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Abstract

Intramolecular proton transfer in the triplet state of 1-(acylamino)anthraquinones has been studied by means of transient absorption
sgectroscopy. The substituent and solvent effects were observed and were discussed in conjunction with the energy-state diagram. The singlet—
triplet energy-gap of the proton-transferred form is much less than that in the normal form. © Elsevier Science S.A.
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1. Introduction

The excited-state intramolecular proton transfer (ESIPT)
of hydrogen-bonded molecules has elicited considerable
experimental and theoretical interest [ 1-7]. Itis 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
molecular level,

In previous papers [8,9], Smith and coworkers studied
ESIPT in the singlet state (ESIPT-S) of 1-(acylamino)-
anthraquinones (AYAAQs) and observed anomalous sub-
stituent and solvent effects on the ESIPT-S. AYAAQs were
established as a new class of ESIPT molecules, in which
nitrogen acts as the proton donor. The use of acylamino
groups as proton donors allows for fine tuning of the driving
force and adds a new dimension for studying ESIPT reactions.
Subsequently, Nagaoka and Nagashima showed that the sub-
stituent and solvent effects on ESIPT-S of AYAAQs can be
explained by considering the nodal pattern of the wave func-
tion (Fig. 1) [10].

However, in the previous studies of AYAAQs [8-10],
attention was mainly focused on the low-lying excited singlet
states. Much less is known about the excited triplet state. In
the present paper, we have thus studied ESIPT in the low-
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lying triplet states (ESIPT-T) of AYAAQs by means of
transient absorption spectroscopy. Interpretation of the exper-
imental results is made by using the idea based on the nodal
pattern of the wave function.

The molecular structures of AYAAQs are given in Fig. 1.
We confine our attention to #-electrons. A simple eight-state
diagram has proven to be a useful starting point for describing
many facets of ESIPT-T behavior (Fig. 1). InFig. 1, S,, S,,
T, and T, denote the ground-state, the lowest-excited-singlet-
state, the lowest-excited-triplet-state and the upper-excited-
triplet-state, respectively, and (N) and (T) stands for the
normal 9,10-keto form and the 1,10-keto-type tautomeric
form, respectively.

2. Experimental

1- (trifluoroacetylamino)anthraquinone (TFAQ), 1-
(chloroacetylaminc)anthraquinone (CAAQ) and 1-(acetyl-
amino)anthraquinone (AAAQ) were prepared according
to a procedure similar to that reported previously [9].
Commercially cbtained 1,8-dihydroxyanthraquinone (18-
DHAQ) was purified by column chromatography on silica
gel with chloroform and recrystallization from ethanol. 1,8-
dimethoxyanthraquinone (1,8-DMAQ) was synthesized
from 1,8-DHAQ according to a procedure similar to that
reported previously [ 11]. It was necessary to use 10-20times
the molar quantity of dimethyl sulfate compared with 1,8-
DHAQ.
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Fig. 1. Nodal plane model {10} for ESIPT, molecular structures of AYAAQs
and simple eight-state diagram of ESIPT behavior in AYAAQs. An arrow
withadouble line and adashed arrow denote photoexcitation and intersystem
crossing (ISC), respectively. R=CF,, TFAQ; R=CH.Cl,CAAQ;R=CH,,
AAAQ.

Acetonitrile and hexane specially prepared for lumines-
cence were obtained from Nacalai Tesque and were used
without further purification. Dichloromethane was refluxed
over P,O; for 12 h and was then distilled. Benzophenone was
purified by repeated sublimation.

Transient absorption spectra were obtained at room tem-
perature with a Unisoku USP-500 pulse-flush spectrometer
and the lifetime of the exciting light pulse was about 2 ps.
The spectral range of flash-lamp excitation was 300-800 nm.
The concentrations of samples were 10™% to 1073 M. A
rectangular quartz cell (2 cm in light-path length) was used
in the measurements of the transient absorption spectra. The
sample solutions were usually bubbled through with nitrogen
gas to remove dissolved oxygen. The transient absorption
spectra were obtained at 2 ps after photoexcitation. In the
measurements of the decay of the transient absorption, the
sample solutions were degassed by means of the repeated
freeze-pump-thaw method. The transient-absorption decay-
profiles were well described by a monoexponential fit. The
lifetime was independent of the sample concentration
throughout the concentration range studied. The experimental
error of the lifetime was less than +7%.

3. Results and discussion

Fig. 2 and Fig. 3 show the transient absorption spectra of
TFAQ and CAAQ in various solvents, respectively. The tran-
sient absorption spectrum of AAAQ in hexane (data not
shown) is similar to that of CAAQ. Since these transient
absorption spectra are quenched by oxygen, they are likely
due to triplet-triplet absorption (T-T absorption). The T-T
absorption spectra of CAAQ (Fig. 3) are similar to those of
AAAQ in toluene and 1-(heptanoyiomino)anthraquinone
(HPAQ) in acetonitrile reported previously [9,12].
AYAAQ:s are suitable for detailed investigations of ESIPT-
T, because they show strong T-T absorption without sensi-
tizers at room temperature.

Tw  peaks can clearly be seen around 450 and 480 nm in
the spec!ra of TFAQ in hexane (Fig. 2a). From the following
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Fig. 2. Transient absorption spectra of TFAQ obtained in (a) hexane, (b)
dichloromethane and (c) acetonitrile at room temperature.
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Fig. 3. Transient absorption spectra of CAAQ obtained in (a) hexane, (b)
dichloromethane and (c) acetonitrile at room temperature.
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reasons, the short and long wavelength absorption bands
(SWA and LWA, respectively) are considered to be due to
the 9,10-keto- and 1,10-keto-type forms, respectively
(T,(N) =» T,(N) and T,(T) - T,(T) wransitions in
Fig. 1, respectively).

First, the assignment is inferred from analogy with the
solvent effect on ESIPT-S of AYAAQs, in which suscepti-
bility to ESIPT-S in CAAQ and 1-(dichloroacetylamino)-
anthraquinone decreases as the solvent polarity increases
[8.9]. In Fig. 2, LWA intensity decreases as the solvent
polarity increases. Accordingly, LWA is likely due to the
proton-transferred 1,10-keto-type form.

Secondly, the substituent effect on ESIPT-S of AYAAQs
also supports our view. As the electron withdrawing property
of the substituent R in Fig. 1 increases, susceptibility to
ESIPT-S increases; TFAQ is more susceptible to ESIPT-S
than CAAQ [8.9]. In Fig. 2 and Fig. 3, TFAQ shows LWA
in hexane, while CAAQ does not show it. Accordingly, LWA
seems to correspond to the T,(T) — T,(T) transition.

The above-mentioned arguments could be strengthened if
the T-T absorption spectrum from the T,(N) state of 1-(N-
trifluoroacetyl-methyiamino)anthraquinone (TFMAQ, N-
methyl-derivative of TFAQ) were obtained. Accordingly, we
prepared TFMAQ according to a procedure similar to that
reported previously [9]. However, the transient absorption
intensity of TFMAQ was negligible. Thus, we compared the
transient absorption spectra of 1,8-DHAQ and 1,8-DMAQ
(Fig. 4) instead of TFAQ and TFMAQ.

Since the transient absorption of 1,8-DHAQ and 1,8-
DMAQ is quenched by oxygen, it is likely due to the T-T
absorption. 1,8-DHAQ shows the T-T absorption around 475
nm, although 1,8-DMAQ shows it below 430 nm (Fig. 4).
Methylation of 1,8-DHAQ results in a large blue-shift of the
T-T absorption spectrum. Many 1-substituted anthraquin-
ones have the T, states of (,7*) character with short life-
times [ 13]. In fact, the lifetime of the T-T absorption of 1,8-
DMAQ (430 nm) is very short (151 ps in EPA at 77 K).
Although 1,8-DMAQ does not have intramolecular hydrogen
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Fig. 4. Transient absorption spectra of (a) 1,8-DHAQ and (b) 1,8-DMAQ
obtained in hexane at room temperature.

bonds in contrast to 1,8-DHAQ, the T, state of 1,8-DMAQ
seems (o have a character of (7r,7*) as in the case of 1,8-
DHAQ.

1,8-DHAQ favors ESIPT [ 14], while ESIPT is inhibited
in 1,8-DMAQ. Thus, the T-T absorption of 1,8-DMAQ (430
nim) corresponds to the transition from the T,(N) state of
1,8-DHAQ. Accordingly, the T-T absorption of 1,8-DHAQ
(475 nm) is considered to originate from the proton-trans-
ferred form. The T-T absorption from the T; (N} st::;z of 1,8-
DHAQ may be very weak or the decay of its triplet species
may occur within the lifetime of the exciting light pulse ( =2
ps). The proton-transferred form (1,10-keto form) and the
normal form (9,10-keto form) of 1,8-DHAQ’s are likely to
show the T-T absorption in the long and short wavelength
ranges, respectively, as in the case of 2-(2'-hydroxy-
phenyl) benzothiazole [15]. These resuits support our view
that SWA and LWA are due to the 9,10-keto form and the
1,10-keto-type tautomeric form of AYAAQs, respectively.

In Fig. 2, as the solvent polarity increases, the LWA inten-
sity decreases in TFAQ. In contrast, LWA is negligible in
CAAQ for all the solvents studied. From these results, it is
concluded that the population of the T;(T) state in TFAQ
decreases with increasing the solvent polarity, and that it is
negligible in CAAQ for all the solvents studied.

Next, it should be examined whether or not ESIPT and
intramolecular proton-back-transfer (ESIPBT) take place in
the triplet manifold. Photosensitization is a useful method for
such an examination. The stable species in the S, and excited
singlet states of TFAQ in hexane are the normal 9,10-kefo
form and the 1,10-keto-type tautomeric form, respectively
[8,9]. Thus, the T,(N) state of TFAQ is populated at the
beginning in the photosensitization, while the T, (T) state is
populated after S, — .,{N) photoexcitation, S;(N) —
S,(T) ESIPT-S and the subsequent S,(T) — T,(T) inter-
system crossing (ISC). However, the T-T absorption spec-
trum of TFAQ which is photosensitized with benzophenone
in hexane (data not shown) is very close to that obtained
after the photoexcitation, the ESIPT-S and the subsequent
ISC (Fig. 2a). Accordingly, it is suggested that equilibrium
between the T;(N) and T,(T) states of TFAQ in hexane is
nearly established within the lifetime of the exciting light
pulse. The fact that the lifetimes of SWA and LWA of TFAQ
in hexane (35 and 39 ps, respectively) are close to each other
also supports our view.

Since TFAQ in acetonitrile favors ESIPT-S {8,9] and
shows SWA predominantly (Fig. 2c), the stable species in
the excited singlet and triplet states will be the 1,10-keto-type
tautomeric form and the normal 9,10-keto form, respectively.
After the S,(T) -» T,(T) ISC, ESIPBT to the T;(N) state
is likely to take place in polar solvents. From these results, it
is concluded that ESIPT and ESIPBT occur in the triplet
manifold along with ESIPT-S.

Next, we discuss the energy-state diagram of ESIPT behav-
jor in AYAAQs. The above-mentioned solvent effect in
TFAQ {Fig. 2) can be ascribed to the difference in dipole
moment between the T, (N) and T, (T) states, as in the case
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Fig. 5. Schematic energy-state diagram of ESIPT behavior in (a) TFAQand (b) CAAQ in non-polar solvents. An arrow with a double line and a dashed arrow

denote photoexcitation and ISC, respectively.

of the excited singlet state [ 10]. In TFAQ, the energy levels
of the T;(N) and T,(T) states will be very close to each
other (Fig. 5a) and the solvent polarity has a major influence
on ESIPT-T.

In contrast, in CAAQ, the solvent polarity does not have a
major influence on ESIPT-T, and CAAQ mainly shows
SWA. In this molecule, the energy level of the T, (N) state
will be much lower than that of the T, (T) state (Fig. 5b) and
subtle effects from solvents will not have a large influence
on the T-T absorption.

As shown in Fig. 5, the energy gap between the excited
singlet and triplet states (S-T gap) in the normal 9,10-keto
form is much larger than that in the 1,10-keto-type tautomeric
form. Similar results were also obtained in ESIPT of other
molecules; the triplet states corresponding to the T,(N) and
T\(T) states are equilibrium in 2-(2-hydroxyphenyl)-
benzoxazole and the T,(N) state is more stable than the
T,(T) state in 2-(2-hydroxy-4-methylphenyl)benzoxazole,
although the S,(T) swates are more stable than the S,(N)
states [16-19].

Probable explanation for the difference in S-T gap between
the normal 9,10-keto form and the 1,10-keto-type tautomeric
form is suggested in the following. We assume that the stable
structures and the electron occupancy of the S, (N) and S, (T)
states are close to those of the T,(N) and T,(T) s.ates,
respectively. If this is the case, the electrons keep out of one
another’s way better in the triplet than in the singlet state, or
as it may be said that the electronic motions are better cor-
related in the triplet state, or there is better correlation in the
triplet wave function. Owing to this correlation effect, the
triplet state is lower in energy than the singlet state {20]. On
the other hand, the reason for ESIPT of AYAAQs can be
understood by considering the #-electron nodal pattern of the
wave function [10]; lone electrons due to the nodal pattern
in the lowest excited state and their delccalization result in
ESIPT (Fig. 1). Owing to the electron delocalization, the
above-mentioned correlation effect is expected to become
small [20]; the energy levels of the singlet and triplet states
approach each other as the delocalization becomes large. As

aresult, the S-T gap in the 1,10-keto-type tautomeric form is
much less than that in the normal 9,10-keto form (Fig. 1).
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