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Abstract: In this paper, azulenes substituted with thiophen- or furan—vinyl-pyridine are reported as
heavy metal ligands in systems based on chemically modified electrodes. We undertook a computa-
tional study of their structures using density functional theory (DFT). Based on these computations,
we obtained properties and key molecular descriptors related to chemical reactivity and electrochem-
ical behavior. We investigated the correlation between some quantum parameters associated with the
chemical reactivity and the complexing properties of the modified electrodes based on these ligands.
The best correlations for the parameters were retained. We showed that the linear correlation between
DFT-computed HOMO/LUMO energies and experimental redox potentials is very good.

Keywords: thiophen—vinyl-pyridine-azulenes; furan—vinyl-pyridine-azulenes; quantum mechani-
cal calculations; DFT; electrochemical properties; reactivity parameters

1. Introduction

Chemically modified electrodes (CMEs) obtained by electrochemical polymerization
of differently substituted azulene monomers have been previously tested and characterized
by electrochemistry [1,2]. The previously reported data refer to heavy metals (HMs) ions
recognition attempts to detect very low concentrations of contaminants such as cadmium,
copper, mercury, chromium, cobalt, nickel, or lead in water [3-5]. The advantage is certain
in the context of health concerns due to the harmful effects of these HMs on humans;
their bioaccumulation in the human body causes acute or chronic toxicity, responsible for
serious disorders especially at long-term exposure. Indeed, new research connecting the
occurrence of progressive physical and neurological degenerative damages such as Parkin-
son’s and Alzheimer’s diseases, or even cancer, and HMs accumulation has appeared [6-9].
Although essential heavy metals are the key constituents of several enzymes involved in
biochemical processes and exert important physiological functions (e.g., copper as co-factor
of oxidative stress-related enzymes [10] or constituent of metalloenzymes responsible for
hemoglobin formation [11]), the danger that they become toxic contaminants must be
controlled and prevented.

As part of the ongoing interest in developing methodologies for polyfunctionalization
of azulenes [12], we investigated the electrochemistry of a series of 4-(azulen-1yl) pyridines
(Figure 1). The investigated compounds are furan—vinyl-pyridine-azulenes (01-03) and
thiophen—vinyl-pyridine-azulenes (S1-S3). The grafted pyridines were attached in posi-
tion 1 to 5-isopropyl-3,8-dimethylazulene (O1 and S1), 4,6,8-trimethylazulene (O2 and S2),
or azulene (O3 and S3), respectively.
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Figure 1. Structures of the studied molecules.

These compounds interact with metal ions due to the property of 2,6-bis((E)-2-
(furan/thiophene-2-yl)vinyl)pyridine, which is a Lewis base. They are all valuable syn-
thons for the synthesis of highly conjugated aromatic systems [13,14]. In connection to
their capacity to polymerize, they are useful for constructing novel analytical materials for
sensor applications [15-17].

The ligands’ structures investigated in this paper contain a part of pyridine, known
for its HMs complexing properties [18]. The 4-(azulen-1yl) pyridines substituted with
furyl-vinyl or thienyl-vinyl lead to more extended conjugated systems, which are easily
polymerized. We have previously investigated the electrochemistry of a series of 4-(azulen-
1yl) pyridines [19]. Some electrodes based on graphite paste modified with S2 isomer have
shown sensors properties for Zn [20]. The study of O1 ligand by electrochemical methods
led to the finding of the most suitable potential, where this azulene could be polymerized.
These modified electrodes were used for HMs recognition through preconcentration and
anodic stripping. A good result has been observed for Pb (detection limit of 10~/ M) [4].
The electrochemical study of ligand established the best conditions for obtaining CMEs,
which were tested for the recognition of HMs cations with good results for lead and for
copper at concentrations lower than 1078 M [3]. Modified electrodes based on O3 and S3
ligands have been recently reported for HMs ions recognition [21,22]. In order to establish
the best ligand for the complexation of HMs (with the lowest detection limits), the estimated
chemical parameters are correlated with experimental electrochemical properties [23].
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In silico studies of azulenes substituted with thiophen— or furan-vinyl-pyridines
were carried out by density functional theory (DFT), aiming to achieve complete structural
insights [24,25]. Recent similar data on other azulene structures have revealed linear correla-
tions of DFT-computed energies for frontier molecular orbitals (FMO) and the experimental
oxidation and reduction potentials [26]. Thus, the computer-aided investigation has proven
a pertinent approach to identify key parameters for designing novel ligands with better
electrochemical properties. Generally, previous computations are based on the correlation
of electrochemical oxidation and reduction potentials, with energy levels corresponding to
the lowest unoccupied molecular orbital (LUMO) or the highest occupied molecular orbital
(HOMO), respectively [27-29]. For such quantum computations, the use of the B3LYP level
of theory has led to strong linear correlations between the energy of the HOMO/LUMO
orbitals and redox potentials [30]. More accurate results have been obtained using wB97XD
hybrid functional [26,31]. DFT computations provided accurate structural details and
prediction properties, which were well correlated with the electrochemical behavior and
other properties of the investigated ligands.

2. Computational Details

The properties ‘computations and the programs used to depict the molecular elec-
trostatic potential and frontier molecular orbitals surfaces were realized with Spartan
14 software Wavefunction, Inc. Irvine CA, USA [32], for the lowest energy conformers of
each structure, in vacuum conditions, at ground state using DFT models [33]. Two levels of
theory B3LYP—the Becke’s three-parameter hybrid exchange functional with the Lee-Yang-
Parr correlation functional [34] with basis set 6-31G (d, p) [35,36] and wB97XD with basis
set 6-31G (d, p) [37]—were used. In this article, we use the notations B3LYP for B3LYP/
6-31G (d, p) basis set and wB97XD for wB97XD/6-31G (d, p) basis set. QSAR properties
were also obtained from Spartan software.

3. Results
3.1. Molecular and QSAR Properties Computations

Table 1 shows the predicted molecular (a—g) and QSAR (h—-m) properties resulting
from DFT computations using B3LYP and wB97XD density functional models for the
investigated ligands. In addition to the total energy E (in atomic units, au), estimates are
also provided for the energy in water (Ey;) and the difference between Ey; and E, which
represents the solvation energy (Eg,, in kJ-mol~1) [38].

Starting from the electronic properties such as Egopmo and Epypmo energies given in
Table 1, other related quantum descriptors were calculated. According to Koopman'’s
theorem [39,40], Egomo is related to the ionization potential (I = —Exopmo), and Epymo to
the electron affinity (A = —Epymo). These values are collected in Table 2, together with
the HOMO-LUMO energy gap (AEg) values. Additionally, the absolute electroneg-
ativity (x = (I + A)/2), global hardness (y = (I — A)/2), softness (¢ = 1/#) of the ligand
molecules [41,42], and global electrophilicity index (w = u?/2n) [43] values are given
in Table 2 for oxygen and sulfur compounds.

Variation in values of Ej (Table 1) for each compound can be visualized from the
molecular electrostatic potential map (MEP). This is a useful tool in assessing the reactive
sites in a molecule [44]. The MEPs for the investigated oxygen compounds are shown in
Figure 2, indicating red and blue sites, with negative and positive regions, susceptible to
electrophilic and nucleophilic attacks, respectively. The MEPs for the sulfur compounds
(S1-S3) are given in Figure 3.

The frontier molecular orbitals density distributions calculated by using B3LYP, which
resulted from the quantum calculation for oxygen compounds (01-03), are represented in
Figure 3.3, along with the energy levels and their gaps (AEg,,) between the HOMO and
LUMO (Table 2). Similarly, the representations of FMO density distribution [45] for S1-S3
sulfur compounds are given in Figure 5. The positive and negative phases of the frontier
molecular orbitals are represented by red and blue colors, respectively.
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Table 1. Predicted molecular *8 and QSAR ™™ properties of oxygen (01, 02, 03) and sulfur
(81, S2, S3) compounds calculated using B3LYP and wB97XD DFT models.

Parameter o1 02 03
C32H9NO, C30H25NO; Co7H19NO,
B3LYP wB97XD B3LYP wB97XD B3LYP wB97XD
M2 (g-mol ) 459.59 43154 389.45
EP® (au) —1441.98 —1441.51 —1363.36 ~1362.9 —1245.42 —1244.99
Eqq © (au) —1441.99 —1441.52 —1363.37 —1362.91 —1245.43 —1245
Eqolo & (KJ-mol 1) —23.72 —21.35 —27.97 —25.92 -327 —30.16
e (D) 3.10 3.27 343 3.67 291 3.11
Eromo | (eV) —4.92 —6.74 —5.08 —6.93 ~5.12 —7.03
Erumo & (eV) ~1.79 ~0.13 -1.77 ~0.13 —2.04 —0.36
Sh (A2 520.42 514.08 481.21 47427 429.84 423.09
Vi(A?) 508.94 506.68 472.01 469.83 418.75 416.98
PSAT (A?) 1827 16.79 18.31 16.80 18.6 17.93
o1k 1.69 1.67 1.64 1.62 1.59 1.57
a! (10730.m3) 81.92 80.91 78.88 77.88 74.61 73.62
Epot ™ (KJ-mol ") —166.66 ~167.73 —167.67 —168.84 —164.84 —163.65
S1 S2 S3
C32H9 NS, C30H25NS; Co7H19NS,
B3LYP wB97XD B3LYP wB97XD B3LYP wB97XD
M2 (g-mol 1) 491.72 463.67 42159
EP (au) —2087.94 —2087.47 —2009.31 —2008.86 —1891.37 —1890.95
Eqq © (au) —2087.95 —2087.48 —2009.32 —2008.88 —1891.38 —1890.96
Eeoo ¢ (KJ-mol 1) —3225 —3225 —36.99 —37.13 —39.55 —38.56
e (D) 3.11 3.22 3.33 3.55 2.79 2.82
Eromo | (eV) —4.98 —6.72 —5.13 —6.91 —5.27 —7.07
Erumo & (eV) —1.84 —0.14 ~1.83 —0.14 —2.06 —0.36
sh(A?) 535.76 532.51 496.12 491.29 44451 442.36
Vi(A3) 526.71 524.23 489.67 487.32 436.52 434.71
PSA (A2) 6.297 6.187 6.34 6.21 6.31 6.25
ork 1.70 1.69 1.65 1.64 1.60 1.59
al(10730.m3) 83.36 82.34 80.32 79.31 76.03 75.05
Epot ™ (kJ-mol ") —160.04 —-152.77 —165.18 —154.99 ~159.77 —160.26

2 molecular weight (M); b total energy (E); © aqueous solvation energy (E,;); d solvation energy (Esop), € dipole

moment (z); £ energy of the HOMO orbital (Egomo); & energy of the LUMO orbital (Erymo); h area (S), | volume
(V);J polar surface area (PSA); k ovality index (OI) (degree of deviation from perfect spherical shape molecule);

! polarizability (a); ™ minimum value of electrostatic potential (Epor).

3.2. Correlations between DFT-Calculated Frontier Molecular Orbital’s Energies and

Experimental Data

The calculated HOMO and LUMO energies were correlated with the experimental
oxidation and reduction potentials. The last values were obtained from the electrochem-
istry experiments performed by differential pulse voltammetry (DPV), which is the most
precise method used in our experiments to find the potential for a certain process. The
experimental oxidation/reduction potential was assessed as the potential of the first an-
odic/cathodic DPV peak, denoted E,; and E_, respectively. These values are listed in Table 3
for oxygen and sulfur derivatives. The data were collected in 0.5 mM solutions of each
ligand in 0.1 M tetrabutylammonium perchlorate in acetonitrile [3-5,21,22]. The calculated
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HOMO and LUMO energies (Table 1) were plotted against experimental oxidation and
reduction potentials. Linear relationships were noticed. To this end, the reduction and
oxidation potentials were correlated both with ionization potential (I) and electron affinity
(A) computed using either B3LYP or wB97XD hybrid functionals. The parameters for the
obtained linear correlations (a intercept, b slope, and R? correlation coefficient) are given in

Table 4.
Table 2. Quantum chemical reactivity parameters of investigated compounds calculated using B3LYP
and wB97XD DFT models.
Parameter o1 02 03
C32H9NO, C30H25NO, Co7H19NO,
B3LYP wB97XD B3LYP wB97XD B3LYP wB97XD
I™ = —Epomo (V) 492 6.74 5.08 6.93 5.12 7.03
A" = —Erumo (eV) 1.79 0.13 1.77 0.13 2.04 0.36
AEgyp ©=1— A (eV) 3.13 6.61 3.31 6.8 3.08 6.67
xP=(I+A)/2 (V) 3.36 3.44 343 3.53 3.58 3.70
n9=(—A)/2(eV) 1.57 3.31 1.66 3.40 1.54 3.34
ot =1/5(eV1) 0.64 0.30 0.60 0.29 0.65 0.30
WS =pu2/2m (D% eV1) 3.07 1.62 3.55 1.98 275 145
S1 S2 S3
C32Ha9NS, C30H25NS; Cy7H19NS,
B3LYP wB97XD B3LYP wB97XD B3LYP wB97XD
I™ = —Egomo (€V) 498 6.72 5.13 6.91 5.27 7.07
A™ = —Erumo (eV) 1.84 0.14 1.83 0.14 2.06 0.36
AEgap © =1 — A (eV) 3.14 6.58 3.30 6.77 3.21 6.71
xP=(I+A)/2 (V) 341 343 3.48 3.53 3.67 3.72
n9=(—A)/2 (V) 1.57 3.29 1.65 3.39 1.61 3.36
o' =1/n(evV1 0.64 0.30 0.61 0.30 0.62 030
ws =2 /2 (D eV1) 3.08 1.58 3.36 1.86 242 119

™ jonization potential (I); ™ electron affinity (A); © energy gap (AEgy); P electronegativity (x); 1 global hardness
(n); * softness (o); ® global electrophilicity index (w).

02 03

Figure 2. Predicted molecular electrostatic potential maps for 01-O3 compounds.
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S3

Figure 3. Predicted molecular electrostatic potential maps for S1-S3 compounds.
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Figure 4. The frontier molecular orbitals diagram for O1-O3 computed using B3LYP/6-31G (d, p)
level. The isovalues are referred to in Table 1.

3.3. Correlation between DFT-Computed Molecular and QSAR Properties and lonization Potential
or Electron Affinity

The correlations between computed molecular (E, Egg, Esoo, #) and QSAR (S, V, PSA, Ol «,
Epot) properties (from Table 1) and the ionization potential (I) or electron affinity (A) are

shown in Tables 5 and 6, respectively. Linear relationships (a intercept, b slope, and R?
correlation coefficient) were considered for most parameters.
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Figure 5. The frontier molecular orbitals diagram for $1-S3 computed using B3LYP/6-31G (d, p)
level. The isovalues are referred to in Table 1.

Table 3. Experimental oxidation (E;) and reduction (E;) potentials [3-5,21,22] for O1-O3 and
$1-S3 ligands.

Property Ligand
01 02 03
E. (V) 0.318 0.487 0.553
E: (V) —2.071 —2.084 —1.854
Reference [4] [2] [22]
S1 S2 S3
E; (V) 0.338 0.470 0.567
E. (V) —2.065 —2.090 —1.858
Reference [3] [5] [21]

Table 4. Values of intercept (a), slope (b), and correlation coefficient (R?) from the linear correlation
obtained for the oxidation (E;) and reduction (E.) potentials with I and A, respectively, for the
investigated ligands from computations with B3LYP or wB97XD hybrid functionals.

. B3LYP wB97XD
Correlation
a b R? a b R?
For 0O1-03
E vs. I —5.298 1.141 0.993 —5.211 0.821 0.995

Ecvs. A —3.606 0.859 0.9997 —2.204 0.972 0.998
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Table 4. Cont.
B3LYP wB97XD
Correlation
a b R? a b R?
For S1-S3
E;vs. 1 4.500 1.259 0.995 6.202 1.523 0.999
E.vs. A 3.949 1.017 0.996 2.199 0.991 0.990

Table 5. Linear correlations between predicted molecular properties and ionization potential (I) or

electron affinity (A), computed using B3LYP and wB97XD hybrid functionals; A and I are expressed

ineV.
Correlation * B3LYP wB97XD
a b R? a b R?
For 0O1-03
Evs.1 —5595.9 842.39 0.812 —5786.5 642.99 0.917
Evs A —2441.8 584.77 0.791 —1491.1 683.54 0.842
Egqvs. 1 —5595.9 842.39 0.812 —5786.5 642.99 0.917
Egqvs. A —2441.8 584.77 0.791 —2441.8 584.77 0.791
Esorp vs. I 171.76 —39.66 0.870 178.07 —29.55 0.980
Esory vs. A 19.12 —25.31 0.720 —19.95 —28.37 0.730
puvs. I nlc ** nlc **
uvs. A nlc ** nlc **
For §1-S3
Evs.1 —5595.9 842.39 0.812 —5786.5 642.99 0.917
Evs. A —3306.9 686.25 0.813 —2148.2 714.61 0.842
Egqvs. 1 —5461.9 676.00 0.982 —5838.5 556.91 0.973
Egqvs. A —3306.9 686.25 0.813 —2148.2 714.64 0.842
Esorp vs. I 93.18 —25.25 0.977 90.05 —18.27 0.936
Egorp vs. A nlc ** nlc **
uvs. I nlc ** nlc **
nvs. A 6.784 —1.941 0.863 3.745 —2.568 0.796

* The significance of the properties is the same as in Tables 1 and 2; ** nlc—nonlinear correlation.

Table 6. Linear correlations between predicted QSAR properties and ionization potential (I) or

electron affinity (A), computed using B3LYP and wB97XD hybrid functionals; A and I are expressed

ineV.
Correlation * B3LYP wB97XD
a b R? a b R?

For O1-03
Svs. I 2460.50 —393.52 0.841 2541.00 —300.07 0.939
Svs. A 968.30 —263.11 0.760 534.35 —309.07 0.809
Vs I 2422.40 —388.05 0.802 2494.20 —294.16 0.924
Vvs A 964.01 —266.49 0.782 528.54 —309.89 0.833

PSA vs. 1 nlc ** nlc **

PSAvs. A 16.19 1.18 0.969 16.15 494 0.999
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Table 6. Cont.
Correlation * B3LYP wB97XD
a b R? a b R?
Olvs. 1 3.89 —0.45 0.893 3.93 -0.33 0.969
Olvs. A 2.16 —0.28 0.690 1.69 —0.33 0.750
avs. I 237.41 —31.54 0.826 242.59 —23.93 0.927
avs. A 118.60 —21.50 0.776 82.66 —25.11 0.829
Epot vs. [ nlc ** nlc **
Epot vs. A —183.43 9.13 0.916 —170.90 20.15 0.959
For S1-S3
Svs. I 2102.20 —314.06 0.991 2257.30 —256.31 0.990
Svs. A 1086.40 —311.13 0.781 556.15 —316.09 0.791
Vvs. I 2074.80 —310.24 0.985 2233.80 —253.87 0.978
Vvs A 1081.30 —312.58 0.804 551.00 —323.02 0.832
PSA vs. 1 nlc ** 4.99 0.1782 0.959
PSAvs. A nlc ** 6.17 0.2341 0.870
Olvs. 1 342 —0.345 0.999 3.61 —0.285 0.998
Olvs. A 2.28 —0.3254 0.716 1.71 —0.3409 0.750
avs. I 209.18 —25.216 0.987 221.57 —20.678 0.979
avs. A 128.29 —25.334 0.799 84.50 —26.25 0.829
Epot vs. I nlc ** —10.42 —21.099 0.923
Epot vs. A nlc ** —149.82 —29.00 0.917

* The significance of the properties is the same as in Tables 1 and 2; ** nlc—nonlinear correlation.

3.4. Correlation of Quantum Chemical Reactivity Parameters

The quantum chemical reactivity parameters of the investigated compounds obtained
using B3LYP and wB97XD hybrid functionals were also correlated with the ionization
potential (I) or electron affinity (A). Linear correlations were proposed for each quantum
chemical reactivity parameter, and the obtained correlation parameters (a intercept, b slope,

and R? correlation coefficient) are given in Table 7 for each type of correlation.

Table 7. Linear correlations between predicted quantum chemical reactivity parameters and ioniza-

tion potential (I) and electron affinity (A), respectively; A and I are expressed in eV.

Correlation * B3LYP wB97XD
a b R? a b R?
For O1-03

xvs. I nlc ** nlc **

Xvs. A 2.0664 0.743 0.942 3.3624 0.9239 0.870
nvs. I 4.4667 —0.5714 1.000 5.1432 —0.2604 0.624
nvs. A nlc ** nlc **

ovs. 1 0.4941 0.2232 0.999 0.14 0.023 0.617
ovs. A nlc ** nlc **

wvs. I 21.971 —3.7393 0.954 14.382 —1.8404 0.999
wvs. A nlc ** nlc **
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Table 7. Cont.

Correlation * B3LYP wB97XD
a b R? a b R?
For S1-S3

xvs. I nlc ** nlc **

Xvs. A 1.6338 0.9867 0.948 3.3264 1.0795 0.893
nvs. I nlc ** nlc **

nvs. A nlc ** nlc **

ovs. [ nlc ** nlc **

ovs. A nlc ** nlc **

wvs. I 19.407 —3.2091 0.940 14.783 —1.9129 0.981
wvs. A 9.6175 —3.4881 0.892 2.0581 —2.4249 0.823

* The significance of the properties is the same as in Table 2; ** nlc—nonlinear correlation.

4. Discussion

The calculated values given in Table 1, computed using B3LYP and wB97XD hybrid
functionals, are quite similar for E, Eqq, OI, &, and Epo with those calculated with the B3LYP
method, generally being slightly higher (in absolute value). Exceptions are observed for
dipole moment (1) and Egopo. Additionally, Eyp,, values for S1 and S2 are equal or lower
when computed using B3LYP than wB97XD.

The dipole moment (y) for oxygen and sulfur compounds (Table 1) varies in the order:
02 > 01 > O3 and S2 > S1 > S3, respectively, which is the same order of variation for
the absolute values of the minimum value of electrostatic potential (Epot): 02>01>03
and S2 > S1> S3 (Table 1). Both properties and quantities were used to describe the
polarity of the molecule and indicate the unsubstituted compound as the least polar and
the substituted ones (02 and S2) as the most polar. The substitution of the hydrogen atoms
in azulene by a methyl group or isopropyl group results in a systematic increase in the
minimum value of electrostatic potential Ep, for both types of compounds, which can be
explained by the +I inductive effects of alkyl groups.

The calculated values for quantum chemical reactivity parameters given in Table 2
predicted by B3LYP and wB97XD are quite different. For the parameters I, AEga, X, 17,
the values calculated with wB97XD hybrid functional are significantly higher than those
obtained from B3LYP computations (Table 2). For the parameters A, o, and w, the situation
is reversed (Table 2). These findings apply to all oxygen and sulfur compounds.

Concerning AEg,, values, O3 reveals the smallest AEg;, and O2 the highest (Table 2).
This can be explained by the substitution on the azulene ring by methyl or isopropyl groups
(with +I inductive effects), which results in a systematic increase in the energy of the LUMO
and an increase in the absolute value for the reduction potential.

Regardless of the method used for computation, it can be noticed that ionization
potential (I) ranges in the order O1 < O2 < O3 (Table 1). The same behavior is observed for
sulfur compounds (Table 1). The electron affinity values (A) do not show the same regular
variation. The highest value of A is for O3; for O1 and O2, the values of A are relatively
close (Table 1). For sulfur compounds, S3 has also the highest value for A, while for S1 and
S2, the values of A are relatively close (Table 1).

Since our interest for these ligands is the complexation of the heavy metals ions,
the donor-acceptor interactions were examined by different parameters: AEg,, global
electrophilicity index (w), etc. The descriptor that was used to depict the molecular stability
is the difference between HOMO and LUMO energy levels (AEg;;), which quantifies
possible charge transfer interactions within the molecule. The higher the value of AEg),
the more stable the compound is. The larger value of AEg,, for O2 and S2 in their homolog
series leads to the conclusion that these substituted structures are more stable (Table 2).
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Thus, the most reactive compounds seem to be the unsubstituted ones (O3 and S3), which
are more likely to be involved in the complexation process of HMs.

A molecule with a small AEg,, value is generally associated with low kinetic stability,
high chemical reactivity, and high polarizability [46]. The unsubstituted compound O3,
which has the smallest energy gap (Table 2), possesses the smallest polarizability (cc), which
means it is the most reactive (Table 1).

Further, the higher value of the global electrophilicity index w (Table 2) for the substi-
tuted azulene compounds (02 and S2) suggests that they are more electrophilic than the
unsubstituted compounds (O3 and S3).

The graphical representations illustrated in Figures 2 and 3 indicate the chemically
active regions and facilitate the comparison of the local reactivity sites of the investigated
structures. The red area (negative charge) is found around the electronegative N in the
pyridine, which indicates the reactive sites for the complexation process of these ligands
upon HMs ions. The red region is susceptible to electrophilic attack. These negative
areas correspond to the maximum negative values of potential (Epot values from Table 1).
The absolute Ej, values for oxygen compounds are ordered as follows: 02 > O1 > O3,
regardless of the functional. For sulfur series, the order is similar for the B3LYP method
(Table 1), that is, S2 > S1 > 83, and is slightly different for the wB97XD hybrid functional
(83 >82>81).

Comparatively, as expected, the oxygen compounds reveal more negative electrostatic
potentials than sulfur compounds, as shown by the variation in the intensity of the red
color (Figures 2 and 3).

The recently published molecules ((Z)-5-(azulen-1-ylmethylene)-2-thioxothiazolidin-4-
ones) [26], with which our ligands share the azulene rings in common, as well as the same
substituents to azulene, have smaller frontier orbital gaps, which means that they are more
reactive than our O1-03 and S1-S3 compounds. Thioxothiazolidin-4-one molecules also
have a higher value of global electrophilicity index, with values around 5 D/(eV), compared
with the investigated molecules (Table 2) with values around 3 D/ (eV), suggesting that the
corresponding ligands are more electrophilic than O1-O3 and S1-S3, respectively.

The distribution of HOMO orbitals for oxygen compounds (Figure 3.3) is localized
over azulene and pyridine rings for O1 and O2 compounds. For O3, they are localized on
the conjugated system furan—vinyl-pyridine—vinyl-furan. For sulfur compounds (Figure 5),
HOMO orbitals are distributed over azulene and pyridine rings for S1 and S2 compounds,
and over the whole molecule in the case of S3. The difference between the distribution of
HOMO orbitals in the case of O1, 02, and O3 is a very important asset of the calculations,
as they relate to the oxidation capacity of these ligands, which is a key parameter in these
structures’ electropolymerization.

For both oxygen and sulfur compounds, LUMO distribution is localized over azulene
systems (Section 3.3 and Figure 5).

Considering our great interest in HMs ions recognition by complexation with the in-
vestigated ligands, we examined the donor—acceptor interactions. They can occur between
the nitrogen lone pair and the vacant d orbital of the heavy metal.

The electrochemical oxidation and reduction potentials were read from the DPV
curves, which indicate more precisely among the electrochemical methods the potentials
of processes occurring during the anodic or cathodic scans. The electrochemical oxida-
tion potentials (E;) for both oxygen and sulfur compounds (Table 3) vary in the order
03 > 02> 01 and S3 > S2 > S1, respectively, indicating higher E, values for the unsub-
stituted compounds, which are decreased by the presence of different substituents with
+I inductive effects. The electrochemical reduction potentials E. (in absolute value) for
both oxygen and sulfur compounds (Table 3) vary in the reversed order than the oxidation
potential: 02 > O1 > O3 and S2 > S1 > S3, respectively. The substitution of the hydrogen
atoms in azulene by methyl or isopropyl groups results in an increase in the absolute value
of the reduction potential in respect to unsubstituted compound, but the regular behavior
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is complicated by symmetry reasons, as O2 is more symmetrical than O1, and its reduction
is more difficult to occur.

Enomo and Ejymo predicted chemical parameters (Table 1) were correlated with
experimental electrochemical properties (Table 3). Linear relationships using both B3LYP
and wB97XD hybrid functions were obtained (Table 4). R? values indicate very good
correlations between the calculated and the experimental values for both functionals
(greater than 0.990).

The energies of the HOMO orbital follow the same order as the experimental val-
ues of the first anodic peak potentials E, for oxygen and sulfur compounds—namely,
03 > 02> 01 and S3 > S2 > S1 (absolute values). Thus, the evaluation of the oxidation
capacity of the investigated azulenes is in good agreement with the electrochemical data.

The same order of variation for both E; and E. is observed for six similar com-
pounds, derived from 4-(azulen-1-yl)-2,6-bis(2-furyl)- and 4-(azulen-1-yl)-2,6-bis(2-thienyl)-
pyridines, that had been previously investigated [47].

Tables 5 and 6 show the correlations between calculated molecular properties (Table 1)
and QSAR properties (Table 2) and the ionization potential (I) or electron affinity (A),
respectively. Linear relationships were considered for all parameters, but we choose
the correct connections using the best correlation coefficients (R?). For instance, the R?
value for the correlation of total energy (E) with I (0.917 in Table 5) is higher than for
the corresponding correlation with A (0.842) when using the wB97XD hybrid functional.
Moreover, these values are greater than the ones obtained with the B3LYP method (0.812 and
0.791, respectively).

On the other hand, the R? value for the correlation of aqueous solvation energy (Eq,
from Table 5) with A (0.791) is lower than the one for the correlation with I (0.917) when
using the wB97XD hybrid functional. When using the B3LYP method, both values are
lower, 0.719 and 0.873, respectively. The same procedure was followed for all the other
properties indicated in Table 1.

Table 8 shows the best correlations of the parameters (R? over 0.9) and the method used.
For oxygen compounds, the best correlations were obtained using the wB97XD hybrid
functional. The dependencies with the ionization potential I are linear, except for PSA and
Epot, which are better correlated with A. For sulfur compounds, the best correlations were
obtained with I, most of them using the B3LYP method.

Table 7 shows the linear correlations for quantum chemical reactivity parameters
from Table 2, with A and I, respectively. For oxygen compounds, the correlations of 7, o,
and w are better with I than with A, while the correlation x (A) is better than x (I). The
best correlation coefficient is obtained through the B3LYP hybrid functional. For sulfur
compounds, the correlations are even worse than those for oxygen compounds. Therefore,
good correlations were found only for x (A) and w (I), when using the B3LYP hybrid
functional. The wB97XD hybrid functional has a good correlation only for w (I) for both
oxygen and sulfur compounds. Table 9 shows the best correlations of the parameters (R?
over 0.9) and the method used to get them.

Table 8. Linear correlations between molecular and QSAR properties * and I or A using best-
performing DFT method; A and I are expressed in eV.

Correlated Parameters a b R? DFT Method

Oxygen compounds

Evs. I —5786.5 642.99 0.917 wB97XD
Egg vs. | —5786.5 642.99 0.917 wB97XD
Eqpt VS. 178.07 —29.55 0.980 wB97XD
Svs. I 2541.00 —300.07 0.939 wB97XD
Vvs. I 2494.20 —294.16 0.924 wB97XD
PSA vs. A 16.15 494 0.999 wB97XD

Olvs. 1 3.93 —0.33 0.969 wB97XD
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Table 8. Cont.

Correlated Parameters a b R? DFT Method
avs. T 242.59 —23.93 0.927 wB97XD
Epot vs. A —170.90 20.15 0.959 wB97XD
Sulfur compounds
Evs. I —5461.8 676.00 0.982 B3LYP
Eggvs. I —5461.9 676.00 0.982 B3LYP
Egoip vs. I 93.18 —25.25 0.977 B3LYP
Svs. I 2102.20 —314.06 0.991 B3LYP
Vws. I 2233.80 —253.87 0.985 B3LYP
PSAvs. 1 4.99 0.1782 0.959 wB97XD
Olvs. I 3.42 —0.345 0.999 B3LYP
avs. T 209.18 —25.216 0.987 B3LYP
Epot vs. I —10.42 —21.099 0.923 wB97XD

* The significance of the properties is the same as in Table 1.

Table 9. Linear correlations between predicted quantum chemical reactivity parameters * and I or A
using best-performing DFT method; A and I are expressed in eV.

Correlated Parameters a b R? DFT Method
Oxygen compounds
xvs. A 2.0664 0.743 0.942 B3LYP
nvs. I 4.4667 —-0.5714 1.000 B3LYP
ovs. | 0.4941 0.2232 0.999 B3LYP
wvs. I 21.971 —3.7393 0.954 B3LYP
wvs. | 14.382 —1.8404 0.999 wB97XD
Sulfur compounds
xvs. A 1.6338 0.9867 0.948 B3LYP
wvs. [ 19.407 —3.2091 0.940 B3LYP
wvs. [ 14.783 —-1.9129 0.981 wB97XD

* The significance of the properties is the same as in Table 2.

5. Conclusions

Quantum chemical calculations for azulenes substituted with thiophen- or furan—
vinyl-pyridine showed that the predicted chemical parameters are correlated with the
experimental electrochemical potentials. Linear relationships with the electron affinity (A)
or ionization potential (I) were considered for the predicted molecular, QSAR properties,
and quantum chemical reactivity parameters. For oxygen compounds, the dependencies
of the molecular and QSAR properties with I (calculated with wB97XD hybrid functional)
are linear (R2 > 0.9), except for PSA and E,p, which are better correlated with A. For
sulfur compounds, the best correlations were obtained with I, most of them by using
the B3LYP method. For oxygen compounds, the dependencies of the quantum chemical
reactivity parameters indicate better correlations of #, o, and w with I than with A, while
the correlation x (A) is better than x (I). For sulfur compounds, good correlations were
found only for x (A) and w (I), when using the B3LYP method.

The energies of the HOMO orbital follow the same order as the experimental values of
the first anodic peak potentials. The same result was observed for the first cathodic peak po-
tentials, which vary in the opposite direction, as expected. The redox potential is influenced
by the number and position of the alkyl groups. Linear dependencies of DFT-computed
energies of FMO and the experimental oxidation and reduction potentials were found.
This computational study proves to be a good alternative approach to determine valuable
parameters if we want to assess whether a certain ligand is good for a certain application.
Both used density hybrid functionals give reliable results for properties computations and
correlations and, therefore, are useful tools to further assess electrochemical applications.
Thus, it is challenging to choose the preferred calculation hybrid functional.
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