
4220 J. Am. Chem. Soc. 1983, 105, 4220-4226 

Investigation of the Dynamic Processes of the Excited 
States of o-Hydroxybenzaldehyde and 
o-Hydroxyacetophenone by Emission and Picosecond 
Spectroscopy 

Shin-ichi Nagaoka,+ Noboru Hirota,*™ Minoru Sumitani.1 and Keitaro Yoshihara1 

Contribution from the Department of Chemistry, Faculty of Science, Kyoto University, 
Kyoto 606, Japan, and Institute for Molecular Science, Okazaki 414, Japan. 
Received November 15, 1982 

Abstract: We have investigated the structures and dynamic processes of the excited states of o-hydroxybenzaldehyde (OHBA) 
and o-hydroxyacetophenone (OHAP) by means of emission and picosecond spectroscopy. It is shown that the main species 
existing in nonpolar solvents are intramolecularly hydrogen-bonded closed conformers from which proton or hydrogen transfer 
takes place. The Stokes shifted fluorescences originate from the transferred forms which are likely to be the enol tautomers. 
The main species in alcohols are intermolecularly hydrogen-bonded open conformers which phosphoresce at low temperatures, 
but fluorescing species also exist. OHBA in ethanol and methanol shows two different fluorescences with different decay times. 
It is suggested that one arises from the closed conformer of the enol form of OHBA, and the other is due to the strongly solvated 
open conformer. At 77 K in nonpolar solvents the closed conformer of OHBA is converted to the open conformer by UV 
irradiation changing the fluorescence into phosphorescence. The fluorescence decay rate constants are temperature dependent 
and are given as the sums of the radiative and nonradiative decay rate constants. From the picosecond measurements and 
the quantum yields of fluorescence we have estimated the rates of the transfer and the nonradiative decay rates of the closed 
conformers of OHBA and OHAP in nonpolar solvents at 77 K. It is concluded that the proton or hydrogen transfers are relatively 
slow and the nonradiative decays are dominant in the decay processes of the excited states of the closed conformers of OHBA 
and OHAP in nonpolar solvents. The slow transfer rates are attributed to the W * characters of the S1 states. 

1. Introduction 
In 1956 Weller found that methyl salicylate (abbreviated as 

MS) exhibits fluorescence with an unusually large Stokes shift.1 

This observation was explained in terms of the proton transfer 
in the excited state of the intramolecularly hydrogen-bonded MS. 
Since then the properties of the excited states of MS and related 
molecules have been investigated extensively.2"14 In particular, 
the properties of the excited state of ohydroxybenzophenone 
(OHBP) have attracted attention because of its use as a poly
mer-protecting agent.15-23 More recently dynamic processes 
involving the excited states of the intramolecularly hydrogen-
bonded molecules have been investigated with picosecond spec
troscopy.21"35 In most of the systems so far investigated proton 
transfer is considered to be complete within the duration of the 
excitation pulse (510 ps). It has been also found that nonradiative 
processes are often important in decays of excited states.24,29,32 

Despite these investigations there seem to remain a number of 
unsolved questions. For example, in most of the systems rates 
of proton transfer have not been determined definitely. The exact 
mechanisms of proton transfer as well as those of nonradiative 
processes are often not well understood. There is a question about 
the nature of the fluorescent state of MS, whether it is a zwitterion 
or a tautomer.25,32 

In the present work we have studied the emission properties 
of o-hydroxybenzaldehyde (OHBA) and o-hydroxyacetophenone 
(OHAP) by emission and picosecond spectroscopy. OHBA and 
OHAP are the simplest aromatic molecules with intramolecular 
hydrogen bonding involving carbonyl groups. The properties of 
these molecules are interesting in relation to those of MS, OHBP, 
and related molecules, but they seem to have received less at
tention. The luminescence properties of OHBA and OHAP are 
rather different from those of MS and OHBP. OHBA and OHAP 
fluoresce, but the quantum yields of their fluorescence are much 
smaller than that of MS.14 MS shows dual fluorescence in 
nonpolar solvents, one in the UV and the other in the visible 
region,1 but OHBA and OHAP show fluorescence only in the 
visible region.14 Furthermore, we have noted that the low-tem-
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perature luminescence of OHBA changes from yellow fluorescence 
to blue phosphorescence upon irradiation of UV light. It was 
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Figure 1. Molecular structures of o-hydroxybenzaldehyde (OHBA), 
o-hydroxyacetophenone (OHAP), methyl salicylate (MS), and o-
hydroxybenzophenone (OHBP). 

hoped that a combination of emission spectroscopy with picosecond 
spectroscopy would provide further useful information concerning 
the structures and dynamics involving the excited states of OHBA 
and OHAP. 

Here we have studied the emission properties of OHBA and 
OHAP in different solvents at various temperatures. Their 
emission properties are very dependent on these factors, and we 
have tried to identify the species which are responsible for the 
different emissions. We have also studied the fluorescence decay 
and rise behavior by picosecond spectroscopy in order to determine 
the rates of the proton transfer and the nonradiative decays in 
the excited states of OHBA and OHAP. Here we discuss the 
decay properties of OHBA and OHAP in comparison with those 
of MS and OHBP (Figure 1). 

2. Experimental Section 

A. Sample Preparation. Commercially obtained OHBA and OHAP 
were purified by repeated distillations. 9,10-Dibromoanthracene and 
9,10-diphenylanthracene obtained from Aldrich were used without fur
ther purification. Decalin (D) and 3-methylpentane (3MP) used as 
solvents were purified by column chromatography. Methylcyclohexane 
(MCH), methanol (MeOH), ethanol (EtOH), isopropyl alcohol (PrOH), 
isobutyl alcohol (BuOH), and cyclohexane (CH) were all of spectroscopic 
grade and were used without further purifications. Decalin and me
thylcyclohexane were mixed in a 1:1 volume ratio to obtain a mixed 
solvent (D/MCH).36 

B. Absorption and Emission Spectra. The absorption spectra were 
taken with a Shimadzu UV-200 double-beam spectrometer and a Hitachi 
556 double-wavelength, double-beam spectrophotometer. The fluores
cence spectra were obtained with a Hitachi MPF-2A fluorescence spec
trophotometer or a Shimdazu RF502 spectrophotometer. The phos
phorescence spectra were obtained with our zero-field ODMR spec
trometer reported previously.37 

The fluorescence quantum yields 0f of OHBA and OHAP were 
measured in comparison with that of 9,10-diphenylanthracene by exciting 
at the fluorescence maxima of OHBA and OHAP. The value of 0f of 
9,10-diphenylanthracene was assumed to be 1.0.38 All samples were 
degassed by the freeze-pump-thaw method prior to measurements. 

C. Picosecond Measurements. Picosecond measurements were made 
on the apparatus reported previously39 using the third (355 nm) or fourth 
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Figure 2. The absorption and emission spectra of OHBA and OHAP 
taken in nonpolar solvents. The intensity is arbitrary in each case, (a) 
The absorption (- - -) and uncorrected fluorescence and excitation spectra 
(—) of a 10"4 M solution of OHBA in D/MCH at room temperature, 
(b) The absorption (---) and uncorrected fluorescence and excitation 
spectra (—) of a 10"4 M solution of OHAP in D/MCH at room tem
perature. 
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Figure 3. A schematic energy-state diagram for the dynamic processes 
of the major species of OHBA and related molecules in nonpolar and 
polar protic solvents. The straight and wavy lines represent radiative and 
nonradiative processes, respectively. 

(266 nm) harmonic of a mode-locked Nd3+ YAG laser as a light source. 
A single pulse was selected and amplified. In order to obtain the decay 
curves, the fluorescence was observed with a streak camera (Hamamatsu 
C979) using the third harmonic of the laser. Lifetimes longer than 1 ns 
were measured with a photodiode (Hamamatsu R1328-02) and a storage 
oscilloscope (Tektronix 7104 1 GHz). The fluorescence rise curves were 
obtained by detecting the fluorescence signals with a streak camera 
(Hamamatsu C1370) and averaging the signals about ten times. The 
excitation was made with either the third or the fourth harmonic of the 
laser, and a 532-nm prepulse was used to provide a reference mark on 
the time axis for signal averaging. The decay and rise signals were 
processed with a minicomputer system (Hamamatsu ClOOO) and were 
handled with suitable programs for obtaining the decay and rise curves. 
In order to see the wavelength dependence of the fluorescence decay, a 
particular segment of the emission was selectively detected using Hoya 
interference filters having band passes of 10 nm. 

3. Results and Discussion 
A. Absorption and Emission Spectra in Solution. The typical 

absorption and fluorescence spectra of OHBA and O H A P taken 

(39) M. Sumitani, N. Nakashima, K. Yoshihara, and S. Nagakura, Chem. 
Phys. Lett., 51, 183 (1977). 
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Figure 4. The absorption and emission spectra of OHBA and OHAP 
taken in alcohol. The intensity is arbitrary in each case, (a) The ab
sorption spectrum (—) and the corrected fluorescence and the excitation 
spectra (A: - - -) and (B: - • -) of a 10"4 M solution of OHBA in EtOH 
at room temperature. The fluorescence spectra A and B were obtained 
by exciting at 415 and 355 nm, and the fluorescence excitation spectra 
A and B were obtained by monitoring the emissions at 520 and 420 nm, 
respectively, (b) The uncorrected fluorescence and excitation spectra of 
a 10-4 M solution of OHBA in PrOH (—) and OHAP in EtOH (---) 
at room temperature. 

in nonpolar solvents at room temperature are shown in Figure 2. 
The fluorescence spectra are similar to those reported recently 
by Catalan et al.14 The first absorption band covers the range 
375-280 nm with emax ~4000. This relatively large t indicates 
that the absorption is due to a S0 —»• 'irir* transition as previously 
pointed out by Seliskar.40 The S0 -*• 'nir* absorption of the 
aromatic carbonyls commonly observed in the range 370-340 nm 
are blue shifted because of hydrogen bonding and are presumably 
hidden by the stronger S0 -* 'i"r* absorptions. The fluorescence 
spectra show large Stokes shifted emissions with the maxima at 
~ 5 l 0 nm for OHBA and ~490 nm for OHAP, respectively. The 
fluorescence spectra did not change with concentration in the range 
of ~10~2-10~5 M. The fluorescence excitation spectra agree 
reasonably well with the absorption spectra showing that the Stokes 
shifted fluorescence originates from the main absorbing species. 
The main species existing in nonpolar solvents are considered to 
be intramolecularly hydrogen-bonded species (closed conformer 
in Figure 3). In analogy with the fluorescence of MS1, the large 
Stokes shifted fluorescence spectra may be considered to originate 
from the proton-transferred forms of OHBA and OHAP, but the 
characters of these species will be discussed later. 

The absorption spectra of OHBA and OHAP in polar protic 
solvents are similar to those obtained in nonpolar solvents as shown 
in Figure 4, but the fluorescence spectra are rather complicated. 
The fluorescence spectrum of OHBA in EtOH is dependent on 
the excitation wavelength, and the excitation spectra obtained by 
monitoring the emissions at 420 and 520 nm are different as shown 
in Figure 4a. This observation clearly indicates that there are 
at least two fluorescing species, one with the emission maximum 
at longer wavelength (species A) and the other at shorter wave
length (species B). The fact that the excitation spectra given in 
Figure 4a are different from the absorption spectrum indicates 
that the main absorbing species is not fluorescent. A similar result 
was obtained in MeOH, but in PrOH only the A species is dom
inant. In the case of OHAP and EtOH the A species seems to 
be dominant as shown in Figure 4b. The nature of these species 
is discussed in a later section. 

B. Emission Spectra in Rigid Media at 77 K. The emission 
spectra of OHBA and OHAP in 3MP at 77 K are shown in Figure 
5a. The OHAP spectrum is a Stokes shifted fluorescence 

(40) C. J. Seliskar, J. MoI. Spectrosc, 53, 140 (1974). 
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Figure 5. The emission spectra in rigid media at 77 K. The intensity is 
arbitrary in each case, (a) The solid curve represents the uncorrected 
fluorescence spectrum of a 10"5M solution of OHBA in 3MP at 77 K. 
The spectrum is contaminated with the phosphorescence spectrum. The 
broken curve shows the corrected fluorescence spectrum of a 10"5M 
solution of OHAP in 3MP at 77 K. (b) The solid and broken curves 
represent the emission spectra of a 10"4 M solution of OHBA and OHAP 
in EtOH at 77 K, respectively. 

spectrum with the 0-0 band at 445 nm. The emission spectrum 
of OHBA consists of the superposition of a similar Stokes shifted 
fluorescence spectrum and a phosphorescence spectrum. The 
origin of the phosphorescence spectrum is discussed in the next 
section. The quantum yields of the fluorescence were determined 
to be 0.02441 and 0.081 for OHBA and OHAP, respectively, at 
77 K. These values are very small compared with that of MS, 
but are larger than those reported for these molecules in gas and 
nonpolar solvents at room temperature by Catalan et al.14 The 
Stokes shifted fluorescence is considered to arise from the species 
which are responsible for the solution fluorescence at higher 
temperatures. 

The emission spectra of OHBA and OHAP in alcohols at 77 
K consist only of phosphorescence spectra as shown in Figure 5 b. 
The phosphorescence lifetimes were determined to be 58 and 85 
ms for OHBA and OHAP, respectively. The OHBA spectrum 
in EtOH shows a band due to the CH out-of-plane wag, which 
is characteristic of a Vir* aromatic carbonyl of the benzaldehyde 
type. This type of spectrum is usually found for benzaldehydes 
which are intermolecularly hydrogen bonded.42"44 Therefore, the 
phosphorescence spectra of OHBA and OHAP in alcohols are 
likely due to the intermolecularly hydrogen-bonded conformers 
such as shown in Figure 3. This is in agreement with the sug
gestion previously made by Lamola and Sharp.16 The phos
phorescence excitation spectra agree well with the absorption 
spectra, indicating that the main species existing in polar protic 
solvents are intermolecularly hydrogen-bonded open conformers. 

The open conformer of MS shows UV fluorescence,1 but the 
open conformers of OHBA and OHAP rather show phos
phorescence because the intersystem crossings in these carbonyls 

(41) This value is probably somewhat smaller than the real value because 
of contamination due to phosphorescence. 
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Figure 6. The phosphorescence spectra of OHBA at 77 K with the 
variations of the phosphorescence intensities with time. The intensity is 
arbitrary in each case. The excitation was made using a 900-W xenon 
lamp whose output was filtered with a NiSO4 solution and a UV trans
mitting filter and was focused by a quartz lens: (a) OHBA in 3MP, (b) 
OHBA in EtOH. 

are very efficient. As the temperature is raised the phos
phorescence intensities and lifetimes gradually decrease because 
of the phosphorescence quenching and only fluorescence is ob
served at room temperature. However, the open conformers are 
considered to be dominant in solution at higher temperatures. The 
existence of such an open conformer was previously suggested for 
O H B P in ethanol from the T -T absorption at room temperature.21 

C. Low-Temperature Emission and Photoisomerization. The 
fluorescence of O H B A in nonpolar solvents is quickly replaced 
by the phosphorescence upon irradiation. In Figure 6a we show 
the phosphorescence spectrum of OHBA in 3MP at 77 K together 
with the intensity change with time. It is seen that the phos
phorescent species of O H B A in 3MP is produced by irradiation. 
This situation is in contrast to the case of O H B A in alcohols in 
which the phosphorescence intensities do not change with time 
as shown in Figure 6b and the phosphorescent species exists before 
irradiation. The phosphorescence spectrum in 3MP is charac
terized only by a progression of the C = O stretching mode, which 
is characteristic of a 3n7r* aromatic carbonyl of the benzaldehyde 
type. The short lifetime (;S3 ms) is also consistent with this 
assignment. The T1 states of benzaldehyde and some substituted 
benzaldehyde in nonpolar solvents are W * in character.42,43 Thus 
benzaldehyde without hydrogen bonding is likely to be produced 
by irradiation. The conversion of the fluorescence spectrum into 
the phosphorescence spectrum is extremely slow in the case of 
O H A P . 

The most plausible explanation for these observations is the 
following. The low-temperature fluorescence of O H B A in 3MP 
is due to the intramolecularly hydrogen-bonded closed conformer, 
and this is the main species existing in 3MP before irradiation 
but is quickly converted into an open conformer by irradiation 
as shown by eq I. 

O 
^ 

' 3MP 
^H 7? K O 

O 

H 

(D 

O1 O2 

Both of the open conformers O1 and O 2 can give rise to the 
3n7r*-type phosphorescence in nonpolar solvents, but very slow 
conversion of the fluorescence into the phosphorescence in O H A P 
indicates that the above process is strongly suppressed by the larger 
size of the methyl group attached to the C = O group. This seems 
to indicate that rotation of the carbonyl group is involved. Thus 
the open conformer O1 is favored. In polar protic solvents 
phosphorescence intensities do not change because the open 

sec 

10 
'O 

" O 5 10 x 10""3ZT 3 4 5 6 7 x 103/T 

Figure 7. (a) Plot of log k, vs. 1/7. (b) Plot of log k,m vs. 1/7. 

conformers are the main species existing before irradiation. 
Nishimura et al. previously reported the phosphorescence 

spectra of O H B A in a number of mixed crystals at 4.2 K and 
discussed the spectra in terms of the intramolecularly hydro
gen-bonded structures.45 We have, however, found similar 
conversions of the fluorescence spectra into the phosphorescence 
spectra even in the mixed crystals. Therefore, we think that the 
phosphorescence spectra observed in the mixed crystals are also 
due to the photoinduced open conformers as in the case of 3MP 
glass. 

D. Fluorescence Rise and Decay. We analyze the fluorescence 
rise and decay assuming the scheme given in Figure 3. The Si 
state of the closed conformer decays via the nonradiative decay 
process and the proton- or hydrogen-transfer process with the 
decay rate constants kd and kt, respectively. The transferred state 
(S1 ') decays by radiative and nonradiative processes with decay 
rate constants kf and kf, respectively. The fact that the quantum 
yield of the fluorescence is very small indicates that the nonra
diative processes are dominant. 

a. Fluorescence Decays in Nonpolar Solvents. The fluorescence 
decays in nonpolar solvents are well characterized by exponential 
decays. Figure 7a shows the temperature dependence of the 
fluorescence lifetime of O H B A in 3MP. The lifetime increases 
as the temperature is lowered and approaches a constant value 
at ~ 100 K. The lifetime depends neither on the concentration 
in the range of ~ 10~'-10~4 M nor on the wavelength at which 
the measurement was made. The fluorescence intensity also 
increases with increase of the lifetime as the temperature is low
ered. Similar behavior was found for O H A P in 3MP. The 
behavior described here is very similar to that observed for the 
fluorescence decay of MS studied by Smith and Kaufmann.24 

The fluorescence decay rate constant (kf) is analyzed in terms 
of the sum of the temperature-independent radiative decay rate 
constant (kf

T) and the temperature-dependent nonradiative decay 
rate constant (&f

nr(T)): 

kf(T) = kf + kf<(T) (1) 

kf is estimated to be 1.9 X 109 s~' for OHBA from the value of 
kf at 77 K. This value is one order of magnitude larger than kf 
= 1.2 X 108 s"1 found for MS.2 4 In Figure 7b the plot of log kfr(T) 
vs. 1 / 7 i s shown. It gives a satisfactory straight line and kf"(T) 
is given by kf"(T) = k?\<*>) exp(-AE/RT). An apparent acti
vation energy (AE) of 1.7 ± 0.3 kcal/mol and a preexponential 
factor &f

nr(°°) of 2.5 X 10" s"1 were obtained. This activation 
energy is smaller than the 3.7-4.7 kcal/mol obtained for MS. 2 4 

kfT at room temperature is considerably larger than that for MS. 
Similar results were obtained in other nonpolar solvents as well 
as in the case of O H A P . The results are summarized in Table 
I. 

It is shown that this A F s for O H A P are somewhat larger than 
those for OHBA. Preliminary results on a series of the related 
molecules show that AE depends considerably on the group at
tached to the carbonyl, which may indicate the importance of the 
carbonyl torsion in the nonradiative decay. However, further 

(45) K. A. Martin, G. Moller, and A. M. Nishimura, J. Phys. Chem., 80, 
2778 (1976). 
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Table I. Fluorescence Decay" 

solute 

OHBA 

OHAP 

MSb 

solvent 

3MP 
D/MCH 
EtOH A 

B 
3MP 
EtOH 
MCH 

T 2 9 8 K 

(ps) 

52 
75 
63 

- 2 0 0 
64 
83 

280 

7IlK 
(PS) 

520 
780 
600 

(>5600) 
2500 
2400 
8330 

(kca 

1.7 
1.9 
2.0 
8.9 
2.8 
2.2 

A£ 
/mol) 

±0.3 
±0.4 
±0.6 
±0.7 
±0.1 
±0.2 

3.7-4.7 

log 
fcf

nr( 
11.4 ± 
11.4 ± 
11.4 + 
16.3 ± 
12.2 ± 
11.7 ± 

OC) 

0.3 
0.3 
0.5 
0.5 
0.1 
0.1 

a T denotes the fluorescence lifetime. £jnrO°) is the extrapolated 
value of kt

nt in the limit T -»• °°. b Taken from ref 24. 

investigation is needed to establish the mechanism of the nonra-
diative decay. 

b. Fluorescence Rise in Nonpolar Solvents. The representative 
examples of the fluorescence rises obtained by the excitation at 
266 nm are shown in Figure 8. Similar rise curves were obtained 
by the excitation at 355 nm. The fluorescence rise of OHBA in 
D/MCH at 77 K is distinctly slower than those of 9,10-di-
bromoanthracene in CH and of OHBA at room temperature. We 
analyze the rise curves using the scheme given in Figure 3. The 
decay rates of Si and S1 ' are given by 

(2) 

(3) 

where [S1] and [S1'] denote the populations of S1 and S1', re
spectively. Integration of (2) and (3) yields 

[S1'] = [S1IoT r Hexp(* f - *, - h)t - 1] exp(-,M) (4) 
Kf-K1- Ki 

where [S,]0 is the initial population of S1. The fluorescence 
intensity /(/) is then given by46 

d[S,]/dr « - ( * , + *„) [S1] 

d[S, ' ] /dt = Ar1[S1] -* f [S , ' ] 

/(O r' K_ 
Jo *f-*." 

-P 0 (T)[exp(* f -* , -*„) X 
d 

( r - r ) - l ] e x p ( - A ; f ( ; - T ) ) d r (5) 

where P0(T) is the intensity of the excitation pulse at t = r. We 
have simulated the fluorescence rise and decay curves with dif
ferent values of kt + kA and the laser pulse shape. In order to 
ascertain that the observed slower rise of OHBA in D/MCH is 
genuine and not due to an artifact, we have simulated the 
fluorescence rise and decay curves of dibromoanthracene in CH 
at room temperature which is known to fluoresce with no delay 
time and expected to show the fluorescence rise due to the ap
paratus function. Taking the fluorescence decay rate constant 
as kf, I{t) is given as 

/(O - f' P0(T) exp[-ks(t - T)] dr (6) 

As is shown in Figure 8 the simulated rise curve agrees very well 
with the experimental rise curve of dibromoanthracene. On the 
other hand, the rise curves of OHBA at 77 K cannot be simulated 
with eq 6, but are simulated well with eq 5. The simulation yields 
/fc, + kd = 5.0 X 1010 and 1.4 X 10" s"1 for OHBA in D/MCH 
and OHAP in 3MP at 77 K, respectively. kx + A:d increases with 
temperature and the fluorescence rise was not observed clearly 
at room temperature (kt + kd £ 2 X 10" s~'). 

If we consider that the low-temperature limiting values of the 
decay rate constants are due to the radiative process, the small 
values of the quantum yields indicate that the decays of the S1 

states are predominantly nonradiative, namely, kd » kt. The 
fluorescence quantum yield </>f is given by 

0f = * , * / / ( * , + kd)kt (7) 

(46) G. J. Woolfe and P. J. Thistlethwaite, J. Am. Chem. Soc, 103, 6916 
(1981). 

(47) H. Shizuka, K. Matsui, Y. Hirata, and I. Tanaka, /. Phys. Chem., 
81, 2243 (1977), and private communication. 

Figure 8. The fluorescence rise and decay curves. For each figure the 
solid lines are the observed ones obtained after averaging and the broken 
ones are the simulated ones. The curves shown here were obtained with 
the excitation at 266 nm, but similar results were obtained with the 
355-nm excitation in all cases, (a) OHBA in D/MCH at 77 K simulated 
by eq 5; kt + kd = 5.0 X 1010 s"1. (b) OHBA in D/MCH at 77 K 
simulated by eq 6. (c) OHBA in D/MCH at room temperature simu
lated by eq 6. (d) Dibromoanthracene in CH at room temperature 
simulated by eq 6. 

where k{ and kf are the total and radiative decay rate constants 
of the fluorescent state, respectively. With the assumption that 
k{'/kt = 1, 0f = 0.024 for OHBA, and <t>{ = 0.081 for OHAP at 
77 K, we obtain kt = 1.2 X 109 s^1, kd = 4.9 X 1010 s"1 and kt 

= 1.1 X 1010 s"1 and fcd = 1.3 X 1011 s"1 for OHBA in D/MCH 
and OHAP in 3MP at 77 K, respectively. /c,'s estimated in this 
way are much smaller than the rate constant for the proton transfer 
in 6-(2-hydroxy-5-methylphenyl)-,y-triazine (abbreviated as tri-
azine) (kx > 5 X 1011, ~10 1 2 s"1) and MS (kt > 10u s"1).24 

Whether kf/ks =* 1 is true is not certain here, but kA > kx should 
still hold, even if kf contains a large nonradiative decay rate 
constant. Therefore, it is concluded that the nonradiative deac
tivation process dominates over the transfer process, and the 
transfer rates in OHBA and OHAP are relatively slow. This is 
a characteristic which is quite different from that found for MS.24 

We discuss the possible reasons for this below. 

It is considered that the intramolecular hydrogen bonding causes 
a blue shift of the 'rnr* state, and the 'nir*-1^^* separation 
becomes small. However, the S1 state may still be dominantly 
'n-ir* in character for the following reasons. The absence of the 
UV fluorescence at ~77-300 K in spite of the relatively small 
value of kt + kd indicates that the emission efficiency of the S1 

state is rather small. This seems to be in favor of the 'nir* 
character of the S1 state of OHBA and OHAP in contrast to the 
1TTtT* character of the S1 state of MS. In the 'mr* state the oxygen 
atom becomes more positive by promoting a nonbonding electron 
to a more delocalized TT* orbital. Then the basicity of the carbonyl 
group is decreased and the proton transfer will be more difficult. 
On the other hand, it is well known that hydrogen abstraction takes 
place easily in the nir* carbonyl. Therefore, in the 'mr* state of 
the closed conformer of OHBA, the hydrogen atom rather than 
proton may be transfered from the OH group to the carbonyl 
group, yielding the enol tautomer of OHBA (Figure 3b). If this 
is the case, the process to produce the fluorescent state is more 
properly called hydrogen transfer. We think that the difference 
in the transfer rates between MS and OHBA is mainly due to 
the difference in the characters of the S1 states. 

The present result shows that the nonradiative deactivation 
process from the S1 state is dominant. Rapid nonradiative 
deactivation of the S1 state has been noted in the cases of OHBP,21 

triazine,48'49 and 2-(2'-hydroxy-5'-methylphenyl)benzotriazole 

(48) H. Shizuka, K. Matsui, T. Okamura, and I. Tanaka, /. Phys. Chem., 
79, 2731 (1975). 
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Figure 9. The fluorescence decay of OHBA in EtOH, monitoring the 
emission at 463 nm at room temperature. (---) represents the simulated 
curve. 

(abbreviated as triazole).50 In OHBP Merritt et al. considered 
that proton transfer in the S1 state and/or intersystem crossing 
(ISC) from the S1 state to the triplet state are (is) responsible 
for the decay of the S1 state. In the case of triazine, Sizuka et 
al. seem to be in favor of the internal conversion (IC) of the S1 

state associated with the out-of-plane vibration of the hydroxy 
group, while Huston et al. suggested the importance of the rapid 
proton transfer tautomerization between the vibrationally unre-
laxed S1 and S1 ' (tautomer) states with the internal conversion 
of the S1 state in the case of triazole. Since proton-transfer rates 
are slow in the present system, nonradiative deactivation must 
take place from the S1 states. An important characteristic of the 
present system is that the lmr* and 'inr* states are close to each 
other. Therefore, rapid internal conversion due to the distortions 
of the molecules caused by the pseudo-Jahn-Teller effect may 
be important.51 However, ISC to the triplet states can be effective 
for the following reasons. 

In the intramolecularly hydrogen-bonded OHBA and OHAP, 
the T1 states are probably 3irir* states as in the cases of inter-
molecularly hydrogen-bonded OHBA and OHAP. In such aro
matic carbonyls ISC processes 

( a ) »• 

(b) ' 

are expected to occur effectively. Indeed kd = 5 X 1010 s"1 is in 
the same order of magnitude as the ISC rates determined for a 
number of aromatic carbonyls,52"55 and it does not seem unrea
sonable to assume that the ISC rates of OHBA and OHAP are 
of this magnitude. 

If the ISC process is also taking place effectively, we may expect 
to see the phosphorescence of the closed conformer in the rigid 
matrices. The observation that the phosphorescence of OHBA 
is due only to the open conformer produced by irradiation and 
that OHAP does not phosphoresce in nonpolar rigid matrices 
seems to contradict this expectation. A possible way to resolve 
this contradiction is to assume that proton transfer also takes place 
in the T1 state and no phosphorescence of the closed conformer 
is observed. The possibility of such a proton transfer in the triplet 
state has been discussed recently by Merritt et al.22 to explain the 
transient absorption spectrum of OHBP. However, further in
vestigation including the triplet-triplet absorption spectroscopy 
is needed to confirm this possibility. 

(49) H. Shizuka, M. Matsui, M. Tanaka, and I. Tanaka, Koen Yoshishu 
Bunshi Kozo Sogo Toronkai, 540 (1981). 

(50) A. L. Huston, G. W. Scott, and A. Gupta, J. Chem. Phys., 76, 4998 
(1982). 

(51) We thank Professor M. Kasha for his helpful suggestion concerning 
this possibility. 

(52) D. E. Damschen, C. D. Merritt, D. L. Perry, G. W. Scott, and L. D. 
Talley, J. Phys. Chem., 82, 2268 (1978). 

(53) R. W. Anderson, Jr., R. M. Hochstrasser, H. Lutz, and G. W. Scott, 
J. Chem. Phys., 61, 2500 (1974). 

(54) R. W. Anderson, Jr., R. M. Hochstrasser, H. Lutz, and G. W. Scott, 
Chem. Phys. Lett., 28, 153 (1974). 

(55) G. W. Scott and L. D. Talley, Chem. Phys. Lett., 52, 431 (1977). 
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Figure 10. The absorption ( —) and the corrected fluorescence 
spectra (—) of a 10"4M solution of OHBA in EtOH obtained by exciting 
at 355 nm. Open circles and solid circle show AJ(X)I0(X) and A2(I -
/(X))I0(X) at room temperature, respectively. (- - -) and (— - —) give the 
corrected excitation spectra obtained by monitoring the emission at 520 
and 420 nm, respectively. 

c. Fluorescence Decays in Polar Protic Solvents and the 
Characteristics of the Fluorescing Species. The fluorescence of 
OHBA in EtOH shows decays with two different decay times. 
We have studied decay curves by observing the emissions at 
different wavelengths at room temperature. A representative decay 
curve is shown in Figure 9 together with the simulated one. The 
simulation was made with the double exponential decay, 

/(J1X) = AJ-(X) expH/T!) + A2(I - / (X)) e x p H / r 2 ) + B 
(8) 

where T1 and T2 are the lifetimes of the two components which 
give rise to different decays, /refers to the fraction of the com
ponent with the lifetime T1. A{ and A2 denote the amplitude 
parameters and B is the baseline one. The obtained decay curves 
can be fitted very well by eq 8. The fraction of each component 
to fit the observed decay depends on the wavelength at which the 
emission was detected. We have attempted to resolve the 
fluorescence spectrum into those of A and B species by plotting 
AJlX)I0(X) and A2(X -/(X))Z0(X) vs. wavelength X. Z0(X) denotes 
the steady-state fluorescence intensity obtained by excitation at 
355 nm. The result is shown in Figure 10. The spectrum of the 
A species has a maximum at ~500 nm and is very similar to those 
of the Stokes shifted fluorescence spectra of OHBA in nonpolar 
solvents. The lifetime of the A species is also similar to the 
fluorescence lifetimes of OHBA in nonpolar solvents. On the other 
hand, the spectrum of the B species has a maximum at ~430 nm 
and its lifetime is much larger. The results are summarized in 
Table I. At present we cannot make an unambiguous assignment 
of the A and B species, but we suggest possible explanations in 
the following. 

The fact that the fluorescence spectra and lifetime of the A 
species are very similar to those obtained in nonpolar solvents 
seems to indicate that the A species are the closed conformers 
which are responsible for the fluorescence in nonpolar solvents. 
Existence of the closed conformer also has been suggested for 
OHBP in ethanol.21 However, the closed conformer shown in 
Figure 3 cannot explain the excitation spectra of the A species 
which are red shifted from the absorption spectra of OHBA in 
nonpolar solvents by ~50 nm. This observation shows that the 
structure of the ground state of the A species is not the same as 
that of OHBA in nonpolar solvents. These observations can be 
explained if the closed conformers of OHBA in polar protic 
solvents exist as the enol form (shown in Figure 3b) in the ground 
state. In this connection the work by Migirdicyan et al.56 on 
o-methylbenzaldehyde is suggestive. Upon irradiation o-
methylbenzaldehyde in durene develops coloration due to ab
sorption, with the maximum at 405 nm. This absorption was 
attributed to the enol created from o-methylbenzaldehyde by 
hydrogen transfer from the methyl group to the carbonyl group.56 

The enol forms of OHBA and OHAP are expected to have ab-

(56) E. Migirdicyan, A. Despres, 
chem.,3, 383 (1974/1975). 

V. Lejeume, and S. Leach, J. Photo-
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sorptions similar to enol I. The observed excitation spectra of 
OHBA and OHAP are indeed similar to the absorption spectrum 
ofl . 

The B spectrum has no large Stokes shift and its excitation 
spectrum is only slightly shifted from the absorption spectrum, 
which seems to be in favor of the open conformation. This 
spectrum is seen for OHBA in EtOH and MeOH, not in PrOH 
and BuOH. Thus strong solvation of alcohol seems to be needed 
for the appearance of this spectrum. In the strongly solvating 
protic solvents OHBA may exist in differently solvated structures. 
In the more strongly solvated species the 'nir* state of OHBA 
is further blue shifted and its 'irir* state may become the S1 state. 
The B fluorescence may come from the S1 state of such a species. 

4. Summary 

The Stokes shifted fluorescence of OHBA and OHAP in 
nonpolar solvents take place from the excited states of the proton 
or hydrogen-transferred forms (S1') of the closed conformers which 
are likely to be the enol forms. At 77 K the transfer rates are 

Effect of Solvation on 

It is widely known that in aqueous solution and in the crystalline 
state a-amino acids have the structure of a dipolar ion, or zwit-
terion. They are appreciably soluble only in water and do not 
melt until they decompose at almost 300 0C, which is consistent 
with the "salt-like" dipolar ion structure. There are two ionizable 
groups in aqueous solution having pKa values around 2 and 9. 
Taking glycine as an example, the first pATa at 2.3 is what one 
expects for ionization of a carboxyl group. 

+NH3CH2CO2H = H+ + +NH3CH2CO2" 
A<?°aq = 3.2 kcal/mol (1) 

This pK^ value is consistent with that of acetic acid (pATa = 4.8) 
and the presence of a strong electron-withdrawing effect of the 
positive ammonium group which stabilizes the glycine dipolar ion.1 

The second acid dissociation for glycine has a pKz of 9.6 and 
corresponds to the reaction: 

(1) See, for example: Greenstein, J. P.; Winitz, M. "Chemistry of the 
Amino Acids;" Wiley: New York, 1961; Vol. 1, Chapter 4, pp 497-500. 

rather slow and the nonradiative decays are dominant in the decay 
processes of the excited states (S1). The decay rate constants of 
the transferred form (S1') are given by the sums of the temper
ature-independent radiative decay rate constants and the tem
perature-dependent nonradiative decay rate constants. The main 
species of OHBA and OHAP in alcohols are open conformers 
which phosphoresce at low temperature. However, fluorescence 
spectra similar to those found in nonpolar solvents are also obtained 
in alcohols. It is suggested that the fluorescence originates from 
OHBA and OHAP which exist in the enol forms in the ground 
state and the strongly solvated open conformers of OHBA. The 
closed conformer of OHBA is converted into the open conformer 
by UV irradiation in nonpolar solvents at 77 K. 

Acknowledgment. We express our sincere thanks to Professor 
T. Okada of Osaka University for his valuable discussions con
cerning the proton transfer and to Dr. S. Yamauchi of Kyoto 
University for his counsel on the fluorescence quantum yield. We 
thank Miss E. Hamada of Kyoto University for transforming 
papertape outputs from the minicomputer into cards for decon-
volutions. We are indebted to Professor A. Maeda of Kyoto 
University for the use of the Hitachi MPF-2A fluorescence 
spectrometer. This research was partly supported by a grant from 
the Ministry of Education of Japan. 

Registry No. OHBA, 90-02-8; OHAP, 118-93-4; MS, 119-36-8; 
OHBP, 117-99-7. 

the Acid/Base Properties of Glycine 

+NH3CH2CO2" = H+ + NH2CH2CO2-
AG°aq = 13.3 kcal/mol (2) 

This is similar to the ethylammonium ion which has a pKa of 10.7. 
Thus, in aqueous solution the basicity of glycine (the reverse of 
reaction 1) is similar to that of acetate ion, and its acidity (reaction 
2) is similar to that of an alkylammonium ion. 

Little is known about the acid/base properties of the a-amino 
acids in the gas phase, yet comparisons of the gas-phase and 
solution-phase data would be of fundamental importance. It would 
be interesting to know if zwitterions exist in the gas phase and 
how the hydration enthalpies of the protonated and deprotonated 
a-amino acids compare with simpler analogues. 

Recently we reported the first measurements of the gas-phase 
acidity and basicity of glycine.2 Using a pulsed ion cyclotron 
resonance (ICR) mass spectrometer with an ultra-high-vacuum 

(2) Locke, M. J.; Hunter, R. L.; Mclver, R. T., Jr. J. Am. Chem. Soc. 
1979, 101, 272-273. 
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Abstract: The gas-phase acidity and basicity of glycine and several of its methyl-substituted isomers have been measured by 
pulsed ion cyclotron resonance (ICR) mass spectrometry. The amino acids were introduced into a heated, ultra-high-vacuum 
chamber using a direct insertion probe. Their partial pressures were measured directly, and these values were used in calculating 
equilibrium constants for gas-phase proton-transfer reactions. The proton affinity of glycine (AH0 for GIyH+ —- H+ + GIy) 
is 213 kcal/mol, and the heterolytic bond dissociation energy (AJ/0 for GIy —• H2NCH2CO2" + H+) is 342 kcal/mol. Glycine 
is a zwitterion in the crystalline state and in aqueous solution, but the pulsed ICR experiments indicate that it is not a zwitterion 
in the gas phase. Thermodynamic cycles have been constructed for transfer of the protonated and deprotonated forms of glycine 
from the gas phase to aqueous solution. The heat of solvation for +H3NCH2CO2H is -87.1 kcal/mol, and the heat of solvation 
of H2NCH2CO2" is -90.7 kcal/mol. 
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