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a b s t r a c t

A new multifunctional chemosensor 1 was synthesized and characterized by spectroscopic tools along
with a single crystal X-ray crystallography. It can exhibit selective recognition responses toward Cu2þ,
Zn2þ and Al3þ in different solvent systems with bimodal methods (colorimetric and fluorescence). This
sensor 1 detected Cu2þ ions through a distinct color change from colorless to yellow in aqueous solution.
Interestingly, the receptor 1was found to be reversible by EDTA. The detection limit (11 mM) of 1 for Cu2þ

is much lower than WHO guideline (30 mM) in drinking water. In addition, the sensor 1 showed sig-
nificant fluorescence enhancements in the presence of Zn2þ ion and Al3þ ion in two different organic
solvents (DMF and MeCN), respectively. The binding modes of the three complexes were determined to
be a 1:1 complexation stoichiometry through Job plot, ESI-mass spectrometry analysis, and 1H NMR
titration.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Unlike other traditional methods (e.g., inductively coupled
plasma atomic emission spectrometry,1 atomic absorption spec-
troscopy,2 and electrochemical methods3), chemosensors are
highly estimable means for the selective recognition of chemical
and biological species in environmental chemistry and biology.4

The design and construction of colorimetric and fluorescent che-
mosensors with high selectivity and sensitivity for trace metal ions,
such as copper, zinc, and aluminum, are currently of great impor-
tance as they allow nondestructive and prompt detection of metal
ions by a simple absorbance and fluorescence enhancement (turn-
on) response.5 Among the various types of chemosensors, the
chromogenic chemosensors are also widely used owing to the in-
expensive equipment required or no equipment at all.6 Further-
more, fluorescence sensors are excellent tools for detecting metal
: þ82 2 973 9149 (C.K.); tel.:
ddresses: pschang@snu.ac.kr
daum.net (C. Kim).
ions due to their high sensitivity, good selectivity, high response
speed and simple operation.6a,b

Copper, as the third most abundant essential trace element in
the human body, performs an important role in many fundamental
physiological processes in organisms.7 However, with excessive
loading, copper ion can cause extremely negative health effects
such as gastrointestinal disturbance and liver or kidney damage.8

Zinc, the second most abundant transition metal, is fundamental
in biology systems.9 In a human body, it is well known that many
catalytic centers and structural cofactors are composed of several
Zn2þ-containing enzymes and DNA-binding proteins.10 Excess zinc,
however, can cause various intoxications and a number of severe
neurological diseases (e.g., Alzheimer’s disease, cerebral ischemia,
and epilepsy), developmental defects, and malfunctions.11 Alumi-
num has been identified as a neurotoxin over one hundred years,
and can cause health hazards like Alzheimer’s disease and osteo-
malcia, and even contribute to the risk of cancer of the breast.12

Therefore, the development of new analytical methods for the se-
lective determination of Cu2þ, Zn2þ, and Al3þ is highly desirable. Up
to now, a number of colorimetric and fluorescent chemosensors for
Cu2þ, Zn2þ or Al3þ have been reported.13 However, most of the

user
강조

user
강조



Fig. 1. Crystal structure of 1$HCl. Displacement ellipsoids are shown at the 50%
probability level.
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reported fluorescent chemosensors can selectively sense only one
of them. Therefore, single chemosensors for multiple analytes have
recently become very popular among the analysts, because of their
fast detection time and cost reduction.14 For example, they include
Cr3þ/Al3þ,15a Cu2þ/Hg2þ,15b Zn2þ/Cd2þ,15c and Al3þ/Fe3þ.14a

The julolidine group is a well-known chromophore and chemo-
sensors with the julolidine moiety are usually water-soluble.16 In
addition, the antipyrine moiety is one of the biologically important
moieties with good optical properties.17 We expected that the com-
binationof the julolidine and theantipyrine groupsmight showgood
chromogenic or fluorogenic responses to metal ions. Moreover, the
combination form of the julolidine and the antipyrine moieties has
three potential binding sites (a nitrogen atom of imine and two ox-
ygen atoms of julolidine and antipyrine), whichmight act as a strong
coordination donor toward metal ions. Therefore, we combined
these two moieties to make a new chemosensor, and tested its
sensing properties. Importantly, receptor 1 exhibited selective rec-
ognition responses toward Cu2þ, Zn2þ and Al3þ in different solvent
systems with bimodal methods (colorimetric and fluorescence).

Herein, we report a new Schiff base with both a julolidine group
and an antipyridine one, which acts as a colorimetric and fluores-
cent chemosensor for detection of Cu2þ, Zn2þ and Al3þ in a dual-
channel mode (naked-eye and fluorescence emission). In the
presence of Cu2þ, the chemosensor 1 showed an instant color
change from colorless to yellow in the DMSO-buffer solution.
Moreover, this sensor 1 displayed fluorescence enhancements in
the presence of Zn2þ and Al3þ in DMF and MeCN, respectively.
2. Results

2.1. Synthesis, characterization and solvent-dependent sens-
ing properties of 1

A new chemosensor 1 was obtained by the condensation re-
action of 8-hydroxyjulolidine-9-carboxaldehyde with 4-
aminoantipyrine in ethanol at room temperature (Scheme 1), and
characterized by 1H NMR, ESI-mass spectrometry analysis, ele-
mental analysis, and X-ray crystallography.
Scheme 1. The synthetic procedure for receptor 1.
Crystals of 1 were obtained by slow evaporation in methanol
and its structure is shown in Fig. 1. We tested sensing abilities of 1
towards various metal ions in several solvent systems such as
MeOH, EtOH, DMSO, DMF, MeCN and their aqueous solutions. No-
ticeable change in the absorbance of 1 was observed in the pres-
ence of Cu2þ only in DMSO-buffer solution (2:1). In addition, the
sensor 1 showed significant fluorescence enhancements in the
presence of Zn2þ ion and Al3þ ion in two different organic solvents
(DMF and MeCN), respectively. It is worthwhile to mention that 1
can sense Cu2þ, Zn2þ, and Al3þ ions, while most of the chemo-
sensors reported for the three metal ions could selectively sense
only one or two of them.

2.2. Chromogenic sensing for Cu2D in aqueous solution

The chromogenic sensing ability of 1was examinedwith various
metal ions such as Naþ, Kþ, Mg2þ, Ca2þ, Cr3þ, Mn2þ, Fe2þ, Fe3þ,
Co2þ, Ni2þ, Cu2þ, Zn2þ, Al3þ, Agþ, Cd2þ, Hg2þ, and Pb2þ with their
nitrate salts in DMSO-buffer solution (2:1, v/v, 10 mM bisetris, pH
7.0) at room temperature. As shown in Fig. 2, only Cu2þ ion induced
a distinct spectral change (Fig. 2a) and an instant color change
(Fig. 2b) from colorless to yellow, while other metal ions did pro-
duce little or no changes. This result indicated that receptor 1 can
serve as a potential candidate of a ‘naked-eye’ chemosensor for
Cu2þ in aqueous solution.

To further investigate the chemosensing properties of 1, UVevis
titration of 1with Cu2þwas performed (Fig. 3). Upon the addition of
Cu2þ to a solution of 1, the absorbance at 405 nm gradually de-
creased and a new absorbance at 442 nm appeared concomitantly.
The red shift (Dlabs¼37 nm) of the absorption band could be
explained by internal charge transfer (ICT) mechanism. Kaur et al.
suggested that ICT mechanism referred to the pushepull effect of
the electron donating (‘push’) and electron-withdrawing (‘pull’)
groups.18 Likewise, we assume that the red shift of 1-Cu2þ complex
was induced by binding of Cu2þ ion to the C]N group in the re-
ceptor 1 with the electron-donating group (tertiary amine in the
julolidine group) and the electron-withdrawing one (imine moi-
ety). Therefore, the change of ICT band might be responsible for the
dramatic color change from colorless to yellow. The distinct iso-
sbestic point was clearly observed at 416 nm, indicating the for-
mation of the only one species between 1 and Cu2þ.

Job plot analysis exhibited a 1:1 complexation stoichiometry for
1-Cu2þ complex formation (Fig. S1), which was further confirmed
by ESI-mass spectrometry analysis (Fig. 4).

The positive-ion mass spectrum of 1 upon addition of 1 equiv of
Cu2þ showed the formation of 1-Cu2þ complex [m/z: 541.80; calcd,
542.14]. Based on Job plot, ESI-mass spectrometry analysis and the
crystal structures of similar type of Cu complexes reported in the
literature,19 we propose the structure of 1-Cu2þ complex
(Scheme 2).

The association constant for the 1-Cu2þ complexation was de-
termined as 5.0�104 M�1 through BenesieHildebrand equation
(Fig. S2), which is in the range of those (1.0�103e1.0�1012) pre-
viously reported for Cu2þ-binding chemosensors.20 Based on the
result of UVevis titration, the detection limit (3s/k) of the receptor
1 for the analysis of Cu2þ ion was calculated to be 11 mM (Fig. S3),



Fig. 2. (a) Absorption spectra change of 1 (20 mM) in the presence of various metal ions
in DMSO-buffer solution (10 mM bisetris, pH 7.0, 2:1, v/v). (b) Color change of receptor
1 (20 mM) in the presence of 4 equiv of metal ion in DMSO-buffer solution (10 mM
bisetris, pH 7.0, 2:1, v/v).

Fig. 3. UVevis spectra of receptor 1 (20 mM) upon the addition of Cu2þ in DMSO-buffer
solution (10 mM bisetris, pH 7.0, 2:1, v/v). Inset: The ratio of absorbance of 1 as
a function of Cu2þ equiv.

Fig. 4. Positive-ion electrospray ionization mass spectrum of 1 (0.1 mM) upon addition
of Cu2þ (0.1 mM) in a mixture of MeCN/DMSO (9:1).
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which is sufficient below the WHO guideline (30 mM) of Cu2þ in
drinking water.21 This result suggests that receptor 1 could be used
as a powerful tool for detecting Cu2þ ion without expensive
instruments.

To examine the interference of other relevant metal ions on 1-
Cu2þ complexation, the competition experiments were performed
in the presence of Cu2þ mixed with other metal ions such as Naþ,
Kþ, Mg2þ, Ca2þ, Al3þ, Cr3þ, Mn2þ, Fe2þ, Fe3þ, Co2þ, Ni2þ, Zn2þ, Agþ,
Cd2þ, Hg2þ, and Pb2þ (Fig. 5). Upon the addition of 4 equiv of Cu2þ

ion in the presence of the same concentration of other metal ions,
the coexistent metal ions did not interfere with naked-eye de-
tection of Cu2þ by the receptor 1 in aqueous media. Thus, receptor 1
could be used as a selective colorimetric sensor for Cu2þ in the
presence of most competing metal ions.

The effect of pH on the absorption response of receptor 1 to Cu2þ

ions was investigated in the pH range of 2e12 (Fig. S4). The color of
the 1-Cu2þ complex exhibited the intense and stable absorption
intensities between pH 4 and pH 11, which warrant that Cu2þ could
be clearly detected by the naked eye or UVevis absorption mea-
surements using receptor 1 over a wide pH range of 4e11.

To examine the reversibility of receptor 1 toward Cu2þ, ethyl-
enediaminetetraacetic acid (EDTA) (4 equiv) was added to the
complexed solution of receptor 1 and Cu2þ. As shown in Fig. 6, the
addition of EDTA to amixture of 1 and Cu2þ resulted in return of the
absorbance with colorless at 450 nm, which indicates the re-
generation of the free 1. Upon addition of Cu2þ into the solution
again, the color and the absorbance were recovered. The color
change (Fig. 6a) and absorbance (Fig. 6b) were almost reversible
even after several cycles with the sequentially alternative addition
of Cu2þ and EDTA. These results indicate that the receptor 1 could
be used as a reversible colorimetric chemosenor in aqueous
solution.
2.3. Fluorogenic sensing for Zn2D in DMF

We have also examined the selectivity of 1 toward a variety of
metal ions through fluorescence emission in DMF at room tem-
perature. As shown in Fig. 7, the receptor 1 alone has a very weak
fluorescence emission with an excitation of 430 nm. When 8 equiv
of various metal ions such as Naþ, Kþ, Mg2þ, Ca2þ, Al3þ, Cr3þ, Mn2þ,
Fe2þ, Fe3þ, Co2þ, Ni2þ, Zn2þ, Agþ, Cd2þ, Hg2þ, and Pb2þ with their
nitrate salts was added to the receptor 1, it was found that the
solution of 1 exhibited no or small significant increase of the
fluorescence except Zn2þ and Al3þ. The addition of Zn2þ resulted in
drastic enhancements of the emission intensities at 500 nm (200-
folds). Meanwhile, the addition of Al3þ into 1 also showed the in-
crease in the fluorescence intensity at 485 nm. However, the in-
tensity was small compared to the high fluorescence enhancement
of the receptor in the presence of Zn2þ. These results indicate that
receptor 1 could be used as a fluorescence chemosensor for Zn2þ.
Importantly, 1 can clearly distinguish Zn2þ from Cd2þ, whereas the
discrimination of Zn2þ from Cd2þ is well known to be a major ob-
stacle. The selective fluorescence enhancement by Zn2þ might be
due to the effective coordination of Zn2þ with 1 over other metal
ions. It causes the zinc complex to be more coplanar structure than
the 1 itself, resulting in the chelation-enhanced fluorescence
(CHEF) effect.22 Also, receptor 1 is poorly fluorescent in part due to
isomerization of the C]N double bond in the excited state and in
part due to excited-state intramolecular proton transfer (ESIPT)23

involving the phenolic protons. Upon stable chelation with zinc



Scheme 2. The proposed structures for 1-Cu2þ, 1-Zn2þ, and 1-Al3þ complexes.

Fig. 5. (a) Competitive selectivity of 1 (20 mM) towards Cu2þ (4 equiv) in the presence
of other metal ions (4 equiv) in DMSO-buffer solution (10 mM bisetris, pH 7.0, 2:1, v/v).
(b) Colorimetric competitive experiment of 1 (20 mM) in the presence of Cu2þ (4 equiv)
and other metal ions (4 equiv) in DMSO-buffer solution (10 mM bisetris, pH 7.0, 2:1, v/
v).

Fig. 6. (a) Colorimetric changes of 1 (20 mM) after the sequential addition of Cu2þ and
EDTA in DMSO-buffer (2:1, v/v) solution. (b) Reversible changes in absorbance of 1
(20 mM) at 450 nm after the sequential addition of Cu2þ and EDTA.
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ion, the C]N isomerization and ESIPT might be inhibited, leading
to fluorescence enhancement.

To further investigate the chemosensing properties of 1 toward
to Zn2þ, fluorescence titration of the receptor 1 with Zn2þ ion was
performed (Fig. 8).

Upon the addition of Zn2þ to 1, fluorescence intensity increased
gradually and was saturated with 8 equiv of Zn2þ. The photo-
physical properties of 1 were also examined using UVevis spec-
trometry (Fig. 9). Upon addition of Zn2þ ions to a solution of 1, the
absorption band at 403 nm decreased and a new absorbance in-
tensity at 443 nm increased with an isosbestic point at 406 nm,
which indicates a clean conversion of 1 into the 1-Zn2þ complex.

The bindingmode between 1 and Zn2þwas determined by using
Job plot analysis. As shown in Fig. S5, the Job plot for the 1-Zn2þ

complex exhibited 1:1 complexation stoichiometry. The formation
of 1-Zn2þ complex was further confirmed by ESI-mass spectrom-
etry analysis. The positive ion mass spectrum indicated the 1:1
binding mode between 1 and Zn2þ [m/z 537.73; calcd, 538.18] as
shown in Fig. S6. From the results of fluorescence titration, the
association constant of the 1-Zn2þ complex was determined as
5.0�107 M�1 on the basis of BenesieHildebrand equation (Fig. S7).
This value is within the range of those (1.0e1.0�1012) reported for
Zn2þ-chemosensors.11b,24 For practical application, the detection
limit was also an important parameter. Thus, the detection limit
(3s/k) of receptor 1 for the analysis of Zn2þ ionwas calculated to be
49 nM (Fig. S8).

To check the practical applicability of 1 as a selective fluores-
cence sensor for Zn2þ, the competition experiments were



Fig. 7. (a) Fluorescence spectra changes of 1 (10 mM) in the presence of different metal
ions (5 equiv) such as Naþ, Kþ, Mg2þ, Ca2þ, Al3þ, Cr3þ, Mn2þ, Fe2þ, Fe3þ, Co2þ, Ni2þ,
Zn2þ, Agþ, Cd2þ, Hg2þ, and Pb2þ with an excitation of 430 nm in DMF. (b) Bar graph
shows the relative emission intensity of 1 at 500 nm upon treatment with various
metal ions.

Fig. 8. Change of fluorescence spectra of receptor 1 (10 mM) upon gradual addition of
Zn2þ in DMF. Inset: The ratio of fluorescence of 1 as a function of Zn2þ equiv.

Fig. 9. UVevis spectra of receptor 1 (10 mM) upon gradual addition of Zn2þ in DMF.
Inset: The ratio of absorbance of 1 as a function of Zn2þ equiv.
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conducted in the presence of Zn2þ mixed with other relevant metal
ions, such as Naþ, Kþ, Mg2þ, Ca2þ, Al3þ, Cr3þ, Mn2þ, Fe2þ, Fe3þ, Co2þ,
Ni2þ, Agþ, Cd2þ, Hg2þ, and Pb2þ. When 1 was treated with 8 equiv
of Zn2þ in the presence of the same concentration of other metal
ions (Fig. S9), the coexistent metal ions had a small and negligible
effect on the emission intensity of the 1-Zn2þ complexation, except
for Cr3þ, Cu2þ, Fe2þ, Fe3þ, and Naþ. Cr3þ, Fe2þ, Naþ, and Fe3þ

inhibited about 57, 71, 79 and 93% of the emission intensity, re-
spectively, and Cu2þ completely interfered. Nevertheless, it is worth
noting that cadmium ion hardly inhibited the fluorescence in-
tensity of the 1-Zn2þ complex. These results indicate that 1 could be
a good Zn2þ sensor, which could distinguish Zn2þ from Cd2þ

commonly having similar properties.
The interaction between receptor 1 and Zn2þ was further

studied through 1H NMR titration in DMF-d7 (Fig. 10). Upon addi-
tion of 1 equiv of Zn2þ, the proton of the hydroxyl group at
13.2 ppm disappeared due to its deprotonation, and the H8 of C]N
moiety at 9.3 ppmwas shifted to downfield by 0.1 ppm. The rest of
protons were shifted to upfield. The H6 and H7 were shifted to
upfield by 0.02 and 0.05 ppm, respectively, which suggests that the
oxygen atom of the keto moiety might be involved in Zn2þ co-
ordination. There was no shift in the position of proton signals on
further addition of Zn2þ (>1 equiv). Based on the Job plot, ESI-mass
spectrometry analysis, and 1H NMR titration, we propose the
structure of a 1:1 complex of 1 and Zn2þ, as shown in Scheme 2.
2.4. Fluorogenic sensing for Al3D in MeCN

To gain an insight into the fluorescent properties of receptor 1
toward various metal ions in MeCN, the emission changes were
measured with them. When excited at 390 nm, 1 exhibited a weak
fluorescence emission (lmax¼485 nm) compared to that (1500-
folds) in the presence of Al3þ. By contrast, upon addition of other
metal ions such as Naþ, Kþ, Mg2þ, Ca2þ, Ga3þ, In3þ, Cr3þ, Mn2þ,
Fe2þ, Fe2þ, Co2þ, Ni2þ, Cu2þ, Zn2þ, Cd2þ, Hg2þ, and Pb2þ with their
nitrate salts, either no or slight increase in intensity were observed
(Fig. 11).

It is noteworthy that 1 could serve as an excellent fluorescent
probe for Al3þ by switching solvents from DMF to MeCN. These
results inform that the fluorescence behaviors of 1-Zn2þ and 1-Al3þ

complexes are solvent-dependent. The dramatic fluorescence en-
hancement responses to Al3þ could be also explained by the same
three mechanisms as did in 1-Zn2þ complex: (1) CHEF effect; (2)
the inhibition of C]N isomerization; (3) the hindrance of ESIPT
process. To further investigate the chemosensing properties of 1,
a fluorimetric titration of 1 was performed with the Al3þ ion. As
shown in Fig. 12, the emission intensity of 1 at 485 nm steadily
increased until the amount of Al3þ reached 15 equiv. The



Fig. 10. 1H NMR titration of receptor 1 with Zn2þ in DMF-d7.

Fig. 11. (a) Fluorescence spectra changes of 1 (10 mM) in the presence of different metal
ions (15 equiv) such as Naþ, Kþ, Mg2þ, Ca2þ, Al3þ,Ga3þ, In3þ Cr3þ, Mn2þ, Fe2þ, Fe3þ,
Co2þ, Ni2þ, Cu2þ, Zn2þ, Cd2þ, Hg2þ, and Pb2þ with an excitation of 390 nm in MeCN. (b)
Bar graph shows the relative emission intensity of 1 at 485 nm upon treatment with
various metal ions.

Fig. 12. Change of fluorescence spectra of receptor 1 (10 mM) upon gradual addition of
Al3þ in MeCN. Inset: The ratio of fluorescence of 1 as a function of Al3þ equiv.
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photophysical properties of 1 were also examined using UVevis
spectrometry. UVevis absorption spectrum of 1 showed a broad
absorbance band at the range of 388e400 nm (Fig. S10). Upon the
addition of Al3þ ions to a solution of 1, the broad absorbance region
decreased, while a new absorption band at 441 nm increased.
Meanwhile, a clear isosbestic point at 410 nm implies the un-
doubted conversion of free 1 to the 1-Al3þ complex.

The Job plot showed a 1:1 complexation stoichiometry between
1 and Al3þ (Fig. S11), which was further confirmed by ESI-mass
spectrometry analysis (Fig. S12). The positive-ion mass spectrum
indicated that a peak at m/z¼804.80 is assignable to [1-
HþþAl3þþNO3

�þ3DMFþMeCNþ3H2O]þ [calcd, m/z: 804.38]. From
the fluorescence titration data, the association constant for 1-Al3þ

complexation was determined as 1.2�107 M�1 from Bene-
sieHildebrand equation (Fig. S13). This value is in the range of those
(103e109) reported for Al3þ binding chemosensor.25 The detection
limit (3s/k) of receptor 1 as a fluorescence sensor for the analysis of
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Al3þ ions was found to be 14 nM (Fig. S14), which implies that 1
could sense the nanomolar level of Al3þ.

To further check the practical applicability of receptor 1 as Al3þ

selective fluorescent sensor, we carried out competition experi-
ments. Compound 1 was treated with 15 equiv of Al3þ in the
presence of other metal ions of the same concentration (Fig. S15).
Unfortunately, Al3þ complexation with receptor 1 was inhibited
completely by Cu2þ and Fe2þ, which are well known as the strong
quenchers of fluorescence, and Cr3þ, Fe3þ, Hg2þ, In3þ, Kþ, Mg2þ,
Naþ, and Pb2þ did more than 50% of it.

In order to further investigate binding mode between 1 and
Al3þ, 1H NMR titration was conducted in DMF-d7 (Fig. 13). Upon
addition of 1 equiv of Al3þ, the proton of phenol moiety (H13) be-
came disappeared completely. The protons of methyl groups (H6
and H7) were shifted to upfield by 0.02 and 0.04, respectively. The
imine proton (H8) was shifted to downfield by 0.04, while other
protons in 1 changed little. These results indicate that Al3þmight be
coordinated to two oxygen atoms of keto and phenol groups and
nitrogen of imine moiety, as proposed in Scheme 2. On further
addition of Al3þ (>1 equiv) into 1 solution, no shift in the position
of proton signals was observed, which supports a 1:1 complexation
of 1 with Al3þ.
Fig. 13. 1H NMR titration of receptor 1 with Al3þ in DMF-d7.
3. Conclusion

We have developed a new chemosensor 1 based on Schiff
base with julolidine and antipyrine moieties. The formulation
and detailed structural characterizations of 1 have been estab-
lished by using spectroscopic and single crystal X-ray crystallo-
graphic tools. Compound 1 can be used as a multifunctional
chemosensor for highly selective detection of Cu2þ, Al3þ and
Zn2þ depending on solvents. It distinguished Cu2þ ion from
other metal ions by color change in aqueous media without
expensive equipment. The binding of the receptor 1 and Cu2þ

was also chemically reversible with EDTA. Moreover, receptor 1
could be used as a fluorogenic chemosensor for Zn2þ and Al3þ

ions in DMF and MeCN solutions, respectively. Furthermore, the
receptor 1 has the very low detection limits (49 and 14 nM) of
Zn2þ and Al3þ, respectively, in different organic solvents, which
implies that 1 could sense the nanomolar level of these metal
ions. Consequently, 1 showed the possibility to be used as
a dual-mode sensor for three different metal ions in different
solvents.
4. Experimental

4.1. Materials and instrumentation

All the solvents and reagents (analytical grade and spectroscopic
grade) were obtained from SigmaeAldrich and used as received.
NMR spectra were recorded on a Varian 400 spectrometer. Chem-
ical shifts (d) are reported in parts per million, relative to tetra-
methylsilane Si(CH3)4. Absorption spectra were recorded at room
temperature using a Perkin Elmer model Lambda 2S UV/Vis spec-
trometer. Electrospray ionization mass spectra (ESI-mass) were
collected on a Thermo Finnigan (San Jose, CA, USA) LCQTM Ad-
vantage MAX quadrupole ion trap instrument. Fluorescence mea-
surements were performed on a Perkin Elmer model LS45
fluorescence spectrometer. 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 1

The receptor 1 was prepared by the condensation reaction of 8-
hydroxyjulolidine-9-carboxaldehyde with 4-aminoantipyrine
(Scheme 1). To an ethanol (10 mL) solution of 8-
hydroxyjulolidine-9-carboxaldehyde (0.26 g, 1.2 mmol), two
drops of HCl and 4-aminoantipyrine (0.20 g, 1 mmol) in ethanol
(5 mL) were added slowly while being stirred vigorously. After 5 h,
the yellow product was recrystallized from diethyl ether. The
resulting precipitate was filtered and washed five times with ice
ethanol (0.33 g, 82%). The solid compound 1 (0.04 g, 0.1 mmol)
dissolved in methanol (8 mL) was evaporated slowly to get yellow
crystals suitable for X-ray analysis for a week. Mp: 242e244 �C. 1H
NMR (400 MHz, CDCl3) d 11.92 (s, 1H), 9.00 (s, 1H), 7.52 (t, J¼8 Hz,
2H), 7.39 (m, 3H), 6.76 (s, 1H), 3.38 (m, 4H), 3.19 (s, 3H), 3.09 (t,
J¼6 Hz, 2H), 2.65 (t, J¼6 Hz, 2H), 2.47 (s, 3H), 1.97 (m, 4H). ESI-MS
m/z [MþH]þ: calcd, 403.20; found, 403.31. Anal. Calcd for
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C24H26N4O2: C, 71.62; H, 6.51; N, 13.92%. Found: C, 71.28; H, 6.64; N,
13.51%.
4.3. X-ray data collection and structure determination

A yellow block-type crystal, approximate dimensions
0.20 mm�0.20 mm�0.12 mm, was used for the X-ray crystallo-
graphic analysis. The diffraction data for the compound was col-
lected on a Bruker SMART APEX diffractometer equipped with
a monochromator in the Mo Ka (k¼0.71073 �A) incident beam. The
crystal was mounted on a silicone loop and collected data at 170 K.
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
are listed in Table 1. The bond lengths and angles are listed in Table
S1. Structural information was deposited at the Cambridge Crys-
tallographic Data Center (CCDC 1001739).
Table 1
Crystal data and structure refinement for 1

Empirical formula C24H27ClN4O2

Formula weight 438.95
Temperature 170(2) K
Wavelength 0.71073 �A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a¼8.3140(17) �A a¼89.66(3)�

b¼9.3540(19) �A b¼76.82(3)�

c¼15.720(3) �A g¼66.15(3)�

Volume 1083.6(4) �A3

Z 2
Density (calculated) 1.345 Mg/m3

Absorption coefficient 0.206 mm�1

F(000) 464
Crystal size 0.20�0.20�0.12 mm3

Theta range for data collection 1.34e26.00�

Index ranges �10�h�10, �11�k�11,
�10�l�19

Reflections collected 6173
Independent reflections 4161 [R(int)¼0.0366]
Completeness to theta¼26.00? 97.7%
Absorption correction Multi-scan
Max. and min. transmission 0.9757 and 0.9600
Refinement method Full-matrix least-squares

on F2

Data/restraints/parameters 4161/0/286
Goodness-of-fit on F2 1.099
Final R indices [I>2s(I)] R1¼0.0516, wR2¼0.1376
R indices (all data) R1¼0.0689, wR2¼0.1447
Largest diff. peak and hole 0.575 and �0.427 e �A�3
4.4. Chromogenic Cu(II) sensing

4.4.1. UVevis titration in DMSO-buffer solution. The receptor 1
(4.0mg, 0.01mmol) was dissolved in DMSO (1mL) and 6 mL of the 1
(10 mM) were diluted to 2.994 mL of DMSO-buffer solution (2:1, v/
v, 10 mM bis-tris, pH 7.0) to make the concentration of 20 mM.
Cu(NO3)2 (0.005 mmol) was dissolved in DMSO (1 mL). 3e48 mL of
the Cu2þ solution (5 mM) were transferred to the receptor solution
(20 mM, 3mL) prepared above. Aftermixing them for a few seconds,
UVevis spectra were taken at room temperature.

4.4.2. Job plot measurement with UVevis in DMSO-buffer sol-
ution. The receptor 1 (4.0 mg, 0.01 mmol) and Cu(NO3)2
(0.01 mmol) were dissolved in DMSO (1 mL), respectively. 6 mL of
the receptor 1 solution were diluted to 39.4 mL of DMSO-buffer
solution (2:1, v/v, 10 mM bis-tris, pH 7.0) to make the concentra-
tion of 20 mM. The Cu(NO3)2 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 0 mL of the receptor 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 Cu2þ solutionwere added to each
receptor solution separately. Each vial had a total volume of 5 mL.
After shaking the vials for a few seconds, UVevis spectra were
taken at room temperature.

4.4.3. Competitive experiments. The receptor 1 (4.0 mg, 0.01 mmol)
was dissolved in DMSO (1 mL). MNO3 (M¼Na, K, Ag, 0.01 mmol) or
M(NO3)2 (M¼Mn, Co, Ni, Cu, Zn, Cd, Mg, Ca, Hg, Pb, 0.01 mmol) or
M(NO3)3 (M¼Al, Fe, Cr, 0.01 mmol) or M(ClO4)2 (M¼Fe, 0.01 mmol)
were dissolved in DMSO (1 mL), respectively. 24 mL of each metal
solution (10 mM) were diluted to 2.946 mL of DMSO-buffer solu-
tion (2:1, v/v, 10 mM bisetris, pH 7.0), separately. 24 mL of the Cu2þ

solution (10 mM) were taken and added to the solutions prepared
above. Then, 6 mL (1 mM) of the 1 were taken and added to the
mixed solutions. Each vial had a total volume of 3 mL. After shaking
the vials for a few seconds, UVevis spectra were taken at room
temperature.

4.5. Fluoregenic Zn(II) sensing

4.5.1. Fluorescence titration in DMF. The receptor 1 (4.0 mg,
0.01 mmol) was dissolved in DMF (1 mL) and 3 mL of the 1
(10 mM) were diluted to 2.997 mL of DMF to make the con-
centration of 10 mM. Zn(NO3)2 was also dissolved in DMF (1 mL)
and 3e27 mL of the Zn2þ solution (10 mM) were transferred to
the solution of 1 (10 mM, 3 mL) prepared above. After mixing
them for a few seconds, fluorescence spectra were taken at
room temperature.

4.5.2. UVevis titration in DMF. The receptor 1 (4.0 mg, 0.01 mmol)
was dissolved in DMF (1mL) and 3 mL of the 1 (10mM)were diluted
to 2.997 mL of DMF to make the concentration of 10 mM. Zn(NO3)2
(0.01 mmol) was also dissolved in DMF (1 mL) and 3e51 mL of the
Zn2þ solution (5 mM) were transferred to the solution of 1 (10 mM,
3mL) prepared above. After mixing them for a few seconds, UVevis
spectra were taken at room temperature.

4.5.3. Job plot measurement in DMF. The receptor 1 (4.0 mg,
0.01 mmol) was dissolved in DMF (1 mL) and 3 mL of the re-
ceptor 1 solution were diluted to 2.997 mL of DMF to make the
concentration of 10 mM. Zn(NO3)2 solution was also dissolved
and 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 0 mL of the receptor 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 Zn2þ solution were transferred to each receptor
solution, respectively. Each vial had a total volume of 5 mL. After
shaking the vials for a few seconds, fluorescence spectra were
taken at room temperature.

4.5.4. Competitive experiments in DMF. The receptor 1 (4.0 mg,
0.01 mmol) was dissolved in DMF (1 mL). MNO3 (M¼Na, K,
0.1 mmol) or M(NO3)2 (M¼Mn, Co, Ni, Cu, Zn, Cd, Mg, Ca, Hg, Pb,
0.1 mmol) or M(NO3)3 (M¼Al, Fe, Cr, 0.1 mmol) or M(ClO4)2 (M¼Fe,
0.1 mmol) were dissolved in DMF (1 mL), respectively. 24 mL of each
metal solution (10 mM) were diluted to 2.949 mL of DMF, sepa-
rately. 24 mL of the Zn2þ solution (10 mM) were taken and added to
the solutions prepared above. Then, 3 mL of the 1 (10 mM) were
taken and added to the mixed solutions. Each vial had a total vol-
ume of 3 mL. After shaking the vials for a few seconds, fluorescence
spectra were taken at room temperature.

4.5.5. NMR titration with Zn2þ ion. Four NMR tubes of 1 (0.80 mg,
0.002 mmol) dissolved in DMF-d7 (0.7 mL) were prepared, and four
different equiv (0, 0.25, 0.5 and 1 equiv) of the Zn(NO3)2 dissolved
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in DMF-d7 (0.3 mL) were added to the 1 solution, respectively. After
shaking them for a minute, their 1H NMR spectra were taken.
4.6. Fluoregenic Al(III) sensing

4.6.1. Fluorescence titration in MeCN. The receptor 1 (4.0 mg,
0.01 mmol) was dissolved in DMF (1 mL) and 3 mL (10 mM) of 1
were diluted to 2.997 mL of MeCN to make the concentration of
10 mM. Al(NO3)3 was also dissolved in DMF (1 mL) and 4.5e57 mL of
the Al3þ solution (10 mM) were transferred to the solution of 1
(10 mM, 3mL) prepared above. After mixing them for a few seconds,
fluorescence spectra were taken at room temperature.

4.6.2. UVevis titration in MeCN. The receptor 1 (4.0mg, 0.01mmol)
was dissolved in DMF (1 mL) and 3 mL (10 mM) of 1were diluted to
2.997 mL of MeCN to make the concentration of 10 mM. Al(NO3)3
(0.01 mmol) was also dissolved in DMF (1 mL) and 4.5e57 mL of the
Al3þ solution (10 mM) were transferred to the solution of 1 (10 mM,
3mL) prepared above. After mixing them for a few seconds, UVevis
spectra were taken at room temperature.

4.6.3. Job plot measurement in MeCN. The receptor 1 (4.0 mg,
0.01 mmol) was dissolved in DMF (1 mL). 3 mL of the receptor 1
solution were diluted to 2.997 mL of MeCN to make the con-
centration of 10 mM. Al(NO3)3 solution was also dissolved and
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 0 mL of the receptor 1 solution were taken and trans-
ferred 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 Al3þ solution were transferred to each receptor
solution, respectively. Each vial had a total volume of 5 mL. After
shaking the vials for a few seconds, fluorescence spectra were
taken at room temperature.

4.6.4. Competitive experiments in MeCN. The receptor 1 (4.0 mg,
0.01 mmol) was dissolved in DMF (1 mL). MNO3 (M¼Na, K,
0.1 mmol) or M(NO3)2 (M¼Mn, Co, Ni, Cu, Zn, Cd, Mg, Ca, Hg, Pb,
0.1 mmol) or M(NO3)3 (M¼Al, Ga, In, Fe, Cr, 0.1 mmol) or M(ClO4)2
(M¼Fe, 0.1 mmol) were dissolved in DMF (5mL), respectively. 45 mL
of each metal solution (10 mM) were diluted to 2.907 mL of MeCN,
separately. 45 mL of the Al3þ solution (10 mM) were taken and
added to the solutions prepared above. Then, 3 mL (10 mM) of the 1
were taken and added to the mixed solutions. Each vial had a total
volume of 3 mL. After shaking the vials for a few seconds, fluo-
rescence spectra were taken at room temperature.

4.6.5. NMR titration with Al3þ ion. Four NMR tubes of 1 (0.80 mg,
0.002 mmol) dissolved in DMF-d7 (0.7 mL) were prepared, and four
different equiv (0, 0.25, 0.5 and 1 equiv) of the Al(NO3)3 dissolved in
DMF-d7 (0.3 mL) were added to the 1 solution, respectively. After
shaking them for a minute, their 1H NMR spectra were taken.
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