
Computational and Theoretical Chemistry 1077 (2016) 25–31
Contents lists available at ScienceDirect

Computational and Theoretical Chemistry

journal homepage: www.elsevier .com/locate /comptc
Influence of structural characteristics of substituents on the antioxidant
activity of some anthraquinone derivatives
http://dx.doi.org/10.1016/j.comptc.2015.10.004
2210-271X/� 2015 Elsevier B.V. All rights reserved.

⇑ Corresponding author. Tel.: +381 20 317 754; fax: +381 20 337 669.
E-mail addresses: zmarkovic@np.ac.rs (Z. Marković), sjeremic@np.ac.rs
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The antioxidant activity of chrysophanol (CH), emodin (EM), aloe-emodin (AE), and 1,3,8-
trihydroxyanthraquinone (THA) was examined in water and pentyl ethanoate by using the M052X/
6-311++G(d,p) level of theory. It was shown that hydrogen bonds are of significant importance for the
stability of the radical and anionic species obtained in the HAT and SPLET mechanisms. Consequently,
all radicals and anions formed with retention of O9� � �H1–O1 and O9� � �H8–O8 hydrogen bonds are more
stable than those where the hydrogen bonds are disturbed. The exceptions are the radical and anion of
AE, the unpaired electron or negative charge is poorly delocalized.
The high IP values for all investigated compounds undoubtedly discredit the SET-PT mechanism. Since

the PAvalues are notably lower than the BDEvalues, one can conclude that SPLET ismore favorable reaction
pathway than the HAT mechanism in both solvents. In the case of CH and AE 1-OH and 8-OH are the most
reactive sites for radical inactivation, while 3-OH is the most reactive site for EM and THA. The examined
compounds are moderate antioxidants.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Among molecules that show antiradical activity there are many
compounds with anthraquinone core in their structure. Some of
them have natural genesis and can be detected and isolated from
plant extracts, and some of them are obtained as synthetic prod-
ucts. The curative properties of the plant, which have been used
in traditional medicine, stem from anthraquinones which are con-
tained in them [1]. Moreover some anthraquinones are also syn-
thesized, as it is know that they inhibit the progression of some
diseases [2–5]. Due to the large number of anthraquinone mole-
cules, many of them are not examined. Although all of them have
common structural feature they do not show the same scavenging
capacity. However, the structural characteristics of the sub-
stituents on the periphery of the molecule have a significant
impact on the scavenging activity of individual molecule [6]. This
effect is primarily reflected in the possibility for the formation of
stable free radicals from the neutral molecule.

The real antioxidant activity of a molecule can be successfully
estimated by analyzing the potential energy surface (PES) of the
reaction with a certain radical. Namely, the PES allows calculation
of the activation and reaction energies, implying that both kinetical
and thermodynamical approaches to the examined reaction are
provided [7]. On the other hand the computed parameters give
useful informations on the antioxidant power without considering
reaction pathway. Theoretical investigations of antiradical potency
of some molecules are mostly based on analyzing the thermody-
namical or/and kinetical aspects of the reaction of a certain
molecule and certain radical specie [8–13]. Thermodynamical sta-
bility of the newly formed free radical, which has an anthraqui-
none as a precursor, is one of the main preconditions for
anthraquinone to act as scavenger.

There are at last three well described mechanisms through
which stable anthraquinone radical can be formed [14–18]. The
first one means that radical can be obtained directly, via homolytic
dissociation of hydroxyl O–H bond. This mechanism is named HAT
(‘‘Hydrogen Atom Transfer”), and bond dissociation reaction can be
described by Eq. (1). Thermodynamical propitiatory of this reaction
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in appropriate environmental conditions can be established by cal-
culating bond dissociation enthalpy (BDE) value. Lower BDE values
indicate easier bond dissociation, and more stable anthraquinone
radical specie. The other two mechanisms describe heterolytic
bond cleavage and forming radical through ionic intermedier spe-
cies. Both mechanisms are two-step reactions. In the first step of
the mechanism known as SET-PT (‘‘Single-Electron Transfer fol-
lowed by Proton Transfer”) electron leaves neutral anthraquinone
molecule forming radical-cation, which loses its proton in the sec-
ond step of the reaction giving radical specie (Eq. (2)). Whether the
reaction is possible or not, in the present environmental condi-
tions, it is governed by the values of IP (ionization potential) and
PDE (proton dissociation enthalpy). Finally, ‘‘Sequential Proton
Loss Electron Transfer” (SPLET) is mechanism in which in the first
step the anthraquinone-anion is formed upon losing the proton
from neutral moiety. Further, this anion loses an electron giving
rise to a radical form (Eq. (3)). The possibility of radical formation
via this mechanism can be established on the basis of the PA (pro-
ton affinity) and ETE (electron transfer energy) values. Calculation
of the energy requirements for each mechanism [15–19] may indi-
cate the radical scavenging mechanism that is thermodynamically
preferred and point out the active sites for radical inactivation of
four selected anthraquinone molecules: chrysophanol (CH), aloe-
emodin (AE), emodin (EM) and 1,3,8-trihydroxyanthraquinone
(THA).

A-OH ! A-O� þH� ð1Þ
A-OH�!�e�

A-OH�þ �!�Hþ
A-O� ð2Þ

A-OH�!�Hþ
A-O� �!�e�

A-O� ð3Þ
This gives information not only about which of the investigated

molecules has better scavenging potency, but how structure of the
formed radical influence the easiness of radical generation, and
how the structure of the substituents influence the radical stabil-
ity. The structures of four selected molecules are similar: all of
them have anthraquinone core with hydroxyl groups in positions
1 and 8 (Fig. 1) and different substituents in positions 3 (S1) and
6 (S2).

CH, EM and AE are the components of extracts of some herbs
from the family of Polygonaceae. They are used in traditional
Chinese medicine as laxative agents or liver cleaners and protec-
tors [20]. CH (1,8-dihydroxy-3-methylanthraquinone) is known
for its antimicrobial activity [21]. EM (1,3,8-trihydroxy-6-methy-
lanthraquinone) and AE (1,8-dihydroxy-3-hydroxymethylanthra-
Fig. 1. Schematic representation of the surveyed molecules with labels of atoms,
rings and structures of substituents.
quinone) are registered as natural antioxidants with numerous
pharmacological and biological activities [3,22–26]. There are no
data about activity and sources of THA, but its structure is suitable
for comparison with the structures of other three molecules.

2. Methodology section

The equilibrium geometries of all investigated anthraquinones
and corresponding radicals, anions, and radical cations were
optimized using the Gaussian 09 program package [27] at the
M05-2X/6-311++G(d,p) level of theory. The M05-2X functional,
developed by the Truhlar group [28], has been successfully used
in numerous calculations involved in investigations of thermody-
namical and kinetical properties of the reactions of different radical
scavenger compounds [29,30].

To investigate scavenger potency of the selected molecules in
real environment, all calculations were performed in water and
pentyl ethanoate. Water was selected as a widespread solvent.
The role of pentyl ethanoate is to imitate lipids as environment
in cell membranes, and other relevant molecular surroundings in
living organisms. In order to include the influence of solvents,
the SMD model was used [31]. All geometries of molecules, radi-
cals, anions and radical cations were optimized, and frequency cal-
culations were performed in the presence of appropriate solvent.
The optimized geometries of the investigated species were
obtained by using the restricted (close shell) and unrestricted
(open shell) calculations. All minima were verified by the absence
of imaginary frequencies. The NBO analysis [32,33] of all anthra-
quinones and the corresponding radicals and anions was per-
formed using the M05-2X density matrix.

Thermodynamical parameters that describe here investigated
mechanisms are calculated using the following equations [16–19]:

BDE ¼ HðA-O�Þ þ HðH�Þ � HðA-OHÞ ð4Þ
IP ¼ HðA-OHþ�Þ þ Hðe�Þ � HðA-OHÞ ð5Þ
PDE ¼ HðA-O�Þ þ HðHþÞ � HðA-OHþ�Þ ð6Þ
PA ¼ HðA-O�Þ þ HðHþÞ � HðA-OHÞ ð7Þ
ETE ¼ HðA-O�Þ þ Hðe�Þ � HðA-O�Þ ð8Þ
In order to calculate the thermodynamical quantities in Eqs. (4)–(8),
it is necessary to calculate the enthalpies of the radicals, anions, and
radical cations of anthraquinones, as well as of the hydrogen atom,
proton, and electron. The solvation enthalpies of the proton, elec-
tron and hydrogen atom in appropriate solvents have been earlier
calculated [34] using M05-2X level of theory.

3. Results and discussions

3.1. Conformational analysis of the neutral molecules

The overall geometry, and thus, the antioxidant capacity, of any
polyphenolic compound are greatly affected by mutual interac-
tions among different substituents. These compounds can adopt
many different conformations. To investigate antioxidant capacity
of such polyphenols the first task is to determine their most stable
rotamers. For this reason, a detailed conformational analysis of the
investigated compounds: CH, EM, AE, and THA in pentyl ethanoate
and aqueous phases was performed.

Each investigated molecule can adopt four conformations, and
they are depicted in Fig. 2. As expected, the most stable rotamer
for all investigated molecules is M1. This structure has two strong
intramolecular hydrogen bonds (IHBs), as confirmed by the NBO
analysis. Different substituents S1 and S2 do not influence the sta-
bility of the anthraquinones because they cannot form additional
hydrogen bonds and do not cause steric hindrance. The relative



Fig. 2. Schematic representation of the four possible rotamers of investigated
molecules.
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values of enthalpy and Gibbs free energy for the rotamers of four
investigated molecules are given in Table 1. The conformations
M2 or M3 (one IHB), and M4 (no IHB) in Fig. 2 are less stable with
respect to the absolute minimum M1 by about 20, and 45 kJ mol�1

in water, and about 40 and 80 kJ mol�1 in pentyl ethanoate, respec-
tively. These values clearly confirm the stabilizing effect of the
hydrogen bond between the carbonyl group and the neighboring
OH group which contributes to the stability of the investigated
compounds.

The existence of two IHBs in M1 of all of four anthraquinones is
confirmed by the NBO analysis (Tables S1–S4 in Supplementary
material). These results reveal that the lone pair – antibonding
orbital interactions between the carbonyl oxygen and the adjacent
OH bonds are responsible for hydrogen bond formation. Namely,
the charge transfers from the p orbital on O9 to the r⁄ antibonding
O1–H1 and O8–H8 orbitals are favorable donor–acceptor interac-
tions. This result is in accord with the IHBs bond lengths (see
Tables S5–S8). Namely, the O9� � �H1 and O9� � �H8 distances are
Table 1
Relative values of enthalpy and Gibbs free energy (kJ/mol) for rotamers of four investigated

Chrysophanol Aloe-emodin

DH DG DH DG

W P W P W P W P

M1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M2 21.41 37.84 16.60 28.90 21.46 36.40 20.37 33.28
M3 20.91 38.17 15.99 34.41 20.81 38.17 18.43 34.49
M4 46.06 80.92 46.02 76.17 45.18 79.23 42.71 73.10

R1-1 0.00 0.00 0.00 0.00 0.96 0.29 0.56 1.12
R1-2 20.02 36.76 21.55 36.85 20.46 36.77 21.69 36.29
R3-1 / / / / 29.17 11.99 30.96 18.54
R3-2 / / / / 50.51 48.29 50.66 51.50
R3-3 / / / / 49.17 49.05 47.61 51.94
R3-4 / / / / 73.86 90.23 72.29 91.49
R8-1 0.16 0.29 1.29 -1.53 0.00 0.00 0.00 0.00
R8-2 20.45 37.38 23.86 37.21 19.84 35.64 20.45 35.05

A1-1 0.06 0.00 0.84 2.63 0.00 0.00 0.00 0.00
A1-2 31.75 63.97 32.53 64.03 31.89 64.52 29.70 61.30
A3-1 / / / / 58.04 73.71 64.03 74.39
A3-2 / / / / 79.04 107.57 83.74 108.26
A3-3 / / / / 79.58 118.44 82.91 117.20
A3-4 / / / / 104.17 157.13 108.07 156.56
A8-1 0.00 0.64 0.00 0.00 1.37 0.46 2.81 1.13
A8-2 31.77 64.58 30.09 63.55 32.98 62.52 31.53 59.39
close to 1.710 Å, which is in good agreement with the published
data [35].

The natural charge distribution in the most stable rotamers of
all investigated molecules is shown in Fig. S1. It can be seen that
the highest negative charge values are on the oxygen atoms of
hydroxyl or carbonyl groups. Thus, it is not possible just on the
basis on the charge values to predict which hydroxyl group has
the highest possibility to react with free radicals. To determine
the most reactive OH group, as well as which mechanistic pathway
prevails under certain conditions, it is necessary to calculate the
thermodynamic quantities: HAT, IP, PDE, PA, and ETE. Therefore,
it is necessary to examine the stability of the radicals, anions,
and radical cations issued from the parent molecules.
3.2. Radicals and anions

Radicals of the investigated compounds are active species in
scavenging reactions, and are final products in all investigated
mechanisms of antiradical and antioxidant activities. A radical
can be formed by homolytic and heterolytic O–H bond cleavage.
The former process is direct, while the latter (i.e., SPLET) is fol-
lowed with electron transfer. The O–H bond cleavage energies
are given as BDE and PDE values in Table 2. On the basis of these
values one can assume which antioxidant mechanism dominates
in the case of the investigated compounds.

Homolytic O–H bond cleavage yields three different radicals,
with the exception of CH from which only two radicals are formed.
All radicals can adopt several conformations. They are named R3-1,
R3-2, R3-3, and R3-4 in the case of the radical in position 3 cer-
tainly, when S1 is suitable for O–H bond cleavage. A similar nota-
tion is used for the other radicals. All rotamers for the radicals in
the positions 1, 3, and 8 are presented in Fig. 3, while the corre-
sponding relative values of the enthalpies and Gibbs free energies
are listed in Table 1.

The R1-1 and R8-1 radicals of CH and AE, stabilized with one
IHB, are of very similar energies which are lower than those of
all other CH and AE radical rotamers. In spite of the fact that
R3-1 of AE has two IHBs (Tables S9 and S10), this radical is signif-
cantly less stable than other two (Table 1). The main reason for
this was revealed by means of the NBO analysis of the spin density
molecules and their radical and anionic forms in water (W) and pentyl ethanoate (P).

Emodin 1,3,8-Trihydroxyanthraquinone

DH DG DH DG

W P W P W P W P

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23.18 40.61 23.71 38.11 22.23 40.23 24.31 37.22
22.94 38.75 19.65 36.58 21.25 38.35 21.90 34.40
48.89 86.34 49.05 82.19 46.86 83.48 49.20 78.01

14.27 31.43 13.52 29.56 13.01 28.61 14.56 24.18
34.74 69.34 34.71 67.88 32.04 64.45 35.51 59.91
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

20.62 34.85 20.09 35.14 19.74 33.40 22.68 24.82
19.92 35.27 18.17 35.33 18.59 34.08 20.22 30.01
40.92 72.59 39.65 70.96 36.87 68.26 39.71 64.37
7.70 24.89 5.29 22.60 6.89 22.78 10.22 19.53

28.93 65.94 26.51 65.81 27.57 62.33 31.66 58.61

22.81 49.14 26.87 50.87 22.20 48.28 21.58 46.44
55.21 113.73 58.75 112.77 53.48 110.99 53.20 106.50
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

24.23 42.86 25.35 43.67 23.42 42.89 22.27 40.56
27.53 54.87 26.64 56.19 26.37 54.87 21.49 47.87
55.98 106.43 58.41 104.13 54.04 104.61 53.44 100.07
25.49 52.52 28.93 51.94 25.41 52.22 25.18 47.78
59.35 121.73 62.34 122.37 58.20 119.64 56.08 114.92



Table 2
Thermodynamical parameters (kJ mol�1) relevant for antioxidative mechanisms of investigated molecules. Calculated enthalpies regard to the most stable conformations of
corresponding radicals.

Water Pentyl ethanoate

HAT SET-PT SPLET HAT SET-PT SPLET

BDE IP PDE PA ETE BDE IP PDE PA ETE

CH 571.61 634.82
R1-1 414.88 33.16 146.99 457.78 419.22 58.58 277.31 416.09
R8-1 415.04 33.32 146.93 458.00 419.51 58.87 277.94 415.75

AE 569.83 632.89
R1-1 415.71 35.77 144.69 460.91 419.57 60.85 277.35 416.39
R3-1 443.92 63.98 202.73 431.08 431.26 72.55 351.06 354.38
R8-1 414.75 34.81 146.06 458.58 419.28 60.57 277.81 415.65

EM 565.22 626.16
R1-1 421.63 46.30 145.63 465.89 426.61 74.63 276.15 424.64
R3-1 407.35 32.02 122.82 474.43 395.18 43.20 227.01 442.35
R8-1 415.05 39.72 148.31 456.63 420.07 68.09 279.53 414.72

THA 571.02 633.55
R1-1 421.86 40.74 144.05 467.70 425.89 66.52 272.63 427.44
R3-1 408.85 27.73 121.85 476.89 397.29 37.91 224.35 447.11
R8-1 415.74 34.62 147.26 458.38 420.07 60.69 276.57 417.68

Fig. 3. Schematic representation of all possible rotamers of radical species of investigated molecules.
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distribution. In R1-1 and R8-1 of CH and AE the spin density is
delocalized over the ortho and para positions of the B and A rings,
respectively. On the other hand, there is no delocalization of spin
density over the aromatic rings in the R3-1 radical of AE (Figs. 4,
S2 and S3).

The order of stability for the radical species obtained from the
most stable rotamer of EM and THA in both solvents is:
R3-1 > R8-1 � R1-1, which implies that homolytic cleavage of the
3-OH bond is favored. In the radicals of EM and THA the spin
density is delocalized over the A ring when it comes to the radical
R8-1, or over the B ring when it comes to the radicals R1-1 and
R3-1 (Figs. 4, S4 and S5). The most stable radical R3-1 is stabilized
with two IHBs, between O9 and H1, and O9 and H8 atoms (Tables
S11 and S12), while each of other two radicals has only one IHB.
The presence of two strong IHBs in the most stable radicals of
EM and THA was confirmed by the NBO analysis. It was shown that
charge transfers from the p orbital on O9 to the r⁄ antibonding
O1–H1 and O8–H8 orbitals are favorable donor–acceptor interac-
tions. This finding is in accord with the hydrogen bond lengths
(Tables S11 and S12). It is obvious that in this case the presence
of one more IHB is the main reason for higher stability of R3-1.

Heterolytic cleavage of the O–H bonds leads to the formation of
two anions for CH and three anions for others three compounds,
where each of these anions is able to adopt several conformations.
Anionic rotamers are denoted in the same way as the radical rota-
mers, except that R (radical) is replaced by A (anion). The relative
enthalpy and Gibbs free energy values for all anion rotamers are
given in Table 1.



Fig. 4. Spin density distribution in the most stable radicals of CH, AE, EM and THA in water and pentyl ethanoate.
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It is well known that ion–dipole interactions are predominant
in polar solvent, water in this case. As expected, the relative
enthalpy and Gibbs energy values are significantly lower in water
than in the non-polar solvent. The order of stability for the anionic
species in both solvents is very similar to that of the radicals.
Namely, the most stable anions A1-1 and A8-1 of CH and AE are
stabilized by one IHB (Fig. 5), while significantly less stable anon
A3-1 of AE has two IHBs (Figs. S6 and S7). Another factor that influ-
ences stability of the anionic species is delocalization of negative
charge. It can be seen that the highest negative charge values are
distributed over the ring whose hydroxyl group has been broken
(Fig. 5). The rest of the negative charge is manly delocalized over
the ortho and para positions of the A ring (A1-1) or B ring (A8-1).
Significantly lower stability of the A3-1 anion of AE can be attrib-
uted to the fact that there is no significant charge delocalization in
this anion (Fig. S7).

The order of stability for the anions of EM and THA is:
A3-1 > A1-1 � A8-1, which implies that heterolytic cleavage of the
3-OH bond is favored in both solvents (Figs. 5, S8 and S9). The neg-
ative charge in A3-1 is delocalized over the B ring. This most stable
anion is additionally stabilized by two IHBs (Tables S13–S16).
3.3. Antioxidant mechanisms

All calculated enthalpies related to the homolytic and heteroly-
tic O–H bond dissociation for all investigated molecules are listed
in Table 2. On the basis of BDE, IP and PA values it is possible to
estimate which antioxidant mechanism is preferable under certain
conditions [36,37]. In other words, the lowest enthalpy value indi-
cates favorable mechanistic pathway. The data in Table 2 show
that the IP values are high for all investigated compounds in both
solvents. This fact undoubtedly suggests that SET-PT is not a plau-
sible mechanism under these conditions. On the other hand, in
both solvents, especially in water (which is a consequence of addi-
tional stabilization of the anion in polar solvent), the PA values are
notably lower than the BDE values. This means that the SPLET
mechanism is more probable reaction path than the HAT mecha-
nism in both solvents. An inspection of the PA values for different
OH groups reveals that in the case of CH and AE the lowest PA val-
ues refer to the 1-OH and 8-OH groups. For other two compounds,
EM and THA, the 3-OH position is characterized with the lowest PA
value. These findings indicate that these OH groups are most reac-
tive when radical scavenging takes place via SPLET mechanism.



Fig. 5. Natural charge distribution in the most stable anions of four investigated molecules in water and pentyl ethanoate.
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Based on all calculated enthalpies one can conclude that all
investigated molecules have mutually very similar BDE values,
which shows that all four compounds have similar capability to
react via the HAT mechanism. Bearing in mind that SPLET is the
predominant mechanism for these anthraquinone derivatives, a
comparison of the PA values reveals that the compounds with
the OH group in the position 3 (EM and THA) have a pronounced
capability to react via the SPLET mechanism. It should be pointed
out that our results are in agreement with the corresponding
experimental DPPH values, which predict that the investigated
compounds are moderate antioxidants [38]. Furthermore, the
DPPH values of the investigated anthraquinones are smaller than
those for purpurin and norathyriol, and very similar to those of
lichexanthone, alizarin, and alizarin red S. [9,10,19,24].

4. Conclusions

Antioxidant activity is based on possibility of a neutral mole-
cule to generate stable radicals. Which mechanistic way is pre-
dominant depends on various factors, such as structural
characteristics and environmental influence. Thermodynamical
favorableness of forming radicals via some mechanism can be
estimated by calculating enthalpies of the reaction processes.
On the basis of the BDE, IP, PDE, PA, and ETE values it was found
that SPLET mechanism is favorable reaction pathway for all inves-
tigated anthraquinones in both water and pentyl ethanoate. The
BDE, and especially IP values, are considerably higher than PA,
which undoubtedly discredits HAT and SET-PT mechanisms for
all anthraquinones in these solvents. In the case of CH and AE
the obtained results indicate that 1-OH or 8-OH are the most
reactive sites for radical inactivation because of the lowest energy
requirements, while 3-OH is the most reactive site for EM and
THA in water and pentyl ethanoate. On the basis of the PA values,
it can be also concluded that the compounds with the OH group
in the position 3 (EM and THA) have a pronounced capability to
react via the SPLET mechanism.

As widely accepted, the BDE values well describe the antioxi-
dant capacity of the compounds. The BDE values of the
investigated anthraquinones are mutually very similar, and they
indicate that these compounds are moderate antioxidants. Our
assumption is confirmed by good agreement with the experimen-
tal DPPH values for EM, AE and CH.
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[23] Z.S. Marković, N.T. Manojlović, DFT study on the reactivity of OH groups in
emodin: structural and electronic features of emodin radicals, Monatsh. Chem.
140 (2009) 1311–1318.

[24] S.W. Woo, J.X. Nan, S.H. Lee, E.J. Park, Y.Z. Zhao, D.H. Sohn, Aloe emodin
suppresses myofibroblastic differentiation of rat hepatic stellate cells in
primary culture, Pharm. Toxicol. 90 (2002) 193–198.

[25] T. Pecere, M.V. Gazzola, C. Mucignat, C. Parolin, F.D. Vecchia, A. Cavaggioni, G.
Basso, A. Diaspro, B. Salvato, M. Carli, G. Palù, Aloe-emodin is a new type of
anticancer agent with selective activity against neuroectodermal tumors,
Cancer Res. 60 (2000) 2800–2804.

[26] P.H. Huang, C.Y. Huang, M.C. Chen, Y.T. Lee, C.H. Yue, H.Y. Wang, H. Lin, Emodin
and aloe-emodin suppress breast cancer cell proliferation through ERa
inhibition, Ev. Based Complem. Alternative Med. 1 (2013) 1–12.

[27] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,
V.G. Zakrzewski, J.J. Montgomery, R.E. Stratmann, J.C. Burant, S. Dapprich, J.M.
Millam, A.D. Daniels, K.N. Kudin, MC. Strain, O. Farkas, J. Tomasi, V. Barone, M.
Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G.A.
Petersson, P.Y. Ayala, Q. Cui, K. Morokuma, A.D. Malick, K.D. Rabuck, K.
Raghavachari, J.B. Foresman, J. Cioslowski, J.V. Ortiz, A.G. Baboul, B.B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R.L. Martin, D.J. Fox,
T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M.W.
Gill, B. Johnson, W. Chen, M.W. Wong, J.L. Andres, C. Gonzalez, M. Head-
Gordon, E.S. Replogle, J.A. Pople, Gaussian 09, Revision B.01, Gaussian Inc.,
Wallingford, CT, 2009.

[28] Y. Zhao, N.E. Schultz, D.G. Truhlar, Design of density functionals by combining
the method of constraint satisfaction with parametrization for
thermochemistry, thermochemical kinetics, and noncovalent interactions, J.
Chem. Theory Comp. 2 (2006) 364–382.

[29] A. Galano, J.R. Alvarez-Idaboy, Kinetics of radical-molecule reactions in
aqueous solution: a benchmark study of the performance of density
functional methods, J. Comp. Chem. 35 (2014) 2019–2026.

[30] M.E. Alberto, N. Russo, A. Grand, A. Galano, A physicochemical examination of
the free radical scavenging activity of Trolox: mechanism, kinetics and
influence of the environment, Phys. Chem. Chem. Phys. 15 (2013) 4642–4650.

[31] A.V. Marenich, C.J. Cramer, D.G. Thrular, Universal solvation model based on
solute electron density and on a continuum model of the solvent defined by
the bulk dielectric constant and atomic surface tensions, J. Phys. Chem. B 113
(2009) 6378–6396.

[32] F. Weinhold, C.R. Landis, Natural bond orbitals and extensions of localized
bonding concepts, Chem. Educ. Res. Pract. Eur. 2 (2011) 91–104.

[33] A.E. Reed, L.A. Curtiss, F. Weinhold, Intermolecular interactions from a natural
bond orbitals, donor-acceptor viewpoint, Chem. Rev. 88 (1988) 899–926.
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