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2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine was synthesized by Stille coupling. This monomer
having D-A-D structure was successfully electropolymerized by cyclic voltammetry. The
electrochemical, optical, electrochromic, nanomechanical properties of the films, as well as their
stability and morphology were studied. The polymer films exhibit a multi coloured behaviour, i.e. their
colour changed upon oxidation form red (in the neutral state) to purple and sky blue (doped state). In
the reduced state are pale blue. Based on the nanomechanical properties, the films synthesized under
low number of scans (2 or 5 scans) are well adhered on the ITO electrodes, whereas a higher number
of scans (20 scans) results to a thicker, more elastic and more soft film. The poly(2,5-bis(2-(3,4-
ethylenedioxy)thienyl)pyridine) films synthesized under few scans are proposed for application in
mulicoloured electrochromic devices, since they are well adhered on the ITO, they reversible switch
their colour from red to sky blue and they are stable during the potential switch.

Keywords: EDOT copolymers, electropolymerization, cyclic voltammetry, electrochromism,
nanomechanical properties.

1. INTRODUCTION

The electrochromic (EC) effect is defined as a visible and reversible variation of optical
properties when a material is electrochemically oxidized (doping) or reduced (dedoping). It results
from the generation of different absorption bands in the visible region of the spectrum upon switching
between redox states, i.e. the material changes its colour by accepting electrons (reduction) or by
ejecting them (oxidation) [1-3]. Electrochromism was first described in transition metal oxides in late
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1960s. Nowadays, this effect has been observed not only in inorganic materials but also, and more
importantly, in organic compounds such as dyes and conducting polymers (CPs) [1,2,4]. A variety of
CPs has colours both in the oxidized and reduced states, since their band gap is in the visible region.
By oxidation, the intensity of the m-n* transition decreases, and low energy transitions emerge to
produce a second (or even more) colour [3,5]. By comparing CPs with inorganic EC materials, the
former have many advantages over the latter, such as ease of processing, high optical contrast, faster
switching times, cost effectiveness and hue modulability through functionalization [3,6,7]. These,
combined with the fact that CPs can repeatedly undergo electrochemical doping/dedoping, makes them
the most promising class of materials to be used in electrochromic devices (ECDs).

The value of the band gap of an EC polymer is the most important factor for controlling its
optical properties. The most appropriate method for controlling the band gap is by using monomers
that combine moieties with different electron affinities [8-10]. This can be achieved by
copolymerization of appropriate comonomers or by electropolymerizing a monomer having electron
donor-acceptor-donor (D-A-D) structure. The second way is more preferable, because it leads to more
defined structures, avoiding defects [10-14]. Many multicoloured EC copolymers have been designed
and synthesized. Usually, thiophene derivatives and especially 3,4-ethylenedioxythiophene (EDOT)
are the one of the moieties. Specifically, copolymers with EDOT as electron donor moiety combined
with various arylene units such as carbazole, benzene, napthalene, pyrene or pyridopyrazine, have been
reported in the literature By changing the arylene unit, the band gap also changes and neutral
copolymers with colours ranging from blue through purple, red, orange, green, and yellow have been
obtained [1,10,12,13,15-21]. The electrochromic properties of these EDOT copolymers have received
significant attention due to their wide range applications as result of their high electrical conductivity
and high stability [3,10].

In the optoelectronic applications thin polymer films are used and their thickness still continues
to decrease. However, the mechanical properties of these films have not been extensively studied,
given that it is difficult to determine these properties with traditional testing techniques. Furthermore,
in the most conventional applications of thin films (OPVs, OLEDs) the material do not carry any load
(apart from its weight), thus the mechanical properties were considered of secondary importance.
Nevertheless, there is a growing demand in applications where the devices will have to carry stresses
(e.g. flexible plastic displays, e-paper), making necessary the estimation of the mechanical properties,
such as elastic modulus and hardness. These properties of the deposited film depend on
electropolymerization conditions, such as polymerization potential, electrolyte, number of scans, etc
[22]. Apart from the theoretical studies, there are some methods for determining these properties based
on bending of microbeams, but the most important technique is nanoindentation (NI) [23]. Through
this method, it is possible to obtain the nanohardness (H) and Young’s modulus (E) values by
indenting the film’s surface with a probe of a known geometry under various applied load.

Even though there are many EDOT copolymers having different colours, there is a lack of
materials that are red (in the sense of actual red colour and nor brick red or reddish hues) in the neutral
state. A D-A-D structure combining EDOT with pyridine seems to be a good candidate for a neutral
red material. Even though there is a communication from 1999 [19] about this copolymer there are not
any subsequent publications; additionally, the stability, the morphology and the nanomechanical
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properties of this copolymer have not been studied. The aim of this work was to synthesize stable
polymer film that will switch its colour from red to sky blue for application in multicoloured ECDs.
Additionally, given that EDOT is susceptible to oxidation due to its strong electron donor nature, the
incorporation of a strong electron acceptor moiety (such as pyridine) into the macromolecules will lead
to a more stable in air copolymer. Based on the electrochemical, electrochromic and nanomechanical
properties the optimum conditions will be chosen for the construction of the device.

2. EXPERIMENTAL

2.1. Materials

2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine, was synthesized starting from 3,4-ethylenedio-
xythiophene (Sigma-Aldrich 483028). n-butyllithium solution (1.6 M in hexane, Sigma-Aldrich
18617), trimethyltin chloride (Sigma-Aldrich 146498) and 2,5-dibromopyridine were used as received.

Dichloromethane (DCM, anhydrous, Sigma-Aldrich 270997) and acetonitrile (ACN,
anhydrous, Sigma-Aldrich  494445) were used directly without further purification.
Tetrabutylammonium tetrafluoroborate (for electrochemical analysis, > 99.0%, Fluka 86896) was dried
at 120 °C under vacuum prior to use.

2.2. Instrumentation

Stille coupling was carried out in microwave oven (CEM Discover DU8107). The 2,5-bis(2-
(3,4-ethylenedioxy)thienyl)pyridine was purified using ComniFlash (Teledyne 1ISCO) chromatography.
High-resolution (500 MHz) *H-NMR spectra were recorded on a UNITY INOVA 500 spectrometer
from Varian at room temperature. Elemental analyses were obtained using a Thermo Scientific Flash
EA 1112 CHNS/O Automatic Elemental Analyzer. The UV-Vis spectra were recorded by a Lambda
19-UV/VIS/NIR-spectrometer of PerkinElmer. Photoelectron spectroscopy was applied for the
estimation of the HOMO energy levels using a Riken Keiki AC-2. The polymer was measured as film
on ITO substrates in air. The scanning electron microscopy investigations (SEM) were carried out
using a HITACHI S-4100 scanning electron microscope with a cold field emission cathode. The
nanomechanical properties of the coatings were investigated by Hysitron Tribolab® nanomechanical
test instrument.

2.3. Synthesis of 2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine (2)

3,4-ethylenedioxythien-2yl trimethylstannane, Scheme 1, structure (1) was synthesized
according to the procedure describing in the literature [14,24]. The reaction was carried out under
vacuum and argon protection. To a solution of 1.88 ml (17.5 mmol) 3,4-ethylenedioxythiophene in
37.5 ml anhydrous THF were added dropwise 10.9 ml n-butyllithium solution (1.6 M in hexane) at -80
°C. The mixture was stirred at room temperature for 1 h. 19 ml (19 mmol) trimethyltin chloride
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solution (1 M in hexane) were added dropwise and the resulting mixture was stirred at -50 °C for 1 h
before allowing to warm to room temperature overnight. The solvent was removed by rotary
evaporation and the residue was solved in dichloromethane and treated with saturated ammonium
chloride solution. The organic layer was separated, washed with water, dried over MgSO, and filtered.
The solvent was removed again to afford a yellow oil, which was stored at low temperature. This
compound (1) was used without further purification (yield = 46.8 %).

The monomer 2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine, Scheme 1, structure (2), (EPyrE)
was synthesized by Stille coupling of (1) with 2,5-dibromopyridine. 610 mg (2 mmol) of (1), 189.5 mg
(0.80 mmol) of 2,5-dibromopyridine and 24 mg (0.024 mmol) of tetrakis
(triphenylphosphine)palladium were dissolved in anhydrous p-xylene in a glove box. Stille coupling
was carried out in in a microwave oven with a heating step program (5 min at 120 °C, 5 min at 140 °C
and 40 min at 170 °C). The resulting mixture was diluted by dichloromethane and washed with
aqueous solution of sodium carbonate. The organic layer was separated, washed with water, dried over
MgSQ, and filtered. The product was purified by Flash Chromatography using hexane and ethyl
acetate as eluent and the pure product is a yellowish white powder (yield = 38 %) with a melting point
of 188 °C.
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Scheme 1. Synthetic route of 2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine and the corresponding
polymer

NMR spectrum of the monomer 2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine (2), Figure 1 : 64
(ppm, CDCj3) : 8.87 (s, 1H), 7.92 (d, 2H), 6.42 (d, 2H) and 4.33 (t, 8H). The protons of thiophene ring
are at 6.42 ppm (a protons). The protons of pyridine are at 8.87 ppm (a protons) and at 7.92 ppm (B
protons). Anal. calcd for C17H13NO,S; (M, 359.41 g/mol): C 56.81, H 3.65, N 3.90, O 17.81, S 17.84;
found C: 57.00, H 3.67, N 3.91, O 17.67 and S 17.67.
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Figure 1. *H-NMR spectrum of monomer (2) in CDCls.

2.4. Electrochemistry

Electrochemical synthesis (electropolymerization) and electrochemistry experiments were
performed with a Cyclic EG&G Parc model 273 potentiostat controlled by an IBM P70 computer. An
one-compartment electrochemical cell with a three electrode set up was used. An indium-tin oxide
coated glass (ITO, Balzers, 30 nm fully oxidized ITO on SIO; with a resistance 78 Ohm / sq, 2.5 x1.0
cm) or Pt plate (0.15 cm?) were used as working electrodes for the deposition of the films. A Pt wire or
Pt mesh as counter electrode and Ag/AgCl (3M NaCl and sat. AgCl) as reference electrode. ITO
electrodes were cleaned prior to use by sequential 10 min ultrasonication in acetone, water and
isopropyl alcohol. After, they were further cleaned by exposure for 2 min on air plasma and were dried
on a hot plate at 120 °C for 10 min.

The electropolymerization solution was a mixture of acetonitrile with dichloromethane
(ACN:DCM = 1:1 v/v), with tetrabutylammonium tetrafluoroborate (TBABF,4, 0.1 M) as supporting
electrolyte and the monomer 2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine with concentration 1 mM.
After the electropolymerization the polymer films were rinsed with ACN:DCM=1:1 v/v solution, in
order to remove the residues of polymerization and the soluble oligomers and then they were dried
with argon flow. The electrochemistry of the already formed films on ITO or Pt electrodes was carried
out using the same electrode set-up in a monomer-free solution of TBABF,4 (0.1 M) in acetonitrile. All
the electrochemistry experiments were performed at room temperature and prior to those, the solution
was deoxygenated with nitrogen. The electrochemical cell was calibrated by the use of a ferrocene
standard and the half-wave potential has been estimated to be 435 mV for this assembly.

2.5. Nanoindentation tests

The nanomechanical properties of the coatings were investigated by Hysitron Tribolab®
nanomechanical test instrument. A two-dimensional force-displacement transducer was used for the
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indentation tests. The ability of the transducer to perform load is in the range of 1-10000 uN with a
high load resolution of 1 nN. The limited penetration depth which can be recorded by the transducer is
3000 nm (uN) with a resolution of 0.04 nm. A three-sided pyramidal Barkovich diamond indenter
(with an average radius of curvature about 100 nm) is used for the measurement of H and E values. A
Scanning Probe Microscope (SPM) is integrated in the nanomechanical test instrument, in which a
sharp probe tip moves in a raster scan pattern across a sample surface using a three-axis piezo
positioner. The calibration process is conducted on fused quartz, prior to any experimental procedure.
It is a standard material which is used to determine the tip radius (tip area function) [25]. The tests
were carried out in a clean area environment with ~ 45% humidity and 23 °C ambient temperature
[26]. The Oliver and Pharr method was used in order to specify the stiffness (S), hardness (H) and
reduced modulus (E;) values, based on the half-space elastic deformation theory [27,28]. These
expressions for defining the elastic modulus from indentation tests are calculated by Sneddon’s elastic
contact theory [29].

Indentation tests were performed on poly(2,5-bis(2-(3,4-ethylenedioxy)thienyl) pyridine films
on ITO, deposited by cyclic voltammetry in the potential range 0 to 1.4 V with scan rate 50 mV/s for
different number of scans (2, 5 and 20 scans). For the nanomechanical tests the displacement control
mode was used since the film thickness was low, in order to measure the applied force needed for
indenting the sample’s surface at certain displacements. The thickness of the film deposited by 2 scans
(Film A) was low, approximately in the range of 10 nm (estimated by the charge during
electropolymerization) and that of the film deposited by 5 scans (Film B) was 30 nm (estimated by
SEM). In order to avoid the effect of the ITO substrate to the nanomechanical properties, a thicker film
was synthesized under 20 scans (Film C) with 100 nm thickness (estimated by SEM).

2.6. Spectroelectrochemistry

Spectroelectrochemical data were recorded on an 8453 UV— 358 visible Spectophotometer
(Agilent, Germany) connected to a computer. The potential was obtained with the potentiostat
PGSTAT 302N from AUTOLAB, controlled by a PC running under GPES from Windows, version 4.9
(ECO Chemie B.V.). The polymers films on ITO electrodes were measured in a cell of 1 cm
pathlengh. A three electrode cell assembly was used, where the working electrode was the
ITO/polymer system, a Pt wire as counter and Ag/AgCl (2 M KCI / EtOH) as a reference electrode.
The measurements were carried out at room temperature under Ar. The UV-Vis spectra were measured
between 0 V to +1.8 V and the titration was recorded with + 0.1 mV and 20 sec equilibration time.

3. RESULTS AND DISCUSSION

3.1. Electropolymerization of 2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine

The electropolymerization of monomer (2), Scheme 1, was carried out using cyclic
voltammetry (CV) between 0 to 1.4 V with a scan rate of 50 mV/s. Figure 2 shows the first 10 scans.
During the first scan the peak due to the oxidation of the monomer appears at 1.2 V. From the second
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scan and onwards the oxidation due to the doping of the already formed polymer starts at 0.55 V and it
can be clearly seen as a peak after the 4™ scan. The reduction of the film (dedoping) is appeared as a
broad peak at around 0.85 V. The oxidation peak of the polymer shifts in the anodic direction and the
reduction peak also. This electrochemical behaviour indicates that a conducting polymer film was
formed. The current of oxidation (anodic) and reduction (cathodic) peak of the film increases with
increasing the number of scans. This indicates not only the formation of an electroactive polymer film
on the surface of ITO electrode, but also an increase in the thickness of the film. The polymer growth
was continued until the 30™ scan and then is practically stops.

2.1x10™
1.4x10™ -
7.0x10°

0.0

Current density (A / cm?)

-7.0x10°° -

0.0 0.4 0.8 1.2 1.6
Potential (V vs Ag/ AgCl)

Figure 2. Cyclic voltammograms during the electropolymerization of (2) with 1 mM in 0.1 M
TBABF,, in MeCN:CH.Cl, (1:1 v/v) on ITO electrode (area: 1.5 cm?), scan rate 50 mV/s, vs.
Ag/AgCI

After the end of the 5™ scan, a polymer deposition can be clearly seen, having red purple colour.
The ratio of the oxidation to reduction charge (Qox/Qreq) Was calculated for each scan, inset figure in
Figure 1. Starting from a high value of Q/Qrq = 11 in the 1% scan, the reduction charge starts to
increases and at 5™ scan reaches the value of 4.7, this indicates that the film formed is partially
reduced.

The effect of the potential scan rate in the electropolymerization of (2) was investigated using
different scan rates, from 25 mV/s to 225 mV/s, Figure 3. In this figure the dependence of the redox
couple due to oxidation (at 1.1 V) and reduction (0.7 V) of the monomer is shown. The current in the
anodic peak, 1,* and in cathodic one, I,° increase with the increasing the number of scans and their
current depend linearly on the scan rate, inset figure in Figure 3. For a reversible peak controlled by
charge transfer, the difference between the anodic peak potential and cathodic peak one, AE= Epa-EpC
should be 59 mV/n, where n is the number of electron transferred (i.e. 59 mV for fast one electron
process [30,31]. Moreover, the absolute value of the current in anodic peak to the corresponding

a
p

c
p

cathodic , should be equal to one and also the position of the peaks (i.e. the potential) should be
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a
p

not affected from the scan rate. In the case of (2), Elo"j‘-EpC is much higher than 59 mV, and the |—| is

p
between 2 and 4. The E,*-E,° is associated with ion transport resistance involved in the redox reactions
doping-dedoping. It gives information about polymer thickness. Namely, if polymer thickness is high,
electron transfer between the polymer and the electrolyte will be slow. The value AE value generally
increases as the polymer deposition on the film increases [32]. Therefore, even though there is a linear
dependence of I,* and 1,° on the scan rate, the peak is not reversible. This means that the polymer
formed and doped during the anodic direction is stable on the electrode after dedoping (i.e. in the
cathodic direction), as well as its thickness increases with the number of scans.
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Figure 3. Cyclic voltammograms of the electropolymerization of (2) with concentration of 1 mM in
0.1 M TBABF;, in MeCN:CH,Cl, (1:1 v/v) on ITO electrode (area: 1.5 cm?), under different
scan rates vs. Ag/AgCI. The inset Figure shows the dependence of the anodic (1.1 V) and the
cathodic peak (0.7 V) currents versus the scan rate.

3.2 Electrochemistry of polymer films

For an application to ECDs, it is important to have a film that switches reversible between
doping/dedoping process. Figure 4a shows the electrochemical behavior of an already formed film on
ITO (synthesized by scanning the potential form 0 to 1.4 V, scan rate 50 mV/s, 5 scans,) at different
scan rates from 25 to 300 mV/s. For these measurements, a solution of 0.1 M TBABF, in acetonitrile
was used. The polymer film exhibits two oxidation peaks, at 0.65 V and at 1.0 V and one reduction at
0.80 V. The peak currents of the three peaks increase with the increasing of the scan rate. This
indicates an electroactive polymer film on the electrode surface. The first oxidation peak is not so
clear, especially for slow scan rates, but the second one and the corresponding reduction are well
defined, even though at high scan rates. The anodic and the cathodic peak currents depend linearly on
the scan rate, Figure 4b and also the position of the peaks (i.e. the potential) are not affected by the
scan rate.
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Figure 4a. Cyclic voltammograms of the (3) polymer film on ITO electrode at different scan rates
between 25 mV/s and 300 mV/s. A monomer-free solution of 0.1 M TBABF, in acetonitrile
was used. The ready film had synthesized by scanning the potential form 0 to 1.4 V, scan rate
50 mV/s, for 5 scans on ITO electrode.

This indicate that the electrochemical process of doping/dedoping is reversible and not

a

I
diffusion limited [19,33], even at high scan rates. Concerning the ratio of —2 is close to 1 (aprox 1.3)

and the E,*-E,°= 150 mV, and not 59 mV, but it is normal for a ready film redox behavior.
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Figure 4b. Scan rate dependence of current of the anodic and the cathodic peaks.
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3.3. Optical and electrochemical properties

Figure 5 presents the UV-Vis spectra of the polymer film (3) deposited on ITO electrode. The
film was synthesized by scanning the potential form 0 to 1.4 V, scan rate 50 mV/s, for 5 scans on ITO
electrode and then dedoped in a monomer-free solution. The absorption maximum (Amax) for the
neutral polymer was centred at 540 nm, whereas for the monomer EPyrE (2) at 356 nm (Table 1). The
optical band gap Ey of polymer was calculated from the onset absorption wavelength, Aonset (680 nm)
1.82eV.

0.3 4

Absorbance (a.u.)
o
N
1

0.1

T T T T T
450 600 750 900 1050

Wavelength (nm)

Figure 5. UV-Vis spectrum of polymer film deposited on ITO electrode at the neutral state (the film
was synthesized by scanning the potential form 0 to 1.4 V, scan rate 50 mV/s, for 5 scans, on
ITO electrode and then dedoped in a monomer-free solution).

Cyclic voltammetry is a very well-known method to characterize the electron transfer activity
of electroactive films. From the cyclic voltammograms the electrochemical redox behavior of the
polymer film was studied and the HOMO and LUMO energy levels were estimated from the peaks
[34]. Figure 6 shows the cyclic voltammogram of the already formed film on Pt electrode in monomer-
free solution of 0.1 M TBABF, in acetonitrile with scan rate 20 mV/s. The film had synthesized by
scanning the potential form 0 to 1.4 V, scan rate 50 mV/s, for 5 scans. Two oxidation peaks are shown,
at 0.51 V and 1.12 V and the corresponding reduction peaks at 0.5 V and 1.03 V. The first redox
couple seems to be reversible and can be attributed to p-doping of the molecule and its corresponding
dedoping. The HOMO energy level was calculated as Epomo = -5.31 eV.

Photoelectron spectroscopy was also used for the estimation of the HOMO energy level using a
Riken Keiki AC-2 in air. A film synthesized in the same conditions on ITO electrode measured and the
corresponding value for Egomo was -5.41 eV.
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Figure 6. Cyclic voltammogrmas of polymer film (3) on Pt electrode in monomer-free solution of 0.1
M TBABF, in acetonitrile, scan rate 20 mV/s. The ready film had synthesized by scanning the
potential form 0 to 1.4 V, scan rate 50 mV/s, for 5 scans, on Pt electrode. Only oxidation
direction.

It is notice that the LUMO band could not be determined by cyclic voltammetry, given that
after -1.5 V the film was peeled off from the electrode. Indirectly, the LUMO band determined using
the optical band gap and the HOMO band from CV, as E_ yvo= - 3.49 eV. All the data are summarized
in Table 1, where also the values for 1,4-bis(2-(3,4-ethylenedioxy)thienyl)benzene,(EBE) and the
corresponding polymer, PEBE are presented [15].

Table 1. Absorption maximum Amax, onset absorption wavelength Agnset, HOMO, LUMO energy levels
and optical band gap Eg of EPyrE, EBE and the corresponding polymers PEPyrE and PEBE

Material )Vmaxé1 xonseta Eqb EHOMO ELUMOe
(nm) (nm) (eV) (eV) (eV)
EPyrE 356 400 3.10
EBE 347 445 2.79
PEPyrE 540 680 1.82 -5.31° -3.49
-5.41°
PEBE Ref.15 511 645 1.92 -4.58° -2.66

a: UV-Vis of EPyrE and EBE were measured from solution of CHCI; and CH,ClI,, respectively and
PEPyrE and PEBE as solid films

b: Estimated from Agnset

c: Estimated by cyclic voltammetry

d: Estimated by Photoelectron spectroscopy, AC-2.

e: Calculated by the subtraction of the optical bad gap from the HOMO level
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Comparing the polymers PEPyrE and PEBE, they have the same electron donor structure, i.e.
EDOT, and the first one has an electron acceptor, i.e. pyridine and the second one benzene, which is
neutral (neither electron donor neither electron acceptor properties). The influence of the introduction
of pyridine as an acceptor in comparison to the neutral benzene in the molecule is drastically shown in
the HOMO and LUMO energy levels. In the case of the pyridine ring the HOMO energy level is
shifted of about 0.7 eV to more negative values and the LUMO energy level of about 0.8 eV also to
more negative values. That means in the case of oxidation the donation of electrons is hindered but
accepting of electrons is relieved.

3.4. Electrochromic properties: Spectroelectrochemistry

Spectroelectrochemistry is a really useful tool to investigate the changes in optical properties of
an electrochromic polymer upon voltage changes. The polymer film on ITO electrode (synthesized by
scanning the potential form 0 to 1.4 V, scan rate 50 mV/s, for 5 scans) was underwent a stepwise
potential scan from -1 up to +1.8 V in a monomer free solution of 0.1 M TBABF, in acetonitrile. The
in situ UV-Vis spectra were recorded and they are presented in Figure 7. At the neutral state the
polymer exhibits the main band at 544 nm due to the n-n* transitions. As the potential increases, the
typical evolution spectra for p-doping are formed. It is well known that the oxidation of an
electrochromic material will produce radical cations (polarons) and further oxidation produce dications
(bipolarons), allowing new electronic transition thereby changing absorption spectra.

Absorbance

T T T T T T T T T
450 600 750 900 1050
Wavelenght (nm)

Figure 7. Spectroelectrochemical spectra of polymer film (3) on ITO in the neutral and oxidized states,
in 0.1 M TBABF, in acetonitrile at several potential from -1.0t0 1.8 V.

Namely, the intensity of the peak due to n-n* decreases when the potential increase and from
0.6 V the peak shifts to higher wavenumbers. Moreover, a broad peak at 950 nm is presented. This
change represents the formation of polaron bands. The colour of the film was changed upon oxidation
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and reduction and this trend is a significant trait of CPs in electrochromic devices and displays.
Starting form red (in the neutral) state, become blue-purple at 0.6 V and sky blue at around 1 V
(intermediate oxidized, doped states) and after 1.2 \V deep blue purple. In the reduced state is pale blue,
Figure 8.
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Figure 8. Cyclic voltammograms of polymer film (3) on ITO, in 0.1 M TBABF, in acetonitrile, scan
rate 50 mV/s. The ready film had synthesized by scanning the potential form 0 to 1.4 V, scan
rate 50 mV/s, for 5 scans, on ITO electrode

3.5. Stability

The stability of the electrochromic polymer film for many switchings between oxidized and
neutral states is very important for an application. In order to investigate the stability, a polymer film
deposited on ITO electrode (by scanning the potential form 0 to 1.4 V, scan rate 50 mV/s, for 5 scans)
was switched very fast, with a scan rate of 500 mV/s between 0 and 1.4 V in a monomer free solution
of 0.1 M TBABF, in acetonitrile. The charge involved during the doping-dedoping process was
calculated for every scan. The total loss of charge was approx. 13% after 500 scans. Given that the
main loss observed during the first 100 scans and after the loss rate was really low, it can be assumed
that the film can undergo more scans.
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3.6. Morphology and nanomechanical properties of the films

3.6.1. Morphology

The morphology of the films examined by SEM, Figure 9. The films have an accumulation
state of clusters of granules and shows porous structure. The porous structure of the film facilitates the
contact with the electrolyte for the doping/dedoping process, thus it enhance the electrochromic
properties [15]. Film B is more uniform than Film C and macroscopically seems to have a good
adhesion on the electrode.

5kV_10000x

5kV_50000x

5kV_10000x
5kV_50000x — 500 nm —

()

Figure 9. SEM micrographs of film deposited on ITO by scanning the potential form 0 to 1.4 V, scan
rate 50 mV/s, for (a) 5 scans, Film B and (b) 20 scans, Film C

3.6.2. Load-unload curves

In Figure 10 comparative load-unload curves at 30 and 130 nm depth of the polymer films
(deposited under different number of scans) are presented. The Film C (deposited under 20 scans)
presents lower resistance to applied load compared to Films A and B (deposited by 2 and 5 scans,
respectively), i.e. the indenter reaches the same indentation depth with the application of lower applied
loads. This is attributed to the higher thickness of Film C, indicating an elastic behavior. On the other
hand, Film A has higher resistance and exhibits a more elastoplastic behavior; an intermediate
behavior is observed for Film B. Nanoindentation testing indicated that the low number of scans
results to well adhered thin films, following substrate’s deformation mode, whereas a higher number of
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scans results to a thicker, more elastic and more soft film (lower hardness and elastic modulus values)
film.
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Figure 10. Load-unload curves at (a) 30 and (b) 130 nm for Film A, B and C. The films were
deposited on ITO electrodes by scanning the potential form 0 to 1.4 V, scan rate 50 mV/s, for
2, 5 and 20 scans (Film A, B, C, respectively)

3.6.3. Hardness and elastic modulus values

In Figure 11a,b the H and E values of the films are presented as a function of indentation depth.
It is observed that Film A and B have higher H and E values compared to Film C. Similarly low
values have been reported for EDOT depositions with thickness of some um [35]. It should be noticed
that the H and E values for low indentation depths contains the error due to the surface roughness that
affect the calculation of the real contact area. Inset in Figure 11a,b presents SPM images the films,
where the roughness surface of Film A at low indentation depths can be observed.

Furthermore, the wear resistance and plastic (elastic) deformation of the films were estimated
indirectly by using the ratio H/E and H*/E?, respectively. Namely, a higher H/E value corresponds to
higher wear resistance [36] and higher H¥/E? to higher elastic behavior of the film under applied loads
[37]. The thin films (A and B) have higher wear resistance compared to the thick one (Film C) and
especially for a low indentation depths. Moreover, Films A and B have approximately the same H*/E?
values for a specific depth; but as the tip further penetrates the surface, Film A exhibits a more elastic
behavior, indicating a better adhesion onto ITO substrate; however, both these films have good
adhesion. The thicker film C has the lowest H¥E? values indicating a more plastic behavior and lower
adhesion on the substrate.
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Figure 11. (a) Hardness (H), (b) elastic modulus (E) values, (c) H/E and (d) H/E? ratios of the
deposited films as a function of indentation depth. Inset to the graphs SPM images of Film A
and Film C are presented.

4. CONCLUSION

The monomer having D-A-D structure, 2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine, was
successfully synthesized and electropolymerized onto ITO electrodes by cyclic voltammetry in the
potential range 0 to 1.4 V (vs Ag/AgCl). The electrochemical, optical, electrochromic, nanomechanical
properties, as well as the stability and morphology of the films were studied. The polymer film
exhibits two oxidation peaks, at 0.65 V and at 1.0 V and one reduction at 0.80 V. These peaks depend
linearly on the scan rate, indicate that the electrochemical process of doping/dedoping is reversible.
This trait is important for an application in ECDs. The HOMO energy level of the films was estimated
as Enomo = -5.31 eV, the ELymo= - 3.49 eV and the band gap E4 as 1.82 eV. At the neutral state the
polymer exhibits the main band at 544 nm due to the n-n* transitions. As it stepwise oxidized this peak
decreases and a broad peak at 950 nm appeared, due to polarons band. According to
spectroelectrochemical results the polymer films are multicoloured. Specifically, the colour of the film
was changed upon oxidation; starting form red (in the neutral state), become blue-purple at 0.6 V and
sky blue at around 1 V (intermediate oxidized, doped states) and after 1.2 V blue purple. In the reduced
state is pale blue. Moreover, the films are stable and switch their colours during the potential change
for at least 500 scans. Polymer films synthesized under different number of scans were examined by
Nanoindentation testing. It was found that a low number of scans (2 or 5 scans) results to well adhered
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thin films, following substrate’s deformation mode, whereas a higher number of scans (20 scans)
results to a thicker, more elastic and more soft film (lower hardness and elastic modulus values) film.
Moreover, the thin films have higher wear resistance compared to the thick one (deposited under 20
scans) and especially for a low indentation depths.

The poly(2,5-bis(2-(3,4-ethylenedioxy)thienyl)pyridine) films synthesized under few scans are
well adhered on the ITO electrode, they reversible switch their colour from red to sky blue, are stable
and they will be a good candidate for application in mulicoloured electrochromic device.
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