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Density functional theory has been gaining popularity for
studying the radical scavenging activity of antioxidants.
However, only a few studies investigate the importance of
calculation methods on the radical-scavenging reactions. In
this study, we examined the significance of (i) the long-range
correction on the coulombic interaction and (ii) the London
dispersion correction to the hydroperoxyl radical-scavenging
reaction of trans-resveratrol and gnetin C. We employed
B3LYP, CAM-B3LYP, M06-2X exchange-correlation functionals
and B3LYP with the D3 version of Grimme’s dispersion in
the calculations. The results showed that long-range
correction on the coulombic interaction had a significant
effect on the increase of reaction and activation energies. The
increase was in line with the change of hydroperoxyl
radical’s orientation in the transition state structure.
Meanwhile, the London dispersion correction only had a
minor effect on the transition state structure, reaction energy
and activation energy. Overall, long-range correction on the
coulombic interaction had a significant impact on the radical-
scavenging reaction.
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1. Introduction
Radical scavenging is an important property of antioxidants. It is the act of antioxidant to deactivate or
remove free radicals to prevent oxidative damage in the biological system. A common radical scavenging
example is the inhibition process of lipid peroxidation. In the inhibition process, an antioxidant scavenges
the peroxyl radical to stop the chain reaction, which leads to lipid peroxidation. A phenolic antioxidant,
such as resveratrol, is known to scavenge the peroxyl radical by donating its hydrogen atom [1]. The
hydrogen donation can be affected by non-covalent interactions such as hydrogen bonding and steric
repulsion in the system. Therefore, it is expected that non-covalent interactions significantly influence
the activity of phenolic antioxidant [2].

The radical scavenging activity of antioxidants is widely studied theoretically using density
functional theory (DFT) [1,3–16]. DFT has successfully predicted the antioxidant activity through
thermodynamic quantities [1,17–19]. However, the limitation of exchange-correlation functionals in
DFT for non-covalent interaction and barrier height calculations [20–22] are the challenges for
studying the radicals scavenging reaction that leads to reaction kinetics and mechanism. Therefore,
corrections to exchange-correlation functionals are needed to overcome the limitations.

One way to handle the limitation of exchange-correlation functionals in DFT is the long-range
correction. It improves calculations by partitioning exchange interaction into two regions, Hartree–
Fock exchange at long-range interaction and pure DFT at short-range interaction [23,24]. However,
long-range correction cannot describe the correct asymptotic R−6 potential for large intermolecular
distances. The potential can be described by dispersion correction, which adds an empirical term to
account for dispersion [25–27]. Another way to overcome the limitations is by applying the
exchange-correlation functionals from Minnesota density functionals. M06-2X functional, one of the
Minnesota density functionals, has been tested in many cases—it improved the accuracy for
thermodynamic, kinetics and non-covalent parametric quantities of various simple chemical
reactions [28,29].

In this study, we use four calculation methods for studying the hydroperoxyl radical-scavenging
reaction of trans-resveratrol and gnetin C. We aim to examine the effect of long-range and
dispersion correction on the transition state and activation energy of the two radical-scavenging
reactions. We use B3LYP as a referenced functional since it is the most popular density functionals
in chemistry [30] and has provided a good prediction in our previous studies [31–33]. We use a
version of B3LYP that has been corrected using the Coulomb-attenuating method in CAM-B3LYP
exchange-correlation functionals [23] and B3LYP with the D3 version of Grimme’s dispersion [25]
for performing long-range correction on the coulombic interaction and London dispersion
correction, respectively. As a comparison, we also use M06-2X functional [29]. The two radical-
scavenging reactions are the representative model for the inhibition process of lipid peroxidation by
melinjo resveratrol.
2. Model and computational details
2.1. Reaction model
We modelled the radical-scavenging reaction based on the hydrogen atom transfer (HAT) mechanism, as
shown in scheme 1. In the initial and final states (abbreviated to [in.] and [fi.], respectively), molecules
were in the ground state. The reactants were ROH (an antioxidant agent) and †OOH (hydroperoxyl, a
model of peroxyl radicals in general). We used two antioxidant agents from melinjo–trans-resveratrol
(tR) and gnetin C (gC)—as shown in figure 1a,b respectively. We only considered one active site of
ROH for the hydrogen donation, which was 40–OH site, as shown in figure 1c. It was the lowest bond
dissociation energy among other sites [34,35]. Between [in.] and [fi.], we considered one transition
state [TS], where we assumed the activated complexes, [RO—H—OOH], were formed.
2.2. Activation and reaction energy calculations
We constructed the reaction progress in an energy level diagram for scheme 1. It allowed us to calculate
the reaction energy (ΔG°) and the activation energy (DzG�) directly in terms of the standard Gibbs free
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Figure 1. Molecular model for (a) trans-resveratrol (tR) in the ground state, (b) gnetin C (gC) in the ground state and (c) Ring B and
hydroperoxyl in the [TS]. The nomenclature is used throughout the manuscript. The numbering of oxygen and hydrogen followed
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Scheme 1. The radical-scavenging reaction model, where [in.], [TS] and [fi.] are initial, transition and final states.
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energy at 298.15 K. ΔG° was the energy difference between [fi.] and [in.]

DG� ¼ (G�
RO† þ G�

H2O2
)� (G�

ROH þ G�
†OOH), (2:1)

while DzG� was the energy difference between [TS] and [in.]

DzG� ¼ G�
TS � (G�

ROH þ G�
†OOH): (2:2)

G° is the total electronic energy with a correction from Gibbs free energy.



Table 1. List of methods and their notation.

M1 B3LYP the reference throughout the analysis

M2 B3LYP with GD3 London dispersion correction

M3 CAM-B3LYP long-range correction on the coulombic interaction

M4 M06-2X parameterization and evaluation for non-covalent interactions
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2.3. DFT calculation set-up
We used DFT calculations for obtaining the geometry in the ground and the transition states. In addition
to the DFT calculations, we coupled it with frequency calculations at 298.15 K to determine the Gibbs free
energy correction. Furthermore, we used natural bond orbital (NBO) calculations for the charge
population analysis.

While we only used one basis set, which was 6-31++G(d,p), we performed all calculations using three
different exchange-correlational functionals (XCs), namely B3LYP, CAM-B3LYP and M06-2X. We also
performed the calculations using B3LYP with D3 version of Grimme’s dispersion (GD3). Therefore,
we were able to study the effect of long-range correction on the coulombic interaction and London
dispersion correction in the transition state. List of methods and their notation is shown in table 1.

The routine calculations were as follows. First, we performed the geometry optimization to obtain the
most stable spin-state. We considered singlet, triplet and quintet spin state for molecules with an even
number of electrons. As for molecules with an odd number of electrons, the doublet and quartet spin
state were considered. Second, we used the most stable spin-state for further calculations to obtain the
optimized geometry and energy of molecules in the ground and transition state. We obtained the
transition state by tracking a particular vibrational mode that decreased along the designed pathway,
as demonstrated in our previous study [36]. We began the geometry optimization by employing
B3LYP. The optimized structures were re-optimized with B3LYP + GD3, CAM-B3LYP and M06-2X.
The relevant activated complex structures were the ones with the vibration of H atom between the
40—OH site and †OOH having the imaginary frequency. All calculations were done in the gas phase
using Gaussian 09 software [37].
3. Results and discussions
3.1. The ground state structures
The optimization geometry calculations for trans-resveratrol and gnetin C using three XCs obtained spin-
singlet state was the lowest in energy level. The energy difference between the singlet and triplet states
was about 2.0 eV (trans-resveratrol) and 6.5 eV (gnetin C); while between the singlet and quintet states
was about 6.2 eV (trans-resveratrol) and 10.4 eV (gnetin C). The differences are significant, which
indicates that the spin-singlet state is very stable. The result agrees with most organic compounds that
are stable in the spin-singlet state, with carbenes as the exception [38,39]. Therefore, we only
considered the spin-singlet state for further calculations. As for hydroperoxyl, the spin-doublet was
the ground state and the next spin state was a quintet with energy difference 2.8 eV on average.

Overall, the obtained ground state geometries of trans-resveratrol and hydroperoxyl were in good
agreement with the experimental result, as shown in table 2(a.i)—(a.xii) and (b.xv)—(b.xvii). The
discrepancies were less than 0.017 Å and 1.4 degrees, which were considered accurate for DFT
calculations [30]. The higher discrepancies were for C40—O bond length and Oa—Ob—Hb bond angle
by M3 and M4. However, when we considered the experimental error, these values were still in the
range. Therefore, all methods were capable to determine an accurate geometric structure for trans-
resveratrol and hydroperoxyl. It implies we can use all methods for further calculations.

In detail, there was a significant difference in the dihedral angles of trans-resveratrol [table 2(a.xiii)].
The calculations obtained phenyl ring A and B were twisted, while experimental showed they were
preferably planar. The NBO calculations determined that all hydrogens were positively charged (see
electronic supplementary material, table S1); hence the coulombic repulsions of H20—Hα and H2—Hβ
were responsible for D(A, B). However, the coulombic repulsions were unlikely to play a dominant
role in the experiment. As Zarychta et al. [40] reported, trans-resveratrol was prepared in crystal form,
where one trans-resveratrol was surrounded by six others. Each trans-resveratrol formed hydrogen



Table 2. The selected geometric parameters of (a) trans-resveratrol and (b) hydroperoxyl in the ground state, the bond length
(R, in Å), the bond angle (A, in degrees) and the dihedral angle (D, in degrees). Parameter (i)—(xii) and (xv)—(xvii) are the
discrepancy from the experimental values. Parameter (xiii) is the difference between ring A and ring B calculated with the same
method. Parameter (xiv) is the absolute value (without any reference).

parameter Expr. M1 M2 M3 M4

(a) trans-resveratrol

(i) R(3, 2) 1.387 +0.006 +0.006 +0.001 +0.004

(ii) R(2, 1) 1.404 +0.002 +0.002 −0.006 −0.005
(iii) R(1, α) 1.471 −0.003 −0.003 −0.001 0.000

(iv) R(α, β) 1.338 +0.012 +0.012 +0.002 +0.004

(v) R(β, 10) 1.462 +0.003 +0.003 +0.006 +0.007

(vi) R(10, 20) 1.400 +0.009 +0.009 +0.000 +0.001

(vii) R(20, 30) 1.385 +0.007 +0.007 +0.003 +0.005

(viii) R(5, O) 1.378 −0.008 −0.008 −0.014 −0.016
(ix) R(40, O) 1.381 −0.011 −0.011 −0.017 −0.019
(x) A(4, 5, 6) 121.1 0.0 0.0 0.0 +0.1

(xi) A(1, α, β) 126.0 +0.8 +0.6 +0.2 −0.7
(xii) A(30, 40, 50) 120.3 −0.6 −0.6 −0.5 −0.3
(xiii) D(A, B) 8.7 17.4 21.2 30.5 39.6

(xiv) D(30, 40, O, H) 32.0 0.0 0.0 0.1 0.7

(b) hydroperoxyl

(xv) R(Oa, Ob) 1.335 −0.001 −0.001 −0.014 −0.023
(xvi) R(Ob, Hb) 0.977 +0.004 +0.004 +0.001 −0.001
(xvii) A(Oa, Ob, Hb) 104.1 +1.4 +1.4 +1.7 +1.7

Note: Experimental values: trans-resveratrol from [40]; hydroperoxyl from [41].
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bonds with its six neighbour molecules through OH—O. The hydrogen bonds were predominant over
the coulombic repulsions; hence the measured dihedral angle showed the rings were preferably planar.

We also showed the planarity of H40 in term of the dihedral angle D(30, 40, O, H) [table 2(a.xiv)]. This
particular H atom would be interacting with †OOH in the transition state. The experimental value
showed that it was not planar. It was due to the aforementioned experimental condition. However, all
methods obtained planar H40 with respect to ring B. We shall recall this quantity later in the
activation energy discussion.

We remarked that the dihedral angle calculation was sensitive to the calculation method. The
comparison results among four calculation methods showed that dispersion (M2) and long-range
correction (M3) increased the twisting D(A, B). Both simultaneous corrections (M4) increased D(A, B)
even further. This trend was consistent for the case of gnetin C (see electronic supplementary
material, table S2). The results suggest the long-range correction plays a dominant role in the twisting
compared with the dispersion correction.
3.2. The transition state structures
Figure 2 shows the optimized structures in the [TS] of scheme 1 obtained from all calculation methods for
both trans-resveratrol and gnetin C. All structures possessed a single imaginary frequency, which was the
O40—H—OOH vibration. The magnitudes of imaginary frequency were more than 1300 cm−1 for trans-
resveratrol and 1200 cm−1 for gnetin C. These magnitudes were strong, which indicated that the O40—
H—OOH vibration encouraged the displacement of H40. The displacement of H40 can also be seen
from the elongation of O40—H bond length, which was about 0.140 Å (or, 15% longer than in its
ground state). Meanwhile, the Oa—Ob bond of †OOH was not significantly elongated (only about



[tR–OOH] [gC–OOH]

M1

(–1374 cm–1, 0.151 Å, 0.072 Å) (–1295 cm–1, 0.145 Å, 0.073 Å)

M2

(–1369 cm–1, 0.152 Å, 0.073 Å) (–1294 cm–1, 0.146 Å, 0.074 Å)

M3

(–2100 cm–1, 0.135 Å, 0.059 Å) (–2053 cm–1, 0.130 Å, 0.058 Å)

M4

(–2050 cm–1, 0.151 Å, 0.056 Å) (–1985 cm–1, 0.147 Å, 0.055 Å)

Figure 2. Optimized activated complex structures for trans-resveratrol and gnetin C with †OOH. Blue, red, yellow atoms represent H,
O and C atoms. The black atom is O at the active site 40, written as O40 in the texts. The numbers in parentheses represent the
required imaginary vibrational frequency for a transition state, the elongation of O40—H and Oa—Ob bonds with respect to its
ground state bond length.
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5%). It means †OOH is attracting H40. Therefore, the obtained structures are the activation complex of the
radical-scavenging reaction in scheme 1.

The optimized [TS] structures revealed the different orientation of †OOH with respect to the ring B in
the activated complexes. The presence of ring C and D did not contribute to the orientation, as the
orientation was alike between [tR-OOH] and [gC-OOH]. However, the change in calculation methods
altered the orientation. The significant alteration was obtained by M3 and M4, which implies that
long-range correction plays a significant role in the orientation.

The orientation of †OOH in the activated complexes can be measured as a torsion angle of 30— 40—
O—H, or ϕ (in degree). Table 3(a) shows the value of phi for all computational methods. Both M1 and M2
obtained phi was about zero, or †OOH was planar with respect to the ring B. However, †OOH was
twisted up to 50 degrees according to M3 and M4 results. It implies that long-range correction was
the reason for the twist. Therefore, the long-range correction plays a significant role both in the
ground and the transition states of trans-resveratrol and gnetin C.

The origin of †OOH orientation is probably the same with the aforementioned ring A and B twisting
origin in the ground state. The twisting presented after the long-range correction was introduced. Here,
NBO calculations also determined that all the hydrogen atoms were positively charged, but both oxygen



Table 3. The difference of selected parameters of [RO—H—OOH] complex (figure 1c) from M1. (a) is the torsion angle
(degree), (b–f ) are the interatomic distance (Å), (g) is the bond angle (degree). For (h), the relative electronic energy (eV), M1
is set to be the reference.

parameter ROH M1 M2 M3 M4

(a) f(30, 40, O, H) tR 0:0 +1.0 +43.4 −52.8
gC 0:5 +0.3 +43.1 −55.5

(b) R(H40, Oa) tR 1:296 −0.001 −0.008 −0.030
gC 1:307 −0.002 −0.010 −0.034

(c) R(H30, Hb) tR 3:234 −0.041 +0.274 +0.384

gC 3:231 −0.040 +0.278 +0.338

(d) R(H30, Ob) tR 2:317 −0.039 +0.313 +0.437

gC 2:314 −0.038 +0.319 +0.460

(e) R(Oa, Ob) tR 1:406 0.001 −0.026 −0.037
gC 1:406 0.001 −0.027 −0.039

(f ) R(Ob, Hb) tR 0:972 0.000 +0.001 0.000

gC 0:971 0.000 +0.001 0.000

(g) A(Oa, Ob, Hb) tR 101:9 0.0 +1.4 +2.0

gC 101:9 0.0 +1.5 +2.1

(h) Erel tR 0 −0.69 +12.21 +11.11

gC 0 −1.65 +22.30 +19.15

Note: Negative value of ϕ means that O40—H bond rotates in a clockwise direction.
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atoms in †OOH were negatively charged. Therefore, coulombic interactions between the closest atoms in
ring B and †OOH are the reason for the twisting. While Oa was attracted to H40, Hb was repelled by H30.
The effect of repulsion and attractions can be seen from the interatomic distance between these atoms.
Table 3(b) and (c) show that H40—Oa distances decreased while H30—Hb distances increased after the
long-range correction was introduced.

While the long-range correction determined the orientation of †OOH, the dispersion correction
affected the interatomic distance [table 3(c) and (d)]. The latter contracted the interatomic distance of
H—H and H—O by about 1.3% and 1.7%, respectively. The correction did not affect the covalent
bond parameters [table 3(b), (e), (f ) and (g)], which is reasonable since the dispersion only works in
the non-covalent region. These results complemented the report by Grimme et al. [25]. They reported
that the effect began to arise at about 2.0 Å for C—C interatomic distance. Meanwhile, the contraction
of H—H and H—O showed a critical difference between M1 and M2. Both methods resulted in a
planar †OOH’s orientation, but the dispersion correction stabilized the activated complex, as shown in
their electronic energy [table 3(h)]. The stability of the activated complex naturally affected the energy
barrier so it may affect the kinetic study or even the reaction pathways.
3.3. The radical-scavenging reaction
Figure 3 shows the reaction progress of scheme 1 with the transition state described in the previous
section. All methods predicted that the reaction was exergonic. The experiment demonstrated that this
reaction was indeed exergonic by showing its observable antioxidant activity [42]. Even though the
reaction occurred in the solution experimentally, other studies using DFT with M05-2X functional in
aqueous solution also obtained exergonic [13,14]. Therefore, our results can be accountable for further
analysis.

Even though all methods obtained an exergonic reaction for scheme 1, the dispersion (M2) and long-
range (M3) correction led to a different result. Since the activated complex determined the product, the
exergonic difference level was aligned with the orientation of †OOH: the more twisting, the less
exergonic. Since the twisting was due to the long-range correction as we discussed previously [table
3(a–d)], it implies that long-range correction also affects a reaction’s exergonic level.
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Figure 3. The radical-scavenging reaction of (a) trans-resveratrol and (b) gnetin C in an energy level diagram. The y-axis is the
relative free Gibbs energy at room temperature (G�rel:) with the total energy of reactant calculated by M1 as the reference. For
clarity, only G° of reactants are written and the parenthesized numbers are the Gibbs energy difference with respect to the
reactant’s total energy.
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Dispersion (M2) and long-range correction (M3) also result in a different activation energy (Δ‡G°).
When compared with M1, the former decreased Δ‡G° by more than 20%, while the latter increased
Δ‡G° by more than 120%. The trend of the activation energy is similar to that of the activation
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complex stability [table 3(h)]. It implies that the activated complex structure indeed determine the
activation energy.

The increasing Δ‡G° by the long-range correction was remarkable. Regarding the planarity difference
of H40 with respect to ring B between in the ground and the transition state, the former was plane
[table 2(a.xiv)] and the latter was twisted [table 3(a)]. The results suggest that the increasing Δ‡G° is
due to the required energy to twist H40 with respect to ring B.

Overall, the similarity in the higher ΔG° and Δ‡G° calculations by M3 and M4 is a noteworthy
result. It appears that the similarity originates from the Hartree–Fock exchange functional contribution
to the selected calculation methods. B3LYP functional (M1) contained 20% of the Hartree–Fock
exchange functional [43], CAM-B3LYP (M3) contained 19% for short-range and 65% for long-range
exchange [23] and M06-2X (M4) contained 54% [29]. Therefore, the exact exchange such as
Hartree–Fock functional plays a significant role in this study. It supported the study by Zhao &
Truhlar [29] that recommends the use of M06-2X for studying the thermodynamic, kinetics and non-
covalent interactions of the main-group element. Specifically, this study validates the study by Chai &
Head-Gordon [44] that showed the importance of long-range corrected hybrid functional in
thermochemistry, kinetics and non-covalent interactions calculations.
pen
Sci.8:201127
4. Conclusion
We have reported the effect of long-range and dispersion correction on the hydroperoxyl radical-
scavenging reaction of trans-resveratrol and gnetin C. We found that long-range correction on the
coulombic interaction, which was included in CAM-B3LYP, showed significant effects on the reaction.
The effects predicted by CAM-B3LYP were similar to that of M06-2X. Both CAM-B3LYP and M06-2X
predicted higher reaction and activation energy (in terms of Gibbs free energy) than B3LYP. The
increase was 2.6–3.6 kcal mol−1 (trans-resveratrol) and 3.7–5.7 kcal mol−1 (gnetin C) for the reaction
energy, while for activation energy, the increase was up to 8 kcal mol−1. We argued that the higher
values of reaction and activation energy were due to hydroperoxyl radicals’ twisted orientation in the
transition state. Hydroperoxyl radical was twisted up to 50 degrees with respect to the phenyl ring
attached to it. This twisted orientation of hydroperoxyl radical showed another similarity between
CAM-B3LYP and M06-2X.

On the other hand, we noted that dispersion correction did not have a significant effect. B3LYP,
without or with the Grimme’s dispersion correction (GD3), obtained similar geometry and energy in
the transition state. These results support other theoretical studies that reported the importance of
long-range correction for the thermochemistry, kinetics and non-covalent interactions calculations.
Therefore, our study verifies the significance of long-range correction in the hydroperoxyl radical-
scavenging reaction of trans-resveratrol and gnetin C.
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The SJR is a size-independent prestige indicator that
ranks journals by their 'average prestige per article'. It is

based on the idea that 'all citations are not created
equal'. SJR is a measure of scienti�c in�uence of
journals that accounts for both the number of citations
received by a journal and the importance or prestige of

the journals where such citations come from It
measures the scienti�c in�uence of the average article
in a journal it expresses how central to the global

Total Documents

Evolution of the number of published documents. All
types of documents are considered, including citable

and non citable documents.

Year Documents
2014 50
2015 249
2016 413
2017 658

Citations per document

This indicator counts the number of citations received by
documents from a journal and divides them by the total

number of documents published in that journal. The
chart shows the evolution of the average number of
times documents published in a journal in the past two,
three and four years have been cited in the current year.

The two years line is equivalent to journal impact factor
™ (Thomson Reuters) metric.

Cites per document Year Value
Cites / Doc. (4 years) 2014 0.000
Cites / Doc. (4 years) 2015 2.220
Cites / Doc. (4 years) 2016 2.559
Cites / Doc. (4 years) 2017 3.174
Cites / Doc. (4 years) 2018 3.050
Cites / Doc. (4 years) 2019 3.179
Cites / Doc. (4 years) 2020 3.406
Cites / Doc. (3 years) 2014 0.000
Cites / Doc. (3 years) 2015 2.220
Cites / Doc. (3 years) 2016 2.559

Total Cites Self-Cites

Evolution of the total number of citations and journal's
self-citations received by a journal's published

documents during the three previous years.
 

Journal Self-citation is de�ned as the number of citation
from a journal citing article to articles published by the
same journal.

Cites Year Value
f

External Cites per Doc Cites per Doc

Evolution of the number of total citation per document
and external citation per document (i.e. journal self-

citations removed) received by a journal's published
documents during the three previous years. External
citations are calculated by subtracting the number of
self-citations from the total number of citations received

by the journal’s documents.

% International Collaboration

International Collaboration accounts for the articles that
have been produced by researchers from several

countries. The chart shows the ratio of a journal's
documents signed by researchers from more than one
country; that is including more than one country address.

Citable documents Non-citable documents

Not every article in a journal is considered primary
research and therefore "citable", this chart shows the

ratio of a journal's articles including substantial research
(research articles, conference papers and reviews) in
three year windows vs. those documents other than
research articles, reviews and conference papers.

Cited documents Uncited documents

Ratio of a journal's items, grouped in three years
windows, that have been cited at least once vs. those

not cited during the following year.

Documents Year Value
Uncited documents 2014 0

2015 2016 2017 2018 2019 2020
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