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ABSTRACT 

 

 Schiff base complexes are very familiar in the midst of 

coordination complexes due to their extensive applications such as 

pharmaceutical agents, non linear optical materials, luminescent materials, 

sensors, catalysts, etc. However the role of Schiff base complexes as catalysts 

is very special because of the ability of Schiff base ligands in stabilizing the 

metal centre at different oxidation states. Therefore Schiff base complexes 

have been reported as effective catalysts in diverse reactions including 

oxidation, reduction, hydroxylation, Diels-Alder reaction, coupling reaction, 

hydroformylation, polymerization and carbonylation.  

 Catalysis is the key technology for the efficient conversion of raw 

materials into valuable products. In detail, more than 75% of all industrial 

chemical transformations employ catalysts in areas as many as polymers, 

pharmaceuticals, agrochemicals, and petrochemicals. In fact, 90% of newly 

developed processes involve the use of catalysts. The importance of catalysis 

in industries and advantages of Schiff base complexes make catalysis with 

Schiff base complexes as fascinated process till now. Recently, the 

heterogeneous catalysts have been more accepted than the homogeneous 

catalysts. The reason is that heterogeneous catalysts can be repeatedly used in 
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successive catalytic cycles which lead the reaction as environmental benign 

one.  

 In this present work also, we have focused on synthesizing new 

Schiff base ligands and their transition metal complexes. In detail, four new 

Schiff base ligands and their metal complexes of Co(II), Ni(II) and Cu(II) 

have been synthesized and characterized by applying different 

characterization techniques. For the preparation of Schiff base ligands, amino 

groups modifying/containing two polymers (silica gel and chitosan) and two 

carbonyl compounds (isatin and benzil) have been chosen. The particulars of 

the synthesized Schiff base ligands are isatin-silica gel (ISG), benzil-silica gel 

(BSG), isatin-chitosan (IC) and benzil-chitosan (BC).  

 The spectral evidences have been obviously suggested and proved 

the formation of Schiff base ligands and their complexes. They (in specific 

UV-vis. and ESR spectral data) have also proposed the four coordinated 

(NOClCl) square planar geometry to all the complexes irrespective of the 

metal centre and ligands. The surface studies (SEM and AFM) have exhibited 

the rough surface morphology for the synthesized complexes than their 

corresponding Schiff base ligands. The significance of synthesized Schiff 

base ligands has been their chelating properties which can improve the 

stability of the metal complexes.  

 All the synthesized metal complexes have been employed as 

catalysts in cyclohexane oxidation at 70 ºC using hydrogen peroxide oxidant. 

The complexes have effectively oxidized cyclohexane in the foresaid reaction 
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conditions. The advantage with these metal complexes is that they have been 

selectively oxidized cyclohexane into cyclohexanol and cyclohexanone and 

no other by-products have been identified in the product mixture. 

Furthermore, all the complexes have been established as heterogeneous 

catalysts as evidenced by the catalytic reusability studies. Comparatively, 

silica containing complexes have shown better catalytic activity and 

reusability due to the porous nature and better stability of silica gel. From the 

time dependent catalytic study, it has been observed that cyclohexane initially 

gets oxidized into cyclohexanol and subsequently cyclohexanol is oxidized 

into cyclohexanone. Therefore the increase of reaction time has been resulted 

in the increase of cyclohexanone and decrease of cyclohexanol in the product 

mixture. 

 In order to study the effect of electron beam irradiation on catalytic 

activity of the metal complexes, the complexes of IC (isatin-chitosan) have 

been irradiated at three different doses (100 Gy, 1 kGy and 10 kGy). The 

selected complexes have shown the increase of catalytic efficiency at all 

doses. Significantly, at 100 Gy and 10 kGy, the complexes have quickly lost 

their catalytic activity in the successive catalytic experiments as compared to 

the non-irradiated complexes. However at 1 kGy, the complexes have 

maintained their catalytic ability in more number of repeated catalytic cycles 

than the non-irradiated complexes.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 SCHIFF BASES 

 Schiff bases, named after its inventor Hugo Schiff (Schiff 1864), are 

organic compounds containing azomethine group (-C=N). They have a 

general formula R1R2C=NR3, where R1 and R3 are organic groups (alkyl or 

aryl) and R2 may be an alkyl/aryl group or hydrogen. They are also known as 

anils and imines. Schiff base compounds are generally synthesized from a 

primary amine and an active carbonyl compound through nucleophilic 

addition followed by dehydration (collectively a condensation reaction) under 

acid or base catalysis or by applying heat (Figure 1.1). When they are derived 

from ketones, they are called ketimines and when they are synthesized from 

aldehydes, they are called aldimines. Schiff bases derived from aliphatic 

amino/carbonyl compounds may decompose or polymerise easily due to their 

instability (Hine & Yeh 1967). Whereas, the Schiff bases prepared from 

aromatic amino/carbonyl compounds are stable due to the effective 

conjugation effect. The aryl group may be bonded either with carbon or 

nitrogen atom of –C=N group. In common, Schiff bases are crystalline and 

feebly basic in nature. The colour of Schiff bases is mainly due to its 

azomethine group, it may vary by the introduction of other auxochrome 

groups. 
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pigments and dyes (Babu et al 2001, Fakhari et al 2005), photographic 

emulsions (Reeves 1967), heat resistant polymers (Arnold 1979), 

photostabilizers (Yousif et al 2012), lubricating oils (Wan et al 1995), 

anticorrosive agents (Negm et al 2011) and liquid crystal display composition 

(Liu et al 2013). In analytical chemistry, they are used as sensors in optical 

and electrochemical devices to enable the detection with enhanced selectivity 

and sensitivity (Dai et al 2003, Afkhami et al 2013). Some Schiff bases, 

having quinoline moiety are used as fluorescent indicators for metal ions 

(Pedras et al 2012). The sp2 hybridized orbital of nitrogen present in the 

characteristic –C=N linkage has been accepted and considered as chemically 

and biologically important. Therefore, the role of Schiff bases is highly 

remarkable in biological chemistry as antibacterial, antiviral, antifungal, 

anticancer, anti-inflammatory and diuretic agents (Pandeya et al 1999, 

Pignatello et al 1994, Mishra et al 1995). Moreover, they have also been used 

as complexing agents for the elimination of some toxic metals (Shamsipur et 

al 2000, Samal et al 2000). Recently, the adsorption of toxic metal ions is 

mostly being done with the Schiff bases prepared from chitosan. Reddy & 

Lee 2013 have reported the Schiff base modified chitosan, as depicted in 

Figure 1.2 for the removal of copper from aqueous media.   

 

Figure 1.2 Structure of an 8-hydroxyquinioline-2-carboxaldehydechitosan 
(CSHQ) Schiff base used for copper adsorption (Reddy & Lee 
2013) 
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1.2 SCHIFF BASE COMPLEXES  

 After the contribution of Jorgenson and Werner, coordination 

chemistry has been vastly progressed, both in theories and applications. The 

pioneering contribution of Werner to the study of coordination chemistry 

fetched him the Nobel Prize for Chemistry in 1913 and incidentally he is the 

first inorganic chemist to win the coveted distinction (Constable & Gale 

2013).  Very importantly, the research on coordination chemistry of Schiff 

base complexes has been ever increasing. As bearing the excellent donor 

group (-C=N), the role of Schiff bases as ligands in coordination chemistry is 

always attentive because of their borderline nature between Lewis acids and 

bases, stability under a variety of oxidative and reductive conditions as well 

as their selectivity and sensitivity towards central metal atom/ion. In 

coordination chemistry, Schiff base ligands are generally classified into 

monodentate (1), bidentate (2), tridentate (3), tetradentate (4) and 

pentadentate (5), on the basis of number of coordinating sites (donor atoms). 

The examples for Schiff base ligands of different denticity are taken from 

literature and illustrated in Figure 1.3. Among them, Schiff base ligands 

containing more than one coordinating site are often used, because they form 

the stable complexes with closed ring around the central metal atom/ion. The 

phenomenon of forming such ring is said to be chelation and the formed ring 

is known as chelate ring. The term chelate was first introduced by Morgan 

and Drew in 1920. The chelating Schiff base compounds may have 

polydentate mixed donor capabilities (nitrogen, oxygen, sulphur and etc). 

 Schiff base complexes are often prepared by treating metal halides 

with the corresponding Schiff base ligands. Rarely, metal alkoxides, metal 

amides, metal alkyls or metal acetates have been taken for the synthesis of 

Schiff base complexes. Transition metal ions are commonly used in the 

synthesis of Schiff base complexes owing to the possibilities of preparing 
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complexes with different oxidation states, various geometries and interesting 

physico-chemical properties. 

 

Figure 1.3 Schiff base ligands with different denticity (García‐‐‐‐Vázquez 
et al 1984 (1), Khalaji et al 2012 (2), Li et al 2008 (3), Fahem 
2012 (4) and Radecka-Paryzek et al 2005 (5)). 

  

 Vast number of transition metal ion coordinated Schiff base 

complexes with different geometric configurations such as tetrahedral 

(Satpathy et al 1981), octahedral (Neelakantan et al 2008), square-planar 

(Singh et al 2012b), distorted tetrahedral (Elder & Hill 1979), distorted 

octahedral (Datta et al 2013), trigonal bipyramidal (Garoufis et al 2000) and 

distorted trigonal bipyramidal (Poddel'sky et al 2004) have been reported in 

the literature. The configuration mainly depends on the metal atom, number 

of donor atoms in Schiff base; and symmetry and magnitude of the ligand 

field. For example, a square planar complex containing salen type ligand is 

shown in Figure 1.4 (Sun et al 2005).  
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Figure 1.4 Cu(II) square planar complex of salen type ligand (Sun et al 

2005) 

 Furthermore, complexation of Schiff base ligands with metal ions 

remarkably increases their range of applicability. According to many 

literature reports, the biological properties of Schiff base compounds have 

been found to be enhanced on metallation. If the chelation effect is presents in 

the complexes, then their biological properties get further increased due to the 

enhancement in cell permeability. In detail, they are used as antiviral, 

antifungal, antibacterial, anti-inflammatory and herbicidal agents (Raman et al 

2011, Rekha & Nagasundara 2006, Nath et al 2010). Schiff base complexes 

are also reported for their DNA binding and cleaving abilities. Raman et al 

2011 have reported the DNA cleavage and binding properties; antifungal and 

antibacterial properties of Cu(II), Ni(II) and Zn(II) complexes of 

ethylenediamine based Schiff base ligands. Naturally, iron-porphyrin (heme), 

a Schiff base complex, does the wonderful job in metabolism of all 

vertebrates as it carries oxygen from respiratory organs to the rest of the body. 

As well, Schiff base complexes have emerged as effective building blocks for 

non linear optical materials because of the different excited states present in 

these systems and also their stability to tailor metal-organic-ligand 

interactions (Lacroix 2001). Some chelate complexes also find applications as 

luminescent materials for RGB (red, green and blue) emission (Wong et al 

2006). Schiff base complexes have been also used as the sensors. For 
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example, ruthenium(III) complex was more actively used as the sensor toward 

chloride ions than toward other organic and inorganic anions. Notably, it was 

also applied to detect the chloride ions in blood serum samples (Ganjali et al 

2004).  

 Above all, they are being used as the effective catalysts in variety of 

organic reactions which yield the numerous industrially useful products.     

1.3 CATALYSIS AND SCHIFF BASE COMPLEXES 

 The term “catalysis” was first used by Berzelius in 1836 to identify 

a new entity capable of promoting the occurrence of a chemical reaction by a 

“catalytic contact”. In his view, the catalyst was seen as something that is 

added to the reaction to speed up the rate of the reaction without being 

consumed or produced in the process. In general, catalyst is defined as “a 

substance that alters the rate of a reaction without appearing in any of the 

products of that reaction; it may speed up or slow down a reaction”. However, 

almost in every case, the catalysts are employed to speed up the reactions.  

 Many elements from the periodic table are available in very limited 

supply, whilst resources are increasingly depleted as a result of the ever-

growing global population, the rising average level of welfare and related 

demands for energy and chemical products. Catalysis is the key technology 

for the efficient conversion of raw materials into valuable products. In detail, 

more than 75% of all industrial chemical transformations employ catalysts in 

areas as diverse as polymers, pharmaceuticals, agrochemicals, and 

petrochemicals. In fact, 90% of newly developed processes involve the use of 

catalysts (Fadhel et al 2010, Hagen 1999). In human body also, most of the 

chemical reactions are catalysis based. For example, in the absence of 

catalysis, it takes several weeks for the hydrolysis of starch into glucose; a 
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trace of the enzyme ptyalin, found in human saliva accelerates the reaction so 

that starch can be digested. 

 Generally, chemical reactions require inputs of energy to proceed. If 

a catalyst is present, less energy will be required to complete the reaction and 

the reaction becomes faster and more feasible as foresaid. Hence, catalysis is 

a field of research which still continues to be a frontier field of chemistry. It 

plays a key role in modern chemical technology. In fact, it is the backbone of 

chemical industry. The phenomenological approaches of chemists towards 

structural and mechanical investigation at the molecular level by a 

combination of instrumentation, quantum mechanical calculations and 

computational methods have improved the understanding of catalysis.    

 

Figure 1.5 Energy profile diagram for the reactions with and without 
catalyst (Housecroft & Sharpe 2005) 

 

 Catalyst operates by allowing a reaction to follow a different 

pathway from that of the non-catalyzed reaction. If the activation barrier is 

lowered, then the reaction proceeds more rapidly. Figure 1.5 illustrates this 
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for a reaction that follows a single step when it is non-catalyzed, but a two-

step path when a catalyst is added. Each step in the catalysed route has a 

characteristic Gibbs energy of activation, ∆G‡, but the step that determines the 

rate of reaction is having higher barrier; and which is called the rate-

determining step of the reaction. ∆G‡ Values for the controlling steps in the 

catalyzed and non-catalyzed routes are marked in Figure 1.5. An important 

aspect of the catalyzed pathway is that it must not pass through an energy 

minimum lower than the energy of the products – such a minimum would be 

an ‘energy sink’, and would lead to the pathway yielding different products 

from those desired (Housecroft & Sharpe 2005). 

  In catalysis, transition metal complexes have long been playing a 

significant role.  Over many decades, scientists and researchers in academia 

as well in industries are greatly engaged in synthesis and characterization of 

new transition metal complexes to explore the possibilities of their use as 

catalysts. Very particularly, Schiff base complexes have been reported as 

catalysts to a great extent than other type of metal complexes. Schiff bases are 

‘privileged ligands’, synthesized more easily from primary amines and 

carbonyl compounds. Further, they are able to coordinate with many different 

metals and stabilize them in various oxidation states, enabling the use of 

Schiff base metal complexes for a large variety of useful catalytic 

transformations.  

 The catalytic activities of metal complexes can be attributed to two 

primary reasons. First one, they can have several oxidation states and can take 

part in electron transfer reactions. Second one, they can provide the sites at 

which reaction can occur. This property makes them with high probability to 

form the suitable intermediates required for running chemical reactions.  

 Schiff base complexes have been reported as catalysts in a wide 

range of reactions including oxidation, reduction, hydroxylation, Diels Alder 
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reaction, coupling reaction, hydroformylation, polymerization and 

carbonylation. Among the reported Schiff base complexes of transition 

metals, more reports are found with late transition metals (Fe, Co, Ni, Cu, Ru, 

Rh, Pd, Ag, Os, Ir, Pt and Au). Because, the lower oxophilicity and greater 

functional group tolerance of late transition metals compared to early 

transition metals assure them as attractive catalysts. But many of late 

transition metal catalysts are based on scarce, expensive and noble materials 

such as second and third row transition metals. This is not sustainable for the 

future application of catalysts and new approaches and concepts need to be 

developed. Nature has perfected the application of cheap and earth abundant 

first-row transition metals (Fe, Co, Ni and Cu) for the execution of noble 

tasks such as small molecule activation or the functionalization and selective 

conversion of challenging substrates. 

 The present work also focuses on some new first row late transition 

metal (Cu, Co and Ni) Schiff base complexes as catalysts. Some of the 

catalytic applications of Co(II), Ni(II) and Cu(II) Schiff base complexes are 

detailed below.   

 Schiff base complexes of copper have been found to be catalytically 

active due to its twin oxidation states (I and II states). The use of Cu(II) Schiff 

base complexes as catalysts is extended to variety of organic transformations. 

For instance, Johnson & Evans 2000 have reported a range of chiral 

bis(oxazoline) Cu(II) complexes as catalysts for many reactions (Figure 1.6). 

Cu(II) complexes have been also linked to many inert supports to increase 

their life time. For example, a Cu(II) Schiff base complex has been supported 

on organically modified silica for the allylic oxidation of cyclohexane 

(Mukherjee et al 2006).  
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Figure 1.6 Cu(II) bis(oxazoline) complexes with different catalytic 
applications (Johnson & Evans 2000) 

 

 The chemistry of cobalt is dominated by the stability of the 

cobalt(II) ion which forms a wide variety of stable complexes with most 

ligands such as water, ammonia, chloride ion etc. Like copper, the catalytic 
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compounds are also available with the oxidation states, +1, +3 and +4. But in 
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Figure 1.8 Silica supported Ni(II) Schiff base complex (

1.4 HOMOGENEOUS VERSUS HETEROGENEOUS 

CATALYSIS

 Normally, catalytic processes fall into two categories

and heterogeneous. This classification has been made on the basis of phases 

of the reaction media. 

 In a homogeneous reaction

reactants (Ex: in the hydrolysis of esters by acid catalysts, all reactant

catalyst are dissolved in water).

 CH3CO2CH3

 In a heterogeneous reaction

the reactants. Normally, the catalyst is a solid and reactants are fluids (liquids 

or gases). It is characterized by the presence of “active sites” on the catalyst’s 

surface.  

 The first industrial catalyzed reac

where the reactant (SO

gaseous phase. However, most of the catalytic reactions using homogeneous 

catalysts occur in the liquid phase, whereas for the heterogeneous catalysts, 

Silica supported Ni(II) Schiff base complex (He et al 2013

HOMOGENEOUS VERSUS HETEROGENEOUS 

CATALYSIS  

, catalytic processes fall into two categories,

and heterogeneous. This classification has been made on the basis of phases 

of the reaction media.  

homogeneous reaction, the catalyst is in the same phase as the 

reactants (Ex: in the hydrolysis of esters by acid catalysts, all reactant

catalyst are dissolved in water). 

3(aq) + H2O(l) + H+→CH3CO2H(aq) + CH

heterogeneous reaction, the catalyst is in a different phase from 

the reactants. Normally, the catalyst is a solid and reactants are fluids (liquids 

or gases). It is characterized by the presence of “active sites” on the catalyst’s 

The first industrial catalyzed reaction was the homogeneous one, 

where the reactant (SO2), product (SO3) and catalyst (NO) were in the 

gaseous phase. However, most of the catalytic reactions using homogeneous 

catalysts occur in the liquid phase, whereas for the heterogeneous catalysts, 
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the catalyst is usually in the solid form and the reaction occurs either in liquid 

or gaseous phase. 

 A great variety of homogeneous catalysts including metal ions, 

metal complexes, organometallic complexes and organic molecules up to 

biocatalysts (enzymes, artificial enzymes, etc) has been reported for the 

different organic transformations (Aneesa et al 2013, Roy & Manassero 2010, 

Silva et al 2011). These homogeneous catalysts have been also made into the 

corresponding heterogeneous catalysts by supporting them on to the inert 

solid supports such as organic polymers, silica gel, alumina, zeolite, metal 

oxides, etc (Jain & Reiser 2008, Zhou et al 2010, Delgado et al 2010, Sádaba 

et al 2013, Jin et al 2012). Figure 1.9 shows the high resolution-scanning 

electron microscopic (HR-SEM) images of resin supported gold nanoparticles 

and the pure resin support (Panigrahi et al 2007).  

 

Figure 1.9 HR-SEM images of resin supported gold nanoparticles and 
resin (inlet picture) (Panigrahi et al 2007) 
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Table 1.1 Comparison between homogeneous and heterogeneous 
catalysts 

S.No Properties Homogeneous Heterogeneous 

1. Active centers All atoms Only surface atoms 

2. 
Mass transfer 

limitations 
Very rare Can be severe 

3. Structure/Mechanism Defined Undefined 

4. Catalyst separation Tedious/Expensive Easy 

5. Applicability Limited Wide 

6. Cost of catalyst losses High Low 

7. Thermal stability Low High 

8. Chemical stability Low High 

 

 In general, both homogeneous and heterogeneous catalysts have 

some specific advantages and disadvantages in their functions. The 

comparison between homogeneous and heterogeneous catalysts can identify 

the best. The main advantage with the homogeneous catalysts is that every 

single catalytic entry can act as active site (Fadhel et al 2010). This makes 

homogeneous catalysts intrinsically more active and selective compared to the 

common heterogeneous catalysts. On the other hand, with an approach to 

greenish and healthy environment, heterogeneous catalysts are found to be the 

best catalysts since they are easily separable from the reaction mixture. The 

comparison between the homogeneous and heterogeneous catalysts is 

presented in the Table 1.1. 

 This comparison shows that heterogeneous catalysts are more 

advantageous than homogeneous catalysts.  
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1.5 DIFFERENT APPROACHES FOR SUPPORTING THE 

METAL COMPLEXES  

 In recent years, heterogeneous catalysis has significantly replaced 

the homogeneous catalysis due to the fact that the supported metal complexes 

have high selectivity and can be separated easily from the reaction mixture. In 

common, there are two methods are available to support the metal complexes, 

one with organic polymeric supports like polystyrene (McNamara et al 2002) 

and another with inorganic supports like silica gel (Uruş et al 2010).  

Moreover, the catalysts separately supported on inorganic and organic 

supports are adequately different by both chemical and physical properties. 

 Variety of inorganic and organic supports are available for the metal 

complexes and some of the important supports are briefly discussed below.  

1.5.1 Inorganic Supports 

 The main advantage with the inorganic support is that they are more 

rigid and stable compared to organic polymers. Because of their firm 

structure, inorganic supports strongly avoid deactivation processes including 

intermolecular condensation and chelation by multiple anchored ligand 

coordination (Murrell et al 1977).  The vastly used inorganic supports are 

silica gel and zeolite. Importantly, silica gel has been studied extensively due 

to its structural flexibility than other inorganic solid supports.  

 Numerous reports are found on silica gel as the significant support 

for the metal complexes due to its excellent thermal and mechanical stability, 

ready availability, economic viability, unique large surface area and well-

modified surface properties (Sharma et al 2012c). The added advantage with 
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the silica gel is that it is easy to modify its pore structure. Silica materials 

have been modified to different mesoporous materials (Ex: MCM-41 and 

SBA-15). These materials received much attention due to the advantages such 

as uniform hexagonally ordered two-dimensional mesoporous channels, high 

hydrothermal stability, adjustable pore dimensions and channel structure and 

ready diffusion of reactants to the active sites located in the nanopores (Wang 

et al 2010b).  

 The surface of the silica gel is commonly modified by the reaction 

of surface hydroxyl groups with silane coupling agents (linker) which act as 

precursors for further immobilization of organic groups. Chemical 

modification on the skeleton of silica gel via covalent coupling of an organic 

moiety is a promising approach to derive the silica supported metal 

complexes. The catalytic performance of the silica supported catalysts can be 

influenced by modifying the length and terminal functional group of the 

linker. The most often used coupling agent is 3-aminopropyltriethoxysilane 

(3-APTES) (Wang et al 2010b, Uruş et al 2010). The further importance and 

discussion of silica supported metal complexes is given in Chapter II. 

 Zeolites are the class of crystalline aluminosilicates containing silica 

and alumina tetrahedra joined through oxygen bridges. There are large 

varieties of zeolites present. Zeolites A, X, Y are a group of zeolite which 

belongs to the faujasite type of zeolites. The super cages (α cages) of the 

zeolite catalyst serve as a sort of reaction flask with molecular dimension for 

encapsulation of metal complex. The potential for coupling the shape 

selectivity associated with well defined cages and channels of zeolite with the 

reactivity of metal complex makes these molecular sieves particularly 



18 

 

 

attractive as active solid supports (Fierro-Gonzalez et al 2006). Zeolite 

supported complexes can mostly be synthesized by following three methods, 

i. Flexible ligand method 

ii.  Zeolite synthesis method  

iii.  Template synthesis method  

 Alumina and clays are some other familiar inorganic supports for 

the metal complexes. Alumina is aluminium oxide; it is employed as catalyst 

as well as effective support for metal complexes. Though it presents in many 

transition forms, α-alumina is very common form used as the catalytic 

support. Salavati-Niasari et al 2006 reported some alumina supported metal 

complexes for the catalytic oxidation of cyclohexene.  

 Likewise, clays are also able to act themselves as catalysts and 

catalytic support for metal complexes. For example, Fraile et al (1998) have 

reported laponite, bentonite and K10 montmorillonite clays supported 

bis(oxazoline)-copper complexes for the enantioselective cyclo-propanation 

reactions.  In addition, Zn-Al layered double hydroxide has been also reported 

as the support for Fe(III) Schiff base complex (Figure 1.10) to oxidize 

cyclohexane (Parida et al 2010).  



 

 

Figure 1.10 Structure of Fe(III) Schiff
Al 3+ layered double hydroxide (

 

1.5.2 Organic Polymeric Supports 

 Organic polymer supports range from insoluble resins to highly 

soluble oligomers. The modified polystyrenes are best examples for the 

catalytic supports used in the form of resin beads. The important advantage of 

using organic polymer supported complexes a

is that they have the probability

products. The stereo specificity and stereo selectivity

on the stereo specificity and stereo selectivity of the polym

Vos et al 2008).  A common method of attaching the catalyst to the polymer is 

to functionalize the polymer with a ligand that can be used to coordinate the 

catalytic metal centre. This can be achieved by various techniques including 

solid-phase reaction, copolymerisation, ion

encapsulation. In most of the cases, polystyrene has been functionalized with 

chlorine through copolymerisation reaction for supporting metal complexes 

Structure of Fe(III) Schiff  base complex supported on Zn
layered double hydroxide (Parida et al 2010

Polymeric Supports  

Organic polymer supports range from insoluble resins to highly 

soluble oligomers. The modified polystyrenes are best examples for the 

catalytic supports used in the form of resin beads. The important advantage of 

using organic polymer supported complexes as catalysts in organic synthesis 

probability of yielding stereo specific and stereo selective 

products. The stereo specificity and stereo selectivity of products may depend 

on the stereo specificity and stereo selectivity of the polymeric supports (

A common method of attaching the catalyst to the polymer is 

to functionalize the polymer with a ligand that can be used to coordinate the 

catalytic metal centre. This can be achieved by various techniques including 

phase reaction, copolymerisation, ion-exchange method and micro 

encapsulation. In most of the cases, polystyrene has been functionalized with 

chlorine through copolymerisation reaction for supporting metal complexes 
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exchange method and micro 

encapsulation. In most of the cases, polystyrene has been functionalized with 

chlorine through copolymerisation reaction for supporting metal complexes 
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(Gupta et al 2009). Kim et al 2006 have prepared a resin as given in  

Figure 1.11, by loading polyethylene glycol into Merrifield resin containing 

imidazolium groups to support the palladium complex for the catalytic 

Suzuki-cross coupling reaction in water.  

 

Figure 1.11 Schematic presentation of the preparation of modified 
Merrifield resin support containing imidazolium gro up 
(Kim et al 2006) 

 

 Alternatively, some organic polymers can bind the catalyst directly 

with their reactive functional groups which further make the polymer 

supported complexes. Chitosan is the best example to support the metal 

complexes directly and for example, a chitosan supported copper complex is 

shown in Figure 1.12 (Šuláková et al 2007). The main advantages of the 

chitosan supported metal complexes are the ease of their preparation and bio-

degradability of chitosan support (Guibal 2005). The other salient features of 

chitosan and its supported complexes are discussed in detail, in chapter II.  
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Figure 1.12 Structure of chitosan supported Cu(II) complex (Šuláková 
et al 2007) 

 Apart from inorganic and organic supports, activated carbon has 

been also used as the support. For example, Co(II) salen complex has been 

supported on activated carbon for the catalytic synthesis of 2-

arylbenzimidazole (Sharghi et al 2008). 

1.5.3 Schematic Representation of supporting the Schiff base 

Complex 

 From the above stated facts, it would have been better to combine 

the benefits of Schiff base complexes and heterogeneous catalysis. 

Schematically, the pre-prepared Schiff base complexes have been 

immobilized on inert supports or the Schiff base modified supports have been 

utilised to prepare the Schiff base complexes as heterogeneous catalysts.  

 Lou et al 2011 have schematically presented the method of 

embedding pre-prepared Mn(III) Schiff base complex onto the functionalized 

MCM-41 silica, as depicted in Figure 1.13. This complex has been used as the 

catalyst in the epoxidation of styrene. 
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Figure 1.13 Schematic presentation of the synthesis of MCM-41 silica 
supported Mn(III) Schiff base complex (Lou et al 2011) 

 

 As an example for the preparation of Schiff base modified silica gel, 

Singha et al 2011 have reported the Fe(III) complex supported on the Schiff 

base modified MCM-41silica for the liquid phase oxidation of cyclohexane. 

In this work, initially the Schiff base was prepared and then Schiff base 

modified MCM-41 was synthesized. This Schiff base modified MCM-41 was 

then used to synthesize Fe(III) complex as heterogeneous catalyst  

(Figure 1.14).  

 

Figure 1.14 Schematic presentation of the synthesis of Schiff base 
modified MCM-41 supported Fe(III) complex (Singha et al 
2011) 
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1.6 MODIFICATION OF CATALYSTS 

 The surface modification of heterogeneous catalysts is currently the 

hot topic in catalysis which can increase the catalytic efficiency and also 

decrease the chemical wastes. Catalysts can be modified with traditional and 

non-traditional methods. The best examples for traditional methods to modify 

the catalyst or catalyst’s support are thermal and mechanical treatments. 

Yagodovskii 2007 reported the thermally modified metallic catalysts for the 

better oxidation of CO2. Plasma treatment and microwave irradiation are 

some of the non-traditional methods employed to modify the surface of the 

catalysts. Electron beam (EB) irradiation has been renowned as the best and 

promising technique due to its short processing time, in-line processing, high 

effectiveness, low equipment cost and an increased available energy. Beyond 

this, EB induced surface chemistry produces an interesting result in high 

vacuum conditions (Pribytkov et al 2006a, Yuan et al 2003). Moreover, in 

recent years, the irradiation technology has been extensively involved in the 

treatment of environmental pollution problems. The reason is that the free 

radicals produced by irradiation can lead to useful processes such as 

degradation of pollutants, synthesis of new compounds from the pollutants, 

etc (Woods & Pikaev 1994, Getoff 1999).  

1.7 CATALYTIC OXIDATION OF HYDROCARBONS 

 Chemical inertness of hydrocarbons causes great difficulties in their 

selective activation, especially under mild conditions. In case of saturated 

hydrocarbons, it becomes more difficult and so they have been referred as 

“noble gases of organic chemistry” (Shul’pin 2002). However, their selective 

activation to obtain the functionalized products has been received great focus 

due to the diverse applications of such products either industrially or 

commercially. In many catalytic oxidation reactions of hydrocarbons, the 

obtained products are of alcohols, aldehydes, ketones, acids and epoxides. 

Some of the industrial important oxidations are given below:  
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 Oxidation of toluene by using different catalyst leads to benzyl 

alcohol, benzaldehyde and benzoic acid (Roy & Manassero 2010). All of 

them are industrially important products and in detail, benzaldehyde is used as 

the reagent to give the almond flavour and as the starting material for the 

synthesis of many organic chemicals; benzyl alcohol is used in medicinal 

fields; and benzoic acid is used as preservative in food industry (Burdock 

2010).  

 Epoxidation of alkenes to epoxides is a versatile reaction from a 

synthetic point of view. Epoxides can be easily converted into polyethers, 

diols and aminoalcohols which are of great significance in bulk chemistry, 

fine chemistry and pharmaceutical chemistry (Mandelli et al 2001). Wang  

et al 2010a have reported the epoxidation of styrene over Cr(III) Schiff base 

complexes immobilized on mesoporous materials. Conversion of cyclohexane 

to cyclohexanol and cyclohexanone through catalytic oxidation is also an 

important organic transformation, since its products are used as the 

intermediates for the synthesis of commercially essential products such as 

nylon-6 and nylon-6,6’. Additionally, cyclohexanol and cyclohexanone have 

been also used as solvents for lacquers, shellacs and varnishes; stabilizers and 

homogenizers for soaps and emulsions; and starting materials for making 

insecticides, herbicides and pharmaceuticals (Berezin et al 1966, Parida et al 

2010). In industries, currently the cyclohexane oxidation is carried out at 150-

170 °C and 115-175 psi pressure in the presence of homogeneous boric cobalt 

salts. This reaction yields only 4% cyclohexane conversion with poor 

cyclohexanol/cyclohexanone ratio. Moreover, it is risky and environmentally 

hazardous reaction (Silva et al 2009, Parida et al 2010). These reasons put 

together that cyclohexane oxidation under mild conditions is enviable and 

challenging task over the years (Figure 1.15).  
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Figure 1.15 Schematic presentation of catalytic cyclohexane oxidation 
into cyclohexanone and cyclohexanol (Parida et al 2010) 

 

 Some other oxidation reactions catalyzed by metal complexes are 

also found in the literature. For example, Alavi et al reported the oxidation of 

cyclohexane, cyclooctane, cyclohexene and cyclooctene with a Mn(III) 

complex anchored onto SBA-15 as catalyst (Alavi et al 2013). Mishra et al 

reported the catalytic oxidation of cyclopentane and cyclooctane with 

bis(maltolato)oxovanadium complexes (Mishra et al 2007). Cis-stilbene and 

trans-stilbene have also been successfully oxidized by  mixed-ligand Ru(III) 

complex (Chatterjeea et al 2000). Some Cu(II) Schiff base complexes have 

been employed to oxidize norbornene (Adhikary et al 2008). 

 A range of oxidizing agents has been reported for the catalytic 

oxidation of different hydrocarbon substrates. The most often used oxidizing 

agents are tert-butyl hydroperoxide (TBHP), hydrogen peroxide (H2O2) and 

molecular oxygen (O2). On the basis of environmental benign approach, H2O2 

and O2 are selected as the best oxidizing agents since they eliminate only 

water as the waste. However, high activation energies needed to break O-O 

double bond of O2 for the addition with organic substrate and the spin 

mismatch between the ground state of O2 (triplet) and organic substrate 

(singlet) suppress the use of O2 as the oxidant. Additionally, O2 employing 

organic reactions sometimes cause explosions (Balogh-Hergovich & Speier 

2005, Wang et al 2010b, Alavi et al 2013). These difficulties of O2 make 

H2O2 as the best oxidant for catalytic oxidation of hydrocarbons. 
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CHAPTER 2 

LITERATURE REVIEW AND SCOPE OF THE  

PRESENT WORK 

 

 Generally, homogeneous catalysts are often more difficult (for 

instance in their separation from the reaction products) to handle than 

heterogeneous catalysts, particularly on an industrial scale. Attempts are now 

being made to combine the practical advantages of conventional 

heterogeneous catalysts with the versatility of homogeneous transition metal 

catalysts. The objective is to obtain a well defined complex that can be highly 

dispersed throughout the reaction medium while remaining in a separate 

phase. This may be achieved by the synthesis of a suitable transition metal 

complex in which one or more of the ligands are chemically bonded to the 

surface of a high surface area solid support (Allum et al 1975, Burwell Jr & 

Basolo 1973).  

 Two main factors should be considered when employing a material 

as a support. First, the material needs to be stable both thermally and 

chemically during the reaction process (including the separation stage in batch 

processes). Secondly, the structure of the support needs to be such that the 

active sites are well dispersed on its surface and that these sites are easily 

accessible. Generally, this requires the support to have a reasonably high 

surface area (typically >100 m2 g-1) and, for most liquid phase processes, it 

should have a mesoporous structure (i.e. >20 Å pore size to allow easy 
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diffusion of reactants to the active sites) (Deshpande et al 1992, Clark et al 

1992). 

2.1 SILICA SUPPORTED SCHIFF BASE COMPLEXES IN 

CATALYSIS 

 One of the most effective supporting materials is silica gel, since it 

offers high thermal and chemical stability (except for a few small 

nucleophiles, notably OH- and F-). In addition, silica can possess high surface 

areas (>600 m2 g-1) and with pore sizes ranging from microporous to 

mesoporous (5 to 500 Å) (Price et al 2000). Moreover, silica gel possesses 

ready availability and economic viability as well relatively easy covalent 

modification with organic or organometallic moieties (Sharma et al 2012b). 

 The organo-modification of silica has been started approximately 

before three decades. Initially, silica gel has been modified with aliphatic 

alcohol which resulted in the formation of Si-O-C bonds. However, these 

bonds are unstable and cleaved at elevated temperature. In 1975, Allum and 

his co-workers of British Petroleum Company Limited modified the silica gel 

in the different way where they attempted through the formation of Si-O-Si 

bonds. Such bonds are thermally and chemically tougher than Si-O-C bonds. 

In their work, they have used the molecule (RSiX3, where R is an organic 

group and X is a hydrolysable group (eg. OC2H5)) for the modification of 

silica gel. This modified silica gel coordinated with rhodium for the formation 

of metal complex (Allum et al 1975). Importantly, they have obtained 

rhodium complex by two different ways. In the first approach, the silica gel 

was initially modified with organosilane group (RSiX3) and then allowed to 

react with rhodium salt to form the silica supported complex. In the second 

method, rhodium precursor was first treated with organosilane group (RSiX3) 

and then it has been linked to the silica gel. 



 

 

 In 1976, Horner and Ziegler reported the organo

silica gel through amino functional group (

the new emphatic approach

this amino insertion onto silica gel surface further directed into many post

modifications as shown in Figure 2.1.

Figure 2.1 Schematic 
aminopropyl silica (

 

 On extension

reported the amino modification of silica gel for the silica based Schiff base 

formation. In their work, two different organosilanes (with same functional 

group but with different chain length) have been employed. This amino group 

containing silica gel formed Schiff base with salicylaldehyde followed by the 

formation of silica based Cu(II) Schiff base complex (

1978). Likewise in 1992, Hernan et al reported 

characterization of silica containing rhodium Schiff base complexes (

et al 1992). On the other hand, Brunelle reported the method of 

metal complexes onto oxide supports including silica gel through adsorption 

phenomenon (Brunelle 1978

In 1976, Horner and Ziegler reported the organo-modification of 

silica gel through amino functional group (Horner & Ziegler 1976

approach on the research of silica based materials. Since, 

this amino insertion onto silica gel surface further directed into many post

modifications as shown in Figure 2.1. 

Schematic presentation of possible post modifications of an 
aminopropyl silica (Price et al 2000) 

extension of Horner and Zieglers’ work, Schields and Boucher 

reported the amino modification of silica gel for the silica based Schiff base 

formation. In their work, two different organosilanes (with same functional 

fferent chain length) have been employed. This amino group 

containing silica gel formed Schiff base with salicylaldehyde followed by the 

formation of silica based Cu(II) Schiff base complex (Shields & Boucher 

). Likewise in 1992, Hernan et al reported the synthesis and 

characterization of silica containing rhodium Schiff base complexes (

). On the other hand, Brunelle reported the method of 

metal complexes onto oxide supports including silica gel through adsorption 

Brunelle 1978).  
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 Even though the organo-modification of silica gel and its 

involvement in forming/supporting metal complexes have been initiated in 

1970s, the catalytic applications of silica supported complexes have been well 

recognized only from the mid of 1990s. For instance, Chisem et al reported 

the silica based chromium Schiff base complex for the catalytic oxidation of 

alkyl aromatics. In this report, a tetra dentate Schiff base has been formed 

between 3-aminiopropyltriethoxysilane (3-APTES) and salicylaldehyde. This 

Schiff base has then anchored on silica gel. This silica supported chromium 

Schiff base complex has shown the better catalytic activity than the alumina 

supported chromium complex (Chisem et al 1998, Clark et al 1989).  

 Different approaches have been reported in literature for 

synthesizing silica supported complexes. Catalytic activity of silica supported 

complexes synthesized by such important methods has been discussed below. 

In these methods, the linker employed between the silica gel and metal centre 

in the silica based metal complexes are known as spacer ligand. The 

complexes supported on silica gel using such spacer ligands are being called 

as surface tethered complexes (Arends & Sheldon 2001). 

2.1.1 Various Approaches to Reach Silica Supported Schiff base 

Complexes  

 From the year 2000, enormous reports are being published on silica 

supported Schiff base metal complexes. They have been prepared via 

different approaches and some notable approaches are discussed below in 

detail. 

2.1.1.1 Using amino functionalized organosilanes 

 Variety of amino group containing organosilanes has been involved 

in the organo-modification of silica gel to prepare the heterogeneous Schiff 
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base metal complexes. Among them, 3-aminopropyltriethoxysilane (3-

APTES) is of particular importance and greatly reported also. This 3-APTES 

linker can be employed in multiple ways for supporting metal complexes on 

to silica gel. Such different ways are discussed below. 

1. Direct coordination of amino group to the metal centre 

 Initially the metal complexes coordinated with the amino functional 

group of the modified silica gel have been vastly used for the catalytic 

applications. For instance, silica based palladium complexes have been 

attempted for the reduction of unsaturated carboxylic acids and reduction of 

nitrobenzene (Horner & Ziegler 1976, Sharf et al 1979).  

 The amino functionalized silica gel may directly support the catalyst 

by forming the covalent-coordinate bond with the central metal atom/ion of 

the pre-prepared Schiff base complex. For instance, Mukherjee et al have 

synthesized the silica supported Schiff base copper complex (Figure 2.2) for 

the efficient allylic oxidation of cyclohexene in the presence of peroxides as 

oxidants. After immobilization, the complex revealed better catalytic 

behaviour than the corresponding homogeneous complex (Mukherjee et al 

2006). In addition, more reports are available on silica supported metal 

complexes prepared by this method. In detail, styrene epoxidation into styrene 

oxide and benzaldehyde has been achieved by the silica supported Schiff base 

cobalt and manganese complexes (Durak et al 2013) and the same reaction 

has also achieved by mesoporous silica supported chromium complex (Wang 

et al 2010a). Further, such silica supported chromium Schiff base complex 

has been also involved in the oxidation of alcohols (Wang et al 2010b) and 

Lou et al have reported chiral Mn(III) salen complex for the epoxidation of 

three different alkenes (Lou et al 2011). Yang et al have prepared the silica 



 

 

supported Schiff base copper complex by this method for the styrene 

oxidation. The supported copper complex revealed 96.9% styrene conversion 

whereas corresponding homogeneous complex showed only 83.7% styrene 

conversion (Yang et al 2010c

of immobilized complexes than their corresponding homogenous complexes 

can be assigned to the ability of silica support to highly disperse the active 

complexes and/or to control the local concentrations of the reactant and 

product around active sites (

Figure 2.2 Silica supported copper Schiff base complex in which amino 
group containing silica gel is directly coordinated with the 
metal centre (

 

2. Post modification of 3

gel 

 3-APTES or amino functionalized silica gel can be post modified 

through several methods for preparing the silica supported Schiff base 

complexes.  

 

base copper complex by this method for the styrene 

oxidation. The supported copper complex revealed 96.9% styrene conversion 

whereas corresponding homogeneous complex showed only 83.7% styrene 

Yang et al 2010c). In general, the improved cataly

of immobilized complexes than their corresponding homogenous complexes 

can be assigned to the ability of silica support to highly disperse the active 

complexes and/or to control the local concentrations of the reactant and 

ve sites (Wang et al 2010a). 

Silica supported copper Schiff base complex in which amino 
group containing silica gel is directly coordinated with the 
metal centre (Mukherjee et al 2006) 

Post modification of 3-APTES or amino group modified 

APTES or amino functionalized silica gel can be post modified 

through several methods for preparing the silica supported Schiff base 
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base copper complex by this method for the styrene 

oxidation. The supported copper complex revealed 96.9% styrene conversion 

whereas corresponding homogeneous complex showed only 83.7% styrene 

). In general, the improved catalytic behaviour 

of immobilized complexes than their corresponding homogenous complexes 

can be assigned to the ability of silica support to highly disperse the active 

complexes and/or to control the local concentrations of the reactant and 

 

Silica supported copper Schiff base complex in which amino 
group containing silica gel is directly coordinated with the 

APTES or amino group modified silica 

APTES or amino functionalized silica gel can be post modified 

through several methods for preparing the silica supported Schiff base 



 

 

i)  Post modification method I

 The first and largely reported method is the post modification 

through Schiff base formation between 3

silica gel and aldehyde/ketone (

al 2005, Tang et al 2011, Singha et al 2011, Sharma et al 2012b, Uru

2010, Horniakova et al 2005, Silva 

silica supported complexes have been employed as catalysts in diverse 

organic transformations. Some of them are discussed here. 

 Silica supported iron(III) Schiff base complex (Figure 2.3) has been 

attempted as catalyst in cyclohexane oxidation reaction. This immobilized 

iron(III) complex revealed 68% cyclohexane conversion which is much 

greater than the cyclohexane conversion (22.7%) showed by its corresponding 

homogeneous complex (

Figure 2.3 Structure of silica supported iron(III) Schiff base complex 
prepared  by post modification method I (

 

Post modification method I 

The first and largely reported method is the post modification 

through Schiff base formation between 3-APTES or amino functionalized 

silica gel and aldehyde/ketone (Rajabi 2009, Sharma & Rawat 2011, Jones et 

al 2005, Tang et al 2011, Singha et al 2011, Sharma et al 2012b, Uru

2010, Horniakova et al 2005, Silva et al 2006, Malakooti et al 2014

silica supported complexes have been employed as catalysts in diverse 

organic transformations. Some of them are discussed here.  

Silica supported iron(III) Schiff base complex (Figure 2.3) has been 

alyst in cyclohexane oxidation reaction. This immobilized 

iron(III) complex revealed 68% cyclohexane conversion which is much 

greater than the cyclohexane conversion (22.7%) showed by its corresponding 

homogeneous complex (Singha et al 2011).  

 

Structure of silica supported iron(III) Schiff base complex 
prepared  by post modification method I (Singha et al 2011
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The first and largely reported method is the post modification 

APTES or amino functionalized 

Rajabi 2009, Sharma & Rawat 2011, Jones et 

al 2005, Tang et al 2011, Singha et al 2011, Sharma et al 2012b, Uruş et al 

et al 2006, Malakooti et al 2014). These 

silica supported complexes have been employed as catalysts in diverse 

Silica supported iron(III) Schiff base complex (Figure 2.3) has been 

alyst in cyclohexane oxidation reaction. This immobilized 

iron(III) complex revealed 68% cyclohexane conversion which is much 

greater than the cyclohexane conversion (22.7%) showed by its corresponding 

Structure of silica supported iron(III) Schiff base complex 
Singha et al 2011) 



 

 

 Likhar et al 

Schiff base complexes for  

amines. Totally five different catalysts have been prepared (Figure 2.4). The 

important observation of their work is that imine group coordinated complex 

has shown better catalytic activity than the amino group coordinated complex 

(Likhar et al 2007). 

Figure 2.4 Silica tethered copper catalysts synthesized by post 
modification method I (

 

 Urus et al are familiar for their work on preparing silica supported 

Schiff base metal complexes with multiple functional groups. They have 

synthesized different Schiff base complexes which contain azo functional 

group alone and both azo and phosphonic aci

structure (Figure 2.5). All the catalysts have been functioned as catalysts in 

the oxidation of cyclohexane under microwave power. The phosphonic acid 

Likhar et al have reported the different silica supported copper(II) 

Schiff base complexes for  N-arylation of N(H)-heterocycles and 

amines. Totally five different catalysts have been prepared (Figure 2.4). The 

important observation of their work is that imine group coordinated complex 

has shown better catalytic activity than the amino group coordinated complex 

Silica tethered copper catalysts synthesized by post 
modification method I (Likhar et al 2007) 

Urus et al are familiar for their work on preparing silica supported 

Schiff base metal complexes with multiple functional groups. They have 

synthesized different Schiff base complexes which contain azo functional 

and both azo and phosphonic acid functional groups in their 

structure (Figure 2.5). All the catalysts have been functioned as catalysts in 

the oxidation of cyclohexane under microwave power. The phosphonic acid 
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reported the different silica supported copper(II) 

heterocycles and benzyl 

amines. Totally five different catalysts have been prepared (Figure 2.4). The 

important observation of their work is that imine group coordinated complex 

has shown better catalytic activity than the amino group coordinated complex 

 

Silica tethered copper catalysts synthesized by post 

Urus et al are familiar for their work on preparing silica supported 

Schiff base metal complexes with multiple functional groups. They have 

synthesized different Schiff base complexes which contain azo functional 

d functional groups in their 

structure (Figure 2.5). All the catalysts have been functioned as catalysts in 

the oxidation of cyclohexane under microwave power. The phosphonic acid 



 

 

containing complexes have displayed much higher activity than other 

complexes. These catalysts have not lost their catalytic ability as proved by 

reusability studies (Uruş

 
Figure 2.5 Azo and phosphonic acid groups containing silica supported 

Schiff base complexes synthesized by post modification 
method I (

 

 The post modification method I can be achieved by multiple ways 

as given in Figure 2.6. 

step grafting, one-pot and pre

2005).  

containing complexes have displayed much higher activity than other 

s. These catalysts have not lost their catalytic ability as proved by 

Uruş et al 2010, Uruş et al 2012).  

Azo and phosphonic acid groups containing silica supported 
Schiff base complexes synthesized by post modification 
method I (Uruş et al 2010) 

The post modification method I can be achieved by multiple ways 

as given in Figure 2.6. It can be done via either by multi-step grafting, two

pot and pre-formed complex addition method (
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containing complexes have displayed much higher activity than other 

s. These catalysts have not lost their catalytic ability as proved by 

 

Azo and phosphonic acid groups containing silica supported 
Schiff base complexes synthesized by post modification 

The post modification method I can be achieved by multiple ways 

step grafting, two-

formed complex addition method (Jones et al 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Diverse ways to carry out post modification method 1 (Figure 2.6 Diverse ways to carry out post modification method 1 (Jones et al 2005
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Jones et al 2005) 



 

 

ii)  Post modification method II

 In this method, amino group of 3

chloromethyl group for supporting the Schiff base complexes. In general, this 

method is being used only for the preparation of immobilize

not used to support the pre

of 3-APTES may directly react with chloromethyl group before 

reacts with silica gel. 

 By this method, Li

cobalt(II) Schiff base complexes (Figure 2.7). This complex has been 

catalytically applied in the oxidative carbonylation of aniline.  Supported 

complexes have yielded the products with much better selectivity than the 

homogeneous analogues (

Figure 2.7 Schematic 
supported cobalt(II) complexes by using post modification 
method II (

Post modification method II 

In this method, amino group of 3-APTES gets reacted with 

chloromethyl group for supporting the Schiff base complexes. In general, this 

method is being used only for the preparation of immobilized complexes and 

not used to support the pre-prepared homogeneous complexes. Amino group 

APTES may directly react with chloromethyl group before 

 

By this method, Li-Juan et al have prepared silica supported 

) Schiff base complexes (Figure 2.7). This complex has been 

catalytically applied in the oxidative carbonylation of aniline.  Supported 

complexes have yielded the products with much better selectivity than the 

homogeneous analogues (Li-Juan et al 2009). 

Schematic presentation of the preparation of silica 
supported cobalt(II) complexes by using post modification 
method II (Li-Juan et al 2009)  
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APTES gets reacted with 

chloromethyl group for supporting the Schiff base complexes. In general, this 

d complexes and 

prepared homogeneous complexes. Amino group 

APTES may directly react with chloromethyl group before or after it 

Juan et al have prepared silica supported 

) Schiff base complexes (Figure 2.7). This complex has been 

catalytically applied in the oxidative carbonylation of aniline.  Supported 

complexes have yielded the products with much better selectivity than the 

 

the preparation of silica 
supported cobalt(II) complexes by using post modification 



 

 

 Yang et al have synthesized immobilized iron(III) Schiff base 

complexes (Figure 2.8) and used it as ca

In this work, the effect of electron donating and withdrawing groups on the 

catalytic activity has been explored. They have discovered that catalytic 

activity increases with the decrease in electron

bases due to the fact that the strong electron donating Schiff bases may 

stabilize the positive iron(IV)

electron-withdrawing substituents enhanced the catalytic activity as they 

destabilize the metal-oxo intermediates (

Figure 2.8 Schematic 
iron(III) Schiff base complexes by following post 
modification method II (

Yang et al have synthesized immobilized iron(III) Schiff base 

complexes (Figure 2.8) and used it as catalyst in aerobic oxidation of styrene. 

In this work, the effect of electron donating and withdrawing groups on the 

catalytic activity has been explored. They have discovered that catalytic 

activity increases with the decrease in electron-donating ability 

bases due to the fact that the strong electron donating Schiff bases may 

stabilize the positive iron(IV)-oxo intermediate species. Alternatively, the 

withdrawing substituents enhanced the catalytic activity as they 

oxo intermediates (Yang et al 2010a).  

Schematic presentation of the synthesis of silica supported 
iron(III) Schiff base complexes by following post 
modification method II (Yang et al 2010a)  
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Yang et al have synthesized immobilized iron(III) Schiff base 

talyst in aerobic oxidation of styrene. 

In this work, the effect of electron donating and withdrawing groups on the 

catalytic activity has been explored. They have discovered that catalytic 

donating ability of the Schiff 

bases due to the fact that the strong electron donating Schiff bases may 

oxo intermediate species. Alternatively, the 

withdrawing substituents enhanced the catalytic activity as they 

 

the synthesis of silica supported 
iron(III) Schiff base complexes by following post 



 

 

 Manganese(III) Schiff base complex supported o

been prepared by this method and attempted in oxidation of thioanisole with 

H2O2 and TBHP. The complex has shown the highest catalytic activity with 

TBHP (94% conversion) than H

reaction temperature from 25 °C to 35 °C has not shown effective increase of 

catalytic activity. It has mounted conversion efficiency from 94% to only 

95%. The complex has lost its catalytic activity from 94% to 71% in th

second cycle. This may due to leaching of some of the un

complex in oxidation condition. Then, the complex 

ability up to the tested fourth cycle (

iii)  Post modification method III

Figure 2.9 Schematic 
manganese Schiff base complex by following post 
modification method III (

  

 3-APTES can be post modified with hererocyclic molecules towards 

the preparation of silica supported complexes. For instance, silica supported 

Schiff base manganese complex (Figure 2.9) has been prepared by this 

method. This complex has been used as cataly

Manganese(III) Schiff base complex supported on silica gel has 

been prepared by this method and attempted in oxidation of thioanisole with 

and TBHP. The complex has shown the highest catalytic activity with 

TBHP (94% conversion) than H2O2 (40% conversion). The increase in 

reaction temperature from 25 °C to 35 °C has not shown effective increase of 

catalytic activity. It has mounted conversion efficiency from 94% to only 

95%. The complex has lost its catalytic activity from 94% to 71% in th

second cycle. This may due to leaching of some of the un-anchored metal 

complex in oxidation condition. Then, the complex has not lost its catalytic 

up to the tested fourth cycle (Sharma et al 2012a). 

Post modification method III 

Schematic presentation of the synthesis of silica supported 
manganese Schiff base complex by following post 
modification method III ( Silva et al 2006)  

APTES can be post modified with hererocyclic molecules towards 

the preparation of silica supported complexes. For instance, silica supported 

Schiff base manganese complex (Figure 2.9) has been prepared by this 

method. This complex has been used as catalyst in epoxidation of styrene and 
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n silica gel has 

been prepared by this method and attempted in oxidation of thioanisole with 

and TBHP. The complex has shown the highest catalytic activity with 

(40% conversion). The increase in 

reaction temperature from 25 °C to 35 °C has not shown effective increase of 

catalytic activity. It has mounted conversion efficiency from 94% to only 

95%. The complex has lost its catalytic activity from 94% to 71% in the 

anchored metal 

not lost its catalytic 

 

the synthesis of silica supported 
manganese Schiff base complex by following post 

APTES can be post modified with hererocyclic molecules towards 

the preparation of silica supported complexes. For instance, silica supported 

Schiff base manganese complex (Figure 2.9) has been prepared by this 

st in epoxidation of styrene and 



 

 

α-methyl styrene with oxidant, respectively. The supported complex has 

displayed better enantioselectivity than the corresponding homogeneous 

complex (Silva et al 2006

2.1.1.2 Using isocyanate group containing organosilan

 In this approach, the isocyanate group can be further post modified 

into ways. By the first 

groups through the formation of carbamates. In the next 

group reacts with the amine groups 

of diamide.   

Figure 2.10 Schematic 
precursor Schiff base ligand using isocyanate containing 
organosilanes (

methyl styrene with oxidant, respectively. The supported complex has 

displayed better enantioselectivity than the corresponding homogeneous 

Silva et al 2006). 

Using isocyanate group containing organosilanes 

In this approach, the isocyanate group can be further post modified 

into ways. By the first method, isocyanate groups react with the hydroxyl 

groups through the formation of carbamates. In the next method

group reacts with the amine groups of the organic moieties with the formation 

Schematic presentation of the synthesis of silica supported 
precursor Schiff base ligand using isocyanate containing 
organosilanes (Rechavi & Lemaire 2002b) 
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methyl styrene with oxidant, respectively. The supported complex has 

displayed better enantioselectivity than the corresponding homogeneous 

In this approach, the isocyanate group can be further post modified 

, isocyanate groups react with the hydroxyl 

method, isocyanate 

of the organic moieties with the formation 

 

the synthesis of silica supported 
precursor Schiff base ligand using isocyanate containing 
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 Rechavi & Lemaire have reported silica supported copper(II) Schiff 

base complexes for Diels-Alder reaction. Here, they have prepared the silica 

supported complexes using the scheme given in Figure 2.10. Such complexes 

have shown comparable catalytic activity as well comparable 

enantioselectivity. Significantly, supported complexes do not lose their 

catalytic activity and enantioselectivity up to the tested fourth catalytic run 

(Rechavi & Lemaire 2002a). By following the scheme given in Figure 2.10, 

silica supported bis(oxazoline) copper chiral Schiff base complexes have also 

been prepared and employed as catalysts in cyclo-propanation reaction 

(Fakhfakh et al 2010). 

 González‐Arellano et al have reported silica supported nickel and 

palladium complexes by using the reaction of isocyanate containing 

organosilanes with azide group of organic moiety as given in Figure 2.11. 

Such catalysts have been utilized in catalytic hydrogenation of alkenes. On 

comparison, supported catalysts have revealed better activity than their 

homogeneous analogues. The stability of the catalysts has been exceptional 

and no deactivation has observed during recycling studies. (González 

‐Arellano et al 2004). 

 Bahuleyan et al have synthesized some silica supported nickel 

complexes through the reaction between isocyanate and amine groups  

(Figure 2.12). These complexes have been applied in the polymerization of 

ethylene. In this work, they have controlled the morphology of the 

polyethylene by using two different silica materials (porous and non-porous). 

The non-porous silica support has given better morphology to polyethylene. 

But porous silica support has yielded poor morphology since polyethylene 



 

 

molecules undergo fragmentation reactions inside the pores (

2010a, Bahuleyan et al 2010b

Figure 2.11 Schematic 
complexes using isocyanate containing organosilane 
(González

agmentation reactions inside the pores (Bahuleyan et al 

2010a, Bahuleyan et al 2010b). 

Schematic presentation of the synthesis of silica supported 
complexes using isocyanate containing organosilane 
González‐‐‐‐Arellano et al 2004) 
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Bahuleyan et al 

 

the synthesis of silica supported 
complexes using isocyanate containing organosilane 



 

 

Figure 2.12 Schematic 
nickel complexes using isocyanate containing organosilane 
(Bahuleyan et al 2010b

2.1.1.3 Using chloro containing organosilanes

 Chloro containing organosilanes commonly can be generally 

participated by different ways in preparing the silica supported Schiff base 

Schematic presentation of the synthesis of silica supported 
nickel complexes using isocyanate containing organosilane 
Bahuleyan et al 2010b) 

Using chloro containing organosilanes 

Chloro containing organosilanes commonly can be generally 

participated by different ways in preparing the silica supported Schiff base 
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the synthesis of silica supported 
nickel complexes using isocyanate containing organosilane 

Chloro containing organosilanes commonly can be generally 

participated by different ways in preparing the silica supported Schiff base 



 

 

complexes. In detail, through the reaction with 

(Jain et al 2010) and 

the formation of triazine group (

Figure 2.13 Schematic 
oxovandium(IV) complexes using chloro containing 
organosilane (

 

 Jain et al have reported an oxovanadium(IV) tridentate Schiff

complex which is anchored onto the size 3

mesoporous silica gel through a two

(i) propargylation of the complex followed b

[3+2] azide–alkyne cycloaddition with the 3

comparison, the complex has also directly grafted onto a 3

functionalized support. The anchored catalyst prepared by the click reac

has been efficient in the oxidation of several sulfides to the corresponding 

sulfones (using TBHP as oxidant, in acetonitrile, at 60 °C under inert 

atmosphere) leading to high isolated yields (95

catalyst recyclability ha

repeated cycles, which has proved that no complex has leached out of the 

support. The oxidation of this substrate was also performed with the 

complexes. In detail, through the reaction with –OH groups of organic ligands 

) and –NH group of imidazole (Lou et al 2007

the formation of triazine group (Rana et al 2010).  

Schematic presentation of the synthesis of silica supported 
oxovandium(IV) complexes using chloro containing 
organosilane (Jain et al 2010) 

Jain et al have reported an oxovanadium(IV) tridentate Schiff

complex which is anchored onto the size 3-azidopropyl functionalized 

mesoporous silica gel through a two-step procedure depicted in Figure 2.13: 

(i) propargylation of the complex followed by (ii) copper(I) iodide catalyzed 

alkyne cycloaddition with the 3-azido functionalized support. For 

comparison, the complex has also directly grafted onto a 3

functionalized support. The anchored catalyst prepared by the click reac

has been efficient in the oxidation of several sulfides to the corresponding 

sulfones (using TBHP as oxidant, in acetonitrile, at 60 °C under inert 

atmosphere) leading to high isolated yields (95–98% for most substrates). The 

catalyst recyclability has evaluated in the oxidation of diphenyl sulfide in six 

repeated cycles, which has proved that no complex has leached out of the 

support. The oxidation of this substrate was also performed with the 
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OH groups of organic ligands 

Lou et al 2007); and through 

 

the synthesis of silica supported 
oxovandium(IV) complexes using chloro containing 

Jain et al have reported an oxovanadium(IV) tridentate Schiff-base 

azidopropyl functionalized 

step procedure depicted in Figure 2.13: 

y (ii) copper(I) iodide catalyzed 

azido functionalized support. For 

comparison, the complex has also directly grafted onto a 3-chloropropyl 

functionalized support. The anchored catalyst prepared by the click reaction 

has been efficient in the oxidation of several sulfides to the corresponding 

sulfones (using TBHP as oxidant, in acetonitrile, at 60 °C under inert 

98% for most substrates). The 

s evaluated in the oxidation of diphenyl sulfide in six 

repeated cycles, which has proved that no complex has leached out of the 

support. The oxidation of this substrate was also performed with the 



 

 

homogeneous complex and with the complex anchored onto 3

chloropropylsilyl functionalized silica. 

supremacy of the heterogeneous catalysts over the homogeneous analogue in 

terms of easier catalyst recovery and recycling (

Figure 2.14 Schematic 
supported manganese(III) complex using chloro containing 
organosilane (

 

 Lou et al have reported the chiral manganese(II) Schiff base 

complexes covalently supported on silica gel for the asymmetric epoxidation 

of olefins. These catalysts have revealed comparable or even higher 

enantioselectivity with similar catalytic ability over their homogeneous 

counterparts.  The immobilized complexes have been stable and recycled five 

times without loss of its original catalyt

another manganese(III) complex (Figure 2.14) has been synthesized for the 

oxidation of cycloalkanes and cyclohexene with H

homogeneous complex and with the complex anchored onto 3

hloropropylsilyl functionalized silica. This study demonstrates the 

supremacy of the heterogeneous catalysts over the homogeneous analogue in 

catalyst recovery and recycling (Jain et al 2010).

Schematic presentation of the synthesis of SBA
supported manganese(III) complex using chloro containing 
organosilane (Alavi et al 2013) 

Lou et al have reported the chiral manganese(II) Schiff base 

complexes covalently supported on silica gel for the asymmetric epoxidation 

olefins. These catalysts have revealed comparable or even higher 

enantioselectivity with similar catalytic ability over their homogeneous 

counterparts.  The immobilized complexes have been stable and recycled five 

times without loss of its original catalytic activity (Lou et al 2007

another manganese(III) complex (Figure 2.14) has been synthesized for the 

oxidation of cycloalkanes and cyclohexene with H2O2 oxidant  (
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homogeneous complex and with the complex anchored onto 3-

his study demonstrates the 

supremacy of the heterogeneous catalysts over the homogeneous analogue in 

. 

 

thesis of SBA-15 silica 
supported manganese(III) complex using chloro containing 

Lou et al have reported the chiral manganese(II) Schiff base 

complexes covalently supported on silica gel for the asymmetric epoxidation 

olefins. These catalysts have revealed comparable or even higher 

enantioselectivity with similar catalytic ability over their homogeneous 

counterparts.  The immobilized complexes have been stable and recycled five 

Lou et al 2007). An 

another manganese(III) complex (Figure 2.14) has been synthesized for the 

oxidant  (Alavi et al 



 

 

2013). Compared to homogeneous complex, heterogeneous complex has been 

more stable and recycled four times without any significant loss of its activity. 

Immobilization has increased the selectivity toward cyclohexanone in the 

oxidation of cyclohexane. 

2.1.1.4 Using mercapto group containing organosilanes

 Pini et al have 

mercapto-functionalized silica and homogeneous manganese complex having 

vinyl groups (Figure 2.15). Moreover the enantiomeric excess values obtained 

with these heterogeneous catalysts in the asymmetric epoxidat

alkenes (1-phenylcyclohexene, indene, and 1,2

been only moderate (Pini et al 1999

Figure 2.15 Schematic 
manganese(III) complex using mercapto containing 
organosilane (

 

). Compared to homogeneous complex, heterogeneous complex has been 

stable and recycled four times without any significant loss of its activity. 

Immobilization has increased the selectivity toward cyclohexanone in the 

oxidation of cyclohexane.  

Using mercapto group containing organosilanes 

Pini et al have synthesized a heterogeneous catalyst by using 

functionalized silica and homogeneous manganese complex having 

vinyl groups (Figure 2.15). Moreover the enantiomeric excess values obtained 

with these heterogeneous catalysts in the asymmetric epoxidat

phenylcyclohexene, indene, and 1,2-dihydronaphthalene) have 

Pini et al 1999).  

Schematic presentation of the synthesis of silica supported 
manganese(III) complex using mercapto containing 
organosilane (Pini et al 1999) 
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). Compared to homogeneous complex, heterogeneous complex has been 

stable and recycled four times without any significant loss of its activity. 

Immobilization has increased the selectivity toward cyclohexanone in the 

synthesized a heterogeneous catalyst by using 

functionalized silica and homogeneous manganese complex having 

vinyl groups (Figure 2.15). Moreover the enantiomeric excess values obtained 

with these heterogeneous catalysts in the asymmetric epoxidation of several 

dihydronaphthalene) have 

 

the synthesis of silica supported 
manganese(III) complex using mercapto containing 



 

 

2.1.1.5 Using Karstedt’s catalyst and 4

silica  

 Phan et al have reported the nickel Schiff base complex and 

supported on to the silica gel by two different ways, one by Karstedt’s catalyst 

method (hydrosiloxy-

silica (Figures 2.16 and 2.17). Such two different silica supported Schiff base 

nickel complexes have

nickel silica catalyst exhibits high activity towards the Kumada cross

coupling reaction of 4

temperature without adding any phosphine ligands. The catal

easily separated from the reaction mixture by simple filtration and reused 

after washing without a significant degradation in activity. The concentration 

of nickel leaching into solution from the catalyst during the course of the 

reaction is very low (Phan et al 2004

Figure 2.16 Schematic 
Schiff base complex onto hydrosiloxy

Figure 2.17 Schematic 
Schiff base complex onto 4
silica (Phan et al 2004

Using Karstedt’s catalyst and 4-benzyl chloride-functionali

Phan et al have reported the nickel Schiff base complex and 

supported on to the silica gel by two different ways, one by Karstedt’s catalyst 

-silica) and other by 4-benzyl chloride-

silica (Figures 2.16 and 2.17). Such two different silica supported Schiff base 

nickel complexes have been employed as catalysts in Kumada reactions. The 

nickel silica catalyst exhibits high activity towards the Kumada cross

coupling reaction of 4-bromoanisole and phenylmagnesium chloride at room 

temperature without adding any phosphine ligands. The catal

easily separated from the reaction mixture by simple filtration and reused 

after washing without a significant degradation in activity. The concentration 

of nickel leaching into solution from the catalyst during the course of the 

Phan et al 2004). 

Schematic presentation of the immobilization of nickel 
Schiff base complex onto hydrosiloxy-silica (Phan et al 2004

Schematic presentation of the immobilization of nickel 
Schiff base complex onto 4-benzyl chloride functionalized

Phan et al 2004) 
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bromoanisole and phenylmagnesium chloride at room 
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2.1.1.6 Using hydrosilylation reaction

 Hydrosilylation, also called hydrosilation is the addition reaction of 

Si-H bonds with unsaturated 

selective oxidations of alkanes and alkenes catalyzed by silica supported 

Schiff base cobalt complex. Highest conversion efficiency has reached in 

cyclohexene oxidation as compared to other substrates’ oxidation. The

prepared catalyst has been confirmed as the heterogeneous by leaching and 

reusability experiments. Here, another different approach has been followed 

to prepare the silica supported Schiff base complex (

The details of this approac

Figure 2.18 Schematic 
cobalt(II) Schiff base complex using hydrosilylation reaction 
(Amarasekara et al 2007

Using hydrosilylation reaction 

Hydrosilylation, also called hydrosilation is the addition reaction of 

H bonds with unsaturated bonds. Amarasekara et al have attempted 

selective oxidations of alkanes and alkenes catalyzed by silica supported 

Schiff base cobalt complex. Highest conversion efficiency has reached in 

cyclohexene oxidation as compared to other substrates’ oxidation. The

prepared catalyst has been confirmed as the heterogeneous by leaching and 

reusability experiments. Here, another different approach has been followed 

to prepare the silica supported Schiff base complex (Amarasekara et al 2007

The details of this approach are given in Figure 2.18.  

Schematic presentation of the synthesis of silica supported 
cobalt(II) Schiff base complex using hydrosilylation reaction 
Amarasekara et al 2007)  
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Schiff base cobalt complex. Highest conversion efficiency has reached in 

cyclohexene oxidation as compared to other substrates’ oxidation. The 
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reusability experiments. Here, another different approach has been followed 
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 All above discussed methods are commonly used to prepare through

covalent and coordinate bonds. In addition, electrostatic forces of interactions 

have been also involved in the preparation of silica supported metal 

complexes. They are discussed below.

2.1.1.7 Using hydrogen bonds

 Ray and Sivaram have prepared the bis(

Schiff base complex and supported it on to the silica gel for ethylene 

polymerizations. Silica supported complex has displayed effective ethylene 

polymerization than its homogeneous analogue. Importantly, they have 

reported that higher calcination of the catalyst increases the catalytic 

behaviour. On comparison with the previous methods, they have supported 

catalyst onto silica gel in the different approach, i.e, by hydrogen bonding 

(Ray & Sivaram 2006

between the silica gel and Schiff base iron complex is given in Figure 2.19. 

Figure 2.19 Schematic representation of hydrogen bonded supported 
iron(II) Schiff base complex (

2.1.1.8 Using negatively charged silanol groups

 Sharghi et al have reported porphyrinatoiron(III) complex supported 

on the silica gel for the synthesis of 2

supported catalyst has exhibited high isolated yields, selectivity, reus

All above discussed methods are commonly used to prepare through

covalent and coordinate bonds. In addition, electrostatic forces of interactions 

have been also involved in the preparation of silica supported metal 

complexes. They are discussed below. 

Using hydrogen bonds 

Ray and Sivaram have prepared the bis(imino)pyridyl iron(III) 

Schiff base complex and supported it on to the silica gel for ethylene 

polymerizations. Silica supported complex has displayed effective ethylene 

polymerization than its homogeneous analogue. Importantly, they have 

her calcination of the catalyst increases the catalytic 

behaviour. On comparison with the previous methods, they have supported 

catalyst onto silica gel in the different approach, i.e, by hydrogen bonding 

Ray & Sivaram 2006). The representation of the hydrogen bond formed 

between the silica gel and Schiff base iron complex is given in Figure 2.19. 

 

Schematic representation of hydrogen bonded supported 
iron(II) Schiff base complex (Ray & Sivaram 2006

ing negatively charged silanol groups 

Sharghi et al have reported porphyrinatoiron(III) complex supported 

on the silica gel for the synthesis of 2-arylbenzimidazole derivatives. This 

supported catalyst has exhibited high isolated yields, selectivity, reus
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covalent and coordinate bonds. In addition, electrostatic forces of interactions 

have been also involved in the preparation of silica supported metal 

imino)pyridyl iron(III) 

Schiff base complex and supported it on to the silica gel for ethylene 

polymerizations. Silica supported complex has displayed effective ethylene 

polymerization than its homogeneous analogue. Importantly, they have 

her calcination of the catalyst increases the catalytic 

behaviour. On comparison with the previous methods, they have supported 

catalyst onto silica gel in the different approach, i.e, by hydrogen bonding 

). The representation of the hydrogen bond formed 

between the silica gel and Schiff base iron complex is given in Figure 2.19.  

Schematic representation of hydrogen bonded supported 
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Sharghi et al have reported porphyrinatoiron(III) complex supported 

arylbenzimidazole derivatives. This 

supported catalyst has exhibited high isolated yields, selectivity, reusability, 



 

 

and the potential for large

complex does not lose its catalytic ability even after 10 successive catalytic 

run. Here, silica gel w

the treatment with sodium hydroxide (NaOH). By this treatment, surface 

silanol groups have turned into the negatively charged silanol

(Figure 2.20). Then such pre

complex (Sharghi et al 2008

Figure 2.20 Schematic 
aqueous HCl followed by treatment with NaOH (
et al 2008

2.1.1.9 Ion exchange method

 Ion exchange methods have been also reported for supporting metal 

complexes into silica gel. In this 

complexes have been

different routes. The two methods are of direct cationic exchange of 

[Mn(salen)]PF6 complexes with Na

ligands with Mn2+ exchanged aluminium containing silica, followed by 

oxidation to Mn(III) (method B). Both homogeneous and immobilized 

catalysts have presented almost the same performance in the asymmetric 

epoxidation of styrene and a

acid (m-CPBA)/N-methylmorpholine

temperature. Method A has led to slightly higher activity and selectivity than 

method B. Notably,

and the potential for large-scale synthesis. In particular, the supported 

not lose its catalytic ability even after 10 successive catalytic 

was pre-treated with hydrochloric acid (HCl) followed by 

ith sodium hydroxide (NaOH). By this treatment, surface 

silanol groups have turned into the negatively charged silanol

(Figure 2.20). Then such pre-treated silica gel has been used to support the 

Sharghi et al 2008).  

Schematic presentation of the activation of silica with 
aqueous HCl followed by treatment with NaOH (
et al 2008).  

Ion exchange method 

Ion exchange methods have been also reported for supporting metal 

complexes into silica gel. In this context, chiral manganese Schiff base 

been grafted into aluminium containing silica gel by two 

he two methods are of direct cationic exchange of 

complexes with Na+ (method A) and reaction of chiral salen 

exchanged aluminium containing silica, followed by 

oxidation to Mn(III) (method B). Both homogeneous and immobilized 

catalysts have presented almost the same performance in the asymmetric 

epoxidation of styrene and a-methylstyrene, using m-chloroperoxybenzoic 

methylmorpholine-N-oxide as oxidant system at low 

temperature. Method A has led to slightly higher activity and selectivity than 

Notably, the immobilized complex has revealed better 
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he two methods are of direct cationic exchange of 
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temperature. Method A has led to slightly higher activity and selectivity than 

the immobilized complex has revealed better 
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enantioselectivity than the respective homogeneous analogue. The 

consecutive recycling tests have proved the stability of immobilized catalysts 

in the catalytic set-up as they have not lost their activity and enantioselectivity 

(Kim & Kim 1999).  

 The above review of literature on silica supported Schiff base 

complexes has been greatly motivated us to synthesize few silica supported 

Schiff base complexes for employing as catalysts. To prepare such 

complexes, the method opted is the post modification of 3-APTES modified 

silica gel through Schiff base formation (post modification method I under 

section 2.1.1.1.2).  

2.2 CHITOSAN BASED SCHIFF BASE COMPLEXES IN 

CATALYSIS 

 Chitosan, a biopolymer is the current matter of interest in 

heterogeneous catalysis as catalyst’s support. Though it does not contain 

chemical strength, mechanical strength and porous structure like silica gel, it 

easily supports the catalysts. In other words, the preparation of heterogeneous 

catalysts using chitosan does not involve tedious procedures as involved in 

case of other supports such as silica gel, zeolite and polystyrene. In such a 

way, using chitosan means minimising chemicals which may also provide 

greenish approach. 

 Chitosan is an aminoglucopyran composed of glucosamine units and 

alkaline hydrolytic derivative of chitin. It has better solubility profile, less 

crystallinity and is amenable to chemical modifications due to presence of 

hydroxyl and amine functional groups. The chemical modification of chitosan 

is of interest because the modification would not change the fundamental 

skeleton of chitosan, would keep the original physico-chemical and 

biochemical properties and finally would bring new or improved properties 
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(Mourya & Inamdar 2008). Through this chemical modifications variety of 

chitosan based heterogeneous catalysts has been attempted and reported for 

range of organic reactions. The following discussion deals with the works 

reported on catalytic uses of chitosan based metal complexes and chitosan 

based Schiff base complexes in particular.  

 In general, chitosan based complexes have been prepared either by 

supporting an already prepared homogeneous metal complex by chitosan or 

using chitosan or chemically/physically modified chitosan as primary ligand. 

2.2.1 Chitosan Supported Metal Complexes where Chitosan/Modified 

Chitosan is not a Primary Ligand 

 In this category, initially metal complexes have been prepared 

without chitosan in their structure. Then such complexes have been supported 

on chitosan/modified chitosan by making coordination bond with amino 

group of chitosan. For instance, Quignard et al have been prepared a 

palladium complex of 3,3′,3′′-Phosphanetriyltris(benzenesulfonic acid) 

trisodium salt and inserted it on to chitosan for the catalytic allylic 

substitution of (E)-cinnamyl ethyl carbonate by morpholine (Quignard et al 

2000). Huang et al have also reported this kind of complexes using 

unmodified chitosan. In their work, chitosan supported complexes have been 

prepared at room temperature by loading iron, cobalt and manganese 

tetraphenylporphyrins onto chitosan and employed as catalysts for the aerobic 

oxidation of cyclohexane in the absence of additives and solvents. Under the 

influence of the chitosan microenvironment, they showed remarkably 

enhanced rate constants for the production of ketone and alcohol, as well as 

increases in cyclohexane conversion and turnover number, thus resulting in 

higher catalytic activity and selectivity than the corresponding unsupported 

catalysts (Huang et al 2007). Tong et al have also reported this kind of 

chitosan supported manganese(III) complex for the cyclohexene oxidation. 



52 

 

 

The supported complex has shown 44 times higher turn over numbers as that 

by unsupported complex (Tong et al 2006).  

 As an example of using chemically modified chitosan to immobilize 

the already prepared homogeneous complex, cobalt(II) complex of 

bis(salicylideneethylene diamine) has been prepared and supported on N-(4-

pyridylmethylidene)–chitosan (Figure 2.21). The structure of the immobilized 

complex has been characterized by elemental analysis, infra red, X-ray 

photoelectron, fluorescence and electron spin resonance spectroscopic 

methods. It is identified that the polymer supported complex is more efficient 

than the corresponding monomeric complex in catalysing the oxidation of 

3,4-dihydroxyphenylalanine using O2 as the  oxidant. The results may be 

attributed to site isolation effect offered by the supporting polymer chain (Hu 

et al 2001).  

 

Figure 2.21 Structure of chitosan supported cobalt(II) complex of 
bis(salicylideneethylene diamine) (Hu et al 2001) 

 

 These kinds of chitosan based complexes have been also prepared 

using physically modified chitosan. For example, Mac Leod et al have used 

chitosan membrane to support the Jacobsen catalyst (Figure 2.22). In this 

work, chitosan membranes act as a catalytic barrier between two different 
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phases: an organic substrate phase (cyclooctene or styrene) and an aqueous 

solution of either m-CPBA, TBHP or H2O2 and dismissing the need for phase 

transfer agents and leading to better product yields compared with the catalyst 

in homogeneous medium. This catalyst shows good stability and has not been 

leached from the support during use in successive catalytic runs, leading to 

high turnover frequencies (Mac Leod et al 2009). Chitosan membrane has 

also been used to immobilize oxdiazoline and ketoimine palladium(II) 

complexes to catalyse the microwave-assisted Suzuki-Miyaura cross-coupling 

reaction. They have been proved as the reusable catalyst (Lasri et al 2011). 

Sorokin et al have used chitosan aerogel beads to support the sulphonated 

pthalocyanin complexes of iron and cobalt. Theses catalysts have been 

reported for the oxidation of β-isophorone with O2 (Sorokin et al 2006).  

 

Figure 2.22 Jacobsen catalyst immobilized on chitosan membrane (Mac 
Leod et al 2009) 

 

2.2.2 Chitosan Supported Metal Complexes with Chitosan/Modified 

Chitosan as Primary Ligand 

2.2.2.1 Chitosan supported complexes with unmodified chitosan as 

primary ligand 

 Sulokava et al have prepared Cu(II)-chitosan complexes  

(Figure 2.23) by using chitosan as the ligand for the catalytic oxidation of azo 



54 

 

 

textile dyes with H2O2. The most efficient catalyst contained 3.6% Cu2+ and 

the optimal reaction conditions were pH 7.0 and 50 mM of H2O2. It is found 

that the nitro group containing azo dyes are more readily oxidised than those 

lacking this group (Šuláková et al 2007). Baig and Varma have reported 

Cu(II) complex in which the unmodified chitosan acts as the ligand and used 

for azide-alkyl cycloaddition reactions. This Cu(II)-chitosan complex has 

proved as efficient and reusable (Baig & Varma 2013). By this approach, 

some metal nano particles have also been attempted to be supported on 

chitosan and employed as catalysts in different types of catalytic reactions 

(Primo & Quignard 2010 and Adlim et al 2004). Guibal et al have oxidized 

hydroquinone to p-benzoquinone using Cu(II) complex as catalyst in which 

chitosan acts as the primary ligand (Guibal et al 2006). 

 

Figure 2.23 Structure of Cu(II)-chitosan complex (Šuláková et al 2007) 

2.2.2.2 Chitosan supported complexes with modified chitosan as 

primary ligand 

 Different types of chemical modifications are available for chitosan 

due to its reactive functional groups such as amino (-NH2) and hydroxyl  

(-OH) groups. Varma et al have discussed a range of chemical modifications 

in their review article entitled “Metal complexation by chitosan and its 

derivatives: a review” (Varma et al 2004). However, on the basis of using 

metal complexes of modified chitosan as catalysts, complexes of Schiff base 

modified chitosans have emerged as the prominent catalysts. This may be due 

to the coordination behaviour of Schiff base ligands as well stability of 



 

 

complexes containing Schiff base ligands under drastic reaction conditions. 

Importantly, compared

chelate complexes (Hirayama et al 2002, Canpolat & Kaya 2004

of literature show large number of reports on 

base modified chitosan

 Chang et al have prepared a Schiff base from chitosan and 

nitrobenzaldehyde for the preparation of Mn(III) and Ni(II) Schiff base 

complexes (Figure 2.24). These complexes have been used to catalyse the 

oxidation reactions of ethylbenzene, 

with O2 as oxidant (Chang et al 2002

Figure 2.24 Structure of Mn(III) complex of Schiff base modified 
chitosan (

 

 Wang et al have synthesized range of Schiff bases from chitosan 

and substituted salicylaldehydes for preparing Cu(II) complexes. They have 

used such complexes as catalysts in cycloproponation 

(2003)).The catalysts have exhib

enantiomeric excess was achieved under optimal conditions; moreover, the 

catalysts could be easily recovered and reused 

substituents on the salicylaldehyde moiety of the catalysts have revealed

complexes containing Schiff base ligands under drastic reaction conditions. 

d to other types of ligands, Schiff bases effective

Hirayama et al 2002, Canpolat & Kaya 2004

large number of reports on the catalytic activity 

base modified chitosan.  

Chang et al have prepared a Schiff base from chitosan and 

nitrobenzaldehyde for the preparation of Mn(III) and Ni(II) Schiff base 

2.24). These complexes have been used to catalyse the 

oxidation reactions of ethylbenzene, n-propylbenzel and isopropylbenzene 

Chang et al 2002).  

 

Structure of Mn(III) complex of Schiff base modified 
chitosan (Chang et al 2002) 

Wang et al have synthesized range of Schiff bases from chitosan 

and substituted salicylaldehydes for preparing Cu(II) complexes. They have 

used such complexes as catalysts in cycloproponation of olefins (Wang et al 

The catalysts have exhibited high activity and up to 56% 

enantiomeric excess was achieved under optimal conditions; moreover, the 

catalysts could be easily recovered and reused for successive 

substituents on the salicylaldehyde moiety of the catalysts have revealed
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obvious effects on the enantioselectivities of the reaction between olefins and 

t-butyl diazoacetate (Wang et al 2003

also used to prepare a Schiff base complex to prepare a Pd(II) complexes 

(Figure 2.25). These complex

reactions as catalysts and proved to be 

work has demonstrated that chitosan is particularly interesting support for 

catalysis due to its stability, lower acidity (compared to s

silica), its film-forming properties, which can be exploited in intensive 

processing reactors, and its inherent chirality will form the basis for further 

applications of this fascinating material (

Figure  2.25 Schematic 
of Schiff base modified chitosan (

  

 According to

carbonyl compound for the preparation of chitosan based Schiff bases. The 

complexes of such Schiff bases have been extensively used as catalysts in 

diverse reactions (Chang et al 2004, Tong et al 2005, Cui et al 2005, Xu et al 

2006, Liu et al 2007, Li

reports are discussed here.  

 In the work of Tong et al, Co(II) and Pd(II) complexes of a Schiff 

base (derived from chitosan and salicylaldehyde)

aerobic oxidation of cyclohexane. 

obvious effects on the enantioselectivities of the reaction between olefins and 

Wang et al 2003). 2-pyridinecarboxaldehyde has been 

also used to prepare a Schiff base complex to prepare a Pd(II) complexes 

(Figure 2.25). These complexes have been involved in Suzuki and Heck 

reactions as catalysts and proved to be efficient and reusable catalysts. This 

work has demonstrated that chitosan is particularly interesting support for 

catalysis due to its stability, lower acidity (compared to supports such as 

forming properties, which can be exploited in intensive 

processing reactors, and its inherent chirality will form the basis for further 

applications of this fascinating material (Hardy et al 2004).  

Schematic presentation of the synthesis of Pd(II) complex 
of Schiff base modified chitosan (Hardy et al 2004

According to the literature, salicylaldehyde is the often used 

carbonyl compound for the preparation of chitosan based Schiff bases. The 

xes of such Schiff bases have been extensively used as catalysts in 

Chang et al 2004, Tong et al 2005, Cui et al 2005, Xu et al 

2006, Liu et al 2007, Li‐xia et al 2010, Leonhardt et al 2010

reports are discussed here.   

the work of Tong et al, Co(II) and Pd(II) complexes of a Schiff 

base (derived from chitosan and salicylaldehyde) have been used

aerobic oxidation of cyclohexane. The complexes shoed 
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activities. Especially, the oxidation of cyclohexane catalyzed by chitosan-

salicyaldehyde Schiff base Co(II) complex under 1.6 MPa of initial O2 

pressure at 418 K gave excellent results with 9100 turnover numbers (based 

on the cobalt atom) and 96% selectivity for cyclohexanone and cyclohexanol 

after reaction of 4.5 h. The influences of O2 pressure, reaction temperature 

and reaction time on the oxidation of cyclohexane have been also been 

investigated. It has been also revealed that the complexes are efficient 

catalysts for the oxidation of bulky cyclic and linear alkanes (Tong et al 

2005). 

 Cui et al have used salicylaldehyde for the formation of Schiff base 

with chitosan and then this Schiff base has been reacted with epoxy 

cyclopropane to make the cross-linked chitosan network (Figure 2.26). They 

have also used chitosan itself as the primary ligand and it has been also cross-

linked. They have been further used for the preparation of Pd(II) complexes 

which have been used as catalyst in Heck reaction. The salient point of this 

work is that chitosan based Schiff base complex has shown higher catalytic 

activity than the complex which contains chitosan itself as the ligand (Cui et 

al 2005). Likewise, Martina et al have reported cross-linked chitosan Cu(I) 

and Pd(II) complexes, not with chitosan based Schiff base but with chitosan 

as ligand for the Suzuki cross coupling reactions. Here, chitosan itself has 

functioned as the ligand. The cross-linked chitosan complexes have shown 

better activity than the ordinary chitosan complexes. In this work, the cross-

linked chitosan has been prepared by modifying chitosan with 

polyurethanes/urea (Martina et al 2011).  

 



 

 

Figure 2.26 Schematic 
chitosan and its Schiff base Pd(II) complexes (

 

 Alternatively

Pd(II)) complex using chitosan based Schiff base (synthesized from chitosan 

and salicylaldehyde), and have found it to be an efficient catalyst

coupling reaction of acrylamide with phenyl halide (Li

addition, the low input of palladium and high yield of product can make this 

catalyst attractive (Li‐

 Yang et al reported a chitosan

(Figure 2.27) containing a

and ferrocene carboxaldehyde). This complex has been 

catalysts for Heck reaction. It is also 

and reused for four cycles with high yields (

 Fascinatingly, Chtchigrovsky et al have reported eleven chitosan 

Schiff bases by taking eleven different carbonyl compounds (Figure 2.28). 

Importantly, in this work, chitosan aerogel beads have been employed instead 

of chitosan powder. Such eleven Schiff ba

Schematic presentation of the synthesis of cross
chitosan and its Schiff base Pd(II) complexes (Cui et al 2005

Alternatively, Li-xia et al have prepared a bimetallic (Co(II) & 

Pd(II)) complex using chitosan based Schiff base (synthesized from chitosan 

, and have found it to be an efficient catalyst

coupling reaction of acrylamide with phenyl halide (Li -xia et al (2010)).

addition, the low input of palladium and high yield of product can make this 

‐xia et al 2010).  

Yang et al reported a chitosan-ferrocenylimine Pd(II) complex 

containing a different kind of Schiff base (derived from chitosan 

and ferrocene carboxaldehyde). This complex has been used

catalysts for Heck reaction. It is also found that this catalyst can be recovered 

and reused for four cycles with high yields (Yang et al 2010b). 

ascinatingly, Chtchigrovsky et al have reported eleven chitosan 

Schiff bases by taking eleven different carbonyl compounds (Figure 2.28). 

Importantly, in this work, chitosan aerogel beads have been employed instead 

of chitosan powder. Such eleven Schiff bases have been coordinated with 
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Cu(I) salt for the formation of corresponding eleven Cu(I) complexes. They 

have been used as catalyst in [3+2] Huisgen cycloladdition reaction. The 

catalysts have exposed efficient catalytic activity and they have been 

proposed as highly desirable from the point of view of green chemistry 

(Chtchigrovsky et al 2009

Figure 2.27 Structure of chitosan
et al 2010b

 

Figure 2.28 Schematic presentation of the 
complexes from eleven different Schiff bases (
et al 2009

Cu(I) salt for the formation of corresponding eleven Cu(I) complexes. They 

have been used as catalyst in [3+2] Huisgen cycloladdition reaction. The 

catalysts have exposed efficient catalytic activity and they have been 

ed as highly desirable from the point of view of green chemistry 

Chtchigrovsky et al 2009). 

 

Structure of chitosan-ferrocenylimine Pd(II) complex (
et al 2010b) 

Schematic presentation of the synthesis of eleven Cu(I) 
complexes from eleven different Schiff bases (Chtchigrovsky 
et al 2009) 
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2.3 ISATIN AND BENZIL BASED SCHIFF BASES AND THEIR 

COMPLEXES 

 The designing and synthesis of a new Schiff base ligand is perhaps 

the most important step in the development of metal complexes. Moreover, 

the Schiff base ligands with multiple functional groups (able to coordinate 

with metal ions) which form chelating ring around the metal centre are highly 

significant. Chelate complexes are normally more stable. Isatin and benzil are 

the best example of ketones which can form chelating Schiff base ligands. 

Number of isatin and benzil based chelating Schiff base ligands and their 

ligands have been prepared and used in diverse applications.  

 Raman et al have reported a Schiff base (derived from isatin and 

tyramine, Figure 2.29) for the synthesis of Cu(II), Ni(II) and Zn(II) 

complexes. They have studied and discussed the biological properties of these 

complexes (Raman et al 2012). Pakravan et al, in their review article, have 

discussed the use of isatin based Schiff bases and in particular the importance 

of isatin in forming chelating ligands (Pakravan et al 2013). Metal complexes 

of isatin based Schiff bases have been proved to be anti-cancer agents 

(Filomeni et al 2009). Cerchiaro et al have used Cu(II) complexes of isatin 

based Schiff bases  for oxidation of some common carbohydrates, in specific, 

glucose, fructose and galactose (Cerchiaro et al 2005).  

 As an example of benzil based Schiff bases and their complexes, a 

Schiff base complex has been derived from 1-phenyl-2,3-dimethyl-4-

aminopyrazol-5-one (4-aminoantipyrine) and benzil by Raman et al. They 

have prepared Cu(II), Ni(II), Co(II), Mn(II), Zn(II) and VO(IV) complexes of 

this ligand for performing antimicrobial studies (Raman et al 2002). 
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Figure 2.29 Schematic presentation of the synthesis of complexes of a 
Schiff base derived from isatin and tyramine (Raman et al 
2012) 

 

 Dutta et al have proposed a new Schiff base (from benzil and L-

tryptophane, Figure 2.30) as a fluorescent and electrochemical Zn(II) sensor 

(Dutta et al 2014). Salavati-Niasari and Babazadeh-Arani have reported 

Mn(II), Co(II), Ni(II) and Cu(II) of benzil based Schiff base supported on 

alumina (Dutta et al 2014). These catalysts have been involved in 

cyclohexene oxidation with TBHP and H2O2. Viswanathamurthi and 

Natarajan have studied the catalytic activity of Ru(II) complex of benzil based 

Schiff base for the catalytic oxidation of benzyl alcohol to benzaldehyde 

using N‐methylmorpholine ‐N‐oxide as a co‐oxidant (Viswanathamurthi & 

Natarajan 2006). 

 

Figure 2.30 Schematic presentation of the formation of Zn(II) complex 
from benzil based Schiff base (Dutta et al 2014) 
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2.4 ELECTRON BEAM IRRADIATION AND CATALYSIS 

 EB is a form of ionizing energy that is generally characterized by its 

low penetration and high dosage rates. It has been utilised for diverse 

applications. Though its utility is vast in sterilization and polymer 

modification techniques, its involvement in surface modification is also 

important. Because EB induced surface chemistry produces an interesting 

result in high vacuum conditions. Moreover, EB irradiation has been 

renowned as the best technique due to its short processing time, in-line 

processing, high effectiveness, low equipment cost and an increased available 

energy.  

 Yuan et al have reported the EB effect on nanostructured silica and 

zeolite catalysts to study the formation mechanism of their structures (Yuan et 

al 2003). Jun et al have reported the use of EB for the alteration of Ni/alumina 

catalysts. The catalytic activity of untreated and EB treated catalysts have 

been studied and compared using CO2 reforming of CH4 reaction. The 

conversion rate of CO2 and CH4 after EB treatment of catalysts at an absorbed 

dose of 2 MGy has found to be 5-10% higher than that of untreated catalysts 

(Jun et al 2004). 

 Pd nanoparticles supported on alumina and carbon has been 

employed as catalysts in toluene hydrogenation reaction. The Pd/alumina 

catalyst has been EB treated at two different doses (240 and 600 Mrad) 

whereas Pd/carbon catalyst has been EB treated at three different doses viz 

120, 240 and 680 Mrad. Extended X-ray absorption fine structure 

spectroscopy has been involved in the characterization of catalysts. 

Importantly, the irradiated catalysts have shown 3-4 times enhanced catalytic 

activity as compared to untreated catalysts (Pribytkov et al 2006b). The same 
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group have also reported EB effects on titania supported Pd nanoparticles for 

toluene hydrogenation. After EB treatment, the toluene conversion percentage 

has been increased, from 2.1% (0 Mrad) to 16.1% (900 Mrad) at 95 °C and 

11.3% (0 Mrad) to 27.5% (900 Mrad) at 160 °C. In this work, X-ray 

photoelectron spectroscopy has been employed as the characterization 

technique (Pribytkov et al 2006a).  

 Kruse and Chenakin have reported the same kind of catalysts but 

they have used Au instead of Pd. The Au/titania catalysts have been irradiated 

with X-ray at different doses and the structural changes have been using X-

ray photoelectron spectroscopy and catalytic study has not been carried out 

(Kruse & Chenakin 2011).   

 Song et al have reported high-energy EB effect on Fe-loaded zeolite 

supported catalyst to study the metal nano-precipitation upon applying EB 

radiation. After EB treatment, the Fe ions have been deposited as Fe metal 

atoms and the decrease in size has also been identified (Song et al 2012). 

2.5 SCOPE OF THE PRESENT WORK 

 With the background of discussed literature survey, the present 

investigation is concerned with metal complexes (Co(II), Ni(II) and Cu(II)) of 

four new Schiff bases (two of them with silica gel and the other two with 

chitosan backbone). Theses Schiff base ligands would be interesting because 

they have been synthesized from ketones namely isatin and benzil which are 

able to form chelating ligands. Co(II), Ni(II) and Cu(II) complexes find 

application in catalysis, so their catalytic  activities have been explored and 

discussed. As cyclohexane oxidation yields industrially important 

cyclohexanol (the starting material for the manufacture of nylon-6,6’)  and 
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cyclohexanone (industrial solvent and activator in oxidation reactions), we 

have chosen this reaction as the model reaction. Therefore, catalytic activity 

of all the synthesized metal complexes has been investigated in cyclohexane 

oxidation reaction using H2O2 oxidant. In addition, as EB irradiation has been 

involved in the modification of structure and activity of catalysts. Here also 

Co(II), Ni(II) and Cu(II) complexes of a Schiff base ligand have been 

irradiated at three different doses. Their structural and catalytic features have 

been studied and compared with that of untreated complexes.  

Comprehensively, the scope of the present work is described as follows. 

� To synthesize four Schiff base ligands, namely; 

1. Isatin-silica gel (ISG) 

2. Benzil-silica gel (BSG) 

3. Isatin-chitosan (IC) 

4. Benzil-chitosan (BC) 

� To synthesize the Schiff base complexes;  

1. [Co(ISG)Cl2] 

2. [Ni(ISG)Cl2] 

3. [Cu(ISG)Cl2] 

4. [Co(BSG)Cl2]  

5. [Ni(BSG)Cl2] 

6. [Cu(BSG)Cl2] 

7. [Co(IC)Cl2] 
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8. [Ni(IC)Cl 2] 

9. [Cu(IC)Cl2] 

10. [Co(BC)Cl2] 

11. [Ni(BC)Cl2] 

12. [Cu(BC)Cl2] 

� To characterize the synthesised Schiff base ligands and complexes 

by; 

i. Elemental (C, H and N) analysis,  

ii.  Molar conductance, 

iii.  Magnetic susceptibility methods, 

iv. Energy Dispersive Spectroscopy (EDS),     

v. Fourier Transform-Infra Red (FT-IR) spectroscopy,  

vi. Ultra Violet-Visible  (UV-Vis.) spectroscopy 

vii.  1H Nuclear Magnetic Resonance (1H NMR) spectroscopy  

viii.  29Si Nuclear Magnetic Resonance (29Si NMR) spectroscopy  

ix. Electron Spin Resonance (ESR) spectroscopy, 

x. Thermogravimetry –Differential Thermogravimetry (TG-DTG) 

 analysis  

xi. Powder-X-ray Diffraction (Powder-XRD) analysis,  

xii.  Scanning Electron Microscopy (SEM) and  

xiii.  Atomic Force Microscopy (AFM).  
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� To study the catalytic efficiency of the Schiff base complexes in the 

cyclohexane oxidation using H2O2. 

� To irradiate the Schiff base complexes using Electron beam with 

doses of 100 Gy, 1 kGy and 10 kGy. 

� To investigate the enhancement of catalytic efficiency of the 

electron beam irradiated Schiff base complexes in the same reaction 

namely, cyclohexane oxidation using H2O2. 
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CHAPTER 3 

MATERIALS AND METHODS 

 

 This chapter presents the details of the materials used, synthetic 

procedures, EB treatment and characterization techniques.  

3.1 MATERIALS USED 

 1H-indole-2,3-dione (isatin) (Merck), 1,2-diphenylethane-1,2-dione 

(benzil) (Himedia), chitosan (Himedia), (3-aminopropyl)triethoxysilane (3-

APTES) (Himedia), silica gel (Merck) were used as the starting materials for 

the preparation of ligands. The metal salts employed are cupric chloride, 

cobaltous chloride and nickel chloride (Merck). The solvents involved in this 

study such as methanol (Lobo Chemie), toluene (Merck), 30% H2O2 (Merck), 

cyclohexanol (Merck), acetonitrile (Merck), acetic acid (Merck) and dimethyl 

sulfoxide (DMSO) (Merck) were of either 99% pure or purified by following 

standard procedures (Armarego & Chai 2012, Furniss 1989). All other 

auxiliary chemicals were of pure quality and used as such. 

3.2 SYNTHESIS OF LIGANDS 

 Four Schiff base ligands were synthesized. They are of two types, 

one is silica containing Schiff base and another type is chitosan containing 

Schiff base.  
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3.2.1 Synthesis of Silica Supported Ligands 

 For the preparation of silica containing Schiff base ligands, silica 

gel was initially amino functionalized by reacting with 3-APTES. 

 The amino functionalized silica gel (Si-NH2) was prepared as 

described earlier (Uruş et al 2010, Kursunlu et al 2009). The typical procedure 

was carried out as follows: initially, 50 gm silica gel was pre-treated by 

refluxing with excess amount of 1:1 hydrochloric acid for 6 h. After this pre-

treatment, it was filtered off and washed with sufficient amount of deionized 

water till the pH became 7. The resultant product was dried at 120 °C for 12 

h. Then 20 g pre-treated silica was taken in 100 ml toluene. To this, 20 ml 3-

APTES was added and the reaction mixture was refluxed for 72 h. The final 

suspension was filtered off, washed with excess amount of toluene, ethanol 

and diethyl ether and dried at 100 °C under vacuum. The structure of Si-NH2 

is given in Figure 3.1. 

 

Figure 3.1 Structure of Si-NH2 

 For the preparation of silica containing Schiff base ligands, 5 mmol 

isatin or benzil and 5 gm Si-NH2 were taken in 100 ml deionized water. This 

mixture was then magnetically stirred for 24 h at 60 °C in a 250 ml round 

bottom (RB) flask. The resultant solid product was filtered, washed with 

excess amount of water and dried at 100 °C. The resultant silica containing 
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Schiff base ligands obtained from isatin and benzil are denoted as isatin-silica 

gel (ISG) and benzil-silica gel (BSG), respectively. 

3.2.2 Synthesis of Chitosan Containing Schiff Base Ligands 

 We have synthesized two chitosan supported ligands by allowing 

the free amino groups of chitosan to react separately with the carbonyl groups 

of two different ketones, namely isatin and benzil. The synthesized chitosan 

containing ligands from isatin and benzil are termed as isatin-chitosan (IC) 

and benzil-chitosan (BC). 

 For the preparation of the above two ligands, the following 

procedure was adopted.  

 Initially, the whitish suspension of 1 mmol chitosan in methanol 

was prepared under magnetic stirring for 5 h. It was then added to methanolic 

solution of 1mmol isatin or benzil in a flask equipped with magnetic stirrer. 

The stirring was continued up to 12 h. The resultant suspension was filtered 

and the Schiff base obtained was thoroughly washed with methanol followed 

by ether. This purified product (ligand) was kept under vacuum oven at 50-60 

°C for 2 h.  

3.3 SYNTHESIS OF COMPLEXES 

3.3.1 Synthesis of Silica Supported Complexes 

 2 gm of silica containing Schiff base ligand (ISG or BSG) and 50 ml 

deionized water were mixed in 100 ml RB flask. To this mixture, 5 mmol of 

metal (Cu(II)/Co(II)/Ni(II)) chloride salt was added and magnetically stirred 

at ambient temperature for 24 h. The resultant product was filtered and 

washed with excess amount of water and dried at 90 °C under vacuum.  
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3.3.2 Synthesis of Chitosan Supported Complexes 

 5 mmol methanolic solution of chitosan containing Schiff base 

ligand (IC or BC) was treated for 4 h under magnetic stirring. Then, 5 mmol 

methanolic solution of metal (Cu(II)/Co(II)/Ni(II)) chloride salt was 

magnetically stirred with pre-treated IC at ambient temperature for 8 h. The 

resultant complex was filtered and washed with methanol and ether. Then, it 

was dried in vacuum at 70 °C for 12 h and kept under desiccator.  

3.4 CYCLOHEXANE OXIDATION 

 Catalytic oxidation of cyclohexane was performed by following the 

standard procedure (Islam et al 2011). The aerobic oxidation reactions were 

carried out in a 25 ml flask at 70 °C under atmospheric pressure conditions. 

0.05 g of the complex was taken in 10 ml of acetonitrile. To this, 10 mmol of 

the oxidant (30% H2O2 solution) and 5 mmol of cyclohexane were added 

successively and the reaction solution was magnetically stirred for 12 h. 

Aliquots of the reaction mixture were taken separately at 8 h and 12 h for 

product analysis. Two blank experiments, one without catalyst and one 

without oxidant, were performed following the same reaction procedure. 

3.5 ELECTRON BEAM (EB) IRRADIATION 

 EB irradiation treatment was done in Microtron centre, Mangalore 

University, Karnataka. For EB irradiation, after flushing with nitrogen, Co(II), 

Ni(II) and Cu(II) complexes of IC were packed separately in a sealed zip log 

covers. By varying the dosage time, the packed samples were separately 

subjected to three doses (100 Gy, 1 kGy and 10 kGy) of EB irradiation. A 

variable energy accelerator (microtron) was used for supplying the EB 

irradiation. The electrons were emitted from lanthanum hexaboride (LaB6) 

single crystal cathode of dimension 3mm X 3mm and accelerated through a 
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voltage gradient of 8 MeV. The samples were scanned at 250 Hz frequency 

with a dose rate of 2 kGy/min (max). Magnetron with 2 MW power was 

employed as microwave source. There was no visible heating of the samples 

upon irradiation, mainly because of very small average beam wattage. 

3.6 CHARACTERIZATION METHODS 

3.6.1 Elemental Analysis  

 The percentage of carbon, hydrogen and nitrogen contents in 

chitosan containing ligands (IC and BC) and their complexes were analyzed 

using Carlo Erba 1108 model elemental analyzer using sulphanilamide as a 

reference standard. 

3.6.2 Estimation of Metals 

 The metals (Co(II)/Ni(II)/Cu(II)) present in metal complexes of IC 

and BC were estimated as their oxides by fusion with AnalaR ammonium 

oxalate. About 0.3 g of the dried complex was accurately weighed in a 

previously weighed silica crucible. AnalaR ammonium oxalate, nearly 3 parts 

by weight of the complex was added and the mixture was reduced to ashes 

slowly at first and strongly using a Bunsen burner for 3 h. It was then cooled 

in a desiccator and weighed. The procedure was repeated till the final oxide 

weight was constant. From this, the percentage of metal in the complex was 

calculated. 

3.6.3 Energy Dispersive (EDS) Spectroscopy    

 In silica containing Schiff base ligands (ISG and BSG) and their 

complexes, the presence of elements (C, N, O and Cl) and metal 

(Co(II)/Ni(II)/Cu(II)) was investigated and confirmed by EDS spectroscopy 

during scanning electron microscopy (SEM) analysis.  
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3.6.4 Fourier Transform-Infrared (FT-IR) Spectroscopy 

 IR spectroscopy is the fundamental analytical tool to confirm the 

formation of ligands and the corresponding metal complexes. It gives the 

information regarding the functional groups of the ligands and coordination of 

transition metal ions to the donor sites of the ligands. FT-IR spectra of the 

synthesized Schiff base ligands and their all complexes were recorded on a 

Jasco FT-IR spectrophotometer in the wave number region of 4000-400 cm-1. 

For all the samples, 16 scans/min were performed. In case of silica supported 

metal complexes, the shift of the characteristic bands on chelation is 

sometimes masked by the well defined strong bands of silica network. 

3.6.5 Ultraviolet-Visible (UV-Vis.) Spectroscopy 

 UV-Vis. spectroscopy or often referred as electronic spectroscopy 

provides important information relevant to the structure and geometry of the 

metal complexes. Normally in UV-Vis. spectra of the ligands, their 

characteristic bands appear in the UV region and/or in higher wavelength 

region due to the conjugation effect. When these ligands are coordinated with 

the metal ions, their electronic structure gets changed and importantly new 

characteristic bands will be appeared because of d-d transition of the metal 

ion, and metal to ligand or ligand to metal charge transfer spectra. This can 

yield the information about the structure and geometry of the metal 

complexes. Electronic spectra of the chitosan supported ligands and 

complexes were taken from their DMSO solutions using a Shimadzu UV-

1601 spectrophotometer in the range of 200–800 nm. On the other hand, the 

electronic spectra of silica supported complexes were computed in 200-800 

nm wavelength range on a Shimadzu UV-2600 doubled beam 

spectrophotometer containing an integrating sphere attachment for solid 

samples and optical grade BaSO4 was used as reference. 
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3.6.6 Magnetic Measurements 

 Magnetic susceptibility measurements were computed on a 

modified Hertz SG8-5HJ model Gouy magnetic balance using CuSO4.5H2O 

as the calibrant. The effective magnetic moment (µeff) of the complexes can 

be calculated as follows, 

 µeff = 2.84(χm
Corr T)1/2 BM 

 Where, T is the absolute temperature and χm
Corr is the molar 

susceptibility corrected for diamagnetism of all other atoms and groups 

present in the complex using Pascal’s constants. The measured magnetic 

moment value reflects on the number of unpaired electrons which is related to 

the geometry and crystal field stabilization energy of the complexes (Rossotti 

et al 1960, Housecroft & Sharpe 2005). 

3.6.7 Nuclear Magnetic Resonance (NMR) Spectroscopy 

 The NMR spectroscopy is used for the structural determination and 

confirmation of the ligands. We have employed 1H NMR as well as 29Si NMR 

for our study. 

3.6.7.1 1H NMR spectroscopy 

 The chitosan supported ligands were analyzed by 1H NMR 

spectroscopy. The 1H NMR spectra were investigated with a Bruker Avance 

DRX 300 FT-NMR spectrometer in 1% HCl/D2O solution using 

tetramethylsilane as standard.  
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3.6.7.2 29Si cross polarized magic angle spinning (CP MAS) NMR 

spectroscopy 

 29Si NMR spectroscopic technique was performed on silica 

supported ligands and complexes using Varian, USA-Mercury Plus 300 MHz 

NMR spectrometer equipped with a 5 mm dual broad band probe. The 

samples were spun up to a maximum of 5 kHz at the magic angle. 

3.6.8 Thermogravimetry (TG) Analysis  

 This thermal analysis is used to analyze the physico-chemical 

changes occurred in the molecule as the function of temperature which 

depends on the structure of the given molecule (Mendham 2006). For this 

analysis, the given sample is heated at constant rate. TG studies were 

manipulated under a dynamic N2 atmosphere in the 20–800 °C temperature 

range at a heating rate of 10 °C min-1 on a Mettler Toledo star system. 

3.6.9 Powder X-Ray Diffraction (Powder-XRD) Analysis  

 Powder-XRD analysis is mostly opted to identify the single phase 

materials, multiple phases in microcrystalline mixtures and the amorphous 

materials in partially crystalline mixtures. However, it also involves in the 

structural confirmation of the materials. P-XRD determinations were made 

using an X-ray diffractometer ((XPERT PRO PANalytical, Netherland)) for 

phase identification. The patterns were run with Cu Ka radiation (λ = 0.1545 

nm) with a generator at 40 kV and 40 mA at 25 °C temperature. The 

diffracting angle (2h) range for XRD spectroscopy from 10° to 80° was 

attained with a rate of 2° min-1. 
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3.6.10 Scanning Electron Microscopy (SEM) 

 It is the best technique to study the surface morphology of any 

materials. The SEM images of synthesized ligands and complexes were 

photographed using a scanning electron microscope of model SEM-JSM 6390 

at an accelerating voltage of 18-20 kV at liquid N2 temperature. Initially from 

the tungsten filament, a narrow beam of electrons is passed through the 

sample. All the samples were gold coated to protect them from surface 

charging and thermal damage. For the analysis, the amount of back scattered 

or secondary electrons was noted. 

3.6.11 Electron Spin Resonance (ESR) Spectroscopy  

 It is applied to species having unpaired electrons such as free 

radicals, biradicals, other triplet states and transition metal compounds. In 

case of transition metal complexes, ESR spectroscopy offers much vital 

information about the electronic structures to predict their geometry. Ligand 

field theory is much useful and fundamental to interpret the ESR spectra of 

the metal complexes to derive the geometry. ESR measurements of Cu(II) 

complexes of all the studied ligands were carried out on a JEOL, Japan-JES-

FA200 ESR X and Q band spectrometer operating at a microwave frequency 

of ca. 9.35 GHz.  

3.6.12 Atomic Force Microscopy (AFM) 

 AFM supplies the wealth of information regarding the topography, 

particle size distribution and roughness of surface of the materials. Atomic 

force microscope (XE 70, Park systems-South Korea) was used to obtain 

surface image of the silica supported complexes in both 2-dimensional (2D) 

and 3-dimensional views with two magnification ranges (2.5 µmX2.5 µm and 

10 µm X 10 µm). 
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3.6.13 Viscosity Measurements 

 The molecular weight of a polymer can be directly related to its 

viscosity. The viscosity studies were carried out to measure the changes in the 

molecular weight of the complexes of IC upon EB treatment. The comparison 

of viscosity of the non-irradiated and irradiated complexes was analyzed by 

taking the maximum viscosity as 100%. The intrinsic viscosity (η) 

measurements were performed at room temperature for the samples of 

concentration 0.1 g/dL in 1% acetic acid with an Ubbelohde viscometer 

having the capillary diameter value, 0.4 cm. 

3.6.14 Gas Chromatography (GC) 

 The aliquots obtained from catalytic reactions were analyzed by 

Hewlett–Packard gas chromatograph (HP 6890) having FID detector, a 

capillary column (HP-5), with a programmed oven temperature from 50 to 

200 °C and a 0.5 cm3 min-1 flow rate of N2 as a carrier gas.  
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CHAPTER 4 

IMMOBILIZED Co(II), Ni(II) AND Cu(II) COMPLEXES OF 

THE SCHIFF BASE DERIVED FROM AMINO MODIFIED 

SILICA GEL AND ISATIN: CHARACTERIZATION AND 

CATALYTIC STUDY 

 

CONTENTS 

4.1 Characterization of the Schiff base ligand (isatin-silica gel 

(ISG)) 

4.2 Characterization of Co(II) complex ([Co(ISG)Cl2]) 

4.3 Characterization of Ni(II) complex ([Ni(ISG)Cl2]) 

4.4 Characterization of Cu(II) complex ([Cu(ISG)Cl2]) 

4.5 Catalytic study of [Co(ISG)Cl2], [Ni(ISG)Cl2] and 

[Cu(ISG)Cl2] 

 This chapter focuses on to discuss the spectral, thermal, 

morphological and catalytic properties of ISG and its complexes. 

Characterization methods involved in this chapter are EDS, FT-IR, diffuse 

reflectance (DR) UV-Vis., 29Si NMR, powder-XRD, ESR, TG-DTG, SEM 

and AFM.  The catalytic efficiency of the complexes has been also studied 

and compared in this chapter.   
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4.1 CHARACTERIZATION OF THE SCHIFF BASE LIGAND 

(ISATIN-SILICA GEL (ISG)) 

 The synthesized ligand (ISG) is found to be highly air stable and not 

soluble in common solvents viz water, ethanol, methanol, benzene and ether.  

4.1.1 EDS Analysis 

 The EDS spectra of unmodified silica gel, amino modified silica gel 

(Si-NH2) and Schiff base (ISG) are portrayed in Figure 4.1(a)-(c), 

respectively. After modification of silica gel, C and N have been identified in 

EDS analysis which may be the evidence for the formation of Si-C bonds. 

Decrease of relative Si content has also been noted due to the insertion of 3-

APTES and isatin. These observations clearly indicate the modification of 

silica gel with 3-APTES and isatin as well support the formation of Si-NH2 

and ISG.  

 

Figure 4.1(a) EDS spectrum of unmodified silica gel 



 

 

Figure 4.1(b)

Figure 4.1(c) EDS spectrum of the Schiff base 

4.1.2 FT-IR Spectroscopy

 FT-IR spectra of unmodified silica gel, Si

discussed to assure the chemical modifications performed on silica gel. They 

are presented in Figure 4.2. 

(Figure 4.2(a)), the bands observed at 3548 (broad) and 1632 cm

assigned to the stretching and bending vibrations of silanol groups (Si

respectively. The bands at 1094 and 798 cm

antisymmetric and symmetric stretching m

small shoulder observed at 974 cm

mode and the band at 462 cm

Figure 4.1(b)  EDS spectrum of Si-NH2 

Figure 4.1(c) EDS spectrum of the Schiff base ligand (ISG)

Spectroscopy 

IR spectra of unmodified silica gel, Si-NH2 and ISG have been 

discussed to assure the chemical modifications performed on silica gel. They 

are presented in Figure 4.2. In the FT-IR spectrum of unmodified silica gel

4.2(a)), the bands observed at 3548 (broad) and 1632 cm

assigned to the stretching and bending vibrations of silanol groups (Si

respectively. The bands at 1094 and 798 cm-1 are the characteristic 

antisymmetric and symmetric stretching modes (Si-O-Si) of [SiO

small shoulder observed at 974 cm-1 can be allocated to the Si

mode and the band at 462 cm-1 is the evidence for the presence of Si
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ligand (ISG) 

and ISG have been 

discussed to assure the chemical modifications performed on silica gel. They 

IR spectrum of unmodified silica gel 

4.2(a)), the bands observed at 3548 (broad) and 1632 cm-1 are 

assigned to the stretching and bending vibrations of silanol groups (Si-OH), 

are the characteristic 

Si) of [SiO4] units. A 

can be allocated to the Si-OH stretching 

is the evidence for the presence of Si-O-Si 



 

 

bending vibrations (Dıaz et al 1999, Huang et al 2008

Figure 4.2(b), the appearance of new continuing band in the region of 3290

3000 cm-1, characteristic stretching vibration of NH

amino modification of silica gel (

the stretching and bending vib

2938 and 1495 cm-1, respectively.  The NH

1572 cm-1 also supports the formation of Si

ISG (Figure 4.2(c)), stretching and bending vibrations of 

disappeared due to the imine (C=N) formation by the reaction of isatin with 

Si-NH2. The occurrence of this reaction is also proved by the presence of new 

characteristic bands at 1714 and 1629 cm

stretching modes of C=O and C=N groups, respectively. In addition to these 

changes, the new band is found at 1467 cm

stretch (Sharma et al 2012a, Hine & Yeh 1967

stretch is masked by the broad Si

obviously confirm the chemical modifications of silica gel as well as the 

formation of Si-NH2 and ISG.

Figure 4.2 FT-IR spectra of unmodified silica gel (a), Si
ISG (c) 

Dıaz et al 1999, Huang et al 2008). As shown in 

gure 4.2(b), the appearance of new continuing band in the region of 3290

, characteristic stretching vibration of NH2 group, confirms the 

amino modification of silica gel (Uruş et al 2010). It is further evidenced by 

the stretching and bending vibration modes of aliphatic CH2 groups, noted at 

, respectively.  The NH2 bending vibration observed at 

also supports the formation of Si-NH2. In the FT-IR spectrum of 

ISG (Figure 4.2(c)), stretching and bending vibrations of –NH

disappeared due to the imine (C=N) formation by the reaction of isatin with 

. The occurrence of this reaction is also proved by the presence of new 

characteristic bands at 1714 and 1629 cm-1 which are the indicative peaks for 

odes of C=O and C=N groups, respectively. In addition to these 

changes, the new band is found at 1467 cm-1 because of aromatic 

Sharma et al 2012a, Hine & Yeh 1967). The anticipated amide 

stretch is masked by the broad Si-OH stretching vibration. These observations 

obviously confirm the chemical modifications of silica gel as well as the 

and ISG. 

 

IR spectra of unmodified silica gel (a), Si
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4.1.3 29Si CP MAS NMR 

 The changes in the silicon environment of silica gel after 

modification with isatin have been studied by 

For the unmodified silica gel, the anticipated characteristic peaks 

appeared at ~110, ~105 and ~90 ppm which can be allocated to ((SiO)

silica sites, ((SiO)3SiOH) terminal silanol sites and ((SiO)

silanol groups, respectively. Among them, the peak at 110 ppm is 

predominant due to the abundance of ((Si

Pereira et al 2011, Shylesh & Singh 2006, Yokoi et al 2006, Meador et al 

2005, Caravajal et al 1988

the spectrum, the intense peak at 109 ppm, corresponds to (((SiO)

sites. The other two expected peaks are found to be less intense. Importantly, 

an additional broad peak is seen at ~60 ppm owing to the formation of new of 

((SiO)3SiC) sites (Wang et al 2010a

of the covalent modification of silica gel backbone through the reaction 

between terminal and geminal surface silanol groups. 

Figure 4.3 

Si CP MAS NMR Spectroscopy 

The changes in the silicon environment of silica gel after 

modification with isatin have been studied by 29Si CP MAS NMR technique. 

For the unmodified silica gel, the anticipated characteristic peaks 

appeared at ~110, ~105 and ~90 ppm which can be allocated to ((SiO)

SiOH) terminal silanol sites and ((SiO)2Si(OH)

silanol groups, respectively. Among them, the peak at 110 ppm is 

predominant due to the abundance of ((SiO)4Si) silica sites (Yin et al 2011, 

Pereira et al 2011, Shylesh & Singh 2006, Yokoi et al 2006, Meador et al 

2005, Caravajal et al 1988). Figure 4.3 shows 29Si NMR spectrum of ISG. In 

the spectrum, the intense peak at 109 ppm, corresponds to (((SiO)

sites. The other two expected peaks are found to be less intense. Importantly, 

an additional broad peak is seen at ~60 ppm owing to the formation of new of 

Wang et al 2010a). These observations are the indications 

modification of silica gel backbone through the reaction 

between terminal and geminal surface silanol groups.  

 

Figure 4.3 29Si CP MAS NMR spectrum of ISG
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The changes in the silicon environment of silica gel after 

Si CP MAS NMR technique. 

For the unmodified silica gel, the anticipated characteristic peaks have 

appeared at ~110, ~105 and ~90 ppm which can be allocated to ((SiO)4Si) 

Si(OH)2) geminal 

silanol groups, respectively. Among them, the peak at 110 ppm is 

Yin et al 2011, 

Pereira et al 2011, Shylesh & Singh 2006, Yokoi et al 2006, Meador et al 

Si NMR spectrum of ISG. In 

the spectrum, the intense peak at 109 ppm, corresponds to (((SiO)4Si)) silica 

sites. The other two expected peaks are found to be less intense. Importantly, 

an additional broad peak is seen at ~60 ppm owing to the formation of new of 

). These observations are the indications 

modification of silica gel backbone through the reaction 

Si CP MAS NMR spectrum of ISG 
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4.1.4 DR UV-Vis. Spectroscopy 

 The DR UV-Vis. spectra of unmodified silica gel, Si-NH2 and ISG 

are illustrated in Figure 4.4. UV-Vis. spectrum of unmodified silica gel 

(Figure 4.4(a)) displays different pattern than that of Si-NH2 (Figure 4.4(b)). 

This could be allocated to the chemical modification of silica gel with 3-

APTES. As an evident of this modification, in the electronic spectrum of Si-

NH2, a new band is observed around 315 nm which may be due to n-π* 

transition of non-bonded electrons present in –NH2 group of Si-NH2. In 

general, for the aromatic ring containing Schiff base ligands, two types of 

electronic transitions are expected (π-π* and n-π* transitions). The UV-Vis. 

spectrum of ISG (Figure 4.4(c)) displays two such characteristic absorption 

bands below 400 nm. The band at 220 nm is due to π-π* transition 

(characteristic of π-bonds of aromatic ring, C=N and C=O groups). Another 

band observed at 340 nm is assigned to n-π* transition, characteristic of non-

bonded electrons available on nitrogen (C=N) and oxygen (C=O) (Babu et al 

2001, Zhou et al 2010). Thus DR UV-Vis. study supports the chemical 

modification of silica gel with 3-APTES and isatin.                            

 

Figure 4.4(a)  DR UV-Vis. spectrum of unmodified silica gel 
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Figure 4.4(b) DR UV-Vis. spectrum of Si-NH2 

 

Figure 4.4(c) DR UV-Vis. spectrum of ISG 

4.1.5 Thermal Study 

 Figures 4.5(a)-(c) depict the TG-DTG patterns of unmodified silica 

gel, Si-NH2 and ISG, respectively. In Figure 4.5(a), unmodified silica gel 

exhibits two notable thermal degradation steps. The first step, corresponds to 

mass loss (3%), is assigned to the desorption of physically adsorbed water 

molecules (0-110 °C) and second step with weight loss (2%) may be due to 

the dehydroxylation of surface silanol groups (370-700 °C). Similarly, the 

TG-DTG graph of Si-NH2 shows two thermal decomposition stages  
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(Figure 4.5(b)). The first stage (3% mass loss) is due to desorption of 

physically adsorbed water molecules. Interestingly, the mass loss (6%), 

associates with second decomposition step, seems to be higher than that of 

unmodified silica gel. This may because of the entry of 3-APTES onto silica 

gel. Differently, ISG exposes three mass loss stages correspond to the 

desorption of physically adsorbed water molecules (0-110 °C), decay of 

organic contents (160-370 °C) and dehydroxylation of surface silanol groups 

(370-700 °C). The appearance of new decomposition step and increase in 

mass loss % support the formation of ISG from Si-NH2 and isatin.  

 

Figure 4.5(a) TG-DTG curves of unmodified silica gel 

 

Figure 4.5(b)  TG-DTG curves of Si-NH2 
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Figure 4.5(c) TG-DTG curves of ISG 

4.1.6 Powder-XRD Analysis 

 The wide angle powder-XRD patterns of unmodified silica gel, Si-

NH2 and ISG are shown in Figures 4.6(a)-(c), respectively. The obtained 

patterns of all the compounds exhibit a broad band centred at 2θ≈22°, 

characteristic of the amorphous nature and topological structure of silica 

support (Yin et al 2011, An et al 2013, Wang et al 2013). On comparison with 

unmodified silica gel (Figure 4.6(a)), the intensity of this characteristic peak 

is found to be decreased along with line broadening in powder-XRD patterns 

of Si-NH2 and ISG. This decrease in intensity is perhaps assigned to the 

filling of pores of silica surface or reduction in X-ray scattering contrast. 

Further, no new peaks are acquired after the formation of Si-NH2 and ISG. It 

could be ascribed that the amorphous nature and structural order of silica gel 

is maintained even after modification reactions (Fakhari et al 2005, Reeves 

1967). The line broadening and decrease in intensity can jointly support the 

chemical modification of silica gel with 3-APTES and isatin.  



 

 

Figure 4.6 Powder
(b) and ISG (c)

 

4.1.7 Scanning Electron Microscopy

 In order to find out the difference between the size and surface 

morphology of unmodified silica gel, Si

employed. The SEM images are given in Figure 4.7. In Figure 4.7(a), silica 

gel exhibits clear surface and there is no evidence for any adsorbed particles 

on the surface. After modification with 3

presence of adsorbed particles as seen in SEM image of Si

(Figure 4.7(b)). The number of particles in the surface of Si

be enhanced upon organo

formation of ISG. This noteworthy change in surfac

confirms the formation of ISG. In general, the modification of porous silica 

gel with organic functionalities can assist the effective adsorption of metal 

ions through complex formation (

here also the effective adsorption of Co(II), Ni(II) and Cu(II) metal ions is 

expected with ISG.  

Powder-XRD pattern of unmodified silica (a), Si
(b) and ISG (c) 

Electron Microscopy 

In order to find out the difference between the size and surface 

morphology of unmodified silica gel, Si-NH2 and ISG, SEM study has been 

employed. The SEM images are given in Figure 4.7. In Figure 4.7(a), silica 

gel exhibits clear surface and there is no evidence for any adsorbed particles 

After modification with 3-APTES, the surface shows the 

esence of adsorbed particles as seen in SEM image of Si

(Figure 4.7(b)). The number of particles in the surface of Si-NH

be enhanced upon organo-modification of Si-NH2 with isatin for the 

formation of ISG. This noteworthy change in surface (Figure 4.7(c)) further 

the formation of ISG. In general, the modification of porous silica 

gel with organic functionalities can assist the effective adsorption of metal 

ions through complex formation (Uruş et al 2013a, Uruş et al 2013b

here also the effective adsorption of Co(II), Ni(II) and Cu(II) metal ions is 
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Figure 4.7(a) SEM image of unmodified silica gel 

 

Figure 4.7(b) SEM image of Si-NH2 

 

Figure 4.7(c) SEM image of ISG 
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4.2 CHARACTERIZATION OF Co(II) COMPLEX ([Co(ISG)Cl 2]) 

 Like ISG, its Co(II) complex is also found to be air-stable and not 

soluble in water, ethanol, methanol, benzene, DMF, DMSO, acetonitrile and 

ether. The chemical stability of this complex in the range of solvents may 

make it an effective solid catalyst.  

4.2.1 EDS Analysis 

 

Figure 4.8 EDS spectrum of [Co(ISG)Cl2] 

 In Figure 4.8, the characteristic peak of Co is found in the EDS 

spectrum of [Co(ISG)Cl2] and this suggests its formation from ISG. The 

evident peaks of C, N, O and Cl are also present which further supports the 

formation of [Co(ISG)Cl2].  

4.2.2 FT-IR Spectroscopy 

 During the formation of [Co(ISG)Cl2], it is expected that nitrogen 

and oxygen of C=N and C=O groups, respectively to coordinate with Co(II). 

As a result, electron density in C=N and C=O would be reduced and the 

downward shift in their corresponding stretching frequency is expected. It is 

evidenced and confirmed by comparing the FT-IR spectra of [Co(ISG)Cl2] 

(Figure 4.9) and ISG (Figure 4.2(c)), respectively. This confirms the 



89 

 

 

coordination of ISG with Co(II) (Wan et al 1995, Negm et al 2011, Liu et al 

2013). Further, the evident stretching bands for M-N and M-O may be 

superimposed with the sharp Si-O-Si bending vibration modes noted at 460 

cm-1. Besides, the presence of characteristic bands of silica gel in the FT-IR 

spectrum of [Co(ISG)Cl2] shows that the fundamental structure of the parent 

silica support could not be disturbed even after the organo-modification and 

[Co(ISG)Cl2] formation. 

 

Figure 4.9 FT-IR spectrum of [Co(ISG)Cl2] 

4.2.3 DR UV-Vis. Spectroscopy 

 UV-Vis. spectroscopy is the best selection to determine the 

geometry of the metal complexes around the metal centre. The DR UV-Vis. 

spectrum of [Co(ISG)Cl2] is illustrated in Figure 4.10 The UV-Vis. spectrum 

of [Co(ISG)Cl2] exposes different electronic spectral pattern than that of its 

ligand (ISG). However, as found in UV-Vis. spectrum of ISG, the 

characteristics of π-π* and n-π* transitions are identified around 220 and 340 

nm, respectively in UV-Vis. spectrum of [Co(ISG)Cl2]. In contrast, two new 

bands are found in UV-Vis. pattern of [Co(ISG)Cl2]. The first one at 450 nm 

can be attributed to the ligand to metal charge transfer (LMCT). It suggests 
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the coordination of ISG with the Co(II) ions. This coordination behaviour of 

ISG with Co(II) ions is also endorsed by the appearance of new significant d-

d transition band. [Co(ISG)Cl2] shows this characteristic band as a broad band 

and it is centred at 600 nm. This broad band may appear as a result of 

overlapping closer energy d-d transitions. The entry of this salient d-d 

transition band in DR UV-Vis. spectrum of [Co(ISG)Cl2] suggests an 

approximate square planar geometry for the complex (Garg et al 2005). 

 

Figure 4.10 DR UV-Vis. spectrum of [Co(ISG)Cl2] 

4.2.4 Thermal Study 

 In Figure 4.11, TG-DTG curves of [Co(ISG)Cl2] show three weight 

loss stages which also have been noted in the case of ISG (Figure 4.5 (c)) . 

These three weight losses correspond to desorption of physically adsorbed 

water molecules (0-110 °C, 3% loss), decay of organic contents (110-340 °C, 

4% loss) and dehydroxylation of surface silanol groups (340-610 °C, 7%). 

The calculated weight loss% values of these three degradation steps are not 

comparable with that of ISG and most probably it is due to the coordination of 

Co(II) ions with ISG. Significantly, on contrary to ISG, [Co(ISG)Cl2] exhibits 

a new weight gain step (4%) above 610 °C. This may be due to the formation 
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of oxides of Co through oxidation reactions. Due to this weight gain, the 

residue% at 800 °C is found higher in TG-DTG analysis of [Co(ISG)Cl2] than 

that of ISG. Thus TG-DTG study firmly supports the coordination of Co(II) 

ions with ISG.  

 

Figure 4.11 TG-DTG curves of [Co(ISG)Cl2] 

4.2.5 Powder-XRD Analysis 

 The powder-XRD pattern of [Co(ISG)Cl2] is given in Figure 4.12. 

On comparison with ISG, the intensity of the characteristic peak (2θ≈22°) is 

not changed much and no new peaks are identified. It clearly suggests that 

amorphous nature and topological structure of silica support do not change 

even after [Co(ISG)Cl2] formation. However, [Co(ISG)Cl2] shows the 

characteristic peak of silica support with lesser intensity than ISG and this 

may be due to the filling of pores of silica surface by Co(II) ions or reduction 

in X-ray scattering contrast between the channel wall of silicate frame work 

and ISG (Dai et al 2003, Sharma et al 2012b).  

 



 

 

Figure 4.12 Powder

4.2.6 Scanning Electron Microscopy

 The SEM image

presence of organic functionalities in the surface of silica gel can help metals 

ions to be adsorbed through such surface functional groups (

Uruş et al 2013b)). In fact, as evide

the Co(II) ions are adsorbed 

ISG. Significantly, they are found on the surface of ISG in well dispersed 

manner without any agglomeration

ISG most probably provide the greater surface area for the better catalytic 

activity of [Co(ISG)Cl

silica gel particles do not lose their lumpy shape. 

silica support and the dispersed morphological behaviour of 

show that [Co(ISG)Cl

 

 

Figure 4.12 Powder-XRD pattern of [Co(ISG)Cl

Electron Microscopy 

SEM image of [Co(ISG)Cl2] is presented in Figure 4.13. The 

presence of organic functionalities in the surface of silica gel can help metals 

ions to be adsorbed through such surface functional groups ((Uruş

In fact, as evidenced by the SEM image of 

the Co(II) ions are adsorbed via complex formation throughout the surface of 

, they are found on the surface of ISG in well dispersed 

agglomeration. This uniform scattering of Co(II) ions on 

ISG most probably provide the greater surface area for the better catalytic 

[Co(ISG)Cl2]. Even after modification through complex formation, 

silica gel particles do not lose their lumpy shape. The chemical stability of 

silica support and the dispersed morphological behaviour of 

[Co(ISG)Cl2] cab be used as an effective heterogeneous cataly
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effective heterogeneous catalyst.  
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Figure 4.13  SEM image of [Co(ISG)Cl2]  

 

4.3 CHARACTERIZATION OF Ni(II) COMPLEX ([Ni(ISG)Cl 2]) 

 [Ni(ISG)Cl2] is non-hygroscopic and insoluble in variety of 

common solvents including water, ethanol, methanol, benzene, DMF, DMSO, 

acetonitrile and ether. This property can make [Ni(ISG)Cl2] a possible 

heterogeneous catalyst.   

4.3.1 EDS Analysis  

 Figure 4.14 shows that Ni(II) ions are successfully adsorbed on the 

imine modified silica gel (ISG) through complex formation as evidenced by 

the presence of respective peak for Ni. The evidence peak of Cl may indicate 

its involvement in the coordination complex ([Ni(ISG)Cl2]) as a ligand. 

 

Figure 4.14 EDS spectrum of [Ni(ISG)Cl2] 
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4.3.2 FT-IR Spectroscopy 

 

Figure 4.15 FT-IR spectrum of [Ni(ISG)Cl2] 

 To support the formation of [Ni(ISG)Cl2] from ISG, FT-IR 

spectrum of [Ni(ISG)Cl2] is illustrated in Figure 4.15. On comparison with 

the FT-IR spectrum of ISG (Figure 4.2(c)), it reveals almost similar pattern 

but with some significant changes. These changes might be the result of 

[Ni(ISG)Cl2] formation. In specific, the characteristic stretches of C=N and 

C=O groups are shifted to the lower wave number regions. This can be due to 

the coordination of nitrogen and oxygen of C=N and C=O groups of ISG, 

respectively to centre Ni(II) ion (Wan et al 1995, Negm et al 2011, Liu et al 

2013). This coordination may also be supported by the significant M-N and 

M-O stretches but they are not identified. The reason is that these 

characteristic bands are superimposed with the more prominant Si-O-Si 

bending vibration modes noted at 460 cm-1. The characteristic bands of silica 

gel are observed without changes in FT-IR spectrum (Figure 4.15) of 

[Ni(ISG)Cl2]. It suggests that silica gel have not lost its basic structure even 

after chemical modifications.  
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4.3.3 DR UV-Vis. Spectroscopy 

 To explain the geometry of [Ni(ISG)Cl2], its UV-Vis. spectrum is 

depicted in Figure 4.16. The UV-Vis. spectrum of [Ni(ISG)Cl2] shows the 

evident peaks of π-π* and n-π* transitions of ISG around 220 and 340 nm, 

respectively. In addition, another band is centred at ~520 nm which is 

attributed to the d-d transition of Ni(II). From the literature, it is clear that it is 

the characteristic of four coordinated square planar geometry for [Ni(ISG)Cl2] 

(Garg et al 2005). The presence of d-d, π-π* and n-π* transition bands 

supports the formation of [Ni(ISG)Cl2]. 

 

Figure 4.16 DR UV-Vis. spectrum of [Ni(ISG)Cl2] 

4.3.4 Thermal Study 

 The thermal behaviour of [Ni(ISG)Cl2], is illustrated by its TG-DTG 

pattern as given in Figure 4.17. Like [Co(ISG)Cl2], TG-DTG pattern of 

[Ni(ISG)Cl2] also exhibits three stages of weight loss and a weight gain. 

Though ISG shows three mass loss stages, its weight loss % is not comparable 

with [Ni(ISG)Cl2] as evidenced by their TG-DTG curves. This further 

supports the formation of [Ni(ISG)Cl2]. In TG-DTG pattern of [Ni(ISG)Cl2], 

three observed weight losses may correspond to desorption of physically 
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adsorbed water molecules (0-110 °C, 2% loss), decay of organic contents 

(110-370 °C, 4% loss) and dehydroxylation of surface silanol groups (370-

610 °C, 5%). The weight gain noted above 610 °C can also support the 

formation of [Ni(ISG)Cl2]. This weight gain leads to the higher residue % at 

800 °C than that of ISG and it may be due to the formation of metal oxides 

through oxidation reactions.   

 

Figure 4.17 TG-DTG curves of [Ni(ISG)Cl2] 

4.3.5 Powder-XRD Analysis 

 

Figure 4.18 Powder-XRD pattern of [Ni(ISG)Cl2] 

 The powder-XRD pattern of [Ni(ISG)Cl2] is presented in  

Figure 4.18. Though it displays the characteristic peak of silica gel at 2θ≈22°, 

its intensity does not match to that of ISG. The presence of the peak at 2θ≈22° 
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proposes that amorphicity and topological structure of silica support has not 

been altered even after the formation of [Ni(ISG)Cl2]. When the intensity of 

this peak found to be less, compared to that of ISG, and it is due to the filling 

of pores of silica surface by Ni(II) ions or reduction in X-ray scattering 

contrast between the channel wall of silicate frame work and ISG ((Dai et al 

2003, Sharma et al 2012b).).  

4.3.6 Scanning Electron Microscopy 

 The surface nature of [Ni(ISG)Cl2] is studied using its SEM image 

which is displayed in Figure 4.19. Introducing the organic functionalities into 

the surface of silica gel generally provides the opportunity for the metal ions 

to be adsorbed ((Uruş et al 2013a, Uruş et al 2013b)). Here also, the 

availability of imine (C=N) and carbonyl (C=O) groups in the surface of ISG 

could favour the adsorption of Ni(II) ions through complex formation. This 

metal adsorption may result in the enhancement of roughness. It is obvious 

that SEM photograph of [Ni(ISG)Cl2] shows a rougher surface than that of 

ISG due to the coordination reaction between Ni(II) ions and ISG. Ni(II) ions 

are adsorbed in well dispersed manner and not agglomerated which are the 

most wanted features for the effective heterogeneous catalysis. Even after 

modification through complex formation, silica gel maintains its lumpy shape.  

 

Figure 4.19 SEM image of [Ni(ISG)Cl2]  
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4.4 CHARACTERIZATION OF Cu(II) COMPLEX ([Cu(ISG)Cl 2]) 

 It is non-hygroscopic and insoluble in normal solvents such as 

water, ethanol, methanol, benzene, DMF, DMSO, acetonitrile and ether.  

4.4.1 EDS Analysis 

 EDS spectrum of [Cu(ISG)Cl2] (Figure 4.20) clearly represents the 

presence of Cu, C, N, O and Cl which can support the formation of 

[Cu(ISG)Cl2].  

 

Figure 4.20 EDS spectrum of [Cu(ISG)Cl2] 

4.4.2 FT-IR Spectroscopy 

 

Figure 4.21 FT-IR spectrum of [Cu(ISG)Cl2]  
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 The FT-IR spectrum of [Cu(ISG)Cl2] (Figure 4.21) is found to be 

similar to that of ISG except some changes. The changes are, in specific, 

shifts in the characteristic stretches of C=N and C=O groups to the lower 

wave number region. This could be due to the coordination of nitrogen and 

oxygen of C=N and C=O groups, respectively with the central Cu(II) ion 

(Wan et al 1995, Negm et al 2011, Liu et al 2013). The expected M-N and M-

O bands are perhaps superimposed with the sharp Si-O-Si bending vibration 

modes noted at 460 cm-1. Though the silica gel has undergone series of 

chemical modifications, it does not loss its fundamental structure as 

evidenced by the presence of characteristic bands of silica gel in the FT-IR 

spectrum of [Cu(ISG)Cl2].  

4.4.3 DR UV-Vis. Spectroscopy 

 With the motive to derive the geometry of [Cu(ISG)Cl2], its DR 

UV-Vis. spectrum is depicted in Figure 4.22. As found in the UV-Vis. 

spectrum of ISG, [Cu(ISG)Cl2] also exhibits the characteristic bands of π-π* 

and n-π* transitions at around 220 and 340 nm, respectively. On the other 

hand, it shows an additional band centred at 600 nm which is identified as the 

broad one and attributed to the d-d transition, characteristic of square planar 

geometry around Cu(II) centre in [Cu(ISG)Cl2] (Arnold 1979). The broadness 

may be due to the overlapping of expected d-d transitions of Cu(II) square 

planar system. Moreover, the entry of this d-d transition band in UV-Vis. 

spectrum of [Cu(ISG)Cl2] further supports the formation of [Cu(ISG)Cl2], 

which can be assigned square planar geometry. 
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Figure 4.22 DR UV-Vis. spectrum of [Cu(ISG)Cl2] 

4.4.4 29Si CP MAS NMR Spectroscopy 

 The changes in the silicon environment of ISG after complex 

formation have been studied by 29Si CP MAS NMR technique. Generally, the 

expected characteristic peaks for silica gel are observed at ~110, ~105 and 

~90 ppm, due to the presence of ((SiO)4Si) silica sites, ((SiO)3SiOH) terminal 

silanol sites and ((SiO)2Si(OH)2) geminal silanol groups, respectively. In 

particular, the peak at ~110 ppm is more predominant due to the abundance of 

((SiO)4Si) silica sites. In Figure 4.23, 29Si NMR spectrum of [Cu(ISG)Cl2] 

shows this predominant peak at ~109 ppm. However, other two expected 

peaks are found to have less intensity because of their lesser abundance.  An 

additional broad peak is seen at ~60 ppm owing to the formation of new 

((SiO)3SiC) sites. Though these peaks are found in 29Si NMR spectra of both 

ISG and [Cu(ISG)Cl2], their position and intensity are slightly unequal as the 

consequence of Cu(II) coordination with ISG.  



 

 

Figure 4.23 29

4.4.5 Electron Spin Resonance 

 ESR spectrum of 

around central Cu(II) ions of 

resultant spectra are found to be typical for axial nature and the detected 

factors are in the order of 

unpaired electron most probably dwells in the 

be square planar geometry as conferred in UV

et al 1999). The gII value seems to be less than 2.3 and it is a clear indication 

for the covalent character of Cu

Niemon (Kivelson & Neiman 2004

expressed by the subsequent equation:

 G = (gII-2) / (

 As reported earlier, for the parallely aligned or slightly misaligned 

local axes, the G value is greater than 4.0 whereas it is less than 4.0 for 

 

29Si CP MAS NMR spectrum of [Cu(ISG)Cl

Spin Resonance (ESR) Spectroscopy 

ESR spectrum of [Cu(ISG)Cl2] was recorded to verify the geometry 

around central Cu(II) ions of [Cu(ISG)Cl2] and illustrated in Figure 4.24.

resultant spectra are found to be typical for axial nature and the detected 

factors are in the order of gII > g┴ >2.0023. This order indic

unpaired electron most probably dwells in the d��	��� orbital and it is likely to 

be square planar geometry as conferred in UV-Vis. spectroscopy (

value seems to be less than 2.3 and it is a clear indication 

for the covalent character of Cu-ISG interaction as suggested by Kivelson and 

Kivelson & Neiman 2004). The exchange coupling factor (G) can be 

expressed by the subsequent equation: 

2) / (g┴-2)      

As reported earlier, for the parallely aligned or slightly misaligned 

local axes, the G value is greater than 4.0 whereas it is less than 4.0 for 
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Si CP MAS NMR spectrum of [Cu(ISG)Cl2] 

was recorded to verify the geometry 

] and illustrated in Figure 4.24. The 

resultant spectra are found to be typical for axial nature and the detected g 

>2.0023. This order indicates that the 

orbital and it is likely to 

Vis. spectroscopy (Deshpande 

value seems to be less than 2.3 and it is a clear indication 

ISG interaction as suggested by Kivelson and 

). The exchange coupling factor (G) can be 

        (4.1) 

As reported earlier, for the parallely aligned or slightly misaligned 

local axes, the G value is greater than 4.0 whereas it is less than 4.0 for 
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appreciably misaligned local axes with considerable exchange coupling. From 

the ESR spectrum of [Cu(ISG)Cl2], the calculated G value is 7.0 and it 

indicates that only negligible exchange coupling could be possible (Hathaway 

& Billing 1970, Dudley & Hathaway 1970). 

 

Figure 4.24 ESR spectrum of [Cu(ISG)Cl2] 

4.4.6 Thermal Study 

 Thermal properties of [Cu(ISG)Cl2] have been studied by discussing 

its TG-DTG pattern (Figure 4.25). It reveals three weight losses as identified 

in the TG-DTG pattern of ISG (Figure 4.5 (c)). Nevertheless, the weight 

loss% associated with these thermal decays is not comparable to that of ISG. 

This variation may be allocated to the coordination of Cu(II) ions with ISG. 

These three thermal degradation steps may be assigned to the desorption of 

physically adsorbed water molecules (0-110 °C, 2% loss), decay of organic 

contents (110-360 °C, 3% loss) and dehydroxylation of surface silanol groups 

(360-570 °C, 3%). A significant weight gain is noted in case of [Cu(ISG)Cl2] 

above 600 °C which may be due to the formation of oxides of Cu through 

oxidation reactions and this can further support the adsorption of Cu(II) ions 

through complex formation.  



 

 

Figure 4.25

4.4.7 Powder-XRD 

Figure 4.26

 In Figure 4.26, powder

characteristic peak of silica gel at 2

patterns of ISG and [Cu(ISG)Cl

with unmodified silica gel. This observation apparently proposes that the 

amorphicity and topological structure of silica support have not been altered 

even after ISG and [Cu(ISG)Cl

the characteristic peak of silica support with lesser intensity than ISG and this 

 

Figure 4.25 TG-DTG curves of [Cu(ISG)Cl2] 

XRD Analysis 

 

Figure 4.26 Powder-XRD pattern of [Cu(ISG)Cl

In Figure 4.26, powder-XRD pattern of [Cu(ISG)Cl

characteristic peak of silica gel at 2θ≈22°. Significantly, both powder

patterns of ISG and [Cu(ISG)Cl2] are very similar with each other and also 

with unmodified silica gel. This observation apparently proposes that the 

ological structure of silica support have not been altered 

even after ISG and [Cu(ISG)Cl2] formation. However, [Cu(ISG)Cl

the characteristic peak of silica support with lesser intensity than ISG and this 
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XRD pattern of [Cu(ISG)Cl 2] 

XRD pattern of [Cu(ISG)Cl2] shows the 

, both powder-XRD 

] are very similar with each other and also 

with unmodified silica gel. This observation apparently proposes that the 

ological structure of silica support have not been altered 

] formation. However, [Cu(ISG)Cl2] shows 

the characteristic peak of silica support with lesser intensity than ISG and this 
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may be due to the filling of pores of silica surface by Cu(II) ions or reduction 

in X-ray scattering contrast between the channel wall of silicate frame work 

and ISG (Dai et al 2003, Sharma et al 2012b). Rather than other two 

complexes of ISG, few new peaks are observed in powder-XRD pattern of 

[Cu(ISG)Cl2] which suggests that [Cu(ISG)Cl2] is the better crystalline. 

4.4.8 Scanning Electron Microscopy 

 The surface changes in ISG after the formation of [Cu(ISG)Cl2] are 

explored by SEM analysis. As shown in Figure 4.27, SEM image of 

[Cu(ISG)Cl2] reveals rough surface than that of ISG (Figure 4.7(c)). This may 

be due to the coordination reaction with the organic functionalities (C=N and 

C=O) available in surface of ISG ((Uruş et al 2013a, Uruş et al 2013b)). 

Remarkably, these adsorbed Cu(II) ions are well dispersed and not 

agglomerated. Such uniform dispersion of Cu(II) ions on ISG perhaps lead to 

the  greater surface area towards better catalytic activity of [Cu(ISG)Cl2]. On 

comparison, silica gel particles do not give up their lumpy shape after the 

series of chemical modifications. This can be substantiated by the SEM 

photograph of [Cu(ISG)Cl2]  (Figure 4.27).   

 

Figure 4.27 SEM image of [Cu(ISG)Cl2] 



105 

 

 

4.4.9 Atomic Force Microscopy (AFM) 

 Figure 4.28 demonstrates 2D and 3D AFM images of [Cu(ISG)Cl2]  

in two different magnifications for the further investigation of surface 

properties, and particularly particles dispersion. From the AFM images, it is 

obvious that the particles are found to be emerged as the cone shaped heaps. 

They are not agglomerated and well scattered with each other. These 

observations support the surface information obtained from the SEM image 

(Figure 4.27). 

 

Figure 4.28 2D (a) and 3D (b) AFM images (10X10 µm); 2D (c) and 3D 
(d) AFM images (2.5X2.5 µm) of [Cu(ISG)Cl2] 
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 With the help of the results obtained from the various 

characterization techniques, the following structure (Figure 4.29) is proposed 

for [M(ISG)Cl2]. 

 

Figure 4.29 Proposed structure of [M(ISG)Cl2] 

4.5 CATALYTIC STUDY OF [Co(ISG)Cl 2], [Ni(ISG)Cl 2] AND 

[Cu(ISG)Cl 2] 

 To assess the catalytic activities of the Co(II), Ni(II) and Cu(II) 

complexes of ISG, oxidation of cyclohexane reaction has been selected. The 

reason is that its products such as cyclohexanol and cyclohexanone (also 

known as KA oil) are industrially important products due to their wide 

applications. Adipic acid (starting compound for the manufacture of nylon 6, 

6’, soaps and detergents, rubber materials, pesticides) is primarily synthesized 

from cyclohexanol. Cyclohexanone functions as an industrial solvent and 

activator in oxidation reactions (Pedras et al 2012, Pandeya et al 1999, 

Pignatello et al 1994). To perform this cyclohexane oxidation reaction as 
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environmentally benign one, H2O2 oxidant has been opted because it leaves 

only water as the by-product. On the other hand, other oxidizing agents such 

as O2 and TBHP may lead to explosion and unwanted harmful co-products, 

respectively (Wang et al 2010a).  

 When the cyclohexane oxidation was attempted at room temperature 

(25 °C), only negligible cyclohexane conversion was obtained. Therefore, the 

reaction temperature was raised stepwise to find the optimum temperature. 

Upon increasing the reaction temperature, the cyclohexane conversion 

efficiency was increased up to 70 °C irrespective of the complexes of ISG. 

Further increase of temperature above 70 °C did not provide any significant 

change in the cyclohexane conversion. This may be due to the fact that 70 °C 

is closer to the boiling point of cyclohexane. Consequently, 70 °C was fixed 

as the most favourable temperature to supply adequate energy for the 

reactants to cross over the energy barrier of cyclohexane oxidation reaction. 

The catalytic efficiencies of [Co(ISG)Cl2], [Ni(ISG)Cl2] and [Cu(ISG)Cl2] at 

different temperatures between 30 to 80 °C are given in Figure 4.30. Reaction 

temperature has influenced only cyclohexane conversion% and not on product 

selectivity.  

 

Figure 4.30 Catalytic activity of [M(ISG)Cl2] at different temperature 
for 12 h 



 

 

 In literature, most of the 

and cyclohexanone have been found as the main products in cyclohexane 

oxidation reaction (Parida et al 2010, Silva et al 2009, Alavi et al 2013

our study also, cyclohexane oxidation catalyzed by Co(II), Ni(II) and Cu(II) 

complexes of ISG has given cyclohexanol and cyclohexanone (KA oil) as 

products.  There was no evidence for other products in GC analysis. 

completion of catalytic reactions, acid

the product mixture to check the formation of acidic product (adipic acid). On 

cooling the product mixture, no white precipitate was obtained. 

of the product mixture against NaOH also confirms the absen

in the product. The schematic illustration of cyclohexane oxidation carrying 

out using [M(ISG)Cl2] catalyst and H

Figure 4.31 Schematic 
catalyzed by [M(ISG)Cl

Figure 4.32 Catalytic activity of [M(ISG)Cl
at 70 °C

In literature, most of the researchers have reported that cyclohexanol 

and cyclohexanone have been found as the main products in cyclohexane 

Parida et al 2010, Silva et al 2009, Alavi et al 2013

also, cyclohexane oxidation catalyzed by Co(II), Ni(II) and Cu(II) 

complexes of ISG has given cyclohexanol and cyclohexanone (KA oil) as 

products.  There was no evidence for other products in GC analysis. 

completion of catalytic reactions, acid-base titration was also carried out with 

the product mixture to check the formation of acidic product (adipic acid). On 

cooling the product mixture, no white precipitate was obtained. 

of the product mixture against NaOH also confirms the absence of adipic acid 

The schematic illustration of cyclohexane oxidation carrying 

] catalyst and H2O2 oxidant is given in Figure 4.31. 

Schematic presentation of the cyclohexane oxidation 
catalyzed by [M(ISG)Cl2] with H 2O2 at 70 °C 

 

Catalytic activity of [M(ISG)Cl 2] for different time intervals 
at 70 °C 
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that cyclohexanol 

and cyclohexanone have been found as the main products in cyclohexane 

Parida et al 2010, Silva et al 2009, Alavi et al 2013). In 

also, cyclohexane oxidation catalyzed by Co(II), Ni(II) and Cu(II) 

complexes of ISG has given cyclohexanol and cyclohexanone (KA oil) as 

products.  There was no evidence for other products in GC analysis. After the 

ase titration was also carried out with 

the product mixture to check the formation of acidic product (adipic acid). On 

cooling the product mixture, no white precipitate was obtained. The titration 

ce of adipic acid 

The schematic illustration of cyclohexane oxidation carrying 

Figure 4.31.  

 

the cyclohexane oxidation 

] for different time intervals 
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 The catalytic activity of the complexes of ISG was independently 

studied in cyclohexane oxidation for 12 h. In order to explore the effect of 

reaction time on cyclohexane conversion efficiency, the aliquots from the 

reaction media were taken out between the time intervals of 2 h. The 

cyclohexane conversion efficiency exhibited by all catalysts at the time 

intervals of 2 h is provided in Figure 4.32. All the complexes showed increase 

in catalytic activity with the increase of time. However, further increase of 

time after 12 h, has not revealed any improvement in conversion efficiency. 

Unlike reaction temperature, reaction time has considerably changed both 

cyclohexane conversion % and product selectivity. In particular, the notable 

observation from the time dependant catalytic study of catalysts is that the 

cyclohexanone selectivity increased with the increase of reaction time 

irrespective of all the complexes. On the other hand, the cyclohexanol 

selectivity has been found to decrease with the increase of reaction time. This 

confirms that cyclohexane is first oxidized into cyclohexanol and 

subsequently to cyclohexanone.  

 [Cu(ISG)Cl2] showed better catalytic efficiency compared to 

[Co(ISG)Cl2] and [Ni(ISG)Cl2]. In detail, it demonstrates 49% cyclohexane 

conversion at 12 h, with 27% cyclohexanol and 73% cyclohexanone product 

selectivity. The higher catalytic efficiency of [Cu(ISG)Cl2] may be due to its 

effectiveness in decomposing H2O2 and the well dispersed nature of its 

surface. [Co(ISG)Cl2] and [Ni(ISG)Cl2] revealed 40 and 37% cyclohexane 

conversions respectively. Though the catalytic efficacies of [Co(ISG)Cl2] and 

[Ni(ISG)Cl2] are comparable, [Co(ISG)Cl2] yielded better cyclohexanone 

selectivity (14% cyclohexanol & 86% cyclohexanone). The variation in 

product selectivity may be depending upon the nature of the metal ions. The 

detailed product selectivity is given in Table 4.1. 
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Table 4.1 Product selectivity achieved by the complexes of ISG in 
cyclohexane oxidation at different time intervals 

 

Catalyst 

Selectivity (%) (Cyclohexanol/Cyclohexanone) 

2h 4h 6h 8h 10h 12 h 

ISG - - - - - - 

[Co(ISG)Cl2] 67/33 54/46 45/55 31/69 22/78 14/86 

[Ni(ISG)Cl2] 69/31 59/41 52/48 40/60 28/72 21/79 

[Cu(ISG)Cl2] 71/29 62/38 50/50 41/59 35/65 27/73 

 

 The coordinatively unsaturated metal ion species such as Co(II), 

Ni(II) and Cu(II) present in their corresponding complexes might play a 

crucial role in catalytic performance of complexes. It has been checked by 

performing cyclohexane oxidation by ISG instead of its complexes which has 

yielded no cyclohexane conversion. Thus the significance of coordinatively 

unsaturated metal ion species such as Co(II), Ni(II) and Cu(II) is proved in 

cyclohexane oxidation. A blank experiment was carried out without catalyst 

(complexes of ISG), which does not show any cyclohexane conversion and 

thus the importance of catalyst has been proved. Furthermore, the role of 

oxidant is also crucial as no cyclohexane conversion notified in the absence of 

H2O2.  

4.5.1 Catalytic Reusability  

 The salient feature of supported complex catalyst is their stability in 

the successive catalytic run (Durak et al 2013). To study the stability of the 

complexes of ISG, [Cu(ISG)Cl2] was chosen, as it showed superior catalytic 

activity than other two complexes. The [Cu(ISG)Cl2] was filtered off after the 

first catalytic run, washed with ethanol and ether, and re-employed in the next 
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catalytic run. The reusability of [Cu(ISG)Cl2] was explored by carrying out 

seven consecutive catalytic run by maintaining all other conditions unaltered.   

 The results of this reusability study are illustrated in Figure 4.33. 

Cyclohexane conversion efficiency of [Cu(ISG)Cl2] has been seemed to be 

well comparable throughout the catalytic cycle. Comprehensively, 

[Cu(ISG)Cl2] lost only 4% of its original catalytic activity at seventh catalytic 

run and selectivity of the products was also comparable in each catalytic run. 

It proves the excellent stability of catalysts ([Co(ISG)Cl2]/[Ni(ISG)Cl2] 

/[Cu(ISG)Cl2]) which are covalently immobilized on silica gel. This catalytic 

study suggests that Cu(II) ion has not been leached out of the surface of silica 

gel during the catalytic reaction. This catalytic reusability study substantiates 

that the complexes of ISG are heterogeneous in nature due to the silica 

support.  

 

Figure 4.33 Catalytic reusability of [Cu(ISG)Cl2] 
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CHAPTER 5 

IMMOBILIZED Co(II), Ni(II) AND Cu(II) COMPLEXES OF 

THE SCHIFF BASE DERIVED FROM AMINO MODIFIED 

SILICA GEL AND BENZIL: CHARACTERIZATION AND 

CATALYTIC STUDY 

 

CONTENTS 

5.1 Characterization of the Schiff base ligand (benzil-silica gel 

(BSG)) 

5.2 Characterization of Co(II) complex ([Co(BSG)Cl2]) 

5.3 Characterization of Ni(II) complex ([Ni(BSG)Cl2]) 

5.4 Characterization of Cu(II) complex ([Cu(BSG)Cl2]) 

5.5 Catalytic study of [Co(BSG)Cl2], [Ni(BSG)Cl2] and 

[Cu(BSG)Cl2] 

 Characterization of silica containing Schiff base ligand (benzil-silica 

gel, BSG) and its Co(II), Ni(II) and Cu(II) complexes has been dealt in this 

chapter. To characterize BSG and its complexes, variety of techniques has 

been employed namely EDS, FT-IR, DR UV-Vis., 29Si NMR, powder-XRD, 

ESR, TG-DTG, SEM and AFM. Additionally, this chapter discusses the 

catalytic properties of the complexes of BSG using cyclohexane oxidation as 

the model reaction.  



 

 

5.1 CHARACTERIZATION OF THE SCHIFF BASE LIGAND 

(BENZIL- SILICA GEL 

 Silica containing ligand, BSG is 

in regular solvents including water, ethanol, methanol, benzene and ether.

5.1.1 EDS Analysis 

 For comparison, EDS spectra of unmodified silica gel, amino 

modified silica gel (Si

Figure 5.1(a)-(c), respectively. It is obvious that presence of C and N 

elemental peaks in Figure 5.1(b) suggests

3-APTES. The presence of C elemental peak may be appeared because of the 

formation of Si-C bonds. Si content has been found to be relatively decreased 

upon modification of silica gel which also supports the reaction of 

with 3-APTES followed by benzil. 

Figure 5.1(a) EDS spectrum of unmodified silica gel

Figure 5.1(b)

CHARACTERIZATION OF THE SCHIFF BASE LIGAND 

SILICA GEL (BSG)) 

Silica containing ligand, BSG is very much air-stable and 

in regular solvents including water, ethanol, methanol, benzene and ether.

Analysis  

For comparison, EDS spectra of unmodified silica gel, amino 

modified silica gel (Si-NH2) and Schiff base (BSG) are illustrated in 

(c), respectively. It is obvious that presence of C and N 

elemental peaks in Figure 5.1(b) suggests the modification of silica gel with 

APTES. The presence of C elemental peak may be appeared because of the 

C bonds. Si content has been found to be relatively decreased 

upon modification of silica gel which also supports the reaction of 

APTES followed by benzil.  

Figure 5.1(a) EDS spectrum of unmodified silica gel

Figure 5.1(b) EDS spectrum of Si-NH2 
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CHARACTERIZATION OF THE SCHIFF BASE LIGAND 

stable and insoluble 

in regular solvents including water, ethanol, methanol, benzene and ether.  

For comparison, EDS spectra of unmodified silica gel, amino 

) and Schiff base (BSG) are illustrated in  

(c), respectively. It is obvious that presence of C and N 

the modification of silica gel with 

APTES. The presence of C elemental peak may be appeared because of the 

C bonds. Si content has been found to be relatively decreased 

upon modification of silica gel which also supports the reaction of silica gel 

 

Figure 5.1(a) EDS spectrum of unmodified silica gel 

 



 

 

Figure 5.1(c) EDS spectrum of the Schiff base ligand (BSG)

5.1.2 FT-IR Spectroscopy

 To further confirm the 

followed by benzil, the FT

in Figure 5.2. In FT-IR spectrum of silica gel (Figure 5.2(a)), the bands noted 

at 1094 and 798 cm-1

symmetric stretches of Si

could be due to the bending vibrations of O

978 cm-1 is allocated to Si

surface silanol groups (Si

et al 1999, Huang et al 2008

the FT-IR spectrum of Si

framework is not affected even after 

new continuing band, attribute of 

3290-3000 cm-1 and confirms the aminopropylation of silica gel with 3

APTES. It is further supported by the existence of stretching and be

vibrations of aliphatic 

–OH stretch of silanol has been shifted to lower wave number region which 

implies the grafting of 3

2012a). In Figure 5.2(c

in FT-IR spectrum of BSG. 

EDS spectrum of the Schiff base ligand (BSG)

Spectroscopy 

To further confirm the modification of silica gel with 3

followed by benzil, the FT-IR spectra of silica gel, Si-NH2 and BSG are given 

IR spectrum of silica gel (Figure 5.2(a)), the bands noted 
1 are attributed to the characteristic anti-

symmetric stretches of Si-O-Si bond, respectively. The band at 462 cm

could be due to the bending vibrations of O-Si-O units. A small shoulder at 

is allocated to Si-OH stretching mode. The significant stretch of 

l groups (Si-O-H) is found at 3548 cm-1 as a broad band ((

et al 1999, Huang et al 2008). All these characteristic bands are also present in 

IR spectrum of Si-NH2 (Figure 5.2(b)), which indicates that silica 

framework is not affected even after chemical modification. In Figure 1(b), a 

new continuing band, attribute of –NH2 stretch, has emerged in the region of 

and confirms the aminopropylation of silica gel with 3

APTES. It is further supported by the existence of stretching and be

vibrations of aliphatic –CH2- groups at 2938 and 1495 cm-1, respectively. The 

OH stretch of silanol has been shifted to lower wave number region which 

implies the grafting of 3-APTES on to surface silanol groups (

). In Figure 5.2(c), characteristic bands of –NH2 group have

IR spectrum of BSG. This can be assigned to the formation of BSG by 
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EDS spectrum of the Schiff base ligand (BSG) 

modification of silica gel with 3-APTES 

and BSG are given 

IR spectrum of silica gel (Figure 5.2(a)), the bands noted 

symmetric and 

Si bond, respectively. The band at 462 cm-1 

O units. A small shoulder at 

OH stretching mode. The significant stretch of 

as a broad band ((Dıaz 

). All these characteristic bands are also present in 

(Figure 5.2(b)), which indicates that silica 

chemical modification. In Figure 1(b), a 

s emerged in the region of 

and confirms the aminopropylation of silica gel with 3-

APTES. It is further supported by the existence of stretching and bending 

, respectively. The 

OH stretch of silanol has been shifted to lower wave number region which 

APTES on to surface silanol groups (Sharma et al 

have disappeared 

can be assigned to the formation of BSG by 



 

 

the reaction between Si

existence of distinctive stretch of 

of Schiff base between Si

aromatic -C=C- stretch at 1474 cm

Hine & Yeh 1967). Apart from these, an additional band is found at 1720 cm

and suggests that one of the 

Schiff base reaction. 

Figure 5.2 FT-IR spectra of unmodified silica gel (a), Si
BSG (c)

 

5.1.3 29Si CP MAS NMR 

 This spectral technique is successfully involved in the 

characterization of silica based materials by analyzing silicon environment of 

the selected compounds

the unmodified silica gel at ~110 and ~105 ppm

((SiO)4Si) sites and ((SiO)

of ((SiO)4Si) sites in silica gel make

et al 2011, Pereira et al 2011, Shylesh & Singh 2006, Yokoi et al 2006, 

the reaction between Si-NH2 and benzil. The new band at 1629 cm

existence of distinctive stretch of –C=N group, further confirms the 

between Si-NH2 and benzil. It is also evidenced by significant 

stretch at 1474 cm-1 as a medium band (Sharma et al 2012a, 

). Apart from these, an additional band is found at 1720 cm

suggests that one of the –C=O groups of benzil have not been involved in 

IR spectra of unmodified silica gel (a), Si
BSG (c) 

Si CP MAS NMR Spectroscopy 

This spectral technique is successfully involved in the 

characterization of silica based materials by analyzing silicon environment of 

compounds. Normally two characteristic peaks are expected for 

the unmodified silica gel at ~110 and ~105 ppm which are the evidences of 

Si) sites and ((SiO)3SiOH) silanol groups, respectively. The abundance 

Si) sites in silica gel makes the peak at 110 ppm predominant (

et al 2011, Pereira et al 2011, Shylesh & Singh 2006, Yokoi et al 2006, 
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and benzil. The new band at 1629 cm-1, the 

confirms the formation 

and benzil. It is also evidenced by significant 

Sharma et al 2012a, 

). Apart from these, an additional band is found at 1720 cm-1 

C=O groups of benzil have not been involved in 

 

IR spectra of unmodified silica gel (a), Si-NH2 (b) and 

This spectral technique is successfully involved in the 

characterization of silica based materials by analyzing silicon environment of 

. Normally two characteristic peaks are expected for 

which are the evidences of 

, respectively. The abundance 

the peak at 110 ppm predominant (Yin 

et al 2011, Pereira et al 2011, Shylesh & Singh 2006, Yokoi et al 2006, 



 

 

Meador et al 2005, Caravajal et al 1988

shown in Figure 5.3. The two expected characteristic peaks of silica gel are 

observed in 29Si NMR spectrum of BSG. But intensity of the peak at 105 ppm 

(characteristic of (((SiO)

the successful modification of surface 

groups (Pérez-Quintanilla et al 2006

ppm in the 29Si NMR spectrum of BSG can be due to the formation of

((SiO)3SiC) sites as the consequence of organo

groups ((Singha et al 2011, Carvalho et al 1999, Wang et al 2010a

Figure 5.3 

5.1.4 DR UV-Vis. 

 The DR UV

separately presented in Figure 5.4(a)

Si-NH2 shows a significant band below 400 nm which may be

n-π* transition of non-

of BSG, along with n-

notified below 300 nm which can be allotted to 

eador et al 2005, Caravajal et al 1988). 29Si NMR spectrum of BSG is 

shown in Figure 5.3. The two expected characteristic peaks of silica gel are 

Si NMR spectrum of BSG. But intensity of the peak at 105 ppm 

(characteristic of (((SiO)3SiOH)) sites) seems to be very low which support 

the successful modification of surface –OH groups with organic functional 

Quintanilla et al 2006). A new significant peak noted at ~65 

Si NMR spectrum of BSG can be due to the formation of

SiC) sites as the consequence of organo-modification of surface 

Singha et al 2011, Carvalho et al 1999, Wang et al 2010a

 

Figure 5.3 29Si CP MAS NMR spectrum of BSG

Vis. Spectroscopy 

he DR UV-Vis. spectra of silica gel, Si-NH2 

separately presented in Figure 5.4(a)-(c). Unlike silica gel, UV-

shows a significant band below 400 nm which may be

-bonded electrons of –NH2 groups. In UV

-π* transition, an additional electronic transition band is 

notified below 300 nm which can be allotted to π-π* transition of aromatic 
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Si NMR spectrum of BSG is 

shown in Figure 5.3. The two expected characteristic peaks of silica gel are 

Si NMR spectrum of BSG. But intensity of the peak at 105 ppm 

ites) seems to be very low which support 

OH groups with organic functional 

). A new significant peak noted at ~65 

Si NMR spectrum of BSG can be due to the formation of 

modification of surface –OH 

Singha et al 2011, Carvalho et al 1999, Wang et al 2010a).  

 

Si CP MAS NMR spectrum of BSG 

 and BSG are 

-Vis. pattern of 

shows a significant band below 400 nm which may be due to the of  

groups. In UV-Vis. spectrum 

transition, an additional electronic transition band is 

transition of aromatic  
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π-electrons. Emergence of this extra band apparently suggests the formation 

of BSG. But in the case of BSG, n-π* transition is owing to the existence of 

non-bonded electrons of nitrogen (C=N) and oxygen (C=O) and not of 

nitrogen  

(-NH2 groups) (Babu et al 2001, Zhou et al 2010).  

 

Figure 5.4(a) DR UV-Vis. spectrum of unmodified silica gel 

 

Figure 5.4(b) DR UV-Vis. spectrum of Si-NH2 
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Figure 5.4(c) DR UV-Vis. spectrum of BSG 

5.1.5 Thermal Study 

 To study and compare the thermal properties of silica gel, Si-NH2 

and BSG, their TG-DTG patterns are illustrated in Figure 5.5(a)-5.5(c). TG-

DTG pattern of silica gel exhibits two decomposition peaks correspond to the 

loss of physically adsorbed water molecules (0-100 °C, 2.94%) and 

dehydroxylation surface silanol groups (370-800 °C, 1.4%). Though Si-NH2 

shows two similar decomposition peaks, the second one is seemed as huge 

(345-645 °C, 5.67%), may be due to the decay of 3-APTES entity. TG-DTG 

curve of BSG is different from that of both silica gel and Si-NH2. There is no 

loss of physically adsorbed water molecules, however two thermal decays are 

found. They are attributed to the loss of benzil moiety (100-355 °C, 22.90%); 

and loss of 3-APTES part and dehydroxylation of surface silanols                    

(355-655 °C, 16.52%). The massive weight loss between 100-355 °C clearly 

mentions the loading of organic entity (benzil) onto Si-NH2. The appearance 

of new decomposition step (loss of benzil moiety) and increase in mass loss 

% jointly support the chemical modification of silica gel with 3-APTES and 

benzil.  
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Figure 5.5(a) TG-DTG curves of unmodified silica gel 

 

Figure 5.5(b) TG-DTG curves of Si-NH2 

 

Figure 5.5(c) TG-DTG curves of BSG 



 

 

5.1.6 Powder-XRD 

 Powder XRD patterns of all compounds were 

angle region (between 10° and 80° 2

patterns of silica gel, Si

have shown a broad band centered at 2

nature and topological structure

Wang et al 2013). After modification with 3

found to have lost its intensity and sharpness. This may be due to the slight 

disorder in topological structure of Silica in its modif

immobilization of 3-APTES followed by benzil on to the porous wall of Silica 

or reduction in X-ray scattering contrast between the channel wall of silicate 

frame work and ligand. Few new intense peaks 

of BSG (Figure 5.6(c)) and significantly such new peaks are analogous with 

characteristic peaks of BSG. This further supports the organo

functionalization of Si

Figure 5.6 Powder
(b) and BSG 

XRD Analysis 

Powder XRD patterns of all compounds were recorded

angle region (between 10° and 80° 2θ region). In Figure 5.6, the XRD 

patterns of silica gel, Si-NH2 and BSG are presented. All three compounds 

have shown a broad band centered at 2θ=22°, characteristic of amorphous 

nature and topological structure of silica gel (Yin et al 2011, An et al 2013, 

). After modification with 3-APTES and benzil, this peak is 

found to have lost its intensity and sharpness. This may be due to the slight 

disorder in topological structure of Silica in its modified forms as the result of 

APTES followed by benzil on to the porous wall of Silica 

ray scattering contrast between the channel wall of silicate 

frame work and ligand. Few new intense peaks have appeared in XRD pattern

of BSG (Figure 5.6(c)) and significantly such new peaks are analogous with 

characteristic peaks of BSG. This further supports the organo

functionalization of Si-NH2 with BSG.  

Powder-XRD pattern of unmodified silica (a), Si
(b) and BSG (c) 

120 

recorded in wide 

 region). In Figure 5.6, the XRD 

and BSG are presented. All three compounds 

=22°, characteristic of amorphous 

Yin et al 2011, An et al 2013, 

APTES and benzil, this peak is 

found to have lost its intensity and sharpness. This may be due to the slight 

ied forms as the result of 

APTES followed by benzil on to the porous wall of Silica 

ray scattering contrast between the channel wall of silicate 

appeared in XRD pattern 

of BSG (Figure 5.6(c)) and significantly such new peaks are analogous with 

characteristic peaks of BSG. This further supports the organo-

 

XRD pattern of unmodified silica (a), Si-NH2  
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5.1.7 Scanning Electron Microscopy 

 Changes in surface properties of silica gel upon series of chemical 

modifications have been examined by SEM analysis. SEM images of silica 

gel and Si-NH2 and BSG are portrayed in Figure 5.7(a)-5.7(c), respectively. 

SEM photograph of silica gel exposes the lumpy shaped apparent surface and 

it shows no evidence for the presence of any adsorbed particles. On 

comparison, the particle size of unmodified silica gel is much larger than that 

of its modified forms (Si-NH2 and BSG). Thus it adequately supports 

modifications of silica gel with 3-APTES followed by benzil and such 

chemical modifications have been further confirmed by the presence of tiny 

particles on the surface. Chemical modifications of silica gel with functional 

groups can generally assist and enhance the adsorption of metal ions (Uruş et 

al 2013a, Uruş et al 2013b). Due to the availability of functional groups (C=N 

and C=O), it is expected that metal ions can be adsorbed on BSG through 

coordination reaction.  

 

Figure 5.7(a) SEM image of unmodified silica gel 
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Figure 5.7(b) SEM image of Si-NH2 

 

Figure 5.7(c) SEM image of BSG 

5.2 CHARACTERIZATION OF Co(II) COMPLEX ([Co(BSG)Cl 2]) 

 [Co(BSG)Cl2] is air-stable like its chelating Schiff base ligand 

(BSG). Its insolubility in common solvents such as water, ethanol, methanol, 

benzene, DMF, DMSO, acetonitrile and ether gives it a chance to function as 

a heterogeneous catalyst.  
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5.2.1 EDS Analysis 

 

Figure 5.8 EDS spectrum of [Co(BSG)Cl2] 

 Together with the presence of characteristic peaks of expected 

elements (C, N, O and Si), the appearance of distinctive peaks of Co and Cl in 

EDS spectrum of [Co(BSG)Cl2] (Figure 5.8) obviously suggests the formation 

of [Co(BSG)Cl2] from BSG.  

5.2.2 FT-IR Spectroscopy 

 Upon formation of [Co(BSG)Cl2], the downward shifts are expected 

in the stretching frequencies of C=N and C=O groups of BSG due to their 

coordination reaction with Co(II). To identify these downward shifts, FT-IR 

spectrum of [Co(BSG)Cl2] (Figure 5.9) is compared with that of BSG  

(Figure 5.2(c)). This comparison clearly evidences the coordination of 

nitrogen (C=N) and oxygen (C=O) donor atoms of BSG with metal ion centre 

(Co(II)) (Wan et al 1995, Negm et al 2011, Liu et al 2013). Due to these 

coordination reactions, the emergence of typical M-N and M-O stretching 

bands are expected in lower frequency regions. However, the M-N and M-O 

stretching bands have been superimposed with the sharp Si-O-Si bending 

vibration modes (560 cm-1). The presence of characteristic peaks of silica gel 
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in the FT-IR spectrum of [Co(BSG)Cl2] proposes that the silica support has 

not lost its fundamental building structure through [Co(BSG)Cl2] formation. 

 

Figure 5.9 FT-IR spectrum of [Co(BSG)Cl2]  

5.2.3 DR UV-Vis. Spectroscopy 

 To predict the geometry of [Co(BSG)Cl2] around its metal centre, its 

DR UV-Vis. spectrum is displayed in Figure 5.10 and compared to that of 

BSG (Figure 5.4(c)). On evaluation, below 400 nm, DR UV-Vis. spectrum of 

[Co(BSG)Cl2] exposes similar electronic spectral pattern like its ligand 

(BSG). This similarity suggests the existence of characteristic bands of π-π* 

and n-π* transitions. Alternatively it supports the presence of aromatic phenyl 

ring, C=N and C=O groups in [Co(BSG)Cl2]. Further, above 400 nm, UV-

Vis. spectrum of [Co(BSG)Cl2]  exhibits different pattern than that of BSG. In 

particular, the absorption band at 400 nm is found to be extended, may be due 

to the emergence ligand to metal charge transfer transition (LMCT). 

Importantly, a new broad band is appeared at ~600 nm which may be 

attributed to characteristic d-d transition and implied square planar geometry 

to [Co(BSG)Cl2] (Garg et al 2005). 



125 

 

 

 

Figure 5.10  DR UV-Vis. spectrum of [Co(BSG)Cl2] 

5.2.4 Thermal Study 

 To study the thermal properties of [Co(BSG)Cl2], its TG-DTG 

patterns are depicted in Figure 5.11. Like TG-DTG curves of BSG  

(Figure 5.5(c)), it also shows three thermal degradation stages. However the 

calculated weight loss% values calculated from the thermal decomposition 

steps of [Co(BSG)Cl2] do not match to that of BSG. Probably this can be due 

to the effect of coordination reaction of BSG with Co(II).  The details of mass 

loss stages noted during TG-DTG study of [Co(BSG)Cl2] are: (i) desorption 

of physically adsorbed water molecules (0-110 °C, 3% loss); (ii) decay of 

organic contents (110-330 °C, 15% loss); and (iii) dehydroxylation of surface 

silanol groups (340-610 °C, 10%). TG-DTG curves of The [Co(BSG)Cl2] 

display higher residual% than that of BSG due to the presence of metal 

(Co(II)) based residues. It further supports the formation of [Co(BSG)Cl2].  
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Figure 5.11 TG-DTG curves of [Co(BSG)Cl2] 

5.2.5 Powder-XRD Analysis 

 The powder-XRD patterns of both [Co(BSG)Cl2] (Figure 5.12) and 

BSG (Figure 5.6(c)) closely resemble each other. But the evident peak 

(2θ≈22°) for the topological structure of silica support is appeared in lesser 

intensity in powder-XRD pattern of [Co(BSG)Cl2] and the reason may be the 

filling of pores of silica surface by Co(II) ions (Dai et al 2003, Sharma et al 

2012b). The presence of this evident peak can insist that both amorphicity and 

topological structure of silica support is maintained even after the formation 

of [Co(BSG)Cl2] formation.  

 

Figure 5.12 Powder-XRD pattern of [Co(BSG)Cl2] 
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5.2.6 Scanning Electron Microscopy 

 SEM photograph of [Co(BSG)Cl2], is given in Figure 5.13 to study 

its surface properties. Uruş et al 2013a, Uruş et al 2013b have proposed that 

the presence of reactive organic functional groups (ex: C=N, C=O, etc.) in the 

surface of silica gel would be utilized to hold the metal ions through 

coordination reaction. It is clearly proved by the SEM image of 

[Co(BSG)Cl2]. In addition, the adsorbed particles are not found to be 

agglomerated and they are effectively dispersed. This kind of dispersion can 

be resulted in greater surface area which in turn yields higher product yield% 

in catalytic reactions. The size of [Co(BSG)Cl2] seems to be smaller than that 

of BSG. This may be due to the coordination reaction of BSG and Co(II). On 

the other hand, even after complex formation, silica support has not lost its 

lumpy shape as evidenced by the SEM images of [Co(BSG)Cl2] (Figure 5.13) 

and silica gel (Figure 5.7(a)). It is believed that the above surface properties 

together with chemical stability of silica support can make [Co(BSG)Cl2] as 

effective heterogeneous catalyst in organic reactions.  

 

Figure 5.13 SEM image of [Co(BSG)Cl2] 
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5.3 CHARACTERIZATION OF Ni(II) COMPLEX ([Ni(BSG)Cl 2]) 

 The non-hygroscopic property of [Ni(BSG)Cl2] and its insolubility 

in common solvents like water, ethanol, methanol, benzene, DMF, DMSO, 

acetonitrile and ether can jointly make  [Ni(BSG)Cl2] as a good 

heterogeneous catalyst.   

5.3.1 EDS Analysis 

 The EDS spectrum of [Ni(BSG)Cl2] (Figure 5.14) apparently 

reveals the characteristic peaks of the elements namely C, N, O, Si, Ni and Cl. 

It suggests the successful formation of [Ni(BSG)Cl2] from BSG.  

 

Figure 5.14 EDS spectrum of [Ni(BSG)Cl2] 

5.3.2 FT-IR Spectroscopy 

 

Figure 5.15 FT-IR spectrum of [Ni(BSG)Cl2] 
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 FT-IR spectrum of [Ni(BSG)Cl2] (Figure 5.15) is very similar to 

that of BSG, but with some slight changes (Figure 5.2(c)). The evident peaks 

for the fundamental building structure of basic silica support is also present in 

the FT-IR spectrum of [Ni(BSG)Cl2]. It reveals that silica gel has not lost its 

basic structure even after the formation of [Ni(BSG)Cl2]. The noteworthy 

difference between the FT-IR spectra of [Ni(BSG)Cl2] and BSG is that the 

appearance of downwards shifts in the characteristic stretches of C=N and 

C=O in FT-IR spectrum of [Ni(BSG)Cl2]. Such shifts are attributed to the 

coordination of C=N and C= O groups of BSG to Ni(II) metal centre (Wan et 

al 1995, Negm et al 2011, Liu et al 2013). To support this coordination 

reaction, the evident peaks of M-N and M-O stretches have been looked in the 

FT-IR spectrum of [Ni(BSG)Cl2]. But they are not identified perhaps due to 

the reason that these characteristic bands are superimposed with more 

prominant Si-O-Si bending vibration modes noted at 460 cm-1.  

5.3.3 DR UV-Vis. Spectroscopy 

 With the motive to predict the geometry of [Ni(BSG)Cl2], DR UV-

Vis. spectrum is given in Figure 5.16. Like BSG, [Ni(BSG)Cl2] also reveals 

the evident absorption bands for π-π* and n-π* transitions below 400 nm, 

during electronic spectral analysis. It can support the presence of phenyl, C=N 

and C=O groups in [Ni(BSG)Cl2]. The broad band with a shoulder centred at 

~400 nm in DR UV-Vis. spectrum of BSG is found to be extended and 

broadened up to ~480 nm. This may be due to the emergence ligand to metal 

charge transfer transition (LMCT) and d-d transition of Ni(II). From the 

literature, the emergence of d-d transition in this region for Ni(II) complex is 

assigned to the four coordinated square planar geometry (Brückner et al 

1996).  
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Figure 5.16 DR UV-Vis. spectrum of [Ni(BSG)Cl2] 

5.3.4 Thermal Study 

 TG-DTG curves of [Ni(BSG)Cl2] are provided in Figure 5.17 to 

study its thermal behaviour. It shows three thermal decomposition steps. The 

details of the decomposition steps are given below. The first step is attributed 

to the desorption of physically adsorbed water molecules (0-110 °C, ~3% 

loss), the second step is assigned to the decay of organic contents (110-370 

°C, 20% loss) and the third step can be due to the dehydroxylation of surface 

silanol groups (370-610 °C, 14%). The residue% noted in TG-DTG curves of 

[Ni(BSG)Cl2] is slightly higher than that of BSG and it may be due to the 

presence of Ni(II) based compounds in residue.  

 

Figure 5.17 TG-DTG curves of [Ni(BSG)Cl2] 
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5.3.5 Powder-XRD Analysis 

 

Figure 5.18 Powder-XRD pattern of [Ni(BSG)Cl2] 

 The powder-XRD pattern of [Ni(BSG)Cl2] (Figure 5.18) almost 

looks like the powder-XRD pattern of BSG (Figure 5.4(c)). However, the 

intensity of characteristic peak of silica support (at 2θ≈22°) in powder-XRD 

pattern of [Ni(BSG)Cl2] does not equal to that of BSG, in specific it gets 

decreased. This may be due to the filling of pores of silica surface by Ni(II) 

ions (Dai et al 2003, Sharma et al 2012b). The broadness of the peak at 

2θ≈22° apparently implies the amorphicity and topological structure of silica 

support in [Ni(BSG)Cl2].  

5.3.6 Scanning Electron Microscopy 

 Surface morphology of [Ni(BSG)Cl2] is discussed by its SEM 

image given in  Figure 5.19. The introduction of reactive functional groups in 

the surface of silica gel would favour the adsorption of metal ions through 

coordination reaction ((Uruş et al 2013a, Uruş et al 2013b)). Therefore, it is 

expected that the presence of C=N and C=O groups in BSG can definitely aid 

the adsorption of Ni(II) via coordination reaction. The size of [Ni(BSG)Cl2] 

seems to be smaller than that of BSG but roughness is greater than that of 
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BSG. It may be due to the coordination reaction of BSG with Ni(II). Though 

the series of chemical modification have been carried out on silica gel to 

reach [Ni(BSG)Cl2], silica gel does not lose its lumpy shape throughout the 

modifications. The adsorbed Ni(II) particles through coordination reaction are 

found to be well dispersed on the surface of BSG.  

 

Figure 5.19 SEM image of [Ni(BSG)Cl2] 

5.4 CHARACTERIZATION OF Cu(II) COMPLEX ([Cu(BSG)Cl 2]) 

 The non-hygroscopic and insolubility of [Cu(BSG)Cl2] in the usual 

solvents such as water, ethanol, methanol, benzene, DMF, DMSO, 

acetonitrile and ether can make it as  heterogeneous catalyst in liquid phase 

organic reactions. 

5.4.1 EDS Analysis 

 The presence of C, N, O, Cl and Cu clearly supports the formation 

of [Cu(BSG)Cl2] from BSG, as evidenced by its EDS spectrum (Figure 5.20).  
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Figure 5.20 EDS spectrum of [Cu(BSG)Cl2] 

5.4.2 FT-IR Spectroscopy 

 

Figure 5.21 FT-IR spectrum of [Cu(BSG)Cl2] 

 The FT-IR spectrum of [Cu(BSG)Cl2] (Figure 5.21) reveals the 

similar pattern as compared to the FT-IR spectrum of BSG (Figure 5.2(c)) 

except some changes. Importantly, all the characteristic peaks of parent silica 

support are present in FT-IR spectrum of [Cu(BSG)Cl2]. It proves that the 

basic structure of silica support has not changed even after the formation of 

[Cu(BSG)Cl2]. The noteworthy dissimilarity between the FT-IR spectra of 

[Cu(BSG)Cl2] and BSG are the positions of characteristic stretches of C=N 

and C=O groups. In specific, in the FT-IR spectrum of [Cu(BSG)Cl2], the 

characteristic stretches of C=N and C=O groups are found to be shifted 
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towards lower wave number region. This can be allocated to the coordination 

of C=N and C=O groups with Cu(II) (Wan et al 1995, Negm et al 2011, Liu  

et al 2013). On the other hand, the characteristic M-N and M-O stretching 

peaks have not been identified. This is due to the fact that M-N and M-O 

bands might be superimposed with the sharp Si-O-Si bending vibration modes 

noted at 460 cm-1.  

5.4.3 DR UV-Vis. Spectroscopy 

 DR UV-Vis. spectrum of [Cu(BSG)Cl2] (Figure 5.22) manifests the 

characteristic n-π* and π-π* transitions below 400 nm as in the case of BSG. 

Notably, the band observed at ~400 nm in UV-Vis. spectrum of BSG is found 

to be broadened in UV-Vis. spectrum of [Cu(BSG)Cl2]. This extension may 

be due to the emergence of charge transfer transition (LMCT) (generally 

below 450 nm). Besides, a new band is appeared in the UV-Vis. spectrum of 

[Cu(BSG)Cl2]  which can be the characteristic of its d-d transition band. This 

d-d transition band is noted at ~600 nm which is attributed to square planar 

geometry of [Cu(BSG)Cl2] (Zhou et al 2010). The existence of d-d, n-π* and 

π-π* transition bands in the UV-Vis. spectrum obviously supports the 

formation of [Cu(BSG)Cl2]. 

 

Figure 5.22 DR UV-Vis. spectrum of [Cu(BSG)Cl2] 



 

 

5.4.4 29Si CP MAS NMR 

 To study the 

formation of [Cu(BSG)Cl

recorded and is shown in Figure 5.23 and it is compared to that of BSG 

(Figure 5.3). As in the case of BSG, [Cu(BSG)Cl

peaks at ~110 and ~65 nm which are attributed to ((SiO)

((SiO)3SiC) sites, respectively. However, the intensity of these characteristic 

peaks is found to be slightly changed after the formation of [Cu(BSG)Cl

this may be due to the coordination of BSG with Cu(II). 

Figure 5.23 29

5.4.5 Electron Spin Resonance 

 ESR spectroscopy is established as the most excellent technique to 

explore the geometry of metal 

et al 2000, Zois et al 2007, Silva et al 2002

ESR spectrum of [Cu(BSG)Cl

Figure 5.24. It reveals two 

Si CP MAS NMR Spectroscopy 

To study the changes in the silicon environment of BSG after the 

formation of [Cu(BSG)Cl2], 
29Si NMR spectrum of [Cu(BSG)Cl

is shown in Figure 5.23 and it is compared to that of BSG 

(Figure 5.3). As in the case of BSG, [Cu(BSG)Cl2] shows two cha

peaks at ~110 and ~65 nm which are attributed to ((SiO)4Si) silica sites and 

SiC) sites, respectively. However, the intensity of these characteristic 

peaks is found to be slightly changed after the formation of [Cu(BSG)Cl

be due to the coordination of BSG with Cu(II).  

 

29Si CP MAS NMR spectrum of [Cu(BSG)Cl

Spin Resonance (ESR) Spectroscopy 

ESR spectroscopy is established as the most excellent technique to 

explore the geometry of metal complexes, especially Cu(II) complexes (

et al 2000, Zois et al 2007, Silva et al 2002). In order to confirm the geometry, 

of [Cu(BSG)Cl2] has been recorded and 

Figure 5.24. It reveals two g factors such as gII and g┴. The attained spectrum 
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changes in the silicon environment of BSG after the 

Si NMR spectrum of [Cu(BSG)Cl2] has been 

is shown in Figure 5.23 and it is compared to that of BSG 

] shows two characteristic 

Si) silica sites and 

SiC) sites, respectively. However, the intensity of these characteristic 

peaks is found to be slightly changed after the formation of [Cu(BSG)Cl2] and 

Si CP MAS NMR spectrum of [Cu(BSG)Cl2] 

ESR spectroscopy is established as the most excellent technique to 

complexes, especially Cu(II) complexes (Evans 

). In order to confirm the geometry, 

 is shown in  

. The attained spectrum 
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is found to be the evidence for axial nature of [Cu(BSG)Cl2]. After 

comparison, the calculated g factors are found to have the order of gII (2.223) 

> g┴ (2.094) > 2.0023 and it proposes the presence of unpaired electron in 

d����� orbital. From this scrutiny, square planar geometry is suggested and it 

corresponds to the result obtained from UV-Vis. spectral data discussed in 

5.4.3 (Deshpande et al 1999). The lower value of gII as compared to 2.3 is 

being the good support for covalent character of Cu-BSG interaction as 

recommended by Kivelson and Niemon (Kivelson & Neiman 2004). The 

exchange coupling factor (G) can be expressed by the subsequent equation 

(Equation 5.1). 

 G = (gII-2) / (g┴-2)                    (5.1) 

 It has been already proved that parallely aligned or slightly 

misaligned local axes have G value greater than 4.0 whereas notably 

misaligned local axes with considerable exchange coupling have G value less 

than 4.0. In this case, G value of [Cu(BSG)Cl2] complex is 4.9 and so the 

exchange coupling could be only negligible (Hathaway & Billing 1970, 

Dudley & Hathaway 1970). 

 

Figure 5.24 ESR spectrum of [Cu(BSG)Cl2] 
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5.4.6 Thermal Study 

 TG-DTG curves of [Cu(BSG)Cl2] (Figure 5.25) show three thermal 

degradation stages which are attributed to desorption of physically adsorbed 

water molecules (0-110 °C, 2% loss), decay of organic contents (110-340 °C, 

22% loss) and dehydroxylation of surface silanol groups (360-570 °C, 6%). 

Unlike [Co(BSG)Cl2] and [Ni(BSG)Cl2], the copper complex [Cu(BSG)Cl2]  

exhibits the weight gain step above 600 °C which may be assigned to the 

formation of oxides of Cu through oxidation reactions. This weight gain step 

and higher residue% may support the formation of [Cu(BSG)Cl2] from BSG.  

 

Figure 5.25 TG-DTG curves of [Cu(BSG)Cl2]  

5.4.7 Powder-XRD Analysis 

 The powder-XRD pattern of [Cu(BSG)Cl2] (Figure 5.26) is different 

than that of BSG, [Co(BSG)Cl2] and [Ni(BSG)Cl2], as it shows some new 

characteristic peaks.  Therefore, higher crystallinity is assigned to 

[Cu(BSG)Cl2] compared to the other complexes of BSG. However, the 

evident broad peak for topological structure of silica support is not lost in 

powder-XRD pattern of [Cu(BSG)Cl2], but its intensity is found to decreased 

as the result of coordination reaction between BSG and Cu(II). The decrease 



138 

 

 

in intensity of the peak centred at 2θ=22º may be due to the filling of pores of 

silica surface by Cu(II) ions (Dai et al 2003, Sharma et al 2012b).  

 

Figure 5.26 Powder-XRD pattern of [Cu(BSG)Cl2] 

5.4.8 Scanning Electron Microscopy 

 SEM image of [Cu(BSG)Cl2] is given in Figure 5.27. It shows that 

the silica support has not lost its lumpy shape even after the formation of 

[Cu(BSG)Cl2]. By comparing SEM images of [Cu(BSG)Cl2] and BSG, it is 

clear that [Cu(BSG)Cl2] shows rougher surface than BSG. 

 

Figure 5.27 SEM image of [Cu(BSG)Cl2] 
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 In addition, the size of [Cu(BSG)Cl2] is smaller than the size of 

BSG. The increase of roughness in the surface of [Cu(BSG)Cl2] may be due 

to the adsorption of Cu(II) ions through coordination reaction with the organic 

functionalities (C=N and C=O) available in surface of BSG ((Uruş et al 

2013a, Uruş et al 2013b). The adsorbed Cu(II) particles are found to be 

sufficiently dispersed.  

5.4.9 Atomic Force Microscopy (AFM) 

 2D and 3D AFM images of [Cu(Si-NH2-DPED)Cl2] are given in 

Figure 5.28 to confirm the particles’ dispersion and distribution. They signify 

that particles are beautifully arranged and dispersed. The particles look like 

cones. They are not agglomerated and support the surface information 

obtained from SEM images.  

 

Figure 5.28 2D (a) and 3D (b) AFM images (10X10 µm); 2D (c) and 3D 
(d) AFM images (2.5X2.5 µm) of [Cu(BSG)Cl2] 



 

 

 The following structure (Figure 5.29) is proposed for the complexes 

of BSG ([M(BSG)Cl

characterization analyzes.

Figure 5.29
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The following structure (Figure 5.29) is proposed for the complexes 

of BSG ([M(BSG)Cl2] on the basis of the results obtained from the 

analyzes. 

gure 5.29 Proposed structure of [M(BSG)Cl2

CATALYTIC STUDY OF [Co(BSG)Cl2], [Ni(BSG)Cl

[Cu(BSG)Cl2] 

Catalytic activities of the complexes of BSG ([Co(BSG)Cl

]/[Cu(BSG)Cl2]) were examined by carrying out the model 

catalysis reaction in which cyclohexane is oxidized into cyclohexanol and 

cyclohexanone in presence of H2O2. Such model reaction catalyzed by 

heterogeneous catalysts with H2O2 is promising and desirable owing to its 

portance and environment friendly character. The product 

analysis was performed by gas chromatograph technique. During product 

analysis, there was no cyclohexane conversion identified either in the absence 

of catalysts or oxidant. It revealed the significance of catalyst as well as

in cyclohexane oxidation. Like catalyst, role of solvents in catalysis has been 

also found crucial because of their ability to convert different phases into 

uniform and thus upholding mass transportation. Significance of sol

includes their ability to change the reaction mechanism by disturbing reaction 

intermediates and amend the surface properties of catalysts and reaction path

Corma et al 1994). In literature, acetonitrile has been established as 
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 Initially, cyclohexane oxidation reaction was tried to achieve at 

room temperature but it could expose only very minor cyclohexane 

conversion. Perhaps this may be due to the inertness and strength of C

bonds available in cyclohexane. To overcome these ba

inside the catalytic system was increased by 10 °C to ascertain the optimum 

temperature. The cyclohexane conversion was found to be enhanced steadily 

up to 60 °C but a drastic increase was observed when the temperature was set 

at 70 °C. The reason for such sudden and huge increase may be due to the loss 

of inertness and stability of cyclohexane substrate at 70 °C. It can be accepted 

because 70 °C is found to be very close 

(80 °C). Further increase of t

effective change in cyclohexane conversion

the optimum temperature to supply sufficient energy 

over the energy barrier associated with cyclohexane convers

and effective solvent (Alavi et al 2013, Modi & Trivedi 2013

Thereby all catalytic runs were executed in acetonitrile. Throughout all 

experiments, the observed products were cyclohexanol and cyclohexanone. 

No white precipitate was observed upon cooling the product mixture and the 

base titration of product mixture with NaOH also revealed the absence of 

. Thus the schematic diagram of cyclohexane oxidation catalyzed 

by complexes of BSG with H2O2 at 70 ºC is shown in Figure 5.30.

Schematic presentation of the cyclohexane oxidation 
catalyzed by [M(BSG)Cl2] with H 2O2 at 70 °C 

Initially, cyclohexane oxidation reaction was tried to achieve at 

room temperature but it could expose only very minor cyclohexane 

conversion. Perhaps this may be due to the inertness and strength of C

bonds available in cyclohexane. To overcome these barriers, temperature 

inside the catalytic system was increased by 10 °C to ascertain the optimum 

temperature. The cyclohexane conversion was found to be enhanced steadily 

up to 60 °C but a drastic increase was observed when the temperature was set 

The reason for such sudden and huge increase may be due to the loss 

of inertness and stability of cyclohexane substrate at 70 °C. It can be accepted 

because 70 °C is found to be very close to the boiling point of

(80 °C). Further increase of temperature after 70 °C does 

effective change in cyclohexane conversion. As a result, 70 °C was fixed as 

the optimum temperature to supply sufficient energy for the reactants 

over the energy barrier associated with cyclohexane convers
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The reason for such sudden and huge increase may be due to the loss 

of inertness and stability of cyclohexane substrate at 70 °C. It can be accepted 

to the boiling point of cyclohexane 

 not cause any 

As a result, 70 °C was fixed as 

for the reactants to cross 

over the energy barrier associated with cyclohexane conversion. This 



 

 

examination was attempted with all complexes of BSG ([Co(BSG)Cl

[Ni(BSG)Cl2]/[Cu(BSG)Cl

Figure 5.31. 

Figure 5.31 Catalytic activity of [M(BSG)Cl
for 12 h.

Figure 5.32 Catalytic activity of  [M(BSG)Cl
intervals at 70 °C

 Catalytic efficacy of the complexes of BSG ([Co(BSG)Cl

/[Ni(BSG)Cl2]/[Cu(BSG)Cl

examination was attempted with all complexes of BSG ([Co(BSG)Cl

]/[Cu(BSG)Cl2]) and obtained outcome are illustrated in 

 

Catalytic activity of [M(BSG)Cl 2] at different temperature 
for 12 h. 

Catalytic activity of  [M(BSG)Cl 2] for different time 
intervals at 70 °C 

Catalytic efficacy of the complexes of BSG ([Co(BSG)Cl

]/[Cu(BSG)Cl2]) was monitored separately for 12 h at 70 °C. 
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examination was attempted with all complexes of BSG ([Co(BSG)Cl2]/ 

]) and obtained outcome are illustrated in  

 

] at different temperature 

 

] for different time 

Catalytic efficacy of the complexes of BSG ([Co(BSG)Cl2] 

]) was monitored separately for 12 h at 70 °C. 
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The impact of reaction time on catalytic activity of complexes was studied by 

analyzing the aliquots taken from the catalytic reaction mixture at the time 

interval of every 2 h. The results of this time-dependant catalytic study are 

given in Figure 5.32. From the Figure 5.32, it is very clear that cyclohexane 

conversion has rapidly increased up to 6 h. Hereafter, the increase in the 

cyclohexane conversion has been slow and later than 12 h, no increase in 

cyclohexane conversion was identified. The selectivity of products at every 2 

h was calculated. Initially, cyclohexanol was found to be the major product. 

But when reaction time increased, cyclohexanol% was found to be decreased 

whereas cyclohexanone% was increased. To figure out the clear idea, the 

obtained results of product selectivity at every 2 h are given in Table 5.1. It 

shows that cyclohexane was oxidized into cyclohexanol at first and then 

cyclohexanol consecutively oxidized into cyclohexanone. This study clearly 

states that if cyclohexanol is the desired product with adequate cyclohexane 

conversion then reaction would be performed upto 4-6 h. 

 On comparison, [Cu(BSG)Cl2] was shown higher catalytic efficacy 

than other two complexes of BSG. From the Table 5.1, it is evidenced that the 

detailed cyclohexane conversion efficiencies of [Co(BSG)Cl2], [Ni(BSG)Cl2] 

and [Cu(BSG)Cl2] are 38, 35 and 44%, respectively at 70 °C for 12 h. From 

Figure 9, it is understandable that [Cu(BSG)Cl2] would be the better choice if 

cyclohexanol is the desired product and if cyclohexanone is the desired 

product then [Ni(BSG)Cl2] would be the better catalyst.  Our study 

demonstrates that better cyclohexanol selectivity by [Cu(BSG)Cl2] can be 

achieved only below 6 h reaction time. This problem can be possibly 

eliminated by removing cyclohexanol concurrently from catalytic reaction 

mixture. The variation in product selectivity may be due to the nature of metal 

ions.  
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Table 5.1 Product selectivity achieved by the complexes of BSG in 
cyclohexane oxidation at different time intervals 

Catalyst 

Selectivity (%) 

(Cyclohexanol/Cyclohexanone) 

2h 4h 6h 8h 10h 12 h 

BSG - - - - - - 

[Co(BSG)Cl2] 78/22 71/29 63/37 50/50 63/37 76/24 

[Ni(BSG)Cl2] 74/26 67/33 58/42 46/54 30/70 16/84 

[Cu(BSG)Cl2] 80/20 75/25 66/34 53/47 42/58 29/71 

 

 To prove the importance of coordinatively unsaturated metal ion 

species such as Co(II), Ni(II) and Cu(II) present in their corresponding 

complexes of BSG, cyclohexane oxidation was performed in presence of BSG 

instead of its complex. The product analysis of such reaction did not show any 

evidence for the oxidized products of cyclohexane such as cyclohexanol and 

cyclohexanone and thus the importance of coordinatively unsaturated Co(II), 

Ni(II) and Cu(II) in cyclohexane oxidation has been proved.   

5.5.1 Catalytic Reusability  

 One of the main interesting characters of immobilized catalysts 

containing solid support is their reusability in successive catalytic 

experiments (Durak et al 2013). In the present study, [Cu(BSG)Cl2] was opted 

as model catalyst for investigating catalytic reusability since it exhibited 

higher activity than the other two catalysts ([Co(BSG)Cl2] and [Ni(BSG)Cl2]).  

Before carrying out the next catalytic run, the selected catalyst was separated 

from the reaction mixture and washed with ethanol and ether. The stability of 

[Cu(BSG)Cl2] was studied by performing seven consecutive catalytic 

experiments without changing all other reaction conditions. As revealed in 

Figure 5.33, [Cu(BSG)Cl2] does not lose its catalytic efficiency. In detail, 
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[Cu(BSG)Cl2] exposed 44% cyclohexane conversion in first catalytic run and 

39% conversion in seventh catalytic run. Only 5% of its cyclohexane 

conversion efficiency has dropped. It clearly signifies the heterogeneous 

nature of the complexes of BSG. This catalytic reusability study further 

suggests that Cu(II) ions have not been leached out from [Cu(BSG)Cl2].  

 

Figure 5.33 Catalytic reusability of [Cu(BSG)Cl2] 
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CHAPTER 6 

CHARACTERIZATION AND CATALYTIC STUDY OF 

Co(II), Ni(II) AND Cu(II) COMPLEXES OF THE SCHIFF 

BASE DERIVED FROM CHITOSAN AND ISATIN 

 

CONTENTS 

6.1 Characterization of the Schiff base ligand (isatin-chitosan 

(IC)) 

6.2 Characterization of Co(II) complex ([Co(IC)Cl2]) 

6.3 Characterization of Ni(II) complex ([Ni(IC)Cl2]) 

6.4 Characterization of Cu(II) complex ([Cu(IC)Cl2]) 

6.5 Catalytic study of [Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(IC)Cl2] 

 This chapter focuses on the characterization of the Schiff base (IC) 

derived from chitosan and isatin. This chapter also deals on studying the 

spectral, thermal and surface properties of Co(II), Ni(II) and Cu(II) complexes 

of IC. The characterization methods include elemental analysis; molar 

conductance and magnetic susceptibility measurements; FT-IR, UV-Vis., 1H 

NMR and ESR spectroscopic techniques; powder-XRD and TG-DTG 

analyzes; and SEM. This chapter also extends to investigate the catalytic 

ability of the complexes on cyclohexane oxidation. 
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6.1 CHARACTERIZATION OF THE SCHIFF BASE LIGAND 

(ISATIN-CHITOSAN (IC)) 

 The synthesized ligand is found to be air stable (non-hygroscopic). 

It is insoluble in water, ethanol, methanol, benzene and ether but soluble in 

DMSO under vigorous stirring with warm heating and freely soluble in acetic 

acid.  

6.1.1 Elemental Analysis and Molar Conductance Studies 

 The obtained elemental analysis data of IC are in good agreement 

with theoretically calculated values. In detail, theoretical values are: 

C(57.93%), H(4.86%) and N(9.65%). Actually found values are: (%) 

C(57.16%), H(4.74%) and N(9.31%). The molar conductance value of IC is 

very feeble which proves the non-electrolytic character of IC. The elemental 

analysis and molar conductance data of IC is also comparatively presented 

with that of its all the complexes in Table 6.1.  

Table 6.1 Physico-chemical data of IC and its complexes 

Compounds 
C 

(%) 

H 
(%) 

N 
(%) 

M 

(%) 

Molar 
conductance 

(ohm-1cm2mol-1) 

Magnetic 
moment (BM) 

IC 
57.16 

(57.93) 

4.74 

(4.86) 

9.31 

(9.65) 
- 1.3 - 

[Cu(IC)Cl2] 
39.15 

(39.59) 

3.21 

(3.32) 

6.42 

(6.60) 

14.89 

(14.96) 
3.2 1.70 

[Co(IC)Cl2] 
38.77 

(40.03) 

3.28 

(3.36) 

6.53 

(6.67) 

13.94 

(14.03) 
2.6 2.11 

[Ni(IC)Cl 2] 
39.68 

(40.05) 

3.20 

(3.36) 

6.55 

(6.67) 

13.87 

(13.98) 
1.9 0 
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 From the elemental analysis, it is clear that observed micro 

analytical data (C, H and N) of IC is in close agreement with the theoretically 

calculated C, H and N values. It supports the formation of Schiff base (IC) 

from chitosan and isatin. The elemental analysis data (% C and % N) of 

chitosan and IC are used to calculate the degree of substitution (DS) of IC to -

NH2 group of chitosan by Equation 6.1 (Sheldrick 1997). The theoretical 

elemental analysis data of chitosan are of C (44.72%), H (6.88%) and N 

(8.69%) and the experimental values are of C (43.10%), H (6.25%) and N 

(8.26%). 

 

( ) ( )
n

N
C

N
Ca

DS om
−

=
                          (6.1) 

where (C/N)m is the C/N ratio of IC, (C/N)o is the C/N ratio of chitosan, and 

‘a’ and ‘n’ are the number of nitrogen and carbon introduced after the 

modification of chitosan with isatin, respectively. The C/N ratio from the 

elemental analysis data of chitosan and its modified form (IC) are calculated 

as 5.22 and 6.13, respectively. The increase in the C/N ratio after modification 

of chitosan is due to the insertion of carbon rich aromatic groups which may 

be the coherent behaviour of chitosan-isatin interaction (Monteiro Jr & 

Airoldi 1999). The calculated DS of IC is 0.50 which well matches with the 

previous report (Krishnapriya & Kandaswamy 2010).  

 Molar conductance values of the complexes in DMSO (10-3 mol) 

suggest their non-electrolytic nature. Therefore, the chloride ions in the 

complexes might present inside the coordination sphere and coordinated to 

central metal ion. 

 



 

 

6.1.2 FT-IR Spectroscopy

 FT-IR spectroscopy is the 

structure of chemical compounds. 

given in Figures 6.1 and 6.2. In Figure 6.1, chitosan shows a strong broad 

band at 3407 cm-1 analogous to the O

characteristic band of the N

Cavalheiro 2006). The band at 2859 cm

C-H groups. Very significantly, the characteristic asymmetric C

stretching bands occur at 1037 cm

of C-O stretching and the 

892 cm-1. These three bands collectively confirm the polysaccharide structure 

of chitosan (Mac Leod et al 2009, Brugnerotto et al 2001,

1996). On comparison, the above discussed characteristic peaks are also 

found to be present in FT

Figure 6.1

 This suggests the stability of polysaccharide structure of chitosan 

even after the chemical modification with isatin. However, some new bands 

are also observed in the FT

Spectroscopy 

IR spectroscopy is the well-known method to analyze the 

structure of chemical compounds. The FT-IR spectra of chitosan and IC are 

given in Figures 6.1 and 6.2. In Figure 6.1, chitosan shows a strong broad 

analogous to the O-H stretch which may mask the 

d of the N-H stretch of the amino groups (

). The band at 2859 cm-1 is assigned to the axial stretching of 

H groups. Very significantly, the characteristic asymmetric C

stretching bands occur at 1037 cm-1. The bands due to the skeletal vibrations 

O stretching and the β(1–4) glycoside bridge are monitored at 1158 and 

. These three bands collectively confirm the polysaccharide structure 

Mac Leod et al 2009, Brugnerotto et al 2001, Shigemasa et al 

). On comparison, the above discussed characteristic peaks are also 

found to be present in FT-IR spectrum of IC.  

Figure 6.1 FT-IR spectrum of chitosan 

This suggests the stability of polysaccharide structure of chitosan 

even after the chemical modification with isatin. However, some new bands 

are also observed in the FT-IR spectrum of IC, due to the reaction of chitosan 
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method to analyze the 

IR spectra of chitosan and IC are 

given in Figures 6.1 and 6.2. In Figure 6.1, chitosan shows a strong broad 

H stretch which may mask the 

H stretch of the amino groups (Guinesi & 

is assigned to the axial stretching of 

H groups. Very significantly, the characteristic asymmetric C-O-C bridge 

to the skeletal vibrations 

4) glycoside bridge are monitored at 1158 and                  

. These three bands collectively confirm the polysaccharide structure 

Shigemasa et al 

). On comparison, the above discussed characteristic peaks are also 

 

This suggests the stability of polysaccharide structure of chitosan 

even after the chemical modification with isatin. However, some new bands 

IR spectrum of IC, due to the reaction of chitosan 
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with isatin. A new peak at 1623 cm-1 is an indicative of the presence of imine 

group, C=N (Colthup et al 1990). The peaks at 1491 and ~1700 cm-1 are 

allocated respectively to the stretches of aromatic C=C and C=O groups 

present in IC. The above discussion suggests the successful formation of IC 

from isatin and chitosan.  

 

Figure 6.2 FT-IR spectrum of the Schiff base (IC) 

6.1.3 1H NMR Spectroscopy 

 For better understanding of 1H NMR characterization of IC, its 

expected structure is given below (Figure 6.3). 

 

Figure 6.3 Expected structure of IC 



 

 

 1H NMR spectrum of IC in 1% HCl/D

tetramethylsilane as the standard and shown in Figure 6.4. IC is characterized 

by assigning the observed chemical shifts to the corresponding protons. The 

signals at 5.5 ppm and 3.85 ppm are assigned to anomeric proton (H1) and H2 

of pyranose ring in IC, respectively. The multiplet signals from 4.3 to 4.7 ppm 

are attributed to H3, H4, H5 and H6 of pyranose ring of chiosan structure. It 

further confirms the presence of chitosan 

of aromatic ring is proved by the multiplet signals of aromatic protons 

between 6.8 and 7.9 ppm, which assures the anchoring of isatin ring into the 

chitosan polymer. These observed chemical shift results and assignments

comparable with the previous report (

value calculated from elemental analysis can be further confirmed by the ratio 

between the integrated intensities of anomeric proton and aromatic peaks of 

IC (Jagadish et al 2012

intensities of anomeric proton (5.5 ppm) and aromatic multiplets (6.8

ppm) of IC is around 0.53 and it is in good agreement with the DS value 

calculated from elemental analysis. 

Figure 6.4 

H NMR spectrum of IC in 1% HCl/D2O was analyzed with 

tetramethylsilane as the standard and shown in Figure 6.4. IC is characterized 

by assigning the observed chemical shifts to the corresponding protons. The 

nd 3.85 ppm are assigned to anomeric proton (H1) and H2 

of pyranose ring in IC, respectively. The multiplet signals from 4.3 to 4.7 ppm 

are attributed to H3, H4, H5 and H6 of pyranose ring of chiosan structure. It 

further confirms the presence of chitosan moiety in ligand (IC). The presence 

of aromatic ring is proved by the multiplet signals of aromatic protons 

between 6.8 and 7.9 ppm, which assures the anchoring of isatin ring into the 

chitosan polymer. These observed chemical shift results and assignments

comparable with the previous report (dos Santos et al 2005). In addition, DS 

value calculated from elemental analysis can be further confirmed by the ratio 

between the integrated intensities of anomeric proton and aromatic peaks of 

2012). The DS value estimated from the ratio between 

intensities of anomeric proton (5.5 ppm) and aromatic multiplets (6.8

ppm) of IC is around 0.53 and it is in good agreement with the DS value 

calculated from elemental analysis.  

Figure 6.4 1H NMR spectrum of IC 
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O was analyzed with 

tetramethylsilane as the standard and shown in Figure 6.4. IC is characterized 

by assigning the observed chemical shifts to the corresponding protons. The 

nd 3.85 ppm are assigned to anomeric proton (H1) and H2 

of pyranose ring in IC, respectively. The multiplet signals from 4.3 to 4.7 ppm 

are attributed to H3, H4, H5 and H6 of pyranose ring of chiosan structure. It 

moiety in ligand (IC). The presence 

of aromatic ring is proved by the multiplet signals of aromatic protons 

between 6.8 and 7.9 ppm, which assures the anchoring of isatin ring into the 

chitosan polymer. These observed chemical shift results and assignments are 

). In addition, DS 

value calculated from elemental analysis can be further confirmed by the ratio 

between the integrated intensities of anomeric proton and aromatic peaks of 

). The DS value estimated from the ratio between 

intensities of anomeric proton (5.5 ppm) and aromatic multiplets (6.8–7.9 

ppm) of IC is around 0.53 and it is in good agreement with the DS value 
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6.1.4 UV-Vis. Spectroscopy 

 The structure of IC has been further characterized using UV-Vis. 

spectroscopy. For this, electronic spectrum of IC is provided in Figure 6.5. It 

shows three absorption bands at 240, 290 and 365 nm. The absorptions bands 

fond below 300 nm are allocated to the π-π* transition of π-electrons present 

in aromatic ring (C=C) and imine (C=N) and carbonyl (C=O) groups. The 

band observed at 365 nm can be assigned to n-π* transition of non-bonded 

electrons available in imine (C=N) and carbonyl (C=O) groups. The above 

results obtained from UV-Vis. spectroscopy further confirm the formation of 

Schiff base (IC) between chitosan and isatin.  

 

Figure 6.5 UV-Vis. spectrum of IC 

6.1.5 Thermal Study 

 Thermal properties of chitosan and IC have been relatively 

investigated by TG-DTG technique under N2 atmosphere. TG-DTG curves of 

chitosan and IC are shown in Figures 6.6 and 6.7, respectively. TG curve of 

chitosan shows three different mass loss stages. First mass loss (~8%) up to 

100 °C is due to the loss of physically adsorbed water molecules. The second 
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step (~53%) at 245–440 °C with the maximum endothermic decomposition 

peak (~313 °C) might be due to the dehydration of saccharide rings, 

depolymerisation and decomposition of the polymer. Third stage (~19%) at 

510–800 °C may be due to the second stage decomposition of chitosan unit. 

From TG–DTG graph of IC, it is clear that IC also involves three mass loss 

stages during thermal decomposition. First mass loss (~3%) below 100 °C 

may be assigned to the loss of surface water molecules, the second major 

mass loss (~50%) at 218–460 °C is obtained with the maximum endothermic 

decomposition peak (~302 °C) due to the decomposition of free chitosan unit 

and third degradation stage (~14%) might be due to decay of condensed 

chitosan unit. Comparatively, thermal stability of the Schiff base (IC) is found 

to be less than that of chitosan as reported earlier (Tirkistani 1998, Mohamed 

& Fekry 2011). This may because of decrease in the number of primary 

amino groups after Schiff base modification (Demetgül & Serin 2008). The 

thermal stability variation between chitosan and IC assures the chemical 

modification of chitosan by isatin.  

 

Figure 6.6 TG-DTG curves of chitosan 



154 

 

 

 

Figure 6.7 TG-DTG curves of IC 

6.1.6 Powder-XRD Analysis 

 On the basis of crystallinity, chitosan is an outstanding crystalline 

polymer amongst other carbohydrate polymers due to its strong intra and 

intermolecular hydrogen bonds of free amino groups (Wang et al 2005, Anan 

et al 2011). In order to study the changes in crystallinity as well to confirm the 

formation of IC, the XRD patterns of free chitosan and IC are given in 

Figures 6.8 and 6.9, respectively. In Figure 6.8, the XRD pattern of chitosan 

shows its most significant characteristic peak at 2θ = 20°. It also coincides 

with the tendon hydrate polymorph of chitosan. In XRD pattern of IC also, 

this characteristic peak is found at ~2θ = 20° which is wider and weaker than 

that of the free chitosan. The decrease in the crystallinity of the chitosan after 

its structural modification with isatin may be attributed to the deformation of 

the strong hydrogen bonds, because the free amino groups in the chitosan 

forms Schiff base with isatin.  

 In addition, the crystalline index of the compounds is calculated as 

given in the literature (Jiao et al 2011, Zhang et al 2005). The Equation 6.2 is 

used for the calculation of crystalline index as follows: 
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where I110 is the maximum intensity at ~20° and Iam is the intensity of 

amorphous diffraction at 16°. On the basis of the calculated crystalline index 

values for chitosan (47.31%) and IC (23.5%), the crystallinity of IC is lower 

than that of chitosan. It may be assigned to the successful modification of 

amino groups in chitosan through Schiff base formation with isatin. The 

crystalline index values of chitosan and IC are also presented in Table 6.2. 

Table 6.2 Crystalline index values of chitosan, IC and the complexes of IC 

Compound Crystalline index (%) Error (±) 

Chitosan 47.31 2.3655 

IC 23.5 1.175 

[Cu(IC)Cl2] 20.27 1.0315 

[Co(IC)Cl2] 8.69 0.4345 

[Ni(IC)Cl 2] 21.43 1.0715 

 

 

Figure 6.8 Powder-XRD pattern of chitosan 
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Figure 6.9: Powder-XRD pattern IC 

6.1.7 Scanning Electron Microscopy 

 SEM analysis of chitosan and IC has been carried out at liquid N2 

temperature with a magnification of ~5 kX. The difference in structural 

morphology between free chitosan and its Schiff base modified derivative 

(IC) is furhter supported by the surface morphology study of their SEM 

photographs. The SEM images of chitosan and IC are shown in 6.10 and 6.11, 

respectively. It is clear that the SEM image of IC (Figure 6.11) displays more 

extensive three-dimensional network than the smooth lacunose surface of the 

chitosan and this might be due to the chemical modification of chitosan 

through the condensation of isatin with free amino groups available on 

chitosan polymer surface (Demetgül & Serin 2008, Sun & Wang 2006). On 

comparison, SEM image of IC reveals rougher surface than that of chitosan. 

This rough surface of Schiff base modified chitosan (IC) may lead to 

successful metal binding through complex formation than free chitosan. 
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Figure 6.10 SEM image of chitosan 

 

Figure 6.11 SEM image of IC 

6.2 CHARACTERIZATION OF Co(II) COMPLEX ([Co(IC)Cl 2]) 

 It is effectively air stable (non-hygroscopic). It is easily soluble in 

acetic acid and soluble in DMSO under vigorous stirring with warm 

conditions while it is insoluble in water, ethanol, methanol, benzene and 

ether. 
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6.2.1 Elemental Analysis and Molar Conductance Study 

 Theoretical and calculated % of C, H, N and Co contents (Table 6.1) 

present in the complex are well matched with each other. This supports the 

formation of the complex with expected stoichiometry. The very low molar 

conductance value (2.6 ohm-1cm2mol-1) suggests the non-electrolytic nature of 

the complex which further confirms the presence of chloride ions inside the 

coordination sphere. 

6.2.2 FT-IR Spectroscopy 

 FT-IR spectrum of [Co(IC)Cl2] is illustrated in Figure 6.12. It 

reveals almost the same vibrational spectral pattern as that of FT-IR spectrum 

of IC (Figure 6.2) except some changes. In specific, some shifts are observed 

in few bands. The presence of polysaccharide structure of the chitosan support 

is evidenced by the bands exist at ~890, ~1040 and ~1150 cm-1.  

 

Figure 6.12 FT-IR spectrum of [Co(IC)Cl2] 

 Importantly, the characteristic bands of C=N and C=O groups are 

shifted to lower wave number region in FT-IR spectrum of [Co(IC)Cl2], 
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which confirms the coordination of nitrogen (C=N) and oxygen (C=O) to the 

Co(II) ion (Raman et al 2011, Dolaz et al 2010). In addition, the emergence of 

new bands at 480 and 440 cm-1 is assigned to M-N and M-O bonds, 

respectively. These observations confirm the formation of [Co(IC)Cl2] from 

IC (Raman et al 2010).  

6.2.3 UV-Vis. Spectroscopy 

 With an aim to predict the geometry of [Co(IC)Cl2] complex, its 

UV-Vis. spectrum is shown in Figure 6.13. It exhibits three bands below 400 

nm. The first two bands at 245 and 295 nm can be assigned to π-π* and n-π* 

transitions, respectively. The third band at ~390 nm is attributed to the 

presence of ligand to metal charge transfer transition (LMCT) in the complex 

(Raman et al 2011). Besides, the characteristic d-d transition band is observed 

at ~600 nm. This d-d transition illustrates the evidence for the square planar 

geometry around the Co(II) metal centre in [Co(IC)Cl2] complex (Garg et al 

2005).  

 

Figure 6.13 UV-Vis. spectrum of [Co(IC)Cl2]  



 

 

6.2.4 Magnetic Susceptibility Measurements

 The room temperature magnetic susceptibility measurement of 

[Co(IC)Cl2] has been done with the CuSO4.5H

the magnetic moment value (

Co(II) system with one unpaired electron. It also supports the square planar 

geometry around Co(II) in  [Co(IC)Cl

also presented in Table 6.1. 

6.2.5 Thermal Study

 To find out the thermal stability and degradation stages of 

[Co(IC)Cl2] complex, its TG

DTG pattern of [Co(IC)Cl

100 °C) comes from the loss of surface adsorbed water molecules, second one 

(204-390 °C) might be due to the decomposition of free chitosan unit and 

third step is assigned to the deformation of coordinati

atom and Co(II) ion and also the decomposition of condensed chitosan unit. 

After metallation with Co(II) ion, thermal stability of IC seems to be reduced 

significantly. It may be due to the formation of thermally stable metal oxide. 

All three decomposition steps are found to be endothermic in nature. 

Figure 6.14 TG

Susceptibility Measurements 

The room temperature magnetic susceptibility measurement of 

] has been done with the CuSO4.5H2O calibrant. For [Co(IC)Cl

the magnetic moment value (µeff) is 2.11 BM which is a characteristic of d

Co(II) system with one unpaired electron. It also supports the square planar 

geometry around Co(II) in  [Co(IC)Cl2] (Kalia & Sharma 2007

nted in Table 6.1.  

Study 

To find out the thermal stability and degradation stages of 

] complex, its TG-DTG pattern is provided in Figure 6.14. 

[Co(IC)Cl2] exhibits three degradation stages. First one (up to 

100 °C) comes from the loss of surface adsorbed water molecules, second one 

390 °C) might be due to the decomposition of free chitosan unit and 

third step is assigned to the deformation of coordination bonds between donor 

atom and Co(II) ion and also the decomposition of condensed chitosan unit. 

After metallation with Co(II) ion, thermal stability of IC seems to be reduced 

significantly. It may be due to the formation of thermally stable metal oxide. 

All three decomposition steps are found to be endothermic in nature. 

Figure 6.14 TG-DTG curves of [Co(IC)Cl2]  
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The room temperature magnetic susceptibility measurement of 

For [Co(IC)Cl2], 

) is 2.11 BM which is a characteristic of d7 

Co(II) system with one unpaired electron. It also supports the square planar 

Kalia & Sharma 2007). This value is 

To find out the thermal stability and degradation stages of 

DTG pattern is provided in Figure 6.14. TG–

exhibits three degradation stages. First one (up to 

100 °C) comes from the loss of surface adsorbed water molecules, second one 

390 °C) might be due to the decomposition of free chitosan unit and 

on bonds between donor 

atom and Co(II) ion and also the decomposition of condensed chitosan unit. 

After metallation with Co(II) ion, thermal stability of IC seems to be reduced 

significantly. It may be due to the formation of thermally stable metal oxide. 

All three decomposition steps are found to be endothermic in nature.  
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6.2.6 Powder-XRD Analysis 

 The powder-XRD pattern of [Co(IC)Cl2] is shown in Figure 6.15, 

and it seems to be very much amorphous in nature. The observed pattern 

resembles well with the XRD pattern previously reported for the chitosan 

containing Co(II) complexes (Ou et al 2010). For the calculation of crystalline 

index value, the characteristic peak (at ~2θ=20°) has been taken. By 

comparing the intensities of the above mentioned peak with lowest intense 

peak, the crystalline index value of [Co(IC)Cl2] is calculated from  

Equation 6.2. The resultant crystalline index value is 8.69% as given in  

Table 6.2. The peak found at around 2θ=20° confirms the presence of 

chitosan backbone in [Co(IC)Cl2] as a support.   

 

Figure 6.15 Powder-XRD pattern of [Co(IC)Cl2] 

6.2.7 Scanning Electron Microscopy 

 To describe the surface properties of [Co(IC)Cl2], its SEM image is 

given in Figure 6.16. It displays extremely different surface morphology 

compared to IC (6.11) and chitosan (6.10). Significantly, the roughness of IC 

gets increased after metallation with Co(II) ion and the surfaces of 

[Co(IC)Cl2] looks like rough stone with so many water drops deposited on its 
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surface. This significant surface alteration for IC after complexation with 

Co(II) ions is assigned to the formation of footprints on the surface by 

imprinting of Co(II) ions on the surface of IC (Dhakal et al 2008). This 

footprint formation on IC surface may be allocated to the coordination of 

Co(II) ions with the active sites existing on surface (Demetgül & Serin 2008). 

This morphology change of IC upon complexation may depend on the nature 

of the metal ions. These affirmative changes in surface morphology of 

anchored complexes may make them excellent heterogeneous catalysts in 

organic reactions. 

 

Figure 6.16 SEM image of [Co(IC)Cl2] 

 

6.3 CHARACTERIZATION OF Ni(II) COMPLEX ([Ni(IC)Cl 2]) 

 The synthesized [Ni(IC)Cl2] is found to be air stable (non-

hygroscopic). Like [Co(IC)Cl2], it is soluble in acetic acid. It is also soluble in 

DMSO under vigorous stirring in warm conditions only. On the other hand, it 

is insoluble in water, ethanol, methanol, benzene and ether. 

6.3.1 Elemental Analysis and Molar Conductance Study 

 From the elemental analysis (C, H, N and Ni) data, the formation of 

complex with the expected stoichiometry is confirmed, since the experimental 
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values are well comparable with the theoretical values (Table 6.1). Similar to 

[Co(IC)Cl2], [Ni(IC)Cl 2] also exhibit poor molar conductance (1.9 ohm-

1cm2mol-1). This confirms the non-electrolytic nature of the complex. 

Moreover, it also confirms that the chloride ions are present inside the 

coordination sphere. 

6.3.2 FT-IR Spectroscopy 

 To confirm the coordination of IC with Ni(II), the obtained FT-IR 

spectrum of [Ni(IC)Cl2] is presented in Figure 6.17. The significant 

observation of the FT-IR spectra of IC (Figure 6.2) and [Ni(IC)Cl2] is that 

both have the similar pattern, with some changes in shift of the frequencies. 

Particularly, the characteristic imine (C=N) stretch gets shifted to lower 

region due to the coordination of nitrogen with Ni(II).  

 

Figure 6.17 FT-IR spectrum of [Ni(IC)Cl2] 

 In addition, the shift is also noted in the characteristic band of C=O 

group due to the coordination of  oxygen to Ni(II). The appearance of new 

bands at around 480 (M-N) and 440 cm-1 (M-O) further support the 

coordination of IC with Ni(II) through imino nitrogen and carbonyl oxygen 
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atoms, respectively (Dolaz et al 2010, Raman et al 2010, Raman et al 2011). 

The presence of polysaccharide structure of the chitosan support is confirmed 

by the bands at ~890, ~1040 and ~1150 cm-1. On the basis of above 

discussions, formation of [Ni(IC)Cl2] from IC is confirmed.  

6.3.3 UV-Vis. Spectroscopy 

 The electronic spectrum of [Ni(IC)Cl2]  is shown in Figure 6.18 to 

identify the geometry formed by IC around Ni(II). Three predominant 

absorption bands are observed. The bands below 400 nm are attributed to the 

electronic transitions of IC. In detail, the band at around 260 nm is allocated 

to π-π* whereas the band at ~360 nm could be the indication of n-π* 

transitions as well as the ligand to metal charge transfer transition (LMCT). 

Most essentially, the characteristic band at ~515 nm can be attributed to the 

vital d-d transition band of Ni(II), and this confirms the square planar 

geometry around Ni(II) in [Ni(IC)Cl2] complex (Raman et al 2003).  

 

Figure 6.18 UV-Vis. spectrum of [Ni(IC)Cl2] 

 



 

 

6.3.4 Magnetic Susceptibility Measurement

 The geometry of [Ni(IC)Cl

susceptibility measurement carried out at room temperature using 

CuSO4.5H2O as the calibrant. The acquired magnetic moment value of 

[Ni(IC)Cl 2] is zero (Table 6.1). This zero magnetic moment of [Ni(IC)Cl

assigns to S=0, d8 Ni(II) system with zer

the square planar geometry for [Ni(IC)Cl

6.3.5 Thermal Study

 Thermal stability and its thermal degradation behaviour of 

[Ni(IC)Cl 2], are investigated from its TG

As in the case of [Co(IC)Cl

three thermal decomposition steps. The details of the thermal decomposition 

steps are: 0-100 °C (7%), 190

7% weight loss up to 100 °C can be due to the elimination of water molecules 

which have been physically adsorbed on the surface. 

Figure 6.19 TG

Susceptibility Measurement 

The geometry of [Ni(IC)Cl2] is further confirmed by the 

susceptibility measurement carried out at room temperature using 

O as the calibrant. The acquired magnetic moment value of 

] is zero (Table 6.1). This zero magnetic moment of [Ni(IC)Cl

Ni(II) system with zero unpaired electron. It also 

the square planar geometry for [Ni(IC)Cl2] around Ni(II) (Singh et al 2012a

Study 

Thermal stability and its thermal degradation behaviour of 

], are investigated from its TG-DTG patterns given in Figure 6.19. 

As in the case of [Co(IC)Cl2], TG-DTG patterns of  [Ni(IC)Cl

three thermal decomposition steps. The details of the thermal decomposition 

100 °C (7%), 190-370 °C (34%) and 440-590 °C (17%). The first 

ht loss up to 100 °C can be due to the elimination of water molecules 

which have been physically adsorbed on the surface.  

Figure 6.19 TG-DTG curves of [Ni(IC)Cl2] 
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] is further confirmed by the magnetic 

susceptibility measurement carried out at room temperature using 

O as the calibrant. The acquired magnetic moment value of 

] is zero (Table 6.1). This zero magnetic moment of [Ni(IC)Cl2] 

o unpaired electron. It also proposes 

Singh et al 2012a).  

Thermal stability and its thermal degradation behaviour of 

given in Figure 6.19. 

DTG patterns of  [Ni(IC)Cl2] also display 

three thermal decomposition steps. The details of the thermal decomposition 

590 °C (17%). The first 

ht loss up to 100 °C can be due to the elimination of water molecules 
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 The next mass loss starts from 190 °C and extends to 370 °C may 

cover the removal of free chitosan units. The final weight loss between  440-

590 °C mainly includes the decay of coordination bonds between donor atoms 

and Ni(II) ion and decomposition of condensed chitosan units. 

Comparatively, thermal stability of [Ni(IC)Cl2] is found to be lower than that 

of IC. These annotations are well harmonized with the preceding reports. The 

observed thermal decomposition steps are endothermic in nature.  

6.3.6 Powder-XRD Analysis 

 The powder-XRD pattern of [Ni(IC)Cl2] is given in Figure 6.20 to 

compare its crystallinity with IC. On the comparison, [Ni(IC)Cl2] is found to 

be more amorphous compound than IC. Importantly, the existence of chitosan 

backbone structure in [Ni(IC)Cl2] is confirmed with the presence of the peak 

at 2θ = ~20°. Furthermore, the crystalline index value of [Ni(IC)Cl 2] is 

calculated from its XRD pattern by comparing the intensity of the 

characteristic peak (~2θ=20°) with the highest amorphous peak. For such 

calculation, Equation 6.2 has been employed. On the basis of crystalline index 

value, [Ni(IC)Cl2] is found to be less amorphous than [Co(IC)Cl2]. The 

calculated crystalline index value is 21.43% as given in Table 6.2.  

 

Figure 6.20 Powder-XRD pattern of [Ni(IC)Cl2] 
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6.3.7 Scanning Electron Microscopy 

 The surface morphological properties of [Ni(IC)Cl2] are examined 

by its SEM image depicted in Figure 6.21. Like [Co(IC)Cl2] (Figure 6.16), it 

also exposes new different surface morphology as compared to IC (Figure 

6.11) and chitosan (Figure 6.10). Comparatively, [Ni(IC)Cl2] shows very 

rougher surface than IC. The surface of [Ni(IC)Cl2] has many tiny particles in 

the diffuse manner. The appearance of such tiny particles on the surface of 

[Ni(IC)Cl 2] looks like the presence of water droplets on the surface of the 

hard stone. This noteworthy surface modification for IC after complexation 

with Ni(II) ions can be attributed to the formation of footprints on the surface 

by imprinting of Ni(II) ions on the surface of IC (Dhakal et al 2008). In 

further, this footprint formation on the surface of IC may be due to the 

coordination of Ni(II) ions with the active sites found on surface of IC 

(Demetgül & Serin 2008). These positive surface modifications of IC upon 

the coordination reaction with Ni(II) ions may lead [Ni(IC)Cl2] as an 

excellent heterogeneous catalyst in organic reactions. 

 

Figure 6.21 SEM image of [Ni(IC)Cl2] 
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6.4 CHARACTERIZATION OF Cu(II) COMPLEX ([Cu(IC)Cl 2]) 

 [Cu(IC)Cl2] is stable in aerobic conditions like [Co(IC)Cl2] and 

[Ni(IC)Cl 2]. It is soluble in acetic acid. In DMSO, it is soluble only on strong 

stirring and warm conditions are maintained. In contrast, it is insoluble in 

water, ethanol, methanol, benzene and ether also.  

6.4.1 Elemental Analysis and Molar Conductance Study 

 The elemental analysis of [Cu(IC)Cl2], given in Table 6.1, shows 

that, the theoretical values and the experimental data (C, H, N and Cu) are 

well comparable. This suggests that the [Cu(IC)Cl2] has been formed in the 

anticipated stoichiometry. The measured molar conductance value of 

[Cu(IC)Cl2] is low (3.2 ohm-1cm2mol-1) as in the case of [Co(IC)Cl2] and 

[Ni(IC)Cl 2] (Table 6.1). It confirms the non-electrolytic nature of [Cu(IC)Cl2], 

which means that two chloride ions are present inside the coordination sphere 

of the complex. 

6.4.2 FT-IR Spectroscopy 

 To explore the structure of [Cu(IC)Cl2], its vibrational spectrum is 

illustrated in Figure 6.22. Even though the FT-IR spectra of IC and 

[Cu(IC)Cl2] exhibit similar pattern, some salient changes are seen  

(Figure 6.2). They are the shift in the positions of few characteristic bands. In 

specific, the characteristic bands of C=N and C=O stretches have appeared in 

the lower regions compared to that of IC. This might be assigned to the 

coordination of C=N and C=O groups of IC with Cu(II) ion through nitrogen 

and oxygen, respectively (Raman et al 2011, Dolaz et al 2010). Additionally, 

the existence of new bands at around 480 and 440 cm-1 can further 

substantiate the coordination of IC with Cu(II) ion via nitrogen and oxygen 
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donor atoms, respectively (Raman et al 2010). These observations clearly 

indicate the formation of [Cu(IC)Cl2] from the Schiff base, IC.  

 

Figure 6.22 FT-IR spectrum of [Cu(IC)Cl2]  

6.4.3 UV-Vis. Spectroscopy 

 The electronic spectrum of [Cu(IC)Cl2] between 200 and 800 nm 

wavelength region is provided in Figure 6.23 for the identification of 

geometry of the complex.  It shows three major peaks at around 270, 350 and 

480 nm. The first two peaks can be due to the presence of IC in [Cu(IC)Cl2]. 

The band at ~270 nm has arisen because of π-π* transitions. The band at ~350 

nm is allocated to the n-π* transitions of IC. In addition, the charge transfer 

transitions from ligand to metal may also be the reason for the emergence of 

this band in the electronic spectrum of [Cu(IC)Cl2]. Besides, the expected d-d 

transition bands are noted at ~480 and 620 nm. This authenticate square 

planar geometry of d9 Cu(II) system (Gupta et al 2006).   
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Figure 6.23 UV-Vis. spectrum of [Cu(IC)Cl2] 

6.4.4 Magnetic Susceptibility Measurement 

 As for [Co(IC)Cl2] and [Ni(IC)Cl2], the room temperature magnetic 

susceptibility measurement has been also carried out for [Cu(IC)Cl2]  to 

confirm its geometry. The calculated magnetic moment (µeff) of [Cu(IC)Cl2] is 

1.70 BM as presented in Table 6.1. It s very close to the expected spin only 

magnetic moment value 1.73 BM of d9 Cu(II) system with single unpaired 

electron in an essentially �	��
� orbital and suggests square planar geometry 

for the complex [Cu(IC)Cl2]   (Ünver & Hayvali 2010).  

6.4.5 Electrons Spin Resonance (ESR) Spectroscopy 

 To support the geometrical properties suggested by UV-Vis. 

Spectral and magnetic moment studies, the ESR spectrum of [Cu(IC)Cl2] is 

shown in Figure 6.24. It has not shown the resolved ESR pattern as in the 

cases of Cu(II) complexes of ISG and BSG. However, the identified g-tensor 

value (2.071) is greater than 2.0023. It suggests that the unpaired electron 

most probably dwells in the d��	��� orbital and the geometry around Cu(II) 

centre might be square planar geometry as evidenced in UV-Vis. 
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spectroscopy (Deshpande et al 1999). Moreover, the noted g-tensor value is 

less than 2.3. It points out the covalent nature of Cu-IC interaction (Kivelson 

& Neiman 2004). 

 

Figure 6.24 ESR spectrum of [Cu(IC)Cl2] 

6.4.6 Thermal Study 

 The TG-DTG curves of [Cu(IC)Cl2], are portrayed in Figure 6.25. It 

also exhibits three thermal decomposition steps akin to [Co(IC)Cl2]  and 

[Ni(IC)Cl 2]. They are 0-100 °C (6%), 147-380 (37%) and 380-510 (19%). 

The first step can be due to the loss of water molecules physically adsorbed 

on the surface of [Cu(IC)Cl2]. The second step may be due to the loss of free 

chitosan units. The last decomposition steps may include the cleavage of 

coordination bonds and the decomposition of condensed chitosan units. On 

the other hand, the big second mass loss starts early in the case of [Cu(IC)Cl2] 

than [Co(IC)Cl2] and[Cu(IC)Cl2]. It shows that [Cu(IC)Cl2]  is thermally less 

stable than [Co(IC)Cl2] and [Ni(IC)Cl2]. The variation in the thermal stability 

of the metal complexes can be due to the difference in the complexation 

behaviour of metal ions with the ligand (IC).  



 

 

Figure 6.25 TG

6.4.7 Powder-XRD 

 The powder

Figure 6.26. It shows the characteristic peak of chitosan at 2

proves the presence of chitosan backbone structure in the complex. Moreover, 

it is more amorphous compared to IC and [Ni(IC)Cl

than [Co(IC)Cl2].  

Figure 6.26

Figure 6.25 TG-DTG curves of [Cu(IC)Cl2] 

XRD Analysis 

The powder-XRD pattern of [Cu(IC)Cl2] is displayed in 

Figure 6.26. It shows the characteristic peak of chitosan at 2θ ≈

proves the presence of chitosan backbone structure in the complex. Moreover, 

it is more amorphous compared to IC and [Ni(IC)Cl2] and less amorphous 

Figure 6.26 Powder-XRD pattern of [Cu(IC)Cl
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] is displayed in  

Figure 6.26. It shows the characteristic peak of chitosan at 2θ ≈ 20° which 

proves the presence of chitosan backbone structure in the complex. Moreover, 

] and less amorphous 

 

XRD pattern of [Cu(IC)Cl 2]  
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 Though the exact reason for the crystallinity difference between the 

complexes is still not identified, it may be due to the variation in 

complexation behaviour of metal ions. In addition, on the basis of the peak 

(2θ ≈ 20°), the crystalline index value of [Cu(IC)Cl2] is calculated using 

Equation 6.2. Its value is 20.27%, lesser than [Ni(IC)Cl2] and greater than 

[Co(IC)Cl2] as given in Table 6.2.   

6.4.8 Scanning Electron Microscopy 

 The surface morphology of [Cu(IC)Cl2] is analyzed and identified 

using scanning electron microscopy. For this purpose, its SEM image is given 

in Figure 6.27. Like other complexes, it also displays the different surface 

appearance compared to IC (Figure 6.11) and chitosan (Figure 6.10). Notably, 

the particles appeared on the surface look like the water droplets deposited on 

the surface of the rough stone. This surface modification could be due to the 

emergence of footprints on the surface of IC by imprinting Cu(II) ions 

through complex formation (Dhakal et al 2008). This footprint formation on 

IC surface may further confirm the coordination of Cu(II) ions with the active 

sites existing on surface (Demetgül & Serin 2008). In fact, the particles 

appeared on the surface of [Cu(IC)Cl2] is tinier than that of [Co(IC)Cl2] and 

[Ni(IC)Cl 2].  

 

Figure 6.27 SEM image of [Cu(IC)Cl2] 
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 By considering the results of characterization techniques, the 

proposed structure for [M(IC)Cl2] is given in Figure 6.28. 

 

Figure 6.28 Proposed structure of [M(IC)Cl2] 

6.5 CATALYTIC STUDY OF [Co(IC)Cl 2], [Ni(IC)Cl 2] AND 

[Cu(IC)Cl 2] 

 Due to the immense applications of the products obtained from 

cyclohexane oxidation, it has been selected as the model reaction to 

investigate the catalytic activity of [Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(IC)Cl2]. 

Cyclohexanol is used in the manufacture of adipic acid, which is again a raw 

material of nylon 6, 6’, soaps and detergents, rubber materials, pesticides, etc., 

whereas cyclohexanone is utilized as an industrial solvent and activator in 

oxidation reactions (Schuchardt et al 2001, Retcher et al 2008). Though 

variety of oxidizing agents including O2 and TBHP is available, the trouble-

free oxidant (H2O2) has been opted to perform the cyclohexane oxidation 

(Wang et al 2010a).  

 Initially, cyclohexane oxidation has been carried out at room 

temperature (25 °C). However, there is no product formation at room 

temperature. So the reaction temperature is increased to reach the expected 



 

 

products. At 70 °C, the conversion of cyclohexane reaches maximum. 

Therefore, 70 °C is fixed as the 

energy to overcome 

catalytic activity of [Co(IC)Cl

temperature between 30 to 80 °C is given Figure 6.29. 

Figure 6.29 Catalytic activity of [M(IC)Cl

for 12 h

 [Co(IC)Cl2]/[Ni(IC)Cl

cyclohexane  mainly yields cyclohexane and cyclohexanol. In gas 

chromatograph analysis, there is no evidence for other products. So the 

general pictorial representation of cyclohexane oxidation to cyclohexanol and 

cyclohexanone is as in Figure 6.30. 

Figure 6.30 Schematic 
catalyzed by [M(IC)Cl

, the conversion of cyclohexane reaches maximum. 

Therefore, 70 °C is fixed as the optimum temperature to supply sufficient 

 the energy barrier of cyclohexane conversion. 

catalytic activity of [Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(IC)Cl

temperature between 30 to 80 °C is given Figure 6.29.  

Catalytic activity of [M(IC)Cl 2] at different temperature 

for 12 h 

]/[Ni(IC)Cl 2]/[Cu(IC)Cl2] catalyzed oxidation 

mainly yields cyclohexane and cyclohexanol. In gas 

chromatograph analysis, there is no evidence for other products. So the 

general pictorial representation of cyclohexane oxidation to cyclohexanol and 

cyclohexanone is as in Figure 6.30.  

Schematic presentation of the cyclohexane oxidation 
catalyzed by [M(IC)Cl2] with H 2O2 at 70 °C 
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, the conversion of cyclohexane reaches maximum. 

temperature to supply sufficient 

the energy barrier of cyclohexane conversion. The 

] and [Cu(IC)Cl2] at different 

 

] at different temperature  

] catalyzed oxidation 

mainly yields cyclohexane and cyclohexanol. In gas 

chromatograph analysis, there is no evidence for other products. So the 

general pictorial representation of cyclohexane oxidation to cyclohexanol and 

 

the cyclohexane oxidation 
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Figure 6.31 Catalytic activity of  [M(IC)Cl 2] for different time intervals 
at 70 °C 

  

 Cyclohexane oxidation reactions have been done for 12 h, 

separately with different complexes. The aliquots of the reaction have been 

taken at the time interval of 2 h for the product analysis. The outcome 

(cyclohexane conversion %) of the catalytic experiments at different time 

intervals is shown in Figure 6.31 while the product selectivity is given in 

Table 6.3. Further increase in time after 12 h does not show any effect in the 

conversion percentage of the reaction. [Cu(IC)Cl2] exhibits highest 

cyclohexane conversion (29%) at 12 h with 41% cyclohexanol and 59% 

cyclohexanone product selectivity. It may be due to the higher decomposition 

of H2O2 exhibited by [Cu(IC)Cl2] as compared to other complexes. On the 

other hand, the cyclohexane conversion for the other two catalysts is in the 

same range (19–22%), but the product selectivity is significantly changed for 

other two complexes ([Co(IC)Cl2] and [Ni(IC)Cl2]): 47% and 30% for 

cyclohexanol; and 53% and 70% for cyclohexanone, respectively (Table 6.3). 

The selectivity for cyclohexanol is found to be more with [Co(IC)Cl2] and 

cyclohexanone is found to be more with [Ni(IC)Cl2] irrespective of the time. 

This variation in product selectivity may be due to the nature of the metal ions 

present in the complex. In common, the selectivity of cyclohexanone product 
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is increased while the cyclohexanol selectivity is decreased when the reaction 

proceeds till 12 h. This indicates that cyclohexanol formed in the first step is 

subsequently oxidized into cyclohexanone during the progress of the reaction.  

Table 6.3 Product selectivity achieved by the complexes of IC in 
cyclohexane oxidation at different time intervals 

Catalyst 
Selectivity (%) 

(Cyclohexanol/Cyclohexanone) 

2h 4h 6h 8h 10h 12 h 

IC - - - - - - 

[Cu(IC)Cl2] 85/15 77/23 69/31 62/38 56/44 41/59 

[Co(IC)Cl2] 93/07 88/12 80/20 71/29 59/41 47/53 

[Ni(IC)Cl 2] 82/18 72/28 61/39 54/46 42/58 30/70 
 

 The studied complexes [Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(IC)Cl2] 

with  coordinatively unsaturated Co(II), Ni(II) and Cu(II) species, 

respectively play a crucial task in increasing the catalytic performance. When 

the cyclohexane oxidation   was performed using IC as catalyst, no 

cyclohexane conversion has been identified. This signifies the role of 

coordinatively unsaturated Co(II), Ni(II) and Cu(II) species in cyclohexane 

oxidation. The blank experiment done without catalyst has not shown any 

cyclohexane conversion which proves the importance of catalyst. Another 

trial experiment has been carried out without oxidant which also shows no 

cyclohexane conversion. It can prove the significance of H2O2 in cyclohexane 

oxidation reaction.  

6.5.1 Catalytic Reusability  

 An important advantage of polymer supported metal catalysts is its 

reusability. As [Cu(IC)Cl2] exhibits highest conversion than other two 

complexes, it has been taken to investigate the catalyst’s stability for the 
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further catalytic cycles. The selected complex catalyst can be removed by 

simple filtration upon completion of the reaction and reused (no need any 

further treatment) several times without loss of its catalytic activity since it is 

biopolymer based.  

 To perform the catalytic reusability, [Cu(IC)Cl2] is used for seven 

subsequent catalytic oxidation of cyclohexane. The outcome of this 

reusability study is exemplified in Figure 6.32. The conversion of 

cyclohexane is not much affected until fourth catalytic run (from 29% to 

~23%) without affecting the selectivity of the corresponding products. But 

when we extend the reaction cycle (from the fifth to seventh) further, the 

activity of the complex decreases and reaches the lowest value for the seventh 

run (~7%). This significant change in the catalytic activity of the [Cu(IC)Cl2] 

complex may be due to the poor chemical resistance and mechanical strength 

of chitosan backbone (Martina et al 2011) which provides the heterogeneity to 

the complex. Therefore, we can use this studied complex for cyclohexane 

oxidation reaction till four cycles without major loss of its catalytic activity.  

 

Figure 6.32 Catalytic reusability of [Cu(IC)Cl2] complex 
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CHAPTER 7 

CHARACTERIZATION AND CATALYTIC STUDY OF 

Co(II), Ni(II) AND Cu(II) COMPLEXES OF THE SCHIFF 

BASE DERIVED FROM CHITOSAN AND BENZIL 

 

CONTENTS 

7.1 Characterization of the Schiff base ligand (benzil-chitosan 

(BC)) 

7.2 Characterization of Co(II) complex ([Co(BC)Cl2]) 

7.3 Characterization of Ni(II) complex ([Ni(BC)Cl2]) 

7.4 Characterization of Cu(II) complex ([Cu(BC)Cl2]) 

7.5 Catalytic study of [Co(BC)Cl2], [Ni(BC)Cl2] and 

[Cu(BC)Cl2] 

 This chapter mainly aims to describe the characterization and 

catalytic properties of the Schiff base ligand, benzil-chitosan (BC) and its 

complexes. The characterization section contains physico-chemical methods 

(elemental analysis; molar conductance and magnetic susceptibility 

measurements), spectral techniques (FT-IR, UV-Vis., powder-XRD, 1H NMR 

and ESR), thermal study (TG-DTG) and surface morphology study (SEM). In 

this chapter, the catalytic properties of the complexes are studied using 

cyclohexane oxidation reaction.  
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7.1 CHARACTERIZATION OF THE SCHIFF BASE LIGAND 

(BENZIL-CHITOSAN (BC)) 

 The ligand (BC) is non-hygroscopic in aerobic conditions. It is 

insoluble in water, ethanol, methanol, benzene and ether. But it is freely 

soluble in acetic acid and partially soluble in DMSO.  

7.1.1 Elemental Analysis and Molar Conductance Studies 

 The elemental analysis and molar conductance data of the Schiff 

base ligand BC and its complexes are presented in Table 7.1. It shows that 

theoretical and observed elemental analysis data are in good agreement to 

assure the formation of BC from chitosan and benzil. Very low molar 

conductance value suggests the non-electrolytic nature to BC.  

Table 7.1 Physico-chemical data of BC and its complexes 

Compounds 
C 

(%) 

H 

(%) 

N 

(%) 

M 

(%) 

Molar 

conductance 

(ohm-1cm2mol-1) 

Magnetic 

moment (BM) 

BC 
67.26 

(67.59) 

5.70 

(5.96) 

3.52 

(3.94) 
- 1.1 - 

[Co(BC)Cl2] 
49.12 

(49.51) 

4.20 

(4.36) 

2.58 

(2.89) 

11.99 

(12.15) 
4.4 2.08 

[Ni(BC)Cl2] 
49.37 

(49.53) 

4.14 

(4.36) 

2.39 

(2.89) 

11.75 

(12.10) 
1.7 0 

[Cu(BC)Cl2] 
39.83 

(49.04) 

4.09 

(4.32) 

2.67 

(2.86) 

12.54 

(12.97) 
2.8 1.74 

 

 In addition, the percentages of C and N are used to find the degree 

of substitution (DS) of BC to -NH2 group of chitosan by Equation 7.1 
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(Sheldrick 1997). For chitosan, theoretical and observed elemental analysis 

data are C (44.72 and 43.10%), H (6.88 and 6.25%) and N (8.69 and 8.26%).  

 

( ) ( )
n

N
C

N
Ca

DS om
−

=
                                     (7.1) 

where (C/N)m is the C/N ratio of the Schiff base modified chitosan derivative, 

BC, (C/N)o is the C/N ratio of the original chitosan, and ‘a’ and ‘n’ are the 

number of nitrogen and carbon introduced after the modification of chitosan 

through Schiff base formation, respectively. The calculated C/N ratio of 

chitosan and its Schiff base modified form (BC) are 5.22 and 19.11, 

respectively. The huge increase in the C/N ratio after modification of chitosan 

is due to the insertion of carbon rich aromatic groups which may be the 

coherent behaviour of chitosan-benzil interaction (Monteiro Jr & Airoldi 

1999). The calculated DS value (0.69) of the Schiff base modified chitosan is 

slightly higher than previous report (Krishnapriya & Kandaswamy 2010) 

which may be due to the higher carbon content of benzil.  

7.1.2 FT-IR Spectroscopy 

 To compare and characterize BC, FT-IR spectra of both chitosan 

and BC are illustrated in Figures 7.1 and 7.2, respectively. The IR spectrum of 

chitosan shows a strong peak at 3407 cm-1, it can be assigned to the axial 

vibration of O-H which is superimposed with the N-H stretching band 

(Guinesi & Cavalheiro 2006). The axial C-H stretching is observed at 2859 

cm-1. The other notable and significant bands observed in vibrational 

spectrum of chitosan are C-O-C stretching vibration (1037 cm-1) and the 

specific bands of the β(1–4) glycoside bridge (1158 and 892 cm-1). 

Aforementioned C-O-C stretch and β(1–4) glycoside bridge bands 

collectively support the polysaccharide structure of chitosan (Mac Leod et al 

2009, Brugnerotto et al 2001, Shigemasa et al 1996).  
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IR spectrum of BC is similar to that of chitosan with some 

significant changes. Importantly, the shift observed in axial stretching 

H may be attributed to the modification of chitosan by 

anchoring benzil into chitosan matrix. Furthermore, the sharp and intense 

bands noticed at 1620 cm-1 and 1707 cm-1 are attributed to the stretching of 

Colthup et al 1990) and the carbonyl group, respectively. These 
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results support the anchoring of benzil into chitosan. On the other hand, the 

presence of both C=O and C=N stretches in FT-IR spectrum of BC proves 

that one of the carbonyl groups of benzil is not involved in Schiff base 

formation with chitosan which may be due to the steric hindrance around the 

reaction centre. The above discussion implies the formation of BC between 

chitosan and benzil.  

7.1.3 1H NMR Spectroscopy 

 To make the discussion of 1H NMR spectrum easy, the expected 

structure of BC is given below (Figure 7.3). 

 

Figure 7.3 Expected structure of BC 

 The structure of the bio polymeric Schiff base (BC) has been also 

characterized by its 1H NMR spectrum (Figure 7.4). It involves the 

assignments of the 1H NMR signals of BC to the corresponding protons by 

following the earlier literature report (dos Santos et al 2005). The chemical 

shifts for the anomeric proton (H-1) and H-2 proton in the 2-amino-2-deoxy-

D-glucopyranose units are located at 5.43 and 3.35 ppm, respectively. The 

peaks between 3.7 and 4 ppm are assigned to H-3,4,5,6 protons. The above 

characteristic peaks prove the presence of chitosan backbone in BC. The 



 

 

multiplets between 7.5 and 8 ppm show the presence of aromatic protons 

which further confirms the successful anchoring of benzil into chitosan 

matrix. There is no evidence in 

which means the absence of azomethine proton. Since, BC was obtained from 

the primary amine (chitosan) and a ketone (benzil). DS value of BC 

calculated from elemental analysis can be further confirmed by the ratio 

between the integrated intensi

peaks of BC (Jagadish et al 2012
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good agreement with the DS value calculated from elemental analysis, 0.69. 
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7.1.4 UV-Vis. Spectroscopy

 UV-Vis. spectroscopy has also been employed to analyze the 

structure of BC. Its UV

absorption bands are observed at 282 and 359 nm. The band at 282 nm is 

multiplets between 7.5 and 8 ppm show the presence of aromatic protons 

which further confirms the successful anchoring of benzil into chitosan 
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which means the absence of azomethine proton. Since, BC was obtained from 

the primary amine (chitosan) and a ketone (benzil). DS value of BC 

calculated from elemental analysis can be further confirmed by the ratio 

between the integrated intensities of anomeric proton (H-1) and aromatic 

Jagadish et al 2012). The DS value of BC estimated from the 

ratio between intensities of 1H NMR peaks of anomeric proton, H

(5.43 ppm) and aromatic multiplets (7.5–8 ppm) is around 0.67 and it is i

good agreement with the DS value calculated from elemental analysis, 0.69. 

Figure 7.4 1H NMR spectrum of BC 

Spectroscopy 

Vis. spectroscopy has also been employed to analyze the 

structure of BC. Its UV-Vis. spectrum is given in Figure 7.5. The two strong 

absorption bands are observed at 282 and 359 nm. The band at 282 nm is 
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absorption bands are observed at 282 and 359 nm. The band at 282 nm is 
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attributed to the π-π* transition of π-electrons available in C=C, C=O and 

C=N groups of BC. The absorption band at 359 nm is due to n-π* transition 

of the non-bonded electrons of C=O and C=N groups. These electronic 

spectral results also support the formation of Schiff base (BC) from chitosan 

and benzil.  

 

Figure 7.5  UV-Vis. spectrum of BC 

7.1.5 Thermal Study 

 TG-DTG method has been carried out to explore the thermal 

stability of BC under N2 atmosphere. TG-DTG curves of chitosan and BC are 

shown in Figures 7.6 and 7.7, respectively. TG curve of chitosan shows three 

different mass loss stages. First mass loss (~8%) up to 100 °C is due to the 

loss of physically adsorbed water molecules. The second step (~53%) at  

245–440 °C with the maximum endothermic peak (~313 °C) might be due to 

the dehydration of saccharide rings, depolymerisation and decomposition of 

the polymer. Third stage (~19%) at 510–800 °C may be due to the second 

stage decomposition of chitosan unit. Meanwhile, the TG-DTG curve of the 



 

 

Schiff base ligand (BC) exhibits three degradation stages. The first stage may 

be due to the loss of surface adsorbed water molecules and the second big 

mass loss is attributed to the loss of free amino chitosan unit

assigned to the decay of condensed chitosan unit and the aromatic moiety. 

Figure 7.6 TG

Figure 7.7 TG

Schiff base ligand (BC) exhibits three degradation stages. The first stage may 

be due to the loss of surface adsorbed water molecules and the second big 

mass loss is attributed to the loss of free amino chitosan units and third one is 

assigned to the decay of condensed chitosan unit and the aromatic moiety. 

Figure 7.6 TG-DTG curves of chitosan 

Figure 7.7 TG-DTG curves of BC 
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be due to the loss of surface adsorbed water molecules and the second big 

s and third one is 

assigned to the decay of condensed chitosan unit and the aromatic moiety.  

 

 



187 

 

 

 The residue obtained at 650 °C may be the carbon residues. In 

addition, the significant second mass loss stage occurs at lower temperature 

(210–375 °C) than that of chitosan (245–440 °C) which means that BC is 

thermally less stable than chitosan. This could be due to the decrease in 

number of primary amino groups of chitosan after the Schiff base formation, 

because the free amino groups makes chitosan more stable through extended 

hydrogen bonding (Demetgül & Serin 2008). Such decrease in thermal 

stability is also well supported by the previous reports on Schiff base 

modified chitosan (Mohamed & Fekry 2011, Tirkistani 1998).  

7.1.6 Powder-XRD Analysis 

 As chitosan is one of the best carbohydrate polymers due to its 

strong intra and intermolecular hydrogen bonds, it is very essential to study 

the crystalline behaviour of chitosan and its derivatives (Anan et al 2011, 

Roberts 1992, Wang et al 2005). In literature, powder-XRD analysis has been 

applied for such purpose and the XRD patterns of chitosan and BC are given 

in Figures 7.8 and 7.9, respectively. The XRD pattern of chitosan shows its 

characteristic peak at 2θ = 20° and it is in well accordance with the previous 

reports. The same peak observed for BC is wider and weaker compared to that 

of chitosan. This significant change indicates the decrease in crystallinity of 

chitosan after its structural modification with benzil because of the loss of free 

amino groups due to formation of Schiff base (BC) between chitosan and 

benzil. Moreover, the existence of this characteristic peak in XRD pattern of 

BC supports the stability of chitosan’s backbone structure even after chemical 

modification.  

 The change in crystallinity of chitosan after chemical modification 

can also be identified by the already reported Equation 7.2 (Jiao et al 2011, 

Zhang et al 2005). This equation is used to predict the crystalline index of 

chitosan based compounds.  
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where I110 is the maximum intensity at ~20° and Iam is the intensity of 

amorphous diffraction at 16°. The calculated crystalline index values are 

given in Table 7.2.  

Table 7.2  Crystalline index values of chitosan, BC and the complexes 
of BC 

Compound Crystalline index (%) Error (±) 

Chitosan 47.31 2.3655 

BC 32.72 1.6360 

[Co(BC)Cl2] 13.75 0.6875 

[Ni(BC)Cl2] 26.67 1.3335 

[Cu(BC)Cl2] 18.45 0.9225 

 

 

Figure 7.8 Powder-XRD pattern of chitosan 
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Figure 7.9 Powder-XRD pattern of Schiff base (BC) 

7.1.7 Scanning Electron Microscopy 

 To investigate and compare the surface properties of chitosan and 

BC, their SEM images are portrayed in Figures 7.10 and 7.11, respectively. 

Both the SEM pictures were taken under liquid N2 temperature with a 

magnification of ~5 KX. SEM image of Schiff base ligand (BC) displays 

more extensive three-dimensional network than the smooth lacunose surface 

of the chitosan and this could be due to chemical modification of chitosan 

through the condensation of benzil with free amino groups available on 

chitosan polymer surface (Demetgül & Serin 2008). On comparison, small 

particle size and rough surface of the ligand (BC) further increase the 

adsorption capacity towards the metal ions by complex formation (Monteiro 

Jr & Airoldi 1999). Therefore, the metal ions can be loaded on the surface of 

BC effectively than chitosan’s surface. 
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Figure 7.10 SEM image of chitosan 

 

Figure 7.11 SEM image of BC 

7.2 CHARACTERIZATION OF Co(II) COMPLEX ([Co(BC)Cl 2]) 

 This complex shows good stability under aerobic conditions (non-

hygroscopic). It is freely soluble in acetic acid and partially soluble in DMSO 

with vigorous stirring under mild warm conditions. It is insoluble in common 

solvents such as water, ethanol, methanol, benzene and ether. This insolubility 

may be one of the advantages for this complex to be used as a heterogeneous 

catalyst. 

 



 

 

7.2.1 Elemental Analysis 

 From Table 7.1, it is clear that theoretically calcu

experimentally obtained micro analytical data (C, H, N and Co%) are 

relatively comparable. It suggests the formation of [Co(BC)Cl

expected stoichiometry. Non

because it exhibits very lo

given in Table 7.1. By this observation, the presence of chloride ions inside 

the coordination sphere is suggested.

7.2.2 FT-IR Spectroscopy

Figure 7.12 FT
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provided in Figure 7.12. 
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are due to the coordination of Co(II) with BC. In detail

number is noted in the characteristic bands of C=N and C=O stretches. It can 

be allocated to the coordination of C=N and C=O with Co(II) 

oxygen, respectively. The appearance of very weak bands at about 500 cm

Analysis and Molar Conductance Study

From Table 7.1, it is clear that theoretically calcu

experimentally obtained micro analytical data (C, H, N and Co%) are 

latively comparable. It suggests the formation of [Co(BC)Cl

metry. Non-electrolytic character is assigned to [Co(BC)Cl

very low molar conductance value (4.4 ohm

given in Table 7.1. By this observation, the presence of chloride ions inside 

the coordination sphere is suggested. 

Spectroscopy 

Figure 7.12 FT-IR spectrum of [Co(BC)Cl2] 

To support the formation of [Co(BC)Cl2], its FT-IR spectrum is 

provided in Figure 7.12. It closely resembles with the FT-IR spectrum of the 

ligand (BC) shown in Figure 7.2, except for few changes. These differences 

due to the coordination of Co(II) with BC. In detail, shift to lower wave 

number is noted in the characteristic bands of C=N and C=O stretches. It can 

be allocated to the coordination of C=N and C=O with Co(II) via

oxygen, respectively. The appearance of very weak bands at about 500 cm
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Molar Conductance Study 

From Table 7.1, it is clear that theoretically calculated and 

experimentally obtained micro analytical data (C, H, N and Co%) are 

latively comparable. It suggests the formation of [Co(BC)Cl2] with the 

electrolytic character is assigned to [Co(BC)Cl2] 

w molar conductance value (4.4 ohm-1cm2mol-1) as 

given in Table 7.1. By this observation, the presence of chloride ions inside 

 

 

IR spectrum is 

IR spectrum of the 
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number is noted in the characteristic bands of C=N and C=O stretches. It can 

via nitrogen and 

oxygen, respectively. The appearance of very weak bands at about 500 cm-1 
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(Co-N stretch) and 450 cm-1 (Co-O stretch) can also support the formation of 

coordination bonds by C=N and C=O groups with Co(II), respectively (Dolaz 

et al 2010, Raman et al 2010, Raman et al 2011). The bands at ~890, ~1040 

and ~1150 cm-1 in FT-IR spectrum of [Co(BC)Cl2] suggest the existence of 

chitosan’s β-D-glucopyranose structure even after two chemical 

modifications.  

7.2.3 UV-Vis. Spectroscopy 

 The geometry of coordination complex is generally predicted by its 

UV-Vis. spectrum. In this view, UV-Vis. spectrum of [Co(BC)Cl2] is depicted 

in Figure 7.13. It exhibits two bands below 400 nm. The first band around 280 

nm is weak and assigned to π-π* transition. The intense band around 370 nm 

attributes to n-π* transition and it may also include ligand to metal charge 

transfer transition (LMCT) (Raman et al 2011). An additional important band 

is observed at ~600 nm and assigned to d-d transition band that corresponds 

to square planar geometry around the Co(II) metal centre (Garg et al 2005).  

 

Figure 7.13 UV-Vis. spectrum of [Co(BC)Cl2] 



 

 

7.2.4 Magnetic Susceptibility Measurements

 For [Co(BC)Cl

carried out at room temperature using CuSO

magnetic moment value (2.08 BM) is given in Table 7.1. 

presence of one unpaired electron with the spin

1/2, paramagnetic d7 

environment around Co(II) (

7.2.5 Thermal Study

 The thermal properties of [Co(BC)Cl

pattern  shown in Figure 7.14. 

degradation stages. The first decomposition step (up to 100 °C) can be 

attributed to the loss of physically adsorbed water molecules. The second 

decay stage (165-309 °C) is assigned to the loss of free amino chitosan unit 

and it is found to be large

Figure 7.14

Susceptibility Measurements 

[Co(BC)Cl2], magnetic susceptibility measurement has been 

carried out at room temperature using CuSO4.5H2O as calibrant. The observed 

magnetic moment value (2.08 BM) is given in Table 7.1. 

presence of one unpaired electron with the spin-only magnetic moment of S = 

 Co(II) system and it also proposes the square planar 

nt around Co(II) (Kalia & Sharma 2007).   

Study 

he thermal properties of [Co(BC)Cl2] are illustrated in

in Figure 7.14. TG–DTG pattern of [Co(BC)Cl2

The first decomposition step (up to 100 °C) can be 

attributed to the loss of physically adsorbed water molecules. The second 

309 °C) is assigned to the loss of free amino chitosan unit 

large compared to other two weight losses. 

Figure 7.14 TG-DTG curves of [Co(BC)Cl2] 
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 Third mass loss stage (370-650 °C) may be due to the 

decomposition of coordination bond between the azomethine nitrogen and the 

metal ion (C=N-Co). This third step may also include the decay of condensed 

chitosan unit. All three noted decays involve endothermic decomposition as 

evidenced by DTG curve. After the comparison of TG-DTG pattern of 

[Co(BC)Cl2] (Figure 7.14) with TG-DTG pattern of BC (Figure 7.7), it is 

obvious that thermal stability of BC gets reduced upon coordination with 

Co(II) ion.  

7.2.6 Powder-XRD Analysis 

 The powder-XRD pattern of [Co(BC)Cl2] is given in Figure 7.15 

which shows that [Co(BC)Cl2] is more amorphous than BC. The observed 

powder-XRD pattern is well matched with XRD patterns of previously 

reported Co(II) complex containing chitosan in their structure and this huge 

amorphicity may indicate the disruption of intermolecular hydrogen bonds in 

the polymer (Ou et al 2010).  

 

Figure 7.15 Powder-XRD pattern of [Co(BC)Cl2] 
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 The change in crystalline behaviour of BC after the formation of 

[Co(BC)Cl2] is analyzed by considering the intensity of  characteristic peak of 

chitosan (at ~2θ=20°). The intensity of above mentioned peak is also used to 

calculate the crystalline index of [Co(BC)Cl2]  using Equation 7.2. The 

obtained crystalline index value is 13.75% and given in Table 7.2. Very broad 

peak found at around 2θ=20° supports the existence of chitosan backbone 

structure even after chemical modifications.    

7.2.7 Scanning Electron Microscopy 

 Surface morphology of [Co(BC)Cl2] is explored by using its SEM 

picture (Figure 7.16). Comparatively, the surface of [Co(BC)Cl2] is very 

different than those of  BC (Figure 3.11) and chitosan (Figure 3.10). In 

specific, the surface of [Co(BC)Cl2] seems to be more rough than the surface 

of BC. Moreover, it appears to be the surface of a rough stone with cracks and 

adherence of some tiny particles on it. The difference in the morphology of 

BC and [Co(BC)Cl2] could be due to the imprinting of the metal ions on the 

modified chitosan (BC) which leaves the footprints on the surface of the 

complexes. Thus increase in the porosity is occurred on the surface of 

complexes (Dhakal et al 2008).  

 

Figure 7.16 SEM image of [Co(BC)Cl2] 
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 This may be assigned to the coordination of the metal ions with the 

active sites of BC (Demetgül & Serin 2008). This morphological behaviour of 

[Co(BC)Cl2] containing porous and rough surfaces shows that the effective 

heterogeneous catalytic reactions may be carried out with [Co(BC)Cl2] as 

catalyst.  

7.3 CHARACTERIZATION OF Ni(II) COMPLEX ([Ni(BC)Cl 2]) 

 The [Ni(BC)Cl2] complex is air stable and soluble in acetic acid. In 

DMSO, it dissolves only by applying heat with strong stirring while it does 

not dissolve in water, ethanol, methanol, benzene and ether. 

7.3.1 Elemental Analysis and Molar Conductance Study 

 The elemental analysis data (C, H, N and Ni) (Table 7.1) support the 

formation of [Ni(BC)Cl2], as they match with the expected stoichiometry. 

Very low molar conductance value (1.7 ohm-1cm2mol-1) suggests non-

electrolytic behaviour of [Ni(BC)Cl2]. It further proves that chloride ions are 

present inside the coordination sphere. 

7.3.2 FT-IR Spectroscopy 

 FT-IR spectrum of [Ni(BC)Cl2] is given in Figure 7.17. FT-IR 

spectra of both BC (Figure 7.2) and [Ni(BC)Cl2] are found to be similar but 

with small changes. Importantly, on comparison with BC, FT-IR spectrum of 

[Ni(BC)Cl2] shows C=N and C=O stretching frequencies in lower wave 

number region. This could be due to the coordination of Ni(II) ion with 

nitrogen and oxygen of C=N and C=O groups, respectively. The presence of 

new stretches at ~480 (M-N) and ~440 cm-1 (M-O) may also confirm the 

coordination of BC with Ni(II) through imino nitrogen and carbonyl oxygen 

atoms (Dolaz et al 2010, Raman et al 2010, Raman et al 2011). The existence 



 

 

of chitosan’s backbone structure is assured by identifying the bands at ~890, 

~1040 and ~1150 cm

[Ni(BC)Cl2]. 

Figure 7.17 FT

7.3.3 UV-Vis. Spectroscopy

 UV-Vis. spectrum of [Ni(BC)Cl

salient features are discussed to derive the geometrical properties of 

[Ni(BC)Cl2]. Three important peaks are present

~395 and 557 nm.  

Figure 7.18 UV

of chitosan’s backbone structure is assured by identifying the bands at ~890, 

~1040 and ~1150 cm-1. These observations support the formation of 

Figure 7.17 FT-IR spectrum of [Ni(BC)Cl2] 

Spectroscopy 

Vis. spectrum of [Ni(BC)Cl2]  is illustrated in Figure 7.18. Its 

salient features are discussed to derive the geometrical properties of 

hree important peaks are present in the spectrum 

Figure 7.18 UV-Vis. spectrum of [Ni(BC)Cl2] 
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 The bands observed around 280 and 395 nm can be the evidences of 

π-π* and n-π* transitions of BC, respectively. The band at ~395 nm may also 

be the characteristic of 

expected crucial d-d transition band of 

it is attributed to the square planar geometry around Ni(II) centre of 

[Ni(BC)Cl2] (Raman et al 2003

7.3.4 Magnetic Susceptibility Measurement

 The measured 

zero. It supports the square planar geometry of [Ni(BC)Cl

unpaired electron (S=0, d

7.3.5 Thermal Study

 TG-DTG pattern of [Ni(BC)Cl

its thermal stability. It shows two decomposition steps. Compare

[Co(BC)Cl2], thermal stability of [Ni(BC)Cl

second decomposition step. 

Figure 7.19 

The bands observed around 280 and 395 nm can be the evidences of 

* transitions of BC, respectively. The band at ~395 nm may also 

be the characteristic of ligand to metal charge transfer transition (L

d transition band of [Ni(BC)Cl2] is observed at 557 nm and 

it is attributed to the square planar geometry around Ni(II) centre of 

Raman et al 2003).  

Susceptibility Measurement 

measured magnetic moment value of [Ni(BC)Cl2] is found 

zero. It supports the square planar geometry of [Ni(BC)Cl

unpaired electron (S=0, d8 Ni(II) system) (Singh et al 2012a).  

Study 

DTG pattern of [Ni(BC)Cl2] is shown in Figure 7.19 to 

its thermal stability. It shows two decomposition steps. Compare

], thermal stability of [Ni(BC)Cl2] is low as evidenced by the 

second decomposition step.  

Figure 7.19 TG-DTG curves of [Ni(BC)Cl2] 
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 No weight loss around 100 °C shows that no water molecules have 

been physically adsorbed on the surface of [Ni(BC)Cl2]. The weight loss 

(51%) begins at 157 °C and ends at 289 °C may be assigned to the loss of free 

chitosan units. The weight loss between 360-650 °C could be collectively due 

to the deformation of coordination bonds between donor atoms and Ni(II) ion 

and decomposition of condensed chitosan units. Thermal stability of 

[Ni(BC)Cl2] is lower than that of BC. The observed thermal decomposition 

steps are endothermic in nature.  

7.3.6 Powder-XRD Analysis 

 To find the changes in crystallinity during the formation of 

[Ni(BC)Cl2], its powder XRD pattern is shown in Figure 7.20. As in previous 

reports, here also the crystallinity of [Ni(BC)Cl2] is very low in comparison 

with its chitosan based Schiff base ligand (BC).  

 

Figure 7.20 Powder-XRD pattern of [Ni(BC)Cl2] 

 This can affirm the formation of [Ni(BC)Cl2]. The existence of peak 

at 2θ = ~20° may suggest that chitosan does not lose its backbone structure 

even after modifications. Crystalline index value of [Ni(BC)Cl2] is also 
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calculated to compare its crystallinity with BC using Equation 7.2. By 

comparing the crystalline index values, [Ni(BC)Cl2] is found to be less 

amorphous than [Co(BC)Cl2] while more amorphous than BC. The obtained 

crystalline index value is 26.67% as given in Table 7.2.  

7.3.7 Scanning Electron Microscopy 

 The SEM image of [Ni(BC)Cl2] is illustrated in Figure 7.21 to 

investigate its surface properties. It shows hard and rough surface compared 

to its ligand, BC (Figure 7.11) and chitosan (Figure 7.10). The surface of 

[Ni(BC)Cl2] has many tiny particles as they appeared like the water droplets 

present on the rough stone. This characteristic surface modification of BC, 

after forming [Ni(BC)Cl2]  with Ni(II) ions,  may be due to the creation of 

footprints by imprinting Ni(II) ions on the surface of BC (Dhakal et al 2008). 

Moreover, this footprint formation on the surface of BC surface may be due to 

the coordination of Ni(II) ions with the active sites found on surface of BC 

(Demetgül & Serin 2008). These positive surface modifications of BC 

through coordination reaction may offer the opportunities for [Ni(BC)Cl2] to 

act as an excellent heterogeneous catalyst. 

 

Figure 7.21 SEM image of [Ni(BC)Cl2] 
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7.4 CHARACTERIZATION OF Cu(II) COMPLEX ([Cu(BC)Cl 2]) 

 Like [Co(BC)Cl2] and [Ni(BC)Cl2], [Cu(BC)Cl2] is found to be air 

stable and dissolved in acetic acid. In case of DMSO, it is soluble only under 

heat and vigorous stirring while it is insoluble in water, ethanol, methanol, 

benzene and ether also.  

7.4.1 Elemental Analysis and Molar Conductance Study 

 Experimentally obtained elemental analysis data (C, H, N and Cu) 

for [Cu(BC)Cl2] are well comparable with that of theoretically calculated 

values. It affirms the formation of [Cu(BC)Cl2] with the expected 

stoichiometry. The very low molar conductance value (2.8 ohm-1cm2mol-1) of 

[Cu(BC)Cl2] assigns the non-electrolytic character which means that two 

chloride ions are occupied their place inside the coordination sphere. The 

elemental analysis and molar conductance data of [Cu(BC)Cl2] are presented 

in Table 7.1.  

7.4.2 FT-IR Spectroscopy 

 Figure 7.22 displays the FT-IR spectrum of [Cu(BC)Cl2] between 

the region 4000-400 cm-1. It almost reveals the similar pattern of its ligand, 

BC. However, some changes are appeared due to the coordination of Cu(II) 

with BC. In significant, downward shifts are noted in the characteristic peaks 

of C=N and C=O groups. It is due to the coordination of Cu(II) with nitrogen 

and oxygen of C=N and C=O groups, respectively. In addition, the weak 

bands are observed around 480 and 440 cm-1 as the evidences of Cu-N and 

Cu-O bonds formed due to the coordination of Cu(II) with nitrogen and 

oxygen, respectively (Dolaz et al 2010, Raman et al 2010, Raman et al 2011). 

Thus FT-IR study support the formation of [Cu(BC)Cl2] from the Schiff base, 

BC.  



 

 

Figure 7.22 FT

7.4.3 UV-Vis. Spectroscopy

 The formation and geometry of 

UV-Vis. spectrum (Figure 7.23). Three important bands are noted between 

the wavelength region 200 and 800 nm. Among three, the two bands observed 

below 400 nm are very intense compare to the band above 400 nm. 

Figure 7.2

Figure 7.22 FT-IR spectrum of [Cu(BC)Cl2] 

Spectroscopy 

The formation and geometry of [Cu(BC)Cl2], are confirmed using 

Vis. spectrum (Figure 7.23). Three important bands are noted between 

the wavelength region 200 and 800 nm. Among three, the two bands observed 

below 400 nm are very intense compare to the band above 400 nm. 

Figure 7.23 UV-Vis. spectrum of [Cu(BC)Cl2]
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 The bands at 280 and 360 nm might be due to the π-π* transition 

and n-π* transitions of BC, respectively. It may also be due to the existence of 

charge transfer transitions from ligand to metal. The band above 400 nm 

(~600 nm) could be the indicative of the expected d-d transition band which 

suggests the square planar geometry with d9 Cu(II) system to [Cu(BC)Cl2] 

(Gupta et al 2009).   

7.4.4 Magnetic Susceptibility Measurement 

 Using CuSO4.5H2O as calibrant, the magnetic susceptibility 

measurement of [Cu(BC)Cl2] was carried out at room temperature. The 

obtained value (1.74 BM) is given in Table 7.1. It is nearly to the expected 

spin only magnetic moment value (1.73 BM) of d9 Cu(II) system with single 

unpaired electron in an essentially �	��
� orbital and suggests square planar 

geometry (Ünver & Hayvali 2010).  

7.4.5 Electron Spine Resonance (ESR) Spectroscopy 

 ESR spectrum of [Cu(BC)Cl2] is presented in Figure 7.24 to further 

support the geometrical information obtained from UV-Vis. study. The ESR 

spectrum of [Cu(BC)Cl2] has revealed the unresolved ESR pattern like 

[Cu(IC)Cl2]. The observed g-tensor value is 2.069 and greater than 2.0023. It 

is due to the presence of the unpaired electron in the d��	��� orbital. 

Furthermore, this observation assigns square planar geometry to [Cu(BC)Cl2] 

the geometry around Cu(II) centre (Deshpande et al 1999). The obtained g-

tensor value is found to be less than 2.3 and it might be due to the covalent 

character of Cu-BC interaction (Kivelson & Neiman 2004). The ESR spectral 

information apparently supports the UV-Vis. study. 



 

 

Figure

7.4.6 Thermal Study

 The TG-DTG pattern of [Cu(BC)Cl

range 50-650 °C is shown in Figure 7.25 to find its thermal stability and 

different degradation stages. It apparently reveals three decomposition steps. 

The first weight loss (5%) before 100 °C might be due to the loss of 

physically adsorbed water molecules. 

Figure 7.25 TG

Figure 7.24 ESR spectrum of [Cu(BC)Cl2] 

Study 

DTG pattern of [Cu(BC)Cl2] between the temperature 

650 °C is shown in Figure 7.25 to find its thermal stability and 

different degradation stages. It apparently reveals three decomposition steps. 

The first weight loss (5%) before 100 °C might be due to the loss of 

ly adsorbed water molecules.  

Figure 7.25 TG-DTG curves of [Cu(BC)Cl2] 
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 From the second decomposition step (150-290 °C, 40%), it is clear 

that [Cu(BC)Cl2] is less stable than BC, [Co(BC)Cl2] and [Ni(BC)Cl2]. This 

second step is assigned to the decay and loss of free chitosan units. The third 

degradation step (300-650 °C, 175%) may contain the deformation of 

coordination bonds and the decomposition of condensed chitosan units.  

7.4.7 Powder-XRD Analysis 

 To confirm the formation of [Cu(BC)Cl2] from BC on the basis of 

change in crystallinity, its powder XRD pattern is given in Figure 7.26. The 

presence of chitosan’s characteristic peak at 2θ ≈ 20° proves the stability of its 

backbone structure even after modifications. On comparison with 

[Cu(BC)Cl2], it loses its crystallinity and becomes more amorphous. It may be 

due to coordination reaction of BC with Cu(II). Among the complexes of BC, 

it is found to be more crystalline than [Co(BC)Cl2] and less crystalline than 

[Ni(BC)Cl2]. This crystallinity changes have been also identified and 

confirmed by Equation 7.2.  

 

Figure 7.26  Powder-XRD pattern of [Cu(BC)Cl2] 
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 In this equation, crystalline index value of the complex is calculated 

on the basis of intensity of the chitosan’s characteristic peak (2θ ≈ 20°). The 

crystalline index value of [Cu(BC)Cl2] is calculated as 18.45%. It is lesser 

than [Ni(BC)Cl2] and greater than [Co(BC)Cl2] as given in Table 7.2.   

7.4.8 Scanning Electron Microscopy 

 SEM image of [Cu(BC)Cl2] is given in Figure 7.27 to analyze its 

surface features. The surface of [Cu(BC)Cl2] also exposes a very different 

morphology as compared to that of BC (Figure 7.11) and chitosan  

(Figure 7.10). But this [Cu(BC)Cl2] complex exhibits rough surface than the 

other two complexes ([Co(BC)Cl2] and [Ni(BC)Cl2]). The presence of such 

tiny particles in surface of [Cu(BC)Cl2] seems like the water droplets 

deposited on the surface of rough stone. It may be due to the appearance of 

footprints on the surface of BC by imprinting Cu(II) ions through complex 

formation (Dhakal et al 2008). The development of these footprints may 

further support the coordination of Cu(II) ions with the active sites existing on 

surface (Demetgül & Serin 2008).  

 

Figure 7.27  SEM image of [Cu(BC)Cl2] 
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 From the results obtained from the characterization techniques, the 

following structure (Figure 7.28) is proposed for [M(BC)Cl2]. 

 

Figure 7.28 Proposed structure for [M(BC)Cl2] 

7.5 CATALYTIC STUDY OF [Co(BC)Cl 2], [Ni(BC)Cl 2] AND 

[Cu(BC)Cl 2] 

 Cyclohexane oxidation reaction has been opted as the model 

reaction to evaluate the catalytic performances of [Co(BC)Cl2], [Ni(BC)Cl2] 

and [Cu(BC)Cl2] owing to its industrial importance as it yields very essential 

products, namely cyclohexanol and cyclohexanone. The use of H2O2 in the 

oxidation reactions of hydrocarbons is a green method, since it yields only 

water as the co-product. The other possible oxidants such as O2 and TBHP 

either may lead to explosion or unwanted harmful co-products (Wang et al 

2010a).  

 After conducting trial runs, 70 °C has been fixed as optimum 

temperature for maximum cyclohexane conversion, by the complex catalysts, 

[Co(BC)Cl2], [Ni(BC)Cl2] and [Cu(BC)Cl2]. Cyclohexane oxidation reaction 

has been carried out at various temperatures between 30 and 70 °C. This study 

has been performed with all the complexes of BC viz. [Co(BC)Cl2], 



 

 

[Ni(BC)Cl2] and [Cu(BC)Cl

Figure 7.29.  

Figure 7.29 Catalytic activity of [M(BC)Cl
12 h 

 Cyclohexane oxidation catalyzed by [Co(BC)Cl

[Cu(BC)Cl2] yields only cyclohexanol and cyclohexanone. It has been also 

confirmed by GC analysis as there is no evidence for other products. So the 

general pictorial representation of cyclohexane oxidation to cyclohexanol and 

cyclohexanone is made as in Figure 7.30

Figure 7.30 Schematic 
catalyzed by [M(BC)Cl

] and [Cu(BC)Cl2]. The obtained results are presented in 

Catalytic activity of [M(BC)Cl 2] at different temperature for 

Cyclohexane oxidation catalyzed by [Co(BC)Cl2]/

] yields only cyclohexanol and cyclohexanone. It has been also 

confirmed by GC analysis as there is no evidence for other products. So the 

general pictorial representation of cyclohexane oxidation to cyclohexanol and 

cyclohexanone is made as in Figure 7.30.  

Schematic presentation of the cyclohexane oxidation 
ed by [M(BC)Cl2] with H 2O2 at 70 °C 
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confirmed by GC analysis as there is no evidence for other products. So the 

general pictorial representation of cyclohexane oxidation to cyclohexanol and 
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Figure 7.31 Catalytic activity of [M(BC)Cl2] for different time intervals 
at 70 °C 

 With an aim to investigate the effect of time on cyclohexane 

oxidation reaction with [Co(BC)Cl2]/[Ni(BC)Cl 2]/[Cu(BC)Cl2], it has been 

carried out for 12 h and the aliquots of the reaction have been taken at the 

time intervals of 2 h for the product analysis. Figure 7.31 clearly depicts 

cyclohexane conversion % at different time intervals while their product 

selectivity % is given in Table 7.3. It is obvious that cyclohexane conversion 

% is increased up to 12 h and no further increase was noted beyond 12 h. 

Among the complexes of BC, the higher cyclohexane conversion is achieved 

by [Cu(BC)Cl2] which may be due to the higher decomposition of H2O2 by 

[Cu(BC)Cl2] as compared to other complexes of BC. In detail, it reveals 26% 

cyclohexane conversion for 12 h with 39% cyclohexanol and 61% 

cyclohexanone product selectivity. But other two complexes namely 

[Co(BC)Cl2] and [Ni(BC)Cl2] show almost similar cyclohexane conversion 

but the product selectivity is not similar to that of cyclohexane conversion. As 

given in Table 7.3, when [Co(BC)Cl2] has been employed, the product 

selectivity is 24% cyclohexanol and 76% cyclohexanone while in the case of 

[Ni(BC)Cl2], the product selectivity is 32% cyclohexanol and 68% 

cyclohexanone. In terms of cyclohexanone selectivity, [Co(BC)Cl2] can be 
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preferred since it yields 76% cyclohexanone at 12 h whereas [Cu(BC)Cl2] 

may be preferred if the desired product is cyclohexanol. On increasing 

reaction time, the cyclohexanone percentage is found to be enhanced 

alternatively cyclohexanol percentage is decreased. It shows that cyclohexane 

is initially oxidized into cyclohexanol, which is successively oxidized into 

cyclohexanone. No direct oxidation of cyclohexane into cyclohexanone is 

identified. 

 The catalytic activity of studied complexes [Co(BC)Cl2], 

[Ni(BC)Cl2] and [Cu(BC)Cl2] may be due to the presence of coordinatively 

unsaturated Co(II), Ni(II) and Cu(II) species, respectively which play a 

crucial task in their catalytic performance. This has been proved by the 

catalytic reaction carried out in presence of BC. Such reaction has not shown 

any cyclohexane conversion and assured the important role of coordinatively 

unsaturated Co(II), Ni(II) and Cu(II) species in cyclohexane oxidation.  

Table 7.3 Product selectivity achieved by the complexes of BC in 
cyclohexane oxidation at different time intervals  

 
Catalyst 

Selectivity (%) 
(Cyclohexanol/Cyclohexanone) 

2h 4h 6h 8h 10h 12 h 
BC - - - - - - 

[Co(BC)Cl2] 82/18 75/27 67/33 58/42 41/59 24/76 

[Ni(BC)Cl2] 89/11 83/17 74/26 63/37 47/53 32/68 

[Cu(BC)Cl2] 91/9 86/14 75/25 65/35 54/46 39/61 
 

7.5.1  Catalytic Reusability  

 Generally, polymer supported metal complexes are considered as 

special catalysts due to their reusability in the successive catalytic run. To 

study the reusability of the complexes of BC, [Cu(BC)Cl2] has been taken as 
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the model catalyst as it exposes higher catalytic activity than [Co(BC)Cl2] and 

[Ni(BC)Cl2]. Before the next catalytic run, the selected complex 

([Cu(BC)Cl2]) has been removed by simple filtration upon completion of the 

reaction, washed, dried and used again without need of any further treatment.  

 Seven consecutive cyclohexane oxidation reaction has been 

performed with the same catalyst ([Cu(BC)Cl2]) to study the catalyst’s 

reusability for 12 h. The results of this catalytic reusability study are 

demonstrated in Figure 7.32. The cyclohexane conversion percentage is quite 

comparable in every step up to fourth catalytic run (26 to 16%). But after 

fourth catalytic run up to seventh run, cyclohexane conversion percentage is 

found to be greatly decreased (16 to 5%). It reveals that the selected catalyst 

can be used effectively up to fourth catalytic run. Though cyclohexane 

conversion has been affected during catalytic reusability study, the product 

selectivity is not changed much. The reason for the observed loss of catalytic 

ability of [Cu(BC)Cl2] in the successive catalytic run may be poor chemical 

resistance and mechanical strength of chitosan bio polymeric backbone 

(Martina et al (2011)). Therefore, the reported complexes of BC may be used 

in cyclohexane oxidation reaction as catalysts up to four subsequent cycles 

without losing their catalytic efficacy.  

 

Figure 7.32 Catalytic reusability of [Cu(BC)Cl2] 
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CHAPTER 8 

INFLUENCE OF ELECTRON BEAM IRRADIATION ON 

STRUCTURAL, THERMAL, MORPHOLOGICAL AND 

CATALYTIC PROPERTIES OF [Co(IC)Cl 2], [Ni(IC)Cl 2] AND 

[Cu(IC)Cl 2] 

 

CONTENTS 

8.1 Changes in structural properties 

8.2 Changes in thermal properties  

8.3 Changes in morphological properties 

8.4 Changes in catalytic properties 

 The complexes of IC have been irradiated by electron beam (EB) at 

three different doses (100 Gy, 1 kGy and 10 kGy). This chapter presents the 

effect of EB irradiation on the properties of Co(II), Ni(II) and Cu(II) 

complexes of IC. Viscosity measurement, FT-IR spectroscopy and powder-

XRD analysis have been used to study the structural changes of the 

complexes after the application of EB. Thermogravimetry (TG) has been 

involved to explain the effect of EB on thermal properties of the complexes. 

The changes in surface properties upon applying EB have been explored by 

SEM. Effect of EB on catalytic properties of the complexes has been 

elucidated by using cyclohexane oxidation as the model catalytic reaction in 

the presence of H2O2 at 70 ºC. 



 

 

8.1 CHANGES IN STRUCTURAL PROPERTIES

8.1.1 Viscosity Measurement

 The loss or addition of any groups with the original polymer chain 

might reflect on the molecular weight of the polymer. In general, the 

molecular weight of any polymer is directly proportional to its viscosity. 

Hence, the effect of EB on the 

examined by viscosity studies. For comparison, the complex with maximum 

viscosity (irrespective of the EB dose) was taken as 100% viscous polymer. 

The results of viscosity studies for [Co(IC)Cl

complex irradiated at different doses (0 Gy (non

and 10 kGy) are illustrated in Figures 8.1, 8.2 and 8.3, respectively. It may be 

expected that the viscosity should change with the increase of EB dose in a 

unique order. However, in all the complexes of IC, the viscosity is decreased 

at 100 Gy and 10 kGy while it is increased at 1 kGy of EB irradiation. The 

increase in viscosity at 1 kGy of EB irradiation may be due to the molecular 

weight enhancement as the result of chain

viscosity at 100 Gy and 10 kGy of EB irradiation may be attributed to the 

molecular weight loss as the effect of chain splintering.

Figure 8.1 Relative viscosity comparison of [Co(IC)Cl
doses 

CHANGES IN STRUCTURAL PROPERTIES  

Measurement 

The loss or addition of any groups with the original polymer chain 

might reflect on the molecular weight of the polymer. In general, the 

molecular weight of any polymer is directly proportional to its viscosity. 

Hence, the effect of EB on the molecular weight of the polymer can be 

examined by viscosity studies. For comparison, the complex with maximum 

viscosity (irrespective of the EB dose) was taken as 100% viscous polymer. 

The results of viscosity studies for [Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(

complex irradiated at different doses (0 Gy (non-irradiated), 100 Gy, 1 kGy 

and 10 kGy) are illustrated in Figures 8.1, 8.2 and 8.3, respectively. It may be 

expected that the viscosity should change with the increase of EB dose in a 

owever, in all the complexes of IC, the viscosity is decreased 

at 100 Gy and 10 kGy while it is increased at 1 kGy of EB irradiation. The 

increase in viscosity at 1 kGy of EB irradiation may be due to the molecular 

weight enhancement as the result of chain linking. However, the decrease in 

viscosity at 100 Gy and 10 kGy of EB irradiation may be attributed to the 

molecular weight loss as the effect of chain splintering. 

 

Relative viscosity comparison of [Co(IC)Cl2] at different EB 
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The loss or addition of any groups with the original polymer chain 

might reflect on the molecular weight of the polymer. In general, the 

molecular weight of any polymer is directly proportional to its viscosity. 

molecular weight of the polymer can be 

examined by viscosity studies. For comparison, the complex with maximum 

viscosity (irrespective of the EB dose) was taken as 100% viscous polymer. 

] and [Cu(IC)Cl2] 

irradiated), 100 Gy, 1 kGy 

and 10 kGy) are illustrated in Figures 8.1, 8.2 and 8.3, respectively. It may be 

expected that the viscosity should change with the increase of EB dose in a 

owever, in all the complexes of IC, the viscosity is decreased 

at 100 Gy and 10 kGy while it is increased at 1 kGy of EB irradiation. The 

increase in viscosity at 1 kGy of EB irradiation may be due to the molecular 

linking. However, the decrease in 

viscosity at 100 Gy and 10 kGy of EB irradiation may be attributed to the 

 

] at different EB 



 

 

Figure 8.2 Relative viscosity comparison of [Ni(IC)Cl
doses 

Figure 8.3 Relative viscosity comparison of [Cu(IC)Cl
doses 

8.1.2 FT-IR Spectroscopy

 FT-IR spectroscopy has been greatly employed in the study of 

structural changes of polymers and their derivatives after irradiation treatment 

(Lee et al 2009, Mishra et al 2003

[Co(IC)Cl2], [Ni(IC)Cl

in Figure 8.4, 8.5 and 8.6. The  FT

[Ni(IC)Cl 2] and [Cu(IC)Cl

 

Relative viscosity comparison of [Ni(IC)Cl2] at different EB 

 

Relative viscosity comparison of [Cu(IC)Cl2] at different EB 

Spectroscopy 

IR spectroscopy has been greatly employed in the study of 

of polymers and their derivatives after irradiation treatment 

Lee et al 2009, Mishra et al 2003). The FT-IR spectra of 

], [Ni(IC)Cl 2] and [Cu(IC)Cl2] complexes are shown respectively 

in Figure 8.4, 8.5 and 8.6. The  FT-IR spectra of irradiated [Co(IC)Cl

] and [Cu(IC)Cl2] complexes are given in Figure 8.7, 8.8 and 8.9, 
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IR spectroscopy has been greatly employed in the study of 

of polymers and their derivatives after irradiation treatment 

IR spectra of non-irradiated 

] complexes are shown respectively 

of irradiated [Co(IC)Cl2], 

] complexes are given in Figure 8.7, 8.8 and 8.9, 
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respectively. The characteristic peaks observed in the non-irradiated 

complexes are; ~3380 cm-1 (-OH stretching), ~2890 cm-1 (-CH stretching of 

chitosan), ~1040 cm-1 (asymmetric –C-O-C bridge stretch), ~1150 and 890 

cm-1 (β(1-4) glycosidic bridge), ~1610 cm-1 (-C=N and -C=O stretch, broad 

due to superimposing) and ~1490 cm-1 (aromatic -C=C stretch). Generally, 

the carbohydrate polymers undergo the splintering of glycosidic bonds under 

irradiation (Byun et al 2008). It is clearly seen that the positions of the 

characteristic bands of chitosan support in the complexes are almost identical 

in the FT-IR spectra of both non-irradiated and irradiated complexes. This 

suggests that no new groups are formed due to the electron beam irradiation 

and there is no observable cross-linking reaction (Desai & Park 2006). 

However, the intensities of this characteristic bands have changed 

significantly depending upon the irradiation dose.  

 To study the intensity changes in the characteristic bands of chitosan 

backbone, the FT-IR spectra (plotted absorbance in y-axis) of irradiated 

[Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(IC)Cl2] between the wave number regions 

800-1200 cm-1 are shown in Figure 8.10, 8.11 and 8.12, respectively. For 

[Ni(IC)Cl 2] and [Cu(IC)Cl2], at 100 Gy and 10 kGy irradiation, the intensity 

of the bands has increased due to the chain scission of chitosan backbone. 

However, at 1 kGy of EB irradiation, the intensity has decreased due to the 

linear linking of chitosan support. These results are in accordance with the 

results obtained from viscosity studies. But in case of [Co(IC)Cl2], the FT-IR 

spectral data are not supported their viscosity measurements. This may be due 

to weakening of the Co-O=C bond, by irradiation, which creates some 

internal freedom in the chitosan matrix.  

 In all the complexes, increase in the intensity and broadening of –

OH stretching is observed after irradiation, which may be due to the rupture 

of hydrogen bonding (Ali et al 2009). Another significant structural change is 



 

 

noted in the characteristic band (~1610 cm

C=N and –C=O. The broadness of this vital band is reduced after irradiation 

and also cleaved into two 

the weakening of coordination bond between the metal and 

Further, the intensity of the characteristic band for 

increasing irradiation dose. This could be due to the weake

coordination bond (M

coordination bond between the metal and 

after the irradiation as evidenced by the fact that there is no change in the 

intensity of its characteristic band at 1610 cm

Figure 8.4 FT

Figure 8.5 FT

noted in the characteristic band (~1610 cm-1) of the coordinating groups, 

C=O. The broadness of this vital band is reduced after irradiation 

and also cleaved into two new narrow bands. This band cleavage arises due to 

the weakening of coordination bond between the metal and 

Further, the intensity of the characteristic band for –C=O is increased upon 

increasing irradiation dose. This could be due to the weake

coordination bond (M–O=C–) with increase in irradiation dose. However, the 

coordination bond between the metal and –C=N has not been affected even 

after the irradiation as evidenced by the fact that there is no change in the 

aracteristic band at 1610 cm-1. 

 

FT-IR spectrum of non-irradiated [Co(IC)Cl

 

FT-IR spectrum of non-irradiated [Ni(IC)Cl
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C=O. The broadness of this vital band is reduced after irradiation 

new narrow bands. This band cleavage arises due to 

the weakening of coordination bond between the metal and –C=O group. 

C=O is increased upon 

increasing irradiation dose. This could be due to the weakening of the 

) with increase in irradiation dose. However, the 

C=N has not been affected even 

after the irradiation as evidenced by the fact that there is no change in the 

irradiated [Co(IC)Cl 2] 

irradiated [Ni(IC)Cl 2] 



 

 

Figure 8.6 FT

Figure 8.7 FT-IR spectra of [Co(IC)Cl
Gy, b) 1 kGy and c) 10 kGy

 

Figure 8.6 FT-IR spectrum of non-irradiated [Cu(IC)Cl

IR spectra of [Co(IC)Cl2] at different EB doses. a) 
Gy, b) 1 kGy and c) 10 kGy 
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irradiated [Cu(IC)Cl 2] 

 

] at different EB doses. a) 100 



 

 

Figure 8.8 FT-IR spectra of [Ni(IC)Cl
Gy, b) 1 kGy and c) 10 kGy

Figure 8.9 FT-IR spectra of [Cu(IC)Cl
Gy, b) 1 kGy and c) 10 kGy

IR spectra of [Ni(IC)Cl 2] at different EB doses. a) 
Gy, b) 1 kGy and c) 10 kGy 

IR spectra of [Cu(IC)Cl2] at different EB doses. a) 
Gy, b) 1 kGy and c) 10 kGy 
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Figure 8.10 FT-IR spectra of [Co(IC)Cl2] at different EB doses between 
800-1200 cm-1 wave number region 

 

Figure 8.11 FT-IR spectra of [Ni(IC)Cl2] at different EB doses between 
800-1200 cm-1 wave number region 

 

Figure 8.12 FT-IR spectra of [Cu(IC)Cl2] at different EB doses between 
800-1200 cm-1 wave number region 
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8.1.3 Powder-XRD Analysis 

 Among the carbohydrate biopolymers, chitosan is more crystalline 

because of the intermolecular hydrogen bonding (Wang et al 2005). The 

crystallinity of the chitosan derivatives is analyzed by their X-ray diffraction 

spectra, in particular, by its characteristic peak at 2θ≈20°. The FT-IR studies 

suggest that the hydrogen bonding in the complexes might have been altered 

by EB irradiation. These changes in hydrogen bonding can also cause some 

modifications in the crystallinity of the complexes after irradiation. The XRD 

spectra of [Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(IC)Cl2] are demonstrated in 

Figure 8.13, 8.14 and 8.15 respectively.  During EB irradiation at 100 Gy and 

10 kGy, the broadening of the peak (2θ≈20°) is observed which could be 

assigned to the decrease in crystallinity as the result of the rupture in 

hydrogen bonding. However, for the complexes irradiated at 1 kGy, this peak 

is sharpened, which may be due to the formation of more hydrogen bonds 

which leads to the increase in crystallinity. These results also exhibit the chain 

scission in chitosan backbone when irradiated at 100 Gy and 10 kGy and 

chain linking at 1 kGy. In case of [Co(IC)Cl2], powder-XRD patterns for the 

EB doses of 100 Gy and 10 kGy are not given because it have not shown any 

characteristic peaks as the result of high amorphicity. 

 

Figure 8.13 Powder-XRD patterns of [Co(IC)Cl2] irradiated at: a) 0 Gy  
and b) 1 kGy  
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Figure 8.14 Powder-XRD patterns of [Ni(IC)Cl2] irradiated at: a) 0 Gy, 
b) 100 Gy, c) 1 kGy  and d) 10 kGy  

 

Figure 8.15 Powder-XRD patterns of [Cu(IC)Cl2] irradiated at: a) 0 Gy, 
b) 100 Gy, c) 1 kGy  and d) 10 kGy  

8.2 CHANGES IN THERMAL PROPERTIES 

 TG study of the non-irradiated and irradiated complexes has been 

accomplished to investigate the effect of irradiation treatment on the thermal 

stability of the complexes. The TG curves of non-irradiated and irradiated 

complexes of [Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(IC)Cl2] are presented in 



 

 

Figures 8.16, 8.17 and 

kGy, causes decrease of 

chain degradation of chitosan. 

Figure 8.16 TG curves

Figure 8.17 TG curves of [Ni(IC)Cl

, 8.17 and 8.18 respectively. EB irradiation at 100 Gy and 10 

causes decrease of the thermal stabilities of all the complexes

chain degradation of chitosan.  

TG curves of [Co(IC)Cl2] before and after EB irradiation

TG curves of [Ni(IC)Cl2] before and after EB irradiation
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t 100 Gy and 10 

the thermal stabilities of all the complexes, due to the 

 

] before and after EB irradiation 

 

] before and after EB irradiation 
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 On the other hand, EB irradiation at 1 kGy, increases the thermal 

stabilities of the complexes, due to the linear chain linking reaction occurred 

in chitosan moiety of the complexes. Moreover, the TG patterns of non-

irradiated complexes and the complexes irradiated at 1 kGy reveal similar and 

smooth patterns which may be due to their lengthy chitosan backbone chain. 

Alternatively, TG patterns of the complexes irradiated at 100 Gy and 1 kGy 

are similar and not smooth which may be due to their shorter chitosan 

backbone chain. 

 

Figure 8.18 TG curves of [Cu(IC)Cl2] before and after EB irradiation 

8.3 CHANGES IN MORPHOLOGICAL PROPERTIES 

 For the heterogeneous catalysts, study of surface morphology is 

imperative, since their catalytic efficiency depends on the nature of the 

surface. Scanning electron microscopy is one of the best tools to scrutiny the 

surface nature of any materials. The SEM images of both non-irradiated and 

EB irradiated [Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(IC)Cl2] are portrayed in 

Figures 8.19, 8.20 and 8.21, respectively. It is clear that the non-irradiated 
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complex has smooth surface than the irradiated complexes. However, small 

tiny dots are seen on the surface which may be assigned to the metal 

imprinting on the surface of IC through coordination of M(II) with donor 

atoms (Demetgül & Serin 2008, Dhakal et al 2008). The complex begins to 

lose its surface smoothness upon irradiation. Moreover, this change in surface 

smoothness seems to be greatly enhanced with the increase of applied 

irradiation dose. In specific, the complexes irradiated at 10 kGy show rougher 

surface with some holes whereas these holes were not observed for the 

complexes irradiated 100 Gy and 1 kGy EB doses. The appearance of the tiny 

holes in the SEM image of the complexes irradiated at 10 kGy may be due to 

the long time exposure of EB on the same spots of the surface of complexes. 

However, the roughness of the surface has been increased considerably on 

irradiation at all doses. This may enhance the catalytic efficiency of the 

irradiated complexes.  

 

Figure 8.19 SEM images of [Co(IC)Cl2] irradiated at: a) 0 Gy, b) 100 
Gy, c) 1 kGy and d) 10 kGy 



 

 

Figure 8.20 SEM images of [Ni(IC)Cl
c) 1 kGy and d) 10 kGy

Figure 8.21 SEM images of [Cu(IC)Cl
Gy, c) 1 kGy and d) 10 kGy

SEM images of [Ni(IC)Cl2] irradiated at: a) 0 Gy, b) 100 Gy, 
c) 1 kGy and d) 10 kGy 

SEM images of [Cu(IC)Cl2] irradiated at: a) 0 Gy, b) 100 
Gy, c) 1 kGy and d) 10 kGy 
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 Based on the results of viscosity measurement, FT-IR spectroscopy, 

powder-XRD analysis, thermal study and SEM analysis, the effect of EB on 

the complexes of IC, containing chitosan backbone, is schematically 

illustrated in Figure 8.22.  

 

Figure 8.22 Schematic presentation of the effect of EB on [M(IC)Cl 2] 
containing chitosan backbone 

8.4 CHANGES IN CATALYTIC PROPERTIES 

 The changes in the catalytic activity of the complexes of IC by EB 

irradiation have been explored in the oxidation of cyclohexane using H2O2 as 

oxidant at 70°C.  
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8.4.1 Effect of Electron Beam Irradiation on Conversion Efficiency 

 To observe the effect of electron beam irradiation on the catalytic 

efficiency of the complexes of IC, cyclohexane oxidation reaction was 

catalyzed with irradiated complexes of IC at 70 °C for 12 h. Two separate 

parallel reactions were carried out using non-irradiated complexes of IC under 

identical reaction conditions. The comparative account of the catalytic 

activities of both non-irradiated and irradiated complexes is shown in  

Table 8.1. 

 The conversion efficiency is remarkably superior for all irradiated 

complexes than non-irradiated complexes. At 0 Gy (non-irradiated), 

[Co(IC)Cl2] reveals 19% conversion efficiency (with 47% cyclohexanol and 

53% cyclohexanone selectivity), [Ni(IC)Cl2] exhibits 22% conversion 

efficiency (with 30% cyclohexanol and 70% cyclohexanone selectivity) and 

[Cu(IC)Cl2] shows 29% conversion efficiency (with 41% cyclohexanol and 

59% cyclohexanone selectivity). After EB irradiation, the catalytic 

efficiencies of [Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(IC)Cl2] have been 

significantly increased as evidenced by Table 8.1. The selectivity of the 

products has also been remarkably influenced by EB irradiation. The increase 

in catalytic activity after EB irradiation may be due to the morphological 

changes caused by EB irradiation. The magnitude of these morphological 

changes is found to depend on the quantity of irradiation dose. In this view, 

the complex with maximum surface roughness should exhibit highest 

catalytic activity. Here also the highest conversion efficiency has been 

obtained with the complexes irradiated at 10 kGy due to their surface 

roughness and availability of many pores as confirmed by SEM images of the 

complexes of IC irradiated at 10 kGy (Figures 8.19(d), 8.20(d) and 8.21(d).  
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Table 8.1 Conversion efficiency and product selectivity of cyclohexane 
oxidation catalyzed by the complexes of IC at various EB 
doses  

Complex 
Irradiation 

dose 

Conversion 
efficiency 

(%) 

Selectivity (%) 

(cyclohexanol/ 
cyclohexanone) 

[Co(IC)Cl2] 0 Gy 19 47/53 

[Ni(IC)Cl 2] 0 Gy 22 30/70 

[Cu(IC)Cl2] 0 Gy 29 41/59 

[Co(IC)Cl2] 100 Gy 22 45/55 

[Ni(IC)Cl 2] 100 Gy 25 35/65 

[Cu(IC)Cl2] 100 Gy 32 39/61 

[Co(IC)Cl2] 1 kGy 24 39/61 

[Ni(IC)Cl 2] 1 kGy 27 29/71 

[Cu(IC)Cl2] 1 kGy 35 33/67 

[Co(IC)Cl2] 10 kGy 26 30/70 

[Ni(IC)Cl 2] 10 kGy 31 19/81 

[Cu(IC)Cl2] 10 kGy 41 30/70 

 

8.4.2 Effect of Electron Beam on Strength of Chitosan Support or 

Catalyst’s Reusability 

 Generally, the heterogeneity of the catalyst in the catalytic reaction 

depends on the strength of the support. To perform the catalytic reusability 

study, five consecutive catalytic cycles (for 12 h per cycle) were carried out, 

using both non-irradiated and irradiated complexes. At the end of each 

catalytic cycle, the catalyst ([Co(IC)Cl2]/ [Ni(IC)Cl 2]/ [Cu(IC)Cl2]) was 

filtered, washed thoroughly with ether and dried at 50 °C under vacuum 

conditions before further use. The findings of the reusability study of 

irradiated [Co(IC)Cl2], [Ni(IC)Cl 2] and [Cu(IC)Cl2] are given and compared 



229 

 

 

with their non-irradiated analogues in Figures 8.23, 8.24 and 8.25, 

respectively. The non-irradiated complexes show comparable catalytic 

activity up to fourth catalytic run. At fourth cycle, the support loses its 

strength, as a result the complexes lose their heterogeneity and the part of the 

catalyst is leached out during the filtration before fifth catalytic run. After 

irradiation at 100 Gy, the complexes demonstrate effective catalytic ability 

only up to third catalytic run. It shows that the polymer support loses its 

strength earlier (at third cycle), compared to that of the non-irradiated 

complexes (at fourth cycle), due to the chain splintering of the chitosan 

polymer support. In contrast, complexes at 1 kGy reveal reasonable catalytic 

activity up to fifth catalytic run due to the increased strength of polymer 

support which comes from the chain linking reaction of polymer support. 

Remarkably, the complexes irradiated at 10 kGy seem to lose their stability 

completely after the first catalytic run itself, due to the heavy loss of the 

strength of polymer support which could be further assigned to the powerful 

chain degradation of polymer at 10 kGy.  

 

Figure 8.23 Catalytic reusability of [Co(IC)Cl2] irradiated at different 
EB doses 
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Figure 8.24 Catalytic reusability of [Ni(IC)Cl2] irradiated at different 
EB doses 

 

Figure 8.25 Catalytic reusability of [Cu(IC)Cl2] irradiated at different 
EB doses 
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CHAPTER 9 

SUMMARY AND CONCLUSION 

 

 In this study, we have successfully synthesized four new Schiff base 

ligands, two with silica backbone (isatin-silica gel (ISG) and benzil-silica gel 

(BSG)) and other two with chitosan backbone (isatin-chitosan (IC) and 

benzil-chitosan (BC)) in their structure. Chitosan has been directly reacted 

with isatin or benzil for the synthesis of IC or BC, respectively.  

 Silica gel has been initially modified with 3-

aminopropyltriethoxysilane (3-APTES) before getting reaction with isatin or 

benzil for the preparation of ISG or BSG, respectively.  

 From these four Schiff base ligands, twelve complexes of Co(II), 

Ni(II) and Cu(II) have been derived.  

 The formation of Schiff base ligands and their complexes has been 

characterized and confirmed by physico-chemical techniques (elemental 

analysis, magnetic susceptibility study and molar conductance measurement), 

spectral techniques (EDS, FT-IR, UV-Vis., 1H NMR, 29Si NMR, and ESR), 

powder-XRD analysis, thermal studies (TG-DTG) and surface studies (SEM 

and AFM). All these studies have been effectively used in the elucidation of 

the structures of the Schiff base ligands and their complexes.  

 From the FT-IR spectra, the formation of the synthesized Schiff 

base ligands has been confirmed by identifying the presence of the 
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characteristic peak of imine (C=N) group. EDS and NMR spectra of Schiff 

base ligands also have supported the formation of Schiff base ligands.  

 Powder-XRD analysis has revealed that both chitosan and silica gel 

have lost the intensity of their characteristic peaks upon the chemical 

modification towards the formation of Schiff base ligands and complexes.  

 The coordination reaction of the derived Schiff base ligands with the 

metal ions (Co(II)/Ni(II)/Cu(II)) has been confirmed by FT-IR spectroscopy 

(by observing the downward shifts in the characteristic peaks of C=N and 

C=O groups of Schiff base ligands) and UV-Vis. spectroscopy (by the 

presence of d-d transition of metal ions in the UV-Vis. spectra of the 

complexes). It has also been supported by the presence of metal peaks in the 

EDS spectra of the complexes and not in the EDS spectra of ligands. From the 

data obtained from magnetic moment measurement, UV-Vis. and ESR 

spectra, square planar geometry has been assigned to all the complexes 

irrespective of the metal centre and ligand.  

 Thermal stability of chitosan has been decreased after modification 

reactions due to the loss of hydrogen bonding, as evidenced by TG-DTG 

curves. However, such observation has not been observed in case silica 

containing Schiff bases (ISG and BSG) and complexes, ISG and BSG.  

 Silica gel and chitosan in their unmodified forms have shown 

smooth morphology as evidenced by SEM study. But after modifications 

through formation of Schiff base ligands and complexes, their morphologies 

have been notably changed. In specific, roughness of the surface has been 

improved. On comparison, surface roughness of the complexes of silica 

containing Schiff base ligands (ISG and BSG) has been found to be higher 

compared to that of the complexes of chitosan containing Schiff base ligands 

(IC and BC).   



233 

 

 

 The catalytic activities of all the studied complexes have been 

explored in cyclohexane oxidation using H2O2 oxidant at 70 ºC, which was 

found to be the optimum temperature for maximum conversion of 

cyclohexane. Cyclohexanol and cyclohexanone are the products obtained. The 

time dependant catalytic activity study has been also performed on all the 

complexes. For this study, the aliquots have been taken from the reaction 

solution for every 2 h time intervals. The catalytic activity of all the 

complexes has been increased with increase of time upto 12 h, after which no 

further increase in catalytic activity has been observed. Upon increasing 

reaction time, the selectivity% of the products has been drastically changed. 

In particular, decrease in cyclohexanol% and increase in cyclohexanone% has 

been identified with the increase of reaction time. It shows that cyclohexane is 

oxidized into cyclohexanol in the first step and it is subsequently oxidized 

into cyclohexanone. Due to the rough surface, the complexes of ISG and BSG 

have exhibited better catalytic activity than the complexes of IC and BC. 

Irrespective of the ligands, Cu(II) complexes have been emerged as the better 

catalyst than all other complexes. Significantly, all the complexes have been 

proved as the efficient heterogeneous catalysts from their catalytic reusability 

studies. The complexes of ISG and BSG have shown better reusability 

compared to the complexes of IC and BC due to the porous surface and 

stability of the silica support. 

 In order to improve the catalytic activity of the complexes of IC, 

they have been subjected to electron beam (EB) irradiation at three different 

doses (100 Gy, 1 kGy and 10 kGy). The changes in the properties of the 

complexes after EB treatment have been studied using viscosity measurement, 

FT-IR spectroscopy, powder-XRD analysis, TG-DTG study and SEM 

analysis. All the studies have suggested the chain degradation in chitosan 

support, when the compounds are subjected to EB irradiation at 100 Gy and 

10 kGy whereas linear chain linking at 1 kGy. Due to the chain linking of 
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chitosan support, thermal stability of the complexes has been increased at 1 

kGy irradiation. However, the thermal stability of the complexes has been 

decreased by the EB irradiation at 100 Gy and 10 kGy, due to chain 

degradation. The surface roughness of the complexes has been altered at all 

doses of EB. It has been found to be the positive alteration to reach the better 

catalytic activity. At all doses of EB irradiation, the complexes have shown 

improvement in catalytic activity due to their surface modification. The 

complexes irradiated at 1 kGy have shown better reusability than the 

corresponding non-irradiated complexes due to the chain linking reaction of 

chitosan. Conversely, the complexes irradiated at 100 Gy and 10 kGy, have 

exhibited poor reusability than the corresponding non-irradiated complexes. 
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