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Abstract

Flavonoids are found in all higher plants, and many display strong absorption in the UVB spectral region. It has been suggested that they
play a role in the protection of plants by screening vital cellular components from damaging UV radiation. Some flavonoids can effectively
dissipate the absorbed energy by intramolecular proton transfer. For example, the 3-hydroxyflavones undergo excited state intramolecular
proton transfer from the 3-hydroxyl group to the neighbouring keto group. However, evidence of another mechanism of energy dissipation,
involving enhanced non-radiative intcrnal conversion, is presented in this paper. The fluorescence of monomethoxyflavones, which do not
have hydroxyl groups adjacent to the keto group, and therefore are not subject to intramolecular excited state proton transfer, was examined.
The fluorescence spectra and yields of 5-, 7- and 8-monomethoxyflavones in 3-methylpentane solvent exhibited considerable changes over a
range of temperature from 200 to 77 K. The yield decreased with increasing temperature for all three flavones, and the fluoiescence spectral
maximum of 5-methoxyflavone shifted from 440 to 418 nm. This is interpreted as resulting from thermally induced vibronic coupling and
concomitant splitting of the two lowest excited singlet states of the flavones. An increase in internal conversion relative to intersystem crossing
will result, thereby reducing both the triplet state population and flavone participation in damaging photochemical reactions.
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1. Introduction

The flavonoids are a group of natural pigments found in
all land-based green plants. They are biosynthesized under
enzymatic control from the amino acid phenylalanine, viathe
cinnamic acids, and malonic acid [ 1,2]. Itis notable that this
synthesis is activated by UV radiation, with higher levels of
fiavonoids being found in many plants which have been
exposed to elevated levels of UV radiation 3].

Flavonoids exhibit strong absorption in the UV spectral
region. The two principal absorption bands are designated as
band I (380-300 nm) and band II (285-240 nm) [4]. Many
flavonoids are effective quenchers of free radicals {5]. These
characteristics represent the basis for the putative role of
flavonoids in the screening and proicction of UV-sensitive
molecules in plant tissue. To be an effective screen of UV
radiation, a molecule must cxhibit high UV absorption and
must have the facility to dissipate this energy in a harmless
fashion without participating in damaging photochemical
reactions. For example, the cinnamates (used in cosmetic
sunscreens) accomplish energy dissipation by trans—cis pho-
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toisomerization [6]. Many flavones have a hydroxyl group
at the C-3 position. Kasha and coworkers [7.8] have shown
that these flavonols can undergo proton transfer (tautomer-
ism) in their excited singlet states from the 3-hydroxyl group
to the adjacent ketone group. The principal experimental evi-
dence for this behaviour is the shift in the fluorescence spectra
and the changes in the singlet state decay exhibited by a
number of flavonoids (or model flavonoid compounds) in
various solvents. Energy dissipation results from the lower
excited state energy associated with the tautomer.

Another possible mechanism by which the dissipation of
the excess energy of excited states can occur is through a
phenomenon known as the pseudo-Jahn-Teller or proximity
effect [9,10]. When two excited electronic states are nearly
degenerate and have the correct syminelry, they can undergo
thermally induced vibronic coupling with a resultant splitting
of the states. In such molecules, the proximity effectis evident
as a red shift in the fluorescence as the temperature is
increased, and this is accompanied by a substantial decrease
in the fluorescence yield resulting from increased internal
conversion. Examples of this behaviour have been reported
in molecules with energetically similar 7ra* and n* states,
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such as the psoralens (molecules which are related to the
flavonoids) and the indoles [10,11].

The absorption spectra of some flavonoids show signs of
two lower excited state levels in close energetic proximity
[12]. However, to obtain unambiguous evidence for the
proximity effect in flavonoids, molecules must be selected in
which no excited state intramolecular proton transfer is pos-
sible. In addition, they must be photostable and soluble in
non-polar solvents in order to avoid possible confounding
effects of polar solvent-solute coulombic interactions. In this
paper, 5-, 7- and 8-monomethoxyflavones were used to inves-
tigate this issue.

2, Experimental details

The three flavonoids selected for study were S-methoxy-
flavone, 7-methoxyflavone and 8-methoxyflavone. Pure, syn-
thetic samples of these compounds were generously supplied
by Professor H. Geiger, formerly of the Department of Chem-
istry, University of Stuttgart. Purum grade 3-methylpentane,
ex Fluka, was purified by passage down an activated silica
gel column to remove unsaturated hydrocarbons and water.
Solutions of the methoxyflavones (1X10~%5 mol dm™?)
were prepared under low intensity light and degassed by a
series of freeze-pump-thaw cycles.

The absorption spectra of solutions of the compounds in
3-methylpentane at room temperature were determined using
a Hewlett Packard 8451 A diode array spectrophotometer.

The luminescence and fluorescence excitation spectra were
recorded using a Hitachi 3010 spectrofluorometer over a
range of temperature from 77 to 300 K. The excitation wave-
length used for the emission spectra was 295 nm, and emis-
sion was monitored at 410 nm for the excitation spectra.
Temperature control was achieved using an Oxford Instru-
ments DN1704 cryostat fitted with Suprasil fused silica win-
dows. The wavelength calibration of the spectrophotometer
and spectrofluorometer was performed as recommended by
the manufacturers. The relative fluorescence yields were
determined by measurement of the area under the fluores-
cence emission spectra.

3. Results

In the non-polar, hydrocarbon solvent used in this work,
no fluorescence from any of the methoxyflavones studied can
be observed at room temperature, which is in agreement with
a previous report [12]. However, in all cases, the fluores-
cence yield increases rapidly with decreasing temperature at
temperatures below about 200 K. The fluorescence excitation
Spectra at temperatures below 200 K are red shifted relative
to the room temperature absorption spectra, with band I
shifted by as much as 30 nm, as shown in Fig. 1 for 7-
methoxyflavone. Band II is shifted to a smaller extent in all
three compounds studied. The emission spectra display a

-
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Fig. 1. Absorption spectrum of 7-methoxyflavone at room temperature
( ). Fluorescence excitation (- - -) and emission (- - -) spectra of
2 1X10~% mol dm~? solution of 7-methoxyflavone in J-methylpentane at
170K,
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Fig. 2. Emission spectra of S-methoxyflavone at 77, 110, 140, 170 and
200K,

lesser red shiit with respect to the excitation spectra in all
cases (see Fig. 1). The emission maxima for 7-methoxyfia-
vone and 8-methoxyflavone arc at 420 nm and 410 nm respec-
tively. Although no spectral shift is apparent over the
temperature range from 200 to 77 K for these flavones, the
position of the fluorescence maximum for S-methoxyflavone
moves from 440 to 418 nm as the temperature is reduced
from 200 to 77 K. The temperature dependence of the fluo-
rescence yield and emission spectral maximum of S-metho-
xyflavone is shown in Fig. 2 and Fig. 3. Phosphorescence at
wavelengths longer than about 450 nm is also evident in the
emission spectra of the three flavones studied at low
temperature.

4. Discussion

4.1. Previous work on the relaxation of flavone singlet
states

Mechanisms for the relaxation of the excited singlet states
of a number of hydroxyflavones have been reported previ-
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Fig. 3. Temperature dependence of the relative fluorescence yield (TJ) and
fluorescence spectral maximum ( - ) of S-methoxyflavone.

ously, in which the hydroxyl group plays a significant role
and impacts on the fluorescence spectra and yicld. In 3-hydro-
xyflavone, the spectral shifts were attributed to contributions
to the observed emission from two tautomers of the flavone,
which were formed as a result of temperature-dependent
excited state intramolecular proton transfer between the
hydroxyl group and the neighbouring carbonyl group [7,8].
A temperature-dependent fluorescence spectral shift has also
been observed for 7-hydroxyflavone in a polar solvent, and
was explained in terms of the ionization of the 7-hydroxyl
group and solvation of the dipolar excited singlet state, which
occurs when the solvent molecules are able to undergo rota-
tional relaxation as the temperature is increased [13,14].
However, in the present study, none of the selected flavones
possesses hydroxyl substituent groups, and therefore another
mechanism must be responsible for the observed tempera-
ture-dependent fluorescence of these compounds. Anoma-
lous fluorescence behaviour has also been reported for
4'-N,N-dimethylamino derivatives of 3-methoxyflavone and
3-hydroxyflavone in polar solvents, which was attributed, in
part, to the formation of a twisted charge transfer state [15].

Molecular aggregation can result in changes in the fluores-
cence yield and in the position of the fluorescence spectra
[16] as the temperature (and solubility) is reduced. How-
ever, aggregation results in a red shift in the fluorescence
emission spectral position [16), whereas a blue shift in the
fluorescence spectrum of 5-methoxyflavone is observed with
decreasing temperature. Furthermore, the fluorescence spec-
tra of concentrated solutions of methoxyflavones (i.e. above
1% 10~* mol dm~?) at low temperature are characteristic of
molecular aggregates with a sharp, well-resolved structure
and are very different from those reported in this work for
dilute (11073 mol dm ~?) solutions. It is therefore con-
cluded that molecular aggregation does not contribute to the
fluorescence from dilute solutions of methoxyflavones.

Another possible mechanism for excited state relaxation/
energy dissipation which invol es vibronic coupling of
nearly degenerate states is the proximity effect.

4.2. The proximity effect in model flavones

The lowest encrgy absorption band (band I) in a number
of flavones is believed to be associated with a state resulting
from the mixing of zero-order n#™* and m#™* states [12]. In
molecules possessing lowest excited singlet states which are
nearly degenerate, or become degenerate as a result of per-
turbation by a polar solvent-solute interaction, thermally acti-
vated vibronic mixing via out-of-plane bending modes, i.e.
the proximity effect, can remove this degeneracy, e.g. 8-
methoxypsoralen and a number of indoles [10,11). As a
result of this mixing, the lower perturbed states lic atenergies
below that of the lowest zero-order excited state, Provided
that the perturbed states are fluorescent, the observed conse-
quence of this phenomenon is a red shift in the fluorescence
emission spectrum, accompanied by a decrease in the fluo-
rescence yield, with increasing temperature, as the thermally
activated vibronic coupling of the zero-order excited states
takes place [9,10,17]. The decrease in the fluorescence yield
is a result of the increased non-radiative internal conversion
as the S-S, energy gap is reduced through vibronic coupling
of the lowest zero-order excited singlet states [10,16)]. The
red shift in the fluorescence emission spectrum and the con-
comitant reduction in the fluorescence yield with increasing
temperature, observed with 5-methoxyflavone, are therefore
consistent with increased thermally induced vibronic cou-
pling of degenerate excited singlet states. No shifts in the
fluorescence emission spectra were observed for 7- and 8-
methoxyflavones over the temperature range from 77 to 200
K, although there were substantial falls in the Auorescence
yields. This suggests that, from a temperature below 77 K,
the thermally induced coupling forms non-fluorescent
vibronic excited states in a number of molecules, which have
energies lower than those of the ensemble of fluorescent mol-
ecules. As the temperature is increased, the partitioning
between fluorescent and non-fluorescent molecules changes,
with an increase in the population of molecules presentin the
non-fluorescent excited states and a consequent fall in the
fluorescence yield.

4.2.1. Temperature dependence of absorption/excitation
spectra

Band I in the room temperature absorption spectra occurs
at a wavelength about 20~30 nm shorter than in the low
temperature fluorescence excitation spectra. These observa-
tions can be explained in terms of the vibronic coupling model
by reference to an energy level diagram ( Fig. 4). Absorption
band I is dominated by a transition to a state of primarily m*
character, which is blue shifted as a result of vibronic cou-
pling with a lower n7r* state. However, the nm* state makes
no observable contribution to the absorption (or excitation)
spectrum because of its very low oscillator strength, Because
the 77 state is subject to less thermally activated coupling
to the nar* state at lower temperatures, it experiences asmaller
shift to higher energies than at higher temperatures. It there-
fore apnears at longer wavelengths in the low temperature
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Fig. 4. Bnergy diagram depicting the thermally induced splitting of nearly
degenerate lowest singlet states which occurs at low temperatures (less than
200 K) and at room temperature. The vertical lines represent transitions
between the ground state Sy and the perturbed excited singlet states. The full
lines represent radiative transitions, i.e. absorption and fluorescence. The
broken lines represent non-radiative transitions, i.c. internal conversion.

excitation spectra than in the room temperature absorption
spectra.

In supersonic jet experiments with molecules having two
nearly isoenergetic excited states, there are lines missing in
the fluorescence excitation spectrum associated with transi-
tions to higher vibrational levels in the excited state [18].
This is interpreted as indicating that these higher vibrational
levels are effective in coupling the zero-order excited statcs,
and are therefore subject to efficient non-radiative internal
conversion and low fluorescence yield. This phenomenon
could also account for at least a small part of the red shift
apparent in the fluorescence excitation spectra with respect
to the room temperature absorption spectra observed with the
monomethoxyflavones, i.c. a reduction in the fluorescence
yield originating from the excitation of higher vibrational
levels.

4.2.2. Effect of solvent polarity

The previously reported [ 12] effect of solvent polarity on
the room temperature fluorescence yield of the monometho-
xyflavones studied in this work can also be rationalized in
terms of the proximity effect. Because the dipole moments
of mw* states are greater than those of n7* states, polar
solvents have a greater stabilizing effect on 7™ states than
n7r* states. The magnitude of the proximity effect is inversely
proportional to the energy gap between the zero-order states.
If the =" and n#™ states are almost degenerate in the iso-
lated, unperturbed molecule, when it is dissolved in a polar
solvent the w#*-na* energy gap will be increased, thereby
reducing the proximity effect and its associated impact on
non-radiative internal conversion. Therefore it is expected
that the fluorescence yield will be greater in polar solvents.

4.2.3. Triplet state yield and photoreactivity

Triplet states are relatively reactive species, and the ther-
mally induced vibronic coupling of the excited singlet states
of the methoxyflavones (shown in this work) is expected to

reduce intersystem crossing to the triplet state. This is because
the energy separation between the lowest excited singlet state
S} and the ground state is much greater than that between the
lowest singlet and triplet states; the energy gap rule predicts
that a lowering of the energy of S{* will have a greater effect
on non-;adiative relaxation (internal conversion) to the
ground state than intersystem crossing [17]. As aresult of a
low triplet state population, the photochemical stability of
these molecules will be correspondingly enhanced and par-
ticipation in potentially damaging reactions will be reduced.

4.3. Relevance of the proximity effect in plant flavones

The mechanism of energy dissipation proposed here for a
range of synthetic methoxyflavones, which do not occur nat-
urally, may also operate with plant-based flavonoids. Related
flavonoids of low polarity occur naturally, being commonly
encountered on leaf surfaces, in resins, waxes and farinose
exudates and occasionally on the surfaces of other plant parts
such as flowers and fruits [19]. The key structural feature
required to favour the involvement of this mechanism is the
lack of unsubstituted phenolic hydroxyl groups, especially at
the 3-, 5- and 7-positions on the flavonoid nucleus. Surface
flavonoids of this type are not uncommon [ 19] and, because
of their location in the plant, would be exposed to high levels
of UV radiation. It is thus probable that the proximity effect
will be a significant mechanism involved in the dissipation
of absorbed energy in such naturally occurring flavonoids.
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