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a  b  s  t  r  a  c  t

A  new  naphthoxazole-derived  probe,  2-(2-Hydroxyphenyl)-naphtho[1,2-d]oxazole-5-sulfonate  (HL),
was conveniently  synthesized  and characterized.  The  presence  of  Zn2+ caused  an  obvious  fluorescence
enhancement  at 458  nm  upon  excitation  at 391  nm,  which  could  be distinguished  with  the  naked  eye
under  a UV  lamp.  Remarkably,  the compound  exhibited  excellent  selective  and  sensitive  response  to
Zn2+ over  other  common  cations  with  a micromolar  limit  of detection  (0.69  �M)  in DMSO/HEPES  (v/v,
1:1)  buffer.  The  results  from  absorption  spectra, 1H  NMR,  ESI–MS,  density  functional  theory  (DFT)  calcu-
lations,  and  pH  effect,  implied  that  during  the  process  of  complexation,  the  fluorescence  intensity  was
enhanced  by  the  inhibition  of  the  excited  state  intramolecular  proton  transfer  (ESIPT)  in  free  HL and  the
n(II)
luorescence
hemosensor
heoretical calculation
SIPT

formation  of  a large  �-electron  conjugation  system.  The  steric  hindrance  effect  from  a hydrogen  atom  on
naphthoxazole  determined  the selectivity  of  Zn2+ over  other  metal ions.  The  most  appropriate  environ-
ments  for  the  detection  of Zn2+ were  neutral  and  weak  alkali.  In addition,  the probe  of  detecting  the  Zn2+

has  been  evaluated  with  relatively  lower  toxicity  in  living  MCF7  cell,  suggesting  the  practical  application
in  physiological  system.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

As one of the essential micronutrients in human body, the diva-
ent zinc ion plays the crucial role in many physiological processes,
uch as DNA replication and repair, gene expression and cellu-
ar metabolism [1–3]. Therefore, detection of Zn2+ has attracted
onsiderable attentions of chemists, biologists, and physiologists
n recent years. The technique of fluorescence has been demon-
trated to be a powerful tool to sense various analytes with its
igh sensitivity and simplicity [4] and a large number of fluores-
ent sensors were designed to detect heavy and transition metal

ons, which was found to be potentially useful in the fields includ-
ng chemistry, environment, biology and medicine [5–11]. Over
he past few decades, numerous fluorescent chemosensors for the
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hemical Biology and Molecular Engineering of the Education Ministry, Shanxi Uni-
ersity, Taiyuan, Shanxi 030006, PR China.
∗∗ Corresponding author at: Institute of Molecular Science, Key Laboratory of
hemical Biology and Molecular Engineering of the Education Ministry, Shanxi Uni-
ersity, Taiyuan, Shanxi 030006, PR China.

E-mail addresses: cxyuan@sxu.edu.cn (C. Yuan), luliping@sxu.edu.cn (L. Lu).

ttp://dx.doi.org/10.1016/j.snb.2016.09.149
925-4005/© 2016 Elsevier B.V. All rights reserved.
detection of Zn2+ have been developed based on aromatic hete-
rocyclic fluorophores, such as quinoline [12], coumarin [13], furan
[14], benzoxazole [15], triazole [16], benzoimidazole [17] and pyra-
zoline [18] etc.  Nevertheless, the design of facile, easy to synthesize,
low toxic Zn2+-selective probes is still a challenge. Specifically, the
discrimination of Zn2+ from its heavy congeners Cd2+ and Hg2+ is
generally difficult, because they have the similar shell electronic
structures and exhibit similar bonding preferences.

Naphthoxazole derivatives are considered as an important class
of heterocyclic compounds since they exhibit broad spectrum of
biological and photochromatic activities [19,20]. It is reported that
2-subsitituted naphthoxazole is a major subunit occurring in some
natural products [21], which indicates that naphthoxazole deriva-
tives are environment-friendly and low-toxic to the human body.
These desired properties render them potentially useful fluorescent
probe for detecting metal ion in physiological systems.

In this work, a simple naphthoxazole derivative probe was
designed and synthesized. The new probe showed the excited-state

intramolecular proton transfer (ESIPT) processes, one of the most
common photophysical phenomenon that occured in the hetero-
cyclic molecules involving the transfer of a hydroxyl proton to an
adjacent imine nitrogen [22]. The inhibition of ESIPT by the coordi-

dx.doi.org/10.1016/j.snb.2016.09.149
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.09.149&domain=pdf
mailto:cxyuan@sxu.edu.cn
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ation to the metal ions often leads to the obvious changes in the
pectra and thus it can be employed to generate the fluorescent
esponse for detecting the metal ions. Simultaneously, the naph-
halene part of the probe has a blocking effect for the bidentate
oordination ability that may  be useful to selective detecting the
etal ions [23]. As expect, we found that the probe could selectively

nd sensitively detect Zn2+ by the specific coordination to Zn2+ with
 simultaneous inhibiting ESIPT effect, which was demonstrated by
he fluorescence studies in combination with 1H NMR, ES–MS anal-
sis, density functional theory (DFT) calculations, and pH effect.
emarkably, such a compound is low toxic to the living cell and
lso sensitive to Zn2+ in it, suggesting the practical application for
he detection of Zn2+ in physiological system.

. Experimental

.1. Materials and general methods

Unless specially noted, all chemicals were purchased from com-
ercial suppliers without further purification. Double distilled
ater was used to prepare all aqueous solutions. Elemental anal-

ses were performed on VARI-EL elemental analyzer. IR spectra in
Br discs were recorded using Shimadiu-FTIR-8300 Spectropho-

ometer in the range of 4000–400 cm−1. ESI mass spectra were
cquired on a Triple TOFTM 5600+ system. 1H NMR  spectra were
erformed on a Bruker 600 MHz  instrument. The fluorescence and
lectronic spectra were obtained using Cary 50 and Cary Eclipse
pectrophotometer (Varian, USA) at room temperature, respec-
ively. Fluorescence images of MCF7 cells were performed with a
onfocal laser scanning microscope with model LSM-880.

.2. Synthesis of naphthoxazole derivative HL

1-Amino-2-naphthol-4-sulforic acid (1 mmol, 0.2390 g) was
uspended in 40 mL  of absolute methanol in a flask and a 150 �L
f triethylamine (1 mmol,) was added to the reactor. The suspen-
ion was heated to reflux until the solution became clear and then
-chlorosalicylaldehyde (1 mmol, 0.2551 g) in 10 mL  of absolute
thanol was added dropwise to this mixture. Dark yellow precip-
tates were obtained after the solution was further refluxed for

 h. The solid powder was isolated by vacuum filtration, washed
ith distilled water, ethanol, and diethyl ether, respectively, and
ried in vacuo. Yield: 65%. 1H NMR  (600 MHz, DMSO-d6): ı = 11.25
s, 1H,), 9.05 (d, 1H), 8.54 (d, 1H), 8.34 (s, 1H), 8.10 (s, 1H), 7.76
m,  1H), 7.66 (m,  1H), 7.56 (m,  1H), 7.21 (d, 1H). Anal. Calcd.
or C17H9ClNO5S·C6H16N: C 57.92, H 5.28, N 5.87%. Found: C
8.03, H 5.21, N 5.86%. FT-IR (�/cm−1):3444, 1633, 1584, 1536,
483, 1449, 1206, 1188, 1055.97, 754, 654. ESI–MS: m/z calcd
%) for [C17H11ClNO5S]+: 375.78; found 376.00 (100%). �m (H2O)
2.4 �S/cm. Dark yellow block crystals were received by slow evap-
ration of the reaction solution at room temperature for 2 weeks.

.3. X-ray crystallography

Diffraction data for the probe HL were collected in Beijing Syn-
hrotron Radiation Facility (BSRF) beamline 3W1A, which was
ounted with a MARCCD-165 detector (� = 0.7200 Å) with stor-

ge ring working at 2.5 Ge V. Data were collected by the MARCCD
rogram and processed using HKL 2000 [24] at the 100 K. The
tructure was solved by direct methods and refined by the full-

atrix least-squares technique using the SHELXS-97 [25]. The

rystallographic data and structure refinement parameters for
he compound are showed in Table S1 (supporting materials).
he CIF file for HL was deposited in the Cambridge structure
Scheme 1. Synthesis of the probe HL.

Database with CCDC no.1495716, obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html.

2.4. UV–vis and fluorescence spectra studies

A stock solution of HL (0.1 M)  was  prepared in DMSO. Stock solu-
tions of the metal ions (0.1 M)  were prepared in double distilled
water. The effects on the addition of different metal ions to HL were
investigated in the DMSO/HEPES buffer solution (10 mM,  pH = 7.2;
1:1(v/v)) through UV–vis and Fluorescence measurements at the
room temperature. The limit of detection (LOD) was calculated
based on the standard deviation of the response (SD) and the slope
of the calibration curve (S) at levels approximating the LOD accord-
ing to the formula: (LOD) = 3(SD)/S.

2.5. DFT calculations

The solvation effect was considered for all calculations by using
the polarizable continuum model (PCM). The ground state struc-
tures were optimized and vibrational frequencies were analyzed
at B3LYP/6-31G(d) level. The excited state structures were consid-
ered with the time-dependent (TD) procedure. The UV–vis spectra
were simulated by the single point TD-B3LYP/6-31G(d) calcula-
tions at the ground state optimized structures and the fluorescence
spectra were calculated by the geometry optimization at excited
state potential energy surfaces with the ground state optimized
structures as the starting points at B3LYP/6-31G(d) level. To com-
pare the relative energies of enol and keto isomers at both ground
and excited states, the energies were improved by the single point
calculations at B3LYP/6–311 + G(d,p) level based on the B3LYP/6-
31G(d) optimized structure. All calculations were performed using
Gaussian 09 package.

2.6. Methods for biological application

MCF7 cells were cultured in DMEM (Dulbecco’s Modified Eagle
Medium) medium supplemented with penicillin/streptomycin
(100 units/mL) and 10% fetal bovine serum (FBS) and grown at
37 ◦C in a humidified atmosphere in the presence of 5% CO2. Cells
were treated with the probe HL (10 �M)  in PBS buffer (1% DMSO,
pH = 7.5) for 2 h. At the end of 2 h, the cells were then incubated
with Zn2+ (10 �M)  for further 2 h. The cells were washed with
PBS buffer three times. And the living cell images were captured
through a confocal laser scanning microscope. The viability of MCF7
cells in the presence of the probe HL was determined by the 3-[4,5-
Dimethylthiazo-2-yl]-2,5-diphenpyltetra-zolium bromide (MTT)
assay.

3. Results and discussion

3.1. Synthesis and characterization of the probe HL

Previously, we  had facilely synthesized several Schiff-base
compounds by the condensation connection between the sali-
cylaldehyde and aromatic amine or triazole amine [26–28]. In

this work, a new naphthoxazole derivative (HL) was further pre-
pared by one step condensation of a polycyclic aromatic amine
(1-amino-2-naphthol-sulfonic acid) and 5-chlorosalicylaldehyde
in the presence of triethylamine (Scheme 1). The probe was con-
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Fig. 1. Crystal structure diagram of the probe HL with 50% probability displacement
ellipsoids, dot lines for H bondings.
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Fig. 3. Job’s plot of Zn-L complex in HEPES buffer (pH = 7.2, DMSO/HEPES = 1:1). The
total molar concentration of HL and Zn2+ is 5 mM,  � = 391 nm.
ig. 2. Absorption titration of the probe HL (2 mL,  0.1 mM)  with Zn (0–0.1 mM)  in
MSO/HEPES buffer (pH = 7.2, v:v = 1:1) at room temperature. Inset shows absorp-

ion vs.  [Zn2+]/[HL] (� = 391 nm).

rmed by elemental analysis, IR spectroscopy, 1H NMR, ESI–MS
Figs. S1–S6, supporting materials), and single crystal X-ray crystal-
ography (Fig. 1). The X-ray crystallographic structure reveals that
he probe HL crystallizes in the P21/c space group of the monoclinic
rystal system. The phenol oxygen and naphthoxazole nitrogen
toms can provide suitable chelate coordination site in the presence
f metal cations. Obviously, there is an stronger intramolecular
ydrogen bonding between the phenol (O2) and imino nitrogen
N1) atoms of naphthoxazole with a distance of 2.662 Å, which is
ecessary for occurrence of the desired ESIPT process [29].

.2. UV–vis absorption studies

The UV–vis absorption spectral properties of the probe HL with
r without metal ions (such as K+, Na+, Ca2+, Mg2+, Al3+, Ba2+, Fe3+,
o2+, Ni2+, Cu2+, Mn2+, Cr3+, Cd2+, Hg2+, and Zn2+) were investi-
ated in DMSO/HEPES buffer (pH = 7.2, v/v = 1:1) (Fig. S7, supporting
aterials). The absorption spectrum of the probe HL showed the

wo main low energy bands at 349 and 365 nm,  respectively. The
pectral pattern of HL does not exhibit any significant change on
dding majority of metal ions except Zn2+. Therefore, the UV–vis
bsorption titrations were carried out by gradual addition of Zn2+

o the solution of probe HL. As shown in Fig. 2, the absorption peaks
f HL decrease gradually with additions of Zn2+, whereas a new
bsorption peak at 391 nm appears and gradually increases, which
mplies the formation of Zn complex with the ligand.

For better understanding the interaction of the probe HL
ith Zn2+, Job’s plot analysis was conducted. The results

how the absorbance intensity of the solution reaches maxi-
2+
um  when the mole fraction of Zn is about 0.35 (Fig. 3),

hich indicates a 2:1 complexation stoichiometry between HL
nd Zn2+. The binding stoichiometry was further confirmed by
SI–MS spectrometry analysis. The positive-ion mass spectrum
Fig. 4. Fluorescence spectra of sensor HL (1 �M)  on addition of different amount
of  Zn2+ in DMSO/HEPES (v/v, 1:1, pH = 7.4). Inset: Fluorescence intensity at 458 nm
changes on incremental addition of Zn2+(0 ∼ 15 �M).

of the probe HL solution in the presence of Zn2+ (1 equiv)
exhibits a prominent peak at m/z = 416.36, which is assignable to
{[Zn(C17H9ClNO5S)2] + 2H+ + H2O}2+ species (cald.416.47) (Fig. S6,
supporting materials).

3.3. Fluorescence emission studies

The fluorescence properties of HL (1.0 �M)  for the titration of
Zn2+ were studied in DMSO/HEPES (pH = 7.2, 1:1 v/v) system. As
shown in Fig. 4, the probe shows that a weak fluorescence emis-
sion at 485 nm when it is excited at 391 nm.  With gradual increase
in the Zn2+ concentration (1 ∼ 15 �M),  the emission intensity of
the probe HL increases continuously and the emission maximum
shifts from 485 to 458 nm.  It is noteworthy that the fluorescence
changes induced by Zn2+ exhibits good linear relationships (Fig. 4,
inset), which means that the probe HL is suitable for quantitative
detection of Zn2+. The limit of detection calculated according to
the formula ((LOD) = 3(SD)/S) is 6.9 × 10−7 M,  which is lower than
most of the reported zinc ion chemosensors based on inhibiting
ESIPT process (Table S2, supporting materials) [30–35]. This low
limit of detection indicates that the probe HL may  be an efficient
fluorogenic chemosensor for Zn2+ recognition.

The comparative studies among the addition of 20 �M of famil-
iar metal ions such as Zn2+, K+, Na+, Ca2+, Mg2+, Al3+, Ba2+, Fe3+,
Co2+, Ni2+, Cu2+, Mn2+, Cr2+, Cd2+, and Hg2+, respectively, were per-
formed. As shown in Fig. 5, only the addition of Zn2+ can greatly
increase the intensity and also lead to the blue shift of fluorescence

of HL. Remarkably, an obviously blue emission of the solution can
be easily visualized by the naked eye under a UV lamp at 365 nm
(Fig. 5, Inset). Furthermore, the competitive experiments were per-
formed for HL (1 �M)  in the presence of Zn2+ (10 �M)  mixed with
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Fig. 5. Fluorescence (�ex = 391 nm)  responses of HL respectively upon the addition
of  several metal ions in DMSO/HEPES (v/v = 1:1) at emission slit 5 nm.  Inset: a color
change photograph for Zn2+ and the other metal ions under illumination with a
365 nm UV lamp.

Fig. 6. Fluorescence intensity of HL and its complexation with Zn2+ in the presence
of various metal ions in DMSO/HEPES (v/v, 1:1), Red bar: HL (1 �M)  and HL with
10  equiv. of competing ions, Blue bar: 1 �M of HL, 10 �M of competing ions and
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Fig. 7. Fluorescence intensity of HL with Zn2+ ions and EDTA in DMSO-HEPES solu-
tion (v/v, 1:1).
n2+ (�ex = 391 nm,  �em = 458 nm,  slit widths: 5 nm/5 nm). (For interpretation of the
eferences to colour in this figure legend, the reader is referred to the web  version
f  this article.)

ther interfering metal ions (10 �M)  to evaluate the selectivity of
he sensor. As shown in Fig. 6, the competitive metal ions shows the
eaker response, and the coexisting metal ions except Cu2+ do not

ignificantly interfere with the intensity of emission Zn-L system,
hile for the presence of Cu2+, the moderate decrease in the inten-

ity of fluorescence can be observed, which indicates that Cu2+ may
ompete with Zn2+ for binding with HL. Nevertheless, the overall
esults reveal that the probe HL shows a good selectivity towards
n2+.

The reversibility of the recognition process of the probe HL was
xamined by adding a bonding agent, ethylenediaminetetraacetic
cid disodium salt (Na2H2EDTA) to the mixture solution of the
robe HL and Zn2+ (10 equiv of HL). As shown in Fig. 7, the fluores-
ent peak at 458 nm is immediately quenched when EDTA is added
he Zn-L system. But when more Zn2+ is added to the solution, the
uorescence is recovered to about a half again. The results show
hat the probe HL is reversible to a certain extent. The reversibility
s important for developing the resumable fluorescent sensor for
n2+ in the presence of most competing metal ions.

.4. 1H NMR  binding studies

To further insight into the binding event of HL with Zn2+, 1H NMR
pectra of L (in DMSO-d6) in the absence and presence of Zn2+ were

ompared (Fig. 8). For HL, the shift of proton at 11.25 ppm can be
ssigned to the H on hydroxyl, which is involved in the intramolec-
lar hydrogen bond (O H · · ·N,) [13]. And a singlet at 8.34 ppm
orresponds to H-f of the naphthalene ring. The accurate assign-
Fig. 8. 1H NMR  spectra of HL and Zn-L complex in DMSO-d6.

ments of the other protons for HL in DMSO-d6 were performed
through the correlations in 1H-1H COSY spectrum (Fig. S4, support-
ing materials). The COSY spectrum shows the cross-peak between
the signals at 7.21 and 7.56 ppm. The doublet at 7.21 (J = 8.4, cou-
pling of H-a with H-b) and the doublet of doublets at 7.56 ppm
correspond to H-a and H-b respectively, where H-a appears more
upfield as compared to H-b due to the effect of OH group on adja-
cent carbon. A proton H-e appears as a weak doublet at 8.10 ppm
due to the long-range coupling of H-e with H-b (J = 2.4 Hz). Simi-
larly, the other three cross-peaks between the signals at 7.76 and
8.54 ppm, the signals at 7.66 and 9.05 ppm, and those at 7.76 and
7.66 ppm also are observed in the COSY spectrum, indicating that
the four protons corresponding to these signals can be assigned
in the naphthalene ring. Of them, the doublet at 9.05 ppm corre-
sponds to H-h of the naphthalene ring due to the effect of SO3 group
adjacent carbon. So the proton peaks at 8.54, 7.76, and 7.66 ppm
should be assigned to H-g, H-d, H-c. Upon addition of Zn2+, the
loss of peak at 11.25 ppm is immediately observed and doublet
of H-a upfield shifted from 7.21 ppm to 6.85 ppm, which suggests
that the hydroxyl might lose the H atom and corresponding oxy-
gen atoms might coordinate to Zn ion. Moreover, the doublet at
8.54 ppm downfield shifts to 8.75 ppm, while the shifts of other

aromatic protons show hardly change, indicating that the imine
nitrogen in oxazole is bonded to Zn ion.
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Fig. 9. The structures and relative energies of enol and keto forms of HL  at both
ground and excited states. The energy of enol form at ground state is set as zero.

Fig. 10. The fluorescent emission mechanism for ZnL2 complex and deprotoned
probe (L). “�em”, “f ”, “Ratio” denote the wavelength of emission, the oscilator
strength, and the ratio for corresponding transition in the concerned exicted state.
cheme 2. The ESIPT pathway of the probe HL and the proposed mechanism for
etection of Zn2+ by HL.

.5. Fluorescence recognition mechanism

Why  did the HL show a weak fluorescence emission but the flu-
rescence remarkably enhance in the presence of Zn2+? We  reason
hat the intensity of fluorescence emission depends mainly on the
SIPT process. As depicted in Scheme 2, the probe HL contains a
henolic hydroxy group at the 2-position, which may  form a hydro-
en bond with the nitrogen atom on naphtha[1,2-d] oxazole ring.
he formation of such hydrogen bond can be confirmed by 1H NMR
pectrum and X-ray crystallography. At excited state, it is common
hat the proton will hop between enol-imine (O H· · ·N) and keto-
mine (O·  · ·H N) forms, i.e. the so-called ESIPT process (see upper
art of Scheme 2). The ESIPT may  lead to the weak fluorescence
f the HL [36]. Upon stable chelation with Zn2+ and simultaneous
oss of hydroxyl proton, the ESIPT process in corresponding probe
s prevented, resulting in significant enhancement of the fluores-
ence(see lower part of Scheme 2). Moreover, the binding of Zn2+

ith the probe will form a little more rigid large �-electron conju-
ation system, which will aid in the fluorescence enhancement of
he probe.

Moreover, how did the probe recognize Zn2+ from its congeners
d2+ and Hg2+? Our studies suggest that it comes from the peculiar
eometry of the probe. With regard to Zn2+, it has the electron con-
guration of 3d10, which makes the tetrahedral coordination to be

 favorable binding manner because it can support the stable 18-
lectron shell structure around Zn2+. Based on this feature, Zn2+ ion
an be distinguished from many other transition metals, which do
ot favor the tetracoordination. Moreover, though Cd2+ and Hg2+

ave the electron configuration of 4d10 and 5d10, similar to Zn2+

ith filled d-configurations, their ionic radii (C.N.4) are obviously
arger than that of Zn2+ (0.78, 0.90 versus 0.60 Å) [37], which can
e used to discriminate Zn2+ from Cd2+ and Hg2+ via the geometri-
al effect [38]. As shown in Fig. 1, H atom on C9 brings strong steric
indrance when a metal atom is coordinated by the hydroxyl O and
aphthaoxazole N, which will restrict the large metal ions to enter
he bidentate site of the probe. Then, it is understandable that only
he presence of Zn2+ can enhance the fluorescence because Cd2+ and
g2+ are obviously larger in size than Zn2+ and they are unsuitable

or the formation of stable coordination complex with the probe.
.6. Theoretical studies

To verify the proposed mechanism of recognition, we
erformed the DFT calculations. As shown in Fig. 9, at
Fig. 11. Effect of pH on the maximum emission peak of HL and Zn-L complex in
DMSO/HEPES (v/v, 1:1).

the ground electronic state, the B3LYP/6–311 + G(d,p) single
point calculations on the B3LYP/6-31G(d) optimized structures
(B3LYP/6–311 + G(d,p)//B3LYP/6- 31G(d)) reveal that the enol form
isomer is 0.41 eV (9.6 kcal/mol) lower in energy than the keto form
isomer. Such a large energy difference indicates that HL exists

mainly in enol form. However, at the first excited state, the TD-
B3LYP/6–311 + G(d,p)//TD-B3LYP/6-31G(d) calculations reveal that
the enol form isomer is only 0.03 eV (0.7 kcal/mol) lower in energy



1040 C. Yuan et al. / Sensors and Actuators B 242 (2017) 1035–1042

Fig. 12. Fluorescence microscopic images of MCF7 cells: (a) Untreated Cell control; (b) Cells treated with HL; (c) Cell treated with Zn2+ and HL.
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the MCF7 cells were treated with the probe HL in the concen-
tration range of 0 ∼ 100 �M for 24 h, the cells showed very little
han the keto form isomer, which suggests there might have an
nvertible structural conversion, i.e. the so-call ESIPT, which is con-
istent with the weak fluorescence of the probe.

Then we studied the Zn-L complex. We  constructed two
tructures for the complex, one with two probe ligands (tetraco-
rdination) and the other with two probe ligands and a coordinate
ater molecule (pentacoordination). As shown in Fig. S8 (support-

ng materials), the initial structure with pentacoordinate Zn was
onverted to a structure with a tetracoordinate Zn and a free water
olecule. The results are consistent with above analysis on the

ecognition mechanism. In the following, we will focus on the struc-
ure with two deprotonated probe molecules and a tetracoordinate
n (ZnL2). As shown in Fig. 10, TD-DFT calculation at B3LYP/6-
1G(d) level predicts the characteristic emission of ZnL2 to be at
51 nm,  which is very close to the experimentally recorded wave-

ength of 458 nm.  Such an emission is dominated by the transition
rom HOMO excited state to corresponding LUMO (ratio = 98.8%)
nd the oscillator strength (f) is 0.867, indicating the very strong
mission, which is consistent with the experimental results. More-
ver, the detailed orbital analyses suggest that the characteristic
mission of ZnL2 is still originated by the individual ligand L and
orresponds to the �* → � transition (Fig. 10).

.7. pH effects

To further demonstrate the proposed mechanism and evaluate
he practical applicability of the probe, we examined the effect of
H to the emission of both mixed Zn-L system and the free probe
L in DMSO/HEPES buffer (v/v, 1:1). As shown in Fig. 11, in the
cidic (pH ≤ 6), neutral or weak alkali (pH = 7–9), and strong alkali
pH ≥ 10) environments, the emissions of Zn-L mixed system would
e very weak, considerably enhanced, and very strong, respec-
ively. In the acidic environment, HL exists mainly in the stable
rotonated form and the ESIPT effect will lead to the weak fluo-

escence; in the neutral and weak alkali environment, HL exists
ainly in the metastable protonated form and it is possible to

orm the Zn-L complex so that the fluorescence of corresponding
robe ligands can be observed; while in the strong alkali environ-
ment, Zn2+ will binding with excess hydroxyl and almost all HL
exists in deprotonated form to exhibit strong emission. Such rea-
soning can be proved by the similar studies on pH effect to the
free probe HL, which shows weak emission for pH ≤ 8, consider-
ably enhanced emission at pH = 9, and almost same intensity to
mixed Zn-L system for pH ≥ 10. The results imply that the complex-
ation of the probe with Zn2+ prevent the ESIPT process of the probe
HL in the neutral or weak alkali environment. We  also calculated
the free deprotonated probe (L) to simulation the fluorescence in
the strong alkali environment. As shown in Fig. 10, the predicted
emission is at 501 nm,  which is close to the experimental value of
485 nm.  The f value is 0.636, which is consistent with the rather
strong emission for L at strong alkali environment. The results of
pH effects also demonstrate that the neutral or weak alkali envi-
ronment are the most appropriate pH range for the probe to detect
Zn2+, which is preferred for the application in the physiological
system.

3.8. Cell imaging study

Given the specific fluorescence response by the probe to Zn2+,
we measured the sensing performance of HL to Zn2+ in living
cells by fluorescence microscopy. As shown in Fig. 12, the MCF7
cells incubated with the probe HL (10 �M)  only show very weak
green fluorescence image. In contrast, after incubation of the probe
treated cells with Zn2+ (10 �M),  the bright blue fluorescence is
observed when the cells are imaged through the fluorescent micro-
scope. The result reveals that the probe HL is cell-permeable and
has potential applicability for detecting Zn2+ in living cells. We
further studied the cytotoxicity using the MTT  assay to evalu-
ate the possibility of probe to be applied in the living cell. After
decrease in viability ( < 10%) (Fig. S9, supporting materials). The
result indicates that the probe HL does not have any strong detri-
mental effect on cell viability and it could be considered to be low
toxic.
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. Conclusion

In summary, we have successfully designed and synthesized a
imple fluorescent probe which shows a good sensitivity and selec-
ivity towards Zn2+ ion via 2:1 binding mode in DMSO/HEPES (v/v,
:1). Upon binding with Zn2+, the probe emits bright blue fluo-
escence. The enhancement of emission mainly originates from
he inhibition of ESIPT process, while the selectivity toward Zn2+

s determined by the proper steric hindrance effect. The fluores-
ence mechanism of the probe HL toward Zn2+ was evaluated by
SI–MS, 1HNMR and DFT computational studies. We  also explored
he potential applications to detect Zn2+ in biological systems. The
ow toxic probe was found to be cell membrane permeable and
uitable for imaging Zn2+ in cultured MCF7 cells.
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