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Abstract. Singlet oxygen (1 O2 ), the lowest excited-state of molecular oxygen receives great attention in basic
research and clinical and industrial settings. Despite several spectroscopic methods available for 1 O2 sensing,
fluorescence sensing receives great attention, for which many fluorogenic sensors based on substituted anthracene
are reported. Nonetheless, the roles of substituents on the sensing efficiency, in terms of detection time, remain
largely unknown. In this work, we examine the 1 O2 sensing efficiency of a fluorescence sensor based on a
coumarin–anthracene conjugate, which is an electron donor-acceptor dyad, and compare the efficiency with
that of 9-methylanthracene. Here, 1 O2 is generated using the standard photosensitizer Rose Bengal, which is
followed by estimation of the rate of reaction of 1 O2 to the sensor and 9-methylanthracene. The second order
reaction rate of the sensor is an order of magnitude less than that of 9-methylanthracene. The lower reactivity of
the sensor to 1 O2 suggests that the roles of substituents, such as electronic interactions, steric interactions and
the reactivity of precursor complexes, on sensing efficiency should be carefully considered during construction
of fluorogenic molecular sensors.
Keywords. Singlet oxygen; fluorescence sensing; photochemistry; athracene; reaction kinetics.

1. Introduction
Reactive oxygen species (ROS) receive considerable
attention in chemistry and life science. For example,
ROS finds applications in synthetic organic chemistry 1–3
photodynamic therapy, 4–6 and environmental remediation. 7–9 Also, ROS, in particular 1 O2 , plays significant
roles in cell signaling 10–12 and oxidative stress-related
progression of various diseases. 13–15 Owing to the above
impacts of 1 O2 in our daily life, detection of 1 O2 has
emerged into an active research subject. 19 In general,
1
O2 can be detected by various spectroscopic methods based on electron paramagnetic resonance (ESR), 20
phosphorescence, 21–23 fluorescence, 24–29 and absorption. 30 Among these methods, fluorescence sensing is
widely accepted due to its high sensitivity, simple procedure, and cost-effectiveness. Although there are several
highly-selective and sensitive fluorogenic sensors of 1 O2

reported, correlation of the speed of detection with the
structures of sensors needs further attention.
So far, the most promising fluorescence sensors of
1
O2 are based on anthracene derivatives. 24–28 For example, Tanaka et al., constructed a 1 O2 sensor based
on a fluorescein derivative conjugated to anthracene. 24
The fundamental structure of such an electron donoracceptor dyad-based sensor is composed of an oxygen
trapping moiety, which is anthracene, and a fluorescence
reporter moiety. The sensing probe is in a fluorescence “off” state in the absence of 1 O2 , which is
by a dominant photoinduced intramolecular electron
transfer (PET) from anthracene to fluorescein. The
mechanism of sensing relies on [4+2] cycloaddition
reaction of 1 O2 to anthracene, leading to the formation
of a 9,10-endoperoxide. Due to the endoperoxide formation, the photoinduced electron transfer is blocked,
uncaging the fluorescence and leading to detection of
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O2 . Recently, several fluorescence sensors working
on the above mechanism are introduced by different
research groups. 24–28 Most of these sensors are based
on xanthene derivatives conjugated to anthracene. For
example, Kim et al., introduced a 1 O2 sensor, Si-DMA,
which is a silicon-based rhodamine–anthracene conjugate. 25 This sensor is found stable and promising
for NIR fluorescence detection of 1 O2 . Although the
above sensors focus on highly-selective and sensitive
detection of 1 O2 , the sensing rates are yet to be optimized. Si-DMA is reported to show 18-fold fluorescence
enhancement upon 50 min irradiation (510–550 nm
at 0.07 W cm−2 ) of the photosensitizer meso-tetra (N methyl-4-pyridyl) porphine tetratosylate. On the other
hand, another 1 O2 sensor, Arhus Sensor Green (ASG)
was reported to need 60 min to show the saturated
fluorescence response in presence of the sensitizer
phenalene-1-one-2-sulfonic acid excited with 420 nm,
3 mW light. 26 Meanwhile, commercially available 1 O2
sensor, the Singlet Oxygen Sensor Green (SOSG), 27 can
detect 1 O2 within 10 min photosensitization of tetrakis
(4-carboxyphenyl) porphyrin at 2.8 W cm−2 (532 nm). 28
Despite this advantage of SOSG, it is unstable under
visible light because of self-sensitized 1 O2 generation
and the subsequent oxidation of the sensor. In other
words, SOSG cannot be used for the quantitative detection of 1 O2 . This instability of SOSG guided us into
a stable 1 O2 sensor based on a coumarin–anthracene
conjugate (1). 28 Even though the fluorescence sensitivity, stability, and spectral responses of these sensors are
well explored, the relations of 1 O2 detection rate with
the structural features of sensors remain undisclosed. In
other words, investigation and optimization of the role
of substituents on the rate of 1 O2 sensing need further
attention.
In this work, we discuss the rates of 1 O2 detection using two 9-substituted anthracenes. We compare
the 1 O2 sensing rate of sensor 1 with that of 9methylanthracene (2) by steady-state absorption and
fluorescence measurements. We monitored the absorption and fluorescence spectra during the reaction of 1 or
2 with 1 O2 generated by photosensitization of Rose Bengal (RB). With time under photosensitization of RB, 1
shows an enhanced fluorogenic response, but 2 responds
with depletion in fluorescence. The rates of 1 O2 sensing
of 1 and 2 are determined by analyzing their corresponding absorption spectra recorded as a function of
time under photosensitization. The rate of reaction of 1
with 1 O2 is found to be an order of magnitude less than
that of 2. The significant difference in the 1 O2 sensing
rates between 1 and 2 suggests that the substituents on
anthracene play an important role on the sensing efficiency. We hypothesize that the relatively bulk coumarin
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moiety in 1 significantly retards the reaction of 1 with
O2 .

1

2. Experimental
2.1 Materials
All the chemicals used in this work were analytical grade and
used without further purification. 9-Methylanthracene, Rose
Bengal and 7-amino-4-methyl coumarin were obtained from
Tokyo chemical industries (TCI, Japan). 9-Chloromethyl
anthracene, 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU) and
sodium azide were obtained from Merck (USA). Solvents
such as dimethylformamide (DMF), acetone, tetrahydrofuran,
acetonitrile, and chloroform were obtained from FUJIFILM
Wako Pure Chemical Corporation (Japan). 1 was synthesized
and characterized according to the reported procedure. 28

2.2 Methods
Absorption and fluorescence spectra were recorded using a
UV-Visible spectrophotometer (Evolution 220, ThermoFisher
Scientific) and a fluorescence spectrophotometer (Spectrofluorometer FL4500, Hitachi), respectively. For photoirradiation
of samples, we used a DPSS 532 nm Green laser (Shanghai
Dream Laser Technology) throughout the experiment.

2.3 Preparation of model compound 3
7-Amino,4-methyl coumarin (1.753 g, 10 mmol) and DBU
(13 mL) were mixed in 15 mL acetonitrile at room temperature, supplemented with 1-bromopropane (2.2 mL), and
this reaction mixture was stirred at 70 ◦ C. This reaction is
schematically presented in Figure 1A. After 10 h at this
temperature, the reaction mixture was cooled to room temperature, and added excess water, providing a yellow residue.
The residue was collected by filtration, washed with water,
dissolved in ethyl acetate, dried on anhydrous Mg2 SO4 , and
purified by column chromatography on silica gel (200 mesh)
using a mixture (1:4 v/v) of ethyl acetate and toluene as the
eluent to provide 1.75g (72%) 3.1 H NMR (CDCl3 ) : δ 7.37–
7.31 (d, 1H), 6.54–6.48 (dd, 1H), 6.45–6.44 (d, 1H), 5.97–5.93
(s, 1H), 4.43–4.35 (t, 1H), 3.17–3.10 (dd, 2H), 2.36–2.20 (s,
3H), 1.72–1.63 (tt, 2H), 1.05–0.98 (t, 3H).

2.4 Samples
For analyzing the 1 O2 sensing process, 10 μM solution of 1
or 10 μM solution 2 in DMF was mixed with 5 μM solution
of RB, all in DMF. The sample solutions were then irradiated
with 532 nm laser (50 mW cm−2 ) for particular intervals of
time. The absorption and fluorescence (λex = 340 nm for 1,
and 350 nm for 2) spectra were recorded after each irradiation
intervals. As control samples, a solution containing 1 or 2
with RB and 150 μM aqueous solution of sodium azide was
prepared, and the absorption and fluorescence spectra were
recorded under identical photoirradiation conditions.
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3. Results and Discussion
We investigate 1 O2 sensing efficiencies of sensor 1 and
compare it with that of 2, which is by analyzing the
absorption and emission spectra of these two molecules
as a function of time under photoirradiation of the sensitizer RB. Structures of 1 and 2 are shown in Figure 1B.
Molecule 3, which is a control sample of 1, is synthesized for evaluating the fluorescence quantum yield
of 1 and understanding the fluorescence enhancement
factor of 1 upon reaction with 1 O2 . The synthesis of
3 involves 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU)catalyzed nucleophilic substitution reaction between
1-bromopropane and 7-amino,4-methyl coumarin. At
first, we examined the absorption spectra of 1–3, which
is for understanding possible ground state interactions
between the anthracene and coumarin portions in 1.
Figure 1C shows the absorption spectra of 2 (a trace
in red) and 3 (a trace in back). Figure 1D shows the
sum absorption spectrum of 2 and 3 (a trace in red)
and the absorption of 1 (a trace in black). In Figures 1C and D, the absorption spectra were recorded for
equal concentrations of individual samples dissolved in
DMF. Although we expected complete overlap of the
actual absorption spectrum of 1 with the sum absorption spectrum of 2 and 3, the actual spectrum shows an
overall red-shift of ca 20 nm, but without any changes
in the anthracene vibrational band energies. The slight

Figure 1. (A) The scheme of synthesis of model compound
3. (B) Structures of 1 and 2. (C) Absorption spectra of 2 (red
trace) and 3 (black trace) in DMF. (D) Sum absorption spectra
of 2 and 3 (red trace) and the absorption spectrum of 1 (black
trace) in DMF. (E) Absorption spectrum of 1 in toluene (black
trace) and DMF (red trace).

Page 3 of 7 5

red-shift is attributed to the ground state electronic
interactions between the coumarin and anthracene
portions in 1. Importantly, when compared with the
0–0 vibrational transition (ca 395 nm) of 9-methylanthracene, it is amplified in 1.
As the intensity of lines is contributed by the Franck–
Condon factor, we assume that the higher intensity of
0–0 transition in 1 originates from the short internuclear distance between the ground and excited electronic
states of 1, when compared with 2, allowing an increased
overlap between the ground and excited state vibrational
wave functions in 1.
The focus of this research is to rationalize the role
of substituents in anthracene on the rate of 1 O2 sensing using anthracene-based sensors. We evaluate this
aim by systematically analyzing the absorption and fluorescence properties of 1 and 2 in presence of 1 O2 .
To evaluate the 1 O2 sensing efficiency of 1, a photooxidation reaction of 1 with 1 O2 generated by RB
is carried out. A solution of 1 and RB (2:1 molar
ratio) is prepared and irradiated with a 532 nm laser
at 50 mW cm−2 . Fluorescence spectra of the solution
were recorded after every 5 min photosensitization
(Figure 2A) for 60 min. Approximately, a 20-fold
increase in the fluorescence quantum efficiency of the
sample was detected after 60 min. This fluorescence
enhancement is attributed to reaction of essentially nonfluorescent (f = 0.0032, estimated using coumarin
120 as the reference fluorophore) 1 with 1 O2 and the
formation of a highly-fluorescent (f = 0.62, estimated
using coumarin 120 as the reference fluorophore) 9,10endoperoxide of 1. As discussed in our previous work, 28
the mechanism of fluorescence enhancement involves
oxidation of the anthracene portion of 1 and blockage
of intramolecular electron transfer from anthracene to
coumarin (Figure 3). On the other hand, we did not
observe any fluorescence enhancement for an equivalent
solution supplemented with sodium azide (Figure 2B, a
trace in red), which is an efficient 1 O2 scavenger. 31 Thus,
we confirm that the 20-fold fluorescence enhancement
of 1 (Figure 2A) originates from oxidation of 1 by 1 O2 .
The steps involved in the generation of 1 O2 by RB and
the subsequent reactions of 1 O2 with 1 and 2 are presented in Figure 3. This manner of photosensitization
and 1 O2 sensing processes was reported by Davidson
and coworkers and considered to proceed through several steps as shown in Scheme 1. 33 Photoirradiation
of the sensitizer RB activates it to the singlet excited
state. Deactivation of the singlet excited state proceeds
by non-radiative or radiative relaxation to the ground
state or intersystem-crossing to the triplet state. The
triplet RB sensitizes ground state molecular oxygen by
triplet–triplet energy transfer and produces 1 O2 . The
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Figure 2. (A) Fluorescence (λex 340 nm) and (C) absorption spectra of a solution of 1 (10 μM) and RB (5 μM) in DMF,
before and after every 5 min intervals of photoactivation at
532 nm (50 mW cm−2 ). The fluorescence enhancement (ca
20-fold) is due to sensing of 1 O2 by 1. (B) Time-traced relative fluorescence intensities of solutions of 1 (10 μM) and
RB (5 μM) with (red traces) and without (black traces) NaN3
(150 μM) in DMF. (D) The second order kinetic plot of photooxidation of 1 by 1 O2 constructed according to eq. 1.

Figure 3. Schematic representation of the
RB-sensitized generation of 1 O2 , and photooxidation of 1 and 2 by 1 O2 .
1

deactivation of O2 proceeds by both relaxation with
solvent molecules at the rate kd or reaction with 1
at rate kr . The addition of 1 O2 to the anthracene part

Scheme 1. Steps involved in the RB-sensitized 1 O2 generation and photooxidation of 1. Here, kf is the rate constant of
radiative relaxation, knr is the rate constant of non-radiative
relaxation, kISC is the rate constant of intersystem crossing,
knr is the rate constant of non-radiative relaxation of sensitizer
from triplet excited state, ktt is the rate constant of photosensitization of molecular oxygen by triplet–triplet energy transfer,
kr is the rate constant of reaction of 1 O2 with 1, and kd is the
rate constant of non-radiative relaxation of 1 O2 by collision
with solvent molecules.

in 1 involves an exciplex, which is followed by the
formation of the 9,10-endoperoxide in a single step
concerted mechanism. 32 Due to the reaction of
anthracene with 1 O2 and the formation of the endoperoxide, the intrinsic intramolecular electron transfer in
1 is blocked, uncaging the fluorescence of coumarin.
This overall process leads to 1 O2 sensing using 1. To
understand the kinetics of sensing, the absorption the
spectrum of 1 is recorded as a function of time under
photoirradiation. As seen in Figure 2C, the absorbance
of 1 in the 350 to 400 nm region, which is predominantly
contributed by the anthracene part in 1, is monotonously
decreased with time under photoactivation of RB.
As discussed in the case of fluorescence enhancement, the decrease of absorbance is due to oxidation
of 1 by 1 O2 . For the quantitative determination of the
rate of sensing, we used the integral form of the second
order rate equation (eq. 1), which is based on eq. 9 in
ref. 33 .



C0 − C − ΔCsinglet oxygen t
C
= −k
,
(1)
ln
C0
kd
where C0 and C are concentration (in mol L−1 ) of
the sensor (1 or 2) before and after photosensitization, respectively; ΔCsinglet oxygen is the concentration
(8.86 × 10−8 M s−1 ) of 1 O2 produced by RB with time,
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which was calculated based on the number of photons
(1.16 × 1017 s−1 ) absorbed by RB per second and the
number of 1 O2 produced; k is the second order rate constant which corresponds to the decrease of the substrate
during the cycloaddition reaction; kd is the rate constant
(6.7 × 104 s−1 in DMF) of deactivation of 1 O2 by the
solvent; 34 and t is the time of photosensitization in seconds. Figure 2D shows the second order kinetic plot of
the photooxidation of 1 by 1 O2 . This plot is constructed
based on eq. 1. Linear
fitting of the data obtained from

C0 −C− ΔCsinglet oxygen t
C
provides us
the plot of ln C vs
kd
0
with the rate of 1 O2 sensing by 1 at 3.4 × 108 M−1 s−1 .
To correlate between the role of the substituent on
anthracene and 1 O2 sensing efficiency of substituted
anthracenes, we evaluated the rate of reaction of 2
with 1 O2 and compared this rate with that of 1, both
under identical experimental conditions and using the
common photosensitizer RB. Upon continuous photoirradiation of RB at 532 nm (50 mW cm−2 ) in a mixture
of 2 and RB, as shown in Figure 4A and C, the fluorescence intensity and absorbance of 2 monotonously
decreased due to oxidation of 2 by 1 O2 and the formation of a 9,10-endoperoxide (Figure 3). When compared
with the 20-fold enhancement of fluorescence intensity
(Figure 2A, 2B) for 1, which was after 60 min photoirradiation of RB with a 532 nm laser (50 mW cm−2 ), the
fluorescence intensity of 2 is decreased by a factor of
20 (Figure 4A and B) in almost 10 min photoirradiation of RB with a 532 nm laser (50 mW cm−2 ). In other
words, from fluorescence studies, we find that 2 reacts
with 1 O2 at a rate higher than that by 1. Like in the case
of 1, we estimated the rate of reaction of 2 with 1 O2
C vs C0 −C− Csinglet oxygen t
using eq. 1 and by plotting ln C
Kkd
0
Figure 4D). By analyzing this second order kinetic plot,
we estimated the reaction rate of 2 at 3.3 × 109 M−1 s−1 ,
which is an order of magnitude greater than that of 1.
The electronic properties and steric aspects of the substituent on the sensor molecule play major roles on the
reactivity of the sensor to 1 O2 . We correlate the remarkable difference in the rates of 1 O2 sensing by 1 and 2
with the electronic interaction between anthracene and
coumarin as well as the steric effect of coumarin. Based
on DFT calculations and absorption spectral features
(Figure 1), we consider that the anthracene moiety in 1
should be more electron rich than that in 2, which is due
to the presence of aminocoumarin in 1. Indeed, with
such an increase in the nucleophilicity of anthracene,
one would expect an increased rate of reaction of 1
with the electrophilic 1 O2 . However, the reactivity of
2 to 1 O2 is an order of magnitude greater than that of
1, suggesting that the coumarin substituent at the 9th
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Figure 4. (A) Fluorescence spectra (λex 350 nm) of a
solution of 2 (10 μM) and RB (5 μM) in DMF, before
and after every 1 min interval of photoactivation (532 nm,
50 mW cm−2 ). (B) Time-traced relative fluorescence intensities of solutions of2 and RB (2:1 molar ratio) with (red traces)
and without (black traces) NaN3 (150 μM) in DMF. (C) The
absorption spectra of a solution of 2 (10 μM) and RB (10 μM)
in DMF before and after every 1 min interval of photoactivation (532 nm, 50 mW cm−2 ). (D) Second order kinetic plot of
photooxidation of 2 by 1 O2 constructed according to eq. 1.

position in 1 overshadows any increased nucleophilicity
of anthracene and retards the reaction between 1 and
1
O2 . In other words, the coumarin moiety in 1, when
compared with a methyl group in 2, adversely affect the
reactivity of 1 O2 to anthracene in 1. The role of coumarin
on the low reactivity of 1 guides us to two possibilities –
truncated rate of formation of an exciplex between 1 and
1
O2 , and/or poor reactivity of the exciplex. Although
steric effect can be an important factor that retards the
reaction rate, we continue to investigate the roles of the
stability and reactivity of the exciplex between 1 and
1
O2 on the rate and efficiency of 1 O2 sensing.
4. Conclusions
The rate of 1 O2 sensing by a fluorogenic sensor (1),
an anthracene–coumarin conjugate, was estimated and
compared with that of 9-methylanthracene (2). Here,
1
O2 is generated by the selective (532 nm) excitation of
Rose Bengal. While an enormous enhancement (for 1)
or a substantial decrease (for 2) of fluorescence intensity
allows us for the naked-eye detection of 1 O2 , the sensing
rates are precisely estimated from absorbencies of 1 or
2. In both cases, the anthracene part reacts with 1 O2 that
the sensing rates are dictated by the reactivity of 1 O2 to
the anthracene parts. When compared with 2, 1 shows
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an order of magnitude reduced reactivity to 1 O2 . The
difference between the reactivities of 1 and 2 to 1 O2 is
correlated with the substituents (coumarin in 1 and a
methyl group in 2) on anthracene. Although coumarin
enhances the nucleophilicity of anthracene part in 1, it
inserts steric effect to a greater extent than the methyl
substituent in 2. In other words, the reduced reactivity of
1 to 1 O2 can be attributed to the steric effect induced by
coumarin. Nonetheless, the role of an exciplex, which is
the intermediate of the final product 9,10-endoperoxide,
between 1 or 2 and 1 O2 on the 1 O2 sensing rate needs
further attention.
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