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The anomalous spectroscopic properties of quercetin-3-O-rhamnoside (QCRM) and quercetin-3-O-rutinoside
(QCRT) in AOT reverse micelle were studied. The excited state intramolecular proton transfer (ESIPT) occurs
through the strong hydrogen bond between the —OH at position 5 and the carbonyl oxygen. Because the ESIPT
can only happens in the S; state and the Franck-Condon factor involved in the S; — S; internal conversion is
small, the S, — S, emission alone appears. Because the molecular planarity is improved at the interior of the
micelle, the excited state intramolecular charge transfer in the S; state is extended, and the excited state is more
tolerable for any quenching effects in the micelle. Therefore, an S; — S, emission was newly discovered under
this micelle microenvironment. For the S; — S, emission, the quantum yields increase but the quantum yield
of the S; — S, emission approximately decreases as the water concentration in the micelle increases.
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Introduction

Flavonoids are a group of polyphenols present in sub-
stantial amounts (0.5-1.5%) in virtually all land-based
plants.'? Besides their important biological roles in plant
pigmentation, flavonoids possess anti-cancer, anti-viral and
anti-inflammatory properties.>* Because of their great number
and the diversity of their biological activities, these mole-
cules have attracted the great attention of many researchers.
Among the large number of various flavonoids, quercetin
(3,3',4',5,7-pentahydroxy flavone) is particularly interesting
because it is one of the most biologically active and common
dietary flavonols. Furthermore, this compound exhibits vari-
ous anomalous spectroscopic properties.>” In most cases,
flavonoids exist in plants as glycosides, in which one or
more hydroxyl groups are joined by a hemiacetal link to a
sugar.

Quercetin, and quercetin glycoside, such as quercetin-3-
O-rhamnoside (QCRM, 1) and quercetin-3-O-rutinoside
(QCRT, 1II), which contains an —OH group at the position 5
(C-5), have been considered as comprising a special class
of nonfluorescent molecules (see Scheme 1). However, as
QCRM and QCRT were excited to a 2nd excited state in
CH5;0H-H,O and CH;CN-H,O mixed solvents, a new
significant fluorescence emission was discovered.’ It is very
important to study the physicochemical properties of these
molecules in various environments, especially in vivo, so as
to provide essential understanding of the mechanism of its
strong biological activity. Since it is not easy to do this
kind of work in vivo directly, many studies have been done
in biologically-mimicking systems such as hydro-organic
mixed solvents and various micelles.'*"

Quercetin has a—OH group at position 3 (C-3), but QCRM
and QCRT have an O-glycoside. Besides this difference,
quercetin’s molecular structure is exactly the same as that of
QCRM and QCRT. Any participation of the glucose group
in the S, — S; or S, — S» transition is not observed.® There-
fore, glycosylation at C-3 induces only a small hypsochromic
shift of this absorption band, in comparison between the
absorption spectra and calculated transition wavelengths of
these molecules.*®*!®18 The theoretical and experimental
research papers about the spectroscopic properties of QCRM
and QCRT are very small at present time but those outcomes
of quercetin are relatively large. Furthermore, the theoretical
approach and discussion about the physicochemical proper-
ties of quercetin is easy because this molecule has no large
substituent such as sugar. Therefore, it is reasonable that the
experimental and theoretical results obtained for quercetin
can be directly used toward a qualitative explanation of the
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Scheme 1. The molecular structure of quercetin-3-O-rhamnoside
(QCRM, 1) and quercetin-3-O-rutinoside (QCRT, II). In quercetin,
R1 is H.
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chemical properties of QCRM and QCRT.

Surfactant aggregates in nonpolar solvents assemble to
form reverse micelles. Among possible systems, Aerosol-
OT (sodium 1,4-bis[2-ethylhexyl] sulphosuccinate, AOT) in
alkanes (e.g. m-heptane or isooctane) has been the most
widely investigated for its ability to form reverse micellar
aggregates in nonpolar solvents, and to solubilize and com-
partmentalize relatively large amounts of water within their
central core. As the molar ratio of H,O to AOT (R = [H20)/
[AOT])) increases, the hydrodynamic radius of the spherical
aqueous micellar core grows monotonically.!* The water
solubilized in AOT/H,0O/alkane microemulsions is similar in
many respects to the interfacial water present near biological
membranes or at protein surfaces.””?! The unusual behavior
of this water has been attributed to its strong interaction with
the ionic head groups of the surfactant and counterions as
well as to an overall disruption of the three-dimensional
hydrogen-bonded network usually present in bulk water.”>*
For this reason, the AOT reverse micelle has been thought to
behave as a membrane mimetic system. As the size of the
water pool increases, the microviscosity of the solubilized
water decreases as its polarity increases. Addition of water
also dramatically increases the average aggregation number
of the reverse micelles, with little dependence on the hydro-
carbon solvent used or the AOT concentration.?® Furthermore,
this AOT micelle is especially suitable as a solvent system
for spectroscopic experiments, because AOT/H>O/alkane
ternary systems are homogeneous and optically transparent
over a wide range of conditions such as temperature, con-
centration, efc.

In this work, a comprehensive study of the chemical
properties of QCRM and QCRT in the AOT/H,O/heptane
reverse micelles with various R values was reported using
fluorescence spectroscopy. This study will provide valuable
information toward understanding the mechanism underly-
ing the strong biological activities of quercetin glycosides.

Experimental

QCRM was extracted from houseleeks (Orostachys japonicus
A Bergers) by a method described in the literature.””*® The
QCRT and NaAOT (SigmaUltra) were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used without further
purification. A few investigations were performed on purified
AOT preparations and no difference was observed between
these and the unpurified commercially available chemicals.”
n-Heptane (spectrophotometric grade) and methanol (spectro-
photometric grade) were also bought from Sigma-Aldrich
and used as received. Deionized, doubly distilled water was
used.

The AOT was dried for 48 h in a vacuum at around
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 reported in this paper. Low concentration solu-
tions (below 1 x 10~ M) were used to avoid any solute-
solute interactions and self-absorption. Sample solutions in
micelles were prepared by pipetting an appropriate amount
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of 1 x 107 M stock solution into a volumetric flask, evapo-
rating off residual solvent with a gentle stream of N,, and
diluting to a specified volume with the 3% AOT/heptane. A
small volume of water was also added to the volumetric
flask as needed. Finally, the samples were sonicated for 40
min to ensure that all of the solute was solubilized. In this
system, the surfactant/solute ratio is about 1.7 x 10*, equi-
valent to micelle/solute ratio of approximately 740 (R=0)
and 50 (R=20) using the surfactant aggregation number of
23 (R=0) and 333 (R=20) respectively that was measured for
the AOT/alkane solution.’*3! This fact ensures that no more
than one solute molecule on average occupies a given micelle,
precluding significant aggregation effects. Also, under such
conditions, solubilization of QCRM and QCRT molecules
should cause negligible perturbation of the structure and
related properties of the AOT micelles.

Absorption spectra were taken with a JASCO V-530 UV/
visible spectrophotometer with 1.0 nm spectral bandwidth.
Steady-state fluorescence spectra were obtained on a Perkin-
Elmer LS-50B spectrofluorometer. Fluorescence quantum
yield was measured using anthracene (® = 0.27) as a refer-
ence.*>** The fluorescence center of gravity that was propor-
tional to the average energy of emission was calculated as
the position of fluorescence emission band.** To measure the
fluorescence spectra, the samples were degassed by high
purity Ar gas purging for 20 min.

The electronic and geometric structure, and potential
energy surface of molecules with excitation were optimized
using the single-excitation configuration interaction (cis)/6-
31G** level using Gaussian 03.%

Results and Discussion

The UV-visible absorption spectra in various AOT micelles
are shown in Figure 1. The absorption band at 270 nm is
very strong and broad compared with that in hydro-organic
mixed solvents.” However, the peak at 365 nm is so weak
that identification and measurement are not easy. The changes
in absorption spectra as a function of R value for QCRM and
QCRT are similar to each other. As the amount of water in a
micelle increases, the absorbance of the 270 nm band
decreases gradually but the shape and band position does not
significantly change.

It is well known that fluorescence emission arises from the
lowest excited singlet state in complex molecules: this is
“Kasha’s rule,” which has proved to be a very accurate
generalization, with few exceptions.>” Although QCRM and
QCRT had been known as nonfluorescent flavonol, charac-
teristic steady-state fluorescence emission spectra was dis-
covered in AOT micelles when the molecules were excited
to the S; state as shown in Figure 2. Similar fluorescence
spectra were also found in hydro-organic mixed solvents.’
For both molecules, roughly the same broad and structure-
less emission band is observed around 345 nm. One of the
very interesting results of this study is that the new fluore-
scence emission band around 400 nm is discovered when the
QCRM and QCRT are excited to S; state, as shown in Figure 3.
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Figure 1. Absorption spectra of QCRM (A), and QCRT (B) in 3%

AOT reverse micelle; (1) R=0 (——), 2) R=4 (———), (3)
R=7(----- ), ) R=15(——-— ), ) R=30(---—-- -).
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Figure 2. Steady-state fluorescence emission spectra of QCRM
(A), and QCRT (B) in 3% AOT reverse micelle; (1) R=0 ( ),
(2) R=4 (===), (3) R=T (===--), (#) R=I5 (===, (5)
R=30(---—- -). Aex =270 nm.

The intensity of these spectra is about 5-10% compared with
the spectra obtained using Ae=270 nm because the
absorbance at 365 nm is very small. Despite of low intensity,
these fluorescence spectra are significant because any obvious
background due to Raman scattering or solvent effect is so
small that its presence can be ignored. As mentioned pre-
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Figure 3. Steady-state fluorescence emission spectra of QCRM

(A), and QCRT (B) in 3% AOT reverse micelle; (1) R=0 (———),
(2) R=4 (===), (3) R=7 (====-), (4) R=I15 (—==), ()
R=30(---—- =). Aex = 365 nm.

viously, this kind of fluorescence emission spectra had not
been observed in bulk solution. The shape and position of
the band are not changed significantly by addition of water
in the micelle. Therefore, using two excitation wavelength,
270 and 365 nm, different emission spectra are obtained.
When the molecules are excited to the S, state, the emission
corresponding to the S, — S, appears only, but if the mole-
cules are excited to the S; state, the S; — S, emission band
shows clearly, with considerable intensity.

The steady-state spectroscopic results corresponding to
S, — S, emission (Aex = 270 nm) are shown in Table 1. A
small red shift (~8 nm) of the fluorescence center of gravity
is observed for QCRM as the amount of added water in
micelle increases. For QCRT, this red shift of the emission
band is rather small. Because the shape of fluorescence
peaks in spectra are not Gaussian curve, the center of gravity
and peak maximum are slightly different. The quantum
yields of QCRM and QCRT are similar to each other and
larger than those in bulk solution.” Also, for both molecules,
the quantum yield increases as more water is added in the
micelle. Since the quantum yield is defined by the ratio of
the absorbance to the emission intensity, the change of
quantum yield is not directly proportional to the strength of
fluorescence emission band. The fluorescence quantum
yields measured using 365 nm excitation light are small
compared with those in Table 1 but the difference is not
large. Due to the very small absorbance at this excitation
wavelength, the maximum relative uncertainty is around
30%. So, the data are not shown here. However, as the R
value in the micelle increases, the quantum yield decreases
approximately, contrary to the quantum yield obtained using
Aex =270 nm. This result suggests that each fluorescence
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Table 1. The fluorescence quantum yields (®) and fluorescence
center of gravity (vi) of QCRM and QCRT in AOT reverse micelle.
Aex=270 nm

QCRM QCRT

R¢ ve(m)® D (102)°  ve(m)® D (107

0 353 1.60 350 1.43

2 350 2.12 349 1.76

4 348 2.29 347 1.96

7 347 2.38 345 2.36
10 346 2.60 346 2.60
15 345 3.73 345 3.03
30 345 441 346 3.35

“The concentration ratio of water to AOT. ®Uncertainty is <1%.
‘Uncertainty is < 4%.

emission measured using Aex=270 and 365 nm light originates
from different excited states.

To understand the spectroscopic properties of QCRM and
QCRT, it is very helpful to think about the position that these
solute molecules occupy inside of the AOT micelle. Because
QCRM and QCRT are insoluble in n-heptane but are soluble
in water owing to the many polar substituents, these mole-
cules are not found outside the micelles or even in the
middle of the alkyl tails of the surfactants. It has been report-
ed that fluoroquinolone antibiotics, which are similar in
solubility and molecular size to the quercetin, are intimately
associated with the micelles and resides at the micellar
interface near the AOT headgroups.?® Since quercetin will
be located at the similar position as the fluoroquinolones, it
is reasonable to assume that the main part of QCRM and
QCRT molecule except the O-glycoside that strongly interact
with the micellar interface do not necessarily reside in a
well-defined water pool even though the water concentration
is large.

Since intramolecular hydrogen bonding is known to be a
more important stability criterion than is steric hindrance,
examination of this hydrogen bonding will be one of the
most important tasks to understand the characteristic photo-
chemical properties.*” The determination of the crystal
structure of quercetin by X-ray diffraction, and theoretical
calculations of its structure in liquid solution, confirmed the
formation of a strong intramolecular hydrogen bond bet-
ween the —OH group at the C-5 and the carbonyl oxygen (O-
11) at position 4 (C-4), which allows the formation of a
stable six-membered ring.>*!%*%3? For QCRM and QCRT, it
has been verified that besides this intramolecular hydrogen
bond, several other intramolecular hydrogen bonds are also
observed between the —OH of the glucose and carbonyl
oxygen, or another —OH of the sugar and the —OH at the B
ring. Nevertheless, the most stable molecular structure in the
ground state is an intramolecularly hydrogen-bonded closed
conformer between the —OH at the C-5 and O-11. Due to this
reason, the excited state behavior of QCRM and QCRT is
dramatically different from that of 3-hydroxyflavone and
related compounds, which have only —OH group at the C-3,
not at the C-5.7 It has been known that excited state intra-

Hyoung-Ryun Park et al.

Closed Conformer H

30

Energy (eV)

2.0
H

"O_
Enol Tautomer
)

Figure 4. Schematic representation of S, $;™, and S,™ potential
energy surfaces for quercetin in the gas phase. Dotted line
(-=---- ) denotes the nodal plane, and dot ( ) indicates the lone
electron.
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molecular proton transfer (ESIPT) by tautomerization has
been observed in many molecules having this kind of intra-
molecular hydrogen bonding, such as o-hydroxybenzalde-
hyde, salicylic acid, 9-hydroxyphenalenone, polyhydroxy-
flavone efc.*>" Furthermore, in 5-hydroxyflavone, direct
evidence of the ESIPT between this —OH at the C-5 and O-
11 was observed.*’ Since QCRM and QCRT are also 5-
hydroxyflavones, it can be assumed that a similar ESIPT will
occur in these molecules.

The intramolecular proton transfer is a “keto-enol tauto-
merization”-along with the proton transfer, a significant
redistribution of electron density results in the changes of the
bond orders and length of heavy atoms such as carbon and
oxygen. The correct description of electronic structure of
such a molecule involves contributions from both of the
limiting enol and keto forms. The relative stability of these
two forms was predicted using “nodal plane” model.*'** To
verify the appearance of ESIPT in QCRM and QCRT, this
“nodal plane” model was applied to quercetin. The schematic
representation of S,, $1™, and S,™ potential energy surfaces
for quercetin in the gas phase are shown in Figure 4. The
energy gap between different electronic states, especially
between S, and S, is smaller than that of QCRM and QCRT
as estimated from absorption and fluorescence spectra. This
difference is acceptable, because the glycosylation at C-3
will induce some hypsochromic shift of the S, — S, absorp-



Spectroscopic Properties of Quercetin in AOT Micelles

tion band, and the environment of the solute molecule will
also cause some change in the absorption and emission band
position.” The occurrence of ESIPT can be understood by
considering the 7 electron nodal pattern of the wavefunction.
In this figure, the nodal plane at the S;™ and S,™ state is
drawn as a dotted line. In the S,™ state, the apparent 7 lone
electrons will be localized at Cs and Cjo atoms. The lone
electrons facilitate the rearrangement of bonds to produce
the enol tautomer. This rearrangement and delocalization of
the lone electrons significantly lower the energy of the
excited state and makes the potential energy surface of the
S:1™ state largely distorted from that of the S, state. In con-
trast, the wavefunction in the S,™ state show that the nodal
plane passes the middle between the Cs and C; atoms, and
C; and C; atoms. The ESIPT to produce the enol tautomer in
the S,™ state cannot take place, because the formation of
double bonds between C4 and Cio atoms, and Cs and Oy,
atoms is not possible. As a result, the potential energy
surface of the S,™ state is similar to that of the S, state.
Therefore, this theoretical approach demonstrates that the
closed conformer-the keto form-undergoes tautomerization
in the S; state because the nodal plane of the wavefunction
stabilizes the enol tautomer only in the first excited state
(m,m*).*14 Eventually, the S, state will be much less
susceptible to ESIPT than the S; state. In the case of QCRM
and QCRT, the same ESIPT will occur in the S; state. The
lack of S; — S, fluorescence emission of 5-hydroxyflavones
just as in QCRM and QCRT had been explained using the
formation of a distorted excited state due to the near
degeneracy of 7, n* and n, n* states.>® This would confirm
that this distorted excited state in the S; state is formed by
this ESIPT. Therefore, the anomalous fluorescence proper-
ties of 5-hydroxyflavones are mainly caused by this specific
excited state dynamic process.

The geometrical structure of QCRM and QCRT, especi-
ally the dihedral angle 6, which defines the position of the B
ring with regard to the chrome part (A and C rings), is deter-
mined through several effects: the repulsion caused by the
important steric hindrance between the —O-glycoside at the
C-3 and B ring, which would lead to a staggered confor-
mation, the various intramolecular hydrogen bonding, and
the effect of electronic conjugation which tends to bring the
B ring into the chromone plane. Due to these various
opposing effects, the B ring of QCRM and QCRT deviates
slightly from the plane of the chrome part in the ground
state. However, the B ring will easily become coplanar with
the y-pyrone ring (A and C rings) because the dihedral angle
will be small. This statement is supported by the theoretical
calculation. The molecular orbital of quercetin in the vapor
phase shows that 8 is 24.8° in S,, 0.0° in S; and 17.7° in
S>™. So, in the S; state, the B ring is on the same level with
the y-pyrone ring; in the S, state, this angle is also small.
Therefore, the B ring of quercetin in the vapor phase easily
becomes approximately coplanar with the main heteroatom
ring system for a large part of the time while in the excited
state.

The absorption bands of QCRM and QCRT show red shift
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(10 ~ 15 nm), and the emission band corresponding to S, —
S, exhibits a large blue shift (~20 nm) in the AOT micelle
compared with those in the hydro-organic mixed solvents.’
So the Stokes’ shift of these molecules in micelles is much
smaller than those in bulk solutions. Within a dielectric
continuum approximation of the solvents, the steady-state
Stokes’ shift can be related to the dipole moment change of
the probe molecule upon excitation according to the Lippert-
Mataga equation."" Also, contrary to the spectra in bulk
solvent, the shape of the absorption and emission spectra
become relatively similar to each other in the AOT micelle.
These facts suggest that the change of the geometry and
dipole moment due to excitation in the micelle will be
smaller than those in the hydro-organic solvents. Although
the cavity inside the micelle is sufficiently large, the dihedral
angle 6 of the QCRM and QCRT at the micellar interface
will decrease, since the rotation of the C-C bond linking the
B- and C-ring is limited and the planarity of the whole
molecule is improved.'*'>? Therefore, the distortion of the
aromatic ring due to ESIPT at the S; state will be somewhat
restricted, and the electronic conjugation throughout the
molecule further extended.

Since the QCRM and QCRT have both an electron donor
and acceptor, and at the micelle, the B ring becomes closely
coplanar with the main heteroatom ring system in the
excited state, these molecules will be good donor-acceptor-
conjugated molecules. The initial molecular species (N) in
the excited state will be changed to the charge transferred
zwitterionic form (T) induced by the excited state intramole-
cular charge transfer (ESICT), as shown in Scheme 2.° The
T form produced in this way will be stabilized further, owing
to the larger delocalization of the 7 electrons. Since the
ESIPT seldom occurs at the S, state, the fluorescence pro-
perties at this state will mainly be determined by ESICT.
Usually, the additional resonance forms due to ESICT lead
to a stronger fluorescence emission because the excited state
becomes more stable and more tolerable for any quenching
effects. Moreover, the Franck-Condon factors involved in
the S, — S; radiationless transition will be very small in the
AOT micelle for the following reasons: First, the large
molecular geometry change between S; and S, state may
reduce the vibrational overlap integrals. Second, the energy
gap between the zero-point vibrational levels of the S; and S»
states will be relatively large owing to the ESIPT in the S,
state. Under these circumstances, the S; — S; internal con-
version of QCRM and QCRT will be very slow. Therefore,
strong S, — S, fluorescence can be exhibited in the AOT
micelle.

(N) M

Scheme 2. The excited state intramolecular charge transfer.
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ESICT will also provide good evidence to explain the
appearance of S; — S, emission in the AOT micelle.
Because the electronic conjugation by ESICT at the S; and
S, state should become very broad and strong in the micelle,
the fluorescence emission and absorption intensity is usually
enhanced.'*'>! Therefore, the absorbance of the 270 nm
band and quantum yields for S, — S, emission at the AOT
micelle are larger than those in bulk solution, as seen in
Figure 1 and Table 1. If the twist of the aromatic ring is
limited at the interior of the micelle, ESIPT will not occur
very strongly. Therefore, since the specific radiationless
pathway in the S; state will not be greatly activated, the
probability to produce S; — S, emission may greatly increase.
Furthermore, if the difference in nuclear configuration
between the ground and excited states decreases in the AOT
micelle, the rate of radiationless deactivation processes will
be relatively slow.>® Also, at the interior of the AOT micelle,
any quenching effect by the solvent and other molecules
present in the system decreases since the amount of
collisions between the solute and any other molecules will
decrease. Owing to all of these reasons, the S; — S, fluore-
scence emission can be observed in the AOT micelle.

Because of the absence of ESIPT at the S, state, the
ESICT will have a major influence on the change of quan-
tum yields for the S, — S, emission as a function of water
concentration in the micelle. To understand this excited state
decay process, think about the variation in micellar structure
according to the R values. When R is small, the packing of
the interfacial region at the AOT reverse micelles is rather
tight. It has been known that the hydrocarbon tails of the
AOT aggregates at small R values can be wide open with
enhanced segmental mobility allowing solvent penetration.*>
This allows the solute molecules embedded in this region to
approach the polar head groups in the micelle. In this case,
the intermolecular hydrogen bond and dipole-dipole inter-
action between the polar groups of solutes, the H,O, counter
cations and polar head groups of the surfactant molecules
will be strong. These kinds of intermolecular interactions
will diminish the intramolecular hydrogen bond between the
—OH at C-5 and O-11 at the C-4. As a result, the dihedral
angle, 6, will be relatively large, and the ESICT will be
limited to some extent. Finally, the radiative decay rate
becomes slow, and the quantum yields are small at the small
R values. Because increasing the amount of water in the
micelle results in the decrease of segmental mobility of the
hydrocarbon tail of surfactant molecule, the phase continu-
ous with the solute molecules is pushed or squeezed out into
the nonpolar phase.’” In relatively nonpolar environments,
the external hydrogen bonding perturbation described above
will be reduced, and the number of molecules having various
strong intramolecular hydrogen bonding will increase. Since
the main part of QCRM and QCRT (A, C and B ring) is
squeezed out into the nonpolar phase due to the increase of
water concentration in micelles, the B ring will more easily
become coplanar with the y-pyrone ring. Since the ESICT at
the S, state should occur more easily and satisfactorily in
this case, the quantum yields for S; — S, emission increase
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gradually as added water in the micelle increases.

For the change of fluorescence properties of QCRM and
QCRT in the S; state, the ESIPT will have stronger effect
than the ESICT in the micelle because the ESIPT occurs
only in the S; state. The ESIPT in the S; state happens more
easily and effectively as the water content in AOT micelle
increases because the molecules having strong intramole-
cular hydrogen bond between the —OH at the C-5 and O-11
will increase. Since the effective nonradiative decay from S;
state has been explained using the distortion of molecular
skeleton during the ESIPT, the quantum yield for S; — S,
emission decreases roughly due to the increase of added
water in the micelle when both QCRM and QCRT are
excited to the S; state (The data are not shown).

Conclusions

In the AOT reverse micelle, although the only S; — S,
emission is observed when the molecules are excited to the
S, state, S; — S, emission spectra is also exhibited as the
molecules are pumped to the S; state. These anomalous
fluorescence properties of QCRM and QCRT are caused by
the specific photochemical and photophysical properties
such as ESIPT and ESICT. Using the “nodal plane” model,
the ESIPT for quercetin can be described theoretically as a
“keto-enol tautomerization”. This theoretical approach shows
that the S; state is more susceptible to ESIPT compared with
the S, state, because the nodal plane of the wavefunction
stabilizes the enol tautomer only in the S; state. Since the
structure of the aromatic ring is distorted due to ESIPT in the
S; state, S; — S, fluorescence of QCRM and QCRT had not
been observed. Also, the Franck-Condon factors involved in
the S; — S; internal conversion will be very small. Owing to
these reasons, QCRM and QCRT can exhibit strong S, — S,
fluorescence emission in the AOT micelle. The dihedral
angle 0 in the excited state is smaller than that in the ground
state. Furthermore, since the rotation of the bond between C-
2 and C-1’ is limited, and the planarity of the whole mole-
cules is improved at the micellar interface, electronic conju-
gation such as ESICT will be further extended in the AOT
micelle. Due to this specific microenvironment in the interior
of the micelle, QCRM and QCRT exhibited significant S; —
S, emission.

Since the external hydrogen bonding perturbation will
decrease due to the increase of water concentration in
micelles, the B ring will more easily become coplanar with
the y-pyrone ring, and the ESICT will be very active as the
amount of water in micelle is large. Therefore, when the
molecules are excited to S, state, the quantum yields for S,
— S, emission increase as a function of R value in micelle.
Also, when the water concentration in the micelle increases,
the ESIPT in the S; state occurs more easily and the quantum
yields for S; — S, fluorescence decrease. Because the AOT
reverse micelle is regarded as a membrane mimetic system,
these kinds of studies for QCRM and QCRT provide much
valuable information that should help in understanding the
mechanisms of various biological activities.
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