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Two new anthryl-appended porphyrin dyads have been synthesized and used as highly selective and sensitive fluorescence probes 
for singlet oxygen (1O2). The design strategy for the probes is directed by the idea of intramolecular fluorescence resonance ener-
gy transfer (FRET) interactions and carried out by incorporation of an electron-rich fluorophore (porphyrin) with a reactive an-
thracene for 1O2. The molecular recognition is based on the specific interaction of 1O2 with the inner anthracene moiety, and the 
signal reporter for the recognition process is the porphyrin fluorescence. As a result of overlap of the emission band of the anthra-
cene with the absorbance band of the porphyrin, intramolecular FRET occurs between the anthracene (donor) and the porphyrin 
(acceptor). The effective light absorbed by the porphyrin and, concomitantly, the emitted light intensity are thus modulated by the 
emission intensity of the anthracene. Upon reaction with reactive oxygen species such as hydrogen peroxide, hypochlorite, super-
oxide, hydroxyl radicals, and 1O2, the probes exhibit a selective response toward 1O2. In addition, significant amplification of the 
signal transducer is observed. The feasibility of the design was demonstrated by monitoring the 1O2 generated from a MoO4

2/H2O2 
system. The results clearly demonstrate that the synthesized probes exhibit both high selectivity and high sensitivity for 1O2. The 
fluorescence reaction and signal amplification mechanism of the system were both discussed, clearly confirming that the introduc-
tion of electron-rich porphyrin units into the 9,10-positions of anthracene can improve the response sensitivity and activate the 
probe’s reactivity toward 1O2.  
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Singlet oxygen (1O2), the molecular oxygen with the lowest 
excited electronic state [1], aroused great interest in the 
early years because of its oxidative properties in biological 
and environmental systems. In biological systems, excessive 
1O2 is thought to be an important toxic species as it can oxi-
dize various kinds of biological molecules such as DNA/ 
RNA, proteins, and lipids [2]. Moreover, 1O2 is one of the 
most important cytotoxic agents generated during photody-
namic therapy by nontoxic photosensitizers with an appro-

priate harmless light source; this is gaining wide acceptance 
as an alternative noninvasive treatment protocol for de-
stroying malignant cancer cells or tissues in photodynamic 
therapy [3,4]. In environmental systems, the formation of 
1O2 in natural water assists in the photodegradation of or-
ganic pollutants [5]. The outstanding importance and sig-
nificant roles of 1O2 in research and real-world applications 
have aroused a demand for detecting it selectively and sen-
sitively. 

Monitoring 1O2 emissions at 1270 nm [5] is a direct and 
noninvasive method to detect 1O2; however, this method 
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suffers from a weak signal and short 1O2 lifetime [6] in 
aqueous solution as a result of the low emission efficiency 
of 1O2. Chemical trapping combined with optical probes has 
recently been developed for much more specific, sensitive, 
and accurate detection of analytes. Anthracene derivatives 
such as 9,10-diphenylanthracene and 9,10-dimethylanthra-      
cene [7,8] are commonly used as 1O2 traps; they react spe-
cifically with 1O2 to form thermostable endoperoxides. Their 
effectiveness is highly dependent on their ability to trans-
duce the recognition event to a measurable signal because 
neither the absorbance nor the fluorescence change from an-
thracene itself as a signal of 1O2 production is very sensitive.  

Interest in improving the sensitivity for 1O2 has led to the 
development and application of different types of molecular 
probes, including those based on chemiluminescence, steady- 
state fluorescence, and time-gated luminescence. One set of 
widely studied chemiluminescence probes for 1O2 are the 
Cypridina luciferin analogs [9]. Chemiluminescent probes 
with improved selectivity, based on a thiafulvalene-substi-     
tuted anthracene trap, have recently been reported [10,11]. 
Many sensitive fluorescent probes for 1O2 have recently 
been developed by conjugating a fluorescein moiety with 
anthracene derivatives [12], which are characterized by only 
weak fluorescence in their native state but become highly 
fluorescent upon reaction with 1O2. More recently, rare-metal 
complexes, such as europium(III) and rhenium(I) chelate- 
based complexes were used as long-lifetime-based lumi-
nescence probes for 1O2 [13,14].  

Fluorescence resonance energy transfer (FRET) can be 
applied in fluorescent sensing; this type of sensor is charac-

terized by enhanced Stokes’ shifts and amplified signal 
transduction [15]. FRET reactions occurring in porphyrin- 
based system have attracted considerable attention from 
researchers [16] because of their tunable fluorescence emis-
sions and outstanding importance in chemical or biological 
systems containing porphyrin derivatives. It has been ob-
served that intramolecular FRET interactions between an-
thracenes and porphyrins occur efficiently [17]; in these 
interactions, anthracene acts as the energy donor and por-
phyrin as the acceptor. This discovery provides the basis for 
designing an anthracene-based FRET sensor. However, no 
attempts, so far, have been made.  

In the present study, we propose a new fluorescent sens-
ing approach for 1O2 based on the intramolecular FRET 
interaction between anthracene and porphyrin. To imple-
ment our design strategy, two anthryl-appended porphyrin 
dyads, 1 and 2 (Figure 1), were synthesized. The intramo-
lecular FRET interactions of the dyads were studied. As one 
example of their analytical application, probe 2 was used in 
fluorescence detection of 1O2. This kind of fluorescent 
probe is characterized by high sensitivity and large Stokes’ 
shifts ( > 170 nm), which facilitate the separation of the 
analytical signal from the excitation radiation. 

1  Experimental 

1.1  Reagents and apparatus  

Anthracene,9-(chloromethyl)anthracene,9,10-(dichloromethyl) 
anthracene, pyrrole, benzaldehyde, 4-hydroxybenzaldehyde,  

 

Figure 1   Molecular structures of probes 1 and 2.  
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and meso-tetraphenylporphyrin(TPP) were purchased from 
Fluka (Switzerland). Sodium molybdate dehydrate (Na2-     
MoO4·2H2O), potassium superoxide (KO2), and hydrogen 
peroxide (30%) were purchased from the Beijing Chemical 
Co. (Beijing, China). Pyrrole was used after appropriate 
distillation and purification. Syntheses and characterizations 
of probes 1 and 2 are presented in the Supporting Infor-
mation [18,19]. Stock solutions of anthracene, TPP, 1, and 2 
were obtained by dissolving the materials in analytical 
grade dimethylformamide (DMF). Prior to use, hydrogen 
peroxide was diluted immediately from a stabilized 30% 
solution, and was assayed using 43.6 (mol/L)1 cm1 as the 
molar absorptivity at 240 nm [20]. UV-visible absorption 
spectra were recorded on a Hitachi U-3010 UV/Vis spec-
trophotometer (Hitachi, Kyoto, Japan). Fluorescence spectra 
were recorded on a Hitachi F-4500 fluorescence spectroflu-
orometer (Hitachi); the excitation and emission slit widths 
were both set at 10.0 nm. The pH values of the test solutions 
were measured with a glass electrode connected to a PHS- 
3C pH meter (Shanghai, China) and adjusted if necessary. 

1.2  Fluorescence quenching of anthracene by TPP  

Because of the low solubilities of anthracene and TPP in 
water, the fluorescence titrations were carried out in a 50% 
DMF (v/v) aqueous solution by adding a few microliters of 
a TPP stock solution to 2.0 mL of 1.0 × 106 mol/L anthra-
cene in a quartz cell (1.0 cm  1.0 cm cross-section). The 
concentration of TPP in the mixture was 5.0 × 107 to 5.0 × 

106 mol/L; the addition was limited to 100 L so that the 
volume change was insignificant. The fluorescence emis-
sion spectra were obtained by exciting at the maximum ab-
sorption wavelength of anthracene. The obtained data on the 
intensity ratio of the system at 652 and 416 nm were ana-
lyzed to test the energy-transfer efficiency.  

1.3  1O2 reaction and detection 

All experiments were run at 25°C in 50 × 103 mol/L sodium 
phosphate buffer saline (PBS) containing 50% (v/v) DMF 
as a cosolvent, unless otherwise stated. The method for 
chemically generating 1O2 was adapted from the MoO4

2/ 
H2O2 system, as previously reported by Aubry et al. [21]. 
Typically, an appropriate amount of Na2MoO4 (0.01 mol/L) 
was first added to ~1 mL of the DMF aqueous solution 
containing the probe, and the mixture was diluted to 2 mL 
with PBS. The reaction was initiated by introducing a small 
amount freshly diluted hydrogen peroxide solution (typi-
cally 20 L) into the mixture solution. After standing for  
5 min at room temperature, the fluorescence emission of 2 
was measured with an excitation wavelength of 368 nm. For 
the selectivity experiments, the reactions of 2 with other 
reactive oxygen species (ROS) were studied. Hydroxyl rad-
icals (·OH) were generated in a Fenton’s reagent system of 

ferrous ammonium sulfate and hydrogen peroxide [22]. A 
superoxide (O2

−·) solution was prepared by adding KO2 to 

dry dimethyl sulfoxide and stirring vigorously for 5 min 
[23]. These reactive species were used immediately after 
generation.  

2  Results and discussion 

2.1  Energy-transfer interactions between anthracene 
and porphyrin 

Fluorescence energy transfer is the transfer of the excitation 
energy from an initially excited donor (D) to an acceptor 
(A). The efficiency of energy transfer depends mainly on 
the extent of spectral overlap of the emission spectrum of 
the donor with the absorption spectrum of the acceptor, and 
the distance between the donor and acceptor molecules. 
Figure 2 shows the fluorescence emission spectrum of an-
thracene and the electronic absorption spectrum of TPP in 
DMF aqueous solution. Excitation of anthracene at 368 nm 
emits strong fluorescence, and the corresponding emission 
peak maxima are located at 397 and 416 nm, respectively. It 
can be seen that there is significant spectral overlap of the 
416 nm emission band of anthracene with the 419 nm Soret 
band of TPP. This spectral overlapping meets the precondi-
tion for electronic energy-transfer interactions between an-
thracene and TPP. To check whether energy transport from 
an electronically excited anthracene to TPP is possible, the 
effect of TPP on the fluorescence emission of anthracene 
was studied (Figure 2, inset). The addition of increasing 
concentrations of TPP to a solution of anthracene and  

 

Figure 2  Fluorescence emission spectrum of anthracene (a, ex = 368 nm) 
and the UV-visible absorption spectrum of TPP (b) in DMF aqueous solu-
tion. The concentrations of TPP and anthracene are 5.0 × 106 mol/L. Inset: 
fluorescence emission spectral changes (ex = 368 nm) of a mixture of 
anthracene (1.0 × 106 mol/L) and TPP with different TPP amounts. The 
arrows show the dependence of the emission spectra of anthracene and 
TPP on the TPP concentration. The dashed line is the emission spectrum of 
TPP (1.0 × 105 mol/L), with an excitation wavelength of 420 nm. 
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excitation at 368 nm results in an apparent decrease in the 
416 nm emission band of anthracene and a concomitant 
progressive increase in TPP fluorescence emission, with the 
maximum centered around 652 nm. At TPP concentrations 
greater than 2.5 equiv. relative to the anthracene concentra-
tion, no obvious changes in either the anthracene or TPP 
fluorescences are observed. These fluorescence emission 
changes in both fluorophores suggest that fluorescence energy 
transfer occurred from the donor, anthracene, to the acceptor, 
TPP; this constitutes the basis for designing a FRET-based 
fluorescent probe. 

2.2  Probe designs and optical properties 

Anthracene derivatives react rapidly with 1O2 specifically to 
form a thermostable endoperoxide. This endoperoxide for-
mation causes strong fluorescence quenching of anthracene. 
However, UV light excitation and emission, and the short 
Stokes’ shift ( < 45 nm) of anthracenes limit their appli-
cation as an efficient fluorescent probe for 1O2. On the other 
hand, as mentioned above, the fluorescence emission of 
anthracene could be reported by porphyrin via a FRET pro-
cess. We thus introduce an acceptor molecule, porphyrin, 
into the anthracene moiety to signal the molecular recogni-
tion event for 1O2, and an amplified signal transduction 
might be expected to occur during the oxidation of anthra-
cene. At the beginning of this investigation, two functional-
ized anthracene molecules, 1 and 2, were synthesized by 
introducing different stoichiometric porphyrin moieties into 
the molecular backbone of anthracene (Figure 1). Besides 
the original reactive anthryl group as the energy donor, 1 
and 2 contain one or two porphyrin moiety/moieties which 
worked as the energy acceptor. A spacer, –OCH2–, was in-
troduced to separate the donor and acceptor units; this does 
not influence the basic electronic structure of the donor and 
acceptor.  

Figure 3 shows UV-visible absorption spectra of 1; it is a 
superposition of the spectra of the porphyrin and anthracene 
units, and shows no significant perturbations. The maxi-
mum absorption wavelength of TPP occurs at 416 nm, and 
the maxima in the Q-band region are at 504 and 546 nm, 
respectively. These absorption bands are essentially identi-
cal to those observed from TPP. An intense absorption band 
occurs at 260–290 nm, which is the region of the second 
singlet of anthracene, indicating that no ground-state inter-
action occurs between the two fluorophores. On the contra-
ry, the fluorescence features of the probes greatly differ 
from those of the simple anthracene and TPP molecules. 
The inset in Figure 3 shows the fluorescence emission spec-
tra of 1 and 2 in DMF aqueous solution; both spectra dis-
play obvious TPP emission by the excitation of the donor 
moiety of anthracene at 368 nm. Moreover, compared with 
the emission spectrum of the anthracene+TPP mixture, the 
two spectra show intensity decreases in donor emissions but 
intensity increases in acceptor emissions. For instance, the  

 

Figure 3  UV-visible absorption spectrum of 1 (1.0 × 105 mol/L) in DMF 
aqueous solution at pH 7.1. Inset: fluorescence emission spectra of 1 and 2 
(2.0 × 106 mol/L) in DMF aqueous solution; both spectra were recorded 
with an excitation wavelength of 368 nm.  

intensity ratio, I652/I416, of 2 is 7.10, which is 3-fold higher than 
the I652/I416 value of 2.4 for the anthracene+TPP (nanthracene: 

nTPP = 1:2). Collectively, the results provide evidence of 
intramolecular FRET from the anthracene to the porphyrin, 
and the FRET is more efficient here in an intramolecular 
situation than it is in intermolecular situations, suggesting 
that the short ether spacer moiety (–OCH2–) of the donor 
and acceptor makes the main contribution to the energy- 
transfer efficiency. 

2.3  Fluorescence responses of the probes to ROS 

Fluorescence responses of 1 and 2 to 1O2 were first exam-
ined and compared with those of anthracene and TPP in 
DMF aqueous solution at pH 10.2 using MoO4

2/H2O2 as the 
1O2 source (Figure 4). In the absence of 1O2, all the dyes 
showed strong fluorescence emissions, and the fluorescence 
of anthracene could be reported by the TPP emission in the 
cases of 1 and 2. The dotted lines in Figure 4 show the flu-
orescence emission spectra of the probes in the presence of 
1.0 × 103 mol/L 1O2. Fluorescence quenching was observed 
in all cases, but the fluorescence-quenching efficiencies 
were different. The strong quenching of anthracene by 1O2 

results from the formation of endoperoxide, and the slight 
quenching of TPP (Figure 4(b)) by 1O2 is probably caused 
by a weak interaction between the neutral 1O2 and the por-
phyrin ring. Interestingly, we noted that for the probes 1 and 
2, higher quenching efficiency was observed compared with 
those of anthracene or TPP alone under the same conditions. 
This strong TPP fluorescence quenching of 1 or 2 by 1O2 
provides a basis for using them as fluorescence probes for 
detection of 1O2 as they enhance the Stoke’s shift and am-
plify signal transduction. 

To study the reaction specificity of the probes with 1O2, 2  
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Figure 4   Fluorescence emission spectra of anthracene (a, ex = 368 nm), 
TPP (b, ex = 420 nm), 1 (c, ex = 368 nm), and 2 (d, ex = 368 nm) before 
() and after () reaction with 1O2 (2.0 × 103 mol/L) in DMF aqueous 
solution at pH 10.2. The concentrations of all the dyes were 2.0 × 106 mol/L. 

was subjected to biological or environmental ROS. The 
ROS (ClO, ·OH, H2O2, or O2

·) was used immediately 

after preparation, as mentioned in the experimental section. 
The fluorescence response of the probe to 1O2 gives good 
selectivity over other ROS, as shown in Figure 5. The TPP 
fluorescence intensity of the products of 2 reacted with ei-
ther ClO, ·OH, H2O2, O2

· or did not change noticeably, 

whereas a significant TPP fluorescence decrease was observed  

 

Figure 5  Fluorescence intensity decreases of the products of 2 (2.0 × 106 

mol/L) reacted with different ROS (2.0 × 103 mol/L) in DMF aqueous 
solution at pH 10.2. The fluorescence intensity was recorded at 652 nm 
with an excitation wavelength of 368 nm. 

after the complex was reacted with MoO4
2 in the presence 

of H2O2. To test whether the TPP fluorescence change of 2 
is induced by 1O2, a 1O2 quencher, sodium azide, was used. 
When enough sodium azide was added to the mixture solu-
tion of H2O2/MoO4

2/2, a fluorescence change of TPP was 
not observed. These results indicate that the probe exhibits a 
highly selective fluorescence response to 1O2 instead of to 
another ROS; this may be attributed to the specific reactivi-
ty of the anthracene unit toward 1O2,

 as expected. 

2.4  Detection of 1O2  

Because of the higher fluorescence-quenching efficiency of 
2 than that of 1, for the present study, we focused primarily 
on 2 to characterize the sensitivity and selectivity for 1O2 
detection. Because 1O2 can be quantitatively generated in a 
weakly basic aqueous buffer through H2O2 disproportiona-
tion catalyzed by molybdate ion, H2O2/MoO4

2 was used as a 
chemical source of 1O2 to investigate the reaction of 2 with 
1O2. One 1O2 molecule can be formed quantitatively by the 
reaction of two H2O2 molecules [24]. Figure 6 shows the 
fluorescence emission spectral changes of 2 as a function of 
the concentration of 1O2. The reaction was performed at pH 
10.2 by adding increasing concentrations of H2O2 to a buff-
ered solution of 2 and MoO4

2 (1.0 × 102 mol/L) every 5 min. 
The fluorescence spectra were recorded at ex = 368 nm and 
em = 390–700 nm. Decreases in fluorescence at the emis-
sion maxima of 450 and 652 nm were observed as the con-
centration of H2O2 increased. When the H2O2 concentration 
was about 1.0 × 102 mol/L, the fluorescence intensity gradu-
ally leveled off (about 98% decrease at 652 nm). This illus-
trates that the probe can be used for the quantitative detection  

 

Figure 6  Fluorescence emission spectra of 2 (2.0 × 106 mol/L, ex = 368 
nm) in the presence of varying concentrations of H2O2. The reaction was 
performed at room temperature for 5 min with 6.0 × 103 mol/L Na2MoO4 
in DMF aqueous solution at pH 10.2. Inset: the dependences of the TPP 
fluorescence intensity ratios at 652 nm, F0/F, on different concentrations of 
1O2. 
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of 1O2. From Figure 6, it can be seen that the response of 2 
to 1O2 at 652 nm is more sensitive than that at 450 nm be-
cause of the amplification of the signal transduction through 
the FRET process. In our subsequent experiments, quantitative 
measurements were made at ex = 368 nm and em = 652 nm. 
There is a good linear relationship between the fluorescence 
emission change, F0/F, and the 1O2 concentration range 
from 2.0 × 106 to 4.0 × 103 mmol/L (F0/F = 1.12 + 6.02C, 
R2

 = 0.997, Figure 6, inset), where F0 and F are the fluores-
cence intensity of 2 at 652 nm in the absence and the pres-
ence of 1O2. The detection limit, which is taken to be three 
times the standard derivation in a blank solution, was esti-
mated to be about 2.4 × 108 mol/L.  

2.5  Mechanism for sensitivity improvement 

To investigate mechanisms for sensitivity improvement of 
the present system, the reactions of 1, 2, and their reference 
compounds (anthracene, TPP, and a mixture of anthracene+ 
TPP) with 1O2 were compared. Figure 7 shows linear Stern- 
Volmer plots of the compounds against increased concen-
trations of 1O2. Although the interaction of each compound 

with 1O2 caused fluorescence quenching, a much stronger 
fluorescence quenching constant was observed with 1 and 2, 
particularly 2, than with the reference compounds. The Stern- 
Volmer constant of 2, Ksv, is 6020 L/mol, about 23-fold higher 
than that of anthracene, and 7-fold higher than that of the 
anthracene+TPP system. The observed results suggest that 
the response sensitivity of anthracene toward 1O2 could be 
improved greatly using an intramolecular FRET mechanism.  

The improvement in the sensitivity of the energy-transfer 
system could be estimated quantitatively by the Levitsky 
model [25]. If F0 and F are the fluorescence intensities of a  

 

Figure 7  Stern-Volmer plots for fluorescence quenching by 1O2: (a) TPP 
with excitation at 420 nm and monitored at 652 nm; (b) anthracene with 
excitation at 368 nm and monitored at 416 nm; (c) a mixture of anthra-
cene+TPP (nanthracene:nTPP = 1:2) with excitation at 368 nm and monitored at 
652 nm; (d) probe 1 with excitation at 368 nm and monitored at 652 nm; (e) 
probe 2 with excitation at 368 nm and monitored at 652 nm. 

sensing system in the absence and the presence of an ana-
lyte, according to the Levitsky model, the sensitivity of a 
system containing a monofluorophore can be described by  

 
0 0

M B0
0

F k N k
S K

F kkN
    , (1) 

where k0 and k are the deactivation rates (inverse lifetimes) 
of the excited fluorophore prior to and after analyte interac-
tion, respectively; N is the number of fluorophores trans-
ferred to the new excited state after analyte interaction; N 0 
is the total number of fluorophores, and KB = N/N 

0 is the 
binding constant for the analyte-fluorophore interaction.  

For a sensing system containing a bifluorophore in which 
the donor is selectively excited, and the response fluores-
cence is obtained from the acceptor, the corresponding sen-
sitivity, SB, is given by [25] 

 
0 0

OVA D A
B BD BA0 0

D AA OV

IF k k
S K K

k kF I
      . (2) 

Here, KBD and KBA are the binding constants for the donor- 
analyte interaction and acceptor-analyte interaction, respec-
tively; kD

0 and kD are the deactivation rates of the excited 
donor prior to and after analyte interaction, respectively; kA

0 
and kA are the deactivation rates of the excited acceptor pri-
or to and after analyte interaction, respectively; and IOV is 
the overlapping integral between the acceptor absorption 
and donor fluorescence spectra. The stronger the overlap 
between the donor and acceptor spectra, the higher the IOV 
and energy-transfer rate. 

By comparing eqs. (1) and (2), it is clear that the sensi-
tivity is amplified for a bifluorophore system with respect to 
that of a monofluorophore. Because of the significant over-
lap between the anthracene emission spectrum and the TPP 
absorption spectrum, and the flexible –OCH2– linkage be-
tween the intermolecular anthracene and TPP moieties, it is 
reasonable that the 1O2 fluorescence quenching results ob-
tained with 1 and 2 are higher than those obtained using one 
monofluorophore, anthracene, or a mixture of anthracene 
and TPP. 

3  Conclusion  

The work described here demonstrates the feasibility of 
exploiting the FRET process as a basis for the fluorescent 
detection of 1O2. Compared with classical fluorescent 
probes based on one monofluorophore, this kind of FRET- 
based probe is characterized by large Stokes’ shifts, which 
facilitate the separation of the analytical signal from the 
excitation radiation and by the amplification of the fluores-
cence signal transducer. The results described here clearly 
demonstrate that the synthesized probe 2 exhibits both high 
selectivity and high sensitivity to 1O2, which makes it pos-
sible to use it widely for 1O2 detection in many chemical 
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and biological systems and even in the presence of other 
ROS. Although we used this approach to demonstrate the 
detection of 1O2 based on the TPP fluorescence-quenching 
effect, the strategy is versatile and can be used with other 
types of analyte so that signal-on detection can be easily 
adapted. 
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Synthesis of 1 and 2, and the fluorescence response of 1 toward different concentrations of 1O2. 
Scheme S1  Reaction scheme for synthesis of probes of 1 and 2. 
Figure S1  Fluorescence emission spectra of 1 (2.0 × 106 mol/L, ex = 368 nm) in the presence of varying concentrations of H2O2. The reaction was per-

formed at room temperature for 5 min with 6.0 × 103 mol/L Na2MoO4 in DMF aqueous solution at pH 10.2. 
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