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Dynamic behavior of a fluorescent probe, a swallow-tailed
perylene derivative (Spy-Hp) for detecting hydroperoxides was
studied by fluorescence lifetime and transient absorption meas-
urements. The MO calculations suggest the intramolecular
charge transfer for Spy-Hp. The excited state lifetime of Spy-
Hp is shorter than that of the oxidized form, which was caused
by intramolecular fluorescence quenching. These results eluci-
date the mechanism of Spy-Hp for detecting hydroperoxides in
biosamples.

There have been many reports and development of molecu-
lar fluorescent probes in the field of chemical biology.1 Fluores-
cent probes are quite useful for clarifying the functions of target
biomolecules in biological systems. Temporal and spatial infor-
mation concerning the target molecule can be obtained with high
sensitivity in vivo cellular systems.

We recently developed a novel fluorescent probe, swallow-
tailed perylene derivatives for detecting hydroperoxides (Spy-
Hp, Figure 1a).2 The detection mechanism is presumed as fol-
lows. Fluorescence from perylene moiety is quenched by photo-
induced electron transfer from triphenylphosphine to perylene.
Oxidized Spy-Hp (Spy-Ox) shows strong emission from per-
ylene by cancellation of the electron transfer. We report here
the dynamic behavior of Spy-Hp and Spy-Ox in toluene solution
as studied by fluorescence lifetime and transient absorption
measurements.

Spy-Hp was synthesized by coupling N-(1-hexylheptyl)per-
ylene-3,4,9,10-tetracarboxyl-3,4-anhydride-9,10-imide and 4-
(diphenylphosphino)benzeneamine as reported previously.2 Ex-
perimental details of spectral measurements were described pre-
viously.3–5

First, we evaluated the electronic properties of Spy-Hp and
Spy-Ox by molecular orbital (MO) calculations at PM3 level.6

The MO of Spy-Hp is localized on the perylene bisimide moiety
in the LUMO, and on the triphenyl phosphate moiety in HOMO
as shown in Figure 1b. These observations suggest the existence
of a charge-transfer (CT) state, which is generated by transfer-
ring an electron from the triphenyl phosphate moiety to the per-
ylene moiety. On the other hand, HOMO and LUMO of Spy-Ox
are localized at the perylene moiety. The MO calculation implies
that electron-transfer reaction takes place only in Spy-Hp.

The absorption and fluorescence spectra of Spy-Hp and Spy-
Ox are identical to the perylene bisimide derivatives which have
been reported previously.7 The absorption spectra in the visible
region of Spy-Hp and Spy-Ox in toluene solution shows peaks
around � ¼ 480 and 530 nm, and a shoulder at � ¼ 450 nm.
The absorption spectra with the vibrational structure are identi-
cal to and characteristic of perylene bisimide absorption.7 The
CT absorption band was not observed in Spy-Hp, which is prob-
ably attributed to the high extinction coefficient of the perylene
moiety (�88000) compared with that of CT band.2 The fluores-
cence spectra of Spy-Ox shows two vibronic structures at
� ¼ 535 and 580 nm in toluene solution as shown in Figure 2.
The emission from Spy-Hp, on the other hand, is very weak.
The fluorescence quantum yields of Spy-Hp and Spy-Ox are
0.08 and 0.87 in toluene solution, respectively.

The fluorescence decay of Spy-Ox excited at 440 nm is re-
produced by a single-exponential function with � ¼ 3:7 ns. On
the other hand, the fluorescence decay of Spy-Hp is reproduced
by a double-exponential function with � ¼ 0:16 and 3.7 ns. We
confirmed dynamic fluorescence quenching of Spy-Hp. The fast-
er component can be assigned to the fluorescence lifetime of
Spy-Hp. The long lifetime components are identical to the S1
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Figure 1. Molecular structure and MO results calculated by the PM3
method.
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Figure 2. Fluorescence spectra of Spy-Hp (solid line) and Spy-Ox (dash-
ed line) in toluene solution excited at � ¼ 460 nm. The solution concentra-
tion was 2:5� 10�7 mol�dm�3.
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lifetime of Spy-Ox.8 The long lifetime component therefore is
probably identical to a small amount of the oxidized species with
a high fluorescence quantum yield (�1) existed in the solution,
which were generated during repeated laser excitation. The
fluorescence quenching rate constant (kq) was estimated to be
6:0� 109 s�1 by kq ¼ 1=�ðSpy-HpÞ � 1=�ðSpy-OxÞ.9

Figure 3a shows transient absorption spectra of Spy-Hp in
toluene solution excited with femtosecond laser pulse at
400 nm. The transient absorption spectra show negative absorp-
tion signals at 550 and 580 nm and positive absorption in the
range of 600 to 780 nm immediately upon excitation. The nega-
tive absorption is ascribed to the stimulated emission of perylene
moiety. The time profile of transient absorbance at 580 nm in tol-
uene solution is reproduced by a single-exponential function
with � ¼ 130� 20 ps as shown in Figure 3b. This value is com-
parable to the time constant obtained from the fluorescence life-
time measurements (� ¼ 160 ps). On the other hand, the positive
absorption remains for a few nanoseconds after excitation as
shown in Figure 3a. The positive absorption band in the range
of 600 to 780 nm can be ascribed to the absorption of Sn  S1
and the anion radical of perylene bisimide, which has a peak
around 725 and 700 nm, respectively.10,11 The time profile of
transient absorbance at 690 nm in toluene solution indicates dou-
ble-exponential decay with � ¼ 150� 10 ps and 4.8 ns as shown
in Figure 3c. The faster component can be assigned to the S1
state lifetime of Spy-Hp because it corresponds to the fluores-
cence lifetime of Spy-Hp and the recovery of the transient ab-
sorbance at 580 nm originating from the stimulated emission.
Therefore the transient absorption spectra in the early stage
(400 ps) after the excitation indicate that the main component
of the transient species is the excited singlet state of perylene
bisimide moiety. The transient absorption up to 1 ns mainly com-
prises the perylene anion radical. Thus the slower component
will correspond to the charge recombination of the perylene
anion radical.

Figure 4 shows transient absorption spectra of Spy-Hp and
Spy-Ox in toluene solution observed at 1 ns after excitation.
The shape of the transient absorption spectrum of Spy-Ox is
identical to that of Spy-Hp at the initial state after excitation
(�1 ps). In this time region, the photoinduced charge separation

is scarcely observed in Spy-Hp as mentioned above. Thus the
transient spectra of Spy-Ox can be assigned to the Sn  S1 ab-
sorption of perylene bisimide. On the other hand, positive ab-
sorption was observed around 560 to 630 nm for Spy-Hp system.
The absorption band of the cation radical of triphenyl phosphate
is located around 560 nm12 which overlaps with the bleaching
due to stimulated emission of the perylene portion. Comparison
of the transient absorption spectra suggests that the electron
transfer takes place only in Spy-Hp. Needless to say, the photo-
induced electron-transfer reaction of Spy-Hp in polar solvents
such as acetonitrile solution was also observed.

In conclusion, we confirmed the dynamic quenching process
in Spy-Hp, which results in charge separation. The emission
from Spy-Hp is quenched dynamically even in low dielectric
media. These findings indicate Spy-Hp is useful for detecting hy-
droperoxides in biosamples.

This work partly supported by Industrial Technology Re-
search Grant program in 2005 (05A01507a to N. S.) from New
Energy and Industrial Technology Development Organization
(NEDO), and the G-COE program, ‘‘Future Molecular System’’
from the Ministry of Education, Culture, Sports, Science and
Technology (MEXT) of the Japanese Government.

References and Notes
1 Fluorescent and Luminescent Probes for Biological Activity, 2nd ed.,

ed. by W. T. Mason, B. T. Mason, Academic, New York, 1999.
2 a) N. Soh, T. Ariyoshi, T. Fukaminato, K. Nakano, M. Irie, T. Imato,

Bioorg. Med. Chem. Lett. 2006, 16, 2943. b) N. Soh, T. Ariyoshi, T.
Fukaminato, H. Nakajima, K. Nakano, T. Imato, Org. Biomol. Chem.
2007, 5, 3762.

3 F. Ito, T. Nagai, Y. Ono, K. Yamaguchi, H. Furuta, T. Nagamura,
Chem. Phys. Lett. 2007, 435, 283.

4 T. Nagamura, Y. Nagai, R. Matsumoto, A. Naito, Sci. Technol. Adv.
Mater. 2006, 7, 635.

5 Steady state absorption and fluorescence spectra were measured by
Shimadzu UV-3150PC spectrometer and Shimadzu RF-5300, respec-
tively.

6 MO calculation was performed by WinMOPAC 3.9 (Fujitsu Ltd.).
7 H. Langhals, Helv. Chim. Acta 2005, 88, 1309.
8 Y. Shibano, T. Umeyama, Y. Matano, N. V. Tkachenko, H.

Lemmetyinen, Y. Araki, O. Ito, H. Imahori, J. Phys. Chem. C 2007,
111, 6133.

9 Excited States in Organic Chemistry, ed. by J. A. Barltrop, J. D. Coyle,
Wiley, London, 1975.
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Figure 3. (a) Transient absorption spectra of Spy-Hp in toluene solution
excited at � ¼ 400 nm femtosecond laser pulse. Time profiles of transient
absorbance of Spy-Hp in toluene solution monitored at (b) � ¼ 580 nm and
at (c) � ¼ 690 nm.
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Figure 4. Transient absorption spectra of Spy-Hp (solid line) and Spy-Ox
(dashed line) in toluene solutions observed at 1 ns after the excitation.
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