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The chelation ability of divalent Mg, Ca, Fe, Co, Ni, Cu, Zn, and monovalent Cu ions by neutral and anionic forms of juglone
has been investigated at DFT/B3LYP/6-31+G(d,p) level of theory in gas and aqueous phases. It is noteworthy that only the 1 : 1
stoichiometry was considered herein.The effects of thesemetals on the radical scavenging activity of neutral juglone were evaluated
via the usual descriptors of hydrogen atom transfer. According to our results, metal chelation by the two forms of juglone was
spontaneous and exothermic in both media. Based on the binding energies, Cu(II) ion showed the highest affinity for the ligands.
QTAIM analyses identified the metal-ligand bonds as intermediate type interactions in all the chelates, except those of Ca andMg.
It was also found that the chelates were better radical scavengers than the ligands. In the gas phase, the scavenging activity of the
compounds was found to be governed by direct hydrogen atom transfer, the Co(II) chelate being the most reactive. In the aqueous
phase also, the sequential proton loss electron transfer was preferred by all the molecules, while the Cu(II) chelates were the most
reactive.

1. Introduction

In living organisms, transitionmetal ions (M𝑛+) in their lower
oxidation states (𝑛 = 1 or 2) can catalyze oxidative reactions
by reducing their activation energy. By doing so, thismay lead
to the formation of very dangerous reactive oxygen species
on the one hand, most common of which are the hydroxyl
radicals (HO∙), reactive nitrogen species [1–5], and oxidized
metal ions M(𝑛+1)+ (1), via Fenton reactions on the other
[2, 6]. Direct consequences of this are diseases such as can-
cer, cataract, Alzheimer and Parkinson diseases, accelerated
ageing, arthritis, and compromised immune systems:

M𝑛+ +HOOH → M(𝑛+1)+ +HO− +HO∙ (1)

In the presence of the superoxide radical (O2
−∙) or some

other antioxidant molecules like ascorbic acid (AH2) or

polyphenols (PhOH) ((2) and (3)), the oxidized state of the
metal ions M(n+1)+ is reduced to Mn+ [3], which in turn
undergoes another Fenton reaction.

M(𝑛+1)+ + 2AH2 → M𝑛+ + 2AH∙ + 2H+ (2)

M(𝑛+1)+ + PhOH → M𝑛+ + PhO∙ +H+ (3)

Metal-chelating compounds encompassing antioxidants
that are capable of altering their redox potentials, that is,
capable of removing metals from their surrounding environ-
ments, are very important in foods processing, beverages,
cosmetics, metal corrosion, pharmaceutical formulations,
and living organisms [3, 7–11]. From the foregoing, a high
affinity for the targeted metal ions by the antioxidant, which
results in their greater capability of scavenging the free active
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metal ions, is one of the key features of a good chelating agent
[12]. Indeed, natural polyphenols can chelate metal ions in
order to prevent the generation of reactive hydroxyl radicals
[13–15]. Typically, these polyphenols bind to transition metal
ions via their hydroxyl, carbonyl, and carboxyl groups. This
binding process occurs through an acid-base reaction in
which themetal ion acts as the Lewis acid and the polyphenol
functions as the Lewis base. The above-mentioned solutions
toward mitigating the excesses of transition metal ions in
living organisms have been subject to many studies [9–
12].

In a previous paper, we evaluated the Fe2+ ion chelating
ability of neutral juglone (5-hydroxy-1,4-naphthoquinone)
and two of its derivatives by means of the density functional
theory (DFT) [16]. In this paper, the effect of the Fe(II)
ion chelation on the antioxidant activity of juglone and its
derivatives was evaluated. However, apart from Fe2+ ion,
food and cosmetic ingredients, lipids, polymer materials,
and living organisms also contain many other transition
as well as alkali-earth metal ions. Unfortunately, some of
these transition metal ions can catalyze the formation of free
radicals. Against this backdrop, the present article aims at
identifying the metal ions in living organisms having the
highest affinity toward neutral and deprotonated juglone.
Moreover, the effects of thesemetals on the radical scavenging
activity of juglone in gas and aqueous media have been
investigated herein. To attain this objective, the ions Fe2+,
Co2+, Ni2+, Cu2+, Zn2+, Ca2+, and Mg2+ as well as Cu+
have been chosen because they are of paramount importance
in bioinorganic chemistry and also for their abundance
in enzymes. Additionally, these ions are highly involved
in the strengthening of living organisms. To the best of
our knowledge, the present work is the first attempt of
utilizing quantum chemical tools in studying the metal
selectivity of juglone toward the above-mentioned met-
als, as well as the antiradical properties of the resulting
chelates.

To achieve these objectives, the thermodynamic param-
eters (reaction enthalpies and free energies of formation) as
well as interaction energies have been employed to study the
stability of the chelates. Bader’s QuantumTheory of Atom in
Molecules (QTAIM) and the Natural Bond Analysis (NBO)
were used to study the metal-ligand interactions. The usual
thermodynamic descriptors of antioxidant activity (AOA)
were used to evaluate the effect of themetal ions on the radical
scavenging activity of neutral juglone. These descriptors are
[17] as follows:

(i) the bond dissociation enthalpy (BDE) characterizing
the direct hydrogen atom transfer from the antioxi-
dant (MJ-OH) to a free radical as

MJ-OH → MJ-O∙ +H∙ (4)

(ii) the ionization potential (IP) and proton dissociation
enthalpy (PDE), describing the electron transfer-
proton transfer mechanism (ET-PT) as

MJ-OH → MJ-OH∙+ + e− → MJ-O∙ +H∙ (5)
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Figure 1: Structures of the studied chelates.

(iii) the proton affinity and the electron transfer enthalpy
(PA and ETE, (6)) describing the sequential proton
transfer electron transfer (SPT-ET) mechanism:

MJ-OH → MJ-O− +H+ → MJ-O∙ +H∙ (6)

2. Theoretical Background and
Computational Details

All electronic structure calculations have been performed
at DFT/B3LYP/6-31+G(d,p) level [18–24] in the gas and the
aqueous phases, using the Gaussian 09 package [25]. No
symmetry constraints were used during geometry optimiza-
tions. With the aim of determining the nature of all the
stationary points, frequency calculations were performed on
all the optimized geometries at the same level of theory.
The DFT/B3LYP method was used because it is frequently
employed for the studies onmetalation of natural antioxidant
[9–11, 26]. The calculations on closed shell systems were per-
formed by themeans of the RestrictedKohn-Sham formalism
whereas the Unrestricted Kohn-Sham approach was used for
open shell systems [23, 27]. The IEF-PCM (Integral Equa-
tion Formulation-Polarizable Continuum Model) solvation
model [28, 29] has been used in this work to predict the effect
of water on the studied properties.

The enthalpies and free energies of formation for the dif-
ferent chelates (Figure 1) as well as their interaction energies
were calculated via (7). In this equation, 𝑄 stands for the
enthalpy, the free energy or the thermal energy of the chelates,
the ligands, and the central metal ions. Here, the ligands are
both the neutral and deprotonated forms of juglone.

Δ𝑄 = 𝑄L−M − 𝑄L − 𝑄M𝑛+ (7)

The Natural Population Analysis (NPA) charge [30] on
the central metal ions has been calculated and used to
evaluate the degree of reduction of these metals after their
chelation by the ligands. The nature of all metal-ligand
bonds was studied via the Quantum Theory of Atom in
Molecules (QTAIM) proposed by Bader [31], as implemented
in Multiwfn [32].

The effects of all eight metal ions studied on the antiox-
idant activity of juglone have been investigated using the
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Table 1: Gas phase energies (Hartree) of the Fe(II), Co(II), and Ni(II) chelates related to their multiplicities calculated at B3LYP/6-31+G(d,p)
level of theory.

Juglone Deprotonated juglone
Low multiplicity High multiplicity Low multiplicity High multiplicity

Fe(II) −1873.11248 −1873.19968 −1872.96805 −1873.04352
Co(II) −1992.19774 −1992.21763 −1992.17881 −1992.06371
Ni(II) −2117.71185 −2117.74145 −2117.57340 −2117.59036

Table 2:Gas andwater phases values of theO-metal andO-Hbond lengths (angstrom) of the chelates obtained from the optimized geometries
at DFT/B3LYP/6-31+(d,p) level.

Juglone Deprotonated juglone
Gas Water Gas Water

O1-M O2-M O-H O1-M O2-M O-H O1-M O2-M O1-M O2-M
J-Mg 1.967 1.854 0.975 2.101 1.976 0.972 1.839 1.874 1.951 1.985
J-Ca 2.386 2.180 0.973 2.664 2.431 0.971 2.152 2.205 2.331 2.394
J-Fe 1.973 1.867 0.977 2.136 1.952 0.973 1.799 1.916 1.901 1.971
J-Co 1.934 1.891 0.979 2.032 1.936 0.973 1.790 1.912 1.868 1.976
J-Ni 1.932 1.845 0.979 2.013 1.909 0.973 1.781 1.873 1.854 1.915
J-Cu 2.080 1.910 0.974 1.936 1.834 0.976 1.925 1.950 1.816 1.846
J-Cu(I) 2.087 1.918 0.970 2.123 1.942 0.971 1.888 1.914 1.921 1.939
J-Zn 1.926 1.832 0.976 2.106 1.962 0.972 1.812 1.847 1.905 1.945

following equations, which are based on the hydrogen atom
transfer mechanisms ((4)–(6)):

BDE = HMJ-O∙ +HH∙-HMJ-OH (8)

IP = HMJ-OH+∙ +H𝑒−-HMJ-OH (9)

PDE = HMJ-O∙ +HH+-HMJ-OH+∙ (10)

PA = HMJ-O− +HH+-HMJ-OH (11)

ETE = HMJ-O∙ +H𝑒−-HMJ-O− (12)

In these equations,𝐻 stands for the enthalpy of formation
of the species calculated at 298.15 K and 1 atm. Aimed at
studying the spontaneity of the AOA mechanisms, the free
energies of these mechanisms have also been calculated by
replacing𝐻 with 𝐺, the free energy of formation.

3. Results and Discussion

3.1. Effect ofMultiplicity. Since themultiplicities of the chelates
and complexes are dependent on the strength of the ligands,
the first section of the results is devoted to the study of
the energies of the highest and lowest multiplicity states
of iron, cobalt, and nickel chelates. These states are singlet
and quintet, singlet and quartet, and singlet and triplet,
respectively, for the iron, cobalt, and nickel chelates. This
investigation was carried out in gas phase for juglone and
deprotonated juglone chelates, and the states of multiplicity
adopted have been used in the aqueous phase. The energies
of the aforementioned multiplicity states are presented in
Table 1. In the case of the Mg(II), Ca(II), Cu(I), and Cu(II) as

well as Zn(II) chelates, the effect of multiplicity has not been
investigated because only one multiplicity state (doublet for
Cu(II) and singlet for the rest of chelates) is adopted.

It is clear from Table 1 that, for all the chelates, the highest
multiplicity state is the most stable (that with the lowest
energy). Therefore, the quintet, quartet, and triplet states of
Fe (II), Co(II), andNi(II) chelates will be adopted throughout
the rest of the work. The ⟨𝑆2⟩ values of the high multiplicity
state for the Fe(II), Co(II), and Ni(II) chelates of juglone
are, respectively, 6.00, 3.75, and 2.00. For the deprotonated
juglone compounds, these ⟨𝑆2⟩ values are 6.00, 3.75, and
2.00, respectively, for the Fe(II), Co(II), and Ni(II) chelates.
Interestingly, all of these values are equal to the ⟨𝑆2⟩ values of
the pure quintet, quartet, and triplet wave functions, which
are 6.00, 3.75, and 2.00, respectively.

3.2. Geometric Parameters. The gas phase optimized geome-
tries of all the chelates are presented in Figure 2. The values
of the metal-ligand bond lengths as well as those of the
O-H bonds are reported in Table 2. The variation of these
metal-ligand bond lengths has been plotted and presented in
Figure 3. The labeling has been described in Figure 1.

It can be seen from Figure 3 that, in both gas and aqueous
phases, the lengths of the M-O1 bonds are longer than those
of the M-O2 bonds in juglone chelates. It is clearly evidenced
from the figure that, apart from the Cu(II) chelate, the
solvent environment increases the two M-O bond lengths,
which is apparently responsible for the interaction energy
increment ongoing from the gas to the solvent phase. A
similar observation is made in the case of the chelates of
deprotonated juglone as depicted in Figure 3. However, in
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Figure 2: Gas phase optimized geometries of the chelates obtained at B3LYP/6-31+G(d,p) level of theory.

these compounds theM-O1 bonds are shorter than theM-O2
bonds owing to the negative charge carried by the O1 atom,
which increases its basicity relative to that of O2. Because of
this negative charge, the M-O bond lengths are shorter in the
chelates of anionic juglone than in those of neutral juglone.

The lengths of the O-H bond in the chelates of the neutral
form of juglone are presented in Table 2. In gas phase, the
length of this bond lies within the range 0.970 to 0.979>,
with the Co and Ni chelates having the highest values. Apart
from the two Cu chelates, the presence of water leads to
slight discrepancies in the O-H bond lengths. In this solvent,
the length of this bond lies within 0.971 and 0.976>, with
the Cu(II) chelate having the highest values. Based on these
results, the best antioxidants in gas phase are certainly the

Ni(II) and Co(II) chelates whereas the best antioxidant in
aqueous phase is the Cu(II) chelate.

3.3. Chelation Ability. The chelating ability of both neutral
and deprotonated juglone toward the Mg(II), Ca(II), Fe(II),
Co(II), Ni(II), Cu(II), Cu(I), and Zn(II) ions has been
evaluated through the enthalpies (ΔH) and free energies (ΔG)
of formation of the chelates, as well as the complexation
(binding) energies (ΔE) as summarized in (7). The values of
these thermodynamic parameters calculated at 298.15 K and
1 atm are reported in Table 3. It is obvious from the values
in Table 3 that the formation of all the juglone chelates in
gas phase is exothermic and exergonic, meaning that these
reactions are thermodynamically feasible. The formation of
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Figure 3: Variation of themetal-oxygen bond lengths (pm) of the studied chelates obtained from the optimized geometries at DFT/B3LYP/6-
31+(d,p) level.

Table 3: Thermodynamic parameters (kJ/mol), atomic charge of the central metal(e) (ligand-metal charge transfer), and the correlation
coefficient (𝑅2) all obtained at B3LYP/6-31+G(d,p) level.

Juglone Deprotonated juglone
M(e) ΔH ΔG ΔE 𝑅2 M(e) ΔH ΔG ΔE 𝑅2

Gas
Mg(II) 1.84(0.16) −674.1 −640.4 −672.2

0.746

1.76(0.24) −1623.6 −1582.4 −1618.5

0.639

Ca(II) 1.93(0.07) −416.1 −384.1 −415.1 1.88(0.12) −1275.3 −1237.6 −1227.2
Fe(II) 1.58(0.42) −769.6 −735.7 −767.5 1.43(0.57) −1776.1 −1735.3 −1773.6
Co(II) 1.51(0.49) −838.9 −805.9 −837.9 1.28(0.72) −1851.3 −1811.9 −1853.8
Ni(II) 1.31(0.69) −945.1 −915.7 −945.6 1.17(0.83) −1966.5 −1926.7 −1963.0
Cu(II) 1.08(0.92) −1027.0 −996.0 −1027.0 0.97(1.03) −2038.6 −2001.4 −2036.9
Cu(I) 0.89(0.11) −244.8 −214.1 −244.7 0.81(0.19) −772.7 −733.5 −769.0
Zn(II) 1.66(0.34) −841.5 −808.3 −841.6 1.55(0.45) −1841.0 −1801.1 −1838.7

Water
Mg(II) 1.93(0.07) −48.6 −14.1 −46.1

0.853

1.89(0.11) −209.1 −168.2 −205.2

0.871

Ca(II) 1.98(0.02) 9.4 39.3 10.6 1.96(0.04) −103.2 −62.4 −99.4
Fe(II) 1.85(0.15) −51.1 −15.0 −49.5 1.74(0.26) −239.9 −197.3 −235.5
Co(II) 1.80(0.20) −94.7 −58.9 −92.2 1.66(0.34) −262.2 −221.1 −259.8
Ni(II) 1.76(0.24) −117.9 −81.7 −115.3 1.58(0.42) −321.6 −280.7 −317.2
Cu(II) 1.49(0.51) −368.7 −333.4 −366.4 1.37(0.63) −630.8 −590.2 −627.7
Cu(I) 0.98(0.02) −92.2 −567.4 −90.0 0.86(0.14) −222.6 −185.2 −219.5
Zn(II) 1.88(0.12) −63.1 −27.7 −62.8 1.77(0.23) −242.4 −203.8 −239.5

the Cu(II) chelate is themost favorable, since it has the lowest
free energy of formation (−996 kJ/mol) in gas phase. The
negative values of the binding (interaction) energies of all
the juglone chelates are indicative of high stability of these
molecules in the gas phase. The gas phase binding energies
of the juglone chelates decrease in the order: Cu(I) > Ca(II)
> Mg(II) > Fe(II) > Co(II) > Zn(II) > Ni(II) > Cu(II). This
ranking is in good agreement with the relative affinity of the

metal ion to nonmetal atoms or anions proposed byWilliams
and Fraústo [33] for the first row transition elements. It is
evidenced from Table 3 that water as solvent greatly increases
the values of the said thermodynamic parameters. Indeed, in
water the formation of the Ca(II) chelate is even endothermic
and endergonic. Besides the Ca(II) chelate, the interaction
energies of all the other chelates remain negative in aqueous
phase, although they greatly increase in magnitude. The least
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ΔE difference between the aqueous and gas phases is found
to be 154 kJ/mol for Cu(I), whereas the highest (830 kJ/mol)
is observed for theNi(II) chelate. Like in gas phase, the Cu(II)
remains themetal ionwith the highest affinity toward juglone
(i.e., the chelate with the lowest binding energy).

It is also clear from Table 3 that the formation of all
the chelates of deprotonated juglone is thermodynamically
favorable, since it is exothermic and spontaneous in gas and
aqueous phases. Furthermore, these chelates are all stable
since their binding energies are negative in both media. In
each of these study media, the values of ΔH, ΔG, and ΔE are
more negative relative to those of juglone chelates.This result
agrees with those obtained by Leopoldini and coworkers [11]
in the study of iron chelation by Quercetin. In both media,
Cu(II) is still found to be the metal with the highest affinity
toward deprotonated juglone, while Cu(I) and Ca(II) also
remain the metals with the lowest affinity to the ligand in the
gas and the aqueous phases, respectively. As is the case with
juglone chelates, the presence of water as solvent also leads
to an increase in the ΔH, ΔG, and ΔE values of deprotonated
juglone chelates.

TheNPA charges on the central metal ions of the different
chelates presented in Table 3 show that the charges on the
metals are lower than their formal charges, which are +2 or
+1. This implies that ligand-metal charge transfer is effective.
From the difference between the formal and actual charges
on the central metal ions (presented in brackets in Table 2), it
has been found that the highest ligand-metal charge transfer
is obtained for Cu(II) in both gas and aqueous phases. This
result is in good agreement with the high stability observed
with the Cu(II) chelates. In addition, the charges carried by
the metals in deprotonated juglone chelates are lower than
those on the metals in juglone chelates, which is also in
good agreement with their binding energy values. Moreover,
ligand-metal charge transfer has been found to decrease from
gas to aqueous phase, in conformity with the increment in
the values of ΔH, ΔG, and ΔE observed in water. In order to
determine the relationship between the ligand-metal charge
transfer and the interaction energies, a linear plot between the
two parameters has been done. The values of the correlation
coefficient (𝑅2) reported in Table 3 are all higher than 0.6.
Better correlation coefficients are obtained in water, wherein
𝑅2 values of 0.853 and 0.871 are calculated for the chelates
of juglone and deprotonated juglone, respectively. From the
foregoing results, it can be concluded that both the neutral
and anionic forms of juglone can be efficiently used in the
fight against metal ions toxicity and the adverse effects of
metal overload in foods, polymers, and living organisms.

3.4. QTAIM Analysis of the M-O Bond Characters. Among
the several techniques used in studying bonding interactions
in molecules, those based on electron density analysis are the
most reliable because electron density (𝜌(r)) is an observable.
Bader’s atoms in molecules method is one of the most used
for this purpose, since it is based on 𝜌(r) and its Laplacian
(∇2𝜌(r)) [31, 34].Thismethod also known as Bader’s topolog-
ical analysis, specifically studies 𝜌(r) and ∇2𝜌(r) at the bond
critical points (BCP), a BCP being a region between a pair of

nuclei, where∇𝜌(r) = 0. Generally, the character of a chemical
interaction is determined based on the following criteria at
the BCPs [35–37]:

(i) high values of𝜌(r),∇2𝜌(r)< 0, and [−𝑔(r)/v(r)]< 1 are
associated with covalent bonds (shared interactions);

(ii) low values of 𝜌(r) (generally less than 0.1 a.u.), ∇2𝜌(r)
> 0, and 0.5 < [−𝑔(r)/v(r)] < 1 signify intermediate
type interactions such as polar covalent bonds, strong
hydrogen bonds, and coordination bonds;

(iii) low values of 𝜌(r) (typically less than 0.1 a.u.), ∇2𝜌(r)
> 0, and [−𝑔(r)/v(r)] > 1 are associated with closed
shell interactions (weak interactions) like ionic, weak
hydrogen and van der Waals interactions.

Here, 𝑔(r) is the kinetic energy density at the BCP (always
positive), while v(r) is the potential energy density at the
BCP (always negative). The above-mentioned criteria were
exploited in this research endeavor to evaluate the characters
of the M-O bonds. For all the chelates, the Poincaré-Hopf
relation was fulfilled [31]. Our calculated values of these
parameters are reported in Table 4.

From Table 4, it can be seen that the M-O bonds in the
Mg(II) and Ca(II) chelates are characterized by low values of
𝜌(r), ∇2𝜌(r) > 0, and [−𝑔(r)/v(r)] > 1; hence, they are weak
interactions. In the case of the M-O bonds in the rest of
the chelates, the values of 𝜌(r) are low, ∇2𝜌(r) > 0, and 0.5
< [−𝑔(r)/v(r)] < 1, meaning that they are intermediate type
interactions. These observations are similar in both gas and
aqueous phases, although the values of the parameters change
slightly.

For the juglone chelates, the 𝜌(r) values of the O2-M
bonds are found to be higher than those of the O1-M bonds,
supporting the fact that the former bonds are shorter than
the latter. The reverse trend is observed for the chelates of
deprotonated juglone because the O1 atom carries a negative
charge, which increases electron density around the O1-M
bonds. As evidenced from Table 3, the electron density at the
BCPs of theM-O bonds reduces ongoing from gas to aqueous
phase, matching with the increase in their bond lengths from
gas to aqueous phase as previously observed in Section 3.3.
From the values of 𝜌(r), ∇2𝜌(r), and [−𝑔(r)/v(r)], it is clear
that the O-H bonds are covalent in nature. The electron
densities on all the O-H bonds are nearly the same and lie
between 0.344 and 0.357 in gas phase and between 0.348 and
0.354 in water. This serves as a plausible explanation for the
small discrepancies observed in the O-H bond lengths of the
compounds (Section 3.3). In this light, the slight reductions
in the lengths of these bonds in water are attributable to the
slight changes in their 𝜌(r) values.

3.5. Radical Scavenging Activity. Motivated by the stability of
the juglone chelates as earlier revealed by studies carried out
on thermodynamic parameters and binding energies, we have
studied the different mechanisms of hydrogen atom transfer
by antioxidants in order to investigate the effect of the metal
ions studied on the radical scavenging activity of juglone.
The values of the parameters describing these mechanisms,
calculated using (8)–(12), are reported in Table 5. The gas
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Table 4: Topological characteristics at the BCPs of the O-M and O-H bonds of the chelates.

Juglone Deprotonated juglone
Gas Water Gas Water

O1-H O1-M O2-M O1-H O1-M O2-M O1-M O2-M O1-M O2-M
Mg(II)
𝜌(r) 0.348 0.046 0.064 0.351 0.031 0.044 0.068 0.062 0.049 0.044
∇2𝜌(r) −2.124 0.369 0.571 −2.156 0.224 0.357 0.611 0.538 0.398 0.350
−𝑔(r)/v(r) 0.093 1.226 1.184 0.092 1.240 1.248 1.165 1.182 1.220 1.232

Ca(II)
𝜌(r) 0.354 0.032 0.051 0.356 0.015 0.027 0.056 0.050 0.035 0.030
∇2𝜌(r) −2.096 0.171 0.324 −2.131 0.077 0.147 0.356 0.302 0.202 0.164
−𝑔(r)/v(r) 0.101 1.147 1.120 0.099 1.192 1.198 1.086 1.107 1.146 1.167

Fe(II)
𝜌(r) 0.344 0.083 0.111 0.350 0.053 0.086 0.137 0.099 0.102 0.083
∇2𝜌(r) −2.112 0.452 0.684 −2.162 0.256 0.497 0.799 0.594 0.582 0.489
−𝑔(r)/v(r) 0.091 0.968 0.950 0.091 0.953 0.974 0.908 0.957 0.951 0.973

Co(II)
𝜌(r) 0.344 0.087 0.101 0.348 0.069 0.089 0.134 0.096 0.109 0.080
∇2𝜌(r) −2.124 0.551 0.635 −2.174 0.345 0.508 0.870 0.606 0.642 0.485
−𝑔(r)/v(r) 0.089 0.959 0.940 0.089 0.913 0.934 0.916 0.942 0.925 0.945

Ni(II)
𝜌(r) 0.344 0.090 0.113 0.348 0.075 0.094 0.136 0.106 0.115 0.940
∇2𝜌(r) −2.127 0.473 0.651 −2.173 0.322 0.527 0.824 0.607 0.592 0.519
-𝑔(r)/v(r) 0.088 0.875 0.891 0.088 0.842 0.897 0.879 0.892 0.862 0.892

Cu(II)
𝜌(r) 0.349 0.063 0.096 0.343 0.089 0.119 0.095 0.089 0.126 0.116
∇2𝜌(r) −2.134 0.269 0.450 −2.176 0.405 0.550 0.429 0.399 0.585 0.546
−𝑔(r)/v(r) 0.093 0.831 0.817 0.085 0.824 0.817 0.809 0.811 0.812 0.820

Cu(I)
𝜌(r) 0.357 0.062 0.095 0.354 0.057 0.088 0.105 0.098 0.096 0.092
∇2𝜌(r) −2.126 0.274 0.455 −2.155 0.253 0.421 0.506 0.465 0.451 0.429
−𝑔(r)/v(r) 0.100 0.839 0.821 0.095 0.853 0.821 0.816 0.814 0.813 0.814

Zn(II)
𝜌(r) 0.343 0.094 0.122 0.350 0.058 0.085 0.130 0.119 0.101 0.091
∇2𝜌(r) −2.132 0.387 0.517 −2.167 0.247 0.343 0.564 0.501 0.411 0.366
−𝑔(r)/v(r) 0.089 0.787 0.774 0.137 0.854 0.791 0.774 0.772 0.777 0.783

phase enthalpy and free energy of electron employed here
are 3.145 kJ/mol and −3.42 kJ/mol, respectively [38]. In water,
the values −105 kJ/mol [39] and −156.8 kJ/mol [40] for the
enthalpy and the free energy of electron, respectively, were
used. On the other hand, the enthalpies of formation for
the proton in gas phase and water are 6.197 kJ/mol [38]
and −1022 kJ/mol [39], respectively. The values of the proton
hydration free energies in these media are, respectively,
−26.26 kJ/mol [38] and −1104.5 kJ/mol [40].

3.5.1. Direct Hydrogen Atom Transfer Mechanism. The BDE
and BDFE values presented in Table 4 are all positive, indi-
cating that this mechanism is endothermic and nonfavorable
at 298.15 K and 1 atm. To facilitate the analysis of BDE and
BDFE, their values have been plotted in the graphs shown in
Figure 4. It is clear from this figure that the BDE and BDFE

values of the chelates are lower than that of juglone in the
two media investigated. This is a clear indication of the fact
that the presence of these metal ions increases the AOA of
juglone, which is in good agreement with the findings in the
literature [9, 26]. In gas phase, the Co(II) chelate has been
found to possess the lowest BDE value (262 kJ/mol), which
corroborates with its highest O-H bond length observed in
the said phase (Section 3.3). The BDE values of the chelates
studied are found to increase in the order: Co < Fe < Zn <
Mg = Ni < Ca < Cu(II) < Cu(I). This ranking shows that
the copper chelates are the least reactive in gas phase. This
low AOAmay be attributed to the observed low electron spin
density distribution in the radicals of these copper chelates,
as shown in Figure 5. This figure shows a huge distribution
of electron spin density in the two most reactive chelates (Co
and Fe chelates), which stabilizes the radical.
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Figure 4: Superposition of BDE and BDFE of the studied chelates
in gas and aqueous phases.

Apart from the Cu(I) chelate, the BDE values of the other
chelates increase in water as shown in Figure 3. This result
agrees with the slight decrease in the O-H bond length (and
the increase for the Cu chelates) previously observed. As a
result of the O-H bond length variations ongoing from gas
phase to water, the Cu(II) chelate has the lowest BDE value
(312 kJ/mol) in water and is thus the best antioxidant among
those studied. The BDE values in water are in the order:
Cu(II) < Cu(I) < Fe < Zn < Mg = Co < Ca < Ni. It is clear
from Figure 3 that the BDE and BDFE values of the chelates
follow the same trend in both gas and aqueous phases.

3.5.2. Electron Transfer-Proton Transfer Mechanism. IP is the
first and the determining step of this mechanism.The IP and
IPFE values of the chelates reported in Table 4 are plotted in
Figure 6. As depicted in this figure, IP and IPFE like BDE
and BDFE follow the same trend in both gas and aqueous
phases. However, the differences between IPs and IPFEs are
very small compared to those between BDEs and BDFEs in a
givenmilieu. It can also be seen fromTable 5 that the IP values
are higher than BDEs in gas and aqueous phases. It is evident
from Figure 4 that, in gas phase, the presence of the metal
ions leads to a great increment in the IP value of juglone.
This result agrees with those obtained by other authors in
similar studies [9, 26]. In gas phase, the Cu(I) chelate has
the lowest IP value (12.74 eV). Although the IPs and IPFEs
of all molecules greatly decrease in presence of water, the IP
values of the chelates are close to that of juglone in the solvent
phase, whereas in gas phase the IP values of the chelates are
significantly higher than that of juglone. In water phase, the
Cu(I) chelate still has the lowest IP value (5.83 eV).

Also presented in Table 4 are the PDE and PDFE values
of the chelates. The PDE values are found to be much lower
than that of juglone, with that of the Ni chelate being even
negative (−11 kJ/mol). From this result, it is clear that the
cationic radicals obtained from the chelates are very reactive.

The PDFE values show that the proton transfer reaction by
the cationic radicals of the Mg, Fe, Co, Ni, and Zn chelates
is exergonic in gas phase. A close inspection of Table 4 also
shows that, in water, the PDE and PDFE values of all the
chelate are negative,meaning that the reaction is spontaneous
under standard conditions. This is certainly due to the low
values of the enthalpy and free energy of proton in water.

3.5.3. Sequential Proton Loss Electron Transfer Mechanism.
The first step of this mechanism corresponds to a proton
transfer by the antioxidant and is described by PA. Low PA
value indicates a high acidic hydroxyl group and thus good
AOA. The PA and PAFE values are presented in Table 4. For
better comprehension of their analysis, the PA and PAFE
values have been plotted and their trends are shown in
Figure 7.

It is clear from Figure 6 that the PA values of the chelates
are lower relative to that of juglone in gas and aqueous phases.
This signifies that metal chelation increases the acidity of
the OH group. This result is in good agreement with those
obtained by Holtomo and coworkers [9]. In gas phase, the
PA values of the chelates increase in the order: Ni(II) <
Co(II) < Cu(II) < Fe(II) < Zn(II) <Mg(II) < Ca(II) < Cu(I).
According to this ranking, the highest acidity of the O-H
group of juglone in gas phase is obtained in the presence of
the Ni(II) ion. In aqueous solution, the PA and PAFE values
are found to decrease due to the low values of the enthalpy
and free energy of proton in water. In this solvent, the PA
values of the Ni(II) and Cu(II) chelates are even negative,
indicating that the proton transfer reactions by these chelates
are exothermic. It can be seen from Table 5 that, apart from
the Ca (II) chelate, the PAFE values of other chelates are
negative in water, showing that the reaction is spontaneous.
In water, the PA values of the chelates are found to increase
in the order: Cu(II) < Ni(II) < Fe(II) < Zn(II) < Co(II) <
Mg(II) < Cu(I) < Ca(II). Based on this classification, it can
be concluded that the Cu(II) chelate is the most acidic. From
Figure 7, it can be seen that PA and PAFE values follow the
same trend in the two study milieus. From Table 5, it can
also be observed that the PA and PAFE values are always
higher than the PDE and PDFE values, buttressing the higher
reactivity of the cationic radicals.

TheETE and ETFE values describing the electron transfer
reaction by the anions are presented in Table 4. These values
revealed that, in gas phase and water, ETEs and ETFEs
are lower than IPs and IPFEs. The ETE and ETFE values
can be used to describe the AOA of the chelate formed
from deprotonated juglone, since these molecules no longer
contain any hydroxyl group. Indeed, by comparing the ETE
values of the said chelates and the IP value of juglone in gas
phase, it can be concluded that the only chelate which could
be considered to be a better reducing agent than juglone is
that of Cu(I). Inwater, however, the ETE values of the chelates
are lower than the IP value of juglone except for the Cu(II)
chelate.Thismeans that nearly all of the deprotonated juglone
chelates are better reducing agents and as such are better
antioxidants than juglone in water. The ETEs and ETFEs
values follow the same trend in both media, thus leading to
the same conclusions.
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Figure 5: Spin density distribution for the radical formed from the chelates after the hydrogen atom abstraction, obtained at isovalue = 0.04.

3.5.4. Thermodynamic Preferred Mechanism. To determine
the thermodynamically preferred mechanism of the juglone
chelates, the free energies of the first steps of the hydrogen
transfer mechanisms have been plotted in the graphs shown
in Figure 8.

The following ranking of the free energies for the first step
reactions of the chelates in gas phase, BDFE < PAFE < IPFE,
is obvious from Figure 8. According to this classification, the
direct HAT is the preferred mechanism in the gas phase for
neutral juglone and its chelates. Figure 8 also shows that, in
gas phase, the chelates are more reactive than the ligand,
the Co chelate being the most reactive. From the graph in
Figure 8, the following ranking of free energies can be made

in water as solvent for all the compounds: PAFE < BDFE
< IPFE. This shows that the sequential proton loss electron
transfer is the preferred mechanism in water. This result is in
good agreement with those found in the literature with the
polar solvents [41–48]. In water, the Cu(II) chelate is found
to be the most stable and the most reactive.

4. Conclusion

In this paper, the antioxidant activity of neutral and deproto-
nated juglone has been investigated in the gas and the aque-
ous phases at DFT/B3LYP/6-31+G(d,p) level of theory. In this
regard, the chelating ability of these ligands toward Mg2+,
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Ca2+, Fe2+, Co2+, Ni2+, Cu2+, Cu+, and Zn2+ ions usually
involved in the generation of free radicals in living organisms
was studied. Furthermore, the effect of these metals on the
radical scavenging activity of neutral juglonewas investigated
by means of the usual hydrogen atom transfer mechanisms.
The analysis of the thermodynamic parameters (ΔH and
ΔG) and the interaction energies calculated herein showed
that the neutral and anionic forms of juglone are capable of
chelating these metal ions in gas and aqueous phases. For
both ligands, the highest metal ion affinity has been exhibited
toward the Cu(II) ions. This trend has been confirmed by
the fact that the highest reduction effect due to chelation is
observed for the Cu(II) chelate. Bader’s topological analyses

revealed that the metal-ligand bonds in the Mg and Ca
chelates are weak interactions, while those in the other
chelates are intermediate type interactions, in both gas and
aqueous phases. Analyses of the BDE, IP, and PA along with
their free energies showed that direct HAT transfer is the
preferred AOA mechanism of the neutral juglone chelates in
gas phase, with the Co(II) chelate being the most reactive. In
water, sequential proton transfer electron transfer has been
found to be the most preferred AOA mechanism, for which
the Cu(II) chelate is found to be the most reactive. However,
to gain further insight into the antioxidant mechanisms of
themolecules currently studied, we intend to perform kinetic
studies on the molecules.
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