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Abstract: A recently synthesized azulene-tetrazole molecular receptor is proposed in this paper to
continue the series of azulene substituted compounds that have been developed to build polyazulene-
based materials for heavy metal (HM) ion detection. This study focuses on characterization of
(E)-5-((6-t-butyl-4,8-dimethylazulen-1-yl) diazenyl)-1H-tetrazole (L) by electrochemical techniques
in view of its use for designing electrochemical sensors for HM ion complexation. The character of
redox processes was proved by cyclic, differential pulse, and rotating disk electrode voltammetry.
An in-depth thermodynamic study of the complexation properties of the free ligand with Pb(II)
and Cd(II) from aqueous solutions was performed, and the stoichiometry and stability constant
values were determined. Chemically modified electrodes (CMEs) based on L (L-CMEs) prepared by
controlled potential electrolysis (CPE) at different applied potentials and charges were characterized
by cyclic voltammetry and electrochemical impedance spectroscopy (EIS). Their surface morphology
was examined by scanning electron microscopy (SEM). The complexing properties of L-CMEs were
investigated towards the detection of HM ions by anodic stripping and compared to the stability
constants of the complexes in solution. Voltametric curves showed well-defined peaks for Pb (II),
Cd (II), Cu (II) and Hg (II), but the responses differ from each other and vary depending on the ion
concentrations in the accumulation solutions. The best results were obtained for Pb(II) and Cd(II)
ions. The results obtained for Pb(II) are promising and can be used for its analysis in water solutions
(detection limit of about 10−9 M).

Keywords: (E)-5-((6-t-butyl-4,8-dimethylazulen-1-yl) diazenyl)-1H-tetrazole; electrochemical tech-
niques; modified electrodes; scanning electron microscopy; electrochemical impedance spectroscopy;
heavy metal sensing; speciation; stability constants

1. Introduction

For human safety, it is extremely important to monitor the HM ions that are present
in water and food [1–4]. Numerous health problems have been reported associated with
prolonged exposure to metal ions such as Pb (II), Cd (II) and Hg (II) due to their tendency to
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accumulate. Such HMs accumulate continuously in ecosystems due to industrial processes
such as combustion. It is very important to develop new techniques for the detection of
low levels of HM ions, especially on-site.

On-site analysis of HM ions present in water or food requires methods with high
sensitivity and accuracy. A modern alternative to these methods can be based on elec-
trochemical sensors [5], which can be portable and could have rapid response and high
sensitivity [6,7]. Electrochemical sensors based on CMEs [8] could bring more sensitivity
and selectivity in comparison to other spectroscopic or optical techniques [9]. They can
be included in portable devices allowing on-site monitoring of HMs. The combination of
modern electrochemical techniques with developments in the field of microelectronics and
miniaturization allows the introduction of high-performance and reliable electrical devices
for efficient control of processes or pollution. This makes electrochemical measurements
possible on the spot and in real time [10].

Considering the advantages of CMEs and our goal of detecting HMs, it is important
to search for new molecules that lead to the obtention of new types of sensors. To make
this possible, they must contain a metal ion complexing unit and a moiety that is capable
of electropolymerization [11,12].

Previous studies performed in our team have highlighted the possibility of using
azulene derivatives to obtain modified electrodes for HM dosing [13]. The complexing
units were based on pyridine [14], tetrazoles [13,15], thiadiazoles [16], etc. Among the
most recent results [13], there are tetrazoles that have quite low detection limits (less than
5 × 10−8 mM).

The affinity of a ligand for a given metal is dependent on the ligand (type of coor-
dinating groups, denticity, geometry, flexibility, steric hindrance, etc.) and on the metal
(coordination number, coordination sphere). For example, the d10 Cd (II) ion in group
12 is of particular interest due to its large radius and strong interaction with different
simultaneous donors, as well as multiple ways of coordination and luminescence prop-
erties. The Cd(II)-tetrazole clusters that have been mentioned in reports so far have been
harvested with tetrazole derivatives substituted by hydroxy, amino, methyl or carboxyl
groups [17–19]. In most cases, cadmium centres have six-coordinated octahedral geome-
tries, and the pyramidal/trigonal square bipyramid has five coordinates. However, a
bipyramidal pentagonal stereochemistry with seven coordinates is also observed. To the
best of our knowledge, only one example of a Pb-cluster with tetrazole derivative has
been prepared and characterized for its chemical structure and properties [20]. After the
accidental discovery of the first tetrazole complex, tetrazole derivatives with four nitrogen-
electron-donating atoms as ligands have attracted more and more attention. Pb(II) presents
a large radius, flexible coordination mode and variable stereochemical activity, which are
ascribed to its lone electron pair (6s2). Based on the disposition of ligands around the metal
ion, the terminology assigned was described as holo-directed (the bonds with the ligand
atoms are directed over the entire surface of a globe) and hemi-directed (the bonds with the
ligand atoms are directed over a certain part of the globe surface). Consequently, there is
an identifiable void (or gap) in the distribution of bonds to the ligands [21]. The geometry
seems to strongly depend on the coordination number (CN) of Pb(II) and on the steric
repulsion of the ligands. Consequently, according to [21], the geometry of the Pb atom
in Pb (II) complexes is either hemi-directed (for CNs between 2 and 5) or halo-directed
(for high CNs of 9–10). For intermediate CNs (from 6–8), both types of coordination were
detected. As these metals can accept several CNs, it is important to study the coordination
properties of new ligands to understand the coordination mechanism.

In the present paper are given the results obtained when testing HMs’ detection using
CMEs based on (E)-5-((6-t-butyl-4,8-dimethylazulen-1-yl) diazenyl)-1H-tetrazole (L). The
presence of extra methyl and t-butyl groups grafted on the azulene ring at positions 4,8
and 6, respectively (Figure 1) increases the electron density on the azulene nucleus, which
is a favourable premise for the better complexation of metal ions, which our research group
is pursuing in our experiments. To evaluate the effect of the ligand L immobilization on the



Symmetry 2021, 13, 1642 3 of 16

electrode surface upon its ability to complex HMs, complexation studies of the free ligand
in solution were carried out.
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Figure 1. Structure of L.

2. Materials and Methods

The compound L was synthesized according to previously described methods [22].
Acetonitrile (CH3CN, Sigma Aldrich, electronic grade 99.999% trace metals) and tetrabuty-
lammonium perchlorate (TBAP, Fluka, Munich, Germany, analytical purity ≥99.0%) were
used as received.

The salts containing metal cations were mercury (II) acetate (Fluka, Munich, Germany,
≥98%), cadmium nitrate tetrahydrate (Fluka, Munich, Germany, ≥98%), copper (II) acetate
monohydrate (Fluka, Munich, Germany, ≥98%) and lead (II) nitrate (Fluka, Munich, Ger-
many, ≥99.5%). HM solutions with different concentrations were prepared by successive
dilution from 10−3 M stock solutions.

All electrochemical measurements were performed using a potentiostat Autolab
302N connected to cells with three electrodes. For electrochemical characterization and
CME preparation, the working electrode was a glassy carbon (GC) disk of 3 mm diam-
eter (Metrohm, Herisau, Switzerland), a platinum wire was the counter electrode and
Ag/10 mM AgNO3, 0.1M TBAP/CH3CN was the reference electrode. All potentials were
referred to the potential of the ferrocene/ferrocenium redox couple (Fc/Fc+) in 0.1 M
TBAP/CH3CN. The electrochemical detection of HM ions from aqueous solutions was
carried out using another three-electrode cell (transfer cell) in 0.1 M buffer acetate (pH = 4.5)
as a supporting electrolyte according to the procedure already described [13,15]. In this cell,
the working electrodes were the GC disks modified with L films, the reference electrode
was Ag/AgCl, 3 M KCl and the auxiliary electrode was a platinum wire.

EIS experiments were performed by means of an Autolab potentiostat/galvanostat
302N (Ecochemie, The Netherlands) that included the FRA2 impedance module. EIS
measurements were accomplished on the frequency range between 100 kHz and 50 MHz
by applying a potential with the amplitude of 10 mV over the dc potential of 0.19 V (OCP)
in 0.1 M TBAP/CH3CN solution containing 5 mM ferrocene redox couple. The impedance
data are presented in the form of Nyquist plots. EIS spectra were processed using Z View
2.4 software from Scribner Association Inc., Derek Johnson.

The electrochemical characterization of L and its corresponding polymer was per-
formed by cyclic voltammetry (CV) to establish the processes nature, differential pulse
voltammetry (DPV) to find the right values of peak potentials and rotating disk electrode
voltammetry (RDE) to estimate the number of electrons involved in the processes [13,23,24].
The surface of the GC working electrode was polished before each determination with
diamond paste and cleaned with acetonitrile. The electrochemical characterization of L
was performed at 25 ◦C under argon atmosphere.

CMEs were prepared from millimolar solutions of L in 0.1 M TBAP/CH3CN by
CPE. Then each L-CME was washed with acetonitrile and introduced in 0.1 M acetate
buffer solution (pH = 4.5) where it was equilibrated and overoxidized as previously
described [13,15]. The resultant electrode, named further “L-CME” was immersed for
15 min under stirring in a synthetic test solution of HM ions. After this procedure, the
modified electrode with accumulated HM ions was taken out and cleaned with deionized
water. The last electrode was immersed in a cell containing 0.1 M acetate buffer solution
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(pH = 4.5). Here, it was polarized for 3 min at −1.2 V, and then the DPV curves were
recorded between −1.2 and +0.8 V.

A Hitachi SU 8230 (Tokyo, Japan) was used for SEM measurements. CME preparation
for SEM was done on working GC disk electrodes (Metrohm, Herisau, Switzerland) with
6 mm diameter.

The complexation properties were studied by UV–visible spectrophotometry (JASCO
V-670) in 1 cm path length quartz cuvettes in freshly dried acetonitrile at a constant ionic
strength of 0.1 M TBAP. Aliquots of a metal solution were added to an L solution (4 < [L]
< 15 µM) and a UV–visible spectrum (200–700 nm) was recorded after each addition. A
calibration curve was used for each set of data to precisely determine the L concentration.
The stoichiometry of the metallic complexes and the equilibrium constants were determined
by fitting the spectrophotometric data with HypSpec 2008 software [25]. The computer
program Hyperquad Simulation and Speciation (HySS 2009) was used to obtain the species
distribution curves [25,26].

3. Results
3.1. Electrochemical Characterization of L

The electrochemical characterization of L was performed for different millimolar
concentrations of L by CV, DPV and RDE. The oxidation and reduction curves were
obtained in solutions containing TBAP in CH3CN. The curves were recorded starting from
the equilibrium potential as shown in Figures 2–5 (the arrows mark the direction in which
the potential was swept away). The curves for the supporting electrolyte are drawn with
dotted lines.
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Figure 5. DPV (A) and RDE (B) curves at different rotation rates (rpm) for L (1 mM) on GC in 0.1 M
TBAP/CH3CN.

The oxidation and reduction DPV curves (Figure 2A) show two anodic peaks (denoted
a1 and a2) attributed to L oxidation, and two secondary peaks (a01, a02) in the oxidation
domain of the supporting electrolyte. In the cathodic domain, four peaks (denoted c1,1,
c1,2, c2 and c3) are noticed for L reduction. The names given for the processes highlighted
by DPV have been retained in CV and RDE.

The CV oxidation and reduction curves given in Figure 2B show in the anodic scans
two main processes corresponding to a1 and a2 peaks from DPV and two secondary peaks
(a01, a02) in the oxidation domain of the solvent. In the cathodic scans, four peaks are seen
for L reduction corresponding to c1,1, c1,2, c2 and c3 from DPV.

The anodic and cathodic DPV and CV currents increase with the concentration of L.
The CV curves on different potential ranges are plotted in Figure 3, and the CV curves

on the potential ranges of the first anodic (a1) and cathodic (c1,1 and c1,2) peaks at different
scan rates are plotted in Figure 4.

The electrochemical processes highlighted by CV and DPV oxidation and reduction
curves have the characteristics given in Table 1. Based on the shape of CV peaks from
Figures 3 and 4 recorded on different potential ranges and at different scan rates, it can be
appreciated that peaks a1 and a2 correspond to irreversible processes, while c1,1, c1,2, c2
and c3 correspond to reversible processes. Anodic and cathodic CV and DPV peak currents
increase with the concentration of L. Based on these variations, the calibration curves can
be obtained.

The values of the peak potentials from the CV and DPV curves from Table 1 agree
with the values previously found for the unsubstituted ligand [13]. The potential of the first
oxidation peak (a1) for L is +0.72 V. This value is 0.19 V lower than that reported for the
unsubstituted compound [13] for which the potential of the first oxidation peak is +0.91 V.
It means that L is oxidized more easily than the unsubstituted azulene derivative. These
values are consistent with the electron repelling inductive effects of alkyl groups grafted on
the azulene moiety of L. Considering the L structure (that has a polarized azulene moiety),
the first oxidation peak corresponds to the process of a radical cation formation, which is
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followed by polymerization reactions leading to a polymeric film, as has been seen also in
case of other azulene compounds [13,15].

Table 1. Potential (in V) of anodic (a) and cathodic (c) peaks from CV and DPV curves recorded in
1 mM solution of L in 0.1M TBAP/CH3CN and the features of associated processes resulting from
the CV curves obtained on different potential domains and at different scan rates.

Peak
Method

Process Reversibility
CV DPV

a1 0.72 0.66 Irreversible
a2 1.00 0.90 Irreversible

c1,1 −1.77 −1.80 Reversible
c1,2 −1.95 −1.92 Reversible
c2 −2.314 −2.27 Reversible
c3 −2.383 −2.35 Reversible

The signals c01 and c02 obtained when scanning to small negative potentials (−1.2–
−1.4 V) are due to the reduction of oxygen traces (secondary process) from residual water.
The two peaks (c1,1 and c1,2) that occur during the cathodic scans can be attributed to
the ligand because they increase as the ligand concentration increases. They are due to
the reduction of the azo double bond that connects the azulene and tetrazole moieties.
This reduction process has an ECE mechanism and occurs with two electrons and two
protons, with the electron transfers taking place at very close potentials as in the case of
other azo azulenes [13]. The electrochemical steps of the mechanism (two peaks) can be
distinguished only at lower (than 0.1 V/s) scan rates. The azo bond reduction is the most
probable reaction for a ligand with this structure, and it occurs at the potential of −1.95 V.
In case of the unsubstituted derivative, this reduction occurs at −1.8 V [13]. The peaks’
potential values obtained for L in comparison with those for the unsubstituted derivative
are explained by the effects of extra alkyl groups that increase the electron density on the
azulene nucleus, pushing the oxidation/reduction potential of the L azulene moiety to
lower/higher potentials (oxidation occurs easily and reduction is harder).

The RDE curves recorded at different rotation rates on the GC electrode are plotted in
Figure 5 in parallel with DPV curves for L in the supporting electrolyte. The correspondence
between the processes put in evidence by these two methods has been shown by vertical
dotted lines. Very small values of RDE currents on all anodic ranges can be noticed (the
current drops to the baseline at potentials higher than that for the a1 peak).

The electrochemical processes put in evidence by RDE (Figure 5) agree with the
processes evidenced by CV and DPV. In the cathodic RDE scans at 500 rpm (green curve),
two main waves are seen: w1, which corresponds to the two DPV closely spaced processes
involved in azo group reduction (c1,1 and c1,2); and w2, which corresponds to the DPV
processes c2 and c3 evidenced in the curves for L reduction (cathodic scans). The RDE
curves for different rotation rates (500–1500 rpm) were compared in Figure 5. A different
influence of the rotation rate on the limiting currents of the cathodic waves, w1 and w2,
was noticed. The w1 reduction wave limiting current increases (regular dependence)
with the rotation rate, while w2 decreases when the rotation rate increases. To rationalize
this behaviour, a comparison with DPV curves (presented at the top of Figure 5) was
done. The waves w1 and w2 are distinct at 500 rpm, and they involve a number of
electrons in the ratio of 1:3 (measured on the green curve). This ratio is in agreement
with the proposed mechanism for the reduction processes of the unsubstituted azulene
derivative [13]. At 1000 rpm, this ratio is quite the same, but the limiting currents for
w1 and w2 are lower. At a rotation rate of 1500 rpm, they are even lower. This unusual
variation of the w2 wave with the electrode rotation rate increase can be attributed to
the parallel formation of an insulating polymer film, a process that occurs in this range
of potential. The film formation leads to electrode coverage and explains the drop of
the current. This cathodic polymerization process is known for azulene derivatives [24].
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The noticed drop of the current with the increase of the electrode rotation rates can be
rationalized by L polymerization by electroreduction, as in the case of the corresponding
unsubstituted azulene [13]. If the rotation rate is increased from 500 rpm to higher rates of
1000 and 1500 rpm, the film deposition is not favoured, and the current drops in comparison
with the current at 500 rpm, in agreement with the obtained cathodic curves in Figure 5.

In the anodic scans, very small variations of the RDE currents with the rotation rate
of the electrode can be noticed in the anodic range corresponding to the DPV peaks a1
and a2 (see the insertion in the RDE curves in Figure 5). From this inset, it can be seen
that, after the a2 peak, the RDE current decreases and reaches the background value at
the potential of +1.3 V. This shape of the RDE anodic curves with very low values of RDE
currents at all electrode rotation rates can be attributed to the formation of insulating
polymer films (which lower the current to the baseline). These films are formed by anodic
electropolymerization, as will be proven below. If the electrode rotation rate is higher,
film deposition on the electrode is not favoured. Consequently, the oxidation processes
of the supporting electrolyte appear more intense (for instance, at 1.5 V iRDE, 1500 rpm >
iRDE, 500 rpm). Such behaviour indicates the formation of insulating films, as in the case of
unsubstituted azulene, which has similar behaviour [13]. The potential value of +1.3 V,
which is an electrochemical isosbestic point (at which the limiting currents are equal for
500, 1000 and 1500 rpm), was chosen for the preparation of modified electrodes for HM
ions recognition experiments.

3.2. Preparation of Modified Electrodes and Their Electrochemical Characterization

The CMEs were obtained by CPE in millimolar solutions of L in 0.1 M TBAP/CH3CN
according to previously published procedure [13,15] at different oxidation potentials estab-
lished by CV measurements. These potentials were located before the processes a1 (+0.5 V)
and ata2 peak (+0.8 V) and after the process a2 (+1.3 V). The modified electrodes were char-
acterized in supporting electrolyte solution having as redox probe 5 mM ferrocene using
CV (Figure 6A and Figure S1, Table S1) and EIS (Figure 6B). The cyclic voltammograms
recorded for unmodified and modified GC electrodes are shown in Figure 6A, and their
EIS curves are compared in Figure 6B for CMEs obtained at +1.3 V.
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Figure 6. (A) CV curves recorded at 0.1 V/s for modified (continuous line) and unmodified (dashed line) GC electrode
in 5 mM ferrocene in 0.1 M TBAP/CH3CN at. (B) EIS curves recorded for modified (green) and unmodified (black) GC
electrode in 0.1 M TBAP/CH3CN; (B, inset) detail for the field with low impedances.

When testing the obtained CMEs by ferrocene redox probe, the modified electrode
was transferred into a millimolar ferrocene solution in the supporting electrolyte (0.1 M
TBAP/CH3CN). The obtained CV curve (shown in Figure 6A) had small changes in
comparison with that recorded for the bare electrode (dashed line). Very small changes
of the CV curves were also found for the modified electrode prepared by CPE at other
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potentials (+0.8 and +1.08 V) as seen in Figure S1 and Table S1, even if visual examination
of the electrodes indicated the films’ formation, which was confirmed by SEM.

The EIS curves for CMEs shown in Figure 6B support the presence of polymeric films
deposited on the electrode surface at +1.3 V. A similar behaviour was noticed for the films
prepared at +0.5 and +0.8 V. Each Nyquist plot supposes semicircular and linear regions.
The semicircular region recorded at higher frequencies corresponds to a limiting electron
transfer process, and its diameter to the electron-transfer resistance (Rct), which controls
the electron transfer kinetics at the electrode interface. The Nyquist plots for electrodes
unmodified by the polymeric film and for modified GC electrodes obtained at +1.3 V
were recorded at +0.3 V and are exhibited in Figure 6B. As can be seen, the imaginary
part of the impedance (−Z”) is higher for the spectrum of the modified GC electrode
than that of the unmodified GC electrode, confirming the covering of the electrode after
electropolymerization. This result agrees with the results obtained by CV (Figure 6A).

For the films prepared at +0.8 and +1.3 V, the following electrochemical parameters
were calculated (Table 2): number of electrons, n, involved in the oxidation of a monomer
unit (Equation (1)); thickness of the polymeric film, g (Equation (2)); surface coverage by
the film, Γ (Equation (3)) and charge transfer conductivity, D (Equation (4)). In Equation (1),
∆Ep1/2 were calculated from the DPV curves (Figure S2) of the films transferred in the sup-
porting electrolyte (0.1 M TBAP/CH3CN), R = 8.314 J/mol K, T = 298 K, F = 96,500 C/mol.
In Equation (2), qpol is the charge used in CPE, Mmonomer is the monomer molar mass, ρ is
the density of the polymer films (which have been approximated to 1 g/cm3) and A is
the electrode area (cm2). The GC electrodes used for CPE have a diameter of 3 mm and a
surface area of 0.071 cm2. In Equation (3), Q is the anodic charge consumed in the p-type
doping process (equal to the area of the CV oxidation peak in Figure S3), and the other
quantities have the meanings given previously. In Equation (4), Rct is the charge transfer
resistance through the film, calculated from the impedance measurements of the film in the
supporting electrolyte at equilibrium potential.

∆Ep1/2 =
3.53·R·T

n·F (1)

g =
qpol ·Mmonomer

n·F·A·ρ (2)

Γ =
Q

n·F·A (3)

D =
g

Rct·A
(4)

Table 2. Characteristics obtained from DPV and EIS for the films (F1 and F2) prepared at different potentials by CPE.

Crt. Nr. Potential for L-CME
Preparation by CPE

qpol
(mC)

∆Ep1/2
(mV) Rct n g

(µm)
Γ × 107

(mol/cm2)
D × 107

(Ω/cm)

F1 0.8 V 0.725 180 4340 0.5 0.65 2.12 2.11
F2 1.3 V 1 94 4467 1 0.45 1.46 1.42

Table 2 gives the main parameters for the films prepared at +0.8 and +1.3 V. At +0.5 V,
the film is formed with difficulty by CPE. The deposition time was much longer (several
hours) for the same polymerization charge (1 mC, corresponding to 14 mC/cm2) than at
higher potentials (about 30 min for +0.8 V, and 8 min for +1.3 V). That is why the films
prepared at +0.8 and +1.3 V were analysed for practical reasons, and their parameters were
calculated from DPV (Figure S2), CV (Figures S3 and S4 that confirm the linear dependence
of peak currents on the scan rate for the films) and EIS curves. From Table 2, it is observed
that the number of electrons, n, involved in the oxidation of a monomeric unit is 0.5 for
the film prepared at +0.8 V (F1) compared to 1 for the one prepared at +1.3 V (F2). This
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indicates two different structures of the formed films. The F1 film is thicker (g F1 = 0.65 µm
> g F2 = 0.45 µm) and has a higher surface coverage: Γ (F1) = 2.12 × 10−7 mol/cm2 > Γ (F2)
= 1.46 × 10−7 mol/cm2. This film is also more conductive than the film prepared at +1.3 V:
D (F1) > D (F2).

3.3. Modified Electrodes’ Surface Characterization by SEM

SEM measurements were performed at different magnifications on L-CMEs prepared
at different potentials and at the same polymerization charge [13,16]. The influence of the
potential on the morphology of the films prepared at three significant potentials (+0.5, +0.8
and +1.3 V) is presented in Figure 7.

Symmetry 2021, 13, x FOR PEER REVIEW 10 of 16 
 

 

observed that the number of electrons, n, involved in the oxidation of a monomeric unit 
is 0.5 for the film prepared at +0.8 V (F1) compared to 1 for the one prepared at +1.3 V (F2). 
This indicates two different structures of the formed films. The F1 film is thicker (g F1 = 
0.65 μm > g F2 = 0.45 μm) and has a higher surface coverage: Γ (F1) = 2.12 × 10−7 mol/cm2 > 
Γ (F2) = 1.46 × 10−7 mol/cm2. This film is also more conductive than the film prepared at 
+1.3 V: D (F1) > D (F2). 

3.3. Modified Electrodes’ Surface Characterization by SEM 
SEM measurements were performed at different magnifications on L-CMEs prepared 

at different potentials and at the same polymerization charge [13,16]. The influence of the 
potential on the morphology of the films prepared at three significant potentials (+0.5, +0.8 
and +1.3 V) is presented in Figure 7. 

 
Figure 7. SEM micrographs at different magnifications for films obtained by CPE at different poten-
tials (0, +0.5, +0.8 and +1.3 V) and using the same polymerization charge (14 mC/cm2). 

SEM measurements at various magnifications confirmed the formation of films in 
case of L-CMEs preparation by electropolymerization (Figure 7). From the magnification 
at 200 nm, the films are uniformly deposited on the surfaces. SEM images are different for 
the films prepared by CPE at various potentials. For the film prepared at +0.5 V (line 2), 
there are areas (in white) with more prominent columnar formations, which indicate the 
presence of a thicker film than those obtained at +0.8 V (line 3) and +1.3 V (line 4). These 
features were also confirmed by the visual images of the electrodes’ coatings, which 
showed a green film at +0.5 V, having other appearance and colour than those obtained at 
+0.8 and +1.3 V. The different morphology of the films prepared at +0.5, +0.8 and +1.3 V 
noticed by SEM confirmed the results obtained by CV, DPV, RDE and EIS concerning the 
influence of the preparation potential on the films’ properties. 

  

Figure 7. SEM micrographs at different magnifications for films obtained by CPE at different
potentials (0, +0.5, +0.8 and +1.3 V) and using the same polymerization charge (14 mC/cm2).

SEM measurements at various magnifications confirmed the formation of films in case
of L-CMEs preparation by electropolymerization (Figure 7). From the magnification at
200 nm, the films are uniformly deposited on the surfaces. SEM images are different for the
films prepared by CPE at various potentials. For the film prepared at +0.5 V (line 2), there
are areas (in white) with more prominent columnar formations, which indicate the presence
of a thicker film than those obtained at +0.8 V (line 3) and +1.3 V (line 4). These features
were also confirmed by the visual images of the electrodes’ coatings, which showed a green
film at +0.5 V, having other appearance and colour than those obtained at +0.8 and +1.3 V.
The different morphology of the films prepared at +0.5, +0.8 and +1.3 V noticed by SEM
confirmed the results obtained by CV, DPV, RDE and EIS concerning the influence of the
preparation potential on the films’ properties.

3.4. Recognition of Heavy Metal Ions Using L-CMEs

For HM ion recognition, L-CMEs were obtained by CPE at +1.3 V in 1 mM solution of
L in 0.1 M TBAP/CH3CN using a charge of 14 mC/cm2. They were tested by the procedure
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already described [13,15]. After preparation and cleaning with acetonitrile, the modified
electrodes were immersed in acetate buffer (0.1 M) at pH 4.5 and cycled for equilibration
and overoxidation. The obtained electrodes (denoted L-CMEs) were immersed in synthetic
solutions in water containing a mixture of HM ions under magnetic stirring for 10 min, then
they were polarized at −1.2 V (3 min) in acetate buffer (pH 4.5) to reduce the accumulated
cations, and finally linearly swept in anodic scans using DPV (Figure 8A).
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Figure 8. (A) DPV stripping curves in acetate buffer at pH 4.5, measured in mixtures of equal concentrations of HMs;
(B) dependence of DPV peak current areas for each metal (Me) on metal ion concentration [Me] in tested water solutions;
equations of the linear domains are given for Pb and Cd; L-CME were obtained by CPE (+1.3 V, 14 mC/cm2) in 1 mM
solution of L in 0.1 M TBAP/CH3CN.

Peaks for Cd, Pb, Cu and Hg dissolution were noticed successively at the potentials
of −0.818, −0.528, −0.075 and +0.276 V, respectively. The DPV stripping peak currents
were recorded and examined for each ion vs. HM ion concentration [Me] in accumulation
solutions. The peak areas for Pb and Cd ions that shown the highest signals have been
plotted vs. metal ion [Me] concentration (Figure 8B). The linear parts of these calibration
curves are shown with dashed lines, and their equations are given in Figure 8B.

The DPV curves show striping peaks for all investigated ions (Table 3), indicating
that these ions have been retained by complexation in the polymeric films. Their heights
are very different, showing a selective complexation for certain ions, such as Pb and Cd.
Their plots show linear parts (dashed lines) at low concentrations. The stripping currents
for Pb are by far the highest among the other peaks. The slope of 1.112 VA/M indicates a
greater sensitivity for this HM ion. This estimated detection limit for Pb is 50 times lower
than that obtained using the corresponding unsubstituted azulene ligand for the CMEs’
preparation [13]. It is also about 10 times lower than that obtained when using a similar
ligand but differently substituted with alkyl groups [15]. These variations in Pb sensitivity
obtained by CMEs prepared with differently substituted ligand structures show that the
structure of the ligand is an essential factor in obtaining superior recognition parameters.

Table 3. Experimental L-CMEs parameters estimated from Figure 8.

Target Estimated LOD (M) Linear Detection Range (M) Sensitivity (VA/M)

Cd(II) 10−7 10−7–10−6 0.003
Pb(II) 10−9 10−9–10−8 1.112
Cu(II) 10−5 - -
Hg(II) 10−4 - -

The dependence of Pb DPV peak currents is linear for concentrations of Pb(II) between
10−9 and 10−8 M. The signal for Pb(II) for L-CMEs is visible at 10−9 M, but the detection
limit could be optimized especially by variation of the L-CMEs’ preparation potential.
The slope of Cd DPV peak current vs. Cd(II) concentration in accumulation solution is
much lower than that for Pb (Table 3). The signals for Cu and Hg appear only when their
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concentrations in accumulation solutions overcome 10−5 and 10−4 M, respectively. These
values indicate a high selectivity of L-CMEs with respect to Pb ions vs. Cd, Cu and Hg
ions. The investigation is in progress.

3.5. Complex Formation and Species Distribution in Solution

In order to evaluate the effect of immobilizing ligand L on the electrode on its HM
complexing ability, complexation studies of Pb and Cd by the free azulene azo-tetrazole
derivative L were carried out in solution by means of UV–vis spectrophotometric tech-
niques. In these conditions, no precipitation was observed. These studies allowed the
determination of MpLq

(2p-q) (M = Cd(II) or Pb(II)) species with different stoichiometry,
depending on the behaviour of the metal under study [20,21]. The models were chosen so
as to be as simple and probable as possible taking into account the percentages of complex
formation and statistical parameters (standard deviation on equilibrium constants and on
the fitting values of the systems).

The UV–visible spectrum of ligand L showed three main absorption bands at 235, 317
and 445 nm (Figure 9). Upon addition of Cd(II), all three bands underwent a hypochromic
shift and the band at 445 nm also shifted hypsochromically to 425 nm.
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Figure 9. UV–visible batch titration of L ligand by Cd(II). Solvent: CH3CN (0.1 M TBAP), T = 25 ◦C,
[L] = 5.35 µM and 0 < [Cd]/[L] < 1.5.

Analysis of the spectral variations suggested the formation of two species and the
best model was obtained for the formation of CdL2 and CdL3 species. The overall stability
constants (logβ) for CdL2 and CdL3 were respectively calculated to be 12.87(3) and 18.43(6)
(Table 4). The stability constants of the species allowed the calculation of the electronic
spectra (Figure 10A) and the distribution curves of the species (Figure 10B).

Table 4. Experimental overall/stepwise stability constants of M2+/L systems, determined in CH3CN,
0.1 M TBAP at 25 ◦C.

M logβ11 logβ12 logβ13

Cd(II) 12.87(3) 18.43(6)
Pb(II) 6.55(1) 12.36(7) 17.86(8)
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Figure 10. (A) Electronic spectra and (B) distribution curves of the Cd(II)/L complexes. Solvent: CH3CN (0.1 M TBAP),
T = 25 ◦C, [L] = 5.134 µM and 0 < [Cd]/[L] < 1.5.

Upon addition of Pb(II), as for Cd(II), all three absorption bands of the L ligand
underwent a hypochromic shift, and the band at 445 nm also shifted hypsochromically
to 425 nm (Figure 11). Two isosbestic points appeared, which suggested the formation of
several species.
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Figure 11. UV–visible batch titration of L ligand by Pb(II). Solvent: CH3CN (0.1 M TBAP), T = 25 ◦C,
[L] = 15.32 µM and 0 < [Pb]/[L] < 1.2.

Analysis of the spectral variations suggested the formation of three species, and the
best model was obtained for the formation of PbL, PbL2 and PbL3 species. The average
overall stability constants (logβ) are given in Table 4. The stability constants of the species
allowed the calculation of the electronic spectra (Figure 12A) and the distribution curves of
the species (Figure 12B).

The complexation studies in solution showed the formation of ML and ML2 species
for Cd(II) and ML, ML2 and ML3 species for Pb(II). The fitting of the data did not suggest
the formation of higher coordinated species as often observed for these metals, probably
due to steric hindrance of the azulene moiety.

The low metal concentrations used in the L-CME experiments would correspond to a
high ligand to metal ratio where, according to the species distribution curves in solution
(Figures 10B and 12B), the ML2 and ML3 species would be dominant. The stability constants
of these species (Table 4) showed that, in solution, ligand L has a slightly higher affinity for
Cd(II) than for Pb(II). The experiments on the L-CME highlighted, on the contrary, a high
selectivity for Pb(II) vs. Cd(II). This very different behaviour results from the immobiliza-
tion of the ligand on the electrode by electropolymerization. This immobilization no longer
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allows the ligands to arrange freely around the metal as in solution, resulting in strong
differences in the coordination properties such as the appearance of selectivity, in that case.
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Figure 12. (A) Electronic spectra and (B) distribution curves of the Pb(II)/L complexes. Solvent: CH3CN (0.1 M TBAP),
T = 25 ◦C, [L] = 7.91 µM and 0 < [Pb]/[L] < 1.2.

4. Conclusions

We successfully prepared L-CMEs based on (E)-5-((6-t-butyl-4,8-dimethylazulen-1-yl)
diazenyl)-1H-tetrazole (L). Their characterization by electrochemical techniques revealed
the covering of the modified electrodes with polymeric films with different conductivity
and concentrations of complexing centres on the electrode surface. CV, DPV, RDE, EIS
and SEM methods confirmed the variation of the morphological properties of the films
prepared at different potentials.

The ability of L-CMEs to complex Cd(II), Pb(II), Cu(II) and Hg(II) cations in aqueous
solutions with concentrations between 10−9 and 10−4 M has been proved. It was shown that
L-CMEs can be successfully used to develop electrochemical sensors for the determination
of Pb (II) and Cd(II) ions. The response was linear on the concentration range from 10−9

to 10−8 M and from 10−7 to 10−6 M for the analysis of Pb(II) and Cd(II) ions, respectively.
The slope of 1.112 VA/M obtained for Pb(II) ion indicates a bigger sensitivity for this ion,
which led to the most intense analytical signal. The detection limit for Pb(II) was estimated
at 10−9 M, but this value can be optimized. This limit is much better from an analytical
point of view than those obtained using other azulene ligands. The comparative results
show the importance of the ligand structure in the design of molecular sensors, and the
comparison between the L-CME study and the complexation study in solution showed
the strong influence of the immobilization of the ligands through electropolymerization.
Systematic studies on the optimization of preparation step for the obtained sensors based
on L-CMEs are in progress in view of decreasing the detection limit under 10−9 M for Pb.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/sym13091642/s1, Figure S1: CV curves (0.1 V s−1) recorded after the transfer of the modified
poly-L electrodes in ferrocene solution (5 mM) in 0.1 M TBAP/CH3CN compared to those recorded
on bare electrode (dashed line); the modified electrodes were prepared by CPE (1 mC) at +0.8 V (red
line) and +1.08 V (black line); Table S1: CV parameters for the curves in Figure S1; Figure S2: DPV
curves for L-CMEs in 0.1 M TBAP, CH3CN prepared in 1 mM solution of L in 0.1 M TBAP, CH3CN by
CPE at: +1.3 V, 1 mC (A) and at +0.8 V, 0.725 mC (B); Figure S3. CV curves for L-CMEs in 0.1 M TBAP,
CH3CN at different scan rates (V/s): 0.01—blue; 0.05—red; 0.1—green; 0.2—magenta; 0.3—cyan;
0.4—black; L-CMEs were prepared in 1 mM solution of L in 0.1 M TBAP, CH3CN by CPE at: +1.3 V,
1 mC (A) and at +0.8 V, 0.725 mC (B) and Figure S4. Dependence of peak currents on the scan rate
from CV curves for L-CMEs in 0.1 M TBAP, CH3CN at different scan rates (V/s). L-CMEs were
prepared in 1 mM solution of L in 0.1 M TBAP, CH3CN by CPE at +1.3 V, 1 mC (A) and at +0.8 V,
0.725 mC (B).
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