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A zinc coordinated rare binuclear complex was synthesised and characterized by elemental analysis
and single-crystal X-ray diffraction. Two mononuclear units formed by two Schiff base ligands 2-((2-
(pyrimidin-2-yl)hydrazono)methyl)phenol (PHP) coordinated with zinc ion are bonded together through
a hydrogen atom to form the binuclear complex. Only a single H atom significantly linked the two giant
mononuclear units to form this rare complex structure. Hydrogen bonding interactions and C-H-- -«
interactions in the crystallographic binuclear complex result in a giant supramolecular assembly. In the
solution, the PHP bound Zn?" complex was investigated by several experimental procedures including
UV-Vis absorption, steady state as well as time resolved fluorescence, proton NMR spectra and
theoretical calculations to explain the response. NMR spectra clearly clarified the binding location and
role of functional groups using the direct and neighbouring protons. Density functional theory explained
the step by step formation of the H stitched binuclear complex from ligand PHP to validate the
experimental outcomes. PHP selectively recognises Zn?* by fluorescence “turn-on” owing to the
formation of the complex in the solution. During the fluorescence study, the sensitivity was estimated
from the slope of the calibration curve, and the detection limit was calculated (0.49 puM) using the
3Sigma method. The ligand is also active to detect in vitro Zn®* ion in PC-3 ie., human prostate
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DOI: 10.1039/d1nj03471e carcinoma cells, by Confocal microscope. Therefore, the proposed PHP sensor offers a cost effective
compound that can be considered as a viable alternative for Zn?* ion detection and future trials for

rsc.li/njc biophysical applications.

compounds are extensively used in medical fields as anticancer
agents, tumor photosensitizers, radio-protective agents, and

Introduction

Among the many significant trace elements in our body, zinc
probably draws its maximum attention as the second most
important nutrient after Vitamin D, and it appears in the
enzymes dispersed all over the human body.'™ Zinc derived
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antidiabetic insulin mimetic." Apart from this, zinc, the second
abundant transition metal ion (2-3 g total in human body)
among the physiologically important trace elements performs
several roles in human physiopathology.*” Irrespective of such
essential usefulness, failure of free zinc ion metabolism can
cause harmful neurological diseases, such as Parkinson’s
disease, amyotrophic lateral sclerosis (ALS), Alzheimer’s disease,
epilepsy, and ischemia.>® In addition, the excess Zn>" ions
present in water and soil may reduce the microbial activity of
soil, causing phytotoxic effect and making water muddy and
smelly.> For that reason, the design and development of a
selective and noninvasive procedure to detect free zinc ions is
still extremely appreciable.

In search of this, a useful complexing agent having the
capability of Zn>*" ion detection in solution is needed. The main
challenges in the design and development of complexing
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agents to detect Zn>" ions are'* " (i) selectivity to zinc ions with
respect to other metal ions in such a way that other metal ions
may compete for ligand binding sites with zinc ions in solution.
(ii) the selectivity of such probes in neutral water based
solution. In spite of several zinc sensors,"*'* Schiff base
fluorescent sensors have drawn much attention due to easy
synthesis with different sole structures and being very cheap i.e.
cost effective precursor materials.">'>™® Moreover, the nitrogen
atom in Schiff base -CH=N moiety has a unique strong attraction
to metal ions. Although Schiff bases have some disadvantages
such as the hydrolysis of -CH=N bond, less solubility in aqueous
solutions, and decomposition tendency in acidic medium causes
these bases to be less interesting to some extent in analytical
purpose.”® Moreover, in spite of low yields in many cases and
tedious workup,”" Schiff bases have more and more advantages,
including high sensitivity, low cost, easy detection, flexible coor-
dination sites, and easy synthesis protocol.”>** The high affinity
for the chelation of Schiff bases towards the transition metal
ions is utilized in preparing their solid complexes. Schiff base
derivatives have played an important role as a chemosensor due to
their chromogenic and azomethine groups.**** Therefore, Schiff
bases can be applied as a chelating agent for the detection of
many metal ions. In addition to sensing, Schiff bases have various
other applications in different fields like anti-oxidant, anti-
inflammatory, anti-fungal, and anti-cancer agents due to their
strong chelating nature.”® Schiff base-transition metal complexes
have also been used as excellent catalysts, antibacterial agents,
and effective drugs in the field of pharmacology.***” ICP-MS and
ICP-AES (Inductively coupled plasma mass spectroscopy and
atomic emission spectroscopy) are well known sensitive detection
procedures for several metal ions.>® The main drawback of these
procedures is they detect total metal ions without oxidation state
and proper environment of coordination state. Irrespective of that
complicated pretreatment, expenses, time consuming, infrastruc-
tural backup, and high skill requirements for operation greatly
limited their application for routine analysis of myriad
samples.”*' So, in this scenario, in search of methodical sensitiv-
ity, easy-to-use, flexible design, low cost, and experimental simpli-
city, we are highlighting a simple fluorescence spectroscopic
technique for detailed investigation of metal ligand interaction.
Keeping in mind these points, herein, we have introduced a
designed Schiff base derivative, 2-((2-(pyrimidin-2-yl)hydrazono)
methyl)phenol (PHP), which selectively binds with Zn>" to form a
rare fluorescent binuclear complex through a hydrogen atom.
According to Pauling, this type of bonds are formed under
certain conditions if hydrogen is attracted by rather strong forces
to two atoms, instead of one, in order that it may be considered to
be acting as a bond between them.** In co-ordination chemistry,
there are many examples of hydrogen bridge bonds between two
metals to form the respective metal complexes,”™’ but in our
case, a hydrogen atom bonded two PHP ligands connects two
separate Zn coordinated mononuclear units to form a rare
binuclear complex without any metal-metal linkage. Crystallo-
graphic structure gives direct evidence in favor of this hydrogen
bonded structure. Not only the crystallographic structure but also
the overall hydrogen bonding interactions and C-H- - -n interactions
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are also embodied herein. Moreover, during the complexation,
there occurs LMCT, i.e., the ligand to metal charge transfer, and
the ligand shows its fluorescence selectivity with Zn>* in the
presence of other metal ions. Hence this work consists of detailed
spectroscopic observations, including time resolved fluorescence
decay and quantum chemical calculations using DFT and TD-DFT
(time dependent density functional theory) calculations with the
in vitro analysis of the ligand and its corresponding complex by
human prostate carcinoma (PC-3) cells where most of the earlier
reports mentioned either of the above. Therefore, this study
demands its complete uniqueness and originality for the synthesis
of a new easy to handle, cost effective, and high yield Schiff base
compound 2-((2-(pyrimidin-2-yl)hydrazono)methyl)phenol, PHP for
Zn*" sensor and separate this metal ion from other liquid metal ion
mixture in terms of a new rare crystal structure. The crystal structure
is rare as a single H-atom stitched two separate mononuclear units
only through the PHP ligands without any metal-metal linkage to
form a giant binuclear structure. Therefore, the proposed PHP
Schiff base was found to be sensitive, efficient in response spectro-
scopically as well as biologically, with highly selective sensing
performance towards zinc ions at ambient conditions and aqueous
pH 7 medium. As per the author’s knowledge, this Schiff base PHP
sensor is completely new to be applied as a chemical sensor
material to form the unique rare binuclear zinc crystal. This
approach can be used in the future as a novel way to develop
chemo-sensors for application in real environmental and biological
samples on a broad scale.

Experimental section
Materials

All the reagents were procured from diverse commercial sources
and used without further purification. 2-Chlorolpyrimidine
(95%), hydrazine hydrate (50-60%), and salicylaldehyde were
purchased from Aldrich, USA and were utilized devoid of any
purification. Metal salts such as perchlorate of Na¥, K*, Fe*",
Fe**, Co*", Cd*", Hg**, Pb**, Ni**, and Zn** were purchased from
Sigma-Aldrich and used as received. Other metal salts like
LiNO;, Al(NOj)3, CrClz, MnCl,, and Cu(ClO,), were obtained
from Indian based commercial companies. Mili-Q water was
used throughout the experiments. For NMR experiments, DMSO-
d6 was procured from Sigma-Aldrich, USA.

Synthesis of the ligand (PHP)

Ligand 2-hydrazino pyrimidine, HPym was prepared using the
method described in the literature.*® This ligand PHP was synthe-
sized (Scheme 1) through proper refluxing in ethanolic solution

(\N HO.
|
sy + o

salicylaldehyde

Reflux with EtOH KN T/\@
|
- \NJ\H,N S

H0 -
2-((2-(pyrimidin-2-

2-hydrazino pyrimidine
yl)hydrazono)methyl)phenol
(PHP)

Scheme 1 Synthesis protocol of ligand PHP.
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Table 1 Experimental crystallographic data for complex 1

Compound 1

Empirical formula Cy44H35Cl,N;604,Zn,
Formula weight 1184.58
Temperature (K) 293(2)

Wavelength (A) 0.71073

Crystal system Triclinic

Space group P1

Unit cell dimensions a =13.2000(4)A
b =13.6170(4)A
¢ =17.2854(6)A
o = 94.404(2)°, f = 109.640(2)°,
y = 101.574(2)°

Volume (A%) 2831.46(15)

zZ 2

Density (calc)(Mg m ™~ 1.389

Absorption coefficient (mm™") 1.011

F(000) 1208

0 range (°) for data collection 1.3,24.8

Index ranges -15<h <15
—-16 < k < 16
—20 < k <20

Goodness-of-fit on F? 1.050

Completeness to theta = 25.00° 98.8%

Independent reflections [Rin
Refinement method

9622[0.029]
Full-matrix least squares on F?

Data/restraints/parameters 9622/0/709

Reflections collected 31720

Final R indices [I > 20(1)] R; = 0.0442, WR, = 0.1345
Largest difference peak —0.35, 0.69

and hole (e A™?)

(20 mL) of 2-hydrazino pyrimidine (1.10 g, 10 mmol) with
salicylaldehyde (1.22 g, 10 mmol) in EtOH solution (20 mL). After
continuous refluxing for 2 h in a water bath, the liquid solution
was cooled and left at room temperature for slow evaporation.
Finally, the solid compound was separated through a filter, and it
was washed repeatedly with ethanol. The desired ligand was then
dried over fused CaCl, (yield: 68%). Furthermore, the ligand PHP
has also been synthesized from very cheap precursors under
environment friendly experimental conditions and reagents, as
mentioned in Scheme 1. Anal. cal. C: 61.67, H: 4.71, N: 26.15, for
C1,H,(N,0: Found: C, 60.64; H, 4.68; N, 26.17. "H NMR (300 MHz,
DMSO0-d6): 6 6.75-6.90 (m, aroH), 7.04 (d, J = 8.4 Hz, 1H), 7.19
(t,J = 6.9, 8.4 Hz, 1H), 7.57-7.68 (m, 2H), 8.13 (d, J = 4.8 Hz, 1H),
8.29 (s, 1H), 10.51 (s, 1H), 10.90 (s, 1H) ppm (Fig. S1, ESIT). HRMS:
MS-ES" (m/z): 214.11 (Fig. S2, ESIY).

Preparation of complex 1

At first, 10 mL Zn(ClO,),-6H,O (1 mM, 0.372 g) methanolic
solution was dropwise added into a 15 mL solution of PHP (1 mM,
0.214 g) in the same solvent with a 1:1 mole ratio. After
continuous stirring for 2 h, the whole solution became yellow.
Then, it was kept at room temperature for slow evaporation. Two
weeks later, X-ray quality crystals of Complex 1 were separated
gently and collected with usual techniques (55.5% yield). Complex
1 is synthesized at room temperature and pressure, and no
vigorous condition is needed. Elemental analysis (%) calculated
for Cy4H35ClLN;601,Z0,: C, 44.57; H, 3.20; N, 18.91; found: C,
44.54; H, 3.16; N, 18.93.
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Crystallographic data collection and refinement

After complete crystallographic study of complex 1, crystal data
has been tabulated in Table 1, and metrical parameters are also
inserted in Table S1 (ESIt). Bruker APEX II diffractometer
equipped with a normal focus in sealed tube X-ray source with
graphite monochromated Mo-Ko radiation (. = 0.71073 A)
source at 293(2) K in ¢ and o scan mode was used for data
collection of complex 1. Also, cell parameter refinement and data
decline were performed using Bruker APEX II. Absorption correc-
tions were executed with SADABS. The structure of complex 1 was
solved with conventional methods and refined by the full-matrix
least square method using F* data. For this purpose, SHELXS-97
and SHELXL-97 programmes’’ were used, and anisotropically
hydrogen atoms were refined till the complex 1 structure achieved
its convergence. Subsequently, methanol as solvent molecules
were disordered and removed using SQUEEZE.

Methods

Absorption and emission spectra were recorded using Shimadzu
spectrophotometer (UV 1700 model) and spectrofluorimeter
(RF 5301 model), respectively, with 1 cm quartz cell. TCSPC
(time correlated single photon counting) method was used for
fluorescence lifetime measurements through a nanosecond LED
at 403 nm as a light source (IBH, LED 07). Data analysis
was performed with IBH DAS-6 decay analysis software as
conventional methods. Bi-exponential fitting program was used
for all fluorescence decay in lifetime measurements as provided
by IBH. Elemental analysis results of ligand and metal complex
were obtained from PerkinElmer CHN analyzer 2400. Bruker
Avance 300 spectrometer was used to obtain proton NMR spectra
in DMSO-d6 solvent. The HRMS model XEVO-G2 QTOF YCA 351
mass spectrometer was used to record MS-ESI" spectra.

Computational

Geometry optimization of ligand PHP and complex 1 was
performed using density functional theory, DFT*® with B3LYP
correlation function*! and 6-31G(d,p) basis set for all atoms. All
the structures corresponding to the true minima of the
potential energy surface were confirmed by the vibrational
frequency calculations. After that TD-DFT i.e. time dependent
density functional***? theory was applied to calculate electronic
transition wavelengths using the same functional and 3-21G
basis set. Gaussian 09** program package has been used to carry
out the calculations.

Cell culture and Fluorescence Imaging

Human prostate carcinoma (PC-3) cell line was obtained from
National Centre for Cell Science, Pune, India. After this, it was
cultured in RPMI supplemented with 1% PSN antibiotic and
10% FBS (fetal bovine serum) and incubated with 5% CO, at
37 °C in a humidified atmosphere. After 75-80% confluence,
cells were harvested in the presence of 0.52 mM EDTA and
0.025% trypsin in PBS (phosphate buffered saline) and were
seeded at the desired density a day before the experiment to
allow them re-equilibrate. The cells were seeded on a 22 mm
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Fig. 1 Perspective view of Complex 1. The related atoms are only labeled.

cover slip in 6 well plates. Confocal microscope (Olympus) with
Andor iXon3 897 EMCCD camera was used for cell imaging at
the corresponding excitation of complex 1 and emission under
a blue filter.

Result and discussion
Structural description of complex 1

Perspective views with the atom numbering schemes of
complex 1 are shown in Fig. 1. Space group P1 is the crystal-
lization pattern of Complex 1. Each zinc(u1) atom attains a hexa-
coordinated distorted octahedral geometry with an N,O,
chromophore moiety. For Zn01, the equatorial plane is formed
by N9 and N11 from azomethine and pyrimidine nitrogen (N)
atoms, respectively, N13 from azomethine N atom of another

Fig. 2 C-H/n interactions along a axis to form 2D sheet.
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ligand, O3 from salicy] O atom, and corresponding axial
positions are fulfilled by N15 from pyrimidine N atom, O4 from
the salicyl O atom. For Zn02, the equatorial plane is formed by
N1 and N4 from azomethine N atom and pyrimidine N atom,
respectively, N5 from azomethine N atom of another ligand, O1
from salicyl O atom, and rest of the axial positions are fulfilled by
N7 from pyrimidine N atom and O2 from the salicyl O atom.
Both Zn01 and Zn02 atoms are moved downward 0.007 and
0.018 A from their respective equatorial planes, i.e., almost lie in
that plane. In this binuclear structure, the Zn-:--Zn separation
distance is 5.092 A. The closest similar conformation of the as-
formed chelate (six-member) ring, R1{R1 = Zn02-02-C16-C17-
C18-N5} is the H-form with puckering parameters*® g = 0.254(2) A,
0 =61.6(7)° and ¢ = 16.3(9)°. Here, the hydrogen atom stitches the
two units (say A and A’) to generate a binuclear structure.
Generally, O-H bond length is ~ 0.97 A (from literature survey),
but in our complex, the O1-H and O4-H bond lengths are 1.16 A
and 1.34 A respectively, the 01-H-04 bond angle is 166.96° likely
to be linear. So, both the O1-H and O4-H bond distances are
higher than the conventional O-H bond length. It also proves that
this H atom binds two mononuclear units A and A’, not solely
bound to either of the units. On contrary, H atom connected with
03 is solely bonded with O3 having 03-H bond distance of 0.97 A,
and consequently no covalent bond is observed between O2 and
H. Only 02---H hydrogen bond having a distance of 1.49 A is
observed. Hence, the marked H atom (Fig. 1) exclusively ties the
knot between two giant mononuclear units A and A’ to form
complex 1. Complex 1 represents different kinds of C-H---n
interactions (Fig. 2) (Table 2) in the crystal structure that
contribute to the self assembly process. Cg(11), i.e., the pyrimidine
ring in the molecule [where Cg(11) is the centre of gravity of the
ring (N11-C30-N12-C31-C32-C33)] involved in a C-H- - & inter-
action with symmetry linked aromatic C-H group of C(22) where
the distance between Cg(11)- - -H(224) is 2.83A. The chelate ring,
Cg(5) [where Cg(5) is the centre of gravity of the ring (Zn01-03-
C23-C28-C29-N9)]|, again creates C-H---m interaction with
symmetry linked aromatic C-H group of C(44) where the distance
between Cg(5)- - -H(44) is 2.89 A. Lastly, the aromatic C-H group of
C(9) where the H(9)---Cg(12) forms C-H---m interaction with
symmetry linked aromatic pyrimidine ring Cg(12) [where Cg(12)
is centre of gravity of the ring (N15-C41-N16-C42-C43-C44)] of
distance 3.49 A. In general, C-H.- -1 interactions form a 2-D
sheet of crystal packing in 1. Thus in complex 1, two large Zn
coordinated complex structures are joined together only through
a H atom to form a rarely observed complex 1, as seen in the
crystallographic study (Fig. 1). In 1, the perchlorate ions are solely
engaged in H-bonding interactions. In the outer coordination
sphere, perchlorate ions are involved in intermolecular
H-bonding to connect the two units (Fig. 3). Thus a hydrogen

Table 2 Distances (A) and Angles (degree) of C—H- - -r interactions obtained for 1

Complex C-H. - -Cg(Ring) H---Cg () C-H---Cg () C---Cg (A) Symmetry
Complex 1 C22-H22. - -Cg(11) 2.83 148 3.653(7) 1-X,1-Y, -2
C44-H44- - Cg(5) 2.89 111 3.347(4) X,Y,Z
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Fig. 3 Dimer formation via H-bonding interaction in Complex 1.

Table 3 Hydrogen (H-bond) bond distances (A) and angles (degree) of
Complex 1

D-H.--A D-H H-A D---A /L D-H---A
N2-H102- --09 0.92(7) 2.11(7) 2.989(7) 160(6)
N6-H106- - -06 0.69(3) 2.30(3) 2.960(5) 161(4)
N14-H114- - -O8 0.58(4) 2.47(4) 3.032(6) 164(4)
03-H201- --02 0.97(5) 1.49(5) 2.463(3) 179(8)

bonded dimer of complex 1 is formed in which perchlorate ions
act as a bridge. The details of H-bonding are given in Table 3.

Absorption

The absorption spectra of the ligand (PHP) and also in the
presence of a number of metal cations (e.g., Li*, Na*, Al **, K*,
cr’’, Mn**, Fe**, Fe*’, Co>", Ni**, cu®’, Zn>', cd**, Hg*", and
Pb>"), were taken in a 4:1 ACN-buffer solvent mixture (10 mM
HEPES buffer, pH = 7) (Fig. 4(a)). The absorption spectrum of
the ligand PHP only contains a strong single band at 323 nm,

0.20

(a)

0.15

o
[

0.10

Absorbance
Absorbance

0.04

300 400 500

0.2

Absorbance
Absorbance

200 300 400 500
Wavelength / nm

Wavelength / nm

Fig. 4 (a) Absorption bar diagram of different metal ions; absorption
titration of PHP with (b) Zn®*(0-17 pM), (c) Cu?* (0-10 pM) and (d) Co?*
(0-7 puM) metal ions in 4:1 ACN-aqueous buffer medium, inset of
(b) absorbance vs equivalence concentration of Zn®*.
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which can be designated to n—n* electronic transition due to the
Schiff base moiety.*® By the addition of various concentrations of
zinc metal ion (0-18 pM), the absorption maxima at 335 nm of
ligand (PHP) was simultaneously decreased, and a blue shifted
new peak at 383 nm was increased through isosbestic points at
356 nm and 292 nm (Fig. 4(b)). Clear isosbestic points specify the
existence of only one type of PHP-Zn>" complex. Now, the
absorbance at 383 nm of Zn>*'-coordinated complex versus
the equivalent amount of added Zn>" gives a semi-curvature plot
(Fig. 4b inset), which shows that 0.5 equivalent of Zn** is enough
to complete the binding with ligand PHP. So this spectral
information also coincides with the 1:2 metal-ligand crystal
structure of complex 1 between Zn** and PHP.

Under the same experimental conditions, addition of copper
(Cu*") ion (0-10 uM) to the 4:1 ACN-buffer solution of PHP
(Fig. 4(c)), a new peak at 393 nm in the absorption spectra
appeared progressively with a steady decrease of the initial
335 nm band. Two isosbestic points were noticed during
the titrations at 297 nm and 361 nm, which signifies an
equilibrium between PHP and Cu** complex.

Similarly, for Co** addition (0~7 uM), the absorption band at
335 nm gradually decreased, and simultaneously a new band at
387 nm was raised. With a gradual increase in Co®* concentration,
two isosbestic points develop at 360 nm and 291 nm, which is
quite clear from Fig. 4(d). The blue shifted absorption spectra of
the ligand PHP after the addition of metal ions can be attributed
as LMCT (ligand to metal charge transfer). The coordination
nature of the metal ion with the ligand through phenolic oxygen
atom and the nitrogen atom of Schiff moiety enhances its electron
withdrawing capability to show a strong ICT from ligand to metal
ion, and consequently, chelate rings are formed.*”**

Emission

Fluorescence behaviour of the ligand, i.e., PHP, was monitored
upon treatment with different metal ions in 1:4 (v/v) aqueous
buffer-ACN solvent mixture to verify the suitability of PHP
as a selective zinc sensor. Although besides Zn>*, the complex
formation also takes place with Cu®" and Co®" individually
(as indicated from the absorption study), only the PHP-Zn*"
complex is fluorescence active. The fluorescence intensity of
PHP was enhanced dramatically upon titration of 0 to 45 pM of
Zn** accompanied by a red-shifted maximal emission peak
appearing at 470 nm (Fig. 5a). A very weak emission of the
ligand is observed when excited at 383 nm, however fluores-
cence intensity of PHP at 470 nm is enhanced about 40 fold
upon gradual addition of Zn®** whereas the fluorescence
intensity change is insignificant in the presence of other metal
ions such as Li*, AI**, Cr*", Mn?', Fe**, Fe**, Co**, Ni*', Cu*,
Mg>*, ¢d**, Hg”*, Pb>" (inset Fig. 5a). This Zn>* bound PHP has
also shown high fluorescence even in the presence of
all other inspected metal ions (Fig. 5b) to confirm its applic-
ability in any real sample analysis. This remarkable fluores-
cence enhancement can be explained on the basis of the
combined effect of ligand to metal charge transfer (LMCT)
and chelation-enhanced fluorescence (CHEF).*>° In solution,
ligand PHP shows very weak fluorescence due to excited state
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Fig. 5 (a) Fluorescence change of PHP (20 uM) upon addition of zinc ions
(0—45 puM) in 4: 1 ACN-aqueous buffer medium; inset: shows the relative
emission of Zn®* over other metals ions, (b) bar diagram indicates the
selective binding of Zn®* over other metals ions and PHP-Zn?* emission
intensity is not affected in the presence of other individual metal ions and
mixed metal ions. Inset: Emission in the presence of all other metal ions.

intramolecular proton transfer (ESIPT) and C—=N isomeriza-
tion. Isomerisation of the C=N bond is the predominant factor
in the excited state decay process for the compound.®" After the
addition of Zn**, the CHEF effect arises when the lone pair on
the N coordinates with metal ions such as Zn**, for which the
lone pair is stabilized and consequently inhibits C=N isomer-
ization and ESIPT restoring red shifted fluorescence (Scheme
S1, ESIT).”? The limit of detection (LOD) of Zn** was calculated
as 4.97 x 1077 M from the 3¢ method (Fig. S3, ESI1)*"** and
quantum yield (¢) of the PHP-Zn>" complex is 0.19. The
fluorescence intensity of the PHP-Zn*" complex is quenched
immediately in the presence of EDTA (ethylenediamine tetra
acetic acid), a heavy metal ion chelator. This reveals that PHP
coordinates with Zn>" reversibly.

The binding constant K was obtained from the plot of
10g[(F — Fmin)/(Fmax — F)] vs. log[M] in the regression equation®*

18464 | New J Chem., 2021, 45,18459-18471
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Fig. 6 Lifetime spectra of PHP in the presence of Zn®*.

500

10g[(F — Funin)/(Fmax — F)] = log K + nlog[M]; where Fynin, F and Fyax
are the absorption or emission intensities (whichever is
applicable) in the absence, presence, and at saturated condition
of Zn**. [M] is the Zn** ion concentration. The calculated
binding constant values for Zn>* bound PHP are 7.58 x 10° and
6.76 x 10° M " in the ground and excited states, respectively.
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Fig. 7 H NMR spectra of PHP upon addition with different equivalents of
Zn** in DMSO-d6. Inset shows the structure of the PHP ligand with
specific marking of atoms.
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Fig. 8 Comparison between (a) single crystal and (b) optimized structure
of the complex.

Time resolved decay analysis

Lifetime measurement was carried out to identify the micro-
environment around PHP-Zn>" in solution. In order to realize
the photophysics of PHP both in the absence and presence of
transition metal ions, time-resolved fluorescence measurements
were performed for the complex probe at 470 nm. It is indicated
from Fig. 6 that the fluorescence decay behaviour after the initial
addition of Zn>" is clearly biexponential, which consists of a
short-lived major component (0.23 ns, 96%) arising for the
ligand moiety and a minor long-lived component due to the
metal-ligand complex (2.33 ns, 4%). Lifetime for both the first
and second components decreases gradually with regular addi-
tion of Zn** ions. These data suggest that on gradual addition of
Zn”" ions, binding with N and O atoms takes place and the
lifetime of the bonded species become shorter, which results in
the decrease in lifetime. Thus, the decrease in lifetime is clearly
an evidence of excited state metal ligand (PHP) bonding
phenomenon.

NMR titration

In addition to the crystal structure, to gain insights into the
transformation mechanism of PHP to complex 1, 'H NMR
spectroscopy has been performed using individual addition of
Zn”" to the receptor PHP in 1:1 equivalent ratio in DMSO-d6.
As shown in Fig. 7, upon treatment with Zn>" ion, the "H NMR
spectrum of PHP dramatically changed. A more downfield shift
of O-H proton H, from ¢ 10.90 to 11.70 ppm confirms the
direct binding of oxygen with Zn>*. The existence of H, peak

NJC

after saturation also proves that it resides even after zinc
binding with the oxygen atom. Simultaneously, amine proton
‘Hy,’ at § 10.52 ppm shifted to up-field (5 10.44 ppm) when Zn**
bonded with imine nitrogen, ‘N},’ near the mentioned amine
group. To further elucidate the zinc connectivity with ‘Ny’
nitrogen, the H. proton connected to the adjacent carbon atom
of ‘Ny’ is also shifted after Zn>** addition. A downfield shift of
the C-H proton ‘H.’ in Schiff base moiety also supported the
binding evidence with ‘Ny’. ‘H.’ proton shifted from 6 8.28 to
8.38 ppm to complete binding with PHP and Zn>*. A downfield
shift of aromatic protons Hy and H, in pyrimidin ring from ¢
7.65 to 7.80 ppm and 7.58 to 7.69 ppm, respectively, ascertains
that the N¢ nitrogen of pyrimidin ring directly involves in the
bonding with the metal. Other proton NMR peaks from Fig. 7
remain unaltered as they are not involved in the bonding
phenomenon. Hence, the NMR study infers that only oxygen
atom, ‘N’ and ‘N¢ nitrogen atoms of PHP ligand are involved
in binding with zinc to form Complex 1. Moreover, the shift in
'H NMR peak values became insignificant after the addition of
0.6 equivalent Zn®>", which signifies the 1:2 metal-ligand
bonding. So, the three bonding sites from each PHP molecule
form the complex as observed from the crystal structure.

According to the above experimental results, the binding
mechanism of PHP has been successfully discussed, and
moreover, a comparison of PHP with some other reported Zn*
Schiff base fluorescent probes is summarized in Table 4(a).
Compared with other Schiff base sensors,"?°>* the interesting
factors of PHP ligand were higher binding constant, new synthesis
mechanism, and comparable or lower detection limit.

Recently various nanocomposites have been fabricated for
sensing diverse materials, e.g.,, metal ion, anion, uric acid,
melamine, 4-hexylresorcinol, 3-methoxyanaline, etc. with very
precise sensitivity.®””* Here, it should be clearly noted that
sensitivity of the synthesized sensor PHP is higher and comparable
sometimes than previously reported Zn>* sensors based on various
nanocomposites or materials (summarized in Table 4(b)). Although
sensitivity of nanosensors are very high but in many cases
development of such nanosensors are cost effective, low yield,
characterization requires high infrastructural facility and some-
times their applications may suffer from toxicity.”> On the other
hand, synthesis of PHP has low cost synthesis route, high yield with
high purity, and most importantly, it shows effective cell line
penetration as shown in PC-3 cell (Cell imaging section). Therefore,

Table 5 Comparison in geometrical parameters between single crystal structure and optimized DFT structure of Complex 1

Crystal optimized structure DFT structure

Crystal structure Optimized DFT structure

Bond angle (degree) 01-H202-04 = 3(0)-104(H)-5(0)
N4-Zn02-N5 = 16(N)-2(Zn)-14(N)
Zn02-01-H202 = 2(Zn)-3(0)-104(H)
Zn01-04- H202 = 1(Zn)-5(0)-104(H)
03- Zn01-04 = 4(0)-1(Zn)-5(0)
01-H202 = 3(0)-104(H)

04-H202 = 5(0)-104(H)

Bond length (A)

Zn02-N5 = 2(Zn)-14(N)
Zn02-01 = 2(Zn)-3(0)
Zn01-04 = 1(Zn)-5(0)

03-H201 = 4(0)-103(H)

18466 | New J. Chem., 2021, 45,18459-18471

166.96 174.12
97.09 98.84
111.98 115.51
120.17 115.14
85.30 85.41
1.16 1.09
1.34 1.43
2.13 2.14
2.16 2.20
2.06 2.05
0.97 1.04
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Scheme 2 Frontier Molecular Orbital (FMO) diagram and respective change in energies of ligand PHP to complex 1.
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in a comparative view, PHP can compete with many nanosensors in
terms of cost and sensitivity.

Computational calculation

To help elucidate the coordination mode of Zn>* with PHP in
solution, the structure of complex 1 has been optimized at the
DFT level (Fig. 8). In an aqueous solution, a hydrogen atom
attached between two mononuclear units plays a crucial
function in the stabilization of the binuclear complex 1. A
comparison of key geometric parameters between the crystal
structure and optimized geometry of complex 1 has been
inserted in Table 5. The most interesting feature is the O-H
bond distance associated with the particular hydrogen atom
named as H202 in the crystal structure and 104(H) in the
optimized DFT structure, which stitches the two mononuclear
units in complex 1. The O-H bond distances in the crystal
structure and optimized structures are 1.16 (O1-H202) and
1.09 A [3(0)-104(H)], respectively, with one mononuclear unit
and 1.34 (04-H202) and 1.43 A [5(0)-104(H)], respectively, with
the other unit. In comparison, H201 or 103(H) hydrogen atom
is bonded with only one mononuclear unit having bond
distances 0.97 (03- H201) and 1.04 A [4(0)-103(H)] for crystal
structure and optimized structure, respectively. Moreover, if we
look at the O-H-O bond angle (01-H202-04 = 166.96° for
crystal structure and 3(0)-104(H)-5(0) = 174.12° for optimized
structure), then there is a more or less linear arrangement of
the bond in both structures. So, the H202 or 104(H) hydrogen
atom linked with two oxygen atoms 04-H202 and O1-H202 or
5(0)-104(H) and 3(0)-104(H) for connecting the two units in
complex 1, whereas H201 or 103(H) hydrogen atom forms one
covalent bond (03-H201) and 4(0O)-103(H) with one mono-
nuclear unit and another hydrogen bond O2---H201 or
6(0)- - -103(H) with another mononuclear unit. The two PHP
ligands are mutually at the right angle (97.09° for crystal
structure and 98.84° for optimized structure) to co-ordinate
with zinc metal.

Orbital energy level diagrams of these systems using DFT
calculations (Scheme 2) near the HOMO/LUMO are useful for
monitoring the sensor’s response and Zn>" ion selectivity
towards the ligand. If we observe the subsequent energy
changes in frontier molecular orbital from PHP sensor to 2:1
PHP-Zn>" mononuclear complex, there is a regular decrease in
the HOMO-LUMO energy gap. In addition, the formation of
mononuclear to binuclear chelated complex 1 through H-atom
results in a stabilization of both HOMO and LUMO energy
levels. The maximum stabilization of HOMO and LUMO in
complex 1 infers the H-bonded binuclear complex is the most
stable structure. For complex 1, one can see the frontier
molecular orbital spread above the entire n-conjugated structure.
To facilitate the UV-vis absorption study and photophysical
properties of complex 1, time dependent DFT (TD-DFT)
calculations were also performed in association with DFT.
The calculated absorption at 383 nm well concurs with the
experimental results of UV-vis at 383 nm. This transition
occurred due to the ligand to metal charge transfer process.
The distribution of electron cloud over the whole PHP structure

18468 | New J. Chem., 2021, 45,18459-18471
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was also affected after the formation of binuclear complex 1.
Therefore, theoretical calculations in point of electronic and
spectral arrangement with experimental correlation specified
that PHP ligand performs as a suitable sensor of Zn>" to form
rarely H-stitched binuclear complex 1.

Cell imaging

For evaluation of the biological application of our sensor PHP,
further study was extended to access its possible utility for
in vitro fluorescence imaging in human prostate carcinoma
(PC-3) cells using a confocal microscope. First of all, the
cultured PC-3 cells were seeded on a 22 mm cover slip in six
well plates. After that to evaluate in vivo zinc bio-imaging
utilities, in one plate PHP (15 pM) only was incubated (37 °C
for 12 h) with live PC-3 cells, and in another plate, PC-3 cells
were incubated (37 °C for 12 h) with 30 pM exogenous Zn>" by
means of a zinc carrier, sodium pyrithione. It can be seen from
Fig. 9 that PC-3 cells when incubated with only PHP, show very
feeble background fluorescence. However, zinc treated cells
display a strong fluorescence spread all over the cells but

Fig. 9 Fluorescent imaging of PC-3 cells using confocal microscope.
Cells incubated with only 20 uM PHP (a) gray field (b) dark field. In images
(c) and (d), the cells supplemented with 20 uM of the PHP and then loaded
with 30 uM of Zn?* and sodium pyrithione as a zinc carrier. The cell image
in (e) and (f) incubated for 20 min before imaging with TPEN (100 pM).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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mostly concentrated around the cell nucleus. However, in
contrast, the subsequent addition of TPEN, a zinc chelator
decreases the intracellular fluorescence intensity signifying
the fluorescence signals are nothing but the consequences of
fluorescent complex 1 formed after the external addition of zinc
ion with PHP. So, it is very crucial to conclude that PHP ligand
has reversibility and high cell permeability efficiency, which
can be used as a bio-sensor to investigate the intracellular Zn**
concentrations and bioactivity in living cells.

Hence, the above discussion from all sections signifies that
the newly designed low cost PHP ligand can selectively respond
to Zn>" in the presence of other metal ion mixtures with the
fluorescence “turn-on” action. The new crystal formed by the
ligand PHP with Zn*"* is rare and unique, as a single H-atom
stitched two mononuclear units only through the ligands to
form a giant binuclear complex 1 without any metal-metal
linkage. Most importantly, this cheap PHP sensor has the cell
penetration ability with significant reversibility to justify its
application in biophysical studies.

Conclusion

In summary, we have successfully fabricated a highly pure new
PHP chemical sensor in a simple, convenient, and economical
approach to detect Zn>" in the presence of other metal ions in
solution. Analytical performances of PHP sensor with Zn”>" were
examined using absorption, fluorescence, NMR titration, and
computational techniques in terms of sensitivity, detection
limit, stability, and separation. In solution, the PHP ligand
formed an uncommon H-stitched unique binuclear solid
crystal complex 1 with Zn**, which is reported for the first time.
The supramolecular hydrogen bonding and C-H- - - interactions
are well explained and demonstrated in various supramolecular
structures formed by this rare crystal. In addition, the sensor was
applied in the successful detection of Zn>" in real biological
human prostate carcinoma cell samples. This report has
provided extensive research activities, including convenient
synthesis, experimental and theoretical sensing mechanism
with detailed binding site investigation, and in vitro application.
The main advantages of our study over the other reported works
are easy high purity simple synthesis, cost effective, ambient
conditions and operation without using highly sophisticated
instruments. So, this novel approach introduces a new route
for efficient and selective chemical sensor development to
address healthcare and environmental issues.
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