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Evidence of Ground-State Proton-Transfer Reaction of 3-Hydroxyflavone in Neutral
Alcoholic Solvents
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Photophysical behavior of 3-hydroxyflavone (HF), a molecule that exhibits excited-state intramolecular proton-
transfer reaction and has been studied extensively in the past, has been reinvestigated in hydrogen bond
donating solvents. In neat alcohols or in an acetonitiiteethanol mixture, a long wavelength absorption

band émax &~ 410 nm) has been observed for the first time. It is found that selective excitation of this band
does not produce the characteristic fluorescence of the “normal” form or the tautomer; instead, an emission
characterized by a featureless bangl.{ ~ 480 nm) is observed. The absorption and emission bands have
been found to disappear completely in the presence of water. The influence of temperature suggests that the
species responsible for the 410 nm absorption band is produced in higher concentrations at higher temperatures.
On the basis of the present results and the available literature, the long-wavelength absorption band of HF
has been attributed to its anionic form, generated in the alcoholic media by solvent mediated deprotonation
of the 3-hydroxy group of the molecule in the ground state.

1. Introduction SCHEME 1

Excited-state intramolecular proton-transfer (ESIPT) reaction N

is considered to be one of the simplest photoreactions of great
importance in chemical and biological systems and has received
a great deal of attention both experimentally and theoretiéally.
3-Hydroxyflavone (HF) is undoubtedly one of the most exten-
sively studied systems for understanding of the mechanism and N T

dynamics of the intramolecular proton-transfer reactiors.

Sengupta and Kasha were the first to interpret the dual methylcyclohexane at 77 K, which was attributed to the anionic
fluorescence (referred to as “blue” and “green” emission) of form (A) of HF formed because of a trace of water, as an
HF as due to emission originating from the normal isomer
(represented in Scheme 1Mland the tautomefT().2 According

to these authors, excitation of HF, which exists in the ground
state adN, leads to an adiabatic ESIPT reaction resulting in the
formation of T*. The “blue” fluorescence occurs from*,
whereas the “green” one originates froli. Time-resolved
fluorescence studies by Woolfe and Thistlethwaite and later by
Itoh and co-workers have shown the dependence of the ESIPT
dynamics on the nature of the solvent and temperétt&teady-
state and time-resolved studies by Barbara and co-workers
revealed a biexponential proton-transfer kinetics, which was
attributed to the presence of two different formshfin the
excited state undergoing proton-transfer reaction at different A

rates® These authors also investigated the isotope effect on the

proton-transfer reactiohThe effect of solvent on the proton- impurity in the solvent Various solvated structures of HF were
transfer reaction of HF was examined in detail by McMorrow invoked to account for the different fluorescence bands of HF
and Kash&®and later by Strandjord and Barbdr@hese studies  in hydroxylic solvents. The fluorescence behavior of HF was
led to an understanding of the factors that control the mechanismstudied in a series of alcohols by Strandjord and Barbara with
and dynamics of the proton-transfer reaction in HF. McMorrow @ View to gaining insight into the mechanism of ESIPT of HF
and Kasha concluded that ESIPT in HF is so rapid in dry in alcoholic solvent8.These authors observed a direct correla-
hydrocarbon solvents that the fluorescence figtrcould not tion between the slow proton-transfer rate constant and the
be observed even in frozen solvent at 77 K. Interestingly, these hydrogen bond donating ability of the solvent. It was also found

authors observed a third fluorescence bahg(= 497 nm) in that the rate constant for the slow proton-transfer process is
independent of the viscosity of the solvent. Taking into

* Corresponding author. Fax:+91-40-301 2460. Email: assc@ consideration the available photophysical data of HF, a mecha-
uohyd.ernet.in. nistic model for the proton-transfer reaction was proposed that
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assumed the formation of 1:1 complex with the alcohol L

molecules Further studies on several HF derivatives suggested 10 £o)
that the ESIPT mechanism in these systems is governed 3 ﬁ
primarily by the energetic factors of the solute:solvent complex N 0.8+ g
rather than by solvent reorganization dynamftSeveral papers E 5
have subsequently appeared dealing with various aspects of the S 0.6- Z
proton-transfer reaction in HF under a variety of reaction < >
conditions. A femtosecond time-resolved absorption and fluo- § 0.4 Q
rescence experiméntsuggested the presence of subpicosecond = Q
and picosecond components in all solvents. Even in methanol, 5 024 =
a fast rise component<(125 fs, the time resolution of the 2 S
instrument) has been observed in transient absorption experi- < 0.0 w

ment. The fast and slow components in alcohol have been 300 350 400 450 500 550 600 650
attributed to the monosolvated and disolvated HF molecules, Wavelength (nm)
respectively. A more recent ultrafast measurement by Ameer- _ .
Beg et al2 however indicates that the proton-transfer reaction Fi9ure 1. Absorption and fluorescence spectra of HFX(410°® M)
. . . . - in n-hexane {-) and acetonitrile (- - -). The fluorescence spectra are
in HF is faster than what was found in the earlier experiments. i ineq by excitation at 345 nm. The absorption and emission
These authors could observe a 60 fs component in ethanol. Injntensities in the two solvents have been normalized at the respective
aprotic solvents such as methyl cyclohexane and acetonitrile, maximum.
ESIPT was found to be even faster. The most recent measure-
ments on HF have been made by Bader é Btom an analysis  ether, methanol, ethanol, 2-propanol, 1-butandigxane) were
of the homogeneous bandwidth of the emission spectra of HF dried over calcium hydride or calcium oxide and distilled over
and its deuterated derivative in Shpol’skii matrixesottane magnesium turnings and iodine or sodium metal following
and n-octane/octanol mixtures) at 10 K, the time constant for standard proceduré®.Triple-distilled water was used in this
excited-state proton-transfer reaction is estimated to be-39  study. The purity of the solvents was checked (by absorption
10 fsl3 and emission measurements) prior to the photophysical studies.
It is therefore evident that though steady-state and time-  The UV-—vis absorption and fluorescence spectra of HF were
resolved fluorescence properties of HF in aprotic media are fairly recorded on a Shimadzu (UV-3101PC) spectrophotometer and
well understood, the mechanism of the proton-transfer reaction Spex (FluoroMax-3) spectrofluorometer, respectively. All
in hydrogen bond donating solvents is still far from clear and fluorescence measurements were corrected for the instrumental
is a topic of further investigation. What we found difficult to  response. Temperature-dependent absorption measurements were
comprehend is the fact that even though fluorescence measurecarried out with the help of TCC-260 thermo-electrically
ments in hydroxylated solvents have clearly indicated the temperature-controlled cell holder (Shimadzu). The fluorescence
formation of complexes of various stoichiometries between HF |ifetime of the sample was measured on a single photon counting
and the solvent molecules, absorption measurements somehowépectrofluorometer (IBH, Model 5000). The instrument was
have not provided any clue to the formation of the complex operated with a thyratron-gated flash lamp filled with hydrogen
and on its nature. Because identification of specific absorption at a pressure of 0.5 bar. The lamp was operated at a frequency
due to the hydrogen-bonded complex allows selective excitation of 40 kHz and the pulse width of the lamp under the operating
of this species (without exciting the intramolecularly hydrogen conditions was~1.2 ns. The decay times were estimated from
bonded molecules), thereby making the fluorescence measurethe measured fluorescence decays and the lamp profile, using
ments in these media much simpler, we thought it appropriate a nonlinear least-squares iterative fitting procedure. The good-

to reinvestigate the absorption and fluorescence behavior of HF ness of the fit was evaluated from th@values and the plot of
in alcoholic solvents. the residuals.

2. Experimental Section 3. Results

HF (Tokyo Kasei Co.) was recrystallized several times from
methanol. The recrystallized sample was vacuum sublimed prior
to photophysical measurements. The methoxy derivative (

3.1. Spectral Behavior in Aprotic Solvents.The absorption
and fluorescence behavior of HF in nonpolar media such as
n-hexane and in polar media such as acetonitrile are depicted
in Figure 1. Except for the fact that the absorption spectrum is
relatively more resolved im-hexane, the spectral behavior of
the system is very similar in two solvents. The onset of the
absorption is observed at around 375 nm and the absorption
O peaks {1 nm) are observed at 355, 340, and 304 nm. The
fluorescence spectrum, on the other hand, is characterized by a
highly Stokes-shifted band{.x= 526—528 nm). This spectral
behavior of HF is consistent with that reported previously,

(@) according to which the absorption band is due to excitation of
| the formN and the Stokes-shifted fluorescence originates from
o) CHs T+ 2
3.2. Spectral Behavior in Protic Solvents3.2.1. Absorption.
M Although the spectral behavior of HF in aprotic solvents is in
agreement with the literature, the absorption and fluorescence
of HF was prepared by following the literature procedi#r&he behavior of the system in alcoholic media is found to be

solvents used in this study (acetonitrile, ethyl acetate, diethyl significantly different from what is reported in the literature. In
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Figure 2. Absorption spectra of HF in different alcohols. The spectra Figure 4. Temperature dependence of the absorption spectra of HF

labeled (i) to (iv) denote those obtained in 2-propanol, 1-butanol, in methanol. The spectra shown in increasing order of intensity at 410
ethanol, and methanol, respectively. The spectra have been normalizeghm are obtained at temperatures 10, 20, 30, 40, aAC50
at their respective maximum.
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Figure 3. Effect of addition of methanol on the absorption behavior
of an acetonitrile solution of HF. The concentrations of methanol in

Figure 5. Influence of water on the absorption behavior of HF in
methanol. The water concentration for the spectra labeled from (i) to
(iii) are 0.00, 1.11, and 3.33 M, respectively.

the spectra labeled (i) to (v) are (i) O, (ii) 0.5, (iii) 1.0, (iv) 2.0, and(v)
3.0 M.

The influence of water on the long wavelength absorption
_ ) ) band is found to be quite interesting. In the presence of a small
methanol, a broad absorption band is observed (Figure 2)concentration of water~1 M), the new absorption band

between 400 and 450 nniax ~ 410 nm) that has not been  gisappears almost completely. Figure 5 illustrates the influence
reported previously. To make sure that this absorption is not of \yater on the absorption behavior of HF.

due to any impurity in methanol, we have examined the
absorption behavior of the system in a few other alcohols such
as ethanol, 2-propanol, and 1-butanol. As can be seen, this

hitherto unobserved band of HF above 400 nm appears in aIIOI d h o | h Fi 6 deoi h
the solvents, although less prominently in other alcohols. ependent on the excitation wavelength. Figure epicts the

A long-wavelength absorption band similar to that seen in excitation wavelength plependence of the fluorescence spectrum
pure alcoholic solvents is also observed on addition of methanol ©f HF. Although excitation at 305 nm produces the dual
(or other alcohols) to an acetonitrile solution of HF (Figure 3). €mission bands (with maxima at 405 and 527 nm) reported in
The observation of an isosbestic point around 362 nm is the literature, a third emission band, which appears as a shoulder
suggestive of the existence of two species in the solution.  at around 480 nm, can also be seen. Excitation at 410 nm,

We examined the influence of temperature on the absorption however, results only in the formation of the 480 nm band. The
behavior of HF in methanol and the results are depicted in Figure fluorescence lifetime of this emitting species in methanol,
4. With increase in the temperature the optical density (OD) at measured from the decay profile obtained on excitation at 410
410 nm gradually increases with concomitant decrease of thenm, is estimated to be2.0 ns. The decay profile corresponding
OD in the 306-350 nm region of the spectra. An isosbestic to the 480 nm emission was also examined by exciting the
point could be observed at372 nm. sample at 305 nm. However, we could not resolve any rise time

3.2.2. FluorescenceThe fluorescence behavior of HF in
alcoholic media is also found to be different from that reported
previously. We found that the fluorescence spectrum of HF is
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Figure 6. Excitation wavelength dependence of the fluorescence
spectrum of HF in methanol. Spectra labeled (a), (b), and (c) are
obtained on excitation at 305, 345, and 410 nm, respectively.
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Figure 7. Effect of addition of methanol on the fluorescence behavior
of HF in acetonitrile fex = 410 nm). The concentrations of methanol

in the spectra labeled (i) to (v) are as follows: (i) O, (ii) 0.5, (iii) 0.7,
(iv) 1.0, and (v) 1.2 M
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Figure 8. Effect of addition of water on the fluorescence spectrum of
HF in methanol {ex = 410 nm). The concentration of water in the
spectra labeled from (i) to (iii) are 0.00, 2.22, and 3.33 M, respectively.

the new absorption band, which can be crucial to the dynamics
and mechanism of excited-state proton-transfer reaction in
alcoholic solvent, is indeed a real one. It is only when we
observed that the new absorption vanishes completely in the
presence of a trace amount of water that we realized others might
have missed this absorption because of the presence of a small
amount of water in the alcohol. Literature clearly shows that
though utmost care was taken to ensure that the hydrocarbon
solvents were free from hydroxylic impurities, no purification
procedure was adopted for methafol.

Because the long-wavelength absorption can be observed only
in alcoholic solvents (pure alcohols or mixed solvent containing
alcohol), the hydrogen bond donating ability of the solvent is
likely to be responsible for the formation of the species that
contribute to this absorption. This is corroborated by the fact
that this long-wavelength absorption could not be observed in
solvents that are well-known hydrogen bond acceptors (such
as diethyl ether and ethyl acetate). A further support for this
conjecture comes from the observation that the intensity of the
410 nm band decreases as follows: methanoéthanol >
1-butanol> 2-propanol. This order is in fact identical with the
hydrogen bond donating abilityof the solvent molecules.

Taking note of the isosbestic point in acetonitril@ethanol

that may suggest that 480 nm species is produced on excitationyixed solvent and the discussion made in the previous

of a second species.
Although only the green fluorescence due to the tautomer

paragraph, one can perhaps attribute the 410 nm absorption to
a 1:1 complex formed between HF and alcohol molecules and

(T*) is observed in acetonitrile, addition of methanol indeed speculate structures suchlasr Il for the complexlil is ruled
produces the 480 nm emission band that is observed in neatyt as a possibility as the solvent molecule does not play the

alcoholic solutions. This effect has been illustrated in Figure 7.
The influence of trace amount of water on the fluorescence
behavior of HF is illustrated in Figure 8. As can be seen, the

role of a hydrogen bond donor in this structure.
However, there are a few problems in attributing the 410 nm
absorption band to one of the two 1:1 complexes. The main

480 nm emission band disappears almost completely in thedifﬁculty is the following: We found that the methoxy

presence bl M water.

4. Discussion

We were somewhat puzzled initially to figure out how a

derivative of HF M) does not show the long-wavelength
absorption band in alcoholic solvents. Had the 410 nm absorp-
tion band been due to a 1:1 complex in which the solvent acts
as a hydrogen bond donor (as linor II'), M should have

simple absorption band (though weak in intensity) could be exhibited this absorption in alcoholic solvents. A second
missed by others, particularly when taking into consideration difficulty is the interpretation of the observed effect of the
the large volume of investigations made on the current temperature on the absorption spectrum of HF. An increase in
systemt=35We had to carry out several control experiments to temperature should have led to the dissociation of the complex
rule out the possibility that the absorption is not due to any (I or Il') resulting in a reduction in the intensity of the long-
impurity in the sample/solvent and to convince ourselves that wavelength band. However, the effect of temperature on the
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SCHEME 2
o 0]
o (0]
| | TABLE 1: Kamlet —Taft's Hydrogen Bond Donor Acidity
9 H 9 H (o)) and Hydrogen Bond Acceptor Basicity f) Parameters?
= B H Collected from Ref 38
| R solvents B a
_0 diethyl ether 0.47 0.00
R ethyl acetate 0.45 0.00
I o) IT acetonitrile 0.31 0.19
formamide (0.58) 0.71
| 2-propanol (0.95) 0.76
ethanol (0.77) 0.83
0o methanol (0.62) 0.93
| water 0.47 1.17
o H 2,2,2-trifluoroethanol 0.00 1.51
(EJ aVide ref 39.° Values in the parenthesis are less certalrom ref
H/ \R 40.
Kavalue @ 15%) is found to be 2.% 1077. This suggests that
III the extent of ionization of HF is rather small.

In this context we take note of an earlier paper wherein
absorption intensity at 410 nm is exactly opposite to what is Parthenopoulos and Kasha report anion formation of HF in
expected from the hydrogen-bonded complex. A third difficulty neutral mediunt* The formation ofA in a neutral solvent,
is to find a suitable explanation for the disappearance of the formamide, was attributed to greater hydrogen bond donating
absorption band in the presence of water. Because water is aability of this solvent compared to the others such as acetonitrile
better hydrogen bond donor (vide later) than the alcohols, oneor alcohol¥! However, though the hydrogen bond donating
would have expected a more intense 410 nm band in water. ability of formamide is greater than that of acetonitrile, most

Clearly, 1:1 complexation between HF and hydrogen bond of the alco.hoés are stronger hydrogen bond donors cqmpared
donating solvents cannot account for some of the crucial @ formamidé® and, hence, should have formed the anian,
observations made in this paper and one needs a differentMoreover, according to the explanation offer@dshould have

assignment for the 410 nm absorbing species. We take intobeen formed in water, known to be the strongest hydrogen bond

consideration that the species, which absorbs at 410 nm emitsdonor'

at around 480 nm. Although no absorption band of the kind Having observed the anidhin_alcoholic media, we examine_
observed here has been reported in the past, a number of workerﬁ?w the proton abstracting ability of the alcohols compare with
have reported an emission band similar to the one described at of the other solvents, where the 410 nm absorption band

here. McMorrow and Kasfaattributed this tvpe of emission could not be observed and, also, whether it is possible for the
obse.rved in MCH glass (at 77 K), to theya?nioh)(of HE " alcohol molecules to abstract proton from HF in the ground

. o state. That the proton abstracting ability of the alcohols is
formed as a result of the presence of water as impurity in the . . ; . .
. superior to other solvents is evident from Table 1 in which the
solvent. Brucker and Kelly? on the other hand, attributed a - X L
o o . . . hydrogen bond donating and accepting abilities of some of the
similar emission band of 3HF in the argon:methanol matrix at

. . .~ solvents pertinent to this investigation are collected from the
30 Ko a monosolvated tautomer. Interestlngly, while studying literature3® The proton abstracting ability of the solvents, as
the proton-transfer reaction in the HF/ammonia cqmplex at 10 assessed from the hydrogen bond acceptor basicity paraiheter
K, Brucker and Kelly® observed a fluorescence excitation band B, increases in the following order: acetonitriteethyl acetate '
around 400 nm that resembles the present absorption band, di : ;
. . ¥ = diethyl ether< alcohols. We note that formamide, where
These authors attributed this band to the HF anfoy formed y

It of for f 3HF to th | f anion formation has been observed previously, h@svalue
as a result of proton transter from to the (tluster in of 0.55, higher than that of acetonitrile, ether, and ethyl acetate.

the ground state. To address to the second question of whether the alcohols can
Taking into consideration the literature and our observation abstract a proton from HF, we take note of the fact that aromatic
that the absorption and emission spectra of the anfn,  hydroxy compounds are in general stronger acids compared to
generated in alkaline methanolic solution of HF are very similar aliphatic hydroxy compounds. Because HF contains an electron
to the spectra we have observed in alcoholic media, we assignwithdrawing carbonyl group adjacent to the hydroxy group, one
the 410 nm absorbing speciesActhat emits at 480 nm. This  can expect it to be an even stronger acid, making the generation
implies that HF undergoes solvent mediated deprotonation of anion possible in alcoholic media. Perhaps the most important
reaction in alcoholic media in the ground state (Scheme 2). The question that needs to be answered here is why the anion
extent of anion formation has been evaluated by estimating thedisappears in the presence of water. It is evident from Table 1
equilibrium constantK, by monitoring the changes in the that the hydrogen bond acceptor basicjty ¢f water is not as
absorbance at 410 nm following addition of methanol to an good as that of the alcohols and, also, the hydrogen bond donor
acetonitrile solution of HF. Using data from Figure 3 and molar acidity (o) of water is the highest among all the solvents. It is
extinction coefficient ofA at 410 nm as 1.44& 10*M~1tcm™? therefore quite likely that the equilibrium shown in Scheme 2
(estimated from the absorbance at 410 nm in a KOH (excess)is displaced toward the left in the presence of water. It is for
added alcoholic solution of known concentration of HF), the the same reason, the anion formation could not be observed in
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2,2,2-trifluoroethanol, a solvent with a highvalue, but with (4) ltoh, M.; Tokumura, K.; Tanimoto, Y.; Okada, Y.; Takeuchi, H.;
aﬂ value of zero (vide Table 1)_ Obi, K.; Tanaka, 1.J. Am. Chem. S0d.982 104, 4146.

: ' 5) Strandjord, A. J. G.; Courtney, S. H.; Friedrich, D. M.; Barbara, P.
Even though we have unambiguously established that the ¢ J_(P)hysr_aghjeorl;-‘lgsa 87, 11;;_r ney riedne arbara

anionic form @) of HF, generated by ground-state proton- (6) Strandjord, A. J. G.; Barbara, P. Ehem. Phys. Lett1983 98,
transfer reaction, is responsible for the long-wavelength absorp-21. ) MM D Kasha, MJ. Am, Chem. 04983 105 5133

: ] H i+ H cMorrow, D.; Kasha, . AM. em. S0 .
tlon band,I W?] f:nd th?t the intensities of the 410 nm b'ak?d r|1n (8) McMorrow, D.. Kasha M. Phys. Cheml984 88, 2235,
various alcoholic solvents do not commensurate with the (9) Strandjord, A. J. G.; Barbara, P.J.Phys. Chen.985 89, 2355.
hydrogen bond acceptor basicity values. Instead, the intensities (10) Strandjord, A. J. G.; Smith, D. E.; Barbara, P.JFPhys. Chem.
are closely related to the hydrogen bond donating ability of the 1985 89, 2362. _ o

solvents. This observation implies that the formation of anion 96%?913‘3”6‘”2' B.J.; Peteanu, L. A.; Harris, C.BPhys. Cherm992
in neutral solvents is governed by two factors. First, formation '(12) Ameer-Beg, S.. Ormson, S. M.: Brown, R. G.; Matousek, P.:
of a hydrogen-bonded complex between HF and the solvent, Towrie, M.; Nibbering, E. T. J.; Foggi, P.; Neuwahl, F. V. R.Phys.
where the solvent acts as a hydrogen bond donor. This isChem. A2001, 105, 3709.

followed by abstraction of the hydroxy proton of HF, where 284(&3) Bader, A N.; Ariese, F.; Gooijer, Q. Phys. Chem. 2002 106

the hydrogen bond acceptor basicif}) of the solvent plays a (14) Swinney, T. C.; Kelley, D. FJ. Chem. Phys1993 99, 211.
decisive role. Although the first step may not be favored by an  (15) Itoh, M.; Tanimoto, Y.; Tokumura, KJ. Am. Chem. S0d.983

i ; 105, 3339.

|nt§:rteas$ of :cempteratfure, tHhFe _second tséef tk?atf m_:(tolxt/eg bthe (16) Dick, B.; Ernsting, N. PJ. Phys. Cheml987, 91, 4261.

a S raction O proton trom IS eéxpected to be tacilitated by (17) Itoh, M.; Fujiwara, Y.; Sumitani, M.; Yoshihara, K. Phys. Chem.
an increase in temperature. The observed temperature dependtogg 90, 5672.

ence implies that the influence of temperature is more pro- 95(1?)90Brucker, G. A,; Swinney, T. C.; Kelley, D. B. Phys. Chenil991,

nounced for the second step. ’(19) Premvardhan, L. L.; Peteanu, L. A.Phys. Chem. A999 103

_ 7506.
5. Conclusion (20) Chou, P. T.; McMorrow, D.; Aartsma, T. J.; Kasha, 8.Phys.
; e : ; } Chem.1984 88, 4596.

We h_ave identified for the first time a long yvavelengt_h (21) Brewer, W. E.: Studer, S. L.: Chou, P. T.: Orton Ghem. Phys.
absorpthn band o_f 3-hyq|roxyflavone, an extenswel_y studied | et 1989 158 345.
system, in alcoholic media. A detailed study of the influence  (22) Sarkar, M.; Sengupta, P. IChem. Phys. Lettl991, 179, 68.
of various factors on the absorption and fluorescence behavior (23) Salman, O. A Drickamer, H. G.. Chem. Phys1981, 75, 572.
reveals that the absorption is due to the generation of the anionic,, (24 McMorrow, D.; Kasha, MProc. Natl. Acad. Sci. U.S.A984 81,

form of the molecule in the ground state via solvent mediated (25) Emsting, N. P.; Dick, BChem. Phys1989 136 181.

deprotonation of the 3-hydroxy group. (26) Khan, A. U.; Kasha, MProc. Natl. Acad. Sci. U.S.A.983 80,
1767.
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