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ABSTRACT

Among the wide range of anions, the detection of fluoride ion has gained
greater attention because of its privileged usage in clinical applications which made it
beneficial to human health. However, the excess of fluoride consumption is health
concern as it can be a cause of many lethal diseases including bone cancer. Apart
from this fluoride ion detection, the detection of dicarboxylates is also a field of
prominence as they play vital role in the numerous metabolic processes such as
glyoxalate cycle, generation of high energy phosphate bonds etc.

Considering the significance of the field, six new series of receptors based on
various backbones such as 1-naphthohydrazide, benzohydrazide, aminophenol and
triphenylphosphonium salts have been designed and synthesised for the colorimetric
detection of fluoride ion and dicarboxylate ions and utilized for versatile applications
of environmental concern. All the receptors have been characterised using different
techniques such as *H NMR, FT-IR, elemental analysis and ESI-MS. The selected
receptors have been considered for three-dimensional structural elucidation using
Single Crystal X-Ray diffraction (SCXRD) studies.

The quantitative analysis of anions with the receptors has been carried out
using UV-vis titration. The binding constant for the receptor-anion complex has been
calculated using Benesi—Hildebrand equation. The binding mechanism has been
proposed based on UV-vis titration and the same has been confirmed by *H NMR
titration.

Based on the experimental results, it has been concluded that the simple
organic molecules could act as very good colorimetric receptors for biologically
important anions such as fluoride and dicarboxylate ions. Along with colorimetric
detection, these receptors could show vivid analytically as well as environmentally
significant applications such as quantitative analysis of fluoride ion present in sea
water/mouthwash, determination of percentage composition in binary solvent mixture
and extraction of fluoride ions from sea water.

Keywords: Anion Receptors; Colorimetric detection; Solvatochromism;

Aqueous media; Extraction; Deprotonation; Charge transfer; Acidic proton.
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INTRODUCTION AND LITERATURE REVIEW



Chapter 1

In this chapter, a brief introduction about supramolecular chemistry, anions
and anion binding chemistry has been discussed. In addition challenges in anion
detection, history of anion receptors, a brief literature review, scope and objectives of
the current work have been described.

1.1  SUPRAMOLECULAR CHEMISTRY

Supramolecular chemistry has been defined by Jean-Marie Lehn as ‘the
chemistry of molecular assemblies and of the intermolecular bond’, who shared the
Nobel Prize for this work in the year 1987. Broadly, the supramolecular chemistry can
be expressed as ‘chemistry beyond the molecule’. Perhaps it can also be defined as
‘the chemistry of the non-covalent bond’ and ‘non-molecular chemistry’. The
supramolecular chemistry was defined in terms of the non-covalent interaction
between a ‘host’ and a ‘guest’ molecule (Steed et al. 2009). The traditional chemistry
focuses on the covalent bond; whereas supramolecular chemistry concentrates on the
weaker and reversible non-covalent interactions between molecules. Thus the
supramolecular division focuses on the chemical systems made up of a discrete
number of assembled molecular subunits or components. The simple illustration to

compare molecular chemistry with supramolecular chemistry is given in Fig 1.1.
Molecular Chemistry
A WD —
Molecular Precursors

Supramolecular Chemistry

o

Guest Host Supermolecule

Fig. 1.1 Comparison between molecular and supramolecular chemistry
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1.2 ANIONS

An atom or a molecule which possesses more number of electrons than
protons is called anion. The resulting charge over the atom or molecule is negative.
The atoms that form anions most easily are Group 17 (or VII) atoms, or the halogens
such as fluorine, chlorine, bromine, iodine etc. These halogens can readily gain one
extra electron to carry a -1 charge (negative charge) and thus form respective anions
(halides). Oxygen and sulphur can carry -2 charges; nitrogen and phosphorous can
carry -3 charges to form respective anions. The molecules such as cyanide (CN ),
thiocyanate (SCN™), carboxylate (COO™) and phosphate (PO4>") etc. are anions as
these molecules carry negative charges.
1.2.1 Biological and environmental importance of anions

Anions are responsible for many biological processes and to regulate several
environmental processes. Generally, anions are directly involved in various biological
parameters such as retaining the cell volume, osmotic pressure, production of
electrical signals, activation of pathways to transfer genetic information etc. (Alberts
et al. 1994) Thus, anions directly influence on many genetic disorders such as
Pendred’s syndrome (Scott et al. 1999; Yoshida et al. 2002), Bartter’s syndrome
(Simon et al. 1997) Dent’s disease (Devuyst et al. 1999), cystic fibrosis (Anderson et
al. 1991) and osteopetrosis (Kornak et al. 2001). Anions are indispensable component
in the interaction between RNA/DNA and proteins as well as in many of the
enzymatic complexes and they are the energy source for the enzymatic
transformation. Further, anions act as environmental pollutants which includes
contamination of drinking water with fluoride, carcinogenesis (process by which
normal cells are transformed into cancer cells) by metabolites of acetate (Glidewell
1990), eutrophication (uncontrolled growth of algae due to the excess of nutrients in
water bodies) caused by phosphate/nitrates containing fertilizers (Moss 1996). Though
the disadvantages associate with anions some of them are still essential for the normal
health.
1.2.2 Fluoride ion

Among the wide range of anions, fluoride has attained significance in the

scientific community because of its dual functionality. This biologically important

Dept. of Chemistry, NITK 2



Chapter 1

anion has a vital role in preventing dental decay (Kirk 1991; Featherstone 1999) and
in the treatment of osteoporosis (Riggs 1984; Kleerekoper 1998). Therefore, small
quantity of fluoride ions is essential as well as beneficial to human health. In
contradictory, excess of fluoride consumption can cause dental fluorosis (Weatherall
1969; Wiseman 1970; Kaminsky 1990; Browne et al. 2005) or mottled enamel and
skeletal fluorosis (Shivarajashankara et al. 2001; Schwarzenbach et al. 2006), a bone
disease which is a major problem in India. It has been assessed that excess of fluoride
can inhibits over 100 different enzyme systems. Acute fluoride exposure may cause
collagen breakdown, depression in the thyroid activity, bone cancer, immune system
disturbance and anaemia (Carton 2006; Bassin et al. 2006; Schwarzenbach et al. 2006;
Connet 2007; Yu et al. 2008; Kim et al. 2011). Recently, fluoride has also been
suspected for many lethal diseases including damaging the hippocampal area of brain.
Despite of knowing these facts, continued introduction of fluoride to the environment
by excessive usage of fertilizers and industrial wastes is of great concerned.
1.2.3 Dicarboxylate ions

Generally, dicarboxylates are the anions which contain two carboxylic acid
functional groups in a molecule. The dicarboxylic acids gain significance due to their
wide spread applications in pharmaceutical industries and food industries. Apart from
these, the dicarboxylates are used in many materials such as fragrances,
polyamides/nylons, adhesives, lubricants, polyurethane foams, leather tanning and
polyesters. Furthermore, the dicarboxylates are biologically very important as they
play crucial roles in numerous metabolic processes such as glyoxalate cycle,
generation of high energy phosphate bonds and in dicarboxylate cycle for autotrophic
carbon dioxide (CO,) fixation (Berg et al. 2012). The dicarboxylate isomers such as
maleate and fumarate plays significant role in many biological processes. For
example; fumarate is generated in the Krebs cycle and maleate is used to inhibit the
Krebs cycle (Gougoux et al. 1976; EiamOng et al. 1995). The cis-aconitate is
produced during the citric acid cycle whereas trans-aconitate is a good inhibitor of

both aconitase and fumarase (Kata et al. 2004).

Dept. of Chemistry, NITK 3



Chapter 1

1.3  ANION RECEPTOR CHEMISTRY

In general, anion receptors are the molecules which can recognize or sense the
anions (i.e. negatively charged species). Though instrumental methods such as anion
monitor probes are available for the detection of anion, it consumes more time and
requires skilled efforts to operate. On the other hand, colorimetric method of
detection is widely accepted due to the low cost, instantaneous detection, easy/safe to
handle, equally selective and sensitive as instrumental methods. Therefore, designing
novel synthetic receptors for the colorimetric detection of anions acquired
considerable attention and as a result, from couple of decades the colorimetric anion
receptor chemistry has been studied extensively (Garcia-Garrido et al. 2007; Steed
2009; Kubik 2009; Caltagirone and Gale 2009; Gale and Gunnlaugsson 2010; Lau et
al. 2011; Gale 2011; Dydio et al. 2011; Moragues et al. 2011; Ngo et al. 2012; Yin et
al. 2013; Gale et al. 2014). However, most of the comprehensive studies follow host-
guest and non-covalent binding approach to design the various receptors.
1.3.1 Host-guest chemistry

It is important to define the binding in the process of non-covalent binding.
Generally binding is the process where a molecular ‘guest’ binds to another molecule
‘host’ to form a supermolecule or a ‘host-guest’ complex (Fig. 1.2). Commonly the
host is a large molecule or an enzyme or a synthetic cyclic molecule which possesses
a central hole or cavity. The guest may be monatomic cation, or simple monatomic
inorganic anion or sometimes small synthetic anions. More precisely the host is
defined as the molecular entity possessing ‘convergent’ binding sites such as Lewis
basic donor atoms or hydrogen bond donors. The guest possesses ‘divergent’ binding
sites such as Lewis acid metal cations or hydrogen bond acceptor halide anions.

Fig. 1.2 Schematic representation of host-guest chemistry (Amar Flood Research

Group)
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According to Donald Cram the host-guest relationship can be defined as,

“Complexes are composed of two or more molecules or ions held together in
unique structural relationships by electrostatic forces other than those of full covalent
bonds, molecular complexes are usually held together by hydrogen bonding, by ion
pairing, by z-acid to z-base interactions, by metal-to-ligand binding, by van der
Waals attractive forces, by solvent reorganising, and by partially made and broken
covalent bonds (transition states). High structural organisation is usually produced
only through multiple binding sites. A highly structured molecular complex is
composed of at least one host and one guest component. A host—guest relationship
involves a complementary stereo electronic arrangement of binding sites in host and
guest. The host component is defined as an organic molecule or ions whose binding
sites converge in the complex and the guest component as any molecule or ion whose
binding sites diverge in the complex.”
1.3.2 Challenges in anion receptor chemistry

The anion binding chemistry with non-covalent host guest approach is an old
concept. However, the designing an anion receptor is still challenging when compared

to the same for cation. This difficulty is because of the following reasons;

RS

% Anions are relatively larger in size than the equivalent isoelectric cations. For
example; one of the smallest anions, F~ (1.33A) is comparable in ionic radius
with K* (1.38A). Therefore, they have lower charge to radius ratio and thus,
binding interactions are less effective than corresponding isoelectric cations

% Anions are pH sensitive and easily get protonated at low pH to lose their
negative charge. Thus, receptors must work within the pH range of the target
anion

% Anions are usually coordinatively saturated. Therefore, binding of anions should
take place only through weak forces such as hydrogen bonding or van der Waals
interactions

% Anionic species have wide range of geometries (Fig. 1.3) and therefore

generally a higher degree of design and complementarity is required to make

receptors that are selective for a particular anionic guest than for most simple

cations
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Spherical: F, CI', Br, I

Linear: CN°, SCN", OH"

Trigonal planar: CO3’, NO3

Tetrahedral: PO,%, VO,%, MnO,", CIO,

Octahedral: [Fe(CN)g]*, [Co(CN)g]*", [Pd(Cl)g]*

&P S ¥ 00

Fig. 1.3 Different shapes of anions

% In comparison to cations of similar size, anions have high free energies of
solvation. Therefore, anions readily get solvated in polar protic solvents and
for the detection of these anions the receptor must compete more effectively

with the surrounding medium

Thus, anion complexation with the receptor is relatively different from
cation receptors, where detection involves the metal coordination.
1.3.3 History of synthetic anion receptor chemistry

The first synthetic anion receptor was reported by Park and Simmons in late
60s (Park and Simmons 1968). This work has been communicated the halide binding
properties of macrobicyclic receptor containing two ammonium centres bridged by
three alkyl linkers.

Following Park and Simmons work Lehn and Graf (1975) synthesized
ammonium based macrobicyclic and macrotricyclic receptors. These cryptand-like
receptors with four amine centres were able to bind halide anions particularly chloride
ions within the cavity (Graf and Lehn 1976). lodide was too large to fit into the cavity

and therefore relatively less strongly bound to the receptor. The crystal structure of
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chloride bound receptor was reported by Metz, Rosalky and Weiss in the year 1976
which confirmed chloride ion bound to the center of this cryptand-like receptor. In the
year 1978, Lehn and co-workers synthesized hexa-protonated cryptands which was
found to be highly selective towards linear anions such as azide (N3 ).

Later in early 80s, Schimidtchen produced a series of receptors based on
quaternary ammonium groups (Schimidtchen 1980; Schimidtchen 1981;
Schimidtchen and Muller 1984), which do not depend on the hydrogen bonding
interactions to bind anions. The receptor was arranged in tetrahedral manner and
hence anion bound very easily with in the cage-like arrangement with electrostatic
interactions. The selectivity of these receptors was able to ‘tune’ by altering length of
alkyl chain between the ammonium centres. In the year 1986, Pascal et al. synthesized
first anion receptor with amide —NH linkage (Pascal et al. 1986). This receptor was
found to have affinity towards fluoride ions in DMSO-dg solution and this was
confirmed by *H NMR and *°F NMR studies.

Reinhoudt and co-workers synthesized a series of amide and sulphonamide
based acyclic tripodal receptors in 1993 (Reinhoudt et al. 1993). These receptors
selectively bound to the dihydrogen phosphate ions over other halide anions and
hydrogen sulphate. Subsequently, the anion receptor chemistry extensively studied
during the past couple of decades.

1.3.4 Classification of colorimetric receptors

After the first synthetic anion receptor, developed by Park and Simmons (Park
and Simmons 1968), the coordination of anions was not comprehensively explored for
many years. However, from the past couple of decades the field of anion detection
and anion coordination was extensively studied owing to potential applications of
anions in the various fields such as biology, environmental science and chemical
science (Bowman-James and Garcia-Espana 1997; Sessler et al. 2006). Initial research
on the anion receptor chemistry was focused on the design and synthesis of the
organic molecules which could detect the anions in organic environment (Suksai and
Tuntulani 2003). Recently, anion receptor chemistry is concentrating on developing
the new receptors for the detection of anions in agueous media (Kubik 2010), for the

removal of anions from aqueous media using extraction method (Das et al. 2011), to
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detect anionic pollutants in low concentrations (Kim and Gabbai 2009) and in vivo
detection of biologically important anions (Ojida et al. 2008). However, all these
detection process follows three main methodologies based on the detection
mechanism of receptors which are discussed in following sections.
1.3.5 Substitution methodology

The substitution methodology consists of a receptor which contains a binding
site and a signalling unit which are non-covalently bound together to form a complex
molecule. When an anion is introduced to the solution of this complex molecule, it
substitutes the signalling unit and free signalling unit in the solution incorporates
colour change in system (Fig. 1.4). However, in this methodology the presence of
signalling unit in same system may interfere with actual detection process of anions as

signalling unit can compete with the anions for non-covalent interactions.

Anion
= U
Binding Site with Binding Site Free
signaling unit with anion signaling unit

Fig. 1.4 Schematic representation of anion detection through substitution

methodology

1.3.6 Reaction based methodology

In this methodology anion induced chemical reactions are used for the
detection process of anions. This detection process does not contain any non-covalent
interactions such as hydrogen bonding or coordination bonding. Therefore, strictly the
term receptor cannot be used. Instead it can be called chemodosimeters. In this case
the detection process of anions is irreversible as the resulting molecule is different
from the starting molecule. Therefore, the photophysical properties of the final
molecule should change which allows detection of anions. For example; silyl
deprotection using fluoride ions. Fig 1.5 represents schematic representation of this

methodology. Though, reaction based methodology is more selective towards anions,
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it perhaps consumes more time. Therefore the detection process may not be

instantaneous.

Anion

O %

Final Molecule synthesized by

Tnitinl Molconte anion induced chemical reaction

Fig. 1.5 Schematic representation of anion detection through reaction based
methodology

1.3.7 Binding methodology

The receptors used in this methodology generally comprise of two parts
namely a binding site and a signalling unit. These two parts attached together with
covalent linker. Fig. 1.6 illustrates the detection process of anions via binding
methodology. The incoming anion binds non-covalently (generally through hydrogen
bonding) to binding site of the receptor. This binding of anion, modifies the
photophysical properties of receptor which will be transformed to optical/visible
changes by signalling units. Signalling unit generally consists of a chromophore
which is responsible for the visible colour change in molecule upon binding of anion.
The detection process involves non-covalent interaction and therefore this process is
reversible.

Binding Site

Binding Site

Anion . 5
with anion

Signaling unit Signaling unit

Fig. 1.6 Schematic representation of anion detection through binding methodology

Dept. of Chemistry, NITK 9



Chapter 1

Generally, in binding methodology of detection process the most common
non-covalent interaction is hydrogen bonding as it is more directional compared to
other non-covalent interactions. This directionality allows designing the receptors
with unequivocal hydrogen bond arrangements so that it can discriminate anions of
different geometries (Beer and Gale 2001). Based on this ideology, receptors with
various hydrogen bond donors such as urea/thiourea (Li et al, 2010), amide (Dydio,
2011), pyrrole (Zielinski and Jurczak 2005; Bates et al. 2008), aminopyrrole (Gale,
2005), indole (Pfeffer et al. 2007; Caltagirone et al. 2008) and other chemical
backbones (Duke et al, 2010) were reported (Fig. 1.7).

X O
Lo | v N
H H H H H H H H
A A A A A A
Urea: X=0 . )
Thiourea: X=S Amide Pyrrole Aminopyrrole Indole Hydroxyl

Fig. 1.7 Different hydrogen bond donors reported for the detection of anions

The detection ability of receptors with urea, thiourea, amide and
pyrrole/imidazole/indole functional groups where —NH acts as the binding site
depends on the acidity of —NH proton (Amendola et al 2006). However, this acidity
can be tuned by inserting different electron withdrawing groups to molecular
backbone. As acidity of —-NH increases, the hydrogen bond donor tendency of -NH
also increases and at extreme acidity the receptor experiences deprotonation. This
deprotonation establishes various types of signalling mechanisms such as
internal/intramolecular charge transfer-ICT (Duke et al, 2011), photoinduced electron
transfer-PET (Gunnlaugsson et al, 2001) etc. This leads to the formation of charge
transfer complexes. As a result significant colours change of the solution with a large
bathochromic shift will be achieved and hence the naked eye detection of anion
becomes feasible. Thus, the stability of charge transfer complexes directly depends on
the acidic nature of -NH proton (Park et al, 2011).

Applying the above said approaches, a number of colorimetric receptors for
anion were designed and synthesised (Gale 2000; Gale 2001; Llinares et al. 2003;
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Davis and Joos 2003; Martinez-Manez and Sanceno 2003; Moragues et al. 2011,
Dydio et al. 2011). Majority of these reported receptors could be operational in non-
competitive organic solvents for the detection of tetrabutylammonium fluoride
(TBAF) and in absolute non-aqueous conditions. This is perhaps due to the higher
acidity of water than that of protons which involved in binding process and hence the
F ion readily gets solvated even with the trace amount of water. Though the
receptors working in non-aqueous conditions for the detection of organic F ion
source is important, the detection of inorganic fluoride such as sodium fluoride in
aqueous conditions is of equal significance owing to its real-life applications.

Few receptors capable of detecting fluoride ion in aqueous solutions
(organic/water mixture) have been reported. In addition, some researchers have
reported unique receptors for the detection of inorganic fluorides which was used to
develop test papers (Lin et al. 2006). Though these test papers requires several
minutes for the detection process, the visual detection associated with it could be
useful for the real life applications such as detection of inorganic fluoride in ground
water. Recently, Das et al. (2011) designed and synthesized a receptor to show
practical applicability by detecting inorganic fluoride ions in organic media and
extracting them from ground water to organic solvent. Nevertheless, the design and
synthesis of receptors with real-life applications, such as detection of inorganic
fluoride in agueous media is yet a daunting task.

Moving away from inorganic anion detection process, few research groups
have developed selective receptors for the colorimetric detection of organic
molecules. As a result of their efforts very few receptors for colorimetric
discriminative detection of organic amines were reported (Rakow et al. 2005; Tang et
al. 2010). As an addition, the researchers synthesised organic receptors using
naphthalenediimide (NDI) which can discriminate the positional isomers of organic
molecules by charge transfer (CT) mechanism (Trivedi et al. 2008, Trivedi et al.
2009). Among the widespread organic molecules the detection of dicarboxylates ions
attains substantial prominence, due to the vital applications in the various metabolic
and biological processes (Voet and Voet, 1995; Krueger et al., 2009; EI-Sherif, 2010;
Song et al. 2011; Xu and Liu, 2012). Considering this, few receptors have been
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reported for the selective detection of dicarboxylates (Karl et al., 1995; Gunnlaugsson
et al., 2002; Raker and Glass, 2002; Liu et al., 2005; Jadhav and Schmidtchen, 2006;
Ghosh et al., 2010). However, amongst the dicarboxylates, the discrimination of
geometrical isomeric dicarboxylates such as cis/trans isomers (Scheme 1.1; maleate
and fumarate ions) gains significance because of their different biological behaviours.
For example, fumarate is produced during Krebs cycle on the other hand maleate is
used as Krebs cycle inhibitor (Gougoux et al., 1976; EiamOng et al., 1995).
~00C

~00C COoO~
COO~

Maleate Fumerate

Scheme 1.1 Example of cis/trans dicarboxylates

Owing to the similar chemical and physical properties, it is difficult to
discriminate isomeric dicarboxylates with the conventional analytical methods.
Nevertheless, this challenging task of discriminating geometrical isomeric
dicarboxylates can be achieved with colorimetric/fluorometric detection approach,
where the receptors selectively differentiate the isomers. Based on this strategy, few
research groups recently reported receptors which can discriminate maleate ion and
fumarate ion either colorimetrically or fluorometrically (Sancenon et al. 2003; Yen et
al. 2006; Costero et al. 2006; Lin et al. 2007; Tseng et al. 2007; Lin et al. 2009).
However, these receptors are complicated molecules which require skilled processes
and tedious synthetic procedures for synthesis. Therefore, the development of new
receptors for the discrimination of isomers such as maleate and fumarate are further

need to be explored.

14 BRIEF LITERATURE REVIEW

The anion receptors with numerous binding sites based on amide, thioamide,
sulfonamide, urea, thiourea, indole, pyrrole subunits are reporting in the literature
from several years. However, the selective binding of anion is still a challenging task
and needs to be explored further. To overcome the challenges and to understand the

anion receptor chemistry in depth, a detailed literature review was carried out. Since
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the current research is focussed on colorimetric and selective detection of anions, a
brief literature survey relevant to present study has been discussed.
1.4.1 Literatureon F ion detection

New fluorescent receptors S 1.1 and S 1.2 with amidoanthraquinone groups
coupled to lower rim of p-tert-butylcalix[4]arene have been synthesized by Jung et al.
(2009). The significant changes in the absorption and fluorescence bands confirm that
these receptors are selective toward F over other anions such as Cl, Br , I, AcO ,
H,PO, , HSO, and OH . The excited state intramolecular proton transfer (ESIPT)
process of this receptor, inhibited by the F ion induces hydrogen bonding followed
by deprotonation of -NH of the amidoanthraquinone and this is responsible for the
detection process. The absorption and fluorescence variations upon adding F ion
have been observed by naked-eyes as well as by optical responses. However, other

anions were not induced any changes in optical responses.

S11 S12
Lu et al. (2009) investigated the activity of imidazolium-functionalized

binaphthol (BINOL) receptor S 1.3, towards the F ion. The molecule showed good
colorimetric as well as fluorescent responses in presence of Fion. A brilliant yellow
colour was established form colourless solution of receptor upon the addition of
fluoride ions. The mechanism for the colour change involves initial deprotonation of

hydroxyl groups which is followed by ESIPT in receptor-anion complex.
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S1.3
A Boradiazaindacene (BODIPY)-indole conjugated receptor S 1.4 has been

developed by Shiraishi and co-workers (2009). This receptor behaves as a
colorimetric and fluorometric probe for selective detection of F . The F ion interacts
with indole —NH of the receptor via a hydrogen bonding to form 1:1 receptor:F ion
complex which resulted in a colour change from blue to green as well as quenching of
orange fluorescence. The quenching of fluorescence perhaps due to the establishment

of charge transferred excited state between receptor and F ion complex.

The synthesis and characterization of a highly fluorescent core-substituted
naphthalene diimide receptor S 1.5 containing a bis-sulfonamide group has been
described by Bhosle and associates (2009). This receptor shows a unique selectivity
and reactivity for the F ion over other anions in CHCI3 by a two-stage deprotonation
process which results in a colorimetric response. In DMSO solution, the receptor
displays high selectivity for F~ ions (K.~10° M™) over other anions. The uses of this
receptor in various sensing applications as well as in anion transport and purification

have been discussed.
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A class of disubstituted maleimide dye based receptor S 1.6 with two
symmetrical —NH binding sites has been synthesised by Lin et al. (2009). This
receptor has been investigated for the colour change and fluorescence quenching
effect on adding fluoride, cyanide, and dihydrogen phosphate anions. The intense red
emission displayed apparent solvatochromic shift which indicates a strong charge
transfer character of the receptor. It has been found that the interactions between
receptor and anions were variable depending on the amine substituents at C (3, 4) of
the maleimides. The —NH protons get deprotonated on addition of more basic anions
such as fluoride or cyanide in the receptor with two pyrrolyl binding sites. The
formation of a chelate with H,PO,4 through hydrogen bonds has been observed for
the receptors with two indolyl binding sites. The theoretical estimation using

B3LYP/6-31G supported the formation of 1:1 complexes between receptor and anion.

S16

A neutral tripodal Schiff base receptor S 1.7 with catechol as end groups was
synthesized and characterized by Bhardwaj and co-workers (2009). The receptor
serves as a visually detectable optical receptor for F ions in DMSO and is sensitive

enough to recognize the F~ ions up to a concentration of 1x10° M with naked eye.
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The colorimetric response is based on deprotonation of the highly acidic catechol
moieties in the receptor on adding highly basic F ions in a polar solvent like DMSO.
This receptor has been designed to provide anion recognition through hydrogen
bonding interactions employing —OH groups of catechol. However, the results showed
the deprotonation rather than the hydrogen bonding which was the key factor to
trigger colorimetric change. This deprotonation is facilitated by the high acidity of
catechol groups and high basicity F ions in polar solvent like DMSO. The
researchers compared the sensing ability of tripodal receptor with monopodal receptor

and proved that the tripodal receptor provides much enhanced response towards the

~N ;
S HO

OH

OH
HO
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S17

A new receptor S 1.8 based on ruthenium(ll)—polypyridyl complex having a
urea functionality as a binding site for anions has been synthesized by Ghosh et al.
(2009). The binding affinity of this receptor towards various oxy anions and halides
has been studied. The complex was found to be selective colorimetric receptor only
for F among halides and for AcO /H,PO, among oxy anions. The relative binding
affinity of different anions towards this receptor was tested with the help of quantum
chemical calculations. Surprisingly, this complex is also acts as a colorimetric
receptor for neutral molecules like DMSO and DMF with the weaker binding
compared to anions. The relative acidity of two —NH atoms of urea functional group
was compared with that of one from the related complex by using pKa calculations.
These calculations revealed that the —NH proton closer to the phenanthrolin moiety is

more acidic than that of the —\NH hydrogen closer to the phenyl group in the complex.
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The indole based receptor S 1.9 was designed and synthesized by Panzella et
al. (2009). The molecule was found to be a fluorometric receptor for Fion in organic
media. This F ion sensing receptor was obtained by a variant of the classic acid
promoted trimerization of indoles. The mild one-pot conversion of 5,6-
dihydroxyindole to receptor S 1.9 provides an expedient and practical access route to
the 2-(2-amidobenzyl)-3-(indol-3-yl)quinoline system. This fluorescent Fion
sensing receptor was operated in the turn-on mode. The mechanism involves initial
hydrogen bond formation between indole -NH and F ions, which is followed by

deprotonation.

Bose and Ghosh (2010) synthesized receptor S 1.10 consisting indole unit
conjugated with thiourea/urea functional group. These receptors exhibited selective
binding properties towards the F ion which results in colorimetric change in the
organic media. Furthermore, the thiourea and urea derivatives show intense colour
change in presence of F along with an absorption maxima at 936 nm and 904 nm
(near IR region) respectively. The receptor has three types of acidic protons, viz.
thiourea/urea —NH, imine —CH and indole —NH that can bind anion and based on the

basicity and equiv. of the anion, multiple acidic protons could be deprotonated.
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Owing to this multiple deprotonation, the receptor shows absorption spectra with NIR
signature. Thus, the receptor could be useful to avoid the interference from

endogenous chromophores and thus, would be more beneficial in biological systems.

g
SNy
HN X NH

X=S
S1.10 =0

A receptor S 1.11 based on octamethyl calix[4]pyrrole substituted with azo
derivative has been prepared and studied as potential anion receptors for, F AcO
and H,PO, ions by Garg and co-workers (2010). This receptor not only allows the
colorimetric detection but also helps to discriminate the geometrically different
anions. The selectivity trends in the binding affinities of the receptor was studied by
the researches for anions in DMSO and found to be F > AcO > H,PO, >HSO, >
Cl . This binding order was rationalized based on guest basicity.

N:N@NOZ
N:NONOZ

S1.11
New diketopyrrolopyrrole (DPP) based receptor S 1.12 was designed and

synthesized by Qu and associates (2010). It was found to be a very good colorimetric
and ratiometric red fluorescent sensors for F ions with high sensitivity and
selectivity. The recognition mechanism follows the intermolecular proton transfer
between a hydrogen atom on the lactam N positions of the diketopyrrolopyrrole
moiety and the fluoride anion. The receptor displays orange-to-red absorption colour
change and yellow-to-red emission colour change upon adding F ions in DCM due
to deprotonation. Upon adding fluoride, the ICT transition enhances from the amide
anion to the electron-withdrawing moiety, which is facilitated by the deprotonation of

the amide moiety.
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Receptor S 1.13 bearing pyridinium unit conjugated to anthrapyridone moiety
has been developed by Luxami et al. (2010). It opens double channel in absorbance at
490nm (orange) between 5uM and 75uM of F ions and at 630 nm (green) between
75uM and 600uM of F ions. The fluoride ions induced fluorescence enhancement
(>25 times) in this receptor at 510 nm enables selective estimation of 0.5uM-5uM
fluoride ions which is much less than the desirable concentration range for the
maximum contaminant level of fluoride ions in drinking water. More importantly the
presence of hydroxide ion which is a common interfering anion in hydrogen bonding

based F ion receptors; do not interfere in the estimation of fluoride ions.

Ren et al. (2011) synthesised 4-substituted 1,8-naphthalimide derivatives (S
1.14) which on addition of F in CH3CN solution showed transition from colourless to
yellow along with the prominent change in UV-vis spectra. The molecule found to be
a very good selective sensor for fluoride ion detection. The selectivity is due to the
cleavage of Si-O bond in the molecule by fluoride which leads to bathochromic shift

in absorption maxima by 112 nm. The detection limit was calculated to be 0.59 mM.

Dept. of Chemistry, NITK 19



Chapter 1

B

Os_N_O

O\/Si/?<
S1.14
Duke et al. (2011) reported 3-urea-1,8-naphthalinimide derivatives (S 1.15) as
highly fluoride selective colorimetric sensors. The receptors based on 1,8-
naphthalimide with substitution at 3-position of naphthalimide ring has been used to
incorporate the anion recognition moiety. The molecule shows significant change in

both absorption and emission spectra which red shifted upon interacting with fluoride
ion in DMSO.

O~_N_DO0O
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S1.15

Park et al. (2011) synthesised a quinoline derivative (S 1.16) which is coupled
to 4-nitroaniline with an amide linkage. The receptor utilizes amide N-H and amine
N-H, to bind anions through hydrogen bonds. In addition, the receptor acts as an
efficient naked eye detector for fluoride and pyrophosphate.

O <O

Oj/NH

HN
N\
=
S1.16
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Bao et al. (2011) reported 8-hydroxy quinoline derivatives (S 1.17) which
showed ratiometric fluorescent chemosensing property towards fluoride ions. The
fluorescent property of the molecule is due to the combination of desilylation and
excited state proton transfer from the desilylation product to fluoride ion. The sensor

showed rapid response and excellent selectivity towards fluoride ion.

Br Br
N = | N
| R —— _
~
N Br N Br
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A neutral acyclic receptor S 1.18 containing —NH binding sites with a
thiadiazole spacer has been developed by Basu and Das (2012). This receptor has
been extensively studied for halide ions binding both in solution state as well as in
solid state. The receptor forms 1:1 hydrogen bonded complex with fluoride ion. On
the other hand, in case of chloride and bromide, the receptor binds to two halide
anions along with formation of a halide bridged 1D polymeric chain network. The
receptor behaves as an efficient colorimetric sensor for fluoride ions by displaying
optical changes on adding excess of fluoride ions. Furthermore, the incremental
addition of fluoride ions leads to the formation of hydrogen bonded complex
formation and subsequently the stepwise deprotonation of -NH groups. This stepwise
mechanism could be visually monitored by a stepwise colour change, initially from

yellow to pink at lower concentration and from pink to blue at higher concentration of

oo g

H H

anions.

S1.18

Xu et al (2012) synthesised a triazole containing receptor S 1.19 which is
combined with different types of hydrogen bond donors such as OH, NH and CH

groups. The receptor shows colorimetric and fluorescent responses only in presence of
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fluoride. On the other hand the receptor shows evident *H NMR response to both

fluoride and sulphate by the free rotation of the sub methyl group.

Br

=N
CN l/\l HN
X N\M
NC e}
OH

S1.19

The levulinate ester of 2-(benzothiazol-2-yl)phenol, S 1.20, has been
developed by Chen and co-workers (2012). This was found to be a ratiometric
fluorescent probe for identifying and quantitating sulphite anions. The mechanism of
detection is based on the sulphite triggered cleavage of the levulinate functionality to
give 2-(benzothiazol-2-yl)phenol, which upon excitation at 310 nm, decays to its

ground state via ESIPT.

S1.20

Yong et al (2013) synthesised a chemosensor S 1.21, based on 2-thiohydantoin
which showed high selectivity for the fluoride ions over other anions. The receptor
follows two step binding process, initially with hydroxyl functionality of the receptor
followed by the involvement of —NH unit at higher concentration. This results in two
step colour change, initially from colourless to yellow upon adding fluoride ions (0-3
equiv.) and in second step the colour changed from yellow to purple (3 to 6 equiv.).
The receptor was further used to develop a test paper to detect the fluoride ions in

solid state wherein it showed the detection limit as low as 1.9 ppm.
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Sharma et al. (2013) synthesized a receptor S 1.22, by combining vitamin Bg
cofactor pyridoxal with 2-aminophenol. The receptor displays a colour change from
yellow to red in the presence of fluoride and acetate owing to the formation of a
polymeric complex in 1:1 stoichiometry through multiple hydrogen bonding. This
polymeric complex formation locks C=N bond of the receptor to prevent its rapid
isomerisation which results in the ‘turn-on’ of fluorescence only in presence of

fluoride ions. The detection limit of this receptor was found to be 7.39 x 108 M.

HO
N
Y N

N OH
Z > 0H

S1.22

1.4.2 Literatures on carboxylate ion detection

Tseng et al. in 2007, designed organic receptor (S 1.23) for the discriminative
detection of isomeric dicarboxylates such as maleate ions over fumarate ions. Upon
addition of maleate ions to receptor in DMSO, the receptor showed a significant
colour change from dark-blue to dark-red, which can be distinguishable by naked eye.
This prominent colour changes perhaps due to the deprotonation of the thiourea
moiety of the 4-nitronaphthyl chromophore. However, upon addition of fumarate ion
to the same receptor, colour of the receptor solution changed from dark-blue to bright
yellow. Thus, these receptors are very good optical chemosensors for selective

recognition of maleate ion over fumarate ion.
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The colour change observed is owing to the formation of a stable complex
between maleate ion and the receptor. The receptor is designed in such a way that
during complexation the maleate ion with its cis conformation exactly fits in the
molecule (Fig. 1.8). On the other hand, fumarate ion has trans conformation and

hence it weakly binds to the receptor which results in the weak colour change.

Fig. 1.8 Possible binding model of receptor with maleate ion

A Thiourea based molecular clip has been synthesised by Lin et al. (2007),
which could fluorometrically discriminate isomeric dicarboxylates. The receptor (S
1.24) comprises two thiourea-based binding groups and two naphthalene units as
fluorophores, which acts as a fluorescent chemosensor to distinguish o-phthalate from
two other isomers of it. Upon the addition of o-phthalate, the emission intensity at 420
nm decreases drastically through Photoinduced Electron Transfer (PET) and when the

system excited at 380 nm, a new emission band at 460 nm gradually develops upon
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the addition of the o-phthalate ion. However, no such observation was observed with

the addition of other two isomers.

I NH

S I}IH

S1.24 I

It has been depicted that the clipping behaviour is responsible for the
fluorometric change of receptor. Upon addition of o-phthalate ion the receptor attains
twisted conformation and the naphthyl rings positions close enough to exhibit new

emission (Fig. 1.9).

Fig. 1.9 Proposed binding of o-phthalate to the receptor

A new triphenylamine-based receptor (S 1.25) for the recognition of aliphatic
dicarboxylates with varying chain lengths was synthesised by Ghosh et al (2010). The
receptor has been designed in such a way that it can utilize the amide—urea conjugate
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system for binding dicarboxylates. The receptor was found to bind the dicarboxylates

under a semi rigid, propeller shaped, fluorescent triphenylamine spacer.

N02 NOZ

S1.25
The binding strength of receptor was increased along with the chain length of
dicarboxylates. The binding of these dicarboxylates were achieved via hydrogen

bonding and shown in the Fig. 1.10.

L, & 1
NHM‘Q HN
A S
R R
n=123456

R = p-nitrophenyl
Fig. 1.10 Proposed hydrogen bonding structure of receptor with dicarboxylates

Sancenon et al. (2003) designed and synthesised a receptor based on 1,3,5-
triarylpent-2-en-1,5-diones (S 1.26) which colorimetrically detects the dicarboxylates.

The receptor also discriminates isomeric dicarboxylates ions such as maleate ion and
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fumarate ion. The receptors are capable of selective discrimination between cis/trans
dicarboxylates and ortho/meta/para dicarboxylates in water/organic solvent mixtures

at nearly neutral pH values.
HOH,CH,C. | - (CH,CH,0)4CH,0H

=

J <0
S1.26
The recognition process, involves cyclization of 1,3,5-triarylpent-2-en-1,5-
diones (Fig. 1.11) upon adding the carboxylates with cis conformation and has proved
to be very sensitive towards these ions. The literature gains the great attention of

scientific community due to its shape-induced cyclization which leads to the

colorimetric recognition of certain organic isomers.
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Fig. 1.11 Mechanism for the detection of carboxylate ions

1.5 SCOPE OF THE WORK
The detection of Fions has gained prime significance among environmental
science, biomedical research and in chemical logics in recent years owing to its dual

functionality. Consumption of fluoride in controlled quantities is beneficial to human
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health as it prevents dental decay and it is used in clinical applications such as in the
treatment of osteoporosis. However, excessive intake of fluoride can cause dental and
skeletal fluorosis which is a concerning problem in India and various developing
countries around the world. Form the literature survey it can be concluded that the
design and synthesis of receptors for fluoride ion is well established area in the field
of supramolecular chemistry. However, these investigations have some shortcomings
which includes,

s Majority of the receptors involve complicated molecules which require
complicated organic synthesis. Therefore, these receptors are not much
cost effective and environmental friendly

% Majority of them are based on the fluorometric detection, which requires
the help of complicated instruments for the detection process

¢ Detection of fluoride at ppm level still needs to be explored

¢+ Though the receptor which works only with noncompeting organic media
is important, for the real-life application the receptors should work in
aqueous media. Thus, along with the organic media, the receptors which
are capable of detecting inorganic fluoride ion source in aqueous media
gain more significance

The organic anions plays vital role in the numerous metabolic processes such

as glyoxalate cycle, generation of high energy phosphate bonds and in dicarboxylate
cycle for autotrophic carbon dioxide (CO;) fixation. Therefore the detection of
organic anions for instance dicarboxylate ions gain more prominence along with the
inorganic anions. Along with the dicarboxylates, the detection/discrimination of
isomeric dicarboxylates (such as cis/trans isomers) is a field of interest because these
isomers behave differently in biological systems. Owing to the similar physical
properties, the discrimination of these isomeric anions is difficult task using
conventional analytical methods. Though the discrimination of these geometrical
isomeric dicarboxylates was achieved with colorimetric/fluorometric detection
approach, the receptors used are complicated organic molecules which require skilled

processes and difficult synthetic procedures for synthesis. Therefore, the development
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of new ‘easy to synthesis’ receptors for the discrimination of geometrical isomers

such as maleate and fumarate are still a challenging task which need to be focussed.

1.6 OBJECTIVES OF THE CURRENT WORK
Looking at the scope in the field of anion receptor chemistry, the current

research concentrated on following objectives,

X/
L X4

X/
L X4

X/
L X4

X/
°

To synthesize simple organic receptors for the colorimetric detection of
fluoride ions and for the discriminative detection of dicarboxylate isomers
namely, maleate ion and fumarate

To synthesize simple organic receptors for the detection of fluoride ions in
the aqueous media

To evaluate the real life applications of receptors such as detection of
fluoride ions in commercial mouth wash and sea water, extraction of
fluoride from aqueous fluoride ion solution and from sea water and
solvatochromism

To quantify the amount of fluoride present in the commercial mouth wash
and sea water using receptors

To characterize the receptors by *"H NMR, FT-IR, elemental analysis and
ESI-MS

Single Crystal X-Ray diffraction (SCXRD) studies of selected receptors
for three-dimensional structural elucidation

To investigate the shift in absorption maxima (Amax) before and after
complexation of anions with receptors, using UV-vis spectroscopy

To determine receptor to anion complexation ratio either with Job’s Plot
method or with Benesi—Hildebrand method

To calculate the binding constant for the receptor-anion complex using
Benesi—Hildebrand equation

To study the quantitative analysis of anion complexation with receptor
molecule using UV-vis titration

To study the effect of anion binding with the receptor using *H NMR

titration
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Conclusively, the current research work concentrated on design and
syntheses of new, simple organic molecules for the molecular recognition of anions.
Further, the practical applications of these molecules were studied. Therefore, in the
present work six series of receptors were designed and synthesised for the molecular
recognition of anions. The Chapter 2 deals synthesis of 1-naphthohydrazide based
receptors for the colorimetric detection of fluoride ions in organic media. Further, the
detection of inorganic fluoride ions in organo-aqueous media owing to deprotonation
of base labile hydroxyl functionality was deployed. Chapter 3 describes syntheses
and characterization of new benzohydrazide based colorimetric receptors for the
expeditious detection of inorganic fluoride ions such as NaF. The colorimetric anion
sensing properties, detection mechanism were explored and the real-life applications
of these receptors have been demonstrated by detecting fluoride ions in commercial
mouthwash as well as in sea water. In Chapter 4, syntheses of new aminophenol
based colorimetric receptors for fluoride ion detection have been discussed. The
colorimetric anion sensing properties, detection mechanism, solvatochromic effect
and logic gate application of these receptors have been studied in detail. Chapter 5
comprises syntheses of new aminophenol Schiff’s base derivatives for discriminative
detection of maleate ions over fumarate. In addition, the receptors were studied for
colorimetric detection of other biologically important anions such as fluoride.
Chapter 6 encompasses syntheses of new benzohydrazide based receptors. The
detailed studies about discrimination of maleate ions over fumarate ions using these
receptors have been discussed. The colorimetric detection of fluoride ions and
concentration dependency of the receptors were incorporated. Chapter 7 encloses
design and syntheses of receptors based on triphenylphosphonium salts with active
methylene group which acts as binding site. The selectivity of the receptors towards
fluoride ions has been discussed in detail. The real-life applicability of these receptors
has been examined by extracting fluoride ions from aqueous solutions and sea water.
Towards the end, Chapter 8 summarizes the conclusion and outcome of the present

research work.
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Chapter 2

This chapter comprises the synthesis of 1-naphthohydrazide based receptors
for the colorimetric detection of fluoride ions. The receptor S1R1 found to be useful
for the detection of fluoride ions in absolute organic media and on the other hand
receptor S1R2 was able to detect the inorganic fluoride ions in organo-aqueous

media.

2.1  INTRODUCTION

Conventional fluoride ion detection using electrode is costly, time consuming
and requires complicated instrumentation with confusing handling procedures (Frant
and Ross 1966). On the other hand, colorimetric receptors appear to be attractive
because of their simplicity, high sensitivity, high selectivity and real-time ‘naked eye’
detection. This colorimetric detection of fluoride could be achieved by designing a
host molecule where the binding of anion can change the colour of host molecule.
Based on this strategy, a number of receptors have been reported for the selective
binding of fluoride (Gale et al. 2008; Li et al 2010; Dydio et al. 2011; Santos-
Figueroa et al. 2013). The well-known functional groups such as urea/thiourea,
amides, pyrrole and imidazolium are proved themselves as effective binding sites for
the fluoride ion through the formation of a hydrogen bond with N—H unit of these
functional groups (Piatek and Jurczak 2002; Kang et al. 2003; Nie et al. 2004; Xu and
Tarr 2004; Zhang et al. 2004; Liu and Tian, 2005; Shang, et al. 2007; Danil de Namor
et al. 2007; Yang et al. 2008; Aydogan et al. 2008; Cametti and Rissanen 2009; Bose
and Ghosh 2010; Li et al. 2013). Silyl group deprotection based colorimetric receptors
for fluoride ions were also studied in various literatures (Rao et al. 2010; Buckland et
al. 2011; Bao et al. 2011; Lu et al. 2011). The affinity of a boron atom toward fluoride
ions were well utilized for the detection of fluoride ions (Dusemund et al. 1995;
Cooper et al. 1998; Chiu and Gabbai 2006; Lee et al. 2007; Galbraith et al 2008;
Hudnall et al. 2008; Kim and Gabbai 2009; Guliyev et al. 2012). Unfortunately,
majority of them are capable of detecting fluoride ions only in absolute non-aqueous
conditions and to detect the organic fluoride sources such as tetrabutylammonium
fluoride (TBAF). Therefore these receptors cannot be used for the real-life

applications. Alternatively, if the receptor could detect inorganic fluorides such as
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sodium fluoride in aqueous media which is a real source of environmental pollutant,
then it could be useful for the real-life application.

The detection ability, selectivity and sensitivity of a receptor depend on the
acidity of protons where the F ions bind (Amendola et al. 2006). If the acidity of
these protons is lesser than that of water then the F ions get solvated. Hence,
contamination of receptor even with trace amount of water could result in the failure
of colorimetric detection process. However, this drawback can be resolved to some
extent by designing a receptor where the F ion binding protons are more acidic than
water or by incorporating a base labile group such as hydroxyl (-OH) functionality,
which can readily deprotonated with the basic ions such as F ion (Li et al. 20009;
Bharadwaj et al. 2009).

Few receptors which are capable of detecting fluoride ions in organo-aqueous
solvent mixture were reported recently. Unfortunately, majority of them are limited to
organic fluoride source such as TBAF (Zhang et al. 2009; Mahapatra et al. 2010;
Sokkalingam and Lee 2011) or to make test papers, which is not instantaneous
towards detection process (Lin et al. 2006a; Lin et al 2006b). On the other hand, there
are few reports which showed admirable results such as detection of inorganic
fluoride ions in aqueous media (Gunnlaugsson et al. 2005) and removal of inorganic
fluoride ions by extracting them to organic media (Das et al. 2011). Nevertheless, the
synthesis of receptors for the practical or real-life applications still persist as the
detection of fluoride ions in ‘water-only’ conditions are hard to achieve.

Keeping this in mind, efforts have been made to design new receptors based

on 1-naphthohydrazide Schiff’s base.
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The receptors S1IR1 (S 2.1) and S1R2 (S 2.2) comprises of -NH which acts as
binding site for F ions. The presence of carbonyl group adjacent to —NH group
increases the acidity of corresponding proton and thus, increases the sensitivity of the
receptor. The presence of imine linkage in the receptors provides extended
conjugation and hence increases the colorimetric sensitivity towards fluoride ion. The
receptor S1R2 encompasses base labile hydroxyl (-OH) functional group and
therefore it enable the detection of F ion in the form of NaF in organo-aqueous
mixture (ACN:H,0O 9:1 ratio). The receptor SIR3 was designed and synthesised to
depict the role of aromatic substitution (which acts as signalling unit) to 1-

naphthohydrazide backbone.

2.2 EXPERIMENTAL
2.2.1 Materials and methods

All chemicals were purchased from Sigma-Aldrich, Alfa Aesar or from
Spectrochem and used without further purification. All solvents were procured from
SD Fine, India with High-performance liquid chromatography (HPLC) grade and
used without further distillation.

The proton nuclear magnetic resonance (*H NMR) spectra were recorded on a
Bruker, Avance Il (500 MHz) instrument using tetramethylsilane (TMS) as internal
reference and deuterated Dimethyl sulphoxide (DMSO-ds) as solvent. The raw free
induction decay (FID) data was processed with MestReNova 7.0.0-8331 software.
Resonance multiplicities are described as s (singlet), br s (broad singlet), d (doublet), t
(triplet), g (quartet) and m (multiplet). The chemical shifts (6) are reported in parts per
million (ppm) and coupling constant (J) values are given in Hz. Melting points were
determined with Stuart- SMP3 melting-point apparatus in open capillaries and are
uncorrected. Infrared (IR) spectra were recorded on a Thermo Nicolet Avatar-330 FT-
IR spectrometer; signal designations: s (strong), m (medium), w (weak), br.m (broad
medium) and br.w (broad weak). Mass spectra were recorded on Waters Micromass
Q-Tof micro spectrometer with Electrospray lonization (ESI) source. The single-
crystal X-ray diffraction (SCXRD) was performed on Bruker AXS APEX Il system.
UV-vis spectroscopy was carried out with Ocean Optics SD2000-Fibre Optics
Spectrometer and Analytikjena Specord S600 Spectrometer in standard 3.5 mL quartz

Dept. of Chemistry, NITK 33



Chapter 2

cells (2 optical windows) with 10 mm path length. Elemental analyses were done
using Flash EA1112 CHNS analyser (Thermo Electron Corporation). All reactions
were monitored by thin layer chromatography (TLC) on pre-coated silica gel 60 Fys4
plates which were procured from Merck.
2.2.2 Synthesis of intermediate S 2.5

A solution of 1-naphthoic acid S 2.3 (5.8 mmol) in ethanol taken in round
bottom (RB) flask and thionylchloride (6.4 mmol) was added. The reaction was
catalysed by a drop of dimethylformamide (DMF). The reaction mixture was refluxed
for 4 h. Completion of the reaction was confirmed by thin layer chromatography.
Excess of ethanol form the reaction mixture was removed by evaporation, diluted
with dichloromethane and washed with water. Organic layer was separated, dried over
anhydrous Na,SO, and the solvent was evaporated to yield corresponding ester (S
2.4). Thus obtained ester S 2.4 (5.75 mmol) was treated with hydrazine hydrate
(28.75 mmol) in ethanol and heated to 60°C for 2.5 h. The reaction mixture was
cooled below 5 °C. The solid formed was filtered and dried to yield pale yellow
coloured solid intermediate S 2.5 (Scheme 2.1).

H

O«__OH OO~ OxNn,
EtOH, SOCI, NH,NH, H,0 OO
OO 80 °C OO EtOH, 60 °C
S23 S24 S25

Scheme 2.1 Synthesis of intermediate S 2.5

2.2.3 Synthesis of receptors S1R1, S1R2 and S1R3

A mixture of aldehyde (2.69 mmol) and 1-naphthohydrazide S 2.5 (2.69
mmol) reacted in RB flask using ethanol as solvent under reflux condition for 5h. The
reaction was catalysed by a drop of acetic acid. After cooling, the formed solid was
filtered and washed with ethanol to obtain the target compounds (S1R1, S1IR2 and
S1R3, Scheme 2.2).
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0N H
‘NHZ o N\NAX
(? EtOH, H*
+
O b=
S25
S1R1 S1R2 S1R3
X: Q/ _
H,C
O,N ; :OH 3
_0O

Scheme 2.2 Synthesis of the receptors S1R1, SIR2 and S1R3

The single crystal of the receptors S1R2 suitable for X-ray diffraction analysis
was obtained by slow evaporation of methanol-chloroform (1:1) solution at room
temperature. The ORTEP diagram (50% probability) of the receptor S1IR2 is given in
Fig. 2.1. The receptor S1IR2 was crystallised in orthorhombic lattice. The detailed
crystallographic data of receptor SIR2 is given in the Table 2.1.

Fig. 2.1 ORTEP diagram (50% probability) of receptor S1IR2
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Table 2.1 Crystallographic data of receptor S1IR2

Receptor S1R2
CCDC No. 938645
Chemical formula C19H16N203
Formula weight 320.34
Crystal System Orthorhombic
Space group Pbca
a (A) 13.8637(14)
b (A) 8.5605(9)
c (A) 27.679(3)
a (°) 90.00
B(© 90.00
v (©) 90.00
V (A)® 3284.9(6)
Z 8
Crystal size 0.49 x 0.45 % 0.39
F (000) 1344
R-factor (%) 4.3

All compounds and receptors were characterized by spectral analysis. The

characterization data has been compiled and given below.

(E)-N'-(4-nitrobenzylidene)-1-naphthohydrazide (S1R1).
H

N. =
o N/\@\
e "

Yield: 92%; m.p.: 313 — 314 °C. Elemental analysis Calculated for
Ci18H13N303 (%): C 67.71, H 4.10, N 13.16, Experimental: C 67.53, H 4.23, N 13.24.
'H NMR (DMSO-dg): § 12.34 (s, 1H, NH), 6 8.45 (s, 1H, -CH), & 8.34 (d, 2H, ArH, J
=8.5Hz), 5 8.24 (d, 1H, ArH, J = 7.5 Hz), 5 8.14 (d, 1H, ArH, J = 8.0 Hz), 5 8.04 (d,
2H, ArH, J = 8.0 Hz), 6 7.80 (d, 1H, ArH, J = 7.0 Hz), 6 7.63 (d, 3H, ArH, J = 6.0

2
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Hz). FT-IR in cm™: 3163.5 (br.w), 3005.7 (br.m), 2842.0 (br.w), 1640.7 (), 1556.6
(m), 1509.9 (s), 1334.6 (s), 1293.0 (s), 1254.1 (m), 1201.1 (m), 1143.8 (w), 1075.1
(w), 1027.5 (w), 779.9 (m); MS (ESI) m/z Calculated: 318.3062 [M-H] ,
Experimental: 318.0919 [M-H] .

(E)-N'-(2-hydroxy-3-methoxybenzylidene)-1-naphthohydrazide (S1R2)

O N~
N
OO HO: ;
O\

Yield: 90%; m.p.. 169 — 170 °C. Elemental analysis Calculated for
C1oH1sN203 (%): C 71.24, H 5.03, N 8.74, Experimental: C 71.28, H 5.09, N 8.76. 'H
NMR (DMSO-dg): 6 12.22 (s, 1H, -NH), 6 10.89 (s, 1H, -OH), ¢ 8.56 (s, 1H, -CH), ¢
8.26 (d, 1H, ArH, J = 9.0 Hz), ¢ 8.13 (d, 1H, ArH, J = 8.5 Hz), ¢ 8.04-8.03 (m, 1H,
ArH), 0 7.81 (d, 1H, ArH, J = 8.5 Hz), 7.64-7.60 (m, 3H, ArH), 7.19 (d, 1H, ArH, J =
8.5Hz),7.07 (d, 1, ArH, J =8.0 Hz), 6 6.87 (t, 1H, ArH, J = 8.25 Hz), 6 3.83 (s, 3H,
-CHs). FT-IR in cm™: 3170.3 (w), 3041.1 (w), 2856.2 (W), 1640.0 (s), 1564.5 (m),
1468.5 (m), 1245.8 (s), 722.8 (W), 659.5 (w).

(E)-N'-propylidene-1-naphthohydrazide (S1R3)

@)

Yield: 88%; m.p.: 191 — 192 °C. Elemental analysis Calculated for C14H14N20
(%): C 74.31, H 6.24, N 12.32, Experimental: C 74.23, H 6.21, N 12.41. 'H NMR
(DMSO-dg): ¢ 11.58 (s, 1H, NH), ¢ 8.16-8.12 (m, 1H, ArH), ¢ 8.07 (d, 1H, -CH, J =
8.5 Hz), 6 8.01-8.7.98 (m, 1H, ArH), 6 7.67-7.64 (m, 2H, ArH),  7.60-7.57 (m, 3H,
ArH), 6 2.33-2.28 (m, 2H, -CH,), 6 1.08 (t, 3H, -CH3, J = 7.5 Hz). FT-IR in cm™:
3181.1 (br.m), 3034.6 (m), 2068.0 (m), 1870.3 (br.w), 1633.6 (s), 1549.1 (s), 1352.8
(m), 1295.6 (m), 1252.7 (m), 1147.4 (w), 777.6 (s). MS (ESI) m/z Calculated:
249.2635 [M+Na] *, Experimental: 249.1578 [M+Na] *.

=
\N/\/
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The representative spectra of receptors have been given below.
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Fig. 2.2 'H NMR spectrum of S1R1
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Fig. 2.3 ESI-MS of S1R1
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Fig. 2.4 'H NMR spectrum of S1R2

2.3  RESULTS AND DISCUSSION
2.3.1 Colorimetric detection of anions

The receptors S1IR1 and S1R2 were initially investigated for selective
colorimetric detection of F ion over other anions in DMSO solvent. The receptors
(2.5%10™ M) were treated with 1 equiv. of various anions such as fluoride, chloride,
bromide, iodide, acetate, hydrogensulphate and dihydrogenphosphate in the form of
tetrabutylammonium (TBA) salts. A colour change from colourless to red and
colourless to bright yellow was observed instantaneously upon adding F  ions and
AcO ions to the receptors SIR1 (Fig. 2.5) and S1R2 (Fig. 2.6) respectively. The
colour intensity was more in case of F ion for both the receptors which indicates
strong binding of Fion to the receptors whereas, a much weaker interaction between

receptors and AcO ion was resulted in decreased intensity in colorimetric detection.
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Fig. 2.5 Change in colour of S1R1 (2.5x10™ M) in DMSO solution on adding 1
equiv. of TBA anions; (a) Free Receptor SIR1, (b) F , (c) CI , (d)Br , (e) I , (f)
AcO, (g) HSO, and (h) H,PO,4 ions

Fig. 2.6 Change in colour of S1R2 (2.5x10™° M) in DMSO solution on adding of 1
equiv. of TBA anions; (a) Free Receptor SIR2, (b) F , (c) CI , (d)Br , (e) I , (f)
AcO, (g) HSO, and (h) H,PO4 ions

The colorimetric detecting ability of receptors SIR1 and S1R2 were studied in
ACN solvent. Unfortunately, the receptor SIR1 was partially soluble in ACN and
therefore, it was not able to study for colorimetric detection. The receptor S1R2
displayed similar colour change from colourless to bright yellow on addition of F~
ions and AcO ions (Fig. 2.7). However, the colour intensity for AcO ion was less
when compared to F ion because of the weaker interaction of AcO ion with
receptor S1R2.

——

Fig. 2.7 Change in colour of S1R2 (2.5x10™ M) in ACN solution on adding 1 equiv.
of TBA anions; (a) Free Receptor SIR2, (b) F, (c) CI , (d) Br, (e) I, (f) AcO , (9)
HSO, and (h) H,PO,4 ions

Dept. of Chemistry, NITK 40



Chapter 2

The receptor S1IR3 was evaluated for colorimetric detection of F ions over
other anions in DMSO. The colour of receptor was not changed even after adding 20

equiv. of any anions (Fig. 2.8) as it does not has signalling unit.

Fig. 2.8 Change in colour of S1R3 (5x10™° M) in DMSO solution with addition of 20
equiv. of TBA anions; (a) Free Receptor S1IR3, (b) F, (c) CI, (d) Br , (e) I, (f)
AcO , (g) HSO4 and (h) H,PO,4 ions

In order to examine the selectivity towards F ion over other anions, receptor
S1R1 was treated with 1 equiv. of F ion in presence of CI , Br , I , HSO, and
H,PO,4 ions (1 equiv.). As shown in Fig. 2.9, presence of other ions virtually made
no difference on the colorimetric detection of F ion. Thus, receptor S1IR1 could

selectively detect the fluoride ion even in presence of other competing anions.

=
O

Fig. 2.9 Competitive study of receptor SIR1 solution (2.5x10° M) in DMSO after

adding 1 equiv. of Fand 1 equiv. of other anions; (a) Free Receptor S1IR1, (b) F ,
©ClI +F,d)Br +F,(e)l +F,(f)HSO,; +F and(g) H,PO, +F

2.3.2 UV-vis spectral studies of receptors

The selectivity of receptor S1R1 was further evaluated with UV-vis
spectroscopy. The significant shift in the absorption band was observed upon addition
of F ions and AcO ions. The intensity of this newly generated absorption band after
addition of AcO ions was much less than that of F ions (Fig. 2.10). However, all
other anions did not show any change in UV-vis absorption band. This indicates either
these anions are not interacted with receptor S1IR1 or the interaction was much

weaker to create any changes in colorimetric detection and in UV-vis absorption.
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Fig. 2.10 UV-vis spectral changes of SIR1 (2.5x10™ M) in DMSO after adding 10
equiv. of (a) F , (b) AcO and (c)Cl ,Br ,I ,HSO, and H,PO, as TBA salts

The UV-vis confirmation for selectivity was extended to the receptor S1R2 in
DMSO as well as in ACN solvents (Fig. 2.11, A and B, respectively). In both the
solvents the receptor S1IR2 showed substantial shift in the absorption band only upon
adding F ions and AcO ions. However, the intensity of absorption band was much
lesser upon adding AcO ions, which clearly indicates the interaction between

receptor SIR2 and AcO ion is much weaker.
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Fig. 2.11 UV-vis changes of SIR2 in (A) DMSO and (B) ACN (2.5x10° M) after

adding 10 equiv. of anions. (a) F , (b) AcO (c) CI ,Br , I, ,HSO, and H,PO,
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The absorbance in UV-vis spectroscopy was not changed with the addition of
any anions (Fig. 2.12) to the receptor SIR3. Therefore, it is clear that, the presence of
aromatic unit attached to naphthohydrazide unit is indispensable for the F ion

detection process.
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Fig. 2.12 UV-vis changes of S1IR3 in DMSO (2.5x10 M) after the addition of 20

equiv. of anions

To understand the nature of the receptor—anion interactions, a UV-vis titration
was performed by increasing addition of TBAF to S1R1 (2.5x10° M) in DMSO. The
constant increase in the concentration of TBAF resulted in steady decrease in intensity
of absorbance band at 328 nm. Meanwhile, a new absorption band at 476 nm with the
formation of a clear isosbestic point at 362 nm (Fig. 2.13) was appeared. This
bathochromic shift of 148 nm was attributed to the intramolecular charge transfer

transition in the receptor SIR1 on F ion binding.
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Fig. 2.13 UV-vis titration of S1R1 (2.5x10° M) with TBAF (0-15 equiv.) in DMSO;

Inset: Benesi - Hildebrand plot of receptor SIR1 binding with F ion associated with

absorbance change at 476 nm in DMSO

The UV-vis titration of receptor SIR2 was carried out in both DMSO as well
as ACN solutions. The DMSO solution showed constant decrease in the absorption
band at 301 nm with gradual increasing addition of F ions. Simultaneously, a new
band centred at 413 nm was appeared and intensity of this absorption band was
increased continuously with increasing concentration of F ions (Fig. 2.14, A).

On gradual addition of F ions to receptor S1IR2 in ACN, a new absorption
peak at 440 nm corresponding to intramolecular charge transfer was established.
Concurrently, the absorption maxima corresponding to —OH functional group at 296
nm gradually shifted to a new absorption maxima at 344 nm creating an isosbestic
point at 315 nm (Fig. 2.14, B). This 48 nm bathochromic shift in the absorption
maxima was due to the stabilization of keto tautomer of hydroxyl functional group.
However, this enol to keto tautomeric shift was not observed in case of DMSO
solution as the keto tautomer itself is more stable in polar solvents like DMSO
(Beyramabadi et al. 2011; Laurella et al. 2012). The DMSO solvent forms hydrogen
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bond with the -C=0 of keto tautomer and therefore, keto tautomer becomes stable in
receptor S1IR2. As a result, keto tautomer predominates over enol tautomer in DMSO
solvent and the -C=0O functional group of keto tautomer has no binding site to

participate in the detection process.
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Fig. 2.14 UV-vis titration of SIR2 (2.5x10" M) with TBAF (015 equiv.) in (A)

DMSO and (B) ACN; Inset: Benesi - Hildebrand plot of receptor S1IR2 binding with

F ion associated with absorbance change at 440 nm in ACN

The stoichiometry of the anion complexation for both receptors S1R1 and
S1R2 was determined by Benesi-Hildebrand method (Benesi and Hildebrand 1949)
using UV-vis spectrometric titration data at 476 nm and 440 nm respectively (Fig.
2.13, Inset and Fig. 2.14, B Inset). The linearity in graph confirms formation of a
stable 1:2 stoichiometric complex for both receptors with F ions. The binding

constant was calculated using Benesi-Hildebrand equation (Eq. 2.1).

1 . 1 1
{:"4 - Aﬂ} B {:Amﬂx - J'q'l.'l:} * K[F_]ﬂ{:‘q'mﬂx - Aﬂ}

e v eee o (EQ.2.1)

Where, Ao, A, Amax are the absorption considered in the absence of F, at an
intermediate, and at a concentration of saturation. K is binding constant, [F ] is
concentration of Fion and n is the stoichiometric ratio.

The values of A-Ay, Amax- Ao and [F ] were obtained by the titration plot
which was plotted using UV-vis spectrometric titration data at 476 nm (Fig. 2.15).

Dept. of Chemistry, NITK 45



Chapter 2

0.15 -
n l"
0.12 - "
' am (A__-A)=0.136
max
u |
]
| |

0.09 ™
P | ]

o I _
< (i~ [F]=0.0007, (A-A ) = 0.075
<
~0.06 mm

[ |
[ |
0.03 -
[ |
| |
0.00 +—A v T ¥ T ¥ T y T
0.0 5.0x10™ 1.0x107° 1.5x10° 2.0x10°
[F]

Fig. 2.15 Titration plot at 476 nm in DMSO, (A-Ag) vs. [F ]

The values of (A-Ag), (Amax- Ao), [F ] and n were substituted in Eqg. 2.1 as
shown below.

1 1 1
= +
0.075 0.136 K(0.0007)2 x (0.136)

Therefore, K = 2.5x10°

The same calculations were repeated two more UV-vis titration data and
average of all three ‘K’ values with a standard deveations were calculated to obtain
the binding constant. Thus, the binding constants for receptors SIR1 and S1R2 were
found to be 2.36+0.33x10° M?and 0.973+0.09x10° M respectively.

2.3.3 'H NMR titration and binding mechanism

'H NMR titration experiments of S1IR1 and S1R2 with F~ ion (as TBA salt)
were carried out in DMSO-dg to understand the mechanism of receptor-anion
interactions. The proton H, at 0 12.34 corresponding to —NH of receptor SIR1 was
initially disappeared on adding TBAF (1 equiv.) as a result of fast proton exchange.
The signals at ¢ 8.15 (H¢) and ¢ 8.05 (Hgy) corresponding to nitro phenyl group were
merged together till 2 equiv. of F ions due to the fast proton exchange through the
receptor SIR1. At 5 equiv. of F ions the —NH of receptor deprotonates and a
conjugated quinonoid form of receptor S1R1 was stabilized. As a result, splitting of
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the signals corresponding to nitro phenyl group reappeared (Fig. 2.16). As the
concentration of F ion increased from 1 equiv. to 5 equiv., signal at ¢ 8.45
corresponding to imine proton (Hp) was slowly shifted to upfield owing to the
formation of exocyclic double bond during detection process. The deprotonation lead
to increase in electron density over receptor SIR1 which resulted in upfield shift of

aromatic protons.

(d)

(c)

(b)

(@ |

T T Y T T T T T
12,5 12.0 11.5 9.0 85 8.0 75 7.0

Fig. 2.16 Partial 'H NMR spectra of receptor SIR1 in DMSO-dg after adding (a) 0,
(b) 1, (c) 2 and (d) 5 equiv. of Fions

The most important result observed in *H NMR titration was appearance of a
new peak at 6 16.1 (Fig. 2.17) at higher concentration (5 equiv.) of F ion. This
corresponds to hydrogen difluoride (Boiocchi et al. 2004) which clearly shows the

deprotonation of —NH proton in receptor S1IR1.

(b)mm

(@)

16 14
Fig. 2.17 (a) No peak at 16.1 at 0 equiv. F ions and (b) peak corresponding to HF; on
adding 5 equiv. of Fions

Dept. of Chemistry, NITK 47



Chapter 2

The binding mechanism of receptor SIR1 to F ions was proposed by
evaluating the results obtained from UV-vis titration and *H NMR titration (Scheme
2.3). The F ion detection using receptor S1R1 is two-step process. At first, F ion
binds through hydrogen bonding to the —NH proton of the receptor S1R1 which
results in 1:1 adduct and S1R1eesF complex formation (Ghosh et al. 2009). Further,
the second F ion induces deprotonation of —-NH proton in the receptor S1IR1 and as a
result, the electron density increases over the deprotonated receptor S1IR1. Thus, the
charge separation in the receptor is introduced which results in ICT transition between
the electron deficient -NO; group at p- position and electron rich -N which lead to

intense colorimetric change (Cho et al. 2005).

Y
‘ *3
0
0

0 0
N—H y N N
\ F N\ N
> \ = > B Sa—
; F' HR, E\/
O- N+ "0-N! “O-N! “O-N’
o o o

Scheme 2.3 Proposed mechanism for binding of F ions with receptor SIR1

As stated previously, the keto tautomer of receptor S1R2 will be predominated
over the enol tautomer in polar solvents such as DMSO. This tautomerism is
confirmed by *H NMR spectrum where the proton at 6 12.25 (H,) corresponds to —
CONH and proton at 6 10.9 (Hy) corresponds to —NH of —-CONH. In *H NMR titration
of receptor S1R2, both the protons corresponding to —-NH at 6 12.25 and at ¢ 10.9,
were disappeared upon adding 1 equiv. of F ions (Fig. 2.18), which is owing to the
formation of hydrogen bond between F ion and —-NH proton of -CONH followed by
fast proton exchange. Surprisingly, no other major changes were observed in *H NMR
signals corresponding to the aromatic protons while adding F ions up to 2 equiv.
However, at higher concentration of F ions (5 equiv.) the proton H, deprotonates and
this result in the charge transfer transition in receptor S1R2. Consequently, the
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aromatic signals corresponding to naphthyl protons (Hg) were merged together. This
deprotonation leads to increased electronic density over the phenyl group and signals
corresponding to these protons (H.) experiences slightly upfield shift. The imine
proton Hc in receptor S1R2 has not participated in the detection process. This was
confirmed by *H NMR titration spectra where the signals at & 8.6 was not shifted

either upfield or downfield even after adding 5 equiv. of F ions.

(d) i HL (MA)
I/

\
(c) [ HH

Fig. 2.18 Partial 'H NMR spectra of receptor SIR2 in DMSO-dj after adding (a) 0,
(b) 1, (c) 2 and (d) 5 equiv. of Fions

Thus, the results of UV-vis titration and *H NMR titration were compiled to
determine the binding mechanism of receptor S1IR2 with F ions (Scheme 2.4). Keto
tautomer being more stable in DMSO, the —NH proton of receptor S1R2 initially
forms hydrogen bond with F~ ion to stabilize a S1R2eeeF  adduct. Further the
addition of F ion persuades deprotonation of the —~NH proton in receptor S1R2 and
thus establishes charge on the receptor. This leads to charge transfer transition within

the receptor S1R2 and thus the receptor show a significant colour change.
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Scheme 2.4 Proposed mechanism for binding of fluoride ions with receptor S1R2

2.3.4 Practical application

To evaluate real-life applicability of any receptor, it is necessary to detect the
inorganic fluoride ions such as sodium fluoride particularly in aqueous media.
Therefore, to ensure the real-life significance, the receptors SIR1 and S1R2 were
subjected for the colorimetric detection of sodium fluoride in 9:1 (1x10 M solution)
organo-aqueous (ACN:H,0) mixture. Though the receptor SIR1 showed remarkable
colour change in organic solvents for the detection of TBAF, it failed to detect
inorganic fluoride ions in aqueous media. However, the receptor SIR2 showed a
significant colour change from colourless to pale yellow on adding 3 equiv. of sodium

fluoride in aqueous media (Fig. 2.19).

!
a b C

" —

Fig. 2.19 Colour change of the receptor S1R2 after adding the F ions in 9:1
ACN:H0 solvent mixture (a) S1IR2, (b) S1IR2 + 3 equiv. NaF and (c) S1IR2 + 3
equiv. TBAF

The receptor S1IR2 showed same colour change even with the addition of 3
equiv. TBAF as F ion source in aqueous media. Unfortunately, UV-vis studies were
unable to perform as the receptor concentration exceeded absorption limit.

The receptor S1IR1 was failed to detect inorganic fluoride ions as the binding

site (-NH) readily gets solvated in presence of water even the in trace amounts. On
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the other hand, receptor SIR2 has a phenolic —OH which is highly base labile and
immediately binds with basic inorganic fluoride ions to form respective salt. As a
result, upon adding sodium fluoride to the receptor S1R2, phenolic —OH readily gets
deprotonated to form corresponding sodium salt (Scheme 2.5) and this deprotonation

leads to the colour change of receptor S1R2 from colourless to pale yellow.

&

N ° NH
N HF :
\

N
H-O NaQ )
0 0
/ /

Scheme 2.5 Proposed mechanism for detection of inorganic fluoride ions in aqueous

media

2.4  CONCLUSIONS

To summarize, the receptors SIR1 and S1R2 were designed and synthesised
based on 1-naphthohydrazide Schiff’s base for the selective colorimetric detection of
F ions over other anions. The detection process involves initial 1:1 receptor- F ion
adduct formation followed by deprotonation of receptor at higher concentration of F
ions. This resulted in charge transfer transition through the receptors and thus
remarkable colour change from colourless to red in case of receptor SIR1 and
colourless to bright yellow for receptor SIR2 was observed. The binding of F ion to
receptor S1IR1 is much stronger than that of S1IR2 which resulted in higher binding
constant in case of receptor S1IR1. Though the receptor S1R1 displayed prominent
colour change in organic media, it failed to show the same result for the detection of
inorganic fluoride ions in aqueous media as the binding site easily gets solvated with
trace amount of water. Alternatively, the receptor S1IR2 was able to detect inorganic
fluoride in aqueous media. This observation was owing to the presence of base labile
—OH functionality in receptor S1IR2 which will get deprotonated in presence basic F

ions, even in agueous media.
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The chapter consists of design, syntheses and characterization of new
benzohydrazide based colorimetric receptors for the expeditious detection of
inorganic fluoride ions such as NaF. The colorimetric anion sensing properties,
detection mechanism were explored and the real-life applications of these receptors
have been demonstrated by detecting fluoride ions in commercial mouthwash as well

as in sea water.

3.1 INTRODUCTION

Colorimetric receptors with high selectivity, sensitivity, being easy and safe to
handle have received significant attention and thus, a number of colorimetric
receptors have been reported that are capable of detecting fluoride ions (Piatek and
Jurczak 2002; Jose et al. 2004; Rose-Llis et al. 2007; Veale et al. 2007; Gong et al.
2008; Gale et al. 2008; Li et al. 2010; Kumar et al. 2010; Bose and Ghosh, 2010; Park
et al. 2011; Dydio et al. 2011.). However, majority of these receptors could be
operated only in noncompetitive organic solvents for the detection of
tetrabutylammonium fluoride (TBAF) and in absolute nonaqueous conditions. This
drawback is due to the higher acidity of water than that of protons which is involved
in binding process and hence the F ion readily gets solvated even with the trace
amount of water. Conversely, design and synthesis of receptor molecules capable of
detecting inorganic fluoride such as sodium fluoride in aqueous conditions for real-
life applications is a daunting task and yet to be explored by chemists.

The detection ability of receptors with urea, thiourea, amide and
pyrrole/imidazole/indole functional groups where —NH acts as the binding site,
depends on the acidity of -NH proton (Amendola et al. 2006). However, this acidity
can be tuned by inserting different electron withdrawing groups to molecular
backbone. As acidity of —NH increases, the hydrogen bond donor tendency of -NH
also increases, which at extreme acidity leads to deprotonation of the receptor. This
deprotonation establishes the charge transfer complexes which results in significant
colour change of the solution with a large bathochromic shift and hence the naked eye
detection of anion becomes feasible. Thus the stability of charge transfer complexes
directly depends on the acidic nature of —NH proton (Park et al. 2011).

The receptors in this series are based on phenylcarbonylbenzohydrazide (S 3.1).
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Notably two carbonyl (-C=0) groups adjacent to —NH and a nitro group (-NO) at p-
position of the phenyl ring was incorporated in case of S2R1 and S2R2 to increase the

acidity of —\NH proton. Hence these receptors would compete with water to bind with

inorganic fluoride for naked eye detection.
Binding Site

Signalling Unit Signalling Unit

S3.1
The receptors S2R1-S2R3 were designed to demonstrate the effect of nitro
substitution at p- position of phenyl ring on intramolecular charge transfer (ICT).
Receptor S2R4 was synthesized to study the role of —NH in fluoride ion binding

process.

3.2 EXPERIMENTAL
3.2.1 Materials and methods

All chemicals were purchased from Sigma-Aldrich, Alfa Aesar or from
Spectrochem and used without further purification. All solvents were procured from
SD Fine, India with HPLC grade and used without further distillation.

The 'H NMR spectra were recorded on a Bruker, Avance Il (500 MHz)
instrument using TMS as internal reference and DMSO-ds as solvent. The raw FID
data was processed with MestReNova 7.0.0-8331 software. Resonance multiplicities
are described as s (singlet), br s (broad singlet), d (doublet), t (triplet), g (quartet) and
m (multiplet). The chemical shifts (J) are reported in ppm and coupling constant (J)
values are given in Hz. Melting points were determined with Stuart- SMP3 melting-
point apparatus in open capillaries and are uncorrected. IR spectra were recorded on a
Thermo Nicolet Avatar-330 FT-IR spectrometer; signal designations: s (strong), m
(medium), w (weak), br.m (broad medium) and br.w (broad weak). Mass spectra were
recorded on Waters Micromass Q-Tof micro spectrometer with ESI source. The
SCXRD was performed on Bruker AXS APEX Il system. UV-vis spectroscopy was
carried out with Ocean Optics SD2000-Fibre Optics Spectrometer and Analytikjena
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Specord S600 Spectrometer in standard 3.5 mL quartz cells (2 optical windows) with
10 mm path length. Elemental analyses were done using Flash EA1112 CHNS
analyser (Thermo Electron Corporation). All reactions were monitored by TLC on
pre-coated silica gel 60 Fs4 plates which were procured from Merck.
3.2.2 Synthesis of intermediates S 3.3 and S 3.6

The ethyl benzoate S 3.2 (6.65 mmol) was treated with hydrazine hydrate
(33.29 mmol) in presence of ethanol and heated to 60°C for 2.5 h. The reaction
mixture was cooled below 5°C. The solid formed was filtered and dried to give

colourless solid intermediate S 3.3 (Scheme 3.1)

H
(@) OV @) N\NH2
NH,NH,.H,O
EtOH, 60 °C
S3.2 S3.3

Scheme 3.1 Synthesis of intermediate S 3.3

To a solution of 4-nitrobenzoic acid S 3.4 (2.99 mmol) in ethanol,
thionylchloride (3.3 mmol) was added. The reaction was catalysed by a drop of
dimethylformamide (DMF). The reaction mixture was then refluxed for 4 h.
Completion of the reaction was confirmed by thin layer chromatography. Excess of
ethanol was removed by evaporation from the reaction mixture, diluted with
dichloromethane and washed with water. Organic layer was separated, dried over
anhydrous Na,SO, and evaporated to yield corresponding ester (S 3.5). Thus
obtained ester S 3.5 (2.6 mmol) was treated with hydrazine hydrate (12.8 mmol) in
presence of ethanol and heated to 60 °C for 2.5 h. The reaction mixture was cooled
below 5 °C. The solid formed was filtered and dried to give pale yellow coloured
solid intermediate S 3.6 (Scheme 3.2).
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Oy_OH Oy O O H\NHZ
EtOH, SOCl, NH,NH,.H,0
80 °C EtOH, 60 °C
NO, NO, NO,
S34 S35 S3.6

Scheme 3.2 Synthesis of intermediate S 3.6

3.2.3 Synthesis of receptors S2R1, S2R2 and S2R3

To a solution of  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC.HCI) (2.94 mmol) in 3 mL of dichloromethane, 1-
Hydroxybenzotriazole (HOBt) (0.147 mmol), benzoic acid derivative (1.47 mmol)
and triethylamine (2.94 mmol) were added and stirred for 30 min. The starting
material S 3.3/S 3.6 (1.47 mmol) was then added to the reaction mixture and stirred at
room temperature for overnight. The reaction mixture was diluted with 2 mL of
dichloromethane, washed with 2N HCIl (3 mLx2) followed by 10% sodium
bicarbonate solution (3 mLx2). The organic layer was separated, dried over
anhydrous Na,SO, and concentrated under reduced pressure to yield the product
(Scheme 3.3).

O O 0O
2
O)‘\H,NHZ HOJ\©\ EDC.HCI, HOBt /©)ka R
+
Rl R2 DCM Rl HN
O

12 Hours

$33:Rl=H

) S2R1: R'=H, R?=NO,
$3.6:R!=NO,

S2R2 : RY, R2=NO,
S2R3:R=H,R?=H

Scheme 3.3 Synthesis of S2R1, S2R2 and S2R3

3.2.4 Synthesis of receptor S2R4

A  mixture of compound S2R1 (0.35 mmol) and 2 mL of
phosphorousoxychloride was heated at 80 °C for 6 h. The reaction mixture was
cooled to room temperature and poured into 20 mL ice cold water. The resulting

precipitate was filtered, washed with water and dried to yield the compound S2R4
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(Scheme 3.4).
Q “ N—N
2 . I\
©)tEH POCI;, 80 °C @/QOKQ
6 Hours. NO,
o)
S2R1 S2R4

Scheme 3.4 Synthesis of S2R4

The single crystal of the receptors S2R2 suitable for X-ray diffraction analysis
was obtained by slow evaporation of dimethylformamide (DMF) solution at room

temperature. The ORTEP diagram with 50% probability is given in Fig. 3.1.

Fig. 3.1 ORTEP diagram of receptor S2R2 with 50% probability

The receptors S2R2 was crystallised in monoclinic lattice. Detailed

crystallographic data is given in the Table 3.1.

Table 3.1 Crystallographic data of receptor S2R2

Receptor S2R2
Chemical formula C14H10N4O¢
Formula weight 330.25
Crystal System Monoclinic
Space group P2(1)/c

Dept. of Chemistry, NITK 57



Chapter 3

a (A) 4.7966(2)
b (A) 9.9017(5)
c(A) 14.9138(6)
a () 90.00
B(°) 98.839(3)
Y (°) 90.00
V (A)* 699.911
z 2
Crystal size 0.45x0.33x0.24
F (000) 340
R-factor (%) 3.92

All compounds and receptors were characterized by spectral analysis. The

characterization data has been compiled and given below.

Benzohydrazide (S 3.3)
o)

.NH
(j)‘\N 2
H

Yield: 92%; m.p.: 114-115°C. Elemental analysis Calculated for C;HgN,O
(%): C 71.75, H 5.92, N 20.58. Experimental: C 71.65, H 5.98, N 20.38. FT-IR in cm’
1:3292.9 (m), 3190.4 (s), 3010.4 (s), 1607.9 (s), 1559.5 (s), 1335.5 (s), 671.9 (9).
4-nitrobenzohydrazide (S 3.6)
0

.NH
/Ej)J\N 2
H
O,N

Yield: 89%; m.p.: 216-217°C. Elemental analysis Calculated for C;H;N3O3
(%): C 46.41, H 3.89, N 23.20. Experimental: C 46.25, H 3.62, N 23.38. FT-IR in cm’
1. 3316.8 (m), 3037.6 (W), 1608.6 (m), 1511.6 (s), 1313.8 (m), 926.2 (m), 857.1 (m),
589.7 (m).
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4-nitro-N'-(phenylcarbonyl)benzohydrazide (S2R1)
o)

NH NO,
HN

o]

Yield: 89%; m.p.: 234-235 °C. Elemental analysis Calculated for C14H11N304
(%): C 58.95, H 3.89, N 14.73. Experimental: C 58.65, H 3.95, N 14.78. 'H NMR
(DMSO-dg): 6 10.88 (s, 1H, NH), ¢ 10.65 (s, 1H, NH), ¢ 8.40 (d, 2H, ArH, J =85
Hz), 5 8.17 (d, 2H, ArH, J = 9 Hz), § 7.94 (d, 2H, ArH, J = 7.5 Hz), J 7.62 (t, 1H,
ArH, J = 7.25 Hz), 6 7.54 (t, 2H, ArH, J = 7.5 Hz). FT-IR in cm™: 3341.5 (br.m),
3201.7 (br.m), 3060.5 (m), 1679.8 (w), 1641.2 (s), 1598.7 (m), 1516.9 (s), 1337.5 (s),
1270.0 (s), 690.2 (m). MS (ESI) m/z Calculated: 284.2469 [M-H] Experimental:
284.0241[M-H]
4-nitro-N'-[(4-nitrophenyl)carbonyl]benzohydrazide (S2R2)

o]

NO,
NH
HN
O,N

o]
Yield: 86%; m.p.: 234-235 °C. Elemental analysis Calculated for C14H10N4Og
(%): C 50.92, H 3.05, N 16.96. Experimental: C 51.03, H 2.98, N 16.89. 'H NMR
(DMSO-dg): 6 11.00 (s, 2H, NH), 5 8.41 (d, 4H, ArH, J = 8.5 Hz), 5 8.18 (d, 4H, ArH,
J=9.0 Hz). FT-IR in cm™: 3381.2 (br.m), 3211.8 (s), 3108.8 (m), 1578.9 (s), 1519.0
(), 1455.7 (s), 1345.9 (s), 860.9 (m), 704.3 (m). MS (ESI) m/z Calculated: 331.2603
[M+H]" Experimental: 331.2208 [M+H]"
N'-(phenylcarbonyl)benzohydrazide (S2R3)
0

Yield: 89%; m.p.: 139-140 °C. Elemental analysis Calculated for C14H:2N20,
(%): C 69.99, H 5.03, N 11.66. Experimental: C 69.74, H 5.10, N 11.68. 'H NMR
(DMSO-dg): 6 11.56 (s, 2H, NH), ¢ 7.80-7.75 (m, 5H, ArH), ¢ 7.58 (t, 2H, ArH, J =
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7.75 Hz), 6 7.49 (t, 3H, ArH, J = 7.75 Hz). FT-IR in cm™: 3382.7 (br.m), 3265.5 (s),
3058.6 (m), 1696.6 (s), 1651.7 (s), 1246.8 (s), 688.9 (m). MS (ESI) m/z Calculated:
241.2652 [M+H]" Experimental: 241. 1732 [M+H]"
2-(4-nitrophenyl)-5-phenyl-1,3,4-oxadiazole (S2R4)
0]
NO,

Yield: 92%; m.p. 212-213 °C. Elemental analysis Calculated for C14HgN3O3
(%): C 62.92, H 3.39, N 15.72. Experimental: C 63.01, H 3.36, N 15.68. 'H NMR
(DMSO-dg): ¢ 8.48 (d, 2H, ArH, J =9 Hz), ¢ 8.42 (d, 2H, ArH, J = 9 Hz), 6 8.20 (d,
2H, ArH, J = 7.75 Hz), 6 7.65-7.70 (m, 3H, ArH). FT-IR in cm™: 3382.7 (br.m),
3265.5 (s), 3058.6 (m), 1696.6 (s), 1651.7 (s), 1246.8 (s), 688.9 (m).

The representative spectra of receptors have been given below.

S2R1

500MHz | NNV =
DMSO-d6

T T T
11.0 108 10.6 8.4 8.2 8.0 7.8 7.6 7.4

nea 8Bl
NANAN AN

1,004
112

20 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 L5 10 05 00 -0

Fig. 3.2 'H NMR spectrum of S2R1
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Fig. 3.3 'H NMR spectrum of S2R2
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Fig. 3.4 'H NMR spectrum of S2R3
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Fig. 3.6 ESI-MS spectrum of S2R1

Dept. of Chemistry, NITK

62



Chapter 3

3.3 RESULTS AND DISCUSSION
3.3.1 Colorimetric detection of anions

Initially the receptors S2R1 and S2R2 were investigated for colorimetric
detection application by adding different anions in DMSO solvent. Both the receptor
solutions (2.5x10° M) were treated with different anions (1 equiv.) such as fluoride,
chloride, bromide, iodide, nitrate, hydrogensulphate, dihydrogenphosphate and acetate
in the form of tetrabutylammonium (TBA) salts. These receptors showed remarkable
colour change from colourless to red instantaneously with F ion whereas that
associated with AcO ion was less intense. This confirms selective binding of F ion
to the receptors. However, no colour change was observed on addition of other
anions. Fig. 3.7 and Fig 3.8 show the change in the colour of receptors S2R1 and
S2R2 respectively, on addition of 1 equiv. of different anion solutions as TBA salts.

Fig 3.7 Change in colour of S2R1 (2.5%10™ M) in DMSO after adding 1 equiv. of
TBA anions; (a) Free S2R1, (b) F , (¢) CI , (d) Br (e) I, (f) NOs , (g) HSO, , (h)
H,PO, and (i) AcO

| a

|

b

C

d

(Y

t.,.—‘fg;'-,- el

f

~

Fig 3.8 Change in colour of S2R2 (2.5x10° M) in dry DMSO after adding 1 equiv. of
TBA anions; (a) Free S2R2, (b) F, (c) CI, (d) Br (e) I, (f) NO3 , (g) HSO4 , (h)
H,PO, and (i) AcO

The colorimetric study was carried out for receptors S2R3 and S2R4 as well.
On adding 1 equiv. of TBA anions to the receptors S2R3 and S2R4, change in the
colour was not observed. Therefore, 10 equiv. of TBA anions were used. Receptor
S2R3 showed a slight colour change from colourless to pale yellow (Fig. 3.9) only for
F ions. However, in case of S2R4 no colour change was observed which confirms

the role of -NH in binding process of F ion (Fig. 3.10).
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Fig 3.9 Change in colour of S2R3 (2.5%x10™ M) in DMSO after adding 10 equiv. of
TBA anions; (a) Free S2R3, (b) F, (c) CI7, (d) Br (e) I, (f) NOs , (g) HSO4 , (h)
H,PO, and 0] AcO

a o b c d e f
T L PRE (S g P

Fig 3.10 Change in colour of S2R4 (2.5x10° M) in DMSO solution with the addition
of 10 equiv. of TBA anions; (a) Free S2R4, (b) F, (c) CI, (d) Br (e) I, (f) NO3 ,
(g) HSQ4 , (h) HPO, and (i) AcO

In order to examine the selectivity, a competitive study of receptors S2R1 and
S2R2 were carried out by treating 1 equiv. of TBAF in presence of other anions. The
presence of other anions virtually makes no difference on the colorimetric detection of
F ions (Fig. 3.11 for S2R1 and Fig. 3.12 for S2R2).

N s
P ey

Fig. 3.11 S2R1 solution (2.5x10™ M) in DMSO after adding 1 equiv. of TBAF and 1
equiv. of other anions; (a) Free S2R1, (b) F , (c)CI +F ,(d)Br +F (e)I +F,
(f) NO; +F, (g) HSOs +F~ and (h) HoPO4+F~

TLL

Fig. 3.12 S2R2 solution (2.5x10™ M) in DMSO after adding 1 equiv. of TBAF and 1
equiv. of other anions; (a) Free S2R2, (b) F ,(c)ClI +F ,(d)Br +F ,(e) I +F,
(f) NOs +F , (g) HSO,4 +F and (h) H,PO4+F
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3.3.2 UV-vis spectral studies of receptors

As a justification for selectivity, changes in UV-vis absorption of receptors
S2R1 and S2R2 were recorded in dry DMSO (2.5x10° M), after adding 10 equiv. of
different anions. As shown in Fig 3.13 only F ion and AcO ion induced
instantaneous bathochromic shift in the absorption maxima and all other anions did

not cause any change in the absorption.
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Fig. 3.13 UV-vis spectral changes of S2R1 and S2R2 (2.5x10™° M) in DMSO after
addition of 10 equiv. of (a) F , (b) AcO and (c) other anions as TBA salts

The sensing ability of receptor S2R1 in dry DMSO solution (2.5x10™ M) was
investigated using UV-vis spectrophotometric titration experiments by gradually
adding a standard solution of TBAF. Fig. 3.14 shows the UV-vis spectral changes of
S2R1 on titrating with F ions. With the constant increase in the concentration of F
ion, the peak at 268 nm was slightly increased due to change in n— n transition. A
new band at 446 nm formed and developed with a bathochromic shift of 178 nm,
which was ascribed to the formation of intramolecular charge transfer (ICT) complex.

The receptor reached the saturation (Fig. 3.14, inset) at 3 equiv. of TBAF.
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Fig. 3.14 UV-vis titration of S2R1 (2.5x10™ M) with the increasing addition of TBAF

(0-10 equiv.) in DMSO; Inset: Titration plot at 446 nm (A-Ag) vs. [F ]

The similar trend was observed in case of the receptor S2R2 (Fig. 3.15).
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Fig. 3.15 UV-vis spectra of S2R2 (2.5x10™ M) with the increasing addition of TBAF
(0-10 equiv.) in DMSO; Inset: Titration plot at 452 nm (A-Ag) vs. [F ]

Upon constant incremental addition of F ion to the receptor S2R2 solution in
DMSO, a slight increase in the absorption peak at 275 nm was observed. This slight

increase was attributed to the change in n— =" transition. Simultaneously, a new peak
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at 452 nm with a bathochromic shift of 177 nm was appeared and developed. This
new peak was associated to the intramolecular charge transfer between receptor and
F ion.

To explore the applicability of receptor S2R1, UV-vis titration was carried out
in aqueous DMSO (9:1 v/v) using sodium fluoride (NaF) solution in water as fluoride

source (Fig. 3.16).

0.30 b

0.25

o o
— N
o o
1 |

Absrbance

0.10

0.05

0.00

400 500 600
Wavelength (nm)

Fig. 3.16 UV-vis spectra of S2R1 (2.5x10" M) with the increasing addition of NaF
(0-20 equiv.) in DMSO:H,0 (9:1 v/v); Inset: Titration plot at 417 nm (A-Ag) vs. [F ]

T
300

Upon increasing addition of NaF to receptor S2R1, the intensity of peak at 268
nm slightly increased and a new peak at 417 nm with the AAmax 0f 149 was observed.
This new absorption peak was ascribed to the formation of new charge transfer
complex. The saturation point reached after the addition of 15 equiv. of NaF solution
in water. The receptor S2R2 showed a new peak at 431 nm with a bathochromic shift
of 147nm (Fig 3.17). These results revealed that the titration spectra did not show
much difference on addition of inorganic fluoride to aqueous receptor solution
(DMSO0:H,0, 9:1; v/v) when compared to TBAF with dry DMSO solution of S2R1.
The 10% aqueous solution of receptor S2R1 was further titrated with TBAF which
showed similar spectral changes. This indicates that the same ICT mechanism was

followed in case of organic and aqueous media for the detection of Fion.
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Fig. 3.17 UV-vis spectra of S2R2 (2.5x10" M) with increasing addition of NaF (0-20
equiv.) in DMSO:H,0 (9:1 v/v); Inset: Titration plot at 431 nm (A-Ao) vs. [F ]

Presence of two carbonyl groups adjacent to —NH and nitro substitution at p-
position of phenyl ring made the —NH protons highly acidic (Clayden et al. 2001) and
hence the receptor S2R1 and S2R2 readily get deprotonated in presence of basic F
ion. Thus, these receptors can detect both organic as well as inorganic fluorides.
However, the slight less bathochromic shift in case of agueous DMSO when
compared to dry DMSO was observed perhaps due to the solvation of F ions in
water which decreased its binding with receptors (Kumar et al. 2008).

3.3.3 Practical applications

The practical application of receptor was evaluated by adding inorganic
fluoride ions to 10% aqueous solution of receptor. The receptors S2R1 and S2R2
showed a colour change from colourless to yellow (Fig. 3.18). Experimental studies
showed that the receptors S2R1 and S2R2 could colorimetrically detect the presence
of inorganic fluoride even at 0.5 ppm level which is much lower than the WHO
permissible F ions (maximum of 1 ppm) in drinking water (Fawell et al. 2001, WHO
Technical Report, 1994). Furthermore, the receptor S2R1 was tested for the detection
of F ions in sea water, collected from Arabian Sea (Latitude13°0'33.99”, Longitude
74°47'17.23") and commercial mouthwash. When a drop of sea water/mouthwash was

added to the DMSO solution of receptor S2R1, a permanent change in colour from
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colourless to yellow was observed (Fig. 3.18).

Fig 3.18 Receptor S2R1 showing colour change upon addition of NaF, seawater and

commercial mouthwash

Thus, the F ion in sample water can be detected with naked eye by adding a
drop of water sample containing F ion to the receptor solution. The amount of F
ions in sea water/mouthwash was determined using a calibration curve which was
established by plotting absorbance vs. concentration of F ions (Fig. 3.19). The curve
showed 1.54 ppm of F ions in sea water (215.5 ppm in mouthwash), which is

comparable with standard values (WHO Technical Report, 1994).
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Fig. 3.19 Calibration curve to detrmine the amount of F ions in seawater/mouthwash

sample

The Ahmax for organic and aqueous solutions of receptors S2R1-S2R4 upon
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addition of TBAF and NaF are summarized in Table 3.2. In case of S2R1 and S2R2,
extended conjugation was observed upon binding of F ion due to the presence of —
NO, group at p- position to phenyl ring and as a result ICT was achieved with a
maximum bathochromic shift of 178 nm and 177 nm (149 nm and 147 nm in case of
10% aqueous solution) respectively. However, in case of S2R2, the presence of
additional -NO, group at p- position of second phenyl rings did not make much
difference in the sensitivity. As the receptor S2R3 being deficient of -NO, group, ICT
was not feasible and hence only the broad band centred at 313 nm with a
bathochromic shift of 39 nm was observed due to hydrogen bonding on addition of F
ion. The receptor S2R4 did not showed any shift in absorbance on addition of F ion.

This further confirms the —-NH protons are responsible for binding process of F ion.

Table 3.2 Change in absorption (Akma) Of receptors S2R1-S2R4 (2.5x10° M) in the

presence of Fion (10 equiv.)

Receptor (R)? Amax Amax Ahmax Ahmax
(R+TBAF)® (R+NaF)° (Organic) (Aqueous)
S2R1 446 nm 417 nm 178 nm 149 nm
S2R2 452 nm 431 nm 177 nm 147 nm
S2R3 313 nm 274 nm 39 nm 0nm
S2R4 311 nm 311 nm 0 nm 0nm

2 Absorption spectra were taken for receptors at a concentration of 2.5 x 10° M in
DMSO.  TBAF solution (10 equiv. in dry DMSO) was added to receptor solution
(dry DMSO). © NaF solution (10 equiv. in H,O) was added to receptor solution
(DMSO:H,0, 9:1; viv)

The stoichiometry of the F  ion complexation with receptor S2R1 in
DMSO:H,0 (9:1 v/v) was determined by Benesi-Hildebrand method (Benesi and
Hildebrand, 1948) using NaF. This clearly confirmed the formation of a stable 1:2
stoichiometric complex between receptor S2R1 and F ions (Fig.3.20).
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Fig. 3.20 Benesi - Hildebrand plot of receptor S2R1 binding with Fion (NaF)

associated with absorbance change at 417 nm in DMSO:H,0 (9:1 v/v) solvent

The binding constant was determined using Benesi-Hildebrand equation (Eq.
3.1) for the receptor S2R1 in organic medium and aqueous solution was found to
4.26+0.66x10° M? and 8.64+0.23x10" M respectively. Thus, the receptor S2R1

strongly binds to the F ions even in aqueous solutions.

1 _ 1 + 1
(‘4 - Aﬂ) B (Amﬂx - Aﬂ) K[F_]ﬂ(ﬂmx - Aﬂ:}

e ene o e (EQ.3.1)

Where, Ay, A, Anmax are the absorption considered in the absence of F , at an
intermediate, and at a concentration of saturation. K is binding constant, [F ] is
concentration of F~ ion and n is the stoichiometric ratio.

3.3.4 Binding mechanism

From the stoichiometric studies it is clear that F ion detection using receptor
S2R1 is a two-step process. At first, a F ion binds to receptor through hydrogen
bonding and thus a 1:1 adduct is generated to form a S2R1---F complex (Ghosh et
al. 2009). The second F ion causes deprotonation of -NH proton in receptor S2R1
which resulted in increased electron density over the complex system. This induced a
charge separation in the molecule (Scheme 3.5) and hence intramolecular charge
transfer (ICT) interaction was increased between electron deficient nitro group and
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electron rich -N which resulted in the optical colour change (Cho et al. 2005).
However, the formation of ICT complex was not observed in case of receptor S2R3
as it has no electron withdrawing group attached. This resulted in low sensitivity of
receptor S2R3 while detecting the F  ion.

N
Hoy

HN
OZN = HoE /EN F~ HO /N

N+
‘0" "0 o

Scheme 3.5 Predicted mechanism for the fluoride ion binding to receptor S2R1

The —NH proton H, tautomerizes to imidic acid from amide form under basic
condition. However, at lower concentration (0-2 equiv.) of TBAF the fast exchange of
this proton between two tautomers could be observed and at a higher concentration (5
equiv.) of TBAF, imidic acid tautomer was stabilized.

3.3.5 'H NMR titration studies

As an evidence for the binding mechanism, a *H NMR titration was carried
out in DMSO-dg using TBAF. The process of tautomerism was clearly observed in *H
NMR titration (Fig. 3.21). Due to the fast exchange between two tautomers, the
proton H, was unavailable for resonance. As a result, the signal at ¢ 10.9 was
completely disappeared. At higher concentration (5 equiv.) the reappearance of signal
at 0 10.4 confirmed the formation of stable imidic acid tautomer. Upto 2 equiv. of F
ion the resonance signal corresponding to Hy (6 10.65), showed a broadening and
splitting patterns in the aromatic region retained. On the other hand, at higher
concentration of Fion (5 equiv.) the peak corresponding to Hy as well as the splitting
pattern in the aromatic region completely disappeared. This indicates the formation of
NH---F  hydrogen bonding followed by deprotonation (Cho et al. 2005) of receptor
S2R1. Due to the formation of ICT, electron density of the phenyl rings increased and

this resulted in upfield shifts in the signals (Boiocchi et al. 2004) of all aromatic
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protons. Furthermore, splitting in the signals of aromatic protons had completely
disappeared (Fig. 3.21). This observation was due to the fast proton exchange within

the molecule.
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Fig. 3.21 Partial 'H NMR spectra of receptor S2R1 in DMSO-dj after adding (a) 0,
(b) 0.5, (c) 1, (d) 2, (e) 5 and (f) 10 equiv. of TBAF

3.4  CONCLUSIONS

To summarize, the receptors S2R1, S2R2 based on benzohydrazide
derivatives were designed and synthesized for the instantaneous and selective
detection of inorganic fluoride (NaF) in aqueous media. The receptors possess high
sensitivity towards F  ion with a detection limit of 0.5 ppm in aqueous media which is
much less than WHO permissible level (1 ppm) in drinking water. The mechanism
followed for the detection process is ICT and formation of stable imidic acid tautomer
which was evidenced by 'H NMR titrations. Hence on interaction with F~ ion the
receptors S2R1 and S2R2 showed brilliant colour change from colourless to yellow
with a large bathochromic shift of 149 nm and 147 nm respectively. These derivatives
proved themselves as potent colorimetric fluoride ion receptors by detecting the

presence of fluoride in sea water and commercial mouthwash.
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In this chapter, the design, syntheses and characterization of aminophenol
based new colorimetric receptors for fluoride ion detection have been discussed in
detail. The colorimetric anion sensing properties, detection mechanism

solvatochromic effect and logic gate application of these receptors have been studied.

4.1 INTRODUCTION

Being an essential component of molecular computing operations and
molecular devices, the molecular logic gates for converting chemical input signal into
the measurable output signals has become an exciting research area in supramolecular
chemistry. Subsequently, increasing attention was attained for the logic gate
applications based on anion/cation detecting receptors (Gunnlaugsson et al. 2001; de
Silva and McClenaghan 2004; Rosenbaum et al. 2011; Mandal et al. 2012; Elstner et
al 2012). Various types of logic gate functions can be achieved by applying two-input
systems. Even though, molecular analogues of many logic gate functions (based on
two-input systems) are reported in the literature (de Silva et al. 1994; D’Souza 1996;
Asakawa et al. 1997; Crediet al. 1997; de Silva et al. 1999; Baytekin and Akkaya
2000; Banthia and Samanta 2005; Singh and Kumar 2006; Suresh et al. 2007a; Lee et
al. 2007; Suresh et al. 2007b; Luxami and Kumar 2008; Suresh et al. 2008; Magri et
al. 2009; Zhang et al. 2012; Mahato et al. 2012), only few of them are based on
colorimetric receptors (Upadhyay et al. 2010; Liu et al. 2011; Luxami and Kumar
2012; Kaur and Kumar 2012; Luxami and Kumar 2012). Accordingly, the
colorimetric receptor based molecular logic gates attained interest among
supramolecular chemists. Further, molecular logic gate application gains attention as
it can be used for molecular switching applications (Kim et al. 2012). The receptors
which can shift between two or more stable states as a response to change in the
physical or chemical parameters are called molecular switches. These molecular
switches are good as well as simple examples for the molecular machines.

The receptors in this chapter have been designed in such a way that it is
capable of detecting anion as well as cation, to be specific F~ ions and Cu”" ions with
naked eye. The receptor S3R1 (S 4.1) encompasses hydroxyl (—OH) functional group,
which detects F ion by deprotonation mechanism and phenolic oxygen (—O) along

with imine nitrogen (=N) for the detection of Cu®" via complex formation.
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Anion Binding Site
S4.1

The S3R1 served as effective receptor for the detection of F ion as well as
Cu?* with the logic gate function. In addition, this receptor showed remarkable
solvatochromic property by displaying different colours in different solvents only in
presence of F ion. This solvatochromic property of the receptor molecule has
indispensable applications in many fields of chemistry including characterization of
mixed solvent systems, solid surfaces and polymers, chemical sensors to detect the
presence of water in polymers and to study the behaviour of solute-solvent
interactions in supercritical fluids (Nigam and Rutan 2001). The receptor S3R2 was
synthesised to verify the substitution position of —OH functional group in detection
process and receptor S3R3 was synthesised to examine the role of —OH as binding
site in detection process.

4.2 EXPERIMENTAL
4.2.1 Materials and methods

All chemicals were purchased from Sigma-Aldrich, Alfa Aesar or from
Spectrochem and used without further purification. All solvents were procured from
SD Fine, India with HPLC grade and used without further distillation.

The 'H NMR spectra were recorded on a Bruker, Avance Il (500 MHz)
instrument using TMS as internal reference and DMSO-d6 as solvent. The raw FID
data was processed with MestReNova 7.0.0-8331 software. Resonance multiplicities
are described as s (singlet), br s (broad singlet), d (doublet), t (triplet), g (quartet) and
m (multiplet). The chemical shifts () are reported in ppm and coupling constant (J)
values are given in Hz. Melting points were determined with Stuart- SMP3 melting-

point apparatus in open capillaries and are uncorrected. IR spectra were recorded on a
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Thermo Nicolet Avatar-330 FT-IR spectrometer; signal designations: s (strong), m
(medium), w (weak), br.m (broad medium) and br.w (broad weak). Mass spectra were
recorded on Waters Micromass Q-Tof micro spectrometer with ESI source. The
SCXRD was performed on Bruker AXS APEX Il system. UV-vis spectroscopy was
carried out with Ocean Optics SD2000-Fibre Optics Spectrometer and Analytikjena
Specord S600 Spectrometer in standard 3.5 mL quartz cells (2 optical windows) with
10 mm path length. Elemental analyses were done using Flash EA1112 CHNS
analyser (Thermo Electron Corporation). All reactions were monitored by TLC on
pre-coated silica gel 60 F254 plates which were procured from Merck.
4.2.2 Synthesis of receptors S3R1, S3R2 and S3R3

A mixture of 4-nitrobenzaldehyde (1.32 mmol) and substituted amines (2.69
mmol) reacted in ethanol under reflux for 5h. The reaction was catalysed by a drop of
acetic acid. The reaction mixture was cooled to room temperature. The solid formed

was filtered and washed with ethanol to obtain the pure compounds (Scheme 4.1).

’ A
Ox bz 80 °C |

= / Z S3RL:R=2-OH
. S3R2: R = 4-OH
S3R3:R=H

Scheme 4.1 Synthesis of S3R1, S3R2 and S3R3

The single crystal of the receptors S3R1 suitable for X-ray diffraction analysis
was obtained by slow evaporation of dichloromethane solution at room temperature
and the single crystals of receptors S3R2 and S3R3 were obtained directly from
reaction media (ethanol used as solvent).The ORTEP diagrams (50% probability) of
the receptor S3R1, S3R2 and S3R3 are given in Fig. 4.1.
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Fig. 4.1 The ORTEP diagrams (50% probability) receptors S3R1, S3R2 and S3R3

The receptors S3R1 and S3R3 were crystallised in monoclinic lattice whereas
S3R2 crystallised in triclinic lattice. Detailed crystallographic data of receptor S3R1,
S3R2 and S3R3 are given in the Table 4.1.

Table 4.1 Crystallographic data of receptor S3R1, S3R2 and S3R3

Receptor S3R1 S3R2 S3R3
CCDC No 912057 939306 939305
Chemical formula Ci3H10N203 C13H1oN,03 C13H10N20;
Formula weight 242.23 242.23 226.23
Crystal System Monoclinic Triclinic Monoclinic
Space group P2(1)/c P1 P2(1)/n
a (A) 11.9767 (8) 12.3048(9) 14.6480(2)
b (A) 5.9302 (4) 13.3933(10) 10.8265(2)
c (A) 16.1269 (10) 15.7190(12) 14.7278(2)
a(®) 90.00 72.812(4) 90.00

Dept. of Chemistry, NITK



Chapter 4

B () 96.635 (2) 67.370(4) 101.940 (2)
v ) 90.00 76.718(4) 90.00
V (A)? 1137.73 (13) 2264.4(3) 2285.10 (6)
z 4 8 8

Crystal size  0.47 x 0.30 x 0.27 0.45x 0.31 x 0.21 0.47 x 0.33 x 0.26
F (000) 504 1008 944
R-factor (%) 5.23 9.72 6.85

All intermediates and receptors were characterized by spectral analysis. The
characterization data have been compiled and given below.

(E)-2-(4-nitrobenzylideneamino)phenol (S3R1)

NO,
|
CC
OH
Yield: 79%; m.p.: 165 - 166°C. Elemental analysis Calculated for C;13H10N203
(%): C 64.46, H 4.16, N 11.56. Experimental: C 64.26, H 4.30, N 11.60. 'H NMR
(DMSO-dg): 6 9.27(s, 1H, -OH); ¢ 8.88(s, 1H, =CH); 6 8.34 (d, 2H, Ar-H, J=8Hz), J
8.30 (d, 2H, Ar-H, J=8Hz), ¢ 7.30(d, 1H , Ar-H, J=7.5 Hz), ¢ 7.16 (t, 1H, Ar-H,
J=7.25H z), §6.95 (d, 1H, Ar-H, J=8 Hz), 6 6.86 (t, 1H, Ar-H, J=7 Hz). FT-IR in cm’
1. 3367.3 (m), 1586.2 (m), 1508.8 (m), 1331.7 (s), 1230.2 (m), 1096.4 (w), 1027.5

(w), 779.9 (m). MS (ESI) m/z Calculated: 243.2380 [M+H]" Experimental: 243.2590
[M+H]

(E)-4-(4-nitrobenzylideneamino)phenol (S3R2)

NO,
oy KT
HO
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Yield: 80%; m.p.: 174 - 175°C. Elemental analysis Calculated for C;3H10N2O3
(%): C 64.46, H 4.16, N 11.56. Experimental: C 64.32, H 4.28, N 11.48. 'H NMR
(DMSO-dg): 0 9.72(s, 1H,-OH), 6 8.77 (S, 1H, =CH), ¢ 8.32 (d, 2H, Ar-H, J=8Hz), ¢
8.12 (d, 2H, Ar-H, J=8.5Hz), § 7.32(d, 2H, Ar-H, J=8.5Hz), & 6.85 (d, 2H, Ar-H,
J=8Hz). FT-IR in cm™: 3434.3 (s), 1582.7 (m), 1500.6 (s), 1328.4 (s), 1252.5 (m),
1197.9 (m), 1195.7 (w).

(E)-N-(4-nitrobenzylidene)benzenamine (S3R3)

Qwﬁ

Yield: 63%; m.p.: 94 - 95°C. Elemental analysis Calculated for C;3H10N20O;
(%): C 69.02, H 4.46, N 12.38. Experimental: C 68.98, H 4.50, N 12.39. 'H NMR
(DMSO-dg): 0 8.79 (s, 1H, =CH), ¢ 8.35 (d, 2H, Ar-H, J=8.5Hz), ¢ 8.19 (d, 2H, Ar-H,
J=8.5Hz), 6 7.47 (t, 2H, Ar-H, J=7.5Hz), 6 7.29-6 7.35 (m, 3H, Ar-H). FT-IR in cm™;
3063.5 (w), 1588.1 (m), 1510.3 (s), 1330.6 (5).

The representative spectra of receptors have been given below.

Receptor R1, DMSO-d6, 500 MHz 2 8 S8R% SREINFIS533
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Fig. 4.2 'H NMR spectrum of S3R1
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Fig. 4.4 'H NMR spectrum of S3R2
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Fig. 4.5 'H NMR spectrum of S3R3

4.2.3 Stoichiometric ratio determination using Job’s plot method

A Job plot is used to determine the binding stoichiometry. In this method, the
total molar concentration of anion and receptor are kept constant. However, the molar
ratio of the anion as well as the receptor is continuously varied. The UV-vis
absorbance was measured for each fraction. This absorbance was plotted against the
mole fractions of the two components. The maximum absorbance on the plot

corresponds to the stoichiometry of the two species.

43 RESULTS AND DISCUSSION
4.3.1 Colorimetric detection of anions

Initially, the receptors S3R1 and S3R2 were evaluated for colorimetric
detection of F ions over other anions (chloride, bromide, iodide, nitrate,
hydrogensulphate, dihydrogenphosphate and acetate) in dry DMSO solvent. Both the
receptors have hydroxyl (—OH) functionality as electron donor and nitro (—NOy)
functionality as electron acceptor. Due to this donor-acceptor (D-A) interactions these
receptors are pale yellow in colour. These receptors (5x10° M) were treated with
tetrabutylammonium (TBA) salt of different anions (1 equiv.) in DMSO. A significant

colour change from pale yellow to blue (receptor S3R1) and greenish blue (receptor
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S3R2), was observed instantaneously with the addition of F ion. A slight colour
variation from pale yellow to greenish yellow in case of receptor S3R1 and pale
yellow to dark yellow in case of receptor S3R2 were observed upon adding the
acetate ion. On the other hand, no colour change was noticed on addition of other

anions (Fig. 4.6 and Fig. 4.7).
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Fig. 4.6 Change in colour after adding 1 equiv. of TBA anions to receptor solution in
DMSO (5%107° M); (a) Free S3R1, (b) F, (¢) CI', (d) Br (e) I, () NO;~, (g)
HSO, , (h) H,PO4 and (i) AcO
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Fig. 4.7 Change in colour of S3R2 (5x10™ M) in dry DMSO with the addition of 1
equiv. of TBA anions; (a) Free S3R2, (b) F , (c) CI', (d) Br (e) I, (f) NOs , (9)
HSO, , (h) H.PO, and (i) AcO™

In order to examine the selectivity towards F  ion over other anions, 1 equiv.
of F ion was added to the receptor S3R1 in presence of other anions such as CI ,
Br, I, NO; , HSO; and H,PO4 ions. The presence of any other anions virtually
makes no difference on colorimetric detection of the F ion (Fig. 4.8). Thus, the
receptor S3R1 could selectively detect the fluoride ion even in presence of other

competing anions.

b ¢ d e f g h
Fig.4.8 Competitive study of receptor S3R1 (5x107° M) in DMSO by adding 1 equiv.

F ion and 1 equiv. of other anions; (a) Free S3R1, (b) F , (¢)Cl +F ,(d)Br +F,
(e) I + F_, (f) NO3_ + F_, (g) HSO4_ +F and (h) H2P04_ +F

a
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4.3.2 UV-vis spectral studies of receptors
The colorimetric selectivity of receptors S3R1 and S3R2 for the detection of

F ion was further confirmed using UV-vis spectroscopy (Fig. 4.9).
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Fig.4.9 UV-vis changes of (A) S3R1 and (B) S3R2 in DMSO (5x10™ M) after
adding 20 equiv. of (a) F ion, (b) AcO ion and (c) other anions as TBA salts

As a part of quantitative analysis, the UV—vis spectrophotometric titration of
receptor S3R1 with TBAF in dry DMSO was carried out. On gradual increasing
concentration of F  ion, the intensity of peaks at 282 nm corresponding to imine (-
N=C-) linkage and 385 nm corresponding to —OH group, decreased gradually. This
was followed by appearance of new bathochromic bands at 339 nm and 555 nm (Fig.

4.10, A).
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Fig. 4.10 UV-vis spectra of (A) S3R1 and (B) S3R2 (5x10” M) with increasing
concentration of TBAF (0-25 equiv.) in dry DMSO; Inset: Jobs plot for S3R1 and

S3R2 with F ion at 555 nm and 558 nm in dry DMSO respectively
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The development of new band at 339 nm was attributed to the formation of
exocyclic imine when the receptor undergoes enol to keto tautomerisation (due to the
deprotonation of 2-hydroxyl group) and the new band at 555 nm was ascribed to the
development of Intramolecular Charge Transfer (ICT) transition. This constant
decrease of two absorption bands and generation of two new absorption bands
resulted in the formation of three clear isosbestic points at 309 nm, 361 nm and 433
nm which evidently suggests the generation of two species in the system during the
detection process. In case of receptor S3R2, the titration resulted in constant decrease
in the intensity of absorption band at 388 nm due to the deprotonation of hydroxyl
group. Simultaneously, a new bathochromic band at 558 nm was appeared which was
attributed to the generation of ICT transition (Fig. 4.10, B).

4.3.3 Binding mechanism of anion

The stoichiometry of receptor-F ion system was determined by Jobs plot
obtained from UV-vis spectrophotometric titration data for receptor S3R1 at 555 nm
and S3R2 at 558 nm in DMSO solution (Fig. 4.10, inset). A maximum absorbance
was observed, when the mole fraction was 0.66. This confirms the formation of 1:2
(Host/Guest) stoichiometric ratios between receptors and F ions. Hence, it is evident
that F ion detection using these receptors is a two-step process. The proposed

mechanism for receptor S3R1 is as shown in Scheme 4.2.
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Scheme 4.2 Proposed mechanism for fluoride ion binding to receptor S3R1

At the first instance, F ion binds through hydrogen bonding to the hydroxyl
proton of receptor S3R1 resulting in 1:1 adduct to give S3R1+ssF complex (Ghosh et
al. 2009). In the next step the second F ion induces deprotonation of phenolic —-OH

proton of receptor S3R1 and as a result, the electron density over the deprotonated
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receptor S3R1 was increased. Thus, the charge separation in the receptor was
introduced which resulted in ICT transition between the electron deficient —NO,
group at p- position and electron rich -O  which lead to intense colorimetric change
(Cho et al. 2005).
43.4 H NMR titration studies

"H NMR titration was carried out in dry DMSO-ds to confirm the binding
mechanism (Fig. 4.11). Upon addition of 0.5 equiv. TBAF, the —OH peak at 6 9.26
(Ha,) disappeared completely and thus confirms the deprotonation of phenolic —OH
(Bharadwaj et al. 2009).

H,

9.5 9.0 85 8.0 7.5 7.0

Fig. 4.11 Partial '"H NMR titration spectra of receptor S3R1 with F~ ion at different
concentrations in DMSO-dg; (a) 0, (b) 0.5, (c) 1.0 and (d) 2.0 equiv. TBAF

The signal Hy, at 0 8.88 corresponding to imine —CH- experienced upfield shift
to 0 8.45 due to the formation of exocyclic double bond and aromatic protons of 4-
nitrophenyl group at ¢ 8.3, 0 8.33 were shifted to ¢ 8.10, 6 7.98 respectively (H).
These upfield shifts represent the increase in electron density over the 4-nitrophenyl
group of receptor molecule upon F ion binding. In contrast the protons of 2-
aminophenol group shifted from ¢ range 6.86-7.29 (Hy) to ¢ range 7.30-8.87. This

downfield shift was due to the decrease in electron density over the 4-aminophenol
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group of the receptor S3R1 which resulted in the deshielding of corresponding
protons on F ion binding. Therefore the hydroxyl phenyl group acts as an electron
donor and the nitrophenyl group acts as an electron acceptor, thus forming an ICT
transition. Furthermore, at 0.5 equiv. and 1.0 equiv., the *H NMR illustrates both
structures S3R1 and S3R1’ (Scheme 4.2), wherein the receptor undergoes keto-enol
tautomerism. Finally, the keto tautomer gets stabilized at 2 equiv. of Fion.
4.3.5 Solvatochromic studies

Astonishingly, when 1 equiv. of F ion was added to the receptor S3R1
solution in dry ACN (5 x 10° M), a colour change from pale yellow to pink was
observed. This dissimilarity in colour change (in DMSO pale yellow to blue and in
ACN pale yellow to pink) was due to the solvatochromic effect of receptor S3R1.
This study was further extended to other aprotic solvents such as 1,4—dioxane,
tetrahydrofuran (THF), dichloromethane (DCM), Acetone and DMSO where the
receptor S3R1 showed different coloration (Fig. 4.12) only in presence of F ion with
respect to the solvent polarity. The colour of the receptor S3R1 was changed from
pale yellow to red in 1,4—dioxane, brown in THF and DCM, purple in acetone, pink in
ACN and blue in DMSO. Similar trend was observed in case of S3R2 where the
colour was changed from pale yellow to orange in 1,4—dioxane, dark yellow in THF
and DCM, dark brown in acetone, light brown in ACN and blue in DMSO upon
addition of 1 equiv. of F ions (Fig. 4.13). As receptor solution does not have any
charge separation and charge transfer (CT) transitions, it did not show any
solvatochromism in the absence of F  ion. However, addition of F ion to the receptor
solutions induced charge separation. Therefore, charge transfer transition was
established due to which receptor attains different dipole moments in its ground and
lower energy singlet excited state. These newly established dipole moments were
interacted by the solvent dipole moments to change the energy levels of receptor and
as solvent polarity increased these energy levels decreased. As a result the peaks
corresponding to CT transitions in UV-vis spectroscopy will red shifted (positive
solvatochromism; Hadjmohammadi et al. 2008; Marini et al. 2010; Homocianu et al.
2011; Saroj et al. 2011) with increasing solvent polarity. Same mechanism is

responsible for the solvatochromism in receptor S3R2.
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Fig. 4.12 Solvatochromism in S3R1 upon adding 1 equiv. of F ions in different
solvents; Top row: S3R1 (5% 107 M) in different solvents. Bottom row: S3R1+F
ions; (a) 1,4—dioxane, (b) THF, (c) DCM, (d) Acetone, (¢) ACN and (f) DMSO

Fig. 4.13 Solvatochromism in S3R2 upon adding 1 equiv. of F ions in different
solvents; Top row: S3R2 (5% 10 M) in different solvents. Bottom row: S3R2+F~
ions; (a) 1,4—dioxane, (b) THF, (¢) DCM, (d) Acetone, (¢) ACN and (f) DMSO

4.3.6 Application of solvatochromism

The percentage composition of solvent mixture is generally determined by
measuring their physical properties such as viscosity, refractive index or density. On
the other hand, the photophysical property such as solvatochromism is not much
explored to determine composition of the solvent mixture. The receptor S3R1 being
solvatochromic in presence of F ions, was applied to determine the percentage
composition of two different solvents. This experiment was demonstrated by
inspecting colour change of receptor S3R1 upon adding F ions in proportionate
mixture of DCM and DMSO. The receptor S3R1 was dissolved in a mixture of two
solvents (by varying compositions between 0% and 100% of DMSO in DCM) to
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prepare 5 x 10° M solution. Upon adding F~ ions (10 equiv.) to each solution, a

colour change between brown and blue was observed (Fig. 4.14).

| |
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Fig. 4.14 Colour change of S3R1 with varying composition of DMSO in DCM on
adding F ions; (a) 0% i.e. 100% DCM, (b) 20%, (c) 40%, (d) 60%, (e) 80% of
DMSO in DCM and (f) 100% of DMSO

This colorimetric change was confirmed with the UV-vis spectroscopy
wherein the bathochromic shift in Ay, was observed with the increasing percentage of
DMSO in DCM (Fig. 4.15). A shift of approximately 7.5 nm in Ay, Was observed for

each 20% increase of DMSO in the solvent mixture.
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Fig. 4.15 UV-vis changes of S3R1 (5x10™ M) on adding F~ ions with varying
compositions of DMSO in DCM,; Inset: Calibration curve plotted with % composition
of DMSO in DCM vs. Shift in Apax

A calibration curve was plotted with this bathochromic shift and the
percentage composition of DMSO in DCM (Fig. 4.15, inset). A linear graph was
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obtained with the increasing percentage of DMSO in DCM. The percentage
composition of unknown solvent mixture (DMSO:DCM) can be easily determine
using this calibration curve.
4.3.7 Detailed study in ACN solvent

The selectivity of receptor S3R1 and S3R2 towards F ion in ACN followed
the same trend as in DMSO solution. When the ACN solution of receptors S3R1 and
S3R2 (5x10” M) were treated with TBA salt of different anions (1 equiv.), only the
addition of F ion induced instantaneous colour change from pale yellow to pink (Fig.
4.16) and pale yellow to salmon (Fig. 4.17) respectively, whereas the other anions did

not persuaded any colour change.

Fig. 4.16 Change in colour after adding 1 equiv. of different anions to S3R1 in ACN
(5x10™ M); (a) Free S3R1, (b) F, (¢) CI", (d) Br_ (e) I, () NOs, (g) HSO, , (h)
H2P04_ and (1) ACO_

- T e o LIS i
Fig. 4.17 Change in colour after adding 1 equiv. of different anions to S3R2 solution

in ACN (5x10°° M); (a) Free S3R2, (b) F, (¢c) CI~, (d) Br ()T, () NO5_, ()
HSO4_, (h) H2P04_ and (1) ACO_

The UV—vis titration was carried out for receptor S3R1 in dry ACN solution.
On increasing concentration of F ion, the peak at 284 nm increased slightly due to
the change in m—n* transition. On the other hand, the peak at 375 nm was decreased
constantly and a new bathochromic band centred at 511 nm was developed, thus
forming two clear isosbestic points at 350 nm and 400 nm (Fig. 4.18, A). This new

peak developed at 511 nm was ascribed to the formation of ICT transition.
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Fig. 4.18 UV—vis spectra of S3R1 and S3R2 (5x10” M) in ACN with increasing
concentration of TBAF (0-25 equiv.); Inset: Jobs plot for S3R1 and S3R2 with F ion
at 511 nm and 500 nm in dry ACN respectively

The gradual addition of F~ ion to receptor S3R2 (5x10° M) in ACN resulted
in the bathochromic shift of absorption band from 371 to 393 nm with a broadened
band centred at 500 nm, along with the formation of two isosbestic points at 299 nm
and 385 nm (Fig. 4.18, B). In contrast, the molecule S3R3, which lacks hydroxyl (—
OH) functional group, not showed any colour change (Fig. 4.19) neither in DMSO nor
in ACN (Fig. 4.20). This clearly indicates that the phenolic —OH is binding site for F

ion and hence responsible for colorimetric detection.
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Fig. 4.19 Change in colour of S3R3 (510 M) in DMSO with adding 1 equiv. of
TBA anions; (a) Free S3R3, (b) F, (c) CI, (d) Br (e) I, (f) NOs , (g) HSO,4 , (h)
H,PO, and (i) AcO
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Fig. 4.20 Change in colour of S3R3 (5x10° M) in ACN after adding of 1 equiv. of
TBA anions; (a) Free S3R3, (b) F, (¢) CI , (d)Br (e) I, (f) NO3 , (g) HSO, , (h)
H,PO, and (i) AcO
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The shift in absorption maxima after addition of F ion to receptor solutions in
dry ACN and dry DMSO is summarised in Table 4.2. The 170 nm shift in DMSO
over 136 nm in ACN for receptor S3R1, confirms the stronger binding of F  ion due
to the establishment of more stable ICT transition in DMSO. The binding constant
was calculated using Benesi-Hildebrand equation (Benesi and Hildebrand 1949) and
found to be 7.15+0.31x10° M for DMSO and 2.13+0.13x10° M for ACN. This
indicates the binding of F ion to the receptor is much stronger in case of DMSO than
ACN.

Table 4.2 Change in absorption (Ahmax) of receptors S3R1-S3R3 (5107 M) in the

presence of TBAF
Receptor Apa(ACN)* Amax(DMSO)’ Adnax(ACN)  Ahpax(DMSO)
S3R1 511 nm 555 nm 136 nm 170 nm
S3R2 500 nm 558 nm 129 nm 170 nm
S3R3 293 nm 294 nm 0 nm 0 nm

210 equiv. of TBAF was added to receptor solutions in dry ACN.
Y10 equiv. of TBAF was added to receptor solutions in dry DMSO.
4.3.8 Colorimetric detection and binding mechanism of cation
The receptor S3R1 was evaluated for the binding ability towards cations in
ACN and found to be Cu®" ion active. The colorimetric detection experiment was
carried out to check selectivity of Cu®" ion over other cations such as Mg%, Ca*',
C02+, Ni2+, Zn2+, Cd2+, Hg2+ and Pb*" (dissolved in water) in the form of their nitrates.
The receptor S3R1 was able to bind selectively to Cu®" ions which resulted in a
remarkable colour change from pale yellow to orange-red (Fig. 4.21), whereas no

colour change was observed with all other cations.
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Fig. 4.21 Change in colour after addition of 3 equiv. of different cations to the
receptor solution in ACN (5x107 M); (a) Receptor S3R1, (b) Mg”", (c) Ca*", (d) Co*,
(@ Ni*", (f) Cu™", (g) Zn*", (h) Cd™", (i) Hg*" and (j) Pb**
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The stoichiometry of S3R1-Cu®" system was determined using Job’s plots
where the absorbance at 427 nm was plotted against mole fraction of the Cu®". A
maximum absorbance corresponding to the mole fraction of Cu®” was at 0.33. This
confirms the formation of 2:1 (Host/Guest) stoichiometric complex and it could be

represented as shown in the Scheme 4.3.

Scheme 4.3 Proposed complexation of Cu** with receptor S3R1

4.3.9 Logic gate application of receptor S3R1

As stated previously, the receptor S3R1 changed colour from pale yellow to
pink on addition of Fions (2 equiv.) in dry ACN and as a result a new band centred

at 511 nm with an absorbance of 0.13 was observed (Fig. 4.22, 1).

084 (i) 3R
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o B ku*
£ 5
o S3R1+1 eq. Cu
S 0.4 — | —
< (i)
0.24 .
S3+R1 +2 Eq. F
0.0 T ’ T y ! g T
300 400 500 600
Wavelength (nm)

Fig. 4.22 (i) Reversal of the UV—vis spectral pattern of receptor S3R1 + 2 equiv. of
F upon addition of Cu”" ions; (ii) Colour changes of S3R1 in ACN; (a) Free S3R1,
(b) S3R1 + 2 equiv. of F and (c) S3R1 + 2 equiv. of F +1 equiv. Cu®"
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Amazingly, upon adding 1 equiv. of Cu®" ions to this S3R1-F  ion complex
resulted in the disappearance of the pink colour and the original pale yellow colour of
receptor S3R1 was restored (Fig. 4.22, ii). This reverting of the colour was confirmed
by UV-vis spectroscopy where the band at 511 nm (due to ICT) was disappeared and
the band at 375 nm corresponding to receptor S3R1 was restored (Fig. 4.18, 1). This
property of receptor S3R1 was further applied for the molecular logic gate and ‘ON-
OFF’ switching operation.

The system is said to be ‘switch ON’ when the receptor S3R1 shows optical
output from pale yellow to pink in presence of F ion and system is said to be ‘switch
OFF’ when Cu" ion was added to the same solution as the pale yellow colour of the
receptor S3RI1 reappears. These observations can be correlated for demonstrating a
logic gate operation, where the output signals (change in colour) could be controlled
by input signals (addition of F ion and Cu®’ ion). The receptor S3R1 showed no
absorbance at 511 nm which is accounted for the Boolean value of “0” and with the
addition of F ion it showed an absorbance of 0.13 which is accounted for the
Boolean value of “1”. The process of ‘switch ON’ and ‘switch OFF’ represented in
the molecular logic gate through truth table as shown in the Table 4.3.

Table 4.3 Truth table for INH functions. Input A: 2 equiv. F ion Input B: 1 equiv.

Cu”" ion. Output: Absorbance at 511 nm (High absorbance: 1 low absorbance: 0)

Input A Input B Outputs
0 0 0
1 0 1
0 1 0
1 1 0

Output signals in the form of spectral change at 511 nm was observed upon
supplying input signals in the form of F ion and Cu** represents INHIBIT (INH)
logic gate (Gunnlaugsson et al. 2000). The outputs of the receptor S3R1 are in
agreement with complementary INH logic function (Fig. 4.23).

Input A —}
Output
Input B—| >0——

Fig. 4.23 A schematic representation of a complementary output INH circuit
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The colour restoration mechanism was observed even with the addition of
other metal ions such as C02+, Ni2+, Zn2+, Cd*" and Hg2+ (Mg2+, Ca’*and Pb*" salts
were not soluble in organic solvent like ACN) instead of Cu®’. This confirms
formation of stable MF, salt (metal-fluoride salt). Thus, the receptor S3R1 becomes
free after the addition of 1 equiv. of M*" ions to the S3R1+ 2 equiv. of F solution as

demonstrated in Scheme 4.4.

N ‘ﬁ
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Scheme 4.4 Reversal process of the receptor S3R1 on addition of Cu®" to the
S3R1+F in ACN solution

However, the addition of 10 equiv. of F_ ion to the S3R1-Cu** complex did
not show any colour change. This confirms the stable complex formation between

receptor S3R1 and Cu”" ion.

44  CONCLUSIONS

To conclude, a receptor S3R1 was designed and synthesised, for the
colorimetric dual ion sensing application. The receptor S3R1 colorimetrically
detected F ions over other anions. The binding mechanism for the selective detection
involves the establishment of ICT transitions between F  ions and the receptor. This
receptor showed unique solvatochromic property only in presence of F ions as it
establishes charge separation in the receptor. The receptor displayed different
colorations in different solvents upon adding F ions. This colorimetric discrimination
in different solvents was successfully applied to determine the percentage
composition of binary solvent mixture. A strong binding was established with
receptor S3R1 and F ions with a binding constant of 7.15+0.31x10° M. The
receptor S3R1 colorimetrically discriminated Cu®" ions over other cations by showing
a colour change from pale yellow to orange-red. It acts as a molecular switch which is

said to be ‘switch ON” in presence of F ions and ‘switch OFF’ when Cu”" ions were
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added. This ‘ON-OFF’ switching process was demonstrated by logic gate functions.
The receptor S3R1 gave output signals corresponding to the INH circuit with input
signals which can be implemented to molecular computing operations and molecular

devices.
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In this chapter, the design, syntheses and characterization of new
aminophenol Schiff’s base derivatives as colorimetric receptors for discriminative
detection of maleate ions over fumarate ions have been discussed in detail. The
colorimetric anion sensing properties and detection mechanism of these receptors
have been incorporated. In addition, the receptors were studied for colorimetric
detection of other biologically important anions such as fluoride. The binding model

of receptor with fluoride ion was proposed on the basis of UV-vis spectral studies.

5.1 INTRODUCTION

Though instrumental methods are available to detect anions, colorimetric
anion receptors attain significance due to its simplicity, instantaneous detection, equal
selectivity and sensitivity. A colorimetric receptor for anion detection generally
comprises of an organic molecule with a binding site where the anion binds to the
molecule and a signalling unit which transforms the binding information through
optical change. The binding site contains acidic proton/s to which anion binds non-
covalently and the signalling units with an electron withdrawing chromophores
changes the colour of organic molecule upon non-covalent binding. Applying this
strategy, various anion receptors with different binding sites have been reported.
However, majority of these receptors are restricted for the recognition of only
inorganic anions.

Though the majority of research community concentrated on inorganic anion
detection, few researchers focused on design and synthesis of receptors for the
detection of organic molecules. As an outcome of their efforts, recently reports on
colorimetric discrimination of isomeric organic molecules using naphthalenediimide
(NDI) based receptors by grinding methods were published (Trivedi et al. 2008;
Trivedi et al. 2009). In addition, the colorimetric discriminative detection of organic
amines was reported (Rakow et al. 2005; Tang et al. 2010). Consequently, designing
the receptors for detection of organic anions acquires considerable attention. Notably,
dicarboxylate anions attains much deliberation as they play critical role in the various
metabolic and biological processes (Voet and Voet 1995; Nisbet et al. 2009; Sherif
2010; Shin et al. 2011; Xu et al. 2012). In the past decade researchers reported many

receptors with diverse functional groups for the selective detection of dicarboxylates
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anions (Karl et al. 1995; Gunnlaugsson et al. 2002; Raker and Glass 2002; Liu et al.
2005; Jadhav and Schmidtchen 2006; Ghosh et al. 2010). Among the dicarboxylates
the differentiation of geometrical isomers (such as cis/trans dicarboxylates) in
particular, maleate (S 5.1) and fumarate (S 5.2) gain significance. This importance is
not only because of their conformational isomerism but also owing to their different
biological behaviours, such as, fumarate is produced during Krebs cycle whereas
maleate is used as Krebs cycle inhibitor and used in kidney related disorders
(Gougoux et al., 1976; EiamOng et al., 1995).

~00C

~00C COO~

COO~

S5.1 S5.2

Recently, few chemists demonstrated the isomeric detection of dicarboxylates
using hydrogen bonding synthons. These reports are based on receptors with
urea/thiourea (Costero et al. 2006; Yen and Ho 2006; Lin et al 2007; Tseng et al.
2007; Lin et al. 2009) and some other functional groups (Sancenon et al. 2003) which
were able to detect the geometrical isomers either colorimetrically or fluorometrically.
However, these molecules are structurally complicated and thus required skilled
labour for the synthesis. Furthermore, these receptors were not demonstrated for the
detection of other biologically important anions and it would be an added advantage,
if a receptor could detect other important anions in particular, fluoride ions
considering its vital role in clinical applications as well as disadvantages associated
with it (Wiseman 1970; Dreisbuch 1980; Riggs 1984; Krik 1991; Kleerekoper 1998;
Shivarajashankara et al. 2001; Ozsvath 2009).

In current chapter the receptors based on aminophenol Schiff’s base (S 5.3)
have been synthesised where the hydroxyl groups are present at o-, m-, and p-
positions of phenyl ring. These receptors were synthesised to check the role of
positions of binding sites in detection process. The aminophenol units are connected
together with a phenyl ring at 1 and 4 positions. This provides extended conjugation
for more sensitive recognition of anions. An additional receptor which does not

contain any hydroxyl group was synthesised to justify the binding site of receptors.
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5.2 EXPERIMENTAL
5.2.1 Materials and methods

All chemicals were purchased from Sigma-Aldrich, Alfa Aesar or from
Spectrochem and used without further purification. All solvents were procured from
SD Fine, India with HPLC grade and used without further distillation.

The 'H NMR spectra were recorded on a Bruker, Avance Il (500 MHz)
instrument using TMS as an internal reference and DMSO-d; as solvent. The raw FID
data was processed with MestReNova 7.0.0-8331 software. Resonance multiplicities
are described as s (singlet), br s (broad singlet), d (doublet), t (triplet), g (quartet) and
m (multiplet). The chemical shifts (J) are reported in ppm and coupling constant (J)
values are given in Hz. Melting points were determined with Stuart- SMP3 melting-
point apparatus in open capillaries and are uncorrected. IR spectra were recorded on a
Thermo Nicolet Avatar-330 FT-IR spectrometer; signal designations: s (strong), m
(medium), w (weak), br.m (broad medium) and br.w (broad weak). Mass spectra were
recorded on Waters Micromass Q-Tof micro spectrometer with ESI source. The
SCXRD was performed on Bruker AXS APEX Il system. UV-vis spectroscopy was
carried out with Ocean Optics SD2000-Fibre Optics Spectrometer and Analytikjena
Specord S600 Spectrometer in standard 3.5 mL quartz cells (2 optical windows) with
10 mm path length. Elemental analyses were done using Flash EA1112 CHNS
analyser (Thermo Electron Corporation). All reactions were monitored by TLC on
pre-coated silica gel 60 Fs4 plates which were procured from Merck.

5.2.2 Synthesis of receptors S4R1, S4R2, SAR3 and S4R4
A mixture of terphthalaldehyde (0.373 mmol) and amine derivatives (0.746

mmol) reacted in ethanol with a catalytic amount of acetic acid under reflux condition
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for 3 h. The reaction mixture was cooled to room temperature and the solid formed
was filtered, washed with ethanol to obtain the pure solid target compounds (S4R1,
S4R2, S4R3 and S4R4; Scheme 5.1).

X0 Y
OM()A + @ —_— R N \ _/R
: P W,

S4R1=R:2-OH
S4R2=R:3-OH
S4R3=R:4-OH
S4R4=R:H

Scheme 5.1 Synthetic scheme of receptors S4R1, S4R2, S4R3 and S4R4

All receptors were characterized by spectral analysis. The characterization

data have been compiled and given below.

2,2'-{benzene-1,4-diylbis[(E)methylylidenenitrilo]}diphenol (S4R1)

SO

Yield: 79%; m.p.. 219 — 221 °C. Elemental analysis Calculated for
CaoH1sN20; (%): C 76.17, H 4.79, N 8.88. Experimental: C 76.15, H 4.76, N 8.91. 'H
NMR (500 MHz, DMSO-dg): ¢ 9.10 (s, 2H, -OH); ¢ 8.80 (s, 2H, =CH); ¢ 8.16 (s, 4H,
A r-H, J=8Hz), 6 7.27 (d, 2H , Ar-H, J=6.5 Hz), 6 7.11 (t, 2H, Ar-H, J=7.75H 2), ¢
6.93 (d, 2H, Ar-H, J=8 Hz), 6 6.86 (t, 2H, Ar-H, J=7.5 Hz). FT-IR in cm™: 3356.9
(m), 1585.9 (m), 1478.3 (s), 1374.2 (m), 1230.9 (s), 728.7 (s). MS (ESI) m/z:
Calculated: 315.3453 [M-H] Experimental: 315.2749 [M-H]

3,3"-{benzene-1,4-diylbis[(E)methylylidenenitrilo]}diphenol (S4R2)

O L

Yield: 80%; m.p.: > 300 °C. Elemental analysis Calculated for CyH;5N20;
(%): C 76.17, H 4.79, N 8.88. Experimental: C 76.18, H 4.81, N 8.84. '"H NMR (500
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MHz, DMSO- dg): 6 9.58 (s, 2H,-OH), & 8.66 (S, 2H, =CH), & 8.06 (s, 4H, Ar-H), &
7.2-7.23 (m, 2H, Ar-H), 6 6.75 (d, 2H, Ar-H, J=7.5Hz), 6 6.67-6.69 (m, 4H, Ar-H).
FT-IR in cm™; 3357.8 (s), 3040.8 (W), 1586.8 (m), 1480.5 (s), 1233.8 (s), 731.4 (s).
MS (ESI) m/z: Calculated: 315.3453 [M-H] Experimental: 315.1485 [M-H]

4,4'-{benzene-1,4-diylbis[(E)methylylidenenitrilo]}diphenol (S4R3)

Yield: 93%; m.p.. 271 — 273 °C. Elemental analysis Calculated for
CaoH1sN20; %): C 76.17, H 4.79, N 8.88. Experimental: C 76.16, H 4.79, N 8.87. *H
NMR (500 MHz, DMSO- dg): 9.59 (s, 2H,-OH), ¢ 8.69 (S, 2H, =CH), ¢ 8.0 (s, 4H,
Ar-H), 6 7.27 (d, 4H, Ar-H, J=8.5Hz), 6 6.83 (d, 4H, Ar-H, J=9.0 Hz). FT-IR in cm™:
3359.9 (s), 1587.4 (m), 1490.5 (m), 1234.1 (s), 822.8 (s). MS (ESI): m/z: Calculated:
315.3453 [M-H] Experimental: 315.2896 [M-H]

N,N’-[benzene-1,4-diyldi(E)methylylidene]dianiline (S4R4)

O

Yield: 91%; m.p.: 166 — 167 °C. Elemental analysis Calculated for C,oH16N>
(%): C 84.48, H 5.67, N 9.85. Experimental: C 84.45, H 5.68, N 9.87. 'H NMR (500
MHz, DMSO- dg): 6 8.72 (S, 2H, =CH), 6 8.09 (s, 4H, Ar-H), 6 7.45 (t, 4H, Ar-H,
J=7.75 Hz), 6 7.27 — 7.33 (m, 6H, Ar-H). FT-IR in cm™: 3047.8 (w), 2867.2 (w),
1572.8 (m), 1454.2 (m), 828.0 (s), 753.4 (s), 686.5 (s). MS (ESI): m/z: Calculated:
285.3618 [M-H] Experimental: 285.1545 [M-H]

The representative spectra of receptors have been given below.
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Fig. 5.1 'H NMR spectrum of S4R1
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Fig. 5.2 ESI-MS spectrum of S4R1
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S4R3, TH NMR, 500MHz, DMSO-d6
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Fig. 5.4 ESI-MS spectrum of S4R3
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5.2.3 Synthesis of tetrabutylammonium salts

To a stirred solution of a dicarboxylic acid (2.5 mmol) in dry methanol (5
mL), a 1.0 M solution of tetrabutylammonium hydroxide in methanol (2.0 equiv.) was
added. The reaction mixture was stirred at room temperature for 2 h. The solvent was
evaporated under reduced pressure and dried over P,Os to obtain tetrabutylammonium
salt of corresponding dicarboxylic acid and the salt was used immediately for further
applications.
5.2.4 Stoichiometric ratio determination using Job’s plot method

A Job plot is used to determine the binding stoichiometry. In this method, the
total molar concentration of anion and receptor are kept constant. However, the mole
fraction of both is continuously varied. The UV-vis absorbance was measured for
each fraction. This absorbance was plotted against the mole fractions of the two
components. The maximum absorbance on the plot corresponds to the stoichiometry

of the two species.

5.3 RESULTS AND DISCUSSION
5.3.1 Discrimination of isomeric dicarboxylates

The colorimetric isomeric detection ability of the receptors S4R1 in dry
DMSO solution (5x10° M) was investigated by adding 2 equiv. of maleate and
fumarate ions in the form of tetrabutylammonium (TBA) salts. A colour change of
pale yellow to reddish pink was observed only with the addition of maleate ions.

However, no change in colour was observed with fumarate ions (Fig. 5.5).

Fig. 5.5 Change in colour on adding 2 equiv. of anions in the form of TBA salt. (a)
Free S4R1 (5x10°° M), (b) S4R1+ maleate ions and (c) S4R1+ fumarate ions

The colorimetric selectivity of receptor for maleate ions over fumarate ions

was further confirmed with the UV-vis spectrometry (Fig. 5.6) where the receptor
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with maleate ions showed a new absorption band at 508 nm and no new band was

observed after the addition of fumarate ions.
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] — S4R1+2Eq Fumarate ion
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Fig. 5.6 UV-vis spectral changes of S4R1 (5x10™> M) in dry DMSO after adding 2
equiv. of maleate and fumarate in the form of TBA salts

The quantitative analysis was carried out using UV-vis titrations where the
receptor S4R1 solution (5x10> M) was treated with maleate ion solution in dry
DMSO as TBA salt (Fig. 5.7). Upon incremental addition of maleate ions from 1
equiv. to 25 equiv. in DMSO, the intensity at 375 nm corresponding to phenolic —OH
decreased constantly and a new band at 508 nm with a bathochromic shift of 133 nm
was generated. Simultaneously, the colour of the solution turned from pale yellow to
reddish pink. The formation of clear isosbestic point at 423 nm indicated the complex
formation between receptor S4R1 and maleate ion was due to hydrogen bonding
electrostatic interactions (Yen and Ho 2006). The colour change and generation of
new absorption band was attributed to establishment of charge transfer complex

between receptor S4R1 and maleate ion.
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Fig. 5.7 UV-vis titration of S4R1 (5%10~> M) in DMSO with standard solution of

maleate ions (0-25 equiv.)

Job’s plot method was used to determine the binding stoichiometry between
the receptor S4R1 and the maleate ion (Fig. 5.8). A maximum absorbance change was
observed when the mole fraction of S4R1 versus maleate ion was 0.5, at 508 nm. This

clearly confirmed the formation of 1:1 stoichiometry between S4R1 and maleate ion.
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Fig. 5.8 Jobs plot at 508 nm which indicates 1:1 complexation ratio between S4R1

and maleate ion
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The binding constant was determined using Benesi — Hildebrand equation (Eq.
5.1, Benesi and Hildebrand, 1949) which was found to be 2.71+0.06x10° M ™.

1 1 1

A =4  KFTa—ay €S

Where, Ao, A, Anax are the absorption considered in the absence of F , at an
intermediate, and at a concentration of saturation. K is binding constant, [F ] is
concentration of Fion and n is the stoichiometric ratio.

This colorimetric discrimination study was further extended to other receptors
S4R2, S4R3 and S4R4. In case of receptor S4R2 where the —OH is attached to m-
position of phenyl ring showed neither colour change (Fig. 5.9, i) nor UV-vis spectral
change (Fig. 5.9, ii) upon addition of maleate ions. This is because, the lone pair of
oxygen at m- position is not in conjugation with the azomethine (-C=N-) group.
Therefore, the receptor S4R2 does not show any spectral or optical changes with the

addition of maleate ions.

1.0
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Fig. 5.9 (i) Change in colour on adding 2 equiv. of anions as TBA salt; (a) Free S4R2
(5x107° M), (b) S4R2+ 2 equiv. maleate ions and (c) S4R2+ 2 equiv. fumarate ions;
(ii) UV—vis spectral changes of S4R2 (5x10™° M) in DMSO after adding 20 equiv. of

maleate ions as TBA salt
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The receptor S4R4 failed to show any optical (Fig. 5.10, i) or spectral changes
(Fig. 5.10, ii) as it does not contain any hydroxyl functional group for the binding of

ions.
0.8 -
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—— S4R4 + 20 Eq Maleate
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0.0 I v 1
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Fig. 5.10 (i) Change in colour on adding 2 equiv. of anions as TBA salt; (a) Free
S4R4 (5x10°> M), (b) S4R4+ 2 equiv. maleate ions and (c) S4R4+ 2 equiv. fumarate
ions; (ii) UV-vis spectral changes of S4R4 (5x10 °M) in DMSO after adding 20
equiv. of maleate ions as TBA salt

However, the dry DMSO solution of receptor S4R3 (5x10 > M) where the —
OH group is at p- position of the phenyl ring, showed similar observations by
changing its colour form pale yellow to reddish pink upon adding 2 equiv. of maleate

ion whereas no change was observed (Fig. 5.11) on adding fumarate ion.

Fig. 5.11 Change in colour on adding 2 equiv. of anions as TBA salt; (a) Free S4R3
(5x107° M), (b) S4R3+ 2 equiv. maleate ions and (c) S4R3+ 2 equiv. fumarate ions
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As a part of quantitative study, the UV-vis titration was carried out by titrating
S4R3 with maleate ions in DMSO solution. The UV-vis titration curve for receptor

S4R3 showed similar changes as the receptor S4R1 (Fig. 5.12).

0.8

Aborbance

Wavelength (nm)

Fig. 5.12 UV-vis titration of S4R3 (5x10° M) in DMSO with standard solution of

maleate ions (0 — 25 equiv.)

Upon gradual increasing addition from 0 equiv. to 25 equiv. of maleate ion to
the receptor S4R3 solution (5%x10° M) in dry DMSO, a constant decrease in the
intensity of absorption at 371 nm which corresponds to —OH functional group was
observed and a new absorption band at 500 nm with a bathochromic shift of 129 nm
was developed. This new band was ascribed to the generation of charge transfer
complex between receptor S4R3 and maleate ion. The formation of an isosbestic
point at 425 nm indicated the complex formation was due to hydrogen bonding
electrostatic interactions between receptor S4R3 and maleate ion (Yen and Ho, 2006).

Stoichiometric ratio of the complex between receptor S4R3 and maleate ion
was determined using Job’s plot method at 500 nm. This revealed the formation of a
stable complex between receptor S4R3 and maleate ion (Fig. 5.13) with 1:1
complexation ratio. The binding constant was calculated using Benesi — Hildebrand
equation and found to be 2.42+0.05x10° M™.
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Fig. 5.13 Jobs plot at 500 nm which indicates 1:1 complexation ratio between S4R3

and maleate ion

The binding mechanism was studied by *H NMR titration (Fig. 5.14) of
receptor S4R3 in dry DMSO-dg with the increasing addition of maleate ions.
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Fig. 5.14 Partial *"H NMR spectra of S4R3 in DMSO-ds after adding (a) 0, (b) 0.5, (c)
1, (d) 2, (e) 5 and (f) 10 equiv. of maleate ion as TBA salt
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Upon adding 0.5 equiv. of maleate ion, the phenolic -OH at ¢ 9.58 started
broadening and experienced a slight downfield shift. This indicates the decrease in
electron density over the phenolic —OH due to the formation of hydrogen bonding.
This trend of downfield and broadening continued till the addition of 2 equiv. of
maleate ions to the receptor S4R3. After adding 5 equiv. of maleate ion, the peak
corresponding to proton ‘Ha’ of phenolic —OH disappeared perhaps due to the fast
exchange of protons between maleate ion and phenolic —OH. The other aromatic
protons were not changed which further confirms the detection process is due to the
formation of hydrogen bonding between the maleate ion and phenolic —OH.

However, the binding of maleate ion with receptor S4R3 (2.42+0.05x10° M™)
was less when compared to receptor S4R1 (2.71+0.06x10° M™). This observation
possibly due to the formation of more stable complex with receptor S4R1 and maleate

ions than the complex between receptor S4R3 and maleate ions.

Scheme 5.2 Proposed binding models of (a) S4R1 and (b) S4R3 with maleate ion

The selectivity and colour change of the receptors can be related to the
receptor orientation which perhaps changes the geometry depending upon the anion
stereochemistry. Thus, the receptors with hydroxyl functional group at ortho and para
positions of the phenyl group can easily bind to the maleate ion which has cis
conformation, whereas the fumarate cannot easily fit into the receptor due to its trans
conformation. The structure for the complex formed after binding the maleate ion

could be proposed as shown in the Scheme 5.2. At the same time basicity of the
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maleate ion and fumarate ion can take part significantly during the detection process
as maleate ion is more basic than fumarate ion (maleic acid, pKay; : 5.0, pKq2 : 18.8;
fumaric acid, pKa; : 9.0, pKg, : 11.0 in DMSO; Choi et al. 2002).

All the receptors were further explored for the isomeric detection of aromatic
dicarboxylates such as phthalate, isophthalate and terephthalate in the form of TBA
salt. Unfortunately, these receptors did not show any colour change with the aromatic
dicarboxylates. Therefore, these receptors are not useful for the discrimination of
aromatic dicarboxylates.

5.3.2 Detection of F ions

Furthermore, the receptors S4R1 and S4R3 were subjected to the colorimetric
detection of other biologically important anions wherein these receptors were able to
colorimetrically detect the F ions and AcO ions. As shown in Fig. 5.15, upon
adding 2 equiv. of anions such as fluoride, chloride, bromide, iodide, nitrate,
hydrogensulfate, dihydrogenphosphate and acetate to the receptor S4R1 (5%10° M) in
dry DMSO, only F ion displayed colour change form pale yellow to blood red and
AcO ions showed a colour change from pale yellow to orange.

a \ b c d e f g h i ]

| — - Z - gy

Fig. 5.15 Change in colour after adding 2 equiv. of different anions as TBA salt to
receptor solution in DMSO (5x10™ M); (a) Free S4R1, (b) F~, (c) CI, (d) Br (e) I,
(f) NOs , (g) HSO4 , (h) H,PO,4 and (i) AcO

c d e f g h i ;

Fig. 5.16 Change in colour after adding 2 equiv. of different anions as TBA
salt to the receptor S4R3 solution in DMSO (5x10™ M); (a) Free S4R3, (b) F, (c)
Cl,(d)Br (e) I, (f)NOs , (g) HSO, , (h) H,PO4 and (i) AcO

This discrimination in colour upon adding F ions and AcO ions to the

receptor S4R1, suggests that the F ions bind more strongly than AcO ions. The
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colorimetric discrepancy study was extended to the receptor S4R3 in DMSO (Fig.
5.16) wherein similar changes were observed. Upon adding 2 equiv. of different
anions to the receptor S4R3 solution in dry DMSQO, colour changes from pale yellow
to blood red for F ions and pale yellow to orange for AcO ions were observed. All
other anions did not display any colour change.

The colorimetric discrepancy in detection of F ions and AcO ions with other
anions was confirmed by UV-vis experiment. The UV-vis spectra of receptor S4R1
showed significant shift in the absorption band upon addition of F ions and AcO
ions. However, the intensity of this newly generated absorption band after addition of
AcO ions was much less than that of Fions (Fig. 5.17). This clearly indicates the
interaction of receptor S4R1 with AcO ion is considerably weaker when compared
to the interaction of receptor S4R1 with F ion. All other anions did not show any
changes in UV-vis absorption band, which signified either these anions are not
interacted with receptor S4R1 or the interaction was much weaker to create any

change in UV-vis absorption.
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Fig. 5.17 UV-vis spectral changes of S4R1 (5x10™> M) in DMSO after adding 10
equiv. of (@) F , (b) AcO and (c) CI ,Br ,I ,HSO, and H,PO, as TBA salts

Similarly, the receptor S4R3 showed significant shift in the absorption band
on adding F ions and AcO ions. Owing to the weaker interaction of AcO ions with

receptor S4R3, the intensity of this shifted absorption band was less when compared
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to that of F ions. Conversely, other anions failed to generate any change to UV-vis

spectra (Fig. 5.18).

0.6 -

Absorbance
°
»
1

bt
[N
I

(a)
b)

0.0 +

(c)
1 ¥ 1 " 1 * 1
300 400 500 600
Wavelength (nm)

Fig. 5.18 UV-vis spectral changes of S4R3 (5%10™ M) in DMSO after adding 10
equiv. of (a) F , (b) AcO and (c)Cl ,Br ,I ,HSO, and H,PO, as TBA salts

An UV-vis titration experiment of receptor S4R1 with F  ions was carried out
quantitatively to understand the significance of receptor-anion interactions. The

spectral changes of receptor S4R1 as a function of F are shown in Fig. 5.19.
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Fig. 5.19 UV-vis titration of S4R1 (5x10°> M) in DMSO with standard solution of F~
ions (0 — 15 equiv.)
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Upon constant addition of F ion to the receptor S4R1 solution in DMSO
(5x10° M) an absorption peak at 299 nm which corresponds to azomethine
(-HC=N-) shifted to 326 nm. As concentration of F ions increased from 0 equiv. to
15 equiv., the intensity of the absorption peak at 383 nm which corresponds to —OH
group decreased and a new absorption peak at 503 nm progressively developed with a
bathochromic shift of 120 nm. This phenomenon could be attributed to the
intermolecular proton transfer interaction. As the F ions binds to receptor S4R1, an
intermolecular proton transfer interaction established between phenolic oxygen and
F ions which further lead to intramolecular charge transfer (ICT). The ICT of the
receptor therefore directly depends on the proton transfer abilities of phenolic oxygen
in the presence and absence of fluoride ions. In the absence of F ions, the proton
transfer interaction is not feasible and the ICT is incompetent. In presence of F ions,
the ICT is permitted because of the proton transfer interaction between phenolic
oxygen and F ions which results in visual colour change in the receptor S4R1.
Continued addition of F ions after 15 equiv. resulted negligible change in the
intensity of absorption peaks. The UV-vis titration of receptor S4R3 with F  ions

displayed similar changes in DMSO solution (Fig. 5.20).
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Fig. 5.20 UV-vis titration of S4R3 (5x10~°> M) in DMSO with standard solution of F~
ions (0 — 15 equiv.)
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The incremental addition of F~ ions to the receptor solution in DMSO (5x107°
M) resulted in decreased intensity of absorption peaks at 276 nm and 384 nm
corresponding to azomethine linkage and —OH group respectively. Simultaneously, a
new absorption peaks at 297 nm and 514 nm gradually developed with a
bathochromic shift of 21 nm and 130 nm respectively. Similar to the previous
discussion, the ICT was established owing to the intermolecular proton transfer
between oxygen atom of receptor S4R3 and F ions which employed in the colour
change of receptor S4R3.

Job’s method was used to determine the stoichiometric ratio of the receptor
(both S4R1 and S4R3) to F ions. Job’s plot for receptor S4R1 in Fig. 5.21, A
showed a maximum absorption corresponding to mole ratio of F ion at 0.66 which
indicated 1:2 complexation between receptor S4R1 and F ions. Job’s plot for
receptor S4R3 (Fig.5.21, B) revealed the 1:2 complexation between receptor S4R3
and Fion as it showed maximum absorption corresponding to mole ratio of F ion at

0.67.
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0.6 (A) . (B) &

o
o
FS
1
L]

.4 ]

Absorbance
-
L
Absorbance

o
~
-
o
~
L]
L]

0.0

0.0 02 04 06 08 10 9 y Y y \ Y
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[F JIF ]+[S4R1] [F J/[F ]+[S4R3]

Fig. 5.21 Job’s plot which indicates 1:2 complexation ratio between (A) S4R1 and F
ion at 503 nm and (B) S4R3 and F ion at 514 nm

Based on the results obtained from UV-vis titration spectra and Job’s plot, a
possible binding model between receptors and F ion was proposed as shown in

Scheme 5.3.
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Scheme 5.3 Possible binding model of receptor S4R1 and S4R3 with F ion

54  CONCLUSIONS

In conclusion, new receptors S4R1- S4R4 were designed and synthesised to
demonstrate geometrical isomeric discrimination of dicarboxylate anions in particular,
maleate and fumarate ions. Among these receptors, S4R1 and S4R3 showed a
prominent colour change form pale yellow to reddish pink only with the addition of
maleate ions. The colour change was resulted in a bathochromic shift of 133 nm and
129 nm in UV-vis spectra for receptor S4R1 and S4R3 respectively. This shift was
owing to the formation of charge transfer complex between the receptors and maleate
ion. The binding of maleate ion to the receptor was through hydrogen bonding which
was confirmed by *H NMR titrations. The selectivity with notable colour change of
the receptors can be correlated with the change in receptor orientation upon binding
with maleate ion. In addition, these receptors colorimetrically detected F ions by a
colour change from pale yellow to blood red. This colorimetric detection was owing
to the intermolecular proton transfer interaction, established between phenolic oxygen
and Fions which further lead to intramolecular charge transfer between F ion and
receptors. Therefore, both receptors S4R1 and S4R3 can be potential colorimetric
receptors not only to discriminate maleate ions over fumarate ions but also to detect

biologically important F ions over other anions.
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Chapter 6

The chapter comprises design, synthesis and characterization of new
benzohydrazide based receptors. The discriminative property for geometrical isomers
of these receptors was discussed in detail. The colorimetric detection of fluoride ions
and concentration dependency of the receptors were explored.

6.1 INTRODUCTION

Majority of the receptors follow binding methodology for the detection of
anions. The receptors designed in this methodology comprises two parts viz.
signalling unit and binding site which are attached together with a covalent linker.
Upon binding of anions to the binding site the physical properties of the receptor
changes which are transformed to optical changes by signalling unit (Gale 2000; Gale
2001; Beer and Gale 2001). In this methodology, the binding takes place via non-
covalent interactions, generally hydrogen bond formation which makes this detection
methodology reversible. Based on this methodology, substantial efforts have been
devoted by the researchers to establish new receptors that are capable of detecting
anions (Gunnlaugsson et al. 2006; Su et al. 2010; Xu et al. 2010; Kim et al. 2011;
Tetilla et al. 2011; Villamil-Ramos and Yatsimirsky 2011; Park 2011). However,
majority of these efforts restricted for the detection of inorganic anions, mainly
fluoride (Cametti and Rissanen 2009; Duke et al. 2010; Gale 2010; Li et al. 2010;
Dydio et al. 2011; Kim et al. 2011; Ren et al. 2011; Xu et al. 2012; Kundu et al. 2012;
Liu et al. 2012; Zhao et al. 2012; Santos-Figueroa et al. 2012; Gao et al. 2012; Santos-
Figueroa et al. 2013; Cametti and Rissanen 2013; Sharma et al. 2013a; Sharma et al.
2013b; Sharma et al. 2013c) and cyanide (Niu et al. 2008; Shiraishi et al. 2009; Chen
et al. 2010; Odago et al. 2010; Park et al. 2011b; Kumari et al. 2011; Lin et al. 2012).

On the other hand, apart from the inorganic anion the detection of organic
molecule gains significance because of their prevalent applications in the biological
field. Among the widespread organic molecules the detection of dicarboxylates ions
attains substantial prominence, due to the vital applications in the various metabolic
and biological processes (Voet and Voet 1995; Nisbet et al. 2009; EI-Sherif 2010;
Shin et al. 2011; Xu et al. 2012). Owing to this importance, few receptors have been
reported for the selective detection of dicarboxylates (Karl et al. 1995; Raker and
Glass 2002; Gunnlaugsson et al. 2002; Liu et al. 2005; Jadhav and Schmidtchen 2006;
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Ghosh et al. 2010). However, amongst the dicarboxylates the discrimination of
geometrical isomeric dicarboxylates such as cis/trans isomers gains significance
because of their different biological behaviours (Gougoux et al. 1976; EiamOng et al.
1995). The challenging task of discriminating geometrical isomeric dicarboxylates
can be achieved with colorimetric/fluorometric detection approach, where the
receptors selectively differentiate the isomers. Based on this strategy, recently few
research groups reported receptors which discriminated maleate ion over fumarate ion
either colorimetrically or fluorometrically (Sancenon et al. 2003; Costero et al. 2006;
Yen and Ho 2006; Lin et al 2007; Tseng et al. 2007; Lin et al. 2009). Nevertheless,
the development of new receptors for the discrimination of geometrical isomers such
as maleate and fumarate are needs to be explored. The receptor gets added advantage
if it could colorimetrically detect other biologically important anions. Among the
other biologically important anions, colorimetric detection of fluoride ions gains
importance owing to its health benefits (Kirk 1991) and health hazardous roles (WHO
2002).

The receptor in this chapter encompasses two benzohydrazide functionalities
(S 6.1) as binding sites for the colorimetric discrimination of maleate ions over
fumarate ions. These binding sites are separated by a spacer in between, to make the
molecule more flexible. Two new receptors were synthesised, one with nitro group
substituted at p- position of the terminal phenyl ring. This nitro group participates in
the extended conjugation while detecting the anions and hence enhances the
colorimetric sensitivity. Third receptor was synthesised to evaluate the role of
carbonyl functionality in the receptor. In addition, these receptors were evaluated for
the colorimetric detection of fluoride ions. Consequently, these receptors acquire

added advantage over other reported receptors.

] + 0O Spacer
R~ Vel
: HN-N: : Binding Site
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6.2 EXPERIMENTAL
6.2.1 Materials and methods

All chemicals were purchased from Sigma-Aldrich, Alfa Aesar or from
Spectrochem and used without further purification. All solvents were procured from
SD Fine, India with HPLC grade and used without further distillation.

The *H NMR spectra were recorded on a Bruker, Avance Il (500 MHz)
instrument using TMS as internal reference and DMSO-ds as solvent. The raw FID
data was processed with MestReNova 7.0.0-8331 software. Resonance multiplicities
are described as s (singlet), br s (broad singlet), d (doublet), t (triplet), g (quartet) and
m (multiplet). The chemical shifts (J) are reported in ppm and coupling constant (J)
values are given in Hz. Melting points were determined with Stuart- SMP3 melting-
point apparatus in open capillaries and are uncorrected. IR spectra were recorded on a
Thermo Nicolet Avatar-330 FT-IR spectrometer; signal designations: s (strong), m
(medium), w (weak), br.m (broad medium) and br.w (broad weak). Mass spectra were
recorded on Waters Micromass Q-Tof micro spectrometer with ESI source. The
SCXRD was performed on Bruker AXS APEX Il system. UV-vis spectroscopy was
carried out with Ocean Optics SD2000-Fibre Optics Spectrometer and Analytikjena
Specord S600 Spectrometer in standard 3.5 mL quartz cells (2 optical windows) with
10 mm path length. Elemental analyses were done using Flash EA1112 CHNS
analyser (Thermo Electron Corporation). All reactions were monitored by TLC on
pre-coated silica gel 60 Fs4 plates which were procured from Merck.

6.2.2 Synthesis of intermediates S 6.3 and S 6.7

The ethylbenzoate S 6.2 (6.65 mmol) was treated with hydrazine hydrate
(33.29 mmol) in presence of ethanol and heated to 60°C for 2.5 h. The reaction
mixture was cooled below 5°C. The solid formed was filtered and dried to give

colourless solid intermediate S 6.3 (Scheme 6.1)

Oy O~ © H‘NHZ
NH,NH, H,0
EtOH, 60 °C

S6.2 S6.3

Scheme 6.1 Synthesis of intermediate S 6.3
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To a solution of 4-nnitrobenzoic acid S 6.4 (2.99 mmol) in ethanol,
thionylchloride (3.3 mmol) was added. The reaction was catalysed by a drop of
dimethylformamide (DMF). Reaction mixture was refluxed for 4 h. Completion of the
reaction was confirmed by thin layer chromatography. Excess of ethanol was removed
by concentration form the reaction mixture, diluted with dichloromethane and washed
with water. Organic layer was separated, dried over anhydrous Na,SO, and
evaporated to yield corresponding ester (S 6.5). Thus obtained ester S 6.5 (2.6 mmol)
was treated with hydrazine hydrate (12.8 mmol) in presence of ethanol and heated to
60 °C for 2.5 h. The reaction mixture was cooled below 5 °C. The solid formed was

filtered and dried to give pale yellow coloured solid intermediate S 6.6 (Scheme 6.2).

H
0.0 @) N.
EtOH, SOCI, NH,NH,.H,0
80°C EtOH, 60 °C
S6.4 S6.5 S6.6

Scheme 6.2 Synthesis of intermediate S 6.6

6.2.3 Synthesis of receptors S5R1 and S5R2

A mixture of terphthalaldehyde (0.75 mmol) and intermediate S 6.3 or S 6.6
(1.5 mmol) reacted in ethanol under reflux for 5 h. The reaction was catalysed by a
drop of acetic acid. After cooling, the solid was filtered and washed with ethanol to
obtain the solid target compounds (S5R1 and S5R2); Scheme 6.3.

(@] N. =

T
Z
o
O
Py
I i
ZI o
z

NO, S5R1:R=NO,
H S5R2:R=H

Scheme 6.3 Synthesis of the receptors S5R1 and S5R2

S6.3:R
S6.6:R
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6.2.4 Synthesis of receptors S5R3
A mixture of terphthalaldehyde (0.75 mmol) and 4-nitrophenylhydrazine (1.5
mmol) was reacted in ethanol under reflux condition for 5 h. The reaction was

catalysed by a drop of acetic acid. After cooling, the solid was filtered and washed

L,

with ethanol to obtain the solid target compound S5R3 (Scheme 6.4).
H
O,N X, N
. N
© %5 cou W
NS 5

80 °C H

S5R3
Scheme 6.4 Synthesis of the receptor S5R3

The single crystal of the receptors S5R2 suitable for X-ray diffraction analysis
was obtained by slow evaporation of DMF solution at room temperature. The ORTEP
diagram (50% probability) of the receptor S5R2 is given in Fig. 6.1.

Fig. 6.1 The ORTEP diagram of receptor S5R2 with 50% probability

The receptor S5R2 crystallised in monoclinic lattice. Detailed crystallographic
data of receptor S3R2 is given in the Table 6.1
Table 6.1 Crystallographic data of receptor SSR2

Receptor S5R2
Chemical formula C2H18N4O3
Formula weight 370.40
Crystal System Monoclinic
Space group C2/c
a(A) 12.5507 (6)
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b (A) 4.6846 (2)
c (A) 34.5126 (17)
Q) 90.00
B (°) 96.507 (6)
7 (©) 90.00
V (A)? 2016.1 (16)
z 4
Crystal size 0.47 x 0.31 x 0.26
F (000) 776
R-factor (%) 4.58

All intermediates and receptors were characterized by spectral analysis. The

characterization data have been compiled and given below.

Benzohydrazide (S 6.3)

O

-NH
(j)‘\l\l 2
H

Yield: 92%. m.p.: 114.6°C. Elemental analysis: Calculated for C;HgN,O (%):
C 71.75, H 5.92, N 20.58. Experimental: C 71.65, H 5.98, N 20.38. FT-IR in cm™:
3292.9 (m), 3190.4 (s), 3010.4 (s), 1607.9 (s), 1559.5 (s), 1335.5 (s), 671.9 (3).
4-nitrobenzohydrazide (S 6.6)

Yield: 89%; m.p.: 216.4°C. Elemental analysis: Calculated for C;H;N3O3: C
46.41, H 3.89, N 23.20. Experimental: C 46.25, H 3.62, N 23.38. FT-IR in cm™:
3316.8 (m), 3037.6 (w), 1608.6 (m), 1511.6 (s), 1313.8 (m), 926.2 (m), 857.1 (m),
589.7 (m).
N*, N"'-[benzene-1,4-diyldi(E)methylylidene]bis(4-nitrobenzohydrazide) (S5R1)

0
HN—N
\ \
N—NH
T
o
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Yield: 84%; m.p.: > 350 °C. Elemental analysis: Calculated for CH16NgOs
(%): C 57.39, H 3.50, N 18.25. Experimental: C 57.36, H 3.49, N 18.28. 'H NMR
(500 MHz, DMSO-ds): 6 12.25 (s, 2H, -NH); J 8.51 (s, 2H, =CH); ¢ 8.40 (d, 4H, Ar-
H, J= 8.5 Hz), § 7.18 (d, 4H, Ar-H, J= 8.5 Hz), 6 7.87 (s, 4H, Ar-H). FT-IR in cm™:
3511.8 (m), 3088.6 (w), 1654.7 (m), 1594.9 (s), 1562.4 (s), 1521.5 (s) 1334.7 (s),
1275.1 (s).
N, N"'-[benzene-1,4-diyldi(E)methylylidene]dibenzohydrazide, (S5R2)

(O
HN-—N
D\
N—NH :
(@)

Yield: 80%; m.p.: 330.6 — 331.2 °C. Elemental analysis: Calculated for
C22H18N4O; (%): C 71.34, H 4.90, N 15.13. Experimental: C 71.32, H 4.91, N 15.12.
'"H NMR (500 MHz, DMSO-ds): § 11.96 (s, 2H, -NH); 6 8.49 (s, 2H, =CH); ¢ 7.94 (d,
4H, Ar-H, J=9.5 Hz), 6 7.83 (s, 4H , Ar-H), 6 7.62 (t, 2H, Ar-H, J=7.25 Hz), § 7.54
(t, 4H, Ar-H, J=7.5 Hz). FT-IR in cm™: 3251.4 (m), 1647.3 (s), 1538.1 (s), 1275.5 (5).
(1E, 1'E)-1, 1'-[benzene-1,4-diyldi(E)methylylidene]bis[2-(4-nitrophenyl)
hydrazine] (S5R3)

O,N N
2 \©\ ﬂN \©\
.N
N NO

H 2

Yield: 78%; m.p.: 2745 — 275.3 °C. Elemental analysis: Calculated for
C20H16NsO4 (%): C 59.40, H 3.99, N 20.78. Experimental: C 59.42, H 3.96, N 20.75.
'H NMR (500 MHz, DMSO-ds): J 8.78 (s, 2H, =CH); & 8.33 (d, 4H, Ar-H, J= 8.5
Hz), 6 8.16 (s, 4H , Ar-H), 6 7.52 (d, 4H, Ar-H, J= 9 Hz), J 7.54 (t, 4H, Ar-H, J=7.5

Hz). FT-IR in cm™: 3271.4 (m), 1570.5 (s), 1503.8 (s), 1329.9 (s).
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The representative spectra of receptors have been given below.
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Fig. 6.2 "H NMR spectra of S5R1
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Fig. 6.3 'H NMR spectra of S5R2

Dept. of Chemistry, NITK 126



Chapter 6

R3

1H NMR
500MHz
DMSO-d6

—8779
8330
8313
~8.159
7520
7502

I WA_MJL

T T T T T T T T
88 87 84 83 82 81 7.6 7.5 74

0

NH N
\N/\©v Q By
o N
i FZ it
So

N

Ml ) R

1
2
<

7

434—
411

1
g

T T T T T T T T T T T T T T T T T
S5 70 65 60 55 50 45 40 35 30 25 20 1.5 10 05 00 -05

Fig. 6.4 'H NMR spectra of S5R3

T T T T T T
105 100 95 90 85 80

6.2.5 General procedure for the synthesis of tetrabutylammonium salts

To a stirred solution of a dicarboxylic acid (2.5 mmol) in dry methanol (5
mL), a 1.0 M solution of tetrabutylammonium hydroxide in methanol (2.0 equiv.) was
added. The reaction mixture was stirred at room temperature for 2 h. The solvent was
evaporated under reduced pressure and dried over P,Os to obtain tetrabutylammonium
salt of corresponding dicarboxylic acid and the salt was used immediately for further

applications.

6.3 RESULTS AND DISCUSSION
6.3.1 Discrimination of isomeric dicarboxylates

The isomeric selectivity of the receptors S5R1, S5R2 and S5R3 with maleate
and fumarate anions in dry DMSO was investigated by UV-vis spectroscopy. Upon
the addition of maleate ions (10 equiv.) in the form of tetrabutylammonium (TBA)
salt to the receptor S5R1, a prominent change in the UV-vis spectrum was observed.

However, no change was observed with the addition of fumarate ions (Fig. 6.5).
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Fig. 6.5 UV-vis spectral change on addition of 10 equiv. maleate and fumarate ions to
the receptor S5R1 solution (5x10™° M)

The UV-vis investigation was further extended to other receptor solutions
(S5R2 and S5R3) in dry DMSO. Upon addition of maleate ions to receptor S5R2, a
slight change in the UV-vis spectra was observed (Fig. 6.6, i). However, the receptor
S5R3 did not show any significant change after adding 20 equiv. of anions (Fig. 6.6,

i).
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Fig. 6.6 (i) UV-vis spectral change on addition of 10 equiv. maleate ions and fumarate
in the form of TBA salts to the receptor S5R2 solution (5%107° M). (ii) UV-vis
spectral changes of S5R3 (5x10°M) in DMSO after addition of 20 equiv. of maleate

The dry DMSO solution of receptor S5R1 (5x10° M) was tested for the

colorimetric discrimination of maleate and fumarate ions by adding 1 equiv. of anion
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solutions as TBA salts. The addition of maleate ions to the receptor SS5R1 showed a
significant colour change instantaneously from colourless to orange red whereas

fumarate ions did not show any visual changes (Fig. 6.7).

Fig. 6.7 Change in colour on addition 1 equiv. of anions in the form of TBA salt; (a)
Free receptor S5R1 (5x10°> M), (b) S5R1+ 1 equiv. maleate ions and (c) S5R1+ 1

equiv. fumarate ions

The colorimetric discrimination study was extended to receptor S5R2 (Fig.
6.8). The receptor S5R2 showed significant colour change from colourless to yellow
upon adding 1 equiv. of maleate ion in dry DMSO solution (5x10™ M).

Fig. 6.8 Change in colour upon addition 1 equiv. of anions in the form of TBA salt;
(a) Free receptor S5R2 (5x10°> M), (b) S5R2+ 1 equiv. maleate ions and (c) S5R2+ 1

equiv. fumarate ions

Further, the binding mechanism of maleate ions to the receptor SSR1 was
studied by *H NMR titration and UV-vis titration experiment. The *H NMR titration
of receptor was performed with maleate ions in dry DMSO-ds solution (Fig. 6.9).
With the incremental addition of maleate ion (0 to 2 equiv.) to receptor S5R1, the
proton corresponding to benzohydrazide —NH (Ha) involves in hydrogen bond
formation with carboxylate group of maleate ion. As a result the electron density over
proton Ha decreased and therefore, a downfield shift in signal at 6 12.25 corresponds

to this proton was observed. As the concentration of maleate ion increased, an
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intermolecular hydrogen bond complex was established between receptor S5R1 and
maleate ion. Consequently, the electron density over imine protons decreases and as a
result a slight downfield shift in the signal at 0 8.51 corresponding to proton Hb was
observed. Simultaneously, the splitting pattern of signal corresponding to p-
nitrophenyl protons (Hc at ¢ 8.40 and ¢ 7.18) were disappeared. This observation was
perhaps due to the fast proton exchange within the intermolecular hydrogen bond

complex.

12' 5 ' 12. 0 . 11' 5 . llY'O‘ . 9'0 ‘ S'S . STO
Fig. 6.9 Partial *H NMR spectra of receptor S5R1 in presence of (a) 0 equiv., (b) 0.5
equiv., (c) 1 equiv. and (d) 2 equiv. of maleate ions in DMSO-dg solution

Fig. 6.10 shows UV-vis titration spectra of the receptor SS5R1 with maleate
ions carried out in dry DMSO solvent. With the incremental addition of maleate ions
to the standard receptor solution (5x10 M) a constant decrease in the absorption
band at 356 nm followed by the appearance of new absorption band at 460 nm was
observed. This bathochromic shift of 104 nm with a clear isosbestic point at 385 nm
was ascribed to the establishment of intermolecular hydrogen bond complex between
the receptor and maleate ion. The formation of clear isosbestic point at 385 nm
specifies that the complex formation was due to hydrogen bonded electrostatic
interactions (Yen and Ho 2006).
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Fig. 6.10 UV-vis titration of receptor S5R1 (5x10 > M) in dr DMSO with standard

solution of maleate ions (0-15 equiv.)

Binding stoichiometric ratio of the complex between receptor S5R1 and
maleate ion was determined using Job’s method (Fig. 6.11). A maximum absorbance

change was observed at 460 nm, when the mole fraction of S5R1 versus maleate ion

was 0.5.
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Fig. 6.11 Job’s plot at 460 nm which indicates 1:1 complexation ratio between S5R1

and maleate ion
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This clearly confirmed the formation of 1:1 stoichiometry between S5R1 and
maleate ion. The binding constant was calculated using Benesi — Hildebrand equation
(Benesi and Hildebrand, 1949) and found to be 3.29+0.78x10* M.,

Further, the receptor S5R2 was subjected to quantitative analysis using UV-

vis titration experiment (Fig. 6.12).

1.0 4

0.8

0.6

Absorbance

0.4

0.2 4

0.0

T T T T T e
350 400 450 500
Wavelength (nm)

Fig. 6.12 UV-vis titration of receptor S5R2 (5%10~° M) in dry DMSO with standard

solution of maleate ions (0 — 15 equiv.)

Upon increasing addition of the standard maleate ion solution to the receptor
S5R2 solution (5x10° M) in dry DMSO, a constant decrease in the intensity of
absorption band at 346 nm was observed. Simultaneously, a new absorption band
centred at 427 nm with a bathochromic shift of 81 nm was observed. The absorbance
intensity of this new absorption band was constantly increased with increase in the
concentration of maleate ions. This bathochromic shift with a clear isosbestic point at
370 nm was resulted due to the formation of intermolecular hydrogen bond complex
between receptor SSR2 and the maleate ions.

The stoichiometric ratio of the receptor-anion complex was decided by Job’s
method which was obtained from UV-vis titration data at 427 nm for DMSO solution
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of receptor S5R2. The plot showed maximum absorbance when the mole fraction was
0.5, which corresponds to 1:1 stoichiometric ratio between receptor SSR2 and maleate
ion. The binding constant was calculated using Benesi — Hildebrand equation and
found to be 2.88+0.08x10" M™.

The isomeric discrimination ability of receptors S5R1land S5R2 could be
related with the receptor orientation. The orientation of receptors changes with the
conformation of incoming guest (maleate ion) stereochemistry. The cis conformation
of maleate ions can easily fit with benzohydrazide functionality of the receptors and
can form hydrogen bonded complex structure as shown in Scheme 6.5 However, the
fumarate ion cannot exactly fit with benzohydrazide group of the receptor because of

its trans conformation.

S5R1: R=NO,
S5R2: R=H

Scheme 6.5 Proposed binding model for the receptors with maleate ion

Simultaneously, basicity of the maleate ion also play important role in the
discrimination process. Maleate ion being more basic (pKa: 5.0, pKaz: 18.8 in
DMSO; Choi et al. 2002) can easily bind to acidic proton of the receptor whereas
fumarate ion is not enough basic (pKai: 9.0, pKa: 11.0 in DMSO; Choi et al. 2002) to
produce any electrostatic interaction with the receptor.

Due to the presence of carbonyl (-C=0) groups in receptors S5R1 and S5R2,
the adjacent —NH protons are highly acidic in nature and these protons in receptors
S5R1 and S5R2 readily binds to the basic anions. In case of receptor S5R1 the

electron withdrawing —NO, group at p- position further increases the acidity of —-NH
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protons, because of which the maleate ion binds more strongly to receptor S5R1 than
receptor S5R2. As result, receptor S5R1 showed more intense colour change
(colourless to orange red) with maximum bathochromic shift than receptor S5R2
(colourless to yellow) upon binding with maleate ion. However, the receptor S5R3,
being a hydrazine derivative do not have carbonyl group and hence, the -NH proton is
not acidic enough to bind with maleate ion. In addition to this, lack of carbonyl group
gives restricted flexibility and steric hindrance to the receptor S5R3. As a result, the
receptor S5R3 do not show any colorimetric change either with the addition of
maleate ions or with fumarate ions.
6.3.2 Detection of F ions

Further, the receptors S5R1 and S5R2 were examined for colorimetric
detection of other important anions such as fluoride, chloride, bromide, iodide, nitrate,
hydrogensulphate,  dihydrogenphosphate and acetate in the form of
tetrabutylammonium (TBA) salts. The absolute dry DMSO solutions of receptors
were treated with 1 equiv. of different anions, in which the receptors were able to
colorimetrically recognize Fions and AcO ions. Upon adding F ions and AcO
ions to receptor S5R1 displayed a colour change from colourless to orange and the
colour of receptor S5R2 changed from colour less to yellow for F ion and pale
yellow for AcO ions (Fig. 6.13, A and B). However, the colour intensity was more
on adding F ions because of strong binding.

| a e asbicnbiie o e e
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Fig. 6.13 Colour change of (A) S5R1 and (B) S5R2 (510 M) in dry DMSO upon
adding 1 equiv. of TBA anions; (a) Free Receptor, (b) F, (c) CI , (d) Br (e) I, ()
NO;3 , (0) HSO, , (h) H,PO, and 0] AcO
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The colorimetric study was further confirmed by UV-vis spectral studies. The
UV-vis spectra of receptor S5R1 and receptor S5R2 were measured by adding 1
equiv. of different anions (Fig. 6.14, A and B) in DMSO.
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Fig. 6.14 UV-vis spectra of (A) S5R1 and (B) S5R2 in dry DMSO (5x10™ M) upon
adding 1 equiv. of (a) F ions, (b) AcO ionsand (c) ClI ,Br I ,NO3z , HSO, ,
H,PO, ions in the form of TBA salts

The UV-vis spectrum of receptor SS5R1 exhibited a strong absorption peak at
354 nm and the receptor S5R2 displayed a strong absorption peak at 346 nm. Upon
adding F ions to receptors S5R1 and S5R2, a new absorption band at 458 nm and
423 nm were observed respectively. In presence of AcO ions the receptors S5R1 and
S5R2, showed a new broad absorption band with less intensity, while other anions
produced no significant changes in UV-vis spectra. Thus, the receptor to anion
interaction is strong with Fions and it is much weaker with AcO ions. On the other
hand, all other anions either not interacted with receptors or the interaction was not
enough to perturb any changes in UV-vis spectra. Therefore the receptors were highly
selective to F ions and this selectivity could be ascribed to small size and the high
charge density of F anion, which enables F ion to form a strong hydrogen bond
with —-NH of the receptors.

To understand the binding phenomenon of receptors quantitatively, UV-vis
titration experiments were performed (Fig. 6.15). Upon incremental addition of F
ions (0 to 1 equiv.) to the receptor S5R1 solution in DMSO, the UV-vis absorption
band at 354 nm corresponding to imine (—CH=N) linkage decreased and a new

absorption band at 458 nm with an isosbestic point at 384 nm was appeared. This
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bathochromic shift was attributed to the formation of hydrogen-bond F ion complex
with the receptor S5R1. The 458 nm peak corresponds to CT transition in the S5R1-
Fion complex. Above 1 equiv., the band at 354 nm diminished completely and the
peak at 458 nm gradually shifted bathochromically.
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Fig. 6.15 UV-vis titration of receptor S5R1 (5x10™° M) in DMSO with standard
solution of Fions (0 — 15 equiv.)

As the amount of F ions increased, the absorption band at 458 nm completely
shifted to 488 nm. Meanwhile a new absorption band at 390 nm gradually appeared.
This bathochromic shift of 30 nm and generation of new absorption band ascribed to
the second step of the binding process where the higher concentration of F ions lead
to the deprotonation of the receptor S5R1 to form conjugate base (S5R1).
Simultaneously a new absorption band at 390 nm generated which clearly confirms
the formation and stabilization of deprotonated species receptor S5R1 in the system.
The binding process reached saturation after adding 10 equiv. of F ions where the
conjugate base stabilizes. Therefore, the binding process involves two steps. At first,

receptor S5R1 forms adduct to give S5R1---F complex and in second stage receptor

deprotonates to form S5R1  species.
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The receptor S5R2 showed similar trend upon titrating with F ions. As
shown in the Fig. 6.16, with incremental addition of F ions, absorption band at 346
nm constantly decreased and a new band at 423 nm generated with an isosbestic point
at 373 nm.

0.6
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Fig. 6.16 UV-vis titration of receptor S5R2 (5x10°° M) in DMSO with standard
solution of F " ions (0-15 equiv.)

This new absorption band with a bathochromic shift of 77 nm was attributed
to the formation of hydrogen-bonded F ion complex with receptor SSR2. When the
F ion concentration increased above 1 equiv. the absorption peak at 423 nm shifted
bathochromically to new absorption band 434 nm. At the same time absorption band
at 346 nm disappeared completely. This second bathochromic shift of 11 nm at higher
concentration of F ions was ascribed to the formation of new deprotonated species
S5R2 . However, unlike in receptor S5R1, the receptor S5R2 displayed less
bathochromic shift. This was perhaps due to the substitution of strong electron
withdrawing group (-NO,) in receptor S5R1, owing to which the receptor exhibits

extended conjugation.
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In addition, the receptor-anion binding mechanism was confirmed by *H NMR
titration experiment of S5R1 with F ion (as TBA salt) which was carried out in
DMSO-ds (Fig. 6.17).

T T T T T T T T
13.5 13.0 125 12.0 115 11.0 8.5 8.0 75 7.0

Fig. 6.17 Partial "H NMR spectra of receptor S5R1 in DMSO-ds after the addition of
(@) 0 equiv., (b) 1 equiv., (c) 2 equiv. and (d) 5 equiv. of F ions

The proton Ha at 6 12.25 corresponding to —NH of receptor S5R1 was
disappeared completely upon adding TBAF which confirms the deprotonation
process. The signals at ¢ 8.40 and ¢ 8.18 (Hc) corresponding to nitro phenyl group
were merged together till 2 equiv. of F ions due to the fast proton exchange through
the receptor R1and at 5 equiv. of F ions the splitting of the signals corresponding to
nitro phenyl group reappeared perhaps due to stabilization of conjugated quinonoid
form of nitro phenyl group in receptor S5R1. As the concentration of F ion increased
from 1 equiv. to 5 equiv., signal at ¢ 8.51 corresponding to imine proton (Hb) and
signal at ¢ 7.87 corresponding to other aromatic protons respectively was experienced
a upfield shift owing to the increase in electron density over receptor SSR1.

Based on the UV-vis titration and *H NMR titration experiment studies the

binding mechanism of the F ions to the receptors can be proposed as showed in
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Scheme 6.6 Initially, at lower concentration the F ion bind the receptors with
hydrogen bond and at higher concentration of F ions the receptors experience the

deprotonation. As a result, two step binding mechanism was observed.
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SSR1: R=NO,
SSR2: R=H

Scheme 6.6 Proposed binding mechanism of F ions with receptors

Further, the results of UV-vis titration were correlated with the colour changes
of receptors with different concentration of F ions. The receptor S5R1 showed a
colour change of colourless to orange upon adding 1 equiv. F ions. However, at
higher concentration (above 4 equiv.) of Fions the colour transformed from orange
to blood red (Fig 6.18-A). Similarly, as shown in Fig. 6.18-B receptor S5R2
displayed a colour change from colourless to pale yellow at low concentration (1
equiv.) and pale yellow to dark yellow at higher concentration of F ions (above 4
equiv.). This variation with colour on incremental addition of F ions clearly justifies
the two step binding mechanism of F ions to the receptors where the initial colour
change is due to the formation of hydrogen-bonded F ion complex with the receptors

and the second colour change owing to the deprotonation of the receptors.

Dept. of Chemistry, NITK 139



Chapter 6

A g b ¢ B) g b C

Fig. 6.18 Colour change of the receptors on addition of F ions to (A) S5R1 and (B)
S5R2; (a) Receptor, (b) Receptor + 1 equiv. Fand (c) Receptor + 4 equiv. F

Further, the receptor S5R1 was examined for UV-vis titration and two step
colorimetric detection experiments with tetrabutylammonium hydroxide (TBAOH) in
dry DMSO. The UV-vis titration displayed similar changes as that of TBAF, with
incremental addition of TBAOH (Fig. 6.19). This clearly confirms the formation of
hydrogen bond at lower concentration of anions followed by deprotonation at higher
concentration is responsible for the two step binding process. Similarly, the two step

binding process is resulted in two step colour change as shown in Fig. 6.19, Inset.

0.8 a b c

o
o
1

Absorbance
o
'
1

0.2

0.0

. : —
400 500 600 700
Wavelenth (nm)

T
300

Fig. 6.19 UV-vis titration of S5R1 (5 x 10> M) in dry DMSO with TBAOH (0 — 15
equiv.); Inset: Colour change of the receptor S5R1 on addition of OH ions; (a)

Receptor, (b) Receptor + 1 equiv. OH ions and (c) Receptor + 4 equiv. OH ions
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The receptors S5R1 was able to detect the presence of F ions at a
concentration as low as 1 ppm. However, the same receptor detected maleate ion with
a concentration of 10 ppm. This is discrepancy is owing to the small size and strong
electronegativity of F ion which binds more strongly to the receptor.

6.4  CONCLUSIONS

To conclude, new receptors S5R1 and S5R2 were designed and synthesised
the colorimetric discrimination of maleate ions over fumarate ions. The receptors
S5R1 and S5R2 with benzohydrazide functional group as a binding site showed
significant colour change from colourless to orange red and colourless to yellow
respectively, only with the addition of maleate ions, whereas fumarate ions failed to
show any colour change with both the receptors. The colour change was due to the
formation of intermolecular hydrogen bond complex between maleate ion and
receptors, which was confirmed by *H NMR titrations. On the other hand, receptor R3
which lacks carbonyl groups did not bind with maleate ion. Similarly, lack of
carbonyl groups in S5R3 resulted in restricted flexibility and steric hindrance.
Therefore, the receptor S5R3 did not show any response either with maleate ions or
with fumarate ions. In addition, the receptors S5R1 and S5R2 were subjected to
colorimetric detection of other biologically important anions such as F ions. These
receptors colorimetrically detected the F ions and along with the concentration of F
ions the colour of receptors changed. Receptors S5R1 and S5R2 showed a colour
change of colourless to orange and colourless to pale yellow respectively upon adding
1 equiv. F ions. Further, at higher concentration of F ions the orange colour of
receptor S5R1 and yellow colour of receptor S5R2 transformed to blood red and dark
yellow respectively. This observation was attributed to initial hydrogen-bonded
complex formation at lower concentration of F ions and at higher concentration the
deprotonation of receptor. Thus, the receptors could be used not only as isomeric
discriminative tools but also for the colorimetric detection of Fions with a minimum

detection limit of 1 ppm.
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The chapter contains synthesis of triphenylphosphonium salt based receptors
with active methylene group which acts as binding site. The selectivity of the
receptors towards fluoride ions has been discussed. The practical applicability of
these receptors has been showed by extracting inorganic fluoride ions from aqueous

solutions and sea water.

7.1  INTRODUCTION

Many receptors with well-known functionalities such as urea/thiourea, amide,
pyrrole and imidazolium as binding sites for the F ion have been reported where the
conventional hydrogen bond formation has been used for the detection (Cametti and
Rissanen 2009; Lu et al. 2011; Zhang et al. 2013; Tang,et al. 2013; Im et al. 2013; Li
et al. 2013; Ajayakumar et al. 2013; Asthana, 2013. Sarkara and Thilagar 2013;
Swamy et al 2013; Trembleau et al. 2013; Liu et al. 2013; Kumar et al. 2013; Cametti
and Rissanen 2013; Huang e al. 2013; Sivaramana and Chellappa 2013; Yong et al.
2013; Li et al. 2013; Amendola et al 2013). Unfortunately, majority of them are
capable of working only in absolute non-aqueous conditions for the detection of
organic fluoride source such as tetrabutylammonium fluoride (TBAF). On the other
hand, only few organic receptors have been reported for the detection of F ion in
aqueous media (Shu et al 2012; Zheng et al. 2013; Yang et al. 2013; Rosen et al.
2013; Nishimura et al. 2013; Maiti et al. 2013). However, only one report (Das et al.
2011) has been published on the selective extraction of Fion form aqueous solution
with the measurable visual detection till today.

The anion binding receptors with alkyl triphenylphosphonium salts with
active/acidic methylene group as a binding site were not studied to the extent of
receptors with -NH or —OH binding sites. Hamdi et al. (2004) synthesised a alkyl
triphenylphosphonium salts attached to calix[4]arene and reported the formation of
ion-pair type complexes with a range of anions like halides, AcO™, HPO,%and ClO,-.
Das et al. (2011) synthesised alkyl triphenylphosphonium salts attached to
anthraquinone skeleton which displayed high selectivity towards F ions. In addition,
this receptor displayed a unique anion extraction from aqueous solution to organic

solvent.
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The receptors in this chapter are based on triphenylphosphonium salts which
contain active methylene (-CH,-) group as a binding site for anion detection. The
receptors were designed on binding site-spacer-signalling unit approach where
binding site and signalling unit were separated by a ‘spacer’ diazo group (S 7.1).The
receptor S6R1 contains ethoxyphenyl unit as ‘signalling unit’ and the receptor S6R2
contains coumarine as ‘signalling unit’.

Binding Site

........

S7.1

The receptors are used for the detection of F ions in organic media and to
extract inorganic Fion from aqueous media to organic media. The extraction process
has been visualised by instantaneous optical change in organic media. The receptor
S6R3 and S6R4 were synthesised to evaluate the role of acidic methylene group in

the detection process.

7.2 EXPERIMENTAL
7.2.1 Materials and methods

All chemicals were purchased from Sigma-Aldrich, Alfa Aesar or from
Spectrochem and used without further purification. All solvents were procured from
SD Fine, India with HPLC grade and used without further distillation.

The 'H NMR spectra were recorded on a Bruker, Avance Il (500 MHz)
instrument using TMS as internal reference and DMSO-ds as solvent. The raw FID
data was processed with MestReNova 7.0.0-8331 software. Resonance multiplicities
are described as s (singlet), br s (broad singlet), d (doublet), t (triplet), g (quartet) and
m (multiplet). The chemical shifts (J) are reported in ppm and coupling constant (J)
values are given in Hz. Melting points were determined with Stuart- SMP3 melting-
point apparatus in open capillaries and are uncorrected. IR spectra were recorded on a
Thermo Nicolet Avatar-330 FT-IR spectrometer; signal designations: s (strong), m

(medium), w (weak), br.m (broad medium) and br.w (broad weak). Mass spectra were
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recorded on Waters Micromass Q-Tof micro spectrometer with ESI source. UV-vis
spectroscopy was carried out with Analytikjena Specord S600 Spectrometer in
standard 3.5 mL quartz cells (2 optical windows) with 10 mm path length. Elemental
analyses were done using Flash EA1112 CHNS analyser (Thermo Electron
Corporation). All reactions were monitored by TLC on pre-coated silica gel 60 Fys4
plates which were procured from Merck.
7.2.2 Synthesisof S7.2and S7.3

Diazonium salt of p-toluidine was prepared by adding sodium nitrate (3.5
mmol) to a stirred solution of p-toluidine (2.33 mmol) in conc. HCI (2 mL) at 0 °C. A
mixture of R (phenol, 2.33 mmol or 2-hydroxybenzaldehyde, 2.33 mmol) and NaOH
(4.66 mmol) was slowly added to diazonium salt at 0 °C and allowed to stir for 10
min. The reaction mixture was then stirred at room temperature for 30 min and the pH
was adjusted to 6 to obtain solid. The solid was filtered washed with water and dried
to obtain desired products S 7.2 (0.446 g) or S 7.3 (0.5 g); Scheme 7.1.

(i) NaNO,, HCl,

el
HoN (i) R,NaOH, 0°C  r-Nsp

S 7.2: R =Phenol
S 7.3: R = 2-hydroxybenzaldehyde

Scheme 7.1 Synthesis of intermediates S 7.2 and S 7.3

7.2.3 Synthesis of S6R3

To a solution of S 7.2 (1.18 mmol) in dry acetonitrile, anhydrous K,CO3 (3.53
mmol) and ethyl iodide (1.48 mmol) were added. The reaction mixture was stirred at
50 °C for 8 h. The completion of reaction was checked by thin layer chromatography.
Excess of K,CO3; was removed by filtration and the filtrate was evaporated under

reduced pressure to yield pure brown coloured product S6R3 (0.226 g; Scheme 7.2).
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Scheme 7.2 Synthesis of receptor S6R3

7.2.4 Synthesis of S6R4

To a mixture of S 7.3 (1.04 mmol) and piperidine (0.21 mmol) in ethanol,
ehtylacetoacetate (1.04 mmol) was added and stirred for 5 h. at room temperature.
The completion of reaction was confirmed by TLC. The solid obtained was filtered,
washed with ethanol and dried to obtain yellow coloured pure product S6R4 (0.316 g;
Scheme 7.3).

J ¢
5\ GPRL I N
HO Ethanol o~ o

© $7.3 S6R4
Scheme 7.3 Synthesis of receptor S6R4

7.25 Synthesisof S7.4and S 7.5

To a solution of S6R3 or S6R4 (0.83 mmol or 0.94 mmol) in 20 mL of CCly,
N-bromosuccinamide (NBS) (0.91 mmol for S6R3 and 1.03 mmol for S6R4) and a
catalytic amount of dibenzoylperoxide (Bz,0O,) were added. The resulting mixture
was refluxed for 8 h. The decomposed product of NBS was then separated by
filtration and the filtrate was evaporated to dryness to afford a yellow coloured solid.
The solid was triturated with diethylether to yield pure product S 7.4 (0.24 g) or S 7.5
(0.343 g; Scheme 7.4).
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Scheme 7.4 Synthesis of intermediates S 7.4 and S 7.5

7.2.6 Synthesis of S6R1 and S6R2

A solution of S 7.4 or S 7.5 (0.63 mmol or 0.78 mmol) and triphenyl
phosphene (0.693 mmol for S 7.4 and 0.858 mmol for S 7.5) in 20ml dry chloroform
was refluxed for 4 h and then stirred at room temperature for 8 h. The reaction
mixture was evaporated under reduced pressure to afford a hygroscopic residue which
was stirred with diethyl ether till it forms solid residue. The solid was filtered and
dried to get the pure product S6R1 (0.34 g) or S6R2 (0.47 g); Scheme 7.5.

o ToHol, S6R1

S74
~

/@P*Phﬁr
ol i@@r

S75
Scheme 7.5 Synthesis of receptors S6R1 and S6R2

The single crystal of the receptors S6R3 suitable for X—ray diffraction analysis
was grown by slow evaporation of ethanol-dichloromethane (1:1) solution at room

temperature. The ORTEP diagrams (50% probability) of the receptor S6R3 is given in
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Fig. 7.1. The receptor S6R3 was crystallised in monoclinic lattice. Detailed

crystallographic data of receptor S6R3 is given in the Table 7.1.

Fig. 7.1 ORTEP diagram (50% probability) of receptor S6R3

Table 7.1 Crystallographic data of receptor S6R3

Parameters S6R3
CCDC 985440
Chemical formula CisH16N20
Formula weight 240.30
Crystal System Monoclinic
Space group P2:/n
a (A 8.1773(4)
b (A) 7.5454(4)
¢ (A) 21.9486(10)
a(°) 90.00
B© 98.890(3)
Y (©) 90.00
V (A)® 1337.98
Z 4
Crystal size 0.48 x 0.35 x 0.29
R-factor (%) 7.26

All intermediates and the receptors were characterized by spectral analysis.

The characterization data have been compiled and given below.
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(E)-4-(p-tolyldiazenyl) phenol (S 7.2)

N,
o
HO

Yield: 90 %; m.p.: 135 — 136 °C. Elemental analysis Calculated for
Ci13H12N20 (%): C 73.56; H 5.70; N 13.20. Experimental: C 73.59; H 5.66; N 13.19.
FT-IR in cm™: 3356.9 (br. m), 3.40.3 (M), 2936.4 (m), 1601.2 (s).
(E)-2-hydroxy-5-[(p-tolylimino)methyl] benzaldehyde (S 7.3)

Yield: 89 %; m.p.: 119 — 121 °C. Elemental analysis Calculated for
C14H12N20; (%): C 69.99; H 5.03; N 11.66. Experimental: C 70.02; H 5.06; N 11.69.
FT-IR in cm™: 3364.9 (br. m), 3072.3 (w), 2835.7 (W) 1698.9 (s), 1602.3 (s).
(E)-1-(4-ethoxyphenyl)-2-p-tolyldiazene (S6R3)

g

Yield: 80%; m.p.: 126 — 127 °C. Elemental analysis Calculated for C15H16N,0O
(%): C 74.97; H 6.71; N 11.66. Experimental: C 74.95, H 6.69, N 11.69. 'H NMR
(DMSO-dg) & 7.88 (d, 2H, -Ar-H, J=7 Hz); 6 7.77 (d, 2H , Ar-H, J=8 Hz), 5 7.39 (d,
2H, Ar-H, J=8 Hz), ¢ 7.13 (d, 2H, Ar-H, J=7 Hz), ¢ 4.15 (q, 2H, -CH,-, J=7 Hz) ¢
1.38 (t, 3H, -CHj3, J=7 Hz). FT-IR in cm™: 3041.4 (m), 2940.3 (m), 1602.4 (s).
(E)-3-acetyl-6-(p-tolyldiazenyl)-2H-chromen-2-one (S6R4)

i Lr
(@) O

Yield: 95%; m.p.: 177 — 178 °C. Elemental analysis Calculated for
C18H14N203 (%): C 70.58; H 4.61; N 9.15. Experimental: C 70.54; H 4.58, N 9.18.
'"H NMR (DMSO-ds) 6 8.82 (s, 1H, Ar-H); § 8.50 (s, 1H, Ar-H); ¢ 8.22 (d, 1H, Ar-H,

Dept. of Chemistry, NITK 149



Chapter 7

J=9 Hz), 6 7.85 (d, 2H , Ar-H, J=8.5 Hz), ¢ 7.66 (d, 1H, Ar-H, J=8.5H z), 6 7.44 (d,
2H, Ar-H, J=8 Hz), 6 2.61 (s, 3H, -COCHj3), § 2.43 (s, 3H, -CH3). FT-IR in cm™:
3042.4 (m), 2885.9 (m), 1699.4 (s), 1684.4 (s), 1601.5 (m).

(E)-1-(4-(bromomethyl) phenyl)-2-(4-ethoxy phenyl)diazene (S 7.4)

o
N,

o

@)

~

Yield: 90 %; m.p.: 156 — 158 °C. Elemental analysis Calculated for
C15H15BrN,O (%): C 56.44; H 4.74; N 8.78. Experimental C 56.49, H 4.76, N 8.80.
FT-IR in cm™: 3056.9 (m), 2986.4 (m) 1601.4 (s), 1247.3 (m).
(E)-3-acetyl-6-((4-(bromomethyl)phenyl)diazenyl)-2H-chromen-2-one, (S 7.5)

o) gsr
o o

Yield: 91%; m.p.: 188 — 190 °C. Elemental analysis Calculated for
C18H13BrN,0O3 (%): C 56.12; H 3.40; N 7.27. Experimental: C 56.17, H 3.46, N 7.29.
FT-IR in cm™: 3040.2 (w), 2889.3 (m), 1700.3 (s), 1687.4 (s), 1602.5 (m).
(E)-1-(4-ethoxyphenyl)-2-{4-[(triphenylphosphino)methyl]phenyl}diazene

bromide (S6R1)
gP+Ph35r—
N,
o
o)

~

Yield: 92%; m.p.. 146 — 147 °C. Elemental analysis Calculated for
Cs3H30BrN,OP (%): C, 68.16; H, 5.20; N, 4.82. Experimental: C 67.53; H 5.58, N
4.86. *H NMR (DMSO-dg) 6 7.62-7.94 (m, 23H, Ar-H); ¢ 5.30 (d, 2H, P-CH J=16
Hz) 6 4.16 (g, 2H, -CH,-, J=7 Hz) 6 1.38 (t, 3H, -CHj3, J=7 Hz). FT-IR in cm™: 3462.3
(m), 3045.6 (m), 2985.7 (m) 1604.3 (s). MS (ESI) m/z Calculated: 581.5
Experimental: 581.1
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(E)-3-acetyl-6-{[4-{(triphenylphosphino)methyl}phenyl]diazenyl}-2H-chromen-2-

one bromide (S6R2)
o)
o~ "o

Yield 92%; m.p.: 159 — 161 °C. Elemental analysis Calculated for
CssH28BrN,O3P (%): C, 66.78; H, 4.36; N, 4.33. Experimental: C 66.23; H 4.58, N
4.73. 'H NMR (DMSO-dg) d 7.24-7.64 (m, 23H, Ar-H); ¢ 5.36 (d, 2H, P-CH J=16
Hz) & 2.42 (s, 3H, -CHs). FT-IR in cm™: 3462.3 (m), 3045.6 (m), 2985.7 (m), 1604.3
(s). MS (ESI) m/z Calculated: 647.5; Experimental: 648.5

The representative spectra of receptors have been given below.
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Fig. 7.2 'H NMR spectra of S6R1
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Fig. 7.5 Mass spectra of S6R2

7.2.7 Extraction efficiency measurement of receptor S6R2

A solution of 1x10* M TBAF (1 mL) was treated with 19 mL of receptor
S6R2 solution (1x10° M) in absolute dry DCM (20 mL of total volume). The
absorbance was recorded in UV-vis spectrometer. A 1x10™ M of aqueous NaF
solution was prepared which was extracted three times with receptor S6R2 solution in
DCM. The extracted non-aqueous solutions were combined together and diluted to 20
mL and absorbance was recorded. Absorbance of the both solutions at 573 nm ware
compared to obtain extraction efficiency and the receptor was found to be 99%

efficient.

7.3 RESULTS AND DISCUSSION
7.3.1 Fluoride ion detection

The selective anion detection study for receptors S6R1-S6R4 was carried out
with the help of UV-vis spectroscopy. The 1x10™ M solutions of receptors S6R1 and
S6R2 in dry DCM solutions were treated with 2 equiv. of different anions such as
fluoride, chloride, bromide, iodide, nitrate, hydrogensulphate, dihydrogenphosphate
and acetate in the form of tetrabutylammonium (TBA) salts. In case of receptor S6R1

a significant shift in the absorbance was observed with the addition of F ions and
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AcO ions (Fig. 7.6, A). The intensity of absorption band in UV-vis spectra for AcO
ions was much less than that for F ions. This signifies the interaction between
receptor S6R1 and F ion is stronger and interaction between receptor S6R1 and
AcO ion is much weaker. All other anions did not show any change in UV-vis
spectra which indicates that these anions either did not interact with receptor S6R1 or
the interaction is not enough to perturb any changes in the spectra. The receptor S6R2

showed similar changes with the addition of different anions (Fig. 7.6, B).

(A) (B)
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Absorbance

o
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400 51'10
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Fig. 7.6 UV-vis spectral change on addition of 2 equiv. anions to receptors (A) S6R1
and (B) S6R2 (1x10™° M) in dry DCM (a) F_ions, (b) AcO ions and (c) Receptor

and other anions

In addition, the receptor S6R1 was further evaluated for colorimetric detection
of anions. The receptor S6R1 solution (1x10° M) in dry DCM showed significant
colour change from pale yellow to pink instantaneously with the addition of F ion.
However, no colour change was noticed upon addition of other anions (Fig. 7.7). The
addition of AcO ions showed slight change in the absorbance of UV-vis spectra,

however, it failed to induce any significant colour change to the receptor S6R1.

Fig. 7.7 Change in colour after addition of 2 equiv. of different anions as TBA salt to
the receptor solution in dry DCM (1x10° M); (a) Receptor S6R1, (b) F~, (c) CI™, (d)
Br (e) I, (f) NOs , (g) HSO4 , (h) HoPO4 and (i) AcO
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In order to understand the nature of the receptor—anion interactions, the UV-
vis titration experiment was carried out between receptor S6R1 and TBAF (Fig. 7.8).
With the incremental addition of TBAF to receptor S6R1 (1x10™ M), the absorbance
at 356 nm corresponding to the phenyldiazene group in the receptor S6R1, decreased
constantly and a new absorption band at 544 nm was appeared and gradually
increased. This is owing to the formation of CT transition involving electron rich
methylene functionality as donor group and the phenylenediazene group as the
acceptor unit. The intensity of absorption band attained saturation after adding 2
equiv. of F ions. The bathochromic shift of 188 nm with the formation of an
isosbestic point at 401 nm attributed to the formation of CT complex between the
receptor and F ion. The binding stoichiometry between the receptor S6R1 and F
ions was determined by Bensei-Hildebrand method using UV spectrometric titration
data at 544 nm. The linearity in graph confirms the formation of a stable 1:2

receptor:F ion stoichiometric complex (Fig. 7.8, Inset).
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Fig. 7.8 UV-vis titration spectra of S6R1 (1x10™ M) with the increasing concentration
of TBAF (0-3 equiv.) in dry DCM; Inset: Bensei-Hildebrand plot for S6R1 at 544 nm
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Further, the colorimetric investigation was extended to receptor S6R2. The
receptor S6R2 (1x10™° M) was treated with 2 equiv. of different anions in dry DCM
(Fig. 7.9). The addition of F ions showed a significant colour change from pale
yellow to dark blue whereas AcO ions showed slight variation in colour from pale
yellow to light blue. This difference in the colour intensity indicated a stronger
binding interaction between receptor S6R2 and F ion and a significantly weaker
interaction between receptor S6R2 and AcO ions. On the other hand, other anions
either did not interact or feebly interacted with the receptor S6R2 to show any visual

colour change.

Fig. 7.9 Change in colour after adding 2 equiv. of different anions as TBA salt to the
receptor solution in DCM (1x10™ M); (a) Receptor S6R2, (b) F, (c) CI~, (d) Br™ (e)
I, () NOs , (g) HSO, , (h) HPO4  and (i) AcO

The receptor S6R2 was further quantitatively analysed using UV-vis
spectroscopic titration by adding TBAF to dry DCM solution (Fig. 7.10). The addition
of TBAF resulted in the generation of new absorption band at 573 nm. With the
incremental addition of Fion to the receptor S6R2 solution, the absorbance band at
317 nm corresponding to phenyldiazene chromenone unit decreased gradually and
simultaneously, the absorption band at 573 nm progressively increased owing to the
development of CT transitions between electron rich methylene functionality as it acts
as electron donor and phenylenediazene chromenone group which acts as the electron
acceptor unit. The intensity of this new absorption band attained saturation after the
addition of 2 equiv. of TBAF. The stoichiometric complexation ratio was determined
using Bensei-Hildebrand method. The Bensei-Hildebrand plot was obtained using UV
spectrometric titration data at 573 nm. The plot showed linearity only at square of the
concentration of F ions. This clearly indicates the formation of 1:2 stoichiometric

complex between the receptor S6R2 and F ions (Fig. 7.10, Inset).
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Fig. 7.10 UV-vis titration spectra of S6R2 (1x10™° M) with the increasing
concentration of TBAF (0-3 equiv.) in dry DCM; Inset: Bensei-Hildebrand plot for
receptor S6R2 at 573 nm

The binding constant for both the receptors (S6R1 and S6R2) was calculated
using Benesi-Hildebrand equation and found to be 4.58+0.02x10" M for receptor
S6R1 and 7.5+0.03x10" M for Receptor S6R2. This shows that the F~ ion binds
more strongly to receptor S6R2 than receptor S6R1. This sensitivity is perhaps due to
the presence of coumarine unit in receptor S6R2 which is a strong signalling unit
when compared to ethoxyphenyl group in receptor S6R1.

Further, the binding mechanism of receptor S6R2 to F ions was proposed by
evaluating the results obtained from UV-vis titration and Bensei-Hildebrand method.
On compiling the results of UV-vis experiments, it is evident that the colorimetric
detection of F ion using receptor S6R2 is a two-step process. Initially, F ion binds
to the active methylene (—CH,—) group of the receptor S6R2 through hydrogen
bonding which results in 1:1 adduct to form S6R1eesF complex. As shown in
Scheme 7.6, the second F ion leads to deprotonation of active methylene group to

form S6R2  (Ghosh, et al. 2011). As a result, the electron density of the receptor
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S6R2 increases which leads to the intramolecular charge transfer (ICT) interaction
between electron rich phenyldiazene-chromenone functionality and electron deficient
[PPh3]* group. Thus, receptor S6R2 instantaneously shows intense colour change
upon addition of Fions.

H A\ H-F
H
(@]
o) P+Ph38r_
P*PhsBr~ N
N+ =~ N
= N E—
- 0" o >
o © HE, | H
i (@] P*Ph,Br~
3br
o) Z > ptph,Br- N
N, = N
= Z\| B
) 0” o
O o*

Scheme 7.6 Proposed binding mechanism of F ions with receptor S6R2

The binding mechanism was further confirmed by *H NMR titration (Fig.
7.11) of receptor S6R2 carried out in DMSO-ds solution. The *H NMR signal at ¢
5.32 corresponding to two protons of methylene (-CH,—) group of receptor S6R2.
The splitting pattern of this signal appeared as a doublet because of coupling with the
adjacent phosphorous (Das et al. 2012). Upon adding 0.5 equiv. of F ions, slight
downfield shift from ¢ 5.32 to ¢ 5.33 and ¢ 5.35 to ¢ 5.36 was observed. This
downfield shift was owing to the formation of hydrogen bond between methylene
proton and F ion. Upon increasing the concentration of F ions to 1 equiv., the signal
corresponding to this methylene group disappeared completely which indicated the
fast proton exchange between methylene proton and the F ion. Further, the addition
of F ions (2 equiv.) resulted in the deprotonation of receptor to form S6R2  and
simultaneously the electron density over the receptor molecule increased. Therefore,
the signal corresponding to the protons of —-CH,— group shifted downfield from § 5.32
to 6 5.76. Concurrently, the splitting pattern was disappeared because of the fast
proton exchange within the receptor. The multiplet signals for aromatic protons
experienced downfield shift (from ¢ 7.24 — 7.63 to ¢ 7.54 — 7.64) and merged together
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to form major two signals with multiple splitting. This further confirms the increase in
electron density over the receptor S6R2.
2 eq.F-ions

- e
Aromatic protons

0 eq. F-ions

16 l

2 eq. F ions I\

1 eq. F~ ions

—CH»—
—CHy—
0 eq. F ions ( “ )

T - . v 1 - - . 1 . . - T . '
8.5 8.0 7.5 70 6.5 6.0 5.5 5.

Fig. 7.11 Partial "H NMR titration spectrum of receptor S6R2 in DMSO-d; after the

addition of F~ ions; Inset: appearance of *H NMR signal at ¢ 16.1 corresponding to

HF, upon adding 2 equiv. of F ions

In addition, upon adding 2 equiv. of F ions to the receptor S6R2 solution, the
active methylene group undergoes deprotonation. This deprotonation process was
confirmed from the appearance of *H NMR signal at § 16.1 (Fig. 7.11, Inset) which
corresponds to HF,  (Peng et al. 2005; Ashokumar et al. 2010).

As an evidence for the deprotonation mechanism, the UV-vis spectroscopic
titration was carried out by adding tetrabutylammonium hydroxide (TBAOH) to dry
DCM solution of receptors S6R1 and S6R2 (Fig. 7.12, A for receptor S6R1 and Fig.
7.12, B for receptor S6R2, Supporting Information). The UV-vis spectra of TBAOH
for both the receptors showed similar changes as that TBAF which clearly indicates

the detection process follows deprotonation mechanism.
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Fig. 7.12 UV-vis titration spectra of (A) S6R1 and (B) S6R2 (1x10° M) with the
increasing concentration of TBAOH (0-3 equiv.) in dry DCM
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The receptors S6R3 and S6R4 which do not contain active methylene group,

studied for the anion detection ability in DCM.

(B)

Fig. 7.13 Change in colour after adding 20 equiv. of different anions as TBA salt to
the receptor solution in DCM (1x10° M); (A) S6R3 and (B) S6R4; (a) Receptor (b)
F,()Cl,d)Br (e) I, (f)NO;s , (g) HSO, , (h) H,PO, and (i) AcO
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Fig. 7.14 UV-vis spectral change on addition of 20 equiv. anions to receptor solution
(1x10™° M) in DCM (A) S6R3 and (B) S6R4
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As expected, these receptors neither showed any colour changes (Fig. 7.13, A
and Fig. 7.13, B) nor displayed any UV-vis spectral changes (Fig. 7.14, A and Fig.
7.14, B) even with the addition of 20 equiv. of anions. This clearly suggested that the
active methylene is responsible for the F ion detection.

7.3.2 Extraction of inorganic fluoride ion from aqueous media

The inorganic fluoride such as NaF is an essential nutrient for living
organisms, however, at higher concentration it is health hazardous. Therefore, World
Health Organization restricted F ion concentration level to 1 ppm in drinking water
(Fawell et al. 2001; WHO report 1994). Keeping this view in mind, the real-life
applicability such as extraction of F ions from aqueous media to organic media has
been evaluated using receptors S6R1 and S6R2. Standard solutions of NaF in
different concentrations were prepared and used as inorganic F ion source for the
extraction study. These standard solutions were treated with receptors S6R1 and
S6R2 solution in DCM. Upon vigorous shaking of these organo-aqueous mixtures,
the receptor solutions were able to extract F ions form aqueous media. As a result,
the colour of solutions of receptors S6R1 and S6R2 changed from yellow to pink and
yellow to deep blue respectively. Further, these receptors were tested for the
extraction of F ions from sea water collected from Arabian Sea (latitude13°0'33.99”,
longitude 74°47'17.23") to examine the practical applicability. The extraction process
of F ions from sea water using these receptors might have interfered by the other
anions present in sea water. However, receptor S6R2 was able to extract F ions from
sea water successfully. This extraction was represented with the colour change of

receptor solution from yellow to blue (Fig. 7.15).

— o R v W

Reccptor 1 ppm 2 ppm 3 ppm 4 ppm 593
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Fig. 7.15 Extraction process of Fions from aqueous solutions and sea water using
receptor S6R2 solution in DCM
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The extraction experiment was carried out by treating standard solutions of
NaF (1 - 4 ppm) and sea water (1.5 mL each) with DCM solutions of receptor S6R2,
in glass vial. The organo-aqueous solutions were shaken well to extract the F  ions.
The vials containing above 1 ppm NaF solution showed significant colour change
from yellow to blue which clearly indicates that the receptor is capable of extracting
F ions from water. The experimental studies revealed that the receptor S6R2 was
able to extract 99% F ions from aqueous NaF solution as well as from sea water.

The extraction study was further quantified using UV-vis spectroscopy. The
aqueous solution of F ion of different concentration was subjected to extraction
(three times for each F ion solution) using receptor S6R2 in DCM. The organic
phase was separated, diluted four times and UV- vis spectra was measured. Same
procedure was repeated for sea water. The calibration curve was obtained by plotting
absorbance vs concentration (in ppm) of F ions (Fig. 7.16) where the concentration
of F ions in sea water was found to be 1.4 ppm. This was comparable with the

previously reported literature value (WHO report 1994).

0.4
0.3
®
)]
(8]
c
©
K]
5 0.2 -
(2]
0
<
2
0.1 4
b
QQ&
™
\‘
0.0 y T r T ¥ T T T i 1
0 1 2 B 3 4 5
[F 1(in ppm)

Fig. 7.16 Calibration curve for quantitative determination of F ions in sea

water/sample
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The similar extraction experiments were carried out for receptor S6R1 which
showed a significant colour change in the organic media only with the organo-
aqueous solutions which contains minimum 1.5 ppm of NaF. Therefore, the receptor
S6R1 was unable to extract the F ions from sea water (Fig. 7.17). This is perhaps
due to less extended conjugation as the ethoxyphenyl group is not participating in the

detection process.
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Fig. 7.17 Extraction process of F ions from aqueous solutions and sea water using
receptor S6R1 solution in DCM

7.4  CONCLUSIONS

To summarise, two new receptors with active methylene group as binding site
have been designed and synthesised for the selective detection of F ions. On adding
F ions, the receptors S6R1 and S6R2 displayed a colour change from pale yellow to
pink and pale yellow to dark blue along with a significant bathochromic shift of 188
nm and 256 nm respectively. This colour change and bathochromic shift was owing
to the charge transfer transitions in the receptors on adding F ions. These receptors
were able detect F ions even in the concentration as low as 0.2 ppm in organic media
which is much less than the WHO permissible level. In addition, these receptors were
able to extract the F ions from aqueous media to organic solutions with a substantial
colour change. The real-life applicability of the receptors was evaluated by extracting
F ions from sea water. The receptor S6R2 was able to extract F ions from sea water
with 99% efficiency. In addition, the amount of F  ions present in sea water was
determined using receptor S6R2 and was found to be 1.4 ppm which is in well

agreement with the literature reports.
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This Chapter describes the brief summary and conclusion of the present

research work.

8.1 SUMMARY

Among the wide range of anions, the detection of fluoride ion has gained
greater attention because of its privileged usage in clinical applications which made it
beneficial to human health. However, the excess of fluoride consumption is health
concern as it can be a cause of many lethal diseases including bone cancer. Owing to
this dual functionality, it is significant to detect the fluoride ions. More precisely, it
will be more advantageous if one can detect the presence of fluoride ion
colorimetrically, using organic receptors. Looking at the literatures it has been aimed
to design and synthesis new receptors which can colorimetrically detect fluoride ions
over other anions, not only in organic media but also in aqueous media.

Apart from this fluoride ion detection, the detection of dicarboxylates is also a
field of prominence as they play vital role in the numerous metabolic processes such
as glyoxalate cycle, generation of high energy phosphate bonds and in dicarboxylate
cycle for autotrophic carbon dioxide (CO,) fixation. Among the widespread organic
anions, the discrimination of geometrical isomers such as cis/trans dicarboxylates
(maleate and fumarate ions) attains significance because of their different biological
behaviours and owing to similar chemical and physical properties, it is gainful to
discriminate these isomeric dicarboxylates with colorimetric approach.

Considering the significance of the field, it has been decided to develop new
receptors for the colorimetric detection of fluoride ion and dicarboxylate ions. The
overall research work is summarized below.

% Six different series of receptors based on various backbones such as 1-
naphthohydrazide, benzohydrazide, aminophenol and triphenylphosphonium
salts have been designed and synthesised for colorimetric detection of anions.
These receptors have been utilized for versatile applications of environmental
concern. All the receptors and intermediates were well characterised using
different techniques such as *H NMR, FT-IR, elemental analysis and ESI-MS.
The selected receptors have been considered for three-dimensional structural

elucidation using Single Crystal X-Ray diffraction (SCXRD) studies.
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% The quantitative studies of these receptors have been carried out using UV-vis
titrations experiments. The stoichiometric ratios of anion to receptor have
been determined with the help of ether Job’s Plot method or Benesi—
Hildebrand method. Applying the stoichiometric ratios and quantitative
studies, the binding mechanisms of anion to receptor have been derived.
These binding mechanisms were justified by *H NMR titration of receptors

with anions.

X/
°e

All the receptors were tested for different practical applications such as
detection of inorganic Fions in aqueous media, solvatochromic behaviour of
receptor upon adding F ions, applications of solvatochromism to determine
the percentage composition of binary solvent mixture, discrimination of
dicarboxylate ions and extraction of F ions from sea water.

% The practical applicability of receptor has been tested by detecting and
quantifying the amount of Fion present in commercial mouthwash and sea
water.

% A logic gate has been developed for the molecular switching applications
using dual sensing property of the receptor.

%+ The receptor containing triphenylphosphonium salt with active methylene

group as binding site has been evaluated for the extraction of F ions from

aqueous media and sea water.

8.2 CONCLUSIONS
Based on the experimental results, following important conclusions have been
drawn.

% The colorimetric detection of Fions using receptors S1IR1 and S1R2 based
on 1-naphthohydrazide involve initial 1:1 receptor-F ion adduct formation
followed by deprotonation at higher concentration of F ions. The receptor
S1R1 displayed prominent colour change in organic media, however, it failed
to show the same result for the detection of inorganic fluoride ions in aqueous
media as the binding site easily gets solvated with trace amount of water. The
receptor S1IR2 was able to successfully detect inorganic fluoride in aqueous

media which was owing to the presence of base labile —OH functionality
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which deprotonates with the addition of basic F ions in aqueous media. The
receptor S1R2 was able to colorimetrically detect the F ions with a minimum
concentration of 1x10"® M in organic media and 1x10™ M in organo—aqueous
mixture.

% Receptors S2R1, S2R2 based on benzohydrazide derivatives were able to
detect inorganic fluoride (NaF) in aqueous media with instantaneous colour
changes. The receptors S2R1 and S2R2 possess high sensitivity for inorganic
Fion with a detection level of 0.5 ppm in aqueous media which is much less
than WHO permissible level (1 ppm) in drinking water. The mechanism of
detection followed formation of stable imidic acid tautomer which was
evidenced by 'H NMR titrations. The results were quantified to obtain the
amount of F ion present in commercial mouthwash and sea water.

% The receptor S3R1 based on aminophenol was able to instantaneously detect
the Fions with a significant colour change. In addition, the receptor showed
unique solvatochromic property by displaying different colorations in different
solvents only in presence of F ions. This solvatochromic property was
successfully applied to determine the percentage composition of binary solvent
mixture. Along with the instantaneous F ion detection the receptor S3R1
colorimetrically detected Cu?* ions. It acts as a molecular switch which is said
to be ‘switch ON’ in presence of F ions and ‘switch OFF’ when Cu?* ions
were added. An output signal corresponding to the INH circuit has been
obtained with input signals in the logic gate operations of receptor S3R1
which could be implemented to molecular computing operations and

molecular devices.

R/
L X4

The receptors S4R1 and S4R3 were able to discriminate maleate ion over
fumarate ion with a prominent and instantaneous colour change form pale
yellow to reddish pink. The binding of maleate ion to the receptor was through
hydrogen bond formation which was confirmed by *H NMR titrations. The
isomeric selectivity has been correlated with the change in receptor orientation

upon binding with maleate ion. In addition, these receptors were able to
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colorimetrically detect F ions by a instantaneous colour change from pale

yellow to blood red.

X/
°e

New receptors S5R1 and S5R2 were able to discriminate isomeric
dicarboxylate anion namely maleate ions over fumarate ions by colorimetric
approach. The colour change was owing to the formation of intermolecular
hydrogen bond complex between maleate ion and the receptors, which was
confirmed by 'H NMR titrations. In addition, the receptors S5R1 and S5R2
were able to detect other biologically important anions such as F ions
colorimetrically with a minimum detection limit of 1 ppm. Upon adding 1
equiv. Fions to receptors S5R1 and S5R2, a colour change from colourless
to orange and colourless to pale yellow have been observed respectively. At
higher concentration of F ions the orange colour of receptor S5R1 and yellow
colour of receptor S5R2 have been transformed to blood red and dark yellow
respectively. This observation has been attributed to the formation of
hydrogen-bonded complex at lower concentration and the deprotonation of
receptors at higher concentration of Fions. Thus, the receptors could be used
not only as isomeric discriminative tools but also for the colorimetric and

ratiometric detection of F ions.

X/

% The instantaneous colorimetric detection of Fions using receptors S6R1 and
S6R2 with active methylene group encompass the deprotonation of acidic
methylene group. The detection limit of these receptors in organic media was
found to be 0.2 ppm which is much less than the WHO permissible level. The
receptors were able to extract the F ions from aqueous media to organic
solutions which resulted in a colour change. The practical applicability of the
receptors was evaluated by extracting F ions from sea water wherein,
receptor S6R2 extracted F ions from sea water with 99% efficiency. The
amount of F ions present in sea water has been quantified and found to be 1.4

ppm which is comparable with the reported literature value.
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