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Effects of electronic structures on the excited-state intramolecular proton transfer (ESIPT) of 1-hydroxy-2-
acetonaphthone (1H2AN) and its related compounds [1-hydroxy-2-naphthaldehyde (1H2NA) and methyl
1-hydroxy-2-naphthoate (1H2MN)] were studied by means of the laser photolysis method, time-resolved
thermal lensing technique, and fluorometry. Both 1H2AN and 1H2NA showed relatively large Stokes-shifted
fluorescence Av = 6120 and 6170 cni, respectively) and strongly temperature-dependent fluorescence
observed usually for ESIPT systems. In contrast, the fluorescence properties of 1H2MN gave no indication
of the occurrence of ESIPT. A 355 nm laser photolysis of 1H2AN or 1H2NA in cyclohexane produced a
ground-state transient. The decay rate of the transient was markedly enhanced by addition of alcohols or
triethylamine in nonpolar aprotic solvents. Furthermore, a bimolecular decay process probably due to mutual
hydrogen exchange in a hydrogen-bonded complex was found for the transient from laser intensity dependence
of the decay profiles. These observations could be reasonably explained by the occurrence of ESIPT in
1H2AN and 1H2NA to form a long-lived keto-tautomer. The distinct relaxation properties of excited 1H2AN
and 1H2NA from that of 1H2MN were attributable to differences in relative stabilities between parent enol-
and tautomeric keto-forms in the lowest excited singlet state, which are strongly affected by the electronic
effects of the substituent on the carbonyl group.

1. Introduction CHART 1
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It has been well-known that excited-state intramolecular () 0 0”0

o
proton (or hydrogen atom) transfer (ESIPT) often plays a %\ - %\CH (":\H
dominant role in the photorelaxation processes of intramolecu- OO ot OO : CO

larly hydrogen bonded molecules because of its ultrafast

naturel~® Since the original work of Welléron the ESIPT of 1H2MN 1H2AN 1H2NA

methyl salicylate (MS), a large number of experimehtéland

theoreticalé22 studies on the ESIPT of a variety of systems cence with a resolved vibrational pattern was assigned to the
have been reported. Among them, MS?2 and its related  parent enol form, and the second broad one with peaks at 426

compounds 0-hydroxyacetophenone (OHAY3® and o-hy- and 451 nm was attributed to the tautomeric keto-form. Catala
droxybenzaldehyde (OHBA$-3° have been well studied as and del Vallé' have reported that 1H2AN was significantly
prototypes of the molecules showing the ESIPT process. Themore photostable than a well-known photostabilizer, '2-(2
electronic-state dependence of the intramolecular proton transfethydroxy-3-methylphenyl)benzotriazole (Tinuvin P) in dimethyl
of OHBA in the vapor phase has been studied by Nagaoka etsulfoxide. However, they have concluded that a usual ESIPT
al7.18 They proposed a new description of the occurrence of process was not included in 1H2AN and the photostability was
ESIPT on the basis of the nodal pattern of the wave function not attributable to the formation of a complete keto-form.
of the molecule. Herek et &f.reported that excited MS in an ~ Therefore, photophysical properties of 1H2AN are of interest,
isolated state undergoes intramolecular H-transfer within 60 fs. and more detailed studies including comparisons with those of
The Stokes-shifted fluorescence was explained by tautomeriza-elated compounds (1H2NA and 1H2MN) are required.

tion involving distortion of the entire molecular skeleton rather ~ The aim of the present study is to clarify the following
than formation of a zwitterionic species via a fast localized aspects: (1) whether ESIPT occurs in 1H2MN, 1H2AN, and
proton-transfer process. 1H2NA or not, (2) dynamics of reverse proton-transfer reaction
in the ground state including solvent perturbations, and (3)

related compounds is contrasted by the lack of similar data on €f€cts of substituent in the carbonyl group on the electronic
their naphthalene analogues, methyl 1-hydr0xy-2-naphthoateStrUCture and photophysical properties of intramolecularly
(1H2MN), 1-hydroxy-2-acetonaphthone (LH2AN), and 1-hy- hydrogen bonded 1H2MN, 1H2AN, and 1HZNA.
droxy-2-naphthaldehyde (1H2NA) (see Chart 1). Recently,
Douhal and co-workef8 have studied the dynamic behavior
of excited 1H2AN in a supersonic molecular beam. In the 2.1. Materials. 1-Hydroxy-2-acetonaphthone (1H2AN; Al-
dispersed fluorescence spectra, they observed a dual fluorescenadrich) and 1-hydroxy-2-naphthaldehyde (1H2NA; Tokyo Kasei)
in two close but different spectral regions. The blue fluores- were purified by recrystallization followed by vacuum sublima-
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This wealth of information available for ESIPT of MS and

2. Experimental Section



Effects of Electronic Structures on ESIPT J. Phys. Chem. A, Vol. 102, No. 27, 19907

tion. Methyl 1-hydroxy-2-naphthoate (1IH2MN) was synthe- TABLE 1: IR and NMR Data of 1H2MN, 1H2AN, and

sized by esterification of 1-hydroxy-2-naphthoic acid (Aldrich). 1H2NA

The product was purified by column chromatography followed VooH Avo-p  Vc=o Ave—o Oo-n  Ado-n

by recrystallization and was identified by mass spectrometry compound (cm™) (cm™?) (cm™) (cm™) (ppm) (ppm)

and NMR. Cyclohexane (Kishida) was purified by column  1HoMmN 3067 -54% 1670 —56° 11.98 6.57

chromatography, dried over metallic sodium, and fractionally =~ 1H2AN 2722 —894# 1628 —57 1401 8.60

distilled. 3-Methylpentane (Wako, special grade) and methyl- 1H2NA 2940 —676* 1650 52 12.67 7.28

cyclohexane (Aldrich, spectrophotometric grade) were dried over  aThe displacement of the OH band from the position (3616%m

molecular sieves 4A, refluxed for several hours over lithium in 1-naphthol® ® The displacement of the CO band from the position

aluminum hydride under nitrogen atmosphere, and fractionally (1726 cn1?) in 2-methylnaphthoat€. ¢ The displacement of the CO

distilled prior to use. Acetonitrile (Kishida, spectrosol) was g%g?aéfgeéfseoﬁczﬁgiog élgggdcg?ori: EHSCSLC;?E‘(E":"[V(‘S;‘”&%LF‘E

g;IelgOO;/ ev:/g:g |etﬁg|;3‘rr2'ri\gingb3ngig;ﬁg't?:nfrggg? a-ll’;rhe;/%erzUS tzﬁgﬁ%htha@eshﬁdlﬁ_”he disp|ac§ment of the OH chemical shift from
; - o-n = 5.41) in 1-naphthoft

K,CQOs;. 1-Propanol (Wako, special grade) was distilled from

anhydrous KCOs;. Dimethyl sulfoxide (Wako, UV spectral

grade) was distilled under reduced pressure. Methanol (Wako)

and ethanol (Wako) were purified by fractional distillation.

2,2,2-Trifluoroethanol (Wako, special grade) and ethahol- 8 : :
(i, 55.50) wee s received. Tisamine (e, o0, S e, aor 2 2 2!
special grade) was purified by distillation under reduced ofinement using the setting angles of 25 carefully centered
pressure. reflections in the range 40°.8< 20 < 49.3, corresponded to a
2.2. Methods. Absorption and fluorescence spectra were primitive triclinic cell with dimensionsa = 9.052(1) A,b =
recorded on a Jasco Ubest-50 spectrophotometer and a Hitach13.631(2) Ac = 8.729(2) A,a = 108.34(2}, 8 = 102.72(23,
F-4010 spectrofluorometer with a rhodamine B quantum counter ,, = 98.30(1}, V = 970.2(4) 8. The space group was
for spectral correction, respectively. The fluorescence quantumdetermined to beP1(#2). The data were collected at a
yield (®r) was determined by usina 1 N HSQ, solution of  temperature of 2@ 1 °C using thew—26 scan technique to a
quinine bisulfate ®; = 0.546) as standard. Fluorescence  maximum 2 value of 120.1.
lifetime was obtained with a time-correlated single-photon-  Molecular orbital calculations were performed by use of the
counting fluorometer (Edinburgh Analytical Instruments, ap initio MO method (Gaussian 9)on an IBM RS/6000
FLQOOCDT) For the determination of lifetimes less than 1 ns, workstation (mode| 41T) The molecular geometries of 1IH2AN
a picosecond laser system consisting of &NdAG laser and 1H2MN were optimized at the HartreEock (HF)/3-21G
(Continuum PY 61-10; 355 nm; fwhmy40 ps) and a streak  |evel for the ground state, whereas in the optimizations for the
scope (Hamamatsu C4334) was used. Infrared absorptionexcited-state geometries the configuration interaction scheme
spectra were measured with a FT-IR spectrophotometer (Perkinwith single excitations (CIS) was used. The contraintCaf
Elmer model 1600). NMR spectra were recorded on a JEOL symmetry was maintained throughout all optimizations.
Alpha-500 FT NMR spectrometer. Chemical shi3 in ppm
were measured in CDgleferred to tetramethylsilane (TMS) 3. Results and Discussion

as internal standard. .
3.1. Intramolecular Hydrogen Bond in the Ground State.

Transient absorption spectra were m_ea_sured by using 4In order to evaluate the strength of intramolecular hydrogen
nanosecond laser photolysis system consisting of &NAG bonds in 1H2MN. 1H2AN. and 1H2NA. the IR and NMR

Iasgr (_Spectra Physics, GCR-130, pulse width 5 ns) as .anspectra were measured. Table 1 shows the characteristic IR
excitation source gnq a .150 W xenon flash lamp (Ushio frequencies (6 H and G=0 stretchings) of 1H2MN, 1H2AN,
UXL151D) as monitoring light. For the decay measurements and 1H2NA in CCj and the OH chemical shifts of their proton

of transients with lifetime above 5@s, the pulsed xenon lamp NMR spectra in CDGJ at room temperature. The -6

system Was_re_placed by a low-drift and low-fluctuation lamp stretching bands/6y) are found to appear at considerably lower
system consisting of a 150 W short-gap_xenon lamp (Hamamat'frequencies compared with those of 1-naphthol, and also
su, L2274) and a .hlgh-\./oltage electric source (Hamamqtsu significant decreases in the<® stretching frequenciesd=o)
C4263). The transient signals were recorded on a digitizing o1 jo\N, 1H2AN, and TH2NA can be seen relative to those
oscilloscope (Tektronix, TDS-744; 500 M2 G samples) and of methyl 2-naphthoate, 2-acetonaphthone, and 2-naphthalde-
transferred to a personal computer (NEC, PC-9821Ap). hyde. The G=O stretching frequencies shown in Table 1 are
Details for the apparatus of the time-resolved thermal lensing jn good agreement with the reported valée$ On the other
(TRTL) measurements were reported elsewtiéreriefly, the hand, the chemical shifts of the hydroxyl group in the NMR
third harmonic (355 nm) of a Nd:YAG laser (Spectra Physics  spectra show remarkable increases for 1H2AN, 1H2NA, and
GCR-130, pulse width 5 ns) or the 308 nm pulse of a XeCl 1H2MN compared with that of 1-naphthol. Since solute
excimer laser (Lambda Physik, Lextra 50, pulse width 17 ns) concentration effects are negligible for both IR and NMR
was used as an excitation source. A-Hée laser (NEC,  spectra, these drastic changes in the IR and NMR spectra can
GLG2026; 633 nm) focused coaxially with the excitation beam pe ascribed to strong intramolecular hydrogen bonds in these
was used as a probe beam for the TRTL signals. The signalscompounds. According to Zadorozhnyi and Ishchet§the
were detected by a photomultiplier tube (Hamamatsu, R928) hydrogen-bond energyEf,) can be expressed by the relation
after passing through a monochromator (JOBIN-YVON, H-20). Apc—o/vec—o = -KceoEn, Where Ave—o and Ke—o are the
The absorbance of the sample solutions was adjusteeDth magnitude of the spectral shift and proportionality coefficient
at 355 or 308 nm. reported to be 9.6 104 mol kJ"1.46 According to the above
X-ray crystallographic measurements were made on a Rigakurelation, it can be estimated that the strengths of the intramo-
AFCY7S diffractometer with graphite monochromated Ca K  lecular hydrogen bond of 1H2MN, 1H2AN, and 1H2NA in the

radiation. The details for the X-ray crystallographic analysis
were reported elsewheté. Briefly, a colorless prismatic crystal
with approximate dimensions of 0.40 0.20 x 0.20 mm was
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Figure 1. (a) Packing of the molecules and (b) solid-state conforma-
tions of 1H2MN.

ground state are 35, 36, and 33 kJ mol In addition to the

formation of strong intramolecular hydrogen bonds, the presence

of the hydrogen atom at the peri-position of the naphthalene
ring would hinder development of the open form (hydrogen-
bond broken form) even in highly polar solvents, as pointed
out by Catala and del Vallet!

As in the case of MS, 1H2MN possesses two distinct sites
(carbonyl and ester oxygen atoms) which can form an intramo-
lecular hydrogen bond. Two distinct fluorescence bands
(ultraviolet and blue) observed upon photoexcitation of MS have
been attributed to the ground-state rotamer which have an

intramolecular hydrogen bond between hydroxy proton and ester compound

or carbonyl oxygen aton®:3050 Similarly 1H2MN has a
possibility to form two different rotamers. Therefore, X-ray
crystallographic analyses were performed for 1H2MN to
elucidate the predominant molecular structures in the ground
state. Figure 1 shows the packing of the molecules and two
slightly different molecular structures in the unit cell obtained
by X-ray crystallographic analyses of a 1H2MN crystal. The
results of the X-ray crystallographic analyses clearly indicate
that the structure of 1H2MN in the ground state has an
intramolecular hydrogen bond between the OH aretCGC
groups. The distances associated with the hydrogen bonds H1
01 and H2-02 are 1.835 and 1.875 A, respectively. These
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Figure 2. Absorption (dotted line), fluorescence, and fluorescence
excitation (solid line) spectra of (a) 1IH2MN& = 342 nm Aem = 386
nm), (b) 1H2AN @ex = 365 NnM,Aem = 470 nm), and (c) TH2NAex

= 368 nm,lem = 476 nm) in cyclohexane at 293 K.

TABLE 2: Fluorescence Lifetime (rr), and Quantum Yields
for Fluorescence @®y), Intersystem Crossing isc) and
Internal Conversion (®;c) of 1H2MN, 1H2AN, and 1H2NA
in Cyclohexane at 293 K and in 3-Methylpentane at 77 K

T. 293K T. 77K
7 (NS) o Dise Dic 71 (NS) Dy
1H2MN 2.39 0.42 0.35 0.23 4.59 0.55
1H2AN 0.045 0.005 7.80 0.23
1H2NA 0.85 0.023 8.29 0.19

6170 cnl) of 1H2AN and 1H2NA. In benzene analogues of
these compounds (MS, OHAP, and OHBA), much larger Stokes
shifts (ca. 10 000 crt) have been reported for the emission
from the proton-transferred form.

From the relatively small Stokes shifts and also the fact that
the absorption and fluorescence spectra were almost mirror-
images of each other, Cataland del Vallé! have considered
that ESIPT was not involved in 1H2AN. On the other hand,

distances are longer than the hydrogen-bond distance (1.704Douhal et af® have reported that the emission from the

A) reported for salicylic acid!

vibrationless level of the Sstate of 1H2AN isolated in a

It can be concluded that the three compounds investigated insupersonic expansion exhibited a dual character. The short-
the present study have the same type of intramolecular hydrogenwavelength fluorescence~(400 cnt? from the origin) was

bonds, although the strength is modified depending upon
substituents. Nevertheless, very different photophysical proper-

highly structured, and its vibrational structure correlated with
that of the $state. The long-wavelength part shifted+2200

ties were found for these three compounds, as described belowand 3500 cm! was more intense and diffuse. These results

3.2. Photophysical Properties. The absorption and fluo-
rescence spectra of 1H2MN, 1H2AN, and 1H2NA in cyclo-

were interpreted in terms of excited-state intramolecular proton
(or hydrogen atom) transfer from the initial enol-form to the

hexane at room temperature are shown in Figure 2 together withtautomeric keto-conformer through a small energy barrier

their fluorescence excitation spectra. The fluorescence excita-

tion spectrum coincides well with the corresponding absorption
spectrum for all the compounds. The molar extinction coef-
ficients of the first absorption maximum of 1H2MN, 1H2AN,
and 1H2NA are 5100 M cm™! (at 342 nm), 7800 M* cm™1

(at 365 nm), and 5690 M cm™! (at 368 nm), respectively,
showing a character ofr(;z*) transitions for the first absorption
band. It is noteworthy here that 1H2AN and 1H2NA show
similar spectral properties; however, that of LTH2MN is markedly
different from the former two compounds. The Stokes shift
for 1TH2MN (3390 cn1?) is much smaller than those (6120 and

between two closely lying local potential minima.

We examined photophysical properties of 1H2AN and related
compounds in cyclohexane at 293 K and in 3-methylpentane at
77 K. Photophysical parameters obtained are summarized in
Table 2. For the determination of the quantum yield of
intersystem crossingd{sc), the TRTL methot?>* was em-
ployed. The TRTL signals obtained by 355 nm excitation of
1H2MN, 1H2AN, and 1H2NA in cyclohexane at 293 K are
shown in Figure 3. A clear difference is seen in their time
profiles; the TRTL signal of 1H2MN shows fast and slow rise
components, in which the latter corresponds to slow thermal
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Figure 3. Time evolution of the TRTL signals of (a) 1H2MN, (b) 300 400 500 600 700
1H2AN, (c) 1H2NA {exc = 355 nm), and (d) 1-methoxy-2-acetonaph- Wavelength / nm

thone fexc = 308 nm) in cyclohexane at 293 K. ) . ) )
Figure 4. Transient absorption spectra obtained by 355 nm laser
photolysis of 1H2MN in (a) degassed and (b) aerated cyclohexane at

release from the lowest triple state. In contrast, the time profiles 593

of IH2AN and 1H2NA consist almost exclusively of a prompt

rise component. Figure 3 also includes the TRTL signal of g1 yegpectively. The photophysical parameters obtained for
1-methoxy-2-acetonaphthone in which effects of intramolecular 1 oMN show relaxation properties of usual excited organic
hydrogen bond are not observable. This compound shows & qiecules.

substantial slow rise component, demonstrating that the triplet 5 +ha other hand photophysical properties of 1H2AN and
state is efficiently formed. These observations indicate that in ;oNA are totally dis’tinct from that of 1TH2MN. The fluores-

1H2AN and .1;'2NA there exist fast rrllt?nradiat;]ve d(:‘activfa_tion cence lifetimes of 1H2AN and 1H2NA at 293 K are much
processes with rate constants much larger than that of Inter-g 5161 that that of 1H2MN, and the total quantum yield for

system crossing |n_the parenj Sate. E.SIPT a“‘_”or internal o radiative processes from the parepstate is close to unity.
conversion are anticipated to be possible candidates for suchrpege ohservations indicate that rapid radiationless processes
an efficient nonradiative process. from the fluorescent state are involved for IH2AN and 1H2NA.

For IH2MN, it can be assumed that ESIPT does not occur The fluorescence lifetime and quantum yield of 1H2AN and
as shown below; therefore, this; value can be determined  1H2NA increase greatly with a decrease in temperature,
according to the following relation by measurements of the ratio indjicating the presence of temperature-dependent nonradiative
of the slow and total TRTL signal intensitie§lgow/ Urotal): processes. Such a feature has been commonly observed for the

fluorescence from the proton-transferred form in the excited
Usiow  PiscEr state?4355556 Thus, it is conceivable from the photophysical
Usgtal B E,, — OE] @) properties and the relativ_ely Iarg_e Stokes shift that IH2AN and
1H2NA undergo ESIPT in solution.

3.3. Transient Absorption Spectra. The occurrence of
ESIPT in 1H2AN and 1H2NA and its absence in 1H2MN are
supported by observation of transient absorption due to the
proton-transferred tautomer in the ground state. Figure 4 shows
the transient absorption spectra obtained by 355 nm laser
photolysis of 1IH2MN in cyclohexane at room temperature for

whereEex andEr are the excitation energy and-0 transition
energy of the lowest triplet state, respectively, &hdlis the
average energy dissipated by fluorescence from thet&e.
(Esllis given by

fT/If(T/) dv both degassed and aerated solutions. The degassed sample
El=— 2 (Figure 4a) shows a transient with absorption maxima at 265,
f'f(T_/) dv 315, and 455 nm. The decay kinetics of these absorption bands

follow the same mixed first- and second-order kinetics. Under
where 1¢(7) is the spectral distribution of fluorescence in aerated conditions (Figure 4b), a remarkable quenching by
wavenumberi). The calculated value dEsfor IH2MN was dissolved oxygen can be seen. From these facts the transient
25280 cntl. TheEr value for 1H2MN was estimated from  obtained by 355 nm laser photolysis of 1H2MN can be assigned
its phosphorescence spectrum in 3-methylpentane at 77 K toto the triplet state. The observation of such stropg— T1
be 20 860 cm®. To apply eq 1 for the determination dfis, absorption bands for 1IH2MN is consistent with the relatively
one has to use the monitoring wavelength for the TRTL signals large®;s. value (0.35) determined by TRTL measurements. No
where the contribution from j<— T; absorption is negligible. other transients are recognized for both absorption spectra in
It was confirmed that at 633 nm this condition adequately held Figure 4.
in 1H2MN (see Figure 4). By assuming the relatidn = 1 On the other hand, the transient absorption spectra obtained
— @f — Djg, the values ofdjsc and @i were determined as  for 1H2AN are significantly different from those of 1H2MN,
shown in Table 2. The rate constants of fluorescenge (  as shown in Figure 5. The main absorption bands are seen at
intersystem crossingkic), and internal conversionki) for 275 and 400 nm. The decay rates of these absorption bands
1H2MN were calculated from the quantum yields and the are not affected by the presence of oxygen, as can be seen from
fluorescence lifetime as 1.8 108, 1.5 x 10°% and 0.9x 108 Figure 5a,b. Thus, the transient giving the absorption maxima
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Figure 5. Transient absorption spectra obtained by 355 nm laser 300 400 500 600
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solutions at 293 K. Figure 6. (a) Transient absorption spectra obtained by 355 nm laser

at 275 and 400 nm can be ascribed to a ground-state transienphotolysis of 1H2AN in methanol and the decay profile monitored at
produced by 355 nm laser photolysis of 1H2AN. A possibility 400 nm (inset). (b) Steady-state absorption spectra of IH2AN-{

of a 1H2AN anion produced by proton ejection in the excited and 1H2AN anion (- - -) in methanol and their differential absorption
state or in the ground-state tautomer can be excluded by theSPectrum{) at 293 K.

following experimental facts: (1) the transient absorption 0.015
spectrum taken for 1H2AN in ethanol was not identical with

the differential absorption spectrum obtained by subtracting the 0.01 |-
steady-state absorption spectrum of 1H2AN in EtOH from that

of the 1H2AN anion in a 1&? M KOH/EtOH solution; (2) the 0.005 |-
long-lived transient was observed clearly even in dried hydro- 05 =
carbon solvents. In the degassed solution (Figure 5a), another 0.050
weak absorption band is seen at around 490 nm. Since this

band is quenched almost completely by dissolved oxygen, it 5
can be ascribed to the, 7 T; absorption of 1H2AN. This

assignment was confirmed by triplet sensitization experiments

using naphthalene in cyclohexane as a triplet sensitizer. The
transient absorption spectra of 1H2NA were similar to those of

1H2AN in spectral shape and kinetic behavior, although the
absorption intensity measured under the same experimental
condition was smaller than that of 1H2AN.

Figure 6 shows the transient absorption spectra taken at 0.5 v s o
6.0 us after 355 nm laser photolysis of 1H2AN in methanol 0 200 400 600 800
(MeOH). With a lapse in time the absorption peak at 420 nm Time /ps
is shifted to shorter wavelengths, and the absorption spectra afrigure 7. Time traces (monitored at 400 nm) of the transient absorption
the delay times longer thar6.0 us almost coincide with the  spectrum of 1H2AN in cyclohexane at 293 K at different laser
differential absorption spectrum (Figure 6b; solid line) generated intensities: (a) 2 mJ pulsécm™2, (b) 8 mJ pulse' cm™2, and (c) 16
by subtracting the steady-state absorption spectrum of 1H2AN ™J pulse* cm2.
in MeOH from that of the 1H2AN anion in a 1& M KOH/

MeOH solution. The time trace monitored at 400 nm consists Polar solvent’ For 3-hydroxyflavone it has been reported that
of two exponential components with rate constants of-817° the solute anion is produced even in_hydrocarbon solvents when
and 3.1x 10*s1, as shown in the inset of Figure 6. The long- traces of water are preseéxit. This is probably .due to the
lifetime component at-400 nm was significantly quenched by relatively weak intramolecular hydrogen bond in 3-hydroxy-
adding a small amount of acetic acid in the solution. These flavone.

observations indicate that the 1TH2AN anion is produced by Judging from the photophysical properties and the result of
excitation of 1H2AN in polar methanol. One possible mech- transient absorption measurements, the long-lived transient
anism to produce the 1H2AN anion may be excited-state proton obtained by 355 nm laser photolysis of 1H2AN is attributable
ejection to solvent. Another plausible route is the formation to the tautomeric keto-form in the ground state.

of the ground-state keto-tautomer through ESIPT followed by  3.4. Kinetic Behavior of the Ground-State Keto-Form
proton transfer to solvent molecules. It is, however, difficult Produced by 355 nm Laser Photolysis of 1H2AN.Kinetic

to distinguish between these two possibilities from the data in behavior of the tautomeric keto-form was strongly affected by
Figure 6 because of the spectral overlap between the 1H2AN solvent environment. Figure 7 shows the time profiles of the
anion and keto-tautomer. Similar anion formation has also beentransient absorption monitored at 400 nm under different laser
reported for other intramolecular hydrogen-bonded systems inintensities for 1H2AN in cycloohexane at 293 K. The time
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TABLE 3: Decay Rate Constants of the Transient 6
Absorption of 1H2AN in Various Solvents at 293 K @mon: ) °
400 nm) (@
kz 5 r [e] a 4
ke kROH (e x 1° £ °
solvent (10¥sY) (1PsY  Mis? o . .
[=)

cyclohexane 2.1 9.8 - 4r R

methylcyclohexane 1.9 8.1

3-methylpentane 9.9 9.7 o s

acetonitrile 0.32 38 o . 1

dimethyl sulfoxide 4.7 -3 25 -2 -1.5

ethanol 8.0 log[EtOH](log[EtOD])

methanol 8.9

1-propanol 7.7 7

2,2,2-trifluoroethanol 0.22 o

polystyrene film 5.04x 1073 65| ®)

@ Amor 440 nm. z °

B~ 6L o
profiles follow mixed first- and second-order decay kinetics. &
The contribution of the second-order component is found to ss °
increase with increasing laser intensities. Therefore, the decay ’ °
kinetics of the keto-form (1H2AN at 400 nm in cyclohexane °
can be written as > °s 45 4 35 -3
log[TEA]
d[1H2AN] . .
— ————={k; + kK,[IH2AN']}[1H2AN']  (3) Figure 8. Effects _of (a) _ethanoIQ) or ethanolé, (2) in cyclohexane
dt and (b) triethylamine®) in methylcyclohexane on the observed decay

rate kon9 at 400 nm of the transient obtained by 355 nm laser photolysis
wherek; andk, denote the first- and second-order decay rate of 1H2AN at 293 K.

constants. By least-squares fitting procedures, the best-fitted

rate constantk; andk; in cyclohexane at 293 K, were obtained EtOH and EtOD in the concentration rangé&0-2°to ~10-20

as 2.1x 1®stand 9.8 x 10° M1 s7%, respectively, where M. Therefore, more than two ethanol molecules are considered
e is the molar extinction coefficient of the transient at 400 nm. to participate in the ethanol-catalyzed decay processes in this
The decay properties of the 400 nm transient obtained by 355 concentration range. Figure 8a shows a relatively large isotope
nm laser photolysis of 1H2AN in various solvents are sum- effect KpF©CH koSO = 5.3 at a concentration of 18 M),
marized in Table 3. The bimolecular decay process in addition indicating that the mutual proton transfer between 1H2AN

to the first-order component is seen only in nonpolar hydro- ethanol molecules plays an important role in the catalytic action.
carbon solvents, cyclohexane, methylcyclohexane, and 3- The presence of inflection points in Figure 8a suggests that
methylpentane. The bimolecular process is probably due tothe decay processes of 1H2Adke also catalyzed by traces of
mutual hydrogen exchange through intermolecular hydrogen- water contained in cyclohexane. The concentration of moisture
bonding interactions between two tautomer molecules. In polar in cyclohexane was estimated to 804 M by the Karl Fisher
aprotic solvents, acetonitrile and dimethyl sulfoxide, only the method under the present experimental conditions. Hence, the
unimolecular decay process with rate constants of3.20° effects of water on the decay of 1H2ANvhich corresponds
and 4.7x 10° s'1, respectively is seen. to ky, cannot be excluded in our experiments.

Interestingly, the decay rate increases more than 2 orders of Figure 8b shows the effect of triethylamine on the decay rate
magnitude on going from nonpolar hydrocarbon to protic of 1H2AN' in methylcyclohexane. The significant increase in
solvents. The effects of ethanol and deuterated ethanol on thekobswith adding triethylamine is seen as in the case of ethanol,
decay rate of the transient were examined by measuring theajthough the catalytic effect of triethylamine seems to be much
decay rate at 400 nm as a function of the ethanol (or deuteratediarger than that of ethanol. This result and the fact that 2,2,2-
ethanol) concentration in cyclohexane at 293 K. In Figure 8a, trifluoroethanol has a smaller catalytic effect compared with

logarithmic plots of the observed decay rakend of 1H2AN that of ethanol suggest that the recovery process of the keto-
versus log[EtOH] or log[EtOD] are shown. Thg,sof 1HZAN' tautomer to the parent enol-form is catalyzed more efficiently
begin to increase from a concentration of approximately-2.5  py basic triethylamine molecules.

10* M. The significant increase ikops indicates that there The observed effects of additives on the decay rate of 1H2AN

exists an alcohol molecule catalyzed decay process. The decayre analogous to solvent perturbations on proton-transfer reac-
rate of 1H2AN in cyclohexane in the presence of ethanol can jgns reported by KasH#. We have also reported similar

be written as catalytic effects of alcohols and triethylamine on the rate of
sigmatropic hydrogen shifts in the photorearranged intermediate

_ O[IH2ANT _ {K°H 4 KEOHEtOH]™ [IH2AN'] = of phenyl acetaf® andN-acetylpyrrole® Therefore, it can be
dt concluded that mutual proton or hydrogen atom transfer between
Kond IH2AN'] (4) solute and solvent molecules catalyzes the recovery process of
1H2AN' into parent enol 1H2AN.
As k°H < KE'OHEtOH]", the following relation is obtained. If the structure of the keto-tautomer (1H2ANS a cis-keto-
form (*Kcis) as shown in Scheme 1, the reverse intramolecular
log k,,s= log KEOH 4y log[EtOH] (5) proton-transfer ratek(p7) in the ground state is expected to be

much faster than the observed decay ratess(= ki +
The log-log plot in Figure 8a shows slopes of 3.0 and 2.7 for k[1H2AN'] or k?°H) shown in Table 3, because the energetic
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SCHEME 1: Energy Level Diagram of the Lowest
Excited Singlet States of the Normal Form of 1H2AN and

Tobita et al.
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Figure 9. (a) Nodal plane character of tha(%.,) state of 1H2AN
| ke S Kar ks Ky and 1H2MN.
Kie in the photophysical behaviors among three 1-naphthol deriva-
/\ tives from the viewpoint of the electronic character in the S
kpr K. K rans states.
lE - cis trans ) i . . . iy
s First we consider the electronic properties of simplified
H " analogues, methyl 2-naphthoate (2MN), 2-acetonaphthone (2AN),
o 8 Q2 0 E“’ and 2-naphthaldehyde (2NA). The properties of the excited
~CHy ’ ~CHy O‘ ~OH singlet and triplet states of all these compounds are known to
depend strongly on solute-solvent interacti&h® When 2AN
normal-form cis-keto form trans-keto form

or 2NA is dissolved in an alkane, the Sate is an (i*) state,

and no fluorescence is observed. However, in alcohols or water
2AN and 2NA exhibit strong fluorescence, because the energy
of the S(ir,*) state is lowered by hydrogen bonding than that
of the lowest(n,7*) state. On the other hand, 2MN is strongly
fluorescent even in an alkane solvent, because the energy level
barrier would be small. In fact, Cafaleet al. have recently  of thel(n7*) state is raised by an electron-donating substituent
obtained a single minimum for the ground-state reverse proton- (—OCHs) and the'(z,7*) state becomes the lowest excited
transfer process of 1H2AN by using MP2 and B3LYP meth- Singlet state. In the cases of 1H2MN, 1H2AN, and 1H2NA,
ods8! The above consideration and the significant decrease in the intramolecular hydrogen-bonding interactions are included,
the decay rate of 1H2AN(ky) in polystyrene (see Table 3) SO that the situation is somewhat complicated in comparison
suggest that the ESIPT process is followed by a structural changeith the intermolecular hydrogen-bonding interactions between
to produce a metastable state which can be detected by thesolute and solvent molecules. However, the tendency such that

nanosecond laser photolysis method. A plausible mechanismhydiogen'bonding interactions raise tHe,7*) level against
* H H H i -
for the structural change is eidrans isomerization g — the i(7r,7*) level can be assumed to be similar both in inter

(K yrand) — K yand jUst after ESIPT Kker) as shown in Scheme and intrgmolecplar interactions. *Therefore, the_ skate of

1. Here,Kyand denotes higher vibrational states¥fsans A 1H2MN is considered to hav‘féylr,n )*charalcter,l/vhlle for the
similar cis—trans isomerization has been reported f®r St state OflezlAN anld 1H2NA.’(n.ﬂ ) and*(z.7*) levels are
hydroxyphenylbenzazolé3. In Scheme 1 the intrinsic isomer- ant|C|pate to fie In close proximity. .

ization rate k) of KKyansto IKeis in the ground state is expected Until recently, a large number of studies on ESIPT have been
to be much smaller than the value in Table 3, because is reported. In almost all the proton-transfer systems, the proton

likely to include the perturbations due to traces of water in transfer is considered to take place from He,) state of
y . P R . parent molecules. Recent MO theoretical studies by Sobolewski
solvent. A rotational isomerization of the OH group following

. . and Domcké! on OHBA showed that thé(s,7*) potential
ESIPT is another candlc_jate, as has bgen_ repor_ted for OHAF)energy function was found to be barrierless along the proton-
and OHBAS3 However, in 1H2AN the lifetimek; ™) of the

. . : o ; transfer reaction coordinate, while th@,z*) potential energy
tautomer without bimolecular interactions¥d ms in nonpolar  gypipited a significant barrier. Therefore, it would be reasonable

aprotic solvent (see Table 3), which seems to be too slow in {5 assume that the ESIPT in 1H2AN and 1H2NA occurs in the
comparison with the formation rate of intramolecular hydrogen 1., 7+) state, although proximity effectébetween the closely
bond through internal rotation of the OH groffp. lying 1(z,7*) and 1(n,7*) states have influence to some extent
3.5. Electronic Structures and Photophysical Properties. on the ESIPT dynamics.

As described above, the photophysical properties of 1H2MN  Recently, Nagaoka and Nagashima have developed a new
are completely different from those of 1H2AN and 1H2NA, description of the occurrence of ESIPT by considering the nodal
and it can be concluded that ESIPT does not occur in excited pattern of the wave function and the delocalization of the
1H2MN. It is, therefore, interesting to clarify the differences lone electrons in the excited stdfel%%® According to the

( cis-enol form )

a2 The rate constankgr) of the ESIPT process is considered to be
much larger tharks and k,; therefore, the observed fluorescence is
ascribed to the fluorescence from thestate of the cis-keto-form.

1H2AN (Sg)

1H2AN (S)) TH2AN' (S1)

Figure 10. Optimized geometries (in A) of the parens, S(rr,7*), and keto-tautomer §r,7*) states of IH2AN. The optimizations were carried
out by HF/3-21G and CIS/3-21G calculations.
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