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Picosecond time-resolved fluorescence spectroscopy has been applied to the studies of excited-state
intramolecular proton transfer (ESIPT) dynamics in twe(dlalkylamino)-3-hydroxyflavone derivatives
(unsubstituted and substituted at the 6-position) in ethyl acetate and dichloromethane. In all the studied cases,
the fluorescence decay kinetics of both short-wavelength normal (N*) and long-wavelength tautomer (T*)
bands can be characterized by the same two lifetime components, which are constant over the all wavelength
range of the emission. In the meantime, the preexponential factor of the short-lifetime component changes its
sign, being positive for the N* and negative for the T* emission band. Moreover, the two preexponential
factors of the T* emission decay are the same in magnitude but opposite in sign. These features are characteristic
of a fast reversible two-state ESIPT reaction. Reconstruction of time-resolved spectra allows observing the
evolution of these spectra with the appearance, rapid growth, and stabilization (in less than 200 ps) of the
relative intensities of the two emission bands. A detailed kinetic model was applied for the analysis of these
data, which involved the determination of radiative and nonradiative decay rate constants of both N* and T*
forms and of forward and reverse rate constants for transitions between them. We show that ESIPT reaction
in the studied conditions occurs on the scale of tens of picoseconds and thus is uncoupled with dielectric
relaxations in the solvent occurring at subpicosecond times. Moreover, the radiative and nonradiative
deactivation processes were found to be much slower than the ESIPT reaction, suggesting that the relative
intensities of the two emission bands are mainly governed by the ESIPT equilibrium. Therefore, both
electrochromic and solvatochromic effects on the relative intensities of the two emission bands in
4'-(dialkylamino)-3-hydroxyflavones result from the shifts in the ESIPT equilibrium.

Introduction N* R .
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Excited-state intramolecular proton transfer (ESIPT) is the 0(? O N‘ ® O R
reaction that occurs between the proximate proton donor and N
: Z k
acceptor groups connected by a H-bond on the same photo- R ! F? \ AN00
Q

. . . R'
excited moleculé: 2 ESIPT is often considered as a prototype

O~
of proton-transfer reactions that are basic for chemistry and "
biochemistry. A variety of organic fluorophores exhibiting
ESIPT has been described in the literattreThe classical hv | hv hv”
example is 3-hydroxyflavone (3HEP In contrast to ESIPT in N oo KT o™
systems with symmetric proton transfer (e.g., tropolone and ® R R R
9-hydroxyphenalenoié), this reaction in 3HF occurs between T R

structurally and energetically asymmetric states and generates N

in the excited state a species with changed electronic and nuclear R O
configuration, the tautomer (T*) form. The latter is isomeric to o O N R
the initially excited normal (N*) form and demonstrates a O |

fluorescence spectrum dramatically shifted to lower energies R ! H/°

06 1
(Ionger Wavele_nglths), up to EO 000 cnt=. In 'Condensed . Figure 1. ESIPT reaction in 3-hydroxyflavone F and F2 derivatives.
media, the emission of the T* form can be easily observed in 5 N(CHs)> or N(GHe)s: R = H or CHN*(CHs),CsH1(Br-) for

dyes F and F2, respectively.
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N* form should involve forward transition to the T* state reaction coordinate becomes multidimensional with the involve-
(ESIPT) with a kinetic rate constakt together with emissive  ment of solvent coordinaté8. This can result in complex
and nonemissive conversion to the ground N state with kinetic reaction mechanisms, which may not exist in parent 3HF, but
constantsy andkyg, respectively. Likewise, the decay of the are present in'4(dialkylamino)-3HF.
T* state resulting from the ESIPT reaction can be characterized As a consequence, important questions regarding the mech-
by reverse transition to the N* state with a rate conskardnd anism of ESIPT for the strongly solvatochromit(dialkyl-
by radiative (with rate constak}, ) and nonradiative (with rate amino)-3HF derivatives remained unanswered. (1) Is this
constantkj;) conversions to the ground T state. Therefore, reaction intrinsically a two-state process or should it involve
according to this model, the kinetic description of photophysics some intermediates, such as torsionally relaxed or solvent-
of 3HF derivatives will include the determination of six kinetic  stabilized N* forms, destabilized T* forms or solutsolvent
rate constants. Interplay of these rate constants should form theexcited-state complexes (exciplexes)? (2) Is this reaction
contour of the steady-state spectrum with two characteristic intrinsically irreversible or reversible? (3) If it is reversible, then
bands. which mechanism is responsible for the solvatochromic and
ESIPT reaction for the parent 3HF in aprotic solvents is an electrochromic variations of the relative intensities of the two
extremely fast process occurring on the femtosecond time bands in the steady-state spectrum? Are they a result of shifts
scalel®11which explains the absence of the N* emission band in the ESIPT equilibrium or are they due to the slow forward
in the steady-state spectra. This band becomes observable on{eSIPT rate compared to the nonradiative deactivation rate?
in protic solvents, due to specific solvation of the N* form that To answer these questions, we performed a detailed pico-
breaks intramolecular hydrogen bond and thus uncouplessecond time-resolved fluorescence study of two 3HF derivatives,
ESIPT!2-15 Surprisingly, the properties of'4lialkylamino- F and F2 (Figure 1), that differ significantly by quantum yields
substituted 3HFs are quite different, because an intense N*and two-band emission properties, due to internal electrochromic
emission band is observed in these derivatives in aprotic solventseffect in ionic F22324 Moreover, to analyze the possible
such as acetonitrile and dichlorometh&rié® The presence of  splvatochromic modulation of ESIPT, the experiments were
N* form in emission is not uncommon in ESIPT photochemistry, performed in two aprotic solvents of different polarity: ethyl
it can be observed for a number of other dyes. But in all these gcetate and dichloromethane.
cases, this emission was explained by the existence of ground-
state conformational isomers or a conformational isomerization
in the N* state associated with a reorganization of the hydrogen
bonds involved in proton transfét’~2° However, this explana- 4'-(Dimethylamino)-3-hydroxyflavone (F) and'Hdiethyl-
tion is not applicable for 3HF and its derivatives because the amino)-3-hydroxy-6-flavonylJ{,N,N-dimethyloctyl)ammoni-
chromone ring is a rigid system that does not allow isomeriza- ym bromide (F2) were synthesized as described elseViiiére.
tion. One possible explanation for the observation of N* Ethyl acetate and dichloromethane were of spectroscopic grade.
emission in dlglkylamlno.-substltuted SHF derl\_/anves IS a Absorption and emission spectra were recorded on a Cary
solvgnt-reo_rgamzatlon barrier Fhat retards the reactlpn. The'orlgm400 spectrophotometer and a FluoroMax 3.0 (Jobin Yvon.,
of this parrler can t_)e energetic and relgted to the_ Interaction of Horiba) spectrofluorometer, respectively. Deconvolution of
the excited-state _dlpol_ee W.'th solve_nt dlpole_s. This bar_rler_ls fluorescence spectra into two bands was performed using the
thought to b(_a high in dialkylamino-substituted <_1Ier|vat|v_es program Siano, kindly provided by the author (A. O. Doro-
because the mtroductlon_ of _the electron-donor _dlalkyla_\mmo shenko from the Karazin University, Kharkov, Ukraine). The
group on the chromqne rng 1s expected to*prowd;az a tn_agh program uses an iterative nonlinear least-squares method based
value_ upon electronic_excitation to th(_a N* forth?2 This on the FletcherPowell algorithm. The shapes of the individual
substitution may also pro_duc_e a IW|_s_ted intramolecular chargf- emission bands were approximated by a log-normal funéfion,
transfer (TICT) state, which is stabilized stronger than the N which accounts for the asymmetry of the spectral bands. The

state? In contrast, because the ESIPT reaction substantially fluorescence quantum yieldwas determined using solution

decreases. the dipole ”?Omef.“ by compensating the separatlo%f 4'-(diethylamino)-3-hydroxyflavone in ethanol as a reference
of electronic charges existing in the N* state, the T* state should 4‘75 = 0.52)7

be much less subjected to solvent perturbations, and thus les ]
dielectrically stabilized than the N* state. When the N* and T* Time-resolved fluorescence measurements were performed

states are of comparable energies, the ESIPT reaction may/vith the time-correlated, single-photon cou_nting technique us_ing
become reversible and an equilibrium can be established the frequency doubled output of aTsapphire laser (Tsunami,
between these states. This may explain the increase of theSPectra Physics), pumped by a Millenia X laser (Tsunami,
relative intensity of the N* band with increased of polarity of SPectra Physicsf. The single-photon events were detected with
aprotic solvent&:16 Selective electrostatic stabilization of the & microchannel plate Hamamatsu R3809U photomultiplier
N* state with an introduced proximal charged group also results coupled to a Philips 6954 pulse preamplifier and recorded on a
in a dramatic growth of its relative intens&which is also in muIt|.channeI analyzer (Ortec 71Q0) calibrated at 25.5 ps/cha}nnel.
line with the ESIPT equilibrium model. Linear dependence of The mstrumental response funct|(_)n was recorded_ with a polished
the logarithm of the intensity ratidy/I1+, on solvent polarit} aluminum rgfleptor, and its full-width at haIf-maX|mym was 50
and on the band separatiras well as the observation of a  PS- The excitation wavelength was set at 430 nm. Time-resolved
biexponential decay for the N emission béade the arguments ~ data were analyzed by the maximum entropy method using the
that support this model but still cannot be considered as direct Pulse 5.0 softwar&’ Time-resolved emission spectra (TRES)
evidence. Alternatively, it can be assumed that an intramolecularWere calculated by

H-bond may become disrupted in these compounds even in

aprotic solvents, and the dynamics of its rearrangement may 2

limit the ESIPT raté From the examples of other ESIPT 1(4.1) 2—2‘1@) exp[-t/z(4)]

systems, it is known that when ESIPT occurs in solution, the zai(j') Ti(A)i=

Materials and Methods
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N* T F
08 ] dIN/dt=—(ky + kg T KJINT +K [T (1)
dT/dt = —(ky + kg + k)T +kIN - (2)
0,4 2 -

| The integration of eqs 1 and 2 with the initial boundary condition
1 that only N* is directly excited and populated at time zero (i.e.,
t t y att = 0, [N*] = [N*]p and [T*] = 0), yields the following
equations for [N] and [T*]:3°

[N*] = [N*] o(a e "™ + a) e ™) 3)

Fluorescence Intensity (a. u.)

[T = [N o(0f € " + o) e ™) (4)

The decay timesg; andz,, and preexponential amplitudes are
related to the rate constants indicated in Figure 1 according to

0,0

T T T T T T T T
450 500 550 600 650

Wavelength (nm) « VN T V2
oy =" ®)
Figure 2. Steady-state fluorescence spectra of dyes F and F2 in ethyl 1 Y= V>
acetate (1) and dichloromethane (2). Excitation wavelength was 430
nm. _
(IN* _ Y1 VN (6)
2 = _
whereF(1) is the steady-state fluorescence intensit}) are Y17 72
the decay times, and;(1) are the relative amplitudes, with =, =
Yai(d) = 128 0y =0 (1)
Results where

Ste?dy-StatedS?Ifcltroscopy t[))atail.’ hed fIHorescenche pro%er- YuYe =Ty 2T, T= Uy + yre) £

ties of two 4-dialkylamino-substituted flavones have been _ 2 x
studied in two solvents of different polarity: ethyl acetate (e = 7" + Ak 7Y (8)
(dielectric constarné = 6.02) and dichloromethane € 9.08).

We observe that in both solvents, the emission of thddim

is more pronounced for F2 than for F (Figure 2). This can be
explained by an electrochromic modulation of ESIPT by the
proximal positively charged ammonium grogfRRegarding the
solvatochromic effect, both F and F2 dyes show significantly
higher relative intensity of the N* band in more polar dichlo-
romethane as compared to ethyl acetate (Figure 2). Both the
effects of proximal charge and of polarity result in a significant
red shift of the N* band, which is much stronger than that of . . . .

the T band, in accordance with our previous dkt& These To c_heck if the reversible modgl applles_to _exuted-state
results can be explained by a much higher dipole moment of F’y”a”.“cs of F a_md F2, we momtored_ their time-resolved
the N* state in comparison to the T* st&&2Lso that the intensity decays in ethyl acetate and dichloromethane. As a

electrochromic and solvatochromic effects can provide a selec- retpres_?n':jatlve eli(zmp:;ez, _F|gtuhr el 3 s{h?ws thz tém?-res_ol\{ed
tive stabilization of the former. intensity decay of dye F2 in ethyl acetate recorded at emission

. wavelengths of 490 nm (A) and 600 nm (B). At these
We also observe that the two solvents produce different wavelengths the decays of N* and Torms, respectively, can

quenching effects on F and F2 dyes. The fluorescence quantunmy,q selectively monitored. To provide a model-independent

yield of both dyes is lower in ethyl acetate (0.061 for F and 4aonvolution of decays, the maximum entropy methocas
0.196 for F2) than in dichloromethane (0.151 for F and 0.685 (o4 The decay of the N* form was found to follow a

for F2). This reflectsac_ommon regularity for_SHF derivatives: biexponential function with a shorter component of 51 ps
the lowest quantum yields are observed in hydrogen bond ,qqqciated with a 67 % amplitude and a longer component of
acceptor solvents, such as esters and efflers. 700 ps (Table 1). No improvement of the fit was obtained for
To provide a definite answer, whether the ESIPT equilibrium  this form if negative amplitudes were allowed in MEM analysis
model is able to describe the Origin of the SOlvent-dependent (data not Shown)_ In contrast, when negative amp“tudes were
two-band behavior of '4(dialkylamino)-3HFs, and how the  allowed for the analysis of the*Tform decay, a dramatic
excited-state deactivation processes affect this mechanism, wemprovement of the fit was obtained (compare traces 3 and 4
performed time-resolved fluorescence measurements over then Figure 3B). The presence of a component with negative
whole emission spectrum. amplitude is already obvious from the decay curve itself (trace
Time-Resolved Emission Decays and Spectrazor an 1 in Figure 3B) showing a rise in the initial channels, which is
excited-state reaction between the N* and T* forms (Figure 1), characteristic for excited-state reacti®g? Importantly, the
the differential rate equations for the change of concentration lifetimes of the N* and T* forms were found to be the same.
of the N* and T* species, [N*] and [T*], with time are given = Moreover, the two pre-exponential factors associated with T*

with yn» = kg + k“R + k+ andy = kE + kLR + k.

When the ESIPT reaction between N* and T* states is
reversible, then as shown by egqsBthe two decay times of
the N* and T forms should be characterized by the same
and 7, values. Moreover, the two preexponential factors
describing the growth and decay of*[Tlshould be identical in
magnitude but opposite in sigh32These features can be used
as relevant criteria for the application of the reversible model
described in Figure 1.
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Figure 3. Intensity decay profile of probe F2 in ethyl acetate. Excitation
wavelength was 430 nm. (1) Emission decay; (2) instrument response
function. (A) Emission of N* form observed at 490 nm. Residuals
correspond to a two-component analysis with the positive preexpo-
nential factors given in Table 1. (B) Emission of T* form observed at
600 nm. Residuals correspond to a two-component analysis with either
two positive preexponential factors (3) or both positive and negative
preexponential factors (4).

TABLE 1: Time-Resolved Fluorescence Parameters at the
Two Emission Bands and Quantum Yields of F and F2 Dyes
in Ethyl Acetate and Dichloromethane

dye solvent band 73, ns o 7, ns AP Q
F  ethyl acetate N* 0.038 0.87 0.31 0.13 0.014
T* 0.038 —-0.49 0.33 0.51 0.047
dichloromethane N* 0.061 0.78 0.65 0.22 0.049
T* 0.053 -0.47 0.65 0.53 0.102
F2 ethyl acetate N* 0.051 0.67 0.70 0.33 0.092
T* 0.055 —-0.44 0.64 0.56 0.104
dichloromethane N* 0.082 0.24 2.16 0.76 0.586
T 0.071 -0.50 2.05 0.50 0.099

a7, andrt, are fluorescence lifetimes;; ando, are preexponential
coefficients. The excitation wavelength was 430 nm. The time-resolved
data for the N* and T* bands were recorded at 490 and 600 nm,
respectively® a; anda, values were normalized according [to| +
log] = 1.

emission decayo] andaj) are of similar amplitude and
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Figure 4. Emission wavelength dependence of the time-resolved
parameters of dyes F (open symbols) and F2 (filled symbols) in ethyl
acetate. Excitation wavelength was 430 nm. The time-resolved param-
eters were obtained using MEM methdd) Lifetimes of the short-
lived (1) and long-lived t;) components. (B) Associated preexponential
factors,o, ando..

in ethyl acetate were studied as a function of emission
wavelength (Figure 4). Both short- and long-lived lifetimes of
the two dyes were found constant over the investigated spectral
range (Figure 4A). In contrast, a clear discontinuity is observed
for both preexponential factors (Figure 4B) at the wavelengths,
where the N* and T bands overlap (536540 nm for F and
550-560 nm for F2). At these wavelengths, the amplitudes of
the short-lived components change in sign from positive to
negative and their absolute values become equal to that of the
long-lived components.

The data on the emission wavelength dependence of decay
kinetics were used to calculate the time-resolved emission
spectra (TRES) of both F and F2 dyes in ethyl acetalnese
spectra allow us to observe the redistribution with time of

opposite in sign. These data are in excellent agreement with aemissive species between the N* ani Bands (Figure 5).

model of reversible ESIPT reacti@that proceeds in the 10
100 ps time range. This conclusion is also in line with the data

Already at 10 ps, we observe together with the major N*
emission component, a significant emission from thesfate.

previously reported on dye F in benzene/acetonitrile solvent The relative amount of the latter increases with time and reaches
mixtures® The same behavior is observed for both F and F2 in a maximum at about 100 ps. After 100 ps, the spectra do not
the two studied solvents (Table 1). This suggests that the change their two-band shape significantly, and a simultaneous
reversibility of the fast ESIPT reaction is a general feature for decrease of intensity is observed for both bands. These results
4'-dialkylamino-substituted 3HF derivatives. provide an additional demonstration that ESIPT reaction pro-
Both F and F2 dyes exhibit much higher lifetime values in ceeds in the 18100 ps time range and is faster than other
dichloromethane than in ethyl acetate, in line with the trends deactivation processes.
observed for the quantum yields (Table 1). Moreover, in line  To describe how the ESIPT equilibrium is established with
with the higher quantum yield of F2 with respect to F in both time, we analyzed the time-dependence of the relative popula-
solvents, both the short and long lifetimes of F2 are higher than tions of the two states, [T*]/[N*]. The latter were obtained from
the corresponding lifetimes of F. Importantly, the increase of eq 3 and 4, using the experimental lifetimes and preexponential
solvent polarity from ethyl acetate to dichloromethane decreasescoefficients®® As seen from Figure 6, [T*)/[N*] increases

significantly the ratio of amplitudes;i/a,, associated with the
N* band lifetimes. A substantial decrease of théo., ratio also
results from introduction in F2 of the cationic group.

To further validate the relevance of the reversible reaction

nonlinearly with time and reaches an equilibrium value after
ca. 200 ps. It appears clearly that the time required for the
populations of the two states to reach the equilibrium value is
much shorter than the long-lived lifetime values in all cases,

model, the fluorescence intensity decays of both F and F2 dyesexcept for F in ethyl acetate.
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Figure 5. Time-resolved emission spectra for dyes F (above) and F2
(below) in ethyl acetate.
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Figure 6. Relative populations of the N* and T* excited states for F
and F2 dyes as a function of time: (1) F in ethyl acetate; (2) F in
dichloromethane; (3) F2 in ethyl acetate; (4) F2 in dichloromethane.

On a next step, they» andyt+ values were calculated from
egs 5-8 by

72)

V2)

©)

(10)

Y= V2 T all\l*(Vl -

Y1e =V1— a’f*(yl -

Shynkar et al.

TABLE 2: Kinetic Constants Calculated on the Basis of
Fluorescence Decay Data and Quantum Yields

F F2
solvent EtOAc CHCI, EtOAc CHCl,

10 %+ (579 22.0 13.2 13.3 35
10 %7+ (s7Y) 6.2 4.9 7.6 8.5
10792 (s77) 5.7 4.7 6.9 8.5
10 %y + y1) (s71) 28.1 18.2 20.8 11.9
107%; (s} 26.3 16.4 19.6 12.2
K, 3.6 2.7 1.75 0.41

o 6.7 35 2.0 0.32
Qr+/Qn+ 3.4 2.1 1.13 0.17
lO‘gkR* (sY 0.19 0.26 0.35 0.36
kf{/kg* 0.50 0.59 0.56 0.53
1@9@* (sY 0.10 0.15 0.20 0.19
10%g (s 0.20(0.11) 0.23(0.18) 0.28(0.25) 0.32(0.32)
10 %nr (s71) 3.0 1.31 1.15 0.15

ayn~ and yr- are the decay rate constants of N* and T* bands,
respectively.y7” was measured by the differential method, as de-
scribed in the text. If ESIPT rate constants are much higher than
radiative and nonradiative rate constants thignandyr+ correspond
to the forward and reverse rate constakisandk-, respectivelyK,
(=yn/yt+) andK, (=ai/op) describe the equilibrium constant of the
ESIPT.Qn+ and Q- correspond to the quantum yields of the N* and
T* bands, respectively. The radiative rate constants of N* and T* forms,
kY and ki, were calculated as described in the text. The overall
radiative rate constankg, was calculated from the right and left
(numbers in brackets) parts of eq 21.

application of this procedure requires a spectral region where
the emission from the N* state could be observed without
overlap from that of the T* state. This is assumed to be achieved
in the blue edge of the N* band. For both F and F2 compounds
y3:P, the inverse of the$.’ lifetime directly measured by this
differential method is in excellent agreement with jhe value
calculated from eq 10 (Table 2).

Moreover, on the basis of the present data and those reported
earlier for F in acetonitrile/benzene mixtufese may assume
that the ESIPT reaction is much faster than the radiative and
nonradiative deactivation processes, so kgt > kg + kyr.

Then eq 8 can be simplifie®:3¢
Y=k, and

ype =k (11)

ri=kitk (12)

. . k . " k_
ya= (kg + kLR)(ﬁ) +(ky + kNR)(m) (13)

It follows that the measured short-lived component describes
the ESIPT kinetics, whereas the long-lived component describes
the radiative and nonradiative deactivation processes weighted
by the partition of N* and T* forms in the excited state.
Importantly, the experimentgh values €7171) are very similar

to theky + k- values expressed ag+ + y1+ (Table 2) in all

four studied cases, suggesting that the ESIPT reaction is indeed
much faster that the deactivation processes, so that most part
of the emission proceeds after the species populating N* and

and presented in Table 2. To independently assess the relevancé* states reach dynamic equilibrium.

of the calculategr- values, the differential methétiwas used.
This method relies on the fact that the population of the T*

Taken together, our data allow us to apply a simplified model
for the calculation of the kinetic parameters, based on the

state can be considered as a convolution integral with the N* consideration of ESIPT resulting in rapid two-state equilibrium.

state. In this respect, deconvolving the T* state emission with

ESIPT Dynamics.On the basis of eq 11, we may define the

the N* state emission (considered thus as a response function)equilibrium constanK and express it as

yields the lifetime 5" = (y£9)~1) of the T* state that would
be observed if the T* state could be directly excited. The

K=K,/ = yplyr (=K,) (14)
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An alternative possibility to estimate the equilibrium constant that the oscillator strength of the #T transition is probably 2

is provided by a simplified solution of eqs-3:% times smaller than the oscillator strength of the-N§ transition.
On the basis of the approximation that the ESIPT reaction is
K=k /k_ = [TH/[N*] ( t—w)=o)10)) (=K,) (15) much faster than the deactivation processes, the overall quantum

yield Q can be simply expressed as

Both approximations (eqs 14 and 15) are based on the
assumption that ESIPT reaction is much faster than the ky + Kk
deactivation processes. Noticeably, this approximation is less Q= T+ N T
applicable in eq 14 than in eq 15 whién> 1 orK < 1, because kg +Kkg + kg + Kkyr
in these casek- or k+ values, respectively, become small and )
comparable in magnitude with the corresponding deactivation Moreover, eq 13 can be rewritten as
constants (so thatr > k- or yn+ > ki, respectively). K 1

The calculated values ofy+, y1+, K,, andK, are given in Uz, = (K + K (_) + (KN 4 N (_) 20
Table 2. It can be seen that the andK,, values match closely, 2= e Thillici ) T e TRl ) (20)
except for F in ethyl acetate. As described above, this latter ) ) )
discrepancy is probably becauge > k-, so that thek, value and combined with eq 19 to yield
appears abnormally low. The paramet€ris an important . .
characteristic of the ESIPT reaction and depends strongly on Ky + KKk /(1 + K) = Qlr, = kg (21)
solvent polarity and the presence of a cationic group in F2.
Indeed, for both F and F2 dyes, an increase in solvent polarity and
results in a significant decreasekfand thus, a shift in ESIPT
equil_ibrium toward the_N* state. This is i_n accordance with_ the k“R + K T*R/(l +K)=(1 - Q)r, =k (22)
previously reported kinetic data of F in toluene/acetonitrile
solvent mixturesand the detailed steady-state solvatochromic wherekg andkyr

data of a diethylamino analogue offDecreased values for o adiative rate constants of the excited molecule in the ESIPT
fla\/_ong F2 as comparc_ad to F indicate that t_he introduction Qf & equilibrium. It follows that thek values may be calculated either
cationic group producing an electrochromic effect also shifts directly from overall quantum yield and lifetime (right part

the ESIPT equilibrium toward the N* state, in line vyith previous ¢ eq 21) or from the kinetic constants (left part of eq 21). The
steady-state dafd Importantly, both solvatochromic and elec-  oqe similarity of the values obtained by these two approaches
trochromic effects ol values correlate well with the changes  tap1e 2) provides additional evidence for the proposed two-
of the quantum y'?ld ratio between the two emission b.@‘ds state equilibrium model. It allows describing ESIPT dynamics
Qu- (Table 2). This fact demo_nstr_ates that in all studied cases 5, calculating the kinetic parameters of the system with a good
we use_d _reasonable approximations, so that t_he _c_hanges Obpproximation. However, this model appears less valid for dyes
nonrgdlatlve rate constants dq not contribute significantly to | ih 1w Q values and short, lifetimes. Indeed, in contrast to
variations of the relative intensities of the two bands. The only the three other cases, the rates of nonradiative deactivation of

partial exc_epti(_)n is F in ethyl acetate, where the fluorescence ¢ j, ethyl acetate are comparable with ESIPT rate constants
guantum yield is low and the difference between rates of ESIPT and, thus, could not be neglected.

and deactivation processes are probably smaller.
Determination of Radiative and Nonradiative Rate Con- Discussion

stants. Using the time-resolved decay parameters and the ] )

quantum yield of the N* band, the radiative rate constant for Model of Reversible Two-State ReactionFor parent 3HF,

(19)

describe respectively the overall radiative and

the N* state may be calculated by the ESIPT reaction kﬁnetics in free jets and matrix-isplated
systems is observed in the femtosecond time raféelt is
kg* = Q- /(aT*rl + ag'*rz) (16) thought to occur without activation barrier through proton-

tunneling along the reaction coordinate connecting proximate
proton-donor and proton-acceptor groups and thus is very fast.
This reaction is also very fast in solutions, and according to
some authors, it could be analogous to solvent-activated

Then, on the basis of the approximation of fast ESIPT
equilibrium, we can write

Q k:[T*] adiabatic electron transféf:38 A different picture is observed
= (17) for 4'-dialkylamino-substituted derivatives, for which the ESIPT
Qu kg*[N*] reaction is strongly retardédespecially in polar solvents. In

(dialkylamino)-3HFs, the N* state is essentially a charge-transfer
Becausek = [T*]/[N*], the ratio of rate constants can thus be (CT) state??239Thus, after initial excitation to the Franek

expressed as Condon state, a rapid transition to CT state should occur, being
followed by solvent relaxation. This raises the question on the

k;* Q. coupling between solvent relaxation and ESIPT reaction. Several

- = KO (18) arguments strongly suggest that solvent reorganization dynamics

kg N* (and other relaxation processes, like torsional motions) are not

coupled directly with ESIPT. First, the ESIPT rate constants
Importantly, the ratios of rate constants were found to be similar observed in this study are about2 orders of magnitude slower
for all the studied cases (Table 2), suggesting that the relativethan the dielectric relaxation rates in common aprotic low-
oscillator strengths of the N*N and T*~T transitions do not  viscous organic solvent§.Second, there are no indications of
change significantly with the provided perturbations. Moreover, inhomogeneous kinetics that are characteristic for slowly
theky values obtained from eq 18 were found to be about 2 relaxing systemél“2Indeed, the intensity ratidy:/I1+, in the
times lower than thdxg* values in all the cases, demonstrating steady-state spectra does not depend on the excitation wave-
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length (data not shown), and in time-resolved experiments, theresolved data and those calculated from the ratios of quantum
shorter lifetimer; does not change over the N* emission band yields of the two forms, further suggests that the dual emission
(Figure 4). is controlled by the Boltzmann distribution of the relative
Accordingly, because solvent relaxation occurs on a much Populations of the N* and T* states at equilibrium.
faster time scale, the N* and T* states can be considered as Radiative and Nonradiative Rate Constants.Our data
dielectrically stabilized. The ESIPT reaction occurs in the indicate that the radiative rate constants of N* and T* states,
conditions of solvation equilibrium, the solvent-unrelaxed states ki andkg , for both F and F2 dyes are almost independent of
are not involved, and the relative intensity of the two emission solvent. This suggests that the mechanism of emission remains
bands of both F and F2 dyes are controlled predominantly by unchanged, and the formation of specific soluselvent
the ESIPT equilibrium. To provide direct experimental evidence complexes can be excluded. Furthermore, the absolute values
for the reversibility of ESIPT reaction and determine the of these constants are almost 2 orders of magnitude smaller than
radiative and nonradiative rate constants for both excited statesthe ESIPT rate constants, excluding a direct influence of the
the intensity decays of F and F2 were recorded with picosecondradiative processes on establishment of ESIPT equilibrium. It
resolution at different wavelengths over all the emission is important to note that the radiative rate constants for the N*
spectrum. In full agreement with a reversible two-state protess, emission are about twice as high as those of the T* emission,
(a) a short lifetimer; with a positive preexponential coefficient  suggesting a higher oscillator strength of the N transition?3
is observed for the N* band, whereas for the T* band, the same due to the stronger charge-transfer character of the N* state
lifetime is associated with a negative preexponential component,compared to that of the T* state.
(b) the long lifetimes associated with N* and T* bands are the  |n contrast to the radiative rate constants, the nonradiative
same over the whole spectrum, and (c) the preexponentialrate constants depend significantly on the solvent. Indeed, the
coefficients for the T* band emission decay are opposite in sign nonradiative rate constants of F and F2 were found to be much
and of the same magnitude. larger in ethyl acetate than in dichloromethane (Table 2).
Our data underline the important differences between the Because the decrease in the quantum yield of 3HF derivatives
parent 3HF and its'4dialkylamino-substituted derivatives. In  in hydrogen-bond acceptor solvents was previously shown to
parent 3HF, slow ESIPT kinetics (in the picosecond time range) be related to the formation of hydrogen bonds of the 3-OH group
occurs only in protic solvents where the solvent hydrogen with the solvent molecule®, it may be suggested that this
bonding with the dye may produce an activation barfet> H-bond formation is also responsible for the increase irkilpe
In this case, the reaction being irreversible is characterized by value. Moreover, from the comparison of F and F2, it may be
the fact that the long-lived component of the T* state is further concluded that electrostatic stabilization of the N* state
remarkably longer than the corresponding component of the N* with the cationic group significantly decreases the nonradiative
state!3~15 This feature has never been observed in our case, rate constant.
suggesting that whereas in the parent 3HF the ESIPT reaction |mportantly, thekyg values are substantially lower than the
is kinetically controlled, for its 4dialkylamino derivatives it~ ESIPT rate constants for all the cases (except F in ethyl acetate),
is under thermodynamic control, i.e., determined by the relative suggesting that nonradiative processes should not play a
energies of the N* and T* states. significant role in the establishment of the two-band profile of
ESIPT Reaction Provides a Fast Equilibrium between the the steady-state spectrum. The absence of correlation between
N* and T* States. According to our data, the ESIPT reaction the fluorescence quantum yields and the intensity ratios of the
appears to be much faster than radiative and nonradiativeemission bands further support this conclusion. The indepen-
excited-state deactivations. This feature was notably deduceddence of these two parameters was already shown by extensive
from the fact that the short-lived lifetime componer)(n all steady-state solvatochromic studies on an F analogue 4
four cases is 1 order of magnitude smaller than the correspond-(diethylamino)-3-hydroxyflavone (FEY.If these parameters are
ing long-lived componentzg), in line with the previously coupled, then the decrease of nonradiative decay rate (increase
reported data on flavone F in acetonitrile/benzene mixttires. of the quantum yield) should result in an increase of the T*
Moreover, our data further suggest that the ESIPT equilibrium emission intensity (because in this case longer times are allowed
is reached on the early step of emission (within 2200 ps). for the forward ESIPT to proceed). Because an exactly opposite
After this time, the shapes of emission spectra do not further result was observed, it may be concluded that the establishment
change with time and are close to the corresponding steady-of ESIPT equilibrium does not depend on the radiative or
state spectra. nonradiative deactivations of the excited state.

Because ESIPT reaction is reversible and occurs much faster Our results also demonstrate that the model based on fast
than the emission decay, it follows that the observed strong ESIPT equilibrium is limited when the quantum yield of the
solvatochromic and electrochromic effects in the electron-donor- dye is low. In this case, the nonradiative deactivation rate
substituted 3HFs are due to shifts in the ESIPT equilibrium. becomes comparable with the ESIPT rate and the equilibrium
The N* state possesses a significantly higher dipole moment constants calculated from the ratios of T* to N* quantum yields
as compared to that of T* state, resulting in much stronger deviate from the equilibrium constants, or K,, calculated
solvatochromic responsé.Indeed, the N* band shows strong from the lifetime measurements. This is particularly observed
positive solvatochromy, whereas the T* band is almost inde- for F in ethyl acetate, where the quantum yield ratio is
pendent of the solvent polarity. It follows that an increase of significantly lower than th&, or K, values. However, the model
solvent polarity results in a stronger dielectric stabilization of works well for 3HF dyes that have quantum yields higher than
the N* state as compared to the T* state, leading to a shift of 0.1 and allows us to confidently determine the rate constants.
ESIPT equilibrium toward the N* state. Likewise, the introduc- In all these cases, the dramatic changes in the dual emission of
tion of a cationic group in the case of F2 provides a strong 4'-(dialkylamino)-3HFs are a result of the shifts in ESIPT
Stark effect that stabilizes selectively the N* state and dramati- equilibrium due to solvatochromic and electrochromic effects.
cally shifts the ESIPT equilibrium toward this st&toreover, The results of the present study provide us the strategy for
the similarity between th& values calculated from the time-  the development of new two-band ratiometric probes based on
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3HF derivative€444.45]t should be based on the fact that unless (20) Waluk, J. InConformational analysis of Molecules in Excited States
the fluorescence quantum yield is very low, the relative Wa'zul'" f\l Ei-; W}'!EKI'VAC_'& N‘;W Yﬁrk' 3/0_02? EhapteAr ?\1 . )
intensities of N* and T* bands are guided by the conditions of (G,_;)Baﬁmag\é"cv\’, J.'Pﬁbtc;gﬁeﬁqr_lop,‘]giobi’o|_UA:'ng\{;e,ioo'i 1'},'8"?;3” o
the ESIPT equilibrium. Because the latter can be controlled in 62.

a predictable way by chemical substitu¢fnd the properties (22) Nemkovich, N. A.; Baumann, W.; Pivovarenko, V. &.Photo-
of probe environmeri it becomes possible to design new chem. Photobiol. /2002 153 19-24.

fluorescence dyes with programmed two-band fluorescence and,, 2o hao k. A S-; Demchenko, A. 8. Am. Chem. So2002

sensing properties. (24) Klymchenko, A. S.; Duportail, G.; Ozturk, T.; Pivovarenko, V. G.;

Mély, Y.; Demchenko, A. PChem. Biol.2002 9, 1199-1208.
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