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Abstract The electropolymerization of pyrrole on gold
modified by a self-assembled monolayer (SAM) of a
pyrrolyl lipoic acid derivative was investigated in detail
and the results compared to those obtained on bare
substrates. Both under potentiostatic and potentiodynamic
control, a slight blocking action of the underlying SAM
could be observed for the initial stages of polymer growth
but thereafter the electrochemical features were similar to
those collected for polypyrrole (PPy) deposition on bare
gold. The morphology and structure of PPy films formed
on the SAMs were characterized by atomic force micros-
copy and X-ray diffraction, which revealed that those
polymer properties are much more influenced by the
electrochemical mode of preparation, than by the underly-
ing SAMs. While, when compared to PPy on bare gold, no
effect has been detected on thin layers deposited at constant
potential, surface areas with rather irregular morphology, as
well as a small but beneficial influence in inducing order on
the first few layers of the polymer film, have been observed
on similar films formed by cyclic voltammetry. The typical
globular morphology of PPy has always been observed for
relatively thick layers in which the redox behavior,
analyzed by in situ AFM, showed an increase in volume
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of the polymer nodules upon reduction, largely due to the
SAM reorganization induced by the applied potential.
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Introduction

Electrochemical deposition of conducting polymers has
been studied extensively. A pursuit in some recent inves-
tigations is the improvement of several characteristics of the
generated polymer films, to make them attractive candi-
dates for new applications such as organic electronics and
nanotechnology. It is known that the surface properties of
the substrate where the polymer is deposited control the
polymerization process as well as the order, crystallinity,
morphology, and adherence of the films [1-6].

One of the most employed strategies to modify the
substrate surface, altering either the properties of the film
(improving mechanical and electrochemical stability [7]) or
the electrochemical deposition (avoiding the adhesion,
patterned deposition [8]), is the use of surface-confined
monomers; this can be achieved through electrochemical
grafting [9], Langmuir—Blodgett technique [10] or self-
assembly [11]. In spite of the formation of strong chemical
bonds assured by the grafting approach [9, 12, 13], e.g.
electrochemical reductive adsorption of functionalized aryl
diazonium salts, this method does not grant a strict control
over the number of layers (mono/multilayers), and thus on
the molecular arrangement on the electrode surface. Self-
assembled monolayer interfaces can be used to change the
surface energy and/or to provide nucleation sites for
covalent grafting of the polymer chains [14—16]. Although
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self-assembly is a random process [17] rendering impossible
to access the amount of defects in the monolayer, the
integrity of SAMs films prepared with compounds bearing
terminal monomer functionality appears to be satisfactory
and such interfaces have been reported as efficient not only
to assure the order of the confined monomers [18] but also
to induce good crystallinity at the substrate—polymer
interface [19-23].

It is well known that using thiol-based compounds high-
quality monolayers are formed on gold electrodes [24].
Although there are numerous reports on the electrochemical
behavior of monomer-terminated monolayers on gold
electrodes [25, 26], only a few papers are devoted to other
substrates [18, 27].

Pyrrole-containing alkanethiol monolayers have been adhe-
sion promoters molecules of choice to increase the polypyrrole
(PPy) film adhesion on Au surfaces, as a result of the high
interaction Au—S and of the low potential value for pyrrole
oxidation, enabling the polymerization process well before the
thiol oxidative desorption would take place [4, 28-37].

It is generally accepted that monolayers containing
pyrrolyl groups enhance the nucleation and growth of PPy
conducting films electrodeposited from pyrrole-containing
solutions [11, 32, 34, 38—44]. Willicut et al. in 1995 [11,
40] concluded that an enhancement of the nucleation,
growth, smoothness, and adhesion of PPy films was
obtained by using gold modified by short chain of w-(N-
pyrrolyl) alkanethiol molecules. Collard et al. [39] have
also shown that w-(3-pyrrolyl) alkanethiols with long alkyl
chains form well-ordered monolayers and by electrodepo-
sition of 3-ethyl pyrrole, an electroactive, smooth, and
adherent polymer film is obtained. The epitaxial growth of
N-hexadecylpyrrole was achieved by electrochemical de-
position on monolayers of (w-(N-pyrrolyl)-n-undecyl disul-
fide) on gold surfaces [1, 31]. It was found that at potentials
sufficiently positive to oxidize N-hexadecylpyrrole, the
surface-confined pyrroles form radical cations, which
establish a covalent bond, by coupling reaction, with the
monomer radical cations, thus acting as nucleation sites.
Worth mentioning, that most of all these studies were
carried out in organic media; less attention has been paid to
aqueous electrolytes.

On other substrates, studies focusing both the electro-
polymerization of surface-confined monomers and the
effect of such interfaces on polymer deposition and film
properties [18, 23, 45-48] have been mainly devoted to
polyaniline. Using silicon substrates modified with self-
assembled amino-silane monolayer, the growth of a highly
crystalline polyaniline film at the polymer—substrate inter-
face has been observed [23] which provides evidence on
the important role of substrate surface in determining the
structure and morphology of the deposited polymer; also,
the electrochemical deposition of aniline on indium tin
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oxide (ITO) modified with an aniline-terminated silane
derivative, showed that polymer deposition rates decrease,
and polymer films display smaller grains than when
prepared on unmodified ITO [18].

In this work, a specially synthesized lipoic acid pyrrolyl
derivative is used to modify the electrode surface, granting
an efficient bidding to gold, by self-assembly throughout
the two sulfur atoms, as recently reported in a paper
devoted to the formation and electrochemical behavior of
such SAMs [49]. The electrodeposition of PPy films on the
modified gold electrodes is investigated in detail; the
influence of the SAM on the polymer nucleation and
growth is analyzed and contrasted to the responses of PPy
films electrosynthesized on bare gold. The morphological
and structural properties of thin and thick layers are
addressed by atomic force microscopy (AFM) and X-ray
diffraction (XRD).

Experimental

The synthesis of the 3-(1H-pyrrol-1-yl)propyl 5-[(3R)-1,2-
dithiolane-3-yl] pentanoate (Py-LA; Scheme 1) has been
reported elsewhere [49]. The monomer pyrrole (Py—
Sigma-Aldrich) was purified by distillation under reduced
pressure, prior to use. The lithium perchlorate (LiClO4—
Fluka, purity >99%) was recrystallized with ethanol. All
aqueous solutions were prepared with Millipore-Q water
(nominal resistivity of 18 MQ at 25 °C).

The electrochemical measurements were performed using
a set of equipments consisting on a potentiostat (Wenking
LB 75L), a voltage scan generator (Wenking VS683), a
double pulse control generator (Wenking DPC 72) and a
Recorder X-Y Model 2000 (The Recorder Company).

Two different Au-working electrodes were used: gold
slides (Gold Arrandee, GmbH) (with an exposed area of
0.48 cm?) and free gold polycrystalline disks (99.99%, area
0.5 cm?). For each experiment, the gold slides substrates
were cleaned with piranha solution, washed with ethanol
and water and dried with N, (purity >99.99997%) flow.

0

Scheme 1 3-(1H-pyrrol-1-yl)propyl 5-[(3R)-1,2-dithiolane-3-yl]
pentanoate (Py-LA)
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This procedure was followed by flame-annealing, to
produce a flat surface with a predominant (1 1 1)
crystallographic orientation. For the gold-free disks a fresh
mirror-finish surface was generated by hand-polishing the
electrode in an aqueous suspension of successively finer
grades of alumina (down to 0.05 pm). A Pt foil (1 cm?) and
a saturated calomel electrode (SCE) were employed as
counter electrode and reference electrode, respectively. For
the studies using the gold slides, a one-compartment Teflon
cell was used, whereas a three-compartment cell was
employed for the experiments with the gold disk.

Deposition of monolayers of pyrrole-containing lipoic
acid derivatives was achieved by immersing the gold slides
in 1 mM Py-LA ethanolic solution, during 16 h. The PPy
electropolymerization was performed on Au (111), poly-
crystalline Au and Au (111)/Py-LA SAM electrodes, from
an aqueous solution of 0.1 M LiClO4, containing 0.03 M
pyrrole, under potentiodynamic and potentiostatic modes.
The films synthesized potentiodynamically were obtained
by cycling the potential between —0.600 and +0.740 V at a
sweep rate of 0.05 V s~', whereas for the potentiostically
grown films the potential was stepped from the open circuit
potential to +0.700, +0.740, +0.792 or +0.882 V vs. SCE.
The same aqueous electrolytic solutions were used to
characterize the modified electrodes, by CV in the potential
range of —0.400 to +0.400 V at 0.05 Vs '. All the solutions
were deoxygenated directly in the electrochemical cell with a
stream of N, for at least 20 min prior to each experiment and
the measurements were carried out at room temperature.

The structural characterization of the so-obtained PPy
films was done by X-ray powder diffraction in a Philips X-
ray diffractometer (PW 1730) with automatic data acquisi-
tion (APD Philips v3.6B) using Cu K, radiation (A=
0.15406 nm) and working at 30 kV/40 mA. The X-ray
patterns were obtained in the 26 range of 2° to 30°, using a
0.005° step size. The morphology of the modified electro-
des was examined with a Nanoscope Illa Multimode
Atomic Force Microscope (Digital Instruments, Veeco) at
room temperature. In situ experiments were performed
using a commercial electrochemical AFM (ECAFM) cell
(Digital Instruments, Veeco), containing platinum wires as
counter and pseudo-reference electrodes. The platinum
wires were flame-annealed before each experiment. The
stability of the pseudo-reference electrode in the ECAFM
cell was routinely checked, and the voltammograms
obtained were compared to the ones recorded in a
conventional electrochemical cell with a saturated calomel
electrode. Therefore, all potentials cited in this paper have
been converted to SCE. The ex situ AFM images were
obtained in tapping mode, using etched silicon tips
(resonance frequency of ca. 300 kHz), whereas the in situ
measurements were performed in contact mode, using V-
shape silicon nitrite cantilevers.

Results and discussion

The voltammetric response of the monolayer-modified
electrodes bearing one pyrrole group (Py-LA SAM), in
0.1 M LiClO4 aqueous solution, is illustrated in Fig. 1.
The irreversible oxidative wave, centered at about 0.9 V
(oxidation peak I), corresponds to the oxidation of the
pyrrole terminal groups since it is absent in gold electrode
coated with octyl-LA monolayers; as shown in a previous
paper [49] the monolayers resists to this electroxidation
step: after oxidation of the surface-confined monolayer
(10 cycles between 0 and 1.0 V) no changes in the SAM
blocking properties toward a solution redox probe, K;Fe
(CN)g, were observed. However, sweeping the potential to
further positive values, the oxidative desorption of the
monolayers from gold (oxidation peak II) occurs and the
reverse potential sweep disclose the characteristics of the bare
gold electrode (reduction peak III and IV). Peak II is
sharp and displays high current for Py-LA SAM which
might be explained by an intrinsic structural organization
and by the contribution of the change in ion pairing upon
oxidation of the pyrrole moieties. The presence of a large
background current at high positive potentials, prevents a
direct evaluation of the surface coverage from the charge
beneath that oxidation peak; considering a second
potential cycle as an appropriate background current,
and the transfer of six electrons associated with the
oxidative desorption of the dithiolane moiety, the
estimated surface coverage is 5.2x 10 '°mol cm 2. This
value, is in reasonable agreement with those obtained for
the electrochemical reductive desorption [49], and with
the effect of the size of the end group when compared to
octyl-LA SAMs or close-packed rn-alkanethiols SAMs on
gold substrates [50-52].

0.1 mA cm?

—

-0.300 A 1.200

1.500

E/V vs SCE
v I

Fig. 1 Electrochemical oxidative desorption of pristine Octyl-LA
(light gray) and Py-LA SAMs (dark gray) from Au substrate; 1 h of
deoxygenation, in 0.1 M LiClO4; »=0.05 V s

@ Springer



1988 J Solid State Electrochem (2010) 14:1985-1995
— 0.5mAcm
0.5 mA cm2 s

C

b

a
-0.600 0.0 0.740
E/V vs SCE

a

0 16 30 trs

Fig. 2 Current-time transients recorded during the potentiostatic
growth of PPy on Au polycrystalline (dashed line) and Au (111) slide
(solid line) electrode. The potential steps were applied from the open
circuit potential (=0.00 V vs. SCE) to the growth potential (E,) a £,=
0.700 V, b E£,=0.792 V, and ¢ E,=0.882 V, in an electrolyte solution
of 0.03 M Py in 0.5 M LiClO4

The electropolymerization of Py, from solutions contain-
ing 0.03 M Py in 0.1 M LiClO4, was performed at
potentials bellow 0.95 V, to assure the integrity of the
SAMs.

0.5 mA cm-
E,=0882V
E=0792V
~_ -~ E;=0740V

E,=0.740V
E,=0.700V

= L

0 15 30 t/s

Fig. 3 Current-time transients recorded during the potentiostatic
growth of PPy on Au (111)/Py-LA SAM (solid lines). The potential
steps were applied from the open circuit potential (=0.05 V vs. SCE)
to E,=0.700 V, E,=0.740 V, E,=0.792 V, and E,=0.882 V, in an
electrolyte solution of 0.03 M Py in 0.5 M LiClO4. Dashed line
corresponds to current—time transient recorded during the potentio-
static growth of PPy on Au (111) at £,=0.740 V
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Fig. 4 Cyclic voltammograms of the electropolymerization of
polypyrrole from 0.03 M Py in 0.5 M LiClO, at ©=0.05 Vs ' on a
Au (111) slide electrode (four cycles) and b Au (111)/Py-LA SAM
(six cycles)

For a series of applied potentials, typical current
transients [53] were observed for the potentiostatic poly-
merization of Py on polycrystalline gold and on the slides
modified with Py-LA SAM (Fig. 2). Stepping the potential
from an initial value where no electron transfer occurs, e.g.
the open circuit potential, to a value where the oxidation
takes place, at #=0 the double-layer charging originates the
current spike, which decays exponentially with time and is
superimposed by the Faradaic current from the electro-
chemical reaction; the evolved time to reach the lowest
current density value in the transient, indicative of the
nucleation process onset, decreases as the growth potential

Fig. 5 AFM-tapping mode images of a PPy films grown potentiody-
namically (10 polymerization cycles at v=0.05 Vs ') on Py-LA SAM
(a) and Au (111) slide electrode (b), comparison between AFM height
and phase contrast images (¢); 1x1 pm? window size, detail (0.5x
0.5 um?) of image a-right (d), and polymer formed with on 25
polymerization cycles at ©=0.05 Vs ' on Py-LA SAM (e): left
image 2x2 pm?® and right image with 1x 1 pm? window size. Z scale
equal to 30 nm for 3D-processed topographic top image (a), 40 nm for
the other three images in (a), (b), (¢) and right image in (e)
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increases. This process is much clearly observed for the
PPy films deposited on gold (111) surface than on
polycrystalline gold, as illustrated respectively by the
distinct profiles of solid and dashed b curves in Fig. 2.
Therefore, smooth gold (111) was chosen to investigate the
influence of the underlying SAM onto PPy electrochemical
deposition. Also, a predominant crystallographic orientation
enables a better organization and packing of the monolayer.

The effect of the Py-LA SAM on the nucleation and
growth of PPy can be observed in Fig. 3. Although all
stages involved in the polymer deposition develop at lower
rate than on bare gold no significant blocking effect due to
the presence of the monolayer can be retrieved. The
oxidation of the pyrrolyl terminal groups, to form radical
cations necessary for polymerization, prior to the oxidation
of pyrrole from solution and the coupling of surface-
confined species to monomer/radical cations from solution,
leading to a covalent bond between the monolayer and the
deposited film, might explain the experiential differences in
the current transients [7, 11, 32, 34, 39-44].

By virtue of a high number of available nucleation sites on
the modified surfaces, it is expected that the polymer
deposition exhibits an enhanced nucleation [1]. Indeed, that
appears to be the case for Py-LA SAM where the monolayer
discharge and nucleation onset occurs at shorter time than on
bare gold. Also, the augment in current during polymeriza-
tion points to an increasing electroactive surface area.

The potentiodynamic deposition of PPy onto bare and
modified gold electrodes is shown in Fig. 4a and b,
respectively. The characteristic features, e.g. monomer
oxidation and progressive increase of the waves assigned to
PPy redox conversion, can be clearly seen, but the respective
current responses are again higher for polymer deposition on
bare gold than on the SAM-modified electrode.

The first few layers between the base electrode and the
further deposited polymer are very important for the
adhesion and in developing the morphology and structure
of thicker polymer films. The PPy films deposited on Py-LA

SAM, with a relatively low number of potential cycles, i.e.
well before the film starts to increase its thickness substan-
tially, display an irregular morphology where areas with long
segments can be observed (Fig. 5a), dissimilarly to the
typical regular globules observed for PPy films deposited
on gold (Fig. 5b). A comparison between the AFM height
image and the one obtained by phase contrast analysis, very
sensitive to changes in the composition of the surface, Fig. 5c,
advocate that the nodules and the segments have the same
composition and thus are made of the same material.

As reported previously [49], scanning tunneling micro-
scope (STM) imaging of Py-LA SAM electrodes after
being submitted to oxidation, in the absence of Py in
solution, reveal the formation of aggregates; these might be
responsible for the observed morphology of the first layers
of the deposited PPy. Indeed, looking in detail at the AFM
image, some organization in the globular region can also be
observed as pointed by the arrows in Fig. 5d. Nonetheless,
typical globular morphology is observed for thick (25
potential cycles) PPy films (Fig. Se).

As expected from the features of the current transients, the
morphology of thin PPy films prepared at constant potential
is also affected by the underlying SAM. It is very likely that
the preceding oxidation of the terminal groups of the SAM
and so-formed agglomerates act as seeds, promoting the
instantaneous nucleation of the nascent polymer film,
originating grains on its top as divulged in Fig. 6.

One of the main aims in using substrates modified by
SAMs bearing a Py terminal functionality for the electro-
polymerization of Py from solution is the development of
ordered structures which are known to contribute for the
enhancement of the conductivity of the growing film [54,
55]. A direct relationship between the synthesis conditions
and the final structure is hard to achieve since most of the
structural information is obtained ex situ, thus after
submitting the films to washing and drying treatments.
Nevertheless, based on X-ray diffraction patterns, it has
been reported in the literature that PPy presents a large

Fig. 6 AFM-tapping mode topographic images of PPy films grown potentiostatically at E,=0.740 V on Au (111)/Py-LA SAM, (a) 3D
representation, Z=60 nm (1x1 um?); (b) 2x2 um? and (¢) 1x1 um? window sizes, for both images Z=40 nm
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amount of disorder, being the X-ray peaks broad Gaussians
[56, 57]. The main peak, occurring at about 26=19°, has been
attributed to the amorphous regions of the polymer [57-59].
A crystal peak at 20~5° and, when the polymer growth is
conducted at very low rates, semicrystalline regions
showing peaks at about 20=13°, assigned to the charac-
teristic interchain repeat unit and in the region 26=22 to
27°, related to the pi-stacked rings of PPy, have also been
described [56, 58, 59].

To examine the effect of the underlying SAM on the
structural properties of the deposited PPy, thin films were
potentiodynamically prepared on bare and modified gold;
four and six potential scans were used respectively, in order
to observe films displaying similar electroactivities (oxida-
tion charge, 0ox~0.5 mC cm ?). The X-ray diffractograms
are presented in Fig. 7. The spectrum obtained from the
layer on Au is typical of those reported for PPy, i.e. a very
broad peak centered at 260=18°, denoting the amorphous
nature of the polymer. In the case of PPy grown on the
SAM, this peak suffers a significant decrease in intensity
and is followed by another slightly higher and sharper at
260=22°, suggesting that the SAM has a beneficial effect,
even small, in inducing order on the first few layers of the
polymer film, probably due to a contribution of two effects:
an increase in the number of nucleation sites and to the
SAM reorganization induced by the potential cycling [60].

The X-ray diffraction patterns of the set of films,
prepared potentiostatically, are depicted in Fig. 8. In
contrast to the data shown in Fig. 7, reflected intensities
are found between 12° and 26°, pointing to the presence of

counts/ a.u.

281°

Fig. 7 XRD patterns of Au (111) slide electrode (a) and PPy films
electropolymerized onto Au(111) with four cycles (b) and on Au(111)/
Py-LA SAM with six cycles (c), in 0.03 M Py+0.1 LiClO,4 at v=
0.05 V's~". Inset XRD patterns of the supporting electrolyte, LiC10,4 [75]

semicrystalline PPy (small but sharp peaks at 260=12.5° and
25° and two not completely resolved peaks in the region
around 20°). These remarkable differences are undoubtedly
attributable to the electrochemical mode and conditions
employed to grow the polymer. Moreover, it is clearly
noticeable that there is no influence of the underlying SAM in
the structure of the polymer films potentiostatically deposited.

Certain systematic changes can be observed in the
diffractograms of Fig. 8. An augment of about 0.050 V in
the growth potential (from 0.740 to 0.782 V), either using
bare or modified gold, results in a poorer crystallinity of
PPy, denoted by the decrease in intensity of all peaks and
by the less resolution of those around 20=20°. A lower
crystalline character is also perceived for thicker films; a
non-negligible reduction in peaks intensity is detected for
PPy grown with 12 mC cm 2, when compared to a film
prepared with 5 mC cm 2. These observations agree with
previous reports, namely supported on AFM experiments,
revealing highly orientated growth nuclei of PPy deposited
at constant potential, over a gold electrode [61], and based
on ex situ X-ray experiments, showing that the first layers
of PPy films are flat and orientated whilst additional
overlayers are oriented randomly [62].

The voltammetric responses of the PPy films prepared
under the described conditions, in fresh monomer-free
electrolyte, allow to compare the polymer redox behavior.
In early days, the charge compensation accompanying the

1000+

750+

counts / a.u.

500+

250

0 5 0 15 20 25 30
20 /°

Fig. 8 XRD patterns of a Au (111) slide electrode and PPy films
grown potentiostatically in 0.03 M Py+0.1 LiClO4, b Au(111)/PPy:
E,=0.740 V, growth charge (Qy)=5.8 mC cm 2, ¢ Au (111)/Py-LA
SAM/PPy: E,=0.740 V, Q,=5 mC em 2, d Au (111)/Py-LA SAM/
PPy: E,=0.740 V, 0,=12 mC cm 2, e Au (111)/Py-LA SAM/PPy:
E,=0.792 V, 0,=5 mC em 2, and f Au(111)/PPy: E,=0.792 V,
0,=5 mC cm ?
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Fig. 9 Cyclic voltammograms of the PPy films potentiodynamic
grown at v=0.05 V s 'on (dashed line) Au(111)/PPy with four cycles
and (solid line) Au(111)/Py-LA SAM/PPy with six cycles, in
monomer-free solution

polymer oxidation and reduction process was assumed to
be assured just by anions movement [63, 64]; it has been
recognized later that protons [65, 66] and other cations [67,
68] may also participate in the process, depending on the
size and nature of these species.

Under the conditions employed in the present work, the
claimed incorporation of protons into PPy (ClO, ) during
the electrochemical dedoping process in aqueous solution
[65] as well as its subsequent expulsion during doping course
cannot be retrieved from the voltammetric data. Indeed the
oxidation/reduction current waves are broad enough to cope
with the transport of dopant anions, electrolyte cation,
protons, and solvent throughout the polymer, but do not allow
to discriminate the correspondent fluxes.

In Fig. 9, the dashed and full curves represent the
electrochemical behavior of potentiodynamically prepared
PPy on Au and on Py-LA SAM; in both cases, the shape
and position of the redox conversion are remarkably
similar, pointing to no further influence of the SAM apart
from to deter the electropolymerization, requiring a higher
number of potential cycles in order to observe films with
close electroactivity than those deposited on Au (Qo=
0.49 mC cm 2 for PPy generated with six cycles on the
SAM modified electrode, whereas four cycles on gold
produce a film displaying Qox=0.54 mC cm ?). As
expected, the same applies to the results of the analogous
experiments with PPy films grown under potentiodynamic
control (Fig. 10). In fact, for growth potential (E;) of
0.740 V, Fig. 10a, using about the same growth charge
(5 mC cm ?) the PPy grown on SAM has smaller electro-
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activity than that obtained when the film is deposited on Au
(Table 1).

The redox conversion of PPy prepared at higher
potential values, e.g. 0.792 V, or with different thicknesses
is alike. Worth noting that the oxidation charge/reduction
charge (Qox/Oreq) ratio (Table 1) is relatively higher for
films potentiostatically formed on SAMs, than usually
observed for electronically conducting polymers [69] and
namely for PPy [53].

In spite of the research reports using scanning probe
microscopy on the effect of the doping state on the
morphological properties of PPy [70-72], the volume
changes associated to PPy redox switching has been subject
of some controversy. By in situ STM characterization under

|

0.400
E/V vs SCE

-01400 0.0

Fig. 10 Cyclic voltammograms of the PPy films potentiostatically
grown with Q,=5 mC cm Zata E,=0.740 V on Au(111)/PPy (dashed
line) and Au(111)/Py-LA SAM/PPy (solid line) and b E,=0.792 V on
Au(111)/Py-LA SAM/PPy, in monomer-free solution



J Solid State Electrochem (2010) 14:1985-1995

1993

Table 1 Oxidation (Q,x) and reduction charge (Oreq) plus Qox/Oreq ratio of the PPy films, synthesized under different electropolymerization
conditions and substrates and characterized in 0.1 M LiClO,4 at v=0.05 V/s, E=[—0.400, +0.400]V vs. SCE

Growth mode Substrate/Film growih charge/mC cm™2 Qox/mC cm > Orea/mC cm > Oox/Ored
Potentiostatic £g=0.792 V Au(111)/Py-LA SAM/PPys o 0.43 0.31 1.39
Au(111)/Py-LA SAM/PPyg 0.76 0.64 1.19
Au(111)/Py-LA SAM/PPy s 5 1.05 0.89 1.18
Potentiostatic Eg=0.740 V Au(111)/Py-LA SAM/PPys 0.41 0.34 1.21
Au(111)/Py-LA SAM/PPy 5, 1.19 0.91 1.31
Au(111)/PPys g 0.58 0.47 1.23
Potentiodynamic Au(111)Py-LA SAM/PPYj cycies, s0mv s 0.49 0.39 1.26
Au(111)/PPy4 cycles, 50mV s~ 0.54 0.43 1.26

potential control it was shown [73] that a swelling of the
polymer matrix occurs due to the insertion of counter-
ions; on the other hand, an in situ AFM study revealed
that throughout the first reduction, a perchlorate-doped
PPy, in aqueous solution of NaClO,4, undergoes initially
rapid swelling and subsequent slow shrinking, with no
significant changes in volume during further redox con-
versions [61]; a reversible expansion of 30% in PPy film
thickness upon reduction by scanning the potential has also
been claimed [66, 74].

oxidised'(E=0.300V)

-10.0

0 05 1.0
pm

Fig. 11 In situ topographic AFM images of PPy films grown
potentiodynamically on Au (111)/Py-LA SAM with 25 polymerization
cycles at v=0.05 Vsﬁl, in 0.1 M LiClOy. Left and right image with 1.2
1.2 pm? window size and profile diagram. a Images recorded of the Au
(111)/Py-LA SAM/PPy (25 cycles) during the negative shift of the

reduced (E=-0.300.V)

Figure 11 shows in situ AFM images illustrating the
morphologies of a thick PPy film (grown with 25 potential
cycles on gold modified with Py-LA SAM), in LiClO4
solution, during sequential oxidation and reduction, by
stepping the potential from 0.300 to —0.300 V. Remarkable
changes are observed, being clear that upon reduction the
PPy nodules increase substantially in size and change the
shape from globules to a more oval structure. The outcome
is similar in subsequent oxidation and reduction scans
(Fig. 11a).
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substrate potential first from 0.300 to —0.300 V (fop image) and
subsequently during the positive shift of the substrate potential
from —0.300 to 0.300 V vs. SCE (down image). In all topographic
images Z=40 nm
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To explain these morphological changes, consistently
observed during PPy doping/dedoping process, phase
relaxation due to solvent transport through the polymer
and inherent structural rearrangement, and ion transport for
charge compensation inside the film, must obviously be
taken into account. However, even taking for granted the
incorporation of protons and solvated Li ions during
electrochemical reduction, it is not plausible to consider
that the charge compensation is repeatedly accomplished by
cation transport rather than anion expulsion from the film
(as reported for the very early stages of redox reaction of
PPy on gold [61]); still the small size of the inserted
cationic species could not dilate the PPy in the extent
revealed by Fig. 11. Thus, a significant contribution must
arise from the underlying SAM reorganization induced by
the applied potential.

Conclusions

Under potentiostatic or potentiodynamic control, the elec-
trochemical deposition of PPy over monolayers of pyrrolyl
lipoic acid derivative self-assembled on Au is observed
without SAM decomposition or removal. In aqueous
solutions of LiClO,, the monomer and monolayer oxidation
potentials are about the same but a small blocking action of
the SAM is noticed in the polymerization onset, by the later
formation of polymer first nuclei (potentiostatic growth) or
lower overall current (electropolymerization carried out by
cyclic voltammetry) in comparison to the results collected
in bare gold. However, polymer film thickening is not
significantly affected by the presence of the SAM.

The morphology and structure of PPy films formed on
the SAMs were characterized by AFM and XRD, which
revealed that those polymer properties are much more
influenced by the electrochemical mode of preparation,
than by the underlying SAMs. Nevertheless certain changes
are worth mentioning. When the electropolymerization is
carried out potentiodynamically, the underlying SAM
appears to give rise to distinct surface areas, where nodules
or relatively long segments are seen by AFM. In the case of
the layers deposited at constant potential, the semicrystal-
line nature of the so-obtained thin PPy layers is not altered
by depositing the polymer over the SAM. In contrast, the
SAM appears to induce some order on the first layers of the
polymer film, as denoted by the modification of the XRD
spectrum obtained for PPy on bare gold, i.e. the broad peak,
assigned to the PPy amorphous character, suffers a decrease
and, concomitantly, two diffraction waves surge.

Thick layers display the typical PPy globular morphology.
Their redox behavior, analyzed by in situ AFM, showed a
significant increase in volume of the polymer nodules upon
reduction. Taking into account the solvent and supporting

@ Springer

electrolyte nature, the major part of this outcome is
undoubtedly attributable to the reorganization of the under-
lying SAM induced by the applied potential. Indeed, it also
explains the above mentioned features observed for PPy
layers deposited by potential cycling.
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