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The excited-state dependence of the intramolecular proton transfehydroxybenzaldehyde and related
molecules in the vapor phase has been studied by means of emission spectroscopy. Substituent effects on
the fluorescence quantum yields from the lowest and second exX¢ited) states can be explained by
considering the nodal pattern of the wave function along with the delocalization afltree electrons in the

excited state.

Introduction s,

For many years, much attention has been directed, from both H
theoretical and experimental points of view, to the excited-state : ('7\
intramolecular proton transfer (ESIPT) of hydrogen-bonded 0
molecules:=7 ESIPT is a very simple chemical process and is o
readily accessible to both accurate measurements and quantita- S,” / ‘Closed
tive theoretical analyses. Moreover, it plays an important role H Conformer
in biochemistry and practical application, and a molecule . é§
showing ESIPT can be a candidate for molecular systems such | 0 *l*
as optical memoriésand switche$. go . o/H Fluor. C\o

Understanding of the mechanism of ESIPT in a simple 5 ~ H
molecule can lead to valuable insights into the behavior of / o’
complex systems.o-Hydroxybenzaldehyde (OHBA) is the S N Enol
simplest and prototypical example of aromatic molecules with * Tautomer
an intramolecular hydrogen bond involving a carbonyl group. ] '|*0
Accordingly, we have investigated the dynamic processes in 5 RSN
the lowest and second excited singlet statestpfy) type (S @ o
and S@ states, respectively) of OHBA vapor in dett!3 N oF H \

The main conclusions obtained previously are as follows (see Closed - = — Nodal Plane

Flg ure 1) . Conformer Lone Electron

The stable molecular structure in the ground states(ste) ~ Figure 1. Schematic representation o, S5, and $ potential
of OHBA is an intramolecularly hydrogen-bonded closed surfaces for OHBA, and numbering system for atoms used in the present
. work. Fluor. denotes fluorescence. For many years, the structures before
conformer. The potential surface of theg Sate has only one and after ESIPT in OHBAs are called keto and enol forms, respectively

minimum, and no &State en0| tautomer eXlStS as a metastable (for examp|e’ see refs—%’10—13’15)_ Recenﬂy’ the reverse was used

state. in some paper¥:1820|n the present paper, we use the traditional
The $—S,™ absorption, fluorescence, and excitation spectra terminology. For 2-(2-hydroxyphenyl)benzoxazole and 2-(2-hydroxy-
of OHBA are broad and structureless. The™S— S phenyl)benzothiazole, the structures before and after ESIPT are

traditionally called enol and keto forms, respectively, in contrast to

fluorescence spectrum is highly Stokes-shifted. The emission . " oces of OHBAS (see ref-6).

originates not from the zwitterion but from the enol tautomer

produced by ESIPT'2 The potential surface of the® state fluorescence. The potential surface of thé"Sstate has only

3: Ct)Hl?tAh ha$s (t)ntly one m|tn|rrI1EuSr:1P§rnd is largely distorted from one minimum and is not largely distorted from that of the S
at of the g state owing to ' state. The $7 state is less susceptible to ESIPT than ti@ S

OHBA shows fluorescence also from the"Sstate in the  gia10 in OHBA. The $7 — S fluorescence cannot be observed
vapor phase. The 8 — & fluorescence quantum yield is ¢, axcitation into the g statelo

greater than the :8) — S one. The $-S,™ absorption, o . .
fluorescence, and excitation spectra are structured, and-tbe 0 As shown in Figure 1, the relative stability of the closed
conformer and the enol tautomer of OHBA depends on the

bands are intense. The Stokes shift of thg”"S— S ) .
fluorescence is much smaller than that of thé’S— S electronic state. The energy gap between the zero-point
vibrational levels of the §) and S™ states is large owing to

i ) i )
T This paper is dedicated to Professor Noboru Hirota of Kyoto University ESIFL;I; .|n the |$ state.. Under tt?esle Clrcgmstar]ncles, the's
on the occasion of his 60th birthday. For part 1, see ref 11. S internal conversion must be slow, since the large energy
€ Abstract published ilAdvance ACS Abstractdpril 1, 1997. gap reduces the FranelkCondon factor according to the energy
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gap law. Thus, the £0 — S fluorescence of OHBA is  TABLE 1: ¢; and ¢, of OHBAs and Yukawa-Tsuno’s o,

observed with moderate intensity. Constants of Substituents Bonded to Carbonyl Carbon
The reason for ESIPT of OHBA can be understood by h1? R O
considering ther electron nodal pattern of the wave function. OHBA 53% 105 1.6x 104 0
In the S state, a nodal plane passes between the two oxygen TFAP 1.6x 10°5 3.3x 104 0.24
atoms and through the hydroxyphenyl ring as shown in Figure  OHAP 43x 104 6.2x 105 —0.078
1. The nodal plane runs perpendicular to the molecular plane. OHPP 2.2x 10 5.9x 10°° —0.069
MS 4.4x1074P 45x%x 10°° —0.281

Then, one can write two double bonds along the nodal plane,
becauser electrons are distributed over the molecule except  2The same quantum yields within the experimental errgs006)
on the nodal plane. When the two double bonds ayre@ were obtained at least twicBMS shows dual & — S fluorescence,
and G=Cs, apparentr lone electrons are localized at @nd one in UV and the other in the visible region, originating from the
C, atoms. The lone electrons facilitate the rearrangement of ¢l0sed conformer and its rotamer of the @olecules (ref 15 and

bond d h | Thi eferences cited therein). We need of the closed conformer
onds to produce the enol tautomer. Is rearrangement anc{ﬂuorescence quantum yield in the visible region) in the present study.

the delocalization of the lone electrons significantly lower the The value of the absorbance used in the estimatiaf & larger than
energy of the excited state. Thus, the enol tautomer is preferredthe real one of the closed conformer, because the observed one is made

owing to the favorable nodal pattern in thg¢"Bstate of OHBA. up by the superposition of those of the two conformers. Thus, the real
This explanation is consistent with the results of ab initio ¢: for the closed conformer of MS is considered to be larger than that
calculations on ESIPT of OHBA? given here. OHBA, TFAP, OHAP, and OHPP show thé9S—~ &

fluorescence emission in the visible region alone, which originates from

In contrast, the wave function in theX3 state of OHBA the closed conformers.

shows a nodal plane perpendicular to that in the) State
(Figure 1). ESIPT to yield the enol tautomer cannot take place
in the S state, because,&C; and G=0, bonds cannot be
formed. As a result, the potential surface of thé)Sstate is OHBA,1911 gne can expect that all the optical measurements

not largely distorted from that of the,State in OHBA. for OHBAs vapor were made under collision-free conditions.
In terms of our “nodal plane” model, ESIPT is described by v also tried to obtain the fluorescence quantum yields of
Fhe skeletal distortion of the aromatic ring instead of the change 2-hydroxybenzoyl chloride, 2-hydroxybenzoy! cyanide, salicyl-
in the O—H--+O structure. The change in electronic structure amige, and 2-(trichloroacetyl)phenol. However, these molecules
due to the §— S, excitation ¢ — 7* transition) mainly are difficult to be synthesized, are unstable, or have too low
affects thez-bonding framework of the aromatic ring moiety yapor pressures to estimate the reliable values of the quantum
instead of ther-bonding one of the hydrogen-bonded moiety. yie|gs. Further details of these molecules are available as
We reached these conclusions previod%y3 and many other Supporting Information.
chemists have cited our nodal plane mott2° However, The fluorescence quantum yields at room temperature were
further studies are needed to clarify the dynamic processes ingetermined as described below. The absorption spectra were
the §™ and $ states of OHBA. First, it would be worthwhile  taken with a Shimadzu UV-2100S spectrophotometer. The
to know whether or not £ —  fluorescence of moderate  fiyorescence spectra were measured with a Shimadzu RF-5000
intensity is generally found in S|m_|lar molecules. Usually, the - gpectrofluorophotometer or an emission spectrophotometer
S; — S fluorescence quantum yield is very small compared designed in our laboratory. The spectrophotometer is based on
with that of § — S. Exceptions occur only in azulenes, the photon-counting method and consists of a 150 W xenon
thiones, and other systertfswhich exhibit strong §— S arc lamp, an excitation grating monochromator of a Shimadzu
fluorescence with very weak S~ & fluorescence. Compared  RF-5000 spectrofluorophotometer, a Nikon G-250 emission
with these molecules, OHBA and several carotenoids are grating monochromator, and a Hamamatsu R585 photomultiplier
characterized by the dual emissive state with comparative getector. The fluorescence spectral signals were transferred to
intensities from the §7 and $* states!®!21.22 This property  an NEC PC9801DX/U2 microcomputer and analyzed using the
is very rare in the molecules so far investigated. It seemS method of Mimuro et a¥5 The fluorescence quantum yields
desirable to find other examples for such an anomalous dualyere determined by comparing the fluorescence spectra of the
emission. sample vapor with that of quinine sulfate 1 N sulfuric acic?®
Secondly, it would be interesting to know how the anomalous after the fluorescence spectra concerned had been corrected for
emission property changes with respect to the substituents. Ofthe spectral sensitivity of the detector. The actual absorption
particular interest is whether or not such a substituent effect and fluorescence spectra of OHBAS were given in the Support_
can be explained by considering the nodal pattern of the wavejng Information section.
function along with the delocalization of the lone electrons in . The computational method and procedure were also given

the excited state. in the Supporting Information section, together with the
Accordingly, in the present work, the excited-state depend- optimized geometries of OHBAS.

ence of ESIPT of OHBAs has been investigated in the vapor
phase by means of emission spectroscopy. The substituenResults and Discussion

effect on ESIPT is explained in terms of the nodal pattern and In the vapor phase, TEAP, DCAP, OHAP, OHPP, and MS

the electron delocalization in the excited state. show S — S, fluorescence emissions in addition to thé™s

— S ones, as well as OHBA; the;® — S and S@W — S

emissions are located in the wavelength ranges—-30 and
2-(Trifluoroacetyl)phenol (TFAP) and 2-(dichloroacetyl)- 250-350 nm, respectively. The ;8 — & fluorescence

phenol (DCAP) were prepared according to the methods emissions of OHBASs provide other examples of anomalous dual

reported previously324 OHBA, o-hydroxyacetophenone emissions.

(OHAP), o-hydroxypropiophenone (OHPP), and methyl salicyl-  The §™@ — S and S — S fluorescence quantum yields

ate (MS) were commercially obtained. The sample was purified (¢1 and¢,, respectively) of OHBA, TFAP, OHAP, OHPP, and

by vacuum distillation in a grease-free vacuum line and was MS are given in Table 1, together with Yukaw@suno’'so,

introduced into a quartz cell. Judging from the low vapor
pressure and the short lifetimes of thg¢"sand S™ states of

Experimental and Computational Methods
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constant¥’ of the substituents bonded to the carbonyl carbon. r—— 7
oy is a type of Hammett's parameter. Yukawa and Tsuno
expressed a parameter correspondingstin the Hammett i oN\U oHAP i
equation byo; + ro,, whereg; is a normal substituent constant MS °
which does not involve any additionatelectronic interaction
between the substituent and the reaction center. dftis the
resonance substituent constant measuring the capability for
mr-delocalization of ther-electron donor orr-electron acceptor
substituent. The value is a parameter characteristic for the
given reaction, measuring the extent of resonance demand. The
o, value does not depend on the substituted position. The -04 -02 0 02 0.4

reference system used in the development of these parameters O

is the same as the Hammett equation. YukaWauno's Figure 2. Plot of log ¢:/¢2 Vs 0. of OHBAs. The plot gives a fair
constants are applicable to various substituted positions of manylinear fit with a slope of—4.8, an intercept 0f-5.9 x 1072 and a
molecules other than benzene derivati¥es. correlation coefficient of 0.914.

Iog( ¢ 1/¢ 2)
[=)
T
L

I
-
T
1

The values ofp; and ¢, of OHPP are very small compared R R R
with most of ¢1 and ¢, of the other molecules, respectively (L\, ~ /\./L\\o - o
(Table 1). The reason for this might be ascribed to the fact @ n P Ci h
that the density of vibrational states of OHPP is significantly c,.,stf,) 0 E,,.,.O
higher owing to the CkHCHz group. Except for OHPR); and Conformer Tautomer
¢» decreases and increases with increasipgespectively. In (x) OHBA o (b) TFAP s (c) OHAP -
DCAP, ¢ is less thanp,, but the vapor pressure is too low to st
estimate the reliable values ¢f and ¢s. H JCFs ) s | fast
In the decay from the &) and S states, the nonradiative /\/J‘\\o | /\(&\o i R\Q sp—
decay rate is much larger than the radiative one (Table 1). The KX _u Noho M spt . SR 3

S — S, internal conversion is considered to be dominant
in the nonradiative decay from the3 state!®13 Candidates .; |
for the nonradiative decay process from th&)tate are g7 So—" So— So—+
— S internal conversion and/or intersystem crossing to a triplet Figure 3. Schematic energy state diagram for dynamic processes in
state. The §9 — S, decay rate constant in solutions can be the S™ and $™ states of (a) OHBA, (b) TFAP, and (c) OHAP.

anzlyzded in (tjern:sdof the sutm of thttaét;tgpfhratqr?-lnde?endentpoim vibrational levels of the@nd S states becomes smalll
and -cepenaent decay rate cons » (Ne Intersystem (Figure 3b). As a result, the rates of thgs— S, and §@

crossing and the radiative processes in the enol tautomer are S internal conversions become slow and fast, respectively,

temperature independent, and the temperature-dependent decaé(ccording to the energy gap I&. Since the fluorescence
process, which i_s dominant at rQOT tempergture,_is identified qguantum vyield increases with the decrease of the internal
as the 7 — S()(J{lterna_l conversiof: A?C°Fd'”9'yz it Seems conversion rategi/¢, of TFAP has to be less than that of
likely th.at.the $ — Sy internal conversion is dominant in thg OHBA. The situation encountered for a molecule with an
nonradlatlve.('jecay from the,® state under present experi- electron-donating group such as OHAP (Figure 3c) is the reverse
mental conditions. . ] of that with an electron-withdrawing group such as TFAP
When a large energy gap induces slo”S— S, internal (Figure 3b). The substituent effects observed here may provide
conversion as in OHBASs, it is fruitful to examine the value of  jmportant evidence that the enolic form is predominant for the
the logarithm of the relative fluorescence quantum yield (log s, — s, fluorescing species. The substituent effeciarof
¢1/¢2) as reported previousR:? log ¢i/¢2 is related to the  OHBAs observed in solutiod is also consistent with our
energy gaps between theg &d S states and between'3 above-mentioned explanation. The phenomena concerning
and $ states, according to the energy gap f@wHammett's  ES|PT in hydroxyanthraquinones and aminoanthraguinones can
rule is also applicable to spectroscopic data such as the shiftssimilarly be explained by using the concept based on the nodal
of energy level$? as described below, only the(3 state is patterns®
shifted owing to the substituent effect in the simple picture of ~ |f the above-mentioned substituent effects based on our “nodal
the present case. Plots of experimental data\vare usefulin - plane” model are absent, the fluorescence quantum yield would
the present case in whictrelectron interaction plays a major ot show systematic dependence on the electron-donating and
part as described below. We have thus plotted ¢, of electron-withdrawing property of the substituent. In fact, the
OHBAs against ther, values (Figure 2). The plot indicates a S. — S fluorescence quantum vyields of benzene, 1,4-bis-
linear relationship with a negative slope. As the electron- (trifluoromethyl)benzene (GFPh-CR), p-xylene (CH-Ph-CHp),
withdrawing property of the substituent bonded to the carbonyl and 1,4-dimethoxybenzene (@B-Ph-OCH) in cyclohexane
carbon increasegi/¢, decreases. were estimated to be 0.07, 0.16, 0.40, and 0.21, respec@¥ely;
The reason for this substituent effect can be explained by they do not show a systematic substituent effect, in contrast to
considering the nodal pattern of the wave function and the ¢; and¢, of OHBA, TFAP, OHAP, and MS in Table 1.
delocalization of the lone electrons in the excited state (Figure  Our explanation could be strengthened if the energy of the
3). In TFAP, owing to the electron-withdrawing substituent, 0—0 band of the § S, transition is obtained in the vapor
the s lone electron on €is significantly delocalized in the;8 phase. Such an experiment requires a tunable laser and a
state (arrow in Figure 3b). Owing to the delocalization of the supersonic jet apparati36-3° which are not available to us.
lone electron on €in Figure 3b, the §7 state of TFAP is Accordingly, we use the energies at the-S,(™ absorption and
stabilized in comparison with that of OHBA in Figure 3a. Then, fluorescence maximaEgz "2 and Ef~m2% respectively) as
the energy gap between the zero-point vibrational levels of the measures of the energy of the-0 band. We have also
S and $S™ states becomes large and that between the zero-calculated the §— S, transition energy of the closed

i ! slow
| fast |
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TABLE 2: E;amax Ejf-max Ejcal Fa—max Ef-max gnd E,cal particular electronic staté:134142 The usefulness of our
of OHBAs explanation is now recognized by many other researdtéds:18

Ela—max a Elf—max b Elcal Eza—max a Ezf—max b Ezcal

(eV) (eV) (eV) (eV) (eV) (eVv) Conclusions

_?I':"f;‘ 3;%75 22?5% é%als 1'98‘;; 1‘@% j‘i% Excited-state dependence of ESIPT of OHBAs in the vapor
OHAP 392 240 418 5.00 434 4.60 phasg has been studied by means of emission spectroscopy.
OHPP 381 243 421  5.02 468 469 Substituent effects on theQ — Spand S — &, fluorescence
MS 4.09 264 4.25 5.32 4.84 4,73 quantum yields can be explained in terms of our “nodal plane”

2 A typical slit width used in the measurements was 2 htypical model. The nodal plane model adds a simple, but rather

fluorescence spectrum was obtained with a bandwidth of 5 nm; the powerful concept for the understanding of E_SIP'_I'. The utility
excitation was made at the absorption maxima with the slit width of 0f OHBA as a probe of the ESIPT mechanism is very useful

15 nm.¢ Fluorescence maximum in the visible region. for further studies.
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