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A new fluorescent sensor 1 was prepared by bridging a 7-nitrobenzo-2-oxo-1,3-diazolyl (NBD) fluorophore
with a dimethyl ethylene amine group via an ethylamine spacer. Distinct "turn-on” fluorescence changes of
1 were observed upon the addition of Hg?* and Ag* in the aqueous solution. The sensor 1 showed high
sensitivity toward Hg?* and Ag™ with detection limits of 0.05 uM and 0.12 pM, respectively. Moreover,

the sensing abilities of 1 for Hg?* and Ag* were successfully carried out in real water samples, and 1
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Accepted 16th November 2016 functioned as fluorescent test strip with silica plate. The sensing mechanisms of 1 with Hg=" and Ag

were studied by using photophysical experiments, NMR titration, and ESI-mass spectrometry analysis.
Moreover, turn-on fluorescence of 1 toward Hg®* and Ag* caused by photo-induced electron transfer
(PET) was explained by density functional theory (DFT) calculations.
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Conventional methods, such as inductively coupled plasma

1. Introduction
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The development of selective fluorescence chemosensors for
the detection of heavy and transition metal ions has received
considerable attention because these ions show important toxic
effects in biological and environmental systems.'> Mercury is
one of the most dangerous and commonplace pollutants in the
environment. Human activities, such as burning coal and using
mercury to manufacture industrial products, have increased the
amount of mercury in air, water and soil.>® It can be accumu-
lated over time on the bodies of humans and animals, and acts
as a neurotoxin, harming the brain and nervous system.” High
exposure to mercury may result in serious diseases, such as
prenatal brain damage, kidney dysfunction, and disorders of
the central nervous system.® Silver is a type of important
precious metal and has been widely used in industry, such as
electrical and electronic applications, photographic production
and the manufacturing of fungicides.” These widespread
applications have resulted in increased silver content of envi-
ronmental systems.' Apart from the industrial importance,
silver ions can cause severe damage to human beings."* For
example, silver ions inactivate sulfhydryl enzymes and combine
with amine, imidazole, and carboxyl groups of various metab-
olites.”™* Therefore, sensing mercury and silver ions has
steadily attracted a great deal of attention in various areas.™

Department of Fine Chemistry, Department of Interdisciplinary Bio IT Materials, Seoul
National University of Science and Technology, Seoul 139-743, Korea. E-mail:
chealkim@seoultech.ac.kr; Fax: +82-2-973-9149; Tel: +82-2-970-6693

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c6ra25585j

290 | RSC Adv., 2017, 7, 290-299

atomic mass spectrometry, atomic absorption spectroscopy and
electrochemical workstation,'*™*® have been utilized to realize
the detection of mercury and silver ions. Although these
methods are sensitive and accurate, advanced instructor and
complicated time-consuming sample pre-treatments are
needed. In contrast, fluorescent chemosensors have been
regarded as useful tools for sensing biologically important
metal ions because of their advantages, such as low cost, facile
sample preparation, the simplicity and high sensitivity."**
However, both mercury and silver ions are known as fluores-
cence quenchers. Most of reported fluorescent chemosensors
for mercury and silver ions are based on a fluorescence
quenching mechanism, and single-ion responsive.**** Instead,
multi-ion recognizing with a single sensor is recently getting
popular due to their advantages, such as cost reduction and
more efficient analysis. Until now, only a few “turn-on” che-
mosensors that can detect simultaneously both mercury and
silver ion have been reported.'*?'-%?

NBD (7-nitrobenzo-2-oxo-1,3-diazolyl) is a well-known fluo-
rophore and frequently adopted in designing a fluorescent
chemosensor owing to its distinct spectral properties.**** As for
the receptor, N,N'-dimethyl ethylene amine group offers a good
possibility of chelation with transition metal ions.** Therefore,
we expected that a chemosensor having NBD and N,N'-dimethyl
ethylene amine moieties (fluorophore-receptor) linked via eth-
ylamine (bridge) might effectively detect a certain metal ion
through the photoinduced electron transfer (PET) process.**™*’

Herein, we report a fluorescence chemosensor 1 based on
bridging a 7-nitrobenzo-2-oxo-1,3-diazolyl (NBD) fluorophore
with dimethyl ethylene amine group via an ethylamine spacer
for Hg”" and Ag". These two metal ions induced the “turn-on”

This journal is © The Royal Society of Chemistry 2017
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fluorescence of 1 in aqueous solution. Moreover, 1 could be
used to quantify Hg>* and Ag" in water samples and function as
fluorescent test strip. The sensing mechanisms of Hg>" and Ag”
were supported by theoretical calculations.

2. Experimental

2.1. Materials and equipment

All the solvents and reagents (analytical grade and spectro-
scopic grade) were obtained from Sigma-Aldrich and used as
received. '"H NMR and >C NMR measurements were performed
on a Varian 400 MHz and 100 MHz spectrometer, and chemical
shifts were recorded in ppm. Electrospray ionization mass
spectra (ESI-MS) were collected on a Thermo Finnigan (San Jose,
CA, USA) LCQTM Advantage MAX quadrupole ion trap instru-
ment. Absorption spectra were recorded at room temperature
using a Perkin Elmer model Lambda 25 UV/Vis spectrometer.
The emission spectra were recorded on a Perkin-Elmer LS45
fluorescence spectrometer. Elemental analysis for carbon,
nitrogen and hydrogen was carried out by using a Vario micro
cube elemental analyzer (ELEMENTAR) in laboratory center of
Seoul National University of Science and Technology, Korea.

2.2. Synthesis of sensor 1

The compound 2 was synthesized according to the literature
method.*® The '"H NMR spectra of 2 were recorded in DMSO-dg
(Fig. S11), and the descriptions of the signals include: s =
singlet, d = doublet, t = triplet and m = multiplet (400 MHz, 25
°C): 6 = 9.49 (s, 1H), 8.51 (d, 1H), 6.53 (d, 1H), 3.91 (s, 4H). The
sensor 1 was prepared by the reaction of 2 (0.29 g, 1.0 mmol),
N,N-dimethylethylenediamine (899.5 pL, 10 mmol) and K,CO;
(0.14 g, 1.0 mmol) in acetonitrile (CH3CN). After stirring at 60 °C
for 5 days, the solvent was removed under the reduced pressure
to afford brown oil. Silica gel chromatography was used to
isolate pure product (10 : 1, v/v, CH,Cl,~CH;OH). Yield: 0.062 g
(21%). The "H NMR spectra of 1 were recorded in CDCl;
(Fig. S2,T 400 MHz, 25 °C): 6 = 8.48 (d, 1H), 6.14 (d, 1H), 3.48 (s,
2H), 2.87 (t, 2H), 2.71 (t, 2H), 2.59 (t, 2H), 2.30 (s, 6H), *C NMR
(Fig. $3,t 100 MHz, DMSO-dq, 25 °C): 6 = 144.02, 139.50, 137.14,
132.39, 122.25, 94.13, 67.22, 49.27, anal. caled for C;,H,gN¢O3:
C, 48.97; H, 6.16; N, 28.56%. C, 48.50.; H, 6.15.; N, 28.27%.
LRMS (ESI): m/z caled for Ci,H;gNgO; + H': 295.15; found
295.00.

2.3. Fluorescence titrations

For Hg>", a stock solution (5 mM) of the sensor 1 was prepared
in dimethylsulfoxide (DMSO) and 3 pL of the sensor 1 (5 mM)
was diluted to 2.997 mL buffer-CH;CN mixture (7 : 3, v/v) to
make final concentration of 5 uM. Then, 0.15-1.50 pL of a stock
solution of Hg(NOj3), (20 mM) were added to 3 mL of 1 solution
(5 uM). After mixing them for a few seconds, fluorescence
spectra were taken at room temperature.

For Ag", a stock solution (5 mM) of the sensor 1 was prepared
in DMSO and 3 puL of the sensor 1 (5 mM) was diluted to 2.997
mL buffer-CH;CN mixture (7 : 3, v/v) to make final concentra-
tion of 5 uM. Then, 0.15-2.40 pL of a stock solution of AgNO;
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(20 mM) were added to 3 mL of 1 solution (5 pM). After mixing
them for a few seconds, fluorescence spectra were taken at room
temperature.

2.4. UV-vis titrations

For Hg>", a stock solution (5 mM) of the sensor 1 was prepared
in DMSO and 3 pL of the sensor 1 (5 mM) was diluted to 2.997
mL buffer-CH;CN mixture (7 : 3, v/v) to make final concentra-
tion of 5 uM. Then, 0.15-1.80 puL of a stock solution of Hg(NO3),
(20 mM) were added to 3 mL of 1 solution (5 uM). After mixing
them for a few seconds, UV-vis spectra were taken at room
temperature.

For Ag", a stock solution (5 mM) of the sensor 1 was prepared
in DMSO and 3 pL of the sensor 1 (5 mM) was diluted to 2.997
mL buffer-CH;CN mixture (7 : 3, v/v) to make final concentra-
tion of 5 uM. Then, 0.15-2.10 pL of a stock solution of AgNO; (20
mM) were added to 3 mL of 1 solution (5 uM). After mixing them
for a few seconds, UV-vis spectra were taken at room
temperature.

2.5. Job plot measurements

For Hg?", a series of solutions containing sensor 1 (20 uM) and
Hg(NO3), (20 utM) were prepared in such a manner that the total
volumes of sensor 1 and metal ion remained constant (3 mL),
and buffer-CH;CN mixture (7 : 3, v/v) was used as a solvent.
After mixing them for a few seconds, fluorescence spectra were
taken at room temperature. Job plot was drawn by plotted
against the molar fraction of sensor 1 under the constant total
concentration.

For Ag", a series of solutions containing sensor 1 (20 uM) and
AgNO; (20 uM) were prepared in such a manner that the total
volumes of sensor 1 and metal ion remained constant (3 mL),
and buffer-CH;CN mixture (7 : 3, v/v) was used as a solvent.
After mixing them for a few seconds, fluorescence spectra were
taken at room temperature. Job plot was drawn by plotted
against the molar fraction of sensor 1 under the constant total
concentration.

2.6. Competition experiments

For Hg>", a stock solution of the sensor 1 (5 mM) was prepared
in DMSO and 3.0 pL of this solution was diluted to 3 mL of
buffer-CH;CN mixture (7 : 3, v/v) to make final concentration of
5 uM. Stock solutions (20 mM) of various metal ions such as
A13+, Ga‘”, In3+, Zn2+, Cu“, Cd2+, Fez+’ Fes+, Mg2+, Cr3+, Ag+,
Co™*, Ni**, Na*, K*, Ca®*, Mn”* and Pb** were prepared. 1.35 pL
of each metal solution was taken and added to 3 mL of the
solution of sensor 1 (5 uM) to give 1.8 equiv. of metal ions. Then,
1.35 uL of Hg>* solution was added into the mixed solution of
each metal ion and 1 to make 1.8 equiv. After mixing them for
a few seconds, fluorescence spectra were taken at room
temperature.

For Ag”, a stock solution of the sensor 1 (5 mM) was prepared
in DMSO and 3.0 pL of this solution was diluted to 3 mL of
buffer-CH;CN mixture (7 : 3, v/v) to make final concentration of
5 uM. Stock solutions (20 mM) of various metal ions such as
A13+’ Ga3+, 11’13+, Zl’l2+, Cu2+, Cd2+, F62+, Fem’ Mg2+, Cl'3+, Hg2+,

RSC Adv., 2017, 7, 290-299 | 291
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Co**, Ni**, Na*, K*, Ca*, Mn** and Pb** were prepared. 1.95 pL
of each metal solution was taken and added to 3 mL of the
solution of sensor 1 (5 pM) to give 2.6 equiv. of metal ions. Then,
1.95 pL of Ag" solution was added into the mixed solution of
each metal ion and 1 to make 2.6 equiv. After mixing them for
a few seconds, fluorescence spectra were taken at room
temperature.

2.7. pH effect test

For Hg™", a series of buffers with pH values ranging from 2 to 12
was prepared by mixing sodium hydroxide solution and
hydrochloric acid in bis-tris buffer. After the solution with
a desired pH was achieved, a stock solution (5 mM) of the
sensor 1 was prepared in DMSO and 3.0 pL of this solution was
diluted to 3 mL of buffer-CH;CN (7 : 3, v/v) mixture to make
final concentration of 5 uM. Stock solutions (20 mM) of various
Hg>" ions were prepared and 1.35 uL of each stock solution was
taken and added to 3 mL of the solution of sensor 1 (5 uM) to
give 1.8 equiv. of metal ions. After reacting them for a few
seconds, fluorescence spectra were taken at room temperature.
For Ag', a series of buffers with pH values ranging from 2 to
12 was prepared by mixing sodium hydroxide solution and
hydrochloric acid in bis-tris buffer. After the solution with
a desired pH was achieved, a stock solution (5 mM) of the
sensor 1 was prepared in DMSO and 3.0 pL of this solution was
diluted to 3 mL of buffer-CH;CN (7 : 3, v/v) to make final
concentration of 5 pM. Stock solutions (20 mM) of various Ag"
ions were prepared and 1.95 uL of each stock solution was taken
and added to 3 mL of the solution of sensor 1 (5 uM) to give 2.6
equiv. of metal ions. After reacting them for a few seconds,
fluorescence spectra were taken at room temperature.

2.8. Water sample collection

The drinking water samples were collected from a water purifier
and tap water samples collected from a tap in our laboratory.

2.9. 'H NMR titrations

For Hg*", three NMR tubes of sensor 1 (1.47 mg, 0.005 mmol)
dissolved in CD3;CN (700 pL) were prepared and then three
different concentrations (0, 0.0025 and 0.005 mmol) of
Hg(NO;), dissolved in DMF-d, were added to each solution of
sensor 1. After shaking them for a minute, "H NMR spectra were
obtained at room temperature.

For Ag', three NMR tubes of sensor 1 (1.47 mg, 0.005 mmol)
dissolved in CD3;CN (700 pL) were prepared and then three
different concentrations (0, 0.0025 and 0.005 mmol) of AgNO;
dissolved in CD;CN were added to each solution of sensor 1.
After shaking them for a minute, "H NMR spectra were obtained
at room temperature.

2.10. Theoretical calculation methods

All DFT/TDDFT calculations based on the hybrid exchange
correlation functional B3LYP*®* were carried out using
Gaussian 03 program.®® The 6-31G** basis set®>** was used for
the main group elements, whereas the Lanl2DZ effective core
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potential (ECP)**** was employed for Hg and Ag. In vibrational
frequency calculations, there was no imaginary frequency for
the optimized geometries of 1, 1-Hg>" and 1-Ag", suggesting
that these geometries represented local minima. For all calcu-
lations, the solvent effect of acetonitrile was considered by
using the Cossi and Barone's CPCM (conductor-like polarizable
continuum model).”**” To investigate the electronic properties
of singlet excited states, time-dependent DFT (TDDFT) was
performed in the ground state geometries of 1, 1-Hg>* and 1-
Ag'. The 25 singlet-singlet excitations were calculated and
analyzed. The GaussSum 2.1 (ref. 58) was used to calculate the
contributions of molecular orbitals in electronic transitions.

3. Results and discussion

The compound 2 was synthesized by the substitution reaction
of NBD chloride and bromoethylamine according to the litera-
ture method, and the sensor 1 was also prepared by the
substitution reaction of 2 and N,N-dimethylethylenediamine
with 21% yield in CH;CN (Scheme 1). Both compounds 1 and 2
were characterized by 'H NMR and *C NMR, ESI-mass spec-
troscopy, and elemental analysis.

3.1. Fluorescence and absorption spectroscopic studies of 1
toward Hg”* and Ag"

To explore the sensing behavior of sensor 1 toward metal ions,
the fluorescence responses to various metal ions including AI**,
Ga‘%, In3+, Zn2+, Cd2+, Cu2+, Fez+’ Fe‘”, Mg”, Cl‘3+, Hg“, Ag+,
Co™*, Ni**, Na*, K*, Ca®*, Mn>" and Pb*" were investigated in
buffer-CH;CN (7 : 3, v/v) solution (Fig. 1). Compared to the
other metal ions examined, remarkable enhancements of fluo-
rescence were observed in the presence of Hg”" and Ag®, sug-
gesting that 1 can be used to sense Hg>" and Ag" as a “turn-on”
chemosensor. In contrast, no obvious fluorescent response
behavior to other metal ions was observed under the identical
conditions.

In order to gain an insight into the signaling properties of 1
toward Hg>", fluorescence titrations were conducted. The fluo-
rescence intensity at 520 nm increased up to 1.8 equiv. of Hg*"
(Fig. 2). The interaction between 1 and Hg”* was further inves-
tigated through UV-vis titration (Fig. 3). Upon the addition of
Hg”" to a solution of 1, the absorption peaks at 340 and 460 nm
gradually decreased while the absorption intensity at 400
increased. Moreover, three clear-defined isosbestic points at
324 nm, 366 nm and 447 nm were observed, which implied that
the only one product was generated from 1 upon binding Hg>".

To determine the stoichiometric ratio of 1 and Hg?", Job plot
analysis® was carried out using emission titration experiments
in the presence of various molar fractions of Hg>* (Fig. S47). A
maximum emission was observed when the molar fraction
reached 0.5, suggesting that the complex formation between 1
and Hg** has a stoichiometric ratio of 1 : 1. As shown in Fig. 4,
the 1:1 complex formation was also confirmed by ESI-mass
analysis. The peak at m/z = 558.00 corresponded to the coor-
dination structure of [1 + Hg>* + NO; " (calcd: 558.10). The
evidence for the reaction between 1 and Hg>" was further

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25585j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 January 2017. Downloaded on 12/3/2025 10:02:26 PM.

(cc)

View Article Online

Paper RSC Advances
0 o)
NP
N* o / \
N N/ \N o N/O\
N N g, o \ / H,N N— i | /N
.
- \O HBr S = / _O/N NH /
N Z N
<\ EtOH, K,CO3 J i — CH;CN, K,CO; e dh \
H
cl
2 1

Scheme 1 Synthesis of 1.

provided by "H NMR titration (Fig. S5T). Upon complexation
with 1 equiv. of Hg”", the protons H; and H, of aromatic ring
moved slightly downfield. At the same time, the protons H,—H,
underwent large downfield shifts, which indicate the coordi-
nation of Hg** to the three aliphatic amine nitrogens
(Scheme 2). There was no shift in the position of proton signals
on further addition of Hg>" (>1.0 equiv.).
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Fig.1 Fluorescence spectral changes of 1 (5 uM) in the presence of 2.6
equiv. of different metal ions in a mixture of buffer—CHzCN (7 : 3, v/v).
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Fig. 2 Fluorescence spectral changes of 1 (5 uM) in the presence of
different concentrations of ng+ ions in a mixture of buffer—CHzCN
(7:3, v/v) at room temperature. Inset: Plot of the fluorescence
intensity at 520 nm as a function of Hg>* concentration.
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On the basis of the 1:1 stoichiometry and fluorescence
titration data, the binding constant of 1-Hg>" complex was
determined to be 5.0 x 10* from Benesi-Hildebrand equation
(Fig. S61).%° This value is within the range of those (10° to 10'%)
reported for Hg*" sensing chemosensor. The detection limit (3¢/
K)** of sensor 1 as a fluorometric sensor for the analysis of Hg>*
was found to be 0.05 uM (Fig. S77), which is the lowest one
among those of chemosensors previously reported for the

0.20

|

0.16

0.12 4

0.08

Absorbance

0.04

0.00 73557 ; "
300 400 500 600

Wavelength (nm)

447

Fig. 3 Absorption spectral changes of 1 (5 uM) in the presence of
different concentrations of Hg?* ions in a mixture of buffer—CHzCN
(7 : 3, v/v) at room temperature.
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Fig. 4 Positive-ion electrospray ionization mass spectrum of 1 (10 pM)
upon addition of Hg(NOxs), (1.0 equiv.).
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Fig. 5 Competitive selectivity of 1 (5 uM) toward Hg®* (1.8 equiv.) in the presence of other metal ions (1.8 equiv.).

simultaneous detection of Hg”" and Ag”, to the best of our
knowledge (Table S17).

The fluorescence competition experiments were conducted
by adding 1.8 equiv. of Hg>" to the solution of 1 in the presence
of 1.8 equiv. of other common background metal ions (Fig. 5).
No fluorescence intensity change of 1-Hg”* complex was
observed with metal ions such as AI**, Ga*', In**, Zn**, Cd*",
Cu2+, Fez+, F63+, Mg2+, CI'3+, Ag+, C02+, N12+, Na+, K+, Ca2+, Mn2t
and Pb**, The results indicated that the presence of background
ions exerted no interference to the detection of Hg>".

The influence of pH on the detection properties of 1 for
Hg”" was examined in buffer-CH;CN (7 : 3, v/v) solution at
various pH values ranging from 2 to 12 (Fig. S8%). A stable and
strong fluorescence intensity of 1-Hg>* complex was observed

294 | RSC Adv., 2017, 7, 290-299

between pH 6 and 9. This result warranted its application
under environmental conditions, without any change in
detection of Hg>".

Next, the binding properties of 1 with Ag" were studied by
fluorescence and UV-vis titration experiments. The fluorescence
titration experiments were performed by increasing concentra-
tion of Ag' into a solution of 1 (Fig. 6). The fluorescence
intensity increased up to 2.6 equiv. and then no further change
was observed. The UV-vis titration of 1 with Ag’ solution
revealed that the absorption bands at 330 nm and 460 nm
decreased and a band at 400 nm gradually increased (Fig. S97).
Clear isosbestic points at 323 nm, 366 nm and 446 nm emerged
during the UV-vis titration, which indicated that the only one
complex was formed between 1 and Ag".

e

This journal is © The Royal Society of Chemistry 201
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The stoichiometry of the 1-Ag" complex was determined by
Job plot,* ESI-mass spectrometry analysis and "H NMR titra-
tion. The Job plot for the binding of 1 and Ag" exhibited a 1: 1
stoichiometry (Fig. S10f). The positive-ion mass spectrum
confirmed the formation of [1 + Ag" + NO;~ + H']" based on the
presence of a peak at m/z = 464.40 (calcd: 464.04) (Fig. S117). In
Fig. $12t is shown the "H NMR spectra of 1 in the absence and
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buffer—CHsCN mixture (7 : 3, v/v).

presence of Ag". Upon addition of 1.0 equiv. of Ag", the protons
H, and H, of aromatic ring moved slightly upfield. The protons
H,-H, showed large downfield shifts, which indicated that the
binding sites of 1 with Ag" might be the three aliphatic amine
nitrogens (Scheme 2). There was no shift in the position of
proton signals on further addition of Ag" (>1.0 equiv.).

The association constant for 1-Ag* complex was calculated to
be 3.5 x 10* M™" from a Benesi-Hildebrand plot (Fig. $1371).%

800
[N
A [ \ i\
\ [\ [ I\ 2
/ \ / \ ’,w \. 1/ R‘, Hg +
o I A U A TR AT
[\ \ [
U / \ [ \
b / \ /‘ \ Vo Sensor 1
/ \ / \ [ \ /
| \ \ \
/ \\ ’/ \\‘ “J \ / \ l
[ \ i \ \
200 / \ / \) \\ [ \ EDTA
/ \/ \ / ‘/’ \
/ \ i . .
-
0 _ L]
T T T T
0 2 4 6 8 10
Number of addition
800
r' ey g
600 [ Ag'
|
/
400 [
[ Sensor 1
200 ‘:‘] l
/ EDTA
/
04 .
T T T T
0 2 4 6 8 10

Number of addition

Fig. 7 Fluorescence spectral changes of 1 (5 uM) after the sequential addition of (a) Hg?* and EDTA and (b) Ag™ and EDTA.
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Table 1 Determination of Hg?" in water samples®

Hg®" added Hg®" found Recovery R.S.D.
Sample (umol L™ (umolL™Y) (%) (n = 3) (%)
Drinking water  0.00 0.00 97.4 4.95

5.00° 4.87
Tap water 0.00 0.00 103.4 7.30

5.00¢ 5.17

¢ Conditions: [1] = 5 umol L ™" in 10 mM buffer-CH;CN solution (7 : 3,
pH 7.0). % 5.00 umol L™" of Hg>" ions was artificially added into drinking
water. © 5.00 pmol L™ of Hg”>" ions was artificially added into tap water.

Table 2 Determination of Ag* in water samples®

Ag'added Ag'found  Recovery R.S.D.
Sample (mmol L™ (umol L") (%) (n = 3) (%)
Drinking water ~ 0.00 0.00 101.6 1.49

7.00” 7.11
Tap water 0.00 0.00 103.7 6.94

7.00° 7.26

“ Conditions: [1] = 5 umol L™" in 10 mM buffer-CH;CN solution (7 : 3,
pH 7.0). % 7.00 umol L™" of Ag" ions was artificially added into drinking
water. ¢ 7.00 pmol L™ " of Ag” ions was artificially added into tap water.

This value is within the range of those (10> to 10°) reported for
Ag'-binding sensors. The detection limit® of 1 for Ag" was
determined to be 0.12 pM (Fig. S147), which is the second
lowest one among those of chemosensors previously reported
for the simultaneous detection of Hg>" and Ag”, to the best of
our knowledge (Table S17).

(a)
1 1 1 1 1 1 1 1 1 1 1
A Ga¥* In¥* 7n¥*  Cd Cu** Fe* Fe¥*
(b)
Sensor 1 Hg** Ag* Sensor 1-test strip
only only only sprayed with Hg**
(control) (control) (control)

1
Mg Cr* Hg**

View Article Online

Paper

To utilize 1 as an ion-selective fluorescence chemosensor for
Ag', the effect of competing metal ions was carried out
(Fig. $157). Upon addition of 2.6 equiv. of Ag" in the presence of
other metal ions (2.6 equiv.), such as AI’*, Ga**, In*", Zn**, Cd*",
cu*, Fe*, Fe*’, Cr**, Mg**, Hg?*, Co®*, Ni**, Na", K*, Ca®*, Mn**
and Pb>* there was no interference in the detection of Ag” from
most of the metal ions. Hg*" showed about 25% increase of the
emission of 1-Ag" complex.

The pH dependence of 1 in the absence and presence of Ag"
was conducted at various pH (2-12) (Fig. S16t). 1-Ag" complex
showed a stable and strong fluorescence intensity between pH 6
and 9. This result warranted its application under environ-
mental systems, without any change in detection of Ag".

To understand the binding ability and reversibility of 1 to
Hg”" and Ag", we carried out reversible experiments by using an
ethylenediaminetetraacetic acid (EDTA) (Fig. 7). The addition of
EDTA to a solution of 1-Hg”" complex caused an immediate
decrease of the fluorescence intensity (Fig. 7a). Upon the addi-
tion of Hg>" again, the fluorescence intensity at 520 nm was
recovered. The emission changes were almost reversible even
after several cycles with the sequentially alternative addition of
Hg>" and EDTA. These results indicated that sensor 1 could be
recyclable simply through treatment with a proper reagent such
as EDTA. In contrast, the addition of EDTA to the solution of 1-
Ag" complex showed no change of fluorescence intensity
(Fig. 7b), indicating that 1-Ag" complex was irreversible with
EDTA. Importantly, it is worthwhile to mention that the
reversible property of 1-Hg>" complex by EDTA is very useful,
because it can distinguish 1-Hg>* complex from 1-Ag* complex.
As shown in Fig. 1, both Hg*>" and Ag' showed the “turn-on”

1 1 1 1 1 1 1 1
Ag” Co* Ni** Na* K* Ca*™ Mn**

Pb*

Sensor 1-test strip 1-Hg?* complex ~ 1-Ag" complex
sprayed with Ag* test strip sprayed test strip sprayed
with EDTA with EDTA

Fig.9 Photographs of the silica plates coated with 1 used for the detection of Hg?" and Ag™ under the UV lamp (356 nm). (a) Sensor 1-test strips
immersed in various metal ions (10 uM). (b) Left to right: test strip coated with only sensor 1 (control, 200 uM), test strips coated with only Hg?*
and Ag* (control, 10 pM), sensor 1-test strips immersed in Hg®* and Ag™ solutions (10 pM), 1-Hg?* complex test strip immersed in EDTA and 1-

Ag* complex test strip immersed in EDTA.
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fluorescence in the presence of 1. If 1 would show a “turn-on”
fluorescence in the presence of a certain metal ion, it can be
Hg>" or Ag". In such a case, the reversible property with EDTA
would indicate that the metal ion could be Hg>", while it could
be Ag" with no reversible property.

Additionally, we found that 1-Ag" complex underwent
demetallation with Cl™ to regenerate the sensor 1, while 1-Hg?>*
complex did not react with Cl~ (Fig. S171). These observations
would be useful to determine Hg”* in a mixture of Ag" and Hg*".
In the case of a mixture solution containing both Hg>" and Ag"
ions, the addition of Cl~ into the solution would remove Ag"
ions by the formation of AgCl. Then, Hg>" can be determined by
1. On the other hand, EDTA can be used to remove Hg>* in
a mixture solution of Hg”" and Ag*. Then, Ag" can be deter-
mined by 1.

We constructed calibration curves for the determination of
Hg>" and Ag” by 1 (Fig. 8 and $18t). Good linear relationships
were observed for both 1-Hg>* and 1-Ag" with correlation
coefficients of R* = 0.9992 and 0.9969 (n = 3), respectively. To
evaluate the practical abilities of 1 with Hg>" and Ag®, tap water
and drinking water samples were selected and analyzed. Each
sample was analyzed with three replicates. As shown in Tables 1
and 2, satisfactory recoveries and suitable R.S.D. values for both
Hg>" and Ag" were obtained. These results suggested that the
chemosensor 1 could be useful for the measurements of Hg*"
and Ag' in chemical and environmental applications.

For practical application, fluorescent test strips were
prepared by immersing silica plate in a CH;CN solution of 1 and
then dried in air. As shown in Fig. 9, when the test strips were
immersed in solutions of Hg** and Ag", they exhibited strong
fluorescence under the UV lamp (356 nm, Fig. 9a). Importantly,
EDTA can distinguish 1-Hg>" complex from 1-Ag" complex
(Fig. 9b). Therefore, the fluorescent test strip coated with 1 can
be used for detecting Hg”" and Ag" ions.

3.2. Theoretical calculation studies for 1-Hg>* and 1-Ag"

To get insight into the mechanism on the fluorescence sensing
of 1 toward Hg>" and Ag", density functional theory (DFT) and
time dependent-density functional theory (TD-DFT) calcula-
tions were conducted. All optimization studies were carried out
using the B3LYP/6-31G(d,p) method basis set on the Gaussian
03 program. The calculated energy-minimized structures of 1,
1-Hg”" and 1-Ag" species are shown in Fig. 10. The energy-
minimized structure of 1 showed a chair structure with the
dihedral angle of 1N, 2C, 3C, 4N = —179.393° (Fig. 10a). On the
other hand, 1-Hg>* and 1-Ag" complexes showed drastic
changes in their geometries. 1-Hg>" complex exhibited a tetra-
coordinated structure with the dihedral angle of 1N, 2C, 3C,
4N = —58.386°, and Hg”" was coordinated to 1N, 4N, 5N of 1
and an oxygen atom of NO;~ (Fig. 10b). For 1-Ag" complex, Ag"
was coordinated to 1N, 4N, 5N of 1 and an oxygen atom of NO; ™
with the dihedral angle of 1N, 2C, 3C, 4N = —70.657° (Fig. 10c).
TD-SCF calculations were conducted to provide more informa-
tion about the electronic characters between 1 and the two
metal ions. The transition energies and oscillator strengths of 1,
1-Hg>" and 1-Ag" complexes were obtained from GEN basis set

This journal is © The Royal Society of Chemistry 2017
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Dihedral angle (1N, 2C, 3C, 4N) : -179.393°

(b)

B

Dihedral angle (1N, 2C, 3C, 4N) : -58.386°

(c)

He-IN : 25878 A

Hg-SN :2.5788 &
Heg-60 : 2.4249 A

Dihedral angle (1N, 2C, 3C, 4N) : -70.657°

Fig. 10 The energy-minimized structures of (a) 1, (b) 1-Hg?* complex
and (c) 1-Ag* complex.

(Fig. S19-S237). In the case of 1, the main molecular orbital
(MO) contribution of the 6th lowest excited state was deter-
mined for the HOMO—1— LUMO+1 transition (319.45 nm,
Fig. S191). The HOMO-1 of 1 mainly located on the dimethyl
ethylenediamine segment, and LUMO+1 spread around the
NBD moiety. These results indicated a photo-induced electron
transfer (PET) from the dimethyl ethylenediamine segment to
the NBD moiety with the initial non-radiative process of 1. With
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the introduction of Hg?", the 3rd excited state was determined
for the main molecular orbital contribution (HOMO —
LUMO+2 transition, Fig. $201). HOMO and LUMO+2 of 1-Hg>"
complex mainly lied in the NBD moiety. Its transition was
assigned to w — 7* transition in the NBD moiety and indicated
a radiative transition. MO diagrams and excitation energies of 1
and 1-Hg”" are shown in Fig. $21.7 For the 1-Ag" complex, the
main molecular orbital (MO) contribution of the 5th lowest
excited state was determined for HOMO — LUMO+1
(323.28 nm, Fig. S221). The HOMO and LUMO+1 were localized
in the NBD moiety, and related to * — 7t* transition (Fig. S237).
Therefore, these results indicated that the “turn-on” sensing
mechanisms of 1 toward Hg®>" and Ag® may be due to the
inhibition of PET process. With the integration of information
obtained from Job plot, ESI-mass spectroscopy analysis, "H
NMR titration and theoretical calculations, the binding modes
of 1-Hg>" and 1-Ag" complexes are depicted in Scheme 2.

4. Conclusion

We have synthesized a new chemosensor 1, based on the NBD
and the dimethyl ethylene amine groups. The sensor 1 could be
used for the simultaneous fluorescence “turn-on” recognition of
Hg”* and Ag* in aqueous solution. The binding modes of 1 with
Hg®>" and Ag" were determined by Job plot, ESI-mass spec-
trometry and 'H NMR titration. Their turn-on fluorescence
caused by inhibition of PET was explained by DFT calculations.
Moreover, 1 can clearly distinguish Hg>* from Ag" by use of an
EDTA. For practical application, 1 could be used to detect and
quantify Hg** and Ag" levels in real water samples, and also
showed fluorescent detection of Hg** and Ag™ with test strips.
Therefore, we believe that sensor 1 will offer an important
guidance to the development of single sensors for recognizing
both Hg”" and Ag".
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