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Abstract

Abstract

Supramolecular chemistry is a highly interdisciplinary field of science, which may be
defined as “Chemistry beyond the molecule” that results from the association of two or
more chemical species by non-covalent interactions. In this thesis entitled, “Molecular
recognition and metallo-supramolecular complex forming ability of some tridentate
ligands and oligomers” we have presented the utilization of simple ligand systems for the
development of synthetic receptors capable of selectively recognizing neutral and anionic
guests as well as for the formation of metallo-supramolecular complexes by interaction
with metal salts.

In the Chapter-1 the principles, perspectives and recent developments in the field of
supramolecular chemistry is described. An extensive survey of the literature is also
reported that highlights on the development and use of bis-benzimidazole type of ligands
as well as the overall objective of the thesis work is defined.

In the next chapter the utilization of a simple ligand 2,6-bis(2-benzimidazolyl)pyridine,
bbp, as a receptor for the recognition of urea and thiourea is reported. The advantage of
this ligand is its ease of preparation, simplicity and high stability. It was observed that the
receptor and guest molecules formed highly stable supramolecular complexes with urea
and thiourea via self-assembly and which were characterized by means of UV/Visible and
fluorescence spectroscopy in solution. We have also prepared the supramolecular
complexes of receptor bbp and urea and characterized by X-ray crystallography.

In the Chapter-3 the same receptor bbp was utilized for the detection of toxic benzene
metabolites like hydroquinone, catechol, resorcinol etc. Despite their carcinogenicity these
compounds have never received enough attention. Supramolecular complex formation
between bbp and guest molecules was studied by simple techniques like UV/Visible and

fluorescence spectroscopy and by single crystal X-ray analysis.
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Abstract

In the chapter-4a we have extended the utility of the ligand bbp towards the recognition of
anions. The binding of anionic guest species with bbp can be monitored using UV/Visible,
fluorescence spectroscopy and "H NMR techniques. The analysis showed that bbp can be
used as chemosensor for fluoride selectively.

Based on the utility of bbp for anion recognition we have prepared a new ligand 1,3-
bis(5,6-dimethyl-1H-benzo[d]imidazol-2-yl)benzene, bbb and have studied its binding
ability with anions. In comparison to the bbp ligand, bbb contains four methyl groups on
the benzimidazol part, because of which the steric factor come into play and enhances the
selectivity. Development of bbb towards the detection of anions has been studied using
UV/Visible, fluorescence spectroscopy and 'H NMR techniques.

In the Chapter-5 the synthesis of monomers Sa and Sb having hexyl chain as a spacer is
discussed. The formation and properties of their metallo-supramolecular complexes with
few metal ions is confirmed by observing the changes in UV/Vis and fluorescence
spectroscopic study. Monomer S5a displayed prominent changes in UV/Vis and
fluorescence spectra indicating the formation of stronger complexes with different metal
ions in comparison to Sb which showed minor changes since it forms weaker
organometallic C-H bond. TGA analysis of the complexes showed high thermal stability.
Viscosity studies confirm the formation of self-assembling aggregates.

In the Chapter-6 the synthesis of monomers 6a, 6b, 6¢ and 6d having pentaethylene glycol
as a spacer with benzthiazol and benzoxazol based ligands is reported. Further their
metallo-supramolecular complex formation with different transition metal ions was
studied by UV/Vis and fluorescence spectroscopy. The optical and thermal properties of
these complexes were also studied. Additionally, the pentaethylene glycol part was used to
study their interaction with potassium metal resulting in folding of the ligand along with

the formation of supramolecular complexes.
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Chapter 1

1.1.  General overview

This chapter describes the principles, perspectives, and recent developments in the field of
supramolecular chemistry, which has grown exponentially in the past few decades as
indicated by the large number of articles, reviews, and books.! Supramolecular chemistry
is a highly interdisciplinary field of science, which may be defined as “Chemistry beyond
the molecule” that results from the association of two or more chemical species by non-
covalent interactions.” The functional self-assembled systems formed by non-covalent
interactions show numerous applications including sensors, electronic and photonic
materials or ion transport channels.’

Supramolecular chemistry can be classified broadly into host-guest chemistry and self-
assembly. The former involves the combination of small molecules, comprising a host that
specifically accommodates a guest, thus leading to molecular recognition. The latter
describes the building up of non-covalent arrays of defined geometry from specifically
engineered molecular components. The forces involved in supramolecular chemistry are
hydrogen bonding, electrostatic interactions, van der Waals, n-7 stacking, charge transfer
interactions etc.® Unlike covalent forces, these forces are weaker and can be easily
disrupted. Self assembly shows the spatial confinement through spontaneous connection
of a few or many components, which result in discrete or extended entities at molecular or

supramolecular level.

1.2. Host-Guest Chemistry

The field of host-guest chemistry began with the development of crown ethers by Pedersen
in the 1960s (Figure 1.1). His major breakthrough was first presented in a paper in 1967.’
The other great contributor to this field was Cram.® He distinguished between hosts and
guests by identifying hosts as organic molecules with convergent binding sites, and, guests
as either molecules or ions with divergent binding sites.

1
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Figure 1.1: /18-Crown-6

Cram’s definition is the concept that one molecule, a guest, goes into a larger molecule, a
host. Once inside the host, the guest remains as a result of forces that depend on the
interaction between the specific molecules. This host-guest relationship is not necessarily
a permanent state, but it should last sufficiently long enough to be measurable by such

means as UV/Vis, IR-spectroscopy or NMR.

1.3. Molecular Recognition

Molecular recognition, i.e. the ability of molecules and functional groups to recognize and
interact with each other, is fundamentally important for understanding many chemical
phenomena, e.g., drug—receptors, enzyme—substrate recognition, adhesion of molecules to
surfaces, self-assembly of molecules, etc. The recognition is binding with a purpose and
the process occurs through a set of structurally well-defined intermolecular interactions.
Thus, molecular recognition implies the storage and read out of molecular information.
Although, the term recognition was initially used in connection with biological systems,
but in the beginning of the 1970’s it is used in the selective complexation of metal ions.’”
Since then it is used and has become a major area of chemical research.

Molecular recognition is largely driven by non-covalent interactions between molecules
and their associated functional groups. The strengths of these non-covalent interactions are
dependent on both distance and orientation. A list of non-covalent interactions and how

the energy of attraction (or repulsion) varies with distance is shown in Figure. 1.2.% As the

2
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non-covalent interactions are largely electrostatic in nature, these interactions have been
studied computationally. Accurate and precise experimental measures of non-covalent
interactions as functions of distance, however, remain a considerable challenge even
today.9

Non-covalent Interactions

Charge-Charge
(E varies as 1/r) .
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Figure 1.2: Types of non-covalent interactions and their distance dependence (reproduced in part from

Mathews and Van Holde). E is the electronic interaction and r is distance.

1.4. Molecular Receptors

Molecular receptors can be defined as organic structures which can bind selectively ionic
or molecular substrates (or both) by means of various intermolecular interactions to form a
supermolecule. Paul Ehrlich first introduced the concept of receptors and Emil Fischer in
1894 enunciated the idea of selective nature and “lock and key” image of steric fit, which
formed the basis of molecular recognition. In the last few decades, this field is attracting
more importance because of their significance in intermolecular chemistry and in chemical

selectivity. This receptor chemistry is not confined to only transition metal ions but
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extending to all types of substrates: cationic, anionic, or neutral molecules of organic,
inorganic, or biological nature."

Achievements of molecular recognition depend on the design of molecular receptors so
that it can create numerous non-covalent binding interactions with the guest molecule and
sense its molecular size, shape, and architecture. Receptor should contain some
intramolecular cavities, clefts or pockets to which guest molecule can fit, which is known

as concave receptors. Another significant point is the flexibility of supramolecular systems

which is of great importance in biological receptor-substrate interactions.

1.5.  Recognition of Neutral Molecules

The recognition and binding of neutral molecules make use of donor-acceptor,
electrostatic and mainly hydrogen bonding interactions. The acyclic or macrocyclic
receptors must contain clefts or cavities into which binding of substrates take place.'' To
recognize organic substrates the receptor requires some suitable binding subunits which
make the receptor more or less rigidly connected as architectures of macrocyclic or cage-
like nature.'

Designing of receptors for neutral molecules is still relatively more challenging and less
explored domain. Naturally occurring cyclodextrins were the first receptor molecules
whose binding properties towards organic molecules were recognized and extensively
studied." Different types of synthetic macrocyclic receptors have been reported which can
bind both charged and uncharged organic substrates. One of the receptor Carcerands'* can
bind highly reactive species such cyclobutadiene15 or orthoquinones16 inside the cavity.
Hamilton"’ reported a macrocyclic receptor which form complex with barbituric acid
through hydrogen bonding (Figure 1.3). Another cleft was reported which formed complex

with adenine through hydrogen bonding and act as a receptor.'® Some other examples of

TH-940_04612211
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container molecules that can bind different guest molecules inside the cavity are

cyclophane, cubic azacyclophane, [4]- and [6]-calixarenes, cavitand, cryptophane etc.

Figure 1.3: Hydrogen bonding of barbituric acid in a macrocylic receptor.

Bell" and co-workers designed a series of heterocyclic receptor for urea (Figure 1.4).

They used hydrogen bonding sites of the complexes for the recognition of urea.

Figure 1.4: Hydrogen bonding of urea and heterocyclic receptor.

Ray®’ and co-workers synthesized a new class of receptors having Dibenz[c,h]acridine as
spacers and showed that the four nitrogen atoms present in the internal cavity bind with

urea (Fig. 1.5).

Figure 1.5: Hydrogen bonding of urea and a receptor having Dibenz[c,h]acridine as spacer.
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Goswami®' and co-workers designed and synthesised a neutral fluorescent macrocyclic
receptor for the recognition of urea in chloroform (Figure 1.6). Receptor showed a

significant fluorescence quenching on complexation with urea and thiourea.

Figure 1.6: Complexation of macrocylic receptor and urea.

Very large, rigid cavities required to bind big molecules are very difficult to construct.
This perception led to formation of non-macrocyclic hosts having open space that can bind

to organic molecules easily with high affinity.

1.6. Recognition of Anions

Molecular receptors designed to bind anionic guests or ion pairs have attracted much
interest recently’® due to their significance in a plethora of biological, chemical and
environmental processes.” Anions are ubiquitous throughout the natural systems playing
many essential roles. For example, they carry genetic information (DNA is a polyanion). It
is also essential in the formation of enzyme-substrate and enzyme-cofactor complexes and
also in the interaction of proteins and RNA or DNA. Anion channels and carriers are
involved in the transport of small anions such as chloride, phosphate, and sulphate and
thus taking part in maintaining osmotic balance.”* On the other hand, anions can have

deleterious effects on the environment. For example, nitrate and sulphate are present in the
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acid rain, pertechnetate are generated from the re-processing of nuclear fuel, phosphate
and nitrates from agriculture, constitute major pollution hazarders. There is therefore a
demand for the production of selective anion receptor and sensor species that can allow in
the field detection of particular species.

Despite their popularity, the design of ‘substrate specific’ synthetic receptors still remains
a great challenge for supramolecular scientists in comparison to the design of receptors for
cations. There are a number of reasons for this. Anions are larger than isoelectronic
cations™ and therefore have a lower charge to radius ratio. This shows that electrostatic
binding interactions are less effective than they would be for the corresponding

1soelectronic cation.

Table 1.1 A comparison of the radii r of isoelectronic cations and anions in octahedral environments

Cation r [A°] Anion r [A°]
Na® 1.16 F 1.19
K* 1.52 CI 1.67
Rb* 1.66 Br 1.82
Cs* 1.81 I 2.06

Anions may be sensitive to pH values (becoming protonated at low pH and so losing their
negative charge), so receptors must function within the pH range to the target anion. As
anions have a wide range of geometries, therefore a higher degree of design is required to
make a receptor selective for a particular anionic guest.

Solvent effects also play an important role in controlling anion binding strength and
selectivity. Electrostatic interactions generally dominate over other recognition forces and
hydroxylic solvents can form strong hydrogen bonds with anions. Because of that, an
anion receptor must compete with the solvent environment in which the anion recognition

takes place. For example, a neutral receptor that binds anions through hydrogen-bonding

7
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interactions may less capable of competing with the polar protic salvation shell
surrounding the target anion in a hydroxylic solvent and hence receptor may function as an
anion receptor in aprotic organic solvents. On the other hand, a polar solvent can compete

more effectively with polar solvents.

1.7.  Overview of Synthetic Anion Receptor

The birth of ‘anion coordination chemistry’ might be considered to be the report by Park
and Simmons in 1968.%° In this work, the halide binding properties of several
macrobicyclic receptors, consisting of two ammonium bridge-head centres spanned by

three alkyl linkers, were reported (Figure 1.7).

(CHz)g
® o ®) ©
—HimmnGlommyj—— Cl1
(CH2)9J )
(CHz)g
Figure 1.7: Structure of chloridekatapinato-in.in-1, 1 I-diazabicyclo[9.9.9 [nonacosanebis (ammonium)

chloride.

Following Simmons and Park’s report the next step forward came in the mid-1970s. At
that time Lehn and co-worker began to explore the opportunities behind anion
coordination chemistry in polyammonium macrocycles.”” They clearly demonstrated the
strong binding of anion to the charged cavity and the selective nature of the cryptates

towards chloride or bromide (Figure 1.8).

e e
AP TR
RGO R
SRS

Figure 1.8: Structures of cryptand-like receptors.
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Lehn and co-workers, also reported an ellipsoidal hexaprotonated cryptand and which was

found to be selective for linear anions such as azide N3 ion (Figure 1.9).28

\ﬁ ﬁ/
f

Figure 1.9: Structure of cryptand that binds azide selectively

Schmidtchen proposed a series of quaternary ammonium groups arranged in a tetrahedral

manner which bind the anions solely by electrostatic interactions (Figure 1.10). He

successfully “tuned” the selectivity of the receptors for particular halides.*

CH3
N('D\
(CHg)n/ N (CHo)n
/ (CHe)n [\1(-9—(;|-|3 n=6or 8

CHo—N—(CHfT
(CHo),|  (CHa)n
N

&)
\CH3

Figure 1.10: Structure of cage cations.

A wide variety of neutral synthetic anion receptors are known which occurs through
hydrogen-bonding interactions to affect anion recognition. These include amides, ureas or
pyrroles. In 1986, Pascal and co-workers reported (1,3,5)cyclophane as a neutral host for
anion complexation and for the first time they utilized the amide N-H....anion interaction
to recognize anions (Figure 1.11).% This receptor was found to bind fluoride anions in

DMSO-d6 solution by 'H and '’F NMR spectroscopic studies.
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Figure 1.11: Structure of Pascal’s amide based cyclophane anion receptor.

Reinhoudt and co-workers reported a series of acyclic tripodal receptors containing amide
groups (Figure 1.12).°! They showed that these hosts strongly bind to the dihydrogen
phosphate than chloride or hydrogen phsophate and which occur exclusively by hydrogen

bonds.

CH,Cl

Figure 1.12: Structure of acyclic tripodal receptor containing amide group.

S.J. Loeb and co-workers reported a general review covering both cyclic and acyclic anion
receptors containing amide groups built on solely organic framework. >

Urea and thio-urea groups are also used to construct a number of receptors which played
an important role in the recognition of anions. In 1992, C.S. Wilcox and co-workers™
reported urea based receptor that binds very strongly to ion pairs containing sulfonates,
phosphates and carboxylates in chloroform and their data suggested that complexation is
due to hydrogen bond formation between the urea and anion.

Luigi Fabbrizzi** in his review explained the urea and thiourea based different anion
receptors (Figure 1.13). Again, A.D. Hamilton and co-workers® reported in their review
different types of cyclic urea and thiourea based anion receptors.

1
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Figure 1.13: Structures of urea and thiourea based anion receptors.

1.8.  Supramolecular Polymer

Supramolecular polymers are formed by monomeric units held together with directional
and reversible secondary interactions.’ Since these interactions are influenced by external
parameters like temperature or mechanical stimuli drastic changes in polymer properties
like elasticity and solution viscosity occur. Architectural and dynamic parameters that
determine polymer properties, such as degree of polymerization, lifetime of the chain, and
its conformation, are a function of the strength of the non-covalent interaction, which can
reversibly be adjusted. A large number of supramolecular polymers could be prepared by
hydrogen bonding.

R.P. Sijbesma37 in his article discussed the development and properties of supramolecular
polymers based on quadruple hydrogen bonds between self-complementary
ureidotriazine(UTr) and ureidopyrimidinone (UPy) functional groups.

In Supramolecular polymers, the average degree of polymerization (DP) is determined by
the strength of the end group interaction.”® The degree of polymerization is dependent on
the concentration of the solution and the association constant.

Again a high association constant between the repeating units is must to obtain polymers
with high molecular weight. In analogy with covalent condensation polymers, the chain
length of supramolecular polymers can be tuned by the addition of monofunctional “chain
stoppers”.

Another approach of supramolecular polymers is based on the reversibility of metal-

coordination bonding. This is an excellent tool for the synthesis of Supramolecular system

11
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as the ligand structures can be varied by classical organic chemistry and the desired
strength as well as reversibility can be attained due to the variety of available ligand types
and metal ions. G.F. Swiegers and co-workers™ in his review proposed different types of
supramolecular systems constructed from metal-ligand bonds which include lattice, cyclic,
filamentous and interlaced motifs. In his review, on organic/inorganic polymers, M.
Rehahn™ proposed a classification on the different types of coordination polymers.

A. Ciferri*' in his article on supramolecular polymerizations mentioned the possible
classifications based on assembling mechanisms. He mentioned that the equilibrium
polymers are the supramolecular polymers where the linear chains are self-assembled,
open, growing to a distribution of degree of polymerizations, and in a state of
thermodynamic equilibrium sensitive to solvent type, concentration and external variables.
Among the different techniques for the formation of supramolecular polymer, one of the
easiest ways is by the coordination of metal-ligand interactions. These interactions should
be strong enough to retain the polymer chain in the solution and these polymers should
show properties of polymers like enhanced viscosity in comparison to monomeric units.
The self-assembly polymerization of ditopic macromolecules via metal-ligand binding is a
facile route for the preparation of metallo-supramolecular polymers in which the metal—
ligand interaction is dynamic in nature and thus acts as the supramolecular motif. In fact,
due to their potential usefulness in a plethora of applications like catalysis, light-emitting
devices, sensory materials, metallopolymers have become a most prominent research
theme at the interface of metal-organic chemistry and polymer science. Utilizing a variety
of non-covalent interactions, several recent studies have demonstrated that different types
of building block can be assembled with supramolecular motifs, yielding polymer

materials that span a broad range of structures and properties**

12
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By varying metal-ligand binding motifs different types of binding characteristics™ (e.g.,
thermodynamic and kinetic stabilities) can be obtained and which in turn can be utilized to
tune the nature of the resulting supramolecular materials.**

Within this chapter, coordination polymers formed by incorporation of metal ions and
organic ligand molecules will be discussed. The systems should be synthesized by a
supramolecular approach.

In 1968, A. Ripamonti and co-workers™ first reported the soluble coordination polymers
which was beryllium phosphinates (Figure 1.14). They studied the solution properties
which indicate that these compounds are linear polymers which undergo a reversible

degradation influenced by the nature of the solvent, concentration, and temperature.

R R R R
\/
% P
//\/ \\ /\ //\/ \Be o
\R "k /
O\ /0 O—_ /0 n
/\

Figure 1.14: First soluble, reversible co-ordination polymer of beryllium phosphinate system.

L.A. Paquette and co-workers*® synthesized tris(spirotetrahydrofuranyl) Ionophores and
reported the formation of rod like supramolecular ionic polymer from homoditopic dimer.
The bifacial ligand reacts with one equivalent of LiClO4 or LiBF, to form rod like ionic
polymers.

Wang and Reynolds47 reported a series of polymers containing nickel bis(dithiolene)
linkages along the polymer main chain which are highly soluble in both aqueous and

organic solvents (Figure 1.15).

Figure 1.15: Nickel bis(dithiolene) coordination polymer.

1
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Craig and co-workers*® reported pyridine-palladium based homologous reversible

coordination polymers (Figure 1.16).

MezN

o
*--{--Pd- N o NMe, 0 —\ ,200Tf"
| ' — o) N\ N"]-*
Me,N N ---Pd---N/\\:/>7N/\:>—< 0 2
x 0

|

NMeZ

Figure 1.16: Palladium-pyridine coordination polymers.

Vermonden and co-workers®’ reported pyridine-2,6-dicarboxylic acid bifunctional ligands
having oligoethylene glycol as a spacer to form water soluble reversible coordination
polymers with zinc ions (Figure 1.17). Formation of polymer was confirmed by viscosity

measurements.

Figure 1.17: Ditopic ligand having pyridine-2,6-dicarboxylic acid.

Rehahn™ for the first time, presented well-defined soluble transition-metal coordination
polymers from kinetically unstable pseudotetrahedral copper(1)- and silver(1)-
phenanthroline complexes (Figure 1.18). The stability of the complexes was studied by 'H
and "C NMR spectroscopy.

Rehahn and coworkers™ also reported soluble ruthenium-terpyridine polymers.

14
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(M* X" = [Cu(CH3CN),4I'PFg ) 5 (M*X =Ag*BFY); R=C¢H3

Figure 1.18: Copper(1)- and silver(1)-phenanthroline complexes.

In his review, Schubert’' reported different 2,2:6/,2"-terpyridine (tpy) based ligands which
form coordination polymers. Constable and co-workers reported different types of

ditopic and tritopic terpyridine based ligands to form polymers (Figure 1.19).

Figure 1.19: Structure of tpy based ditopic and tritopic ligands.

Later on, ditopic terpyridine based ligands having flexible and polymeric spacers have
been reported by Schubert.™

Rowan and Beck reported the synthesis of ditopic ligand from terpyride-related ligand
2,6-bis(1-methylbenzimidazolyl)-4-hydroxypyridine having pentacthyleneglycol as a

spacer, which form metallo-supramolecular polymers that are photoactive

1
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mechanoresponsive gels (Figure 1.20). The ditopic ligand can form both 2:1 and 3:1 metal

complexes with transition metal and lanthanide ions respectively.

(O = Transition Metal
b . = Lanthanide Metal

Figure 1.20: Schematic representation of the metallo-supramolecular polymerization of ditopic ligands with

transition and lanthanide metal ions.

Utilizing the same ligand, different ditopic macromonomers have been reported by Rowan
and Weder,”® having different spacers like poly(2,5-dialkoxy-p-phenylene ethynylene),
poly(2,5-dioctyloxy-p-xylylene) etc. (Figure 1.21). which form metallo-supramolecular

conjugated polymers with different metal ions that can be readily solution-processed.

OR

R= l'l-CsH17, n =20-25

(a)

16
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(b)

Figure 1.21: (a) Structure of ditopic monomer having acetylene as a spacer, (b) Structure of poly(2,5-

dioctyloxy-p-xylylene) (PPX)

1.9. Objective of the present work

Recognition of neutral molecules and sensing of anions have been in constant news since
last few decades. The present work focused on the design and synthesis of novel receptors
capable of recognizing chemical and biological guest molecules, sensing of anions. We
have utilized benzimidazolyl based ligands towards the detection of different types of
neutral organic guest molecules which are toxic chemicals like urea, thiourea, phenol,
hydroquinone, resorcinol, catechol, p-benzoquinone, etc. by the formation hydrogen-
bonded complexes in the presence of competitive solvent environment which is a proof of
their potential application in chemical and biological sensing. Beside this, the utilization of
these types of ligands in anion sensing is also studied.

Another interesting field is the metallo-supramolecular polymers, which has plethora of
applications, in several overlapping fileds. The present work also focused on the synthesis
of new types of ditopic ligands having aliphatic spacers and the formation of the metallo-
supramolecular complexes with few metal ions and study of their properties in solution as
well as in solid state.

Although, terpyridine and 2,6-bis(benzimidazol-2-yl)pyridine (bbp) are both tridentate
ligands having similar chelating property, bbp ligand has more potential because of the

1
TH-940_04612211 !



Chapter 1

extensive m-delocalization and its rigidity and planarity. The factors for choosing the
benzimidazol based ligands for our purpose was because the synthesis was simple, yield
was very high and stability towards air/moisture was very good.”’ It also has multiple
binding sites, has a well-defined open cavity with a rigid overall structure that helps to
predict its interaction and relative binding with guest molecules with a fair degree of
accuracy. These ligands are of considerable interest due to their binding sites for metals in

several biological systems, especially as mimics of histidine-imidazole systems.58

X
N N/ N
OF HD
N N

(a) bbp (b) trpy

Figure 1.22: Structures of (a) 2,6-bis(benzimidazol-2-yl)pyridine (bbp) and (b) terpyridine (trpy).

59 60

Although the chemistry of the bbp ligand with some transition metals like iron,” zinc,

cadmium®' etc. and with lanthanides®® have been studied well but the recognition and
sensing properties of the bbp ligand is still unexplored.
You and co-workers synthesized the Zn, Cd and In complexes with 2,6-bis(benzimidazol-

2-yl)pyridine and have shown their blue luminescent properties.*” !

Aghatabay and co-workers synthesized complexes of Fe(Il), Zn(II), Cd(II) and Hg(II) with
2,6-bis(benzimidazol-2-yl)pyridine ligand and shown the antimicrobial activity (Figure

1.23).%

oo D H | h | S
: _ H H H H
CAJ A0y Sy ST Ty
/ \ c1/ \ Cl/ “al

a o« Cl
(a) (b) (©

Figure 1.23: Structures of (a) [Zn(bbp)Cl,, (b) [In(bbp)Cly(H,0)] and (c) [Cd(bbp)ClL,].

1
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Nair et al. synthesized and characterized the ruthenium (II) complex [Ru(bbp),]Cl, and
studied their DNA binding and cleavage properties.64

Haga and co-workers reported the molecular design of a proton-induced molecular switch
based on rod-shaped Ru-dinuclear complexes with bis-tridentate 2,6-bis(benzimidazol-2-

yD)pyridine derivatives (Figure 1.24).

(c)

Figure 1.24: Structure of (a)[Ru(bbp)>J**, (b) bis-tridentate 2,6-bis(benzimidazol-2-yl)pyridine derivatives, (c)

[Ruy(btbbp )(trpy)2](PFs)s.

The present work reports on the formation of supramolecular complexes of benzimidazol
based ligands with different guest molecules and metallo-supramolecular complexes of
ditopic ligands with different metal ions. The work presented in the proceeding chapters of

the thesis will be primarily focused on the following aspects:

1
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a)

b)

c)

d)

g)

h)

)

TH-940_04612211

Preparation of ligand 2,6-bis(benzimidazol-2-yl)pyridine (bbp), characterization and
formation of supramolecular complexes with different organic neutral guest

molecules having amide moiety like urea, thiourea etc.

Study of the complex formation in solution state by means of UV/Vis and

fluorescence spectroscopy and in solid state by X-ray diffraction analysis.

hydrogen bonded supramolecular complex formation with different toxic organic
chemicals like metabolites of benzene, e.g. phenol, hydroquinone, catechol,
resorcinol, benzoquinone etc. and study of their properties in solution as well as in the
solid state.

sensing of anions by the use of bbp ligand by UV/Vis and fluorescence spectroscopy

and "H NMR techniques.

preparation of ligand (1,3-bis(5,6-dimethyl-1H-benzo[d]imidazol-2-yl)benzene), bbb
and its characterization, study the anion sensing of this ligand by means of UV/Vis
and fluorescence spectroscopy and 'H NMR techniques.

preparation of 2,6-bis(1-methylbenzimidazolyl)-4-hydroxypyridine and 2,6-bis(1’-
methylbenzimidazolyl)-4-hydroxybenzene based ligands, synthesis of ditopic ligands
by the use of the above ligands and characterization by different techniques.
supramolecular complex formation of these ditopic ligands with different metal ions
is investigated by titration experiments applying UV/Vis and fluorescence
spectroscopy and thermal stability of the complexes have been studied.

preparation of benzoxazole and benzothiazole based ligands, synthesis of ditopic

ligands from these having pentaethylene glycol as a spacer and characterization.

supramolecular complex formation with different metal ions. The optical properties of
the resulting complex units are investigated by UV/Vis and fluorescence spectroscopy

and thermal stabilities of the complexes have been studied.
20
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Chapter 2

Abstract

The use of 2,6-bis(2-benzimidazolyl)pyridine as a neutral receptor enables the formation
of highly stable supramolecular complexes with urea and thiourea via self-assembly and
which were characterized by optical spectroscopy techniques and X-ray diffraction
analysis. This receptor utilizes the imine nitrogen located on its outer core in addition to
the cavity to form hydrogen-bonded adducts with high binding affinity, thus providing a

unique and simple design for chemical and biological recognition.
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2.1 Introduction

Noteworthy progress made to design and synthesize novel receptors capable of
recognizing chemical and biological guest molecules has contributed greatly in the
development of supramolecular c:hemistry.1 Major challenges that need attention are the
development of structurally simple and stable receptors that would have better utility and
much wider applicability. Urea is toxic and a well-known pollutant that causes serious
biological disorders.” * Urea is an end product of nitrogen metabolism and a well-known
protein denaturant that can cause damage in concentrations as low as micromolar range.
Thus, the need to develop structurally simple synthetic receptors capable of detecting urea
in low concentrations is utmost important for clinical chemistry.4

Although some research groups’ synthesized and reported macrocyclic receptors for the
recognition of urea, it was difficult to construct molecules having very large and rigid
cavities required to bind bigger molecules / guests. This perception led to formation of
non-macrocyclic hosts having open space that can bind to organic neutral molecules easily
and with high affinity.

Thiourea is confirmed to be a human carcinogen based on adequate evidence of
carcinogenicity on experimental animals.® Thiourea inhibited lignin degradation by
phanerochaete chrysosporium.” When administered in drinking water, it induced thyroid
adenomas and carcinomas in rats. Thiourea also increases the solubility of membrane
proteins. Most of the amino acids contain O, N and S as binding sites, thus, it becomes
important to study the binding nature of thiourea with synthetic receptors so that they may
be targeted as drugs.

This chapter deals with the use of 2,6-bis(2-benzimidazolyl)pyridine ligand, bbp (Figure
2.1) for the recognition of neutral organic guests such as urea, thiourea etc. by the use of

UV/Vis and fluorescence spectroscopy and single crystal X-ray analysis.
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Figure 2.1: 2,6-Bis(2-benzimidazolyl)pyridine, bbp, urea and thiourea.

2.2 Results and discussion

2,6-bis(2-benzimidazolyl)pyridine, bbp the tridentate ligand has been used for the
recognition and sensing of urea, thiourea etc. using UV/Vis and fluorescence spectroscopy
and the formation of stable supramolecular complexes by X-ray diffraction analysis.
Compound bbp was chosen as a receptor candidate as its preparation was simple and high
yielding, it possesses multiple binding sites and its stability towards air/moisture is very
good.® Moreover, bbp also has a well-defined open cavity with a rigid overall structure
that helps to predict its interaction and relative binding with guest molecules with a fair

degree of accuracy.9

2.2.1 UV/Visible Spectroscopy

Supramolecular complex formation was studied by simple technique of UV/Visible
titration which was performed in dry acetonitrile.

To evaluate the solution state properties of receptor bbp, a titration was performed by
careful addition of 0.1 equivalents of urea aliquots at regular intervals to bbp. The
spectroscopic changes were recorded by means of UV/Vis spectroscopy in acetonitrile.
The choice of solvents is restricted by the insolubility of bbp in nonpolar solvents. On
increasing the concentration of urea, the initial absorption band (Figure 2.2) having Anyax at
327 nm showed a marginal but progressive decrease in intensity with broadening and
formation of a clear isosbestic point at 277 nm, indicating the presence of at least one

stable species at equilibrium.
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Due to the low basicity of urea, the decrease in Ayax intensity of bbp and the development
of newer bands do not occur significantly, but the presence of a distinct isosbestic point is
due to the formation of a stable donor—acceptor complex between bbp and urea. The inset
of Figure 2.2 shows that a limiting value is reached on forming a 1:1 adduct between bbp
and urea. The effect of solvents on hydrogen bonding was studied by performing titrations
in DMSO, DMF, methanol, and ethanol. Different sets of isosbestic points were obtained
in the DMSO and DMF titrations with low binding constants. However, titration in

alcohols showed very minor spectral changes and the binding constants were difficult to

estimate.
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Figure 2.2: UV/visible spectrum of receptor bbp (6.35 x 10°M in dry CH;CN) during titration with urea
from 0 to 1 equiv (v/v). Inset— titration profile of the band at 327 nm corresponding to the bbp: urea H-

bonded complex.

The binding ability of receptor bbp towards the detection of thiourea has also been
studied. The binding was evaluated by titrating 0.1 equivalents of thiourea aliquots into a
solution of bbp in acetonitrile at regular intervals and recording the changes in UV/Vis
and fluorescence spectra.

It was observed that on increasing the concentration of thiourea, progressive decrease of
intensity in the initial absorption band (Figure 2.3) having Am.x at 327 nm and a new peak
at 249 nm with higher intensity develops which is due to the formation of stable complex
between bbp and thiourea. This family of spectra shows formation of an isosbestic point at

263 nm indicating the presence of at least one species at equilibrium. Thus the gradual
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decrease in the band intensity at 327 nm and formation of a new higher intensity blue-
shifted band at 249 nm with a clear isosbestic point is proof for the formation of hydrogen-
bonded complex between bbp and thiourea. The low concentrations at which these
spectroscopic changes were observed clearly reveal that this receptor bbp can be used for

the recognition of urea and thiourea.

3
g 0 05 1 15
Equiv. of thiourea

Absorbance (a.u.) /8

o

220 270 320 370 420
Wavelength (nm)

Figure 2.3: UV/visible spectrum of receptor bbp (9.50 x 10°M in dry CH;CN) during titration with thiourea
from 0 to 1.5 equiv (v/v). Inset— titration profile of the band at 327 nm corresponding to the bbp: thiourea

H-bonded complex.

2.2.2 Fluorescence Spectroscopy

Complexation studies of bbp receptor were also carried out by fluorescence spectroscopy
which showed that the spectrum of bbp is clearly modified on the formation of a complex
with urea. Titration experiments carried out by the addition of 0.1 equiv of urea to bbp
showed that the 375 nm band in the fluorescence spectrum was diminished by over 70% of
the initial intensity. A large quenching in intensity was observed up to the addition of 0.5
equiv of urea after which the changes were minor. Excess urea did not alter the spectrum
signifying that the emission occurs always from the low energy electronic states. This
indicates that on formation of the donor—acceptor complex between urea and bbp, the
excited state is modified leading to the quenching of fluorescence. Thus, self-association
has a large effect on the optical properties of bbp in solution and could be used for the
sensing of neutral guests.
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Figure 2.4: Emission spectrum of receptor bbp (3.54 x 107 M in dry CH;CN) during the titration with urea

from O to 1 equiv (v/v).

The formation of supramolecular complex between bbp and thiourea can be studied by the
use fluorescence titration or quenching. The changes observed in the fluoresence spectra
of a solution of bbp in acetonitrile on addition of up to 1.0 equivalents of thiourea are

shown in figure 2.5. A large quenching in intensity of the 375 nm band was observed.

200 -

Intensity (a.u.)

337 387 437 487 537
Wavelength (nm) —

Figure 2.5: Emission spectrum of receptor bbp (2.27 x 107 M in dry CH;CN) during the titration with

thiourea from 0 to 1 equiv (v/v).

up to the addition of 1.0 equivalent of thiourea indicating that on formation of the donor-
acceptor complex between thiourea and bbp, the excited state is modified leading to the
quenching of fluorescence. Therefore, formation of donor-acceptor supramolecular
complex modifies the optical properties of bbp in solution and could be employed for

sensing neutral guests
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2.2.3 Single Crystal X-ray analysis

The formation of supramolecular complex between bbp and urea in the solid state was
confirmed by means of single crystal X-ray analysis. The crystal structures of the
supramolecular complexes between bbp and urea in the ratios 1:1 and 2:1 are shown in
Figure 2.6a. The crystallographic data are listed in table 2.1 and table 2.2 for the ratios 1:1
and 1:2 respectively. As observed from the ORTEP diagram, one receptor molecule and
one urea molecule combine (left) forming a stable donor—acceptor complex in a 1:1 ratio
(bbp : urea). The urea molecule fits into the cavity of bbp and is bound to the NH protons.
In this complex, one receptor molecule donates two of its protons to the carbonyl oxygen
of urea which is pointed inwards into its cavity. The donor—acceptor complex thus formed
between the carbonyl oxygen of urea and NH protons of bbp is of the order (N2—H----
01) 2.85 A and (N3—H----01) 2.92 A. Further, crystals of the 2:1 complex (bbp : urea)
also successfully solved as represented in Figure 2.6a (right). It was again observed that
the urea molecule prefers the cavity of bbp in order to form the hydrogen-bonded
complex. The urea molecule acts like a bridge between two receptor molecules, accepting
protons from one receptor and donating one of its NH, protons to another receptor forming
a stable donor—acceptor complex involving two molecules of bbp. The bond distances
between the carbonyl oxygen of urea and the NH protons of bbp are (N6—H----O5) 2.88
A and (N10—H----05) 2.93 A, respectively, which are almost identical to the bond
distances in the 1:1 complex. The distance between one of the urea NH, protons and the
imine nitrogen of the second receptor was found to be (N15—H----N1) 2.99 A. The cavity
of this second molecule of receptor bbp is utilized to bind a water molecule having bond
distances of 2.93 A for (N2—H----03) and (N5—H----03). This evidence indicates good
association of bbp with urea, leading to 1:1 and 2:1 adducts. This is the first
crystallographic report on the formation of stable supramolecular complexes between a

neutral receptor and urea.
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Figure 2.6: (a) ORTEP diagrams of the hydrogen-bonded bbp : urea complex in the ratio 1:1 (left) and 2:1

(right). Solvent molecules omitted for clarity; (b) interlinking of bbp by urea using H-bonding.

The X-ray structures of both 2:1 and 1:1 complexes along with the spectroscopic changes
observed on the titration of urea and bbp are clear indications of the formation of
supramolecular complexes in both solution and solid state. As the carbonyl oxygen of urea
is pointed inwards into the cavity of receptor bbp in both the X-ray structures, the
possibility of incorporating more substituted guests is greatly enhanced, which is usually
very difficult with cyclic hosts. Both these hydrogen-bonded complexes are readily
formed by simple mixing of bbp with urea in different ratios. The simple procedure to
prepare bbp and its ability to form hydrogen-bonded complexes with amide linkages and

water molecules opens up its utility for the recognition of several biologically relevant
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molecules. Moreover, participation of the imine nitrogen in stabilizing the supramolecular

structure is unique and enhances the recognition capabilities of receptor bbp.

Table 2.1: Crystallographic data for bbp:urea complex in methanol solvent.

TH-940_04612211

bbp:urea (1:1)
Formulae C2oH2s5N703
Mol. wt. 435.49
Crystal system Monoclinic
Space group P21/n
Temperature /K 298(2)
Wavelength /A 0.71073
al/A 7.4620(3)
b /A 19.7030(9)
c/A 15.0776(6)
a/° 90.00
pre 97.583(3)
v/° 90.00
v/ A 2197.38(16)
Z 5
Density/g cm™ 1.645
Abs. Coeff. /mm” 0.115
Refinement method Full-mateiz 5 reasts

squares on F
WR,(all data) 0.1420
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Table 2.2: Crystallographic data for bbp:urea complex in acetonitrile solvent.

bbp:urea (1:2)
Formulae C3o H2 N2 O,
Mol. wt. 700.77
Crystal system Monoclinic
Space group P21/n
Temperature /K 298(2)
Wavelength /A 0.71073
alA 20.5454(6)
b /A 7.5836(2)
c/A 21.8464(6)
a/° 90.00
pre 91.596(2)
v/° 90.00
v/ A 3402.53(16)
4 4
Density/g cm™ 1.368
Abs. Coeff. /mm’ 0.090
Refinement method rull-m e 5 <
squares on F
WR;(all data) 0.1308

2.2.4 FT-IR Spectroscopy

The formation of supramolecular complexes was confirmed by FT-IR studies also. The
FT-IR spectra of the complexes were recorded in KBr pellets. In the IR spectra
characteristic absorptions are present for C=0 or C=S stretching vibrations. Upon
complexation these vibrations shift to a lower wave number (Av = 55 — 330 cm’™"), which is

in agreement with the coordination of the oxygen or sulfur to N-H part of the bbp ligand.
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The N-H peak of ligand at 3117 cm™ shifted to 3447 cm™ in the 1:1 complex and to 3208

cm™ for 1:2 complex of urea:bbp complexes. Again, the C=0 stretching frequency of urea
(1678 cm™) shifts to a lower wave number of 1623 cm’ upon complexation. Hence FT-IR

can be applied to study the complex formation of bbp ligand with the neutral guests.

— | bbp
8 —— | bbp : Urea
— | bbp : Thiourea

% Transmitance
F~

0 T T T T 1
3700 3200 2700 2200 1700 1200

Wavenumber cm™

Figure 2.7: FT-IR spectra of bbp:urea and bbp:thiourea complexes.

2.2.5 Determination of association constant

The association constant (Ka) calculated"® for the 1:1 complex of bbp and urea and was
found to be 44.38 M, suggesting strong hydrogen bonding between bbp and urea. The

association constant for bbp and thiourea was found to be 40.88 M.

2.3 Conclusion

In summary, the present results demonstrate that 2,6-bis(2-benzimidazolyl)pyridine is an
efficient receptor for binding urea with high affinity. Crystallographic analysis further
revealed that receptor bbp utilizes its cavity and the imine nitrogen on its outer core to
form stable supramolecular complexes with urea. Again, from the solution state properties
of bbp ligand with thiourea also shows the utility of the ligand for the recognition of
thiourea. The low concentration at which they operate and the low synthetic cost of
preparing them make them ideal candidates for designing sensors and building

supramolecular complexes with well-defined geometry.
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2.4 Experimental Section

2.4.1 General

All reagents were used as received without further purification unless mentioned. These
materials were of reagent grade or better. Acetonitrile was distilled from calcium hydride.
UV/Vis spectra were recorded on a Perkin Elmer Lambda-25 spectrophotometer.
Fluorescence spectra were recorded on a Varian Carry 25 spectrophotometer. FT-IR
spectra were taken on a Perkin Elmer spectrophotometer with samples prepared as KBr
pellets. 'H-NMR spectra were obtained with a 400 MHz Varian FT spectrometer.
Chemical shifts (ppm) were referenced to the residual solvent peaks. The data collections
of single crystals were performed on a Bruker Nonius Smart Apex II X-ray single crystal
diffractometer (CCD). Cell constants and orientation matrices for data collection were
obtained from least-square refinement with a set of 45 narrow-frame (0.5° in @) scans. The
structure was solved by direct methods and refined by full-matrix least-squares
calculations with SHELX97 software. All hydrogen atoms attached to heteroatoms were

located in the difference fourier map and refined with isotropic displacement coefficients.

2.4.2 Preparation of bbp:urea complexs

The bbp ligand has been prepared by the known literature method.®

Preparation of bbp and urea complex in the ration 1:1:

A solution of urea (0.020 g, 33.3 mmol) in methanol was added dropwise to a methanolic
solution of bbp (0.104 g, 33.3 mmol) and allowed to stir for 5 min. The vial containing the
clear solution of the above mixture was allowed to stand (rt) for 48 h leading to the

formation of crystals that were suitable for X-ray diffraction analysis.
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Preparation of bbp and urea complex in the ration 2:1:

A solution of urea (0.010 g, 16.65 mmol) in acetonitrile was added dropwise to a solution
of 1 (0.104 g, 33.3 mmol) in acetonitrile. The solution was allowed to stir for 5 min. The
vial containing the clear solution of the above mixture was allowed to stand (rt) for 48 h

leading to the formation of crystals that were suitable for X-ray diffraction analysis.
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Chapter 3
Abstract

2,6-bis(benzimidazol-2-yl)pyridine ligand has been demonstrated as a probe to detect toxic
metabolites of benzene such as phenol, hydroquinone, resorcinol, catechol and p-
benzoquinone. Supramolecular complex formation was studied by simple techniques like
UV/Visible and fluorescence spectroscopy in solution state and by single crystal X-ray

analysis in the solid state.
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3.1 Introduction

Benzene and its metabolites which include phenols and quinones are carcinogens, known
to cause the breakage and rearrangement of chromosomes in human, animal and yeast
cells. Hydroquinone (benzene-1,4-diol) and catechol present in cigarette smoke are
metabolites of benzene which result from the pyrolysis of naturally occurring flavonoids
found in tobacco.' It has been demonstrated by several physiological studies that
‘hydroquinone’ and its oxidation product ‘p-benzoquinone’ are responsible for
immunosuppression as well as myelotoxicity and are known to inhibit mitogen-stimulated
activation of both T and B lyrnphoc:ytes.2 Besides their carcinogenic properties, these
metabolites of benzene are present in several naturally occurring biomolecules such as
Coenzyme Q (CoQ), in the form of hydroquinone or quinone fragments in their structures,
due to which they are able to undergo redox interconversions in the living cells.” Among
the several biochemical roles of CoQ, the most important one is in electron transport chain
process, passing reduced species to the acceptors and in the direct electron transfer
towards oxygen. CoQ also has structural resemblance with the vitamin K group of
compounds that possess quinine rings. Thus, metabolites of benzene also play an
important role in the biological cycles.

In spite of their important relevance to biology, there are very few synthetic receptors that
form supramolecular adducts with all these small phenolic compounds.*

This chapter deals with the utilization of 2,6-bis(benzimidazol-2-yl)pyridine ligand, bbp,
to detect various metabolites of benzene even in the presence of competitive solvent
environment by the use UV/Visible and fluorescence spectroscopy and single crystal X—
ray analysis, which is a proof of their potential application in chemical and biological

sensing.
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Figure 3.1: 2,6-Bis(2-benzimidazolyl)pyridine bbp, phenol, hydroquinone, resorcinol, catechol and p-

benzoquinone.

3.2 Results and Discussion

The bbp ligand has been prepared by the known literature method.’

3.2.1 UV/Visible Spectroscopy

Supramolecular complex formation was studied by simple technique of UV/Vis titration
which was done in dry acetonitrile. The binding ability of receptor bbp was evaluated by
titrating 0.1 equivalents of hydroquinone aliquots into a solution of bbp in acetonitrile at
regular intervals and recording the changes in UV/Vis. It was observed that on increasing
the concentration of hydroquinone, progressive decrease of intensity in the initial
absorption band (Figure 3.2) having Amax at 327 nm associated with the m-7* transition of
bbp resulted. Concurrently, a new peak at 294 nm with higher intensity develops which is
due to the formation of stable complex between bbp and hydroquinone.

This family of spectra shows formation of an isosbestic point at 307 nm indicating the
presence of at least one species at equilibrium. The inset in Figure 3.2 shows the changes
in titration profile of the band at 327 nm corresponding to bbp: hydroquinone H-bonded

complex. It was observed that the spectral features reached a limiting value only after the
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Figure 3.2: UV/Vis spectra of bbp (8.46 x 1 0° M in dry CH;CN) during titration with hydroquinone from 0-
2 equivalents (v/v). Inset - Titration profile of the band at 327 nm corresponding to bbp: hydroquinone H-

bonded complex.

addition of 2.0 equivalents of hydroquinone (though the changes observed in the spectra
on addition of 1.1 to 2.0 equivalents hydroquinone were very minor compared to the initial
ten additions). Thus the gradual decrease in the band intensity at 327 nm and formation of
a new higher intensity blue-shifted band at 294 nm with a clear isosbestic point is proof
for the formation of hydrogen-bonded complex between bbp and hydroquinone. The
association constant (K,) for the 1:1 complex was calculated® to be 441 M which is the
highest value for the supramolecular adduct of any host with hydroquinone. The 33 nm
blue shift in absorption spectra would not have occurred unless there were interactions
between the hydroquinone and the imidazole ring of receptor bbp. The low
concentrations at which these spectroscopic changes were observed clearly reveal that
receptor bbp possesses excellent properties as a host material for recognizing phenolic
guests in high affinity.

Similar UV/Vis (Figure 3.3) titration experiments of bbp were also performed with

phenol, resorcinol, catechol and p-benzoquinone.
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Figure 3.3: UV/Vis spectra of bbp with phenol, resorcinol, catechol and benzoquinone in 1:1 ratio.

The spectral variations observed for bbp on titrating with all these metabolites in a 1:1
ratio were unique for each guest, demonstrating the selective nature of bbp as a probe for

recognizing different guest molecules.

3.2.2 Fluorescence Spectroscopy

The formation of supramolecular complex can be easily monitored by the use fluorescence
titration or quenching. The changes observed in the fluoresence spectra of a solution of
bbp in acetonitrile on addition of up to 2.0 equivalents of hydroquinone are shown in
figure 3.4. A large quenching in intensity of the 375 nm band was observed up to the
addition of 1.0 equivalent of hydroquinone indicating that on formation of the donor-
acceptor complex between hydroquinone and bbp, the excited state is modified leading to
the quenching of fluorescence.

The changes in the fluorescence spectra on adding further aliquots of hydroquinone to bbp
were very minor, which is in agreement with the results of UV/Vis titration. Therefore,
formation of donor-acceptor supramolecular complex modifies the optical properties of

bbp in solution and could be employed for probing neutral guests.
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Figure 3.4: Emission spectra of bbp (7.05 x 107 M in dry CH;CN) during the titration with hydroquinone
Sfrom 0-2 equivalents (v/v). Inset-plot of the emission intensity (375 nm) of bbp as a function of hydroquinone

concentration.

Similar fluorescence (Figure 3.5) titration experiments of bbp were also performed with

phenol, resorcinol, catechol and p-benzoquinone.
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Figure 3.5: Emission spectra of bbp with phenol, resorcinol, catechol and benzoquinone in 1:1 ratio

The spectral variations observed for bbp on titrating with all these metabolites in a 1:1
ratio were unique for each guest, demonstrating the selective nature of bbp as a probe for

recognizing different guest molecules.
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3.2.3 Single Crystal X-ray analysis

The formation of supramolecular complex between bbp and hydroquinone in the solid
state was confirmed by means of single crystal X-ray analysis. The ORTEP view (Figure
3.6) shows that bbp forms a stable supramolecular adduct with hydroquinone through the
imine nitrogen located on its outer core via hydrogen-bonding. The O1—H:----N2 (imine)
distance is found to be 2.67 A, which indicates a fairly good association of bbp and
hydroquinone. The hydroquinone molecule lies outside the cavity of bbp and seemed to
deaggregate two receptor molecules by acting like a spacer between them. The inner
cavity of bbp forms bonds with a molecule of water having bond distances of 3.00 A for

(N3—H.----02) and 2.94 A (N4—H---Q2).
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Figure 3.6: ORTEP diagram of the hydrogen-bonded bbp:hydroquinone complex in the ratio 1:1. Solvent

molecules are omitted for clarity.

This is the first crystallographic report showing a novel supramolecular complex between
imine nitrogen of receptor bbp with any phenolic guest. The supramolecular complex
formation of bbp ligand with hydroquinone was also attempted in other solvents and good
quality crystals of this complex could be obtained in several cases like ethanol, acetonitrile
and the mixtures of any of these solvents with water indicating that even in competitive
environments, bbp prefers to form a supramolecular complex with hydroquinone. The

crystallographic data are listed in table 3.1 and table 3.2 for methanol and ethanol solvent
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respectively. However, the bond distance of hydroquinone and bbp was shortest in the
crystals that were grown in methanol. By acting as a spacer, hydroquinone seemed to also
deaggregate molecules of receptor bbp in the solution state as observed by the increased
intensity of the blue shifted peak until the formation of a stable supramolecular complex.
These results are apparent indications that bbp is a smart receptor capable of recognizing
different guest molecules having minor structural difference, depending on their size and
nature, and by utilizing the NH groups on the inner cavity’ and/or the nitrogen lone pairs
on the outer core to form self-assembled supramolecular complexes with high affinity. It is
important to note here that even in the presence of solvents like methanol and ethanol that
would compete strongly with hydroquinone to form a supramolecular adduct, bbp is
selective to hydroquinone and forms stable crystals that could be isolated and analyzed by

x-ray diffraction.

Table 3.1: Crystallographic data for bbp:hydroquinone complex in methanol solvent

TH-940_04612211

bbp:hydroquinone
Formulae C23H2N505
Mol. wt. 416.46
Crystal system Monoclinic
Space group P2(1)/n
Temperature /K 298(2)
Wavelength /A 0.71073
a/A 11.185(3)
b /A 14.395(5)
c/A 13.548(5)
a/° 90.00
pre 103.03(2)
v/° 90.00
v/ A’ 2125.1(12)
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Table 3.2: Crystallographic data for bbp:hydroquinone complex in ethanol solvent

TH-940_04612211

Z 4
Density/g cm” 1.302
Abs. Coeff. /mm’’ 0.089
Full-matrix least-

Refinement method

2
squares on F

WR;(all data)

0.3102

bbp:hydroquinone

Formulae Co4H74N505
Mol. wt. 430.48
Crystal system Monoclinic
Space group P2(1)/n
Temperature /K 298(2)
Wavelength /A 0.71073
alA 11.3692(3)
b/A 14.3746(5)
c/A 13.6532(3)
0/° 90.00
p/° 102.425(2)
y/° 90.00
v/ A’ 2179.05(11)
z 4
Density/g cm™ 1.312
Abs. Coeff. /mm” 0.089
Full-matrix least-

Refinement method

2
squares on F

WR;(all data)

0.2284
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3.3 Conclusion

In summary, bbp ligand has been shown to behave as an efficient receptor that performs
recognition of several toxic metabolites of benzene with high sensitivity and selectivity.
The value of binding constant calculated from the spectroscopic data showed that bbp is
the highest affinity receptor that binds hydroquinone solely through hydrogen bonds. The
formation of stable hydrogen-bonded supramolecular complex between bbp and
hydroquinone is also shown by the X-ray structure analysis. In terms of simplicity,
selectivity, binding strength and ease to perform molecular recognition, bbp is extremely
efficient receptor that recognizes different metabolites of benzene with high efficiency,

thereby extending its utility as a neutral receptor.

3.4 Experimental Section

3.4.1 General

All reagents were used as received without further purification unless mentioned. These
materials were of reagent grade or better. Acetonitrile was distilled from calcium hydride.
UV/Vis spectra were recorded on a Perkin Elmer Lambda-25 spectrophotometer.
Fluorescence spectra were recorded on a Varian Cary Eclipse Fluorescence
Spectrophotometer. The data collections of single crystals were performed on a Bruker
Nonius Smart Apex II X-ray single crystal diffractometer (CCD). Cell constants and
orientation matrices for data collection were obtained from least-square refinement with a
set of 45 narrow-frame (0.5° in w) scans. The structure was solved by direct methods and
refined by full-matrix least-squares calculations with SHELX97 software. All hydrogen
atoms attached to heteroatoms were located in the difference fourier map and refined with

isotropic displacement coefficients.
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3.4.2 Preparation of bbp:hydroquinone complex

The bbp ligand has been prepared by the known literature method.’

A solution of hydroquinone (0.030 g, 0.272 mmol) in methanol or ethanol was added
dropwise to a methanolic or ethanolic solution of bbp (0.085 g, 0.272 mmol) and allowed
to stir for 5 minutes. The vial containing the clear solution of the above mixture was
allowed to stand (rt) for 24 hours leading to the formation of crystals that were suitable for

X-ray diffraction analysis.
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Abstract

2,6-Bis(2-benzimidazolyl)pyridine, bbp a neutral tridentate ligand, is employed as a
chemosensor for the detection of fluoride ions. The binding of anionic guest species with
this ligand is studied using UV/Vis spectroscopy, fluorescence spectroscopy, and 'H NMR
techniques. The results indicate that bbp can be used as a chemical shift and optical
modification based sensor for the detection of fluoride ions. Anion binding studies using
'H NMR revealed that this receptor exhibits high selectivity for fluoride over chloride,
bromide and iodide.

The interaction of this ligand with some of the other important anions e.g. acetate,

bisulfate, perchlorate, tetrafluoroborate etc. also has been performed for comparison.
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4a.1 Introduction

The development of synthetic receptors capable of selectively recognizing anions
continues to attract a great deal of interest due to their significance in a plethora of
biological, chemical, and environmental processes.1 Despite their popularity, the design of
‘substrate specific’ synthetic receptors still remains a great challenge for supramolecular
scientists due to (1) the large size of anions compared to the cations (Table 1.1) (2) the
chemical environment that determines the strength of interaction and (3) the pH of the
medium. Efforts to overcome the above challenges, foremost by Sessler,2 Jeong,3 Gale,
and Beer” have led to considerable advancement of several classes of anion receptors and
provided insight into newer host molecules. Numerous neutral receptors exist for anions;
most of them containing —NH fragments which act as hydrogen bond donors for the
anions.”’

This chapter deals with the utilization of bbp towards the detection of anions by UV/Vis

and fluorescence spectroscopy and 'H NMR techniques.

rfN X-=F-, CI, Br, I; CH,COO", HSO,, BF,, CIO,"

Figure 4a.1: 2,6-Bis(2-benzimidazolyl)pyridine, bbp and various anions.

4a.2 Results and discussion

The ligand was prepared according to the known literature method.®

Ligand bbp has two —-NH fragments that can form hydrogen bonded adducts with anions.
It is structurally very simple, stable to heat / light and can be synthesized in one step from

commercially cheap starting materials. Due to its well-defined internal cavity consisting of
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two NH hydrogen atoms, bbp can function as an ideal host for the recognition of anions

by hydrogen bonding interactions.

4a.2.1 '"H-NMR Spectroscopy

Initial binding studies were carried out by adding the tetrabutyl-ammonium salts (TBAX)
([BuN]'X; X =F, CI, Br, I') to a CD3;CN solution of bbp. The changes in the chemical
shifts of bbp were examined by recording the '"H NMR spectrum at room temperature
(Figure 4a.2). The largest chemical shift for the aromatic protons of bbp was observed on
adding the [BuyN]"-fluoride salt, which indicated a strong interaction of bbp with F.
Significant chemical shift changes (upon addition of the fluoride salt of [BuyN]"X to
bbp), were observed for the H® and H? proton signals which were shifted upfield to 7.5
and 7.05 ppm, respectively, from the previous positions of 7.7 and 7.3 ppm. On the other
hand, addition of the CI', Br and I salts of [BusN]" led to negligible changes in the
chemical shifts of H® and H protons (Figure 4a.2). Thus, it is safe to conclude that larger
the anions, the more difficult it is to accommodate them within the cavity of bbp. The
reason for the large chemical shift changes in bbp, on the addition of [BusN]'F arises
from the fact that F has a higher negative charge and better hydrogen bond acceptor
properties compared to the other anions. When the fluoride anion and bbp form a complex
adduct (with the —NH protons of the benzimidazole rings) a reasonably large
conformational twist occurs to accommodate the fluoride in the cavity of bbp. This may
be a further reason for the observed chemical shifts of the H® and H* protons. No chemical
shift of the H protons present on the pyridine ring occurred while a negligible change in
the position of the H* proton position occurred after formation of a complex of bbp with
fluoride anion, which rules out the possibility of the direct participation of the pyridine
ring and its nitrogen in hydrogen bonding with the anions. Thus it could be easily

predicted that fluoride ions form a hydrogen-bonded complex with the two — NH’s present
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at the inner cavity of bbp and in order to accommodate fluoride into this cavity, bbp
undergoes a moderate twist. The smaller size of fluoride compared to chloride, bromide
and iodide allows it to be accommodated in the cavity of bbp. Though, in all possibilities
other anions form hydrogen bonded complexes with bbp, the larger diameter of these
anions compared to fluoride may not allow them to enter the cavity of bbp due to steric
reasons. These studies thus indicate that bbp can be used as a chemical sensor for the
detection of fluoride anions among the halides and "H NMR could be employed as a

chemical shift based probe.

i)bp LULa ] I ° ,,JM‘L,,C Mj

: b e d
bbp:Br || & m
p_ r_M‘m__JJU__ — _JMM\, .,Ag_im, .
. pa il d
bop:Cl ° b W |
bbp:F H : Uu\b /M\C 4 \d

Figure 4a.2: '"H NMR, 400 MHz spectra taken over the course of the titration of a CD,CN solution of bbp

with I equivalent of [Bu,N|*F, [Bu,N]*Cl, [Bu,N]"Br and [Bu,N]'T.

Similarly, "H-NMR titrations with other anions for example acetate, bisulfate, perchlorate,
tetrafluoroborate etc. also has been done and their binding studies carried out by adding
the tetrabutyl-ammonium salts (TBAX) ([BuyN]"'X’; X = CH;COO", HSO4, BF,, ClOy)
to a CD3;CN solution of bbp. The changes in the chemical shifts of bbp were examined by
recording the 'HNMR spectrum at room temperature (Figure 4a.3).

The largest chemical shift for the aromatic protons of bbp was observed on adding the
[BugN]"-acetate salt, which indicated a strong interaction of bbp with CH;COO".
Significant chemical shift changes (upon addition of the acetate salt of [BuyN]"CH;COO ~

to bbp), were observed for the H® and H® proton signals. H® protons were shifted

TH-940 04612211 56



Chapter 4a

downfield to 7.82 from 7.7 ppm and H" protons were shifted upfield to 7.2 from previous
position of 7.3 ppm. Similarly, on addition of [BusN]*"HSO4 both H® and H proton were
also shifted. The H® protons were shifted downfield to 7.75 from 7.7 ppm and H¢ protons
were shifted upfield to 7.16 from previous position 7.3 ppm. On the other hand, addition
of the BF,; and ClOy salts of [BusN]" led to negligible changes in the chemical shifts of H°

and H® protons.

bbp:BE, @ h t d
bhp:CIO; @ h : d
bbp:CH;CO0 @ b c d
—
bhp:HSO0; h & d
hhp a h L d
| I | ppm
2.5 8.0 75

Figure 4a.3: 'H NMR, 400 MHz spectra taken over the course of the titration of a CD,CN solution of bbp

with 1 equivalent of [Bu,N]*CH;COO’, [Bu,N]"HSO,, [Bu,N]"BF, and [Bu,N]*ClO,.

4a.2.2 UV/Visible Spectroscopy

The interactions of bbp with the [BuyN]"X" salts of fluoride, chloride, bromide and iodide
were further investigated by spectrophotometric titration experiments in acetonitrile
solution. The optical changes were evaluated by titrating 0.1 equivalents of anion aliquots
into a solution of bbp at regular intervals and recording the changes in the UV/Visible
spectra. In particular, a standard solution of [BusN]'F was added as fixed aliquots to a
standard solution of bbp (9.64 x 10°® M) and the spectra are reported below (Figure 4a.4).
Upon addition of fluoride, the band at 327 nm progressively decreased in intensity with
broadening and a new peak at 311 nm appeared. Along with the above observation, a clear

isosbestic point at 315 nm was observed. The formation of this isosbestic point indicates
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that at least one stable species is present at equilibrium and that a stable complex forms

between bbp and fluoride.

0.6 T .12
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230 280 330 380 430
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Figure 4a.4: UV/Visible spectra of bbp (6.35 x 10° M in dry CH;CN) during titration with [Bu;N]*F from
0-2 equivalents (v/v). Inset-absorbance ratio plot of 311 nm to 327 nm as a function of fluoride ion

concentration.

The inset in Figure 4a.4 shows the changes in the titration profile of the band at 327 nm
corresponding to the bbp:[BusN]'F, hydrogen bonded complex. On addition of 1
equivalent of fluoride, the band at 327 nm is totally quenched and a new peak
corresponding to the bbp:fluoride complex appears at 311 nm. The association constant
(Ka) calculated’ was found to be 439.49 M', suggesting strong hydrogen bonding between

bbp and fluoride.
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Figure 4a.5: UV/Visible spectrum of bbp (7.87 x 10° M in dry CH;CN) during the titration with [Bu;N]*CI

Jrom 0-2 equivalents.
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Figure 4a.6: UV/Visible spectrum of bbp (7.32 x 10° M in dry CH;CN) during the titration with [Bu,NJ*Br

from 0-2 equivalents
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Figure 4a.7: UV/Visible spectrum of bbp (8.53 x 1 0% M in dry CH;CN) during the titration with [Bu;N]'T

from 0-2 equivalents

Analogous investigations were carried out with CI', Br and I' and the titration experiments
were monitored by UV/Visible spectroscopy (Figure 4a.5-7). An acetonitrile solution of
bbp was titrated with a standard solution of tetrabutylammonium salt of the chosen
anions. In all cases, a new absorption band developed on titration and sharp isosbestic
points were observed in the recorded spectra. The spectral variations observed for bbp on
titrating with the anions mentioned below is represented as a 1:1 ratio plot, where unique
spectral features were observed for each anionic guest hydrogen bonded with bbp, thereby
demonstrating the selective nature of bbp as a sensitive chemical sensor for recognizing

different anionic guest molecules (Figure 4a.8).
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= bbp

— bbp : [Bu,NJF
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Figure 4a.8: UV/Visible spectra of bbp with [Bu,N]*F, [Bu,N]*CI, [Bu,N]*Br and [Bu,NJ'I in 1:1 ratio.

The interactions of bbp with the [BuyN]" salts of acetate, bisulfate, tetrafluoroborate,
perchlorate were further investigated by spectrophotometric titration experiments in
acetonitrile solution. The optical changes were evaluated by titrating 0.1 equivalents of
anion aliquots into a solution of bbp at regular intervals and recording the changes in the
UV/Vis spectra. In particular, a standard solution of [BuyN] *CH3COO" was added in fixed
aliquots to a standard solution of bbp (8.62 x 10° M) and the spectra are reported below
(Figure 4a.9). Upon addition of acetate, the band at 327 nm progressively decreased in

intensity with broadening and a new peak of higher wavelength is formed at 368 nm.
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Figure 4a.9: UV/Visible spectra of bbp (8.62 x 10° M in dry CH;CN) during titration with
[Bu,NJ*CH3;COO" from 0-2 equivalents (v/v). Inset - Titration profile of the band at 327 nm corresponding

to equivalent of [Bu,N]"CH;COO'".
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Along with the above observation, a clear isosbestic point at 350 nm was observed. The
formation of this isosbestic point indicates that at least one stable species is present at

equilibrium and that a stable complex forms between bbp and acetate.
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Figure 4a.10: UV/Visible spectrum of bbp (8.32 x 10° M in dry CH;CN) during the titration with

[Bu,N]*HSO, from 0-2 equivalents.

The inset in Figure 4a.9 shows the changes in the titration profile of the band at 327 nm
corresponding to the bbp:[BusN]*CH;COO", hydrogen bonded complex. On addition of 1
equivalent of acetate, the band at 327 nm is decreased and a new peak corresponding to
the bbp:acetate complex appears at 368 nm. The association constant (K,) calculated’ was
found to be 380.49 M, suggesting strong hydrogen bonding between bbp and acetate

On addition of bisulfate anion, the peak at 327 nm is slightly decreased and red shifted.
There is a formation of isosbestic point at 350 nm which is not so intense but indicating
the presence of at least of one stable species at equilibrium and formation of stable
complex between bbp and bisulfate (Fig. 4a.10).

Analogous investigations were carried out with ClO4, and BF, and the titration
experiments were monitored by UV/Visible spectroscopy (Figure 4a.11-12). An

acetonitrile solution of bbp was titrated with a standard solution of
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Figure 4a.11: UV/Visible spectrum of bbp (7.58 x 10° M in dry CH;CN) during the titration with

[Bu,N]*ClO4 from 0-2 equivalents.

tetrabutylammonium salt of the chosen anions. In all cases, a new absorption band
developed on titration and clear isosbestic points were observed in the recorded spectra.
The spectral variations observed for bbp on titrating with the anions mentioned above is
represented as a 1:1 ratio plot, where distinctive spectral features were observed for each
anionic guest hydrogen bonded with bbp, thereby demonstrating the selective nature of

bbp as a sensitive chemical sensor for recognizing different anionic guest molecules

(Figure 4a.13).
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Figure 4a.12: UV/Visible spectrum of bbp (7.62 x 10° M in dry CH;CN) during the titration with

[Bu,N]*BFE, from 0-2 equivalents.
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Figure 4a.13: UV/Visible spectra of bbp with [Bu,N]*CH;COO,[Bu,N]*HSO,, [Bu,N]*ClO4 and

[Bu,NJ*BF, in 1:1 ratio.

4a.2.3 Fluorescence Spectroscopy

Fluorescence spectroscopy studies were also carried out in order to evaluate the ability of
bbp to operate as a fluorescent anion sensor. Remarkable quenching of the fluorescence
was observed on addition of anions. The changes observed in the fluorescence spectra of a
solution of bbp in acetonitrile on adding up to 2.0 equivalents of [BuyN]|'F are depicted in
(Figure 4a.14). A large quenching (> 85%) in intensity of the 375 nm band was observed
on the addition of 1.0 equivalent of [BusN]*F indicating that on formation of the hydrogen
bonded complex between [BusN]F and bbp, the excited state was modified considerably
leading to the quenching of fluorescence. On continuous addition of [BusN|'F to a
solution of bbp the peak was slowly red shifted to 434 nm. The changes observed in the
fluorescence spectra on adding more than 1 equivalent of [BuyN]'F aliquots to bbp were
insignificant, which is in good agreement with the results of UV/visible titration. Figure
4a.14 inset shows the changes in the titration profile of the band at 373 nm corresponding

to the bbp : [BuyN]'F", hydrogen bonded complex.
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Figure 4a.14: Emission spectra of bbp (7.05 x 107 M in dry CH;CN) during the titration with [Bu,N]*F
from 0 to 2 equiv (v/v). Inset—plot of the emission intensity (373 nm) of bbp as a function of [Bu,NJ'F

concentration.

Analogous investigations were carried out with CI', Br and I" and the titration experiments
were monitored by fluorescence spectroscopy (Figure 4a.15-17). An acetonitrile solution
of bbp was titrated with a standard solution of tetrabutylammonium salt of the chosen
anions. In all cases, a new band developed on quenching of fluorescence. The spectral
variations observed for bbp on titrating with the anions mentioned above is represented as
a 1:1 ratio plot, where unique spectral features were observed for each anionic guest
hydrogen bonded with bbp, thereby demonstrating the selective nature of bbp as a

sensitive chemical sensor for recognizing different anionic guest molecules (Figure 4a.18).
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Figure 4a.15: Emission spectra of bbp (8.99 x 107 M in dry CH;CN) during the titration with [BuNJ*CI

from 0-2 equivalents.
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Figure 4a.16: Emission spectra of bbp (7.32 x 107 M in dry CH;CN) during the titration with [Bu;NJ*Br

from 0-2 equivalents.
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Figure 4a.17: Emission spectra of bbp (1.052 x 10° M in dry CH;CN) during the titration with [Bu,N]'T

from 0-2 equivalents.

Fluorescence spectroscopy studies were further carried out with different anions such as
acetate, bisulfate, perchlorate, tetrafluoroborate etc. in order to evaluate the ability of bbp
to operate as a fluorescent anion sensor with these anions. Similarly, titration was
performed by adding 0.1 equivalents of anion aliquots to the bbp solution at regular
intervals to observe the fluorescence quenching of the receptor. In particular, a standard
solution of [BuyN]"CH3;COO™ was added in fixed aliquots to a standard solution of bbp
and the spectra are reported below (Figure 4a.19). A large quenching in intensity of the
375 nm band was observed on the addition of 1.0 equivalent of [BusN]"CH;COO

indicating that on formation of the hydrogen bonded complex between [BuyN]*CH;COO
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and bbp, the excited state

fluorescence.

was modified considerably leading

to the quenching of
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Figure 4a.18: Emission spectra of bbp with [Bu,N]'F, [Bu,N]*Cl, [Bu,N]*Br and [Bu,N]'T in 1:1 ratio.
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Figure 4a.19: Emission spectra of bbp (7.2 x 10°M in dry CH;CN) during the titration with

[Bu,N]*CH;COO from 0-2 equivalents.

Analogous investigations were carried out with HSO4', ClO4” and BFs and the titration

experiments were monitored by fluorescence spectroscopy (Figure 4a.20-22). An

acetonitrile solution of bbp was titrated with a standard solution of tetrabutylammonium

salt of the chosen anions.

Among these, maximum quenching was observed for acetate in comparison to other

anions which was also supported from UV/Vis and "H NMR titration values. The titrations

of bbp with other anions are reported below (Figure 4a.20-22).
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Figure 4a.20: Emission spectra of bbp (7.2 x 107 M in dry CH;CN) during the titration with [Bu,N]*HSO

from 0-2 equivalents.
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Figure 4a.21: Emission spectra of bbp (6.8 x 10”M in dry CH;CN) during the titration with [BuN]*CIO

from 0-2 equivalents.
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Figure 4a.22: Emission spectra of bbp (7.8 x 107 M in dry CH;CN) during the titration with [Bu,NJ*BF,

from 0-2 equivalents.
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In all cases, a new band developed on quenching of fluorescence but it is less prominent in
comparison to acetate. The spectral variations observed for bbp on titrating with the
anions mentioned below is represented as a 1:1 ratio plot, where unique spectral features
were observed for each anionic guest, hydrogen bonded with bbp, thereby demonstrating
the selective nature of bbp as a sensitive chemical sensor for recognizing different anionic

guest molecules (Figure 4a.23).
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Figure 4a.23: Emission spectra of bbp with [Bu,N]*CH;COO, [Bu,NJ*HSO,, [Bu,N]'ClO, and
[Bu,;N|BF, in 1:1 ratio.

4a.2.4 Determination of Association constant

The association constants (K,) calculated’” from the UV/Vis plot at 327 nm show very
strong binding of bbp with fluoride ions as compared with other anions studied here.
(Table 4a.1) The UV/Vis and fluorescence data shows clearly that bbp can be used as a

chemical sensor to detect fluoride anions.

Table 4a.1: Association constants (K,) of bbp with anions in CH3;CN

Anions K, (M'l)
F 439.49
Cl 41.18
Br- 21.96
I 24.46
CH;CO0O 380.49
HSO4 102.18
ClO4 32.96
BF, 29.46
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4a.3 Conclusion

In summary, anion sensing behavior of 2,6-bis(2-benzimidazolyl)pyridine, bbp, ligand has
been studied. It shows high selectivity for fluoride over other anions at concentrations as
low as 107 M. The binding of the above tridentate ligand with a series of anions was
monitored by changes in 'H NMR chemical shifts, as well as by UV/Visible and
fluorescence spectroscopy. In the fluorescence titration large quenching was observed for
fluoride anion in comparison to other anions that leads to bbp as a chemosensor for
fluoride ion in comparison to other anions. Similar UV/Visible and 'H NMR titrations of
bbp with different anions also shows maximum binding with fluoride anion in comparison
to other anion that also support for the chemosensor behavior of bbp for fluoride anion.
The calculated binding constant was observed maximum for fluoride ion. In terms of

simplicity and selectivity bbp can be used as a chemosensor for fluoride ion.

4a.4 Experimental Section

4a.4.1 General

All reagents were used as received without further purification unless mentioned. These
materials were of reagent grade or better. Acetonitrile was distilled from calcium hydride.
UV/Vis spectra were recorded on a Perkin Elmer Lambda-25 spectrophotometer.
Fluorescence spectra were recorded on a Varian Cary Eclipse Fluorescence
spectrophotometer. 'H-NMR spectra were obtained with a 400 MHz Varian FT

spectrometer. Chemical shifts (ppm) were referenced to the residual solvent peaks.
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Abstract

1,3-bis(5,6-dimethyl-1H-benzo[d]imidazol-2-yl)benzene, bbb a neutral tridentate ligand,
is employed as a chemosensor for the detection of different anions. The binding of anionic
guest species with this ligand is studied using UV/Vis spectroscopy, fluorescence
spectroscopy, and 'H NMR techniques. The results indicate that bbb can be used as a
chemical shift and optical modification based sensor for the detection of different anions.
Anion binding studies using '"H NMR and fluorescence spectroscopy revealed that this

receptor exhibits high selectivity for fluoride over other anions.
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4b.1 Introduction

The development of synthetic receptors capable of selectively recognizing anions
continues to attract a great deal of interest due to their significance in a plethora of
biological, chemical, and environmental processes.1 In spite of recent advances and the
variety of anion receptors developed so far, the problem of achieving strong and selective
anion recognition has not yet been solved. Despite their popularity, the design of ‘substrate
specific’ synthetic receptors still remains a great challenge for supramolecular scientists
due to (1) the large size of anions compared to the cations (2) the chemical environment
that determines the strength of interaction and (3) the pH of the medium. A number of
researchers®” tried to overcome the above challenges and have led to considerable
advancement of several classes of anion receptors and provided insight into newer host
molecules. Numerous neutral receptors exist for anions; most of them containing —-NH
fragments which act as hydrogen bond donors for the anions.’ Isophthalamides are
excellent anion receptors in organic solution and have been used by different groups in
anion receptors.6 Anthraquinones containing hydrogen bond donor groups have already
been reported by different groups that bind and sense anions by color change.’ But ligands
having without fluorophore or additional signal part that can easily detect anions are very
rare and is a research field of considerable interest.

This chapter deals with the utilization of 1,3-bis(5,6-dimethyl-1H-benzo[d]imidazol-2-
yl)benzene, bbb ligand towards the detection of anions by UV/Vis and fluorescence

spectroscopy and 'H NMR techniques.

Hb
Ha Ha
Hd N N Hd \\\X;///
= = *  X-=F,CI, Br,I', CH;COO", NOy, BF,, HSO,"
CH; N, H N \\\
H H
CH,3 Hd

N
CH, I
Hd CH3

Figure 4b.1: 1,3-bis(5,6-dimethyl-1H-benzo[d]imidazol-2-yl)benzene, bbb and various anions.
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4b.2 Results and discussion

Ligand bbb has two —NH fragments and one —CH fragment that can form hydrogen
bonded adducts with anions. It is structurally very simple, stable to heat / light and can be
synthesized in one step from commercially cheap starting materials. In comparison to the
2,6-Bis(2-benzimidazolyl)pyridine, bbp ligand, bbb ligand contains four methyl groups in
the benzimidazol part, because of the steric factor of the methyl groups bbb becomes more
selective and that also enhances the solubility of the ligand. Again, as the “middle part” of
the host ligand contains benzene ring instead of pyridine, the interaction of benzene —CH
fragment with the anions can be well studied. So, its well-defined internal cavity
consisting of two NH hydrogen atoms and CH hydrogen atoms, bbb can function as an

ideal host for the recognition of anions by hydrogen bonding interactions.

4b.2.1 "H-NMR Spectroscopy

"H NMR spectroscopy has been widely used to investigate receptor—substrate interactions
and it can provide details of the interactions between the host and the guest. Initial binding
studies were carried out by adding the tetrabutyl-ammonium salts (TBAX) ([BusN|"X"; X
=F, CI, Br, I, CH;COO’, NOy, BF4s, HSO4 ) to a CDsCN solution of bbb. The changes
in the chemical shifts of bbb were examined by recording the "H NMR spectrum at room
temperature (Figure 4b.2). The largest chemical shift for the aromatic protons of bbb was
observed on adding the [BusN]"-fluoride salt, which indicated a strong interaction of bbb
with F". Significant chemical shift changes (upon addition of the fluoride salt of [BuyN]"X"
to bbb), were observed for the H*, H” and H® proton signals which were shifted upfield to
8.12, 7.92 and 7.86 ppm, respectively, from the positions of 8.2, 7.96 and 7.77 ppm. On
the addition of chloride salt of [BusN]"X to bbb no significant changes occur for H?, HP
and H proton signals, however H proton signal shifted to 7.85 ppm from 7.77 ppm which

1s to some extent similar to F'. On the other hand, addition of the Br’, I and NO, salts of
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[BugN]" led to negligible changes in the chemical shifts of all the protons. Again, on the
addition of BF,, no significant changes occur with the other protons except for H® proton
signal which is shifted to 7.71 ppm from 7.77 ppm. But, the addition of HSO4 anion
shows significant spectral changes where all H”, H" and H° proton signals shifted to
downfield except for H¢ proton signal. The values changed to 8.24, 8.02 and 7.84 from the
original positions of 8.2, 7.96 and 7.77 ppm respectively. This shows that a very strong
complex was formed between bbb and HSOs also. It is likely that these strong
interactions may be due to the protonation of the receptor by the anions which was
observed in the "H NMR spectra the peak for H and HY protons which became somewhat
broader than the original peaks. Again, on the addition of CH3;COO' salt of [BuyN]"X" to
bbb, H*, H” and H® proton signals were shifted to 8.12, 7.88 and 7.76 ppm, respectively,
from the positions of 8.2, 7.96 and 7.77 ppm. From the above chemical shift changes, we
can conclude that larger the anions, the more difficult it is to accommodate them within

the cavity of bbb. The other reason for the large chemical shift changes in bbb, on the

bbb:CH;COO | |

bbb:HSO,
bbb:NO, | a

bbb:I NE

bbb:Cl |l a

bbb

bbb:BF, a

AR [
|

bbb:Br 2 J

bbb:F || a |

. b

C

Figure 4b.2: ' NMR, 400 MHz spectra taken over the course of the titration of a CD;CN solution of bbb

with 1 equivalent of [Bu,NI'F, [Bu,NJ'Cl, [Bu,N]'Br, [BuN]'T, [Bu,N]'CH;COO, [Bu,NINO;,

[Bu,NJ*BF, [Bu,N]*HSO,.
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addition of [BusN]'F is attributed to the fact that F" has a higher negative charge and
better hydrogen bond acceptor properties compared to the other anions. Although, CI” ion
shows chemical shift changes similar to F~ ion for H® proton signals, it does not show any
significant changes with other protons, which clearly shows that the cavity may not be
enough to accommodate the CI ion in its cavity. When the fluoride anion and bbb form a
complex adduct (with the -NH protons of the benzimidazole rings and —CH protons of the
benzene ring) a reasonably large conformational twist occurs to accommodate the fluoride
in the cavity of bbb as well as the —CH protons of the benzene ring also bind to the F ion
through hydrogen bonding, because of which large chemical shifts was observed for the
H* and H" protons. These chemical shift changes also rules out the possibility of the direct
participation of the benzene ring —CH protons in hydrogen bonding with the anions. Thus,
it could be easily predicted that fluoride ions form a hydrogen-bonded complex with the
two — NH’s and one —CH protons of the benzene ring present at the inner cavity of bbb,
and in order to accommodate fluoride into its cavity, bbb undergoes a moderate twist. The
smaller size of fluoride compared to other anions allows it to be accommodated in the
cavity of bbb. Though, in all possibilities other anions form hydrogen bonded complexes
with bbb, the larger diameter of these anions compared to fluoride may not allow them to
enter the cavity of bbb due to steric reasons. These studies thus indicate that bbb can be
used as a chemical sensor for the detection of fluoride anions among the halides and 'H

NMR could be employed as a chemical shift based probe.

4b.2.2 UV/Visible Spectroscopy

The interactions of bbb with the tetrabutyl-ammonium salts (TBAX) ([BuyN]'X’; X = F,
CI, Br, I', CH3;COO'", NOy', BFs, HSOy) were further investigated by spectrophotometric
titration experiments in acetonitrile solution. The optical changes were evaluated by

titrating 0.1 equivalents of anion aliquots into a solution of bbb at regular intervals and
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recording the changes in the UV/Vis spectra. In particular, a standard solution of
[BusN]'F was added in fixed aliquots to a standard solution of bbb (8.24 x 10°° M) and
the spectra are reported below.(Figure 4b.3) Upon addition of fluoride, the band at 339 nm
progressively decreased in intensity with broadening and a clear isosbestic point at 368 nm
was observed. The formation of this isosbestic point indicates that at least one stable
species is present at equilibrium and that a stable complex forms between bbb and

fluoride.

250 350 450
Wavelength (nm)

Absorbance (a.u.)

Figure 4b.3: UV/Visible spectra of bbb (8.24 x 10° M in dry CH;CN) during titration with [Bu,N]"F from

0-2 equivalents (v/v)
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Figure 4b.4: UV/Visible spectrum of bbb (8.30 x 10° M in dry CH;CN) during the titration with [Bu,N]

*CH;C00 from 0-2 equivalents.

Analogous investigations were carried out with CI', Br, I, CH;COO", NO,, BFs and
HSOy and the titration experiments were monitored by UV/Visible spectroscopy (Figure

4b.4-5). An acetonitrile solution of bbb was titrated with a standard solution of
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tetrabutylammonium salt of the chosen anions. In all cases, the peak at 339 nm was
decreased on titration and a new peak was observed in the recorded spectra but the shift

was very minor.
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Figure 4b.5: UV/Visible spectrum of bbb (8.44 x 10° M in dry CH;CN) during the titration with [Bu,N]

"HSO; from 0-2 equivalents.

The spectral variations observed for bbb on titrating with the anions mentioned below is
represented as a 1:1 ratio plot, where unique spectral features were observed for each
anionic guest bonded with bbb, thereby demonstrating the selective nature of bbb as a

sensitive chemical sensor for recognizing different anionic guest molecules (Figure 4b.6).
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Figure 4b.6: UV/Visible spectra of bbb with [Bu,N']F, [BuN]*Cl, [BuN]"Br, [Bu,NJ'I.

[Bu,N]*CH;COO', [Bu,N]*"NOy,[Bu,N]"BF, [Bu,N]*"HSOy in 1:1 ratio.

4b.2.3 Fluorescence Spectroscopy
Fluorescence spectroscopy studies were also carried out in order to evaluate the ability of

bbb to operate as a fluorescent anion sensor. Remarkable quenching of the fluorescence
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was observed on addition of anions. The changes observed in the fluorescence spectra of a
solution of bbb in acetonitrile on adding up to 2.0 equivalents of [BuyN]'F are depicted in
(Figure 4b.7). A large quenching (> 75%) in intensity of the 393 nm band was observed on
the addition of 1.0 equivalent of [BuyN]'F indicating that on formation of the hydrogen
bonded complex between [BuyN]'F and bbb, the excited state was modified considerably
leading to the quenching of fluorescence. On continuous addition of [BuyN]'F to a
solution of bbb the peak was slowly red shifted to 403 nm. The changes observed in the
fluorescence spectra on adding more than 1 equivalent of [BusN]'F aliquots to bbb were
insignificant, which is in good agreement with the results of UV/Vis titration. Figure 4b.7
inset shows the changes in the titration profile of the band at 393 nm corresponding to the

bbb : [BusN]'F, hydrogen bonded complex.
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Figure 4b.7: Emission spectra of bbb (6.24 x 107 M in dry CH;CN) during the titration with [Bu,NJ'F from
0 to 2 equiv (vv). Inset—plot of the emission intensity (393 nm) of bbb as a function of [Bu,N]'F

equivalent..

Analogous investigations were carried out with CI, Br, I, CH3COO", NO,", BF4 and
HSOy4 and the titration experiments were monitored by fluorescence spectroscopy (Figure
4b.8-9). An acetonitrile solution of bbb was titrated with a standard solution of
tetrabutylammonium salt of the chosen anions. In particular, a standard solution of
[BusN]"CH3;COO™ was added as fixed aliquots to a standard solution of bbb and the

spectra are reported below (Figure 4b.8). A large quenching in intensity of the 393 nm
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band was observed on the addition of 1.0 equivalent of [BusN]*CH3COO™ indicating that
on formation of the hydrogen bonded complex between [BuyN]"CH3;COO™ and bbb, the
excited state was modified considerably leading to the quenching of fluorescence. Again,
on the addition of 1.0 equivalent of [BusN]"CI’, large quenching in intensity of the 393 nm

band was observed but that was less in comparison to F* or CH3COO'.
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Figure 4b.8: Emission spectra of bbb (6.26 x 107 M in dry CH;CN) during the titration with [Bu,NJ*

CH;COO from 0-2 equivalents.
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Figure 4b.9: Emission spectra of bbb (6.49 x 107 M in dry CH;CN) during the titration with [Bu;NJ*Cl

from 0-2 equivalents.

Similarly with the other anions also, a new band developed on quenching of fluorescence
and the quenching intensity by the anions is maximum of 60% which is less in comparison
to [BuyN]'F. The spectral variations observed for bbb on titrating with the anions
mentioned below is represented as a 1:1 ratio plot, where unique spectral features were

observed for each anionic guest bonded with bbb, thereby demonstrating the selective
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nature of bbb as a sensitive chemical sensor

molecules (Figure 4b.10).

for recognizing different anionic guest
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Figure 4b.10: Emission spectra of bbb with [BuN]'F, [BuNJ'Cl, [Bu,NJ]'Br, [Bu/NJ'I

[Bu,NJ*CH;COO', [Bu,N]*NOy,[Bu,N]*BFy, [Bu,N]"HSOy in 1:1 ratio.

4b.2.4 Determination of Association constant

The association constants (K,) calculated® from the UV/Visible plot at 339 nm show very

strong binding of bbb with fluoride ions as compared with other anions studied here.

(Table 4b.1) The UV/Visible and fluorescence data shows clearly that bbb can be used as

a chemical sensor to detect fluoride anions.

Table 4b.1: Association constants (K,) of bbb with anions in CH3;CN

TH-940_04612211

Anions K.(M™h
F 502.79
CI 61.12
Br- 20.63
I 18.22
CH;COO 186.32
HSO4 242.16
NO, 29.46
BE, 32.96
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4b.3 Conclusion

In summary, a new ligand 1,3-bis(5,6-dimethyl-1H-benzo[d]imidazol-2-yl)benzene, bbb
was synthesized and anion sensing behavior of this ligand has been studied carefully. The
binding of the above tridentate ligand with a series of anions was monitored by changes in
'"H NMR chemical shifts, as well as by UV/Vis and fluorescence spectroscopy. The
interaction of -CH fragment of benzene part as well as -NH fragment of imidazol part
with different anions has been well studied. From 'H NMR data it was clear that the
position of ~CH fragment (H® proton) was modified on the addition of different anions
which confirmed the hydrogen bonding interaction of this —CH unit with the anions. The
sequence of binding constants of the different anions with the receptor decreases from F
to I'. The receptor also binds with acetate and bisulfite anions although their strength is
less in comparison to fluoride and as confirmed from fluorescence and '"H NMR data. bbb
shows high selectivity for fluoride over other anions at concentrations as low as 107 M.
Among all the anions, F establishes the strongest H-bond interaction with both -NH and —
CH fragment of the benzimidazol moiety. From both selectivity and ease of use, it is clear

that bbb can be used as a sensor for fluoride anion.

4b.4 Experimental Section

4b.4.1 General

All reagents were used as received without further purification unless mentioned. These
materials were of reagent grade or better. Acetonitrile was distilled from calcium hydride.
UV/Vis spectra were recorded on a Perkin Elmer Lambda-25 spectrophotometer.
Fluorescence spectra were recorded on a Varian Cary Eclipse Fluorescence
spectrophotometer. 'H-NMR spectra were obtained with a 400 MHz Varian FT

spectrometer. Chemical shifts (ppm) were referenced to the residual solvent peaks.

TH-940 04612211 82



Chapter 4b

Preparation of bbb ligand

Isophthalic acid (Aldrich, 0.50 g) and 4,5-Dimethyl-benzene-1,2-diamine (Aldrich, 0.90 g)
were dispersed in orthophosphoric acid (Aldrich, 10cm?), and heated for 4h at 220°C.
Whilst still hot, the resulting solution was poured into cold distilled water (1 dm?) with
vigorous stirring. The resulting blue precipitate was collected by filtration, then dispersed
in 500cm’ of hot 10% (w/v) Na,COs (aq) and stirred for 30min. The insoluble material
was collected by filtration, dispersed in cold distilled water (800cm®), and adjusted to pH 4
using 10% (v/v) HCIl (aq) then recovered by filtration and recrystallized from the
minimum amount of methanol. The final product obtained was a white powder (90%, 0.90

g) with a melting point in excess of 250°C.
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Abstract

Metal-ligand binding is used as a driving force for the formation of organic/inorganic
hybrid materials. The formation of metallo-supramolecular complexes with different metal
ions (e.g. Zn**, Co™*, Cd** etc.) was studied for two ditopic ligands having hexyl chain as
a spacer, where one monomer ligand formed the coordinate bond and the other formed the
organometallic bond. The optical and thermal properties of the new materials were
investigated by a variety of analytical techniques, including UV/Visible,
photoluminescence spectroscopy and thermogravimetric analysis. Viscosity studies

demonstrate the formation of self-assembling aggregates.
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5.1 Introduction

Metallo-supramolecular chemistry is a topic of great current interest. Metallo-
supramolecular complexes have been studied intensively due to their outstanding optical,
thermal and mechanical properties and potential applications in various fields including
light-emitting diodes, field effect transistors, photovoltaic cells, sensors etc. There has
been a lot of recent interest that uses the metal ligand binding as the driving force for the
self-assembly of ditopic ligands into supramolecular polymers.1 Different groups have
reported a number of ditopic ligands that possess diverse spacers capable of forming
metallo-supramolecular complexes with several metal ions, thus, providing a new avenue
for research that displayed appreciable mechanical properties2 in addition to other well-
explored properties. One of the easiest methods for supramolecular polymerization i.e. the
self-assembly of monomers into polymeric structures, is through the utilization of the non
covalent bond by using metal/ligand interactions which offers a large diversity not only for
thermodynamic stability but also kinetic lability. Thus simple addition of metal ions to a
monomer that has ligand units placed at either end should result in the self-assembly of
metallo-polymeric aggregates. Interestingly, however, reports of metallo-supramolecular
complexes with appreciable mechanical properties appear to be rare. With the objective to
develop new organic/inorganic hybrid materials, which combine good mechanical
properties and other attractive properties (e.g., high stability at elevated temperatures,
specific opto/electronic functions) with ease of processing, we embarked on the
exploration of various new classes of metallo-supramolecular complexes.

This chapter deals with the preparation of ditopic ligands having hexyl chain as a spacer
from simple tridentate ligands of 2,6-bis(1 -methylbenzimidazoyl)-4-hydroxypyridine and
2,6-bis(1 -methylbenzimidazoyl)-4-hydroxybenzene, detailed characterization followed by
the study of their metallo-supramolecular complex forming ability with different metal
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ions using UV/Visible and fluorescence spectroscopy, viscosity measurement and thermal

e

—N

stability of the complexes have been studied.

=N

Me/N©

Figure 5.1: Ditopic ligands 5a and 5b

5.2 Results and Discussion

The synthesis of 4-hydroxy-2,6-bis(1 -methylbenzimidazoyl)pyridine and 4-hydroxy-2,6-
bis(1 -methylbenzimidazoyl)benzene ligands was achieved in one step, from
commercially available starting materials, using the well known Phillips condensation
method.’

5.2.1 UV/Visible Spectroscopy

Metallo-supramolecular complex formation was studied by simple technique of
UV/Visible titration which was done in a mixture of dry acetonitrile and chloroform. The
formation of the metallo-supramolecular materials, [SaMX,], and [SbMX;], can be
achieved by simple addition of 1 equiv. of the appropriate metal ion salt to a solution of
the ditopic monomer, 5a, or Sb. We have found that a variety of ions (e.g., Cd2+, Zn2+,
Co™") can be utilized to interact with the ditopic ligands. The complexation of these metal
ions to the ligand can be followed by UV/Vis spectroscopy.

The ditopic ligands Sa and Sb show the ligand absorption band at 314 nm and 296 nm
respectively, which is assigned to the n-n* transitions of the ditopic ligands. Addition of 1
equiv. of the salts of Cd2+, Zn2+, Co?* ions to any of these monomers in acetonitrile and

chloroform solvent mixture resulted in a red shift of this band with the clear formation of
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isosbestic point, broadening and a clear change in the color of the solution with different

metal ions. Addition of the metal ions to the ditopic ligand 5a forms gel like morphology

(a) (b)

Figure 5.2: (a) Ditopic ligand 5a, Zn** and complex; (b) Ditopic ligand 5b and complex with, Zn** under

UV light.

which precipitate with time and show high brightness under UV illumination (Figure 5.2).
Contrarily ditopic ligand Sb, on the addition of the metal ions did not form any
precipitates but a minor color change was observed. Figure 5.3 clearly shows the
formation of metallo-supramolecular complexes between the ditopic ligand Sa and Zn**
metal ions. This red shift in the absorption and the significant broadening nature of the

peaks confirm the formation of metallo-supramolecular complexes.
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Figure 5.3: UV/Vis spectra of 5a (6.45 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Zn(ClOy); from 0-2 equivalents

The binding ability of the ditopic ligand S5a was evaluated by titrating 0.1 equivalents of

Zn(ClOy), aliquots into a solution of 5a in acetonitrile at regular intervals and recording

TH-940_04612211 8



Chapter 5

the changes in UV/Vis spectral data. It was observed that on increasing the concentration
of the metal ion, progressive decrease of intensity in the initial absorption band (Figure
5.3) having Am.x at 314 nm associated with the 7@-m* transition of S5a resulted.
Concurrently, a new peak at 355 nm develops which is due to the formation of stable
complex between Sa and Zn(ClO,),. This family of spectra shows formation of an
isosbestic point at 330 nm indicating the presence of at least one intermediate species at
equilibrium. It was observed that the spectral features reached a limiting value only after
the addition of 2.0 equivalents of metal ions (though the changes observed in the spectra
on addition of 1.1 to 2.0 equivalents metal were very minor compared to the initial ten
additions). Thus the gradual decrease in the band intensity at 314 nm and formation of a
new higher intensity blue-shifted band at 350 nm with a clear isosbestic point is proof for

the formation of metallo-supramolecular complex between monomer Sa and metal.
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Figure 5.4: UV/Vis spectra of 5a (6.24 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.

Similarly, on the addition of Co** and Cd** metal salts resulted in the peaks to be red
shifted with the clear formation of isosbestic point. Figure 5.4 shows the changes of
spectral properties on the addition of Co** metal ions, where the initial absorption band

having Amax at 314 nm progressively decreases with broadening and a new red shifted peak
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is seen at 344nm and formation of a clear isosbestic point at 326 nm which shows that
there is at least one species at equilibrium.

Figure 5.5 shows the changes of spectral properties on the addition of Cd** metal ions,
where the initial absorption band having Ay, at 314 nm progressively decreases and the
peak is red shifted also with a clear formation of an isosbestic point at 326 nm which

shows that there is at least one species at equilibrium.
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Figure 5.5: UV/Vis spectra of 5a (6.46 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

On the other hand, ditopic ligand Sb shows different optical properties on the addition of
metal ions. Fig. 5.6 clearly shows the spectral changes that occur on the addition of
Zn(ClOy4),. It was observed that on increasing the concentration of the metal ion,
progressive decrease of intensity in the initial absorption band (Figure 5.6) having A, at
296 nm associated with the mt-* transition of Sb resulted. The peak is red shifted with a
clear formation of isosbestic point at 325 nm which is due to the formation of stable
complex between Sb and Zn(ClOy),. The formation of an isosbestic point indicates the
presence of at least one species at equilibrium.

Similarly, on the addition of Co®* and Cd** metal ions the peaks were red shifted with the
clear formation of isosbestic point. Figure 5.7 shows the changes of spectral properties on

the addition of Co*" metal ions, where the initial absorption band having A« at 296 nm
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Figure 5.6: UV/Vis spectra of 5b (6.50 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Zn(ClOy), from 0-2 equivalents.
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Figure 5.7: UV/Vis spectra of 5b (6.52 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.

progressively decreases and the peak is red shifted and there is a formation of an isosbestic

point at 321 nm which shows that there is at least one species at equilibrium and confirms

the formation of the supramolecular complex between the two compounds.

Figure 5.8 shows the changes of spectral properties on the addition of Cd** metal ions,

where the initial absorption band having Am.x at 296 nm progressively decreases (minor)

and the peak is red shifted with a clear formation of an isosbestic point at 325 nm which

shows that there is at least one species at equilibrium and that also confirms the formation

of the supramolecular complex between the ditopic ligand and metal ions.
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Figure 5.8: UV/Vis spectra of 5b (7.00 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

5.2.3 Fluorescence Spectroscopy

Fluorescence spectroscopy studies were also carried out in order to evaluate the ability of
the two ditopic ligands Sa and Sb to form the metallo-supramolecular complexes with
different metal ions. Remarkable quenching of the fluorescence was observed on addition
of different metal ions. It was observed that monomer 5a shows more quenching in
comparison to Sb which may be due to the formation of stronger coordination bond with
monomer Sa while with the monomer Sb it will form weaker organometallic bond using

the C-H part of the benzene ring.
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Figure 5.9: Emission spectra of 5a (9.20 x 107 M in dry CHCI; : CH;CN = 4 : 1) during the titration with

Zn(ClOy); from 0-2 equivalents.
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The changes observed in the fluorescence spectra of a solution of 5a in acetonitrile and
chloroform solvent mixture on adding up to 2.0 equivalents of Zn>* are depicted in Figure
5.9. A large quenching (> 95%) in intensity of the 362 nm band was observed on the
addition of 1.0 equivalent of Zn(ClO,), indicating that on formation of the metallo-
supramolecular complex between Zn(ClO4), and Sa, the excited state was modified
considerably leading to the quenching of fluorescence. On continuous addition of
Zn(ClOy), to a solution of Sa the peak was slowly red shifted to 407 nm. The changes
observed in the fluorescence spectra on adding more than 1 equivalent of Zn(ClOy);
aliquots to Sa were insignificant, which is in good agreement with the results of UV/Vis
titration. Figure 5.9 inset shows the changes in the titration profile of the band at 362 nm
corresponding to the 5a : Zn(ClOy), metallo-supramolecular complex.

Analogous investigations were carried out with Cd(ClO4), and Co(ClO.), and the titration
experiments were monitored by fluorescence spectroscopy (Figure 5.10-11). An
acetonitrile and chloroform solution of Sa was titrated with a solution of those chosen
metal ions. In all cases, a new band developed on quenching of fluorescence. Figure 5.10
shows the changes in fluorescence spectra on the addition of Co(ClO4); to a solution of Sa
in acetonitrile and chloroform solvent mixture. On the addition of the metal ions, the
emission peak of the ditopic ligand which was at 362 nm slowly decreases due to the
quenching by the metal ions and was red shifted to about 405 nm. Here also the maximum
quenching was observed up to the addition of the one equivalent of the metal ions,
whereas changes observed in the fluorescence spectra on adding more than 1 equivalent of
Co(ClOy), aliquots to Sa were insignificant. Figure 5.10 inset shows the changes in the
titration profile of the band at 362 nm corresponding to the 5a:Co(ClO4), metallo-

supramolecular complex.
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Figure 5.10: Emission spectra of 5a (9.32 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.

Similar fluorescence titration of 5a was carried out with Cd(ClO,), in acetonitrile and
chloroform solvent mixture. Figure 5.10 shows the changes of the emission spectra, where
the intensity of the fluorescence emission peak of 362 nm gradually decreased on the
addition of the metal ions due to the formation of the metallo-supramolecular complex

between the ditopic ligand and the metal ions leading to quenching.
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Figure 5.11: Emission spectra of 5a (8.00 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

Fluorescence spectroscopy studies were also carried out in order to evaluate the ability of
the ditopic ligands 5b to form the metallo-supramolecular complexes with different metal
ions. The changes observed in the fluorescence spectra of a solution of Sb in acetonitrile

and chloroform solvent mixture on adding up to 2.0 equivalents of Zn** are depicted in
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Figure 5.12. A large quenching (> 60%) in intensity of the 361 nm band was observed on
the addition of 1.0 equivalent of Zn(ClO.), indicating that on formation of the metallo-
supramolecular complex between Zn(ClO4), and Sb, the excited state was modified
considerably leading to the quenching of fluorescence. On continuous addition of
7Zn(ClOy), to a solution of 5b the peak decreases gradually but in comparison to Sa it was
less where the quenching was (> 95%) which may be due to the formation of the weaker
organometallic bond between the C-H part of the benzene ring of the monomer. The
changes observed in the fluorescence spectra on adding more than 1 equivalent of
Zn(ClOy), aliquots to Sb were insignificant, which is in good agreement with the results of
UV/visible titration. Figure 5.12 inset shows the changes in the titration profile of the band

at 361 nm corresponding to the Sb : Zn(ClO,4), metallo-supramolecular complex.
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Figure 5.12: Emission spectra of 5b (9.50 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Zn(ClOy), from 0-2 equivalents.

Similar fluorescence titration experiments were carried out with Cd(ClO4), and Co(ClOy),,
(Figure 5.13-14). An acetonitrile and chloroform solution of 5b was titrated with a
solution of those chosen metal ions. In all cases, a new band developed on quenching of
fluorescence. Figure 5.13 shows the changes in fluorescence spectra on the addition of
Co(ClOy); to a solution of 5b in acetonitrile and chloroform solvent mixture. On the
addition of the metal ions, the emission peak of the ditopic ligand which was at 361 nm

slowly decreases due to the quenching by the metal ions. Here also the maximum
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quenching was observed up to the addition of one equivalent of the metal ions, changes
observed in the fluorescence spectra on adding more than 1 equivalent of Co(ClOs4),
aliquots to Sb were insignificant. Figure 5.12 inset shows the changes in the titration
profile of the band at 361 nm corresponding to the 5b : Co(ClOy), metallo-supramolecular

complex.
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Figure 5.13: Emission spectra of 5b (9.80 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.
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Figure 5.14: Emission spectra of 5b (8.80 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

Again fluorescence titration of Sb was carried out with Cd(ClOs), in acetonitrile and
chloroform solvent mixture. Figure 5.14 shows the changes in the emission spectra, where

the intensity of the fluorescence emission peak of 361 nm showed minor decrease on the
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addition of the metal ions due to the formation of the metallo-supramolecular complex

between the ditopic ligand and the metal ions leading to quenching.

5.2.4 Study of thermal behaviour

The thermal properties of the metallo-supramolecular complexes and the parent monomers
Sa and Sb were investigated by means of thermogravimetric analysis (TGA). A solution
containing 25 mg (0.031 mmol) of Sa in 300 pL of chloroform was mixed with a 1:1
stoichiometric amount of 11.74 mg (0.031 mmol) of zinc perchlorate hexahydrate in 150
pL of acetonitrile. This mixed solvent solution was then stirred for 2 hrs and the complex
was allowed to air-dry and then was vacuum-dried in an oven for 12 hrs at room

temperature.

Similarly, all other metallo-supramolecular complexes were prepared maintaining 1:1 ratio
of the monomer and metal salts. A series of experiments were carried out in order to
understand the thermal properties of these metallo-supramolecular complexes. The
thermograms were recorded in atmospheric conditions. The working temperature range of
the instrument is from ambient to 1300°C.

TGA traces of monomer (neat) Sa (Figure 5.15) acquired under normal atmosphere and
shows the onset of significant weight loss (3%) at 272 °C, corresponding to the loss of the
water molecule present in the monomer. The Zn** and Cd** metallo-supramolecular
complexes of 5a show a rather similar thermal behavior, but the 4% weight loss occurs at
somewhat lower temperatures. We ascribe this situation to the thermal degradation of the

perchlorate counterions.

— [54a]
95 — [5a+2Zn(Il)]
— [5a+ Co(ll)]
75 - — [5a+Cd(ll)]
T 55 -
* 35
15
'5 T T T
40 240 440 640
Temperature (°C)

Figure 5.15: Thermogravimetric analysis (TGA) traces of monomer 5a and its supramolecular complexes

with Zn**, Co**and Cd**.
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Similar behaviour was also observed in case of monomer Sb and its metal complexes.

— [5b + Co(ll)]

80 — [5b + Cd(ll)]
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Figure 5.16: Thermogravimetric analysis (TGA) traces of monomer 5b and supramolecular complexes with

Co**and Cd**.

5.2.5 FT-IR Spectroscopy

The FT-IR spectra of all the complexes were recorded in KBr pellets. In the case of
complexes of 5a and 5b with different metal ions the characteristic perchlorate vibrations
appear at ~1089 cm’' which are absent in case of the monomers. Again, the C=N vibration

peak which appear at ~ 1593 cm' slightly shifted after addition of the metal ions (Fig.

5.17)
105 ¢ —5a —b5a:Zn 100 —5b —5b:Co
& ——35a:Co —>5a:Cd —5b:Ni
80 [
65
— 60
'0\7,45 B
a0
25 |
5L ‘ ‘ ‘ ‘ 20 L : : : ‘
1650 1450 1250 1050 850 1650 1450 1250 1050 850
Wavenumber (cm™) Wavenumber (cm™)

Figure 5.17: FT-IR spectra for metal complexes of (a) monomer 5a and (b) monomer 5b in KBr pellets
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5.2.6 Viscosity measurement

Having demonstrated the formation of metallo-supramolecular complexes from a
combination of UV/Vis, photoluminescence, and FT-IR studies this complex formation
can be studied by viscosity measurement in solution state. The intrinsic viscosity, [n], of a
sample is related to the molecular weight M of the polymer through the Mark-Houwink-
Sakurada equation: [n] = KM“, where K and a are experimentally determined polymer and
environmentally specific constants. Viscosity studies were carried out using a Cannon-
Ubbelohde microdilution viscometer, and the relative viscosities of the complexes were
measured at a variety of different concentrations. Figure 5.18 shows the Huggins plot
(reduced viscosity vs concentration) for Zn** complexes of the monomers 5a and 5b.
Keeping the total solute concentration constant, the data show a steady increase of the

reduced viscosity on dilution.
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Figure 5.18: Plot of reduced viscosity vs concentration for the Zn** complexes of ditopic monomers (a) 5a

and (b) 5b.

5.3 Conclusion
We have synthesized two ditopic ligands having hexyl chain as a spacer from simple
tridentate ligands of 2,6-bis(1’-methylbenzimidazoyl)-4-hydroxypyridine and 2,6-bis(1°-

methylbenzimidazoyl)-4-hydroxybenzene attached to either end. The products were well
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characterized by 'H NMR, Bc NMR, FT-IR and mass spectroscopy. The metallo-
supramolecular complex formation of these monomers has been studied with different
metal ions e.g. Zn**, Co*, Cd** etc. using UV/Vis, fluorescence and 'H NMR
spectroscopy. UV/Vis spectra showed that on continuous addition of the different metal
ions the absorption maximum decreases and the peak slowly red shifted with a clear
formation of isosbestic point in both the monomers. Again from the fluorescence titration
it was clear that on the addition of the metal ions to Sa the emission peak was quenched
due to the formation of the metallo-supramolecular complex and the peak was red shifted,
while addition of the metal ions to Sb showed less quenching due to the weaker
organometallic bond formation by the C-H part of the benzene ring of the monomer with
metal salts. Thermal studies showed that these complexes were highly stable at elevated
temperature. The wide range of possible cores that can be studied, in accordance with the
metal ions availability and their binding capability, which would not only exhibit different
binding kinetics and thermodynamics but also can impart functionality, e.g., catalysis,
luminescence, etc., opens the door to the creation of easy to process organic/inorganic
hybrid materials in which the functionality and mechanical properties can easily be

tailored as per requirement and application.

5.4 Experimental section

5.4.1 General

All reagents were used as received without further purification unless mentioned. These
materials were of reagent grade or better. Acetonitrile was distilled from calcium hydride.
UV/visible spectra were recorded on a Perkin Elmer Lambda-25 spectrophotometer.
Fluorescence spectra were recorded on a Varian Cary Eclipse Fluorescence
spectrophotometer. 'H-NMR spectra were obtained with a 400 MHz Varian FT

spectrometer. Chemical shifts (ppm) were referenced to the residual solvent peaks.
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Thermogravimetric analyses (TGA) were carried out on a Shimadzu DT-30 thermal

analyzer.

5.4.2 Preparation of different ligands and monomers

Preparation of 2,6-bis(1°-methylbenzimidazoyl)-4-hydroxypyridine ligand (OHBIP)
The 2,6-bis(1-methylbenzimidazoyl)-4-hydroxypyridine ligand has been prepared by the
known literature method.’

Preparation of 2,6-bis(1°-methylbenzimidazoyl)-4-hydroxybenzene ligand (OHBIB)
5-hydroxyisophthalic acid (0.728 g, 3.99 mmol) and N-methyl-1,2-phenylenediamine
(1.07 g, 8.7 mmol) were dispersed in 10 ml orthophosphoric acid. The mixture was stirred
and refluxed at 220°C for 12 hrs. After cooling to about 100°C, the hot mixture was
poured to ice cold water and stirred for half an hour. The precipitate formed was filtered
and poured to hot 10 % NayCO; solution and stirred. The product was filtered and
acidified to pH 4. The precipitate was again filtered, washed with water and recrystalised

from methanol to yield 1.3 grams of white needle type crystals. (> 90% yield)

Preparation of ditopic ligand 5a

HOBIP (2.0 g, 5.63 mmol) and 1,6-diiodohexane (0.63 g, 1.87 mmol) were dissolved into
a solution of K,CO3 (4.2 g) in 10 mL. of DMSO and stirred at 90°C for 24 hrs. After
removing heat, the mixture was poured into 200 mL of half-saturated NH4Cl and washed
with 100 ml of chloroform. The organics were collected and extracted again from a
mixture of water and chloroform. The organics were evaporated and the residue dried
under vacuum. The material was purified via column chromatography (100:0
CHCI;:MeOH — 95:05 CHCI3:MeOH) to yield 1.1 grams of product as a solid. (74%

yield)
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'"H NMR (400 MHz, CDCls): 5 8.01 (s, 4H), 7.88 (d, 4H), 7.45 (d, 4H), 7.36 (m, 8H), 4.32
(t, 4H), 4.23 (s, 12H), 2.24 (s, 4H), 1.93 (s, 4H).
®C NMR (100 MHz, CDCl;): § 166.6, 150.8, 150.2, 142.1, 137.0, 123.7, 123.0, 120.1,

112.1, 110.0, 68.8, 32.8, 29.1, 25.9.
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Figure 5.19: 'H-NMR and "*C-NMR spectra of monomer 5a in CDCl; solvent.

Preparation of ditopic ligand Sb

HOBIB (1.5 g, 4.23 mmol) and 1,6-diiodohexane (0.47 g, 1.41 mmol) were dissolved into
a solution of K,CO3 (4.2 g) in 10 mL of DMSO and stirred at 90°C for 24 hrs. After
removing heat, the mixture was poured into 200 mL of half-saturated NH4CI and washed

with 100 ml of chloroform. The organics were collected and extracted again from a
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mixture of water and chloroform. The organics were evaporated and the residue dried
under vacuum. The material was purified via column chromatography (100:0
CHCl3:MeOH — 95:04 CHCl3:MeOH) to yield 0.68 grams of product as a solid. (62%
yield)

'H NMR (400 MHz, CDCl3): & 7.81 (d, 4H), 7.61 (s, 2H), 7.43 (s, 4H), 7.38 (d, 4H), 7.30
(m, 8H), 4.14 (t, 4H), 3.88 (s, 12H), 1.87 (s, 4H), 1.70 (s, 4H).

PC NMR (100 MHz, CDCls): 8 159.7, 153.0, 142.9, 136.7, 132.0, 123.3, 122.8, 122.4,

120.0, 17.2, 109.9, 68.6, 32.0, 29.3 25.9.
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Figure 5.20: '"H-NMR and >C-NMR spectra of monomer 5b in CDCl; solvent.
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5.4.3 Mass Spectroscopy

The electrospray mass spectra for all the complexes were recorded in CH3CN with
(0.1%) formic acid. The (M+H) molecular ion peaks for the ditopic ligands Sa and Sb

appear at 793.32 and 791.24 respectively (Figure 5.21).
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Figure 5.21: ESI-Mass spectra for the monomers (a) 5a and (b) 5b in CH;CN with (0.1%) formic acid.
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Abstract

Metal-ligand binding is used as a driving force for the formation of organic/inorganic
hybrid materials. The formation of metallo-supramolecular complexes with different metal
jons (e.g. Zn**, Co**, Cd** etc.) was studied for total four benzoxazol and benzothiazol
ditopic ligands having pentaethylene glycol chain as a spacer, where formation of both
non-covalent bond and organometallic bond take place. The optical and thermal properties
of the new materials were investigated by a variety of analytical techniques, including
UV/visible and photoluminescence spectroscopy, viscosity as well as thermogravimetric

analysis. Viscosity studies demonstrate the formation of self-assembling aggregates.
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6.1 Introduction

Metallo-supramolecular chemistry is a topic of great current interest. Metallo-
supramolecular complexes have been studied intensively due to their outstanding optical,
thermal and mechanical properties and reported a plenty of applications in various fields
including light-emitting diodes, field effect transistors, photovoltaic cells, sensors etc.
There has been a lot of recent interest that uses the metal ligand binding as the driving
force for the self assembly of ditopic ligands into supramolecular polymers.1 Monomers
having long chain spacers are already reported to form foldamers that have been used in
different applications like molecular recognition and sensing.2 Different groups reported a
number of ditopic ligands having novel spacers and binding sites that form metallo-
supramolecular complexes with several metal ions, thus, providing newer avenues for
research that displayed appreciable mechanical properties.3 One of the easiest methods for
supramolecular polymerization i.e. the self-assembly of monomers into polymeric
structures through the utilization of the non covalent bond, is the use of metal/ligand
interactions which offers a large diversity in not only thermodynamic stability but also
kinetic lability. Thus simple addition of metal ions to a monomer that has ligand units
placed at either end should result in the self-assembly of metallo-polymeric aggregates. In
the previous chapter a combination of different metal salts with two monomeric ligands
was combined to show that metallo-supramolecular complexes can be easily prepared.
Interestingly, however, reports of metallo-supramolecular complexes having benzthaizol
and benzoxazol based ligands appear to be rare and uncommon. With the objective to
develop new organic/inorganic hybrid materials having benzthaizol and benzoxazol based
ligands, which combine good mechanical properties and other attractive properties (e.g.,
high stability at elevated temperatures, specific opto/electronic functions) with ease of
processing, we embarked on the exploration of various new classes of metallo-
supramolecular complexes.
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This chapter deals with the preparation of four ditopic ligands namely (6a), (6b), (6¢), and
(6d) having pentaethylene glycol chain as a spacer from simple tridentate ligands of 2,6-
bis-benzothiazol-2-yl-pyridin-4-ol, 2,6-bis-benzoxazol-2-yl-pyridin-4-ol, 3,5-bis-
benzothiazol-2-yl-phenol and 3,5-bis-benzoxazol-2-yl-phenol respectively,
characterization and study of the metallo supramolecular complex formation with different
metal ions using UV/Visible and fluorescence spectroscopy and thermal stability of the

complexes have been studied.

Figure 6.1: Ditopic ligands 6a, 6b, 6¢ and 6d.

6.2 Results and Discussion

The synthesis of the ligands mentioned above was achieved in one step, from
commercially available starting materials, using the well known Phillips condensation
method.” The ditopic ligands 6a-6d have been synthesized by the reaction of benzoxazol
and benzothiazol ditopic ligands with bisiodopenta(ethylene glycol) using potassium

carbonate in dimethyl sulfoxide.
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6.2.1 UV/Visible Spectroscopy

Metallo-supramolecular complex formation was studied as in earlier chapter, by simple
technique of UV/Visible titration performed in a mixture of dry acetonitrile and
chloroform. The formation of the metallo-supramolecular materials, [6aMX;],, [6bMX5],,,
[6eMX;], and [6dMX;], can be achieved by simple addition of 1 equivalent of the
appropriate metal ion salt to a solution of the above mentioned ditopic monomer, 6a, 6b,
6¢ or 6d. We have found that a variety of ions (e.g., Cd**, Zn**, Co™") can be utilized to
interact with the ditopic lignads. The complexation of these representative metal ions with
the above monomers can be followed by UV/Vis spectroscopy. Addition of the metal ions
to the monomers formed different colored solution that can be distinguished easily by
naked eye and under UV illumination, where all the monomers and complexes showed

different color. The difference in color of all the monomers with Zn>* ion is shown below.

(a) (b)

Figure 6.2: Ditopic ligand 6a and complex with Zn** (a) under white light and (b) under UV light.

(a) (b)
Figure 6.3: Ditopic ligand 6b and complex with Zn** (a) under white light and (b) under UV light.
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(a) (b)

Figure 6.4: Ditopic ligand 6¢ and complex with Zn** (a) under white light and (b) under UV light.

(a) (b)

Figure 6.5: Ditopic ligand 6¢ and complex with Zn** (a) under white light and (b) under UV light.

The ditopic ligands 6a, 6b, 6¢ and 6d show the ligand absorption band at 323 nm, 309 nm,
302 nm and 296 nm respectively, which may be assigned to the m-n* transitions of the
ditopic ligands. Addition of 1 equiv of the metals of Cd**, Zn**, Co** ions to any of these
monomers in acetonitrile and chloroform solvent mixture results in a red shift of the
absorption band with the clear formation of an isosbestic point and the colour of the
solution also changes with different metal ions. Figure 6.6, clearly shows the formation of

metallo-supramolecular complexes between the ditopic ligand 6a and Zn** metal ions.
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Figure 6.6: UV/Vis spectra of 6a (8.45 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Zn(ClOy); from 0-2 equivalents.

The binding ability of the ditopic ligand 6a was evaluated by titrating 0.1 equivalent of
Zn(ClOy), aliquots into a solution of 6a in acetonitrile and chloroform solvent mixture at
regular intervals and recording the changes in UV/visible. It was observed that on
increasing the concentration of the metal ion, progressive decrease of intensity in the
initial absorption band (Figure 6.6) having An. at 323 nm associated with the m-7*
transition of 6a resulted and the peak is red shifted which is due to the formation of stable
supramolecular complex between 6a and Zn(ClO4),. This family of spectra shows
formation of an isosbestic point at 341 nm indicating the presence of at least one species at
equilibrium. It was observed that the spectral features reached a limiting value only after
the addition of 2.0 equivalents of metal ions (though the changes observed in the spectra
on addition of 1.1 to 2.0 equivalents metal were very minor compared to the initial ten
additions). Thus the gradual decrease in the band intensity at 323 nm and formation of a
new higher intensity blue-shifted band at 365 nm with a clear isosbestic point is proof for
the formation of metallo-supramolecular complex between monomer 6a and metal.

Similarly, on the addition of Co** and Cd** metal ions the peaks also red shifted with the

clear formation of isosbestic point. Figure 6.7 shows the changes of spectral properties on
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the addition of Co?** metal ions, where the initial absorption band having A at 323 nm
progressively decreases and the peak is red shifted and there is a formation of an isosbestic

point at 326 nm which shows that there is at least one species at equilibrium.

240 290 340 390 440

Wavelength (nm) —

Figure 6.7: UV/Vis spectra of 6a (8.46 x 10° M in dry CHCI; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.

Figure 6.8 depicts the changes in the spectral properties of 6a on the addition of Cd** metal
ions, where the initial absorption band having Ay at 323 nm progressively decreases and
the peak is red shifted with a clear formation of an isosbestic point at 343 nm which shows

that there is at least one species at equilibrium.
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Figure 6.8: UVVis spectra of 6a (9.38 x 10° M in dry CHCI; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.
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On the other hand, ditopic ligand 6b shows different optical properties on the addition of
metal ions. Fig. 6.9 depicts the spectral changes that occur on the addition of Zn(ClO4),. It

was observed that on increasing the concentration of the metal ion, progressive

—_

Absorbance (a.u.)

240 290 340 390 440
Wavelength (nm) —p

Figure 6.9: UV/Vis spectra of 6b (9.2 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Zn(ClOy); from 0-2 equivalents.

decrease of intensity in the initial absorption band (Figure 6.9) having Ay, at 309 nm
associated with the m-m* transition of 6b resulted. The peak is red shifted with a clear
formation of isosbestic point at 331 nm which is due to the formation of stable complex

between 6b and Zn(ClOy),. The formation of an isosbestic point indicates the presence of

at least one species at equilibrium.
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Figure 6.10: UV/Vis spectra of 6b (8.59 x 10° M in dry CHCI; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.
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Similarly, on the addition of Co®* and Cd** metal ions the peaks were red shifted with the
clear formation of isosbestic point. Figure 6.10 shows the changes of spectral properties on
the addition of Co** metal ions, where the initial absorption band having A, at 309 nm
progressively decreases and the peak is red shifted with a clear formation of an isosbestic
point at 331 nm which shows that there is at least one species at equilibrium and also

establishes the formation of supramolecular complexes between the two compounds.
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Figure 6.11: UV/Vis spectra of 6b (8.6 x 10° M in dry CHCI; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

Figure 6.11 shows the changes of spectral properties on the addition of Cd** metal ions to
the monomer 6b, where the initial absorption band having Amax at 309 nm progressively
decreases and the peak is red shifted with a clear formation of an isosbestic point at 330
nm. This indicates that there is at least one species at equilibrium and also establishes the
formation of the supramolecular complex between the ditopic ligand and metal ions.

Again formation of metallo-supramolecular complexes between the monomer 6¢ and other
metal ions has been monitored by UV/Visible titration. Monomer 6¢ shows absorption
maximum at 302 nm (Figure 6.12) and on the addition of metal ions the peak is red shifted
but the changes were very less in comparison to the monomer 6a and 6b. That may be due
to the low binding ability of the C-H part of the benzene ring in comparison to the earlier
two monomers having pyridine ring. Figure 6.12 shows the spectral variations of

monomer 6¢ on the addition of the Zn>* metal ion. On the addition of the metal ions, the
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initial peak at 302 nm shows minor decrease and the peak is red shifted. Here also the
formation of isosbestic point takes place at 341 nm but the changes were negligible in
comparison to the monomers 6a and 6b. The observed minor changes and formation of
isosbestic point shows the formation of metallo-supramolecular complex between the

monomer 6¢ and Zn>* metal ion.
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Figure 6.12: UV/Vis spectra of 6¢ (6.4 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Zn(ClOy); from 0-2 equivalents.
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Figure 6.13: UV/Vis spectra of 6¢ (4.8 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.

Similar titrations of monomer 6¢ were performed with Co®* and Cd** metal ions. Figure
6.13 and 6.14 shows the spectral changes of monomer 6¢ on the addition of Co** and Cd**
metal ions and in both the cases the absorption peaks were red shifted with a clear

formation of isosbestic point at 345 nm and 352 nm respectively. The shifting of peak
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position as well as formation of isosbestic point shows the formation of metallo-

supramolecular complexes.
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Figure 6.14: UV/Vis spectra of 6¢ (5.1 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

Again, ditopic ligand 6d shows different optical properties on the addition of metal ions
compared to 6a and 6b. Figure 6.15 depicts the spectral changes that occur on the addition
of Zn(ClOy),. It was observed that on increasing the concentration of the metal ion,
progressive decrease of intensity in the initial absorption band (Figure 6.15) having Ay at
296 nm associated with the 7-w* transition of 6d resulted. The peak is red shifted with

clear formation of isosbestic points at 281 nm and 347 nm which is due to the formation of
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Figure 6.15: UV/Vis spectra of 6d (7.6 x 10° M in dry CHCI; : CH;CN = 4 : 1) during the titration with

Zn(ClOy), from 0-2 equivalents.
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complex between 6d and Zn(ClO,),. The formation of an isosbestic point indicates the
presence of at least one species at equilibrium. The shifting of peak position as well as
formation of isosbestic point confirms the formation of metallo-supramolecular complex
between the monomer 6d and Zn** metal ion. The spectral changes observed here were
more prominent in comparison to the monomer 6¢ although here also organometallic bond
formation takes place between the C-H of benzene ring and the metal.

Similarly, titrations of Co** and Cd** metal ions with monomer 6d were also performed.
On the addition of the metal ions, the absorption maximum peak of the monomer 6d also
red shifted with the clear formation of isosbestic point.

Figure 6.16 shows the changes of spectral properties on the addition of Co®* metal ions,
where the initial absorption band having Am.x at 296 nm progressively decreases and the
peak is red shifted with clear formation of isosbestic points at 281 nm and 349 nm, which
shows that there is at least one species at equilibrium and also establishes the formation of

metallo-supramolecular complex between the two compounds.
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Figure 6.16: UV/Vis spectra of 6d (7.05 x 10° M in dry CHCI; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.
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Figure 6.17: UV/Vis spectra of 6d (7.46 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

Again, Figure 6.17 shows the changes in the spectral properties on the addition of cd*
metal ions to the monomer 6d. The initial absorption band having Ay, at 296 nm
progressively decreases and the peak is red shifted with clear formation of isosbestic
points at 283 nm and 347 nm which shows that there is at least one species at equilibrium.
These spectral changes also establish the formation of the supramolecular complex

between the ditopic ligand and metal ions.

6.2.3 Fluorescence Spectroscopy

Fluorescence spectroscopy studies were also carried out in order to evaluate the ability of
the four ditopic ligands 6a, 6b, 6¢ and 6d to form the metallo-supramolecular complexes
with different metal ions. Remarkable quenching of the fluorescence was observed on
addition of different metal ions. It was observed that 6a and 6b shows more quenching in
presence of metal salts in comparison to 6¢ and 6d which may be due to the formation of
stronger coordination bond of metal salts with the centre pyridine ring of 6a and 6b while
6¢ and 6d will form weaker organometallic bond having the C-H part of the benzene ring.
The fluorescence titrations of the monomers with different metal ions e.g. Zn2+, C02+, cd*

have been performed in acetonitrile and chloroform solvent mixture.
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The changes observed in the fluorescence spectra of a solution of 6a in acetonitrile and
chloroform solvent mixture on adding up to 2.0 equivalents of Zn** are depicted in (Figure

6.18). A large quenching (> 68%) in intensity of the 384 nm band was observed on the
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Figure 6.18: Emission spectra of 6a (6.4 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Zn(ClOy); from 0-2 equivalents.

addition of 1.0 equivalent of Zn(ClO,), indicating that on formation of the metallo-
supramolecular complex between Zn(ClOs), and 6a, the excited state was modified
considerably leading to the quenching of fluorescence. On continuous addition of
Zn(ClOy), to a solution of 6a the peak was gradually red shifted to 407 nm. The changes
observed in the fluorescence spectra on adding more than 1 equivalent of Zn(ClOy),
aliquots to 6a were insignificant, which is in good agreement with the results of
UV/visible titration. Figure 6.18 inset shows the changes in the titration profile of the band
at 384 nm corresponding to the 6a : Zn(ClO4), metallo-supramolecular complex.

Analogous investigations were carried out with Cd(Cl0O4), and Co(ClOs), and the titration
experiments were monitored by fluorescence spectroscopy (Figure 6.19-20). An
acetonitrile and chloroform solution of 6a was titrated with a solution of these metal ions.
In both cases, a new band developed on quenching of fluorescence. Figure 6.19 shows the
changes in fluorescence spectra on the addition of Cd(ClO4), to a solution of 6a in

acetonitrile and chloroform solvent mixture. The emission peak of the ditopic ligand
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which was at 384 nm slows a gradual decrease on continuous addition of the metal ions

and the peak was red
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Figure 6.19: Emission spectra of 6a (6.65 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

shifted to about 397 nm. Here also the maximum quenching was observed up to the
addition of 1 equivalent of the metal ions. Changes observed in the fluorescence spectra on
adding more than 1 equivalent of Cd(ClO4), aliquots to 6a were insignificant. Figure 6.19
inset shows the changes in the titration profile of the band at 384 nm corresponding to the
6a : Cd(ClOy), metallo-supramolecular complex.

Similar fluorescence titration of 6a was carried out with Co(ClOy), in acetonitrile and
chloroform solvent mixture. Figure 6.20 shows the quenching of the emission spectra,
where the intensity of the fluorescence emission peak of 384 nm was gradually decreased
on the addition of the metal ions due to the formation of the metallo-supramolecular
complex between the ditopic ligand and the metal ions leading to quenching.

Fluorescence spectroscopy studies were also carried out in order to evaluate the ability of
the ditopic ligands 6b to form the metallo-supramolecular complexes with different metal
ions. It was observed that the quenching for this monomer is higher in comparison to
monomer 6a that is because of the high binding capacity of the oxazol part in comparison

to thiazol part which takes part in bonding with the metal ions.
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Figure 6.20: Emission spectra of 6a (6.97 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.

The changes observed in the fluorescence spectra of a solution of 6b in acetonitrile and
chloroform solvent mixture on adding up to 2.0 equivalents of Zn** are depicted in Figure
6.21. A large quenching (> 90%) in intensity of the 354 nm band was observed on the
addition of 1.0 equivalent of Zn(ClOy), indicating that on formation of the metallo-
supramolecular complex between Zn(ClO,), and 6b, the excited state was modified
considerably leading to the quenching of fluorescence. On continuous addition of
Zn(ClOy), to a solution of 6b the intensity of the peak decreased and was red shifted to
380 nm. The changes observed in the fluorescence spectra on adding more than 1
equivalent of Zn(ClO.), aliquots to 6b were insignificant and the peak is red shifted,
which is in good agreement with the results of UV/visible titration. Figure 6.21 inset
shows the changes in the titration profile of the band at 361 nm corresponding to the 6b :
7Zn(ClO4), metallo-supramolecular complex.

Similar fluorescence titration experiments were carried out with Cd(ClO4), and Co(ClOy);.
(Figure 6.22-23). An acetonitrile and chloroform solution of 6b was titrated with a
solution of those chosen metal ions. In all cases, a new band developed on quenching of
fluorescence. Figure 6.22 shows the changes in fluorescence spectra on the addition of

Cd(ClOy4),to a
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Figure 6.21: Emission spectra of 6b (8.6 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Zn(ClOy), from 0-2 equivalents.

solution of 6b in acetonitrile and chloroform solvent mixture. On the addition of the metal
ions, the emission peak of the ditopic ligand which was at 354 nm gradually decreases due

to the quenching by the metal ions. Here also the maximum quenching was observed up to

800 | _ 850
E 650
I 600 - 3 450
5 250
3 400 = 50
g w 0 05 1 15 2
= 200 | Equiv. of Cd(CIO,),
8
£ 0 ; ‘ ‘ ‘
326 376 426 476 526 576
Wavelength (hnm) ———

Figure 6.22: Emission spectra of 6b (9.4 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

addition of the one equivalent of the metal ions, changes observed in the fluorescence
spectra on adding more than 1 equivalent of Cd(ClO4), aliquots to 6b were insignificant
and the emission peak is red shifted to 384 nm. Figure 6.22 inset shows the changes in the
titration profile of the band at 354 nm corresponding to the 6b : Cd(ClO4), metallo-
supramolecular complex. Again fluorescence titration of 6b was carried out with

Co(ClOy); in acetonitrile and chloroform solvent mixture. Figure 6.23 shows the changes

TH-940_04612211 123



Chapter 6

in the emission spectra of 6b, where the intensity of the fluorescence emission peak at 354
nm gradually decreased on the addition of the metal ions due to the formation of the

metallo-supramolecular complex
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Figure 6.23: Emission spectra of 6b (9.8 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.

between the ditopic ligand and the metal ions that leads to the quenching of the complex.
Figure 6.23 inset shows the changes in the titration profile of the band at 354 nm
corresponding to the 6b : Co(ClO4), metallo-supramolecular complex.

Again, fluorescence titrations of monomer 6¢ with different metals have been performed
in acetonitrile and chloroform solvent mixture. Monomer 6¢ shows fluorescence emission
peak at 376 nm. It was observed that the quenching in case of monomer 6¢ was very less
(< 20%) in comparison to the monomers 6a and 6b. On continuous addition of Zn(ClO4),
to a solution of 6c (Fig. 6.24) the peak decreases but in comparison to monomers 6a and
6b it was less significant where the quenching was (> 90%) that may be due to the
formation of the weaker organometallic bond between the C-H part of the benzene ring of
the monomer which take part in the bond formation along with the coordinating bond and
because of the bigger size of the benzthiazol part which take part in bonding. The changes
observed in the fluorescence spectra on adding more than 1 equivalent of Zn(ClOy),

aliquots to 6¢ were also insignificant. Figure 6.24 inset shows the changes in the titration
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profile of the band at 376 nm corresponding to the 6¢ : Zn(ClO,), metallo-supramolecular

complex.
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Figure 6.24: Emission spectra of 6¢ (7.8 x 107 M in dry CHCIl; : CH;CN = 4 : 1) during the titration with

Zn(ClOy), from 0-2 equivalents.

Similar fluorescence titration was carried out with other metal ions e.g. Cd** and Co*. In
both the cases the amount of quenching was less like the Zn** metal ion. In all the cases
quenching was less in comparison to the other monomers 6a and 6b. Fig. 6.25 and 6.26
inset shows the changes in the titration profile of the band at 376 nm corresponding to the

6¢ : Cd(ClOy4), and 6¢ : Co(ClO4), metallo-supramolecular complex respectively.
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Figure 6.25: Emission spectra of 6¢ (8.47 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

Finally, fluorescence titrations of monomer 6d with different metal have been done in

acetonitrile and chloroform solvent mixture. Monomer 6d shows fluorescence emission

TH-940_04612211 125



Chapter 6

peak at 365 nm. It was observed that the quenching in case of monomer 6d was less (< 28
%) in comparison to the monomers 6a and 6b but somewhat higher in comparison to

monomer 6c¢.
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Figure 6.26: Emission spectra of 6¢ (8.54 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents.

On continuous addition of Zn(ClOx); to a solution of 6d (Fig. 6.27) the peak decreases but
in comparison to monomers 6a and 6b it was less. This may be due to the formation of

weaker

NI

800 - .
g 780

600 - § 730
E 680

400 + w 0 05 1 15 2

Equiv. of Zn(CIO,),
200 -

Intensity (a.u.) ——

334 384 434 484
Wavelength (hnm) ——

Figure 6.27: Emission spectra of 6¢ (8.8 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Zn(ClOy); from 0-2 equivalents

organometallic bond between the C-H part of the benzene ring of the monomer and metal.

However quenching of 6d by metal salts was few orders higher in comparison to monomer
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6¢. Figure 6.27 inset shows the changes in the titration profile of the band at 365 nm

corresponding to the 6d : Zn(ClO4), metallo-supramolecular complex.
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Figure 6.28: Emission spectra of 6¢ (8.6 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Cd(ClOy), from 0-2 equivalents.

Similar fluorescence titration of monomer 6d was carried out with other metal ions e.g.
Cd** and Co™. In both the cases the amount of quenching was less as observed with the
Zn”* metal ion. In all the titrations quenching was less in comparison to the monomers 6a
and 6b. Fig. 6.28-29 inset shows the changes in the titration profile of the band at 365 nm
corresponding to the 6d : Cd(ClO4); and 6d : Co(ClO4), metallo-supramolecular

complexes.
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Figure 6.29: Emission spectra of 6d (8.66 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

Co(ClOy), from 0-2 equivalents
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6.2.4 Possibility of Foldamer formation

Formation of foldamer, a folding polymer, can be monitored by UV/Visible and
fluorescence titration. As all these monomers contain pentaethylene glycol as a spacer
having six oxygen atoms they can bind selectively to smaller cations like potassium,
ammonium, etc.. Although these monomers can form metallo-supramolecular polymers on
the addition of transition metal ions, the monomers may be directed to fold in the presence

of K" ions to particular arrangement such as helical structure that lead to foldamers finally.
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Figure 6.30: UV/Visible spectra of 6a (5.6 x 10° M in dry CHCl; : CH;CN = 4 : 1) during the titration with

(a) first K* then Zn** and (b) first Zn** then K* Co(ClOy), from 0-2 equivalents

Figure 6.30a shows the changes in UV/visible spectra on performing titration of
monomer 6a first with KSCN and secondly with Zn(ClOy4),. It was observed that on
increasing the concentration of the K" ion, progressive decrease of intensity in the initial
absorption band having A at 323 nm resulted and the peak was red shifted with a clear
formation of isosbestic point at 348 nm. Decrease of intensity as well as shift in the peak
position with a clear isosbestic point explained the formation of complex between the
pentaethylene glycol part of monomer 6a and K* ion. After addition of 1 equivalent K*
ion, Zn** ion (up to 1 equivalent) was added to the same solution. It was observed that the
peak intensity of the monomer 6a decreased and red shifted with a clear formation of

isosbestic point at 340 nm on adding Zn>" ion. This decrease in intensity of 323 nm peak
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of 6a on the addition of Zn®" ion confirmed the formation of complex between Zn>* and
benzthaizol part of the monomer.

Similar titration was repeated by first adding 1 equivalent of Zn** ion to the monomer 6a
followed by the addition of K* ion to the same solution. Figure 6.30b showed the changes
of UV/Visible spectra on the addition of Zn** ion followed by that of K" ion. On the
addition of Zn®* ion the peak intensity of the monomer 6a decreased with a formation of
clear isosbestic point at 337 nm, which confirmed the complex formation between 6a and
Zn”* ion. After addition of 1 equivalent Zn**ion, K* ion (up to 1 equivalent) was added to
the same solution. It was observed that the peak intensity of monomer 6a further decreased
on the addition of K" ion and was red shifted to 360 nm with a clear formation of new
isosbestic point at 346 nm. Decrease of peak intensity and shifting of peak also support the

complex formation between K* and penta ethylene glycol part of the monomer 6a.

Intensity (a.u.) ——

340 390 440 490 540
Wavelength (nm) ——

Figure 6.31: Emission spectra of 6a (6.2 x 107 M in dry CHCl; : CH;CN = 4 : 1) during the titration with

first K* then Zn** from 0-2 equivalents.

The metallo-supramolecular complex formation of 6a with 1 equivalent Zn** jon and K*
ion was also monitored by fluorescence titration experiments. Figure 6.31 represents the
fluorescence quenching of 6a on the addition of both these metal ions. It was observed that
on addition of K" ion (1 equivalent) to the monomer 6a in acetonitrile and chloroform

solvent mixture, about 30% of the emission peak was quenched. To the same solution,
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Zn** ion was added which resulted in further quenching of the emission peak by about
approximately 20%. Initial quenching observed for the addition of K" ion established the
complex formation between the pentaethylene glycol part of the monomer 6a and K*, to
give a folded structure that resulted in the quenching of fluorescence peak. Further
quenching that was observed by the addition of Zn** ion was due to the formation of
metallo-supramolecular complexes between the Zn-metal and 6a containing K* ion. From
the UV/Vis and fluorescence studies it was concluded that the monomers of the type 6a
can form metallo-supramolecular complexes and the spacer part (pentaethylene glycol in
this case) can be efficiently utilized to form helical / folded structures by incorporating
additional guest molecules. Importantly the nature of the spacer in the monomer 6a can
also be utilized for the recognition and identification of K" ion in the presence of salts such

as Na® and Li".

6.2.5 Measurement of Viscosity

Having demonstrated the formation of metallo-supramolecular complexes from a
combination of UV/Vis, photoluminescence, and FT-IR studies, this complex formation
was further studied by viscosity measurement in solution state as done in the previous
chapter. The intrinsic viscosity, [n], of a sample is related to the molecular weight M of
the polymer through the Mark-Houwink-Sakurada equation: [n] = KM, where K and a are
experimentally determined polymer and environmentally specific constants. Viscosity
studies were carried out using a Cannon-Ubbelohde microdilution viscometer, and the
relative viscosities of the complexes were measured at different concentrations. Figure
6.32 shows the Huggins plot (reduced viscosity vs concentration) for Zn** complexes of
the monomers 6a, 6b, 6¢ and 6d. Keeping the total solute concentration constant, the data

show a steady increase of the reduced viscosity on dilution.
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Figure 6.32: Plot of reduced viscosity vs concentration for the Zn** complexes of ditopic monomers (a) 6a,

(b) 6b, (c) 6¢ and (d) 6d.

6.2.6 Study of thermal behaviour

The thermal properties of the metallo-supramolecular complexes and the parent monomers
6a, 6b, 6¢c and 6d were investigated by means of thermogravimetric analysis (TGA). A
series of experiments were carried out in order to understand the thermal properties of
these metallo-supramolecular complexes. The thermograms were recorded in atmospheric
conditions. The working temperature range of the instrument is from ambient to 1300°C.
TGA traces of monomer (neat) 6a (Figure 6.33) acquired under nitrogen atmosphere
shows the onset of significant weight loss (2%) at 156°C, corresponding to the loss of the
water molecules present in the monomer. The Zn** and Cd* metallo-supramolecular
complexes of 6a show almost similar thermal degradation behaviour. The stability to
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higher temperature, but the 4% weight loss occurs at somewhat lower temperatures. We
ascribe this situation to the thermal degradation of the perchlorate counter ions.

TGA traces of monomer neat 6b (Figure 6.34) acquired under nitrogen atmosphere shows
the onset of significant weight loss (2%) at 102°C, corresponding to the loss of the water
molecule present in the monomer. The metallo-supramolecular complexes of 6b with cd*
show a rather similar thermal degradation behaviour which is stable to higher temperature,
but the 4% weight loss occurs at temperature 205 °C. We ascribe this situation to the

thermal degradation of the perchlorate counter ions.
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Figure 6.33: Thermogravimetric analysis (TGA) traces of monomer 6a and its supramolecular complexes

with Zn**and Cd**
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Figure 6.34: Thermogravimetric analysis (TGA) traces of monomer 6b and its supramolecular complex with

Cd*.

TGA traces of monomer neat 6¢ (Figure 6.35) acquired under normal atmosphere and

shows the onset of significant weight loss (2%) at 320°C, corresponding to the loss of the
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water molecule present in the monomer. The metallo-supramolecular complexes of 6¢
with Cd** and Zn** show a rather similar thermal behaviour which is not stable to higher
temperature, but the 4% weight loss occurs at lower temperature which may be due to the
thermal degradation of the perchlorate counter ions. The lower thermal stability of the
complexes also supports the weaker bond formation between the monomer and the metal

0ns.

120 — [6¢]
100 | —— [6c+Cd(I]
—— [6c +2Zn(ll)
80 -
60 -
S a0
o
e 20
(] ; ; : ‘
0 200 400 600 800
Temperature (2C)

Figure 6.35: Thermogravimetric analysis (TGA) traces of monomer 6¢ and its supramolecular complexes

with Zn** and Cd®".
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Figure 6.36: Thermogravimetric analysis (TGA) traces of monomer 6d and its supramolecular complexes

with Zn** and Cd**.

A TGA trace of monomer (neat) 6d (Figure 6.36) acquired under normal atmosphere and
shows the onset of significant weight loss (2%) at 253°C, corresponding to the loss of the
water molecule present in the monomer. The metallo-supramolecular complex of 6d with

Zn** shows a rather similar thermal behaviour but it is unstable to higher temperature.
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Initial 8% weight loss occurs at temperature 113°C. We ascribe this situation to the
thermal degradation of the perchlorate counter ions. Thermal degradtion at lower

temperature shows the weaker complex formation between the monomer and metal ion.

6.2.7 FT-IR Spectroscopy

The FT-IR spectra of all the complexes were recorded in KBr pellets. In case of
complexes of 6a, 6b, 6¢ and 6d with different metal ions the characteristic perchlorate
vibrations appear at ~1089 cm' which are absent in case of the monomers. Again, the

C=N vibration peak which appear at ~1593 cm’' slightly shifted after addition of the metal
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Figure 6.37: FT-IR spectra for metal complexes of (a) monomer 6a, (b) monomer 6b, (¢) monomer 6¢ and

(d) monomer 6d in KBr pellets.
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6.3 Conclusion

We have synthesized four ditopic ligands having pentaethylene glycol chain as a spacer
from simple tridentate ligands. The various ligands used for the synthesis are 2,6-bis-
benzothiazol-2-yl-pyridin-4-ol, 2,6-bis-benzoxazol-2-yl-pyridin-4-ol, 3,5-bis-
benzothiazol-2-yl-phenol and 3,5-bis-benzoxazol-2-yl-phenol. All these ligands were
synthesized in one step from commercially available compounds. The products were well
characterized by 'H NMR, "C NMR, FT-IR and mass spectroscopy. The metallo-
supramolecular complex formation of these monomers has been studied with different
metal ions e.g. Zn**, Co™, Cd** etc. using UV/Vis, fluorescence and FT-IR spectroscopy.
Additionally, since these ligands possess pentaethylene glycol as spacer unit, they can be
used to recognize K ion. On binding this K* ion the ligand is expected to fold which
further forms a helical foldamer on adding Zn** ions to the solution. UV/Vis spectra
showed that on continuous addition of the different metal ions the absorption maximum
decreases and the peak gradually red shifted with a clear formation of isosbestic point in
all the monomers. Again from the fluorescence titration it was clear that on the addition of
the metal ions to 6a and 6b the emission peak was quenched due to the formation of the
metallo-supramolecular complex and the peak was red shifted, while addition of the metal
ions to 6¢ and 6d showed less quenching due to the formation of weaker metal-carbon
bond by the C-H part of benzene ring of the monomer with metal atoms. Among the
monomers 6¢ and 6d, the monomer 6¢ shows more shift in UV/Vis titration as well as in
fluorescence titration also, which may be because of the better binding nature of the
oxazol part in comparison to thiazol part. Thermal studies showed that some of these
complexes were stable at elevated temperature. The wide range of possible core as well as
spacer part that can be studied, in accordance with the available metal ions, which not only
exhibit different binding kinetics and thermodynamics but also can impart functionality,

e.g., catalysis, luminescence, etc., opens the door to the creation of easy to process
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organic/inorganic hybrid materials in which their functionality and mechanical properties
can easily be tailored. Again, UV/Visible and fluorescence titration of monomer 6a with
K" and Zn" ion together, concluded that the monomers of the type 6a can form metallo-
supramolecular complexes and the spacer part (pentaethylene glycol part in this case) can
be efficiently utilized to form helical / folded structures by incorporating additional guest
molecules. Importantly the nature of the spacer in our monomer 6a can also be utilized for

the recognition and identification of K™ ion in the presence of salts such as Na" and Li".

6.4 Experimental section

6.4.1 General

All reagents were used as received without further purification unless mentioned. These
materials were of reagent grade or better. Acetonitrile was distilled from calcium hydride.
UV/visible spectra were recorded on a Perkin Elmer Lambda-25 spectrophotometer.
Fluorescence spectra were recorded on a Varian Cary Eclipse Fluorescence
spectrophotometer. 'H-NMR spectra were obtained with a 400 MHz Varian FT
spectrometer. Chemical shifts (ppm) were referenced to the residual solvent peaks.
Thermogravimetric analyses (TGA) were carried out on a Shimadzu DT-30 thermal

analyzer.

6.4.2 Preparation of different ligands and monomers

Preparation of 2,6-bis-benzothiazol-2-yl-pyridin-4-ol ligand (OHBTP)

The 2,6-bis-benzothiazol-2-yl-pyridin-4-ol ligand has been prepared by the known
literature method.*

Chelidamic acid (1.8 g, 8.94 mmol) and 2-aminothiophenol (2.74 g, 21.8 mmol) were
dispersed in 20 ml orthophosphoric acid. The mixture was stirred and refluxed at 220°C

for 14 hrs. After cooling to about 100°C, the hot mixture was poured to ice cold water and
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stirred for half an hour. The precipitate formed was filtered and poured to hot 10 %
Na,COs3 solution and stirred. The product was filtered and acidified to P! 4. The
precipitate was again filtered, washed with water and recrystalised from methanol to yield
3 grams of greenish powder compounds. (> 92% yield)

Preparation of 2,6-bis-benzoxazol-2-yl-pyridin-4-ol ligand (OHBOP)

Chelidamic acid (1 g, 4.97 mmol) and 2-aminophenol (1.2 g, 10.9 mmol) were dispersed
in 10 ml polyphosphoric acid. The mixture was stirred and refluxed at 220°C for 5 hrs.
After cooling to about 100°C, the hot mixture was poured to ice cold water and stirred for
half an hour. The precipitate formed was filtered and poured to hot 10 % Na,COj3 solution
and stirred. The product was filtered and acidified to P" 4. The precipitate was again
filtered, washed with water and recrystalised from methanol to yield 1.1 grams of white

powder type compounds. (> 75% yield)

Preparation of 3,5-bis-benzothiazol-2-yl-phenol ligand (OHBTPH)
5-Hydroxyisophthalic acid (3 g, 16.4 mmol) and 2-aminothiophenol (4.68 g, 37.3 mmol)
were dispersed in 25 ml orthophosphoric acid. The mixture was stirred and refluxed at
220°C for 16 hrs. After cooling to about 100°C, the hot mixture was poured to ice cold
water and stirred for half an hour. The precipitate formed was filtered and poured to hot 10
% Na,COs3 solution and stirred. The product was filtered and acidified to P! 4. The
precipitate was again filtered, washed with water and recrystalised from methanol to yield
5.4 grams of greenish powder compounds. (> 91% yield)

Preparation of 3,5-bis-benzoxazol-2-yl-phenol ligand (OHBOPH)
5-Hydroxyisophthalic acid (2 g, 10.9 mmol) and 2-aminophenol (2.6 g, 23.8 mmol) were
dispersed in 15 ml polyphosphoric acid. The mixture was stirred and refluxed at 220°C for
4 hrs. After cooling to about 100°C, the hot mixture was poured to ice cold water and

stirred for half an hour. The precipitate formed was filtered and poured to hot 10 %
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Na,COs solution and stirred. The product was filtered and acidified to P" 4. The
precipitate was again filtered, washed with water and recrystalised from methanol to yield
1.1 grams of white powder compounds. (> 61% yield)

Preparation of bis-p-Tosyl-penta(ethyleneglycol) from pentaethyleneglycol

- T 0] 0] O 0 T
OH o 0] 0] 0] OH KO:(;II\’/I TsCl $ S

Pentaethylene glycol (1.13 g, 4.7 mmol) was dissolved in DCM and in ice cold condition
p-TsCl (3.0 g, 15.7 mmol) was added and stirred for 20 minutes. Then in ice cold
condition powdered KOH (3.0 g) was added and stirred for 12 hrs. To this ice cold water
and DCM was added. The organics were collected and again the water part was extracted
with DCM. The organics were evaporated and the residue dried under vacuum. The
material was purified via column chromatography (100:0 Hexane:Ethylacetate —» 50:50
Hexane:Ethylacetate ) to give 2.4 grams of the product. (93% yield)

'H NMR (400 MHz, CDCls): & 7.77 (d, 4H), 7.32 (d, 4H), 4.12 (t, 4H), 3.66 (t, 4H), 3.55-
3.57 (m, 12H), 2.41 (s, 6H).

C NMR (100 MHz, CDCI3): & 144.7, 132.7, 129.7, 127.8, 70.6, 70.5, 70.3, 69.1, 68.4,
21.5.

Preparation of bisiodo(ethylene glycol)

Nal

Acetone

Ts 0] 0] 0 0] Ts I (0] 0] 0] 0 1

Bis-p-Tosyl-penta(ethylene glycol) (1.00 g, 1.8 mmol) was dissolved in acetone and
slowly Nal was added to the solution and stirred for 48 hrs. Water was added after
removal of the solvent and the product was extracted using chloroform. The solvent was
evaporated to give the product to yield 0.8 g of product as a liquid. (96% yield)

'H NMR (400 MHz, CDCly): & 3.73 (t, 4H), 3.24 (t, 4H), 3.64-3.65 (m, 12H)

3C NMR (100 MHz, CDCl5): & 70.6, 70.5, 70.3, 69.1, 68.4.
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Preparation of monomer 6a

Fig. 6.38: Preparation of monomer 6a

HOBTP (2.0 g, 5.5 mmol) and bisiodopenta(ethylene glycol) (0.58 g, 1.26 mmol) were

dissolved into a solution of K,CO, (4.1 g) in 10 mL of DMSO and stirred at 90°C for 24
hrs. After removing heat, the mixture was poured into 200 mL of half-saturated NH,Cl

and washed with 100 ml of chloroform. The organics were collected and extracted again
from a mixture of water and chloroform. The organics were evaporated and the residue
dried under vacuum. The material was purified via column chromatography (100:0
CHCl;:MeOH —> 97:3 CHCI;:MeOH) to yield 0.8 grams of product as a solid. (68%

yield)

'H NMR (400 MHz, CDCls): & 8.01 (d, 4H), 7.89 (d, 4H), 7.44 (t, 4H), 7.35 (t, 4H), 7.87

(s, 4H), 4.37 (t, 4H), 3.93 (t, 4H), 3.75 (t, 4H), 3.71-3.68 (m, 8H).

C NMR (100 MHz, CDCls): 8 168.7, 166.6, 154.3, 152.7, 136.6, 126.3, 125.8, 123.6,

122.1, 108.3,71.2,70.8, 69.2, 68.4.
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Figure 6.39: 'H-NMR and >C-NMR spectra of monomer 6a in CDCl; solvent.

Preparation of monomer 6b

Fig. 6.40: Preparation of monomer 6b

HOBOP (2.0 g, 6.07 mmol) and bisiodopenta(ethylene glycol) (0.55 g, 1.2 mmol) were

dissolved into a solution of K,CO, (4.4 g) in 12 mL of DMSO and stirred at 90°C for 24
hrs. After removing heat, the mixture was poured into 200 mL of half-saturated NH,CI

and washed with 100 ml of chloroform. The organics were collected and extracted again
from a mixture of water and chloroform. The organics were evaporated and the residue
dried under vacuum. The material was purified via column chromatography (100:0
CHCI;:MeOH —» 98:3 CHCI3:MeOH) to yield 0.6 grams of product as a solid. (58%

yield)

'H NMR (400 MHz, CDCly): 8 7.97 (s, 4H), 7.79 (d, 4H), 7.65 (d, 4H), 7.37 (m, 8H), 4.36

(t, 4H), 3.90 (t, 4H), 3.72 (t, 4H), 3.70-3.64 (m, 8H).
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C NMR (100 MHz, CDCly): 8 166.7, 160.9, 151.3, 148.2, 141.8, 126.4, 125.1, 120.8,

111.8,111.6,71.2,70.5, 69.3, 68.6.
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Figure 6.41: '"H-NMR and ">C-NMR spectra of monomer 6b in CDCI; solvent.

Preparation of monomer 6c¢
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Fig. 6.42: Preparation of monomer 6¢

HOBTPH (2.2 g, 6.12 mmol) and bisiodopenta(ethylene glycol) (0.70 g, 1.52 mmol) were

dissolved into a solution of K,CO, (4.8 g) in 10 mL of DMSO and stirred at 90°C for 24
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hrs. After removing heat, the mixture was poured into 200 mL of half-saturated NH,CI

and washed with 100 ml of chloroform. The organics were collected and extracted again
from a mixture of water and chloroform. The organics were evaporated and the residue
dried under vacuum. The material was purified via column chromatography (100:0
CHCl;:MeOH —» 95:3 CHCl3:MeOH) to yield 1.0 grams of product as a solid. (70%

yield)

'H NMR (400 MHz, CDCls): & 8.26 (s, 2H), 8.05 (d, 4H), 7.85 (d, 4H), 7.71 (s, 4H), 7.45

(t, 4H), 7.36 (t, 4H), 4.28 (1, 4H), 3.90 (t, 4H), 3.75 (t, 4H), 3.71-3.67 (m, SH).

C NMR (100 MHz, CDCls): 8 166.9, 159.7, 154.1, 135.6, 135.3, 126.5, 125.5, 123.5,

121.8,119.4, 115.8,71.4,71.2,70.2, 68.2.

% N s ;
N= =N
0 0

\_/O\_/O\_/O\_/O\_/
N= =N
ot i O

T T T L o A o L e e e
140 120 100 80 60 40 20 "‘ppm

Figure 6.43: 'H-NMR and "*C-NMR spectra of monomer 6¢ in CDCI; solvent.
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Preparation of monomer 6d
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Fig. 6.44: Preparation of monomer 6d

HOBOPH (3.2 g, 9.77 mmol) and bisiodopenta(ethylene glycol) (1.12 g, 2.44 mmol) were

dissolved into a solution of K,CO, (6.8 g) in 18 mL of DMSO and stirred at 90°C for 24

hrs. After removing heat, the mixture was poured into 300 mL of half-saturated NH,Cl

and washed with 100 ml of chloroform. The organics were collected and extracted again

from a mixture of water and chloroform. The organics were evaporated and the residue

dried under vacuum. The material was purified via column chromatography (100:0

CHCI;:MeOH —» 92:3 CHCI3:MeOH) to yield 1.1 grams of product as a solid. (52%

yield)

'"H NMR (400 MHz, CDCly): & 8.62 (s, 2H), 7.88 (d, 4H), 7.73 (d, 4H), 7.54 (d, 4H), 7.32-

7.30 (m, 8H), 4.30 (t, 4H), 3.93 (t, 4H), 3.76 (t, 4H), 3.72-3.67 (m, 8H).

PC NMR (100 MHz, CDCls): & 161.9, 159.5, 150.8, 141.9, 129.1, 125.5, 124.8, 120.2,

119.2,116.3, 110.7, 71.0, 70.8, 69.6, 68.2.
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Figure 6.45: 'H-NMR and >C-NMR spectra of monomer 6d in CDCl; solvent.

6.4.3 Mass Spectroscopy
The electrospray mass spectra for all the complexes were recorded in CH3;CN with
(0.1%) formic acid. The (M + Na) molecular ion peaks for the ditopic ligands 6a, 6b,

6¢ and 6d appear at 947.02, 883.22, 945.03 and 881.24 respectively (Figure 6.46).
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Figure 6.46: ESI-Mass spectra for the monomers (a) Sa and (b) 5b in CH;CN with (0.1%) formic acid.
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