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Abstract

To investigate 4(diethylamino) (FET) and’4N-(15-azacrown-5) (FCR) derivatives of 3-hydroxyflavone in binary solvents and ery-
throcyte ghosts, we used the red-edge excitation spectroscopy (REES). The results obtained prove the existence of spectral heteroger
of flavonols in the studied systems. The effect manifests itself in the dependence of the efficiency of excited-state intramolecular protc
transfer (ESIPT) on the excitation frequency. The electro-optical absorption method (EOAM) was used to measure the dipole momen
of the normal form of FET. The electric dipole moments in the groyng) &nd excited Franck—Condop ) states have the values
22.7 x 10-3% and 533 x 10-39C m, respectively. On optical excitation, the electric dipole moment increasesy84%° C m, and the
angle betweepg andue"Cis 25°. The results of the electro-optical and spectroscopic measurements enable us to describe more precisel
the process of charge and proton transfer' #amino-3-hydroxyflavones. Charge transfer and proton transfer occur alternately. The main
stage of forward electron charge transfer takes place after excitation of the normal forem\partly after ESIPT. In the phototautomer
(T, only partial reverse charge transfer happens after photon emission. The second, more efficient stage of reverse electron charge tran
occurs after radiationless conversion of phototautomer into the normal form. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction static and dynamic inhomogeneous broadening of elec-
tronic spectra [7] and such “red-edge excitation” effects
The basic mechanism of operation of the most widely [8] related with these phenomena as dispersive electronic
used dipolar fluorescent probes is their spectroscopicexcitation energy transport [9,10], wavelength-dependent
response to the local dielectric constant (more exactly, rotation of probe molecules [11], etc. These phenomena are
dielectric interactions) and dipole-reorientational dynamics successfully used in the studies of structural changes and
of the surrounding molecules. For this purpose, a seriesmolecular dynamics in solutions and biological systems.
of derivatives of naphthalenes, anthracenes, phthalimides,Further progress in this field can be achieved on the basis of
etc. with substituted polar groups has been synthesizeddevelopment of new probes operating on novel principles
[1,2]. These molecules demonstrate a significant chargeof the spectroscopic response and the use of modern laser
separation in the excited state, which in many cases can benethods. Very attractive in this respect are tHeaino
stabilized by geometrical changes in the probe molecule derivatives of 3-hydroxyflavone as new fluorescent probes
(e.g., twisted intramolecular charge transfer [3]). Investiga- based on a coupling of ICT with excited-state intramolecu-
tion of these probes has made it possible to observe stronglylar proton transfer (ESIPT). The spectra observed in various
pronounced and extremely interesting spectroscopic phe-solvents have two well-resolved fluorescence bands, one
nomena: time-dependent fluorescence Stokes shift [4—6],0f which corresponds to the emission of the normal form
(N*), and the other one to the flavonol phototautome) (T
Abbreviations: FET, 4-(diethylamino)-3-hydroxyflavone; FCR, -#- As shown in Refs. [12-16], the ICT effect can be used for
(15-azacrown-5)-3-hydroxyflavone; ESIPT, excited-state intramolecular Sensing the polarity, dielectric relaxation rate, and electric
proton transfer; GSIPT, ground-state intramolecular proton transfer; field gradient in a system, whereas the coupling with ES-
ICT, intramolecular charge tra_ns_fer; EOAM, electro-optical a_bsorption IPT must provide an enhanced spectral shift. Due to the
method; REES, red-edge excitation spectroscopy; DMSO, dimethylsul- . .
foxide; PMR, proton magnetic resonance mterplay. between the mtramole_cular charge and proton
*Corresponding author. Fax:375-17-2841646. transfer in these flavonol derivatives [12—-14], new photo-
E-mail addressnemkov@dragon.bas-net.by (N.A. Nemkovich). physical phenomena should be observed when the methods
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of site-selective time-resolved laser spectroscopy are used.purified by means of repeated recrystallization or column

In this paper, we describe the red-edge excitation effects chromatography. All flavonols were homogeneous accord-
for two novel flavonols in binary solvents and biological ing to thin-layer chromatography on Silufol UV-254 plates
membranes, which have never been previously observed forin chloroform—methanol (98:2, 95:5, 9:1 or 85:15 v/v) with
proton-transfer reactions. The proposed mechanism resultdollowing detection by UV excitation at 254 and 360 nm
from the inhomogeneous broadening of electronic spectrawavelengths. Their structures have been confirmed by
due to the distribution of interactions between the polar ICT quantitative elemental analysis, proton magnetic reso-
state and the polar environment. Using selective excitation nance (PMR), UV-visible and infrared (IR) spectrome-
at the red edge of the absorption spectrum, probe moleculedry. PMR spectra were recorded on a Bruker CXP-200
with stronger interactions with their environment can be se- Fourier spectrometer at room temperature with tetramethyl-
lected. The probability of ESIPT in such elementary cells silane as internal standard. IR spectra were recorded in a
(solvates) differs from the probability of this process aver- Pye Unicam SP3-300 instrument in pellets of KBr. The
aged over the bulk of solution. In addition, we have mea- basic physical-chemical characteristics’efdiethylamino)-
sured the dipole moments in the equilibrium ground and 3-hydroxyflavone (FET) and’4N-(15-azacrown-5)-3-hydr-
excited Franck—Condon states of one of the flavonols using oxyflavone (FCR) correspond to those presented previously
the electro-optical absorption method (EOAM). [15,16].

2.2. Other chemical procedures and sample preparation
2. Experimental
. All solvents and reagents were obtained from Merck and
2.1. Flavonol synthesis some of them were additionally purified by the methods de-
) _ scribed in Ref. [19]. The purified solvents were dried prior to
The flavonols (Fig. 1) have been synthesized from se in the electro-optical measurements by distillation under
2-hydroxyacetophenone and the corresponding benzaldeyefiyx conditions with a sodium/potassium alloy employing
hydes by the Algar—Flynn-Oyamada reaction [17,18] and an argon atmosphere. Purity of the solvents was checked
by UV absorption measurements (1cm cell; reference
air).
The red blood cell membranes (hemoglobin-free ghosts of
erythrocytes) were obtained from samples of human blood

4'-(diethylamino)-3-hydroxyflavone (FET)

HaC provided by the Research Institute of Blood, and Research
O o > Clinical Institute of Radiation Medicine and Endocrinol-
/ Q N ogy of the Ministry of Public Health of Belarus. We em-
/ > ployed method of erythrocyte ghosts preparation originally
gy, 4 CHs described by Dodge [20].

2.3. Measurements

The steady-state absorption and emission spectra were
recorded by a Cary 500 spectrophotometer and SFL-112A
spectrofluorimeter, respectively.

To determine the ground- and excited-state dipole mo-
ments of the normal form, we used EOAM. Experimental
details on the electro-optical methods have been reviewed
extensively [3,21]. Using Liptay's [22] formalism, the ef-
4'-N-(15-azacrown-5)-3- hydroxyflavone (FCR) fect qf an external electric fi(_eIEf on the molar absprpt_ion
coefficientx (v) can be described by a quantity which is
defined by

<\o/\| KB, ) — k(D)

=L@, y) = —27 7 1
oj L=L{,yx) () E? 1)

N
Co 9

/ . . .. .

\J wherexE is the molar absorption coefficient in the presence
H of an applied electric fields the same without applied elec-
Fig. 1. Fluorescence probes studied in this work and diagram of different tric fle_ld’_ x the angle bet_WE_en the d'reCE'O” Bf and the
dipole moments of FET. The orientation of the transition dipole moment €lectric field vector of the incident light, aidhe wavenum-
relative to the structural formula is arbitrary. ber. For a homogeneously broadened absorption haisd
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given by the following equation:

L = Dr + £Es+ Frt + Gst+ Hru + Isu 2)

where the parametersands are determined by the angle
X, and the quantitiesandu depend on the first and second
derivatives of the absorption spectrum:

r:%(Z—COSz)() 3)
s=¢(Bcody — 1) (4)
~\—1 ~
P (1/hC)(/c/v2 d(x/v) ®)
dv
2.2 ~\—1 42 ~
" (1/2h%c )(K/~V) d“(k /D) ©)
dp?

For the molecules discussed in this communication, explicit
polarizability and transition polarizability effects can be ne-
glected compared with the electric dipole moment terms.
Then the coefficient®, E, F, G, H, andl are as follows:

D=0 (7
1 2

E= (k—T> fEB(mapg) — ug 8)
1

F= (k—T> FE(ngA®w) 9)
1

G= (k—T> fEmapg)mat®u) (10)

H = [3(a%)? (1)

I = f2(maru)? (12)

wherek is the Boltzmann constant, the temperaturen,

the unit vector in the direction of the transition moment for
absorptionug the dipole moment vector in the equilibrium
ground state, and\®u the change of the dipole moment
vector after transition to the excited Franck—Condon state.
From a set of these five coefficients, the valuepgf A%u

and the angles between the transition momergsand pq
andA?u can be determined. The cavity field correctfgis

defined according to Onsager’s model as introduced to thecence peakgny

electro-optical methods by Liptay [22]:

The quantityL (v, x) in the present work was determined
for two values of the angle (x = 0 andn/2) and for a
set of wavenumbers within the first absorption band. Then
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Fig. 2. Room temperature normalized fluorescence spectra of FET and
FCR in aprotic solvents: decalin (——-), dioxane (—), and DMSO (---).

larity. First of all, this sensitivity appears in the steady-state
fluorescence spectra as different spectral position, intensity
and width of the flavonol normal form (§ and phototau-
tomer (T¥) emission bands. The fluorescence spectra of FET
and FCR in various aprotic solvents are shown in Fig. 2.
For FET and FCR, both the'Nand T forms display a pos-
itive solvatofluorochromic effect. Fig. 3 shows the depen-
dence of the normal and phototautomer fluorescence peak
frequencies for FET and FCR on the reaction field factor
F(e, n) [21-23]. The frequency shift of the normal fluores-
Max s strongly dependent on the reaction field
factor. For example, in the case of FCI2* changes from
22500cnT? in cyclohexane to 18 500 cmt in dimethylsul-
foxide (DMSO) (Table 1). The relative intensity of the' N
band as compared to thé band changes dramatically from

the coefficients (8)—(12) and their standard deviations were almost zero intensity in cyclohexane or decalin to more than

obtained by multiple linear regression.

3. Results

3.1. Electronic spectra of FET and FCR in pure and
binary solvents

0.6 in DMSO. As follows from our measurements in polar
aprotic solvents, the ratio of thi«/It+ fluorescence peak
intensities in polar aprotic solvents increases with increasing
reaction field factoF(e, n) of the solvent (Table 1).

The absorption maximum of FET and FCR shows a red
shift with increasing solvent polarity. The excitation spectra
of the probes recorded at the fluorescence maximum of both
the normal and phototautomer forms in the solutions and

Our studies on FET and FCR have demonstrated their erythrocyte ghosts are practically identical with each other

high spectral sensitivity to such solvent characteristics as po-

and very similar to the absorption spectra.
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Fig. 3. Dependence of the norm#) and phototautome@®) fluorescence 4
peak frequencies for FET and FCR as a function of the reaction field Wavenumber, cm
factor [23]: F(e,n) = (¢ — 1)/(2¢ + 1) — (n? — 1)/(2n? + 1), wheree
is the relative permittivity of the solvent andthe refractive index. The
values ofF(e, n) are listed in Table 1.

Fig. 4. Room temperature normalized fluorescence spectra of FET and
FCR in decalin with varying volume concentrations of DMSO: 0%l(),

0.4% (<O-), and 2% (—). The emission spectrum of the normal form
of FET and FCR expanded 50 and 10 times, respectively. The excitation
We have found that the addition of DMSO to neutral frequency corresponds to the maximum of the absorption spectra.

solutions of FET and FCR in decalin and paraffin oil leads
to a significant increase in the fluorescence intensity of the

normal form (Fig. 4). the cases (different concentrations and types of polar ad-
ditives). As the excitation frequency is shifted to the red
3.2. Red-edge excitation effects in binary solvents and  slope of the absorption spectrum, the fluorescence intensity
erythrocyte ghosts of the form N increases monotonically with respect to that
of the form T, and the red shift of both emission bands is
To investigate flavonols in binary solvents and erythro- observed. The normalized fluorescence spectra of FET and
cyte ghosts, we used the red-edge excitation spectroscopyFCR in the mixture of decalin with DMSO obtained at exci-
(REES) [7,8]. We have discovered that in binary solvents, tation by various frequencies at the red edge of the absorp-
the ratioly«/ I+ depends on the excitation frequency in all tion spectrum are shown in Fig. 5.

Table 1
Ratio (In+/I7+) of the fluorescence peak intensities and the frequency of the fluorescence fi#glot different forms of flavonols in various solvents.
F(e, n) is the reaction field factor [23]] = 293K

Solvent Cyclohexane Decalin Paraffin oil Dioxane Fluorobenzene Tetrahydrofuran DMSO
F(e, n) —0.002 0.001 0.004 0.021 0.157 0.209 0.263
FET
In /I - 0.002 0.012 0.027 0.039 0.097 0.640
vIax (em~1), normal form - 21800 21300 20900 20400 19700 18400
vIax (cm~1), phototautomer - 17500 17500 17300 17400 17200 16 800
FCR
Inv /I 0.005 0.003 0.016 0.061 0.055 0.050 0.890
v (cm~1), normal form 22700 22500 22100 21400 20800 20300 18900

vlax (cm~1), phototautomer 17800 17600 17600 17500 17500 17200 17100
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Fig. 5. Room temperature normalized fluorescence spectra of FET and Fi9- 6. Room temperature normalized fluorescence spectra of FET and
FCR in decalin with volume concentrations of DMSO 2% excited by var- FCR in hemoglobin-free ghosts of human erythrocytes excited by fre-

ious frequencies: 24 400 cth (—), 23800 cnt! (-O-), and 23300 cmt quencies: 24400 cnt (-—-) and 22700cm" (—).
(-J-). The emission spectrum of the normal form of FET expanded 20
times.

Table 3 and, as a vector diagram, in Fig. 1. The value and
direction of the vectou,F in the excited Franck—Condon
The results we have obtained on the steady-state fluoresState were found from the formula
cence measurements on FET and FCR in human erythrocyteAaM — e~ ) (13)
ghosts show that the ratity« /I« and the position of both € 9
the N* and T emission bands depend on the excitation fre- which is valid in good approximation for non-polar solvents.
guency, just as in binary solvents. The steady-state fluores-
cence spectra of FET and FCR in hemoglobin-free ghosts of
human erythrocytes are presented in Fig. 6. The dashed and!. Discussion
solid curves correspond to the excitation frequencies 24 400
and 22700cm?, respectively. As in the binary solvents, 4.1. Mechanism of charge and proton transfer in

the fluorescence intensity of the normal form increases at4’-amino-3-hydroxyflavones
red-edge excitation.

ESIPT in flavonols has been extensively studied both ex-
perimentally and theoretically [24—43]. The basic mecha-

nism of ESIPT for flavonols in aprotic solvents is as fol-
Table 2 gives the electro-optical coefficients obtained by

EOAM for FET in dioxane af” = 298 K. All coefficients Table 2
were measured with an accuracy of a few percent. As canElectro-optical coefficients obtained by EOAM for FET in dioxane at
be seen from Table 2, the coefficietdsand| are equal to T = 298K

3.3. Electro-optical measurements

each other within the experimental error. This means that the Coefficient Value
vectorsm, and A%y are parallel. Taking this into account g (10-20v-2n) 3440
and assuming that all vectors lie in one plane, the valyes ~ F (100°°Cv—1m?) 2100
A%, u.FC and the angles between different dipole moments © (10:22 CZV_Zl m?) 2150
of the normal form can be evaluated from the coefficiéhts H (10 °°CTm) 1720

) .1 (107%0¢c2n? 1740
F, G, H andl using Egs. (8)—(12). The results are shown in ¢ ™)
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Table 3

Dipole moments of the normal form of FET in dioxaneTat= 298 kK2

1g (1073°Cm) A% (1073°Cm) me© (107%Cm) Z(A%u, my) L(pg, ma) Z(e"C ma) Z(ig, ™)
22.7 34 53.3 0 41° 16 25°

8ug is the dipole moment in the equilibrium ground sta#€yu the change of the dipole moment vector after excitation to the Franck-Condon state,
ue"C the dipole moment in the excited Franck—Condon state,meqthe transition dipole moment.

lows. After optical excitation, the normal form {INunder- The mechanism of proton and charge transfer in par-
goes ultrafast transfer of a proton from the hydroxyl group ent 3-hydroxyflavone and its’-<amino derivatives has
to the carbonyl oxygen (see Fig. 1), resulting in the ap- been repeatedly discussed in the scientific periodicals
pearance of a phototautomer emission band with a large[12-16,25-34]. The results of EOAM and spectral measure-
Stokes shift. The most important feature of the derivatives of ments allow us to elucidate in more detail the mechanism
3-hydroxyflavone studied in this work is significant charge of proton and charge transfer in the flavonols studied in this
separation for the normal form in the ground and excited work. The amino-group in the side ring of 3-hydroxyflavone
electronic state as well as effective charge transfer after exci-has a substantial influence on theslectron density distri-
tation. This follows from the large long-wavelength shift of bution in the ground &state, and an even more stronger
the absorption and fluorescence spectra of the normal forminfluence in the excited ;Sstate. As a result, the spectral
with increasing solvent polarity (see Figs. 2—4 and Table 1) properties of 4amino derivatives differ significantly from
and in the case of FET, directly from electro-optical mea- the properties of the parent 3-hydroxyflavone. According
surements (see Table 3). The electrical dipole moments ofto the quantum-chemical calculations performed in the
FET in the ground and excited Franck—Condon state havemanner described in Ref. [16], the-electron density dis-
the values 27 x 10730 and 533 x 103°C m, respectively.  tribution in the $-state of 3-hydroxyflavone derivatives
On optical excitation, the electric dipole moment increases can be clearly described using two mesomeric structures
by 34 x 10-30Cm, and the angle betweerny andu" is N1 and N2, where the last structure plays the determining
25° within a relatively large error. The above values of the role (Fig. 7). Additionally, in 4amino-3-hydroxyflavones,
electrical dipole moments are much larger than for parent structure N3 makes a perceptible contribution to the elec-
3-hydroxyflavone [44]. tron density distribution in the gSstate. This is the result
As a result of the essential change of the dipole moment of the nitrogen’s lone pair conjugation with the aromatic
upon excitation, the polarity of the environment strongly af- system of the whole molecule, which leads to partial
fects the §—S transition energy and position of the absorp- charge transfer from the nitrogen to electron-deficient
tion and the fluorescence spectra of the normal form. On atoms. From the obtained values of the dipole moments
the other hand, the;§S, transition energy and position of and the angle betweegung and ue'C, it follows that in the
the phototautomer fluorescence spectra are much less senFranck—Condon Sstate, structure N3 largely determines
sitive to the environment polarity (see Fig. 3). Thus, in the the totahr-electron density distribution in the FET molecule.
polar solvents, the relatively small energy difference for the These data together with the steady-state spectroscopic
S;-state of the normal form compared to that of the photo- data enable us to describe more precisely the processes
tautomer may lead to an increase in the probability of reversetaking place in 4amino-3-hydroxyflavones on optical
ESIPT. From this point of view, an increase in the ratio of excitation.
In+/ I+ In binary solvents with increasing concentration of It can be supposed that after photon absorption, the ICT
polar additives, as obtained in this work, is not surprising. process occurs in the direction from the nitrogen atom to
Actually, due to the large value of the electric dipole mo- the carbonyl oxygen (proces$ i Fig. 7). This process is
ment of the probe and strong dipole—dipole interactions, the accompanied by a significant increase in the electric dipole
molecules of the polar component in binary solvents are ac- moment. The ICT increases the basicity of the carbonyl oxy-
cumulated in the first solvate shell [23]. Hence, even small gen, which leads to proton transfer from the hydroxyl to the
additions of polar solvents lead to a significant increase in carbonyl group. The phototautomet fias a smaller elec-
the local polarity around the probe molecules and cause antric dipole moment than Nbecause the centers of positive
increase in the ratidy«/ I+ (Fig. 4). and negative charges in it are located closer to each other.
Another important point is the energy fluctuation of the Proton binding with carbonyl oxygen increases the deficit of
probe interaction with the nearest molecules of the polar the electron density on it. Thus, a further step of ICT pro-
component. In binary solvents, the intermolecular interac- cess takes place after ESIPT (procesmZig. 7). It should
tion energy fluctuation is associated with the solvate com- be noted that the oxygen in position 3, carrying a negative
position and molecular configuration changes caused by thecharge, cannot compensate for such an electron density shift
thermal molecular motion. The influence of such energy because itis in cross-conjugation with the chromophore sys-
fluctuations on ESIPT is discussed below in Section 4.2.  tem of the molecule.
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Fig. 7. Scheme of intramolecular charge and proton transfer in FET. The approximate change of the ICT rate is shown in the center (see expldhation in tex

In solutions with low viscosity, photon emission prefer- ical membranes, the inhomogeneous spectral broadening is
ably occurs from the relaxed states®N and T9 (see of somewhat different nature [11,46]. As the incorporation
diagram in Fig. 7). The substantially smaller solvatofluo- of a fluorescent probe into the membrane is a statistical pro-
rochromic effect for the T band as compared to the*N  cess, a certain distribution of the probe over location may
band points to a smaller change in the phototautomer dipoletake place. Therefore, different electric fields may be effec-
moment at its transition to the ground Franck—Condon statetive to molecules at different sites. This results in statistical
TFC. Thus, for the form T only a small part of the reverse variation of the energy of intermolecular interactions and,
ICT is accompanied by photon emission. Actually, for the consequently, in inhomogeneous broadening of electronic
phototautomer, the return to the relaxed ground stft® N spectra. Besides, at each location of the probe free energy
consists of three ICT steps, and only step (1) takes placefluctuations are possible due to the segmentary dynamics of
after photon emission. Step (2) is radiationless ground-statebiological macromolecules and due to a change in the magni-
intramolecular proton transfer (GSIPT), which is accompa- tude and direction of the local electric field in the membrane.
nied by considerable reverse ICT since the carbonyl oxygen Another important point is the possibility of selective ex-
loses its electron withdrawing properties on deprotonation. citation at the red edge of the absorption spectrum of a

chosen group of probe molecules from an inhomogeneous
4.2. Interpretation of the red-edge excitation effects ensemble [7,8]. Recent theoretical and experimental stud-
ies [47-56] of photochemical, electro-chemical and thermal

In analyzing the spectral properties of fluorescent probes charge (electron and proton) transfer reactions in polar sol-
in liquid media, one must consider the nonspecific interac- vents have revealed that the charge transfer rate is controlled
tions (dipole—dipole, etc.) of the probe with the surrounding by intermolecular relaxation and, in the adiabatic limit, is
molecules or their segments. Due to the temperature fluc-determined by the longitudinal dielectric relaxation time of
tuations of solvate shells, built up around chemically iden- the solvent. An important feature of solvent-controlled re-
tical probe molecules, different solvates do not have the actions is that the rate of charge transfer reactions may de-
same spatial structure, i.e., possess different free energy. Thigpend on the exciting light wavelength [57,58], because the
factor causes inhomogeneous broadening of the probe elecefficiency of charge transfer depends critically on the initial
tronic spectra in pure and binary solvents [7,45]. In biolog- conditions.
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As mentioned in Section 3.2, selective excitation at the
red edge of the absorption spectrum leads to an increase in
the ratioln+/IT+ for the probe molecules in binary solvents
and erythrocyte ghosts. Most likely, such an effect may be

explained by selective excitation of certain groups of fluo- Fr.
rescent molecules which interact with the environment more 1 \\ ESIPT
AF

strongly. The probability of ESIPT for the molecules of these ok
groups differs from the corresponding value averaged over
the whole inhomogeneous ensemble. One may expect that
in this situation, the relative probability of ESIPT as com-
pared to ICT may change. An alternative explanation of the
obtained results in terms of inhomogeneous spectral broad-

hv,
ening may be based on the excitation of distinct ground-state \4 >
FN

Free energy, F
M

conformers with a different probability of ESIPT. But this
possibility must be considered very low in our case, because

the excitation spectra of both emission bands are practically 74

identical. |
In our previous works [7,11,46], we proposed a free : '|

energy diagram for the description of effects of spectro- R R

scopic inhomogeneous broadening in polar solutions. The
diagram describes the dependence of free energy of the
probe-environment centers (solvates) on the local electric Fig. 8. Free energy diagrams plotted for the nornfa (+) and phototau-

field strengthR. The ground-state solvate free energy will tomer (Fr,7+) forms in polar aprotic media. This figure illustrates excita-

be described by the following equation: tion and fluorescence pathways of flavonols as well as ESIPT and GSIPT.
Each point on the curves corresponds to a particular type of fluorescent

center (solvate) with the local electric fieRl(see explanation in text).

Local electric field, R

(R — RgH?

20 (14)

Fy(R) =

(intermolecular interpretation of the Franck—Condon princi-
ple). The fieldR also cannot change its value during ESIPT,
because in aprotic solvents, the time of this process lies in
the femtosecond range [39—-41]. The diagram is given for
the case where the electric dipole moments of both the nor-
mal form and phototautomer in the excited state are larger
(R — REH? o than in the ground state and the dipole moment of the pho-
Fe(R) = BV + hvo + E(Me + g (e — 1y (15) totautomer in the Sstate is lesser than the dipole moment
of the normal form in the excited state.
wherevg is the frequency of the pure electronic transition of | et us consider the diagram (Fig. 8) to explain the
the free probe moleculdy the Planck constanyg and pe red-edge excitation effects in binary solvents. In analyzing
the dipole moments of the probe molecule in the equilibrium the diagram, it should be kept in mind that because of the
ground and excited states aRg" is the local electric field relatively high viscosity of decalin (2.6cP & = 293K)
corresponding to the equilibrium excited state of the solvate. the configurational relaxation timeg in the mixture of

The fieldRin the solvates serves as a generalized coordi- decalin with polar additives is rather long (several nanosec-
nate, which describes the effect of the local microstructure of onds [45,59]). Due to this, the process of intramolecular
the surrounding medium on the fluorescent molecule. This relaxation between different free energy sublevels for curves
parameter varies due to the fluctuation of the number and - and Fr« does not complete during the excited-state
orientation of polar molecules (or in the case of biological [ifetimes! of both forms. Also, as mentioned above, the
membranes of their segments). characteristic time of ESIPT in flavonols is much shorter

The same free energy diagram plotted for both the nor- than their fluorescence lifetimes. In such a situation, the
mal and phototautomer forms in a polar medium is shown in spectral heterogeneity of the probe molecules has a pre-
Fig. 8. This figure illustrates the excitation and fluorescence dominantly static character. Hence, when the excitation
pathways of flavonols as well as ESIPT and GSIPT. Each frequency corresponds fon+"C (the absorption spectrum
point on the curves corresponds to a particular type of solvatemaximum), ESIPT takes place primarily in the excited
with the fieldR. Since the fieldR has no time to change dur-
ing the electronic transition (except for its electronic com- 1From our time-resolved measurements, it follows that fluorescence

ponent, which can be ignored for polar solutions), electronic |itetimes of the normal form and phototautomer of FET and FCR vary
transitions are represented in the diagram by vertical arrowsfrom about 1 to about 5 ns depending on the medium (unpublished results).

where Rg" is the field strength in the equilibrium sol-
vate,a the susceptibility of the solution determined by the
Clausius—Mosotti formula [7].

The free energy of excited solvates is determined by a
similar relation:
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Franck—Condon state of the normal form and the excess ofditional shift of the electron density in the excited formi N
the free energy in this case is equaIAuFel (see Fig. 8). may be described as the result of intermolecular relaxation
Fluorescence is emitted from the Franck—Condon states andn solution. In the phototautomer T, only partial reverse
from some of the intermediate nonrelaxed configurational charge transfer happens after photon emission, which is re-
sublevels of both the forms. sponsible for its (T) small solvatofluorochromic effect. The

Analysis of the diagram shows that when the excitation second more significant stage of the reverse electron charge
frequency corresponds fovn+ (red edge of the absorption  transfer occurs after the radiationless conversion of form T
spectrum), the process of ESIPT occurs in the excited equi-into form N.
librium state of the normal form and the excess of the free The obtained results prove the existence of spectral
energy in this case is equal v F2 (see Fig. 8). Fluores-  heterogeneity of flavonols in binary solvents and in the
cence originates from the excited equilibrium state of the hemoglobin-free ghosts of human erythrocytes. The effect
normal form and unrelaxed configurational sublevels of the of spectral inhomogeneity for flavonols manifests itself in
phototautomer. Becausz*_eFe2 < AFel, the probability of re- the dependence of the ESIPT efficiency on the excitation
verse ESIPT at excitation frequengyy- is higher than at  frequency. The last phenomenon can be explained by the
frequencyhvn+FC. This effect is responsible for the increase changes in the ratio between forward and reverse ESIPT on
in the ratioIn+/ I+ at red-edge excitation. As follows from  excitation at the red edge of the absorption spectrum.
the diagram, a decrease in the excitation frequendwie
(red edge of the absorption spectrum) should lead to a red
shift of the steady-state fluorescence spectrum of the normalAcknowledgements
form.
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ment, the possible role of intermolecular hydrogen bonding
on ESIPT in such a system is not clear. This problem can
be solved using time-resolved fluorescence measurementsiReferences

which will be the subject of our future investigations.
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