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CHAPTER 1 

 

GENERAL INTRODUCTION 

 

 

Schiff base complexes have been recognized as an important class of coordination 

compounds with applications in diverse fields ranging from agriculture to 

optoelectronics,[1–4] pharmaceuticals to therapeutics,[5,6] polymers to dyes[7,8] and drugs to 

catalysts.[9–11] Besides, such compounds currently have also earned a place of interest as 

liquid-crystalline materials.[12] The flexibility in design and the ease of synthesis make 

Schiff bases versatile ligands with excellent coordinating ability towards a wide range of 

metal ions in different oxidation states, thereby tuning the overall coordination chemistry 

of the resulting complexes. The introduction portion is therefore, restricted to a brief 

discussion on Schiff bases, structure and property of some complexes pertaining to the 

present thesis. Also presented in this chapter, a discussion on general applications of Schiff 

base complexes highlighting mainly on the catalytic biological, liquid crystallinity and 

photophysical applications. 

 

1.1. Schiff base 

“Schiff base” named after famous German Chemist, Hugo Schiff, are condensation product 

of amines and carbonyl compounds.[13] The basic framework of a Schiff base consists of 

an azomethine group (-HC=N-). Schiff base can be prepared under different reaction 

conditions in presence of catalytic amount of acid or base in different solvents. Aliphatic 

Schiff bases are relatively unstable and prone to polymerization while those derived from 

aromatic precursors having an effective conjugation are more stable. Schiff bases are in 

general air stable and can be stored at room temperature without much precautions. 

However, purification of Schiff bases is a difficult job as degradation may occur during 

such procedure. Chromatographic separation on silica gel also causes some degree of 

decomposition through hydrolysis. Purification is therefore accomplished usually by 

crystallization or by solvent separation techniques.  
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Schiff bases are generally bi-, tri-, tetra- or polydentate ligands binding to metal mainly 

through the lone pair on the azomethine ‘N’ in combination with one or more donor atoms 

close to the azomethine group and linked either to the aldehyde or the amine fragment (Fig. 

1.1). The combination commonly employed is nitrogen and oxygen, but oxygen can be 

replaced by sulphur, nitrogen or selenium atoms.[11,14-16] Condensation of salicylaldehydes 

or their derivatives with aliphatic 1,2-diamines results in the formation of an extremely 

important class of ligands, generally referred to as ‘‘salen’’, while those with aromatic     

1,2-diamines leads to the formation of π-conjugated salen systems, often termed as 

‘‘salphen’’. Bidentate salicylaldimines are obtained by the reaction of aldehydes with 

mono-amines.  

 
 

Fig. 1.1: Examples of Schiff bases of varied denticities. 

 

Macrocyclic Schiff base ligands (Fig. 1.2) have also drawn considerable research interest 

as encapsulating ligands finding wide applications in macrocyclic and supramolecular 

chemistry.[17,18] Their multidentate nature results in very high binding constants for many 

d or f - block metals.[19,20] In the present study, the ligand systems chosen are primarily 

based on bidentate salicylaldimines and tetradentate salen and salphen types. Such ligand 

systems are considered as ‘privileged ligands’ for their ability to chelate a wide range of 

metal ions including main group, transition and inner transition metal ions in different 
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oxidation states.[17,21] Also they greatly influence the activity of the metal center in the 

resulting complexes.  

 
Fig. 1.2: Examples of macrocyclic Schiff base ligands. 

 

1.2. Metal complexes of Schiff base ligands 

Schiff bases serve as useful synthetic intermediates and (or) as ligands and has been 

extensively employed to coordinate numerous d- and f- block metals in variety of oxidation 

states and lately for coordinating anions.[17,21] Solubility, spin state magnetism and redox 

properties can be suitably controlled through tuning structure-function relationship. 

Complexing ability of Schiff base is mainly due to the presence of azomethine linkage. The 

Schiff base coordinate to metal ions via the lone pair of electrons located on the imine 

nitrogen atom of the azomethine moiety (-HC=N-). Acidic group like a phenolic OH and 

SH or any other donor groups, when present in the close proximity of the azomethine group 

promotes the coordinating ability of the lone pair of electrons enhancing the stability of the 

metal complexes. Schiff base may act as bidentate: N,O-, tridentate: N,O,O-, N,O,N-, 

N,O,S-, tetradentate: N,N,O,O-, N,O,O,O-, pentadentate: N,O,O,O,O-, hexadentate: 

N,N,O,O,S,S-donor ligands, etc.,[11,22–25] which can be tailored to yield mononuclear or 

binuclear complexes or one-dimensional(1D), two-dimensional(2D) and three dimensional 

(3D) metal-organic frameworks.[26–30] 
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Schiff base metal complexes are generally prepared by carrying out a reaction between the 

Schiff base and suitable metal precursors such as metal halides, metal alkoxides, metal 

amides, metal alkyls or metal acetates under appropriate experimental conditions.[11,31,32] 

Five synthesis strategies are generally employed for the preparation of Schiff base metal 

complexes as outlined by P. G. Cozzi (Scheme 1).[11] 

 

 
 

Scheme 1.  Preparation of Schiff base complexes. (Ref.: [11]) 

 

 

The early examples of metal Schiff base complexes are over hundred years old,[33] even 

before general procedure for preparation of Schiff base themselves were known. 

Coordination chemistry of Schiff base metal complexes, however, gained importance after 

the work of Jørgensen and Werner in the mid-nineteenth century.[34]  Prior to the work of 

Jørgensen and Werner, Ettling in 1840, isolated a dark green copper complex from the 

reaction of cupric acetate, salicylaldehyde and aqueous ammonia.[35] Corresponding phenyl 

and aryl derivatives were synthesized later by  Schiff in 1869.[33,36] Nevertheless, the 

systematic study on synthesis of Schiff base metal complexes commenced after Pfeiffer 

and his co-workers reported a variety of  complexes derived from Schiff bases of 

salicylaldehyde and its substitution products.[37-40] Versatility of Schiff base ligands and 

biological, analytical and industrial applications of their complexes have promoted further 
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investigations in this area. Therefore, before moving on to the application potential of 

metal-Schiff base complexes, a brief discussion on the coordination ability of metals is 

warranted.  

 

1.3. Structure and properties of some Schiff base metal complexes 

As the present investigation is based on transition metal complexes of Schiff bases, a brief 

discussion on the chemistry of Schiff base complexes of the chosen metals is presented in 

the following section. 

 

1.3.1. Vanadium Schiff base complexes 

Vanadium show a wide range of oxidation states ranging from (-I) to (V). While the (II) 

and (III) states are reducing, the (V) state is slightly oxidizing. The (IV) state is the most 

stable oxidation state for vanadium and is dominated by the VO2+ ion, commonly called 

the vanadyl ion.[41,42] This is very stable and exists in a wide range of compounds both as 

solid and in solution (as the hydrated solution). The characteristics of the coordination 

chemistry of oxovanadium(IV) complexes is the strong V=O double bond.[43] The VO2+ 

ion forms complexes predominantly with ligands containing electronegative donor atoms, 

such as F, Cl, O, or N, though complexes having S-donor atoms are known. The complexes 

are five coordinate, generally green or blue–green in colour and can be neutral, anionic, or 

cationic. The geometry around the metal center is mostly square pyramidal and can be 

related to an octahedron with a vacant coordination site, although some trigonal 

bipyramidal structures are known.[41] In polymeric complexes, the sixth coordination site 

is either occupied by the vanadyl oxygen of the adjacent molecule[41,42,44,] or a hydrogen-

bonding interaction can occur (Fig. 1.3). In this case, the formation of the binuclear 

complex enhances the stability so as to withstand reduction to V(III) than related 

complexes.[45] The growing interest on oxovanadium(IV) based Schiff base complexes in 

past few years is generated by the wide range of biological and catalytic properties.[46,47] 

Many of these complexes are based on ‘salen’ or ‘salphen’ type ligands with N,N,O,O set 

of donor atoms, formed from reaction between suitably substituted salicylaldehyde and 

aliphatic or aromatic amines,[41,44,48-50] but examples with S donor ligands also exist.[51] 

Oxidovanadium(V) complexes incorporating tridentate Schiff base ligands have also been 
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investigated for their excellent catalytic activity in various organic transformations.[52-57] 

Metal center in these complexes adopt a five-coordinate square-pyramidal geometry or a 

distorted six-coordinate octahedral structure.[52-57] 

 

 
 

Fig. 1.3: Hydrogen-bonding interaction in polymeric vanadyl complexes. 

 

 

1.3.2.   Nickel Schiff base complexes  

Nickel exhibits a range of oxidation states from (-I) to (IV) – the dominant chemistry is of 

(II) state. The chemistry of nickel in (II) state is quite rich.[58]  Octahedral and square planar 

complexes are commonly observed, though several tetrahedral, trigonal bipyramidal and 

square pyramidal complexes are also known.[58] Square planar complexes are diamagnetic 

and can be visually distinguished from the paramagnetic tetrahedral counterparts due to 

their characteristic colour. The Ni(II) complexes with Schiff base ligands exhibit a variety 

of coordination architectures varying from octahedral to square planar including five-

coordinate and tetrahedral coordination modes. Nickel(II) complexes with Schiff base 

ligands act as efficient catalysts in hydrogenation of nitrobenzene,[59] epoxidation of 

olefins,[60] oxidation of alcohols into carbonyl compounds[61] etc. Moreover, such systems 

are likely candidates as non-linear optical (NLO) active materials.[62] 
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1.3.3.   Copper Schiff base complexes  

The (II) oxidation state is the most stable and important for copper. The Cu2+ ion with a d9 

electronic configuration has an unpaired electron. Its compounds are typically coloured due 

to d-d transition and the compounds are paramagnetic.[63] Due to Jahn-Teller distortion, 

common geometry adopted by Cu(II) complexes are tetrahedral, square planar and 

octahedral with varying degree of distortions.[63] Such complexes show excellent catalytic 

activity towards different oxidation reactions. There are many reports on the catalytic 

activity of both mono and multinuclear Cu(II) complexes for oxidation of cycloalkanes, 

alkenes, benzene, catechol, ascorbic acid etc.[64-69] Oxidation of cyclohexane using Cu(II) 

complexes lures special research interest since its oxidized products are of immense 

industrial importance.[70] Four-coordinate Schiff base Cu(II) complexes exhibit flexible 

structural features and has been studied at length.[71,72] Variation in size and nature of the 

substituent on the N-imino group of the Schiff base ligand has been correlated with changes 

in the coordination geometry around the metal center in these complexes.[71-74] In some 

complexes with N-substituted salicylidenimine ligands, structural changes from square 

planar to tetrahedral coordination has been observed depending on steric and/or electronic 

effects of the substituents on the imine group of the ligands.[71,72,75] 

 

1.3.4.   Group 12 metals Schiff base complexes 

This group comprises of three elements namely- zinc, cadmium and mercury and (II) 

oxidation state is characteristic of this group. Group 12 di-cations contain a d10-closed shell 

electronic configuration and cannot produce d-d spectra. Zn2+, Cd2+and Hg2+ ions form 

complexes with N, O and S donor ligands and with halide ions and coordination numbers 

from 2 to 8 are known. Four coordinate tetrahedral complexes occur largely for Zn(II) and 

Cd(II), but tetrahedral Hg(II) complexes are also known. Several octahedral, trigonal 

bipyramidal and square planar complexes have also been reported for these metal ions. Due 

to metal-ligand bond distance and repulsive energy, four coordinate tetrahedral structures 

are formed in preference to planar configuration. Square planar geometry is observed in 

complexes with rigid ligand framework, enforcing planar coordination environment around 

the metal center.[76] Zinc is an essential element in biology, the second most abundant trace 

metal after iron in biological systems.[77] On the contrary, cadmium and mercury are toxic 
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heavy-metal pollutants and preclude any physiologically beneficial role. Nevertheless, 

design and synthesis of efficient luminescent chelating Cd(II) and Hg(II) complexes is 

important for detection of these ions in biological systems.[78,79] There has been growing 

interest in the photophysics of luminescent Zn(II), Cd(II) and Hg(II) coordination 

complexes in last few years because of their high light emitting efficiency and the 

possibility of easy tuning of luminescence properties via ligand substitution.[80-82] There 

has been many reports on monomeric and multinuclear Zn(II)/Cd(II) coordination 

compounds,[83] Zn(II) coordination polymers,[84] fluorescent detection of Zn(II), Cd(II) and 

Hg(II) in biological systems,[78,79,85] and Zn(II)/Cd(II) coordination complexes as 

electroluminescent materials applied in OLEDs.[86,87] Schiff base complexes of d10-metal 

ions have gained significant attention of researchers due to the flexibility of their 

stereochemistry and interesting luminescent properties.[80-82] Another interesting feature of 

four coordinate planar Zn(II) Schiff base complexes is that, they are Lewis acidic species 

and tend to saturate the coordination sphere through the axial coordination with neutral 

donors, such as alcohols, carbonyls, nitrogen-based donor Lewis bases, or in their absence 

can be stabilized through intermolecular Zn•••O axial coordination involving Lewis basic 

atoms of the ligand framework facilitating a variety of aggregate molecular 

architectures,[88,89] supramolecular assemblies[90,91] and nanostructures.[92] 

 

1.4.   Application of metal Schiff base complexes 

In this section, a brief discussion on the applications of metal-Schiff base complexes is 

attempted, concentrating on the catalytic and biological applications, liquid crystallinity 

and photoluminescence properties only.  

 

1.4.1. Catalysis 

The demand for cheaper and more efficient systems that can act as catalyst in homogeneous 

and heterogeneous reactions has grown enormously in recent years. Schiff base complexes 

display impressive stability and activity, and their readily accessible imine ligands lend 

themselves as effective catalysts for many asymmetric conversions including 

(ep)oxidations, epoxide ring-opening reactions, hydrolysis, reduction, decomposition and 

stereo-selective polymerizations etc.[93-95] Structural changes and variation in the type of 
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Schiff base ligands can bring significant difference in the catalytic activity of the resulting 

complexes. Schiff base complexes of Co(II)[96] and Cr(III)[97]  are very effective in ring 

opening of large cycloalkanes with significant enantioselectivity. Schiff base complexes 

also act as an effective catalyst in the oxidation of hydrocarbons.[98-102] Many Schiff base 

complexes have been effective in reduction of ketones to alcohols[103] and alkylation of 

allylic substrates.[104–106] The complexes of chiral salen and binaphthyl have been reported 

to catalyse Michael addition reaction.[107] Schiff base complexes also show catalytic 

activity in carbonylation of alcohols and alkenes at low pressure to produce α-arylpropionic 

acid and their esters,[108–111] used as non-steroidal anti-inflammatory drugs. A series of 

ruthenium Schiff base complexes have been tested for their activity in atom transfer radical 

polymerization (ATRP) in the presence of trimethylsilyldiazomethane (TMSD) and in ring 

opening metathesis polymerization (ROMP) of norbornene and cyclooctene.[112]  The 

Mn(II)-salen complexes on soluble and insoluble supports were also used as catalysts in 

various asymmetric epoxidation reactions.[113,114] Some polymer bound Schiff base metal 

complexes have been effective in decomposition of hydrogen peroxide and oxidation of 

ascorbic acid.[115] Palladium(II) complexes of nitrogenous Schiff base ligands exhibit high 

catalytic activity in Heck reaction.[116,117] Cobalt(III)-salen complexes has been 

catalytically active in the cyclopropanation of styrene with t-butyldiazoacetate and show 

high trans-selectivity (95%) and enantioselectivity (75% ee).[118] 

 

1.4.2. Biological applications 

Schiff base complexes have also gained enormous importance as versatile pharmacophores 

since they exhibit a wide range of biological activities. The hydrogen bond formation 

between the azomethine nitrogen and the active centers of cell constituents of the targeted 

cells is believed to be the key to the bio-activity of these complexes.[119] Pyrazole-based 

Schiff bases has been found to be equally as active as standard drug ceftriaxone against 

microbes such as P. aeruginosa, B. subtilis, and E. coli and most active against                        

S. aureus.[120] Macrocyclic Schiff bases derived from thiocarbohydrazide has been found 

to be moderate to strongly active against K. pneumoniae, E. coli, S. aureus, and                       

S. typhimurium.[121] Co(II), Cu(II), Ni(II), Mn(II) and Cr(III) complexes of Schiff bases 

derived from 2,6-diacetylpyridine and 2-pyridinecarboxaldehyde with 4-amino-2,3-
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dimethyl-1-phenyl-3-pyrozolin-5-one show antibacterial and antifungal activities against 

E. coli, S. aureus, K. pneumoniae, M. Smegmatis, P. aeruginosa, E. cloacae, B. megaterium 

and M. leteus.[122] Schiff bases derived from benzocoumarin show in vitro antioxidant and 

in vivo antidyslipidemic activity.[123] Sydnone based Schiff bases exhibit good anti-

inflammatory and analgesic activities.[124] Quinolin-2(1H)-one and triazole derived Schiff 

base ligands and their Cu(II) complexes are potential antifungal and therapeutic 

agents.[125,126] Besides, Schiff base complexes serve as useful reagents for oxidative and 

hydrolytic cleavage of DNA.[127] Cu(II) and Co(II) Schiff base complexes have been 

largely documented to possess DNA cleavage activity.[128-131] Metal(II) amino acid Schiff 

base complexes are also known to exhibit DNA cleaving activities with calf-thymus DNA 

(CT-DNA) under aerobic conditions.[132] 
 

1.4.3. Liquid crystal 

‘Liquid crystals’ are a physically distinct state of matter, intermediate between anisotropic 

crystalline solid and isotropic liquid. They possess some degree of orientational order and 

sometimes positional order and also possess fluidity of the liquids. As the properties in this 

state are mid-way between typical solid and liquid, it is often termed as mesophase (mesos 

= between) and the compounds that are capable of forming liquid-crystalline phases are 

referred to as ‘mesogens’. The discovery of LCs is credited to Friedrich Reinitzer, when in 

1888 he observed double melting behaviour of cholesteryl benzoate (Fig. 1.4), one of the 

several esters of cholesterol-related substances synthesized by him.[133] He observed that 

upon heating, the solid first melted into a cloudy liquid at 145.5 °C and upon further 

heating, the cloudiness suddenly disappeared at 178.5 °C, and a clear transparent liquid 

was formed.[133] Some unusual colour changes were also observed on cooling. This double 

melting behaviour was explained by German physicist Otto Lehmann (1855-1922), who 

first referred them as “soft crystals” and later used the term “crystalline fluids”.[134] After 

detailed examination he suggested that the opaque phase was a homogeneous phase of 

matter sharing properties of both liquids and solids, and coined the term “Flüssige 

Kristalle” (liquid crystals) in 1889. This term is widely used even today. Further 

exploration in this field was carried out by German chemist Daniel Vorländer as he and his 

co-workers synthesized many new liquid crystalline compounds and were the first to 
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observe more than one LC phase in a single substance.[135] He also tried to find an 

explanation for the relationship between molecular structure and LC properties.[136] Later 

on, in 1922, Georges Freidel published the first classification of LCs into nematic, smectic, 

and cholesteric.[137] He also associated the term ‘mesophase’ to describe the intermediate 

nature of these phases between the crystal and isotropic liquid states. 

 

O

O

 
 

Fig. 1.4: Structure of cholesteryl benzoate. 

 

In 1962, George Gray, a British chemist, published a full-length book on molecular 

structure and properties of LCs.[138] In the following decades, numerous new mesogenic 

compounds were synthesized with different molecular shapes e.g. rod, disc and bent shape 

etc.  

 

Classification of Liquid Crystals 

Liquid crystals are broadly classified into two categories, namely thermotropic LCs 

(mesophase formation is temperature dependent) and lyotropic (mesophase formation is 

solvent or concentration dependent). If both thermotropic and lyotropic liquid crystalline 

phases are observed in a single substance, then it is called amphotropic LC.[139] In addition 

to this there are also other modes of classification of LCs based on (i) nature of the 

constituent molecules (organic, inorganic, and organometallic), (ii) molar mass of the 

constituent molecules, i.e., low molar mass (monomeric and oligomeric) and high molar 

mass (polymeric) LCs, (iii) overall geometry of the molecules (rod-like, disk-like,     

banana-like) and (iv) molecular organization in the mesophase (nematic, smectic, 
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columnar, helical, B phases, etc.).[140] A flow chart illustrating the classification of LCs is 

presented below: 

 

 
 

 

However, considering that the present thesis deals only in thermotropic liquid crystals, 

discussion on this class is stressed in the following section. 

 

Thermotropic liquid crystals 

When the mesophases are observed on varying the temperature of a pure compound, then 

the liquid crystals are referred to as thermotropic liquid crystals. The crystals first melt to 

the mesophase (at the melting point) and then clear to an isotropic liquid at a higher 

temperature (at the clearing point). If the mesophase appears both on heating and cooling, 

it is called an enantiotropic mesophase, while a mesophase obtained only on cooling the 

isotropic liquid is termed as monotropic mesophase. Structure comprising of a rigid central 

core (often aromatic) and flexible arms (generally aliphatic chains) is prerequisite for 

molecules exhibiting thermotropic mesomorphism. Based on the shape of the core of the 

mesogens, thermotropic LCs are divided into three main categories: (a) calamitic (rod-

shaped), (b) bent-core (boomerang or banana-shaped), and (c) discotic (disk-shaped) LCs. 
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Mesophases exhibited by calamitic molecules 

Calamitic or rod-shaped molecules display mainly two type of mesophases: nematic (from 

the Greek word nematos meaning “thread”) and smectic (from the Greek word smectos 

meaning “soap”). 

 

 
 

Fig. 1.5: The melting process of a calamitic liquid-crystalline material. (Ref: [141]) 

 

Nematic phase: 

The nematic (N) phase is the least ordered mesophase of all the mesophases exhibited by 

the calamitic molecules closest to the isotropic liquid state. Molecules are orientationally 

ordered in nematic phase, but do not possess any long range positional order (Fig. 1.5). 

Because of the low molecular order in the nematic phase, this phase has a low viscosity 

and is very fluid. The rod-like molecules tend to align parallel to each other in this phase 

with their long molecular axes all pointing on an average towards the same direction, called 

the director of the phase and denoted by the symbol ñ.[142] The rod-like molecules can rotate 

freely about their long axes and to some degree about their short axes.  

Nematic LCs are extensively used in display devices. Easy alignment and reorientation of 

the nematogens on application of relatively small electric and magnetic fields serve as a 

basis for their practical application in LCD devices.  
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Chiral Nematic phase: 

When the nematic phase possesses chirality, it is called the chiral nematic (N*) phase. This 

phase was first observed in cholesterol derivatives and hence is also referred to as the 

cholesteric phase.[143,144] However, there are many different types of chiral materials 

having no resemblance to cholesterol, which exhibit the chiral nematic phase. A chiral 

nematic phase can be generated by a pure enantiomer or by a mixture of enantiomers with 

one in excess or by adding a small quantity of chiral material (not necessarily liquid 

crystalline) to a nematic material. In this phase, the director describes a helix through the 

material with a pitch length P, which is a 360° rotation of the director ñ (a full rotation), 

and P/2 becomes the periodicity due to the equivalence of n and –n (Fig. 1.6). 

 
Fig. 1.6: Schematic representation of cholesteric phase.  

 

Smectic phase: 

Smectic phases are layered phases which are more ordered than the nematic phase. Smectic 

phases display certain degree of translational order along with the orientational order found 

in nematic mesophases. Of the several smectic phases, the two most commonly observed 

ones are the smectic A (SmA) and smectic C (SmC) phases (Fig. 1.7). The SmA phase is 

the most disordered type of smectic phase and in it, the long axis of the molecules is 

orthogonal to the smectic layer plane, and there is no particular positional order within the 

layers. In SmC phase the molecular organization is similar to that in the SmA phase, except 

that the director is now tilted at some angle, θ, to the layer normal. Chiral versions of this 

phase have C2 symmetry in the layers and as such, are ferroelectric- a property which 

allows their exploitation in display devices.[145] Smectic phases are also very fluid and 

molecules can move freely between the layers. SmB, SmF, and SmI phases are ordered 

smectic phases in which the molecules possess hexagonal order within the layers. The 
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SmBhex phase is an orthogonal hexatic phase (Fig. 1.7), while SmF and SmI phases are 

tilted variations in which the molecules are tilted toward the edge and toward the apex of 

the hexagonal net, respectively. There are also chiral versions of SmF and SmI phases 

(SmF* and SmI*). Smectic B, E, J, G, H, and K are soft crystalline phases which display 

strong correlation between the preferred positions of the molecules in the different smectic 

planes and may or may not be tilted. 

  
Fig. 1.7: Schematic representation of SmA(left), SmC(middle) and SmB(right) phases. 

 

Mesophases exhibited by disc-shaped molecules 

Mesophases of disc-like molecules were first observed in September 1977 by 

Chandrasekhar et.al at the Raman Research Institute, India.[146] They form an entirely new 

class of LCs where the molecular self-organization in the mesophase is quite different from 

that in the conventional calamitic molecules. The disk-like molecules spontaneously self-

assemble into 1D stacks, which in turn self-organize into various 2D lattices.[140] Disc-

shaped molecules primarily exhibit three types of mesophases: (1) nematic, (2) smectic, or 

lamellar and (3) columnar. Disc-shaped molecules extensively exhibit columnar phase 

followed by the nematic phase, while the lamellar phase is rarely observed. Polymorphism 

is not common for discotics and most of them exhibit only one type of mesophase, yet few 

are known to exhibit polymorphism.[147,148] Apart from disc-shaped mesogens, polycatenar 

molecules, dendrimers and bent-core mesogens also exhibit thermotropic columnar phases. 

Even surfactants aggregating into cylindrical micelles are known since long time to form 

lyotropic columnar phases.  

The nematic phases of disc-shaped molecules can be classified into four types: (a) discotic 

nematic (ND), (b) chiral nematic (ND*), (c) nematic columnar (NCol) and (d) nematic lateral 

(NL).  
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Fig. 1.8: Structure of various nematic phases exhibited by discotic mesogens: (a) discotic    

     nematic, (b) chiral nematic, (c) columnar nematic and (d) nematic lateral. 

 

Discotic nematic (ND) phase is the least ordered, least viscous, and more symmetric 

mesophase among the other nematic phases.[149] The preferential direction of the molecules 

in the discotic nematic phase is established by the short molecular axis and molecules 

possess full translational and rotational freedom around their short molecular axis (disk 

normal) and stay more or less parallel(Fig. 1.8a).  

Chiral nematic (ND*) phase is the chiral version of discotic nematic (ND) phase                

(Fig. 1.8b).[150] Mixtures of discotic nematic and mesomorphic or non-mesomorphic chiral 

dopants as well as pure chiral discotic molecules exhibit this mesophase.[151] 

The columnar nematic (NCol) phase is characterized by a columnar stacking of the 

molecules possessing short-range positional and long-range orientational order (Fig. 1.8c). 

The columns behave like supramolecular rods and are randomly distributed with strong 

lateral interactions. The columns are short and do not form two-dimensional lattice 

structures.[152] 

The nematic lateral (NL) phase is a recent addition to the nematic phases exhibited by disc-

shaped mesogens. In this phase, the disk-shaped molecules aggregate into large 

superstructures displaying a nematic arrangement (Fig. 1.8d).[153] 

Smectic phases of discotic mesogens are observed when there is an unsymmetrical 

distribution of the peripheral chains or there is a reduced number of peripheral chains 

around the disc-shaped core. As in the calamitic smectic mesophases, the disks are arranged 

in layers separated by sub-layers of peripherial chains in the discotic smectic phase         

(Fig. 1.9).[154] Molecular rotations about the long molecular axes is hindered in the layers 

in this phase. This phase is also commonly referred to as discotic lamellar (DL) phase. 



  

17 
 

Smectic phases are quite rare in disk-like mesogens as compared to the typical columnar 

phases. 

 
 

Fig. 1.9: Smectic (discotic lamellar) phase of disc-like mesogens. 

 

Columnar phase of discotic mesogens is characterized by the periodic stacking of disc-

shaped molecules one on top of the other in columns which are then arranged according to 

the symmetry of various 2D lattices. Periodic stacking of the molecules may be ordered or 

disordered. Based on the degree of order in the molecular stacking, the orientation of 

molecules about the columnar axis (orthogonal, tilted, helical, etc.) and symmetry of the 

2D lattice, seven types of columnar mesophases are generally encountered, namely:           

(1) hexagonal columnar phase (Colh), (2) rectangular columnar phase (Colr), (3) oblique 

columnar phase (Colo), (4) plastic columnar phase (Colp), (5) columnar helical phase (H), 

(6) tetragonal columnar phase (Colt) and (7) lamellar columnar phase (ColL).  

Hexagonal columnar (Colh) phase is the least ordered uniaxial columnar phase among all 

wherein the columns are arranged at the nodes of a 2D hexagonal lattice. The planar space 

group of a hexagonal columnar mesophase is P6/mmm, which is equivalent to P6/m2/m in 

the International System (Fig. 1.10).[155] On the basis of the degree of order in stacking of 

the cores, hexagonal columnar phases are often denoted as Colho or Colhd where “o” and 

“d” stands for ordered or disordered, respectively. 

 

 
Fig. 1.10:  Structure of the hexagonal columnar phase. 
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Columnar rectangular (Colr) phase results from non-cylindrical columnar cores, and their 

projection onto the lattice plane perpendicular to the columnar axis leading to elliptical, 

time-averaged, columnar cross-sections.[156] Four types of 2D rectangular arrangements of 

columns are possible for the Colr phases characterized by four different plane groups 

namely c2mm, p2gg, p2mg and p2mm (Fig. 1.11). 

 

 
 

Fig. 1.11: Structure of different types of rectangular columnar phases. 

 

In the columnar oblique (Colo) phase, the columnar axis is perpendicular to the normal of 

the lattice plane (Fig. 1.12), and the projection of the hard cores onto the lattice plane gives 

rise to tilted columns.[155] The elementary cell is monoclinic. The symmetry of this 2D 

lattice corresponds to the space group P1. Examples of columnar oblique mesophases are 

rare because strong core–core interactions are required. 

 

 
 

Fig. 1.12: Structure of the oblique columnar phase. 
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The plastic columnar (Colp) phase is characterized by 3D crystal-like order of the center 

of mass of the molecules (Fig. 1.13), while the discs within the columns are able to rotate 

about the column axis.[157] Columnar plastic phase is a recent addition to the mesophases 

exhibited by discotic mesogens. 

 

 
 

Fig. 1.13: Structure of the plastic columnar phase. The curved arrow indicates the rotational   

                 disorder of the molecules in the columns. 

 

Columnar helical (H) phase is characterized by helical stacking of the molecular cores 

within each column, while the helical period lacks parity with the intermolecular 

(intracolumnar) spacing (Fig. 1.14). This exceptional mesophase structure with helical 

order has been demonstrated for triphenylene derivatives, namely, 

hexahexylthiotriphenylene(HHTT) [158] and a triphenylene ester derivative.[159] 

 

 
 

Fig. 1.14: Structure of the columnar helical phase. 

 

The Columnar lamellar (ColL) mesophase consists of a layered structure with columnar 

organization in which discotic molecules stack to form columns and these columns are then 
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arranged in layers (Fig. 1.15).[160] The columns in distinct layers can slide but the columns 

in different layers do not possess any translational freedom. 

 

 
 

Fig. 1.15: Structure of the columnar lamellar phase. 

 

The columnar tetragonal (Coltet) phase is characterized by arrangement of vertically 

upright columns in a square lattice (Fig. 1.16). Columns are aligned in a spontaneous 

homeotropic fashion as in hexagonal columnar phase.[161] 

 

 
 

Fig. 1.16: Structure of the columnar tetragonal phase. 

 

Mesophases formed by bent core (banana-like) molecules 

Liquid crystallinity in bent-core or banana-like molecules was first realised by Vorländer 

in 1929. Vorländer synthesized a number of  bent-core mesogens and stated their 

mesomorphism, accentuating the reduced thermal stability of the mesophase compared to 

that of calamitic analogues.[162,163] However, extensive research activity on bent-core LCs 

commenced in mid-90’s after ferroelectric switching in these achiral molecules was 

revealed by Niori et al in 1996.[164] Since then, several hundred bent-core molecules have 

been synthesized and unique polar order and supramolecular chirality in the mesophase 
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exhibited by these achiral mesogens has been studied.[165-167] In general, molecular        

structure of bent-core molecules can be regarded as being composed of three components: 

an angular central core, two linear rigid cores and terminal chains (Fig. 1.17). Bent-core 

molecules exhibit numerous mesophases that are quite unique to this kind and majority of 

them don’t have any resemblance to the mesophases exhibited by calamitic molecules. 

These phases are referred to as ‘B’ phases and are numbered according to the sequence of 

their discovery as B1, B2, B3 to the most recent B8. A couple of them have several sub-

phases i.e., these sub-phases represent a family of related phases. Moreover, some of the B 

phases possess columnar order while there are others with lamellar order. There are also a 

few mesophases with poorly resolved phase structures. Besides, conventional nematic and 

smectic phases has also been observed for bent-core molecules. In addition to the above, 

biaxial nematic (Nb), biaxial and polar smectic A phases has also been observed for bent-

core mesogens. In fact, bent-core mesogens are the first thermotropic LCs for which a 

biaxial nematic (Nb) phase has been explicitly determined.[168,169] Potential application of 

this new kind of truly fascinating materials embrace nonlinear optics (NLO), 

flexoelectricity, photoconductivity and the design of biaxial nematic phase, etc.[170] 

 

O O

OO

NN

ORRO
 

 

Fig. 1.17: General structure of bent-core (banana-shaped) liquid crystals. 

 

 

Metallomesogens 

Liquid-crystalline metal complexes are known as metallomesogens.[171] Metallomesogens 

combine the unique physical characteristics displayed by metal coordination complexes 

(e.g. colour, polarizibility, redox behaviour, magnetism, optical and electric properties, 

etc.) with that of the anisotropic fluids.[12,172,173] Besides, incorporation of metal offers 

unique geometries forming exotic molecular architectures other than the linear, trigonal 
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and tetrahedral coordination modes exhibited by carbon in organic ligands, which in turn 

may lead to new types of molecular organization or mesophases.[12,172,173] However, the 

introduction of a metal center in an organic framework often modifies the mesomorphic 

behaviour of the free ligand (stabilization, modification or suppression of the mesophases 

of the ligand, or induction of mesophases), thereby posing a challenge in the design of 

metallomesogens.[174,175] The key factors worth considering while designing thermotropic 

metallomesogens are the role of the metal, the design of the ligands and what effect these 

would bring on the mesophase behaviour. A major contribution to the phase behaviour and 

the physical properties of the mesophases is made by the metal center that is incorporated 

into the core of the mesogen with an anisotropic, rigid organic framework surrounding 

it.[176] Additionally, the radius of the metal ion can influence the transition temperatures 

and even the type of mesophase. [147,177] However, influence of the metal ion on the thermal 

behaviour of metallomesogens can only be realized in the presence of ligand systems that 

are able to form complexes with different types of metal ions. Schiff bases feature amongst 

the earliest and widely preferred ligands for designing metallomesogens. Ease of access, 

flexibility in design, fine tuning of electronic properties, and coordinating ability towards 

a wide range of metal ions including main group, transition and inner transition metal ions 

in different oxidation states are the advantages associated with the Schiff base 

ligands.[12,172,173] The ligand design is fundamental in determining the overall phase 

behaviour of the resulting complexes. Basic components in the ligand design are: the size 

and shape of the core, and the length, positioning and number of the tails. Core of the 

mesogens should be fabricated considering two factors: (1) the inclusion of the metal 

without disrupting the anisotropy of the core and (2) the desired shape of the core (calamitic 

or discotic). A long, rigid, core is essential for the formation of mesophase in calamitic 

metallomesogens and thus, group 9, 10 and 11 metals which predominantly form linear or 

trans-substituted square planar complexes are ideal.[178] The first thermotropic metal-

containing liquid crystals were reported by Vorländer in 1910, when he discovered that the 

alkali metal carboxylates, R(CH2)nCOONa, formed classical lamellar phases characteristic 

of soaps.[179] Thereafter, in 1923, he also found that the diarylmercury-Schiff bases formed 

smectic phase (Fig. 1.18), and these were the first known examples of metallomesogens 

derived from Schiff bases.[180]  
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CHH2n+1CnO N Hg N CH OCnH2n+1
 

 

Fig. 1.18: Schiff base-mercury mesogens.  

 

Later, smectic ferrocenyl Schiff bases (Fig. 1.19) were synthesized by Malthête and Billard 

in 1976.[181]  

N CH O2C X

Fe

CO2

X = CnH2n+1 (n= 5, 6, 8); OCnH2n+1 (n = 8, 10)  
 

Fig. 1.19: Smectic ferrocenyl Schiff bases.  

 

Giroud and Müller-Westerhoff, in 1977, reported mesogenic nickel and platinum 

dithiolenes (Fig. 1.20) and were the first to pursue advanced materials (novel substances 

for electronic, optoelectronic, and related applications) among such compounds.[182]  

 

 

 

Fig. 1.20: Dithiolene metallomesogen.  

 

Salicylaldimines have been favourably employed in the synthesis of metallomesogens. 
[176,178] A review by Hoshino have cited a number of examples of salicylaldimine based 

metallomesogens, the mesophases in which have been well established.[12] A large number 

of metal complexes based on the salicylaldimine ligands have been synthesized using 

various metal ions such as Cu(II), Ni(II), Pd(II), VO(IV), Mn(III), Fe(III) and lanthanides. 

H2n+1Cn

S

S

CnH2n+1

S

S
M

n = 4, 10, M = Ni, Pt, Pd
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Fig. 1.21: The archetypical metal–salicylaldimine systems (Ref.:[12]). 

 

Lamellar smectic mesomorphism in calamitic bis-N-(4-substituted)-salicylaldiminato 

Cu(II) and Ni(II) complexes with aliphatic spacer were first reported by Ovchinnikov and 

co-workers.[183] 

A rigid central core (planar, pyramidal, conical, or a similar geometry) surrounded by 

several flexible alkyl chains is essential for the formation of mesophase in discotic 

metallomesogens. Diketonate, salicylaldimate, glyoximate, phthalocyanine, porphyrin, 

pyridine, and pyrazole groups have been successfully explored in designing the cores for 

discotic metallomesogens. The first mesogenic complex based on β-diketonates,                           

bis-(1-octyloxyphenyl-1,3-butanedionato) palladium(II) was prepared in 1977.[184] Later 

on, a series of complexes of structurally related β-diketonates were reported by Ohta et.al 

exhibiting columnar mesomorphism.[185-188] Swager and co-workers investigated in detail 

the chemistry of half-disc shaped square-planar copper bis-β-diketonate complexes       

(Fig. 1.22).[189] Systematic studies on the substituent effects of various unsymmetrical 
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copper and palladium complexes of β-diketonates were carried out by Lai and co-

workers.[190]  

 

 
 

Fig. 1.22: Copper bis-β-diketonate metallomesogens. (Ref.: [189]) 

 

Xie and co-workers reported a binuclear discogen based on the β-diketonate structural 

motif (Fig. 1.23).[191] 

 

 
 

Fig. 1.23: Binuclear discogen based on the β-diketonates.  

 

Nickel, copper and oxovanadium complexes with diaminoaryl-bridged enaminoketone 

ligands (Fig. 1.24) were studied by Szydlowska and co-workers.[192] 
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Fig. 1.24: Metallomesogens based on diaminoaryl-bridged enaminoketones.  

 

Salicylaldiminato ligands are electronically related to the enaminoketones (a logical 

extension of β-diketonates) and thus, should also be suitable for columnar LCs. Though a 

rich literature on metal salicylaldiminato complexes, displaying smectic and nematic 

mesophases exists, examples of columnar mesophases are relatively scarce. Serrano and 

co-workers prepared bis(salicylaldiminate) copper(II) complexes (Fig. 1.25) which 

displayed rectangular columnar mesophases.[193,194] Date and Bruce later found that an 

extended mesogenic core leads to hexagonal columnar mesophases.[195] Our group have 

recently reported zinc(II) bimetallomesogen of tridentate [ONO]-donor salicylaldimine 

ligand displaying rectangular or oblique columnar phase.[196]  

 
 

Fig. 1.25: Bis(salicylaldiminate) copper(II) complexes. (Ref.: [193,194]) 

 

Metal complexes based on tetradentate ‘salen’ or ‘salphen’ (salen = N,N′-ethylene-

bis(salicylideneiminato)) Schiff bases with long alkyl or alkoxy chains have also been 
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efficiently used in designing exotic liquid crystalline materials. The rigidity of the ligand 

framework offers the required anisotropy for the construction of supramolecular structures 

favouring mesomorphism. Abe and co-workers reported a series of metal-salen complexes 

{M = VO(IV), Ni(II), Cu(II) and Pt(II)} containing 4-substituted alkoxy chains, displaying  

either a novel bilayer M(Pa21) phase or a 1D lamello-columnar (ColL) phase.[197–200] On 

the contrary, Co(II), Ni(II), Cu(II), VO(IV)-salen complexes with 5-substituted alkoxy or 

alkyl chains predominantly displayed SmA mesophases.[201-205] Hemi-discotic and 

polycatenar-like metallomesogens based on Mn(III)-salen complexes were reported by 

Espinet  and co-workers which display columnar mesophases formed by self-assembling 

of dimer aggregates.[206] A series of 4-substituted VO(IV), Zn(II), Ni(II) as well as Cu(II) 

complexes using cyclohexane/phenylene diamine spacer exhibiting different type of 

columnar phases were reported by our group lately.[207-213] 

Apart from these, mixed copper–lanthanide f–d metallomesogens, bearing a di-(salen) core 

(Fig. 1.26), was reported by Binnemans and co-workers to display hexagonal columnar 

phase.[214] Further work along this line was carried out by replacing Cu(II) with Ni(II), all 

displaying hexagonal columnar phase (Colh) over an extended temperature range.[215,216] 

 

 
 

Fig. 1.26: Mixed copper–lanthanide d–f metallomesogens. (Ref.:[214]) 
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1.4.4. Photophysical properties of metal Schiff base complexes 

Photophysics and photochemistry of coordination complexes of transition metals has 

received cumulative interest since the last few decades for the better understanding of the 

excited state properties and photochemical reactions.[217-219] OLEDs for flat ‘‘cold light’’ 

sources have caught the fancy of scientists in the past decade[220-222] and the technological 

innovation thereof is considered crucial to cope with the impending energy crisis.[223] The 

interest in luminescent molecules and materials is not only limited to lighting technologies 

but there are several other fields of research such as imaging, lasers, sensors, switches,     

etc.[224] The emission from transition metal complexes is usually produced from triplet 

excited states. Strong spin–orbit coupling (SOC) facilitates fast conversion of singlet to 

triplet excited states via intersystem crossing (ISC).[225] Thus, emission from singlet excited 

states is not favoured in case of transition metal complexes. Yet, there are a number of 

examples of transition metal complexes that fluoresce with high intensity and some of them 

have been comprehensively studied.[212,213] Singlet emission is predominantly ligand-based 

fluorescence, which occurs when metal–ligand interactions are weak leading to a small 

metal contribution in the excited states, and a competitive fluorescence rate constant when 

compared to the ISC rate constant.[225] The research centered on the exploration of 

photophysical properties of Schiff base complexes in the field of functional materials is 

still at its infancy.[226] One of the first few examples in this area was a novel blue light-

emitting diode (LED) based on Zn(II)salen complex, reported by Liu and co-workers.[227] 

Subsequent studies were conducted on conjugated polymers containing Zn(II) and Ni(II) 

Schiff base complexes which were also reported to have organic LED applications.[228,229] 

In addition to the above, application of Pt(II)-salen and Pt(II)-salphen complexes in high-

performance organic LED’s have also been reported by Che and co-workers.[230] Other 

examples of emissive Schiff base complexes include an axially rotating bis-Pt(II)-salphen 

complex which displays colorimetric and luminescent responses to metal ions.[231] In 

particular, the ability of such bis-Pt(II)-salphen complex to sense Pb(II) ion by 

phosphorescence techniques is quite interesting. There are also reports on multinuclear 

salphen systems incorporating Zn(II) which give a colorimetric response in the presence of 

N-donor systems based on substituted (iso)quinolones.[232] Apart from the examples 

concerning transition metals, U(VI)-salphen complexes are also known to have unusual 
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photophysical properties.[233] An advantage of luminescence by trivalent lanthanide ions is 

that, the luminescence spectra consist of narrow emission lines of a high coloric 

purity.[234,235] The relative intensity of the emission lines and their fine structure is only 

marginally influenced by the nature of the ligand in the first coordination sphere. The 

excited states have a long lifetime at room temperature, on the order of microseconds or 

even milliseconds.[234,235] 

Design of materials that are photo-responsive and possess ordered fluid-phases at the same 

time are of abiding interest because of their interesting applications related to OLEDs, 

information storage, sensors, lasers and enhanced contrast displays, etc.[236-238] The first 

example of blue emissive one-ring salicylaldimine type Schiff base ligands exhibiting 

smectic mesomorphism was reported by our group.[239] The first examples of d-block 

metallomesogens exhibiting luminescence in the liquid crystalline state were that of the 

smectogenic rodlike gold(I) isocyanide complexes described by Espinet and                           

co-workers.[240] A series of luminescent square planar Pt(II)-salen complexes containing 4-

substituted alkoxy chains of aromatic rings has been reported by Abe and co-workers.[197] 

Other examples include luminescent Zn(II) complexes based on salen-like frameworks 

which display luminescence in the intercalated smectic C mesophase.[241] In addition to the 

d-block metals, lanthanide-containing metallomesogens are also known to exhibit 

luminescence in the mesophase. Yang and co-workers have reported on low-melting 

lanthanidomesogens consisting of Lewis base adducts of a non-mesomorphic 

salicylaldimine Schiff base ligand forming a smectic A phase at room temperature.[242] 
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1.5 Objectives: 

In view of the potential applications of the Schiff bases and their metal complexes in 

diverse fields such as liquid crystallinity, photolophysical properties, catalytic and 

biological activities etc. as highlighted in the aforesaid text, the primary objectives of the 

present Ph. D. research programme are set as:- 

1. To devise synthetic strategy for the synthesis of newer functionalized Schiff base 

ligands with multiple donor site(s).  

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

3. Identification, characterization 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 determine the optimized electronic structure of the compounds with the aid of 

DFT/TDDFT studies. 
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