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Abstract: Previous studies performed on 2-(azulen-1-yldiazenyl)-5-phenyl-1,3,4-thiadiazole (T)
showed that T is a ligand with complexing properties towards heavy metals (HMs) in solution
and can be attached to electrode surfaces. Films of T were deposited on glassy carbon to obtain
chemically modified electrodes (T-CMEs), either through scanning or using controlled potential
electrolysis in tetrabutylammonium perchlorate in acetonitrile. They were investigated using cyclic
voltammetry (CV), differential pulse voltammetry (DPV), electrochemical impedance spectroscopy
(EIS), and spectroelectrochemistry. All methods provided evidence for showing the formation of
insulating films, with properties depending on their electropolymerization potential. CV and EIS
studies of T-CMEs in tetrabutylammonium perchlorate in acetonitrile as supporting electrolyte, and
in the presence of a ferrocene redox probe resulted in a thickness of ~10 µm, an active surface area
about 6 times higher than the geometrical one, and conductivity of about 10−6 S/cm. This characteri-
zation performed using voltammetric techniques reveals the symmetry of the reversible anodic and
cathodic redox CV peaks for the polymer, while spectroelectrochemistry shows the intensification of
the charge transport process through polarons, due to the anodic polarization of the film.

Keywords: electrochemical impedance spectroscopy; chemically modified electrodes; 2-(azulen-1-
yldiazenyl)-5-phenyl-1,3,4-thiadiazole; voltammetric techniques; spectroelectrochemistry

1. Introduction

Azulenes are interesting building blocks for the synthesis of new advanced materials,
due to the low ionization energy and high electron mobility of azulene moiety among
the classical electropolymerizable monomers, such as pyrrole and thiophene [1]. Our
research is concerned with the characterization of azulene ligands, and the building of
complexing modified electrodes based on azulenes. During anodic oxidation, azulene
undergoes electrochemical polymerization, leading to the formation of polymer films at
the electrode surface. These revealed interesting properties due to the presence of specific
complexing groups that can be attached to the initial ligand structure. Modified electrodes
based on azulene are of great interest due to their application in the detection of different
targets. Even if polyazulenes prepared with electropolymerization have been reported,
their low solubility has made their characterization difficult [1]. There are, however, a few
reports to date on azulene-containing conjugated polymers [2–6].

2-(azulen-1-yldiazenyl)-5-phenyl-1,3,4-thiadiazole (T) was considered for synthesis
and development of new antimicrobial agent structures [7]. Previous studies carried out
on T showed also that it is a ligand with complexing properties against heavy metals [4].
Its complexing capacity was also tested for the heterogeneous recognition of heavy metals
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(HMs) using electrodes modified with T. Films of T were deposited through direct elec-
tropolymerization on glassy carbon surfaces to obtain chemically modified electrodes based
on T (T-CMEs). These were characterized using electrochemistry in acetonitrile solutions in
the presence of tetrabutylammonium perchlorate as the supporting electrolyte, and using
AFM, SEM, in view of HMs sensing [8]. The study of the CMEs’ surface properties revealed
features of the film morphology obtained in different conditions, and the main role of
electrosynthesis potential in electrode nanostructure. A previous study indicated the best
conditions to obtain CMEs with good results for HM ion recognition (selective detection of
Pb(II) among Cd(II), Cu(II), and Hg(II)).

The present study reveals the main characteristics of the T-CMEs deposited on glassy
carbon surfaces in conditions that ensure the best analytical response in HMs analysis. They
were investigated using electrochemical impedance spectroscopy (EIS), cyclic voltammetry
(CV), differential pulse voltammetry (DPV), and spectroelectrochemistry. EIS measurement
may be used as an effective characterization method by evaluating the charge transfer of the
electrochemical system [9–12]. The studies of the films were performed in an acetonitrile-
based supporting electrolyte, and in the presence of redox assay probe (ferrocene). The
main parameters, obtained by fitting EIS curves, correlated with CV and DPV results, and
resulted in finding their thickness and conductivity. Films properties were also investigated
using spectroelectrochemistry in acetonitrile solutions.

2. Materials and Methods

The T monomer was obtained following the previously described method [13]. CMEs
based on T were synthesized according to the recently published procedure [8]. The
experiments concerning their electrochemical behaviour were performed in acetonitrile
(CH3CN), containing 0.1 M tetrabutylammonium perchlorate (TBAP), used as solvent and
supporting electrolyte, both from Fluka (Munich, Germany).

Autolab potentiotstat/galvanostat 302 N (Ecochemie, The Netherlands) was connected
to a three-electrode cell. The working electrode (WE) was a glassy carbon disk (with
3 mm diameter) (Metrohm, Herisau, Switzerland), used bare or modified with T. As an
auxiliary electrode (AE), a glassy carbon rod (Metrohm) was used, and Ag/10 mM AgNO3,
0.1 M TBAP, CH3CN or Ag/AgCl/KCl (3 M) served as a reference electrode (RE), in
electrochemical experiments performed in acetonitrile or water solutions, respectively. The
potentials were finally calibrated to the potential of the ferrocene/ferrocenium redox couple
(Fc/Fc+) in experiments performed in acetonitrile solutions.

Cyclic voltammetry (CV) curves were recorded at a scan rate of 0.1 V/s, and differential
pulse voltammetry (DPV) curves at 0.01 V/s, with a pulse height of 0.025 V and a step time
of 0.2 s. The glassy carbon working electrode was polished with diamond paste (2 µm) on
felt prior to each determination, rinsed with solvent afterwards, and dried with fine paper.

EIS studies were performed on Autolab potentiotstat/galvanostat 302 N within
100 kHz–100 mHz. All experiments were performed in an in-line arrangement for RE,
WE, CE. The curves were recorded with a 10 mV AC voltage and the spectra were pro-
cessed using Z View 2.4 software from Scribner Association Inc. Derek Johnson.

All experiments were performed at room temperature (25 ◦C). Modified electrodes
have been obtained either through scanning or using controlled potential electrolysis (CPE)
at 1.5 V vs. RE using an electrical charge of 1.5 mC in solutions of the ligand T (1 mM) in
0.1 M TBAP, CH3CN.

The optical studies were performed in a spectroelectrochemistry cell on indium tin
oxide (ITO) as the WE, a glassy carbon bar (10 cm) as the AE, and Ag/AgCl/KCl as the RE.
The spectra acquisition was carried out at 400 nm/min.

The repeatability evaluated from 3 experiments performed in the same conditions was
of about 95% for CPE (using the ferrocene redox probe), 80% for EIS studies, and 90% for
the CV and DPV curves.
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3. Results
3.1. Obtaining Chemically Modified Electrodes Based on T (T-CMEs)

The main processes evidenced during the oxidation of T on glassy carbon electrode [1]
are situated at positive potentials in the range 0.70–1.50 V. Accordingly, polymeric films
based on T were prepared on glassy carbon using electropolymerization at these potentials,
resulting in chemically modified electrodes (T-CMEs). Their formation was achieved in the
current experiments through potential scanning at different anodic limits (Figures 1 and 2)
or using CPE in 1 mM T solutions in 0.1 M TBAP, CH3CN. In Figure 1a, the first four CV
cycles in the range of the a1 process were compared. The arrows indicate the evolution of
the currents at different potentials. A slight increase of the current in the reverse scan at
−0.15 V was observed and this was named process b. If the anodic limit of potential scans
is shifted from 1.1 to 1.25 V (vs. RE) in the domain of the a2 process (Figure 1b), the process
b was put in evidence more clearly, with two cathodic peaks b1 and b2, and an anodic
peak b’. The potential of the b1 peak shifts progressively to more negative values with the
increase of the number of scans. All these processes were not observed in the absence of
the T ligand in the supporting electrolyte (Figure 2).
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The chronoamperograms recorded for different applied potentials during the prepara-
tion of T-CMEs using CPE show a large discrepancy between the durations of the process
of polymerization at different potentials (Figure S1). The formation of the film at 0.9 V
occurs in about 1000 s, while, at over 1 V, it takes place in about 100 s (for the preparation
of CMEs using CPE for a constant charge of 1.5 mC).

3.2. Characterization of T-CMEs

The prepared modified electrodes were transferred in the supporting electrolyte 0.1 M
TBAP, CH3CN and were characterized using CV and EIS.

3.2.1. Characterization of T-CMEs by CV and DPV

Successive cyclic voltammograms (with a scan rate of 50 mV/s) were recorded. The
2nd and 3rd cycle are overlapped, proving the stability of films formed from scanning
(Figure 3a,b) or using CPE at different potentials (Figure 4a,b).
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DPV curves were recorded for the CME obtained with CPE at 1.5 V and +1.5 mC in
Fc/SE (Figure S2). For SE, the DPV curves were not evident for the formation of films.
The DPV peaks corresponding to the peaks found in CVs were not exhibited in these
experiments, likely because the films are very thin, and too small to be seen in an ordinary
scan. However, these peaks were found in the CV obtained at different scan rates (Figure 5),
either using CMEs obtained from scanning or from CPE.
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Figure 5. CV curves at different scan rates for CMEs obtained using scanning (a) and CPE (b) recorded
in SE; T-CMEs were obtained in solutions of T (1 mM) in 0.1 M TBAP, CH3CN, through 4 CV cycles
between −0.6 V, +1.25 V (a) and through CPE at 0.9 V, 0.67 mC.

3.2.2. Characterization of T-CMEs by EIS

Impedance studies were carried out on various films prepared using either scanning
or CPE. EIS measurement may be used as an effective characterization method, by evalu-
ating the charge transfer of the electrochemical system [9–12]. This study brings valuable
information on T-CMEs related to their films formation properties. The impedance study
results were fitted using the equivalent circuits (C1 and C2) as shown in Figure 6, in which:
Rsol = ohmic resistance of the electrolyte; CPEdl = double layer capacitance (consisting
of CPEdl-T—capacitive part; CPEdl-P—its exponent); Rct = charge transfer resistance;
and W = Warburg impedance. W was included to represent the process of diffusion of
electrolyte ions at the interface, and has three parts: an ohmic resistance (WR), a capacitive
part (WT), and its exponent (WP). Two types of Warburg impedance were considered,
W0 (Warburg open) and Ws (Warburg short), corresponding to impedance of finite-length
diffusion with a reflective/transmissive boundary, respectively.
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Impedance studies for polyT films (T-CMEs) were performed in Fc solution (5 mM)
in 0.1 M TBAP/CH3CN (Fc/SE) in type A experiments, and in the supporting electrolyte
(SE),0.1 M TBAP/CH3CN (type B experiments) at the equilibrium potential (Eeq) and at
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imposed potentials (Ei1, Ei2), to observe what happens when higher oxidation potentials
(Ei1 = 1 V and Ei2 = 1.8 V) are applied. The potentials at which the impedance study was
carried out are given in Table 1.

Table 1. Conditions of EIS for the films on T-CMEs.

Code Electrode Experiment
Type/Electrolyte Eeq (V) Ei1 (V) Ei2 (V)

CME-A CME A/(Fc/SE) 0.07 1 -
CME-B CME B/(SE) 0.58 1 1.8
GC-A GC A/(Fc/SE) 0.11 1 -
GC-B GC B/(SE) 0.07 1 1.8

The characteristics for the assumed circuits were estimated using the fitting software
and are summarized in Tables 2 and 3.

Table 2. Parameters for EIS curves in type A experiments recorded in Fc/SE at different potentials
for CME and GC, according to the models in Figure 6.

No. Sample at
E (V) Rsol (Ω)

CPEdl
Rct (Ω)

W Circuit
Model X2

CPEdl-T CPEdl-P Rw (Ω) Wo-T Wo-P

1 CME at
Eeq = 0.07 V 320 0.758 0.787 5699 6.9 × 10−5 1.379 0.0014 C1, Wo 1.994 × 10−4

2 CME at
Ei1 = 1 V 315 1.738 0.744 35,859 95,004 0.395 0.444 C2, Ws 6.17 × 10−4

3 GC at
Eeq = 0.07 V 257 0.29 0.633 5906 8.9 × 10−5 1593 0.378 C1, Wo 9.34 × 10−4

4 GC at
Ei1 = 1 V 258 3.436 0.839 30,511 1082 9.74 × 10−4 0.316 C1, Wo 1.099 × 10−3

Table 3. Parameters for EIS curves recorded in type B experiments in SE at different potentials for
CME and GC, according to models in Figure 6.

No. Sample at
E (V) Rsol (Ω)

CPEdl
Rct (Ω)

W Circuit
Model X2

CPEdl-T CPEdl-P Rw (Ω) Wo-T Wo-P

1 CME at
Eeq = 0.58 V 393 1.25 0.786 22,152 1.75 × 106 16.33 0.628 C1 8.46 × 10−4

2 CME at
Ei1 = 1 V 364 1.03 0.816 19,043 2 × 106 20 0.62 C1 9.72 × 10−5

3 CME at
Ei2 = 1.8 V 345 1.35 0.807 11,454 0.11 × 106 0.79 0.383 C2 8.897 × 10−4

4 GC at
Eeq = 0.07 V 415 1.46 0.918 26,103 2.63 × 106 24.58 0.546 C2 7.55 × 10−4

5 GC at
Ei1 = 1 V 323 6.02 0.893 104,170 0.9 × 106 24.01 0.311 C1 1.717× 10−3

The comparative EIS curves in the two electrolytes for different manners of preparation
are presented in Figure 7. The comparison between the EIS curves in the presence and
absence of ferrocene for different EIS potentials is shown in Figure 8. The curves with
solid lines were obtained by fitting the impedance data with ZView software, and the
corresponding chi-squared (χ2) values used to evaluate the fitting quality are given in
Table 2, Table 3 and Table S1, for the CMEs prepared using scanning, respectively.
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At the equilibrium potential, the impedance curves are different in the presence of
ferrocene from those recorded in the absence of ferrocene.

3.3. Calculation of the Electrochemically Active Surface

Figure 8 shows the CV curves at different potential scan rates obtained for the charac-
terization in Fc/SE of CME, obtained using CPE at 1.5 V and 1.5 mC. From the dependence
of the anodic peak currents vs. square root of the scan rate (inset on Figure 9) the electro-
chemically active surface area (A) was calculated using the Randles−Ševčík equation,

ip = 2.69 × 105 × n3/2 × A·D1/2 × C × v1/2 (1)

where ip is the peak current (A), n is the number of transferred electrons (n = 1), A is the geometric
surface area (cm2), D is the diffusion coefficient of the redox probe (2.62 × 10−9 cm2/s [14–16]),
C is the concentration of the redox probe (mol/cm3), and v is the potential scan rate (V/s).
The obtained value for A is 0.42 cm2, being 6 times larger than the geometrical electrode
area S = 0.071 cm2. In reality, the diffusion coefficient of ferrocene in the film is smaller and
the effective area is even larger.
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of 3.521 × 10−4 A·(V/s)−1/2.

For the film prepared using CPE at +1.5 V 1.5 mC, the following parameters were
calculated, considering n = 1 for the Fc/Fc+ couple: thickness of the polymeric film, denoted
by g (Equation (2) [17]), and charge transfer conductivity, denoted by σ (Equation (3) [17,18]).
In Equation (2), F = 96.500 C/mol, qpol is the charge used in CPE, Mmonomer is the monomer
molar mass, ρ is the density of the polymer film (which has been approximated to 1 g/cm3),
and S is the geometrical area of the electrode (cm2). In Equation (3) Rct is the charge transfer
resistance through the film, as calculated from the impedance measurements of the film in
the supporting electrolyte at the equilibrium potential (5.699 Ω, in Fc/SE, and 22.152 Ω in
SE, according to Tables 2 and 3, respectively). The calculated thickness of the film formed
is g = 10.5 µm, and the charge transfer conductivity σ = 2.64 × 10−6 S/cm in Fc/SE and
0.68 × 10−6 S/cm in SE.

g =
qpol ·Mmonomer

n · F · S · ρ f ilm
(2)

σ =
g

Rct · S
(3)

3.4. Spectroelectrochemistry Study

Figure 10a shows the curves obtained with spectroelectrochemistry on the film pre-
pared on ITO at 1.5 V, 1.23 mC. A continuous evolution is observed for wavelengths below
500 nm and above 650 nm, which depends on the applied potential. For the 550 nm–650 nm
range, the curves show an increase in absorbance at anodic polarizations. Figure 10b shows
the increase of the polaron peak absorbers’ areas, calculated using integration over the
range 550 nm–650 nm for different applied potentials.
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4. Discussion

The study of CV curves when obtaining polymer films based on T in SE using potential
scanning with different anodic limits (Figures 1 and 2) stands for the formation of films
with different properties for anodic limits scans of +1.1 V and +1.25 V.

At scans with the limit of +1.1 V vs. RE (Figure 1a), there is a decrease in the oxidation
currents in the range of the a1 peak (from the potential of about +0.6 V). The arrows placed
on the direct scan curve at +0.6 V, +0.9 V and at −0.15 V on the return curve show how the
current decreases during the cycles.

In the scans with the limit of 1.25 V (Figure 1b), it is evident that a film covers the
electrode during the scans. In Figure 2, the highlighted processes are marked with a1,
a2, b1, b2, and b’, in the order in which they appear during the scan. Their evolution is
observed during the cycles. The film formed in the 1st scan at potentials more positive than
+0.9 V appears to be conductive. Its reduction can be seen by the pair of peaks in the return
scan at around +0.15 V (marked b1) and −0.15 V (marked b2), which have, as an anodic
correspondent, the peak marked b’ (from cycle 2), which corresponds to the reoxidation
of the film formed in the first scan. In the second cycle, a slight oxidation occurs at about
+0.75 V (a1), and the current recorded at +1.25 V (vs. RE) exceeds the current in cycle 1 at
the same potential. During the return scan, the two reduction peaks intensify, as do their
anodic counterparts (b’). In the third cycle (see Figure 1) the process highlighted at +0.75 V
(a1) is no longer present, and the corresponding current at the end of the scanning domain
is lower than in the second cycle. This shows an evolution of the coating of the electrode
with an insulating film. The anodic currents for process b1 from about 0.15 V increase, as
compared with cycles 1 and 2 (Figure 1b), as does the current for peak b’. The current for
peak b1 moves towards more negative potentials with cycling. Comparing the curves from
Figures 1 and 2, it is obvious that the formation of the film takes place at a potential higher
than +1.1 V vs. RE, but if the anodic potential limit scan exceeds 1.2 V, the oxidation of the
monomer also takes place. This is revealed by the slower decrease of the current on the
forward scan CV curve at the potential of 0.75 V in Figure 1a, versus Figure 1b.

In Figure 2a, the curves from the first CV cycles presented in Figure 1a,b are compared
with the one obtained in the solution without the ligand (denoted with broken line). It is
observed that the irreversible oxidation process of the ligand (a2) begins at potentials higher
than +1.1 V vs. RE, and has much higher currents than those obtained for the supporting
electrolyte in the solution without the ligand. Oxidation processes and comparisons are
more clearly highlighted when comparing the 2nd scanning cycle (Figure 2b). These
statements are supported by the chronoamperograms presented in Figure S1, recorded
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during the preparation of CMEs using CPE at different potentials. The chronoamperograms
recorded at the same charge of 1.5 mC show that, at the potential of +1.5 V, the current
drops to a level current much lower than at the potential of +1 V, which agrees with the
cyclic voltammograms. The 1.5 mC charge requires a time of electrolysis of about 180 s at
an applied potential of +1.5 V, while for a potential of +1 V the time is about 25 s. At less
positive potentials (0.9 V vs. RE) the electrolysis time is over 1000 s! Consequently, the film
obtained at potentials higher than 1 V is non-conductive.

The prepared modified electrodes were transferred into the supporting electrolyte
0.1 M TPAP, CH3CN (SE) or in ferrocene solution in SE, and were characterized by CV
and EIS.

The characterization by CV of the films was performed by recording successive cyclic
voltammograms in the supporting electrolyte solution for the films formed with scanning
(Figure 3) or using CPE (Figure 4). The CV curves show a pronounced hysteresis, and
these confirm the stability of the formed films during successive cycles. For Figure 3b, an
oxidation potential of the polymer obtained using scanning (with an anodic limit of 1.25 V
vs. RE) of Epa = 0.35 V can be estimated. From the comparison of the CVs in Figure 3a,b,
it can be seen that the film formed from scanning at 1.25 V is less stable when compared
with the one formed at 1.1 V, because the CV curve for the 2nd cycle has lower currents
than those in the 1st cycle. The reduction potential is difficult to be estimated in the case
of this film. From the comparison of the CVs in Figure 4a,b it can be seen that the film
formed from CPE at the potential of 1.5 V is less stable, as compared with the one formed
at 0.9 V (the CV curve for the 2nd cycle has lower currents than those of the 1st cycle).
The CV curves for the film formed at 0.9 V show a remarkable symmetry of the reversible
anodic and cathodic redox peaks. It can be estimated that the oxidation and reduction
potentials for the polymer obtained from CPE at 0.9 V prove the higher conductivity of
this film. The DPV curves recorded for the CME obtained using CPE at 1.5 V and +1.5 mC
in Fc/SE (Figure S2) mainly show the symmetrical peak of the ferrocene, but very few
of the expected DPV signals corresponding to the film oxidation/reduction. In SE, DPV
currents are very small and not evident for film formation, likely because the films are very
thin. However, the peaks for film oxidation/ reduction are evident in the CV obtained at
different scan rates (Figure 5), for either the CMEs obtained from scanning or using CPE.

The characterization of films through EIS at the equilibrium potentials shows that
EIS recorded in SE have the same evolution (Figure 7a), no matter how the electrodes are
prepared, while those in Fc/SE are spread (Figure 7b). Therefore, in SE, they cannot be
differentiated using impedance measurements. Figure 6b shows that higher impedances
(Z′ and Z′′) are obtained for the electrodes prepared with CPE than for those from scanning.
The slope for the curve of the electrode obtained from scanning at 1.25 V is higher than that
for the electrode obtained at 1.1 V. Figure S3 shows that the electrodes prepared from CPE
have higher slopes in Fc/SE than in SE, both for those prepared at 1.5 V (Figure S3a) and
for those at 0.9 V (Figure S3b). Figure S3a shows that, for the electrodes prepared using
scanning, the slope of the curve is higher in Fc/SE than in SE. The characterization of the
films using EIS in the supporting electrolyte shows that at the equilibrium potential the
impedance curves are different in the presence of ferrocene (curves with red stars) than
those recorded in the absence of ferrocene (these last ones are located above for Z′ > 5 × 104)
(curves with blue squares in Figure S3b).

From the values in Table 2 for the characterization of a film in Fc/SE, using EIS, some
very contradictory values for the Warburg element are obtained in the two fittings, F1 and
F2. The values of Rct in the two fittings are close. For the higher applied potential on
CME, the Rct increases drastically (about seven times, an effect noticed also for GS bare
electrode). From the values in Table 3 for the characterization with EIS of a film in SE, it
emerges that, with the increase of the oxidation potential used in EIS from the equilibrium
potential to 1 V and then to 1.8 V, a doping of the film occurs. It becomes more conductive
(i.e., it has a smaller resistance). Rct varies as follows: 22,152 Ω at the equilibrium potential
of 0.58 V, 19,043 Ω at the potential of 1 V, and 11,454 Ω at the potential of 1.8 V. This shows



Symmetry 2023, 15, 514 11 of 13

that, at more positive applied potentials, the transfer of electrons occurs more easily, a
phenomenon explained by the formation of a larger amount of polarons. The proof of
polaron formation was given by the spectroelectrochemistry study, which highlights the
dependence on the potential of the absorbance in the range 550 nm–650 nm (Figure 10a).
The increase in absorbance at anodic polarizations indicates the increase of the polaron
peak absorbers’ areas, as calculated using integration (Figure 10b).

Charge transfer conductivity of about 10−6 (S/cm) indicates the formation of low-
conductivity films, compared with the σ values obtained for different azulene monomers
(Table 4). This feature can affect the LOD values for the heavy metal sensing on chemically
modified electrodes based on this monomer.

Table 4. Comparison between different azulene monomers regarding σ values obtained.

Nr. Crt Monomer Synthesis
Conditions

Potential for EIS
(V)

σ

(S/cm) Ref.

1.
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5. Conclusions

Stable azulene-modified electrodes were obtained using scanning or controlled poten-
tial electrolysis in the domain of anodic peak potentials, as evidenced by CV, DPV and RDE
methods. CV and DPV methods put in evidence film formation using electrochemistry. CV
studies on 2-(azulen-1-yldiazenyl)-5-phenyl-1,3,4-thiadiazole confirmed the main role of
electrosynthesis potential on film formation and its properties. All methods put in evidence
the formation of films with insulating properties, depending on the electropolymerization
potential. A remarkable symmetry of the reversible anodic and cathodic redox CV peaks
for the polymer was noticed for films formed using CPE. EIS added new possibilities for
the evaluation of the film conductivity and to enable future correlation with the analytical
response in HMs analysis. EIS proved to be a complementary technique to evaluate the
properties of modified electrodes based on azulene films, such as their electrical conductiv-
ity. The spectroelectrochemical study showed that the anodic polarization of the film leads



Symmetry 2023, 15, 514 12 of 13

to an increase of the polarons’ area, and therefore to the intensification of the transport
process through polarons.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/sym15020514/s1. Basic properties for T and characterization through elemental analysis,
UV-Vis, IR, 1H NMR, 13C-NMR, MS. Figure S1. Chronoamperograms during the preparation of CMEs
using CPE for a constant charge of 1.5 mC at different applied potentials: +1 V (black line), +1.5 V
(blue line) and +0.9 V (green line) in real coordinates (a) and logarithmic scale (b). Figure S2. DPV
curve for T-CME, prepared using CPE at 1.5 V and 1.5 mC recorded in Fc/SE. Figure S3. EIS curves
for CMEs obtained using CPE at equilibrium potentials in SE (blue squares) and in Fc/SE (red stars)
for CMEs obtained at: (a) 1.5 V, 1.5 mC; (b) 0.9 V, 0.67 mC. Figure S4. EIS curves for CME obtained
from scanning (4 scans) in the ranges: (a) −0.6, 1.1 V; (b) −0.6, 1.25 V at the equilibrium potentials in
SE (blue squares) and in Fc/SE (red stars). Table S1. Parameters for EIS curves for CMEs prepared
from scanning recorded in type B experiments in SE at different potentials, according to models in
Figure 6.
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