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Abstract Time-gated luminescence detection technique
using lanthanide complexes as luminescent probes is a
useful and highly sensitive method. However, the effective
application of this technique is limited by the lack of the
target-responsive luminescent lanthanide complexes that
can specifically recognize various analytes in aqueous
solutions. In this work, a dual-functional ligand that can
form a stable complex with Tb*" and specifically recognize
Hg”?" ions in aqueous solutions, N,N,N’,N’-{[2,6-bis(3'-
aminomethyl-1'-pyrazolyl)-4-[ N, N-bis(3",6"-dithiaoctyl)-
aminomethyl]- pyridine]} tetrakis(acetic acid) (BBAPTA),
has been designed and synthesized. The luminescence of its
Tb** complex is weak, but can be effectively enhanced
upon reaction with Hg>" ions in aqueous solutions. The
luminescence response investigations of BBAPTA-Tb>" to
various metal ions indicate that the complex has a good
luminescence sensing selectivity for Hg>" ions, but not for
other metal ions. Thus a highly sensitive time-gated
luminescence detection method for Hg** ions was developed
by using BBAPTA-Tb*>" as a luminescent probe. The dose-
dependent luminescence enhancement of the probe shows a
good linearity with a detection limit of 17 nM for Hg*" ions.
These results demonstrated the efficacy and advantages of
the new Tb®" complex-based luminescence probe for the
sensitive and selective detection of Hg*" ions.
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Introduction

As one of heavy metal ions, Hg®" can cause severe health
problems to human beings when it is ingested or inhaled
due to its high toxicity [1-3]. The excessive exposure of the
body to mercury can lead to neurological diseases, mitosis
impairment, DNA damage and nervous system defects
[4—6]. Mercury is present in many environments, either as a
naturally occurring species or as a by-product of manufac-
turing and industrial processes, such as oceanic and
volcanic emission, solid-waste incineration, gold mining
and combustion of fossil fuel [7-10]. Thus, its contamina-
tion is a global problem that has received considerable
attention from the industrial and biological points of view.
Due to the above imperilment, the implementation of
securing the health and safety requires the availability of
rapid, selective and sensitive methods to detect the
concentration of mercury in environmental and biological
systems.

To date, a variety of analytical methods have been
developed for the detection of Hg?*, such as atomic
absorption spectroscopy, fluorescence spectrometry, gas
chromatography, high performance liquid chromatography
and capillary electrophoresis [11-15]. Fluorometric assays
using a fluorescent probe that can specifically respond to
Hg?" are considered to be one of the most promising
methods due to its high sensitivity, selectivity, experimental
convenience and availability for living systems. Towards
this end, a number of fluorescent probes for the detection of
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Hg®" have been developed in recent years [16-22].
Unfortunately, in terms of actual applicability, most of the
reported fluorescent probes have one or more limitations,
such as poor aqueous solubility, interference from other
metal ions, strict reaction condition, slow response to Hg>"
or complicated synthetic route.

Herein we describe the design and synthesis of a unique
Tb** complex-based luminescent probe for highly selective
and sensitive time-gated luminescence detection of Hg*"
ions. By incorporating a Tb** chelating moiety, a polyacid
derivative of 2,6-bis(N-pyrazolyl) pyridine that has an good
antenna capability for sensitizing the Tb®" emission
[23-25], with a Hg2+ chelating moiety, 3,6,12,15-tetrathia-
9-monoazaheptadecane (TTM), a novel dual-functional
ligand that can simultaneously coordinate with Tb*" and
ngJr ions in aqueous buffers, N,N,NI,NJ—{[2,6-bis(3’-
aminomethyl-1'-pyrazolyl)-4-[ N, N-bis(3",6"-dithiaoctyl)-
aminomethyl]- pyridine]} tetrakis(acetic acid) (BBAPTA),
was successfully synthesized (Scheme 1). Because the
TTM moiety in the ligand is a reactive switch capable of
quenching the excited state of the Tb**-2,6-bis(N-pyrazolyl)
pyridine complex via a photo-induced electron transfer
(PET) process, the luminescence of BBAPTA-Tb>" complex
is weak. However, in the presence of Hg*", due to the high
affinity of TTM to Hg2+, a heterobimetallic complex
Hg?'-BBAPTA-Tb*" is formed, which makes the PET
process from TTM to the Tb**-complex moiety be inhibited,
and thereby, the intra-molecular energy transfer from the
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Scheme 1 Synthesis procedure of the dual-functional ligand BBAPTA and its reactions with Tb®" and Hg?"
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antenna ligand to Tb>" is feasible, and the long-lived Tb**
luminescence is turned on (Scheme 1). Moreover, since the
coordinating affinities of the TTM moiety to other metal ions
are rather weak in aqueous solutions [26], the “off-on”
luminescence response of BBAPTA-Tb®" to Hg?" can be
expected to be used for the highly selective luminescence
detection of Hg”" ions even in the presence of other metal
ions.

Experimental
Materials and Physical Measurements

3,6,12,15-Tetrathia-9-monoazaheptadecane (TTM) was syn-
thesized by using a literature method [26]. Tetracthyl N,N,NI R
N'-[2,6-bis(3’-aminomethyl-1'-pyrazolyl)-4-hydroxymethyl-
pyridine] tetrakis(acetate) (compound 1) was synthesized
according to our previous method [27]. Tetrahydrofuran
(THF) and acetonitrile were used after appropriate distillation
and purification. 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 Avance
spectrometer (400 MHz). Mass spectra were measured on a
HP1100LC/MSD electrospray ionization mass spectrometry
(ESI-MS). Elemental analysis was carried out on a Vario-EL
analyser. Time-gated luminescence spectra and luminescence
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properties were measured on a Perkin-Elmer LS 50B
luminescence spectrometer. The luminescence quantum
yields (¢) of BBAPTA-Tb®" and Hg”>*-BBAPTA-Tb*"
were measured in a 0.05 M Tris-HCI buffer of pH 7.0 and
calculated by using the equation ¢=I1e,C,b,/Ie,C,
with a standard luminescence quantum yield of ¢,=0.10
for the Tb>* complex of N,N,N[,Nl-(4’—phenyl—2,2':6’,2"-
terpyridine-6,6"-diyl) bis(methylenenitrilo) tetrakis
(acetate) (e337nm=14,000 cm™ M ') [28]. In the equation,
I; and I,, ¢; and &,, C; and C, are the luminescence
intensities, molar extinction coefficients, and concentra-
tions for the measured complex and the standard complex,
respectively. The time-gated luminescence measurement
for the calibration curve was carried out on a Perkin-Elmer
Victor 1420 multilabel counter with an excitation wave-
length of 320 nm, emission wavelength of 545 nm, delay
time of 0.2 ms, counting time of 0.4 ms, and cycling time
of 1.0 ms.

Synthesis of the Ligand

(i) Synthesis of tetraethyl N,N,N’,N'-[2,6-bis(3'-
aminomethyl-1'-pyrazolyl)-4-bromomethyl- pyridine]
tetrakis(acetate) (compound 2). To a solution of
0.69 g compound 1 (1.07 mmol) in 15 mL of dry
THF was added dropwise 347 mg of PBr;
(1.28 mmol). After the solution was stirred at room
temperature for 2 h, 150 mL of CHCl; was added. The
solution was washed with 100 mL of water, dried with
Na,S0O,, and then the solvent was evaporated. Purifi-
cation by silica gel column chromatography with
petroleum ether-ethyl acetate (2:1, v/v) as the eluent
gave the compound 2 as a white oil (0.56 g, 73.7%
yield). "H NMR (CDCl): §=1.28 (t, 12H), 3.68 (s,
8H), 4.11 (s, 4H), 4.20(m, 8H), 4.47 (s, 2H), 6.60 (d, J
=2.4 Hz, 2H), 7.82 (s, 2H), 8.48 (d, J=2.4 Hz, 2H).

(ii) Synthesis of tetracthyl N,N,N’,N’-{[2,6-bis(3'-amino-
methyl-1'-pyrazolyl)-4- [N,N-bis(3",6"-dithiaoctyl)-
aminomethyl]-pyridine]} tetrakis(acetate) (compound
3). To a mixture of 266 mg TTM (0.85 mmol), 259 mg
KI (1.56 mmol) and 216 mg K,CO; (1.56 mmol) in
20 mL dry CH;CN was added a solution of 500 mg
compound 2 (0.71 mmol) in 15 mL dry CH3CN under
an argon atmosphere. The reaction mixture was
refluxed for 24 h with stirring, and then cooled to
room temperature. After the solvent was evaporated,
the residue was dissolved in 100 mL CH,Cl,. The
solution was washed with 100 mL of water, dried with
Na,SO,, and then the solvent was evaporated. Purifi-
cation by silica gel column chromatography with
petroleum ether-ethyl acetate (3:2, v/v) as the eluent
gave the compound 3 as a yellow oil (0.19 g, 28.7%
yield). '"H NMR (CDCly): 6=1.20-1.30 (m, 18H),

2.51 (m, 4H), 2.70 (m, 12H), 2.80 (t, 4H), 3.64
(s, 8H), 3.78 (s, 2H), 4.07 (s, 4H), 4.16-4.22 (m, 8H),
6.54 (d, 2H), 7.80 (s, 2H), 8.49 (d, 2H).

(ii1) Synthesis of BBAPTA. A mixture of 0.19 g
compound 3 (0.20 mmol), 0.25 g NaOH (6.25 mmol)
and 25 mL methanol was stirred at room temperature
for 24 h. After evaporation, the residue was dissolved
in 3 mL water, and pH of the solution was adjusted to
~3 with 3 M HCI. The solution was stirred for 20 h at
room temperature and the precipitate was collected
by filtration. The dried precipitate was added to
30 mL of dry acetonitrile, and the mixture was
refluxed for 30 min. After the precipitate was filtered
and dried, BBAPTA was obtained as a brown solid
(40 mg, 24.0% yield). '"H NMR (DMSO): §=1.10
(t, 6H), 2.44 (m, 4H), 2.65 (m, 12H), 2.71 (m, 4H),
3.47 (s, 8H), 3.86 (s, 2H), 3.94 (s, 4H), 6.54 (d, 2H),
7.75 (s, 2H), 8.52 (d, 2H). ESI-MS (m/z): calcd. for
C34H50NgOgS,, 826.3; found, 825.3 ([M-H]). Anal.
caled. for C34H50NgOgS42NaCl2H,0: C, 41.70; H,
5.56; N, 11.44; found: C, 41.72; H, 5.37; N, 11.29.

Luminescence Responses of BBAPTA-Tb>" to Different
Metal Tons

The aqueous solutions of metal ions were prepared by
dissolving ch12, CO(NO3)2‘6H20, MHSO4'H20, Cd
(NO3)2‘2H20, PdC122H20, ZH(NO3)2'6H20, Nl
(NO3),'6H,0, Pb(NO3),, Mg(NO3),'6H,0, Ca(NOs),, Ba
(NO3)2, SHC12'2H20, AgNO3, CU(NO3)2'3H20, (NH4)2FC
(S04),-6H,0, Fe(NO3);-6H,0 in distilled water, respectively.
The solution of BBAPTA-Tb*" was prepared by in-situ
mixing equivalent molar of BBAPTA and TbCl; in 0.05 M
HEPES buffer of pH 7.0. After different metal ions (5.0 uM)
were added to the solution of BBAPTA-Tb*" (1.0 uM) with
stirring, respectively, the solutions were incubated for 10 min
at room temperature, and then subjected to the luminescence
measurements.

Time-Gated Luminescence Detection of Hg*"

The solution of BBAPTA-Tb** was prepared by mixing
equivalent molar of BBAPTA and TbCl; in 0.05 M Tris-HCI
buffer of pH 7.0. After different concentrations of HgCl,
were added to the solution of BBAPTA-Tb*" (1.0 uM),
respectively, the solutions were stirred for 0.5 h at room
temperature, and then subjected to the time-gated lumines-
cence spectrum measurements on the LS 50B luminescence
spectrometer. For the measurement of calibration curve, the
solutions of BBAPTA-Tb>" (0.1 uM) added with different
concentrations of HgCl, (10°—10"" M) were added to the
wells of a 96-well microtiter plate (50 uL per well)

@ Springer



264

J Fluoresc (2012) 22:261-267

respectively, and then subjected to the time-gated lumines-
cence measurement on the Victor 1420 multilabel counter.

Results and Discussion
Design and Synthesis of the Probe

Differently from the fluorescence of organic dyes, the
luminescence of lanthanide (mainly Eu®* and Tb*") complexes
has several very unique luminescence properties including
large Stokes shift, long luminescence lifetime and sharp
emission profile. These properties have allowed the com-
plexes to be used as luminescent probes for the background-
free time-gated luminescence detections of some analytes in
complicated environmental and biological samples [29-31],
since the fast decaying autofluorescence and scattering lights
can be effectively eliminated by the time-gated detection
mode. To develop the application of time-gated luminescence
assay technique, the essential objective is the developments of
various functional lanthanide probes that can selectively
recognize the target analytes to give the long-lived lumines-
cence responses. However, although some lanthanide
complex-based luminescent probes that can be used for
time-gated luminescence detections of some small molecules
and ions, such as singlet oxygen [32], H,O, [33, 34],
peroxynitrite [35], hydroxyl radical [36], nitric oxide [37],
and Zn®" [27], have been reported in recent several years,
compared to various organic dye-based fluorescent probes, the
lanthanide complex-based luminescent probes are still very
limited because the mechanism of lanthanide luminescence is
more complicated than that of the organic dye’s fluorescence,
and thereby, the probe design is more difficult.

In this work, a novel dual-functional ligand BBAPTA
was designed by comprehensively considering its antenna
capability for sensitizing the Tb>" luminescence and its
recognition capability for Hg*" ions in aqueous solutions.
In the ligand, the moiety of 2,6-bis(N-pyrazolyl) pyridine
polyacid derivative was chosen as a Tb>" luminescence
antenna due to its good water solubility, high chelating
affinity to Tb>" (nonadentate coordination), and excellent
antenna capability for sensitizing the Tb>" luminescence
[23-25]. The TTM moiety in the ligand has two functions.
One is to quench the Tb*" luminescence via a PET process
to make the Tb>" luminescence be turned-off, and the other
is to enable the ligand to have a function to selectively
recognize Hg®" ions. Thus, when the weakly luminescent
BBAPTA-Tb>" complex is reacted with Hg*", accompanied
by the coordination of the TTM moiety to Hg*", the PET
process from TTM to the Tb>" complex moiety is inhibited,
and the Tb>" luminescence is turned-on.

Scheme 1 shows the synthesis procedure of the dual-
functional ligand BBAPTA and its reactions with Tb®" and
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Hg®" ions. This ligand was synthesized with three-step
reactions by coupling a 2,6-bis(N-pyrazolyl) pyridine polyacid
derivative with TTM. At first, the tetracthyl ester derivative of
2,6-bis(N-pyrazolyl)-4-bromomethyl-pyridine tetrakis(acetate)
(compound 2) was synthesized by reacting compound 1 with
PBr; in anhydrous THF. After it was reacted with TTM in dry
CH;CN in the presence of K,COjz and KI under an argon
atmosphere, the tetraethyl ester derivative of BBAPTA
(compound 3) was obtained. Finally, BBAPTA was obtained
by the hydrolysis and neutralization of compound 3 with
NaOH-methanol and aqueous HCI, respectively. The structure
and composition of BBAPTA were well characterized by the
NMR, ESI-MS and elementary analyses.

Luminescence Properties of the Probe

The luminescence properties of BBAPTA-Tb>" were measured
in a 0.05 M Tris-HCI buffer of pH 7.0. This Tb** complex
shows the maximum absorption and emission wavelengths at
306 nm (e=1.71x10* M 'em™") and 540 nm, respectively. As
expected, the luminescence of BBAPTA-Tb*" was very weak
with a low luminescence quantum yield (¢=0.33%=0.02%,
T=3.22 ms). However, upon addition of 1.0 equiv of Hg*",
the luminescence quantum yield of the solution was ~5-fold
increased (¢=1.65%=0.17%) with a long luminescence
lifetime (7=3.14 ms). This result indicates that the TTM
moiety in BBAPTA-Tb*" can display an “off/on” lumines-
cence switch for the recognition of Hg>" ions. Figure 1 shows
the time-gated excitation and emission spectra of BBAPTA-
Tb>" in the absence and presence of Hg”" ions in 0.05 M Tris-
HCI buffer of pH 7.0. The spectra show the typical Tb>"
emission pattern with a main emission peak at 540 nm and
several side peaks centred at 488, 581, 619, and 642 nm,
respectively.
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Fig. 1 Time-gated excitation and emission spectra of BBAPTA-Tb*"
(1.0 pM) in the absence (solid lines) and presence (dot lines) of Hg?"
(5.0 uM)
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Fig. 2 Job’s plot of the reaction between BBAPTA-Tb** and Hg>" in
0.05 M Tris-HCI buffer of pH 7.0. The total concentrations of
BBAPTA-Tb>" and Hg*" were kept at 10 uM

To further confirm the formation of the heterobime-
tallic complex Hg?'-BBAPTA-Tb*" in the buffer, the
reaction of BBAPTA-Tb*" with Hg*" was investigated by
the Job’s plotting analysis. As shown in Fig. 2, the Job’s
plot between the reaction of BBAPTA-Tb*" and Hg>"
exhibits a maximum at 0.5 molecular fraction, which
indicates that BBAPTA-Tb*" can bind with Hg*" with a
1:1 stoichiometry.

Time-Gated Luminescence Detection of Hg?"
Using BBAPTA-Tb*" as a Probe

Before the detection, the effects of pH on the luminescence
intensities of BBAPTA-Tb>" and Hg*'-BBAPTA-Tb>" as
well as the luminescence response specificity of BBAPTA-
Tb*" to Hg?" were investigated. Figure 3 shows the
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Fig. 3 Effects of pH on the luminescence intensities of BBAPTA-Tb*"
(1.0 uM) in the absence (solid ling) and presence (dash line) of Hg**
(5.0 uM) in 0.05 M Tris-HCl buffers with different pHs
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Fig. 4 Time-gated luminescence intensity responses of BBAPTA-Tb*"
(1.0 uM) to different metal ions (5.0 pM) in 0.05 M HEPES buffer of
pH 7.0

luminescence intensities of BBAPTA-Tb®>* and Hg*'-
BBAPTA-Tb®" in 0.05 M Tris-HCI buffers at different
pHs ranging from 3.0 to 10.0. It can be observed that the
luminescence intensities of BBAPTA-Tb>" and Hg”'-
BBAPTA-Tb>" display quite different behaviors against
the pH changes: the gradual luminescence increase of
BBAPTA-Tb>" with the decrease of pH at acidic pHs, and
the gradual luminescence decrease of Hg>'-BBAPTA-Tb**
with the increase of pH at basic pHs . These phenomena
can be explained by the fact that, the luminescence increase
of BBAPTA-Tb>" at acidic pHs is due to the protonation of
the tertiary amine of TTM, since which can result in the
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Fig. 5 Time-gated emission spectra (measured on the Perkin-Elmer
LS 50B spectrometer) of BBAPTA-Tb>" (1.0 uM) in the presence of
different concentrations of Hg2+ (0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0,
6.0, 8.0, 10 pM). The inset is the calibration curve for the time-gated
luminescence detection of Hg®" (0.1-10 uM) using BBAPTA-Tb>"
(0.1 pM) as a probe (measured on a Perkin-Elmer Victor 1420
multilabel counter)
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decrease of the PET efficiency of the TTM moiety, while
the luminescence decrease of Hg> -BBAPTA-Tb>" at basic
pHs is due to the hydrolysis of Hg*", since which can cause
the dissociation of Hg”-BBAPTA-Tb"" by the formation of
Hg(II) hydroxides. Because the maximum and stable
luminescence intensity ratio of Hg®*-BBAPTA-Tb* to
BBAPTA-Tb>" is in the range of pH 6—7, the pH value of
7.0 can be considered to be the optimal pH for the
luminescence detection of Hg>" ions.

The luminescence responses of BBAPTA-Tb*" to
various metal ions were examined in 0.05 M HEPES buffer
of pH 7.0 by adding different metal ions into the BBAPTA-
Tb>" solution, respectively (the HEPES buffer was used
instead of the Tris-HCI buffer to avoid the reaction of the
buffer with Ag" ions). As shown in Fig. 4, the lumines-
cence intensity of BBAPTA-Tb>" was significantly
increased upon the addition of Hg?', whereas almost no
luminescence responses of BBAPTA-Tb*" to the additions
of Co®", Mn?", Cd**, Pd**, Zn**, Ni**, Pb*", Mg*", Ca*",
Ba®", Sn?*, Cu®", Fe**, Fe*" were observed. This selective
turn-on luminescence response of BBAPTA-Tb>" to Hg*"
demonstrates that BBAPTA-Tb>" is a highly specific
luminescent probe for the detection of Hg®" in aqueous
solutions. It should be mentioned that although Ag" can
also induce the increase of the luminescence intensity, its
effect can be easily eliminated by using a Cl” containing
buffer, such as Tris-HCI buffer, as the detection medium.

Based on the above results, a quantitative time-gated
luminescence titration of Hg®" was conducted using
BBAPTA-Tb>" as a probe by adding different concentra-
tions of Hg”" into the solution of BBAPTA-Tb>" in 0.05 M
Tris-HCI1 buffer of pH 7.0. As shown in Fig. 5, the
luminescence spectrum of the probe shows a sensitive
response to the addition of Hg?" ions. Moreover, the dose-
dependent luminescence enhancement shows a good line-
arity that can be expressed as log (signal)=0.745 log[Hg>']
+9.21 (r=0.999) in the concentration range of 0.1 uM to
10 uM (the inset in Fig. 5). The detection limit for Hg”",
calculated as the concentration corresponding to three
standard deviations of the background signal, is 17 nM,
which indicates that BBAPTA-Tb®" can be used as a
sensitive luminescence probe for the quantitative time-
gated luminescence detection of trace Hg”" ions in aqueous
solutions.

Conclusions

In summary, we described here the design and synthesis of
a Tb>" complex-based luminescent probe for the recogni-
tion and time-gated luminescence detection of Hg*" ions in
aqueous solutions. This probe was designed and synthe-
sized based on the PET mechanism by incorporating a Tb>*
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complex of 2,6-bis(N-pyrazolyl)pyridine polyacid deriva-
tive into a Hg*"-recognition moiety TTM. Compared to the
organic dye-based fluorescent probes, the new probe has
several very desirable properties including long emission
lifetime, large stokes shift, high selectivity, and excellent
water solubility and stability, which provides a favorably
useful method for the luminescent detection of Hg*" ions in
complicated environmental and biological samples since
the background noises can be easily deleted by the time-
gated detection mode.
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