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A selective and sensitive Zn(II) ion responsive optical probe (E)-N0-(2, 4-dihydroxybenzylidene)-3, 5-di-
tert-butyl-2-hydroxybenzohydrazide (L) was designed, synthesized and characterized. The optical behav-
ior of L towards different metal ions were investigated using UV–Vis and Fluorescence techniques and
results indicate its higher selectivity for Zn(II) ion. The experimental results of L for Zn (II) are correlated
with computational results. The probe exhibits weak fluorescence due to cis–trans isomerization and
exited state intra molecular proton transfer (ESIPT) behavior in 4% aqueous acetonitrile solution.
However, in the presence of Zinc (II) ion, AC@NA isomerization and ESIPT processes are inhibited due
to its coordination to metal ion by triggering CHEF (chelation-enhanced fluorescence) giving turn-on flu-
orescence response. The Job’s plot and B-H (Banesi- Hildebrand) experimental results indicate 1:1 stoi-
chiometry between host-guest interaction. The association constant of L for Zn2+ ion was found to be
3.9�107 M�1 with nanomolar level of detection. The pH studies indicate that, the probe could work at
physiological conditions. The reversible, highly photostable optical probe could recognizes the presence
of Zn2+ ion in HeLa cells.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Because of its applications in various fields of science such as
chemistry, biology, medicine, environment etc., molecular recogni-
tion remains to be a most preferred area for researchers and it is
one of the cornerstones of supramolecular chemistry [1]. The infor-
mation obtained at supramolecular level, when molecules interact
with substrate is represented by molecular recognition events
which causes a change in the physical and chemical properties of
molecules and so translate themselves into generation of useful
signals. Its usage in the selective recognition of biologically, envi-
ronmentally, medicinally and industrially important metal ion/s
is attracting much attention [2].

Nowadays, the most intense research area in chemical biology
and supramolecular chemistry is the development of new mole-
cules for sensing different kind of cations, anions and to some
extent neutral molecules also [3,4]. Design and synthesis of new
chemical compounds for sensing cations especially ‘‘3d group” ele-
ments remains to be an interesting area in research because of
their irreplaceable biological, industrial and environmental appli-
cations [5–7]. Zinc is the second most abundant heavy metal ion
in human body next to iron. Presence of normal concentration of
Zinc plays crucial role in many physiological and biochemical pro-
cesses [8] but its abnormality induces many serious problems on
human health as well as environmental processes [9].

The basic principle involved in the molecular sensing is the
Pearson’s HSAB concept. According to this concept, Zn2+ ion is con-
sidered as the borderline Lewis acid. Hence, by selecting borderline
Lewis bases (aniline, pyridine, N3–, Br-, NO2–, SO3

2-, N2) as binding
groups, the Zinc ion selectivity of the molecular probe over other
interfering hard (Na+, K+, Mg2+, Ca2+, Mn2+, Cr3+ and Fe3+), soft
(Cu+, Ag+, Hg2+ and Cd2+) Lewis acids and some of bio-relevant bor-
derline Lewis acids (Fe2+, Co2+, Ni2+ and Cu2+) could be achieved
[10,11]. Zinc with completely filled ‘‘3d” shell is spectroscopically
and magnetically silent. Upon interaction with probe, Zinc modu-
lates many photophysical properties of probe through many sig-
nalizing processes in the excited state [12,13].

An analytical techniques reported in the literature for the recog-
nition of Zinc suffers with one or other disadvantages. Therefore,
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Table 1
Comparison of recently reported Zinc sensor with present study.

Sl.
No

Probe structure Ka/log Ka LOD Solvent Mode of sensing Application Ref.

1 ——— 20 � 10-6

M
aq. methanol Inhibiting PET process Logic gate [20]

2. 5� 104

M�1
7.2 � 10-7

M
aq. methanol Inhibiting PET process Cell imaging [21]

3. ———— 1.5 � 10-8

M
aq. ethanol Inhibiting PET and -C@N isomerization

process
Cell imaging [22]

4. 2.2�104

M�1
1.4�10-7

M
aq. methanol Inhibiting PET process & activating

CHEF process
———— [23]

5. 5.6 �104

M�1
1:13�10-7

M
DMSO ICT Process ——— [24]

6. 7.8�104

M�1
8.6 �10-9

M
DMF Inhibiting -C@N isomerization process

and CHEF process
———— [25]

7. 2.1�104

M�1
3 �10-8 M DMSO:H2O Activation of CHEF Cell imaging [26]

8. 3.7 �104

M�1
——— Ethanol Inhibiting -C@N isomerization process

and CHEF process
—— [27]

9. 16.2 �103

M�1
5�10-8 M Methanol Inhibiting PET process & activating

CHEF process
Logic gates [28]

10. 5.3�103

M�1
5�10-7 M HEPES buffer solution of pH

7.2 prepared in CH3CN/H2O
Inhibiting PET process & activating
CHEF process

Bio-imaging [29]

11. 3�106

M�1
8.8 �10-8

M
Tris-HCl buffer Inhibiting PET process & activating

CHEF process
Water sample
analysis

[30]

12. 1.1 � 105

M�1
3.1� 10-9

M
THF: H2O in HEPES buffer Inhibition of ESIPT and AC@N

isomerization
Cell imaging [31]

13. 1.6 � 105

M�1
9.3� 10-8

M
DMSO:H2O CHEF Test strips [32]

14. 4.6� 104

M�2
1.3 � 10-8

M
100% aqueous solution Inhibition of PET CHEF Process Water and food

sample analysis
[33]

15. 1.5� 105 1.1 � 10-7 DMF:H2O CHEF and AIEE process Paper strips [34]
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Table 1 (continued)

Sl.
No

Probe structure Ka/log Ka LOD Solvent Mode of sensing Application Ref.

M�1 M

16. 1.8 � 105

M�1
46 � 10-9

M
DMF:H2O AIE Biological and

environmental
samples

[35]

17. 1.1 � 105

M�1
1.47 � 10-
7 M

ACN:H2O Inhibition of ESIPT and AC@N
isomerization

cell imaging [36]

18. 3.6 � 105

M�1
1.1 � 10-8

M
Double Distilled water Fluorescence enhancement inhibition

of AC@N isomerization
Cell imaging [37]

19. 4.5 � 103

M�1
12 � 10-6

M
bis-tris buffer Fluorescence enhancement CHEF Cell imaging [38]

20. 4.8 � 104

M�1
77 � 10-
9M

CH3OH:H2O Fluorescence enhancement inhibition
of PET and CHEF

Cell imaging [39]

21. 4.10 205 nM Ethanol CHEF ———— [40]

22. 4.91 357 nM EtOH:H2O CHEF —— [41]

23. 9.6 � 106

M�1
8� 10-9 M ACN Blocking of ESIPT and -C@N

isomerization and activation of CHEF
process

Cell imaging [42]

24. 3.9 � 107

M�1
14 � 10-9

M
ACN: H2O Blocking of ESIPT and -C@N

isomerization and activation of CHEF
process

Cell imaging This
work
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there is a need of newer methods with enhanced accuracy and pre-
cision [14]. Recent literature suggests that, use of UV–Vis and flu-
orescence technique for monitoring transition metal ions using
chemosensor is strongly valid because of their higher selectivity,
sensitivity, fast response, simple handling and large Stokes shift
[15].

Fluorescent chemesensors are the molecules of abiotic origin,
which upon interaction with target analyte/s give fluorescence sig-
nal [16,17]. On interacting with the analyte, the fluorescence inten-
sity of the probe either, i) increases called as turn on fluorescence
ii) decreases called as a turn off fluorescence (quenching), or iii)
3

there will be a shift in the fluorescence signal. Because of their sim-
plicity, easy mode of detection, forefront applications, turn-on
optical sensors dominate over other category [18].

Hydrazone derivatives are the powerful tool for sensing differ-
ent cations due to their facile synthesis, low-cost, simplicity, sensi-
tivity and structural framework [6] and the resulting Zinc
complexes are well known for their electronic, photophysical and
biological applications [7]. In literature, many chemosensors based
on coumarin, anthracenone, quinolone, benzazole, BINOL, fluores-
cein, and rhodamine fluorophores have been reported to recognize
Zinc ion [19] but tert-butyl group substituted aromatic systems are



Scheme 1. Synthesis of L and its coordinating mode towards Zinc ion.

Fig. 1a. Color change of L (1 � 10�5 M soln. in 4% aq. CH3CN) upon addition of Zinc
ion (1 � 10�3 M soln. in 4% aq. CH3CN).
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less explored. These groups are well known to increase the solubil-
ity in organic solvents. Synthesizing hydrazone derivatives of
desired fluorescence property by incorporating fluorescence assist-
ing groups in their structure is the attractive weapon for sensing
metal ions with higher accuracy and precision. Any molecule to
Ca
2+

Ba
2+

Co
2+ Ni

2+
Hg

2+
Pb

2+ Zn
2

Fig. 1b. Color change of L (1 � 10�5 M soln. in 4% aq. CH3CN) after the additi
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be an efficient sensor for Zinc ion based on specific excitation pro-
cesses (ESIPT/ICT), then it should exhibit some important photo-
physical characteristics as given below.

a) The molecule should exhibit ICT character and upon coordi-
nation with metal it should increase.

b) The presence of azomethine group enhances the fluores-
cence intensity of probe upon coordination with Zinc ion.

c) Presence of acidic and basic moieties within sensor initiates
ESIPT process and it can be deactivated upon coordination
with Zinc to enhance its fluorescence intensity.

The photophysical properties of 3,5-di-tert-butyl-2-hydroxy-
benzohydrazone obtained by condensing 3,5-di-tert-butyl-2-
hydroxybenzohydrazide with 2,4 dihydroxybenzaldehyde are very
close to the above expectations. Therefore, in continuation with
our earlier work, in the present study we have synthesized a novel
optical sensor (E)-N’-(2, 4-dihydroxybenzylidene)-3, 5-di-tert-
butyl-2-hydroxybenzohydrazide (L). It selectively senses Zn(II)
ion over other interfering metal ions in 4% aqueous acetonitrile
medium with nanomolar level of detection limit. Table 1 depicts
the comparison of some of the aspects of recently reported Zinc
sensors with the present sensor. The reported sensor exhibits
higher binding constant with lower detection limit.
+ L Al
3+

Cd
2+

Mn
2+

on of an equiv. of respective cations (1 � 10�3 M soln.) in 4% aq. CH3CN.



Fig. 2. Relative absorbance of probe at 372 nm upon interaction with various metal
ions.

Fig. 3. Electronic spectral changes of L (1 � 10�5 M) in the presence of different
concentrations of Zn2+ ions in 4% aq. CH3CN. Inset: UV–Vis absorbance at 372 nm
versus the number of equiv. of Zn2+ added.
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2. Experimental section

2.1. Synthesis of optical probe

Synthetic path for fluorophore is shown in Scheme 1.
3, 5-di-tert-butyl-2-hydroxybenzohydrazide was prepared by

the reported method [42]. Methanolic solution of 2, 4-dihydroxy-
benzaldehyde (2 g, 14.5 mmol) was slowly added to a methanolic
solution of 3, 5-di-tert-butyl-2-hydroxybenzohydrazide (3.8 g,
14.5 mmol) and stirred for 7 h at room temperature. Completion
of the reaction was monitored by TLC. The precipitate obtained
was filtered, washed with cold methanol and dried in air.

Color: Light yellow: 89%, m.p: 265 �C, Anal. Calcd for
C22H28N2O4 (%): C, 68.73.; H, 7.34; N, 7.29. Found (%): C, 68.69;
H, 7.30; N, 7.32. IR (cm�1): 3470 (OAH), 3187 (NAH), 1631
(C@O), 1616 (C@N). 1H NMR (400 MHz, DMSO d6, ppm): 1.30
(9H, s, tert-Bu, C13H, C14H, C15H), 1.37 (9H, s, tert-Bu, C19H,
C20H, C21H), 7.71 (1H, d, C1H, J = 2 Hz), 6.33 (1H, d, C4H,
J = 2.4 Hz), 7.43 (1H, d, C16H, J = 2 Hz), 11.99 (1H, s, N2H), 13.08
(1H, s, O4H), 12.25 (1H, s, O2H), 10.00 (1H, s, O1H), 7.42 (1H, d,
C10H, J = 2 Hz), 8.64 (1H, s, C7H), 6.33 (1H, d, C4H, J = 2.4 Hz);
13C NMR (100 MHz, DMSO d6, ppm): 31.30 ((CH3)3), 34.22
5

((CH3)3), 29.21 (C-(CH3)3), 34.71 (C-(CH3)3), 112.18 (C6), 158.32
(C7), 167.01 (C8), 136.54 (C17), 128.24 (C16), 139.69 (C11),
121.15 (C10), 110–140 (C1-C4, aromatic). EI-MS: m/z – 384 [M] +.

2.2. Synthesis of zinc complex

A 4% aqueous acetonitrile solution of Zn(NO3)2�6H2O (0.77 g,
2.6 mmol) was slowly added to the 4% aqueous acetonitrile solu-
tion of L (1 g, 2.6 mmol) with constant stirring for 10 h. The yellow
solid obtained was filtered, washed with cold 4% aqueous acetoni-
trile and dried in air.

Color: Yellow, yield: 75%, m.p: 340 �C, Anal. Calcd. for C22H28N2-
O5Zn (%): C, 56.72; H, 6.06; N, 6.01; Zn 14.04. Found (%): C, 56.80;
H, 6.14; N, 6.05; Zn 12.40. IR (cm�1): 3489 (OAH), 1575(C@N),
1617 (C@N, new), 1128 (CAO). 1H NMR (400 MHz, DMSO d6,
ppm): 1.29 (9H, s, tert-Bu, C14H, C15H, C16H), 1.39 (9H, s, tert-
Bu, C20H, C21H, C22H), 8.54 (1H, s, C7H), 14.13 (1H, s, O4-H),
6.00–8.00 (Ar-H), ESI-MS (m/z): 467 [M + H]+. Molar conductance
(X-1cm2 mol�1): 3.35.

2.3. Cytotoxicity assay and bioimaging experiment

The cytotoxic effect of probe and its Zinc complex on HeLa cells
was ascertained by MTT assay. HeLa cells were grown in tissue cul-
ture flask in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% (v/v) fetal bovine serum (FBS) + penicillin
(100 g/mL) + streptomycin (100 lg/mL) at 37 �C in a CO2 incubator.
HeLa cells were plated (approximately 104 cells per well) into a 96-
well flat-bottom micro plate and grown at 37 �C in 95% humidity
and 5% CO2 for overnight. After that, HeLa cells were incubated
with different concentrations of L and its Zinc complex in DMEM
solution for period 24 h. The cells were washed with phosphate
buffer solution and 20 lL of the MTT staining solution was added
to each well and incubated at 37 �C for 5 h. 100 lL of dimethyl sul-
foxide was added to each well to dissolve formazan crystals formed
and absorbance was recorded at 570 nm using micro plate reader
(ELISA) [43].

For cell imaging experiment, cultured HeLa cells were treated
with the 10 lM of probe and incubated separately for 30 min at
37 �C in dark. HeLa cells were washed with PBS buffer and corre-
sponding images were taken. Later on, 10 lM of Zinc was incu-
bated for 4 h and respective photographs were captured [44].
3. Results and discussion

3.1. UV–Vis absorption titration of Zinc (II) ion

The electronic spectrum of probe (1� 10-5 M) in 4% aqueous
acetonitrile exhibits three absorption maxima at 340, 299 and
290 nm. The electronic properties of L with various metal ions
(viz.; Al3+ (M(NO3)3)), Ca2+, Ba2+, Mg2+, Mn2+, Ni2+, Zn2+, Cu2+,
Co2+, Cd2+, Pb2+, Hg2+ (M(NO3)2) and K+, Li+, Na+ (M(NO3) was pur-
sued in 4% aqueous acetonitrile. Amongst various metal ions (10
equivalent of each) tested, only Zn2+ ion induces significant change
in the electronic spectrum of L showing its higher selectivity for
Zn2+ ion (Fig. S9). Colorless solution immediately turns to intense
yellow (Figs. 1–2). Upon the addition of Zn2+ ion, the intensity of
bands at 340, 299 and 290 nm have decreased and at the same
time three new bands at 429, 390 and 372 nm have appeared.
The formation of equilibrium points at 310 and 353 nm confirms
the transformation of free L into its Zinc complex (Fig. 3) [44].

Upon slowly titrating Zinc ion with L, intensity of bands at 429,
390 and 372 nm increases while that of 340, 299 and 290 nm
decreases till saturation point is reached. A band at 340 nm exhi-
bits 15 nm blue shift due to increased ICT character of L due to for-
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Fig. 4. Electronic spectral changes of L (1x10-5 M) in the presence of different concentrations of Zn2+ ions in 4% aq. CH3CN. Inset: UV–Vis absorbance at 372 nm versus the
number of equiv. of Zn2+ added.
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mation of Zinc complex (which increases the planarity of probe)
with extended conjugation by exhibiting greater electron delocal-
6

ization [45]. The data obtained from absorption titration profile



Fig. 5. Fluorescence spectral changes of probe (1x10-5 M) in the presence of
different concentrations of Zinc (II) ion with an excitation at 340 nm in 4% aq.
CH3CN. Inset: Fluorescence intensity at 485 nm versus the number of equivalents of
Zn2+ added.

Fig. 6. Limit of detection based on change in the ratio (fluorescence intensity at
485 nm) of L with Zn2+.

Fig. 7. Benesi-Hildebrand plot (fluorescence intensity at 485 nm) for L (1 � 10�5 M)
based on fluorescence titration, assuming 1:1 ratio for association between L and
Zn2+.
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were fitted to the Benesi-Hildebrand equation to get the dissocia-
tion constant.

Amax� A0
A� A0

¼ 1þ 1
Kd

M½ �n

where, A0 and Amax are the absorbance of the ligand in the absence
and presence of the metal ion respectively. Binding constant was
determined from the slope of the linear plot and it is found be
1.11�107 M�1 (Fig. S11) [24,46,47]. The limit of detection reaches
to 1.85 � 10�7 M (Fig. S10) [48].

3.2. Fluorescence titration of Zinc (II) ion

When excited at 340 nm, probe shows weak emissive band at
481 nm (U = 2.5%). The various metal ions (viz.; Al3+ (M(NO3)3)),
Ca2+, Ba2+, Mg2+, Mn2+, Ni2+, Zn2+, Cu2+, Co2+, Cd2+, Pb2+, Hg2+ (M
(NO3)2) and K+, Li+, Na+ (M(NO3) were added to the solution of
probe to check its emissive response. We noticed that, only Zinc
(II) ion induces remarkable changes in the emission spectrum of
probe, indicating its higher selectivity for Zinc ion (Fig. 4). Upon
addition of Zinc ion, probe shows a 10-fold higher fluorescence
intensity with small red shift of emission maxima (U = 2.8%)
[13,49–51].

The concentration dependent profile shows that, by incremen-
tal addition of Zinc (II) ion, the fluorescence intensity of fluo-
rophore goes on increasing till 1:1 stoichiometry is reached
(Fig. 5). The detection limit of probe for Zinc (II) ion was found to
be 14 nM using the IUPAC approved equation 3r/S (where r is
the standard deviation of ten blank samples and S is the slope of
the calibration curve) (Fig. 6) [52]. The association constant was
calculated using emission titration data and it is found to be
3.9�107 M�1 (Fig. 7) [47].

3.3. Plausible mechanism for turn-on fluorescence sensing

The weak fluorescence intensity of the bare probe upon excita-
tion at 340 nm is due to (i) free rotation around the imine bond and
(ii) occurrence of ESIPT process. As shown in Supplementary data
(Figs. S19 & S20), the expanded form of 1H NMR spectrum of probe
shows small humps (of low intensity) in addition to major peaks
due to cis-trans isomerization. We have also tried to resolve these
peaks by recording spectrum at lower temperature but failed due
to its solubility problem in CDCl3. The free rotation around the
imine bond of L got restricted when Zinc ion binds with it which
leads to the formation of a rigid structure by activating the chela-
tion enhanced fluorescence (CHEF) process [24,53,54]. On the other
side, the strength of hydrogen bond is greatly affected by solvents
as well as metal ions where the cleavage of intramolecular hydro-
gen bonds quenches the ESIPT fluorescence in highly polar solvents
such as alcohol, dimethylformamide (DMF) and DMSO. The trans-
fer of electrons from the imine nitrogen to the aromatic system
leads to the quenching of intensity. However, coordination of the
imine nitrogen to Zn2+ ion leads to suppressing of ESIPT process.
ESIPT process in L may be inhibited upon the addition of Zinc ion
which causes deprotonation of hydroxyl groups responsible for
ESIPT process. The deprotonation leads to increased ICT character
in L due to increment in its planarity by extended conjugation
leading to a high fluorescence (Scheme 2). An occurrence of ESIPT
process and greater involvement of the ICT character of receptor in
the excited state of complex was well supported by large Stokes
shift (141 nm) [13,24,55–57].

3.4. Binding mode and stoichiometry studies

To know the coordinating mode of L for Zinc ion, different tech-
niques were adopted. 1H NMR spectrum of free L in DMSO d6 con-
7



Fig. 8. Job’s plot for the binding of L with Zn2+ in 4% aq. CH3CN (Fluorescence intensity at 485 nm was plotted as a function of the molar ratio [Zn2+]/ ([L] + [Zn2+])).

Scheme 2. The proposed sensing mechanism between L and Zn2+.
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tains signals at 13.08, 11.99, 11.25, 10.00 and 6.63 ppm assigned to
O4H, O2H, N2H, O1H and C7H protons respectively and remaining
protons resonate in their expected region. The protons of O2H and
N2H vanishes completely upon adding an equivalent of Zinc ion
due to their strong involvement in coordination. A peak at
13.08 ppm has shifted to 14.30 ppm due to participation of O4H
proton in hydrogen bonding during complexation. The peaks at
10.00 and 6.63 ppm of O1H and C7H protons have shifted to 9.22
and 8.56 ppm respectively due to change in electron density
around these protons (Fig. 8). The 1H NMR titration experiment
suggest the interaction of L to Zn2+ through its ONO donor set of
8

atoms via deprotonation of O2H and N2H protons through keto-
enol tautomerism (Scheme 1).

The positive mode ESI-MS spectrum of probe shows a molecular
ion peak at m/z: 385 which corresponds to [L-H] +. A new peak
appeared at m/z: 467 upon the addition of an equivalent of Zinc
ion corresponds to [L + Zn2+ + H2O + H] + indicating 1:1 stoichiom-
etry between host–guest interaction (Fig S7). Job’s experimental
results further support 1:1 stoichiometry between probe and Zinc,
where the maximum fluorescence intensity/absorbance was
achieved near 0.5 mol fraction (Fig. 9 & S12) [45].



Fig. 9. Job’s plot for the binding of L with Zn2+ in 4% aq. CH3CN (Fluorescence
intensity at 485 nm was plotted as a function of the molar ratio [Zn2+]/
([L] + [Zn2+])).
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3.5. Geometry optimization and electronic structure

To correlate experimental results with theoretical results and
explore the sensing mechanism between host–guest interaction,
computational studies were performed. The energy minimized
structures of L and L-Zn2+ are shown in Fig. 10. The information
of electronic properties of L and L-Zn2+ was obtained by analyzing
the HOMO (Highest occupied molecular orbital) and the LUMO
(Lowest unoccupied molecular orbital) (Fig. 11 & Fig. S25, S26).

In the ground state, electron density in HOMO of L distributed
mainly on dihydroxy group substituted benzene ring along with
the hydroxyl groups and binding atoms, whereas, LUMO of probe
distributed over both the benzene ring along with coordinating
sites. On the other side, electron crowd in HOMO of L-Zn2+ is
mainly populated on the tert- butyl group substituted benzene ring
along with coordinating sites whereas, the LUMO of L-Zn2+ was
redistributed on dihydroxy group substituted benzene ring along
with the hydroxyl groups and coordinating atoms.

The probe exhibits a peak at 302 (kexp 290) nm which is
assigned to p-p* and it is mainly associated with 75.03% orbital
contribution from HOMO-3 to LUMO, a peak at 307 (kexp 299)
nm which is assigned to n- p* with an orbital contribution of
87.97% due to HOMO-1 to LUMO transition and a peak at 356 (kexp
340) nm which is due to charge transfer process with an orbital
contribution of 98.22% due to HOMO to LUMO transition. The L-
Zn2+ exhibits a peak at 321 (kexp 370) nm that is principally asso-
ciated to 94.73% orbital contribution from HOMO-2 to LUMO, a
L

Fig. 10. The energy-minimized stru
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peak at 349 (kexp 390) nm with an orbital contribution of 97.44%
due to HOMO-1 to LUMO and a peak at 397 (kexp 429) nm which
is largely associated to 98.69% orbital contribution from HOMO
to LUMO (Fig. S14 and Table 3 & 4). The L exhibits a band gap of
4.08 eV while L-Zn2+ shows 3.47 eV (Fig. 11). These results are in
good agreement with the experimentally observed results [58].
Furthermore, we have also compared the stabilities of L and L-
Zn2+ complex by calculating chemical hardness (g = ELUMO�EHOMO

2 ).
The chemical hardness value for L (2.04 eV) is high as compared
to its Zinc complex (1.73 eV) indicating its higher stability [59–61].

3.6. pH dependent fluorescence studies

The effect of pH on the fluorescence behavior of L in the pres-
ence and absence of Zinc (II) ion was undertaken over a 3–11 pH
in order to extend its biological application using PBS (Phosphate
buffer saline) solution. The sensor is silent from pH 2–6 due to pro-
tonation of nitrogen atom whereas it dramatically increases from 7
to 11 due to deprotonation of hydroxyl groups. The Zinc complex
exhibits weak fluorescence in the region 2–6 due to protonation
of hydroxyl groups and suddenly increases from 8 to 11. A forma-
tion of stable complex in basic media switch on the CHEF process
giving high fluorescence intensity (Fig. S15) [25,62].

3.7. Solvent effect

The fluorescence intensity of L in different solvents such as
Ethanol, Acetone, Dimethylformamide, Chloroform, Methanol,
Dichloromethane, Dimethyl sulfoxide, Ethyl acetate, Tetrahydrofu-
ran and Hexane was examined in order to know the emissive effi-
ciency of probe in different solvents. Electronic and fluorescence
spectra of optical probe depends on the nature of solvent in which
it is immersed. Some processes such as proton or charge exchange
between solute and solvent, hydrogen bond formation, solvent
dependent aggregation, isomerization equilibria ionization, and
physical interactions between solute and solvent molecules have
significant effect on the electronic spectrum of the probe [63]. An
optical probe displays high fluorescence intensity in polar protic
solvents due to inhibition of ESIPT process (Fig. S16) [64].

3.8. Reversible nature of probe

Developing an optical probe with reversibility is a very impor-
tant parameter in sensing metal ions. Reversible nature of L for
Zn2+ ion in 4% aqueous acetonitrile medium was investigated using
well known metal ion chelator EDTA. Upon adding the EDTA solu-
tion to L-Zn2+ complex, it abstract the Zn2+ ion from complex and
the sensor was regenerated at 481 nm. The fluorescence intensity
at 485 nm quenches due to formation of EDTA-Zn2+ complex and
L + Zn
2+

ctures of (a) L and (b) L-Zn2+.



Fig. 11. A HOMO-LUMO energy band gap diagram of L and L -Zn2+.

Fig. 12. A HOMO-LUMO energy band gap diagram of L and L -Zn2+. Fig. 13. Fluorescence enhancing profile of addition of Zn2+ to L from 0 to 12 min.
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colored solution becomes colorless. Again, adding Zn2+ ions to
EDTA-Zn2+ complex, sensor displays a fluorescence intensity at
485 nm and colorless solution becomes colored due to formation
of L-Zn2+ and this process repeats over few cycles. Thus, the use
of EDTA can lead to regeneration of L from the Zn2+complex. There-
10
fore, probe may be reused for further sensing of Zn2+ (Fig. S17)
[65,66].



Probe + Zn
2+Bright Field Probe

Fig. 14. Fluorescent imaging of HeLa cells incubated with L followed by the addition of Zn2+. The cells were incubated with L (10 lM) for 30 min, washed with PBS, and
incubated with 10 lM of Zn2+. kex = 340 nm, kem = 481 nm.
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3.9. Response time and photostabilities

The time in which the L recognizes Zn2+ and forms Zinc complex
is an important parameter for fast real time detection. To the 4%
aqueous acetonitrile solution of L, 15 equivalent of Zn2+ was added
and its fluorescence intensity at 485 nm was measured at every
minute using fluorescence spectrophotometer. The fluorescence
intensity of bare probe at 481 nm remains constant for an hour
indicating its higher stability. Upon adding Zinc, its fluorescence
intensity increases at 485 nmwithin 6 min indicating its high reac-
tivity towards metal and remains constant afterwards indicating
its high stability at 298 K (Figs. 12 & 13) [25].
3.10. Cytotoxicity and bio imaging

Practical applications of L for recognition of biologically impor-
tant Zinc ion was explored through cell imaging experiment.
Before cell imaging experiment, cytotoxicity of sensor and its Zinc
complex was checked by performing MTT assay in HeLa cells. HeLa
cells were incubated with various concentrations (12.5, 25, 50 100
and 200 lM) of L for 24 h and results indicate that HeLa cells trea-
ted with 12.5 lM of L showed no severe cytotoxicity with cell via-
bility about 97.67% (Fig. S18).

To explore the sensing ability of L for Zinc, we have performed
cell imaging experiment (Fig. 14). Initially, HeLa cells were treated
with 10 lM solution of L for 4 h at 37 �C and fluorescence images
were taken. Sensor was found to be cell permeable and displays
weak fluorescence. Upon incubating preloaded HeLa cell with
10 lM Zn2+ ion, cells exhibit obvious strong green fluorescence.
These results indicate that, sensor L is permeable into HeLa cells
and binds to intracellular Zn2+ ion by exhibiting a high fluorescence
[63].
4. Conclusions

In summary, we have synthesized novel fluorophore (L) and
characterized by various spectroscopic techniques. Among differ-
ent metal ions tested, probe selectively sense Zinc ion by giving
turn on optical response. Based on the experimental and theoreti-
cal results we proposed a dual (ESIPT/ICT) mechanism responsible
for selective sensing of Zinc ion. The binding constant estimated
was well within the reported values for Zinc in literature (101-
1012). The detection limit of L for Zinc ion is at nanomolar level.
We could regenerate L by adding an EDTA salt to the solution of
L-Zn2+ complex. Probe shows high emission in polar protic solvents
11
due to blockage of ESIPT process. The sensor recognizes the pres-
ence of Zinc in HeLa cells with high cell viability. Finally we believe
that, the present sensor could certainly contribute in the field of
developing new optical sensor by logical structural design.
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