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Abstract: Three (Z)-5-(azulen-1-ylmethylene)-2-thioxo-thiazolidin-4-ones are electrochemically char-
acterized by cyclic voltammetry, differential pulse voltammetry, and rotating disk electrode voltam-
metry. The electrochemical investigations revealed that the redox potential is influenced by the
number and position of the alkyl groups, and the possible oxidation mechanism is proposed. These
compounds, after their immobilization on glassy carbon electrodes during oxidative electropolymer-
ization, were examined as complexing ligands for heavy metal ions from aqueous solutions through
adsorptive stripping voltammetry.

Keywords: (Z)-5-(azulen-1-ylmethylene)-2-thioxo-thiazolidin-4-ones; electrochemical characteriza-
tion; modified electrodes; metal detection

1. Introduction

Azulene is an isomer of naphthalene, but they are essentially different. While naphtha-
lene has biaxial symmetry, azulene has single symmetry about the x-axis, which gives the
azulene system an asymmetric charge distribution. This causes azulene to present impor-
tant properties, such as a significant dipole moment and remarkable chemical, electronic
and optical behavior. As a result, such a system can have many technical applications
in optoelectronics [1,2], medicine [3], Li–S batteries [4], supercapacitors [5], photovoltaic
cells [6], sensing and imaging [7], etc. The ability of the electrons to move easily from the
seven-member cycle to the five-member cycle [8] allows the azulene molecule to act as a
donor and acceptor of electrons [9]. For the same reason, it is also possible to use azulenes
as building blocks for the development of new molecules [10–12]. Azulene can polymerize
via electrochemistry resulting in polymers with high electrical conductivity [13]. If they are
properly substituted, they can complex specific targets. Moreover, if they are immobilized
on an electrode surface, it could lead to materials that are able to enhance sensitivity and
selectivity towards metal ions [14,15].

In line with our previous work [10–12,14,15], the results given in this paper are related
to the electrochemical characterization of new azulene compounds and highlight their
complexing properties towards metal ions [16]. The studied compounds are derivatives of
(Z)-5-(azulen-1-ylmethylene)-2-thioxo-thiazolidin-4-one (L1). Its structure contains the two
essential elements of molecular recognition: a complexing part (2-thioxo-thiazolidin-4-one
ring) [17] and a polymerizable part—azulene moiety.

The 2-thioxo-thiazolidin-4-one (rhodanine) is a very important heterocyclic compound
used to synthesize different compounds because of its biological activity. The applications
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of its antiviral, anticancer, and antimicrobial activity were recently reviewed [18]. It is also
known for its complexing properties towards heavy metals [17]. The azulene derivative
of rhodanine can be used for accurate metal determination in the same way that the p-
dimethylaminophenylidenrhodanine was used to accurately determine Cu, Ni, Fe, and
Zn [19], or the way in which triarylamine rhodanine derivatives were used as colorimetric
sensors to detect Ag and Hg ions [20].

Electrochemical polymerization of the ligand on the electrode results in a high density
of complexing groups, which allows accumulation of metal ions on its surface [21–24].

The three (Z)-5-(azulen-1-ylmethylene)-2-thioxo-thiazolidin-4-ones (Figure 1) were
compared by the curves obtained through electrochemical methods (cyclic voltammetry
(CV), differential pulse voltammetry (DPV), and rotating disk electrode (RDE) voltam-
metry). This comparison allowed the establishment of the main characteristics for their
polymerization processes. Then, they were used as ligands for the preparation of com-
plexing modified electrodes. The obtained modified electrodes were compared in terms of
heavy metal sensing properties [25].
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Figure 1. Structure of (Z)-5-(azulen-1-ylmethylene)-2-thioxo-thiazolidin-4-ones; R: H (L1); 4,6,8-Me3

(L2); 3,8-Me2-5-iPr (L3).

2. Materials and Methods

The azulene derivatives were synthesized according to the previously published
procedure [26]. The electrochemical experiments were performed either in non-aqueous
supporting electrolyte (0.1 M) (obtained from acetonitrile (Sigma Aldrich, electronic grade
99.999%) and tetra-n-butylammonium perchlorate (TBAP) (Fluka, puriss, electrochemical
grade > 99%)) or in 0.1 M acetate buffer solution (obtained from sodium acetate (Roth,
99.99%) and acetic acid (Fluka, >99.0%, trace select)). The ionic metal solution was obtained
from the corresponding metal salts. Purified water (18.2 MΩcm), was obtained from a Mil-
lipore Direct-Q 3UV water purification system and used to prepare the aqueous solutions.

A PGSTAT 12 AUTOLAB potentiostat (Metrohm/Eco Chemie) was used to perform
the electrochemical experiments by connecting it to a classical 3-electrode cell. The working
electrode was a glassy carbon disk (3 mm, from Metrohm), and the counter electrode was
a Pt wire. Ag/10 mM AgNO3 in 0.1 M TBAP, CH3CN and Ag/AgCl, 3M KCl reference
electrodes were used for experiments performed in non-aqueous and aqueous solutions,
respectively. For the electrochemical studies performed in the organic solvent, all the
potentials were reported from the potential of the ferrocene/ferrocenium redox couple
(Fc/Fc+), which was +0.07 V in our conditions. Before each measurement, the surface of the
working electrode was cleaned with diamond paste (0.25 µm) and rinsed with acetonitrile.

The electrochemical experiments performed by CV, DPV, and RDE were recorded for
millimolar solutions of L1, 4(Z)-2-thioxo-5-((4,6,8-trimethylazulen-1-yl)methylene)thiazolidin-4-
one (L2), or (Z)-2-thioxo-5-((3,8-Me2-5-iPr-1-yl)methylene)thiazolidin-4-one (L3) in 0.1 M
TBAP, CH3CN starting from the stationary potential. CV was performed at different scan
rates between 0.1 and 1.0 V s−1. DPV was conducted with a scan rate of 0.01 V s−1 with a
pulse height of 0.025 V and a step time of 0.2 s. RDE curves were recorded at 0.01 V s−1 for
different rotation rates.

The electrochemical behavior of the pattern of (Z)-5-((azulen-1-yl)methylene)-2-thioxo-
thiazolidin-4-one ligand (L1) and (Z)-2-thioxo-5-((4,6,8-trimethylazulen-1-yl)methylene)thiazolidin-
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4-one (L2) has previously been shown [17,27]. The redox characteristics of (Z)-2-thioxo-5-
((3,8-Me2-5-iPr-1-yl)methylene)thiazolidin-4-one (L3) were emphasized in a PhD thesis
produced by our group [25].

The immobilization of the ligands on the electrode surface was accomplished through
controlled potential electrolysis (CPE) from 0.1 mM TBAP, CH3CN solutions (1 mM) of L1,
L2, or L3. The accumulation and detection of metal ions were performed using a previously
described procedure [14,15]. Briefly, the accumulation of metal ions was performed by
chemical accumulation in an open circuit for 15 min. After careful rinsing with purified
water (to remove the unbound ions), the accumulated ions were reduced to metal zero-
valent (−1.2V) for 120 s, followed by the recording of DPV stripping curves.

In order to remove the influence of the dissolved oxygen, all measurements were
performed under an argon atmosphere.

3. Results and Discussions
3.1. Studies by DPV

DPV overlaid curves for all compounds at same concentration are shown in Figure 2.
The oxidation and reduction peaks are further denoted in their appearance order during
DPV scans (a1, a2, c1, c2 . . . ).
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From the DPV curves, it can be observed that there are two main peaks for each ligand
in the anodic domain. In the cathodic domain, there are different numbers of peaks: two
for L2 (c1, c2), three peaks for L3 (c1–c3), and four peaks for L1 (c1–c4). Their potentials
and the assessment of the peaks are given in Table 1. The increase in DPV peak currents
with concentration can be used to develop an analytical method for the evaluation of
concentration for unknown samples.

The π system of these compounds is identical, so the number of signals must be
similar. The different numbers of observed peaks for each compound can be explained
by the fact that the peaks can double by the protonation of ligands. The possible redox
processes are illustrated in Scheme 1.

The two main DPV peaks correspond to the electron transfers formulated in Scheme 1
for these compounds. The first anodic step consists of the oxidation of azulene moiety
(which is the electron-richest part of this structure), while the first cathodic peak is due to
the reduction of the rhodanine cycle (the most electronegative part of the compound).
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Table 1. Potentials (V vs. Fc/Fc+) of the peaks and their assessment.

Peak

L1 [23] L2 [15] L3

Assessed ProcessMethod Method Method

DPV CV DPV CV DPV CV

O2/O2
.− −1.202 −1.316 (i) * - - - - Oxygen reduction

c1 −1.528 - −1.541 - −1.543 −1.610 (i) *
Low peak current process

(negligible) due to reduction of the
protonated ligand

c2 −1.801 −1.842 (q) * −2.216 −2.112 (r) * - −1.991 (q) * Reduction of C=C bond

c3 −2.431 −2.482 (q) * - - −2.191 −2.430 (q) *

Low peak current process
(negligible) due to the reduction of
a fragment (probably as a result of
the decomposition of the azulene

c4 −2.721 −2.794 (q) * - - −2.748 −2.831 (q) * Reduction of the C–S bond
a1 0.541 0.578 (i) * 0.473 0.493 (i) * 0.373 0.421 (i) * Radical cation formation
a2 1.021 1.143 (i) * 0.942 0.847 (i) * 0.673 0.721 (i) * Oligomer oxidation
a3 - - - 1.571 (i) * - 1.490 (i) * -
a4 - - - - - 1.785 (i) * -

* q—quasi-reversible process; i—irreversible process.
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Scheme 1. Electrochemical oxidation and reduction processes for (Z)-5-((azulen-1-l)methylene)-2-thioxo-thiazolidin-4-ones.

The small peaks in the cathodic region could be explained by the existence of a small
concentration of the protonated compounds, which are more easily reduced due to their
positive charge, so each peak has a pair at lower potentials.

At higher anodic and cathodic potentials, the electrochemical processes become nons-
elective and the whole molecule is destroyed.

As expected, the alkyl groups induce a positive inductive effect and increase the
electron densities of the molecules. Therefore, the alkyl-substituted compounds are easier
to be oxidized and harder to be reduced than the pattern compound. However, the steric
effect of these groups makes the reductions more difficult to anticipate, and the reduction
potentials can sometimes even be reversed by this effect.

The azulene (Az) system is more stable when it is symmetrically substituted, but
it becomes very reactive by unsymmetrical substitution (the symmetry of the aromatic
system is disrupted by the difference in the alkyl group’s electronic influence). Therefore,
the compounds containing three symmetrically substituted groups (like 4,6,8-three methyl
azulene (TMA)) have higher activation energies than those unsymmetrically substituted,
like guaiazulene (Gu). Therefore, it is expected that guaiazulene will react faster than TMA,
despite its higher volume.

The experimental results show that the redox potential is influenced by the number
and position of the alkyl groups, as assumed previously (Figure S1 of the Supplementary
Materials). The Gu-azulene fragment (3,8-Me2-5-iPr -Az) from L3 is more easily oxidized
than the TMA-azulene fragment (4,6,8-Me3-Az) from L2, which is more easily oxidized
than the azulene fragment (Az) from L1. These compounds present a first anodic DPV
peak at 0.373 V, 0.493 V, and 0.541 V, respectively. In reduction, the potential order is
reversed, but the differentiation is less obvious because the reductions occur specifically in
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the heterocyclic part (the first cathodic peaks of these compounds in DPV have the values
of −1.529 V, −1.541 V, and −1.543 V for L1, L2, and L3, respectively). These curves also
show an important variation in the peak current values for the same concentration of the
ligands (Figure 2). The differences observed for the peak a1 current values can be attributed
to errors during the experiment due to the low solubility of these compounds. However,
the values for the height of a1 and c1 peaks agree with their expected solubility, which
varies in the order L3 > L1 > L2.

3.2. Studies by CV

From the CV curves, it can be observed that in the oxidation domains for compounds
L2 and L3, only two peaks are significant (a1 and a2). The peaks situated at more positive
potentials (a3 and a4) belong to the supporting electrolyte (drawn with dotted line). In the
reduction domain, each compound presents a different number of peaks: compound L1 has
three reduction peaks (c2–c4); compound L2 has one reduction peak (c2); compound L3 has
three reduction peaks (c1, c3, c4) (Figure S2 of the Supplementary Materials). The potentials
of the CV peaks are given in Table 1. Like in the case of DPV curves, it is observed that the
CV redox peak potentials are influenced by the number and position of the alkyl groups
(Table 1). The L1, L2, and L3 compounds present their first anodic CV peaks at 0.578 V,
0.493 V, and 0.421 V, respectively (Figure 3). These potentials are well correlated with the
peak potentials obtained by DPV. The reduction potentials are more difficult to establish
in CV because the presence of oxygen traces leads to unwanted overlaps. The increase in
CV peak currents with concentration can be used to develop an analytical method for the
evaluation of concentration for unknown samples, as in the case of DPV.
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Figure 3. Cyclic voltammetry (CV) (0.1 Vs−1) anodic and cathodic curves for L1, L2, L3 (at 0.5 mM).

Figure 4 shows the anodic and cathodic voltammograms for L3 on different scan do-
mains, and Table 1 presents the potentials (V vs. Fc/Fc+) of the peaks and their assessment.
It can be seen in the anodic domain that all the processes show an irreversible behavior,
while in the cathodic one, they are quasi-reversible or irreversible, like in the case of the
other two compounds (Figure S3 of the Supplementary Materials).

Voltammograms were also recorded at different scan rates, as seen in Figure 5, for the
anodic and cathodic scans of compound L3. In the inset of Figure 5, the linear dependences
of the (a1) and (c1) processes on the square root of the scan rate are shown. The slopes vary
in the following order: L3 > L1 > L2 (Table 2). Their different slopes can be explained by
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their solubility, which varies in the same order. As the solubility of these compounds is
quite low, studies are usually performed in oversaturated solutions from which the ligand
sometimes precipitates; this phenomenon is difficult to control because the solution is
intensely colored.
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Using the Randles-Sevcik equation for an irreversible process [28], the diffusion coeffi-
cients were calculated for one electron transfer (Table 3). The diffusion coefficient (D) value
varies in the same order as it is the solubility of the compounds (DL3 > DL1 > DL2). This
result is probably due to their different structures, but it is also connected to their actual
concentration in solution. There is a lack of precision in the evaluation of the actual concen-
tration values of the working solutions due to the precipitation of compounds from the
oversaturated solutions. Consequently, the results for D are influenced (the concentration
is diminished due to uncontrolled precipitation), especially for the less soluble compounds
L1 and L2. Therefore, D values for L1 and L2 are much lower than for L3. The linear
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dependence of the peak current as a function of the square root of the scan rate (Figure 5,
inset) also highlights a diffusion-controlled process [29,30].

Table 2. Equations obtained for the linear dependences of first anodic (a1) and cathodic (c1) peak currents (in A) on the
square root of the scan rate (in V s−1) for L1–L3.

ipa1 vs. v1/2 ipc1 vs. v1/2

L1 ipa1 = −3.80 × 10−6 + 44.67 × 10−6 × v1/2,
R2 = 0.998

Not recorded

L2 ipa1 = −6.58 × 10−6 + 40.2 × 10−6 × v1/2,
R2 = 0.935

ipc1 = −1.25 × 10−6 − 24.6 × 10−6 × v1/2,
R2 = 0.971

L3 ipa1= −16.66 × 10−6 + 122.07 × 10−6 × v1/2

R2 = 0.995
ipc1 = 1.58 × 10−6 − 56.44 × 10−6 × v1/2,

R2 = 0.998

Table 3. Estimated diffusion coefficients of the ligands (for a concentration of 0.5 mM in each
compound in 0.1 M TBAP, CH3CN).

Compound L1 L2 L3

105 × D (cm2 s−1) 2.2 1.8 * 16.5
* Previously calculated value [15].

3.3. Studies by RDE

Figure 6 shows the RDE curves at different rotation rates for these compounds in
0.1 M TBAP, CH3CN. The processes are denoted with respect to the peak notation from the
DPV curves. The studied compounds have regular behavior in the cathodic domain, where
two main waves are seen for all compounds. For the investigated ligands, the behavior
in the anodic domain is different in comparison with that in the cathodic domain. In the
anodic domain, the currents drop suddenly after the a2 peak for all compounds. A similar
drop has been seen in other azulene compounds [23,31]. This drop is connected to the
oxidation of the ligands with the formation of insulating layers that cover the electrode.
Isosbestic points appear only for L2 (at about 0.8 V) and for L3 (at 0.7 V). When the rotation
rate increases from 500 rpm to 1000 rpm, for the pair of peaks a1 and a2, the increase in
current for L3 is bigger than in the case of the other two ligands. This involves either
weak polymerization in the case of L3 (as it will be shown further in the study of L3
polymerization) or a lower solubility for L2 than L3 (as discussed before, L3 > L1 > L2).

The behavior in RDE at different concentrations is similar for all compounds (the
current increases with concentration). Figure 7A gives as examples the curves for L1 at
1000 rpm [26] and L3 at 500 rpm. The RDE waves from the oxidation domain change
to peaks, as was shown for other azulenes [23,31]. This behavior is attributed to the
formation of a compact film on the electrode surface. The film formation noticed by RDE
occurs at the potential of the RDE peak a2: 0.686 V for L3, 0.785 V for L2 (Figure 7B),
and 0.927 V for L1 (Figure 7C). These values agree with the potentials of the DPV peaks
previously obtained. The values of the currents are consistent with the solubility of the
compounds (the solubility of these compounds is different and quite low). Consequently,
the electrochemical studies are performed usually in oversaturated solutions from which
the ligand sometimes precipitates. This phenomenon is difficult to control because the
solution is intensely colored. Better control of the concentration of the compounds L1,
L2, and L3 could be obtained in more dilute solutions (where the precipitation can be
avoided), but the results are not clearly seen as peaks in these conditions for CV, DPV, or
RDE experiments.

In the reduction domain, mainly two waves are seen for all compounds.
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3.4. Modified Electrodes

Chemically modified electrodes were obtained either by potentiodynamic oxidation
during 20 successive cycles or by CPE at different potentials and different amounts of
electrical charges. The obtained electrodes were transferred in 1 mM ferrocene solution,
and the signal was recorded. The voltammograms recorded with the modified electrodes
were compared with those obtained on the bare electrode.

The goal was a modified electrode that yielded positive results with L1 [27], both by
CPE and by successive cycling. The ferrocene signal recorded on the modified electrode was
diminished when compared with the signal obtained from the bare electrode. The electrode
surface was covered by an insulating layer of polyL1, as was seen in electrochemical
impedance spectroscopy and scanning electron microscopy studies [32]. The topography of
atomic force microscopy (AFM) images exhibited the presence of columnar shape features.
AFM results also revealed a dependence of surface roughness on the electropolymerization
parameters (potential/charge) [33]. Similar behavior was observed for L2 after the transfer
of the modified electrodes into ferrocene probe solution [17], showing the coverage of the
electrode with polyL2 films. The behavior of L3 was different. The attempts to obtain
polyL3 films either by 20 successive cycles (Figure 8) or by CPE led to very small changes
in the ferrocene signal.

Different electropolymerization charges (0.2–0.8 mC) and potentials (0.59–2.12 V) in
CPE did not lead to significant ferrocene signal changes compared to the bare electrode
(Figure S4 of the Supplementary Materials). This behavior could be explained by a weak π-
polymerization in the case of L3, since 3,8-Me2-5-iPr substituents are bulkier than 4,6,8-Me3
of L2 and H of L1. Other types of polymerization are not possible because these ligands
have the most reactive position (3) blocked by substitution.

3.5. Metal Binding Properties

The ability of modified electrodes with L1, L2, and L3 to coordinate and detect metal
ions from aqueous probes was achieved through chemical accumulation in an open circuit,
followed by anodic stripping [14]. Figure 9 shows the anodic stripping curves obtained
with modified electrodes after a 15 min accumulation time in a solution that contains heavy
metal ions (Cd(II), Pb(II), Cu(II), and Hg(II)), each in a 10−6 M concentration.

Not all ligands can complex the studied ions. For polyL1 and polyL2, lead stripping
currents are higher than those for cadmium, copper, and mercury. The curves in Figure 9
indicate a preferential recognition for lead out of all ligands, followed by cadmium and
a specific detection of copper by polyL2. In the case of polyL3, a specific detection of
cadmium and lead was noticed. For polyL1 and polyL3, no response for Cu and Hg was
found. This shows a higher affinity of the ligands towards Pb(II) and Cd(II) ions. This
selectivity can be explained by the fact that this type of compound can give substitution
reactions in the free position three of the azulene fragment with the formation of organo-
mercuric compounds. These compounds have different electrochemical properties, and the
Hg peaks are considerably diminished [34].

The electrode modified with L2 detected all of the metal ions in the accumulation
solutions but with different intensities varying in the following order: Pb > Cu > Cd >> Hg.

The analytical properties of these modified electrodes towards metal ion detection are
under consideration.
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Figure 9. DPV curves in acetate buffer (pH = 5.5) of modified electrodes obtained by controlled
potential electrolysis (CPE) with different ligands (L1, L2, L3) after 15 min of accumulation in a
solution containing a concentration of 10−6 M from all of the following cations: Cd(II), Pb(II), Cu(II),
and Hg(II).

4. Conclusions

The electrochemical characterization of several (Z)-5-(azulen-1-ylmethylene)-2-thioxo-
thiazolidin-4-ones was performed using CV, DPV, and RDE. Modified electrodes were
obtained by successive cycling of the potential or by controlled potential electrolysis at
different potentials or amounts of electric charges. The responses of the modified electrodes
for heavy metal ion recognition were evaluated. The best results in the recognition of heavy
metal ions were obtained for Pb(II) with polyL1.

The stripping curves indicate a preferential recognition for lead by all ligands, followed
by cadmium, and a specific detection of copper by polyL2. In the case of polyL3, a specific
detection of cadmium and lead was observed. The lack of response from polyL1 and
polyL3 towards Cu and Hg indicates their potential use to build sensors based on modified
electrodes for Pb(II) and Cd(II) ions. The detection intensities in relation to different heavy
metals using these ligands vary as follows: polyL1 > polyL2 ~ polyL3 (for Cd), polyL2
> polyL1 > polyL3 (for Pb), while polyL2 is selective for Cu. The investigated azulene
derivatives of rhodanine can be used for very accurate metal determination of Pb, Cd, and
Cu. The sensing properties towards heavy metal ions are in progress.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/sym13040588/s1: Figure S1: DPV (10 mV s−1) anodic and cathodic curves at different
concentrations for L1, L2, L3; Figure S2: CV (0.1 V s−1) anodic and cathodic curves at different
concentrations for L1, L2, L3 in 0.1 M TBAP, CH3CN; Figure S3: Anodic and cathodic CV (0.1 V s−1)
curves for all compounds (0.5 mM in 0.1 M TBAP, CH3CN) on different scan domains; insets: details
of cathodic domains; Figure S4: CV (0.1 V s−1) curves (1 mM, in 0.1 M TBAP, CH3CN) obtained
after the transfer of the modified polyL3 electrodes in ferrocene solution for modified electrodes
prepared by CPE: A—at different electropolymerization charges (0.2 mC; 0.4 mC; 0.6 mC; 0.8 mC) at
0.95 V; and B—at different electropolymerization potentials (0.59 V; 0.95 V; 1.71 V; 2.12 V) at 0.8 mC
in comparison with the bare electrode (dotted line).
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