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PREFACE

Design and synthesis of fluorescence chemosensors is an extremely interdisciplinary area of
research now-a-days because of their importance and application in several different fields,
such as chemistry, biology, medicine and environmental studies etc. Literature survey helps
that fluorescent sensors have been designed, synthesized and applied for the selective
detection of various metal ions in biologically and environmentally. The newly developed
chemosensors are thoroughly characterized by several spectroscopic techniques like 1H-
NMR, UV-Vis, FT-IR, and Mass analysis. Structure of the representative probes are
confirmed by single crystal X-ray diffraction method. This thesis consists of six chapters
based on the synthesis, characterization and extensive study of sensing properties of the
newly constructed molecular probes. The sensing mechanisms of the probes are supported by
theoretical calculations based on Density Functional Theory (DFT).

Chapter 1 represents a brief introduction on the basic definition of chemosensor with several
possible mechanistic pathways for selective detection of several biologically and
environmentally relevant ions. A concise literature survey of various reported chemosensors
based on different fluorophoric (Rhodamine, DFP and Pyridoxal) platforms.

Chapter 2 presents the design, synthesis and characterization of four new rhodamine 6G
based chemosensors for selective detection of AI** ion in organic-aqueous medium. The
chemical structures as well as the photophysical properties of the probes are thoroughly
studied by spectroscopic methods. Electronic structure of the probe is also studied through
the theoretical calculation based on DFT/B3LYP method.

Chapter 3 includes another two rhodamine and azo based chemosensors have been
synthesized for colorimetric and fluorometric detection of three trivalent metal ions, AI®*,

Cr® and Fe**. The chemosensors are thoroughly characterized by different spectroscopic

XV



techniques and X-ray crystallography. Chemosensors are detect intracellular AI**, Cr** and
Fe** ions in cervical cancer cell line HeLa.
Chapter 4 deals with the fabrication of a new chemosensor for dual sensing of Zn®* and ions
Cu?* distinctly in methanol/water (1:9) medium. Both the ions are detected colorimetric and
fluorometric. Biological studies are performed in MDA-MB-468 cell line.
Chapter 5 represents a rare example of an aza-crown DFP based macrocyclic chemosensor
for selective detection of both Zn®* and Cu?* in HEPES buffer medium (pH 7.4). The changes
in photophysical property of the Schiff-base molecule in the presence of both ions and cell
imaging studies are discussed.
Chapter 6 covers the synthesis of two pyridoxal-based novel Schiff base compounds as a
chemosensor for Zn?* ions. Living cell imaging studies using these two compounds were
discussed, herein. Electronic structures of the probes are also studied through the theoretical
calculation based on DFT/B3LYP method.
The entire work of the thesis entitled ‘“Design and synthesis of fluorescent probes for
detection of different metal ions: crystal structure elucidation and biological
application’’ has been carried out in the Department of Chemistry, Jadavpur University.

In keeping with the general practice of reporting scientific observation, due
acknowledgement has been made whenever the work described as based on the findings of
other investigators. | must take the responsibility of any unintentional oversights and errors

which might have crept in spite of due precautions.
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SIS ENERAL INTRODUCTION

Abstract
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selective detection of several biologically and environmentally relevant metal ions. Also, a

~

Here, a brief discussion has been made on different chemosensing pathways for the

concise literature survey has been furnished on various reported Rhodamine, DFP and

Pyridoxal based fluorophoric platforms to recognize the different metal ions.
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SUCUCE N oNERAL INTRODUCTION

1.1. Introduction

In, 1852 English physicist and mathematician Sir George G. Stokes first invent the word
fluorescence. A fluorescent probe is a compound that keeps an intrinsic ability to release
fluorescent photons after excitation with a suitable wavelength. Fluorescent probes cover
broad applications rang like as high-throughput screening for the detection of nucleic acids,
pharmaceutical research, clinical diagnostics, enzymes, cytoskeleton proteins, organelles,
antibodies, avidins, lipids, proteins, and many others in the fields of cell biology,
immunology, molecular biology, neurobiology, and biophysics.

Metal ions are essential in keeping the human body healthy. In a living system,
numerous critical biological functions depend on the presence of metal ions, and the absence
or insufficiency of this may also lead to many diseases. However, heavy metal ions, such as
lead, mercury, arsenic, cadmium, chromium, etc. are dangerous for their toxic effects. The
presence of essential metal ions is crucial for survival but can also be toxic if not present in
the requisite concentration. Among the metals that are essential for biological activists in
humans is potassium (K), sodium (Na), calcium (Ca) and magnesium (Mg), which belong to
the main group of elements, and chromium (Cr), vanadium (V), manganese (Mn), iron (Fe),
copper (Cu), zinc (Zn), nickel (Ni), molybdenum (Mo), and cobalt (Co), those belong to
transition metal group in the periodic table. 112
1.2. The significance of metal ions sensing: a brief discussion
In biological processes, potassium and sodium ions play major roles due to their participation
in metabolism. In Earth's crust, sodium is the sixth most abundant element (abundance
2.83%). Sodium ions can be used in opposition to potassium ions in animals to allow
electrostatic charge transportation on cell membranes and then allow the transmission of
nerve impulses. Hence, sodium is classified as a dietary inorganic macro-mineral for animals.

But, excess sodium intake can damage kidneys and increase high blood pressure.'3 Potassium

jE



SIEUCE N oNERAL INTRODUCTION

is required for both plants and animals. In fertilizers and crops, potassium salt is a common
constituent and the concentration of magnesium may decrease by excessive use of potassium
fertilizers.™* An increase in the concentration of intracellular free Ca?" ions causes the
abnormal release of neurotransmitters from synaptic vesicles in neuronal synapses.>>*® Many
changes in neuronal function including gene expression, effects on neuronal survival,
modulation of ion channels, apoptosis, etc. can occur due to alterations in the concentration
of Ca?*. Mg?*, the main part of chlorophyll, regulates photosynthesis and plays an important
role in cellular processes like enzyme-driven biochemical reactions, stabilization of DNA
conformation in human cells, proliferation of cells, etc.’1® Mg?" participates in some
biological processes like congestive muscle dysfunction, heart failure, lung cancer, cerebral

infarction, etc.10-113

As a heavy metal, Lead is a highly poisonous metal to humans and the environment.
For children, lead poisoning is a main environmental health problem. Exposure of lead to the
children in the age range 1-5 can affect the organ system in the body which increases the
risks of brain damage and hamper the nervous system, as a result, growth becomes slow, and
behavior in learning problems may occur and may cause hearing and speaking
deficiencies.2**11° Lead is a growing toxicant that affects hematological, neurological,
gastrointestinal, cardiovascular and renal systems. Chronic exposure usually causes anemia,
headache, lethargy, convulsions, irritability, ataxia, tremors, weakness in the muscle, and
even paralysis. Acute exposure causes gastrointestinal disturbances like nausea, anorexia,
abdominal pain, vomiting, etc. which lead to convulsions and even death. Mercury and its
derivatives are very much toxic, causing contamination of ecosystems.'16118 The presence of
mercury (Hg?") in water is hazardous to human health and as well as environment. The
surface and groundwater get polluted mostly by industrial wastes, untreated sewage water,

battery wastes, gasoline, pigments, medical waste, poor sanitation management, electroplated
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steel, and electronic spares. These metals cause several diseases like neurological, cardiac
disorders, and several developmental illnesses.>*® Cadmium is a highly toxic and heavy metal
having a long biological half-life of 10-20 years, easy to consume in organisms but hard to
destroy.>?° It interacts with the thiol groups in the proteins and cadmium-metallothionein is
formed. Cd poisoning causes a series of illnesses like liver and kidney failure, itai-itai
disease, osteoporosis, respiratory and immune system diseases, reproductive disorders, and
even cancers.?1122 The International Agency for Research on Cancer (IARC) recommends
cadmium as a carcinogen in the human body.?® On the other hand, the presence of higher
concentrations of arsenic was reported in water resources because of geochemical conditions,
anthropogenic activities, and hydrogeological events, which affected the populations in
around 70 regions including the United States, India, Bangladesh, Hungary, and China.>?41-2
As(I11) is the most harmful out of the different oxidation states for ecological systems and the
environment. The regular consumption of arsenic-contaminated water is likely to cause many
severe human health-related problems including heart, kidney, nervous, gastrointestinal, and
liver diseases in addition to lung and skin cancer.'?® The 25% population in West Bengal,
India, is exposed to arsenic pollution. Neurological, physiological, and sensory processing
disorders may result from chronic exposure to arsenic. The toxicity of arsenic causes by the
biotransformation in which arsenic compounds are methylated by fungi, bacteria, algae, and
humans. In oceans, vanadium is the second most abundant transition metal and seawater
holds vanadium in form of Na*H.VO4~ with a concentration between 30 and 35 nM. Oral
uptake of vanadium contains compound, and speciation occurs by the saliva, in the stomach
and in the intestinal tract. In few organisms, large amount of vanadium ions are found as a
toxin. Some other salts of vanadium in addition with its oxide have moderate toxicity.>?’ In
the human body, chromium appears at trace levels and the more stable oxidation state is +3

existing in soil and water. In the human body, Cr(l11) regulates the action of insulin through
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glucose tolerance factors (GTFs), activates certain enzymes, and stabilize nucleic acids and
proteins.?® By intracellular reducing agents Cr(V1) is reduced to Cr(lIl), which coordinated
with DNA by guanine N7 and the phosphate group backbone.!?° Insufficiency of chromium
can increase the threats of sugar, nervous system disorders, heart diseases, etc., and the higher
levels of Cr¥* may cause cancer.l3%3! On the earth's shell, manganese is the third most
abundant transition metal and an essential trace element for the human body.}*? For many
enzymes which are involved in the metabolic processes of humans, plants, and animals,
manganese plays a very important role in their activation.!®® Manganese has different
applications including batteries, ceramics, fertilizers, electrical coils, etc., and is also an
essential micronutrient for different organisms.** But, high concentrations of manganese can
cause some problems in the nervous and respiratory systems.>® In cellular systems, Fe®" is
the most abundant transition metal and plays a crucial role in biological processes like
enzyme catalysis, cellular metabolism, and electron-transfer reactions.!*® Fe3* transports
oxygen in all the tissues in the form of hemoglobin.>*” The deficiency and also the overdose
of Fe3* ions induce serious diseases (Huntington's disease).!*®1%° Among the most important
heavy metal, cobalt is one of them found in Earth's crust and used in different products and
developments like electroplating, due to its hardness and resistance to oxidation, magnet, and
battery manufacturing, electric cable manufacturing, mining, pigments, automotive
industries, stainless steels alloys, coloring, catalysts, etc.14%14! Hence, this is one of useful
metal for industries. Again, cobalt is beneficial for the human body as a part of vitamin B12.
Therefore, the presence of Co(ll) in trace amounts is necessary for life but a higher
concentration may be harmful to human health. Compared to other heavy metals, nickel is a
moderate toxic element and has diverse applications in various industries. It is widely used in
the steel industry due to its abundant usage in electroplating for excellent alloying

metal 242143 Furthermore, in the structure of enzyme urease contains nickel ion which plays
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an effective role for domestic animals and plants.t4* Although it's a critical role in human
life, exposure to nickel compounds in higher concentrations causes severe disorders to the
human organism like respiratory system cancer, nickel-eczema, etc.>4> Copper is an essential
transition metal ion in human health and plays a significant role in several biological
processes.'® The Cu?" ion regulates a decisive role in catalytic cofactor for some
metalloenzymes, including cytochrome ¢ oxidase, superoxide dismutase, and tyrosinase.l4’-
149 Hence, daily consumption of Cu?" is necessary for keeping good health. At high
concentrations, Cu?* reacts with oxygen to generate reactive oxygen species (ROS; 0%, 027,
.OH) that cause oxidative damage to proteins, lipids, and nucleic acids.>**152 Numerous
studies show that the cellular toxicity of copper ions causes Alzheimer's disease, prion
disease, Indian childhood cirrhosis (ICC), Menkes and Wilson diseases. %315 Furthermore,
Cu?* can also cause pollution in drinking water. In the human body, zinc is the second
transition metal ion after iron and plays a significant role in several biological processes®*®,
like immune function,>*’ pathology,'%¢1%° brain function, gene transcription,® mammalian
reproduction, and muscle contraction.>! Zinc constituent of more than 300 biomolecules also
causes some diseases in the nervous system, such as Alzheimer's disease,*% ischemic stroke,
Parkinson's disease, amyotrophic lateral sclerosis,% infantile diarrhea, and epileptic
seizures.>® For plant growth, molybdenum is essential and has been known since the

1930_1.65—1.67

Metal ions are essential for healthy life but they are toxic after a limit of consumption.
World Health Organization (WHQO), Central Pollution Control Board (CPCB), Indian
Standard Institution (ISI), and Indian Council of Medical Research (ICMR) defined the safe

limits or maximum contaminant levels of ions in drinking water (Table 1.1).

From the above discussion, it is clear that the detection and quantification of these

metal ions are very crucial and thus, it is emerging as a significant research topic.
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Table 1.1. Permissible limits of drinking water quality (in the unit of mg/liter)

Parameters WHO ICMR ISI
Iron 0.1 1.0 0.3
Copper 1.0 1.5 0.05
Magnesium 50 - 30
Sodium 200 1100-3300 mg/day | -
potassium - 1100-3750 mg/day | -
Calcium 75 200 75
Cadmium 0.005 0.01 0.01
Lead 0.05 0.05 0.10
Mercury 0.001 0.001 0.001
Arsenic 0.05 0.05 0.05
Zinc 5.0 0.10 5.0
Chromium - - 0.05
Selenium 0.01 - -

1.3. Analytical Methods and Advantages of Fluorescence Technique

Different analytical methods (volumetric, electrochemical, spectrophotometric and
gravimetric etc.) are used for quantitative analyses of ions and elements. But, elemental
analysis was carried out by different techniques like inductively coupled plasma-atomic
emission spectrometry (ICP-AES),181% yoltammetry,"® flame or graphite furnace atomic
absorption spectroscopy (AAS),’! flame atomic absorption spectroscopy (FAAS),"
inductively coupled plasma mass spectrometry (ICPMS),*"® thin chitosan films'"1" and
various functionalized metal nanoparticles®’®%" etc. UV-visible and fluorescence
spectroscopic methods are commonly used ways in addition with the most advantageous
methods to recognize environmentally and physiologically important analytes and this
importance may be due to their low detection limits (LOD) and also applicable for cell
imaging in biological mediums. In biochemical and chemical research, fluorescence-based
techniques are important tools due to its appropriate and valuable criteria of a non-invasive
nature, appreciable detection selectivity, quick response, high intrinsic sensitivity, cost-

effectiveness, operational simplicity, easy signal detection and high temporal resolution.




SUCUCE N oNERAL INTRODUCTION

1.4. Fluorescent chemosensors and their classification:

Fluorescent chemosensors are specially devised in such a way that they can generate
information about the recognition of the target chemical species by the means of fluorescence
emission. As stated earlier fluorescent chemosensors are composed of three components, the
receptor part, the signaling moiety, which is termed fluorophore here and sometimes there is
a spacer that links the other two units. When the target analyte is an ion, the receptor in the
fluorescent chemosensor is termed ionophore and the fluorescent chemosensor is termed
fluoroionophore. At present fluorescent chemosensors are vastly used by scientists and even
for industrial means owing to their high sensitivity for the target analytes, very economical
and easy operational methods for detection, easy monitoring, and fast response ability.
Fluorophore can give rise to two types of signaling changes, quenching of fluorescence
emission and enhancement of fluorescence emission.

1) Quenching of fluorescence emission- in this process by the means of chelation with the
target analyte or due to the collision with other molecules (which can be analyte also) in the
surroundings the emission of the sensor gets quenched which is termed as chelation enhanced
quenching (CHEQ) effect.

i) Enhancement of fluorescence emission- in this process the emission of the sensor gets
enhanced as a consequence of binding with the analytes. This effect is known as chelation
enhanced fluorescence (CHEF).

Again, on the basis of the nature of the fluorescence signaling occurred upon analyte
binding and the reversible or irreversible nature of the mechanism of the interaction with the
target analyte fluorescent sensors can be classified into four discrete groups: (i) Turn-off, (ii)

Turn-on (iii) Ratiometric and (iv) Chemodosimeters (Figure 1.1).

jEN
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Figure 1.1 Simplified illustration of (a) turn-on, (b) turn-off and (c) ratiometric fluorescent
chemosensors.

1.4.1. Turn-on fluorescent chemosensor: These type of chemosensors exhibits an
amplification in the fluorescence emission as a consequence of binding with the target
analyte. It can be either non-fluorescent or weakly fluorescent which turns into highly
emissive compound after the chelation with the analyte. In this case the analyte binding
process is reversible in nature. If some strong chelating agent like EDTA or other apposite
anion is added externally to the solution of the chelated complex of the metal ion and the
ligand, it can snatch out the metal ions from metal complexes and as a result, the emission
gets quenched.

1.4.2 Turn-off fluorescent chemosensor: these types of chemosensors are generally highly
emissive. The fluorescence emission gets quenched upon the binding with the analyte. This
process is also reversible in nature.

1.4.3. Ratiometric fluorescent chemosensor: The fluorescent chemosensors of the previous
two types exhibit an increase or decrease in the emission intensity as a result of binding with
the target analyte. Now, as here the only detectable signal is the fluorescence intensity,

several factors like the instrumental efficiency, illumination intensity, environmental
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conditions, the effective thickness of the cell in the optical beam and chemosensor
concentration can affect the signal output. It is advantageous to use a ratiometric fluorescent
measurement to get rid of these effects. Ratiometric sensors have an edge over typical
fluorescence chemosensor as the later work on the basis of monitoring of emission intensity
at a single wavelength for precise analysis. It is advantageous to have an indicator that shifts
wavelengths at the same time maintaining strong emission while responding to the target
analyte. Ratiometric detection collates the emission intensity ratios at two different
wavelengths before and after recognition of the target analytes. The ratio of the emission at
two properly chosen wavelengths would then cancel out most or all of the plausible
variability as stated above,! 7818

1.4.4. Chemodosimeter: Chemodosimeters are abiotic molecules used for analyte
recognition associated with the irreversible transduction of an observable signal.
Chemodosimeters are designed in such a way that the target analyte which can be anion,
cation or neutral molecule can induce a specific reaction involving both making and breaking
of the covalent bonds (Figure 1.2). Therefore, chemodosimeters are often advantageous
being associated with high selectivity. Products formed in this process are different from the
designed chemodosimeter which exhibit optically different properties.t 8183

—o—@

Formation Of Adduct
Receptor unit

Spacer Targate Analyte

O @_,_D
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x + @

Oxidation/Ring Transformation

Figure 1.2 Pictorial representation of various types of fluorescent Chemodosimeter.
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1.5. Fluorescence sensing mechanisms

An ideal fluorescent sensor must have the three basic requirements; as given in
Figure 1.1. Normally, ‘Turn-On’ and ‘Turn-Off’ type fluorescence sensing are observed.
‘Turn-On’ type may have any of three different categories viz. normal fluorescence
enhancement, ratiometric enhancement and wavelength shift. But in ‘Turn-Off” type only
quenching of fluorescence is observed.

1.5.1. Paramagnetic fluorescence quenching: It is a ‘Turn-Off” type fluorescence process
and in this method existence of a paramagnetic metal ion to the fluorophore, the generally
forbidden Intersystem Crossing (ISC) becomes faster and it is termed as the paramagnetic
effect. Metal complexes undergo ISC from S; to T; state of the fluorophore upon excitation

and accordingly deactivated through non-radiative processes (Figure 1.3).284

Analyte

Fluorescence Quenching

Figure 1.3 Diagram showing binding of a paramagnetic ion (eg. Fe**, analyte) with
fluorophore, fluorescence quenching phenomenon.

1.5.2. Photo-induced electron transfer (PET): A Photo-induced electron transfer (PET)
fluorescent probe is contained of fluorophore-spacer-receptor compartments and a small
aliphatic spacer present between the fluorophore and receptor units. Usually, PET occurs

from O, S, N and P donor centers with lone pair of electrons to the HOMO. After excitation,

)



SIS ENERAL INTRODUCTION

an electron of the free receptor from HOMO is transferred to HOMO of fluorophore, which
an intramolecular electron transfer happens in the unbound state and no fluorescence is
observed. However, the bounded receptor caused the electron pair to interact with analyte,
which makes the HOMO of receptor to lower in energy than that of the fluorophore i.e. when
the donor atom of the lone pair binds with the metal ion, the PET process is prevented and the
fluorescence ‘switch-ON’ occurs (Figure 1.4).18 Furthermore, the PET effect depends on

solvent polarity if the solvent polarity is increased then electron transfer is easier.

ho PET
e

ho PET

\l {;\ §

S g -2

=>

Spacer
Fluorophore Receptor

Fluorecence Signal

_l_ LUMO

LUMO

& +f

l HOMO HOMO

HOMO
Fluorophore Free receptor Fluorophore Free receptor

Figure 1.4 Schematic diagram for PET mechanism.

1.5.3. Chelation enhanced fluorescence (CHEF) and Chelation enhanced quenching
(CHEQ): In a fluorescent probe, when a metal ion binds with receptor, emission intensity
may increase or quenched and accordingly named as chelation enhanced fluorescence
(CHEF) or chelation enhance quenching (CHEQ) respectively causing blue or red shift of the
fluorescence band (Figure 1.5).2% In CHEF, when analyte coordinated with receptor, the
molecule becomes more rigid and energy is then transferred by radiative pathway. In
guenching process, the spin-forbidden intersystem crossing (ISC) become faster due to

paramagnetic metal ion is in the proximity of the fluorophore. Metal complexes upon

jE
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excitation undergo ISC from S; to Ty state of the fluorophore and subsequently deactivated

through the non-radiative processes.

\ "“ \ R\
—_— Fluoroscence Enhancment
Analyte
Weak Fluoroscence

Fluoroscence Quenching

Figure 1.5 Schematic diagram shows CHEF and CHEQ processes.

1.5.4. Intra and intermolecular charge transfer (ICT): In an ICT system, a fluorophore is
in direct interaction with a receptor; one terminal is electron rich and the other terminal is
electron poor resulting a ‘push—pull’ system (Figure 1.6). The fluorophore electron density is
affected during the recognition processes of coordination between the recognition group and
the analyte and changes of luminescence emission is observed. Intra and intermolecular
charge transfer (ICT) causes substantial shifts in the absorption and fluorescence emission
properties. Between PET and ICT probes, there is a difference only in the way of
fluorescence responds during the recognition processes. In PET process, there are no exact
spectral shifts, but, ICT shows clear ratiometric shifts in the fluorescence emission band

during the binding courses.*®
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Figure 1.6 Schematic diagram shows mechanism of ICT.

1.5.5. Fluorescence resonance energy transfer (FRET): FRET results in a transfer of
excitation energy by the interaction between donor and acceptor. The whole process includes
several factors like the spectral overlaps between the absorbance of donor and emission of
acceptor, the dipole moment of the molecules, the distance between donor and acceptor etc.
Here, the spectrum overlap between the absorption spectrum of fluorophore 1 (Acceptor) and
the emission spectrum of fluorophore 2 (Donor) is vital to allow FRET process (Figure 1.7).
In FRET, the energy is transferred from the excited Donor to Acceptor having longer-

wavelength (A + D* — A*+ D), which is coupled in resonance and acceptor emits light with

a loss of emission from the donor.1-8818°
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FRET / Fluorescence
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Figure 1.7 Schematic diagram of FRET process

1.5.6. Excited-state intramolecular proton transfer (ESIPT): ESIPT process commonly
occurs in the molecules having a five/six membered ring which undergoes tautomerization
and is based on the large Stokes’ shift (Figure 1.8). Generally, the enol (E) form of
molecules exist as unexcited in which five/six membered ring with intramolecular hydrogen-
bond is formed and upon photo excitation it undergoes tautomerization process to a keto form
(*E*—1K*) at very fast. Then, ESIPT process occurs and the intramolecular hydrogen bond
also stabilizes the keto form. Both the radiative decay and the deactivation path lead to
exciting keto (K*) form into the ground state keto (K) forms. Subsequently, the radiative

decay is slower than ESIPT and the emission of ESIPT chromophores is very often.:*
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Figure 1.8 Schematic diagram for ESIPT process.

1.6. A concise literature survey on recent fluorescent chemosensors:

Chemosensors of different types have been reported for different metal ions, e.g. A", Zn?*,
Fe3*, Cr¥*, Cu?', etc. over several years. Many of these have been crafted by embodying
various fluorophoric units such as pyridoxal, rhodamine, DFP, quinoline, anthracene,
BODIPY, coumarin, pyrine, etc. A concise literature survey on the recently published reports
on different chemosensors for cations on the basis of the fluorophore used are epitomized
afterward.
1.6.1. 4-Methyl-2,6-diformylphenol (DFP) based sensors:

4-Methyl-2,6-diformylphenol (DFP) is extensively used to synthesis acyclic as well as
macrocyclic ligands. These ligands are produce tremendous type of transition metal
complexes and widely used fluorophoric constituent for the fabrication of probes for various
analytes. The DFP base products have been capable to sense cations (like AI**, Zn?*, Cu?*,
Mg?*, Hg?*. etc.) anions (like N3", H2PO4, PO4%, CH3COO", CIO", H2AsO4, AsOs® etc.) and
small neutral molecules (like cysteine, mandelic acid and glutathione).>%*"1*® DFP holds

two aldehyde groups, there is sufficiently of choice to scheme effective fluorophoric probes
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for a specific species. A strong knowledge will lead to synthesis the future fluorophoric
probes.

Bhanja et al.>*? reported a DFP based aza-crown Schiff base ligand (DFP 1, Chart
1.1). The chemosensor was selectively sensing AI** and Zn?* in DMSO water medium by
turn-on fluorescence at 580 nm (AI**) and 505 nm (Zn?*), emission wavelengths. The limit of
detections was calculated as 1.2 pM (AI**) and 21 nM (Zn?*), respectively. Cell-imaging
study of the probe was done in SCC084 (Human Oral carcinoma) cell lines to explore its
efficacy to identify Zn?* and AI** ions in a living cell. The probe was also explored for

theoretical DFT study and building logic gates (OR and NOT).
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Chart 1.1: DFP based chemosensors.
Hazra et al.'®® reported a Schiff base DFP 2 (chart 1.1) derivative of DFP and 2-
aminopyrimidine which was applied for the fluorescence turn-on sensing of AI** in DMSO :
water (v/v, 9:1, 10 mM HEPES buffer at pH 7.4) medium. The limit of detection was
calculated as 1.27 uM. In the presence of AI** ion, the fluorescence intensity was enhanced

12 times at 493 nm. The chemosensor was explored to identify AI** in a real sample.
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Dey et al.1% reported a DFP based dual signaling Schiff base ligand (DFP 3, Chart
1.1) which was found to exert fluorescence and colorimetric turn on sensing towards the Zn?*
and AI** ions. The chemosensor showed an aggregation induced emission (AIE) phenomenon
by manipulating the THF water solvent ratio which exerted robust green emissive fluorogenic
aggregates. Fluorescence increment by 195-times and 168-times in presence of AI** and Zn?*
was observed at 480 nm and 508 nm, respectively. PET and CHEF processes were
responsible for fluorescence enhancement. The binding constants and stoichiometry were
calculated as 7.63 x 10* M™%, 3.42 x 10* Mt and 1: 1 for both AI** and Zn?*, respectively.
The probe showed a high sensitivity for the detection of AI** and Zn?* ions with low limits of
detection values like 21 nM and 30 nM, respectively. Besides this the probe was used as a
chemosensor for explosive 2,4,6-trinitrophenol (TNP) with a LOD value of 1.74 uM.

Muistri et al. reported a DFP base zinc sensor (DFP 4, Chart 1.1) with N3O donors
which was obtained from the condensation reaction between DFP and salicylhydrazide (1:2)
in acetic acid and ethanol medium.% The chemosensor showed weak emission at 512 nm
wavelength (Aex=390nm) in water : THF (v/v, 4:6, HEPES buffer at pH 7.0) medium. Upon
the addition of Zn?* ions, the fluorescence intensity enhancement was 680 times at 486 nm.
The binding stoichiometry (1:2) was confirmed by X-ray diffraction analysis of the zinc-
probe complex. The ligand dissociation constant (Kq ) value was calculated as 0.85 pMZ.
Limit of detection value was 2.88 ng/L for zinc ions. Chemosensor was explored to identify

Zn?* ions in A375 human melanoma cancer cells.

Parua et al. reported a new chemosensor DFP 5 (chart 1.1) which was obtained from
the condensation reaction between p-toluidine and DFP followed by ethyl cyanoacetate in the
presence of EtzN (triethylamine).>* The probe exhibited strong emission at 595 nm (Aex: 400
nm) in water : acetonitrile (v/v, 1:4, HEPES buffer at pH 6.8). Significant quenching of the

fluorescence in presence of Cu?* ion has occurred which inhibits the ESIPT process. The
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quantum vyields were found as 0.090 and 0.015 for the probe and Cu-bound probe,
respectively. The binding stoichiometry 1:2 was confirmed from single crystal X-ray
structure of the Cu-complex. It showed the binding side of the probe, which was phenolic
oxygen and imine nitrogen atom from each of the probes. The binding constant was
calculated as 2.19x10% and 1.03 x10° for Cu?* and S?, respectively. The limit of detection
value was found as 7.92 x107 M. Upon the addition of sulfide anion, the Cu-bound
chemosensor fluorescence intensity was enhanced at 595 nm. The limit of detection value
was calculated as 5.87 x10”7 M for sulfide anion. The chemosensor was applied to fabricate

the molecular logic gate.

Another DFP based Schiff base chemosensor DFP 6, synthesized (Chart 1.1) for
selective detection of both Zn?* and Cu?* was reported by Ghorai et al.*®” The chemosensor
showed rapid response through colorimetric and fluorescence changes for both the ions. Both
of the metal ions formed complexes with the probe with 1:1 stoichiometry as indicated by the
Job's Plot. The probe bound the metal ions in reversible manner. The detection limit values
were determined for Cu?* and Zn?* as 2.29 nM and 3.67 nM, respectively. The cell-imaging
experiment of the probe was done in Candida albicans cells to explore its efficiency to
identify both Zn?* and Cu?* ions in the cell imaging study. Molecular logic gates were
fabricated using the system.

Roy et al. constructed a chemosensor (DFP7, chart 1.1) combining rhodamine and
DFP unit for sensing trivalent metal ions (AI**, C and Fe®*") in methanol : water (v/v, 9:1,
HEPES buffer at pH 7.4).1 % The chemosensor showed a response through colorimetric and
fluorescence changes for these cations. Also, the fluorescence intensity of the chemosensor
was enhanced at 550 nm by 800(Fe®*)-, 588(Cr*)- and 1465(Al**)-times in presence of
trivalent metal ions. The binding constant values were calculated as 8.74 x10% 1.47 x10° and

6.24 x10* M1, for Fe**, AI** and Cr®*, respectively. The quantum yield of the chemosensor
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and metal bound chemosensors with Fe3*, AI** and Cr* were measured as 0.00036, 0.1473,
0.2428 and 0.1296, respectively. The LOD values were calculated as 14.00, 6.97 and 15.80
nM for Fe3*, AI** and Cr®*, respectively. The chemosensor was explored to detect AI**, Cr*

and Fe3* ions in SH-SY5Y cells.

In another work, Dey et al. reported a new zinc sensor (DFP8, chart 1.1), synthesized
from a 1:1 condensation reaction of 2-aminobenzoimidazole with DFP in acetonitrile.>% It
showed weak emission at 528 nm (Aex: 445 nm) in methanol : water (v/v, 9:1, HEPES buffer
at pH 7.2). The enhancement of fluorescence intensity was increased eight fold due to the
binding with the Zn?* ion, which was attributed to the PET-off process. Zn?* ions formed
complexes with the probe with 1 : 1 binding stoichiometry. CHEF process was responsible
for fluorescence enhancement. The binding constant value was measured as 4.38x10* M,
The quantum vyields of the probe and Zn-bound probe were shown as 0.02 and 0.18,
respectively. The LOD value of the Zn?* ion was measured as 0.832 nM. Chemosensor was

explored for the cell-imaging study of Zn?* ions on A549 human lung cancer cell lines.
1.6.2. 3-hydroxy-2-methylpyridine based vitamers sensors:

3-hydroxy-2-methylpyridine based vitamers are water-soluble and naturally occurring.
Namely, pyridoxamine, pyridoxal, pyridoxine and their phosphorylated products, are called
vitamin Be. This vitamer contributes to around 140 enzymatic reactions in human body like
racemization, decarboxylation and transamination. Pyridoxal is also used as anticancer agent.
It has been widely used in the areas of sensing and biosensing due to its bioactivity, solubility
in aqueous medium, water solubility, attractive photophysical properties good chelating

ability, and easy structural modifications. 1400110
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Chart 1.2: Pyridoxal based chemosensors.

A turn-off fluorescent pyridoxal based chemosensor (P 1, chart 1.2) was reported by Hussain

et al.}1% for the sensing of Zn?" ions in a aqueous buffer solution. Probe P1 exhibited weak

fluorescence and the addition of Zn?* ion enhanced the fluorescence intensity 12 times at 470

nm. Ligand P1 formed a complex between Zn?* and P1 in a 1 : 2 binding stoichiometry. The

LOD and association constant values were calculated as 2.77x108 M and 1.2x10° M,

respectively. They reported two single crystal structures and also, done reversibility

experiment with EDTA. Additionally, the capability of the probe to detect Zn?* in human

embryonic kidney (HEK293) cells was studied.

In another work, Mondal et al. reported a new pyridoxal derivative P2 (chart 1.2)

was obtain by refluxing with an equal molar of N,N-dimethylethylenediamine. It exhibited

Zn?* selective turn-on emission at 483 nm with excitation at 411 nm in water-ethanol medium

(vIv, 1:4, 25 mM Tris buffer at pH 7.4).%%%" The emission intensity enhanced due to the
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inhibition of excited state intramolecular proton transfer (ESIPT), C=N isomerization and
chelation-enhanced fluorescence (CHEF). The limit of detection value was calculated as
4.078 mM for Zn?*. Jobs plot analysis was proved 1:1 metal:probe binding stoichiometry.
Probe P2 was explored to the cell-imaging study of intracellular Zn?* in human lung cancer
A549 cells. In further study, a penta-coordinated Zn?* complex was produced and
characterized by using X-ray diffraction analysis.'% Here, Zn?" was binding with two
nitrogen and one oxygen donor atoms from P2, one water molecule and one azide ligand. The
Zn-complex exhibited 17 times higher emission intensity at 462 nm than P2 in water :
methanol (v/v, 1:9, 10 mM, Tris—HCI at pH 7.4,). The LOD value was calculated as 0.295
mM for Zn?*ions from emission titration. Also, Probe P2 was valid for live cell imaging in
various cell lines (pollen, bacteria and fungi). The same probe (P2) exhibited fluorescence
quenching at 500 nm for the sensing of Cu?" ions in a methanolic medium. This quenching
occurred due to the CHEQ effect. The limit of detection value was calculated as 10 mM for

Cu?* 1193 The probe was explored to detect Cu* ions in live HelLa cells.

A new Schiff base chemosensor P3 (chart 1.2) was obtained from a condensation
reaction between pyridoxal and 2-aminobenzohydrazide. The probe exhibited weak
fluorescence at 415 nm in water-DMSO medium.1% In the presence of Zn?*, the probe
showed a 7.5 times emission increment at 415nm due to the CHEF process. The binding
stoichiometry between P3 and Zn?* was 1:1, which inhibited the C=N isomerization at the
excited state. The LOD value was calculated as 0.32 mM for Zn?*. Probe P3 was explored to
identify Zn?* ions in live HelLa cells. Again, probe P3 exhibited a 12.5 times emission
intensity enhancement at 480 nm upon the addition of CN™ anions. The limit of detection
value was calculated as 0.153 mM for CN™. In addition, probe P3 detected CN™ anions as
colorimetrically and changed from colourless to lime yellow. A new absorbance band of P3

was observed at 431 nm upon the addition of CN™. The limit of detection was calculated as
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0.17 mM from UV-vis titration. Further, This group synthesized a Schiff base P4 (chart 1.2)
with refluxing 3-hydroxy-2-naphthoic hydrazide and pyridoxal for the sensing of Zn?* and
Cysteine in water-DMSO medium.>% The interaction of P4 with Zn?* caused fluorescence
guenching at 475 nm with excitation at 375 nm, which permitted the ratiometric sensing of
Zn?* jons and the limit of detection value was calculated as 0.873 mM. The complexation
between P4 and Zn?* in a 1:1 binding ratio due to the interaction with imine—N, Pyridoxal—
OH and carbonyl-O. Probe P4 was applied for the intracellular cell-imaging of Zn?* ions in
HeLa cells. Also, the Zn-bound probe showed fluorescence gquenching at 525 nm in the
presence of Cys and LOD value was calculated as 0.663 mM. Cys is coordinated with the
additional coordination sites available in the P4-Zn?* complex. In addition, the absorbance at
435 nm of the complex P4—Zn?* was quenched upon the addition of Cys with a visible colour
difference from light yellow to colourless. The complex P4-Zn?" showed a sensitivity limit

of 0.286 mM for Cys.

Anand et al. reported, a pyridoxal-2-hydrazinopyridine Schiff base P5 (chart 1.2),
which was working for the emission turn-on sensing to detect Zn?* ions in an aqueous
solution of DMSO : water (v/v, 1:99, 10 mM Tris at pH 7.4).1% The complex formation
between P5 and Zn?* in a 1:1 stoichiometry ratio caused a selective emission enhancement at
470 nm with excitation at 402 nm. The limit of detection was calculated as 70 nM for Zn?*

ions. Probe P5 was explored to detect Zn?* ions in live HeLa cells.

The six coordinated ligand N1,N4-bis(pyridoxylidene)triethylenetetramine P6 (chart
1.2) was designed for complex formation with Zn?*, Cd?*, Ni?* and Mn?* in the solid state.
The presence of Zn?* in a methanol-water medium (v/v, 9:1, at pH 7.5) exhibited as 3 times
luminescence intensity enhancement at 460 nm due to CHEF process.1% The fluorescence
enhancement caused complexation and inhibited PET process. The limit of detection value

was calculated as 10 nM from 3-c method.
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A novel Schiff base P7 (chart 1.2) derivative of pyridoxal and 1,2-
diaminocyclohexane exhibited emission enhancement at 475 nm upon the accumulation of
Zn?* in a water-ethanol (v/v, 1:4, HEPES buffer at pH 7.4).21% The limit of detection value
was determined as 5.9 mM for Zn?* ions and a linearity range of 5 to 45 mM. Probe P7 has
real-world application to detect Zn?* in cell-imaging of human gastric adenocarcinoma
(AGS) cells. Further, the Zn-bound chemosensor was efficient to mimic the phosphatase

activity.

Another, pyridoxal base P8 (chart 1.2), complexes with Zn?*, was reported and it’s
DNA binding and insulin-enhancing activity were explored.*1% Receptor P8 was detect Zn?*
ions in methanol-water (v/v, 98:2, , pH = 7.5 Tris—=HCI buffer) medium. The weakly
fluorescent probe P8 showed fluorescence enhancement at 469 nm with excitation 265nm,
upon the addition of Zn?* with a limit of detection 400 mM. The monomer—excimer based
probe P8 was produced by refluxing 1-aminomethylpyrene with pyridoxal and used for the
detection of Zn?* in water-DMSO medium.11° Probe P9 exhibited weak fluorescence at 417,
397 and 378 nm because of the monomeric pyrene. The complexation between P9 and Zn?*
in a 2:1 stoichiometry and the monomer bands were increased because of the inhibition of

PET. Then, a new band was observed at 485 nm due to the construction of excimer upon
face-to-face m—m stacking of pyrene moieties and the colour was changed from blue to bluish

green for different emissions. The Zn bound probe was used for the fluorescence sensing of
H2POgzand cysteine. The addition of H2PO4 and cysteine showed fluorescence enhancement
due to the snatching of Zn?* from the P9 bound-Zn?* compound. In contrast to H2POz, the
addition of cysteine exhibited emission enhancement of the monomer bands due to non-
covalent interactions between the probe and cysteine, which inhibited the PET effect. The

limit of detection values were calculated as 2.3 mM, 0.159 mM and 0.218 mM for Zn%*,
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cysteine and HzPOq, respectively. Probe P9 was explored to detect Zn?* ions in living HeLa

cells.
1.6.3. Rhodamine based chemosensors:

Rhodamine-based probes are efficient in both fluorescence emission and naked eye detection.
They are nonfluorescent and colorless due to the close spirolactam ring. When the
spirolactam ring is open, the dye is coordinated with a cation. Then, the closed spirolactum
ring opens up causing a strong emission, typically, an emission band at greater than 550 nm.
Two types of rhodamine derivatives are generally used in this purpose, namely, Rhodamine-

2B and Rhodamine-6G.
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Chart 1.3: Rhodamine based chemosensors.
Das et al. 11! was synthesized a rhodamine 6G-based chemosensor (R1, chart 1.3).
The probe was selective and sensitive towards trivalent metal ions AIP* (653-fold), Fe** (669-
fold), and Cr3* (667-fold) in water/acetonitrile (7 : 3, v/v, at pH 7.2) medium. The detection
limits were determined by 36 methods and found to be 2.57 uM, 0.78 uM and 0.47 uM, for
Fe3* AP and Cr®, respectively. The probe was explored in advanced level of molecular

logic gate devices.
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Another fluorescence probe (R2, chart 1.3) was synthesized by Kan et al.>**2 which
showed notable selectivity and sensitivity towards the AI** ion. The sensor exhibited a sheer
enhancement in the absorbance and fluorescence spectra along with a change in color from
colorless to pink with the addition of AI®* ions in methanol/water (1:1, v/v) medium with a
pretty short response time. The reversible nature of the chemosensor’s recognition
mechanism was proved by adding EDTA to the solution containing the probe and AI** ion,
which took the edge off the emission intensity. The probe was found to have a low limit of
detection as 0.314uM. Again, the sensor was applied for the recognition of AI** ion in real
life environmental water samples with a decent recovery rate. It was also applied to image

AlI** jons in soybean root tissue, zebrafish, human breast cells and natural water samples.

The Schiff base (R3, chart 1.3) derivative of a rhodamine-B and triphenylamine was
applied for the fluorescence resonance energy transfer (FRET) ratiometric fluorescence
specific sensing of AI®* over other important metal ions in methanol/water (v/v, 1/4, pH 7.2,
HEPES buffer (10 mM)).213 The complex was formed between R3 and AI** in a 1:1 binding
ratio, which caused FRET fluorescence enhancement with a sensitivity limit of 67 nM. The
probe R3 was explored to detect AI** in biological systems (such as human peripheral blood

mononuclear cells, PBMCSs) and the probe was used for INHIBIT logic gate.

Qiu et al.M* was reported two aqueous soluble chemosensor, based on 5-carboxyl
rhodamine and 6-carboxyl rhodamine (R4, chart 1.3). In aqueous medium, 5-carboxyl
substituent shows fabulous selectivity for Fe®*" over different common metal ions and
detection limit of 5.2 mM. The Probe was realistic for the intracellular cell-imaging of Fe*" in
living HelLa cells. But, 6-carboxyl substituent was not sensed to detect in Fe* ion. They
conclude that the fluorescence performance of xanthene-based probes was dependent on

substituent position.
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A rhodamine B based fluorescent probe (R 5, chart 1.3) was reported by Wang et al.
1115 for the “turn-on” detection of Fe®* ion with profound selectivity and sensitivity. The
detection limit and binding constant values of the probe towards Fe®** ions were calculated as
75.9 nM and 0.608 x10* M, respectively.1:1 binding stoichiometry was confirmed from
Job’s plot analysis. The probe was successfully used to identify Fe3* ions in Hela cells and
zebrafish.

A mesoporous silica rhodamine framework base compound (R6, chart 1.3) was
reported by Singha et al.,>*'® which senses multi metal ions like AI**, Cr¥*, Fe3* and Cu?* in
ethanol medium. The fluorescence enhancement of the chemosensor increased at 550 nm by
36, 17, 40 and 89 times in the presence of AI**, Cr¥*, Fe3* and Cu?*, respectively. The
quantum yield of the chemosensor and metal bound chemosensors with AI**, Cr¥*, Fe3* and
Cu?* were measured as 0.057, 0.389, 0.275, 0.348 and 0.557, respectively. The LOD values
were calculated as 3.79%107 M, 1.48x10°® M, 3.27x107 M and 7.4x10°8 M for AI®*, Cr¥*
Fe3* and Cu?*, respectively. Another benefit that the compound was used to remove of Hg?*
and Cu?* in an aqueous solution. Same group in 2019, was reported another silica Rhodamine
base compound (R7, chart 1.4) which selectively detected AIP*, Cr¥*, Fe3* ions in
water/ethanol (14:1, v/v) medium.>1” The limit of detection values were calculated as 23.5
nM, 13.4 nM and 69.7 nM for AI**, Cr¥* and Fe®*, respectively.

In another work, Guo et al. reported a rhodamine 6G-based fluorescent probe (RS,
chart 1.4)%'8 with a t-butyl pyrrole moiety as recognition site. Photophysical studies showed
that R8 exhibited excellent selectivity and sensitivity towards Cu?* ion over other metal ions
via ‘turn-on’ sensing in neutral acetonitrile aqueous media with detection limit of 0.38 uM
and the mechanism showed recognition process may due to Cu?* promoted hydrolysis

reaction of R8.



SIS ENERAL INTRODUCTION

\V4
- -~ :}::'1|
~ r HN_
HN. o 0. o NH —. ( T
1 | - |I I|I. p o ’_,’JI
o e Y ;‘\l M
- > - o L
—N i \\ e e Ty
. M 4 /3_4/\ _ ]I J J!. ]\-.
- N = N7 o NH
— -
RT R8
/=
E)\ﬁl‘\
o N _, 0 |
= s = A )
f\ \ s If I\\Q _"I': N--’N{

\\.” % N~ o~ P
oW AT
e Vs o “-\N- - |~|\ 9] FT .
J/J I"\_ s

R9 R10

Chart 1.4: Rhodamine based chemosensors.

A rhodamine-6G based chemosensor (R9, chart 1.4) was developed and
characterized as a reversible switch by Cheng et al.>**°. The probe had high selectivity for
Fe3* ions in water/ ethanol (V/V, 1/1, Tris—HCI at pH = 7.4). The spirolactam ring opening
mechanism of the rhodamine was prompted by fluorescence enhancement and Fe®** ion
binding. The limit of detection was calculated as 1.093x10% mol/L for Fe3* ion, and colour of
the chemosensing probe changed from colourless to pale-pink in the presence of Fe** ions. It
was efficiently applied to microscopic imaging for the identification of Fe3* in L929 cells.

A fluorescent probe (R 10, <chart 1.4) containing 3-methyl-2-
thiophenecarboxaldehyde and rhodamine B moieties was synthesized for selective
recognition ions by Li et al.}'?%, The sensor exerted highly selective and sensitive “off-on”
emissive responses toward the Hg?" ion. The LOD value was 1.5 ppb for Hg?" ions. Further,

the probe was utilized as a sensing material to detect Hg?* ions in MCF-7 cells.
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1.7. Concluding remarks and aim of my research work

During last three decades of research in physical sciences, chemical sciences,
biotechnology, neurobiology, engineering, technology etc., the chemosensing-based
spectrophotometric and electrochemical analytical techniques are advancing very fast. The
above discussion demonstrates the importance of fluorescence probes for biologically
important analyte detection. Considering the importance of techniques in the selective
sensing, our laboratory is also investing intellectual emotion in the design and application of
sensors on ions and small molecule analyses. A Schiff base has been widely explored for
various industrial applications and due to the biological activity; this class of compounds still
requires further exploration. The Schiff bases and their metal complexes both are very
interesting research area that constantly provides us with new information about recently
created compounds. To detect metal ions at very low concentration (uM to nM), there are
numbers of analytical instruments present, and these are very costly and also suffer
limitations in case of real-time detection on the field monitoring. In this thesis, some Schiff
base ligands have been synthesized (Chart 1.5) bearing different moieties, like as imine (-
C=N-), azo (-N=N-), amide (O=C-NH) etc. of 4-Methyl-2,6-diformylphenol, pyridoxal and
rhodamine derivatives. The probes and sometimes their coordination complexes are
synthesized by facile, green and economically cheap synthetic route followed by complete
spectral characterization and also confirmation of some structures by X-Ray analysis. The
Schiff base molecules are used as chemosensor for the detection of several biologically as
well as environmentally important ions such as Zn?*, AI**, Cu?*, Fe3* and Cr®*. All the Schiff
bases as well as their metal complexes have been characterized by various spectroscopic
techniques (FT-IR, NMR, Mass, micro analytical data) and have been used as metal ion
sensor and also use for live cell imaging studies. The structures are also confirmed by X-ray

diffractometric measurement whenever possible. Some of the studies also embraced
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preliminary computational studies using density functional theory (DFT) to procure some
breadth of view of the molecular level interactions between the probe and analytes. HeLa

cells and human breast cancer cells (MDA-MB-468) are used for bio-cell imaging.
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Chart 1.5: Design of target Schiff base probes.

1.7. Physical measurement:

(i) Elemental analysis: Micro analytical data (C, H, N) were collected on Perkin Elmer 2400
Series-11 CHN analyzer, USA elemental analyzer using the pure solid sample.

(ii) FT-IR spectra: FT-IR spectra (KBr disk, 4000400 cm™) by Perkin Elmer LX-1 FTIR
spectrophotometer with samples prepared as KBr pellets.

(iii) *H NMR spectra: 'H NMR spectra were obtained from Bruker 400 MHz spectrometer or
Bruker 300 MHz spectrometer using DMSO-d6, CD3OD and CDCIlz; as solvent and

tetramethylsilane as internal standard.
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(iv) Single crystal X-ray diffraction study: Attempts will be made to obtain single crystals
of the ligands and their complexes by slow evaporation of solvent from solution, or from the
diffusion of another solvent into the solution. Data will be collected on a Bruker SMART
Apex CCD area detector by graphite monochromated Mo K radiation with wavelength of
0.71073 A. X-ray data reduction, structure solution and refinement were done by using
ORTEP-32,1?! SHELXL-97,1122 and WinGX*!% programs. The structures were solved by
direct method.

(v) Mass Spectroscopy: A Water HRMS model XEVO-G2QTOF#YCA351 spectrometer
was used to record ESI mass spectra.

(vi) UV-Vis spectra: UV-Vis spectra were recorded by Cary 60 spectrophotometer (Agilent)
using the solution as required concentration. Solution will be kept in a quartz cell with 1 cm
path length and absorption spectra were recorded starting from visible to UV region.

(vii) Fluorescence spectra: Steady-state fluorescence measurements were accomplished with
HORIBA Fluoromax-4 spectrofluorimeter and Duetta-fluorescence and absorbance
spectrometer, HORIBA.

(viii) Estimation of Quantum Yield: Fluorescence quantum yields (®) were calculated by
integrating the area under the fluorescence curves using the following equation,

(Dsample = {(ODstandard X Asample x Ilzsample)/(ODsample>< Astandard X l'lzstandard)} x (I)standard

In the above equation, A is the area under the emission spectral curve, OD is the optical
density of the compound at the excitation wavelength and 1 is the refractive index of the
solvent. ®standard Value is taken as 0.52 (for Quinine Sulfate).

(vii) Life time measurement: The steady-state fluorescence lifetime measurements were
executed using a TCSPSC (time-correlated single photon counting) set up from Horiba Jobin-
Yvon. The luminescence decay data were collected on a Hamamatsu MCP photomultiplier

(R3809) and were analyzed using the IBH DAS6 software.

)



SUCUCE N oNERAL INTRODUCTION

(viii) Theory and Computational Methods:

Optimization of ground-state structures and energy calculations for all the fluorescence probe
and their complexes were carried out by DFT (density functional theory) method using the
Gaussian 09 package, where CAM-B3LYP or B3LYP was chosen as the basis
function.>1?41125 For C, H, N, O and S the 6-31G!?%-132 pasis set were assigned, while for
Zn, Cu, and Al the LanL2DZ!® basis set with effective core potential were employed.
Vibrational frequency calculations were performed for confirmation the optimized
geometries which represent the local minima, and these only yielded positive eigenvalues.
Time Dependent Density Functional Theory (TD-DFT) was also performed by the use of
conductor-like polarizable continuum model (CPCM),>13+1136 from this theoretical UV-Vis
spectral transitions are observed. The fraction of contributions of various groups in each
molecular orbital were calculated by carrying out GAUSSSUM. 137

(ix) Live cell imaging: Cell images were taken using fluorescence microscope.
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Abstract

Four rhodamine 6G based chemosensors (HsL2.1-HsL2.4) are designed for selective
detection of AI** ion. They are characterized using various spectroscopic techniques and X-ray
crystallography. All absorption and emission spectral studies have performed in 10 mM HEPES
buffer solution at pH 7.4 in H,O/MeOH (9:1 v/v) at 25 °C. In absorption spectra, chemosensors
exhibit intense band around 530 nm in the presence of AI** ion. Chemosensors (HsL2.1-HsL.2.4) are
nonfluorescent when excited around 490 nm. Presence of AI** ion enhances emission intensity (555
nm) in many times. Formation of complexes 2.1-2.4 is established with the aid of different
spectroscopic techniques. Limit of detection value obtains in the nanomolar range confirm high
sensitivity of the probes towards AI** ion. It has been observed that the presence of aliphatic spacers
in the diamine part and different halogen substituents in the salicylaldehyde part strongly influence

selectivity of the chemosensors towards AI** ion. The propensity of the chemosensors to identify

intracellular AIP* ions in triple negative human breast cancer cell line MDA-MB-468 by fluorescence

imaging is also examined in this study.
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2.1 Introduction

Metal ions play a crucial role in human life and in the environment. Therefore, their
detection is of immense importance to the biologists, chemists and environmentalists.?*
Scientists emerge in the development of new methodologies for recognition of these
cations.>?2?% Design and synthesis of new chemosensors for selective detection of

biologically and environmentally important cations needs special mention in this context.?%27

Aluminium is the highest abundant metal in the earth's crust.?821° Materials prepared from
aluminum are widely used in our society. They are used in food additives, textile industry,
water treatment plants, paper industry, production of light alloys, medicines (antacids),
cookware, etc. Aluminum toxicity causes Alzheimer’s and Parkinson’s diseases.?! Other Al-
contaminated diseases are amyotrophic lateral sclerosis, microcytic hypochromic anaemia,
osteomalacia and breast cancer.12217 Preparation of chemosensor for selective detection of
Al ion is a challenging task owing to its weak coordination ability, strong hydration ability
and interferences from other trivalent ions like Cr®* and Fe*'. Up to date, a considerable
number of organic probes for Al**ion 218223 have been synthesized, most of the probes suffer
from some drawbacks like insolubility in aqueous solution, synthetic procedures with
multiple steps, poor sensitivity and selectivity with target metal ions etc.?24226 AI** sensing
organic probes consist of important fluorophoric unit like rhodamine, anthraquinone,
BODIPY, salicylaldehyde, fluorescein, coumarin, etc.>?"23% Rhodamine based chemophores
are colourless and nonfluorescent due to presence of spirolactam ring. Sensing mechanism is
basically opening of spirolactam ring resulting strong emission. Low pH or acidic condition
also initiates opening of spirolactam ring. Therefore, selective choice of metal ion can
initiates spirolactam ring opening of rhodamine based probe. Literature study reveals that
rhodamine based probes can selectively detect various metal ions like AI¥*, Fe®*, Cré*, Hg?*,

Cu?*, etc.23+243 Some recently reported rhodamine based important chemosensors are
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collected in Chart 2.1. Chart 2.1 clearly shows that chemosensors reported in this present
work have certain advantages regarding crystal structure, real sample analysis and cell
imaging study in comparison with previously reported data.>** G. Yang et al.>** reported
two rhodamine-pyrazole-based both colorimetric and turn-on fluorescent chemosensors for
dual detection of Ni?* and AI** ions in alcohol and aqueous DMF medium. J. W. Jeong et
al.>*® have synthesized rhodamine-chloronicotinaldehyde -based “OFF—ON” chemosensor
for colorimetric and fluorescent detection of AI®* in acetonitrile medium. S. Chemate and
coworkers have used two rhodamine based OFF-ON fluorescent chemosensors for dual
detection of Hg?* and AI®* in aqueous solution.?#¥ S. B. Maity and coworkers have prepared
a rhodamine-1,2,3-Triazole based chemosensor for dual detection of AI** and fluoride or
acetate ions in CH3OH-HO (9:1) medium.24¢ Above examples did not report crystal
structures of the chemosensors and their biological cell imaging studies. In this work we have
successfully elucidated crystal structures of all four chemosensors and also perform their
biological studies. In an interesting work A. Roy and coworkers have synthesized a
rhodamine based dual chemosensor for detection of AI** and Zn?* lons in HEPES buffer.244
M. Ghosh and coworkers have prepared a chemosensor using rhodamine unit for detection
and discrimination of AI** and Hg?* ions in HEPES buffer.*" R. Alam and coworkers have
synthesized a rhodamine based trivalent fluorescent sensor which can selectively detect Fe3*,
APR* and Cr® ions in CH3OH-H,O (1:1).2%49 These works clearly show that these
chemosensors did not achieve their selectively towards AI** ions, whereas, our synthesize
chemosensors show selectivity only towards AI®* ions. Y. Fu and coworkers®*" have
synthesized a rhodamine 6G containing fluorescent probe for AI** ion. A. Sahana et al.
reported a rhodamine—pyrene compound for selective colorimetric and fluorimetric detection
of AI** ion and living cell imaging study.>**' In above chemosensors the LOD values are

observed in micro molar range, interestingly, our reported chemosensors give LOD values in
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nano molar range. A. Roy et al. have reported a rhodamine-based fluorescent
chemosensor?#4 for selective detection of AI** ions in H,O/MeOH = 1 : 9 (v/v) medium. B.
Sen and coworkers have also reported a rhodamine-based AI®* ion sensing organic
compound?#4 in EtOH-water, 1 : 3 (v/v) medium. A. Sahana and group have synthesized a
rhodamine-based fluorescent probe®*4 for selective detection of AI** ions in EtOH-water, 4 :
1 (v/v) medium. In all these examples medium is mainly organo-aqueous, whereas, our AI**

ions sensing studies are performed in MeOH-water, 1 : 9 (v/v) medium.

In this work, we have chosen hydrazine and 1,3 diaminopropane as amines, 3,5
dichlorosalicylaldehyde and 3,5 dibromosalicylaldehyde as aldehydes to prepare four
different rhodamine 6G based chemosensors HsL2.1, HsL2.2, H3L2.3 and HsL2.4,
respectively. All four chemosensors selectively detect AI** both colorimetrically and
fluorimetrically. Structure property relationship is established in this work. Variation of
amines and halogen substituents in the salicylaldehyde part control the extent of selectivity
towards AI** ion. Significant variation in different sensing parameters such as LOD, binding
constant and necked eye detection of AI®* ion are observed during this study. These
biocompatible chemosensors (HsL2.1-HsL2.4) also exhibit cell permeability and sense

intracellular AI** jon present in breast cancer cell line, MDA-MB-468 cells.

Chart 2.1. Literature survey of rhodamine based derivatives used in sensing of AI** ion.

Sl. | Probe Sensing | Sensing Binding | Limit of | Biolog | Refs.

N of metal | Media constant | detection | ical

0. ion(s) (LOD) study

1. | pyrazole-based chemosensor (Pry- | Al (DMF/H,0 | - 2.61x10® | No 44a
R6G) , 1/99, viv) M

2. | rhodamine B-2- | AP* CHsCN 2.96x10" | 2.86x10°® | No 44b
chloronicotinaldehyde derivative SM M
(RBCN)

3. | 3',6’-Bis(diethylamino)-2-(2- AR* CH3;CN:H, | 4.5x10% | 1.1x10® | No 44c
isothiocyanatoethyl)spiro- O (L:1,viv) | M1 M
[isoindoline-1,9'-xanthen]-3-one
2

4. | 1,2,3-triazole-ringappended AlF* CH3OH-H; | 2.55x10* | - No 44d
rhodamine dye (L) 0,91 M1

(VIv)
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5. | 2-(2-((3-(tert-butyl)-2- AR* 10 mM | 9.38x10% | 10.98x10" | Yes 44e
hydroxybenzylidene)- and HEPES M1 ® M and
amino)ethyl)-3'-6'- Zn? buffer and 76.92x10°
bis(ethylamino)-2',7'- (methanol/ | 4.75x10* | °M
dimethylspiro-[indoline-1,9'- water M1
xanthen]-3-one (HL-t-Bu) mixture)

(9:1, pH =
7.4)

6. | 3', 6’- bis(diethylamino)-2-(2-((2- | AI** HEPES- 4.66x10% | 0.005x10" | Yes 44f
((2- and buffered M1 M and
hydroxybenzylidene)amino)pheny | Hg? (20 mMm, | - 0.05x10®
Dthio)ethyl) spiro[isoindoline 1,9’ MeOH/H; M
xanthen]-3-one (L) O, 4/1, viv,

pH 7.4)

7. | (3-(3,5-dimethyl-pyrazol-1- Al, Fe | methanol/H | 8.2 x10% | 0.34x10° | Yes 44q
ylmethyl)-2-hydroxy-5-methyl- andCr |0 (1 : 1, | ML 67|M,
benzaldehyde (HL5) viv, pH | x10* M- | 0.29x10°

7.2) ! and | ® M and
6.0x10* | 0.31x10°
M1 M
8. | rhodamine-based derivative (L) AlF* H,O-EtOH | 3.14x10% | 3.26x10°° | Yes 44h
(4:1,viv) | M1 M

9. | (E)-3',6'-bis(diethylamino)-2-(2- AlF* HEPES 1.19x10* | 0.02x10° | Yes 44
(pyren-4- buffer (0.1 | M1 M
ylmethyleneamino)ethyl)spiro[isoi M;
ndoline-1,9'- xanthen]-3-one (L) EtOH-

HO, 4:1
viv; pH 7.4

10 | 3',6'-bis(ethylamino)-2-(2-(2- AF* 10 mM | 2.05x10% | 2.8x10° | Yes 44j
hydroxy-5- HEPES M1 M
methylbenzylideneamino)ethyl)- buffer, pH
27" 7.4,
dimethylspiro[isoindoline-1,9’'- H,O/MeO
xanthen]-3-one (HL-Me) H=1:9

(VIv)
11 | rhodamine Schiff base (L) AlF* HEPES 8.13x10* | 60x10° Yes 44k
buffer (1| M1 M
mM,  pH
7.4; EtOH-
water, 1 : 3
vIv)

12 | Rhodamine-diformyl p-cresol | APP* HEPES- 9.1x10% | 5x10°M | Yes 44|

conjugate (L) buffered M2
(0.1 M)
EtOH:wate
r
(4:1, viv),
pH 7.4

13 | 2-((3,5-dibromo-2- AR* 10 mM | 8.00x10% | 2.50x10° | Yes This
hydroxybenzylidene)amino)-3',6'- HEPES M M Work
bis(ethylamino)-2',7'- buffer, pH
dimethylspiro[isoindoline-1,9'- 7.4,
xanthen]-3-one, ( H3L2.1) (H.0/MeO

H)
(9:1 viv)

14 | 2-((3,5-dichloro-2- AlF* 10 mM | 6.90x10% | 1.40x10° | Yes This
hydroxybenzylidene)amino)-3',6'- HEPES Mt M Work
bis(ethylamino)-2',7'- buffer, pH
dimethylspiro[isoindoline-1,9'- 7.4,
xanthen]-3-one, ( H3L2.2) (H.0/MeO
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H)
(9:1 viv)

15 | 2-(3-((3,5-dibromo-2- AR* 10 mM | 1.37x10* | 0.053x10" | Yes This
hydroxybenzylidene)amino)propy HEPES M M Work
1)-3',6'-bis(ethylamino)-2',7"- buffer, pH
dimethylspiro[isoindoline-1,9'- 7.4,
xanthen]-3-one, ( H3L2.3) (H.0/MeO

H)
(9:1 viv)

16 | 2-(3-((3,5-dichloro-2- AlF* 10 mM | 1.03x10* | 0.040x10" | Yes This
hydroxybenzylidene)amino)propy HEPES M M Work
1)-3',6'-bis(ethylamino)-2',7'- buffer, pH
dimethylspiro[isoindoline-1,9'- 7.4,
xanthen]-3-one, ( H3L2.4) (H.0/MeO

H)
(9:1 viv)

2.2 Experimental section

2.2.1 Materials and physical measurements description

All reagent or analytical grade chemicals and solvents were collected from
commercial sources and used without further purification. Elemental analysis was carried out
using a Perkin-Elmer 240C elemental analyzer. Infrared spectra (400-4000 cm™) were
recorded using KBr pellets on a Nicolet Magna IR 750 series-1l FTIR spectrophotometer.
Absorption spectral data were collected using a Cary 60 spectrophotometer (Agilent) with a
1-cm-path-length quartz cell. Electron spray ionization mass (ESI-MS positive) spectra were
noted using a MICROMASS Q-TOF mass spectrometer. Fluromax-4 spectrofluorimeter was
used to collect emission spectral data at room temperature (298 K) in HEPES buffer at pH=
7.4 solution under degassed condition. A time-resolved spectrofluorometer from IBH, UK
was used to collect fluorescence lifetime data of 'H and *C NMR spectral data were

collected using a Bruker 400 and 300 spectrometers in DMSO-de solvent.
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2.2.2 X-ray crystallography

Single crystal X-ray data of chemosensors (HsL2.1-HsL2.4) were collected on a
Bruker SMART APEX-II CCD diffractometer the aid of graphite mono chromated Mo Ko
radiation (L = 0.71073 A) at room temperature. Data processing, structure solution, and
refinement were examined using Bruker Apex-I1 suite program. All available reflections data
in 26max range were harvested and corrected for Lorentz and polarization factors with Bruker
SAINT plus.2*® Reflections were then corrected for absorption, inter-frame scaling, and
different systematic errors with SADABS.24® The structures were solved by the direct
methods and refined with the help of full matrix least-square technique based on F? with
SHELX-2017/1 software package.>4’ All the non hydrogen atoms were refined with
anisotropic thermal parameters. C-H hydrogen atoms were attached at geometrical positions
with Uiso = 1/2Ueq to those they are attached. Crystal data and details of data collection and
refinement for HsL1-HsL4 were collected in Table 2.1.

Table 2.1. Crystal parameters and selected refinement details for the chemosensors (HsL2.1-

HsL2.4).

Complex HsL2.1 HsL2.2 HslL2.3 HslL2.4
Empirical formula | C33H30BraN4O3 | C33H30CIl2N4O3 C3zeH3sBraN4O3 C3sH36Cl2N4O3
Formula weight 690.43 601.51 732.51 643.59
Temperature (K) | 273(2) 273(2) 273(2) 273(2)
Crystal system triclinic triclinic monoclinic monoclinic
Space group P-1 P-1 P 2i1/c P 2i/c

a (A) 9.5600(16) 9.5793(10) 13.6753(18) 13.513(2)
b (A) 12.335(2) 12.2135(12) 9.5139(12) 9.3806(17
c (R) 13.635(2) 13.5543(14) 26.448(4) 25.521(5)
o(°) 92.659(4) 92.238(3) 90 90

B() 106.547(4) 107.023(3) 97.271(4) 94.479(6)
7(°) 95.976(4) 96.087(3) 90 90
Volume (A%) 1528.1(4) 1503.7(3) 3413.4(8) 3225.2(10)
yA 2 2 4 4

Dealc (g cm™) 1.501 1.329 1.425 1.325
Absorption 2.693 0.257 2.415 0.244
coefficient (mm™)

)
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F(000) 700 628 1496 1352

0 Range for data | 27.126- 2.191 | 27.257- 2.322 25.08-2.98 2.286-27.285
collection (°)

Reflections 69311 49439 49611 28853
collected

Independent 4237/0.0845 5048/ 0.0335 2356/0.1199 5615/0.1020
reflection / Rint

Data / restraints / | 6741/ 0/ 396 6688/0/ 383 7514/0/414 7061/0/406
parameters

Goodness-of-fit 1.040 1.028 1.025 1.110

on F?

Final R indices | R1=0.0678, R1 =0.0889, R1 = 0.1080, R1 = 0.1981,
[1>25(1)] WR2 =0.1662 | wR2 =0.2717 wR2 = 0.2952 wR2 = 0.5034
R indices (all | R1=0.1127 R1=0.1093, R1 = 0.2709, R1 = 0.2126,
data) wR2 =0.1915 | wR2 = 0.2983 wR2 = 0.4043 wR2 = 0.5103
Largest diff. peak | 1.692/-1.177 | 1.351/-0.687 1.248/ -1.204 1.001/-0.882

/ hole (e A?)

2.2.3 Synthesis of N-(Rhodamine-6G)lactam-hydrazine and N-(Rhodamine-6G)lactam-

propylenediamine

N-(Rhodamine-6G)lactam-hydrazine and N-(Rhodamine-6G)lactam-
propylenediamine were prepared by following literature procedure.>#®

2.24 Preparation of chemosensor (HsL2.1) [HsL2.1 =2-((3,5-dibromo-2-
hydroxybenzylidene)amino)-3',6'-bis(ethylamino)-2',7'-dimethylspiro[isoindoline-1,9'-

xanthen]-3-one]

A mixture of N-(Rhodamine-6G)lactam-hydrazine (2.0 mmol, 0.8564 ¢g) and 3,5-
Dichlorosalicylaldehyde (2.0 mmol, 0.5598 g) was heated in refluxing condition for ca. 4 h in
acetonitrile solvent. Very light yellow colour crystal was collected after evaporation of the

solvent.

Yield: 1.008 g (84%). Anal. Calc. for CssH30BraN4O3z: C 57.41%; H 4.38%; N 8.11%.
Found: C 57.18%; H 4.30%; N 8.02%.IR (cm™, KBr): v(C=N) 1621s; v(O-H) 3408s

v(C=0)1663s (Figure 2.1). ESI-MS (positive) in MeOH: The molecular ion appeared at m/z =

T |



e T e A R oo
691.11, consistent to [HsL2.1+1]" (Figure 2.2). UV-Vis, Amax (nM), (g (dm3mol-tcm™)) in
HEPES buffer at pH= 7.4: 345 (14020).

'H NMR (400 MHz, ds-DMSO) & ppm: 1.20 (-CHs) (t, 6H, J1=7.2Hz, J1=6.8Hz),1.84 (Ar-
CHs) (s, 6H), 3.13 (-CH2) (q, 4H), 5.11 (NH)(t,2H, J1=4.8,Hz J,=5.2Hz),6.20 (Ar-CH) (s,
2H),6.34 (Ar-CH) (s, 2H),7.06 (Ar-CH) (d, 1H, J=7.2Hz), 7.53 (Ar-CH) (s, 1H), 7.56-7.72
(Ar-CH) (m, 2H), 7.94 (Ar-CH) (d, 1H, J=7.2Hz),8.90 (-CH=N) (s, 1H),11.56 (-OH) (s,1H)

(Figure 2.3).
13C NMR (ds-DMSO, 75 MHz) & ppm:

14.59,17.44,37.92,66.24,96.32,104.13,106.13,114.16,119.04,121.58,123.78,124.36,127.20,12

8.26,129.47 ,132.40,134.90,136.25,148.47,151.48,151.88,161.87,164.27,166.13 (Figure 2.4).

. - r', .W W" 'ﬁhlﬂ‘ﬂ‘-

e, T 904 |
%T as r
If i

Figure 2.1. FTIR spectra of chemosensors (a) HsL2.1, (b) HsL2.2, (c) H3L2.3 and (d)

HsL2.4.
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AS SC 1L NEW- (0.045) Is (1.00,1.00) C33H29N403Br2 1: TOF MS ES+
100 691.0283 (0.0 mDa) 3.53e12

. 693.0271 (0.0 mDa)
689.0300 (0.0 mDa).

694.0320(0.0 mDa)

695.9698 (0.0 mDa)
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Figure 2.2. ESI-mass spectrum of chemosensor HsL2.1 (above is simulated pattern and

below is experimental finding).

Br b | i

..........................................................

Figure 2.3 'H-NMR of the chemosensor H3L2.1 in DMSO-ds recorded on a 400 MHz

Bruker NMR spectrometer.
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A

Figure 2.4. 3C NMR spectrum of HsL2.1 in DMSO-ds.

2.2.5 Synthesis of chemosensor (HsL2.2) [HsL2.2=2-((3,5-dichloro-2-
hydroxybenzylidene)amino)-3,6'-bis(ethylamino)-2',7'-dimethylspiro[isoindoline-1,9'-

xanthen]-3-one]

A mixture of N-(Rhodamine-6G)lactam-hydrazine(2.0 mmol, 0.8564 ¢g) and 3,5-
Dichlorosalicylaldehyde (2.0 mmol, 0.3820 g) was heated in refluxing condition for ca.4 h in
acetonitrile solvent. Very light yellow colour crystal was collected after evaporation of the

solvent.

Yield: 1.200g (87%). Anal. Calc. for Cz3H30CI2N4O3: C 65.89%; H 5.03%; N 9.31%. Found:
C 65.68%; H 4.88%; N 9.29%.IR (cm, KBr): v(C=N) 1619s; v(O-H) 3421s v(C=0) 1699s
(Figure 2.1). ESI-MS (positive) in MeOH: The base peak was appeared at m/z = 623.18,
corresponding to [HsL2.2+1]* (Figure 2.5). UV-Vis, Amax (nmM), (¢ (dm*molicm™)) in

HEPES buffer (10mM) at pH= 7.4: 345 (20440).
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IH NMR (400 MHz, ds-DMSO) & ppm: 1.20 (-CHs) (t, 6H, J1=7.2Hz, J;=6.8Hz), 1.84 (Ar-
CHa) (s, 6H), 3.15-3.09 (-CHy) (M, 4H), 5.11 (NH)(t,2H, J=5.2Hz), 6.20 (Ar-CH) (s, 2H), 6.
33 (Ar-CH) (s, 2H), 7.40 (Ar-CH) (s, 1H,), 7.51 (Ar-CH) (d, 1H, J=7.2Hz), 7.56-7.65 (Ar-
CH) (m, 2H), 7.94 (Ar-CH) (d, 1H,J=7.2Hz), 8.96 (-CH=N) (s, 1H),11.32 (-OH) (s,1H)

(Figure 2.6).
13C NMR (ds-DMSO, 75 MHz) & ppm:

14.59,17.44,37.92,66.24,96.32,104.13,106.13,114.13,119.04,121.58,123.78,124.36,127.20,12

8.26,129.47 ,132.40,134.90,136.25,148.47,151.48,151.88,154.27,166.13 (Figure 2.7).

AS-SA1A (0.045) Is (1.00,1.00) C33H29CI2N4O3Na 1: TOF MS ,ES‘,
623.1592 (0.0 mDa) 3.92e12
100
625.1573 (0.0 mDa)
|626.1598 (0.0 mDa)
627.1564 (0.0 mDa)
628.1578 (0.0 mDa)
0 m/z
100 200 300 400 500 600 700 800 900 1000 1100
AS-SA1A 56 (0.987) Cm (56) 1: TOF MS ES+
623.1154 841
100
625.1172
601.1315
451.1720
429.1898
452.1843 627.1120
0 NRPURPPOPPOPRPIR PN § FOPES PN ¢ P N » - miz
100 200 300 400 500 600 700 800 900 1000 1100

Figure 2.5 ESI-mass spectrum of chemosensor HsL2.2 (above is simulated pattern and below

is experimental finding).
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JK-SA-2L-1H

Figure 2.6. *H-NMR of the free ligand HsL2.2 in DMSO-ds recorded on a 400 MHz Bruker
NMR spectrometer.
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2.26  Synthesis of chemosensor  (HsL2.3)  [HsL2.3=2-(3-((3,5-dibromo-2-

hydroxybenzylidene)amino)propyl)-3*,6'-bis(ethylamino)-2*,7*-dimethylspir[isoindoline-

1,9'-xanthen]-3-one]

A mixture of N-(Rhodamine-6G)lactam-propylenediamine (2.0 mmol, 0.9128g) and 3,5-
Dichlorosalicylaldehyde (2.0 mmol, 0.5598 g) was heated to in refluxing condition for ca. 4 h

in acetonitrile solvent. Yellow colour crystal was collected after evaporation of the solvent.

Yield: 1.171 g (80%). Anal. Calc. for CssH3sBraN4O3z: C 59.03%; H 4.95%; N 7.65%.
Found: C 58.88%; H 4.78%; N 9.29%.IR (cm™, KBr):v(C=N) 1621s; v(O-H) 3401s v(C=0)
1663s (Figure 2.1). ESI-MS (positive) in MeOH: The base peak was appeared at m/z =
755.01, corresponding to [HsL2.3+Na]* (Figure 2.8). UV-Vis, Amax (nM), (¢ (dm*molicm™))
in HEPES buffer at pH= 7.4: 420 (47570).

IH NMR (400 MHz, ds-DMSO) & ppm: 1.20 (-CHa) (t, 6H, J1=9.6Hz, J1=9.2Hz), 1.84 (Ar-
CHa) (s, 6H),2.09 (-CHy) (d, 2H, J=16.8Hz), 3.13 (-CH>) (g, 4H), 5.11 (NH)(s,2H), 6.20 (Ar-
CH) (s, 2H), 6.34 (Ar-CH) (s, 2H), 7.06 (Ar-CH) (d, 1H, J=9.2Hz), 7.54 (Ar-CH) (s, 1H),
7.54-7.72 (Ar-CH) (m, 2H), 7.72 (Ar-CH) (s, 1H), 7.95 (Ar-CH) (d, 1H, J=8.8Hz), 8.90 (-

CH=N) (s, 1H),11.66 (-OH) (s,1H) (Figure 2.9).
13C NMR (ds-DMSO, 75 MHz) & ppm:

14.74,16.74.29.11,37.54,38.92,54.60,65.10,96.64,106.06,107.72,113.74,118.00,118.97,122.7
6,123.89,128.17,128.37,131.16,132.60,132.81,137.90,147.54,151.79,153.42,160.96,163.82,1

68.52 (Figure 2.10).
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Figure 2.8 ESI-mass spectrum of chemosensor HsL2.3 (above is simulated pattern and below

is experimental finding).

Figure 2.9 'H-NMR of the free ligand HsL2.3 in DMSO-ds recorded on a 400 MHz Bruker

NMR spectrometer.

substituent in enhancing its sensing performance

Development of rhodamine 69 based fluorescent chemosensors for Al3+ ion detection: effect of ring strain and

1: TOF MS ES+

755.1035 (0.0 mDa) 3.46e12
757.1024 (0.0 mDa)
53.1052 (0.0 mDa)
758.1047 (0.0 mDa)
759.1075 (0.0 mDa)
m/z
500 600 700 800 900 1000 1100
1: TOF MS ES+
755.0184 4.33e3
757.0137
753.0145
733.0503
175& 0320
o = Rl R miz
)0 60C 00 800 900 000 1100

JK-SC-2L-1H

T,

ppm



Chapter 2 Development of rhodamine 69 based fluorescent chemosensors for Al3+ ion detection: effect of ring strain and
substituent in enhancing its sensing performance

‘ ; \
bl DL

Figure 2.10 *C NMR spectrum of HzL2.3 in DMSO-ds.

2.2.7  Synthesis of chemosensor  (HsL2.4)  [HsL2.4=2-(3-((3,5-dichloro-2-
hydroxybenzylidene)amino)propyl)-3',6'-bis(ethylamino)-2*,7*-dimethylspir[isoindoline-

1,9'-xanthen]-3-one]

A mixture of N-(Rhodamine-6G)lactam-propylenediamine (2.0 mmol, 0.9128 g) and 3,5-
Dichlorosalicylaldehyde (2.0 mmol, 0.3820 g) was heated in refluxing condition for ca. 4 h in

acetonitrile solvent. Yellow colour crystal was obtained after evaporation of the solvent.

Yield: 1.008 g (84%). Anal. Calc. for CssH3sCi2N4O3:C 67.18%; H 5.64%; N 8.71%.Found:
C 67.18%; H 5.58%; N 8.59%.IR (cm™, KBr):v(C=N) 1634s; v(O-H) 3430s v(C=0) 1674s
(Figure 2.1). ESI-MS (positive) in MeOH: The base peak was appeared at m/z = 665.13,
corresponding to [HsL2.4+Na]* (Figure 2.11). UV-Vis, Amax (M), (¢ (dm3molicm™)) in
HEPES buffer(10mM) at pH= 7.4: 420 (47570).

IH NMR (400 MHz, ds-DMSO) & ppm: 1.20 (-CHs) (t, 6H, J1=9.6Hz, J1=9.2Hz), 1.84 (Ar-

CHs) (s, 6H), 2.09 (-CH2) (d, 2H, J=16.8Hz), 3.14 (-CHy) (q, 4H), 5.118 (NH)(s,2H), 6.21

Q)



Chapter 2 Development of rhodamine 69 based fluorescent chemosensors for Al3+ ion detection: effect of ring strain and
substituent in enhancing its sensing performance

(Ar-CH) (s, 2H), 6.34 (Ar-CH) (s, 2H), 7.06 (Ar-CH) (d, 1H, J=9.2Hz), 7.54 (Ar-CH) (s,

1H), 7.54-7.72 (Ar-CH) (m, 2H), 7.72 (Ar-CH) (s, 1H), 7.94 (Ar-CH) (d, 1H J=14.4Hz), 8.92

(-CH=N) (s, 1H),11.66(-OH) (s,1H) (Figure 2.12).
13C NMR (ds-DMSO, 75 MHz)s ppm:

14.71,16.72,29.11,37.54,38.92,54.60,65.10,96.65,106.10,117.99,118.68,121.13,122.76,,123.6

1,123.88,128.15,128.38,128.99,131.18,132.57, 147.54,151.79,153.43,159.18,163.87,168.49

AS_SA2 (0.045) Is (1.00,1.00) C36H35CI2N403Na 1: TOF MS ES+
o 665.2062 (0.0 mDa) 3.80e12
667.2043 (0.0 mDa)
|
'w.:t,\'w,}u 0 mDa)
669.2037 (0.0 mDa)
670.2050 (0.0 mDa)
100 200 300 400 500 600 700 800 900 1000 1100
AS_SA2 56 (0.987) Cm (56 1: TOF MS ES+
100 55.1322 1.15e4
667.1265
643.1 668.1353
. L I ]
1C 0 ) )0 )C € 800 )00 10 1C

Figure 2.11 ESI-mass spectrum of chemosensor HsL2.4 (above is simulated pattern and

below is experimental finding).
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Figure 2.12 *H-NMR of the free ligand HzL2.4 in DMSO-ds recorded on a 400 MHz Bruker

NMR spectrometer
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2.2.8  Synthesis of complex (2.1) {[AI(HL2.1)(NOs)]=N-(-3,5-dibromo-2-

oxidobenzylidene)-2-(-6-(ethylamino)-3-(ethylimino)-2,7-dimethyl-3H-xanthen-9-

yl)benzohydrazonate nitratoaluminium(l11)}

A 2 mL methanolic solution of Aluminum nitrate nonahydrate (1.0 mmol, 0.375 Q)
was added carefully to 20 mL acetonitrile solution of HsL2.1 (1.0 mmol, 0.690 g) followed
by addition of triethylamine (1.0 mmol, ~0.2 mL) and the resultant reaction mixture was
stirred for ca. 3 h. red colour solid mass was collected in high yield after slow evaporation of
the solvent.

Yield: 0.512 g (78%). Anal. Calc. for Cs3sH2sAlIBr2NsOs:C 50.99%; H 3.63%; N, 9.01%;
Found: C 50.55%; H 3.51%; N 8.91%. IR (cm, KBr): v(C=N) 1601s; v(NO3)1300s and
809s;v(C=0) 1655 s (Figure 2.14). ESI-MS (positive) in MeOH: The base peak was observed
at m/z = 778.06, corresponding to [AI(HL2.1)(NOz)+1]* (Figure 2.15). UV-Vis, Amax (M),
(e (dm®mol*cm™)) in HEPES buffer at pH= 7.4: 490(27500).

IH NMR (400 MHz, de-DMSO) & ppm: 1.22 (-CHs) (t, 6H, J=5.6Hz),1.87 (Ar-CHs) (s, 6H),
3.50 (-CHy) (t, 4H, J=5.2Hz), 5.11 (NH)(s,1H),6.10 (Ar-CH) (s, 2H),6.27 (Ar-CH) (s, 2H),
6.97-6.95 (Ar-CH) (m, 2H), 7.52-7.50 (Ar-CH) (m, 2H),7.61 (Ar-CH) (s, 1H), 7.81-7.80 (Ar-

CH) (m, 2H),9.30(-CH=N) (s, 1H) (Figure 2.16).

13C NMR (ds-DMSO, 75 MHz) & ppm:
14.59,17.44,37.92,96.32,104.13,106.13,114.16,119.04,121.58,123.78,124.36,127.20,128.26,1

29.47,132.40,134.90,136.25,148.47,151.48,151.88,163.37,165.90,167.58 (Figure 2.17).
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Figure 2.14 FTIR spectra of (a) complex 2.1, (b) complex 2.2, (c) complex 2.3 and (d)

complex 2.4.

AS SC 1L NEW+ Al (0.045) Is (1.00,1.00) C33H28N506Br2Al 1: TOF MS ES+
100 778.0283 (0.0 mDa) 353012
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776.0300 (0.0 mDa)
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Figure 2.15 ESI-mass spectrum of complex 2.1 (above is simulated pattern and below is

experimental finding).
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Figure 2.16 'H-NMR of the complex 2.1 in DMSO-ds recorded on a 400 MHz Bruker NMR

spectrometer

| :
h) |

Figure 2.17 1*C NMR spectrum of complex 2.1 in DMSO-ds.
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2.29 Synthesis of complex (2.2) {[AI(HL2.2)(NO3)]= N-(-3,5-dichloro-2-

oxidobenzylidene)-2-(-6-(ethylamino)-3-(ethylimino)-2,7-dimethyl-3H-xanthen-9-

yl)benzohydrazonate nitratoaluminium(l11)}

A 2 mL methanolic solution of Aluminum nitrate nonahydrate (1.0 mmol, 0.375 g)
was added carefully to 20 mL acetonitrile solution of HsL.2.2 (1.0 mmol, 0.690 g) followed
by addition of triethylamine (1.0 mmol, ~0.2 mL) and the resultant reaction mixture was
stirred for ca. 3 h. red colour solid mass was isolated in high yield after slow evaporation of

the solvent.

Yield: 0.512 g (78%). Anal. Calc. for Cs3H2AICI2NsO6:C 50.99%; H 3.63%; N, 9.01%;
Found: C 50.55%; H 3.51%; N 8.91%IR (cm?, KBr): v(C=N) 1603s; v(NO3)1300s and
810s;w(C=0) 1646 s (Figure 2.14). ESI-MS (positive) in MeOH: The base peak was
appeared at m/z = 696.22, corresponding to [AI(HL2.2)(NOz)+Li]* (Figure 2.18). UV-Vis,
Amax (M), (¢ (dm3mol-tcm™)) in HEPES buffer at pH= 7.4: 415(19670).

IH NMR (400 MHz, ds-DMSO) & ppm: 1.22 (-CHs) (t, 6H, J=5.6Hz),1.87 (Ar-CHs) (s, 6H),
3.50 (-CHy) (t, 4H, J=5.2Hz), 5.12 (NH)(s,1H),6.12 (Ar-CH) (s, 2H),6.28 (Ar-CH) (s, 2H),
6.97-6.95 (Ar-CH) (m, 2H), 7.52-7.50 (Ar-CH) (m, 2H),7.61 (Ar-CH) (s, 1H), 7.82-7.80 (Ar-

CH) (m, 2H),9.33(-CH=N) (s, 1H) (Figure 2.19).
13C NMR (ds-DMSO, 75 MHz) & ppm:

14.59,17.44,37.92,96.32,105.10,106.13,114.13,119.04,121.58,123.78,124.36,127.20,128.26,1

29.47 ,132.40,134.88,136.25,149.47,152.48,152.90,162.87,165.27,169.13(Figure 2.20).
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ppm
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Figure 2.18 ESI-mass spectrum of complex 2.2 (above is simulated pattern and below is
experimental finding).

Figure 2.19 'H-NMR of the complex 2.2 in DMSO-ds recorded on a 400 MHz Bruker NMR
spectrometer.
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Figure 2.20 *C NMR spectrum of complex 2.2 in DMSO-ds.

2.2.10 Synthesis of complex (2.3) {[AI(L2.3)(NO3)]=N-(3-((-3,5-dibromo-2-
oxidobenzylidene)amino)propyl)-2-(-6-(ethylamino)-3-(ethylimino)-2,7-dimethyl-3H-

xanthen-9-yl)benzimidatenitratoaluminium(l11)}

A 2 mL methanolic solution of Aluminum nitrate nonahydrate (1.0 mmol, 0.375 g)
was added carefully to 20 mL acetonitrile solution of H3L2.3 (1.0 mmol, 0.690 g) followed
by addition of triethylamine (1.0 mmol, ~0.2 mL) and the resultant reaction mixture was
stirred for ca. 3 h. red colour solid mass was isolated in high yield after slow evaporation of
the solvent.

Yield: 0.512 g (78%). Anal. Calc. for CssH3sAIBroNsOs: C 52.63%; H 4.42%; N 8.53%.
Found: C 52.55%; H 4.31%; N 8.47%. IR (cm™, KBr): v(C=N) 1630s; v(NO3)1300s and
811s; v(C=0) 773 s (Figure 2.14). ESI-MS (positive) in MeOH: The base peak was appeared
at m/z = 822.09, corresponding to [AI(HL2.3)(NO3)+1]" (Figure 2.21). UV-Vis, Amax (nm),
(e (dm®mol-tcm™)) in HEPES buffer at pH= 7.4: 490(28160).

IH NMR (400 MHz, ds-DMSO) & ppm: 1.22 (-CH3) (t, 6H, J=5.6Hz), 1.38(-CHy) (t, 2H,
31=5.6Hz, J,=5.2Hz), 1.87 (Ar-CHs) (s, 6H), 2.62(-CHy) (d, 2H, J=3.6Hz), 3.05(-CHy) (t, 2H,

J1=4.2Hz, J,=4.5Hz),3.13 (-CH2) (g, 4H), 5.11 (NH)(t,1H),6.01 (Ar-CH) (s, 2H),6.20 (Ar-

]
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CH) (s, 2H), 6.97-6.96 (Ar-CH) (m, 2H), 7.52-7.50 (Ar-CH) (m, 2H),7.61 (Ar-CH) (s, 1H),

7.82-7.80 (Ar-CH) (m, 2H),9.32(-CH=N) (s, 1H) (Figure 2.22).
13C NMR (ds-DMSO, 75 MHz) & ppm:

14.74,16.74.29.21,37.54,38.92,54.80,96.64,106.06,107.72,113.74,118.00,118.97,122.76,123.

89,128.17,128.37, 131.16,132.60,132.81,137.90,147.54,151.79,153.42,160.96,163.82,168.52

(Figure 2.23).

AS SA 2Al (0.045) Is (1.00,1.00) C36H36Br2N506AI

100

0
100 200
AS SA 2A| 56 (0.987) Cm (56)

100

1: TOF MS ES+

822.0909 (0.0 mDa) 3.43e12

824.0898 (0.0 mDa)
820.0926 (0.0 mDa)

825.0922 (0.0 mDa)
826.0948 (0.0 mDa)

m/z
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824.0988
820.0946

1825 0948

0

100 200

Figure 2.21 ESI-mass

experimental finding).

m/z

300 400 500 600 700 800 900 1000 1100

spectrum of complex 2.3 (above is simulated pattern and below is

Figure 2.22 *H-NMR of the complex 2.3 in DMSO-ds recorded on a 400 MHz Bruker NMR

spectrometer.
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Figure 2.23 1*C NMR spectrum of complex 2.3 in DMSO-ds.

2.2.11 Synthesis of complex (2.4) {[AI(HL2.4)(NO3s)]=N-(3-((-3,5-dichloro-2-
oxidobenzylidene)amino)propyl)-2-(-6-(ethylamino)-3-(ethylimino)-2,7-dimethyl-3H-

xanthen-9-yl)benzimidatenitratoaluminium(l11)}

A 2 mL methanolic solution of Aluminum nitrate nonahydrate (1.0 mmol, 0.375 Q)
was added carefully to 20 mL acetonitrile solution of HsL.2.4 (1.0 mmol, 0.690 g) followed
by addition of triethylamine (1.0 mmol, ~0.2 mL) and the resultant reaction mixture was
stirred for ca. 3 h. red colour solid mass was isolated in high yield after slow evaporation of
the solvent.

Yield: 0.512 g (78%). Anal. Calc. for CssHssAICI2NsO6:C 59.02%; H 4.95%; N 9.56%.
Found: C 58.85%; H 4.81%; N 9.21%. IR (cm™, KBr): v(C=N) 1621s; v(NO3)1310s and
813s; v(C=0) 1634 s (Figure 2.14). ESI-MS (positive) in MeOH: The base peak was
appeared at m/z = 732.16, corresponding to [AI(HL2.4)(NO3)+1]" (Figure 2.24). UV-Vis,

Amax (M), (¢ (dm3mol-tcm™)) in HEPES buffer at pH= 7.4: 490(13019).

JEN
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IH NMR (400 MHz, ds-DMSO) & ppm: 1.29 (-CHs) (t, 6H J=4.2Hz), 1.38(-CH>) (t, 2H
J1=4.2Hz, J;=4.5Hz), 1.87 (Ar-CH3) (s, 6H), 2.62(-CHz) (d, 2H, J=3.6Hz), 3.05(-CH>) (t, 2H,
J1=4.2Hz, J;=4.5Hz),3.13 (-CH>) (g, 4H), 5.11 (NH)(s,1H),6.10 (Ar-CH) (s, 2H),6.27 (Ar-
CH) (s, 2H), 6.97-6.94 (Ar-CH) (m, 2H), 7.52-7.50 (Ar-CH) (m, 2H),7.61 (Ar-CH) (s, 1H),

7.87-7.85 (Ar-CH) (m, 2H),9.35(-CH=N) (s, 1H) (Figure 2.25).
13C NMR (ds-DMSO, 75 MHz)s ppm:

14.71,16.72,29.11,37.54,54.60,96.65,106.10,117.99,118.68,121.13,122.76,,123.61,123.88,12
8.15,128.38,128.99,131.88, 132.57,147.74,151.59,153.73,160.18,164.57,169.45 (Figure

2.26).

1: TOF MS ES+

AS (0.045) Is (1.00,1.00) C36H36CI2NSO6A 3
732.1936 (0.0 mDa 3.76e12

0 200 o :
AS 56 (0.987) Cm (56) 1: TOF MS ES+

1.13e3

735.1848
l 776.1912
mz
800 90 1000 100

Figure 2.24 ESI-mass spectrum of complex 2.4 (above is simulated pattern and below is

experimental finding).
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Figure 2.25 *H-NMR of the complex 2.4 in DMSO-ds recorded on a 400 MHz Bruker NMR

spectrometer.

Figure 2.26 1*C NMR spectrum of complex 2.4 in DMSO-ds.
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2.2.12 UV-visible and fluorescence spectroscopic experiment

Stock solutions of different ions (1x10% M) were prepared in deionized water
medium. A stock solution of the chemosensors (HsL2.1-HsL2.4) (1x10° M) was prepared in
methanol medium. The chemosensors (HsL2.1-H3L2.4) solution was then diluted to 1x107
M as per requirement. Competitive assay of various cations and anions and other
spectroscopic experiments were performed in aqueous- methanolic HEPES buffer (10mM)
medium at pH 7.4. In competitive assay experiments, the test samples were prepared by
mixing appropriate amounts of the cations stock in 3 mL of chemosensors (HsL2.1-H3L.2.4)

solution (1x10° M).
2.2.13 Binding stoichiometry (Job’s plot) studies

Binding stoichiometry of the chemosensors with that of Al*ions are determined
byJob’s continuation method using absorption spectroscopy. At 25°C temperature ,the
absorbance was recorded for solutions where the concentrations of both chemosensor and
AI** jons are varied but the sum of their concentrations was kept constant at 1x10° M.
Relative change in absorbance (AA/Ao) against mole fraction of chemosensor. The break
point in the resulting plot represents the mole fraction of chemosensor in AI** complex. From
the break point the stoichiometry were determined. The final results reported were average of
at least three experiments.

2.2.14 Cell culture

The triple negative breast cancer cells of human origin, MDA-MB-468 are procured
from the National Center for Cell Science (NCCS) Pune, India. The cells were cultured in an
enriched cell culture medium, DMEM (Dulbecco’s Modified Eagle Medium), supplemented

with 10% FBS (Fetal Bovine Serum) and a mixture of appropriate antibiotics( streptomycin
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and penicillin at dose of 100units/ml. The cells were incubated at a temperature of 37°C and

in the prevalence of 5%CO..

2.2.15 Cell visualisation studies

The human breast cancer cells, MDA-MB-468 cells were cultured on coverslips for a
period of 24hrs. Then these cells were either left untreated or were exposed to a dose of
ligands (10uM) and AI®* salt(10uM) .These treated cells were then incubated for 24 hrs at a
temperature of 37°C. Afterwards the cells were thoroughly washed with the help of 1xPBS.
Ultimately the cells were envisaged with the help of fluorescence microscope (Leica)

following the mounting of the cells on a glass slide.

2.2.16 Computational method

All computations were studied using the GAUSSIAN09 (G09)2“° software package.
For optimization process we used the density functional theory method at the B3LYP level
250251 and the standard 6-31+G(d) basis set for C, H, N and O atoms?°2253 and the lanL2DZ
effective potential (ECP) set of Hay and Wadt>>*2%® for zinc and copper atoms have been

selected for optimization .

TDDFT calculation was studied with the optimized geometry to ensure only positive
eigen values. Time-dependent density functional theory (TDDFT)?%725° was examined using
conductor-like polarizable continuum model (CPCM)?%%-262 and the same B3LYP level and
basis sets in methanolic solvent system. GAUSSSUM?%® was utilized to calculate the

fractional contributions of various groups to each molecular orbital.

2.3 Results and discussion

2.3.1 Synthesis and characterization
N-(Rhodamine-6G)lactam-hydrazineand and N-(Rhodamine-6G)lactam-

propylenediamine have been synthesized according to a published procedure.>*® The

JEN
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chemosensors (HsL2.1-HsL2.4) are synthesized by Schiff base condensation reaction using
rhodamine-6G based amine and 3,5-Dibromosalicylaldehyde or 3,5-Dichlorosalicylaldehyde.
They are carefully characterized using different spectroscopic techniques (UV-Vis, FT-IR
and NMR) and purity has verified with ESI-mass and C, H, N analysis.

HsL2.1-HsL2.4 react with Al(NO3)3.9H20 in 1:1 ratio to produce complexes 2.1-2.4
(Scheme 2.1). They are characterized by *H NMR, *C NMR, FT-IR spectroscopy, C, H, N
and ESI-MS analyses. The experimentally obtained ESI-MS data are well matched with their

simulated result. Detail data are presented in the experimental section.

CHO

OH

X

H;L2.1 Br 0
H,L2.2 Cl 0
H;L2.3 Br 3
H;1.2.4 Cl 3
Complex 2.1 Br 0
Complex 2.2 Cl 0
Complex 2.3 Br 3
Complex 2.4 Cl 3

Scheme 2.1 Route of preparation of chemosensors (HsL2.1-HsL2.4) and complexes 2.1-2.4.

2.3.2 Crystal structure descriptions of chemosensors (HsL2.1-HsL2.4)
We are successfully developed X-ray quality crystals of HsL.2.1, H3L.2.2 and HsL.2.3,

HsL2.4 is poorly diffracted. HsL2.1 and HsL2.2 are formed with triclinic crystal system with

)
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P -1 space group whereas HsL2.3 and HsL2.4 crystals are developed in monoclinic system
with P 21/c space group (Table 2.1). ORTEP views of the chemosensors are shown in Figure
2.26 (HsL2.1-HsL2.4, respectively). Important bond distances and bond angles are collected
in Table 2.2 and 2.3, respectively. The organic molecule is non planer and it confirms Schiff
base condensation reaction along with presence of spirolactam ring and xanthene unit within
the molecule. The C-O and C-N bond distances of the chemosensors vary within the range
1.217-1.381 A and 1.274-1.441 A, respectively.

Table 2.2. Selected Bond lengths (A) and Bond angles (°) for HsL2.1 and HzL2.2.

HslL2.1 X-ray Calculated HslL2.2 X-ray Calculated
01-C6 1.377(6) 1.368 01-C12 1.378(4) 1.371
01-C18 1.383(5) 1.368 01-C5 1.381(4) 1.371
02-C32 1.204(6) 1.224 03-C26 1.217(4) | 1.225
03-C11 1.321(6) 1.345 N1-N2 1.376(4) | 1.355
N1-N2 1.381(6) 1.356 N1-C26 1.377(4) 1.392
N1-C32 1.384(6) 1.290 N1-C10 1.497(4) | 1.513
N1-C8 1.488(6) 1.517 N2-C27 1.274(5) | 1.296
N2-C9 1.256(7) 1.396 N3-C14 1.372(4) 1.387
N3-C16 1.361(6) 1.314 N3-C18 1.438(5) 1.456
N3-C15 1.438(7) 1.445 N4-C2 1.441(7) 1.456
N4-C4 1.381(7) 1.314 N4-C3 1.385(5) 1.386
N4-C2 1.455(10) 1.448 N1-C10-C6 111.5(2) 111.78
N1-C8-C19 | 110.9(3) 107.47 N1-C10-C11 | 110.6(2) 110.58
N1-C8-C26 | 99.4(3) 100.02 C6-C10-C11 | 110.7(2) 110.40
C19-C8-C26 | 111.6(4) 111.17 N1-C10-C20 | 99.4(2) 99.60
N1-C8-C7 111.5(4) 111.09 C6-C10-C20 | 112.5(2) 112.70
C19-C8-C7 | 110.9(4) 107.47 C1-C10-C20 | 111.7(3) | 112.07
C26-C8-C7 | 112.1(4) 113.54
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Table 2.3. Selected Bond lengths (A) and Bond angles (°) for HsL.2.3 and H3L.2.4.

HsL2.3 X-ray Calculated | HilL2.4 X-ray Calculated
01-C2 1.339(13) 1.332 01-C20 1.383(11) 1.372
02-Cl11 1.228(14) 1.227 01-C21 1.407(11) 1.372
03-C25 1.381(9) 1.372 02-C37 1.221(13) 1.227
03-C31 1.381(9) 1.372 03-C3 1.340(14) 1.332
N1-C7 1.257(12) 1.281 N1-C9 1.446(13) 1.455
N1-C8 1.479(13) 1.456 N1-C10 1.497(11) 1.498
N2-C11 1.394(15) 1.382 N1-C37 1.375(13) 1.378
N2-C10 1.440(13) | 1.455 N2- C14 1.376(12) 1.387
N2-C18 1.489(11) 1.498 N2-C15 1.435(15) 1.455
N3-C23 1.375(11) 1.387 N3-C25 1.379(12) 1.382
N3-C33 1.500(16) 1.459 N3-C26 1.432(13) 1.456
N4-C29 1.364(12) 1.374 N4-C5 1.245(16) 1.281
N4-C35 1.450(14) 1.456 N4-C7 1.485(15) 1.456
N2-C18 C19 112.3(6) 112.86 N1-C10-C11 | 110.2(7) 111.96
N2-C18 C17 99.3(7) 100.23 N1-C10-C22 | 111.1(7) 111.46
C19-C18-C17 111.1(7) 111.98 N1-C10-C31 | 101.0(7) 100.23
N2-C18-C26 110.4(7) 110.94 C22-C10-C31 | 111.1(8) 111.98
C17-C18-C26 112.4(7) 111.96 C31-C10-C11 | 112.6(7) 112.02
C19-C18-C26 110.8(7) 111.45 C22-C10-C11 | 110.5(7) 110.94
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Figure 2.26 ORTEP view of the chemosensors (a) HsL2.1, (b) HsL2.2, (c) H3L2.3 and (d)
HsL2.4. Atoms are shown as 30% thermal ellipsoids. Here, H atoms are omitted for clarity.
2.3.3 NMR studies

All the chemosensors and AlI®*- probe complexes give well resolved *H NMR spectra
in DMSO-ds solvent. In HsL2.1, the phenolic OH and imine proton appear as a sharp singlet
at 11.56 and 8.90 ppm, respectively. Aromatic protons appear in the region 7.94-6.20 ppm.
Aliphatic amine (-NH) protons appear as triplet at 5.11ppm. Aliphatic CH> protons appear as
quartet at 3.13 ppm. Aromatic CHz protons appear as singlet at 1.84 ppm whereas; aliphatic

CHa protons appear as triplet at 1.20 ppm (Figures 2.3, 2.6, 2.9 and 2.13).

In complex 2.1, the phenolic -OH peak disappears due to complexation, Imine proton

shifted to downfield and appears as a sharp singlet at 9.30 ppm. We also observe significant

Q)
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changes in aromatic peak positions and broadening of the peaks due to complexation. During
complexation one NH proton of the aliphatic part disappears and the other appears as a broad
peak at 5.11 ppm. Aliphatic CH> protons merged with water molecules appear as multiplet at
3.50 ppm. Aromatic CH3 protons appear as singlet at 1.87 ppm and aliphatic CHs protons

appear as triplet at 1.22 ppm, respectively (Figure 2.16).

All the chemosensors and probe bound AI** complexes give clean 3C NMR spectra
in DMSO-ds solvent. In HsL2.1, spirolactam amide carbon appears at 165.58 and phenolic
carbon appears at 164.21 ppm. Imine carbon appears at 161.87 ppm. Aromatic carbons
present in the region 151.88-96.32 ppm. Carbon atom connecting the xanthene part and
spirolactam ring is sp® hybridized and appears at 66.24 ppm. Aromatic CH3 carbons appear
with double intensity at 37.92 ppm. Aliphatic CH, and CHz3 carbons appear with double

intensity at 17.44 and 14.59 ppm, respectively (Figure 2.4).

In complex 2.1, spirolactam amide carbon appears at 167.58 and phenolic carbon
appears at 165.90 ppm. Imine carbon appears at 163.37 ppm. These three pecks are shifted to
downfield due to metal coordination. Aromatic carbons appear within 151.88-96.32 ppm.
Since, metal coordination results spitolactam ring opening, the sp® hybridized carbon atom
connecting xanthene part and spirolactam ring now become sp? hybridized and appears at
134.90 ppm. Aromatic CHs carbons appear with double intensity at 37.92 ppm. Aliphatic CH>
and CHas carbons appear with double intensity at 17.44 and 14.59 ppm, respectively (Figure

2.17)
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2.3.4 Absorption spectral analysis

The UV-Vis spectra of chemosensors (HsL2.1-HsL2.4) are first examined in 10 mM
HEPES buffer solution at pH 7.4 (9 : 1, water : methanol, v/v). Chemosensors, HsL.2.1 and
HsL2.2 exhibit well- resolve bands at ~ 290 and ~ 345 nm whereas HsL2.3 and HsL2.4 show
well-define band at ~ 420 nm. Peaks are represented as n—n* and n—n* type of transitions.
Interestingly upon successive addition of AI** ions (0-11uM, 10 mM HEPES buffer solution;
pH 7.4; 9:1, water: methanol, v/v) to the chemosensor (10 uM), a new peak appear at ~ 530
nm with significant changes in the spectra of all chemosensors (HsL2.1-HsL2.4). In H3L2.1
and HsL2.2 absorbance of peaks at~ 290 and ~ 345 nm gradually increase whereas, in
HsL2.3 and HsL2.4 absorbance of peak at~ 420 nm gradually decreases (Figure 2.27). In
the presence of AI®*, spirolactam ring opening occurs followed by the coordination of the
cation. Here, AI** ion binds with phenoxido oxygen, imine nitrogen and amide oxygen of the
chemosensor. Spirolactam ring opening results reorientation of protons within the aromatic
ring and consequently removal of one primary amine proton. Generation of a new peak at ~
530 nm in the presence of AI** ions also confirms structural rearrangement within the organic
molecule. Colour of the solution turns to fluorescent pinkish yellow. Saturation has been
observed in presence of 1.1 equivalents of AI** jons to the chemosensor. The 1:1 binding
stoichiometry of the chemosensors with AI** ions has been confirmed by Job’s plot analysis
(Figure 2.28). These results have been further supported by ESI-MS analysis. It is important
to mention that, the addition of different cations (Cd?*, Hg?*, Pb?*, Zn?*, Ag®, Mn?*, Fe*",
Co?*, Ni?*, Na*, K*, Mg?" and Ca?*) did not change the initial absorption spectrum of the

chemosensor appreciably.
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Figure 2.28 1:1 binding stoichiometry has shown by Job’s plot of complex (A)=2.1, (B)=2.2,

(C)=2.3 and (D)=2.4. Symbols and solid lines represent the experimental and simulated

profiles, respectively.
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2.3.5 Fluorescence properties analysis

The experiment is performed in 10mM HEPES buffer at pH = 7.4 (9:1, water :
methanol, v/v) at ambient conditions. When excited at 345 nm, probes (10 puM) are non-
fluorescent. Upon successive addition of AI®* jons (0-11 uM) to the probe an enormous
fluorescence enhancement is observed at 555 nm (Figure 2.29-2.32). The fluorescence
enhancement has a steady growth and finally reaches a maximum at 1.1 equivalents of AI**
ions. In fact, metal ions initiate opening of spirolactam ring followed by a long conjugation of
n-electronic system within the probe (Figure 2.42). Generation of a fluorescence peak at 555
nm in the presence of AI** ions also proves the above fact. Interestingly, the values of
increment in emission spectra are not equal for all the probes. In case of HsL2.1 and HsL2.2,
the emission enhancement is 780 and 725 fold whereas for HsL2.3 and HsL 2.4, enhancement

is 425 and 391 fold.
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Figure 2.29 Fluorescence titration of HzL2.1 (10 uM) in 10 mM HEPES buffer at pH =7.4

by successive addition of AI¥* (0-11 pM) with Aem= 555 nm (1/1 slit).



Chapter 2

Fluorescence Intensity(a.u.)

10000000 -

8000000

6000000

4000000

2000000

Development of rhodamine 69 based fluorescent chemosensors for Al3+ ion detection: effect of ring strain and
substituent in enhancing its sensing performance

H3L2.2+AP*

Fluorescence Intensity(a.u.)

T T — T T
575 598 621 644
Wavelength (nm)

T T T
529 552

10000000

8000000 -

6000000 =

4000000 —

2000000

0.4 06 0.8 Lo 12
[ AF)/[H3L2.2]

Figure 2.30 Fluorescence titration of HsL2.2 (10 puM) in 10 mM HEPES buffer at pH =7.4

by successive addition of AI** (0—11 pM) with Aem= 555 nm (1/1 slit).
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Figure 2.31 Fluorescence titration of HzL2.3 (10 uM) in 10 mM HEPES buffer at pH =7.4

by successive addition of AIF* (0—-11 pM) with Aem= 555 nm (1/1 slit).
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Figure 2.32 Fluorescence titration of HsL2.4 (10 puM) in 10 mM HEPES buffer at pH =7.4
by successive addition of AI** (0—11 pM) with Aem= 555 nm (1/1 slit).

Binding ability of the chemosensors towards AI** ions has been calculated using
Benesi-Hildebrand equation (Equation 1) involving fluorescence titration curve.?%*

U(F — Fo) = U(Fmax — Fo) + (UK[CI{L/(Fmax — Fo)} wovvevveveenna (1)

Here, Fmax, Fo and Fx are fluorescence intensities of chemosensors (HsL2.1-HszL2.4), in
presence of metal ions at saturation, free chemosensors (HsL2.1-HsL2.4), and any
intermediate metal ions concentration, respectively. K is denoted as the binding constant of
the complexes, and concentration of AI** jons are represented by C. The value of binding
constant (K) of the complexes has been determined using the relation, K=1/slope. Binding
constant values as 8.00x10°M*, 6.90x10°M*, 1.37x10* Mtand 1.03 x10* M, respectively
for the chemosensors HslL2.1-H3L2.4 towards AIP* ions (Figure 2.33). We have also
performed fluorescence titrations of the chemosensors in the presence of AI** ions in aprotic
solvent such as tetrahydrofuran (THF) to determine the binding constant in THF and to
compare the difference of binding constant values determined in protic and aprotic solvents.
The calculated binding constant values in THF are close with the previously calculated values
measured at HEPES buffer solution (9:1, water : methanol, v/v) (Table 2.4). Therefore, we

can conclude that free chemosensors, HsL2.1-HsL2.4 do not undergo deprotonation in

Q)



Chapter 2

substituent in enhancing its sen

Development of rhodamine 69 based fluorescent chemosensors for Al3+ ion detection: effect of ring strain and

sing performance

solution (protic or aprotic). AI** ions can promote deprotonation of HsL2.1-H3sL2.4 both in

aqueous or non aqueous solution.
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Figure 2.33 Benesi-Hildebrand plot for complex (A) 2.1, (B) 2.2, (C) 2.3 and (D) 2.4. The plot is

obtained after adding 10 uM AI®* solution to the HsL2.1-H3L2.4 solution (10 pM) (in 10 mM

HEPES buffer medium, pH 7.4).

Table 2.4. Binding constant values of chemosensors in presence of AI®* ions in different

solvent system.

Chemosensors | Binding constant in 9:1 water: methanol Binding constant in THF
(v/iv) medium(M™?) medium(M™?)
HsL2.1 8.00x10° 6.84x10°
HsL2.2 6.90x10° 4.83x10°
HsL2.3 1.37x10* 1.44x10%
HslL2.4 1.03 x10* 1.10 x10*
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High selectivity of the chemosensors toward AI®* ions is again established by
competition assay experiment. Here in presence of chemosensor and AI** ions (1.0 equiv.)
different metal ions (Cd?*,Hg?*, Pb%*, Zn?*, Ag®, Mn?* Fe*",Co?*, Ni**Na*, K*,Mg?" and
Ca*") (Figure 2.34) and common anions (S203%*, S%, SOs*, HSO47, SO4*, SCN , N3, OCN",
AsOs*, HoPOs, HPOs*, POs*, CIOs , AcO , NOs , F, Cl, PFs™ and P,07*) are added in
excess amount (4.0 equiv.) in 10 mM HEPES buffer solution at pH 7.4. Competition assay
experiments clearly express high fluorescent recognition of chemosensors (HsL2.1-HsL.2.4)
for Al**ions over most of the metal ions and all common anions (Figure 2.35 and 2.36). It is
important to mention that in presence of Cr¥*, Mg?*, Cu?" and Fe3*ions little quenching in

fluorescence intensity has been observed.
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Figure 2.34. Relative fluorescence intensity diagram of chemosensor (A)=HsL2.1,
(B)=HsL2.2, (C)=HsL2.3 and (D)=HsL2.4 in the presence of different cations in HEPES
buffer at pH 7.4. [1=only HsL2.1/ H3L2.2/ HsL2.3/ HsL2.4 (10 pM); HsL2.1/ HslL2.2/
H3L2.3/ H3L2.4 (10 pM) + M™(10 puM), where M™=2-AI**, 3-Cu?*, 4-Cr®", 5-Fe®*, 6-

Hg?*, 7-K*, 8-Mn?*, 9-Na*, 10-Ni?*, 11-Mg?*, 12-Pb?*, 13-Ca?*, 14-Fe?*, 15-Cd?"].
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Figure 2.35 Relative fluorescence intensity diagram of [(A)=HsL2.1-AP**, (B)=HsL2.2-Al**,
(C)=Hs3L2.3-Al**, (D)=HsL2.4-AI**] system in the presence of different cations in 10 mM
HEPES buffer at pH 7.4. [1=only HsL2.1/ H3L2.2/ H3L2.3/ HsL2.4 and (2-15)= HsL2.1/
HslL2.2/ HsL2.3/ HsL2.4 (10 pM) + AR*(10 uM) + M™(40uM), where M™=2-Ca?*3-
Co?",4-Hg?* 5-Zn?* ,6-Cr®* 7-Mg?*,8-Mn?*,9-Na*,10-Ni%*,11-K*,12-Pb?*,13-Cu?*,14-

Fe3* 15-Cd?*].
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Figure 2.36 Relative fluorescence intensity diagram of [(A)=HsL2.1-Al**, (B)=HsL2.2-Al**,
(C)=Hs3L2.3-APF*, (D)=HsL2.4-AI**] system in the presence of different anions in HEPES
buffer medium (10 mM) at pH 7.4. [1=only H3L2.1/ H3L2.2/ H3L2.3/ H3L2.4 (10 uM) and
(2-20)= H3L2.1/ H3lL2.2/ H3L2.3/ H3L2.4 (10 uM) + AIF*(10 uM) + Anions (40 uM),
Anions = 2-S,05%, 3-S%, 4-S0s%, 5- HSO4', 6- SO4%, 7-SCN, 8-N3 ', 9-OCN", 10-AsO4*,11-
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H2PO4, 12-HPO*, 13-PO4*, 14-ClO;4 , 15-AcO , 16-NOs , 17-F, 18- Cl, 19-PF¢", 20-
P.0747].

Interestingly all the chemosensors, H3L2.1-HsL.2.4 also act as colorimetric probe for
selective detection of AI®* ions. In presence AI** ions all the probes exhibits fluorescent
pinkish yellow colouration whereas it is almost colourless in presence of common ions. The
intensity of AIP*- chemosensor increases in the order HslL2.1>H3lL2.2>HslL2.3>H3L.2.4.
Thus, the chemosensors will be a good choice for selective colorimetric detection of AI¥* ions
both in environmental and biological fields (Figure 2.37). We have used saloon waste water
and our laboratory tap water for real sample analysis. AI** ions present in saloon waste water
and laboratory tap water are successfully detected by our chemosensors through naked eye

and under UV-lamp (Figure 2.38).
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Figure 2.37 Visual colour changes of chemo sensor (A)=HsL2.1, (B)=HsL2.2, (C)=HsL2.3
and (D)=HsL2.4 (10uM) in presence of common metal ions (1equivalent) in 10 mM HEPES
buffer (pH 7.4). The images in below row and above row were taken under visible light and

UV light respectively. Where 1= only HsL2.1/ HaL2.2/ HaL2.3/ HalL2.4, 2-15= Hsl.2.1/
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HsL2.2/ H3L2.3/ HiL2.4 + different metal ions (AI**, Cu®*, Cd?*,Pb*, Hg?*", Mn?", Fe®*,

Co?* Ni?*, K*, Na*, Mg?*, Ca?* and Zn?* respectively).

Figure 2.38 Visual colour changes of real samples under normal light (above) and UV lamp
(below) in presence of chemosensors (HsL2.1- H3L2.4). (A) Laboratory tap water (1= Only
laboratory tap water, 2-5=laboratory tap water + HsL2.1- Hs2.L4). (B) Saloon waste water,
(1= Only saloon waste water, 2-5= Saloon waste water + H3L.2.1- H3L.2.4).

Reversibility and regeneration are the two important factors for real time application
of the chemosensor. This is tested with the aid of sodium salt of ethylenediaminetetraacetic
acid (Na2EDTA) solution. The fluorescent pinkish yellow colour of probe-Al** complex
disappears after addition of one equivalent of Na,EDTA with simultaneous decrease in
fluorescence intensity which clearly indicates the regeneration of the free chemosensor.
Again, addition of AI®* jons to the probe gives back fluorescent pinkish yellow colouration.
The whole cycle repeat for at least five times to establish reversibility and regeneration point

(Figure 2.39).
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Limit of detection (LOD) of the chemosensors towards AlI** ions are estimated using
36 method.?®® The detection limit of the chemosensors (HsL2.1-HsL2.4) for the AI** ions are

1.4 x 10°°M, 2.50 x 10°, 0.40 x 10®M and 0.53x 108 M, respectively.

Figure 2.39 Visual colour changes in reversibility experiments. For HsL2.1-HsL2.4, 1= Only
HsL2.1-H3L2.4 (10uM), 2= HsL2.1-H3L2.4 (10uM) + AP*(10uM), 3= HaL2.1-HsL2.4
(10uM) + AI**(10uM) + EDTAZ(10uM) under UV and normal light, respectively.

The effect of pH on chemosensors (HsL2.1-HsL2.4) both in free condition and in
presence of AI®* jons are studied fluorimetrically. It is well known that in acidic condition
spirolactam ring of the chemosensor opens. Similar observation is also noticed in presence of
AlI®* ions. Therefore, both free chemosensor and chemosensor -Al** adduct will exhibit high
fluorescence intensity at pH 2-4. At pH 5 a sharp decrease in fluorescence intensity of free
chemosensor is observed. After pH 5 to pH 11 its fluorescence intensity is very weak and
remains unchanged. This observation suggests reconstruction of spirolactam ring in neutral
and basic condition. In presence of AI** jons fluorescence intensity of the chemosensor
decrease a little after pH 4 and then it maintain a constant value up to pH 8. At pH 9 a sharp

decrease in fluorescence intensity of chemosensor is observed. After pH 9 to pH 11, very
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weak fluorescence intensity observed. This is probably due to generation of AI(OH)z and free
chemosensor at higher pH. Rest of the probes (HsL2.1-H3L2.4) and probe-Al** adducts are
also followed a similar trend in fluorescence intensity at different pH values (Figure 2.40).
The pH experiments show that these chemosensors can act as a selective fluorescent probe to

recognize AI** ions in presence of other metal ions in biological system under physiological

condition.
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Figure 2.40 Fluorescence intensity of HzL2.1- H3L.2.4 (10 uM) in the absence and presence
of AP* ions (10 pM) at different pH values in 10 mM HEPES buffer [(A)=HsL2.1,
(B)=HsL 2.2, (C)=HsL2.3 and (D)=HsL2.4].
2.3.6 Life time and quantum yield study

Lifetime measurement for the chemosensors (HsL2.1-HsL.2.4) and complexes 2.1-2.4
are studied at 25°C in 10 mM HEPES buffer (pH= 7.4) medium. The average values of
fluorescence decay life time of the chemosensors and complexes 2.1-2.4 have been measured

using the given formula (tf = ait1 + a»t2, where a; and a. are relative amplitude of decay
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process). The average values of fluorescence lifetime of the chemosensors (HsL2.1-HslL.2.4)

and complexes 2.1-2.4 are 3.95, 2.56, 1.58, 1.06 ns and 6.8, 4.58, 4.53, 4.38, respectively

(Figure 2.41, Table 2.5).
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Figure 2.41. Time-resolved fluorescence decay curves (logarithm of normalized intensity vs time in

ns) of H3L.2.1-HsL.2.4 in the absence @) and presence (@) of Al*‘ion, (@) indicates decay curve

for the scattered [(A)=HsL2.1, (B)=HsL2.2, (C)=HsL2.3 and (D)=HsL2.4].

Fluorescence quantum yield (®) has been calculated as follows:

(Dsample = {(ODstandard X Asample X Ilzsample)/ (ODsampIe>< Astandard X l'lzstandard)} X Dstandard

In the above equation, A is the area under the emission spectral curve, OD is the optical

density of the compound at the excitation wavelength and 1 is the refractive index of the

solvent. @standard Value is taken as 0.52 (for Quinine Sulfate).
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The values of ® for HaL2.1-HsL.2.4 and probe-Al** complexes 2.1-2.4 are estimated to be
0.004, 0.003, 0.002, 0.004 and 0.24, 0.18, 0.13, 0.11, respectively (Table 2.5).

Table 2.5. Lifetime, quantum yield, LOD and binding constant values of chemosensors

(HsL2.1-HsL2.4) and complexes (2.1-2.4).

Lifetime (ns) (tav.) | Quantum Yield (@) | LOD (nM) | Binding
Constant (M)
HslL2.1 3.95 0.004 - -
HslL2.2 2.56 0.003 - -
HsL2.3 1.58 0.002 - -
HslL2.4 1.06 0.004 - -
Complex 2.1 | 6.80 0.24 1.40 8.00x10°
Complex 2.2 | 4.58 0.18 2.50 6.90x10°
Complex 2.3 | 4.53 0.13 4.00 1.37x10*
Complex 2.4 | 4.38 0.11 5.30 1.03 x10*

2.3.7 Mechanism of fluorescence intensity enhancement in chemosensors in the order

Hs3L2.1>H3L22.>H3L2.3>H3L 2.4 in presence of AlI** ions

In this work sensing behavior of four rhodamine 6G based chemosensors towards AI**
ions are explored. Fluorescence intensity of the chemosensors increases abruptly in presence
of A" ions due to opening of the spirolactam ring (Scheme 2.1). This mechanistic process
has been supported by spectroscopic techniques such as 'H, ¥C NMR and FT-IR
spectroscopy.3:3436-38:40 1n presence of AI** ions appreciable changes are observed in their *H
NMR spectrum of free chemosensors. Presence of AI** ion initiates spirolactam ring opening
followed by rearrangement of double bonds. This results disappearance of one aliphatic
amine (-NH) proton. Disappearance of phenolic —-OH peak and downfield shift of imine
proton (9.30 ppm) establish coordination of phenoxido oxygen and imine nitrogen atom with
the metal center. Changes in spectral pattern of both aromatic and aliphatic protons are also
observed after addition of AIP*. In free chemosensor, the carbon atom connecting the

xanthene part and spirolactam ring is sp® hybridized and it appears at 66.24 ppm.
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Interestingly, during metal coordination, spitolactam ring opens, as a result the sp® hybridized
carbon atom become sp? hybridized and appears at 134.90 ppm. Free chemosensors exhibit
FT-IR stretching frequency of amide ‘C=0’ bond and imine bond at ~1699 and ~1674 cm™,
respectively, which are shifted significantly to lower value and appear at ~1663 and ~1646
cm?, respectively, after complexation. Sharp —OH peak at 3408 cm™ also disappears after
complexation. This observation suggests AI** ion coordination with phenoxido oxygen,
amide oxygen and imine nitrogen of the chemosensor. Therefore, FT-IR data also supports
spirolactam ring opening in presence of AI** jon.

All chemosensors are colourless and nonfluorescent in visible light. Presence of AI®*
ions initiates opening of spirolactam ring and colour become intense, pinkish yellow. The
intensity of colour is not similar. In presence of AI** ions intensity increases in the order
HsL2.1>HsL2.2>H3L2.3>H3L2.4. Again, HsL2.1, HsL2.2, H3L2.3 and HsL2.4 exhibit
around 780, 725, 425 and 391 times increase of fluorescence intensity in presence of Al
ions. The LOD values are 1.4 x 10° M, 2.50 x 10° M, 0.40 x 10® M and 0.53x 10® M,
respectively. The values of binding constant of the probes towards Al ions are 8.00x10° M-
1 6.90x10° M?, 1.37x10* M? and 1.03x10* M respectively. Here, enhancement in
fluorescence intensity of the chemosensors in presence of AI** ions and binding constant
values of the probes towards AP* ions follow the same order
HslL2.1>H3lL2.2>H3L 2.3>HsL.2.4. All these facts can be well explained by considering two
factors, influence of ring strain during interaction between chemosensors and AI** ions and
electron withdrawing effect (-1 effect) of the halogen substituent present in the chemosensors.
Interestingly, the first effect is more pronounced. HsL.2.1 and HsL2.2 form more stable five
member chelate rings with AI** ions whereas HsL.2.3 and HaL2.4 form eight member chelate
rings in presence of APP* ions (Figure 2.42). Also, in presence of bromo substituent

coordination ability of the imine nitrogen and phenoxido oxygen of the respective
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chemosensor is relatively high in comparison with chloro substituent due to —I effect.
Therefore, due to formation of most stable HaL1-AI** complex, the intensity of the complex
solution under visible light is maximum, binding constant is the highest and LOD value is the

lowest among four chemosensors.
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H,L2.1-H,L2.4

Aem= 555nm
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Figure 2.42 Pictorial representation of spirolactam ring opening in presence of Al**ions.

2.3.8 Biocompatibility study of the ligands
The cellular toxicity of the ligands (HsL2.1, HsL2.2, HsL2.3 and HsL2.4) are

envisaged to determine the compatibility against the normal human lung fibroblast cells, WI-
38. The cells are exposed with various concentrations (20 - 100 pM/ml) of the ligands. Then
the cells are incubated for 24 hrs and then the cellular survivability is determined with the
help of MTT assay. From the results, no significant toxicity is observed even at enhanced

concentrations of 100 uM (as seen in Figure 2.43). Hence, the results clearly depict the
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biocompatibility of the ligands and also suggest that these ligands have the potential to

emerge as promising tools for application in biomedical fields.
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Figure 2.43 Survivability of WI138 cells exposed to H3L2.1-HsL2.4.

2.3.9 Cell imaging
The cellular internalization of the chemosensors (HsL2.1-HsL2.4) (10 puM) and

AP¥*salt (10 pM) has been determined with the aid of detailed fluorescence microscopy
studies. The fluorescence microscopic images reveal the presence of a promiscuous red
fluorescent signal in the microscope (Figure 2.44). Henceforth the results suggest that the
ligands and the Al**salts are promptly internalized by the cells which in turn are responsible

for the emergence of red fluorescent signal.
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Bright field Fluorescence Merge

Control

H3L2.1(10pM)+ AP (10pM)

HL 2.2 (10pM)+ AR*(10pM)

HL2.3 (10pM)+ AP (10pM)

HL2.4 (10pM) +AB+*(10pM)

Figure 2.44 Bright field, fluorescence and merged microscopic images of untreated MDA-
MB-468 (Control), cells in presence of with chemosensor (HsL2.1-H3L2.4) (10uM) + AI®*
(10pM).
2.3.10 DFT study

DFT and TDDFT studies are performed to establish structural and electronic
parameters of probes. Furthermore, to understand nature, origin and contribution of M.QO.s for
electronic transitions TDDFT study was performed. This study gives idea of quantity of
energy associated with every individual transition. In each individual M.O. the contribution
from both chemosensor and metal center has been computed. Therefore, DFT and TDDFT
analysis play an important role to support and understand structural and electronic parameters
of complexes.

Here, geometry optimization of the chemosensors (HsL2.1-HsL2.4) has been
performed using DFT/B3LYP process. Some important bond distances and bond angles of all

the chemosensors (HsL2.1-HsL.2.4) are listed in Table 2.2 and 2.3. Energy (eV) of some
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selected M.O.s are included in Table 2.6. Contour plots of some selected molecular orbital of
the chemosensors are depicted in Figure 2.45. Theoretical calculations revel that in HsL2.1
electron density in LUMO is mainly distributed over the xanthene part and electron density in
HOMO is mainly distributed over the xanthene part and spirolactam ring. In HsL.2.2 electron
density in LUMO is mainly distributed over the salicyl part and spirolactam ring adjacent
aromatic moiety and electron density in HOMO is mainly distributed over the xanthene part.
LUMOs of both HsL2.3 and HsL2.4 are mainly salicyl part based, whereas, HOMOs are

mainly xanthene moiety based.

Table 2.6. Energy (eV) of selected M.O.s of chemosensors (HsL2.1-HsL.2.4).

HsL2.1 HslL2.2 HslL2.3 HslL2.4
LUMO+2 -1.03 -0.52 -0.44 -0.41
LUMO+1 -1.91 -0.99 -1 -1
LUMO -2.99 -2.76 -1.7 -1.7
HOMO -4.82 -5.34 -5.26 -5.26
HOMO-1 -6.06 -5.46 -5.37 -5.38
HOMO-2 -6.2 -5.96 -5.91 -5.91
HslL1 HslL2 HsL3 HsL4
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LUMO

HOMO

HOMO-1

HOMO-2

Figure 2.45 Selected contour plots of molecular orbitals of H3L.2.1-H3L.2.4.
2.3.11 TDDFT study

Electronic transitions in chemosensors (HsL2.1-HsL2.4) are theoretically studied
using TDDFT, B3LYP/CPCM method. Important electronic transitions are given in Table
2.7. In theoretical calculations, for HsL2.1 and HsL2.2 intense absorption bands found at
around 355 and 345 nm, respectively. Major transitions for HsL.2.1 are HOMO-2—LUMO

(88%) and HOMO-1—LUMO (74%) (Figure 2.46) whereas for HsL2.2, the key transitions

)
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are HOMO-2—LUMO (99%) and HOMO-3—LUMO (96%), respectively (Figure 2.46). In
case of HsL2.3 and HsL 2.4, two major bands observe at around 420 nm and 400 nm which
correspond to the HOMO—LUMO (96%) and HOMO-1—-LUMO (95%) (HsL2.3) (Figure

2.47) and HOMO—LUMO (97%) and HOMO-1—LUMO (96%) (HsL2.4), respectively

(Figure 2.47).
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Figure 2.46 Pictorial representation of key transitions involved in UV-Vis absorption of

chemosensor HzL2.1 and HsL2.2.
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Figure 2.47 Pictorial representation of key transitions involved in UV-Vis absorption of

chemosensor HzL2.3 and H3zL2.4.

Table 2.7. Electronic transition calculated by TDDFT using B3LYP/CPCM method in water solvent

of chemosensors (HsL1-HsL4).

Eexcitation (€V) | Aexcitation (NM) | Osc. Strength (f) | Key transition
HsL2.1 | 3.48 355 0.0572 HOMO-2—> LUMO(88%)
3.58 345 0.1152 HOMO-1 —> LUMO(74%)
HsL2.2 | 3.49 356 0.0013 HOMO-2—>LUMO(99%)
3.58 345 0.4495 HOMO-3—>LUMO(96%)
HsL2.3 | 3.12 422 0.0002 HOMO —>LUMO(96%)
3.35 400 0.0025 HOMO-1 —> LUMO(95%)
Hal2.4 | 544 420 0.0001. HOMO —> LUMO (97%)
335 398 0.0023 HOMO-1 —> LUMO(96%)
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2.4 Conclusion

In this work, we have successfully developed four new rhodamine 6G based
fluorescent and colorimetric chemosensors HsL2.1-HsL 2.4 for rapid and selective detection
of A" ions. In necked eyes, the intensity of the colour of probe-Al** ions increase in the
order HL2.4-AP* < HL2.3-APF* < HL2.2-AI** < HL2.1-AP¥*. All four chemosensors form
1:1 complex with AI** ions which have been proved by fluorescence measurements, ESI-MS
analysis and NMR studies. In fluorescence competition assay experiments selectivity of the
probes towards AIP* ions is established. Moreover, the reversibility is also achieved by
addition of Na,EDTA solution. HsL2.1, H3L2.2, HsL2.3 and HsL2.4 exhibit around 780,
725, 425 and 391 times enhancement in fluorescence intensity in presence of AI** ions. AI¥*
is detected in nanomolar scale and the LOD values are 1.4 x 10° M, 2.50 x 10° M, 0.40 x 10°
8 M and 0.53x 10® M, respectively. All the probes are suitable for real-time quantitative
detection of AI** ions in the field of environmental samples and biological systems. The
values of binding constant of the probes towards AI** ions are 8.00x10° M, 6.90x10° M,
1.37x10* M and 1.03x10* M, respectively. In this work we have also established influence
of ring strain and electron withdrawing effect (-1 effect) of the halogen substituents present in
the chemosensors during interaction between chemosensors and AI®* ions. Interestingly, the
first effect is more pronounced compare to the other. Colour intensity difference of the probes
in presence of AI** ions under visible light, different binding constant, quantum yields and
LOD values of the probes towards Al** ions can be well explained in the light of the above
two factors. HsL.2.1 and HsL2.2 form more stable five member chelate ring with AI** ions
whereas HsL.2.3 and HsL.2.4 form eight member chelate ring in presence of AI**ions (Figure
2.42). Also, in presence of bromo substituent coordination ability of the imine nitrogen and
phenoxido oxygen of the respective chemosensor is relatively high in comparison with chloro

substituent due to less — | effect. We are also successful to reveal its practical application by

Q)
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performing cell imaging study of chemosensors (HsL2.1-HsL2.4) using MDA-MB-468 cells.
Furthermore, the probes are applied to detect intracellular AI** ions in live cells with no
significant cytotoxicity. We have compared different factors like elucidation of crystal
structure of the chemosensors, solubility of chemosensors in the aqueous medium for
biological and real sample analyses, selectivity of the chemosensors towards AI** ions and
nanomolar range of LOD values between chemosensors reported in this work and previously
reported results. Interestingly, our chemosensors have successfully covered all the points

mentioned above in comparison with previously reported results presented in chart 2.1.

Performing cell imaging study of chemosensors (HsL2.1-HsL2.4) using MDA-MB-
468 cells. Furthermore, the probes are applied to detect intracellular AI** ions in live cells
with no significant cytotoxicity. We have compared different factors like elucidation of
crystal structure of the chemosensors, solubility of chemosensors in the aqueous medium for
biological and real sample analyses, selectivity of the chemosensors towards AI** ions and
nanomolar range of LOD values between chemosensors reported in this work and previously
reported results. Interestingly, our chemosensors have successfully covered all the points

mentioned above in comparison with previously reported results presented in chart 2.1.
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Abstract

Two rhodamine and azo based chemosensors, (HL3.1 =(3',6'-bis(ethylamino)-2-((-2-
hydroxy-3-methoxy-5-(phenyldiazenyl)benzylidene)amino)-2',7'-dimethylspiro[isoindoline-

1,9'-xanthen]-3-one) and HL3.2= (3',6'-bis(ethylamino)-2-(((2-hydroxy-3-methoxy-5-(p-
tolyldiazenyl)benzylidene)amino)-2',7'-dimethylspiro[isoindoline-1,9'-xanthen]-3-one) have
been synthesized for colorimetric and fluorometric detection of three trivalent metal ions,
A" Cr¥* and Fe*. The chemosensors have been thoroughly characterized by different
spectroscopic techniques and X-ray crystallography. They are non-fluorescent due to the
presence of a spirolactam ring. The trivalent metal ions initiate an opening of spirolactam
ring when excited at 490 nm in Britton Robinson buffer solution (H2O0/MeOH 1:9 v/v; pH
7.4). Opening of the spirolactam ring increases conjugation within the probe, which is
supported by an intense fluorescent pinkish-yellow colouration and an enhancement of
fluorescence intensity of the chemosensors by ~400 times in presence of AI®* and Cr** ions
and by ~100 times in presence of Fe** ions. Such type of enormous fluorescence
enhancement is rarely observed in other chemosensors for the detection of trivalent metal
ions. A 2:1 binding stoichiometry of the probes with the respective ions has been confirmed
by Job’s plot analysis. Elucidation of crystal structures of A1** bound chemosensors (1 and 4)
also justify 2:1 binding stoichiometry and the presence of open spirolactam ring within the
chemosensor framework. The limit of detection (LOD) values for both the chemosensors
towards the respective metal ions are in the order of ~10° M which supports their application
in the biological field. The biocompatibility of the ligands has been studied with the help of
MTT assay. Results show that no significant toxicity was observed up to 100 pM of

chemosensors concentration. The capability of our synthesized chemosensors to detect

intracellular AI**, Cr®* and Fe3" ions in cervical cancer cell line HeLa was evaluated with the
wf fluorescence imaging. /
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3.1 Introduction

Colorimetric and fluorescent chemosensors which are designed for selective detection
of metal ions play crucial role in the development of medicinal and environmental
research.>133 Various techniques such as atomic absorption spectroscopy,®* inductively
coupled plasma-mass spectroscopy,®® plasma emission spectrometry,®® neutron activation
analysis,®’ chromatography®® and voltammetry®® are available for detection of different
metal ions in food, biological systems, environmental and industrial samples. Most of these
detection techniques are expensive and users face challenges in sample preparation,
instrument handling and its costly maintenance charges. In this regard fluorescence study is
highly sensitive, user friendly, low cost and real time monitoring process. Among different
metal ions, trivalent metal ions, AI**, Cr¥ and Fe® need special mention. Extensive
application of these metals in industry and daily life results their diffusion and contamination
in living system and causes a wide variety of diseases.®>'® Aluminium is the most abundant
metal in the earth’s crust and used vastly in domestic purpose. The excessive concentration of
AP in human body causes myopathy, encephalopathy, microcytic hypochromic anemia,
Parkinson’s disease and Alzheimer’s disease.>!! Iron is an important dietary element since it
is present in the active site of different metalloenzymes which play crucial roles in different
physiological processes, such as oxygen uptake,®'? oxygen metabolism®*3 and electron
transfer®!#4 etc. Therefore, iron deficiency lead to low blood pressure, anemia etc.>5316
whereas, excess iron storage can generate reactive oxygen species, which can damage lipids,
proteins and nucleic acids.3*"31® Cr®* is an essential nutritional trace element for the human
body and its deficiency causes cardiovascular disease, diabetes and affects the glucose and
lipid metabolism resulting nervous system disorder.>'® Again, Cr¥ from industrial waste
causes damage towards environment and living system. Generally, chemosensors designed

for sensing individual metal ions are well known in the literature, only a handful example of
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dual or multi metal ion sensing chemosensors are reported. Such type of chemosensor
reduces synthesis cost and analytical time.

Here, we have demonstrated rhodamine and azo containing fluorescent as well as
colorimetric probes HL3.1 and HL3.2 [HL3.1 = 3',6"-bis(ethylamino)-2-((-2-hydroxy-3-
methoxy-5-(-phenyldiazenyl)benzylidene)amino)-2',7'-dimethylspiro[isoindoline-1,9'-
xanthen]-3-one and [HL3.2=  3',6-bis(ethylamino)-2-((-2-hydroxy-3-methoxy-5-(-p-
tolyldiazenyl)benzylidene)amino)-2',7'-dimethylspiro[isoindoline-1,9'-xanthen]-3-one] ~ for
monitoring trivalent ions, AIF*, Cr¥* and Fe** (Scheme 3.1). Common fluorophoric units
present in fluorescent chemosensors are coumarin, pyrene, 1,8-naphthalimide, rhodamine,
squaraine, cyanine, boron dipyrromethene difluoride (BODIPY), nitrobenzofurazan etc.
Among them rhodamine-based chemosensors are capable of both naked eye detection and
fluorescence emission. They have excellent photo physical properties with greater photo
stability, visible wave-length emission, high extinction coefficient and quantum yield. Their
off/on-type of sensing property is owing to its structural property. Presence of proton or
metal ions initiate opening of its spirolactam ring resulting in colorimetric response and
strong fluorescence emission.>?° In the chemosensors, an azo unit is introduced due to its
high photosensitivity and it may also initiates longer conjugation.®? Recently two
rhodamine and azo based chemosensors are reported which selectively detect AP* and Cu?
ions. In case of AIP*, rhodamine 2B and nitro substituted azo units are present in the
chemosensor.®?? Rhodamine 2B and simple azo units are present in case of Cu®* sensor.3%
Interestingly, replacement of rhodamine 2B unit with rhodamine 6G unit and simple azo or
methyl substituted azo unit result chemosensors HL3.1 and HL3.2 which selectively detect
trivalent metal ions. Chemosensors HL3.1 and HL3.2 result ~400, ~400 and ~100 times
enhancement of fluorescence intensity at 555 nm wavelength in presence of AI®*, Cr* and

Fe3*, respectively. The permissible limit of AI**, Cr®* and Fe3* ions in water is 2.9 mg/L, 0.3

)
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mg/L, 0.05 mg/L, respectively. Therefore, low detection limit (LOD) of HL3.1 and HL3.2
against APP*, Cr¥ and Fe® ions (~107° M order) will allow us to use them in real world
applications and cell imaging study. We have successfully elucidated X-ray crystal structures
of both the chemosensors and their AI** bound complexes. X-ray crystal structures confirm
1:2 binding stoichiometry between metal ion and chemosensors. Crystal structures of Al
bound rhodamine-based chemosensor complexes are scarce in literature. Some recently
reported rhodamine-based chemosensors are collected in Chart 3.1.3%* A literature survey
on previously reported rhodamine based chemosensors®?432 (both single metal ion and
multiple metal ion detectors) and other chemosensors®?’-33 (both single metal ion and
multiple metal ion sensors) reveals that our reported chemosensors, which simultaneously
detect three trivalent metal ions, have certain advantages like easy synthetic procedure
involving less expensive chemicals, high fluorescence enhancement in presence of metal
ions, low LOD values (107° M order), duel sensing character (colorimetric and fluorescence),
X-ray structures of both free chemosensors and its metal bound form and the real world and
biological applications. One main drawback of these chemosensors is their partial solubility

in aqueous medium331:3:323.24m

OHC oL
ZCI
OHC NaOH
@ NaNO, +HCI aO

R= HICH,

OH

~
NS Refluxed
N MeOH
~2hrs. 0
" \
i\
N
R
| R
HL3.1 H
HL3.2 CH; R

Scheme 3.1. Route to preparation of azo-aldehyde and chemosensors (HL3.1 and HL3.2).
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Chart 3.1 Literature survey of rhodamine based derivatives used in sensing of AI**, Cr** and
Fe3* ions.

Sl. | Probe Sensing Limit of Biologi | Fluorescence | Refs.
No. Medium detection | cal intensity
(LOD) study enhancement
1. ( CH3CN:H0 12x106 No -- 24a
N o) ~ . 3+
- O ® (1:1, Vi) |\1/|5(§1|023
Q T M(Cr®),
0 Y 20x106
HN M (Fe*")
2. = MeOH-H,0 1.74x107° | No 62 (AIFY), 24b
- o N~ (6:4, vIv) M (AR, 1.7 (Cr3H,
O O 2.36x106 1.47 (Fe*)
o
B N M (Cr3%),
> O‘ 2.90x10
M(Fe3)
3. H,O:methano | 1.18x10° | No 98 (AI®), 24¢
HN O NH 1(3:7, viv) M(AIR?), 50 (Cr¥),
g 1.80x10¢ 38 (Fe3)
G o M (Cr),
- b 4.04x10°M
Br (Fe*)
4. ( CH;OH-H.0, | 6.87x10° | Yes 1465 (A%, | 24d
HN ) R () " (9:1, VIv) M (AP, 588 (Cr®"),
ﬁ“ 15.8x10 800 (Fe)
O om M (Cr*),
’ b"” 14.0x10°
Hs M (Fe3*)
5. - methanol/H, 0.34x10% | Yes 14 (AI%Y), 24e
Y o o ® - O@:1,viv,| M(ABY, 10 (Cr®),
. pH 7.2) 0.29x10° 21 (Fe®)
O O\/\N_ OH N\ - M(CI'3+),
bv/v 0.31x10%
" M (Fe®")
6. water/ethanol | 23.5x10° | NO 145 (ARY), | 24f
r (14:1, viv) M (AFY), 174 (Cr¥),
o NH 13.4x107° 30 (Fe*)
= O O M (CrY),
9 . 69.7x10°°
LS M (Fe®)
7. H20/CHsCN | 1.34x10° | Yes 31 (AP, | 249
(4:1),viv M (AFY), 26 (Cr3),
HN 0 ol 2.28x10° 41 (Fe?)
990 i (C),
N 1.28x106
Q O\——@ M (Fe*)
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8. ot HEPES- 1.61x107 | No -- 24h
o N buffered M (AR,
~N o T MeOH/H,0 | 8.91x10°®
XN on M (Cr)
o] Q 8.74x10°8
M (Fe®)
-
CN
9. H,O/CH:CN | 0.74x10° No 653 (AP, | 24i
(7:3, viv, pH M (APY), 667 (Cr3%),
7.2,20mM | 0.47x10° 669 (Fe%*)
HEPES M (Cr3),
buffer) 2.57x10°®
M (Fe®)
10. 3.79x107 No 36 (AP, 24
EtOH M (AR, 17 (Cr®),
o - 14.8x10~7 40 (Fe®Y),
N N s=wzc»,l)_j,_ water/acetonit | M (Cr¥), 89 (Cu®)
; ﬁ \ !} rile (14:1, | 3.29x107
g T L WW)(pH 7.2, | M (Fe*)
A 10 mM 0.74x10°7
HEPES M (Cu?)
buffer)
11 aqueous 24x107° M No -- 24k
medium (AP,
27x10° M
(Cr*),
12, H,O—EtOH 3.26 x10°° Yes -- 241
(4:1,viv) M(AIY)
13. Water, 5.2x10°M Yes >200 (Fe**) | 24m
10 mM with (Fe*)
Tris—HCI
buffer
solution
(pH = 7.4).
14. MeOH/H,O | 6.7x108M Yes -- 24n
W~ (114, VIV), (A1),
. HEPES buffer
d NIonNQ (10 mMm), pH
O O 7.2
|y
L
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15. ( MeOH/H20 | 0.314x10°6 Yes --- 240
\L o N (1:1, v, M (AP
~ O O HEPES, 0.5
mM, pH =
h 7.35
O™
NH2
16. ( Ethanol 40x10° M No -- 24p
N 0 N (F63+)
L
Q ™
17. % ( water:methan ~10° Yes 780(HL1) 24q
o o o ol (9:1, viv) M(AIR) (AP
O 0 725(HL2)
O et (A|3+)
b NS e 425(HL3)
RE (AF)
H2 o o y 391(HL4)
HI3 Br 3 (A|3+)
HL4 c 3
18. water:methan | 2.86x10°® | Yes 400 (AP, | This
ol (1:9, viv) M (AP, 380 (Cr®), | work
HL3.1 2.67x10°8 100 (Fe3*)
M (Cr),
5.62x107°
M (Fe%)
19. | HL3.2 water:methan | 2.78x10°® | Yes 396 (AI¥Y), | This
ol (1:9, viv) M (AFY), 390 (Cr¥), | work
2.61x10° 100 (Fe®)
M (Cr®),
6.14x1076
M (Fe%)

3.2 Experimental section

3.2.1 Materials and physical measurements description

All reagent or analytical grade chemicals and solvents were collected from
commercial sources and used without further purification. Elemental analysis was carried out
using a Perkin-Elmer 240C elemental analyzer. Infrared spectra (400-4000 cm™) were
recorded using KBr pellets on a Nicolet Magna IR 750 series-l1l FTIR spectrophotometer.
Absorption spectral data were collected using a Cary 60 spectrophotometer (Agilent) with a

1-cm-path-length quartz cell. Electron spray ionization mass (ESI-MS positive) spectra were
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noted using a MICROMASS Q-TOF mass spectrometer. Fluromax-4 spectrofluorimeter was
used to collect emission spectral data at room temperature (298 K) in Britton Robinson buffer
at pH= 7.4 solution under degassed condition. A time-resolved spectrofluorometer from IBH,
UK was used to collect fluorescence lifetime data. *H and *C NMR spectral data were
collected using Bruker 300 and Bruker 400 spectrometers in CD30OD and DMSO-ds solvent.
Cyclic voltammetric experiments were performed using a PC-controlled PAR model 273A
electrochemical system under a nitrogen atmosphere using an Ag/AgCl reference electrode,
with a Pt disk working electrode and a Pt wire auxiliary electrode in acetonitrile containing

supporting electrolyte, 0.1 M BusNCIO4
3.2.2 X-ray Crystallography

Single crystal X-ray data of chemosensors (HL3.1 and HL3.2) were collected on a
Bruker SMART APEX-II CCD diffractometer aid of graphite mono-chromated Mo Ka
radiation (A = 0.71073 A) at room temperature. Data processing, structure solution, and
refinement were examined using Bruker Apex-Il suite program. All available reflections data
in 26max range were harvested and corrected for Lorentz and polarization factors with Bruker
SAINT plus.®2® Reflections were then corrected for absorption, inter-frame scaling, and
different systematic errors with SADABS.>** The structures were solved by the direct
methods and refined with the help of full matrix least-square technique based on F? with
SHELX-2017/1 software package.>3 All the non hydrogen atoms were refined with
anisotropic thermal parameters. C—H hydrogen atoms were attached at geometrical positions
with Uiso = 1/2Ueq to those they are attached. Some restraints were applied when refining
disordered DMF molecules and nitrate ion to make it reasonable. One of dichloromethane
molecules present as solvent of crystallization in HL3.1 is highly disordered, which was very

difficult to model, and thus the final contribution of them to the R value was excluded

S
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through the SQUEEZE procedure. Similarly in complex 3.1, two water and two DMF
molecules present as solvent of crystallization are highly disorder and it is very difficult
produce a good model to resolve the issue and thereby their contributions were removed by
squeeze procedure from the final R values. Crystal data and details of data collection and

refinement for chemosensors (HL3.1 and HL3.2) and complexes (3.1 and 3.4) were collected

in Table 3.1.

Table 3.1 Crystal parameters and selected refinement details for HL3.1, HL3.2, complex 3.1

and complex 3.4.

sample HL 3.1 HL3.2 complex 3.1 complex 3.4
CCDC 2051844 2051845 2051846 2051847
Empirical formula Ca2H38ClsN6O4|Ca2H33ClI3NsO4/CgoHa7 AIN17015/C16aH150Al2N 28036
Formula weight 903.48 797.13 1671.81 3143.07
Temperature (K) 273(2) 273(2) 273(2) 293(2)
Crystal system monoclinic triclinic Monoclinic triclinic
Space group P21/c P-1 P21/c P-1
a (A) 23.1315(19) | 9.2184(7) | 13.9132(12) 16.651(16)
b (A) 11.7069(10) | 13.4158(10) | 16.3851(14) 20.317(19)
c(A) 17.5826(15) | 17.3821(13) | 19.9383(17) 28.03(3)
of°) 90 | 84.617(3) 92.089| 106.557(14)
©)
B() 110.173(3) | 78.146(3) | 106.005(3) 94.278(18)
v(°) 90 76.103(3) 90.341(3) 114.051(14)
\Volume (A3) 4469.3(7) 2040.0(3) 4365.6(7) 8101(13)
VA 4 2 2 2
Deate (g €M 3) 1.343 1.298 1.272 1.288
Absorption coefficient (mm™) 0.432 0.273 0.098 0.103
F(000) 1864 830 1766 3288
0 Range for data collection (°) 1.97-27.11 | 1.92-27.15 1.66-27.19 1.61-27.12
Reflections collected 9827 9010 19326 35653
Independent reflection / Rint 4996/0.1022 | 5171/0.0898 | 12734/0.0695 | 14083/0.1302
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Data / restraints / parameters 9827/0/581 | 9010/0/500 | 19326/0/1072 | 35653/0/2132
Goodness-of-fit on F? 1.026 1.022 1.036 1.024
Final indices[1>2o(1)] R1=0.0936 | R1=0.1062 R1=0.0812 R1=0.0941
wR1=0.2212 | wR1=0.0761 | wR1=0.2388 | wR1=0.2572
R indices (all data) R1=0.1700 | R1=0.1062 | R1=0.1190 R1=0.2280
WR2=0.2707 | wR2=0.3072 | wR2=0.2844 | wR2=0.3493
Largest diff. peak / deepest hole (e A®)| 0.297/-0.369 | 0.957/-0.663 | 0.858/-0.828 1.163/-0.328

3.2.3 Synthesis of N-(rhodamine-6G)lactam-hydrazine and azo-aldehydes

N-(rhodamine-6G)lactam-hydrazine and azo-aldehydes were prepared by following
literature procedures.®24"3 2L

3.2.4 Preparation of chemosensor HL3.1

A mixture of N-(rhodamine-6G)lactam-hydrazine (2.0 mmol, 0.8564 g) and 2-
hydroxy-5-(phenyldiazenyl)benzaldehyde (2.0 mmol, 0.512 g) was heated in refluxing
condition for ca. 2 h in methanol-chloroform (9:1,v/v). Light yellow colour crystals were

formed from slow evaporation of methanol-chloroform solvent mixture.

Yield: 1.094 g (80%). Anal. Calc. for C42H40NeO4Cls: C 55.71%; H 4.45%; N 9.28%; Found:
C 55.69%:; H 4.40%; N 9.26%. IR (cm™, KBr): v(C=N) 1624s; v(O-H) 3433s; v(C=0)1690s
(Figure 3.1). ESI-MS (positive) in MeOH: The base peak was appeared at m/z = 689.27,
corresponding to [HL3.1+Na]* (Figure 3.2). UV-Vis, Amax (nm), (¢ (dm®molicm™)) in
Britton Robinson buffer at pH= 7.4: 307 (39020).

IH NMR (300 MHz, ds-DMSO) & ppm: 1.20 (-CHs) (t, 6H, J=7.2Hz), 1.86 (Ar-CHs) (s, 6H),
3.34-3.099 (-CH2) (m, 4H), 3.84 (~OCH?3)(s,3H), 5.09 (NH)(t,2H, J1=4.8,Hz J,=5.1Hz), 6.23
(Ar-CH) (s, 2H), 6.34 (Ar-CH) (s, 2H), 7.06 (Ar-CH) (d, 1H,J=6.2Hz), 7.44(Ar-CH) (s, 1H),
7.49-7.67 (Ar-CH) (m, 4H), 7.82-7.96 (Ar-CH) (m, 3H), 8.32 (Ar-CHa) (s, 1H), 9.05 (-

CH=N) (s, 1H), 11.55 (-OH) (s,1H) (Figure 3.3a).

=
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'H NMR (400 MHz, ds-CD30D) & ppm: 1.31 (-CHa) (t, 6H), 1.92 (Ar-CHs) (s, 6H), 3.21-
3.27 (-CH2) (m, 4H), 3.91 (-OCHBg)(s,3H), 6.29 (Ar-CH) (s, 2H), 6.49 (Ar-CH) (s, 2H), 7.53-

8.29 (Ar-CH) (m, 11H), 8.84 (-CH=N) (s, 1H), 11.54(-OH) (s,1H) (Figure 3.3).

13C NMR (ds-DMSO, 75 MHz) & ppm:
14.62,17.47,37.94,56.36,66.08,96.29,104.06,104.70,118.92,119.28,119.77,122.74,123.63,124
:31,127.27,128.71,128.96,129.32,129.85,131.33,134.59,145.06,146.67,147.40,148.39,149.26,

150.56,151.47 151.99,152.35,164.27 (Figure 3.4).
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Figure 3.1 FTIR spectra of chemosensor HL3.1 and HL.3.2.
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Figure 3.3(a) 'H-NMR spectrum of the chemosensor HL3.1 in DMSO-ds recorded on a 300

MHz Bruker NMR spectrometer.
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Figure 3.3(b) *H-NMR spectrum of the chemosensor HL3.1 in CD30D recorded on a 400

MHz Bruker NMR spectrometer.
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Figure 3.4 1*C NMR spectrum of HL3.1 in DMSO-ds.
3.2.5 Synthesis of chemosensor HL3.2

A mixture of N-(rhodamine-6G)lactam-hydrazine(2.0 mmol, 0.8564 g) and 2-
hydroxy3-methoxy-5-(p-tolyldiazenyl)benzaldehyde (2.0 mmol, 0.540 g) was heated in
refluxing condition for ca. 2 h in methanol-chloroform (9:1,v/v). Light yellow colour crystals

were formed from slow evaporation of methanol-chloroform solvent mixture.

Yield: 1.201g (86%). Anal. Calc. for Cs2H41NsO4Cls: C 63.04%; H 5.16%; N 10.50%.
Found: C 62.98%; H 5.10%; N 10.46%. IR (cm™, KBr): v(C=N) 1621s; v(O-H) 3421s;
v(C=0) 1696s (Figure 3.1). ESI-MS (positive) in MeOH: The molecular ion peak was
appeared at m/z = 681.27, corresponding to [HL3.2+1]" (Figure 3.5). UV-Vis, Amax (hM), (&

(dm3mol-tcm™)) in Britton Robinson buffer (10mM) at pH= 7.4: 310 (38440).

IH NMR (300 MHz, ds-DMSO) & ppm: 1.211 (-CHs) (t, 6H), 1.86 (Ar-CHs) (s, 6H), 2.39
(Ar-CHs) (s, 3H), 3.18-3.09 (-CHz) (m, 4H), 3.85 (-OCH3)(s,3H), 5.09 (NH)(t, 2H,

J1=4.5Hz J,=5.4Hz), 6.22 (Ar-CH) (s, 2H), 6.34 (Ar-CH) (s, 2H), 7.06 (Ar-CH) (d, 1H,

)
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J=6.6 Hz), 7.36 (Ar-CH) (d, 2H, J=8.4Hz), 7.42 (Ar-CH) (s, 1H), 7.65-7.56 (Ar-CH) (m,

2H), 7.75 (Ar-CH) (d, 2H, J=8.1Hz), 7.94 (Ar-CH) (d, 2H, J=6.6 Hz), 8.32 (Ar-CH) (s, 1H),

9.03 (-CH=N) (s, 1H), 11.51(-OH) (s,1H) (Figure 3.6a).

IH NMR (400 MHz, d4-CDsOD) & ppm: 1.29 (-CHs) (t, 6H), 1.92 (Ar-CHs) (s, 6H), 2.42 (Ar-
CHs) (s, 3H), 3.26-3.21 (-CHy) (m, 4H), 3.89 (-OCHs)(s,3H), 6.26 (Ar-CH) (s, 2H), 6.44
(Ar-CH) (s, 2H), 8.02-7.30 (Ar-CH) (m, 9H), 8.30 (Ar-CH) (s, 1H), 8.82 (-CH=N) (s, 1H),

11.50(-OH) (s,1H) (Figure 3.6b).
13C NMR (ds-DMSO, 75 MHz) § ppm:

14.62,17.47,21.92,37.94,56.36,66.08,96.29,104.06,104.70,118.92,119.28,119.77,122.74,123.
63,124.31,127.27,128.71,128.96,129.32,129.85,131.33,134.59,145.06,146.67,147.40,148.39,
149.26,150.56,151.47 151.99,152.35,164.27 (Figure 3.7).

AS-JM-61L
AS-JM-81L 6 (0.130) Cm (8)

Figure 3.5 ESI-mass spectrum of chemosensor HL.3.2.
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Figure 3.6(a) *H-NMR spectrum of the chemosensor HL3.2 in DMSO-ds recorded on a 300

MHz Bruker NMR spectrometer.
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Figure 3.6(b) *H-NMR spectrum of the chemosensor HL3.2 in CD3zOD recorded on a 400

MHz Bruker NMR spectrometer.
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Figure 3.7 ¥*C NMR spectrum of HL3.2 in DMSO-ds.
3.2.6 Synthesis of [Al(L1)2](NOs)3DMF+2H:0 (3.1)

A 2 mL methanolic solution of aluminum nitrate nonahydrate (1.0 mmol, 0.375 Q)
was added carefully to 20 mL methanol-chloroform (9:1,v/v) solution of HL3.1 (2.0 mmol,
1.332 g). Then, the reaction mixture was stirred for ca. 3 h. Red colour crystals were
collected in high yield after slow evaporation of the methanol-DMF solvent mixture.

Yield: 1.348 g (79%). Anal. Calc. for CgoHgogAIN16016: C 63.79%; H 5.95%; N 13.37%;
Found: C 63.68%; H 5.86%; N 13.29%. IR (cm™, KBr): v(C=N) 1601s; v(NOs)1300s and
809s; v(C=0) 1646s (Figure 3.8). The molecular ion peak was appeared at m/z =1357.37 and
679.26, corresponding to [AI(L3.1)2]" and [AI(L3.1)2+H]?*, respectively (Figure 3.9). UV-
Vis, Amax (nm), (e (dm®mol~cm™)) in Britton Robinson buffer at pH= 7.4: 525(59558).

IH NMR (400 MHz, ds-DMSO) & ppm: 1.20(-CHs) (t, 6H, J=7.2Hz), 1.87 (Ar-CHz) (s, 6H),

3.12-3.19 (-CHy) (m, 4H), 5.93 (NH)(s,1H), 6.29 (Ar-CH) (d, 2H, J=6Hz), 6.40 (Ar-CH) (d,

JES
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2H, J=6.3Hz), 7.47-7.61 (Ar-CH) (m, 6H), 7.63-7.88 (Ar-CH) (m, 4H), 8.41 (NH) (d, 2H),

9.07(-CH=N) (s, 1H) (Figure 3.10a).

IH NMR (400 MHz, ds-CD30OD) & ppm: 1.32(-CHs) (t, 6H), 2.09 (Ar-CHs) (s, 6H), 3.12-3.19
(-CH2) (m, 4H), 6.53 (NH)(s,1H), 6.89 (Ar-CH) (d, 4H), 7.42-8.45 (Ar-CH) (m, 10H), 8.90(-

CH=N) (s, 1H) (Figure 3.10b).
13C NMR (ds-DMSO, 75 MHz) § ppm:

14.55,17.9,38.10,56.35,96.62,104.16,105.21,118.29,119.09,119.67,122.41,122.74,123.63,124
.30,125.12,127.34,128.74,129.35,130.33,134.60,141.42,145.08,148.17,149.22,150.23,150.40,

151.47,151.91,156.01,157.22,164.47,168.07 (Figure 3.11).
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Figure 3.8 FTIR spectra of (a) complex 3.1, (b) complex 3.2 and (c) complex 3.3.
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Complex 3.1
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Figure 3.9(a) ESI-mass spectrum of [AI(L3.1)2]" (complex 3.1).
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Figure 3.9(b) ESI-mass spectrum of [AI(L3.1)2+ H]** (complex 3.1).

AS (I)JM60AL7-1H

Figure 3.10(a) *H-NMR spectrum of complex 3.1 in DMSO-ds recorded on a 300 MHz
Bruker NMR spectrometer.
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Figure 3.10(b) *H-NMR spectrum of complex 3.1 in CD3OD recorded on a 400 MHz Bruker

NMR spectrometer.
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Figure 3.11 *C NMR spectrum of complex 3.1 in DMSO-ds
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3.2.7 Synthesis of [Cr(L3.1)2](NOs3) (3.2)

A 2 mL methanolic solution of chromium nitrate nonahydrate (1.0 mmol, 0.400 g)
was added carefully to 20 mL methanol-chloroform (9:1,v/v) solution of HL3.1 (2.0 mmol,
1.332 g). Then, the reaction mixture was stirred for ca. 3 h. Red colour microcrystals were
collected in high yield after slow evaporation of the solvent.

Yield: 1.385 g (80%). Anal. Calc. for CgoH74CrN13011: C 66.74%; H 5.16%; N 12.60%;
Found: C 66.65%; H 5.01%; N 12.50%. IR (cm™, KBr): v(C=N) 1601s; v(NOs)1300s and
810s; v(C=0) 1655 s (Figure 3.8). The molecular ion peak was appeared at m/z =1382.51
and 691.76, corresponding to [Cr(L3.1)2]" and [Cr(L1)2+H]?*, respectively (Figure 3.12).

UV-Vis, Amax (nm), (e (dm3mol™cm™)) in Britton Robinson buffer at pH= 7.4: 525(80235).
Complex 3.2

Intens. +MS, 0.1-0.2min #(7-12),
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08
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Figure 3.12(a) ESI-mass spectrum of [Cr(L1)2]" (complex 3.2).
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Figure 3.12(b) ESI-mass spectrum of [Cr(L3.1),+H]** (complex 3.2).
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3.2.8 Synthesis of [Fe(L3.1)2](NOs3) (3.3)

A 2 mL methanolic solution of ferric nitrate nonahydrate (1.0 mmol, 0.404 g) was
added carefully to 20 mL methanol-chloroform (9:1,v/v) solution of HL3.1 (2.0 mmol, 1.332
g). Then, the reaction mixture was stirred for ca. 3 h. Red colour powder were collected in
high yield after slow evaporation of the solvent.
Yield: 1.302 g (75%). Anal. Calc. for CgoH74FeN13011:C 66.74%; H 5.15%; N 12.56%;
Found: C 66.55%; H 5.01%; N 12.41%. IR (cm™, KBr): v(C=N) 1603s; v(NO3) 1300s and
809s; v(C=0) 1641s (Figure 3.8). The molecular ion peak was appeared at m/z =1386.51 and
693.83, corresponding to [Fe(L3.1)2]* and [Fe(L3.1)2+H]?*, respectively (Figure 3.13). UV-

Vis, Amax (nm), (e (dm®mol~cm™)) in Britton Robinson buffer at pH= 7.4: 525(80470).
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Figure 3.13(a) ESI-mass spectrum of [Fe(L3.1)2]" (complex 3.3).
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Figure 3.13 (b) ESI-mass spectrum of [Fe(L3.1)2+H]?>* (complex 3.3).
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3.2.9 Synthesis of [AI(HL3.2)(L3.2)](NOz)224H20 (3.4)

A 2 mL methanolic solution of aluminum nitrate nonahydrate (1.0 mmol, 0.375 @)
was added carefully to 20 mL methanol-chloroform (9:1,v/v) solution of HL3.2 (2.0 mmol,
1.362 g). Then, the reaction mixture was stirred for ca. 3 h. red colour crystals were collected

in high yield after slow evaporation of the solvent.

Yield: 0.802 g (76%). Anal. Calc. for CszHs7AIN14015: C 62.19%; H 5.54%; N 12.38%;
Found: C 62.01%; H 5.29%; N 12.07%; IR (cm™, KBr): v(C=N) 1608s; v(NO3)1300s and
822s; v(C=0) 1640s (Figure 3.14). The molecular ion peak was appeared at m/z =1385.58
and 693.29, corresponding to [AI(L2)2]" and [AI(L3.2)2+H]?*, respectively (Figure 3.15).
UV-Vis, Amax (nM), (e (dm3*mol™cm™)) in Britton Robinson buffer at pH= 7.4: 525(59847).

IH NMR (400 MHz, ds-DMSO) & ppm: 1.20(-CHs) (t, 6H, J=7.2Hz), 1.87 (Ar-CHz) (s, 6H),
2.39 (Ar-CHg) (s, 3H), 3.12-3.19 (-CH2) (m, 4H), 5.93 (NH)(s,1H), 6.29 (Ar-CH) (d, 2H,
J=6Hz), 6.40 (Ar-CH) (d, 2H, J=6.3Hz), 7.47-7.61 (Ar-CH) (m, 4H), 7.63-7.88 (Ar-CH) (m,

4H), 8.41 (Ar-CH) (d, 1H), 9.07(-CH=N) (s, 1H) (Figure 3.16a).

IH NMR (400 MHz, d4-CDsOD) & ppm: 1.34 (-CHs) (t, 6H), 2.09 (Ar-CHs) (s, 6H), 2.68 (Ar-
CHs) (s, 3H), 3.04-2.90 (-CHy) (m, 4H), 6.24 (Ar-CH) (s, 2H), 6.46 (Ar-CH) (s, 2H), 7.43-

8.18 (Ar-CH) (m, 10H), 8.45 (Ar-CH) (d, 1H), 8.99 (-CH=N) (s, 1H) (Figure13.6b).
13C NMR (ds-DMSO, 75 MHz) & ppm:

14.55,17.91,21.91,38.10,56.34,96.60,104.16,105.01,118.99,119.09,119.67,122.41,122.74,123
.63,124.30,125.12,127.34,128.74,129.35,130.33,134.60,141.46,145.08,148.17,149.23,150.23,

150.40,151.47,151.91,156.01,157.25,164.27,168.27 (Figure 3.17).
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Figure 3.14 FTIR spectra of (a) complex 3.4, (b) complex 3.5 and (c) complex 3.6.
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Figure 3.15 (a) ESI-mass spectrum of [AI(L3.2)2]* (complex 3.4).
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Complex 3.4
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Figure 3.15 (b) ESI-mass spectrum of [Al(L3.2).+H]" (complex 3.4).
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Figure 3.16(a) *H-NMR spectrum of complex 3.4 in DMSO-ds recorded on a 300 MHz

Bruker NMR spectrometer.
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Figure 3.16(b) *H-NMR spectrum of complex 4 in CD3OD recorded on a 400 MHz Bruker

NMR spectrometer.
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3.2.10 Synthesis of [Cr(L3.2)2](NO3) (3.5)

A 2 mL methanolic solution of chromium nitrate nonahydrate (1.0 mmol, 0.400 g)
was added carefully to 20 mL methanol-chloroform (9:1,v/v) solution HL3.2 (2.0 mmol,
1.3629). Then, the reaction mixture was stirred for ca. 3 h. Red colour microcrystals were
collected in high yield after slow evaporation of the solvent.

Yield: 1.448 g (82%). Anal. Calc. for Cs2H7sCrN13011: C 66.84%; H 5.34%; N, 12.36%;
Found: C 66.75%; H 5.28%; N 12.31%; IR (cm™, KBr): v(C=N) 1600s; v(NOs’) 1312s and
811s; v(C=0) 1641s (Figure 3.14). The molecular ion peak was appeared at m/z =1411.55
and 706.28, corresponding to [Cr(L3.2)2]" and [Cr(L3.2)2+H] ", respectively (Figure 3.18).

UV-Vis, Amax (nm), (e (dm3mol™cm™)) in Britton Robinson buffer at pH= 7.4: 525(80235).
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Figure 3.18 (a) ESI-mass spectrum of [Cr(L3.2)2]* (complex 3.5).
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Figure 3.18 (b) ESI-mass spectrum of [Cr(L3.2)2+H]?>* (complex 3.5).
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3.2.11 Synthesis of [Fe(L3.2)2](NOs3) (3.6)

A 2 mL methanolic solution of ferric nitrate nonahydrate (1.0 mmol, 0.404 g) was
added carefully to 20 mL methanol-chloroform (9:1,v/v) solution of HL3.2 (2.0 mmol,
1.3629). Then, the reaction mixture was stirred for ca. 3 h. red colour powder was collected
in high yield after slow evaporation of the solvent.

Yield: 1.377 g (78%). Anal. Calc. for Cs2H7sFeN13011: C 66.66%; H 5.32%; N, 12.32%;
Found: C 66.55%; H 5.25%; N 12.30%; IR (cm™, KBr): v(C=N) 1605s; v(NO3)1300s and
812s;v(C=0) 1642s (Figure 3.14). The molecular ion peak was appeared at m/z =1414.54
and 707.77, corresponding to [Fe(L3.2)2]" and [Fe(L3.2)2+H] %", respectively (Figure 3.19).

UV-Vis, Amax (nm), (e (dm3mol™cm™)) in Britton Robinson buffer at pH= 7.4: 525(82471).

Complex 3.6

Intens. +MS, 0.1-0.2min #(4-10)
x10%] 14146441 1415 6461
64

[
|
4 | J 1416.6369
!

f \ ’ | \ 1417“6243

14126320 1413.6296 J \ | K [\ M\ 1418.6105
Fa J | \

24

1419.5947 14205821
C82H77FeN1208, M+nH ,1414.54]

0‘.
20003: 14145412 e cnn
{ I
15007 |
1000% ’( l ‘ 14165475

i I
5007 I / | 14175510
b| 14125456 1413.5490 ) \ \ f \ N\ 14185543

\
1412 1414 1416 1418 1420 miz

Figure 3.19 (a) ESI-mass spectrum of [Fe(L3.2)2]* (complex 3.6).
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Figure 3.19 (b) ESI-mass spectrum of [Fe(L3.2)2+H]?" (complex 3.6).
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3.2.12 UV-visible and fluorescence spectroscopic experiment

Stock solutions of different ions (1x10° M) were prepared in deionized water
medium. A stock solution of the chemosensor (HL3.1 and HL3.2) (1x10° M) was prepared
in methanol medium. The chemosensor (HL3.1 and HL3.2) solution was then diluted to
1x10° M as per requirement. Competitive assay of various cations and anions and other
spectroscopic experiments were performed in aqueous- methanolic Britton Robinson buffer
(10mM) medium at pH 7.4. In competitive assay experiments, the test samples were prepared
by mixing appropriate amounts of the cations stock in 3 mL of chemosensors (HL3.1 and

HL3.2) solution (1x10° M).
3.2.13 Binding stoichiometry (Job’s plot) studies

Binding stoichiometry of the chemosensors with that of AI**, Cr®* and Fe3* ions are
determined by Job’s Continuous Variation Method using absorption spectroscopy. At 25 °C
temperature, the absorbance was recorded for solutions where the concentrations of both
chemosensors and AI¥*, Cr3* and Fe®* ions are varied but the sum of their concentrations was
kept constant at 1x10° M. Relative change in absorbance (AA/Ag) was plotted against mole
fraction. The break point in the resulting plot represents the mole fraction of chemosensor in
AP, Cr¥* and Fe®*" complexes. From the break point the stoichiometry was determined. The
final results were average of at least three experiments.

3.2.14 Protocol of real sample analysis

A stock solution of the chemosensor (HL3.1 and HL3.2) (1x102 M) was prepared in
methanol:H20 (9:1) medium. 3mL real sample (Saloon waste water or Laboratory tap water)
was taken in a vial and 3 pL stock solution of chemosensor (HL3.1 and HL.3.2) was added to
it. Instantaneous colour change observed. After that, we took images of the vials under UV-

lamp and visible light.
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3.2.15 Cell culture
The cervical cancer cell line HeLa were procured from the National Center for Cell
Science (NCCS) Pune, India. The cells were cultured in an enriched cell culture medium,
DMEM (Dulbecco’s Modified Eagle Medium), supplemented with 10% FBS (Fetal Bovine
Serum) and a mixture of appropriate antibiotics (streptomycin and penicillin) at dose of 100

units/ml. The cells were incubated at a temperature of 37 °C and in the prevalence of 5%

CO..

3.2.16 Cell interbalisation studies

The cervical cancer cell line HeLa were cultured on coverslips for a period of 24 h.
Then these cells were either left untreated or were exposed to a dose of ligands (10puM) and
AP salt (5uM), Cr3* salt (5uM), Fe** salts (5uM). These treated cells were then incubated
for 24 h. at a temperature of 37 °C. Afterwards the cells were thoroughly washed with the
help of 1xPBS. Ultimately the cells were envisaged with the help of fluorescence microscope

(Leica) following the mounting of the cells on a glass slide.
3.2.17 Computational method

All computations were performed using the GAUSSIAN 09 (G09)3% software
package. For optimization, we used the density functional theory method at the CAM-B3LYP
level?3833° and the standard 6-31+G(d) basis set for C, H, N and O atoms.34%341 TDDFT
calculation was performed with the optimized geometry to ensure only positive eigen values.
Time-dependent density functional theory (TDDFT)34234% was performed using the
conductor-like polarizable continuum model (CPCM)3*%347 and the same CAM-B3LYP
level and basis sets in methanol solvent system. GAUSSSUM3# was used to calculate the

fractional contributions of various groups to each molecular orbital.
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3.3 Results and discussion

3.3.1 Synthesis and characterization

N-(rhodamine-6G)lactam-hydrazine and azo-aldehyde were prepared following
published procedures.®24"32! Schiff base condensation reaction between rhodamine-6G based
amine and 2-hydroxy-5-(phenyldiazenyl)benzaldehyde or 2-hydroxy3-methoxy-5-(p-
tolyldiazenyl)benzaldehyde finally generate the chemosensors, HL3.1 and HL3.2,
respectively (Scheme 3.1). Different spectroscopic techniques (UV-Vis, FT-IR and NMR),
X-ray crystallography, ESI-mass and elemental analysis were utilized for their complete
characterization (Figures 3.1-3.23).

Reaction between M(NOs)s. 9H.O (where, M** = AP*, Cr¥* and Fe**) and
HL3.1/HL3.2 in 1:2 ratio produce complexes 3.1-3.6, respectively. They were characterized
by 'H NMR, *C NMR, FT-IR spectroscopy, X ray-crystallography, and C, H and N analysis.
In ESI-MS analysis both the chemosensors exhibit base peak at m/z 689.27 and 681.27,
corresponding to [HL3.1+Na]* and [HL3.2+1]", respectively. All the six complexes 3.1-3.6
give ESI-MS peaks at 1357.37, 1382.60, 1386.51, 1385.51, 1411.49, 1414.64 corresponding
to [M(L3.1/L3.2)2]" (where M= Al, Cr, Fe) species. Interestingly, all the experimental data
are well matched with their simulated patterns.

3.3.2 Crystal structure descriptions of chemosensors (HL3.1 and HL3.2)

X ray-crystallographic analysis reveals that HL3.1 is crystallized in the monoclinic
system with P2i/c space group, while HL3.2 in the triclinic system with P1 space group
(Table 3.1). Crystal structure of chemosensor HL3.1 is presented in Figure 3.20, while
HL3.2 is depicted in Figure 3.21. Both chemosensors are non planer and crystal structures
confirm imine bond formation, presence of spirolactam ring, xanthene unit and azo
chromophore within the molecules. The C-O and C—N bond distances of the HL3.1 vary
within the range 1.220-1.425 A and 1.280-1.494 A, respectively.
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Figure 3.20 Crystal structure of chemosensor HL3.1. Atoms are shown as 30% thermal

ellipsoids. H atoms and solvent molecule are omitted for clarity.

Figure 3.21 Crystal structure of the chemosensor HL3.2. Atoms are shown as 30% thermal

ellipsoids. Here, H and solvent molecule atoms are omitted for clarity.
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3.3.3 Crystal structure descriptions of complexes 3.1 and 3.4
Crystals of complex 3.1 were developed from methanol-DMF solvent mixture
whereas, crystals of complex 3.4 were collected from chloroform-methanol solvent mixture.
Complex 3.4 crystallized in the triclinic system with space group PT1 where the asymmetric
unit consists of two complex cations and four non-coordinating nitrate anions together with
four water molecules as solvent of crystallization. Crystal structure of one of the complex
cations is shown in Figure 3.22. Crystallographic data are collected in Table 3.1 and
important bond lengths and angles in are given in Table 3.2. Crystal structure of complex 3.4
confirms presence of open spirolactam ring within the chemosensor and 2:1 binding
stoichiometry between the chemosensor and AI®* jon. The structures of complex cations in
the asymmetric unit are eventually similar and structure of only one unit briefly described
here. In the complex cations, the metal centre is distorted octahedral being coordinated with
two imine N-atoms (N4 and N10), two phenoxide O-atoms atoms (O3 and O7) of both
ligands and two O-atoms of open spirolactam amide (O2 and O6) of chemosensor in
meridional fashion. The AIF*—Ophenoxide, AI**—Nimine bond distances vary within the range
1.807-1.929(3) A, 1.811-1.863(2) A and 1.957-2.000(3) A, respectively. In complex 3.4,
spirolactam amide present as amide form in one chemosensor and in iminolate form in other one.
Presence of both amide and iminolate form of spirolactam amide further supported by sorter C-O
(C67-06, 1.247(5) A) and longer C-N (C67-N9, 1.348(6) A) bond distances in one chemosensor unit
and relatively longer C-O (C26-02, 1.297(5) A) and shorter C-N (C26-N3, 1.323(5) A) bond
distances in another chemosensor unit. The azo bonds (N11-N12 and N5-N6) exhibit a double bond
character with distances of 1.265(6) A and 1.277(6) A, repetitively. In the complex the azo bound
phenyl ring is slightly twisted with respect to the phenolate ring. The dihedral angles between these

two phenyl rings are 21.91° and 36.92° for complex 3.4 (Figure 3.22).

Complex 3.1 crystallized in the same crystal system as complex 3.4 does but the

asymmetric unit of complex 3.1 consists of a complex cation, comprising with an AI** ion
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and two chemosensors, and one non-coordinating nitrate anion. Three DMF and two water
molecules are also present as solvents of crystallization. In complex 3.1, spirolactamide
present exclusively in iminolate form. Presence of the iminolate form is confirmed by longer
C-O (C10-01=1.290 A, C11-02=1.291 A) and shorter C-N (C10-N10=1.312 A, C11-
N2=1.307 A) bond distances within the complex cation (Figure 3.23 and Table 3.2).

Table 3.2 Selected Bond lengths (A) and Bond angles (°) for HL3.1, HL3.2, complex 3.1

and complex 3.4.

HL3.1 HL3.2 complex 3.1 complex 3.4
N4-C9 1.282(4) C27-N6 1.221(4) | Al1-01 1.889(2) Al1-02 1.863(4)
N4-N3 1.370(4) N6-N5 1.361(5) | Al1-02 1.893(2) Al1-03 1.811(4)
02-C19 1.229(4) C26-N5 1.367(2) | Al1-O6 1.850(2) Al1-06 1.929(4)
03-C31 1.356(4) C10-N5 1.489(3) | Al1-O7 1.840(2) Al1-07 1.807(4)
05-C40 1.371(4) C26-04 1.230(4) | AI1-N3 1.985(2) Al1-N3 1.957(4)
05-C32 1.375(4) C29-01 1.335(4) | AIL-N9 1.992(2) Al1-N10 2.000(4)
N3-C19 1.374(4) | C10-C11 | 1511(5)| O2-C1l 1.291(3) 06 -C67 1.251(5)
N3-C8 1.510(4) C10-C6 1.512(4) | 01-C10 1.290(3) 02- C26 1.294(5)
N5-N6 1.241(4 C27-N6 1.282(6) | N2-C11 1.307(3) N9-C67 1.334(6)
N5-C12 1.446(5) C14-N1 1.382(3) | N10-C10 | 1.312(3) N3-C26 1.322(5)
07-C29 1.375(5) C3-N4 1.361(4) | N6-N7 1.265(4) | N11-N12 | 1.265(6)
07-C30 1.436(6) N4-C3 1.371(5) | N2-N3 1.401(3) N5-N6 1.277(6)
N1-C4 1.392(5) N4-C2 1.454(6) | O7-AI1-O1 | 168.75(9 | O2-Al-O3 | 170.38(15)
N6-C14 1.434(5) N2-N3 1.261(5) | 06-Al1-02 | 169.39(9) | N4-AI-N10 | 170.19(17)
N2-C36 1.446(7) N1-C15 1.489(9) | N3-AI1-N9 | 167.36(10) | O7-Al-0O6 | 168.23(14)
N3-C8-C100 | 109.9(3) | N5-C10-C20 | 99.6(3) | O7-Al1-06 | 91.10(10) | N4-Al1-O2 | 80.43(15)
N3-C8-C7 | 110.5(3) | N5-C10-C6 | 109.6(3) | O2-Al1-N9 | 90.24(9) | N4-Al1l- 03 | 92.43(17)
C100- C8-C7 | 110.6(3) | C20-C10-C6 | 111.4(3) | O6-Al1-O1 | 90.21(10) | N10-Al1-O3 | 92.15(15)
N3-C8-C25 98.7(2) | N5-C10-C11 | 111.3(3) | O7-Al1-N3 | 97.59(9) | N10-Al1-O2 | 94.01(14)
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C100-C8-C25 | 113.8(3) | C20-C10-C11 | 114.1(3) | O6-AI1-N3 | 90.13(9) | N10-Al1-O6 | 78.87(15)

C7-C8-C25 | 112.7(3) | C6-C10-C11 | 110.4(3) | O1-Al1-N3 | 93.58(9) | N10-Al1-O6 | 89.78(14)

02-Al1-N3 | 79.29(9) | N4-Al1-O6 | 92.69(15)

O7-Al1-N9 | 89.60(9) N4-Al1-O7 | 98.38(17)

Figure 3.22 Crystal structure of one of the complex cations of 3.4. Atoms are shown as 30%

thermal ellipsoids. H atoms are omitted for clarity.

Figure 3.23 Crystal structure of complex cation of 3.1. Atoms are shown as 30% thermal

ellipsoids. Here, H atoms are omitted for clarity.
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3.3.4 NMR studies
All 'H NMR spectra are recorded in DMSO-ds solvent. *H NMR spectrum of HL3.2
is discussed as a representative example. Here, both phenolic -OH and imine proton appear as
sharp singlet at 11.51 and 9.04 ppm, respectively. Aromatic protons appear as singlet at 8.32
and 7.42 ppm, represent azo-aromatic part, doublet at 7.74 and 7.36 ppm, represent O-
vanillin part. Aromatic protons adjacent to the spirolactam ring appear as doublets at 7.94 and
7.06 ppm and multiplet within 7.65-7.56 ppm. Aromatic protons present in xanthene part
appear as sharp singlet with double intensity at 6.34 and 6.22 ppm. Aliphatic amine (-NH)
protons appear as triplet at 5.09 ppm. Aromatic -OCHs protons appear as singlet at 3.84 ppm.
Aliphatic CH2 protons appear as multiplet within 3.18-3.09 ppm. Aromatic CH3 protons
appear as singlet at 2.39 and 1.85 ppm whereas, aliphatic CHz protons appear as triplet at
1.21 ppm (Figure 3.6). *H NMR spectrum data of HL3.1 is collected in experimental section

(Figure 3.3).

Both AI**- probe complexes (3.1 and 3.4) give clean and similar type of 'H NMR
spectra in DMSO-ds solvent. In complex 3.4, coordination of metal with chemosensors result
disappearance of phenolic -OH proton, whereas position of imine proton (singlet, 9.08 ppm)
remain almost unchanged. We also observe down filed shift of aromatic protons and
broadening of the peaks. Aromatic protons adjacent to the open spirolactam ring, azo-
aromatic moiety and o-vanillin part appear as multiplet within range 7.96-7.47 ppm. Protons
present in xanthene part appear as doublet at 6.40 and 6.29 ppm, respectively. Aliphatic CH>
Protons appear as multiplet within 3.19-3.12 ppm and aromatic OCHs protons (merged with
water molecules) appear as multiplet within 3.90-3.69 ppm region. During complexation one
aliphatic =NH proton disappears, other aliphatic amine get protonated cNH>") and appears at
5.93 ppm. In complex 3.4, amide group is present in iminolate form in one chemosensor and

amide form in another chemosensor for which proton appears at 8.42 ppm. Interestingly,
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positions of aromatic and aliphatic CHs protons are almost unchanged upon complexation
(2.39, 1.87 and 1.20 ppm, respectively) (Figure 3.12). *H NMR spectral data of complex 3.1

is collected in experimental section (Figure 3.9).

13C NMR spectra are also recorded in DMSO-ds solvent and collected in experimental
section. In HL.3.2, spirolactam amide carbon appears at 165.25 and phenolic carbon appears
at 152.35 ppm. Imine carbon appears at 151.99 ppm. In complex 3.4, metal coordination
results downfield shift of spirolactam amide carbon, phenolic carbon and imine carbon
positions at 168.27, 164.27 and 157.25 ppm respectively. In free chemosensor, carbon atom
connecting the xanthene part and spirolactam ring is sp® hybridized and appears at 66.08 ppm.
AI** coordination results spirolactam ring opening, therefore, carbon atom connecting
xanthene part and spirolactam ring has changed hybridization from sp® to sp? and appears at
141.46 ppm. Interestingly, position of OCHs carbon, aliphatic CH, and CHz carbon atoms
remain almost unchanged (appear at 56.34, 17.91 and 14.54 ppm, respectively) both in free

and AI** bound chemosensor (Figures. 3.11 and 3.17).

We have also performed *H NMR titration in DMSO-ds solvent. Gradual addition of
AP (0-2 equivalent) to the chemosensor (HL3.1/HL3.2) solution shows gradual
disappearance of phenolic-OH proton and aliphatic — NH proton confirming opening of
spirolactam ring followed by complexation through phenoxide oxygen, amide oxygen and
imine nitrogen atoms. Broadening of both aromatic and aliphatic protons is also observed
during this titration process (Figures 3.24 and 3.25). Since all the sensing experiments are
studied in methanol:water solution, we have performed *H NMR of free chemosensors and
complexes 3.1 and 3.4 in CD30D. Well resolved NMR spectra are presented in experimental

section (Figures 3.10b and 3.16b).
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HL3.1+ 2eq. AlI3*

Figure 3.24 'H-NMR titration of the free ligand (HL3.1) and with the addition of 1 and 2

equivalent of AI** in DMSO-ds recorded on a 300 MHz Bruker NMR spectrometer.

HL3.2+ 2eq. AI3*

Figure 3.25 'H-NMR titration of the free ligand (HL3.2) and with the addition of 1 and 2

equivalent of AI** in DMSO-ds recorded on a 300 MHz Bruker NMR spectrometer.

3.3.5 Absorption spectral analysis

The UV-Vis spectra of chemosensors (HL3.1 and HL3.2) are first examined in 10
mM Britton Robinson buffer solution at pH 7.4 (1 : 9, water : methanol, v/v). Chemosensors,

HL3.1 and HL3.2 exhibit well- resolve bands at ~ 307 and ~ 360 nm, responsible for n—m*
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and n—7* type of transitions. Interestingly upon successive addition of AI®*, Fe3* and Cr¥*
ions (0-6uM, 10 mM Britton Robinson buffer solution; pH 7.4; 1:9, water: methanol, v/v) to
the chemosensor (10 uM), a new peak appears at ~ 525 nm with significant changes in the
spectra of all chemosensors (HL3.1 and HL3.2). In case of Fe** an additional peak appears at
~ 395 nm (Figures 3.26 and 3.27). Presence of AI**, Cr¥* and Fe®" ions initiate spirolactam
ring opening followed by the coordination with the chemosensors, resulting its colour change
from faint yellow to intense fluorescent yellowish pink in visible light. Spirolactam ring
opening increases delocalization of © electrons within ligand framework followed by charge
transfer transitions. Saturation has been observed in presence of 0.5 equivalents of trivalent
metal ions to the chemosensors. 2:1 binding stoichiometry of the chemosensors with AI®*,
Cr* and Fe®* jons has been confirmed by Job’s plot analysis at A= 525 nm (Figures 3.28 and

3.29).

HL3.1+Cr3+

Absorbance
°

T v T T Y Y 1
2% 300 %0 0o 450 %00 350 00
Wavelength (nm)

@ (8)

Absorbance

Wavelength (nm)

(©)

Figure 3.26 Absorption titration study of HL3.1 (10 uM) with gradual addition of metal ions (AI**,

Cr® and Fe*") (A-C) 0-6 uM in 10 mM Britton Robinson buffer at pH 7.4.
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Figure 3.27 Absorption titration study of HL3.2 (10 uM) with gradual addition of metal ions

(AP, Cr¥ and Fe®") (a-c) 0-6 uM in 10 mM Britton Robinson buffer at pH 7.4,
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Figure 3.28 2:1 (Ligand:Metal) binding stoichiometry has shown by Job’s plot of complex
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Figure 3.29 2:1 (Ligand:Metal) binding stoichiometry has shown by Job’s plot of complex
3.4-3.6(a-c)( at A= 525 nm). Symbols and solid lines represent the experimental and

simulated profiles, respectively.
3.3.6 Fluorescence properties analysis

Both chemosensors (10 uM) are non-fluorescent when excited at 360 nm in 10mM
Britton Robinson buffer (1:9, water : methanol, v/v; pH = 7.4) medium. Presence of trivalent
metal ions (AI¥*, Cr¥* and Fe®' ions; 0-6 UM) to the probe results enormous fluorescence
enhancement at 555 nm (Figures 3.30 and 3.31). Fluorescence increases steadily and reaches
a maximum at 0.5 equivalents of every trivalent metal ion. Free chemosensors are non-
fluorescent due to presence of closed spirolactam ring. Metal coordination with imine N-
atoms, phenoxide O-atoms and O-atoms of open spirolactam amide (CHEF on) initiates
fluorescence enhancement due to opening of the spirolactam ring. In case of AI**and Cr®* the

emission enhancement is ~400 fold, whereas for Fe®* enhancement is ~100 fold.
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Binding ability of the chemosensors towards AIP*, Cr¥* and Fe3* ions has been
calculated using Benesi-Hildebrand equation (Equation 1) involving fluorescence titration
curve 33¢

U(F — Fo) = U(Fmax — Fo) + (UK[CI{L/(Fmax — Fo)} wovveveveennn (1)

Here, Fmax, Fo and Fx represent fluorescence intensities of each chemosensor (HL3.1/HL3.2)
in presence of metal ions at saturation, free chemosensor (HL3.1/HL3.2) and any
intermediate metal ion concentration, respectively. K is denoted as the binding constant of the
complexes and concentration of respective metal ion is represented by C. The value of
binding constant (K) has been determined using the relation, K=1/slope. Binding constant
values are 5.14x10° M2, 4.91x10° M2, 3.37x10* M? and 5.03 x10° M?, 4.86x10° M?,
3.95x10* M, respectively for the chemosensors HL3.1 and HL3.2 towards AI**, Cr®* and

Fe3* ions (Figures 3.32 and 3.33).
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Figure 3.32 Benesi-Hildebrand plot for complex 3.1-3.3 (a-c). The plot is obtained after

adding 5 uM AI** Cr¥ and Fe®* solution to the HL3.1 solution (10 uM) (in 10 mM HEPES

buffer medium, pH 7.4).
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Figure 3.33 Benesi-Hildebrand plot for complex 3.4-3.6 (a-c). The plot is obtained after
adding 5 pM AI®*, Cr®" and Fe®" solution to the HL3.2 solution (10 uM) (in 10 mM HEPES

buffer medium, pH 7.4).

High selectivity of the chemosensors toward respective metal ions (AP,
Cr¥* and Fe®") are again established by competition assay experiment. Here in presence of
chemosensor and respective metal (AI**, Cr®* and Fe3*) ion, (0.5 equiv.) different metal ions
(Cd2+, ng+’ Pb2+, Zn2+, Ag+, Mn2+, Fez+’ C02+, Ni2+, Na*, K*. Mg2+, Cu2+, Ca2+, A53+, Ga3+,
In®* and TI®*) (Figures 3.34 and 3.35) and common anions (S203%, S*, SO3%, HSO4", SO47,
SCN ', N3, OCN", AsOs*, HoPO4, HPO4*, PO4*, ClOs ", AcO ', NOs , F, CI', PFg™, P,O/*
and ROS such as NaOClI, KO, H20>) are added in excess amount (10.0 equiv.) in 10 mM
Britton Robinson buffer solution at pH 7.4. Competition assay experiments clearly express
high fluorescent recognition of chemosensors (HL3.1 and HL3.2) for AI**, Cr** and Fe®*

ions over most of the metal ions and all common anions. (Figures 3.36 and 3.37).
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Figure 3.36 Relative fluorescence intensity diagram of [HL3.1-APPF*], [HL3.1-Cr¥*] and
[HL3.1-Fe**](A-C) system in the presence of different anions in Britton Robinson buffer
medium (10 mM) at pH 7.4. 1=only HL3.1 (10 pM) and (2-23)= HL3.1 (10 pM) +
AP*/Cr¥*[Fe3*(5 uM) + Anions (50 M), Anions = 2-S,03%, 3-S%, 4-S03%, 5-HSO4", 6-S04,
7-SCN ', 8-N3 , 9-OCN, 10-AsO4*, 11-HoPOy, 12-HPO4?, 13-PO4*, 14-ClO4 , 15-AcO |,
16-NOs , 17-F, 18-Cl, 19-PFg", 20-P,07*", 21NaOCl, 22K O3, 23H0,.
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Figure 3.37 Relative fluorescence intensity diagram of [HL3.2-AlI**], [HL3.2-Cr¥"] and
[HL3.2-Fe3*](A-C) system in the presence of different anions in Britton Robinson buffer
medium (10 mM) at pH 7.4. 1=only HL3.2 (10 uM) and (2-23)= HL3.2 (10 puM) +
APR*/Cr¥*/Fe®*(5 uM) + Anions (50 M), Anions = 2-S,05%, 3-S%, 4-S03%", 5-HSOy", 6-S04%,
7-SCN ', 8-N3 , 9-OCN’, 10-AsO,*, 11-H:POy, 12-HPO4?, 13-PO4*, 14-ClO4 , 15-AcO |,

16-NOs , 17-F, 18-Cl, 19-PFs", 20-P,07*", 21NaOCl, 22K O, 23H,0,.

Interestingly both the chemosensors, HL.3.1 and HL.3.2, also act as colorimetric probe
for selective detection of AIP*, Cr¥* and Fe®* ions. AI¥*, Cr** and Fe**ions exhibit fluorescent
pinkish yellow colouration in presence of both probes. Some common cations show light
yellow colour in presence of the chemosensors. The intensity of chemosensors increases in
the order AI**~ Cr¥*>Fe®". Thus, the chemosensors will be a good choice for colorimetric
detection of AI**, Cr®* and Fe®" ions both in environmental and biological fields (Figure

3.38).
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HL1 AI Na K* Hg?* Cd?* Mn?* Co?* Ni** Ag* Fe**Pb2* Zn2*Mg?*Cu?*TI** As**Cr** Ga®* In®*
¥y AT BEJETERE =3 ¥ 3 EFEF F FEFE G
L0 50 1 e 1y 3 MY ey e

- > o, T

|

S U S S S S i i

Figure 3.38 Visual colour changes of chemosensor [HL3.1 (A) and HL3.2 (B)] (10uM) in

presence of common metal ions (0.5 equivalent) in 10 mM Britton Robinson buffer (pH 7.4).
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The images in above row and below row were taken under visible light and UV light

respectively.

On-field applicability of these colorimetric sensors has also been tested. We have
performed paper strip experiment to support colorimetric as well as fluorescence sensing
abilities of both the chemosensor. We have used saloon waste water and our laboratory tap
water for real sample analysis. Presence of AI** ions in saloon waste water and laboratory tap
water are successfully detected by our chemosensors through naked eye and under UV-lamp
(Figures 3.39 and 3.40). Although the chemosensors have low solubility in water but use of
aqueous-methanol solution of HL3.1/HL3.2 in the system and low LOD values of the
chemosensors help such type of detection. Both the chemosensors are highly photo-stable. In
photostability experiments, 10 M aqueous solutions of HL3.1 and HL3.2 were irradiated
with a tungsten lamp light (emission in the 400-700 nm range, power 60 W/220V) over a
period of one hour. Interestingly, fluorescence intensity of the chemosensors remains

unchanged over a period of time (Figure 3.41).

Figure 3.39 Visual colour changes of real samples under normal light (above) and UV light

(below) in presence of chemosensors (HL3.1 and HL.3.2). (A) Saloon waste water, (1= Only
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saloon waste water, 2 and 3= Saloon waste water + HL3.1/HL3.2). (B) Laboratory tap water

(1= Only laboratory tap water, 2 and 3=laboratory tap water + HL3.1/HL3.2).

HL1 HL2

(A) )]

Figure 3.40 Colour changes of paper strip under normal light (above) and UV light (below)
in presence of chemosensors HL3.1 (A) and HL3.2 (B) [1=only HL3.1/ HL3.2; 2-4= HL3.1/

HL3.2 + Cr3*, APR* and Fe®", respectively].
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Figure 3.41 The photostability of chemosensors [HL3.1(A) and HL3.2(B)] (10 uM) in 10

mM Britton Robinson buffer at pH 7.4.( Aex = 450 nm).

Limit of detection (LOD) of the chemosensors towards AI** Cr3* and Fe® ions are

estimated using 3c method.**° The detection limit of the chemosensors (HL3.1 and HL3.2)
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for A", Cr¥* and Fedions are 2.86 x 108 M, 2.67 x 108 M, 5.62x 10° M, 2.78 x 108 M,
2.61 x 108 M and 6.14x 107 M, respectively.

The effect of pH on chemosensors (HL3.1 and HL3.2) both in free condition and in
presence of AI¥*, Cr¥* and Fe®" ions are studied fluorometrically. It is well known that in
acidic condition spirolactam ring of the chemosensor opens. Similar observation is also
noticed in presence of AIF*, Cr¥* and Fe®' ions. Therefore, both free chemosensor and
chemosensor-AI**, Cr3*, Fe3* adduct exhibit high fluorescence intensity at pH 2-4. At pH 5 a
sharp decrease in fluorescence intensity of free chemosensor is observed. After pH 5 to pH 11
its fluorescence intensity is very weak and remains unchanged. This observation suggests
reconstruction of spirolactam ring in neutral and basic condition. In presence of AI®*, Cr*
and Fe3* ions fluorescence intensity of the chemosensor decrease a little after pH 4 and then it
maintain a constant value up to pH 8. At pH 9 a sharp decrease in fluorescence intensity of
chemosensor is observed. After pH 9 to pH 11, very weak fluorescence intensity is observed.
This is probably due to generation of metal hydroxide and free chemosensor at higher pH
(Figure 3.42). Interestingly, effect of pH is more pronounced in case of Fe®*-chemosensor
adduct. The pH experiment shows that these chemosensors can act as a selective fluorescent
probe for AI**, Cr®* and Fe®" ions in presence of other metal ions in biological system under

physiological condition.
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Figure 3.42 Fluorescence intensity of chemosensors (HL3.1 and HL3.2) (10 uM) in the
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absence and presence of metal ions (AI**, Cr®* and Fe®*") (5 uM) at different pH values in 10
mM Britton Robinson buffer.
3.3.7 Life time and quantum yield study

Lifetime measurement for the chemosensors (HL3.1 and HL3.2) and complexes 3.1-
3.6 are studied at 25 °C in 10 mM Britton Robinson buffer (pH= 7.4) medium. The average
values of fluorescence decay life time of the chemosensors and complexes 3.1-3.6 have been
measured using the given formula (tf = a1 + axt2, Where a; and a; are relative amplitude of
decay process). The average value of fluorescence lifetime of the chemosensors (HL3.1 and
HL3.2) and complexes 3.1-3.6 are 2.26, 2.21 ns and 4.56, 3.77, 2.14, 4.24, 3.59 and 2.12ns,

respectively (Figure 3.43 and Table 3.3).
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Figure 3.43 Time-resolved fluorescence decay curves (logarithm of normalized intensity vs

time in ns) of HL3.1 and HL3.2.
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Table 3.3 Lifetime, quantum yield, LOD and binding constant values of chemosensors

(HL3.1 and HL3.2) and complexes (3.1-3.6).

Lifetime (ns) (tav.) | Quantum Yield (®) LOD (M) Binding
Constant (M)

HL3.1 2.26 0.005 - -

HL3.2 2.21 0.006 - -
complex 3.1 4.56 0.26 2.86 x 108M | 5.14x10°
complex 3.2 3.77 0.24 2.67 x 108M | 4.91x10°
complex 3.3 2.14 0.027 5.62x 10°M | 3.37x10*
complex 3.4 4.24 0.25 2.78 x 108M | 5.03 x10°
complex 3.5 3.59 0.23 2.61x108M | 4.86x10°
complex 3.6 2.12 0.022 6.14x 105M | 3.95x10*

Fluorescence quantum yield (@) has been calculated as follows:

Dsample = {(ODstandard X Asample X 1%sample)/(ODsampleX Astandard X 1)%standard)} X Dstandard

In the above equation, A is the area under the emission spectral curve, OD is the optical
density of the compound at the excitation wavelength and 1 is the refractive index of the
solvent. ®standard Value is taken as 0.52 (for Quinine Sulfate).

The values of @ for HL3.1, HL3.2 and complexes 3.1-3.6 are estimated to be 0.005, 0.006
and 0.26, 0.24, 0.02, 0.25, 0.23, 0.02 respectively (Table 3.3).

3.3.8 Mechanism of fluorescence intensity enhancement in chemosensors in presence of

trivalent metal ions

Free chemosensors are non fluorescent due to presence of spirolactam ring.
Fluorescence intensity of the chemosensor increases ~400 times in presence of Al**and Cr*
ions and ~100 times in presence of Fe*" ions due to opening of its spirolactam ring followed
by complexation with the respective metal ions. *H, *C NMR and FT-IR spectroscopy and

X-ray crystallographic techniques are used to explain the mechanistic pathway. Crystal
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structures of complexes 3.1 and 3.4 prove presence of open spirolactam ring in AI** bound
chemosensors. Presence of phenoxide oxygen, amide oxygen and imine nitrogen in the
coordination environment is also observed in the crystal structures. In *H NMR spectra of
free chemosensors phenolic —OH peak, imine and aliphatic -NH protons appear around 11.5,
9.0 and 5.0 ppm. Whereas, in presence of Al** ions disappearance of phenolic —OH peak and
aliphatic —NH proton, downfield shift of imine protons and aromatic protons, establish
opening of spirolactam ring and coordination of phenoxide oxygen and imine nitrogen atom
with the metal center. In **C NMR spectra of free chemosensor, sp® hybridized carbon atom
connecting the xanthene part and spirolactam ring appears at 66.08 ppm. Interestingly,
spirolactam ring opening followed by metal coordination results change of sp® hybridization
into sp? hybridization and new peak appears at 141.46 ppm (Figures 3.11 and 3.17). In FT-IR
spectrum free chemosensors exhibit stretching frequency of amide ‘C=0O’ bond and imine
bond at ~1696 and ~1621 cm™, respectively. These values are shifted significantly to lower
value and appear at ~1640 and ~1600 cm™, respectively for all metal bound complexes
(Complex 3.1-3.6). Apart from that sharp —OH peak appears around 3500 cm™ in free
chemosensor is also disappeared after complexation. Such type of changes in FT-IR spectral
pattern again confirms opening of spirolactam ring and coordination of phenoxide oxygen,
imine nitrogen and amide oxygen atoms with the metal centers. Therefore, using above
spectroscopic and X-ray crystallographic results, we can easily establish coordination of
metal centers (AI¥* /Cr3* /Fe3*) with the chemosensor followed by charge transfer within the
ligand framework resulting strong colorimetric changes and huge fluorescence enhancement.

3.3.9 Biocompatibility study of the ligands
The cellular toxicity of the ligands (HL3.1 and HL3.2) was envisaged to determine

the compatibility against the normal human lung fibroblast cells, WI-38. The cells were

exposed with various concentrations (20 - 100 uM/ml) of the ligands. Then the cells were

Q)
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incubated for 24 h. and then the cellular survivability was determined with the help of MTT
assay. From the results, no significant toxicity was observed even at enhanced concentrations
of 100 uM (as seen in Figure 3.44). Hence the results clearly depict the biocompatibility of
the ligands and also suggest that these ligands have the potential to emerge as promising tools

for application in biomedical fields.
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Figure 3.44 Survivability of WI38 cells exposed to HL3.1 and HL3.2.
3.3.10 Cell imaging

The cellular internalization of the chemosensors (HL3.1 and HL3.2) (10 uM) and
Cr¥* salt (5 pM), Fe®* salt (5 uM) and AI®* salt (5 uM) has been determined in detail with the
aid of fluorescence microscopy studies. The fluorescence microscopic images reveal the
presence of a promiscuous red fluorescent signal (Figure 3.45). Henceforth the results
suggest that the ligands and the Cr¥* salt (5 pM), Fe®* salt (5 pM), AP salts (5 pM) are
promptly internalized by the cells which in turn is responsible for the emergence of red

fluorescent signal.
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BRIGHT FIELD FLUORESCENCE MERGE

Control Control
HL3.1 HL3.2
HL3.1+Fe3* HL3.2+Fe3*
HL3.1+AP* HL3.2+AP"
HL3.1+Cr** HL3.2;Cr3*

Figure 3.45 Bright field, fluorescence and merged microscopic images of untreated HelLa
(Control), cells in presence of chemosensors (HL3.1 and HL3.2) (10uM) + M3* (AP, Cr¥*
and Fe**) (5uM).
3.3.11 DFT and TDDFT study

We have performed DFT and TDDFT studies to support the structure of the
chemosensors. The TDDFT studies also help to understand the nature, origin and
contribution of the FMOs which are involved in the electronic transitions, and quantity of
energy associated with each transition. Here, the optimization of HL3.1 and HL3.2 was
performed using the DFT at Coulomb attenuating method CAM-B3LYP (Figure 3.46). The
optimized energies (eV) of some selected FMOs are presented in Table 3.4. The contour
plots of some selected molecular orbitals of the chemosensors are presented in Figures 3.47
and 3.48. Both the ligands HL3.1 and HL3.2 can exist in keto or enol form in solution. The
results show that the in the keto and enol forms of HL3.1 and only keto form of HL3.2, the
electron density in the HOMO and LUMO are distributed over azo aromatic part. In case of
enol form of HL3.2, electron density in HOMO and LUMO are mainly distributed on

rhodamine part.
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HL3.2(Enol)

HL3.2(Keto)

Figure 3.46 (a) DFT optimized structure of HL3.1 and HL3.2 (Enol and Keto form).

Table 3.4. Energy (eV) and composition (%) of selected M.O.s of HL3.1 and HL.3.2.

M.O.s HL3.1 Energy(eV) HL3.2 Energy(eV)
Enol Keto Enol Keto
LUMO+3 1.05 0.84 0.43 0.86
LUMO+2 0.79 0.21 -0.37 0.23
LUMO+1 -0.12 -0.04 -0.6 0
LUMO -0.53 -0.5 -3.19 -0.45
HOMO -6.43 -6.06 -5.68 -6
HOMO-1 -6.57 -6.67 -6.55 -6.66
HOMO-2 -6.64 -6.79 -7.35 -6.78
HOMO-3 -7.18 -7.32 -7.61 -7.31
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Figure 3.47 Selected contour plots of molecular orbitals of HL3.1 and HL.3.2.
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Figure 3.48 Selected contour plots of molecular orbitals of Al-bound chemosensor.

In TDDFT, CAM-B3LYP/CPCM method was used with the same basis sets in
methanol. The calculated electronic transitions are presented in Table 3.5. The theoretical
calculations showed that keto and enol form of both chemosensors exhibit intense absorption

bands at around 310 and 365 nm for the ligand based m — n* and n — n* transitions,

=
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respectively, which is well matched with experimental observations. The major transitions for
HL3.1 are H-2—L (89%), H-2—L+1 (56%) (for enol form) and H-2—L (83%), H—>L+1
(80%), H-9—L+1(27%) (for keto form) based, whereas for HL3.2, the key transitions are H-
2—L (89%), H-2—L+1 (53%)(for enol form) and H—L (86%), H—L+1 (84%), H-9—L+1

(32%) (for keto form) (Figure 3.49).

Table 3.5 Electronic transition calculated by TDDFT using CAM-B3LYP/CPCM method in
methanol solvent of chemosensors enol form (HL3.1 and HL3.2) (Used number of states =

20).

Probe | Eexcitation (V) | Aexcitation (NM) Osc. Experiment
frequency Key transation al
HL3.1 HOMO-2—LUMO 360
(enol) | 29575.75 338.1149 0.9577 (89%)
HOMO-2—-LUMO+1 310
(56%),
HOMO—LUMO+1
32361.61 309.0081 0.6827 (12%)
HL3.2 HOMO-2—LUMO 360
(enol) | 29370.08 340.4826 1.0739 (89%)
HOMO-2—-LUMO+1 310
(53%)
HOMO—LUMO+1(1
32192.23 310.634 0.6948 4%)
HL3.1 HOMO-2—LUMO 360
(Keto) (83%),
HOMO—LUMO+1
26710.04 374.391 0.728 (10%)
HOMO—-LUMO 360
(10%),
HOMO—LUMO+1
29282.16 341.5049 0.6714 (80%)
HOMO- 310
11-LUMO+1 (11%),
HOMO-9—LUMO
(10%),
HOMO-9—LUMO+1
32425.33 308.4009 0.0104 (27%)
HL3.2 HOMO—-LUMO 360
(Keto) | 26624.55 375.5933 0.7514 (86%0)
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HOMO—LUMO+1 360
29166.02 342.8648 0.7536 (84%)
HOMO- 310
11-LUMO+1 (11%)
HOMO-9—LUMO
(15%),
HOMO-9—LUMO+1
(32%),
HOMO-6—LUMO+1
32407.58 308.5698 0.0097 (10%)
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Figure 3.49 Pictorial representation of key transitions of chemosensors HL3.1 and HL.3.2.
To investigate the mechanism of emission behavior of the Al-complex, the structures
of the So and S states, were optimized at the DFT level using the Coulomb attenuating
method CAM-B3LYP hybrid functional and the split-valence 6-31+G(d) basis set for all
atoms. Time dependent DFT (TD-DFT) approach over 60 states to compute the vertical
excitations also using the CAM-B3LYP functional to minimize deviations in charge-transfer
excitation energies.®>*° To avoid the computational time, we have truncated the structure
slightly of the Al-complex. The solvation effects were applied via a Conductor—like

Screening Model (CPCM) using methanol as solvents.

The results show that the two strong low-energy transitions are associated to H-2 to
L+2 (58%) at 525 nm (f = 0.48 a.u.) and H-2 to L+3 (63%) at 519 nm (f = 0.45 a.u.). This is

in good agreement with the experimental results at 555 nm. Further analyses (Figure 3.50

)
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and Table 3.6) of these FMOs show that H-2 is localized (93%) on azo aromatic part of the
chemosensor (1% part, marked with red colour) (see Figure 3.51), L+2 is localized (96%) on
the open spirolactam ring of rhodamine unit (2" part, marked with sky colour), and L+3 is
delocalized over both open spirolactam ring of rhodamine part (1% part, marked with green
colour) (72%) and azo aromatic part of chemosensor (2" part, marked with blue colour)
(22%). Thus, the peak 525 nm originated from an electron transition from azo aromatic part
of (marked with red colour) to rhodamine part (marked with sky colour) of chemosensors.
Another peak at 519 nm can be assigned as a transition from azo part of ligand (marked with
red colour) to both the fragments: rhodamine (marked with green colour) and azo aromatic

part of chemosensors (marked with blue colour).
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Figure 3.50 Pictorial representation of lowest energy vertical excitation of the Al-bound

complex
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Figure 3.51 Naming of fragments of Al-bound complex as used in Table 3.6
Table 3.6 Composition (%) of the FMOs in terms of the central metal and the fragments of

the attached ligands for the Al-complex.

FMOs | Energy (eV) | Al 1%t part 2" part
Azo (red) | Rhodamine (green) | Azo (blue) | Rhodamine (sky)

L+3 -1.75 0 1 72 22 5

L+2 -1.91 0 0 0 3 96

L+1 -2.62 0 1 27 71
LUMO -3.83 0 0 30 20 49
HOMO -4.13 0 0 29 21 50

H-1 -4.28 0 0 0 100

H-2 -4.8 0 93 5 0

H-3 -5.17 1 77 19 1 3

3.3.12 Natural transition orbital (NTO) study

Additionally, analysis on the electronic structure of the excited states employing NTO
representation showed that the S1 state can be mainly characterized by an intra-ligand
charge-transfer (ILCT) transitions, by populating the highest-occupied (HO)NTO and the
lowest-unoccupied (LU)NTO describe the hole and the excited electron state, respectively.
The charge transfer index (Ar) between HONTO and LUNTO, and hole-electron overlapping
indices (os) were calculated to identify the charge transition in the excited-states. The Ar

value is a quantitative measure of charge-transfer (CT) length of electron excitation, higher
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Ar indices and smaller os indices imply longer CT distance, whereas, smaller Ar value and
larger os value are indicators of local-excitation. Here, the computed values of Ar and cs are
2.47 A and 0.51 indicates that fluorophore originated from the charge transfer within the
Schiff base. As shown in Figure 3.52, both HONTOs and LUNTOs are mainly localized on

the ligand Schiff base.

HONTO LUNTO

Figure 3.52 The HONTO and LUNTO of the strongest low-energy emission.

Therefore, theoretical studies clearly reveal that in metal bound chemosensor presence of
metal ion (AI**) initiates opening of spirolactam ring of the chemosensor followed by charge
transfer within the ligand framework resulting strong colorimetric changes and huge
fluorescence enhancement.

3.3.13 Electrochemical study

The electrochemical behavior of the metal bound chemosensor complexes (3.1-3.6)
was studied in acetonitrile medium containing 0.1 M tetrabutylammonium perchlorate as a
supporting electrolyte in a conventional three-electrode configuration using a Pt disk working
electrode, Pt auxiliary electrode and Ag/AgCl reference electrode. All electrochemical data
are collected in Table 3.7. Interestingly we are only able to collect data for Fe** and Cr3*
bound chemosensor complexes (3.2, 3.3, 3.5 and 3.6) and all the peaks are irreversible in

nature. The reductive response at -0,44 V and the oxidative response at 1.26 VV may be

jES
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assigned to Felll/Fell and Felll/FelV couple. The lowest potential cathodic response occurs
near -0.59 V has been assigned to the Cr(I11)/Cr(I1) couple. Rest of the oxidative peaks

appears in all the compounds are probably due to ligand based oxidations.

Table 3.7 Energy (eV) and composition (%) of selected M.O.s of HL.3.1 and HL3.2.

Complex En(V)
HL3.1 0.33,0.90, 1.33
HL3.2 0.31, 1.16, 1.33
3.2 0.33, 0.92, -0.59
3.3 0.877,1.48,1.26, -0.44
3.5 0.33, 0.95, 1.15, 1.51, -0.58
3.6 0.32,0.90, 1.28,1.49, -0.44

3.4 Conclusions

Here, we have reported two new fluorescent and colorimetric chemosensors
containing rhodamine 6G and azo units (HL3.1 and HL3.2) which selectively detect trivalent
metal ions AI**, Cr® and Fe®. Crystal structures of both chemosensors show closed
spirolactam ring, which make them non fluorescent. Both chemosensors form 2:1 complexes
with trivalent metal ions which have been established by Job’s plots. Crystal structures of
AI¥* bound chemosensors prove presence of open spirolactam ring resulting visual
colouration and enhancement of fluorescence intensity of the system. AI** and Cr3 ions
exhibit ~400 times enhancement of fluorescence intensity in presence of chemosensors
whereas, ~100 times enhancement has been observed in case of Fe®* ions. Such huge
enhancement of fluorescence intensity is rarely observed in other trivalent metal ions sensing
chemosensors. LOD values of the trivalent ions AI**, Cr¥* and Fe** are 2.86 x 108 M, 2.67 x
108 M, 5.62x 10°% M, and 2.78 x 108 M, 2.61 x 108 M, 6.14x 10 M, respectively. The
values of binding constant of the probes towards respective metal (AI**, Cr®* and Fe®*) ions

are 5.14x10° M2, 4.91x10° M2, 3.37x10* M2 and 5.03 x10° M2, 4.86x10° M, 3.95x10* M2

)
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respectively. We are also successful to reveal its practical application by performing cell
imaging study of chemosensors (HL3.1 and HL3.2) using HelLa cells. Furthermore, the
probes are applied to detect intracellular AI**, Cr®* and Fe®* ions in live cells with no
significant cytotoxicity. A comparison of different experimental findings like crystal structure
elucidation of free chemosensors and its metal (particularly AIP*) bound complexes,
biological applications, LOD values, enhancement of fluorescence intensity in presence of
metal ions etc. between chemosensors reported earlier with present probes (chart 3.1) have
been performed. Interestingly, our chemosensors have successfully covered most of the
criteria especially crystal structure study of AI** bound chemosensors complexes which are

rare in literature.
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Abstract

/ A 2-hydroxy-5-methylisophthalaldehyde (DFP) based Schiff-base ligand (HL4.1) was\
successfully developed as a fluorescent and colorimetric chemosensor for dual detection of
Zn?* and Cu?* ions in HEPES buffer medium (H20: Methanol = 9:1 (v/v), pH = 7.4 ).
Interestingly, in presence of Zn?* around 16 times increment in fluorescence intensity and in
presence of Cu?* ~174 times decrease in fluorescence intensity has been observed. The 1:2
binding modes for both HL4.1-Zn?**/Cu®" complexes are proved by fluorescence
measurements, ESI-MS analysis and DFT-Calculations. The reversibility and regeneration
process of HL4.1 are also established using Na;EDTA. It has been observed that
Chemosensor HL4.1 exhibits a rapid change in fluorescence intensity within pH range 6-8
against Zn?* and Cu?* ions. Low detection limit was found to be 1.059x10-°(M) and 3.53x10°

® (M) for Zn?* and Cu?" ions respectively, also suggests that the chemosensor HL4.1 has

\@t potential to detect Zn?* and Cu?* ions in environmental and biological studies. /
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4.1 Introduction

Chemosensors that can selectively detect the presence of both environmentally and
biologically important metal ions through the naked eye and optical responses has received
significant attention.*! Environmentally and biologically significant metal ions could be
detected using different traditional analytical techniques such as voltammetric methods,
inductively coupled plasma mass spectrometry (ICP-MS), ion selective electrodes and atomic
absorption/ emission spectrometry. In comparison to above techniques colorimetric and
fluorescent methods are more advantageous due to their ease of measurement, excellent
selectivity, high sensitivity, simplicity and rapid response time.***’ Fluorescent-sensing
mechanisms that have been extensively investigated are photo induced electron transfer
(PET), the rigidity effect, fluorescence resonance energy transfer (FRET), excimer/exciplex
formation/ extinction, photo-induced charge transfer (PCT), and less frequently, excited-state
proton transfer (ESPT).Colorimetric method is extensively used mainly naked-eye detection
of the element without any use of a spectroscopic instrument.*®41 Among various cations
commonly present in our human body, Zn* and Cu®*are the second and third most abundant
transition element found after iron(l11).Both metal ions play critical roles in biology, and they
most often present as cofactors in diverse enzymes; however, improper regulation of their
storage is also connected to serious disorders. The average zinc and copper ion concentrations
required for human growth and development are in the order of 15 mg/L and 0.1 mg/L,
respectively. Excess copper is toxic and environmental pollutant. However, its deficiency or
over-load is associated with a series of disorders such as anemia, liver damage in infants,
Wilson disease, Parkinson’s disease, Alzheimer’s disease, Menkes syndrome etc. 412414
Similarly, zinc(Il) deficiency is associated with growth retardation, neurological disorder,
such as Parkinson and Alzheimer's diseases, eye lesion, skin problems and different

immunological defense related decrease.*'>*'® Therefore, the monitoring and imaging of
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these elements are important for biological research as well as clinical diagnosis. Regarding
detection of Zn?* ion the greatest challenge is to discriminate Zn?* from Cd?*.*'’ Both are
present in the same group of the periodic table with similar photophysical properties. A large
number of Zn?* and Cu?* detecting chemosensors are reported in literature, still there is a

great need to develop simple and effective chemosensors for their dual detection.

The DFP framework has been an ideal candidate for the construction of different type
fluorescent chemosensors. In this work we have synthesized and characterized a DFP based
chemosensor (HL4.1). HL4.1 detects both the ions colorimetrically as well as through
fluorescent techniques. The detection of both the ions by our receptor (HL4.1) has been
examined by absorption spectroscopy, emission spectroscopy, DFT calculation, ESI-MS
experiment and *C and *H-NMR. HL4.1 shows a colour change from light yellow to green
in presence of Zn?* and light yellow to colorless in presence of Cu?* ions under visible light.
It exhibits an increment of about 16 times in the emission intensity in the presence of one
equivalent of Zn?* ions upon excitation at 410 nm. On the other hand upon addition of one
equivalent of Cu?* emission intensity of the chemosensor has been decreased by ~174 times.
This is due to paramagnetic nature of Cu?*. The LOD of the chemosensor molecule against
Zn?* and Cu?* are 1.059x10°(M) and 3.53x10° (M) respectively. This chemosensor also
exhibits cell permeability and intracellular Cu?* and Zn?* ions sensing in MDA-MB-468
cells.

The main advantage of this dual chemosensor is its easy synthesis procedure which is
not only economic but also less time consuming. It has very high binding constant towards
both of the ions and limit of detection values for both the ions is in nano molar range. We
have performed all the experiments in agueous-methanolic medium (9:1, v/v, HEPES buffer

pH=7.4) which further justify its biological cell imaging application.

)
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4.2 Experimental section

4.2.1 Materials and physical measurements

All reagent or analytical grade chemicals and solvents were purchased from commercial
sources and used without further purification. Elemental analysis for C, H and N was carried
out using a Perkin—Elmer 240C elemental analyzer. Infrared spectra (400—4000 cm™) were
recorded from KBr pellets on a Nicolet Magna IR 750 series-11 FTIR spectrophotometer.
Absorption spectra were measured using a Cary 60 spectrophotometer (Agilent) with a 1-cm-
path-length quartz cell. Electron spray ionization mass (ESI-MS positive) spectra were
recorded on a MICROMASS Q-TOF mass spectrometer. Emission spectra were collected
using Fluromax-4 spectrofluorimeter at room temperature (298 K) in HEPES buffer at pH=
7.4 solution under degassed condition. Fluorescence lifetime was measured using a time-
resolved spectrofluorometer from IBH, UK. Measurements of *H NMR spectra were

conducted using a Bruker 300 spectrometer D20 solvent.
4.2.2 Synthesis of 2-hydroxy-5-methylisophthalaldehyde (DFP)

2-hydroxy-5-methylisophthalaldehyde (DFP) was prepared by following a standard literature
procedure.*18

4.2.3 Synthesis of chemosensor [HL4.1=4-methyl-2,6-bis((E)-((2-(piperazin-1-
yl)ethyl)imino)methyl)phenol]

A mixture of 2-hydroxy-5-methylisophthalaldehyde (2.0 mmol, 0.3283 g) and 1-(2-
aminoethyl)piperazine (4.0 mmol, 0.516 g) was heated to reflux for ca. 4 h in methanol
solvent (Scheme 4.1). Yellow coloured gummy mass was obtained after evaporation of the
solvent.

Yield: 0.335 g (87%). Anal. Calc. for C21H34NeO: C 65.25%; H 8.87%; N 21.74%. Found: C

65.18%; H 8.48%: N 21.49%. IR (cm?, KBr): v(C=N) 1634s; v(C-H) 779s. ESI-MS

Q)
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(positive) in MeOH: The base peak was detected at m/z = 387.18, corresponding to
[HL4.1+1]". UV-Vis, Amax (nm), (e (dm®mol-cm™)) in HEPES buffer at pH= 7.4: 440 (6229).
IH NMR (ds-DMSO, 300 MHz) & ppm: 2.17 (Ar-CHs) (s, 3H), 2.42 (-CHy) (s, 4H), 3.60 (-
CHy) (s, 4H), 2.27 (-CHy) (s, 8H), 2.58 (-CH>) (s, 8H), 7.41 (ArH) (m, 2H), 8.50 (-CH=N) (s,

2H).

13C NMR (ds-DMSO, 75 MHz) & ppm: 20.35 (-CHs), 45.89-59.39 (-CH,), 121.44-161.75

(Ar-C), 160.76 (-CH=N) .

NH,;
( MeOH
Reflux 4 h
N

o}

OH N

o]

J
JE]

Scheme 4.1 Route of synthesis of chemosensor (HL4.1).

4.2.4 Synthesis of complex [Zn2(L4.1)(OH2)(OH)(NO3)](NO3) (4.1)

A 2 mL methanolic solution of zinc nitrate hexahydrate (2.0 mmol, 0.5948 g) was added drop
wise to 20 mL methanolic solution of HL4.1 (1.0 mmol, 0.386 g) followed by addition of
triethylamine (2.0 mmol, ~0.4 mL) and the resultant reaction mixture was stirred for ca. 1 h.
Yellow coloured solid mass was obtained in high yield after slow evaporation of the solvent
(Scheme 4.2).

Yield: 0.589 g (85%). Anal. Calc. for Ca1HssNgO10Zn2: C 36.38%; H 5.52%; N 16.16%.
Found: C 36.17%; H 5.35%; N 16.84%. IR (cm™, KBr): v(C=N) 1632s; v(NO3)1321s;v(C-

H) 781 s. ESI-MS (positive) in MeOH: The base peak was detected at m/z = 638.00,
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corresponding to [Znz(L4.1)(OLi)(H20)]*. UV-Vis, Amax (nm), (e (dm®*mol-*cm™)) in HEPES
buffer at pH=7.4: 410(6975).
'H NMR (de-DMSO, 300 MHz) & ppm: 2.16 (Ar-CHs) (s, 3H), 2.48 (-CHy) (s, 4H), 2.55 (-

CHy) (s, 8H), 2.89 (-CHy) (s, 8H), 7.46 (ArH) (m, 2H), 8.57 (-CH=N) (s, 2H).

13C NMR (ds-DMSO, 75 MHz) § ppm: 19.94 (-CHz), 49.07-58.51(-CHy), 121.37-168.16 (Ar-

C), 166.62 (-CH=N) .
4.2.5 Synthesis of complex [Cuz(L4.1)(OH2)(OH)(NO3)](NOs) (4.2)

A 2 mL methanolic solution of copper nitrate trihydrate (2.0 mmol, 0.5912g) was

added drop wise to 20 mL methanolic solution of HL4.1 (1.0 mmol, 0.386 g) followed by
addition of triethylamine (2.0 mmol, ~0.4 mL) and the resultant reaction mixture was stirred
for ca. 1 h. Intense green coloured solid mass was obtained after slow evaporation of the
solvent (Scheme 4.2).
Yield: 0.585 g (85%). Anal. Calc. for C21H3sCu2NgO10: C 36.57%; H 5.55%; N 16.25%.
Found: C 36.48%; H 5.31%; N 16.02%. IR (cm™, KBr): v(C=N) 1627s; v(NO3)1332s; v(C-
H) 750s. ESI-MS (positive) in MeOH: The base peak was detected at m/z = 634.14
corresponding to [Cuz(L4.1)(OLi)(H20)]*. UV-Vis, Amax (nm), (¢ (dm®mol-tcm™)) in
HEPES buffer at pH= 7.4: 405(12782).

4.2.6 UV-visible and fluorescence spectroscopic studies

Stock solutions of various ions (1x10-3 M) were prepared in deionized water. A stock
solution of the chemosensor and (HL4.1) (1x10° M) was prepared in methanol. The solution
of HL4.1 was then diluted to 1x107° M as per requirement. All the spectroscopic experiments
including competitive assay of various cations and anions were performed in aqueous-
methanolic HEPES buffer medium at pH 7.4. In titration experiments, 30 pL solution of

1x10° M HL4.1 (1x10° M) was taken in a quartz optical cell of 1.0 cm optical path length,

Q)
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and the ion stock solutions were added gradually to maintain a concentration of 1x10° M.
Spectroscopic studies of the chemosensor (HL4.1) in the presence of different anions were
performed in HEPES buffer at pH = 7.4. In competitive assay experiments, the test samples
were prepared by interacting appropriate amounts of the cations stock in 3 mL of HL4.1

solution (1x10° M).
4.2.7. Binding stoichiometry (Job’s plot)

Job’s continuation method was employed to find out the binding stoichiometry of the
chemosensor with that of Zn?* ions using both absorption and emission spectroscopy. In case
of Cu?*, we have determined the binding stoichiometry using absorption spectroscopy. At a
given temperature (25°C), the absorbance and fluorescence were noted for solutions where
the concentrations of both chemosensor and Zn?* ions were varied but the sum of their
concentrations was kept constant at 1x10° M. Relative change in absorbance (AA/Ag) and
fluorescence(Al/Io)were plotted as a function of mole fraction of chemosensor. The break
point in the resulting plot corresponds to the mole fraction of chemosensor in Zn?* complex.
From the break point the stoichiometry were estimated. The results reported are average of at
least three experiments.

4.2.8 Cell line culture

Triple negative human breast cancer cell line MDA-MB-468 was obtained from National
Center for Cell Science (NCCS) Pune, India. The cells were grown in DMEM with 10% FBS
(Fetal Bovine Serum), penicillin/streptomycin (100units/ml) at 37°C and 5% CO». All the

treatments were conducted at 37°C and at a cell density allowing exponential growth.

4.2.9 Cell imaging
The MDA-MB-468cells were grown in coverslips for 24hrs. After that the cells were either

mock-treated or treated with 5uM of ligand and 10uM Zn?* salt in the presence or absence of

)
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10uM of Cu?* salt and for 24hrs at 37°C. The cells were washed with 1xPBS. Then they

were mounted on a glass slide and observed under fluorescence microscope (Leica).

4.2.10. Computational method

All computations were performed using the GAUSSIANO9 (G09)*!° software package. For
optimization we used the density functional theory method at the B3LYP level*?°42 and the
standard 6-31+G(d) basis set for C, H, N and O atoms*??42?® and the lanL2DZ effective
potential (ECP) set of Hay and Wadt*?**28 for zinc and copper atoms have been chosen for

optimization.

TDDFT calculation was performed with the optimized geometry to ensure only
positive eigen values. Time-dependent density functional theory (TDDFT)*2742 was
performed using conductor-like polarizable continuum model (CPCM)*3%432 and the same
B3LYP level and basis sets in methanolic solvent system. GAUSSSUM*3® was used to

calculate the fractional contributions of various groups to each molecular orbital.

4.3 Results and discussion

4.3.1 Synthesis and characterization

2-hydroxy-5-methylisophthalaldehyde (DFP) has been synthesized according to a
standard procedure.**8 The Schiff base ligand (HL4.1) was synthesized in a one pot reaction:
2 equiv. of 1-(2-aminoethyl)piperazine was added to a methanolic solution of 1 equiv. of 2-
hydroxy-5-methylisophthalaldehyde (DFP) under ambient condition and then the solution
was heated for 4h (Scheme 4.1). The product was collected as a semi-solid in good yield and
used without further purification. It was thoroughly characterized using different
spectroscopic methods (UV-Vis, FT-IR, *H NMR, ¥C NMR) and purity was verified with
elemental analysis. In the ESI-mass spectrum of the chemosensor the base peak was found at

387.18 corresponding to [HL+1]" (Figure 4.1). In the FT-IR spectrum of HL4.1 a broad band

Q)
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at around 3374 cm™ indicate the presence of phenolic OH group and the band at 1634 cm™ is

attributed to the C=N (for azomethine) stretching frequency (Figure 4.2).
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Figure 4.1 ESI-mass spectrum of chemosensor (HL4.1).
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HL4.1 react with both Zn(NOs)..6H20 and Cu(NO3)2.3H20 in 1:2 ratio to produce
complex 4.1 and 4.2, respectively (Scheme 4.2). The solid mass of both complexes are
isolated in high yield. Both are characterized by elemental and ESI-MS analyses. The
experimental and simulated mass spectra of complex 4.1 and 4.2 were well matched with
each other at m/z value 638.00 and 634.14 corresponding to molecular ion peak of
[Zn2(L)(OH2)(OLIi)(NOs)]" and [Cuz(L)(OH2)(OLi)(NO3)]* respectively (Figures 4.3 and
4.4). In FT-IR spectrum of complex 4.1 the characteristics stretching frequencies appeared at
1632 cm™ (vC=N), 781cm™ (vC-H) and 1321cm™ (LNO3 ), asymmetric stretch), respectively.
Similarly, in case of complex 4.2 the characteristics stretching frequencies appeared at
1627cm™ v(C=N), 750cm™v(C-H) and1332 cm™ (v(NO3 ), asymmetric stretch)) respectively.
It is important to mention that although both the complexes are previously reported by Das et

al.,*** chemosensing behavior of HL4.1 has been explored by us.
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Scheme 4.2. Route of synthesis of complexes 4.1 and 4.2.
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Figure 4.3 ESI-mass spectrum of complex 4.1 [Above
Experimental pattern].
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4.3.2 Absorption spectral studies

The UV-vis spectrum of the chemosensor HL4.1 was first investigated in HEPES
buffer at pH 7.4 resulting a well-defined band at 440 nm. The peak is attributed to intra
molecular 1 —n* or n—n* type of transition. In presence of Zn%* and Cu?*" there is
significant changes in the spectra of HL which clearly indicate strong interaction between
them. The experiments were performed in the same solvent system. Initially it has been
observed that upon 2 uM addition of Zn?* ions to 10 UM HL4.1 solution a rapid hypochromic
as well as hypsochromic shift of the original peak of HL4.1 was observed. Upon gradual
increase of Zn?* ions concentration (0-20 pM), the peak at 440 nm disappears with
concomitant appearance of a new peak at around 410 nm (Figure 4.5). No further change
was observed above 2.0 equivalent of Zn?*. During such process an isosbestic point was
observed at 430 nm (Figure 4.5). In case of Cu?* ion similar type of changes has been
observed. Upon gradual addition of (0-20 uM) Cu?* ion at a fixed concentration of HL4.1 (10
K1M) the intensity of the original peaks at 440 nm rapidly decreases and finally disappear with
subsequent appearance of a new peak at around 405 nm (Figure 4.6). Again saturation in the
absorption intensity of peak at 405 nm observed upon addition of 2 equivalent of Cu?*
solution. Both the spectra clearly indicate 2:1 binding stoichiometry of the respective ions
with the chemosensor which has been further established with the aid of Job’s plot analysis
(Figure 4.7). These results have been further supported by DFT and mass spectral analysis
(Figures 4.3 and 4.4). Notably, the addition of the cations (Cd?*, Hg?*, Pb%*, AI**, Ag*, Mn?*,
Fe3*, Co?*, Ni**, Na*, K*, Mg?* and Ca?*) did not change the initial absorption spectrum of

the chemosensor appreciably.
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Figure 4.5 Absorption titration of HL4.1 (10 uM) with gradual addition of Zn?*, 0-20 uM in

HEPES buffer at pH 7.4.
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Figure 4.6 Absorption titration of HL4.1 (10 uM) with gradual addition of Cu?*, 0-20 uM in

HEPES buffer at pH 7.4.
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Figure 4.7 2:1 binding stoichiometry has shown by Job’s plot of complexes 4.1 and 4.2.

Symbols and solid lines represent the experimental and simulated profiles, respectively.
4.3.3 NMR studies

At first THNMR of the chemosensor (HL4.1) has been performed in ds-DMSO
solvent. The spectrum clearly suggests presence of a c. symmetry in the molecule. Imine (H-
C=N) protons appear as a sharp peak at 8.50 ppm. Aromatic protons appear at 7.41 ppm.
Aliphatic protons for aminoethyl moiety appear at 3.60 ppm and 2.42 ppm, respectively,
whereas aliphatic protons of piperazine ring system appear at 2.58 ppm and 2.27 ppm,
respectively and methyl protons appear at 2.17 ppm. To better understand for complex
formation with Zn?* ion, we have performed *HNMR titration in certain stoichiometric ratio
of HL4.1 and Zn?" ion in ds-DMSO solvent. Interestingly, in presence of Zn?* ion all spectra
exhibit broadening and splitting of imine, aromatic and aliphatic protons, respectively. Imine
(H-C=N) proton shifted to downfield when 1 equivalent of Zn?* is added and it appears at § =
8.55 ppm. Finally, it shifted to & = 8.57 ppm when 2 equivalent Zn?" is added. Similarly,
aromatic protons appear at 7.44 ppm and 7.46 ppm after addition of 1 and 2 equivalent of

Zn?* ion, respectively (Figure 4.8).
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In 3C NMR (ds-DMSO, 75 MHz) spectrum of HL4.1, signals for -CHs and -CH;

carbon atoms appeared at 20.35 and in the range 45.89-59.39, respectively. Aromatic carbon

atoms appeared at 121.44, 126.48, 132.68 and 161.75 ppm, respectively. The imine carbon

atom appeared at 160.76 ppm (Figure 4.9). In case of complex 4.1, signals for -CHz and -CH>

carbon atoms appeared at 19.94 and in the range 49.07- 58.51, respectively. Aromatic carbon

atoms appeared in the range of 121.37-168.15 ppm. Whereas, the imine carbon atom

appeared at 166.62 ppm (Figure 4.10).

HL4.1+ 2eq. Zn?*

HL4.1+ 1eq. ZnZ*

@] | VA

Figure 4.8 'H-NMR titration of the free ligand (HL4.1) and with the addition of 4.1 and 4.2

equivalent of Zn?*in DMSO-ds recorded on a 300 MHz Bruker NMR spectrometer.
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Figure 4.9 *C NMR of HL4.1 in de-DMSO solvent.

Figure 4.10 *C NMR of complex 4.1 in ds-DMSO solvent.
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4.3.4 Fluorescence properties

Fluorescence experiment also performed in HEPES buffer (pH = 7.4) at ambient
conditions. Upon excitation at 440 nm, HL4.1 exhibits weak fluorescence at 510 nm. This is
probably due to PET (Photo induced Electron Transfer) process (Figure 4.11). The
delocalization of available lone pair on the imine nitrogen atom to the DFP moiety leads to
the quenching of the fluorescence. Upon addition of Zn?* ions to HL4.1 an enormous
fluorescence enhancement is observed and the emission band has been blue shifted to 480
nm. The fluorescence enhancement due to Zn?* has a steady growth and finally reaches a
maximum at two equivalent of Zn?* with an approximately 16-fold enhancement in the
emission intensity. This observation clearly suggests formation of a 1:2 complex. The
chelation of Zn?* with O, N donors of HL4.1 increases the rigidity of the molecular assembly
(CHEF effect) via inhibition of free rotation of HL4.1 around the HC=N bond. Again PET
process is eliminated by arresting the lone pair of electrons present in the imine nitrogen.

These two effects are jointly responsible for the observed fluorescence enhancement.

CHEF ON PET OFF

)

Complex 4.2

N
H
Complex 4.1

PET ON

EDTA> EDTA*

Figure 4.11 Pictorial representation of ‘PET” and ‘CHEF’ process.
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In the inset we have shown a plot of fluorescence intensities at 480 nm (lss0) against
different concentration of zinc ion (Figure 4.12). In the plot the value of (lsso) increases with
the increasing concentration of Zn?* and a saturation was observed at 2.0 equivalent of added
Zn?* which proved 1:2 binding between the probe and Zn?*. The sigmoid nature of curve

reflects strong interaction between the organic probe and Zn?* ion.
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Figure 4.12 Fluorescence titration of HL4.1 (10 uM) in HEPES buffer at pH =7.4 by gradual
addition of Zn** (0-20 uM) with Aem= 480 nm (1/1 slit). Inset: non-linear plot of
fluorescence intensity vs. concentration of Zn?* ion.

On the other hand under identical condition when Cu?* ions (0-20puM) were added to
the chemosensor solution the fluorescence emission at ~510 nm is almost completely
quenched (Figure 4.13). Such type of (~174 fold) of dramatic quenching in the fluorescence

intensity of the chemosensor in presence of Cu?* ion suggests formation of Cu?*—probe
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complex, thus chelation enhanced quenching (CHEQ) results metal to ligand charge transfer
(MLCT) between HL4.1 and paramagnetic Cu?" ions.**® Again plot of Fluorescence
intensities at 510 nm (lIs10) vs. concentration of copper ion has been presented in Figure 4.13
(inset). The sensing character of the probe (Is10) decreases with the increasing concentration
of Cu?* and the pattern was linear in regarding the concentration of Cu?* in the range of 0-20

uM (inset), suggesting a 1:2 stoichiometric ratio between HL4.1 and Cu?*
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Figure 4.13 Fluorescence titration of HL4.1 (10 uM) in HEPES buffer at pH =7.4 by gradual
addition of Cu?" (0-20 puM) with Aem= 510 nm (1/1 slit). Inset: non-linear plot of
fluorescence intensity vs. concentration of Cu?* ion.

Binding ability of the chemosensor towards Zn?* and Cu?* ions has been established

using Benesi-Hildebrand equation (Equation 1) involving fluorescence titration curve.*

% =1+ (K[z]n) (1)
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Where, Fmax, Fo and Fyx are fluorescence intensities of HL4.1 in the presence of metal ions at
saturation, free HL4.1 and any intermediate metal ions concentration, respectively. K is the
binding constant of the complexes. Concentrations of Zn?* and Cu?" ions are represented by

C and here n=1. Then binding constant (K) of the complexes has been determined using the

relation, K= 1/slope. A plot of % VS (#) provides the binding constant values as
x— 1o

7.14x10*and 2.18x10°M* for Zn?* and Cu?* complexes, respectively (Figure 4.14 and 4.15,

respectively).
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Figure 4.14 Benesi-Hildebrand equation: A plot of F";“";FO VS ([1‘;]1). Symbols and solid
x—To

lines represent the experimental and simulated profiles for complex 4.1, respectively
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Figure 4.15 Benesi-Hildebrand equation: A plot of F’Z“X;FO S ([Ml]l). Symbols and solid
x—To

lines represent the experimental and simulated profiles for complex 4.2, respectively.
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To check high selectivity toward the Zn?* and Cu?* over the other competitive species
fluorescence titration experiment also performed in presence of different alkali metals (Na*
and K"), alkali-earth metals (Mg?* and Ca?"), and various transition-metal (Mn?*, Fe3*, Co?*,
Ni2*, Cd** and Hg?") ions (Figure 4.16). It is an important parameter to assess the
performance of sensor HL4.1. Therefore, the competition as say were performed in the
presence of Zn?*/Cu?* (2.0 equiv.) mixed with other metal ions (2.0 equiv.) in aqueous media.
It has been noted that distinct fluorescence enhancement observed for the mixtures of Zn?*
with other metal ions was similar to that caused by Zn?* alone, except for Cu?* The addition
of Cu?* to HL4.1 solution in the presence of Zn?* led to large fluorescence quenching. Here,
Cu?* ion detection by HL4.1 is not influenced by the presence of other competitive metal
ions (Figure 4.17). Both the competition assay experiments clearly demonstrate high
fluorescent recognition of HL4.1 for Zn**/Cu?* ions over other cations. Binding constant
values also support the above explanation. Upon addition of different common anions like
S,03%, $?, SOz, HSO4, SO4*, SCN, N3, OCN , AsOs, PO, ClOs, AcO, CI, NOs,
P,07*, PFeand F~ in HEPES buffer at pH 7.4 (Figure 4.18) chemosensor showed no

significant fluorescence enhancement.

1600000
~ 1400000
1200000
1000000
800000
600000

400000

Fluorescence Intensity(a.u

200000

0
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 4.16 Relative fluorescence intensity profile of chemosensor (HL4.1) in the presence
of different cations in HEPES buffer at pH 7.4. 1=only HL4.1 (10 uM); HL4.1(10 puM) +
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M™(20 uM), where M"™=(2-Zn?*, 3-Cu?*, 4-Ag", 5-Fe%*, 6-Hg**, 7-K*, 8-Mn?*, 9—Na*,
10-Ni?*, 11-Mg?*, 12— Co?*, 13-Ca?*, 14-Pb?*, 15— Cd**and 16- Cr").
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Figure 4.17 Relative fluorescence intensity profile of [HL4.1-Zn?*] system in the presence of
different cations in HEPES buffer at pH 7.4. 1=only HL4.1 and (2-15)= HL4.1 (10 uM) +
Zn?*(20 pM) + M™(20uM), where M"=(2-Cu?*,3-Co?",4-Cr® 5-Fe3" 6-Hg?* 7-K* 8-
Mn%* 9-Na*,10-Ni?*,11-Mg?*,12-Pb?* 13-Ca?*,14-Fe?*,15-Cd%").
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Figure 4.18 Relative fluorescence intensity profile of HL4.1 (10 uM) in the presence of
various common anions (50 uM) in HEPES buffer at pH 7.4. 1- HL4.1+Zn?", 2-HL4.1, (3-
21)- HL4.1 + Anions, Anions = 3-5,05%, 4-S%, 5-S03%, 6- HSO4", 7- SO4*, 8-SCN ', 9-N3 |,
10-OCN', 11-As04*,12-H,POy4, 13-HPO4* , 14-PO4*, 15-ClO; , 16-AcO , 17-Cl, 18-NOs
, 19-P,07*, 20-PF¢", 21-F .
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Interestingly chemosensor HL 4.1 also act as a colorimetric probe for the detection of
Zn?* and Cu?* ion. In presence Zn?* ions HL4.1 exhibits green coloration whereas it is almost
colourless in presence of Cu?* ion. Thus, the chemosensor can be used for a selective
colorimetric detection of Cu?* and Zn?" ions over other competing metal ions both in

environmental and biological fields (Figure 4.19).
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Figure 4.19 Visual colour changes of chemo sensor (HL4.1) (10uM) under presence of
different metal ions (2 equivalent) in HEPES buffer (pH 7.4). The images in below row and
above row were taken under visible light and UV light respectively. Where 1= only HL4.1,
2,3,4,56,7,8,9,10,11,12,13,14 and 15= HL4.1+ Zn?*, Cu®", Cd?*,Pb%", Hg®*", Mn?*, Fe3*
Co?* Ni?*, K*, Na*, Mg?*, Ca?* and AI** respectively.

Reversibility and regeneration are the two important aspects for real time application
of the chemosensor. The experiment was performed in presence of sodium salt of
ethylenediaminetetraacetic acid (Na;EDTA) solution. In case of HL4.1-Zn?>* complex
solution after addition of two equivalent of Na2EDTA colour changes from green to light

yellow with obvious decrease in fluorescence intensity. While, the addition of two equivalent
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EDTA to HL4.1-Cu?" complex solution an enhancement of emission intensity and finally a

light yellow colour indicates the regeneration of the free HL4.1 (Figure 4.20).

Figure 4.20 Visual colour changes in reversibility experiments. For (A) and (B), 1= Only
HL4.1 (10pM), 2= HL4.1 (10uM) + Zn?* (20uM), 3= HL4.1 (10puM) + Zn?* (20uM) + EDTA?
(20uM) under UV and normal light, respectively. For (C) and (D), 1= Only HL4.1 (10uM), 2=
HL4.1 (10uM) + Cu?* (20puM), 3= HL4.1 (10puM) + Cu?* (20uM) + EDTAZ(20uM) under UV and

normal light, respectively.

Limit of detection (LOD) of the chemosensor towards Cu?* and Zn?* ions are
calculated using 3¢ method.**’ The detection limit of the chemosensor for both the ions are
1.05x 10° M and 3.53x 10° M, respectively. In case of Cu?* ion the LOD value is lower than
the WHO recommended level for Cu?*(2.0 mg/L),**439 which clearly suggests that this
chemosensor can quantitatively detect of Cu?* in HEPES buffer (p0H=7.4) media.

The effect of pH on the fluorescence response of the chemosensor HL4.1 and HL4.1-
Zn?* and HL4.1-Cu?* complexes are examined over a wide range. In case of free HL4.1

fluorescence intensity remain unchanged in the pH range 2—6 after that from pH 6-11 a slight

e
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enhancement in fluorescence intensity has been observed (Figure 4.21). In presence of Zn?*
ions change of fluorescence initially in pH range 2-6 fluorescence is almost identical to that
of the free ligand. This suggests no complex formation at acidic condition. Upon gradual
increase of pH 7-8 a sudden enhancement in fluorescence intensity indicates formation of Zn-
complex. Further increase of pH value from 8-11 fluorescence intensity remains unchanged.
When Cu?" is added, fluorescence intensity the resultant fluorescence intensity is less
compare to free HL4.1 from pH 3 to 6. In pH 6 to 11 the decrease in fluorescence intensity is
more pronounced. The result signifies that the complex formation takes place above pH 6.
The pH experiment suggests that HL4.1 can act as a selective fluorescent probe to recognize
both Zn?* and Cu?" ion in presence of other metal ions in biological system under

physiological condition.
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Figure 4.21 Fluorescence intensity of HL4.1 (10 uM) in the absence and presence of Zn?

and Cu?* ions (20 uM) at various pH values in HEPES buffer.
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4.3.5 Life time and quantum yield measurements

Lifetime experiment for the chemosensor (HL4.1) and complex 4.1 were studied at
298 K in HEPES buffer (pH= 7.4). The average fluorescence decay life time has been
measured of the chemosensor and complex 4.1 using the given formula (tr = ait1 + at,
where al and a2 are relative amplitude of decay process). The average fluorescence lifetime
of the chemosensor and complex 4.1 are 3.12 and 4.96 nS, respectively (Figure 4.22, Table
4.1).
Fluorescence quantum yield (@) has been calculated by the using following formula:
Dsample = {(ODstandard X Asample X 1)2sample)/(ODsampleX Astandard X 1)standard)} X Dstandard
Where, A is the area under the emission spectral curve, OD is the optical density of the
compound at the excitation wavelength and 1) is the refractive index of the solvent. Here the
value of Ostandard 1S taken as 0.52 (for Quinine Sulfate).
The values of ® for HL4.1 and HL4.1-Zn?* complexes are found to be 0.036 and 0.39,
respectively (Table 4.1). The fluorescence quantum vyield (®) of HL4.1-Zn?* complex is
10.83 fold greater than free HL4.1.

Table 4.1 Data of lifetime () and quantum yield (®) of HL4.1 and complex 4.1.

1: (ns) (average)  [x° )
HL4.1 3.199 1.0107 0.036
Complex 4.1 4.960 1.1149 0.39
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Figure 4.22 Time-resolved fluorescence decay curves (logarithm of normalized intensity vs
time in ns) of HL4.1 in the absence (@) and presence (@) of Zn?*ion, (@) indicates decay

curve for the scattered.

4.3.6 Cell imaging

The fluorescence microscopy study is performed to ensure the cellular uptake of
ligand and Zn?* salt. A strong green fluorescent signal is observed under the microscope.

After the addition of Cu?* salt, the fluorescent signal disappears (Figure 4.23).

BRIGHT FIELD FLUORESCENCE

Control

HL4.1(5uM)+
Zn?* (5uM)

HL4.1(5uM)+
Zn?* (5uM)+
Cu?*(5uM)

Figure 4.23 Bright field, fluorescence and merged microscopic images of untreated MDA-
MB-468 (Control), cells treated with HL4.1 (5 pM) + Zn?*(10uM) and with HL4.1 (5 uM) +

Zn?*(10uM) + Cu?*(10uM).
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4.3.7 DFT study

DFT and TDDFT studies were performed to further support structural and electronic
parameters of complexes. For both complexes bond distances and bond angles of the
optimized structures are well matched with that of previously reported analogous
complexes.3* Furthermore TDDFT study was performed to understand nature, origin and
contribution of M.O.s of electronic transitions. It also gives idea of quantity of energy
associated with every individual transition. When individual M.O. is concerned the
contribution from both ligand and metal center has been computed. So, DFT and TDDFT
analysis plays important role to support and understand structural and electronic parameters
of complexes.

Here, geometry optimization of HL4.1, [Zn2(L4.1)(OH2)(OH)(NOs)]* and
[Cu2(L)(OH2)(OH)(NO3)]* has been performed using DFT/B3LYP method. The energy
minimized structure of complexes 4.1 and 4.2 are shown in Figure 4.24. Some selected bond
distances and bond angles of both complexes are listed in Table 4.2. Theoretical calculations
showed that electron density in LUMO of HL4.1 is mainly distributed over the phenyl ring
and imine nitrogen atoms, whereas, electron density in HOMO is mainly distributed over one
of the pipyrazine moiety. In complex 4.1, electron density in both LUMO and HOMO are
completely ligand based which follow the same trend to that of free chemosensor HL4.1 and
contribution from metal centers is nil (Figure 4.25). In case of complex 4.2, electron density
in LUMO is distributed over the metal centers, Schiff base ligand and coligands and electron
density of HOMO is again distributed mainly over one of the pipyrazine moiety (Figure
4.25). Energy of some selected M.O. of HL4.1, complex 4.1 and 4.2 are given in Table 4.3

and 4.4.

e
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Figure 4.24 DFT optimized structure of complexes 4.1 and 4.2. H atoms are omitted for clarity.

Table 4.2 Bond lengths (A) and bond angles (°) of optimized structure of
[Zn2(L4.1)(NO3)(OH)(OH2)]* and [Cu2(L4.1)(NO3)(OH)(OH2)]* (B3LYP/6-31+G(d) basis

set).

Complex 4.1 Calculated Complex 4.2 Calculated
Zn1-Nimine 2.125 Cul-Nimine 1.982
Zn1-Ophenoxido 2.205 Cul-Ophenoxido 2.109
Zn1-Onitrate 2.057 Cul-Onitrate 2.248
Zn2-Nimine 2.146 Cu2-Nimine 1.976
Zn2-Ophenoxido 2.180 Cu2-Ophenoxido 2.150
Zn2-Onitrate 2.171 Cu2-Onitrate 2.229
Znl--- Zn2 3.028 Cul.-- Cu2 3.047
Nimine- ZN1-Ophenoxido | 81.290 Nimine- Cul- | 87.409
Obphenoxido
Nimine- ZN2-Ophenoxido | 83.194 Nimine- Cu2- | 86.577
Obphenoxido
)
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Figure 4.25 Selected contour plots of molecular orbitals of HL4.1 and complexes 4.1 and
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4.2.
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Table 4.3 Energy (eV) of selected M.O.s of the chemosensor (HL4.1).

HL4.1
Energy(eV)

LUMO+5 2.07
LUMO+4 1.98
LUMO+3 1.43
LUMO+2 0.88
LUMO+1 -0.49
LUMO -1.35
HOMO -5.21
HOMO-1 -5.28
HOMO-2 -5.84
HOMO-3 -5.91
HOMO-4 -5.93
HOMO-5 -6.31

Table 4.4 Energy (eV) and composition (%) of selected M.O.s of complexes 4.1 and 4.2.

M.O.s complex 4.1 complex 4.2

Energy(eV) | % % Energy(eV) | % %

Metal | Ligand Metal | Ligand
LUMO+5 -2.84 0 100 -5.83 16 83
LUMO+4 -3.49 3 1 -6.46 62 37
LUMO+3 -4.58 0 100 -7.37 72 26
LUMO+2 -5.14 0 100 -7.94 57 35
LUMO+1 -8.51 0 67 -8.27 73 13
LUMO -8.77 -1 101 -8.62 57 30
HOMO -9.31 -1 101 -9.25 8 90
HOMO-1 -9.36 0 95 -9.51 26 68
HOMO-2 -9.43 -2 50 -9.72 43 40
HOMO-3 -9.77 -5 101 -9.95 71 23
HOMO-4 -9.92 -5 102 -10.19 77 17
HOMO-5 -9.95 -2 102 -10.39 29 22
4.3.8 TDDFT study

Electronic transitions in HL4.1, Complex 4.1 and 4.2 are theoretically studied using
TDDFT were B3LYP/CPCM method is used with same basis sets in water. Calculated
electronic transitions are given in Tables 4.5 and 4.6. Theoretical calculations show that in

HL4.1 intense absorption bands appear at 455 and 449 nm respectively for ligand based n—m*

)



Chapter 4 2-hydroxy-5-methylisophthalaldehyde based fluorescent-colorimetric chemosensor for dual detection of Zn2+ and

Cu2+ with high sensitivity and application in live cell imaging
transition. Major transitions are HOMO-4—LUMO (54%), and HOMO-4—LUMO+1 (43%)
respectively. For complex 4.1 major peaks appear at 357, 331, 327 nm respectively and main
transitions are HOMO—LUMO (97%), HOMO-1—LUMO (89%) and HOMO-2—LUMO
(91%), respectively (Figure 4.26). For complex 4.2 the intense absorption bands around 396
and 391 nm corresponding to HOMO—LUMO+1 (94%) and HOMO-3—LUMO (44%)
transitions, respectively (Figure 4.27). The spectra of electronic transitions obtained from
computation for the chemosensor (HLA4.1), complexes 4.1 and 4.2 are found to be

comparable with that of experimental data.

Theoretical calculations of the emission spectra of both ligand (HL4.1) and complex
4.1 are performed by optimizing the triplet state (T1), using same basis set. The emission
wavelength obtained from the computation is very much comparable with that of
experimental data. All the relevant data are given in Table 4.6. The emission band of the
chemosensor (HL4.1) at 510 nm was theoretically obtained at 520.65 nm with major key
transitions, HOMO-3 (B)—>LUMO+2(B) (82%) and HOMO-2(a)—LUMO+1(a)) (18%),
respectively. Whereas for the complex 4.1, the emission band at 480 nm was theoretically
obtained at 468.62 with major key transitions, HOMO(a)—LUMO+3(a)(10%), HOMO-

9(B)—LUMO(B) (15%) and HOMO-7(B)—LUMO(B), (45%) respectively.
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Figure 4.26 Pictorial representation of vertical transition of chemosensor (HL4.1) and

complex 4.1.
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Table 4.5 Electronic transition calculated by TDDFT using B3LYP/CPCM method in
methanol solvent of Ligand (HL4.1), [Zn2(L4.1)(NOs) (OH)(OH2)]* and [Cu2(L4.1)(NOs)

(OH)(OH2)]".

Eexcitation (€V) | Aexcitation Key transition Character
(nm)
HOMO-5—> L+1 (16%), | © — n*(L)
2.72 455.7875 | HOMO-4—> LUMO (54%)
HOMO-5—> LUMO (27%), | = —»n*(L)
2.76 449.2149 | HOMO-4—>LOMO+1 (43%)
HOMO-6—> LUMO (27%), | = (L)—>m*(L)
~ HOMO-5—>LUMOI+1 (27%),
< 3.06 405.0684 | HOMO-4—>LUMO (38%)
< HOMO-6—> LUMO+1 (15%), | n (L)—n*(L)
= HOMO-5—> LUMO (27%),
2 3.13 395.0526 | HOMO-4—>LUMO+1 (48%)
S 3.46 357.7233 | HOMO —>LUMO (97%) © (L)—n*(L)
< § 3.73 331.5860 | HOMO-1—> LUMO (89%) © (L)—n*(L)
—
<~ 2 378 327.4351 | HOMO-2—>LUMO (91%) © (L)—n*(L)
e I
N2 |41 300.1654 | HOMO—>LOMO+1 (98%) © (L)—>m*(L)
HOMO—  LUMO (50%), | & —»n*(L)
HOMO-3—>LUMO (10%),
2.94 421.4539 | HOMO-1—>LUMO (15%)
= n (L)—n*(L)
£ 3.12 396.5309 | HOMO—>LOMO+1 (94%)
T HOMO-1—> LUMO (13%), | n (L)—>n*(L)
o HOMO-4 —> LUMO (15%),
] HOMO-3 —> LUMO (44%),
Z 3.16 391.9306 | HOMO-2 —> LUMO (16%)
S
< HOMO-5—> LUMO (28%), | = (L)—>m*(L)
< HOMO-1—> LUMO (11%),
3, 3.31 373.9506 | HOMO-1 —> LUMO (11%)

A |
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Table 4.6 Emission spectrum calculated by TDDFT using B3LYP basis set for Ligand

(HL4.1) and [Zn2(L4.1)(NO3) (OH)(OH2)]*.

Eexcitation Aemission(NM) | Excited Osc. Strength | Key transition

(ev) State 0]

) HOMO-2(a)—LUMO+1

il (a)(18%)

z HOMO-3(8)—>LUMO-2(B)

g (82%)

S | 23434 520.65 8 0.0031

-

.

T

Q

5 HOMO(0)—LUMO-3(a)(10%)
= HOMO-9 (B) —LUMO(B)

CZD (15%)

< HOMO-7(B)—LUMO(B) (45%)
q.'

|

= 11

S 265 468.62 0.0053

4.4 Conclusion

In summary, we have successfully developed a duel Schiff base fluorescent and
colorimetric chemosensor HL4.1 as a promising analytical tool for the detection of Zn?* and
Cu?* in mixed organo — aqueous (1:9) solution. In this work both Zn?* and Cu?* are detected
in nano molar scale and the LOD values are 1.059x10°(M) and 3.53x10° (M) respectively.
HL4.1 exhibit around 16 times increment in fluorescence intensity in presence of Zn?* and
~174 times decrease in fluorescence intensity in presence of Cu?*. HL4.1 form 1:2 complex
with both metal ions which have been established by fluorescence measurements, ESI-MS
analysis and DFT-Calculations. The values of binding constant are 7.14x10*and 2.18x10°M!

for Zn?* and Cu?" complexes, respectively. In fluorescence competition assay experiments

=
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Cu?* replace Zn?* in presence of HL4.1. Moreover, the sensors can be completely
regenerated from L4.1-Zn and L4.1-Cu complexes by addition of Na,EDTA solution. A
rapid change in fluorescence intensity of HL4.1 within pH range 6-8 against Zn?* and Cu?*
ions establish its application in real-time quantitative detection of Zn?* and Cu?* ions in water

samples and biological systems.
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Abstract

The work represents a rare example of an aza-crown based macrocyclic chemosensor
H,DTC5.1 [H.DTC5.1 = 1,16-dihydroxy-tetraaza-30-crown-8] for selective detection of both Zn?*
and Cu?* in HEPES buffer medium (pH 7.4). H,DTCS5.1 exhibits fluorescence response for both Zn?*
and Cu?* ions. The reversibility of the chemosensor in its binding with Zn?* and Cu?" ions is also
examined using a Na,EDTA solution. H,DTCS5.1 exhibits chelation-enhanced fluorescence (CHEF)
effect in the presence of Zn?* ions and quenching effect (CHEQ) in the presence of paramagnetic Cu?
ions. Furthermore, the geometry and spectral properties of H.DTCS5.1 and the chemosensor bound to
Zn*" has been studied by DFT and TDDFT calculations. The limit of detection (LOD) values are
0.11x 10° M and 0.27x 10° M for Cu?* and Zn?*, respectively. The formation constants for the Zn?
and Cu?* complexes have been measured by pH-potentiometry in 0.15 M NaCl 70:30 (v/v)
water:ethanol at 298.1 K. UV-Vis absorption and fluorometric spectral data, pH-potentiometric
titrations indicate 1:1 and 2:1 metal: chemosensor species. In the solid state H,DTC5.1 is able to
accommodate up to four metal ions as proved by the crystal structures of the complexes
[Zn4(DTC5.1)(OH2)(NOs)4] (5.1) and {[Cus(DTC5.1)(OCHs)2(NOs)4].H20} (5.2). H.DTC5.1 can
be used as a potential chemosensor for monitoring Zn?* and Cu?* ions in biological and environmental
media with outstanding accuracy and precision. The propensity of H,DTC5.1 to detect intracellular

Cu?* and Zn?* ions in the triple negative human breast cancer cell line, MDA-MB-468 and in HelLa

c\ellshas been done by fluorescence cell imaging. /
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5.1 Introduction

The design and construction of new chemosensors capable of detecting selectively
and with high sensitivity various metal ions and anions have received immense importance in
analysis, biological processes, environmental studies, etc.>>2 Among the various
chemosensors reported so far, dual chemosensors that can detect species both colorimetrically
and fluorimetrically deserve special mention. The colorimetric technique allows naked eye
detection of the color change of a given species without application of sophisticated
instruments. On the other hand, luminescent techniques are one of the non-destructive
instrumental processes with the lowest cost, easier operation, fastest response time, and
highest selectivity and sensitivity.>*>® Moreover, the development of single sensors for
multiple analytes is a challenging task. Such type of process is more efficient and less
expensive than individual analysis methods.>” Therefore, both colorimetric and fluorescent
chemosensors for the detection of zinc and copper ions are very important as they are the
second most and third most essential elements present in the human body and participate in
many physiological processes. Zn?* ions are present in the biological systems either in a
tightly bound form or in a labile form. Labile Zn?* ions act as a neurotransmitter>®5° and
play important roles in apoptosis,®>° regulation of gene expression and insulin secretion.>!
The bound Zn?* ions are present as a structural cofactor in many metalloproteins, such as
SOD (superoxide dismutase), carbonic anhydrase and carboxypeptidase.>'2%13 It has been
observed that disruption of Zn?* homeostasis is associated with many neurological disorders
such as Alzheimer’s disease, Parkinson’s disease, epilepsy and amyotrophic lateral
sclerosis.>*>15 Cu?* ijons play crucial roles in blood formation processes and in the
functioning of various enzymes like superoxide dismutase, cytochrome ¢ oxidase, tyrosinase,

etc.>1® However, Cu?* ion deficiency or over-load can result in liver damage in infants,
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Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), Menkes and

Wilson diseases, etc.>17-523

Up to date a significant number of papers on fluorescence chemosensors used for the
detection of Cu?* and Zn?* ions have been reported. Previously reported chemosensors face
shortcomings regarding their sensitivity, selectivity, detection limit, interference from other
metal ions and low solubility in aqueous solution, etc.>?* A survey of the literature reveals
that cyclic systems such as crown ethers, cryptands or cyclodextrins are capable of selectively
detecting cations owing to their restricted cavity size and flexibility.>24*>25 In this work the
Schiff base ligand is a macrocyclic L8X2 type of system. There are very few examples with

similar macrocyclic L8X2 arrangement with two donor atoms are present in the literature.>2°

In our continuous endeavor for the preparation of dual-chemosensors,>?’ we are
reporting an aza-crown based fluorescence probe capable of sensing Zn?* and Cu?* ions with
a significant 25 nm emission wavelength difference. Here, the 1,16-dihydroxy-tetraaza-30-
crown-8 based Schiff base ligand (H.DTC5.1) has been designed so that the phenoxido
oxygen, ethereal oxygen and imine nitrogen atoms of the tetraaza-30-crown-8 can
simultaneously coordinate the cations. Ho.DTCS5.1 exhibits “turn on” fluorescence towards
Zn?* jons and “turn off” fluorescence towards Cu?* in water:methanol (9:1, v/v, 10 mM
HEPES buffer, pH 7.4) mixture. We also demonstrate that this sensor is capable of detecting
Zn?* even in the presence of large amounts of Cd?* and Hg?* ions. In the presence of Zn?*a 7-
fold enhancement of emission intensity has been observed, whereas for Cu?* the emission
intensity quenches by ~55-fold. The quenching effect is probably due to the paramagnetic
nature of Cu?*. The LOD of the chemosensor for Zn?* and Cu?* ions are 0.11x10° M and
0.27x10° M, respectively. Binding modes of both the metal ions with H.DTC5.1 (complex

5.1 and complex 5.2) have been established by X-ray crystallography. This biocompatible

=
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chemosensor also exhibits cell permeability and senses intracellular Cu?* and Zn?* ions in the

breast cancer cell line MDA-MB-468 as well as cervical cancer cell line HeLa.
5.2 Experimental section

5.2.1 Materials and physical measurements

All reagent or analytical grade chemicals and solvents were purchased from
commercial sources and used without further purification. Elemental analysis for C, H and N
was carried out using a Perkin—Elmer 240C elemental analyzer. Infrared spectra (400-4000
cm) were recorded from KBr pellets on a Nicolet Magna IR 750 series-1l FTIR
spectrophotometer. Absorption spectra were measured using a sensitive UV-vis
spectrophotometer (UV-2450 spectrophotometer (Shimadzu, Japan)) equipped with a double
beam light source with a 1-cm-path-length quartz cell. Electron spray ionization mass (ESI-
MS*) spectra were recorded on a MICROMASS Q-TOF spectrometer. Emission spectra were
collected using Fluromax-4 spectrofluorometer at room temperature (298 K) under degassed
condition. Fluorescence lifetime was measured using a time-resolved spectrofluorometer
from IBH, UK. Measurements of *H and *C NMR spectra were conducted using BRUKER

400 and BRUKER 300 spectrometers, respectively.

Caution! Perchlorate ion is an extreme oxidizing agent and laboratory hazard. Only a small

amount of sample should be prepared and handled with great care.>?
5.2.2 X-ray crystallography

Single crystal X-ray data of complexes 5.1 and 5.2 were collected on a Bruker SMART
APEX-11 CCD diffractometer using graphite mono chromated Mo Ka radiation (A = 0.71073
A) at room temperature. Data processing, structure solution, and refinement were performed
using Bruker Apex-I1I suite program. All available reflections in 26&max range were harvested

and corrected for Lorentz and polarization factors with Bruker SAINT plus.5?° Reflections

JES
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were then corrected for absorption, inter-frame scaling, and other systematic errors with
SADABS.>® The structures were solved by the direct methods and refined by means of full
matrix least-square technique based on F? with SHELX-2017/1 software package.>3* All the
non hydrogen atoms were refined with anisotropic thermal parameters. C-H hydrogen atoms
were inserted at geometrical positions with Uiso = 1/2Ueq to those they are attached. Crystal
data and details of data collection and refinement for 5.1 and 5.2 are summarized in Table

5.1.

Table 5.1. Crystal parameters and selected refinement details for complexes 5.1 and 5.2.

Complex 5.1 5.2

Empirical formula C30H22N80202n4 C32H44CU4N8021

Formula weight 1076.03 1130.91

Temperature (K) 273(2) 273(2)

Crystal system Monoclinic Monoclinic

Space group C2 P2:/n

a(A) 18.896(5) 11.0489(10)

b (A) 11.439(3) 21.4323(19)

c(A) 9.999(3) 19.6369(19)

o°) 90 90.00

B(°) 99.604(6) 93.811(3)

7(°) 90 90.00

Volume (A3) 2130.9(10) 4639.8(7)

Z 2 4

Dearc (g cm®) 1.686 1.619

Absorption 2.310 1.893

coefficient (mm-?)

F(000) 1088 2304

ORange for data | 2.066-27.368 2.079-27.154

collection (°)

Reflections collected | 9002 66046

Independent 3351/ 0.0488 4737/0.1220

reflection / Rin

Data / restraints / | 4714/1/298 10232/0/620

parameters

Goodness-of-fit on F2 | 1.077 1.063

Final R  indices | R1= 0.0677, wR2= | R1=0.0748

[1>25(1)] 0.1747 wR2 =0.1706

R indices (all data) R1= 0.1052wR2= | R1=0.1768,
0.1962 wR2 =0.2181

Largest diff. peak /| 1.490/-0.584 0.769/-0.596

hole (e A%)
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5.2.3 Synthesis of 2,6-diformyl-4-methylphenol (DFP)

2,6-diformyl-4-methylphenol (DFP) was prepared by following a standard literature
procedure.>3?

5.2.4 Synthesis of chemosensor 1,16-dihydroxy-tetraaza-30-crown-8 (H.DTC5.1)

A mixture of 2,6-diformyl-4-methylphenol (2.0 mmol, 0.3283 g) and 1,2-bis(2-
aminoethoxy)ethane (2.0 mmol, 0.296 g) was heated to reflux for 3 h in methanol solvent.
Yellow color gummy mass was obtained after evaporation of the solvent.

Yield: 0.486g (88%). Anal. Calc. for CsoH40N4Oe: C 65.20%; H 7.30%; N 10.14%. Found: C
65.55%; H 7.51%; N 10.01%. IR (cm™, KBr): v(C=N) 1635s; v(C-H) 778s. ESI-MS"* in
MeOH: The base peak was detected at m/z = 553.30, corresponding to [H.DTC5.1+H]*. UV-
Vis, Amax (NM), (€ (dm®mol-tcm™)) in 10 mM HEPES buffer at pH= 7.4: 445 (47086).

IH NMR (DMSO-ds, 400 MHz) § ppm: 2.19 (Ar-CHs) (d, 6H, J = 3.2 Hz), 3.52 (-CH2) (d,
8H, J = 15.2 Hz), 3.62 (-CH>) (d, 16H, J = 5.6 Hz), 7.44 (ArH) (d, 4H, J = 9.6 Hz), 8.49 (-

CH=N) (d, 4H, J = 12.4 Hz), 14.20 (Ar-OH) (s, 2H).

IH NMR (CDCls, 400 MHz) 5 ppm: 2.25 (Ar-CHs) (t, 6H, J1 = 3.6 Hz, J» = 4.4 Hz, ), 3.58-
3.67 (-CHz) (M, 8H), 3.69-3.77 (-CH2) (m, 16H), 7.39 (ArH) (s, 4H), 8.47 (-CH=N) (s, 4H),

13.84 (Ar-OH) (s, 2H).

13C NMR (DMSO-ds, 75 MHz) & ppm: 20.26 (-CHs), 59.97, 70.58 70.75 (-CHy), 121.36,

127.39, 132.30, 159.34 (Ar-C), 162.29 (-CH=N).
5.2.5 Synthesis of complex (5.1) [Zn4(DTC5.1)(OH)2(NO3)4]

A 2 mL methanolic solution of zinc nitrate hexahydrate (4.0 mmol, 1.189g) was
added drop wise to 20 mL methanolic solution of Ho.DTC5.1 (1.0 mmol, 0.552g) followed by
addition of triethylamine (2.0 mmol, 0.202g) and the resultant reaction mixture was stirred

for ca. 3 h. Yellow color solid mass was obtained in high yield after slow evaporation of the

7z |
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solvent. This yellow color solid mass was dissolved in N,N-dimethylformamide (DMF)-
methanol mixture (v/v, 1:9) and carefully layered with diethyl ether. Yellow color block
shape crystals were obtained after a few days.

Yield: 0.847g (78%). Anal. Calc. for C3oHsoNsO20Zns: C 32.93%; H 3.68%; N 10.24%.
Found: C 33.06%; H 3.49%:; N 10.38%. IR (cm™, KBr): v(C=N) 1630s; v(NO3)1300s; v(C-
H) 773 s. ESI-MS™ in MeOH: The base peak was detected at m/z = 1032.96, corresponding to
[Zna(DTC5.1)(OH)2(NO3)s]*. UV-Vis, Amax (nm), (¢ (dmPmolicm™)) in 10 mM HEPES
buffer at pH= 7.4: 415(44272).

'H NMR (DMSO-ds, 400 MHz) & ppm: 2.21 ppm (-CHs) (s, 3H) and 2.29 ppm (-CHs) (s,
3H), 7.93 (-CH=N) (d, 1H, J = 6.8 Hz), 8.01 (-CH=N) (s, 1H), 8.28 (-CH=N) (d, 1H, J = 10.4
Hz), 8.48 (-CH=N) (d, 1H, J = 12.4 Hz), 3.1-4.0 (-CHy) (m, 24H), 6.96 ppm (s), 7.10 ppm

(s), 7.16 (s), 7.39 ppm (s), 7.52 ppm (d, 1H, J = 12.00 Hz), 7.65 ppm (s) (Ar-H, 4H).

13C NMR (DMSO-ds, 75 MHz) & ppm: 19.36, 19.43 (-CHs), 58.59, 61.06, 61.23, 61.82,
68.51, 69.41, 70.06, 70.09, 71.47, 71.91, 73.67, 74.07 (-CH,), 120.44, 121.00, 121.18,
121,50, 121.59, 123.87, 124.20, 139.21, 141.46, 141.50, 163.19, 165.71 (Ar-C), 166.04,

167.82,170.44, 172.94 (-CH=N).
5.2.6 Synthesis of complex (5.2) {[Cus(DTC5.1)(OCHz)2(NO3)4].H20}n

A 2 mL methanolic solution of copper nitrate trihydrate (4.0 mmol, 0.966g) was
added drop wise to 20 mL methanolic solution of Ho.DTC5.1 (1.0 mmol, 0.552g) followed by
addition of triethylamine (2.0 mmol, 0.202g) and the resultant reaction mixture was stirred
for ca. 3 h. Green color solid mass was obtained after slow evaporation of the solvent. This
green color solid mass was dissolved in DMF-methanol mixture (v/v, 1:9) and carefully

layered with diethyl ether. Green color block shape crystals were obtained after a few days.
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Yield: 0.858g (76%). Anal. Calc. for C32Hs6CusNgO21: C 33.93%; H 3.92 %; N 9.91%.
Found: C 34.10%; H 3.77%; N 10.06%. IR (cm™, KBr): v(C=N) 1625s; v(NO3)1300s; v(C-
H) 770s. ESI-MS* in MeOH: The base peak was detected at m/z = 1170.00 corresponding to
[Cus(DTC5.1)(OCH3)2(NO3)4+CH3zOH+Na]*. UV-Vis, Amax (nm), (¢ (dm3molicm™)) in 10
mM HEPES buffer at pH= 7.4: 410(42065).

5.2.7 UV-visible and fluorescence spectroscopic studies

Stock solutions of various ions (1x10-3 M) were prepared in deionized water. A stock
solution of the chemosensor (H.DTC5.1) (1x10°° M) was prepared in methanol. The solution
of H,DTC5.1 was then diluted to 1x10° M as per requirement by HEPES buffer (10 mM, pH
= 7.4). All the spectroscopic experiments including competitive assay of various cations and
anions were performed in organic-aqueous HEPES buffer (10 mM, water:methanol 9:1(v/v))
medium at pH 7.4. In titration experiments, 30 pL solution of (1x10° M) H.DTC5.1 was
taken for 3000uL in a quartz optical cell of 1.0 cm optical path length and the ion stock
solutions were gradually added to it. Spectroscopic studies of the chemosensor (H.DTC5.1)
in the presence of different anions were performed in HEPES buffer (10 mM, water:methanol
9:1(v/v)) at pH = 7.4. In competitive assay experiments, the test samples were prepared by
interacting appropriate amounts of the cations stock. The values of the equilibrium constants

were obtained using the program HypSpec2014.>33>34

5.2.8 EMF measurements

The pH-potentiometric titrations were carried out at 298.1 + 0.1 K using 0.15 M NaCl
in EtOH:H,0 30:70 v/v as supporting electrolyte in a reaction vessel (capacity 70 cm?®)
water-thermostatted and argon presaturated containing a separated pH glass electrode
(Metrohm 6.0150.100). This reaction vessel is connected through a salt bridge (NaCl 0.5M)
to a reference cell filled with NaCl 0.15M, containing the reference electrode (Metrohm

6.0726.107 Ag/AgCl reference electrode in 3M KCI solution). The titration device used was a

JES



Chapter 5 Aza-crown based macrocyclic probe design for "PET-off" multi-Cu2+ responsive and "CHEF-
on" multi-Zn2+ sensor: application in biological cell imaging, and theoretical studies

905 Titrando controlled from a PC running the software Tiamo 2.3.

The measurement procedure consisted in a monotonic titration in which a fixed
volume of titrand (carbonate-free 0.1M NaOH) was added to the reaction vessel. The
measured e.m.f. was monitored over time and registered when the measured drift is lower
than 0.2 mV/min. Then, the next volume of titrand was added automatically and the cycle
repeated until the predefined total volume of titrand had been added. The experimental e.m.f.
values were not corrected for the liquid junction potential because this effect was negligible
in the pH range investigated.

Prior to the titration, the glass electrode was calibrated as a hydrogen ion
concentration probe by titration of previously standardized amounts of HCI in EtOH:H.0
30:70 v/v with CO> -free NaOH solutions, and the equivalent point was determined by the
Gran’s method,>3*°3% which gives the standard potential, E°, and the ionic product of water
(pKw = 14.10(1)). At least two titrations were performed for each one of the studied systems.
The titrations were treated separately without finding discrepancies in the values obtained for
the constants. The final values of the constants were obtained by merging the individual
titrations and fitting them together. Further details of the experimental procedure are afforded
in the Supplementary Materials.

The software HYPERQUAD®3" was used to process the data and calculate both the
protonation and stability constants.

5.2.9 Cell culture

Triple negative human breast cancer cell line MDA-MB-468, human cervical cancer
cells, HeLa and human lung fibroblast cells, W138 was obtained from National Center for
Cell Science (NCCS) Pune, India. The cells were grown in DMEM with 10% FBS (Fetal
Bovine Serum), penicillin/streptomycin (100 units/ml) at 37°C and 5%CO.. All the

treatments were conducted at 37°C and at a cell density allowing exponential growth.

)
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5.2.10 Cell imaging

In order to follow the real conditions, HeLa cells were grown in coverslips for 24hrs.
Then the cells were either mock-treated or treated with Zn?* (20 uM) ions for 24hrs at 37°C,
after that H,DTC5.1 (5uM) was added to it in the presence or absence of Cu?* (20uM) ions
for another 24hrs at 37°C. In another set of experiment MDA-MB-468 cells were grown in
coverslips for 24hrs. Then the cells were either mock-treated or treated with 5uM of ligand
(H.DTC5.1) and 20uM Zn?* salt in the presence or absence of 20uM of Cu?* salt for 24hrs at
37°C. Both the cells were washed with 1xPBS. Then they were mounted on a glass slide and
observed under fluorescence microscope (Leica) with a filter having excitation of 450-500

nm (blue) and an emission of 500-570 nm (green).
5.2.11 Cell survivability assay

Cell survivability of Ho.DTC5.1 was studied for human lung fibroblast cells, WI38 (non-
cancerous cells), MDA-MB-468 and HeLa (cancerous cells) following reported procedure.>38
In brief, viability of these cells after exposure to various concentrations of ligand were
assessed by MTT assay. The cells were seeded in 96-well plates at 1 x 10* cells per well and
exposed to ligand at concentrations of 0 uM, 20 uM, 40 uM, 60 uM, 80 uM, 100 uM for 24
hrs. The resulting formazan crystals were dissolved in an MTT solubilization buffer and the
absorbance was measured at 570 nm by using a spectrophotometer (BioTek) and the value
was compared with control cells. The cell cytotoxicity of the complexes towards the cancer
cells MDA-MB-468 and HelLa were also envisaged following the above mentioned MTT
assay protocol. Another set of experiment was performed by MTT assay by keeping the
ligand concentration same (5 pM) and varying Zn?* and Cu?' ions at a maximum

concentration of 50 pM.
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5.2.12 Computational method

The compounds were initially optimized at the B3LYP/6-31+G* level of theory in
their singlet ground state (S0).>*° To obtain theoretical UV-Vis parameters, we performed the
time-dependent DFT (TDDFT)>#° calculations using the same level of theory associated with
the conductor-like polarizable continuum model (CPCM).>#! For the complexes and ligands
(keto and enol forms), we calculated 60 singlet—singlet transition using their ground SO state
geometries and using the conductor-like polarizable continuum model. The calculated
electronic density plots for the frontier molecular orbitals were prepared by using the Gauss
View 5.0 software. All the calculations were performed with the Gaussian 09 software

package.>#2
5.3 Results and discussion

5.3.1 Synthesis and characterization

2,6-Diformyl-4-methylphenol (DFP) has been prepared following a standard
procedure.>3 1,2-Bis(2-aminoethoxy)ethane was mixed with 2,6-Diformyl-4-methylphenol
(DFP) in 1:1 molar ratio in methanol under refluxing condition (Scheme 5.1) to generate the
Schiff base ligand (H.DTC5.1). The compound was obtained as a semi-solid in good yield
and used without further purification. It was thoroughly characterized using different
spectroscopic methods (UV-Vis, FT-IR and H, **C NMR) and by elemental analysis. The
base peak in the ESI-MS* spectrum was found at m/z = 553.30, corresponding to
[H.DTC5.1+H]* (Figure 5.1). In the FT-IR spectrum, a broad band at around 3415 cm™
indicates the presence of the phenolic—OH group and the band at 1635 cm is attributed to the

C=N (for azomethine) stretching frequency (Figure 5.2).
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Figure 5.1. ESI-mass spectrum of chemosensor HoDTC5.1.
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Figure 5.2 FTIR spectrum of chemosensor H,DTC5.1.
H,DTCS5.1 reacts with both Zn(NOs)2:6H20 and Cu(NOs)23H20 in 1:4 ratio to

produce complexes 5.1 and 5.2, respectively (Scheme 5.2). Both complexes crystallize from
DMF-methanol (v/v, 1:9)/diethylether solvent mixture. They are characterized by X-ray
crystallography, elemental analysis and ESI-MS*. The experimentally observed peaks at m/z
1032.96 and 1170.00 correspond to the molecular ion peaks of [Zn4(DTC5.1)(OH)2(NOs)s]*
and [Cus(DTC5.1)(OCHz3)2(NOs3)s+CH3OH+Na]*, respectively. In the FT-IR spectrum of 5.1,
characteristics stretching frequencies appear at 1630 cm™ v(C=N), 773 cm™ v(C-H) and 1300
cm™ (v(NO3 ), asymmetric stretch), respectively (Figure 5.3(a)). Similarly, in the case of 5.2,
characteristics stretching frequencies appear at 1625 cm™ v(C=N), 770 cm™* v(C-H) and 1300
cm™? (v (NO3 ), asymmetric stretch)), respectively (Figure 5.3(b)). It is important to note that
although the ligand and its zinc complex using Zn(ClO4), were previously reported by N.
Maekawa,>*® the chemosensing behavior of H,DTC5.1 towards Zn?* and Cu?* ions has been

explored by us for the first time.
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Scheme 5.2 Route of synthesis of complexes 5.1 and 5.2.
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Figure 5.3 FTIR spectrum of (a) complex 5.1 and (b) complex 5.2.

5.3.2 Crystal structure description of complex 5.1

The tetranuclear Zn?* complex, [Zna(DTC5.1)(OH)2(NOs)4] crystallized in

monoclinic form with C2 space group (Table

5.1). The crystal structural of 1 is shown in

Figure 5.4(a). Selected bond distances and angles are collected in Table 5.2. The asymmetric

unit consists of half of the molecule; a further

C> symmetry operation generates the whole

molecule. In 5.1 the macrocyclic ligand H,DTC5.1 binds four Zn?* ions, Zn1, Znla, Zn2 and

Zn2a. For simplicity, we only describe the coordination environment around Znl and Zn2.
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The two zinc centers (Zn1 and Zn2) are doubly bridged by a phenoxido oxygen (O1) of the
macrocyclic ligand and a hydroxide anion (O4). Zn1 is additionally coordinated by the imine
nitrogen (N1) and the ethereal oxygen atom (O2) of the macrocyclic ligand and an oxygen
atom (O6) of a nitrate ion. The monodentate binding mode of nitrate ion has been established
by using the M—O distance (Ad) and M-O-N bond angle (A8)>* [Ad < 0.3 A; A@ < 14° for
bidentate; 0.3 A < Ad < 0.6 A; 14°< AQ < 28° for anisobidentate; Ad > 0.6 A A > 28° for
monodentate]. Here, the values of Ad and A@ are 0.68 A and 32.7°, respectively. The Addison
parameter (7)>*° for the Zn1 center is found to be 0.5, suggesting an intermediate geometry
between square pyramidal and trigonal bipyramidal. The Zn—Nimino and Zn—Ophenoxido bond
distances are 1.993(11) A (Zn1-N1) and 2.044(8) A (Zn1-O1), respectively. The other Zn-O
distances are 2.333(10) A (zZn1-02) and 1.961(10) A (Zn1-04) and 2.008(10) A (Zn1-06),
respectively. The Zn2 centre is coordinated by phenoxido oxygen (O1), hydroxide ion (O4),
imine nitrogen (N2) and another symmetry related hydroxide ion (O4a). The nitrate ion
coordinate to the metal centre in an anisobidentate fashion [Ad= 0.33 A; A@ = 14°]. The Zn-
O bond distances vary from 1.980(9) to 2.394(18) A. The equatorial angles vary from

56.3(6)° to 106.6(4)°. The axial O4-Zn2-N2 angle is 163.6(4)°.

5.3.3 Crystal structure description of complex 5.2

Complex 5.2 crystallized in monoclinic form with P21/n space group (Table 5.1).
Figure 5.4(b) shows the asymmetric unit of 5.2. Selected bond distances and angles are
collected in Table 5.2. It is best described as a 1D network (Figure 5.5) of
[Cus(DTC5.1)(OCH3)2(NO3)4]- H20O asymmetric units, where the asymmetric units are
connected through a pair of pi,1 bridging nitrate ions and p1,1,1 bridging methoxide ions. The
asymmetric unit consists of a deprotonated macrocyclic ligand, four copper centers (Cul,
Cu2, Cu3 and Cu4, respectively), two methoxide ions, four nitrate ions and a water molecule

of crystallization. Cul, Cu2 and Cu3, Cu4 are doubly bridged by phenoxido oxygen and

)
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methoxide ion. Both Cul and Cu4 have perfect square pyramidal geometry (Addison
parameter, T is 0.05 for Cul center and 0.03 for Cu4 center)®* where they are equatorially
coordinated by imine nitrogen (N6 for Cul and N2 for Cu4), phenoxido oxygen (O1 for Cul
and O4 for Cu4), methoxide ion (019 for Cul and O20 for Cu4) and nitrate ion (O11 for Cul
and O17 for Cu4) of the same asymmetric unit and axially coordinated with another
methoxide ion (O20a for Cul and O19a for Cu4) of other asymmetric unit. In the 1D chain,
these two nitrate ions binds Cu2 and Cu4; Cul and Cu3 centers in an anisobidentate fashion
[Ad ~ 0.49 A]. The Cu-N bond lengths are found to be 1.969(6) and 1.955(6) A for Cul and
Cu4, respectively, whereas the Cu-O bond lengths vary within the range 1.928(5)-2.559 A.
Both Cu2 and Cu3 centers are bound with phenoxido oxygen (O1 for Cu2 and O4 for Cu3),
an imine nitrogen (N5 for Cu2 and N1 for Cu3), methoxide ion (019 for Cu2 and O2 for
Cu3) and a monodentate nitrate ion (Ad =0.78 A for Cu2 and Ad =0.61 A for Cu3). The axial
N-Cu-O angles vary within the range 166.22(18)°-168.7(2)°. The Cu-N bond lengths vary
from 1.926(6) to 1.946(6) A, whereas the Cu-O bond lengths vary within the range
1.9286(9)-2.6747 A. The Cul-Cu2 and Cu3-Cu4 distances are 3.019(13) and 3.0173(13) A,

respectively.

Figure 5.4 (a) Crystal structure of complex 5.1 (ball and stick model) and (b) asymmetric
unit of complex 5.2 (ball and stick model). H atoms and solvent molecules are omitted for

clarity.
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Figure 5.5 One dimensional chain structure of complex 5.2 with n—n face-to-face stacking
along ‘a’ axis.

Table 5.2 Selected Bond lengths (A) and Bond angles (°) for complexes 5.1 and 5.2.

Complex 5.1 Complex5s. 2

Zn1-01 2.044(8) 01-Zn1-02 [ 163.1(4) | Cul-O1 1.945(4) [ Cu3-015 [ 1.982(5)
Zn1-02 2.333(10) 01-Zn1-O4 | 83.3(4) Cul-O11 | 1.974(5) | Cu3-020 | 1.9286(9)
Zn1-04 1.961(10) 02-Zn1-04 | 97.7(4) Cul-019 | 1.928(5) | Cu3-Olla | 2.463(0)
Zn1-06 2.008(10) N1-Zn1-O1 | 89.2(4) Cul-O20a | 2.551(0) | Cu3-N1 1.926(6)
Zn1-N1 1.993(11) N1-Zn1-02 | 78.0(4) Cul-N6 1.969(6) | Cu4-O4 1.951(4)
Zn2-01 1.992(10) N1-Zn1-O4 | 134.1(4) | Cu2-O1 1.964(9) | Cu4-017 | 1.972(5)
Zn2-04 1.980(9) 04-Zn2-01 | 106.6(4) | Cu2-07 1.969(5) | Cu4-020 | 1.937(10)
Zn2-O4a | 2.347(10) 01-Zn2-05 | 90.9(5) Cu2-08 2.747(0) | Cu4-O19a | 2.559(0)
Zn2-05 2.394(18) 04-Zn2-O4a | 82.5(4) Cu2-O17a | 2.464(0) | Cu4-N2 1.955(6)
Zn2-09 2.080(12) 04-Zn2-09 | 101.7(5) | Cu2-019 | 1.931(0) | Cul-Cu2 | 3.019(13)
Zn2-N2 2.054(12) 05-Zn2-09 | 56.3(6) Cu2-N5 1.946(6) | Cu3-Cu4 | 3.0173(13)
N2-Zn2- | 163.6(4) Cu3-04 1.957(5) | O19-Cu2- | 168.7(2)
04 N5

Cu3-013 2.591(0) | O20-Cu3- | 166.22(18)

N1




Chapter 5 Aza-crown based macrocyclic probe design for "PET-off" multi-Cu2+ responsive and "CHEF-
on" multi-Zn2+ sensor: application in biological cell imaging, and theoretical studies

5.3.4 NMR studies

'H NMR of H,DTC5.1 was recorded in DMSO-ds and CDCls (Figures 5.6 and 5.7,
respectively). In DMSO-dg, the imine (H-C=N) protons appear as a sharp doublet peak at
8.49 ppm (J = 12.4 Hz). The aromatic protons appear at 7.44 ppm (J = 9.6 Hz) and the
aliphatic ones at 3.62 ppm (d, J = 5.6 Hz) and 3.52 ppm (d, J = 15.2 Hz). A broad signal at
14.21 ppm corresponds to the phenolic protons (Figure 5.6). In the case of 5.1, due to
coordination with Zn?*, the imine protons appear at 7.93 ppm (d, J = 6.8 Hz), 8.01 ppm (5),
8.28 ppm (d, J = 10.4 Hz) and 8.48 ppm (d, J = 12.4 Hz), and the aromatic protons at 6.96
ppm (s), 7.10 ppm (s), 7.16 ppm (s), 7.39 ppm (s), 7.52 ppm (d, J = 12.0 Hz) and 7.65 ppm
(s) respectively. A broad multiplet in the range 3.1- 4.0 ppm indicates presence of aliphatic

protons. Methyl protons appear at 2.21 ppm (s) and 2.29 ppm (s) (Figure 5.8).
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Figure 5.6 *H NMR spectrum of (H,DTC5.1) in DMSO-ds.
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Figure 5.8 'H NMR spectrum of complex 5.1 in DMSO-de.
13C NMR spectrum of H.DTC5.1 was performed in DMSO-ds (Figure 5.9). The

imine carbon atoms appear at 162.29 ppm whereas aromatic carbon atoms appear in the range
121.36-159.34 ppm. The signals of the aliphatic carbon atoms appear from 59.97 to 70.75
and that of the methyl carbon atoms at 20.26 ppm. In the 3C NMR spectrum of 1 recorded in

DMSO-ds (Figure 5.10), the signals of the imine and aromatic carbon atoms appear in the
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166.04-172.94 ppm and 120.44-165.71 pm ranges, respectively. Methylene and methyl
carbon atoms are observed in the range 58.59-74.07 ppm and 19.36-19.43 ppm, respectively.
We have also performed a *H NMR titration of H,DTC5.1 with Zn?* in DMSO-ds. Upon
gradual addition of Zn?*, the signal of the OH protons disappears due to the coordination of
the metal. Again, in the presence of 3 equivalent or above Zn?* ions significant splitting with
downfield shift of aromatic protons from 7.44 ppm to 6.96 ppm, 7.09 ppm, 7.15 ppm, 7.38
ppm, 7.51 ppm and 7.64 ppm (in the presence of 3 equivalent or above Zn?* ions) and imine
protons (H-C=N) from, 8.49 ppm to 7.92 ppm, 8.00 ppm, 8.27 ppm and 8.47 ppm is noticed,
confirming the metal ion coordination with the imine nitrogens. Similarly, splitting in the
spectral pattern of aliphatic protons from, 3.62 ppm and 3.52 ppm to a multiplet (3.46-3.96
ppm) in the presence of metal ions suggests coordination of oxygen atoms of the aza crown
part with Zn?* centers. Interestingly, the methyl protons also exhibit a significant change in
spectral pattern (from, 2.19 ppm to 2.22 ppm and 2.25 ppm) under such condition (Figure

5.11). X-ray crystallographic data of 5.1 also justify the above *H NMR titration data.

mmmmmmmmm

mmmmmmmmmm

—162.29
—159.34

oo @
A m oo
NN
]

ol

T T T T T T T
40 30 20 10 0 =10 ~ppm|

T T
T T T T T T T T T T T T
210 200 190 180 170 160 150 '140° 130 120 110 100 90 80 ~ 70 60 SO

Figure 5.9 13C NMR spectrum of H,DTC5.1 in DMSO-ds.
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Figure 5.10 **C NMR spectrum of complex 5.1 in DMSO-de.
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Figure 5.11 'H-NMR titration of the free ligand (H.DTC5.1) and with the addition of 1.0,

2.0, 3.0 and 4.0 equivalent of Zn?* in DMSO-ds recorded on a 400 MHz BRUKER NMR

spectrometer.
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5.3.5 Absorption spectral studies

The UV-Vis spectrum of Ho.DTCS5.1 in 10 mM HEPES buffer at pH 7.4 shows a well-
defined band at 445 nm. The peak is attributed to an intramolecular n—n* or n—n*
transition. Three different sequences of absorption changes for H.DTC5.1 were noticed with
increasing concentration of Zn?* or Cu?* until the intensity saturated in the presence of 4.3
equiv. of the metal ions (Figure 5.12). By gradual addition of Cu?* up to 1.0 equiv. in the
buffer containing HoDTC5.1 (10 uM), the 445-nm absorption band for H.DTC5.1 was
shown to deplete gradually with the concomitant formation of gradually blue shifted
absorption intensities maximally up to ~424 nm by maintaining isosbestic wavelength at
~428 nm (Figure 5.12 (I-A)). Although the absorption change continued by further addition
of Cu?* until 4.3 equiv., only a small blue shifting from 424 nm to 413 nm was detected
(Figure 5.12 (I-B and I-C, respectively)). However, the absorbance change overs from 1.0 to
2.0 equivalents and that of 2.0 until 4.3 equivalents follow two separate isosbestic
wavelengths at ~417 and ~393 nm, respectively. No further absorption change was observed
above 4.3 equiv. of Cu?". With the increasing addition of 4.3 equivalents of Zn?*, the
absorption of H,DTC5.1 gradually blue shifted up to ~413 nm, and most interestingly and
similarly to Cu?*, the absorption changes exhibited three separate isosbestic wavelengths at
~434 nm, ~420 nm and ~413 nm in the Zn?**equivalents ranges of 0-1.0, 1.0-2.0 and 2.0-4.3,
respectively (Figure 5.12 (1I-A, 1I-B and 11-C)). The consecutive appearance of three
separate isosbestic wavelengths for the two metal ions suggests the presence of species with
different stoichiometric ratios in equilibrium condition. Unfortunately, their overlapping

intensities did not allow us to identify their stoichiometries accurately.

ES
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Figure 5.12 Absorption spectra of H,DTC5.1 (10 uM) in the presence of (1) Cu?* (0-4.30
equiv.) and (1) Zn?* (0-4.30 equiv.) in HEPES buffer (10 mM) at pH 7.4: in absence (purple
in A) and presence of 0.25-0.75 equiv. (red in A), 1.0 equiv. (dark cyan in A and B),
1.25-1.75 equiv. (blue in B), 2.0 equiv. (green in B and C), 2.25-4.0 equiv. (pink) and 4.3
equiv. (violet in C) of metal ions. The absorption spectra with gradual increase of Zn?* or
Cu?* concentrations are shown by deep-to-light color (red: A; blue, B; pink: C). The spectra
of (11-C) complex 5.1 and (I-C) complex 5.2 (40 uM each) are depicted by black lines for
comparison. The isosbestic absorption wavelengths are indicated by arrows.
5.3.6 ESI-MS™ analysis

ESI-MS™ studies have been performed in 1:1, 2:1 and 4:1 metal ion: H,DTC5.1
(metal ion: Zn?* or Cu?*) molar ratio. In case of Zn?**, m/z peaks appear at 615.15 for 1:1
ratio and 814.16  for 2:1 ratio, suggesting formation of [Zn(HDTC5.1)]" and
[Zn2(DTC5.1)(NOs)2+Li]*" complexes in water—-methanol (9:1, v/v) mixture (Figure 5.13(a)
and 5.13(b), respectively). Similarly, in the presence of Cu?* ions, for the 1:1 and 2:1 ratio,
peaks appear at 614.13 and 739.01, which corresponds to [Cu(HDTC5.1)]* and

[Cux(DTC5.1)(NOs)]*, respectively (Figure 5.14(a) and 5.14(b)). When the mass

=
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spectrometric studies are carried out with 4:1 metal to ligand molar ratios, peaks are observed
at 1032.96 for Zn?* and 1170.00 for Cu?* corresponding to [Zns(DTC5.1)(OH)2(NO3)s]* and
[Cus(DTC5.1)(OCHz3)2(NO3)s+CH3OH+Na]* molecular ion, respectively (Figure 5.13(c) and
5.14(c), respectively). Moreover, the experimentally obtained ESI-MS* data nicely match

with their simulated patterns.

ASPG163LZN1
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Figure 5.13(a) ESI-mass spectrum of [Zn(HDTC5.1)]* system. The experimental graph is
obtained after adding one equivalent Zn?* solution to the H,DTC5.1 (one equivalent)

solution.
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Figure 5.13(b) ESI-mass spectrum of [Zny(DTC5.1)(NOz)2+Li]" system. The experimental

graph is obtained after adding two equivalent Zn?* solution to the H,DTCS5.1 (one equivalent)
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Figure 5.13(c) ESI-mass spectrum of [Zns(DTC5.1)(OH)2(NO3)3]" system. The experimental

graph is obtained after adding four equivalent Zn?* solution to the H.DTC5.1 (one

equivalent) solution.
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Figure 5.14(a) ESI-mass spectrum of [Cu(HDTC5.1)]" system. The experimental graph is

obtained after adding one equivalent Cu?* solution to the H.DTC5.1 (one equivalent)
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Figure 5.14(b) ESI-mass spectrum of [Cuz(DTC5.1)(NO3)]" system. The experimental graph

is obtained after adding two equivalent Cu®* solution to the H.DTC5.1 (one equivalent)

solution.
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Figure 5.14(c) ESI-mass spectrum of [Cus(DTC)(OCHz3)2(NO3)s+CH3OH+Na]* system. The
experimental graph is obtained after adding four equivalent Cu?* solution to the H.DTC (one

equivalent) solution.
5.3.7 Fluorescence properties

Fluorescence experiments were performed in 10 mM HEPES buffer (pH = 7.4) at
ambient conditions. Upon excitation at 445 nm, H.DTCS5.1 exhibits weak fluorescence at 500
nm. This is probably due to a photoinduced electron transfer process (PET). The
delocalization of the available lone pair on the imine nitrogen atom to the DFP moiety leads
to the quenching of the fluorescence.

Upon addition of Zn?* to H,DTCS5.1, the emission at 475 nm (excitation wavelength
415 nm) greatly enhanced accompanied by a blue shift of 25 nm (Figure 5.15a). The
fluorescence enhancement due to Zn?* ions has a systematic growth of about 7-fold up to four
equiv. of Zn?, although small fluorescence increase is still perceptible at higher zZn%*
concentration. The chelation of Zn?* with phenoxido O, imine N atoms of the aromatic part
as well as O atoms of the macrocyclic aza-crown part of Ho.DTC5.1 increases the rigidity of

the molecular assembly (CHEF effect) via inhibition of free rotation of H.DTCS5.1 around the

)
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H-C=N bond. Again PET process is hindered by arresting the lone pair of electron present in
the imine nitrogen. These two effects are jointly responsible for the observed fluorescence
enhancement.

In the case of Cu?*, its gradual addition (up to a maximum of four equivalents) to a
chemosensor solution completely quenches the fluorescence at ~500 nm (Figure 5.15c).
Such a dramatic quenching of the fluorescence (~55 fold) (CHEQ) can be attributed to a
ligand to metal charge transfer (LMCT) between H,DTC5.1 and the paramagnetic Cu?*
ions.>¥  The plot of fluorescence intensity at 500 nm (lso0) Vvs. molar ratio
([Cu?*]/[H.DTC5.1]) in Figure 5.15d shows that the quenching is maximum for ~ 1:2

H,DTC5.1: Cu?* stoichiometric ratio.
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Figure 5.15 Fluorescence titration of H,DTC5.1 (10 uM) with gradual addition of Zn?*/ Cu?*
(0-48uM) in HEPES buffer (10 mM) at pH 7.4 and corresponding fluorescence intensities

versus molar ratio plot.
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Selectivity of H,DTC5.1 toward Zn?* and Cu?" over other competitive species was
examined by fluorescence titration experiments in the presence of different alkali metals (Na*
and K*), alkaline-earth metals (Mg?* and Ca?*), and various transition-metal ions (Mn?*, Fe3*,
Co?*, Ni?*, Cu*, Cd?* and Hg?") (Figure 5.16). In UV chamber, H.DTCS5.1 exhibits a bluish-
green fluoresce in presence of Zn?* ion (Figure 5.17). Upon addition of different common
anions like sodium salts of S,03?7,5%", SO3?", HSO4~, SO4%,, SCN, N3, OCN-, AsO4*, POs*
, ClO4~, AcO-, CI, NOg, P.O7* (PPi), PFg", F-, L-Cysteine and glutathione (Figure 5.18) in
HEPES buffer (10 mM) at pH 7.4 to the chemosensor, no significant fluorescence
enhancement was noticed. The competition assay experiments were performed individually
for Zn?* (4.0 equiv.) and Cu?" ions (4.0 equiv.) and in the presence of other metal ions (5.0
equiv.) and common anions in a similar solvent system. As shown in Figure 5.19, the
addition of other metal ions, except Cu?*, does not alter significantly the emission of the
system Zn?*-HDTC5.1. However, the addition of Cu?* to an H,DTCS5.1 solution in the
presence of Zn?* led to large fluorescence quenching (Figures 5.19 and 5.20(a)) in agreement
with the higher stability of the Cu?" complexes. Such type of displacement highly
corroborates the Irving-Williams series, according to which Cu?* ions have greater tendency
of replacing Zn?* ions to form a more stable Cu?*—probe complex. Binding constant values
also support the above observation. Interestingly, the presence of Cu* ions did not exhibit
such type of fluorescence quenching. The effective ionic radii of Cu*, Cu?* and Zn?" are 77
pm, 73 pm and 74 pm, respectively. Therefore, charge to radius ratio values of Zn?* and Cu?*
ions are comparable and significantly differ from Cu® ions, which initiates selectivity of
H;DTC5.1 towards Zn?* and Cu?* ions. Cu?* ion detection by H,DTC5.1 is not influenced by

the presence of other competitive metal ions including Zn?* ion (Figures 5.20(b) and 5.21).
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Figure 5.16 Relative fluorescence intensity profile of chemosensor H,DTC5.1 in the
presence of different cations in HEPES buffer (10mM) at pH 7.4. 1=only H2DTC5.1 (10
UM); H2DTC5.1 (10 uM) + M™ (40 uM), where M™=(2-Zn?*, 3-Cu?*, 4-Ag*, 5-Fe%*, 6
Hg?*, 7-K*, 8-Mn?*, 9-Na*, 10-Ni?*, 11-Mg?*, 12-Co?*, 13—-Ca?*, 14-Pb?**, 15-Cd**and 16-

cr¥).
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Figure 5.17 Color changes of chemosensor Ho.DTC5.1 (10 uM) in the presence of different
metal ions (4 equiv.) in HEPES buffer (10 mM, pH 7.4). The images were taken under UV
light. Where, 1= only Ho.DTCS5.1, 2-16 = H,DTC5.1 + Zn?*, Cu®*, Cd?*, Pb?*, Hg?*, Mn?*,

Fe3*, Co?*, Ni?*, Cr¥*, K*, Na*, Mg?*, Ca?* and AI®*, respectively.
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Figure 5.18 Relative fluorescence intensity profile of H.DTC5.1 (10 uM) in the presence of
various common anions (40 pM) in HEPES buffer (10 mM) at pH 7.4.1- H:DTC5.1+Zn?", 2-
H2DTC5.1+Cu?*, 3-H2DTC5.1, (4-24)- H:DTC5.1 + Anions, Anions = 3-S,04%, 4-S%, 5—
SOs%, 6-HSO4, 7-S04%, 8-SCN , 9-N3 , 10-OCN", 11-AsO4*, 12-H;POy4, 13-HPO4?, 14—
POs*, 15-CIOs , 16-AcO , 17-Cl , 18-NOs , 19-P,0+*, 20-PFs", 21-F  22-L-Cysteine,

23-Glutathione, 24-P>,0O-*".
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Figure 5.19 Relative fluorescence intensity profile of [DTC5.1-Zn?*] system in the presence

of different cations in 10 mM HEPES buffer at pH 7.4. 1=only H,DTC5.1 (10 uM) and (2-
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15)= H,DTC5.1 (10 uM) + Zn?* (40 uM) + M™ (50uM), where M™=(2—Cu?*, 3-Co?*, 4—
Cr¥*, 5-Fe®*, 6-Hg?*, 7-K*, 8-Mn?*, 9-Na", 10-Ni**, 11-Mg?*, 12-Pb?*, 13-Ca?*, 14-Fe?*,
15-Cd?*). Blue bars indicate [H,DTC5.1 (10 uM) + Zn?* (40 uM)] whereas brown bars

indicate [H.DTC5.1 (10 pM) + Zn?* (40 uM) + other cations (50 uM), (except 1)].
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Figure 5.20 Fluorescence titration of (a) [H2DTC5.1+Zn?"] system ([H.DTC5.1] = 10uM;
[Zn?*] = 40uM) with gradual addition of Cu?* (40uM); (b) [H2DTC5.1+Cu?*] system
([H2DTC5.1] = 10uM; [Cu?*] = 40uM) with gradual addition of Zn?* (40uM) in HEPES

buffer (10 mM) medium at pH 7.4.
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Figure 5.21 Relative fluorescence intensity profile of [DTC5.1-Cu?*] system in the presence

of different cations in HEPES buffer medium (10 mM) at pH 7.4. 1=only H2DTC (10 uM)
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and (2-15)= H2DTC5.1 (10 uM) + Cu?*(40 uM) + M™ (50uM), where M™=(2—-Zn?*, 3-Co?*,
4-Cr3*, 5-Fe3*, 6-Hg?", 7-K", 8-Mn?*, 9-Na*, 10-Ni?*, 11-Mg?*, 12-Pb?*, 13-Ca?*, 14-Fe?",
15-Cd?*). Black bars indicate [H2DTC5.1 (10 uM) + Cu?" (40 puM)] whereas red bars
indicate [H2DTC5.1 (10 uM) + Cu?* (40 uM) + other cations (50 uM), (except 1)].

In competition assay experiments towards common anions, we have also studied the
binding behavior of chemosensor-Zn?* receptor towards PPi and the binding behavior of
chemosensor-Cu?* receptor towards biothiols such as L-Cysteine and glutathione. In
chemosensor-Zn?* receptor the fluorescence emission only slightly quenched in the presence
of a large excess of PPi (40 equiv.) (Figure 5.22). Similarly, in the case of chemosensor-Cu?*
receptor, glutathione exhibits little fluorescence enhancement (Figure 5.23). Therefore the
competition assay experiment demonstrates high fluorescent recognition of H.DTC5.1 for
Zn** and Cu?*ions over other cations and anions.
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Figure 5.22 Relative fluorescence intensity profile of [DTC5.1-Zn?"] system in the presence

of different anions in HEPES buffer medium (10 mM) at pH 7.4. 1=only H.DTC5.1 (10 uM)

and (2-22)= H2DTC5.1 (10 uM) + Zn?*(40 uM) + Anions (50 uM), Anions = 3-S,03%, 4-S*
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, 5-S03%, 6-HSO4, 7-S0+%*, 8-SCN ', 9-N3 , 10-OCN", 11-As04*,12-H,POy’, 13-HPO4?,
14-PO4%*, 15-CIOs , 16-AcO , 17-NOs , 18-F, 19-PFg", 20—L-Cysteine, 21-Glutathione,
22-P,07*", 23—large excess P.07*" (40 times greater with respect to Zn?* ion concentration).
Blue bars indicate [H.DTC5.1 (10 pM) + Zn?" (40 puM)] whereas red bars indicate

[H.DTC5.1 (10 uM) + Zn?* (40 uM) + other anions (50 uM), (except 1 and 23)].
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Figure 5.23 Relative fluorescence intensity profile of [DTC5.1-Cu?*] system in the presence
of different anions in HEPES buffer medium (10 mM) at pH 7.4. 1=only H.DTC5.1 (10 uM)
and (2-22)= H,DTC (10 uM) + Cu?*(40 uM) + Anions (50 uM), Anions 3-S;03%>, 4-S%, 5-
S0s%, 6-HSO4, 7-S04%, 8-SCN , 9-N3 , 10-OCN’, 11-AsO4*,12-H,POy4’, 13-HPO4%, 14—
PO4*, 15-ClOs , 16-AcO , 17-NOs , 18-F, 19-PFs", 20—L-Cysteine, 21-Glutathione and
22-P,07*". Green bars indicate [Ho.DTC5.1 (10 puM) + Cu?* (40 uM)] whereas red bars

indicate [H.DTC (10 uM) + Cu?* (40 uM) + other anions (50 uM), (except 1)].
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Furthermore, solid state fluorescence spectroscopic studies of H,DTC5.1, complex
5.1 and complex 5.2 (Figure 5.24) reveal enhancement of fluorescence intensity in 5.1 and
quenching of fluorescence intensity in 5.2 in comparison with Ho.DTC5.1.

Reversibility and regeneration are two important aspects for real time application of a
chemosensor. The experiments were performed in the presence of sodium salt of
ethylenediaminetetraacetic acid (Na;EDTA) solution. In the case of DTC5.1-Zn?" solution,
after addition of four equivalents of Na2EDTA change its color from bluish-green to light
yellow with an obvious decrease in fluorescence intensity. However, the addition of four
equivalents of Na,EDTA to a DTC5.1-Cu?* solution, leads to an enhancement of emission
intensity that along with the appearance of a light yellow color indicates the regeneration of

the free Ho.DTC5.1 (Figure 5.25).
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Figure 5.24 Solid state fluorescence spectra of Ho.DTC5.1, complexes 5.1 and 5.2.
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Figure 5.25 Color changes in reversibility experiments under UV light. For (A), 1= Only
H.DTC5.1 (10uM), 2= Ho.DTC5.1 (10uM) + Zn?* (40uM), 3= H.DTC5.1 (10uM) + Zn?*
(40uM) + EDTA%(40uM). For (B), 1= Only H,DTC5.1 (10uM), 2= H,DTC5.1 (10uM) +

Cu?* (40uM), 3= H,DTC5.1 (10uM) + Cu?* (40uM) + EDTAZ (40uM).

The average concentration of Cu?" in blood is 100-150 pg/L and the total
concentration of Zn?* ions in mammalian cells is in the range 100-500 pM.>#7>48 The lower
limit of detection (LOD) of the chemosensor towards Cu?* and Zn?* was calculated using the
30 method.>*° The values obtained, 0.11x 10° M for Cu?* and 0.27x 10° M for Zn?*, clearly

suggest that this chemosensor can detect quantitatively both Cu?* and Zn?* ions in real
sample analysis.
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Figure 5.26 Fluorescence reversibility experiment of H.DTC5.1 between pH 4 and 10.
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Stability of chemosensor is examined by reversibility experiment®>* (Figure 5.26). It
clearly shows that the chemosensor is well stable in a wide range of pH (pH 4-10) and it can

only be dissociated in strong acidic condition (Figure 5.27).

[ H,DTC5.1+ 5 drops conc. HCI |

................................................................................................................

Figure 5.27 'H NMR spectra of H,DTC5.1 in presence of concentrated HCI (total volume of
solution is 500uL) in DMSO-de solvent.

Figure 5.28 shows the effect of pH on the fluorescence response of the free
H,DTC5.1 and of the systems Zn?*:H,DTC5.1 and Cu*:H.DTC5.1 in 4:1 molar ratio. Free
H.DTC5.1 has weak fluorescence at acidic pH that increases slightly from pH 3 to 6 and,
then decreases at more basic pH values. The weak emission of the free ligand can be
attributed to a PET process that becomes more intense at basic pH when the phenol groups
deprotonate (see the distribution diagram). Deprotonation of the phenol groups would extend
the electron delocalization to the p-conjugated system formed by the aromatic rings and the
C=N (imino) groups, decreasing thereby the emission intensity. While the addition of Zn?*

does no lead to any increase in fluorescence at acidic pH values, at pH values above 7, it

)
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produces a large increase in fluorescence (CHEF effect). On the contrary, Cu®* quenches the
fluorescence of H.DTC5.1 throughout all the pH range assayed, particularly at basic pH
values, due to the chelation to the metal (CHEQ effect). Above findings suggests that the
phenols groups present in H,DTC5.1 are too basic, they don't dissociate readily, or

reprotonate readily enough; thus undergoes deprotonation easily.
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Figure 5.28 Fluorescence intensity of H.DTC5.1 (10 puM) in the absence and presence of
Zn?* and Cu?* ions (40 uM) at various pH values in HEPES buffer (10 mM).
5.3.8 Life time and quantum yield measurements

Lifetime experiments for the H.DTC5.1 and complexes 5.1 and 5.2 were studied at
298 K in HEPES buffer (10 mM, pH 7.4). The average fluorescence decay lifetimes of
H>DTC5.1 and complexes 5.1 and 5.2 have been determined by using the formula tf = a1 +
arto, Where a; and a; are the relative amplitudes of the decay process. The average

fluorescence lifetime of the H,DTCS5.1, complex 5.1 and complex 5.2 are 1.90, 2.68 and 0.44

Q)
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ns, respectively (Figure 5.29 and Table 5.3). We unable to obtain phosphorescence intensity

apparently due to low fluorescence lifetime values.
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Figure 5.29 Time-resolved fluorescence decay curves (logarithm of normalized intensity vs
time in ns) of H.DTC5.1 in the absence metal ions (@), presence of Zn?*ion (@), presence of
Cu?"ion (@) and (@) indicates decay curve for the scattered.
The fluorescence quantum yield (@) has been calculated by using the following formula:
Dsample = {(ODstandard X Asample X 1%sample)/(ODsampleX Astandard X 1)standard)} X Dstandard
Where A is the area under the emission spectral curve, OD is the optical density of the
compound at the excitation wavelength and 1 is the refractive index of the solvent. The
standard used was quinine sulfate with ®standard = 0.52.

The values of ® for H,DTC5.1, and for the DTC5.1-Zn** and DTC5.1-Cu®*
complexes are found to be 0.059, 0.28 and 0.0014, respectively (Table 5.3). The fluorescence

quantum vyield (@) of H.DTC5.1-Zn?** complex is 4.7 fold greater than that of free
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H>DTC5.1. Low fluorescence decay lifetime and quantum yield of complex 5.2 is due to the
quenching effect of Cu?* ions.

Table 5.3 Data of lifetime (tf) and quantum yield (®) of H.DTC5.1, complex 5.1 and
complex 5.2.

i XA ()
(ns)
(average)
H.DTC5.1 1.90 0.99380 0.059
Complex 5.1 2.68 1.01279 0.280
Complex 5.2 0.44 1.00342 0.0014

5.3.9 pH-potentiometric titrations

(a) Acid-base behaviour

The emf data obtained by titrating H.DTC5.1 EtOH:H20 30:70 v/v solutions in 0.15
M NaCl at 298.1 K with NaOH aqueous solutions were analysed with the HYPERQUAD?®>¥
suite programs. For additional experimental data, pH range covered and fitting parameters,
see in Tables 5.4 to 5.6. The pH range used for determining the protonation constants was 6 -
11. Further studies were carried out from pH=3 in order to rule out additional protonation
steps. A total of four protonation constants were found (see Table 5.7 and Figure 5.30). The
first and second protonation constant values are very close between them and should occur at
opposite sides of the macrocycle. Attending to the literature data,>>°52 there are some crystal
structures where the proton is shared between the phenolate groups and the neighbouring
imino groups. It is reasonable to suggest that this might also happen in solution. The next two
protonations would produce a reorganisation of the protons since, as evidenced in the crystal
structure of a related ligand,>> all four protons at this stage would be placed at the imino

groups. A hydrogen bond network between the phenolate and the imino groups would be

Q)
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contributing to the observed reorganization.

Table 5.4 Information for potentiometric data used in protonation constants fitting.

Table 5.5 Information for potentiometric data used in zinc(ll) interaction studies.

Curve 1 pH range 6.03-10.60
data points | 76

Curve 2 pH range 9.26 -10.63
data points | 106

Curve 1 pH range 6.51-10.82
data points | 87

Curve 2 pH range 6.07-10.18
data points | 86

Table 5.6 Information for potentiometric data used in copper(ll) interaction studies.

Curve 1 pH range 4.55-10.75
data points | 95
Curve 2 pH range 5.44-10.74

data points | 119

Table 5.7 Logarithms of the stepwise protonation constants for DTC5.1, in NaCl 0.15M H.0

: EtOH 70:30 v/v at 298(1) K.

Reaction

DTC5.1> + H" = HDTC5.1-

HDTC5.1 + H = H,DTC5.1
H,DTC5.1 + H =H3;DTC5.1*
H;DTC5.1" + H'=2H4DTC5.1%*

logi0K

9.81(3)*
9.41(2)
8.83(2)
7.51(3)

(a) Numbers in parenthesis are standard deviation on last significant figure

)
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(b) Interaction with Cu?* and Zn?*

The interaction of H.DTC5.1 with Cu?* and Zn?" is studied by means of pH-
potentiometric titrations performed with M?*: H,DTC5.1 mole ratios varying from 1:1 to 4:1
in the same solvent mixture and electrolyte as the protonation studies. The introduction in the
model of M?* : H,DTC5.1 species of 3:1 and 4:1 stoichiometry do not lead to any
improvement in the fitting and, therefore, such stoichiometries are discarded. The titrations
only reveal the formation of complex species of 1:1 and 2:1 M?* : H,DTCS5.1 stoichiometry
(see Tables 5.8 and 5.9). Moreover, in the titrations carried out with 3:1 and 4:1
Cu?:H,DTC5.1 mole ratio, some formation of Cu?" hydroxide was observed at basic pH
values. The final models collected in Table 5.8 show for Cu?*, formation of mononuclear
[Cu(HxDTC5.1)]>** species with x varying from 2 to 0, as well as of the non-hydroxylated
binuclear species [Cux(DTC5.1)]>" and the hydroxylated ones [Cu2(DTC5.1)(OH)]* and
[Cu2(DTC5.1)(OH)2]. The distribution diagrams (Figure 5.31) show that while for 1:1 Cu?*:
H>DTC5.1 mole ratio the mononuclear species prevail throughout all the pH range studied,
for 2:1 ratio the binuclear hydroxylated species are quantitatively formed in solution above
pH 7. As shown in Table 5.8, the stability constant for the formation of the [Cu(DTC5.1)]
complex is almost nine orders of magnitude higher than that for the stepwise formation of the
[Cux(DTC5.1)]?* binuclear species, which may be associated to the fact that there is a larger
number of donor atoms involved in the coordination of the first metal ion. The coordination
of the second metal should bring about a rearrangement of the ligand and a reorganisation of
the coordination sphere with bond breaking and reforming, so that each metal ion occupies
one of the sites of the ligand. This low coordination number is reflected in the very low pKa
value (pKa = 5.87) associated to the formation of the monohydroxylated binuclear complexes.

This pKa supports, on the other hand, that the hydroxide anion is behaving as a bridging

JES

ligand between the metal centers.
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As with copper, in the case of zinc no stoichiometry higher than 2:1 could be derived
from the pH-potentiometric studies (Figure 5.32) where in the y-axis the percent complex
formation with respect to the total metal contents is represented as a function of pH.
Mononuclear complexes have stoichiometries [Zn(HxDTC5.1)]** with x varying from 4 to 0
and [Znz(DTC5.1)(OH),]“Y hydroxylated binuclear ones with y = 1-3. As expected, the Zn?*
complexes of DTCS5.1 have lower stability constants than those of copper as exemplified in
Table 5.8 by the five orders of magnitude lower stability of [Zn(DTC5.1)] with respect to
[Cu(DTC5.1)] (Table 5.9). As shown in the distribution diagram, the hydroxylated species

predominate in solution above pH = 7.4 for Zn?*: DTC5.1 2:1 molar ratio.
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Figure 5.30 Species distribution for the system DTC5.1 in NaCl 0.15M (EtOH 30%).
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Figure 5.31 Species distribution for the system DTC5.1 with Cu?* in NaCl 0.15M (EtOH

30%). [DTC5.1] = 1mM, [Cu®] = 1 mM (left) or [Cu?*] = 2 mM (right). Mononuclear

species shown in red, binuclear species shown in blue.
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Table 5.8 Logarithm of Stability constants for DTC5.1 with Cu?*, in NaCl 0.15M EtOH 30%

at 298(1)K.

Reaction logioK
DTC5.1> + Cu?" = CuDTC5.1 15.88(6)
HDTC5.1 + Cu?>" = CuHDTC5.1" 14.86(5)
H,DTC5.1 + Cu?*" = CuH,DTC5.1%* 11.03(6)
CuDTCS5.1 + Cu** =2 Cu,DTC5.1% 6.57(5)
Cu,DTC5.1%" + H,0 = Cux(OH)DTCS.1* + HY —5.86(7)

Cuz(OH)DTC5.1" + H,0 = Cux(OH)DTC5.1 + HY  —9.17(8)

(2) Numbers in parenthesis represent standard deviation on last significant figure

Table 5.9 Logarithm of Stability constants for DTC5.1 with Zn?*, in NaCl 0.15M EtOH 30%

at 298(1)K.

Reaction logioK
DTC5.1> + Zn*" = ZnDTC5.1 11.24(5)
HDTC5.1 + Zn*" = ZnHDTCS.1" 10.39(6)
H,DTC5.1 + Zn?*" = ZnH,DTC5.1%* 8.00(6)
H;DTC5.1" + Zn?>" = ZnH;DTC5.13" 5.67(9)

DTC5.1* +2 Zn*" + H,O = Zn(OH)DTCS.1" + HY  8.31(7)
Zn(OH)DTCS.1" + H,0 = Zny(OH)LDTCS.1 + HY —8.66(3)
Zny(OH),DTC5.1 + H,0 = Zny(OH);DTC5.1 + H-  —10.2(1)

(a) Numbers in parenthesis represent standard deviation on last significant figure.

5.3.10 Stability constants determination from UV-Vis and fluorometric titrations

UV-Vis and fluorescence titrations were performed adding up to four equivalents of

either Cu?* or Zn?* to a 10 pM water solution of H.DTC5.1 in HEPES buffer (pH=7.4)

(Figures 5.12 and 5.15). The data were analyzed with the software HypSpec2014°33°3 and

the best fitting model was chosen with the same criteria as for the pH-potentiometric data.

The equilibrium constants obtained are conditional constants for the experimental conditions

used at pH=7.4.
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For Cu?*, the UV-Vis titrations revealed the formation of species of 1:1 and 2:1 Cu?*:
H>DTC5.1 stoichiometry with values of the successive constants of 6.17(3) and 4.76(2). In
the case of Zn?* we could only fit the constant for the 1:1 complex at this pH with a value of
log K = 5.83(8). Indeed, the distribution diagram calculated with the constants derived from
the pH-potentiometric studies at the concentrations used in the UV-Vis titration (vide supra)
reveals that only mononuclear species are formed at pH =7.4, the binuclear species would be
forming at higher pH values. Similar conclusions are drawn from the emission studies. As
stated above, addition of Cu?" in water produces a strong quenching. The profile of the
titration and the analysis of the data support the formation of complexes of 1:1 and 2:1 Cu?*:
H,DTCS5.1 stoichiometry (Figure 5.33). However, in the case of Zn?* titration, a CHEF effect
is observed. As commented above the coordination of the 3d*® Zn?* ion would prevent the
photoinduced electron transfer from the imine lone pairs to the excited fluorophore to occur.
The values of the constants obtained from the fluorescence studies (Cu?*; log K1 = 6.085(1),
log K2 = 5.86(2); Zn?*, log K1 = 6.032(8)) agree reasonably well with the UV-Vis and the
effective constants (log Keft = £ [MHDTC5.1]1**/[(= (HxDTC5.1)(*?)[M?*]) determined at
pH 7.4 from the potentiometric data. The above binding constant values suggest that the
effect of solvent composition on metal-ligand binding properties can considered to be
negligibly small. To support the fact, we have performed a fluorometric titration by using
ethanol instead of methanol and maintain the ratio i.e., water:ethanol = 7:3 (v/v). A similar

observation has been found that has been depicted in figure 5.34.

The above experimental data reveal that the lower stoichiometries (1:1; 1:2 for Cu?* and 1:1
for Zn?*) of chemosensor-metal are the most stable components in solution phase. Again, by
X-ray crystallography we have established higher stoichiometry (1:4) in solid phase. This is
probably due to macrocyclic nature of the chemosensor, H.DTC5.1 which can accommodate

metal ions (Zn?* and Cu?*) in different stoichiometry, from 1:1 to 1:4 depending on reaction

=
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condition. Experiments performed in solution phase probably unable to identify higher
stoichiometries due to their low stabilities. Presence of different weak interactions (=...mw,
CH...m and hydrogen bond) and nitrate ions facilitates the stabilization of higher

stoichiometry 8complexes in solid phase.
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Figure 5.33 Simulated species distribution for the fluorometric titrations
([H.DTC5.1]=10pM, [M]=0 to 40uM, pH=7.4) using formation constants obtained from
potentiometric titrations (Tables 5.8 and 5.9). Species with formation lower than 5% not

represented.
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Figure 5.34 Fluorescence intensities versus molar ratio plot obtain from fluorescence spectra

of H.DTC (10 pM) with gradual addition of Zn?* (0-48uM) in HEPES buffer (10 mM) at pH
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7.4 (violet colour represent the titration was carried out in water-methanol (9:1, v/v) mixture
and green colour represent the same titration was carried out in water-ethanol (7:3, v/v)

mixture).
5.3.11 Cell imaging study

In order to follow the real condition, fluorescence microscopy was used to study the
cellular uptake of Zn?* (20 uM) in the cells and a solution of the ligand (5 pM). A
promiscuous green fluorescent signal is observed under the microscope that immediately
disappears after the incorporation of Cu?* (20 uM) (Figure 5.35). The same result was
observed in the cellular uptake study of a solution of the ligand (5 uM) and Zn?* (20 uM)
simultaneously in presence or absence of Cu?* (20 uM) (Figure 5.36). Thus, we can conclude
that the cells readily internalize the Zn?*complex producing promiscuous green fluorescence,
which is immediately quenched after the addition of Cu?*. The nM detection sensitivity order
for probe H,DTCS5.1 did not permitted to detect ultra-trace amount of Zn?* or Cu?* (~10718-

107 M) in human cells.>>*

Bright field Fluorescence
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Figure 5.35 Bright field, fluorescence and merged microscopic images of untreated HelLa
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(Control), cells treated with Zn?* (20uM) + H,DTC5.1 (5uM) and with Zn?* (20uM) +

H,DTC5.1 (5uM) + Cu?* (20uM).

Bright field Fluorescence Merge

Figure 5.36 Bright field, fluorescence and merged microscopic images of untreated MDA-MB-468
(Control), cells treated with H,DTC5.1 (5 uM) + Zn?* (20uM) and with H,DTC5.1 (5 uM) + Zn?*
(20uM) + Cu?* (20uM).

5.3.12 Cell survival assay of H,DTC5.1

The purpose of doing cytotoxicity assay is to explore the possibility of toxic effect of
the ligand. The cytotoxicity assay clearly determines whether the ligand exerts any significant
adverse effect on the cells. The percentage of survivability is a clear indication of the effects
of a particular ligand on the cells. Hence higher bar graph percentage indicates
biocompatibility whereas the lower bar graph percentage indicates enhanced mortality of the
cells. The in vitro cytotoxicity of the H>DTC5.1 is estimated for estimating the
biocompatibility on WI138 (non-cancerous cells), MDA-MB-468 and HelLa (cancerous cells)
cell line. The cells were treated with the different concentrations (OpuM-100uM) of ligand for

24 h and followed by MTT assay. It is observed that the ligand exhibits no significant toxicity

)



Chapter 5 Aza-crown based macrocyclic probe design for "PET-off" multi-Cu2+ responsive and "CHEF-
on" multi-Zn2+ sensor: application in biological cell imaging, and theoretical studies

in all the three cell lines even when treated with high concentrations (Figures 5.37 and 5.38,
respectively). In addition, no appreciable increase of cytotoxicity (cell survival > 80%) was
detected in the presence of experimental Zn?* and Cu?* concentration (20uM-50uM) (Figure
5.39), presumably H.DTC5.1 could scavenge the metals and protect the cell. Henceforth we
can conclude that the ligand is biocompatible and might be conducive for biological

application.
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Figure 5.37 Cell survivability of WI138 cells exposed to Ho.DTC5.1.
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Figure 5.38 Cell survivability of MDA-MB 468 and Hela cells exposed to Ho.DTCS5.1.
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Figure 5.39 Cell survivability of WI38 and HEK-293 cells exposed to H.DTC with Zn?* and

Cu? ions.
5.3.13 Computational study of the ligand

The UV-Vis absorption spectrum of the ligand was studied at room temperature in
water: methanol (9:1, v/v, (10 mM) HEPES buffer pH=7.4). Experimentally the ligand shows
one peak at 445 nm and we have computed using the TDDFT methodology the absorption
energy associated, along with the oscillator strength and the main configurations. The ligand
was studied for three possible tautomeric forms (Scheme 5.2). The experimental UV
spectrum of the ligand is probably composed by the absorption bands of bis-keto form at
room temperature because this tautomer is the most stable (2.2 kcal/mol more stable than the
bis-enol form). Consequently, we only describe the TD-DFT study of the bis-keto. Moreover,
the lowest lying absorption band computed for the bis-keto tautomer (A = 447 nm) is in

excellent agreement with the experimental one (hexp = 445 nm).

)
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In the ground state the HOMO is basically composed by the six-membered rings and
the conjugated exocyclic C=C and C=0 bonds. The HOMO-1 and HOMO have the same
energy (-5.330 ¢V). Similarly, the LUMO is basically composed by the n-systems, including
the exocyclic C=C bond and the conjugated lone pair of the nitrogen atoms. The energy
difference between the HOMO and LUMO is 2.969 eV. The calculated lowest lying
absorption band is located at 447 nm for the bis-keto form of ligand (see Figure 5.40). This
absorption band can be assigned to the SO—S1 transition and attributed to two electronic
transitions: HOMO—LUMO (50%) and HOMO-1—-LUMO+1 (50%). The theoretical value
is in very good agreement with the experimental absorption value (Aexp = 445 nm) thus

confirming the existence of the bis-keto form in solution.

r &
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Figure 5.40 Molecular orbitals involved in the UV-Vis absorption of the bis-keto form of the
ligand at the B3LYP/6-31+G* level of theory.

We have also performed the TD-DFT study of the Zn-complex. Unfortunately, the
Cu-complex was not possible to analyze using the TD-DFT calculations likely due to the

quintuplet nature of the ground state (high spin configuration). However, the PET-OFF
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behavior observed only for the Cu?* complex can be explained in terms of the conformation
adopted by the ligand in this complex, as revealed by X-ray experiments. That is, a perfect n—
n face-to-face stacking only observed in the Cu?" complex (see Figure 5.5) provides a
suitable explanation for the quenching of fluorescence in the ligand upon complexation.

In the ground state (So) of the Zn?* complex, the HOMO is composed by two phenolic
aromatic moieties of the ligands and the conjugated C=N bonds (Figure 5.41a). The LUMO
is basically composed by the antibonding C=N = orbital. The energy difference between the
HOMO and LUMO is 2.741 eV. To get better insight into the experimental absorption values
TDDFT calculations were done for the complex on the basis of the X-ray geometry. The
calculated absorption energy associated with its oscillator strength, the main configurations
and their assignments of the lowest-lying transition in Zn?* complex are given in Figure 5.41.
This singlet — singlet absorption band corresponds to the SO — S3 excitation (3.1002 eV, A
=400 nm and f = 0.0966). This single excitation can be attributed to HOMO-2—LUMO, and
HOMO—LUMO transitions (Figure 5.41b), that can be assigned to m(L)—n*(L) transitions
with ILCT character. The experimental value (Aexp = 413 nm) is in reasonable agreement with
the theoretical one (400 nm). The essential contribution is the HOMO—LUMO excitation
configuration which is fluorophore-based, and consequently, the fluorescence originates from
this transition. The atomic orbitals of the metal center are not involved in the transition and
most of the HOMO and LUMO in the Zn(Il) complex resemble those of the free sensor. In
fact, only a slight alteration of the electron distribution in the LUMO is observed (smaller
contribution of the aromatic ring and larger contribution of the imidic bond with respect to

the free ligand) that likely explains the chelate enhanced fluorescence.
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Figure 5.41 (a,c) Plot of the HOMO and LUMO. (b) Frontier molecular orbitals involved in

the lowest lying observable UV-Vis absorption of complex 5.1.
5.4 Conclusion

In summary, we have successfully developed a unique multifunctional aza-crown
based Schiff base, H2DTC5.1 as a “turn-on” fluorescence receptor for Zn®* ion and “turn-off”
for Cu?* ion. In case of Zn?*, the fluorescence enhancement originates from the coordination
of deprotonated receptor (DTC5.1%) through the imine nitrogen, phenoxido oxygen and
oxygen atoms of tetraaza-30-crown-8 (CHEF effect). Whereas, addition of Cu?* ions to
H>DTC5.1 completely quenches the fluorescence response due to ligand to metal charge
transfer (LMCT) between H>DTC5.1 and the paramagnetic Cu(ll) ions (chelation enhanced
quenching, CHEQ).

The macrocyclic nature of the chemosensor directs the accommodation of more than
one metal centres in the ligand system. pH-potentiometric titrations confirm 1:1 and 2:1
binding stoichiometry between the metal ions (Zn 2* and Cu?*) and the chemosensor in dilute
solutions with a high water content. Interestingly, 1:4, H.DTC5.1 : metal, binding
stoichiometry has been established in solid phase using X-ray crystallography. The presence

of higher number of metal centers and nitrate ions probably play a crucial role in their

Q)



Chapter 5 Aza-crown based macrocyclic probe design for "PET-off" multi-Cu2+ responsive and "CHEF-
on" multi-Zn2+ sensor: application in biological cell imaging, and theoretical studies

isolation in solid phase. Also, different supramolecular interactions like strong =...w stacking
facilitate the crystallization process.

Reversibility and regeneration of the chemosensor have been examined in the
presence of Na;EDTA. Metal-chemosensor complexation is further studied by DFT and
TDDFT calculations. We are also successful to reveal its practical application by performing
bio-imaging study of H,DTC5.1 using MDA-MB-468 cells. Furthermore, the probe is

applied to detect intracellular Zn?* and Cu?* in live cells with no significant cytotoxicity.
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Abstract

Here, we have prepared two pyridoxal-based chemosensors (HL6.1 and HL6.2) by
reacting 2,2'-Thiobis(ethylamine)/1,2-Bis(2-aminoethoxy)ethane together with pyridoxal
hydrochloride under ambient condition which are highly selective towards Zn(ll) ion. Both the
ligands and their Zn(1l) bound complexes have been characterized by different spectroscopic studies,
ESI-MS and CHN analyses. Absorbance and fluorescence properties of the chemosensors were
investigated in pure aqueous solution (HEPES buffer at pH= 7.4) and found upto 20 times
fluorescence enhancement in presence of Zn(Il) ion. Chemosensors exhibit very weak fluorescence
intensity (0.03 and 0.05) which enhance significantly (7-fold) upon addition of zinc ion (0.21 and
0.24). Low LOD values for zinc ion (7.47 x 10®M and 6.95 x 10® M) make the chemosensors ideal
candidate for real life and biological applications. 1 : 1 L6.1/6.2: Zn complex binding stoichiometry
has been achieved by Job’s plot analysis and binding constant of complex 6.1 and 6.2 are found to be
1.5x10°and 1.46x10° M. Theoretical calculations are performed in order to study binding mode of
the chemosensors around Zn(Il) center. In complex 6.1 coordination number around Zn(Il) center is
four and it has distorted tetrahedral geometry where sulphur (S) atom from the aliphatic part remains
uncoordinated. In complex 6.2 coordination number around Zn(ll) center is six and it has distorted
octahedral geometry. In cell imaging study both the chemosensors are used to detect zinc ion in

Human cervical cancer cell line HeLa grown in tissue culture.
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6.1 Introduction

Zinc (1) is the second most abundant heavy metal ion found in the human body after
Fe(111/11).51 Zn is present as a cofactor in many metalloproteins and metalloenzymes such as,
zinc finger proteins (ZFPs), histone deacetylases (HDACs) and carbonic anhydrases (CAs).%2
and it regulates some of the essential cellular functions,®?! like gene expression,®? apoptosis®*
and neurotransmission.®® It is found as free or loosely bound chelatable form in the brain,®®
pancreas,®’ and spermatozoa.®® Monitoring of this “free zinc” has great physiological
prominence.®? In transgenic mouse model mobile zinc was used for detection and monitoring
the development of prostate cancer.®° Lack of zinc ions within human body cause several
diseases associated with mental retardation and digestive dysfunction because the majority of
biological zinc ions are tightly sequestered by proteins.®! On the other hand, excess “free
zinc” is responsible for severe neurological disorders such as Alzheimer's and Parkinson's
diseases.®'? Thus monitoring Zn(ll) in biological processes suggest great demand in the
design and development of efficient systems which can selectively and sensitively detect
Zn(1l) in living systems. Several analytical methods such as nuclear magnetic resonance
(NMR), electron paramagnetic resonance (EPR), and electronic absorption spectroscopy is
ineffective®® for detection of Zn(Il) owing to its closed-shell [Ar]3d® electronic
configuration. Use of Atomic absorption spectroscopy for selective and sensitive detection of
Zn(1l) is disadvantageous due to its destructive nature.®*®* On the contrary use of fluorescent
probes as fluorescence detection, i.e. fluorescence spectroscopy is most effective tool for
sensing application showing its high sensitivity, selectivity, easy visualization, short response
time for detection and realtime bio-imaging.5!* Some commonly used receptors to detect
Zn(1l) ion are Dipicolylamine (DPA), coumarin, quinoline, bipyridine, triazole, imino
diacetic acid, acyclic and cyclic polyamines, and Schiff-bases.1>%2° Presence of nitrogen

atoms of the above mentioned receptors serve as good binding sites for Zn(ll) center. Zn(ll)
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bound receptor in presence of different fluorophoric units can induce effective signal
transduction through a variety of photo-physical mechanisms.

Pyridoxal is one of the water-soluble naturally occurring vitamer of vitamin B6.
Pyridoxal 5'-phosphate (PLP) is most active form of vitamin B6 which participates in more
than 140 enzymatic reactions in our body like decarboxylation, transamination and
racemization.®?1%23 Pyridoxal is also used as anticancer agent.®?* It has been widely used in
the areas of sensing and biosensing due to its bioactivity, solubility in aqueous medium,
chelating ability, attractive photophysical properties and easy structural modifications.

In our continuous endeavour for design and synthesis of chemosensors for detection
of different metal ions, we have synthesized two pyridoxal based Schiff-base ligands for
selective detection of Zn(ll) ions in pure aqueous medium. Schiff-based chemosensors are
weekly fluorescent due to C=N bond isomerization and phenolic protons based excited-state
intramolecular proton transfer (ESIPT) processes.®? Different spectroscopic techniques,
elemental and ESI-MS* analysis are deployed to study interaction between Zn?* and
chemosensors. Jobs plot analysis proves 1:1 metal:chemosensor binding stoichiometry. In
presence of Zn?* a 20-fold enhancement of emission intensity has been observed. The LOD
values of the probes towards Zn?* are 7.47 x 108 M and 6.95 x 108 M, respectively, lower
than the WHO's guideline (76.5 uM). Both the chemosensors exhibit large Stokes shift (~100
nm) in presence of Zn?* ion. Cell imaging studies along with MTT assay signify its

importance in the field of biology.
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6.2 Experimental Section

6.2.1 Materials and physical measurements

All reagent or analytical grade chemicals and solvents were purchased from
commercial sources and used without further purification. Elemental analysis for C, H and N
was carried out using a Perkin—Elmer 240C elemental analyzer. Infrared spectra (400—4000
cmt) were recorded from KBr pellets on a Nicolet Magna IR 750 series-1l FTIR
spectrophotometer. Absorption spectra were measured using a Cary 60 spectrophotometer
(Agilent) with a 1-cm-path-length quartz cell. Electron spray ionization mass (ESI-MS
positive) spectra were recorded on a MICROMASS Q-TOF mass spectrometer. Emission
spectra were collected using Fluromax-4 spectrofluorimeter at room temperature (298 K) in
HEPES buffer at pH= 7.4 solution under degassed condition. Fluorescence lifetime was
measured using a time-resolved spectrofluorometer from IBH, UK. Measurements of H
NMR spectra were conducted using Bruker 400 and Bruker 300 spectrometer de-DMSO

solvent.

6.2.2 Synthesis of chemosensor HL6.1  [HL6.11=44'-(thiobis(ethane-2,1-
diyl))bis(azanylylidene))bis(methanylylidene))bis(5-(hydroxymethyl)-2-methylpyridin-

301)]

Pyridoxal hydrochloride (0.203 g, 1 mmol) and sodium acetate (0.328 g, 4 mmol) was
stirred 30 minutes in 20 mL methanol solution. Then the solution was filtered and 5ml
methanolic solution of 2,2'-Thiobis(ethylamine) (0.060 g, 0.5 mmol) was added. The mixture
was stirred for 4 hours. After, evaporation of solvent yellow colored gummy mass was
obtained.

Yield: 0.234 g (89%). Anal. Calc. for C20H26N404S: C 57.40%; H 6.26%; N 13.39%. Found:

C 57.28%; H 6.28%; N 13.30%. IR (cm™, KBr): v(C=N) 1631s; v(O-H) 3362s(Figure 6.1).

)
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ESI-MS (positive) in MeOH: The base peak was detected at m/z = 419.13, corresponding to
[HL6.1+1]" (Figure 6.2). UV-Vis, Amax (nm), (¢ (dm*molZ*cm™)) in HEPES buffer at pH=
7.4: 335 (19953).

'H NMR (ds-DMSO, 300 MHz) & ppm: 8.93(-CH=N) (s, 1H), 7.85 (ArH) (s, 1H), 4.63(-
CHa) (s, 2H), 3.91- 3.87 (-CHy) (t, 2H), 2.96- 2.91 (-CH2) (t, 2H), 2.36 (Ar-CHs) (s, 3H)

(Figure 6.3).

13C NMR (ds-DMSO, 75 MHz) & ppm: 165.09 (-CH=N), 119.28-155.03 (Ar-C), 58.74 (-

CH?2), 58.20 (-CHy), 47.08 (-CHy), 19.16 (-CH3) (Figure 6.4).
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Figure 6.1 FTIR spectrum of chemosensor (HL6.1).
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Figure 6.2 ESI-mass spectrum of chemosensor (HL6.1).
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Figure 6.4 1*C NMR of HL6.1 in ds-DMSO solvent.
6.2.3 Synthesis of chemosensor HL6.2 [HL6.2=4,4'-(5,8-dioxa-2,11-diazadodeca-1,11-

diene-1,12-diyl)bis(5-(hydroxymethyl)-2-methylpyridin-3-ol)

Pyridoxal hydrochloride (0.203 g, 1 mmol) and sodium acetate (0.328 g, 4 mmol) was
stirred 30 minutes in 20 mL methanol solution. Then the solution was filtered and 5ml
methanolic solution of 1,2-Bis(2-aminoethoxy)ethane (0.074 g, 0.5 mmol) was added. The
mixture was stirred for 4 hours. After, evaporation of solvent yellow colored gummy mass
was obtained.

Yield: 0.256 g (92%). Anal. Calc. for C22H30N4Os: C 59.18%; H 6.77%; N 12.55%. Found:
C 59.08%; H 6.70%; N 12.49%. IR (cm™, KBr): v(C=N) 1635s; v(O-H) 3364s (Figure 6.5).
ESI-MS (positive) in MeOH: The base peak was detected at m/z = 447.11, corresponding to
[HL6.2+1]" (Figure 6.6). UV-Vis, Amax (M), (¢ (dmmol™*cm™)) in HEPES buffer at pH=
7.4: 335 (18296).

'H NMR (ds-DMSO, 300 MHz) & ppm: 8.87(-CH=N) (s, 1H) , 7.86 (ArH) (s, 1H), 4.63 (-

CHy) (s, 2H) 3.81-3.57 (-CH2) (m, 6H), 2.35 (Ar-CHs) (s, 3H) (Figure 6.7).

)
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13C NMR (ds-DMSO, 75 MHz) & ppm: 165.05 (-CH=N), 155.01-119.32 (Ar-C), 70.13 (-

CH3), 58.67 (-CH2), 58.15 (-CHy), 19.11(-CHs) (Figure 6.8).
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Figure 6.5 FTIR spectrum of chemosensor (HL6.2).

Figure 6.6 ESI-mass spectrum of chemosensor (HL6.2).



Chapter 6

AS(I)-IM33L(11).1.fid
AS(TIMS3L(11)-1H

287
786
6

—235

Two pyridoxal derived schiff base chemosensors design for fluorescence turn-on
sensing of zn(ii) ion in pure agueous medium

S e Fsano
|
4500
M
] |
| 4000
\ ‘ | |‘
\
| (1
3500
d &I~ — 2000
azN 0 0 N=
c
HO%H HO. - ] OH F2s00
|
bNg N def g
PN 2000
|
r1500
c
.
b 1000
a
i ‘
‘
JL JL | I " N
L ko
iy ! Y L ¥
11‘.5 1£.D 10‘.5 1D‘.D 9.‘5 QiD E:S E:D 7:5 7:0 6:5 6:0 5:5 5:0 4‘.5 4.‘0 3.‘5 3.‘0 2.‘5 1.‘5 1.‘0 D.‘S
1 (ppm)
- 1 -
Figure 6.7 "HNMR of HL6.2 in ds-DMSO solvent.
AS(I)-IMS3L g - L A 5 n = = L
ASOPIMSILLAC E & iR g s by z s0e
| [ Il 5 N
700
600
300
400
r300
200
100
ra
T T - | |
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10 1]
1 (ppm)

Figure 6.8 **C NMR of HL6.2 in ds-DMSO solvent.
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6.2.4 Synthesis of complex (6.1)

A 2 mL methanolic solution of zinc nitrate hexahydrate (1.0 mmol, 0.297 g) was
added drop wise to 20 mL methanolic solution of HL6.1 (1.0 mmol, 0.418 g) followed by
addition of triethylamine (2.0 mmol, ~0.4 mL) and the resultant reaction mixture was stirred
for ca. 4 h. Yellow coloured solid mass was obtained in high yield after slow evaporation of
the solvent.

Yield: 0.607 g (85%). Anal. Calc. for C20H2aN4O4SZn: C 49.85%; H 5.02%; N 11.63%.
Found: C 49.78%; H 4.98%:; N 11.59%. IR (cm, KBr): v(C-O) 1021s, v(C=N) 1626s; v(O-
H) 3372s (Figure 6.9). ESI-MS (positive) in MeOH: The base peak was detected at m/z =
597.42, corresponding to [ZnL6.1(CH3CN)2(H20)+1]" (Figure 6.10). UV-Vis, Amax (nM), (&
(dm®mol-cm™)) in HEPES buffer at pH= 7.4: 385(20895).

IH NMR (ds-DMSO, 300 MHz) & ppm: 2.37 (Ar-CHs) (s, 3H), 2.94-4.54 (-CH) (6H), 7.55-

7.93 (ArH) (m, 2H), 8.85-9.03 (-CH=N) (s, 2H) (Figure 6.11).

13C NMR (ds-DMSO, 75 MHz) § ppm: 20.57 (-CHs), 46.25-60.37(-CHy), 117.66-168.97 (Ar-

C), 175.46 (-CH=N) (Figure 6.12).
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Figure 6.9 FTIR spectrum of complex 6.1.
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Figure 6.10 ESI-mass spectrum of complex 6.1.

AS(1)IMS3ZN

AS(T)IM53ZN-1H [2eee

~~7.85
50
L7585
540
——541

—a54
—360

_~2.99
204
—251
—237

190

e

8.89
8.85
—860
8.31
703

ri1s00

ri800

1700

1600

+1500

1400

r1300

ri200

1100

1000

000

‘ ‘ 800

700
600
M

if | 500

| ‘ 400
300

| W r \ | 1200
BRIy SRty B

r-100

T TR S S S S A S S T S T B T S R
12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 70 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5

Figure 6.11 *H NMR of complex 6.1 in ds-DMSO solvent.
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Figure 6.12 *C NMR of complex 6.1 in ds-DMSO solvent.
6.2.5 Synthesis of complex (6.2)

A 2 mL methanolic solution of zinc nitrate hexahydrate (1.0 mmol, 0.297 g) was added drop
wise to 20 mL methanolic solution of HL6.2 (1.0 mmol, 0.446 g) followed by addition of
triethylamine (2.0 mmol, ~0.4 mL) and the resultant reaction mixture was stirred for ca. 4 h.
Yellow coloured solid mass was obtained in high yield after slow evaporation of the solvent.
Yield: 0.647 g (87%). Anal. Calc. for C22H2sN4OsZn: C 51.83%; H 5.54%; N 10.99%.
Found: C 51.78%; H 5.48%; N 10.93%. IR (cm’, KBr): v(C-0) 1071s, v(C=N) 1623s; v(O-
H) 3432s(Figure 6.13). ESI-MS (positive) in MeOH: The base peak was detected at m/z =
608.61, corresponding to [ZnL6.2(CH3CN)(H20)2+Na]" (Figure 6.14). UV-Vis, kmax (nm), (¢
(dm3mol-*cm™)) in HEPES buffer at pH= 7.4: 385(19958).

IH NMR (de-DMSO, 300 MHz) & ppm: 9.03-8.85 (-CH=N) (m, 1H), 7.93-7.55 (ArH) (m,

1H) , 4.64 (-CHy) (s, 2H), 3.81-3.53 (-CHz) (m, 8H), 2.37 (Ar-CHs) (s, 3H) (Figure 6.15).

13C NMR (ds-DMSO, 75 MHz) & ppm: 19.25 (-CH3), 59.60-70.22(-CHy), 117.46-168.97 (Ar-

C), 175.34 (-CH=N) (Figure 6.16).
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Figure 6.13 FTIR spectrum of complex 6.2.
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Figure 6.14 ESI-mass spectra of complex 6.2.
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Figure 6.15 'H NMR of complex 6.2 in ds-DMSO solvent.
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Figure 6.16 *C NMR of complex 6.2 in ds-DMSO solvent.

6.2.6 UV-visible and fluorescence spectroscopic studies

Stock solutions of various ions (1x10° M) were prepared in deionized water. A stock

solution of the chemosensors (HL6.1 and HL6.2) (1x10° M) were prepared in methanol. The
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solution of HL6.1 and HL6.2 were then diluted to 1x10° M as per requirement. All the
spectroscopic experiments including competitive assay of various cations and anions were
performed in aqueous HEPES buffer medium at pH 7.4. In titration experiments, 30 pL
solution of 1x10° M HL6.1 and HL6.2 (1x10° M) were taken in a quartz optical cell of 1.0
cm optical path length, and the ion stock solutions were added gradually to maintain a
concentration of 1x10° M. Spectroscopic studies of the chemosensors (HL6.1 and HL6.2) in
the presence of different anions were performed in HEPES buffer at pH = 7.4. In competitive
assay experiments, the test samples were prepared by interacting appropriate amounts of the

cations stock in 3 mL of HL6.1 and HL6.2 solution (1x10° M).
6.2.7 Binding stoichiometry (Job’s plot)

Job’s continuation method was employed to find out the binding stoichiometry of the
chemosensor with that of Zn?* ions using both absorption and emission spectroscopy. At a
given temperature (25°C), the absorbance and fluorescence were noted for solutions where
the concentrations of both chemosensor and Zn?* ions were varied but the sum of their
concentrations was kept constant at 110 M. Relative change in absorbance (AA/Aq) were
plotted as a function of mole fraction of chemosensor. The break point in the resulting plot
corresponds to the mole fraction of chemosensor in Zn?* complex. From the break point the
stoichiometry were estimated. The results reported are average of at least three experiments.
6.2.8 Cell culture

Human cervical cancer cell line HeLa was obtained from National Center for Cell
Science (NCCS) Pune, India. The cells were grown in DMEM with 10% FBS (Fetal Bovine
Serum), penicillin/streptomycin (100units/ml) at 37°C and 5% CO.. All the treatments were

conducted at 37°C and at a cell density allowing exponential growth.
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6.2.9 Cell imaging

The HelLa cells were grown in coverslips for 24hrs. Then the cells were either mock-
treated or treated with 10uM Zn?* ion for 24hrs at 37°C, after that 10uM of ligand was added
to it for another 24hrs at 37°C. The cells were washed with 1xPBS and then they were

mounted on a glass slide and observed under fluorescence microscope (Leica).

6.2.10 Computational method

All computations were performed using the GAUSSIANO09 (G09)%2?" software
package. For optimization we used the density functional theory method at the B3LYP
level®2862% and the standard 6-31+G(d) basis set for C, H, N and O atoms®3°®3! and the
lanL2DZ effective potential (ECP) set of Hay and Wadt®32-%34 for zinc and copper atoms

have been chosen for optimization.

TDDFT calculation was performed with the optimized geometry to ensure only
positive eigen values. Time-dependent density functional theory (TDDFT)535537 was
performed using conductor-like polarizable continuum model (CPCM)®38-640 and the same
B3LYP level and basis sets in aqueous solvent system. GAUSSSUM®#! was used to calculate

the fractional contributions of various groups to each molecular orbital.

6.3 Results and discussion
6.3.1 Synthesis and characterization

Firstly, the pyridoxal hydrochloride was neutralized with CHsCOONa to keep pH of
the methanolic solution 7. Then 2,2'-Thiobis(ethylamine) or 1,2-Bis(2-aminoethoxy)ethane
was added to the solution in 2:1 ratio to prepare Schiff base ligands (HL6.1 and HL6.2)
under ambient condition (Scheme 6.1). The ligands are semi-solid and they used without
further purification. Characterization of HL6.1 and HL6.2 are done using different

spectroscopic techniques (UV-Vis, FT-IR, 'H NMR, *C NMR) and elemental analysis. In the

Q)
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ESI-mass spectrum of the chemosensors the base peak was found at 419.13 and 447.22
corresponding to [HL6.1+1]" and [HL6.2+1]", respectively (Figures 6.2 and 6.6). In the FT-
IR spectrum of both HL6.1 and HL6.2 a broad band at around 3361 cm™ indicates the
presence of phenolic OH group and the band around 1631 cm™ is attributed to the C=N (for
azomethine) stretching frequency (Figures 6.1 and 6.5).

HL6.1 and HL6.2 both react with Zn(NOz3)2.6H.0 in 1:1 ratio to produce complex
6.1 and 6.2, respectively (Scheme 6.2). The solid mass of both complexes are isolated in high
yield. Both are characterized by FT-IR, NMR spectroscopy, elemental and ESI-MS analyses.
The experimental and simulated mass spectra of complexes are well matched with each other.
m/z value 597.42 and 608.61 corresponding to molecular ion peak of
[ZnL6.1(CH3CN)2(H20)+1]" and [ZnL6.2(CH3CN)(H20)2+Na]*, respectively (Figures 6.10
and 6.14). In FT-IR spectrum of complex 6.1 and 6.2 the characteristics stretching
frequencies appeared around 1021 (vc-0), 1626 (vc=n), 3372 (v-on ) and 1071 (vco), 1623

(ve=N); 3432 (vo-H), respectively (Figures 6.9 and 6.13).

H_O H _O
HO CHOH .
[ OH 4 CHiCOONa — > [ OH + CHyCOOH + NaCl
o irre
N 30 mins N’

4.0 mmol
HCI
1.0 mmol
Z N N
H,N~ 'S”  'NH, T ™
0.5 mmol Stirred 0.5 mmol
4 hrs
_N [ N . _N 0 0 N=
OH HO OH
HOY&OH H%OH T 4
\N \N N N
HL6.1 HL6.2

Scheme 6.1 Route to the synthesis of chemosensors (HL6.1 and HL6.2).
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Scheme 6.2 Route to the synthesis of complexes (6.1 and 6.2).
6.3.2 Absorption spectral studies

In this work all spectroscopic experiments were carried out in deionized water medium
in presence of HEPES buffer at pH 7.4. The UV-vis spectrum of both chemosensors (HL6.1
and HL6.2) gives well-defined bands around 333 nm, responsible for intra molecular 1 —n*
or n—m* type of transition. In presence of Zn?* ion a significant change in the spectrum of
chemosensors are observed. Upon gradual addition of Zn?* ion solution (0-10 uM), the peak
at 335 nm decreases with concomitant appearance of a new peak at around 385 nm (Figure
6.17). Bathochromic shift of the peak at 385 nm indicates strong interaction between them.
This could be assigned as O (phenolate) to Zn?* charge transfer band. No further change was
observed above 1.0 equivalent of Zn?*. During such process an isosbestic point was observed
at 353 nm. 1:1 binding stoichiometry between the chemosensor and Zn?* ion has been
established with the aid of Job’s plot analysis (Figure 6.18). Importantly, upon addition of
other common cations (Cd?*, Hg?*, Pb?*, AI**, Ag*, Mn?*, Fe**, Co?*, Ni%*, Na*, K*, Mg?*

and Ca?*) did not make appreciable change in the absorption spectrum of the chemosensor.

JES
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Figure 6.17 Absorption titration of chemosensors (HL6.1and HL6.2) (10 uM) with gradual

addition of Zn?*, 0-10 uM in HEPES buffer at pH 7.4.
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Figure 6.18 1:1 binding stoichiometry has shown by Job’s plot of complexes 6.1(left) and

6.2(right). Symbols and solid lines represent the experimental and simulated profiles,

respectively.
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6.3.3 NMR studies

All H and ¥C NMR spectrum of chemosensors (HL6.1 and HL6.2) and their Zn-bound
compounds (compound 6.1 and 6.2) are recorded in ds-DMSO solvent. The *H NMR spectra
of chemosensors clearly suggest presence of a c2 symmetry within the molecule. In HL6.1
imine (H-C=N) proton appears at 8.93 ppm. Aromatic proton appears as a sharp peak at 7.85
ppm. Aliphatic protons associated with pyridine ring appear at 4.63 ppm whereas aliphatic
protons of thiobisethylamine moiety appear at 3.91 ppm to 2.91 ppm and methyl protons

appear at 2.36 ppm.

To establish complex formation between Zn?* and chemosensor, we have performed
'HNMR of complexes 6.1 and 6.2 in ds-DMSO solvent. Interestingly, in presence of Zn?* ion
broadening, downfield shift and splitting of imine, aromatic and aliphatic protons of HL6.1
are observed. Imine (H-C=N) proton shifted to downfield and it appears at & = 9.03 ppm.

Similarly, aromatic protons appear at 7.85-7.55 ppm.

In 13C NMR (ds-DMSO, 75 MHz) spectrum of HL6.1, signals for imine carbon atom
appeared at 165.09 ppm. Aromatic carbon atoms appeared within 155.031-19.28 ppm. —CH>
and —CHjs carbon atoms appeared at in the range 58.74 -47.08and 19.16, respectively (Figure
6.4). In case of complex 6.1 downfield shift of pecks are observed. Signals for -CHz and -CH>
carbon atoms appeared at 20.57 and in the range 60.37-46.25, respectively. Aromatic carbon
atoms appeared in the range of 168.97-117.66ppm. Whereas, the imine carbon atom appeared

at 175.46 ppm (Figure 6.12).

6.3.4 Fluorescence properties
Fluorescence experimental so performed in HEPES buffer (pH = 7.4) at ambient
conditions. Upon excitation at 385 nm, chemosensor (HL6.1) exhibits weak fluorescence at

472 nm. This is probably due to C=N bond isomerization and phenolic protons based excited-

JE
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state intramolecular proton transfer (ESIPT) processes.®? In presence of Zn?* a steady growth
of fluorescence enhancement has been observed at 472 nm. Saturation of emission intensity
achieved at one equivalent of Zn?* with an approximately 20-fold of enhancement. This
observation clearly suggests formation of a 1:1 complex. The chelation of Zn?* with imine
nitrogens, phenoxido oxygens of the chemosensor increases rigidity of the molecular
assembly (CHEF effect), responsible for fluorescence enhancement (Figures 6.19 and 6.20).

In case of HL6.2 similar type of changes has been observed (Figure 6.21).
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Figure 6.19 Pictorial representation of ‘CHEF’ process.
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Figure 6.20 Fluorescence titration of HL6.1 (10 uM) in HEPES buffer at pH =7.4 by gradual

addition of Zn?* (010 uM) with Aem= 472 nm.
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Figure 6.21 Fluorescence titration of HL6.2 (10 uM) in HEPES buffer at pH =7.4 by gradual
addition of Zn?* (010 pM) with Aem= 472 nm.
Binding ability of the chemosensors toward Zn?* ijons has been established using

Benesi-Hildebrand equation (Equation 1) involving fluorescence titration curve.%4?

fnar o — 1 4 () (1)

Fy—F, K[c]n

Where, Fmax, Fo and Fx are fluorescence intensities of chemosensor in the presence of metal
ions at saturation, free chemosensor and any intermediate metal ions concentration,
respectively. K is the binding constant of the complexes. Concentrations of Zn?* ions are

represented by C and here n=1. Then binding constant (K) of the complexes has been

determined using the relation, K= 1/slope. A plot of w VS (#) provides the binding
x—To

constant values as 1.5x10° and 1.46x10° M for complex 6.1 and complex 6.2, respectively

(Figure 6.22).

JES
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Figure 6.22 Benesi-Hildebrand equation: A plot of [1;]1). Symbols and solid

lines represent the experimental and simulated profiles for complexes 6.1 (left) and 6.2
(right), respectively.

Selectivity of the chemosensor towards Zn?* over the other metal ions is checked by
performing competitive assay experiment in presence of different alkali metals (Na*™ and K*),
alkali-earth metals (Mg?* and Ca?*), and various transition-metal (Mn?*, Fe3*, Co?*, Ni?*,
Cd?* and Hg?") ions. In competition assay Zn?* (1.0 equiv.) and the HL6.1/HL6.2 is mixed
with excess amount of different metal ions (2.0 equiv.) in aqueous media (buffer).
Fluorescence enhancement observed for the mixtures of Zn?* with most of the metal ions
except Hg?*, Ni?* and Cu?* where little quenching has been observed (Figure 6.23).
Competition assay experiment demonstrates high fluorescent recognition of HL6.1/HL6.2
for Zn?* ions over other cations. Upon addition of different common anions like S,03%,5%,
SO3%, HSO4, SO4*, SCN', N3, OCN, AsOq4, HPO4*, PO4*, ClO4, AcO, CI, NOs, P,O7*,
PFs~ and F~ in HEPES buffer at pH 7.4 chemosensors showed no significant fluorescence

enhancement.
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Figure 6.23 Relative fluorescence intensity profile of [HL6.1/HL6.2-Zn?"] system in the
presence of different cations in HEPES buffer at pH 7.4. 1=only HL6.1/HL6.2 and (2-16)=
HL6.1/HL6.2 (10 uM) + ZnZ*(20 uM) + M™(20pM), where M™=(2—Co?* 3-Pb?*,4-Hg?*,5-
Mn?* 6-Fe?* 7-Fe®*,8-Co?* 9-Ni%*,10-K*,11-Na *,12-Mg?*, 13-Ca?*,14-AI**,15-Cd?* and
16-Cu?*) (left= HL6.1 and right=HL6.2).

Interestingly chemosensors (HL6.1 and HL6.2) also act as a fluorometric probe for
the detection of Zn* ion. In presence Zn?* ions HL6.1 and HL6.2 exhibit blue fluorescence.
Thus, the chemosensors can be used for a selective fluorometric detection of Zn?* ions over

other competing metal ions both in environmental and biological fields (Figure 6.24).
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Figure 6.24 Visual colour changes of chemo sensor (HL6.1/HL6.2) (10uM) under presence

of different metal ions (2 equivalent) in HEPES buffer (pH 7.4). The images in below row
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and above row were taken under visible light and UV light, respectively. Where 1= only
HL6.1/HL6.2, 2,3,4,5,6,7,8,9,10,11,12,13,14,15 and 16= HL6.1/HL6.2+ Zn*, Cu*, Cd*,
Pb*, Hg®, Mn?", Fe*, Fe*, Co?, Ni**, K' Na', Mg?, Ca** and AI*,
respectively.(A=HL6.1 and B=HL6.2).

We have also examined reversibility test and regeneration of the free chemosensors,
two vital aspects for real time application of the chemosensor. In this experiment a strong
chelating ligand, sodium salt of ethylenediaminetetraacetic acid (Na.EDTA) is added
presence of Zn?* jon and chemosensor. In presence of one equiv. of Na;EDTA fluorescence
intensity have changed from sky-blue to colourless with significant decrease in fluorescence
intensity confirming generation of free probe. Addition of extra one equivalent metal ion

returns back the usual fluorescence intensity (Figure 6.25).

(A) (B)

Figure 6.25 Visual colour changes in reversibility experiments. For (A) and (B), 1=

chemosensor (HL6.1/HL6.2) + Zn?* (10uM), 2= HL6.1/HL6.2 (10uM) + Zn?* (10uM) +
EDTAZ(10uM), 3= HL6.1/HL6.2 (10uM) + Zn?" (10uM) + EDTAZ(10uM) + Zn?* (10uM)

under UV light, respectively.

Limit of detection (LOD) of the chemosensors towards Zn?* ions are calculated
using 3c method.®*® The detection limit of the chemosensor for both the ions are 7.47 x 1078

M and 6.95 x 1078 M, respectively.

)
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The effect of pH on the fluorescence response of the chemosensors HL6.1 and
HL6.1-Zn?*" complexes are examined within range 2-14. Initially free chemosensor exhibits
fluorescence property in strong acidic medium (up to pH=3) due to protonation of pyridine
nitrogen. Fluorescence property disappears with increase of pH (up to pH=11) (Figure 6.26).
In presence of Zn?* ions fluorescence gradually increases in pH range 4-6 due to complex
formation. Intensity remains constant upto pH=8 suggesting stability of the Zn bound
complex. Above pH 9 a sudden decrease in fluorescence intensity suggests dissociation of
Zn-complex and generation of free chemosensor. Similar result has been observed in case of
HL6.2. The pH experiment suggests that HL6.1 and HL6.2 can act as a selective fluorescent
probe to recognize Zn?* ion in presence of other metal ions in biological system under

physiological condition.
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~@— HL6.1+ Zn?* @ HL6.2+ Zn2*

2500000 2500000 -{ o 29939099

/ 0\
- & Q
200001 5 2000000 /0 \;‘)
000000 - g
E e - ] \

1500000 1500000 [*]

1000000 | &

500000 - o

1000000

Fluorescence Intensity (a.u.)

500000 -

Fluorescence Intensity (a.u.)

o

Figure 6.26 Fluorescence intensity of HL6.1 (left)/HL6.2 (right) (10 uM) in the absence and
presence of Zn?* ions (10 uM) at various pH values in HEPES buffer.
6.3.5 Life time and quantum yield measurements

Lifetime experiment for the chemosensors (HL6.1 and HL6.2) and complexes (6.1-
6.2) were studied at 298 K in HEPES buffer (pH= 7.4). The average fluorescence decay life
time has been measured of the chemosensors and complexes using the given formula (t¢ =

ait1 + axtz, where a; and a» are relative amplitude of decay process). The average

)
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fluorescence lifetime of the chemosensors (HL6.1 and HL6.2), complex 6.1 and complex 6.2

are 2.24 ns, 2.21 ns, 2.54 ns and 3.77 ns, respectively (Figure 6.27, Table 6.1).
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-
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Figure 6.27 Time-resolved fluorescence decay curves (logarithm of normalized intensity vs
time in ns) of HL1 in the absence (@) and presence (@ ) of Zn?*ion, (@) indicates decay

curve for the scattered.

Fluorescence quantum yield (@) has been calculated by the using following formula:
Dsample = {(ODstandard X Asample X 1)2sample)/(ODsampleX Astandard X 1)standard) } X Dstandard
Where, A is the area under the emission spectral curve, OD is the optical density of the
compound at the excitation wavelength and 1) is the refractive index of the solvent. Here the
value of Ostandard 1S taken as 0.52 (for Quinine Sulfate).
The values of @ for chemosensors (HL6.1 and HL6.2), complex 6.1 and complex 6.2 are
found to be 0.03, 0.05, 0.21 and 0.24, respectively (Table 6.1).
Table 6.1 Lifetime, quantum yield, LOD and binding constant values of chemosensors

(HL6.1 and HL6.2) and complexes (6.1 and 6.2).

Lifetime (ns) Quantum Yield LOD (M) Binding
(Tav) (D) Constant (M1)
HL6.1 2.24 0.03 - -
HL6.2 2.21 0.05 - -
complex 6.1 2.54 0.21 7.47 x108M | 1.50x10°
complex 6.2 3.77 0.30 6.95x 10°M | 1.46x10°
0)
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6.3.6 Cell imaging

The fluorescence microscopy study is performed to ensure the cellular uptake of
ligand and Zn?* salt. A strong green fluorescent signal is observed under the microscope
(Figure 6.28). Thus we can conclude that the cells internalize the complex and producing

green signal.

Bright field Fluorescence Merge Bright field Fluorescenc Merge

- - - o - - - o
- - -HLMW - lmﬁw
A) ()]

Figure 6.28 Bright field, fluorescence and merged microscopic images of untreated HelLa

(Control), cells treated with Zn?* (10uM) + HL6.1 (10uM) (A) and Zn?* (10uM) + HL6.2
(10uM) (B), respectively
6.3.7 DFT study

DFT studies were performed to support mode of complexation between chemosensors
and Zn?* and their structural parameters. Furthermore TDDFT study was performed to
understand nature, origin and contribution of M.O.s of electronic transitions. It also gives
idea of quantity of energy associated with every individual transition. When individual M.O.
is concerned the contribution from both ligand and metal center has been computed. So, DFT
and TDDFT analysis plays important role to support and understand structural and electronic

parameters of complexes.
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HL6.1 HL6.2

Figure 6.29 optimized structure of HL6.1 (left) and HL6.2 (right).

Here, geometry optimization of chemosensors (HL6.1 and HL6.2), complex 6.1 and
complex 6.2 has been performed using DFT/B3LYP method. Energy minimized structure of
chemosensors (HL6.1 and HL6.2) and complexes (6.1 and 6.2) are shown in Figures 6.29
and 6.30, respectively. In the optimized structure of Zn?*-HL6.1, the metal ion is coordinated
with two amine N atoms and two phenoxido O atoms. The S atom of the aliphatic part
remains uncoordinated. Whereas in Zn?*-HL6.2, apart from amine N atoms and phenoxido O
atoms of HL6.2, participation of both oxygen atoms result completion of all six coordination
sites around the metal center. Some selected bond distances and bond angles of both
complexes are listed in Table 6.2. For both complexes bond distances and bond angles of the
optimized structures are well matched with that of previously reported analogous

complexes.54

Figure 6.30 optimized structure of complex 6.1(left) and complex 6.2(right).
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In HL6.1, electron density in HOMO of is mainly distributed over the aliphatic part,
whereas, electron density in LUMO is mainly distributed over both pyridine moiety. In
HL6.2 electron density in both HOMO and LUMO are distributed over one of the pyridine
moiety (Figure 6.31). Interestingly in complex 6.1 and 6.2, electron density in both LUMO
and HOMO are completely ligand based where contribution from metal centers is nil (Figure
6.32). Energy of some selected M.O. of chemosensors, complex 6.1 and 6.2 are given in

Table 6.3.
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Figure 6.31 Selected contour plots of molecular orbitals of HL6.1 and HL6.2.
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HOMO

HOMO-1

HOMO-2

Figure 6.32 Selected contour plots of molecular orbitals of complex 6.1 and complex 6.2.
Table 6.2 Bond lengths (A) and bond angles (°) of optimized structure of complex 6.1 and

complex 6.2 (B3LYP/6-31+G(d) basis set).

Complex 6.1 Calculated Complex 6.2 Calculated

Zn-N1/ Zn-N2 2.05/2.07 Zn-N1/Zn-N; 2.14

Zn-01/ Zn-O2 1.95/1.96 Zn-01/Zn-02 2.01
N1-Zn-N2 119.07 Zn-03/Zn-04 2.35
01-Zn-02 122.85 N1-Zn-O1 86.82
N1-Zn-O1 92.96 N2-Zn-O1 95.11
N1-Zn-O2 116.33 N1-Zn-O2 75.71

7o |
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N2-Zn-0O1 116.44 N2-Zn-02 101.20

02-Zn-04 149.83

Table 6.3 Energy (eV) and composition (%) of selected M.O.s of chemosensors and
complexes (6.1 and 6.2).

M.O.s HL6.1 HL6.2 Complex6.1 Complex6.2

Energy(eV) Energy(eV) Energy(eV) Energy(eV)
LUMO+5 0.83 0.65 0.38 0.56
LUMO+4 0.66 0.65 0.31 0.53
LUMO+3 0.19 -0.19 -0.34 -0.22
LUMO+2 -0.24 -0.19 -0.37 -0.22
LUMO+1 -1.62 -1.59 -2.18 -2.01
LUMO -1.66 -1.61 -2.26 -2.03
HOMO -6.06 -6.36 -5.99 -5.76
HOMO-1 -6.09 -6.4 -6.06 -5.86
HOMO-2 -6.49 -6.57 -6.43 -6.41
HOMO-3 -6.59 -6.59 -6.67 -6.44
HOMO-4 -6.85 -6.83 -6.68 -7.2
HOMO-5 -6.9 -7.03 -7.36 -7.2

6.3.8 TDDFT study

Electronic transitions in HL6.1, HL6.2, complex 6.1 and complex 6.2 are
theoretically studied using TDDFT were B3LYP/CPCM method is used with same basis sets
in water. Calculated electronic transitions are given in Table 6.4. Theoretical calculations
show that in HL6.1 and HL6.2 intense absorption bands appear at 321 and 332 nm,
respectively for ligand based n—n* transition. Major transitions are HOMO—LUMO (64%),
HOMO—L+1 (19%) and HOMO-2— LUMO+1 (22%), HOMO—LUMO+1 (73%) for
HL6.1 and HL6.2, respectively. For complex 6.1and complex 6.2 major peaks appear at 384
nm and 385 nm, respectively. Main transitions are HOMO—LUMO (78%) and
HOMO—LUMO (87%) for complex 6.1 and complex 6.2, respectively (Figures 6.33 and
6.32). The spectra of electronic transitions obtained from computation for the chemosensors
(HL6.1 and HL6.2), complexes 6.1 and 6.2 are found to be comparable with that of

experimental data.
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Figure 6.32 Pictorial representation of vertical transition of chemosensor (HL6.1) and

complex 6.1.
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Figure 6.33 Pictorial representation of vertical transition of chemosensor (HL6.2) and

complex 6.2.
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Table 6.4 Electronic transition calculated by TDDFT using B3LYP/CPCM method in water

solvent of chemosensors (HL6.1 and HL6.2) and complexes (6.1 and 6.2).

Eexcitation (€V) Aexcitation (NM) Key transition Transition
assigned
HL6.1 HOMO—LUMO (64%), n—mu*
31114.66 321 HOMO—L+1 (19%)
HOMO-2—LUMO (66%), T —1*
34515.12 268 HOMO-2—LUMO+1 (23%)
HL6.2 HOMO-2— LUMO+1 (22%), n—m*
30118.56 332 HOMO—LUMO+1 (73%)
n —n*
37904.29 263 HOMO—4 — LUMO (83%)
Complex6.1 27376.25952 | 384 HOMO—LUMO (78%)
Complex6.2 25968.00 385 HOMO—LUMO (87%)
HOMO-1—-LUMO (23%),
26106.73 383 HOMO—LUMO+1 (68%)

6.4 Conclusion

In summary, we have successfully developed two pyridoxal-based chemosensors
(HL6.1 and HL6.2) for selective detection of Zn?* in pure aqueous medium (HEPES buffer
at pH= 7.4). Zn?" is detected in around nano molar scale and the LOD values are 7.47 x 108
M and 6.95 x 108 M respectively. Both HL6.1 and HL6.2 exhibit around 20 times increment
in fluorescence intensity in presence of Zn?*. HL6.1 and HL6.2 form 1:1 complex with the
metal ion which have been established by fluorescence measurements, ESI-MS analysis and
Jobs plot analysis. The values of binding constant are 1.5x10° and 1.46x10° M for Zn?*-
HL6.1/HL6.2 complexes, respectively. Reversibility test and regeneration of the
chemosensors are also checked using Na,EDTA solution. HL6.1 and HL6.2 are employed as
a sensor to detect zinc ion in Human cervical cancer cell line HeLa grown in tissue culture

which showed strong luminescence in the presence of Zn(Il).
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ABSTRACT: Four rhodamine 6G-based chemosensors (H;L1—H;L4) are
designed for selective detection of AP’* ion. They are characterized using
various spectroscopic techniques and X-ray crystallography. All absorption and
emission spectral studies have been performed in 10 mM N-(2-hydroxyethyl)-
piperazine-N’-ethanesulfonic acid (HEPES) buffer solution at pH 7.4 in H,O/
MeOH (9:1, v/v) at 25 °C. In absorption spectra, chemosensors exhibit an
intense band around 530 nm in the presence of AI*" ion. Chemosensors
(H;L1-H;L4) are nonfluorescent when excited around 490 nm. The
presence of AI** jon enhances the emission intensity (555 nm) many times.
The formation of complexes 1—4 is established with the aid of different
spectroscopic techniques. The limit of detection value obtained in the
nanomolar range confirms the high sensitivity of the probes toward AI** ion. It
has been observed that the presence of aliphatic spacers in the diamine part
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and different halogen substituents in the salicylaldehyde part strongly influences the selectivity of the chemosensors toward AI**
ion. The propensity of the chemosensors to identify intracellular AI** ions in triple-negative human breast cancer cell line MDA-
MB-468 by fluorescence imaging is also examined in this study.

B INTRODUCTION

Metal ions play a crucial role in human life and in the
environment. Therefore, their detection is of immense
importance to biologists, chemists, and environmentalists.”
Scientists emerge in the development of new methodologies
for recognition of these cations.””> Design and synthesis of
new chemosensors for the selective detection of biologically
and environmentally important cations needs a special mention
in this context.”’

Aluminum is the highest abundant metal in the earth’s
crust.* ™" Materials prepared from aluminum are widely used
in our society. They are used in food additives, textile industry,
water treatment plants, paper industry, production of light
alloys, medicines (antacids), cookware, etc. Aluminum toxicity
causes Alzheimer’'s and Parkinson’s diseases.'' Other Al-
contaminated diseases are amyotrophic lateral sclerosis,
microcytic hypochromic anemia, osteomalacia, and breast
cancer.'””"” Preparation of chemosensors for the selective
detection of AP’* ion is a challenging task owing to its weak
coordination ability, strong hydration ability, and interferences
from other trivalent ions like Cr®* and Fe*. To date, a
considerable number of organic probes for Al**ion'*~** have
been synthesized, most of which suffer from some drawbacks
like insolubility in aqueous solution, synthetic procedures with
multiple steps, poor sensitivity and selectivity with target metal
ions, etc.”*"*® Al**-sensing organic probes consist of important
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fluorophoric units like rhodamine, anthraquinone, BODIPY,
salicylaldehyde, fluorescein, coumarin, etc.””~ Rhodamine-
based chemophores are colorless and nonfluorescent due to
the presence of spirolactam ring. The sensing mechanism is
basically opening of the spirolactam ring resulting in a strong
emission. Low pH or acidic condition also initiates opening of
the spirolactam ring. Therefore, selective choice of metal ion
can initiate spirolactam ring opening of rhodamine-based
probes. A literature study reveals that rhodamine-based probes
can selectively detect various metal ions like Al**, Fe**, Cr**,
Hg?*, Cu?*, etc.”*™* Some recently reported rhodamine-based
important chemosensors are collected in Chart S1 (Supporting
Information). Chart S1 clearly shows that chemosensors
reported in the present work have certain advantages regarding
the crystal structure, real sample analysis, and cell imaging
study in comparison to previously reported data.** Yang et
al.*** reported two rhodamine-pyrazole-based both colorimet-
ric and turn-on fluorescent chemosensors for dual detection of
Ni** and AP* ions in alcohol and aqueous DMF medium.
Jeong et al.**® synthesized rhodamine-chloronicotinaldehyde-
based “OFF—ON” chemosensor for colorimetric and fluori-
metric detection of AI** in acetonitrile medium. Chemate and
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Scheme 1. Route of Preparation of Chemosensors (H;L1—H;L4) and Complexes 1—4

CHO
oH Refluxed
CH3CN ;
X ~4h
OH
X
X
HL1 Br 0 H;L1-HsL4
H;L2 Cl 0
H;L3 Br 3
H;L4 Cl 3
Complex 1 Br 0
Complex 2 Cl 0
e N—(CHz)n
Complex 3 Br 3 \
Complex 4 Cl 3

complex 1- complex 4 x

co-workers have used two rhodamine-based OFF—ON
fluorescent chemosensors for dual detection of Hg** and AP**
in aqueous solution.*** Maity and co-workers prepared a
rhodamine-1,2,3-triazole-based chemosensor for dual detection
of A** and fluoride or acetate ions in CH;OH—H,0 (9:1)
medium.** The above examples did not report crystal
structures of the chemosensors and their biological cell
imaging studies. In this work, we have successfully elucidated
crystal structures of all four chemosensors and also performed
their biological studies. In an interesting work, Roy and co-
workers synthesized a rhodamine-based dual chemosensor for
detection of AP’* and Zn*' ions in N-(2-hydroxyethyl)-
piperazine-N’-ethanesulfonic acid (HEPES) buffer.*** Ghosh
and co-workers have prepared a chemosensor using the
rhodamine unit for detection and discrimination of AI** and
Hg’* ions in HEPES buffer.** Alam and co-workers
synthesized a rhodamine-based trivalent fluorescent sensor
which can selectively detect Fe®*, AI**, and Cr’* ions in
CH;0H-H,0 (1:1).**® These works clearly show that the
chemosensors did not achieve their selectively toward AI**
ions, whereas our synthesized chemosensors show selectivity
only toward AI* ions. Fu and co-workers*" synthesized a
rthodamine 6G-containing fluorescent probe for Al’*ion.
Sahana et al. reported a rhodamine—pyrene compound for
selective colorimetric and fluorimetric detection of AI** ion
and living cell imaging study.”” In the above chemosensors,
the Imit of detection (LOD) values are observed in the
micromolar range; interestingly, our reported chemosensors
give LOD values in the nanomolar range. Roy et al. reported a
rhodamine-based fluorescent chemosensor'* for selective
detection of AI** jons in H,O/MeOH = 1: 9 (v/v) medium.
Sen and co-workers also reported a rhodamine-based Al**-ion-
sensing organic compound44k in EtOH—water, 1: 3 (v/v)
medium. Sahana and group synthesized a rhodamine-based
fluorescent probe* for selective detection of AP’* ions in
EtOH—water, 4: 1 (v/v) medium. In all of these examples,
medium is mainly organoaqueous, whereas our Al**-ions-
sensing studies are performed in MeOH—water, 1: 9 (v/v)
medium.
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In this work, we have chosen hydrazine and 1,3
diaminopropane as amines, 3,5-dichlorosalicylaldehyde and
3,5-dibromosalicylaldehyde as aldehydes to prepare four
different rhodamine 6G-based chemosensors, H;L1, H;L2,
H;L3, and H;L4, respectively. All of the four chemosensors
selectively detect AI** both colorimetrically and fluorimetri-
cally. The structure—property relationship is established in this
work. Variation of amines and halogen substituents in the
salicylaldehyde part controls the extent of selectivity toward
AI** jon. A significant variation in different sensing parameters
such as LOD, binding constant, and naked eye detection of
AP* ion is observed during this study. These biocompatible
chemosensors (H;L1—H;L4) also exhibit cell permeability and
sense intracellular AI** ion present in breast cancer cell line,
MDA-MB-468 cells.

B RESULTS AND DISCUSSION

Synthesis and Characterization. N-(Rhodamine-6G)-
lactam-hydrazine and N-(Rhodamine-6G)lactam-propylenedi-
amine have been synthesized according to a published
procedure.”> The chemosensors (H;L1—H;L4) are synthe-
sized by the Schiff base condensation reaction using rhod-
amine-6G-based amine and 3,5-dibromosalicylaldehyde or 3,5-
dichlorosalicylaldehyde. They are carefully characterized using
different spectroscopy techniques (UV—vis, Fourier transform
infrared (FT-IR), and NMR), and the purity is verified with
ESI-MS and C, H, N analysis (Figures S1—SS, Supporting
Information).

H;L1-H,L4 react with AI(NO,);:9H,0 in a 1:1 ratio to
produce complexes 1—4 (Scheme 1). They are characterized
by 'H NMR, *C NMR, FT-IR spectroscopy, C, H, N analysis,
and electrospray ionization mass spectrometry (ESI-MS)
analysis. The experimentally obtained ESI-MS data are well
matched with their simulated result (Figures S6—S10,
Supporting Information). Detail data are presented in
Experimental Section.

Crystal Structure Descriptions of Chemosensors
(H3L1—HsL4). We have successfully developed X-ray-quality
crystals of H;L1, H;L2, and H;L3, H;L4, which are poorly
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Figure 1. ORTEP view of the chemosensors (a) = H;L1, (b) = H;L2, (c) = H;L3, and (d) = H;L4. Atoms are shown as 30% thermal ellipsoids.

Here, H atoms are omitted for clarity.

diffracted. H;L1 and H;L2 are formed with a triclinic crystal
system with a P1 space group, whereas H;L3 and H;L4
crystals are developed in the monoclinic system with a P2,/c
space group (Table S1). ORTEP views of the chemosensors
are shown in Figure 1 (H;L1—H;L4, respectively). Important
bond distances and bond angles are collected in Tables S2 and
S3, respectively (Supporting Information). The organic
molecule is nonplanar, and it confirms the Schiff base
condensation reaction along with the presence of a spirolactam
ring and a xanthene unit within the molecule. The C—O and
C—N bond distances of the chemosensors vary within the
range of 1.217—1.381 and 1.274—1.441 A, respectively.

NMR Studies. All of the chemosensors and Al**—probe
complexes give well-resolved "H NMR spectra in DMSO-dg
solvent. In H;L1, the phenolic OH and imine proton appear as
a sharp singlets at 11.56 and 8.90 ppm, respectively. Aromatic
protons appear in the region 7.94—6.20 ppm. Aliphatic amine
(—NH) protons appear as triplet at 5.11 ppm. Aliphatic CH,
protons appear as quartet at 3.13 ppm. Aromatic CH; protons
appear as singlet at 1.84 ppm, whereas aliphatic CH; protons
appear as triplet at 1.20 ppm (Figures S11—S14, Supporting
Information).

In complex 1, the phenolic —OH peak disappears due to
complexation and imine proton shifts to downfield and appears
as a sharp singlet at 9.30 ppm. We also observe significant
changes in the aromatic peak positions and broadening of the
peaks due to complexation. During complexation, one NH
proton of the aliphatic part disappears and the other appears as
a broad peak at 5.11 ppm. Aliphatic CH, protons merged with
water molecules and appear as multiplet at 3.50 ppm. Aromatic
CHj; protons appear as singlet at 1.87 ppm, and aliphatic CH;
protons appear as triplet at 1.22 ppm (Figures S15—S18).

All of the chemosensors and probe-bound AI** complexes
give clean *C NMR spectra in the DMSO-d, solvent. In H;L1,
spirolactam amide carbon appears at 165.58 and phenolic
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carbon appears at 164.21 ppm. Imine carbon appears at 161.87
ppm. Aromatic carbons are present in the region 151.88—96.32
ppm. The carbon atom connecting the xanthene part and the
spirolactam ring is sp*>-hybridized and appears at 66.24 ppm.
Aromatic CH; carbons appear with double intensity at 37.92
ppm. Aliphatic CH, and CH; carbons appear with double
intensity at 17.44 and 14.59 ppm, respectively (Figures S19—
S22, Supporting Information).

In complex 1, spirolactam amide carbon appears at 167.58,
phenolic carbon appears at 165.90 ppm, and imine carbon
appears at 163.37 ppm. These three pecks are shifted to
downfield due to metal coordination. Aromatic carbons appear
within 151.88—96.32 ppm. Since metal coordination results
spirolactam ring opening, the sp*-hybridized carbon atom
connecting the xanthene part and the spirolactam ring now
becomes sp*-hybridized and appears at 134.90 ppm. Aromatic
CH; carbons appear with double intensity at 37.92 ppm.
Aliphatic CH, and CH; carbons appear with double intensity
at 17.44 and 14.59 ppm, respectively (Figures $23—S26,
Supporting Information).

Absorption Spectral Analysis. The UV—vis spectra of
chemosensors (H;L1—H;L4) are first examined in 10 mM
HEPES buffer solution at pH 7.4 (9:1, water/methanol, v/v).
Chemosensors H;L1 and H;L2 exhibit well-resolved bands at
~290 and ~345 nm, whereas H;L3 and H;L4 show a well-
defined band at ~420 nm. Peaks are represented as 7 — 7*
and n — 7* type of transitions. Interestingly, upon successive
addition of AP** ions (0—11 uM, 10 mM HEPES buffer
solution; pH 7.4; 9:1, water/methanol, v/v) to the chemo-
sensor (10 uM), a new peak appears at ~530 nm with
significant changes in the spectra of all chemosensors (H;L1—
H,L4). In H,L1 and H;L2, absorbance of peaks at ~290 and
~34S5 nm gradually increase, whereas in H;L3 and H;L4, the
absorbance of peak at ~420 nm gradually decreases (Figures 2
and S$27-S29, Supporting Information). In the presence of
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0.8+ opening of spirolactam ring followed by a long conjugation of
] m-electronic system within the probe (Figure S37). Generation
0.7 4 . 3+ .
] of a fluorescence peak at 555 nm in the presence of AI’" ions
06 also proves the above fact. Interestingly, the values of
; increment in emission spectra is not equal for all of the
g 051 probes. In the case of H;L1 and H;L2, the emission
5 ] enhancement is 780- and 725-fold, whereas for H;L3 and
s 0'4__ H;L4, the enhancement is 425- and 391-fold.
é 034 The binding ability of the chemosensors toward AP** jons
. has been calculated using the Benesi—Hildebrand equation (eq
024 1) involving fluorescence titration curve*®
] V(F = F) = 1/ (B, = E) + (/KICD{1/(Fyy — )
0.0 , . (1)
300 400 500 600
Wavelength(nm) here, F,,, F,, and F, are fluorescence intensities of

Figure 2. Absorption titration study of HyL1 (10 M) with gradual
addition of AI**, 0—11 yM in 10 mM HEPES buffer at pH 7.4.

AP*, spirolactam ring opening occurs, followed by the
coordination of the cation. Here, the AI** ion binds with
phenoxido oxygen, imine nitrogen, and amide oxygen of the
chemosensor. Spirolactam ring opening results reorientation of
protons within the aromatic ring and consequently removal of
one primary amine proton. Generation of a new peak at ~530
nm in the presence of AI*" ions also confirms structural
rearrangement within the organic molecule. The color of the
solution turns fluorescent pinkish yellow. Saturation has been
observed in the presence of 1.1 equiv of AI** ions to the
chemosensor. The 1:1 binding stoichiometry of the chemo-
sensors with AP** ions has been confirmed by Job’s plot
analysis (Figures S30—S33, Supporting Information). These
results have been further supported by ESI-MS analysis. It is
important to mention that the addition of different cations
(Cd*, Hg™*, Pb*, Zn**, Ag*, Mn**, Fe**, Co**, Ni**, Na*, K,
Mg*", and Ca*") did not change the initial absorption spectrum
of the chemosensor appreciably.

Fluorescence Properties Analysis. The experiment is
performed in 10 mM HEPES buffer at pH = 7.4 (9:1, water/
methanol, v/v) at ambient conditions. When excited at 345
nm, probes (10 pM) are nonfluorescent. Upon successive
addition of AI** ions (0—11 uM) to the probe, an enormous
fluorescence enhancement is observed at 555 nm (Figures 3
and S34—S36, Supporting Information). The fluorescence
enhancement has a steady growth and finally reaches a
maximum at 1.1 equiv of AP* ions. In fact, metal ions initiate

chemosensors (H;L1—H;L4), in the presence of metal ions
at saturation, free chemosensors (H;L1—H;L4), and any
intermediate metal-ions concentration, respectively. K is
denoted as the binding constant of the complexes, and the
concentration of AI** ions is represented by C. The value of
binding constant (K) of the complexes has been determined
using the relation K = 1/slope. The binding constant values are
8.00 X 10% 6.90 x 10°, 1.37 X 10% and 1.03 X 10* M7},
respectively, for the chemosensors HyL1—H;L4 toward AP*
ions (Figures S38—S41, Supporting Information). We have
also performed fluorescence titrations of the chemosensors in
the presence of AI’* ions in aprotic solvent such as
tetrahydrofuran (THF) to determine the binding constant in
THEF and to compare the difference of binding constant values
determined in protic and aprotic solvents. The calculated
binding constant values in THF are close to the previously
calculated values measured in the HEPES buffer solution (9:1,
water/methanol, v/v) (Table S4, Figures S38—S45, Supporting
Information). Therefore, we can conclude that free chemo-
sensors H;L1-H;L4 do not undergo deprotonation in
solution (protic or aprotic). AP** ions can promote
deprotonation of H;L1—H;L4 in both aqueous or nonaqueous
solution.

The high selectivity of the chemosensors toward Al** ions is
again established by competition assay experiment. Here, in
the presence of chemosensor and AI** ions (1.0 equiv),
different metal ions (Cd**, Hg**, Pb*, Zn®*, Ag", Mn*', Fe*",
Co®", Ni*!, Na', K, Mg*, and Ca’*) (Figures S46—S49,
Supporting Information) and common anions (5,0,77, 8+,
S0,%7, HSO,™, SO,*7, SCN™, N,~, OCN~, AsO,*", H,PO,",
HPO,*", PO, ClO,”, AcO~, NO;~, F, CI,PF,, and
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Figure 3. Fluorescence titration of H;L1 (10 #M) in 10 mM HEPES buffer at pH = 7.4 by successive addition of AI** (0—11 M) with 4, = 555

nm (1/1 slit).
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P,0,*") are added in excess amount (4.0 equiv) in 10 mM
HEPES buffer solution at pH 7.4. Competition assay
experiments clearly express high-fluorescent recognition of
chemosensors (H;L1—H;L4) for A’* ions over most of the
metal ions and all common anions. It is important to mention
that in the presence of Cr’*, Mg®", Cu®’, and Fe" ions little
quenching in fluorescence intensity has been observed (Figures
4 and SS50—S56, Supporting Information).

12000000

10000000

8000000

6000000

4000000

Fluorescence Intensity(a.u.)

2000000

Figure 4. Relative fluorescence intensity diagram of [H,L1-AP**]
system in the presence of different cations in 10 mM HEPES buffer at
pH 7.4. 1 = only H;L1 and (2—15) = H;L1 (10 uM) + AP** (10 uM)
+ M"™ (40 uM), where M™ = (2—Ca?*, 3—Co*", 4—Hg?*, 5—Zn*",
6—Cr*, 7—Mg**, 8—Mn**, 9—Na*, 10—Ni**, 11—K*, 12—Pb**,
13—Cu?*, 14—Fe’**, 15—Cd*).

Interestingly, all of the chemosensors, H;L1—H;L4, also act
as colorimetric probe for selective detection of AI** ions. In the
presence of AI’* ions, all of the probes exhibit fluorescent
pinkish yellow coloration, whereas they are almost colorless in
the presence of common ions. The intensity of the AI**
chemosensor increases in the order H;L1 > H;L2 > H;L3 >
H;L4. Thus, the chemosensors will be a good choice for
selective colorimetric detection of AI** ions in both environ-
mental and biological fields (Figures S and S57-SS9,

Supporting Information). We have used saloon waste water
and our laboratory tap water for real sample analysis. AI** ions
present in saloon waste water and laboratory tap water are
successfully detected by our chemosensors through the naked
eye and under UV lamp (Figure S60, Supporting Information).

Reversibility and regeneration are two important factors for
real-time application of the chemosensor. This is tested with
the aid of sodium salt of ethylenediaminetetraacetic acid
(Na,EDTA) solution. The fluorescent pinkish yellow color of
the probe—AI** complex disappears after addition of 1 equiv of
Na,EDTA with a simultaneous decrease in fluorescence
intensity, which clearly indicates the regeneration of the free
chemosensor. Again, addition of AI** ions to the probe gives
back fluorescent pinkish yellow coloration. The whole cycle is
repeated for at least five times to establish reversibility and
regeneration point (Figure S61, Supporting Information).

Limit of detection (LOD) of the chemosensors toward AI**
ions is estimated using the 3¢ method.”” The detection limits
of the chemosensors (H;L1—H;L4) for the AI** ions are 1.4 X
107, 2.50 x 107, 040 x 107, and 0.53 x 107° M,
respectively.

The effect of pH on chemosensors (H;L1—H;L4) both in
free condition and in the presence of AI** ions is studied
fluorimetrically. It is well known that in acidic condition, the
spirolactam ring of the chemosensor opens. A similar
observation is also noticed in the presence of AI** ions.
Therefore, both free chemosensor and chemosensor —AI**
adduct will exhibit high fluorescence intensity at pH 2—4. At
pH 5, a sharp decrease in the fluorescence intensity of free
chemosensor is observed. After pH 5—11, its fluorescence
intensity is very weak and remains unchanged. This
observation suggests reconstruction of spirolactam ring in
neutral and basic conditions. In the presence of AI** ions, the
fluorescence intensity of the chemosensor decreases slightly at
pH 4 and then it maintains a constant value up to pH 8. At pH
9, a sharp decrease in fluorescence intensity of chemosensor is
observed. After pH 9—11, a very weak fluorescence intensity is
observed. This is probably due to the generation of AI(OH),
and free chemosensor at higher pH. Rest of the probes
(H;L2—H,L4) and probe—AI** adducts also followed a similar
trend in fluorescence intensity at different pH values (Figures 6
and S62—S64, Supporting Information). The pH experiments

AR FAE R 02 AR MR A RO

s

A A A A e > N4 ¥ )

bbb b

Figure S. Visual color changes of chemosensor H;L1 (10 £M) in the presence of common metal ions (1 equiv) in 10 mM HEPES buffer (pH 7.4).
The images in the bottom row and top row were taken under visible light and UV light, respectively, where 1 = only H;L1, 2—15 = H;L1 +
different metal ions (AI**, Cu®*, Cd*, Pb*, Hg**, Mn**, Fe**, Co**, Ni*}, K*, Na*, Mg?*, Ca**, and Zn*', respectively).
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Figure 6. Fluorescence intensity of H;L1 (10 4M) in the absence and
presence of AI** ions (10 uM) at different pH values in 10 mM
HEPES buffer.

show that these chemosensors can act as a selective fluorescent
probe to recognize AP’ ions in the presence of other metal
ions in a biological system under physiological condition.

Lifetime and Quantum Yield Study. Lifetime measure-
ments for the chemosensors (H;L1—H;L4) and complexes 1—
4 are studied at 25 °C in 10 mM HEPES buffer (pH = 7.4)
medium. The average values of fluorescence decay lifetime of
the chemosensors and complexes 1—4 have been measured
using the given formula (7; = a,7, + a,7,, where a, and a, are
the relative amplitudes of the decay process). The average
values of fluorescence lifetime of the chemosensors
(H3L1-H3L4) and complexes 1—4 are 3.95, 2.56, 1.58,
1.06 ns and 6.8, 4.58, 4.53, 4.38 ns, respectively (Figures
S69—S72 and Table SS, Supporting Information).

The fluorescence quantum yield (®) has been calculated as
follows

2
(Dsample = {(ODstandard X Asample X nsample)

/(ODsample X Astandard X ’Yjandard)} X q)standard
@)
In the above equation (eq 2), A is the area under the emission
spectral curve, OD is the optical density of the compound at
the excitation wavelength, and 7 is the refractive index of the
solvent. The @, 4.4 value is taken as 0.52 (for quinine
sulfate).

The values of @ for H;L1—H;L4 and probe—AI** complexes
1—4 are estimated to be 0.004, 0.003, 0.002, 0.004 and 0.24,
0.18, 0.13, 0.11, respectively (Table S5).

Mechanism of Fluorescence Intensity Enhancement
in Chemosensors in the Order H;L1 > H;L2 > H;L3 >
HsL4 in the Presence of AI** lons. In this work, the sensing
behavior of four rhodamine 6G-based chemosensors toward
AP* ions is explored. The fluorescence intensity of the
chemosensors increases abruptly in the presence of AI** ions
due to opening of the spirolactam ring (Scheme 1). This
mechanistic process has been supported by spectroscopic
techniques such as 'H, *C NMR, and FT-IR spectrosco-

y. 2343073840 1 the presence of AI** ions, appreciable
changes are observed in their 'H NMR spectrum of free
chemosensors. The presence of AI** ion initiates spirolactam
ring opening followed by rearrangement of double bonds. This
results in the disappearance of one aliphatic amine (—NH)
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proton. The disappearance of phenolic —OH peak and
downfield shift of imine proton (9.30 ppm) establishes
coordination of phenoxido oxygen and imine nitrogen atom
with the metal center. Changes in the spectral pattern of both
aromatic and aliphatic protons are also observed after addition
of AP**. In free chemosensor, the carbon atom connecting the
xanthene part and the spirolactam ring is sp>-hybridized, and it
appears at 66.24 ppm. Interestingly, during metal coordination,
spirolactam ring opens, and as a result, the sp*-hybridized
carbon atom becomes sp*-hybridized and appears at 134.90
ppm (Figures S23—S26). Free chemosensors exhibit FT-IR
stretching frequency of amide “C=0" bond and imine bond at
~1699 and ~1674 cm™, respectively, which are shifted
significantly to lower values and appear at ~1663 and ~1646
cm™, respectively, after complexation. The sharp —OH peak at
3408 cm™' also disappears after complexation. This observa-
tion suggests Al’"-ion coordination with phenoxido oxygen,
amide oxygen, and imine nitrogen of the chemosensor.
Therefore, FT-IR data also supports spirolactam ring opening
in the presence of A" ion.

All chemosensors are colorless and nonfluorescent in visible
light. The presence of AI’** ions initiates opening of the
spirolactam ring and the color becomes intense, pinkish yellow.
The intensity of color is not similar. In the presence of Al**
ions, the intensity increases in the order H;L1 > H;L2 > H;L3
> H;L4. Again, H;L1, H;L2, H;L3, and H;L4 exhibit around
780, 725, 425, and 391 times increase of fluorescence intensity
in the presence of AI’* ions, respectively. The LOD values are
1.4 X 107°, 2.50 X 107, 0.40 x 107% and 0.53 x 107 M,
respectively. The values of binding constant of the probes
toward AI** ions are 8.00 X 10°, 6.90 X 10°, 1.37 X 10% and
1.03 x 10* M, respectively. Here, enhancement in the
fluorescence intensity of the chemosensors in the presence of
AI** ions and binding constant values of the probes toward AI**
ions follow the same order H;L1 > H;L2 > H;L3 > H;L4. All
these facts can be well explained by considering two factors:
influence of ring strain during interaction between chemo-
sensors and AI’* ions and electron-withdrawing effect (—I
effect) of the halogen substituent present in the chemosensors.
Interestingly, the first effect is more pronounced. H;L1 and
H,L2 form more stable five-membered chelate rings with AI**
ions, whereas H;L3 and H3;L4 form eight-membered chelate
rings in the presence of AI’* ions (Figure S37). Also, in the
presence of a bromo substituent, the coordination ability of the
imine nitrogen and phenoxido oxygen of the respective
chemosensor is relatively high in comparison with a chloro
substituent due to the —I effect. Therefore, due to the
formation of the most stable H;L1—AI** complex, the intensity
of the complex solution under visible light is maximum,
binding constant is the highest and LOD value is the lowest
among four chemosensors.

Biocompatibility Study of the Ligands. The cellular
toxicities of the ligands (H,L1, HyL2, H;L3, and H,L4) are
envisaged to determine the compatibility against the normal
human lung fibroblast cells, WI-38. The cells are exposed with
various concentrations (20—100 yM/mL) of the ligands.
Then, the cells are incubated for 24 h and the cellular
survivability is determined with the help of the MTT assay.
From the results, no significant toxicity is observed even at
enhanced concentrations of 100 #M (as seen in Figure S69,
Supporting Information). Hence, the results clearly depict the
biocompatibility of the ligands and also suggest that these
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ligands have the potential to emerge as promising tools for
application in biomedical fields.

Cell Imaging. The cellular internalization of the chemo-
sensors (H;L1—H;L4) (10 uM) and Al**salt (10 M) has
been determined with the aid of detailed fluorescence
microscopy studies. The fluorescence microscopy images
reveal the presence of a promiscuous red fluorescent signal
in the microscope (Figure 7). Henceforth, the results suggest

TDDFT Study. Electronic transitions in chemosensors
(H;L1-H,L4) are theoretically studied using the TDDFT,
B3LYP/CPCM method. Important electronic transitions are
given in Table S7. In theoretical calculations, for H;L1 and
H;L2, intense absorption bands are found at around 355 and
345 nm, respectively. Major transitions for H;L1 are HOMO
— 2 — LUMO (88%) and HOMO — 1 — LUMO (74%)
(Figure 8), whereas for H;L2, the key transitions are HOMO

Bright field Fluorescence Merge

Control

H3L1(10pM)+ AB*(10pM)

H>L2(10pM)+ AB+(10pM)

H3L3(10pM)+ AR*(10pM)

HL4(10pM) +AB*(10pM)

Figure 7. Bright-field, fluorescence, and merged microscopy images of
untreated MDA-MB-468 (control) cells in the presence of chemo-
sensor (H;L1—H;L4) (10 uM) + AP* (10 uM).

that the ligands and the AI** salts are promptly internalized by
the cells, which in turn are responsible for the emergence of
red fluorescent signal.

Density Functional Theory (DFT) Study. DFT and time-
dependent DFT (TDDFT) studies are performed to establish
the structural and electronic parameters of probes. Further-
more, to understand the nature, origin, and contribution of
M.O.s for electronic transitions, a TDDFT study was
performed. This study gives an idea of the quantity of energy
associated with every individual transition. In each individual
M.O., the contribution from both chemosensor and metal
center has been computed. Therefore, DFT and TDDFT
analyses play an important role to support and understand
structural and electronic parameters of complexes.

Here, the geometry optimization of the chemosensors
(H;L1-H;L4) has been performed using the DFT/B3LYP
process. Some important bond distances and bond angles of all
of the chemosensors (H;L1—H;L4) are listed in Tables S2 and
S3. Energies (eV) of some selected M.O.s are included in
Table S6. Contour plots of some selected molecular orbital of
the chemosensors are depicted in Figure S70. Theoretical
calculations reveal that in H;L1, electron density in lowest
unoccupied molecular orbital (LUMO) is mainly distributed
over the xanthene part and electron density in highest
occupied molecular orbital (HOMO) is mainly distributed
over the xanthene part and spirolactam ring. In H3L2, the
electron density in LUMO is mainly distributed over the salicyl
part and the spirolactam ring adjacent aromatic moiety and the
electron density in HOMO is mainly distributed over the
xanthene part. LUMOs of both H;L3 and H;L4 are mainly
salicyl part-based, whereas HOMOs are mainly xanthene
moiety-based.
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Figure 8. Pictorial representation of key transitions involved in UV—
vis absorption of chemosensor H;L1.

— 2 > LUMO (99%) and HOMO — 3 — LUMO (96%),
respectively (Figure S71). In the case of H;L3 and H,L4, two
major bands are observed at around 420 and 400 nm, which
correspond to the HOMO — LUMO (96%) and HOMO — 1
— LUMO (95%) (H;L3) (Figure S72) and HOMO —
LUMO (97%) and HOMO — 1 — LUMO (96%) (H,L4)
(Figure S73).

B SUMMARY

We have successfully developed four new rhodamine 6G-based
fluorescent and colorimetric chemosensors H;L1-H;L4 for a
rapid and selective detection of AI** ions. For visualization by
the naked eye, the intensity of the color of probe—AI** ions
increases in the order HL4-Al** < HL, AI** < HL2-AP** <
HL1-AP". All four chemosensors form a 1:1 complex with AI**
ions, which has been proved by fluorescence measurements,
ESI-MS analysis, and NMR studies. In fluorescence competi-
tion assay experiments, the selectivity of the probes toward
AP* jons is established. Moreover, the reversibility is also
achieved by addition of Na,EDTA solution. H;L1, H;L2,
H,L3, and H;L4 exhibit around 780, 725, 425, and 391 times
enhancement in fluorescence intensity in the presence of AI**
ions. AI** is detected in the nanomolar scale, and the LOD
values are 1.4 X 107%, 2.50 X 107°, 0.40 x 107, and 0.53 X
107% M, respectively. All of the probes are suitable for real-time
quantitative detection of AI** ions in the field of environmental
samples and biological systems. The values of binding constant
of the probes toward AI** ions are 8.00 X 10°, 6.90 X 10°, 1.37
x 107 and 1.03 X 10* M, respectively. In this work, we have
also established the influence of ring strain and electron-
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withdrawing effect (—I effect) of the halogen substituents
present in the chemosensors during interaction between
chemosensors and A’ ions. Interestingly, the first effect is
more pronounced compare to the other. The color intensity
difference of the probes in the presence of AP’ ions under
visible light, different binding constants, quantum yields, and
LOD values of the probes toward AI’* ions can be well
explained in the light of the above two factors. H;L1 and H;L2
form more stable five-membered chelate ring with A** ions,
whereas H;L3 and H;L4 form an eight-membered chelate ring
in the presence of AI** ions (Figure S37). Also, in the presence
of bromo substituent, the coordination ability of the imine
nitrogen and phenoxido oxygen of the respective chemosensor
is relatively high in comparison to chloro substituent due to
less —I effect. We are also successful in revealing its practical
application by performing cell imaging study of chemosensors
(H;L1-H;L4) using MDA-MB-468 cells. Furthermore, the
probes are applied to detect intracellular AP* ions in live cells
with no significant cytotoxicity. We have compared different
factors like elucidation of crystal structure of the chemo-
sensors, solubility of chemosensors in the aqueous medium for
biological and real sample analyses, selectivity of the
chemosensors toward AI®* ions, and the nanomolar range of
LOD values between chemosensors reported in this work and
previously reported results. Interestingly, our chemosensors
have successfully covered all of the points mentioned above in
comparison to previously reported results presented in Chart
SIL.

B EXPERIMENTAL SECTION

Materials and Physical Measurements Description.
All reagent- or analytical-grade chemicals and solvents were
collected from commercial sources and used without further
purification. Elemental analysis was carried out using a
PerkinElmer 240C elemental analyzer. Infrared spectra
(400—4000 cm™') were recorded using KBr pellets on a
Nicolet Magna IR 750 series-II FT-IR spectrophotometer.
Absorption spectral data were collected using a Cary 60
spectrophotometer (Agilent) with a 1 cm path length quartz
cell. Electron spray ionization mass (ESI-MS positive) spectra
were noted using a MICROMASS Q-TOF mass spectrometer.
A Fluromax-4 spectrofluorimeter was used to collect emission
spectral data at room temperature (298 K) in HEPES buffer at
pH = 7.4 solution under degassed condition. A time-resolved
spectrofluorometer from IBH, U.K., was used to collect the
fluorescence lifetime data, 'H and '*C NMR spectral data were
collected using Bruker 400 and 300 spectrometers in DMSO-
dg solvent.

X-ray Crystallography. Single-crystal X-ray data of
chemosensors (H;L1—H;L4) were collected on a Bruker
SMART APEX-II CCD diffractometer with the aid of graphite
monochromated Mo Ka radiation (1 = 0.71073 A) at room
temperature. Data processing, structure solution, and refine-
ment were examined using the Bruker Apex-II suite program.
All available reflections data in the 26,,,, range were harvested
and corrected for Lorentz and polarization factors with Bruker
SAINT plus.*® Reflections were then corrected for absorption,
interframe scaling, and different systematic errors with
SADABS.* The structures were solved by the direct methods
and refined with the help of a full-matrix least-squares
technique based on F* with SHELX-2017/1 software pack-
age.”® All of the nonhydrogen atoms were refined with
anisotropic thermal parameters. C—H hydrogen atoms were
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attached at geometrical positions with U, = 1/2U, to those
they are attached. Crystal data and details of data collection
and refinement for H;L1-H;L4 are collected in Table S1.

Synthesis of N-(Rhodamine-6G)lactam-hydrazine and
N-(Rhodamine-6G)lactam-propylenediamine. N-(Rhod-
amine-6G)lactam-hydrazine and N-(Rhodamine-6G)lactam-
propylenediamine were prepared by following the literature
procedure.™

Preparation of Chemosensor (H;L1) [HsL1 = 2-((3,5-
Dibromo-2-hydroxybenzylidene)amino)-3',6'-bis-
(ethylamino)-2',7'-dimethylspiro[isoindoline-1,9'-xanth-
enj-;-onej. A mixture of N-(Rhodamine-6G)lactam-hydrazine
(2.0 mmol, 0.8564 g) and 3,S-dichlorosalicylaldehyde (2.0
mmol, 0.5598 g) was heated in refluxing condition for ca. 4 h
in acetonitrile solvent. Very light yellow crystals were collected
after evaporation of the solvent.

Yield: 1.008 g (84%). Anal. caled for Ci3H;oBr,N,O;: C
57.41%; H 4.38%; N 8.11%. Found: C 57.18%; H 4.30%; N
8.02%. IR (cm™, KBr): 1(C = N) 1621s; v(O—H) 3408s;
v(C=0) 1663s (Figure SS5). ESI-MS (positive) in MeOH:
The molecular ion appeared at m/z = 691.11, consistent to
[H,L1 + 1]* (Figure S1). UV—vis, A0y (nm), (& (dm® mol™
cm™)) in HEPES buffer at pH = 7.4: 345 (14020).

'H NMR (400 MHz, DMSO-d,) & ppm: 1.20 (—CH,) (¢,
6H, J, = 7.2 Hz, J, = 6.8 Hz), 1.84 (Ar-CH,) (s, 6H), 3.13
(=CH,) (q, 4H), 5.11 (NH) (t, 2H, J, = 4.8 Hz ], = 5.2 Hz),
620 (Ar-CH) (s, 2H), 6.34 (Ar-CH) (s, 2H), 7.06 (Ar-CH)
(d, 1H, J = 7.2 Hz), 7.53 (Ar-CH) (s, 1H), 7.56—7.72 (Ar-
CH) (m, 2H), 7.94 (Ar-CH) (d, 1H, J = 7.2 Hz), 8.90
(=CH=N) (s, 1H), 11.56 (—OH) (s, 1H) (Figure S11).

3C NMR (DMSO-dg, 75 MHz) & ppm: 14.59, 17.44, 37.92,
66.24, 96.32, 104.13, 106.13, 114.16, 119.04, 121.58, 123.78,
124.36, 127.20, 128.26, 129.47, 132.40, 134.90, 136.25, 148.47,
151.48, 151.88, 161.87, 164.27, 166.13 (Figure S19).

Synthesis of Chemosensor (H3;L2) [Hs;L2 = 2-((3,5-
Dichloro-2-hydroxybenzylidene)amino)-3',6’-bis-
(ethylamino)-2',7'-dimethylspiro[isoindoline-1,9'-xanth-
enj-;-one]. A mixture of N-(Rhodamine-6G)lactam-hydrazine
(2.0 mmol, 0.8564 g) and 3,S-dichlorosalicylaldehyde (2.0
mmol, 0.3820 g) was heated in refluxing condition for ca. 4 h
in acetonitrile solvent. Very light yellow crystals were collected
after evaporation of the solvent.

Yield: 1.200g (87%). Anal. caled for C;3H3;CLN,O5: C
65.89%; H 5.03%; N 9.31%. Found: C 65.68%; H 4.88%; N
9.29%. IR (cm™, KBr): v(C=N) 1619s; v(O—H) 3421s
v(C=0) 1699s (Figure SS). ESI-MS (positive) in MeOH:
The base peak appeared at m/z = 623.18, corresponding to
[H,L2 + 1]* (Figure S2). UV—vis, Ay (nm), (& (dm® mol™
cm™")) in HEPES buffer (10 mM) at pH = 7.4: 345 (20 440).

'H NMR (400 MHz, DMSO-d,) & ppm: 1.20 (—CH;) (t,
6H, ], = 7.2 Hz, ], = 6.8 Hz), 1.84 (Ar-CH,) (s, 6H), 3.15—
3.09 (=CH,) (m, 4H), 5.11 (NH) (t, 2H, J = 5.2 Hz), 6.20
(Ar-CH) (s, 2H), 6.33 (Ar-CH) (s, 2H), 7.40 (Ar-CH) (s,
1H,), 7.51 (Ar-CH) (d, 1H, J = 7.2 Hz), 7.56—7.65 (Ar-CH)
(m, 2H), 7.94 (Ar-CH) (d, 1H, J = 7.2 Hz), 8.96 (—~CH=N)
(s, 1H), 11.32 (—OH) (s, 1H) (Figure S12).

3C NMR (DMSO-dg, 75 MHz) & ppm: 14.59, 17.44, 37.92,
66.24, 96.32, 104.13, 106.13, 114.13, 119.04, 121.58, 123.78,
124.36, 127.20, 128.26, 129.47, 132.40, 134.90, 136.25, 148.47,
151.48, 151.88, 154.27, 166.13 (Figure S20).

Synthesis of Chemosensor (H;L3) [H;L3 = 2-(3-((3,5-
Dibromo-2-hydroxybenzylidene)amino)propyl)-3',6'-bis-
(ethylamino)-2’,7'-dimethylspiro[isoindoline-1,9'-xanthen]-
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3-one]. A mixture of N-(Rhodamine-6G)lactam-propylenedi-
amine (2.0 mmol, 0.9128 g) and 3,5-dichlorosalicylaldehyde
(2.0 mmol, 0.5598 g) was heated in refluxing condition for ca.
4 h in acetonitrile solvent. Yellow crystals were collected after
evaporation of the solvent.

Yield: 1.171 g (80%). Anal. caled for CiH;6Br,N,0;: C
59.03%; H 4.95%; N 7.65%. Found: C 58.88%; H 4.78%; N
9.29%. IR (cm™, KBr): v(C=N) 1621s; v(O—H) 3401s;
v(C=0) 1663s (Figure SS). ESI-MS (positive) in MeOH:
The base peak appeared at m/z = 755.01, corresponding to
[H,L3 + Na]* (Figure S3). UV—vis, A, (nm), (¢ (dm® mol™
cm™)) in HEPES buffer at pH = 7.4: 420 (47 570).

'H NMR (400 MHz, DMSO-d) 8 ppm: 1.20 (—CH,) (t,
6H, J, = 9.6 Hz, ], = 9.2 Hz), 1.84 (Ar-CHj;) (s, 6H), 2.09
(—CH,) (d, 2H, J = 16.8 Hz), 3.13 (—CH,) (q, 4H), 5.11
(NH) (s, 2H), 6.20 (Ar-CH) (s, 2H), 6.34 (Ar-CH) (s, 2H),
7.06 (Ar-CH) (d, 1H, J = 9.2 Hz), 7.54 (Ar-CH) (s, 1H),
7.54—7.72 (Ar-CH) (m, 2H), 7.72 (Ar-CH) (s, 1H), 7.95 (Ar-
CH) (d, 1H, J = 8.8 Hz), 890 (—~CH=N) (s, 1H), 11.66
(—OH) (s, 1H) (Figure S13).

13C NMR (DMSO-dg, 75 MHz) & ppm: 14.74, 16.74, 29.11,
37.54, 38.92, 54.60, 65.10, 96.64, 106.06, 107.72, 113.74,
118.00, 118.97, 122.76, 123.89, 128.17, 128.37, 131.16, 132.60,
132.81, 137.90, 147.54, 151.79, 153.42, 160.96, 163.82, 168.52
(Figure S21).

Synthesis of Chemosensor (H;L4) [H;L4 = 2-(3-((3,5-
Dichloro-2-hydroxybenzylidene)amino)propyl)-3',6’-bis-
(ethylamino)-2',7'-dimethylspiro[isoindoline-1,9'-xanthen]-
3-one]. A mixture of N-(Rhodamine-6G)lactam-propylenedi-
amine (2.0 mmol, 0.9128 g) and 3,5-dichlorosalicylaldehyde
(2.0 mmol, 0.3820 g) was heated in refluxing condition for ca.
4 h in acetonitrile solvent. Yellow crystals were obtained after
evaporation of the solvent.

Yield: 1.008 g (84%). Anal. caled for C3sH34C,N,O;: C
67.18%; H 5.64%; N 8.71%. Found: C 67.18%; H 5.58%; N
8.59%. IR (cm™, KBr): v(C=N) 1634s; v(O—H) 3430s;
v(C=0) 1674s (Figure SS). ESI-MS (positive) in MeOH:
The base peak appeared at m/z = 665.13, corresponding to
[H;L4 + Na]* (Figure S4). UV—vis, 4., (nm), (¢ (dm® mol™
cm™)) in HEPES buffer (10 mM) at pH = 7.4: 420 (47 570).

'"H NMR (400 MHz, DMSO-dg) & ppm: 1.20 (—CHj,) (t,
6H, J, = 9.6 Hz, J, = 9.2 Hz), 1.84 (Ar-CH,) (s, 6H), 2.09
(=CH,) (d, 2H, J = 16.8 Hz), 3.14 (—CH,) (q, 4H), 5.118
(NH) (s, 2H), 621 (Ar-CH) (s, 2H), 6.34 (Ar-CH) (s, 2H),
7.06 (Ar-CH) (d, 1H, J = 92 Hz), 7.54 (Ar-CH) (s, 1H),
7.54—7.72 (Ar-CH) (m, 2H), 7.72 (Ar-CH) (s, 1H), 7.94 (Ar-
CH) (d, 1H J = 144 Hz), 892 (—CH=N) (s, 1H), 11.66
(—OH) (s, 1H) (Figure S14).

3C NMR (DMSO-dg, 75 MHz) 6 ppm: 14.71, 16.72, 29.11,
37.54, 38.92, 54.60, 65.10, 96.65, 106.10, 117.99, 118.68,
121.13, 122.76, 123.61, 123.88, 128.15, 128.38, 128.99, 131.18,
132.57, 147.54, 151.79, 153.43, 159.18, 163.87, 168.49 (Figure
$22).

Synthesis of Complex (1) {[AI(HL1)(NO;)] = N-(-3,5-
Dibromo-2-oxidobenzylidene)-2-(-6-(ethylamino)-3-(ethyli-
mino)-2,7-dimethyl-3H-xanthen-9-yl)-
benzohydrazonatenitratoaluminium(lll)}. A 2 mL metha-
nolic solution of aluminum nitrate nonahydrate (1.0 mmol,
0.375 g) was added carefully to a 20 mL acetonitrile solution of
H;L1 (1.0 mmol, 0.690 g) followed by addition of triethyl-
amine (1.0 mmol, ~0.2 mL), and the resultant reaction
mixture was stirred for ca. 3 h. A red solid mass was collected
in high yield after slow evaporation of the solvent.
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Yield: 0.512 g (78%). Anal. calcd for C33H,3AIBr,N;Og4: C
50.99%; H 3.63%; N, 9.01%. Found: C 50.55%; H 3.51%; N
8.91%. IR (cm™, KBr): v(C=N) 1601s; v(NO;~) 1300s and
809s; v(C=0) 1655s (Figure S10). ESI-MS (positive) in
MeOH: The base peak was observed at m/z = 778.06,
corresponding to [AI(HL1)(NO;) + 1]* (Figure S6). UV—vis,
Amax (nm), (& (dm*® mol™ ecm™)) in HEPES buffer at pH =
7.4: 490 (27 500).

'"H NMR (400 MHz, DMSO-dg) & ppm: 1.22 (—CHj,) (t,
6H, ] = 5.6 Hz), 1.87 (Ar-CH,) (s, 6H), 3.50 (=CH,) (t, 4H, |
= 5.2 Hz), 5.11 (NH) (s, 1H), 6.10 (Ar-CH) (s, 2H), 6.27
(Ar-CH) (s, 2H), 6.97—6.95 (Ar-CH) (m, 2H), 7.52—7.50
(Ar-CH) (m, 2H), 7.61 (Ar-CH) (s, 1H), 7.81—7.80 (Ar-CH)
(m, 2H), 9.30 (—CH=N) (s, 1H) (Figure S15).

BC NMR (DMSO-dg, 75 MHz) § ppm: 14.59, 17.44, 37.92,
96.32, 104.13, 106.13, 114.16, 119.04, 121.58, 123.78, 124.36,
127.20, 128.26, 129.47, 132.40, 134.90, 136.25, 148.47, 151.48,
151.88, 163.37, 165.90, 167.58 (Figure S23).

Synthesis of Complex (2) {[AI(HL2)(NO3)] = N-(-3,5-
Dichloro-2-oxidobenzylidene)-2-(-6-(ethylamino)-3-(ethyli-
mino)-2,7-dimethyl-3H-xanthen-9-yl)-
benzohydrazonatenitratoaluminium(lll)}. A 2 mL metha-
nolic solution of aluminum nitrate nonahydrate (1.0 mmol,
0.375 g) was added carefully to a 20 mL acetonitrile solution of
H;L2 (1.0 mmol, 0.690 g) followed by addition of triethyl-
amine (1.0 mmol, ~0.2 mL), and the resultant reaction
mixture was stirred for ca. 3 h. A red solid mass was isolated in
high yield after slow evaporation of the solvent.

Yield: 0.512 g (78%). Anal. calcd for C33H,gAICLN;Og: C
50.99%; H 3.63%; N 9.01%. Found: C 50.55%; H 3.51%; N
8.91% IR (cm™, KBr): v(C=N) 1603s; (NO;~) 1300s and
810s; v(C=0) 1646s (Figure S10). ESI-MS (positive) in
MeOH: The base peak appeared at m/z = 696.22,
corresponding to [AI(HL2)(NO,) + Li]* (Figure S7). UV—
Vis, Aoy (nm), (& (dm® mol™ ecm™)) in HEPES buffer at pH =
7.4: 415 (19 670).

'H NMR (400 MHz, DMSO-d) & ppm: 1.22 (—CH,) (t,
6H, ] = 5.6 Hz), 1.87 (Ar-CH,) (s, 6H), 3.50 (—CH,) (t, 4H, J
= 5.2 Hz), 5.12 (NH) (s, 1H), 6.12 (Ar-CH) (s, 2H), 6.28
(Ar-CH) (s, 2H), 6.97—6.95 (Ar-CH) (m, 2H), 7.52—7.50
(Ar-CH) (m, 2H), 7.61 (Ar-CH) (s, 1H), 7.82—7.80 (Ar-CH)
(m, 2H), 9.33 (—~CH=N) (s, 1H) (Figure S16).

13C NMR (DMSO-dg, 75 MHz) & ppm: 14.59, 17.44, 37.92,
96.32, 105.10, 106.13, 114.13, 119.04, 121.58, 123.78, 124.36,
127.20, 128.26, 129.47, 132.40, 134.88, 136.25, 149.47, 152.48,
152.90, 162.87, 165.27, 169.13 (Figure S24).

Synthesis of Complex (3) {[AI(L3)(NO3)] = N-(3-((-3,5-
Dibromo-2-oxidobenzylidene)amino)propyl)-2-(-6-(ethyla-
mino)-3-(ethylimino)-2,7-dimethyl-3H-xanthen-9-yl)-
benzimidatenitratoaluminium(lll)}. A 2 mL methanolic
solution of aluminum nitrate nonahydrate (1.0 mmol, 0.375
g) was added carefully to a 20 mL acetonitrile solution of H;L3
(1.0 mmol, 0.690 g) followed by addition of triethylamine (1.0
mmol, ~0.2 mL), and the resultant reaction mixture was
stirred for ca. 3 h. A red solid mass was isolated in high yield
after slow evaporation of the solvent.

Yield: 0.512 g (78%). Anal. calcd for C;4H;5AIBr,N;Og: C
52.63%; H 4.42%; N 8.53%. Found: C 52.55%; H 4.31%; N
8.47%. IR (cm™, KBr): v(C=N) 1630s; v(NO,~) 1300s and
811s; v(C=0) 773s (Figure S10). ESI-MS (positive) in
MeOH: The base peak appeared at m/z = 822.09,
corresponding to [AI(HL3)(NO;) + 1]* (Figure S8). UV—
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Vis, Aoy (nm), (& (dm® mol™ ecm™)) in HEPES buffer at pH =
7.4: 490 (28160).

'H NMR (400 MHz, DMSO-d;) 6 ppm: 1.22 (—CH,) (t,
6H, ] = 5.6 Hz), 1.38 (—CH,) (t, 2H, J, = 5.6 Hz, J, = 5.2 Hz),
1.87 (Ar-CH,;) (s, 6H), 2.62 (—CH,) (d, 2H, ] = 3.6 Hz), 3.05
(=CH,) (t, 2H, J, = 42 Hz, ], = 4.5 Hz), 3.13 (—CH,) (q,
4H), 5.11 (NH) (t, 1H), 6.01 (Ar-CH) (s, 2H), 6.20 (Ar-CH)
(s, 2H), 6.97—6.96 (Ar-CH) (m, 2H), 7.52—=7.50 (Ar-CH)
(m, 2H), 7.61 (Ar-CH) (s, 1H), 7.82—7.80 (Ar-CH) (m, 2H),
932 (~CH=N) (s, 1H) (Figure S17).

3C NMR (DMSO-dg, 75 MHz) & ppm: 14.74, 16.74,29.21,
37.54, 38.92, 54.80, 96.64, 106.06, 107.72, 113.74, 118.00,
118.97, 122.76, 123.89, 128.17, 128.37, 131.16, 132.60, 132.81,
137.90, 147.54, 151.79, 153.42, 160.96, 163.82, 168.52 (Figure
$25).

Synthesis of Complex (4) {[AI(HL4)(NO;)] = N-(3-((-3,5-
Dichloro-2-oxidobenzylidene)amino)propyl)-2-(-6-(ethyla-
mino)-3-(ethylimino)-2,7-dimethyl-3H-xanthen-9-yl)-
benzimidatenitratoaluminium(lll)}. A 2 mL methanolic
solution of aluminum nitrate nonahydrate (1.0 mmol, 0.375
g) was added carefully to a 20 mL acetonitrile solution of HyL4
(1.0 mmol, 0.690 g) followed by addition of triethylamine (1.0
mmol, ~0.2 mL), and the resultant reaction mixture was
stirred for ca. 3 h. A red solid mass was isolated in high yield
after slow evaporation of the solvent.

Yield: 0.512 g (78%). Anal. calcd for C;4H;5AICLNOg: C
59.02%; H 4.95%; N 9.56%. Found: C 58.85%; H 4.81%; N
9.21%. IR (cm™, KBr): v(C=N) 1621s; (NO;~) 1310s and
813s; v(C=0) 1634s (Figure S10). ESI-MS (positive) in
MeOH: The base peak appeared at m/z = 732.16,
corresponding to [AI(HL4)(NO;) + 1]* (Figure S9). UV—
Vis, Ay (nm), (& (dm® mol™ em™)) in HEPES buffer at pH =
7.4: 490 (13 019).

'"H NMR (400 MHz, DMSO-dg) § ppm: 1.29 (—CHj) (t,
6H J = 42 Hz), 1.38 (~CH,) (t, 2H J, = 42 Hz, ], = 4.5 Hz),
1.87 (Ar-CH,) (s, 6H), 2.62 (=CH,) (d, 2H, J = 3.6 Hz), 3.05
(=CH,) (t, 2H, J, = 42 Hz, ], = 4.5 Hz), 3.13 (—CH,) (q,
4H), 5.11 (NH) (s, 1H), 6.10 (Ar-CH) (s, 2H), 6.27 (Ar-CH)
(s, 2H), 6.97—6.94 (Ar-CH) (m, 2H), 7.52—7.50 (Ar-CH)
(m, 2H), 7.61 (Ar-CH) (s, 1H), 7.87—7.85 (Ar-CH) (m, 2H),
9.35 (—CH=N) (s, 1H) (Figure S18).

3C NMR (DMSO-dg, 75§ MHz) § ppm: 14.71, 16.72, 29.11,
37.54, 54.60, 96.6S, 106.10, 117.99, 118.68, 121.13, 122.76,
123.61, 123.88, 128.15, 128.38, 128.99, 131.88, 132.57, 147.74,
151.59, 153.73, 160.18, 164.57, 169.4S (Figure S26).

UV-Visible and Fluorescence Spectroscopy Experi-
ment. Stock solutions of different ions (1 X 107> M) were
prepared in a deionized water medium. A stock solution of the
chemosensors (H;L1—H;L4) (1 X 107> M) was prepared in
methanol medium. The chemosensors (H;L1—H;L4) solution
was then diluted to 1 X 107> M as per requirement. A
competitive assay of various cations and anions and other
spectroscopic experiments were performed in aqueous
methanolic HEPES buffer (10 mM) medium at pH 7.4. In
the competitive assay experiments, the test samples were
prepared by mixing appropriate amounts of the cations stock in
3 mL of chemosensors (H,;L1—H,L4) solution (1 X 107> M).

Binding Stoichiometry (Job’s Plot) Studies. Binding
stoichiometry of the chemosensors with that of A" ions is
determined by Job’s continuation method using absorption
spectroscopy. At 25 °C, the absorbance was recorded for
solutions where the concentrations of both chemosensor and
AI** ions are varied but the sum of their concentrations was
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kept constant at 1 X 107° M, i.e., relative change in absorbance
(AA/A,) against mole fraction of chemosensor. The break
point in the resulting plot represents the mole fraction of
chemosensor in the AI** complex. From the break point, the
stoichiometry was determined. The final results reported were
an average of at least three experiments.

Cell Culture. The triple-negative breast cancer cells of
human origin, MDA-MB-468, are procured from the National
Center for Cell Science (NCCS) Pune, India. The cells were
cultured in an enriched cell culture medium, Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10%
fetal bovine serum (FBS) and a mixture of appropriate
antibiotics (streptomycin and penicillin at a dose of 100 units/
mL). The cells were incubated at a temperature of 37 °C and
in the prevalence of 5% CO,.

Cell Visualization Studies. The human breast cancer
cells, MDA-MB-468, were cultured on coverslips for a period
of 24 h. Then, these cells were either left untreated or were
exposed to a dose of ligands (10 uM) and AP** salt (10 uM).
These treated cells were then incubated for 24 h at a
temperature of 37 °C. Afterward, the cells were thoroughly
washed with the help of 1 X PBS. Ultimately, the cells were
envisaged with the help of a fluorescence microscope (Leica)
following the mounting of the cells on a glass slide.

Computational Method. All computations were studied
using the GAUSSIANO09 (G09)*" software package. For
optimization process, we used the density functional theory
method at the B3LYP level,’”** and the standard 6-31+G(d)
basis set for C, H, N, and O atoms***® and the lanL2DZ
effective potential (ECP) set of Hay and Wadt**™*® for
aluminum atoms have been selected for optimization.

TDDFT calculation was studied with the optimized
geometry to ensure only positive eigen values. Time-dependent
density functional theory (TDDFT)*”~°" was examined usin
conductor-like polarizable continuum model (CPCM)®*~°
and the same B3LYP level and basis sets in methanolic solvent
system. GAUSSSUM® was utilized to calculate the fractional
contributions of various groups to each molecular orbital.
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Introduction

Two rhodamine-azo based fluorescent probes for
recognition of trivalent metal ions: crystal
structure elucidation and biological applications+

Jayanta Mandal,® Kunal Pal,® Sougata Ghosh Chowdhury,® Parimal Karmakar, € °
Anangamohan Panja, (2 € Snehasis Banerjee (2 ¢ and Amrita Saha () *@

Two rhodamine and azo based chemosensors (HL1 = (3',6'-bis(ethylamino)-2-((2-hydroxy-3-methoxy-5-
(phenyldiazenyl)benzylidene)amino)-2',7'-dimethylspirolisoindoline-1,9'-xanthen]-3-one) and HL2 =
(3',6'-bis(ethylamino)-2-(((2-hydroxy-3-methoxy-5-(p-tolyldiazenyl)benzylidene)amino)-2',7'-dimethyl-
spiro[isoindoline-1,9'-xanthen]-3-one) have been synthesized for colorimetric and fluorometric detection
of three trivalent metal ions, A**, Cr** and Fe®*. The chemosensors have been thoroughly characterized
by different spectroscopic techniques and X-ray crystallography. They are non-fluorescent due to the
presence of a spirolactam ring. The trivalent metal ions initiate an opening of the spirolactam ring when
excited at 490 nm in Britton—Robinson buffer solution (H,O/MeOH 1:9 v/v; pH 7.4). The opening of the
spirolactam ring increases conjugation within the probe, which is supported by an intense fluorescent
pinkish-yellow colouration and an enhancement of the fluorescence intensity of the chemosensors by
~400 times in the presence of A** and Cr** ions and by ~100 times in the presence of Fe3* ions. Such a
type of enormous fluorescence enhancement is rarely observed in other chemosensors for the detection
of trivalent metal ions. A 2:1 binding stoichiometry of the probes with the respective ions has been
confirmed by Job's plot analysis. Elucidation of the crystal structures of the A®* bound chemosensors (1
and 4) also justifies the 2: 1 binding stoichiometry and the presence of an open spirolactam ring within
the chemosensor framework. The limit of detection (LOD) values for both the chemosensors towards the
respective metal ions are in the order of ~10™° M which supports their application in the biological field.
The biocompatibility of the ligands has been studied with the help of the MTT assay. The results show that
no significant toxicity was observed up to 100 pM of chemosensor concentration. The capability of our
synthesized chemosensors to detect intracellular A*, Cr** and Fe®* ions in the cervical cancer cell line
Hela was evaluated with the aid of fluorescence imaging.

research.’™ Various techniques such as atomic absorption
spectroscopy,” inductively coupled plasma-mass spectroscopy,’

Colorimetric and fluorescent chemosensors which are plasma emission spectrometry,® neutron activation analysis,”
designed for selective detection of metal ions play a crucial chromatography® and voltammetry® are available for detection
role in the development of medicinal and environmental of different metal ions in food, biological systems, and
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environmental and industrial samples. Most of these detection
techniques are expensive and users face challenges in sample
preparation, instrument handling and their costly mainten-
ance charges. In this regard, the fluorescence study is a highly
sensitive, user friendly, low cost and real time monitoring
process. Among different metal ions, trivalent metal ions, AI**,
Cr’* and Fe®" deserve special mention. Extensive application
of these metals in industry and daily life results in their
diffusion and contamination in living systems and causes a
wide variety of diseases.'® Aluminium is the most abundant

1 Electronic supplementary information (ESI) available. CCDC 2051844-2051847
for HL1, HL2, and complexes 1 and 4, respectively. For ESI and crystallographic
data in CIF or other electronic format see DOI: https:/doi.org/10.1039/
d2dt00399f

This journal is © The Royal Society of Chemistry 2022

metal in the Earth’s crust and used vastly for domestic pur-
poses. The excessive concentration of AI** in the human body
causes myopathy, encephalopathy, microcytic hypochromic
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anemia, Parkinson’s disease and Alzheimer’s disease.'" Iron is
an important dietary element since it is present in the active
site of different metalloenzymes which play crucial roles in
different physiological processes, such as oxygen uptake,'?
oxygen metabolism," electron transfer'* etc. Therefore, iron
deficiency leads to low blood pressure, etc,">"®
whereas excess iron storage can generate reactive oxygen
species, which can damage lipids, proteins and nucleic
acids."”'® Cr*" is an essential nutritional trace element for the
human body and its deficiency causes cardiovascular disease
and diabetes and affects the glucose and lipid metabolism
resulting in nervous system disorder.'® Again, Cr** from indus-
trial waste causes damage to the environment and living
systems. Generally, chemosensors designed for sensing indi-
vidual metal ions are well known in the literature, but only a
handful of examples of dual or multi-metal ion sensing
chemosensors are reported. Such a type of chemosensor
reduces the synthesis cost and analytical time.

Here, we have demonstrated rhodamine and azo containing
fluorescent and colorimetric probes HL1 and HL2 [HL1 = 3',6'-
bis(ethylamino)-2-((2-hydroxy-3-methoxy-5-( phenyldiazenyl )ben-
zylidene)amino)-2',7-dimethylspiro[isoindoline-1,9"-xanthen]-3-
one and [HL2 = 3',6"-bis(ethylamino)-2-((2-hydroxy-3-methoxy-5-
(p-tolyldiazenyl)benzylidene)amino)-2',7-dimethylspiro[isoindo-
line-1,9-xanthen]-3-one] for monitoring trivalent ions, AI**, Cr**
and Fe*" (Scheme 1). Common fluorophore units present in
fluorescent chemosensors are coumarin, pyrene, 1,8-naphthali-
mide, rhodamine, squaraine, cyanine, boron dipyrromethene
difluoride (BODIPY), nitrobenzofurazan, etc. Among them, rho-
damine-based chemosensors are capable of both naked eye
detection and fluorescence emission. They have excellent
photophysical properties with greater photostability, visible
wavelength emission, high extinction coefficients and quantum
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Scheme 1 Route to preparation of the azo-aldehyde and chemo-
sensors (HL1 and HL2).
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yields. Their off/on-type of sensing property is owing to their
structural properties. The presence of protons or metal ions
initiates the opening of their spirolactam ring, resulting in a col-
orimetric response and strong fluorescence emission.> In the
chemosensors, an azo unit is introduced due to its high photo-
sensitivity and it may also initiate longer conjugation.”!
Recently, two rhodamine and azo based chemosensors which
selectively detect AI’* and Cu®" ions were reported. In the case of
AP**, rhodamine 2B and nitro substituted azo units are present
in the chemosensor.>”> Rhodamine 2B and simple azo units are
present in the case of the Cu®" sensor.”® Interestingly, replace-
ment of the rhodamine 2B unit with a rhodamine 6G unit and a
simple azo or methyl substituted azo unit results in chemo-
sensors HL1 and HL2 which selectively detect trivalent metal
ions. Chemosensors HL1 and HL2 exhibit an ~400, ~400 and
~100 times enhancement of fluorescence intensity at 555 nm
wavelength in the presence of AI**, Cr** and Fe*', respectively.
The permissible limit of AI**, Cr** and Fe®" ions in water is
2.9mg L™, 0.3 mg L™, and 0.05 mg L, respectively. Therefore,
a low detection limit (LOD) of HL1 and HL2 against AI**, Cr**
and Fe*" ions (~107° M order) will allow us to use them in real
world applications and cell imaging studies. We have success-
fully elucidated the X-ray crystal structures of both the chemo-
sensors and their AI*" bound complexes. Their X-ray crystal
structures confirm the 1:2 binding stoichiometry between the
metal ion and the chemosensors. The crystal structures of Al**
bound rhodamine-based chemosensor complexes are scarce in
the literature. Some recently reported rhodamine-based chemo-
sensors are given in Chart S1** (ESIY). A literature survey on pre-
viously reported rhodamine based chemosensors®2® (both
single metal ion and multiple metal ion detectors) and other
chemosensors”™° (both single metal ion and multiple metal
ion sensors) reveals that our reported chemosensors, which sim-
ultaneously detect three trivalent metal ions, have certain advan-
tages like easy synthetic procedures involving less expensive
chemicals, a high fluorescence enhancement in the presence of
metal ions, low LOD values (10™° M order), dual sensing charac-
ter (colorimetric and fluorescence), X-ray structures of both free
chemosensors and their metal bound forms and real world and
biological applications. One main drawback of these chemo-
sensors is their partial solubility in an aqueous medium.****>*"

Experimental section
Materials and physical measurement description

All reagent or analytical grade chemicals and solvents were col-
lected from commercial sources and used without further puri-
fication. Elemental analysis was carried out using a Perkin-
Elmer 240C elemental analyzer. Infrared spectra
(400-4000 cm™) were recorded using KBr pellets on a Nicolet
Magna IR 750 series-II FTIR spectrophotometer. Absorption
spectral data were collected using a Cary 60 spectrophotometer
(Agilent) with a 1 cm-path-length quartz cell. Electron spray
ionization mass (ESI-MS positive) spectra were recorded using
a MICROMASS Q-TOF mass spectrometer. A Fluromax-4 spec-

This journal is © The Royal Society of Chemistry 2022
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trofluorimeter was used to collect emission spectral data at
room temperature (298 K) in Britton-Robinson buffer at pH =
7.4 solution under degassed conditions. A time-resolved spec-
trofluorometer from IBH, UK was used to collect fluorescence
lifetime data. "H and >C NMR spectral data were collected
using Bruker 300 and Bruker 400 spectrometers in CD;OD and
DMSO-dg solvents. Cyclic voltammetric experiments were per-
formed using a PC-controlled PAR model 273A electrochemical
system under a nitrogen atmosphere using an Ag/AgCl refer-
ence electrode, with a Pt disk working electrode and a Pt wire
auxiliary electrode in acetonitrile containing a supporting elec-
trolyte, 0.1 M BuyNClO,.

X-ray crystallography

Single crystal X-ray data of the chemosensors (HL1 and HL2)
were collected on a Bruker SMART APEX-II CCD diffractometer
using graphite mono-chromated Mo Ka radiation (4 =
0.71073 A) at room temperature. Data processing, structure
solution, and refinement were examined using the Bruker
Apex-1I suite program. All available reflection data in the 26«
range were collected and corrected for Lorentz and polariz-
ation factors with Bruker SAINT plus.*® Reflections were then
corrected for absorption, inter-frame scaling, and different sys-
tematic errors with SADABS.** The structures were solved by
the direct methods and refined with the help of the full matrix
least-square technique based on F* with the SHELX-2017/1
software package.*® All the non-hydrogen atoms were refined
with anisotropic thermal parameters. C-H hydrogen atoms
were attached to the geometrical positions with Uis, = 1/2Ucq
for those atoms they were attached to. Some restraints were
applied when refining disordered DMF molecules and nitrate
ions to make it reasonable. One of the dichloromethane mole-
cules present as the solvent of crystallization in HL1 was
highly disordered, which was very difficult to model, and thus
their final contribution to the R value was excluded through
the SQUEEZE procedure. Similarly in complex 1, two water and
two DMF molecules present as solvents of crystallization are
highly disordered and it is very difficult to produce a good
model to resolve the issue and thereby their contributions
were removed by a squeeze procedure from the final R values.
Crystal data and details of data collection and refinement for
the chemosensors (HL1 and HL2) and complexes (1 and 4) are
collected in Table S2.7

Synthesis of N-(rhodamine-6G)lactam-hydrazine and azo-
aldehydes

N-(Rhodamine-6G)lactam-hydrazine and azo-aldehydes were
prepared by following literature procedures.?**2*

Preparation of chemosensor HL1

A mixture of N-(rhodamine-6G)lactam-hydrazine (2.0 mmol,
0.8564 g) and 2-hydroxy-5-(phenyldiazenyl)benzaldehyde
(2.0 mmol, 0.512 g) was heated under refluxing conditions for
ca. 2 h in methanol-chloroform (9: 1, v/v). Light yellow crystals
were formed from slow evaporation of the methanol-chloro-
form solvent mixture.

This journal is © The Royal Society of Chemistry 2022
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Yield: 1.094 g (80%). Anal. Calc. for C;3H4oNgO4Cls: C
55.71%; H 4.45%; N 9.28%; Found: C 55.69%; H 4.40%; N
9.26%. IR (em™!, KBr): (C=N) 1624s; 1(0O-H) 3433s; 1(C=0)
1690s (Fig. S11). ESI-MS (positive) in MeOH: the base peak
appeared at m/z = 689.27, corresponding to [HL1 + Na]
(Fig. $21). UV-Vis, Amax (nm), (¢ (dm® mol™" em™)) in Britton-
Robinson buffer at pH = 7.4: 307 (39 020).

'H NMR (300 MHz, d-DMSO) 5 ppm: 1.20 (-CH) (t, 6H, J =
7.2 Hz), 1.86 (Ar-CH3) (s, 6H), 3.34-3.099 (-CH,) (m, 4H), 3.84
(-OCH3) (s, 3H), 5.09 (NH) (t, 2H, J, = 4.8 Hz, J, = 5.1 Hz), 6.23
(Ar-CH) (s, 2H), 6.34 (Ar-CH) (s, 2H), 7.06 (Ar-CH) (d, 1H, J =
6.2 Hz), 7.44 (Ar-CH) (s, 1H), 7.49-7.67 (Ar-CH) (m, 4H),
7.82-7.96 (Ar-CH) (m, 3H), 8.32 (Ar-CH;) (s, 1H), 9.05
(-CH=N) (s, 1H), 11.55 (-OH) (s, 1H) (Fig. S3at).

'H NMR (400 MHz, d,-CD;0D) § ppm: 1.31 (-CHj) (t, 6H),
1.92 (Ar-CH3) (s, 6H), 3.21-3.27 (-CH,) (m, 4H), 3.91 (-OCHj)
(s, 3H), 6.29 (Ar-CH) (s, 2H), 6.49 (Ar-CH) (s, 2H), 7.53-8.29
(Ar-CH) (m, 11H), 8.84 (-CH=N) (s, 1H), 11.54 (~-OH) (s, 1H)
(Fig. S3bt).

BC NMR (dg-DMSO, 75 MHz) § ppm: 14.62, 17.47, 37.94,
56.36, 66.08, 96.29, 104.06, 104.70, 118.92, 119.28, 119.77,
122.74, 123.63, 124.31, 127.27, 128.71, 128.96, 129.32, 129.85,
131.33, 134.59, 145.06, 146.67, 147.40, 148.39, 149.26, 150.56,
151.47, 151.99, 152.35, 165.25 (Fig. S41).

Synthesis of chemosensor HL2

A mixture of N-(rhodamine-6G)lactam-hydrazine (2.0 mmol,
0.8564 g) and 2-hydroxy-3-methoxy-5-(p-tolyldiazenyl)benz-
aldehyde (2.0 mmol, 0.540 g) was heated under refluxing con-
ditions for ca. 2 h in methanol-chloroform (9:1, v/v). Light
yellow crystals were formed from slow evaporation of the
methanol-chloroform solvent mixture.

Yield: 1.201 g (86%). Anal. Calc. for C,;yH41NgO4Clz: C
63.04%; H 5.16%; N 10.50%. Found: C 62.98%; H 5.10%; N
10.46%. IR (cm™*, KBr): 1(C=N) 1621s; 1(0O-H) 3421s; 1(C=0)
1696s (Fig. S171). ESI-MS (positive) in MeOH: the molecular ion
peak appeared at m/z = 681.27, corresponding to [HL2 + 1]
(Fig. S51). UV-Vis, Amax (nm), (¢ (dm® mol™" em™)) in Britton-
Robinson buffer (10 mM) at pH = 7.4: 310 (38 440).

'H NMR (300 MHz, d¢-DMSO) 6 ppm: 1.21 (-CH;) (t, 6H),
1.86 (Ar-CH;) (s, 6H), 2.39 (Ar-CH;) (s, 3H), 3.18-3.09 (—-CH,)
(m, 4H), 3.85 (-OCHj) (s, 3H), 5.09 (NH) (t, 2H, J, = 4.5 Hz, ], =
5.4 Hz), 6.22 (Ar-CH) (s, 2H), 6.34 (Ar-CH) (s, 2H), 7.06 (Ar-
CH) (d, 1H, J = 6.6 Hz), 7.36 (Ar-CH) (d, 2H, J = 8.4 Hz), 7.42
(Ar-CH) (s, 1H), 7.65-7.56 (Ar-CH) (m, 2H), 7.75 (Ar-CH) (d,
2H, J = 8.1 Hz), 7.94 (Ar-CH) (d, 2H, J = 6.6 Hz), 8.32 (Ar-CH)
(s, 1H), 9.03 (-CH=N) (s, 1H), 11.51 (-OH) (s, 1H) (Fig. S6at).

'H NMR (400 MHz, d,-CD;0D) & ppm: 1.29 (-CH,) (t, 6H),
1.92 (Ar-CH,) (s, 6H), 2.42 (Ar-CH,) (s, 3H), 3.26-3.21 (—-CH,)
(m, 4H), 3.89 (-OCH,) (s, 3H), 6.26 (Ar-CH) (s, 2H), 6.44 (Ar-
CH) (s, 2H), 8.02-7.30 (Ar-CH) (m, 9H), 8.30 (Ar-CH) (s, 1H),
8.82 (-CH=N) (s, 1H), 11.50 (-OH) (s, 1H) (Fig. S6b*).

3C NMR (dg-DMSO, 75 MHz) § ppm: 14.62, 17.47, 21.92,
37.94, 56.36, 66.08, 96.29, 104.06, 104.70, 118.92, 119.28,
119.77, 122.74, 123.63, 124.31, 127.27, 128.71, 128.96, 129.32,
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129.85, 131.33, 134.59, 145.06, 146.67, 147.40, 148.39, 149.26,
150.56, 151.47, 151.99, 152.35, 165.27 (Fig. S71).

Synthesis of [Al(L1),](NO;)-3DMF-2H,O0 (1)

Firstly, 2 mL of a methanol solution of aluminum nitrate non-
ahydrate (1.0 mmol, 0.375 g) was added carefully to 20 mL of a
methanol-chloroform (9:1, v/v) solution of HL1 (2.0 mmol,
1.332 g). Then, the reaction mixture was stirred for ca. 3 h. Red
crystals were collected in high yield after slow evaporation of
the methanol-DMF solvent mixture.

Yield: 1.348 g (79%). Anal. Calc. for CgoHgoAIN;40;4: C
63.79%; H 5.95%; N 13.37%; Found: C 63.68%; H 5.86%; N
13.29%. IR (cm™', KBr): ©(C=N) 1601s; v(NO;~) 1300s and
809s; v(C=O0) 1646s (Fig. S8t). The molecular ion peak
appeared at m/z = 1357.37 and 679.26, corresponding to [Al
(L1),]" and [AI(L1), + H]*", respectively (Fig. S91). UV-Vis, Amax
(nm), (¢ (dm® mol™ ecm™")) in Britton-Robinson buffer at pH =
7.4: 525 (59 558).

'H NMR (400 MHz, d-DMSO) 5 ppm: 1.20 (-CH;) (t, 6H, J =
7.2 Hz), 1.87 (Ar-CHj) (s, 6H), 3.12-3.19 (-CH,) (m, 4H), 5.93
(NH) (s, 1H), 6.29 (Ar-CH) (d, 2H, J = 6 Hz), 6.40 (Ar-CH) (d,
2H, J = 6.3 Hz), 7.47-7.61 (Ar-CH) (m, 6H), 7.63-7.88 (Ar-CH)
(m, 4H), 8.41 (NH) (d, 2H), 9.07 (-CH=N) (s, 1H) (Fig. S10at).

'H NMR (400 MHz, d,-CD;0D) & ppm: 1.32 (-CHj,) (t, 6H),
2.09 (Ar-CHj;) (s, 6H), 3.12-3.19 (-CH,) (m, 4H), 6.53 (NH) (s,
1H), 6.89 (Ar-CH) (d, 4H), 7.42-8.45 (Ar-CH) (m, 10H), 8.90
(-CH=N) (s, 1H) (Fig. S10b¥).

3C NMR (dg-DMSO, 75 MHz) 6 ppm: 14.55, 17.92, 38.10,
56.35, 96.62, 104.16, 105.21, 118.29, 119.09, 119.67, 122.41,
122.74, 123.63, 124.30, 125.12, 127.34, 128.74, 129.35, 130.33,
134.60, 141.42, 145.08, 148.17, 149.22, 150.23, 150.40, 151.47,
151.91, 156.01, 157.22, 164.47, 168.07 (Fig. S111).

Synthesis of [Cr(L1),](NO3) (2)

Firstly, 2 mL of a methanol solution of chromium nitrate non-
ahydrate (1.0 mmol, 0.400 g) was added carefully to 20 mL of a
methanol-chloroform (9:1, v/v) solution of HL1 (2.0 mmol,
1.332 g). Then, the reaction mixture was stirred for ca. 3 h. Red
microcrystals were collected in high yield after slow evapor-
ation of the solvent.

Yield: 1.385 g (80%). Anal. Calc. for CgyH,4CrN;30;q: C
66.74%; H 5.16%; N 12.60%; Found: C 66.65%; H 5.01%; N
12.50%. IR (cm™', KBr): ©(C=N) 1601s; v(NO;~) 1300s and
810s; Y(C=0) 1655 s (Fig. S8f). The molecular ion peak
appeared at m/z = 1382.51 and 691.76, corresponding to [Cr
(L1),]" and [Cr(L1), + H]*Y, respectively (Fig. $121). UV-Vis, Amax
(nm), (¢ (dm® mol™ ¢cm™)) in Britton-Robinson buffer at pH =
7.4: 525 (80 235).

Synthesis of [Fe(L1),](NO;) (3)

Firstly, 2 mL of a methanol solution of ferric nitrate nonahy-
drate (1.0 mmol, 0.404 g) was added carefully to 20 mL of a
methanol-chloroform (9:1, v/v) solution of HL1 (2.0 mmol,
1.332 g). Then, the reaction mixture was stirred for ca. 3 h. A
red powder was collected in high yield after slow evaporation
of the solvent.
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Yield: 1.302 g (75%). Anal. Calc. for CgoH,4FeN;304q: C
66.74%; H 5.15%; N 12.56%; Found: C 66.55%; H 5.01%; N
12.41%. IR (em™, KBr): 4(C=N) 1603s; v(NO;”) 1300s and
809s; y(C=O0) 1641s (Fig. S8t). The molecular ion peak
appeared at m/z = 1386.51 and 693.83, corresponding to [Fe
(L1),]" and [Fe(L1), + H]**, respectively (Fig. $131). UV-Vis, Amax
(nm), (¢ (dm® mol™ em™)) in Britton-Robinson buffer at pH =
7.4: 525 (80 470).

Synthesis of [Al(HL2)(L2)](NO;),-4H,0 (4)

Firstly, 2 mL of a methanol solution of aluminum nitrate non-
ahydrate (1.0 mmol, 0.375 g) was added carefully to 20 mL of a
methanol-chloroform (9:1, v/v) solution of HL2 (2.0 mmol,
1.362 g). Then, the reaction mixture was stirred for ca. 3 h. Red
crystals were collected in high yield after slow evaporation of
the solvent.

Yield: 0.802 g (76%). Anal. Calc. for Cg,Hg,AIN;4045: C
62.19%; H 5.54%; N 12.38%; Found: C 62.01%; H 5.29%; N
12.07%; IR (cm™, KBr): y(C=N) 1608s; v(NO;~) 1300s and
822s; y(C=O0) 1640s (Fig. S14f). The molecular ion peak
appeared at m/z = 1385.58 and 693.29, corresponding to [Al
(12),]" and [Al(L2), + H]*", respectively (Fig. S151). UV-Vis, Amax
(nm), (¢ (dm® mol™" em™)) in Britton-Robinson buffer at pH =
7.4: 525 (59 847).

'H NMR (400 MHz, d¢-DMSO) § ppm: 1.20 (-CH,) (t, 6H, J =
7.2 Hz), 1.87 (Ar-CH;) (s, 6H), 2.39 (Ar-CH3) (s, 3H), 3.12-3.19
(-CH,) (m, 4H), 5.93 (NH) (s, 1H), 6.29 (Ar-CH) (d, 2H, J = 6
Hz), 6.40 (Ar-CH) (d, 2H, J = 6.3 Hz), 7.47-7.61 (Ar-CH) (m,
4H), 7.63-7.88 (Ar-CH) (m, 4H), 8.41 (Ar-CH) (d, 1H), 9.07
(-CH=N) (s, 1H) (Fig. S16aft).

'H NMR (400 MHz, d,-CD;0D) & ppm: 1.34 (-CH,) (t, 6H),
2.09 (Ar-CHj,) (s, 6H), 2.68 (Ar-CH,) (s, 3H), 3.04-2.90 (-CH,)
(m, 4H), 6.24 (Ar-CH) (s, 2H), 6.46 (Ar-CH) (s, 2H), 7.43-8.18
(Ar-CH) (m, 10H), 8.45 (Ar-CH) (d, 1H), 8.99 (-CH=N) (s, 1H)
(Fig. S16b¥).

3C NMR (dg-DMSO, 75 MHz) § ppm: 14.55, 17.91, 21.91,
38.10, 56.34, 96.60, 104.16, 105.01, 118.99, 119.09, 119.67,
122.41, 122.74, 123.63, 124.30, 125.12, 127.34, 128.74, 129.35,
130.33, 134.60, 141.46, 145.08, 148.17, 149.23, 150.23, 150.40,
151.47, 151.91, 156.01, 157.25, 164.27, 168.27 (Fig. S171).

Synthesis of [Cr(L2),](NO;) (5)

Firstly, 2 mL of a methanol solution of chromium nitrate non-
ahydrate (1.0 mmol, 0.400 g) was added carefully to 20 mL of a
methanol-chloroform (9:1, v/v) solution of HL2 (2.0 mmol,
1.362 g). Then, the reaction mixture was stirred for ca. 3 h. Red
coloured microcrystals were collected in high yield after slow
evaporation of the solvent.

Yield: 1.448 g (82%). Anal. Calc. for CgH,5CrN;3044: C
66.84%; H 5.34%; N, 12.36%; Found: C 66.75%; H 5.28%; N
12.31%; IR (cm™!, KBr): 1(C=N) 1600s; v(NO;~) 1312s and
811s; y(C=O0) 1641s (Fig. S14f). The molecular ion peak
appeared at m/z = 1411.55 and 706.28, corresponding to [Cr
(L2),]" and [Cr(L2), + H]**, respectively (Fig. $181). UV-Vis, Amax
(nm), (¢ (dm® mol™ em™)) in Britton-Robinson buffer at pH =
7.4: 525 (80 235).
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Synthesis of [Fe(L2),](NO;) (6)

Firstly, 2 mL of a methanol solution of ferric nitrate nonahy-
drate (1.0 mmol, 0.404 g) was added carefully to 20 mL of a
methanol-chloroform (9:1, v/v) solution of HL2 (2.0 mmol,
1.362 g). Then, the reaction mixture was stirred for ca. 3 h. A
red coloured powder was collected in high yield after slow
evaporation of the solvent.

Yield: 1.377 g (78%). Anal. Calc. for Cg,H;gFeN;304:: C
66.66%; H 5.32%; N, 12.32%; Found: C 66.55%; H 5.25%; N
12.30%; IR (cm™, KBr): y(C=N) 1605s; v(NO;~) 1300s and
812s; y(C=O0) 1642s (Fig. S14t). The molecular ion peak
appeared at m/z = 1414.54 and 707.77, corresponding to [Fe
(L2),]" and [Fe(L2), + H]**, respectively (Fig. $191). UV-Vis, Amax
(nm), (¢ (dm® mol™" em™)) in Britton-Robinson buffer at pH =
7.4: 525 (82471).

UV-visible and fluorescence spectroscopic experiment

Stock solutions of different ions (1 x 107> M) were prepared in
deionized water medium. A stock solution of the chemo-
sensors (HL1 and HL2) (1 x 10~ M) was prepared in methanol
medium. The chemosensor (HL1 and HL2) solution was then
diluted to 1 x 107> M as per requirements. Competitive assays
of various cations and anions and other spectroscopic experi-
ments were performed in aqueous-methanol Britton-Robinson
buffer (10 mM) medium at pH 7.4. In competitive assay experi-
ments, the test samples were prepared by mixing appropriate
amounts of the cation stock in 3 mL of the chemosensor (HL1
and HL2) solution (1 x 107> M).

Binding stoichiometry (Job’s plot) studies

Binding stoichiometry of the chemosensors with Al**, Cr*" and
Fe** ions was determined by Job’s continuous variation
method using absorption spectroscopy. At 25 °C temperature,
the absorbance was recorded for the solutions where the con-
centrations of both chemosensors and AI**, Cr** and Fe*' ions
were varied but the sum of their concentrations was kept con-
stant at 1 x 10™> M. The relative change in absorbance (AA/A,)
was plotted against mole fraction. The break point in the
resulting plot represents the mole fraction of the chemosensor
in the AI**, Cr*" and Fe®" complexes. From the break point the
stoichiometry was determined. The final results were the
average of at least three experiments.

Protocol of real sample analysis

A stock solution of the chemosensors (HL1 and HL2) (1 x 1072
M) was prepared in methanol: H,O (9:1) medium. 3 mL of
the real sample (saloon waste water or laboratory tap water)
was taken in a vial and 3 pL stock solution of the chemo-
sensors (HL1 or HL2) was added to it. An instantaneous colour
change was observed. After that, we recorded the images of the
vials under a UV-lamp and visible light.

Cell culture

The cervical cancer cell line HeLa was procured from the
National Center for Cell Science (NCCS) Pune, India. The cells
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were cultured in an enriched cell culture medium, DMEM
(Dulbecco’s modified Eagle medium), supplemented with 10%
FBS (fetal bovine serum) and a mixture of appropriate anti-
biotics (streptomycin and penicillin) at a dose of 100 units per
ml. The cells were incubated at a temperature of 37 °C and in
the prevalence of 5% CO,.

Cell internalisation studies

The cervical cancer cell line HeLa was cultured on coverslips
for a period of 24 h. Then these cells were either left untreated
or were exposed to a dose of ligands (10 pM) and AP** salt
(5 uM), Cr** salt (5 uM), and Fe®" salts (5 pM). These treated
cells were then incubated for 24 h at a temperature of 37 °C.
Afterwards the cells were thoroughly washed with the help of
1x PBS. Finally the cells were mounted on a glass slide and
visualized with the aid of a fluorescent microscope (Leica).

Computational method

All computations were performed using the GAUSSIAN 09
(G09)*” software package. For optimization, we used the
density functional theory method at the CAM-B3LYP level***°
and the standard 6-31+G(d) basis set for C, H, N and O
atoms.’>*" TDDFT calculations were performed with the opti-
mized geometry to ensure only positive eigen values. Time-
dependent density functional theory (TDDFT)**™** was per-
formed using the conductor-like polarizable continuum model
(CPCM)*™*” and the same CAM-B3LYP level and basis sets in a
methanol solvent system. GAUSSSUM*® was used to calculate
the fractional contributions of various groups to each mole-
cular orbital.

Results and discussion
Synthesis and characterization

N-(Rhodamine-6G)lactam-hydrazine and azo-aldehyde were pre-
pared following the published procedures.?”>*' The Schiff base
condensation reaction between rhodamine-6G based amine and
2-hydroxy-5-( phenyldiazenyl)benzaldehyde  or  2-hydroxy3-
methoxy-5-(p-tolyldiazenyl )benzaldehyde finally generated the
chemosensors, HL1 and HL2, respectively (Scheme 1). Different
spectroscopic techniques (UV-Vis, FT-IR and NMR), X-ray crys-
tallography, ESI-mass and elemental analysis were utilized for
their complete characterization (Fig. S1-S21; ESIf).

The reaction between M(NO;);-9H,O (where, M*" = AI*"
Cr’* and Fe’") and HL1/HL2 in a 1:2 ratio produced com-
plexes 1-6, respectively. They were characterized by "H NMR,
13C NMR, FT-IR spectroscopy, X ray-crystallography, and C, H
and N analyses. In ESI-MS analysis, both the chemosensors
exhibit the base peak at m/z 689.27 and 681.27, corresponding
to [HL1 + Na]" and [HL2 + 1], respectively. All six complexes
1-6 exhibit ESI-MS peaks at 1357.37, 1382.60, 1386.51,
1385.51, 1411.49, and 1414.64 corresponding to the [M(L1/
L2),]" (where M = Al, Cr, Fe) species. Interestingly, all the
experimental data are well matched with their simulated
patterns.
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Crystal structure descriptions of the chemosensors (HL1 and
HL2)

X ray-crystallographic analysis reveals that HL1 is crystallized
in the monoclinic system with the P2;/c space group, while
HL2 in the triclinic system with the PI space group
(Table S27). The crystal structure of chemosensor HL1 is pre-
sented in Fig. 1, while that of HL2 is depicted in Fig. S20.f
Both chemosensors are non planar and their crystal structures
confirm imine bond formation, and the presence of a spirolac-
tam ring, xanthene unit and azo chromophore within the
molecules. The C-O and C-N bond distances of HL1 vary
within the ranges 1.220-1.425 A and 1.280-1.494 A,
respectively.

Crystal structure descriptions of complexes 1 and 4

The crystals of complex 1 were developed from a methanol-
DMF solvent mixture whereas, the crystals of complex 4 were
collected from a chloroform-methanol solvent mixture.
Complex 4 crystallized in the triclinic system with space group
P1 where the asymmetric unit consists of two complex cations
and four non-coordinating nitrate anions together with four
water molecules as the solvent of crystallization. The crystal
structure of one of the complex cations is shown in Fig. 2.
Crystallographic data are collected in Table S21 and important
bond lengths and angles are given in Table S3.f The crystal
structure of complex 4 confirms the presence of an open spiro-
lactam ring within the chemosensor and 2 : 1 binding stoichio-
metry between the chemosensor and the AI’* ion. The struc-
tures of the complex cations in the asymmetric unit are similar
and the structure of only one unit is briefly described here. In
the complex cations, the metal centre is distorted octahedral
being coordinated with two imine N-atoms (N4 and N10), two
phenoxide O-atoms atoms (O3 and O7) of both ligands and
two O-atoms of open spirolactam amide (02 and 06) of the

Fig. 1 Crystal structure of chemosensor HL1. Atoms are shown as 30%
thermal ellipsoids. H atoms and the solvent molecule are omitted for
clarity.
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Fig. 2 Crystal structure of one of the complex cations of 4. Atoms are
shown as 30% thermal ellipsoids. H atoms are omitted for clarity.

chemosensor in a meridional fashion. The Al3+—0phenoxide,
AP ~Nimine bond distances vary within the ranges 1.807-1.929
(3) A, 1.811-1.863(2) A and 1.957-2.000(3) A, respectively. In
complex 4, spirolactam amide is present in amide form in one
chemosensor and in iminolate form in the other one. The
presence of both amide and iminolate forms of spirolactam
amide is further supported by shorter C-O (C67-06, 1.247(5)
A) and longer C-N (C67-N9, 1.348(6) A) bond distances in one
chemosensor unit and relatively long C-O (C26-02, 1.297(5) A)
and short C-N (C26-N3, 1.323(5) A) bond distances in another
chemosensor unit. The azo bonds (N11-N12 and N5-N6)
exhibit double bond character with distances of 1.265(6) A and
1.277(6) A, repetitively. In the complex the azo bound phenyl
ring is slightly twisted with respect to the phenolate ring. The
dihedral angles between these two phenyl rings are 21.91° and
36.92° for complex 4 (Fig. 2).

Complex 1 crystallizes in the same crystal system as
complex 4 does but the asymmetric unit of complex 1 consists
of a complex cation, comprising an AI’* ion and two chemo-
sensors, and one non-coordinating nitrate anion. Three DMF
and two water molecules are also present as solvents of crystal-
lization. In complex 1, spirolactamide is present exclusively in
iminolate form. The presence of the iminolate form is con-
firmed by longer C-O (C10-O1 = 1.290 A, C11-02 = 1.291 A)
and shorter C-N (C10-N10 = 1.312 A, C11-N2 = 1.307 A) bond
distances within the complex cation (Fig. S21 and Table S3;
ESI).

NMR studies

All "H NMR spectra are recorded in DMSO-d, solvent. The "H
NMR spectrum of HL2 is discussed as a representative
example. Here, both phenolic -OH and imine proton appear
as sharp singlets at 11.51 and 9.04 ppm, respectively. Aromatic
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protons appear as singlets at 8.32 and 7.42 ppm, representing
the azo-aromatic part, and doublets at 7.74 and 7.36 ppm,
representing the O-vanillin part. Aromatic protons adjacent to
the spirolactam ring appear as doublets at 7.94 and 7.06 ppm
and multiplets within 7.65-7.56 ppm. Aromatic protons
present in the xanthene part appear as sharp singlets with
double intensity at 6.34 and 6.22 ppm. Aliphatic amine (-NH)
protons appear as a triplet at 5.09 ppm. Aromatic ~-OCH;
protons appear as a singlet at 3.84 ppm. Aliphatic CH, protons
appear as a multiplet within 3.18-3.09 ppm. Aromatic CHj;
protons appear as singlets at 2.39 and 1.85 ppm, whereas ali-
phatic CH; protons appear as a triplet at 1.21 ppm (Fig. S67).
The 'H NMR spectrum data of HL1 are collected in the
Experimental section (Fig. S3; ESIt).

Both Al**-probe complexes (1 and 4) give clean and similar
types of "H NMR spectra in DMSO-dg solvent. In complex 4,
the coordination of metal with the chemosensors results in
the disappearance of the phenolic -OH proton, whereas the
position of the imine proton (singlet, 9.08 ppm) remains
almost unchanged. We also observe a downfield shift of aro-
matic protons and broadening of the peaks. Aromatic protons
adjacent to the open spirolactam ring, azo-aromatic moiety
and o-vanillin part appear as multiplets within the range
7.96-7.47 ppm. Protons present in the xanthene part appear as
doublets at 6.40 and 6.29 ppm, respectively. Aliphatic CH,
protons appear as a multiplet within 3.19-3.12 ppm and aro-
matic OCH; protons (merged with water molecules) appear as
a multiplet within the 3.90-3.69 ppm range. During complexa-
tion one aliphatic -NH proton disappears, and the other ali-
phatic amine gets protonated (-NH,") and appears at
5.93 ppm. In complex 4, the amide group is present in imino-
late form in one chemosensor and amide form in another
chemosensor for which the proton appears at 8.42 ppm.
Interestingly, the positions of aromatic and aliphatic CHj
protons are almost unchanged upon complexation (2.39, 1.87
and 1.20 ppm, respectively) (Fig. $12; ESIt). The "H NMR spec-
tral data of complex 1 are collected in the Experimental
section (Fig. S9; ESIY).

3C NMR spectra are also recorded in DMSO-d, solvent
and collected in the Experimental section. In HL2, spirolac-
tam amide carbon appears at 165.25 and phenolic carbon
appears at 152.35 ppm. Imine carbon appears at
151.99 ppm. In complex 4, metal coordination results in a
downfield shift of the spirolactam amide carbon, phenolic
carbon and imine carbon positions at 168.27, 164.27 and
157.25 ppm respectively. In the free chemosensor, the
carbon atom connecting the xanthene part and spirolactam
ring is sp® hybridized and appears at 66.08 ppm. Al** coordi-
nation results in spirolactam ring opening, therefore, the
carbon atom connecting the xanthene part and spirolactam
ring shows changed hybridization from sp® to sp® and
appears at 141.46 ppm. Interestingly, the positions of the
OCHj; carbon, aliphatic CH, and CH; carbon atoms remain
almost unchanged (appear at 56.34, 17.91 and 14.54 ppm,
respectively) both in the free and AI** bound chemosensor
(Fig. S11 and S17; ESI{).

This journal is © The Royal Society of Chemistry 2022
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We have also performed 'H NMR titration in DMSO-de
solvent. Gradual addition of AP** (0-2 equivalent) to the
chemosensor (HL1/HL2) solution shows gradual dis-
appearance of the phenolic-cOH proton and aliphatic-NH
proton confirming the opening of the spirolactam ring fol-
lowed by complexation through phenoxide oxygen, amide
oxygen and imine nitrogen atoms. Broadening of both aro-
matic and aliphatic protons is also observed during this titra-
tion process (Fig. S22 and S23; ESIt). Since all the sensing
experiments are performed in methanol: water solution, we
have performed '"H NMR of the free chemosensors and com-
plexes 1 and 4 in CD;OD. Well resolved NMR spectra are pre-
sented in the Experimental section and ESI (Fig. S10b and
S16bt).

Absorption spectral analysis

The UV-Vis spectra of the chemosensors (HL1 and HL2) are
first examined in 10 mM Britton-Robinson buffer solution at
pH 7.4 (1:9, water : methanol, v/v). Chemosensors HL1 and
HL2 exhibit well-resolved bands at ~307 and ~360 nm, respon-
sible for 1 - ©* and n — =* types of transitions. Interestingly
upon successive addition of AlI**, Fe’®" and Cr*" ions (0-6 uM,
10 mM Britton-Robinson buffer solution; pH 7.4; 1: 9, water :
methanol, v/v) to the chemosensor (10 puM), a new peak
appears at ~525 nm with significant changes in the spectra of
all chemosensors (HL1 and HL2). In the case of Fe’’, an
additional peak appears at ~395 nm (Fig. 3 and S24; ESIY).
The presence of Al**, Cr’" and Fe®" ions initiates spirolactam
ring opening followed by the coordination with the chemo-
sensors, resulting in its colour change from faint yellow to
intense fluorescent yellowish pink in visible light. Spirolactam
ring opening increases the delocalization of x electrons within
the ligand framework followed by charge transfer transitions.
Saturation has been observed in the presence of 0.5 equiva-
lents of trivalent metal ions to the chemosensors. The 2:1
binding stoichiometry of the chemosensors with AI**, Cr**" and
Fe** jons has been confirmed by Job’s plot analysis at A =
525 nm (Fig. 4 and S25, ESIf). Addition of different cations
(Cd2+’ Hg2+, Pb2+, Zn2+’ Ag+, Mn2+, Fe2+, C02+, Ni2+, Na+, K+,
Mg>, cu®*, Ca**, As**, Ga®", In*", TI** and citric acid) did not
change the absorption spectrum of the chemosensors appreci-
ably under similar experimental conditions (Fig. S26 and S27,
ESIt). We have also performed UV-Vis spectroscopic studies of
the chemosensors in a series of different solvents such as
EtOH, DMSO, THF, MeCN and EtOH-H,O (9:1, v/v), DMSO-
H,0 (9:1, v/v), HEPES buffer in MeOH-H,O (9: 1) but no sol-
vatochromic behavior was observed in the case of both chemo-
sensors (Fig. S28, ESIT).

Fluorescence property analysis

Both chemosensors (10 pM) are non-fluorescent when excited
at 360 nm in 10 mM Britton-Robinson buffer (1:9, water:
methanol, v/v; pH = 7.4) medium. The exposure of trivalent
metal ions (AI**, Cr’" and Fe®*" ions; 0-6 puM) to the probe
results in great fluorescence enhancement at 555 nm (Fig. 5
and S29; ESIT). Fluorescence increases steadily and reaches a
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maximum at 0.5 equivalents of every trivalent metal ion. Free
chemosensors are non-fluorescent due to the presence of the
closed spirolactam ring. Opening of the spirolactam ring and
metal coordination with imine N-atoms, phenoxide O-atoms and
O-atoms of open spirolactam amide initiate fluorescence enhance-
ment. In the case of AI*" and Cr** the emission enhancement is
~400 fold, whereas for Fe** the enhancement is ~100 fold.
Binding ability of the chemosensors towards Al’**, Cr
and Fe*' ions has been calculated using the Benesi-

3+

15562 | Dalton Trans., 2022, 51, 15555-15570

Hildebrand equation (eqn (1)) involving the fluorescence
titration curve.*®
1/(F = Fo) = 1/(Fmax = Fo) + (1/K[C){1/(Fmax — Fo)} (1)
Here, Fiax, Fo and F, represent fluorescence intensities of
each chemosensor (HL1/HL2) in the presence of metal ions at
saturation, free chemosensors (HL1/HL2) and any intermedi-
ate metal ion concentration, respectively. K is denoted as the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Fluorescence titration of HL1 (10 pM) in 10 mM Britton—Robinson buffer at pH = 7.4 by successive addition of metal ions (A*, Cr** and

Fe**) (A-C) (0—6 uM) with A¢m = 555 nm.

binding constant of the complexes and the concentration of the
respective metal ion is represented by C. The value of the
binding constant (K) has been determined using the relation, K
= 1/slope. The binding constant values are 5.14 x 10> M2, 4.91
x 10° M2, and 3.37 x 10* M2 and 5.03 x 10° M2, 4.86 x 10°
M2, and 3.95 x 10" M, respectively for the chemosensors HL1
and HL2 towards AI**, Cr** and Fe* ions (Fig. 6 and $30; ESI{).

High selectivity of the chemosensors toward respective
metal ions (AI**, Cr** and Fe®") is again established by the
competition assay experiment. Here in the presence of the
chemosensors and respective metal (AI**, Cr’* and Fe®") ions,
(0.5 equiv.) different metal ions (Cd**, Hg>", Pb>*, Zn**, Ag",
Mn**, Fe**, Co*", Ni**, Na*, K*, Mg**, Cu*’, Ca*", As*", Ga®",
In** and TI*") (Fig. 7 and S31-S35; ESIf) and common anions
(S,05°7, 8>, S05>7, HSO, ™, SO,>7, SCN™, N;3~, OCN™, AsO,*",
H,PO,”, HPO,*>~, PO,*", ClO,~, AcO™, NO;~, F, CI~, PF,,
P,0,*” and ROS such as NaOCl, KO,, H,0,) are added in
excess (10.0 equiv.) in 10 mM Britton-Robinson buffer solu-
tion at pH 7.4. Competition assay experiments clearly express
high fluorescence recognition of the chemosensors (HL1 and
HL2) for AI**, Cr’" and Fe*" ions over most of the metal ions
and all common anions (Fig. S36-S41; ESIT).

Interestingly both the chemosensors, HL1 and HL2, also
act as colorimetric probes for selective detection of AI**, Cr**
and Fe*" ions. The AI*", Cr*" and Fe*' ions exhibit fluorescent
pinkish yellow colouration in the presence of both probes.
Some common cations show light yellow colouration in the
presence of the chemosensors. The intensity of the chemo-
sensors increases in the order AI*" ~ Cr*" > Fe*'. Thus, the
chemosensors will be a good choice for colorimetric detection
of AI**, Cr’" and Fe** ions both in environmental and biologi-
cal fields (Fig. 8 and S42; ESIY).

This journal is © The Royal Society of Chemistry 2022

The on-field applicability of these colorimetric sensors has
also been tested. We have performed paper strip experiments
to support colorimetric and fluorescence sensing abilities of
both the chemosensors. We have used saloon waste water and
our laboratory tap water for real sample analysis. The presence
of AI** jons in saloon waste water and laboratory tap water is
successfully detected by our chemosensors with the naked eye
and under a UV-lamp (Fig. S43 and S44, ESI}). Although the
chemosensors have low solubility in water, the use of aqueous-
methanol solutions of HL1/HL2 in the system and low LOD
values of the chemosensors help this type of detection. Both
the chemosensors are highly photostable. In the photostability
experiments, 10~ M aqueous solutions of HL1 and HL2 were
irradiated with tungsten lamp light (emission in the
400-700 nm range, power 60 W/220 V) over a period of one
hour. Interestingly, the fluorescence intensity of the chemo-
sensors remains unchanged over a period of time (Fig. S45
and S46, ESIf).

Limit of detection (LOD) values of the chemosensors
towards AI**, Cr** and Fe®" ions are estimated using the 3¢
method.*® The detection limit values of the chemosensors
(HL1 and HL2) for AI**, Cr*" and Fe® ions are 2.86 x 107° M,
2.67 x 1078 M, 5.62 x 107° M, 2.78 x 107° M, 2.61 x 10" M and
6.14 x 10~° M, respectively.

The effect of pH on chemosensors (HL1 and HL2) both
under free conditions and in the presence of AI**, Cr*" and
Fe** ions is studied fluorometrically. It is well known that
under acidic conditions, the spirolactam ring of the chemo-
sensor opens. A similar observation is also made in the pres-
ence of AI**, Cr’" and Fe*" ions. Therefore, both free chemo-
sensor and chemosensor-Al**, Cr**, and Fe*" adducts exhibit
high fluorescence intensity at pH 2-4. At pH 5, a sharp
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Fig. 7 Relative fluorescence intensity diagram of the [HL1-AL**] system in the presence of different cations in 10 mM Britton—Robinson buffer at pH

7.4.

decrease in the fluorescence intensity of the free chemosensor
is observed. Above pH 5 to pH 11 its fluorescence intensity is
very weak and remains unchanged. This observation suggests
the reconstruction of the spirolactam ring under neutral and
basic conditions. In the presence of AI**, Cr*" and Fe** ions,
the fluorescence intensity of the chemosensor decreases a
little above pH 4 and then it maintains a constant value up to
pH 8. At pH 9 a sharp decrease in the fluorescence intensity of
the chemosensor is observed. Above pH 9 to pH 11, very weak

15564 | Dalton Trans., 2022, 51, 15555-15570

fluorescence intensity is observed. This is probably due to the
generation of metal hydroxide and the free chemosensor at
higher pH (Fig. 9 and S47; ESI}). Interestingly, the effect of
pH is more pronounced in the case of the Fe**-chemosensor
adduct. The pH experiment shows that these
chemosensors can act as a selective fluorescent probe for the
detection of AI**, Cr** and Fe®* ions in the presence of other
metal ions in biological systems under physiological
conditions.

This journal is © The Royal Society of Chemistry 2022
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Life time and quantum yield study

Lifetime measurements for the chemosensors (HL1 and HL2)
and complexes 1-6 are performed at 25 °C in 10 mM Britton-
Robinson buffer (pH = 7.4) medium. The average values of
fluorescence decay life time of the chemosensors and com-
plexes 1-6 have been measured using the given formula (z¢ =
a7, + a,7,, where a; and a, are the relative amplitude of the
decay process). The average values of fluorescence lifetime of
the chemosensors (HL1 and HL2) and complexes 1-6 are 2.26
and 2.21 ns and 4.56, 3.77, 2.14, 4.24, 3.59 and 2.12 ns,
respectively (Fig. 10, S48 and Table S1; ESI).

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 Time-resolved fluorescence decay curves (logarithm of nor-
malized intensity vs. time in ns) of HL1.

The fluorescence quantum yield (@) has been calculated as
follows:

2
‘Dsample - {(ODstandard X Asample X "Isample )/

2
(ODsampIe X Astandard X Nstandard )} X @standard

In the above equation, A is the area under the emission
spectral curve, OD is the optical density of the compound at
the excitation wavelength and # is the refractive index of the
solvent. The @gangara value is taken as 0.52 (for quinine
sulfate).
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The values of @ for HL1 and HL2 and complexes 1-6 are
estimated to be 0.005 and 0.006 and 0.26, 0.24, 0.02, 0.25,
0.23, and 0.02 respectively (Table S17).

Mechanism of fluorescence intensity enhancement in the
chemosensors in the presence of trivalent metal ions

Free chemosensors are non-fluorescent due to the presence of
the spirolactam ring. The fluorescence intensity of the chemo-
sensor increases ~400 times in the presence of AlI*" and Cr**
ions and ~100 times in the presence of Fe*" ions due to the
opening of its spirolactam ring followed by complexation with
the respective metal ions. 'H, *C NMR and FT-IR spectroscopy
and X-ray crystallographic techniques are used to explain the
mechanistic pathway. The crystal structures of complexes 1
and 4 prove the presence of an open spirolactam ring in the
AP** bound chemosensors. The presence of phenoxide oxygen,
amide oxygen and imine nitrogen in the coordination environ-
ment is also observed in the crystal structures. In the "H NMR
spectra of the free chemosensors, a phenolic -OH peak, and
imine and aliphatic -NH protons appear around 11.5 and 9.0
and 5.0 ppm. Whereas, in the presence of AI*" ions the dis-
appearance of the phenolic -OH peak and aliphatic -NH
proton, and the downfield shift of imine protons and aromatic
protons, establish the opening the of spirolactam ring and
coordination of phenoxide oxygen and imine nitrogen atoms
with the metal center. In the ">C NMR spectra of the free
chemosensor, the sp® hybridized carbon atom connecting the
xanthene part and spirolactam ring appears at 66.08 ppm.
Interestingly, the spirolactam ring opening followed by metal
coordination results in a change of sp® hybridization into sp>
hybridization and a new peak appears at 141.46 ppm (Fig. S11
and S17; ESIT). In the FT-IR spectrum, the free chemosensors
exhibit stretching frequency of the amide ‘C=O’ bond and
imine bond at ~1696 and ~1621 cm™, respectively. These
values are shifted significantly to lower values and appear at
~1640 and ~1600 cm™*, respectively for all metal bound com-
plexes (complexes 1-6). Apart from that a sharp -OH peak
appears around 3500 cm ™" in the free chemosensor and it also
disappears after complexation. Such types of changes in the
FT-IR spectral pattern again confirm the opening of the spiro-
lactam ring and coordination of phenoxide oxygen, imine
nitrogen and amide oxygen atoms with the metal centers.
Therefore, using the above spectroscopic and X-ray crystallo-
graphic results, we can easily establish the coordination of the
metal centers (AI**/Cr*'/Fe*") with the chemosensor followed
by charge transfer within the ligand framework resulting in
strong colorimetric changes and great fluorescence
enhancement.

Biocompatibility study of the ligands

The cellular toxicity of the ligands (HL1 and HL2) was envi-
saged to determine the compatibility against the normal
human lung fibroblast cells, WI-38. The cells were exposed
with various concentrations (20-100 uM ml™") of the ligands.
Then the cells were incubated for 24 h and then the cellular
survivability was determined with the help of the MTT assay.

15566 | Dalton Trans., 2022, 51, 15555-15570
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From the results, no significant toxicity was observed even at
enhanced concentrations of 100 pM (as seen in Fig. S49; ESIT).
Hence the results clearly depict the biocompatibility of the
ligands and also suggest that these ligands have potential to
emerge as promising tools for application in biomedical fields.

Cell imaging

The cellular internalization of the chemosensors (HL1 and
HL2) (10 pM) and Cr** salt (5 pM), Fe** salt (5 pM) and AI**
salt (5 pM) has been investigated in detail with the aid of fluo-
rescence microscopy studies. The images obtained from fluo-
rescent microscopy shows a distinct red fluorescent signal
(Fig. 11 and S50; ESIf). Hence the results suggest that the
ligands and the Cr’* salt (5 puM), Fe** salt (5 pM), and Al**
salts (5 pM) are promptly internalized by the cells which in
turn is responsible for the emergence of a red fluorescent
signal.

DFT and TDDFT study

We have performed DFT and TDDFT studies to support the
structure of the chemosensors. The TDDFT studies also help
to understand the nature, origin and contribution of the FMOs
which are involved in the electronic transitions, and quantity
of energy associated with each transition. Here, the optimiz-
ation of HL1 and HL2 was performed using DFT with the
Coulomb attenuating method CAM-B3LYP (Fig. S51f). The
optimized energies (eV) of some selected FMOs are presented
in Table S5.f The contour plots of some selected molecular
orbitals of the chemosensors are presented in Fig. S52 (ESIf).
Both the ligands HL1 and HL2 can exist in keto or enol form
in solution. The results show that in the keto and enol forms
of HL1 and only the keto form of HL2, the electron density in

BRIGHT FIELD FLUORESCENCE MERGE

A

Control

HL1

HL1+Fe®*

HL1+AP*

HL1+Cr?*

Fig. 11 Bright field, fluorescence and merged microscopic images of
untreated Hela (control) cells in the presence of the chemosensor (HL1)
(10 pM) + M3* (A3, Cr®* and Fe®*) (5 pM).
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the HOMO and LUMO is distributed over the azo aromatic
part. In the case of the enol form of HL2, the electron density
in the HOMO and LUMO is mainly distributed on the rhoda-
mine part.

In TDDFT, the CAM-B3LYP/CPCM method was used with
the same basis sets in methanol. The calculated electronic
transitions are presented in Table S6.1 The theoretical calcu-
lations showed that the keto and enol form of both chemo-
sensors exhibit intense absorption bands at around 310 and
365 nm for the ligand based # — n* and n — =* transitions,
respectively, which are well matched with experimental obser-
vations. The major transitions for HL1 are H-2 — L (89%) and
H-2 — L+1 (56%) (for enol form) and H-2 — L (83%), H —
L+1 (80%), and H-9 — L+1 (27%) (for keto form), whereas for
HL2, the key transitions are H-2 — L (89%) and H-2 — L+1
(53%) (for enol form) and H — L (86%), H — L+1 (84%), and
H-9 — L+1 (32%) (for keto form) (Fig. 12).

To investigate the mechanism of emission behavior of the
Al-complex, the structures of the S, and S; states were opti-
mized at the DFT level using the Coulomb attenuating method
CAM-B3LYP hybrid functional and the split-valence 6-31+G(d)
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basis set for all atoms. Time dependent DFT (TD-DFT)
approaches over 60 states to compute the vertical excitations
also using the CAM-B3LYP functional to minimize deviations
in charge-transfer excitation energies.’® To avoid the compu-
tational time, we have truncated the structure slightly of the
Al-complex as shown in the cartesian coordinates in the ESL
The solvation effects were applied via a conductor-like screen-
ing model (CPCM) using methanol as the solvent.

The results show that the two strong low-energy transitions
are associated with H—2 to L+2 (58%) at 525 nm (f = 0.48 a.u.)
and H-2 to L+3 (63%) at 519 nm (f = 0.45 a.u.). This is in
good agreement with the experimental results at 555 nm.
Further analyses (Table 1 and Fig. 13) of these FMOs show that
H-2 is localized (93%) on the azo aromatic part of the chemo-
sensor (1% part, marked with red colour) (see Fig. 14), L+2 is
localized (96%) on the open spirolactam ring of the rhodamine
unit (2" part, marked with sky colour), and L+3 is delocalized
over both the open spirolactam ring of the rhodamine part (1%
part, marked with green colour) (72%) and the azo aromatic
part of the chemosensor (2™¢ part, marked with blue colour)
(22%). Thus, the peak at 525 nm originated from an electron
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Fig. 12 Pictorial representation of key transitions of chemosensors HL1 and HL2.

Table 1 Composition (%) of the FMOs in terms of the central metal and the fragments of the attached ligands for the Al-complex

1* part 2™ part

FMOs Energy (eV) Al Azo (red) Rhodamine (green) Azo (blue) Rhodamine (sky)
L+3 -1.75 0 1 72 22 5

L+2 -1.91 0 0 0 3 96

L+1 —2.62 0 1 1 27 71

LUMO -3.83 0 0 30 20 49

HOMO —4.13 0 0 29 21 50

H-1 —4.28 0 0 0 100 0

H-2 -4.8 0 93 5 0 1

H-3 =5.17 1 77 19 1 3

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 Naming of fragments of the Al-bound complex as used in
Table 1.

transition from the azo aromatic part (marked with red colour)
to the rhodamine part (marked with sky colour) of chemo-
sensors. Another peak at 519 nm can be assigned to a transition
from the azo part of the ligand (marked with red colour) to both
the fragments: the rhodamine (marked with green colour) and
azo aromatic part of chemosensors (marked with blue colour).

Natural transition orbital (NTO) study

Additionally, analysis on the electronic structure of the excited
states employing NTO representation showed that the S1 state
can be mainly characterized by intra-ligand charge-transfer
(ILCT) transitions, by populating the highest-occupied (HO)
NTO and the lowest-unoccupied (LUNTO which describe the
hole and the excited electron state, respectively. The charge

HONTO

Fig. 15 The HONTO and LUNTO of the strongest low-energy emission.
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transfer index (Ar) values between the HONTO and LUNTO,
and hole-electron overlapping indices (os) were calculated to
identify the charge transition in the excited-states. The Ar
value is a quantitative measure of charge-transfer (CT) length
of electron excitation; higher Ar indices and smaller og indices
imply a longer CT distance, whereas, smaller Ar values and
larger o5 values are indicators of local-excitation. Here, the
computed values of Ar and og are 2.47 A and 0.51 which indi-
cate that the fluorophore originated from the charge transfer
within the Schiff base. As shown in Fig. 15, both HONTOs and
LUNTOs are mainly localized on the ligand Schiff base.

Therefore, theoretical studies clearly reveal that in metal
bound chemosensors, the presence of the metal ion (AI*")
initiates opening of the spirolactam ring of the chemosensor
followed by charge transfer within the ligand framework result-
ing in strong colorimetric changes and great fluorescence
enhancement.

Conclusions

Here, we have reported two new fluorescent and colorimetric
chemosensors containing rhodamine 6G and azo units (HL1
and HL2) which selectively detect trivalent metal ions AI**, Cr**
and Fe®*. The crystal structures of both chemosensors show a
closed spirolactam ring, which makes them non-fluorescent.
Both chemosensors form 2:1 complexes with trivalent metal
ions which have been established by Job’s plots. The crystal
structures of AI** bound chemosensors prove the presence of an
open spirolactam ring resulting in visual colouration and
enhancement of the fluorescence intensity of the system. Al**
and Cr’*" ions exhibit an ~400 times enhancement of fluo-
rescence intensity in the presence of chemosensors, whereas an
~100 times enhancement has been observed in the case of Fe**
ions. Such a huge enhancement of fluorescence intensity is
rarely observed in other trivalent metal ion sensing chemo-
sensors. The LOD values of the trivalent ions AI**, Cr** and Fe**
are 2.86 x 1078 M, 2.67 x 108 M, and 5.62 x 10™° M, and 2.78 x
107% M, 2.61 x 10™® M, and 6.14 x 10™® M, respectively. The
values of the binding constant of the probes towards the
respective metal (AI**, Cr*" and Fe®") ions are 5.14 x 10° M2,
4.91 x 10° M2, and 3.37 x 10* M2 and 5.03 x 10° M2, 4.86 x
10° M2, and 3.95 x 10* M2, respectively. We are also successful
in revealing its practical application by performing the cell
imaging study of chemosensors (HL1 and HL2) using HelLa
cells. Furthermore, the probes are applied to detect intracellular
A", Cr’* and Fe*" ions in live cells with no significant cyto-
toxicity. A comparison of different experimental findings like
crystal structure elucidation of free chemosensors and their
metal (particularly AI**) bound complexes, biological appli-
cations, LOD values, enhancement of fluorescence intensity in
the presence of metal ions etc. of chemosensors reported earlier
with the present probes (Chart S1f) has been performed.
Interestingly, our chemosensors have successfully met most of
the criteria especially the crystal structure study of AI** bound
chemosensor complexes which are rare in the literature.

This journal is © The Royal Society of Chemistry 2022
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ARTICLE INFO ABSTRACT

A 2-hydroxy-5-methylisophthalaldehyde (HMP) based Schiff-base ligand (HL) was successfully developed as a
fluorescent and colorimetric chemosensor for dual detection of Zn®>*and Cu®*ions in HEPES buffer medium
(H,0:Methanol = 9:1 (v/v), pH= 7.4). Interestingly, in presence of Zn?* around 16 times increment in fluor-
escence intensity and in presence of Cu>* ~ 174 times decrease in fluorescence intensity has been observed. The
1:2 binding modes for both HL-Zn?* /Cu®* complexes are proved by fluorescence measurements, ESI-MS ana-
lysis and DFT-Calculations. The reversibility and regeneration process of HL are also established using Na,EDTA.
It has been observed that Chemosensor HL exhibits a rapid change in fluorescence intensity within pH range 6-8
against Zn®>*and Cu®*ions. Low detection limit was found to be 1.059 x 10°(M) and 3.53 x 10" (M) for Zn**
and Cu®" ions respectively. These values also suggest that the chemosensor HL has great potential to detect
Zn?* and Cu?* ions in environmental and biological studies.

Keywords:

Schiff base

Zn** and Cu®* sensor
Spectroscopic analysis
Cell imaging

DFT calculations

1. Introduction

Chemosensors that can selectively detect the presence of both en-
vironmentally and biologically important metal ions through the naked
eye and optical responses has received significant attention [1]. En-
vironmentally and biologically significant metal ions could be detected
using different traditional analytical techniques such as voltammetric
methods, inductively coupled plasma mass spectrometry (ICP-MS), ion
selective electrodes and atomic absorption/emission spectrometry. In
comparison to above techniques colorimetric and fluorescent methods
are more advantageous due to their ease of measurement, excellent
selectivity, high sensitivity, simplicity and rapid response time [2-7].
Fluorescent-sensing mechanisms that have been extensively in-
vestigated are photo induced electron transfer (PET), the rigidity effect,
fluorescence resonance energy transfer (FRET), excimer/exciplex for-
mation/ extinction, photo-induced charge transfer (PCT), and less fre-
quently, excited-state proton transfer (ESPT). Colorimetric method is
extensively used mainly naked-eye detection of the element without
any use of a spectroscopic instrument [8-11]. Among various cations
commonly present in our human body, Zn®>*and Cu®*are the second
and third most abundant transition element found after iron(III). Both
metal ions play critical roles in biology, and they most often present as

* Corresponding author.
E-mail address: amritasahachemju@gmail.com (A. Saha).

https://doi.org/10.1016/j.jlumin.2018.08.080

cofactors in diverse enzymes; however, improper regulation of their
storage is also connected to serious disorders. The average zinc and
copper ion concentrations required for human growth and development
are in the order of 15 mg/L and 0.1 mg/L, respectively. Excess copper is
toxic and environmental pollutant. However, its deficiency or over-load
is associated with a series of disorders such as anemia, liver damage in
infants, Wilson disease, Parkinson's disease, Alzheimer's disease,
Menkes syndrome etc [12-14]. Similarly, zinc(II) deficiency is asso-
ciated with growth retardation, neurological disorder, such as Par-
kinson and Alzheimer's diseases, eye lesion, skin problems and different
immunological defense related decrease [15,16]. Therefore, the mon-
itoring and imaging of these elements are important for biological re-
search as well as clinical diagnosis. Regarding detection of Zn®" ion the
greatest challenge is to discriminate Zn?* from Cd?* [17]. Both are
present in the same group of the periodic table with similar photo-
physical properties. A large number of Zn?* and Cu®* detecting che-
mosensors are reported in literature, still there is a great need to de-
velop simple and effective chemosensors for their dual detection.

The HMP framework has been an ideal candidate for the construc-
tion of different type fluorescent chemosensors (chart S1). A careful
literature survey of chemosensors based on isophthalaldehyde and its
derivatives reveal that most of the chemosensors selectively detect only

Received 2 February 2018; Received in revised form 19 June 2018; Accepted 26 August 2018
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Zn2" jon (chart S1, see ref. 3S, 5S-7S, 9S). There are some chemo-
sensors which detect both Zn?" and other ions like Cd%*, Mg2™, AI®*
and H,S [15,2S,85,10S]. Among these some are duel chemosensors i.e
both colorimetric as well as fluorometric sensor. Most of the chemo-
sensors work in organic-aqueous solvent mixture and are responsive
towards biological systems. Apart from that only few isophthalaldehyde
based chemosensors are known which selectively detect both Zn®>* and
Cu®* ions. Prof. Pombeiro and his group had synthesized an iso-
phthalaldehyde based chemosensor which fluorimetrically detect both
Zn2* and Cu?" ions in methanol solvent [4S]. In one of our recent work
we have reported an isophthalaldehyde based chemosensor which act
as both colorimetric as well as fluorometric sensor for duel detection of
Zn?" and Cu®* ions in organo aqueous solvent [16S].

In this work we have synthesized and characterized a HMP based
chemosensor (HL). HL detects both the ions colorimetrically as well as
through fluorescent techniques. The detection of both the ions by our
receptor (HL) has been examined by absorption spectroscopy, emission
spectroscopy, DFT calculation, ESI-MS experiment and *C and '"H NMR
spectroscopy. HL shows a color change from light yellow to green in
presence of Zn?" and light yellow to colorless in presence of Cu®>" ions
under visible light. It exhibits an increment of about 16 times in the
emission intensity in the presence of one equivalent of Zn®* ions upon
excitation at 410 nm. On the other hand upon addition of one equiva-
lent of Cu®* emission intensity of the chemosensor has been decreased
by ~ 174 times. This is due to paramagnetic nature of Cu®>*. The LOD of
the chemosensor molecule against Zn?* and Cu®* are 1.059 x 10 (M)
and 3.53 x 107 (M) respectively. This chemosensor also exhibits cell
permeability and intracellular Cu>* and Zn?®* ions sensing in MDA-MB-
468 cells.

The main advantage of this dual chemosensor is its easy synthesis
procedure which is not only economic but also less time consuming. It
has very high binding constant towards both of the ions and limit of
detection values for both the ions is in nano molar range. We have
performed all the experiments in aqueous-methanolic medium (9:1, v/
v, HEPES buffer pH = 7.4) which further justify its biological cell
imaging application.

2. Experimental section
2.1. Materials and physical measurements

All reagent or analytical grade chemicals and solvents were pur-
chased from commercial sources and used without further purification.
Elemental analysis for C, H and N was carried out using a Perkin-Elmer
240 C elemental analyzer. Infrared spectra (400-4000 cm ™ 1) were re-
corded from KBr pellets on a Nicolet Magna IR 750 series-II FTIR
spectrophotometer. Absorption spectra were measured using a Cary 60
spectrophotometer (Agilent) with a 1-cm-path-length quartz cell.
Electron spray ionization mass (ESI-MS positive) spectra were recorded
on a MICROMASS Q-TOF mass spectrometer. Emission spectra were
collected using Fluromax-4 spectrofluorimeter at room temperature
(298 K) in HEPES bulffer at pH= 7.4 solution under degassed condition.
Fluorescence lifetime was measured using a time-resolved spectro-
fluorometer from IBH, UK.Measurements of 'H NMR spectra were
conducted using a Bruker 300 spectrometer DO solvent.

2.2. Synthesis of 2-hydroxy-5-methylisophthalaldehyde (HMP)

2-hydroxy-5-methylisophthalaldehyde (HMP) was prepared by fol-
lowing a standard literature procedure [18].

2.3. Synthesis of Chemosensor [HL = 4-methyl-2,6-bis((E)-((2-(piperazin-
1-yDethyDimino)methyl)phenol]

A mixture of 2-hydroxy-5-methylisophthalaldehyde (2.0 mmol,
0.3283g) and 1-(2-aminoethyl) piperazine (4.0 mmol, 0.516g) was
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heated to reflux for ca.4 h in methanol solvent. Yellow colored gummy
mass was obtained after evaporation of the solvent.

Yield: 0.335g (87%). Anal. Calc. for Cy;H34NgO: C 65.25%; H
8.87%; N 21.74%. Found: C 65.18%; H 8.48%; N 21.49%. IR (cm,
KBr): v(C=N) 1634s; v(C-H) 779s. ESI-MS (positive) in MeOH: The
base peak was detected at m/z = 387.18, corresponding to [HL+1]".
UV-Vis, Amax (nm), (¢ (dm®mol?em™)) in HEPES buffer at pH=7.4:
440 (6229), 230 (38740).

'H NMR (de-DMSO, 300 MHz) § ppm: 2.17 (Ar-CHj3) (s, 3H), 2.42
(-CH,) (s, 4H), 3.60 (-CH,) (s, 4H), 2.27 (-CH.) (s, 8H),2.58 (-CH,) (s,
8H), 7.41 (ArH) (m, 2H), 8.50 (-CH=N) (s, 2H).

13C NMR (dg-DMSO, 75MHz) § ppm: 20.35 (-CHs), 45.89-59.39
(-CH,), 121.44-161.75 (Ar-C), 160.76 (-CH=N).

2.4. Synthesis of complex [Zn,(L)(OH2)(OH)(NO3)](NO3)(1)

A 2 mL methanolic solution of zinc nitrate hexahydrate (2.0 mmol,
0.5948 g) was added drop wise to 20 mL methanolic solution of HL
(1.0 mmol, 0.386 g) followed by addition of triethylamine (2.0 mmol,
~0.4mL) and the resultant reaction mixture was stirred for ca. 3h.
Yellow colored solid mass was obtained in high yield after slow eva-
poration of the solvent.

Yield: 0.589 g (85%). Anal. Calc. for C5;H3gNgO10Zn,: C 36.38%; H
5.52%; N 16.16%. Found: C 36.17%; H 5.35%; N 16.84%. IR (cm™,
KBr): o(C=N) 1632s; 0(NO3)1321 s;u(C-H) 781 s. ESI-MS (positive) in
MeOH: The base peak was detected at m/z = 638.00, corresponding to
[Zno(L)(OLD)(H,0)] . UV-Vis, Amax (mm), (¢ (dm® mol? cm™)) in
HEPES buffer at pH = 7.4: 410(6975).

'H NMR (de-DMSO, 300 MHz) § ppm: 2.16 (Ar-CHs) (s, 3H), 2.48
(-CHy) (s, 4H), 2.55 (-CH,) (s, 8H),2.89 (-CH,) (s, 8H), 7.46 (ArH) (m,
2H), 8.57 (-CH=N) (s, 2H).

13C NMR (de-DMSO, 75 MHz) 8 ppm: 19.94 (-CHj3), 49.07-58.51(-
CH,), 121.37-168.16 (Ar-C), 166.62 (-CH=N).

2.5. Synthesis of complex [Cu,(L)(OH5)(OH)(NO3)](NO3),(2)

A 2 mL methanolic solution of copper nitrate trihydrate (2.0 mmol,
0.5912 g) was added drop wise to 20 mL methanolic solution of HL
(1.0 mmol, 0.386 g) followed by addition of triethylamine (2.0 mmol,
~0.4mL) and the resultant reaction mixture was stirred for ca. 3 h.
Intense green colored solid mass was obtained after slow evaporation of
the solvent.

Yield: 0.585 g (85%). Anal. Calc. for Co;H3gCusNgO10: C 36.57%; H
5.55%; N 16.25%. Found: C 36.48%; H 5.31%; N 16.02%. IR (cm’,
KBr): v(C=N) 1627 s; v(NO3)1332s; v(C-H) 750s. ESI-MS (positive) in
MeOH: The base peak was detected at m/z = 634.14 corresponding to
[Cux(L)(OL)(H,0)1*. UV-Vis, Amax (am), (¢ (dm® mol? cm™)) in
HEPES buffer at pH = 7.4: 405(12782), 620 (696).

2.6. UV-visible and fluorescence spectroscopic studies

Stock solutions of various ions (1 x10° M) were prepared in
deionized water. A stock solution of the chemosensor and (HL) (1 X 10"
3 M) was prepared in methanol. The solution of HL was then diluted to
1 x 10° M as per requirement. All the spectroscopic experiments in-
cluding competitive assay of various cations and anions were performed
in aqueous- methanolic HEPES buffer medium at pH 7.4. In titration
experiments, 30 pL solution of 1 x 10> M HL (1 x 10> M) was taken in
a quartz optical cell of 1.0 cm optical path length, and the ion stock
solutions were added gradually to maintain a concentration of 1 X 107
M. Spectroscopic studies of the chemosensor (HL) in the presence of
different anions were performed in HEPES buffer at pH = 7.4. In
competitive assay experiments, the test samples were prepared by in-
teracting appropriate amounts of the cations stock in 3 mL of HL so-
lution (1 x 10 M).
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2.7. Binding stoichiometry (Job's plot)

Job's continuation method was employed to find out the binding
stoichiometry of the chemosensor with that of Zn>* ions using both
absorption and emission spectroscopy. In case of Cu?>*, we have de-
termined the binding stoichiometry using absorption spectroscopy. At a
given temperature (25 °C), the absorbance and fluorescence were noted
for solutions where the concentrations of both chemosensor and Zn**
ions were varied but the sum of their concentrations was kept constant
at 1 x10° M. Relative change in absorbance (AA/A,) and
fluorescence (Al/I,) were plotted as a function of mole fraction of
chemosensor. The break point in the resulting plot corresponds to the
mole fraction of chemosensor in Zn?* complex. From the break point
the stoichiometry were estimated. The results reported are average of at
least three experiments.

2.8. Cell line culture

Triple negative human breast cancer cell line MDA-MB-468 was
obtained from National Center for Cell Science (NCCS) Pune, India. The
cells were grown in DMEM with 10% FBS (Fetal Bovine Serum), peni-
cillin/streptomycin (100units/mL) at 37 °C and 5%CO,. All the treat-
ments were conducted at 37°C and at a cell density allowing ex-
ponential growth.

2.9. Cell Imaging

The MDA-MB-468cells were grown in coverslips for 24hrs. After
that the cells were either mock-treated or treated with 5uM of ligand
and 10 uM Zn>™ salt in the presence or absence of 10 uM of Cu®™ salt
and for 24hrs at 37 °C. The cells were washed with 1 x PBS. Then they
were mounted on a glass slide and observed under fluorescence mi-
croscope (Leica).

2.10. Computational method

All computations were performed using the GAUSSIANO9 (G09)
[19] software package. For optimization we used the density functional
theory method at the B3LYP level [20,21] and the standard 6-31 + G(d)
basis set for C, H, N and O atoms [22,23] and the lanL2DZ effective
potential (ECP) set of Hay and Wadt [24-26] for zinc and copper atoms
have been chosen for optimization.

TDDFT calculation was performed with the optimized geometry to
ensure only positive eigen values. Time-dependent density functional
theory (TDDFT) [27-29] was performed using conductor-like polariz-
able continuum model (CPCM)[30-32] and the same B3LYP level and
basis sets in methanolic solvent system. GAUSSSUM [33] was used to
calculate the fractional contributions of various groups to each mole-
cular orbital.

3. Results and discussion
3.1. Synthesis and characterization

2-hydroxy-5-methylisophthalaldehyde (HMP) has been synthesized
according to a standard procedure [18]. The Schiff base ligand (HL)
was synthesized in a one pot reaction: 2 equiv. of 1-(2-aminoethyl)pi-
perazine was added to a methanolic solution of 1 equiv. of 2-hydroxy-5-
methylisophthalaldehyde (HMP) under ambient condition and then the
solution was heated for 4 h (Scheme S1). The product was collected as a
semi-solid in good yield and used without further purification. It was
thoroughly characterized using different spectroscopic methods
(UV-Vis, FT-IR, 'H NMR, *C NMR) and purity was verified with ele-
mental analysis. In the ESI-mass spectrum of the chemosensor the base
peak was found at 387.18 corresponding to [HL+ 1]* (Fig. S1). In the
FT-IR spectrum of HL a broad band at around 3374 cm™ indicate the
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Scheme 1. Route of synthesis of complexes 1 and 2.

presence of phenolic OH group and the band at 1634 cm™is attributed
to the C=N (for azomethine) stretching frequency (Fig. S2).

HL react with both Zn(NO3),-6H,0 and Cu(NO3),-3H,0 in 1:2 ratio
to produce complex 1 and 2 respectively (Scheme 1). The solid mass of
both complexes are isolated in high yield. Both are characterized by
elemental and ESI-MS analyses. The experimental and simulated mass
spectra of complex 1 and 2 were well matched with each other at m/z
value 638.00 and 634.14 corresponding to molecular ion peak of
[Zn,(L)(OHL)(OL)(NO3)]* and [Cun(L)(OHL)(OLi)(NO3)] ™  respec-
tively (Fig. S3-S4, ESI). The obtained data were strongly supported by
previously reported crystallographic result [34]. The data suggested
that in both complexes metal centers (Zn(II) or Cu(Il)) are bridged by
phenoxido oxygen atom of the deprotonated chemosensor (L) and
hydroxido ion. They are also coordinated with imine nitrogen and
amine donor from the piperazine ring. One metal center coordinated
with oxygen atom of nitrate ion and water molecule is attached with
another metal center giving rise to a distorted square pyramidal geo-
metry around the metal center. In FT-IR spectrum of complex 1 the
characteristics stretching frequencies appeared at 1632 cm™v(C=N),
781 cm™v(C-H) and1321cm™(v(NO;3), asymmetric stretch), respec-
tively. Similarly, in case of complex 2 the characteristics stretching
frequencies appeared at 1627 cm™v(C=N), 750 cm™v(C-H) and 1332
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Fig. 1. Absorption titration of HL (10 pM) with gradual addition of Zn“,
0-20 uM in HEPES buffer at pH 7.4.

cmt (v(NO3), asymmetric stretch)) respectively. It is important to
mention that although both the complexes are previously reported by
Das et al. [34], chemosensing behavior of HL has been explored by us.

3.2. Absorption spectral studies

The UV-vis spectrum of the chemosensor HL was first investigated
in HEPES buffer at pH 7.4 resulting well-defined bands at 230 nm and
440 nm respectively (Fig. S5). These peaks are attributed to in-
tramolecular m —st* and n—t* type of transitions. In presence of Zn>*
and Cu®" there are significant changes in the spectra of HL which
clearly indicate strong interaction between them. The experiments were
performed in the same solvent system. Initially it has been observed
that upon 2 uM addition of Zn?* ions to 10 uM HL solution a rapid
hypsochromic shift of the original peak of HL was observed. Upon
gradual increase of Zn2™" ions concentration (0-20 uM), the peak at440
nm disappears with concomitant appearance of a new peak at around
410 nm (Fig. 1). No further change was observed above 2.0 equivalent
of Zn?*. During such process an isosbestic point was observed at
430 nm (Fig. 1). In case of Cu®>" ion similar type of changes has been
observed. Upon gradual addition of (0-20uM) Cu®* ion at a fixed
concentration of HL (10 uM) the intensity of the original peaks at
440 nm rapidly decreases and finally disappear with subsequent ap-
pearance of a new peak at around 405 nm (Fig. 2). Again saturation in
the absorption intensity of peak at 405 nm observed upon addition of

0.14 4

Absorbance

Wavelength(nm)

Fig. 2. Absorption titration of HL (10 uM) with gradual addition of Cu®",
0-20 uM in HEPES buffer at pH 7.4.
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2.0 equivalent of Cu®** solution. Both the spectra clearly indicate 2:1
binding stoichiometry of the respective ions with the chemosensor
which has been further established with the aid of Job's plot analysis
(Fig. 3 and Fig. S6). These results have been further supported by DFT
and mass spectral analysis. Notably, the addition of the cations
(Cd2+,Hg2+, Pb2+, A13+’ Ag*, Mn2+,Fe3+,C02+, Ni2+,Na+, K+’Mg2+
and Ca®*) and anions (S,05%,S%, SOs*, HSO,", SO,*, SCN", N*,
OCN-, AsO4, PO,*, ClO,~, CH;COO™, CI, NO3~, P,O,*, PF®-and F) did
not change the initial absorption spectrum of the chemosensor appre-
ciably.

3.3. NMR studies

At first 'HNMR of the chemosensor (HL) has been performed in de-
DMSO solvent. The spectrum clearly suggests presence of a c; symmetry
in the molecule. Imine (H-C=N) protons appear as a sharp peak at
8.50 ppm. Aromatic protons appear at 7.41 ppm. Aliphatic protons for
aminoethyl moiety appear at 3.60 ppm and 2.42 ppm, respectively,
whereas aliphatic protons of piperazine ring system appear at 2.58 ppm
and 2.27 ppm, respectively and methyl protons appear at 2.17 ppm
(Fig. S7).

To better understand of complex formation with Zn?* ion, we have
performed 'H NMR titration in certain stoichiometric ratio of HL and
Zn?* ion in dg-DMSO solvent. Interestingly, in presence of Zn®* ion all
spectra exhibit broadening and splitting of imine, aromatic and ali-
phatic protons, respectively. Imine (H-C=N) proton shifted to down-
field when 1.0 equivalent of Zn®* is added and it appears at
8 = 8.55 ppm. Finally, it shifted to § = 8.57 ppm when 2.0 equivalent
Zn?" is added. Similarly, aromatic protons appear at 7.44 ppm and
7.46 ppm after addition of 1.0 and 2.0 equivalent of Zn?* ion, re-
spectively (Fig. 4).

In '*C NMR (dg-DMSO, 75MHz) spectrum of HL, signals for -CHj
and -CH, carbon atoms appeared at 20.35 and in the range
45.89-59.39, respectively. Aromatic carbon atoms appeared at 121.44,
126.48, 132.68 and 161.75 ppm, respectively. The imine carbon atom
appeared at 160.76 ppm (Fig. S8). In case of complex 1, signals for -CH3
and -CH, carbon atoms appeared at 19.94 and in the range
49.07-58.51, respectively. Aromatic carbon atoms appeared in the
range of 121.37-168.15 ppm. Whereas, the imine carbon atom ap-
peared at 166.62 ppm (Fig. S9).

3.4. Fluorescence properties

Fluorescence experiment also performed in HEPES buffer (pH =
7.4) at ambient conditions. Upon excitation at 440 nm, HL exhibits
weak fluorescence at 510nm. This is probably due to PET
(Photoinduced Electron Transfer) process (Fig. 5) [see ref. 1S, 3S, 58S,
13S, Chart S1]. The delocalization of available lone pair on the imine
nitrogen atom to the HMP moiety leads to the quenching of the fluor-
escence. Upon addition of Zn?* ions to HL an enormous fluorescence
enhancement is observed and the emission band has been blue shifted
to 480 nm. The enhancement in intensity of HL gets saturated upon
addition of two equiv. of Zn?* ions. There is an approximately 16-fold
enhancement in the emission intensity of HL in the presence of two
equiv. of Zn®* ions. This observation clearly suggests formation of a 1:2
complex. The chelation of Zn?>* with O, N donors of HL increases the
rigidity of the molecular assembly (CHEF effect) via inhibition of free
rotation of HL around the HC =N bond. Again PET process is eliminated
by arresting the lone pair of electrons present in the imine nitrogen.
These two effects are jointly responsible for the observed fluorescence
enhancement.

In the inset we have shown a plot of fluorescence intensities at
480 nm (I4g0) against different concentration of zinc ion (Fig. 6). In the
plot the value of (I450) increases with the increasing concentration of
Zn?" and a saturation was observed at 2.0 equivalent of added Zn?*
which proved 1:2 binding between the probe and Zn®*. The sigmoid
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Fig. 6. Fluorescence titration of HL (10 pM) in HEPES buffer at pH = 7.4 by

gradual addition of 7Zn?* (0-20 uM) with Aep, = 480 nm (1/1 slit). Inset: non-
linear plot of fluorescence intensity vs. concentration of Zn>* ion.

(0-20 uM) were added to the chemosensor solution the fluorescence
emission at ~ 510 nm is almost completely quenched (Fig. 7). Such type
of (~ 174 fold) of dramatic quenching in the fluorescence intensity of
the chemosensor in presence of Cu?* ion suggests formation of Cu?*
probe complex, thus chelation enhanced quenching (CHEQ) results
metal to ligand charge transfer (MLCT) between HL and paramagnetic
Cu?Tions [35]. Again plot of Fluorescence intensities at 510 nm (Is;0)
vs. concentration of copper ion has been presented in Fig. 7 (inset). The
sensing character of the probe (Is;o) decreases with the increasing
concentration of Cu®>*and the pattern was linear in regarding the
concentration of Cu®*in the range of 0-20 uM (inset), suggesting a 1:2
stoichiometric ratio between HL and Cu®*.

Binding ability of the chemosensor towards Zn?* and Cu®*ions has
been established using Benesi-Hildebrand equation (Eq. (1)) involving
fluorescence titration curve [36].

Fnax — Fo =1+( 1 )
E-F K[cr (€))

where, F.x, Fo and Fx are fluorescence intensities of HL in the presence
of metal ions at saturation, free HL and any intermediate metal ions
concentration, respectively. K is the binding constant of the complexes.
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Concentrations of Zn?>* and Cu®>* ions are represented by C and here
n = 1. Then binding constant (K) of the complexes has been determined

using the relation, K = 1/slope. A plot of % ';“""F 0 ys ( 2

- I provides the

binding constant values as 7.14 x 10* M and 2.18 x 10> M for Zn?"*
and Cu®* complexes, respectively (Fig. S10 and S11, respectively).

To check high selectivity toward the Zn®>* and Cu®>* over the other
competitive species fluorescence titration experiment also performed in
presence of different alkali metals (Na* and K™), alkaline-earth metals
(Mg®* and Ca®%), and various transition-metal (Mn?*, Fe**, Go**
Ni?*, Cd** and Hg?") ions (Fig. S12). It is an important parameter to
assess the performance of sensor HL. Therefore, the competition assay
were performed in the presence of Zn?* /Cu®* (2.0 equiv.) mixed with
other metal ions (2.0 equiv.) in organo - aqueous media. It has been
noted that distinct fluorescence enhancement observed for the mixtures
of Zn®* with other metal ions except for Cu®*. The addition of Cu®*to
HL solution in the presence of Zn®*leds to large fluorescence
quenching. Here,Cu®>* ion detection by HL is not influenced by the
presence of other competitive metal ions (Fig. 8). Both the competition
assay experiments clearly demonstrate high fluorescent recognition of
HL for Zn®* /Cu®" ions over other cations. Binding constant values also
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Fig. 8. Relative fluorescence intensity profile of [HL-Zn?>*] system in the pre-
sence of different cations in HEPES buffer at pH 7.4. 1 = only HL and
(2-15) = HL(10 pM) + Zn>** (20 uM) + M"* (20 uM), where M"* = (2-Cu?*,
3-Co**,4-Cr** ,5-Fe** ,6-Hg?*,7-K*,8-Mn?* ,9-Na*,10-Ni**,11-Mg?*,
12-Pb*,13-Ca**,14-Fe**,15-Cd>™).
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support the above explanation. Upon addition of different common
anions like S,05%, $*, SO3%, HSO4, SO4%, SCN, N3, OCN, AsO,4,
PO4*, ClO4, CH3COO, Cl, NO3, P,O,*, PFgand F~ in HEPES buffer at
pH 7.4 (Fig. S13) chemosensor showed no significant fluorescence en-
hancement.

Interestingly chemosensor HL also act as a colorimetric probe for
the detection of Zn>* and Cu®* ion. In presence Zn”*ions HL exhibits
greenish blue coloration whereas it is almost colorless in presence of
Cu?* ion. Thus, the chemosensor can be used for a selective colori-
metric detection of Cu?>* and Zn®* ions over other competing metal
ions both in environmental and biological fields (Fig. 9).

Reversibility and regeneration are the two important aspects for real
time application of the chemosensor. The experiment was performed in
presence of sodium salt of ethylene diamine tetraacetic acid (Na,EDTA)
solution. In case of HL-Zn>* complex solution after addition of two
equivalent of Na,EDTA color changes from green to light yellow with
obvious decrease in fluorescence intensity. While, the addition of two
equivalent EDTA to HL-Cu®?* complex solution an enhancement of
emission intensity and finally a light yellow color indicates the re-
generation of the free HL (Fig. S14).

Limit of detection (LOD) of the chemosensor towards Cu?* and
Zn%™" ions are calculated using 30 method [37]. The detection limit of
the chemosensor for both the ions is 1.05 X 10° M and 3.53 x 10° M,
respectively. In case of Cu®* ion the LOD value is lower than the WHO
recommended level for Cu?* (2.0 mg/L), [38,39] which clearly suggests
that this chemosensor can quantitatively detect of Cu?* in HEPES
buffer (pH = 7.4) media.

The effect of pH on the fluorescence response of the chemosensor
HL and HL-Zn?>*and HL-Cu®?* complexes are examined over a wide
range. In case of free HL fluorescence intensity remain unchanged in
the pH range 2-6 after that from pH 6-11 a slight enhancement in
fluorescence intensity has been observed (Fig. 10). In presence of Zn?*
ions change of fluorescence initially in pH range 2-6 fluorescence is
almost identical to that of the free ligand. This suggests no complex
formation at acidic condition. Upon gradual increase of pH 7-8 a
sudden enhancement in fluorescence intensity indicates formation of
Zn-complex. Further increase of pH value from 8-11 fluorescence in-
tensity remains unchanged. When Cu?" is added, the resultant fluor-
escence intensity is less compare to free HL in pH 2-6. In pH 6-11 the
decrease in fluorescence intensity is more pronounced. The result sig-
nifies that the complex formation takes place above pH 6. The pH ex-
periment suggests that HL can act as a selective fluorescent probe to
recognize both Zn?>*and Cu®" ion in presence of other metal ions in
biological system under physiological condition2

3.5. Life time and quantum yield measurements

Lifetime experiment for the chemosensor (HL) and complex 1 were
studied at 298 K in HEPES buffer (pH = 7.4). The average fluorescence
decay life time has been measured of the chemosensor and complex 1
using the given formula (t; = a;t; + ast,, where al and a2 are relative
amplitude of decay process). The average fluorescence lifetime of the
chemosensor and complex 1 are 3.12 ns and 4.96 ns, respectively
(Fig. 11, Table S1).

Fluorescence quantum yield (®) has been calculated by using the
following formula:

d’sample = {(ODstandard X Asample X nzsample)
/(ODsample X Astandard X nzstandard)} X ‘I)standard

where, A is the area under the emission spectral curve, OD is the optical
density of the compound at the excitation wavelength and n is the re-
fractive index of the solvent. Here the value of ®g,n4arq is taken as 0.52
(for Quinine Sulfate).

The values of ® for HL andHL-Zn®>* complexes are found to be
0.036 and 0.39, respectively (Table S1). The fluorescence quantum
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yield (®) of HL-Zn?* complex is 10.83 fold greater than free HL.

3.6. Cell imaging

A cell imaging experiment is performed with MDA-MB 468 cells in
order to demonstrate the efficacy of the ligand and Zn?" salt to serve as
a luminescent bio-probe. The MDA-MB 468 cells are fluorescently la-
beled by the ligand and Zn?* salt and immediately after the cells emit
strong green fluorescent signal under the microscope. Thus the ligand
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Fig. 9. Visual color changes of chemo sensor (HL) (10 pM)
under presence of different metal ions (2.0 equivalent) in
HEPES buffer (pH 7.4). The images in below row and
above row were taken under visible light and UV light
respectively. Where 1 =only HL, 2, 3, 4, 5, 6, 7,
8, 9, 10, 11, 12, 13, 14 and 15 = HL + Zn%*, Cu?™,
Cd2+, Pb2+, Hg2+, Mn2+, F83+, C02+, Ni2+, K+, Na*,
Mg?*, Ca®* and AI®* respectively.

and Zn?* salt are well permeable to the cells. Additionally, no apparent
morphological anomalies of the cells were observed. Perhaps the ligand
and Zn?* salt have no immediate toxic effect on the cells at the con-
centration we used. The mock-treated cells exhibited no fluorescence.
But immediately after the addition of Cu®* salt to the labeled cells, the
cells no longer emit any signal due to the quenching of the fluorescent
signal by the Cu?™ salt (Fig. 12).

3.7. DFT study

DFT and TDDFT studies were performed to further support struc-
tural and electronic parameters of complexes. For both complexes bond
distances and bond angles of the optimized structures are well matched
with that of previously reported analogous complexes [34]. Further-
more TDDFT study was performed to understand nature, origin and
contribution of M.O.s in electronic transitions. It also gives idea of
quantity of energy associated with every individual transition. When
individual M.O. is concerned the contribution from both ligand and
metal center has been computed. So, DFT and TDDFT analysis plays
important role to support and understand structural and electronic
parameters of complexes.

Here, geometry optimization of HL, [Zny(L)(OH,)(OH)(NOs)] * and
[Cuy(L)(OHL)(OH)(NO3)] ™ has been performed using DFT/B3LYP
method. The energy minimized structure of complexes 1 and 2 are
shown in Fig S15 and S16, respectively. Some selected bond distances
and bond angles of both complexes are listed in Table S2. Theoretical
calculations showed that electron density in LUMO of HL is mainly
distributed over the phenyl ring and imine nitrogen atoms, whereas,
electron density in HOMO is mainly distributed over one of the pipyr-
azine moiety. In complex 1, electron density in both LUMO and HOMO
are completely ligand based which follow the same trend to that of free
chemosensor HL and contribution from metal centers is nil (Fig. S17).
In case of complex 2, electron density in LUMO is distributed over the
metal centers, Schiff base ligand and coligands and electron density of
HOMO is again distributed mainly over one of the pipyrazine moiety
(Fig. S17). Energy of some selected M.O. of HL, complex 1 and 2 are
given in Table S3-S5. Mulliken charge distribution showed positive
charge on both zinc and copper ions for complexes 1 and 2 and they are
presented in Table S6.

3.8. TDDFT study

Electronic transitions in HL, Complex 1 and 2 are theoretically studied
using TDDFT were B3LYP/CPCM method is used with same basis sets in
water. Calculated electronic transitions are given in Table S7. Theoretical
calculations show that in case of HL intense absorption bands appear at
455 and 449 nm respectively for n-t* transition. Major transitions are
HOMO-4—LUMO (54%), and HOMO-4—LUMO +1 (43%) respectively.
For complex 1 major peaks appear at 357, 331, 327 nm respectively and
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Fig. 13. Pictorial representation of vertical transition of chemosensor (HL) and complex 1.

main transitions are HOMO—LUMO (97%), HOMO-1—LUMO (89%) and
HOMO-2—LUMO (91%), respectively (Fig. 13). For complex 2 the intense
absorption bands around 396 and 391 nm corresponding to HOMO—
LUMO+1 (94%) and HOMO-3—LUMO (44%) transitions, respectively
(Fig. 14). The spectra of electronic transitions obtained from computation
for the chemosensor (HL), complexes 1 and 2 are found to be comparable
with that of experimental data.

Theoretical calculations of the emission spectra of both ligand (HL)
and complex 1 are performed by optimizing the triplet state (T1), using

21

same basis set. The emission wavelength obtained from the computa-
tion is very much comparable with that of experimental data. All the
relevant data are given in Table S8. The emission band of the chemo-
sensor (HL) at 510 nm was theoretically obtained at 520.65nm with
major key transitions, HOMO-3 (3)—LUMO + 2(3) (82%) and HOMO-
2(a)—=LUMO + 1(a) (18%), respectively. Whereas for the complex 1,
the emission band at 480 nm was theoretically obtained at 468.62 with
major key transitions, HOMO(a)—LUMO + 3(a)(10%), HOMO-9()—
LUMO(B) (15%) and HOMO-7(B)—LUMO(p), (45%) respectively.
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4. Summary

In summary, we have successfully developed a duel Schiff base
fluorescent and colorimetric chemosensor HL as a promising analytical
tool for the detection of Zn®>* and Cu®" ions in mixed organo — aqueous
(1:9) solution. In this work both Zn?* and Cu®* are detected in nano
molar scale and the LOD values are 1.059 x 10°(M) and 3.53 x 10
(M) respectively. HL exhibit around 16 times increment in fluorescence
intensity in presence of Zn®*" and ~174 times decrease in fluorescence
intensity in presence of Cu®*. HL form 1:2 complex with both metal
ions which have been established by fluorescence measurements, ESI-
MS analysis and DFT-Calculations. The values of binding constant are
7.14 x 10*M™ and 2.18 x 10° M! for Zn?>* and Cu®>* complexes, re-
spectively. In fluorescence competition assay experiment Cu®* replace
Zn2" in presence of HL. Moreover, the sensors can be completely re-
generated from L-Zn and L-Cu complexes by addition of Na,EDTA so-
lution. A rapid change in fluorescence intensity of HL within pH range
6-8 against Zn>* and Cu®* ions establish its application in real-time
quantitative detection of Zn®>* and Cu®* ions in water samples and
biological systems.
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ABSTRACT: The work represents a rare example of an aza- CHEF ON,PET OFF PET OFF
crown-based macrocyclic chemosensor, H,DTC (H,DTC = 1,16- Cu?*
dihydroxy-tetraaza-30-crown-8) for the selective detection of both
Zn** and Cu*" in HEPES buffer medium (pH 7.4). H,DTC
exhibits a fluorescence response for both Zn** and Cu’* ions. The
reversibility of the chemosensor in its binding with Zn** and Cu**
ions is also examined using a Na,EDTA solution. H,DTC exhibits
a chelation-enhanced fluorescence (CHEF) effect in the presence
of Zn*" ions and a quenching effect (CHEQ) in the presence of
paramagnetic Cu’* ions. Furthermore, the geometry and spectral
properties of H,DTC and the chemosensor bound to Zn** have
been studied by DFT and TDDFT calculations. The limit of
detection (LOD) values are 0.11 X 107 and 0.27 X 10~° M for
Cu?" and Zn*', respectively. The formation constants for the Zn**
and Cu®** complexes have been measured by pH-potentiometry in
0.15 M NaCl in 70:30 (v:v) water:ethanol at 298.1 K. UV—vis
absorption and fluorometric spectral data and pH-potentiometric
titrations indicate 1:1 and 2:1 metal:chemosensor species. In the solid state H,DTC is able to accommodate up to four metal ions, as
proved by the crystal structures of the complexes [Zn,(DTC)(OH),(NO;),] (1) and {[Cu,(DTC)(OCH;),(NO;),]-H,0}, (2).
H,DTC can be used as a potential chemosensor for monitoring Zn>* and Cu" ions in biological and environmental media with
outstanding accuracy and precision. The propensity of H,DTC to detect intracellular Cu** and Zn*" ions in the triple negative
human breast cancer cell line MDA-MB-468 and in HeLa cells has been determined by fluorescence cell imaging.

B INTRODUCTION cent chemosensors for the detection of zinc and copper ions
are very important, as they are the second most and third most
essential elements present in the human body and participate
in many physiological processes. Zn®* ions are present in
biological systems either in a tightly bound form or in a labile
form. Labile Zn®* ions act as neurotransmitters®” and play
important roles in apoptosis,10 regulation of gene expression,
and insulin secretion."" The bound Zn>" ions are present as a
structural cofactor in many metalloproteins, such as SOD
(superoxide dismutase), carbonic anhydrase, and carboxypep-

The design and construction of new chemosensors capable of
detecting various metal ions and anions selectively with high
sensitivity have received immense attention in analyses,
biological processes, environmental studies, etc.”” Among the
various chemosensors reported so far, dual chemosensors that
can detect species both colorimetrically and fluorimetrically
deserve special mention. The colorimetric technique allows the
naked-eye detection of the color change of a given species
without the application of sophisticated instruments. On the
other hand, luminescence techniques are some of the
nondestructive instrumental processes with the lowest cost, Received: October 9, 2021
easier operation, fastest response time, and highest selectivity
and sensitivity.” ° Moreover, the development of single
sensors for multiple analytes is a challenging task. Such a
process is more efficient and less expensive than individual
analysis methods.” Therefore, both colorimetric and fluores-

© XXXX American Chemical Society https://doi.org/10.1021/acs.inorgchem.1c03141
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tidase.'>"? Tt has been observed that the disruption of Zn**

homeostasis is associated with many neurological disorders
such as Alzheimer’s disease, Parkinson’s disease, epilepsy, and
amyotrophic lateral sclerosis." "> Cu®* ions play crucial roles in
blood formation processes and in the functioning of various
enzymes such as superoxide dismutase, cytochrome ¢ oxidase,
tyrosinase, etc.'® However, Cu* ion deficiency or overload can
result in liver damage in infants, Parkinson’s disease,
Alzheimer’s disease, amyotrophic lateral sclerosis (ALS),
Menkes and Wilson diseases, etc.'””

To date significant numbers of papers on fluorescence
chemosensors used for the detection of Cu** and Zn*' ions
have been reported (chart S1). Previously reported chemo-
sensors face shortcomings with regard to their sensitivity,
selectivity, detection limit, interference from other metal ions,
low solubility in aqueous solution, etc.”* A survey of the
literature reveals that cyclic systems such as crown ethers,
cryptands, and cyclodextrins are capable of selectively
detecting cations due to their restricted cavity size and
flexibility.”*”** In this work the Schiff base ligand is a
macrocyclic L8X2 type of system. There are very few examples
in the literature of a similar macroczfclic L8X2 arrangement
with two donor atoms being present. ©

In our continuing endeavors in the preparation of dual
chemosensors,”” we report an aza-crown-based fluorescence
probe capable of sensing Zn** and Cu*" ions with a significant
25 nm emission wavelength difference. Here, a 1,16-dihydroxy-
tetraaza-30-crown-8-based Schiff base ligand (H,DTC) has
been designed so that the phenoxido oxygen, ethereal oxygen,
and imine nitrogen atoms of the tetraaza-30-crown-8 group
can simultaneously coordinate the cations. H,DTC exhibits
“turn on” fluorescence toward Zn’* ions and “turn off’
fluorescence toward Cu®* in a water/methanol (9/1, v/v, 10
mM HEPES buffer, pH 7.4) mixture. We also demonstrate that
this sensor is capable of detecting Zn** even in the presence of
large amounts of Cd** and Hg?* ions. In the presence of Zn>* a
7-fold enhancement in emission intensity has been observed,
whereas for Cu®* the emission intensity is quenched by ~55-
fold. The quenching effect is probably due to the paramagnetic
nature of Cu®*. The LOD values of the chemosensor for Zn?*
and Cu*" ions are 0.11 X 107 and 0.27 X 107 M, respectively.
The binding modes of both the metal ions with H,DTC
(complexes 1 and 2) have been established by X-ray
crystallography. This biocompatible chemosensor also exhibits
cell permeability and senses intracellular Cu®>* and Zn** ions in
the breast cancer cell line MDA-MB-468 as well as the cervical
cancer cell line HeLa.

B RESULTS AND DISCUSSION

Synthesis and Characterization. 2,6-Diformyl-4-methyl-
phenol (DFP) has been prepared following a standard
procedure.”® 1,2-Bis(2-aminoethoxy)ethane was mixed with
2,6-diformyl-4-methylphenol (DFP) in a 1:1 molar ratio in
methanol under reflux (Scheme S1 in the Supporting
Information) to generate the Schiff base ligand H,DTC. The
compound was obtained as a semisolid in good yield and was
used without further purification. It was thoroughly charac-
terized using different spectroscopic methods (UV—vis, FT-IR,
and 'H and *C NMR) and by elemental analysis. The base
peak in the ESI-MS" spectrum was found at m/z 553.30,
corresponding to [H,DTC + H]* (Figure S1 in the Supporting
Information). In the FT-IR spectrum, a broad band at around
3415 cm ™! indicates the presence of the phenolic —OH group

and the band at 1635 cm™ is attributed to the C=N (for
azomethine) stretching frequency (Figure S2 in the Supporting
Information).

H,DTC reacts with both Zn(NO;),-6H,0 and Cu(NO;),-
3H,0 in a 1:4 ratio to produce complexes 1 and 2, respectively
(Scheme 1). Both complexes crystallize from a DMF/methanol

Scheme 1. Route of Synthesis of Complexes 1 and 2

1 | NOyz6H;
N OH N Z‘:lo+""°> [Zn(DTCYOH),(NO3),|
[ j Slir:ingmlll 1(.‘0mp|cx 1)
E() ())
0 0
[ ) 2 {|Cuy(DTCHOCH;),(NO3) | H;0
N OH N m— {[Cuy( )(OCH3),(NO3)4| H,0},
1 | Stirring~3h (Complex 2)

(H.DTC)

(v/v, 1/9)/diethyl ether solvent mixture. They have been
characterized by X-ray crystallography, elemental analysis, and
ESI-MS*. The experimentally observed peaks at m/z 1032.96
and 1170.00 correspond to the molecular ion peaks of
[Zn,(DTC)(OH),(NO;);]* and [Cu,(DTC)-
(OCH,;),(NO;), + CH;0H + Nal*, respectively. In the FT-
IR spectrum of 1, characteristic stretching frequencies appear
at 1630 cm™ (v(C=N)), 773 cm™! (¢(C—H)), and 1300
em™ (¢(NOj;), asymmetric stretch), respectively (Figure S3a
in the Supporting Information). Similarly, in the case of 2,
characteristic stretching frequencies appear at 1625 cm™
(v(C=N)), 770 cm™ (v(C—H)), and 1300 cm™" (¢(NO;),
asymmetric stretch)), respectively (Figure S3b in the
Supporting Information). It is important to note that, although
the ligand and its zinc complex using Zn(ClO,), were
previously reported by Maekawa,” the chemosensing behavior
of H,DTC toward Zn** and Cu*" ions has been explored by us
for the first time.

Crystal Structure Description of Complex 1. The
tetranuclear Zn>* complex [Zn,(DTC)(OH),(NO,),] crystal-
lized in a monoclinic form with space group C, (Table S1 in
the Supporting Information). The crystal structure of 1 is
shown in Figure la. Selected bond distances and angles are
collected in Table S2 in the Supporting Information. The
asymmetric unit consists of half of the molecule; a further C,
symmetry operation generates the whole molecule. In 1 the
macrocyclic ligand H,DTC binds four Zn** ions: Znl, Znla,
Zn2, and Zn2a. For simplicity, we only describe the
coordination environment around Znl and Zn2. The two
zinc centers Znl and Zn2 are doubly bridged by a phenoxido
oxygen (O1) of the macrocyclic ligand and a hydroxide anion
(O4). Zn1 is additionally coordinated by the imine nitrogen
(N1), the ethereal oxygen atom (0O2) of the macrocyclic
ligand, and an oxygen atom (O6) of a nitrate ion. The
monodentate binding mode of nitrate ion has been established
by using the M—O distance (Ad) and M—O—N bond angle
(A0)*° (Ad < 0.3 A and A < 14° for bidentate; 0.3 A < Ad <
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Figure 1. (a) Crystal structure of complex 1 (ball and stick model) and (b) asymmetric unit of complex 2 (ball and stick model). H atoms and

solvent molecules are omitted for clarity.

0.6 A and 14° < A6 < 28° for anisobidentate; Ad > 0.6 A and
A@ > 28° for monodentate). Here, the values of Ad and Af are
0.68 A and 32.7°, respectively. The Addison parameter (7)’'
for the Znl center is found to be 0.5, suggesting a geometry
intermediate between square pyramidal and trigonal bipyr-
amidal. The Zn—N;;,, and Zn—Ojpenoniqo bond distances are
1.993(11) A (Zn1-N1) and 2.044(8) A (Zn1-01),
respectively. The other Zn—O distances are 2.333(10) A
(Zn1-02), 1.961(10) A (Zn1—04), and 2.008(10) A (Znl—
06), respectively. The Zn2 center is coordinated by a
phenoxido oxygen (O1), a hydroxide ion (O4), an imine
nitrogen (N2) and another symmetry-related hydroxide ion
(O4a). The nitrate ion coordinates to the metal center in an
anisobidentate fashion (Ad = 0.33 A; A = 14°). The Zn—0
bond distances vary from 1.980(9) to 2.394(18) A. The
equatorial angles vary from 56.3(6) to 106.6(4)°. The axial
04—Zn2—N2 angle is 163.6(4)°.

Crystal Structure Description of Complex 2. Complex
2 crystallized in a monoclinic form with space group P2,/n
(Table S1 in the Supporting Information). Figure 1b shows the
asymmetric unit of 2. Selected bond distances and angles are
collected in Table S2 in the Supporting Information. It is best
described as a 1D network (Figure S4 in the Supporting
Information) of asymmetric [Cu,(DTC)(OCH,),(NO;),]-
H,O units, where the asymmetric units are connected through
a pair of y, , bridging nitrate ions and y, , ; bridging methoxide
ions. The asymmetric unit consists of a deprotonated
macrocyclic ligand, four copper centers (Cul, Cu2, Cu3, and
Cu4, respectively), two methoxide ions, four nitrate ions, and a
water molecule of crystallization. Cul, Cu2 and Cu3, Cu4 are
doubly bridged by a phenoxido oxygen and a methoxide ion.
Both Cul and Cu4 have a perfect square-pyramidal geometry
(the Addison parameter, 7, is 0.05 for the Cul center and 0.03
for the Cu4 center),”’ where they are equatorially coordinated
by an imine nitrogen (N6 for Cul and N2 for Cu4), a
phenoxido oxygen (O1 for Cul and O4 for Cu4), a methoxide
ion (019 for Cul and 020 for Cu4), and a nitrate ion (O11
for Cul and O17 for Cu4) of the same asymmetric unit and
axially coordinated with another methoxide ion (020a for Cul
and Ol19a for Cu4) of another asymmetric unit. In the 1D
chain, these two nitrate ions bind Cu2, Cu4 and Cul, Cu3
centers in an anisobidentate fashion (Ad =~ 0.49 A). The Cu—
N bond lengths are found to be 1.969(6) and 1.955(6) A for

Cul and Cu4, respectively, whereas the Cu—O bond lengths
vary within the range 1.928(5)—2.559 A. The Cu2 and Cu3
centers are both bound with a phenoxido oxygen (O1 for Cu2
and O4 for Cu3), an imine nitrogen (NS for Cu2 and N1 for
Cu3), a methoxide ion (O19 for Cu2 and O2 for Cu3), and a
monodentate nitrate ion (Ad = 0.78 A for Cu2 and Ad = 0.61
A for Cu3). The axial N—Cu—O angles vary within the range
166.22(18)—168.7(2)°. The Cu—N bond lengths vary from
1.926(6) to 1.946(6) A, whereas the Cu—O bond lengths vary
within the range 1.9286(9)—2.6747 A. The Cul—Cu2 and
Cu3—Cu4 distances are 3.019(13) and 3.0173(13) A,
respectively.

NMR Studies. The '"H NMR spectrum of H,DTC was
recorded in DMSO-d; and CDCl; (Figures SS and S6,
respectively, in the Supporting Information). In DMSO-d;, the
imine (H—C=N) protons appear as a sharp doublet peak at
8.49 ppm (J = 12.4 Hz). The aromatic protons appear at 7.44
ppm (J = 9.6 Hz) and the aliphatic protons at 3.62 ppm (d, J =
5.6 Hz) and 3.52 ppm (d, ] = 15.2 Hz). A broad signal at 14.21
ppm corresponds to the phenolic protons (Figure S5 in the
Supporting Information). In the case of 1, due to coordination
with Zn*", the imine protons appear at 7.93 ppm (d, J = 6.8
Hz), 8.01 ppm (s), 8.28 ppm (d, ] = 10.4 Hz), and 8.48 ppm
(d, J = 12.4 Hz) and the aromatic protons at 6.96 ppm (s),
7.10 ppm (s), 7.16 ppm (s), 7.39 ppm (s), 7.52 ppm (d, J =
12.0 Hz), and 7.65 ppm (s), respectively. A broad multiplet in
the range 3.1—4.0 ppm indicates the presence of aliphatic
protons. Methyl protons appear at 2.21 ppm (s) and 2.29 ppm
(s) (Figure S7 in the Supporting Information).

The C NMR spectrum of H,DTC was recorded in
DMSO-d¢ (Figure S8 in the Supporting Information). The
imine carbon atoms appear at 162.29 ppm, whereas aromatic
carbon atoms appear in the range 121.36—159.34 ppm. The
signals of the aliphatic carbon atoms appear from 59.97 to
70.75 ppm and that of the methyl carbon atoms at 20.26 ppm.
In the *C NMR spectrum of 1 recorded in DMSO-dy (Figure
S9 in the Supporting Information), the signals of the imine and
aromatic carbon atoms appear in the 166.04—172.94 and
120.44—165.71 pm ranges, respectively. Methylene and methyl
carbon atoms are observed in the ranges $8.59—74.07 and
19.36—19.43 ppm, respectively. We have also performed a 'H
NMR titration of H,DTC with Zn*" in DMSO-ds. Upon
gradual addition of Zn®', the signal of the OH protons
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Figure 2. Absorption spectra of H,DTC (10 M) in the presence of (I) Cu** (0—4.30 equiv) and (II) Zn>* (0—4.30 equiv) in HEPES buffer (10
mM) at pH 7.4: in the absence (purple in A) and presence of 0.25—0.75 equiv (red in A), 1.0 equiv (dark cyan in A and B), 1.25—1.75 equiv (blue
in B), 2.0 equiv (green in B and C), 2.25—4.0 equiv (pink), and 4.3 equiv (violet in C) of metal ions. The absorption spectra with the gradual
increase of Zn>* or Cu®* concentrations are shown by deep to light colors (red, A; blue, B; pink, C). The spectra of (II-C) complex 1 and (I-C)

complex 2 (40 M each) are depicted by black lines for comparison. The isosbestic absorption wavelengths are indicated by arrows.

disappears due to the coordination of the metal. Again, in the
presence of 3 equiv or above of Zn®* ions significant splitting
with downfield shift of aromatic protons from 7.44 ppm to
6.96, 7.09, 7.15, 7.38, 7.51, and 7.64 ppm and imine protons
(H-C=N) from 8.49 ppm to 7.92, 8.00, 8.27, and 8.47 ppm
is noticed, confirming the metal ion coordination with the
imine nitrogens. Similarly, splitting in the spectral pattern of
aliphatic protons from 3.62 and 3.52 ppm to a multiplet
(3.46—3.96 ppm) in the presence of metal ions suggests the
coordination of oxygen atoms of the aza-crown part with Zn**
centers. Interestingly, the methyl protons also exhibit a
significant change in spectral pattern (from 2.19 ppm to 2.22
and 2.25 ppm) under such a condition (Figure S10 in the
Supporting Information). X-ray crystallographic data of 1 also
justify the above 'H NMR titration data.

Absorption Spectra Studies. The UV—vis spectrum of
H,DTC in 10 mM HEPES buffer at pH 7.4 shows a well-
defined band at 445 nm. The peak is attributed to an
intramolecular 7 — 7* or n — #* transition. Three different
sequences of absorption changes for H,DTC were noticed
with an increasing concentration of Zn** or Cu®** until the
intensity saturated in the presence of 4.3 equiv of the metal
ions (Figure 2). By gradual addition of Cu®** up to 1.0 equiv in
the buffer containing H,DTC (10 uM), the 445 nm absorption
band for H,DTC was shown to be gradually depleted with the
concomitant formation of gradually blue shifted absorption
intensities maximally up to ~424 nm by maintaining the
isosbestic wavelength at ~428 nm (Figure 2 (I-A)). Although
the absorption change continued by further addition of Cu**
until 4.3 equiv, only a small blue shift from 424 to 413 nm was
detected (Figure 2 (I-B and I-C, respectively)). However, the
absorbance change from 1.0 to 2.0 equiv and that from 2.0 to
4.3 equiv follow two separate isosbestic wavelengths at ~417
and ~393 nm, respectively. No further absorption change was

observed above 4.3 equiv of Cu®". With the increasing addition
of 4.3 equiv of Zn*', the absorption of H,DTC gradually blue
shifted up to ~413 nm, and most interestingly and similarly to
Cu®*, the absorption changes exhibited three separate
isosbestic wavelengths at ~434, ~420, and ~413 nm in the
Zn** ranges of 0—1.0, 1.0—2.0 and 2.0—4.3 equiv, respectively
(Figure 2 (II-A, 1I-B, and II-C)). The consecutive appearance
of three separate isosbestic wavelengths for the two metal ions
suggests the presence of species with different stoichiometric
ratios under equilibrium conditions. Unfortunately, their
overlapping intensities did not allow us to identify their
stoichiometries accurately.

ESI-MS* Analysis. ESI-MS* studies have been performed
with 1:1, 2:1, and 4:1 metal ion:H,DTC (metal ion: Zn>* or
Cu®") molar ratios. In the case of Zn>*, m/z peaks appear at
615.15 for the 1:1 ratio and 814.16 for the 2:1 ratio, suggesting
the formation of [Zn(HDTC)]* and [Zn,(DTC)(NO;),+Li]*
complexes in a water/methanol (9/1, v/v) mixture (Figure
S11a,b, respectively, in the Supporting Information). Similarly,
in the presence of Cu®" ions, for the 1:1 and 2:1 ratios, peaks
appear at 614.13 and 739.01, which correspond to [Cu-
(HDTC)]* and [Cu,(DTC)(NO;)]*, respectively (Figure
S12a,b, respectively, in the Supporting Information). When
the mass spectrometric studies were carried out with a 4:1
metal to ligand molar ratio, peaks were observed at 1032.96 for
Zn*" and 1170.00 for Cu** corresponding to [Zn,(DTC)-
(OH),(NO;);]* and [Cuy(DTC)(OCH;),(NO;), + CH;0H
+ Na]* molecular ions, respectively (Figures S1lc and S12c,
respectively, in the Supporting Information). Moreover, the
experimentally obtained ESI-MS" data nicely match with their
simulated patterns.

Fluorescence Properties. Fluorescence experiments were
performed in 10 mM HEPES buffer (pH 7.4) under ambient
conditions. Upon excitation at 445 nm, H,DTC exhibits weak
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Figure 4. Color changes of the chemosensor H,DTC (10 M) in the presence of different metal ions (4 equiv) in HEPES buffer (10 mM, pH 7.4).
The images were taken under UV light. Legend: 1, only H,DTC; 2—16, H,DTC + Zn**, Cu®*, Cd**, Pb**, Hg**, Mn*", Fe**, Co**, Ni**, Cr**, K",

Na*, Mg™, Ca®, and AI**, respectively.

fluorescence at 500 nm. This is probably due to a
photoinduced electron transfer process (PET). The delocaliza-
tion of the available lone pair on the imine nitrogen atom to
the DFP moiety leads to the quenching of the fluorescence.
Upon addition of Zn** to H,DTC, the emission at 475 nm
(excitation wavelength 415 nm) was greatly enhanced,
accompanied by a blue shift of 25 nm (Figure 3a). The
fluorescence enhancement due to Zn' ions has a systematic
growth of about 7-fold up to 4 equiv of Zn**, although a small
fluorescence increase is still perceptible at higher Zn**
concentrations. The chelation of Zn?* with phenoxido O and
imine N atoms of the aromatic part as well as O atoms of the

macrocyclic aza-crown part of H,DTC increases the rigidity of
the molecular assembly (CHEF effect) via inhibition of the
free rotation of H,DTC around the H-C=N bond. Again a
PET process is hindered by arresting the lone pair of electrons
present on the imine nitrogen. These two effects are jointly
responsible for the observed fluorescence enhancement.

In the case of Cu®, its gradual addition (up to a maximum
of 4 equiv) to a chemosensor solution completely quenches the
fluorescence at ~S500 nm (Figure 3c). Such a dramatic
quenching of the fluorescence (~5S-fold) (CHEQ) can be
attributed to a ligand to metal charge transfer (LMCT)
between H,DTC and the paramagnetic Cu* ions.”* The plot
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Figure 5. Relative fluorescence intensity profile of the [DTC—Zn>*] system in the presence of different cations in 10 mM HEPES buffer at pH 7.4.
Legend: 1, only H,DTC (10 uM), 2—15, H,DTC (10 yM) + Zn>*(40 uM) + M™ (50 uM), where M"* = (Cu?* (2), Co** (3), Cr** (4), Fe** (5),
Hg** (6), K* (7), Mn** (8), Na* (9), Ni** (10), Mg** (11), Pb*>* (12), Ca* (13), Fe®* (14), Cd*" (15). Blue bars indicate H,DTC (10 uM) + Zn**
(40 uM), whereas brown bars indicate H,DTC (10 gM) + Zn** (40 uM) + other cations (50 uM) (except for 1).

of fluorescence intensity at S00 nm (Igy,) vs molar ratio
([Cu**]/[H,DTC]) in Figure 3d shows that the quenching is
at a maximum for an ~1:2 H,DTC:Cu®" stoichiometric ratio.

The selectivity of H,DTC toward Zn>* and Cu®* over other
competitive species was examined by fluorescence titration
experiments in the presence of different alkali metal (Na* and
K'), alkaline-earth metal (Mg** and Ca®'), and transition-
metal ions (Mn>*, Fe*, Co*, Ni**, Cu’, Cd*, and Hg*")
(Figure S13 in the Supporting Information). In a UV chamber,
H,DTC exhibits a bluish green fluoresce in the presence of
Zn*" ions (Figure 4). Upon the addition of different common
anions such as sodium salts of S,0,*7, $*7, SO,*~, HSO,",
$0,*7, SCN7, N;~, OCN™, AsO,*", PO,*", ClO,~, AcO™, CI,
NO;~, P,0,*" (PPi), PF,, F, L-cysteine, and glutathione
(Figure S14 in the Supporting Information) in HEPES buffer
(10 mM) at pH 74 to the chemosensor, no significant
fluorescence enhancement was noticed. Competition assay
experiments were performed individually for Zn** (4.0 equiv)
and Cu®' ions (4.0 equiv) and in the presence of other metal
ions (5.0 equiv) and common anions in a similar solvent
system. As shown in Figure 5, the addition of other metal ions,
except Cu’*, does not significantly alter the emission of the
system Zn?*-H,DTC. However, the addition of Cu®* to an
H,DTC solution in the presence of Zn>* led to large
fluorescence quenching (Figure S and Figure S15a in the
Supporting Information), in agreement with the higher
stability of the Cu*" complexes. Such a type of displacement
highly corroborates the Irving—Williams series, according to
which Cu?" ions have a greater tendency of replacing Zn>" ions
to form a more stable Cu**—probe complex. Binding constant
values also support the above observation. Interestingly, the
presence of Cu’ ions did not exhibit such a type of
fluorescence quenching. The effective ionic radii of Cu’,
Cu*', and Zn*" are 77, 73, and 74 pm, respectively. Therefore,
the charge to radius ratio values of Zn** and Cu®" ions are
comparable and significantly differ from that of Cu" ions,

which initiates the selectivity of H,DTC toward Zn** and Cu**
ions. Cu®* ion detection by H,DTC is not influenced by the
presence of other competitive metal ions, including Zn** ions
(Figures S15b and S16 in the Supporting Information).

In competition assay experiments toward common anions,
we have also studied the binding behavior of the chemo-
sensor—Zn** receptor toward PPi and the binding behavior of
the chemosensor—Cu®* receptor toward biothiols such as L-
cysteine and glutathione. In the chemosensor—Zn®* receptor
the fluorescence emission was only slightly quenched in the
presence of a large excess of PPi (40 equiv) (Figure S17 in the
Supporting Information). Similarly, in the case of the
chemosensor—Cu®* receptor, glutathione exhibits little fluo-
rescence enhancement (Figure S18 in the Supporting
Information). Therefore, the competition assay experiment
demonstrates a high fluorescence recognition of H,DTC for
Zn?** and Cu** ions over other cations and anions.

Furthermore, solid-state fluorescence spectroscopic studies
of H,DTC and complexes 1 and 2 (Figure S19 in the
Supporting Information) reveal the enhancement of fluo-
rescence intensity in 1 and the quenching of fluorescence
intensity in 2 in comparison with H,DTC.

Reversibility and regeneration are two important aspects for
the real-time application of a chemosensor. The experiments
were performed in the presence of a solution of the sodium salt
of ethylenediaminetetraacetic acid (Na,EDTA). In the case of
the DTC—Zn”" solution, after addition of 4 equiv of Na,EDTA
the color changes from bluish green to light yellow with an
obvious decrease in fluorescence intensity. However, the
addition of 4 equiv of Na,EDTA to a DTC—Cu®" solution
leads to an enhancement of emission intensity that along with
the appearance of a light yellow color indicates the
regeneration of the free H,DTC (Figure S20 in the Supporting
Information).

The average concentration of Cu** in blood is 100—150 ug/
L, and the total concentration of Zn** ions in mammalian cells
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Figure 6. Species distribution for the system DTC in 0.15 M NaCl (EtOH 30%). [DTC] = 1 mM.

is in the range 100—500 UM.*** The lower limit of detection
(LOD) of the chemosensor toward Cu®** and Zn** was
calculated using the 3¢ method.*® The values obtained, 0.11X
10~° M for Cu®" and 0.27x 107 M for Zn**, clearly suggest
that this chemosensor can quantitatively detect both Cu** and
Zn** jons in the analysis of a real sample.

The stability of the chemosensor was examined by a
reversibility experiment36 (Figure S21 in the Supporting
Information). It clearly shows that the chemosensor is quite
stable in a wide range of pH (pH 4—10) and it can only be
dissociated under strongly acidic conditions (Figure S22 in the
Supporting Information).

Figure S23 in the Supporting Information shows the effect of
pH on the fluorescence response of the free H,DTC and of the
systems Zn?*:H,DTC and Cu’*:H,DTC with a 4:1 molar
ratio. Free H,DTC has weak fluorescence at acidic pH that
increases slightly from pH 3 to 6 and then decreases at more
basic pH values. The weak emission of the free ligand can be
attributed to a PET process that becomes more intense at basic
pH when the phenol groups are deprotonated (see the
distribution diagram). Deprotonation of the phenol groups
would extend the electron delocalization to the z-conjugated
system formed by the aromatic rings and the C=N (imino)
groups, thereby decreasing the emission intensity. While the
addition of Zn*" does not lead to any increase in fluorescence
at acidic pH values, at pH values above 7, it produces a large
increase in fluorescence (CHEF effect). In contrast, Cu**
quenches the fluorescence of H,DTC throughout the entire
pH range assayed, particularly at basic pH values, due to the
chelation to the metal (CHEQ_effect). The above findings
suggests that the phenol groups present in H,DTC are too
basic, do not dissociate readily, or reprotonate readily enough
and thus easily undergo deprotonation.

Lifetime and Quantum Yield Measurements. Lifetime
experiments for the H,DTC and complexes 1 and 2 were
studied at 298 K in HEPES buffer (10 mM, pH 7.4). The
average fluorescence decay lifetimes of H,DTC and complexes
1 and 2 have been determined by using the formula 7; = a;7, +
a,7,, where a, and a, are the relative amplitudes of the decay
process. The average fluorescence lifetime of H,DTC, and
complexes 1 and 2 are 1.90, 2.68, and 0.44 ns, respectively

(Figure S24 and Table S3 in the Supporting Information). We
were unable to obtain the phosphorescence intensity
apparently due to low fluorescence lifetime values.

The fluorescence quantum yield (®) was calculated by using
the formula

(I)sample = {(ODstandard XA X ’12

sample)

sample

2
/(ODsample X Astandard X n standard)} X (I)standard

where A is the area under the emission spectral curve, OD is
the optical density of the compound at the excitation
wavelengt, and # is the refractive index of the solvent. The
standard used was quinine sulfate with @, 4,4 = 0.52.

The values of ® for H,DTC and for the DTC—Zn*" and
DTC—Cu** complexes were found to be 0.059, 0.28 and
0.0014, respectively (Table S3 in the Supporting Information).
The fluorescence quantum yield (®) of the H,DTC—Zn**
complex is 4.7-fold greater than that of free H,DTC. The low
fluorescence decay lifetime and quantum yield of complex 2 is
due to the quenching effect of Cu®" ions.

pH-Potentiometric Titrations. Acid—Base Behavior.
The EMF data obtained by titrating H,DTC EtOH/H,0O
30/70 v/v solutions in 0.15 M NaCl (EtOH 30%) at 298.1 K
with NaOH agueous solutions were analyzed with the
HYPERQUAD? suite programs. For additional experimental
data, the pH range covered, and fitting parameters, see Tables
S4—S6 in the Supporting Information. The pH range used for
determining the protonation constants was 6—11. Further
studies were carried out from pH 3 in order to rule out
additional protonation steps. A total of four protonation
constants were found (see Table S7 in the Supporting
Information and Figure 6). The first and second protonation
constant values are very close and should occur at opposite
sides of the macrocycle. According to the literature data,**””
there are some crystal structures where a proton is shared
between phenolate groups and the neighboring imino groups.
It is reasonable to suggest that this might also happen in
solution. The next two protonations would produce a
reorganization of the protons since, as was evidenced in the
crystal structure of a related ligand,"” all four protons at this
stage would be placed at the imino groups. A hydrogen-bond
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mM (right). Mononuclear species are shown in red, and binuclear species are shown in blue.

100

AN Zn,DTC(OH),”|
ZnDTC

801 X ZnHDTC*

60

40 A

% Formation Relative to Zn

20

pH

100

AN Zn,DTC(OH),~

801 AN Zn,DTC(OH),

\ Zn,DTC(OH)*
601 “._  ZnHDTC*

~
~
~~

404

% Formation Relative to Zn

20

pH
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mM (right). Mononuclear species are shown in red, and binuclear species are shown in blue.

network between the phenolate and the imino groups would
contribute to the observed reorganization.

Interaction with Cu?* and Zn?*. The interaction of H,DTC
with Cu®* and Zn** was studied by means of pH-
potentiometric titrations performed with M*":H,DTC mole
ratios varying from 1:1 to 4:1 in the same solvent mixture and
electrolyte as in the protonation studies. The introduction in
the model of M*":H,DTC species with 3:1 and 4:1
stoichiometry did not lead to any improvement in the fitting
and, therefore, such stoichiometries were discarded. The
titrations only revealed the formation of complex species of
1:1 and 2:1 M**:H,DTC stoichiometry (see Tables S8 and S9
in the Supporting Information). Moreover, in the titrations
carried out with 3:1 and 4:1 Cu®":H,DTC mole ratios, some
formation of Cu®** hydroxide was observed at basic pH values.
The final models collected in Table S8 show for Cu®" the
formation of mononuclear [Cu(H,DTC)]*** species with x
varying from 2 to 0, as well as of the nonhydroxylated binuclear
species [Cu,(DTC)]** and the hydroxylated species
[Cu,(DTC)(OH)]* and [Cu,(DTC)(OH),]. The distribu-
tion diagrams (Figure 7) show that, while for the 1:1
Cu’*:H,DTC mole ratio the mononuclear species prevail
throughout the entire pH range studied, for a 2:1 ratio the
binuclear hydroxylated species are quantitatively formed in
solution above pH 7. As shown in Table S8, the stability

constant for the formation of the [Cu(DTC)] complex is
almost 9 orders of magnitude higher than that for the stepwise
formation of the [Cu,(DTC)]*" binuclear species, which may
be associated with the fact that there is a larger number of
donor atoms involved in the coordination of the first metal ion.
The coordination of the second metal should bring about a
rearrangement of the ligand and a reorganization of the
coordination sphere with bond breaking and re-forming, so
that each metal ion occupies one of the sites of the ligand. This
low coordination number is reflected in the very low pK, value
(pK, = 5.87) associated with the formation of the
monohydroxylated binuclear complexes. This pK, value
supports, on the other hand, that the hydroxide anion is
behaving as a bridging ligand between the metal centers.

As with copper, in the case of zinc no stoichiometry higher
than 2:1 could be derived from the pH-potentiometric studies
(Figure 8), where for the y axis the percent complex formation
with respect to the total metal content is represented as a
function of pH. Mononuclear complexes have the stoichiome-
tries [Zn(H,DTC)]** with x varying from 4 to O and
[Zn,(DTC)(OH),]*™ hydroxylated binuclear complexes
with y varying from 1 to 3. As expected, the Zn** complexes
of DTC have lower stability constants than those of copper, as
exemplified in Table S8 by the S orders of magnitude lower
stability of [Zn(DTC)] with respect to [Cu(DTC)] (Table
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Figure 9. Bright field, fluorescence, and merged microscopic images of untreated HeLa (Control) cells and cells treated with Zn** (20 uM) +
H,DTC (5 uM) and with Zn** (20 uM) + H,DTC (5 uM) + Cu®* (20 uM).

S9). As shown in the distribution diagram, the hydroxylated
species predominate in solution above pH 7.4 for a 2:1
Zn*":DTC molar ratio.

Stability Constant Determination from UV-Vis and
Fluorometric Titrations. UV—vis and fluorescence titrations
were performed by adding up to 4 equiv of either Cu*" or Zn**
to a 10 M water solution of H,DTC in HEPES buffer (pH
74) (Figures 2 and 3). The data were analyzed with the
software HypSpec2014,”"** and the best-fitting model was
chosen with the same criteria as for the pH-potentiometric
data. The equilibrium constants obtained are conditional
constants for the experimental conditions used at pH 7.4.

For Cu*', the UV—vis titrations revealed the formation of
species of 1:1 and 2:1 Cu*": H,DTC stoichiometries with
values of the successive constants being 6.17(3) and 4.76(2),
respectively. In the case of Zn>" we could only fit the constant
for the 1:1 complex at this pH with a value of log K = 5.83(8).
Indeed, the distribution diagram calculated with the constants
derived from the pH-potentiometric studies at the concen-
trations used in the UV—vis titration (vide supra) reveals that
only mononuclear species are formed at pH 7.4; the binuclear
species forms at higher pH values. Similar conclusions were
drawn from the emission studies. As stated above, addition of
Cu®" in water produces a strong quenching. The profile of the
titration and the analysis of the data support the formation of
1:1 and 2:1 complexes of Cu**:H,DTC stoichiometry (Figure
S2S in the Supporting Information). However, in the case of
the Zn>" titration, a CHEF effect is observed. As noted above,
the coordination of the 3d'® Zn®" ion would prevent the
photoinduced electron transfer from the imine lone pairs to the
excited fluorophore from occurring. The values of the
constants obtained from the fluorescence studies (Cu®*, log
K, = 6.085(1), log K, = 5.86(2); Zn™, log K, = 6.032(8))
agree reasonably well with the UV—vis and the effective
constants (log K. = Y [MH,DTC]*"/
[(X(HDTC)* *[M**]) determined at pH 7.4 from the
potentiometric data. The above binding constant values
suggest that the effect of solvent composition on the metal—
ligand binding properties can considered to be negligibly small.

To support this fact, we performed a fluorometric titration by
using ethanol instead of methanol and maintained the water/
ethanol mixture at 7/3 (v/v). A similar observation was found
and is depicted in Figure S26 in the Supporting Information.

The above experimental data reveal that the lower
stoichiometries (1:1 and 1:2 for Cu® and 1:1 for Zn**) of
chemosensor to metal are the most stable components in the
solution phase. Again, by X-ray crystallography we have
established a higher stoichiometry (1:4) in the solid phase.
This is probably due to the macrocyclic nature of the
chemosensor H,DTC, which can accommodate metal ions
(Zn** and Cu*") in different stoichiometries from 1:1 to 1:4
depending on the reaction conditions. Experiments performed
in the solution phase were probably unable to identify higher
stoichiometries due to their low stabilities. The presence of
different weak interactions (#--7, CH--7, and hydrogen
bonds) and nitrate ions facilitates the stabilization of higher
stoichiometry complexes in the solid phase.

Cell Imaging Study. In order to follow the real conditions,
fluorescence microscopy was used to study the cellular uptake
of Zn** (20 uM) in cells and a solution of the ligand (5 uM). A
promiscuous green fluorescence signal is observed under the
microscope that immediately disappears after the incorpo-
ration of Cu®* (20 uM) (Figure 9). The same result was
observed in the cellular uptake study of a solution of the ligand
(S uM) and Zn** (20 uM) simultaneously in the presence or
absence of Cu** (20 uM) (Figure S27 in the Supporting
Information). Thus, we can conclude that the cells readily
internalize the Zn** complex, producing promiscuous green
fluorescence, which is immediately quenched after the addition
of Cu®". The nanomolar detection sensitivity order for the
probe H,DTC did not permit the detection of ultratrace
amounts of Zn** or Cu?* (~107'%~107'% M) in human cells.*’

Cell Survival Assay of H,DTC. The purpose of doing a
cytotoxicity assay is to explore the possibility of toxic effects of
the ligand. A cytotoxicity assay clearly determines whether the
ligand exerts any significant adverse effect on the cells. The
percentage of survivability is a clear indication of the effects of
a particular ligand on the cells. Hence, a higher bar graph
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percentage indicates biocompatibility, whereas a lower bar
graph percentage indicates enhanced mortality of the cells. The
in vitro cytotoxicity of H,DTC was determined to estimate the
biocompatibility with WI-38 (noncancerous cells) and MDA-
MB-468 and HeLa (cancerous cells) cell lines. The cells were
treated with different concentrations (0—100 uM) of the
ligand for 24 h and followed by an MTT assay. It is observed
that the ligand exhibits no significant toxicity in all three cell
lines even when they are treated with high concentrations of
H,DTC (Figures S28 and S29, respectively, in the Supporting
Information). In addition, no appreciable increase in
cytotoxicity (cell survival >80%) was detected in the presence
of experimental Zn** and Cu** concentrations (20—50 xM)
(Figure S30 in the Supporting Information); presumably
H,DTC could scavenge the metals and protect the cell. Hence,
we can conclude that the ligand is biocompatible and might be
conducive for biological applications.

Computational Study of the Ligand. The UV-—vis
absorption spectrum of the ligand was studied at room
temperature in water/methanol (9/1 v/v, 10 mM HEPES
buffer, pH 7.4). Experimentally the ligand shows one peak at
445 nm, and we have computed using the TDDEFT
methodology the associated absorption energy, along with
the oscillator strength and the main configurations. The ligand
was studied for three possible tautomeric forms (Scheme S2 in
the Supporting Information). The experimental UV spectrum
of the ligand is probably composed of the absorption bands of
the bis-keto form at room temperature because this tautomer is
the most stable (2.2 kcal/mol more stable than the bis-enol
form). Consequently, we only describe the TD-DFT study of
the bis-keto form. Moreover, the lowest lying absorption band
computed for the bis-keto tautomer (4 = 447 nm) is in
excellent agreement with the experimental band (/lexp = 445
nm).

In the ground state the HOMO is basically composed of the
six-membered rings and the conjugated exocyclic C=C and
C=O0 bonds. The HOMO-1 and HOMO have the same
energy (—5.330 eV). Similarly, the LUMO is basically
composed of the 7 systems, including the exocyclic C=C
bond and the conjugated lone pair of the nitrogen atoms. The
energy difference between the HOMO and LUMO is 2.969
eV. The calculated lowest-lying absorption band is located at
447 nm for the bis-keto form of ligand (see Figure 10). This
absorption band can be assigned to an Sy — S, transition and
attributed to two electronic transitions: HOMO — LUMO
(50%) and HOMO-1 — LUMO+1 (50%). The theoretical
value is in very good agreement with the experimental
absorption value (4., = 445 nm), thus confirming the
existence of the bis-keto form in solution.

We have also performed a TD-DFT study of the Zn
complex. Unfortunately, it was not possible to analyze the Cu
complex using the TD-DFT calculations, likely due to the
quintuplet nature of the ground state (high-spin config-
uration). However, the PET-OFF behavior observed only for
the Cu’* complex can be explained in terms of the
conformation adopted by the ligand in this complex, as
revealed by X-ray experiments. That is, a perfect 7—x face-to-
face stacking only observed in the Cu®* complex (see Figure S4
in the Supporting Information) provides a suitable explanation
for the quenching of fluorescence in the ligand upon
complexation.

In the ground state (S,) of the Zn** complex, the HOMO is
composed of two phenolic aromatic moieties of the ligands and

LUMO+1
—2.361eV

g ) )
\\ﬁ;”’o” LUMO L
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f=0.1093
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Figure 10. Molecular orbitals involved in the UV—vis absorption of
the bis-keto form of the ligand at the B3LYP/6-31+G* level of theory.

the conjugated C=N bonds (Figure 1la). The LUMO is
basically composed of the antibonding C=N # orbital. The
energy difference between the HOMO and LUMO is 2.741
eV. To get a better insight into the experimental absorption
values TDDFT calculations were carried out for the complex
on the basis of the X-ray geometry. The calculated absorption
energy associated with its oscillator strength, the main
configurations, and their assignments of the lowest-lying
transition in the Zn** complex are given in Figure 11. This
singlet — singlet absorption band corresponds to the S, — S;
excitation (3.1002 €V, A = 400 nm, and f = 0.0966). This single
excitation can be attributed to HOMO-2 — LUMO and
HOMO — LUMO transitions (Figure 11b), which can be
assigned to #(L) — #*(L) transitions with ILCT character.
The experimental value (4., = 413 nm) is in reasonable
agreement with the theoretical value (400 nm). The essential
contribution is the HOMO — LUMO excitation config-
uration, which is fluorophore-based, and consequently the
fluorescence originates from this transition. The atomic
orbitals of the metal center are not involved in the transition,
and most of the HOMO and LUMO in the Zn(II) complex
resemble those of the free sensor. In fact, only a slight
alteration of the electron distribution is observed in the LUMO
(smaller contribution of the aromatic ring and larger
contribution of the imidic bond with respect to the free
ligand), which likely explains the chelate-enhanced fluores-
cence.

B SUMMARY

In summary, we have successfully developed a unique
multifunctional aza-crown-based Schiff base, H,DTC, as a
“turn-on” fluorescence receptor for Zn>* ions and “turn-off’
receptor for Cu?" ions. In the case of Zn?*, the fluorescence
enhancement originates from the coordination of the
deprotonated receptor (DTC?") through the imine nitrogen,
phenoxido oxygen, and oxygen atoms of tetraaza-30-crown-8
(CHEEF effect). However, the addition of Cu®" ions to H,DTC
completely quenches the fluorescence response due to ligand
to metal charge transfer (LMCT) between H,DTC and the
paramagnetic Cu(Il) ions (chelation-enhanced quenching,
CHEQ).

The macrocyclic nature of the chemosensor directs the
accommodation of more than one metal center in the ligand
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Figure 11. (a, c) Plots of the HOMO and LUMO. (b) Frontier molecular orbitals involved in the lowest-lying observable UV—vis absorption of

complex 1.

system. pH-potentiometric titrations confirm 1:1 and 2:1
binding stoichiometries between the metal ions (Zn ** and
Cu’") and the chemosensor in dilute solutions with a high
water content. Interestingly, the 1:4 H,DTC:metal binding
stoichiometry has been established in the solid phase using X-
ray crystallography. The presence of a higher number of metal
centers and nitrate ions probably plays a crucial role in their
isolation in the solid phase. Also, different supramolecular
interactions such as strong -7 stacking facilitate the
crystallization process.

The reversibility and regeneration of the chemosensor have
been examined in the presence of Na,EDTA. The metal—
chemosensor complexation was further studied by DFT and
TDDFT calculations. We were also successful in reveal the
practical application of the chemosensor by performing a
bioimaging study of H,DTC using MDA-MB-468 cells.
Furthermore, the probe was applied to detect intracellular
Zn*" and Cu*' in live cells with no significant cytotoxicity.

B EXPERIMENTAL SECTION

Materials and Physical Measurements. All reagent or
analytical grade chemicals and solvents were purchased from
commercial sources and used without further purification. Elemental
analyses for C, H, and N were carried out using a Perkin—Elmer 240C
elemental analyzer. Infrared spectra (400—4000 cm™") were recorded
from KBr pellets with a Nicolet Magna IR 750 series-II FTIR
spectrophotometer. Absorption spectra were measured using a
sensitive UV—vis spectrophotometer (UV-2450 spectrophotometer
(Shimadzu, Japan)) equipped with a double-beam light source with a
1 cm path length quartz cell. Electron spray ionization mass (ESI-
MS*) spectra were recorded with a MICROMASS Q-TOF
spectrometer. Emission spectra were collected using a Fluoromax-4
spectrofluorometer at room temperature (298 K) under degassed
conditions. The fluorescence lifetime was measured using a time-
resolved spectrofluorometer from IBH, UK. Measurements of 'H and
13C NMR spectra were conducted using BRUKER 400 and BRUKER
300 spectrometers, respectively.

Caution! Perchlorate ion is an extreme oxidizing agent and
laboratory hazard. Only a small amount of the sample should be
prepared, and it should be handled with great care.**

X-ray Crystallography. Single-crystal X-ray data of complexes 1
and 2 were collected on a Bruker SMART APEX-II CCD
diffractometer using graphite-monochromated Mo Ka radiation (1
= 0.71073 A) at room temperature. Data processing, structure
solution, and refinement were performed using the Bruker Apex-II
program suite. All available reflections in the 26, range were
harvested and corrected for Lorentz and polarization factors with
Bruker SAINT plus.*® Reflections were then corrected for absorption,
interframe scaling, and other systematic errors with SADABS.*® The
structures were solved by direct methods and refined by means of a

full-matrix least-squares technique based on F* with the SHELX-
2017/1 software package.”’ All of the non-hydrogen atoms were
refined with anisotropic thermal parameters. C—H hydrogen atoms
were inserted at geometric positions with U, being 1/2 of the U,
values of the atoms to which they were attached. Crystal data and
details of data collection and refinement for 1 and 2 are summarized
in Table S1 in the Supporting Information.

Synthesis of 2,6-Diformyl-4-methylphenol (DFP). 2,6-Di-
formyl-4-methylphenol (DFP) was prepared by following a standard
literature procedure.”®

Synthesis of the Chemosensor 1,16-Dihydroxy-tetraaza-30-
crown-8 (H,DTC). A mixture of 2,6-diformyl-4-methylphenol (2.0
mmol, 0.3283 g) and 1,2-bis(2-aminoethoxy)ethane (2.0 mmol, 0.296
g) was heated to reflux for 3 h in methanol solvent. A yellow gummy
mass was obtained after evaporation of the solvent.

Yield: 0.486 g (88%). Anal. Calcd for C30H,N,Oq: C, 65.20; H,
7.30; N, 10.14. Found: C, 65.55; H, 7.51; N, 10.01. IR (cm™, KBr):
v(C=N) 1635s; v(C—H) 778s. ESI-MS" in MeOH: the base peak
was detected at m/z 553.30, corresponding to [H,DTC+H]*. UV—vis
(Anae (nm) (& (dm® mol™ em™), in 10 mM HEPES buffer at pH=
7.4): 445 (47086). '"H NMR (DMSO-d,, 400 MHz; §, ppm): 2.19
(Ar-CH,) (d, 6H, J = 3.2 Hz), 3.52 (—CH,) (d, 8H, J = 15.2 Hz),
3.62 (—CH,) (d, 16H, J = 5.6 Hz), 7.44 (ArH) (d, 4H, ] = 9.6 Hz),
8.49 (~CH=N) (d, 4H, J = 12.4 Hz), 14.20 (Ar-OH) (s, 2H). 'H
NMR (CDCl;, 400 MHz; &, ppm): 2.25 (Ar-CH;) (t, 6H, ], = 3.6 Hz,
], = 44 Hz), 3.58—3.67 (—CH,) (m, 8H), 3.69—3.77 (—CH,) (m,
16H), 7.39 (ArH) (s, 4H), 8.47 (—CH=N) (s, 4H), 13.84 (Ar-OH)
(s, 2H). *C NMR (DMSO-dg, 75 MHz; §, ppm): 20.26 (—CHS,),
59.97, 70.58 70.75 (—CH,), 121.36, 127.39, 132.30, 159.34 (Ar-C),
162.29 (—CH=N).

Synthesis of the Complex [Zn,(DTC)(OH),(NO3),] (1). A2 mL
methanolic solution of zinc nitrate hexahydrate (4.0 mmol, 1.189 g)
was added dropwise to 20 mL of a methanolic solution of H,DTC
(1.0 mmol, 0.552 g) followed by the addition of triethylamine (2.0
mmol, 0.202 g), and the resultant reaction mixture was stirred for ca.
3 h. A yellow solid mass was obtained in high yield after slow
evaporation of the solvent. This yellow solid mass was dissolved in an
N,N-dimethylformamide (DMF)/methanol mixture (v/v, 1/9) and
carefully layered with diethyl ether. Yellow block-shaped crystals were
obtained after a few days.

Yield: 0.847g (78%). Anal. Calcd for C4,H,\N3O,0Zn,: C, 32.93;
H, 3.68; N, 10.24. Found: C, 33.06; H, 3.49; N, 10.38. IR (cm™,
KBr): v(C=N) 1630s; v(NO;)1300s; v(C—H) 773 s. ESI-MS* in
MeOH: the base peak was detected at m/z 1032.96, corresponding to
[Zn,(DTC)(OH),(NO;);]*. UV—vis (1., (nm) (¢ (dm® mol™
em™)) in 10 mM HEPES buffer at pH 7.4): 415 (44272). 'H
NMR (DMSO-d,, 400 MHz; 6, ppm): 2.21 ppm (—CH;) (s, 3H),
229 (—CHs;) (s, 3H), 7.93 (-CH=N) (d, 1H, J = 6.8 Hz), 8.01
(—=CH=N) (s, 1H), 8.28 (—CH=N) (d, 1H, J = 104 Hz), 8.48
(-=CH=N) (d, 1H, J = 12.4 Hz), 3.1-4.0 (—CH,) (m, 24H), 6.96
(s), 7.10 (s), 7.16 (s), 7.39 (s), 7.52 (d, 1H, J = 12.00 Hz), 7.65 (s)
(Ar-H, 4H). C NMR (DMSO-d,, 75 MHz; §, ppm): 19.36, 19.43
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(—CH,), 58.59, 61.06, 61.23, 61.82, 68.51, 69.41, 70.06, 70.09, 71.47,
71.91, 73.67, 74.07 (—CH,), 120.44, 121.00, 121.18, 121.50, 121.59,
123.87, 12420, 13921, 141.46, 141.50, 163.19, 165.71 (Ar-C),
166.04, 167.82, 170.44, 172.94 (—CH=N).

Synthesis of the Complex {[Cu,(DTC)(OCHj3),(NO;),]-H,0},
(2). A 2 mL methanolic solution of copper nitrate trihydrate (4.0
mmol, 0.966 g) was added dropwise to 20 mL of a methanolic
solution of H,DTC (1.0 mmol, 0.552 g) followed by addition of
triethylamine (2.0 mmol, 0.202 g), and the resultant reaction mixture
was stirred for ca. 3 h. A green solid mass was obtained after slow
evaporation of the solvent. This green solid mass was dissolved in a
DMF/methanol mixture (v/v, 1/9) and carefully layered with diethyl
ether. Green block-shaped crystals were obtained after a few days.

Yield: 0.858 g (76%). Anal. Calcd for C3,H,sCuNgO,,: C, 33.93;
H, 3.92; N, 9.91. Found: C, 34.10; H, 3.77; N, 10.06. IR (cm™’, KBr):
v(C=N) 1625s; v(NO;~)1300s; v(C—H) 770s. ESI-MS" in MeOH:
the base peak was detected at m/z 1170.00 corresponding to
[Cuy(DTC)(OCHS,),(NO,), + CH,OH + NaJ*. UV—vis (4, (nm)
(¢ (dm® mol™ ¢m™)) in 10 mM HEPES buffer at pH 7.4): 410
(42065).

UV-Visible and Fluorescence Spectroscopic Studies. Stock
solutions of various ions (1 X 107> M) were prepared in deionized
water. A stock solution of the chemosensor H,DTC (1 X 107> M)
was prepared in methanol. The solution of H,DTC was then diluted
to 1 X 107> M as per requirements by HEPES buffer (10 mM, pH
7.4). All of the spectroscopic experiments including a competitive
assay of various cations and anions were performed in organic/
aqueous HEPES buffer (10 mM, water/methanol 9/1 (v/v)) medium
at pH 7.4. In titration experiments, 30 4L of a solution of 1 X 107> M
H,DTC was taken up to 3000 xL in a quartz optical cell of 1.0 cm
optical path length, and the ion stock solutions were gradually added
to it. Spectroscopic studies of the chemosensor H,DTC in the
presence of different anions were performed in HEPES buffer (10
mM, water/methanol 9/1 (v/v)) at pH 7.4. In competitive assay
experiments, the test samples were prepared by using appropriate
amounts of the cation stock solutions. The values of the eiluilibrium
constants were obtained using the program HypSpec2014. b

EMF Measurements. The pH-potentiometric titrations were
carried out at 298.1 + 0.1 K using 0.15 M NaCl in EtOH/H,0 30/70
v/v as the supporting electrolyte in a reaction vessel (capacity 70 cm?)
that was thermostated with water and presaturated with argon
containing a separated pH glass electrode (Metrohm 6.0150.100).
This reaction vessel was connected through a salt bridge (NaCl 0.5
M) to a reference cell filled with NaCl 0.15 M, containing the
reference electrode (Metrohm 6.0726.107 Ag/AgCl reference
electrode in 3 M KCI solution). The titration device used was a
905 Titrando apparatus controlled by a PC running the software
Tiamo 2.3.

The measurement procedure consisted of a monotonic titration in
which a fixed volume of the titrand (carbonate-free 0.1 M NaOH) was
placed in the reaction vessel. The measured EMF was monitored over
time and registered when the measured drift was lower than 0.2 mV/
min. Then, the next volume of the titrand was added automatically
and the cycle was repeated until the predefined total volume of the
titrand had been added. The experimental EMF values were not
corrected for the liquid junction potential because this effect was
negligible in the pH range investigated.

Prior to the titration, the glass electrode was calibrated as a
hydrogen ion concentration probe by the titration of previously
standardized amounts of HCI in EtOH/H,0 30/70 v/v with CO,-
free NaOH solutions, and the equivalent point was determined by the
Gran method,"* which gives the standard potential, E°, and the
ionic product of water (pK,, = 14.10(1)). At least two titrations were
performed for each of the studied systems. The titrations were treated
separately without finding discrepancies in the values obtained for the
constants. The final values of the constants were obtained by merging
the individual titrations and fitting them together. Further details of
the experimental procedure are §7iven in the Supporting Information.

The software HYPERQUAD"’ was used to process the data and
calculate both the protonation and stability constants.

Cell Culture. The triple negative human breast cancer cell line
MDA-MB-468, the human cervical cancer cell line HeLa, and the
human lung fibroblast cell line WI-38 were obtained from the
National Center for Cell Science (NCCS), Pune, India. The cells were
grown in DMEM with 10% fetal bovine serum and penicillin/
streptomycin (100 units/mL) at 37 °C and 5% CO,. All the
treatments were conducted at 37 °C and with a cell density allowing
exponential growth.

Cell Imaging. In order to follow the real conditions, HeLa cells
were grown in cover slips for 24 h. Then the cells were either mock-
treated or treated with Zn>* (20 uM) ions for 24 h at 37 °C; after that
H,DTC (S uM) was added to them in the presence or absence of
Cu®* (20 uM) ions for another 24 h at 37 °C. In another set of
experiments MDA-MB-468 cells were grown in cover slips for 24 h.
Then the cells were either mock-treated or treated with S uM of
ligand (H,DTC) and 20 uM of the Zn>* salt in the presence or
absence of 20 uM of the Cu®* salt for 24 h at 37 °C. Both types of
cells were washed with 1 X PBS. Then they were mounted on a glass
slide and observed under a fluorescence microscope (Leica) with a
filter having an excitation of 450—500 nm (blue) and an emission of
500—-570 nm (green).

Cell Survivability Assay. The cell survivability of H,DTC was
studied for human lung fibroblast cells WI-38 (noncancerous cells)
and MDA-MB-468 and HeLa (cancerous cells) following a reported
procedure.’® In brief, the viability of these cells after exposure to
various concentrations of ligand was assessed by an MTT assay. The
cells were seeded in 96-well plates at 1 X 10* cells per well and
exposed to the ligand at concentrations of 0, 20, 40, 60, 80, and 100
UM for 24 h. The resulting formazan crystals were dissolved in an
MTT solubilization buffer, the absorbance was measured at 570 nm
by using a spectrophotometer (BioTek), and the value was compared
with that of control cells. The cell cytotoxicity of the complexes
toward the cancer cells MDA-MB-468 and HeLa were also
determined by following the aforementioned MTT assay protocol.
Another set of experiments was performed with an MTT assay by
keeping the ligand concentration the same (S5 4M) and varying Zn**
and Cu®" ions to a maximum concentration of 50 yM.

Computational Methods. The compounds were initially
optimized at the B3LYP/6-31+G* level of theory in their singlet
ground state (Se).>" To obtain theoretical UV—vis parameters, we
performed time-dependent DFT (TDDFT)*” calculations using the
same level of theory associated with the conductor-like polarizable
continuum model (CPCM).>* For the complexes and ligands (keto
and enol forms), we calculated 60 singlet—singlet transition using
their ground S, state geometries and using the conductor-like
polarizable continuum model. The calculated electronic density plots
for the frontier molecular orbitals were prepared by using the Gauss
View 5.0 software. All of the calculations were performed with the
Gaussian 09 software package.”
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