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ABSTRACT: The nucleation and growth mechanism of
some homopolymers of aniline (six monomers were stud-
ied: 3,5-dichloroaniline, 2,5-dichloroaniline, 2,6-dichloroa-
niline, 2,3-dichloroaniline, 2,5-dibromoaniline, and 2,6-
dibromoaniline), synthesized by potentiostatic methods,
was determined with a mathematical model that considers
different contributions from current–time transients with a
gold-disc electrode. Deconvolution of the transients for
the dichlorinated monomers showed IN3Dct and PN3Ddif

contributions (where IN3Dct refers to an instantaneous
nucleation and three-dimensional growth mechanism
under charge-transfer control and PN3Ddif refers to a pro-
gressive nucleation and three-dimensional growth mecha-
nism under diffusion control), whereas IN2D and PN3Ddif

components and IN2D, IN3Dct, and PN3Ddif components
(where IN2D refers to an instantaneous nucleation and
two-dimensional growth mechanism) were needed for 2,5-
dibromoaniline and 2,6-dibromoaniline, respectively. The
percentage of the contribution of the current–time tran-
sient to the total charge was worked out for each mono-
mer. The effect of the scan rate on the voltammetric
profile during the potentiodynamic electrosynthesis of the

polymers was studied too. Curves of the current versus
the square root of the potential scan rate were recorded
for a selected group of monomers, and the slope was
considered an estimation of the diffusion coefficient of the
respective monomer. Furthermore, the electrosynthesized
polymers were characterized with Fourier transform infra-
red, ultraviolet–visible, X-ray photoelectron spectroscopy,
and scanning electron microscopy. Microanalysis, used to
establish the ratio of the atomic percentages of P and N
for each polymer synthesized at a constant potential, was
performed for doped and undoped polymers. This param-
eter was a measure of the degree of electrochemical dop-
ing. The conductivity of the doped and undoped
polymers was also measured. Hence, the systematic char-
acterization of this analogue series of monomers allows,
before generalization, an adequate experimental design to
prepare polymers with the properties required for their
use. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 115: 107–
115, 2010
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INTRODUCTION

Conductive polymers have been synthesized by elec-
trochemical means for about 30 years. The synthesis
of conjugated polymers, the study of doping–undop-
ing processes, and the application of polymers in a
variety of fields account for the development of elec-
trochemical methods applied to the synthesis of con-
ducting polymers. Electropolymerization offers some
advantages over chemical methods; for example, the
polymer can be obtained in its doped, conductive
form, and the degree of doping can be controlled in
an efficient and simple way. Besides, in some
applications and characterizations, the polymer de-

posited onto the electrode can be used directly with-
out any further modification. From a theoretical
standpoint, the technique offers the advantage of
gathering a great deal of simultaneous information
during the electropolymerization process. The tech-
nique itself becomes a powerful tool for characteriza-
tion because information can be inferred about the
nature of the process occurring during the electropo-
lymerization. Kinetic and thermodynamic parame-
ters that may help to characterize the conducting
polymer can be determined as well. Furthermore,
electrochemistry allows studying and understanding
the systems in which the conductive polymers will
be used. Finally, electrochemistry is a powerful tool
for studying and understanding the nucleation and
growth mechanism (NGM) that renders polymeric
films.1–4 An NGM study is a complex matter even
for the formation of metallic deposits on metals
(electrocrystallization) because a series of factors
must be considered.5–8 Accordingly, models have
been developed that permit us to establish the nucle-
ation kinetics and kind of growth during
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electrocrystallization.9 It is noteworthy that a differ-
ence exists when the deposit on the metallic sub-
strate is a polymer: the nature of the film and the
mechanism through which this is generated are dif-
ferent. Asavapriyanont et al.10 were the first to study
the polymerization of pyrrol and N-methylpyrrol by
electrochemical means. An analysis of the current–
time (j–t) transient of the initial state led them to
conclude that, under the experimental conditions
employed, the process fits an instantaneous nuclea-
tion model with three-dimensional growth. Bade
et al.11 studied the nucleation and growth process of
polyaniline (PANI) on Au and Pt microelectrodes. In
this article, we report the determination of the NGM
of some homopolymers derived from aniline
obtained by electropolymerization at a controlled
potential. To this end, a mathematical model and
deconvolution of the j–t transients were used.

In an earlier investigation, we reported chemical
polymerization.12–15 Considering that electrochemistry
is fundamental to the study of conducting polymers,
in this case we have set forth a thorough analysis
that depends on the electrochemical perturbation
(potentiostatic or potentiodynamic). This analysis is
also complemented by other techniques to add to the
knowledge of the phenomenon that must be contem-
plated when this tool is used, which fundamental to
obtaining, characterizing, and controlling the proper-
ties of the material to be prepared.

Cyclic voltammetry was used to study the effect
of the scan rate on the voltammetric profile during
the electrosynthesis of the polymers, and curves of
j versus the square root of the potential scan rate
(v1/2) were recorded for four selected monomers.
The resulting polymers were also characterized with
Fourier transform infrared (FTIR), ultraviolet–visible
(UV–vis), scanning electron microscopy (SEM), and
X-ray photoelectron spectroscopy (XPS). Microanaly-
sis of the polymers to establish the level of electro-
chemical doping and conductivity measurements
were performed too.

EXPERIMENTAL

Dihalogenated monomers derived from aniline were
purchased from Aldrich (St. Louis, MO) and were
purified from a methanol/water mixture before use.
All the other reagents were also from Aldrich but
were used as received. Electrosynthesis and electro-
chemical characterization were performed on an
Autolab PGP 201 (Utrecht, The Netherlands) poten-
tiostat/galvanostat or a PGSTAT 20 with a three-
compartment, three-electrode cell and a CH3CN/
H2O (60/40 v/v) mixture as the solvent. The
concentrations of the monomer and supporting elec-
trolyte [tetraethylammonium hexafluorophosphate

(TEAPF6)] used throughout this work were 0.03 and
0.1 mol/L, respectively. A gold disc (0.07-cm2 geo-
metric area) was used to study the NGM and the
potentiostatic and potentiodynamic characterization.
A gold sheet (2-cm2 geometric area) was used for
preparing large amounts of the polymers to be char-
acterized by other techniques. Tin oxide (SnO2),
plated on glass (conducting glass; 0.5-cm2 geometric
area), was also employed in the electrochemical
characterization of the polymers, whereas a 2-cm2

electrode was used for characterization by other
techniques. All potentials quoted in this article refer
to a Ag/AgCl electrode in tetraethylammonium
chloride to match the potential of the saturated calo-
mel electrode (SCE) at room temperature.16 The
counter electrode was a Pt coil. All voltammetric
studies as well as the synthesis with the potentiody-
namic technique were performed at a scan rate of
100 mV/s. The electrolytic solutions were purged
with high-purity argon before and during the mea-
surement. Microanalysis was performed on a JEOL
(Peabody, MA) JMS-5800 LV scanning microscope.
A JEOL 6400F scanning microscope was employed
for obtaining SEM images. XPS spectra were
recorded on a Leybold (SPECTRO Analytical Instru-
ments GmbH, Kleve, Germany) LHS-12 spectrometer
at the University of Nantes/Centre National de la
Recherche Scientifique (Nantes, France). FTIR spec-
tra were measured on a Brucker (Michigan City, IN)
Vector 22 spectrophotometer with KBr pellets. UV–
vis spectra were recorded on a Shimadzu (Tokyo,
Japan) UV-3101 PC spectrophotometer in 1-cm cells.
Conductivity measurements were carried out at
room temperature on pellets of the polymer (24,000
psi) by the four-probe method on an Elchema (Potts-
dam, NY) CM 508 electrometer.

RESULTS AND DISCUSSION

To facilitate the discussion, the monomers were
separated into two groups. The first includes the
dibrominated derivatives of aniline [2,5-dibromoani-
line (2,5-DiBr) and 2,6-dibromoaniline (2,6-DiBr)],
and the second includes the dichlorinated deriva-
tives [2,5-dichloroaniline (2,5-DiCl), 2,6-dichloroani-
line (2,6-DiCl), 3,5-dichloroaniline (3,5-DiCl), and
2,3-dichloroaniline (2,3-DiCl)].

The best fit for the experimental curves corre-
sponds to the following general equation:

j ¼ at½expð�bt2Þ�þc½1 � expð�dt2Þ�
þ et�0:5½1 � expð�ft2Þ� ð1Þ

In this equation, all terms represent contributions
described in the literature.6,7 The first and second
terms correspond to instantaneous nucleation
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mechanisms under charge-transfer control with
two-dimensional (IN2Dct) and three-dimensional
(IN3Dct) growth, respectively. The last term corre-
sponds to a progressive nucleation and three-dimen-
sional growth mechanism under diffusion control
(PN3Ddif). The constants a, b, c, d, e, and f can be
described as follows:

a¼ 2pnMhFN2Dk
2
2

q
; b¼ pN2DM

2k2
2

q2
(2)

c¼NFk03; d¼ pN3DM
2k2

3

q2
(3)

e ¼ pFD0:5C1
q0:5

; f ¼ A0kpD
2

(4)

where F, M, and q are the Faraday constant, molecu-
lar weight, and density of the deposited polymer,
respectively. N2D and N3D are the instantaneous
numbers of nuclei formed at t ¼ 0 in two- and
three-dimensional forms, respectively. k2 is the
growth rate constant of the two-dimensional
nucleus. k3 and k03 are the rate constants of the three-
dimensional nucleus for parallel and perpendicular
growth, respectively. D, C1, n, and h are the diffu-
sion coefficient, bulk concentration, number of elec-
trons, and nucleus height, respectively. Finally, A0

and k in eq. (4) are defined by eqs. (5) and (6):

A0 ¼ ANdif (5)

k ¼ 4

3

8pC1M

q

� �0:5

(6)

where A is the rate constant of nucleus formation
and Ndif is the number of nuclei formed at t ¼ 0
under diffusion control. The values of the constants
in eq. (1) for each monomer, evaluated from the var-
iables involved in each contribution, are summarized
in Table I.

It is important to point out that the only experi-
mental variable considered in this research was the

nature of the monomer because all transients were
determined under the same experimental conditions
mentioned earlier.

On the basis of the experimental results, the
deconvolution of the j–t transient of the respective
monomer afforded the following NGM.

First, for dichlorinated aniline monomers, contri-
butions of the IN3Dct and PN3Ddif types were
obtained; that is, in eq. (1), the first term is zero. Fig-
ure 1 shows typical chronoamperograms for the
electropolymerization of 3,5-DiCl and 2,5-DiCl
obtained by the working electrode potential being
stepped to 1.470 and 1.497 V, respectively. The
model for the best fit and the individual contribu-
tions are also depicted in Figure 1. j–t transients for
the other dichlorinated derivatives obey the same
mechanism, but for each monomer, the weight of
each contribution will be different. Table II lists the
percentage contribution to the global model of each
investigated monomer. For poly(3,5-DiCl) and
poly(2,3,-DiCl), both components contribute to the
mechanism in a very short time, whereas for t >
10 s, the IN3Dct component becomes negligible, and
PN3Ddif predominates. As for poly(2,5-DiCl) and
poly(2,6-DiCl), a mixed behavior has been observed:
for t < 40 s, the PN3Ddif component prevails over
IN3Dct, whereas at long times, the IN3Dct compo-
nent becomes more important.

Because the morphology of the polymers depends
on the NGM, a morphology made up of three-
dimensional nuclei of various sizes is expected for
the polymers derived from dichlorinated monomers
on the basis of the mechanism to which the experi-
mental data have been fitted.

Second, the model used for deconvolution of the
j–t transient of the 2,5-DiBr monomer is formed by
IN2D and PN3Ddif contributions; that is, in eq. (1),
the middle term is zero. Figure 2 depicts the experi-
mental transient, the model to which it fits, and the
individual contributions. In addition, Figure 2 shows
that for t < 40 s, the IN2D contribution predomi-
nates over the PN3Ddif contribution, whereas for t >

TABLE I
Parameters a, b, c, d, e, and f for Each Monomer

Monomer E (V)
a (mA cm�2

s�1) b (s) c (mA/cm2) d (s) e (mA cm2 s1) f (s�2)

3,5-DCl 1.497 – – 0.00028 0.0217 0.15519 0.00005
2,5-DCl 1.475 – – 0.17091 0.0002 0.06635 0.00150
2,6-DCl 1.470 – – 0.59109 0.00022 0.27676 0.00180
2,3-DCl 1.460 – – 0.00646 0.00212 0.34651 0.00007
2-SS 1.460 – – 0.89464 0.00003 – –
2,5-DBr 1.380 0.00255 0.00123 0.01625 1.48 � 10�6 – –
2,6-DBr 1.270 0.00069 0.00046 0.14082 0.00012 0.37412 0.00012

The parameters were estimated from the models employed for the deconvolution of
the j–t transients with eq. (1). E ¼ electrode potential.
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50 s, the latter becomes much more important. From
a morphological point of view, this transient is
related to a system in which many nuclei are formed
in the beginning that grow in a homogeneous and
compact way, on top of which three-dimensional
nuclei of different sizes grow further.

Third, the model used for deconvolution of the j–t
transient of 2,6-DiBr involves three components:
IN2D, IN3Dct, and PN3Ddif. Figure 3 depicts the
experimental transient, the fitted curve, and the indi-
vidual components that describe the model. From
Figure 3, it can be seen that for t < 10 s, IN2D pre-
vails, but for longer times, this component becomes
less significant, and IN3Dct and PN3Ddif become
more important. According to this model, a mor-
phology in which small nuclei coexist with large
ones can be expected.

Effect of the scan rate potential on the
voltammetric profile in the electrosynthesis
of the polymers

For the purpose of obtaining additional information
regarding the electropolymerization process, the
influence of v on the previously studied processes
occurring during the potentiodynamic electropoly-
merization of the monomers was investigated.

TABLE II
Contribution of Each j–t Transient to the Overall Charge

Monomer IN2D (%) IN3Dct (%) PN3Ddif (%)

3,5-DCl – 9.6 90.4
2,5-DCl – 72.3 27.7
2,6-DCl – 69.5 30.5
2,3-DCl – 15.1 83.9
2-SS – 100 –
2,5-DBr 89.9 – 10.1
2,6-DBr 4.9 40.8 54.3

Figure 2 j–t transient for the electropolymerization of 2,5-
DiBr. The experimental conditions are the same as those in
Figure 1, except for the theoretical model (IN2D þ
PN3Ddif) and electrode potential (1.460 V). [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 1 j–t transients for the electropolymerization of (a)
3,5-DiCl (electrode potential ¼ 1.470 V; interface ¼ Au/
0.037M monomer þ 074M TEAPF6; H2O/CH3CN ¼ 60/40
v/v) and (b) 2,5-DiCl (electrode potential ¼ 1.497 V; inter-
face ¼ Au/0.037M monomer þ 074M TEAPF6; H2O/
CH3CN ¼ 60/40 v/v). [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Figure 3 j–t transient for the electropolymerization of 2,6-
DiBr. The experimental conditions are the same as those in
Figure 1, except for the theoretical model (IN2D þ IN3Dct

þ PN3Ddif) and electrode potential (1.460 V). [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 4 shows, as an example, cycle number 60 for
the electropolymerization of 2,5-DiBr at four scan
rates. The other monomers presented similar
behavior.

These voltammograms show a current increase
with an increasing scan rate, and this is consistent
with classical electrochemistry predictions. In addi-
tion, no new signals can be observed in these vol-
tammograms, and this indicates that both redox
processes are the same. As the scan rate increases,
the anodic and cathodic peak potentials are shifted
anodically and cathodically, respectively, by about
50 mV. Besides, the signal gets wider as the scan
rate decreases, this being particularly evident for
v ¼ 10 mV/s, and this is an indication of the irre-
versible nature of these processes.17 The same
behavior has been obtained, though to a lesser
extent, for PANI.18 On the other hand, at 10 mV/s,
the distinctive loop of nucleation and growth5,19,20

can be observed, shifting to smaller values as the
scan rate decreases. The amplitudes of both peaks in
the respective voltammograms are similar, pointing
to processes with charge-transfer rates very close to
one another.

The electropolymerization process is quite com-
plex because it involves chemical and electrochemi-
cal components.21 In terms of classical electrochemis-
try, this means that we are dealing with a so-called
dirty process in which the laws valid in classical
electrochemistry are sometimes not necessarily valid
for the electropolymerization process. Consequently,
it seems awkward to talk about electropolymeriza-
tion conducted under diffusion control because in
practice it has been demonstrated that the actual
process is more complex. An example of this is the
concept of a working electrode in electropolymeriza-
tion: at the onset of electrolysis, a series of very com-
plex, simultaneous processes occur on the working

electrode that invalidate the use of the classical
equations for electrochemical processes. After some
time, the electrode is modified, and the initial char-
acteristics are lost. Now we have a modified elec-
trode, that is, an electrode coated with a polymer or
oligomers on which a polymeric film is growing. In
this second step, the process may meet the laws of
classical electrochemistry, which initially are not
valid, because a new state has been reached that can
be considered stationary. To check this statement, a
correlation was sought between j of the second oxi-
dization process of the monomers and v1/2 because
it is well known that if a linear relationship exists,
the process is diffusion-controlled.20 Figure 5 depicts
j–v1/2 curves for currents of cycles 3, 31, and 60
(selected to consider three different stages of the
electropolymerization) at scan rates of 10, 50, 100,
and 150 mV/s. The straight line corresponding to
cycle 3, assigned to the initial stage, presents the
worst correlation coefficient, whereas this coefficient
improves for cycle 31, and for cycle 60, the regres-
sion coefficient is quite good. These results confirm
the hypothesis that in certain cases, after some time,
the electropolymerization process follows the laws
of classical electrochemistry.

In this investigation, analogous behavior was
observed for the six monomers, demonstrating that,
after a given period of time, all the electropolymeri-
zation processes became diffusion-controlled.

Finally, additional information can be obtained
from Figure 5. The peak current (jp) is related to v1/2

with the following equation:

jp ¼ K D
1=2
O v1=2 (7)

where DO is the diffusion coefficient of the oxidized
form and K is a constant involving parameters such
as the concentration, working electrode area, and re-
versibility coefficient. These parameters are equal, or
at least similar, for all the investigated monomers;
therefore, the slope of the jp–v

1/2 lines can be consid-
ered an estimation of the diffusion coefficient of the
respective monomer. Because of the nature of the
electropolymerization, it is not possible to predict
whether the diffusion is from the bulk of the solu-
tion to the electrode surface or to a determinate site
in the polymeric film. Also, there is no guarantee
that the deposit on the electrode is fully homogene-
ous. Therefore, values of the slope are an estimation
of the diffusion coefficient of each monomer. These
are relative values and are useful only for compari-
son; that is, they cannot be considered absolute val-
ues of the diffusion coefficients. Table III shows the
slopes of the jp–v

1/2 lines and the regression coeffi-
cients of the four monomers, which displayed a lin-
ear behavior (the criterion employed for linearity
was a regression coefficient >98%). For the other
three monomers, the regression coefficient ranged

Figure 4 Electro-oxidation of 2,5-DiBr with cyclic voltam-
metry at different v values (E ¼ electrode potential; inter-
face ¼ Au/0.037M monomer þ 0.074M TEAPF6; H2O/
CH3CN ¼ 60/40; cycle number ¼ 60). [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

ELECTROSYNTHESIZED POLYDIHALOANILINES 111

Journal of Applied Polymer Science DOI 10.1002/app



from 90 to 92%. As for monomers with a regression
coefficient less than 98%, a likely explanation for the
low values is that the time needed to reach linearity
is longer than that corresponding to the 60 cycles
employed in this work. In Table III, the values of the
slope for the dibrominated monomers are quite close
to one another, and so are those corresponding to
the dichlorinated derivatives. These results may be
considered evidence that the process is valid for ana-
lyzing the trend among analogous species. Finally,
the values of the slope in Table III also show that
the diffusion coefficients of dichlorinated monomers
are higher than those of dibrominated monomers.

This difference can be attributed to a higher mobil-
ity, which is mainly associated with the lower mass
of the dichlorinated monomers.

TABLE III
Slope (m) and Linear Regression Coefficient (R) of

the j–v1/2 Curves

Monomer m R

2,5-DBr 0.09218 0.99761
2,6-DBr 0.07806 0.98274
2,3-DCl 0.18672 0.98943
2,5-DCl 0.18970 0.99725

Figure 5 jp–v
1/2 relationship for 2,5-DiBr (interface ¼ Au/0.037M 2,5-DiBr þ 0.074M TEAPF6; H2O/CH3CN ¼ 60/40

v/v): (a) cycle 3, (b) cycle 30, and (c) cycle 60.

112 DEL VALLE ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Characterization of the potentiostatically
synthesized homopolymers by FTIR, UV–vis,
XPS, electron-probe microanalysis, conductivity,
and SEM

A summary of the main results obtained from the
characterization of the polymers synthesized at a
constant potential is presented next.

FTIR and UV–vis spectroscopy

The main features of the FTIR studies are as follows.
All the spectra for the compounds synthesized on Au
and conductive glass (CG) are alike; that is, no struc-
tural differences exist between polymers deposited
onto Au and CG. Besides, this behavior is common to
all the studied polymers. Polymers electrochemically
and chemically obtained show the same FTIR main
bands; that is, the polymeric structures are the same,
no matter what synthetic procedure is used.

The ratio of the C¼¼C band intensities, correspond-
ing to the benzenoid–diamine (IB) and quinoid–dii-
mine (IQ) units, affords information about the redox
state of the polymers. On the basis of the values of
the IQ/IB ratio, it can be stated that the polymers are
in their polyemeraldine state.

All UV–vis spectra for electrosynthesized dihalo-
genated polymers in the base form deposited onto
Au and CG are similar. Spectra on both Au and CG
display the same three bands at 260, 315, and
510 nm. A hypsochromic shift (related to a steric
effect) can be observed when these bands are
compared to those of PANI (300 and 500 nm). In
addition, chemically synthesized dihalogenated
polymers show the same three bands, and this
demonstrates the analogousness of the structures of
their polymeric chains.

XPS

The C1s deconvoluted spectrum for undoped
Poly(2,5-dichloroaniline) [P(2,5 DC1)] synthesized on
Au shows four contributions at 286.66, 286.3, 287.46,
and 288.53 eV. The last signal, attributable to a CAO
bond, is due to atmospheric contamination, the sol-
vent, and the supporting electrolyte. The Cl2p spec-
trum displays the typical bands of an aromatic
CACl bond: a doublet at 201.71 and 203.51 eV. XPS
spectra for undoped P(2,5-DC) electropolymerized
on CG show no significant qualitative differences
from those for undoped P(2,5-DC) deposited onto
Au, except for a small variation in the signal posi-
tion; that is, the two polymers are structurally simi-
lar. The N1s spectrum is the most important because
it provides information about the oxidation state of
the polymer and allows a comparison of the results
with those obtained by FTIR spectroscopy. Dihalo-
genated polymers synthesized on Au and CG pres-

ent two kinds of N1s spectra. P(2,5-DC) synthesized
on Au can be used as a example. The N1s spectrum
splits into two signals, affording information about
the redox state of the polymer. The ratio of the area
of the signal attributable to the amine group (Aa)
and the area corresponding to the imine group (Ai)
is an estimation of the redox state of the polymer.
The Aa/Ai ratio for P(2,5-DiCl) synthesized at a con-
stant potential on Au was 1.084, and this indicated
the emeraldine conducting state of the polymer.

Electron-probe microanalysis

The P/N atomic percentage ratios for each polymer,
doped [(P/N)d] and undoped [(P/N)u], synthesized
at a constant potential on Au were determined. This
parameter is a measure of the degree of electrochem-
ical doping of the polymer. From the data obtained,
the following conclusions have been drawn. First,
electrochemical synthesis has greatly improved the
level of doping of the surveyed polymers in compar-
ison with those obtained by chemical means with
inorganic acids as dopants.14 Second, there is no sig-
nificant difference in the degree of doping when the
synthesis is performed potentiostatically or potentio-
dynamically on Au; that is, (P/N)d is independent
of the electrochemical method of choice. Third, for
all the studied polymers, the level of doping is
always greater on Au than on CG. This finding may
be related to the higher potentials used for the syn-
thesis and doping of the polymers on Au.

Conductivity

The conductivity of doped and undoped polymers
synthesized at a constant potential on Au was meas-
ured at 20�C. A difference of up to 5 orders of mag-
nitude was observed for dichlorinated compounds,
demonstrating the efficiency of the electrochemical
doping. The lowest conductivity values were found
for dibrominated polymers. The conductivity of the
doped polymers lies in an intermediate position
between those of conducting and insulating poly-
mers (Table IV).

Another observation is the great difference
between the conductivities of the electrochemically
and chemically synthesized polymers, and this is
directly related to the efficiency of the electrochem-
ical doping. Also, no significant difference was
observed for the conductivity of a polymer synthe-
sized on Au at a constant potential and the same
polymer obtained with cyclic voltammetry. Finally,
all polymers electrosynthesized on Au presented
higher conductivities than the same polymers
deposited onto CG. This is a result of the higher
level of doping of the compounds synthesized on
Au.
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SEM

SEM micrographs of polymers potentiostatically syn-
thesized on Au in their doped state are shown in
Figure 6. In general, three-dimensional granules pre-
dominate, producing a cauliflower-like surface. The
differences observed among the micrographs lie
only in the granule size and in its distribution.

As previously found, three-dimensional growth of
the deposited polymers predominated for longer
times of electrolysis and should agree with the

observed morphology. On the other hand, from the
deduced NGM model, a certain correlation exists
between the granule size and distribution, which
would validate the method for predicting the mor-
phology of a polymeric deposit. Particularly for
dibrominated polymers in which, in addition to the
three-dimensional contribution, a two-dimensional
component exists, the surface of the deposited poly-
mer exhibits more compact zones as a result of the
two-dimensional growth. The differences in the mor-
phology among the dichlorinated polymers lie in the
granule size and the distribution of the same in
agreement with NGM predictions; that is, predomi-
nance of the PN3D contribution gives rise to larger
granules.

CONCLUSIONS

The nucleation and growth model, which permits
deconvoluting the respective j–t transients, is
strongly dependent on the monomeric structure and
is composed of one or more contributions that,

TABLE IV
Conductivity

Monomer

Conductivity (S/cm)

Doped Undoped

3,5-DCl 1.25 � 10�12 15.20 � 10�7

2,5-DCl 2.30 � 10�12 21.20 � 10�7

2,6-DCl 2.10 � 10�12 12.60 � 10�7

2,3-DCl 1.20 � 10�12 19.50 � 10�7

2,5-DBr 0.85 � 10�12 5.60 � 10�9

2,6-DBr 12.10 � 10�10 20.20 � 10�7

Figure 6 SEM micrographs of polymers synthesized at a constant potential: (a) P(2,5-DiBr) (electrode potential ¼ 1.46 V),
(b) P(2,6-DiBr) (electrode potential ¼ 1.46 V), (c) P(2,3-DiCl) (electrode potential ¼ 1.38 V), (d) P(3,5-DiCl) (electrode
potential ¼ 1.47 V), (e) P(2,5-DiCl) (electrode potential ¼ 1.497 V), and (f) P(2,6-DiCl) (electrode potential ¼ 1.475 V).
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simultaneously or successively, contribute to the
total charge. The predominance of one or another
contribution to the global NGM is determined by
the electrolysis time, and for longer periods of time,
the main contribution is always diffusion-controlled.
A correlation between the NGM and the morphol-
ogy of the obtained deposit has been established,
validating the model; simultaneously, it is also an
adequate tool for predicting and controlling the type
of morphology that is required.

The potentiodynamic method of electrosynthesis
has revealed that the redox processes of the studied
derivatives are analogous to those reported for PANI.
This fact has been corroborated by XPS studies.

The study of the effect of the scan rate on the elec-
tropolymerization process has indicated that above a
certain number of cycles, the oxidation of the mono-
mer is diffusion-controlled. At shorter times of elec-
trolysis or with a smaller number of cycles, the mor-
phology of the deposit noticeably depends on the
type of electrochemical perturbation. For longer
times or with a higher number of cycles (>60), the
morphology of the deposit becomes independent of
the kind of electrochemical perturbation. Neverthe-
less, the structure of the homopolymers obtained by
electrochemical techniques is similar to that of the
homopolymers obtained by chemical methods. All
the electropolymerized homopolymers were
obtained in their intermediate redox state, emeral-
dine, which corresponds to the more conducting
form in this class of polymers. The level of doping
of the electrochemically prepared polymers is
always higher than that found for the same poly-
mers obtained by chemical methods. Besides, the
level of doping is slightly higher for dichlorinated
polymers than for dibrominated polymers. The con-
ductivity and solubility of the electrochemically syn-
thesized homopolymers derived from aniline are
always greater than those of the same compounds
chemically prepared. Finally, it is possible to
increase the conductivity of the polymers derived
from aniline with electrochemical methods of
synthesis.

Thus, this investigation enables the selection of
the monomer of this series and the respective work-
ing conditions on the basis of the properties required
for the electronic device (e.g., higher or lower con-
ductivity and morphology).
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