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Organic coatings based onN-(2-carboxyethyl)pyrrole (PPA) and a butyl ester of PPA (BuOPy) were deposited
via electrochemical oxidation. The homo- and copolymers were electropolymerized on glassy carbon and stainless
steel in acetonitrile using tetrabutylammonium tetrafluoraborate (Bu4NF4B) as the electrolyte. The mechanism of
deposition on stainless steel was studied by chronoamperometry and by the tapping and phase angle imaging
modes of atomic force microscopy. The electrochemical properties and growth of the films were investigated by
cyclic voltammetry. The composition of the copolymers was determined by reflection-absorption Fourier transform
infrared spectroscopy. We found that while the hydrophilic monomer PPA undergoes progressive nucleation
followed by instantaneous growth the hydrophobic BuOPy nucleates instantaneously. The rate of BuOPy
electropolymerization was higher than that of PPA, and the resulting film was thicker yet fluffier. Copolymer
films were enriched by BuOPy as compared with the electropolymerization solution, which is attributed to the
faster rate of electropolymerization of BuOPy than PPA.

Introduction

Organic conducting polymers such as polypyrrole, poly-
aniline, and polythiophene have attracted substantial interest in
recent years due to their electrochemical properties, ease of
preparation, and wide range of applications.1 They show major
promise in areas such as ion exchange, batteries,2,3 biosensors,4-6

and corrosion inhibition.7 Polypyrrole, for example, has been
used in the preparation of polypyrrole-hyaluronic acid com-
posite biomaterials for tissue engineering.8 Numerous studies
have been carried out aiming to investigate the different
properties of conducting polymers focusing on the electrical
properties.9-11 A number of investigations have targeted the
copolymerization of heterocyclic compounds of different types,
such as aniline-pyrrole,12,13aniline-thiophene,14 and thiophene-
pyrrole.15 The aim of these studies has been to correlate between
the composition of the copolymerized mixture and the final
electrochemical, physical, and morphological properties of the
copolymer. Among conducting polymers, polypyrrole is by far
the most studied and applied, due to its relatively low oxidation
potential, high stability, and excellent electrical properties.16

Another approach that has been pursued as a means of
controlling the properties of conducting polymers involved the
synthesis and polymerization of substituted monomers. Pyrroles
can easily be modified in their N position through alkylation.
Such modification still allows its electropolymerization and at
the same time makes it possible to modify drastically the
polymer physical and chemical properties based on the char-
acteristics of the substituents. Hence, we find it very appealing
to tailor the properties of polypyrroles based on the combination
of two approaches, namely, modification of the pyrrole and
copolymerization.

Diaz and co-workers have studied the electrochemical
behavior of N-substituted pyrrole with different functional
groups and substituent size in the early 1980s.17,18 Since then,
a variety of novel N-substituted pyrroles have been synthesized
and electropolymerized by varying the electrochemical condi-
tions, electrolyte, and nature of the electrode surface.19-21

Several research groups have focused on copolymerization of
pyrrole and N-substituted pyrroles by chemical oxidation.22-24

Yet, only a few studies have been reported on the copolymer-
ization of N-substituted pyrroles by electrochemical oxidation.
Chen-Yang et al.25 copolymerized pyrrole withN-hydroxyalkyl
pyrrole and characterized the resulting copolymer, which was
electrodeposited on stainless steel. They noticed a different
deposition mechanism for both components and discussed the
influence of the functional hydroxyl groups. The researchers
claimed that the electropolymerization of onlyN-hydroxyalkyl
pyrrole resulted in a more condensed film than the pyrrole due
to hydrogen bonding. These films showed low electroactivity
in comparison with pure polypyrrole film.

Polypyrrole and its derivatives have shown potential applica-
tions in medicine due to their electrical properties, environmental
and chemical stability, as well as their biocompatibility.26,27Such
coating is essential to reduce unwanted immune response toward
the bare device surface (usually metal). Hence, the coating of
the device should be biocompatible and heamocompatible.
Moreover, the coating of the medical device could be used also
for drug elution. In a parallel study28 we have been investigating
the interaction of a polypyrrole derivative with paclitaxel
(Taxol), known as a very hydrophobic drug. We found that a
hydrophobic matrix is superior in maintaining the drug inside
the polymer. A study describing the synthesis and electropoly-
merization of pyrrole-based monomers with different alkyl
chains has been recently reported by us.29 We have also
examined the formation of an electrodeposited coating of
polypyrrole with chemically attached poly(lactic acid) nano-
particles.30
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Here we report on the structure analysis and properties of
copolymers based on pyrrole derivatives. Two pyrrole deriva-
tives were examined,N-(2-carboxyethyl)pyrrole (PPA) and a
butyl ester of PPA (BuOPy) (Scheme 1). The electrochemistry
was carried out using stainless steel and glassy carbon working
electrodes; the homo- and copolymers were analyzed by cyclic
voltammetry and chronoamperometry. The films were analyzed
by reflection-absorption Fourier transform infrared (RA-FTIR)
spectroscopy, atomic force microscopy (AFM), and contact
angle measurements.

Experimental Section

Materials. N-(2-Carboxyethyl)pyrrole (PPA) and a butyl ester of
PPA (BuOPy) were synthesized as previously described.28 The products
were distilled and kept under nitrogen prior to use. Acetonitrile (ACN)
(BioLab, Jerusalem, Israel), tetrabutylammonium tetrafluoraborate
(Bu4NF4B) (Aldrich), tetrapropylammonium perchlorate (Pr4NClO4),
and sodium perchlorate (NaClO4) were used as received.

Instrumentation. Electrochemical measurements were conducted
with a 630B electrochemical analyzer (CH Instruments, Austin, TX)
using a three-electrode cell with Ag/AgBr as a reference electrode and
a Pt wire as a counter electrode. The working electrodes were of three
types: 3 mm diameter glassy carbon (GC) disks, 316L stainless steel
plates, and 3 mm disks (embedded in a Teflon sheath) and thin film
gold vapor deposited glass plates.

External RA-FTIR spectra were recorded using an Equinox 55
(Bruker) spectrometer equipped with a nitrogen-cooled mercury
cadmium telluride detector at a resolution of 2 cm-1. The spectra were
acquired with a grazing angle accessory having an incident angle of
80° to the normal and a p-polarized beam. Typically, 500 scans were
collected versus a reference, which was a bare gold surface.

Contact angles were measured with a Rame´-Hart model 100 contact
angle goniometer. These measurements were repeated three times for
each sample, and the average values are reported. All aqueous solutions
were prepared from deionized water (Barnstead Easypure UV system).
Thicknesses of the polymer coatings were detected by profilometery
(P-15, KLA-Tencor Co., San Jose, CA). AFM measurements were
conducted using a Nanoscope Dimension 3100 scanning probe micro-
scope with a Nanoscope IVa controller.

Methods. Polypyrrole derivatives were deposited on the electrode
surface using cyclic voltammetry (CV) from an ACN solution contain-
ing 0.1 M Bu4NF4B and 5 mM total concentration of the monomers.
A potential sweep (three scans) was applied between-0.4 and 1.4 V
vs Ag/AgBr at a scan rate of 0.05 V s-1. The coated surfaces were
rinsed with pure acetonitrile and dried with a gentle stream of nitrogen.
Stainless steel plates were used for AFM, profilometry, and contact
angle measurements, where the polymers were deposited by applying
a constant potential (which will be detailed below) up to 60 s. Polymer
films for RA-FTIR spectroscopy measurements were deposited on gold
by CV.

Results and Discussion

Cyclic Voltammetry of the Pyrrole Derivatives. Figure 1
shows the cyclic voltammograms of solutions consisting of
BuOPy (1), PPA (2), and a 1:1 (mole ratio) mixture of both (3)

monomers using glassy carbon (GC, Figure 1A) and 316L
stainless steel (SS, Figure 1B) disk electrodes.

It can be seen that both monomers as well as their mixture
exhibit oxidation waves at potentials more positive than 1.2 V.
Yet, the oxidation waves are less well-defined and shifted
anodically on SS, which is presumably due to sluggish kinetics.
In general, such organic hydrophobic compounds display facile
kinetics on carbonaceous materials. The oxidation waves are
substantially more positive than pyrrole as is expected due to
steric and electronic factors. It has been reported that the nature
of the N-substituent influences the electrochemical behavior of
the monomer, but the major, i.e., steric, effect is caused by the
size of the substituent.18 We cannot determine the major factor
that causes BuOPy to be oxidized at a slightly more negative
potential than PPA on GC; however, we suggest that the more
hydrophobic nature of the ester derivative enhances electron
transfer on this hydrophobic surface. It can be seen that the
oxidation wave of the mixture falls between those of the
individual monomers. However, the potential difference between
the individual peaks is insufficient to decide (from this measure-
ment) whether polymerization of the mixture proceeds through
real copolymerization or the wave is a superposition of the
individual monomers. The cyclic voltammograms obtained on
SS are difficult to interpret and will be treated differently,
namely, by chronoamperometry.

Figure 2 shows the CV of the first three cycles of BuOPy
(Figure 2A), PPA (Figure 2B), and their 1:1 mixture (Figure
2C). It is evident that the oxidation wave potentials do not
change significantly in the course of polymerization. Further-
more, an additional oxidation wave (shoulder) appears in the
second cycle and at more negative potentials for PPA and a
1:1 mixture of BuOPy and PPA. A similar behavior was
observed in the electropolymerization ofN-(â-hydroxy)eth-
ylpyrrole.19 This wave is probably associated with the negatively
charged functionality of the monomer. Finally, the growth of
the polymers is demonstrated by the continuous increase of the
doping and undoping waves that appear at approximately 0.82
V. The increase of the currents can be correlated with the
thickness of the films that was measured by profilometry. The

Scheme 1. Chemical Structures of N-(2-Carboxyethyl)pyrrole
(PPA) and a Butyl Ester of PPA (BuOPy)

Figure 1. First cyclic voltammograms of 5 mM of BuOPy (1), PPA
(2), BuOPy/PPA (bulk ratio 1:1) (3) in 0.1 M Bu4NF4B in acetonitrile
at a scan rate of 0.05 V/s (E vs Ag/AgBr) recorded with glassy carbon
(A) and stainless steel (B) disk electrodes.
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thickness of the polymers varies linearly with the number of
cycles (Figure 2 D) up to approximately 10 cycles, which
exceeds 1.2µm.

Table 1 summarizes the water contact angle and the thickness
of the polymers deposited potentiostatically on stainless steel
plates. We did not observe any significant difference between
deposition the films by sweeping the potential (cyclic voltam-
metry) or holding it at a constant value (potentiostatlically). As
expected, the largest contact angle is obtained for pBuOPy due
primarily to its hydrophobic nature. Yet, the contact angle
depends also on the morphology as will be discussed later. The
thickness of pBuOPy is also the largest as compared with pPPA
and the 1:1 mixture of them, although special attention was paid
to deposit the films up to the same charge (0.4 Coulomb). The
contact angle and the thickness of the 1:1 copolymer lie well
between the homopolymers.

The electrodeposited film can be characterized by the doping/
undoping process, which is associated with the ingress and
egress of usually anions. The redox potential of the system is
defined as the mean of anodic and cathodic maxima. Figure 3
shows this doping/undoping process in an ACN monomer-free
solution after depositing the films (three scans) on GC and SS.
The electrolyte was Bu4BF4. It is clear that while the doping/
undoping process is reversible on GC (Figure 3A) there is a
substantial peak potential difference between the cathodic and
anodic waves on SS (Figure 3B), which means that the doping/
undoping process is significantly less reversible on stainless
steel. Furthermore, the doping/undoping reversibility of pPPA

and the copolymer on stainless steel is higher than that of
pBuOPy, which is understandable taking into account the
hydrophilic nature of the substrate.

Figure 4 shows the solvent and electrolyte effect on the
doping/undoping waves of pBuOPy. Changing the solvent from
ACN to water has a major effect and results in almost blocking
this process. However, exchanging the anions (from BF4

- into
ClO4

-) in ACN has only a minor effect on the cyclic voltam-
mogram. It should be mentioned that the currents of the doping/
undoping process in ACN for the three polymers vary linearly
(R2 equals 0.998, 0.979, and 0.997 for pBuOpy, pPPA, and
p(BuOPy:PPA), respectively) with the scan rate indicating that
the ingress and egress of the ion is fast independent of the film
thickness.

Infrared Spectroscopy.Figure 5 shows the RA-FTIR spectra
of the homopolymers pPPA and pBuOPy and copolymers
formed from different bulk ratios (3:7, 1:1, and 7:3).

All spectra were normalized just for comparison. All samples
were prepared by cyclic voltammetry. Each homopolymer has
its typical absorbance assigned to the carbonyl band at a different
wavenumber. pPPA has a broad peak at 1704 cm-1 (Figure 5(1))
as a result of hydrogen bonding between carboxylic units within
the polymer. However, the carbonyl of the ester group of

Figure 2. Cyclic voltammogram of 5 mM BuOPy (A), PPA (B), and
BuOPy/PPA (bulk ratio 1:1) (C) in 0.1 M Bu4NF4B in acetonitrile at a
scan rate of 0.05 V/s (E vs Ag/AgBr) recorded with a glassy carbon
disk electrode. (D) pPPA film thickness dependence on number of
CV cycles.

Table 1. Summary of Water Contact Angle and the Thickness of
pBuOPy, pPPA, and p(BuOPy:PPA) (bulk Ratio 1:1)a

monomer contact angle (deg) thickness (µm)

BuOPy 90 1.44
PPA 35 0.41
BuOPy/PPA 1:1 78 0.93

a The films were deposited using chronoamperomery at a constant
potential of 1.4 V up to the same charge of 0.4 Coulomb. (The deposition
solution consisted of 5 mM of the monomer and 0.1 M Bu4NF4B in ACN.)

Figure 3. Cyclic voltammogram of pBuOPy/F4B- (1), pPPA/F4B- (2),
p(BuOPy:PPA)/F4B- (bulk ratio 1:1) (3) in 0.1 M Bu4NF4B in aceto-
nitrile at a scan rate of 0.05 V/s (E vs Ag/AgBr) on glassy carbon (A)
and stainless steel (B) disk electrode.

Figure 4. Cyclic voltammogram of pBuOPy/F4B- in acetonitrile also
containing 0.1 M of the following Bu4N+ salts, F4B- (1) and ClO4

-

(2) (E vs Ag/AgBr), and in 0.1 M aqueous solution of ClO4
- (3) (E vs

Ag/AgCl).
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pBuOPy absorbs at 1729 cm-1 (Figure 5(5)). Due to this
frequency difference we can easily analyze the polymer bulk
composition. Figure 5 shows the IR spectra of the various
compositions. It is evident that the chemical composition of the
film is strongly affected by the ratio of the monomers in the
electropolymerizing solution. For a 1:1 bulk ratio a double peak
of the same height is obtained (Figure 5(2)), whereas for a 7:3
pBuOPy/pPPA bulk ratio a carbonyl peak consisting of two
maxima (Figure 5(3)) can be detected, where the intensity of
the peak corresponding to the ester is larger. The reverse picture
is obtained for an opposite ratio of the monomers (Figure 5(4)).
The copolymer spectra were analyzed using a curve-fitting tool,
and the copolymer film’s composition was evaluated by
integrating the fitted peaks. The results are presented in Table
2. It can be seen that the copolymer films are enriched by the
BuOPy monomer as compared to the electropolymerization
solution. Nevertheless, these results do not provide accurate
information about the ratio between the two structural units in
the copolymer but their total ratio in the film. This is obviously
due to the fact that we lack information about the molecular
weight of the copolymers.

These findings are in complete agreement with our electro-
chemical measurements, which clearly showed that BuOPy
polymerizes faster than PPA. Using the ratio of the monomers
in solution and copolymer composition ratio obtained from the

carbonyl FTIR peak integration, the reactivity ratiosr1 andr2,
for the monomer pair BuOPy (M1) and PPA (M2), can be
evaluated by the Fineman-Ross31 method, as determined by
eq 1

where

The linear plot ofF(f - 1)/f ) r1(F2/f) - r2 is shown in Figure
5A and yields the monomer reactivity ratiosr1 ) 1.01( 0.03
andr2 ) 0.38( 0.12 for BuOPy and PPA, respectively. These
values imply that BuOPy is 2.5 times more reactive than PPA.

Electrodeposition Process.Detailed information about the
initial electrodeposition process can be extracted from chrono-
amperometry. Figure 6A shows the current-time (I-t) transients
of pBuOPy (1), pBuOPy/pPPA (1:1) (2), pBuOPy/pPPA (9:1)
(3), and pPPA (4) recorded during early steps of electrodepo-
sition (up to 20 s) on a stainless steel disc electrode at a constant
potential of-1.4 V. The two homopolymers pBuOPy (1) and
pPPA (4) show a distinct difference during deposition on
stainless steel. pBuOPy exhibits a current maximum,im, at
longer times,tm, as compared with pPPA, which shows a steeper
current peak at shorter times.

The shapes of the recorded transients can be explained in
terms of a nucleation and growth mechanism.32 Three distinct
regions can be seen in each curve. The first, where the current
decreases, refers to the double-layer charging process, which is
detected also during electrolysis in a monomer-free electrolyte
solution.33 The second region comprises the current maximum,
which is related to the nuclei overlapping. The last region is
characterized by a slow current decline that approaches a
plateau. In certain cases, a second maximum is observed.33 The
charging current region is identical for all samples and will not
be further discussed. The mechanism of deposition can be
evaluated mainly from the second region, where the shape of
the transient and the different parameters,im and tm, disclose
the nature of the deposition mechanism. In essence, the
mechanism can be categorized into four major groups, which
are expressed by the following equations:32

two-dimensional progressive

two-dimensional instantaneous

three-dimensional progressive

three-dimensional instantaneous

The pPPA transient (Figure 6A(4)) shows a rapid increase of
the current within a relatively short period of time and a very
clear narrow current-time shape. This can be ascribed to a
progressive nucleation mechanism in which the rate of nucle-
ation is much faster than the rate of nuclei growth. Indeed, the
first part of the transient can be reasonably fit (especially at the

Figure 5. (A) Infrared spectra of pPPA (1), p(BuOPy:PPA) (bulk ratios
of 1:1 (2), 7:3 (3), and 3:7 (4)), and pBuOPy (5) formed on stainless
steel plates using CV. The inset shows the expanded spectrum of
the carbonyl region. (B) Fineman-Ross plot for electrocopolymerza-
tion of BuOPy with PPA.

Table 2. Monomer Ratios in Solution and Copolymer Composition
Ratios Obtained from FTIR Curve Fitting by Integration

BuOPy/PPA (F) bulk ration BuOPy/PPA (f) polymer composition

9:1 9.66:1
2.3:1 3:1
1:1 1.3:1
0.42:1 0.61:1
0.11:1 0.54:1

F(f - 1)/f ) r1(F
2/f) - r2 (1)

f ) d[M1]/d[M2], copolymer composition ratio

F ) [M1]/[M 2], monomer bulk ratio

I/Imax ) (t/tmax) exp{-2/3(t3 - tmax
3)/tmax

3} (2)

I/Imax ) (t/tmax) exp{-1/2(t2 - tmax
2)/tmax

2} (3)

(I/Imax)
2 ) 1.2254/(t/tmax){1 - exp[ - 2.3367(t/tmax)

2]}2 (4)

(I/Imax)
2 ) 1.9542/(t/tmax){1 - exp[ - 1.2564(t/tmax)]}

2 (5)
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nucleation region) with the theoretical current-time curve
(Figure 6B), whereas the decay of the current is somewhat in
between the two mechanisms, implying a mixed growth
mechanism. The progressive nucleation transient of pPPA
reflects the fast nucleation (increase of current) that is followed
by relatively slow nuclei growth until they fully overlap (current
maximum) and cover the entire electrode.

However, the chronoamperometry of pBuOPy deposition
(Figure 6A(1)) shows that the current reaches a maximum after
a longer period of time and its intensity is somewhat lower than
that of pPPA. This is explained by the number of nuclei, which
is kept almost constant from the very beginning of the process.
Their radii grow until nuclei overlap and cover the surface. The
transient curve fits in the beginning an instantaneous nucleation
process, while its decay is even more moderate than the
theoretical instantaneous process (Figure 6C).

The difference between the chronoamperometry of both
polymers can be explained by differences in polymer-metal
interactions. Since the stainless steel surface is covered with a
thin oxide layer, which is hydrophilic to some extent (contact
angle 60°), it is likely to better interact with hydrophilic and
polar species, such as PPA. This interaction favors the progres-
sive nucleation. Alternatively, hydrophobic species, which do
not interact strongly with the interface, will deposit via the
instantaneous nucleation mechanism, where nuclei growth
dominates over nucleation.

Inspecting the current-time transients of mixtures of mono-
mers reveals interesting, however, expected behavior. Namely,
the addition of even relatively small amounts of PPA (10%)
(in p(BuOPy:PPA) (9:1)) into a solution of BuOPy changes the
mechanism of polymerization from instantaneous to progressive
deposition. This can be accounted for by the preferred interac-
tions of PPA with the SS surface, which results in the favorable
initial deposition of pPPA. Thus, we expect that the very initial

film will be enriched with pPPA, which serves as a suitable
(more hydrophobic) substrate for further deposition of pBuOPy.
Indeed, electrodeposition of BuOPy/PPA (9:1) at a high potential
(1.6 V) gives two well-defined maxima, Max1 and Max2 (Figure
6D). Hence, the chronoamperometry results are in accordance

Figure 6. (A) Current-time transients (at 1.4 V) for the electrodeposition of pBuOpy(1), p(BuOpy:PPA) (bulk ratio 1:1) (2), p(BuOpy:PPA) (bulk
ratio 9:1) (3), and pPPA (4) on a stainless steel disk electrode. (B and C) Dimensionless plot of current maximum vs time maximum of PPA and
BuOPy deposition (Figure 6A(4 and 1)), respectively, and theoretical curves for three-dimensional instantaneous and progressive nucleation.
(D) Current-time transient (at 1.6 V) for the electrodeposition of p(BuOpy:PPA) (bulk ratio 9:1) on a stainless steel disk electrode.

Figure 7. Current-time transients for the electrodeposition of pBuopy
on a stainless steel disk electrode. Potential steps of 1.3 (1), 1.4 (2),
1.5 (3), and 1.6V (4) vs Ag/AgBr.

Figure 8. Current-time transients for the electrodeposition of pPPA
on a stainless steel disk electrode. Potential steps are the same as
in Figure 7.
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with the FTIR findings described above that show that the final
bulk deposition is enriched with hydrophobic pBuOPy.

The mechanism of deposition of each polymer can be altered
by the applied potential. Figures 7 and 8 show the effect of the
applied potential on the transients of pBuOPy and pPPA,
respectively. It can be seen that the chronoamperometry of
pBuOPy changes drastically as the applied potential varies from
1.3 to 1.6 V. As the driving force for deposition increases, the
shape of the transient matches better a progressive nucleation.
This is understandable and in agreement with previous reports.34

Polymerization of pPPA, which proceeds even at lower
overpotentials via progressive nucleation, does not change
dramatically; moreover, it fits better with the progressive
mechanism.

AFM Analysis. AFM imaging was used for supporting our
chronoamperometry findings and correlate between the tran-
sients and surface morphology and composition. AFM in its
different modes of operation, e.g., tapping and phase imaging
modes, can provide invaluable information about polymer
roughness and composition.35 Figure 9 represents AFM height
images of pBuOPy(1), pPPA (2), p(BuOPy:PPA) (bulk ratio
1:1) (3), and p(BuOPy:PPA) (bulk ratio 9:1) (4) formed by
chronoamperometry (60 s) at 1.4 V. We anticipated that
progressive nucleation would result in smoother films than
polymers formed via instantaneous nucleation. This has already
been reported for different conducting polymers.36-39 Indeed,
inspecting the AFM images and the data in Table 1 (contact
angle values difference) clearly shows that a pPPa film is
smoother than a pBuOPy film. The copolymers give surface
morphologies that are in accordance with their bulk ratios.

As we look at AFM height images of p(BuOPy:PPA) (bulk
ratio 9:1) (4) it can be seen that its roughness parameters are
more close to those of pBuOPy, in contrast with the current-

time transient curve, which was more similar to pPPA (Figure
6). This can be explained by changing the deposition mechanism
after nuclei overlapping.37 Namely, whereas before nuclei
overlapping PPA was predominantly deposited, the film grows
with a similar composition of the solution after the pristine
surface is entirely covered by a polymer.

To obtain information about the local distribution of the differ-
ent monomer units inside the film, we have used phase imaging
AFM (Figures 10A′-D′). This technique, which is based on
mapping the phase of the cantilever oscillation during the
tapping mode scan, provides important information beyond
simple topographical mapping (Figures 10A-D) that allows the
detection of variations in composition, viscoelasticity, friction,
and other properties.35 This application makes it possible to
identify contaminants and map different components in com-
posite materials at very high resolution, which cannot be
achieved by the tapping mode. The composition difference of
the films is clearly revealed by contrast changes in phase
imaging.

Figure 10 shows the phase imaging of electropolymerized
films made of pBuOPy (A′), pPPA (B′), p(BuOPy:PPA) (bulk
ratio 1:1) (C′), and p(BuOPy:PPA) (bulk ratio 9:1) (D′). It can
be seen that there are no contrast changes indicating that the
films are made of homopolymers. A distinct difference is
disclosed upon imaging the copolymers. The phase imaging of
a sample made of 1:1 p(BuOPy:PPA) shows a clear contrast
between the two components, which are homogeneously
distributed across the surface. The phase imaging of the
copolymer composed of 9:1 p(BuOPy:PPA) also shows a clear
contrast between the components constituting the surface,
however, to a lesser extent than the 1:1 copolymer. This is in
complete agreement with our FTIR results discussed above.

Figure 9. Three-dimensional AFM images of pBuOPy (1), pPPA (2), p(BuOPy:PPA) (bulk ratio 1:1) (3), and p(BuOPy:PPA) (bulk ratio 9:1) (4)
formed on stainless steel plates using chronoamperometry (potential of deposition equals 1.4 V vs Ag/AgBr). Roughness parameters (Rq) are
added for each image.
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Figure 10. Tapping mode (left) and phase (right) images of a pBuOPy (A), pPPA (B), p(BuOPy:PPA) (bulk ratio 1:1) (C), and p(BuOPy:PPA)
(bulk ratio 9:1) (D).
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Conclusions

A series ofN-(2-carboxyethyl)pyrrole (PPA) and a butyl ester
of PPA (BuOPy) copolymers and their corresponding ho-
mopolymers were electrochemically deposited on glassy carbon
and stainless steel surfaces. It has been shown that the structural
features of these two monomers resulted in different deposition
mechanisms and electrochemical and physical properties of the
polymer films. Changing the monomer solution ratio and
deposition conditions also allowed us to create structurally,
chemically, and electrically different polymer films, which may
provide opportunities for a broad spectrum of medical applica-
tions such as implantable device coatings for drug elution.
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