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Abstract

This paper presents sonochemically deposited polypyrrole films and their characteristics of
adhesion on substrate with related to the surface roughness and morphology by comparing to
the conventional films deposited electrochemically. In particular, the use of high frequency
sonication (500 kHz) for sonoelectrochemical deposition of polypyrrole was reported for the
first time. Chronocoulometry was used to electrosynthesize polypyrrole films on Si substrates
of different thicknesses in order to determine the influence of the polymer thickness on its
rugosity, its morphology and its adhesion force properties. The effects of high frequency
sonication on the electropolymerized thin film’s properties were investigated using Scanning
Electron Microscopy and mechanical probe scanning showing that sonication led to surfaces
having a smaller roughness and a better homogeneity than non sonicated ones. The adhesion
force properties of polypyrrole films were also studied by means of force-distance curves
obtained by Atomic Force Microscopy. For polymer films obtained in the absence of

sonication, the measured adhesion forces decreased when the polymer thickness increased. On



the contrary, for polymer films obtained under sonication, the adhesion of the films decreased

when the polymer thickness decreased.
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1. Introduction

Since polyacetylene was shown to have high electrical conductivities when properly doped
[1,2], n-conjugated organic polymers have been studied extensively from both fundamental
and practical points of view. Indeed, these conducting polymers can be used for many various
applications including: energy storage and batteries [3-5], field effect transistors [6,7],
electrochromic devices [8,9], protection against corrosion [10-12], sensing of liquids [13-18],
gas [19-23] and biomolecules [24-28], separation of molecules by polymeric membranes
[29,30], electrocatalysis [31,32], development of solar cells [33,34] and light-emitting diodes
[35,36]...

Among all the conducting polymers, polypyrrole is one of the most studied for its high
electronic conductivity, good stability in air and aqueous media and ease of preparation by
electrochemical polymerization. However, the electropolymerized films properties of
electropolymerized films are strongly influenced by the parameters chosen for the
electrosynthesis: solvent [15,37-39], temperature [40,41], potential or current density [42,43],

monomer concentration [44,45], nature of dopant [46-49] and thickness [15,49].



It must also be noticed that several techniques have been used to modify and improve the
polymer’s properties such as the use of a magnetic [50] or centrifugation fields [51] during
electropolymerization. In order to modify and improve polymer film properties, an original
technique consists in applying an sonication to the electrolyte solution during the
electrochemical deposition of polymer films. This technique has already showed interesting
effects on electroorganic processes by playing a role in the electropolymerization of aniline
for example [52], as well as by modifying the properties of electrodeposited polymer films
through the microagitation and the cavitation phenomena that it generates in liquid media
[53,54]. Indeed, sonoelectrochemical procedure provides higher mechanical resistance as well
as electrical conductivity as the film characteristics as compared to the film without
sonication, as shown in previous works using 20 kHz frequency sonication [54]. On the
contrary, at lower frequencies, cavitation phenomena are very violent and cavitation bubbles
can implode so violently that this can lead to partial destruction of the electrodeposited
polymer film [55] which is definitely unwanted.

In the area for micromanipulation research, the surface modification of micromanipulator is
one of the large issues to improve the catching and releasing functionality precisely.
Modification of the adhesive characteristics of the manipulator surface with functional
polymers is one of the important approaches to resolve the problem. That is why we want to
test the ability of sonicated polypyrrole films to functionalize manipulator surface to improve
its adhesive properties.

Considering the fact that at high frequencies the behaviour of cavitation bubbles is completely
different and the destructive effect of sonication towards the surfaces is reduced compared to
at low frequencies, and due to possible deposition of polypyrrole with a high frequency
sonication, we use 500kHz sonication for sonoelectrochemical PPy deposition. This

sonication overcomes the problem to destroy the PPy film electrodeposited on substrate under



20 kHz sonication as generally reported in the literature [54]. The knowledge of the adhesion
force is thus essential to enable the advent of reliable micromanipulation techniques. Current
approaches are based on experimental measurements performed with atomic force microscope
[56,57,58-60], interferometric surface force apparatus [61,62], measurement platform utilizing
the contact mechanics theory of Johnson, Kendall, and Roberts [63].

Consequently, in the present work, the effects of polymer thickness and high frequency
sonication (500 kHz) on the electropolymerized polypyrrole (PPy) films were studied.
Coulometric techniques were used to deeply study PPy films. Important film parameters such
as thickness, roughness, morphology and adhesion were explored to observe the effects of
sonication. Thus, the determination of the properties of the polymer films allowed us to

evaluate the possibility to use them for applications in micromanipulation.

2. Experimental details

2.1. Materials

Pyrrole (ACROS, article 15771 1000, 99% pure) was distilled under reduced pressure before
use. Lithium perchlorate LiClO,4 (Acros, > 99%, 13453-78-6) was used as received without
further purification. De-ionized water (solvent) was distilled twice before use (Milli-Q,
resistivity 18 MQ.cm). The substrates used for polymer deposition were 1 0 0-oriented
standard 3’ type Si wafers (thickness: 380 um, p type, dopant: B, resistivity: 0.015 Q.cm,

from Institute of Electronic Materials Technology).

2.2. Electrochemistry
A PGZ-301 potentiostat was employed. The three-electrode setup used consisted of a

saturated calomel reference electrode (SCE), a platinum counter-electrode and a Si working



electrode (1 cm?). For sonoelectrochemical experiments, a reactor filled with 700 mL of
electrolyte solution is used. The working electrode is immersed in the electrolyte solution and
located in front of the ultrasonic transducer (Fig.1). Lithium perchlorate is used as the
electrolytic salt. The solvent is water and the concentrations for the studied solution are: 0.1
M in pyrrole and 0.1 M in LiClO4. The electrochemical polymerization of PPy films was
done, by applying a potential of 1.2 VV/SCE, using chronocoulometry technique. The solutions

were kept under an argon flow during the experiments.

Working
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Fig. 1. Scheme of the sonoreactor equipment.

2.3. Sonochemistry
All experiments were performed at a constant ultrasonic frequency of 500 kHz, in a cell filled
with 700 ml bath. Sonication is produced parallel to the liquid surface, face to face with the

working electrode surface (Fig.1). The circular transducers consist of a piezoelectric ceramic



fixed on a circular plate (56 mm) made of glass. The multifrequency generator is supplied by
Electronic Service (St. Alban Leysse, France). An electronic circuit consisting of a variable
inductance and capacitor allows the adjustment between the generator impedance and the
strongly capacitive transducer impedance.

The sonoreactor was characterized using calorimetric characterization. In this aim, it was
filled with distilled water (700 ml) and the ultrasound generator was switched on at an
electrical power of 25 W. Thus, the absorbed acoustic power, P, was calculated using:

Pac = M.Cp.(dT/dt).

where m is the mass of water (kg), C, the specific heat capacity of water (4180 J kg™ K™ and
(dT/dt) is the temperature rise per second (K s™'). This transmitted acoustic power P, was
found to be equal to 7.8 W.

This characterization was completed by sonochemiluminescence observations. Indeed,
acoustic distribution is not homogeneous along the cylindrical sonoreactor [64], and the
observation is possible with the help of luminol oxidation. This technique is based on the
creation of radicals in the solution due to ultrasound wave propagation. Luminol becomes
luminescent in the presence of radical species, which indicates ultrasound activity. The
intensity of this activity increases with the intensity of luminescence. It is worth noticing that
pictures of light distribution in a horizontal flat transducer are distorted by reflections and/or
refractions of the light on the walls of the reactor, which is cylindrical in shape. However the
vertical distribution display remains unaffected and it is important to see that ultrasound
activity is the most concentrated at the interface solution/air. The working electrode surface is

thus placed at this location to take benefit as much as possible from ultrasound activity.

2.4. Surface characterization



X-ray Photoelectron Spectroscopy (XPS, Thermo VG spectrometer) was used to determine
elemental composition and to determine the oxidation state of elements. All spectra were
recorded at a 45° take-off angle, relative to the substrate with a spectrometer using
monochromatized Al Ka radiation (1486.6 eV). The binding energies of the core-levels were
calibrated against the C1s binding energy set at 285.0 eV, an energy characteristic of alkyl
moieties. The peaks were analyzed using mixed Gaussian-Lorentzian curves (80% of
Gaussian character).

The roughness of the polymer films was determined by stylus-based mechanical probe
profiler (Alpha-Step 1Q, KLA Tencor). Both average roughness (R;) and peak to peak
roughness (Rq) were estimated on a scan length of 1000 pm at a scan speed of 20 pum/s.
Polymer morphologies examinations were performed 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, KbIn, Germany) with a electron beam energy of 15 keV.

2.5. Adhesion

The sample characterization was 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
forces measurement performed on this Atomic Force Microscope (AFM) was done in the
"Nanorol platform” whose aim is to measure the micromanipulation nanoforce 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. These work application objectives are to improve reliability of micro-object

manipulation, so interactions have been studied between a micrometric sphere and a plane.



Measurements were in fact performed with a cantilever where a borosilicate sphere (r =5 pm
radius) was glued on the free extremity and below this one (company Novascan Technologies,
Ames, USA). Ten measurements were done at different points on the same sample with a
driving speed of 1 um/s. Figure 2 is a typical distance-force curve that allows to measure an
attractive force (pull-in force) when the sphere is coming close to the substrate (near -20 nN).
Thus, Fig. 2 shows a pull-off force which represents the adhesion between the borosilicate
sphere on the tip AFM cantilever and the substrate. In this example, the pull-off force is

reaching - 1.1 pN.
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Fig. 2. Attractive and adhesive typical force-distance curves between substrate and cantilever

(spring constant: 0.3 N/m).

3. Results and discussion

3.1. (Sono)electrochemical synthesis of polypyrrole films

Polypyrrole films were synthesized, at a fixed potential of 1.2 V/SCE, from aqueous solutions
containing 0.1 M pyrrole and 0.1 M LiClO,4 on Si substrates. Chronocoulometry (Fig. 3) was
used to synthesize the polymer films since this technique allows to determine the charge

quantity brought to the electrode in order to control the amount of deposited polymer and the



thickness of the deposited films. To study the effects of high frequency sonication on the
electrochemical behaviour of PPy and on the polymer thickness, some PPy films were
elaborated under sonication when others were prepared without sonication. Thus, ten films
grown at different charge quantity have been studied: 5 were obtained without sonication and
5 with 500 kHz frequency irradiation. The chosen charge densities for the electrosyntheses
were 50.1 mC.cm?, 1455 mC.cm?, 243.2 mC.cm?, 486.4 mC.cm™ and 1459.1 mC.cm™.
More, the chronocoulometry curves (Fig. 3) show that under sonication, the wanted charge
quantity is reached much faster than in silent conditions. The improvement of the mass
transfer under sonication can be explained by the propagation of the mechanical vibration that
creates a global convection within the liquid medium due to the energy losses, which
increases mass transfer of the monomers in solution to the electrode. Moreover close to an
interface, the collapse of cavitation bubbles becomes asymmetric and the generated micro-jets
enhance mass transfer to the electrode surface, allowing its activation by impingement. The
monomers are thus brought to the electrode interface more efficiently and a higher current

density and better electropolymerization are obtained [65].
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Fig. 3. Chronocoulometry curve of PPy electrosynthesis from an aqueous solution containing
0.1 M pyrrole and 0.1M LiCIO,4 with and without ultrasonic irradiation. Fixed potential: 1.2

V/SCE, applied charge density: 486.4 mC.cm.

3.2. Polypyrrole film thickness

Since the thickness of polymer films can influence their adhesion properties [15,49]. To
obtain polypyrrole films of different thickness, the electrical charge associated with pyrrole
oxidation was varied using chronocoulometry synthesis technique. To correlate polypyrrole
thickness and electrical charge, we used Faraday's law assuming 100 % current efficiency for
polypyrrole formation: x = qM / pAzF where x is the film thickness, q is the electrical charge
associated with polypyrrole formation, M is the molar mass of the polymer, F is the Faraday
constant, A is the area of the working surface, p is the density of the polymer and z is the

number of electrons involved which is in this case of 2.25 [66,67]. The nominal density for
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polypyrrole films (p) was taken as 1.5 g.cm™ [68,69]. This considered, the required charge
density to grow a film with an average thickness of 0.1 um is 48.5 mC.cm™. Thus, Table 1
presents the mean film thickness of polypyrrole (x) estimated from electrical charge density

(Q) associated with pyrrole oxidation by application of Faraday’s law.

electrical
charge density | Thickness x of the PPy film

(mC.cm?)
50.1 x=0.1 um
145.5 X =0.3 um
243.2 X =0.5um
486.4 X =1.0um
1459.1 X =3.0 um

Table 1: Thicknesses (x) of polypyrrole films as a function of electrical charge density (Q)

associated with pyrrole oxidation.

3.3. Characterization of the polypyrrole films

3.3.a. Spectroscopic characterization

Fig. 4a shows the XPS of the 3.0 um sonicated polypyrrole film deposited onto a Si surface
from the oxidation of an aqueous solution containing pyrrole and LiCIO4 since this technique
is widely used to control the elemental composition of a solid film. The XPS analyses confirm
the presence of PPy, incorporating ClO4 doping agents, on the platinum surfaces. Indeed,
XPS spectra of polymer samples reveal the presence of C, N, O, Cl, Pt for all polymers. Thus,

C1s signal (Fig. 4b) can be fitted by five different carbon species at 284.0, 285.0, 286.3, 287.6
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and 289.1 eV. The two components at the lowest binding energy relevant to B and o carbon
atoms, respectively, revealed the first interesting finding.

In fact, the comparison of these two carbon atoms areas showed that, following overoxidation,
the B carbons in the film were less abundant than the o ones. This indicates, that the
positions were the ones involved in the polymer functionalization. The third peak at 286.3 eV
is attributed to carbons of the polymer C-N or C-N*; the fourth one at 287.6 eV to C-N*
carbons and the peak much weaker at 289.1 eV to carbonyl C=0 groups. The appearance of a
C=0 component may be associated with the overoxidation of PPy at the  carbon site in the
pyrrole rings. The N1s spectra (Fig. 4c) indicate the presence of four peaks in the case of PPy.
It contains a main signal at 399.6 eV which is characteristic of pyrrolylium nitrogens (-NH-
structure) and a high BE tail (BE = 400.7 and 402.3 eV) attributable to the positively charged
nitrogen (-NH" (polaron) and =NH" (bipolaron)). The spectra also show a small contribution
at 397.3 eV that we associate with =N-structure. Fig. 4d represents the CI2p core-level XPS
spectrum at 208.3 eV binding energy due to the perchlorate anions present in the film as a
doping agent. Consequently, these XPS spectra confirm that polypyrrole films incorporating

ClO4 doping agents are obtained from the oxidation of pyrrole.
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Fig. 4. Survey-scan XPS of polypyrrole films electrosynthesized onto silicon surfaces by
oxidation of an aqueous solution of pyrrole and LiCIO4 (a). (b) C 1s (c) N 1s (d) ClI 2p XPS

spectra of the same polypyrrole film.

3.3.b. Surface morphology

Fig. 5 shows SEM micrographs of PPy films obtained with and without sonication and having
a thickness of 0.1 pm and 3 um. In all cases (Fig. 5), the same squared structure is observed.
Nevertheless, the film obtained under sonication appears to have a denser and less squared
surface structure. This can be linked to the asymmetric collapse of cavitation bubbles, which
lead to activation of the surface by impingement, and certainly therefore to a multiplication of
nuclei sites. However, it seems necessary to do roughness measurements to confirm that

sonicated PPy films are more homogeneous and have a smaller roughness than non sonicated

PPy films.
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Fig. 5. SEM images of PPy films elaborated under silent conditions (a: 0.1 pum, b: 3 um) and

under ultrasounds (c: 0.1 um, d: 3 um).

3.3.c. Polypyrrole film roughness

To understand the values of the adhesion measurements obtained in the next section, it is
useful to determine the roughness of each polymer film to correlate the roughness and the
adhesion of the polymer films. The Si substrate and the different polypyrrole films
roughnesses were investigated using a stylus-based mechanical probe profiler (Table 2).
These measurements show that the roughness of PPy films obtained without sonication
increases when the thickness increases. However, the average roughness of the three thinnest
films are not very different and close to 0.5 pum when the roughness of the two thickest film is
far more important (> 1.5 pm). The same trend is observed for PPy films obtained with
sonication since the thin films have a roughness close to 0.4 — 0.6 um when the thickest
coatings have average roughness comprises between 0.8 and 1.3 um. It is also important to
note that sonicated PPy films have a smaller roughness than non sonicated ones, indicating
that the sonication leads to more homogeneous and smoother surfaces whatever the film

thickness.
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Thickness of the PPy film | Without ultrasonic irradiation |  With ultrasonic irradiation
Ra=2.370 pm Ra=1.293 pm
3.0 um
Rq=2.757 um Rq = 1.584 um
Ra = 1.656 pm Ra =0.809 um
1.0 um
Rq = 2.044 pm Rq=0.943 pm
Ra =0.523 pm Ra = 0.444 pm
0.5 um
Rq = 0.628 um Rq=0.561 pm
Ra =0.502 pm Ra =0.440 pm
0.3 pm
Rq=0.613 pm Rq=0.538 um
Ra=0.473 pm Ra=0.433 pm
0.1 pm
Rq = 0.564 pm Rq=0.537 um

Table 2: Average roughness (R,) and peak to peak roughness (Rq) of polypyrrole films as a

function of their thickness. For uncoated Si substrate: R,= 0.392 pm and Rq= 0.504 pm

3.4. Polypyrrole films adhesion properties

The adhesion force, so called pull-off force, was measured for all polymer coatings versus
their thickness and their electrodeposition condition (with or without sonication). The
experimental curves are presented Figure 6. Figure 6a indicates a weak influence of the
thickness on the pull-off force without sonication since the pull-off force evolves from 32 to
44 nN. The use of sonication decreases the adhesion force to 12 nN for the smallest thickness
(0.1 pm). The average value of the different measurements at different thicknesses and
electrodeposition condition are summarized in Table 3. From this table, it can also be noted
that the adhesion force measured between the cantilever and the polyppyrole film was very
inferior to that measured between the free polymer substrate and the cantilever (near hundred
times less than for 0.1 pm sonicated PPy film). Consequently, when applied to

micromanipulation, the PPy film electrodeposited under sonication on the gripper end-effector

15



could be an interesting coating to decrease drastically the adhesion force. The unique problem
is the film grip on the Si wafer. Indeed, sometimes during the cantilever retract after contact
with PPy film, a polymer film fragment was attached on the sphere extremity. The film grip

must be improved before the micromanipulation task test on robot.
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Fig. 6. Force-distance curve for different PPy thicknesses on Si substrates (spring constant
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0.3 N/m). a: without, b: with ultrasonic irradiation.

PPy thickness Without US With US
3 Hm 32 nN 41 nN
1pum 34 nN 36 nN

0,5 pum 37 nN 18 nN

0,3 um 41 nN 16 nN

0,1 pm 44 nN 12 nN
Uncoated Si 1puN

Table 3: Influence of the PPy film thickness on the Pull-off force (spring constant 0.3 N/m)

obtained for the film without and with ultrasonic irradiation.

4. Conclusion

It was shown, for the first time, that the electrochemical polymerization of polypyrrole under
high frequency sonication was possible on Si substrates. More, thanks to a better mass
transfer, the preparation of coatings having the same thickness is quicker in ultrasounds
conditions than in silent conditions as proved by chronocoulometry. Then, it was
demonstrated that sonoelectrodeposited films are more homogeneous and have a smaller
roughness than other polymer films. Moreover, it was shown that the adhesion forces between
sonicated polypyrrole films and Si substrates are very weak. This latter result indicates that
sonicated polypyrrole films are good candidates for applications in robotics since the
micromanipulation of robots needs the reduction and the minimization of the adhesion forces
between the micro-objects and the gripper. The influence of the thickness has also been

studied. It was demonstrated that the decrease of the thickness, for sonicated polypyrrole
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films, led to surfaces having smaller roughness and better homogeneity, and above all to a
decrease of the adhesion forces. Consequently, the main perspectives of this work consist in
the functionalization of micro-objects by thin sonicated polypyrrole films and their
applications in micromanipulation task. The possibility to obtain conducting polymers with
improved properties (better mass transfer, better homogeneity, small roughness) by the use of
sonoelectrochemistry is another original result from this work and also opens new

perspectives in the polymer science.
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