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Coordination chemistry is one of the most active research fields in 

chemistry today.  It is mainly the chemistry of metal complexes derived from 

various types of ligands. The Schiff bases usually act as very effective 

coordinating ligands for the formation of mono-, di- or polynuclear complexes. In 

addition to their interesting ligational properties, both Schiff bases and their 

complexes have important biological and industrial applications.  The great 

interest in these types of compounds is shown by a large number of publications 

ranging from purely synthetic and modern physico-chemical studies to 

biochemically relevant investigations. 

This Ph.D thesis is mainly concerned with the synthesis and 

characterisation of new simple and zeolite encapsulated transition metal 

(manganese(II), nickel(II) and copper(II)) complexes of quinoxaline based double 

Schiff base ligands.  These ligands are N,N�-bis(quinoxaline-2-carboxalidene) 

hydrazine, N,N�-bis(quinoxaline-2-carboxalidene)-1,2-diaminoethane, N,N�-

bis(quinoxaline-2-carboxalidene)-1,3-diaminopropane, N,N�-bis(quinoxaline-2-

carboxalidene)-1,4-diaminobutane, N,N�-bis(quinoxaline-2-carboxalidene)-1,2-

diaminocyclohexane and N,N�-bis(quinoxaline-2-carboxalidene)-1,2-

diaminobenzene.  The Schiff base ligands have been characterised by spectral and 

single crystal XRD studies.  These ligands provide great structural diversity 

during complexation.  Mn(II) and Ni(II) form octahedral complexes with these 

Schiff bases, whereas  Cu(II) forms both octahedral and tetrahedral complexes. 

Studies on the biological and catalytic activity of the copper(II) complexes are 

also presented in this thesis.   



The thesis is divided into eight chapters.  The work embodied in the thesis 

is mainly concentrated on familiarizing the synthesis, characterisation and 

applications of simple and encapsulated Schiff base complexes.  Chapter 1 of the 

thesis gives a general introduction to the topic of research carried out.  Chapter 2 

presents details on the  experimental techniques, synthesis and characterisation of 

Schiff bases.  Chapters 3-5 deal with the synthesis and characterisation of Mn(II), 

Ni(II) and Cu(II) Schiff base complexes, respectively.  Studies on the synthesis 

and characterisation of zeolite encapsulated Cu(II) Schiff base complexes are 

presented in Chapter 6.  Chapter 7 deals with the studies on the catalytic activity 

of the encapsulated complexes towards cyclohexanol oxidation reaction.  Chapter 

8 presents the studies on the DNA binding properties and cytotoxicity of the 

copper(II) Schiff base complexes, which may find application as new anticancer 

drugs.  We hope that the studies presented in the thesis would be useful to those 

working in the field of catalysis and medicine. 
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Coordination chemistry is undoubtedly most active area of research in 

inorganic chemistry.  This branch of chemistry has now leaped into many areas of 

science such as analytical chemistry, medicinal chemistry, metallurgy, industrial 

chemistry and material science.  It is mainly the chemistry of metal complexes 

derived from various types of ligands.  A large number of Schiff bases have been 

synthesised and used as ligands.  These ligands have largely played an important 

role in the development of coordination chemistry [1].  They have also played 

important roles in biological modeling [2-4], in designing molecular ferromagnets 

[5,6], in the development of liquid crystals [7,8], in catalysis [9,10] and in 

medical imaging [11].   

Schiff bases are known for their synthetic accessibility, structural diversity 

and varied denticity.  Recently, considerable attention of research activity has 

been focused on the design and synthesis of multifunctional coordination 

compounds with interesting structures and potential applications in various fields.  
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Multidentate Schiff base ligands can bind one, two, or more metal centers 

involving various coordination modes and allow successful synthesis of homo 

and/or heteronuclear metal complexes with interesting stereochemistry.  Many of 

such complexes find application as homogeneous or heterogeneous catalysts.  

Comparative studies of catalytic activity of the transition metal complexes in the 

free and supported state have attracted a great deal of attention in recent years.  

The supported transition metal complexes showed high catalytic activities in 

comparison to the unsupported metal complexes and also provided opportunities 

for their recovery and recycle from a particular reaction process.  This technique 

of immobilization of catalyst on an inert support increases the catalytic activity, 

selectivity, efficiency, operational flexibility and stability.  The zeolite supported 

Schiff base complexes, as a result of their particular structure, display enhanced 

activity and selectivity in a multitude of organic reactions.  The chemistry of 

zeolite encapsulated complexes has been an area of particular interest, because of 

their high activity, unique size and shape-selective catalytic properties.  The 

zeolite encapsulated Schiff base copper complexes are reported to be catalytically 

active in oxidation of various organic compounds.  As our work is focused on the 

synthesis, characterisation and application of new Schiff base complexes, the 

discussion in this chapter is limited to the Schiff bases, their metal complexes and 

general applications of Schiff base complexes with an emphasis on some catalytic 

and biological studies.   

1.1 SCHIFF BASES 

Schiff bases have recently been focused by the coordination chemists as 

versatile spacers because of their preparative accessibilities and structural 

varieties [12,13]. They are condensation products of primary amines with 

carbonyl compounds, and they were first reported by Hugo Schiff in 1864 [14].  

These compounds are named after him and contain a carbon nitrogen double bond 
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with nitrogen atom connected to an aryl or alkyl group.  These compounds are 

variously referred to as imines, azomethines, or anils.  The nomenclature for 

compounds of this type is often variable.  In Chemical Abstracts these materials 

are covered under the categories, imines and Schiff bases. 

There are several reaction pathways to synthesise Schiff bases.  The most 

common is an acid catalysed condensation reaction of amine and aldehyde or 

ketone in various solvents under different reaction conditions.  The acid-catalyzed 

reaction is carried out by refluxing the carbonyl compound and amine with an 

azeotroping agent, if necessary.  The formation of a Schiff base is given in 

scheme 1.1.  

Scheme 1.1: Formation of Schiff base by condensation reaction (R groups 
may be variously substituted)

Ethanol and methanol, at room temperature or in refluxing conditions, are 

the solvents used for the preparation of Schiff bases.  An attack of nucleophilic 

nitrogen atom of amine on the carbonyl carbon results in an unstable 

carbinolamine intermediate.  The reaction can reverse to the starting materials, or 

form a C=N bond by the elimination of hydroxyl group.  Many factors like pH of 

the solution, steric and electronic effects of the carbonyl compound and amine 

affect this condensation reaction.  Fairly high yields of imines can be obtained by 

using acidic catalysts and removing water from the reaction mixture [15].  The 

presence of dehydrating agents normally favours the formation of Schiff bases.  

Magnesium sulphate is commonly employed as a dehydrating agent.  The water 

produced in the reaction can also be removed from the equilibrium using a Dean 

Stark apparatus for the syntheses conducted in toluene or benzene.   
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Degradation of the Schiff bases can occur during the purification step.  

Chromatography of Schiff bases on silica gel might result in the decomposition of 

the Schiff bases through hydrolysis.  In such cases, purification of the Schiff base 

can be done by crystallization.  If the Schiff bases are insoluble in hexane or 

cyclohexane, they can be purified by stirring the crude reaction mixture in these 

solvents.  A small portion of a more polar solvent can also be added to these 

solvents to eliminate impurities.  In general, Schiff bases are stable solids and 

could be kept in dry conditions for a longer period without decomposition.  

The common structural feature of this compound is the azomethine group, 

which can be designated structurally as RR�C=NR�, where R, R� and R� are alkyl 

or aryl substituents or hydrogen at the point of attachment to the imino (C=N) 

carbon or nitrogen.  There are two classes of imines based on the R group 

attached to the azomethine groups: aldimines and ketimines.  Aldimines are 

compounds in which R is alkyl or aryl and R� is hydrogen; while ketimines are 

compounds in which both R and R� are alkyl or aryl.  Schiff base ligands derived 

from ketones are formed less readily when compared to those derived from 

aldehydes.   

Schiff bases of aliphatic aldehydes are relatively unstable and easily 

polymerizable [16].  In these cases, the imine initially formed undergoes 

subsequent aldol condensations, which can be avoided by using amines attached 

with tertiary alkyl group. Steric hindrance makes such aldol condensations 

difficult to undergo [17].  Tertiary aliphatic and aromatic aldehydes react readily 

and nearly quantitatively with amines to give the corresponding imines even at 

room temperature.  In the case of aromatic aldehydes, the imines are formed 

quantitatively even without the removal of the water formed during the reaction 

[16].  Several studies showed that the presence of a lone pair of electrons in a sp2

hybridized orbital of nitrogen atom of the azomethine group is of considerable 
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chemical and biological importance [18-20].  Examples of a few Schiff bases are 

given in Figure 1.1.  

�
N,N�-bis(pyridin-3-carboxalidene) -1,2-diaminoethane

����

                   �
�

N,N�-bis(3-nitrobenzylidene)-1,4-                N,N�-bis(3-bromobenzylidene)-1,4- 
diaminobutane                                                       diaminobutane    

�

Figure 1.1: Some examples of Schiff bases (Adopted from ref. [21- 23]) 

The family of Schiff bases derived from diamines and phenolic aldehydes 

has proved to be the source of versatile ligands for many transition metals.  The 

composition of the products formed in these reactions is determined by several 

factors, of which the nature of the starting diamine is the most important.  All 

diamines used can be divided into three groups: the most nucleophilic and most 

flexible (aliphatic ones), nucleophilic and rigid (cycloaliphatic), and slightly 

nucleophilic and rigid diamines (aromatic ones).  Stability of Schiff bases depend 

upon the strength of C=N bond, the basicity of amino group and steric factors.  

The spectral (UV-Visible, IR, NMR and Mass spectra) characterisation and single 

crystal X-ray diffraction techniques are used to determine the structure of Schiff 

bases and the spectral data of imines depend too much on substituents [24, 25].  

The review by Holm, Everett and Chakravorty [26] gives some interesting 

information on the structure and properties of these types of ligands.   
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Schiff bases generally possess nitrogen donor atoms.  Presence of 

functional group like –OH or –SH close to the azomethine group assists to form 

a five or six membered ring (chelate) with the metal ion [27, 28].  Thus the 

stability of the complex can be increased by chelate effect. Schiff bases formed 

from salicylaldehyde and o-hydroxy naphthaldehyde meets this requirement.  

When the aldehyde is a salicylaldehyde derivative and the amine is a diamine 

derivative, the condensation produces interesting N2O2 Schiff base compounds.  

These types of ligands are called salen ligands.  The term salen was originally 

used to describe the tetradentate Schiff bases derived from salicylaldehyde and 

ethylenediamine.  Now the term salen-type is used in the literature to describe the 

class of (O, N, N, O) tetradentate bis-Schiff base ligands/double Schiff bases.  

They are reported to have common features with porphyrins with respect to their 

electronic structures [29].  Some examples of salen type Schiff bases are given in 

Figure 1.2.  

           
N,N�-bis(salicylidene)-1,6-        N,N�-bis(salicylidene)-1,2-  
diaminohexane                                                             diaminoethane (salen)

N,N�-bis(salicylidene)-1,2-diaminobenzene 
��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Figure 1.2: Some examples of N2O2 Schiff base compounds (Adopted from 
ref. [30,31]) 
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The use of organic spacers and metal ions to promote the self-assembly of 

organic-inorganic polymeric coordination frameworks has become a very active 

and important synthetic strategy recently.  Dong et al. [32] suggested that there 

are various factors affecting the formation of the coordination polymers or 

supramolecular complexes.  Among these, the choice of organic ligand is the 

most important one.  Properties of organic spacers, such as coordination activity, 

length, geometry, and relative orientation of the donor groups, play a very 

important role in dictating polymer framework topology.  These types of organic 

ligands are given in Figure 1.3.  

                 

Figure 1.3: Double Schiff base ligands used in the construction of polymeric 
metal-organic complexes (Adopted from ref. [32])

Generally, diamine Schiff bases are quite familiar as tetradentate ligands.  

They are different from monoamine Schiff bases in having two chromophores 

bridged by a methylene chain in a molecule, and thus the mutual interactions 

between the chromophores appear to affect their chemical and physical properties.  

It has been reported that monoamine Schiff bases show strong fluorescence 

through the proton transfer between the hydroxyl and azomethine groups in the 

chromophore. Therefore, interesting optical properties derived from the 

interaction between the two chromophores in the diamine Schiff bases could be 

expected.  One of the examples for this was found with N,N�-bis(salicylidene) -

1,4-diaminobutane and its analogues. These compounds show very strong 

fluorescence in the solid state under ultraviolet irradiation [33].  Their 

fluorescence intensities are extremely influenced by the length of the bridge 

between the two chromophores.  Kawasaki et al. reported [34] the synthesis of 
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thirteen N,N�-bis(�-substituted salicylidene)diamines [Figure 1.4] and examined 

their absorption, excitation and fluorescence properties in solution with the 

purpose of obtaining information about the influence of bridge length on their 

optical properties.  The effects of solvent and substituents on the fluorescence 

intensity were also investigated to obtain fundamental information about the 

factors responsible for their optical properties.  Proton transfer between the 

hydroxyl and azomethine groups in the Schiff base is dominant and leads to 

strong fluorescence.  Polar solvents tend to give stronger fluorescence than non-

polar solvents. 

R = H, CH3, C2H5, C6H5; where n is the subscript:  n = 2 to 12 
Figure 1.4: N,N�-bis(�-substituted salicylidene)diamines (Adopted from ref. [34])

Diamines can form macrocyclic ligands with dicarbonyl compounds [35].  

Schiff base macrocycles have generally been prepared via the cyclocondensation 

of the appropriate dicarbonyl and polyamine precursors using metal template 

reactions [36].  Macrocyclic ligands [37-40] behave as model ligands for natural 

enzymes, as metal ion selective ligands and as metal chelating agents for medical 

purposes.  They can provide transition metals with unusual ligand environments 

and consequent novel chemical properties such as stabilization of high and low 

oxidation states, lessening of ligand lability through the chelating effect and 

possibility of having several metal atoms in close steric proximity within the same 

molecule.  Macrocyclic ligands with additional donor atoms appended to the ring 

have generated considerable interest because of their capacity to bind metal ions, 

the potential to prepare and study their mixed-valance forms, and their ability to 
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act as models for metalloproteins.  A few Schiff base macrocycles are shown in 

Figure 1.5.   

                      

Figure 1.5: Macrocyclic Schiff bases (Adopted from ref. [41]) 

1.2 SCHIFF BASE COMPLEXES 

The chelating Schiff base ligands derived from diamines such as 1,2-

ethanediamine, 1,3-propanediamine and 1,4-butanediamine and various carbonyl 

compounds encompass a highly remarkable class of compounds.  The presence of 

groups like carbonyl or hydroxyl close to the azomethine moiety increases the 

coordinating effect of the lone pair of electrons thereby increasing the stability of 

the metal complexes. Thus, functionally substituted Schiff bases bearing 

additional donor groups represent the most important class of heteropolydentate 

ligands.  Majority of the transition metal complexes reported are those formed 

with Schiff base ligands.  These complexes find a wide range of applications in 

catalytic, synthetic, analytical, clinical and biochemical areas and in addition they 

possess considerable physiological activities. 
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Schiff base transition metal complexes are one of the most adaptable and 

thoroughly studied systems [42,43]. They are of both stereochemical and 

magnetochemical interest due to their preparative accessibility, diversity and 

structural variability [44].  The results of studies on Schiff base complexes 

provide insight into coordination sphere effects caused by the different ligands 

employed, such as the influence of the total charge, the steric hindrance, and 

electronic effects of the ligands on the structures, properties, and the reactivity of 

the complexes.  Various reports about the Schiff base complexes of first transition 

series metals like, vanadium [45], chromium [46], manganese [47], iron [46], 

cobalt [48], nickel [49, 50], copper [51, 52] and zinc [53] are available in the 

literature. However, we limit the discussions to Schiff base complexes of 

copper(II), manganese(II) and nickel(II) ions, as our work is focused on 

complexes of these metal ions.   

Of the various classes of Schiff base, those derived from salicylaldehyde 

and primary amines are very popular due to diverse chelating ability [54].  In 

many catalytic applications Schiff base metal complexes are prepared in situ.  

Cozzi [47] in his review has outlined five different synthetic routes that are 

commonly employed for the preparation of Schiff base metal complexes [Figure 

1.6].  Route 1 involves the use of metal alkoxides (M(OR)n), which are sensitive 

to hydrolysis.  The presence of adventitious water can result in the formation of �-

oxo species and therefore traces of water have to be avoided.  In route 2, metal 

amides, M(NMe2)4 (M = Ti, Zr), are used for the preparation of Schiff base metal 

complexes of early transition metals.  A Schiff base metal complex can be 

prepared in a clean and effective way using metal alkyl complexes (route 3).  

Various metal alkyls in the main group of metals (AlMe3, GaMe3, and InMe3) can 

be used in the preparation of Schiff bases by a direct exchange reaction.  Through 

route 4, many Schiff base metal complexes can be obtained by the treatment of 

the Schiff base with the corresponding metal acetate under reflux conditions.  
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Copper, cobalt and nickel Schiff base complexes are prepared using the metal 

acetates. The synthetic scheme presented in route 5 is quite effective in obtaining 

salen metal complexes.  It consists of a two-step reaction involving the 

deprotonation of the Schiff bases and a successive reaction with metal halides. 

Figure 1.6: Synthetic routes of Schiff base complexes (Adopted from ref. [47]) 

Nowadays, the research field dealing with Schiff base metal complexes 

embraces very wide and diversified subjects comprising vast areas of 

organometallic compounds and various aspects of bioinorganic chemistry [55].  

Only a brief discussion on synthesis and characterisation of Schiff base metal 

complexes is attempted here as numerous literature reviews are available on these 

aspects [56,57].  A number of metal complexes with multidentate Schiff base 

ligands have been reported [58,59].  An example for such complex is [N,N�-bis(3,5-

di-tert-butylsalicylidene)-1,2-cyclohexanediaminomanganese(III)]chloride [Figure 

1.7],  where the coordination takes place through the N2O2 donor set.  This well 

known Schiff base complex is known as Jacobsen’s catalyst [60,61].  The Schiff 

base for this complex was prepared by the condensation reaction between trans-

1,2-diaminocyclohexane and 3,5-di-tert-butyl-2-hydroxybenzaldehyde.   
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Figure 1.7: Jacobsen’s catalyst 

The stereochemistries of metal complexes vary according to their 

coordinated ligands [62-68].  For example, in the case of the complexes of the 

double Schiff bases derived from aliphatic diamines, [Figure 1.8] as the length of 

methylene group between the azomethine groups increases from two, the ligand 

field produced becomes much weaker and lowers the capacity of Ni(II) to bind 

additional ligands (such as pyridine), which could be confirmed through 

photophysical investigations.  [Ni(salen)] complex does not bind pyridine and 

maintains four coordinate square planar configuration while [Ni(saltn)] (saltn is����

N,N�-bis(salicylidene)-1,3-diaminopropane) forms a six coordinate octahedral 

complex when dissolved in pyridine.  

B= (CH2)x. x = 2, 3, 4, 5 

Figure 1.8: Bis(N-alkyl- or bis(N-aryl-salicylideneaminato) Ligand 

Tai et al. [69] reported the synthesis and spectroscopic properties of Mn(II), 

Co(II) and Cu(II) complexes with a novel Schiff base ligand derived from  2,2�-

bis(p-methoxylphenylamine) and salicylaldehyde.  Liu et al. [70] synthesised two 

tetradentate ligands, N,N�-bis[4-(benzeneazo)salicylaldehyde]-o-phenylenediamine 

and N,N�-bis[4-(benzeneazo)salicylaldehyde]ethylenediamine.  These ligands form 
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complexes with copper(II), nickel(II) and manganese(II) ions.  The metal ions are 

bonded to the Schiff base through the phenolic oxygen and the imino nitrogen as 

illustrated in Figure 1.9. 

Figure 1.9: Schiff base complex, M=Cu, Ni, or Mn. 

Datta et al. [71] described the synthesis, characterisation and structural 

studies of Ni(II) complexes with tetradentate Schiff base ligand.  In this complex, 

the ligand is symmetric since all four nitrogen atoms are identical.  The square 

planar N4 coordination sphere is slightly distorted as indicated by the bond angles 

174.8 (2)° and 171.0 (2)° for N(17)---Ni---N(7) and N(1)---Ni---N(11), respectively.  

The two aromatic rings in this compound are planar.  Therefore the coordination 

around Ni(II) is rather distorted than planar [Figure 1.10]. 

Figure 1.10: ORTEP diagram of [Ni(C4H3NCH=N-(CH2)3 -N=CHC4H3N)] 
(Adopted from ref. [71]) 
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A new mononuclear Cu(II) complex, [CuL(ClO4)2], where L is a 

symmetrical tetradentate di-Schiff base, N,N�-bis(1-pyridin-2-yl-ethylidene)-1,3-

diaminopropane, was characterised by single crystal X-ray crystallography [72].  

The copper atom assumes a tetragonally distorted octahedral geometry with two 

perchlorate oxygens coordinated very weakly in the axial positions [Figure 1.11].  

Figure 1.11: ORTEP diagram of [CuL(ClO4)2] (Adopted from ref. [72]) 

Binuclear transition metal complexes have received much attention [73-75].  

The chelating ligands with excess of metal salts may lead to the synthesis of 

binuclear metal complexes.  An example for a binuclear complex is [Cu2(L)2(�1,1-

N3)2] [Figure 1.12], where L [L = CH3C(O-)=N-N=CH-C5H4N] is a tridentate 

ligand [76].  This complex is a centrosymmetric dimer in which the copper 

centers are five coordinate and are bonded to three coordinating N2O atoms from 

the ligand L and nitrogen atoms from two bridging azide anions.  The structural 

study reveals square pyramidal coordination geometry for the copper ions.  There 

are reports for the formation of polynuclear complexes with transition metals 

from double Schiff base ligands [76-78].    
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Figure 1.12: ORTEP diagram of [Cu2(L)2(�1,1-N3)2] (Adopted from ref. [76]) 

Hetero-dinuclear metal complexes with double Schiff bases have been less 

studied compared to their homo-dinuclear complexes.  These complexes are 

interesting because of the possible magnetic interactions between two different 

metal ions.  Magnetic susceptibility measurements are useful in understanding the 

spin exchange mechanism in antiferro- or ferromagnetic coupling [79-81].  One 

such complex (hetero-dinuclear CuIIMnII complex) is prepared in two steps.  

Firstly the Schiff base ligand N,N�-bis(2-hydroxy-3-meythoxybenzylidene)-1,3-

diaminopropane is interacted with copper acetate in hot methanol to form green 

crystalline powder of N,N�-bis(2-hydroxy-3-methoxybenzlidene)-1,3-diaminopropane] 

copper(II) (a) [Figure 1.13(a)].  In a second step, manganese acetate dissolved in 

methanol was added to a solution of (a) in dimethylformamide and was heated 

under reflux for 3 h.  The prismatic light green crystals of (b) were formed 

[Figure 1.13(b)]. 
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(a)                                                       (b) 

Figure 1.13: Hetero-dinuclear CuIIMnII complex (Adopted from ref. [81]) 

Macrocyclic complexes have several applications in fundamental, applied 

sciences and in the area of coordination chemistry [82-86].  The stability of 

macrocyclic metal complex depends upon a number of factors, including the 

number and type of donor atoms present in the ligand, their relative positions 

within the macrocyclic skeleton and the number and size of the chelate rings 

formed on complexation.  One example is given here from the reports of Temel 

and Ilhan [86].  They synthesised Cu(II) complexes [Figure 1.14] by template 

effect by the reaction of 2,6-diaminopyridine and aldehydes and Cu(ClO4)2·6H2O. 

Figure 1.14: Macrocyclic copper(II) complex [Cu2(L5)(ClO4)2](ClO4)2·H2O 
(Adopted from ref. [86]) 
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1.3 QUINOXALINE BASED SCHIFF BASES AND COMPLEXES  

The chemistry of heterocyclic compounds is one of the most complex and 

intriguing branches of organic chemistry.  Quinoxalines represent an important 

class of nitrogen containing heterocycles and have gained increasing attention in 

recent years due to their different applications in various areas.  They are bicyclic, 

heteroaromatic systems widely distributed in nature.  Quinoxalines are also called 

benzopyrazines, as these compounds contain benzene ring fused with pyrazine 

ring.   

There are numerous synthetic strategies for the preparation of substituted 

quinoxalines.  The most common method relies on the condensation of an aryl 

1,2-diamine with 1,2-dicarbonyl compound in refluxing ethanol or acetic acid.  

Brown reported a well known method for the synthesis of quinoxaline from 

orthophenylenediamine and 1,2-dicarbonyl compound [87].  There is another 

method for the synthesis of quinoxaline derivatives, which involves the 

condensation of 1,2-diamine with 1,2-dicarbonyl compounds in the presence of 

binary metal oxides supported on Si-MCM- 41 mesoporous molecular sieves [88].  

Heravi et al. reported Suzuki-Miyaura coupling reaction for the synthesis of 2,3-

disubstituted quinoxalines [89]. Synthesis of 3-hydroxyquinoxaline-2-

carboxaldehyde involves preparation of 3-hydroxy-2-methylquinoxaline, 3-

hydroxy-2-dibromomethylquinoxaline and subsequent conversion of the latter to 

the aldehyde.  The complete procedure for the preparation is reported in a recent 

article of Arun et al. [24].   

Quinoxaline derivatives exhibit a broad spectrum of biological activities 

[90,91] and act as medicinally useful agents [92-95].  It is an integral part of 

various antibiotics such as echinomycin, levomycin and peptide triostin [96-100].  

They are reported to have useful antibacterial, antimicrobial, antidepressant, 

anticancer, anti-inflammatory, analgesic, antioxidant, tuberculostatic, antimalarial 
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and anti HIV activities [101-104].  They also find place in the chemical libraries 

for DNA binding [105,106].  

Organic compounds are important for photonic devices because of their 

non-linear optical properties [107].  In recent years, numerous reports on the 

photophysical properties of quinoxalines have appeared [108,109] such as 

fluorescent materials [110], organic light emitting devices [111] and dyes [112].  

They have been incorporated in polymers for being used as electron transport 

materials in multilayer OLEDs [113,114].  Quinoxaline derivatives are also used 

as analytical reagents for the determination of metal ions [115].  Transition metal 

complexes with quinoxaline derivatives have also gained attention as catalysts 

[116]. 

The properties of quinoxaline based Schiff bases are expected to be quite 

interesting. The presence of electron withdrawing ring system in any ligand 

decreases the availability of the lone pair of electrons.  Therefore, Schiff bases 

with an electron withdrawing ring system derived from quinoxaline-2-

carboxaldehyde would be weaker than the Schiff bases derived from salicylaldehyde.  

But the increase in coordination site increases the stability of the complexes by 

chelate effect.  Therefore the electronic environment in the metal complexes of 

this Schiff base might be different from those derived from salicylaldehyde.  A 

literature search reveals that there are only a few reports about the Schiff base 

complexes of quinoxaline [117-119].  Most of the reports are from our group 

[24,116, 120-128].  

Quinoxaline compounds show tautomerism if they have a hydroxyl, thiolic 

or amino group at the ortho position [87].  For example, hydroxyquinoxalines and 

their derivatives exhibit prototropic amide-iminol tautomerism and most of them 

exist in the predominant amide form in the solid state [24, 107].  This type of 
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tautomerism exhibited by a Schiff base, 3-hydroxyquinoxaline-2-carboxalidine-4-

aminoantipyrine, is illustrated in Figure 1.15. 

Figure 1.15: Amide-iminol tautomerism in 3-hydroxyquinoxaline-2-
carboxalidine-4-aminoantipyrine (Adopted from ref. [121]) 

In recent years, numerous reports on the photophysical properties of 

quinoxalines have appeared [24,121].  The Schiff base, hqcdmn, synthesised by 

the condensation of 3-hydroxyquinoxaline-2-carboxaldehyde and 2,3-

diaminomaleonitrile [24], exhibits prototropic tautomerism [Figure 1.16].  This 

Schiff base exhibits positive absorption and fluorescent solvatochromism and 

large stokes shift.  This compound is a suitable candidate for application as 

fluorescent and charge transport dyes.  

Figure 1.16: Synthesis of hqcdmn (Adopted from ref. [24]) 

The nitrogens in the quinoxaline unit can be an acceptor for hydrogen 

bonding [129] and may lead to polymeric structures.  There are reports about the 

formation of coordination polymers [32].  Such a type of quinoxaline based 

ligand, which is responsible for the formation of coordination polymers, is given 

in Figure 1.17.  The special geometry of bisazomethines, including the different 

relative orientations of N donors and the zigzag conformation of the –RC=N-
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N=CR- moiety between the two terminal coordination groups, may result in 

coordination polymers with novel network patterns.   

Figure 1.17: Bipyrazine ligand used in the construction of polymeric metal-
organic complexes (Adopted from ref. [32])

By careful control of the synthetic conditions employed, a few crystal 

structures of quinoxaline based Schiff bases have been reported.  One example for 

the crystal structure of Schiff base derived from quinoxaline-2-carboxaldehyde is 

N-[(E)-quinoxalin-2-ylmethylidene]-1H-indazol-5-amine [122].  This compound 

is non-planar due to the twisting of rings with respect to azomethine group.  In the 

crystal structure, molecules are held together by �–� stacking interactions and 

N—H···N intermolecular hydrogen bonding.  

A novel Schiff base, quinoxaline-2-carboxalidene-2-aminophenol, is formed by 

the condensation of quinoxaline-2-carboxaldehyde with 2-aminophenol.  Complexes 

of mangenese(II), nickel(II) and copper(II) ions with this schiff base were 

reported [120].  The crystal structure of a mononuclear cobalt(II) complex 

[CoL2]·H2O, given in Figure 1.18, where L is quinoxaline-2-carboxalidine-2-

amino-5-methylphenol, was recently reported [123].  The Schiff base was 

obtained by the condensation of quinoxaline-2-carboxaldehyde and 2-amino-5-

methylphenol.  The crystallographic study shows that the cobalt(II) coordination 

sphere is distorted octahedrally with a cis arrangement of N4O2 donor set of two 

tridentate NNO Schiff bases.  A Ni(II) complex of the same ligand, [NiL2]·H2O, 

with structure similar to that of the cobalt(II) complex, has been reported [125]. 
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Figure 1.18: ORTEP diagram of [CoL2]·H2O (Adopted from ref. [123]) 

1.4 APPLICATIONS OF SCHIFF BASES AND COMPLEXES 

Schiff base complexes [130,131] of various transition metals have been 

investigated due to their coordinating capability and their applications in various 

fields.  Oxygen and nitrogen donor Schiff bases (salen type) are of particular 

interest because of their ability to form transition metal complexes with unusual 

configurations, structural lability, and sensitivity to molecular environments 

[132,133]. Schiff base complexes have proven effective in constructing 

supramolecular architectures such as coordination polymers and helical 

assemblies [134-136].  They have been found to be associated with biological 

activities [137,138], such as, antibacterial, antiviral, and antimalarial action [139-

141].  The Schiff base complexes also exhibit catalytic activity [142] and act as 

homogeneous and heterogeneous catalysts in various reactions [127,116].  The 

Schiff base complexes can also serve as efficient models for the metal containing 

sites in metalloproteins and enzymes [142,143].  There are Schiff base complexes, 

which show interesting photochromic properties [144] and magnetic properties 

[145].  Salicylaldimine based ligands are of considerable interest due to their 

potential applications in the development of photonic devices [146,147].   
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1.4.1 Biological applications 

Schiff base complexes are becoming increasingly important as biochemical, 

analytical and antimicrobial reagents [148-150].  It is found that some drugs have 

greater activity when administered as metal complexes than as free organic 

compounds.  The Schiff base complexes derived from 4-hydroxysalicylaldehyde 

and amines have strong anticancer activity, e.g., against Ehrlich Ascites 

Carcinoma (EAC) [151,152].  The discussion in this part is limited to DNA 

cleavage and cytotoxicity studies of metal complexes.  

The clinical success of cisplatin as anticancer agent constitutes the most 

important contribution to the use of metals in medicine.  The main cellular target 

for platinum drugs is genomic DNA.  Major antitumor activity results from 

intrastrand crosslinks and the formation of DNA kinks [153].  For this reason, 

considerable efforts are still ongoing to find more effective DNA targeting drugs.  

Metal complexes are known to interact with DNA and such complexes are called 

as chemical nucleases.  Natural nucleases cleave the phosphate diester backbone 

of DNA by hydrolysis, while chemical nucleases cleave DNA by oxidatively 

degrading the deoxyribose moiety or by hydrolysis of the phosphate ester.  

Chemical nucleases present some advantages over conventional enzymatic 

nucleases in that they are smaller in size and thus can reach more sterically 

hindered regions of DNA.  The most efficient chemical nucleases contain redox-

active Cu and/or Fe, or the redox-inactive Zn in their active sites [154].  Among 

these transition metal complexes, copper complexes with a nitrogen donor 

heterocyclic ligand play an important role due to their structural diversity and are 

used to improve nuclease activity.  Many reports are available for the DNA 

cleavage by using Schiff base complexes [155-160].  

Kou et al. have synthesised and characterised five binuclear copper(II) 

complexes with Schiff base ligand N,N�-bis(3,5-tert-butylsalicylidene-2-
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hydroxy)-1,3-propanediamine [159].  This complex can effectively promote 

cleavage of plasmid DNA without addition of external agents and in the presence 

of hydrogen peroxide at pH = 7.2 and 37 °C.   

Three new Schiff bases derived from 2-oxoquinoline-3-carbaldehyde and 

their Cu(II) complexes are reported to exhibit good binding activity with CT-

DNA [160].  The binding mode is intercalative.  Among the three copper 

complexes, the most active compound is given in Figure 1.19.  The cytotoxicity 

studies of the three Cu(II) complexes were conducted in vitro and the biological 

assays suggest that the Cu(II) complexes exhibit higher activity than corresponding 

ligands against HeLa and HL-60 cells.   

Figure 1.19: Copper Schiff base complex of 2-oxoquinoline-3-carbaldehyde 
                      (Adopted from ref. [160]) 

Many more Schiff base complexes are also claimed for cytotoxic activities 

[154,158,160].  The cytotoxic properties of the ligands [Figure 1.20] and their 

Cu(II) complexes were evaluated on the following human cancer cell lines: 

prostate cancer PC-3 cells, breast cancer MCF-7 cells, A2780 human ovarian 

carcinoma cells and the respective cisplatin resistant cell line (A2780cisR).  The 

ligands and their complexes have shown a similar cytotoxicity activity against 
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A2780 and A2780cisR cell lines, with resistance factors (RF) factors spanning 

between 0.89 and 1.40 and much lower than the RF of 8.9 presented by cisplatin. 

Figure 1.20: Schiff base ligands responsible for cytotoxicity (Adopted from 
ref. [154]) 

1.4.2 Catalytic applications 

Catalysts have played a vital role in organic transformations as they have 

wide range of applications in chemical industries and have major impact on the 

quality of human life as well as on economic progress.  Complexes of the salen 

ligand and its derivatives have been known since 1869 [161] and they are known 

to act as good catalysts in many organic reactions.  Some of the chiral Schiff base 

complexes were specifically used in catalytic asymmetric synthesis.   

A great effort has been devoted to the research and development of new 

catalysts for the industrially important oxidation of organic substrates.  

Epoxidation is one of the fundamental reactions in industrial organic synthesis.  

Epoxides are highly reactive compounds, which can be converted to various 

products of great importance.  Manganese(III) salen complexes have been the 

subject of intensive investigations over the past years, as they act as excellent 

catalysts for the chiral and achiral epoxidation of alkenes [162,163].  The 

manganese(III) complexes derived from nonracemic trans-1,2-diaminocyclohexane 

were first studied in the 1960s [164-166] and they have been widely used 

especially in catalytic asymmetric epoxidation of non-functionalised olefins [167-

169].  The best active catalyst known for an alkene epoxidation is Jacobsen’s 
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catalyst [149] whereas the most selective catalysts are those developed by Katsuki 

[170].   

Lee et al. [171] studied the development of Schiff base complexes of 

Mn(III) as the catalyst for olefin oxygenation to alcohols in the presence of 

NaBH4.  By screening various Mn(III) complexes, it was found that dimethyl 

substituted complex analogue is the most active catalyst for this oxidation.   

Figure 1.21: Oxidative conversion of olefins to the alcohols (Adopted from 
ref. [171])

Aziridines and their ring opened products are valuable intermediates in 

organic synthesis. With the emergence of Cr(III) complexes of salen as useful 

catalysts for the enantioselective ring opening of epoxides with TMSN3 [172-

174].  A series of chiral salen complexes were screened for catalysis for the model 

ring opening reaction of cyclopentene derived aziridine with TMSN3 [Figure 

1.22].  The complexes of Zn, Ni, Fe, Cu, and Co with more sterically demanding 

substituents were found to have higher enantioselectivity [175]. 

Figure 1.22: Ring opening reaction (Adopted from ref. [175]) 
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Liquid phase hydroxylation of phenol catalyzed by the Schiff base 

complexes using H2O2 as an oxidant has been studied in acetonitrile [125].  The 

catalysts used for the oxidation reaction of phenol is manganese(II), iron(III) and 

copper(II) complexes of quinoxaline-2-carboxalidine-2-amino-5-methylphenol.  

The products obtained for hydroxylation of phenol is catechol and hydroquinone 

[Figure 1.23].  The nickel(II) and zinc(II) complexes of the same ligand, which 

are coordinatively saturated octahedral complexes, are not active. Thus the 

activity can be correlated with geometry of the complex.  

Figure 1.23: Oxidation of phenol 

Hydrogenation of aromatic compounds to aliphatic cyclic products is an 

important reaction with potential applications in chemical industry [176,177]. 

Various metal based catalysts including that of nickel have been extensively used 

for the partial and complete reduction of benzene [Figure 1.24] [178-182].               

Arun et al. reported octahedral complexes with general molecular formula 

[MII(L)(Cl)(H2O)2]·H2O, where M is Ni or Ru and L = 3-hydroxyquinoxaline-2-

carboxalidene-4-aminoantipyrine [116].  The nickel complex is more selective for 

cyclohexene and this selectivity increases with increase in the benzene 

concentration.  These complexes were shown to be efficient catalysts for the 

reduction of benzene.  Compared to the nickel complex catalyst, the ruthenium 

complex gives a higher conversion with a turnover frequency of 5372 h-1 under 

identical experimental conditions.  The ruthenium catalyst is more selective towards 

cyclohexane, while the nickel catalyst is more selective for cyclohexene.  At 80 °C the 

nickel complex gives a conversion with a turnover frequency of 1718 h-1. 
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Figure 1.24: Hydrogenation reaction 

Homogeneous catalysts have higher selectivity and act under mild 

experimental conditions in various reactions; however, they have problems of 

separation and recovery from reaction products.  Hence current research activities 

are aimed at anchoring such metal complex catalysts on suitable supports.  This 

technique of immobilization of catalyst on an inert support increases the catalytic 

activity, selectivity, efficiency, operational flexibility and stability.  The zeolite 

supported Schiff base complexes, as a result of their particular structure, display 

enhanced activity and selectivity in a multitude of organic reactions.  The 

chemistry of zeolite encapsulated complexes has been an area of particular 

interest, because of their high activity, unique size and shape-selective catalytic 

properties.  

1.5 THE ZEOLITE ENCAPSULATED COMPLEXES  

The term “molecular sieve” was introduced by Mc Bain [183] in 1932 to 

define porous solid materials that act as sieves at a molecular level.  Molecular 

sieves are of generally two types: zeolite for (metallo)aluminosilicates and 

zeotype for analogous molecular sieves.  Zeolites are aluminosilicate members of 

the family of microporous solids and considered as “philosopher’s stone” of 

modern chemistry [184].  Chemically they are constructed of SiO4 and AlO4

containing alkali and/or alkaline earth cations tetrahedra linked through oxygen 

bridges.  The Si:Al ratio in these vary from 1:1 to �:1 and the zeolites consist of a 

regular pore system with diameters in the range of 4-13 Å [185,186].  The 

different values of Si (tetravalent) and Al (trivalent) produce an overall negative 
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charge for each incorporated aluminum atom.  Thus, chemical composition of 

zeolites is (SiIV-O-AlIII-O- SiIV)- H+ or M+.  They have negatively charged 

framework and is hydrophilic in nature.  Since these negative charges are 

compensated by exchangeable cations, metal ions can be introduced by direct ion 

exchange.  Usually, these negative charges are balanced by alkali and/or alkaline 

earth cations [187].  The sodalite units, shown in the Figure 1.25, are basic 

building blocks for A, X and Y type molecular sieves.   

Figure 1.25: The structure of zeolite Y. 

The sodalite cages enclose a supercage or � cage with diameter 13 Å and a 

cage mouth opening of 8 Å.  Because of these large spatially accessible pores, the 

X and Y type zeolites are suitable candidates for encapsulating transition metal 

complexes.  The encapsulation of transition metal complexes into the framework 

sites of zeolite (“host materials”) might combine some characteristics of the 

support (like pore diameter, cavity size and electrostatic potential) with the 

electronic and stereochemical properties of the complex.  The framework atoms 

which are catalytically active, also improve the steric constraints on the complex 

causing it to distort and thereby changing its stability and reactivity.  The 
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dimerisation of the complexes which lead to its deactivation are also strongly 

retarded by encapsulation.  Hence, the catalytic efficiency of zeolite encapsulated 

metal complexes (ZEMC) is much higher than that of the neat complexes.   

For encapsulating a metal complex within the cage of a zeolite, the zeolite 

must possess an optimum cage size.  The encapsulation of transition metal 

complexes was first described by Klier and Ralek in 1968 [188]. Such 

encapsulated complexes are generally referred to as “ship-in-a-bottle complexes”.  

The various strategies for the preparation of the zeolite encapsulated complexes 

with sufficient examples have been presented in the paper of Balkus and 

Gabrielov [189]. There are three main approaches for encapsulating the 

complexes: the zeolite synthesis (ZS), the flexible ligand (FL) and ship-in-a-bottle 

methods.  In the ZS method, transition metal complexes, which are stable under 

the conditions of zeolite synthesis (high pH and elevated temperature), are 

included in the synthesis mixture.  The resulting zeolite encapsulates the 

transition metal complex in its voids.  In the FL method, a flexible ligand is able 

to diffuse freely through the zeolite pores.  The metal complexes physically 

entrapped in the cavities of the zeolites on the basis of their size, are also referred 

to as ‘ship-in-a-bottle’ complexes.   

To ensure encapsulation, FTIR, UV-Vis spectroscopy, powder X-ray 

diffraction patterns (XRD), scanning electron microscopic studies (SEM) and 

BET (Brunauer-Emmett-Teller) technique can be applied.  Comparative studies of 

the EPR spectra of the zeolite encapsulated and their simple complexes revealed 

interesting results.  Bennur et al. reported the structural aspects of the encapsulated 

complexes of copper and manganese [190].  The EPR spectroscopy distinguishes 

the encapsulated complexes from the “neat” and surface adsorbed metal complexes.  

The EPR spectra differentiate complexes in such a way that neat one will show 

broad spectrum and encapsulated will exhibit a well resolved hyperfine spectra.  
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Neat complexes show broad spectrum corresponding to nearest neighbour spin-

spin interactions.   

Csicsery [191] defined the three well known categories of shape selectivity 

for the zeolites: (1) Reactant selectivity: only molecules that are able to enter 

zeolite channels react. (2) Product selectivity: only molecules that are able to 

leave zeolite channels are found in the product mixture.  (3) Restricted transition 

state selectivity: reaction occurs when the required transition state can be formed 

in the zeolite cavities.  Shape selectivity has been mostly studied in reversible, 

acid catalyzed reactions.    

Transition metal complexes encapsulated in the pores and void spaces of 

zeolite and zeolite type materials have been receiving special attention as 

inorganic mimics of enzymes [192].  According to Herron [193] and Mitchell 

[194], zeolite encapsulated complexes can be considered as inorganic analogues 

of enzymes.  There are a numerous reports about the encapsulated complexes of 

Schiff bases.  Among them most studied one is the encapsulated salen complexes 

[195-197].  Zeolite encapsulated chiral metal complexes are used as heterogeneous 

catalysts for asymmetric oxidations [198].  The zeozymes possess dual advantages of 

the heterogeneous catalysts as well as homogeneous catalysts.   

Intrinsic catalytic activity of zeolite encapsulated metal acetate, 

phthalocyanine and Schiff base complexes was enhanced significantly in the 

selective oxidation of aliphatic and aromatic hydrocarbons, hydroxylation of 

phenols, epoxidation of olefins, oxyhalogenation of aromatic compounds and 

decomposition of hydrogen peroxide and tert-butylhydroperoxide [199,200]. 

Zeolite encapsulated metal complexes (heterogeneous catalysts) exhibit higher 

selectivity and conversion percentage than that of the homogeneous catalysts.  

The enhanced catalytic activity of the zeolite encapsulated copper salens in the 

oxidation of phenol/paraxylene and the decomposition of H2O2/TBHP probably 
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arises due to the changes in the molecular and electronic structure of the 

complexes on encapsulation.  

The double Schiff base complexes of copper and manganese encapsulated 

in zeolite NaX were reported by Jacob et al. [201].  Zeolite Y encapsulated 

Co(II), Ni(II) and Cu(II) complexes have been synthesised using the flexible 

ligand method.  Well-defined inclusion and distribution of complexes in the 

zeolite matrix could be understood through physico-chemical and IR spectral 

characterisation.  Tentative assignments are made for the geometry of complexes 

on the basis of magnetic moment, UV-Vis and EPR data [202].   

The heterogeneous oxidation catalysis of alcohols with an environmentally 

suitable oxidant is useful in both the academic and industrial fields.  The ability of 

the zeolite encapsulated complexes to bind oxygen reversibly has encouraged the 

scientists to explore the possibility of using them as efficient oxygen carriers.  

Interestingly, the majority of reactions catalyzed by zeolite encapsulated 

complexes are oxidation reactions.  The Schiff base transition metal complexes 

are attractive oxidation catalysts because of their cheap, easy synthesis and their 

chemical and thermal stability.  Oxidation of alcohols to the corresponding 

carbonyl compounds is one of the important reactions in the organic chemistry 

both at the laboratory and industry.  The product of oxyfunctionalization of 

alcohols to aldehydes and ketones are important precursors or intermediates in the 

synthesis of many drugs, vitamins and fragrances [203,204].  A number of 

methods are known for alcohol oxidation [205], however, the development of 

newer methods and methodologies is gaining much attention currently due to the 

significance of this reaction. 

The zeolite encapsulated Schiff base copper complexes are reported to be 

catalytically active in oxidation of various organic compounds.  Niasari showed 

that some zeolite Y encapsulated complexes of Mn(II), catalyse the oxygen 
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transfer from TBHP to cyclohexene and concluded that such simple systems 

mimic the behavior of cytochrome P-450 type oxidation systems [206].  They 

have also shown that copper complexes encapsulated within nanocavity of 

zeolite-Y coupled with TBHP, as oxidant is a very active catalyst for the 

oxidation of cyclohexanol [207].  The high conversion percentage of about 88.6 

with 100% selectivity toward the formation of cyclohexanone, which is the 

precursor of caprolactam, was observed.  Zeolite encapsulated octahydro-Schiff 

base copper(II) complex was found to be more active than the corresponding 

cobalt(II), manganese(II) and nickel(II) complexes for cyclohexane oxidation.  

The catalytic properties of the complexes are influenced by their geometry and by 

the steric environment of the active sites [208].  Zeolite encapsulated copper(II) 

salen complex was found to be active in the oxidation of cyclohexanol [209].  It 

has also been claimed that zeolite encapsulated [Cu(salen)] catalyses the 

oxidation of cyclohexanol to cyclohexanone, [210] the epoxidation of norbornene 

and the hydroxylation of 1-naphthol [211], all under mild conditions 

Selective oxidation [212] of various olefins on the basis of their size was 

achieved by the use of Mn(salen) complexes in zeolite Y.  Bridged bis(2-

pyridinecarboxamide) derived manganese complexes in NaY zeolites were used 

as catalysts for the epoxidation of olefins with H2O2 and t-BuOH [213].  Adipic 

acid is obtained as the oxidation product of cyclohexene with hydrogen peroxide 

by manganese diimine catalysts in faujasite zeolites [214].   

The complex [Cu(sal-ambmz)Cl] has been encapsulated in the super cages 

of zeolite-Y.  The Schiff base (Hsal-ambmz) used for the synthesis is derived 

from salicylaldehyde and 2-aminomethylbenzimidazole in refluxing methanol.  

The integrity of encapsulation was confirmed by spectroscopic, chemical and 

thermal analysis.  This encapsulated complex is found active for the oxidation of 

phenol and styrene with good conversion. A maximum of 43.9% of phenol 
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oxidation was observed with this catalyst and it is more selective (73.9%) towards 

the formation of catechol.  But oxidation of styrene gives four different products.  

The expected product styrene oxide was found only in small yield, and the 

percentage of benzaldehyde was relatively high [215].   

Oxovanadium(IV), copper(II) and nickel(II) complexes of Schiff base 

derived from salicylaldehyde and o-aminobenzyl alcohol have been encapsulated 

in the nano-pores of zeolite-Y by flexible ligand method and characterised.  These 

encapsulated complexes act as the catalyst for the oxidation of styrene, 

cyclohexane and methyl phenyl sulfide. In the presence of tert-

butylhydroperoxide all catalysts gave styrene oxide in major yield.  The oxidation 

products of cyclohexane are cyclohexanone and cyclohexanol.  Conversion of 

methyl phenyl sulfide has been achieved with vanadium catalyst using H2O2 as 

oxidant, where selectivity of sulfoxide was 96.9%.  Other encapsulated complexes 

were inactive towards the oxidation of methyl phenyl sulfide [216].    

The complexes of Mn(II), Co(II), Ni(II) and Cu(II)  with tetradentate Schiff 

base ligand was entrapped in the nanocavity of zeolite-Y by a two step process in 

the liquid phase: (i) adsorption of [bis(salicylaldiminato)metal(II)] in the 

supercages of the zeolite, and (ii) in situ Schiff condensation of the metal(II) 

precursor complex with oxaloyldihydrazone.  The complexes of Co(II), Ni(II) and 

Cu(II) were suggested to have square planar geometry while the Mn(II) complex 

have tetrahedral geometry.  These host-guest nanocomposite materials (HGNM) 

were characterised by several techniques.  It was found that zeolite copper(II) 

complexes are good catalysts for the partial oxidation of cyclohexane with 

hydrogen peroxide, whereas the complexes of Mn(II), Co(II) and Ni(II) are 

weakly active [217]. 
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1.6 SCOPE OF THE PRESENT STUDY 

Quinoxaline derivatives serve as integral part of various antibiotics, 

antibacterial, anti-inflammatory, analgesic, tuberculostatic and antimalarial 

agents. They also have good DNA binding, catalytic and photophysical 

properties.  Thus there is a continuing interest in synthesising quinoxaline based 

compounds suitable for such applications.  In view of these, our group has mainly 

focused on the Schiff bases derived from quinoxaline-2-carboxaldehyde instead 

of salicylaldehydes, especially on the synthesis of double Schiff bases derived 

from quinoxaline-2-carboxaldehyde.  The ligational aspects of quinoxaline based 

Schiff bases are important, as quinoxaline ring nitrogen is also capable of 

coordination.  Therefore N4 coordination (two from azomethines and two from 

quinoxaline ring) is expected to occur in their complexes. Furthermore the 

stability of the complexes would be increased by chelate effect. Therefore the 

electronic environment in the metal complexes of these Schiff bases might be 

different from those derived from salicylaldehyde. It was therefore thought 

worthwhile to synthesise the Schiff bases derived from quinoxaline-2-

carboxaldehyde and study their coordination behaviour.   

The ligands chosen for the present study are the following: 

1. N,N�-bis(quinoxaline-2-carboxalidene)hydrazine (qch) 

2. N,N�-bis(quinoxaline-2-carboxalidene)-1,2-diaminoethane (qce) 

3. N,N�-bis(quinoxaline-2-carboxalidene)-1,3-diaminopropane (qcp) 

4. N,N�-bis(quinoxaline-2-carboxalidene)-1,4-diaminobutane (qcb) 

5. N,N�-bis(quinoxaline-2-carboxalidene)-1,2-diaminocyclohexane (qcc) 

6. N,N�-bis(quinoxaline-2-carboxalidene)-1,2-diaminobenzene (qco) 



             .�����)��
���

35

The objectives of the work are as follows: 

� To design the Schiff bases as neutral tetradentate ligands by selecting 

diamines and hydrazine hydrate. 

� To characterise these double Schiff bases by spectroscopic and single 

crystal XRD studies. 

� To synthesise and characterise the transition metal complexes of the 

above Schiff bases. 

� To synthesise and characterise the zeolite encapsulated copper complexes 

of these Schiff bases. 

� To study the catalytic activities of the encapsulated complexes. 

� To study the biological activities, such as cytotoxicity and DNA binding, 

of copper(II) Schiff base complexes. 

Manganese(II), nickel(II) and copper(II) complexes of these Schiff bases 

have been synthesised and characterised. Among these complexes, copper 

complexes were screened for biological activity studies.  The zeolite encapsulated 

copper complexes were synthesised and characterised.  These complexes were 

screened for their catalytic activity in oxidation of cyclohexanol.   
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2.1 INTRODUCTION 

This chapter deals with the reagents used and various analytical and 

physico-chemical techniques employed in the characterisation, biological and 

catalytic activity studies.  Details regarding the synthesis and characterisation 

including single crystal X-ray studies of the Schiff bases are also given in this 

chapter.   

2.2 REAGENTS 

The diamines used for the synthesis of Schiff bases are: 1,3-

diaminopropane, 1,4-diaminobutane and 1,2-diaminocyclohexane and these were 

purchased from Sigma Aldrich Chemicals Private Limited, Bangalore. 1,2-

Diaminoethane (Merck), orthophenylenediamine (Lobachemie), hydrazine 
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hydrate (Qualigens), D-glucose (S.D Fine Chem Limited), sodium sulphate 

(Merck), glacial acetic acid, sodium bicarbonate (Sisco Research Laboratories 

Limited) and diethyl ether (Lobachemie) were the other chemicals used for the 

synthesis and characterisation studies.   

The following metal salts were used for the synthesis of Schiff base 

complexes: manganese(II) chloride tetrahydrate (Merck), nickel(II) perchlorate 

hexahydrate (Merck), copper(II) acetate tetrahydrate (Merck), copper(II) chloride 

dihydrate (Merck), copper(II) nitrate trihydrate (Merck) and copper(II) 

perchlorate hexahydrate (Merck). 

Synthetic Y type zeolites were obtained from Zeoanalyst, Netherlands. 

Hydrogen peroxide (30% w/v, Merck), tert-butylhydroperoxide (Sigma Aldrich 

Chemicals Private Limited, Bangalore) and cyclohexanol (Qualigens) were used 

for the catalytic activity studies.  Gas cylinders containing oxygen, nitrogen or 

hydrogen (Sterling gases, Cochin) were also used for the catalytic activity studies.  

Phosphate buffered saline (PBS), Dalton’s Lymphoma Ascites (DLA) cells, 

pUC18 DNA (GeNei, Bangalore), trypan blue, agarose gel, tris-acetate-EDTA 

buffer and ethydium bromide (Sigma Aldrich Chemicals Private Limited, 

Bangalore) were used for biological activity studies.  All other reagents were of 

analytical reagent grade and the solvents employed were of 99% purity.   

2.3 CHARACTERISATION TECHNIQUES 

Different techniques were used to elucidate the bonding, structure and 

stereochemistry of the Schiff bases and the complexes prepared.  The characterisation 

techniques used for the characterisation of synthesised compounds were elemental 

analysis, AAS, FTIR, UV-Visible, NMR and EPR spectral studies, molar 

conductance measurements, magnetic susceptibility measurements, single crystal 

XRD analysis, powder XRD analysis, thermogravimetric (TG) analysis, surface 
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area and pore volume analysis, scanning electron micrographs (SEM), gas 

chromatography (GC), trypan blue exclusion technique and gel electrophoresis.  

The characterisation techniques adopted are discussed below:  

2.3.1 Elemental analysis 

Micro analysis for carbon, hydrogen and nitrogen in the synthesised ligands 

and complexes were carried out on an Elementar model Vario EL III at 

Sophisticated Analytical Instrument Facility (SAIF), Sophisticated Test and 

Instrumentation centre (STIC), Kochi, Kerala.   

2.3.2 Estimation of metal ions 

The organic part of the complexes was completely eliminated before the 

estimation of metal ions.  The following procedure was used for the estimation of 

metal ions present in the complexes [1].  A known weight of the complex (~ 0.3 

g) was treated with concentrated sulphuric acid (5 mL) followed by concentrated 

nitric acid (20 mL).  After the reaction was subsided, perchloric acid (5 mL, 60 

%) was added.  This mixture was kept aside until the colour of the solution 

changes to that of the metal salt.  The clear solution thus obtained was evaporated 

to dryness on a water bath.  After cooling, concentrated nitric acid (15 mL) was 

added and solution was evaporated to dryness on a water bath.  The residue was 

dissolved in demineralised water and this solution was used for the estimation of 

metals.  The estimation of metals was carried out on a Thermo Electron 

Corporation, M Series Atomic Absorption Spectrophotometer (AAS). 

In the case of zeolite encapsulated copper complexes, the sample was 

accurately weighed (c g) and transferred to a beaker.  Concentrated sulphuric acid 

(~40-50 mL) was added until the solution just fumed.  It was then diluted with 

200 mL water after cooling and filtered through an ashless filter paper.  The 

residue was dried at 1000 °C in a platinum crucible, cooled and weighed (a g).  
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Then hydrofluoric acid (10 mL) was added to remove all the silica, which is 

removed as SiF4 and the remaining solid, was finally ignited to 1000 °C (b g).  

From this the percentage of silica (SiO2) was calculated using the equation. 

% SiO2 = (a - b) x 100 
      c 

The residue in the platinum crucible was then fused with potassium 

persulphate until a clear melt was obtained. The melt was dissolved in 

demineralised water and filtered, and the filtrate was combined with earlier 

filtrate.  This solution was used for the estimation of metals.   

2.3.3 Estimation of chloride 

Chlorine present in the complexes was converted into soluble sodium 

chloride by the peroxide fusion.  A mixture of the complex (0.2 g), sodium 

carbonate (3 g) and sodium peroxide (2 g) was fused in a nickel crucible for 

nearly two hours.  After this, it was treated with concentrated nitric acid.  

Chloride ion was then volumetrically estimated by Volhard’s method [2], by 

precipitating it as silver chloride by the addition of a known volume of standard 

silver nitrate solution.  The excess silver nitrate was titrated against standard 

ammonium thiocyanate solution using ferric alum as indicator.   

2.3.4 Conductance measurements 

The molar conductance values of the complexes were measured using a 

Systronic conductivity bridge type 305.  The solvent used for the conductance 

measurement of the complexes under investigation was methanol.  The molarity 

of the solution for this measurement was 10-3 M.   
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2.3.5 Electronic spectra 

Electronic spectra of the ligands and its complexes in solution phase were 

recorded in the region 200-1100 nm on a Thermoelectron Nicolet evolution 300 

UV-Vis spectrophotometer.  Diffuse reflectance spectra of the zeolite encapsulated 

copper complexes were recorded at room temperature in a Jasco V 570 UV-Vis 

spectrophotometer in the wavelength range 200-900 nm.  Absorbance spectra were 

obtained from the reflectance spectra by means of Kubelka–Munk transformations. 

2.3.6 Infrared spectra 

Room temperature FTIR spectra of the ligands, their simple and 

encapsulated complexes were recorded as KBr pellets with a JASCO FTIR 4100 

spectrophotometer in the 4000-400 cm-1 range. 

2.3.7 NMR spectra 

1H NMR spectra were recorded in CDCl3 on a Bruker AVAVCE III 400 

MHz-NMR spectrometer using TMS as the internal standard at the SAIF, 

Sophisticated Test and Instrumentation Center (STIC), Kochi, Kerala.   

2.3.8 EPR spectra 

X-band EPR spectra of the complexes were recorded in the solid state at 

RT, in the solid state at LNT and in DMF at LNT using Varian E-112 X/Q band 

spectrophotometer using tetracyanoethylene (TCNE) as standard at the SAIF, IIT, 

Mumbai, India. 

2.3.9 Magnetic susceptibility measurements 

The magnetic susceptibility measurements were done on a Magway MSB 

Mk 1 magnetic susceptibility balance, which works in the principle of Gouy 

balance.  The Gouy tube was standardized using Hg[Co(NCS)4] as recommended 
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by Figgis and Nyholm [3].  The most widely adopted method for determining 

magnetic moment of a complex is the Gouy method in which the weight 

difference experienced by a given amount of substance in the presence and 

absence of magnetic field is measured.  The solid sample is tightly packed into 

weighed sample tube with a suitable length (l) and noted the sample weight (m).  

Then the packed sample tube was placed into tube guide of the balance and noted 

the reading (R).  The mass susceptibility, �g, was calculated using the following 

equation. 

                l  = the sample length (cm) 

m  = the sample mass (g) 

R  = the reading for the tube plus sample 

R0  = the empty tube reading 

CBal  = the balance calibration constant 

Then molar susceptibility, �m = �g × molecular formula of the complex.  

The molar susceptibility was corrected with diamagnetic contribution.  The 

effective magnetic moment, �eff, was then calculated using the following 

expression: �eff = 2.83(XAT)1/2 where XA is the corrected molar susceptibility and T

is the absolute temperature.   

2.3.10 Thermogravimetric analysis 

As the synthesised complexes contain varying number of water molecules, 

TG study was mainly carried out to know the number of coordinated or lattice 

water molecules. TG-DTA-DTG analyses of the complexes were carried out 
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under nitrogen at a heating rate of 10 ºC min-1 using a Perkin Elmer Pyres 

Diamond TG/DTA analyzer.   

2.3.11 Single crystal XRD 

Single crystal XRD analysis was performed with a BRUKER SMART 

APEX CCD X-ray diffractometer at University of Hyderabad and at CSMCRI 

Gujarat using Graphite monochromated Mo K� radiation (� = 0.71073 Å, � and �

scans).  The data was reduced using SAINTPLUS [4] and a multiscan absorption 

correction using SADABS was performed [5].  The structure was solved using 

SHELXS-97 and full matrix least squares refinement against F2 was carried out 

using SHELXL-97 in anisotropic approximation for non-hydrogen atoms [6].  All 

hydrogen atoms were assigned on the basis of geometrical considerations and 

were allowed to ride upon the respective carbon atoms.   

2.3.12 Powder XRD analysis 

The parent zeolite and the zeolite encapsulated complexes were analysed 

by powder X-ray diffraction for comparing their crystallinities.  The X-ray 

diffractometer used in the present investigation is Rigaka D-Max C at the SAIF, 

Sophisticated Test and Instrumentation Center (STIC), Kochi, Kerala.  

Measurements were done with a stationary X-ray source, Ni filtered CuK�

radiation (� = 1.5404 Å) and a movable detector which scans the intensity of the 

diffracted radiation as a function of the angle 2� between the incident and 

diffracted beams.   

2.3.13 SEM 

The morphology of the zeolite encapsulated complexes was examined by 

scanning electron microscope (JEOL model JSM-6390LV) at the SAIF, 

Sophisticated Test and Instrumentation Centre (STIC), Kochi, Kerala. 
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2.3.14 Surface area analysis 

Surface area of the encapsulated complexes was measured by multipoint 

BET method using a Micromeritics Gemini 2360 surface area analyzer.  Nitrogen 

gas was used as the adsorbate at liquid nitrogen temperature.   

2.3.15 Gas chromatography 

The catalytic activity studies were performed with a Chemito 8510 Gas 

chromatograph.  The instrumentation consists of a tank of carrier gas, an injection 

port for introducing the sample, the column and a detector.  The various 

components in the reaction mixture were separated using an OV-17 or carbowax 

column.  The peaks appearing on the recorder are characteristic of the 

components present in the reaction mixture and its area corresponds to the amount 

of the component present in the mixture.   

2.3.16 Trypan blue exclusion method 

In vitro cytotoxicity of the complexes was studied on Dalton Lymphoma 

Ascites (DLA) cells by trypan blue exclusion method.  The dye exclusion test is 

used to determine the number of viable cells present in a cell suspension.  It is 

based on the principle that live cells possess intact cell membranes that exclude 

dye, like trypan blue, eosin or propidium, whereas dead cells do not.  The number 

of dead cells was counted using a haemocytometer.  This experiment was done at 

Amala Cancer Research Center, Thrissur, Kerala. 

2.3.17 Gel electrophoresis 

Gel electrophoresis is usually performed for analytical purposes.  It is most 

commonly used for the separation of biological macromolecules such as DNA, 

RNA or protein.  Electrophoresis refers to the movement of a charged particle in 

an electrical field.  This method enables the sorting of molecules based on size 
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and charge.  In gel electrophoresis a gel is used as an anticonvective medium and 

or sieving medium.  Gels suppress the thermal convection caused by application 

of the electric field, and can also act as a sieving medium retarding the passage of 

molecules.  The molecules being sorted are dispensed into a well in the gel 

material.  The gel is placed in an electrophoresis chamber, which is then 

connected to a power source.  When the electric current is applied, the larger 

molecules move more slowly through the gel, while the smaller molecules move 

faster.  The different sized molecules form distinct bands on the gel.  After the 

electrophoresis is complete, the molecules in the gel can be stained to make them 

visible.  Ethydium bromide, silver, or coomassie brilliant blue dye may be used 

for this process.  This can be viewed under UV transilluminator (Bio-Rad UV 

Transilluminator 2000) and photographed.  Depending on the number of different 

molecules, each lane shows separation of the components from the original 

mixture as one or more distinct bands, one band per component. Incomplete 

separation of the components can lead to overlapping bands, or to 

indistinguishable smears representing multiple unresolved components.  The 

distance a band travels is approximately inversely proportional to the logarithm of 

the size of the molecule.  This experiment was carried out at Department of 

Biotechnology, Cochin University of Science and Technology, Kochi, Kerala. 

2.4 SYNTHESIS AND CHARACTERISATION OF SCHIFF BASES 

2.4.1 Synthesis of quinoxaline-2-carboxaldehyde 

The aldehyde selected for the synthesis of Schiff bases was quinoxaline-2-

carboxaldehyde.  The following procedure was adopted to synthesise quinoxaline-2-

carboxaldehyde [7,8].  Refluxing D-glucose (36 g, 0.2 mol) with orthophenylene 

diamine (21.6 g, 0.2 mol) in the presence of hydrazine hydrate (5 mL, 0.1 mol) 

and glacial acetic acid (6 mL), on a boiling water bath under carbon dioxide 

atmosphere (provided by the addition of a pinch of sodium carbonate) for 5 hours 
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gave the compound, 2(D-arabinotetrahydroxybutyl)quinoxaline.  This product was 

purified by recrystallisation from hot water.  The recrystallised 2-(D-

arabinotetrahydroxybutyl)quinoxaline (5 g, 0.02 mol ) was dissolved in water 

(300 mL) containing glacial acetic acid (10 mL) and sodium metaperiodate (13 g, 

0.06 mol) and was kept at room temperature (28 ± 2 °C) with controlled stirring 

for 16 hours.  It was then filtered and the filtrate was neutralized with sodium 

bicarbonate.  The neutral solution was extracted with ether.  The ether extract was 

dried with anhydrous sodium sulphate.  It was then filtered and evaporated to 

dryness.  The resulting residue was recrystallised from petroleum ether to give 

pure quinoxaline-2-carboxaldehyde [Figure 2.1] (60% yield, m.p. 107 °C). 

Figure 2.1: Structure of quinoxaline-2-carboxaldehyde 

2.4.2 Synthesis of Schiff bases 

The Schiff bases derived from quinoxaline-2-carboxaldehyde and diamines 

constitute one of the important ligand systems [9,10].  In the present investigation, 

the Schiff bases were formed by the condensation reaction of quinoxaline-2-

carboxaldehyde with hydrazine hydrate, 1,2-diaminoethane, 1,3-diaminopropane, 1,4-

diaminobutane, 1,2-diaminocyclohexane or 1,2-diaminobenzene to obtain the 

following Schiff bases: 

1. N,N�-bis(quinoxaline-2-carboxalidene)hydrazine (qch) 

2. N,N�-bis(quinoxaline-2-carboxalidene)-1,2-diaminoethane (qce) 

3. N,N�-bis(quinoxaline-2-carboxalidene)-1,3-diaminopropane (qcp) 
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4. N,N�-bis(quinoxaline-2-carboxalidene)-1,4-diaminobutane (qcb) 

5. N,N�-bis(quinoxaline-2-carboxalidene)-1,2-diaminocyclohexane (qcc) 

6. N,N�-bis(quinoxaline-2-carboxalidene)-1,2-diaminobenzene (qco) 

The prepared six Schiff bases were found to be neutral ligands and their 

structure was confirmed by various analytical and physico-chemical techniques.  

Very few reports are available on the crystal structures of the Schiff bases derived 

from quinoxaline-2-carboxaldehyde.  Therefore efforts were made to obtain the 

single crystals of these ligands and the crystals obtained were characterised by 

single crystal X-ray diffraction methods. 

2.4.2.1 Synthesis of N,N�-bis(quinoxaline-2-carboxalidene)hydrazine (qch)

To a hot solution of qunioxaline-2-carboxaldehyde (0.3163 g, 2 mmol; in 

50 mL methanol), a hot solution of hydrazine hydrate (0.05 mL, 1 mmol; in 25 

mL methanol) was slowly added with constant stirring.  The resulting solution on 

cooling gave the yellow Schiff base, qch (Scheme 2.1), which was filtered off, 

washed with cold methanol and dried over anhydrous calcium chloride.  (60% 

yield, m.p. 252 °C)  

Scheme 2.1: Preparation of qch

2.4.2.2 Synthesis of N,N�-bis(quinoxaline-2-carboxalidene)-1,2-
diaminoethane (qce)

A hot solution of 1,2-diaminoethane (0.1 mL, 1 mmol; in 25 mL methanol) 

was slowly added to a hot solution of qunioxaline-2-carboxaldehyde (0.3163 g, 2 

mmol; in 50 mL methanol).  The resulting solution on cooling yielded the Schiff 
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base, qce (Scheme 2.2).  The Schiff base was filtered off, washed with cold 

methanol and dried over anhydrous calcium chloride.  Light yellow single crystals 

of the qce were obtained from a solution of dichloromethane by slow evaporation 

[11].  (60% yield, m.p. 191 °C)   

Scheme 2.2: Preparation of qce

2.4.2.3 Synthesis of N,N�-bis(quinoxaline-2-carboxalidene)-1,3-

diaminopropane (qcp) 

A hot solution of 1,3-diaminopropane (0.08 mL, 1 mmol; in 25 mL 

methanol) was slowly added to a hot solution of qunioxaline-2-carboxaldehyde 

(0.3163 g, 2 mmol; in 50 mL methanol).  The solution obtained after mixing was 

cooled and formed the Schiff base, qcp, (Scheme 2.3) separated out was filtered 

off, washed with cold methanol and dried over anhydrous calcium chloride.  

Colourless single crystals of qcp suitable for X-ray diffraction were grown by 

slow evaporation from a mixture of solution containing dichloromethane and 

toluene in 1:1 ratio [12].  (75% yield, m.p. 158 °C)   

Scheme 2.3: Preparation of qcp
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2.4.2.4 Synthesis of N,N�-bis(quinoxaline-2-carboxalidene)-1,4-diaminobutane

(qcb) 

A hot solution of 1,4-diaminobutane (0.1 mL, 1 mmol; in 25 mL methanol) 

was slowly added to a hot solution of qunioxaline-2-carboxaldehyde (0.3163 g, 2 

mmol; in 50 mL methanol).  The resulting solution on cooling yielded the Schiff 

base, qcb (Scheme 2.4).  The precipitated Schiff base was filtered off, washed 

with cold methanol and dried over anhydrous calcium chloride.  Colourless single 

crystals of qcb suitable for X-ray diffraction were grown by slow evaporation 

from a mixture of solution containing dichloromethane and toluene in 1:1 ratio 

[12].  (75% yield, m.p. 153 °C)   

Scheme 2.4: Preparation of qcb

2.4.2.5  Synthesis of N,N�-bis(quinoxaline-2-carboxalidene)-1,2-

diaminocyclohexane (qcc) 

A mixture of quinoxaline-2-carboxaldehyde (0.3163 g, 2 mmol; in 50 mL 

methanol) and 1,2-diaminocyclohexane (0.1 mL, 1 mmol in 25 mL methanol) 

were refluxed for three hour.  After that, the resulting solution was cooled in a 

refrigerator.  The Schiff base, qcc, (Scheme 2.5) was precipitated within half an 

hour. The precipitate was filtered and recrystallised from methanol.  The 

recrystallised product was dried in a desiccator over anhydrous calcium chloride.  

Colourless single crystals of qcc suitable for X-ray diffraction were grown by 

slow evaporation from a solution of dichloromethane and toluene in a 1:1 ratio.  

(85% yield, m.p.170 °C)   
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Scheme 2.5: Preparation of qcc

2.4.2.6 Synthesis of N,N�-bis(quinoxaline-2-carboxylidene)-1,2-

diaminobenzene (qco) 

A mixture of quinoxaline-2-carboxaldehyde (0.3163 g, 2 mmol; in 50 mL 

methanol) and orthophenylenediamine (0.1 g, 1 mmol; in 25 mL methanol) were 

refluxed for three hour.  After that, the solution was cooled in a refrigerator.  A 

yellow Schiff base, qco, (Scheme 2.6) formed was filtered and recrystallised from 

methanol.  The recrystallised product was dried in a desiccator over anhydrous 

calcium chloride.  (90% yield, m.p. 175 °C)  

Scheme 2.6: Preparation of qco

2.4.3 Characterisation of the Schiff bases 

The synthesised Schiff bases, qch, qce, qcp, qcb, qcc and qco, were 

characterised by elemental analysis, electronic spectra, infrared spectra, 1H NMR 

spectra and single crystal XRD studies.  
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2.4.3.1 Elemental analysis 

The analytical data of the Schiff base are in good agreement with the 

expected molecular formula and are given in Table 2.1. 

Table 2.1: Analytical data of Schiff bases 
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2.4.3.2 Electronic spectra 

The electronic spectroscopic investigations of Schiff bases were carried out 
in methanol solution (1x10-5 M) in the range 200-900 nm.  The absorption 
maxima of Schiff bases are listed in the Table 2.2.  The UV-Visible spectra of 
these are shown in Figure 2.2.  The spectra of Schiff bases exhibit three major 
bands.  These bands may be due to either ���* or n��* transitions of both 
quinoxaline and azomethine systems.  The Schiff base qch shows two bands, 
which can be assigned to ���* type transitions of the heterocyclic quinoxaline 
ring or azomethine of the Schiff bases.  Other Schiff bases exhibit bands of both 
���* and n��* transitions.  The n��* transition (less intense) may be due to 
the nonbonding electrons present on the transition of the C=N group in 
quinoxaline ring or in the azomethine group [9, 15].  
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Table 2.2: UV-Visible spectral data of Schiff bases
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             UV-Vis spectrum of qch             UV-Vis spectrum of qce 
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����

�������� ����
      UV-Vis spectrum of qcp     UV-Vis spectrum of qcb 

           UV-Vis spectrum of qcc           UV-Vis spectrum of qco

Figure 2.2: Electronic spectra of Schiff bases 

2.4.3.3 Infrared spectra 

The most significant IR spectral bands are given in Table 2.3.  Examination 

of the –NH2, –CH=O, and −C=N− regions of the infrared spectra provided 

valuable structural information related to the structure of the Schiff bases.  The 

absence of the characteristic stretching frequency of C=O of the aromatic 
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aldehyde and –NH2 groups of diamine, indicates that the condensation was 

complete.  Although all the free ligands, qch, qce, qcp, qcb, qcc and qco, contain 

different types of C=N bonds (two from each quinoxaline ring and two from the 

azomethine linkage), the IR bands due to them are not well resolved in the 

infrared spectra of the ligand.  These ligands show [Figure 2.3] a very strong 

absorption band in 1610-1640 cm-1 range, which is characteristic of the 

azomethine 	(C=N) group [10,13].  The peaks that appear in the range 1550-1580 

cm-1 in the range could be due to the 	(C=N) stretches of the quinoxaline ring [9].  

The bands in the range 3050-2980 cm-1 could be assigned to the C-H stretching of 

aromatic and methylene groups, respectively.  The medium intensity bands 

observed in the range 1220-923 cm-1 may be due to the in-plane bending of the 

aromatic C-H, and those at 900-700 cm-1 range may be due to the out of plane 

bending vibration of the aromatic C-H.     

Table 2.3: IR spectral data of Schiff bases (� in cm-1) 
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� �
     FTIR spectrum of qch         FTIR spectrum of qce

�����
         FTIR spectrum of qcp           FTIR spectrum of qcb 

���� �
       FTIR spectrum of qcc         FTIR spectrum of qco

Figure 2.3: FTIR spectra of Schiff bases 
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2.4.3.4 1H NMR spectra  

The proton NMR spectra of the ligands in CDCl3 were recorded using 

tetramethylsilane (TMS) as the internal standard.  The NMR spectra of Schiff 

bases are shown in Figure 2.4 and the spectral data are summarised in Table 2.4.     

Table 2.4: 1H NMR spectral data of Schiff bases 

�04355�6*27�
�47)30*1�2435;�
���88) �

�223:-)7-;�

����
�����������
����������

���������������
� !"
��
��������������!#�$����"���

����
�����������
����������
�����

���������������
� !"
��
��������������!#�$����"���
���������!$ ��!#�$����"���

����

�����������
����������
����������
�����

���������������
� !"
��
��������������!#�$����"���
���������!$ ��!#�$����"���
���������!$ ��!#�$����"����

����

�����������
����������
����������
����������

���������������
� !"
��
��������������!#�$����"���
���������!$ ��!#�$����"���
���������!$ ��!#�$����"����

����

�����������
����������
����������
����������

���������������
� !"
��
��������������!#�$����"���
���������!$ ��!#�$����"���
���������!$ ��!#�$����"����

����
�����������
����������

���������������
� !"
��
��������������!#�$����"���

The NMR spectra of all Schiff bases show signal at ~1.6 ppm, which is due 

to water present in CDCl3.  The signals due to the CHCl3 and TMS are present in 

the spectra at ~7.2 ppm and at 0 ppm, respectively.  The azomethine protons 
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appear as a singlet at ~ 9.7 and 8.9 ppm and all the eight aromatic protons appear 

as a multiplet in the range 7.80-8.20 ppm.  In addition to this, there are aliphatic 

protons present as a bridge between the azomethine groups in the case of Schiff 

bases, qce, qcp and qcb.  Usually the aliphatic protons are found at 2-3 ppm 

[14,15].  Four aliphatic protons are present in qce (-CH2-CH2-) and it appears as a 

singlet at 4.2 ppm.  This value is found to be higher than that expected for usual 

aliphatic protons, which might be due to the presence of an adjacent imine group.  

There are six aliphatic protons (-CH2-CH2-CH2-) in qcp, of which the two protons 

of the central carbon atom appear as a multiplet in the region 2.26-2.32 ppm and 

the other four protons adjacent to imine groups appear as a singlet at higher 

chemical shift value 4.25 ppm.  In the case of qcb (-CH2-CH2-CH2-CH2-), the 

central four protons appear as a multiplet at 1.92-1.95 ppm and the other protons 

nearer to imine group appear as a triplet in the range 3.84-3.87 ppm.  

Cyclohexane acts as a bridge between two azomethine groups in qcc.   In this case 

eight protons in the ring appear as a multiplet in the range 1.8-1.9 ppm.  The two 

protons connected to the imino group appear as a triplet in the region 3.67-3.69 

ppm.  The spectrum obtained for qco was not good and the splitting could not be 

resolved.   

1H NMR spectrum of qch                         1H NMR spectrum of qce 
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� �
1H NMR spectrum of qcp                          1H NMR spectrum of qcb

1H NMR spectrum of qcc                            1H NMR spectrum of qco

Figure 2.4: 1H NMR spectra of Schiff bases 

2.4.3.5 Crystal structure analysis  

2.4.3.5.1 Crystal structure analysis of N,N�-bis(quinoxaline-2-carboxalidene)-

1,2-diaminoethane (qce) 

The single crystals suitable for XRD were obtained by the slow evaporation 

of solution of qce in dichloromethane [11].  The compound crystallises in triclinic 

crystal system with the space group P-1.  Summary of the crystallographic data 

and refinement parameters is given in Table 2.5.  
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Table 2.5: Crystallographic and refinement details of qce
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The molecular structure of the compound was solved at 298 K.  Figure 2.5 

gives the ORTEP diagram of the compound with atomic labeling scheme.  The 

important interatomic distances and angles are listed in Table 2.6.  In the qce, 

C20H16N6, the central C—C bond lies on a crystallographic inversion centre.  The 

quinoxalidine ring is nearly planar, with a maximum deviation of 0.021 (2) Å 
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from the mean plane.  The crystal structure is stabilised by intermolecular                

C—H…N interactions, leading to the formation of a layer-like structure, which 

extends along the a axis [Figure 2.6].  

Figure 2.5: ORTEP diagram of qce with atomic labeling scheme with 50% 

probability ellipsoids 

Table 2.6: Selected bond lengths (Å) and angles (°). 
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�
Figure 2.6: Pairs of C-H…N interactions lead to a layer like structure along 

the a axis  

2.4.3.5.2 Crystal structure analysis of N,N�-bis(quinoxaline-2-carboxalidene)-1,3-
diaminopropane (qcp)

Colourless single crystals of qcp suitable for X-ray diffraction were grown 

by slow evaporation from a solution in dichloromethane and toluene (1:1 v/v) 

[12].  The compound crystallises in monoclinic crystal system with the space 

group C2/c.  Summary of the crystallographic data and refinement parameters is 

given in Table 2.7.  
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Table 2.7: Crystallographic and refinement details of qcp
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Table 2.8: Selected bond lengths (Å) and angles (°). 
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In qcp, [Figure 2.7] one half of the molecule is related to the other half by a 

twofold axis passing through atom C11.  The value of the N3—C10—C11—

C10A torsion angle [180.0 (2)°] implies a trans alignment of the quinoxaline ring 

systems with respect to the azomethine C=N bond (i.e. C9—N3) [16].  The 

quinoxaline systems are nearly planar, with a maximum deviation of 0.0021 Å 

from the mean plane.  The dihedral angle between the two quinoxaline ring 

systems is 87.97 (3)°.  The crystal structure cohesion is reinforced by �-� stacking 

interactions, forming a zigzag pattern along the c axis, with a mean Cg1---Cg1(-

x+1/2, -y+3/2, -z+1) distance of 3.784 (14) Å (Cg1 is the centroid of the six 

membered ring that includes atoms C2–C7) [Figure 2.8].  The perpendicular 

distance between the rings is 3.4737 (8) Å���The important bond lengths and 

angles are given in Table 2.8. 

Figure 2.7: ORTEP diagram of qcp with atomic labeling scheme with 50% 
probability ellipsoids 
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Figure 2.8: �-� stacking interactions of qcp forming chains, H atoms have 
been omitted for clarity 

2.4.3.5.3 Crystal structure analysis of N,N�-bis(quinoxaline-2-

carboxalidene)-1,4-diaminobutane (qcb) 

Colourless single crystals of qcb suitable for X-ray diffraction were grown 

by slow evaporation from a solution in dichloromethane and toluene (1:1 v/v) 

[12].  The compound crystallises in monoclinic crystal system with the space 

group C2/c.  Summary of the crystallographic data and refinement parameters is 

given in Table 2.9.  

For qcb [Figure 2.9], the central C—C bond lies on a crystallographic 

inversion centre and the two halves of the molecule are in a trans orientation.  The 

quinoxalidene ring systems and the C=N imine bonds are coplanar, as indicated 

by the C10—N3—C9—C8 torsion angle [-179.2 (2)°].  The central N3—C10—

C11—C11A fragment is planar [177.3 (3)°].  The quinoxaline systems are nearly 
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planar, with a maximum deviation of 0.0022 Å from the mean plane.  The 

selected bond lengths and angles are listed in Table 2.10.  The crystal structure of 

this compound is also stabilised by �-� stacking interactions, along the b axis, 

with a mean centroid–centroid distance of 4.243 (18) Å [Figure 2.10].  The 

perpendicular distance between adjacent rings is 3.165 Å. 

Table 2.9: Crystallographic and refinement details of qcb
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Table 2.10: Selected bond lengths (Å) and angles (°).
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Figure 2.9: ORTEP diagram of qcb with atomic labeling scheme with 50% 
probability ellipsoids

Figure 2.10: �-� stacking interactions of qcb, forming chains in the [010] 
direction. H atoms have been omitted for clarity.
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2.4.3.5.4 Crystal structure analysis of N,N�-bis(quinoxaline-2-carboxylidene)-

1,2-diaminocyclohexane (qcc) 

Colourless single crystals of qcc suitable for X-ray diffraction were grown 

by slow evaporation from a solution in methanol.  The compound [Figure 2.11] 

crystallises in triclinic crystal system with the space group P-1.  Summary of the 

crystallographic data and refinement parameters is given in Table 2.11.  The 

important interatomic distances and angles are listed in Table 2.12.  In the qcc, 

C24H22N6, the central C—C bond of cyclohexanediamine lies on a crystallographic 

inversion centre.  The quinoxalidine ring is nearly planar.  The crystal structure is 

stabilised by intermolecular C—H…N interactions.  The packing diagram is 

given in the Figure 2.12.  

Table 2.11: Crystallographic and refinement details of qcc
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Table 2.12: Selected bond lengths (Å) and angles (°). 
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Figure 2.11: ORTEP diagram of qcc with atomic labeling scheme with 50% 
probability ellipsoids
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Figure 2.12: Packing diagram of qcc, showing weak intermolecular H-
bonding interactions along the b axis.

2.5 CONCLUSIONS 

This chapter deals with the details on various experimental and 

characterisation techniques employed in the present study.  The synthesis and 

characterisation of the six Schiff bases, N,N�-bis(quinoxaline-2-

carboxalidene)hydrazine (qch), N,N�-bis(quinoxaline-2-carboxalidene)-1,2-

diaminoethane (qce), N,N�-bis(quinoxaline-2-carboxalidene)-1,3-diaminopropane 

(qcp), N,N�-bis(quinoxaline-2-carboxalidene)-1,4-diaminobutane (qcb),  N,N�-

bis(quinoxaline-2-carboxalidene)-1,2-diaminocyclohexane (qcc) and  N,N�-bis 

(quinoxaline-2-carboxalidene)-1,2-diaminobenzene (qco) are also described in detail.  

The Schiff bases are formed via the condensation of quinoxaline-2-carboxaldehyde 

with hydrazine hydrate, 1,2-diaminoethane, 1,3-diaminopropane,  1,4-diaminobutane, 

1,2-diaminocyclohexane or orthophenylenediamine.  The structure of these Schiff bases 

has been confirmed with the help of spectroscopic techniques such as FTIR, UV-
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visible, NMR.  Among the six Schiff bases, we got single crystals of four Schiff 

bases (qce, qcp, qcb and qcc) and these crystals were studied by single crystal 

XRD technique.  These Schiff bases crystallise in triclinic (qce, qcc) and 

monoclinic (qcp, qcb) crystal systems.  These ligands are considered to act as 

neutral bidentate/tetradentate ligands.   
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3.1 INTRODUCTION 

The coordination chemistry of manganese(II) has attracted considerable 

interest due to the crucial role played by the metal in redox and non-redox 

proteins.  Studies involving the synthesis and characterisation of manganese 

complexes are useful towards the understanding of the structure and reactivity of 

manganese sites in biological systems [1-3].  These complexes provide structural 

support for metalloproteins such as pyruvate carboxylase [4], arginase [5], 

ribonuclease hydrolases [6] and concanavalin A [7].  Furthermore, this metal ion 

plays an important role in the metabolism of biological systems such as 

superoxide dismutase [8], manganese peroxidase [9] and manganese(II) 

dioxygenase [10].   

Many manganese complexes with double Schiff base ligands have been 

reported in recent years [11-13].  Manganese complexes of Schiff bases are 

known to be involved in the catalytic epoxidation of olefins and other substrates 

and in the design of artificial metalloproteins [14,15].  Furthermore, tetradentate 
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Schiff base complexes of manganese(III) act as catalyst in the oxidation of 

organic substrates [13,16,17]. 

Manganese(II) ion has a high spin d5 electronic configuration, which gives 

no crystal field stabilisation energies for any coordination geometries.  Therefore 

various coordination geometries are expected for manganese(II) complexes.  

However, surprisingly, most manganese(II) complexes take an octahedral 

geometry and only few examples are known to take other coordination geometries 

[18].  Coordination numbers exceeding six are uncommon for manganese(II) ion.  

This metal ion prefers a limited number of coordination geometries, which 

minimize ligand-ligand repulsions.  But, a novel eight coordinate Mn(II) Schiff 

base complex of N,N�-bis(2-pyridylmethylene)-1,3-diaminopropan-2-ol has been 

reported [19].  This complex has a distorted square antiprism geometry.   

Studies of high oxidation state complexes are of special importance 

because of their potential uses as oxidizing agents, catalysts and electro catalysts, 

for the oxidation of compounds such as alcohols, esters, and water.  A large 

number of manganese complexes involving different ligand environments have 

been structurally characterized and their electron transfer properties have been 

studied extensively; however, there remains a wider scope to study the chemistry 

of MnII, MnIII and MnIV oxidation states [20].  This is especially relevant in the 

context of modeling the active sites of biological systems.  A report has also 

demonstrated the synthesis of manganese(IV) complexes from manganese(III) 

precursors [21].   

Perusal of the literature reveal that manganese(II) complexes of Schiff 

bases, qch, qce, qcp, qcb, qcc and qco, have not yet been reported.  Further more 

these complexes are expected to exhibit electronic properties different from those 

of the salen and the Schiff base complexes derived from benzaldehyde.  In this 
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chapter we describe the synthesis, and characterisation of six new manganese(II) 

Schiff base complexes.   

3.2 EXPERIMENTAL 

3.2.1 Materials 

The details of materials used for the syntheses of Schiff base ligands are 

given in Chapter 2. The metal salt used is manganese(II) chloride tetrahydrate 

(MnCl2·4H2O).

3.2.2 Synthesis of Schiff base ligands 

Details of the synthesis and characterisation of Schiff base ligands, qch, 

qce, qcp, qcb, qcc and qco, are presented in chapter 2.  

3.2.3 Synthesis of complexes 

Schiff base complexes of Mn(II) (1-6) were synthesised using the following 

procedure.  A solution of MnCl2·4H2O (0.9895 g, 5 mmol) in 25 mL methanol 

was mixed with the Schiff base ligand (5 mmol), qch, qce, qcp, qcb, qcc or qco, in 

60 mL methanol/chloroform.  The resulting yellow coloured solution was then 

refluxed on an electric heating mantle at 50 °C for three hours.  The reaction 

mixture was then filtered and the solvent was evaporated to obtain a light brown 

precipitate.  The complex was washed with cold methanol.  The products were 

dried over anhydrous calcium chloride in a desiccator. (~ 75% yield)   

3.3 RESULTS AND DISCUSSION 

The light brown coloured complexes were prepared from the interaction of 

the ligands, qch, qce, qcp, qcb, qcc or qco, with manganese(II) chloride in the 

ratio 1:1.  The prepared complexes are non-hygroscopic and air stable.  The 

complexes are soluble in common organic solvents such as methanol, ethanol, 
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benzene, tetrahydrofuran, dichloromethane, DMF and DMSO.  However, our 

attempts to isolate single crystals suitable for X-ray crystal structure 

determination were not successful. 

3.3.1 Elemental analysis 

The analytical data for the complexes are given in Table 3.1.  The data 

agree with the suggested molecular formula of the complexes.   

Table 3.1:  Analytical data of the manganese(II) Schiff base complexes 
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3.3.2 Molar conductivity measurements

In general the molar conductance data for complexes in methanol have 

been suggested in the following range (ohm-1 cm2 mole-1): for 1:1 electrolytes 80-

115; for 2:1 electrolytes 160-220 and for 3:1 electrolytes 290-350 [22].  The 
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conductance measurements of our complexes are given in Table 3.2.  Among 

these Mn(II) complexes, complexes 2 and 5 are 1:1 electrolytes; complexes 3 and

4 are 2:1 electrolytes and other complexes are consistent with their non-

electrolyte nature. The conclusions arrived from molar conductance 

measurements agree with the molecular formulae arrived from the analytical data. 

Table 3.2: Molar conductance data of the manganese(II) Schiff base 

complexes. 
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3.3.3 Thermal analysis 

Thermal analysis of the Mn(II) complexes were carried out under nitrogen 

atmosphere at a heating rate of 10 °C min−1 from 50 °C to 1000 °C.  The 

thermograms of these complexes are represented in Figure 3.1.  With TG/DTG 

analysis it is often possible to check whether there is coordinated or lattice water 

in the complexes [23].  From the TG/DTG plots, all the complexes are found to be 

thermally stable and exhibit multistage decomposition pattern.  A thermal study 

was carried out to obtain the nature and number of water molecules present in 
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these complexes.  The molecular formulae of all the Mn(II) complexes deduced 

from elemental analysis indicate the presence of lattice/coordinated water.  The 

hydrated water molecules associated with complex formation are found outside 

the coordination sphere.  The dehydration of this type of water molecules takes 

place at the temperature below 140 °C.  On the other hand the coordinated water 

molecules are eliminated in the range 140-300 °C [24].   

Thermal analysis data of Mn(II) complexes are given in Table 3.3.  

Complex 1 shows an initial weight loss of 4% in the temperature range 50-135 

°C.  This weight loss might be due to the removal of the two lattice water 

molecule.  Thermal analysis for the complex 2 shows a first weight loss of about 

4% in the temperature range 140 to 180 °C, which can be attributed to the 

removal of a coordinated water molecule.  For the complex 3, the initial weight 

loss of 7% in the range 140-250 °C is due to the removal of two coordinated 

water molecules.  TG plot of 4 shows a several stages of decomposition and the 

initial weight loss is about 7% in the range 140-235 °C, which might be due to the 

removal of two coordinated water molecules.  Complex 5 shows multistage 

decomposition in the TG plot and the initial weight loss (60-130 °C) is found to 

be 3% due to the removal of one lattice water molecule.  This also shows another 

3% weight loss in the range 140-220 °C, due to the removal of one coordinated 

water molecule.  The complex 6 decomposes in the range 60-90 °C and 3% 

weight loss in this region is due to the removal of one lattice water molecule.  The 

decomposition patterns of complexes are in good agreement with the suggested 

formulae.  
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Table 3.3: Thermal analysis data of manganese(II) Schiff base complexes 
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TG-DTG plot of complex 1                                TG-DTG plot of complex 2

      
TG-DTG plot of complex 3                                 TG-DTG plot of complex 4
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����

TG-DTG plot of complex 5                   TG-DTG plot of complex 6

Figure 3.1: TG-DTG plots of Mn(II) Schiff base complexes 

Based on the analytical, molar conductance and TG  data, the following 

molecular formulae have been assigned for the complexes: [Mn(qch)2Cl2]·2H2O 

for 1; [Mn(qce)Cl(H2O)]Cl for 2; [Mn(qcp)(H2O)2]Cl2 for 3; [Mn(qcb)(H2O)2]Cl2 

for 4; [Mn(qcc)Cl(H2O)]Cl·H2O for 5 and [Mn(qco)Cl2]·H2O for 6.   

3.3.4 Magnetic susceptibility measurements  

Room temperature magnetic moments, �eff, of these complexes were found 

to be in the range 5.71–6.10 B.M.  Values obtained are shown in Table 3.4.  

These values are in agreement with the spin only value of 5.92 B.M. ��In all cases 

the results are close to 5.9 B.M., as expected for typical high spin manganese(II) 

complexes.  Further the values indicate little or no antiferromagnetic interaction. 
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Table 3.4: Magnetic moment values of the manganese(II) Schiff base 

complexes. 
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3.3.5 Infrared spectra 

The IR spectra of the Mn(II) complexes are presented in Figure 3.2.  The 
spectra of free ligands are given in chapter 2.  The most significant vibrational 
bands of the free ligands and those of the manganese(II) complexes are given in 
Table 3.5.  These data are useful for determining the mode of coordination of the 
ligands.  

The 	(C=N) of azomethine and that of quinoxaline in spectra of the Schiff 
base ligands and their complexes appear as a group of bands in the region 1550-
1640 cm-1.  The azomethine stretching frequencies (1610-1640 cm-1) of the free 
ligands were found to be shifted to lower frequency on complexation (for 1, 2, 3, 
4, 5 and 6) indicating the participation of the azomethine nitrogen in chelation.  
The quinoxaline C=N stretching frequency (1550-1580 cm-1) is also shifted on 
complexation indicating that these nitrogen atoms are also involved in the 
coordination with manganese(II) ions.  The 	(C=N) of quinoxaline undergoes a 
small shift on complexation; such small shifts have been reported when ring 
nitrogens are involved in coordination to the metal [26,27].  The appearance of a 
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broad absorption band (due to 	(OH)) centered around 3408, 3429, 3373, 3441, 
3361 and 3449 cm−1 for the complexes, 1, 2, 3, 4, 5 and 6, respectively indicate 
the presence of lattice/coordinated water [28].  These bands are absent in the free 
ligands.  There is another weak band in the region 700-850 cm-1, which can be 
attributed to the Mn-OH2 rocking mode.  The Mn-OH2 wagging mode was also 
observed in the 600-700 cm-1 region as a band of medium intensity.  Conclusive 
evidence of the bonding of the Schiff base ligands to manganese(II) is also shown 
by the appearance of new bands in the region 500-400 cm-1 in the spectra of the 
complexes due to 	(Mn-O) and 	(Mn-N) stretching vibrations [Table 3.5] [27].  
The Mn-Cl stretching bands may appear in the far IR regions of 300-200 cm-1 

[29]; however, the spectra could not be recorded in this range. 

Table 3.5: FTIR spectral bands for the manganese(II) Schiff base complexes. 
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* a (C=N) of azomethine group; q (C=N) of quinoxaline ring; 	(OH) of coordinated/lattice 
water molecule
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Figure 3.2: IR spectra of manganese(II) Schiff base complexes 
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3.3.6 Electronic spectra 

The electronic spectra of the free ligands show absorption bands in the 

UV–Vis region (200-400 nm), due to the ���* and n��* transitions [Figures 

are given in chapter 2].  The significant electronic absorption bands in the spectra 

of the Mn(II) complexes in methanol solution (10-4 M) are presented in Table 3.6.  

The spectra of the Mn(II) complexes [Figure 3.3] exhibit some variations in the 

position and intensity of the characteristic bands for free ligands, as well as new 

weak, characteristic absorptions in the visible region.  Manganese(II) high spin 

complexes are very weakly coloured due to spin forbidden d-d transition.  It is 

very difficult to identify the d-d bands of a manganese(II) complex as these bands 

are not very well defined and submerged in the tail of the strong intraligand 

transitions or charge transfer bands.  The bands in the region 200-400 nm can be 

attributed to intraligand transitions and these bands were seen to be modified by 

complexation.  The broad bands of low intensity observed in the UV-Vis range 

can be assigned to the spin forbidden d-d transition or charge-transfer d-�* 

transitions [30].  The Mn(II) complexes, 1, 4, 5 and 6 exhibit new bands over 400 

nm and can be attributed to the d-d or d-�F� transitions.  In the spectra of the 

complexes, the d–d transitions were not very well defined and were observed as 

shoulder bands.  

Mn(II) has d5 high spin configuration with a 6S ground term.  Crystal field 

of any symmetry cannot split it.  These complexes have light brown colour.  

Usually high spin Mn(II) complexes rarely show d-d transitions, as they are spin 

and laporte forbidden.  However, the complexes show low intensity peaks around 

25,000 cm-1 corresponding to the 6A1g (F) � 4T2g (G) transitions, as has been 

reported for Mn(II) octahedral complexes [Table 3.6] [31,32].  
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Table 3.6: Electronic spectral assignments for manganese(II) Schiff base 

complexes 
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UV-Vis spectrum of [Mn(qch)2Cl2]·2H2O      UV-Vis spectrum of [Mn(qce)Cl(H2O)]Cl 

UV-Vis spectrum of [Mn(qcp)(H2O)2]Cl2             

    
UV-Vis spectrum of [Mn(qcb)(H2O)2]Cl2 
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UV-Vis spectrum of [Mn(qcc)Cl(H2O)]Cl·H2O   UV-Vis spectrum of [Mn(qco)Cl2]·H2O 

Figure 3.3: Electronic spectra of manganese(II) Schiff base complexes 

3.3.7 EPR spectra 

The X-band EPR spectra of Mn(II) complexes were recorded in DMF 

solution at 77 K.  The EPR spectra of these complexes are shown in Figure 3.4 

and the spin Hamiltonian parameters are given in the Table 3.7.  The spin 

Hamiltonian for Mn(II) may be described as  

� = g	HS + D[Sz2 – S(S+1)/3]+E(Sx2-Sy2) 

Where H is the magnetic field vector, g is the spectroscopic splitting factor, � is 

the Bohr magneton, D is the axial zero field splitting term, E is the rhombic field 

splitting parameter and S is the electron spin vector [33].  If D and E are very 

small compared to g�HS, six EPR transitions are expected.  The EPR of the 

mononuclear complexes of manganese(II) should exhibit six hyperfine lines [34].  

The EPR spectrum of the frozen solution (in DMF) for the complexes under study 

shows six lines [Figure 3.4] arising due to hyperfine interaction between the 

unpaired electrons of the Mn(II) ions (I=5/2).  The broadening of the spectra in 

DMF solution was due to spin relaxation.  
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Table 3.7: EPR spectral parameters of manganese(II) Schiff base complexes 
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*The ‘A’ values are expressed in units of cm−1 multiplied  
   by a factor of 10−4.

    
    EPR spectrum of [Mn(qch)2Cl2]·2H2O         EPR spectrum of [Mn(qce)Cl(H2O)]Cl

          
EPR spectrum of [Mn(qcp)(H2O)2]Cl2        EPR spectrum of [Mn(qcb)(H2O)2]Cl2
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EPR spectrum of [Mn(qcc)Cl(H2O)]Cl·H2O       EPR spectrum of [Mn(qco)Cl2]·H2O

�
Figure 3.4: EPR spectra of manganese(II) Schiff base complexes 

3.4 CONCLUSIONS 

This chapter describes the synthesis and characterisation of six new Mn(II) 

Schiff base complexes.  The molecular formula arrived for the complexes are as 

follows: [Mn(qch)2Cl2]·2H2O, [Mn(qce)Cl(H2O)]Cl, [Mn(qcp)(H2O)2]Cl2, 

[Mn(qcb)(H2O)2]Cl2, [Mn(qcc)Cl(H2O)]Cl·H2O and [Mn(qco)Cl2]·H2O.  The 

magnetic moment, thermal analysis, IR, electronic and EPR spectral data of these 

complexes suggest that the complexes have octahedral geometry. The Schiff 

bases coordinate through azomethine nitrogens and quinoxaline ring nitrogens.  

Thus, the qch acts as neutral bidentate ligand and other Schiff bases (qce, qcp, 

qcb, qcc and qco) can act as tetradentate ligand in their complexes.  Based on the 

analytical and physico-chemical data we have proposed the following structures 

for the Mn(II) Schiff base complexes (solvated water molecules are omitted in the 

figures). 
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4.1 INTRODUCTION 

Chemistry of metal complexes of multidentate Schiff base ligands is quite 

interesting due to their ability to bind with one, two or more metal centers [1-5].  

The chemistry of nickel complexes with multidentate Schiff base ligands has 

attracted particular attention, as this metal is able to exhibit several oxidation 

states in the complexes [3,6].  Such complexes with different oxidation states 

have a strong role in bioinorganic chemistry and may provide the basis of models 

for active sites of biological systems [7,8].  These complexes can also act as 

potential catalysts [9-11].   

Nickel(II) complexes with tetradentate N2O2 Schiff base ligands derived from 

salicylaldehyde can act as hydrogenation catalysts both homogeneously and 

heterogeneously in the cages of zeolites X and Y [12-14].  Kureshy et al. have 

reported the catalytic activity of the nickel(II) Schiff base complexes of N,N�-bis(2-
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hydroxyphenyl)ethylenediimine and N,N�-(2-hydroxyphenyl)acetylaldimine-N-(2-

hydroxyphenyl)acetamide, in the epoxidation of olefins such as cyclohexene,                 

1-hexene, cis- and trans- stilbenes, indene with sodium hypochloride [15]. 

Studies on the interactions of DNA with transition metal complexes are 

helpful for rational drug design, as well as for the development of sensitive 

chemical probes for DNA.  The nickel(II) complexes are reported to interact with 

calf-thymus DNA [16].  DNA binding studies of the cationic Ni(II) complex of 

the 5-triethyl ammonium methyl salicylideneorthophenylenediimine ligand shows 

that the metal complex strongly interacts with DNA [17].  Many biological 

activities of Ni(II) Schiff base complexes have been reported in the literature [18].  

Further more depending upon the electronic and steric factors of the Schiff base 

ligands, Ni(II) form four-, five- and six- coordinate complexes [19-21].   

In view of the interesting properties of nickel(II) Schiff base complexes, we 

have synthesised and characterised some new nickel(II) complexes of the Schiff 

bases derived from quinoxaline-2-carboxaldehyde.  Details regarding these studies 

are presented in this chapter. 

4.2 EXPERIMENTAL 

4.2.1 Materials 

The details of materials used for the synthesis of Schiff base ligands are 

given in chapter 2.  The metal salt used for the synthesis of the Ni(II) Schiff base 

complexes is nickel(II) perchlorate hexahydrate (Ni(ClO4)2·6H2O). 

4.2.2 Synthesis of complexes 

The complexes were synthesised as follows: A solution of nickel(II) 

perchlorate hexahydrate (5 mmol, 1.828 g) in 30 mL methanol was added to the 

solution of the Schiff base, qch, qce, qcp, qcb, qcc or qco, (5 mmol) in 50 mL 
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methanol/chloroform.  The solution was refluxed for three hours.  The resulting 

solution was filtered hot and kept at room temperature.  The precipitate was 

formed on slow evaporation of the solvent.  The product was washed with cold 

methanol before drying over phosphorous pentoxide in a desiccator.  Perchlorate 

salts/complexes are potentially explosive and it should be handled carefully.

4.3 RESULTS AND DISCUSSION 

The interaction between the divalent nickel ion and the Schiff base, qch, 

qce, qcp, qcb, qcc or qco, in a 1:1 ratio leads to the formation of the complexes.  

The complexes formed are of fairly good stability and are found to be coloured.  

These complexes are readily soluble in common organic solvents.��However, our 

attempts to grow single crystals suitable for X-ray crystal structure determination 

were not met with success.  Due to their explosive nature, these complexes were

not subjected to thermal analysis.  Therefore, the nature of the water molecules 

present in the complexes could be ascertained only from the IR spectra. 

4.3.1 Elemental analysis 

The analytical data of the Ni(II) Schiff base complexes are presented in 

Table 4.1.  The data clearly agree with the suggested molecular formula of these 

complexes.  The data further suggest that all these complexes are mononuclear. 
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Table 4.1:  Analytical data of the nickel(II) Schiff base complexes 
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* Calculated values in parentheses 

4.3.2 Molar conductivity and magnetic susceptibility measurements 

The molar conductivity values are given in Table 4.2 for the nickel(II) 

Schiff base complexes in methanol (10-3 M).  The nature of electrolyte type was 

arrived by comparing the observed molar conductivity values to those reported for 

various salts at similar concentrations and for various complex ions [22].  Molar 

conductivity measurement (80-115 ohm-1cm2mole-1) of complexes, 1, 2 and 6,

indicate that the complexes behave as univalent electrolytes in solution.  

Furthermore the conductance data suggest that complex 4 is 2:1 electrolyte, and 

complexes 3 and 5 are non-electrolytes in methanol.   

The magnetic moment value of the complexes is found to be in the range 

2.8-3.2 B.M [Table 4.2] at 298 K.  These values are in accordance with the values 

expected for the d8 complexes in octahedral environment [23,24]. 
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Table 4.2: Magnetic moment values and molar conductance data of the 
nickel(II) Schiff base complexes. 
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Based on the analytical and molar conductance data, the following 
molecular formulae have been assigned for the complexes: [Ni(qch)2(ClO4)H2O] 
ClO4 for 1; [Ni(qce)ClO4(H2O)]ClO4 for 2; [Ni(qcp)(ClO4)2]·2H2O for 3; 
[Ni(qcb)(H2O)2](ClO4)2  for 4; [Ni(qcc)(ClO4)2]·H2O for 5 and [Ni(qco)(ClO4) 
H2O]ClO4 for 6.   

4.3.3 Infrared spectra 

The main IR bands of the complexes were compared with those of the free 
ligands.  Table 4.3 lists the most important IR spectral bands of the nickel(II) 
complexes and their corresponding ligands.  The spectra [Figure 4.1] show typical 
bands of Schiff bases.  A strong peak observed in the region 1610-1640 cm-1 is 
characteristic of azomethine (	(C=N)) group present in the ligands.  On 
comparing with the spectra of ligands, it could be seen that, 	(C=N) bands in 
these complexes are shifted to lower energy regions.  These shifts are due to the 
involvement of the nitrogen donor atoms of azomethine (C=N) in coordination to 
the nickel(II) ions [25].  The band due to the C=N stretching of quinoxaline ring 
(1550-1580 cm-1) undergoes a shift on complexation suggesting the involvement 
of ring nitrogen in bonding [26,27].  There is a broad band in the range 3400-3300 
cm-1 which is due to 	(OH) indicating the presence of water of hydration or 
coordinated water [28].  These bands were absent in the spectra of free Schiff 
bases, qch, qce, qcp, qcb, qcc and qco.  Thus, the structure of these complexes 
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contain water molecules, which was also indicated by the analytical data of Ni(II) 
complexes.  The observed bands concerning the perchlorate (ClO4

-) anion are also 
given in Table 4.3.  The complex 4 shows a broad unsplit band at 1094 cm-1

corresponding to the 	3(ClO4
-) and an unsplit strong band at 627 cm-1 assignable 

to 	4(ClO4
-).  This along with the absence of a band corresponding to 	1(ClO4

-) at 
920 cm-1 indicates the presence of an ionic perchlorate group [29].  The 
perchlorate vibrations are observed in the 1160-1080 cm-1 range, for the 
complexes, 1, 2, 3, 5 and 6, suggesting monodentate coordination of perchlorate.  
But the molar conductivity studies indicate that complexes 1, 2 and 6 are 1:1 
electrolytes.  Therefore, these complexes have an uncoordinated perchlorate 
group along with a coordinated one.  

Table 4.3: FTIR spectral bands for the nickel(II) Schiff base complexes.(� in cm-1) 

�/)817?� ���=� 
*�

���=� B� ���� � ���3�� � ���3�� � ���1�

� �

D# �
<�!�D# �����B����B>��B��

��

�����
�����

�����
�����

����� ���� ����

�����
�����
����
����

D#
�
<�!�D#
����B����B�>��B��

$�

�����
�����

�����
�����

����� ���� ����

�����
�����
����
����

D#$�
<�!�D#$����B���>E���B�

��

�����
�����

�����
�����

����� ����
����

�

�����
�����
����
����

D#?�
<�!�D#?����B��>���B����


�

�����
�����

�����
����� ����� ���� ����

�����
����

D##�
<�!�D##����B���>E��B�

'�

�����
�����

�����
�����

����� ���� ����

�����
�����
����
����

D#��
<�!�D#�����B����B>��B��

"�

�����
�����

�����
����� ����� ���� ����

�����
�����
����

a C=N of azomethine group; q  C=N of quinoxaline ring; 	(OH) of coordinated/lattice 
water molecule. 



#���	��
�������	�������
���
�������
�5���..&�#�	
���!�������
��/��

113

4000 3000 2000 1000
0

20

40

60

80

100
%

 T
ra

ns
m

itt
an

ce

Wavenumber (cm-1)

IR spectrum of  [Ni(qch)2(ClO4)H2O]ClO4 

4000 3000 2000 1000
0

20

40

60

80

100

%
 T

ra
ns

m
itt

an
ce

Wavenumber (cm-1)

IR spectrum of  [Ni(qce)(ClO4)H2O ]ClO4



�	�
����@
�

114

4000 3000 2000 1000
0

20

40

60

80

100
%

 T
ra

ns
m

itt
an

ce

Wavenumber (cm-1)

IR spectrum of  [Ni(qcp)(ClO4)2]·2H2O

4000 3000 2000 1000

20

40

60

80

100

%
 T

ra
ns

m
itt

an
ce

Wavenumber (cm-1)

IR spectrum of  [Ni(qcb)(H2O)2](ClO4)2 



#���	��
�������	�������
���
�������
�5���..&�#�	
���!�������
��/��

115

4000 3000 2000 1000
0

20

40

60

80

100

%
 T

ra
ns

m
itt

an
ce

Wavenumber (cm-1)
IR spectrum of  [Ni(qcc)(ClO4)2]·H2O 

4000 3000 2000 1000
0

20

40

60

80

100

%
 T

ra
ns

m
itt

an
ce

Wavenumber (cm-1)

IR spectrum of  [Ni(qco)(ClO4)H2O]ClO4

Figure 4.1: FTIR spectra of nickel(II) Schiff base complexes 
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4.3.4 Electronic spectra 

The electronic spectra of nickel(II) complexes were recorded in methanol 

(10-4 M) in the region of 200-1100nm (50,000-8000 cm-1) and the spectral data 

are given in Table 4.4.  The bands in the 200-400 nm region of the spectra [Figure 

4.2] almost coincide with the bands observed for the free ligands.  In addition to 

these, the bands are also present in the 400-900 nm region of the spectra of these 

complexes.  The spectra of most of the ligands show two bands in the region 200-

300 nm (30,000-50,000 cm-1), due to ���* and n��* transitions.  Among these 

���* transitions are not altered to a greater extent on complexation.  The three 

spin allowed transitions, 3A2g to 3T2g (F), 3A2g to 3T1g (F) and 3A2g to 3T1g (P), 

generally fall within the ranges 7000-13,000 cm-1, 11,000-20,000 cm-1 and 

19,000-27,000 cm-1 respectively for regular octahedral systems [30].  The d-d 

transitions observed for the complexes lie within these ranges [Table 4.4] and are 

in good agreement with those reported for an octahedral geometry around the 

Ni(II) ion.  Based on the electronic spectral data and magnetic moment values 

(2.8-3.2 B.M.) an octahedral structure can be assigned for these complexes.  



#���	��
�������	�������
���
�������
�5���..&�#�	
���!�������
��/��

117

Table 4.4: Electronic spectral assignments for nickel(II) complexes 
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UV-Vis spectrum of [Ni(qch)2(ClO4)H2O]ClO4

  
UV-Vis  spectrum of  [Ni(qce)(ClO4)H2O ]ClO4

   
UV-Vis spectrum of  [Ni(qcp)(ClO4)2]·2H2O        UV-Vis spectrum of [Ni(qcb)(H2O)2](ClO4)2 
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UV-Vis spectrum of  [Ni(qcc)(ClO4)2]·H2O      UV-Vis spectrum of  [Ni(qco)(ClO4)H2O]ClO4

Figure 4.2: Electronic spectra of nickel(II) Schiff base complexes 

4.4 CONCLUSIONS 

This chapter describes the synthesis and characterisation of six new Ni(II)  

complexes of Schiff bases, qch, qce, qcp, qcb, qcc and qco.  The molecular 

formula for the complexes derived from the analytical and molar conductance 

measurements are; [Ni(qch)2(ClO4)H2O]ClO4, [Ni(qce)(ClO4)H2O]ClO4, [Ni (qcp) 

(ClO4)2]·2H2O, [Ni(qcb)(H2O)2](ClO4)2, [Ni(qcc)(ClO4)2]·H2O and [Ni(qco) 

(ClO4)H2O]ClO4.  The magnetic moment values and electronic spectra confirm that 

the complexes have octahedral geometry.  The Schiff base, qch, acts as neutral 

bidentate ligand and the Schiff bases, qce, qcp, qcb, qcc and qco, act as 

tetradentate ligand in the complexes.  Based on the analytical and physico-

chemical data we have proposed the following structures for the Ni(II) Schiff base 

complexes. 
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5.1 INTRODUCTION 

A large number of Schiff bases and their complexes have been studied 

because of their ability to reversibly bind oxygen [1], act as catalysts [2] and 

exhibit photochromic properties [3,4].  The high affinity for the chelation of the 

Schiff bases towards the transition metal ions, especially copper ions, is utilised in 

preparing their complexes.  The chemistry of copper complexes is of interest 

owing to their importance in biological and industrial processes [5,6].  The copper 

complexes derived from Schiff bases were found to be extremely efficient 

catalysts in both homogeneous [7] and heterogeneous [2] conditions. 

Complexes of copper show various geometries.  Among them most 

common are tetrahedral, square planar, square pyramidal, trigonal bipyramidal 

and octahedral.  Unlike the other first row transition metal ions, copper complexes 

show distortions [8].  For example, the hexa coordinated Cu(II) ion with d9

configuration prefers distorted octahedral geometry, which is a direct 

consequence of Jahn–Teller effect [9].  Thus, octahedral complexes usually exist 

with a set of four strongly and two weakly coordinating ligands. 
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The study of mononuclear copper complexes has been stimulated by a 

desire to 'mimic' the active sites of metalloproteins such as the enzyme galactose 

oxidase [10] and nitrite reductase [11].  One of the current interests in the 

coordination chemistry is synthesis of high-nuclearity transition metal complexes 

[12,13].  These complexes are studied as models for the multimetal active sites of 

metal-storage proteins [14,15], and as single molecule magnets (SMMs) [16,17].    

Dinuclear copper complexes attract attention as models of active centers of 

copper containing enzymes (tyrosinase, haemocyanin, haemerythrin, cytochrome 

� oxidase, etc.) and as potential components of homogeneous catalytic systems 

[7,18].  They have also been investigated frequently, because of the interest in 

new inorganic materials showing molecular ferro- or antiferromagnetic 

interactions [19-22]. 

In the present chapter, we report the synthesis and characterisation of 

twenty four copper(II) Schiff base complexes.  Single crystal XRD analyses of 

some of the prepared complexes were carried out.  The ligands used here are the 

tetradentate symmetrical di-Schiff base ligands, qch, qce, qcp, qcb, qcc and qco.  

Details of the synthesis and characterisation of these ligands are described in 

chapter 2.   

5.2 EXPERIMENTAL 

5.2.1 Materials 

The materials used for the preparation of Schiff bases, qch, qce, qcp, qcb, 

qcc and qco, are given in chapter 2.  The copper(II) complexes were prepared 

from four copper salts, Cu(OAc)2·4H2O, CuCl2·2H2O,  Cu(NO3)2·3H2O and 

Cu(ClO4)2·6H2O. 
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5.2.2 Synthesis of complexes  

The complexes 1-6 was prepared by adding a solution of Cu(OAc)2·4H2O 
(0.908 g, 5 mmol, in 30 mL methanol) to a solution of the Schiff base, qch, qce, 
qcp, qcb, qcc or qco, (5 mmol, in 50 mL methanol/chloroform) and refluxing for 
3 h.  The resulting solution was allowed to evaporate at room temperature.  The 
complexes separated were collected and washed with cold methanol.  The product 
was dried over anhydrous calcium chloride in a desiccator (~ 80% yield).   

The complexes 7-12 was prepared by adding a solution of CuCl2·2H2O 
(0.8524 g, 5 mmol, in 25 mL methanol) to a hot 50 mL methanol/chloroform 
solution of the Schiff bases, qch, qce, qcp, qcb, qcc or qco, (5 mmol).  This 
solution was refluxed for 3 h.  After this, the resulting solution was allowed to 
evaporate at room temperature to give complex, which was collected and washed 
with cold methanol.  The product was dried over anhydrous calcium chloride in a 
desiccator (~ 70% yield).  

The complexes 13-18 were prepared by the following method.  Methanol 
solution (30 mL) of Cu(NO3)2·3H2O (1.208 g , 5 mmol) was mixed with hot 
solution of the Schiff bases, qch, qce, qcp, qcb, qcc or qco, (5 mmol, in 50 mL 
methanol/chloroform) and refluxed for 3 h.  The resulting solution was allowed to 
evaporate at room temperature to give complex, which were collected and washed 
with cold methanol.  The product was dried over anhydrous calcium chloride in a 
desiccator (~ 70% yield). 

The complexes 19-24 was prepared by adding a solution of 
Cu(ClO4)2·6H2O  (1.852 g, 5 mmol, in 25 mL methanol) to a hot solution of the 
Schiff bases, qch, qce, qcp, qcb, qcc or qco, (5 mmol, in 50 mL 
methanol/chloroform) was added and refluxed for 3 h.  The resulting solution was 
allowed to evaporate at room temperature to give product, which were collected 
and washed with cold methanol.  The product was dried over anhydrous calcium 
chloride in a desiccator (~ 75% yield).  



�	�
����?�

127

However, our attempts to isolate single crystals suitable for X-ray crystal 

structure determination were not successful for most of the complexes.  We got a 

single crystal of a complex derived from the reaction of Cu(NO3)2·3H2O and qce

in methanol.  We have carried out the single crystal X-ray analysis of this 

complex and the results of the analysis are presented in section 5.3.8.  

5.3 RESULTS AND DISCUSSION 

Facile condensation of quinoxaline-2-carboxaldehyde and compounds, like, 

hydrazine hydrate, 1,2-diaminoethane, 1,3-diaminopropane, 1,4-diaminobutane, 

cyclohexanediamine and orthophenylenediamine, in a 2:1 molar ratio lead to the 

formation of neutral N4 tetradentate Schiff base ligands, denoted as qch, qce, qcp, 

qcb, qcc and qco.  Reaction of these with copper salts, Cu(OAc)2· 4H2O/ CuCl2· 

2H2O/Cu(NO3)2·3H2O/Cu(ClO4)2·6H2O, in methanol yield a variety of copper 

complexes.  In the case of the reaction between CuCl2·2H2O and qce in methanol, 

a black coloured complex was separated.  On keeping the filtrate after separation 

of the complex blue crystals were obtained.  The blue crystals on single crystal 

XRD analysis was found to be dichloro(ethylenediamine)copper(II), which was 

reported in 1986 by Harvey and Lock [23].  This study indicate that excess Schiff 

base part gets decomposed and form ethylenediamine, which results in the 

formation of the complex dichloro(ethylenediamine)copper(II). The copper 

complexes are coloured, non-hygroscopic and found to be air stable.  The 

complexes are soluble in common organic solvents such as methanol, ethanol, 

benzene, tetrahydrofuran, dichloromethane, DMF and DMSO.  Due to the 

explosive nature, perchlorate complexes were not subjected to thermal analysis.  

Therefore, the nature of the water molecules present in these complexes could be 

ascertained only from the IR spectra.
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5.3.1 Elemental analysis 

The elemental analysis data of the complexes are given in Table 5.1.  The 

analytical data suggest that most of the complexes are mononuclear except the 

complexes of qce, which is binuclear.  The data also show that metal to ligand 

ratio for the complexes of qce, qcp, qcb, qcc and qco is 1:1 and that for the 

complexes of qch is 1:2.   

Table 5.1: Analytical data of the copper(II) Schiff base complexes
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* Calculated values in parentheses 

5.3.2 Molar conductivity measurements 

The molar conductivity values of the complexes (10-3 M) are given in Table 

5.2.  Generally, the conductance values of complexes in methanol are found in the 

range, 80-115 ohm-1cm2mol-1 for 1:1 electrolyte, 160-220 ohm-1cm2mol-1 for 2:1 

electrolyte, 290-350 for 3:1 electrolyte and higher values for 4:1 electrolytes.  The 

very low molar conductance values (less than 60 ohm-1cm2 mol-1) observed for 1-

7, 11, 12, 18, 19 and 24, indicate non-electrolytic nature of these complexes [24].  

The conductance data for complexes 9, 10, 13, 15, 16 and 22 suggest them to be 

1:1 electrolytes and the data for the complexes 17, 21 and 23 agree with that for 
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the 2:1 electrolytes.  The complexes 8, 14 and 20 show higher conductance values 

than those of other complexes and these are considered as 4:1 electrolytes.  

Table 5.2: Molar conductance data of the copper(II) Schiff base complexes. 
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5.3.3 Thermal analysis 

The analytical data suggest most of these complexes contain water 

molecules.  We have to find out whether these water molecules are coordinated or 

not.  For these, thermal analysis of copper(II) complexes were conducted.  TG-

DTG plots of the complexes are given in Figures 5.1-5.3.  The properties of 

coordinatively saturated transition metal complexes can be profoundly influenced 

by their environment.  The coordinated water is stable and volatilised above 140 

ºC.  The removal of lattice water usually occurs below 140 ºC [Tables 5.3-5.5].  

TG results show good agreement with the molecular formula arrived from the 

analytical data.  The weight loss observed for the complexes, 1-6, 7, 8, 12 and 18, 

is found to be below 140 ºC.  TG-DTG analysis of complex 14 shows several 

peaks of weight loss below 200 ºC; the weight loss in this case corresponds to 9 

H2O molecules.  In these complexes the water molecules are present as lattice 

water.  From the TG data of complexes, 10, 13, 15, 16 and 17, the weight loss of 

complexes starts from 140 °C which indicates that these contain coordinated 

water only. The complex 9 has both lattice and coordinated water, as the weight 

loss occurs in two stages: 50-135 and 140-190 °C.  Complex 11 have no weight 

loss below 200 °C and contain no water molecules.  All the copper(II) complexes 

are found to be thermally stable and exhibit multistage decomposition pattern 

Table 5.3: Thermal analysis data of copper(II) acetate complexes
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          TG-DTG plot of complex 1                         TG-DTG plot of complex 2 

      
         TG-DTG plot of complex 3                   TG-DTG plot of complex 4        

            
TG-DTG plot of complex 5                     TG-DTG plot of complex 6

Figure 5.1: TG-DTG plots of copper(II) acetate complexes 
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Table 5.4: Thermal analysis data of copper(II) chloride complexes 
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TG-DTG plot of complex 7                          TG-DTG plot of complex 8        

   
TG-DTG plot of complex 9          TG-DTG plot of complex 10        
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TG-DTG plot of complex 11                            TG-DTG plot of complex 12        

����
Figure 5.2: TG-DTG plots of copper(II) chloride complexes 

Table 5.5: Thermal analysis data of copper(II) nitrate complexes 
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                TG-DTG plot of complex 13                                        TG-DTG plot of complex 14        
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TG-DTG plot of complex 15    TG-DTG plot of complex 16 

  
TG-DTG plot of complex 17                                      TG-DTG plot of complex 18 

Figure 5.3: TG-DTG plots of copper(II) nitrate complexes 

Based on the elemental analysis, molar conductance and TG data 
suggest that the molecular formula of these copper(II) complexes as: 
[Cu(qch)2(OAc)2]·2H2O (1), [Cu2(qce)2(OAc)4]·H2O (2), [Cu(qcp) (OAc)2]·2H2O (3), 
[Cu(qcb)(OAc)2]·3H2O (4), [Cu(qcc)(OAc)2]·3H2O (5), [Cu(qco)(OAc)2]·H2O (6), 
[Cu(qch)Cl2]·2H2O (7), [Cu2(qce)2]Cl4·H2O (8), [Cu(qcp)ClH2O]Cl·2H2O (9), [Cu(qcb) 
Cl(H2O)]Cl (10), [Cu(qcc)Cl2] (11), [Cu(qco)Cl2]·H2O (12), [Cu(qch)NO3(H2O)]                                              
NO3 (13),  [Cu2(qce)2](NO3)2(OH)2·9H2O (14), [Cu(qcp)NO3(H2O)]NO3 (15),                                              
[Cu(qcb)NO3H2O]NO3 (16), [Cu(qcc)(H2O)2](NO3)2 (17), [Cu(qco) 
(NO3)2]·2H2O (18), [Cu(qch)(ClO4)2]·2H2O (19), [Cu2(qce)2](ClO4)4·H2O (20), 
[Cu(qcp)(H2O)2](ClO4)2 (21),  [Cu(qcb)ClO4(H2O)]ClO4 (22), [Cu(qcc)(H2O)2] 
(ClO4)2 (23),  [Cu(qco)(ClO4)2]·3H2O (24). 
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5.3.4 Magnetic susceptibility measurements 

Effective magnetic moments were calculated by the equation �eff = 
2.828(�AT)1/2, where �A is the magnetic susceptibility per copper.  Room 
temperature magnetic susceptibility measurements (Gouy method, powdered 
sample) show that all the complexes have magnetic moments close to 1.73 B.M. 
as expected for discrete magnetically non-coupled copper(II) ion [25].  Magnetic 
moments of the copper complexes under investigation fall in the 1.60-1.92 B.M. 
range [Table 5.6], and lie within the range reported for tetrahedral and 
tetragonally distorted octahedral structures [26-28].  Complexes of qce exhibit 
magnetic moments less than 1.70 B.M., which are less than the spin only value 
(1.73 B.M.). Low magnetic value can be expected for complexes having 
antiferromagnetic effect, with spin-orbital coupling in the ground state for spin 
doublet species [26], or with dimeric or polymeric structures.  The lower 
magnetic moment values for the complexes of qce might be due to the dimeric 
nature of these complexes.  In such cases, antiferromagnetic interaction between 
the Cu(II) centers might occur.      

Table 5.6: Magnetic moment values of the copper(II) Schiff base complexes. 
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5.3.5 Infrared spectra 

IR spectral data of the Schiff bases and their copper(II) complexes are 

given in Tables 5.7-5.10.  The IR spectra of these complexes are shown in Figures 

5.4-5.7.  The details of IR spectra of ligands are given in chapter 2.  On 

coordination of the Schiff base ligand, the C=N stretching frequency are slightly 

displaced to lower frequencies indicating a decrease in the C=N bond order due to 

the coordinate bond of the metal with the azomethine nitrogen lone pair [29].  The 

	(C=N) band of the quinoxaline ring which appears in the region 1550-1580 cm-1

in the ligand undergoes a shift in the spectra of all the complexes indicating the 

involvement of ring nitrogen atom in coordination to the metal [30].  These 

results suggest that the Schiff base ligands act as tetradentate (N4) ligands.  The 

presence of broad band is seen in the spectra of all the complexes in the 3300-

3500 cm-1 region, which is associated with the coordinated or solvent water 

molecules [29].  IR bands observed in the complexes at ~800 cm-1, ~640 cm-1, 

~410 cm-1 could be assigned to �H2O, 
H2O and 	H2O stretching frequencies 

respectively of coordinated water molecules.   In all complexes, weak bands at 

~3000 cm-1 in both complexes could be assigned to aromatic C-H stretching of 

quinoxaline ring.  The presence of multiple bands in the 2500-2935 cm-1 region in 

the ligand and its complexes with slight shifts suggests the presence of the CH2

group of alkyl part in the ligand and its complexes.  The bands due to Cu-O and 

Cu-N stretching occur at ~525 and ~406 cm-1 respectively, in the spectra of all the 

complexes.  These bands are not present in the spectra of the free ligand.   

5.3.5.1 Nature of acetate  

In the copper(II) complexes 1-6, derived from copper acetate, presence of 

acetate group is noticed.  The IR data of these complexes is given in the Table 

5.7.  The 	asym(COO-) and 	sym(COO-) stretching frequencies of free acetate ions 
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are observed at 1560 and 1461 cm-1, respectively.  For the coordinate acetate ion, 

the 	asym(COO-) stretching occurs in the range 1650-1500 cm-1 and the 	sym(COO-) 

stretching is seen above 1400 cm-1 [29].  In the case of unidentate coordination of 

acetate group, 	(C=O) is higher than 	asym(COO-) and 	(C-O) is lower than 

	asym(COO-) and the energy of separation between 	asym(COO-) and 	sym(COO-) is 

usually greater than 144 cm-1.  The opposite trend is observed in the case of 

bidentate coordination of acetate, the separation between the two 	(C-O) is 

smaller than that of free ion.  In the case of bridging acetate group, the two 	(C-

O) are close to the free ion values.  The present copper(II) complexes show 

infrared absorption frequency bands [Figure 5.4] corresponding to 	asym(COO-) 

and 	sym(COO-) at 1600-1621 and 1430-1465 cm-1, respectively.  As the 

separation is greater than 144 cm-1, both the acetate groups might be acting as 

monodentate ligand.   

5.3.5.2 Nature of chloride  

The copper(II) complexes 7-12, contain chloride ion.  The IR bands 

corresponding to Cu-Cl can be seen only below 400 cm-1.  As we could not record 

the spectra in the far IR region, this band could not be identified.  However, the 

conductance studies indicate that in the complexes, 7, 11 and 12, the chloride ions 

are coordinated.   In the case of complexes 9 and 10, one of the chloride ions is 

coordinated and the other is not.  The chloride ions are not coordinated in 

complex 8.  Their IR spectra are given in Figure 5.5 and data are given in Table 

5.8.  

5.3.5.3 Nature of nitrate  

Free NO3
- ion belongs to a high symmetry point group D3h. On 

coordination of a nitrate ion to a metal, either as a monodentate or as a bidentate, 

the local symmetry of the nitrate ion is lowered from D3h to C2v. Only three 
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infrared bands are expected for ionic nitrate (	1, 	2 and 	4 in D3h symmetry).  For 

the coordinated nitrate, six infrared bands (	1 to 	6) in C2v symmetry are expected 

[29].  On coordination of NO3
- ion to a metal as a monodentate, there is flow of 

electron density from the coordinated oxygen to the metal.  As a result, the double 

bond character of N-O (bonded) will decrease with concomitant increase in the 

double bond character of the other two N-O bonds due to mesomeric electron 

release from the two oxygens.  The separation between the two highest frequency 

bands 	1 and 	4 of the coordinated nitrate group is used to distinguish the different 

mode of bonding of nitrate ion to a metal often.  It is usually greater (> 180 cm-1) 

for bidentate nitrates relative to that for monodentate nitrate (< 130 cm-1) groups.  

The uncoordinated nitrate group shows bands near ~ 	1 (1050 cm-1), 	2 (830 cm-1), 

	3 (1350 cm-1) and 	4 (715 cm-1).  Usually the nitrate complexes show sharp bands 

at ~1380 cm-1, which corresponds to the 	(NO)asy of free nitrate ion.  The bands at 

~1480 and 1380 cm-1 are the two split bands 	4 and 	1, respectively, of the 

coordinated nitrate ion.  For the complexes, 13, 15, 16 and 18, the magnitude of 

�	 = (	4 - 	1) � 100 cm-1 shows the monodentate coordination of the nitrate ion.

The bands observed in the region 1480-1350 cm-1 [Table 5.9], prove the presence 

of coordinated nitrate groups in that complexes.  The band at 1385 cm-1 for the 

complexes, 14 and 17 indicates an uncoordinated nitrate group.  For the 

complexes, 13, 15 and 16, both these type of bands are seen suggesting that 

nitrate group exist in the complexes as both coordinated and free form [Figure 

5.6].  These results are in good agreement with the molar conductivity 

measurement studies, which show that the complexes, 13, 15 and 16, behave as 

1:1 electrolytes.  The conductance data of 14 and 17 suggest that two nitrate ions 

are not coordinated to the copper(II) ion.  Monodentate coordination of the nitrate 

ions for 18 is in agreement with non electrolytic nature of the complexes.   
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5.3.5.4 Nature of perchlorate  

Free ClO4
- ion belongs to a high symmetry point group Td.  The tetrahedral 

symmetry of the free ion, ClO4
- is reduced to C3v on unidentate coordination of the 

ion to a metal.  The symmetry is further lowered to C2v if the anion binds to a 

metal as bidentate, either as a chelate or as a bridging ligand.  The uncoordinated 

ClO4
- ion shows two sharp bands at 1100 (	3) and 620 (	4) cm-1 [29].  Generally, 

the monodentate coordinated perchlorate ion show four bands at ~ 920 (	1), 480 

(	2), 1158, 1030 (	3), and 605, 620, 648 (	4) cm-1.  The present complexes show 

IR bands characteristics of both the ionic and unidentately coordinated 

perchlorate groups [Figure 5.7].  The 	3 mode at 1095, 1093 and 1086 cm-1 for 20, 

21 and 23 respectively is somewhat broadened, but the 	4 band at 620 cm-1 is 

devoid of any splitting and are consistent with the IR active normal modes for Td

symmetry suggesting that these anions are not coordinated to the copper ions as 

substantiated by the results of molar conductivity measurements.   

The spectra of complex 22 shows bands at around 1138, 1113, 1086, 936, 

620 cm-1 , suggesting the coexistence of both ionic and unidentately coordinated 

perchlorate groups in these complexes.  This result is in agreement with the 

conductance data and suggests that one of the perchlorate group is coordinated.  

Complexes 19 and 24 show bands around 1106, 1079, 937, 633 cm-1, suggesting 

the monodentate coordination of perchlorate ions to copper ion.   
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Table 5.7: FTIR spectral data for the copper(II) acetate complexes.         

(	 in cm-1) 
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a C=N of azomethine group; q C=N of quinoxaline ring; 	(OH) of  coordinated/lattice 
water molecule, 	(COO-)a  asymmetric stretching of acetate group &  	(COO-)s symmetric 
stretching of acetate group. 
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IR spectrum of  [Cu(qcp)(OAc)2]·2H2O 
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Figure 5.4: IR spectra of Cu(II) acetate complexes 
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Table 5.8: FTIR spectral data for the copper(II) chloride complexes. (� in cm-1) 
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Figure 5.5: IR spectra of copper(II) chloride complexes 

Table 5.9: FTIR spectral data for the copper(II) nitrate complexes. (� in cm-1) 
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a C=N of azomethine group; q C=N of quinoxaline ring; 	(OH) of  coordinated/lattice 
water molecule
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Figure 5.6: IR spectra of copper(II) nitrate complexes 
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Table 5.10: FTIR spectral data for the copper(II) perchlorate complexes. (� in cm-1) 
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Figure 5.7: IR spectra of copper(II) perchlorate complexes 

5.3.6 Electronic spectra 

Electronic spectra of these complexes, 1-24, were recorded in methanol in 

the range 50,000-10,000 cm-1 [Table 5.11-5.14].  Additional details concerning 

electronic structure and reactivity for the complex may be seen from the 

electronic absorption spectra in Figure 5.9-5.12.  The spectra of the ligands 

(discussed in chapter 2) show the bands at higher energies around ~ 41,000 cm-1

are associated with the quinoxaline and azomethine ���* transitions.  The 

electronic spectra of the complexes were observed as three main transitions.  The 

absorption maxima of the metal chelate bear close resemblance with those of the 

free ligands, which indicates that no structural alteration of the ligand occurred 

during complexation.  The spectra of the complexes also show moderate intense 
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bands at 30,000-35,000 cm-1, attributable to nitrogen centered ligand to metal 

charge transfer (LMCT) transitions from the coordinated unsaturated ligand to the 

metal ion [31].  The bands at higher energies around ~30,000 cm-1 are associated 

with the azomethine/quinoxaline n��* transitions.  On complexation these bands 

are shifted to lower wavelength, suggesting coordination of azomethine/ 

quinoxaline nitrogen with copper [32].  This suggests that ligand is coordinated to 

copper ion.   

According to Lever [33], since the ground state in an octahedral field is the 

Jahn-Teller unstable 2Eg, regular octahedral copper(II) complexes can not exist.  

The t2g---eg separation in a regular octahedral copper(II) complex varies from 

about 13,000 cm-1 (for CuO6) to about 18,000 cm-1 (for CuN6).  In the case 

distorted complexes, several absorption bands may be expected in these regions, 

corresponding to transitions from components of t2g to dx
2

-y
2.  In general there will 

be a marked tetragonal splitting of the eg level such that dz
2 lies below dx

2
-y

2 

(6000-15,000 cm-1) and will give rise to absorption at those energies.  In general 

the greater the tetragonality, eg, the longer the axial bond, the greater will be the 

energy of the dz
2 --- dx

2
-y

2 transition.  The usually broad visible band envelope will 

contain dxy--- dx
2

-y
2, and dxz, dyz --- dx

2
-y

2 (the latter perhaps split into two 

transitions).  Indeed as the axial bond lengthens, the dxy--- dx
2

-y
2, and dxz, dyz --- 

dx
2

-y
2 transitions shift to the blue because of a synergic effect.  The order of energy 

levels of octahedral complexes is dx
2

-y
2> dz

2 > dxy > dyz, = dxz, [Figure 5.8]. 
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Figure 5.8: Splitting of d-orbitals 

The electronic spectrum of the copper(II) complexes (1-7, 9-13, 15-19, 21-

24) in methanol (10-3 M) showed d-d bands in the regions 20,000-13,000 cm-1

which can be assigned to  2T2g � 2Eg  transition of an octahedral geometry.  

Though in cases where the 2Eg and 2T2g states of the octahedral Cu(II) ion (d9) 

split under the influence of the tetragonal distortion the three transitions 
2B1g�2Eg, 2B1g �2B2g, and 2B1g � 2A1g are expected [33], their very close 

energies could have made them appear in the form of one broad band envelope.  

Our results [Tables 5.11-5.14] are in good agreement with those reported for a 

distorted octahedral geometry around Cu(II) ion [33].  The spectra of copper(II) 

complexes exhibit broad d-d absorption bands in the region 13,000-20,000 cm-1 

[Figure 5.9-5.12] indicative of a distorted octahedral system with weak apical 

coordination of solvent/anion molecules.  The magnetic and electronic data point 

to distorted octahedral environments for Cu(II) ions in complexes (1-7, 9-13, 15-

19, 21-24).  
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Table 5.11: Electronic spectral assignments for the copper(II) complexes 
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A regular tetrahedral copper(II) complex (in the absence of spin orbit 

splitting) should yield a single transition (2E---2T2) at relatively low energy [33].  

However tetrahedral copper(II) complexes are almost invariably distorted.  Since 

a four coordinate square planar coordination complex is strongly favoured for the 

d9 configuration, the usual distortion is a flattening of the tetrahedron along a two-

fold axis.  This will result in a structure of D2d symmetry which would retain the 

degeneracy of dxz, dyz and lead to three possible transitions, namely from the 

ground state 2B2 to 2E, 2B1 and 2A1.  Commonly four transitions are observed due 

to further distortion to D2 or Cs, and/or due to the splitting of the e level in D2d by 

spin orbit coupling.  There are reports for tetrahedral complexes, which show four 

transitions below 10,000 cm-1.  The electronic spectra of the complexes (8, 14 and 

20) consist of d-d bands in the (~) 18,000-11,000 cm-1 range, with a log � 1.30-

0.90 L mol-1 cm-1, and a broad absorption.  This is indicating the tetrahedral 

geometry around copper.  From the magnetic susceptibility measurements, it was 

found that these complexes have magnetic moments in the range 1.6-1.7 B.M.  

These values are lower than those for the tetrahedral complexes, which might be 

due to the presence of two copper(II) ions in the complexes.   

   
UV-Vis spectrum of  [Cu(qch)2(OAc)2]·2H2O 
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UV-Vis spectrum of [Cu2(qce)2(OAc)4]·H2O

UV-Vis spectrum of [Cu(qcp)(OAc)2]·2H2O   UV-Vis spectrum of [Cu(qcb)(OAc)2]·3H2O

     

UV-Vis spectrum of [Cu(qcc)(OAc)2]·3H2O 
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UV-Vis spectrum of [Cu(qco)(OAc)2]·H2O 

Figure 5.9: Electronic spectra of the copper(II) acetate complexes 

Table 5.12: Electronic spectral assignments for the copper(II) chloride complexes 
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UV-Vis spectrum of [Cu2(qce)2]Cl4·H2O
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����
UV-Vis spectrum of [Cu(qcp)ClH2O]Cl·2H2O  

UV-Vis spectrum of [Cu(qcb)Cl(H2O)]Cl  

UV-Vis spectrum of [Cu(qcc)Cl2]            UV-Vis spectrum of [Cu(qco)Cl2]·H2O

Figure 5.10: Electronic spectra of the copper(II) chloride complexes 
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Table 5.13: Electronic spectral assignments for the copper(II) nitrate complexes 
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   UV-Vis spectrum of [Cu(qch)NO3(H2O)]NO3

  
UV-Vis spectrum of [Cu2(qce)2](NO3)2(OH)2·9H2O    UV-Vis spectrum of [Cu(qcp)NO3(H2O)]NO3

   

UV-Vis spectrum of [Cu(qcb)NO3H2O]NO3
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Figure 5.11: Electronic spectra of the copper(II) nitrate complexes 
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Table 5.14: Electronic spectral assignments for the copper(II) perchlorate 

complexes 
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UV-Vis spectrum of [Cu(qch)(ClO4)2]·2H2O    UV-Vis spectrum of [Cu2(qce)2](ClO4)4·H2O

UV-Vis spectrum of [Cu(qcp)(H2O)2](ClO4)2 

UV-Vis spectrum of [Cu(qcb)ClO4(H2O)]ClO4
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UV-Vis spectrum of [Cu(qcc)(H2O)2](ClO4)2  

UV-Vis spectrum of  [Cu(qco)(ClO4)2]·3H2O

Figure 5.12: Electronic spectra of the copper(II) perchlorate complexes 

5.3.7 EPR spectra 

The X-band EPR spectrum of Cu(II) complexes in DMSO at 77K shows 

well resolved hyperfine splitting which are listed in Tables 5.15-5.18.  These 

complexes showed EPR spectra (anisotropic signal) with four line hyperfine 

structure due to copper (I=3/2) [Figures 5.13-5.16].  The magnetic susceptibility 

values (lie in the range 1.73-1.92 B.M.) for the complexes, 1-7, 9-13, 15-19 and
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21-24, indicate that the complex is mononuclear.  The absence of a half field 

signal also rules out any Cu-Cu interaction.  The resolution of the spectra did not 

improve upon cooling to 77 K and no super hyperfine interactions were observed 

[35,36].  EPR spectral data indicates the following: 

� The copper(II) complexes have nearly equal g-values. 

� Among the copper complexes, the copper complexes of qch ligand have high

g values.  This ligand is different from the rest, as it is derived from the 

hydrazine hydrate. 

� Most of the complexes exhibit axial spectra. 

� The ordering of g-values: g
 > g� > ge, suggests that the dx
2

-y
2 ground state is 

occupied by an unpaired electron.  

� A rhombic type EPR spectrum with three g-values, g1 � g2 � g3, is obtained for 

complexes 9, 13, 14, 15 and 19.   

� The ESR parameters of the present complexes (1-7, 9-13, 15-19 and 21-24) 

coincide with related systems and suggest that these have octahedral 

geometry [37].   

Table 5.15: EPR Spectral data of the copper(II) acetate complexes 
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        *The ‘A’ values are expressed in units of cm−1 multiplied by a factor of 10−4. 
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EPR spectrum of [Cu(qch)2(OAc)2]·2H2O      EPR spectrum of [Cu2(qce)2(OAc)4]·H2O 

EPR spectrum of [Cu(qcp)(OAc)2]·2H2O        EPR spectrum of [Cu(qcb)(OAc)2]·3H2O

    
EPR spectrum of [Cu(qcc)(OAc)2]·3H2O      EPR spectrum of [Cu(qco)(OAc)2]·H2O

Figure 5.13: EPR spectra of the copper(II) acetate complexes 
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Table 5.16: EPR spectral data of the copper(II) chloride complexes 
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*The ‘A’ values are expressed in units of cm−1 multiplied by a factor of 10−4. 

EPR spectrum of [Cu(qch)Cl2]·2H2O                  EPR spectrum of [Cu2(qce)2]Cl4·H2O 

   
EPR spectrum of  [Cu(qcp)ClH2O]Cl·2H2O    EPR spectrum of [Cu(qcb)Cl(H2O)]Cl
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EPR spectrum of [Cu(qcc)Cl2]                                EPR spectrum of [Cu(qco)Cl2]·H2O  

Figure 5.14: EPR spectra of the copper(II) chloride complexes 

Table 5.17: EPR spectral data of the copper(II) nitrate complexes 
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*The ‘A’ values are expressed in units of cm−1 multiplied by a factor of 10−4. 
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  ����
EPR spectrum of [Cu(qch)NO3(H2O)]NO3   EPR spectrum of [Cu2(qce)2](NO3)2(OH)2·9H2O

     
EPR spectrum of [Cu(qcp)NO3(H2O)]NO3           EPR spectrum of [Cu(qcb)NO3H2O]NO3

      
EPR spectrum of [Cu(qcc)(H2O)2](NO3)2               EPR spectrum of [Cu(qco)(NO3)2]·2H2O

Figure 5.15: EPR spectra of the copper(II) nitrate complexes 
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Table 5.18: EPR spectral data of the copper(II) complexes 

�/)817?� ��� ��� :�� :$� :�� ��*�

<���D# ����B���>E���B�
��� � � ����� ����� ����� ����

<����D#
��>���B���E��B�
$!� ����� ����� � � � ����

<���D#$����B��>���B����
$�� ����� ����� � � � ����

<���D#?���B����B�>��B��

$$� ����� ������ � � � ����

<���D##����B��>���B����
$�� ������ ������ � � � ����

<���D#�����B���>E���B�
$
� ������ ������ � � � ����

  *The ‘A’ values are expressed in units of cm−1 multiplied by a factor of 10−4. 

  
EPR spectrum of [Cu(qch)(ClO4)2]·2H2O     EPR spectrum of [Cu2(qce)2](ClO4)4·H2O 

   
EPR spectrum of [Cu(qcp)(H2O)2](ClO4)2       EPR spectrum of [Cu(qcb)ClO4(H2O)]ClO4
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EPR spectrum of [Cu(qcc)(H2O)2](ClO4)2      EPR spectrum of [Cu(qco)(ClO4)2]·3H2O

Figure 5.16: EPR spectra of the copper(II) perchlorate complexes 

5.3.8 Single crystal analysis  

The complex, [Cu2(qce)2](NO3)2(OH)2·9H2O 14, [Figure 5.17] was 

prepared by refluxing ligand qce with Cu(NO3)2·3H2O in methanol.  The complex 

was formed as violet crystals by slow evaporation of the mother solvent 

(CH3OH).  These crystals were found to be suitable for X-ray diffraction work.   

Figure 5.17:  [Cu2(qce)2](NO3)2(OH)2·9H2O (14) 

The complex 14 crystallises in orthorhombic system with the space group 

Pbca.  A perspective view of crystal is shown in Figure 5.18.  A summary of the 

crystallographic data and refinement parameters are given in Table 5.19.  The 

crystal of 14 consists of two copper(II) ions with two quadridentate ligands (qce), 

two nitrate anions and eleven oxygen atoms.  Unfortunately we could not fix the 
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hydrogen atoms in this case.  Therefore, of the eleven oxygen atom two might 

belong to the hydroxyl anions and the other oxygen atoms might be the part of 

nine water molecules.  This assumption agrees with the molecular formula 

derived from elemental analysis, C40H52Cu2N14O17. Each copper(II) ion assumes a 

tetra coordinated geometry with N4 donor atoms of the ligand.  The symmetrical 

qce ligand is attached to the copper(II) ions in such a way that the half part of the 

ligand, qce, is attached to each copper through one of its azomethine and 

quinoxaline ring nitrogen. 

Table 5.19: Crystallographic and refinement details of complex 14 
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Table 5.20: Selected Bond lengths (Å) and angles (°) of complex 14 
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Figure 5.18: ORTEP diagram of complex 14

The geometry of the each CuN4 coordination core is tetrahedral.  However, 

the angle N1-Cu1-N7 is 104.67 (19)° and N12-Cu2-N6 106.50 (19)° suggesting 

the geometry to be slightly distorted tetrahedral [Table 5.20].  The two copper 

atoms in the complex are not directly bonded; the distance between Cu1-Cu2 

atoms is 3.67 Å. Therefore the metal-metal interaction would be less here.  The 

azomethine (N3-C9) bond length in the ligand qce is 1.26 Å (discussed in chapter 

2) and that for the complex 14 is 1.29 Å.  There is a slight change in the bond 

lengths of quinoxaline ring nitrogen with adjacent carbon atoms in complex when 

compared with free Schiff base.  Therefore, on coordination both the bond length 

of azomethine and quinoxaline (C=N) is increased.  The two nitrate anions are 

positioned axially to the copper with a Cu-N distance of 7.5 Å (Cu1-N13) and 5.7 

Å (Cu2-N14).  Nitrate anions are free from coordination but can be hydrogen-
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bonded to the H-atoms of water molecules.  There are eleven oxygen atoms 

axially positioned to the two copper ions.  Two of them (O(10) and O(11)) are 

close to copper ions and these two oxygen atoms may be considered as a part of 

hydroxyl ions.  The distance between Cu1-O10 is 4.7 Å and Cu2-O11 is 5.9 Å.  

The other nine oxygen atoms are considered as a part of water molecules.  The 

existence of these nine water molecules is also supported by TG-DTG analysis.  

A layer formed by lattice water molecules in between the [Cu(qce)]2  (sandwich 

form) is shown in the Figure 5.19.  The anions and water molecules in the crystal 

lattice are stabilised by H-bonds [Figure 5.20].  The crystal structure of this 

complex is also stabilised by intermolecular hydrogen bonding and �-� stacking 

interactions.   

Figure 5.19: Packing diagram of complex 14 along c axis
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Figure 5.20: Packing diagram of complex 14 showing H-bonding interactions 

along b axis 

5.4 CONCLUSIONS 

This chapter describes the synthesis and characterisations of a new 
copper(II) complexes of Schiff bases, qch, qce, qcp, qcb, qcp and qco. The 
analytical data suggest that most of the complexes are mononuclear except 
complexes of qce, which is binuclear.  The very low molar conductance values 
observed for 1-7, 11, 12, 18, 19 and 24, indicate nonelectrolytic nature of these 
complexes and all the other complexes are electrolytes. All the copper(II) 
complexes are found to be thermally stable and exhibit multistage thermal 
decomposition pattern.  Magnetic moments of the complexes under investigation 
fall in the 1.60-1.92 B.M. range and lie within the range reported for tetrahedral 
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and tetragonally distorted octahedral structures.  The IR data of the complexes 
reveal that the anions are coordinated to the copper(II) ion in a monodentate way 
and in some complexes (8, 14, 17, 20, 21 and 23), the anions are not coordinated  
to the copper(II) ion.  The electronic spectrum of copper(II) complexes (1-7, 9-13, 
15-19, 21-24) in methanol (10-3 M) showed d-d bands in the regions 20,000-
13,000 cm-1 which can be assigned to  2T2g � 2Eg  transition of an octahedral 
geometry and other complexes exhibit d-d bands corresponding to tetrahedral 
geometry.  EPR spectra of the complexes exhibit axial and rhombic spectra.  The 
complex [Cu2(qce)2](NO3)2(OH)2·9H2O 14 crystallises in orthorhombic system 
with the space group Pbca.  Each copper(II) ion assumes a tetra coordinated 
geometry with N4 donor atoms of the ligand.  The geometry of the each CuN4

coordination core is tetrahedral.  The metal-metal interaction is less, as the 
distance between the Cu(II) ions are greater.  The crystal structure of this complex 
is also stabilised by intermolecular hydrogen bonding and �-� stacking 
interactions.  Based on analytical and physico-chemical data we have proposed 
the following structure for the other complexes.   
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6.1. INTRODUCTION 

A variety of transition metal complexes have been successfully 

encapsulated in zeolites [1-4], and show improved catalytic properties in the 

oxidation of different types of organic substrates.  In this respect, complexes of 

Schiff bases gained extensive research interest.  A number of zeolite encapsulated 

Schiff base complexes of Co(II), Mn(II), Ni(II) and Cu(II) have been reported in 

the literature [5-7].  More complex molecules, such as complexes of 

phthalocyanine and tetramethyl porphyrin could be incorporated in zeolites, 

without blocking the pore of zeolite host, leading to an increase in the number of 

active sites.  These zeolite encapsulated metal complexes have captured much 

attention in catalysis and biomimetic chemistry [8-10].  Each catalytic center is 

separated in these materials and thereby stability of the complex is also enhanced.  

Zeolite cages protect the molecule from the decomposition and irreversible 

dimerization by providing the steric constraints around the molecule [11-15].  
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Due to these features, the zeolite encapsulated metal complexes resemble 

enzymes. Inorganic complexes encapsulated in such porous systems have 

therefore been termed as zeozymes.   

Transition metal complexes encapsulated in the cavities of zeolites are known to 

exhibit high catalytic activity in certain oxidation reactions [12].  In general, there have 

been many attempts to carry out the reactions with high yield and selectivity.  We have 

synthesized zeolite encapsulated copper(II) complexes of Schiff bases N,N�-

bis(quinoxaline-2-carboxylidene)hydrazine (qch), N,N�-bis(quinoxaline-2-carboxylidene)-

1,2-diaminoethane (qce), N,N�-bis(quinoxaline-2-carboxylidene)-1,3-diaminopropane 

(qcp), N,N�-bis(quinoxaline-2-carboxylidene)-1,4-diaminobutane (qcb), N,N�-

bis(quinoxaline-2-carboxylidene)-1,2-diaminocyclohexane (qcc) and N,N�-

bis(quinoxaline-2-carboxylidene)-1,2-diaminobenzene (qco) and studied the catalytic 

activity of these complexes in the oxidation of cyclohexanol. 

In this chapter, studies on the synthesis and characterisation of zeolite Y 

encapsulated copper(II) complexes of the Schiff bases, qch, qce, qcp, qcb, qcc and 

qco, are presented. 

6.2. EXPERIMENTAL

Details regarding the preparation and characterisation of the Schiff bases 

are presented in chapter 2.  The synthesis and characterisation of their copper(II) 

complexes are discussed in chapter 5.   

6.2.1 Synthesis of zeolite encapsulated copper complexes.   

The following general procedure was used for the synthesis of the 

encapsulated complexes.  The copper(II) complexes of qch, qce, qcp, qcb, qcc and 

qco were entrapped in the cavities of the zeolite by the flexible ligand method 

[16-18].  The concentration of the ligands for the synthesis was taken to satisfy ~ 
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2:1 ligand to metal ratio.  The metal ion exchanged zeolite (CuY, ~1 g) was 

introduced into a round bottom flask containing the ligand (~1 g) dissolved in 

methanol/chloroform (50 mL) and the mixture was refluxed on a water bath for 6-

12 hours.  The zeolite encapsulated complex was filtered and soxhlet extracted 

with methanol and dichloromethane for a total period of 48 hours until the 

washings become colourless.  The exhaustive extraction process is meant to 

remove the complexes formed on the surface.  Uncomplexed metal ions 

remaining in the zeolite were removed by back exchange of the zeolite with NaCl 

(0.01 M) solution for 24 hours.  After this, it was repeatedly washed with hot 

distilled water to remove the chloride ions and then dried in vacuum over 

anhydrous calcium chloride.  The resulting encapsulated complexes are 

designated as CuYqch, CuYqce, CuYqcp, CuYqcb, CuYqcc and CuYqco. 

6.3 RESULTS AND DISCUSSION 

Interaction of copper(II) ion with the ligands (qch, qce, qcp, qcb, qcc and 

qco) inside the zeolite cages results in the formation of encapsulated Schiff base 

complexes.  The metal complexes are too large and can not diffuse out from the 

zeolite cages.  In the transition metal ion exchanged zeolite, the metal ion is 

surrounded by H2O, OH- or oxide ions of the zeolite lattice [19].  The metal 

oxygen bonds in the lattice are broken during the complexation and might form 

new bonds with the ligands [20-22].  The encapsulated copper complexes were 

characterised by elemental analysis, electronic spectra, infrared spectra, EPR 

spectra, AAS, XRD studies, surface area and pore volume measurement and 

SEM.    
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6.3.1 Elemental analysis 

The percentage of silica was determined according to the literature 

procedure [23].  The Si/Al ratio for NaY was found to be 2.6, which correspond 

to the unit cell formula, Na54(AlO2)54(SiO2)138.nH2O [24,25].  The elemental 

analysis found for the CuY is Si, 20.77; Al, 7.88; Na, 5.85; Cu, 1.97.  The Si to Al 

ratio for CuY was also found to be 2.6.  Retaining of this ratio even after the 

metal exchange indicates the absence of any dealumination.  This result indicates 

that zeolite framework is unaltered by encapsulation as reported in earlier studies.  

The percentage of metal in CuY gives the unit cell formula of copper exchanged 

zeolite as ~ Na46Cu4(SiO2)138(AlO2)54.nH2O.  The analytical data [Table 6.1] 

suggest the purity and stoichiometry of the encapsulated complexes.   

Table 6.1: Analytical data of the encapsulated copper(II) Schiff base 

complexes 

�/)8/(-.�
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The analytical data of all the encapsulated complexes, CuYqch, CuYqce, 

CuYqcp, CuYqcb, CuYqcc and CuYqco, show that the Si/Al ratio is 2.64.  The 

Si/Al ratio found for the zeolite encapsulated complexes are in the typical range 

of zeolite Y.  These values suggest that after encapsulation there is no change in 

the frameworks of zeolite.  The maximum complexation was observed in the case 

of copper exchanged zeolite complexes of qcp.  The composition of copper in 

these complexes was not found to agree with that of the neat complexes.  This 

may be due to the presence uncomplexed copper ions found in the surface as well 

as in the cages of zeolites.  Further, the data indicate that the copper ions may still 

remain in the zeolite cage even after back exchange with NaCl solution.  The 

percentages of carbon, hydrogen and nitrogen in the zeolite encapsulated 

complexes indicate the presence of the complexes of Schiff bases in the zeolite 

cages.  

6.3.2 Surface area and pore volume

The surface area and pore volume of sodium and copper exchanged zeolites 

and the encapsulated copper complexes are presented in Table 6. 2.  The results of 

surface area analysis indicate that there is a slight decrease in the surface area of 

metal exchanged zeolites.  However, the surface area decreased drastically in the 

case of encapsulated complexes of zeolites.  The encapsulation of copper ions and 

copper complexes reduces the surface area and adsorption capacity of zeolite.  

The lowering of the pore volume and surface area supports the fact that Cu(II) 

Schiff base complexes are present within the zeolite cages and not on the external 

surface.  Balkus and Gabrielove [18] have reported such extent of reductions in 

surface area of zeolites due to inclusion of metal complexes in the pores.   
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Table 6.2: Surface area and pore volume of the ion exchanged zeolites and   

zeolite encapsulated copper(II) Schiff base complexes
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6.3.3 Powder X-ray diffraction analysis 

The powder XRD pattern of CuY and the encapsulated complexes, CuYqch, 

CuYqce, CuYqcp, CuYqcb, CuYqcc and CuYqco, are given in the Figure 6.1.  The 

XRD patterns of the encapsulated complexes exactly match with that of the CuY, 

and suggest that there is no loss in the crystalline nature of the zeolite [23].  

Further more the data does not indicate any dealumination.  These results further 

suggest that the reduction in surface area of the encapsulated complexes is not due 

to any collapse of the crystalline structure.   
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Figure 6.1: XRD pattern of copper exchanged zeolite and zeolite encapsulated 
copper(II) Schiff base complexes 

6.3.4 SEM analysis 

The scanning electron microscopic (SEM) analysis of the zeolite 

encapsulated complexes is used to find out whether any extraneous material is 

present on the zeolite.  The SEM of the zeolite encapsulated complexes before 

and after soxhlet extraction was taken.  The SEM images are shown in Figure 6.2.  

The soxhlet extraction was done by using two solvents, such as methanol and 

dichloromethane.  This extraction is necessary to remove any surface adsorbed 

species.  SEM analysis shows that the zeolite encapsulated complexes after 

soxhlet extraction have well defined crystal structures indicating absence of 

surface adsorbed species.  The SEM further point out that the processes of 

encapsulation and soxhlet washing during the preparation have no influence on 

the structure of zeolite [26-28]. 
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Before soxhlet extraction                              After soxhlet extraction 

Scanning Electron Micrographs of CuYqch 
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����������������������������������������������������������������������������Before soxhlet extraction                              After soxhlet extraction

Scanning Electron Micrographs of CuYqce 

Before soxhlet extraction                              After soxhlet extraction 

Scanning Electron Micrographs of CuYqcp
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Before soxhlet extraction                              After soxhlet extraction 
Scanning Electron Micrographs of CuYqcb 

Before soxhlet extraction                                  After soxhlet extraction 
Scanning Electron Micrographs of CuYqcc 

Before soxhlet extraction                                After soxhlet extraction 
Scanning Electron Micrographs of CuYqco 

Figure 6.2: SEM of encapsulated copper(II) Schiff base complexes 
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6.3.5 Thermal analysis 

The thermal properties of the zeolite encapsulated copper complexes were 

investigated by TG-DTG measurements with a view to compare their thermal 

stabilities.  In the TG run, the encapsulated copper complexes were heated from 

50 °C to 1000 °C at a rate of 10° min-1 in nitrogen atmosphere.  The TG data 

obtained from these analyses are given in the Table 6.3 and the thermograms are 

given in Figure 6.3.  The TG-DTG curves of encapsulated complexes, CuYqch, 

CuYqce, CuYqcp, CuYqcb, CuYqcc and CuYqco, are found to be almost similar.  

The endothermic peak observed at below 200 °C in the TG-DTG curve is due to 

the desorption of physically adsorbed and occluded water.  The exothermic peaks 

above 200 °C are attributed to the combustion of copper complexes encaged in 

the host [30].  However, the mass loss in TG curves of the encapsulated 

complexes was extremely small, due to the very low concentration of metal 

complexes within the supercages of the zeolite. 

Table 6.3: Thermogravimetric analysis data of encapsulated copper(II) 

Schiff base complexes 

�-0*82(1*;7.�
0/)817?72�

�7)87+*;(+7�+*-:7��
�@� �

<�G73:4;�1/22�

��	D# � �������
��������

������
�����

��	D#
� �������
���������

������
�����

��	D#$� �������
���������

������
�����

��	D#?� �������
��������

������
�����

��	D##� �������
��������

������
�����

��	D#�� �������
��������

������
�����



�	�
����I�

203

TG-DTG curve of CuYqch                                         TG-DTG curve of CuYqce 

     
TG-DTG curve of CuYqcp                                        TG-DTG curve of CuYqcb

   
����

TG-DTG curve of CuYqcc                                         TG-DTG curve of CuYqco 

Figure 6.3: TG-DTG curves of encapsulated copper(II) Schiff base complexes 
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6.3.6 Infrared spectra 

The FTIR spectra of the complexes, CuYqch, CuYqce, CuYqcp, CuYqcb, 

CuYqcc and CuYqco, are shown in Figure 6.4 and the spectral data are presented 

in Table 6.4. The major IR bands of the zeolite framework are reported to occur in 

the range of 200-1300 cm-1 as it contains the fundamental vibration of framework 

alumina or silica [23].  The strong and broad band at 1000 cm-1 can be attributed 

to the asymmetric stretching vibrations of (Si/Al)O4 units.  The coordination of 

ligand in the pores can be identified from the bands observed in the 1300-1600 

cm-1 region where the zeolite has no bands.  The broad bands at the region 1650-

3500 cm-1 are due to lattice water molecules and surface hydroxylic groups.   

The IR bands of all encapsulated complexes are weak in comparison with 

those of the neat complexes due to their low concentrations in zeolite cages.  The 

free Schiff base ligands (qch, qce, qcp, qcb, qcc and qco) shows a strong band at 

1610-1640 cm-1 (section 2.4.3.3 in chapter 2) due to azomethine group (C=N).  

On complexation the 	(C=N) band is shifted to lower frequency, in the case of 

simple complexes.  Lowering of the 	(C=N) was also observed for all the 

encapsulated complexes.  The 	(C=N) occurs for the encapsulated complexes in 

the range 1604-1635 cm-1, suggesting the coordination of nitrogen of azomethine 

group to the copper.  Large numbers of lattice water molecules are present in all 

the zeolite encapsulated complexes.  The presence of water molecules in the 

lattice are confirmed by the peaks due to –OH vibrations of the zeolites lie in the 

range from 3600-3300 cm-1.  Other major zeolite framework peaks are also seen 

for all the encapsulated complexes at ~1040, ~780, ~570, ~450 cm-1 suggesting 

the retention of zeolite framework in the complexes.  These results are in good 

agreement with the previously reported results in the literature [23,29,30].   
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Table 6.4: FTIR data of the encapsulated copper(II) complexes 
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Figure 6.4: FTIR spectra of encapsulated copper(II) Schiff base complexes

6.3.7 Electronic spectra 

Electronic spectra of the encapsulated complexes could be carried out only 

in the diffuse reflectance (DR) mode.  Any relevant information in the absorption 

mode could not be obtained due to scattering of radiation.  A Kubelka-Munk 

equation was used for the data interpretation.  The UV-Vis spectra of Figure 6.5 

confirm the inclusion of the Cu(II) Schiff base complexes within the zeolite 

cages.  The diffuse reflectance spectral data of the encapsulated complexes are 

given in Table 6.5.  The spectra suggest the existence of Cu(II) Schiff base 

complex in the cage of zeolite even though the peaks exhibit some shift and 

broadening, when compared to those for the simple complexes.  This might be 

due to some distortions of the Cu(II) Schiff base complexes happening inside the 

zeolite cage.  A relatively intense absorption band is seen around 300-400 nm in 
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the DR UV-Vis spectra of all zeolite Y encapsulated Cu(II) Schiff base samples.  

This band can be attributed to ligand-to-metal charge transfer and gives a strong 

evidence for the formation of Cu(II) Schiff base complex molecules inside the 

cavity of zeolite Y.   

Table 6.5: Electronic spectral data of the encapsulated complexes 
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The diffuse reflectance data for the encapsulated copper complexes suggest 

a six coordinate structure with a tetragonal distortion.  The d-d bands in the case 

of all zeolite encapsulated complexes occur between 460-700 nm. Their 
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corresponding neat complexes show bands (section 5.3.6 in chapter 5) around 

460-800 nm.  The data almost agree with the reported octahedral structure of the 

complexes [23].  Even though the anions are not present in these encapsulated 

complexes the axial positions might be occupied by hydroxyl groups present in 

the zeolite for the charge neutralisation.  

   
Electronic spectrum of CuYqch                    Electronic spectrum of CuYqce

       

   
Electronic spectrum of CuYqcp                                  Electronic spectrum of CuYqcb
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Electronic spectrum of CuYqcc                                     Electronic spectrum of CuYqco 

Figure 6.5: Electronic spectra of encapsulated copper(II) Schiff base 

complexes 

6.3.8 EPR spectra 

Electron paramagnetic spectroscopy (EPR) is an extremely powerful probe 

of the electronic structures of the materials with unpaired electrons.  The X-band 

EPR spectra of the encapsulated copper(II) Schiff base complexes were recorded 

at room temperature and also at 77 K (LNT).  The spectra at RT [Figure 6.6] of 

encapsulated complexes, CuYqch, CuYqce, CuYqcp, CuYqcb, CuYqcc and 

CuYqco, gave only one g value and these values are given in Table 6.6.  The EPR 

spectra of these encapsulated complexes at 77 K [Figure 6.7] exhibit axial spectra 

(g
<g�) and their spin Hamiltonian parameters are given in Table 6.6. 
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Table 6.6:  EPR spectral data of encapsulated complexes at RT & LNT 
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EPR spectrum of CuYqch                            EPR spectrum of CuYqce

EPR spectrum of CuYqcp               EPR spectrum of CuYqcb
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EPR spectrum of CuYqcc                     EPR spectrum of CuYqco

Figure 6.6: EPR spectra of encapsulated copper(II) Schiff base complexes, 

powder at RT 

       
EPR spectrum of CuYqch                            EPR spectrum of CuYqce

EPR spectrum of CuYqcp                            EPR spectrum of CuYqcb
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EPR spectrum of CuYqcc                            EPR spectrum of CuYqco 

Figure 6.7: EPR spectra of encapsulated copper(II) Schiff base complexes, 

powder at LNT 

6.4 CONCLUSIONS 

This chapter presents studies involving the preparation and characterisation 

of zeolite Y encapsulated complexes, CuYqch, CuYqce, CuYqcp, CuYqcb, CuYqcc 

and CuYqco.  The analytical data shows that the Si/Al ratio is 2.6, which is an 

indication of the retention of the zeolite framework without any damage after 

complexation.  Reduction in the surface area and pore volume of the zeolite 

encapsulated complexes supports the inclusion of complexes in the zeolite cages.  

TG-DTG data gives another evidence for the inclusion of copper(II) Schiff base 

complexes in the pores of zeolites.  XRD patterns and FTIR spectral data suggest 

that the zeolite structure is retained as such on encapsulation.  SEM of the zeolite 

encapsulated complexes after soxhlet extraction indicates that there is no surface 

adsorbed species and its crystal structure is clear.  Diffuse reflectance spectra 

indicate that all the zeolite encapsulated Cu(II) complexes have octahedral 

geometry.  
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7.1 INTRODUCTION 

A great effort has been devoted to the research and development of new 

catalysts used for the most important industrial chemical reactions.  In most cases, 

extreme reaction conditions such as high pressure and high temperature are 

required for the current industrial processes. Development of more efficient 

catalysts for a required reaction is one of the most important aspects connected 

with both industrial and academic research. Catalytic oxidation of organic 

substrates such as alcohols to aldehydes or ketones is a vital reaction in synthetic 

organic chemistry.  Ketones, like cyclohexanone, are important intermediate 

materials for the manufacture of many important products, such as fiber, drugs 

and fragrance.  Most of such oxidation reactions are still using homogeneous 

catalysts.  From the sustainable and green chemistry point of view, heterogeneous 

catalysts would be attractive since they offer the advantages of easy catalyst 

separation, possible catalyst recycle and sometimes high activity and selectivity.  

Therefore, encapsulation of transition metal complex in zeolites has gained much 
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interest in the last decade [1-8] since this process can give rise to the materials 

with both homogeneous catalysis and heterogeneous catalysis characters [9-15].   

The need to develop environmentally friendly catalytic oxidations derives 

not only from the nature and potential toxicity of the metal present in the 

stoichiometric oxidant, but also from the general principle of green chemistry to 

reduce the volume of byproducts formed in the overall synthetic route.  So in 

catalytic oxidations, the stoichiometric oxidants used are molecular oxygen, 

hydrogen peroxide, alkyl hydroperoxide, persulfate, percarbonate, perborate and 

hypochlorite.  Hydrogen peroxide is probably the best terminal oxidant after 

dioxygen with respect to environmental and economic considerations [16-19].  In 

certain circumstances, it is better than oxygen as O2/organic mixtures can 

sometimes spontaneously ignite. In many oxidation reactions, tert-

butylhydroperoxide has also been used as oxidant [20]. 

Oxyfunctionalisation of alcohols to aldehydes and ketones is one of the 

widely used chemical transformations in industries as these products are 

important precursors in the synthesis of many drugs, vitamins, and fragrances 

[21].  In this regard, oxidation products of cyclohexanol to cyclohexanone and 

adipic acid have been widely used not only as important intermediates in the 

manufacture of nylon-66 and nylon-6 but also as plasticizers and food additives 

[22-30].  Other uses of cyclohexanone are as starting materials in the synthesis of 

insecticides, herbicides, and pharmaceuticals [23]. Therefore, researchers are 

interested in the development of simple and environmentally friendly methods of 

their syntheses.  Cyclohexanone is manufactured by two processes:- in one 

process, the cyclohexane is oxidized to cyclohexanol which on dehydrogenation 

at 400-500 °C and at atmospheric pressure over Zn or Cu catalyst forms 

cyclohexanone and in the other process phenol is first hydrogenated with nickel 

catalyst at 140-160 °C and 15 bar pressure to cyclohexanol, which on 
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hydrogenation yields cyclohexanone.  Homogeneous liquid phase catalytic 

oxidation reactions generally involve the use of soluble salts or transition metal 

complexes in combination with oxidants like O2, H2O2, or RO2H (R alkyl, aryl).  

Despite the good activities and very often excellent selectivities, there are several 

problems encountered with homogeneous catalysts, particularly in catalyst 

separation, recovery, and recycling after the reaction.  These problem have been 

claimed to that minimised by using zeolite encapsulated [Cu(salen)] for the 

oxidation of cyclohexanol to cyclohexanone [31].   

In the light of this, we have used the encapsulated copper(II) Schiff base 

complexes, CuYqch, CuYqce, CuYqcp, CuYqcb, CuYqcc and CuYqco for the 

oxidation of cyclohexanol.  We have also used the simple complexes for this 

reaction, [Cu(qch)Cl2]·2H2O, [Cu2(qce)2]Cl4·H2O, [Cu(qcp)ClH2O]Cl·2H2O, 

[Cu(qcb)Cl(H2O)]Cl, [Cu(qcc)Cl2] and [Cu(qco)Cl2]·H2O, as catalysts for this 

reaction with a view to compare the efficiency of encapsulated complexes with 

that of the simple complexes.  For convenience, these simple complexes have 

been designated as Cuqch, Cuqce, Cuqcp, Cuqcb, Cuqcc and Cuqco.  Details 

regarding the synthesis and characterisation of these simple and their 

encapsulated complexes are presented in chapter 5 and chapter 6, respectively.  

This chapter deals with the studies on the efficiency of these simple and supported 

complexes as catalyst in cyclohexanol oxidation reaction.  The results of these 

studies are discussed in this chapter.  

7.2 EXPERIMENTAL 

7.2.1 Materials 

The materials used for this study are presented in Chapter 2.  



�	�
����J

220

7.2.2 Procedure: Catalytic activity measurements 

Oxidation of cyclohexanol was carried out in a two-necked glass reactor 

(50 mL) fitted with a condenser and a septum.  Tertiary butylhydroperoxide 

(70%) was added through the septum to the magnetically stirred solution of 

cyclohexanol containing catalyst (simple or encapsulated copper(II) complexes).  

The reaction mixture was kept at the desired reaction temperature and was 

refluxed with continuous stirring on a water bath.  The progress of the reaction 

was monitored by periodically withdrawing small samples (about 0.5 mL each), 

which were analysed using a gas chromatograph.  The catalyst (the encapsulated 

copper(II) complexes) after carrying out the oxidation reaction was characterised 

using physico-chemical techniques.  The catalysts were recycled and used to 

study this oxidation reaction. 

7.3 RESULTS AND DISCUSSION 

Details of the spectral characterisation of the Schiff base ligands, their 

simple and encapsulated copper(II) Schiff base complexes are given in Chapters 

2, 5 and 6 respectively.  As discussed in section 7.1 two major products expected 

for cyclohexanol oxidation are cyclohexanone and adipic acid.  But this oxidation 

reaction when carried out with our catalysts (CuYqch, CuYqce, CuYqcp, CuYqcb, 

CuYqcc and CuYqco) yields only one product.  The product was cyclohexanone 

[Scheme 7.1]. 

Scheme 7.1:  Oxidation of cyclohexanol 
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A comparative study of the catalytic activity for this reaction was carried 

out both homogeneously and heterogeneously.  For the studies, the simple and 

encapsulated copper(II) complexes were used as catalysts.  Hydrogen peroxide 

was used as oxidant in this reaction, but no characteristic evolution of oxygen 

with encapsulated complexes was observed.  Therefore, we used a strong oxidant 

such as tert-butylhydroperoxide (TBHP) for this oxidation reaction with simple 

and encapsulated complexes as catalysts.  The first run of the reaction was carried 

out with these catalysts in solvents like methanol, ethanol, chlorobenzene etc.  

The percentage conversion of cyclohexanol in these cases was found to be 

approximately similar to that for the reaction carried out without any solvent.  As 

the interaction of organic solvents with tert-butylhydroperoxide might result in 

the contamination of the products and create environmental problems [28,32], we 

decided to carry out the reactions in the solvent free system.  In this reaction 

cyclohexanone was observed as primary target product and no adipic acid was 

formed. 

7.3.1 Catalytic activity towards the oxidation of cyclohexanol: 

screening studies

The catalytic performances of the synthesised catalysts for the selective 

oxidation of cyclohexanol were studied in detail with 70% tert-

butylhydroperoxide (TBHP) as an oxidant.  The reaction was carried without any 

solvent at 70 °C in a simple glass reactor, keeping the molar ratio of cyclohexanol 

to tert-butylhydroperoxide as two.  The products of the oxidation reaction and the 

percentage conversion were found out using a gas chromatograph (CHEMITO 

8510 GC) with carbowax column.��The percentage conversion of cyclohexanol 

was noted after three hours of the reaction, and the data obtained for various 

catalysts (60 mg each), are given in Table 7.1 and are also represented graphically 

in Figures 7.1 and 7.2.  �
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Table 7.1 Percentage conversion of cyclohexanol to cyclohexanone in 

screening studies using simple and encapsulated complexes as 

catalysts. 

�*;*1,2;�
��-0*82(1*;7.�

0/)817? �

�/-F7+23/-�
�< �

�7170;3F3;,�
�< �

�*;*1,2;�
��3)817�

0/)817?2 �

�/-F7+23/-�
�< �

�7170;3F3;,�
�< �

��	D# � ������ ���� ��D# � ������ ����

��	D#
� ������ ���� ��D#
� ������ ����

��	D#$� ������ ���� ��D#$� ������ ����

��	D#?� ������ ���� ��D#?� ������ ����

��	D##� ������ ���� ��D##� ������ ����

��	D#�� ������ ���� ��D#�� ����� ����
                                      

Reaction conditions:

Amount of catalyst: 60 mg  

Oxidant to substrate mole ratio: 2 

Temperature: 70 °C  

Time: 3 hours
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Figure 7.1: Percentage conversion of cyclohexanol with the encapsulated 

complexes as catalysts. 
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Figure 7.2: Percentage conversion of cyclohexanol with the simple complexes 

as catalysts. 

The product was found to cyclohexanone and there are no other side 

products.  So the reaction is 100% selective and the product of this reaction is 

industrially useful.  It was found that among the encapsulated complexes the 

CuYqch complex was the most active one.  The higher catalytic activity of 

CuYqch may be due to the changes of its redox potential on encapsulation.  

Another reason for higher activity may be due to shape selectivity of the zeolite 

pore which enhances the decomposition of TBHP.  The order of reactivity of 

encapsulated complexes in the oxidation reaction may be given as CuYqch > 

CuYqcp > CuYqcc > CuYqcb > CuYqce > CuYqco.  The same reaction was done 

with simple complexes as catalysts.  The order of reaction is: Cuqce > Cuqch > 

Cuqcp> CuYqcb > CuYqcc> CuYqco.  Among the simple complexes, Cuqce 

shows highest percentage conversion, which might be due to its binuclear 

tetrahedral geometry.  The percentage conversion of cyclohexanol for the simple 

complexes was found to be lesser than that of encapsulated complexes.  As in the 

case of the encapsulated complexes, the product for the simple complexes (as 

catalysts) is also cyclohexanone and the reaction is 100 % selective.   
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7.3.2 Blank run 

The blank run was conducted in the absence of any catalyst at 70 oC 

keeping the conditions same as that of screening experiments.  There was no 

conversion occurred even after four hours duration, which indicates that TBHP by 

itself will not be able to bring about the oxidation of cyclohexanol. 

7.3.3 Effect of various parameters on catalysis 

A detailed investigation of oxidation of cyclohexanol was carried out to 

study the influence of various factors.  The reaction was performed under solvent 

free conditions by variation of (1) amount of catalyst (2) reaction time (3) oxidant 

to substrate ratio and (4) temperature. 

7.3.3.1 Influence of the catalyst 

To analyse the dependence of amount of catalyst on the oxidation of 

cyclohexanol, a series of experiments were carried out by varying the amount of 

catalyst from 20 mg to 80 mg range at 70 °C keeping molar concentration of both 

the oxidant and substrate and the reaction time constant.  A favourable effect of 

conversion is observed with an increase of amount of catalyst from 20 up to 60 

mg [Tables 7.2 and 7.3].  These results are also represented graphically in Figures 

7.3 and 7.4.  There is no change in the selectivity of product formation with 

increasing the amount of catalyst.  Percentage cyclohexanol conversion is 

increased to a maximum with 60 mg of catalyst and then decreased with further 

increase in the amount of catalyst.  The reason for the higher conversion may be 

due to the decomposition of tert-butylhydroperoxide with large amount of 

catalyst.   
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Table 7.2: Effect of amount of catalyst on the oxidation of cyclohexanol 

�*;*1,2;�
��-0*82(1*;7.�

0/)817? �

<��/-F7+23/-�/5�0,01/47?*-/1�

$!�):� 
!�):� "!�):� �!�):�

��	D# � ������ ������ ������ ������
��	D#
� ����� ������ ������ ������
��	D#$� ������ ������ ������ ������
��	D#?� ����� ������ ������ ������
��	D##� ������ ������ ������ ������
��	D#�� ����� ������ ������ ������

 Reaction conditions:   

Oxidant to substrate mole ratio: 2 

Temperature: 70 °C  

Time: 3 hours
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Figure 7.3: Effect of amount of catalyst on the oxidation of cyclohexanol with 
encapsulated complexes as catalysts 
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Table 7.3: Effect of amount of catalyst on the oxidation of cyclohexanol 

�*;*1,2;�
��3)817�0/)817? �

�/-F7+23/-�/5�0,01/47?*-/1��< �

$!�):� 
!�):� "!�):� �!�):�

��D# � ����� ������ ������ ������

��D#
� ������ ������ ������ ������

��D#$� ����� ������ ������ ������

��D#?� ����� ����� ������ �����

��D##� ����� ����� ������ �����

��D#�� ����� ����� ����� �����

    Reaction conditions:   

Oxidant to substrate mole ratio: 2 

Temperature: 70 °C  

Time: 3 hours
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Figure 7.4:  Effect of amount of catalyst on the oxidation of cyclohexanol 
with simple complexes as catalysts 
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7.3.3.2 Influence of the oxidant 

The effect of oxidant (tert-butylhydroperoxide) on the oxidation of 

cyclohexanol was studied by varying oxidant to substrate mole ratio in the range 

0.5-3 with a constant amount of catalyst (60 mg) at 70 °C and reaction time (3 h) 

[Tables 7.4 and 7.5].  With increase in the amount of the oxidant to substrate mole 

ratio, the percentage conversion of cyclohexanol increases.  These results are also 

represented graphically in Figures 7.5 and 7.6.  The oxidant efficiency reaches to 

a maximum in this oxidation reaction at oxidant to substrate mole ratio of 2 and 

then decreases.  No conversion was observed in the absence of tert-

butylhydroperoxide indicating that the supported catalysts alone could not 

activate dioxygen at this temperature.

Table 7.4: Effect of oxidant to substrate mole ratio on the oxidation of 
cyclohexanol 

�*;*1,2;�
H�-0*82(1*;7.�

0/)817?I�

�/-F7+23/-�/5�0,01/47?*-/1��< �
�?3.*-;�;/�2(62;+*;7�)/17�+*;3/�

!
'� �� $� ��
��	D# � ������ ������ ������ ������

��	D#
� ����� ������ ������ ������

��	D#$� ����� ������ ������ ������

��	D#?� ����� ������ ������ ������

��	D##� ����� ������ ������ ������

��	D#�� ����� ����� ������ ������

       Reaction conditions:   

Amount of catalyst: 60 mg  

Temperature: 70 °C  

Time: 3 hours
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Figure 7.5: Effect of oxidant to substrate ratio on the oxidation of 
cyclohexanol with encapsulated complexes as catalysts 

Table 7.5: Effect of oxidant to substrate mole ratio on the oxidation of 
cyclohexanol 

�*;*1,2;�
H�3)817�

0/)817?I�

�/-F7+23/-�/5�0,01/47?*-/1��< �
�?3.*-;�;/�2(62;+*;7�)/17�+*;3/�

!
'� �� $� ��
��D# � ����� ����� ������ ������
��D#
� ����� ������ ������ ������
��D#$� ����� ����� ������ ������
��D#?� ����� ����� ������ �����
��D##� ����� ����� ������ �����
��D#�� ����� ����� ����� �����

     Reaction conditions:   

Amount of catalyst: 60 mg  

Temperature: 70 °C  

Time: 3 hours
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Figure 7.6: Effect of oxidant to substrate ratio on the oxidation of 
cyclohexanol with simple complexes as catalysts 

7.3.3.3 Influence of reaction temperature 

The influence of temperature on the conversion of cyclohexanol was 

studied by the reaction at four different temperatures while keeping the amount of 

catalyst, oxidant to substrate mole ratio and reaction time constant [Tables 7.6 and 

7.7].  The temperature range used on the conversion of cyclohexanol was 30 to  

90 °C.  As the temperature increases, percentage conversion for cyclohexanol 

oxidation increases.��These results are also represented graphically in Figures 7.7 

and 7.8.  Selection of this particular temperature range is to avoid the enhanced 

oxidant decomposition [33].  It was found that the temperature above 80 °C, the 

reactants converts to a tarry product.� � So the optimum temperature for the 

reaction was set as 70 °C.�
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Table 7.6: Effect of temperature on the oxidation of cyclohexanol 

�*;*1,2;�
H�-0*82(1*;7.�

0/)817?I�

�/-F7+23/-�/5�0,01/47?*-/1��< �
�7)87+*;(+7��@� �

�!� '!� #!�
��	D# � ������ ������ ������
��	D#
� ����� ������ ������
��	D#$� ����� ������ ������
��	D#?� ����� ������ ������
��	D##� ����� ������ ������
��	D#�� ����� ����� ������

Reaction conditions:   

Amount of catalyst: 60 mg  

Oxidant to substrate mole ratio: 2 

Time: 3 hours
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Figure 7.7: Effect of temperature on the oxidation of cyclohexanol with 

encapsulated complexes as catalysts 
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Table 7.7: Effect of temperature on the oxidation of cyclohexanol 

�*;*1,2;�
H�3)817�

0/)817?I�

�/-F7+23/-�/5�0,01/47?*-/1��< �
�7)87+*;(+7��@� �

�!� '!� #!�

��D# � ����� ������ ������

��D#
� ����� ������ ������

��D#$� ����� ����� ������

��D#?� ����� ����� ������

��D##� ����� ����� ������

��D#�� ����� ����� �����
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Figure 7.8: Effect of temperature on the oxidation of cyclohexanol with 

simple complexes as catalysts 
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7.3.3.4 Influence of reaction time 

The influence of reaction time on the oxidation of cyclohexanol was 

studied with 60 mg of catalyst with an oxidant to substrate molar ratio is 2 at 70 

°C.  The percentage conversion of cyclohexanol into cyclohexanone is found to 

be increase with reaction time [Tables 7.8 and 7.9] and its graphical 

representation is shown in Figures 7.9 and 7.10.    The reaction time was varied 

from 0 to 4 hours.  A longer reaction time is not favourable for this particular 

reaction as the reaction mixture converts to tar product, when the reaction is 

carried out for more than 4 hours.  The maximum conversion occurred at 3 h and 

it was selected as the optimum time for reaction. 

Table 7.8: Effect of reaction time on the oxidation of cyclohexanol 

�*;*1,2;�
H�-0*82(1*;7.�

0/)817?I�

�/-F7+23/-�/5�0,01/47?*-/1��< �
�7*0;3/-��3)7��4 �

�� $� ��
��	D# � ������ ������ ������

��	D#
� ����� ������ ������

��	D#$� ������ ������ ������

��	D#?� ����� ������ ������

��	D##� ����� ������ ������

��	D#�� ����� ������ ������

Reaction conditions:

 Amount of catalyst: 60 mg 

Oxidant to substrate mole ratio: 2 

 Temperature: 70 °C 



#�)�
�������	���������
�����
�
������>���
�������
�)��������

����..&�#�	
���!�������
��/���
�

233

CuYqch CuYqce CuYqcp CuYqcb CuYqcc CuYqco
0

5

10

15

20

25

30

35
%

 C
on

ve
rs

io
n

Encapsulated complexes

 1 h
 2 h
 3 h

Figure 7.9: Effect of reaction time on the oxidation of cyclohexanol with 

encapsulated complexes as catalysts 

Table 7.9: Effect of reaction time on the oxidation of cyclohexanol 

�*;*1,2;�

H�3)817�0/)817?I�

�/-F7+23/-�/5�0,01/47?*-/1��< �
�7*0;3/-��3)7��4 �

�� $� ��
��D# � ����� ������ ������
��D#
� ����� ������ ������
��D#$� ����� ����� ������
��D#?� ����� ����� ������
��D##� ����� ����� ������
��D#�� ����� ����� �����

Reaction conditions:

Amount of catalyst: 60 mg 

Oxidant to substrate mole ratio: 2 

Temperature: 70 °C 



�	�
����J

234

Cuqch Cuqce Cuqcp Cuqcb Cuqcc Cuqco
0

5

10

15

20
%

 C
on

ve
rs

io
n

Simple complexes

 1 h
 2 h
 3 h

Figure 7.10: Effect of reaction time on the oxidation of cyclohexanol with 

simple complexes as catalysts 

7.3.4 Recycling studies 

The encapsulated complexes CuYqch, CuYqce, CuYqcp, CuYqcb, CuYqcc 

and CuYqco, employed for oxidation of cyclohexanol studies were separated from 

the reaction mixture, washed with acetone several times and dried in oven to 

remove the impurities present in the catalyst.  The retention of the zeolite 

structure can be proved from the similar XRD patterns.  Then reactions were 

carried out using recycled catalyst under the same conditions.  The percentage 

conversions of the recycled catalysts are given in Table 7.10.  A graphical 

comparison of the activities of the fresh and recycled samples is presented in 

Figure 7.11.  The similar activity and the spectroscopic properties of the recycled 

catalyst indicated the preservation of the structural integrity of the synthesised 

complexes. 
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Table 7.10: Results of recycling studies 

�*;*1,2;�
H�-0*82(1*;7.�

0/)817?I�
�+724�2*)817�

�70,017.�2*)817�
�3+2;�+(-�

�70,017.�2*)817�
�70/-.�+(-�

��	D# � ������ ������ ������

��	D#
� ������ ������ ������

��	D#$� ������ ������ ������

��	D#?� ������ ������ ������

��	D##� ������ ������ ������

��	D#�� ������ ������ ������

Reaction conditions:   

Amount of catalyst: 60 mg  

Oxidant to substrate mole ratio: 2 

Temperature: 70 °C  

Time: 3 hours
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Figure 7.11: Comparative studies of the activity of fresh and recycled 
samples in the oxidation of cyclohexanol using TBHP. 
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7.4 CONCLUSIONS 

The order of the catalytic activity of the simple copper(II) complexes of 
Schiff bases towards cyclohexanol oxidation with TBHP, as oxidant is Cuqce > 
Cuqch > Cuqcp > Cuqcb > Cuqcc > Cuqco.  Among these complexes, Cuqce 
shows highest percentage conversion may be due to its binuclear nature and its 
tetrahedral geometry.  The product of the oxidation reaction is cyclohexanone.  
Therefore, this oxidation reaction is 100 % selective.   

The order of catalytic activity of zeolite encapsulated complexes in the 
oxidation of cyclohexanol reaction may be given as CuYqch > CuYqcp > CuYqcc 
> CuYqcb > CuYqce > CuYqco.  The conversion percentage of about ~ 30% with 
100% selectivity toward the formation of cyclohexanone was observed. �Only a 
small amount of the catalyst in mild conditions is able to carry out the oxidation 
reaction successfully.  In addition, tert-butylhydroperoxide act as an efficient and 
environmentally friendly oxidants (as the by-products are only alkyl alcohols).  
Therefore, this catalysis system is very active and suitable for the oxidation of 
cyclohexanol. 

In summary, the percentage conversion of cyclohexanol was found to be 
higher for encapsulated complexes than that of their simple complexes.  With the 
increase of reaction time, amount of catalyst, oxidant to substrate mole ratio and 
temperature, more cyclohexanol is seen to be transformed to cyclohexanone.  
Optimum values for the reaction were found to be the reaction time (3 h), amount 
of catalyst (60 mg), oxidant to substrate ratio (2) and temperature (70 °C).  Any 
further increase from these optimum values may result in lower yield of 
cyclohexanone and in the formation of tarry product.  Among the six encapsulated 
copper(II) complexes CuYqch was found to be the very efficient candidate for the 
conversion of cyclohexanol to cyclohexanone.   Finally, the mild conditions, easy 
working up and the successful one stage oxidation systems are promising for the 
synthesis of cyclohexanone.   
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8.1 INTRODUCTION 

Several reviews have appeared discussing the roles of metal ions in 

biological systems [1-4].  The involvement of metal complex formation in normal 

life processes has led to reviews such as “The effects of chelating agents on 

organisms”[5], “Chelation in medicine” [6] “Metal binding in medicine” [7], 

“Metal chelates in biological systems”, [8] and “Structure and bonding in 

biochemistry” [9].  The aims of these reviews [10] are to draw the attention of 

coordination chemistry researches to focus upon metal complexes in biological 

systems.  Many Schiff base complexes with transition metals have drawn wide 

attention because of their diverse biological and pharmaceutical activities [11,12].  

The literature survey showed that the chelating Schiff base ligands derived from 

diamines and various carbonyl compounds encompass a highly remarkable class 

of compounds having a wide range of applications in clinical [13], biochemical 

[14,15] and physiological activities [16,17].  
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Deoxy ribonucleic acid (DNA) is the primary target molecule for most 
anticancer and antiviral therapies according to cell biologists.  Investigations on 
the interaction of DNA with small molecules are important in the design of new 
types of pharmaceutical molecules.  Since the chemical nuclease activity of 
transition metal complexes was discovered in the 1980s, there has been a great 
interest in studying the interaction model and the mechanism of transition metal 
complexes with DNA.  There are metal complexes which interact with DNA and 
induce the breakage of DNA strands by appropriate methods [18-21].  DNA is an 
important genetic substance in organisms.  Any errors in gene expression can 
often cause diseases and play a secondary role in the outcome and severity of 
human diseases.  Thus, there is an increasing focus on the binding study of small 
molecules to DNA during the last decades.  A more complete understanding of 
DNA binding is necessary to design a new drug.  There are three DNA binding 
modes, they are intercalative binding, groove binding and external electrostatic 
binding.  Among these interactions, intercalation and groove binding are the most 
important DNA binding modes as they invariably lead to cellular degradation.  
Intercalative binding results when small molecules or the drug intercalate into the 
nonpolar interior of the DNA helix.  Groove binding interactions involve direct 
interactions of the bound molecule with edges of base pairs in either of the major 
(G-C) or (A-T) grooves of the nucleic acids.  Electrostatic interaction happens in 
the case of positively charged molecules.  They electrostatically interact with the 
negatively charged phosphate backbone of DNA chain.  Geometry of the 
complexes is mainly responsible for the affinity of the metal complexes to DNA.  
The geometry of complexes depends on the metal ion type and different 
functional groups in the ligands.  So the investigation on the interaction of the 
Schiff base transition metal complexes with DNA has a great significance for 
disease defense, new medicine design and clinical application of drugs. 

Copper complexes are of particular interest with regard to DNA cleavage 

through oxidative pathways [19-22].  Biological activities such as antibacterial 

and anticancer properties of Cu(II) complexes have been also reported [23-24].  
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Transition metal complexes with tunable coordination environments and versatile 

spectral and electrochemical properties offer a great scope for the design of 

species that are suitable for DNA binding and cleavage activities.  Hence, the 

synthesis of symmetrical and unsymmetrical binuclear Cu(II) complexes has 

gained more attention in recent years [25]. 

DNA binding activity of copper(II) complexes of Schiff base, N,N�-bis(3,5-

tert-butylsalicylidene-2-hydroxy)-1,3-propanediamine, has been reported [11].  

These complexes bind to DNA by moderate intercalative binding modes.  

Furthermore, all these complexes can cleave plasmid DNA to nicked DNA in a 

sequential manner as the concentrations or reaction times are increased. Their 

cleavage activities are promoted in the presence of hydrogen peroxide.  Liu et al. 

[26] reported the cytotoxic and DNA binding activity of Cu(II) Schiff base 

complexes, which was derived from 2-oxoquinoline-3-carbaldehyde. 

Quinoxaline derivatives are present in several biologically active 

compounds and play an important role in the synthesis of the pharmaceuticals 

[27,28].  Based on these reports, the synthesized copper(II) Schiff base complexes 

were screened to know whether these complexes have any cytotoxic and DNA 

binding activities.  The results of the cytotoxicity and DNA cleavage studies are 

presented in this chapter.   

8.2 EXPERIMENTAL 

8.2.1 Materials 

The materials used for the preparation of Schiff base ligands and their 

copper(II) complexes are presented in Chapter 2.  Dalton Lymphoma Ascites 

(DLA) cells (Amala Cancer Research Center, Thrissur, Kerala), phosphate buffer 

saline (PBS) [NaCl 4 g, NaH2PO4 0.72 g, KH2PO4 0.1 g, KCl 0.1 g, distilled 

water 500 mL], trypan blue, haemocytometer,  agarose gel, ethydium bromide 
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(Sigma Aldrich), tris-acetate-EDTA buffer and pUC18 DNA (GeNei,  Bangalore) 

were used in this study.  

8.2.2 Methods 

8.2.2.1 Synthesis of Schiff base ligands 

The synthesis of Schiff base ligands, qch, qce, qcp, qcb, qcc and qco, are 

given in Chapter 2.  

8.2.2.2 Synthesis of copper(II) nitrate complexes 

The synthesis of copper(II) nitrate complexes are given in Chapter 5.   

8.2.2.3 In vitro cytotoxicity studies of copper(II) complexes - Trypan blue  

exclusion method 

The predictive value of in vitro cytotoxicity test is based on the idea that 

toxic chemicals affect basic functions of cells which are common to all cells, and 

that the toxicity can be measured by assessing cellular damage.  The main focus 

of the research for the development of in vitro cytotoxicity assays is to rapidly 

evaluate the potential toxicity of large numbers of compounds, to limit animal 

experimentation whenever possible, and to carry out tests with small quantities of 

compound.  Evidence for the utility of in vitro cytotoxicity tests has led many 

pharmaceutical companies to screen compound libraries to remove potentially 

toxic compounds early in the drug discovery process.  In the trypan blue 

exclusion method, a cell suspension is simply mixed with dye and then visually 

examined to determine whether cells take up or exclude dye.  In the protocol 

presented here, a viable cell will have a clear cytoplasm whereas a nonviable cell 

will have a blue cytoplasm.  Trypan blue exclusion, as described in the above 

protocol, can be performed in 5 to 10 min [29,30]. 
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In vitro cytotoxicity of the copper(II) nitrate complexes were studied on 

Dalton Lymphoma Ascites (DLA) cells by trypan blue exclusion method.  The 

principle behind this method is that the drug at toxic concentration damages the 

cell and makes pores on the membrane through which trypan blue enters.  The 

damaged cells are stained blue by trypan blue stain and can be distinguished from 

viable cells.  Live cells are excluded from staining.  The general procedure for 

this study is given below: 

DLA cells were aspirated from the peritoneal cavity of tumour bearing 

mice.  These cells were washed three times using phosphate buffered saline 

(PBS). The viability of the cells was checked by using trypan blue.  Different 

dilution (10-1, 10-2 and 10-3 M) of cells was made.  The number of cells in the 10-3 

M dilution was counted by the use of haemocytometer and cell number was 

adjusted to 1x107 cells/mL. The experiment was set up by incubating different 

concentration of the drug with 1x 106 cells.  The final volume of the assay mixture 

was made upto 1 mL using PBS and was incubated at 37 °C for about three hours. 

1.0 mL of trypan blue was added after incubation and the number of dead cells 

was counted using a haemocytometer.  The percentage of viable cells was 

calculated as follows: 

     Viable cells (%) =   Total number of viable cells per mL of aliquot x 100 
                    Total number of cells per mL of aliquot 

����
8.2.2.4 DNA Cleavage Studies of Copper(II) Complexes -Gel electrophoresis  

The cleavage of DNA by metal complexes was studied using agarose gel 

electrophoresis [31-34].  The ability of the copper(II) nitrate complexes for the 

DNA cleavage was also checked by agarose gel electrophoresis, which was 

performed by incubation at 37 °C for 1 h as follows: pUC18 plasmid DNA of 

0.25 �g/�L concentration was used for the experiments.  Stock solutions of the 

Cu(II) complexes (10-3 M) in demineralised water with DMSO were freshly 
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prepared before use.  Aliquot parts of 3 �L of the Cu(II) complex solutions were 

added to aliquot parts of 5 �L of the pUC18 DNA in 20 �L of a Tris-acetate 

EDTA buffer solution.  The reaction mixture was incubated at 37 °C for 1 h, and 

then 4 �L of charge marker were added to aliquots parts of 20 �L of the adduct 

complex/DNA.  The mixtures were electrophoretised in agarose gel (1%) at 80 V 

for 1 h.  After that the DNA was dyed with ethydium bromide solution (0.5 �g/�L 

in TBE) for 20 min.  A sample of free DNA was used as a control.  After 

electrophoresis, bands were visualised by UV light and photographed.  

8.3 RESULTS AND DISCUSSION

8.3.1 In vitro cytotoxicity study 

The complexes, [Cu(qch)NO3(H2O)]NO3 13,  [Cu2(qce)2](NO3)2 

(OH)2·9H2O 14, [Cu(qcp)NO3(H2O)]NO3 15, [Cu(qcb)NO3H2O]NO3 16, 

[Cu(qcc)(H2O)2](NO3)2 17 and [Cu(qco)(NO3)2]·2H2O 18, were studied for short 

term in vitro cytotoxicty using Dalton’s Lymphoma Ascites cells.  The tumour 

cells were aspirated from the peritoneal cavity of tumour bearing mice, washed 

thrice with normal saline and checked for viability using trypan blue dye 

exclusion method.  The cell suspension (1x106 cells in 0.1 mL) was added to 

tubes containing various concentrations of the test compounds and the volume 

was made upto 1mL using phosphate buffered saline (PBS).  In the control tube 

only cell suspension was taken.  These assay mixtures were incubated for 3 hour 

at 37 °C and percent of dead cells were evaluated by trypan blue exclusion 

method.  Results of this study are given in Table 8.1.  
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Table 8.1: Effect of copper(II) complexes against DLA cell lines by trypan 

blue dye exclusion method   
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Cells were treated at concentrations ranging from 10-200 �g/mL of the 

complex for 48 h and then the percentage of cell viability was analysed.  Viable 

cells which remained unstained by trypan blue were counted in a 

haemocytometer. The percentage cytotoxicity of the DLA cells at different 

concentrations ranging from 10-200 �g/mL was calculated.  Results showed a 

drug (the copper(II) Schiff base complexes 13-18) dose dependent inhibition of 

the growth of DLA cells.  The results are also represented in Figure 8.1.  All the 

complexes except 14 produced 100% cytotoxicity at 200 �g/mL.  The complexes 

15, 16, 17 and 18 exhibit 100% cytotoxicity even at 100 �g/mL. Complex 15

[Cu(qcp)NO3(H2O)]NO3 was found to have higher cytotoxicity effect than that for 

the other complexes.  Complex 14 [Cu2(qce)2](NO3)2(OH)2·9H2O shows slightly 

lower activity, when compared to that of the other complexes.  This study reveal 

the cytotoxicity nature of copper(II) Schiff base complexes against DLA cells. 
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Figure 8.1: Effect of copper(II) complexes against DLA cell lines by trypan 

blue  dye exclusion method   

8.3.2 DNA cleavage studies of the copper(II) complexes  

The ability of the copper(II) complexes, [Cu(qch)NO3(H2O)]NO3 13,  

[Cu2(qce)2](NO3)2(OH)2·9H2O 14, [Cu(qcp)NO3(H2O)]NO3 15, [Cu(qcb)NO3H2O] 

NO3 16, [Cu(qcc)(H2O)2](NO3)2 17 and [Cu(qco)(NO3)2]·2H2O 18,  to cleave DNA 

was tested by gel electrophoresis method.  In our study pUC18 DNA was used as 

the sample.  pUC18 is a plasmid DNA of 2686 base pairs.  On agarose gel, 

pUC18 shows three distinct bands corresponding to the three different 

conformations of the plasmid, namely, open circular, linear and supercoiled 

forms.  The three different conformations interchange, ie, supercoiled to open 

circular and open circular to linear, depending on different physical and chemicals 

factors.  In the present study, the copper(II) complexes were tested for their DNA 
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binding property.  The image of bands obtained after gel electrophoresis is shown 

in Figure 8.2.   

Figure 8.2: DNA Fragmentation by copper(II) complexes 

The image of DNA cleavage consists of several lanes and it is marked as 

following:  

Lane 1: 500 bp DNA marker 

Lane 2: pUC 18 DNA  

Lane 3: pUC 18 DNA + [Cu2(qce)2](NO3)2(OH)2·9H2O 14

Lane 4: pUC 18 DNA + [Cu(qcp)NO3(H2O)]NO3 15

Lane 5: pUC 18 DNA + [Cu(qch)NO3(H2O)]NO3 13 

Lane 6: pUC 18 DNA + [Cu(qcb)NO3H2O]NO3 16

Lane 7: pUC 18 DNA +  [Cu(qcc)(H2O)2](NO3)2 17

Lane 8: pUC 18 DNA + [Cu(qco)(NO3)2]·2H2O 18
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In the above gel photo, two bands are visible for pUC18 DNA (Lane 2) 

which corresponds to the open circular and supercoiled form of DNA.  Only one 

band is seen in  the third and sixth lane, which suggest that the binding of the 

copper(II) complexes (14 and 16) cause a change in the conformation of DNA 

from supercoiled to open circular form.  Likewise, in lanes 4, 5, 7 and 8, only one 

band is seen which corresponds to supercoiled form of pUC18 DNA.  Thus it 

could be concluded that the binding of the metal complex results in nicking of the 

DNA strand.  Among these complexes, [Cu2(qce)2](NO3)2(OH)2·9H2O 14 and

[Cu(qcb)NO3H2O]NO3 16, act as very good DNA cleavagers.   

8.4 CONCLUSIONS 

Results of the present study suggest that the copper(II) complexes could 

induce tumor cell death by physiological and pathological means.  The potency of 

complexes, [Cu2(qce)2](NO3)2(OH)2·9H2O 14 and [Cu(qcb)NO3H2O]NO3 16 to 

bring about the cytotoxicity decreases with decrease of dose and they can also 

cleave the pUC18 plasmid DNA efficiently.  Thus, the synthesized Cu(II) 

complexes exhibit a low DNA cleavage activity together with moderate 

cytotoxicity against DLA cell lines. 
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Summary and Conclusion 

The chelating Schiff bases belong to a highly remarkable class of ligands in 

coordination chemistry.  Multidentate Schiff base ligands can bind one, two, or 

more metal centers and thus can form homo and/or heteronuclear metal 

complexes.  They have gained increasing attention in recent years due to their 

applications in various areas such as catalysis, medicine, and material science.  

Quinoxaline based Schiff bases can be used as an important ligand in 

coordination chemistry.  Details of the studies on the synthesis, single crystal 

XRD studies, spectral characterisation, catalytic and biological applications of 

some new transition metal complexes of the Schiff bases derived from 

quinoxaline-2-carboxaldehyde are presented in this thesis. The thesis is divided 

into eight chapters. Contents of the various chapters are briefly described as 

follows:  

The chapter 1 presents a general introduction to Schiff bases and their 

complexes of manganese(II), nickel(II) and copper(II).  A brief discussion on the 

synthetic methodologies, various applications of quinoxalines, the zeolite 

encapsulated complexes and the advantages of heterogenization of metal 

complexes are presented.  The objectives and scope of the present work are 

highlighted at the end of this chapter. 

Details regarding the materials used in the current study and the various 

characterisation methods used to study the synthesised ligands and their simple 
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and encapsulated complexes are presented in chapter 2.  Information about 

synthesis and characterisation of the six Schiff bases, N,N�-bis(quinoxaline-2-

carboxylidene)hydrazine (qch), N,N�-bis(quinoxaline-2-carboxylidene)-1,2-

diaminoethane (qce), N,N�-bis(quinoxaline-2-carboxylidene)-1,3-diaminopropane 

(qcp), N,N�-bis(quinoxaline-2-carboxylidene)-1,4-diaminobutane (qcb),

N,N�-bis(quinoxaline-2-carboxylidene)-1,2-diaminocyclohexane (qcc) and N,N�-

bis(quinoxaline-2-carboxylidene)-1,2-diaminobenzene (qco) is also included in 

this chapter.  Among these, qce, qcp, qcb and qcc have been characterised by 

single crystal X-ray diffraction studies.  The qce and qcc crystallises in triclinic 

system and qcp and qcb in monoclinic system. The crystal structures of these are 

stabilised by intermolecular C—H…N interactions.  

Chapter 3 deals with synthesis and characterisation of manganese(II) 

complexes of qch, qce, qcp, qcb, qcc and qco.  The complexes were prepared by 

refluxing manganese(II) chloride in methanol and CH3OH/CHCl3 solution of the 

Schiff base.  Analytical data show that the complexes are formed in 1:1 metal to 

Schiff base ratio, except for the complex of qch, which is formed in 1:2 ratio.  The 

number and nature of water molecules associated with the complexes were 

estimated by thermogravimetry. Molar conductance measurements suggest that 

the complexes of qce and qcc are 1:1 electrolytes, those of qcp and qcb are 1:2 

electrolytes and others are non electrolytes.  Based on these studies, the complexes 

have been assigned the following molecular formula: [Mn(qch)2Cl2]·2H2O, 

[Mn(qce)Cl(H2O)]Cl, [Mn(qcp)(H2O)2]Cl2, [Mn(qcb)(H2O)2]Cl2, [Mn(qcc)Cl(H2O)] 

Cl·H2O, [Mn(qco)Cl2]·H2O.  All the complexes are stable.  FTIR spectra of ligands 

reveal that a 	(C=N) band occurs for azomethine C=N in the region at 1610-1640 

cm-1 and for quinoxaline ring in the region at 1550-1580 cm-1.  These bands are 

found to be shifted to lower frequencies in the spectra of complexes indicating 

coordination of the azomethine nitrogen atoms and quinoxaline ring nitrogen 

atoms are coordinated to the manganese(II) ion.  The presence of water molecules 
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in these complexes were also confirmed from the IR spectra.  Electronic spectra 

of the manganese complexes exhibit intraligand transitions and also spin 

forbidden transitions from the 6A1g ground state, which indicate octahedral 

geometry of the complexes. The X-band EPR spectra of the complexes in DMF at 

LNT display well resolved six-line hyperfine signals.  All the complexes exhibit 

magnetic moment value of ~5.9 B.M. expected for high spin d5 complexes.  The 

physico-chemical and spectroscopic studies suggest an octahedral geometry for 

all the complexes.   

Details regarding the synthesis and characterisation of nickel(II) complexes 

of the Schiff bases, qch, qce, qcp, qcb, qcc and qco are presented in chapter 4.  

The complexes were prepared by refluxing a CH3OH/CHCl3 solution of the Schiff 

base and nickel(II) perchlorate in methanol.  Analytical data show that complexes 

are formed in 1:1 metal to ligand ratio except for the complex of qch (1:2 ratio).  

Complexes of qch, qce and qco are 1:1 electrolytes and that of qcb is 2:1 

electrolyte.  The complexes of qcp and qcc are non-electrolytes.  The complexes 

have been assigned the molecular formula: [Ni(qch)2(ClO4)H2O]ClO4, 

[Ni(qce)(ClO4)H2O]ClO4, [Ni(qcp)(ClO4)2]·2H2O, [Ni(qcb)(H2O)2](ClO4)2, 

[Ni(qcc)(ClO4)2]·H2O and [Ni(qco)(ClO4)H2O]ClO4.  IR spectral studies reveal 

that the 	(C=N) of both azomethine and quinoxaline ring of the Schiff bases were 

seen to be shifted to lower frequency indicating the coordination of azomethine 

nitrogen and quinoxaline ring nitrogen to nickel ion.  The coordination of the 

azomethine and quinoxaline ring nitrogen is further supported by the appearance 

of new bands due to M-N in complexes at 510-540 cm-1.  The presence of lattice 

water/coordinated water in complexes is revealed by the presence of a broad band 

in the region 3600-3400 cm-1.  Furthermore, complexes of qch, qce, qcc and qco

exhibit perchlorate bands in the 1160-1080 cm-1 range, suggesting monodentate 

coordination of perchlorate to the nickel ion.  The complex of qcb shows a broad 

unsplit band at 1094 and 627 cm-1, indicates the presence of an ionic perchlorate 
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group.  These are in good agreement with the results of molar conductivity 

measurements.  The electronic spectra of the complexes in methanol show three 

distinct bands at ~13000 cm-1 (3A2g �3T2g), ~18,000cm-1 (3A2g �3T1g (F)), and 

at ~23,000 cm-1 (3A2g �3T2g) which are characteristic for the octahedral Ni(II) 

coordination. The physico-chemical and spectroscopic measurements show that 

all the complexes have octahedral geometry. 

Chapter 5 deals with a studies on the synthesis and characterisation of the 

twenty four copper(II) complexes.  The complexes were prepared by refluxing a 

CHCl3/CH3OH solution of ligand (qch, qce, qcp, qcb, qcc or qco) with copper(II) 

acetate/chloride/nitrate/perchlorate in methanol.  Elemental analysis data show 

that the complexes of Schiff bases, except those of qch, are formed in 1:1 metal 

ligand ratio.  In the case of qch, the complexes are formed in 1:2 ratios.  They are 

soluble in common solvents.  The presence of lattice and coordinated water in the 

complexes is confirmed by the FTIR and TG analysis.  The complexes have been 

assigned the molecular formula: [Cu(qch)2(X)2]·2H2O (where X= OAc, Cl or 

ClO4), [Cu(qch)2NO3(H2O)]NO3,  [Cu2(qce)2(OAc)4]·H2O, [Cu2(qce)2]X4·nH2O 

(where X= Cl or ClO4), [Cu2(qce)2](NO3)2(OH)2·9H2O, [Cu(qcp)(OAc)2]·2H2O, 

[Cu(qcp)ClH2O]Cl·2H2O, [Cu(qcp)NO3(H2O)]NO3, [Cu(qcp)(H2O)2](ClO4)2, 

[Cu(qcb)(OAc)2]·3H2O, [Cu(qcb)X(H2O)]X (where X= NO3, Cl or ClO4), 

[Cu(qcc)(X)2]·nH2O (where X= OAc or Cl), [Cu(qcc)(H2O)2](X)2 (where X= NO3

or ClO4) and [Cu(qco)(X)2]·nH2O (where X= OAc, Cl, NO3 or ClO4).  The 

infrared spectral data show that Schiff base ligands are coordinated to copper ion 

through the azomethine nitrogen and quinoxaline nitrogen.� � The unidentate 

coordination of acetate ion in these complexes is supported by the IR spectra.  

The IR spectra of nitrate complexes showed bands corresponding to the free 

nitrate ion and the unidentate coordination of nitrate groups in complexes.  The IR 

spectra of the perchlorate complexes showed bands at around ~1094 cm-1 and 627 

cm-1 suggesting that the perchlorate ions are not coordinated to the copper ions.  
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The split perchlorate bands in the IR spectra at ~ 1120, 1098 and 1025 cm-1 are 

indicative of the presence of coordinated perchlorate.  These results are in good 

agreement with the molar conductivity values.  The electronic spectra of the 

copper(II) complexes in methanol show d-d bands in the region 20,000-13,000 

cm-1 which can be assigned to 2Eg � 2T2g  transition of an octahedral geometry.  

Low temperature X-band EPR spectra of the copper(II) complexes show axial 

spectra having g
 > g� > 2.0023 and rhombic spectra. From the physico-chemical 

and spectroscopic studies, a tetrahedral geometry was assigned for complexes 

[Cu2(qce)2]X4·nH2O (where X= Cl or ClO4) and  [Cu2(qce)2](NO3)2(OH)2· 9H2O 

and for all the other complexes, an octahedral geometry was assigned.      

The chapter 6 presents studies involving the preparation and 

characterisation of zeolite Y encapsulated complexes, CuYqch, CuYqce, CuYqcp, 

CuYqcb, CuYqcc and CuYqco.  The analytical data show that the Si/Al ratio is 2.6, 

which is an indication of the retention of the zeolite framework without any 

damage after complexation.  Reduction in the surface area and pore volume of the 

zeolite encapsulated complexes supports the inclusion of complexes in the zeolite 

cages.  The quinoxaline C=N stretching frequency of the ligands was found to be 

shifted to lower frequency on complexation indicating that this nitrogen atom is 

also involved in coordination to copper ions.  XRD patterns and FTIR spectral 

data suggest that the zeolite structure is retained as such on encapsulation.  SEM 

of the zeolite encapsulated complexes after soxhlet extraction indicates that there 

is no surface adsorbed species.  Diffuse reflectance spectra exhibit d-d bands, 

which indicate that all the zeolite encapsulated Cu(II) complexes have octahedral 

geometry.  As compared to the corresponding neat complex, the thermal stability 

of the encapsulated complexes is greatly enhanced.   

Chapter 7 deals with the studies on the catalytic activity of the simple and 

zeolite encapsulated copper complexes in cyclohexanol oxidation reactions.  The 
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order of the catalytic activity of the simple complexes is Cuqce > Cuqch > Cuqcp 

> Cuqcb > Cuqcc > Cuqco.  Among these complexes, Cuqce shows highest 

percentage conversion, which may be due to its binuclear nature and tetrahedral 

geometry.  The only product of the oxidation reaction is cyclohexanone.  

Therefore, this oxidation reaction is 100 % selective.  The order of catalytic 

activity of zeolite encapsulated complexes is CuYqch > CuYqcp > CuYqcc > 

CuYqcb > CuYqce > CuYqco.  The percentage conversion of cyclohexanol was 

found to be higher for encapsulated complexes than that of the simple complexes.  

Detailed study of the catalytic activity of the complexes was carried out by 

changing different parameters like the, amount of catalyst, oxidant to substrate 

ratio, temperature and reaction time. 

Details on the biological activity studies of the complexes, obtained by the 

interaction of copper(II) nitrate with the Schiff base, qch, qce, qcp, qcb, qcc or 

qco, are presented in chapter 8.  The methods used for carrying out biological 

studies are also included in this chapter.  These complexes were checked for 

cytotoxicity and DNA cleavage studies.  In vitro cytotoxicity was done by Trypan 

blue exclusion method.  Cytotoxic activity was found to be higher for the 

complex of qcp.  Gel electrophoresis method was used for DNA cleavage studies.  

Binding of the complexes of the ligands N,N�-bis(quinoxaline-2-carboxylidene)-

1,2-diaminoethane (qce), and N,N�-bis(quinoxaline-2-carboxylidene)-1,4-

diaminobutane (qcb), with DNA results in the nicking of DNA and in the change 

of its conformation.  

****�**** 
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