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Properties of the 3(w,7*) states of 2-(2’-hydroxyphenyl)benzothiazole (HBT) and 2-(2’-hydroxyphenyl)-
benzoxazole (HBO) were investigated by means of transient absorption spectroscopy and ab initio calculations.
When the volume fraction of ethanol in a mixed solvent of toluene and ethanol is small, the intramolecularly
proton-transferred cis-keto form of HBT predominates over the intermolecularly hydrogen-bonded trans-enol
form in the triplet state. However, when the volume fraction of ethanol becomes large, the relative composition
is reversed. The triplet species of HBO at 10 us after photoexcitation contain a cis-enol form in both nonpolar
and alcoholic solvents. For HBO, the cis-keto form produced immediately after photoexcitation is partly
converted to the intramolecularly hydrogen-bonded cis-enol form in the triplet state within 10 us. Interpretation
of the solvent effect is made on the basis of the ab initio calculations for the ground state. The difference in
solvent effect between HBT and HBO can be explained in terms of the hydrogen bonding involving the sulfur
or oxygen atom at the 1-position. The results of the ab initio calculations for the triplet state show that the
stable triplet species of HBT and HBO can be regarded as a kind of cis-keto form. This result can be explained
by considering the = electron nodal pattern of the wave function in the lowest 3(w,x*) state.

Introduction

The photoinduced intramolecular proton transfer of hydrogen-
bonded molecules is a topic of current interest.I-6 It is a very
simple chemical process and is of great interest in view of its use
as a polymer-protecting agent’ and the possibilities of making a
proton-transfer laser® and an information storage device at the
molecularlevel.? Accordingly, we have investigated the dynamic
processes of various excited states of o-hydroxybenzaldehyde
(OHBA) in detail 71017

In previous studies concerning intramolecular proton transfer,
attention was mainly focused on the lowest excited singlet states
(S, states). Only a few systems have been studied on the triplet
states of the intramolecularly hydrogen-bonded molecules. Ina
previous paper,!” we studied the spectroscopy and dynamics in
the lowest 3(w,7*) states of OHBA and related molecules by
means of time-resolved electron paramagnetic resonance (TR-
EPR).

On the other hand, the mechanism of the photoinduced proton
transfer of 2-(2’-hydroxyphenyl)benzothiazole (HBT) and 2-(2’-
hydroxyphenyl)benzoxazole (HBO) has been extensively inves-
tigated in recent years.!8-45 The main species in the ground states
(So states) of HBT and HBO are intramolecularly hydrogen-
bonded cis-enol forms (Figure 1) in nonpolar solvents. In the
lowest 3(w,7*) states of HBT and HBO, proton-transferred cis-
keto forms (Figure 1) are considered to be stabilized in the
intramolecularly hydrogen-bonded species by the node of the
wave function.!3-154647 In previous papers, Tero-Kubota et al.4!
and we*? studied the spectroscopy and dynamics in the triplet
states of HBT and HBO by means of TREPR.

In the present paper, we have tried to make a detailed
investigation of the solvent effects and the stable species in the
triplet states of HBT and HBO. We have, thus, measured the
transient absorption spectra of HBT, HBO, 2-(2’-methoxyphen-
yl)benzothiazole (MBT), 6-[3-methyl-2(3H)-benzothiazolylidene]-
cyclohexa-2,4-dienone (NBT), and 2-(2’-hydroxy-6’-methyl-
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Figure 1. Molecular structures of MBT, NBT, and enol and keto forms
of HBT and HBO, together with numbering system for atoms used in
the present work.

phenyl)benzothiazole (MHBT). First, we tried to confirm the
molecular structures in the lowest 3(x,7*) states of HBT and
HBO in nonpolar and alcoholic solvents experimentally by
comparison with the spectra of MBT and NBT. Secondly, by
the use of MHBT we studied the reason for the difference in
solvent effect between HBT and HBO. Thirdly, we tried to
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determine the molecular structure of the transient species of HBT
obtained after photoexcitation at room temperature experimen-
tally.

However, it is difficult to determine the properties of the triplet
states of HBT and HBO unambiguously by means of TREPR
and transient absorption spectroscopy alone. In order to obtain
further information about the triplet state, it is desirable to perform
nonempirical molecular-orbital (MO) calculations at a reliable
level of theory. Inthe present paper, interpretation of the solvent
effects in the transient absorption spectra of HBT and HBO has
been made on the basis of ab initio calculations for the Sy states.
The optimized structures in the lowest 3(7,7*) states of HBT and
HBO were obtained, and the exact nature of the proton transfer
was discussed on the basis of the calculated results. The molecular
structures of MBT, NBT, and the enol and keto forms of HBT
and HBO are shown in Figure 1, together with the numbering
system for the atoms used in the present work.

Experimental Section

Commercially obtained HBT and HBO were purified by
repeated recrystallization from ethanol (EtOH). EtOH used as
a solvent was refluxed over CaO for 12 h and then distilled twice.
CaQ was previously heated at high temperature for 6 h. Toluene
(Tol), diethyl ether (DEE), and isopentane (IP) used as solvents
were refluxed over Na or NaH for 12 h and then distilled twice.
EtOH and DEE were mixed with Tol and IP, respectively, to
obtain stable glass matrixes (EtOH + Tol and DEE + IP,
respectively).

MBT was synthesized according to a procedure similar to that
reported by Nakagaki et al.!9 HBT (2.3 g) was dissolved in 2
N aqueous NaOH solution (30 mL), and (CH;),SO, (1.3 g) was
added dropwise. The precipitated MBT was separated by
filtration and was purified by column chromatography on silica
gel with CH,Cl,. The residue obtained after evaporation was
recrystallized from petroleum ether, giving white crystals (mp
106-108 °C). Inthe 'H NMR spectrum of HBT in CDCl;, the
peak at § = 12.04 ppm was assigned to the hydrogen atom of the
OH group. However, in MBT, there were no peaks around 12
ppm, and instead a peak was seen at § = 4.03 ppm, which was
assigned to the hydrogen atoms of the OCH; group. The most
abundant peak in the mass spectrum was that of m/e = 241,
which was assigned tothe parentionof MBT. The firstabsorption
band showed the maximum at 320 nm in DEE + IP. The
fluorescence spectrum showed a peak at 355 nm in DEE + IP,
and the Stokes shift was small.

NBT was synthesized according to a procedure similar to that
reported by Williams et al.1848 HBT (4.5 g) was dissolved in
(CH;),S0, (2.5 g), and the solution was heated at 120 °C (oil
bath) for 30 min. The solution was allowed to cool to room
temperature. The produced 2-(2’-hydroxyphenyl)-3-methylben-
zothiazolium methyl sulfate was washed with a small amount of
dry DEE and was dissolved in water (20 mL). The solution was
made alkaline with 10% aqueous NaOH solution. The precip-
itated NBT was separated by filtration and was purified by column
chromatography on silica gel with methanol. After removal of
the solvent, the orange powder was obtained (mp 139-142 °C).
Inthe 'H NMR spectrum in CD;OD, there were no peaks around
12 ppm, and instead a peak was seen at § = 4.30 ppm, which was
assigned to the hydrogen atoms of the CH; group bonded to Nj.
The most abundant peak in the mass spectrum was that of m/e
= 240, and the one of m/e = 241 followed this. The peak of m/e
= 241 was assigned to the parent ion of NBT. Since the solubility
of NBT in EtOH + Tol was very small, we used DEE + IP as
the solvent for NBT. The first absorption band showed the
maximum at 461 nm in DEE + IP. The fluorescence spectrum
showed a peak at 468 nm in DEE + IP, and the Stokes shift was
small.

MHBT was synthesized from 2-hydroxy-6-methylbenzalde-
hyde according to a procedure similar to that reported by Cossey
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et al.® 2-Hydroxy-6-methylbenzaldehyde was prepared from
OHBA.5% A mixture of 2-hydroxy-6-methylbenzaldehyde (2.46
g) and 2-aminobenzenethiol (2.5 g) in excess nitrobenzene (20
g) was refluxed for 3 h. Nitrobenzene was an oxidizing agent.
The solution was allowed to cool to room temperature. The
precipitated MHBT was separated by filtration and was washed
with a small amount of EtOH. Recrystallization from EtOH
gave white needles (mp 132-134 °C). Inthe 'H NMR spectrum
in CCly, peaks were seen at 6 = 2.32, 6.7-8.0, and 12.32 ppm,
which were assigned to the three hydrogen atoms of the CH;
group at the 6’-position, seven hydrogens of the aromatic rings,
and one hydrogen of the hydroxy group, respectively. The most
abundant peak in the mass spectrum was that of m/e = 241,
which was assigned to the parent ion of MHBT. The first
absorption band showed the maximum at 340 nm in EtOH + Tol
(1:9 volume ratio). The fluorescence spectrum showed a peak
at 510 nmin EtOH + Tol (1:9 volume ratio), and the Stokes shift
was very large.

Transient absorption spectra, steady-state absorption spectra,
and fluorescence spectra were obtained with a Unisoku USP-500
pulse—flush spectrometer, a Shimadzu UV-2100S spectropho-
tometer, and a Shimadzu RF-5000 spectrofluorophotometer,
respectively. The concentrations of samples were 104 to0 10-3 M
in the measurements of the transient absorption spectra. A pyrex
cell of test-tube type was usually used in the experiments at 77
K. Thetransient absorption spectra obtained witha 1-cm square
quartz cell were essentially the same as those obtained with a
pyrex cell of test-tube type. The transient absorption spectra
were obtained at 10 us after photoexcitation. Unless otherwise
noted, lifetimes of transient species were longer than the longer
limit of detection in our apparatus (1 ms).

Calculation Method and Procedure

Pariser—Parr—Pople Method. The wavelengths of the triplet—
triplet absorption (T-T absorption) of the hydrogen-bonded enol
and keto forms of HBT and HBO were calculated using the
semiempirical Pariser—Parr—Pople-type (PPP-type) MOs. The
wavelengths of the T-T absorption calculated with the PPP
method agree well with the experimental ones.’52 We used a
procedure similar to that reported previously,17425354 Two-center
electron repulsion integrals and two-center core integrals (8s)
were evaluated by using the Ohno-Klopman-types-57 and
Wolfsberg—Helmholtz-type*8 approximations, respectively. 8for
benzene was assumed to be —2.39 eV. The ionization potential
(IP) and electron affinity (EA) given by Hinze, Jaffé, Dewar,
and Morita’%¢0do not satisfactorily reproduce the observed trend
of the experimental results as reported previously. Accordingly,
we used alternative IP and EA values:3 for the O; atom of HBO
and the Oy atoms of the enol forms of HBT and HBO, the IP
and EA were taken as 32.93 and 17.70 eV, respectively; for the
N; atoms of the keto forms of HBT and HBO, the IP and EA
were taken as 26.46 and 14.12 eV, respectively; for the S; atom
of HBT, the IP and EA were taken as 22.64 and 12.70 eV,
respectively.

Inthe = electron MO treatment, the effect of hydrogen bonding
is conveniently treated by changing the Coulomb parameter
174253 The hydrogen-bonding formation is expected to increase
and decrease the a values for the Oy and N; atoms in the enol
forms of HBT and HBO, respectively. It also increases and
decreases those for the N3 and Oy atoms in the keto forms,
respectively. The symbol A« is used to designate the change in
a. We assumed that the JAo] values for the O, and N; atoms
of a molecule are equal to each other, as in the case of methyl
salicylate.!” From thecalculated results of the zero-field splittings
in the triplet state, the Ao| values for the enol and keto forms
were determined to be 1 and 2 eV, respectively.4?

Ab Initio Method. Ab initio calculations for HBT and HBO
were carried out with the Gaussian 88 program.! The basis set



2-(2’-Hydroxyphenyl)benzothiazole and -benzoxazole

T T T

0.05}@ EtOH:Tol=9:1

0.03

0.01 — I | |
bttt et

0.05 b} EtOH : Tol=5:5 |

Absorbance
(=]
o
W

0.01¢

0.05¢

0.03

0.01¢ PR | PRI BT
400 500 600
Wavelength (nm)
Figure 2. Transient absorption spectra of HBT obtained at 10 us after

photoexcitation in EtOH + Tol of various volume ratios at 77 K. (a)
EtOH : Tol = 9:1. (b) 5:5. (c) 1:9.
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Figure 3. (a) Transient absorption spectrum of MBT in EtOH + Tol
(1:9 volume ratio). (b) Transient absorption spectrum of NBT in DEE
+ IP (1:1 volume ratio). These spectra were obtained at 10 us after
photoexcitation at 77 K.

used in the present calculations is STO-3G, which reproduces the
experimental results fairly well.62 The restricted Hartree-Fock
(RHF) and the unrestricted Hartree-Fock (UHF) schemes were
adopted in the self-consistent-field (SCF) calculations for the Sq
and triplet states, respectively. The geometry optimization was
performed under the constraint of C; symmetry by the energy
gradient method.

Results and Discussion

Transient Absorption. Figure 2 shows the transient absorption
spectra of HBT in EtOH + Tol of various volume ratios at 77
K. Two peaks can be seen around 430 and 510 nm. The latter
wavelength is close to that of the T-T absorption maximum of
HBT obtained in 3-methylpentane at 100 K.** The transient
absorption shown in Figure 2 is considered to be due to the T-T
absorption of HBT. When the volume fraction of EtOH is small,
the peak around 510 nm predominates over the one around 430
nm. As the volume fraction of EtOH increases, the relative
composition is reversed. This observation clearly indicates that
there are two triplet species of HBT in EtOH + Tol and the
proportion depends on the volume fraction of EtOH.

Partsa and b of Figure 3 show the transient absorption spectra
of MBT in EtOH + To! (9:1 volume ratio) and of NBT in DEE
+ IP (1:1 volume ratio) at 77 K, respectively. A peakcan beseen
around 430 nm in the spectrum of MBT, while that of the NBT
shows a peak around 530 nm. The correspondence of the spectra
is considered to reflect a similarity in electronic structure. From
Figures 2 and 3, it is thus considered that the electronic structures
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Figure 4. Transient absorption spectra of MHBT obtained at 10 us after
photoexcitation in EtOH + Tol at 77 K. (a) EtOH : Tol = 9:1. (b) 1:9.
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Figure 8. (a) Transient absorption spectrum of HBT obtained at 10 us
after photoexcitationin DEE + IP (1:1 volumeratio) at room temperature.
(b) Steady-state absorption spectrum of NBT in DEE + IP at room
temperature.

in the triplet state of HBT in nonpolar and alcoholic solvents are
similar to those of NBT and MBT, respectively. Accordingly,
the main triplet species of HBT in nonpolar and alcoholic solvents
are likely to be an intramolecularly proton-transferred cis-keto
form and an intermolecularly hydrogen-bonded enol form,
respectively. The species in alcoholic solvent will be a trans-enol
form or an OH rotamer of the cis- or trans-enol form in Figure
1. When the volume fraction of EtOH is small, the cis-keto form
predominates over the intermolecularly hydrogen-bonded enol
form. As the volume fraction of EtOH increases, the relative
composition is reversed. These results are consistent with those
obtained from TREPR.4? Since the main species in the Sy state
of HBT is a cis-enol form in nonpolar solvents, the intramolecular
proton transfer is considered to take place in the excited state.

Parts a and b of Figure 4 show the T-T absorption spectra of
MHBT in EtOH + Tol (9:1 and 1:9 volume ratios, respectively)
at 77 K. In contrast to the case of HBT, these spectra are close
toeachotherand havea peakaround 510nm. From these results,
it is considered that the main triplet species of MHBT at 10 us
after photoexcitation is a cis-keto form in both nonpolar and
alcoholic solvents. The proportion of the enol form in the triplet
state in alcoholic solventsis greatly diminished by the methylation
at the 6’-position.

The transient absorption spectrum of HBT obtained in DEE
+ IP (1:1 volume ratio) at room temperature shows a peak around
460 nm that is not quenched by oxygen (Figure 5a). Thistransient
absorption is thus due to singlet-singlet absorption (S-S ab-
sorption). This spectrum is similar to those of HBT in 3-meth-
ylpentane and CHCIl; at room temperature.36* The interpretation
of the absorbance decay curves and the lifetime was previously
given.3%63 The transient S-S absorption spectrum of HBT at
room temperature is similar to the steady-state absorption
spectrum of NBT shown in Figure 5b. The correspondence of
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the spectra is considered to reflect a similarity in electronic
structure between NBT and the singlet transient species of HBT
atroomtemperature. Accordingly, itisconcluded that thesinglet
transient species of HBT is a keto form. This result supports the
speculation by Al-Soufi et al.3® and Brewer et al.®* that the
transient species is a trans-keto form. The decay of the triplet
species of HBT is likely to occur within the lifetime of the exciting
light pulse (=10 us) at room temperature.

The wavelength of the transient S-S absorption peak for the
trans-keto form of HBT (460 nm) is close to that of the transient
absorption band observed at 77 K (430 nm). It is needed to
ensure that the transient absorption band located at 430 nm is
due not to the S-S absorption of the trans-keto form but to the
T-T absorption of the enol form. The transient absorption
spectrum of MBT obtained at room temperature is close to that
in Figure 3a and shows a peak at 430 nm. The lifetime of the
transient speciesis 125 us, and the transient absorptionis quenched
by oxygen. Accordingly, the transient absorption bands of HBT
and MBT located at 430 nm are considered to be due to the T-T
absorption of the enol form.

Figure 6 shows the transient absorption spectra of HBO in
EtOH + Tol of various volume ratios at 77 K. In contrast to the
case of HBT, these spectra are close to one another and have a
peak around 400 nm. These spectra are similar to the T-T
absorption spectrum of HBO in a mixed solvent of 2-methyl-
pentane and IP (volume ratio 1:1) at 174 K.3¢ The transient
absorption shown in Figure 6 is considered to be due to the T-T
absorption. The transient absorption of HBO is negligible at
room temperature. The decay of the triplet species of HBO is
likely to occur within the lifetime of the exciting light pulse (=10
us) at room temperature.

The T-T absorption band of HBO shown in Figure 6 is close
tothat of the enol form of HBT (Figure 2). Itis, thus, considered
that the triplet species of HBO at 10 us after photoexcitation
contain an enol form in both nonpolar and alcoholic solvents.
From the results of TREPR,# it was concluded that the main
triplet species of HBO at 0.4 us after photoexcitation is a cis-keto
form in both nonpolar and alcoholic solvents. Accordingly, it is
considered that the cis-keto form produced after photoexcitation
is partly converted to the cis-enol form in the triplet state within
10 us. Theconversion process corresponds to proton back-transfer.
Actually, both keto and enol forms are in equilibrium at 10 us
after photoexcitation at 77 K, as shown by Grellmann et al.3

Our assignment of the T-T absorption is also supported by the
PPP-type MO calculations. The calculated results of the triplet
energies and the f-values of the T-T absorption of HBT and
HBO are available as supplementary material. Briefly, in the
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(a)HBT Sp Calculated Result

(b)Y HBT Sy Experimental Result

(¢c)HBO Sp Calculated Result

Figure 7. (a) Optimized geometry, in A and degree, in S state of HBT.
(b) Molecular structure of HBT obtained from X-ray diffraction.5 (c)
Optimized geometry, in A and degree, the Sq state of HBO.
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calculated results, the T-T absorption bands in the enol and keto
forms of HBT are located at 438 and 446 nm, respectively. Those
values for HBO are 398-434 and 438 nm. Although the
quantitative agreement between the experimental and calculated
results is not sufficient, the calculated wavelength of the T-T
absorption band in the enol form is shorter than that in the keto
form. The qualitative features of the calculated results are
consistent with the experimental ones.

Ab Initio Calculation for the Sy State. Parts a and ¢ of Figure
7 show the optimized structures (cis-enol forms) in the S, states
of HBT and HBO, respectively. The optimized structure of HBT
agrees well with the experimental result (Figure 7b%4). The
H,- - -N; hydrogen bond energies of HBT and HBO were
estimated to be 12.4 and 11.0 kcal/mol, respectively. The two
energies are similar to each other. The hydrogen bond energy
was calculated as the change in total molecular energy in the
conversion of the cis-enol form (Figure 7a and c) into its OH
rotamer (Figure 1).

Figures 8 and 9 show the plots of the total molecular energies
as functions of the dihedral angle N3—C,~C,~Cy (¢) for the enol
form and its OH rotamer, respectively. Inthese plots, the numbers
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on the ordinate indicate the energy difference (AE) from the
structure with ¢ = 0° (cis-enol form in Figure 8 and its OH
rotamer in Figure 9). In the calculations for these plots, the
geometry parameters other than ¢ were assumed to be the same
as those shown in Figure 7a and ¢. The trans-enol form (¢ =
180° in Figure 8) of HBT thus obtained is rather unstable owing
to the steric repulsion between Hy and S;.

The activation energy for the rotation of the hydroxyphenyl
group in Figure 9 contains the energies of the H¢- - -S; (O))
hydrogen bond and of the m-conjugation between the hydrox-
yphenyl ring and the benzothiazole (benzoxazole) moiety. The
activation energy in Figure 8 contains the Hy- - -N3 hydrogen
bond energy besides the above ones. For the cis-enol form of
HBT and HBO, the activation energies for the rotation of the
hydroxyphenyl group are close to each other (Figure 8). For its
OH rotamer, the activation energy for HBT is much smaller than
that for HBO (Figure 9). For the OH rotamer of HBT (Figure
9), the trans-enol form (¢ = 180°) is much more stable than the
cis-enol form (¢ = 0°).

When HBT and HBO are intramolecularly hydrogen-bonded
innonpolar solvents (cis-enol form), the susceptibilities to rotation
of the hydroxyphenyl groups are considered to be close to each
other. However,if HBT and HBO are intermolecularly hydrogen-
bonded in alcoholic solvents (OH rotamer), HBT is more
susceptible to the rotation than HBO. From these calculated
results, one can suggest that the cis-enol form and the OH rotamer
of the trans-enol form of HBT exist in the S, state in EtOH +
Tol. The relative composition depends on the volume fraction of
EtOH in EtOH + Tol. In contrast, the main species of HBO in
EtOH + Tol is the cis-enol form alone. There may be a small
amount of the OH rotamer also in HBO, but it will tend to be
converted into the cis-enol form. These results are consistent
with the experimental results described in a previous section and
a previous paper.4?

Hydrogen Bonding between H¢ and S; (0,;). The difference
in the susceptibilities of rotation of the hydroxyphenyl group
between HBT and HBO can be explained in terms of the hydrogen
bonding between C¢~Hg and Sy (O;). A number of workers
postulated that a C~H bond can form anintramolecular hydrogen
bond to an ether.55 Such a hydrogen bond between Ce—Hyg and
O, keeps HBO planar, even if the other intramolecular hydrogen
bond between O,~Hy and Njs is absent (OH rotamer of cis-enol
form). A divalent sulfur atom in a molecule can act as a base
in hydrogen bonding.5 However, the Hg- - -S; hydrogen bond
in HBT is much weaker than the Hg- - -O; in HBO. The OH
rotamer of the cis-enol form of HBT is, thus, more susceptible
to the rotation of the hydroxyphenyl group than that of HBO.

As described above, the proportion of the triplet enol of HBT
in alcoholic solvents is greatly diminished by methylation at the
6’-position. This difference between HBT and MHBT can also
be explained in terms of the hydrogen bonding between Ce—Hg
[(CH3)¢] and S;. In HBT, the ring containing the hydrogen
bond is a five-membered one (Ce¢—Hg—S;—C,-Cy), while the
corresponding ring in MHBT is a six-membered one [Ce—(CH3)6—
S,-C,—Cy]. The hydrogen bond in the less-strainedé® six-
membered ring of MHBT will be stronger than that in the five-
membered one of HBT. As a result, MHBT is less susceptible
to the rotation of the hydroxyphenyl group than HBT in alcoholic
solvents, and the proportion of the OH rotamer of the trans-enol
form in the triplet state is greatly diminished in MHBT.

Ab Initio Calculation for Triplet State, Partsa and b of Figure
10 show the optimized structures in the lowest 3(w,7*) states of
HBT and HBO, respectively. The initial geometry in the
optimization is the optimized geometry of the S state (Figure
7a and ¢). When we adopt the initial geometry with the N;-Hy
distance shorter than the O,—~Hy one, the triplet energy obtained
is much higher than that for the geometry shown in Figure 10.
The optimized geometry of the triplet state (Figure 10) is quite
different from that of the Sy state (Figure 7a and ¢). The C-N,
and C,~C; bond lengths in the triplet state are much longer and
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(a)HBT T; Calculated Result

(b)HBO T, Calculated Result

Figure 10. Optimized geometries, in A and degree, in triplet states of
HBT (a) and HBO (b).

shorter than those in the Sy state, respectively. The C;~Cy and
Cs—~Cg bond lengths are shorter than the C,—Cy, C,—Cy, C4—
Cs, and C4—C/ ones in the triplet state. From these calculated
results, the stable species in the triplet states of HBT and HBO
can be regarded as a kind of cis-keto form.

Recently, we asserted that such a result is understood by
considering the = electron nodal pattern of the wave function in
the lowest excited state.!3-1546.47 Briefly, in the lowest excited
state of HBT and HBO, a nodal plane passes through the
hydroxyphenyl ring and between the N; and Oy atoms. The
nodal plane runs perpendicular to the molecular plane. Then,
the lone electrons localized at C- and Cy facilitate the rear-
rangement of bonds to produce the cis-keto form. This rear-
rangement and the delocalization of the lone electrons significantly
lowers the energy. Thus, in the lowest excited state, the cis-keto
formis preferred owing tothe favorable nodal pattern. Weshowed
that this explanation is widely applicable to many photochemical
reactions in various excited states of a variety of organic
molecules.!3-154647 The concept is simple and is supported by ab
initio calculations including geometry optimization of the Sy and
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S, states in OHBA.14 The usefulness of our explanation is now
widely recognized.466:67

However, the O,—Hy distance in the triplet state is considerably
shorter than the N;-Hy distance (Figure 10) and is close to the
0O,—H, bond length in the Sy state (Figure 7a and ¢). A similar
result was also obtained for the lowest !(wx,7*) state of OHBA.!4
We explained that the exact nature of the so-called “excited-
state intramolecular proton transfer” is the deformation of the
benzene skeleton instead of the motion of the hydrogen nucleus.
Such aninterpretation is reasonable because the 7 orbitals taking
part in the excitation originally belong to the benzene moiety
instead of the hydrogen-bonded moiety. Thus, whether the proton
transfer occurs or not, either will do. Our important conclusion
is that the structural reorganization in the so-called “excited-
state intramolecular proton transfer” is not localized at the
hydrogen-bonded moiety but rather encompasses other degrees
of freedom.

Recently, our calculated result for OHBA, !4 in which there is
no large displacement of the hydrogen atom toward the carbonyl
oxygen atom upon excitation, was supported by the results of the
resonance Raman spectroscopy.®® Peteanu and Mathies showed
that, immediately following excitation, o-hydroxyacetophenone
evolves rapidly along a large number of skeletal coordinates which
donot include proton motion. Their results are certainly consistent
with the model for “excited-state intramolecular proton transfer”
which we proposed. The observation that excited-state tau-
tomerization may involve only a minimum of proton motion may
be general. On the other hand, from the results of picosecond
spectroscopy, Elsaesser and Kaiser showed that the proton really
transfers in the S, state of HBT.2¢ At present, necessary
experimental data for the triplet states of HBT and HBO are not
availablein theliterature. Accordingly, we cannot unambiguously
determine whether or not the proton really transfers in the triplet
states of HBT and HBO. In any event, it is certain that the
hydroxyphenyl skeleton is close to the keto form in the triplet
states of HBT and HBO.

Recently, Rodriguez Prieto et al. and Grellmann et al. showed
that the two triplet states for the enol and keto forms are in
equilibrium in HBO.2%34 In the triplet state of 2-(2’-hydroxy-
4’-methylphenyl)benzoxazole, the enol form is more stable than
the keto form.3%4 This result seems to be in conflict with our
explanation; as described above, the node stabilizes the keto form
of HBO according to our opinion. We suggest a plausible
explanation to resolve this conflict in the following. Ina previous
paper,* we critically evaluated the limitation of our explanation
based on the node of the wave function and found that the excited
state should be represented by one or a few electron configurations.
The triplet state of the enol form of HBO may be represented
by mixture of some configurations, and our explanation may not
be directly applicable to HBO. A similarresult wasalsoobtained
for 2,2’-bipyridyl-3,3’-diol.%? Accordingly, it is interesting to
perform post-SCF calculations for the triplet state of HBO and
to examine whether or not our suggestion holds for the triplet
state of HBO. However, a post-SCF calculation to obtain the
optimized geometry for the triplet enol of HBO requires much
computer time and cannot be performed easily. Further inves-
tigations are clearly needed.

Semiempirical Calculation. We also made a full geometry
optimization for the S, states of HBT and HBO with the AM1
method. The AM1 method was chosen since it takes hydrogen
bonds into account.’”® The calculated results are available as
supplementary material. Briefly, in contrast to the case of the
ab initio method (Figures 7a and 8), the molecular structure of
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HBT optimized with the AM1 method is nonplanar (¢ = 28.6°).
This calculated result is not consistent with the experimental
one. 54

Lavtchieva et al. carried out the geometry optimization for the
triplet state of HBO with the AM1 method and found that the
optimized structureis nonplanar (¢ = 57°).45 Thisresult obtained
with the AM1 method is not consistent with the one obtained
with the ab initio method (data not shown); the minimum energy
is obtained at ¢ = 0° with the ab initio method.

Reliable molecular structures can be obtained with the ab initio
method rather than the AM1 method. From these results, it is
concluded that the ab initio calculation instead of the semiem-
pirical one is essential for obtaining information about HBT and
HBO.

Conclusion

Properties of the 3(x,x*) states of HBT and HBO were
investigated by means of transient absorption spectroscopy and
ab initio calculations. When the volume fraction of EtOH in
EtOH + Tol is small, the cis-keto form of HBT predominates
over the OH rotamer of the trans-enol form in the triplet state.
However, when the volume fraction of EtOH becomes large, the
relative composition is reversed. The triplet species of HBO at
10 us after photoexcitation contain a cis-enol form in EtOH +
Tol. In HBO, the cis-keto form produced immediately after
photoexcitation is partly converted into the cis-enol form in the
triplet state within 10 us.

Interpretation of the solvent effect was made on the basis of
the ab initio calculations for the Sy state. In the cis-enol forms
of HBT and HBO, the activation energies of the rotation of the
hydroxyphenyl group are close to each other. Inthe OH rotamer
of the cis-enol form, the activation energy of HBT is much smaller
than that of HBO. Furthermore, in the OH rotamer of HBT,
the trans-enol form is much more stable than the cis-enol form.
As a result, the cis-enol form and the OH rotamer of the trans-
enol form of HBT exist in the Sy state in EtOH + Tol. The
relative composition depends on the volume fraction of EtOH.
In contrast, the main species in the S state of HBO in EtOH +
Tol is the cis-enol form alone. The difference in solvent effect
between HBT and HBO can be explained in terms of the hydrogen
bonding between Cs—Hg and S; (Oy).

From the results of the ab initio calculations, it was found that
the stable species in the triplet states of HBT and HBO can be
regarded as a kind of cis-keto form. This result can be explained
by considering the r electron nodal pattern of the wave function
in the lowest 3(w,7*) state.
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