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ABSTRACT: The aim of this work is to synthesize novel 3-methylthiophene (3MTh)/biphenyl (Biph) copolymer films by electropoly-
merization and study their mechanical properties through nanoindentation. The morphology, the chemical structure as well as the
electrical conductivity of the copolymer films depended strongly on the electropolymerization conditions. It was found that the poly-
mer deposition follow an instantaneous, two-dimensional nucleation and growth mechanism leading to homogenous films. The
copolymer films had higher Young modulus and nanohardness than poly(3-methylthiophene) (3PMTh), indicating that the incorpo-
ration of Biph units within the P3MTh chain leads to a more densely packed structure and a more brittle polymer. © 2015 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42575.
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INTRODUCTION

Electropolymerization is one of the best methods to deposit
films of conducting polymers directly on a surface. In most
cases, the film formed is actually grafted onto the surface, which
is a prerequisite for good interphasial properties that are highly
valued in every application (especially in electronics and pho-
tonics). Moreover, by controlling the operational parameters of
the electropolymerization, it is possible to synthesize tailored
polymers (i.e., with a combination of specific properties) that
can fit certain applications."™ A particularly interesting approxi-
mation to tailor the film properties is through copolymeriza-
tion. It was proven that by using a combination of monomers,
it is possible to synthesize copolymers possessing unique prop-
erties, even completely different than those of both the corre-
sponding homopolymers.*> In the works published up to now,
the focus was on copolymerization of aromatic monomers (e.g.,
biphenyl, thiophene, pyrrole), either under potentiostatic or
using dynamic (i.e., potential scanning) conditions. In all these
cases, the films synthesized showed a wide variation in their
morphology and properties.**™°

The films that were deposited through electropolymerization have
been studied using plenty of methods, particularly spectroscopies,
microscopies, and analytical techniques; however, their mechanical
properties have only seldom been studied, even though their
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importance for the applications of these materials is widely recog-
nized. The main reason for the absence of this kind of investiga-
tion is the difficulty to perform measurements into such thin
films (with thickness a few micrometers at most). Rather recently,
the development of nanoindentation opened new possibilities in
this field. At first glance, this novel method seems an adaptation
of the mechanical indentation test to nanoscale proportions: using
a nanosized indenter tip (with known geometry), a force of sev-
eral nanonewtons is applied and the indention into the sample is
determined; however, this is rather an oversimplification, since
nanoindentation has a substantially higher level of sophistica-
tion."" Additionally, this method involves sample penetration of a
few nanometers and thus permits the measurement of thin sam-
ples like films. Using this method, the mechanical properties,
hardness, and elastic modulus at the surface of the film and at
depth of several nanometers can be estimated by analyzing the
measured load—displacement curves. However, till today, there are
only a few works about polymer films,'*™"> and even fewer about
conducting polymers deposited by electropolymerization.

As already mentioned, electrochemical copolymerization has been
confirmed as a versatile method to synthesize conducting films
using combinations of aromatic monomers.* In previous work,
we synthesized copolymer films based on 3-methylthiophene and
biphenyl by electropolymerization; these films were applied as a
hole transport layer in organic photovoltaic cells.'® Even though
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their properties (UV spectra, charge mobility) were suitable for
such an application, the performance of the cells was low; this
was attributed to the inhomogeneity of the deposited films.
Therefore, in order to elucidate the mechanism of the film depo-
sition, a thorough investigation on the effect of the electropoly-
merization conditions on the structure, the morphology, and the
mechanical properties of the films (measured using nanoindenta-
tion) is necessary. The aim of this work is to begin this
investigation.

EXPERIMENTAL

Materials

Biphenyl (Biph, Fluka) and 3-methylthiophene (3MTh, Fluka)
were used as received. Tetrabutylammonium tetrafluoroborate
(TBABF,, Merck) was dried at 110°C up to constant weight.
Acetonitrile (ACN, Merck, water content ~ 0.05%) was stored
over molecular sieves (Fluka, 4 A, 8-12 mesh) prior to use.

Instrumentation

For the electropolymerization, a potentiostat Potentioscan
Wenking POSS88 (Bank Elektronik) was used. The FTIR spectra
of the polymers were recorded using a Perkin Elmer Spectrum
GX spectrometer using KBr discs. The UV-vis spectra were
recorded using a Varian Cary 300 spectrometer. The morphol-
ogy of the films was examined by scanning electron microscopy
(SEM) using a PHILIPS Quanta Inspect microscope (FEI Com-
pany) with W (tungsten) filament at 25 KV, equipped with an
EDAX GENESIS (from AMETEX PROCESS & ANALYTICAL
INSTRUMENTS). The DC electrical conductivity of the films at
room temperature was determined with a two-probe tech-
nique,'” using a multimeter.

Electropolymerization

The solution of the electropolymerization consists of the mono-
mers dissolved into acetonitrile with TBABF, as supporting
electrolyte. The monomers were used in concentration: [Biph]/
[3MTh] = 0.05 M/0.05 M for copolymers and [3MTh] =0.1 M
for the poly(3-methylthiophene) homopolymer. The electrolyte
concentration was [TBABF,] = 0.1 M. All electropolymerizations
took place at room temperature, in a one-compartment electro-
chemical cell of 60 mL volume using a system of three electro-
des. The working electrode was either a Pt plate (4.5 cm?) or an
indium tin oxide (ITO)-covered glass (from PGO, Germany,
active surface area: 1 cm?). As counter electrode, a Pt plate was
used (surface area: 9.0 cm?) and as reference a calomel electrode
(SCE) was placed into Luggin capillary. The solution was deoxy-
genated by bubbling nitrogen for 10 min before the beginning
of the electropolymerization.

The polymer films were synthesized either under potentiostatic
conditions (by applying a constant potential for a certain time)
or by cyclic voltammetry (by scanning within a potential range
with a defined scan rate). After the polymerization, the films
were immersed in acetonitrile to remove TBABF, residues and
the soluble oligomers and then were vacuum dried at 30°C up
to constant weight. The thickness of the films was estimated
from the charge during the electropolymerization or it was
measured using a profilometer (reported values are the average
of 10 measurements).
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Nanoindentation

Nanoindentation testing was performed with a nanomechanical
test apparatus, which allows the application of loads from 1 to
30,000 uN and records the displacement as a function of
applied loads with a high load resolution (1 nN) and a high
displacement resolution (0.04 nm). The nanomechanical test
instrument employed in this study is equipped with a scanning
probe microscope (SPM), in which a sharp probe tip moves in
a raster scan pattern across a sample surface using a three-axis
piezo positioner. In all nanoindentation tests, a total of 10
indents are averaged to determine nanomechanical values for
statistical purposes, with a spacing of 50 um, in a clean envi-
ronment with 45% humidity and 23°C ambient temperature. In
order to operate under closed loop load control (LC), feedback
control option was used. The nanoindentation tests were con-
ducted with a Berkovich (three-side pyramid) diamond indenter
(average radius 100 nm) under a constant loading rate 40 uN/s
and gradually increased to a predetermined value and held for
5 s before unloading gradually. Prior to indentation, the area
function of the indenter tip was calibrated in a fused silica, a
standard material for this purpose.'® The applied load can be
controlled at a constant value, whereas the penetration of the
indenter tip into the sample surface is continuously recorded.
This approach has been widely used both to study the time-
dependent properties and to avoid nose effect of polymers.

Based on the elastic deformation theory, H and E values can be
extracted from the experimental data of indenter load and dis-
placement, i.e., Oliver—Pharr (O&P) method,' where derived
expressions for calculating the elastic modulus from indentation
experiments based on Sneddon’s elastic contact theory:*

E,= SV
" 2pVAL

where S is the unloading stiffness (initial slope of the unloading
load—displacement curve at the maximum depth of penetration
or peak load), A, is the projected contact area between the tip
and the substrate at peak load, and f is the constant that
depends on the geometry of the indenter (ff =1.167 for Berko-
vich tip).***' Conventional nanoindentation hardness refers to
the mean contact pressure; this hardness, which is the contact
hardness H,, is actually dependent upon the geometry of the
indenter (eq. 2):

(1

F
H.=— 2
A (2)
Where
A(h:)=24,5h>+aiho+ay b P+ ay ehc 1 3)
and
Py,
he=hp—e—" 4
ssm (4)

where h,, is the total penetration depth of the indenter at peak
load, P, is the peak load at the indenter displacement depth
hy, and ¢ is an indenter geometry constant, equal to 0.75 for
Berkovich indenter.”® For polymer films, Poisson’s ratio v is
taken as 0.40. The elastic modules and Poisson’s ratio for the
indenter (diamond) are 1140 GPa and 0.07, respectively.
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Table I. Experimental Parameters and Characteristics (Thickness, Color) of Synthesized Films

Experimental parameters

Characteristics of films

Cyclic Voltammetry Potentiostatic synthesized
Scan Appl.
Scan range rate Potential Time Thickness

Code of films (V vs SCE) Scans (mV/s) V) (min) (urm) Color
(3MTh-Biph)1 55/20 1.55 30 8.00° Dark blue
(3MTh-Biph)+ s5/5 1.55 5 0.90° Blue
(3MTh-Biph)1 s55/2 1.55 2 0.35% Blue
(3MTh-Biph)1 57/2 1.57 2 0.45° Blue
P3MTh 0-+20-0 6 20 25+05P Blue
(3MTh-Biph)1 +1 —-+20— +1 1 10 2.0x0.4° Dark blue
(3MTh-Biph)z +1 —-+20— +1 5 100 1.4+02° Blue
(3MTh-Biph)s 0—-+20—-0 3 20 1.7+0.4° Red

Applied Polymer -

2Thickness was estimated form the charge during the electropolymerization.

b Thickness was measured by profilometer.

Hardness and Young’s modulus values were extracted from the
experimental data (load—unload curves) using the Oliver and
Pharr (O&P) method.

RESULTS AND DISCUSSION

Synthesis of the Polymer Films by Electropolymerization

Under potentiostatic conditions, electropolymerization can be
achieved when the applied voltage is above the oxidation poten-
tial (E,y) of the monomer (or, in the current case, of the com-
bination of monomers). The experimental procedure for
determining E,, has been described in our previous work.® For
the Biph—3MTh monomer system, E,, was estimated as 1.55 V
(vs SCE). In order to investigate the effect of the experimental
conditions on the properties of the films, electropolymerization
experiments were performed using different potential applied
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Figure 1. Current versus time (i)—(f) curves during the electropolymeriza-
tion of 3-methylthiophene with biphenyl under different applied poten-
tials (for the codes, see Table I). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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for different time (duration). Table I presents the experimental
parameters and the characteristics (thickness and color) of the
corresponding synthesized copolymer films. Figure 1 presents
the current-time curve during the synthesis of the copolymers
(3MPTh-Biph) 55,30 and (3MPTh-Biph); 57/>.

Copolymer films were also synthesized using cyclic voltamme-
try, under different potential ranges and scan rates. Specifically,
either a wide potential range (from 0 V up to +2 V) or a nar-
row one (from +1 V up to +2 V) was used. The number of
scans and the scan rate were selected in order to synthesize
homogeneous films having an approximate thickness of 2.0 um.
For comparison, 3PMTh homopolymer film was also synthe-
sized by CV using the wide potential range (from 0 V to +2
V). Figure 2 presents the volammograms during the synthesis of
the 3PMTh homopolymer and of the copolymer films onto ITO
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=
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Figure 2. Cyclic voltammograms during the electropolymerization of
P3MTh and 3MTh-Biph monomers system onto ITO electrodes. In all
cases, the last scan is presented, i.e., the sixth scan for P3MTh, first scan
for (3MTh-Biph);, and third scan for (3MTh-Biph), (for the codes, see
Table I). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Scheme 1. Electropolymerization mechanism of 3-methylthiophene.

electrodes. During the deposition of the 3PMTh, at the first
scan, it can be seen that the oxidation of the monomer begins
at around 1.2 V. In the subsequent scans, the voltammogram
exhibits a couple of redox peaks (as it can be seen during the
sixth scan): one broad oxidation peak centered at about 1.0 V
(starting from about 0.8 V) due to the oxidation (or doping) of
the already deposited polymer and one reduction peak centered
at around 0.7 V during the dedoping of the polymer. The broad
oxidation peak can be attributed to the overlapping of the peaks
due to the oxidation of the monomer and the doping of the
polymer.

Similar to 3PMTh, copolymer (3MTh-Biph); exhibits a redox
couple due to oxidation/reduction of the polymer (third scan).
More specifically, it has a broad oxidation peak, centered at

Mnﬁ‘i& WWW.MATERIALSVIEWS.COM
1

42575 (4 of 11)

about 1.1 V (starting from about 0.8 V) and a reduction peak
at about 0.75 V, due to the doping and dedoping of the copoly-
mer, respectively. The copolymer changes its color from blue in
the forward scan direction (from 0 to +2 V) to red in the
reverse scan direction (from 2 to 0 V). In the case of (3MTh-
Biph);, the oxidation begins immediately at about 1.2 V, but no
peak can be distinguished (first scan). At the same time, not
any negative (cathodic) current is observed, indicating the
absence of any reduction phenomena (i.e., dedoping). Conse-
quently, the (3MTh-Biph), film is in the oxidized state (having
dark blue color), opposite to (3MTh-Biph); which is at least
partially reduced and has red color (see also Table I).

In order to estimate the oxidative state of the polymer films
synthesized (i.e., if they were oxidized or reduced, either totally

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42575
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Figure 3. Current versus electropolymerization time from 0 to 300 s for

copolymer (3MTh-Biph); s5/3, (for the code, see Table I). The Region III,

continues up to 1400 s and then the Region III}, appeared up to 1800 s.

or partially), the ratio of the oxidation to reduction charge
(Qox/ Qrea) was calculated for each scan. The P3MTh film has a
ratio of 2.8, indicating that it is partially oxidized (blue color).
Similarly, copolymer (3MTh-Biph); has a ratio of 6.5 and is
also partially oxidized (red color), whereas (3MTh-Biph); and
(3MTh-Biph), have only (or mainly) oxidation charge (Qo/
Qreq = 14) and are fully oxidized (with dark blue and blue color,
respectively).

Electropolymerization Mechanism

The electropolymerization mechanism of 3MTh is presented in
Scheme 1. The first step is the oxidation of the monomer
(Scheme 1a) and the formation of the radical cation. Then, two
radical cations are coupled and the dihydrodimer dication
(Scheme 1b) is formed. The latter, after losing two protons and
rearomatizing, is converted to the dimer (Scheme 1c). The
dimer is oxidized (more easily than the monomer) and follow-
ing the same route (Scheme 1d-f), the trimer is formed. Fol-
lowing these reactions, the polymer chain keeps growing on.

From the current—time (7)—(t) curves of the potentiostatic elec-
tropolymerization, the mechanism of the film deposition could
be derived. It is well known that the basic reaction steps take
place within the first 2 min. In Figure 3, the initial part of the
(1)—(#) curve of the copolymer (3MPTh-Biph); ss/30 is shown.

(@)

(®)

Wavenumber (cm’)
Figure 4. FTIR spectra of the copolymer film synthesized by potentiostatic
electropolymerization (for the codes, see Table I). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Thus, according to the mechanism of the deposition, the (i)—(f)
curves can be analyzed in regions where specific steps of the
film deposition take place.>”** Namely, there are the following
regions:

e Region I: Charging of the interface between the working elec-
trode and the electrolytic solution.

e Region II: Nucleation and growth of the polymer film. Fol-
lowing the progress of the reaction, oligomers are formed
containing 2-5 aromatic rings which become increasingly less
soluble until they become large enough (i.e., polymer) and
are deposited onto the working electrode as the nuclei of the
film.

o Region III: The growth of the already mentioned nuclei con-
tinues (Region III,), but with smaller rate than that of Region
II. After a certain time, the growth rate is stabilized and the
film is formed, resulting to a current plateau (Region III}).

e Region IV: The film growth rate decreases, due to the over-
lapping of the growing nuclei and due to the diffusion of the
radical cations form the interphase to the electrolytic solution
(i.e., they do not any longer take part in the film growth).
Moreover, it is possible to observe an almost constant cur-
rent, indicating that the film growth follows a steady rate.
The time where the current reaches constant value depends
on the applied potential and as a general rule, usually it
decreases with increasing applied potential.

Scheme 2. (a) Instantaneous and (b) progressive nucleation.
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Table II. Description of FTIR Bands of the Copolymers

Wavenumber
Characteristic bonds cm 7Y
>CHo>: aliphatic (cyclic and linear) parts 2960, 2920,

2870
C=0: bending vibrations 1740-1710
C=C: stretching vibrations of the 1600
phenylene ring due to the biphenyl units
Quinoid structure 1570
Benzenoid structure 1480
C—C: stretching vibrations of aromatic ring 1400

1375
Methyl deformation of 3MTh units 1312
C—H “in-plane” vibrations 1240

1165

980

943
CHaz: of 3MTh units 890
C—H: short terminal phenylene rings 740
C—S—C ring deformations due to 3MTh units 680
C—S bending vibrations due to 3MTh units 600

The nucleation and growth mechanism (NGM) can be deter-
mined from the analysis of Region II. According to the litera-
ture,>?>** there are two types of nucleation: instantaneous (I)
and progressive (P). In instantaneous nucleation, the number of
nuclei is constant, and they grow on their former positions on
the bare substrate surface without the formation of new nuclei.
Hence the radii of nuclei are larger and the surface morphology
is rougher (Scheme 2a). In progressive nucleation, the nuclei
grow not only on their former positions, but also on new nuclei
which form smaller particles and the surface morphology is
more flat (Scheme 2b). Concerning the growth of the film, this
could be in one (1D), two (2D), or three (3D) dimensions. In

—— (3MTh-Biph),
—— (@M Th-Biph),
—— (aMTh-Biph),
—— (aMTh-Biph),

o
L]
1

Absorbance (a.u)

0.0

T T T T T T T 1
300 400 500 600 700 800 900 1000
Waveleght (nm)

Figure 5. UV—vis spectra of the copolymer films in DMF (for the codes,
see Table I). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the 3D, the growth rates of nuclei in the parallel and perpendic-
ular to the electrode surface directions are essentially equal or
comparable. Similarly, in the 2D growth, the nuclei grow more
quickly in the parallel than the perpendicular direction until
they meet and overlap. In addition to the above, all the types of
NGM can be controlled either by diffusion or charge transfer.
The type of NGM can be determined from the plot of (i) versus
', where x is —(1/2), (1/2), 1, 2, 3, and (3/2), finding which
power law gives linear relationship between (i) and . NGM
can only be determined when Region II is well defined.

It has already been proven that for polyphenylenes x=1 and
that for 3PMTh x= 0.5, independent of the applied potential.>’
This means that the NGM is instantaneous, two-dimensional
nucleation (IN2D) in both cases, controlled by charge transfer
in the former case and diffusion in the latter. The copolymers
also have x=1 in the whole range of applied potentials which
was investigated. This means that the growth takes place in two
dimensions (2D), as layer by layer.”* The properties of the
deposited film depend on the nucleation mechanism. The
growth mechanism is very important for the quality of the
films, since 2D growth leads to compact films whereas 3D
growth leads to loose, powder like-films. For example, compact
films are formed by 2D nucleation, by instantaneous nucleation
with 3D growth rough grains are formed, whereas progressive
3D grow leads to more homogenous grains.** In our case, the
films grow 2D that means that the deposited films are expected
to be compact.

Structural Analysis of the Copolymers

In Figure 4, the FTIR spectra of the copolymers deposited on Pt
electrodes are presented. The various bands of the copolymers
are presented in Table II with respect to the assigned chemical

structures.*>1¢

In Figure 5, the UV spectra of the copolymers in dimethylfor-
mamide are shown. The copolymers exhibit two absorption
bands at 390 and 600 nm. Comparing the spectra of the copoly-
mers that were synthesized using the same potential but differ-
ent electropolymerization duration, it can be observed that the
peak absorbance increases with respect to the duration, leading
to a more narrow and sharp peak at 388 nm. Copolymer (PP—
3MPTh), exhibits two bands at 410 and at 615 nm, whereas
(PP-3MPTh); has one at 407 nm and also an absorption
shoulder at 590 nm. The main absorption that is attributed to
the copolymer (at 410 nm) shifts to higher wavelengths when
the polymer is more highly doped, i.e., for (PP-3MPTh),.

Table III. Electrical Conductivity of the Polymers Films on Pt Electrodes

Code of the polymer Electrical conductivity (S/cm 2)

(P3MTh-Biph)1 s5/30 40x10 1t
(P3MTh-Biph)1 ss/s5 9.0x10 1
(P3MTh-Biph)1 s5/2 80 x10 1t
(P3PTh-Biph)y 57/2 8.7 x 10 ~°
(3MTh-Biph), 7.0 x 10 ~*
(3MTh-Biph)» 42x10 2
(3MTh-Biph)s 5.0 x 10 ~°
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Figure 6. SEM photographs of polymer films synthesized by potentiostatic
electropolymerization on Pt electrode: (a) (3MTh-Biph),ss/50 and (b)
(3MTh-Biph); 555 (for the codes, see Table I).

Electrical Conductivity
The electrical conductivity of the films synthesized on Pt elec-
trode is presented in Table III. Comparing the films deposited
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under the same applied potential, the electrical conductivity
decreases by increasing the electropolymerization duration. For
1.55 V, the film deposited under 30 min has the lower conductiv-
ity; this is because it is thick and less uniform (see the section
titled “Morphology and Elemental Analysis of the Copolymers”)
than the thin ones (synthesized for 5 or 2 min). By increasing
the applied potential, the conductivity also decreases. In the case
of the films synthesized by cyclic voltammetry, both the scan rate
and the potential range affect strongly the conductivity. Namely,
the conductivity decreases when the scan rate increases (cf.
copolymers 1 and 2) and when the wide potential range is used
(cf. copolymers 1 and 3). In the latter case, this is due to the
reduction of the copolymers that take place during the scanning.
The electrical conductivity of the copolymers can be also corre-
lated with the morphology of the films (see the section titled
“Morphology and Elemental Analysis of the Copolymers”).

Morphology and Elemental Analysis of the Copolymers

Before performing a nanoindentation measurement, it is impor-
tant that the morphology of the films be known; this can be
determined using some kind of microscopic method. Here, the
morphology of the films deposited onto ITO was studied by
scanning electron microscopy (SEM). In Figure 6, the SEM pho-
tographs of the copolymers films synthesized by potentiostatic
electropolymerization are presented. The copolymer (3MTh—
Biph)ss/30 [Figure 6(a)] has a sponge-like morphology with
1.2-2.0 um diameter aggregates. On the other hand, (3MTh-
Biph); 555 [Figure 6(b)] has a granular morphology with aggre-
gates of 2 um. The effect of the polymerization duration on the
films morphology is obvious: (3MTh-Biph), 555 is more uniform
than the film synthesized for higher electropolymerization dura-
tion and this affects also the conductivity; namely, the thin film
has higher conductivity than the thicker one.

In Figure 7, the SEM photographs of the films synthesized by
cyclic voltammetry are presented. The homopolymer P3MTh
[Figure 7(a)] is composed of a continuous thin layer with
protruding grains having a size of few micrometers. These
grains appear to be composed of stacked layers (lamellae).
Similar structure has the copolymer (3MTh-Biph); [Figure
7(d)], but the grains are generally larger and more extended;
additionally, some grain aggregates appear, having a size of
few micrometers. Since the two films were synthesized using
the same potential range and scanning rate, the differences in
the morphology should be attributed to the effect of the
comonomer. It seems that the presence of biphenyl affords
more compact films. This can be supported from previous
works about copolymers of biphenyl with thiophene® or
biphenyl with pyrrole,” where the copolymers were generally
more compact compared to the thiophene or pyrrole homo-
polymers. Copolymer (3MTh-Biph); [Figure 7(b)] has com-
pletely different morphology: again, the main feature of the
film are the thin flat lamellae, but this time they appear thin-
ner and more porous; however, it also has a uniform mor-
phology. Comparing the film (3MTh-Biph); with (3MTh-
Biph), [Figure 7(b,c)], the effect of the scan rate on the mor-
phology can be observed. The low scan rate leads to a more
uniform film compared to the one deposited with a higher
scan rate, which has big aggregates that disturb the
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Figure 7. SEM photographs of polymer films synthesized by cyclic voltammetry on ITO electrode: (a) (P3MTh), (b) (3MTh-Biph);, (¢) (3MTh-Biph),,

and (d) (3MTh-Biph); (for the codes, see Table I).

uniformity. Similarly, comparing the film (3MTh-Biph), with
(3MTh-Biph); [Figure 7(b,d)], the effect of the potential
range on the morphology can be observed; they have a totally
different morphology. The main reason for this is likely the
difference in the doping level: (3MTh-Biph); is fully doped,
containing a large amount of positive charges on the chains.

Consequently, a similarly large amount of BF,  counterions
should be present. These ions disturb the ordering of the mol-
ecules inside the lamellae and the stacking of them into dense
grains. On the other hand, (3MTh-Biph); is partially reduced
containing much less counter ion (see also Table III for the
values of the conductivity).
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Table IV. Ratio of the Biphenyl to 3-methythiophene Structural Units

Ratio of the
Code of the polymer structural units

Biph/3MTh
(P3MTh—Biph)1_55/3o 1/130
(PSMTh—Biph)1_55/5 1/055
(P3MTh—Biph)1_55/2 1/044
(P3PTh—Biph)1,57/2 1/073
(3MTh-Biph)¢ 1/1.15
(3MTh-Biph)> 1/1.66
(3MTh-Biph)s 1/1.00

It is clear that the copolymers are composed of (more or less)
planar lamellae stacked one over the other. From the mecha-
nism of the potentiostatic electropolymerization, it was found
that the deposition of the copolymer films follows an instanta-
neous, 2D NGM. As already mentioned, this kind of mecha-
nism affords compact films consisting of flat crystallites. The
SEM photos indicate that the same nucleation and growth
mechanism takes place during electropolymerization under
potential scanning (i.e., cyclic voltammetry) conditions. The ini-
tial lamellae seem to have dimensions of a few micrometers, but
they tend to aggregate forming the continuous layers seen in
the background. However, it is also evident that the growth of
the copolymer film is not uniform; in some places, the stacking
of the lamellae has led to the formation of grains that protrude
from the more homogenous film in the background.

For the copolymers, the ratio of structural units derived from
biphenyl per that derived from 3-methylthiophene was calcu-
lated according to the literature.*” The values are presented in
Table IV. The morphology of the copolymers can also be corre-
lated with the ratio of structural units. Comparing (3MTh-
Biph), 5530 with (3MTh-Biph); 55/5, the former contains more
3MTh than the latter; this may explain why the latter is more

e —— (3MTh-Biph),
’ —— (3MTh-Biph),
——3PMTh
Z s /
=
-
o
o
- -
T T T ¥ T T T ¥ T
00 200 300 400 50 800 700

Depth (nm)
Figure 8. Load—depth curves of the three different polymer films onto
ITO substrates obtained by nanoindentation under maximum load (400
uN). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 9. Young’s modulus profiling of (3MTh-Biph);, (3MTh-Biph)s,,
and 3PMTh films. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

uniform. Similar conclusions can be derived when comparing
the films synthesized by cyclic voltammetry: film (3MTh-Biph),
contains more biphenyl units and is more uniform that
(3MTh-Biph), and, at the same time, film (3MTh-Biph); con-
tains equal structural units of Biph and 3MTh and is more uni-
form than (3MTh-Biph);.

Nanomechanical Properties

Nanoindentation is the most commonly used technique to
obtain local mechanical properties of small volume materials.
Nanoindentation results are presented in Figures 8-10. Figure 8
compares the load—depth curves of the three different polymer
films onto ITO substrates obtained by nanoindentation under
the maximum load (400 uN). The film of 3PMTh displays dif-
ferent nanomechanical behavior than the copolymer films,
which have similar (but not identical) behavior. Specifically, the
maximum penetration depth is higher for 3PMTh (about
600 nm) compared with the copolymers (250-300 nm), indicat-
ing that the former material is more ductile than the latter.

m  (3MTh-Biph),
* (3MTh-Biph),
% A 3PMTh

g
(O 0.15 o i i
2 ¢
8 0.12 4
5
S .93 4 &
x 000 x
s
0.08 o
A
0.02 o
0.00 T T T T T T T
0 100 200 200 400 g0 €00 700 800

Max depth (nm)

Figure 10. Hardness profiling of (3MTh-Biph);, (3MTh-Biph);, and
3PMTh films. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figures 9 and 10 illustrate the calculated values of the Young
modulus (E, in GPa) and the indentation nanohardness (H, in
GPa) of the three different materials as a function of penetra-
tion depth (hya nm). A general trend observed in both E and
H is that they decrease by increasing the indentation load. This
observation could be attributed to indentation size effect
(ISE).>>* At present, this phenomenon cannot be exhaustively
explained, but it is likely due to a combination of factors, e.g.,
surface nano-roughness, adhesive forces between the tip and the
sample, imperfection in tip geometry, formation of an intrinsic
harder outer skin in the outermost surface layer of the speci-
men, etc.”>*’ Till today, there are not many works on the nano-
mechanical properties of conducting polymers; in the literature,
only P3HT has already been studied and the E and H values
that have been reported are of 1.4 and 0.08 GPa, respectively.*®
These values are very close to those measured in the case of the
P3MTh film, where the average of the Young modulus and of
the hardness was about 1.0 and about 0.06 GPa, respectively.

Concerning the copolymer films, both of them have higher val-
ues of measured nanomechanical properties than those of the
P3MTh homopolymer film. This can be attributed mainly to
the incorporation of biphenyl unit into the structure. Given
that biphenyl is not substituted in any position, it can be
expected that the incorporation of such a unit will increase the
rigidity of the polymer backbone; however, at the same time,
the loss of chain regularity may also lead to subsequent decrease
of the polymer crystallinity. It seems that the increase of the
rigidity is high enough to compensate for any loss of crystallin-
ity. Since the copolymer film had higher properties than those
of homopolymer (measured using similar methodology), the
use of the copolymer film into a device will act with a double
role, i.e., apart from its electronic function, it will also act as a
load-bearing component.

Comparing the nanomechanical properties of the two 3MTh—
Biph copolymer films, it is clearly observed that both elastic
modulus and hardness values decrease with increasing degree of
doping. This could be attributed to the presence of the anions
BF,  incorporated into the doped polymer film in order to
maintain electric neutrality. The role of these anions is not lim-
ited to the stabilization of the opposite charge but they also are
likely to play a key role in the formation of the structure of the
polymer chains affecting on both the physical and mechanical
properties of the whole polymer film.**'

CONCLUSIONS

Novel electrically conducting copolymer films were synthesized
by electropolymerization based on the combination of biphenyl
with 3-methylthiophene and their nanomechanical properties
were investigated. The films were deposited using either poten-
tiostatic or cyclic voltammetric conditions. From the potentio-
static  electropolymerization, the and growth
mechanism (NGM) was determined as instantaneous, two-
dimensional controlled by charge transfer, affording homoge-
nous films; the same mechanism appears to describe the film
growth during cyclic voltammetry. The effects of the electropo-
lymerization conditions on the morphology, chemical structure,

nucleation
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and electrical conductivity of the copolymer films were investi-
gated. More homogenous films with higher conductivity were
produced when using applied potential near the onset of the
electropolymerization and lower duration (for potentiostatic
conditions) or smaller scanning rate and a narrow scanning
range (avoiding reduction, in cyclic voltammetry). The copoly-
mer films had higher Young modulus and nanohardness than
poly(3-methylthiophene), indicating that the incorporation of
biphenyl leads to a more densely packed structure and a more
brittle polymer. The thinner films deposited at low number of
scans were better adhered onto the substrate and had higher
wear resistance compared to the thick films, especially at low
indentation depths.
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