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A new europium chelate, [4’-(9-anthryl)-2,2":6",2"'-terpyridine-6,6"'-diyl]bis(methylenenitrilo) tetrakis(acetate)-
Eu®" (ATTA-Eu’"), has been designed and synthesized as a highly sensitive and selective time-resolved
phosphorescence probe for singlet oxygen (‘O5). The probe can specifically react with 'O, to yield its
endoperoxide (EP-ATTA-Eu®") with a great increase of the luminescence quantum yield and a long
phosphorescence lifetime of 1.21 ms, which renders the probe favorable to be used for highly sensitive time-
resolved luminescence detection of 'O,. The new phosphorescence probe is highly water soluble with a large
stability constant of ~10?° and a wide available pH range at pH > 3. Upon reactions with some reactive
oxygen species including hydrogen peroxide, superoxide, hydroxyl radical and '0,, the probe shows high
specificity for 'O,. The probe was used for quantitative detection of 'O, generated from a MoO4> —H,0,
system to give a detection limit of 2.8 nM. Furthermore, the good applicability of the probe was
demonstrated by the real-time monitoring of the kinetic process of 'O, generation in a horseradish
peroxidase (HRP) catalyzed oxidation system of indole-3-acetic acid (IAA) in a weakly acidic buffer and in a
photosensitization system of 5,10,15,20-tetrakis(N-methyl-4-pyridyl)-21 H,23 H-porphine (TMPyP) in a

neutral buffer.

Introduction

The lowest excited electronic state of molecular oxygen, singlet
oxygen ('0,), is an important intermediate in many chemical
and biological processes. It has aroused much interest as a
biological oxidant and its role in photobiological processes has
been well documented.' In addition, there is overwhelming
evidence that excited state species produced by biochemical
reactions in cells and tissues exposed to oxidative stress may
subsequently react with ground-state oxygen to yield 'O, as in
photosensitization.? Singlet oxygen has a unique reactivity that
can result, for example, in polymer degradation® or the death
of biological cells which is exploited in photodynamic therapy,*
and furthermore, it likely plays an important role in the cell
signalling cascade and in the induction of gene expression.’
However, some results are still controversial, mainly because of
the lack of a reliable detection method for '0,.°

Monitoring the direct emission of 'O, at 1270 nm is a specific
and non-invasive method, but this method suffers from weak
signal, and quantitative detection of very small amount of 'O,
as low as 100 nM, is currently not possible in any medium.®’
Chemical trapping by spectroscopic probes is also found to be
specific and more sensitive than the detection of the 1270 nm
luminescence. The most widely used 'O, trap is 9,10-diphenyl-
anthracene (DPA), which can specifically react with 'O, to
form a thermostable endoperoxide at a rate of k = 1.3 x 10°
M~!s7!, with the decrease in absorbance at 335 nm as a signal
of '0, plroduction.8 However, this method is also less sensitive
because the detection is based on the measurement of absor-
bance. To improve the detection sensitivity, fluorescent probes
were developed by incorporating the reactive anthracene moi-
ety into a xanthene ring.’ These probes can react with 'O, to
yield the corresponding endoperoxides giving sensitive fluor-
escence responses. The limitations of these probes are that they
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cannot be used at lower pH, where the endoperoxides are non-
fluorescent, and they are obviously limited to steady-state
investigations.®® Recently, Li et al. developed a chemilumines-
cence probe for 'O, by conjugating an electron-rich tetrathia-
fulvalene unit with a reactive luminophore of anthracene.'”
This probe exhibits strong chemiluminescence response and
high selectivity for 'O, with a detection limit of 76 nM. The
main drawback of this probe is its lower water solubility: a
buffer containing 50% tetrahydrofuran (THF) is necessary to
dissolve the probe, which makes it not very suitable for
biosystems.

Time-resolved fluorimetry using lanthanide chelates as lu-
minescence probes has been widely used in highly sensitive
fluoroimmunoassay and DNA hybridization assay.'! The most
important advantage of this technique is that the method can
effectively eliminate the short-lived background noise from the
biological samples and the optical components.

In a preliminary communication,'? we described that a Eu*
chelate, [4’-(9-anthryl)-2,2":6" 2"-terpyridine-6,6'' diyl]bis(methyl-
enenitrilo)tetrakis(acetate)-Eu>* (ATTA-Eu®") can be used as
an efficient phosphorescence probe for 'O,. Herein we report
the synthesis and time-resolved fluorimetric application of
ATTA-Eu®" as a highly selective and sensitive luminescence
probe for 'O, assay. This Eu®" chelate is almost non-lumines-
cent, and can specifically react with 'O, to form a strongly
luminescent endoperoxide (EP-ATTA-Eu®", Scheme 1) with a
long phosphorescence lifetime, which can be used for time-
resolved luminescence measurement. A strong luminescence
response was found upon the reaction of ATTA-Eu’™" with '0,
only, but not with other reactive oxygen species such as
hydrogen peroxide, superoxide, and hydroxyl radical, showing
an extremely high selectivity for 'O,. The probe’s applicability
for 'O, detection has been demonstrated by quantitative
detection of 'O, generated from a MoO4> —H,O, system in a
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Scheme 1 Reaction of ATTA-Eu®" with '0,.

weakly basic buffer, the assay of 'O, formation by the irradia-
tion of a photosensitizer in a neutral buffer, and real-time
monitoring of 'O, generation during the horseradish perox-
idase (HRP)-catalyzed oxidation of indole-3-acetic acid (IAA)
in a weakly acidic buffer.

Results and discussion

Design and synthesis of the europium chelate-based
phosphorescence probe for 'O,

The time-resolved fluorimetric probe specific for 'O, was
designed by incorporating the strong fluorophore (2,2": 6/,
2''-terpyridine-6,6"'-diyl)bis(methylenenitrilo)tetrakis(acetate)-
Eu®" (TTA-Eu®") into a reactive moiety of anthracene specific
for '0,. We chose TTA-Eu®** as a fluorophore since it has
higher luminescence quantum yield and solubility in aqueous
buffers.'® It has been well-known that the anthracene skeleton
can specifically trap 'O, to form endoperoxide®'* and effi-
ciently quench the fluorescence of the fluorophore conjugated
with it.>!* Before reacting with '0,, the Eu®" chelate is almost
non-luminescent due to the strong luminescence quenching
effect of 9-anthryl moiety, which is favorable to afford a low
background signal. After the chelate is specifically reacted with
'0, to yield its endoperoxide (EP-ATTA-Eu’"), the chelate
becomes strongly luminescent with a long phosphorescence
lifetime, which can be easily used for highly sensitive time-
resolved luminescence measurement.
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The ligand ATTA was synthesized following the eight-step
reaction as shown in Scheme 2. The corresponding endoper-
oxide of its Eu’" chelate was synthesized by reacting ATTA-
Eu®* with chemically generated 'O, (MoO4> —H,0,).!> The
production of EP-ATTA-Eu®" was confirmed by its ESI mass
spectrum. When EP-ATTA-Eu®" was challenged with a five-
fold excess of ethylenediamine tetraacetic acid, a conditional
stability constant was measured to be ~ 10*° by using Verhoe-
ven’s method.'® Moreover, no decrease of the phosphorescence
intensity of EP-ATTA-Eu®" was observed after several days at
room temperature. Using the luminescence lifetimes of ATTA-
Eu’™ and EP-ATTA-Eu’" in H,O and D,O buffers, the
average number (g) of water molecules in the first coordination
sphere of Eu®* ion was calculated from the equation

q= 1.2 (1/TH20 - l/TDZO — 025)

to be 0.05 and 0.04, respectively.!” These results indicate that
the probe has a high kinetic and thermodynamic stability, and
the increase of the probe’s phosphorescence intensity is not
caused by the decrease of the number of the coordinated water
molecules.'®

Phosphorescence properties of the chelate

The phosphorescence properties of ATTA-Eu’* and EP-
ATTA-Eu’®" are listed in Table 1. The excitation and emission
maximum wavelengths (Aex.max» 4em.max) are not changed,
which is similar to Nagano’s probe,” and molar absorption
coefficients (¢) and phosphorescence lifetimes (1) are changed
slightly from ATTA-Eu’" to EP-ATTA-Eu’". As expected,
ATTA-Eu’" itself is almost non-luminescent with a very low
luminescence quantum yield, and EP-ATTA-Eu®" is strongly
luminescent, since the luminescence quantum yield (¢) of
EP-ATTA-Eu®" is 17 times higher than that of ATTA-Eu’".
As shown in Fig. 1A, ATTA-Eu®" and EP-ATTA-Eu®" show
excitation maximum wavelengths at 289 nm and 335 nm,
and several discrete emission bands between 580 and 710 nm
corresponding to the Dy — ’F; (J = 0-4) transitions of
Eu®*. This emission feature indicates that the emission of
the probe can be monitored at several discrete points between
580 and 710 nm. The absorption spectra of ATTA-Eu®"

%5

CII,Br

(6)

(ATTA)

Scheme 2 Synthesis of ATTA.
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Table 1 Phosphorescence properties of ATTA-Eu®* and EP-ATTA-Eu’* ¢

;Lex, mz\x/nm Zem. mux/nm ¢) (%’) €335 nm/Crni1 M71 T/“Sh
ATTA-Eu** 289, 335 615 0.58 17200 989
EP-ATTA-Eu*" 289, 335 615 10.0 14 500 1209

@ All data were obtained in 0.05 M borate buffer of pH 9.1. * In H,O and D,O solutions, phosphorescence lifetimes of ATTA-Eu®* are 1.10 and

1.64 ms, and those of EP-ATTA-Eu’" are 1.37 and 2.23 ms, respectively.

and EP-ATTA-Eu’®" are shown in Fig. 1B. The two absorp-
tion bands between 350—400 nm caused by the absorption
of the probe’s 9-anthryl moiety disappeared after the forma-
tion of EP-ATTA-Eu®", which also indicates that the 9-anthryl
group in the probe is a functional group to specifically
trap '0,.

The effects of pH on the phosphorescence intensity and
lifetime of EP-ATTA-Eu®" were measured by using a solution
of 1.0 pM EP-ATTA-Eu’* in 0.05 M Tris-HCI buffers with
different pHs (from 2.0-10.2). As shown in Fig. 2, in contrast
to the rapid decrease of fluorescence intensity of fluorescein-
based probes at pH < 7,” the phosphorescence intensity of EP-
ATTA-Eu®" is stable at pH >3 (it must be considered that the
chelate itself is not stable in a buffer of pH < 3). This result
indicates that ATTA-Eu®* is useful as a phosphorescence
probe for 'O, detection in weakly acidic, neutral and basic
buffers.
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Fig. 1 (A) Time-resolved excitation and emission spectra of ATTA-
Eu®" (1.0 uM, solid line) and EP-ATTA-Eu** (1.0 pM, dashed line) in
a 0.05 M borate buffer of pH 9.1. The conditions of delay time, 0.2 ms;
gate time, 0.4 ms; cycle time, 20 ms; excitation slit, 10 nm; and emission
slit, 5 nm were used for the measurements. Excitation spectra were
recorded with Ae;,, = 615 nm and emission spectra with ., = 335 nm.
(B) Absorg)tion spectra of ATTA-Eu®* (20 uM, solid line) and EP-
ATTA-Eu’" (20 uM, dashed line) in a 0.05 M borate buffer of pH 9.1.

Reactions of the probe with reactive oxygen species

The reactions of ATTA-Eu®" with different reactive oxygen
species (H,O,, ‘OH, O, *, and 102) were investigated to
examine its selectivity in the same buffer. As shown in Fig. 3,
the phosphorescence intensities of the products of ATTA-Eu®*
reacted with H,O,, "OH and O, ° did not give noticeable
change, whereas a remarkable increase was observed after the
chelate was reacted with 'O,. Since the phosphorescence
intensities, excitation and emission spectra of the mixtures of
ATTA-Eu*" with H,O,, *OH or O, are not greatly changed,
it can be considered that the probe does not react with these
species. When azide (1.0 mM), a quencher of '0,,'” was added
to a MoO4>~ (10 mM)-H,0, (20 mM)-ATTA-Eu** (0.1 mM)
system, a change in the probe’s phosphorescence intensity was
not observed. These results indicate that the probe ATTA-
Eu®" is highly specific for '0,, which can be attributed to the
specific reactivity of anthracene unit toward '0,.57°

Detection of 'O, in aqueous media

Since 'O, can be quantitatively generated in a basic aqueous
buffer through H,O, disproportionation catalyzed by molyb-
date ions,'® the MoO,>"—H,0, system was used as a chemical
source of 'O, to investigate the reaction of ATTA-Eu*" with
'0,. The reaction was performed in 0.1 M carbonate buffer of
pH 10.5. Fig. 4 shows the time-resolved excitation (A) and
emission (B) spectra of ATTA-Eu®" reacted with different
concentrations of !O,, which reveals the effect of the formation
of EP-ATTA-Eu®" on the phosphorescence intensity of the
Eu®* chelate. The phosphorescence intensity is increased with
the increase of 'O, concentration in a dose-dependent manner,
and a good linearity between the phosphorescence intensity
and the 'O, concentration was obtained (Fig. 5). The detection
limit for 'O,, calculated as the concentration corresponding to
three standard deviations of the background signal, is 2.8 nM,
which is ~28 times lower than that of the chemiluminescence
method,'® and indicates that the 'O, detection using the new
probe is highly sensitive.
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Fig. 2 Influences of pH on the luminescence intensity (@) and life-
time (O) of EP-ATTA-Eu** (1.0 uM in 0.05 M Tris-HCI buffer). The
luminescence intensity was measured with a time-resolved mode with
the conditions of excitation wavelength, 335 nm; emission wavelength,
615 nm; delay time, 0.2 ms; gate time 0.4 ms; cycle time, 20 ms;
excitation slit, 10 nm; and emission slit, 5 nm.

New J. Chem., 2005, 29, 1431-1438

1433



http://dx.doi.org/10.1039/b510611g

Downloaded by University of California- Los Angeles on 01 January 2013
Published on 05 September 2005 on http://pubs.rsc.org | doi:10.1039/B510611G

1.2x10°

8.0x10°

4.0x10°

Luminescence intensity/arb. unit

‘OH 0,

H;0,

0.0-

Fig. 3 Luminescence intensities of the products of ATTA-Eu®* (100
nM) reacted with different reactive oxygen species. '0,: 10 pM H,0, +
10 mM Na,MoOy; "OH: 10 uM H,0, + 10 pM ferrous ammonium
sulfate; O, *: 10 pM KO»; H,O5: 10 uM H,0,.

Singlet oxygen produced by the irradiation of a photosensi-
tizer in a neutral buffer was also detected by using ATTA-Eu®*
as a probe. A water-soluble cationic porphyrin, 5,10,15,20-
tetrakis(N-methyl-4-pyridyl)-21 H,23 H-porphine (TMPyP), a
molecule that has been used as a sensitizer for photodynamic
cancer therapy,?® was used for this experiment. The phosphor-
escence intensity of the probe was monitored as a function of
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Fig. 4 Time-resolved excitation (A) and emission (B) spectra of
ATTA-Eu’" in the reaction with 'O, generated from the MoO,> -
H,0, system. A series of H,O, solutions were added to the buffer
solutions containing 10 pM of ATTA-Eu** and 1 mM of Na,MoO,.
After the reaction, the solutions were diluted 10-fold with 0.05 M
borate buffer of pH 9.1, and used for the measurements. The conditions
of delay time, 0.2 ms; gate time, 0.4 ms; cycle time, 20 ms; excitation
slit, 10 nm; and emission slit, 5 nm were used for the measurements.
Excitation spectra were recorded with Ao, = 615 nm and emission
spectra with Aq, = 335 nm.
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Fig. 5 Calibration curve for 'O,. The curve was derived from the
luminescence intensity of the H,0,-M00,> —ATTA-Eu*" reaction
in 0.1 M carbonate buffer of pH 10.5 with 100 nM of ATTA-Eu*",
10 mM of Na,MoQO, and a series of standard H,O» solutions.

10°

irradiation time. As shown in Fig. 6, the phosphorescence
intensity of the probe is distinctly increased with increase in
irradiation time, which represents the production of 'O, during
the irradiation, and provides reliable evidence for the ATTA-
Eu®" probe for the luminescence detection of 'O,.

The aerobic oxidation of IAA catalyzed by HRP has been
studied extensively since 1955.2! This reaction may provide a
molecular basis to explain the action mechanism of IAA as a
plant growth regulator. Duran er al. and Kanofsky have
previously proposed that 'O, is a product of the aerobic
oxidation of IAA catalyzed by HRP at lower pH, but some
results are still controversial.** In this work, ATTA-Eu®" was
successfully used as a phosphorescence probe to monitor the
'0, generation in such a biochemical system.

First, the effects of various reaction conditions on the 'O,
formation in the IAA-HRP system were investigated using
ATTA-Eu®" as a probe. As shown in Fig. 7 and Fig. 8, HRP
has a maximal catalytic activity between pH 3 and 4 (which is
similar to a reported result®?), and the amount of 'O, formed is
reduced at both high and low concentrations of HRP. Then the
reaction kinetic curves of IAA oxidation catalyzed by HRP
were recorded in a 0.05 M sodium acetate buffer of pH 4.0
containing 0.25 pM HRP by monitoring the 'O, generation
with ATTA-Eu®" as a phosphorescence probe. Fig. 9 shows
the reaction kinetic curves at different IAA concentrations. The
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Fig. 6 Reaction of ATTA-Eu’" with 'O, generated from photosensi-
tization of TMPyP. 100 nM ATTA-Eu** + 2 uM TMPyP (@) and
100 nM ATTA-Eu*" (O).
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Fig.7 Effect of pH on the reaction of ATTA-Eu®" with 'O, generated
from the IAA oxidation catalyzed by HRP in a 0.05 M sodium acetate
buffer of pH 4.0, containing 100 nM ATTA-Eu®**, 10 uM TAA and
IpuM HRP. The luminescence intensities were measured on a Perkin
Elmer Victor 1420 Multilabel Counter.

phosphorescence intensity is increased with the augmentation
of reaction time from the reaction beginning till reaching a
stable value. In the investigated IAA concentration range as
shown in Fig. 9, the increase rate of phosphorescence intensity
(curve slope) paralleling the formation rate of EP-ATTA-Eu®"
is higher at higher concentrations of IAA. To measure the rate
constant of EP-ATTA-Eu’" formation in this reaction, we
examined the correlation between the concentration of IAA
and the initial rate of phosphorescence augmentation. Fig. 10
depicts the dependence of the initial reaction rate on the
concentration of IAA, and a good linearity between the two
parameters is obtained with a slope of 3.6 x 1072 which
indicates that the reaction is a first-order reaction related to
IAA, and the 'O, generation in such a biochemical reaction
can also be quantitatively detected by using ATTA-Eu®”" as a
probe. Since the aerobic oxidation of IAA catalyzed by HRP
has a very complex process and it is difficult to obtain the rate
constant of the 'O, generation from TAA-HRP system, only
the total reaction rate constant (k) of the IAA-HRP-ATTA-
Eu®" system [eqn. (1), where P is other products than EP-
ATTA-Eu*"] was calculated to be 3.6 x 10° M™' S™! from the
relationship of reaction rate and concentrations of IAA and
ATTA-Eu’™.

/"\ol

ATTA — Eu** +1AA =% EP — ATTA — Eu** +P (1)
0,HRP
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Fig. 8 Effect of HRP concentration on the reaction of ATTA-Eu**
with 'O, generated from the IAA oxidation catalyzed by HRP in a 0.05
M sodium acetate buffer of pH 4.0, containing 10 uM TAA and 0.1 pM
ATTA-Eu?*. The luminescence intensities were measured on a Perkin
Elmer Victor 1420 Multilabel Counter.
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Fig. 9 Reaction kinetic curves of the INA-HRP-ATTA-Eu®" system
(10 pM ATTA-Eu®* and 0.25 pM HRP) at different IAA concentra-
tions. The measurements were carried out on a Perkin Elmer LS 50B
luminescence spectrometer with a time-resolved mode and the condi-
tions of delay time, 0.1 ms; gate time, 1.0 ms; cycle time, 20 ms;
excitation wavelength, 335 nm; emission wavelength, 615 nm; excita-
tion slit, 10 nm; emission slit, 5 nm; data interval, 1.0 s.

The calibration curve of time-resolved luminescence detec-
tion for IAA using the IAA-HRP-ATTA-Eu®" system is
shown in Fig. 11. The detection limit, defined as the concen-
tration corresponding to 3 standard deviations of background
signal, is 7.8 x 10~® M. These results indicate that the genera-
tion of 'O, during the aerobic oxidation of IAA catalyzed by
HRP at a lower pH can be effectively traced with ATTA-Eu’".

Detection mechanism consideration of 10, with ATTA-Eu®"

The ATTA-Eu®" chelate is the first chemical trap for 'O, that
permits time-resolved luminescence measurement. It reacts
with 'O, to yield its endoperoxide (EP-ATTA-Eu®"), giving
sensitive phosphorescence response. Compared with the ab-
sorption spectrum of ATTA-Eu®", the absorption bands of the
anthracene moiety are greatly altered after the formation of
EP-ATTA-Eu®*, which reveals the unequivocal action of
anthracene unit on the probe’s trapping ability for 'O,.

The change of the ligand’s structure after the reaction of
ATTA-Eu®" with 'O, leads to a great increase in phosphores-
cence intensity. For a luminescent lanthanide chelate, the
overall luminescence quantum yield (¢.,) upon exciting the
chromophore of the ligand is determined by the efficiency of
the sensitization (#s.ns) and by the quantum yield (¢r,) of the
lanthanide Iuminescence step (¢ = nscns¢Ln).23 Because the
excited state lifetimes and the chemical environment of the

0.28- y=.08545 + 0.03648x, R = 0.9987

0.24 -

Vyis!

0.20 -

0.16 -

2 3 4 5
Conc. of IAA/pM

Fig. 10 The plot of initial rates (V) of the reaction of IAA-HRP—
ATTA-Eu’" against the IAA concentrations.
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Fig. 11 Calibration curve for IAA. The curve was derived from the
luminescence intensity of the IAA-HRP-ATTA-Eu®" reaction in
0.05 M sodium acetate buffer of pH 4.0 with 100 nM of ATTA-Eu’",
0.25 uM of HRP and a series of standard IAA solutions.

Eu’" ion of the EP-ATTA-Eu®" and ATTA-Eu®" are very
similar, the significant increase of luminescence quantum yield
can be considered to be due to an increase in the efficiency of
the population of the excited state of the Eu’" ion. In the
photosensitised luminescence of the Eu* ion by the ligand, the
terpyridine unit acts as a light-absorbing chromophore that
serves to photosensitize the Eu®* ion. The excitation of the
terpyridine chromophore at 335 nm results in effective popula-
tion of its triplet level (CT;, E = 22400 cm_l), and an
intramolecular energy transfer occurs from CT; to *Dj energy
level of Eu* (E = 17374 cm™").!*** However, the triplet state
of anthracene (AT, E = 14900 cm™') combined with its long
lifetime results in a very efficient triplet-triplet quenching,
which blocks the effective energy transfer of CT; — °Dy.>
This accounts for the very weak phosphorescence of ATTA-
Eu®". After the formation of EP-ATTA-Eu’", the triplet—
triplet quenching between CT; and AT, disappears, thus the
Eu’" chelate becomes strongly luminescent.

Conclusion

We have developed a novel Eu®* chelate-based phosphores-
cence probe specific for time-resolved luminescence detection
of '0,, ATTA-Eu’", by incorporating a fluorophore of TTA-
Eu®" into the anthracene skeleton which can specifically react
with 'O, and efficiently quench the fluorescence of the fluoro-
phore conjugated with it. After ATTA-Eu®" is specifically
reacted with 'O, to yield EP-ATTA-Eu*", the probe’s phos-
phorescence is strongly enhanced. Compared with the reported
organic probes, the properties of high sensitivity, selectivity,
kinetic and thermodynamic stability, water solubility and wide
pH available range of the new probe for 'O, detection suggest
that the probe should be widely useful for the time-resolved
luminescence detection of 'O, in many chemical and biological
systems in aqueous media. The applications of the probe have
been exemplified by monitoring the 'O, generation in an
aerobic oxidation system of IJAA-HRP and in a photosensiti-
zation system of TMPyP. The main drawback of the probe is
its lower excitation wavelength, which perhaps makes it not as
suitable for some in vivo applications. However, the new probe
provides a novel strategy for highly sensitive time-resolved
luminescence detection of '0,, which is very useful for some
biological systems to eliminate the strong effect of autofluor-
escence from the samples.
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Experimental

Materials and physical measurement

Anhydrous N,N-dimethylformamide (DMF) was purchased
from Acros (Belgium). Tetrahydrofuran (THF) and acetoni-
trile were used after appropriate distillation and purification.
Prior to use, hydrogen peroxide was assayed by using potas-
sium permanganate titration. Horseradish peroxidase (R.Z.
3.0) was purchased from Bio Basic, Inc. Canada. Unless
otherwise stated, all chemical materials were purchased from
commercial sources and used without further purification.

The 'H NMR spectra were recorded on a Bruker DRX 400
spectrometer (400 MHz). ESI mass spectra were measured on
an Applied Biosystems Mariner System 5303 mass spectro-
meter. Absorption spectra were measured on a Perkin-Elmer
Lambda 35 UV/Vis spectrometer. Elemental analyses were
carried out on a Vanio-EL CHN analyser. The time-resolved
excitation and emission spectra, and phosphorescence lifetime
were measured on a Perkin-Elmer LS 50B luminescence spec-
trometer (the measurement conditions are given in the figure
legends of Fig. 1, 2, 4 and 9). The luminescence quantum yields
(¢1) of ATTA-Eu®" and EP-ATTA-Eu®" were measured in a
0.05 M borate buffer of pH 9.1, and calculated by using the
equation ¢, = I16,Cr,/Le;C; with a standard luminescence
quantum yield of ¢, = 0.160 for the Eu®" chelate with 4'-
phenyl-2,2":6",2"'-terpyridine-6,6"'-diyl)bis(methylenenitrilo)
tetrakis(acetic acid) (molar absorption coefficient €335 nm =
14300 ecm™' M~1).!% In this equation, 7, and b, & and &, C,
and C, are the luminescence intensities, molar absorption
coefficients, and concentrations for the measured chelate and
the standard chelate, respectively. The time-resolved lumines-
cence measurements (Fig. 3, 5-8 and 11) were carried out on a
Perkin Elmer Victor 1420 Multilabel Counter with the mea-
surement conditions of excitation wavelength, 340 nm; emis-
sion wavelength, 615 nm; delay time, 0.2 ms; window time
(counting time), 0.4 ms; and cycling time, 1.0 ms.

Synthesis of (E)-3-(9-anthryl)-1-(pyrid-2'-yl) prop-2-enone (1)

After a mixture of 200 ml methanol, 40 ml H,O, 2.81 g KOH
(50 mmol), 10.31 g 9-anthracenecarbaldehyde (50 mmol) and
6.06 g 2-acetylpyridine (50 mmol) was stirred for 24 h at room
temperature, the orange precipitate was filtered and recrystal-
lized from ethanol. Compound 1 was obtained (12.77 g, 82.6%
yield). '"H NMR (400 MHz, CDCls, 25 °C, TMS): § = 7.48-
7.54 (m, 5H; aromatic); 7.92 (m, 1H; aromatic); 8.03
(d, *J(H,H) = 8.4 Hz, 2H; aromatic); 8.27-8.31 (m, 2H; arom-
atic, CH); 8.37 (d, 3J(H,H) = 8.0 Hz, 2H; aromatic); 8.48 (s,
1H; aromatic); 8.70 (d, >J(H,H) = 4.4 Hz, 1H; aromatic); 8.93
(d, *J(H,H) = 16.0 Hz, 1H; CH).

Synthesis of 4'-(9-anthryl)-2,2:6',2"'-terpyridine (2)

A mixture of 15.47 g compound 1 (50 mmol), 23.12 g dry
AcONH, (300 mmol), 16.46 g N-[2-(pyrid-2’-yl)-2-oxoethyl]
pyridinium iodide (50 mmol), and 500 ml dry methanol was
refluxed for 24 h. The solvent was evaporated, and the residue
was extracted with 400 ml CHCl;. After evaporation, the
residue was purified by silica gel column chromatography using
petroleum ether (60-90 °C)—ethyl acetate (2 : 1, v/v) as eluent,
and then washed with CH3;CN. Compound 2 was obtained
(5.48 g, 26.8% vyield). '"H NMR (400 MHz, CDCl;, 25 °C,
TMS): d = 7.26-7.37 (m, 4H; aromatic); 7.47 (t, *J(H,H) = 7.6
Hz, 2H; aromatic); 7.71 (d, 3J(H,H) = 8.8 Hz, 2H; aromatic);
7.92 (m, 2H; aromatic); 8.07 (d, *J(H,H) = 8.8 Hz, 2H;
aromatic); 8.55 (s, 1H; aromatic); 8.61 (s, 2H; aromatic); 8.63
(d, >J(H,H) = 4.0 Hz, 2H; aromatic), 8.79 (d, *J(H,H) = 8.0
Hz, 2H; aromatic). Elemental analysis calcd for CooH 9N3: C
85.06, H 4.68, N 10.26; found: C 84.66, H 4.63, N, 9.90%.
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Synthesis of 4'-(9-anthryl)-2,2":6’,2"-terpyridine-6,6"'-
dicarbonitrile (3)

After a mixture of 160 ml CH,Cl,, 6.9 g 3-chloroperbenzoic
acid (32.0 mmol), 3.3 g compound 2 (8.0 mmol) was stirred for
24 h at room temperature, the mixture was washed with 10%
Na,COj solution (2 x 150 ml), dried with Na,SO4 and
evaporated. The residue was dissolved in 200 ml of CH,Cl,.
To the solution was added 6.34 g Me;SiCN (64.0 mmol) with
stirring. After stirring for 1 h, 5.62 g benzoyl chloride (40.0
mmol) was added dropwise within 20 min, and the solution was
stirred at room temperature for 24 h. The solution was
evaporated to half of its volume, to the solution was added
200 ml 10% K,COs3, and the mixture was further stirred for
1 h. The precipitate was filtered and washed with water and
CH;CN, and dried. Compound 3 was obtained (2.34 g, 63.6%
yield). "H NMR (400 MHz, CDCls, 25 °C, TMS): § = 7.40 (t,
3J(H,H) = 7.2 Hz, 2H; aromatic); 7.50 (t, >J(H,H) = 8.0 Hz,
2H; aromatic); 7.63 (d, *J(H,H) = 8.8 Hz, 2H; aromatic); 7.75
(d, 3J(H,H) = 7.2 Hz, 2H; aromatic); 8.05-8.12 (m, 4H;
aromatic); 8.61 (s, 1H; aromatic); 8.72 (s, 2H; aromatic); 8.98
(d, >J(H,H) = 8.0 Hz, 2H; aromatic).

Synthesis of dimethyl 4'-(9-anthryl)-2,2':6’,2"'-terpyridine-6,6"'-
dicarboxylate (4)

After a mixture of 12 ml concentrated H,SOy4, 1.89 g com-
pound 3 (4.1 mmol), 24 ml acetic acid, and 6 ml water was
stirred at 90 °C for 12 h, the solution was added to 300 ml ice—
water. The precipitate was filtered, washed with water and
dried. To 125 ml of cooled methanol (ice—water bath) was
added dropwise 4.11 g of thionyl chloride (34.6 mmol). After
stirring 30 min at room temperature, the above precipitate was
added, and the mixture was refluxed for 24 h. After evapora-
tion, the residue was washed with 10% Na,CO; and purified by
silica gel column chromatography using chloroform-methanol
(95 : 5, v/v) as eluent. Compound 4 was obtained (1.56 g,
72.4% yield). "H NMR (400 MHz, CDCls, 25 °C, TMS): § =
3.90 (s, 6H; OCHj3); 7.36 (t, >J(H,H) = 8.8 Hz, 2H; aromatic);
7.50 (t, *J(H,H) = 7.2 Hz, 2H; aromatic); 7.66 (d, *J(H,H) =
8.8 Hz, 2H; aromatic); 8.06-8.12 (m, 4H; aromatic); 8.19 (d,
3J(H,H) = 8.0 Hz, 2H; aromatic); 8.61 (s, 1H; aromatic); 8.73
(s, 2H; aromatic); 8.99 (d, 3J(H,H) = 7.2 Hz, 2H; aromatic).

Synthesis of 4'-(9-anthryl)-2,2:6',2"-terpyridine-6,6"'-
dimethanol (5)

A mixture of 48 ml dry ethanol, 1.52 g 4 (2.9 mmol) and 0.44 g
NaBHy (11.6 mmol) was stirred for 2 h at room temperature,
and further refluxed for 8 h. After the solvent was evaporated,
8 ml of saturated NaHCO; was added, and the solution was
heated to boiling. To the solution was added 60 ml of water,
and then the solution was placed in a refrigerator (~4 °C)
overnight. The precipitate was filtered and washed with H,O
and CH;CN. Compound 5 was obtained (1.02 g, 74.9% yield).
'"H NMR (400 MHz, CDCl;, 25 °C, TMS): § = 4.74 (s, 4H,
CH,OH); 7.25 (d, j‘J(H,H) = 7.8 Hz, 2H; aromatic); 7.36 (t,
3J(H,H) = 7.8 Hz, 2H; aromatic); 7.48 (t, *J(H,H) = 7.8 Hz,
2H; aromatic); 7.67 (d, 3J(H,H) = 8.0 Hz, 2H; aromatic); 7.90
(t, *J(H,H) = 7.8 Hz, 2H; aromatic); 8.09 (d, *J(H,H) = 8.8 Hz,
2H; aromatic); 8.58 (s, 1H; aromatic); 8.60 (s, 2H; aromatic);
8.68 (d, *J(H,H) = 8.0 Hz, 2H; aromatic).

Synthesis of 6,6’'-bis(bromomethyl)-4'-(9-anthryl)-2,2:6',2"'-
terpyridine (6)

After a mixture of 40 ml dry DMF and 1.21 g PBr; (4.5 mmol)
was stirred at room temperature for 15 min, 0.84 g compound 5

(1.8 mmol) was added, and the solution was stirred for 24 h at
room temperature. The solution was neutralized to pH 7-8

View Article Online

with saturated NaHCOj;, and the precipitate was filtered and
washed with water and CH3CN. Compound 6 was obtained
(0.83 g, 77.9% vyield). '"H NMR (400 MHz, CDCl;, 25 °C,
TMS): 6 = 4.52 (s, 4H, CH,Br); 7.38 (t, >*J(H,H) = 7.8 Hz, 2H;
aromatic); 7.49 (m, 4H; aromatic); 7.70 (d, 3J(H,H) = 7.8 Hz,
2H; aromatic); 7.92 (t, 3J(H,H) = 7.8 Hz, 2H; aromatic); 8.10
(d, 3J(H,H) = 8.0 Hz, 2H; aromatic); 8.59 (s, 1H; aromatic);
8.65 (s, 2H; aromatic); 8.70 (d, 3J(H,H) = 8.0 Hz, 2H;
aromatic).

Synthesis of tetraethyl [4'-(9-anthryl)-2,2':6',2’'-terpyridine-
6,6"'-diyl]bis(methylenenitrilo) tetrakis(acetate) (7)

After a mixture of 0.60 g compound 6 (1 mmol), 0.42 g diethyl
iminodiacetate (2.2 mmol), 1.38 g dry K,CO5 (10 mmol), 70 ml
dry CH5;CN and 21 ml dry THF was refluxed for 24 h with
stirring, the mixture was filtered. After evaporation, the residue
was dissolved in 80 ml CHCI;, and the solution was washed
with 80 ml 5% NaHCOs;, 80 ml H,O, and dried with Na,SO,.
The solvent was evaporated, and the residue was purified by
silica gel column chromatography using petroleum ether (60—
90 °C)-ethyl acetate—triethylamine (15:5:2, v/v/v) as eluent.
The product was washed with petroleum ether. Compound 7
was obtained (0.55 g, 68.0% yield). '"H NMR (400 MHz,
CDCl;, 25 °C, TMS): § = 1.07 (t, *J(H,H) = 7.2 Hz, 12H;
CHa); 3.58 (s, 8H; CH,); 4.00 (q, *J(H,H) = 7.2 Hz, 8H; CH.,);
4.02 (s, 4H; CH,); 7.37 (t, 3J(H,H) = 8.0 Hz, 2H; aromatic);
7.48 (t, *J(H,H) = 7.2 Hz, 2H; aromatic); 7.64 (d, *J(H,H) =
8.0 Hz, 2H; aromatic); 7.72 (d, *J(H,H) = 7.2 Hz, 2H;
aromatic); 7.90 (t, *J(H,H) = 8.0 Hz, 2H; aromatic); 7.72 (d,
3J(H,H) = 8.0 Hz, 2H; aromatic); 8.57 (s, 3H; aromatic); 7.72
(d, *J(H,H) = 8.0 Hz, 2H; aromatic).

Synthesis of ATTA

A mixture of 1.39 g compound 7 (1.7 mmol), 2.02 g KOH (36.0
mmol), 60 ml ethanol and 10 ml H,O was refluxed for 2 h.
After evaporation, the residue was dissolved in 50 ml water,
and the solution was filtered. To the solution was added
dropwise 1 M HCI to adjust the pH to ~3, and the solution
was stirred for 3 h at room temperature. The precipitate was
collected by filtration and washed with water. After drying, the
product was added to 50 ml of dry acetonitrile, and the mixture
was refluxed for 30 min. The precipitate was filtered and dried.
ATTA was obtained (0.81 g, 65.6% yield). '"H NMR (400
MHz, DMSO-dg, 25 °C, TMS): § = 3.45 (s, 8H; CH,); 3.96 (s,
4H; CH,); 7.47 (t, 3J(H,H) = 8.0 Hz, 2H; aromatic); 7.56-7.63
(m, 4H; aromatic); 7.80(d, 3J(H,H) = 8.0 Hz, 2H; aromatic);
8.08 (t, 3J(H,H) = 8.0 Hz, 2H; aromatic); 8.23 (t, 3J(H,H) =38.0
Hz, 2H; aromatic); 8.43 (s, 2H; aromatic); 8.69 (d, 3J(HH) =
8.0 Hz, 2H; aromatic); 8.82 (s, 1H; aromatic). Elemental
analysis calcd for C39gH33N5Og- 1.5H,0: C 64.64, H 4.99, N
9.64; found: C 64.52, H 5.38, N 9.30%. ESI-MS: m/z (%): 698
(100) M~ — H].

Synthesis and characterization of endoperoxide of ATTA-Eu®"
(EP-ATTA-Eu™")

To 10 ml of 0.1 M carbonate buffer of pH 10.5 were added 36
mg ATTA (0.05 mmol) and 18 mg EuCls - 6H,O (0.05 mmol).
After stirring for 2 h at room temperature, 1.2 g Na,MoOy-
2H,0 (5 mmol) and 500 pl 30% H,O, were added, and the
solution was stirred for 30 min. A further 500 pul H,O, was
added to the solution, and the reaction was monitored by
fluorimetry to check the complete conversion of ATTA-Eu®*
to EP-ATTA-Eu®" (part of the solution was used for the
measurement of phosphorescence properties). The solution
was cooled to 0 °C and acidified to pH ~3 with HCI. The
precipitate was centrifuged, washed with water and dried. The
product was confirmed by ESI mass spectrum. ESI-MS: m/z
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(%): 882 (10) [M~ — H] (unreacted ATTA-Eu®" was not
found). Unfortunately we were unable to obtain the precise
yield and data of EP-ATTA-Eu’" including '"H NMR and
elemental analysis because of the interference of some inor-
ganic ions abounding in the product. The purification of the
endoperoxide is difficult, since the solid endoperoxide is not
very stable, which can be reduced by some organic solvents.

Reactions of ATTA-Eu®" with reactive oxygen species

All reactions were carried out in 0.05 M carbonate buffer of pH
10.5 with the same ATTA-Eu®" concentration (100 nM).
Superoxide solution was prepared by adding KO, to dry
dimethyl sulfoxide and stirring vigorously for 10 min.?® Hy-
droxyl radical was generated through the Fenton reaction of
ferrous ammonium sulfate and hydrogen peroxide.?® Singlet
oxygen was chemically generated from the MoO,* —H,0,
system in alkaline media."

Detection of 'O, in aqueous media

The reaction of ATTA-Eu®* with 'O, generated from a
Mo0O,>—H,0, system was performed in 0.1 M carbonate
buffer of pH 10.5. A series of H,O, solutions were added to
the buffer solutions containing 10 uM of ATTA-Eu®* and
1 mM of Na,MoO,. After the reaction, the solutions were
diluted 10-fold (final probe concentration = 1.0 uM) with 0.05
M borate buffer of pH 9.1, and the excitation and emission
spectra were measured with a time-resolved mode.

The photosensitization reaction was carried out in 0.05 M
Tris-HCI buffer of pH 7.4. The buffer solution containing 200
uM TMPyP and 10 pM of ATTA-Eu’* were irradiated from a
distance of 2 cm by a 100 W tungsten lamp. After the reaction,
the solution was diluted 100-fold (final probe concentration =
100 nM) with the buffer, and the time-resolved luminescence
measurement was carried out on a Perkin Elmer Victor 1420
Multilabel Counter.

The experiments of real-time monitoring of 'O, generation
in an HRP-catalyzed oxidation system of IAA were carried out
in 0.05 M sodium acetate buffer of pH 4.0. To a series of IAA
solutions (2.0 ml) containing 10 uM ATTA-Eu™ were added
10 pl of 50 uM HRP (the molar concentration of HRP was
calculated by using the molecular weight, Myrp = 40000)
under constant stirring. The reaction kinetic curves were
recorded simultaneously after the addition of HRP on a Perkin
Elmer LS 50B luminescence spectrometer with a time-resolved
mode.
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