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Abstract

A computational study on three related derivatives of 5-[(azulen-1-yl)methylene]-2-
thioxoimidazolidin-4-one was conducted using density functional theory by calculating a
series of molecular descriptors and properties of their optimized geometries (electrostatic
and local ionization potentials, molecular frontier orbitals, etc.). Thermodynamic
properties (zero-point energy, enthalpy, constant volume heat capacity, entropy and
Gibbs energy) for these derivatives have been calculated and related to ligands
electrochemical behavior. Reduction and oxidation potentials have been correlated to
their calculated energy levels for LUMO and HOMO orbitals. Chemically modified
electrodes based on these derivatives have been tested in view of heavy metal ions
recognition, and their detection limits have been correlated to the calculated values of
electron affinity.
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Introduction

Azulenes have a push-pull structure, with a five-member cyclic moiety (electron-rich) connected
to a seven-member cyclic moiety (electron-poor). Azulene derivatives undergo irreversible

doi:10.5599/jese.475 73


http://dx.doi.org/10.5599/jese.475
http://www.jese-online.org/
mailto:eleonoramihaelaungureanu@gmail.com

J. Electrochem. Sci. Eng. 8(1) (2018) 73-85 AZULENE LIGANDS FOR HEAVY METAL IONS DETECTION

electrooxidations and irreversible or quasi-reversible reductions when polarized at anodic or
cathodic potentials, respectively [1]. Due to their low oxidation potential, they can lead to modified
electrodes which could be used to build new electrochemical sensors. The sensors based on azulene
derivatives are the basis of most recent methods for determination of heavy metals from water
samples [2]. This method leads to comparable results to the best-known methods known to date,
such as those based on iron oxide/graphene composite [3], bismuth nanoparticle-porous carbon
paste [4], etc.

The azulenes investigated in this study are derivatives of 5-[(azulen-1-yl)methylene]-2-thioxo-
imidazolidin-4-one (L1), shown in Fig. 1, which have in their structure complexing imidazolidine
group, specific for the recognition of heavy metal ions [5]. One of these ligands, L2, has been
investigated in molecular recognition for building complexing chemically modified electrodes for
heavy metals, and lead to promising results for the heterogeneous recognition of Pb(Il) and Cu(ll)
ions [6]. Similar azulenes with the thiourea moieties as complexing monomers have led to modified
electrodes with good complexing abilities for heavy metals, with very good responses for Cd(ll) and
Pb(ll) ions [7].

The present work reports on the investigation of L1 - L3 compounds ability to coordinate heavy
metals. Chemically modified electrodes have been prepared from these ligands under similar
conditions and used for heterogeneous recognition. Their detection limits for some heavy metal
ions (Hg, Pb, Cd, Cu) have been evaluated in order to be correlated to their molecular structural
descriptors. Density functional theory (DFT) investigations on these azulenes derivatives have been
performed to reveal some global reactivity parameters derived from frontier molecular orbitals
energy diagram, to be linked with their ability to complex heavy metals, for electrochemistry
applications. Predicted structural characteristics are optimized, compared and correlated in terms
of NMR chemical shifts, aiming to determine the structure thermodynamically favored by synthesis
[5]. Then, their computed parameters are obtained and analyzed in connection with some
complexing and redox properties determined by electrochemistry. Our interest concerns the use of
L1 — L3 as ligands in heterogeneous recognition of heavy metals (Fig. 1). The main parts of their
structure are illustrated with different colors in Fig. 1. They are the seven-member azulene ring (1),
the five-member azulene ring (I1) and the imidazolidine ring (lII).
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Figure 1. 2D structure of investigated compounds
Experimental

Acetonitrile (CH3CN) and tetrabutylammonium perchlorate (TBAP) from Fluka were used as
received for the solvent and supporting electrolyte. The azulene derivatives were synthesized
according to the previous described method [5].

The electrochemical characterizations were carried out using a PGSTAT 12 AUTOLAB potentiostat
connected to a three-electrode cell. The working electrode was a glassy carbon disk (3 mm
diameter). The active surface was polished before each determination with diamond paste (1 um)
and cleaned with acetonitrile. Ag/AgNO3 (10 mM) in 0.1 M TBAP, CH3CN was used as reference
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electrode and a platinum wire was used as auxiliary electrode. The electrochemical experiments
were performed by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and rotating disk
electrode (RDE). CV curves were recorded from 0.1 V/s to 1.0 V/s (for different scan rate). DPV
curves were recorded at 0.01 V/s 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, for various rotation rates of the disk (between 100 and 2000 rpm). The
potential was referred to the potential of the ferrocene/ferrocenium redox couple (Fc/Fc*) which in
our experimental conditions was +0.07 V. The preparation of the modified electrodes has been done
by controlled potential electrolysis in millimolar solutions of each ligand, in acetonitrile solutions
containing TBAP (0.1 M) as supporting electrolyte. All electrochemical experiments were performed
at 25 °C under argon atmosphere.

The experiments for heavy metals ions detection were carried out in a three-electrode cell (trans-
fer cell). The working electrode was a glassy carbon disk (diameter of 3 mm) electrode modified with
each ligand, the reference electrode was Ag/AgCl, 3 M KCI, and the auxiliary electrode was a plati-
num wire. 0.1 M buffer acetate (pH 5.5) was used as supporting electrolyte. The recognition experi-
ments were performed at 25 °C and under argon atmosphere. The buffer acetate solution was pre-
pared from 0.2 M acetic acid and 0.2 M sodium acetate solutions. Metal cation solutions were pur-
chased from Sigma Aldrich and Fluka: mercury (Il) acetate - Sigma Aldrich, cadmium nitrate tetra-
hydrate - Sigma Aldrich, copper (ll) acetate monohydrate - Fluka, lead (Il) nitrate - Sigma Aldrich.
Heavy metals solutions with concentrations of 107* and 107® mol/L, were prepared by successive
dilutions from 102 M stock solutions of mercury (Hg), cadmium (Cd), copper (Cu) and lead (Pb).

The procedure to modify the glassy carbon electrodes consisted in electropolymerization of each
ligand in millimolar solutions in 0.1 M TBAP, CHsCN, followed by cleaning in acetonitrile,
equilibration of the modified electrode in 0.1 M acetate buffer at pH 5.5, between -0.9 V and + 0.6
V vs. Ag/AgCl, over oxidation in 0.1 M acetate buffer at pH 5.5 between -0.2 Vto + 1.2 V.

The accumulation of heavy metal ions has been performed in the assay solutions containing
heavy metal ions in different concentrations (starting from 10° to 10#) for 20 minutes under
magnetic stirring. This step has been followed by the stripping of the accumulated metal ions, after
a reduction at -1.2 V for 120 s, in CV or DPV anodic scans with a scan rate of 0.01 V/s. The stripping
currents for Cd, Pb, Cu, and Hg currents have been evaluated for each concentration.

Computational procedure details

The calculations were carried out using Spartan 14 software Wavefunction, Inc. Irvine CA USA [8]
on Intel(R) Core i5 at 3. 2 Ghz CPU PC. First, the 3D CPK models of the studied compounds were
generated. Then, a systematic conformational search and analysis was achieved to establish the
more stable conformers of each of the three derivatives of 5-[(azulen-1-yl) methylene]-2-thioxoimi-
dazolidin-4-one, presenting the energy minima. The most stable conformer (lowest energy) was es-
tablished using MMFF (Molecular Mechanics Force Field for organic molecules developed by Merck
Pharmaceuticals) model by refining the geometry for each studied compound. For these refined
structures, a series of calculations of molecular properties and topological descriptors has been
carried out using [9], software algorithm hybrid B3LYP model (the Becke’s three parameter
hybrid exchange functional with the Lee-Yang-Parr correlation functional) [9-11] and polarization
basis set 6-31G* [8,12] in vacuum, for equilibrium geometry at ground state.
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Results and discussion

Quantum mechanical calculations

AZULENE LIGANDS FOR HEAVY METAL IONS DETECTION

The atomic numbering scheme given by the Spartan 14 software for structures under study is
shown at the beginning of the Table 1. The parameters (bond lengths and dihedral angles) of the
compounds L1-L3 have been obtained for the optimized geometries. They are listed in Tables 1-2.
The molecular structures comprise two coplanar cycles (I and 1) and the cycle Ill, which can be
rotated around C14-C13 bond, showing a small deviation from co-planarity given by the small values
of the dihedrals (H7, C14, C13, C12) and (C3, C14, C13, N2). L3 conformer configuration presents
also the torsion angles of 119.04° (C18, C15, C7, C4) and 61.03° (C16, C15, C7, C9).

Table 1. Structure labels and predicted bond lengths (A) for L1 - L3 compounds.

Cycle of 7 atoms (1)
C5-C1 1.391 1.406 1.408
C5-C8 1.399 1.410 1.409
C8-C9 1.397 1.394 1.395
C9-C7 1.398 1.404 1.398
C7-C4 1.397 1.393 1.400
C4-Co 1.392 1.411 1.391
Co-C1 1.487 1.495 1.496
Substituents (methyl and isopropyl) of cycle |
- C5-C10: 1.520 C5-C11:1.519
- C9-C15:1.518 C7-C15:1.531
- C4-C11:1.518 C15-C18: 1.540
- - C15-C16: 1.541
Cycle of 5 atoms (i)
C1-C3 1.429 1.441 1.431
C3-C6 1.424 1.416 1.426
C6-C2 1.391 1.389 1.385
C2-CO 1.411 1.409 1.424
Substituents of cycle Il

- - C101.502
Chain between cycle Il and cycle Il
C3-C14 1.434 1.444 1.441
C14-C13 1.357 1.357 1.358
Cycle Il
C13-N2 1.399 1.400 1.400
N2-C17 1.371 1.369 1.369
C17-N1 1.381 1.382 1.382
N1-C12 1.401 1.401 1.401
C12-C13 1.484 1.483 1.483
Functional groups (C=0 and C=S) of cycle Il
C12-01 1.217 1.217 1.218
C17-S1 1.657 1.658 1.659
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Table 2. Predicted dihedral angles values for L1 - L3 compounds.

L1

L2

L3

H13, C5, C1, C3): 0.28°
(H7, C14, C3, C1): 13.76°
(H7, C14, C13, C12): 2.79°
(01, C12, C13, C14): 0.69°
(01, C12, N1, H4): -0.50°
(H4, N1, C17, S1): -0.96°
(C6, C3, C14, C13): 15.25°
(H14, C6, C3, C14): 2.46°
(H5, N2, C13, C14): 9.80°
(C3, C14, C13, N2): 2.95°
(S1, C17, N1, H4): -0.96°
(H5, N2, C17, S1): -8.32°

(C10, C5, C1, C3): 2.20°
(H7, C14, C3, C1): 26.71°
(H7, C14, C13,C12): 1.82°
(01, C12, C13, C14): 1.75°
(01, C12, N1, H4): -0.61°
(01, C12, N1, H4): -0.66°
(C6, C3, C14, C13): 28.93°
(H14, C6, C3, C14): 0.86°
(H5, N2, C13, C14): 7.69°
(C3, C14, C13, N2): 5.77°
(S1, C17, N1, H4): -0.66°
(H5, N2, C17, S1): -7.77°
(C11, C4, €O, C2): -0.82°
(C11, C4, C7, H15): 0.93°
(C15, €9, C8, H16): -1.75°
(C15, €9, C7, H15): 0.74°
(C10, C5, C8, H16): -1.53°
(C10, C5, C1, C3): 2.20°

C11, C5, C1, C3): 0.85°
(H7, C14, C3, C1): 24.08°
(H7, C14, C13, C12): 2.29°
(01, C12, C13, C14): 1.51°
(01, C12, N1, H4): -0.65°
(H4, N1, C17, S1): -0.76°
(C6, C3, C14, C13): 25.79°
(H14, C6, C3, C14): 1.49°
(H5, N2, C13, C14): 8.79°
(C3, C14, C13, N2): 5.61°
(S1, C17, N1, H4): -0.76°
(H5, N2, C17, S1): -8.38°
(C10, C2, C6, H14): -3.39°
(€10, C2, €O, C4): -0.13°
(C11, C5, C1, C3): 0.85°
(C11, C5, C8, H16): 0.69°
(C15, C7, €9, H17): -0.21°
(C15, C7, C4, H12): 0.96°

In Table 3 are given the results of quantum chemical calculations for a) valuable predicted
molecular properties and b) descriptors for L1 — L3 compounds, which provide information to
conduct quantitative structure-property relationships (QSPR) for Z isomers.

From Table 3 it can be observed that area and volume for investigated compounds increase in
the order: L1< L2 < L3, as expected, correlated with the molecular weight and presence of methyl
and isopropyl substituents. The ovality index shows the same trend, suggesting the deviation of
molecules from the spherical shape, considering the minimum surface for the spherical shape. This
parameter is related to molecular surface area and van der Waals volume and increases with the
linearity of the structures in the same order as above-mentioned descriptors (area, volume). The
polarizability increases in the order: L1 < L2 < L3, showing increased induction (polarization) inter-

actions, resulting from an ion or a dipole inducing a temporary dipole in an adjacent molecule.

Table 3. Predicted molecular properties and descriptors for L1-1L3 compounds (Z isomers).

Compound L1 L2 L3

a) Molecular properties

Formula C14H10NZOS C17H16N205 C19H20Nzos
Energy, a.u. -1122.4149 -1240.3606 -1318.9892
Energy (aq), a.u. -1122.4367 -1240.3835 -1319.0106
Solvatation energy, kJ/mol -57.22 -60.24 -56.12
Dipole moment, Debye 5.86 8.24 8.26

b) QSPR descriptors from CPK model

Area, A2 262.59 315.36 354.76
Volume, A3 247.94 301.04 338.02
Polar surface area, A2 36.350 37.106 37.037
Ovality 1.38 1.45 1.51

log P 0.34 0.87 1.62
HBD Count 2 2 2

HBA Count 4 4 4
Polarizability, 1030 m? 60.80 65.11 68.15

The same tendency for the dipole moment was observed, as expected. Hydrogen bond donor
(HBD) and acceptor (HBA) counts have the same values for all structures under study, due to the
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presence of the same thioxoimidazolidine cycle lll, containing the same donors (nitrogen) and
acceptors (sulphur and oxygen). The octanol-water partition coefficient (log P) and polar surface area
(PSA) are also evaluated and listed in Table 3. Log P values are positive, showing their good affinity for
hydrophobic phases, and increase in the order: L1 < L2 < L3. L1 had also the smallest PSA (polar surface
area) value reinforcing the trend of log P; PSA values for L2 and L3 are quite similar.

HOMO — LUMO analysis

The molecular frontier orbitals (the highest occupied molecular orbital - HOMO and the lowest
unoccupied molecular orbital — LUMO) energies of the studied compounds (in Z form) have been
calculated (Table 4) and their density distributions are given in the bottom (HOMO) and in the top
(LUMO) of Fig. 2, respectively. Analysis of Fig. 2 shows the distribution of HOMO orbitals for all
studied compounds is delocalized as follows: over atoms C7 and C8 from cycle I, over bonds C1-C3
and C0-C2 from cycle Il, over C13-C14 bond (between cycle Il and cycle lll) and over heteroatoms
N2, O1 and S1 form cycle lll. For all compounds, LUMO orbitals (Fig. 2) are entirely delocalized over
cycle I and cycle Il, while for L2 structure, they are distributed supplementary over functional groups
C=0 (01), C=S (S1) and C12-C13 bond from cycle lll. The other occupied orbitals energy levels are
listed in Table 5, and they can be related with UV Vis allowed transitions.

]

Ovital Evrgy (V)

Onitat Exegy (o)

¢ AE=2.91eV

L1 L2 L3
Figure 2. HOMO (down) and LUMO (up) molecular frontier orbitals and their energy gap for L1 - L3.

Okital Entegy (V)

o

111

HOMO and LUMO energies from Table 4 have been examined in order to find the tendency of
each ligand to donate electrons (to empty molecular orbitals with low energy of convenient mole-
cules), or to accept electrons, respectively. The resulting band gap AE (Enowmo - ELumo) can be used to
provide useful information on the chemical reactivity and kinetic stability of each ligand [13,14]. The
band gap between the HOMO and LUMO orbitals energy has been found to increase in the order:
L3 < L2 < L1 (Table 4). Consequently, according the obtained values for AE, L1 presents the lowest
reactivity, followed by L2 and L3 (the most reactive). Starting from HOMO and LUMO energy
diagram (Fig. 2), other related descriptors have been calculated: ionization potential (/), electron
affinity (A), electronegativity (x), chemical hardness (n), global softness (o) [15,16], chemical
potential (u), global electrophilicity index (w), and also ionization potential (defined as
I = - Enomo) and electron affinity (defined as A = - ELumo), by applying Koopmans’ theorem [17,18].
Derived calculated quantum chemical parameters for the most stable conformer (2) of each studied
compound are listed in Table 4.
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The parameters from Table 4 are important global chemical reactivity descriptors of the studied
molecules in terms of their reactivity and site selectivity. L1 has the highest ionization potential and
electron affinity, which reflects his superior capability to interact with heavy metal cations and to
accept one electron from a donor. In terms of chemical hardness, large AE signifies hard molecules
and small AE refers to soft molecules. In this context, L1 presents the hardest structure. The values
obtained for the electrophilicity index (w) are not in the same order. It indicates an unexpected
global electrophilic nature of these molecules, as measure of energy lowering due to maximal
electron flow between donor and acceptor [19].

Table 4. Calculated quantum chemical parameters Table 5. Predicted molecular orbital values
of the studied compounds (eV)forlL1-L3
Parameter\Ligand L1 L2 L3 Orbital Ligand L1 L2 L3
Exomo/ eV -5.41 -5.19 -5.08 HOMO -54 -5.2 -5.1
Ewmo/ eV -2.50 -2.32 -2.34 HOMO({-1} -6.1 -5.9 -5.9
AE (Evomo-Erumo) / eV 291 2.87 2.74 HOMO({-2} -6.5 -6.3 -6.3
I=- Enomo/ €V 5.41 5.19 5.08 HOMO({-3} -6.9 -6.6 -6.7
A=-Euymo/ eV 2.50 2.32 2.34 HOMO({-4} -7.4 -7.2 -7.2
x=((I+A)/2)/eV 3.95 3.76 3.71 HOMO({-5} -7.6 -7.5 -7.4
n=((/-A)/2)/eV 1.45 1.44 1.37 HOMO({-6} -8.7 -8.0 -8.2
o=1/n 0.68 0.70 0.73 HOMO{-7} -9.2 -8.9 -8.9
1= (Evomo*Erumo)/2 -3.95 -3.75 3.71 HOMO{-8} 9.5 9.1 9.2
w=12/2n 5.37 491 5.02 HOMO{-9} -9.7 9.4 -9.2
LUMO -2.5 -5.2 -2.3
LUMO{+1} 2.3 -5.9 2.2

Molecular electrostatic potential and local ionization potential

Molecular electrostatic potential (MEP) is a valuable descriptor for overall molecular charge
distribution and for the way of electrophilic addition assessment [20,21]. Graphical quantities
resulted from quantum chemical calculations for MEP and local ionization potential (LIP) are given
in Fig. 3. These diagrams provide a visual representation of the chemically active site and
comparative reactivity of atoms.

LIP for L1. LIP for L2. LIP for L3.

Figure 3. Predicted molecular electrostatic potential (MEP) and local ionization potential (LIP) maps for L1-L3
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In MEP graphical representation from Fig. 3, the red surface (7 system) indicates a negative
potential, suggesting that this region is attracted to a positive charge; the blue surface (o system)
indicates a positive potential, thus, this region is attracted to negative charges. Potential increases
in the order: red < orange < yellow < green < blue. For all the studied compounds, the negative area
is mainly localized over the oxygen (red region) and less on sulphur atoms (orange region). The ma-
ximum negative values (over sulphur oxygen) have been read and they vary as follow: -203 kJ/mol
to -154 kJ/mol (for L1); -168 kJ/mol to -151 kJ/mol (for L2); -171 kJ/mol to -153 kJ/mol (for L3). The
maximum positive regions (blue) are localized on the —NH groups from cycle lll, assigned to atoms
H4 and H5, respectively, and vary between 154 and 204 kJ/mol for all studied structures. For our
further applications (complexation of heavy metals) the most interesting are orange and red regions
(negative potential), which are most likely to be involved in the complexation event.

Regarding LIP maps from Fig. 3, the red regions suggest areas where electrophilic attack could
happen, thus, atoms from which electron removal (ionization) is easy. By convention, in blue color
are illustrated the regions where ionization is relatively difficult to occur. Orange regions (the more
susceptible to ionization) present close values between 6.9 and 7.02 eV for all studied compounds,
so the results of the complexation event for similarly modified electrodes should be quite similar.

Thermodynamic properties

Thermodynamic properties such as zero-point vibrational energy, enthalpy, constant volume
heat capacity, entropy and Gibbs energy have been calculated with DFT method for equilibrium
geometry at ground state for Z and E conformers, over a temperature range between 273.15 and
373.15 K. Except for the zero-point energy (ZPE), all depend on temperature. Their calculated values
are listed in Tables 6 for 298.15 K. The values of enthalpy, constant volume heat capacity (C),
entropy (S) and Free Gibbs energy (G), increase with temperature, in agreement with the
enhancement of the molecular vibrational intensities as the temperature rises [22]. Obtained
thermodynamic functions are given in Table 7 and they are useful to estimate directions of further
chemical reactions, by computing those to other thermodynamic functions and relationships.

Table 6. Predicted thermodynamic properties at 298.15 K for Z and E isomers of L1 —L3

Parameter\Ligand L1 L2 L3
Z 554.47 775.17 924.20
1

ZPE [ k) mol 3 554.41 774.98 925.53
AH Y z 11221904  -1240.0481  -1318.6177
a.u. E 11221918  -1240.0423  -1318.6127

z 182.76 228.52 256.73

-1

¢,/ mol E 182.11 228.27 256.17

5 /3 mol z 457.89 525.36 563.88

E 459.87 525.55 563.54
y z 111222424 -1240.1078  -1318.6818
a.u. E 11122.2441  -1240.1025  -1318.6767

The dependence between calculated thermodynamic properties (enthalpy, constant volume
heat capacity, entropy and Gibbs energy) and temperature were fitted by quadratic equations and
the correlation fitting factors (R?) vary between 0.9951 and 1. The obtained values for R? show very
good correlation of thermodynamic parameters and their fitting equations (Table 7).

The observed predicted and experimental values for chemical shifts from '3C and *H NMR given
in the Supporting Information, show good correlation for Z conformer of all compounds. It leads to
the assumption that Z conformers are formed by synthesis, as assumed from the experimental
procedure [5].
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Table 7. Fitted thermodynamic parameters for L1 —L3

Function\ Ligand L1 L2 L3
107-7247-10°5-T-1122.2 9-10°%- 72410 7-1240.1 2:107-7242-105-T-1318.6
AH [ a.u. (R? = 0.9994) (R? = 0.9956) (R? = 1.0000)
. -6-104-T+0.5889-T+168.45 -5-10*72+0.6806-T+211.89 9-10°6-7240.7177-T+238.51
G /Jmol (R?=1) (R?=1) (R? = 0.9955)
. 67-10%72-3.6019-T+937.43 -10%72+0.9517-T+274.33 -10*72+0.9081-T+303.81
S/ Jmol (R? = 0.9890) (R?=1) (R?=1)
3.10%-7%-10%.7-1122.2 -9-10°%-72-2-10%-7-1240.1 -2-107-72-2-10*T-1318.7
G/au. (R? = 0.9978) (R? = 0.9988) (R? = 0.9951)

*All thermodynamic calculations were performed in gas phase.

Electrochemical characterization of compounds

The electrochemical characterization of L1 - L3 compounds has been performed and the redox
potentials were evaluated from the electrochemical curves of L1 - L3 azulene derivatives recorded
on glassy carbon electrode by: cyclic voltammetry (CV), differential pulse voltammetry (DPV), and
rotating disk electrode voltammetry (RDE) in 0.1 M TBAP, CH3sCN. Selected anodic and cathodic CV,
DPV, and RDE curves recorded in millimolar solutions (0 — 2 mM) of L1 - L3 in 0.1M TBAP in CH3CN
have been shown in Figs. 4-6.

R, L1
| 1 ff/\‘(
2004 CV S H{-\EK:H
0-
r —0.75mM
—O0mM
DPV
<< 40 - \/\\
3 a1l
= ol J
N Vg
200 -
RDE /L
04
—— 1000 rpm
-3 -2 -1 0 2

1
E/Vvs. Fc/Fct

Figure 4. CV, DPV, RDE (1000 rpm) curves for L1 (0.75 mM) in 0.1 M TBAP, CHsCN.
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Figure 5. CV, DPV, RDE (1000 rpm) curves for L2 (1 mM) in 0.1 M TBAP, CHsCN.
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Figure 6. CV, DPV, RDE (1000 rpm) curves for L3 (1 mM) in 0.1 M TBAP, CHsCN.

When comparing the curves obtained for these compounds, the following conclusions connected
to the electrochemical behavior of L1, L2 and L3 can be drawn:

e Their oxidation potentials for the first oxidation peak (in V) are, respectively, 0.347, 0.297, and
0.266, being ranged in the order: L3 < L2 < L1, in correlation with HOMO energies (Table 4). This
factis in concordance with the presence of the electron releasing alkyl groups on azulene moiety
in case of L3 and L2. The presence of larger and bulky substituents conducts to an easier
oxidation of the ligand.

e Theirreduction potentials for the first reduction peak (in V) are, respectively, -1.598, -1.760, and
-1.772, being ranged in the order: L3 < L2 < L1, in correlation with LUMO energies (Table 4). The
small differences between the calculated LUMO values and the experimental values of the
reduction potentials could be explained by a strong interaction of the ligand with the solvent,
which is neglected in quantum calculus. These values also are also connected to the presence of
alkyl groups on the azulene structure.

e All the electrochemical processes in Figs. 4-6 are irreversible. While the vinylazulene moiety is
more prone to oxidation, the vinylhydantoin part is more likely to be reduced.

e All compounds seem to accumulate on the electrode surface (leading to polymer films) at more
positive potentials then the first anodic peak (denoted al on each DPV curve), in agreement
with the sharp decrease of the oxidation currents in RDE and DPV curves after reaching this
potential.

Electrochemical recognition using modified electrodes

The compounds L1 - L3 were used to prepare modified electrodes by electrochemical polymeri-
zation in similar conditions, as mentioned in the experimental part.

The recognition experiments performed with L1, L2, and L3 modified electrodes lead to evaluate
the detection limits for Pb(Il), Cd(ll), Cu(ll) and Hg(ll) ions. In Fig. 7a are given the stripping curves
obtained using poly L1 modified electrodes for the recognition of different concentrations of Pb(ll),
Cd(l1), Cu(Il) and Hg(ll) ions, while in Fig. 7b are given the dependences of the stripping peak currents
on concentration for the metal ions, as resulted from Fig. 7a, for the most efficient recognition
events that has been found with this modified electrode for Cd(ll) and Pb(ll).
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Figure 7. Stripping curves (a) using L1 modified electrodes for different concentrations of Cd(ll), Pb(ll), Cu(ll)
and Hg(ll) ions and the corresponding calibration curves (b) for Cd(ll) and Pb(ll) ions.

Similar curves have been obtained for the modified electrodes prepared with L2 and L3 ligands,
in similar conditions. The detection limits have been estimated for the electrodes modified with L1,
L2 and L3 (Table 8). These values show that the best ligand is L1, as by using this ligand, the lowest
limits for all tested heavy metals have been obtained.

Table 8. Estimated detection limits of investigated heavy metal ions for L1 —L3.

Heavy metal ion / Ligand L1 L2 L3
Pb(1l) 10°® 10° 10°
cd(l) 10°® 10° 10°
cu(l) 10° 10* 10*
Hg (1) 10° 10* 10*

A correlation between ligand molecular descriptors and the obtained detection limits is evident.
The best behavior of L1 can be explained by the fact that L1 presents the smallest values for HOMO
and LUMO energies, and consequently, the highest ionization potential (5.41 eV) and the highest
capability to accept electrons (electron affinity, A = 2.50 eV) among the three studied structures
(Table 4). Also, judging by the molecular electrostatic potential, L1 structure shows the most
negative potential over the oxygen atom, with the most negative value of -203 kJ/mol, so it is the
most capable to attract positive heavy metal ions charges, as previously discussed for Fig. 3.

The close values of detection limits for L2 and L3 are explained by the similar effect of
substituents in L2 and L3, seen in their close values of electron affinity (Table 4). Consequently, their
complexing capacity is similar, fact which is in a good agreement with the detection limits obtained
for heavy metal ions using these ligands.

Conclusions

Chemical reactivity descriptors were predicted from the DFT calculations. From molecular
frontier orbitals energy level diagrams and gaps, it can be concluded that among all studied
structures, L1 is the most stable compound. The oxidation potentials were found to be ranged in
accordance with calculated HOMO energies trend, while the variation of reduction potentials versus
LUMO energies were perturbed by the occurrence of steric effects.

Thermodynamic analysis reveals that all thermodynamic calculated parameters, except the zero-
point energy (ZPE), are increasing with temperature. The chosen fitting equations for thermo-
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dynamic properties are in a good agreement with calculated data. The NMR experimental and
theoretical results supporting each other, being consistently supplemented by computed molecular
descriptors and thermodynamic properties. The obtained characteristics are in a good agreement
with the detection limits obtained for heavy metals using modified electrodes obtained from these
ligands. The corresponding detection limits evaluated for Pb, Cd, Cu and Hg are of about 102 for Pb
and Cd with L1 and of about 107 for Cu and Hg. These limits are larger for L2 and L3, which are very
close due to the similarity of their structures. They are of about 10°® M for Pb and Cd, and 10 M for
Cu and Hg.

This study contributes to the prediction of specific structures able to coordinate heavy metal ions
in view of recognition.
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Table 1. Comparative predicted and experimental 1H-NMR shifts for L1.

Supplementary Material

L1-Zisomer L1 - E isomer L1-ZandE Experimental data
Calculated Data, *H-NMR Calculated Data, 'H-NMR, DFT Calculated Data 'H-NMR IH-NMR

DFT Method Method Chem Draw (DMSO-d6, 6 ppm, J Hz) [5]
H7 6.79 6.16 7.18 7.15 (1H s, CH=)
H15 7.203)=9.7 9.8 7.203)=9.7 9.7 7.12 7.39 (1H, t, 3J4,1=9.8, C(5')-H)
H16 7.283=9.910.1 7.193=9.910.3 7.12 7.43 (1H, t, 3Jy, 1 =9.8, C(7’)-H)
H10 7.303)=4.2 7.263)=3.7 7.33 7.54 (1H, d, 3y, n = 4.2, C(3')-H)
H17 7.773=9.8 9.9 7.693%=9.7 9.9 7.52 7.81 (1H, t, 3y, 1= 9.8, C(6')-H)
H12 8.103)=9.7 8.073=9.7 8.31 8.42 (1H, d, 3y 1= 9.4 Hz, C(4’)-H)
H14 7.773 =42 9.873)=3.7 7.90 8.72 (1H, d, 3y, 1w = 4.5, C(2)-H)
H13 8.353 =10.1 7.993=10.3 8.31 8.74 (1H, d, 3Ju, 1= 9.9 Hz, C(8')-H)
H4 6.32 6.44 8.0 12.03 (1H, s, NH)
H5 6.91 6.12 2.0 12.19 (1H, s, NH)
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Table 2. Comparative predicted and experimental 13C-NMR shifts for L1.

~
Sﬁ;&\r‘/-'*iw o
NS
L1-Zisomer L1 - Eisomer L1-ZandE Experimental data
Calculated Data, Calculated Data 3C-NMR Calculated Data>C-NMR 13C-NMR
13C-NMR DFT Method DFT Method Chem Draw 75 MHz, CDCls, 25 °C [5]
Ci4 105.08 110.63 120.2 102.2 (CH=)
C2 120.43 120.39 1184 120.8 (C3’)
C13 124.64 124.70 143.6 121.1 (C5)
C3 123.65 123.68 125.0 124.5 (C1’)
C8 125.40 124.99 131.5 126.0 (C7’)
c7 126.11 126.48 123.0 126.7 (C5’)
C5 135.65 131.86 139.5 134.8 (C8’)
C6 135.21 144.47 140.8 137.1 (C2)
ori} 138.62 137.31 136.6 138.2 (C4’)
C1 139.70 139.89 143.3 139.6 (C8a’)
(°] 140.06 138.49 138.6 140.1 (C6 )
Co 142.14 144.44 145.5 143.2 (C3a’)
C12 164.05 162.71 175.9 166.0 (C4)
C17 178.15 177.01 165.6 177.1 (C2)
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Table 3. Comparative predicted and experimental 1H-NMR shifts for L2.

Supplementary Material

M3

tjﬁ\“*./ ~( 1.
7\
NN
L2 - Zisomer L2 - Eisomer L2-Zand E Experimental data
Calculated data, *H-NMR Calculated Data'H -NMR Calculated Data 'H-NMR
DFT Method DFT Method Chem Draw 'H -NMR (DMSO-d6, 6 ppm, J Hz [5]
H11,H12,H13 2.50 2.48 2.34 2.58 [3H, s, Meg]
H6, H8, H9 2.66 2.67 2.59 2.80 [3H, s, Me4]
H1, H2, H3 2.88 2.76 2.59 3.02 [3H, s, Meg]
H15 6.97 7.00 6.58 7.22 (1H, s, (C5')- H)
H16 6.96 6.92 7.09 7.24 (1H, s, (C7’)- H)
H7 7.04 6.51 7.18 7.35 (1H, s, CH=)
H10 7.1831=4.2 7.1331=4.0 7.33 7.39 (1H, d, 3 Jy, 1 = 4.6, (C3’)-H)
H14 7573 =42 9.693)=4.0 7.90 8.06 (1H, d, ® Ju, 1 = 4.6, (C2’)-H)
H4 6.28 6.39 8.0 12.03 (1H, s, NH)
H5 6.88 5.99 2.0 12.19 (1H, s, NH)
sS4 (oc)
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Table 4. Comparative predicted and experimental 13C-NMR shifts for L2.

.»;-—’f"{\\ /iw:;.\\ o
" B S\
TN
L2 - Zisomer L2 - E isomer L2-Zand E Experimental data
Calculated data 3C-NMR Calculated Data*C -NMR DFT Calculated Data 13C-NMR
DFT Method Method Chem Draw 3C -NMR 75 MHz, DMSO, 25°C [5]
Cl1 27.20 27.35 19.9 25.2 (Mea)
C10 31.55 31.57 20.3 27.8 (Mes)
C15 29.43 29.06 22.3 28.8 (Meg)
Cl14 112.89 116.86 120.2 111.6 (CH=)
C2 117.50 118.24 125.5 117.8 (C3’)
C13 124.05 122.67 143.6 122.3 (C5)
C3 125.17 125.27 125.0 124.2 (C1')
C6 133.22 142.74 140.8 136.4 (C2')
C8 133.13 133.49 129.0 129.9 (C7’)
c7 130.21 130.99 129.0 131.5 (C5’)
Co 139.08 141.90 136.9 135.2 (C33a’)
C1 137.32 138.88 142.5 139.5 (C8a’)
Cc4 147.27 145.79 135.0 146.7 (C4’)
Cs 151.47 147.47 145.6 147.9 (C8)
Cc9 148.78 146.76 137.7 148.2 (C6’)
C12 163.62 162.43 165.6 165.7 (C4)
c17 180.80 176.36 175.9 177.2 (C2)
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Table 5. Comparative predicted and experimental 1H-NMR shifts for L3.

Supplementary Material

Fr\_( P
“””\\;L-::¥ }__ -
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Vol
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L3 -Zisomer L3 - Eisomer L3-Zand E Experimental data
Calculated data *H-NMR Calculated Data'H-NMR Calculated Data *H-NMR 'H-NMR
DFT Method DFT Method Chem Draw (DMSO-d6, 6 ppm, J Hz [5]
H10, H15, H18, 4 3 3.
HI1 H1, H20 1.39,3)=6.4 1393 =6.4 1.20 1.30 (6 H, d, 3J4 1=6.9, (Me,CH)
H6, H8, H9 2.89 2.77 2.59 3.00 (3H, s, Meg)
H1, H3, H2 2.48 2.44 2.59 2.57 (3H, s, Me3)
H13 2.90 3)=6.4(x6) 2.92 3] = 6.4(x6) 2.87 3.11 (6 H, d, ® Ju, 1 = 6.9, (CH3)2 CH)
H16 7.053)=11.6 7.033)=11.7 7.12 7.1991H, d, 3J4,1=9.8, C(7’)-H)
H7 7.06 6.54 7.18 7.38 (1H s, CH=)
7.54 (1H, dd, 3y 1= 11
H17 7.563)=11.6 7.523)=11.7 7.52 o ’
4,4 =1.6 C(6’)-H)
H12 7.94 7.92 8.31 8.13 (1H, t=d, “Jy 1= 1.6 Hz, C (4)-H)
H14 7.53 9.74 7.90 8.17 (1H, s, C(2’)-H)
H4 6.28 6.40 8.0 12.18 (H, s, NH)
H5 6.88 5.99 2.0 12.18 (H, s, NH)

S6



A. Stefaniu et al.

J. Electrochem. Sci. Eng. 8(1) (2018) S1-S7

Table 6. Comparative predicted and experimental 13C-NMR shifts for L3.

- 4\_;/9
\fA“ e
L3 - Zisomer L3 - Eisomer L3-Zand E Experimental data
Calculated data 3C-NMR Calculated Data®*C -NMR Calculated Data’®*C-NMR 13C-NMR
DFT Method DFT Method Chem Draw 75 MHz, DMSO, 25°C [5]

C10 13.87 13.86 12.8 12.79 (Me3)
C16, C18 25.18 25.24 19.1 24.16 ((CH3)C)
Cl1 30.73 30.60 28.2 27.98 (Mes)
C15 40.85 40.80 38.1 37.11 ((CHs)2C)
C14 111.76 115.98 120.2 110.6 (C=)
C2 128.04 128.88 130.5 127.3 (C3’)
C13 123.82 123.07 146.6 123.8 (C5)
C3 122.37 123.39 125.0 119.6 (C1’)
C8 131.32 132.17 1355 130.7 (C7’)
C6 136.89 146.13 139.3 134.5 (C2')
ori} 139.03 137.54 133.9 136.5 (C4’)
Cc7 143.50 144.49 139.5 144.1 (C5’)
(°] 136.38 134.77 134.8 138.7 (C6’)
C1 138.31 139.37 142.5 136.7 (C8a’)
co 141.38 144.67 147.2 140.8 (C3a’)
Cs 150.87 146.63 152.7 146.9 (C8')
C12 163.68 162.28 165.6 165.7 (C4)
C17 180.56 176.10 175.9 176.8 (C2)
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