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al elucidation of the turn-on
luminescence mechanism in two new Schiff bases
as selective chemosensors of Zn2+: synthesis,
theory and bioimaging applications†

Jessica C. Berrones-Reyes,a Blanca M. Muñoz-Flores,a Arelly M. Cantón-Diáz,a

Manuel A. Treto-Suárez,b Dayan Páez-Hernández,b Eduardo Schott, ce

Ximena Zarate*d and V́ıctor M. Jiménez-Pérez *a

We report the synthesis and characterization of two new selective zinc sensors (S,E)-11-amino-8-((2,4-di-

tert-butyl-1-hydroxybenzylidene) amino)-11-oxopentanoic acid (A) and (S,E)-11-amino-8-((8-

hydroxybenzylidene)amino)-11-oxopentanoic acid (B) based on a Schiff base and an amino acid. The

fluorescent probes, after binding to Zn2+ ions, presented an enhancement in fluorescent emission

intensity up to 30 times (f ¼ A 50.10 and B 18.14%). The estimated LOD for compounds A and B was

1.17 and 1.20 mM respectively (mixture of acetonitrile : water 1 : 1). Theoretical research has enabled us to

rationalize the behaviours of the two selective sensors to Zn2+ synthesized in this work. Our results

showed that in the free sensors, PET and ESIPT are responsible for the quenching of the luminescence

and that the turn-on of luminescence upon coordination to Zn2+ is mainly induced by the elimination of

the PET, which is deeply analysed through EDA, NOCV, molecular structures, excited states and

electronic transitions via TD-DFT computations. Confocal fluorescence microscopy experiments

demonstrate that compound A could be used as a fluorescent probe for Zn2+ in living cells.
1. Introduction

Zinc is the most abundant trace element essential in cellular
functions of the body, and plays an important role in fundamental
biological processes, such as DNA synthesis, RNA transcription,
regulation of metalloenzymes, neurophysiology, and apoptosis.1,2

According to medical research, the imbalance of zinc in human
bodies can result in several serious diseases, such as diabetes,
neurodegenerative disorders, and certain types of cancer.3–6 Since
biological systems require an adequate concentration of zinc for
their optimal functioning,7–9 different methods for this detection
have been proposed.Within a wide variety ofmethods, luminescent
chemosensors have attracted the attention of researchers for their
acultad de Ciencias Qúımicas, Ciudad
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simplicity, low cost, high selectivity and sensitivity, and are appli-
cable in many elds such as medical diagnostics, living cells,
environmental control and electronics.7,10,11 Although there are
other methods such as atomic absorption spectrometry, inductively
coupled plasma mass spectroscopy, inductively coupled plasma-
atomic emission spectrometry, UV-visible spectroscopy,12 they do
not allow analyte monitoring in situ and in real time, especially in
biological systems. In luminescent chemosensor, the analyte
recognition can be set from a change of color or intensity of the
emission from the interaction with the analyte.13 This interaction
can lead to a series of transduction mechanisms that need to be
understood to achieve efficiency and selectivity in the sensors. The
most frequent sensing mechanisms shown by shown are Photoin-
duced Electron Transfer (PET),14,15 intramolecular charge transfer
(ICT),9 Energy Transfer (ET),14,16 Metal–Ligand Charge Transfer
(MLCT or LMCT),17 Excited State Intramolecular Proton Transfer
(ESIPT),18 excimer and exciplex formation.19,20

The Schiff bases have been widely studied because of their
biological and structural importance, mainly for their specic
and selective reactions with metal ions. Almost all metals form
1 : 1 metal complexes with Schiff bases. The feature of Schiff
bases gives geometric and cavity control of host–guest
complexation and modulation of its lipophilicity, and produce
remarkable selectivity, sensitivity and stability for a specic
ion.21 Although some zinc sensors have been developed, most of
This journal is © The Royal Society of Chemistry 2019
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them confront various problems such as low water-solubility,
bad selectivity, and/or few with uorescent enhancement, and
some of them oen require laborious multistep organic
synthesis.22–24 Therefore, the design of effective and sensitive
Zn2+ probe, especially with high water-solubility, uorescent
enhancements, and a simple synthesis method, has become
crucially important.25–28 In this work, we report two selective
zinc sensors (A and B) based on a Schiff base, and an amino acid
(glutamine), to improve the solubility and biocompatibility of
the molecules for possible biological assays.

2. Experimental section
2.1. General remarks

All starting materials were purchased from Sigma-Aldrich
Chemical Company. Solvents were used without further
purication. Melting points were determined on an Electro-
thermal Mel-Temp apparatus and are not corrected. Nuclear
magnetic resonance experiments as 1H and 13C NMR spectra
were recorded on a Bruker advance DPX 400. Chemical shis
(ppm) are relative to (CH3)4Si for

1H and 13C. High-resolution
mass spectra (HRMS) were acquired by LC/MSD TOF on an
Agilent Technologies instrument with APCI as the ionization
source. UV-vis absorption spectra were measured on a Shi-
madzu 2401 PC spectrophotometer. The emission spectra
have been recorded with a Fluorolog 3 spectrouorometer, by
exciting 10 nm below the longer wavelength absorption band.
Fluorescence quantum yields in solution (f) were determined
according to the procedure reported in the literature29 and
using quinine sulphate in H2SO4 0.1 M (f ¼ 0.54 at 310 nm)
as the standard. Measurements were carried out by control-
ling the temperature at 25.0 � 0.5 �C with a water circulating
bath. Five solutions with absorbance at an excitation wave-
length lower than 0.1 were analyzed for each sample and the
quantum yield was averaged.

2.2. Preparation of complexes

2.2.1. Synthesis of complex A ((S,E)-11-amino-8-((2,4-di-
tert-butyl-1-hydroxybenzylidene) amino)-11-oxopentanoic acid).
A solution of 3,5-di-tert-butyl-2-hydroxybenzaldehyde (0.23 g, 1
mmol) and L-glutamine (0.14 g, chemA1 mmol) in methanol
was heated to reux for 24 h in a Dean–Stark tramp for the
azeotropic removal of water, and allowed to cool to room
temperature. All volatiles were removed under vacuum. Yield:
56%. Yellow solid. Mp: 176 �C 1H-NMR (400.13 MHz, CD3OD,
Scheme 1 Synthetic route of Schiff bases A and B.

This journal is © The Royal Society of Chemistry 2019
298 K) d: 1.28 (s, 9H, CH3-a), 1.38 (s, 9H, CH3-b), 2.23 (m, 2H, 3J
¼ 4.48 Hz, H-9), 2.25 (m, 2H, 3J ¼ 3.6, H-10), 3.38 (m, 1H, 3J ¼
4.96, H-8), 7.15 (d, 1H, 3J ¼ 2.44, H-5), 7.33 (d, 1H, 3J ¼ 2.44, H-
3), 8.3 (s, 1H, H-7). 13C-NMR (100.61 MHz, CD3OD, 298 K) d:
29.94 (C-b), 31.63 (C-9), 31.92 (C-a), 33.46 (C-10), 34.98 (C-13),
35.89 (C-14), 75.69 (C-8), 119.70 (C-6), 127.54 (C-5), 127.67 (C-
3), 137.42 (C-2), 140.97 (C-4), 159.49 (C-1), 167.75 (C-7), 178.61
(C-11), 178.82 (C-12). COSY correlation [dH/dH]: 2.23/2.25 (H-9/
H-10), 2.23/3.38 (H-9/H-8), 7.15/7.33 (H-3/H-5). HETCOR
correlation [dH/dC]: 1.28/31.92 (H-a/C-a), 1.38/29.94 (H-b/C-b),
2.23/31.63 (H-9/C-9), 2.25/33.46 (H-10/C-10), 3.38/75.69 (H-8/C-
8), 7.15/127.54 (H-5/C-5), 7.33/127.67 (H-3/C-3), 8.3/167.75 (H-
7/C-7). IR-ATR nmax cm

�1: 3180, 2950, 1680, 1600 (C]N), 1590,
1360, 780. TOF calc. for [(C20H31N2O4 + H)+]: 363.227834;
found: 363.228060 (error ¼ 0.225763 ppm).

2.2.2. Synthesis of complex B ((S,E)-11-amino-8-((8-
hydroxybenzylidene)amino)-11-oxopentanoic acid). The proce-
dure was similar to the synthesis of A. Yield: 76.69%. Yellow oil.
1H-NMR (400.13 MHz, CD3OD, 298 K) d: 1.87 (m, 2H, H-9), 2.08
(m, 2H, H-10), 3.64 (m, 1H, H-8), 6.69 (d, 1H, 3J ¼ 7.6, H-3), 6.71
(d, 1H, 3J ¼ 8.4, H-2), 7.23 (t, 1H, 3J ¼ 7.2, H-4), 7.30 (d, 1H, 3J ¼
7.6, H-5), 8.34 (s, 1H, H-7). 13C-NMR (100.61 MHz, CD3OD, 298
K) d: 29.95 (C-9), 32.41 (C-10), 71.59 (C-8), 116.26 (C-4), 118.07
(C-5), 131.87 (C-2), 132.49 (C-3), 135.26 (C-6), 163.45 (C-7),
165.10 (C-1), 174.40 (C-11), 190,37 (C-12). COSY correlation
[dH/dH]: 1.87/2.08 (H-9/H-10), 1.87/3.64 (H-9/H-8), 7.23/7.30 (H-4/
H-5), 7.23/6.69 (H-4/H-3), 6.69/6.71 (H-3/H-2). HETCOR corre-
lation [dH/dC]: 1.87/29.95 (H-9/C-9), 2.08/32.41 (H-10/C-10), 3.64/
71.59 (H-8/C-8), 6.69/132.49 (H-3/C-3), 6.71/131.87 (H-2/C-2),
7.23/116.26 (H-4/C-4), 7.30/117.07 (H-5/C-5), 8.34/163.45 (H-7/
C-7). TOF calc. for [(C20H31N2O4 + H)+]: 251.102633; found:
251.102872 (error ¼ 0.949425 ppm).

2.3. UV-vis and uorescence spectrum measurements

Stock solutions of various metal ions (100 mM) were prepared
with ultrapure water, respectively. A stock solution of each
compound (20 mM) was prepared in acetonitrile. For a typical
detection, the compound solution was mixed with the stock
solution of one metal ion, followed by the dilution with
appropriate amounts of water/acetonitrile. Aer the incubation
at room temperature for 30 min, the corresponding uores-
cence spectrum was recorded. The solutions were studied as
prepared, in order to avoid any solvolysis or photodegradation
effect.30 All absorption and emission spectrum were performed
in a quartz optical cell of 1 cm optical path length at room
RSC Adv., 2019, 9, 30778–30789 | 30779
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Fig. 1 Fluorescence spectrum of compounds (10 mM) (a) A (excited at 370 nm) and (b) B (excited at 316 nm), in presence of various metal ions (50
mM).
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View Article Online
temperature. All uorescence measurements were carried out
upon excitation at 370 nm for A and 316 nm for B.
2.4. Theoretical models and computational details

In this study, we report a series of calculations that describe the
structure and optical properties of the free sensors and coordinated
with two metals ions, i.e. Ni2+ and Zn2+. The coordination number
was completed incorporating explicitly some water molecules to
achieve a planar square or octahedral geometry as proper for each
metal ion (see below).
30780 | RSC Adv., 2019, 9, 30778–30789
All the structures were optimized using ORCA 4.0 code at the
Density Functional Theory (DFT)31 level with B3LYP functional and
def2-TZVPP basis set for all atoms. The geometry of the ground (S0)
and rst excited singlet (S1) states were optimized for all systems
with the purpose of evaluating the changes in the UV-vis absorption
and emission spectra experimentally observed, through Time-
Dependent Density Functional Theory (TD-DFT) computations.32,33

The optical properties were also evaluated using Coulomb-
attenuating method CAM-B3LYP functional, that was developed to
minimize deviations in charge-transfer excitation energies.34
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Histogram of compounds A and B in the presence of different metal ions (50 mM).

Fig. 3 Graphic of the fluorescence intensity of compound A (blue
bars) and B (red bars) upon the addition of Zn2+ (1 equiv.), in presence
of various metal ions (1 equiv.).
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The radiative rate (krad) and radiative lifetime of the emission
(s) are determined by using the emission energy (DE) and the
transition dipole moment (m) (eqn (1)).35,36

kradði/jÞ ¼ 1

s
¼ 4e2

3c3ħ4
�
DEi;j

�3�
mi;j

�2
(1)

where j and i are the states involved in the transition. The
solvation effects were taken into account via a Conductor-like
Screening Model (CPCM) using the parameters of acetonitrile
and water as solvents.37

The interaction energy between sensor and metal ion was
analyzed through the Morokuma–Ziegler energy decomposition
scheme. According to this approach, the coordination
compound is studied as two fragments that compose all system:
the rst one is the metal with the water molecules as coordi-
nation sphere and second one is the sensor or ligand. The
interaction energy can be decomposed as:38,39

DEInt ¼ DEElec + DEPauli + DEOrb + DEDis (2)

where DEElec, DEPauli, DEOrb and DEDis, are the electrostatic
interaction, Pauli repulsion, orbital-mixing and dispersion
terms, respectively. The orbital contribution was also decom-
posed using the Natural Orbitals of Chemical Valence meth-
odology (NOCV) proposed by Mitoraj, to interpret the
interaction form a more chemical point of view.38

2.5. Cell imaging methods

Human epithelial cells Hs27 (ATCC-CRL-1634) were seeded in 6-
well plates at a density of 1 � 105 cells per well in 2 mL of
Dulbecco's Modied Eagle Media (DMEM, Invitrogen Life
Technologies) supplemented with 10% fetal bovine serum
(Gibco Life Technologies) 100 IU mL�1 of penicillin, and 100 g
mL�1 of streptomycin. Cells were maintained at 37 �C in
a controlled humid atmosphere of 5% CO2 and 95% air. Twenty-
four hours later the medium was renewed and cells were loaded
with Zn2+ at concentrations of 100 mM (37 �C for 60 min). Aer
removal of free Zn2+ by washing with media, cells were exposed
to the compounds (20 mM) and incubated for 30 minutes, and
This journal is © The Royal Society of Chemistry 2019
nally washed with PBS. Untreated cells were used as controls.
Fluorescence images were collected using a confocal laser
microscopy (Olympus BX61WI).
3. Results and discussion
3.1. Synthetic procedures

We carried out a design of new Schiff bases ligand as a chemo-
sensor for Zn2+, by the condensation reaction of the corre-
sponding benzaldehyde with L-glutamine for 24 hours (Scheme
1). The products were obtained aer ltration of the crude
reaction and precipitation using hexane as a yellow powder (A)
and yellow oil (B) and were isolated with yields of 56 and 76%
respectively.
3.2. Fluorescent measurements

The sensing ability of compounds A and B was evaluated upon
treatment with various metal ions (Zn2+, Fe3+, Cu2+, Cd2+, Pb2+,
Ni2+, Co2+, Ag+ and Hg2+) in a mixture of acetonitrile–water
RSC Adv., 2019, 9, 30778–30789 | 30781
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Fig. 4 Fluorescence spectra of (a) A and (b) B (10 mM) in presence of different concentrations of Zn2+ (0.625–50 mM).
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(1 : 1, v/v). The emission spectrum was obtained by exciting
each compound 10 nm under the maximum absorbance wave-
length. Compounds A and B exhibited low uorescence emis-
sion at 475 and 445 nm respectively with low uorescence
quantum yields (f ¼ A 1.64 and B 0.77%) upon excitation at
370 nm (compound A) and 316 nm (compound B). As shown in
Fig. 1 and 2 the uorescence intensity clearly increased aer the
addition of Zn2+, presenting high uorescence quantum yield (f
¼ A 50.10 and B 18.14%), an increment almost 30 times. This
30782 | RSC Adv., 2019, 9, 30778–30789
uorescence increment of the compounds in presence of Zn2+

can be explained due to the inhibition of PET, which could be
the process that leads the free molecules to be poor emissive
systems. Also, structural rigidity of the S1 when the sensors are
coordinated to the cation respect to the free sensors is expected.
These facts are deeply studied through DFT computations and
extend analysed in section of Computational studies. In
contrast, no signicant changes in the uorescence intensity
were observed in presence of metal ions such as Fe3+, Cu2+,
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Job's plot for determining the binding stoichiometry of the
compounds (above) A and (below) B, and Zn2+. The total concentra-
tion was kept 100 mM.
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Cd2+, Pb2+, Ni2+, Co2+, Ag+ and Hg2+. These results indicate that
A and B can be useful as a uorescent chemosensor for selective
detection of Zn2+.

One important criterion for a chemosensor is to give
a specic response to the detection of the target ion over a wide
range of potentially competing analytes and to avoid
Fig. 6 Optimized structure of sensor A and coordination compounds (A

This journal is © The Royal Society of Chemistry 2019
interference. In order to assess the selectivity of the compounds
toward Zn2+, the uorescent competitive studies were also
investigated by recording the uorescence spectra of
compounds A and B in the presence of 1 equiv. of Zn2+ ion
mixed with 1 equiv. of other cations.

As shown in Fig. 3, the uorescence emission intensity of
compounds A and B in presence of Cd2+, Pb2+, Ni2+, Co2+, Ag+, and
Fe3+ (only in the case of compound A) did not show signicant
variation by comparison with the uorescence intensity of each
compoundwith zinc. On the other hand, whenmetals such as Cu2+,
Hg2+, and Fe3+ (only in the case of compound B), are present, the
uorescence is quenched up to 99% compared with the uores-
cence obtained only with Zn2+. This uorescence quenching
mechanism of the compounds may be attributed to the charge
transfer effect. This effect may occur when the excited compound
encounters metal ions that act as electron-accepting groups, the
partial electrons will be transferred to the metal cations. Therefore,
the number of emitted electrons will decrease. As a result, the
uorescence is quenched.

Further, uorescence titrations of compounds A and B (10 mM)
were carried out by successive incremental addition of Zn2+ ion
(concentration from 0.625 to 50 mM) in a mixture of acetonitrile/
water (1 : 1). The uorescence intensity of the compounds gradu-
ally increased with the progressive addition of Zn2+ due to the CHEF
effect (Fig. 4).

Using the calibration curve from the uorescence titration
experiments, the limit of detection (LOD) of each compound was
calculated according to the equation DL ¼ 3s/K, where s is the
standard deviation of the blank solution (measured 12 times) and K
is the slope of the calibration curve. The estimated LOD for
compounds A and B was 1.17 and 1.20 mM respectively. Addition-
ally, the binding stoichiometry of compounds A and B to Zn2+ was
/M), in S0 and S1 states.

RSC Adv., 2019, 9, 30778–30789 | 30783
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Fig. 7 Optimized structure of sensor B and coordination compounds (B/M), in S0 and S1 states.
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determined by the Job's method. The uorescence intensity was
plotted against the molar fraction of the chemosensor under
a constant molar concentration (Fig. 5). Results showed that the
uorescence intensity exhibited a maximum when the molar frac-
tion of HL was �0.5, demonstrating a 1 : 1 binding stoichiometry
between the compounds A and B, and Zn2+.40
3.3. Computational studies

3.3.1. Geometric parameters. In all the studied cases,
a structural change between the optimized geometries of the
ground (S0) and excited (S1) states is observed (see Fig. 6 and 7). In
Table 1 Singlet / Singlet absorption transitions for the free sensors A
corresponding to acetonitrile/water (1 : 1) (3 ¼ 58.5 and refraction index

System

CAM-B3LYP

la F Active MOs Assignme

A 294 0.142 H / L p–p*
239 0.395 H-1 / L p–p*

A/Ni2+ 336 0.120 H / L p–p*
254 0.182 H-1 / L p–p*

A/Zn2+ 324 0.171 H / L p–p*
243 0.242 H-1 / L p–p*

B 275 0.150 H / L p–p*
231 0.338 H-1 / L p–p*

B/Ni2+ 322 0.117 H / L p–p*
249 0.042 H-1 / L p–p*

B/Zn2+ 307 0.233 H / L p–p*
238 0.178 H-1 / L p–p*

a la: calculated absorption wavelength in nm. f: oscillator strength.

30784 | RSC Adv., 2019, 9, 30778–30789
fact, the free sensors (A and B) show a rotation of the C]N bond in
the S1 state and manifest an Excited-State Intramolecular Proton
Transfer (ESIPT), which results in a shortening of the N–H bond
distance (decrease 0.74 Å) and an increase of the O–H bond
(increase 1.0 Å) (see Fig. 6 and 7). These differences between both
states introduce a Stokes shi in the emission spectra of the
compounds in agreement with the experimentally observed bath-
ochromic displacement of the emission bands (see Section of
Fluorescent measurements).

On the other hand, metal coordination with Zn2+ and Ni2+

ions, also introduce changes in the absorption spectra, in both
and B and coordination compounds, considering the solvent effect
¼ 1.33)a

B3LYP

nt la f Active MOs Assignment

335 0.093 H / L p–p*
260 0.428 H-1 / L p–p*
392 0.022 H / L p–p*
373 0.044 H-1 / L p–p*
365 0.119 H / L p–p*
268 0.320 H-1 / L p–p*
303 0.105 H / L p–p*
246 0.304 H-1 / L p–p*
365 0.039 H / L p–p*
390 0.015 H-1 / L p–p*
341 0.223 H / L p–p*
277 0.129 H-1 / L p–p*

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05010h


Fig. 8 Molecular orbital diagram based on the S0 (absorption) and S1 (emission) states in the free sensors (A and B). Where la is the theoretical
absorption wavelength (black), l3 is the theoretical wavelength of emission (blue) and f is the oscillator strength.
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cases a red-shi of �130 nm is observed with respect to free
sensors. These differences can be attributed to the structural
changes in the S0 states of the free sensors and when they
interact with the cations (see Fig. 6 for A and Fig. 7 for B).

A simple way to evaluate the geometrical changes between S0
and S1 states is the assignment of the root mean square devia-
tion between them. This parameter allows quantifying the
structural differences based on the comparison of the atomic
positions in the molecular structure. The values show a RMSD
of 2.2% for the free sensors being attributable to the elongation
of the bond O–H (increase 1.0 Å), and the shortening of the H–N
(decrease 0.74 Å) (see Fig. 6 and 7). For the coordination
compounds, the change in terms of RMSD is of the order of
0.2%. This low deviation is due to that the interaction with the
metal ions introduces rigidity in the molecular structures and
that the ESIPT is not able to occur. The consideration of the
solvent in the calculations of the geometrical parameters does
not have a signicant effect on the structural parameters since it
shows a RMSD of 0.1%.

3.3.2. Optical properties and sensing mechanism. With the
aim of rationalizing the sensing mechanism of the metal ions, TD-
Table 2 Singlet / Singlet emission transitions for the free sensors A
corresponding to acetonitrile/water (1 : 1) (3 ¼ 58.5 and refraction index

System

CAM-B3LYP

le f krad s Assignme

A 382 0.073 8.8 � 108 1.1 � 10�9 p–p*
A/Ni2+ 410 0.004 1.4 � 107 6.8 � 10�8 dNi–p
A/Zn2+ 438 0.103 4.3 � 107 2.3 � 10�8 p–p*
B 514 0.001 1.6 � 106 6.4 � 10�7 p–p*
B/Ni2+ 380 0.007 2.7 � 107 3.8 � 10�8 dNi–p
B/Zn2+ 374 0.021 8.6 � 107 1.2 � 10�8 p–p*

a le: calculated emission wavelength in nm. f: oscillator strength. krad: em

This journal is © The Royal Society of Chemistry 2019
DFT calculations were performed. All systems display a broad
absorption band, upon 250–330 nm for A and B, and upon 250–
370 nm when the metals are coordinated (see Tables 1 and S1 in
ESI†). The most intense bands, that are assigned to p–p*, are
tabulated in Tables 1 and S1.† The transitions HOMO/ LUMO (H
/ L) and HOMO-1 / LUMO (H-1 / L) are responsible of these
bands in all systems. For the free sensors, the transition with the
largest oscillator strength corresponds to H-1 / L. In both cases,
theHOMOshave contributions of the lone pair of the nitrogen atom
of the imine group, with possibilities to delocalization into the
vacancy introduced by the electron excitation. This electronic
conguration is responsible of the Photoinduced Electron Transfer
(PET) from HOMO to HOMO-1 resulting in a “quenching” of the
luminescence in free sensors (see Fig. 8).

In many theoretical studies of metal sensing mechanisms,
the analysis of the light absorption process is only carried out.14

However, justifying the change of the luminescence only
through the analysis of the absorption band is not enough
accurate and it is not a rigorous protocol.14 In this sense, the
study of the emission considering the relative energy of excited
states and the oscillator strength of this process is a good
and B and coordination compounds, considering the solvent effect
¼ 1.33)a

B3LYP

nt le f krad s Assignment

528 0.007 5.7 � 109 1.8 � 10�10 p–p*
541 0.002 3.1 � 106 3.3 � 10�7 dNi–p
477 0.048 8.2 � 106 8.2 � 10�8 p–p*
496 0.007 8.8 � 108 6.5 � 10�8 p–p*
492 0.003 6.6 � 106 1.5 � 10�7 dNi–p
504 0.020 4.5 � 107 2.2 � 10�8 p–p*

ission radiative rate in s�1. t: emission radiative lifetime in s.
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Fig. 9 Molecular orbital diagram based on the S0 (absorption) and S1 (emission) states in the sensors coordinated with metal ions. (a) A/Zn2+, (b)
B/Zn2+, (c) A/Ni2+ and (d) B/Ni2+.
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complement to explain the behaviours of these systems. The
employed methodology provided good results in terms of
oscillator strength and of the wavelengths of emission (le) when
are compared to the experimental data.
Fig. 10 Diagram showing (a) the quenching of the luminescence due to t
to the PET-blocking produced by Zn2+ ion in sensors.

30786 | RSC Adv., 2019, 9, 30778–30789
In terms of wavelength, the calculations with the B3LYP
functional showed results closer to the experimental values
than the CAM-B3LYP functional results and the solvent
consideration do not considerably change these values (see
heMLCT in the sensor with Ni2+ ion and (b) the sensingmechanism due

This journal is © The Royal Society of Chemistry 2019
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Table 3 Morokuma–Ziegler energy decomposition analysis for A and Bwith metals ions and contours of the NOCV deformation density (Dr) for
free sensors with metals. All values of energy are in kcal mol�1a

A/Ni2+ A/Zn2+ B/Ni2+ B/Zn2+

DEPauli 1019.7 688.9 1009.1 4159.7
DEElec �3176.6 �2371.3 �2616.0 �3766.8
DEOrb �1308.6 �908.1 �1274.2 �4662.1
DEDisp �35.0 �31.6 �30.1 �41.5
DEInt �2894.4 �2622.1 �2912.2 �4310.7
%EElec 70 72 66 43
%EOrb 29 27 32 56
%EDisp 1 1 2 1
K �127.3 �57.8 �127.6 �57.9

Dr

a k: contribution of the presented interaction (Dr) to the total orbital interaction is presented.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 8
:2

9:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Tables 1 and 2, S1 and S2 in ESI†). The calculated le are 510 and
460 nm for the A and B sensors with B3LYP functional. The
calculated Stokes shis, for the sensors with metal ions, are 250
and 220 nm for A and B respectively, with the B3LYP functional.
These values are distant from the experimental but in the
normal range of error frequently informed for TD-DFT41,42 (see
Tables 2 and S2 in ESI†).

As it is possible to appreciate in Tables 2 and S2,† based on
the oscillator strength, the intensity of the emission in the free
sensors are low and the coordination with Ni2+ do not change
this situation. However, the bands of the Zn2+complexes display
an increment of the oscillator strength in one order of magni-
tude with and without solvent considerations, which agrees
with the experimentally observed turn-on of the luminescence
produced by this metal ion. The lower luminescence intensity of
the B/Zn2+ compared to the one shown by A/Zn2+ in terms of the
computed oscillator strength values, is consistent with the
experiment (see Section of Fluorescent measurements).

The emission radiative lifetime (s) and the radiative rate
(krad) of the emission show magnitude orders of uorescence
Fig. 11 Confocal microscopic images of human epithelial cells Hs27 tre
presence of Zn2+ (100 mM) and (c) compound A (20 mM) in the absence

This journal is © The Royal Society of Chemistry 2019
decay, among 10�6 s and 106 s�1 (ref. 43) (see Tables 2 and S2 in
ESI†).

The diagrams presented in Fig. 8 and 9 show the possible
photophysical mechanisms responsible for the luminescent
properties of the systems. When the free sensors are excited, the
transition H-1 / L occurs and can set PET from the HOMO to
HOMO-1 (which is a single-occupied orbital aer the photoex-
citation). This transfer provokes the deactivation of the emissive
state and quenching of the luminescence (Fig. 8). For Ni2+ ion,
also the MLCT is established in the S1 state from the LUMO
located in the sensor towards d-orbitals of the metal (Fig. 9 and
10a). Various studies had reported the possibility of this
mechanism in complexes of Ni2+ ion because of the energeti-
cally accessible 3d orbitals to accept electrons from the
ligand.44–47 The Zn2+ ion interacts with the lone pairs of the O
and N atoms responsible of the PET in the sensor, eliminating
the possibility of this process and, increase the luminescence
intensity of A and B (see Fig. 9 and 10b). The oscillator strength
of the emissions allows corroborating these behaviors (see Fig. 8
and Table S2 in ESI†). Based on the strength of the oscillator,
ated with (a) solution of Zn2+ (100 mM), (b) compound A (20 mM) in the
of Zn2+. Incubation temperature is 37 �C.

RSC Adv., 2019, 9, 30778–30789 | 30787
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the A/Zn2+ system display higher emission intensity than the B/
Zn2+ (see Tables 2 and S2 in ESI†). This result is consistent with
the experimental evidence (see Section of Fluorescent
measurements).

The PET elimination can be justied with the EDA (Energy
Decomposition Analysis) and NOCV (Natural Orbitals of
Chemical Valence). For all systems, the charge transfer is
established from the ligand to the metal ions (Table 3). In the
coordination, the metal ions accept the electron pair of N and
there is an ionic interaction with the deprotonated O atom.
Besides, contours of the NOCV deformation density (Dr) is
revealed as the Zn2+ ion interact stronger with the electronic
pair of N and O atoms (see gure in Table 3). The interaction
metal–ligand is less electrostatic with Zn2+ than in the Ni2+ ion.
This suggests that with Zn2+, the electron pair responsible of the
PET is now more involved in the coordination with metal,
favouring the elimination of PET by this coordination (see Table
3 and Fig. 10b).

3.3.3. Fluorescence imaging of Zn2+ in living cells. Having
studied the interesting photophysical properties of the
compound A, the high quantum yield, and their stability in
solution, we further extended our study to evaluating their
potential applications in imaging Zn2+ in cell culture. Confocal
uorescence microscopy measurement was carried out. The
human epithelial cells Hs27 were grown in DMEM (Dulbecco's
modied Eagle's medium) supplemented with 10% FBS (fetal
bovine serum), 100 IU mL�1 of penicillin, and 100 g mL�1 of
streptomycin at 37 �C in a controlled humid atmosphere of 5%
CO2 and 95% air. Cells (1� 105 per well in 2mL) were seeded on
6-well plates and allowed to adhere for 24 h. Aer being sup-
plemented with 100 mM of Zn2+ in the growth media for 60
minutes, there was no intracellular uorescence (Fig. 11a). Aer
washing with PBS to remove any excess Zn2+ the cells were then
incubated with 20 mM of compound A for 30 minutes, a signif-
icant increase in the uorescence from the intracellular area
was observed (Fig. 11b). Cells treated only with the compound A
(20 mM) presented very weak uorescence intensity (Fig. 11c).
These results demonstrated that compound A was membrane
permeable and could be used as biosensor to probe the intra-
cellular Zn2+.

4. Conclusions

We have designed and synthesized two Schiff base uorescent
probes derived from an amino acid that exhibited selectivity
and sensitivity towards Zn2+ in the aqueous solution. The 1 : 1
binding stoichiometry between the compounds and Zn2+ was
corroborated by the Job plot. The photophysical mechanisms
cannot be rationalized based only on the molecular orbital
diagram of the absorption. To properly account for the
phenomenon requires contemplation of the relative energies of
the electronically excited states. In the free sensors, PET and
ESIPT are the quenching mechanisms of the luminescence. The
coordination of the Zn2+ cations with sensors, leads to the
elimination of the PET and ESIPT, inducing a turn-on effect of
the luminescence. In the study of the Ni2+ ion, the PET and
MLCT mechanisms are still observed, and no signicant turn-
30788 | RSC Adv., 2019, 9, 30778–30789
on effect of the luminescence in sensors is observed. Accord-
ing to the Morokuma–Ziegler analysis, the charge transfer is
established from the ligand (sensors) to metal ions. For systems
with Zn2+ ion, the interaction metal–ligand is less electrostatic
than in the system with Ni2+. This suggests that in complex with
Zn2+, the electron pair responsible for the PET is more involved
in the coordination with the metal, favouring the elimination of
PET by coordination of this metal ion. The methodology used
allows explaining the behaviour of the sensors and their
differences. We have also shown that compound A can be
applied to living cell imaging to detect intracellular Zn2+.
Conflicts of interest

There are no conicts of interest.
Acknowledgements

Financial support and scholarships to J. C. Berrones-Reyes from
the Consejo Nacional de Ciencia y Tecnoloǵıa (CONACyT,
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30 A. Felouat, A. D'Aléo and F. Fages, J. Org. Chem., 2013, 78,
4446–4455.

31 F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2012, 2,
73–78.

32 T. Petrenko, O. Krylova, F. Neese and M. Sokolowski, New J.
Phys., 2009, 11, 015001.

33 T. Petrenko, S. Kossmann and F. Neese, J. Chem. Phys., 2011,
134, 054116.

34 C. Adamo and D. Jacquemin, Chem. Soc. Rev., 2013, 42, 845–
856.

35 R. A. Marcus and N. Sutin, Biochim. Biophys. Acta, 1985, 39,
265–322.

36 R. A. Marcus, J. Phys. Chem., 1963, 67, 853–857.
37 M. C. V. Barone, J. Phys. Chem. A, 1998, 102, 1995–2001.
38 M. P. Mitoraj, J. Phys. Chem. A, 2011, 115, 14708–14716.
39 M. P. Mitoraj, R. Kurczab, M. Boczar and A. Michalak, J. Mol.

Model., 2010, 16, 1789–1795.
40 M. Patila, S. Bothrab, S. K. Sahoob, H. A. Ratherc, R. Vasitac,

R. Bendrea and A. Kuwara, Sens. Actuators, B, 2018, 270, 200–
206.

41 J. P. Perdew and M. Ernserhof, J. Chem. Phys., 1996, 105,
9982–9985.

42 R. Ramakrishnan, M. Hartmann, E. Tapavicza and O. A. Von
Lilienfeld, J. Chem. Phys., 2015, 143, 084111.

43 V. E. Kaasjager, L. Puglisi, E. Bouwman, W. L. Driessen and
J. Reedijk, Inorg. Chim. Acta, 2000, 310, 183–190.

44 A. K. Patra and R. Mukherjee, Inorg. Chem., 1999, 38, 1388–
1393.

45 N. Raman, S. Ravichandran and C. Thangaraja, J. Chem. Sci.,
2004, 116, 215–219.

46 R. J. Letcher, W. Zhang, C. Bensimon and R. J. Crutchley,
Inorg. Chim. Acta, 1993, 210, 183–191.

47 V. E. Kaasjager, L. Puglisi, E. Bouwman, W. L. Driessen and
J. Reedijk, Inorg. Chim. Acta, 2000, 310, 183–190.
RSC Adv., 2019, 9, 30778–30789 | 30789

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05010h

	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...

	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...

	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...
	Quantum chemical elucidation of the turn-on luminescence mechanism in two new Schiff bases as selective chemosensors of Zn2tnqh_x002B: synthesis,...


