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a b s t r a c t
Monitoring Zn2+ levels in biological environments with ﬂuorescent sensors is important. This paper gives
the synthesis and properties of a new Zn2+ sensor based on quinoline and pyridylaminophenol. The sensor
is selective for Zn2+ and remains ﬂuorescent when bound to Zn2 even in the presence of other metal ions.
Along with ﬂuorescing when bound to Zn2+ , the sensor becomes colored when Cu2+ or Co2+ is added to
it. These two metal ions result in the sensor becoming yellow. The crystal structure of the Cu–sensor
complex shows that all of the sensor’s nitrogens are bound to the metal ion. In studies with living cells,
the ﬂuorescence intensity of the sensor correlates to the concentration of Zn2+ .
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Zinc ions in biological environments do not have a color, are
redox inactive, and are magnetically silent. Small molecules that
change ﬂuorescence upon binding to Zn2+ have proven successful
in their ability to monitor Zn2+ concentrations and locations in cells
and organisms [1]. To perform their function as a Zn2+ sensor in
biological environments, a sensor must bind Zn2+ in preference to
other metal ions, be water soluble, and respond to Zn2+ with intense
ﬂuorescence [2].
Visible sensors are also signiﬁcant for the detection and quantiﬁcation of metal ions. Copper is another essential metal in biology.
Cobalt, although to a lesser extent, also occurs in organisms.
Although Co2+ and Cu2+ have d–d transitions in the visible region,
the transitions are weak and render dilute solutions of the metal
ions colorless. Along with the few ﬂuorescent sensors for Co [3],
there are a few visible sensors as well. The visible sensors for Co
are based on compounds with conjugated rings and nanoparticles
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[4]. Cu has also been detected with visible sensors. These sensors
are based on a variety of molecules including dyes [5], guanidine
[6], Schiff bases [7], and other molecules [8].
Multifunctional sensors are becoming more important due to
one molecule being able to be used for the detection of more than
one metal ion [9]. They include transition metal sensors that give
a different response for the following pairs: Cr/Al [10] Cr/Fe [11],
Mn/Ag [12], Fe2+ /Fe3+ [13], Fe/Cu [14], Cu/Zn [15], Cu/Hg [16], Zn/Al
[17], and Co/Zn [18]. Often the response is either a visible or ﬂuorescence change for both metals, but in a few cases the change is
visible form one metal and ﬂuorescence for the other.
In this paper we present the properties of a dual sensor that ﬂuoresces in the presence of Zn2+ and changes color in the presence
of Co2+ and Cu2+ . The sensor relies on quinoline as the origin of ﬂuorescence and pyridylaminophenol [19] as the metal ion-binding
group. Quinoline-based receptors have proven to be successful Zn2+
sensors [20]. When Zn2+ binds the sensor, it ﬂuoresces, making
for a way to detect Zn2+ in an aqueous environment. The ﬂuorescence due to Zn2+ is selective for Zn2+ and remains even when other
metal ions are present. When Co2+ binds to the sensor a new visible absorption band grows in, which also remains in the presence
of other metal ions. A crystal structure of the Cu–receptor complex
shows the Cu2+ binding to the nitrogen atoms of the receptor. The
results of using the receptor in living cells are presented.
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Scheme 1. Receptor synthesis.

2. Results and discussion
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Fig. 2. Receptor ﬂuorescence with metal ions. Zn2+ (top spectra) causes ﬂuorescence enhancement, while the receptor shows no ﬂuorescence with other metal ions
(spectra near the base line) (10 M receptor acetonitrile–HEPES buffer solutions,
excited at 356 nm).

solutions. This binding constant is similar to what was found for
Cu2+ (7.9 × 103 M−1 ) and Co2+ (2.3 × 103 M−1 ) in the same solution.
As expected, the binding constant to Zn2+ for the receptor was lower
than sensors with dipicolylamine, which have binding constants of
4.1 × 1010 M−1 [21]. It is also lower than the binding constant of
the sensor with a methylene in place of the ethylene between the
phenol and amine, which has a binding constant of 4.0 × 106 M−1
[22]. Even with this smaller binding strength, due to the intense
ﬂuorescence by the receptor, the Zn2+ detection limit of 8.14 nM
was found, which concentration is within the range of biological
Zn2+ concentrations.
The ﬂuorescence due to Zn2+ can be turned off and on. When
EDTA is added to the Zn2+ –receptor complex, the ﬂuorescence is
distinguished (Fig. 4). When more Zn2+ is added to the solution,
ﬂuorescence reappears. Upon the addition of more EDTA, the ﬂuorescence is again stopped. Low pH also causes the ﬂuorescence
to be erased. When the pH is below 6, there is not ﬂuorescence,
most likely due to the receptor being protonated and not binding
to Zn2+ . However, when the pH is above 6 and less than 12, ﬂuorescence is strong. The receptor without Zn2+ does not ﬂuoresce at
any pH. Thus, unlike Zn2+ binding, proton binding does not cause
ﬂuorescence.
Along with the ﬂuorescent data, absorption changes show a 1:1
binding of Zn2+ to receptor. The absorption change of the receptor due to Zn2+ binding levels off after one equivalent of Zn2+
(Fig. 5). Two absorption bands (245 and 325 nm) decrease and two
bands (270 and 375 nm) increase upon Zn2+ binding. The 375 nm
band tails off into the visible region of light, implying the complex could be exited with visible light. A Job plot also shows 1:1
receptor to Zn2+ binding. These absorption changes might be due to
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Fig. 1. Fluorescence increase due to Zn2+ . (A) Acetonitrile–buffer solution of Zn2+
was added in 0.1 equiv. portions to 10 M receptor in acetonitrile–buffer solution
(10 mM HEPES, pH 7.4, 1:1 acetonitrile/buffer, 356 nm excitation).
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The new receptor was synthesized by adding 3-chloro-N(quinoline-8-yl)propanamide to functionalized amine (Scheme 1).
This receptor is similar in structure to receptors with dipicolylamine (dpa) as the binding group, but it differs by having a phenol
group in place of a pyridine [21]. The binding to zinc by this receptor
should still be strong, even though one oxygen is replacing a nitrogen and a six membered metal–ligand ring will form instead of the
ﬁve membered metal–ligand ring. This receptor, which has two carbons separating the amine from the phenol, is similar to the sensor
that has the same binding domain, but only one carbon between
the phenol and the amine [22]. It is expected that this change will
result in a weaker binding strength to Zn2+ and different binding
properties with other metal ions.
The sensor does not ﬂuoresce on its own, however when Zn2+ is
added to it a ﬂuorescence band at 520 nm grows until one equivalent of Zn2+ has been added (Fig. 1). The ﬂuorescence enhancement
only occurs with Zn2+ ions and does not happen with other metal
ions such as Na+ , K+ , Mg2+ , Ca2+ , Al3+ , Ga3+ , In3+ , Mn2+ , Fe3+ , Co2+ ,
Ni2+ , Cu2+ , Cd2+ , and Hg2+ (Fig. 2). This ﬂuorescence response to only
Zn2+ in aqueous solution will serve to allow Zn2+ sensing under
biological conditions. The binding of Zn2+ stops the amide lone
pair of electrons from quenching the ﬂuorescence of the quinoline, but unlike with the other transition metals, which also bind to
the amide electrons, Zn2+ does not quench the ﬂuorescence. This
unique property of Zn2+ results in the receptor ﬂuorescing with
Zn2+ and not with other metal ions. The ﬂuorescence due to Zn2+ is
maintained for hours and is above ﬁfty percent of its original value
after 24 h (ESM). The selectivity for Zn2+ matches what has been
observed for several other receptors [20].
Not only is ﬂuorescence only seen with Zn2+ , it is resistant
to change by other metal ions. The ﬂuorescence due to the
Zn–receptor complex persisted when many other metal ions were
added to the complex (Fig. 3). Cu2+ and to a smaller extent for Co2+
resulted in a decrease in ﬂuorescence intensity. This implies the
binding constant of Zn2+ to the receptor is stronger than that of
many metal ions and comparable to Cu2+ . The binding constant
for Zn2+ was found to be 1.0 × 104 M−1 in aqueous-acetonitrile
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Fig. 3. Fluorescence inhibition by metal ions. The ﬂuorescence (356 nm excitation)
of the Zn2+ –receptor complex (10 M acetonitrile–HEPES buffer solution, pH 7.4)
remains when most other metal ions (1 equiv.) are added.
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Fig. 4. Fluorescence switching on and off. The ﬂuorescence is lost when EDTA is
added (curves along the baseline) and then reoccurs when more Zn2+ is added to the
solution (curves with ﬂuorescence intensity). A 10 M receptor acetonitrile–HEPES
buffer solution had 1 equiv. of Zn2+ , 2 equiv. EDTA, 2 equiv. Zn2+ and 2 equiv. EDTA
added to it.

deprotonation of the amide nitrogen. Also, mass spectra of the
Zn–receptor complex show the dominant species at 475 m/z, which
corresponds to one Zn2+ to one receptor.
To learn where the receptor is bonding to the metal ion in
the solid-state, crystals of a metal–receptor complex were analyzed. Although the Zn–receptor complex did not crystallize,
the Cu–receptor complex did when the receptor was added to
Cu(NO3 )2 and NH4 OH in acetonitrile. The receptor formed a 2:2
complex with Cu2+ in the solid-state with two Cu–receptor complexes linked by an amide oxygen (Fig. 6). The four nitrogens of the

Fig. 5. Absorption change with Zn2+ addition. An acetonitrile–HEPES buffer solution
of receptor (40 M) was titrated with an acetonitrile–HEPES buffer solution of Zn2+
(0–1.3 equiv.).

receptor form equatorial planes around copper ions with N Cu N
bond angles close to 90◦ and Cu N bond lengths from 1.95 to 2.05 Å.
The axial positions on the coppers are occupied by phenolic oxygens and display the Jahn–Teller effect with elongated Cu O bonds
of 2.42 Å. The amide hydrogens, as well as one phenolic hydrogen
have been displaced by the metal ion, resulting in the receptors
being anions. The C O amide bonds are 1.25 Å and shorter than
the C O phenol bonds which are 1.37 Å. The ethyl group between
the amine and amide does not deter the receptor binding. Zn2+ ,
which like Cu2+ is stable in ﬁve and six coordinate environments,
is expected to bind in a similar manner to the receptor. Since the

Fig. 6. Crystal structure of the Cu–receptor complex. Two complexes are linked by an amide oxygen. Atom colors: Cu light blue, N dark blue, C gray, O red, and H white.
Hydrogen atoms and solvent molecules were omitted for clarity. Selected bond lengths (Å): Cu1-N14 1.954(4), Cu1-N11 1.996(5), Cu1-N13 2.000(4), Cu1-N12 2.019(5),
Cu1-O11 2.417(4), Cu2-N24 1.997(4), Cu2-N23 1.997(4), Cu2-N22 2.008(4), Cu2-N21 2.054(4), Cu2-O12 2.352(4), Cu2-O21 2.77(5).
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solution data show a 1:1 Cu2+ to receptor stoichiometry, we propose the 2:2 complex found the solid state is not stable in solution.
As we were testing the receptor’s ﬂuorescence response to
Zn2+ , we noticed that solutions of the receptor with Cu2+ and Co2+
became yellow. The receptor’s color change was only seen for Cu2+
and Co2+ and did not correlate to a ﬂuorescence change, which was
only observed for Zn2+ (Fig. 7). The change in color did correlate to
the formation of a new absorption band in the visible region due
to these metal ions (ESM). Other metal ions, such as Zn2+ and Hg2+ ,
caused the receptor to have a new absorption band, but the band
quickly tails off in the visible region and does not result in a color
change. As with Zn2+ , the receptor binds to Co2+ and Cu2+ in a one
to one ratio as shown by Job plots and mass spectra data.
The color of the Co–receptor complex resists change by other
metal ions, it does however, reduce in the presence of Zn2+ . Likewise, the color due to the Cu–receptor complex remains constant
when most other metal ions are present, but does reduce in intensity when Zn2+ , Hg2+ , Fe3+ and Ni2+ are present. The receptor’s color
change due to Cu2+ and Co2+ mean small concentrations of these
metal ions can be detected. The detection limits for Co2+ and Cu2+
are 0.85 and 0.98 M, respectively.
Upon further investigation of the yellow color due to Co2+ , it
was found that when Co2+ is mixed with the receptor under a
nitrogen atmosphere, no color is produced. As with Zn2+ and Cu2+ ,
cobalt should be bound to the receptor as Co2+ . However, with
oxygen present, the Co2+ might be oxidized to Co3+ . It was found
that the 1 H NMR signals of the yellow Co–receptor complex were
not paramagnetically shifted, which would be the case if Co2+ was
present. Considering these results leads us to propose that the Co2+
is being oxidized to Co3+ after binding occurs and the Co3+ –receptor
complex has a yellow color. It is common for Co2+ coordinated
to nitrogen ligands to be oxidized by air to Co3+ . It should be
noted that the color of this complex and the Cu–receptor complex, with their large extension coefﬁcients of 1.1 × 104 M−1 cm−1
and 9.9 × 103 M−1 cm−1 ( = 375 nm) respectively, originate from
the receptor and are not due to metal ion d–d transitions.
Additional evidence of metal binding to the amide group of the
receptor was obtained by IR spectra. In an acetonitrile/HEPES buffer
solution the receptor has a C O stretch at 1670 cm−1 (ESM). This
peak moves to 1631 cm−1 when Zn2+ is added to the receptor. When
Co2+ is added to the receptor it moves to 1642 cm−1 and when Cu2+
is added it moves to 1612 cm−1 . Binding of the metal ions results in
lower energy C O frequencies. This can be attributed to the metal
cations withdrawing electron density from the amide group and
causing it to have less double bond character.
Noting the strong ﬂuorescence response of the receptor for Zn2+ ,
we investigated the ability of the receptor to detect Zn2+ in cells.
Human dermal ﬁbroblast cells were incubated with 0–200 M concentrations of Zn(NO3 )2 and after the excess Zn(NO3 )2 was washed
off, were incubated with 20 or 30 M receptor for 30 min at room
temperature. Visible images of the cells show healthy cells under
all of the Zn2+ and receptor concentrations (Fig. 8). The ﬂuorescence
images of the cells show that the cells without Zn2+ do not ﬂuoresce
and increasing concentrations of Zn2+ result in increased ﬂuorescence. This shows that original cellular Zn2+ is not visible with this
receptor, but Zn2+ added to the cell is detectable. By plotting the
ﬂuorescence as a function of added Zn2+ , it is evident that ﬂuorescence increases up to 100 M of Zn2+ (ESM). In combination with
Zn2+ , the receptor provides distinct images of the cells.
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visible response to Cu2+ and Co2+ and becomes yellow in their presence. These metal ions can be detected and distinguished by the
naked eye and from other metal ions. When the receptor binds to
Cu2+ , it uses all of it nitrogen atoms, which atoms form a square
planar arrangement. Along with in situ ﬂuorescence, the receptor
ﬂuoresces in living cells. These studies show that this receptor with
its new binding domain containing phenol, provides for weaker
Zn2+ binding and the possibility of monitoring Zn2+ in biological
environments. Receptor changes are important to produce different
Zn2+ ﬂuorophores.
4. Experimental
4.1. Materials and instrumentation
All solvents and reagents (analytical grade and spectroscopic
grade) were obtained commercially and used as received. 3Chloro-N-(quinolin-8-yl)propanamide was prepared as previously
reported [22]. NMR spectra were recorded on a Varian 400 spectrometer. Chemical shifts (ı) are reported in ppm, relative to
tetramethylsilane Si(CH3 )4 . Absorption spectra were recorded at
25 ◦ C using a Perkin Elmer model Lambda 2S UV/Vis spectrometer. The emission 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 Advantage 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.
4.2. Synthesis of receptor
2-Aminomethyl pyridine (0.62 mL, 6.0 mmol) and 2-hydroxy
benzaldehyde (0.54 mL, 5.0 mmol) were dissolved in methanol
(15 mL) and stirred for 1 h. Then, NaBH4 (0.1929 g, 5.1 mmol) was
added, and the reaction solution was cooled in an ice bath. It was
stirred for 2 h and the solvent was removed under reduced pressure to obtain a brown oil. The brown oily residue was dissolved
in methylene chloride washed twice with water followed by saturated brine solution. The organic layer was dried over anhydrous
Na2 SO4 and the solvent was evaporated under vacuum. The resultant oil (0.73 g, 3.4 mmol), 3-chloro-N-(quinolin-8-yl)propanamide
(0.70 g, 3.0 mmol), N,N-diisopropylethylamine (0.59 mL, 3.2 mmol)
and potassium iodide (0.54 g, 3.2 mmol) were dissolved in acetonitrile (30 mL), stirred and reﬂuxed for 1 day under a nitrogen
atmosphere. The mixture was cooled to room temperature and the
solvent was removed under reduced pressure to obtain a yellow oil,
which was puriﬁed by silica gel column chromatography (90:1 v/v
CHCl3 CH3 OH). Yield: 1.03 g (83.3%). 1 H NMR (400 MHz, DMSOd6 , 25 ◦ C): ı = 10.37 (s, 1H), 10.09 (s, 1H), 8.87 (d, J = 4 Hz, 1H), 8.60
(d, 1H), 8.50 (d, J = 4 Hz, 1H), 8.39 (d, J = 8 Hz, 1H), 7.63 (m, 3H),
7.56 (t, J = 8 Hz, 1H), 7.47 (d, J = 8 Hz, 1H), 7.23 (t, J = 10 Hz, 2H), 7.04
(t, J = 6 Hz, 1H), 6.72 (d, J = 8 Hz, 1H), 6.66 (t, J = 7.2 Hz, 1H), 3.85 (s,
2H), 3.77 (s, 2H), 2.88 (m, 4H) ppm. 13 C NMR (400 MHz, DMSOd6 , 25 ◦ C): ı = 170.7, 158.2, 156.5, 148.7, 138.1, 136.6, 136.5, 134.7,
128.9, 128.1, 127.8, 126.9, 123.3, 123.1, 122.2, 122.0, 121.7, 118.6,
116.7, 115.4, 58.4, 53.5, 49.5, 34.22 ppm. LRMS (ESI): m/z calcd for
C25 H24 N4 O2 + H+ : 412.19; found 412.07. Elemental analysis calcd
(%) for C25 H24 N4 O2 : C, 72.80; H, 5.86; N, 13.58; found: C, 72.65; H,
5.95; N, 13.75.

3. Conclusion
4.3. Preparation of Cu2+ –receptor crystals
A Zn2+ sensor based on a quinoxaline chromophore and a
phenol–pyridine binding group has been developed and shown to
only ﬂuoresce in the presence of Zn2+ . The sensor however, shows a

Acetonitrile solutions of Cu(NO3 )2 (0.0125 mmol, 1 mL), receptor (0.0125 mmol, 1 mL) and NH4 OH (0.0125 mmol, 1 mL) were
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Fig. 7. Visible color of receptor solutions with metal ions. Co2+ and Cu2+ result in the receptor becoming yellow, while the other metal ions cause no color change. Receptor
(50 M) with 1 equiv. of metal ion is in an acetonitrile–HEPES buffer (2:8 pH 7.4) solution.

combined. After 1 day, 6 mL of diethyl ether was slowly added to
the solution and dark blue block-type crystals formed in a few days.
Anal. Calcd. for C50 H45 Cu2 N9 O7 (1011.06 g/mol): C, 59.40; H, 4.49;
Cu, 12.57; N, 12.47. Found: C, 59.40; H, 4.49; Cu, 12.57; N, 12.47.

4.4. UV–vis and ﬂuorescence of metal ions
Stock solutions (0.02 M) of the nitrate salts of Na+ , K+ , Mg2+ ,
Cr3+ , Mn2+ , Fe3+ , Co2+ , Ni2+ , Cu2+ , Zn2+ , Cd2+ , Hg2+ , Pb2+ , Al3+ ,
Ga3+ and In3+ in acetonitrile were prepared. Solutions of receptor
(10 or 20 M) were also prepared in buffer–acetonitrile (10 mM
HEPES, pH 7.4, 1:1 or 2:8, v/v). 1.5 or 3 L of stock solutions (0.02 M)
of the metal nitrate salts were transferred to 3 mL of a solution
of receptor (10 or 20 M). The absorption and ﬂuorescence after
excited at 356 nm of the solutions were tested.
Ca2+ ,

4.5. Naked-eye and UV–vis detection of receptor with Co2+ and
Cu2+
For the detection by naked-eye, stock solutions (0.02 M) of the
nitrate salts of Na+ , K+ , Mg2+ , Ca2+ , Cr3+ , Mn2+ , Fe3+ , Co2+ , Ni2+ ,
Cu2+ , Zn2+ , Cd2+ , Hg2+ , Pb2+ , Al3+ , Ga3+ and In3+ in acetonitrile
were prepared. Solutions of receptor (50 M) were also prepared
in acetonitrile–buffer solution (2:8, v/v). 7.5 L of stock solutions
(0.02 M) of the metal nitrate salts was transferred to 3 mL of the
solution of receptor (50 M). For the detection by UV–vis spectroscopy, stock solutions (0.02 M) of the nitrate salts of Na+ , K+ ,
Mg2+ , Ca2+ , Cr3+ , Mn2+ , Fe3+ , Co2+ , Ni2+ , Cu2+ , Zn2+ , Cd2+ , Hg2+ ,
Pb2+ , Al3+ , Ga3+ and In3+ ions in acetonitrile were prepared. Solutions of receptor (20 M) were also prepared in acetonitrile–buffer
solution (2:8, v/v). 3.0 L of stock solutions (0.02 M) of the
metal nitrate salts was transferred to 3 mL of the solution of 1
(20 M). After shaking for a few seconds, the absorption was
tested.

4.6. UV–vis titration of receptor with Co2+ and Cu2+
Receptor was dissolved in acetonitrile–buffer solution (2:8, v/v)
to make the concentration 20 M. 1.5–24 L of cobalt or copper
nitrates (4 mM) were transferred to separate solutions of receptor
(20 M, 3 mL). After mixing for a few seconds, UV–vis spectra were
taken at room temperature.

4.7. Job plot measurements of Co2+ and Cu2+
Cobalt and copper nitrates and receptor were dissolved in
acetonitrile–buffer solution (2:8, v/v), respectively, to make 80 M
solutions. Volumes of 5.0, 4.5, 4.0, 3.5, 3.0, 2.5, 2.0, 1.5, 1.0, 0.5 and
0 mL of the receptor solution were taken and transferred to vials.
Volumes of 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 cobalt or copper solutions were added to separate solutions of
receptor. Each vial had a total volume of 5 mL. After shaking the vials
for a few seconds, UV–vis spectra were taken at room temperature.

4.8. Fluorescence titration and Job plot of receptor with Zn2+
Receptor was dissolved in acetonitrile–buffer solution (1:1, v/v)
to make the concentration 10 M. 0.6–9 L of the metal nitrate
(5 mM) was transferred to separate solutions of receptor (10 M,
3 mL). After mixing for a few seconds, ﬂuorescence spectra were
taken at room temperature after excitation at 356 nm. For the Job
plot, receptor and zinc nitrate were dissolved in acetonitrile–buffer
solution (1:1, v/v), respectively, to make a 20 M concentration. 5,
4.5, 4, 3.5, 3, 2.5, 2, 1.5, 1, 0.5 and 0 mL of receptor solution were
taken and transferred to vials. 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and
5 mL of the cobalt solution were added to each solution of receptor.
Each vial had a total volume of 5 mL. After shaking the vials for a
few seconds, UV–vis spectra were taken at room temperature.

Fig. 8. Visible and ﬂuorescent images of cells. Cells were incubated with Zn2+ (0–200 M), washed with phosphate buffer, and exposed to 30 M receptor, after which the
images were taken.
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4.9. UV–vis titration of receptor and Zn2+
Receptor was dissolved in acetonitrile–buffer solution (1:1, v/v)
to make a 40 M solution. 2.0–36 L of a cobalt nitrate acetonitrile
solution (6 mM) were transferred to separate receptor solutions
(40 M, 3 mL). After mixing for a few seconds, UV–vis spectra were
taken at room temperature.
4.10. Determination of the stability constants K and limits of
detection of metal ions
The stability constants K of the receptor with Co2+ , Cu2+ and
2+
Zn were determined by the Benesi–Hildebrand equation [23]:
1/(I − Io ) = 1/(K(Ic − Io )[metal ion]) + 1/(Ic − Io ), where K is the association constant, Io is the absorbance or ﬂuorescence intensity of
the free receptor, I is the observed absorbance or ﬂuorescence
intensity of the [receptor–metal] complex, and Ic is absorbance or
ﬂuorescence intensity of the receptor–metal complex at the saturation. In order to determine the K for Co2+ and Cu2+ , absorbance
of receptor (20 M) at 263 nm was examined upon the addition
of 0–30 M Co2+ or Cu2+ solution in buffer–acetonitrile solution
(v/v = 8:2). For Zn2+ , ﬂuorescence intensity of receptor (10 M) at
520 nm was examined upon the addition of 0–10 M Zn2+ solution
in buffer–acetonitrile solution (v/v = 1:1).
Limits of detection where calculated by plotting concentration
of metal ion versus ﬂuorescence or absorbance. The slope of the
graph was divided into three times sigma (standard deviation) to
calculate the limit of detection.
4.11. NMR titration of receptor and Zn2+
Four NMR tubes of receptor (0.82 mg, 0.002 mmol) dissolved in
CD3 CN were prepared, and four different equivalents (0, 0.5, 1, and
2 equiv.) of zinc nitrate dissolved in CD3 CN were added separately
to the receptor solutions. In aqueous environment, four NMR tubes
of receptor (0.82 mg, 0.002 mmol) dissolved in a mixture of CD3 CN
and D2 O (9:1, v/v) were prepared, and four different equivalents (0,
0.5, 1, and 2 equiv.) of zinc nitrate dissolved in a mixture of CD3 CN
and D2 O (9:1, v/v) were added separately to the receptor solutions.
After shaking for a few seconds, the 1 H NMR spectra were taken.
4.12. Methods of cell test
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% CO2 at 37 ◦ C. Cells were seeded onto a 8 well plate
(SPL Lifesciences, Korea) at a density of 2 × 105 cells per well and
then incubated at 37 ◦ C for 4 h after addition of various concentrations (0–200 M) of Zn(NO3 )2 dissolved in MeCN. After washing
with phosphate buffered saline (PBS) two times to remove the
remaining Zn(NO3 )2 , the cells were incubated at room temperature with receptor (20 and 30 M) dissolved in MeCN for 30 min.
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.
4.13. X-ray crystallography
A dark blue block-type crystal, approximate dimensions
0.36 mm × 0.16 mm × 0.16 mm, was used for the X-ray crystallographic analysis. The diffraction data for the compound was
collected on a Bruker SMART APEX diffractometer equipped with
a monochromator in the Mo Ka (k = 0.71073 Å) incident beam. The
crystal was mounted on a silicone loop and collected data at 170 K.
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The CCD data were integrated and scaled using the Bruker-SAINT
software package, and the structure was solved and reﬁned using
SHEXTL V6.12. All hydrogen atoms except imine hydrogen atom
were located in the calculated positions. The crystallographic data,
bond lengths and angles are given in supporting information. Structural information was deposited at the Cambridge Crystallographic
Data Center (CCDC 1005200).
Supplementary material
Crystallographic data in CIF format. The CIF deposition number is CCDC 1005200. These ﬁles contain all the crystallographic
details of this publication and are available free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html or can be ordered from
the following address: Cambridge Crystallographic Data Centre, 12
Union Road, GB-Cambridge CB21EZ. Fax: +44 1223 336 033; or
deposit@ccdc.cam.ac.uk
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