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The spectroscopic properties of quercetin (QCT) were studied in the AOT reverse micelle by fluorescence
spectroscopy. Because the molecular structure of QCT is completely planar, excited state intramolecular proton
transfer (ESIPT) occurs between the —OH at C(5) and carbonyl oxygen via intramolecular hydrogen bonding.
This ESIPT happens at the S; state but not at the S, state. Because QCT is a good donor-acceptor-conjugated
molecule at the excited state, this molecule can emit strong fluorescence but shows no S; — S, emission due
to this ESIPT. Since the S, — S; internal conversion was very slow due to the small Franck-Condon factors,
S> — S, fluorescence emission was observed. All of the experimental results indicated that the QCT resided at
the bound water interface and that the position of solute did not change significantly in the micelle at various

water concentrations.
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Introduction

Quercetin (3,3',4',5,7-pentahydroxy flavones; QCT), the
polyphenolic compound having —OH group at position 5 (C-
5), belongs to the large class of plant pigments called
flavonoids. Flavonoids are widely distributed in fruits and
vegetables, and have been received a great deal of attention
due to their many biological properties, i.e., anticarcinogenic,
antiatherosclerotic, antimicrobial, and antioxidant proper-
ties.!"® QCT is remarkable for its properties to mitigate the
increase in capillary fragility, to reduce high blood pressure,
to protect plants against the direct and indirect influences of
UV radiation and to show antioxidant behaviors against a
wide range of free radicals.”!?

Flavonoids are well known compounds that exhibit charac-
teristic fluorescence properties.'®'> QCT has been consider-
ed to be composed of a special class of nonfluorescent
molecules.'™'? However, a new significant fluorescence
emission was discovered in CH3OH-H,O and CH3CN-H,O
mixed solvents.'* It would be, therefore, very interesting to
study the physicochemical properties of QCT in a specific
environment, especially in vivo, to better understand the
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Scheme 1. The molecular structure of quercetin.
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mechanism of its strong biological activity. Since a direct in
vivo study is difficult, many works have used biologically-
mimicking systems such as the AOT reverse micelle and
hydro-organic mixed solvents.'>"?

Surfactants dissolved in nonpolar solvents assemble to
form reverse micelles. In this system, the polar head groups
of amphiphiles aggregate to form a micellar core and the
hydrophobic tails extend into the bulk solvent. Among all
possible micelle systems, aerosol-OT (sodium 1,4-bis[2-
ethylhexyl] sulphosuccinate, AOT) in alkanes (e.g. n-hep-
tane or isooctane) has been the most widely studied for its
ability to form reverse micellar aggregates and for its ability
to solubilize and compartmentalize relatively large amounts
of water within its central core. The amount of water in
AOT/H,0O/alkane reverse micelles is expressed as the molar
ratio of H,O to AOT (R = [H,O]/[AOT]). The hydrodynamic
radius of the spherical aqueous micellar core increases
gradually as the amount of water in the micelle increases.”’
The water solubilized in a AOT reverse micelle is similar to
the interfacial water near biological membranes or at protein
surfaces.”?? The peculiar behavior of this water has been
attributed to its strong interaction with the ionic head groups
of the surfactant and counter ions as well as to the overall
disruption of the three-dimensional hydrogen bond network
usually present in bulk water.”*?® For this reason, the AOT
micelle has been regarded to behave like a membrane mimetic
system. As the size of the water pool increases due to the
addition of water, the microviscosity of the solubilized water
decreases as its polarity increases. As the amount of water
increases, the average aggregation number of micelles increases
dramatically, regardless of the hydrocarbon solvent used or
the AOT concentration.?” Moreover, this AOT reverse micelle
is an excellent solvent system for spectroscopic measure-
ments because AOT/H,O/alkane systems are homogeneous
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and optically transparent over a wide range of conditions
such as temperature, concentration efc.

This work is a comprehensive study of the fluorescence
properties of QCT in various AOT/H>O/heptane reverse mi-
celles by steady-state and time-resolved fluorescence spectro-
scopy. Also, the location of QCT inside a micelle and the
structure of the AOT micelle as a function of the amount of
water are investigated. Besides providing important information
about the mechanism underlying the strong biological activities
of such flavonoid, this study will provide more insight into
the characteristic properties of AOT reverse micelles.

Experimental

QCT and NaAOT (SigmaUltra) were purchased from Sigm-
Aldrich Chemical Co. (St Louis, U.S.A) and used without
further purification. A few studies showed that there was no
difference between purified AOT preparations and unpuri-
fied commercially available compounds.”® n-Heptane (spectro-
photometric grade) and methanol (spectrophotometric grade)
were also obtained from Sigma-Aldrich and used as received.
Deionized, twice-distilled water was used to prepare the
stock and sample solutions.

To avoid any oxygen effects, the methanol for preparing
the QCT stock solution was deaerated with high purity Ar
gas purging for 90 min. The AOT was dried for 48 hours in
vacuum at 1 x 107 torr with P,Os, and kept in a desiccator
over P,Os. A 3% (wt/vol) AOT/heptane stock solution was
used for all experiments. Low concentration solutions (below
1 x 10 M) were used to avoid any primary or secondary
interfilter effects. The sample preparation method was de-
scribed in detail in a previously published paper.'® In the
micelle systems, the surfactant/solute ratio was about 1.7 x
10*, equivalent to micelle/solute ratios of roughly 740 (R =
0) and 50 (R = 20) for surfactant aggregation numbers of 23
(R=0) and 333 (R =20), respectively, which were measured
for the AOT/alkane solution.”®*° Therefore, no more than
one solute molecule occupies a given micelle on average,
precluding significant aggregation effects. Furthermore, under
such conditions, the perturbation of the structure and related
properties of the AOT reverse micelles by the solubilization
of QCT molecules would be negligible.

The UV/visible absorption spectra were measured using
a JASCO V-530 UV/visible spectrophotometer at room
temperature. Steady-state fluorescence spectra were obtain-
ed using a Perkin-Elmer LS-50B spectrofluorometer. Fluore-
scence quantum yields were measured using anthracene (®
=0.27) as a reference.’'* The fluorescence lifetimes and
other time domain data were obtained by using the time-
correlated single-photon counting method with the Fluorolog-
3 spectrofluorometer (HORIBA, Edison, NJ, USA). The
sources were fixed wavelength interchangeable NanoLED
pulsed laser-diodes and LEDs. The standard optical pulse
durations were <200ps (< 100 ps typical) for laser-diodes
and < 1.5 ns for LEDs. Repetition rate was up to 1 MHz and
lifetimes were measured from < 100 ps to 100 ps. To remove
the dissolved oxygen before the fluorescence measurements,
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the sample solution were degassed by high purity Ar gas
purging for 20 min.

Results and Discussion

To understand the spectroscopic properties of QCT in
AOT reverse micelles, it is important to find out the position
that this molecule occupies inside the micelle. Two distinct
water domains appear in the polar core; bound water and
free water in the central region.”® First, the water added to a
micelle hydrates ions and the head groups of surfactant
molecule preferentially. After all the ionic species have been
fully solvated, the remaining water starts to enter the micelle
core as a bulk-like free water. In an AOT/H,O/heptane
system, four distinct solubilizable areas are available: hydro-
carbon continuum, AOT interface, bound water interface,
and inner free water pool. The properties of each environ-
ment change as the amount of water in the micelle increases.
QCT is insoluble in n-heptane, slightly soluble in water, and
soluble in CH;OH and CH3;CN. Therefore, QCT does not
reside outside the micelles or even in the middle of the alkyl
tails of the surfactants. It has been reported that fluoro-
quinolone antibiotics are closely associated with micelles
and reside at the bound water interface near the surfactant
headgroups.?® Since the QCT is similar in solubility and
molecular size to fluoroquinolones, it can be concluded that
QCT resides at the same place, namely the bound water
interface and interacts with this micellar interface strongly,
regardless of the amount of water in the micelle.

The UV-visible absorption spectra of QCT in various
solvents are presented in Figure 1. The absorption spectra in
CH;0H and CH3CN are about the same, with two absorp-
tion bands around 370 nm (Band I) and 255 nm (Band II).
However, the absorption spectra in the AOT micelle are
different from with those in organic solvents. In the AOT
micelle, the Band II exhibits a large blue shift and Band I
shows a small side band around 385 nm. This indicates that
although the molecular structure of QCT was not changed
significantly by the CH;OH or CH3CN solvent, it was some-
what influenced by the AOT micelle system. The UV-visible
absorption spectra of QCT in various AOT reverse micelles
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Figure 1. UV/visible absorption spectra of quercetin in various
solvents; (1) CH30H ( ), (2) CH3CN (-—--), (3) 3% AOT
reverse micelle; R=0 (—-—-— ).
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Figure 2. UV/visible absorption spectra of quercetin in various 3%
AOT reverse micelles; (1) R =0 ( ), 2)R=4.0(----),(3)
R=10.0(------ ), () R=20.0 (—-- ).

are shown in Figure 2. As the R value increases, the shape
and band position do not change but the absorbance of Band
I changes slightly. The inside of an AOT reverse micelle is
heterogeneous. So, if QCT inside the micelle moves to
different positions as water is added, the absorption band
shape and position would change. Therefore, this fact indi-
cates that the position of the QCT molecule inside AOT
micelles does not change due to the QCT molecule’s strong
interaction with the bound water interface even when the
amount of water in the micelle increases.

The QCT with the 5-OH group has been known as a non-
fluorescent compound in aqueous solutions.'!> However, it
gave new fluorescence emission spectra in various hydro-
organic mixed solvents when it was excited to the second
excited state under 255 nm light, which corresponded to the
maximum absorption of Band II. However, when 370 nm
radiation, which corresponded to the maximum absorption
of Band I, was used as the excitation source, no fluorescence
emission was observed in the same mixed solvents.'***
Similar fluorescence properties were also exhibited in AOT
reverse micelles. As shown in Figure 3, steady-state fluore-
scence emission spectra were observed around 345 nm when
270 nm radiation was used as the excitation light, but no
fluorescence spectra were observed when the 370 nm long-
wavelength light was used to excite the molecule. Because
the wavelength of this emission band is shorter than the
wavelength of the absorption band around 370 nm, the
fluorescence spectra in Figure 3 originated from the S, — S,
transition. The shape and position of the peak did not change
significantly due to the addition of water, while the intensity
of the peak varied with a regular pattern as a function of
water concentration in the micelle, meaning that the position
of QCT inside the micelle did not change with the increasing
amount of water in the micelle. As a result, the variation of
the environment at a distinct area inside the micelle due to
the addition of water will change the spectral intensity. As
the R value increases from zero to around 7, the emission
intensity decreases linearly. Beyond R = 7, the fluorescence
intensity increases sharply and reaches the maximum value
at the R=10. If the R value increases beyond 10, the
fluorescence intensity will decrease almost linearly.

To understand the spectroscopic properties of QCT, it is
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Figure 3. Steady-state fluorescence emission spectra of quercetin
in various 3% AOT reverse micelles; (1) R =0 ( ), 2)R=4.0
(----), 3 R=10.0(------ ), (4 R=20.0(-—~- ), (5) R=30.0
()

essential to study its geometrical molecular structure. Es-
pecially, the dihedral angle, which defines the position of the
B ring with respect to the y-pyrone ring (A and C rings), is
the most important. Since the energy barrier for the rotation
of the B ring on the C(2) — C(1') bond is very low, the B ring
can rotate easily on this side and the molecule can approach
a planar structure.’>*® Because the hydrogen bond-like inter-
action will exist between the 3-OH moiety and the proton on
C(2") or C(6"), the optimized dihedral angle in the gas phase
is close to 0°. Eventually, because the molecular structure is
completely planar, QCT is completely conjugated. Also,
since the QCT has both an electron donor and acceptor, it
will become good donor-acceptor-conjugated molecule. #1834
At the excited state, the initial molecules (N) will become of
the charge transferred zwitterionic form (T) induced by the
excited state intramolecular charge transfer (ESICT). The T
form will be stabilized further owing to the large delocali-
zation of the © electrons throughout the whole molecule.
Usually, a fluorescence emission spectrum is roughly the
mirror image of the absorption spectrum. However, such
mirror image relationship was not observed in QCT. This
fact supports further the occurrence of this ESICT because
the shapes of absorption and emission spectra will be very
different if the geometry and dipole moment change greatly
owing to the absorption of light. This ESICT can usually
cause a stronger fluorescence emission because the excited
state becomes more stable and tolerable for any quenching
effect owing to the existence of the resonance forms.

The study of the intramolecular hydrogen bonding is also
important for understanding the spectroscopic properties of
QCT because this kind of hydrogen bonding is regarded as
the most important stability criterion.***” QCT can form two
important intramolecular hydrogen bonds between 5-OH
and O-11 and between 3-OH and O-11. The intramolecular
hydrogen bond between 5-OH and O-11, which forms a
stable six-membered ring, is stronger than that between 3-
OH and O-11.'%333%49 Eor this reason, the QCT, 5-hydroxy-
flavone, has a dramatically different excited state behavior
from that of 3-hydroxy flavone, which have only the -OH
group at the C-3.""!" Excited state intramolecular proton
transfer (ESIPT) between 5-OH and O-11 by “keto-enol
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tautomerization” has been observed in 5-hydroxyflavone
and other many molecules having this kind of intramolecular
hydrogen bond.*'* Martinez et al. reported the direct
evidence of ESIPT between 5—OH and O-11 in 5-hydroxy-
flavone."> For QCT, it is reasonable to assume that this
ESIPT also occurs via the intramolecular hydrogen bond
between 5-OH and O-11."* However, it is very important
that this ESIPT occurs in the S; state but seldom appear in
the S, state.'*!® Because the pseudo-Jahn-Teller distorted
excited state of QCT and other 5-hydroxyflavone will be
formed by this ESIPT, these molecules do not exhibit any S;
— S, fluorescence emission.'**** Also, it is known that the
Franck-Condon (FC) factors involved in the S, — S; internal
conversion will be very small.!® Therefore, at the S, state,
ESIPT can not occur, but ESICT can. Furthermore, the rate
of the S, — S internal conversion will be very slow owing
to the small FC factor. For these reasons, only the S; — S,
fluorescence emission will be observed if the QCT is excited
to the S; state.

The fluorescence properties of QCT corresponding to S,
— S, emission are shown in Table 1. The method for
calculating the radiative (k) and nonradiative rate constants
(knr) Was explained in a previous paper.’* The quantum
yields decrease gradually as the amount of water in the
micelle increases until R = 7.0. As the strength of the inter-
molecular hydrogen bond between QCT and H,O increases
due to the addition of water in the micelle, the quantum
yields decrease.'*** When R =10.0, the quantum yield
shows the maximum value. As the R value increases beyond
15.0, the quantum yield does not exhibit any significant
changes. When water is added to the micelle first, the bound
water interface environment will change greatly because the
added water solvates counter cations and the head groups of
the surfactant molecules in this area preferentially. So, if the
R value is smaller than 10, the bound water increases with
no free water actually owing to the addition of water in the
micelle. As the R value become greater than 15, free water
will begin to appear. When the R value is around 15, the
number of bound water per surfactant molecule reaches
roughly the maximum value. Beyond this R value, since the
number of free water will begin to increase sharply, the
bound water interface environment will not change signifi-
cantly as the increase of water concentration in micelle.?® In
the case of a large R value (R > 15), if QCT resides at the
well-defined free water pool in the micelle core, the quan-
tum yield should decrease with increasing water concent-
ration. Therefore, this change of fluorescence quantum yield
as a function of R value strongly supports the fact that QCT
resides at the bound water interface, not in the well-defined
inner free water pool, and interacts strongly with the sodium
ions, waters and polar groups of the surfactant regardless of
the amount of water in the micelle. The change of fluore-
scence lifetime as a function of the R value also exhibits a
similar pattern as that of the quantum yields. Until R = 10.0,
the lifetime decreases gradually as the amount of water in
the micelle increases. If the R value is larger than 10, the
lifetime decreases rapidly. Therefore, the quantum yield and
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Table 1. The fluorescence quantum yields (®), fluorescence life-
times (t), and radiative (k;) and nonradiative rate constants (knr) of
quercetin in AOT reverse micelle. Aex =270 nm

R“ d (1073 1 (ns)° ke (10°s™) ko (10857
0.0 13.5 5.67 2.38 1.74
2.0 9.26 4.87 1.90 2.03
4.0 7.51 3.28 2.29 3.03
7.0 6.59 3.29 2.00 3.02
10.0 14.8 2.95 5.02 3.34
15.0 11.0 1.90 5.79 5.21
20.0 10.6 1.87 5.67 5.29
30.0 10.8 2.57 420 3.85

“The molar ratio of water to AOT. *“Uncertainty < 10%

lifetime change greatly around R = 10-15.

To more closely study the influence of water concentration
on the fluorescence properties of QCT in the AOT micelle,
the logarithms of the radiative and nonradiative rate con-
stants were plotted as a function of R value, as shown in
Figure 4. When R value is smaller than 10, the In(k;) is small
and approximately constant, but if the R value exceeds 10,
In(k;) increases sharply and does not show any significant
change due to the increase of the R value in the micelle. This
fact support further that the bound water interface environ-
ment does not change greatly with increasing amount of
water in the micelle if the R value is larger than 10, and that
the QCT resides at the bound water interface regardless of
the water concentration in the micelle. In the In(k.) vs R
plot, In(ks) increases rapidly with the addition of water in
the micelle until R = 15. As the R value is larger than 15,
In(kyr) is roughly constant and rather decreases. These results
are approximately consistent with the changes of the quan-
tum yield and lifetime as a function of water concentration in
the micelle. Therefore, following two facts can be recon-
firmed by examining these In(k;) vs R and In(kn) vs R plot:
first, the environment around the bound water interface near
the ionic and polar surfactant head group changes greatly
with the addition of water in the micelle until R = 10-15 but
the properties of this interface are nearly unchangeable at R
> 10-15 because of the appearance of the free water from
this point; second, QCT inside the AOT micelle is located at
the bound water interface. This position of the QCT in the
micelle does not change significantly as the R value increases.
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Figure 4. Logarithms of the radiative rate constants, k: and non-
radiative rate constants, ky, plotted as a function of the molar ratio

of water to AOT, R, in the 3% AOT reverse micelle. The solid
lines are the best polynominal regression fit to the data.
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Conclusion

The UV-visible absorption spectra of QCT in the AOT
micelle are somewhat different from those in CH;0H and
CH;CN. As the water concentration in the micelle increases,
the shape and band position of the absorption spectra do not
change but the absorbance of Band I changes slightly. Since
the QCT has both an electron donor and acceptor, and its
molecular structure is completely planar, the ESICT can
occur at the excited state. Although this ESICT can usually
result in strong fluorescence emissions, QCT is known as a
nonfluorescent molecule owing to the formation of the
distorted excited state by ESIPT. This ESIPT can occur via
the intramolecular hydrogen bond between 5-OH and O-11.
Since this ESIPT will occur at the S; state, S; — S, fluore-
scence emission is totally absent. However, since ESIPT
cannot occur at the S, state and FC factors involved in the
S> — S; internal conversion will be very small, S; > S,
fluorescence emission can be observed if the QCT is excited
to the S, state. As the amount of water in the micelle
increases, the fluorescence intensity changes in a regular
pattern without any change of band shape and position.

The changes of fluorescence quantum yields and lifetimes
were measured as a function of water concentration in the
AOT micelle. Also, the radiative and nonradiative rate con-
stants were calculated at various R values. Using all of these
results, the following facts can be confirmed. Because the
first added water will hydrate ions and polar group of
surfactant preferentially and the first free water will begin to
appear at the R =15, the physical properties around the
bound water interface change greatly due to the increase of
water concentration until R = 10-15. Also, QCT resides at
the bound water interface and the position of QCT inside the
micelle does not change significantly due to the strong
interaction of QCT with the micellar interface regardless of
the amount of water in the micelle.
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