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Examination of the chemical behavior of the quercetin
radical cation towards some bases†

Zoran Marković,*a Dragan Amić,b Dejan Milenković,c Jasmina M. Dimitrić-Markovićd

and Svetlana Markoviće

It has been generally accepted that, due to high ionization potential values, single electron transfer

followed by proton transfer (SET-PT) is not a plausible mechanism of antioxidant action in flavonoids.

In this paper the SET-PT mechanism of quercetin (Q) was examined by revealing possible reaction paths

of the once formed quercetin radical cation (Q+�) at the M0-52X/6311+G(d,p) level of theory. The

deprotonation of Q+� was simulated by examining its chemical behavior in the presence of three bases:

methylamine (representative of neutral bases), the MeS anion (CH3S�) and the hydroxide anion

(representative of anionic bases). It was found that Q+� will spontaneously be transformed into Q in the

presence of bases whose HOMO energies are higher than the SOMO energy of Q+� in a given medium,

implying that Q cannot undergo the SET-PT mechanism in such an environment. In the reaction with the

MeS anion in both gaseous and aqueous phases and the hydroxide anion in the gaseous phase Q+�

accepts an electron from the base, and so-formed Q undergoes the hydrogen atom transfer mechanism.

On the other hand, SET-PT is a plausible mechanism of Q in the presence of bases whose HOMO energies

are lower than the SOMO energy of Q+� in a given medium. In such cases Q+� spontaneously donates a

proton to the base, with energetic stabilization of the system. Our investigation showed that Q conforms

to the SET-PT mechanism in the presence of methylamine, in both gaseous and aqueous phases, and in

the presence of the hydroxide anion, in the aqueous solution.

1 Introduction

To counteract the damaging effect of free radicals, the organisms rely
on a variety of internal and external factors defying different defense
mechanisms which prevent free radical damage. These factors
include enzymes (such as superoxide dismutase and catalase),

copper and iron transport proteins, water-soluble and lipid-
soluble antioxidants and dietary substances, such as flavo-
noids, vitamins C and E, hydroquinones and various sulfhydryl
compounds.1

Flavonoids are natural phenolic compounds recognized as
potent external defense factors against oxidative damage. Their
protective role correlates well with their antioxidant activity
which is manifested through different actions, like direct
radical scavenging, transition metal chelation, inhibition of
certain enzymes, or removing oxidatively changed and damaged
biomolecules. They can also manifest prooxidant, toxic effects
involved in cytotoxicity, inhibition of mitochondrial respiration
and mutagenicity, all closely related to their ability to oxidize in
the presence of dissolved oxygen and to produce the superoxide
anion which, in dismutation reaction, reacts with itself to
produce oxygen and hydrogen peroxide which, through Fenton
chemistry, gives a hydroxyl radical.2–6

Due to their electron-rich and highly conjugated chemical
structure flavonoids easily participate in electron and proton
transfers, the fundamental processes in chemistry and biology,
which are also considered among the major determinants
influencing good antioxidant activity. In the radical scavenging
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mechanisms reactive radical species are inactivated by accepting
a hydrogen atom from a hydroxyl group of the flavonoid. This
transfer can be visualized through at least three mechanisms
characteristic not only of flavonoids but phenolics generally:
hydrogen atom transfer (HAT, eqn (1)), sequential proton loss
electron transfer (SPLET, eqn (2)), and single electron transfer
followed by proton transfer (SET-PT, eqn (3)).7–15

The HAT mechanism proceeds by rapid donation of a
hydrogen atom to a radical species R�.

ArOH + R� - ArO� + RH (1)

The SPLET mechanism takes place once the flavonoid
anion, ArO�, is formed (eqn (2a)). Further, electron transfer
from the flavonoid anion to a radical leads to the formation of
the flavonoid radical, ArO�, and the corresponding anion R�

(eqn (2b)), which is further protonated (eqn (2c)).

ArOH - ArO� + H+ (2a)

ArO� + R� - ArO� + R� (2b)

R� + H+ - RH (2c)

The first step in the SET-PT mechanism is transfer of an
electron to the radical form while the primary antioxidant, the
flavonoid molecule, is transformed into the radical cation
(eqn (3a)). It has been generally accepted that the second step
proceeds through the flavonoid radical cation deprotonation
(eqn (3b)).

ArOH + R� - ArOH+� + R� (3a)

ArOH+� + R� - ArO� + RH (3b)

Energetics related to radical scavenging mechanisms, which
all have the same net result, are governed by different mole-
cular properties: bond dissociation enthalpy (BDE) of ArOH in
the HAT mechanism, proton affinity (PA) of ArO� together with
electron transfer energy (ETE) of ArO� in the SPLET mecha-
nism, and ionization potential (IP) of ArOH and proton disso-
ciation enthalpy (PDE) of ArOH+� in the SET-PT mechanism.

According to the structure–activity relationships, quercetin
is consistently ranked as one of the most powerful antioxidants
in the flavonoid class of compounds. Constant scientific
interest in quercetin arises from its multiple effects on human
health including: antiviral protection (against parainfluenza
virus type 3, herpes simplex virus type 1, and poliovirus type 1),
cardiovascular and anticancer protection, inhibition of oxidation
of LDL cholesterol in vitro, inhibitory effects on inflammation-
producing enzymes like cyclooxygenase and lipoxygenase which
in their metabolic cycles cause edema, dermatitis, arthritis, gout
and other pathological states. It is found as glycoside at high
concentrations in many types of fruits and vegetables
(Ginkgo biloba, Hypericum perforatum, Sambucus canadensis,
apples, onion, berries, red wine, barks, nuts, flowers, leaves,
seeds).16–22 It has been shown that quercetin glucosides are
hydrolyzed by lactase phlorizin hydrolase (LPH), a b-glucosidase
found on the brush border membrane of the mammalian small
intestine (pH = 7–9). Subsequently, the liberated aglycone can be

absorbed across the small intestine.23–25 Despite the fact that
after absorption from the small intestine quercetin is conju-
gated with glucuronic acid or sulfate or O-methylation may
occur,24 the present study is focused on the SET-PT mechanism
of aglycone of quercetin (Q) as a model compound representing
these conjugates.

Besides reaction (3a) with electrophilic radicals, phenol
radical cations can be generated in numerous ways. Phenol
radical cations are potential intermediates in a number of
photooxidative processes, and have been observed directly in
matrices at low temperature,26 and in gas-phase clusters.27

It has been reported that photolysis of phenols leads to a variety
of transients, including phenol radical cations.28 In addition, it
has been demonstrated that pulse radiolysis, photoionization,
and laser flash photolysis can be used to generate and char-
acterize a variety of phenol radical cations.28,29 One can sup-
pose that, when subjected to similar experimental conditions,
Q can produce quercetin radical cation (Q+�). Our investigation
is focused on reaction (3b), i.e. on possible reaction pathways
in vitro of once formed Q+� in a basic environment. The
deprotonation of Q+� was simulated by examining its chemical
behavior in the presence of three bases: methylamine (repre-
sentative of neutral bases), the MeS anion (CH3S�) and the
hydroxide anion (representative of anionic bases). A general
form of the investigated reactions is presented in Fig. 1. It will
be shown that reaction (3b) plays a significant role in deter-
mining which mechanism of Q is dominant. Namely, the
antioxidant mechanism of Q is directly dependent on the base
charge and nature.

It should be pointed out that the structure of Q+� has never
been examined, probably due to the high IP value of Q in the
gaseous phase. Though the IP and PDE values for some
flavonoids have been reported,30 the SET-PT mechanism of Q,
and other flavonoids, has not been fully elucidated. The aim of
this paper is to fulfil this gap in the quercetin chemistry.

2 Methodology section

All calculations were performed with the Gaussian 09 software
package31 using density functional theory. To select the suitable
theoretical model, the geometry of Q in the gaseous phase was
optimized using the M0-52X,32–34 B3LYP,35,36 B3P86, and PBE1PBE37

functionals, with the 6-311+G(d,p) basis set (Tables S1 and S2, ESI†).

Fig. 1 General scheme of the examined reactions. The optimized structure
represents the quercetin radical cation (Q+�), whereas Q� stands for a quercetin
radical. The labels on the atoms are remained throughout the paper.
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A comparison to the experimental structure of Q shows that all
methods well reproduce the bond lengths and angles of Q, with
the mean relative errors of around 1.5%. On the other hand,
only the M0-52X functional predicts the non-planar geometry of Q,
in accord with the experimental t(C3–C2–C10–C20) torsion angle
(Table S1, ESI†). The performance of the M0-52X functional was
further tested by applying the computationally more demanding cc-
pvtz basis set (Tables S1 and S2, ESI†). As for the bond lengths and
angles, the two basis sets produce almost identical mean relative
errors, whereas 6-311+G(d,p) reproduces the t(C3–C2–C10–C20)
dihedral angle better than cc-pvtz. Taking into account all these
facts, the M0-52X/6311+G(d,p) model was selected for all further
calculations. Geometry optimizations for all species under investi-
gation were achieved in the gaseous and aqueous phases, without
symmetry constraints. The influence of water as solvent was
approximated by the SMD solvation model.38 SMD is a continuum
solvation model based on the quantum mechanical charge density
of a solute molecule interacting with a continuum description of
the solvent. ‘‘D’’ in the model name stands for ‘‘density’’ to denote
that the full solute electron density is used without defining partial
atomic charges.

Transition states (TSs) were searched using synchronous
transit guided quasi-Newton methods.39 The intrinsic reaction
coordinates (IRC), from the transition states down to the two
lower energy structures, were traced using the IRC routine in
Gaussian in order to verify that each saddle point is linked with the
corresponding reactant complex (RC) and the product complex
(PC).40 The structure of RC for each reaction was obtained in the
following way: the geometry which first results from progression
backward along the reaction coordinate starting from the TS was
selected, and then fully optimized without any movement restric-
tion. Since each RC is treated as a single particle, the examined
reactions can be considered as the first order reactions. Similarly,
the structure of PC for each reaction was determined by selecting
the geometry which first results from progression forward along the
reaction coordinate, and then reoptimizing the selected geometry.
The optimization and energy calculation of all geometries were
performed without any constraints added to separate charges on
the two moieties of RCs, TSs, and PCs. This implies that for each
examined reaction, the global charge and spin multiplicity of
the RC, TS and PC were mutually identical. The obtained
geometries were verified, by normal mode analysis, to be
minima (no imaginary frequencies), or maxima on the
potential energy surface (one imaginary frequency). Natural
bond orbital (NBO)41–43 analysis was performed for all species.

Relative energies were calculated at 298 K. Zero point
corrections (ZPE) and thermal corrections (TCE) to the energy
were included. The M0-52X/6-311+G(d,p) values were corrected
using the recommended scaling factor of 0.9467 for enthalpy
and 0.9398 for entropy.44

Rate constants were calculated using conventional transition
state theory (TST),45–47 as implemented in TheRate program,48

and the 1 M standard state as follows:

k ¼ sk
kBT

h
expð�DGz=RTÞ (4)

where kB and h stand for the Boltzman and Planck constants,
DG‡ is the free activation energy, s represents the reaction path
degeneracy accounting for the number of equivalent reaction
paths, and k accounts for tunneling corrections. The tunneling
corrections, defined as the Boltzman average of the ratio
between the quantum and classical probabilities, were calcu-
lated using the zero-curvature tunneling (ZCT) approach.49,50

The energy values, partition functions, and thermodynamic
data were taken from the quantum-mechanical calculations.

3 Results and discussion

Among several functionals and basis sets (see Methodology
section) the M0-52X/6-311+G(d,p) model was selected. All
results presented here were obtained at this level of theory.
Reaction enthalpies related to the three mechanisms of free
radical scavenging activity (HAT, SPLET, and SET-PT) of Q were
calculated using the following equations:

BDE = H(ArO�) + H(H) � H(ArOH) (5)

IP = H(ArOH�+) + H(e�) � H(ArOH) (6)

PDE = H(ArO�) + H(H+) � H(ArOH�+) (7)

PA = H(ArO�) + H(H+) � H(ArOH) (8)

ETE = H(ArO�) + H(e�) � H(ArO�) (9)

The species necessary to perform these calculations were
generated from the most stable conformation of Q. Calcula-
tions were performed in the gaseous and aqueous phases
(Table 1). The recommended values for the enthalpies in gas
and water of electrons H(e�), hydrogen atoms H(H), and pro-
tons H(H+) were used.51–53 The results presented in Table 1 are
in accord with the findings of a simultaneous investigation of
the three mechanisms, i.e. HAT, SET-PT, and SPLET, for eight
naturally occurring flavonoids (including Q).30

It can be concluded, on the basis of the BDE values, that
among five OH groups of Q, the 40-OH has the greatest ability to
donate H-atom. The 40-OH group has the lowest BDE value in
both phases, so it represents the first site that can donate its
H-atom, followed by 3-OH and 30-OH.54–56

The calculated PA values of all present OH groups show that
proton transfer from the 40-OH group is easier compared to
other OH groups. The PA values for aqueous solution are

Table 1 Parameters for free radical scavenging activity of quercetin (kJ mol�1)
calculated at the M05-2X/6-311G+(d,p) level of theory

Site

Gaseous phase Aqueous solution

HAT
SPLET SET-PT

HAT
SPLET SET-PT

BDE PA ETE IP PDE BDE PA ETE IP PDE

737 334
5 419 1422 318 1004 383 112 270 48
7 386 1363 345 971 383 94 289 49
30 368 1429 261 953 349 116 232 14
3 355 1403 273 940 334 108 226 0
40 319 1338 303 904 333 93 240 �1
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several times lower than the corresponding values in the
gaseous phase (Table 1), which is a consequence of the inter-
actions of the species involved in eqn (2a) with the solvent
molecules. This implies that the reaction which conforms to
the SPLET mechanism is thermodynamically preferred in the
aqueous solution.

The IP value of Q is significantly lower in the aqueous than
in the gaseous phase, which is a consequence of the stabili-
zation of charged species in polar solvents. It can be supposed
that reaction (3a) will be faster in the aqueous solution,
compared to the gaseous phase.56,57

Table 1 reveals that the HAT mechanism is dominant in the
gaseous phase, because the BDE values are significantly lower
than the corresponding IP and PA values. In the aqueous
solution the PAs are significantly lower than the corresponding
BDE values. This indicates that the SPLET mechanism repre-
sents the thermodynamically most probable reaction pathway
in polar solvents. On the other hand, if we compare BDE to the
sums PA + ETE (SPLET), and IP + PDE (SET-PT), it is clear that
these values are mutually very similar. In other words, total
energy requirements related to the SET-PT and SPLET mechan-
isms are equivalent to those of the HAT mechanism and are
correlated perfectly with the BDE values. One can conclude, on
the basis of these facts, that all three mechanisms are compe-
titive in the aqueous solution. The BDE, PA and PDE values
show that the 40-OH group is the most reactive OH group of Q.

3.1 Electronic structure of the quercetin radical cation in the
gaseous phase

Our calculations are in agreement with the experimental results
that show that the B ring of Q deviates from planarity (Table S1,
ESI†). This deviation can be attributed to the steric repulsion
between O1 and H20, and O3 and H60, which is stronger than
the effects of the weak hydrogen bonds (revealed by the NBO
analysis) between these two pairs of atoms. The plot of the
highest lying occupied molecular orbital of Q (Fig. S1, ESI†),
whose energy is �0.26889 au, shows that the HOMO of Q is a
delocalized p-like molecular orbital. It is reasonable to expect
that, on excitation, the molecule of Q will lose an electron from
this orbital, thus yielding the radical cation. The positive charge
causes the shortening of the C–O bonds, in comparison to the
parent molecule (Table S4, ESI†). Due to this fact, the O1–C2
and C3–O3 bonds become aromatic, which induces the aro-
matic nature of the C2–C3, C2–C10, and C10–C60 bonds. Since
the overlap among p orbitals is most successful in planar
systems, the B ring of Q+� lies in the plane of the A and C rings
(Table S3, ESI†). The NBO analysis of Q+� revealed the weak
O3–H60 hydrogen bond, resulting in the formation of the
6-membered ring of the pronounced aromaticity between the
C and B rings, which additionally stabilizes the structure of Q+�.
The aromaticity of the B ring and a part of the C ring enables
Q+� to delocalize its unpaired electron, and reduce the instabil-
ity induced by the loss of an electron. The spin density map of
Q+� clearly reveals that the unpaired electron is delocalized over
the C3, O3, C40, and C60 atoms (Fig. 2). The NBO analysis is in
agreement with the spin density map, and shows that the spin

density values on the C3, O3, C40, and C60 atoms amount
to 0.31, 0.13, 0.18 and 0.14, respectively. The low spin density
values of 0.07 and 0.06 were also observed on the C10 and O40

atoms. The highest spin density value on C3 can be attributed
to the positive resonance effect of O3. This resonance effect is
much stronger than that of O40, since O40 is involved in a
relatively strong hydrogen bond with H30 (the free energy of this
hydrogen bond amounts to 16.1 kJ mol�1).

The comparison of the charge distribution between Q and
its radical cation is presented in Fig. S2 (ESI†). As expected, the
oxygens of Q are particularly negatively charged, whereas
hydrogens bonded to these oxygens are positively charged.
The carbon atoms are partially negatively charged, except for
those bonded to the oxygens, due to the negative inductive
effect of these oxygens.

In Q+� all carbon and oxygen atoms suffer either an increase
of partial positive charge or reduction of partial negative charge.
Since the unpaired electron is mostly delocalized over C3, O3,
C40, and C60, these atoms exhibit a particular increase of partial
positive charge or reduction of partial negative charge. Due to
the increase of the partial charge on the oxygen and carbon
atoms, the partial positive charges on the hydrogens in Q+� are
slightly decreased in comparison to the parent molecule.

3.2 Electronic structure of the quercetin radical cation in the
aqueous solution

The water molecules form strong hydrogen bonds with the
oxygen and hydrogen atoms of Q and Q+�, which leads to the
elongation of the C–O and O–H bonds (Table S4, ESI†), and
weakening of the intramolecular hydrogen bonds. The
weakening of the O1–H20 and O3–H60 hydrogen bonds in Q
leads to even larger deviation of the B ring from planarity
(Table S3, ESI†). In the case of Q+�, the elongation of the
O1–C2 and C3–O3 bonds leads to the lower aromaticity around
the C2–C10 bond. This fact, as well as the extremely weakened
O3–H60 hydrogen bond, explains the deviation of the B ring
from planarity. In this way the steric repulsion between the
O1–H20 and O3–H60 atoms is avoided.

Similarly to the case of the gaseous phase, the unpaired
electron in the solvated Q+� is distributed among the C3, O3,

Fig. 2 Spin density map of Q+�. The blue regions indicate the highest spin
density value.
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C10, C40, O40, and C60 atoms. According to the NBO analysis,
the spin density values for these atoms are as follows: 0.31,
0.13, 0.11, 0.19, 0.08, and 0.12, respectively.

3.3 Mechanism with the hydroxide anion in the gaseous
phase

The reactions of the hydroxide anion with all OH groups of Q+�

were examined (Fig. 1). The transition states (TSs) for the
reactions at positions 3, 30, 40, and 7 were revealed. As largely
described, O4–H5 is a strong hydrogen bond, which is reflected
in very high BDE, PA, and PDE values (Table 1).10,54,58 For this
reason, the reaction pathway at position 5 was not found out.

Inspection of the partial charges (Table 2) shows that O11
(Fig. 1) bears unexpectedly low partial negative charge in all
reactant complexes (RCs). Actually, among all oxygens in each
RC, O11 bears the lowest partial negative charge. Taking into
account that O11 should belong to the hydroxide anion moiety,
this finding is quite unusual. During the reaction course, the
partial negative charge on O11 increases. The phenolic oxygens
exhibit entirely opposite behavior, i.e. their partial negative
charges decrease throughout the conversion of the RCs to the
corresponding product complexes (PCs). The partial positive
charges on phenolic hydrogens amount to around 0.5, with
small variations during the reactions.

On the other hand, the spin density value on O11 is very close
to unity in all RCs (Table 2), whereas the spin density values on all
other atoms are practically equal to zero. These findings show that
RCs consist of Q and hydroxyl radicals at different positions. Since
the hydroxyl radical is electron deficient, the partial negative

charge on O11 in RCs is significantly low. Why is the unpaired
electron localized on O11? The hydroxide anion has two very
high lying p orbitals where the lone pairs reside, whose energy
(�0.02274 au) is higher than that of the SOMO of Q+� (�0.41278 au).
Thus, one of the HO� electrons is spontaneously transferred to
Q+�, yielding Q and hydroxyl radical. It is worth pointing out
that the reaction Q+� + HO�- Q + HO� is extremely exothermic
(DGr = �574.1 kJ mol�1). In TSs the spin density is shared
between O11 and the proximate phenolic oxygen (Table 2).
Since all revealed TSs are early transition states, the spin
density values on O11 are much larger. Finally, the spin density
is distributed over the Q moiety, and its value on O11 is equal to
zero in PCs. This finding shows that each PC consists of water
molecules and the corresponding Q�. During the course of all
reactions, the spin density on the phenolic hydrogens remains
equal to zero. The spin density maps of the RC, TS, and PC for
the reaction at position 40 are presented in Fig. 3 as an
illustration. In this PC the unpaired electron is delocalized over
O40, C30, O30, C50, C10, and C3, where the spin density values
amount to 0.28, 0.24, 0.08, 0.15, 0.29, and 0.16, respectively.

All these facts clearly reveal that phenolic hydrogen is not
transferred as a proton, but as an atom. Namely, reaction (3a),
at least in the case where R� = HO�, is completely shifted
to the left, implying that reaction (3b) does not occur at all.
As expected, Q and hydroxyl radical conform to the HAT
mechanism.10,11

The activation energies and rate constants at 298 K, as well
as the reaction free energies for all hydrogen atom transfer
reactions are presented in Table 3. Fig. S11–S14 (ESI†) clearly
show that the tunneling effect is noticeable at low tempera-
tures. With increasing temperature this effect rapidly decreases.
These findings underline that tunneling effects are those
responsible for making the reaction between quercetin and

Table 2 Partial charge and spin density values of the oxygens of interest. RC, TS
and PC stand for the reactant complex, the transition state, and the product
complex, respectively

Site Atom

Partial charge Spin density

RC TS PC RC TS PC

7 O7 �0.689 �0.599 �0.546 0.00 0.25 0.36
O11 �0.473 �0.642 �0.966 0.96 0.66 0.00

30 O30 �0.692 �0.669 �0.549 0.02 0.18 0.73
O11 �0.415 �0.655 �0.958 1.01 0.73 0.00

3 O3 �0.697 �0.685 �0.563 0.00 0.18 0.33
O11 �0.416 �0.641 �0.961 1.02 0.74 0.00

40 O40 �0.733 �0.723 �0.628 0.00 0.12 0.28
O11 �0.474 �0.618 �0.970 0.96 0.78 0.00

Fig. 3 Spin density maps of the reactant complex (left), the transition state (middle), and the product complex (right) for the H-atom transfer reaction at the position 40 .

Table 3 Thermochemical data for the investigated reactions. DG‡
a, kTST, kZCT, and

DGr denote activation free energy, rate constants (calculated by means of eqn (4)
using the TST and ZCT approaches), and reaction free energy, respectively

Site DG‡
a (kJ mol�1) kTST (M�1 s�1) kZCT (M�1 s�1) DGr (kJ mol�1)

7 24.5 2.88 � 108 7.40 � 109 �98.7
30 23.2 6.01 � 108 5.93 � 109 �128.6
3 23.1 7.46 � 108 3.69 � 1010 �130.7
40 13.0 4.22 � 1010 2.28 � 1011 �163.4
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the OH radical faster. This behavior is to be expected, since the
abstraction reaction involves the motion of a light particle
(hydrogen atom) that can easily tunnel through the reaction
barrier. As expected, the reactions are distinctly exothermic, while
the activation energies are low, and corresponding rate constants
are high. The O40–H40 homolytic bond cleavage requires the
lowest activation energy (and shows the highest rate constant
values), which can be attributed to the weakness of the O40–H40

bond, due to the involvement of O40 in the relatively strong
hydrogen bond with H30. In addition, this reaction path yields
the most stable PC. These findings are in accord with the results
presented in Table 1, and with those obtained in the investigation
of the reaction of Q with �OOH and CH3O� radicals.10,11 The
optimized geometries of the RC, TS, and PC for the most
favorable hydrogen atom transfer reaction are depicted in Fig. 4.

3.4 Mechanism with the hydroxide anion in the aqueous
solution

Transition states for the reactions of the hydroxide anion with
phenolic groups at different positions of Q+� in the aqueous
solution were not revealed. On the other hand, our numerous
attempts to optimize RCs led to the corresponding PCs, with the
stabilization of the systems of �63.2, �67.8, �98.4, �114.7, and
�121.1 kJ mol�1, for the reactions at positions 5, 7, 30, 3, and 40,
respectively. These facts indicate that, in the aqueous solution,
phenolic hydrogen is spontaneously transferred to O11. To deter-
mine which mechanism is operative in the aqueous solution, it was
assumed that the first structure which results from the optimiza-
tion of a RC is most similar to the structure of the hypothetic RC in
the aqueous solution. The NBO analysis for this structure, as well as
for the corresponding PC, was performed. The results are summar-
ized in Table 4. In each first structure O11 and corresponding
phenolic hydrogen bear the largest negative and positive charges,
and their spin density values are practically equal to zero. An
inspection of the spin density values reveals that spin density is
distributed over the Q moiety. These facts indicate that each RC
consists of Q+� and hydroxide anion. Due to the stabilization of the
charged species in the polar solvent the energy of the degenerate
HOMOs of the hydroxide anion (�0.31160 au) is lowered, whereas
the energy of the SOMO of Q+� is elevated (�0.29050 au), in
comparison to the gaseous phase. Due to this fact, an electron is
not spontaneously transferred from the hydroxide anion to Q+�.
In the PCs the partial negative and positive charges on O11 and
phenolic hydrogens are reduced in comparison to the first structure,

whereas spin density is distributed in the manner exhibited
by the corresponding Q�.10 All these facts clearly show that
phenolic hydrogens are transferred as protons, i.e., that SET-PT
is a plausible mechanism of Q in the aqueous solution. Thus, a
significant increase of the spin density values on phenolic
oxygens should be attributed to the loss of the protons.

In the text that follows the mechanisms of the reactions of
Q+� at the 40 position with another anionic base, the MeS anion,
and a neutral base, methylamine, will be presented.

3.5 Mechanism with the MeS anion

The energies of the HOMOs of the MeS anion in the gaseous
and aqueous phases amount to �0.03088 and �0.21923 au, i.e.
they are higher than the corresponding energies of the SOMOs
of Q+�. In addition, the reaction Q+� + CH3S� - Q + CH3S� is
exothermic in both gaseous and aqueous phases (DGr = �562.2
and �146.6 kJ mol�1). On the basis of these facts, one can
suppose that an electron from a lone pair of the MeS anion will
spontaneously transfer to Q+�, and that the so formed Q will
conform to the HAT mechanism, in both gaseous and aqueous
phases.

This assumption was proved in a following manner: the
reaction pathways in both gaseous and aqueous phases were
revealed (Fig. 5). The reactions proceed via the TSs which

Fig. 4 Reaction path for the H-atom transfer from the 40 position of quercetin to the hydroxyl radical. Selected bond distances are given in pm.

Table 4 The results of the NBO analysis for the reactions of hydroxide anion
with Q+� in the aqueous solution

Structure

Charge Spin density

O5 H5 O11 O5 H5 O11

First �0.755 0.536 �1.388 0.01 0.00 0.00
Product complex �0.642 0.511 �1.023 0.25 0.00 0.00

O7 H7 O11 O7 H7 O11
First �0.730 0.541 �1.392 0.01 0.00 0.00
Product complex �0.655 0.507 �1.025 0.26 0.00 0.00

O30 H30 O11 O30 H30 O11
First �0.694 0.547 �1.386 0.08 0.00 0.01
Product complex �0.655 0.509 �1.025 0.31 0.00 0.00

O3 H3 O11 O3 H3 O11
First �0.629 0.526 �1.327 0.18 0.00 0.02
Product complex �0.641 0.508 �1.024 0.30 0.00 0.00

O40 H40 O11 O40 H40 O11
First �0.692 0.559 �1.337 0.10 0.00 0.07
Product complex �0.676 0.508 �1.025 0.26 0.00 0.00
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require the free activation energies of 44.2 kJ mol�1 (gaseous
phase) and 61.0 kJ mol�1 (aqueous solution). The DGr values
amount to �20.1 kJ mol�1 (gaseous phase) and �11.4 kJ mol�1

(aqueous solution).
As expected, the spin density values in RC show that the

unpaired electron is localized on S11 (Table 5). Since S11 is
electron deficient, it bears partial positive charge. These facts
undoubtedly show that RC consists of Q and CH3S� radical,
which further undergo the HAT mechanism. Indeed, spin density
is shared between S11 and the Q moiety in the TS. Finally, in PC,
the spin density value on S11 is equal to zero, and the unpaired
electron is delocalized over the Q moiety. As a consequence, S11
becomes partially negatively charged, whereas the partial nega-
tive charge on O40 is reduced. The partial positive charge on H40

decreases during the reaction, as it is transferred from more
electronegative O40 to less electronegative S11. These facts reveal
that PC is composed of Q� and CH3SH molecule, and confirm
that H40 is transferred from Q to the CH3S� radical as an atom.

3.6 Mechanism with methylamine

The HOMO energy of CH3NH2 in the aqueous phase amounts
to �0.31322 au, i.e. it is lower than the corresponding energy of
the SOMO of Q+�. In the gaseous phase, the HOMO energy of
CH3NH2 (�0.30685 au) is higher than the SOMO energy of Q+�,
but the hypothetic reaction Q+� + NH2CH3 - Q + +�NH2CH3 is
endothermic (DGr = 132.4 kJ mol�1). The energetics of this
hypothetic reaction is a consequence of the pronounced
instability of the methylamine radical cation in comparison

to the neutral parent molecule. On the basis of these facts, one
can suppose that an electron from a lone pair of methylamine
will not spontaneously transfer to Q+�, and that Q can undergo
the SET-PT mechanism, in both gaseous and aqueous phases.

The results for the reaction of Q+� with methylamine in the
gaseous and aqueous phases are mutually very similar. The
reaction of spontaneous transfer of phenolic hydrogen to N11
occurs without an activation barrier, with the stabilization of the
system of �72.6 kJ mol�1 (gaseous phase) and �77.6 kJ mol�1

(aqueous solution). To determine which mechanism is operative,
the NBO analysis for the first structure which results from the
optimization of the RC, as well as for the corresponding PC, was
performed (Table 6).

In the first structure N11 and H40 bear the largest negative
and positive charges. Their spin density values are equal to
zero, whereas the spin density is distributed over the Q moiety.
These facts confirm that the RC consists of Q+� and methyl-
amine. In the PC the partial negative and positive charges on
N11 and H40 are reduced in comparison to the first structure,
whereas spin density is distributed in the manner exhibited by
the corresponding Q�.10,11 All these facts clearly show that H40

is transferred as a proton, i.e., that Q conforms to the SET-PT
mechanism in both gaseous and aqueous phases. Thus, an
increase of the spin density value and the negative charge on
O40 should be attributed to the loss of the proton.

4 Conclusion

Antioxidant activity of flavonoids is usually examined by ana-
lyzing the thermodynamic properties of the parent molecules,

Fig. 5 Reaction path for the H-atom transfer from the 40 position of quercetin to the CH3S� radical, with selected bond distances (pm). The values for bond distances
in the aqueous solution are given in the brackets.

Table 5 Partial charge and spin density values of the atoms of interest. RC, TS
and PC stand for the reactant complex, the transition state, and the product
complex, respectively

Atom

Partial charge Spin density

RC TS PC RC TS PC

Gaseous phase
O40 �0.741 �0.671 �0.598 0.00 0.23 0.29
H40 0.497 0.319 0.148 0.00 0.00 0.00
S11 0.132 �0.038 �0.071 0.98 0.42 0.00

Aqueous solution
O40 �0.755 �0.809 �0.663 0.00 0.04 0.28
H40 0.512 0.361 0.145 0.00 0.00 0.00
S11 0.098 0.267 �0.102 0.97 0.90 0.00

Table 6 The results of the NBO analysis for the reaction of methylamine with
Q+� at the 40 position

Structure

Charge Spin density

O40 H40 N11 O40 H40 N11

Gaseous phase
First �0.666 0.521 �0.875 0.12 0.00 0.00
Product complex �0.741 0.480 �0.733 0.20 0.00 0.00

Aqueous solution
First �0.657 0.554 �0.895 0.13 0.00 0.00
Product complex �0.676 0.470 �0.704 0.26 0.00 0.00

PCCP Paper

Pu
bl

is
he

d 
on

 2
2 

M
ar

ch
 2

01
3.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
3/

01
/2

01
4 

09
:0

0:
56

. 
View Article Online

http://dx.doi.org/10.1039/c3cp44605k


This journal is c the Owner Societies 2013 Phys. Chem. Chem. Phys., 2013, 15, 7370--7378 7377

and the corresponding radicals, radical cations, and anions.
According to this consideration, the IP values of flavonoids are
notably high, especially in the gaseous phase.10,11,54,58 For this
reason, it has been generally accepted that SET-PT is not a
plausible mechanism in flavonoids. In this paper the SET-PT
mechanism of Q was examined by revealing possible reaction
paths of Q+� in a basic environment. For this purpose, the
deprotonation of Q+� was simulated by examining its chemical
behavior in the presence of three different bases. Our investiga-
tions showed that, in spite of the much lower PDE value in
comparison to the IP value (Table 1), reaction (3b) plays a
crucial role in determining which mechanism of Q is domi-
nant. The antioxidant mechanism of Q is directly dependent on
the base nature and medium where the reaction of Q+� occurs.

In the reaction of Q+� with an anionic base, the MeS anion, in
both gaseous and aqueous phases, an electron from a lone pair of
the MeS anion spontaneously transfers to Q+�, thus yielding Q and
CH3S� radical as RC. One can conclude that reaction (3a) is com-
pletely shifted to the left, implying that reaction (3b) will not occur
at all. Instead, the formed RC undergoes the HAT mechanism.

On the other hand, once formed, Q+� does not undergo the
reverse reaction (3a) in the presence of methylamine in both
gaseous and aqueous phases, implying that reaction (3b) is
possible. Indeed, Q+� spontaneously donates a proton to the
base, with a stabilization of the system. These findings show
that SET-PT is a plausible mechanism of Q with methylamine.

The reaction with the hydroxide anion lies in the middle of these
two extremes. In the gaseous phase Q+� and the hydroxide anion
spontaneously transform into Q and hydroxyl radical, which further
conform to the HAT mechanism.10 Due to the stabilization of the
charged species in polar solvents, Q can undergo the SET-PT mecha-
nism in the presence of hydroxide anion in the aqueous solution.

Our final conclusion is as follows: whatever the source of Q+� is,
it will spontaneously be transformed into Q in the presence of bases
whose HOMO energies are higher than the SOMO energy of Q+� in a
given medium, implying that Q cannot undergo the SET-PT mecha-
nism in such an environment. On the other hand, SET-PT is a
plausible mechanism of Q in the presence of bases whose HOMO
energies are lower than the SOMO energy of Q+� in a given medium.
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53 J. Rimarčik, V. Lukeš, E. Klein and M. Ilčin, THEOCHEM,
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