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A new versatile ‘dual’ chemosensor 1 has been synthesized for Zn?>* and Co?*. The sensor 1 comprises of
quinoline as a fluorophore and N!,N!-dimethylethane-1,2-diamine as a water-soluble functional group.
Sensor 1 showed a remarkable fluorescence enhancement in the presence of Zn%* in aqueous solution.
The sensor 1 also acted as a colorimetric sensor for Co?* by changing its color from colorless to yellow.
Importantly, the chemosensor 1 could be used to quantify Zn®* and Co?* in water samples and to image
and quantify Zn?* in living cells. Moreover, the sensing mechanisms of 1 for Zn?* and Co?* were supported
by theoretical calculations. Therefore, this sensor has the ability to be a practical system for monitoring
Zn?* and Co?* concentrations in biological systems and aqueous samples.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Zincis one of the most abundant transition-metal ions presentin
living cells, owing toits rich coordination chemistry [ 1-3]. Although
most of the Zn%* ions in a cell are tightly bound to metalloproteins,
free forms are also found throughout the cell [4,5]. In the brain,
5-20% of the total Zn2* is stored in presynaptic vesicles, and the
highest intracellular free Zn2* is found in the hippocampus [6,7].
Zn%* modulates brain excitability and plays a key role in synap-
tic plasticity [8,9]. On the other hand, an excess amount of Zn2*
can have various detrimental effects on the nervous system. Many
severe neurological diseases such as amyotrophic lateral sclerosis,
Alzheimer’s disease, hypoxia ischemia, Parkinson’s disease, infan-
tile diarrhea, and epilepsy are known to closely associate with
dysregulation of zinc homeostasis [10-14]. In addition, an excess
of zinc in the environment may reduce the soil microbial activ-
ity which results in phytotoxic effect [15-19]. Therefore, selective
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detection and quantification for zinc ion in environmental and bio-
logical systems have attracted growing attention of researcher.

Cobaltis an important micronutrient for animals and plants, and
amajor component of vitamin By, and other biological compounds
[20-23]. A deficiency of cobalt may cause anemia, retarded growth
and loss of appetite [24,25]. On the other hand, Co?* pollution of
environmental water causes severe effects on humans and animals.
The toxicological effects of Co%* on human beings include various
diseases and disabilities such as asthma, decreased cardiac output,
cardiac enlargement, heart disease, lung disease, dermatitis and
vasodilation [26]. Therefore, the determination of trace amounts of
Co?* in environmental samples is also essential.

Avariety of traditional methods (e.g.inductively coupled plasma
atomic emission spectrometry, atomic absorption spectroscopy,
and electrochemical methods) have been developed for analyses
of zinc and cobalt in environmental samples and for diagnosis of
their deficiencies in body tissue [27-32]. However, these methods
require sophisticated instrumentations, tedious sample prepara-
tion procedures, and trained operators. By contrast, chemosensors
are highly estimable means for the selective recognition of chemi-
cals and biological species in environmental chemistry and biology
[33]. The design and construction of chemosensors with high selec-
tivity and sensitivity for trace metal ions, such as zinc and cobalt,
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Scheme 1. Synthesis of sensor 1.

are currently of great importance as they allow nondestructive
and prompt detection of metal ions by simple absorbance and flu-
orescence enhancement (turn-on) responses [33,34]. Among the
various types of chemosensors, the chromogenic chemosensors are
widely used owing to the inexpensive equipment required or no
equipment at all [35]. Furthermore, fluorescence sensors are excel-
lent tools for detecting metal ions due to their high sensitivity, good
selectivity, high response speed and simple operation [36-44].

In view of this requirement we directed our efforts toward
developing a chemosensor for zinc and cobalt ion recognitions.
Specifically, the current work involved the synthesis, character-
ization and sensing properties of a new chemosensor 1 toward
Zn%* and Co2* ions. To design 1, we considered the combination
of a quinoline moiety, a fluorophore with desirable photo-physical
properties, and dimethylethane-1,2-diamine as a binding receptor
(Scheme 1). In particular, we expected that the dimethylethane-
1,2-diamine group, being hydrophilic in nature would increase
water-solubility of the chemosensor. Therefore, the chemosensor
1 consisted of an organic m-conjugated compound with an elec-
tronic donor (—NH group) group and an acceptor (quinoline) part
with high electron affinity. Both groups were connected by single
and double bonds, which featured a strong intramolecular charge
transfer (ICT) character with broad and intense absorption bands
in the visible spectral range.

Sensor 1 showed an intense fluorescence enhancement in the
presence of zinc ions and a distinct color change in the presence of
cobalt ions in near-perfect aqueous solution. Moreover, Zn* and
Co2* in water samples, and Zn?* in living cells could be quantita-
tively determined by 1 for practical purposes.

2. Experimental
2.1. Materials and instrumentation

All the solvents and reagents (analytical grade and spectro-
scopic grade) were obtained commercially and used as received.
NMR spectra were recorded on a Varian 400 MHz spectrometer.
Chemical shifts (8) were reported in ppm, relative to tetramethyl-
silane Si(CH3)4. Absorption spectra were recorded at 25°C using
a Perkin Elmer model Lambda 2S UV/Vis spectrometer. The emis-
sion spectra were recorded on a Perkin-Elmer LS45 fluorescence
spectrometer. Electrospray ionization mass spectra (ESI-MS) were
collected on a Thermo Finnigan (San Jose, CA, USA) LCQTM Advan-
tage MAX quadrupole ion trap instrument. Elemental analysis for
carbon, nitrogen, and hydrogen was carried out by using a Flash EA
1112 elemental analyzer (thermo) in Organic Chemistry Research
Center of Sogang University, Korea.

2.2. Synthesis of sensor 1

2-Chloro-N-(quinolin-8-yl)acetamide (5mmol, 1.11g) and
potassium iodide (8 mmol, 1.33 g) were dissolved in acetonitrile
(MeCN, 8mL) and stirred for 10 min. N!,N!-dimethylethane-1,2-
diamine (5.5mmol, 0.63mL) and sodium hydroxide (6 mmol,
0.24 g) were added in the resulting solution. It was stirred for 6 h
at room temperature. The solvent was removed under reduced

pressure to obtain brown oil, which was purified by silica gel col-
umn chromatography (9:1 v/v CH,Cl,—CH30H) (Scheme 1). Yield:
0.98 g (72%). "TH NMR (400 MHz, DMSO-dg, 25°C): $=11.39 (s, 1H),
8.92 (d,J=4Hz, 1H), 8.70 (d, J=6Hz, 1H), 8.40 (d, J=8 Hz, 1H), 7.66
(d, J=8Hz, 1H), 7.62 (t, J=4Hz, 1H), 7.58 (t, J=8 Hz, 1H), 3.41 (s,
2H),2.70(t,J=8 Hz, 2H), 2.46 (t,J=6.4 Hz, 2H), 2.17 (s, 6H) ppm. 13C
NMR (100 MHz, DMSO-dg, 25°C): 170.71, 148.92, 138.92, 136.42,
134.13,127.80, 126.94, 122.06, 121.55, 115.38, 58.91, 53.36, 47.16,
45.19, 45.10. LRMS (ESI): m/z calcd for Ci5HyoN4O-H* +Zn2*:
335.2; found 335.09. Elemental analysis calcd (%) for C;5H9N40:
C, 66.15; H, 7.40; N, 20.57; found: C, 66.52; H, 7.27; N, 20.81.

2.3. Fluoregenic Zn(Il) Sensing

2.3.1. UV-vis titration of 1 with Zn?*

Sensor 1 (0.41mg, 0.0015mmol) was dissolved in MeCN
(0.5mL) and 10 p.L of the sensor 1 (3 mM) were diluted to 2.990 mL
bis-tris buffer solution (10 mM, pH 7.0) to make the final concentra-
tion of 10 wM. Zn(NOs ), (0.01 mmol) was also dissolved in bis-tris
buffer solution (0.5 mL) and 0.6-7.2 L of the Zn?* solution (5 mM)
were transferred to separate sensor solutions (10 .M, 3 mL). After
mixing them for a few seconds, UV-vis spectra were taken at room
temperature.

2.3.2. Fluorescence titration of 1 with Zn*

Sensor 1 (0.41mg, 0.0015mmol) was dissolved in MeCN
(0.5mL)and 10 p.L of the sensor 1 (3 mM) were diluted to 2.990 mL
bis-tris buffer solution (10 mM, pH 7.0) to make the final concentra-
tion of 10 wM. Zn(NO3), (0.01 mmol) was also dissolved in bis-tris
buffer solution (0.5 mL) and 0.6-7.2 p.L of the Zn2* solution (5 mM)
were added to the sensor 1 solution (10 wM, 3 mL) prepared above.
After mixing them for a few seconds, fluorescence spectra were
obtained at room temperature.

2.3.3. Job plot measurement of Zn®*

The sensor 1 (0.41mg, 0.0015mmol) and Zn(NO3),
(0.0015mmol) were separately dissolved in MeCN (0.5mL).
300 L of the sensor 1 solution were diluted to 39.7 mL of buffer
solution (10 mM bis-tris, pH 7.0) to make the concentration of
30 wM. The Zn(NOs); solution was diluted in the same way. 5.0,
4.5, 40, 3.5, 3.0, 2.5, 2.0, 1.5, 1.0, 0.5 and OmL of the sensor 1
solution were taken and transferred to vials. 0, 0.5, 1.0, 1.5, 2.0,
2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 mL of the Zn?* solution were added
to each sensor solution separately. Each vial had a total volume
of 5mL. After shaking the vials for a few seconds, UV-vis spectra
were taken at room temperature.

2.3.4. NMR titration of 1 with Zn®*

Four NMR tubes of 1 (0.55 mg, 0.002 mmol) dissolved in CD3CN
(0.5 mL) were prepared, and four different equivalents (0, 0.2, 0.5,
and 1 equiv) of zinc nitrate dissolved in CD3CN (0.5mL) were
added separately to the solutions of 1. After shaking them for a
few seconds, the TH NMR spectra were taken.
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2.3.5. Determination of Zn?* in water samples

Fluorescence spectral measurements of water samples contain-
ing Zn2* were carried by adding 20 p.L of 3 mmol/L stock solution of
1 and 0.60 mL of 50 mmol/L bis-tris buffer stock solution to 2.38 mL
sample solutions. After well mixed, the solutions were allowed to
stand at 25 °C for 2 min before the test.

2.3.6. Methods of cell test of 1 with Zn?*

Human dermal fibroblast cells in low passage were cultured in
FGM-2 medium (Lonza, Switzerland) supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin in the in vitro incubator
with 5% CO, at 37°C. Cells were seeded onto a 8 well plate (SPL
Life Sciences, Korea) at a density of 2 x 10 cells per well and then
incubated at 37°C for 4 h after addition of various concentrations
(0-200 M) of Zn(NOs3), dissolved in MeCN. After washing with
phosphate buffered saline (PBS) two times to remove the remaining
Zn(NOs3),, the cells were incubated with 1 (30 wM) dissolved in
MeCN for 30 min at room temperature. The cells were observed
using a microscope (Olympus, Japan). The fluorescent images of the
cells were obtained using a fluorescence microscope (Leica DMLB,
Germany) at the excitation wavelength of 425 nm. The mean fluo-
rescence intensity of the microscopy images was evaluated by Icy
software [45].

2.3.7. Live/dead assay of fibroblast with 1

To observe cell viability, a live and dead assay was performed
for 1. Fibroblasts (P=5) were in vitro cultured to reach 70% conflu-
ent. The cells were incubated with 1 (30 wM) dissolved in MeCN
for 1 h and 24 h, respectively. Reagent (400 w.L) of the live and dead
assay was added into each cell culture plate. Both viability and mor-
phological changes of the cells were observed by a fluorescence
microscope (Leica DMLB, Leica; Wetzlar, Germany).

2.4. Chromogenic Co(Il) sensing

2.4.1. UV-vis titration of 1 with Co®*

Sensor 1 (0.41mg, 0.0015mmol) was dissolved in MeCN
(0.5mL) and 30 L of the sensor 1 (3 mM) were diluted to 2.970 mL
bis-tris buffer solution (10 mM, pH 7.0) to make the final concentra-
tion of 30 wM. Co(NO3 ), (0.01 mmol) was also dissolved in bis-tris
buffer solution (0.5 mL)and 1.8-21.6 L of the Co?* solution (5 mM)
were transferred to separate sensor solutions (30 M, 3 mL). After
mixing them for a few seconds, UV-vis spectra were taken at room
temperature.

2.4.2. Job plot measurement of Co®*

The sensor 1 (0.82 mg, 0.003 mmol) and Co(NO3), (0.003 mmol)
were separately dissolved in MeCN (1 mL). 600 L of the sensor 1
solution were diluted to 39.4 mL of buffer solution (10 mM bis-tris,
pH 7.0) to make the concentration of 60 wM. The Co(NO3 ), solution
was diluted in the same way. 5.0, 4.5, 4.0, 3.5, 3.0, 2.5, 2.0, 1.5, 1.0,
0.5 and O0mL of the sensor 1 solution were taken and transferred
to vials. 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 mL of the
Co2* solution were added to each sensor solution separately. Each
vial had a total volume of 5mL. After shaking the vials for a few
seconds, UV-vis spectra were taken at room temperature.

2.4.3. NMR titration of 1 with Co**

Four NMR tubes of 1 (0.55 mg, 0.002 mmol) dissolved in CD3CN
(0.5 mL) were prepared, and four different equivalents (0, 0.2, 0.5,
and 1 equiv) of cobalt nitrate dissolved in CD3CN (0.5 mL) were
added separately to the solutions of 1. After shaking them for a few
seconds, the TH NMR spectra were taken.

2.4.4. Determination of Co?* in water samples

UV-vis spectral measurements of water samples containing
Co?* were carried by adding 30 p.L of 3 mmol/L stock solution of
1 and 0.60 mL of 50 mmol/L bis-tris buffer stock solution to 2.37 mL
sample solutions. After well mixed, the solutions were allowed to
stand at 25 °C for 2 min before the test.

2.4.5. Theoretical calculation methods

All DFT/TDDFT calculations based on the hybrid exchange-
correlation functional B3LYP [46,47] were carried out using
Gaussian 03 program [48]. The 6-31G** basis set [49,50] was used
for the main group elements, whereas the Lanl2DZ effective core
potential (ECP) [51,52] was employed for Zn and Co. In vibra-
tional frequency calculations, there was no imaginary frequency
for the optimized geometries of 1, 1-Zn%* and 1-Co3*, suggesting
that these geometries represent local minima. For all calculations,
the solvent effect of water was considered by using the Cossi
and Barone’s CPCM (conductor-like polarizable continuum model)
[53,54]. To investigate the electronic properties of singlet excited
states, time-dependent DFT (TDDFT) was performed in the ground
state geometries of 1, 1-Zn?* and 1-Co3*. Thirty lowest singlet
states were calculated and analyzed. The GaussSum 2.1 [55] was
used to calculate the contributions of molecular orbital in electronic
transitions.

3. Results and discussion
3.1. Synthesis of 1

We synthesized the new sensor 1 by following the general route
of bonding a fluorophore to a metal chelating group (Scheme 1).
The sensor 1 contained both the quinoline fluorophore and the
dimethylethane-1,2-diamine metal chelating groups. Although this
molecule is one of the quinoline fluorophore-based sensors, it has
a dimethylethane-1,2-diamine group in place of various benzene
ring moieties. The diamine functional group could be predicted to
lead to a higher water-solubility than other quinolone fluorophore
based sensors [56-58]. This sensor was characterized by 'H NMR,
13C NMR, ESI-mass spectrometry and elemental analysis.

3.2. Fluorescence and absorption spectroscopic studies of 1
toward Zn?*

The fluorescence selectivity of 1 toward various metal ions was
first studied in bis-tris buffer solution (10 mM, pH 7.0, Fig. 1).
1 alone has a weak fluorescence emission (Amax =480nm and
Aex=350nm). When 1 equiv of metal ions such as Na*, K*, Mg2*,
Ca2*, AI¥*, Cr3*, Mn2*, Fe?*, Fe3*, Co?*, Ni2*, Cu?*, Cd%*, Hg?* and
PbZ* was added to the sensor 1, it was found that the solution
of 1 either exhibited no or a small significant increase in fluores-
cence. By contrast, the addition of Zn%* into 1 showed a remarkable
fluorescence enhancement (34 folds). Importantly, 1 can clearly
distinguish Zn2* from Cd2*, where such distinction of Zn2* from
Cd%* is a well-known challenge. These results indicated that sensor
1 could be used as a fluorescence chemosensor for Zn%*.

To further investigate the chemosensing properties of 1, fluo-
rescence titration of 1 with Zn2* ion was performed. As shown in
Fig. S1, the emission intensity of 1 at 480 nm gradually increased
until the amount of Zn2* reached 1 equiv. The photophysical prop-
erties of 1 were also examined using UV-vis spectrometry. UV-vis
absorption spectrum of 1 showed two absorption bands at 237 and
300 nm (Fig. S2). Upon the addition of Zn?* ions to a solution of 1,
the two bands red-shifted to 250 and 345 nm, respectively. Mean-
while, two clear isosbestic points were observed at 267 and 320 nm,
implying the undoubted conversion of free 1 to a zinc complex.
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Fig. 1. Fluorescence spectral changes of 1 (10 wM) in the presence of different metal
ions (1 equiv) such as Na*, K*, Mg2*, Ca%*, AI3*, Cr3*, Mn?*, Fe2*, Fe3*, Co?*, Ni?*, Cu?*,
Zn?*, Cd?*, Hg?* and Pb?* at an excitation wavelength of 350 nm in buffer solution
(10 mM bis-tris, pH 7.0).

The ‘off-on’ enhancement and slight red shift of the fluorescence
of 1 caused by Zn?* might be attributed to the operation of a combi-
nation of CHEF (chelation enhanced fluorescence) mechanism and
ICT (internal charge transfer) processes. It is known that fluoropho-
res containing an electron-donating group (often an amide group)
and an electron-withdrawing group (quinoline) undergo ICT from
the donor to the acceptor following electronic excitation [59,60].
The capture of Zn2* by the sensor 1 resulted in the deprotonation of
the secondary amine conjugated to quinoline so that the electron-
donating ability of the N atom would be greatly enhanced. This
change can affect the electronic absorption properties of a fluoro-
phore with an ICT excited state. Specifically, a cation-induced red
shift in the absorption maximum is confirmed as shown in Fig. S2.
The fluorescence emission properties are less affected by ICT in
excited states [41,61,62]. On the other hand, the low fluorescence
of 1 may be due to its flexibility. As illustrated in Scheme 2, the free
rotation of the sensor 1 in presence of Zn2* gets restricted, and the
zinc complex becomes a more rigid, coplanar structure than the 1
itself, resulting in a CHEF effect [63,64].

The Job plot [65] showed a 1:1 complexation stoichiometry
between 1 and Zn?* (Fig. S3), which was further confirmed by
ESI-mass spectrometry analysis (Fig. 2). The positive-ion mass spec-
trum of 1, upon addition of 1 equiv of Zn?* showed the formation
of the 1-H* +Zn?* [m/z: 335.2; calcd, 335.09]. From the UV-vis
titration data, the association constant for 1 with Zn?* was deter-
mined as 1.3 (+0.1) x 10> M~ using Li’s equation (Fig. S4) [66]. This
value was within the range of those (1.0-1.0 x 10'2) reported for
Zn?* sensing chemosensors [67,68]. To check the possible interfer-
ence of other metal ions in the zinc complexation reaction with 1,
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Fig. 3. Competitive selectivity of 1 (10 wM) toward Zn?* (1 equiv) in the presence of
other metal ions (1 equiv) at an excitation wavelength of 350 nm in buffer solution
(10 mM bis-tris, pH 7.0).

competition experiments were performed in the presence of Zn2*
mixed with various metal ions. When 1 was treated with 1 equiv
of Zn%* in presence of other metal ions with same concentration
(Fig. 3), the other background metal ions had no obvious interfer-
ences in the detection of Zn2* ion, except Cu2*. Cu2* inhibited about
50% of the fluorescence intensity. Nevertheless, it is worth noting
that cadmium ion hardly inhibited the fluorescence intensity of the
1-Zn%* complex. These results indicate that 1 could be a good Zn2*

Fluorescence (CHEF effect)

Scheme 2. Fluorescence enhancement mechanism and proposed structure of 1-Zn2* complex.



G.J. Park et al. / Sensors and Actuators B 223 (2016) 509-519 513

N_
1/
1198
12 749 /\
1.0 eq S gt
11; 8
127 10
0.8 eq 2 ‘/{\*\s
0.5 eq

127 10

11
127 10 5 3 2 /Al
6 7LMML-____ A‘/'w‘b_ /‘l\,\ /‘ (. ,‘,\//\"L/ #\‘j

0]
7 8
HN 9
6
N 10
\ 7/
12 1
# ||
1 4J/ “"
_ _ *_45\ ,M3‘)~z 4/\// "Y
4 *ﬁ/ ‘
7 // |
o 5 3.2 R

’JS , 4
S J\v/

Oeq ~ BTE .\

1.6 112 108 104 100 9.6 9.2 8.8
ppm

8.4 80 76 7.2 6.8 6.4 l/ 41 39 37 35 33 31 29 27 25 23 21 19 17 15 12
ppm

Fig. 4. "H NMR titration of 1 with Zn(NO3),.

sensor which could distinguish Zn?* from Cd2*, both commonly
having similar chemical properties.

3.3. 'H NMR spectroscopic studies of 1 toward Zn®*

The 'H NMR titration experiments were studied to further
examine the binding mode between 1 and Zn?* ion (Fig. 4). Upon
addition of 1.0 equiv of Zn2*, the proton of the amide moiety (Hg)
disappeared completely. The protons Hq, Hy, H3, Hg, and Hs showed
downfield shifts, while up-field shifts were observed for H; and H 5.
Other protons in 1 changed a little. These chemical shifts suggested
that the deprotonated nitrogen atom of the amide moiety and the
three nitrogen atoms might coordinate to Zn ion (Scheme 2). This
coordinative behavior of the five-membered ring formed by Zn2*
and sensor 1 was previously observed in similar type of zinc com-
plexes [57]. There was no shift in the position of proton signals on
further addition of Zn?* (>1.0 equiv), which indicated a 1:1 ratio of
1-Zn%* complex. Therefore, based on fluorescence titration, UV-vis
titration, Job plot, ESI-mass spectrometry analysis, 'H NMR titra-
tion, and the crystal structures of similar types of zinc complexes
reported earlier, a 1:1 binding structure of 1-Zn2* complex can be
proposed, as shown in Scheme 2.

3.4. pH Effect of 1 toward Zn%*

To study the practical applicability of this chemosensor, the
effects of pH on the fluorescence response of Zn?* were investi-
gated (Fig. S5). The fluorescence spectra of sensor 1 in the absence
and presence of 1 equiv of Zn%* were examined at various pH ran-
ging from 3 to 12. The fluorescence intensity of 1 in the presence
of Zn%* showed a significant response between pH 6 and 12. These
results indicated that Zn2* could be clearly detected by the fluo-
rescence spectral measurement using 1 over environmentally and
physiologically relevant pH range (pH 6.0-8.4) [69-71], especially
for monitoring Zn?* in water samples and living cells.

3.5. Reversible test of 1 toward Zn?* by using EDTA

To examine the reversibility of sensor 1 toward Zn%* in buffer
solution, ethylenediaminetetraacetic acid (EDTA, 1 equiv) was
added to the complexed solution of sensor 1 and Zn?*. As shown
in Fig. 5, the fluorescence of the 1-Zn2* complex was immedi-
ately quenched. Upon addition of Zn2* again, the fluorescence
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Fig. 5. Fluorescence spectral changes of 1 (10 wM) after the sequential addition of
Zn?* and EDTA in buffer solution (10 mM bis-tris, pH 7.0).

was recovered. The fluorescence emission changes were almost
reversible even after several cycles with the sequential alternative
addition of Zn%* and EDTA. These results indicated that sensor
1 could be recycled simply through treatment with a proper
reagent such as EDTA. Such reversibility and regeneration are
practically important in the fabrication of chemosensors to sense
Zn?*.

3.6. Analytical figures of merit

We constructed a calibration curve for the determination of Zn%*
by 1 (Fig. S6). A good linear relationship was observed between the
fluorescence intensity of 1 and Zn2* concentration (0.00-15.00 M)
with a correlation coefficient of R2=0.9921 (n=3), which means
that 1 is suitable for quantitative detection of Zn2*. The detection
limit has also been calculated as 0.01 uM based on the definition
by IUPAC (Cp = 3Sp/m), which is much lower than the WHO guide-
line (76 wM) for Zn2* ions in drinking water [33]. The value of the
detection limit was compatible with those of previously reported
zinc chemosensors in aqueous solution, as shown in Table S1.
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Fig. 6. Fluorescence images of fibroblasts cultured with Zn?* and 1. Cells were exposed to 0 (A and F), 40 (B and G), 60 (C and H), 100 (D and I) and 200 uM (E and J) Zn(NO3),
for 4 h and then later with 1 (30 wM) for 30 m. The top images (A-E) were observed under light microscope and the bottom images (F-]) were recorded through a fluorescence

microscope. The scale bar is 100 pm.

Table 1
Determination of Zn(Il) in water samples.
Sample Zn(Il) added Zn(II) found Recovery (%) R.S.D.(n=3)
(wmol/L) (wmol/L) (%)
Tap water 0.00 0.00
6.00 6.61 110.2 1.7
Water sample?  0.00 3.97 99.3 49

2 Synthesized by deionized water, 4.00 wmol/L Zn(Il), 10 wmol/L Cd(II), Pb(II),
Na(I), K(I), Ca(II), Mg(II). Conditions: [1] = 20 wmol/L in 10 mM bis-tris buffer-MeCN
solution (999:1, pH 7.0).

3.7. Determination of zinc ion in water samples

In order to examine the practical applicability of 1 for envi-
ronmental samples, the chemosensor was further used for the
determination of Zn2* in tap water samples. As shown in Table 1,
a satisfactory recovery and R.S.D. values of water samples were
obtained. Moreover, we prepared artificially polluted water sam-
ples by adding various metal ions known as being involved in
industrial processes into deionized water. The results were also
summarized in Table 1, which showed a satisfactory recovery and
R.S.D. values for all the water samples.

3.8. Biological application of 1 in detecting Zn?*

To further demonstrate the potential of 1 to monitor Zn%*
in living matrices, fluorescence imaging experiments were car-
ried out in living cells (Fig. 6). Adult human dermal fibroblasts
were first incubated with various concentrations of aqueous Zn2*
solutions (0, 40, 60, 100 and 200 wM) for 4h and then exposed
to 1 for 30min before imaging. The fibroblasts that were cul-
tured with both Zn2* and 1 exhibited fluorescence (Fig. 6), while
those cells cultured without Zn%* or without 1 did not exhibit any

fluorescence. The intensity and region of the fluorescence within
the cell with 1 increased as the Zn?* concentration increased from
20 to 200 wM. The mean fluorescence intensity of the microscopy
image in Fig. 6 was evaluated by Icy software (Fig. S7). The detection
limit obtained was 0.01 wM, which was identical to that obtained
for Zn2* in the drinking water (Fig. S7). In order to further confirm
that the increase in the fluorescence depends on the concentra-
tions of Zn%*, the ZnZ*-supplemented cells (Fig. 7B) were treated
with 400 uM of EDTA to remove the intracellular levels of Zn%*,
The intracellular fluorescence nearly disappeared with the EDTA
chelation (Fig. 7C), demonstrating that the observed intracellular
fluorescence enhancement (Fig. 7B) was due to the changing levels
in the ZnZ*-supplemented cells. Moreover, the biocompatibility of
1 was also examined with the living cells (Fig. S8). All the fibroblasts
were still alive for 24 h. These observations confirmed that 1 can be
a suitable and biocompatible sensor to detect Zn2* in living cells.

3.9. Absorption spectroscopic studies of 1 toward Co?*

The colorimetric sensing ability of 1 was also examined with
various metal ions such as Na*, K*, Mg%*, Ca2*, Cr3*, Mn?%*, Fe?*,
Fe3*, Co?*, Ni*, Cu?*, Zn?*, Cd?*, AI**, and Pb?* in buffer solution
(10 mM bis-tris, pH 7.0) at room temperature. The presence of Fe2*,
Fe3*, Zn%*, Cu?* and Co?* led to a redshift of the absorption max-
ima of 1 to different extents, while the sensor 1 showed almost
no change in absorption peak in the presence of other metal ions
(Fig. 8a). Most importantly, only Co%* showed not only a distinct
spectral change (Fig. 8a) but also a color change from colorless to
yellow (Fig. 8b), indicating that 1 can serve as a chemosensor for a
“naked-eye” detection of Co?* in fully aqueous solution. To the best
of our knowledge, the current work shows for the first time that
chemosensor 1 can detect both Zn2?* and Co?* by different sensing
methods in fully aqueous solution [11-26].

Fig. 7. Fluorescence images of fibroblasts sequentially cultured with Zn?*, 1, and EDTA. (A) A light image of fibroblasts with 1. (B) Cell was exposed to 100 .M Zn?* for 4h
and then with 30 wM 1 for 1 h. Fluorescence image of (C) cell was taken 40 min after (B) cell was exposed to 400 uM of EDTA. (B) and (C) were recorded using a fluorescence

microscope, and (A) was observed under a light microscope. The scale bar is 100 pm.
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Fig. 8. (a) UV-vis spectral changes of 1 (60 uM) upon addition of 1 equiv of various metal ions such as Na*, K*, Mg?*, Ca?*, AI**, Cr3*, Mn?*, Fe?*, Fe?*, Co?*, Ni?*, Cu?*, Zn?*,
Cd?*, and Pb?* in buffer solution (10 mM bis-tris, pH 7.0). (b) Colorimetric changes of 1 (60 M) upon the addition of various metal ions (1 equiv) in buffer solution (10 mM

bis-tris, pH 7.0).
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Fig. 9. UV-vis absorption spectra of 1 (30 wM) obtained during the titration by the
range of 0-1.2 equiv of Co(NOs), in bis-tris buffer solution at room temperature.
Inset: absorption intensity at 370 nm versus the number of equiv of Co?* added.

To further investigate the chemosensing properties of 1, UV-vis
titration of 1 with Co2* was performed (Fig. 9). Upon the addition of
Co?* to a solution of 1, the two absorbance peaks at 237 and 300 nm
gradually decreased and two new absorption peaks at 267 and
370 nm appeared concomitantly. This red shift may originate from
the Co?* coordination-enhanced LMCT effect [72], which resulted
in the red shifts from 237 to 267 nm and from 300 to 370 nm. The
new band at 267 nm was also observed to grow in intensity with
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Fig. 10. Positive-ion electrospray ionization mass spectrum of 1 (100 wM) upon
addition of 1 equiv of Co?*.

some metal ions including Zn%*, while the band at 370 nm was only
seen for cobalt. The distinct absorption at 370 nm might be the rea-
son for the distinct yellow color of the sensor 1 solution containing
Co?*.

Job plot [65] analysis exhibited a 1:1 complexation stoichiom-
etry for 1-Co2* complex (Fig. S9), which was further confirmed by
ESI-mass spectrometric analysis (Fig. 10). Even though Co?* was
used as the standard metal ion, the ESI-mass spectrum showed
the presence of only Co3* complexes with 1:1 stoichiometry. A
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Scheme 3. Proposed sensing mechanism of Co?* by 1 and proposed structure of 1-Co3* complex.

peak at m/z 391.93 was assigned to [1-H* +Co3* +NO3~|* (calcd.
392.08) and the peak at m/z 329.07 assignable to [1-2 H* + Co3*]*
[caled, 329.08] complex. To more clearly confirm our proposal of
the oxidation of Co?* to Co3* in the 1-Co%* complex, we carried out
the sensing test of 1-Co2* complexes under the degassed condi-
tions. If there is no color change for the complexation of the Co?*
ion with 1 under the degassed conditions, it would mean that 1
detected Co3*, not Co?*, because 1-Co%* complex could be only
oxidized to 1-Co3* complex by O, molecules in absence of other
oxidants. Finally, we observed no color change for 1-Co?* com-
plex under the degassed conditions. This result indicated that Co2*
was oxidized to Co3* when binding to sensor 1 under aerobic con-
ditions. Based on fluorescence titration, UV-vis titration, Job plot,
ESI-mass spectrometry analysis, and the degassed experiments, we
propose the 1:1 binding mode between 1 and Co%* as shown in
Scheme 3.

The association constant between 1 and Co?* was determined
as 4.0 x 10* M~! through Li’s equation (Fig. S10) [66], which
is in the range of those (104-107) previously reported for Co2*-
binding chemosensors [21,26,73,74]. To examine the interference
of other relevant metal ions on 1-Co2* complexation, the competi-
tion experiments were performed in the presence of Co2* mixed
with other metal ions such as Na*, K*, Mg2*, Ca%*, Cr3*, Mn?",
Fe2*, Fe3*, Ni2*, Cu?*, Zn%*, Cd?*, AI?*, and Pb2* (Fig. S11). There
was either no or slight interference in the detection of Co?* from
various metal ions, while Zn2* and Cu?* did interfere with 72
and 88%.

3.10. 'H NMR spectroscopic studies of 1 toward Co®*

The 'H NMR titration of Co?* with 1 was conducted in air (Fig.
S12). We expected that the 1-Co2* complex has a paramagnetic
character, while the 1-Co3* complex with a strong-field N4-type
ligand shows a diamagnetic character [75,76]. Upon the addition of
Co?* (1.0 equiv) into the 1 solution, the 'H NMR spectrum of the
cobalt complex indicated sharp signals, suggesting that a diamag-
netic 1-Co3* complex formed. Further addition of Co?* (>1 equiv)
rendered the signals disappear due to a paramagnetic character of
an excess Co?*. These results led us to conclude that the 1-Co?*
complex was oxidized to the low-spin 1-Co3* complex by oxygen.
On the other hand, the proton of the amide moiety (Hg ) disappeared
completely upon addition of 1 equiv of Co2*. The protons Hy, Hy, Hs,
and Hs showed downfield shifts and other protons in 1 changed a
little. These chemical shifts indicated that the deprotonated nitro-
gen atom of the amide moiety and the three nitrogen atoms might
coordinate to Coion (Scheme 3). Based on UV-vis titration, Job plot,
ESI-mass spectrometry analysis, 'H NMR titration, and the crystal
structures of similar types of Co3* complexes reported earlier,a 1:1
binding structure of 1-Co3* complex can be proposed, as shown in
Scheme 3.
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Fig. 11. Absorbance (at 370 nm) of 1 (60 M) in the presence of Co?* (1 equiv) at
different pH values (3-12) in buffer solution (10 mM bis-tris, pH 7.0).

3.11. pH effect on the complexation of 1 and Co®*

The effect of pH on the absorption response of receptor 1 to Co2*
ions was investigated in the pH range of 3-12 (Fig. 11). The color
of the 1-Co?* complex exhibited the intense and stable absorption
intensities between pH 6 and pH 12, which warrant that Co%* could
be clearly detected by simple naked eye or UV-vis absorption
measurements using receptor 1 over a wide pH range of 6-12.

3.12. Analytical figures of merit

We plotted a calibration curve for the determination of Co?* by
1 (Fig. S13). A good linear relationship was observed between the
absorption intensity of 1 and Co2* concentration (0.00-14.00 M)
with a correlation coefficient of R?2=0.9968 (n=3), which means
that 1 is suitable for quantitative detection of Co?*. The detection
limit was calculated as 6.89 wM based on the definition by IUPAC
(CpL=3Sp/m), which is somewhat higher than that (1.7 x 107> M)
recommended by environmental protection agency (EPA). In order
to evaluate the practical applicability of 1 for environmental sam-
ples, the chemosensor was applied for the determination of Co%* in
both tap and drinking water samples. As shownin Table 2, a suitable
recovery and R.S.D. values from the water samples were obtained.

3.13. Theoretical calculations for 1 with Zn?* and Co?*

To obtain a deeper insight into the sensing mechanism of Zn%*
and Co?* with 1, theoretical calculations were performed in parallel
to the experimental studies. As Job plot, ESI-mass spectrometry
analysis and 'H NMR titration showed that 1 reacted with Zn2*
and Co2* in a 1:1 stoichiometric ratio, respectively, all theoretical
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Table 2
Determination of Co(Il) in water samples.

Sample Co(IT) added (mol/L) Co(II) found (mol/L) Recovery (%) R.S.D.(n=3) (%)
Tap water 0.00 0.00
9.00 8.98 99.8 2.58
Drinking water 0.00 0.00
10.00 10.03 100.3 2.51

Conditions: [1]=20 wmol/L in 10 mM bis-tris buffer-MeCN solution (999:1, pH 7.0).

calculations were performed with a 1:1 stoichiometry. As 1-Co2*
complex was oxidized to 1-Co3* complex with a diamagnetic prop-
erty, 1-Co3* was optimized with the diamagnetic character (S=0,
DFT/B3LYP/main group atom: 6-31G** and Co: Lanl2DZ/ECP). The
significant structural properties of the energy-minimized struc-
tures are shown in Fig. S14. The energy minimized structures of 1
indicated the intramolecular hydrogen bond of 1H and 2N or 3H
and 4N. 1-Zn%* complex showed that four nitrogen atoms of 1 and
one nitrate were coordinated to Zn%*. 1-Co3* complex showed that
four nitrogen atoms of 1 and two nitrates were coordinated to Co3*.

To further understand the sensing mechanisms of 1 toward Zn%*
and Co?*, we compared the frontier molecular orbitals of 1, 1-Zn2*
and 1-Co3* (Fig. S15). In case of 1, the energy gap between HOMO
to LUMO was assigned to ICT band (286.73 nm) from the dime-
thylamine moiety to the quinoline one. The energy gap between
HOMO to LUMO for 1-Zn2* complex was assigned to m — Tr* tran-
sition (330.10nm) of the quinoline, which acted as fluorophore.
These results indicated the red shift of UV-vis spectrum and the
enhancement of fluorescence when 1 was coordinated to Zn%*. The
energy gap between HOMO to LUMO for 1-Co3* was assigned to
ligand-to-metal charge-transfer (LMCT) from quinoline to Co [72],
which indicated the red shifted energy (386.20 nm) compared to 1.
In addition, LMCT provides a pathway for non-radiative decay of the
excited state, which induces the turn-off fluorescent change of 1.
Thus, there was no fluorescence enhancement of 1-Co3* complex.

4. Conclusion

A new dual sensor based on dimethylethane-1,2-diamine and
quinolone had been synthesized. The sensor 1 exhibited a high
sensitivity and excellent selectivity toward Zn%* over competing
relevant metal ions in a fully aqueous solution. The binding of the
sensor 1 and Zn?* was chemically reversible with EDTA. Impor-
tantly, the recovery studies of the water samples added with Zn2*
and the living cell experiments demonstrated its potential for prac-
tical applications. Moreover, 1 could act as a colorimetric sensor
capable of distinguishing Co%* from other metal ions in buffer solu-
tion. The chemosensor 1 could also be used to detect and quantify
Co2* in water samples with UV-vis spectroscopy. Furthermore, the
sensing mechanisms for Zn?* and Co2* were explained by theoreti-
cal calculations. It is noteworthy that such a single chemosensor for
the detection of both Zn2* and Co?* in a fully aqueous solution has
been not reported to date, to the best of our knowledge. This study,
thus provide a chemosensor that can be an example of ‘a bimodal
chemosensor for dual analytes’ in near-perfect aqueous solution.
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