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A selective fluorescent sensor for Pb(II) in water
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Abstract—A new fluorescent sensor (1) containing bis(2-pyridylmethyl)amine group as a binding moiety for Pb2+ was developed.
Compound 1 shows selective response to Pb2+ over other metal ions in pH 7.0 HEPES buffer solution. The fluorescence intensity
enhancement was ascribed to the complex formation between Pb2+ and 1 which blocked the photo-induced electron transfer
process.
� 2006 Published by Elsevier Ltd.
A wide variety of symptoms such as digestive, neuro-
logic, cardiac diseases, and mental retardation have been
attributed to lead poisoning.1 Thus, we are challenged to
develop the analysis of trace amounts of lead in water.
Currently, lead levels are determined by the atomic
absorption spectrophotometer and the ICP emission
spectrophotometer.2 However, fluorescence methods
will provide many advantages such as high sensitivity,
convenience, rapid on-site evaluation and low cost.
Although many effective fluorescent sensors have been
successfully developed for sensing alkali and alkaline
earth cations,3 there are a few examples of sensors for
heavy metal ions.4 Many heavy metal ions are known
as fluorescence quenchers via enhanced spin–orbital
coupling,5 energy or electron transfer.6 Therefore, the
construction of a turn-on fluorescent sensor that is selec-
tive and sensitive to lead ions over other heavy metal
ions has attracted much attention. Recently, consider-
able efforts have been undertaken to develop fluorescent
sensors for lead ions,1,7 however, most of them can only
work in organic media.1b,7b,d A few examples can be
performed in aqueous media by the aid of surfac-
tants,7a,e,i multi-peptide-based self-assembled biomolec-
ular sensor7f or nano-material such as gold
nanoparticles assembled by DNAzymes.8 Since
bis(hydroxyldistyryl)pyrazine (2) is an excellent fluoro-
phore which emits green fluorescence,9 and the bis-
(2-pyridylmethyl)amine (Dpa) group provides a good
binding site for lead ions,10 we were able to develop a
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single agent fluorescent sensor (1) for lead ions by the
combination of these two moieties. Compound 1 con-
taining four bis(2-pyridylmethyl)amine (Dpa) groups
exhibits a highly selective and sensitive response to lead
ions over other heavy metal ions in pH 7.0 aqueous
media, and the emission intensity enhances with respect
to the metal ion-free state. Compounds 2 and 3 were
used as control compounds.

Compounds 1–3 were prepared by Knoevenagel conden-
sation reactions between 2,5-di(diethyoxyphosphoryl-
methyl)pyrazine or 5-methylpyrazin-2-yl-methylphosphonic
acid diethyl ester and benzaldehyde derivatives as
depicted in Scheme 1. All compounds were fully charac-
terized by 1H NMR, 13C NMR, and mass spectral
data.11 Binding abilities of 1 toward various metal ions
(perchlorate salts) were studied in an aqueous solution
of 10 mM HEPES buffer (pH 7.0, HEPES =
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid)
at 25 �C.

Figure 1 shows the fluorescence titration of 1 with Pb2+.
Addition of a 20-fold Pb2+ results in a 35 times enhance-
ment of fluorescence intensity with respect to the metal
ion-free state. A linear response as a function of Pb2+

concentration was obtained ranging between 1.9 · 10�7

and 6.0 · 10�6 M (shown in inset of Fig. 1). The regres-
sion equation is: IF = 2.4188 + 4.7728 · 107 · CPb

2+

(M). The detection limit, calculated as three times of
the standard deviation of the background noise, was
found to be 1.9 · 10�8 M (3.9 lg L�1) which is lower
than the maximal permitted amount of lead ion
(10 lg L�1) in drinking water.1a The method is highly
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Scheme 1. Synthesis of compounds 1–3. Detailed synthesis and
spectral data are shown in Supplementary data.

Figure 1. Fluorescence spectra changes of 1 (1.0 · 10�6 M) upon
addition of increasing amount of Pb2+ in 10 mM HEPES buffer (pH
7.0, 1% MeCN (v/v)). Excitation wavelength was set at 435 nm. The
arrow indicates the direction of concentration increase, [Pb2+] = 0, 0.5,
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 15.0, 20.0,
25.0, 30.0, 40.0 · 10�6 M. Inset shows linear relationship between
fluorescence intensity and Pb2+’s concentration.
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promising for its applicability in the routine determina-
tion of trace lead ions in environmental and biological
samples. The emission wavelength upon Pb2+ binding
did not exhibit any detectable change, whilst the enhance-
ment of emission intensity presumably resulted from the
inhibition of the photo-induced intramolecular electron
transfer (PET) process by metal ion complex formation.

Fluorescence quantum yields were measured to be 0.04
for 1, 1.01 for 2, and 0.11 for 3, respectively, in anhy-
drous ethanol by using fluorescein as standard.12 This
Figure 2. The fluorescence intensity profile of 1 (1.0 · 10�6 M) in 10 mM HE
ions (1.0 · 10�5 M). Excitation was monitored at 435 nm and emission was
indicates that before complexation, Dpa groups in 1
and 3 caused fluorescence quenching, due to the PET
process by unpaired electrons of nitrogens in Dpa moi-
eties. It is concluded that the lead ion complex (1-Pb2+)
formation blocks the PET process and results in an
emission enhancement. UV–vis titration also exhibited
a similar trend (Fig. S1). The maximum absorption
wavelength of 1 is centered at 435 nm in pH 7.0 aqueous
buffer solution. Upon addition of Pb2+ the absorbance
at 435 nm increased, but the peak position did not
change along with the peak-width narrowing. It means
that binding interaction between 1 and lead ion results
in conformation changes of 1. Job’s plot reveals a 1:4
complex (1:Pb2+) formation (Fig. S2).

The selectivity of 1 over other metal ions was evaluated.
The experimental results show that a 1000-fold excess of
Li+, Na+, K+, a 100-fold of Ag+, Ca2+, Mg2+, Co2+,
Ni2+, Fe2+, Cd2+, Zn2+, a 50-fold of Mn2+, a 0.5-fold
of Hg2+ existence (in each case, compared with Pb2+)
PES buffer (pH 7.0, 1% MeCN (v/v)) in the presence of selected metal
monitored at 562 nm.
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results in less than ±10% fluorescence intensity changes
of 1-Pb2+.13 Zn2+ and Cd2+ show much weaker binding
affinity to 1. Thus the apparent fluorescence intensity
does not change much upon addition of a 100-fold
Zn2+ and Cd2+. Also, the existence of a 1000-fold of
anions such as Cl�, Br�, F�, NO�3 , ClO�4 , CO2�

3 and
SO2�

4 does not cause any interference. The interference
of Cu2+ and Hg2+ could be eliminated by KCN in the
pretreatment of the sample.

It has been known that Pb2+ targets both Ca2+- and
Zn2+-binding sites in vivo14 and accurate Pb2+ analysis
is often disturbed by the presence of Cd2+, Hg2+,
Fe2+, and Mn2+.1b Therefore, the selective sensing abil-
ity of 1 for Pb2+ over other metal ions such as Ca2+,
Cd2+, Fe2+, Hg2+, Mn2+ and Zn2+ is particularly impor-
tant. The selectivity of 1 for Pb2+ over other metal ions
was investigated by the competition experiments. Figure
2 shows the fluorescence intensity of 1 in the presence of
10-fold excess of selected metal ions. It is obvious that 1
has a highly selective response to Pb2+.

Fluorescence titrations of 1, with Mg2+, Ca2+, Zn2+,
Cd2+, and Pb2+ in acetonitrile, cause emission increases
along with blue shifts. The selectivity of 1 for Pb2+ over
other metal ions is much better in an aqueous solution
than in an organic solvent.

The fluorescence titration of 3 with Pb2+ was also car-
ried out. Compound 3 exhibits smaller emission in-
creases upon cation binding in pH 7.0 aqueous
solution and Job’s plot shows a 1:2 (3:Pb2+) binding
ratio. A linear relationship exists between the concentra-
tion of Pb2+ and its fluorescence intensity in the range of
0–8.8 · 10�6 M with a calibration equation, I =
28.9488 + 8.2607 · 106CPb

2+ (M). The detection limit
was determined to be 6.42 · 10�7 M. The lower sensitiv-
ity was ascribed to the fewer number of binding sites.

Similar fluorescence and absorption titration experi-
ments were also performed on 2 in DMSO and acetoni-
trile. Neither spectra profile nor fluorescence intensity
change was observed in the presence of metal ions such
as Pb2+, Zn2+, and Cd2+, because 2 does not combine
with metal ions owing to the absence of binding sites.

In summary, a highly selective fluorescent sensor (1) for
lead ions in aqueous solution was developed based on
the PET mechanism. Compound 1 provides a sensitive
(a detection limit of 3.9 lg L�1 in water) and single
agent fluorescence method for the assay of Pb2+ in pH
7.0 aqueous solution.
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