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Abstract The free radical scavenging activity of six 2′-
hydroxychalcones has been studied in gas phase and solvents
using the density functional theory (DFT) method. The three
main working mechanisms, hydrogen atom transfer (HAT),
stepwise electron-transfer-proton-transfer (ET-PT) and
sequential-proton-loss-electron-transfer (SPLET) have been
considered. The O-H bond dissociation enthalpy (BDE), ioni-
zation potential (IP), proton affinity (PA) and electron transfer
energy (ETE) parameters have been computed in gas phase and
solvents. The theoretical results confirmed the important role of
the B ring in the antioxidant properties of hydroxychalcones. In
addition, the calculated results matched well with exper-
imental values. The results suggested that HAT would be
the most favorable mechanism for explaining the radical-
scavenging activity of hydroxychalcone in gas phase, whereas
SPLET mechanism is thermodynamically preferred pathway
in aqueous solution.
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Introduction

Oxidative stress induced by free radicals can cause damage
to cellular proteins, membrane lipids and nucleic acids.
This process has been implicated in the pathogenesis of aging
and other diseases such as cancer, atherosclerosis, and
Alzheimer’s disease [1, 2]. Therefore, free radicals and related
species have attracted a great deal of attention in recent years.
Phenolic antioxidants are a potent compound applied in the
fields of commerce and biology to inhibit the material oxida-
tion. The antioxidant capacity of phenolic compounds has
long been recognized for their strong chain-breaking actions
and ability to scavenge radicals, thereby protecting cells
against the detrimental effects of reactive oxygen species [3].
Structure activity relationships of their antioxidant capacity
have been experimentally established and rationalized on the
basis of quantum chemical studies over the past years [4–13].
It was universally considered that the radical scavenging
abilities of these phenolic compounds depend greatly on the
number and arrangement of phenolic hydroxyl groups.

Chalcones (trans-1,3-diaryl-2-propen-1-ones, Fig. 1), be-
longing to flavanoid family are both biosynthetic precursors
of flavonoids and end products associated with a variety of
biological activities [14]. Chalcones continue to attract con-
siderable interest due to their broad spectrum of pharmaco-
logical activities, including antimalarial [15, 16], anticancer
[17], anti-inflammatory [18, 19], antibacterial [20],
antifilarial [21], antifungal [22], antimicrobial [23], larvicidal
[24], anticonvulsant [25] and antioxidant [26, 27] activities.
In addition, they have also shown inhibition of the enzymes,
especially mammalian alpha-amylase [28], cyclo-oxygenase
[29] and monoamine oxidase [30].

Chalcones have a diverse array of substituents on the two
aromatic rings. Among the various substituents, the hydroxyl
substituent is widespread among natural and synthesised
chalcones. In the last decades, a large number of reports have
been published on the beneficial effects of hydroxychalcones,
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especially the antioxidant activity [31–37]. These experimen-
tal studies have demonstrated that hydroxychalcones are effi-
cient for the scavenging of various radicals. Moreover, some
of them, such as 2,3,4,6-tetrahydroxychalcone, exhibit more
potent radical-scavenging activity than vitamin C and α-
tocopherol [35].

To elucidate the radical-scavenging activity of chalcones,
a few theoretical studies mainly based on DFT have also been
performed. Mosquera et al.[38] calculated O-H bond dissoci-
ation energies, ionization potentials and quantum theory of
atoms in molecules (QTAIM) atomic and bond properties of
butein and isoliquiritigenin at the B3LYP/6-311++G(2d,2p)
level. It was found that the two hydroxychalcones bear a
significant radical-scavenging activity similar to those of
natural hydroxybenzoic and cinnamic acids. The redox prop-
erties of a series of hydroxychalcones have been investigated
by Cotelle et al. [39] using cyclic voltammetry method and
theoretical calculation. Kozlowski and co-workers [40] evalu-
ated the O-H bond dissociation enthalpy (BDE) and the
ionization potential (IP) in a series of natural hydroxychalcones
by B3P86/6-31+G(d,p) calculations. Their results indicat-
ed the importance of the H atom transfer mechanism to
explain their capacity to scavenge the free radicals. Further-
more, the active sites were identified as the 6′-OH group and
the 3,4-dihydroxy-catechol. The theoretical study by Chen
et al. [41] showed that the 2,4,3′,4′-tetrahydroxychalcone
(butein) can serve as a powerful antioxidant against DPPH
radical.

Recently, a series of 2′-hydroxychalcones were synthesized
by Ohkatsu and Satoh [42], and the effects of hydroxyl
group(s) on the antioxidant activity were investigated. To gain

a deeper insight into the structure and antioxidant activity
relationship and as a continuation of our previous works
concerning the SARs of chalcones [43, 44], the objective of
this study is to investigate the structure–radical scavenging
activity relationship of these hydroxychalcones at DFT level,
in order to provide new clue for antioxidant development. The
thermodynamic descriptors such as O−H bond dissociation
enthalpy (BDE), adiabatic ionization potential (IP), proton
affinity (PA), and electron transfer enthalpy (ETE) were
obtained to examine the HAT, ET-PT, and SPLET mecha-
nisms. In addition, the influence of the polarity of solvent on
the reactivity is also studied.

Theoretical and computational methods

Three mechanisms are commonly proposed to explain radical
scavenging processes of phenolic antioxidants [6, 10, 45, 46]:
(1) a direct H atom transfer (HAT); (2) stepwise electron-
transfer-proton-transfer (ET-PT); and (3) sequential-proton-
loss-electron-transfer (SPLET).

R⋅ þ ArOH→RHþ ArO⋅ ð1Þ
R⋅ þ ArOH→R− þ ArOHþ⋅→RHþ ArO⋅

ArOH → ArO− þ Hþ ð2Þ

ArO− þ R•→ArO• þ R−

R− þ Hþ → RH
ð3Þ

In HAT, the antioxidant, ArOH, reacts with the free rad-
ical, R•, by transferring to it a hydrogen atom, through
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homolytic rupture of the O–H bond. The reactivity of an
ArOH can be estimated by calculating the O–H BDE, where
the lower the BDE value the higher the expected activity.
The ET-PT mechanism provides for an electron to be donat-
ed to the R•. In this case, the IP is the most significant
energetic factor for the scavenging activity evaluation. Mol-
ecules with the low IP values are expected to have high
activity. The PA is involved in mechanism 3, where the
ETE of ArO− is another controlling parameter. Thus, in the
present study BDE, IP, PA and ETE values were used as the
main molecular descriptors to elucidate the radical scaveng-
ing activity of the investigated compounds.

The molecular enthalpy at 298 K is consisted of B3LYP/6-
311++G(2d,2p) calculated single point energy (SPE) values
and B3LYP/6-31G(d) thermal contributions to enthalpy (TCE,
in which the vibrational contributions include zero-point vi-
brational energy). Then, the BDE values were calculated
according to the formula BDE=Hr+Hh−Hp, where Hr is the
enthalpy of the radical generated by H-abstraction, Hh is the
enthalpy of the H-atom, and Hp is the enthalpy of the parent
molecule. The exact value of the electronic energy of the H
atom (0.5 hartree) was used instead of the prediction by DFT
method. The enthalpy of the H-atom at 298.15 K, including
the translational and PV corrections, was 0.49764 hartree [10].
The IP values of neutral and anion forms were obtained
according to the equation IP=Ecr−Ep and ETE=Er−Ean, re-
spectively, where cr and an indicate the cation and anion
radical. Zero-point energy (ZPE) was added to the electronic
energy to obtain E0 at 0 K. The PA of ArOH was calculated
from the following equation, PA=Han+HH

+−Hp, where Han

and HH
+ are the enthalpy of anion radical and proton, respec-

tively. As previously proposed [47] gas-phase corrections
were employed to calculate these parameters in the aqueous
phase, since the vibrational frequencies calculation with po-
larized continuum model (PCM) is computationally very de-
manding (and not very accurate) and thermal corrections are
expected to be rather similar in the gas and solvated phases.

All calculations were performed by using Gaussian03
software package [48]. Density functional theory (DFT)
method combining with B3LYP hybrid density functional
[49, 50] has been applied because of its successful applica-
tion in the studies of radical scavenging mechanisms
[51–56]. To find the starting geometries and structures with
minimum energy, a conformational analysis was performed.
A fully relaxed potential energy scan was carried out against
the dihedral angle C9-C11-C12-C13 at B3LYP/6-31G(d)
level. After getting the minimum energy conformations, a
further geometry optimization was performed at the same
level of theory. Vibrational frequencies of the optimized
structures were computed using the same level of theory
and thermodynamic corrections were obtained at 298 K
and 1 atm, and added to electronic energies. Single point
energy (SPE) calculations were evaluated at B3LYP/6-

311++G(2d,2p) level using the B3LYP/6-31G(d) geometries
and used to refine electronic energies.

The distribution and energy of HOMO orbitals and the
spin density of the radicals were determined by using the
(U)B3LYP/6-31G(d) level of theory for the fully optimized
structure of the compounds. As the physiological medium of
human living cells is water, the influence of the solvation
effects on the antioxidant activity was taken into account by
using the polarized continuum model (PCM) [57] at
B3LYP/6-311++G(2d,2p) level of theory. Since in biological
conditions antioxidants may also act in lipid membranes, this
influence was also estimated using the benzene dielectric
constant (ε=2.27). The spin contamination of the UHF wave
functions of the radical species ArO• and ArOH•+ was gen-
erally small (<S2>=0.76–0.79) regardless of phase.

Results and discussion

Conformational analysis and equilibrium geometries

The knowledge of the conformational and geometrical fea-
tures of the studied compounds is of crucial importance to
understand the relationship between the molecular structure
and antioxidant activity. Chalcones exist as either the trans-
or the cis-isomers, the trans-isomer being in most cases the
thermodynamically most stable form and consequently, the
majority of chalcones is isolated as the trans-isomer [58]. S-
cis conformation for the O=C-Cα=Cβ has also been found
as the most stable conformers from our previous studies [43,
44, 59, 60]. Thus, in this study, we decided to focus on the
trans-s-cis conformer for compounds 1–6.

Potential energy curves for the 2′-hydroxychalcones as a
function of dihedral angle θ around the C11-C12 bond have
been characterized exploring in steps of 10° values from 0°–
180° at B3LYP/6-31G(d) level of theory in vacuo. The plots
of the potential energy profile are shown in Fig. 2. The
energies of the main stationary point (M1, M2 and TS) are
listed in Table S1 in Supporting information. As can be seen
from Fig. 2 and Table S1, the most stable structures of 1–6
are formed at θ=0° followed by a relative minimum at
θ=180° with average energy difference (ΔE1) of 0.18 kcal
mol-1 after removing the torsion angle constraint. The poten-
tial energy (ΔE2) is in the range of 5.73–7.28 kcal mol-1.
These results indicate that all the molecules can exists in two
conformations that are practically isoenergetic.

Based on the minimum energy conformations obtained
from the energy scan, further geometry optimization was
performed with the B3LYP/6-31G(d) method. The opti-
mized structures of hydroxychalcones 1–6 are presented in
Fig. 3. All the conformers obtained here present trans ar-
rangement around the C9=C11 bond (Fig. 1) and in the most
stable conformer of each molecule dihedral angles C4-C8-
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C9=C11 and C8-C9=C11-C12 are antiperiplanar. An intra-
molecular hydrogen bond (IHB) between the carbonylic
oxygen and the 2′-hydroxylic hydrogen was found in each
molecule (Fig. 3). The resulting hydrogen bond lengths for
1–6 are about 1.64 Å. These IHBs are expected to favor
coplanarity among the A ring, enone system and the B ring.

The optimized geometrical parameters for neutral mole-
cules and their radicals were given in Tables S2-S4 in
Supporting information. From the data of bond distances
and bond angles, it can be seen that no significant geomet-
rical change has been observed when going from the neutral
molecule to the phenoxy (ArO•) and cation (ArOH+•) radi-
cals and the anion forms (ArO−). Most of the bond distances
are exhibiting double bond character and at the same time are
shorter than single bonds. From the data of dihedral angle
(Table S4), it can also be seen that the neutral hydroxychalcones
1–6 are all coplanar. When a hydrogen atom or electron was
removed from the neutral form, all the phenoxy and cation
radicals retained planarity and consequently conjugation is

similar to the parent molecule. As far as the anion forms are
concerned, only the anions generated from the A ring of 2, 5
and 6 are the nonplanar geometries, while other anions still
retain planarity.

BDE and solvent effect

In order to obtain a classification of the radical-scavenging
activity of each OH group, BDE was calculated for every
radical species obtained after the removal of the H atom from
each hydroxyl group. The calculated BDE values in gas
phase, benzene and water are presented in Table 1.

As discussed above, the 2′-hydroxyl group in each com-
pound forms IHB with the carbonylic oxygen. This in turn
causes a higher BDE for the 2′-hydroxyl group. Table 1
clearly shows that the BDE of 2′-hydroxyl group is in the
91.9–105.3 kcal mol-1 range, whereas the OH in ring B is in
the 82.3–88.5 kcal mol-1 range. Thus, the 2′-hydroxyl group
can be neglected with respect to the H-atom donating
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Fig. 2 Potential energy curves
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calculated at the B3LYP/ 6-
31G(d) level in gas phase
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Fig. 3 Optimized ground state
structures of hydroxychalcones
1–6 and the related compounds
calculated at the B3LYP/
6-31G(d) level in the gas phase

Table 1 The O-H BDE, IP, PA and ETE (in kcal mol-1) values of hydroxychalcones 1–6 and the related compounds. The experimental antioxidant
ratios are also included for comparison

Compound BDE IP PAb ETE Antioxidant
ratio(%)a

Radical Gas Benzene Water Gas Water Gas Water Gas Water

1 2′-OH 105.3 104.2 102.7 175.9 126.7 349.7 52.0 69.0 117.6 0

2 2′-OH 105.3 104.4 103.3 177.7 142.9 349.9 53.3 69.3 117.4 0

4′-OH 88.8 88.6 88.6 328.1 39.8 74.4 115.9

3 2′-OH 105 103.9 102.5 174.9 140.9 352.3 52.5 66.2 116.9 69

2-OH 82.3 83.4 85.9 323.8 43.2 72.1 109.8

4 2′-OH 105.1 104.2 102.7 178.5 141.1 348.7 52.1 69.9 117.5 32

3-OH 86.6 86.9 88.5 334.1 48.9 66.2 106.7

5 2′-OH 104.9 103.9 102.6 170.8 132.4 351.3 53.1 67.7 117.0 68

4-OH 83 83.6 85.1 322.3 42.9 74.4 109.3

6 2′-OH 98.6 96.1 91.9 173.6 135.8 351.0 52.9 61.3 106.1 61

4-OH 83 83.6 85.2 326.0 41.7 70.6 106.5

CAc 82.6 82.3 82.1 178.8 139.0 329.8 42.5 66.4 106.7 61

Phenol 85.0d 191.6d

PMHCc 73.1d 154.2d

a Ref. [42]
b The enthalpy values of 1.48 and −245.05 kcal mol-1 are used for H+ in gas phase and water, respectively [62, 67]
c CA, ethyl p-coumarate; 2,2,5,7,8-pentamethyl-6-chromanol (PMHC), a model for the physiological antioxidant α-tocopherol
d ref. [43]
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reaction. From Table 1, we can also see that the BDE of 4′-
OH in 2 is 88.8, 88.6 and 88.6 kcal mol-1 in gas, benzene and
water respectively. These values are larger than the corre-
sponding data of OH on the B ring for 3–6. This clearly
confirms that HAT from the B ring is easier than that of the A
ring, and the B ring is considered as the primary target for
radical attack. This result is in line with previous studies on
chalcones [40, 43, 44] and structure-activity relationship of
antioxidant flavonoids [61].

It can be noted that the BDE values of 2′-OH are all
significantly greater than that of phenol (85.0 kcal mol-1 at
this level of theory), which is generally chosen as the zero
compound. Abstraction of the H atom from the hydroxyl in
positions 2′ implies the breaking of the hydrogen bonds
formed with the adjacent carbonyl group. Hence, the hydro-
gen atom transfers for these 2′-OH are difficult to occur
compared with phenol. In addition, the BDEs of 4′-OH (88.8-
kcal mol-1) is also larger than that of phenol (85.0 kcal mol-1),
indicating a chalcone with hydroxyl group(s) on the A ring
cannot act as radical trapping compound. This is consistent
with the experimental results [42], i.e., compounds 1 and 2 did
not show any peroxy radical trapping activity.

For compounds 2–6 possessing two phenolic hydroxyls,
the one with the lowest BDE determines their radical-
scavenging activities. Table 1 clearly shows that the BDEs
declined in the order 1>2>4>5=6>3 in both gas and ben-
zene phases, so the sequence of hydrogen donating ability of
the hydroxychalcones is: 3>5=6>4>2>1. In water phase,
the sequence is slightly different from those in gas and
benzene phases, with the order of 5≈6>3>4>2>1. In addi-
tion, the BDE values of 3, 5 and 6 are similar to those of ethyl
p-coumarate (CA), indicating the activity of these three
compounds might be comparable to the activity of CA. In
general, our results are consistent with the conclusions re-
ported by Ohkatsu and Satoh [42].

As presented in Table 1, a chalcone with a hydroxyl group
on the 2- or 4-position of the B ring has higher H-atom
donation ability compared with the 3-hydroxyl group. The
lower activity of the latter probably due to the lower stability
of the phenoxy radical given by the expansion of the conju-
gated system as shown in Fig. 4. As generally accepted, a
molecule that can be written as several resonance structures
of approximately equal energies has greater stability than
does a molecule without or with less multiple resonance
structures. In the case of the 2- or 4-OH-substituted chalcone,
the phenoxy radical formed by hydrogen abstraction is well
stabilized by the aromatic resonance (Fig.4a), whereas the 3-
OH-substituted chalcone is less stablilized (Fig. 4b).

As revealed by the BDE difference between 5 and 6
(Table 1), the introduction of the electron-donating methoxy
group in the o-position of 4-OH (guaiacol moiety) has almost
no effect on the O-H BDE of 4-OH. The BDEs of 4-OH for 4
in different media are almost equal to those of 5. This

indicates that the presence of -OCH3 in the ortho-position
has a slightly stabilizing effect on the radicalized molecule
due to the compromise between the electron-donor and
electron-withdrawing capabilities of this group. This phe-
nomenon is consistent with that of guaiacol [6].

Comparing the BDEs (Table 1) in the environments studied,
we observe that in solvent medium these values are higher
than in gas phase for OH in the B ring. An increase of 1.9–
3.6 kcal mol-1 was obtained for BDE values when computa-
tion was carried out in polar water. Smaller difference (0.3–
1.1 kcal mol-1) was found in the nonpolar benzene. Such a
finding agrees with that reported for structurally related
aurones [54] and trans-resveratrols [5], i.e., an increasing of
the BDE values in going from gas phase to solvent. Hence, it
can be conclude that these media decrease the ability of the
hydroxyl groups to homolytic dissociation. Contrary to the
OH in the B ring, a reverse solvent effect on BDE was
observed for the OH in the A ring. A decrease of 0.2–2.6
and 0.2–1.1 kcal mol-1 was obtained for BDE values when
computation was carried out in polar water and nonpolar
benzene, respectively. These observations can be justified by
the presence of strong intramolecular hydrogen bonds
O7H4···O10, which are weakened more and more when the
solvent polarity increases. Indeed, polar solvents ease the
charge separation. Moreover, the higher the solvent polarity,
the easier the separation of charges [62].

It can be seen from Table 1, the in-gas BDE values of O-H
in the B ring (82.3–86.6 kcal mol-1) are smaller or slighter
larger than that of phenol (85.0 kcal mol-1) but larger than
that of α-tocopherol analogue, PMHC (73.1 kcal mol-1)
calculated at the same level of theory. This means that the
H-atom donation ability of these compounds is stronger than
that of phenol but weaker than that of PMHC. Moreover, the
BDEs of O-H in the B ring for 3, 5 and 6 are similar to or
smaller than that of CA antioxidant (82.6 kcal mol-1), indi-
cating that these three compounds are of comparable or
better hydrogen donating ability than the CA antioxidant.

IP and solvent effect

According to ET-PT mechanism, IP is another important
physical factor indicating the range of electron donation.
Low IP values are favorable to raise the electron-transfer
reactivity while high IP values decrease the electron-
transfer rate between antioxidant and free radicals. The IPs
of hydroxychalcones 1–6 and related compounds in the gas
phase as well as in water are presented in Table 1.

As can be seen from Table 1, the sequence of IP values in
gas-phase is 5<6<3<1<2<4, whereas the tendency of IP
values in water solution is quite different: 1<5<6<3<4<2.
By comparison, we found that the trend for IP values is
different from that of BDE values. This discrepancy can be
attributed to the fact that BDE is affected by the local
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phenomena induced by the substituents, whereas the IP value
is affected by the structure of the whole molecule [10]. In
other words, within the mechanism of the electron transfer,
the main factors affecting the value of IP are the extended
delocalization and conjugation of the π-electrons, rather than
the presence of particular functional groups.

The presence of the water medium involves a significant
decrease of the absolute values of IP. For instance, the IP value
of 5 that is themost active, changes from170.8–132.4 kcalmol-1,
in going from the gas-phase to the water medium. This
confirms that polar solvents largely ease the electron transfer.
Comparatively to solvent effect on BDEs, the solvent influ-
ences the IPs drastically, since their effect is within 34.0–
49.2 kcal mol-1. This is not unexpected because it is well
known that cation radicals are charged and they are quite
sensitive to the polarity of various solvents. This result agrees
with those pointed out in the literature [63, 64].

As shown in Table 1, the in-gas IPs of hydroxychalcones
1–6 are about 13∼21 kcal mol-1 lower than that of phenol
(191.6 kcal mol-1), while other flavonoids like catechin,
rutin, scutellarin and baicalin are 30∼40 kcal mol-1 lower

than that of phenol [65]. Thus, when the electron transfer
mechanism predominates for the scavenging of free radicals,
hydroxychalcones 1–6 are not expected to be as efficient as
other flavonoids. In addition, the IPs of 1–6 are similar to or
smaller than that of CA, but, they are higher than that of
PMHC. In previous literature [66], the antioxidant mechanism
of α-tocopherol was certified to be H-atom transfer because it is
difficult to donate electrons, thus the hydroxychalcones act as the
α-tocopherol, and they are also difficult to donate electrons.

Frontier orbitals and spin density

The energy and distribution of the highest occupied molec-
ular orbital (HOMO) are important parameters in describing
the free-radical scavenging activities of phenolic antioxi-
dants. The molecules with a higher energy of the HOMO
have stronger electron donating ability. Besides, more active
redox sites of antioxidant molecule are characterized by high
density of the HOMO. According to the results presented in
Fig. 5, compound 6 provided the highest HOMO energy,
followed by 3, 5, 1, 2, 4. This clearly indicates that 6 has the
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strongest electron-donating capability among the studied com-
pounds. Furthermore, the predicted electron-donating capabil-
ity sequence according to the HOMO energies was found to
be almost the same as that for the IP. As depicted in Fig. 5,
HOMOs of the compounds 1–4 present similar distribution.
These HOMO orbitals are mainly localized on the ring A and
3-phenylpropenal. On the contrary, the greatest contribution to
the HOMO of compounds 5 and 6mainly comes from the ring
B and 3-phenylpropenal. Clearly, the HOMO distribution of
phenolic oxygen atom on ring B is larger for 5 and 6 than for
the others. Thus, we can anticipate that the OH groups on the
B ring would be easily attacked by free radicals and other
reactive agents in the real biological systems.

As local descriptor of reactivity, the spin density is often
considered to be a realistic parameter and provides a better
representation of the reactivity. The more delocalized spin
density in the radical, the easier the radical formed and thus
the lower the BDE. The importance of the spin density for
the description of flavonoids has been pointed out by recent
papers [5, 7–9, 43, 44, 54, 64]. Therefore, we have decided to
analyze the spin density on the various radicals, in order to
rationalize the differences in reactivity of the OH sites in
hydrochalcones and consequently the differences in BDE.

As depicted in Fig. 6 and Fig. S1, the spin population
appears to be slightly more delocalized for the radicals on the
B ring than those located on the A ring. As an example, the
spin density is 0.629 on the O-atom in the 2′-OH radical for
3, whereas it is 0.577 for the 2-OH radical. Therefore, the O-
H BDE is lower in the B ring than in the A ring. On the other

hand, the spin densities of 1r, 2r-a, 3r-a, 4r-a and 5r-a
radicals mainly distribute on the 2′-phenolic oxygen atom
and the carbonyl group, whereas in 6r-a radical the spin
densities come mainly from the phenolic oxygen atom and
the A ring. Meanwhile, the spin density on the phenolic
oxygen atom is 0.434 for 6r-a, significantly smaller than
that of other 2′-phenolic radicals. This can explain why 6r-
a has lower BDE value than others.

The spin population can also explain the difference be-
tween 2- or 4-OH and 3-OH in antioxidant activity. As can be
seen from Fig. 6, the spin densities of 4r-b radical mainly
distribute on the phenolic oxygen atom and B ring, whereas
in 3r-b, 5r-b and 6r-b radicals the spin densities delocalize
not only on the phenolic oxygen and the B ring, but also on
the enone system. This indicates that the spin densities in 3r-
b, 5r-b and 6r-b radicals are more delocalized and thus these
three radicals are more stable than 4r-b. Thus, the BDE of O-
H on ring B is lower in 3, 5 and 6 than in the other molecules.

Comparing the radicals 5r-b with 6r-b, we find that these
radicals have similar spin density distribution on the pheno-
lic O-atom. The spin density is 0.306 and 0.344 in 5r-b and
6r-b, respectively (Fig. S1). This can explain why these two
radicals have very similar BDE values and experimental
antioxidant activities (Table 1).

Antioxidant mechanisms

According to a previous paper by Wright et al. [10], the
mechanism dominating the antioxidant activity of a certain

1

-6.0115 eV

2

-6.0241 eV

3

-5.8638 eV

4

-6.0426 eV

5

-5.8785 eV

6

-5.7536 eV

Fig. 5 The orbital distribution
and energy of HOMO for
hydroxychalcones 1–6
computed at B3LYP/6-31G(d)
level of theory in gas phase.
Green and red regions denote
positive or negative phase of
obital (isovalue=0.02)
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phenolic compound can be inferred from the relative values
of its IP and BDE with respect to phenol (ΔIP and ΔBDE,
respectively). They believed that HAT dominates when
ΔIP≥−36 kcal mol-1 and ΔBDE is around −10 kcal mol-1,
whereas electron transfer is predominant whenΔIP≤−45 kcal
mol-1. According to the results in Table 1, the ΔIP values in

gas phase are in the range of 13–21 kcal mol-1, whereas the
ΔBDE values range from −2.7 to 3.8 kcal mol-1. Therefore,
HAT mechanism may be more likely for the dominant anti-
oxidant mechanism in the gas phase. From Table 1, it can
also be seen that the calculated gas-phase BDE are signifi-
cantly lower than the gas-phase IP and PA values. These

1r

2r-a                2r-b

3r-a                        3r-b

4r-a                        4r-b

5r-a                        5r-b

6r-a                         6r-b

Fig. 6 Plots of spin densities in
the radicals formed by H-
removal from the B and A rings
for hydroxychalcones 1–6.
Green and blue regions denote
positive or negative density
(isovalue=0.0004)
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results further suggest that HAT is thermodynamically more
favored than ET-PT and SPLET in the gas phase.

As can be seen from Table 1, the calculated gas-phase PA of
the title molecules are significantly higher than the O-H BDE
and the IP values. The PAvalues obtained in water are far away
lower than those in the gas phase due to the large solvation
enthalpies of proton [62, 67]. The differences between gas
phase and water exceed 279 kcal mol-1. This means solvent
favors the deprotonation process. Moreover, the values of PA in
water are significantly lower than the corresponding values of
BDE and IP. Therefore, SPLET represents the most probable
reaction pathway from the thermodynamic point of view in
water. Computed ETEs of anion species are significantly lower
than those of neutral species (IPs) in the two media. Accord-
ingly, single electron transfer process from the anionic form is
more preferable than that from the neutral form, which agrees
with the results obtained by other studies [68–70]. Furthermore,
all ETEs in water are higher than those in gas phase. In the case
of water phase all ETEs are higher than PAwhile in the case of
gas phase all ETEs are lower than PA.

In summary, among the three mechanisms, HAT is ther-
modynamically preferred in gas phase and SPLET is more
favored in water. However, it must be stressed that the
relative importance of HAT, ET-PT, or SPLET is not only
determined by microenvironmental features (lipid phase,
aqueous phase) but also governed by the characteristics of
the scavenged radical [71].

Conclusions

In this work, B3LYP/6-311++G(2d,2p)//B3LYP/6-31G(d)
theoretical method and polarizable continuum model
(PCM) method have been applied to study the radical scav-
enging activity of a series of 2′-hydroxychalcones. The O-H
BDE, adiabatic IP, PA, and ETE have been computed both in
the gas phase and in solutions. In addition, other descriptors
such as HOMO orbital distribution and spin density have
also been discussed.

The theoretical results confirm the important role of the B
ring in the antioxidant properties of hydroxychalcones. HAT
from the B ring is easier than that of A ring, and the B ring is
considered as the primary target for radical attack. On the
basis of the obtained results, the BDE declined in the order
1>2>4>5=6>3 in both gas and benzene phases, whereas the
sequence in water phase is slightly different from those in gas
and benzene phases. In general, the sequence of hydrogen
donating ability of the hydroxychalcones is: 3>5=6>4>2 >1,
which is consistent with the experimental result [42]. Our
calculations also show that a chalcone with a hydroxyl group
on the 2- or 4-position of the B ring has higher H-atom
donation ability compared with 3-OH. The introduction of
the methoxy group (OCH3) in the o-position of 4-OH has

almost no effect on the O-H BDE. In solvent medium BDE
values are higher than in gas phase for OH in the B ring, while
a reverse solvent effect was observed for OH in A ring.

The sequence of IP values in gas-phase is 5<6<3<1<2<4,
whereas the tendency in water is quite different:
1<5<6<3<4<2. Solvent influences the IPs drastically, with
a significant decrease of the absolute values of IP. In addition,
the results reveal that the trend for calculated IP values is
different from that of BDE values. As expected, the IP and
ETE values depend significantly on the phase because of the
stabilization of charged species by polar solvents. The calcu-
lated gas-phase PA of the title molecules are significantly
higher than the O-H BDE and IP values, and solvent favors
the deprotonation process.

Based on the analysis above, it can be concluded that the
HAT is the most favored mechanism for explaining the
radical-scavenging activity of 2′-hydroxychalcone in the
gas phase, whereas SPLET mechanism is the thermodynam-
ically preferred pathway in aqueous solutions. Among the
compounds studied 2′,2-dihydroxychalcone (3) and 2′,4-
dihydroxychalcone (5) are predicted to be potential free
radical scavengers and deserve further exploitation as candi-
dates. Summarizing, our study contributes to the ongoing
interest on the understanding of the antioxidant activity of
chalcones for better exploitation in the field of food chemis-
try and pharmacy.
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