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a b s t r a c t

Photoirradiation of methylene-linked anthracene-guanine compounds, which are substituted at the 2
and 9 positions of the anthracene moiety, showed locally excited emission (LE) as well as intramolecular
exciplex emission as a result of quenching of the excited singlet state of the anthracene moiety by the
guanine moiety. This was confirmed by time-resolved fluorescence as well as steady-state spectroscopy
and provides another approach for detecting base-pair formation. Quenching processes by the guanine
eywords:
hotoinduced electron transfer
uanine
nthracene
xciplex emission

moiety were investigated by the assumption of equilibrium in the excited state leading to a consistent
explanation of the quenching ratio of LE. The quenching rate constant of the excited anthracene moiety
by the guanine moiety mainly depends on the intrinsic reduction potential of the anthracene moiety.

© 2010 Published by Elsevier B.V.
luorescence decay
inetic analysis

. Introduction

Recently there has been considerable fundamental and practical
nterest in the photoreaction of DNA like an appropriate photo-
leavage agent for initiating cleavage of the target nucleic acid [1,2].
uch effort was devoted to elucidate the mechanism of oxida-

ive reaction of nucleobases with photosensitizers [3–8]. Guanine
s well known to undergo photodamage by singlet oxygen or pho-
oadduct formation through the excited state of a photosensitizer
9–11]. Some resulting holes in DNA strands are allowed to hop
ia a guanine moiety and get trapped in cytosine or thymine sites
ollowed by the formation of oxidized products.

The aim of the present work is to explore the dynamics of
he excited state associated with a guanine derivative including
ime constants involved. However, guanine, the most electron-
onating of the nucleobases, exhibits a very short excited singlet
tate leading to very few emissions in the ultraviolet region as well
s difficulty in detection by fluorescence measurements [12–14].
he development of emissive species associated with guanine pro-
ides another approach to detect base-pair formation. Subsequent
tilization of well-developed techniques including steady state and
ransient measurements may allow the investigation of dynamic
otions of targeted proteins [1,15].
Guanine linked to pyrene, PyG, has been reported to show new

mission as well as locally excited emission associated with the
yrene moiety [16,17]. This new emission is attributed to exciplex

∗ Corresponding author.
E-mail address: arai@chem.tsukuba.ac.jp (T. Arai).

010-6030/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jphotochem.2010.12.005
emission preceded by the quenching of the excited singlet state of
the pyrene moiety by the guanine moiety. Although the qualitative
properties of guanine–pyrene compounds have been investigated
in earlier reports, the details of kinetics in the excited state still are
unknown. Since pyrene is known to form an excimer, which causes
difficulty in investigations of dynamics, anthracene was chosen
as a sensitizer due to the rarity of its excimer formation. Time-
resolved fluorescence measurements, which allow the estimation
of rate constants involved in the excited state, were performed to
investigate the formation and relaxation processes of exciplex and
locally excited state of the anthracene moiety (LE). Two different
guanine derivatives connected to 2 and 9 positions of anthracene,
hereafter referred to as An-2-G and An-9-G, respectively, were pre-
pared to study free energy changes involved in the electron transfer
reaction. Both An-2-G and An-9-G showed exciplex emission in
toluene solution containing 10 vol.% of N,N-dimethylformamide
(DMF), while no exciplex emission was observed in DMF due to
the promotion of subsequent reactions such as charge separation
[18–32]. In general, a fixed geometry of the donor–acceptor sys-
tem is required to investigate the kinetics of photoreaction in the
excited state due to easy estimation of geometric parameters such
as distance and orientation involved in the donor–acceptor reac-
tion. However, a flexible linker system would offer advantages for
potential various geometries, which allow more conformation and
a wider range of environments to be detected in comparison with

rigid donor–acceptor systems [33,34]. For this reason, a methy-
lene chain was chosen as the linker, although rigid donor–acceptor
systems should not be eliminated as sensors.

As found in pyrene excimer kinetics studied by Birks, it was
assumed that there was an equilibrium between the LE and exciplex

dx.doi.org/10.1016/j.jphotochem.2010.12.005
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:arai@chem.tsukuba.ac.jp
dx.doi.org/10.1016/j.jphotochem.2010.12.005
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ince the decay curves exhibited a bi-exponential profile. Longer
ifetimes of LE and exciplex were in good agreement with each other
35]. Theoretical population decay according to Birks enabled the
etermination of forward and backward electron transfer rate con-
tants, kCS and k−CS, between LE and exciplex. It was found that kCS
s mainly dependent on the free energy change between the initial
nd final states in the photoinduced electron transfer reaction.

. Experimental

.1. Instruments

Absorption and fluorescence spectra were measured using Shi-
adzu UV-1600 and on Hitachi F-4500 fluorescence spectrometers,

espectively. Fluorescence decay measurement was performed by
sing the time-correlated single-photon counting method with
xcitation of 375 nm, which was achieved by using a diode laser
PicoQuant, LDH-P-C-375) with a power control unit (PicoQuant,
DL 800-B) in a repetition rate of 2.5 MHz [36,37]. Differential pulse
oltammetric measurement was carried out by CV-50W Voltam-
etric analyzer (BAS) with an Ag/AgCl reference electrode. 1H and

3C NMR spectra were measured by using a 400-MHz NMR spec-
rometer (ARX-400, Bruker). ESI-mass spectra were acquired by
PI QSTAR pulsar i (Applied Biosystems/MDS SCIEX). Solvent used

n spectroscopic measurement was toluene containing 10 vol.%
f N,N-dimethylformamide (DMF) due to the limited solubility
f samples in toluene. Fluorescence quantum yields were esti-
ated by using anthracene as a reference compound (˚F = 0.27 in

thanol).

. Materials

Samples were prepared as shown in Scheme 1. See also
upporting Information (Figs. S7–S15).
Synthesis of An-9-Br. Anthracene-9-methanol (1.11 g,
.35 mmol) and 1,4-dibromobutane (2.46 g, 11.4 mmol) were
tirred in dry THF (20 ml) at 70 ◦C. After adding NaH (50%, 0.58 g,
2 mmol) to this mixture, the mixture was refluxed for 4 h at
00 ◦C under N2.
1.

The crude product was dissolved in water (30 ml) and extracted
with diethylether (50 ml, 3×). The organic phase was dried over
anhydrous MgSO4, and the solvent was evaporated under reduced
pressure. The residue was purified by silica gel chromatography
(eluent:hexane-EtOAc = 10:1) to yield An-9-Br (641 mg, 1.87 mmol,
34.9% yield): 1H NMR (CDCl3, 400 MHz) ı 8.41 (s, 1H, An-10), 8.33
(d, J = 8.8 Hz, 2H, An-1,8 or An-4,5), 7.97 (d, J = 8.4 Hz, 2H, An-4,5
or An-1,8), 7.51 (dd, J = 8.8, 6.6 Hz, 2H, An-2,7 or An-3,6), 7.44 (dd,
J = 8.4, 6.6 Hz, 2H, An-3,6 or An-2,7), 5.41 (s, 2H, An–CH2), 3.63 (t,
J = 6.2 Hz, 2H, O–CH2– or –CH2–Br), 3.31 (t, J = 6.6 Hz, 2H, –CH2–Br or
O–CH2–), 1.88 (tt, J = 7.4, 6.6 Hz, 2H, –CH2–CH2Br or OCH2–CH2–),
1.73 (tt, J = 7.4, 6.2 Hz, 2H, OCH2–CH2– or –CH2–CH2Br); 13C NMR
(CDCl3, 100 MHz) ı 131.4, 130.9, 129.0, 128.7, 128.3, 126.1, 124.9,
124.2, 69.3, 64.9, 33.7, 29.6, 28.4.

Synthesis of An-9-P. A mixture of An-9-Br (640 mg, 1.86 mmol),
K2CO3 (439 mg, 3.18 mmol), TBAI (69.0 mg, 0.187 mmol), and 2-
amino-6-chloropurine (268 mg, 1.58 mmol) in DMF (40 ml) was
stirred for 15 h at 80 ◦C under N2. After adding CH2Cl2 (60 ml) to
this mixture, the mixture was washed with water (30 ml, 10×). The
organic phase was dried over anhydrous MgSO4, and the solvent
was evaporated under reduced pressure. The residue was puri-
fied by silica gel chromatography (eluent:CH3Cl–EtOAc = 2:1) to
yield An-9-P (336 mg, 0.778 mmol, 49.2% yield): 1H NMR (CDCl3,
400 MHz) ı 8.46 (s, 1H, An-10), 8.36 (d, J = 8.8 Hz, 2H, An-1,8 or
An-4,5), 8.01 (d, J = 8.4 Hz, 2H, An-4,5 or An-1,8), 7.53 (dd, J = 8.8,
6.5 Hz, 2H, An-2,7 or An-3,6), 7.48 (s, 1H, Purine-8), 7.47 (dd,
J = 8.5, 6.5 Hz, 2H, An-3,6 or An-2,7), 5.48 (s, 2H, An–CH2), 5.04 (s,
2H, Purine–NH2), 3.90 (t, J = 7.4 Hz, 2H, –CH2–N or O–CH2–), 3.68
(t, J = 5.9 Hz, 2H, O–CH2– or –CH2–N), 1.86 (tt, J = 7.4, 7.3 Hz, 2H,
–CH2–CH2N or OCH2–CH2–), 1.60 (tt, J = 7.3, 5.9 Hz, 2H, OCH2–CH2–
or –CH2–CH2N); 13C NMR (CDCl3, 100 MHz) ı 158.9, 153.7, 151.1,
142.4, 131.4, 130.9, 129.1, 128.7, 128.4, 126.2, 125.3, 125.0, 124.1,
69.4, 65.0, 43.4, 26.8, 26.7.

Synthesis of An-9-G. Aqueous 0.33 N NaOH (15 ml) was added to
a stirring solution of An-9-P (336 mg, 0.778 mmol) in 1,4-dioxane

(30 ml) and refluxed for 3 h at 120 ◦C under N2. This mixture was
cooled to room temperature and acidified to pH 4 with 1 N HCl.
After adding water (300 ml) to this mixture, the organic phase
was evaporated under reduced pressure. The residue was puri-
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ed by silica gel chromatography (eluent:CH3Cl–MeOH = 50:1) to
ield An-9-G (84.8 mg, 0.205 mmol, 26.3% yield): 1H NMR (DMF-
7, 400 MHz) ı 10.49 (br s, 1H, Purine-1), 8.65 (s, 1H, An-10),
.48 (d, J = 8.4 Hz, 2H, An-1,8 or An-4,5), 8.13 (d, J = 7.9 Hz, 2H,
n-4,5 or An-1,8), 7.66 (s, 1H, Purine-8), 7.60 (dd, J = 8.4, 6.9 Hz,
H, An-2,7 or An-3,6), 7.54 (dd, J = 7.9, 6.9 Hz, 2H, An-3,6 or An-
,7), 6.56 (s, 2H, Purine–NH2), 5.50 (s, 2H, An–CH2), 4.02 (t,
= 6.9 Hz, 2H, –CH2–N or O–CH2–), 3.77 (t, J = 6.1 Hz, 2H, O–CH2– or
CH2–N), 1.86 (tt, J = 7.6, 6.9 Hz, 2H, –CH2–CH2N or OCH2–CH2–),
.60 (tt, J = 7.6, 6.1 Hz, 2H, OCH2–CH2– or –CH2–CH2N); 13C
MR (CDCl3, 100 MHz) ı 162.9, 157.7, 154.6, 152.2, 137.9, 132.1,
31.5, 130.3, 129.6, 128.7, 126.8, 125.8, 125.3, 70.4, 65.1, 43.2,
7.6, 27.5; ESI-MS calcd. for C23H24N5O2 [M+H]+ = 414.19 found:
14.19.

Synthesis of An-2-Br. Anthracene-2-methanol (54.6%, 2.54 g,
.65 mmol), which was prepared according to Babudri et al. [38],
nd 1,4-dibromobutane (3.12 g, 14.5 mmol) were stirred in dry THF
90 ml) at 0 ◦C. After adding NaH (50%, 1.79 g, 38 mmol) to this

ixture, the mixture was refluxed for 9 h at 74 ◦C under N2. The
rude product was dissolved in water (200 ml) and extracted with
thyl acetate (100 ml, 5×) and washed by water (100 ml, 3×). The
rganic phase was dried over anhydrous MgSO4, and the solvent
as evaporated under reduced pressure. The residue was purified

wice by silica gel chromatography (eluent:hexane-EtOAc = 10:1)
o yield An-2-Br (550 mg, 1.60 mmol, 24% yield): 1H NMR (CDCl3,
00 MHz) ı 8.40 (s, 1H, An-9 or -10), 8.39 (s, 1H, An-10 or -9),
.01–7.97 (m, 3H, An-4,5,8), 7.90 (s, 1H, An-1), 7.47–7.41 (m, 3H,
n-3,6,7), 4.68 (s, 2H, An–CH2), 3.57 (t, J = 6.1 Hz, 2H, O–CH2– or
CH2–Br), 3.45 (t, J = 6.6 Hz, 2H, –CH2–Br or O–CH2–), 2.01 (tt, J = 7.5,
.6 Hz, 2H, –CH2–CH2Br or OCH2–CH2–), 1.80 (tt, J = 7.5, 6.1 Hz, 2H,
CH2–CH2– or –CH2–CH2Br); 13C NMR (CDCl3, 100 MHz) ı 135.3,
31.9, 131.7, 131.4, 131.2, 128.5, 128.2, 128.1, 126.2 (2Carbon),
26.1, 125.41, 125.37, 125.3, 73.1, 69.3, 33.8, 29.7, 28.4.

Synthesis of An-2-P. A mixture of An-2-Br (253 mg, 0.736 mmol),
2CO3 (198 mg, 1.43 mmol), TBAI (27.0 mg, 0.0731 mmol), and 2-
mino-6-chloropurine (103 mg, 0.604 mmol) in DMF (45 ml) was
tirred for 26 h at 80 ◦C under N2. This mixture solution was poured
nto water (50 ml), producing to a yellowish precipitate, washed

ith water (100 ml) and dried in vacuo. This procedure afforded
rude solid (272 mg). The residue was purified by silica gel chro-
atography (eluent:EtOAc-hexane = 1:1) to yield An-2-P (167 mg,

.386 mmol, 64% yield): 1H NMR (CDCl3, 400 MHz) ı 8.40 (s, 1H,
n-9 or -10), 8.39 (s, 1H, An-10 or -9), 8.01–7.97 (m, 3H, An-4,5,8),
.90 (s, 1H, An-1), 7.76 (s, 1H, Purine-8), 7.49–7.41 (m, 3H, An-3,6,7),
.03 (s, 2H, Purine–NH2), 4.68 (s, 2H, An–CH2), 4.12 (t, J = 7.2 Hz, 2H,
CH2–N or O–CH2–), 3.58 (t, J = 6.1 Hz, 2H, O–CH2– or –CH2–N), 2.01
tt, J = 7.5, 7.2 Hz, 2H, –CH2–CH2N or OCH2–CH2–), 1.68 (tt, J = 7.5,
.1 Hz, 2H, OCH2–CH2– or –CH2–CH2N); 13C NMR (CDCl3, 100 MHz)
159.0, 153.7, 151.0, 142.3, 135.0, 131.7, 131.6, 131.2, 131.1, 128.5,
28.1, 128.0, 126.2, 126.03, 126.0, 125.4, 125.31, 125.28, 125.1, 73.2,
9.3, 43.5, 26.8, 26.7.

Synthesis of An-2-G. Aqueous 0.33 N NaOH (10 ml) was added to
stirring solution of An-2-P (167 mg, 0.387 mmol) in 1,4-dioxane

20 ml) and refluxed for 3 h at 120 ◦C under N2. This mixture was
ooled to room temperature and acidified to pH 4 with 1 N HCl. The
roduct was extracted with ethyl acetate. The residue was puri-
ed by silica gel chromatography (eluent:CH3Cl–MeOH = 12:1) to
ield An-2-G (21.6 mg, 0.0522 mmol, 13.5% yield): 1H NMR (DMF-
7, 400 MHz) ı 10.67 (brs, 1H, Purine-1), 8.58 (s, 2H, An-9,10),
.13–8.08 (m, 3H, An-4,5,8), 8.02 (s, 1H, An-1), 7.77 (s, 1H, Purine-
), 7.55–7.48 (m, 3H, An-3,6,7), 6.63 (s, 2H, Purine–NH2), 4.69

s, 2H, An–CH2), 4.09 (t, J = 6.9 Hz, 2H, –CH2–N or O–CH2–), 3.60
t, J = 6.4 Hz, 2H, O–CH2– or –CH2–N), 1.95 (tt, J = 7.7, 6.9 Hz, 2H,
CH2–CH2N or OCH2–CH2–), 1.64 (tt, J = 7.7, 6.4 Hz, 2H, OCH2–CH2–
r –CH2–CH2N); 13C NMR (CDCl3, 100 MHz) ı 162.9, 157.8, 154.7,
52.3, 138.1, 136.9, 132.6, 132.4, 132.2, 131.9, 129.0, 128.80, 128.75,
hotobiology A: Chemistry 218 (2011) 69–75 71

126.74, 126.66, 126.4, 126.2, 126.1, 118.0, 73.1, 70.3, 43.4, 27.5,
27.4; ESI-MS calcd. for C23H24N5O2 [M+H]+ = 414.19 found: 414.19.

Synthesis of An-9-OMe. Anthracene-9-methanol (108 mg,
0.520 mmol) and NaH (50%, 272 mg, 5.67 mmol) were stirred
in dry THF (3 ml) at 0 ◦C under N2. After adding methyl iodide
(1 mg, 7 mmol) to this mixture, the mixture was stirred for 1 h
at 80 ◦C under N2. Water was added to this mixture at 0 ◦C. The
product was extracted with diethylether (50 ml, 2×), washed by
brine solution and dried over anhydrous MgSO4. The solvent was
evaporated under reduced pressure. The residue was purified
by silica gel chromatography (eluent:hexane-EtOAc = 9:1) and
recrystallization to yield An-9-OMe (41.0 mg, 0.18 mmol, 35.5%
yield): 1H NMR (CDCl3, 400 MHz) ı 8.48 (s, 1H, An-10), 8.40 (d,
J = 8.8 Hz, 2H, An-1,8 or An-4,5), 8.03 (d, J = 8.5 Hz, 2H, An-4,5 or
An-1,8), 7.57 (dd, J = 8.8, 6.5 Hz, 2H, An-2,7 or An-3,6), 7.49 (dd,
J = 8.5, 6.5 Hz, 2H, An-3,6 or An-2,7), 5.46 (s, 2H, An-CH2), 3.57 (t,
J = 6.2 Hz, 3H, O-CH3); 13C NMR (CDCl3, 100 MHz) ı 131.4, 131.0,
129.0, 128.6, 128.4, 126.2, 124.9, 124.2, 66.6, 58.4.

Synthesis of An-2-OMe. The same procedure as An-9-OMe was
performed with anthracene-2-methanol (110 mg, 0.526 mmol),
producing An-2-OMe (84.0 mg, 0.38 mmol, 72%).

1H NMR (CDCl3, 400 MHz) ı 8.43 (s, 1H, An-9 or -10), 8.42 (s,
1H, An-10 or -9), 8.03–8.00 (m, 3H, An-4,5,8), 8.00 (s, 1H, An-1),
7.49–7.44 (m, 3H, An-3,6,7), 4.67 (s, 2H, An-CH2), 3.48 (s, 3H, O-
CH3); 13C NMR (CDCl3, 100 MHz) ı 135.1, 131.8, 131.7, 131.4, 131.2,
128.5, 128.2, 128.1, 126.3, 126.2, 126.1, 125.4, 125.3, 74.9, 58.2.

4. Results and discussion

4.1. Steady state spectra

Fig. 1 shows absorption spectra of An-2-G and An-9-G in toluene
solution containing 10 vol.% of DMF. To elucidate the interaction
in the ground state, reference compounds corresponding to An-
2-G and An-9-G were prepared, referred to as An-2-OMe and
An-9-OMe, respectively. An-2-G shows vibrational structures char-
acteristic of derivatives substituted at the 2-position, reflecting
their electronic state as shown in Fig. 1(a) [39–42]. Since An-2-G
agrees well with its reference compound, the guanine moiety does
not seem to affect the electronic state of the anthracene moiety
even if those moieties are close proximity to each other, as in the
pyrene derivative [16,17]. The distance between the anthracene
and guanine moieties also explains the lack of interaction in the
ground state due to the long alkyl bridge. As shown in Fig. 1(b), the
absorption spectrum of An-9-G exhibits nearly the same behavior
as that of An-2-G. The interaction between the anthracene and gua-
nine moieties of An-9-G is negligible in the ground state. In other
words, both moieties of An-2-G and An-9-G have no interaction
through the linker, a common feature found in various dyads if the
electron transfer reaction is endothermic.

Fluorescence spectra of An-2-G and An-2-OMe are shown in
Fig. 2(a). The intensity of each emission spectrum was normalized
by the absorbance at the excitation wavelength. Fig. 2(a) shows
the fluorescence spectrum of An-2-OMe, which undergoes no
intramolecular quenching due to the absence of the guanine moi-
ety. The fluorescence spectral shape of An-2-OMe showed typical
progression referred to as LE emission. In contrast, the fluorescence
spectrum of An-2-G shows a decrease in the intensity compared to
that of An-2-OMe, indicating that intramolecular quenching takes
place by the guanine moiety based on the low concentration of

2 × 10−5 M. The intensity decreased to 65% compared to that of
An-2-OMe. In addition, a concomitant emission peak appeared at
a longer wavelength relative to LE emission. The new band was
not vibrational but exhibited a broad structure. This is consistent
with PyG, which indicates a new emissive state associated with
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exponential decay functions, while the corresponding new bands
consisted of rise and decay behaviors as listed in Table 1. The shorter
component of LE agrees well with the rise component observed at
610 nm, indicating LE decay is involved in the formation of the new
band. This is consistent with the results of the excitation spectra.

Table 1
Fluorescence lifetimes of An-2-G and An-9-G and obtained rate constants by itera-
tive simulation.

Sample � (nm) � (ns) kD (s−1) kCS (s−1) k−CS (s−1) kCR (s−1)

An-2-G 414 2.1 (0.95) 3.0 × 108 1.7 × 108 3.0 × 107 1.5 × 108

6.1 (0.05)
610 1.5 (−1.00) 3.0 × 108 1.9 × 108 1.1 × 108 5.2 × 107

9.4 (1.00)
ig. 1. Absorption spectra of (a) An-2-G and (b) An-9-G (solid lines) next to their ref-
rence compounds An-2-OMe and An-9-OMe (dashed lines) in toluene containing
0 vol.% of DMF.

nthracene and guanine moieties was formed. On the other hand,
n-9-G exhibited a remarkable decrease in intensity of 49% com-
ared to An-2-G. An-9-G showed a new emission band at a longer
avelength relative to LE, similar to An-2-G. Again, these phenom-

na take place as a result of an intramolecular quenching process,
hich is responsible for the formation of new bands, considering

he relatively low concentration.
Subtraction of the fluorescence spectra of reference compounds

rom An-2-G and An-9-G was performed to investigate properties
f new bands. The resulting spectra were shown in the inset of
ig. 2. The peak wavelength of An-2-G and An-9-G were 517 nm
nd 536 nm, respectively. The energy difference between An-2-G
nd An-9-G was calculated to be 0.1 eV. In addition, fluorescence
uantum yields of An-2-G were calculated to be 0.11 and 0.002 for
E and a new band, respectively. Those of An-9-G were to be 0.079
nd 0.003.

Excitation spectra of An-2-G and An-9-G are shown in Fig. 3. To
dentify the origin of the new emission band, the excitation spec-
rum monitored at 650 nm was compared to that at 414 nm, which
s attributed to LE emission. These two excitation spectra agreed

ell in their spectral shape and wavelength regions, indicating that
he new emission and LE emission have a common origin. Thus, it
s revealed that the quenching of the excited singlet state of the
nthracene moiety by the guanine moiety results in the formation

f a new emissive state, which is consistent with PyG [16,17]. The
light difference between the excitation spectra and the absorp-
ion spectra may originate from the limit of spectral correction
etween the spectrophotometer and spectrofluorometer, since no
ifference in absorption spectra between An-2-G and An-2-OMe
Fig. 2. Fluorescence spectra of (a) An-2-G and (b) An-9-G (solid lines) next to their
reference compounds An-2-OMe and An-9-OMe (dashed lines) on excitation at
365 nm in toluene containing 10 vol.% of DMF. Subtracted spectrum (bold line) in
each inset.

was observed. The excitation spectra of An-9-G gave similar results
to that of An-2-G.

4.2. Fluorescence decay curves

Fig. 4 depicts fluorescence decay curves of An-2-G and An-9-G
monitored at 414 and 610 nm for LE and the new mission band,
respectively. LE decay curves of An-2-G and An-9-G showed bi-
An-9-G 414 1.0 (0.94) 3.9 × 108 5.3 × 108 6.9 × 107 1.7 × 108

5.4 (0.06)
610 1.0 (−1.00) 3.9 × 108 5.1 × 108 1.2 × 108 2.3 × 108

4.0 (1.00)

Parentheses contain the normalized amplitude of each decay component.
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Fig. 3. Fluorescence excitation spectra of (a) An-2-G and (b) An-9-G monitored
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t 431 nm (solid line) and 540 nm (dotted line) along with absorption spectrum
dashed line) in toluene containing 10 vol.% of DMF.

he shorter component may be related to a dynamic process includ-
ng an encounter between the anthracene and guanine moieties
43]. The time constant corresponding to electron transfer reaction
f An-2-G was twice of that of An-9-G, indicating that quenching of
he excited singlet state of the anthracene moiety by the guanine

oiety in An-9-G seems to be more favorable than in An-2-G. This
s applicable to the longer component. Thus, a new emission state
f An-2-G is generated by intramolecular quenching of the excited
inglet state of the anthracene moiety by the guanine moiety, fol-
owed by slower relaxation, which is confirmed by time-resolved
pectra of An-2-G and An-9-G (see Supporting Information, Figs. S1
nd S2, respectively).

.3. Free energy change

Thermodynamic parameters were estimated by using the redox
otentials of An-2-G and An-9-G and spectroscopic data. In general,
he free energy change via the photochemical reaction between an
lectron donor and an electron acceptor is given as follows:

G = IPD − EAA − E∗
here IPD, EAA, and E* denote the ionization potential of the
onor, electron affinity of the acceptor, and S0–S1 transition energy,
espectively. In the condensed phase, IPD and EAA are expressed by
he oxidation potential (ED

ox) and reduction potential (EA
red), respec-
Fig. 4. Fluorescence decay curves of (a) An-2-G and (b) An-9-G in toluene containing
10 vol.% of DMF observed at 414 nm and 610 nm along with IRF on excitation at
375 nm.

tively, and can be estimated by differential pulse voltammetry. The
free energy change in the electron transfer reaction via the excited
state in the condensed phase is given by the following equation:

�GET = ED
ox − EA

red − E∗ + C

To evaluate the reduction potential of the anthracene moieties
of An-2-G and An-9-G, An-2-OMe and An-9-OMe were prepared
as reference compounds, respectively. Reduction potential val-
ues for An-2-OMe and An-9-OMe were determined to be −2.41
and −2.28 V vs. Ag/AgCl, respectively. The oxidation potential of
the guanine moiety was determined to be 0.78 vs. Ag/AgCl (see
Supporting Information, Fig. S3). S0–S1 transition energies of An-2-
G and An-9-G were determined to be 3.21 and 3.17 eV, respectively,
by using the wavenumber where the absorption and emission
spectra intersect. If no coulomb term C is considered, free energy
changes of An-2-G and An-9-G were estimated to be −0.02 and
−0.11, respectively. Difference of these free energy changes is good

agreement with that of peak wavelength of new bands as shown
in inset of Fig. 2. Since C was reported to be 0.38 and −0.06 eV for
n-hexane and acetonitrile, respectively [44], �GET might be almost
zero or slightly positive for An-2-G, considering the polarity of the
solvent used (see Supporting Information, Fig. S4). Photoinduced
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Scheme 2.

lectron transfer reactions may proceed under such endothermic
onditions [17,45]. These results indicate that electron transfer
n An-9-G may be more favorable than in An-2-G if the reaction
ccurs in the normal region. Details of electron transfer rates will
e discussed later. Thus, the intramolecular reaction taking place in
n-2-G and An-9-G is an electron transfer reaction in the excited
inglet state of the anthracene moiety quenched by the guanine
oiety, similar to the pyrene–guanine system. Accordingly, the

ew emission appearing at a longer wavelength relative to LE emis-
ion could be attributed to exciplex emission by the comparison to
imilar compounds [20,43,46].

.4. Analyses of fluorescence decay

From the above discussion of the kinetics of the exciplex, we
ropose kinetics involving exciplex formation and deactivation as
hown in Scheme 2. When An-n-G (n = 2, 9) is excited, a locally
xcited state of the anthracene moiety of An-n-G is formed, shown
s An*-n-G, followed by the formation of a delocalized excited
tate, (An-n-G)*, which is responsible for exciplex emission. The
ate constant kD indicates the deactivation rate constant of An*-
-G including radiative and nonradiative processes. The formation
ate constant of (An-n-G)* is kCS and its reverse process is k−CS. The
eactivation process of (An-n-G)* to the ground state is kCR, which

ncludes radiative and nonradiative processes of exciplex, as in kD.
f we assume an equilibrium between LE and exciplex as shown in
cheme 2, the following differential equations are given:

d[An∗-n-G]
dt

= k−CS[(An-n-G)∗] − (kCS + kD)[An∗ − n − G] (1)

d[(An-n-G)∗]
dt

= kCS[An∗-n-G] − (k−CS + kCR)[(An-n-G)∗] (2)

here An*-n-G and (An-n-G)*Correspond to LE and exciplex,
espectively. If we adopt [An*-n-G] = [An*-n-G]0 and [(An-n-
)*]0 = 0 at t = 0 as the boundary condition, the following solutions
re derived [35,47]:

[An∗-n-G]
[An∗-n-G]0

= 1
�1 − �2

{(X − �2) exp(−�1t) − (X − �1) exp(−�2t)}(3)

[(An-n-G)∗]
[An∗-n-G]0

= kCS

�1 − �2
{exp(−�2t) − exp(−�1t)} (4)

here

1 = 1
2

{(X + Y) +
√

(X − Y)2 + 4k−CSkCS} (5)

2 = 1
2

{(X + Y) −
√

(X − Y)2 + 4k−CSkCS} (6)

= kD + kCS, Y = kCR + k−CS (7)

qs. (3) and (4) describe the time development of LE emis-
ion observed at 414 nm and exciplex at 610 nm, respectively. If
1 − �2 > 0 from Eqs. (6) and (7), then Eq. (4) shows that the exci-

lex rises at a rate constant of �1 and decays at that of �2. On the
ther hand, Eq. (3) describes a more complex situation than Eq. (4).
f (X − �1) < 0 and (X − �2) > 0, then Eq. (3) shows a bi-exponential
ecay as in LE emission. Note that �1 and �2 represent no direct
elationship with each rate constant depicted in Scheme 2. Since
hotobiology A: Chemistry 218 (2011) 69–75

the determination of each rate constant was very complex, an iter-
ative fitting method was used to obtain them by developing a macro
program in Igor Pro 4.08.

�1 and �2 correspond to time constants obtained from mea-
sured decay curves. To determine each rate constant, we assumed
kD was equal to the inverse of the fluorescence lifetime of An-n-
OMe. Unknown parameters were reduced to 3 terms. In addition,
since Eq. (8) was derived from Eqs. (5) to (7), unknown parame-
ters were reduced to two parameters, i.e., kCR is expressed by kCS
and k−CS. Furthermore, the validity of Eq. (8) was confirmed from
the small dependence of the sum of �1 and �2 on the monitored
wavelength as shown in Table 1.

X + Y = �1 + �2 = kD + kCS + kCR + k−CS (8)

Fittings were performed by using reconstructed decay curves
assuming the excitation pulse as a delta function. As seen from the
negligible small residuals of less than 1% between original decay
curve and fitted curves, the fitting gave satisfactory results (see
Supporting Information, Figs. S5 and S6). The calculated rate con-
stants are shown in Table 1.

kCS, which corresponds to an intramolecular electron transfer
process followed by the formation of exciplex from LE, was found
to be 5.3 × 108 s−1 at 414 nm and 5.1 × 108 s−1 at 610 nm for An-9-
G. While the difference in these two rate constants is very small,
k−CS derived at 414 nm is clearly smaller than that at 610 nm. How-
ever, using either rate constant, k−CS is obviously smaller than kCS.
However, the reverse electron transfer rate has no negligible value
and LE is regenerated from the exciplex. Evaluation of the rate
constant kCS was performed comparing with anthracene linked
to N,N-dimethylaniline [22]. The charge separation rate constants
were determined from fluorescence decay curves due to difficulties
in calculation. Considering similar solvent polarity, the rate con-
stant corresponding to kCS was reported to be about 2 × 108 s−1,
about half of the present result. In addition, anthracene linked to
aromatic phenones was reported to have charge separation rate
constants of about 2 × 108 s−1 [48]. From these comparisons, the
obtained kCS values by simulation are plausible. Unfortunately, k−CS
was not found in published papers associated with the anthracene
moiety. The reason why the kCS of An-9-G is be 5 times as large as
that of An-2-G may originate from the difference of encounter com-
plex between An-9-G and An-2-G along with free energy changes.

4.5. Fluorescence quantum yields

To evaluate the obtained rate constants assuming the estab-
lishment of equilibrium between LE and exciplex, the fluorescence
quantum yield of LE involving regeneration from exciplex was cal-
culated. The fluorescence quantum yield of LE, ˚F, is given by
similar treatment of the Förster cycle as follows [49,50]:

˚F = kF[An∗ − n-G]
kD[An∗ − n-G] + kCR[(An − n-G)∗]

(9)

where kF is a radiative rate constant of An*-n-G. If we apply a
steady-state approximation to the concentration of (An-n-G)*, the
following equation is derived:

d[(An − n-G)∗]
dt

= kCS[An∗ − n-G] − (k−CS + kCR)[(An − n-G)∗] = 0

[(An − n-G)∗] = kCS[An∗ − n-G]
kCR + k−CS

(10)

Eq. (11) is obtained by using Eqs. (9) and (10):
˚F = kF

kD + (kCSkCR/kCR + k−CS)
(11)

Since the fluorescence quantum yield of An-n-OMe, ˚F0, is
defined as ˚F0 = kF/kD, which indicates no intramolecular interac-
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ion of An-n-OMe, ˚F/˚F0 is obtained as follows:

˚F

˚F0
=

(
kCSk−1

D kCR

kCR + k−CS
+ 1

)−1

(12)

F/˚F0 corresponds to the fluorescence intensity of An*-n-G rela-
ive to that of An-n-OMe as shown in Fig. 2, which were determined
o be 0.65 and 0.49 for An-2-G and An-9-G, respectively. ˚F/˚F0
as also used to calculate the rate constants monitored at 414 nm

isted in Table 1: 0.68 and 0.51 for An-2-G and An-9-G, respectively.
f we assume no equilibrium formation between LE and exciplex,
he ratios are obtained by the main component of the fluorescence
ifetime monitored at 414 nm and kD: 0.62 and 0.40 for An-2-G and
n-9-G, respectively. These values are lower than those obtained

rom Fig. 2. To explain the result of fluorescence quenching in Fig. 2,
e need to consider the back reaction from exciplex to LE. The small

ree energy change in exciplex formation can be responsible for the
quilibrium establishment in the excited state.

. Conclusion

In conclusion, the quenching of the excited anthracene moi-
ty of An-n-G by the guanine moiety results in the formation of
n exciplex followed by fluorescence emission. The analyses of
uorescence decay curves gave various rate constants associated
ith photophysical processes, the validity of which is confirmed

y the comparison of the ratio of fluorescence intensity to refer-
nce compounds with theoretically obtained ones calculated from
ate constants. An equilibrium between LE and exciplex may be
stablished in the excited state, which is responsible for the rela-
ively high intensity of LE emission. The substituent effect on rate
onstants mainly depends on the reduction potential of An-n-G.
urther work on the sensing ability in vivo are underway in our
aboratory.
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