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Triphenylamine-based hydrazones were subjected to electropolymerization process that gave well
conductive hydrazone based polymers. The first example of polyhydrazone formation during the
electrochemical process was shown. The estimation of polymer structure was demonstrated using IR
spectroelectrochemistry. The EPR spectroelectrochemistry allowed to explain why in some cases dimer
couldn’t be formed. The results of electrochemical, spectroelectrochemical investigation of small
molecules, as well as their polymers obtained by electropolymerization, are presented. The comparative
study of electropolymerization and doping process by IR, EPR, potentiostatic and potentiodynamic UV-
Vis-NIR, DEIS spectroelectrochemical techniques was performed to determine the reaction path, charge
carriers and conductivity of polymeric layers.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hydrazones have been extensively studied in various fields
ranging from organic synthesis [1-3], supramolecular chemistry
[4-6], medicinal chemistry [7-10]. They have been used as dyes
[11,12], hole-transporting materials [13,14], organic nonlinear
optical materials [15] in metal and covalent organic frameworks
[16-19], dynamic combinatorial chemistry (DCC) [20-22],
dye-sensitized solar cells [23] and molecular switches [24]. The
modularity, straightforward synthesis, and stability towards
hydrolysis of hydrazones can be mentioned as the reasons for
their popularity [14]. Hydrazones can be prepared by three main
synthetic pathways: coupling between aryl diazonium salts and
b-keto esters or acids, which is also known as the
Japp-Klingemann reaction [25], coupling between hydrazines
and ketones or aldehydes [26] and coupling between aryl halides
and non-substituted hydrazones [27]. The readily obtained
compounds are usually highly crystalline and precipitate out of
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the reaction mixture, which simplifies their purification process.
Due to the simplicity of the synthesis and high charge carrier
mobilities hydrazones play an important role among organic hole-
transporting materials, especially those used in electrophotogra-
phy [28,29]. Crystalline aromatic hydrazone molecules are not
capable of forming thin, neat homogenous layers, and must be
used in combination with polymeric hosts in use as the main
constituent of electrophotographic devices or active layer in
optoelectronic devices. Recently, new monomers [30,31] and
polymers [32-34] based on dihydrazone moieties capable of
yielding the polymeric hole transport layers were reported. These
monomers and polymers exhibit high hole drift mobilities and
good film-forming properties. All these polymers were synthetized
in the polyaddition reaction with bifunctional nucleophilic linking
agents in the presence of a catalyst. Some of them can be
chemically cross-linked in the layer by reaction of the hydroxyl
groups with polyisocyanates [35]. Such cross-linked systems [30]
enable to prepare electrophotographic photoreceptors with high
solvent resistance and good mechanical properties [36,37].

In this study, we investigated hydrazone derivatives (Fig. 1) that
can be polymerized electrochemically giving conductive polymers.
In recent years, many molecules containing hydrazone moiety and
having electroactive properties were synthesized. They had

0013-4686/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. The chemical structures of investigated compounds.

different electrophores, such phenothiazine [38], triphenylamine
[39] or 3,4-ethylenedioxythiophene [40]. To the best of our
knowledge, this is the first report on the preparation of conductive
polymers by electrochemical polymerization of compounds
containing hydrazone moieties. Molecules containing hydrazone
moiety substituted by phenylene units are electroactive and have
been the subjects of numerous electrochemical studies [41-43].
However, there are no reports of the synthesis of conducting
polymers containing hydrazine species.

2. Experimental Section
2.1. Materials

The synthesis of the investigated compounds is reported in the
literature [31]. All the solvents used for the measurements were
dried and distilled before use. The commercial reagents were used
without purification. Electrochemical measurements were done in
1.0mM concentrations of all compounds for all the cyclic
voltammetry measurements. Electrochemical studies were
conducted in 0.1 M solutions of Buy,NBF,, 99% (Sigma-Aldrich) in
dichloromethane (DCM) solvent, CHROMASOLV®, 99.9% (Sigma-
Aldrich) at room temperature. UV-vis spectroelectrochemical
measurements were performed on the ITO (Indium Tin Oxide)
quartz glass working electrode coated with polymers.

2.2. Measurements

The electrochemical investigations were carried out using a
potentiostats Autolab PGSTAT20 and Metrohm Autolab
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PGSTAT100. The cyclic voltammetry (CV) measurements were
performed with 1.0 mM solutions of compounds. Electrochemical
studies were carried out using 0.1 M solutions of BuyNBF, in
dichloromethane (DCM). The electrochemical cell consisted of
1 mm diameter platinum disk working electrode, Ag/AgCl elec-
trode as a reference electrode and platinum coil as the auxiliary
electrode. All electrodes were cleaned before use. The platinum
working electrode was polished before use on a polishing pad with
1 wm alumina slurry, then the platinum electrode was rinsed with
deionized water and cleaned in an ultrasound bath with deionized
water for 15 minutes. After water cleaning the electrode was rinsed
with isopropanol (3x), acetone (3x) and dried. The electrode was
used directly after cleaning. CV measurements were conducted at
room temperature at a potential rate of 50mV/s and were
calibrated against ferrocene/ferrocenium redox couple.
UV-Vis-NIR spectroelectrochemical measurements were per-
formed using Indium Tin Oxide (ITO) deposited on quartz glass
substrate as the working electrode. Polymeric layers were
synthesized on ITO electrode at the conditions similar to that of
CV measurements. UV-Vis-NIR spectroscopy and spectroelectro-
chemistry experiments were performed using QE6500 and
NIRQuest detectors (Ocean Optics). IR measurements were carried
out using PerkinElmer Spectrum Two FT-IR Spectrometer equipped
with UATR attachment with diamond crystal. The in situ
IR-ATR-spectroelectrochemical measurements were done using
vertical ZnSe crystal that was located between two opposite, large
surface area electrodes forming with the crystal walls a thin-layer
cavity. Electron paramagnetic resonance (EPR) measurements
were performed using a JEOL JES-FA200 spectrometer coupled
with an Autolab PGSTAT 100N potentiostat. Measurements were
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Fig. 2. CV curves of compounds 1-3 at broad oxidation reduction potential range (a) and oxidation range (b). Sample concentration 10~>M, scan rate 0.05 V-s~',
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dichloromethane solution for oxidation and THF for reduction. All potentials vs Fc/Fc* redox couple.
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Fig. 3. CV curves of a) compound 1, b-c) polymerization of compounds 2 and 3, d) electrochemical doping-dedoping process of the polymers. Sample concentration 107> M,
scan rate 0.05 V-s~!, dichloromethane solution. All potentials vs Fc/Fc* redox couple.

performed in a spectroelectrochemical glass cell narrowed at the
bottom to provide proper conditions for EPR spectra recording. The
number of spins was estimated by double integration of obtained
spectra. The g-factor of spins generated during the oxidation was
determined by comparison with JEOL internal standard (Mn(II)
salt), knowing that its third hyperfine line has a g-factor of 2.03323.
The colorimetric analysis was performed on 80 mm integrating
sphere AvaSphere-80 (Avantes) with calibration lamp (NIST
standard accuracy). The colorimetric data were taken by Avas-
pec-ULS2048XL (Avantes) detector. Colorimetric data for polymers
on ITO were obtained according to CIE (the Commission
Internationale de I'Eclairege - International Commission on
[llumination) method developed in 1976. DFT calculations were
carried out with B3LYP [44-46] hybrid functional with a 6-31G(d)
basis set. The ground state geometry was optimized without
symmetry constrains to a local minimum, which was followed by
frequency calculations. No imaginary frequencies were detected,
which proved that obtained geometry was a local minimum. All
the calculations were carried out with polarizable continuum
model [47], using dichloromethane as a solvent to simulate the
solution effects. All the calculations were carried out with Gaussian
09 software [48]. The input files and plots were prepared with
Gabedit [49] software.

3. Results and Discussion

We started an investigation of the compounds from Cyclic
Voltammetric analysis Fig. 2. The compounds (1-3) undergo
multistep oxidation processes showing similar positions for the
first two oxidation signals. Firstly, the two signals show reversible
or quasi-reversible redox coupling, visible on the CV curves
(Fig. 2b). The position of the redox peaks, where the distance

between them is around 0.5V, is characteristic for triphenylamine
derivatives [50] when the unsubstituted part of TPA forms dimeric
structures, resulting in a triphenylbenzidine moiety [51,52]. The
potential range between 0.7-1.5V shows the next oxidation
processes, with their characteristics dependent upon the molecu-
lar structure. Compound 1 shows a doublet oxidation peak at
potentials 0.9 and 1.1V, while compound 2 shows only one
oxidation peak at 0.8V. Compound 3 shows a multielectron
process, with the high peak evidence of follow-up reactions
resulting in electroactive products. The first two oxidation peaks of

Table 1
Electrochemical and optical band-gap characteristics.
Compound Eox ERed P EA Ec®! Ec°P
V] v [eV] [ev] [eV]® [ev]'
1 0.13 -2.91 -5.23 -219 3.04 2.95
2 0.15 -2.78 -5.25 -2.32 2.93 2.83
poly(2) 0.03 - -5.13 -2.53 - 2.60
3 0.14 -2.68 -5.24 -2.42 2.82 2.80
poly(3) 0.10 - -5.20 -2.70 - 2.50

2 The first oxidation potentials of compounds and polymers from CV measure-
ments.

b The first reduction potentials of compounds and polymers from CV measure-
ments.

€ IP calculated by the formula IP=—(E,+5.1), where E, is onset of CV oxidation
potential versus Fc/Fc* [58-63].

4 Energy of EA calculated by the formula EA=—(E, +5.1), where E,, is onset of CV
reduction potential versus Fc/Fc*, in the case of polymers the EA is taken from
subtraction of optical gap from IP as polymers were dissolving/degrading in THF
[58-65].

¢ Energy of band-gap calculated from the difference between IP and EA.

f Energy of band-gap calculated from UV-vis spectroscopy data Ec®? = hc/Nonset
where h is Planck’s constant, c is speed of light in a vacuum, Agpse; iS polymer onset
of absorption [58,62,63,65].
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Fig. 4. Energy diagram of IP and EA levels of investigated molecules 1-3 and
electrodeposited films poly(2) and poly(3).

each compound were investigated further using cyclic voltam-
metry. These measurements show that when the upper potential is
below +0.4V, there is no change in the voltammetric curves, which
highlights the reversibility of first redox couple. Such behaviour
suggests the first redox couple is responsible for the process held
on the triphenylamine group. Such a process is well known in the
literature [53] and is related to the oxidation of the TPA unit to form

HOMO= -4.66 eV

a radical cation. The oxidation potential of TPA depends upon the
substituents attached to the aromatic rings [54]. When the TPA’s
para positions are free, the radical cation may dimerize resulting in
the creation of new tetraarylbenzidine structures [55].

The small changes in the onset potentials of the first oxidation
peaks of all compounds could be related to differences in the para
substituents on the TPA core, where a methoxy group stabilizes the
TPA radical cation. The second process was found to be quasi-
reversible (Fig. 2b), but during CV formation of new species on or
near the electrode was not observed.

The third oxidation process of compound 1 was found to be
irreversible (Fig. 3) and during multiple scans, only a small
deviation in signal intensity was observed. This might suggest that
the products of the electrochemical reaction were soluble in the
solvent and therefore did not cover the electrode. During multiple
scans, oxidation of compounds 2 and 3 started at lower potentials
and the current grew overtime, which usually means that the
electrodes were covered with new electroconductive layers of poly
(2) and poly(3). We observe that during this process both of the TPA
redox systems are conserved and between them a new peak is
formed around 0.4V. This new peak could be associated with
electrohydrodimerization process of unsubstituted para position
on the phenyl ring in the hydrazone moiety and the formation of a
benzidine derivative. The oxidation process associated with the
benzidine derivative is well known in literature [56,57]. Compound
1 has only one phenyl ring, so only soluble dimers maybe formed.
Compound 2 has two phenyl groups and therefore a linear polymer
could be formed, while for compound 3 a branched structure could
be obtained.

LUMO=-131¢V

Fig. 5. The frontier molecular orbitals of the investigated molecules: compounds 1, 2 and 3.
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Table 2

The calculated energies of frontier molecular orbitals and band-gaps.
Compound Epp [eV] Ega [eV] Ec® [eV]
1 —4.63 -1.04 3.59
2 —4.65 -1.28 3.39
3 —-4.66 -1.31 3.35
dimer of 1 —4.53 -119 3.34
dimer of 2 —4.57 -1.34 3.23
dimer of 3 —4.59 -1.39 3.20

A decrease of oxidation onset potentials suggests that the new
species formed on the electrode surface possess more extended
conjugation than the initial compounds.

The CV curves of compound 2 and 3 (Fig. 3b) show a regular
increase of the layer thickness deposited on the electrode, shown
by a decreasing onset, which proves an increase of conjugation
length after every cycle. The reduction peak only slightly shifts to
the lower potentials with successive cycles, which suggests quite
good conductivity of the layer and rather a fast ion movement. Poly
(2) and poly(3) were studied by the CV technique in monomer-free
solutions. Both received polymers were characterized by three
redox systems where their potential depends on polymer
structure. Poly(2) has a first oxidation potential of the triphenyl-
amine centre (to radical cation) at lower potential than for poly(3),
where the redox of the third process (oxidation of DPA polaron to
bipolaron) we observe opposite behaviour. The second oxidation
peak remains at the same position. Such behaviour could be related
to changes in the polymer structure, where poly(2), may be linear
and poly(3), branched. Branched or crosslinked polymers are
difficult to dope (or dedope), which could elevate the first
oxidation potential as the counter ion movement is disturbed.
After relaxation of the oxidized structure higher oxidation centres
are easier to approach. The onsets of oxidation and reduction
processes were estimated from the electrochemical analysis, and

1-dimer

2-dimer

3-dimer

HOMO= -4.59 eV

Fig. 6. The molecular orbitals and energies of the dimer of compounds 1, 2 and 3.

these values were used to calculate ionization potential (IP) and
electron affinity (EA) energies (Table 1).

The band-gaps of polymers formed on electrode were found to
be lower by ca. 0.3eV compared with band-gaps of the
corresponding compounds. IP-EA value of polymers were inside
band-gap of their compounds which mean both IP and EA
molecules were affected during the electropolymerization (Fig. 4).

There are two functionalities of the compounds which can take
part in the polymerization. One is a vinyl group and the second one
is unoccupied p-position of the phenyl ring. The electropolyme-
rization of vinyl groups would form nonconductive species,
therefore there is only a possibility of polymerization via phenyl
rings with the formation of biphenyl linkages.

The further characterization of compounds 1-3 was done by
simulating their ground-state electronic structures by DFT method
using the B3LYP functional and 6-31G(d) basis set. The frontier
molecular orbitals of the investigated compounds are presented in
Fig. 5.

The energies of the frontier molecular orbitals of compounds
1-3 are presented in Table 2. The electron density of the HOMO of
compounds 1-3 is localized on the triphenylamine moiety
extending to the hydrazone group, showing a high degree of
conjugation in the compounds. Nevertheless, the number of
hydrazine groups in a compound does not affect the energy of the
HOMO level, being almost equal in all cases. The LUMO level is
more localized, expanding only to two arms of the compounds.
Furthermore, for compound 1, the LUMO is higher by 0.25eV,
compared to 2 and 3.

Calculations were also performed for the dimers of investigated
compounds, assuming that during electrochemical oxidation
coupling of the charged forms takes place on the phenyl rings
(Fig. 6).

The calculations revealed that both HOMO and LUMO levels are
spread between the triphenylamine moieties of units through the

LUMO=-1.39eV
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biphenyl linker. These results indicate that conjugation between
two sides of the dimer is present.

The IR spectroelectrochemical tools were used for the
investigation of the structures of compounds and polymers during
doping (Fig. 7). The differential spectra were recorded taking the
tested compound as a reference. The changes occurring during
polymerization were analyzed; disappearing chemical groups
were characterized by the positive peaks (increasing of transmit-
tance) and the newly appearing groups were characterized by the
negative peaks (decreasing of transmittance) (Fig. 7b,c).

The IR spectra of the investigated compounds (1-3) are shown
in Fig. 7a. The characteristic signals at 826cm™"' attributed to
disubstituted benzene rings are present in the spectra of all the
studied compounds. The signals at 750 and 689cm™! in the
spectrum of compound 2 are very weak comparing with the
intensity of the corresponding signals in the spectrum of
compound 3 and in the spectrum of 1 they do not appear at all.
The other difference observed in the investigated spectra is related
to the signal of methoxy group (1243 cm™!). The strong signal is
observed in the spectrum of 1, for 2 this signal is weaker ant it does
not exist in the spectrum of 3.

The spectra recorded during the electropolymerization of
compound 2 are shown in Fig. 7b. During the polymerization
process the changes in the IR spectra occurring at around
1580 cm™~! proving disappearance of the double bonds. The most
important changes are in the region from 700 to 900cm . The
increase of the transmittance at 760 and 678cm™! shows the
disappearance of the monosubstituted benzene rings.
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Fig. 7. IR spectra of all molecules (a), IR spectra recorded during potentiostatic
electrochemical oxidation of 2 (b) and IR spectra of 3 and poly(3) film (c). (For
interpretation of the references to colour in the text, the reader is referred to the
web version of this article.)

Simultaneously, the intensity of the signal of disubstituted rings
at around 880 cm™! increases.

In the case of compound 3, spectra of the monomer (Fig. 7c blue
line) and the polymer deposited on the electrode (Fig. 7c red line)
were compared. By direct comparison of the spectra, we observe
substantial differences in the range related to the changes of
monosubstituted phenyl group (650-900 cm™!). Additionally, we
observe the disappearance of two peaks at 680 cm ™' and 760 cm™!
in the monomer and the appearance of a new peak at 860cm™~! in
the polymer, suggesting the para substitution of our mono-
substituted phenyl group.

It can be presumed on the basis of IR spectroelectrochemical
studies, that polymerization occurs due to the reaction of vinyl
groups with the unsubstituted positions of the benzene ring or due
to the reaction of two phenyl moieties. Taking into consideration
that the reaction of the vinyl group and benzene ring does not
result in the formation of conjugated species, one can suggest that
electropolymerization occurs mainly due to “dimerization” of
phenyl rings. This observation was proven by the electrochemical
investigation, where during polymerization we observe the
formation of a new (third) redox centre between the previous
two oxidation peaks of PDA by forming a benzidine-type structure
by two para-substituted phenyl rings.

The UV-Vis-NIR spectroelectrochemical technique was used to
analyze the products of the electrochemical reactions (Figs. 8 and
9). Using this method it was found that well-defined triarylamine
radical cation bands were formed during the oxidation of
compound 1 (Fig. 8a). Reduction of the neutral compound peak
(375nm) was observed during oxidation while new bands
occurred in the ranges of 400-600nm, 600-790nm, and
900-1600 nm. After the reduction process, the shape of the
spectrum was found to be similar to the spectrum of the neutral
compound without any new bands, proving the reversibility of
electrochemical process and lack of subsequent chemical reac-
tions.

The spectra of the oxidized compound 2 revealed disappear-
ance of the absorption peak of the neutral compound (400 nm) and
formation of new broad radical cation bands in the ranges of 450-
600 nm, 800-1100 nm and 1100-1700 nm. At the second oxidation
process, the peak-less band appeared in the range from 600 to
750 nm. At higher potentials, peak-less bands were observed in the
whole spectral range that can be explained by the formation of the
oxidized polymer on the electrode. The spectra of the neutral
polymer are shown in Fig. 9a, where a new absorption band is
formed in the range between 460-580 nm. The formation of this
new absorption band at a higher wavelength than the monomer
proves the formation of a higher conjugated structure inside the
polymer net. The optical band gap data of monomers and polymers
are found in Table 1. The similar behavior was discovered for
compound 3, and the formation of polymer on the electrode was
observed.

Polymers poly(2) and poly(3) formed on ITO electrode were
investigated using monomer free electrolyte (Fig. 9). During the
oxidation of poly(2), the decrease of the intensity of the neutral
polymer peak was observed, and new polaronic bands (450-
600 nm, 800-1700 nm) were formed. The isosbestic point was well
preserved which suggests the absence of side reactions. At the
higher potentials, new bipolaronic bands were formed in the
ranges of 500-800 nm and 1100-1600 nm.

The similar changes but less obvious were observed in spectra
of poly(3) during electrochemical oxidation. At higher potentials,
one band with two bipolaronic peaks at 600 nm and 720 nm were
formed while the polaronic band at 900-1700 nm disappeared.
This observation shows that the polarons undergo the follow-up
reaction (polarons — bipolarons) with much higher rate than they
are created from the neutral polymer.
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The potentiodynamic UV-vis spectroelectrochemistry of poly-
mers was employed for the investigation of poly(2) and poly(3)
(Figs. 10 and 11). During doping of poly, (2) well-defined two
isosbestic points were observed at 443 nm and 521 nm. The first
isosbestic point is assigned to the oxidation of neutral polymer to
the polaron and the second peak is ascribed to the bipolaron

formation from polaron (Fig. 10a). Bipolarons were formed almost
instantly together with polarons. After 20 seconds (ca. 0.5V) the
number of polaronic species decreased. This observation shows
that the rate of the reaction of formation of bipolarons is much
higher than that of the formation of polarons (Fig. 10b). Derivative
of absorbance change of reveal a good correlation with CV curve.
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Fig. 10. Potentiodynamic UV-Vis-NIR spectra recorded during electrochemical oxidation of polymer poly(2); b) and c) show the absorbance change at the wavelengths of
neutral polymer (black line), polaron (red line), bipolaron (blue line); dashed line shows CV curve. Scan rate 0.05 V-s~, dichloromethane solution. All potentials vs Fc/Fc*
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The oxidation peaks at 0.3V and 0.75V are assigned to the
polaronic and bipolaronic process, respectively (Fig. 10c).

The similar changes in the absorbance spectra were observed
for the oxidized poly(3) (Fig. 11). During doping, “overoxidation”
process was observed at the potentials above 1.0V (Fig. 11b,c). The
small changes during dedoping process occurred, and the original
spectra were not observed. In the similar like for poly(2), it was
possible to find similar behavior of voltabsorptiometric peaks and
the curves of CV process (Fig. 11c).

In order to gain information on the products of electrochemical
reactions, EPR spectroelectrochemical measurements were carried

out. In the case of compound 1, application of the potential of
0.20V vs. Fc/Fc* leads to the formation of a compound with
unpaired spin (Fig. 12a). G-factor of the obtained radical cation was
found to be 2.00326, which suggest that the spin density is located
mainly on the nitrogen atom. Since this potential is typical for the
oxidation of triphenylamine moiety, it can assume that its nitrogen
atom is responsible for the localization of spin. EPR spectra exhibit
hyperfine structure, however due to the large width of the signal, it
is poorly split, which makes it difficult to identify the structure of
radical cation. The radical cation number rises up during the
oxidation, having its maximum by the first oxidation peak.


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

18 P. Data et al./Electrochimica Acta 230 (2017) 10-21

a) 1000+ b) 1000 c) r4
800 ; 800 r’\ 20001 s ¢
] Sqg00] © Oxidation L3
600 600 f\ : ‘ 38 « Reduction ‘
400 fﬁm _ 400 fetd : 5 16001 3
. i o x| I i/ = 4 [
S 200  — © 2001 - ’\ £ 1400 <
S S \ - AR AR & 1200 &
> Ofmanatt o b Z ot v / W«W]\W g g
= i Q
2 200 \» /! & -2001 / S 1000 g
1} " / v E % / £ [0 3
£ 4004 Wt @ 4001 =t S 800 o
| [
] \ 600
00 PO~ DL 0] ¥ 2
800 @ Q _8004 : \/ ° 400
1000 Jrrr ey <1000 e e 200 2
330 331 332 333 334 335 336 337 330 331 332 333 334 335 336 337 0,6 -04 -0,2 0,0 02 04 06 08
Magnetic field / mT Magnetic field / mT Potential / V vs. Fe/Fc*
d) 1000+ ;i €)1000 ) 1800 r
800 800 T P el i
’ i 516001 < Oxidation Fs
6004 A LT \©\| 600 k — & « Reduction
V©) . [ = 1400 ¢ "
4001 o T 400 / | 5
. W 3 \ % 1200
S 200 \ K@\/ © 2004 ﬂf ) £ <
© ! \ Z = J c P2
T Ot W, R Y ke 319003 =
B ' c “\ i S 800 Fo %
< -2004 \ ©-200 5 / © E
7] H\ / = Y / < 5
£ 400 i 4003 4 H"‘ 3 600 [49
\ | @
-600 600 - = 400 -9
'x'kuj‘ © EEE I S F-2
-800 -8001 2 2001 se st
-1000 e -1000 oy o e et 3
330 331 332 333 334 335 336 337 330 331 332 333 334 335 336 337 0,6 -04 -02 00 02 04 06 08 1,0
Magnetic field / mT Magnetic field / mT Potential / V vs. Fo/Fc*

Fig. 12. a) EPR signal at first oxidation peak of compounds 1, b) EPR signal at second oxidation peak of compounds 1, c¢) change of spin concentration during oxidation/
reduction of compound 1, compared with CV curve, d) EPR signal at first oxidation peak of compounds 2, e) EPR signal at second oxidation peak of compounds 2, f) change of
spin concentration during oxidation/reduction of compound 2, compared with CV curve.
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Application of the potential of the second oxidation peak is usually
associated with the formation of the dication, which as a spinless
species should not be detected by EPR spectroscopy. However, in
the case of compound 1 after polarization of the working electrode
to potential of 0.60V vs. Fc/Fc* one can still observe an EPR
spectrum (Fig. 12b), however with a lower total number of radicals,
compared to its maximum concentration (Fig. 12¢). This observa-
tion can lead to the conclusion that dication formed during the
electrochemical reaction reacts with the neutral molecule, yielding
radical cations. The value of the g-factor (2.00353) and the triplet
structure of the spectra suggest that the spins are located on the
nitrogen atoms of the triarylamine moiety.

In the case of the compound, 2 evolution of EPR spectra was
found to be similar to that of compound 1 (Fig. 12d), a decrease
radical number is seen after applying the potential of the second
oxidation peak (Fig. 12f). The difference was observed in the shape
of the EPR spectra for the second oxidation peak. EPR spectra was
not well-defined, which is caused by the higher delocalization on a
much larger w-conjugated system of 2 (Fig. 12e).

The doping process of poly(3) was investigated in two potential
ranges to observe the formation of charge carriers (Fig. 13). During
the oxidation of the compound in the lower potential range, we
observed the formation of polaronic species with quite a strong
EPR peak (Fig. 13a). Since the potential of first oxidation peak of
polymer coincidences with the monomer, one can assume that TPA
moieties are oxidized. Second oxidation peak of poly(3) is not
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present in the CV of monomer 3, therefore involves oxidation of
benzidine moiety created during electropolymerization. In the
dedoping stage, the whole charge was neutralized, and no residual
EPR signals were observed (Fig. 13b).

When higher potentials were applied, the disappearance of EPR
signal was observed. This observation can be explained by the
formation of spin-less bipolaronic (Fig. 13d). EPR signal reappeared
during the dedoping process, however, EPR signal were still
observed after reduction (Fig. 13e). The spin concentration
behavior suggests that the third polymer oxidation peak is
predetermined by the bipolaron formation process on both TPA
and benzidine moiety (Fig. 13f).

Dynamic electrochemical impedance spectroscopy (DEIS) was
used for characterization of the conductivity of the obtained
polymers. During CV process, (Fig. 3d) impedance analysis was
performed with the scan rate 1 mV/s. During the redox process, the
clear change changes in the impedance spectra of poly(2) and poly
(3) were observed (Fig. 14). To analyze the impedance spectroscopy
data in more detail, the equivalent circuit was made. As it is shown
in Fig. 14, equivalent circuitry was used for fitting the Nyquist
curves for the covered electrode. In this circuit corresponding to
the oxidation and reduction processes of the polymer layers on the
electrode, one can propose (R{(Q;(R;W))(QzR3)), where R; is the
solution resistance, Rs is the resistance to charge transfer of the
metal and R; is the resistance of a layer of a polymer. Q is a solid
phase element (CPE) in which n is the number of electrons
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Fig. 14. DEIS spectroelectrochemistry data for polymers poly(2) and poly(3). Sample concentration 10~> M, scan rate 0.001 V-s~!, dichloromethane solution. All potentials vs

Fc/Fc* redox couple.


http://mostwiedzy.pl

/\/\ MOST WIEDZY Downloaded from mostwiedzy.pl

J——

20 P. Data et al./Electrochimica Acta 230 (2017) 10-21

exchanged at the interface of electrode/solution. Here, n may adopt
values between 0 and 1. For Q, the n value was stable at 1 but for Q,
it varied between 0.8 (for doped poly(2)) or 0.65 (for doped poly
(3)) and 1 (for the neutral polymers). Warburg impedance was also
observed in the curves originating from the diffusion of counter
ions inside the polymer layer.

The changes in the polymer layer were observed by DEIS, during
oxidation the resistivity of polymer decrease (Fig. 14). Resistance
was restored during dedoping process which suggested good
stability of polymers.

4. Conclusions

Electropolymerization of triphenylamine-based hydrazones
containing reactive vinylbenzyl groups was studied by electro-
chemical and spectroelectrochemical tools. All the investigated
compounds exhibited multielectrochromic properties and com-
pound 3 showed the highest change of absorbance which should
be useful in electrochromic windows application.

The disappearance of the monosubstituted phenyl rings and
formation of bisubstituted species was proved using IR spectros-
copy. In addition, the IR spectroelectrochemistry demonstrates
electropolymerization process via “dimerization” of phenyl rings.
It was possible to demonstrate that using spectroelectrochemical
methods it is possible to find reaction side of the compound and
estimate the polymer structure.

The EPR spectroelectrochemistry showed the formation of
stable polarons in compound 1 which decreased the possibility of
dimerization.

Compounds 2 and 3 electropolymerized during the third
oxidation process and the obtained polymers were found to be
electroactive. The polymers were stable below 1.0V and during
doping polarons and bipolarons were formed as charge carriers.
Both polymers were found to be electrochemically active and
showed electrochromic properties. The electrochromism of
polymer poly(2) was fully reversible.
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