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Preface

This Thesis contains five chapters. Chapter 1 is the introduction, which describes
self-assembly of the coordination complexes by supramolecular interactions based on
selected recent literature reports. Some highlights on fluorescence sensors containing
different fluorophore moieties for the detection of various metal ions have been
described. Chapter 2 describes molecular structures of nine metal complexes synthesized
using a monodentate N-substituted imidazole ligand, 1-(4-acetylphenyl)imidazole (L)
and coligands. Weak interactions present in three pairs of isomorphous and isostructural
mononuclear complexes, a mononuclear complex, a 1D coordination polymer and a 2D-
coordination polymer have been described. In Chapter 3, a trisubstituted imidazole, 2,4-
bis(2-pyridyl)-5-(4-pyridyl)imidazole (L1H) has been employed which acts as a
fluorophore and selectively detect Zn?* ion by a characteristic fluorescence response. The
Zn?* jon can be detected within a calculated limit of 6.5 x 10’ M. A complex of
composition [Zn,(L1)Cl3(H,0)] was isolated as a crystalline solid by reacting L1H with
ZnCl, which was structurally characterized. In this complex, L1H got deprotonated and
bound to Zn?* ion in pentadentate fashion as L1~ ion, by using all the five donor atoms.
In Chapter 4, two new hydrazones viz., 2-(2-(2,3-dihydroxy)benzylidenehydra-
zinyl)benzothiazole (L2H) and 2-((2-(2-hydroxy)(4-N,N-diethylamino))benzylidenehy-
drazinyl)benzothiazole (L3H), were synthesized which are weakly emissive in nature
due to PET process and gave “turn-on” responses with AICIs;. The detection limits of
L2H and L3H for AI** ion were calculated to be 3.6 x 10° M and 2.4 x 10° M
respectively. The DFT/TDDFT calculations performed on L2H, L3H and their Al(I1)
complexes revealed that HOMO-LUMO energy gap got reduced upon complexation. In
Chapter 5, a hydrazide 6-(hydroxymethyl)-N'-((2-hydroxy-1-naphthyl)methylene)picoli-
nohydrazide (L4H) was synthesized by condensation of 2-hydroxy-1-napthaldehyde and
6-(hydroxymethyl)picoloinohydrazide. This probe act as “turn on” fluorescent sensor for
multi detection of AI**, Zn?* and Cd®* ions at distinct emission maxima. The resultant
AI(ITI) complex gave “turn—off” response towards F ion. Similar quenching responses
were also exhibited in case of Zn?* and Cd*" complexes upon addition of H,PO, ion.
The DFT/TDDFT calculations performed on L4H, [Al(L4),]", [Zn(L4)CI(H;0);] and
[Cd(L4)CI(H,0),] are support the experimentally observed results. This hydrazide probe

L4H can also be utilized in real water samples.
Vi
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Abbreviations

a Unit cell dimension a

b Unit cell dimension b

c Unit cell dimension ¢

D Density of the crystal

a Interfacial angle ¢ in a unit cell
p Interfacial angle A in a unit cell
4 Interfacial angle yin a unit cell
Z Unit cell formula units

A Wave length

1% Wave number

7, Absorption coefficient

g Molar extinction coefficient

e Effective magnetic moment

0 Temperature

Vii

TH-1768_126122034



Contents

Dedication i
Declaration i
Certificate ii
Acknowledgements \
Preface Vi
Abbreviations Vii
Chapter 1
1. Introduction
1.1. Coordination chemistry 2
1.2. Supramolecular chemistry 3
1.2.2. Supramolecular interaction in coordination complex 4
1.3. Fluorescence Sensor 9
1.3.1. Recent developments in fluorogenic metal ion sensing 10
1.4. Objective of Thesis 17
1.5. Materials and Methods 18
References 21
Chapter 2
2.1. Introduction 29
2.2. Experimental Section 29
2.3. Results and discussions
2.3.1. Synthesis and Spectra 32
2.3.2. Molecular Structures 34
2.3.3. Thermogravimetry 48
2.4. Conclusion 49
References 54
Chapter 3
3.1. Introduction 61
3.2. Experimental Section 62
3.3. Result and discussion 62
3.3.1. UV-Vis spectroscopic studies of L1H in presence of metal ions 63
3.3.2. Fluorescence spectroscopic studies of L1H in presence of metal ions 65
3.3.3. 'H-NMR ftitration 70
3.3.4. Effect of pH 71
3.3.5. Metal ion competition studies 72
3.3.6. Selectivity of L1H toward Zn2* ion in presence of various anions 74
3.3.7. X-ray diffraction studies 76
3.3.8. Computational studies 80
viii

TH-1768_126122034



3.4. Conclusion
References
Chapter 4
4.1. Introduction
4.2. Experimental Section
4.3. Results and Discussion
4.3.1. UV-Vis spectroscopic studies of L2H and L3H in presence of metal ions
4.3.2. Fluorescence spectroscopic studies of L2H and L3H in presence of metal ions
4.3.3. Metal ion competition studies
4.3.4. pH effect
4.3.5. TRPL Measurements
4.3.6. "TH-NMR titration experiment of L2H and L3H with Al3* ion
4.3.7. Fluorescence studies of [Al(L2)Cl2(H20)] and [AI(L3)Cl2(H20)] species with
4.3.8. Computational studies
4.4. Conclusion
References
Chapter 5
5.1. Introduction
5.2. Experimental Section
5.3. Results and discussion
5.3.1. UV-Vis spectroscopic studies of L4H in presence of metal ions
5.3.2. Fluorescence spectroscopic studies of L4H in the presence of metal ions
5.3.3. TRPL Measurements
5.3.4. "H-NMR titration experiment of L4H in the presence of Al®*, Zn?* and Cd?* ions
5.3.5. Fluorescence studies of [Al(L4)2]*, [Zn(L4)CI(H20)] and [Cd(L4)Cl(H20).]
5.3.6. Metal ion competition studies
5.3.7. pH effect
5.3.8. Detection of Al**, Zn2* and Cd2* ions in real samples
5.3.9. Computational studies
5.4. Conclusion
References
Overview
Conclusions
Future Perspective
List of Publications

TH-1768_126122034

82
84

92
93

94

97

102
103
105
106
107
111
115
116

124
125

126
129
135
136
137
140
144
145
147
150
152
160
160
161
161



Chapter 1

11111111111111111



Chapter 1

Introduction, Materials and Methods

Abstract:

In this Chapter, an attempt has been made to give concise view of self-assembly of the
coordination complexes by supramolecular interactions based on selected recent
literature reports. Along with this, some highlights on fluorescence sensors containing
different fluorophore moieties for the detection of various metal ions have been
discussed. The materials used in this study, their commercial sources, methods of
spectral analysis, specifications of the instruments used for the characterization of the
compounds, procedures of crystallographic data collection and refinement etc., are also
briefed at the end.
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Chapter 1

1. Introduction:
1.1. Coordination chemistry:

Coordination compounds are the assembly comprising a central metal atom/ion to
which is attached a surrounding array of other groups of atoms from the ligand
molecules. Metal ions play vital role in all living systems.! In biological systems, metal
ions are essential for transport and storage of oxygen, electron transfer processes,
enzymatic regulation of several biological processes etc.” In addition coordination
complexes are also used as medicines and employed in diagnostic procedures.’
Coordination chemistry of many transition metal ions has also considerable importance
due to their intriguing structures® and extensive applications. Various applications of
coordination compounds are catalysis,” molecular magnetism,® luminescence,” gas
storage and separation® etc. Choice of the metal ion and design of appropriate ligand
framework play the principal role in the construction of coordination architectures with

fascinating structures and functions.

Ligands having nitrogen donor centers are one of the most important aspects of
coordination complexes. Among them, multi-dentate ligands having nitrogen
heterocyclic groups such as imidazole, pyridine, pyrrole, pyrazole, pyrazine and triazole
have been useful linkers for the construction of coordination networks.? Importantly, the
imidazole motifs have been widely utilized as excellent candidates for synthesis of
complexes. Imidazole ring containing ligands are also used for anion and cation

1011 molecular recognition*? and in supramolecular chemistry.™® The imidazole

sensing,
moiety has two N-atoms, one of them can be used as donor for metal atom or can be
protonated in acidic medium. Because of delocalization of six electrons on five atoms it
is more basic than pyridine and has higher electron density and stronger coordination
ability. In addition, it is capable of acting as a bidentate bridging ligand as imidazolate
anion formed through deprotonation. Along with, imidazole moiety is found in many
biologically relevant molecules such as histidyl residue in proteins and have an important
role in biological systems and their derivatives have many pharmacological activities

14
I,

such as antibacterial, antifungal,** as well as antitumoral effects.®
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Chapter 1

1.2. Supramolecular chemistry:

The concept of “supramolecular chemistry” was introduced by Jean-Marie Lehn
who was awarded noble prize for his work in this area in 1978. The term
“supramolecular chemistry” is alternatively expressed as ‘“chemistry beyond the
molecule” or “non-molecular chemistry” or “the chemistry of non-covalent bond”.
According to J. -M. Lehn, “the supramolecular chemistry is the chemistry of the
intermolecular bond, covering the structures and functions of the entities formed by the
association of two or more chemical species”.* This interdisciplinary field of science has
great impact in chemical, physical and biological domains.***"?° Studies on crystals with
applications in solid-state chemistry, crystal engineering, catalysis and material science,
organic, inorganic, bio-organic and bioinorganic chemistries, chemistry at interfaces,
transport phenomena, polymer sciences, molecular sensors, molecular switches etc.,
utilize the concept of supramolecular chemistry.®® Traditional chemistry focus on the
formation of covalent and coordinate bonds whereas, non-covalent intermolecular forces
play crucial role to assemble large molecular structure in supramolecular chemistry.?
Intermolecular forces are weak in comparison with covalent and coordinate bonds, so
that supramolecular species are thermodynamically less stable, kinetically labile and
more flexible in nature. Supramolecular species incorporate many interactions such as,
electrostatic force, hydrogen bonding, m---m stacking, ion-ion, ion-dipole and dipole-
dipole, cation:--7 and van der Waals forces.?? Accumulation of these interactions gives
rise to a stable supramolecular arrangements by their components with the resultant
architecture/superstructure being determined by the nature of intermolecular forces
holding them together.® Many interactions with varying degrees of strength and
directionality constitute the supramolecular assemblies which also depend on bond

distances and angles.*®

Hydrogen bonding interactions are one kind of dipole-dipole interaction which is
directional, electrostatic in nature and having certain geometry. Typically this can be
represented as D—H---A, (where D = electronegative atoms suchas C, O, N, Fand S; A =
partially negative atom having at least on one lone-pair of electrons or polarisable ©

electrons) in which hydrogen atom carries a partially positive charge due to large

3
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difference of electronegativity between hydrogen and atoms to which it is attached via
covalent bond. Hydrogen bonding is a dominant interaction in supramolecular chemistry,
helps in close packing arrangements with particular geometry and also minimizes energy
of the system. In biology, DNA and RNA form the double helical structure by the help of
hydrogen bonding of base pairs (Scheme 1).2° Besides the role of H-bonding in various
chemical and biological processes,* it has also pivotal role in water networks® and
peptide interactions.? In addition, H-bonding interactions are often subcategorised into
three types such as weak, moderate and strong. Other common weak interactions are -

interactions of the type D—H- &, - - -7, cation:- -7, anion-- -7, €tc.

H /=N
HN 0

N N -
’4 N‘H\\ z \H‘N'H
HN r— ~0
\C\I\ ; Nﬁ/N\H\\ -z
\\ N
H—-y \ N )\ |
H® “Hee_ =z
) P
H H

A-T H—bonding G-C H—bonding

Scheme 1. Base pairing by H-bonding.
1.2.1. Supramolecular interaction in coordination complex:

Because of tremendous impact of supramolecular chemistry, many studies were
focused on different weak and non-covalent interactions. Although, non-covalent
interactions are relatively weak in comparison with covalent bond, their simultaneous
interactions influence structural topologies which lead to several physical and chemical
characteristic of the molecules or coordination complexes. Specifically, tuning of the
hydrogen-bond formation sites, various application such as supramolecular electronics,*’
host guest chemistry,?® self-assembly of molecular capsules,? nanotubes,*® and so forth
have been achieved. Etter and co-workers analyzed variety of hydrogen-bonding patterns
by applying graph set theory.®* Weak interactions led to supramolecular networks by
forming simple patterns such as chains, rings, inter-molecular hydrogen-bonded patterns,

and other finite patterns. Few selected reports containing some or more of these

TH-1768_126122034
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interactions, effect of hydrogen bonding on magnetic properties and existence of salt-

bridge---m interaction has been listed below, for representative purpose.

Sadhukhan et al.*? synthesised and determined molecular structures of Ni(ll) complexes
using three ligands 1, 1a-b, which show 1D, 2D and 3D H-bonded network structures. A
moderate antiferromagnetic interaction has been found to operate between phenoxo
bridged Ni(ll) dimers isolated using 1 (Figure 1a) and la (Figure 1b). Interestingly, the
O-H---O bridged dimeric complex containing 1b has been reported to exhibit very weak
antiferromagnetic exchange through hydrogen bonding and =---7 stacking interactions
(Figure 2).

. HO 1: X=H,Y=H
)L h la: X =CH;, Y =H
N 1b: X=H, Y =0H
H
X

Scheme 2. Schematic diagram of ligand 1, 1a-b.

(@) (b)

Figure 1. (a) Molecular structure of 1. (b) Dimeric unit formed by intermolecular H-
bonding interaction in 1b (Hydrogen atoms not involved in hydrogen bonding are

omitted) along with n-- - interactions.

TH-1768_126122034
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Figure 2. Packing diagram of 1 depicting the 1D H-bonded network (hydrogen atoms,
not involved in H-bonding, are omitted for clarity).

Sadhukhan et al.*® also reported mononuclear and dinuclear Mn(I1) complexes of 1 and
1b, and in all of these compounds, hydrogen-bonded self assemblies of different
dimensionalities and architectures were observed. Along with this, C-H:-'m and n-*'n

interactions also contribute in forming supramolecular assemblies.

Mitra et al.3* synthesized and determined the molecular structure of a Cu(ll) malonate
complex (2) using protonated 2-aminopyridine as the auxiliary ligand, which is acting as
the counter cation. In self assembly of this Cu(ll) complex, salt-bridge- - -x interaction has
been found to exist apart from the presence of O—H---O, =n---x stacking and anion---x
interactions (Figure 3).
salt-bridgen ! o stacking anion*xw
05 vy

» b{i e }b
(L T P - -
Cd \_—v——/ L
anion—zx T % stacking salt-bridgen
¢ ® S

Figure 3. Salt-bridge---n interaction (left, which has been adopted without permission)
and O—H---O interactions (right) in 2.

The proton conduction properties of a 2D, flexible MOF and a 1D coordination
polymer having the molecular formulae {[Zn(C19H203)0.5(C10S2N2Hs)]-5H,0]} (3a) and
{[Zn-(C10H208)0.5(C10S2N2Hs)]-2H20]}n (3b), {C10H20s = 1,2,4,5-
benzenetetracarboxylate ion; C10S:NoHg = 4,4'-dipyridyldisulfide} respectively have

6
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been reported.>*® Both these compounds have been reported to show high conductivity
due to their dimensionalities and the internal hydrogen bonding connectivities (Figure 4).

O11

Figure 4. (a) 2D structure and H-bonding network present in lattice water of 3a. (b) 1D
structure and H-bonding network present in lattice water of 3b. (Colour code: C, cyan;
N, blue; O, red; S, yellow; Zn, green) (These two figures have been adopted without
permission).

Five Hg(ll) complexes synthesized using N-(2-quinolinyl)pyrazine-2-carboxamide
(3c) and N-(3-quinolinyl)pyrazine-2-carboxamide (3d) have been structurally

characterized.®*

Molecular structures of these compounds have been reported to contain
1D and 2D polymeric structures linked through supramolecular interactions in three of
them and 3D coordination polymers in two compounds. These C-H---x, n---m and C—
H---O interactions affect the coordination geometry and structural assembly and also
help in stabilization of some of the crystal structures reported here (Figure 5).

Four Zn(Il) complexes of 6-chloro-4-phenyl-2-(2-pyridyl)quinazoline ligand (3e)

were synthesized using different salts of zinc.3*

Varying the anions in zinc salts yields
different conformations of the ligand due to twisting of the pyridyl ring with respect to
the quinazoline ring. As a result complexes with different nuclearities as well as different
coordination geometries were observed. The packing diagrams of these complexes
contain intermolecular interactions such as C-H:--x, n---n, C-H---O, C-H---N and C-

H---Cl interactions (Figure 6).

TH-1768_126122034
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(b)
Figure 5. Representation of Hg(ll) complex of (a) 3c and (b) 3d showing C-H---%, n--'%

and C—H---O interactions.

(b)

Figure 6. Representation of some of Zn(Il) complexes of 3e and showing C-H---Cl,

7---w and C—H---N interactions.
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1.3. Fluorescence Sensor:

This sensing technique has had a great impact recently in analyte detection. In this
technique, object is the one which has to be detected and is known as the analyte.
Analytes can be a small molecules or ions or large molecules or living cells. Another one
is the probe or sensor. A sensor unit provides binding site and an informative signal
about the object, upon binding. Many physical principles are applied in sensors for
generating a specific signal upon interaction between probe and analyte. These physical
principles may be optical (light absorption, reflection, fluorescence), electrochemical and
heat. Mechanisms responsible for generating signal may be electronic, conformational,
change in medium or by chemical or electrochemical reactions. Many optical bioassays
and chemical sensing probes use fluorescence technique highly because of the easy
operational process, simple set up, high sensitivity and selectivity. In this technique,
sensors interact with analyte and give rise to a change which is correlated with the
quantity of analyte. Typically, fluorescent sensors for metal ions have two essential
features: a metal chelating or binding moiety and at least one fluorophore capable of
absorbing and emitting light. Metal ions upon binding with probe change either the
electronic structure or the molecular structure of the sensor. Consequently, change in the
electronic structure can lead to a change in the intensity or wavelength of light
absorption or emission, while changes in the molecular structure can also alter the
distance or orientation of fluorophore. Generally, probe-analyte interaction can
modulate:

a) the UV-visible absorption properties of the probe in terms of bathochromic or
hypsochromic shifts in the absorption bands
b) change in fluorescence intensity by “turn on” or “turn off” process or generating new

emission band(s)
c) bathochromic shift in emission spectra.

Such measurable and quantifiable changes lead to information about binding
constants, formation and stoichiometry of receptor-analyte species, limits of detection,
sensitivity, as well as selectivity of the sensing process. As probes exhibit colour and
emission changes in the presence of a guest species have emerged as ideal candidates for

use in optical fibre devices. Besides experimental analysis, theoretical calculations have

9
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also been used and gained significance as because of its support to the proposed binding
hypothesis. By using DFT/TDDFT calculation, molecular structure and geometry of
probe and probe-metal ion species are optimised for evaluation of the energies of the
participating frontier molecular orbitals (FMOs), highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO, respectively) of the probe as well as
probe-metal ion species and correlation of the molecular electronic transitions, energy,
atomic charges etc. Thus, it helps to understand the sensing mechanism and design more
efficient sensors. Usually, detection of analytes by probes occurs by three different
approaches® such as binding site-signalling, displacement and chemodosimeter
approach. In the “binding site-signalling subunit” approach, both host and guest interacts
by forming covalent bond.*® The displacement approach is due to the formation of
molecular assemblies of binding site-signalling subunit, which upon coordination of
anion to the binding site results in the release of the signalling subunit into the solution.
Thus change in their optical properties has been revealed.*” In the chemodosimeter
approach, chemical reaction occurs in presence of a specific anion which results in an
optical signal. Numerous reports are available based on ICT (Internal Charge Transfer),
CHEF (Chelation Enhanced Fluorescence), EET (electronic Energy Transfer), PET
(Photoinduced Electron Transfer), FRET (Forster Resonance Energy Transfer), MEF
(Monomer-Excimer formation) mechanisms which alter the fluorescence signals in metal
ion detection.®®*® Among all approaches, probes are designed and synthesised based on
binding site-signalling and displacement approaches as well as emphasising on PET and
deprotonation processes. In this thesis, properties of these probes towards metal ions
recognition have been investigated in detail. Some of the recently reported literatures on
metal ions detection have been highlighted below and relevant literature reports related

to the Chapters of the thesis has been referred appropriately in the Chapters.

1.3.1. Recent developments in fluorogenic metal ion sensing:

1.4 used the molecule 4 that acts as a selective and sensitive fluorescent

Tian et a
sensor for Zn®* ion. This “8-oxalamidoquinoline” based sensor upon binding Zn** ion,
gives rise to “turn on” emission enhancement with emission maximum at 490 nm in

buffered aqueous solution at pH = 7.2. Complexation of 4 with Zn?* ion is accompanied

10
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by deprotonation of 8-amide group and results in increasing the electron-donating ability
of this amide nitrogen atom to the quinoline ring. The fluorescent signals of 4 were
utilized to construct an INHIBIT logic gate at the molecular level and 4 was used for

fluorescence imaging in living yeast cells.

Wang et al.*® reported a cell permeable, ESIPT based fluorescence sensor 5 which
gives highly selective “turn on” response towards zinc ion at 545 nm and also NIR
emission at 720 nm. In this zinc ion recognition process, complex formation between 5
and Zn?* ion occur through imine-N, pyridine-N and phenolic-O atom that lie ortho to
imine bond. One of the advantages of 5 is that due to the strict binding requirement
associated with the chelate rings 5 is silent to Cd®*, which often interferes with Zn®*

detection.

5) “‘N@*]@ &\ e

Scheme 3. Schematic diagram of probes 4-6.

Compound 6 having two azine groups has been developed by Nandi et al.*® for the
naked eye and fluorescence recognition of I" ion. The probe has been reported to show
intense red color in the presence of I in THF and solvent dependent multiple signaling,

viz., green emission with AI**

in agueous methanol and ratiometric yellow emission with
Zn** in DMSO. Routine AI** and Zn** imaging in human breast cancer cell, MCF7,
under fluorescence microscope has also been performed. The developed method is used
for analysis of real samples.

Sinha et al.*® reported the usefulness of probe 7 having a imidazole ring fused to
9,10-phenanthrene, for selective recognition of AI** ion. Selectivity and recognition
properties of 7 towards AI** ion were examined using UV-Visible, steady-state and time-

resolved fluorescence spectroscopic studies. The fluorescence emission of free 7 in

11
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acetonitrile at 445 nm blue shifted to 412 nm with ~2.3-fold enhancement in emission
intensity upon addition of AI** ion. Density functional theoretical (DFT) calculations
were carried out on the proposed aluminium complex [Alx(7),(n-OH),]** to support the

experimental results.

A rhodamine—isatin hybrid probe 8°' has been synthesised and reported to
selectively detect AI** ion in aqueous solution at physiological pH. The fluorescence
“off-on” response has been due to opening of spirolactum ring upon complexation with
AIP* jon. The resultant 8-AlI** complex was utilized as a secondary fluorescence
chemosensor for PPi (P,07*). These changes in fluorescence signals of the 8 towards

AI** and PPi ions have been reported to mimic the INHIBIT logic gate operation.

Scheme 4. Schematic diagram of probes 7-10.

A fluorescence sensor 9 was developed by Chithiraikumar et al.** which
selectively detects Cd?* ion in presence of various other metal ions. Enhancement of
fluorescence intensity of 9 by Cd®* ion has been reported to occur because of blocking of
photoinduced electron transfer (PET) process by the complexation of Cd** ion through
oxygen and nitrogen atoms of the ligand. The *H NMR titrations and ESI-mass studies

revealed binding ratio of 9 to Cd*" ion to be 1:1.

Liu et al.>® has reported the use of 10 as a ratiometric Cd** ion sensor in aqueous
media. Mechanism of ratiometric sensing is due to metal ion chelation induced co-
planation of 2,2'-azo-1,1'-biaryl fluorophore in 10 and hence internal charge transfer ICT
effect has become prominent in 10 that provides red emission shift (53 nm) in presence

of Cd*" ion. A benzothiazole-functionalized fluorescein derivative (11) reported by Gao
12
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et al.,> exhibits highly selective and sensitive “turn-on” fluorescence and naked-eye
color change to Fe®*. The probe 11 has been reported to exhibit low cytotoxicity and cell-
membrane permeability, thus making it capable of Fe** bioimaging in living Hep G2

cells.

A fluorescence probe 12, containing pyrene moiety and its di-sulfide linked dimer
have been reported as trivalent (Fe**, Cr** and AI**) metal ion sensor through
fluorescence “off-on’’ response.>® Selectivity towards trivalent metal ions in presence of
other metal ions is due to inhibition of PET process along with excimer formation by
pyrene ring. The 2:1 stoichiometry of 12-M** (M = Fe/Cr/Al) sensor complexes were
obtained from Job’s plot calculations. In addition, the binding ratio was supported by *H
NMR titrations, ESI(+) mass and FTIR analysis.

11 12 13 14

Scheme 5. Schematic diagram of probes 11-14.

A fluorescent sensor 13 containing phenanthro[9,10-d]Joxazole moiety was
synthesized by Fan et al.®® It acts as a fast-response, highly selective and sensitive
chemosensor towards Cr®* ijon by giving “turn-on” fluorescence response at the
physiological pH. The phenanthro[9,10-d]oxazole moiety in 13, acts both as the electron
donor and a potential binding site, while the electron deficient nitrile group acts as
electron acceptor. Addition of Cr®" to solution of 13 gave rise to red shifted emission

from 393 to 412 nm. The quantum vyield increased from 0.127 for the free probe to 0.917

13
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upon Cr¥* ion binding. The reason behind the “turn on” selectivity mechanism of 13 for
Cr** ion was based on combined interference of inhibition of ICT and CHEF process.

Zhang et.al.”’

synthesized the carbazole 14, by reacting 3-amino-9-ethylcarbazole
with glyoxal and then reducing the diimine with NaBH,. Upon excitation at 370 nm, 14
exhibited strong fluorescence emission at 438 nm. Addition of Cr®" to an ethanol-H,0
solution of 14 has been reported to result in quenching of fluorescence with the 14:Cr®*

(1:1) ratio.

Zhao et al.®® synthesised two isomeric fluorescence probes (15 and 16) having
phenanthro[9,10-d]imidazolecoumarin moiety. Both were found to give selective “turn-
off” fluorescence responses towards Fe®" ion caused by paramagnetic quenching effect in
a 1:1 sensor-Fe** ratio. The fluorescence detection mechanism had been supported by

Job’s plot, "H NMR and ESI-MS analysis.

Scheme 6. Schematic diagram of probes 15 and 16.

A 1,8-diaminonaphthalene based fluorescent probe 17°° has been employed to
detect Cu®* ion in a ratiometric and selective colorimetric “off-on” type of responses.
Interaction of Cu®* ion with 17 resulted in a red shift in both UV-Vis and emission
spectra, due to ICT process. Such red shift has been reported to be specific to Cu®* ion

effected by coordination through the N-atom of pyrimidine core via deprotonation.

A benzothiazole® ring bearing chemosensor 18 has been used as a molecular
fluorescent sensor for Hg**, based on metal induced inhibition of the ESIPT mechanism.
Free probe 18 has been reported to be weakly emissive having low intensity at 377 nm

upon excitation at 340 nm, due to ESIPT being operational. With increase in Hg*" ion

14
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concentration, 18 gave a strong emission band centered at 530 nm. Engagement of
phenolate-O in coordination to Hg?* ion, has been the cause of preventing ESIPT.

17 18 19

Scheme 7. Schematic diagram of probes 17-19.

A phenothiazine®® having diamino-malenonitrile linkage as in 19, was reported as
chromogenic and fluorogenic sensor for specific detection of Hg®* and S*~ ions. Upon
excitation at 450 nm 19 gave emission maximum at 575 nm, which got quenched with
increase in Hg?* ion concentration. This quenching effect is because of inhibition of ICT
process from the phenothiazine group to the diaminomalenonitrile moiety. DFT
calculations on 19 and its Hg®* complex also supported the disturbance of ICT upon
coordination with Hg** ion. Addition of S*  ion to resultant solution of 19-Hg?* complex
species has been reported to reverse the quenching by releasing fluorescent 19 into the
solution. The 19 also has the advantage of low cell toxicity and can be used for selective

imaging of Hg*" in living cells.

Spirobenzopyran derivative® 20 was designed, synthesized and its binding behaviour
towards metal ions were studied by UV-Vis and fluorescence titration experiments and
was supported by DFT calculations. The free probe has absorption maximum at 373 nm.
Incremental addition of Cr®* and Cu®*" ions to the solution of 20 gave raise to new
absorption peaks at 477 and 550 nm, exhibiting yellow and pink colours, respectively.
Difference in colour arose due to difference in ICT caused by Cr** and Cu®" ions,
because of their different oxidation states. Free probe 20 gave weak emission and

addition of Cr® ion showed 27-fold increase in fluorescence at 675 nm. “Turn On”

15
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response was observed due to internal charge transfer (ICT) as well as chelation-
enhanced fluorescence (CHEF) processes.®

Alam et al. reported a 1:1 condensation product of diformyl-p-cresol with 8-
aminoquinoline® 21 which is a useful chromogenic and fluorogenic dual sensor for Mg®*
and Zn** ions. Upon addition of both ions to free probe 21, original absorption peaks at
369 and 500 nm decreased in intensity and a new peak grew at 456 nm along with
isosbestic points. Whereas in fluorescence titration experiments, addition of Zn** and
Mg** ions, blue shifted the 562 nm peak of 21 to 539 and 526 nm respectively. Metal ion
competition studies revealed that detection of Mg?* and Zn®* ions were not affected by
biologically abundant Na*, K*, Ca?* ions etc., as well as several transition and heavy
metal ions. Fluorescence “off-on” responses due to both Zn** and Mg? ions arose as a
consequence of increase in rigidity and on set of CHEF® effect upon coordination of
metal ions to 21. The probe 21 could also be used for in vitro/in vivo cell imaging of Zn?*
and Mg?" ions with negligible cytotoxicity. The DFT/TDDFT calculations were carried
out on 21 and its Mg?* and Zn?* ions complexes where in calculated absorption spectra

matched well with the experimental one.

\N/O

[l N_o EN] L
5w

22

\ /

Scheme 8. Schematic diagram of probes 20-23.

A fluorescence probe 22 containing quinoline and benzimidazole rings® was

developed to simultaneously recognise Cu®* and Fe®* ions. Free probe gave strong

16
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emission at 508 nm upon excitation at 370 nm. Titration of Cu?* and Fe** ions with 22
quenched the emission hence green fluorescence became colourless under UV light. The
quenching in emission has been reported to occur because of chelation-enhanced
fluorescence quenching (CHEQ) effect of paramagnetic Cu®* and Fe** ions.®” Ascorbic
acid has been reported to distinguish between Cu?* and Fe** ion by further reduction of
22-Fe** to fluorescent 22 and Fe”* while 22-Cu?* remaining intact. Moreover, the sensor
has been used in fluorescence imaging of HeLa cells due to low cytotoxicity of 22.

Synthesis and metal ion recognition properties of a naphthalimide based
fluorescent probe 23 was reported.?® The probe 23 is weakly fluorescent due to the
photoinduced electron transfer from piperazine-N to naphthalimide and became highly
fluorescent only in presence of Fe®* ions. Theoretical calculations on 23 and its Fe®*
complex supported the Fe** induced reduction in the PET in probe 23. Probe 23 has been

used for the imaging of intracellular Fe** ions with its “turn-on” fluorescence response.
1.4. Objective of thesis:

Taking inspiration from the literature, an attempt has been made in Chapter 2 of
this Thesis to evaluate the “Supramolecular Interactions” in a set of coordination
complexes formed by a mono-dentate N-substituted imidazole ligand along with co-
ligands. Some fluorophores containing quinoline, benzimidazole, napthalimide,
benzothiazole, benzoxazole, rhodamine, spirobenzopyran, napthyl moieties were
reported in the literature to be useful for the detection of metal ions. They function either
as “turn on” or “turn off” or “ratiometric” sensors towards metal ions. Having used a
imidazole moiety, then continued with the use of a 2,4,5-trisubstituted imidazole and
some new ligands containing benzothiazole and napthyl moieties were scrutinized as

fluorogenic metal ion sensors subsequently, in Chapters 3, 4 and 5.

17
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1.5. Materials and Methods:
1.5.1. Materials:

CoCl,-6H,0,  Co(NOg3),-6H,O,  Co(OAc),;-4H,O0,  ZnCl,,  Mn(OAc),-4H,0,
Zn(NO3),-6H,0, fumaric acid, anahydrous Na,SO,4, K,CO3, KSCN, NH;NH,-H,O and
NaBH; were purchased from Merck India. 1-(4-acetylphenyl)imidazole, 2-
hydrazinylbenzothiazole, 2,3-dihydroxybenzaldehyde, 4-(diethylamino)-2-
hydroxybenzaldehyde, 2-hydroxy—1-naphthaldehyde, 2,6-pyridinedicarboxylic acid,
HEPES, CDCl3;, DMSO—ds and KBr were from M/S Aldrich, USA. All the chemicals
and solvents were of reagent grade and were used as received without further

purifications.
1.5.2. Instrumentation and Methods:

A Perkin—Elmer Series Il CHNS/O Analyzer 2400, and a Lakshore VSM Setup
were used for performing relevant measurements. The absorption spectra were recorded
with Perkin-Elmer Lambda-750 UV-visible spectrometer using 10 mm path length
quartz cuvettes with the wavelength in the range of 250-800 nm. Fluorescence
measurements were made on Horiba Fluoromax-4 spectrofluorometer using 10 mm path
length quartz cuvettes with a slit width of 5 nm at 298 k with a xenon lamp as excitation
source. NMR spectra were recorded using a Varian FT-400 MHz instrument. A FT-IR

spectrum was taken using Perkin—Elmer Spectrum One spectrometer.
1.5.3. X-ray Crystallography:

Diffraction data were collected at 292 K with MoKa radiation (A = 0.71073 A) using a
Bruker Nonius SMART APEX CCD diffractometer equipped with graphite
monochromator and Apex CD camera. The SMART software was used for data
collection and for indexing the reflections and determining the unit cell parameters. Data

reduction and cell refinement were performed using SAINT®®"

software and the space
groups of these crystals were determined from systematic absences by XPREP and
further justified by the refinement results. The structures were solved by direct methods

and refined by full-matrix least-squares calculations using SHELXTL-97"* software. All
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the non-H atoms were refined in the anisotropic approximation against F? of all
reflections.

1.5.4. Thermal Measurements:

Thermogravimetry were studied by a computer controlled METTLER TOLEDO STARe
system of module TGA/SDTA851e under static nitrogen atmosphere using platinum pan
at a heating rate of 10°C/min in the temperature range 20-800°C. The instrument was
calibrated using RTypSDTA sensor. Onset temperature obtained from DTG curve is

used to evaluate the onset decomposition temperature of the samples.

1.5.5. UV-Vis and fluorescence spectral studies:
Stock solutions of metal chlorides (1 x 10~ mol L) were prepared in DMSO and in
deionised water. Stock solutions of probes (1 x 10° mol L™) were also prepared in
DMSO. The solution of probes was then diluted to 1 x 10™ mol L in DMSO or
DMSO/HEPES or MeOH/HEPES solutions. In each titration experiment, 2.50 mL
solution of probe (1 x 10 mol L) were placed in a quartz optical cell with 1 cm optical
path length, and then metal chloride stock solutions were gradually added into the optical
cell using a micropipette. Spectra were recorded for each addition after waiting for 1
min. In selectivity experiments, the test samples were prepared by adding appropriate
volume of stock solution of the cations into solutions probes (2.0 mL of 2 x 10> mol L~
1. Stock solutions (1 x 10™* mol L) of sodium salts of citrate, lactate and carbonate
ions in H,O:DMSO (vlv, 2:9) and tetra-butyl ammonium or sodium salts of F, Br, CI,
I, SO,*7, S*", SCN', OH", PFs, NO; ", HSO,, H,PO,, PO,*, P,O,*, OACT, S,057,
CO5”", C,04*", HCO3 and ClO, in DMSO or MeOH/HEPES were prepared and used.
In the titration experiment, a quartz cell of 1.0 cm path length was filled with a 2.0 mL
solution of probes (1 x 10°° mol L ™) to which 3 equivalents of various anions (0.1 mM)
prepared by diluting the stock solutions in DMSO or MeOH/HEPES were added and
then titrated with up to 2 equivalents of ZnCl;, using a micropipette.
1.5.6. Calculation of detection limit:

The detection limits were calculated on the basis of fluorescence titrations. The
fluorescence emission spectra of probes were repeated for 15/20 times, and the standard
deviation of blank measurement was obtained. In order to obtain the slope, the
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fluorescence emission was plotted as a concentration of M™. The detection limits were

calculated using the following equation:
Detection limit = 3c/k

Where o is the standard deviation of the blank measurement, and k is the slope between

the fluorescence emission intensity versus [M™] (M = metal ions).

1.5.7. Time—resolved fluorescence spectroscopy:

The fluorescence transients were measured by a time correlated single photon
counting set up from Horiba. The laser diode 375 or LED 405 was used as a source with
excitation wavelength of 375 or 405 nm. The fluorescence decays were fitted using
DASG software.

1.5.8. Fluorescence Quantum Yield in Solution:

Fluorescence quantum yield was determined in CH3OH/aqueous HEPES buffer (5
mM, pH = 7.3, 7:3, v/v) using optically matching solutions of Fluorescein (®, = 0.79 in
0.1M NaOH) as standard at an excitation wavelength of 425 nm. The quantum yield is
calculated using the following equation

@5 = O, (A FJ/AF) (715 | 1)
Here, As and A, are absorbance value of sample and reference solutions, respectively, at
the same excitation wavelength, Fs and F, are the corresponding relative integrated
fluorescence intensities, and 7 is the refractive index of the solvents.
1.5.9. Computational Methods:

The geometry optimisation were carried out using the density functional theory
(DFT/TDDFT) method at the B3LYP level for ligands and its complexes of AlI**, Zn**,
Cd?* ions. The lanl2dz basis set was assigned for all the elements. All calculations were
performed with Gaussian09 program’® with the aid of Gauss View visualization
program.

1.5.10. Appendices:
The Chapter appendix has been included at the end of reference section of each

Chapter.
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Chapter 2

Molecular Structures of Some Bivalent Metal Complexes of 1-

(4-Acetylphenyl)imidazole and Co-Ligands

Abstract:

In this Chapter, a series of bivalent metal complexes having compositions
[Co(L)LI2](2), [Zn(L)2Cl2](2), [Co(L)2(H20)4](NO3)-2H20(3),
[Zn(L)2(H20)4](NO3)2-2H,0(4), [Co(L)2(OAC)2(H20)]-3H-0 ®),
[Mn(L)2(OAC)2(H20)]-3H20 (6) [Co(L)a(NCS)2](7), {[Co(L)2(Fum)(H20).]-2H-0} (8)
and {[Mn(L)2(Fum)]}n (9) were synthesized using L {L = 1-(4-acetylphenyl)imidazole}
and respective co-ligands. The mononuclear sets 1-2, 3-4 and 5-6 are isomorphous and
isostructural in nature. Complex 7 is a mononuclear complex, 8 is a 1D coordination
polymer and 9 is a 2D-coordination polymer. All the compounds were structurally
characterized using IR spectroscopy, thermogravimetric analyses, powder X-ray and
single crystal X-ray diffraction studies. In general, coordinated / lattice water molecules
are found to be involved in O-H---O hydrogen bonding and counter ions, in other weak
interactions like C—H---S, C-H---Cl and C-H---O. The aromatic ring of L also is involved
in C—H---w and = -7 stacking interactions. In 3 and 4, hydrogen bonding interactions
between coordinated water molecules, lattice water and nitrate ion contain cyclic
hydrogen-bonded architectures. In 5 and 6, acetyl group present in L act as hydrogen
bond acceptor through O---H-O interaction. In 8 and 9 Fum coordinate to metal center in
u-ntn® bidentate and pu-n'in'm’in’' tetradentate fashions resulting in formation of 1D

and 2D coordination polymers, respectively.
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2.1. Introduction:

Design and synthesis of transition metal complexes with structural features have
attracted much attention due to not only to their intriguing architectures and topologies
but also to their potential applications as important functional materials in the fields of
magnetism,* sensors,? adsorption,® catalysis,* and ion-exchange.?® ® The assemblies of
metal complexes are not only governed by strong and highly directional coordination
bonds but also directed by various weak non-covalent forces such as hydrogen bonding,
n--m, C-H---7 etc.® From last decade, imidazole based metal complexes have attracted
much attention because of their versatile coordination binding modes of the both N-
atoms in imidazole ring. Both N atoms play an important role in hydrogen bond donor
and acceptor properties as well as in making complexes with various dimensionalities.’
Among substituted imidazole ligands, 1-imidazolyl or 4-imidazolyl moieties have been
intensively utilized.® However, design and synthesis of imidazole based ligands are still a
challenging field. It is well known that the imidazole moiety plays an important role in
biological systems. Imidazole based metal complexes pose diverse range of
pharmacological activity such as antibacterial, antifungal, as well as antitumor effects.*

Recently, Song et al.®

reported a series of transition metal complexes of 4-
imidazolecarboxylate ligand and their structural diversities, luminescence, and gas
adsorption properties. In this study, six new mononuclear isomorphs and isostructural
complexes, a mononuclear complex and two coordination polymers of bivalent metal
ions were successfully synthesized using the N-substituted imidazole, 1-(4-

acetylphenyl)imidazole and other coligands.
2.2. Experimental Section:

2.2.1. Synthesis of 1-9:

2.2.1.1. [Co(L),Cly] (2):

To a methanolic (25 mL) solution of L (186 mg, 1 mmol), solid CoCl,-6H,0 (120
mg, 0.5 mmol) was added and stirred overnight. The reaction mixture was filtered and
filtrate was kept for crystallization. Block shaped blue colored crystals, suitable for
SXRD, were obtained after 10 days. Crystals were collected and washed with ice-cold
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methanol. Yield 200 mg, (80%). Anal. calcd. for C,H2CI,N40,.Co: C, 52.61; H, 4.01;
N, 11.15% Found: C, 52.41; H, 3.95; N, 11.04%. IR (KBr, cm™): 3168(w), 3124(m),
2913(w), 1674(vs), 1606(s), 1520(s), 1499(m), 1422(m), 1376(s), 1331(m), 1305(m),
1273(m), 1262(w), 1242(m), 1187(w), 1125(m), 1109(m), 1081(w), 1064(s), 1018(w),
963(m), 840(s), 746(s), 654(m), 618(m), 597(m). UV-Vis [Ama, nm (¢, M cm ') DMSO
solution]: 670(114); 284(27910). pefr, 4.01 B.M.

2.2.1.2. [Zn(L),Cl5](2):

Complex 2 was prepared as described for complex 1 by using ZnCl, (70 mg, 0.5
mmol) instead of CoCl,-6H,0. The block shaped crystals were obtained after two weeks.
Yield 190 mg (75%). Anal. calcd. for CyH20CIoN4,O22Zn: C, 51.94; H, 3.96; N, 11.01%
Found: C, 51.80; H, 3.88; N, 10.92%. IR (KBr, cm™): 3429(br), 3168(w), 3124(w),
1674(vs), 1606(s), 1521(s), 1499(w), 1425(w), 1358(m), 1331(w), 1305(m), 1273(m),
1244(m), 1187(w), 1127(m), 1109(w), 963(m), 946(w), 841(m), 747(m), 655(m),
619(W). UV-Vis [Amax, nm (€, M "cm*) DMSO solution]: 279(28725).

2.2.1.3. [CO(L)z(H20)4](NO3)22H20 (3)

Cobalt nitrate hexahydrate (310 mg, 1.07 mmol) and L (400 mg, 2.15 mmol) were
dissolved in methanol (50 mL) and stirred overnight. Then the pink colored solution was
filtered and kept for crystallization. The block shaped crystals were obtained after two
weeks. Yield 540 mg (78%). Anal. calcd. for C;H3NgO14Co: C, 39.83; H, 4.86; N,
12.67% Found: C, 39.75; H, 4.81; N, 12.59%. IR (KBr, cm™): 3430 (b), 3123(w),
2923(w), 1674(s), 1606(m), 1520(m), 1499(w), 1384(vs), 1330(w), 1305(w), 1272(w),
1242(w), 1187(w), 1125(w), 1063(m), 963(w), 839(m), 743(m), 654(m). UV-Vis [Amax,
nm (¢, M 'em ™) DMSO solution]: 535(14); 280(39765). pesr, 4.50 B.M.

Complex 4 was obtained by the same procedure as described as in complex 3,
except that Zn(NO3),-6H,0 (320 mg, 1.07 mmol) was added to the methanolic solution.
Yield 575 mg, (80%). Anal. calcd. for CyH3:NgO14Zn: C, 39.44; H, 4.81; N, 12.55%
Found: C 39.30; H 4.78; N 12.44%. IR (KBr, cm™): 3460(br), 3167(w), 3123(w),
2923(w), 1674(vs), 1606(m), 1521(m), 1499(w), 1477(w), 1384(vs), 1358(w), 1305(m),
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1272(m), 1244(m), 1187(w), 1127(m), 1109(w), 1064(m), 1081(m), 839(m), 745(m),
654(m). UV-Vis [Lmax, nm (¢, M *cm %) DMSO solution]: 281(55700).

2.2.1.5. [Co(L)2(0OAC)2(H20)]3H-0 (5) and [Mn(L)2(0OAC)2(H20)]3H.0 (6):

Complexes 5 and 6 were also obtained by the same procedure as described as in
complex 3, except that Co(OAC)2-4H,0 (270 mg, 1.07 mmol) and Mn(OAc),-4H,0 (260
mg, 1.07 mmol) and using L (400 mg, 2.15 mmol). (Yield = 465 mg, 70% for 5 and 300
mg, 45% for 6). For complex 5: Anal. calcd. for CysH34N4O10Co: C, 50.25; H, 5.51; N,
9.01% Found: C, 50.17; H, 5.46; N, 8.95%. IR (KBr, cm™): 3400(br), 3142(w), 3129(w),
2923(w), 1682(vs), 1608(s), 1579(w), 1525(m), 1425(m), 1367(w), 1334(w), 1309(w),
1265(m), 1248(m), 1193(w), 1119(m), 1068(m), 1022(w), 965(m), 939(w), 844(m),
800(w), 748(m), 658(m), 617(w), 596(m). UV-Vis [Amax nm (¢, M cm™?) DMSO
solution]: 549(102); 281(15940). perr, 5.19 B.M. For complex 6: Anal. calcd. for
C26H34N4O10Mn: C, 50.57; H, 5.55; N, 9.07% Found: C, 50.52; H, 5.46; N, 9.01%. IR
(KBr, cm™): 3412(br), 3140(w), 2923(w), 1682(vs), 1608(s), 1573(m), 1525(m),
1448(w), 1423(m), 1384(w), 1367(w), 1333(w), 1307(w), 1266(w), 1248(m), 1119(m),
1067(m), 965(m), 933(w), 842(m), 748(m), 656(m), 616(w), 596(m). UV-Vis [Amax, NM
(e, M*cm™) DMSO solution]: 284(29785). pefr, 6.18 B.M.

2.2.1.6. [Co(L)4(NCS),] (7):

Ligand L (250 mg, 1.344 mmol) and CoCl,-6H,0O (80 mg, 0.34 mmol) were
dissolved in methanol (20 mL) and stirred for 5h. Then KSCN (130 mg, 0.67 mmol) was
added and stirred for another 3h. The solution was concentrated and the precipitate was
dissolved in minimum amount of hot DMF and left undisturbed. Brown colour crystals
suitable for SXRD were obtained after 10 days (Yield = 200 mg, 64%). Anal. calcd. for
C6H40C0ON1004S;: C, 60.06; H, 4.38; N, 15.23% Found: C, 60.01; H, 4.33; N, 15.16%.
IR (KBr, cm™): 3129(m), 2923(m), 2854(w), 2075(vs), 1690(vs), 1604(s), 1516(s),
1492(m), 1420(w), 1372(w), 1356(w), 1304(m), 1273(w), 1259(w), 1249(w), 1114(w),
1056(m), 956(m), 931(w), 847(w), 657(m), 596(W). UV-Vis [Ama, nm (e, Mcm™)
DMSO solution]: 660(101); 284(33370). pefr, 4.80 B.M.
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2.2.1.7. {[Co(L)2(Fum)(H20),] 2H0}y, (8):

Ligand L (200 mg, 1.07 mmol) was dissolved in methanol and CoCl,-6H,0 (130
mg, 0.55 mmol) was added then stirred for 5 h. Fumaric acid (125 mg, 1.07 mmol) was
added to the reaction mixture and stirred for additional 3 h. The solution was
concentrated and the precipitate was dissolved in minimum amount of hot DMF left
undisturbed for crystallization. The crystals obtained after 10 days were collected and
used for further studies. (Yield = 260 mg, 77%). Anal. calcd. for CysH2sN4O10Co: C,
50.54; H, 4.59; N, 9.10% Found: C, 50.48; H, 4.54; N, 9.02%. IR (KBr, cm™): 3424(br),
3129(w), 3112(w), 1677(vs), 1652(w), 1605(s), 1522(m), 1492(m), 1420(w), 1365(w),
1333(w), 1315(w), 1255(m), 1192(w), 1063(m), 994(m), 961(m), 845(w),832(m),
770(m), 786(w), 657(w), 590(w). UV-Vis [Amax, nm (e, M*cm*) DMSO solution]:
284(36370).

2.2.1.8. {IMn(L)2(Fum)]}n (9):

Complex 9 was obtained by the same procedure as described as in complex 8, by
using Mn(OAc),-4H,0 (130 mg, 0.55 mmol). (Yield = 180 mg, 60%). Anal. calcd. for
Ca6H22N4OMn: C, 57.68; H, 4.10; N, 10.35% Found: C, 57.49; H, 4.02; N, 10.28%. IR
(KBr, cm™): 3429(br), 3127(w), 3106(w), 1678(vs), 1634(w), 1665(s),1522(w),
1492(w),1420(w), 1365(w), 1332(w), 1314(w), 1281(w), 1259(m), 1191(m), 1110(w),
1062(m), 983(w), 960(w), 832(w), 770(w), 589(W). UV-Vis [Ama, nm (e, M cm™)
DMSO solution]: 284(32760).

2.3. Results and discussions:
2.3.1. Synthesis and spectra:

Imidazole moiety is known to coordinate through nitrogen and allowing NH arm to
involve in supramolecular interactions as a hydrogen bond donor. Here we have utilised
the ligand L in which proton of NH has been substituted with a 4-acetylphenyl group and
synthesised its coordination complexes along with some co-ligands. As 4-acetylphenyl
substitution has blocked the hydrogen bond donor ability, thus has allowed evaluating
the supramolecular interaction arising from the co-ligands as well as from the acetyl

group. In the context, mononuclear isomorphs and isostructural complexes (1-6),
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mononuclear complexes (7) and coordination polymer (8-9) were synthesised (Scheme
1) by controlling the ratio of L ligand as well as the selection of reaction conditions such
as reaction temperature, solvent systems, counter ions and co-ligand such as aliphatic
dicarboxylic acid (Fumaric acid). These complexes 1-9 crystallised readily as single

crystals, thus allowing the determination of their structures.

CoCly6H,0 / ZnCl, M(OAc),4H,0
[M(L),Cl,] - — [M(L),(0OAc),(H,0)] 3H,0
M=Co(1)/Zn (2) M = Co (5)/ Mn (6)
Isostructural 0 Isostructural
-y — |
N
\
>/
M(NO;), 6H,0 CoCly6H,0 + KNCS
L
[M(L),(Hy0)4](NO3);2H,0 <«— ——  [Co(L)4(NCS),] (7)
M=Co@3)/Zn(4) Mononuclear Complex
Isostructural
CoCl,"6H,0 + HyFum ‘ \ Mn(OAc),4H,0 + H,Fum

{[Co(L),(Fum)(H,0),]2H,0}, (8) {Mn(L),(Fum)]},, (9)

Coordination Polymers

Scheme 1. Synthesis of 1-9.

The electronic spectra of the complexes 1-9 have been recorded in DMSO (Figure
Al). Higher energy band around 280-285 nm has been observed in all the nine
complexes which corresponds to the allowed =—n* intra-ligand transition. Lower energy
band observed in the visible region around 670, 535, 550 and 660 nm, respectively for
complexes 1, 3, 5 and 7 are of d-d transition in origin. The quantitative spectrum of 8 in
the visible region could not be recorded due to its poor solubility in DMSO and other
common solvents. Both 6 and 9, having high-spin manganese(Il) center, did not exhibit
appreciable absorption in the visible region as there are no spin allowed d-d transitions in
them. The IR spectra of the complexes show strong peaks around 1680 cm™ and 1605
cm* which respectively correspond to vco and aromatic ven stretching vibrations. In

addition, other characteristic peaks found are: ~1384 cm™ (for vno of NO3) in 3-4,
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1572-1579 cm™* (for veo of OAC) in 5-6, ~2075 cm™* (for vnc of NCS) in 7, 1651 cm ™
(for vco of Fum) in 8, 1633 cm* (for veo of Fum) in 9. The 28 cm * difference in vco of
Fum is in agreement with p-n'n® and psen'mtnt:n' modes of binding in 8 and 9,

respectively.
2.3.2. Molecular Structures:
2.3.2.1. [Co(L)2CI;] (1) and [Zn(L)2Cl;] (2):

Both 1 and 2 crystallized in the space group Pnma (Table 1) and the asymmetric
unit contains half molecule of the coordination complex. Ligand L expectedly behaves
as monodentate ligand by coordinating through nitrogen atom of imidazole moiety to the
central metal ion along with two chloride ions. As a result, the bivalent metal ion has
distorted tetrahedral coordination geometry having N,Cl, environments with a plane of
symmetry passing through MCI; unit. A schematic view of 1 is shown in Figure 1 as a

representative and 2 in Figure A2.

C11
c10

g A

\2
Figure 1. ORTEP diagram (50% probability) of 1 (all hydrogen atoms are omitted for
clarity). Selected bond lengths (A) and angles (°): Co1-N1, 2.015(2); Co1-Cl1, 2.237(1);
Col-Cl2, 2.251(1); N1-Col-N1’, 104.36(12); N1-Col1-Cl1, 107.97(6); N1-Col-CI2,
106.48(6); Cl1-Col1-Cl2, 122.23(5).

The Co—N; and Zn—N;, bond lengths {imidazole-N = N,; thiocyanate-N = Nr; water-O =
Ow; acetate-O = Op; fumarate-O = Og} do not show much deviation. Among the two
Co—ClI and Zn-CI bond distances in each molecule, one of it is nearly same in both,

while second is longer in 1, by 0.0510(11) A. The angles at the metal center are close to
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tetrahedral values with small deviations. The bond parameters found in 2 are comparable
to those in other Zn(I1) imidazole complexes.™

Figure 2. C-H:--O, C-H:-'n and & - ‘& interactions in 1.

The pattern and types of inter-molecular interactions present in 1 and 2 are identical as
well as the non-bonded distances being nearly same, hence such interactions observed in
1 are elaborated here. The O-atom of carbonyl group form hydrogen bond of the type
0--H-C (01---C1, 3.433(3) A; 01.--C3, 3.324(3) A) of imidazole moiety and the phenyl
ring (O1---C5, 3.268(3) A). Apart from this, hydrogen atom (C3-H3) of imidazole ring
interacts with benzene ring of L to form inter-molecular C—H.--z (C3---C5, ~3.58 A)

interaction (Figure 2).

Thus the mononuclear units of 1 are linked together by this set of charge-assisted
hydrogen bonds to zig-zag structures. The benzene rings of L are further connected by
-+~ interactions between C8---C8 with distance 3.393(3) A (3.397(5) A in 2), thus
constructing a 3D supramolecular architecture as shown in Figure 3. In addition, centro-
symmetric C—H---Cl interaction between an H-atom of phenyl ring and the coordinated

chlorine is present having the non-bonded C9---CI2 distance of ~3.78 A (Figure 4).
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Figure 4. C-H---O, C—H---Cl interaction in 1.
2.3.2.2. [Co(L)2(H20)4](NO3)2-2H,0 (3) and [Zn(L)2(H20)4](NO3)2:2H,0 (4):

Complexes 3 and 4 crystallized in P2;/c space group with similar cell parameters
(Table 1 and 2), and the results of X-ray crystallographic analysis indicate that they are
isomorphous and isostructural. The reaction of two equivalents of L with M(NO3),-6H,0
{M = Co, Zn}, resulted in the formation of complex of composition
[M(L)2(H20)4](NO3)2-2H,0. The asymmetric unit has half of complex ion with M(II)
ion sitting at the center of symmetry, one each of nitrate ion and water molecule. The
bivalent metal ion is bound by two L ligands and four water molecules, having trans-
(N))2(Ow)4 coordination environment. The bond distances at the cobalt lie in the range
2.094(5)-2.155(5) A consistent with the high-spin nature of the bivalent cobalt.** The
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bond length orders Co-02 < Co-N1 < Co-03 and Zn-N1 < Zn-02 < Zn-03 were
observable and the difference within M(11)-Oy distances may be due to Jahn Teller

distortions.** A schematic view of 3 is shown in Figure 5 as a representative and 4 in

Figure 5. ORTEP diagram (50% probability) of 3 (all hydrogen atoms are omitted for
clarity). Selected bond lengths (A) and angles (°): Co1-02, 2.094(5); Co1-03, 2.155(5);
Col-N1, 2.104(6); 02-Co1-03, 87.5(2); 02-Co01-03, 92.5(2); 02—-Col-N1, 91.7(2);
02-Col1-N1, 88.3(2); 02-Col-02, 180.00(1);03-C01-03, 180.00(1); N1-Col-N1,
180.00(1); N1-Co1-03, 89.9(2); N1-Co1-03, 90.1(2).

Figure A3. The pattern and types of inter-molecular interactions present in 3 and 4 are
identical as well as the non-bonded distances being nearly same, hence such interactions
observed in 4 are elaborated here. From the crystal structure, it is observed that hydrogen
bonding interaction is dominant of all the inter-molecular interactions. The carbonyl
oxygen of the acetyl group is inter-molecularly hydrogen bonded to the coordinated
water molecule having the non-bonded contact O1---02, 2.816(9) A (Figure 6 and 7).
This makes two aromatic rings slipped away but closer together to have m-stacking
interactions within the calculated distance of ~3.56 A between the two planes formed by
ring containing C4,C5,C6,C7,C8,C9 atoms. The O2 of coordinated water molecule is
hydrogen bonded to nitrate oxygen with non-bonded distances 02:--O4, 2.93(1) and
02--05, 2.901(9) A which has a cyclic R?(4) architecture and lead to a chain-like
structure. Same architecture is also present as the lattice water interacts with the nitrate
oxygen through interactions O7--06, 2.968(9) and O7--05, 3.03(1) A, but this is a
cross-linked two chain-like structures. Other two hydrogen bond present involving lattice
water and coordinated water are O7---06, 2.93(1) and O7--03, 2.780(8) A. Overall,

hydrogen bonding interactions involving coordinated water molecules, lattice water and

37

TH-1768_126122034



Chapter 2

nitrate ion contain cyclic hydrogen-bonded architectures R%»(5) and R?%s(6) as shown in
Figure 8. The n-stacking and hydrogen-bonded interactions are inter-twined infinitely

along the c-axis that cross at the metal center, thus form a doubled stranded chains as

shown in Figure 6.

“new \—i‘\/o—-‘x——.\;‘
./‘\-'L)L/t(\,

foa ".\/.—_X_—-\ P~
/\':/\_X_ /'\‘\;’{\

Figure 7. Bifurcated H-bond (left) and trifurcated H-bond (right) present in 3.
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Figure 8. Cyclic hydrogen-bonded architectures in 3.

2.3.2.3. [Co(L)2(OAC),(H,0)]-3H,0 (5) and [MN(L),(OAC)(H,0)]-3H,0 (6):

Complexes 5 and 6 are isomorphous and isostructural in nature having the general
formula [M(L)2(OAc),(H,0)]-2H,0 and crystallized in Pbcn space group with similar
cell parameters (Table 2 and 3). The asymmetric unit has a half molecule of complex
unit, namely; a M(Il) atom and coordinated water molecules each with half occupancy,
one each of L ligand and coordinated acetate ion. In both complexes, the coordination
geometry around M(II) ion can be described as pentagonal bipyramidal. The equatorial
positions are occupied by five oxygen atoms from two n?-acetate ions and one water
molecule. Two axial sites are coordinated by N, atoms of L. Out of the two distances
between metal to acetate oxygen atoms, one is shorter than the other suggesting that the
nz-acetate binding is asymmetric. The metal to ligand distances in cobalt complex is
shorter than in manganese, consistent with the relative size of these two ions. The
difference in M—N,, M-Oy, and M-0Oa, respectively are 0.114(2), 0.075(3) and 0.121(2)
A. The trend Mn—Oyw < Mn-N,; < Mn-O, was observable in 5 but in 6, it is Co-N; ~ Co—
Ow < Co-Oa. The difference between two Mn-O, distance is 0.098(2) A and the same
in Co—Oa is 0.265(2) A. The pentagonal plane formed by the O and O atoms is planar
as the sum of the angles is 360.07(7)°. The axial N\-Mn—N; angle deviates from linearity
by ~6.5°. A representative schematic diagram of complex 6 is shown in Figure 9 and 5 in
Figure A4.
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In 5 and 6, pattern and types of inter-molecular interactions present are identical and
non-bonded distances are nearly same. Packing diagram of 6 indicate the presence of H-
bonded architectures involving the oxygen atoms of lattice water, coordinated water and
acetate ion. It is notable that three lattice water molecules form a V-shaped trimer in
which the O6 atom sit on a 2-fold rotational axis, and the unique non-bonded O5---O6
distance is 2.779(3) A. This 06 is a double hydrogen bond acceptor from O5 and double
hydrogen bond donor to O3 of acetate group. However, O5 in addition act as a single
hydrogen bond acceptor from coordinated water molecule and single hydrogen bond
donor to O4 of acetate group. This H-bonded architecture contains cyclic fused five- and
six-membered R?(5) and R%(6) patterns (Figure 10) having the non-bonded contacts
02.--05, 2.757(3); 03---06, 2.723(3) and 04---05, 2.796(3) A. These hydrogen bonding
interactions lead a 2D network of hydrophilic layer which separates the hydrophobic
aromatic ring of the ligand (Figure 11). It is also notable that the carbonyl oxygen does
not participate in hydrogen bonding.

Figure 9. ORTEP diagram (50% probability) of 6 (all hydrogen atoms are omitted for
clarity). Selected bond lengths (A) and angles (°: Mn1-N1, 2.243(2); Mn1-02,
2.207(3); Mn1-03, 2.295(2); Mn1-04, 2.393(2); 02-Mn1-N1, 93.23(5); N1-Mn1-N1,
173.54(10); 02-Mn1-03, 86.15(5); N1-Mn1-03, 93.02(7); N1-Mn1-03, 87.41(7);
03-Mn1-03, 172.31(9); 02-Mn1-04, 141.38(4); N1-Mn1-04, 87.72(7); N1-Mn1-
04, 87.24(7); 03-Mn1-04, 55.27(6); 03—-Mn1-04, 132.42(6); O4-Mn1-04, 77.23(9).
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Figure 10. H-bonded architecture between the water molecules and acetate ion

containing cyclic fused five- and six-membered in 6.

Figure 11. 2D network of hydrophilic layer and hydrophobic layer along a-axis of 5.
2.3.2.4. [Co(L)4(NCS),] (7):

X-ray crystallographic analysis revealed that complex 7 crystallized in space group
P-1. The bivalent cobalt is surrounded by four nitrogen atoms of L and two nitrogen
atoms from thiocyanate ion. The Co®" ion is hexa-coordinated having the coordination
environment trans-(N,)s(N1)2. A representative view is shown in Figure 12. The high-
spin Co(l1) has a t,°e? electronic configuration and hence is expected to show a week
distortion. The observed Co—N bond lengths are consistent with this and the three unique
bond distances are Co1-N1, 2.144(1); Co1-N3, 2.174(1) and Co1-N5, 2.133(1) A, the
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shortest being Co—Nr. Since the central cobalt sits at the crystallographic center of
symmetry, three trans angles are exactly linear. All the ligands are mono-dentate in
nature and do not impose angular strain, hence the cis angles lies in the range 86.30(7) —
93.70(7)°, closer towards 90°.

Significant among the short contacts is the intermolecular C—H---O interactions
between the O-atoms of two acetyl groups of two units of complex and H-atoms of
phenyl (C17--01, 3.487(3) A) and CHj; groups (C11.---02, 3.666(4) A) of L which form
a R,%(9) type of cyclic hydrogen bond motif (Figure 13). Imidazole moieties (carbon
atom C2) interact with benzene ring (carbon atom C16) of L forming n---n (C2---C16,
3.313(3) A) interaction and C-S bond of thiocyanate interacting with aromatic ring
(C23---C9, 3.662(4); S1---C9, 3.790(3) and S1---C20, 3.818(3) A) (Figure 14).

Figure 12. ORTEP diagram (50% probability) of 7 (all hydrogen atoms are omitted for
clarity). Selected bond angles (°): N5-Col-N1, 91.29(7); N5-Col1-N1, 88.71(7); N5—
Col-N3, 89.21(7); N5-Col-N3, 90.79(7); N1-Col-N3, 93.70(7); N1-Col-N3,
86.30(7); N1-Co1-N3, 93.70(7).
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Figure 14. Packing diagram depicting C---S and =& interaction in 7.

2.3.2.5. {[Co(L)2(Fum)(H20)2] 2H,0}, (8) and {[Mn(L)2(Fum)Tn (9):

Further, an attempt has been made to prepare isomorphous and isostructural
complexes by using Co(ll) and Mn(ll) chlorides with L and a planar aliphatic
dicarboxylic acid (H,Fum) as coligand but could not succeed in isolating isomorphous
and isostructural complexes from them. On the other hand, coordination polymers of
composition {[Co(L)2(Fum)(H20),]-2H.,0}, and {[Mn(L).(Fum)]}, {Fum = fumarate
dianion} could be isolated as shown in Scheme 1, from the said reactants.

The X-ray diffraction analysis revealed that complex 8 crystallized in P-1 space
group. The asymmetric unit has one Fum linked in p-n*:n® fashion to two cobalt centers

both of which are sitting at a center of symmetry (Figure 15).
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Figure 15. ORTEP diagram (50% probability) of 8 (all hydrogen atoms are omitted for
clarity). Selected bond angles (°) in 8: O6-Co02-N3, 91.74(8); O6-C02-N3, 88.26(8);
06-C02-N3, 88.26(8); 06-C02-N3, 91.74(8); 06-Co2-08, 89.38(7); 06-C02-08,
90.62(7); N3-C02-08, 94.45(9); N3-C02-08, 85.55(9); 06-C02-08, 90.62(7); 06—
Co2-08, 89.38(7); N3-Co02-08, 85.55(9); N3-Co02-08, 94.45(9); 03-Col-05,
94.19(7); 03-Col1-05, 85.81(8); 03-Col-05, 85.81(7); 03-Col-05, 94.19(7); 03—
Col-N1, 87.37(8); O3-Col-N1, 92.63(8); O5-Col-N1, 87.13(10); O5-Col-N1,
92.87(10); O3—Co1-N1, 92.63(8); 0O3—-Col-N1 87.37(8); O5-Col-N1, 92.87(10); O5—
Col-N1, 87.13(10); 0O8-C02-08, 180.000(1); O3-Co01-03, 180.000(1); O6-Co02-06,
180.000(1); N3-Co02-N3, 180.000(1); O5-Co01-05, 180.000(1); N1-Col1-N1 180.00(5).

The bond distances at the metal center Co1-03, 2.093(2); C02-08, 2.065(2); Col—
N1, 2.131(2); Co2-N3, 2.156(2); Col-0O5, 2.122(2) and Co2-08, 2.158(2) A are
consistent with the high-spin nature of the cobalt(I1) center.* Since the bridging arm of
the fumarate ion is longer with a non-bonded distances 03---06, 4.999(3) A; 04.--07,
4.986(3) A; two cobalt centers are separated by a distance of 9.01(1) A, in the 1D
polymer (Figure 16). Generally, aliphatic dicarboxylic acids such as adipic acid or

fumaric acid forms wide varieties of Co(Il) complexes either as monomer,*** or as
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coordination polymer.”** On the other hand, double bond geometry of maleate based
cobalt(I1) complex can be isomerised to a fumarate complex in presence of ligands such

as pyridine or bipyridine.™*

Figure 16. 1D co-ordination polymer of 8.

Uncoordinated carbonyl oxygen atom of Fum takes part in intermolecular hydrogen
bonding interactions. Both O4 and O7 atoms of the carboxylate group is involved as H-
bond acceptor with the coordinated water molecule O8 having the non-bonded distances
of 04..-08, 2.855(3) A; 07--08, 2.666(3) A. Further, O4 is also hydrogen bonded with
another coordinated water molecule O5 having a O5---O4 contact of 2.640(4) A. It is also
relevant to note that O7---O8 and O4---O6 interactions occur within the coordination
sphere. Two lattice water molecules exists as a dimer 09---010, 2.784(4) A and one of
them is H-bonded to the coordinated water molecule 010---05, 2.844(4) A. The 04---08
H-bonding interaction interlinks the coordination polymer chains with the inter-strand
Col---Co1/Co2---Co2 distance of 8.10(1) A. The shortest Col---Co2 distance is 7.65(1) A
and the longest one is 15.32 A. In addition the aromatic rings of L zip two adjacent
polymeric chains through n-stacking interactions (Figure 17). Apart from these, carbon
atom (C24) of double bond interact with methyl group of L forming C—H--'x (dcs" "=,
3.81 A) interaction.
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Figure 17. n-stacking diagram of 8.

The molecular structure of complex 9 has also been determined using X-ray
diffraction method, which crystallized in P-1 space group. The asymmetric unit has half-
molecule of Fum, one L and a Mn(ll) atom sitting on a special position. The Fum is
bound in pu-n*:n'm*n® fashion to four manganese centers and each manganese centers
is further bound by two L ligands, thus leading to the 2D-coordination polymer entity
{IMn(L)2(us-Fum)]}. The bivalent manganese ion has a distorted octahedral
coordination geometry having an trans-(N,)2(Og), environment as shown in Figure 18.
The Mn-N; distance of 2.279(1) A and Mn—Ok distances of 2.214(1) and 2.177(1) A are
comparable with those of reported bivalent manganese complexes.’* The ps-mode of
binding by Fum brings about a diamond shaped Mn, unit having the non-bonded
Mn--Mn edges of 5.054(1), 7.398(1) A with angles at corners being 85.1(1)° and
94.9(1)°. Within this coordination polymer, there are eight and fourteen membered cyclic
ring structure involving the manganese atoms and that of Fum ion (Figure 19). Among
the weak inter-molecular interactions, notable is that the acetyl group of L is involved in
C—H---0 type interaction. The oxygen atom (O1) has a non-bonded contact of 3.338(4)
A with C3 of imidazole ring and of 3.520(4) A with C11 of methyl group.

The experimentally observed powder X-ray diffraction patterns of 1-9, are consistent
with that of calculated from the single crystal X-ray diffraction data (Figure A5).
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Figure 18. ORTEP diagram (50% probability) of 9 (all hydrogen atoms are omitted for
clarity). Selected bond angles (°) in 9: 03-Mn1-03, 180.0; O3-Mn1-02, 88.25(6); O3—
Mn1-02, 91.75(6); 02-Mn1-02, 180.00(9); O3-Mnl1-N1, 90.47(7); O3-Mn1-N1,
89.53(7); 02-Mn1-N1, 85.12(7); 02-Mn1-N1, 94.88(7); O3-Mn1-N1, 90.47(7); N1-
Mn1-N1, 180.00(2).

Figure 19. Metallocycles formed in 9.
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2.3.3. Thermogravimetry:

The thermal decomposition of 3-6 and 8 were studied using TGA in the temperature
range 20-800°C in N, atmosphere (Figure 20 and 21). Complex 3 shows a continuous
weight loss of 16.3% in the temperature range 50-150°C corresponding to loss of two
lattice and four co-ordinated water molecules (calc. 16.3%). The iso-structural complex
4, show gradual weight loss of 16.1% (calc. 16.1% for 6 water molecules) in the range
48-210°C, accompanied by loss of other volatiles beyond this temperature. In complexes
5 weight loss of 11.8% (calcd. 11.6%) was observed in the temperature range of ca. 20-
180°C corresponding to liberation of three lattice and one coordinated water molecule.
The complex 6, shows a two-step weight loss. The first occurs in the range 39-94°C
(2.8%, calcd. 2.8%) corresponding to the loss of one water molecule and second in the
range 94-133°C (8.8%, calcd. 8.8%) for the loss of rest of three water molecules.
Complex 8 shows a weight loss of 11.6% from 50-116°C corresponding to the loss of

two lattice and two co-ordinated molecules (calc. 11.7%).
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Figure 20. Thermogravimetric profiles of 3 and 4.
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Figure 21. Thermogravimetric profiles of 5, 6 and 8.
2.4. Conclusion:

In summary, nine bivalent metal complexes of 1-(4-acetylphenyl)imidazole were
synthesized along with coligands including CI", NOs, OAc, NCS™ and fumarate ion.
Determination of their molecular structures revealed that there are three pairs of iso-
structural complexes, one mononuclear complex and two coordination polymers. In these
complexes counter ions, co-ordinated and/or lattice water molecules are involved in O—
H---O hydrogen bonding and other weak interactions like C—H---x, C—H---S, C-H---Cl and
C—H---O, while in some cases the aromatic ring of L is found to involve in 7 - -7 stacking
interactions. The acetyl group of L plays an important role as hydrogen bond acceptor
through O---H-Ow in 3—4 and O---H-C interactions in 1, 2, 5-9. In complex 1-2, inter-
molecular interactions present are of C-H---O, C-H---x and C-H---Cl type. In 34, O-
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H---O type hydrogen-bonded cross-linked doubled stranded chain structures have been
observed along with z-stacking interactions. In 3-4 and 5-6, the counter ion nitrate /
acetate along with the coordinated and lattice aqua molecule form fused cyclic H-
bonding network. The H-bonding are of R%(4), R%(5), R%(6) type in 3-4 and of R%(5),
R%(6) type in 5-6. The H-bonding network in 5-6 is a 2D hydrophilic layer which
separate hydrophobic layer formed by aromatic ring of L. While changing the counter
ion from CI" to NCS', a conversion from tetrahedral (1) to octahedral (7) geometry
around the Co?* ion has occurred. In 8-9, co-ligand Fum coordinate to metal center in p-
ntn' bidentate and ps-ntintn'in' tetradentate fashions. As a result, 1D and 2D
coordination polymer was found in case of cobalt and manganese ions, each having a
distorted octahedral coordination geometry with trans-trans-trans-(N;)2(Og)2(Ow), and
trans-(N)2(Og)4 environments respectively. In 8, two cobalt centers are separated by a
distance of 9.01(1) A within the chain and H-bonding interactions interlink the chain
with inter-chain Col---Col distance of 8.10(1) A. In the 2D coordination polymer 9,
eight and fourteen membered cyclic ring like structures is present having Mn---Mn
distances of 5.054(1) and 7.398(1) A and supported by the C—H---O interaction.
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Table 1. Crystallographic data of 1-3.

1 2 3

Formula C22H20CI2N40,Co C22H20Cl2N4022Zn C22H32Ng014C0
CCDC number 1553365 1553366 1553368
Formula weight 502.25 508.71 663.45
T (K) 296(2) 296(2) 296(2)
Crystal system Orthorhombic Orthorhombic Monoclinic
Space group Pnma Pnma P2i/c
a(A) 14.9055(5) 14.866(3) 9.0120(12)
b (A) 20.1666(7) 20.083(4) 22.157(3)
c(A) 7.5540(3) 7.5340(15) 7.4899(9)
a (°) 90.00 90.00 90.00
B (°) 90.00 90.00 105.262(8)
7 (°) 90.00 90.00 90.00
V (A% 2270.68(14) 2249.3(8) 1442.8(3)
z 4 4 2
Deaiea (9 M) 1.469 1.502 1.499
2 (mm™ 1.017 1.356 0.672
F(000) 1030.9 1040.0 750.0
Reflections
collected 6373 12806 12701
Unique reflections 2052 2011 2515
Goodness-of-fit

1.005 1.032 1.016

(GOF)?

R.", WRy® (I > 20(1)) 0.0354, 0.0896

R.", WR® (all data)

0.0437, 0.0978

0.0475, 0.0691
0.1006, 0.0815

0.0959, 0.2413
0.1258, 0.2557

SGOF = [Z[W(Fo*-F:2)?/M-N]¥? (M = number of reflections, N = number of parameters
refined). °Ry = Z||Fol-|Fel|ZIFo]. ‘WR2 = [ [W(Fo-FA2/E [W(FoA)] 2.

TH-1768_126122034
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Table 2. Crystallographic data of 4—6.

4 5 6

Formula C22H32N6O14Z0 Co6H33N4010Co Co26H33N4O10Mn
CCDC number 1553367 1553369 1553370
Formula weight 669.93 616.50 616.50
T (K) 296(2) 296(2) 296(2)
Crystal system Monoclinic Orthorhombic Orthorhombic
Space group P2i/c Pbcn Pbcn
a (A) 8.9229(6) 7.7185(9) 7.7802(5)
b (A) 22.1775(14) 16.0246(18) 15.9278(10)
c(A) 7.5240(5) 23.433(3) 23.6276(18)
a (°) 90.00 90.00 90.00
B (°) 104.987(3) 90.00 90.00
7 (°) 90.00 90.00 90.00
V (A% 1438.26(16) 2898.3(6) 2928.0(3)
z 2 4 4
Deaiea (g M) 1.538 1.424 1.399
2 (mm™) 0.932 0.653 0.511
F(000) 688.0 1296.0 1288.0
Reflections
collected 15469 23943 7271
Unique reflections 2438 2554 2573
Goodness-of-fit

1.007 1.044 1.070

(GOF)?
R:°, WR (1 > 20(1))
R.", WR® (all data)

0.0426, 0.1137
0.0623, 0.1260

0.0311, 0.0578
0.0381, 0.0605

0.0414, 0.1106
0.0493, 0.1174

SGOF = [S[W(Fo*-F:2)?/M-N]¥? (M = number of reflections, N = number of parameters
refined). "Ry = 2||Fol-|Fe|[Z|Fol- ‘WR2 = [£ [W(Fo>-F:A)4/E [w(Fe®)]M.
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Table 3. Crystallographic data of 7-9.

7 8 9

Formula Ca6H10C0ON1004S; Co6H26N4010Co CosH22MNnN4Og
CCDC number 1553371 1553372 1553374
Formula weight 919.93 613.44 541.42
T (K) 296(2) 296(2) 296(2)
Crystal system Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1
a (A) 8.5365(4) 8.0965(5) 5.0538(2)
b (A) 8.9375(4) 12.7701(8) 7.3979(3)
c(A) 15.0402(6) 14.6217(9) 15.6641(7)
a (°) 85.864(2) 70.777(6) 100.722(2)
B (°) 87.947(3) 79.035(5) 91.926(2)
7 (°) 73.745(2) 81.004(5) 94.929(2)
V (A% 1098.61(8) 1394.25(15) 572.55(4)
z 1 2 1
Deaica (9 M) 1.390 1.461 1.570
2 (mm™ 0.542 0.678 0.630
F(000) 477.0 634.0 279.0
Reflections
collected 12304 10211 6503
Unique reflections 3820 4910 1757
Goodness-of-fit

1.001 1.038 1.032

(GOF)?
R:°, WR (1 > 24(1))
R:°, WR,® (all data)

0.0344, 0.1137
0.0436, 0.1350

0.0428, 0.1264
0.0566, 0.1412

0.0307, 0.0748
0.0327, 0.0757

*GOF = [Z[W(Fo%-F2)?/M-N]*? (M = number of reflections, N = number of parameters
refined). °Ry = Z||Fo|-[Fel[Z|Fo|. ‘WR2 = [E [W(Fo*-Fc2)]/E [w(Fo?)*]]Y2.
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Figure Al. UV-Vis spectra of 1-9.

Figure A2. ORTEP diagram (50% probability) of 2 (all hydrogen atoms are omitted for
clarity). Selected bond lengths (A) and angles (°): Zn1-Cl1, 2.2298(16), Zn1-CI2,
2.2094(18); Zn1-N1, 2.011(3); N1-Znl1-N1’, 102.92(18); N1-zZn1-Cl1, 106.49(10);
N1-Zn1-Cl2, 108.31(11); Cl1-Zn1-CI2, 122.62(7).
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Figure A3. ORTEP diagram (50% probability) of 4 (all hydrogen atoms are omitted for
clarity). Selected bond lengths (A) and angles (°): Zn1-N1, 2.074(2); Zn1-N1, 2.074(2);
Zn1-02, 2.106(2); Zn1-02, 2.106(2); Zn1-03, 2.189(2); Zn1-03, 2.189(2); N1-Znl-
N1, 180.0 (1); N1-Zn1-02, 91.90(9); N1-Zn1-02, 88.10(9); N1-Zn1-02, 88.10(9);
N1-Zn1-02, 91.90(9); N1-Zn1-03, 90.70(9); N1-Zn1-03, 90.70(9); N1-Zn1-03,
89.30(9); N1-Zn1-03, 89.30(9); 02-2Zn1-02, 180.00(12); 02-Zn1-03, 87.31(9); 02—
Znl1-03, 92.69(9); 02-zZn1-03, 87.31(9); 02-zZnl1l-03, 92.69(9); 03-Znl1-03,
180.00(11).

Figure A4. ORTEP diagram (40% probability) of 5 (all hydrogen atoms are omitted for
clarity). Selected bond lengths (A) and angles (°): Col-0O3, 2.1744(16); Col-O3,
2.1744(16); Col1-02, 2.132(2); Col-N1, 2.1286(16); Col-N1, 2.1286(16); O3-Col-
03, 174.53(8); 02-Co01-03, 87.26(4); 02-Co1-03, 87.26(4); N1-Col1l-03; 88.19(6);
N1-Col-03, 92.15(6); N1-Col-03, 88.18(6); N1-Col-03, 92.15; N1-Col-02,
93.51(4); N1-Co01-02, 93.51(4); N1-Co1-N1, 172.98(9).
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Figure A5. Powder X-ray diffraction patterns of 1-9.
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Chapter 3

Selective Recognition of Zn®* lon Using 2,4-Bis(2-pyridyl)-5-(4-

pyridyl)imidazole: Spectra and Molecular Structure*

Abstract:

In this Chapter, a trisubstituted imidazole, 2,4-bis(2-pyridyl)-5-(4-pyridyl)imidazole
(L1H) in presence of other cations, selectively binds Zn** ion by exhibiting characteristic
absorption and fluorescence spectral behaviors. Upon gradual addition of ZnCl, to
DMSO solution of L1H, intensity of peak at 318 nm decreased. A new peak appeared at
364 nm along with an isosbestic point at 337 nm. The DMSO solution of L1H upon
irradiation with A = 320 nm exhibited an emission peak at 391 nm, which decreased
gradually with increase in Zn?* ion concentrations. A new emission peak also appeared
at 445 nm along with a quasi isoemissive point at 413 nm. The HEPES buffered aqueous
DMSO solution (pH = 7.4, 2:8, v/v) of free L1H, upon excitation with 320 nm radiation
gave emission at 396 nm which shifted to 445 nm during incremental additions of Zn?*
ion. The red shift is due to the binding of Zn** ion to L1H. The binding is accompanied
by deprotonation of acidic hydrogen from imidazole ring and orientation of two 2-
pyridyl rings in near-planarity with the imidazolate ring. The Zn*" ion can be detected
with a calculated limit of 6.5 x 10"’ M. The Job’s plot revealed that ligand binds to Zn**

ion in 1:2 ratio and it was further confirmed by single crystal X-ray diffraction method.

* This work has been published in:

N. Behera and V. Manivannan, ChemistrySelect, 2016, 1, 4016-4023.
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3.1. Introduction:

The design and synthesis of novel fluorescent probes for metal ion detection
continues to be an active research field in biology and environmental chemistry. Among
the first row transition metal ions, zinc is one of the essential elements in biological
systems. Also this is the second most abundant transition metal ion in human body. Due
to its electronic and structural preferences, Zn** ion plays a central role in regulating
cellular metabolism.> High concentrations of zinc(Il) ion is present in Central Nervous
System (CNS), that is required for signal transmissions. In various biological processes,
it plays a diverse role including regulation of enzyme functions,®’ DNA binding, as
structural cofactors, neural signal transmission, associated diseases, catalytic center and
others.®'* However, it is recognized that alteration of zinc homeostasis can lead to
disorders in metabolism as well as its excessive accumulation in brain cells. The Zn*" ion
may also be crucial in various neurodegenerative disorders, such as Alzheimer’s disease,

Amyotrophic lateral sclerosis (ALS), Parkinson’s disease, ischemia, and epilepsy.lz'14 In

its free hydrated form, zinc(l1) ions are also involved in regulation of apoptosis.™™’

Among the several methods available for determination of Zn®* ion, fluorescence
has become more useful and popular method in environmental chemistry, medicine and
biology. The most common fluorescent probes for detection of Zn®* ion are
coumarin,*®*® Schiff bases,?®** calixarene,?® hydroxyflavone,®* 8-hydroxyquinoline,
and imidazoline.?” Prime reason for lesser development of zinc(I1) ion specific sensors is
the poor coordination of ligands towards bivalent zinc, in comparison with other
common transition metal ions. However, design and synthesis of Zn*" ion specific
fluorescent probes have received intense attention. Thus, a sensitive and non-invasive
technique to trace and visualize free zinc(l1) ions would be of high demand. Zinc(Il) ion
itself is spectroscopically silent due to its 3d*° 4s” electronic configuration. In addition, it
is still a challenge to develop fluorescent sensor which can discriminate Zn®* ion from
Cd?* ion, as both belong to same group of the periodic table having similar properties,
thus rendering similar changes after interacting with fluorescent sensors.?*3> Among
imidazoles, compounds containing benzimidazole ring,***" 2-(imidazol-2-yl)phenol,®

imidazoles substituted with 1-10-phenanthroline® or pyridine®® were widely used as
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cation and anion sensors. In spite of these few reports, sensing of Zn®* ion using
imidazole ring bearing pyridyl groups is lacking. In this sense, development of highly
sensitive and selective fluorescent sensors for zinc(Il) ion is of critical importance.**™’ In
this report, we describe selective recognition of zinc(ll) ion using a tris-pyridyl
substituted imidazole viz., 2,4-bis(2-pyridyl)-5-(4-pyridyl)imidazole (L1H, Scheme 1)
by fluorescence titration technique, supported by single crystal X-ray diffraction

analysis.
3.2. Experimental section:
3.2.1. Synthesis of [Zn,(L1)Cl3(H20)] (1)

A methanol solution of ZnCl, (816 mg, 6 mmol) was added slowly to a magnetically
stirred methanol solution (20 mL) of L1H (897 mg, 3 mmol). Stirring was continued for
about 6 h, the yellow precipitate deposited was filtered, washed with cold methanol
several times and kept in air till it is dry. Yield 1.25 g (75%). A part of the precipitate
was dissolved in DMF, left undisturbed at ambient temperature and block shaped single
crystals suitable for X-ray crystallography were collected after 15 days. FT-IR (KBr, cm~
1): 3436(br), 1621(w), 1607(vs), 1570(w) 1516(w), 1497(m), 1463(s), 1427(w), 1289(w),
1258(w), 1221(w), 1190(w), 1160(w), 1105(w), 1065(w), 1028(m), 995(m), 848(m),
793(m), 753(m), 713(m), 706(m), 6434(m), 551(w), 504(w), 478(w), 414(w). ESI-
MS(+): m/z calcd. for C1gH12CINsZn, 497.902 found 497.890 (Figure Al). Anal. calcd.
for C1gH14CI3NsOZn;, C 39.06; H 2.55; N 12.65 found C 38.90; H 2.48; N 12.51.

Scheme 1. Ligand used in this Chapter.

3.3. Result and discussion:

The selectivity of L1H towards cations in DMSO and HEPES buffered aqueous

DMSO solution (pH = 7.4, 2:8, v/v) was examined using UV-visible and fluorescence
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spectroscopy. Absorption and fluorescence emission spectra were recorded for the
titrations of L1H with chloride salts of group I (Li*, Na* and K*), group Il (Mg* and
Ba"), and transition metal ions (Mn*,Cr**, Fe**, Co?*, Ni**, Cu®*, Zn**, Cd*", Hg*" and

Ag") as well as AI** and Pb*".
3.3.1. UV-Vis spectroscopic studies of L1H in presence of metal ions:

UV-Vis spectrum of L1H in DMSO (1.0 x 10 mol L) exhibited an absorption
maximum at 318 nm, which possibly be attributed to m=—n* transition (vide infra). The
absorption maximum of L1H remains unchanged upon addition up to five equivalents of
univalent alkali metal and alkaline earth metal chlorides. Upon addition of AI**, Cr**,
Fe**, Mn*, Cd*, Hg*, Pb** and Ag" spectrum remained unaltered (Figure 1).
Interestingly, it was observed that in cases of Co®*, Ni?*, Cu®* and Zn?* chlorides, the
absorption of L1H at 318 nm gradually decreased with increase in metal ion

concentration.

0.15

0.12

0.09 1

0.06 1

Absorbance

270 315 360 405 450
Wavelength (nm)

Figure 1. Changes in UV-Vis spectra of receptor L1H (10 puM) upon incremental
addition of other metal ions Li*, Na*, K*, Mg?®*, Ba*", AI**, Cr**, Fe**, Mn**, Cd**, Hg*",
Pb**, Ag*, Co?*, Ni**, Cu®* and Zn** in DMSO.

A new band (red shift) appeared at 352-366 nm and grew in intensity along with

formation of isosbestic point at ~337 nm. Presence of an isosbestic point is a clear
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indication of existence of only two chemical species at equilibrium in solution (Figure 2—

4).
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Figure 2. Changes in UV-Vis spectra of receptor L1H (10 puM) upon incremental

addition of ZnCl, in DMSO.
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Figure 3. Changes in UV-Vis spectra of receptor L1H (10 pM) upon incremental
addition of (a) CuCl, (b) CoCl, in DMSO.

To check the sensitivity of Zn** ion in aqueous media, UV-Vis spectrum of L1H in
HEPES buffered aqueous DMSO solution (5 mM, pH = 7.4, 2:8, v/v) had also been
carried out and exhibited same pattern as observed in pure DMSO medium (Figure 5).
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Figure 4. Changes in UV-Vis spectra of receptor L1H (10 puM) upon incremental

addition of NiCl; (0-3 equivalents) in DMSO.
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Figure 5. Changes in UV-Vis spectra of receptor L1H (10 pM) upon incremental
addition of ZnCl, (0-3 equivalents) in HEPES buffered aqueous DMSO solution (5 mM,
pH = 7.4, 2:8, v/v). Same for Co*", Cu**, and Ni*" ions have been displayed in Figure A2.

3.3.2. Fluorescence spectroscopic studies of L1H in presence of metal ions:

The DMSO solution of L1H upon irradiation with A = 320 nm shows an emission at Aem
= 391 nm. In order to find out the possible selective behaviour of L1H towards metal
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chlorides noted in the UV-Vis spectroscopic studies, a series of fluorometric titrations of
L1H by adding different metal salts were examined. On titration of L1H with metal
chlorides of Na*, Li*, K*, Ca®*, Mg?*, Ba?*, Hg®*, Pb**, AI** and Cr** no change in the
emission of Aem = 391 Nm was observed. However, addition of Mn®*, Cd** and Fe®* ions
resulted in a partial (~40%) quenching of fluorescence emission (Figure A3). In case of
Cu?*, Ni** and Co®" ions a near complete quenching of the fluorescence emission at Aem
= 391 nm was observed understandably, due to the paramagnetic nature of these metal
salts (Figure A3).

Importantly, it was observed in case of ZnCl, that addition of Zn®** ion to L1H
solution lead to gradual decrease in emission band intensity at 391 nm along with
appearance of a new emissive band (red shift) at 445 nm, which grew in intensity with
increasing Zn®" ion concentration. This was accompanied by a quasi isoemissive point at

413 nm as shown in Figure 6.
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Figure 6. Fluorescence titration spectra of L1H (10 puM) upon incremental additions of
ZnCl; (0-3 equivalents) in DMSO (Aex = 320 nm).

Binding of Zn** to L1H led to red shift due to the capture of Zn** ion by the receptor
L1H whereas other metal ions did not display any spectral shift in fluorescence emission
and this indicated a difference in binding of zinc with L1H with respective to other metal
ions (Figure 7).
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Figure 7. Changes in fluorescence emission of receptor L1H (10 pM) observed upon
addition of chloride salts (50 uM) of metal ions in DMSO.

Titration experiment to understand the sensing ability of L1H towards Zn** ion
was also carried out in buffered aqueous DMSO solution (pH = 7.4, 2:8, v/v). In this
solution L1H showed the emission maximum at 396 nm upon excitation with 320 nm
and with the increase in Zn*" ion concentrations emission at 445 nm was observed
(Figure 8). Upon increasing ratio of water beyond 20%, the quasi isoemissive point starts
disappearing due to the broadening of emission band (Figure 9). This broadening is
probably due to insolubility of complex molecule in water resulting in its crystallization

from the medium.

The large red shift observed for L1H upon addition of Zn** ion originates from
deprotonation of acidic hydrogen from imidazole ring. This is necessary for retaining
aromaticity of the ring as well as to coordinate in bis-bidentate fashion. Two 2-pyridyl
rings in the uncoordinated L1H are twisted, which as a consequence of deprotonation
and bis-bidentate coordination upon complexation with zinc ion, attain a near-planar
orientation with imidazolate ring. This results in efficient n-electron delocalization and a
distinct red shift in emission spectrum which correspond to the high selectivity of

bivalent zinc by L1H.
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Figure 8. Fluorescence responses of L1H (Aex = 320 nm) with Zn** ion in HEPES

buffer-DMSO (pH = 7.4, 2:8, v/v).
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Figure 9. Fluorescence responses of L1H with Zn** ion in HEPES buffer-DMSO (pH =
7.4,7:3,VIv).

Job’s plot analysis (Figure 10) reveals the maximum emission at 2:1 ratio
(Zn**:L1H), which is also in good agreement with X-ray crystal structure of zinc
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complex. The binding constant of L1H with Zn®* has been determined using the Benesi—
Hildebrand equation 1/AI = 1/Almax + (U/K[C]") x (1/Almax) by the fluorescence
method.*® Here AI = (I~ lo) and Alpax = I, — Io, Where o, Iy, and 1., are the emission
intensities of L1H in the absence of Zn?* ion, at an intermediate Zn*" ion concentration,
and at a concentration of the complete interaction, respectively. K is the binding
constant, C is the concentration of Zn*" ion and n is the number of Zn** ion bound to
each L1H (here n = 2). The value of K was found to be 3.5 x 10* M2 in DMSO and
6.67 x 10" M2 (Figure 11) in buffer-DMSO solution. According to the IUPAC
convention using equation mentioned above, the detection limit was calculated to be
6.5x10" M, which is below the US EPA permissible levels for Zn** ion in drinking

water (Figure 12).
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Figure 10. Job’s plot shows the 1:2 binding of L1H to Zn*" ion.
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Figure 11. Benesi-Hildebrand plot for determination of binding constant of L1H (10
M) with Zn* ion in (a) DMSO and (b) HEPES buffer-DMSO (pH = 7.4, 2:8, V/v).
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Figure 12. Fluorescence intensity vs. concentration of Zn?* ion plot for determination of
detection limit ([L1H] = 10 uM).
3.3.3. 'H-NMR titration:

The *H-NMR titration experiment was carried out (Figure 13) for receptor L1H
with the ZnCl,. Interestingly, the broad peak at 11.049 ppm (for -NH proton) gradually
decreased in intensity along with slight shift towards down field. In addition other

signals shifted slightly and showed signs of small peak broadening. The acidic proton
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completely disappeared due to the binding of Zn** ion. Whereas, other proton signals
shifted in certain degrees, the peak shapes broadened and some new signals appeared and

this revealed the co-ordination of L1H with Zn?* metal ion.

L1H+2.0 eq Zp2* \

L1H+1.6 eq Zp2*

L1H+1.3 eq Zn2t

L1H+1.0 eq Zn2*

L1H+0.5 eq 72+

L1H
_____—4—/\‘—._—

S S S e ! A R e .
11.9 11.7 11.5 11.3 1.1 8.9 8.7 8.5 8.3 8.1 7.9 7.7 7.5 7.3 71
f1 (ppm)

Figure 13. '"H NMR (400 MHz) spectral changes of L1H in CDCls; upon addition of
ZnCl, in 1:4 mixture of CD30D and CDCls.

3.3.4. Effect of pH:

The fluorescence intensities of free L1H and in presence of Zn?* ion at various pH
values were also measured. The fluorescence intensity of L1H decreased slightly at
acidic pH and reached the maximum intensity in the pH range 6-10. At higher pH 11-14,
emission at 396 nm was very weak (Figure 14). There is no appreciable sensing of Zn?*
ion at acidic pH due to the competition of H* ion at pH below 6. However, Zn?* ion
induced a red shift in emission of L1H occurring in the pH range 6-9. The emission
intensity at 445 nm, induced by Zn?** ion, was quenched at higher pH (Figure 14). The
guenching effect at alkaline solutions could be due to the formation of Zn(OH)™ or

Zn(OH), that hindered formation of the complex.*®
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Figure 14. Fluorescence intensities of L1H (Aem = 396 nm) and L1-Zn*" (Aem = 445nm)
at various pH values in HEPES buffer-DMSO solution (5 mM, 2:8, v/v, A& = 320 nm).
([L1H] = 0.10 uM).

3.3.5. Metal ion competition studies:

The individual emission response of L1H against different transition metal ions
revealed a remarkable selectivity of Zn®* ion binding. However, the most important
criterion for selective cation probe is the ability to detect the specific cation in the
vicinity of other competitive ions. To further explore the selectivity of L1H for Zn?* ion,
we measured the fluorescence intensity of L1H in presence of Zn?*, mixed with various
metal ions in DMSO. The emission intensity of Zn®* bound L1H is unperturbed in
presence of 5 equivalents of metal ions such as Na*, K*, Li*, Ca?*, Mg?*, Mn?*, Hg*",
Pb*, Cd*, Ag*, AI*" and Cr** indicating the high selectivity for Zn?* ion over these
biologically competing cations (Figure 15). Addition of metal ions up to 8 equivalents
doesn’t lower the selectivity but beyond this about 10-15% decrease in intensity was
observable. While metal ions Cu**, Co?* and Ni?* quenched the fluorescence intensity
obtained by the Zn** ion bound L1H (Figure A4). The quenching of emission may be
originated from the spin-orbit quenching mechanism associated with the heavy metals or
displacement of Zn** by Cu®*, Co*" and Ni** from L1-Zn*" complex.*2
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Additionally, we investigated the absorption titration of Cu**, Co?* and Ni** and
these were similar to that of L1-Zn*" (Figure 3, 4). The stability constant of Cu**, Co**
and Ni** were 3.85 x 10 M %, 3.63 x 10® M and 3.59 x 10® M respectively (Figure
16, 17), which are greater than that of L1-Zn?*. This result concluded that Cu**, Co®* and
Ni** ions could form the complex with L1H and quench the fluorescence. There are
many fluorescence sensors which have exhibited similar depressed responses due to the
competition from these ions (Cu*, Co®* and Ni?*).>**" However these free cations would
have little influence in vivo because they exist in very low concentration.? **®° Thus
L1H has high binding affinity and low detection limit which can be used to detect Zn**
ion in chemical, environmental, and biological systems. Also Zn®" ion can be selectively
detected by L1H without any interference from same group ions Cd** and Hg** at

physiological pH.

@8 L1H+Zn**+M** @8 L1H+Zn*

2.50E+06

2.00E+06

1.50E+06

1.00E+06

S.00E+05

0.00E+00

Figure 15. Fluorescence response of L1H (10 pM) in presence of Zn?** ion with addition
of various metal ions in DMSO (Xem = 445 nm). The blue bars represent the Fluorescence
emission of solution containing L1H (10 uM) and 2.5 equivalents of Zn®* ion. The red
bars show the fluorescence change that occurs upon addition of 5 equivalents of

corresponding cations to the above solution.
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Figure 16. Benesi-Hildebrand plot for L1H-Cu®* ion complex obtained from the UV-Vis
studies in DMSO.
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Figure 17. Benesi-Hildebrand plot for (a) L1H-Co?" (b) L1H-Ni?* ion complex obtained
from the UV-Vis studies in DMSO.

3.3.6. Selectivity of L1H toward Zn" ion in presence of various anions:

The selectivity of L1H toward Zn®" ion in presence of various anions such as
citrate, lactate, carbonate, F~, Br, CI", I, HCOs, SO,*", PFs , NOs , HPO,Z", H,POy,
OAc and CIO, were checked. In presence of all other anions except H,PO,4 ", emission
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intensity at 445 nm increased with concomitant decrease in intensity of 391 nm, while
increasing concentrations of Zn®* ion. Only in presence of H,PO,, red shifted band at

445 nm was not observed (Figure 18 and 19).

1.75x10° 1.75x10°
445 nm
1.40x10° 1.40x10°
-
oy o
= 5 = 6
5 1.05x10° = 1.05x10°1
~ 2
z
£ 7.00x10*] £ 7.00x10°-
E o
3.50x10°- 3.50x10°
0.00 L& 0.00 L=< .
420 480 540 480 540
Wavelength (nm) Wavelength (nm)
@ (b)

Figure 18. Fluorescence response of L1H (10 pM) toward Zn?* ion in presence of (a)

Citrate and (b) Lactate ions.
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S L1H + other anions
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Figure 19. Fluorescence response of L1H (10 uM) toward Zn®* ion in presence of
various anions such as citrate, lactate, carbonate, F~, Br", CI, I, HCO3, SO4>", PFs ,
NOs, HPO,?", H,PO,~, OAC and ClO,” in DMSO.
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3.3.7. X-ray diffraction studies:
3.3.7.1. Crystal structure of 1:

In order to ascertain the nature of binding of L1IH®' to zinc and to analyze
orientation of pyridyl rings relative to the imidazole ring, molecular structures of 1 and
L1H were determined using single crystal X-ray diffraction analysis. The
crystallographic refinement parameters are listed in Table 1. Compound 1 crystallized in
R-3c space group and the asymmetric unit contains (i) one ligand in its conjugate base
(L1") form; (ii) three coordinated chloride ions; (iii) a full occupancy zinc (Zn3); (iv)
two half-occupancy zinc centers (Znl and Zn2) lying on a two-fold axis and (v) a
coordinated water molecule bound with Zn1. A schematic diagram is shown in Figure 20

and selected bond distances and angles are appended.

Figure 20. ORTEP (40% probability level) diagram of 1 (all hydrogen atoms are omitted
for clarity). Selected bond lengths (A) and angles (°): Zn1-N2, 2.121(5); Znl1-N2,
2.121(5); Zn1-01, 2.172(6); Zn1-0O1, 2.172(6); Zn1-N1, 2.172(6); Zn2-N5, 2.017(6);
Zn2-Cl1, 2.224(3); Zn2-Cl1, 2.224(3); Zn3-N3, 2.020(5); Zn3-N4, 2.069(6); Zn3-ClI3,
2.225(3); Zn3-Cl2, 2.226(3). N2-Zn1-N2, 92.4(3); N2-Zn1-01, 167.1(2); N2-Zn1-01,
90.5(2); N2-Zn1-01, 90.5(2); N2-Zn1-01, 167.1(2); O1-Zn1-01, 89.4(3); N2-Zn1-N1,
106.6(2); N2-Zn1-N1, 77.8(2); O1-Zn1-N1, 86.3(2); O1-Zn1-N1, 89.3(2); N2-Zn1-N1,
77.8(2); N2-Zn1-N1, 106.6(2); O1-Zn1-N1, 89.3(2); O1-Zn1-N1, 86.3(2); N1-Zn1-N1,
173.8(3); N5-Zn2-N5, 111.8(4); N5-Zn2-Cl1, 105.6(2); N5-Zn2-Cl1, 108.6(2); N5-Zn2-
Cl1, 108.6(2); N5-Zn2-Cl1, 105.6(2); Cl1-Zn2-Cl1, 116.77(14); N3-Zn3-N4, 81.6(2);
N3-Zn3-ClI3, 119.12(19); N4-Zn3-Cl3, 113.0(2); N3-Zn3-Cl2, 113.81(18); N4-zZn3-Cl2,
112.2(2); CI3-Zn3-Cl2, 113.25(11).
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In 1, L1 ion acts as a penta-dentate ligand and is bound to all the three types of
zinc(ll) ions thus bridging them. Specifically, it is bound in bis-bidentate fashion
coordinating through two pairs of 2-pyridyl and imidazolate nitrogen atoms (N2p and N;)
as well as in the mono-dentate fashion coordinating through 4-pyridyl nitrogen (Ngp).
Three Zn** ions differ in their coordination environments with (i) Zn1 having a distorted
octahedral trans-cis-Cis-(N2p)2(N)2(Ow)2; (i) Zn2 and Zn3 respectively having a
distorted tetrahedral (N4p)2Cl, and N2pN,Cl, centers {N2p = 2-pyridyl-N; Np = 4-pyridyl-
N; N, = imidazolate-N; Ow = water-O}. Additionally, the two zinc ions Znl1 and Zn3
bridged by the planar arm of imidazolate ring further clamped by node at Zn2 through
the 4-pyridyl rings of two different ligand units generate a bowl shaped unit. These two
types of metal to ligand connections viz., (a) Znl and Zn3 centers bridged by imidazolate
ring; (b) Zn2 center linked by 4-pyridyl rings make a one dimensional coordination
polymer along c-axis as shown in Figure 21. Probably this fashion of binding is unique
for bivalent zinc as its chloride salt with L1H over the rest of the metal ions discussed in

this work.

In Zn1, both five membered chelate rings are cis to each other, and bond distances
at metal center follow the trend Zn—-N, < Zn—Ngp = Zn—Oy, with Zn—N, being shorter by
~0.051(6) A. Whereas in Zn2, the central metal is tetra-coordinated having a distorted
tetrahedral geometry, and the Zn—Ngp distance being expectedly shorter than Zn—Cl
distance by 0.207(6) A. In Zn3, the bivalent zinc also adopts a distorted tetrahedral
geometry, Zn—N, being shorter than Zn—Nap by ~0.049(6) A and two Zn—N distances are
shorter than Zn—Cl distances which lie in the range 0.157(6)-0.206(6) A. Overall, on
comparing all the metal to ligand bond distance, the trend Zn—N; < Zn—Np = Zn—Ngp =
Zn-Ow < Zn—Cl is observable. The hydrogen bonding interaction O1---Cl1 (3.117(7) A)
and the supramolecular interactions C10-H10---CI2 (C10---Cl2, 3.58(1) A) and C16-
H16---CI2 (C16---Cl2, 3.69(1) A) generate a honey-comb like structure with large voids

(Figure 22) having volume of ~9143 A® having a 3-fold rotational axis its center.
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Figure 22. Large voids in complex 1.
3.3.7.2. Crystal structure of L1H:
The single crystal of ligand L1H-6H,O was obtained by slow evaporation of

methanol solution, which crystallized in P2;/n space group and a schematic diagram is
shown in Figure 23. Important difference between L1H and 1 lie in dihedral angles
between imidazole ring and three pendent pyridyl rings. The major difference in
torsional angle is observed along one of the 2-pyridyl rings. In L1H, the dihedral angle
at C7C8CIO9N4 is 61(1)° which is about 56(1)° higher than that is observed in 1
(175.5(9)°). While a comparable angle for NLJC5C6N2, 7(1)° (in L1H) and 9(1)° (in 1)
observed may be due to interaction of lone-pair of electron present in N2 with N1-H of
the imidazole ring in L1H, but this N1-H has been replaced with N1-Zn1 coordinate
bond in 1. The dihedral angle C8C7C14C15, 27(1)° (in L1H) and 127.2(9)° (in 1) of the
4-pyridyl ring also differ by ~26(1)°.
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Figure 23. ORTEP (40% probability level) diagram of L1H.

The ligand L1H form the 1D chain like structure linked by N-H---N (N2---N4,
2.90(1) A) interaction that occur between the imidazole N—H and nitrogen 2-pyridyl ring
of another unit of ligand. In addition, =---x interactions (Figure 24) between adjacent
rings are present with non-bonded distances of C5-- C16 3.30(1); C6-- C15 3.34(1); C6--
C18 3.36(1) A. These 1D chain like structure are arranged to a 2D channels through
hydrophobic interactions (Figure 25). These are further separated by hydrophilic
channels formed by H-bonded lattice water molecules interlinked by tetrameric,

pentameric and hexameric cyclic H-bonds (Figure 24).
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Figure 24. n---n and N-H---N interactions (left) and hydrogen-bonding interactions
between the aqua molecules (right, broken lines represent hydrogen bonds) in L1H.
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Figure 25. Water channel present along b axis in packing diagram of L1H.
3.3.8. Computational studies:

Electronic  structure calculations employing density functional theory
(DFT/TDDFT) have been carried out on the fixed crystal geometry of L1H with the
B3LYP/6-31G(d,p) basis set using the Gaussian 09 program.®? Major observation is that
HOMO-LUMO energy gap in L1H is calculated to be 4.1097 eV (Figure 26). The
HOMO celectron density is distributed on a © orbital of L1H, while the LUMO is of «*
type. From TDDFT calculation, results revealed that the major band in the UV region is
at 326 nm due to the transitions from HOMO to LUMO which is closer to the
experimental UV-Vis absorption maxima at 318 nm (Figure 27). Even though we could
not successfully complete the calculation on complex 1, but it is likely that binding of the
Zn?* ions stabilize LUMO to a greater extent than HOMO and effectively lowering the
HOMO-LUMO energy gap, thus a red shift in fluorescence emission was observed. It is
also relevant to note that in a recent report,”® calculations on structurally related
molecule, 2,4,5-tris(2-pyridyl)imidazole predicted that UV-Vis spectrum observed at a
maximum of 334 nm arose due to HOMO-LUMO transition and the value of HOMO-
LUMO energy gap was found to be 4.385 eV.
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Figure 26. Energy level diagram depicting HOMO and LUMO of L1H.
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Figure 27. Experimental and simulated UV-Vis absorption spectra of L1H.
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3.4. Conclusion:

Using 2,4-bis(2-pyridyl)-5-(4-pyridyl)imidazole as a chromophore, selective recognition
of Zn?* ions in presence of other cations was achieved in DMSO. The ligand L1H
exhibits a characteristic electronic and fluorescence spectral behaviours with ZnCl,.
Emission maximum at 391 nm of L1H decreased with increase in Zn?*" ion concentration
and new emission band appeared at 445 nm along with a quasi isoemissive point at 413
nm. Binding constant K was found to be 3.5 x 10®° M In HEPES buffer-DMSO
solution (5 mM, 2:8, viv, pH = 7.4), upon excitation at 320 nm, L1H exhibited maximum
emission at 396 nm and with increase in concentration of Zn?* ion the emission band red
shifted to 445 nm. The binding constant found to be 6.67 x 10’ M2 with limit of
detection being 6.5 x 10" M. A complex of composition [Zn,(L1)Cls(H,0)] was isolated
as crystalline solid by reacting L1H with ZnCl, which was structurally characterized. In
this complex L1" is bound to three Zn?* ions by using all the five donor atoms thus
acting as pentadentate ligand. Upon on comparing the ligand moiety in 1 and L1H, co-
planarity of the 2-pyridyl ring with the imidazolate ring is increased and this may reduce
the loss of energy via non-radative transition resulting red shift in the emission spectra.
From the DFT studied it is observed that the HOMO-LUMO band gap of L1H is
4.10979 eV and it is likely that Zn* ions stabilize the LUMO to a greater extent than it
does to the HOMO.
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Table 1. Crystallographic data of L1H and 1.

L1H 1
Empirical formula C18H13N506 C18H14CI3Ns0Zn;
CCDC number 1449730 1449731
Formula weight 395.33 553.47

T (K) 296(2) 296(2)
Crystal system Monoclinic Hexagonal
Space group P21/n R-3c
a(A) 15.750(10) 28.136(2)
b (A) 6.826(3) 28.136(2)
c(A) 20.198(11) 38.869(4)
a (°) 90.00 90.00
B(©) 95.15(3) 90.00

7 () 90.00 120.00

V (A% 2163(2) 26648(4)
z 4 36

Deatca (9 M) 1.214 1.242

2 (mm™) 0.094 1.905
F(000) 816.0 9936.0
Reflections collected 4441 38208
Unique reflections 3901 5180
Goodness-of-fit (GOF)? 1.188 1.004

R:°, WRS (I > 20(1))
R.®, WR® (all data)

R1=0.0849, wR, =0.2095 R;=0.0616, wR, =0.1726
R1 =0.1599, wR, = 0.2487 R;=0.1206, wR, = 0.2198

*GOF = [Z[W(Fo%-F2)?/M-N]*? (M = number of reflections, N = number of parameters
refined). °Ry = Z||Fo|-|Fel[Z|Fo|. ‘WR2 = [E [W(Fo*-Fc2)°]/E [w(Fo?)*]]Y.
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Chapter 4

Nanomolar Detection of Al(111) lon by Hydrazones Carrying

Benzothiazole and Substituted Phenol Groups

Abstract:

In this Chapter, two new hydrazones viz., 2-(2-(2,3-dihydroxy)benzylidenehydra-
zinyl)benzothiazole (L2H) and 2-((2-(2-hydroxy)(4-N,N-diethylamino))benzylidenehy-
drazinyl)benzothiazole (L3H), were synthesized using 2-hydrazinylbenzothiazole and
2,3-dihydroxybenzaldehyde or 4-(diethylamino)-2-hydroxybenzaldehyde. The probe
L2H showed an absorption peak at 340 nm while L3H at 375 nm, in MeOH/HEPES
buffer (pH = 7.3, 8:2, v/v). Upon gradual addition of AICI; to L2H, intensity of the peak
at 340 nm decreased and a new band appeared with a peak at 400 nm. Similarly upon
adding AICl3 to L3H, new peaks at 405 and 420 nm grew in intensity with concomitant
decrease in absorbance peak at 375 nm, having quasi isosbestic point at 395 nm. Both
these probes are weakly emissive in nature. Incremental addition of AICl; to the
MeOH/HEPES buffer solution of L2H gave “turn-on” response having emission
maximum at 480 nm and L3H at 450 nm with a shoulder at 468 nm. Turn-On responses
of L2H and L3H towards AI** ion were result of inhibition of PET process which in turn
allowed chelation induced enhanced fluorescence (CHEF) effect becoming operational.
Job’s plot obtained from the titration experiments yielded 1:1 stoichiometry for AI** ion,
hence the formulae [Al(L2)CIl,(H,0)] and [AI(L3)CI,(H20)] were assigned. Addition of
Na;EDTA to [Al(L2)CIl,(H,0)] and [AI(L3)Cl,(H,0)] reproduced UV-visible spectrum
that is characteristic of free L2H/L3H.

* This work has been published in:

N. Behera and V. Manivannan, ChemistrySelect, 2017, 2, 11048-11054.
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4.1. Introduction:

Cations and anions have great impact in the field of biology and environment.
They play crucial role in our daily life and in industrial processes as well as perform vital
physiological functions. Though, the anionic and cationic species are essential for
sustaining of life and growth, at the same time their excessive accumulation has adverse
effects in human life and environment.>? For sensing spectroscopically silent ions such
as aluminium(lIl), fluorescence technique®** has become more useful and sensitive
method than other methods viz., atomic absorption spectroscopy, inductively coupled
plasma-mass spectrometry and inductively coupled plasma-atomic emission
spectrometry.*®*® Therefore, search for new fluorescence probes for selective detection
of aluminium is still in demand. Though aluminium is available in the earth's crust,* its
intake by human is through the lifestyle.”® Excessive accumulation of aluminium in

h16-18

human body is detrimental to the healt and can lead to diseases like Alzheimer's,*

Parkinson's,”® osteomalacia, osteoporosis,** kidney failure,”® encephalopathy?® etc. It is
also deleterious to aquatic species and eco-systems. >’

As aluminium lacks spectroscopic characteristics?®>°

and is a hard acid as per
HSAB principle, fluorescence sensors containing harder O and N donor atoms along
with suitable fluorophore as a part of the ligand framework, were effective.>*** Easy
preparation, high yield and high selectivity properties of imine-based chemosensors,
have made them most popular fluorescence probes in detection of metal ions.**° In this
article, we wish to report utilizations of two benzothiazohydrazones having substituted

phenol groups (Scheme 1) as efficient chemosensors for AI** ion.

Apart from cation detection, simultaneous anion detection by the resultant
ensemble is also in high demand in sensor field. Among all biologically relevant anions,
fluoride ion has great impact in biology and environment. Fluoride ion has pre-eminent
role in dental care and its overconsumption provoke gastric and kidney disorders,
urolithiasis and skeletal fluorosis.**** Furthermore, it is employed in hypnotic and
psychiatric drugs, and also for refinement of uranium in nuclear technology.***® On
account of this, selective detection of biologically and chemically important fluoride ion

is also achieved using these two aluminium complexes as probes.
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Scheme 1. Synthesis of L2H and L3H.

4.2. Experimental Section:
4.2.1. Synthesis of L2H and L3H:

A methanolic solution (50 mL) containing 2,3-dihydroxybenzaldehyde (0.5 g, 3.6
mmol) and 2-hydrazinylbenzothiazole (0.594 g, 3.6 mmol) was heated at reflux for 10 h
and then the solution was allowed to cool to room temperature. The precipitate of L2H
was collected through filtration and washed with ice-cold methanol. Yield 0.915 g (89
%). Anal. calcd. for C14H1:N30,S: C, 58.93; H, 3.89; N, 14.73. Found: C, 58.75; H, 3.80;
N, 14.64. 600 MHz *H NMR (5 (J, Hz) DMSO-dg): 12.15(1H, s), 10.07(1H, s), 9.45(1H,
s), 8.43(1H, s), 7.71(1H, d, 7.7), 7.34(1H, d, 6.9), 7.28(1H, t, 7.6), 7.08(1H, t, 7.5),
7.04(1H, d, 7.7), 6.84(1H, d, 7.6), 6.73(1H, t, 7.8) (Figure Al). 150 MHz **C NMR (3,
DMSO-ds): 166.54, 147.34, 145.71, 145.63, 127.21, 126.58, 122.11, 121.89, 120.03,
119.63, 118.94, 117.05, 115.88 (Figure A2). ESI-MS(+): m/z calcd. for C14H11N30,S
285.057 found (M* + H) 286.065. FTIR (KBr, cm™): 3251(w), 3159(w), 3101(w),
3050(w), 2922(w), 2856(w), 2791(w), 2658(w), 1616(s), 1583(m), 1559(m), 1540(m),
1474(s), 1400(m), 1365(w), 1288(w), 1265(w), 1248(s), 1160(w), 1127(w), 1089(w),
1074(w), 1055(w), 1015(w), 948(w), 932(w), 881(w), 848(w), 777(w), 751(m), 729(m),
690(m), 620(w), 534(w), 496(w).
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The probe L2H was prepared by adopting the method described for L3H, by using
4-(diethylamino)-2-hydroxybenzaldehyde (0.7 g, 3.6 mmol) in place of 2,3-
dihydroxybenzaldehyde. Yield 1.05 g (86 %). Anal. calcd. for C1gH,0N4OS: C, 63.50; H,
5.92; N, 16.46. Found: C, 63.39; H, 5.84; N, 16.30. 600 MHz ‘H NMR b (J, Hz)
DMSO-dg): 11.79(1H, s), 10.67(1H, s), 8.26(1H, s), 7.64(1H, d, 7.8), 7.28-7.20(3H, m),
7.06-6.98(1H, m), 6.23(1H, dd, 8.8, 2.4), 6.11(1H, d, 2.3), 3.30(4H, q, 7.0), 1.06(6H, t,
7.0) (Figure A3). 150 MHz *C NMR (5, DMSO-dg): 164.77, 159.31, 150.18, 145.63,
131.13, 126.61, 126.30, 122.19, 121.51, 114.70, 107.27, 104.17, 97.58, 44.10, 12.74
(Figure A4). ESI-MS(+): m/z calcd. for C1gH20N40S 340.136 found (M* + H) 341.145.
FTIR (KBr, cm™): 3418(b), 3075(w), 2965(m), 2927(w), 2865(w), 2816(w),
1634(w),1612(s), 1579(w), 1553(w), 1519(m), 1467(m), 1444(w), 1409(m), 1371(w),
1356(w), 1341(w), 1295(w), 1268(w), 1233(m), 1191(w), S1156(w), 1129(m), 1091(w),
1076(w), 1051(w), 1019(w), 956(w), 921(w), 897(w), 872(w), 826(m), 793(m), 742(m),
718(w), 707(w), 695(w), 684(w), 645(w), 609(m), 593(w), 567(w), 554(w), 494(w),
467(w), 459(w).

4.3. Results and Discussion:
4.3.1. UV-Vis spectroscopic studies of L2H and L3H in presence of metal ions:

The probe L2H showed the absorption peak at 340 nm in MeOH/HEPES buffer
(pH = 7.3, 8:2, v/v). As inferred from the DFT/TDDFT calculations*’ absorption at 340
nm is of n—z*, in origin. Upon addition of AICI; to L2H, intensity of the peak at 340
nm decreased and a new band appeared with a peak at 400 nm along with a shoulder at
~420 nm, accompanied by presence of a quasi isosbestic point at 375 nm (Figure 1). The
probe L3H showed the absorption maximum at 375 nm having a shoulder at ~388 nm, in
MeOH/HEPES buffer (pH = 7.3, 8:2, v/v). With incremental addition of aluminium
chloride to the solution of L3H, decreasing of absorbance of 375 nm peak occurred
which eventually disappeared. New peaks appeared at 405 and 420 nm with the quasi
isosbestic point at 395 nm (Figure 2). Origin of these two new peaks are of z—z* in
nature and red shift is the result of decrease in the HOMO-LUMO energy gap (vide
infra). Other metal ions are also expected to bind to these ligands but lacks shift in their
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absorption spectra. This indicates that effect of binding of these metal ions on the energy

gap between ground and excited states of intra-ligand transitions are minimal.
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Figure 1. Changes in absorption spectra of L2H (10 uM) upon incremental addition of
AICI; (0-3 equivalents) in MeOH/HEPES buffer (pH = 7.3, 8:2, v/v).
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Figure 2. Changes in absorption spectra of L3H (10 pM) upon incremental addition of
AIClI; (0-3 equivalents) in MeOH/HEPES buffer (pH = 7.3, 8:2, v/v).

In effect, bathochromic shifts of 63 and 45 nm were observed in the probes L2H and
L3H respectively. These shifts indicate the formation of complex between AI** ion and
the probes. The chloride salts of other metal ions viz., Li*, Na*, K*, Ag®, Ca**, Mg?*",
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Cu?*, Co®*, Ni**, Mn**, Zn?*, Cd*", Hg**, Cr*", Fe** and Pb®* showed little or no change

in spectral patterns of L2H and L3H (Figure 3).
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Figure 3. Changes in absorption spectra of (a) L2H (b) L3H (10 uM) upon incremental

addition of chloride salts of other metal ions viz., Li*, Na*, K*, Ag*, Ca®*, Mg?*, Cu**,
Co?, Ni%*, Mn*, zn**, Cd**, Hg**, AI**, Cr**, Fe** and Pb?* (0-3 equivalents) in
MeOH/HEPES buffer (pH = 7.3, 8:2, v/v).

Addition of Na,EDTA (metal ion sequestering agent) to the individual solutions obtained
after titrating L2H and L3H with AICI;, vyielded UV-visible spectrum that is

TH-1768_126122034
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characteristics of free L2H/L.3H. This indicates that the probes L2H/L3H bind to AI**
ion without losing their identity (Figure 4).
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Figure 4. Changes in absorption spectra of (a) L2H (b) L3H in the presence of AICl;
with Na;EDTA in MeOH/HEPES buffer (pH = 7.3, 8:2, v/v).

4.3.2. Fluorescence spectroscopic studies of L2H and L3H in presence of metal ions:

Both the probes L2H and L3H were weakly/non emitting upon excitation at 375
and 395 nm respectively. The fluorescence response of L2H and L3H in presence of
metal chlorides of Li*, Na*, K*, Ag®, Ca?*, Mg®*, Cu*, Co*", Ni**, Mn*, zn**, Cd*,
Hg*", Cr¥, Fe**, A** and Pb?* were examined in MeOH/HEPES buffer (pH = 7.3, 8:2,
v/v). The probe L2H upon excitation at 375 nm became emissive in presence of AlCls.
Hence a titration experiment was carried out in which AICl; solution was added in small
guantities into L2H, during which the intensity of emissive peak at 480 nm gradually
enhanced (Figure 5). Such enhancement in intensity has been observed only with AI**
ion while other metal ions noted above didn’t show any such increase in intensity of
probe L2H. A similar behaviour was shown by L3H that weakly/non emissive probe
upon gradual addition of AICl3, exhibited “turn on” fluorescence signal at 450 nm with a
shoulder at 468 nm which grew in intensity with increasing amount of AI** ion (Figure
6). Overall, titrations of AICI; with L2H and L3H respectively manifested ~150 and

~390 times increase in emission intensity. A small increase in the emission intensity (~30
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times) upon addition of CrCl; has also been observed. The enhancement in emission
intensity has not been exhibited by other metal ions examined in this study (Figure 7).
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Figure 5. Fluorescence titration spectra of L2H (10 uM, Aex = 375 nm) upon incremental
addition of AICI3 (0-3 equivalents) in MeOH/HEPES buffer (pH = 7.3, 8:2, v/v).
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Figure 6. Fluorescence titration spectra of L3H (10 uM, Ae = 395 nm) upon incremental
addition of AICI; (0-3 equivalents) in MeOH/HEPES buffer (pH = 7.3, 8:2, v/v).
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Figure 7. Changes in fluorescence emission of receptor (a) L2H (10 uM) and (b) L3H
(10 uM) observed upon addition of chloride salts (50 uM) of Li*, Na*, K*, Ag*, Ca*",
Mg, Cu®, Co®, Ni**, Mn*, zn®*, cd*, Hg*, AP, cr**, Fe** and Pb** (0-3
equivalents) in MeOH/HEPES buffer (pH = 7.3, 8:2, v/v).

This indicates that both L2H and L3H can be useful fluorescence probe selective

for AI** jon. Both probes are expected to show cis-trans isomerisation along imine group
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(-CH=N-) in the excited state”®**® and photoinduced electron transfer (PET) involving
lone-pair of electron on nitrogen atom of hydrazone group to large m-conjugated system
of aromatic rings and these may be responsible for weak emission of both probes. Upon
binding to metal ion, the lone-pair on nitrogen atom of imine is not free due to its
involvement in coordination thereby imparting substantial increase in rigidity of the
system. When L2H and L3H bind to metal AI** ion through imine nitrogen, phenolate
oxygen and benzothiazole nitrogen atoms, result in inhibition of PET process that
involves lone pair on imine N-atom (Scheme 2). As a result, chelation induced enhanced
fluorescence (CHEF) effect becomes operational which induces a large enhancement in

fluorescence intensity of L2H and L3H.
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Scheme 2. Schematic diagram Al(111) complexes of L2H and L3H.

Job’s plot obtained from the titration experiments yielded 1:1 stoichiometry for
APP* jon with both L2H and L3H (Figure 8-9) and hence the formulations
[AI(L2)CI>(H20)] and [AI(L3)CIy(H,O)] were adopted throughout this study. In
addition, the 1:1 stoichiometry of L2H and L3H towards AI** ion were further supported
by the appearance of ESI-MS(+) m/z peak at 387.003 (calcd. for AICIC16H13N40,S",
387.026) and 479.087 (calcd. for AICICyH2:5N40,S,", 479.092) corresponding to
[AI(L2)(CI)(CH3CN)]" and [AI(L3)(CI)(DMSO)]* formulations (Figure A5-6). The
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association constants of 4.0 x 10° M and 2.5 x 10° M™* for L2H and L3H respectively

I3

with respect to AI”" ion, were derived using the Benesi—Hildebrand equation (Figure 10).

This difference in association constants could be due to the electronic effects of 3-OH
and 4-N(Et), groups on the aromatic ring. The detection limits of L2H and L3H for AI**
ion were calculated to be 3.6 x 10° M and 2.4 x 10° M respectively (Figure 11). The
formulations [AI(L2)CI,(H,O)] and [AI(L3)CI>(H,O)] were adopted throughout this
study based on the preferred coordination number of 6 in aqueous medium.>®
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—
]
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Figure 8. Job’s Plot for L2H (10 uM) with AI** ion.
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Figure 9. Job’s Plot for L3H (10 uM) with AI** ion.
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Figure 10. Benesi-Hildebrand plot for determination of binding constant of (a) L2H (10
M) and (b) L3H (10 uM) with AI** ion in MeOH/HEPES buffer (pH = 7.3, 8:2, v/v).
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Figure 11. Fluorescence intensity vs. concentration of AI** ion plot for determination of
detection limit (a) [L2H] = 10 uM (b) [L3H] = 10 uM.

4.3.3. Metal ion competition studies:

For the practical applicability of L2H and L3H as A" ion selective “turn-on”
fluorescence receptors, competitive experiments were carried out in presence of other
biologically and/or environmentally significant metal ions viz., Li*, Na*, K*, Ag*, Ca*,
Mg*, Cu®*, Co*, Ni**, Mn?*, Zn**, Cd**, Hg*", Cr**, Fe** and Pb**. It was found that
most of the metal ions did not interfere with the detection of AI** ion by L2H and L3H.
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However, Cu®* ion quenched about 10-15% of fluorescence intensity shown by
[Al(L2)Cly(H20)] complex and Ni** ion quenched about 15-20% fluorescence intensity
shown by [AI(L3)CI>(H,0)] ensemble. Besides this, L2H and L3H still had sufficient

“turn-on” ratios for detection of AI**

ion in presence of other metal ions (Figure 12).
These results indicate that L2H and L3H could be good sensor for AI** ion over

competing metal ions.

(a) @» L2H+ AP @@ L2H+ AP +M™
5000000
4000000
3000000
2000000
1000000
0 4+ +
:'L+“+:r_~mmi.§._i,etﬂxt*:’«+w
S22%338 23372855852 %2
(b) W i+ AP B L3H 4 AP+ M
8000000
6000000
4000000
2000000
0 T & o, ot & & & & & & ;'.L &8 & & & 4
5 2 - 372320 5 3FEL

Figure 12. Fluorescence response of (a) L2H (b) L3H in presence of AI** ion (Aem = 480
and 450 nm respectively) upon incremental addition of various metal ions (0-3
equivalents) in MeOH/HEPES buffer solution (5mM, pH = 7.3, 8:2, v/v).

4.3.4. pH effect:

To check the pH effect, the “turn-on” fluorescence ability of L2H and L3H were
evaluated at different pH conditions in MeOH/HEPES buffer (8:2, v/v). Fluorescence
behaviour of free probes L2H and L3H along with [AI(L2/L3)CI;(H,0)] complexes,
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were recorded in the pH range 2-12. The fluorescence intensity of both
[AI(L2/L3)CI2(H20)] complexes remained nearly the same in pH 6-8 and this pH

window is suitable for the use of these probes under physiological conditions (Figure

13).
500
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Figure 13. Fluorescence intensities of (a) L2H (10 uM, A = 375 nm) with
[AI(L2)CI;(H20)] (hem = 480 nm) (b) L3H (10 uM, X = 395 nm) with
[AI(L3)CIz(H20)] (Aem = 450 nm) at various pH values in MeOH/HEPES buffer solution
(5mM, 8:2, v/v).
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4.3.5. TRPL Measurements:

The TRPL measurements were carried out to understand the mechanism of the “turn-on”
sensor responses of L2H and L3H toward AI** ion and the decay profiles are shown in
Figure 14-15. The fluorescence lifetimes (t) of L2H and L3H in MeOH/HEPES buffer
solution (5 mM, pH = 7.3, 8:2, v/v) are 0.62 and 0.02 ns respectively. On the other hand,
average fluorescence lifetimes of Al(I11) complexes of L2H and L3H are 3.56 and 1.87
ns respectively (Table 1). These lifetime values suggest that addition of AICI; to L2H
and L3H, allow CHEF to become operational as a result of complexation and thus
fluorescence lifetimes of such emissive species become longer than the free probes. Both
L2H and L3H were selective towards AI** ion by virtue of smaller charge-to-size ratio
of AI** ion, thus stabilizing the excited state of the ligands and allowing them to decay
through the emissive pathway. The excited state life time measurements were carried out
on the diamagnetic metal ions like Zn** and Cd®* show smaller changes with respect to
the ligands (Figure A7) and this may not be sufficient to inhibit the non-radiative decay

mechanism of the excited state.

1000' ° Prompt
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— [* J
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= 100'3
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=
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g |3
= 1043 . % 2
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Figure 14. Time resolved decay profile of L2H upon addition of AI** ion.
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Time (ns)

Figure 15. Time resolved decay profile of L3H upon addition of A** ion.

Table 1: Fluorescence decay parameters of L2H, L2H+AI**, L3H and L3H+AI**

2

Sample T (nS) X
L2H 0.62 1.05
L2H+AI® 3.56 1.11
L2H+2Zn** 0.13 1.01
L2H+Cd?* 0.12 1.08
L3H 0.02 1.00
L3H+AIP" 1.86 1.09
L3H+Zn?" 0.09 1.00
L3H+Cd?* 0.06 1.00

4.3.6. 'H-NMR titration experiment of L2H and L3H with AI** ion:

The interactions between L2H and L3H with AI** ion were also followed by ‘H-
NMR titration experiment. The ligand L2H has two phenolic OH groups out of which
one that lie ortho to the imine function should involve in chelating to the metal ion.

I3

Hence upon L2H binding to AI°" ion, OH peak at 12.15 ppm broadened initially and

finally disappeared after addition of one equivalent of AICI;. Also all other peaks
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broadened with the addition of AICIs;, which indicated the complex formation of L2H
and L3H with AI** jon. The above results strongly indicate that the phenolic —OH group
and the Schiff base N-atoms bind with both the metal ions along with the deprotonation

of the phenolic —OH group (Figure 16).

———— |
]
1
1
1
i
i
] 3+
1 LZH+ 0.5 eq Al -
1
]
1
1

A 1
i

. ! . ) 1

\

__________________

j Uﬁ UL

i W WS | B | N

(b)
Figure 16. 'H NMR titration study of (a) L2H and (b) L3H in DMSO-d¢/CD30D (9:1,

v/v) at room temperature with AICls.

4.3.7. Fluorescence studies of [AI(L2)CI,(H,0)] and [AI(L3)CI,(H,0)] species with
various anions:

It is pronounced from the above results that L2H and L3H can selectively
recognize AI** ion at different wavelengths in physiological condition even in presence
of excess of other competitive metal ions. Emphasizing on the capability of metal

complexes as a good binding ensemble for anions, we presume that resultant
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mononuclear complexes can be used for anion recognition. So we investigated the
impact of different anions on these complexes spectroscopically. The fluorescence
response of complexes formed between L2H/L3H and AI** ion were examined in
presence of various anions such as F~, CI-, Br, I, SCN, PO,*", S,05°", H,PO4, HPO4?,
NOs, SO,%, P,O7*, %, OH", HSO,, COs*, HCO3", AcO", ClO4 and C,04>. Only F
ion exhibited specific effect on fluorescence intensity of [Al(L2)Cl,(H,O)] and
[AI(L3)CI;(H20)] complexes by completely quenching the emission intensity at 480 and
450 nm respectively and the resultant spectrum resembled to that of free ligand
L2H/L3H (Figure 17).
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Figure 17. Changes in fluorescence spectra of (a) [AI(L2)CI;(H,0)] (b)
[AI(L3)CI;(H20)] ensemble upon incremental addition of F ion in MeOH/HEPES
buffer (pH = 7.3, 8:2, v/v).
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In contrast, all the other ions gave minimal or no significant change in intensity of
[AI(L2)CIy(H20)]/[AI(L3)CIz(H20)] complexes (Figure 18). These results indicate that
only F ion°**® form complex with AI** ion and release the free L2H/L3H into the
solution. This selectivity is in accordance with the HSAB principle as both are hard ions

in nature®"°® and a similar result has been reported recently.*
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Figure 18. Changes in fluorescence spectra of (a) [Al(L2)CI;(H20)] (b)
[AI(L3)CI,;(H,0)] ensemble upon incremental addition of various anions such as F-, CI,
Br, I, SCN", POs*, S,05, H,PO,, HPO,#, NOs, SO, P,0;*, HSO4, COs”,
HCOs, AcO", ClO, and C,0.* in MeOH/HEPES buffer (pH = 7.3, 8:2, v/v).

This indicates that extent of ionization of AlF; is not sufficient enough to leave fluoride-
free (and solvated) AI** ion into the solution that will allow it to re-bind to the probes. As
AI** and F~ ions are harder than the solvent system MeOH/H,0 (Sol) used in this study
and ionization of AIF3 will be negligible. Any ionization of AlF; will lead to species like
[AlIF,(Sol)4][AlF4]. Hence in presence of fluoride ions it is unlikely that fluoride free
AI(I) ion will be present in solution. The binding constant of [AlI(L2)Cl,(H.0)] and
[AI(L3)Cl,(H,0)] with fluoride (Figure 19) ions are 5 x 10° M* and 3 x 10> M*
respectively. The detection limit of [AI(L2)CI,(H,0)] and [AI(L3)Cl,(H,0)] were
evaluated to be 2.3 x 107" and 3.7 x 10° M respectively (Figure 20).
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Figure 19. Benesi-Hildebrand plot for determination of binding constant of (a)

[AI(L2)CI>(H20)] (b) [AI(L3)CI,(H,0)] ensembles with F ion in MeOH/HEPES buffer
(pH =17.3, 8:2, v/v).
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Figure 20. Fluorescence intensity vs. concentration of F~ ion plot for determination of
detection limit (a) [L2H] = 10 uM (b) [L3H] = 10 uM.

4.3.8. Computational studies:

In order to have an insight into the structural changes that occur when L2H and
L3H coordinate to AI** ion, extensive density functional theory (DFT/TDDFT)

TH-1768_126122034
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calculations were performed on L2H, L3H, [AlI(L2)Clz(H20)] and [AI(L3)Cl(H20)].
The formula for the complexes were chosen based on absorption and emission
spectroscopic studies, which yielded the stoichiometries of complexes to be 1:1 with
respect to the ligand. Both L2H and L3H are potential tridentate ligands and can
coordinate through Ng, Ny and Op {Ng = benzothiozole-N; Ny = hydrazone-N and Op =
phenolate-O} atoms. However both L2H and L3H can exist in two rotational isomeric
forms with respect to the N-N bond leading to Hy and Ha {Hy = hydrazine-H and Ha =
aldimine-H} orienting in syn and anti fashion (Figure 21-22) with respect to each other.
The optimized structures of [AI(L2)CI;(H,0)] and [AI(L3)CI,(H,0)] are shown in
Figure 23.

(@) (b)
Figure 21. Optimised structures anti form of (a) L2H and (b) L3H.

(@) (b)
Figure 22. Optimised structures syn form of (a) L2H and (b) L3H.
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@ (b)
Figure 23. Optimised structures of (a) [Al(L2)CI>(H20)] (b) [AI(L3)CI;(H,0)].

Calculations on both forms of L2H and L3H suggest that anti form is more stable
by 8.4 and 19.7 KJ/mol respectively. But in complexes, both ligands are required to exist
in the syn form since all the three donor atoms should lie in same direction for effective
chelation to metal center. Optimized structures of syn and anti forms of L2H and L3H
are completely planar in nature. The relative energies and frontier molecular orbitals of
L2H and [AI(L2)CI;(H,0)] are depicted in (Figure 24). The HOMO/HOMO-1 of L2H
are mainly localised on =m-orbitals of benzothiazole ring, phenol ring and lone pair
orbitals on oxygen and nitrogen atoms. The LUMO is corresponding antibonding orbital
(Figure 24) of HOMO with energy gap between HOMO and LUMO being 3.934 eV.
Both HOMO and LUMO of [AI(L2)CI,(H,O)] more or less resemble those of L2H
except some deviations on benzo moiety of benzothiazole ring. Upon coordination to
AI(I1T), the energy of HOMO is raised while that of LUMO being lowered thereby
bringing down HOMO-LUMO energy gap to 3.201 eV. The HOMO of L3H has
contributions from the w-orbitals of the whole molecule including nitrogen atom of N,N-
diethylamine group as well as benzothiazole moiety and the LUMO is corresponding
antibonding orbitals. The HOMO and LUMO of [AI(L3)CI,(H,0)] also resemble those
of L3H but Al(II1) ion stabilize LUMO to a greater extent than HOMO and effectively
lower the HOMO-LUMO energy gap to 3.442 eV from 3.606 eV (Figure 25). The

decrease in energy gap upon coordination to AI**

ion implies a red shift of absorption
band to occur in complexes which has indeed been observed experimentally. Also as the
lone-pair on hydrazone-N atom is coordinated to the metal ion, PET process has been

unfavoured totally.

113

TH-1768_126122034



Chapter 4

0o
I ) >

J ?
9

M
A LUMO (E=-1.965 eV)

A LUMO (E=-2.525eV)

> ¥ z"

S SR 3

= s o e

I & Lid

S Qi Ela-.

4 ; <17 HOMO (E= -5.726 eV)

HOMO (E=-5.901 eV)',
HOMO-1 (E=-6.074 ¢V) y 3

J)" "‘D e ,J‘a

Figure 24. Energy level diagram depicting frontier orbitals of L2H and
[AI(L2)CI,(H0)].
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4.4. Conclusion:

In conclusion, condensation products of 2-hydrazinylbenzothiazole with 2,3-
dihydroxybenzaldehyde (L2H) and 4-(diethylamino)-2-hydroxybenzaldehyde (L3H)
were isolated as crystalline solid and characterized thoroughly using spectroscopic
techniques. In MeOH/HEPES buffer, both L2H and L3H act as “OFF-ON” fluorescence
sensors for AI** ion. Free probes show absorption band assignable to n—z* transition,
which undergo red-shift upon gradual addition of AICIl; along with a quasi isosbestic
point in both cases. The probes are weakly emissive in nature due to photoinduced
electron transfer process but upon irradiating with 375 and 395 nm light, L2H and L3H

became strongly emissive only in presence of AI**

ion having the maxima at 480 and 450
nm respectively. These results indicate that the PET process is quenched in presence of
AI** jon. Both probes exhibit high sensitivity for AI** ion having detection limits in
nanomolar levels. Fluoride ion exhibited specific “Turn Off” effect on fluorescence
intensity by complete quenching of the respective emission intensity. The DFT/TDDFT
calculations performed on L2H, L3H, [Al(L2)CI;(H,0)] and [AI(L3)Cl,(H,0)] revealed
that in [AI(L2)CIl,(H,0)] the energy of HOMO s raised while that of LUMO lowered
and in [AI(L3)Clx(H20)] the energy of LUMO was lowered to a greater extent than the
HOMO. Hence in both complexes, HOMO-LUMO energy gap has been reduced in

comparison with free ligands.
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Chapter 5

A Probe for Multi Detection of AI**, Zn?* and Cd** lons via

Turn-On Fluorescence Responses*

Abstract:

In this Chapter, hydrazide (L4H) using 6-(hydroxymethyl)picolinohydrazide and 2-
hydroxynapthaldehyde was synthesized and characterized. This acts as a “TURN-ON”
fluorescence sensor for AI**, Zn** and Cd* ions by giving different emission maxima.
The L4H itself is weakly emissive having the maximum at 495 nm. Gradual addition of
chloride salts of AI**, Zn?* and Cd*" ions to L4H, gave rise to emission peaks at 485, 570
and 540 nm, in MeOH-HEPES buffer solution (5 mM, pH = 7.3, 7:3 v/v). Addition of
Al¥ zn* and Cd** ions to a solution of L4H generates new absorbance and

I** ion in 2:1 ratio; Zn®* and Cd?* ions in

fluorescence peaks due to binding of L4~ with A
1:1 ratios. Reversibility of complexes of L4H with AI**, Zn®* and Cd** ions was also
studied by titrating with Na,EDTA using UV-Vis spectroscopy. Calculated detection
limits of L4H towards AI**, Zn** and Cd** ions are 5.7 x 10™°, 1.09 x 10 ° and 1.64 x 10
® M respectively. Based on experimental and theoretical results the formulae [Al(L4),]",
[Zn(L4)CI(H,0).] and [Cd(L4)CI(H20),] were assigned and these complexes generated
in situ are useful fluorophore to detect fluoride and dihydrogen phosphate ions, which act
by quenching the fluorescence responses. The results of DFT/TDDFT calculations on
L4H, [AI(L4),]", [Zn(L4)CI(H,0),] and [Cd(L4)CI(H,0),] were consistent with the

experimental results.

* This work has been published in:

N. Behera and V. Manivannan, J. Photochem. Photobiol. A, 2018, 353, 77-85.
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5.1. Introduction:

Metal ions play essential role in the fields of life sciences, medicine, chemistry and
biotechnology.® Aluminium compounds are adequately used in many industries and
pharmaceuticals.*® Excess of AI** ion is toxic to fish, algae as well as to other aquatic
species. In humans, excessive accumulation causes several diseases such as Parkinson’s
disease, Alzheimer’s disease, osteomalacia, and rickets.®’ Potential impact on human

health and environment of AI®*

ion having weak coordination and strong properties has
created importance for estimation of this ion. On the other hand, zinc is the second most
abundant transition metal ion, present in various classes of enzyme and plays a
rudimentary role in metabolism of RNA and DNA, signal transduction, regulating
apoptosis and gene expression.**® Effects of zinc deficiency and overload on animals,
plants and aquatic lives have been documented.'”? Heavy metal ion Cd®* is toxic and
carcinogenic in nature.?»? Use of Cd*" ion in making battery, metal alloys, paint
pigments, ceramic enamels and natural factors consequently lead to water and soil
contamination.”*% As both Zn** and Cd** belong to same group, most of these Zn®* and
Cd** ion sensors have given very similar physicochemical properties. Thus,
distinguishing Zn®* and Cd** ions from one another at different wavelength is of critical

importance.?®?’

Fluoride?®*® and H,PO, ions® 3 play an imperative role in various fields such as
biological, medical and chemical processes. Fluoride has important role to prevent
osteoporosis and also in dental care.* Excess intake of fluoride ion cause dental and
skeletal fluorosis, urolithiasis.**® Furthermore, dihydrogen phosphate (H.PO.) plays a
pivotal role in signal transduction, energy storage and construction of the backbone of
DNA and RNA.**“*° Moreover, phosphates as pollutants can cause the eutrophication of

water.*! Therefore, detection of F~ and H.PO, ions has received increasing attention.**

Ability of high sensitivity, fast response time and technical simplicity of probes
along with detection of cations by producing distinct fluorescence signals has been

44-50

created great impact recently. Many probes having naphthyl, boron

dipyrromethenedifluoride, coumarin, rhodamine and salicylyl moieties were reported to

be useful fluorophores for the detection of single metal ion.”**® Fluorescent sensors
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derived using 2-hydroxy-1-naphthaldehyde and suitable amine often provided an
excellent functionalised fluorescent backbone.*® The modularity, straightforward
synthesis, and stability towards hydrolysis (cf. imines) make hydrazide backbone
containing 2-hydroxy-1-naphthyl group, a useful probe for cation detection. There are
very less number of reports for achieving multiple metal ion detection at distinct
signals.®*®® Search for new fluorescence probes for detection of different biologically
and environmentally important metal ions at distinct emission wavelength is still
continuing. We report here a new probe L4H (6-(hydroxymethyl)-N'-((2-hydroxy-1-
naphthyl)methylene)picolinohydrazide) that can detect AI**, Zn** and Cd** ions by
giving sharp “TURN-ON” fluorescence responses at different wavelengths at
physiological conditions. In addition, thus obtained solutions containing these complex

species are also useful for secondary detection of fluoride and H,PO,4 ions.
5.2. Experimental section:
5.2.1. Synthesis of 1-3:

Compound 1-3 were prepared by adopting the procedures reported in the
literature.®>” Typically 1 was prepared by refluxing 2,6-pyridinedicarboxylic acid in
ethanol in presence of catalytic amount of aqueous H,SO4. Then 2 was obtained by
reducing 1 with sodium borohydride in dry methanol. White precipitate of 3 was
obtained by refluxing compound 2 with 1.5 equivalents of NH,NH,-H,O in methanol as

noted in Scheme 1.

X 1.2 eq.NaBH, AN
J\/j\ _ FIOH, Reflux | MeOH (Dry) HO | _
_—
~ N7 ~CO,Et

HO,C CO,H HZSO4(cat) Et0,C" 'N" "COEt  (oCRT, 4h
2
1
CHO
AN
| H
HO ~ NQ
NHZNHZ H,0 N N7
o)
MeOH Reflux MeOH, Reflux HO

Scheme 1. Synthesis of L4H.
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5.2.2. Synthesis of the probe L4H [6-(hydroxymethyl)-N'-((2-hydroxy-1-
naphthyl)methylene)picolinohydrazide]:

To a hot methanol (50 mL) solution of 2-hydroxy-1-napthaldehyde (0.50 g, 3.0
mmol), 6-(hydroxymethyl)picolinohydrazide (0.52 g, 3.0 mmol) solid was added in
small portions over a period of time and then heated under reflux for 6 h. The resulting
reaction mixture was allowed to cool slowly to room temperature. The yellow coloured
precipitate of L4H was separated by filtration and washed with ice-cold methanol. Yield
0.9 g (93.3%). Anal. Calcd. for CigH1sN3O3: C, 67.28; H, 4.71; N, 13.08. Found: C,
67.05; H, 4.67; N, 12.99. 400 MHz *H NMR (5 (J, Hz), DMSO-dg): 12.87(OH, s),
12.35(0H, s), 9.78(NH, s), 8.28(1H, d, 8.5), 8.10-8.02(2H, m), 7.95(1H, d, 9.0),
7.91(1H, d, 8.0), 7.75(1H, d, 7.2), 7.62(1H, t, 8.3), 7.42(1H, t, 7.4), 7.25(1H, d, 8.9),
5.63(1H, t, 5.8), 4.76(2H, d, 5.6). (Figure Al). 100 MHz *C NMR (8, DMSO-de):
161.29, 160.05, 158.20, 148.49, 147.88, 138.51, 132.91, 131.89, 129.00, 127.86, 127.74,
123.78, 123.62, 120.98, 120.83, 118.98, 108.67, 63.98 (Figure A2). ESI-MS(+): m/z
calcd. for C1gH1sN303 321.111 found (M* + H) 322.119 (Figure A3). FTIR (KBr, cm™):
3389(m), 3259(m), 3080(w), 3029(w), 2912(w), 1692(s), 1620(m), 1594(m), 1572(w),
1532(s), 1467(m), 1454(m), 1410(m), 1386(m), 1358(w), 1324(m), 1281(m), 1240(m),
1226(m), 1190(m), 1164(m), 1048(s), 997(w), 966(m), 938(w), 863(w), 823(m), 789(m),
753(m), 719(w), 675(m), 645(w), 548(w), 488(w), 468(w), 425(w).

5.3. Results and discussion:

5.3.1. UV-Vis spectroscopic studies of L4H in presence of metal ions:

The binding affinities of L4H with various metal chlorides (Li*, Na*, K*, Mg?*, Ca*",
Co?*, Ni**, cu®, cd*, Ag", Pb®*, Hg**, Mn?*, AI**, Cr¥", Fe** and Zn?*) were performed
in a MeOH-HEPES buffer solution (5 mM, pH = 7.3, 7:3, v/v) at room temperature. The
probe L4H displayed well-defined four absorption bands with peak values at 316, 326,
365 and 378 nm (Figure 1). These bands are probably of n—z* and #—z* transitions, in
origin. A titration experiment between AICIl; and L4H was performed in order to get a
quantitative idea about the ability of L4H to interact with AI** ion. The gradual addition
of AICI; up to % equivalent to solution of L4H rendered systematic growth of the new

absorbance bands at 432, 412 and 340 nm with a simultaneous decrease in intensity of
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peaks at 316, 326, 364 and 378 nm (Figure 1). Distinct isosbestic points were also
observed at 345 and 385 nm and beyond % equivalent of AICI; no change in the spectra
was observed. Similar titration experiments of L4H with Zn** and Cd** ions also show
similar spectral changes viz., new peak appearing at 432 and 429 nm along with an
isosbestic point at 394 and 392 nm, respectively (Figure 2-3). Whereas, other metal ions

listed above, did not alter the absorption profile of free probe L4H (Figure 4).

0.25

0.20 -

0.15 f

0.10 -

Absorbance

0.05 4

0.00 —
300 350

400 450 300 350
Wavelength (nm)

Figure 1. Changes in absorption spectra of L4H (10 pM) upon incremental addition of
AICls.
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Figure 2. Changes in absorption spectra of L4H (10 uM) upon incremental addition of
ZnC|2.
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Figure 3. Changes in absorption spectra of L4H (10 pM) upon incremental addition of
CdCl,.
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Figure 4. Changes in absorption spectra of L4H (10 uM) upon incremental addition of
chlorides of Li*, Na*, K*, Mg, Ca®*, Co*, Ni*", cu*, Cd**, Ag", Pb**, Hg*", Mn?*,
AP, ¥, Fe® and Zn** (0-3 equivalents) in MeOH-HEPES buffer solution (5 mM, pH
=7.3,7:3, VIv).

Such shift in absorption band of L4H may be ascribed to decrease in HOMO to LUMO
energy gap of L4H upon coordination to the metal ion. Upon adding the metal ion
sequestering agent Na,EDTA to the individual solutions obtained after titrating L4H
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with AICl;, ZnCl, and CdCl,, reproduced UV-Visible spectrum of free L4H. This
indicates that the probe L4H binds to these three metal ions without losing its identity

(Figure 5).
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Figure 5. Changes in absorption spectra of L4H in the presence of (a) AICI; (b) ZnCl; (c)
CdCl; ion with EDTA disodium in MeOH-HEPES buffer solution (5mM, pH = 7.4, 7:3,

vIV).
5.3.2. Fluorescence spectroscopic studies of L4H in the presence of metal ions:

The probe L4H displays a weak emission at 495 nm in MeOH-HEPES buffer
solution (5 mM, pH = 7.3, 7:3, v/v) upon excitation at 435 nm. The weak fluorescence of

L4H can be due to photo-induced electron transfer (PET) caused by electron transfer
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from nitrogen atom of imino (-CH=N-) group to conjugated = system of naphthalene
fluorophore. The emission spectra of L4H has been recorded as a function of AICl3
concentration in MeOH-HEPES buffer solution (5 mM, pH = 7.3, 7:3, v/v) at room

ad

temperature. It is significant to note that amongst the tested metal ions, AlI°" ion rendered

significant TURN-ON fluorescence response.

Titration of AICI; with L4H manifested ~95 times increase in emission intensity
along with a 10 nm blue shift in wavelength as well as a new peak appearing at 485 nm

(Figure 6). In cases of titration with ZnCl, ~43 times and CdCl, ~49 times, increase in

320

240

Intensity (a.u.)
=

=]
=
1

450 500 550 600 650 700
Wavelength (nm)

Figure 6. Fluorescence titration spectra of L4H (10 uM, Ae = 435 nm) upon incremental
addition of AlICl3 in MeOH-HEPES buffer solution (5 mM, pH = 7.3, 7:3, v/v).

emission intensity was observed but led to a large red shift in wavelength at 570 and 540
nm respectively. The extent of the red shift is 65 nm and 45 nm respectively in ZnCl,
and CdCl, (Figure 7-8). A small increase in the emission intensity ~8 times upon
addition of CrCl; has also been observed. The detection ability of L4H with chlorides of
Li*, Na*, K*, Mg**, Ca**, Co®*, Ni**, Cu®*, Ag", Pb?*, Hg?*, Mn?*, Fe** were also been
examined. In all these cases, negligible amount of increase in the emission intensity were

observed (Figure 9).
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Figure 7. Fluorescence titration spectra of L4H (10 uM, Ae = 435 nm) upon incremental
addition of ZnCl, in MeOH-HEPES buffer solution (5 mM, pH = 7.3, 7:3, v/v).
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Figure 8. Fluorescence titration spectra of L4H (10 uM, Aex = 435 nm) upon incremental
addition of CdCl;, (0-3 equivalents) in MeOH-HEPES buffer solution (5 mM, pH = 7.3,
7:3, VIv).
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Figure 9. Changes in fluorescence emission of receptor L4H (10 uM) observed upon
addition of chloride salts (50 uM) of Li*, Na*, K*, Mg®*, Ca**, Co*, Ni**, Cu?*, Cd**,
Ag®, Pb?*, Hg®*, Mn*, AIF*, Cr**, Fe** and Zn®* (0-3 equivalents) in MeOH-HEPES
buffer solution (5 mM, pH = 7.3, 7:3, v/v).

Job’s plot obtained from titration experiments yielded a 2:1 stoichiometry for AP
ion but 1:1 stoichiometry for Zn** and Cd*" ions (Figure 10). In addition, the binding
stoichiometry of L4H towards AI**, Zn** and Cd** ions was further supported by the
appearance of ESI-MS(+) m/z peak at 667.19 (calcd. for AIC3sH,sNsOs", 667.19), 462.05
(caled. for ZnCaoH2oN304S™, 462.05) and 512.02 (calcd. for CdCaoH20N30,S", 512.02)
corresponding to [AI(L4)2]", [Zn(L4)(DMSO)]* and [Cd(L4)(DMSO)]" respectively
(Figure A4-A6). Hence the formulations [Al(L4),]", [Zn(L4)CI(H,0),] and
[Cd(3L4)CI(H20),] were adopted throughout this study based on the preferred
coordination number of 6 in aqueous medium.” The association constants of L4H for
AI¥*, Zn?* and Cd** derived from the Benesi—Hildebrand equation were 1.5 x 10 M ™, 5
x 10° M and 3.5 x 10° M respectively (Figure 11-12). The detection limits of L4H for
AI**, Zn®** and Cd** were calculated to be 5.7 x 10°, 1.09 x 10° and 1.64 x 10° M
respectively (Figure 13). The quantum vyield of free L4H was 0.07 where as quantum
yields for L4~ complexes of AI**, Zn** and Cd** ions were found to be 0.63, 0.21 and
0.20 respectively.
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Figure 10. Job’s Plot for L4H (10 uM) with (a) AI** (b) Zn?* (c) Cd** ions.
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Figure 11. Benesi-Hildebrand plot for determination of binding constant of L4H (10
uM) with (a) AI** (b) Zn?* ions in MeOH-HEPES buffer solution (5 mM, pH = 7.3, 7:3,

VIV).
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Figure 12. Benesi-Hildebrand plot for determination of binding constant of L4H (10
1M) with Cd** ion in MeOH-HEPES buffer solution (5 mM, pH = 7.3, 7:3, v/v).
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Figure 13. Fluorescence intensity vs. concentration of (a) AI** (b) Zn** (c) Cd** ions plot

for determination of detection limit ([L4H] = 10 uM).
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The fluorescence responses of L4H in presence of these three metal ions might
primarily be attributed to chelation of metal ions by L4H in its conjugate base form L4".
In other words, the selective “TURN-ON” emission signals of L4H in presence of AI**,
Zn** and Cd®* ions were through chelation-enhanced fluorescence (CHEF) mechanism.
The probe L4H is not a planar system due to rotation about the N-N bond in the ground
state, cis-trans isomerisation along imine group (-CH=N-) in the excited state’>”* and
photoinduced electron transfer (PET) caused by electron transmission from nitrogen
atom of imine to large m-conjugation system of naphthalene fluorophore. These are some
predominant factors responsible for weak emission of L4H. Upon binding to metal ion,
the lone-pair on nitrogen atom of imine is not free due to its involvement in coordination
and the ligand framework attains a near planar geometry, thus imparting substantial
increase in rigidity of the system. The probe L4H binds to metal ion through imine
nitrogen, phenolate and amide oxygen atoms and results in inhibition of PET process that
involves lone pair on imine N-atom. As a result, chelation induced enhanced
fluorescence (CHEF) effect’”>"® becomes operational which induces a large enhancement
in fluorescence intensity of L4H. Therefore, due to distinct electronic behaviour, size
effect and charge density, the “TURN-ON” emission signals were observed for A, zn?

and Cd?* ions with distinct emission maxima.
5.3.3. TRPL Measurements:

The TRPL measurements were carried out to understand the mechanism of the
turn-on fluorescence responses of L4H toward AI**, Zn** and Cd** ions and the decay
profiles are shown in Figure 14. Free L4H has a lifetime (1) of 0.30 ns in MeOH-HEPES
buffer solution (5 mM, pH = 7.3, 7:3, v/v). On the other hand, AI**, Zn?* and Cd**
complexes of L4H were having greater lifetimes as evident from average fluorescence
lifetimes (Table 1) of 3.28, 1.26 and 3.44 ns respectively. This suggests that addition of
these metal ions to L4H allow CHEF to become operational as a result of complexation
and thus fluorescence lifetimes of such emissive species become longer than free probe
L4H. In the free ligand, PET process and free rotation are responsible for the lack of
fluorescence. These processes have been locked in the presence of metal ions due to

complex formation and hence fluorescence has been observed. Hence, complexation
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stops non-radiative decay process and changes in life time in presence of metal ions have

been observed.
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Figure 14. Time resolved decay profile of L4H upon addition of AI**, Zn®** and Cd**

ions.

Table 1: Fluorescence decay parameters of L4H, L4H with AI**, Zn®*" and Cd** ions.

2

Sample T (ns) X
L4H 0.30 1.03
L4H + AICI; 3.28 1.08
L4H + ZnCl, 1.26 1.03
L4H + CdCl, 3.44 1.09

5.3.4. 'H-NMR titration experiment of L4H in the presence of AI**, Zn®** and Cd**

ions:

The interactions between L4H with AI**, Zn** and Cd®* ions were also followed by
'H-NMR titration experiments. With gradual addition of chloride salt of above noted
metal ions, reduction in intensity along with an up field shift of phenolic-OH peak was
observed in initial stages which finally disappeared (Figure 15), indicating deprotonation
of L4H and binding as L4" ion.
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Figure 15. 'H NMR titration study of L4H in DMSO-d¢/CDsOD (9:1, v/v) at room
temperature with (a) AICl3 (b) ZnCl; (c) CdCl..

5.3.5. Fluorescence studies of [Al(L4),]", [Zn(L4)CI(H.0),] and [Cd(L4)CI(H;0),]

species with various anions:

The inferences made from the above results indicate that L4H can recognize AI**, Zn**
and Cd?* ions at different wavelengths in physiological condition even in presence of
excess of other competitive metal ions. These metal complexes can also be a good
binding ensemble for anions through electrostatic and hydrogen bonding interactions.
Hence attempts were made to use these complexes in solution for anion recognition and
investigated the impact of different anions on these complexes spectroscopically. The

fluorescence responses of solutions obtained after titrating L4H with AI**, Zn** and Cd**
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chlorides, were examined by titrating again with the solutions of anions such as F, CI,
Br, I, CN', SCN", PO,>, S*, OH, S,05*, H,PO,, HPO,, NOs, SO/, P,O;*,
HSO,, COs*, HCO5, AcO, ClO, and C,0,%. All these ions gave minimal or no
significant change in emission intensity of [Al(L4),]", [Zn(L4)CI(H;0),] and
[Cd(L4)CI(H,0),] complexes. In contrast, only F~ ion exhibited specific quenching of
fluorescence intensity of [Al(L4),]" complex by complete quenching of emission at 485
nm and the resultant spectrum resembles that of free L4H (Figure 16). Whereas, H,PO,4~
ion gave substantial fluorescence change in [Zn(L4)CI(H,0),] and [Cd(L4)CI(H,0),]
complexes by complete quenching of emission at 570 and 540 nm, the resultant spectrum
resembles that of free L4H (Figure 17).

320

485 nm

240 -

Intensity (a.u.)
2

450 500 550 600 650 700
Wavelength (nm)

Figure 16. Changes in fluorescence spectra of [Al(L4),]" ensemble upon incremental
addition of F~ ion in MeOH-HEPES buffer solution (5mM, pH = 7.3, 7:3, v/v).
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Figure 17.
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buffer solution (5mM, pH = 7.3, 7:3, v/v).

These results indicate that these anions form complex with respective metal ions and

release the free L4H into the solution and this selectivity is in accordance with the
HSAB principle.” The detection limit of [Al(L4),]" (for F), [Zn(L4)CI(H,0),] and

TH-1768_126122034
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[Cd(L4)CI(H20)] (for HoPO4"), were evaluated to be 2.5 x 10°°, 1.43 x 10°° and 2.11 x
10°° M respectively (Figure 18-19).
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Figure 18. Fluorescence intensity vs. concentration of (a) F (b) H,PO,4 ions plot for
determination of detection limit ([L4H] = 10 uM).
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Figure 19. Fluorescence intensity vs. concentration of H,PO,4 ion plot for determination
of detection limit ([L4H] = 10 uM).

5.3.6. Metal ion competition studies:

In order to assess the ability of L4H as selective multi fluorescence receptor for
Al¥*, zZn** and Cd* ions, competitive experiments were carried out. In these
experiments, to each of the solutions obtained after titration of L4H with AI**, Zn?* and
Cd?* ions, aqueous solutions of other metal ions listed earlier were added and then
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fluorescence spectra of these solutions were recorded. All the metal ions did not show
any perceptible effect on the ability of L4H with the detection of AI** Zn?* and Cd**
ions, but upon addition of up to four equivalents of Cu®* ion quenched fluorescence
intensity by about 20-30%. Despite this, L4H still has sufficient “turn-on” ratios for the
detection of AI**, Zn** and Cd*" ions in presence of other metal ions at different

wavelengths (Figure 20-21).

@B L4H+APY BB LAH +AP+M™

3000000
2000000

1000000

o !
APB*Na* K* Li* Ag* Ca?* Mg?* Cu?* Co?* Ni** Zn?*Cd?*Hg**Pb**Cr3* Min**Fe3*
(@)

@ 1L4H+Zn?* @ L4H +ZnX+Mm

1.00E+06
7.50E+05
5.00E+05
2.50E+05 ||

0.00E+00
Zn?*Na*K* Li* Ag* Ca?* Mg?* Cu?* Co?* Ni* Mn2*Cd?*Hg?*Pb2*Al3*Cr3* Fe3*
(b)
Figure 20. Fluorescence response of L4H in presence of (a) AI** (Aem = 485 nm) (b)
Zn** (em = 570 nm) ions upon incremental addition of various metal ions (0-3

equivalents) in MeOH-HEPES buffer solution (5mM, pH = 7.3, 7:3, VIv).
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&1

Cd?*Na* K* Li* Ag* Ca?* Mg?* Cu?* Co?* Ni?* Mn#*Zn2*Hg?*Pb?*A3*Cr3* Fe3*

Figure 21. Fluorescence response of L4H in presence of Cd*" (Aem = 540 nm) ion upon
incremental addition of various metal ions (0-3 equivalents) in MeOH-HEPES buffer
solution (5mM, pH =7 .3, 7:3, VIv).

While gradual addition of solutions of ZnCl, and CdCl, separately to the solution
obtained after titrating L4H with AI** ion, red shifted peaks at 513 and 505 nm were
observed (Figure 22). Titration experiments of L4H with a mixture of two or all three
metal ions AI**, Zn?* and Cd** were also been carried out. Titrations of L4H with
solutions having equal quantities of (a) AICl3 and ZnCl, exhibited a new turn-on peak at
515 nm. (b) AICI3 and CdCl, exhibited a new turn-on peak at 505 nm (c) zZnCl, and
CdCl; exhibited a new turn-on peak at 560 nm (Figure 23a-c). Similar titrations of L4H
with a solution having equal quantities of AICl3, ZnCl, and CdCl, exhibited a new turn-
on peak at 513 nm (Figure 23d). These results are consistent with the emission peaks
observed in the individual titrations: that (a) in presence of AICI; emission at 485 nm is
red shifted by 30 nm (by ZnCl,) and by 20 nm (by CdCl,) (b) a mixture of ZnCl, and
CdCl, show emission peak which is in between their respective individual emission peak
of 570 and 540 nm. Thus metal ion competition studies indicate that L4H can detect
AP¥*, Zn?* and Cd** ions individually or a mixture of any two or all three together, with

distinct signals.
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Figure 22. Changes in fluorescence spectra of [Al(L4),]" ensemble upon incremental
addition of (a) Zn?* (c) Cd** ions (0-3 equivalents) in MeOH-HEPES buffer solution

(5mM, pH = 7.3, 7:3, VIv).
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Figure 23. Changes in fluorescence spectra of L4H (10 uM) with upon incremental
addition of mixture of chloride salt of (a) AI**/zn*" (b) AP*/Cd** (c) zn**/Cd*" (d)
AP /zn*ICd** ions (0-3 equivalents) in MeOH-HEPES buffer solution (5mM, pH = 7.4,
7:3, VIv).

5.3.7. pH effect:

Effect of pH on these individual titrations was also examined using 5 mM HEPES
buffer. Free ligand remained fluorescence inactive between pH ranges 2-12. The
[AI(L4),]" complex ion exhibited a maximum intensity in the range 6-8, with a slight to
moderate quenching up to pH 9 and no emission beyond these ranges. The same pH

window was also observed in cases of ZnCl, and CdCl,. This fluorescence behaviour of
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L4H with AI¥*, Zn* and Cd?" ions makes it a suitable sensor to the demands of

physiological pH conditions (Figure 24).
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Figure 24. Fluorescence intensities of L4H (10 pM, Aem = 495) with (a) [AI(L4)2]" (Aem
= 485) (b) [Zn(L4)CI(H20)2] (Aem = 570 nm) and- (c) [Cd(L4)CI(H20)2] (Aem = 540 nm)
at various pH values (Aex = 435 nm) in MeOH-HEPES buffer solution (5mM, pH = 7.4,
7:3, VIv).

5.3.8. Detection of AI**, Zn?* and Cd®* ions in real samples:

To check the applicability of L4H towards sensing of AI**, Zn** and Cd** ions,
fluorescence spectra of water samples containing these ions were also examined by using
available real water samples collected from laboratory tap and Brahmaputra river (near
I.1.T. Guwahati campus, Assam, India). A blank experiment was performed to check the
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presence of these three metal ions in these samples and their presence is negligible as
inferred from the no change in the fluorescence response. A stock solution of AI**, Zn?*
and Cd*" ions were diluted with these two water samples. The fluorescence spectra of
L4H (1 x 10° molL H)were recorded at 485, 570 and 540 nm for AI**, Zn?* and Cd**
ions respectively and the profiles are shown in Figure 25. These results indicate that L4H
can be a suitable probe for the detection of AI**, Zn?* and Cd* ions in the tap and river

water samples.
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Figure 25. Plots of fluorescence intensity of L4H (1 x 10 ° molL ) noted in vertical axis
as a function of (a) AI** (0-13.0 pumol/L), (b) Zn** (0-18.0 pmol/L) (¢) Cd** (0-20.0
umol/L) ion concentration.
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5.3.9. Computational studies:

To obtain a theoretical aspect of the structural changes of L4H upon coordination
with AI¥*, Zn** and Cd** ions, extensive density functional theory (DFT/TDDFT)
calculations were performed. Based on the absorption and emission spectroscopic
studies, the stoichiometry of the complexes were found to be 2:1 for AI** ion but 1:1 for
Zn?* and Cd?* ions. Hence, complexes of composition [Al(L4),]*, [Zn(L4)CI(H,0)] and
[Cd(L4)CI(H20),] {L4 = conjugate base of L4H and as phenolate ion} as well as free
L4H were optimized by DFT calculations. The optimized structure of L4H and its
frontier molecular orbitals are depicted in Figure 26-27. The HOMO of L4H is mainly
formed by m-orbitals of napthyl ring, lone pair orbitals on oxygen and nitrogen atoms and
the LUMO is the corresponding antibonding orbitals. The calculated HOMO-LUMO
energy gap in L4H is 4.01 eV which corresponds to 364 nm (Figure 27). The probe L4H
comprises of large flexible backbone made up of N-N and C-N single bonds, that gives

rise to non-planar structure due to possible rotations about these bonds.

Figure 26. Optimized structure of L4H.

However, upon coordination to a metal center the ligand is expected to attain a
rigid planar structure. In order to ascertain this, structure optimisations were also
performed on complexes of L4H with three metal ions which had exhibited distinct
fluorescence emission maxima viz., AI**, Zn®* and Cd*" ions. Since the ligand can
coordinate in two coordination modes: (a) through NOO donor atoms with one five- and
one six-membered chelate rings and (b) through NNO donor atoms with two six-
membered chelate rings. The NOO coordination mode is composed of two O-atoms from
phenolate and carbonyl group as well as N-atom from imine group where as NNO is
composed of one O-atom from phenolate and two N-atoms from pyridine and amide
nitrogen (Table 2). The structure optimisation was performed for these two different
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coordination modes of L4, The results indicated that among the two coordination
modes, complexes formed with NOO coordination modes are more stable than that with

NNO mode. Hence NOO coordination mode has been considered for further discussions.

Table 2: Optimized structures of L4H complexes with AI**, Zn?*and Cd*" ions for both
‘NOO’ and ‘NNO’ coordination.

Total
Energy
(Hatree)

NOO-coordination NNO-coordination

Complex mode mode

Enoo =
-2170.185

Enno =
-2170.135

[AI(L4)]"

Enoo =
-1317.534

Enno =
-1317.536

[Zn(L4)CI(H20).]

Enoo =
-1300.000

Enno =
-1299.987

[Cd(L4)CI(H.0).]

In [AI(L4),]", both HOMO and LUMO have similar characteristics as that in free
L4H (except that pyridine ring system is also contributing to the LUMO) but the
energies of both HOMO and LUMO has been lowered (Figure 27). Since the energy of
LUMO is lowered to a greater extent than that of HOMO, energy gap between them is
essentially lowered upon coordination to the AI(IIl) metal ion. However in
[Zn(L4)CI(H20),] and [Cd(L4)CI(H,0),] formulations, both HOMO and LUMO also
have similar characteristics (with pyridine ring system is also contributing the LUMO) as
that in free L4H but the energy of HOMO has been raised while that of LUMO has been
lowered. This also resulted in lowering of HOMO-LUMO energy gap (Figure 28-29).
The red shifts in absorption bands as observed in UV-Vis titration experiments are
consistent with results of theoretical calculations (Figure A7). Also it is observed that
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planarity of L4~ has been enhanced in the complexes and become rigid as the lone-pair
on imine-N is coordinated to the metal ion, PET process has been unfavoured totally.
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Figure 27. Energy level diagram depicting HOMO and LUMO of L4H and [AI(L4),]".
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Figure 28. Energy level diagram depicting HOMO and LUMO of [Zn(L4)CI(H,0),]
complex.
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Figure 29. Energy level diagram depicting HOMO and LUMO of [Cd(L4)CI(H,0),]
complex.

5.4. Conclusion:

In summary, a new probe (L4H) having a hydroxynapthyl group has been
synthesized which acts as an off-on fluorescent sensor for single or multi detection of
AI**, Zn?* and Cd** ions in MeOH-HEPES buffer solution (5 mM, pH = 7.3, 7:3, V/v).
The probe is weakly emissive in nature due to photoinduced electron transfer process
involving the lone pair of electron on nitrogen atom of imine group. But upon irradiating
with 435 nm light, L4H became strongly emissive only in presence of AI**, Zn?* and
Cd*" ions having the maxima at 485, 570 and 540 nm, respectively. These results
indicate that the PET process is quenched in presence of these three metal ions. These
resultant solutions of metal-ligand species can detect anions by quenching the emission
as a consequence of releasing the free L4H into the solution. Thus fluoride ion exhibited
specific quenching of fluorescence intensity of aluminium complex but H,PO, ion
guenched those of zinc and cadmium complexes. Metal ion competition studies indicated
that L4H can detect AI**, Zn** and Cd** ions individually or a mixture of any two or all

three together, with distinct signals. Job’s plot and mass spectra indicated that L4H binds
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to AI** jon in 2:1 ratio and to Zn®* and Cd*" ions in 1:1 ratios. The results of
DFT/TDDFT calculations on L4H, [AI(L4),]", [Zn(L4)CI(H20),] and [Cd(L4)CI(H;0)3]
are in agreement with the experimentally observed results. In all cases, the HOMO is
composed of w-orbitals of napthyl ring, lone pair orbitals on oxygen atom with some
contribution from the pyridyl ring (in complexes) and nitrogen atom (in L4H). When
compared to L4H, energies of both HOMO and LUMO have been lowered in [Al(L4),]"
but in [Zn(L4)CI(H,0),] and [Cd(L4)CI(H,0),] energies of HOMO have been raised
while that of LUMO has been lowered. There is a net lowering of HOMO-LUMO energy

gap and also involvement of napthyl ring in the emissive process.
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Overview

In Chapter 2, a mono-substituted imidazole ligand, 1-(4-acetylphenyl)imidazole
(L) has been used to synthesize nine complexes which exhibit different supramolecular
architectures with the help of weak interactions. This encouraged to try with a tri-
substituted imidazole, which might show similar kind of supramolecular networks,
hence, the 2,4-bis(2-pyridyl)-5-(4-pyridyl)imidazole (L1H) was used. A crystalline 1D
coordination polymer of composition [Zny(L1)Cl3(H,0)] was isolated and structurally
characterized. In addition, L1H was found to act as a selective fluorescence sensor form
Zn** jon. This prompted to design some new probes containing benzothiazole moiety and
2-(2-(2,3-dihydroxy)benzylidenehydrazinyl)benzothiazole ~ (L2H) and  2-((2-(2-
hydroxy)(4-N,N-diethylamino))benzylidenehydrazinyl)benzothiazole  (L3H)  were
synthesized and both are found to be useful probes for the detection of aluminium(lll)
ion. As a continuation, a hydrazide having a fluorophoric hydroxynapthyl group, 6-
(hydroxymethyl)-N'-((2-hydroxy-1-naphthyl)methylene)picolinohydrazide (L4H) was
designed and synthesized. This hydrazide was found to be useful for the detection of

AI¥* Zn?" and Cd?* ions.
Conclusions

Nine bivalent metal complexes of monodentate ligand  1-(4-
acetylphenyl)imidazole (L) and co-ligands, were synthesized and weak interactions such
as; O-H---0, C-H---n, C-H---S, C-H---Cl, C-H---O and =n-‘ ‘& stacking interactions were
observed to be present in their molecular structures determined by single-crystal X-ray
diffraction studies, which lead to different supramolecular architectures. In addition,
coligand Fum coordinates to metal center in different binding fashions resulting in
formation of 1D and 2D coordination polymers. The trisubstituted imidazole probe, 2,4,-
bis(2-pyridyl)-5-(4-pyridyl)imidazole (L1H) can selectively recognize Zn®* ion by
giving red shifted peak in fluorescence and the complex [Zn,(L1)Cl3(H,0)] was isolated
as crystalline solid, is a 1D coordination polymer. Two new benzothiazole probes 2-(2-
(2,3-dihydroxy)benzylidenehydrazinyl)benzothiazole (L2H) and 2-((2-(2-hydroxy)(4-
N,N-diethylamino))benzylidenehy-drazinyl)benzothiazole  (L3H) can selectively
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recognize AI** ion exhibiting “Turn On” responses at physiological pH. The results of
DFT/TDDFT calculations on ligands and their AI** complexes support the changes in
UV-Vis spectra upon complex formation. A hydrazide (L4H) containing 2-
hydroxynaphthal moiety has been found to act as a “TURN-ON " fluorescence sensor for
AI¥*, Zn?* and Cd* ions by giving different emission maxima at physiological pH range.
The results of DFT/TDDFT calculations on L4H, [Al(L4),]", [Zn(L4)CI(H20),] and
[Cd(L4)CI(H,0),] support the experimental UV-Vis results.

Future Perspective

In future, supramolecular interactions in complexes can further be studied by
tuning the ligand by having different substituent on the imidazole ring and changing the
reaction condition as well as utilizing different coligands. In metal ion recognition
studies, the ability to detect metal ions in aqueous solution and at visible and NIR
regions is still a challenging task. Modification in ligand motifs by incorporating suitable
fluorophore groups can be undertaken in order for them to be employed as
chromophore/fluorophore for the recognition of cation and anions.

List of Publications

From Thesis:

1. N. Beheraand V. Manivannan, ChemistrySelect, 2016, 1, 4016-4023

2. N. Behera and V. Manivannan, ChemistrySelect, 2017, 2, 11048-11054.

3. N. Behera and V. Manivannan, J. Photochem. Photobiol. A, 2018, 353, 77-85.
Others:

1. J. Bori, N. Behera, S. Mahata and V. Manivannan, ChemistrySelect, 2017, 2, 11727—
11731.

161

TH-1768_126122034



