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Abstract: Novel chemically modified electrodes (CMEs) based on azulene were prepared by electrooxi-
dation of guaiazulene derivative 4-((5-isopropyl-3,8-dimethylazulen-1-yl)methylene)-2-phenyloxazol-
5(4H)-one (G). G is based on guaiazulene non-alternating aromatic hydrocarbon exhibiting a less
symmetrical structure compared to naphthalene skeletal derivative. Therefore, it can be used as a
building block for the preparation of novel materials. To evaluate the chemical structure and surface
images, the CMEs based on G (G-CMEs) were characterized by ferrocene redox probe, X-ray photon
spectroscopy (XPS), and scanning electron microscopy (SEM). They were also tested for the analysis
of synthetic samples of heavy metal (HM) ions. The influence of preparation conditions (electric
charge and potential) on the properties of these CMEs was examined. This paper highlights the
importance of electropolymerization conditions on electrodeposited film surfaces, especially on their
analytical properties vs. Cd(II), Pb(II), Cu(Il), and Hg(II) investigated ions. This study is relevant for
further design and development of advanced materials based on azulenyl-phenyloxazolone for the
HM analysis in water. A linear dependence of the peak currents for Pb(II) ion on the concentration in
test aqueous solutions was obtained between 10~7 M and 5-10~% M. The detection limits of 5107 M;
10~7 M; 5-:10~° M; and 10> M were estimated for Cd(II), Pb(II), Cu(Il), and Hg(II), respectively,
for G-CMEs.

Keywords: 4-((5-isopropyl-3,8-dimethylazulen-1-yl)methylene)-2-phenyloxazol-5(4H)-one; voltam-
metric methods; XPS; SEM; HM analysis

1. Introduction

The CMEs based on oxazolones may be considered promising tools for heavy metals
(HMs) analysis due to the presence of an oxazolone complexing group, which can be grafted
on the electrode surface. In our group, for the first time, modified electrodes based on
2-phenyl-4-((4,6,8-trimethylazulen-1-yl)methylene)oxazol-5(4H)-one (M) were prepared by
electrochemical methods [1]. Their tests for heavy metal analysis indicated good results for
Pb(II) recognition using this type of ligand. Their study through voltammetric methods, EIS,
SEM, and XPS evidenced that the main parameters that control the analytical performances
are the electropolymerization potential and electric charge. However, their detection limit
was not low enough. At the same time, it is known that the structure of the ligand can
be particularly important in the analytical responsiveness of the modified electrode [2].
Therefore, similar ligands from the azulenyl-phenyloxazolone class are the subject of our
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current investigation. Their preparation involves the in-depth electrochemical study of the
ligands to establish the electrochemical processes they can undergo.

The results of the electrochemical investigation on 4-((5-isopropyl-3,8-dimethylazulen-
1-yl)methylene)-2-phenyloxazol-5(4H)-one (G) are presented in this paper. The oxazolone
ring (colored in red) from its structure (Figure 1) is recognized for its complex properties in
relation to HMs [3]. This compound belongs to five-membered rings containing nitrogen
and oxygen heteroatoms that are “masked” amino acids [4-8]—versatile structures for many
organic syntheses. The investigated compound is interesting because its electrochemical
properties are similar to novel organic electronic materials [9-13].

Figure 1. Structure of 4-((5-isopropyl-3,8-dimethylazulen-1-yl)methylene)-2-phenyloxazol-5(4H)-
one (G).

The structure of this guaiazulene ligand contains also a phenyl ring in position two
(colored in magenta), which is linked by a C=C bond to guaiazulene (azulene—colored
in blue and substituted with isopropyl and two methyl groups). The electrochemical
properties of G were related to those of the modified electrodes built from G.

G belongs to the class of azulene, non-alternating aromatic hydrocarbons [14], which
have low ionization energy, high electron mobility, and less symmetrical structure compared
to structural isomers from naphthalene. Azulene gives the G molecule special chemical
and physical properties that can be the basis for the preparation of smart materials with
valuable technical properties [15-20].

Previous research on such azulene compounds has demonstrated that azulene-based
monomers are promising compounds for the construction of modified electrodes designed
for the detection of HMs [21]. The presence of the azulenyl moiety (able to undergo anodic
polymerization) and the oxazol-5(4H)-one functional group (with high affinity for cations)
leads to a higher electron density of this second group and, consequently, to push-pull
structures useful to build complexing modified electrodes [22]. Another interest in the study
of this compound is its potential response in NLO or coloring properties [23,24]. Several
azulenyl-phenyloxazolones were investigated for their optical properties [14,21]. Their
encouraging performance stimulated our interest in studying G among other oxazolones.
After the electrochemical study, polymerization tests were carried out in order to obtain
new CMEs based on azulenes. The obtained CMEs were studied using ferrocene redox
probe, and their surface was examined by XPS and SEM following similar approaches to
those recently published [25]. They were also tested as sensors for the analysis of HMs.

2. Materials and Methods

G was synthesized by condensation of the hippuric acid derivative with azulene-
1-carbaldehyde [21]. The main features of G were checked: crystalline state, melting
point (m.p.), UV-Vis wavelength (A), and the corresponding extinction coefficient on the
logarithmic scale (log ¢) from the spectra recorded in methanol, chemical shifts for the
H-NMR, and 3C-NMR peaks recorded in deuterated chloroform—singlet (s), doublet (d),
triplet (t), and their coupling constant (J); IR wavelengths and their intensity—weak (w),
medium (m), strong (s), very strong (vs); and mass spectrum (MS) and elemental analysis
calculated and found for Cp5H3NO; (see the Supplementary Material).

High-purity acetonitrile (CH3CN) (Sigma Aldrich, electronic grade 99.999% trace met-
als) was used as a solvent. For the supporting electrolyte, tetrabutylammonium perchlorate
(TBAP, Fluka, Munich, Germany, analytical purity > 99.0%) was used.
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For cation analysis, test solutions were prepared from metal salts: mercury (II) ac-
etate (Fluka, Munich, Germany, >98%), cadmium nitrate tetrahydrate (Fluka, Munich,
Germany, >98%), copper acetate (II) monohydrate (Fluka, Munich, Germany, >98%),
and lead (II) nitrate (Fluka, Munich, Germany, >99.5%). From the stock solutions of the
mentioned metal salts (102 M), solutions with different concentrations were prepared by
successive dilutions.

Electrochemical measurements were performed using a PGSTAT302N Autolab poten-
tiostat connected to three-electrode cells. For G electrochemical characterization and prepa-
ration of CMEs, the preparation cell was used having a glassy carbon (GC) disc (Metrohm,
Herisau, Switzerland) with a diameter of 3 mm (GC3) as the working electrode (WE), a
platinum wire as the counter electrode (CE), and Ag/ 10 mM AgNO3, 0.1 M TBAP/CH3CN
as the reference electrode (RE). After the experiments, the potentials were referred to as the
potential of the ferrocene/ferrocenium (Fc/Fc*) redox couple. Other three-electrode cells
were used for the CMEs characterization: transfer cell, containing ferrocene solutions, and
analysis cell, for electrochemical detection of HMs ions in aqueous test solutions. In these
last two cells, the working electrodes were bare or modified with G films GC discs, and the
auxiliary electrode was a platinum wire. The reference electrodes were Ag/10 mM AgNOs,
0.1 M TBAP/CH3CN and Ag/AgCl, 3 M KCl, respectively.

The electrochemical experiments for the characterization of G were performed under
an argon atmosphere.

Cyclic voltammetry (CV), differential pulse voltammetry (DPV), and rotating disc elec-
trode voltammetry (RDE) methods were used to characterize the electrochemical behavior
of the ligand. The oxidation/reduction curves were initially recorded separately on the
freshly cleaned GC3 electrode in 0.1 M TBAP, CH3CN (support electrolyte), which was
polarized starting from the stationary potential to positive/negative potentials. G was then
added to the synthesis cell and these curves were recorded for G solutions of decreasing
millimolar concentrations, according to DPV and RDE methods. In this paper, we noted
the molar concentration of a reactant G with [G]. In CV, the curves were recorded at scan
rates between 0.05 and 0.5 V/s. DPV curves were recorded at 0.01 V/s with a pulse height
of 0.025 V and a time step of 0.2 s. RDE curves were obtained at 0.01 V /s with rotation
rates between 500 and 1500 rpm.

The chemically modified electrodes based on G (G-CMEs) were prepared from mil-
limolar solutions of G in 0.1 M TBAP/CH3CN by scanning or controlled potential electrol-
ysis (CPE). The GC electrode (3 mm diameter) inserted into the preparation cell containing
the G solution was polarized at a defined potential that was maintained until a defined
electric charge was reached. The resulting CME was removed from the preparation so-
lution, blotted with fine paper, and rinsed with CH3CN. CME was then introduced and
conditioned (into the cell containing 0.1 M acetate buffer solution, pH = 4.5) by equilibration
(15 CV cycles at 0.1 V/s between —0.89 V and 0.6 V) and overoxidation (15 CV cycles at
0.1 V/s between —0.19 V and 1.85 V). Then, the conditioned CME was introduced for
15 min into the mixture of HMs containing 5.07° M of each cation (Cd?*, Pb%*, Cu?*, and
Hg2+) in deionized water under controlled stirring. After that, the electrode was removed
and placed in 0.1 M acetate buffer solution (pH = 4.5) and held for 3 min at —1 V, and
then a DPV scan was initiated (0.01 V/s) from —1 V to 0.6 V. The resulting DPV curve was
recorded and the current for each peak was measured relative to the baseline.

The results obtained by CV, DPV, and RDE, as standard techniques, are reliable due
to the electrode shapes, preparation kits, and improved GC electrode cleaning procedure,
and lead to reproducible surfaces before each experiment. However, additional errors may
occur in electrode conditioning and subsequent analysis, leading to errors of around 10%
for the analysis of HMs using CMEs obtained under the same preparation conditions.

All electrochemical experiments were conducted at 25 °C.

For the SEM analysis of the CMEs samples, a QUANTA Inspect F50 scanning electron
microscope equipped with a field emission electron gun (FEG) with a resolution of 0.2 nm
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and an X-ray energy dispersive spectrometer (EDS) with a resolution at MnK of 133 eV
were used.

XPS analysis was conducted on a Thermo Scientific K-Alpha spectrometer operating
with monochromatic Al Ko X-rays (1486.6 eV) at a 90° take-off angle. Survey and high-
resolution spectra were recorded at 200 eV and 20 eV, respectively. For the deconvolution
of core-level spectra, a mixed Gaussian—Lorentzian function was used after performing a
Shirley background subtraction.

For surface examination by SEM and XPS, CME samples were prepared on glassy
carbon (GC) discs with diameters of 8 mm, which have discs with a diameter of 6 mm (GC6)
as the exposed surface, using amounts of electricity proportional to the exposed surface.

3. Results and Discussion
3.1. Chemically Modified Electrodes Preparation

New G-based modified electrodes were prepared by electropolymerization in mil-
limolar solutions of G ligand in the supporting electrolyte (0.1 M TBAP/CH3CN). Elec-
trochemical immobilization of G on the GC electrode was performed either by sweeping
the potential in the anodic range or by CPE at different anodic potentials and charges.
Table 1 shows the different preparation conditions of G-CMEs formed by electrochemical
oxidation, as well as the evidence of film formation brought by different methods: redox
probe with ferrocene, chronoamperometry, SEM, XPS, and HM detection.

Table 1. Samples of modified electrodes prepared by scanning (S*) in 15 cycles between the given
potentials (in V) or by CPE from G solutions.

CME’s Number (rilcl;\][) CME’s é"ll;eclzra;zteion/GC Electric Charge (mC) CME'’s Characterization
1 1 5* (0-0.6)/GC3 - Fc*a
2 1 5*(0-1.1)/GC3 - Fc*@
3-3b 1 CPE at 0.6 V/GC3 1,15 Chronoamperometry, Fc *@
4-4b 1 CPEat0.6V,1.1V/GC3 1 Chronoamperometry, Fc *@
5-5g 2 CPE at 0.6 V/GC3 1 Chronoamperometry, HMs *b
CME 6-6g 1 CPE at 0.6 V/GC3 1 Chronoamperometry, HMs *b
CME 7-7¢ 1 CPE at 0.6 V/GC3 0.5,2,5 Chronoamperometry, HMs *P
CME 8-8b 2 CPEat1.1V,1.7V/GC3 1 Chronoamperometry, HMs *b
CME 9 1 5* (0-2.5)/GC6 - SEM
CME 10 1 CPE at 0.6 V/GC6 2 Chronoamperometry, SEM, XPS
CME 11 1 CPE at 0.6 V/GC6 4 gﬁ?gﬁpemmwy’ SEM, XPS,
CME 12 1 CPE at 0.6 V/GC6 8 Chronoamperometry, SEM, XPS
CME 13 1 CPE at 1.1 V/GCé6 2 Chronoamperometry, SEM, XPS
CME 14 1 CPE at 1.1 V/GC6 4 Chronoamperometry, SEM, XPS
CME 15 1 CPE at 1.1 V/GC6 8 Chronoamperometry, SEM, XPS
CME 16 1 CPE at 1.1 V/GCé6 20 Chronoamperometry, SEM, XPS
CME 17 1 CPE at 2.5 V/GC6 20 Chronoamperometry, SEM, XPS

*a Transfer of CME in Fc solution in 0.1 M TBAP/CH3CN; *b HMs detection.

3.2. Evidence for Film Formation through Ferrocene Redox Probe

Figure 2 shows the CV curves corresponding to obtaining G-CME through 15 succes-
sive cycles with the anodic limit of 0.6 V and 1.1 V, respectively (Figure 2a), as well as those
obtained after transferring these modified electrodes into the Fc solution (Figure 2b). The
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dotted line represents the curves obtained for Fc on the bare electrode. In the lower part of
Figure 2, the chronoamperograms corresponding to obtaining G-CME through CPE are
represented (Figure 2c), as well as the CV curves resulting from the transfer of electrodes
modified through CPE into the Fc solution (Figure 2d), in relation to the obtained Fc signal
on the bare electrode with a film represented by a dotted line. Table 2 shows the main
signal characteristics for Fc obtained from the CV curves: anodic peak potential (Epa) and
cathodic peak potential (Epc) for the Fc/Fc* couple, the difference between Epa and Epc
(AEp), and the formal potential (Ef) of the couple Fc/Fc* for each G- CME.
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1x107 24 :
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Figure 2. Successive CVs (0.1 V/s, 15 cycles) in a solution of G (1 mM) in 0.1 M TBAP/ CH3;CN
performed at two anodic potential thresholds (0.6 V and 1.1 V) (a); CV curves (0.1 V/s) after transfer
of G-CMEs obtained by sweeping in ferrocene solution in 0.1 M TBAP/CH3CN—solid lines vs.
bare electrode—dashed line (b); chronoamperograms during the preparation of G-CMEs by CPE at
different potentials and charges (c); CV curves (0.1 V/s) after transfer of G-CMEs obtained by CPE in
ferrocene solution in 0.1 M TBAP/CH3CN, solid lines, vs. bare electrode, dashed line (d).

Table 2. Potentials of ferrocene anodic (Epa) and cathodic (Epc) peaks in ferrocene solution in 0.1 M
TBAP/CH3CN on a bare electrode and on the G-CMEs prepared by scanning and CPE for different
conditions of preparations in solution with [G] = 1 mM.

Crt. Ny, Method of Preparation and Epa 10° - ipa Epc 10° - ipc AEp *1 Ef *2
Conditions W) (A) (\%] (A) (mV) v)
1 Bare electrode 0.121 3.161 0.020 —1.888 101 0.071
2 15 successive cycles at 0.6 V 0.124 3.090 0.032 —1.878 92 0.080
3 15 successive cycles at 1.1 V 0.122 3.117 0.033 —1.878 89 0.078
4 CPE0.6 V,1mC 0.134 3.169 0.042 —1.836 92 0.088
5 CPE11V,1mC 0.125 3.039 0.035 -1.914 90 0.080
6 CPE0.6 V,1.5 mC 0.123 3.146 0.033 —-1.922 920 0.078

*1 AEp = Epa — Epc; *2 Ef = (Epa + Epc)/2.
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From Figure 2 and Table 2, it can be seen that the main characteristics of Fc in the
CV curves are slightly different for the modified electrode in relation to the electrode not
covered with a film. The anodic peak potential (Epa) is higher, as was expected after
coating the electrode with a film. The cathodic peak potential (Epc) is also higher (and
varies more than Epa), and the difference between Epa and Epc (AEp) is smaller than on the
bare electrode, suggesting the formation of thin films on the surface. The formal potentials
(Ef) of ferrocene on G-CME are higher than those measured on the bare electrode, which
confirms the coating of the electrode with films. Comparison of the results for AEp and
Ef in lines 2 and 3 in Table 2 shows that film formation is not favored by cycling up to
1.1 V over a potential of 0.6 V, which also follows from the comparison of lines 4 and 5 in
which the film formation is by CPE at potentials of 0.6 V and 1.1 V, respectively. This means
that regardless of the film formation method, increasing the potential does not favor film
formation. Comparing the values of AEp and Ef in rows 4 and 6 of Table 2, it can also be
seen that an increase in the amount of electricity does not lead to an increase in AEp or Ef.
And this fact confirms the formation of thin films.

The influence of the main parameters that can be optimized during film formation
(electropolymerization potential and electric charge) on the properties of the films obtained
under different conditions was analyzed. Regardless of the film formation method, in-
creasing the potential does not favor G-based film formation. It has been observed that
an increase in the amount of electric charge used in film preparation does not lead to
features specific to thicker films. This behavior could be rationalized by analyzing the
electropolymerization reaction from a kinetic point of view. From Figure 2, it can be seen
that the application time of the 1.1 V potential step is shorter (approx. 180 s) than for the
0.6 V step (approx. 360 s) to achieve the same amount of electricity. From a kinetic point
of view, it follows that the reaction time for polymerization is reduced. Consequently,
the formation of the polymer is not favored in the sweep with the anodic limit of 1.1 V
compared to the one up to 0.6 V.

3.3. Characterization of Chemically Modified Electrodes by SEM

G-CMEs prepared under different conditions were examined by SEM at different
magnifications. Their images indicate that the deposits are continuous and nanostructured,
with formations ranging in size from 5 to 100 nm (Figures 3, 4 and 51-59).

e
et| H

P g
ETD 30.00 kV| 3.5 1400 000 x| 10.2 mm

Figure 3. SEM images at magnifications of 400,000 for CMEs obtained by scanning (a) and CME by
CPE (b) corresponding to CME 9 (scanning) and CME 11 (CPE at 0.6 V, 4 mC), respectively.
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Figure 4. SEM images at magnifications of 200,000 for CMEs obtained by CPE at 0.6 V (a) and 1.1 V
(b) corresponding to CME 12 (CPE at 0.6 V, 8 mC) and CME 15 (CPE at 1.1 V, 8 mC), respectively.

Figure 3 shows SEM images for CMEs obtained by scanning (a) and by CPE (b)
corresponding to CME 9 and CME 11, respectively (Table 1). It can be seen that the CMEs
prepared by scanning (Figure 3a) are structured differently from those obtained by CPE
(Figure 3b), having formations between 4.6 and 8.9 nm for those prepared by scanning and
5.9-6.7 nm for those prepared by CPE. CMEs prepared by scanning appear less uniform
than those prepared by CPE. From the analysis of the films obtained by CPE, it turns out that
the uniformity is closely related to the electric potential and charge used in the preparation
of the modified electrode (Figures 3 and 4). When we compare Figures 3b and 4a for CMEs
obtained at the same potential (0.6 V) and with different charges, it turns out that those
obtained using higher charges are smoother. When we compare Figure 4a,b for CMEs
obtained at the same electric charge (8 mC) and at different potentials, we notice that the
films obtained at the potential of 0.6 V are more uniform than those obtained at 1.1 V.

Comparisons were made between the surface images for CMEs prepared by CPE at
different potentials. Analyzing the images obtained (at the same electric charge of 2 mC
and different potentials), it can be seen that the films from the potential of 0.6 V (Figure S2)
are structured differently compared to the films obtained at 1.1 V (Figure S5), with the films
from 0.6 V being more uniform. The same remark can be made for the films prepared with
4mC at 0.6 V (Figure S3) and 1.1 V (Figure S6), with the films prepared at 0.6 V appearing
more uniform than those prepared at 1.1 V. Comparing Figures S8 and S9 obtained for the
films of 20 mC, prepared at 1.1 V and 2.5 V, respectively, it follows that for the film prepared
at a higher potential exhibits a more uniform coverage.

For the films prepared at 0.6 V (Figures S2-S4) with electropolymerization charges
increasing from 2 to 8 mC, the appearance of the deposition is more uniform for the films
prepared at bigger charges. Thus, the films prepared at 8§ mC show formations of about
6 nm, while the films prepared at 2 mC show formations of about 20 nm. With the increase
of the electric charge at the potential of 0.6 V, the uniformity of the deposited film increases.

For the films prepared at 1.1 V (Figures S5-58) with electropolymerization charges
increasing from 2 to 20 mC, the appearance of the deposition is less uniform in the films
prepared at bigger charges. Thus, the films prepared at 8 mC show agglomerates of about
20 nm, while the films prepared at 2 mC show formations of about 5 nm. With the increase
of the electric charge at the potential of 1.1 V, the uniformity of the deposited film decreases.

The uniformity of the deposited film depends most on the potential. The increase
of the electric charge in CPE does not affect the film smoothness obtained at different
potentials in the same way:.
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3.4. Characterization of Chemically Modified Electrodes by XPS

XPS analysis results for C 1s and O 1s core-level spectra of G-CMEs are collected in
Table 3. The preparation conditions (column 2 of Table 3) refer to the preparation potential
and the amount of electric charge used.

Table 3. C 1s and the O 1s XPS core-level spectra of the polymer surfaces obtained on GC6 by CPE in

different conditions of preparation.

Modified Electrode Conditions for CPE C1s O1s
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The amount of electric charge used was expressed either as the charge (in mC) or
as the charge per surface unit (in mC/ cm?) for GC6 (used for examination of surfaces).
The charge density was kept the same for all types of analyses in order to correlate the
information related to the surface structure with those resulting from the analysis of HMs.

The chemical structure at the surface of G-CMEs analyzed by XPS allows visualization
of C 1s spectra deconvoluted into three peaks [26]. According to the figures entered in
Table 4, the peak at around 284.8 eV was assigned to the C—/C=C bonds and originates
from azulene conjugated honeycomb network. The peak at around 286.2 eV was assigned
to C-O, and the peak at around 289 eV corresponds to the O-C=0 bond. The latter two
peaks originate from the oxazolone film deposited on the GC electrode. The spectra at C 1s
core level (Table 3) allowed a closer inspection of the chemical state of the obtained polymer,
as summarized in Table 4. Furthermore, to better understand how the variation of the two
parameters (the amount of electricity and applied potential) during electropolymerization
affects the structure of the electrode surface, the ratio of C-C/C-O and C-C/O-C=0
was calculated.

Table 4. Data for high-resolution C 1s XPS core-level spectra for G films obtained by electropolymer-
ization at different conditions: binding energy (BE), assignment, atomic percentage (At%), normal
area (area (N)), and C-C/C-0O and C-C/O-C=0 ratios.

Nr. Crt Sample BE Assignment  At% Area(N) C-C/C-O  C-C/O-C=O ¢/o
(E; q) (%)
28481  C-C/C=C 71.20 284.92
1 06 vczl\;[?n? Jemy) 28612 CO 23.81 95.28 2.99 7.14
oV 289.03  0O-C=0 4.99 19.99 14.25
CME 11 28479  C-C/C=C 73.94 293.8
2 06V;56mC/em?) 23626 C-O 22.68 90.12 3.26 7.44
OV 28920  O-C=0 3.38 13.43 21.87
CME 12 28479  C-C/C=C 74.81 280.36
3 06V 12mC/cm) 28627 CO 18.96 71.05 3.95 5.06
OV 28891  O-C=0O 6.24 23.37 11.99
CME 13 28488  C-C/C=C 60.84  16,096.32
4 11V;28mC/em?) 28620 C-O 22.90 6055.36 2.66 6.10
4V 289.08  O-C=0 3.63 959.13 16.78
28479  C-C/C=C 67.86 258.75
5 @1 Vcé\gillé Jemy) 28621 C-O 27.06 103.18 251 5.44
4V 28889  O-C=0O 5.08 19.37 13.36
OME 16 28480  C-C/C=C 68.65 279.11
6 (11V;280 mCyem?) 28616 C-O 26.73 108.67 257 8.93
4V 289.00  O-C=0O 4.62 18.79 14.85
CME 17 28478  C-C/C=C 60.18 220.74
7 (25V;280 mC/em?) 28629 CO 22.70 83.27 2.65 3.62
PV 28812  O-C=0O 17.12 62.79 352

From the data reported in Table 4, the following effects can be observed: when the
electric charge increases (lines 1, 2, 3), the C—C/C-O ratio increases with the electric
charge (from 2.99 in the case of the CME 10 sample to about 3.95 in the case of sample
CME 12—the potential being constant at 0.6 V). This result is different from that obtained
for CMEs based on a similar azulene structure substituted with 4,6,8-trimethyl groups
(M-CMEs) [1]. Comparing lines 1 and 4, when the potential increases from 0.6 V (CME 10)
to 1.1 V (CME 13), this ratio decreases from 2.99 to 2.66. Similarly (lines 2 and 5), when the
potential increases from 0.6 V (CME 11) to 1.1 V (CME 14), the ratio decreases from 3.26
to 2.51, but when the potential increases from 1.1 V (CME 16) to 2.5 V (CME 17), this ratio
varies slightly from 2.58 to 2.65 (lines 6 and 7).
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Based on the data presented in Table 4, it can be stated that the variation of the
electropolymerization potential from +0.6 V to +1.1 V leads to significant changes in the
polymer surface. This observation is in agreement with the SEM results (Figure 4).

From the survey curves, the atomic ratio between the percentage of C and O (C/O)
was calculated (Table 4, column 9), which indicates decreases with the increase of the
potential applied in the CPE. The calculated values for the C/O ratio are in agreement with
the intensification of the polymer oxidation upon increasing the potential applied to the
preparation of G-CMEs.

3.5. Characterization of Chemically Modified Electrodes by Nano-FTIR

Scattering-type scanning near-field optical microscopy (s-SNOM) is a scanning probe
method used in optical microscopy and spectroscopy that surpasses the typical light
diffraction limit, achieving under 10-nanometer spatial resolution. It relies on tightly
confining light at the tip of a metallic AFM probe to create a nanoscale optical hotspot.
By analyzing the scattered light, it extracts optical properties and generates nanoscale
images alongside mechanical data. This technology has evolved to enable hyperspectral,
nanoscale Fourier transform spectroscopy (Nano-FTIR) using broadband radiation [27,28].
With tunable IR light sources, s-SNOM systems enabled nanoscale chemical mapping in
30-300 s per image.

Material-selective mid-IR frequencies were used to comprehensively characterize some
of the obtained CMEs (Figure 5). s-SNOM imaging led to characteristic material maps of
the chemical and optical properties of the sample surface simultaneously with topography
imaging (AFM). Nano-FTIR spectra were recorded on the rough surface (Figure 5a) which,
by averaging (at different points of the deposited material), led to the spectrum represented
by the blue line (from Figure 5d) that indicates the presence of the polymer.

Topography (Height) Nano-IR image

70 nm

min

‘ 5 x 5 um?, 200 x 200 pix, 4 ms/pix; =
(a) (b) (c)
0.151 IV ’\/\/\/ N\
/ ‘"‘

g 0 / \ |
§ | |
2 005 A Y \
« t,! AN A
£ 5 f‘ : .[\/\f
2 /\
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120¢ 1300 1400 150( 1600 1700 1800
Wavenumber (cn

Figure 5. AFM image (a), topographic (AFM) image (b), characteristic material map (c), and nano-
FTIR spectra on the bare and film-coated electrode (d) surface of CME 11.

The nano-FTIR spectra measured on the smooth area not covered with the film are
devoid of lines for specific absorptions (red line in Figure 5d). The nano-FTIR spectra of the
polymer show characteristic absorption bands around 1730, 1393, and 1287 cm~!. Research
is ongoing.
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3.6. HMs Recognition Experiments Using Chemically Modified Electrodes

CMEs obtained by the CPE method were used for the analysis of HMs ions. This
method provides good reproducibility due to rigorous control of potential and charge dur-
ing electropolymerization. After preparation, equilibration, and superoxidation, G-CMEs
were introduced into synthetic HMs samples prepared in deionized water (containing
HM s ions in equal concentrations), and the anodic stripping procedures established in our
laboratory followed. After the polarization at —1V, in which the cations in the polymer film
were reduced to metallic species, a potential scan was initiated. The obtained DPV curve
shows distinct stripping peaks for each of the studied ions: Cd(II), Pb(II), Cu(Il), and Hg(II).
The various values of the stripping potentials demonstrate that these ions were complexed
differently in the electrogenerated films. For example, on CMEs obtained at 0.6 V and 1 mC,
DPV redissolution peaks of these ions were observed at the following potentials: —0.84 V,
—0.59V, —0.13 V, and 0.22 V, for Cd(II), Pb(II), Cu(Il), and Hg(Il), respectively. The presence
of a peak of —0.59 V indicates that the analyzed sample contained Pb(II). The concentration
of Pb(II) in the sample can be obtained from the calibration curve.

These DPV potentials vary slightly with the concentration of metal ions in the analyzed
mixture. These values are more negative than those obtained using M-modified CMEs [1],
whose values are located at —0.80, —0.54, —0.08, and 0.23 V.

The peaks obtained for the analyzed ions have different intensities. This demonstrates
that these ions were complexed differently in the electrogenerated films. The stripping
peak for lead ions is the highest.

The influence of the film-forming potential and electric charge used in the CPE on the
DPV response was examined for each of the HM cations that were tested.

Figure 6 shows the influence of the film formation potential for CMEs prepared by
CPE at different potentials (0.6 V, 1.1V, 1.7 V, and 2.5 V) but using the same electric charge
(2 mC). Figure 6a shows that the chronoamperograms obtained during the preparation of
CMEs present currents with very different intensities and different times of application
of the potential step, which indicates that the state of the prepared surface varies greatly
when different potentials are used. Figure 6b shows the DPV curves for CMEs prepared
at different potentials. Figure 6¢ indicates an increase in peak current for each cation with
increasing preparation potential.

[HMs] = 5x10°M

——CPE0.6V,2mC
3.0x10° (61~ 1 mut

——CPE1.1V,2mC =—iPb

5| —e—icu -
1.5x10° 2 {n0 .

——CPE1.7V,2mC
e ——CPE25V,2mC
2.5x107

2.0x10°

50
Time (s)

(a)

1.0x10° —
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1.5x10° < )
= b .
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Figure 6. Chronoamperograms for the preparation of CMEs by CPE using the same 2 mC charge
from solutions with [G] = 1 mM at different potentials: 0.6 V (blue), 1.1 V (red), 1.7 V (green), and
2.5V (wine) (a); DPV curves after the complexation step with HMs (from the solution containing
equal concentrations (of 5.107° M each) of Cd(II), Pb(Il), Cu(ll), and Hg(II) using the CMEs prepared
by CPE at different potentials: 0.6 V (blue), 1.1 V (red), 1.7 V (green), and 2.5 V (wine) (b); dependence
of the peak currents for each HM cation on the applied potential in the CPE (c).

From Figure 6c¢ it is noticed that for the same concentration of analyzed HMs, the
highest values for peak currents are obtained for Pb, followed by Cu (values approximately
2 times lower than for Pb) and Hg (values approximately 2 times lower than for Cu). The
peak currents for Cd are very small. The result is that the Pb ion is preferentially complexed
by the film of G-CMEs.
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3.0x10°°

Figure 7 shows the influence of the electric charge on the chronoamperograms
(Figure 7a), the DPV curves (Figure 7b), and the peak currents (Figure 7c) for the ana-
lyzed ions. It follows from this figure that an increase in the electric charge does not lead to
a major improvement in the analytical signal (peak current) for the analyzed ions. For the
detection of HMs using chemically modified electrodes starting from this guayazulenyloxa-
zolone, the preparation conditions of G-CMEs should be further optimized.

[G]=1mM ——CPE0.6V,05mC [HMs] = 5x10°M ——CPE0.6V,0.5mC
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Figure 7. Chronoamperograms for the preparation of CMEs by CPE at 0.6 V from solutions with
[G] = 1 mM using electric charge amounts of 0.5 mC (blue), 2 mC (wine), and 5 mC (magenta) (a);
DPV curves after the complexation step with HMs (from a solution containing equal concentrations of
Cd(II), Pb(II), Cu(Il), and Hg(II)—S-lO*5 M each) using the prepared CMEs by CPE as in Figure 7a (b);
dependence of the peak currents on the amount of electric charge used to prepare the films (c).

G-CMEs were used to draw the calibration curves for HM analysis (Figure 8). For
accumulation, test solutions with equal concentrations of HMs between 10~” M and 10~ M
were used. Among the investigated ions, the best results were obtained for Pb ions. The
obtained curves indicate a saturation of the film for all analyzed ions.

Pb

2.0x10°——i Pb

—107M [G]=1mM
=—icd
—i—iCu {
1.5X10'6'—7——i 29 /
1.0x10° /‘
/! ; '
5.0x107 -
g f
£ A
2 00 ok . .
T T T T T T T
-1.0 -0.5 0.0 0.5 0.0 5.0x10° 1.0x10™*
E (V) vs Ag/AgCI 3 M KCI [HMs] (M)
(a) (b)

Figure 8. DPV (0.01 V/s~!) curves recorded on G-CMEs (obtained by CPE at 0.6 V and 1 mC in
[G] =1 mM) (a); calibration curves for HMs ions on CMEs resulting from Figure 8a (b).

Linear dependences of the peak currents for Pb on the concentration of these ions ([Pb])
were obtained for the concentration range between 10~ M and 5-10~°> M. For G-CMEs
prepared at 0.6 V using 1 mC films, detection limits for each HM ion were estimated from
the dependences of DPV peak currents on metal ion concentrations: [Cd(IT)] = 5-10~° M;
[Pb(I)] = 10~7 M; [Cu(I)] = 5:10~® M; and [Hg(I)] = 107> M.

3.7. Electrochemical Characterization of the Ligand

CV, DPV, and RDE methods were used to characterize the electrochemical behavior of
the ligand in acetonitrile solutions. The oxidation and reduction curves in the supporting
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electrolyte were initially recorded. These curves recorded in the absence of ligand at the
beginning of each experiment were represented by dashed lines. These curves were then
recorded for G solutions of different concentrations. The peaks observed on these curves
were noted in the order in which they appear on the voltammograms obtained by DPV,
which were taken as a reference for scoring for the other methods. For better comparison of
current values, cathodic currents were sometimes represented in their absolute values.

3.7.1. Ligand Characterization by CV and DPV

The characterization of G by CV and DPV is summarized in Figure 9, where the
obtained curves are presented in parallel to compare the two methods. Four anodic peaks
(al-a4) and five cathodic peaks (c1-c5) were highlighted. The oxidation (al-a4) and reduc-
tion (c1-c5) processes highlighted by the electrochemical studies of the G ligand intensify
linearly with increasing G concentration. The peak potentials are properly correlated in
CV and DPV (the peak potential in DPV is located at a potential close to the semi-peak
potential in CV).

4.0x10* cv

—2mM
—1mM

----0mM

2.0x10*

i(A)

0.0
4.0x10° i

2.0x10° !

i(A)

0.0

E(V) vs Fc/Fc'

Figure 9. CV (a) and DPV (b) curves for different concentrations of G in 0.1 M TBAP/ CH3CN; all
cathodic currents are shown in absolute values.

The CV curves at different scan rates in the domains of the first oxidation process al
and first reduction process c1 are reproduced in Figure 10. The peak al is reversible. It
presents a peak al’ in the return scan, and has a current that varies with the square root of
the scan rate with a slope close in absolute value to that of al peak (7 - 1076 A-V~1/2 . g1/2),
The first reduction process c1 is less reversible than al, and was considered quasi-reversible.
In the return scan, c1 shows c1’ the corresponding peak that has a lower slope in absolute
value than that for c1 (Figure 10b).
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Figure 10. CV curves in anodic and cathodic scans at different scan rates for [G] =1 mM in 0.1 M
TBAP, CH3CN (a); linear dependences of the peak currents for (al) and (c1), respectively, vs. the
square root of the scan rate (b).
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The linear dependences of the peak currents in CV for (al) and (c1), respectively,
against the square root of the scan rate have symmetrical currents, with similar slopes.
This indicates that the first electron transfer has a similar degree of reversibility in the
anodic and cathodic processes. However, the corresponding al and c1 peaks in the anodic
and cathodic DPV curves are less balanced, with the current of al being almost double
that of c1. Therefore, the first oxidation process is more intense than the first reduction
process. This behavior could be the result of a larger number of electrons involved in
the first oxidation than in the first reduction. A comparison between the electrochemical
behavior of several azulenic ligands that are correlated with the structures of the ligands
will allow the development of a mechanism to justify the number of electrons involved in
the first oxidation and reduction processes.

The curves obtained in Figure 11 over different scan domains also show a more
pronounced reversibility of peak al relative to c1, which is in agreement with the assessment
of peaks al as reversible and c1 as quasi-reversible based on the shape of CV curves (Table 5).

4.0x10°-,, DPV :
----0mM '

2.0x10° ":

~

0.0+

0.0 -

i (A)

-1.0x10™ -

-3 -2 -1 0 1 2
E(V) vs Fc/ F¢*
Figure 11. Curves for G in TBAP/CH3CN 0.1 M at 1 mM concentration obtained by DPV (a) and
CV (0.1 V/s) on different anodic and cathodic scan domains (b); all cathodic currents in the DPV are
shown in absolute values.

Table 5 shows the values of the peak potentials resulting from the CV and DPV
curves and the half-wave potentials (E; /») resulting from the RDE curves together with the
characteristics related to the reversibility of the highlighted processes.

3.7.2. Ligand Characterization by RDE

Figure 12 illustrates in parallel the RDE and DPV curves obtained for G stationary
electrode GC3. The RDE curves were obtained at different rotation rates of the rotating disc
electrode (Figure 12b), as well as at different concentrations of G for the same rotation rate
(Figure 12¢).

Table 5 shows the values of the peak potentials resulting from the CV and DPV curves
and the half-wave (E; ;) resulting from the RDE curves.

Based on the CV, DPV, and RDE curves (Figures 9-12), the main electrochemical trans-
formation processes of the G ligand that were differently highlighted by these voltammetric
methods were identified (Table 5). Phenyl-oxazolone G shows electrochemical character-
istics different from those identified for phenyl-oxazolone M [1], especially for the first
two oxidation processes: process al is reversible for G, while for M it is quasi-reversible;
process a2 is quasi-reversible for G and irreversible for M. This fact can have important
consequences related to the polymerization of these structures. The RDE curves for G
show that processes al and a2 have a behavior of regular waves with limiting currents that
increase linearly with the concentration of G, while for M, anodic RDE curves are very
close to the background current. These matters are under investigation.
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Table 5. Values (in V) for the peak potentials in the CV and DPV curves and for the half-wave
potentials (E;/;) for the waves in the RDE curves and the characteristics of the electrochemical
processes undergone by G in 0.1 M TBAP/CH;3;CN solutions resulting from the sweeps towards
anodic (a) and cathodic (c) potentials.

Peak Method Peak
(G) Ccv DPV RDE (Ey),) Characteristics
0.366 (0.5 mM)
al 0.444 0.375 0.373 (1 mM) Reversible
0.380 (2 mM)
0.870 (0.5 mM)
a2 0.912 0.837 0.888 (1 mM) Quasireversible
0.916 (2 mM)
1.624 (0.5 mM)
a3 - 1.756 1.595 (1 mM) Irreversible
1.456 (2 mM)
a4 2.481 2.188 - Irreversible
—1.664 (0.5 mM)
cl —1.703 —1.664 —1.663 (1 mM) Quasireversible
—1.671 (2 mM)
—2.266 (0.5 mM)
2 —2.318 —2.258 —2.293 (1 mM) Quasireversible
—2.339 (2 mM)
c3 —2.850 —2.378 - Quasireversible
c4 - —2.662 - Quasireversible
c5 —3.080 —2.974 - Quasireversible

T
-1
RDE 1 mM
----0mM

—— 500 rpm
—— 1000 rpm
—— 1500 rpm

-1 0 1
RDE 500 rpm

----0mM

—0.5mM
—1mM
—2mM

4 0o 1 2 3
E(V) vs FclFc*

Figure 12. DPV curve (a) and RDE curves (b,c) on GC recorded in solution of G in 0.1 M TBAP/CH;3CN;
in (a,b) [G] =1 mM; RDE curves at 500 rpm (c) are recorded at different concentrations of G in 0.1 M
TBAP/CHj3CN; cathodic currents in are shown in absolute values.

The RDE curves for processes al and a2 have a regular wave behavior with limiting
currents that increase linearly with the G concentration. The appearance of the RDE curves
in the anodic and cathodic range is different from that recorded for the similar ligand M,
which shows that the intensities of the anodic and cathodic processes for the two ligands
are different. It follows that the oxidation reactions occurring in the case of G lead to
different characteristics of the film than in the case of M. The two structures of the M
and G ligands are practically identical in terms of electron density, and the differences
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created by the alkyl groups are not of major importance in the distribution of charge in the
positions to be considered. The active position in the case of oxidation (polymerization)
is position three, which leads to obtaining a stable tropylium ion on the seven-atom ring.
This position is vacant in M, and in the case of polymerization, the proton can be removed
after oxidation. In the case of G, position three is not free, and the methy]l at this position
creates problems, including that it can partially stabilize a positive charge at carbon three
on the azulene. All these differences can be the cause of the formation of different films
by electropolymerization of structurally close ligands. The study of the polymerization
mechanism is ongoing.

4. Conclusions

This study summarizes electrochemical, SEM, and XPS experiments on chemically modi-
fied electrodes prepared by electropolymerization of 4-((5-isopropyl-3,8-dimethylazulen-1-
yDmethylene)-2-phenyloxazol-5(4H)-one (G). The electrochemical study of the ligand by
CV, DPV, and RDE allowed the identification of the potential values at which G undergoes
electrochemical transformations through oxidation or reduction in the organic electrolyte,
as well as the appreciation of their degree of reversibility. The results obtained by the
three methods were concordant and complementary and led to the conclusion that thin
films are obtained through oxidation, as in the case of a similar, differently substituted
azulenic ligand.

Novel chemically modified electrodes based on G (G-CMEs) were obtained by po-
tential scanning or controlled potential electrolysis (CPE) in anodic domains on glassy
carbon electrodes. This study on the influence of the electropolymerization potential and
the electric charge highlighted the formation of thin films. The surface properties of the
films analyzed by SEM and XPS were concordant: the increase in the electropolymerization
potential led to significant changes in the polymer surface and to a decrease of the atomic
ratio between C and O. Testing G-CMEs obtained under different conditions for the analysis
of HMs ions from aqueous solutions showed that increasing the applied potential used in
the preparation of G-CMEs leads to improved analytical results, especially for Pb(Il) ion.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/sym16020245/s1, basic properties for 2-phenyl-4-((4,6,8-trimethylazulen-
1-yl)methylene)oxazol-5(4H)-one and characterization by elemental analysis, UV-Vis, 1H NMR,
13C-NMR, IR, and MS; Figure S1: SEM images for the CME 9 (obtained by scanning at 0-+2.5 V)
surface at 30 kV and increased magnifications: x50,000 (a) x200,000 (b), and x400,000 (c); Figure S2:
SEM images for the CME 10 (obtained by CPE at 0.6 V and 2 mC) surface at 30 kV and increased
magnifications: x10,000 (a) x100,000 (b), and %200,000 (c); Figure S3: SEM images for the CME 11
(obtained by CPE at 0.6 V and 4 mC) surface at 30 kV and increased magnifications: x10,000 (a)
%200,000 (b), and x400,000 (c); Figure S4: SEM images for the CME 12 (obtained by CPE at 0.6 V
and 8 mC) surface at 30 kV and increased magnifications: x10,000 (a) x200,000 (b), and x400,000 (c);
Figure S5: SEM images for the CME 13 (obtained by CPE at 1.1 V and 2 mC) surface at 30 kV and
increased magnifications: x10,000 (a) x 100,000 (b), and x400,000 (c); Figure S6: SEM images for
the CME 14 (obtained by CPE at 1.1 V and 4 mC) surface at 30 kV and increased magnifications:
%20,000 (a) 200,000 (b), and x400,000 (c); Figure S7: SEM images for the CME 15 (obtained by
CPE at 1.1 V and 8 mC) surface at 30 kV and increased magnifications: x10,000 (a) x100,000 (b),
and x200,000 (c); Figure S8: SEM images for the CME 16 (obtained by CPE at 1.1 V and 20 mC)
surface at 30 kV and increased magnifications: x10,000 (a) x200,000 (b), and x400,000 (c); Figure S9:
SEM images for the CME 17 (obtained by CPE at 2.5 V and 20 mC) surface at 30 kV and increased
magnifications: x10,000 (a) 200,000 (b), and x400,000 (c).
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