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-e present work is devoted to the exploration antioxidant and antiradical activity of twenty anthraquinones isolated from the
Cameroonian flora at B3LYP/6-311++G(d,p) level of theory using the B3LYP/6-31 +G(d,p) geometrical data as geometry op-
timization starting points. -e single electron transfer mechanism has been adopted to examine both biological activities. -e
classification of the antiradical profile to integrate the electrodonating power (ω−), electroaccepting power (ω+), donor index (Rd)
and acceptor index (Ra) has been performed using the donor-acceptor map (DAM). -e antioxidant and radical powers of
compounds analyzed have been compared to that of two classical vitamins (vitamin C and gallic acid). -e stability of each
anthraquinone derivative of the molecular library has been developed according to thermodynamic and kinetic concepts. -e
global reactivity descriptors (GRDs; electrophilicity index (ω), electronegativity (χ), global softness (S), and global hardness (η))
have been used to analyze the reactivity. -e topological analysis of optimized structures indicates that the strength of the
hydrogen bonds formed is situated between 44.205 and 52.001 kJ/mol. Our B3LYP results reveal that 3-methoxy-1-vismiaquinone
(in a configuration without hydrogen bond) exhibits the best antioxidant capacity in gas phase. A comparison between antioxidant
performance of molecules examined and that of classical vitamins (gallic acid, caffeic acid, ferulic acid, and ascorbic acid (vitamin
C)) displayed the fact that the single electron transfer (SET) mechanism is more prominent for compounds of the molecular
library analyzed. In the same vein, the antiradical behaviors of anthraquinone derivatives have shown to be higher than that of
gallic acid and vitamin C in gas phase and water. -e 5,8-dihydroxy-2-methylantraquinone structure in a configuration bearing
one hydrogen bond has been found to be the best antiradical of the series in aqueous solution.

1. Introduction

Lipids are significant function component role in food
through their influence of texture cooking and that of water-
holding capacity (WHC). However, the flavor color, texture,
and nutritional value of food are frequently diminished as
the result of lipid deterioration during storage [1]. -e
oxidation of food lipid, known as oxidative rancidity, is one
of the major deteriorative and quality affecting reactions [2].
Oxidative rancidity is initiated by oxygen free radicals (as
reactive oxygen species (ROS)) that result from the food

sourness, the rootedness oil, and most of industrial product
aging. -e main free radicals are superoxide radicals (SOR),
hydroxyl radical (OHR), alkoxyl radical (AR), peroxyl
radical (PR) and nitric oxide radical (NOR) [2]. Butylated
hydroxytoluene (BHT) and butylated hydroxyanisole (BHA)
are extensively used as antioxidants in order to reduce the
harm caused by free radicals. However, these antioxidants
will be unfavorable to be used in the fields of foods and
health products because they would induce toxicity in an-
imal body at longtime [3]. An excess of free radicals pro-
vokes oxidation stress due to an imbalance between
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production of ROS and antioxidant defenses [4]. -is oxi-
dation stress leads to the damage of cellular proteins,
membrane lipids, and nucleic acids. -is process has been
implicated in the pathogenesis of various diseases, including
coronary heart diseases and some forms of cancer [5] like
Alzheimer’s disease, Parkinson’s disease, and schizophrenia.

Due to the toxicity of these classical synthetic antioxidants
(BHTand BHA), many attempts to block this oxidative stress
using natural food plants have been reported to make free
radicals for destruction. For instance, many authors have
shown the ability of flavonoids to trap the radicals through the
hydrogen transfer process: the reduction potentials of some
amino-9,10-anthraquinone derivatives using computational
electrochemistry method [6] performed by Shamsipur et al.
can be cited. Furthermore, an extensive study of the hormonal
activity of sesquiterpene isolated from Ferula hermonis and the
high marketability of the dietary herbal products containing
Ferula hermonis extract claiming a sexual function enhance-
ment effect have been published [7, 8]. In the same vein,
anthraquinone derivatives isolated from root of madder plant
(Rubia tinctorum L) have displayed an exceptional antioxidant
activity that explained their capacity to protect foods against
the oxidative damage [9]. Formerly, Malterud et al. have
studied the correlation between the in vitro radical scavenging
activity of anthraquinones and the antioxidant capacity in
hepatocytes [10]. -ese authors have shown that aloe-emodin
(IC50 65± 3µmol/l) presented the highest antioxidant capacity
of the series of seven anthraquinone derivatives analyzed
(alizarin, chrysophanol, danthron, etc.). Ozbakir Işin has
observed a striking similarity between experimental antioxi-
dant activity of these molecules and theoretical data obtained
from quantum chemistry approach [11]. -e impact of the
geometrical structure of hydroxyanthraquinone on the anti-
oxidant mechanisms has been experimentally illustrated by
Markovic et al. [12]. Investigations of quantitative tools to
estimate antiradical activity and its mechanisms through a
combination of an experimental assessment and a computa-
tional prediction of delphinidin (Dp), pelargonidin (Pg), and
malvin (Mv) have put the emphasis on the energy re-
quirements for reactions involved [13]. -e survey of the
literature demonstrates that the experimental or theoretical
examination of antiradical or antioxidant activities of an-
thraquinone derivatives is limited on restricted series of
molecules without any specific comparison of these activities
to those of classical vitamins (vitamin C, vitamin E, gallic acid,
etc). -e aim of the present study is to predict the antiradical
activity of twenty anthraquinones isolated from Cameroonian
flora through computational approaches based on the two
electron transfer mechanisms:

RXH⟶ RXH+
+ e
−

(1)

RXH− ⟶ RXH + e
−

(2)

From thermodynamic energy of reactions (1)-(2), the
global descriptive parameters such as electrophilicity index
(ω), electronegativity (χ), global softness (S), and global
hardness (η) have also been calculated. -e donor-acceptor
map (DAM) has also been built.

2. Computational Details

-e geometry optimizations of anthraquinones have been
initially performed at B3LYP/6-31+G(d,p) level of theory in gas
phase and water using the Gaussian 09 software [14]. -e
reoptimization of each B3LYP/6-31+G(d,p) optimized struc-
ture obtained has been done at B3LYP/6-311++G(d,p) level in
gas phase and water. For eachmolecule, geometry optimization
was followed by the vibrational frequency calculations. -e
solvent effects were taking into account using Integral For-
malism of Polarized Continuum Model (IEF-PCM).

-e quantum mechanics atom in molecule (QMAIM)
theory was then performed using B3LYP/6-311++G(d,p)
wavefunction to investigate the bonding properties of op-
timized structures. -e bonding properties and the analysis
of bond critical points are specified through the investigation
of chemical bonding topology. -is QMAIM investigation
using the Multiwfn program [15] was done to analyze the
nature and the strength of hydrogen bond interactions in
optimized structures. -e indicators of bonding interactions
are electron densities ρ(r) and its Laplacian ∇2ρ(r) evalu-
ated at bond critical points (CP). -e total number of these
CPs obtained is in accordance with the Poincare–Hopf rule
[16]. -e density of the total energy of electrons (H) defined
as the sum of the Lagrangian kinetic electron density (G) and
the potential electron density (V) at bond critical points
(BCPs) was estimated:

HBCP � GBCP + VBCP, (3)

where GBCP and VBCP are, respectively, defined as follows:

GBCP �
3
10

3(π)
2/3 ρ(r)

5/3
+
1
6
ρ(r),

VBCP�(Z/4m)∇2ρ(r)−2GBCP
.

(4)

-e interatomic interaction energy denoted Eint in iso-
lated ligands and in complexes was predicted by Espinosa
approach [17]:

Eint �
1
2

VBCP. (5)

-e ionization potential (IP(I)) and electron affinity (EA
(A)) were descriptors which was calculated as the energy
change of the single electron transfer (SET) mechanisms (1)
and (2), respectively (reaction (1) in equation (6)) and
(reaction (2) in equation (7)): energy difference between the
product system and the reactant system is defined as pro-
posed by Borges et al. [18, 19].

IP � I � ET RXH·+
( −ET(RXH) (6)

EA � A � ET(RXH)−ET RXH·−
( ) (7)

where RXH, RXH·+, and RXH·− represent neutral molecules,
cationic radicals, and anionic radicals, respectively. -ese
two terms I and A are useful to define the measurement of
global reactivity descriptors ((electronegativity (χ), global
hardness (η), global softness (S), and electrophilicity index
(ω)) according to Geerlings et al. [20]:
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2
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�
1
2

(I−A),

S �
1
2η

,

ω �
μ2

2η
.

(8)

-ese two terms have also been used to evaluate the
electrodonating (ω−) and electroaccepting (ω+) power as
formulated by Gázquez et al. [21]:

ω− �
(3I + A)2

16(I + A)
,

ω+
�

(I + 3A)2

16(I + A)
.

(9)

From the calculation of the donor (Rd) and acceptor (Ra)
index developed by Martinez et al. [22] (equations (10) and
(11)), the authors have built a donor-acceptor map (DAM;
Figure 1):

Rd �
ω−RXH
ω−Na

, (10)

Ra �
ω+
RXH
ω+
F

, (11)

where ω−RXH and ω−Na are, respectively, the electrodonating
power of colorotane sesquiterpenes (RXH) and Na atom,
whereas ω+

RXH and ω+
F refer, respectively, to electroaccepting

power of colorotane sesquiterpenes (RXH) and F atom.

3. Results and Discussion

3.1. Geometrical and Topological Properties. We have for-
mulated the molecular system (Figure 2) and divided it into
three fragments: benzene cycles α (on the left), β (on the
centre), and c (on the right). -e subscripts associated with
the adopted name of molecular structures inserted in
Figure 2 have been developed according to the following
principle: subscripts (0) when the structure does not
possess any hydrogen bond; subscripts (1) when one hy-
drogen bond is formed between hydrogen atom of hydroxyl
group of benzene cycle (α) and ketone carried by benzene
cycle (β); subscripts (11) when one hydrogen bond is
formed between hydrogen atom of hydroxyl group of
benzene cycle (c) and ketone of benzene cycle (c); and
subscripts (2) when the hypothesis of formation of two
hydrogen bonds is considered.

Table 1 reports the bond distances and bond angles useful
to characterize hydrogen bonds in various configurations
adopted. A close examination of this table reveals that the
geometrical features of hydrogen bond formed are charac-
terized by Oi-H. . .O2 <3 Å and Oi-H. . .O2 angle >110° (i� 6

and 10). -e O. . .H length gives an indication of the hy-
drogen bond strength.-is hydrogen bond strength may help
to understand the energy gap between different conforma-
tions of each structure [23]. -e O6-H. . .O2 bond lengths are
lower in Y11 conformers (Y is the name adopted for the
molecule) than in Y2 configurations. For instance, the bond
distance differences calculated for D and G are, respectively,
0.052 and 0.060 Å� . -is indicates thatO6-H. . .O2 is weaker in
Y11 conformers. -is illustrates the importance of simulta-
neous formation of hydrogen bonds on each side of the
C8�O2 ketone. In Y2 configuration, our results show that
O6-H. . .O2 bond distances is longer than O10-H. . .O2 ho-
mologues. For C2 and F2 conformers, the bond length dif-
ferences are, respectively, about 0.019 and 0.013 Å. -e O10-
H. . .O2 interaction can therefore be considered higher than
O6-H. . .O2 one. Such a fact is attributed to the nearness of the
former to the substitution site (C5 atom). -e bond distances
forO10-H. . .O2 andO13-H. . .O2 bonds are lightly similar due
to the symmetrical position ofO10-H andO13-H bonds. In Y0
conformers in gas phase, theO10-H bond distances are higher
than O6-H bond length with the exception of G0 molecule in
which these two bond lengths are almost identical (Figure 3).
Similar observations are obtained forD1 andD11 conformers.
-e hydrogen atom of O10-H hydroxyl is therefore more
labile than the hydrogen atom of O6-H hydroxyl. -e ex-
pected values of bond dissociation energy (BDE) ofO10-H are
therefore lower. Contrary facts are obtained for Y2 con-
formers. In the whole, the hydrogen atom of O6-H hydroxyl
of E0 conformer is the most labile. -is is due to the fact that
this hydroxyl group is near to the substituent connected to C4
atom containing two C�C double bonds and one sp2 oxygen
atom. Independently of the initial geometries adopted, the
geometrical optimization of the molecule A yields a structure
in which two hydrogen bonds: first one between an oxygen
atom of the aldehyde group (CHO) and the hydrogen atom of
the hydroxyl group connected to the C3 atom (C3-O-H. . .O:
1.580 Å and 142.2°) and the second one between an hydrogen
atom of the aldehyde group (CHO) and the oxygen atom of
the C1�O ketone (C�O. . .H-C: 2.060 Å and 123.6°). -e
methyl group joined to C5-O bond is orientated toward the
C6-H bond. Table 1 clearly specifies the fact that the number
of hydrogen bonds formed is a stability factor of themolecules

Bad acceptor

Good donor

Good antioxidant

Good antiradical

Bad acceptor Good acceptor

Good acceptor

Good antireductant

Good donor

Bad donorBad donor

The worst antiradical

The best antiradical

Good antiradical
Rd

Ra

Figure 1: Schematic representation of donor-acceptor map
(DAM).
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analyzed. Figures 3 and 4 better highlight the fact that such
contribution is proportional to the number of hydrogen
bonds formed. Figure 3 also exhibits the fact that the sub-
stitution of the hydrogen atom of the hydroxyl group con-
nected to C4 atom of the anthraquinone cycle of (F0) by an
aliphatic substituent (E0) influences sensitively the O6-H
bond distance. -e induced impact of this substitution on the
antioxidant power has been developed elsewhere. -e dim-
inution of large gaps observed between the O10-H and O6-H
bond distances for configurations without hydrogen bond (F0,
E0, and D0) in gas phase is noticeable when passing from
Figures 3 and 4. -is clearly enlightens the influence of the
solvation on the hydrogen atom transfer (HAT).

Topological parameters of O6-H. . .O2 and O10-H. . .O2
hydrogen bonds are presented in Table 2. Collectively, we
conclude that these two hydrogen bond interactions are
partially covalent due to the fact that 0.5<-G(r)/v(r)<1. A
close introspection of our results indicates that the electron
density values forO6-H. . .O2 hydrogen bond interaction are
larger than that of O10-H. . .O2 homologues. -is gives the
information that the former ones are stronger than the later.

-is may be related to the fact that O6-H. . .O2 hydrogen
bond interaction is close to substitution site. -e contrary
observation obtained for F2 may be related to the slight
weight of the methyl substituent.-is enlightens the fact that
the chain effect of the substituent has a sensitive influence on
the nature of hydrogen bond interactions. For J2 and L2, the
dissimilar facts obtained are due to the hydrogen bond
located at two opposite of anthraquinone ring around each
C=O ketone group. Such localizations are obviously dif-
ferent from consecutive localization observed for other
compounds of our molecular library.

3.2. Stability and Reactivity. -e total energies, relative
energies, and dipole moment calculated at B3LYP/6-
311++G(d,p) level in gas phase and water are presented in
Table 3. From this table, the influence of the conformation
preferences of each compound in these media is visible. In
general, the geometry preferences are dominated by the
number of hydrogen bond formed. For each case, the
preferential configuration is bearing the two hydrogen
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Figure 2: Numbering system used to designate atom of the anthraquinone system of the molecular library examined.
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Table 1: Geometrical parameters useful to characterize hydrogen bonds (bond distances (Å) and bond angles (°)) of various configurations
adopted at B3LYP/6-311++G(d,p) in vacuum.

Structures O6-H. . .O2
(Å)

O6-H
(Å)

O6-H. . .O2
(°)

O10-H. . .O2
(Å)

O10-H
(Å)

O10-H. . .O2
(°)

O13-H. . .O1
(Å)

O13-H
(Å)

O13-H. . .O1
(°)

B1 1.589 1.00279 150.8 — — — — — —
C0 — 0.97336 — 0.96702 — — — —
C1 1.618 0.99867 148.9 — 0.96750 — — — —
C2 1.668 0.99091 147.3 1.687 0.98946 146.4 — — —
D0 — 0.96542 0.96708 — — —
D2 1.646 0.99420 148.6 1.681 0.99025 146.7 — — —
D11 1.594 1.00318 150.3 — 0.96741 — — —
E0 — 0.96705 — — 0.96730 — — —
E2 1.675 0.99251 147.4 1.684 0.99091 147.0 — — —
F0 — 0.96744 0.96743 — — —
F2 1.676 0.99237 147.2 1.689 0.99030 146.7 — — —
F11 — 0.96721 — 1.635 0.99795 148.4 — — —
G0 — 0.97320 — — 0.96704 — — —
G1 — — 1.630 0.99827 148.5 — — —
G2 1.675 0.99251 147.4 1.684 0.99091 147.0 — — —
G11 1.615 0.99931 149.1 — 0.96747 — — —
H1 — — — 1.673 0.99357 147.4 — — —
J0 — — — — 0.96716 0.96716 —
J1 — — — 1.625 0.99757 148.0 0.96712 —
J2 — — — 1.686 0.99619 146.5 1.687 0.99589 146.4
J11 — — — — 0.96712
K0 — — — — — — — — —
L0 — — — — 0.96717 — — 0.96718 —
L1 — — — 1.628 0.99687 147.8 — 0.96716 —
L2 — — — 1.662 0.99588 147.4 1.662 0.99591 147.4
L11 — — — — — 1.628 0.99713 147.8
M0 — 0.96689 — — — — — — —
M1 1.631 0.99803 148.6 — — — — — —
N0 0.96703 — — — — — —
N1 1.625 0.99928 148.8 — — — — — —
O1 1.630 0.99881 148.6 — — — — — —
P0 — 0.96739 — — — — — — —
Q0 — — — 0.96716 — — —
Q1 — — — 1.627 0.99907 148.8 — — —
R0 0.96729 — — — — — —
R2 1.645 0.99497 147.8 — — — — — —
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Figure 3: Graphical comparison between O6-H and O10-H bond
distances at B3LYP/6-311++G(d,p) level in gas phase.
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distances at B3LYP/6-311++G(d,p) level in water.
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bonds already mentioned (O6-H. . .O2 and O10-H. . .O2
hydrogen bonds). For instance, the configurations C2, D2,
E2, and G2 have been recorded as preferential configuration
for C, D, E, and G, respectively. It is also noticeable that the
configurations with the unique O6-H. . .O2 hydrogen bond
are more stable than their homologues with O10-H. . .O2
hydrogen bond. -e difference in total energy between X11
structure and X1 one is equal to 0.129 and 0.055 eV, re-
spectively, for D and G compounds in gas phase.-e drop in
total energy is observed when passing to gas phase to water.
-e average difference is equal to 1.615 eV. A sensitive in-
crease of dipole moment is also observed when passing to gas
phase and water due to greater dielectric constant of this
latter (ε� 78.4).

-is discloses the influence of the solvent’s polarity on
the weakening of the O6-H and O10-H bond strength and
therefore on an augmentation of antioxidant power. Al-
though B3LYP is not parameterized for HOMO and LUMO
eigenvalues, the examination of the concept of stability from
a kinetic point of view is done using the HOMO-LUMO
energy gap as descriptor.-is quantity that is always positive
can also be written as the difference between I and A. It is
important to mention that high kinetic stability is related to
low reactivity and large HOMO-LUMO energy gap. -e
HOMO-LUMO gap values range from 2.880 to 3.788 eV
(Table 3). -e highest value is obtained forG0 configuration.
-e difference in this band gap between G0 configuration
and the configuration of G with one hydrogen bond (G1 or
G11) is, respectively, equal to 0.347 and 0.490 eV. In the case
of the formation of two hydrogen bonds (G2), this gap
difference becomes equal to 0.06 eV. -ese facts in good
agreement with other procedures using thermodynamic
constraint to examine the stability demonstrate that the
preferential configuration adopted is also influenced by their
orientation. -e lowest value of this band gap (2.880 eV) is

yielded for conformation B1 elected to be the least stable of
the molecular library adopted. -is may result from the fact
that the orientation of the hydrogen bond formed (O10-
H. . .O2) intensifies the electrostatic repulsion between the
electron doublet of O6 oxygen atom and the C�C double
bond (of the R7 substituent) closer to this latter. -e dim-
inution of the band gap values observed in water (Table 3)
displays the strong solute-solvent interaction that di-
minishes the stability. -e global reactivity descriptors
(GRDs; electrophilicity index (ω); electronegativity (χ),
global softness (S), and global hardness (η)) calculated for
each anthraquinone derivative of our molecular library are
shown in Table 4. -e latter descriptor is related to mea-
surement of the resistance to electron cloud polarization
provoked by small perturbation from chemical reactions
[20]. -e highest η value in various media observed (1.864
and 1.810 eV, respectively, in gas phase and water) for G0
conformation of G (Table 4) indicates that this configuration
is kinetically the most stable. For the examined structures,
G2, O0, and C2 are shown as the most reactive molecular
system due to their relatively low hardness value of 0.394,
1.238, and 1.591 eV, respectively. Furthermore, the global
electrophilicity that characterizes the capacity of a system to
gain an electron is an additive parameter to predict the
chemical reactivity of compound. It also gives an indication
on the deterioration of the binding energy due to a maxi-
mum electron flow between a donor and an acceptor [24]. In
terms of electrophilicity, the most reactive compound is
found to be G1 (6.803 eV), whereas the lowest value matches
up with BO (6.131 eV) in gas phase. In water, a minor
augmentation of molecular χ indices is observed compared
to that calculated in gas phase, while a diminution of η
indices is observed.-is influence of the solvent on hardness
values of neutral molecules has been previously computed by
De Proft and Geerlings [25]. Additionally, Parr et al.

Table 2: Bond critical point parameters of intermolecular hydrogen bonds: electron density, Laplacian of the electron density, and hydrogen
bond strength (kJ/mol) (calculated from B3LYP/6-311++G(d,p) wave function in gas phase) for anthraquinone and its derivatives.

Species
BCP parameters

ρ(r) (au) ∇2ρ(r) (au) HBCP(r) (kJ/mol) GBCP(r) (kJ/mol) VBCP (kJ/mol) −(GBCP(r)/VBCP) Eint (kJ/mol)

O6-H. . .O2
B2 0.0493 0.1483 −3.342 100.662 −104.003 0.96 52.001
C2 0.0459 0.1412 −1.060 93.737 −94.797 0.98 47.398
D2 0.0485 0.1464 −2.793 98.896 −101.690 0.97 50.845
E2 0.0450 0.1381 −0.692 91.347 −92.039 0.99 46.019
F2 0.0436 0.1347 0.006 88.417 −88.410 1.00 44.205
G2 0.0462 0.1416 −1.198 94.155 −95.353 0.98 47.676
J2 0.0438 0.1343 −0.2285 88.389 −88.617 0.99 44.308
L2 0.0466 0.1417 −1.604 94.631 −96.236 0.98 48.118
O10-H. . .O2
B2 0.0437 0.1354 0.0223 88.841 −88.819 1.00 44.409
C2 0.0437 0.1357 0.004 89.048 −89.043 1.00 44.521
D2 0.0444 0.1374 −0.2651 90.438 −90.703 0.99 45.351
E2 0.0441 0.1360 −0.2090 89.449 −89.658 0.99 44.829
F2 0.0449 0.138 −0.6448 91.163 −91.808 0.99 45.904
G2 0.0435 0.1347 0.0690 88.337 −88.2681 1.00 44.135
J2 0.0439 0.1346 −31.8172 88.694 −89.0122 0.99 44.506
L2 0.0466 0.1417 −1.611 94.648 −96.2600 0.98 48.130
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Table 3: Total energy (in hartree), relative total energy (kJ/mol), HOMO-LUMO gap (eV), and dipole moment (in debye) calculated at
B3LYP/6-311++G(d,p) level in vacuum and water.

Molecule ET (hartree) ΔET (kJ/mol) HOMO-LUMO gap (eV) μ (debye)
Gas

A A1 −991.88935236 −31.0 3.532 5.3749
A11 −991.90114294 00.0 3.254 3.8716

B B0 −1188.46341037 −59.6 3.238 2.2851
B1 −1188.48612006 00.0 2.880 3.4110

C
C0 −1034.61079019 −107.3 3.713 3.2223
C1 −1034.63184633 −52.0 3.255 2.3548
C2 −1034.65163987 00.0 3.181 1.1488

D

D0 −1305.18903053 −130.0 3.680 3.9481
D2 −1305.23841440 00.0 3.331 3.5783
D1 −1305.21788653 −53.9 3.371 1.1877
D11 −1305.21313812 −66.4 3.444 7.2155

E E0 −1344.49863299 −121.9 3.644 2.3848
E2 −1344.54506498 00.0 3.320 2.8021

F F0 −953.84162893 00.0 3.342 0.4286
F1 −953.81966537 −57.7 3.412 3.6543

G

G0 −1073.93265173 −109.1 3.788 2.7529
G1 −1073.95621582 −47.2 3.441 4.4560
G11 −1073.95421286 −52.5 3.298 3.0876
G2 −1073.97421089 00.0 3.728 0.8737

J

J0 — — — —
J1 — — — —
J11 — — — —
J2 — — — —

L

L0 — — — —
L1 — — — —
L11 — — — —
L2 — — — —

H H0 −1031.22294791 −106.5 3.456 1.9298
H1 −1031.26351886 00.0 3.470 2.9134

M M0 −1068.32636054 −61.8 3.574 4.5573
M1 −1068.34988875 00.0 3.368 1.2673

N N0 −1146.93000528 −64.8 3.230 2.5595
N1 −1146.95467181 00.0 3.568 1.9543

O O0 −953.80221624 −65.6 2.476 3.1499
O1 −953.82718872 00.0 3.429 0.3614

P P0 −1032.41067816 00.0 3.664 0.4174

R
R0 −1220.97875578 −55.8 3.569 8.2723
R1 −1220.99999638 00.0 3.330 7.3222
R11 −1220.97391698 −68.5 3.657 1.9344

Water

A A1 −991.91461473 0.000 3.391 5.3175
A11 −991.90856605 −15.9 3.229 7.5989

B B0 −1188.50360416 00.0 — 4.9029
B1 −1034.63295965 −74.2 2.903 4.2729

C
C0 −1034.64768385 −35.5 3.604 3.2799
C1 −1034.66121839 00.0 3.219 1.4395
C2 −953.82438703 −80.5 3.111 3.1109

D

D0 −953.84069182 −37.7 — 5.1916
D2 −953.85505800 00.0 — 0.6520
D1 −1073.95523039 −75.5 — 3.8526
D11 −1073.97127330 −33.4 — 5.6682

E E0 −1073.97043781 −35.6 — 4.2197
E2 −1073.98399050 00.0 — 1.1556

F F0 −878.59020761 −84.8 3.588 4.5416
F1 −878.60696218 -40.8 3.392 0.9897
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established a clear correlation between the change of global
reactivity descriptor index and the solvation energy within
the background of the reaction field theory [24].

3.3. Antioxidant Properties. -e examination of antioxidant
power of compound is done from the calculated single
electron transfer enthalpies (in the environments adopted)
and inserted in Table 4. Among the studied compounds, B0
configuration is displayed as the most antioxidant com-
pounds due to its relatively lowest IP value (5.816 eV). -e
extension of the conjugation of the system by the 3-meth-
ylbut-1-ene substituent at position 5 in the anthraquinone
ring may be the plausible explanation. -is is in good
agreement with previous work on the resonance effect on
scavenging capacity [26]. -e 0.567 eV augmentation in IP
value resulted from the shift of the C�C double bond far
from the anthraquinone ring that provokes the decay of this
external conjugation (G0) confirms the influence on such
extension on antioxidant power. In G0 conformation, the
double substitution of the methoxy group close to the un-
saturated substituent by a hydrogen atom in one hand and
that of the methyl group connected to C12 carbon atom by
hydrogen atom in other hand induces a minor 0.057 eV
increase in IP (C0). -e decrease of IPs related to a double
suppression enlightens the enhancement of the antioxidant
potential due to an insertion of an electron donor substituent
in an organic system. -is finding has already been
underlined through the assessment of the radical scavenging
activity of juglone and its derivatives done by Jin [27]. -e
0.299 eV drop in IP obtained after a replacement of the
hydrogen atom attached to C5 carbon atom of F0 by a great
aliphatic substituent (D0) exhibits the influence of the steric

hindrance on the antioxidant activity observed during the
study of Schiff base ligands and their copper (II) complexes
[28]. A 0.363 eV similar decrease in IP (E0) has been yielded
by substituting the hydrogen atom of hydroxide group
bound to C4 carbon atom of (F0) by this same aliphatic
substituent. A noticeable variation of IPs is observed when
moving to one configuration of a compound to another. In
the case of D structure, the gas phase IP values for D
configurations increase in the order: D0 <D1 <D11 <D2.
Our B3LYP results are then in good agreement with the
kinetic and thermodynamic experimental study of the in-
fluence of intramolecular hydrogen bond on the antioxidant
activity of o-bisphenols (2,2′-methylenebis(6-tertbutyl-4-
methylphenol), 2,2′-ethylidenebis(4,6-di-tert-butylphenol),
and 4,4′-methylenebis(2,6-di-tert-butylphenol)) [29].

-e comparison of the IPs calculated to those of classical
phenolic acids [30] (8.218, 7.907, and 7.699 eV yielded, re-
spectively, for gallic acid, caffeic acid, and ferulic acid at the
B3LYP/6-311++G(d,p) level) indicates that the SET mech-
anism is more prominent for compounds of the molecular
library analyzed. -e survey of the literature shows that IP
values obtained for the ascorbic acid [31] at B3LYP/6-
311++G(2d,2p) level of theory are equal to 8.331 eV in gas
phase. Despite the basis set effect, the ETmechanism is also
more prominent in anthraquinone derivatives than in
ascorbic acid. -e IPs in water are lower than those obtained
in gas phase.-e average difference in IP equal to 0.114 eV in
comparison with those obtained in gas phase is attributed to
the great sensibility of cation radicals to the polarity of water.

3.4. Antiradical Properties. Table 5 presents electrodonating
(ω−) and electroaccepting (ω+) power and donor (Rd) and

Table 3: Continued.

Molecule ET (hartree) ΔET (kJ/mol) HOMO-LUMO gap (eV) μ (debye)

G

G0 −878.60678176 −41.3 3.619 0.4114
G1 −878.62251765 00.0 3.419 3.8084
G11 −803.37934251 — 3.262 1.6147
G2 −839.26823982 −83.8 3.162 5.4234

J

J0 6.402 3.1 3.322 4.740
J1 6.434 3.3 3.169 4.849
J11 6.392 3.3 3.12 4.833
J2 6.399 3.4 2.978 4.909

L

L0 6.421 3.1 3.31 4.765
L1 6.408 3.3 3.107 4.855
L11 6.409 3.3 3.108 4.855
L2 6.425 3.5 2.971 4.939

H H0 −839.28468437 −40.6 — 1.3825
H1 −839.28468396 −40.6 — 1.3750

M M0 −839.30015025 00.0 3.605 2.8141
M1 −1068.35243798 −41.6 3.31 6.1355

N N0 −1068.36826610 00.0 3.107 1.5752
N1 −1146.95130297 −44.5 3.108 3.6464

O O0 −1146.96826541 00.0 2.971 2.5834
O1 −953.84300988 −0.3 3.464 3.6713

P P0 −953.84311564 00.0 3.294 0.6633

R
R0 −1032.42917558 — 3.475 0.6877
R1 −993.12787572 −45.0 3.304 4.4763
R11 −993.14500595 00.0 3.388 2.7371
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acceptor (Ra) index. -e values of electron affinity calculated
for anthraquinone derivatives are significantly greater than
those of vitamin C (1.062 eV) and gallic acid (1.578 eV) with
exception of N0 (0.099 eV). -is indicates that this latter one
is the unique good electroacceptor in gas phase. But all the
compounds studied have shown to be bad electron acceptor
in water. It is noteworthy that lower electrodonating power
(ω−) means good capacity to donate an electron, whereas
higher electroaccepting power (ω+) denotes good capacity to
accept an electron. On Figures 5 and 6, donor-acceptor map
(DAM) for Rd and Ra values of examined compounds are,
respectively, shown for gas phase and water. It is shown that
Rd > 1 in gas phase demonstrating that all the compounds
studied are poorer donors than Na. -is fact is observed in
aqueous solution only for six of them (A11, A1, C0, C1, C2,
and B1). Exception made for C2, all the anthraquinone
derivatives examined are poorer acceptors than (F) in gas
phase due to Ra < 1. Similar results are yielded in water with
exception for J1 (1.013 eV). Figure 5 illustrates higher an-
tiradical behavior as electron donor with respect to the
electron capacity of vitamin C in gas phase. Identical facts
have been observed for gallic acid with exception for four
compounds (A1, H1, R0, and R1) in this environment. In
water, the majority of anthraquinone derivatives have

Table 4: Ionization potential (IP in eV), electron affinity (A in eV),
global hardness (η in eV), global softness (S in eV), and electro-
philicity index (ω in eV) calculated at B3LYP/6-311++G(d,p) level
in vacuum and water.

Molecule I A η χ s ω
Gas

A A1 6.788 3.256 1.766 5.022 0.283 6.731
A11 6.696 3.442 1.627 5.069 0.307 6.689

B B0 5.816 2.578 1.619 4.197 0.309 6.131
B1 5.890 3.010 1.440 4.450 0.347 6.661

C
C0 6.440 2.727 1.857 4.584 0.269 6.504
C1 6.386 3.131 1.628 4.759 0.307 6.544
C2 6.576 3.395 1.591 4.985 0.314 6.657

D

D0 6.354 2.674 1.840 4.514 0.272 6.612
D2 6.574 3.243 1.666 4.909 0.300 6.663
D1 6.382 3.011 1.685 4.696 0.297 6.631
D11 6.395 2.951 1.722 4.673 0.290 6.628

E E0 6.290 2.646 1.822 4.468 0.274 6.490
E2 6.470 3.150 1.660 4.810 0.301 6.533

F
F0 6.653 3.311 1.671 4.982 0.299 6.402
F1 6.465 3.053 1.706 4.759 0.293 6.434
F2 — — — — — —

G

G0 6.383 2.655 1.864 4.519 0.268 6.392
G1 6.388 2.947 1.720 4.667 0.290 6.399
G11 6.335 3.037 1.649 4.686 0.303 6.803
G2 6.527 5.739 0.394 6.133 1.268 6.421

H H0 6.350 2.894 1.728 4.622 0.289 6.408
H1 6.791 3.321 1.735 5.056 0.288 6.409

J

J0 — — — — — —
J1 — — — — — —
J11 — — — — — —
J2 — — — — — —

K K0 — — — — — —

L

L0 — — — — — —
L1 — — — — — —
L11 — — — — — —
L2 — — — — — —

M M0 6.293 2.719 1.787 4.506 0.280 6.425
M1 6.397 3.029 1.684 3.029 0.297 6.417

N N0 6.329 0.099 1.819 4.511 0.275 6.455
N1 6.364 2.976 1.694 4.670 0.295 6.468

O O0 6.489 4.013 1.238 5.251 0.404 6.487
O1 6.607 3.178 1.714 4.892 0.292 6.620

P P0 6.431 2.767 1.832 4.599 0.273 6.625

Q Q0 — — — — — —
Q1 — — — — — —

R
R0 6.745 3.176 1.784 4.961 0.280 6.547
R1 6.776 3.446 1.665 5.111 0.300 6.536
R1 6.600 2.943 1.828 4.772 0.273 6.541

S S0 — — — — — —
Water

A A1 6.731 3.340 1.695 5.034 0.295 0.275
A11 6.689 3.460 1.614 5.075 0.310 0.293

B B0 — — — — — —
B1 6.131 3.228 1.453 4.680 0.344 0.277

C
C0 6.661 3.057 1.801 4.860 0.277 0.241
C1 6.504 3.285 1.608 4.895 0.311 0.271
C2 6.544 3.433 1.556 4.988 0.321 0.294

D

D0 — — — — — —
D2 — — — — — —
D1 — — — — — —
D11 — — — — — —

Table 4: Continued.

Molecule I A η χ s ω

E E0 — — — — — —
E2 — — — — — —

F
F0 6.657 3.069 1.793 4.863 0.279 0.242
F1 6.612 3.220 1.695 4.917 0.295 0.262
F2 6.663 3.358 1.652 5.010 0.303 0.279

G

G0 6.631 3.012 1.810 4.822 0.276 0.236
G1 6.628 3.209 1.709 4.920 0.292 0.260
G11 6.490 3.228 1.630 4.860 0.307 0.266
G2 6.533 3.371 1.581 4.952 0.316 0.285

H H0 — — — — — —
H1 — — — — — —

J

J0 6.402 3.080 1.660 4.740 0.301 0.249
J1 6.434 3.265 1.584 4.849 0.316 0.273
J11 6.392 3.272 1.559 4.833 0.321 0.275
J2 6.399 3.421 1.488 4.909 0.336 0.297

K K0 6.803 3.198 1.801 5.001 0.277 0.2545

L

L0 6.421 3.111 1.654 4.765 0.302 0.252
L1 6.408 3.301 1.554 4.855 0.322 0.279
L11 6.409 3.301 1.554 4.855 0.322 0.279
L2 6.425 3.454 1.486 4.939 0.337 0.302

M M0 6.417 2.953 1.733 4.686 0.289 0.233
M1 6.455 3.161 1.646 4.808 0.304 0.258

N N0 6.468 2.993 1.739 4.729 0.288 0.236
N1 6.487 3.183 1.652 4.835 0.303 0.260

O O0 6.620 3.232 1.695 4.925 0.295 0.263
O1 6.625 3.247 1.690 4.936 0.296 0.265

P P0 6.547 3.043 1.752 4.795 0.285 0.241

Q Q0 6.536 3.020 1.758 4.778 0.284 0.239
Q1 6.541 3.195 1.674 4.868 0.299 0.260

R
R0 — — — — — —
R1 6.729 3.427 1.652 5.078 0.303 0.287
R1 6.687 3.257 1.714 4.972 0.292 0.265

S S0 6.527 3.079 1.725 4.803 0.290 0.246
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displayed a better result as electron donor compared to the
electron donor capacity of these two classical vitamins with
exception of few of them (A11, A1, C0, C1, C2, and B1). A
close introspection of Table 5 shows the fact that the for-
mation of hydrogen bonds in anthraquinone derivatives
leads to a versatile effect on antiradical behavior in terms of
electron donor: An insertion of hydrogen bond in the
configuration G0 (1.7459) provokes a slight decrease in Rd
(G1 (1.7382), G11(1.7207), and G2 (1.7349). A similar op-
eration on its homologueD0 (1.7371) yields an augmentation
in Rd (D1 (1.7832) andD2 (1.7401). -e 0.1489 increase in Rd
that pertains the migration of the C�C double bond of the 3-
methylbut-1-ene substituent at position 5 in the anthra-
quinone system of the configuration B0 toward the methyl
group of this substituent (G0) exhibits the deterioration of
the antiradical activity.-is is attributed to the rupture of the
extension of conjugation of this system (B0). A slight de-
terioration of antiradical performance is also observed when
the two electron donor groups CH3O and CH3, respectively,
attached to C4 and C12 carbon atoms of anthraquinone
system of the configuration G0 are replaced by hydrogen
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Figure 5: Donor-acceptor maps of anthraquinone derivatives,
vitamin C, and gallic acid in gas phase.
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Figure 6: Donor-acceptor maps of anthraquinone derivatives,
vitamin C, and gallic acid in water.

Table 5: Ionization potential (eV), electron affinity (eV), elec-
trodonating power (ω−) and electroaccepting power (ω+), donor
index (Rd), and acceptor index (Ra) calculated at B3LYP/6-
311++G(d,p) in vacuum and water.

Molecule I A ω− ω+ Rd Ra

Gas
F 12.279 7.668 6.206 3.901 3.294 1.000
Na 3.511 0.600 1.884 0.429 1.000 0.110
Vitamin C 8.160 1.062 4.422 0.873 2.347 0.224
Gallic acid 6.476 1.578 3.424 0.975 1.817 0.250
A A1 6.788 3.256 0.128 0.063 1.844 0.437
S A11 6.696 3.442 0.125 0.066 1.813 0.458

B B0 5.816 2.578 0.110 0.050 1.586 0.350
B1 5.890 3.010 0.110 0.057 1.595 0.401

C
C0 6.440 2.727 0.122 0.054 1.760 0.374
C1 6.386 3.131 0.120 0.060 1.733 0.419
C2 6.576 3.395 0.123 0.065 1.780 3.149

D

D0 6.354 2.674 0.120 0.053 1.737 0.367
D2 6.574 3.243 0.123 0.062 1.783 0.434
D1 6.382 3.011 0.120 0.058 1.734 0.405
D11 6.395 2.951 0.120 0.057 1.740 0.399

E E0 6.290 2.646 0.119 0.052 1.719 0.363
E2 6.470 3.150 0.122 0.061 1.756 0.422

F
F0 6.653 3.311 0.125 0.063 1.804 0.442
F1 6.465 3.053 0.122 0.059 1.757 0.411
F2 — — — — — —

G

G0 6.383 2.655 0.122 0.052 1.746 0.365
G1 6.388 2.947 0.120 0.057 1.738 0.398
G11 6.335 3.037 0.119 0.058 1.721 0.408
G2 6.527 5.739 0.120 0.106 1.735 0.736

H H0 6.350 2.894 0.120 0.056 1.729 0.392
H1 6.791 3.321 0.128 0.064 1.843 0.445

J

J0 — — — — — —
J1 — — — — — —
J11 — — — — — —
J2 — — — — — —

K K0 — — — — — —

L

L0 — — — — — —
L1 — — — — — —
L11 — — — — — —
L2 — — — — — —

M M0 6.293 2.719 0.119 0.053 1.718 0.371
M1 6.397 3.029 0.120 0.058 1.739 0.408

N N0 6.329 0.099 0.120 0.053 1.729 0.369
N1 6.364 2.976 0.106 0.057 1.539 0.401

O O0 6.489 4.013 0.121 0.075 1.743 0.524
O1 6.607 3.178 0.124 0.061 1.794 0.427

P P0 6.431 2.767 0.122 0.054 1.756 0.378

Q Q0 — — — — — —
Q1 — — — — — —

R
R0 6.745 3.176 0.127 0.061 1.834 0.428
R1 6.776 3.446 0.128 0.066 1.835 0.459
R1 6.600 2.943 0.124 0.057 1.799 0.400

S S0 — — — — — —
Water
F 12.270 7.621 6.203 3.878 0.369 1.000
Na 30.001 0.390 16.803 1.998 1.000 0.515
Vitamin C 8.055 0.924 4.380 0.816 0.261 0.210
Gallic acid 6.480 1.687 3.416 1.019 0.203 0.263
A A1 6.689 3.460 0.125 0.066 1.811 0.460
S A11 6.731 3.340 0.126 0.064 1.825 0.446
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atoms: -e difference between Rd value of G0 and that of C0
is equal to 0.0141 in the benefit ofC0.-e contribution of the
integration of two hydrogen bonds (O6-H. . .O2 and O10-
H. . .O2) in this latter accentuates the antiradical behavior of
C2 (Ra � 3.149) as electron acceptor. -e electron donor
capacity of D0 was compared to that of G0, where the 3-
methylbut-2-ene substituent at position 5 of anthraquinone
system of the configuration G and the methoxy group
connected to C4 carbon atom are, respectively, replaced by
3,7-dimethyloct-2,6-diene substituent and the hydroxyl
group. -ose substitutions display a 0.0088 increase in Rd
which signifies that the antiradical activity for G0 is worst.
-is can be attributed to the steric hindrance. Figure 6
exhibits the fact that the solvation increases the Ra values
of different anthraquinone derivatives examined. -is
therefore promotes the antiradical performance as good

electron acceptor of the majority of compound analyzed
compared to that of gallic acid and vitamin C with exception
of the six molecules above mentioned (A11, A1, C0, C1, C2,
and B1). Our B3LYP calculations predict that J1 (Ra � 1.013
and Rd � 0.0624) is the best antiradical profile in water.

4. Conclusion

-e geometrical optimizations of twenty anthraquinones
extracted from the isolated from the Cameroonian flora have
been performed at B3LYP/6-311++G(d,p) level of theory in
gas phase and aqueous solutions. -e topological analysis of
optimized structures characterized by the formation of
hydrogen bonds has been examined using the QTAIM
(quantum theory of atom in the molecule) analysis. -ese
hydrogen bond interactions are partially covalent because of
the fact that 0.5<-G(r)/v(r)<1. In addition, the nature of
these interactions has shown to be influenced by the chain
effect of the substituent.

-e stability of the molecular system has been developed
in thermodynamic and kinetic points of view. In the first
point of view, the total energy has been adopted as de-
scriptor. -e configuration preferences dominated by the
number of hydrogen bonds is very visible. -e great aug-
mentation of dipole moment provoked by the change of the
environment is related to greater dielectric constant of water
(ε� 78.4). In the second point of view, the HOMO-LUMO
energy gap has been used as descriptor in the first stage. -e
1,8-dihydroxy-2-(3-methylbut-1-en)-3-methoxy-6-methyl-
anthraquinone(B0) in the configuration bearing one hy-
drogen bond is the less stable due to its lowest value of
HOMO-LUMO energy gap (2.880 eV). -e 0.358 eV dif-
ference in HOMO-LUMO energy gap between this con-
figuration and that without hydrogen bond confirms the
sensitive contribution of hydrogen bond on the stability.
-e aqueous solvation leads to the diminution of the band
gap values that traduce the diminution of the stability. -e
highest η value in various media observed (1.864 and
1.810 eV, respectively, in gas phase and water) for the 1,8-
dihydroxy-2-(3-methylbut-2-en)-3-methoxy-6-methyl-an-
thraquinone (G0) without hydrogen bond indicates that
this configuration is kinetically the most stable. -is
confirms the result obtained by both thermodynamic ap-
proaches. -is confirmation observed for G0 elected using
highest HOMO-LUMO energy gap criteria and that (G0)
selected from highest η value exigence shows that the
discontinuity problems claimed by Geerlings et al. [20] are
due to the lack of an integration of kinetic energy, ex-
change, and correlation parts into the classical Coulombic
fragment in the Hohenberg–Kohn universal density
functional.

Our B3LYP results demonstrate that the 1,8-dihydroxy-
2-(3-methylbut-1-en)-3-methoxy-6-methyl-anthraquino-
ne(B0) is the most antioxidant compounds due to its rel-
atively lowest IP value (5.816 eV) in gas phase. -e SET
mechanism is more prominent for compounds of the
molecular library analyzed than for classical phenolic acids
(gallic acid, caffeic acid, and ferulic acid at the B3LYP/6-
311++G(d,p) level) and ascorbic acid. In the same vein, the

Table 5: Continued.

Molecule I A ω− ω+ Rd Ra

B B0 — — — — — —
B1 6.131 3.228 0.115 0.061 1.658 0.428

C
C0 6.661 3.057 0.126 0.059 1.814 0.413
C1 6.504 3.285 0.122 0.063 1.762 0.438
C2 6.544 3.433 0.123 0.065 1.770 0.456

D

D0 — — — — — —
D2 — — — — — —
D1 — — — — — —
D11 — — — — — —

E E0 — — — — — —
E2 — — — — — —

F
F0 6.657 3.069 0.242 0.125 0.059 0.875
F1 6.612 3.220 0.262 0.124 0.062 0.866
F2 6.663 3.358 0.279 0.125 0.064 0.871

G

G0 6.631 3.012 0.236 0.125 0.058 0.872
G1 6.628 3.209 0.260 0.125 0.062 0.869
G11 6.490 3.228 0.266 0.122 0.062 0.850
G2 6.533 3.371 0.286 0.122 0.064 0.854

H H0 — — — — — —
H1 — — — — — —

J

J0 6.402 3.080 0.249 0.120 0.059 0.839
J1 6.434 3.265 0.273 0.121 0.062 0.841
J11 6.392 3.272 0.275 0.145 0.062 1.013
J2 6.399 3.421 0.297 0.120 0.065 0.835

K K0 6.803 3.198 0.255 0.128 0.062 0.893

L

L0 6.421 3.111 0.252 0.121 0.060 0.841
L1 6.408 3.301 0.279 0.120 0.059 0.837
L11 6.409 3.301 0.279 0.120 0.063 0.838
L2 6.425 3.454 0.302 0.120 0.066 0.838

M M0 6.417 2.953 0.233 0.121 0.057 0.843
M1 6.455 3.161 0.258 0.121 0.061 0.846

N N0 6.468 2.993 0.237 0.122 0.058 0.850
N1 6.487 3.183 0.260 0.122 0.061 0.850

O O0 6.620 3.232 0.263 0.124 0.062 0.867
O1 6.625 3.247 0.265 0.124 0.062 0.868

P P0 6.547 3.043 0.241 0.123 0.059 0.859

Q Q0 6.536 3.020 0.239 0.123 0.059 0.859
Q1 6.541 3.195 0.260 0.123 0.061 0.857

R
R0 — — — — — —
R1 6.729 3.427 0.265 0.126 0.063 0.876
R1 6.687 3.257 0.287 0.126 0.065 0.880

S S0 6.527 3.079 0.246 0.123 0.060 0.857
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compounds examined have shown to be higher antiradical
behavior as electron donor with respect to the electron
capacity of vitamin C and gallic acid in gas phase with
exception for four compounds A1(4-(carbonyl)-3-hy-
droxy-1-methoxy-anthraquinone), H1(1,3,5-trihydroxy-3-
methoxycarbonylanthraquinone),R0, andR1(7-(carboxyl)-
(3,6)-dimethoxy-8-methyl-1-hydroxyanthraquinone)) in
the latter case. In water, 5,8-dihydroxy-3-methylan-
thraquinone structure with one hydrogen bond (J1:
Ra � 1.013 and Rd � 0.0624) has been predicted as the best
antiradical compound.
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