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bstract

The kinetic of the O2(1�g)-photosensitized oxidation of the flavanone naringin (7-rhamnoglucosyl-4′,5-dihydroxyflavanone, FL) and its chalcone
somer (4′-rhamnoglucosyl-2′,6′,4-trihydroxychalcone, CH) in neutral and 1 mM NaOH ethanol solutions was studied using Rose Bengal as
hotosensitizer. The rate constants for the chemical quenching of O2(1�g) by the flavonoids (kr) were determined using either UV–vis absorption
pectroscopy or HPLC techniques, and for the total (physical + chemical) quenching (kt) were determined using time-resolved phosphorescence
etection of O2(1�g) at 1270 nm.

A larger reactivity towards O2(1�g) of CH than for FL in neutral ethanol solutions was observed, due to the extra conjugated double bond in CH.
owever, in alkaline media the reactivity of both isomers was larger than in neutral conditions. This behavior was associated to the increment of

lectron density by the formation of a carbanion in FL and to the presence of the extended conjugated �-system in the CH isomer by deprotonation
f phenolic groups. In all cases, the formation of 4-hydroxybenzoic acid as ending product was detected by HPLC. Based on reported mechanisms
f O2(1�g)-mediated oxidation of flavonoids, the formation of 7-rhamnoglucosyl-5,4′-dihydroxyflavonol as primary photo-oxidation product was

roposed.

The reactivity towards O2(1�g) of the aglycone of naringin (5,7,4′-trihydroxyflavanone or naringenin, NG) in alkaline conditions was lower
han for the parent naringin, due to incapability of NG to form a carbanion species.

These results are expected to have significance in biosynthesis, antioxidant properties and stability of naturally occurring flavonoids.
2006 Published by Elsevier B.V.
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. Introduction

Flavonoids are bioactive polyphenolic compounds widely
istributed in plants, where they play several physiological func-
ions. In the last years, this family of natural products has
eceived large attention due to their health-related properties,
uch as cancer and heart disease prevention treatments [1–4].

ost of these properties are related with the important role

layed by flavonoids in cell protection as antioxidants against
ree radicals and reactive oxygen species [5–8], such as singlet
olecular oxygen, O2(1�g) [9–12].

Abbreviations: DMA, 9,10-dimethylanthracene; CH, chalcone isomer; FL,
avanone or naringin; NG, naringenin; RB, Rose Bengal; S, sensitizer molecule;
RPD, time-resolved phosphorescence detection
∗ Corresponding author. Tel.: +54 385 4509585; fax: +54 385 4509585.

E-mail address: cborsa@unse.edu.ar (C.D. Borsarelli).
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Among the flavonoids compounds, we are currently inter-
sted in the chemistry and photochemistry of the flavanone and
halcone types [13,14]. In particular, the glycosilated flavanone
aringin (7-rhamnoglucosyl-4′,5-dihydroxyflavanone) and its
glycone naringenin (5,7,4′-trihydroxyflavanone), Scheme 1,
re commonly found in the peel and juice of grapefruit and
ertain types of orange, and are responsible of the its character-
stic bitter taste. In fact, naringin is commercially used as bitter
dditive in some food preparations [15].

Flavanones are stable in acid and neutral solutions of protic
olvents, but some of them in alkaline conditions are equilibrated
ith their chalcone isomers, which contains an extended conju-
ated �-system, Scheme 1 [13,16–18]. In the case of naringin

n alkaline ethanol–water mixtures, the isomerization equilib-
ium is shifted to its chalcone, and it is mediated by a carbanion
pecies produced by deprotonation of the hydrogen at the C3 of
he flavanone (conjugate base unimolecular elimination, E1cb)

mailto:cborsa@unse.edu.ar
dx.doi.org/10.1016/j.jphotochem.2006.07.013
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cheme 1. Carbanion-mediated mechanism for the flavanone–chalcone isomer-
zation of naringin in basic media [13–17].

13,17]. The formation of the carbanion has been regarded as
n acid–base equilibrium, characterized by pK1/2 values of 11
13] and 14 [17] for naringin and naringenin in aqueous media,
espectively, indicating a much less acid C3 in the aglycone. The
echanism of the flavanone–chalcone equilibrium has received

arge attention, and it has been reported that the carbanion inter-
ediate mechanism prevails at pH > 10 [13,17], while in less

lkaline solutions the isomerization is produced via enolization
quilibrium [16–18].

In addition, chalcones are considered to be the precursors
n the biosynthesis of flavonoids by enzymatic reactions, such
s dioxygenase-catalyzed oxygenations, where the fixation of
2 into the substrate is produced [19]. Several authors have
een used photosensitized O2(1�g)-mediated oxygenation of
halcones [20–22] and flavonols [23] to mimic dioxygenase-
atalyzed reactions.

On the other hand, flavonoids are being reported as effi-
ient quenchers of O2(1�g) in solution [9–12]. Consequently, it
ould be expected that flavonoids are able to quench O2(1�g)

n biological environments decreasing the extension of harmful
xidation reactions (antioxidant effect). Therefore, the O2(1�g)
nteraction with flavonoids is a relevant issue from both antiox-
dant and biosynthetic approaches.

The aim of this work is to examine the kinetic for the
nteraction of dye-sensitized O2(1�g) with naringin (FL)
nd its derivatives, such as its chalcone (CH) and its agly-
one naringenin (NG), in both neutral and alkaline ethanol
olutions. The physical and chemical quenching rate con-
tants of O2(1�g) by the flavonoids were determined. The
ffect of the slower isomerization flavanone–chalcone equi-

ibrium in basic media and the carbanion reactivity towards

2(1�g) was also analyzed. A mechanism for the forma-
ion of the primary and secondary photo-oxidation products is
uggested.
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. Experimental

.1. Materials and methods

Naringin (7-rhamnoglucosyl-4′,5-dihydroxyflavanone, FL)
7% was from Fluka; 9,10-dimethylanthracene (DMA,
ldrich); p-hydroxybenzoic acid and Rose Bengal as sodium

alt (RB) were from Sigma. Hydrochloric acid (HCl) and
odium hydroxide (NaOH) were analytical degree from Merck
Argentina). Absolute ethanol, acetonitrile, and acetic acid were
PLC grade from Sintorgan, Argentina. Water was triply dis-

illed. All chemical were used as received.
The chalcone of naringin (4′-rhamnoglucosyl-2′,6′,4-

rihydroxychalcone, CH) was obtained from naringin follow-
ng standard procedures reported elsewhere [13,24]. Naringenin
5,7,4′-trihydroxyflavanone, NG) was obtained by acidic hydrol-
sis of naringin [25]. The formation of both compounds was
onfirmed by UV–vis spectral properties and melting point anal-
sis [25]. HPLC analysis (see details below) yielded 98% and
5% of purity for CH and NG, respectively.

Typically, photosensitized experiments were performed with
5 �M flavonoid and 8 �M RB aerated ethanol solutions, respec-
ively. An ethanol solution of 50 �M DMA and 8 �M RB
as used as actinometer for the determination of the reactive
uenching rate constant of the flavonoids by comparison of
he observed first-order rate constant for the consumption of
he compounds under identical photosensitization conditions
26–28]. All experiments were performed by duplicate and under
ontrolled temperature of 27 ± 1 ◦C.

.2. Instrumentation

Stationary photolysis experiments were performed with a
50 W filament lamp (Phillips) coupled with an orange cut-off
lter (λ > 530 nm) as excitation source of RB, which O2(1�g)
uantum yield is ca. 0.8 in ethanol [29,30]. The excitation beam
as focused into temperature controlled 1 cm cell holder, being

t right angle of the analyzing light from a fibber-optic diode
rray UV–vis spectrophotometer (Ocean Optics USB2000).
luorescence spectra of RB in the absence and presence of
avonoids were recorded with a Hitachi F-2500 instrument.

HPLC experiments were conducted on a Konik-500A liq-
id chromatograph using a Konik UV–vis 200 detector oper-
ting at 285 or 360 nm. The system was equipped with a
18 Spherisorb ODS-2 (5 �m, 4.6 mm × 250 mm) column, with
ater–acetonitrile–acetic acid (79:20:1) as mobile phase at a
ow rate of 1 mL/min, the column temperature being set at 25 ◦C.

Time-resolved phosphorescence detection (TRPD) of
2(1�g) was performed using a Peltier cooled Ge photodiode

Judson J16TE2-66G) placed at right angle of the excitation laser
ulse from a Q-switched Nd:YAG laser (Continuum Minilite
I), operating at the frequency-doubled output (532 nm, 10 ns
WHM, ca. 14 mJ/pulse) in order to excite the sensitizer RB.

purious light was obstructed using a 1270 nm band pass filter
Spectrogon BP-1260). The output of the detector was fed via
mplifier stages to a Tektronix TDS3032B digital oscilloscope
inked to an on-line PC for data transfer and analysis. Typically,
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ig. 1. UV–vis absorption changes in aerated ethanol solutions of 45 �M nari
A) FL and (B) CH. (C) CH → FL isomerization under dark conditions in the p

bout 20–30 laser cycles with the excitation laser operating at
Hz were averaged in order to obtain the decay times with suit-
ble signal to noise ratio.

Transient absorption decay of the triplet state of RB was
ecorded at 480 or 620 nm with a Luzchem m-LFP 112 system,
sing the same laser source that for the TRPD experiments.

.3. Isolation of the primary photo-oxidation product

The primary reaction product was purified by liquid
hromatography (LC). An aliquot of 5 mL of naringin-
hotosensitized solutions was passed through a C18 Sep-Pak
artridge (Alltech Inc.). The fractions were eluted with the same
obile phase that used in the HPLC experiments. The fractions

f interest were concentrated under reduced pressure, dried with
2, and redissolved in ethanol.

. Results and discussion

.1. Reactive quenching of O2(1�g)

Fig. 1A and B shows the UV–vis spectral changes of
5 �M FL and CH ethanol aerated solutions, respectively,
pon excitation of 8 �M RB at λ > 530 nm. Under these exper-
mental conditions, no changes on either the absorption or
mission spectra of RB were observed. In addition, no sig-
ificant change in the lifetime of the triplet state of RB
onitored by transient absorption spectroscopy at 450 or

20 nm N2-saturated solutions was observed. These results

ndicate the absence of both ground and excite state inter-
ctions between the sensitizer and the flavonoids, in agree-
ent with previous data [10]. Therefore, it can be assumed

hat the O2(1�g) quantum yield and therefore its photo-

p
t
u
(

erivatives produced during the photosensitization of 8 �M RB at λ > 530 nm:
ce of RB. The dash-dot line represents the t = 0 spectrum.

tationary concentration was constant under these experimental
onditions.

In the case of FL, small spectral changes were observed. In
rder to compare, under the same photosensitization conditions
he reference compound DMA (kDMA

r = 5 × 107 M−1 s−1 [31])
as completely consumed after a period 100-times shorter that

or the photo-oxidation of FL. Therefore, the comparison of
he observed first-order rate constants for the consumption of
oth FL and DMA afforded kFL

r ≈ (5 ± 10) × 104 M−1 s−1 and
hat can be taken as upper limit value, considering the detection
imit of the method employed. Thus, it can be consider that FL
s almost no degraded by O2(1�g) in ethanol solutions.

On the contrary, in the photosensitization reaction of CH
he absorption band at 366 nm was depleted and blue-shifted
ogether with absorbance increment at 280 nm. However, the
ecay times monitored at both wavelengths were largely dif-
erent and not clear isosbestic points were observed, indicating
hat the consumption and formation of absorbing species not
ollowed a simple kinetic scheme. In fact, a control experiment
nder dark conditions, Fig. 1C, showed the simultaneous deple-
ion and growth at 366 and 285 nm, respectively, with a clear
sosbestic point at 300 nm. These spectral features were assigned
o the CH → FL irreversible isomerization process [13–18].
herefore, the photosensitized oxygenation reaction of CH is
ccomplished by dark isomerization process.

The HPLC chromatograms during the dark reaction only
howed the peaks of FL (tR = 6.6 min) and CH (tR = 14.5 min),
nd the kinetic analysis indicated the same rate constant, con-
rming the isomerization reaction, Fig. 2A. Instead, under

hotosensitization conditions the HPLC analysis confirmed
he simultaneous formation of FL and photo-oxidation prod-
cts, Fig. 2B. The three new products were labeled as P1
tR = 9.2 min), P2 (tR = 4.1 min) and P3 (tR = 2.8 min), inset in
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ig. 2. Kinetic curves determined by HPLC for 45 �M chalcone isomer of na
B) photosensitized reaction upon excitation of RB at λ > 530 nm. Solid lines re
85 nm after different reaction times (see Section 2.2 for HPLC conditions).

ig. 2B. However, in the presence of 50 mM sodium azide
N3Na), a well-known O2(1�g) quencher [31], or in N2-
aturated solutions, the formation of P1–3 was not observed indi-
ating that they were O2(1�g)-mediated photoproducts. Instead,
nder these conditions the isomerization CH → FL occurred
ith similar rate constant than in dark conditions. These results

lso indicate the absence of chemical reaction between the
xcited state of RB and the flavonoids.

The HPLC kinetic profiles of these species in Fig. 2B
ndicated the simultaneous formation of FL and P1, being
he latter an intermediate in the formation of P2 and P3,
cheme 2. According to this mechanism, the integrated Eqs.
1)–(4) describe the concentration of the species assuming
hat the boundary conditions at t = 0 were [CH] = [CH]0 and
FL]0 = [P1]0 = [P2]0 = [P3]0 = 0.

CH] = [CH]0 exp(−k12t) with k12 = k1 + k2 (1)
FL] = [CH]0

(
k1

k12

)
[1 − exp(−k12t)] (2)

cheme 2. Kinetic model of the dye-sensitized photo-oxidation of the chalcone
somer of aringin in neutral ethanol.

fi
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O
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n (CH) in aerated ethanol after: (A) dark reaction in the presence of RB and
nt the data fitting with Eqs. (1)–(4). Insets: HPLC chromatograms observed at

P1] = [CH]0

[
k2

k3 − k12

]
[exp(−k12t) − exp(−k3t)] (3)

P2,3] = [CH]0

[
1 − exp(−k12t) −

[
k2

k3 − k12

]
exp(−k3t)

]
(4)

These equations confirm a first-order kinetic law for
he decay and formation of CH and FL, respectively, with
he same observed rate constant k12 = (k1 + k2). In addi-
ion, for the photodegradation products P1–3, bi-exponential
inetic behavior is expected. The solid lines in Fig. 2
epresent the mathematical fitting of the experimental
ata with Eqs. (1)–(4), allowing the determination of the
bserved rate constants, e.g. k12 = (3.3 ± 0.3) ×10−4 s−1 and
3 = (2.0 ± 1.0) × l0−4 s−1. The CH → FL isomerization rate
onstant k1 = (5.1 ± 0.l) × 10−5 s−1, was determined from the
rst-order fitting of the data obtained under dark conditions.
hus, k2 = (k12 − k1) = (2.8 ± 0.4) × 10−4 s−1. In turn, k2 =
CH
r [�]ps and k3 = kP1

r [�]ps, being [�]ps the photo-stationary

2(1�g) concentration that is constant under our experimental
onditions, and kCH

r and kP1
r are the bimolecular reactive quench-

ng constant of O2(1�g) by CH and P1, respectively. Their values
an be calculated by comparison of k2 and k3 with the observed
ate constant for the reaction of the reference compound DMA
ith O2(1�g), kDMA

r,ob , obtained under identical photo-stationary
onditions, Eq. (5) [26–28]:

F DMA

(
kF

r,ob

)

r = kr

kDMA
r,ob

(5)

here kDMA
r,ob = (5.7 ± 0.3) × 10−3 s−1 as determined by

V–vis absorption experiments (data not shown). In organic sol-
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Table 1
Rate constants for the chemical (kr) and total (kt) quenching of O2(1�g) by naringin and its derivatives in neutral and 1 mM NaOH ethanol solutions at 27 ◦C

Compound kr (×105 M−1 s−1) kt (×10−7 M−1 s−1)a kq/kt (%)

Flavanone Neutral <0.5 ± 1.0b 0.6 ± 0.1 > 99
1 mM NaOH 130 ± 30c 14.3 ± 0.7 91

Chalcone Neutral 25 ± 5c 5.3 ± 0.1 95
1 mM NaOH 590 ± 50c 21.3 ± 2.0 86

Naringenin Neutral <0.5 ± 1.0b 0.1 ± 0.2 > 95
1 mM NaOH 43 ± 8b 3.6 ± 0.5 88

P1 Neutral 20 ± 5b, 18 ± 10c n.d. –
1 mM NaOH 61 ± 10b n.d. –

n.d.: not determined.
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a From TRPD experiments.
b From UV–vis experiments.
c From HPLC experiments.

ents, the bimolecular reactive quenching constant of O2(1�g)
y DMA, kDMA

r = (5 ± 1) × 107 M−1 s−1 [31]. Therefore, Eq.
5) yields kCH

r = (2.5 ± 0.5) × 106 M−1 s−1 and kP1
r = (1.8 ±

.0) × 106 M−1 s−1, respectively, Table 1.
Fig. 3A and B shows the UV–vis spectral changes produced

or both 45 �M FL and CH in 1 mM NaOH ethanol aerated solu-
ions during the photosensitization of 8 �M RB at λ > 530 nm.
ig. 3C shows the spectral changes of FL produced in the pres-
nce of 50 mM NaN3 under the same experimental conditions.
The dashed lines in Fig. 3 represent the initial UV–vis spectra
f FL and CH in ethanol solution before the addition of the
ase. After the addition of NaOH, instantaneous bathochromic
hifts on the flavonoid spectra were observed (dash-dot spectra),

a

t

ig. 3. UV–vis absorption changes of 45 �M naringin derivatives in aerated 1 mM Na
> 530 nm for: (A) FL3−, (B) CH3−, and (C) FL3− in the presence of 50 mM of sod
avonoid in ethanol and after addition of NaOH, respectively.
.g. new bands at 245 and 365 nm were observed for FL, and
road absorption band at 430 nm for CH. These new bands were
ssociated with the fully anionic form of the flavonoids, e.g.
L3− (carbanion) and CH3− (chalconate anion) [13], Scheme 1.

The UV–vis spectra of both FL and CH-photosensitized solu-
ions showed the formation of a new absorption band at 403 nm.
n contrast, photosensitization of FL solution in the presence
f 50 mM NaN3 produced the slower growth of the absorption
and at 430 nm, which was associated with the simple formation
f CH in basic media [13]. These results suggest that the band

t 403 nm corresponds to an O2(1�g) photoproduct.

Fig. 4A and B shows the HPLC kinetic analysis of the pho-
osensitized reaction of FL3− and CH3−, respectively. In both

OH ethanolic solutions produced during the photosensitization of 8 �M RB at
ium azide (NaN3). The dash and dash-dot line symbolizes the spectrum of the



52 M.A. Montenegro et al. / Journal of Photochemistry and Photobiology A: Chemistry 186 (2007) 47–56

Fig. 4. Kinetic curves determined by HPLC for 45 �M naringin derivatives observed upon photosensitization of 8 �M RB at λ > 530 nm in aerated 1 mM NaOH
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thanol solution: (A) FL3− and (B) CH3−. Solid lines represent the data fitting
eaction times (see Section 2.2 for HPLC conditions).

ases, the formation of a product with identical retention time
9.2 min) was observed, insets Fig. 4. This retention time was
oincident with that observed for P1 in the photosensitized reac-
ion of CH in ethanol solutions (see above). Taking into account
he acid content of the mobile phase in the HPLC determinations
see Section 2), the flavonoids were detected in its protonated
orm. Therefore, it can be assumed that the absorption band at
03 nm corresponded to the fully anionic form of P1, e.g. Pp−

1 .
The kinetic curves in Fig. 4A showed that FL3− was con-

umed following first-order decay, while both CH3− and Pp−
1

isplayed bi-exponential behavior, with CH3− being intermedi-
te for the formation of Pp−

1 . However, in the photosensitized
eaction of CH3−, only the simultaneous first-order decay and
ormation of CH3− and Pp−

1 was observed, Fig. 4B. All these
xperimental features for the photosensitized degradation of FL
nd CH in alkaline ethanol can be summarized in Scheme 3.
In the case of FL3− as initial reactant, the ini-
ial boundary conditions at t = 0 were [FL3−] = [FL]0 and
CH3−]0 = [Pp−

1 ]0 = 0, and the integrated equations for the con-

cheme 3. Kinetic model of the dye-sensitized photo-oxidation of naringin (fla-
anone) and its chalcone isomer in 1 mM NaOH ethanol solutions.

[

[

k
o
s
r
n
t
a
k

a
F
s

qs. (6)–(10). Insets: HPLC chromatograms observed at 360 nm after different

entration of the species are given by Eqs. (6)–(8).

FL3−] = [FL]0 exp(−k45t) with k45 = k4 + k5 (6)

CH3−] = [FL]0

[
k4

k6 − k45

]
[exp(−k45t) − exp(−k6t)] (7)

Pp−
1 ] = [FL]0

[
1 −

[
k6 − k5

k6 − k45

]
exp(−k45t)

−
[

k5

k6 − k45

]
exp(−k6t)

]
(8)

Otherwise, for CH3− as starting material, the integrated
qs. (9) and (10) with the boundary conditions at t = 0,

CH3−]0 = [CH]0, and [Pp−
1 ] = 0 were obtained.

CH−3] = [CH]0 exp(−k6t) (9)

Pp−
1 ] = [CH]0[1 − exp(−k6t)] (10)

The values of k45 = (2.3 ± 0.5) × 10−3 s−1 and
6 = (6.7 ± 1.3) × 10−3 s−1 were obtained from the exponential
r bi-exponential fitting using Eqs. (6)–(10), as showed by the
olid lines in Fig. 4. The rate constant for the FL3− → CH3−
eaction, k4 = (8.2 ± 0.5) × 10−4 s−1, was obtained by expo-
ential fitting of the 430 nm absorption band of CH3− either in
he presence of 50 mM NaN3 or under dark conditions, Fig. 3C,
nd therefore k5 = (k45 − k4) = (1.5 ± 0.5) × 10−3 s−1. In turn,
5 = kFL3−
r [�]ps and k6 = kCH3−

r [�]ps, where kFL3−
r and kCH3−

r

re the bimolecular reactive quenching constant of O2(1�g) by
L3− and CH3−, respectively. Again, neither ground nor excited
tate interactions between sensitizer and the flavonoids in alka-
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ine media were observed by fluorescence or transient absorption
pectroscopy of RB, and therefore it can be expected that [�]ps

s almost constant. Thus, kFL3−
r = (1.3 ± 0.3) × 107 M−1 s−1

nd kCH3−
r = (5.9 ± 0.5) × 107 M−1 s−1 were calculated using

q (5).
The primary photo-oxidation product P1 obtained from the

hotosensitization experiments of FL or CH in basic media was
solated by LC procedures (see Section 2.3). The absorption

axima were 359 and 403 nm in neutral and basic ethanol,
espectively, being the spectral changes reversibles by the addi-
ion of HCl. These pH-depending prompt absorption changes
onfirmed their assignment to the acid–base equilibria of the
henolic groups of P1, and therefore the absorption band at
03 nm corresponded to the deprotonated species Pp−

1 , as men-
ioned before. The photosensitized degradation kinetics of both
1 and Pp−

1 were monitored by UV–vis spectroscopy (data not
hown), and followed first-order kinetics. In both cases, clear
sosbestic points were observed during the time window stud-
ed, indicating that the degradation kinetic followed a simple

echanism. The photosensitized reaction was abated by the
resence of NaN3, indicating that the photodegradation of both
1 and Pp−

1 was also O2(1�g)-mediated. By using DMA as
eference compound and Eq. (5), the values of kP1

r = (2.0 ±
.5) × 106 M−1 s−1 and k

Pp−
1

r = (6.1 ± 1.0) × 107 M−1 s−1 in
eutral and alkaline solutions were obtained, respectively,
able 1.

In order to compare, the reactivity of the aglycone naringenin
NG) towards O2(1�g) was also analyzed. The UV–vis absorp-
ion spectra of NG in neutral and 1 mM NaOH ethanol solutions
ere identical with those reported in literature [25], with absorp-

ion maxima at 290 and 330 nm, respectively. In addition, no
lower spectral changes were observed in alkaline media and the
bsorption changes were reversible after neutralization with HCl
olution. These results indicated that the flavanone–chalcone
somerization equilibrium with carbanion formation does not
ccur, in accord with the pK1/2 = 14 for the formation of the
arbanion of NG [17]. Therefore, the bathochromic shift in
mM NaOH ethanol solutions was assigned to the fully depro-

onated form of NG, e.g. NG3−. The photosensitized reac-
ion of both NG and NG3− were monitored by UV–vis spec-
roscopy (data not shown). As in the case of naringin, in neutral
thanol the chemical reactivity of NG towards O2(1�g) was
lose to the detection limit of our experimental set-up, and the
r was estimated as <(5 ± 10) × 10−4 M−1 s−1, in agreement
ith the result obtained by Tournaire et al. in methanol solu-

ions [10]. However, in basic media, NG3−species was more
eactive towards O2(1�g) with kr = (4.3 ± 0.5) × 10−6 M−1 s−1,
able 1.

.2. Total quenching of O2(1�g)

Fig. 5 shows the Stern–Volmer plots (Eq. (11)) obtained

or the O2(1�g) quenching by both FL and CH in neutral and
lkaline ethanol solutions, where kt is the total quenching rate
onstant of O2(1�g) by the flavonoids, it being the sum of the
hemical and physical quenching rate constants, e.g. kt = kr + kq

1

o
A

2(1�g) by naringin derivatives in neutral and 1 mM NaOH ethanol, with RB
s photosensitizer at 532 nm: (�) CH3−, (�) FL3−, (©) CH, and (�) FL. Inset:
ypical O2(1�g) decay in 1 mM NaOH ethanol in the absence of flavonoid.

10,11,27,28,31].

τ0
�

τ�

= 1 + ktτ
0
�[F] (11)

he decay portion of the phosphorescence signals were fitted
ith an exponential function in order to obtain the lifetime of
2(1�g), τ�, inset of Fig. 5. In the absence of flavonoids, the

0
� were 16 and 15 �s in neutral and 1 mM NaOH, respectively,
n good agreement with literature data [31]. A slightly shorter
0
� in basic ethanol can be expected, due to the small amount of
ater (<3%, V/V) dissolved by the addition of a stock of NaOH

queous solution. The slope analysis of the linear Stern–Volmer
lots allowed the determination of kt, giving unambiguous evi-
ence for the interaction between O2(1�g) and the flavonoids
pecies, Table 1.

.3. Reactivity and antioxidant ability towards O2(1�g)

From both kr and kt values reported in Table 1, it can
e observed that in alkaline media all the flavonoids species
ere more efficient quenchers of O2(1�g) than in neutral

thanol. It is well known that polyphenolic compounds are
ore efficient O2(1�g) quenchers when their hydroxyl groups

re fully ionized [27]. In those cases, the mechanism involves
n excited state encounter complex with a partial charge-
ransfer character, in which the O2(1�g) is the acceptor species.
herefore, the O2(1�g) quenching efficiency should be mainly
ffected by the ability of the substrate to be an electron-
onor, being enhanced in the anionic flavonoids, explaining
he much higher values of both kr and kt in the alkaline

edia. Similar reactivity enhancement was also observed for 7-
ydroxyflavanone in MeCN–D2O mixtures, which kt increased
rom 3.8 × 106 M−1 s−1 to 2.6 × 107 M−1 s−1 upon addition of

0 mM NaOH [11].

In neutral ethanol, the CH isomer was almost one-order
f magnitude more efficient quencher of O2(1�g) that FL.

similar result was observed for the O2(1�g) quench-
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Scheme 4. Suggested mechanism and possible oxidation products for t

ng by 2′,4′-dihydroxy-3-methoxychalcone and 7-hydroxy-8-
ethoxyflavanone in benzene [11]. An explanation of this

ehavior is the presence of the electron rich C� C� double
ond in the chalcones that increases the interaction with the
lectrophilic O2(1�g). The effect of the C� C� double bond
n the flavonoid skeleton on the O2(1�g) quenching can be also
oted by comparison of the kt values in ethanol solutions of
pigenin (5,7,4′-trihydroxyflavanone, kt = 2.8 × 107 M−1 s−1)
ith NG (5,7,4′-trihydroxyflavanone, kt = 3.7 × 106 M−1 s−1)

eported by Nagai et al. [12].
On the other hand, both kr and kt values for naringin in basic

edia were about four-times larger than those for NG. This is
n interesting result, since both ionized flavonoids contain the
ame number of anionic charges. However, a larger reactivity for
he carbanion of naringin FL3− than for the triphenolate NG3−
an be expected, due to the increment of electron density at C3
f the carbanion favouring the electrophilic attack of O2(1�g).

In Table 1 is also shown the percentage of the ratio kq/kt,

hich represents the relative amount of physical quenching of
2(1�g) produced by the flavonoids. This magnitude can be

aken as an catalytic antioxidant index for O2(1�g), since lower
alue of the ratio indicates larger degradation of the flavonoids.

1
C
fl
a

Scheme 5. Suggested mechanism of formation of the primary photo-oxi
oto-oxygenation of the chalcone isomer of naringin in neutral ethanol.

rom this point of view, better catalytic antioxidant behavior is
bserved in neutral than in alkaline conditions. In spite of the
ts lower kt value in neutral ethanol, naringin showed the best
erformance as catalytic antioxidant of O2(1�g). This type of
ehavior has been reported for different flavonoids and different
henolic derivatives, where it was found that kq is about two or
hree orders of magnitude larger than kr [10,11,27].

.4. Photo-oxygenation products

It has been reported that the photosensitized oxygena-
ion of 2′,6′-dihydroxychalcones produces flavonols (3-
ydroxyflavones) and other degradation products, such as ben-
oic acid and benzaldehyde derivatives [20,21]. In this mech-
nism, intramolecular nucleophilic attack of the 2′-OH group
n the C� of the chalcone is envisaged, together with the 2 + 2
ddition of O2(1�g) to the C� C� double bond producing a
ydroperoxide intermediate I, which after loss of water and

,3-hydrogen migration yield the respective flavonol [20,21].
onsecutively, the addition of a second O2(1�g) molecule to the
avonol produces a ketohydroperoxide intermediate II, which
fter rearrangement into a 4-membered cyclic peroxide followed

dation Pp−
1 in alkaline ethanol from both FL3− and CH3− species.
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f cleavage and decarbonylation to give the corresponding
epside, hydrolyzes to produces benzoic acid derivatives,
mong other products [23]. According to this reported mech-
nism, in the present case the formation of 7-rhamnoglucosyl-
,4′-dihydroxyflavonol as primary photo-oxygenation prod-
ct P1, and 4-hydroxybenzoic and 4-rhamnoglucosyl-2,6-
ihydroxybenzoic acids as its photo-oxygenation products, e.g.
2 and P3, is suggested, Scheme 4. HPLC experiments of co-

njection with authentic 4-hydroxybenzoic acid confirmed the
dentification of the peak labeled as P2 as this compound, and
he UV–vis spectral features of P1 and Pp−

1 were closer to those
eported for kaempferol derivatives under similar experimental
onditions [25], supporting the proposed mechanism. However,
urther MS and/or NMR experiments should be performed in
rder to corroborate the product structure.

Finally, the formation of the same primary photo-oxygenation
roduct P1 by reaction of O2(1�g) with either CH3− or FL3− in
lkaline ethanol, can be explained on the basis of the formation
f the same hydroperoxide intermediate I, due to the increased
lectron density at the C3 in FL3− and in the C� C� double
ond in CH3−, Scheme 5.

. Conclusions

The natural flavanone naringin and its derivatives presented
nteresting properties of photoprotection against O2(1�g)-

ediated reactions due to the high predominance of the physi-
al quenching pathway, preventing the photodegradation of the
avonoid. The chalcone is a more efficient quencher than the fla-
anone isomer. However, in alkaline media the reactivity of the
avanone was increased due to formation of a carbanion species
t C3. This species reacts more efficiently with O2(1�g) than the
eutral flavanone, but also isomerizes to the chalcone. For both
aringin isomers, 4-hydroxybenzoic acid was identified as one of
he ending oxidation products. A possible oxidation mechanism
an involve the formation of a flavonol (e.g. 7-rhamnoglucosyl-
,4′-dihydroxyflavonol) as primary photo-oxidation product.
hese results may have significance in stability and biogenesis of
aturally occurring flavonoids, and in their potential applications
n food and pharmaceutical industries as O2(1�g) antioxidants.
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