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Fluorescence spectra of isoflavones are studied in the pH/H, range 12 to —10. The
assignment of the observed emission bands to acid-base forms of isoflavones is done, the
pH/H, ranges of the existence of each of forms are determined. In 7-methoxyisoflavone
solutions, only fluorescence of the cationic form is detected. In the case of 7-hydroxy-
isoflavones, the fluorescence of the cationic, anionic and phototautomeric forms are found.
The emission band in the range 400-420 nm characteristic for all isoflavones is assigned
to their photodestruction products. The dissociation and protonation constants of isofla-
vones in the ground and excited states are evaluated.

Usyuensr cnexTper uayopecuennun usodaasoros B uHTepsane pH/H, or 12 mo —10.
IIpoBeneno orHeceHme HAOIIOIAEMBIX II0J0C HCIYCKAHUSA K KHCJIOTHO-OCHOBHBIM (opmMam
130()JIaBOHOB B BO30OYKIEHHOM COCTOAHMM, OIpeleneHbl mHTepBansl pH/H( cymecTeoBanus
Kaxaoin us ¢gopm. B pacrBopax 7-meToKcHn30()IaBOHOB OOHApPy:KeHa (IYOPECIEHIINA TOJBKO
KaTuoHHOU (hopmbl. B ciyuae 7-rugpoxcumsodaBOHOB O0OHapy:KeHA (DIyOpPecIeHIINA KATHIOH-
HOIl, aHMOHHOM u ororayromepHoii dopm. ITomoca ucnyckanusa B obmactu 400—420 M, xapak-
TepHAs A BCeX M30(DIaBOHOB, OTHECEHA K IPOAYKTaM ux (oropacmaga. PaccumTanbl KOHCTAH-
TBI JUCCOIMUAIINY U IIPOTOHUPOBAHUS H30(IABOHOB B OCHOBHOM M BOSOYKIEHHOM COCTOSHUAX.
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Natural and synthetic 8-phenylchro-
mones (isoflavones) having significant anti-
oxidant properties are often used as food
and drugs additives [1]. Furthermore,
isoflavones are also promising photoadsor-
bents, which now begin to find application
as anti-reflecting components in laser li-
thography [2]. Since many chromone deriva-
tives are characterized by intense fluores-
cence, they attract the attention as laser
dyes and fluorescent labels [3].

In contrast to isomeric 2-phenylchro-
mones (flavones), an electronic structure,
acid-base and spectral properties of isofla-
vones have been studied insufficiently. Re-
cently, we have calculated the electronic
structure of isoflavones [4, 5], that allowed
us to determine types of electronic transi-
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tions in isoflavone molecules and to assign
these transitions to bands observed in ex-
perimental absorption spectra. Acid-base
properties of some natural isoflavones have
also been studied [6, 7]. It has been shown
that intense bands in absorption spectra of
neutral and anionic forms of isoflavones are
caused by transitions localized on ortho-oxy-
benzaldehyde and chromone moieties [5].
The bands in absorption spectra of cations
are caused by the presence of a benzopyrilic
moiety [8]. Fluorescent properties of isofla-
vones are least studied. It is known that the
number of emission bands in fluorescence
spectra of these compounds is found to ex-
ceed the number of acid-base forms deter-
mined in the ground-state [9]. The nature
of bands is studied insufficiently, and no

563



M.I.Lvovska et al. / Fluorescence behavior of ...

Table 1. Dissociation and protonation constants of isoflavones in the ground and excited states (*)

PK, PK’, ApK”, PK, pK*, ApK*,

I 9.03+0.01 1.1 7.9 ~2.37+0.09 5.5 +7.9

I - - - ~2.31+0.10 5.8 +8.1
I 8.50+0.01 0.9 7.6 ~2.86+0.06 7.6 +10.5
v 9.56:0.01 2.0 7.6 ~2.38+0.03 7.9 +10.3
v - - - ~2.4740.04 7.7 +9.5

Vi 8.90:0.01 1.0 7.9 ~3.60+0.04 3.8 +7.4
Vit - - - ~3.52+0.06 3.6 +17.1

— PK,, pK”:a — values of the dissociation constant in the ground and the excited states,

pr,' PK“b —

values of the protonation constant in the ground and the excited states, ApK‘!:a,

ApK™, — the changes of the dissociation and protonation constants of isoflavones upon the
excitation. pK"IVa and pK~, values evaluated by the Foerster method.

reliable band assignment to certain molecu-
lar forms of isoflavones is proposed. The
purpose of this work is to study fluores-
cence properties of isoflavones and to exam-
ine the nature and interconversion of their
forms in the excited state.

Isoflavones used for this study (Chart 1)
were synthesized as described in [10]. Purity
of the studied compounds was controlled
chromatographically. The structure of syn-
thesized compounds was confirmed by pro-
ton magnetic resonance (PMR) and infrared
(IR) spectroscopy. The absorption and fluo-
rescence spectra were recorded using a Hi-
tachi U3210 spectrophotometer and a Hita-
chi F4010 spectrofluorimeter, respectively.
The lifetimes of fluorescent forms were
measured by the time-correlated single pho-
ton counting technique [11]. A quinine bi-
sulphate solution in 1N H,SO, was used as a
standard (¢ = 54.6 %) to estimate the fluo-
rescence quantum yield. The study of acid-
base forms of thiazolylechromones in the pH
range 1-12 was done in water-methanol solu-
tions (the water:methanol ratio 2:8 v/v),
using the NaOH and HCI solutions in the
same solvent as titrants. Measurements in the
H, range 0 to —10 were done in H,SO, aque-
ous solutions. The solvents were purified

Chart 1. The structure of studied isoflavones.
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Rq Rz R;
I -OH ~CoHs -
N -OCHs —CaHs -
n -OH - —-OCH;z
v -OH —CzHs —-OCH;z
\ —OCH;3; —C2Hs —OCH;z
VI -OH —CoHs -NO;,
Vil -0 CH3 —Csz —N02

using procedures described in [12]. The
presence of spectrally active impurities dur-
ing the purification and distillation was
controlled by spectrophotometry and spec-
trofluorimetry. The analysis of spectral
data obtained by the photometric titration
and the evaluation of equilibrium constants
were done using the Spectra Data Lab pro-
gram package developed at the Institute of
Chemistry, Kharkiv National University
[18]. Judging from the structure of isofla-
vones, they are able in the ground state to
manifest both weak acidic and weak basic
properties. In the first case, the isoflavono-
late anion (A7) is formed due to dissociation
of the 7-hydroxy group; in the second case,
protonation of the carboxylic group results
in formation of the isoflavylium cation
(C*), Chart 2. The protonation and dissocia-
tion constants for the studied isoflavones
are presented in Table 1. As it is seen from
the data obtained, the dissociation pK of
the 7-hydroxyflavones is found to be in the
range 8.5-9.5, whereas it seems to be im-
possible to establish a clear dependence be-
tween the isoflavone acidity and the nature

Chart 2. Acid-base forms of 7-hydroxyisoflav-
one in the ground and excited states.
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and localization of the substituents. The
protonation pK of compounds I-V is found to
be in a range —2.4 to —2.9; the introduction
of a nitro group into the side phenyl ring
results in a decrease of pK;, to —8.5 — —3.6.

Considering the positions of absorption
band maxima of acid-base forms of isofla-
vones, it is possible to draw a set of conclu-
sions concerning their fluorescence properties.
Thus, in absorption spectra of isoflavones, the
presence of the band caused by the n — «*
transition with A, ,. = 330 nm [14] and local-
ized on the carboxylic group rules out the neu-
tral form fluorescence. The presence of transi-
tions similar in nature at 360 nm [15] and
500 nm [16] in the nitro-compounds causes the
absence of fluorescence of the anionic and cat-
ionic forms of 4'-nitroisoflavones, the long-
wavelength m — 1" transitions of which are
found to be at 340-350 nm (VI) and 340—
370 nm (VI-VII), respectively.

Consequently, in emission spectra of 7-metho-
xyisoflavones (II and V), the fluorescence
due to only one, the cationic form is ex-
pected to be observed; 7-hydroxyisoflavones
(I, III and IV) should demonstrate the emis-
sion of the anionic and cationic forms; 4'-ni-
troisoflavones (VI, VII) should not fluoresce
at all. The analysis of the experimental
spectra shows the presence of three or four
emission bands for compounds I, III and
IV, of two bands for IT and V, of one emission
band for VI and VII. In order to assign each of
emission bands to corresponding acid-base
forms, we have investigated the behavior of
these bands upon changing pH of solutions.

The weak fluorescence in the 400-
420 nm range, which is observed in all
studied isoflavones, was assigned by
authors [9] to the neutral form of isofla-
vones. In our opinion, this is impossible be-
cause the S;-state of the neutral form of
isoflavones has the nn”* nature. The authors
[17] have assumed that the observed fluo-
rescence could be caused by some impurities
formed during destruction of isoflavones.
Moreover, an optical density decrease of the
IIT solution under UV irradiation was noted
[6], that might also point to some photode-
struction processes. In order to verify this as-
sumption, we irradiated the solutions of I, I11
and IV by monochromatic light (A = 318 nm).
The exposure of solutions with the quantum
intensity of 38.8-10% E/s during 5 min re-
sulted in the appearance of the sought emis-
sion bands with a maximum at 400-430 nm.
The same exposure applied for 10 h resulted
in the almost total photodestruction of isofla-
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Fig. 1. Fluorescence spectra of isoflavone IIT
after 5 min (1), 30 min (2) and 90 min (3) of
UV-irradiation at 313 nm with the light en-
ergy of 3.8:10° E/s.

vones, Fig. 1. Thus, the emission in the
mentioned spectral range should be assigned
to some destruction products of the com-
pounds under study formed during meas-
urements of the fluorescence spectra.

The emission band at 485-495 nm (Table 1)
is observed in the spectra of isoflavones I,
IIT and IV in the acidity range 12-0 of pH
units, Fig. 2a. Since this band is found to
be characteristic only for spectra of the
isoflavones containing the hydroxy group,
and also it is the most intense in solutions
with the high pH values, we assigned this
band to the anionic form. The acidity range
where the anion absorption is observed is
found to be significantly lower than the pH
range where its fluorescence is detected,
Fig. 8a and 3b. This points to an essential
decrease of the hydroxy group acidity in
isoflavones upon the electronic excitation
that might be caused by significant differ-
ences between the electronic structure of
anions in the ground and the excited states.
The anomalous high Stokes shifts of the
fluorescence (8400-8900 cm™1) is also a
confirmation of the essential changes of the
electronic structure of the anion upon exci-
tation. At the same time, the spectral cha-
racteristics of the anions of all the studied
isoflavones, their radiative and nonradia-
tive deactivation rate constants are found
to be very similar, independently on the
substituent nature in both molecular moie-
ties. It should also be noted that the emis-
sion bands of the anion in the neutral and
acidic solutions are characterized by a
larger half-width than in solutions with
higher pH wvalues. The difference of the
half-width values varies from 840 cm™1 (1)
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Fig. 2. Fluorescence spectra of isoflavone I in
the acidity range from pH = 12.0 to 0.8 (a),
from pH = 0.8 to Hj, = —5.1 (b).

to 430 cm™! ([II). We interpret such a
broadening as being due to changes in the
nature of intramolecular interaction be-
tween the anion and solvent molecules.

In the high acidity region (H, varying
from -7.1 to 0), the absorption and emis-
sion bands of the cationic form are observed
in electronic spectra of isoflavones, Fig. 2b.
The  fluorescence band maxima  of
isoflavylium are found to be in the range
440-465 nm; the fluorescence Stokes shift
amounts 5900 to 6400 cm™l. The Stokes
shift values for the cation are lower than
those of the anionic form, thus pointing to
a smaller energy loss needed for structural
and solvation relaxations of the cations in
the excited-state. The absorption and emis-
sion bands of the cations appear approxi-
mately in the same H range, Fig. 3a and 3b.
The fluorescence intensity of isoflavylium
cations depends strongly on the nature of
substituents in the side phenyl ring. So,
introduction of a methoxy group into 4’ po-
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Fig. 3. Acid-base forms of isoflavones I in
the ground (a) and the excited (b) states. The
yields of the forms in the ground state are
given in the mole fractions (n), whereas in
the excited state, in terms of the relative
fluorescence intensity. C and C" are the cat-
ionic forms, A and A" are the anionic forms,
N — the neutral form, T — phototautomer.

sition results in a significant inerease of
the nonradiative deactivation rate constant
and in a decrease of the emission intensity.
The changes in spectral properties due to
introduction of a donor substituent can, in
our opinion, be explained by the fact that in
the case of flavylium and isoflavylium cat-
ions, the electronic transition to S; state is
accompanied by some charge transfer be-
tween the phenyl and benzopyrilium moie-
ties [8]. In the presence of donor fragments
in the side phenyl ring as well as a result of
the nucleophilic solvation by solvent [18],
the significant increase of the interfragment
charge transfer occurs that causes the forma-
tion of a non-fluorescent or a weakly fluores-
cent TICT-conformation of the cation [19].

Functional materials, 12, 3, 2005
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Table 2. Spectral properties of isoflavones”

Vabss cm™! Xgps» DM Vi cm™! kﬂ, nm [Avg,, em Y o, % T, N§ kf, 8™ kg s1
neutral form (absorption), phototautomer (fluorescence)™

I 32480 308 18900 529 13580 4.3 0.9 4.8.107 1.1-10°
II 32600 307 - - - - - - -
IIr 33000 303 16030 624 16030 0.2 ~0.4 ~5.0-10% | ~2.5.10°
v 32320 309 17920 558 14400 0.2 ~0.7 ~2.9.108 | ~1.4-10°
|4 32420 308 - - - — — — -

VI 32770 305 - - - - - - -
VII 32060 312 - - - — — — -

anion
I 28740 348 20320 492 8420 12.1 2.2 5.5.107 4,0108
IIr 29360 341 20480 488 8880 17.5 3.4 5.2.107 | 2.4-108
v 28740 348 20380 491 8360 18.4 1.7 1.1-108 | 4.8-108
VI 28980 345 - - - — — — -
cation

I 28680 349 22360 447 6320 15.3 3.8 4.0-107 | 2.2.108
II 28740 348 22740 440 6000 11.4 3.3 3.5:107 | 2.7.108
IIrI 28000 357 21600 463 6400 0.1 ~4.8 <1108 | ~2.1-108
v 27400 365 23260 430 4140 <0.1 ~2.2 <1108 | ~4.5-108
|4 27920 358 22620 442 5300 <0.1 weak fluorescence

VI 29220 342 - - - — — - —
VII 28660 349 - - - - - - -

_ Vabsr Vo Kabss kﬂ — positions of absorption and emission maxima given in wave number and
wavelength units, Avg, — fluorescence Stokes shift, ¢ — fluorescence quantum yield, 1 —

fluorescence lifetime of a molecule in the excited state, kf, ky; —

radiative and non-radiative

deactivation rate constants of isoflavone forms in the excited state.

—"" since the rate constant of the phototautomer formation in the excited state is unknown,
uncorrected values of its spectral and kinetic parameters ¢, kf and %k, are given in the Table.

In order to explain the excited state be-
havior of the anionic and cationic forms of
isoflavones, we have estimated the acid-base
equilibrium constant values using the Foer-
ster method, Table 2. Since the neutral
form has no fluorescence, the maxima of
the long-wavelength absorption band of the
neutral molecule, cation and anion of isofla-
vones were used to evaluate the correspond-
ing rate constants instead of the energy of
purely electronic transition vg_g [20]. As it
is seen from the presented data, the pK,
values of isoflavones are decreased by ap-
proximately eight orders of magnitude, and
as a consequence, the estimated pK,” values
are found to be within 1-2. The strong in-
crease of the acidity of isoflavones in the
excited state causes the photodissociation
thereof and explains the appearance of the
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anionic form fluorescence of the studied
compounds in acidic media up to H equal to
—0.5 (calculated value). Similar estimations
of the basicity for isoflavones in the excited
state predict the increase of pK;, by seven to
ten orders of magnitude up to the values of
3.5-10.5. Thus, inversion of the pKa* and
pr* values is observed. This allows evaluat-
ing the pH range where the zwitterionic form
or a phototautomer T will exist.
Consideration of the experimental fluo-
rescence spectra has allowed to distinguish
in the acidity range from pH of 5 to H of
—2 the emission bands located in the
530-630 nm range, the positions of which
depend essentially on the nature of substi-
tuents in both chromone and phenyl molecu-
lar fragments of isoflavones. The fluores-
cence Stokes shift with respect to the long-
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wavelength absorption band of the neutral
form varies from 13500 to 17000 cm™1,
that points unambiguously to the occur-
rence of a chemical process in the excited
state and allows assigning the observed
band to tautomeric form. The fluorescence
excitation spectra of isoflavones, recorded
in solutions with pH values at which the
phototautomer dominates in the excited
state, correspond to the neutral form ab-
sorption spectra. Thus, the precursor of the
phototautomer in the excited state is the
neutral form, rather than the anion or the
cation. These latter participate as interme-
diates during the formation of the tautomer
from the neutral form in the excited state.
Thus, the presented study has shown
that three fluorescence bands are observed
in the fluorescence spectra of isoflavones,
that are assigned to the emission of anionic,
cationic and phototautomeric forms. When
the 7-hydroxyl group is absent, the emis-
sion of only one, cationic form is observed
in acidic media. The fluorescence bands in
the range 400-430 nm have been assigned to
the emission of photodestruction products of
the studied compounds. The assignment of
the emission bands to certain acid-base forms
of isoflavones and the establishment of a de-
pendence of the fluorescence properties of
isoflavones on the structure and the me-
dium acidity can be used for making new
fluorescent labels based on both 3-phenyl-
chromone and its heterocyclic analogues.
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dayopecueHTHI BJIACTHBOCTI i3od)1aBOHIB:
3aJIeKHICTh BiJi KHCJIOTHOCTI cepeIoBHIILA

M.1.JIveo6cvra, O./].Powans, O.B.Kupuuenko,
A.O.Jopowenko, B.Il.Xunsa

Hocnimxeno cnexrpu (uyopecuerii isodnasonis B imrepsani pH/H, six 12 mo —10.
IIpoBemeno BimHeceHHS CMyr BUIPOMiHEHHS, IO CIOCTEPiraroThCHd, MO0 KHCJIOTHO-OCHOBHUX
tdopm isodraBoHis y 30ymKeHoMy CTaHi, BusHA4eHO iHTepsBanu pH/H( icHyBaHHA KOMHOI 3
dopm y posumHax. B poaumHax 7-meroxcuizoduiaBoHiB 3HaligeHo (IYOpPeCILeHIIil0 TiJIbKU
onHiei — xarionnoi dopmu. [na T7-rizpoxcuisodaapoHiB sapeecTpoBaHO (IIyOPECIEHIIiIO
Karionnoi, aHiomHoi Ta dororayromepHol (opm. Cmyra sumpomimenHs B obaacri 400—
420 HM, [0 € XapaKTepHOM g Beix isodnasouHiB, BizHeceHa M0 IPOAYKTIB iX (OTOPO3KIA-
ny. PospaxoBaHo KOHCTAaHTHU Aucolliamii Ta IPOTOHYBaHHA i30()JIaBOHIB B OCHOBHOMY Ta

30y’KeHOMY CTAaHAaX.
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