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A simple pincer-type chemosensor for reversible
fluorescence turn-on detection of zinc ion at
physiological pH range†

Qi Lin,* Yi Cai, Qiao Li, Jing Chang, Hong Yao, You-Ming Zhang and Tai-Bao Wei*

A new, highly selective and sensitive pincer-type chemosensor (Y) for zinc ion with turn-on fluorescence

behavior in physiological pH range solution was developed. Y is based on bi-hydrazone derivatives, which

contain pyridine as the fluorescent group and a hydrazone bond as recognition site. The selectivity

mechanism of Y for zinc is based on the combined effects of the inhibition of excited-state intramolecular

proton transfer (ESIPT) and –HCQN– isomerization, as well as chelation-enhanced fluorescence. The entire

process takes less than 15 seconds. The minimum detection limit of Y for zinc reaches 1.39 � 10�8 M.

Moreover, Y can conveniently detect zinc in test strip form, and it can be recycled.

Introduction

The development of chemical probes for sensing metal ions1–6

and anions7–11 has received considerable attention due to their
fundamental applications in chemical, environmental and
biological fields. For example, despite the fact that zinc has
significant roles in catalytic centers and serves as structural
cofactor of many Zn2+- containing enzymes and DNA-binding
proteins,12–17 an unregulated zinc level in the body may lead to
a number of severe neurological diseases (e.g. Alzheimer’s disease,
cerebral ischemia, and epilepsy), developmental defects, and
malfunctions.18–28 Therefore, considerable effort has been
devoted to the development of efficient and selective methods
to detect Zn2+. Numerous approaches, such as inductively coupled
plasma atomic emission spectrometry,29 atomic absorption spectro-
scopy,30 and electrochemical methods,31 have been employed to
detect both the metal ions and anions. However, most of these
methods require sophisticated instrumentation, tedious sample
preparation procedures, and trained operators. By contrast, fluores-
cence technology provides a convenient and easy method for
monitoring the target ions.32–35 Methods using fluorescence have,
therefore, attracted considerable attention in the detection of metal
ions or anions, including Zn2+. Recently, simple chemosensors
have become very popular among analysts because of their fast
detection time and cost reduction.36–38 Meanwhile, multidentate
donor ligands have the advantage that they can simultaneously

increase the electronic density and stabilize the coordination
sphere of a transition metal (TM). In particular, the pincer-type
motif featuring a tridentate, meridional coordinating ligand
framework offers a myriad of opportunities for controlling the
steric and electronic properties of TM complexes.39 Generally,
the side arms of a pincer ligand consist of neutral, two-electron
Lewis donor moieties, which are connected through a linker
group to a neutral or monoanionic anchoring site. Herein, we
report the synthesis and sensing properties of a new hydrazone-
based chemosensor Y, which is pincer-type, with both the
hydrazone and an imine functional group. Our approach to
designing this fluorescence-based, bi-functional chemosensor
relies on the strong coordination capability of the hydrazone
base with metal ions. Receptor Y showed a reversible, intense
fluorescence enhancement in the presence of zinc ions in aqueous
solutions at physiological pH range. Additionally, Y could also
conveniently detect Zn2+ in the form of test strips.

Experimental section
Materials and physical methods

Fresh doubly distilled water was used throughout the experiment.
All other reagents and solvents were commercially available at
analytical grade and were used without further purification.
1H NMR and 13C NMR spectra were recorded on a Mercury-400BB
spectrometer at 400 MHz for 1H. The chemical shifts, reported in
ppm downfield from tetra spectra, were recorded with a Mercury-
400BB spectrometer at 400 MHz (TMS, d scale with the solvent
resonances as internal standards). Electrospray ionization mass
spectra (ESI-MS) were measured on an Agilent 1100 LC-MSD-Trap-
VL system. UV-visible spectra were recorded on a Shimadzu UV-2550
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spectrometer. The photoluminescence spectra were performed on a
Shimadzu RF-5301 fluorescence spectrophotometer. The melting
points were measured on an X-4 digital melting-point apparatus
(uncorrected). The infrared spectra were performed on a Digilab
FTS-3000 FT-IR spectrophotometer.

Synthesis of sensor molecule Y

Compound Y can be readily prepared by a simple and low-
cost Schiff base reaction of 4-hydroxyisophthalaldehyde and
2-hydrazinylpyridine (Scheme 1). 4-Hydroxyisophthalaldehyde
(0.7500 g, 5 mmol), 2-hydrazinylpyridine (0.5995 g, 5.5 mmol)
and a catalytic amount of acetic acid (AcOH) were combined in
hot absolute EtOH (30 mL). The solution was stirred under
reflux for 4 hours. After cooling to room temperature, the dark
yellow precipitate was filtered, washed three times with hot
absolute ethanol, then recrystallized with EtOH to obtain
a yellowy powdered product Y (4.31 mmol) in 86.2% yield
(m.p. 4300 1C). 1H NMR (DMSO-d6, 400 MHz) d: 11.01
(s, 1H, O–H); d: 10.80 (s, 1H, N–H); d: 10.72 (s, 1H, N–H); d:
8.31 (s, 1H, CHQN). (Fig. S1, ESI†) IR (KBr) n: 1622 cm�1

(–HCQN–), 3422 cm�1 (N–H). (Fig. S8, ESI†) ESI-MS calcd for
[C18H16N6O + H+]+ 333.3592. Found 333.1727. (Fig. S2, ESI†)

General procedure for spectroscopy

All the UV-vis experiments were carried out in DMSO solution on a
Shimadzu UV-2550 spectrometer. Any changes in the UV-vis spectra
of the synthesized compound were recorded upon the addition of
perchlorate salts while keeping the ligand concentration constant
(2.0 � 10�5 M) in all experiments. The perchlorate salts of Fe3+,
Hg2+, Ca2+, Cu2+, Co2+, Ni2+, Cd2+, Pb2+, Zn2+, Cr3+, and Mg2+

were used for the UV-vis experiments.
Fluorescence spectroscopy was carried out in a DMSO solution

on a Shimadzu RF-5301 spectrometer. Any changes in the fluores-
cence spectra of the synthesized compound were recorded upon
the addition of perchlorate salts while keeping the ligand concen-
tration constant (2.0 � 10�5 M) in all experiments.

The perchlorate salts of the ions (Fe3+, Hg2+, Ca2+, Cu2+, Co2+,
Ni2+, Cd2+, Pb2+, Zn2+, Cr3+, and Mg2+) were used for the fluores-
cence experiments. For 1H NMR titrations, the solution of Y was
prepared in DMSO-d6, and the appropriate concentration of test
solutions was prepared in doubly distilled water. Aliquots of the
two solutions were mixed directly in the NMR tubes.

Results and discussion
Fluorescence spectroscopic studies of Y toward Zn2+ ions

To gain insight into the fluorescent properties of receptor Y
toward metal ions, the emission changes were measured with
various metal ions in DMSO/H2O (v/v = 9/1) HEPES buffer
solutions at pH = 7.2. When excited at 355 nm, Y exhibited a
weak fluorescence, which was much lower than that in the
presence of Zn2+ (Fig. 1). By contrast, upon addition of other
metal ions such as Fe3+, Hg2+, Ag+, Ca2+, Cu2+, Co2+, Ni2+, Cd2+,
Pb2+, Cr3+ and Mg2+, either no increase or a slight increase in
intensity was observed. To this end, it is noteworthy that Y can act as
a ‘‘turn-on’’ sensor for Zn2+ and differentiate Zn2+ from Cd2+, which
has almost always been a major problem in the past.40–43 This
preferential fluorescence enhancement for Zn2+ might be due to the
formation of a chelate complex (rigid system) between Y and
the Zn2+ ion, leading to the chelation-enhanced fluorescence
(CHEF) effect.44 Additionally, receptor Y is a poor fluorescent due
to the following combined effects: (a) isomerization of the –HCQN–
double bonds in the excited state45 and (b) excited-state intra-
molecular proton transfer (ESIPT), involving the hydroxy proton of
the 4-hydroxyisophthalaldehyde moiety (Scheme 2).46 Upon stable

Scheme 1 Synthesis of the sensor molecule Y.

Fig. 1 Bar graph shows the relative emission intensity of Y (c = 2 �
10�5 M) in the presence of different metal ions (10 equiv.) such as Fe3+,
Hg2+, Ag+, Ca2+, Cu2+, Co2+, Ni2+, Cd2+, Pb2+, Zn2+, Cr3+ and Mg2+ with an
excitation of 355 nm in DMSO/H2O (v/v = 9/1) HEPES buffer solutions at
pH = 7.2 and 524 nm.
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chelation with the zinc ion, –HCQN– isomerization and ESIPT
might be inhibited, leading to enhanced fluorescence.

To further investigate the sensing properties of Y, fluorimetric
titration of Y was performed with the Zn2+ ion. As shown in Fig. 2,
the emission intensity of Y at 524 nm steadily increased until the
amount of Zn2+ reached 2.6 equiv. The Job plot47 showed a 1 : 1
complexation stoichiometry between Zn2+ and Y (Fig. S3, ESI†),
which was further confirmed by 1H NMR titration analysis (Fig. S4,
ESI†). Based on the Job plot analysis, we propose the structure of
the Zn2+–Y complex, as shown in Scheme 2. From the fluorescence
titration data, the association constant for Zn2+–Y complexation
was determined to be 2.4 � 105 M�2 from Li’s equations.48

Meanwhile, the fluorescence quantum yield (F) increases from
0.2 to 0.87.49,50 These results indicate that the pincer-type
chemosensor Y reacts with Zn2+ to form a complex. In the
corresponding UV-vis spectra, after adding Zn2+ to Y, the maximum
absorption peak red shifts obviously, which also supports our
conjecture (Fig. S5, ESI†).

The detection limit of Y for Zn2+ calculated on the basis of
3sB/S51 (Fig. S6, ESI†) is 1.39 � 10�8 M for fluorescence spectra,
which is far lower than the WHO guidelines for drinking
water (76 mM).52,53 Meanwhile, the fluorimetric detection limit
of Zn2+ by the naked eye for sensor Y was also tested. As
is shown in Fig. 3, the minimum concentration of Zn2+ for
fluorescence color change under an UV lamp at 360 nm
observed by the naked eye is 2.0 � 10�6 M.

To further check the practical applicability of receptor Y as a
Zn2+-selective fluorescent sensor, we carried out competition
experiments. Y was treated with 10 equiv. of Zn2+ in the
presence of other metal ions (Fe3+, Hg2+, Ag+, Ca2+, Cu2+,
Co2+, Ni2+, Cd3+, Pb2+, Cr3+, Mg2+) of the same concentration.
As shown in Fig. S7 (ESI†), other background metal ions
had little or no obvious interference with the detection of
Zn2+ ions, except for Cu2+, Fe3+ and Hg2+, after a long time.

However, it is worth noting that cadmium ions hardly inhibited
the fluorescence intensity of the Zn2+–Y complex. Hence, these
results suggest that Y could be a good sensor for Zn2+ and in

Scheme 2 A possible sensing mechanism of the sensor Y to Zn2+.

Fig. 2 (a) Fluorescence spectral changes of Y (c = 2 � 10�5 M) in the
presence of different concentrations of Zn2+ ions in DMSO/H2O (v/v = 9/1)
HEPES buffer solutions at pH = 7.2. (b) Fluorescence intensity at 524 nm
versus the number of equiv. of Zn2+ added.

Fig. 3 Naked-eye detection limit under an UV lamp at 365 nm. From left to
right, the concentration of Zn2+ is 2.0 � 10�6 mol L�1, 2.0 � 10�5 mol L�1,
2.0 � 10�4 mol L�1, and 2.0 � 10�3 mol L�1.
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particular, distinguish Zn2+ from Cd2+, which have many common
properties.54

Since the pH value affects the charge distribution of receptor Y
and may change its inherent fluorescence properties, the
effect of pH on the emission bands of Y in DMSO/H2O
(v/v = 9/1) HEPES buffer solution at pH = 7.2 was also studied
(Fig. 4). The Zn2+–Y complex showed a significant fluorescence
response between pH 5 and 8, which includes the physio-
logically relevant range of pH 7.0–8.4.55 These results indicate
that Zn2+ could be clearly detected by the fluorescence spectral
measurement using Y within the physiological pH range
(pH = 7.0–8.4).

To further examine the binding mode of Y with Zn2+, we
performed 1H NMR titrations in DMSO-d6 (Fig. S4, ESI†). Upon
addition of 0.1 equiv. of Zn2+, protons of the hydroxyl (H1)
started to disappear, and protons of hydrazone (H2, H3) were
downshifted. At 1.0 equiv. of Zn2+, H1 was deprotonated, and
H3 took the proton transfer from 10.70 ppm to 5.78 ppm.
This indicated that Zn2+ coordinated with the –O: of hydroxyl
and –N: of hydrazine. Importantly, the proton of one pyridine
(H16) underwent a tiny chemical shift, and another pyridine
(H14) underwent no obvious chemical shift, indicating that
only one of the two pyridine groups participates in the coordi-
nation procession. Therefore, the 1H NMR titration results
support the structure of a 1 : 1 complex of Y and Zn2+ proposed
by the Job plot analysis. Furthermore, in the IR spectra (Fig. S8,
ESI†), the peak at 3422 cm�1 (O–H) disappeared, which also
supports this inference.

Fig. 5 reveals the reversibility of Zn2+ (Y + Zn2+) binding to Y
(EDTA). This process was repeated several times without a large
loss in the emission intensity. The switching was probably
caused by the EDTA reduction of Zn2+ to [EDTA + Zn2+]2+ to
regenerate Y.

Motivated by the favorable features of sensor Y in solution,
we prepared test strips by immersing filter papers (3 � 1 cm2)
into the DMSO/H2O (v/v = 9/1) HEPES buffer solution at pH = 7.2
of sensor Y (c = 1 � 10�3 M), and then dried them in air to

determine the suitability of a ‘dip-stick’ method for the detection
of Zn2+, similar to that commonly used for pH measurement.
When the test strips coated with Y (c = 1 � 10�3 M) were
immersed into the pure water solutions of Zn2+, obvious
Kelly fluorescence appeared (Fig. 6). The development of such
a ‘dip-stick’ approach is extremely attractive for ‘in-the-field’
measurements that do not require any additional equipment.
Therefore, the test strips of Y have excellent application value in
the detection of Zn2+.

As is well known, typical chemosensors always have the problem
of long response time. In our case, the detection course of Zn2+

using Y was found to be relatively faster (Fig. 7). After adding the
zinc ion, the fluorescence emission intensity of Y increased at
524 nm and reached the plateau region in less than 15 seconds,
then remained quite stable, suggesting that the entire process of
recognition might be completed instantly, and the chemosensor
has rapid detection ability. Meanwhile, when the water ratio
increased, the response time did not change a lot, and all reactions
were completed within less than 1 min (Fig. S9, ESI†).

All the above changes indicated that the pyridine derivative-
based, bis-schiff-base pincer-type Y can selectively detect Zn2+

Fig. 4 pH value affects the charge distribution of receptor Y and Y + Zn2+.

Fig. 5 Stepwise complexation–decomplexation cycles carried out in
DMSO/H2O (v/v 9/1). Emission intensity changes at 524 nm of Y upon
addition of 10 equiv. Zn2+ before and after treatment of 10 equiv. EDTA.

Fig. 6 Fluorescence change of the test strips of Y (c = 1 � 10�3 M) with
Zn2+ in DMSO/H2O (v/v = 9/1) HEPES buffer solution at pH = 7.2, under
irradiation at 365 nm.
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in DMSO/H2O (v/v = 9/1) HEPES buffer solution at pH = 7.2.
Meanwhile, this process leads to the fluorescence performance
from the OFF state to the ON state due to blocking of the ESIPT
process to identify Zn2+ (Scheme 2).

Conclusions

We have synthesized a pincer-type fluorescence sensor based on
the combination of 4-hydroxyisophthalaldehyde and 2-hydra-
zinylpyridine. The receptor Y exhibited a fluorescence enhance-
ment upon binding to Zn2+ in aqueous solution of physiological
pH range due to the combined effects of the inhibition of ESIPT
and –HCQN– isomerization, as well as chelation-enhanced
fluorescence (CHEF). The binding of the receptor Y and Zn2+

was also utilized in test strip form for convenience. Moreover, Y
can be recycled, and the minimum detection limit of Y for zinc
reaches 1.39 � 10�8 M.

Acknowledgements

This work was supported by the National Natural Science Founda-
tion of China (NSFC) (No. 21064006; 21161018; 21262032), the
Natural Science Foundation of Gansu Province (1308RJZA221) and
the Program for Changjiang Scholars and innovative Research
Team at University of Ministry of Education of China (IRT1177).

Notes and references

1 X. Y. Lu, W. H. Zhu, Y. S. Xie, X. Li, Y. Gao, F. Y. Li and
H. Tian, Chem. – Eur. J., 2010, 16, 8355–8364.

2 X. Ma, A. Urbas and Q. Li, Langmuir, 2012, 28, 16263–16267.
3 H. Yang, Z. G. Zhou, K. W. Huang, M. X. Yu, F. Y. Li, T. Yi

and C. H. Huang, Org. Lett., 2007, 23.
4 Y. M. Dong, Y. Peng, M. Dong and Y. W. Wang, J. Org.

Chem., 2011, 76, 6962–6966.

5 Q. Lin, B. Sun, Q. P. Yang, Y. P. Fu, X. Zhu, Y. M. Zhang and
T. B. Wei, Chem. Commun., 2014, 50, 1–3.

6 Q. Lin, B. Sun, Q. P. Yang, Y. P. Fu, X. Zhu, T. B. Wei and
Y. M. Zhang, Chem. – Eur. J., 2014, 20, 1–7.

7 J. Q. Ren, W. H. Zhu and H. Tian, Talanta, 2008, 75,
760–764.

8 Z. Q. Liu, M. Shi, F. Y. Li, Q. Fang, Z. H. Chen, T. Yi and
C. H. Huang, Org. Lett., 2005, 24.

9 M. Dong, Y. Peng, Y. M. Dong, N. Tang and Y. W. Wang, Org.
Lett., 2012, 1, 131.

10 Q. Lin, X. Liu, T. B. Wei and Y. M. Zhang, Sens. Actuators, B,
2014, 190, 459–463.

11 Q. Lin, X. Zhu, Y. P. Fu, Y. M. Zhang, R. Fang, L. Z. Yang and
T. B. Wei, Soft Matter, 2014, 10, 5715–5723.

12 M. S. Park, K. M. K. Swamy, Y. J. Lee, H. N. Lee, Y. J. Jang,
Y. H. Moon and J. Yoon, Tetrahedron Lett., 2006, 47, 8129–8132.

13 Z. Xu, G. Kim, S. J. Han, M. J. Jou, C. Lee, I. Shin and J. Yoon,
Tetrahedron, 2009, 65, 2307–2312.

14 J. Y. Choi, D. Kim and J. Yoon, Dyes Pigm., 2013, 96,
176–179.

15 O. A. H. Astrand, L. P. E. Austdal, R. E. Paulsen, T. V. Hansen
and P. Rongved, Tetrahedron, 2013, 69, 8645–8654.

16 H. G. Lee, K. B. Kim, G. J. Park, Y. J. Na, H. Y. Jo, S. A. Lee
and C. Kim, Inorg. Chem. Commun., 2014, 39, 61–65.

17 H. G. Lee, J. H. Lee, S. P. Jang, I. H. Hwang, S. Kim, Y. Kim
and C. Kim, Inorg. Chim. Acta, 2013, 394, 542–551.

18 Y. Li, Q. Zhao, H. Yang, S. Liu, X. Liu, Y. Zhang, T. Hu,
J. Chen, Z. Chang and X. Bu, Analyst, 2013, 138, 5486–5494.

19 Z. Xu, J. Yoon and D. R. Spring, Chem. Soc. Rev., 2010, 39,
1996–2006.

20 M. Yan, T. Li and Z. Yang, Inorg. Chem. Commun., 2011, 14,
463–465.

21 P. Jiang and Z. Guo, Coord. Chem. Rev., 2004, 248, 205–229.
22 H. Kim, J. Kang, K. B. Kim, E. J. Song and C. Kim, Spectrochim.

Acta, Part A, 2014, 118, 883–887.
23 V. Bhalla, H. Arora, A. Dhir and M. Kumar, Chem. Commun.,

2012, 48, 4722–4724.
24 V. Bhalla and M. Kumar, Dalton Trans., 2013, 42, 975–980.
25 V. Bhalla and M. Kumar, Org. Lett., 2012, 14, 2802–2805.
26 V. Bhalla, V. Vij, M. Kumar, P. R. Sharma and T. Kaur,

Org. Lett., 2012, 14, 1012–1015.
27 Y. W. Choi, G. J. Park, Y. J. Na, H. Y. Jo, S. A. Lee, G. R. You

and C. Kim, Sens. Actuators, B, 2014, 194, 343–352.
28 E. J. Song, H. Kim, I. H. Hwang, K. B. Kim, A. R. Kim, I. Noh

and C. Kim, Sens. Actuators, B, 2014, 195, 36–43.
29 K. S. Rao, T. Balaji, T. P. Rao, Y. Babu and G. R. K. Naidu,

Spectrochim. Acta, Part B, 2002, 57, 1333–1338.
30 R. E. Sturgeon, S. S. Berman, A. Desaulniers and D. S. Russell,

Anal. Chem., 1979, 51, 2364–2369.
31 R. Gulaboski, V. Mirc̆eski and F. Scholz, Electrochem. Commun.,

2002, 4, 277–283.
32 Y. Zhou, Z. Li, S. Zang, Y. Zhu, H. Zhang, H. Hou and

T. C. W. Mak, Org. Lett., 2012, 14, 1214–1217.
33 E. J. Song, J. Kang, G. R. You, G. J. Park, Y. Kim, S. Kim,

C. Kim and R. G. Harrison, Dalton Trans., 2013, 42,
15514–15520.

Fig. 7 Fluorescence intensity at 524 nm for Y (c = 2.0 � 10�5 M) in a
mixture of DMSO/H2O (v/v = 9/1) HEPES buffer solution at pH = 7.2 after
the addition of 10 equivalents of Zn2+ (c = 4 � 10�3 M).

NJC Paper

Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

01
5.

 D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
B

R
A

SK
A

 o
n 

13
/0

4/
20

15
 0

6:
29

:0
9.

 
View Article Online

http://dx.doi.org/10.1039/c5nj00023h


New J. Chem. This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015

34 K. Hanaoka, Y. Muramatsu, Y. Urano, T. Terai and T. Nagano,
Chem. – Eur. J., 2010, 6, 568–572.

35 H. G. Lee, J. H. Lee, S. P. Jang, H. M. Park, S. Kim, Y. Kim,
C. Kim and R. G. Harrison, Tetrahedron, 2011, 67, 8073–8078.

36 S. Y. Park, J. H. Yoon, C. S. Hong, R. Souane, J. S. Kim,
S. E. Matthews and J. Vicens, J. Org. Chem., 2008, 73, 8212–8218.

37 J. F. Zhang, S. Kim, J. H. Han, S. J. Lee, T. Pradhan,
Q. Y. Cao, S. J. Lee, C. Kang and J. S. Kim, Org. Lett., 2011,
13, 5294–5297.

38 J. W. Lee, H. S. Jung, P. S. Kwon, J. W. Kim, R. A. Bartsch,
Y. Kim, S. J. Kim and J. S. Kim, Org. Lett., 2008, 10,
3801–3804.

39 S. F. Wu, G. Wang, L. Zou, Q. C. Wang and X. Ma, Dyes
Pigm., 2012, 95, 436–442.

40 X. Liu, N. Zhang, J. Zhou, T. Chang, C. Fang and
D. Shangguan, Analyst, 2013, 138, 901–906.

41 J. Wang, W. Lin and W. Li, Chem. – Eur. J., 2012, 18,
13629–13632.

42 J. H. Kim, J. Y. Noh, I. H. Hwang, J. Kang, J. Kim and C. Kim,
Tetrahedron Lett., 2013, 56, 2415–2418.

43 Y. J. Na, I. H. Hwang, H. Y. Jo, S. A. Lee, G. J. Park and
C. Kim, Inorg. Chem. Commun., 2013, 35, 342–345.

44 N. C. Lim, J. V. Shuster, M. C. Porto, M. A. Tanudra, L. Yao,
H. C. Freake and C. Brückner, Inorg. Chem., 2005, 45, 2018–2030.

45 J. Wu, W. Liu, J. Ge, H. Zhang and P. Wang, Chem. Soc. Rev.,
2011, 40, 3483–3495.

46 L. Wang, W. Qin, X. Tang, W. Dou and W. Liu, J. Phys. Chem.
A, 2011, 115, 1609–1616.

47 P. Job, Ann. Chim., 1928, 9, 113–203.
48 G. Grynkiewcz, M. Poenie and R. Y. Tsein, J. Biol. Chem.,

1985, 260, 3440–3450.
49 J. R. Lakowicz, Principles of Fluorescence Spectroscopy,

Kluwer Academic, New York, 1999.
50 T. Gabe, Y. Urano, K. Kikuchi, H. Kojima and T. Nagano,

J. Am. Chem. Soc., 2004, 126, 3357–3367.
51 Analytical Methods Committee, Analyst, 1987, 112, 199–204.
52 Y. P. Kumar, P. King and V. S. K. R. Prasad, Chem. Eng. J.,

2006, 124, 63–70.
53 K. B. Kim, H. Kim, E. J. Song, S. Kim, I. Noh and C. Kim,

Dalton Trans., 2013, 42, 16569–16577.
54 L. Li, Y. Dang, H. Li, B. Wang and Y. Wu, Tetrahedron Lett.,

2010, 51, 618–621.
55 R. M. Harrison, D. P. H. Laxen and S. J. Wilson, Environ. Sci.

Technol., 1981, 15, 1378–1383.

Paper NJC

Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

01
5.

 D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
B

R
A

SK
A

 o
n 

13
/0

4/
20

15
 0

6:
29

:0
9.

 
View Article Online

http://dx.doi.org/10.1039/c5nj00023h



