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3-Hydroxyquinolones (3HQs), similarly to their 3-hydroxychromone analogs, undergo excited state intramo-
lecular proton transfer (ESIPT) resulting in dual emission. In the ground state, 2-phenyl-3HQ derivatives are
not flat due to a steric hindrance between the 2-phenyl group and the 3-OH group that participates in the
ESIPT reaction. To study the effect of this steric hindrance on the ESIPT reaction, a number of 3HQ derivatives
have been synthesized and characterized in different organic solvents by steady-state and time-resolved
fluorescence techniques. According to our results, 2-phenyl-3HQ derivatives undergo much faster ESIPT (by
nearly 1 order of magnitude) than their 2-methyl-3HQ analogs. Moreover, 1-methyl-2-phenyl-3HQ having a
strongly twisted 2-phenyl group undergoes a two- to three-fold slower ESIPT compared to 2-phenyl-3HQ.
These results suggest that the flatter conformation of 2-phenyl-3HQ, which allows a close proximity of the
2-phenyl and 3-OH groups, favors a fast ESIPT reaction. The absorption and fluorescence spectra of the
3HQ derivatives additionally confirm that the steric rather than the electronic effect of the 2-phenyl group is
responsible for the faster ESIPT reaction. Based on the spectroscopic studies and quantum chemical calculations,
we suggest that the 2-phenyl group decreases the rotational freedom of its proximal 3-OH group in the more
planar conformation of 2-phenyl-3HQ. As a result, the conformations of 3HQ, where the 3-OH group orients
to form an intramolecular H-bond with the 4-carbonyl group, are favored over those with a disrupted
intramolecular H-bond. Therefore, the 2-phenyl group sterically favors the intramolecular H-bond and thus
accelerates the ESIPT reaction. This conclusion provides a new understanding of the ESIPT process in
3-hydroxyquinolones and related systems and suggests new possibilities for the design of ESIPT based

molecular sensors and switchers.

1. Introduction tion of the phenyl group with the 3-hydroxychromone ring

The mechanism of the excited-state intramolecular proton Cr€ases the basicity of the 4-carbonyl group and thus
transfer (ESIPT) in 3-hydroxyflavones (3HFs) is a matter of strengthens the |.ntra.molleculqr H-bond. This in turn acc.eler.ates
debate since its introduction by Sengupta and KdgEhese the ESIPT reaction in line with the' very fgst ESIPT kinetics
authors suggested that ESIPT occurs without energetic barrier(30 fS) recently measured for 3HF in aprotic solvefts.
so that it is essentially a tunneling process. Moreover, they ~Recently, a new class of dyes, 2-aryl-3-hydrox{)-
proposed a critical role for the motion of the 2-phenyl group in quinolones (3HQs), which are structural analogs of 3HFs, was
the ESIPT reaction. This interpretation was critically revised introduced®(Chart 1). The 3HQ dyes exhibit also two emission
by Woolfe and Thistlethwaite who claimed that ESIPT in apolar Pands due to ESIPT.Because 3HFs already found a large range
solvents exhibits a high activation barrier but does not depend ©f @pplications as fluorescent probes in bioldgy:’ the 3HQ
much on the phenyl motichThe role of the 2-phenyl ring in dyes form a new promising class of dyes, especially due to their
3HF was further investigated by Barbara et al. who showed higher photostability as compared to the 3HF analdgs.
that modification of the phenyl group with a methyl group in How_eve_r, the devglopment of improved 3HQ_ dyes for p_artlcular
its ortho position decreases the intensity of the tautomer @pplications requires a better understanding of their ESIPT
emissiort A similar effect was observed later with 2-benzo- Mechanism. In this respect, we have recently shown that the
furanyl derivative§. These results point out that a planar dual emission of 3HQs is highly sensitive to solvent properties,
configuration of 3HF is required for fast ESIPT reactigiThe especially polarity and H-bonding basicity. In addition, the
observed phenomenon was explained by the electronic effectintroduction of a methyl group at the nitrogen heteroatom was
of the 2-phenyl group on 3-hydroxychromone moiety. Thus, found to increase dramatically the N* emission, so that both

this planar configuration and, therefore, the optimized conjuga- balndstalrlelsof comparable intensities in a number of organic
solventst®
*To whom correspondence should be addressed. E-mail: (D.AY.)  This strong effect of the N-methyl group, which actually does

gr;]wytro@rggagrgg.gatg%bgﬁfr: ng'g'ggoalz‘g’gclge“ko@pharma-“'s”""Sbg-fr' not change considerably other spectroscopic properties, could
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T Kyiv National Taras Shevchenko University. be mainly due to changes of the orientation of the 2-phenyl
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10.1021/jp071075t CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/24/2007



Excited-State Intramolecular Proton Transfer in 3HQs J. Phys. Chem. A, Vol. 111, No. 37, 2008987

CHART 1. Structures of 3HF and 3HQ Derivatives. g
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Figure 1. (a) Ranges of absorption and fluorescence maxima of 3HQs
in the studied organic solvents. (b) Fluorescence spectra of 3HQs in

| H DMF. The excitation wavelength was 360 nm.
N “ tomultiplier coupled to a Philips 6954 pulse preamplifier and
H u,,,_‘,)Q were recorded on a multichannel analyzer (Ortec 7100) cali-
H brated at 25.5 ps/channel. The instrumental response function
HPQ MPQ was recorded with a polished aluminum reflector, and its full-

width at half-maximum was 50 ps. Time-resolved decays were
effect was observed with ortho-substituted 3HBut in both analyzed both by the iterative reconvolution method and the
cases the mechanism of the effect of the phenyl group remainsmaximum entropy method (MEM}. The goodness of the fit
unclear. To further understand this phenomenon, we synthesizedvas evaluated from thg? values, the plots of the residuals,
substituted 3HQs without 2-phenyl group and compared their and the autocorrelation function. Quantum chemical calculations
properties with 2-phenyl-substituted derivatives (Chart 2). Our of 3HQs were performed with the AM1 semiempirical metiod
results show that the steric interaction of 2-phenyl and 3-OH using the MOPAC 6.0 program. To estimate the mean dihedral
groups is of key importance. Indeed, 2-phenyl-3-hydroxi-#{ angle between 2-phenyl and 3HQ rings, we first calculated with
quinolone (HPQ), the 2-phenyl-3HQ with the most flat structure, AM1 method the dependence of energy versus the dihedral angle
undergoes the fastest ESIPT, while the 2-methyl-3-hydroxy- and then applied Boltzmann statistics for room temperature to
4(1H)-quinolone (HMQ) and 1-methyl-2-methyl-3-hydroxy- calculate the probability of each conformation.
4(1H)-quinolone (MMQ) dyes without 2-phenyl group exhibit
the slowest ESIPT. These results suggest that the flat structure3. Results and Discussion
of HPQ freezes the rotation of the 3-OH group, stabilizing the

3.1. Spectroscopic Properties of 3HQ DyesAbsorption
intramolecular H-bond and thus accelerating the ESIPT reaction. P P b Q Dy P

spectra of the four studied dyes in different organic solvents
are composed of a single band with the maximum slightly

2. Materials and Methods

HPQ, 1-methyl-2-phenyl-3-hydroxy-#)-quinolone (MPQ),
HMQ, and MMQ were synthesized by condensing the corre-
sponding anthranilic acid ester in polyphosphoric acid as
previously describeél11 All the solvents and chemicals were
purchased from Aldrich. The solvents were of spectroscopic

varying with the dye structure. In 2-methyl-3HQ, introduction
of a N-methyl group (MMQ) results in a ca. 10 nm red shift of
the absorption maximum (Figure 1, Table 1), which is probably
related to the electron donor property of the methyl group.

In contrast, the N-methyl group does not shift the absorption
maximum of 2-phenyl-3HQ. This absence of red shift is

grade. Absorption spectra were recorded on a Cary 4 spectro-probably related to the decrease of planarity of the 3HQ
photometer (Varian) and fluorescence spectra on a FluoroMaxmolecule in the presence of the N-methyl gr8ufhat com-
3.0 (Jobin Yvon, Horiba) spectrofluorometer. For the steady- pensates the red shift effect of this group. Indeed, a similar
state fluorescence measurements, the excitation wavelength wadecrease of the planarity of a 3HF molecule by modification of
360 nm. Fluorescence quantum yields were determined by takingits 2-phenyl ring with an ortho-methyl group was previously
quinine sulfate in 0.5 M sulfuric acid (quantum vyielg, = shown to shift the absorption band by ca. 20 nm to the blue,
0.577}° as a reference. due to the decrease of the electronic conjugation between the
Time-resolved fluorescence measurements were performed2-phenyl and chromone rings.
with the time-correlated, single-photon counting technique using  The fluorescence spectra of all dyes in the studied solvents
the frequency-doubled output of a Ti-Sapphire laser (Tsunami, show two emission bands, which according to our previous
Spectra Physics), pumped by a Millenia X laser (Tsunami, studied®18can be assigned to the emission of the normal- (N*)
Spectra Physicsf. The excitation wavelength was set at 320 and tautomeric- (T*) excited states. For all the dyes, the
nm. The fluorescence decays were collected at the magic angleexcitation spectra recorded at these two emission band maxima
(54.7) of the emission polarizer. The single-photon events were are very close to the corresponding absorption spectrum,
detected with a microchannel plate Hamamatsu R3809U pho-indicating that both emission forms originate from the same
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TABLE 1: Spectroscopic Properties of 3HQs in Different

Yushchenko et al.

Organic Solvent$ o E!‘ a
solvent 3HQ Zabsnm AN*nm AT*nm Iy/lt= @ 104 O [ N
chloroform MMQ 360 405 466 0.07 0.37 < ‘ = '
MPQ 368 418 518 0.07 0.23
HMQ 343 390 453  0.08 0.41 b = )
HPQ 364 422 503 0.02 0.44 14 g
ethyl acetate MMQ 354 403 475 0.07 0.42 — b
MPQ 368 420 532 0.09 0.15 104 U2 2
HMQ 343 394 459 0.09 0.44 ® o) -
HPQ 363 403 513 0.03 0.36 = 1] -
acetonitrile MMQ 352 403 471 0.11 0.45 o
MPQ 366 419 525 0.10 0.12 [ =
HMQ 341 397 456 0.12 0.49 0.14
HPQ 362 424 510 0.02 0.32 L — T T L —
ethanol MM 353 403 470 0.26 0.54 O & LS L L U &
MPQ. 366 424 523 05l 013 S S5 s §8 5
HMQ 340 390 448 018 0.63
HPQ 362 425 514 0.09 0.36 HMQ " HPQ " MMQ " MPQ
methanol MMPl\AQQ 5’&2 4?203:1 54f97 1051'15 81532 Figure 2. Intensity ratio of T* to N* bands (a) and the ESIPT rate
HMO 340 396 448 0"37 0.'5 4 constants (b) c_)f the four SHQ_s in ethyl acetate (EtOAc), acetonitrile
HPQ 361 425 512 034 035 (MeCN) and dimethylformamide (DMF).
DMF MMQ 361 413 478 052 0.72 o _
MPQ 368 426 536 0.77 0.19 Substitution of the 2-methyl group in HMQ by a 2-phenyl
HMQ 348 406 463 059 0.71 group in HPQ strongly increases the relative intensity of the
HPQ 367 432 519 016 039 T* emission, that is, thet/Ix+ ratio (Figure 2a). Further
DMSO l\'\//l'g"Q ggg iég ‘égi 2-8(2) 8-22 attachment of the N-methyl group in MPQ decreases the
HM% 350 409 263 105 0.86 I++/1\+ ratio back to the values of the nonsubstituted dye HMQ.
HPQ 368 435 519 034 051 Meanwhile, introduction of the N-methyl group in the dye
H,O (phosphate MMQ 346 448 0.61  without 2-phenyl group (MMQ) does not change significantly
buffer pH7)  MPQ 351 422 499 072 013 the relative intensities of the two emission bands (Figure 2a,
HMQ 335 437 054 " Table 1). Thus, we conclude that introduction of the 2-phenyl
HPQ 352 413 495 0.12 0.45

@labs Position of absorption maximaly- and Ar+: position of
fluorescence maxima of N* and T* formks/I1+: ratio of the intensities
of the two emission bands at their peak maxima. fluorescence
guantum yield.

ground-state species. The position of these two emission band

varies with the substituents. Introduction of a N-methyl group
in 2-methyl-3HQ shifts the emission maxima to a small extent.

These shifts are close to those observed in the absorption spectr

so that the Stokes shifts of the N* and T* bands remain
unchanged. Meantime, introduction of a 2-phenyl group shifts
the N* and T* bands to a different extent. While the N* band
shifts slightly to the red similarly to the absorption band, the
T* band is strongly red-shifted. As a result, the Stokes shift of
the T* band of MPQ is 13 nm (1380 ct#) larger than that of
MMQ. A similar shift is observed when HPQ is compared with
HMQ. This significant increase in the Stokes shift of the T*

group favors the T* emission of the 3HQ dyes. In contrast, the
N-methyl group switches off this effect, likely by twisting the
phenyl ring out of the quinolone plane, due to steric hindrance.
This conclusion is substantiated by the lower quantum yield of
MPQ in respect with HPQ, in line with a less planar conforma-
tion in MPQ with a lower conjugation of the aromatic units.

Similar changes in the intensity ratio were previously reported

for 3HFs when the 2-phenyl group is methylated in the sterically
hindered ortho positiof Thus, it appears that the more planar

%onformation of HPQ favors the T* emission.

Noticeably, in contrast to the absorption and emission maxima
that do not change considerably with the solvent, the intensity
ratios vary strongly, especially in solvents of different basicity.
For instance, the relative intensity of the T* emission in
dimethylformamide (DMF) is much lower than that in aceto-
nitrile, a solvent of similar polarity but much lower basicity.
This strong effect of solvent basicity is in line with our recent
studies with other 3HQ derivatives and suggests that it is a

band on introduction of the 2-phenyl group can be assigned to general property of 3HQ dyés.

the flattening of the HPQ and MPQ molecules in the T* state.
Indeed, it was previously shown that the 2-phenyl-3HQ dyes
are not planar in their ground staféso that the 2-phenyl group

3.2. Time-Resolved Fluorescence Measuremenigo ana-
lyze whether the changes in the/l 1+ ratios are connected with
the rates of the ESIPT reaction, the time-resolved decays of

is tilted with respect to the quinolone heterocycle. As a hoth emission bands of the 3HQ dyes were measured in different
consequence, a flattening of the molecule in the excited statesolvents. In both HMQ and HPQ dyes, the fluorescence decays
would decrease the energy of the Sate (due to increased of the N* band are clearly faster than those of the T* band
electronic conjugation) and increase the energy of the nonrelaxed(Figure 3). Moreover, the T* decay curves contain a raising
S state due to the unfavored flat conformation in the ground component, which indicates that the T* species is formed due
state. Therefore, this flattening of the dye in the excited state to an excited-state process. The fluorescence decay times and
leads to the observed larger Stokes shift for HPQ and MPQ. the corresponding pre-exponential coefficients of the four
Because this phenomenon is only observed to the T* emissionstudied dyes in various organic solvents are given in Table 2.
band, we conclude that the studied 2-phenyl-3HQs are probably The identical short-lived decay times for the N* and T*
more flat in the T* state than in the N* state. The importance forms and their negative amplitudes for the T* form confirm

of this conclusion becomes clearer when the intensity ratio of that the T* state is produced from the N* state through an ESIPT
the two emission bands as well as their time-resolved decaysreactior?° The long-lived lifetimer, is systematically observed
are analyzed. for the T* emission, but for the N* band, it is either not observed
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— RF group. In contrast, introduction of the 2-phenyl group increases
10" © '\HAES kg probably by increasing the size and thus the oscillator

strength of the fluorophore. Subtractionkﬁ from 1fr; gives
the sum of the nonradiative and ESIPT rate constaffs+

3 | T*
gm ki (Table 2). To estimate the contribution of the forward ESIPT
8, rate constank; to this sum, we used the following approach.
107 The ratio of egs 1 and 2 gives us a simplified expression of
ks as
10" . . . .
0 5 10 15
Time, ns k+ = % QT* l (3)
Figure 3. Fluorescence decays of N* and T* forms of 3HQs in DMF. ks Qu 72

The decays of the N* and T* forms were recorded at 420 and 540 nm,
respectively. The response function (RF) of the instrument is also  Because thé(g* value does not vary significantly with the
presented. The excitation wavelength was 320 nm. solvent, we can reasonably assume that the radiative rate

T . .
or shows a small amplitude (Table 2). According to previous constant of the T St_atfkRT; shows a sm_nlar behavior. As a
studies®?4these results suggest an irreversible ESIPT reaction conseguence, the rafifl/ ki can be considered as constant in
for all four compounds in the studied solvents. HMQ and MmQ  different solvents. Thusk; is proportional to the relative
dyes show relatively high, values in line with their high- intensities of t'he N*and T* bands and tord/ Consequently,
fluorescence quantum yields (Tables 1 and 2). Within this couple dividing €q 3 in ane sqlvent by that in another solvent allows
of compounds, the N-methyl group does not significantly affect us to estimate the relative changegkofrom solvent to solvent
the emission kinetics. Introduction of the 2-phenyl group

decreases considerabtyand this decrease is especially strong 1

in the MPQ dye, which contains the N-methyl group. The Ez a (4)
decrease im; correlates well with the decrease in the quantum ki

yield (Tables 1 and 2), suggesting that the 2-phenyl group

probably due to its rotational motion opens new deactivation wherekl+ andki are the forward ESIPT rate constants in the
tcrt‘:”gﬁésn ;/rll tﬂﬁgdyii' mil:tggesji ;pagigzgtsﬂic'ﬁlg S;L?Rglc‘;‘;hee”first and the second solvent, respectively, calculated from eq 3.
heterocycle due to the steric hindrance of the N-methyl group. m;l':tzn\;aloubetzir?gg ;:Sr:{,']tie f |rkic::]yt<;2ti::: i;ifr;ﬂl:,'?; é)-i%e”

dezge ?fr;e:t of S#Eﬁt'.t:erglt;tg deée?hz[rs'r:]%?:;gno;hﬁqzhg g|-||3|\-/|-ed check this last assumption, we calculated the ratikﬁ*gﬂ— ki
Y imera, WhICh | inet for a pair of solvents as

reaction (Table 2). Indeed; is the longest in 3HQs without

2-phenyl group and does not depend much on the N-methyl I+ v
group in this case. Introduction of the 2-phenyl group decreases -t NR (5)
71 up to 12-fold in the absence of the N-methyl group and up K+ ke

to 5-fold in the presence of the N-methyl group (Table 2). To

evaluate quantitatively the effect of the substituents on the Wherekm;,l and km;z are the nonradiative rate constants for the
ESIPT kinetics, we used the model of irreversible phototau- N* form in the first and the second solvent, respectively.
tomerizatiorz* which is in line with the observed low amplitudes Then, from the combination of eqs 4 to 5, we can express
of 7, at the N* band. This model allows us to neglect the the k+/K\ ratio for a particular solvent as

backward kinetic rate constark() and to estimate the ESIPT

rate constant&; of the four 3HQg0.23 ;2
Through the use of this model, the quantum yields of the N* a— b—l
and T* bands Qy+ and Q<) can be expressed as k~l+ _ R
N*1 - _ (6)
" - b—a
Quw =k 71 (1)
T Considering a pair of solvents with a low value loflike
Qe = kg 7o(ki7) @) DMF—ethyl acetate or DMFacetonitrile and assuming that

Ne and kye values are of the same order (which is in line

with the values of the fluorescence quantum yields), we can
neglecth Ki2/k\ and express the ratio of the rate constants as

wherer; andr, are the short-lived and long-lived decay times,
respectively, given by the following

lell(kg +k“R+k+); t2=1/(k; + k-f\rlR) N*1 a
Kk ~ b= (7
whereky , ki , ke, kg are the radiative and nonradiative rate
constants of the N* and T* forms, respectively, andis the Using eq 7, we estimated trka/k“;l ratio for all four 3HQs
forward rate constant of ESIPT. Calculation @f+ from the in the three studied solvents. This ratio always exceeds 2.5, so
steady-state fluorescence spectra (Table 1)@arfdom time- that k. > 0,7(k“; + k4). Therefore, the value ok varies

resolved measurements (Tablg 2) allows us to obtain the valuegetween O-WQ;‘F ki) and kﬁ% ke, which allows us to

of the radiative decay constakl{ from eq 1 for the four 3HQs  estimatek, for all four compounds and calculate the error of

in different solvents (Table 2). this estimation (Table 2). When different compounds are
The value ofkg* for HMQ and MMQ is similar in different compared in the same solvent, it appears that the 2-phenyl group

solvents and is not sensitive to the introduction of the N-methyl increases the ESIPT rate constant dramatically (Table 2). The
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TABLE 2: Time-Resolved Fluorescence Parameters of the Two Emission Bands of 3HQs in Organic Solvents

714, Nns ((lj_c) T2, NS @zc)
dye  solvent N* T N* T* Quvd Qe KYP ket kNP kb
HPQ  EtOAc  0.044 (1.00)  0.0410.57) 6.80(0.43) 0.0056 0.36  0.13 23.1 26
MeCN  0.032(0.98) 0.0490.48) 0.032(0.02) 7.30(0.52) 0.0044 030 0.13 28.5 +4
DMF 0.283(1.00)  0.258+0.41) 8.28(0.59) 0.061 040 0.24 3.61 xD6
MPQ  EtOAc  0.063(1.00)  0.0800.57) 4.23(0.43) 0.0093 0.15 0.14 15.2 12
MeCN  0.079(0.98) 0.073{0.50) 4.20(0.02)  4.20(0.50) 0.011 014 0.15 12.7 +12
DMF 0.700 (0.9)  0.700€0.49)  2.85(0.1) 3.64(0.51) 0088 013 0.3 1.32 £0.2
HMQ  EtOAc  0.250(1.00)  0.264<0.53) 8.4(0.47) 0027 041 013 4.64 3907
MeCN  0.392(0.95) 0.3400.42) 8.6 (0.05) 8.6(0.58)  0.035 046  0.09 2.54 204
DMF 2.73(0.99)  2.9040.43)  8.2(0.01) 12.4(0.57)  0.25 0.47  0.08 0.25 020.04
MMQ  EtOAc  0.207 (1.00)  0.231+0.40) 8.1(0.60) 0.021 040 0.08 3.84 3.6
MeCN  0.383(1.00)  0.335{0.40) 8.8(0.60) 0032 042 0.09 2.62 220.4
DMF 2.90(0.78)  3.3640.74)  6.5(0.22) 11.8(0.74) 0.22 0.50  0.08 0.28 02@.04

a 11, 72 (NS) are the short-lived and long-lived decay times respectivglyqy. are the relative amplitudes;\QQr are the quantum yields of the
N* and T* forms, respectivelykg*, k,':‘,R (x 107° s are, respectively, the radiative and nonradiative rate constants of the N*Korfw; 107° s™1)
is the forward rate constant of the ESIPT reactfarhe error for all values is=10% due to the precision of the measuremeitsand ., values
were normalized according fou| + |ag| = 1.

highestk; value is observed for HPQ. Introduction of the —a—HPQ(S0) 4
N-methyl group in MPQ results in a 2-fold decreasekofas —o—HPQ (S1)
compared to HPQ. Thus, our data directly evidence that the —A—MPQ (S0)
2-phenyl group favors the ESIPT reaction, while twisting this —A=MPQ(ST)
group from the quinolone plane by the N-methyl group decreases _/'
this effect. /
Besides the structure of the 3HQ dye, the nature of the solvent sasy A5
also influences the ESIPT kinetics. Indeed, the ESIPT rate is qﬁf
much lower in DMF than in acetonitrile and ethyl acetate. o . T T T T T
Taking into account that DMF and acetonitrile are of close om0 ¢
polarity but differ by their basicity, we conclude that the ESIPT —o— $=40
rate slows down in basic solvents. This conclusion is in line —A— ¢=55
with recent time-resolved studfég® and suggests that basic —A— =55 (¢ =36)
solvents perturb the intramolecular hydrogen bond in 3HQs §10: DE\E
through the formation of an intermolecular H-bond of the dye w do o
3-OH group with the solvent. This intermolecular H-bond blocks 51 " eai e
or slows down the ESIPT reaction. 0{maad@ad 4t nuns® ool aaiiuiiiig,
Importantly, the variations of thi, values correlate well 0 60 120 180 240 300 ©

with the variations of the relative intensity of the T* emission  Figure 4. Calculated energies of the 3HQs in the groung) (8d

(Figure 2), suggesting that the ESIPT kinetics is responsible Franck-Condon excited (§ states at different torsional angles of the

for the strong variations of the intensity ratios. Noticeably, a 2-phenyl ) and 3-OH @) groups. (A) Calculated energies of HPQ

deviation is observed for the MPQ dye, which exhibits a and MPQ as a function af. (B) Calculated energies of HPQ in the S

somewhat lower relative intensity of the T* emission. This may Franck-Condon state as a function 6ffor different fixed values of -

be due to an increase of the nonradiative deactivation rate from¥: Salculations were done with the AM1 method in vacuum and in
S acetonitrile € = 36).

the T* state, which is supported by the observed lower quantum

yield of MPQ (Table 1).

3.3. Mechanism of the Substituent Effect on the ESIPT ring shows an ESIPT rate close to that of MPQ in the same
Rate. Both electronic and steric effects can be considered to solvents. This indicates that the electron donor properties of
explain the increase of the ESIPT rate constant by the 2-phenylthe 2-phenyl group do not strongly affect the ESIPT kinetics.
group in 3HQ. In previous studies, a planar conformation was Moreover, when 2-methyl and 2-phenyl-subsituted 3HQ are
shown to be required in 2-phenyl-3HF for a fast ESIPT protess. compared, it appears that the introduction of the 2-phenyl group
This was explained by the electronic effect of the phenyl group, goes not modify the Stokes shift of the N* band (Figure 1a).
which in a planar conformation increases the basicity of the_ This is likely because the 2-phenyl group is out of the quinolone
4-carbonyl group and thus accelerates the ESIPT. However, th'splane, so that the aromatic moieties probably form a large

explanation does not consider that the phenyl group can also . . : .
decrease the acidicity of the 3-OH group and thus, slow down _dlhedral angle that prevents electronic conjugation between them

1 *
the ESIPT process. Moreover, modification of the 2-phenyl ring n bothhground an(:] ?XC'ted stites. r|1n CEntrgst, the -I;] Istatel of
by electron donor groups that further increase the basicity of P Q shows a much larger Stokes shift than its 2-methyl analog

the carbonyl oxygen of 3HFs dramatically slows down the MPQ (Figure 1a, Table 1), suggesting a more planar configu-
ESIPT reaction, further questioning the interpretation based onration for the T* state of HPQ (Table 2). Addition of the

the electronic effec®® In 3HQs, the electronic effects of the ~N-methyl group that decreases the planarity of the MPQ dye
2-phenyl group also do not explain the variations of the ESIPT does not affect the positions of the absorption and fluorescence
rate. Indeed, according to our recent studies, an analog of MPQbands but strongly modulates the ESIPT rate (Figures 1 and 2).
containing an electron donor methoxy group on the 2-phenyl Thus, the orientation of the 2-phenyl group with respect to the
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SCHEME 1: (a) The Interaction between the 3-Hydroxy Group and the 2-Phenyl Moiety in N-H Substituted 3HQs
Limits Considerably the Rotational Motion of the Hydroxyl Group; (b) the Steric Effect of the Proximal N-Methyl
Group Decreases the Planarity of the Dye, Enabling a Larger Rotational Freedom of the 3-OH Group.

N* T*

3HQ plane affects directly the ESIPT kinetics, and this effect motion of the 3-OH group so that its proton is forced to be
does not seem to correlate with the energies of the electronicdirected toward the 4-carbonyl group (Scheme 1a). This in turn
transitions. stabilizes the intramolecular hydrogen bond and thus increases
To understand better the observed phenomena, we performedhe ESIPT rate constant.
guantum chemical calculations of the energies of the 2-phenyl- |n contrast, introduction of the N-methyl group twists the
3HQ dyes in both their ground state and excited state as a2-phenyl moiety out of the quinolone plane and thus increases
function of the 2-phenyl orientation using the AM1 metl#8d.  the rotational freedom of the 3-OH group (Scheme 1b). As a
In the ground state, a flat conformation is not favorable for both consequence, it weakens the intramolecular H-bond and de-
HPQ and MPQ dyes, so that the mean angle between thecreases the ESIPT rate. The largest rotational freedom is
2-phenyl and quinolone rings is 49 and’pespectively (Figure probably observed for 3HQs without 2-phenyl group, which
4). In the excited state, the planar conformation becomes slightly show the lowest rates of ESIPT reaction (Table 2). In 3HFs,
more favorable so that the corresponding angle decreases to 38he ortho-methyl group in 2-phenyl, which also decreases
and 54, respectively. Thus, according to our calculations, both significantly the planarity of the fluorophore, was also reported
HPQ and MPQ are not flat, while the excited state favors some to decrease the strength of the intramolecular H-bond between
flattening. Moreover, the twist between 2-phenyl and 3HQ rings 3-OH and 4-carbonyl groups, so that a fraction of the molecules
is larger in the MPQ molecule probably due to the steric effect exists without intramolecular H-borfdThese data strongly
of the N-methyl group. Evidently, HPQ is not flat due to the support our hypothesis that the 3-OH group in the nonplanar
steric interaction of the 2-phenyl group with the 3-OH group. species of 3HQs (and 3HFs) exhibits higher rotational freedom
This interaction may in turn affect the rotational motion of the and thus lower binding to the 4-carbonyl group. In basic
3-OH group. We analyzed the motion of the 3-OH group in solvents, which can form H-bond with 3-OH group, the decrease
the excited state of HPQ with the AM1 method, and we found in the ESIPT rate is especially strong, so that for 2-methyl-
that its rotational freedom depends strongly on the orientation 3HQ dyes in DMF we observe an extremely slow ESIPT process
of the 2-phenyl ring. Thus, in the case of the relatively flat (Table 2, Figure 2b). Such unusually slow ESIPT is likely the
conformation of HPQ (with the angle between the 2-phenyl  consequence of the large rotational freedom of the 3-OH group

and quinolone rings being lower than*}the rotation of 3-OH  that allows the basic solvent to disrupt the intramolecular H-bond
is restricted, favoring the H-bonding of the 3-OH group with and thus to slow down the ESIPT reaction.

the 4-carbonyl group. Whea is increased to 55 the energy

barrier of rotation of the 3-OH group decreases significantly, 4 conclusions

thus favoring the disruption of the intramolecular H-bond.

Because the meap angle in MPQ in the excited state is close Our results show that substitution of 2-methyl with 2-phenyl

to 55, the intramolecular H-bond is likely disrupted in this dye. group in 3HQs accelerates significantly the ESIPT reaction,

If the solvent (acetonitriles = 36) is taken into account in the  while twisting of the 2-phenyl group out of the 3HQ plane by

calculations (atp = 55°), the energy barrier of the 3-OH group  a proximal substituent slows down the ESIPT reaction. These

rotation is almost absent, so that at room temperature a largedata together with the absorption and fluorescence spectra of

population of the dye with disrupted intramolecular H-bond is the dyes suggest that the ESIPT reaction in 2-phenyl-3HQ is

expected. accompanied by a flattening of the molecule (i.e., a decrease in
These calculations allow us to conclude that in the excited the dihedral angle between the 2-phenyl and 3-hydroxyquinolone

state flattening of the HPQ molecule restricts the rotational rings). On the basis of our data, we hypothesize that the steric
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influence of the phenyl ring on the ESIPT reaction dominates (7) Ameer-Beg, S.; Ormson, S. M.; Brown, R. G.; Matousek, P.;

i P ; Towrie, M.; Nibbering, E. T. J.; Foggi, P.; Neuwahl, F. V. R. Phys.
over its electronic influence. According to our model, the Chem. A2001, 105 37093718,

2-phenyl group being close to the plane of the 3HQ heterocycle (8) Bader, A. N.; Ariese, F.; Gooijer, @. Phys. Chem. 2002 106,
sterically limits the rotational motion of the 3-OH group, 2844-2849.
stabilizing the intramolecular H-bond of the 3-OH group with (9) Gao, F.; Johnson, K. F.; Schlenoff, J. B.Chem. Soc., Perkin

the 4-carbonyl group and thus accelerating the ESIPT reaction.Trans 2 1996 2, 269-273.
(10) Hradil, P.; Jirman, JCollect. Czeh. Chem. Commui©95 60,

. 1357-1366.
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