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1.1 Schiff base:

Schiff base was first reported by Hugo Schiff in 1864 can be prepared by condensing
carbonyl compounds and amines in different conditions and in different solvents with
the elimination of water molecules.' The basic skeleton of Schiff base is RR"C=NR’
where usually R is an aryl group, R" is a hydrogen atom or alkyl or aryl group and R’
is either an alkyl or aromatic group. Aryl substituted Schiff bases are more readily
synthesized and substantially more stable due to effective conjugation, while those
which contain alkyl substituents are relatively unstable and polymerizable.2 Schiff
bases are considered as a class with wide structural versatility because they can have a
variety of different substituents and can be unbridged or N, N’—bridged type. Most
commonly, Schiff bases have NO, N,O, NO, or N,O,-donor atoms but the oxygen
atom(s) can also be substituted by sulphur, nitrogen, or selenium atoms.”’ In this
study our attention was drawn mainly to the salen, salophen and bi-, tri-dentate
salicylaldimine types. Exploring strategies for the synthesis of various functionalised
Schiff base and their use as ligands in metal complexation is a recurring theme of
current research. Bearing the excellent electron-donor group (C=N imino group), they
can form various complexes with a wide range of metals including main group,
transition and lanthanide metal ions. The ease of preparation and flexibility in varying
the chemical environment of Schiff base ligands renders them an efficient tool in
coordination chemistry. Schiff bases have been intensively used as synthetic
intermediates and as ligands for coordinating transition and inner transition metal ions
and recently also for coordinating anions.*” Redox properties, solubility, spin state
magnetism can be modulated through structure-function relationship. There has been
a resurgence of interest in synthesis and characterisation of well-designed Schiff base
due to their flexible coordination donor sites, diverse structures and properties
generating a variety of stereochemistries and a wide range of bonding interactions.
With the recognition of Schiff base as “privileged ligand” and its metal complexes as

potential  applicants  for  catalysis, pharmacology, liquid crystallinity,




photoluminescence, non-linear optical activity, the research involving synthesis,
structural assessment of newer multidentate functionalised Schiff base ligands and
their complexes of some d and f-block transition metals have acquired immense

significance.

1.2 Schiff base metal complexes:

The Schiff base ligands exert profound influence on the activity of the metal centre.
The extensive coordination ability of Schiff base with a wide range of metals
including main group metals, transition metals, and lanthanide ions is due to the
presence of azomethine linkage. Schiff base ligands have a tendency to donate the
lone pair of electrons present on the sp2 hybridized nitrogen atom of the azomethine
moiety (CH=N-). The presence of an electron donor group (acidic group like a
phenolic OH, SH, etc.) close to the azomethine group increases the coordinating
ability of the lone pair of electrons, thereby increasing the stability of the metal
complexes. The stability of Schiff base complex depends upon the strength of carbon-
nitrogen bond, the basicity of amino group and steric factors. Schiff base metal
complexes have occupied a central place in the development of coordination
chemistry after the work of Jgrgensen and Werner in mid-nineteenth century.10
However, concrete and rapid advances in the field of Schiff base metal complexes
became evident after the preparative work of Pfeiffer and his co-workers'' reported a
series of complexes derived from Schiff bases of salicylaldehyde and its substituted
analogues. According to the number of donor atoms, Schiff bases are classified as

uni-, bi-, tri- or polydentate ligands as shown in Fig.1.
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Fig.1: Some typical examples of Schiff bases of different denticity.




Schiff base ligands form stable mononuclear and polynuclear metal complexes
through the O,0; O,N,N; O,N,S and O,N,0 donor sequences of the ligand
moiety.3’12’13 These complexes can be obtained by condensation of a diamine with a
salicylaldehyde derivative, followed by complexation with a metal ion. In relation to
the kind of diamine, it is possible to distinguish two classes of complexes: the “salen”
species, if the diamine is aliphatic and the “salphen” or “salophen” species in the case
of aromatic diamines. Schiff base ligands of salen and salophen type form four
coordinate chelate complexes through two phenolate anions (O-donors) and two imine
nitrogen atoms and usually adopt square-planar, tetrahedral, distorted tetrahedral or
distorted trigonal pyramidal around the metal centre." The salicylaldimine type Schiff
base ligand formed is well recognised as a good promesogenic unit as the azomethine
linkage is stabilised by intramolecular hydrogen bonding in addition to being a good
donor site for coordination with metals."

In fact, the large amount of commercial amines, aldehydes and the various synthetic
routes of their functionalization allow the achievement of a larger number of ligands
and then metal complexes with properties easily fine-tunable. The type and the
coordination geometry of the metal centre are crucial in determining the properties of

the Schiff base complexes.

1.3 Structure and properties of some Schiff base metal complexes:
In the following section, chemistry of Schiff base complexes of metals we chose to

work with as a part of the present Ph.D research program are briefly discussed.

1.3.1 Vanadium Schiff base complex chemistry:

Vanadium(IV) is the most stable oxidation state under ordinary conditions and
majority of vanadium(IV) compounds contain the VO** unit (oxovanadium(IV) or
vanadyl ion) which can persist through a variety of reactions and in all physical states.
The VO** ion forms stable anionic, cationic and neutral complexes with several types
of ligands and has one coordination position occupied by the vanadyl oxygen. A wide
variety of oxovanadium(IV) complexes have been prepared and characterized.'*"®

Square pyramidal geometry has been well established for oxovanadium(IV) complex

with the oxygen at the apical position and the vanadium atom lying above the plane




defined by the donor atoms of the equatorial ligands. Oxovanadium(IV)-Schiff base
complexes have received significant attention due to their interesting physicochemical
properties, bioactivities and catalytic functions in organic and inorganic

. 19,20
transformations.'”

Most oxovanadium(IV) complexes attain monomeric square-
pyramidal coordination geometry or linear chain structures (s*V=0¢eeV=0¢ee) with
distorted octahedral coordination with a tetradentate Schiff base ligands.
Vanadium(V) complexes with tridentate Schiff base ligand demonstrate a significant

trigonal-bipyramidal distortion of the square pyramidal geometry.21

1.3.2 Nickel Schiff base complex chemistry:

Nickel(Il) coordination complexes of Schiff bases have received intense attention
because of intriguing variety of coordination architectures, varying from octahedral to
square planar including five-coordinate and tetrahedral coordination modes. Tetra
coordinated nickel(I) complexes attain diamagnetic planar geometry whereas
paramagnetic tetrahedral configuration is enforced by the sterically hindered bulky
substituents of the ligand fragment surrounding the metal ion. Formation of both high-
and low-spin square pyramidal or the trigonal bipyramidal geometry around the five-
coordinated nickel(I) complexes are reasonably common. The six-coordinate
octahedral geometry around the metal centre is prevalent in aqua and ammine

nickel(II) complexes.22’23

1.3.3 Copper Schiff base complex chemistry:

Copper-Schiff base complexes adopt square-planar and square-pyramidal
coordination by dimerization.”* * Due to Jahn-Teller distortion, copper(Il) ion also
adopt distorted octahedral and tetrahedral configuration to remove degeneracy in
valence level orbitals. The distortion is usually seen as axial elongation consistent
with the lability and geometric flexibility of the complex. Therefore, typical
copper(Il) complexes have square planar or square pyramidal geometries with weakly
associated ligands in the axial position but some form trigonal bipyramidal geometry

as well.




1.3.4 Zinc Schiff base complex chemistry:

Zinc(Il) Schiff-base complexes are not as abundant as that reported for the copper and
nickel derivatives. Among the other first row transition metal series zinc(Il) ion has
d" electronic configuration and are diamagnetic in nature. The stereochemistries of
these species are determined by considerations of electrostatic forces, covalent
bonding forces and the size of the metal ion.?® Zinc(Il) can easily be 4-,5-,or 6-
coordinated with the former two being the most common. Due to metal-ligand bond
distance and repulsive energy, four coordinated zinc complexes attain tetrahedral
geometry in preference to planar configuration. A peculiarity of zinc(II) Schiff base
complexes is the tendency of the metal ion to expand its coordination sphere through
the axial coordination with neutral donors, such as alcohols, carbonyls, nitrogen-based
donor Lewis bases, or in their absence can be stabilised through intermolecular
Zne+O axial coordination involving Lewis basic atoms of the ligand framework.”’
These features allow such complexes to be relevant in the fields of supramolecular

assemblies, nano-structured materials and sensing.28

1.3.5 Lanthanide Schiff base complex chemistry:

Lanthanides have very rich and challenging coordination chemistry characterized by
high coordination numbers and flexible coordination geometries depending on factors
such as ionic radius, the nature of counter anions and the metal-to-ligand ratio.”’
Coordination numbers of lanthanide complexes range from six to twelve, eight and
nine being the most common coordination numbers. Lanthanides complexes with
coordination number 6 are coordinatively unsaturated and can expand their
coordination sphere by adduct formation with neutral molecules. Lanthanides are
weak Lewis acids and preferably coordinate to hard Lewis bases mostly with oxygen
donors and, to a lesser extent, nitrogen donors. A special feature of the Schiff’s base
complexes with lanthanides is that the Schiff bases coordinate as neutral ligands to the
lanthanum atom. However, the oxygen atoms of the phenolic -OH group are
deprotonated and the hydrogen atoms move to the nitrogen atom of the imine moiety
of the Schiff base ligand. In this way, a zwitterionic structure (—C=N"—H----O") is
formed i.e. negative charge on the oxygen atom and positive charge on the imine

nitrogen atom.™




Extensive studies on Schiff base metal complexes continue not only due to interesting
coordination geometries, structural versatility of ligand spheres, but also because of

their varied industrial application, catalytic and biological activity.”’33

1.4  Applications:

While elaborating on applications of metal-Schiff base complexes we intend to
restrict the discussion to liquid crystal, photoluminescence, catalytic and biological
applications only. In the present Ph.D. research we, however, explored the liquid

crystal and photoluminescence properties of the synthesized complexes.

1.4.1 Liquid Crystal:

The phase of matter existing between the classical condensed anisotropic solid and
isotropic liquid is called liquid crystal phase. The liquid crystal state represents an
intermediate situation and possesses properties reminiscent of crystalline and liquid
phase. The properties of liquid crystal phases include the exhibition of positional
order in one or two dimensions, optical anisotropy associated with crystals and
fluidity of an isotropic liquid. The term “liquid crystal” refers to substances that
exhibit intermediate phases, called mesophases, between the crystalline and liquid
phases. These mesophases are distinct from the crystalline and isotropic liquid phases
in that they exhibit partial long-range order in one or more dimensions, but are also
fluid.*** Liquid crystallinity was first observed by a botanist Friedrich Reinitzer in
1888 who noticed a reversible colour change during multiple heating and cooling
cycles of cholesterol derivatives.”® In addition, he observed that these compounds
exhibited a peculiar melting behaviour-melt from solid to a cloudy liquid with
increasing temperature finally turning to a clear liquid. Reinitzer consulted his
observations with Otto Lehmann, the inventor of the hot stage polarising microscope
and jointly proposed the phenomenon Fliissige Kristalle (liquid crystals).”” In 1906, a
review article by Daniel Vorldnder first stated the origin of crystalline-liquid state
results from a molecular structure and anisotropy of the molecule.*® Later George
Friedel, a French crystallographer introduced new terminology “mesomorphism” for
the liquid crystalline behaviour. A compound with properties similar to liquid crystals

is mesogenic and its behaviour denotes mesomorphism. The liquid state is




conventionally termed as isotropic. The melting point represents the temperature
when a solid goes into a mesophase, whereas the clearing point is the temperature at
which the mesophase becomes an isotropic liquid. When a mesophase appears both
on heating and cooling, it is called an enantiotropic mesophase. When a mesophase
only appears on cooling from the isotropic liquid, it is termed monotropic. The liquid
crystal state is stabilized by geometric anisotropy, interaction anisotropy and micro-
segregation of the molecules which form the phases.”

It may be appropriate here to discuss briefly as to how liquid crystals are classified.
Considering that only thermotropic liquid crystals are dealt with in the present thesis,
discussion on this class is stressed in the following section.

Thermotropic liquid crystal:

When the compound passes through a solid, liquid and liquid crystal state as a
primary function of temperature and in the absence of solvent, the liquid crystal

behaviour is termed thermotlropic.‘m’41 The liquid crystallinity of thermotropic LC

appears only in a particular temperature range, as schematically shown in Fig.2.
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Fig. 2: Thermotropic liquid crystalline transition.

Based on the shape of the mesogenic molecules, thermotropic liquid crystals are
classified into three main groups: (a) calamitic (rod-like); (b) discotic (disc-like) and
(c) bent core (banana-like).

Mesophases formed by calamitic molecules:

Calamitic mesogens are broadly divided into two classes - the nematic and smectic

phases (Fig.3)
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Fig. 3: Classification of calamitic mesogen.

Nematic phase:

Compounds exhibiting a nematic phase have the highest fluidity with least order and
viscosity of all the other existing mesophases. The nematic (N) phase has no
positional order, but only orientational order. The word nematic comes from the
Greek word nematos meaning thread-like—this arises from the observed optical
texture of the phase between crossed polarizers.*’ The average orientation of the
molecules (Fig. 4) along their long molecular axes within the phase is defined by the
director n. The degree of orientational order within the phase is expressed by the
parameter S (eqn. i), where 0 is the average angle between the molecular long axis

and the director.
1 2 .
S=E(3cos o-1) (1)

Typically for a nematic phase, the value of order parameter, S lies between 0.4 and

0.7.9
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Fig. 4: Molecular order in nematic liquid crystal.




The chiral version of the nematic phase is abbreviated as N*. Chiral nematic phase is
observed when a nematic phase is shown by a pure enantiomer or by a mixture of
enantiomers with one in excess or by a racemic or non-chiral compound doped with
5-10% chiral material.**** The chiral nematic phase was the first liquid crystal phase
to be studied, named after the cholesteryl derivatives investigated by Reinitzer and is
historically called as the cholesteric phase.*? Chiral nematic phase forms a helical
structure with a pitch length P, which is a 2x radian rotation of the director n (a full

rotation), and P/2 becomes the periodicity due to the equivalence of n and —n (Fig. 5).

Fig. 5: Schematic representation of the molecular ordering in the chiral nematic

phase. (Source: ref.34)

Smectic phases:

The Smectic phase (Sm) is characterized by orientational correlations and partial
translational order of the molecules into layers or planes. The word “smectic” is
derived from the Greek word for soap. Smectic phases (Sm) occur when the thermal
energy is enough to overcome the Vander Waals attractive forces between the ends of
the rod-like molecules and so positional order of each layer may be lost.*’ As a result,
smectic layers slide freely over one another which give rise to fluidity to the system
with higher viscosity than nematics. Several types of smectic phases exist (Fig.3).
Two of the most common of which are the smectic A (SmA) and smectic C (SmC)

phases. The smectic A phase is the most disordered smectic phase with the director
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perpendicular to the layer plane (Fig.6). In the smectic C (SmC) phase, long axes of
molecules are tilted by a certain angle with the layer plane (Fig.6). When molecules
adopt a hexagonal ordering within the smectic layers the smectic B (SmB) phase is
obtained. The smectic B phase is an orthogonal hexatic phase (Fig.6), whereas the
smectic I and smectic F phases are tilted variations. Thus, the smectic I (Sml) phase
may be regarded as SmB phase which is tilted toward a vertex of the hexagonal net
while the smectic F (SmF) phase is tilted towards the edge of the hexagonal net. SmC,
SmF and Sml phases can also exist as chiral modifications (SmC*, SmF* and SmI*).
Soft crystal phases (B, E, G, H, J and K) are characterized by the appearance of inter-

layer correlations. They exhibit long-range positional order in three dimensions.

N
ﬁ % W ﬁ
SmA SmC

Fig. 6: Molecular ordering in smectic phases.

SmB

Mesophases formed by discotic molecules:
Discotic mesogens carrying the abbreviation “D” generally consist of flat, rigid
(usually polycyclic aromatic) cores surrounded by long alkyl chains which stack one

on top of each other in a columnar fashion (Fig.7).

Fig. 7: General molecular structure of a disc-like liquid crystal.
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Discotic liquid crystals, first discovered by Chandrasekhar™ quickly followed up by a
variety of other groups have attracted considerable attention over the years regarding
their potential applications.45 The spontaneous self-organization behaviour of disc-like
(discotic) moieties probably due to intense m—m interactions of polyaromatic cores.
The core-core separation in a columnar mesophase is usually of the order of 3.5A° so
that there is considerable overlap of m-orbitals leading to high charge-carrier
mobilities which offer possibilities of their application in organic electronic devices,
light emitting diodes, photovoltaic solar cells, field-effect transistors etc. 40

Mesomorphism exhibited by discotic molecules (Fig.8) are primarily of three types:

nematic, columnar and lamellar.

( 7\

[Discotic Mesogen }

Nematic phase Lamellar phase Columnar phase
Discotic  Chiral Nematic Hexagonal Rectangular Plastic
Nematic Nematic Columnar
. J

Fig. 8: Classification of discotic mesogen.
The nematic phases of disc-shaped molecules can be subdivided into three types: (a)
discotic nematic (b) chiral nematic and (c) nematic columnar. The discotic nematic
(Np) phase is the least ordered and consequently least viscous phase formed by disc-
like molecules. The molecules in this phase are established by the short molecular
axis and stay more or less parallel, having orientational order but no long-range
positional order (Fig.9a). Like chiral calamitic nematic or cholesteric phase, discotic
chiral nematic mesophase, Np* also exists. This mesophase occurs in mixtures of
discotic nematic and mesomorphic or non-mesomorphic chiral dopants as well as in
pure chiral discotic molecules.*® *” The helical structure of chiral discotic nematic
phase is schematically shown in Fig.9b. The nematic columnar (Ng,) phase is
characterized by a columnar stacking of the molecules displaying a positional short-
range and an orientational long-range order (Fig.9c). However, these columns are

randomly distributed and do not form two-dimensional lattice structures.*®
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Fig. 9: a) Discotic nematic phase; b) Chiral nematic phase; ¢) Nematic columnar
phase.

Columnar phase of discotic molecules are classified depending on the order in the

molecular stacking in the columns and symmetry of the two-dimensional inter-

columnar lattice. Most common is the least ordered uniaxial hexagonal columnar

mesophase (Col,) shown in Fig.10.

i

1]

Fig. 10: Molecular ordering in hexagonal columnar phase.
The planar space group of a Col, mesophase is P6émm and sometimes the
intracolumnar stacking order or disorder is denoted as Coly,, and Colyg,
respectively.%’47 The columnar rectangular phase is characterized by rectangular
packing of molecular biaxial columns consisting aromatic cores surrounded by the
disordered aliphatic chains titled with regard to the stacking axis. Three different

planar space groups c2mm, p2gg, p2mm exist for rectangular ordering of the columns

illustrated in Fig.11.

Un

4

a b c
Fig. 11: Top view of the molecular ordering in the rectangular columnar phase

a) Space group c2mm; b) Space group p2gg; ¢) Space group p2mm
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A rarely observed columnar phase due to molecules with strong core-core interactions
along the column in tilt fashion is the oblique columnar phase (Coly,) with primitive

space group pl shown in Fig.12.

Fig. 12: Top view of the molecular ordering in the oblique columnar phase.

Occurrence of columnar plastic phase, denoted as Colp, has been identified recently
in discotic liquid crystals. The plastic phase (Fig.13) is characterized by three-
dimensional crystal-like order with restricted motional freedom of discs around the

columnar axis.®®
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Fig. 13: Molecular ordering in plastic columnar phase.

In the columnar lamellar phase or lamello columnar phase (Colp), columns of stacked
discotic molecules are arranged in layers 4930 but the columns in different layers are
devoid of any positional symmetry and the columns within layers can slide as

illustrated in Fig.14.

Fig. 14: Molecular ordering in lamello columnar phase.
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Mesophases formed by bent core (banana-like) molecules:

In the mid-90’s banana-shaped liquid crystals or bent-core liquid crystals breathed
new life into the field (Fig.15). This sort of material is an active field of research in
both mesogenic materials and supramolecular chemistry.51 Vorldnder was first to
synthesize several bent-core liquid crystals in 1929 and reported their mesogenic
properties.” Since the pioneering results by Niori et al, extensive research has been
carried out on these bent-core liquid crystals, and the results have allowed us to
appreciate a new kind of truly fascinating materials.” This apparently naive structural
modification of a rod-like molecule gives rise to some radically new mesophases
which were initially denominated as B phases™ and numbered chronologically (B,
B,, B3, etc.).The occurrence of novel and intriguing polar mesophases, the induction
of supramolecular chirality using achiral molecules and the noticeable optical,
ferroelectric and antiferroelectric responses of these materials are, among others
aspects that are now well documented.” The search for biaxiality in BCLCs has been
split into two main areas: the bent-shaped molecules themselves and their linear
covalent coupling with a rod-like unit to form a non-symmetrical dimer in order to
enhance the shape biaxiality of the rod-like mesogen. Of these approaches, the
research into hybrid rodlike and bent-core liquid crystalline dimers to give biaxial
phases has attracted the most attention. Research on hybrid rod-like and bent-core
liquid crystalline dimers have captured attention for the interesting biaxial phase
sequences.56 The size and type of mesogenic units, the parity and nature of the spacer
as well as linkage groups have proven to be crucial in the properties of the dimeric
systems. A different series of bent-core coupled with cholesterol derivatives,
cyanobiphenyl or azobenzene-derived calamitic units exhibiting fascinating
mesophases, photoreactivity and electrical property of the dimers have been

1rep0rted.51'56
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Fig. 15: General structure of bent-core (banana-shaped) liquid crystals
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Lyotropic liquid crystal:

Though this does not fall under the scope of the present work yet it would not be out
of place here to touch upon briefly about the lyotropic mesogen. These are formed
depending on the concentration of the mesogen in an appropriate solvent.”” One of the
historic examples of lyotropic liquid crystal is myelin in water which exhibited
birefringence in a microscopic study reported in 1854.>® Anisotropy in lyotropics
arises from the arrangement of molecules into spheres, rods or discs called micelles
when hydrophobic head groups and hydrophilic tails, both which interact differently
with the solvent. Usually lyotropic liquid crystal forms lamellar, cubic and hexagonal

mesophases illustrated in Fig.16.

Hydrophilic Head --——

Hydrophobic Tail --———
Lamellar

Increasing Surfactant Concentration

Hexagonal

Cubic

Fig. 16: Structure of lyotropic liquid crystal.

Metal-based lyotropic liquid crystals though rarely been studied but offers the
opportunity to design surfactants with unusual shapes and geometries with induced
catalysis, magnetism and redox behavioural aspects.sg’60

A ferrocene-containing carbohydrate surfactant exhibiting both thermotropic and
lyotropic liquid-crystalline phase behaviour has been reported by Donnio et al®

Later on, Galyametdinov et al. reported lyotropic mesomorphism of rare-earth
trisalkylsulphates in the water—ethylene glycol system. In ethylene glycol, a normal
hexagonal phase and a cubic phase could be detected, whereas in water a normal

hexagonal phase and a lamellar phase were found.”!
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Metallomesogen:

Metal centred organic liquid crystals with different functionalities and induced non-
conventional shapes and unique properties are called metallomesogens.62
The continued extension of liquid crystal science to additional technologies requires
new types of mesomorphic materials that integrate novel structural elements and
physical properties. The introduction of metal centres can bring valuable physical
properties to liquid crystalline materials (colour, polarisability, redox behaviour,
magnetism, nonlinear optical behaviour, electric properties, etc.) and can potentially
expand technological applications of liquid crystals. Furthermore, metals offer
multiple structural possibilities for novel molecular architectures, including linear,
square planar, trigonal, tetrahedral, octahedral, and square pyramidal and lantern
structures which are unobtainable in pure organic compounds and which in turn may
lead to new types of molecular organisations or mesophases.”>** Metal complexes
derived from Schiff-base ligands feature amongst the earliest and most widely studied

class of me:tallome:soge:ns.62'64

The advantages of incorporating the imine functionality
lie in the diverse range of potential structures and their ease of preparation.
Consequently, this versatile functionality has produced metallomesogens of

» 9 surfactants®, polycatenar mesogens67, polymers68,

thermotropic liquid crystals62
luminescent materials®, magnetic materials’’, ferrocene’', chiral complexes72 and
metallohelicates.” The design of the ligands that are employed in a metallomesogen is
fundamental in determining whether or not the complex forms mesophases. The
principal elements to consider are the size and shape of the core (calamitic or discotic)
and the length, positioning and number of the tails. The metal is typically
incorporated into the core of the mesogen with an anisotropic, rigid organic
framework surrounding it. From a structural perspective, this can mean that the
metal’s (including s-, p-, d- and even f-block elements) coordination geometry

provides much of the required structural anisotropy in the core and’*7°

opens up the
possibilities of the incorporation of new physical properties into the liquid crystals.
Calamitic metallomesogens must incorporate a long, rigid, core in order to form
mesophases.62 As such, metals that naturally form linear complexes or trans-
substituted square planar complexes are ideal for incorporation into calamitic

metallomesogens. The first thermotropic metal-containing liquid crystals were
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reported by Vorlander in 1910.”7 He observed that the alkali-metal carboxylates,
R(CH;),COONa, formed classical lamellar phases characteristic of soap. Later in
1923, Schiff base-mercury mesogens (Fig. 17) exhibiting smectic phase were first
examined by Vorldnder representing the earliest known example of

78
metallomesogens.

Fig. 17: Schiff base-mercury mesogens

Of particular interest are the salicylaldimine complexes, examples of which are shown
in Fig.18. The salicylaldimine moiety used to bind the metal is both anisotropic and it
allows for easy derivitization to larger, more complex core architectures. A number of
reported examples of well-established metal-salicylaldimine mesogens were

. . . . 15
described in a review by Hoshino.
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Fig. 18: The archetypical salicylaldimine complexes

Smectic ferrocenyl Schiff bases (Fig.19) synthesized by Malthete and Billard in

1976 were the first well characterized organotransition metallomesogens.79

18



. —end \_o.c
g(ﬂ,@h {.H—<;>—U_(—©—x

X =CHypy (n =5, 6,8 OC . Hy,.; (n =8, 10)

Fig. 19: Smectic ferrocenyl Schiff bases

The first systematic study of d-block metallomesogens was carried out by Giroud and
Muller-Westerhoff in 1977 on dithiolene complexes (Fig.20) of Ni(Il), Pd(Il) and

Pt(I) showing nematic and smectic phases.80

Fig. 20: Dithiolene metallomesogen

Ovchinnikov and coworkers were the first to report the calamitic bis-N-(4-substituted)
salicylaldiminato copper (II) and nickel (I) complexes with aliphatic spacer which
exhibit lamellar smectic mesomorphism.81

A typical discotic liquid crystal has a central rigid, disc shaped core with substitution
of flexible alkyl chains at the periphery. Incorporation of a metal with a non-
anisotropic coordination geometry into such a core can be achieved more easily than
in the calamitic case through the use of large chelating ligands, however many
discotic metallomesogens do incorporate metals with square planar geometries. These
complexes often use the square planar geometry of the metal as a basis to form the flat
disc shape needed. Square planar metal complexes are particularly important building

blocks for new materials since the open axial coordination sites allow for inter-
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metallic communication via direct metal-metal or ligand-mediated interactions.
Examples of these are the B—diketonategz, phthalocyanine83 , and phorphyrin-based
discotic metallomesogens.84 The first mesogenic complex based on f-diketonates was
bis(1 octyloxyphenyl-1,3-butanedionato) palladium(II) prepared in 1977.% A series of
structurally related B-diketonates complexes reported by Ohta er.al exhibiting
columnar mesomorphism.*® Swager er al. developed half-disc shaped square-planar
1, 3-diketonate Schiff base complexes of Cu, Ni and Pd ions (Fig.21) which assemble

to form antiparallel discotic hexagonal columnar phase.®’

HICH;), ¢
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Fig. 21: Assembly of the diketonate Schiff base complexes into a discotic

antiphase superstructure. (Source: ref.87)

Tetradentate Schiff bases (salen/salophen type ligands) have been also used as ligands
to produce interesting liquid-crystalline transition metal complexes.16’ 8891 The Co(Il),
Ni(Il), Cu(Il), VOV) salen complexes with 5-substituted alkoxy or alkyl chains of
the aromatic rings usually generate linear rod-like (1D) liquid crystal structures and
show smecticA mesophases at higher ‘[empera‘[ure.gg'91 A series of transition
metal (II)-salen complexes containing 4-substituted long alkoxy chains of aromatic
rings showed lamello-columnar phase with high thermal stability.”* Espinet er al.
reported liquid crystalline hemi discotic-and polycatenar-like metallomesogens based
on salen manganese(Ill) complexes affording columnar (hexagonal/rectangular
mesophases by self-assembling of dimer aggregates.93 Our group have reported

analogous series of 4-substituted oxovanadium(IV), zinc(Il), nickel(Il) as well as
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copper(Il) complexes, using cyclohexane/phenylene diamine spacer exhibiting
different type of columnar phase.94

Quite apart from d-block transition metals, the design of lanthanide-containing liquid
crystals is a challenge because the trivalent lanthanide ions have higher coordination
numbers which seem to be incompatible with the structural anisotropy that is
necessary to exhibit liquid crystalline property.”**> High magnetic anisotropy and the
bright photoluminescence of lanthanides render their study yet more interesting.”” The
first calamitic lanthanide-containing liquid crystals (Fig.22) with Schiff base ligand

were reported in 1991 by Galyametdinov and co-workers.”®

8]
O
NCy5Has5

OH

Fig. 22: Ligand of the first calamitic lanthanide-containing liquid crystal

The ligand, a nematogen, its lanthanide complexes form a highly viscous smectic
mesophase, which was later identified as a smectic A phase. Soon after, in 1994,
Galyametdinov and co-workers’’ discovered the first liquid crystalline lanthanide
complexes with a non-mesomorphic Schiff base ligand where mesomorphism is
induced by the lanthanide ion. Further work done by the research groups of
Galyametdinov, Bruce, and Binnemans provided more insight into the structure of

these Schiff base complexes.”

Lanthanide complexes exhibiting a hexagonal
columnar mesophase were obtained by placing an additional alkoxy chain on the
benzoyloxy group.99 Lanthanide complexes of the Schiff base ligand 4-dodecyloxy-N-
hexadecyl-2-hydroxybenzaldimine and with perfluorinated alkyl sulfate counterions
showing smecticA mesophase were described.'® The viscosity of this mesophase is
much lower than that of analogous compounds with nitrate or alkyl sulfate
counterions which is required for strong magnetic anisotropy.lol’102 Mesogenic
lanthanoid metal complexes of a non-mesogenic Schiff-base, N,N'-di-(4-
hexadecyloxysalicylidene)-1',8'-diamino-3’,6'-dioxaoctane ligand display

- - 103
smecticA/nematic mesophase have been reported.
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Nearly all metallic elements of the periodic table have been used to create
metallomesogens, but examples of liquid crystals that contain heteronuclear
lanthanide or rare-earth ion (f-block) and d-block metal ion are rare. The first
examples of mixed f-d metallomesogens  (Fig.23), a  trinuclear
copper(Il)/lanthanum(IIl) complex and a dinuclear copper(Il)/gadolinium(III)

complex with a mesogenic 2,2'-N,N'-bis(salicylidene)ethylenediamine (salen) ligand

resulting in a hexagonal columnar phase, reported by Binnemans ez al.'™
HaC 140 I\ OC)4Ha
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Fig.23: A copper(I) complex of a mesogenic 2,2'-N,N’-bis(salicylidene)
ethylenediamine (salen) derivative used to form adducts with lanthanide(III)

nitrates.(Source: ref.104)

This work was extended further in the sense that the copper(Il) was replaced by
nickel(Il) and that the influence of the chain length on the transition temperatures was
investigated.105 Later on, four mesogenic metal complexes namely, two copper(Il) and
one nickel(II), and two binuclear copper(Il)/lanthanum(I1T) and
nickel(Il)/lanthanum(III) complexes with 1,2-diaminobenzene spacer group exhibiting
a hexagonal columnar phase (Col,) over an extended temperature range were

reported. 106
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1.4.2 Photoluminescence:

Photoluminescence is the emission of light arising “from direct photoexcitation of the
emitting species”.107 Photoluminescence is formally divided into two categories:
fluorescence and phosphorescence depending on the nature of the excited state
(Fig.24). Fluorescence is a type of photoluminescence that is generated when in
excited singlet states, the electron in the excited orbital is paired (by opposite spin) to
the second electron in the ground-state orbital. Consequently, return to the ground
state is spin allowed and occurs rapidly by emission of a photon. The emission rates
of fluorescence'® are typically 10, so that a typical fluorescence lifetime is near
10ns (10 x 10™s). Phosphorescence is emission of light from triplet excited states, in
which the electron in the excited state has the same spin orientation as the ground-
state electron. Transitions to the ground state are forbidden and the emission rates are
slow (107 to 10%), so that phosphorescence lifetimes are typically milliseconds to
seconds; however, longer lifetimes are possible. Following exposure to light, the
phosphorescence substances glow for several minutes while the excited phosphors
slowly return to the ground state. Transition metal-ligand complexes, which contain a
metal and one or more organic ligands, display mix singlet—triplet states. These
complexes display intermediate lifetimes of hundreds of nanoseconds to several

microseconds.'®

Intersystem

crossing

absorption
fluorescence

non-radiative decay
phosphorescence

non-radiative decay

S |

Fig. 24: Simplified Perrin-Jablonski diagram showing the difference between

fluorescence and phosphorescence.(Source: ref.107)

Photophysical properties of transition metal complexes of organic ligands have
received widespread interest because a better understanding of the excited-state

properties helps in the design of new molecules as fluorescent probes for sensing and
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highly luminescent materials, especially for organic light emitting devices.
Compounds with extended m-systems, conjugated polymers, well defined oligomers
have become an important class of electronic materials. Complexes of transition and
non-transition metals with Schiff base ligands are promising materials for
optoelectronic  applications due to their outstanding photoluminescent and
electroluminescent properties, and the ease of synthesis that readily allows structural
modification for optimization of material properties. Metal complexes offer many
attractive properties, such as displaying a double role of electron transport and light
emission, higher thermal stability, and ease of sublimation. Moreover, an attractive
feature of these complexes is the ability to generate a much greater diversity of
tunable properties and their color emission by virtue of the coordinated metal centre
or by modifying the backbone substituents of ligands.'” The luminescence properties
of Schiff bases are useful for recognizing biochemically relevant details and can be a
basis for the development of new highly sensitive analytical methods. Additionally,
luminescence properties are important for investigations of photochromism and
thermochromism. These facts have motivated a number of works about fluorescent
aromatic Schiff bases.'”''” Photoluminescent materials have attracted much attention
in recent years due to their significant expansibility in commercial applications such
as optoelectronic devices, sensors, semiconductors, etc. In contrast to organic dyes
and polymers,111 few efficient materials based on chelated metal complexes using
Schiff bases such as three-ligand complexes (Alqgs (q = 8-hydroxyquinoline) and its

analogue) H2

and a series of intramolecular azomethine zinc-Schiff base complexes
were reported to be effective emitters having good electron transport capability in a
two-layer cell structure.'” A recent paper by Che et al. described the utilization of
vapour deposited Pt—salen complexes as efficient electrophosphorescent dyes in
multilayer organic light emitting diode (OLED) devices with a maximum luminous
efficiency.114 Recent startling interest for lanthanide luminescence is stimulated by the
continuously expanding need for luminescent materials meeting the stringent
requirements of telecommunication, lighting, electroluminescent devices, (bio-)
analytical sensors and bio-imaging set—ups.“s’116

The development of compounds showing both luminescence and liquid crystallinity

comprise a relatively new field of endeavour due to their promising applications in
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OLEDs, information storage, sensors, photovoltaic devices, thin-film transistors and
enhanced contrast displays.'"” The first example of blue emissive one-ring
salicylaldimine type Schiff base ligands exhibiting smectic mesomorphism was
reported from our group.118 Numerous Schiff base transition metal complexes of da"
transition metal such as Zn**, Cd**,Cu’, Ag* and Au" etc. have been reported and
showed luminescent p1r0perties.65’“9’123 The first examples of d-block
metallomesogens luminescent in the liquid crystal phase were the smectogenic rodlike
gold(I) isocyanide complexes described by Espinet and co-workeres.”” A series of
luminescent square planar platinum(II) salen complexes containing 4-substituted
alkoxy chains of aromatic rings have been reported.124 The lanthanidomesogen also
have enjoyed lot of interests owing to unusual geometries and novel properties such
as spin crossover, ferroelectricity, photorefractivity, non-linear optical properties,

S . 117,125
large magnetic anisotropy and luminescence. "

1.4.3 Catalysis:

Schiff base complexes have been a field of academic and industrial interest to analyze
the catalytic activity of various metal complexes. A very significant aspect of metal
Schiff base complexes is their role in catalytic activities like oxygenation, hydrolysis,
electro-reduction and decomposition.126 Four coordinated cobalt(Il) Schiff base
chelate complexes show catalytic activity in oxygenation of alkene.'”’ Recent studies
show Schiff base complexes of iron(II) exhibit catalytic activity towards electro-
reduction of oxygen128 and iron (III) as efficient catalyst for oxidation of sulphides to
sulfoxides by urea hydrogen peroxide.'” Some polymer bound Schiff base metal
complexes show catalytical activity on decomposition of hydrogen peroxide and

. . . . 1130
oxidation of ascorbic acid.

The high thermal and moisture stabilities of many Schiff
base complexes were useful attributes for their application as catalysts in reactions
involving at high temperature. The Heck reaction, an industrially useful process to
synthesize fine chemicals and pharmaceutical, was successfully catalyzed using Schiff
base complexes.m’132 Dinuclear Schiff base complexes of copper(Il) ions were used

successfully in hydroxylation of phenol.133

Although Ni(Salen) complexes have not
found many applications in catalysis, their planar coordination geometry constitutes

an interesting platform to coordinate other metals. The Schiff bases are able to act as a
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metallacrown and an interesting structure containing different metals can result.
Ni(Salen) bearing another metal can behave as a bifunctional catalyst, as prepared by
Kozlowski.'* Alkynylation has attracted considerable interest in recent years, as
propargylic alcohols are valuable synthetic precursors. The undeveloped addition of
alkynyl zinc reagents to ketones can be realized using Zn(Salen) as a catalyst, leading
to new perspectives in the formation of quaternary stereocenters.'”> An interesting
application of lanthanide Schiff base complexes in catalysis has been recently

reported. 136

1.4.4 Biological activity:

Schiff base complexes have grown to be among the most widely explored
coordination compounds in the past few years, since they are becoming increasingly
important as biochemical, analytical and antimicrobial reagents. The Schiff base
complexes exhibit important properties such as anti-inflammatory activity, antibiotic
activity, antimicrobial activity and antitumour activity.137 The biological activity of
the Schiff bases has been attributed to their coordination ability with suitable metal
ions allowing successful synthesis of homo and hetero-metallic complexes with varied
stereochemistry. Some of the Schiff base complexes serve as biomimetic model for
oxygen carrier systems.138 Tridentate Schiff base and their metal complexes show
antibacterial activities against B.subtilis, E.coli, S.aureus and B.pumpilis."**"'*' Schiff
base derived from furylglyoxal and p-toludine show potent antibacterial activities
against Escherichia coli, Staphylococcus, Bacillus subtalis and Proteus Vulgaris.142
Anti-HIV activity, antibacterial activity is possessed by Isatin derived Schiff
bases."**'* Thiazole, benzothiazole and triazole Schiff bases complexes with copper,
ruthenium, oxovanadium possess effective antifungal activities.'*'*" Literature search
reveals that large number of Schiff base complexes are excellent DNA cleavage
reagents. Co(Ill) Schiff base-DNA adducts are a versatile class of specific and potent
tools for studying zinc finger domain proteins with potential applications in anticancer
therapeutics.148 A new chiral V(V) Schiff base complex as potential agents capable of
interacting at the specific site of DNA and protein for their use as artificial nucleases
and proteases have been reported.149 The oxidative nature of metallo-salen (metal

complexes of bis(salicylidene)ethylenediamine) complexes have attracted biological
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chemists to utilize this feature in development of novel DNA/RNA modifiers and

. 150
biomolecular probes.

1.5  Objectives:

In view of the recognition of potential applications of Schiff base and their metal
complexes particularly in the context of liquid crystallinity, photoluminescence,
catalytic transformations and biological activities as highlighted in the
aforementioned discussion, the principal objectives of the present research program
are as follows:-

1. To devise synthetic strategy for the synthesis of newer functionalised
multidentate Schiff base ligands from the condensation of strategically
selected aldehydes or ketones with appropriate amines.

2. Complexation with d- and f-block transition metals and isolation in solid state.

3. Identification, characterisation and structural assessment of the compounds by
a combination of physico-chemical techniques.

4. Investigation of liquid crystallinity and photoluminescence property of some
selected compounds.

5. To carry out DFT/TDDFT studies using DMol3/B3LYP program to determine

the optimized geometry of the compounds.
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