the kinetic data.

Surface morphology

Homogeneous, smooth, black, and well-adhering
polymer films were electrodeposited on a platinum
surface in most conditions. The surface morphology of
polypyrrole film electrodeposited at optimum condi-
tions was examined by scanning electron microscopy.
The SEM micrograph shows tubular or fibrillar elon-
gated crystals [c.f. Fig. 9(A)]. The X-ray diffraction
pattern shows that the prepared polypyrrole sample is
a crystalline material, as shown in Figure 9(B), from
which it is clear that there are three strong peaks at 26
angle of 39, 46.5, and 67.

CONCLUSIONS
In conclusion, the above data revealed the following:

1. The initial rate of the electropolymerization reac-
tion of pyrrole on a platinum surface is relatively

low, given that calculation of the initial rate was
taken on the basis of the adhered polymer film on
the platinum electrode. The fraction of the dis-
solved product may be strongly dependent on
temperature and monomer or HCI concentration.
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Figure 8 Cyclic voltammogram curves for the electropolymerization of pyrrole from solution containing 0.1M Na,SO,: (A)
effect of HCl concentration; (b) effect of monomer concentration; (C) effect of temperature.

3. The apparent activation energy is 38.3 kJ/mol.
4. The prepared polypyrrole film is tubular or fibril-
lar nanocrystalline material, smooth, black, and

well adhered on the platinum electrode.

. From cyclic voltammetry studies, it is clear that

the onset oxidation potential of pyrrole is 300 mV
and the electroformation of polypyrrole film on
the electrode surface may be described partially
by a diffusion-controlled process.

. Further investigations on the effect of different

electrolytes and the presence of organic solvent
on the physical properties of the prepared film
are necessary. Also, use of this material as a
corrosion-inhibiting coating for steel in different
media should be carried out.
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