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Abstract

Aniline and p-phenylenediamine were electrochemically oxidized in aqueous solutions by
potentiodynamic deposition using Cyclic Voltammetry (CV) technique Resulting polymer
films electrodeposited on Si substrates were identified by infrared spectroscopy as
polyaniline and poly(p-phenylenediamine) films. Cyclic voltammograms demonstrated that
poly(p-phenylenediamine) films are non conductive contrary to polyaniline films which are
conductive and electropolymerized through an autocatalytic mechanism. The morphological
features (thickness, roughness, morphology) of the electrodeposited polymer films were
determined using Profilometry, Scanning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM). Adhesion force properties of polymer films were also studied by means
of force-distance curves obtained by Atomic Force Microscopy. The influence of some
experimental parameters (potential scan speed, number of potential scans) was also
studied. Thus, it was shown that the potential scan speed strongly influence both
morphological features and force adhesion, when the influence of the number of potential
scans was less important. Under optimal conditions, it was possible to obtain very adhesive

polymer films that could be useful for the micromanipulation of Si objects.
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1. Introduction

Conducting polymers have been a popular topic of investigation because of their interesting
electrical and electrochemical properties and their potential applications in various areas.
Among these are corrosion protection [1,2], electronic devices such as diodes [3], capacitors
[4] or transistors [5], electrochromic displays [6], rechargeable batteries [7,8] and solid
electrolytes [9], electrostatic materials [10], drug release systems [11, 12], electromechanical
actuators [13], sensors [14, 15] or biosensors [16-18].

Conducting polymer films with a high conductivity and a high stability can be prepared either
by chemical oxidation from a monomer solution in the presence of a strong oxidant or by
electrochemical oxidation from a monomer solution in the presence of a supporting salt.
Electrochemical polymerization is limited to metallic or semiconducting substrates but offers
many advantages including its easiness, rapidity of the reaction, and possibility to accurately
control the experimental conditions. Another attractive advantage of electrochemical
deposition method for synthesizing conducting polymers is that the desired product may be
anchored onto substrate materials at the desired quantity, shape and size for the final
application in one single step. Hence, electrochemical methods to produce conducting
polymer films have been extensively studied, in particular for electrodepositing polypyrrole,
polythiophene or polyaniline, the most widely used conducting polymers [19-24].

Among conducting polymers, polyaniline (PANI) [25, 26] has been widely studied in the last
decades due to its simple synthesis, good chemical stability in ambient environment,
possibility of deposition on various substrates [27] and possibility of behaving like an
insulator, a semiconductor or a metal, through chemical doping or dedoping process.
Moreover, it is well-established that the polyaniline polymerization is dependent on various

factors. For example, the temperature influences the films capacitance [28], the pH varies
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strongly the morphological features [29], and the nature of the counter-ions influences the
conductivity of the polymer films [30].

Poly(p-phenylenediamine) (PPPD) is another heterocyclic polymer that can be obtained by
oxidation in aqueous solution of p-phenylenediamine [31], whose structure differs from the
structure of aniline from only one amino group. Poly(p-phenylenediamine) can be chemically
or electrochemically deposited on surfaces or particles and it is often incorporated in sensors
such as glucose sensors [32], H,O, sensors [33] or nitrophenol sensors [34]. When compared
to the large number of papers that have been written on the electropolymerization of
aniline it is clear that relatively little work has been done on the polymerization of p-
phenylenediamine. The main studies concerned its polymerization mechanism [29],
deposition kinetics [35], electrochemical properties [35] and spectroscopic properties [29,
36, 37].

Due to the possibility of strongly depositing polyaniline and poly(p-phenylenediamine) on
metallic or semiconducting surfaces, and due to the presence of amino groups able to
modify the adhesion properties of the substrate, it is proposed in this work to
electrosynthesize and to characterize these two amino polymers on silicon surfaces for
further applications in micromanipulation. Indeed, in the field of micromanipulation
research, the surface modification of silicon micromanipulators is an important issue to
improve the catching and releasing of micro-objects. Micromanipulation being very
dependent from adhesion properties, it is therefore important to control morphological
features and adhesion properties of modified silicon surfaces. Consequently, in the present
study, the effects on the morphological features and adhesion properties of
electropolymerization parameters, such as the potential scan speed or the number of
potential scans, were studied. In particular, electron microscopy and atomic force

microscopy were used to deeply study PANI and PPPD films.

2. Experimental
2.1. Reagents
Analytical grade aniline, from Sigma Aldrich, was freshly distilled under reduced pressure

and stored in dark at low temperature (4°C). Double deionized water (Milli-Q, resistivity 18
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MQ.cm) and analytical grade hydrochloric acid were used to prepare the electrolyte
solutions. Aniline was used at the concentration of 0.4 M in an aqueous solution of 1.2 M
HCl. Analytical grade p-phenylenediamine, from Sigma Aldrich, was used at the
concentration of 0.1 M in a commercial phosphate buffer solution (pH 7.0, from Bioblock,

France).

Electrochemistry

Potentiodynamic electropolymerization of polyaniline and poly(p-phenylenediamine) films
was performed using a PGZ 301 potentiostat (Tacussel-Radiometer Analytical SA-France)
controlled by a computer via VoltaMaster 4 Software interface. A three-electrode
electrochemical cell was used in all cases. The rectangular planar substrates (area: 1.0 cm x
0.5 cm) used for polymer electrodeposition were obtained by cutting 100-oriented standard
4" silicon wafers (from Siltronix, B-doped, resistivity: 0.015 + 0.005 Q.cm, thickness: 250 + 10
um). The reference electrode was a Saturated Calomel Electrode (SCE), XR100 model from
Radiometer analytical and the counter-electrode was a platinum sheet. All electrochemical

experiments were carried out at room temperature (293 K).

2.2. Characterization

The chemical structure of the films deposited by electrochemical oxidation of p-
phenylenediamine and aniline was determined by using InfraRed Reflection Absorption
Spectroscopy (IRRAS). More precisely, the samples were investigated in reflection geometry
under a grazing-incidence angle of 71° using a Vertex 70 FT-IR spectrometer equipped with a
DTGS detector.

The thickness and roughness of each polymer film was determined by stylus-based
mechanical probe profiler (Alpha-Step 1Q, KLA Tencor). Thickness and average roughness
were measured on a scan length of 1000 pm at a scan speed of 20 um.s .

The surface morphology of the polymer films was studied using a high-resolution Scanning
Electron Microscope. Once synthesized and dried, polymer samples were examined in a LEO
microscope (Scanning Electron Microscopy LEO stereoscan 440, manufactured by Zeiss—

Leica, K6ln, Germany) with an electron beam energy of 15 keV.
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The study of morphological features and adhesion properties was also performed with a
commercial atomic force microscope (stand-alone SMENA scanning probe microscope NT-
MDT, Russian). The experiments were done under controlled environment with a laminar
flow (humidity 30 % and 25°C). The force measurements performed on this Atomic Force
Microscope were done in the "Nanorol platform" whose aim is to measure the
micromanipulation nanoforces and which is based on the measurement of the AFM
cantilever deformation with a laser deflection sensor. The Si rectangular AFM cantilever,
whose stiffness is 0.3 N.m™, was fixed and the substrate moved vertically. The work
application objectives are to improve reliability of micro-object manipulation, so interactions
have been studied between a micrometric sphere and a plane. Force-distance curves were
created to measure the approach force (pull-in force) when the sphere approaches the
sample, and the adhesion force (pull-off force) when the sphere leaves the surface during
sample retraction. Measurements were performed with a cantilever where a borosilicate
sphere (r = 5 um radius) was glued on the free extremity and below this one. Ten
measurements were done at different points on the same sample with a driving speed of 0.2

um.s'l.

3.Results and discussion
3.1. Electrodeposition of polymers
Electrochemical deposition of polyaniline and poly(p-phenylenediamine) was performed by
cyclic voltammetry on silicon substrates, from aqueous solutions of aniline and p-
phenylenediamine, respectively. The influence of the potential scan speed and number of
potential scans was studied for both polymers and the resulting measurements were
discussed and relied to the morphological, structural and adhesion properties of the polymer
films.

3.1.1. Electrodeposition of poly(p-phenylenediamine) films
Figure 1a shows the cyclic voltammogram of p-phenylenediamine (PPD) swept at 100 mV.s™*
during 10 scans in pH 7.0 phosphate buffer solution containing 0.1 M PPD at a Si (100)
working electrode. During the first scan, oxidation peaks were observed at + 1.7 V/SCE and +

2.0 V/SCE. The location and the broadness of these oxidation peaks are characteristic of
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amines, and the broadness renders the experimental study of the electrochemical
mechanism impossible. Consequently, the two oxidation peaks can be attributed to the
oxidation of the two amino groups contained in the molecular structure of PPD monomers.
During the following scans, these oxidation peaks disappear and the oxidation currents
decrease progressively, thus demonstrating that a non-conductive film grows on the surface
of the Si electrode. The cyclic voltammogram also indicates that the electrochemical
oxidation of PPD is a completely irreversible process.

Such electrochemical behavior was previously observed during the electropolymerization of
PPD on Pt electrodes [29, 35], but also during the electropolymerization of other amines, for
example ethylenediamine [38] or 1,3-diaminopropane [39]. Thus, it was shown that the
anodic oxidation of PPD leads to the formation of poly(p-phenylenediamine) on platinum
electrode. It was also proved using ab initio calculations that the propagation sequence of
the mechanism leading to poly(p-phenylenediamine) starts with an electron loss followed by

a C-N cleavage and a deprotonation [29].

3.1.2. Electrodeposition of polyaniline films

Figure 1b shows the cyclic voltammogram of aniline swept at 100 mv.s™ during 10 scans in
an aqueous solution containing 0.4 M aniline and 1.2 M HCI at a Si (100) working electrode.
During the first scan, an oxidation peak was observed at + 1.8 V/SCE. This peak corresponds
to the oxidation of the aniline monomers that initiated the electropolymerization of
polyaniline (PANI) films. During the following scans, this anodic peak disappears and the
oxidation currents increase progressively, thus demonstrating that a conductive film grows
on the surface of the Si electrode. Moreover, the increase of the oxidation currents with the
number of scans combined with the fact that the oxidation current starts to increase for
smaller anodic potentials with number of scans, confirm the works from Mu et al.
demonstrating that the electropolymerization of aniline is an autocatalytic process [40]. The
cyclic voltammogram also indicates that the electrochemical polymerization of aniline is an
irreversible process on Si electrodes.

This cyclic voltammogram was different from the ones usually obtained by

electropolymerization of PANI on platinum electrodes that commonly exhibited well-defined
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redox peaks corresponding to a series of redox transitions: oxidation of the fully reduced
insulating form to its radical cation (polaron), followed by oxidation of degradation products
and/or intermediate species, and finally the transition from the delocalized polaronic state
to a localized bipolaron or quinoid form [41, 42]. This dependence to the substrate can be
attributed to the difference of conductivity between Si and Pt surfaces, and also to the
possible formation of a thin SiO, layer on the Si working electrode rendering the

electropolymerization more difficult on Si that on Pt substrates.
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Figure 1: Cyclic voltammogram of: (a) 0.1 M PPD in pH 7.0 phosphate buffer solution, (b) 0.4

M aniline in 1.2 M HCI solution, at a Si electrode, scan speed: 100 mV st

3.2. Characterization of the polymer films
3.2.1. Identification of the polymer films

InfraRed Reflection Absorption Spectroscopy (IRRAS) was used to check that the oxidation of
PPD and aniline leads to the formation of poly(p-phenylenediamine) and polyaniline films on
the Si substrates, respectively. Resulting IRRAS spectra were performed in the region of 4000
— 400 cm™ at ambient temperature, and were obtained by subtracting the IR spectrum of
each polymer film and the IR spectrum of the corresponding naked Si substrate. Table 1
gathers and assigns the different vibration bonds obtained in the IRRAS spectra of oxidized
PPD and aniline. Thus, the infrared investigations show the presence of the characteristic
vibration bonds of poly(p-phenylenediamine) and polyaniline, these vibration bonds being

comparable due to the very similar structures of the two polymers. These vibration modes
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are the following ones: N-H stretching of secondary amine (at 3306 cm™ for PPPD and 3296
cm™ for PANI), C-H aromatic and aliphatic stretching (near 3030, 2930 and 2860 cm™ for
both polymers), C=C aromatic stretching (at 1600 and 1500 cm™), C-H deformation (at 1400
cm?), C-N stretching (between 1200 and 1250 cm™) and =C-H deformation (at 1000 cm™).

Thus, these investigations confirm that the oxidation of PPD and aniline leads to poly(p-

phenylenediamine) and polyaniline, respectively.

Vibration band assignment Si/PPPD Si/PANI

N-H stretching (secondary amine) 3306 cm™ 3296 cm™

C-H aromatic stretching 3031 cm™ 3024 cm™

C-H aliphatic asymmetric stretching 2926 cm™ 2941 cm™

C-H aliphatic symmetric stretching 2854 cm™ 2873 cm™

C=C aromatic stretching 1594 and 1497 cm™ 1618 and 1514 cm™
C-H deformation 1402 cm™ 1378 cm™

C-N stretching 1248 cm™ 1215 cm™
=C-H deformation 1002 cm™ 963 cm™

Table 1: Infrared vibration bands of oxidized PPD and aniline.

3.2.2. Morphological features and adhesion of the polymer films

3.2.2.a. Poly(p-phenylenediamine)

0 Thickness and Roughness:

The thickness and roughness of the poly(p-phenylenediamine) samples were measured on a
scale length of 1000 um using a stylus-based mechanical probe profiler enabling surface
mechanical scanning without damaging it. To estimate the thickness, the probe was moved
from the Si substrate to the polymer film through the substrate/polymer interface and the
height difference between the Si substrate and the polymer was estimated. Logically, the
increase of the potential scan speed leads to a decrease of the thickness of the polymer films
from 11.9 pm at 50 mV.s™ to 2.3 pm at 200 mV.s™, considering only polymer films obtained
after 10 potential scans. Increasing the number of potential scans from 5 to 15 also results

logically in an increase of the polymer thickness, from 2.2 um for 5 scans to 7.9 um for 15
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scans, considering only polymers electrodeposited at 100 mV.s™. The average roughness was
also measured by moving the probe inside the polymer film on a distance of 1000 um. The
resulting roughness were not very different from one sample to the other. Indeed, all the
measured roughness were comprised between 0.1 and 0.4 um, except the thickest poly(p-
phenylenediamine) film whose roughness was estimated to 0.6 um. All these thickness and
roughness measurements were repeated 5 times and the values gathered in Table 2 are the

averaged ones.

Operating conditions Thickness (in um) Roughness (in pum)
50 mV.s™" — 10 scans 11.9+0.5 0.6+0.2
100 mV.s™* - 10 scans 5.6+0.3 0.4+0.1
160 mV.s™ — 10 scans 26+0.2 0.3+0.1
200 mV.s™ - 10 scans 2302 0.3+0.1
100 mV.s™* - 5 scans 22102 0.3+0.1
100 mV.s ™ — 15 scans 7903 0.3+0.1

Table 2: Thickness and roughness of electrodeposited poly(p-phenylenediamine) films.

o0 Morphology:

As previously shown, poly(p-phenylenediamine) films (PPPD) were grown on Si substrates by
sweeping the potential during 10 scans at different scan speeds comprised between 50 and
200 mV.s™. Figure 2 shows the SEM micrographs of PPPD films grown by using the different
scan speeds. Using a scan rate of 50 mV.s " resulted in a dendritic growth of polymer films on
the Si substrates leading to a coral-like needle structure (Fig. 2a). More precisely, the
polymer-modified surface consisted of nanoneedle networks formed by interconnection of
individual needles. Furthermore, the needles appeared randomly distributed on the
substrate leading to an inhomogeneously coated surface. The morphology of the PPPD films
grown at 100 mV.s™* was not very different and the same coral-like needle structure was
revealed (Fig. 2b). However, the number of needles deposited on the substrate seemed
lower and the surface appeared more homogeneously coated by the polymer film. The
structures obtained at higher scan rates (160 and 200 mV.s™) were slightly different since

the individual needles were more difficult to observe (Fig. 2c and 2d). In fact, the structure of
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the polymer films appeared less structured and resulted in an amorpheous surface made of
interwined not well-defined nanoneedles. It also seemed that these latter coatings covered
the whole surface contrary to the polymer films electrosynthesized at lower scan rates that

were randomly and inhomogenously distributed on the surface.
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Figure 2: SEM images of PPPD films electrodeposited during 10 scans at 50 mvV.s™ (a), 100

mV.s™ (b), 160 mV.s™ (c), and 200 mV.s ™ (d).

To obtain additional information, the morphology of PPPD films grown at different potential
scan speeds was also studied by atomic force microscopy (Figure 3). The sizes of the polymer
surfaces scanned by using AFM were 20 um x 20 um contrary to SEM pictures that imaged
areas of several hundred of micrometers. Consequently, the information that can be
deduced from the AFM and SEM imaging were different and complementary.

Concerning AFM images, it could be observed that PPPD films electrodeposited at high scan

speed (160 and 200 mV.s™) led to relatively smooth surfaces since the height of the highest
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mountains composing the surface structure are not higher than 0.5 um (Figure 3c and 3d).
PPPD films electrodeposited at low speed (50 and 100 mV.s™) led to mountains having a
slightly higher size (comprised between 1 and 2 um). This is in agreement with the roughness
values obtained through profilometric measurements since the average roughness was
found to increase when the potential scan speed decreases (Table 1). In addition AFM shows
that the Si substrate is not entirely coated by the polymer film whatever the potential scan
speed is. It also indicates that the surface of the film presents a high porosity due to the
intertwined nanoneedle network.

To test the influence of the thickness, different PPPD films were electrodeposited using the
same scan speed (100 mV.s™) but by doing 5, 10 or 15 potential scans. Doing this, PPPD films
having thickness from 2.2 um to 5.6 um were grown on the Si substrates. However, the
morphology of the polymer films remains unchanged since the AFM and SEM images exhibit
a morphology consisted of nanoneedle networks whatever the number of scans used
(Supplementary File 1). The roughness of these samples was also similar since it only varies

from 0.3 to 0.4 um depending on the number of scans.

[ 0,98 pm 1,9 pm
0,00 pm 0,0 pm
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: 0,44 pm | 0,49 pm
0,00 pm 0,00 pm

y: 22 pm ~ (C) y: 17 pm (d)

Figure 3: AFM images of PPPD films electrodeposited during 10 scans between 0 and +2.5

V/SCE at 50 mV.s™ (a), 100 mV.s™ (b), 160 mV.s™? (c), and 200 mV.s™ (d).
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Supplementary File 1: SEM (a,b) and AFM (c,d) images of PPPD films electrodeposited at a

scan speed of 100 mV.s™? after: (a,c): 5 scans, (b,d): 15 scans between 0 and +2.5 V/SCE.

0 Force measurements:

The adhesion force, so called pull-off force, was measured for all poly(p-phenylenediamine)
films as a function of the electrodeposition conditions. The pull-off force was measured
through AFM force-distance curves. More precisely a borosilicate sphere glued at the
extremity of the AFM cantilever approached the polymer sample and the pull-off force was
measured when the sphere leaved the surface during polymer sample retraction. Then
experimental force-distance curves were analyzed and the average pull-off forces were
gathered in Table 3. These measurements prove that the functionalization of the Si
substrates leads to a strong decrease of the adhesion force since the pull-off measured
between the cantilever and the PPPD-modified Si substrates was more than ten times less
than the one measured for naked Si substrates. Furthermore, the experimental data of Table
3 indicate a strong influence of the scan speed on the pull-of adhesion properties. Indeed,
the pull-off force increases continuously from - 61.5 nN at a scan rate of 50 mV.s™ to - 122.6
nN at a potential scan speed of 200 mV.s™. The influence of the number of scans, for a given

scan rate, on the pull off force was also studied. Similar pull off forces were measured since
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they were all comprised between - 74.8 and 78.2 nN, thus demonstrating that the number of
potential scans has no influence on the adhesion properties.

These results seem to indicate that the thickness is not the key factor. Indeed, the 3 samples
electrodeposited at 100 mV.s™ have a thickness varying from 2.2 um to 11.9 um but have
similar adhesion forces. On the contrary, it is possible that the roughness has an impact on
the adhesion properties. Indeed when the scan speed increases, the roughness continuously
decreases and the adhesion force continuously increases. However, contrary to the changes
in adhesion forces, the changes in roughness are rather low and it could be believed that the
roughness is not the only factor impacting the adhesion properties of the PPPD films. The
other factor that seems to influence the adhesion forces is the morphology since it was
proved through AFM and SEM microscopy that the morphology changes depending on the
potential scan speed. In particular, it appears that high adhesion forces are obtained for high
potential scan speed corresponding to thin homogeneous polymer-modified substrates
when the low adhesion forces are obtained for low potential scan speed corresponding to
thick polymer films composed of well-defined nanoneedles inhomogeneously distributed on
the Si substrates.

To conclude it appears that the adhesion force of Si is strongly modified by electrodeposition
of poly(p-phenylenediamine). Furthermore the adhesion forces can be adjusted by varying
the electropolymerization conditions. In particular, in the case of PPPD, it seems that the
adhesion force is dependent on the morphology and roughness but not dependent on the

thickness of the polymer film.

Operating conditions Pull-off Force
naked Si 1 uN
50 mV.s™ — 10 scans -61.5nN
100 mV.s™ - 10 scans -74.8nN
160 mV.s™ — 10 scans -90.5nN
200 mV.s™ - 10 scans -122.6 nN
100 mV.s ™' — 5 scans -74.9nN
100 mV.s™* - 15 scans -78.2nN

Table 3: Average measured pull off force values of PPPD films.
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3.2.2.b. Polyaniline:

0 Thickness and Roughness:

Profilometry was used to measure the thickness and roughness of the electrodeposited
polyaniline (PANI) films following the same procedure than for the poly(p-
phenylenediamine) films. Decreasing the potential scan speed resulted logically in an
increase of the polyaniline film thickness (from 1.3 um at 200 mV.s ' to 242.4 pm at 5 mV.s’
Y, Considering the same range of potential scan speeds, it can be noticed that the increase
of the polymer film thickness is higher for PANI films (from 1.3 pm at 200 mV.s™ to 18.7 pm
at 50 mV.s* than for PPPD films (from 2.3 um at 200 mV.s* to 11.9 pm at 200 mV.s™). This is
due to the fact that PANI films are more conductive than PPPD films as previously deduced
from the cyclic voltammograms. The number of potential scans was also changed to further
study the effect of the thickness of polymer films grown at the same potential scan speed.
The measured thicknesses varied from 2.9 um to 7.2 um when the number of potential scans
was increased from 5 to 15. The average roughness of each PANI sample was also measured
using profilometry. The roughness values were comprised between 0.1 and 0.5 um,
depending on the electrodeposition parameters. The general trend indicates that the

roughness increases when the thickness increases or the potential scan speed decreases.

Operating conditions Thickness (in um) Roughness (in um)
5 mV.s™" — 10 scans 242.4+5.0 0.5+0.2

10 mV.s™" - 10 scans 119.5+2.0 0.4+0.2

20 mV.s™" - 10 scans 52.1+1.0 0.5+0.2

50 mV.s™" — 10 scans 18.7+0.5 0.3+0.1

100 mV.s™* - 10 scans 57%0.2 0.2+0.1

200 mV.s™ — 10 scans 1.3+0.1 0.1+0.1

100 mV.s™* - 5 scans 2.9t0.2 0.3+0.1

100 mV.s™* - 15 scans 7.2+0.3 0.3+0.1

Table 4: Thickness and roughness of electrodeposited polyaniline films.

0 Morphology:
14
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For comparison another heterocyclic polymer containing amino groups was electrodeposited
on Si substrates at different potential scan rates comprised between 5 and 200 mV.s™. The
morphology of these polyaniline films was determined as a function of the scan speed using
electronic microscopy (Figure 4). In all cases, the polymer films exhibit a porous structure
and a sponge-like structure. More precisely, this structure consists in a network of individual
nanowires. Maybe this structure is more difficult to observe for the highest scan speed (200
mV.s'), probably because the amount of polymer electrodeposited on the Si substrate is not
enough important to produce a well-defined structure. Furthermore, when the potential
scan speed decreases, the number of electron exchanged between the monomer solution
and the Si substrate increases leading to the coverage of the whole substrate and to an
increase of the thickness. It is also visible that more details of the polyaniline structure can
be observed when the potential scan speed is decreased despite the fact that the same
magnification was used for imaging all polymer samples. That is why it is possible to observe
the granularities of the structure in Figure 4a. The sponge-like structure of polyaniline has
already been observed in the literature and is typical of this polymer when it is synthesized
by electrochemistry [25, 28]. It is interesting to notice that the porous structure is observed
even at high scan speed and so that the structure is not dependant on the potential scan
speed contrary to the structure of PPPD films. It can also be mentioned that the structure of

PPPD and PANI is strongly different although they have a very similar chemical structure.

(b)
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(b)

(d)

(e) (f)
Figure 4: SEM images of PANI films electrodeposited during 10 scans between 0 and +2.5

V/SCE at 5 mV.s*(a), 10 mV.s™ (b), 20 mV.s™ (c), 50 mV.s*(d), 100 mV.s™ (e), and 200 mV.s™

().

AFM images of the same polymer samples were performed. The AFM image of the PANI

sample electrosynthesized at 200 mV.s' confirms that the amount of polymer
electrodeposited on the Si substrate is low and does not covered the whole Si substrate
(Figure 5f). Consequently, it is necessary to perform more scans to obtain a well-defined and
sponge-like structure. On the contrary, using a potential scan speed of 100 mV.s?, or less,
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leads to the formation of a well-defined porous structure as demonstrated in Figure 5c, 5d

and 5e, on which the porosity of the film is clearly visible. For the lowest scan speeds (5 and

10 mV.s?), the polyaniline amount electrodeposited is so high that the surface is nearly

totally covered. Furthermore, the growth of the polymer probably takes place both onto the

substrate and into the pores thus decreasing the porosity of the polymer film.

Other PANI films were prepared by varying the number of potential scans from 5 to 15 at the

same potential scan speed (100 mV.s'). All the samples present a porous and sponge-like

structure (Supplementary File 2). However, the structure of the thickest polymer film,

prepared using 15 scans, is the smoothest one due to the growth of PANI films on the whole

substrate and inside the pores of the polymer film. This is concordant with the evolution of

the structure when the potential scan speed is varied.

[ 2,4 m " 24m
0,0 pm 0,0 ym
117

¥ pm (a) (b)

0,87 um 1,0 pm

0,00 ym 0,0 pm

y: 22 pm

(c) (d)
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2,3 pm

0,0 pm

y: 21 pm (f)

y: 21 ym

(e)
Figure 5: AFM images of PANI films electrodeposited during 10 scans between 0 and +2.5

V/SCE at 5 mV.s2(a), 10 mV.s (b), 20 mV.s 2 (c), 50 mV.s2(d), 100 mV.s* (e), and 200 mV.s*

(f).

O Force measurements:

The adhesion properties of each electrodeposited polyaniline film were estimated through
AFM force-distance curves. Experimental pull off forces were comprised between -49.9 nN
and -181.0 nN, depending on the potential scan speed (Table 4). Consequently, these pull off
forces are not very different from the ones obtained with PPPD films. This demonstrates the
importance of the chemical structure of the polymer in the adhesion properties. Indeed,
since both PPPD and PANI are heterocyclic polymers having amino groups, it can be
supposed that these amino groups are responsible from the interactions with the sphere and
so lead to similar pull off forces. These pull off measurements also confirm that the
functionalization of the Si substrates by electrodeposited polymers containing amino groups
leads to a strong decrease of the initial adhesion force measured between the cantilever and
naked Si substrates. Furthermore, a strong influence of the potential scan speed on the pull-
of force can be observed in Table 4 since the measured force is increasing when the
potential scan rate increases too. The influence of the number of potential scans on the pull
off force was also studied (for a potential scan speed of 100 mV.s ). The pull off forces
increased with the number of potential scans from - 97.2 and - 130.6 nN, and so it can be
deduced that the adhesion forces increase with the polymer film thickness, thus
demonstrating that the thickness of the PANI film has an influence on the adhesion

properties contrary to the thickness of PPPD films that did not impact on the adhesion
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forces. However, it must be noticed that thickness and roughness increase simultaneously,

so it is difficult to determine if the increase of the adhesion forces is due to the decrease of

the thickness or to the decrease of the roughness of the PANI films. Finally, it can be

supposed that the morphology also impact on the adhesion properties. Thus, it is believed

that a porous structure is more favorable to the adhesion of the borosilicate sphere to the Si

substrate than a flat and less porous structure. This is confirmed by the low adhesion forces

measured for the thickest PANI films that are the less porous due to the growth of PANI

inside the pores of the polymer.

Operating conditions

Pull-off Force

naked Si 1uN
10 mV.s — 10 scans -61.7 nN
20 mV.st =10 scans -64.0 nN
50 mV.s* — 10 scans -91.3nN
100 mV.s1—10 scans -127.7 nN
200 mV.s* — 10 scans -181.0 nN
100 mV.s ' -5 scans -97.2nN
100 mV.s ' - 15 scans -130.6 nN

Table 4: Average measured pull off force values of PANI films.
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L 23 um

0,0 ym

y: 21 pm

21 pm %: 20 ym SN (d)

(c)
Supplementary File 2: SEM (a,b) and AFM (c,d) images of PANI films electrodeposited at a

scan speed of 100 mV.s? after: (a,c): 5 scans, (b,d): 15 scans between 0 and +2.5 V/SCE.

4. Conclusion

Polyaniline and poly(p-phenylenediamine), two polymers containing amino groups, were
potentiodynamically electrodeposited on Si substrates. Numerous polymer films were
electrodeposited to determine the influence of two electrochemical parameters (potential
scan speed and number of potential scans) on the film properties. Once the polymer films
characterized by infrared spectroscopy, their thickness, roughness and morphology were
deeply investigated using profilometry, SEM and AFM. To promote applications in
micromanipulation where the adhesion of functionalized objects is the key point, the
adhesion forces, measured through AFM force-distance curves, were measured and
discussed as a function of the polymer films characteristics. It was demonstrated that the
roughness and the morphology of the polymer films strongly impact on the adhesion
properties of both electrodeposited polymers, when the thickness influences the adhesion
properties of polyaniline but not the ones of poly(p-phenylenediamine). This work also
demonstrates that it is possible to control the adhesion of polymer-modified surfaces by
easily modifying the electrochemical deposition parameters. Consequently,
electropolymerization is a promising strategy to modify surfaces, to drastically decrease or

increase force adhesion between a gripper and an object.
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Table and Figure Captions:

Figure 1: Cyclic voltammogram of: (a) 0.1 M PPD in pH 7.0 phosphate buffer solution, (b) 0.4
M aniline in 1.2 M HCl solution, at a Si electrode, scan speed: 100 mV s

Figure 2: SEM images of PPPD films electrodeposited during 10 scans at 50 mV.s™ (a), 100
mV.s™ (b), 160 mV.s™ (c), and 200 mV.s™ (d).

Figure 3: AFM images of PPPD films electrodeposited during 10 scans between 0 and +2.5
V/SCE at 50 mV.s™ (a), 100 mV.s™ (b), 160 mV.s™ (c), and 200 mV.s™ (d).

Figure 4. SEM images of PANI films electrodeposited during 10 scans between 0 and +2.5
V/SCE at 5 mV.s™ (a), 10 mV.s™ (b), 20 mV.s™ (c), 50 mV.s*(d), 100 mV.s™ (e), and 200 mV.s*
(f).Figure 5: AFM images of PANI films electrodeposited during 10 scans between 0 and +2.5
V/SCE at the following scan speeds: (a): 5 mV.s?, (b): 10 mV.s™, (c): 20 mV.s™, (d) 50 mV.s™,
(e) 100 mV.s%, (f) 200 mv.s™.

Table 1: Infrared vibration bands of oxidized PPD and aniline.

Table 2: Thickness and roughness of electrodeposited poly(p-phenylenediamine) films.

Table 3: Average measured pull off force values of PPPD films.

Table 4: Average measured pull off force values of PANI films.

Supplementary File 1: SEM (a,b) and AFM (c,d) images of PPPD films electrodeposited at a
scan speed of 100 mV.s™ after: (a,c): 5 scans, (b,d): 15 scans between 0 and +2.5 V/SCE.
Supplementary File 2: SEM (a,b) and AFM (c,d) images of PANI films electrodeposited at a
scan speed of 100 mV.s™* after: (a,c): 5 scans, (b,d): 15 scans between 0 and +2.5 V/SCE.
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