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ABSTRACT 

Utility of transition metal complexes in different sphere of life is one of the 

pertinent research field which has been extensively explored since the time of 

Werner who has put forward his theory to understand the structure and bonding 

for this class of compound. Inorganic chemists have also taken clue from the 

natural phenomena where transition metal complexes have been widely used in 

several biological processes, to understand the underlying principles of 

functionality, which eventually helps to develop different structural and more 

importantly improved functional model systems. The role of different ligand 

systems to bring out the necessary function has been gradually understood and 

different kind of ligand systems have been experimented to obtain better results. 

Schiff base ligands have shown remarkable advantages to stabilize the transition 

metal complexes which could be advantageous to generate a robust system with 

effective applications. With the time it has been perceived that metal complexes 

can be useful not only in biological processes but it can play crucial role in 

developing new materials and chemicals with diverse properties (Table 1).  

 

Table 1. Various properties of transition metal Schiff base complexes. 

With the aim of development of improved Schiff-base ligands for effective 

application, introduction of flexibility of the ligands have been explored which 

paved the way of remarkable adaptability in the metal complex which can be 

utilized to tune it effectively as per desired properties. However, this type of 
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study has not been explored so far exhaustively and there are ample 

opportunities to look further into it for the better effectiveness of these kind of 

systems in terms of applicability.   Although there are large scope of applications 

of metallo-Schiff base complexes which grasps wide and differentiated subjects 

containing immense territories of coordination chemistry, but this thesis mainly 

deals with the structure-activity relationship between flexibility of Schiff bases 

in metal complexes and certain special properties with an emphasis on 

(i) DNA / Protein binding and cleavage property: which is a key 

research field to develop new therapeutic metallodrug.  

(ii) Antiproliferative property: for damaging the cancer cell lines.  

(iii) Antimicrobial activity: a new way to inhibit the growth of 

microorganisms like bacteria, fungi, etc.  

(iv) Catecholase activity: where the polymerization of the oxidized 

product affords the formation of melanin, which protects 

damaged tissues against pathogens or insects.  

(v) Glycosidase activity:  Which catalyze the hydrolysis of 

glycosidic linkages to mimic the natural enzyme which is 

prevalent in carbohydrate metabolism.  

(vi) Corrosion inhibition property:  protects the damage of mild steel 

which is an essential constructing element in various industries.  

With the above scenario the primary objective of the research work 

reported in this thesis is:- 

 To explore the structure-activity relationship between several kinds of 

biological, chemical as well as material properties and various complex 

structures tuned by flexibility as well as flexibility controlled nuclearity. 

However, to achieve this primary objective, this work has been 

subdivided into certain tasks as follows :- 

 To design and synthesize Schiff bases incorporating flexible organic 

moiety. 
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 To tune the flexibility by coordinating the ligand with different type of 

metal ions and using different metal ion precursor. 

 To take advantage of the co-ligands to generate polynuclear metal 

complexes and to control the nuclearity. 

On the basis of the above objectives the contents of each chapter included 

in the thesis are discussed briefly as follows: 

 

Chapter 1: General Introduction and Background 

A brief overview of the basic concepts and recent scientific developments 

towards the generation of Schiff base metal complexes and the importance of 

introducing the flexibility towards potential applications in various biological, 

chemical and material applications are discussed in this chapter. Finally, a brief 

summary of the research reported in this thesis and the relevance in the prospects 

of recent developments have been put forward. 

Chapter 2: Nickel(II) complexes with a flexible piperazinyl moiety: studies 

on DNA and protein binding and catecholase like properties 

In this chapter, four new mononuclear Ni(II) complexes [Ni(L1)]ClO4 (1), 

[Ni(L2)]ClO4 (2), [Ni(SCN)3(CH3OH)(aminoethyl-piperazineH)] (3), and 

[Ni(DMSO)4(aminoethylpiperazineH)](ClO4)3 (4) have been synthesized from 

two Schiff base ligands [HL1 = 1-phenyl-3-((2-(piperidin-4-yl)ethyl)imino)but-

1-en-1-ol and HL2 = 4-((2-(pipera-zin-1-yl)ethyl)imino)pent-2-en-2-ol] by 

exploiting the flexibility of the piperazinyl moiety. Structural analysis reveals 

that 1 and 2 are square planar complexes with piperazine rings in boat 

conformation whereas hydrolysis of Schiff bases (HL1 and HL2) occurs during 

formation of octahedral complexes (3 and 4) with piperazine rings in chair 

conformation. Screening tests were conducted to quantify the binding ability of 

complexes towards DNA, BSA and HSA and it was found that square planar 

complexes (1 and 2) showed more effective binding properties over octahedral 

complexes as hydrolysis of Schiff bases during complexation restricts the 

delocalization of electrons to make these two complexes (3 and 4) inactive 

towards all kind of activity. Furthermore, enzyme kinetic studies reflect that 
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square planar complexes (1 and 2) are also effective in mimicking catecholase 

like activities over octahedral complexes. Among all the complexes, 1 was found 

to be the most promising molecule among the series due to its large binding 

affinity towards different biomacromolecules and higher turnover frequency in 

the catechol oxidation reaction. 

 

Chapter 3: Copper complexes with flexible piperazinyl arm: nuclearity 

driven catecholase activity and interactions with biomolecules 

In chapter 2 efforts were made to synthesize Schiff Base complex with chair 

conformation however in all such cases the Schiff Base ligand gets hydrolyzed 

to precursor amine. In this chapter it was aimed to check the flexibility of the 

ligand upon reaction with other metal center. Exploration of the reactivity with 

copper ion produced three new Cu(II) complexes viz.,  

[Cu(HL1)(Pyridine)(H2O)](ClO4)2.2MeOH (5), 

[Cu2(HL1)2(NO3)2](NO3)2.3H2O (6) and [Cu(HL2)(NO3)2].MeCN (7) have been 

synthesized from those two Schiff base ligands where the flexible piperazinyl 

moiety takes up chair conformation. Structural analysis reveals that 5 and 7 are 

monomeric Cu(II) complex consisting of penta- and hexacoordinated Cu(II) 

centers, respectively, whereas 6 is a dinuclear Cu(II) complex with two different 

geometrical Cu(II) centers, one is square planar and the other is distorted 

octahedral. Screening tests were conducted to quantify the binding ability of 

complexes (5, 6 and 7) towards DNA and BSA as well as the DNA cleavage 

activity have been explored of these complexes using gel electrophoresis 

technique. Furthermore, enzyme kinetic studies are also performed for those 

three complexes towards effectiveness in mimicking of catecholase like 

activities. Antibacterial activities of these complexes are also scrutinized 

towards Methicillin-Resistant Staphylococcus aureus (MRSA) bacteria. Finally, 

the nuclearity driven activity of complex 6 towards DNA binding and catechol 

oxidations are further explained by DFT. 
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Chapter 4: Nickel(II) and copper(II) complexes constructed with flexible 

Schiff base ligand: Synthesis, X-ray crystal structure, enzyme catalysis and 

biological applications 

The flexibility of Schiff base ligands (HL1 and HL2) upon variation of different 

metal ions was explored in above two chapters but with changing reaction 

conditions or with variation of auxiliary anion with same metal has not produced 

any pair of complexes where the ligand is in two different conformation. For this 

reason a modified Schiff base ligand HL3 [2-(phenyl((2-(piperazin-1-

yl)ethyl)imino)methyl)phenol] has been introduced. Structural features and 

different applications of four newly synthesized metal complexes formed by the 

reaction of this ligand HL3 with Cu(II) and Ni(II) salts are discussed in two parts. 

 

4A - Investigation on chemical protease, nuclease and catecholase activity 

of copper(II) complexes with flexidentate Schiff base ligands 

This part mainly deals with two Cu(II) complexes 

[Cu(HL3)(MeOH)(Py)](ClO4)2 (8) and [Cu(HL3)(DMF)](NO3)2 (9). 

Crystallographic study reveals that like last chapter, here also the piperazinyl 

arm remains in chair form making the ligand effectively tridentate in nature 

leaving enough coordination position available for binding of the substrate. 

Affinity of the synthesized complexes towards BSA protein and DNA were 

carried out through binding and cleaving experiment which have been followed 

by cell cytotoxicity measurement. Possible catecholase like activity was also 

investigated. Interestingly both the complexes have shown interesting protease, 

nuclease and catecholase activity. 

4B - Counter anion directed flexibility of Ni(II) Schiff base complexes: 

Lysozyme binding and glycosidase activity 

In this part of the thesis ligand HL3 was reacted with two different Ni(II) salts 

and finally structurally two different complexes [Ni(L3)(MeOH)] (ClO4)2 (10) 

and [Ni2(HL3)2(H2O)2(MeOH)2]Cl3.3MeOH (11) were synthesized. Among 

these two, the piperazinyl arm is in boat conformation in Ni(II) complex 10 and 

in chair conformation in Ni(II) complex 11 which is a chloro-bridged dimeric 
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molecule. Probable reason behind this structural diversity by coordination mode 

of chloride ion is described here. Apart from a structural point of view, the 

lysozyme binding activities and glycosidase activities of these two complexes 

were also determined. The results confirm that nuclearity can play an important 

role in above mentioned activity. 

 

Chapter 5: A novel approach of pseudohalide promoted enhanced 

corrosion inhibition by antimicrobial zinc(II) Schiff base complexes 

This chapter describes the structure-activity relationship of corrosion inhibition 

property of Zn(II) Schiff base complexes which were prepared in a stepwise well 

planned synthetic approach. In this regard, two complexes ([Zn(L4)2](ClO4)2 

(12) and [Zn(μ-fumarate)(L4)]n (13) derived from two ligands L4 [N1,N1-

dimethyl-N2-(1-(pyridin-2-yl)ethylidene)ethane-1,2-diamine] and L5 [N1,N1-

diethyl-N2-(1-(pyridin-2-yl)ethylidene)ethane-1,2-diamine] were  synthesized 

and their detail electrochemical analyses reveal that the compounds are inert 

towards any anti-corrosion property like their parent organic ligand. Thus 

enhancement of hetero-atom availability via incorporation of azide as a co-

ligand for greater adsorption of the molecules on the mild steel was planned and 

successful implementation of this idea produces four new Zn(II) complexes 

[ZnL4(N3)2] (14), [ZnL5(N3)2] (15), [ZnL6(N3)2] (16) and [ZnL7(N3)2] (17)) 

where, ligands L6 [2-morpholino-N-(1-(pyridin-2-yl)ethylidene)ethanamine] 

and L7 [(2-(piperidin-1-yl)-N-(1-(pyridin-2-yl)ethylidene)ethanamine)] 

contained flexible morpholinyl and piperadinyl moieties in their chair 

conformation.  Electrochemical polarization and impedance studies indicate that 

all these four Zn(II) azido Schiff base complexes have significant corrosion 

inhibition property in 15% HCl medium on mild steel. FE-SEM (Field emission 

scanning electron microscopy) and AFM (Atomic force microscopy) images 

depicted that metal surface is protected by these four Zn(II) complexes. Apart 

from these, the antimicrobial activities of these complexes have been 

scrutinized. Considering all above facts, it can be concluded that this kind of 

pseudo halide promoted enhanced corrosion inhibition approach is one of the 
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fruitful strategies to develop corrosion resistance metal complexes which are 

worth for further investigation. 

 

Chapter 6: Targeted synthesis of cadmium(II) Schiff base complexes 

towards corrosion inhibition on mild steel 

Being inspired by the results of the last chapter, this chapter is focused on the 

enhancement of the corrosion inhibion efficiency via incorporation of some 

robust metal ion such as cadmium as it is widely used as an electroplating 

element in aircraft for corrosion protection of airframe components. Thus, the 

reaction of cadmium salts with three ligands L4, L6 and L7  gave five Cd(II) 

Schiff base complexes [Cd(L4)2](ClO4)2 (18), [Cd(L4)(cyanoacetate)(OAc)] 

(19), [Cd2(L
4)2(N3)4] (20), [Cd(L6)(N3)2]n (21), [Cd2(L

7)2(N3)4]n (22). The 

corrosion inhibition property of these complexes on mild steel upon treatment 

with 15% HCl has been examined where azide complexes have shown 

significant corrosion inhibition property as revealed by electrochemical 

impedance spectroscopy and potentiodynamic polarization. FE-SEM images 

show that the mild steel surface was protected by cadmium complexes. Among 

azido complexes, polymeric complexes have higher inhibition activity (up to 

94%) due to the more availability of hetero atoms which was further explained 

using density functional theory. Thus finally, it can be concluded that increasing 

adsorbing sites by increasing nuclearity could be one of the key factors to 

develop corrosion resistance polymeric metal complexes which are worth for 

further investigation. 

 

Chapter 7: General conclusions and future scope 

This chapter summarizes the salient features of the work and its future prospects. 
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Chapter 1 

General introduction and background 

1.1 Introduction 

In the development of coordination chemistry Schiff bases have an essential 

impact over the years. Schiff base metal complexes have been contemplated 

broadly due to their ability to stabilize metal complexes with their attractive 

chemical and physical properties and their extensive variety of utilizations in 

various scientific areas. These types of complexes have been overwhelmingly 

investigated in recent years, and such studies have been subject of many papers 

and reviews. Apart from other several factors, flexibility within the Schiff base 

entity sometimes provides the driving force towards various kind of interactions 

which provides an essential understanding tool to envisage the structure-activity 

relationship in catalytic as well as bio-macromolecular interaction pathway. It is 

hard to cover in this chapter the discussion on Schiff base metal complexes, 

which grasps wide and differentiated subjects, containing immense territories of 

coordination chemistry and different parts of bioinorganic and material science. 

Therefore, the introduction part is limited to a brief discussion on the Schiff 

bases along with their flexible nature, their metal complexes and general 

applications of Schiff base complexes with an emphasis on enzyme catalysis, 

bio-macromolecular interaction studies, antimicrobial activities, anti-

proliferative properties and finally very few application related to the material 

chemistry.  

 

1.2 Schiff base ligands 

Hugo Schiff first reported Schiff base in 1864.[1] Schiff bases are an important 

class of ligands because of their synthetic flexibility, their selectivity, and 

sensitivity towards the central metal atom and structural similarities with natural 

biological substances. The preparations of these compounds are simple and 

smart. They are prepared by condensing a carbonyl compound with an amine, 
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generally in refluxing alcohol. Schiff base ligands are deliberated as ‘privileged 

ligands’[2] containing azomethine group (-HC=N-). The azomethine group is 

particularly suited for binding to metal ions via nitrogen atom lone pair. When 

Schiff bases contain one or more donor atoms in addition to –C=N- group they 

act as polydentate chelating ligands or macrocycles. In fact, Schiff bases can 

balance out a wide range of metals in different oxidation states. Thus it can 

control the utilization of metal complexes in a large variety of useful catalytic 

reactions and different types of interactions. Several studies [3-5] showed that 

the presence of a lone pair of electrons in a sp2 hybridized orbital of the nitrogen 

atom of the azomethine group is of considerable chemical and biological 

importance. The chelating ability of the Schiff bases combined with the ease of 

preparation and flexibility in varying the chemical environment about the C=N 

group makes it an interesting class of ligand in coordination chemistry. 

Examples of few compounds are shown in Scheme 1.1. 

 

Scheme 1. 1. Some examples of Schiff bases. 

Among the large variety of Schiff base moieties, salen type Schiff bases are very 

famous due to the easy synthetic route and higher stability. Although the term 

salen was formerly used only to define the tetradentate Schiff bases derived from 

salicylaldehyde and ethylenediamine, the term salen-type is presently utilized as 

a part of the writing to portray the class of (O, N, N, O) tetradentate bis-Schiff 
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ligands (Scheme. 1.2).[2] Stereogenic centers or other elements of chirality 

(planes, axes) can be introduced in the synthetic design of salen-type Schiff 

bases (Scheme. 1.2).[6, 7] 

 

Scheme 1. 2. Some examples of achiral and chiral Schiff bases. 

In addition to these, Schiff base macrocycles (Scheme 1.3) have been 

prepared by well- known self-condensation reaction of appropriate formyl- or 

keto- and primary amine precursors and find wide applications in macrocyclic 

and supramolecular chemistry.[8] 

 

Scheme 1. 3. Some examples of macrocyclic Schiff bases. 

1.2.1 Denticity, basicity and flexibiliy of Schiff bases 

Schiff base ligands are classified according to the number of donor atoms 

contained and are known as uni-, di-, tri-, or quadridentate ligands. When two 
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or more donor sites of a ligand coordinate with the same central metal ion, a 

complex possessing a closed ring is formed. This special type of ring formation 

is known as chelation and the particular terminology “Chilate” was first 

introduced by Morgan and Drew in 1920. Schiff bases mainly possess nitrogen 

donor atoms, though many can act as bi-, tri-, tetra- or polydentate with mixed 

donor capabilities as shown in Scheme. 1.4.  

 

Scheme 1. 4. Schiff bases of variying denticity. 

The basicity of the Schiff bases likewise assumes a key part in the 

development and stabilization of the complexes. Mainly the two donor atoms, N 

and O, of the chelated Schiff base possess two opposite electronic effects: 

phenolate oxygen is a hard donor which stabilizes the higher oxidation state of 

the metal ion, whereas the imine nitrogen is a boarderline donor and stabilizes 

the lower oxidation state of the metal ion.[9] Apart from this, sulfur donor 

ligands, being soft bases, want to consolidate with late transition element and 

with metal ions in lower oxidation state, the ONS donor Schiff bases can 

demonstrate beneficial interaction.[10] The presence of soft sulfur atoms softens 

the hardness of the oxygen atom, and this empowers such ligands to frame an 

expansive number of complexes with structural differences. The presence of –

OH or –SH groups in the Schiff bases induce tautomerism in the compound, 

which leads to the formation of diverse complexes with different structural 

features. Also the deprotonation of thiolic, alcoholic and phenolic groups are 

favored due to the stabilization of various oxidation states of the central metal 

ion.  

 Ligand flexibility is one of the key factor to tune various structural 

beauty inside the metal-ligand framework. Specially, in case of Schiff bases, the 

flexibility is mainly characterized on the basis of few phenomena - 
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 Flexibility in denticity – Some Schiff bases possess different types of 

denticity i.e., coordination behavior depends on few external conditions 

like pH, temperature, solvent effect etc.  

 Flexibility in charge – Depending on above mentioned external effects 

few Schiff bases exerts different type of charges over the entire Schiff 

base moiety and this flexible phenomenon helps the entire moiety to 

coordinate with differently charged metal ions.  

 Flexibility in geometry – On the basis of different types of coordination 

mode the geometry of Schiff bases get changed which indicates the 

ligand flexibility towards its geometry.  

Although both the moieties (aldehyde/ketone or amine) can have interesting role 

to tune this type of flexibility in the Schiff base moiety but mainly the amine 

part plays crucial part in the design of such kind of flexible Schiff bases.[11] In 

this matter piperazine derived Schiff bases got a great attention in recent 

literature (Figure. 1.1 and Figure. 1.2.).[12] The structure of the metal complexes 

where the ligands bear the piperazine core, is primarily governed through the 

conformation adopted by the central piperazine ring.[13] Piperazine can adopt, 

along with the two extreme chair and boat conformations, the twisted-boat and 

the half-boat forms.[14] Past reports propose that the conformation adopted by 

the piperazine ring is influenced by metal ion size and presence of different co-

ligands.[15-17]  Different kinds of Schiff bases derived from morpholine, 

piperidine and other flexible amine moieties are also classified as a flexible 

Schiff base in the literature for their structural diversity.[18] 

 

Figure 1. 1. Chair-boat conformations of amino ethyl piperazine moiety. 

Chair

Boat

Amino ethyl piperazine
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Figure 1. 2. Pictorial representations of flexibility. 

1.3 Formation of Schiff base transition metal complexes 

Reaction of metal salts with Schiff base ligands under suitable experimental 

conditions is the general procedure to prepare metal Schiff base complexes. 

Cozzi in his review has outlined five synthetic routes that are commonly 

employed for the preparation of Schiff base metal complexes and these are 

depicted in Scheme 1.5.[2] 

 

Scheme 1. 5. Synthetic routes of metal Schiff base complexes 

The use of metal alkoxides (M(OR)n) are involved in the synthetic Route 1. 

Alkoxides of early transition metals (M = Ti, Zr), are commercially available 

Flexibility

• Tetra dentate

• Boat conformer

• Anionic ligand

• Tri dentate

• Chair conformer

• Neutral ligand
M M

Example 1

Example 2
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and easy to handle whereas the other alkoxide derivatives specially the moisture 

sensitive derivatives of lanthanides are difficult to use. The reaction of a Schiff 

base with a metal alkoxide is an equilibrium reaction and the identity of the 

species generated is sometimes difficult to predict. Different complexes can be 

present in different concentrations, as a function of the equilibrium constant. 

 Metal amides M(NMe2)4 (M = Ti, Zr) are also used as precursors for the 

preparation of Schiff base metal complexes of early transition metals (Route 2). 

The reaction proceeds via the elimination of the acidic phenolic proton of the 

Schiff bases through the formation of volatile NHMe2. The reaction of 

Ti(NMe2)4 or Zr(NMe2)4 with salen gives a Schiff base metal complex bearing 

two bisamido groups that can be reacted further.  

 The clean and effective way of using metal alkyl complexes as 

precursors (Route 3) is one of the key route for the formation of Schiff base 

metal complexes. Various metal alkyls in the main group of metals (AlMe3, 

GaMe3, InMe3) are commercially available and can be used in the preparation 

of Schiff bases by a direct exchange reaction.  

 As indicated in route 4, many Schiff base metal complexes can be 

obtained through the treatment of the Schiff base with the corresponding metal 

acetate, normally by heating the Schiff base in the presence of the metal salt 

under reflux conditions. Copper, cobalt and nickel Schiff bases are prepared 

using the corresponding acetate M(OAc)2 (M = Ni, Cu, Co). 

 The synthetic scheme presented in route 5 which is quite effective in 

obtaining salen-type metal complexes consists of a two-step reaction involving 

the deprotonation of the Schiff bases followed by reaction with metal halides. 

 A detailed discussion on synthesis and characterization of Schiff base 

metal complexes is not endeavored here, as there are various literature reviews 

on these viewpoints are already available.[19-21]  

 

1.3.1 Transition metal complexes of flexible Schiff bases 

Flexible ligands provide more potential for the formation of unique frameworks 

because of their freedom of conformation. The high flexibility and coordinating 
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properties make tridentate Schiff-base ligands very interesting and resourceful 

in terms of efficiency to modern coordination chemists.[22, 23] Although 

coordination chemistry of metal-Schiff base complexes is very old but the 

transition metal complexes of flexible Schiff base ligands with various 

coordination modes are relatively less studied.[24, 25] Among the library of 

transition metal complexes of flexible Schiff base ligands, there are relatively 

less examples on the topics of such flexible Schiff base metal complexes where 

the flexibility is tuned on the basis of stereochemistry of six membered ring.[11, 

12, 17, 18, 26-29]    

 

1.4 Applications of metal-Schiff base complexes 

Versatility of Schiff base ligands and the biological, analytical and industrial 

applications of their complexes make further investigations in this area highly 

desirable. Among large varieties of applicable field for metal-Schiff base 

complexes, only a very few is in the main focus of interest in this thesis. Those 

particular applications along with other allied applications are categorized in the 

flow chart (Figure. 1.3.) followed by detailed explanation.  

 

Figure 1. 3. Applications of transition metal Schiff base complexes 

1.4.1 Biological properties 

The improvement in the field of bioinorganic chemistry has expanded the 

enthusiasm for Schiff base complexes since it has been perceived that a 

significant number of these complexes may fill in as models for naturally 
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essential species. Although there are lots of biological significance of the 

transition metal Schiff base complexes, here only a few are discussed below 

which are relevant to this thesis work.  

 

1.4.1.1 Biomacromolecular interaction study 

Among library of biomacromolecules, only DNA and proteins are the basic 

focused target for this kind of interaction study. 

 

1.4.1.1.1 Interactions with DNA 

DNA is an important drug target and it regulates many biochemical processes 

that occur in the cellular system. There is a great interest in the literature for 

designing novel transition metal complexes capable of binding and cleaving 

duplex DNA with high sequence and structure selectivity.[30-34] Additionally, 

the metal ion type and different functional groups of ligands, which are 

responsible for the geometry of complexes can also affect the affinity of metal 

complexes to DNA. Moreover small Schiff base complexes of transition metals 

are of great interest for such kind of activities because of their assorted biological 

and pharmaceutical activities. The importance of certain compounds in medical 

diagnosis and genomic research is based on the ability of such compounds to 

bind and cleave double stranded DNA under physiological conditions. Studies 

on the interactions of DNA with transition metal complexes are very important 

for rational drug design and for the development of sensitive chemical probes 

for DNA.[35] These interactions would be either covalent or non-covalent. The 

labile part of the complexes get replaced by the nitrogen base of DNA in 

covalent interaction. On the other hand, the non-covalent DNA interactions 

include intercalative, electrostatic and groove binding of metal complexes along 

periphery of the DNA helix, the major and minor groove (Figure 1.4). 



                                                                         

  
    

 

 

12 

 

Figure 1. 4. Various DNA binding modes of metal complexes 

The binding capacity of DNA is the primary source for making the 

comparison in cleavage effectiveness of the complexes to that of the control. 

DNA cleavage reactions involve mainly hydrolytic and oxidative cleavage 

pathways.[36] The formation of fragments may be deliberated to take place 

through enzymatic processes which occurs due to hydrolysis of phosphodiester. 

The oxidative cleavage of DNA is brought about by various methodologies and 

the methodology which involves irradiation with visible light of longer 

wavelength, has achieved significant importance for the major use in 

photodynamic therapy (PDT) of cancer.[37] The record of DNA cleavage by 

hydroxyl radicals abstraction of a hydrogen atom from sugar units and proposed 

general mechanism that anticipates the release of particular residues which 

emerge from change of sugars, which additionally relies on upon the position of 

hydrogen atom removal. Free radical scavengers inhibit the DNA cleavage 

reactions controlled by hydroxyl radical and peroxy derivative.[38, 39] Many 

small molecules exert their anti-cancer activities by binding with DNA, thereby 

altering DNA replication and inhibiting the growth of tumor cells. 

 Although there is a series transition metal Schiff base complexes 

showing promising DNA binding and cleavage property are reported in the 

literature [32, 40-42] but the comparison of this kind of activity on the basis of 

flexibility and nuclearity has not been explored so far. Thus this thesis is mainly 

focused on the flexible behavior of metal Schiff base complexes towards DNA 

binding and nuclease activity. 
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1.4.1.1.2 Interactions with proteins 

Proteins are the most abundant and important component of every cell in the 

body from a functional point of view. From the hormones and enzymes that 

control digestion, the structure framing collagen in bones, the contractile 

proteins in muscles, to the hemoglobin and albumin in the circulatory system 

and immunoglobulins fighting infections, practically every life process depends 

on this class of molecules. 

 Albumin is the most abundant protein in the vertebrates’ organisms (up 

to 40 mg/mL) and the most prominent plasma protein (about 60% of the total 

protein content of plasma). It is one of the first discovered and most intensely 

studied proteins.[43] 

 Another very important protein is lysozyme. Lysozyme is abundant 

in secretions including tears, saliva, human milk, and mucus. It is also present 

in cytoplasmic granules of the macrophages and the polymorph nuclear 

neutrophils (PMNs). Large amounts of lysozyme can be found in egg white.  

 The investigation of the binding amplitude and mechanism of interaction 

of small molecules with proteins is crucial for the understanding of drug 

pharmacodynamics and pharmacokinetics, as the nature and strength of that 

interaction have a great influence on drug absorption, distribution, metabolism, 

and excretion.[44] Apart from this, the cleavage of protein or protease mimic is 

important as the catalytic function of this enzyme hydrolyze proteins and liberate 

the amino acids needed by the body. Not only in digestion their use in medicine 

is also notable based on several clinical studies indicating their benefits in 

oncology, inflammatory conditions, blood rheology control, and immune 

regulation. 

 When approaching the evaluation of small molecules affinity for 

proteins, serum albumin (BSA and HSA) and lysozyme is usually selected as a 

relevant model due to its low cost and wide application. 

Two main largely used serum albumins are human serum albumin and 

bovine serum albumin. Human serum albumin (HSA) is a major circulatory 

protein of well-known structure. Crystal structure analyses have revealed that 
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the drug binding sites are located in subdomains IIA and IIIA. A large 

hydrophobic cavity is present in the IIA subdomain. The geometry of the pocket 

in IIA is quite different from that found for IIIA. HSA has one tryptophan (Trp 

214) in subdomain IIA, whereas BSA has two tryptophan moieties (Trp 135 and 

Trp 214), located in subdomains IA and IIA, respectively (figure 1.5).[45] 

 

Figure 1. 5. Structure of BSA, HSA and Lysozyme (left to right) 

The serum albumin interaction and binding ability of a large variety of 

mononuclear and polynuclear transition metal Schiff base complexes had been 

investigated.[46-49]  

 On the other hand, hen egg white lysozyme (HEWL), a glycoside hydrolase 

that breaks down the sugar linkages in the bacterial cell wall through its enzyme 

active cavity formed by Asp 52 and Glu 35 residues (Figure 1.8) [50] is a significant 

protein, which also has an affinity in binding towards small molecules including 

metal coordination complexes. For a few important metallodrugs, like NAMI-A, 

KP1019 etc., which are in clinical trials, the HEWL had been used as a model system 

to investigate the drug–protein interactions as the scaffold of this protein is 

particularly suitable to probe the fundamental interactions of proteins with metal 

complexes. There are also few examples of transition metal complexes which have 

effective tendency to bind with lysozyme. [51-54] 

 In all the above cases, the  interaction between protein and metal 

complexes often leads to a perturbation of the secondary structure of the protein, 

by disrupting the disulfide bonds and leading to a partial loss of α-helix 

conformation with the subsequent unfolding of the proteins, [55] or a change in 

the polarity of the environment to which the tryptophan residues are exposed 

[56], as a result of molecular interactions, such as excited-state reactions, 
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molecular rearrangements, energy transfer, ground-state complex formation or 

collision quenching.[57] 

 As ligand flexibility can tune the geometry as well as charge of the 

molecules thus evaluation of interaction study on the basis of flexibility is a 

prime interest of this thesis. 

 

1.4.1.2 Anticancer activity 

It has been reported that chelation is the cause and cure of many diseases 

including cancer. Cancer or malignant neoplasm is a class of diseases in which 

a group of cells display uncontrolled growth, invasion and even sometimes 

metastasis.[58] At present, the treatment for cancer basically includes surgery 

and chemotherapy, yet the impacts of the current chemotherapeutic medications 

are not good enough and they have abundant symptoms. The advancement of 

more successful medications for treating patients with tumor has been a primary 

endeavor over the past 50 years. In recent years, various Schiff bases derivatives 

have been found to be associated with anticancer properties.  

Recent progress in the field of cell biology provide new targets for 

anticancer agent which act by the formation of DNA adducts with cancer cell 

and results in the inhibition of DNA replication.[59] The following figure 1.6 

has shown the basic functions of cytotoxic metal complexes inside the cancer 

cells. 
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Figure 1. 6. Mechanism of cytotoxic effects of metal complexes 

Sometimes metal complexes have shown cell selectivity thus it is a 

useful technique to arrest specific cancer cell. Although literature survey reveals 

that several Schiff base complexes of various metal ions have shown significant 

cytotoxic effects as promising anticancer drug [60-62] but still there are a large 

scope to tune this kind of activities by employing the flexibility. Thus this thesis 

mainly focused on cytotoxic effects of transition metal complexes derived from 

flexible Schiff bases. 

 

1.4.1.3 Antimicrobial activity 

An antimicrobial is an agent that kills microorganisms or inhibits their growth. 

Antimicrobial medicines can be grouped according to the microorganisms they 

act primarily against. For example, antibacterial agents are used against bacteria 

and antifungals agents are used against fungi. Early time, the serious irresistible 

infections caused by gram positive and gram negative pathogenic bacteria have 

expanded to danger level around the world. Anti-bacterial activity is the main 

part of investigation of this thesis work. The chemistry of biological science has 

produced a number of compounds that are now employed as antibacterial agents. 

Among them there are a plenty of transition metal Schiff base complexes which 

have potential antibacterial activity against different kind of bacteria like 
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Escherichia coli, Staphylococcus aureus, Bacillus aureus and Aspergillus niger 

etc.[63-66] Thus considering the all these facts, how the flexibility and nulearity 

tune this kind of activities is the prime interest of this thesis. 

 

1.4.2 Chemical properties 

Transition metal Schiff base complexes have several chemical properties which 

are useful for different applications. Frequently they have used in several 

organic transformation reactions as a catalyst.[67] They often used in dye 

degradation, chemical separation and sensing of toxic chemicals. 

 Enzyme catalysis is also one important useful application of transition 

metal Schiff base complexes. 

 

1.4.2.1 Enzyme catalysis 

An important goal in transition metal chemistry is the synthesis of molecules 

that exhibit catalytic activity analogous to the activity of enzymes. The driving 

force to demonstrate the enzyme active sites originates from their capability to 

give understanding to the mechanistic pathways of the native enzymes. It set up 

the part of that specific metal in the active site to configure better catalysts 

inspired by nature. In this regard, this thesis mainly concentrated on two enzyme 

catalysis applications - catecholase activity and glycosidase activity. 

 

1.4.2.1.1 Catecholase activity 

Nature uses several metalloenzymes to catalyze the controlled and selective 

oxidation of organic compounds. Among them an important enzyme is 

catecholase. Catecholase activity is the oxidation of a broad range of catechols 

to quinones through the four-electron reduction of molecular oxygen to water 

undertaken by catechol oxidase. Catechol is present in the vacuoles of cells of 

most of the plant tissues. Catechol oxidase is present in the cell cytoplasm. If the 

plant tissues are damaged, the catechol is released and the enzyme converts the 

catechol to ortho-quinone, which is a natural antiseptic.[68] Catecholase is a 
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dinuclear CuII containing enzyme with a type-3 active site which is responsible 

for catechol oxidation in higher plant which oxidises catechol to o-quinone. The 

crystal structure of the met form of the enzyme was determined in 1998. This 

revealed that the active site consists of a hydroxo bridged dicopper(II) centre in 

which each copper(II) centre is coordinated by three histidine nitrogen atoms 

and adopts an almost trigonal pyramidal environment with one nitrogen at the 

apical site.(Figure 1.7)[69] 

 

Figure 1. 7. Coordination sphere of the dinuclear copper(II) centre of catechol 

oxidasefrom sweet potato in the met state (PDB ID: 1BT3). 

 In general mainly two mechanistic pathways are established for catechol 

oxidation. Among them, the one which produces two molecules of o-quinone 

and water is followed by the enzyme catechol oxidase (Scheme 1.6 (mechanism 

B and C) and Scheme 1.7). 
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Scheme 1. 6. Mechanistic pathways of catechol oxidase enzyme.[70] 
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Scheme 1. 7. Catalytic cycle of catechol oxidase as proposed by Siegbahn based 

on DFT calculation.[71] 

 Henceforth the structure–activity relationship still gives scope for more 

up to date outlines to build structural and functional model systems with better 

activity near the enzyme for potential in industry. In literature four approaches 

have been used in the mechanistic studies on the model compounds for studying 

catecholase activity. 

 Substrate-binding studies 

 Structure-activity relationship 

 Kinetic studies on catalytic reactions 

 Stoichiometric oxidation of catechol substrates by the peroxo- and 

oxodicopper complexes 

There are several copper, nickel, cobalt, zinc, manganese based Schiff base 

metal complexes which are already reported in literature and their mode of 

action towards enzyme catalysis is also mentioned. [72-79] Literature survey 

reveals that generally copper based model systems follow metal centered 
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pathway whereas Ni-Schiff base complexes follow ligand centered mechanism. 

Thus there is a scope of tuning the activity on the basis of flexibility. So this 

thesis mainly focused on the comparison of catecholase activity on the basis of 

flexibility among different transition metal complexes of flexible Schiff base 

ligands. 

 

1.4.2.1.2 Glycosidase activity 

Glycosidase or glycoside hydrolases are found in basically all domains of life. 

In prokaryotes, they are found both as intracellular and extracellular enzymes 

that are largely involved in nutrient acquisition. In higher organisms glycoside 

hydrolases are found within the endoplasmic reticulum and Golgi 

apparatus where they are involved in processing of N-linked glycoproteins, and 

in the lysosome. The structural and mechanistic details for these enzyme systems 

are available in the literature.[80, 81] Several artificial enzymes mimic the 

glycoside hydrolase to demonstrate the glycosyl transfer reactions observed in 

nature. Hence, these reactions are significantly important in the biological 

systems.[82] In these regard substantial research has  been done to produce 

improved metal complexes as mimic of glycoside hydrolase.[83] Dinuclear 

metal complexes have been recognized at the active sites of many 

metalloenzymes [84] even in case of glycosidase also. Literature survey has 

reflected that there are an active part of both metal center in this hydrolysis 

mechanism (Scheme 1.8).[85] 
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Scheme 1. 8. Proposed mechanism for glycosidase activity of synthesized 

dinuclear copper complex.[85] 

 As flexibile nature of Schiff base can tune the nuclearity also; thus the 

behavior of transition metal complexes of flexible Schiff base ligands is one of 

the prime interest of this thesis. 

 

1.4.3 Material properties 

Transition metal Schiff base complexes possess several materialistic properties 

like sensing of chemicals [86], gas absorption [87], non-linear optical property 

[88], photo-physical property [89], electrochemical property [90] and so on. 

These all properties are very useful in different industrial purpose. Among 

various kind properties this thesis is mainly focused on electrochemical behavior 

of transition metal Schiff base complexes for the application in the field of 

corrosion inhibition of mild steel. 
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1.4.3.1 Corrosion inhibition property 

Corrosion can be defined as an irreversible chemical or electrochemical reaction 

of a material with the environment, which usually (but not always) results in a 

deterioration of the material and its properties. Mild steel is extensively used in 

many industries because of economically cost-effective and easy fabrication, but 

it is susceptible to undergo corrosion in aggressive environmental conditions. 

The damage due to corrosion is serious engineering problem and the national 

economies have suffered great losses due to corrosion. 

 Although corrosion is a complicated process but it can be easily 

comprehended as an electrochemical reaction involving the following three 

steps (Figure 1.8).[91] 

1) Loss occurs from that part of the metal called the cathodic area because 

of the lower potential at this site. In this case iron is lost to the aggressive 

medium (oxidized from Fe0 to Fe2+ state) and becomes oxidized to Fe2+ 

ion.   

2) As a result of the formation of Fe2+, two electrons are released to flow 

through the steel to the cathodic area.  

3) Proton from acidic solution or oxygen in aquous solution moves to the 

cathode and completes the electric circuit by using the elctrons that flow 

to the cathode to form hydrogen gas or OH- respectively at the surface 

of metal. 

 

Figure 1. 8. Reaction occurring during the corrosion of steel. 

Although sometime corrosion may happen even in inert atmosphere due 

to the presence of some bacteria. The overall processes in case of bacterial 

corrosion is depicted in Figure 1.9. 
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Figure 1. 9. Corrosion in presence of bacteria  

 Thus with this point of view control of corrosion is very important in in 

many technological processes. There are many ways for corrosion protection. 

Chemists usually gave more attention in corrosion inhibitor.  

 An inhibitor is a chemical substance or combination of substances which 

when added in very low concentrations in a corrosive environment effectively 

prevents or reduces corrosion without significant reaction with the components 

of the environment. Organic and inorganic both type of inhibitors are available 

in the literature. Role of inorganic inhibitors is mainly discussed in this thesis. 

In this scenario, Schiff bases are studied extensively due to the presence of 

>C=N– groups which allow the corresponding Schiff bases to get adsorbed on 

the surface of mild steel and to form a monolayer on the surface spontaneously. 

Therefore, it can act as an effective corrosion inhibitor [92, 93] for mild 

steel,[94-97] stainless steel,[98, 99] iron, nickel,[100] copper,[101] 

aluminum,[102] and alloy,[103] in various aggressive solutions. The Schiff base 

ligands form stable complexes closely packed in the coordination sphere of 

metal ion to generate another class of compounds for corrosion inhibition.[104-

106] The inhibitors work on the metal surface through the adsorption 

mechanism. The interaction of inhibitor molecules with the metal surface is 

influenced by several factors, such as electron charge density, molecular size, 

geometry and number of hetero atoms, such as N, O, S present in the 

molecule.[107] With this point of view researchers have been focusing on metal 

coordination complexes to quantify their corrosion inhibition property.[90, 94, 
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108]. Thus corrosion inhibition effect of newly developed trasition metal Schiff 

base complexes as well as comparison of efficiencies on the basis of flexibility 

and nuclearity is a prime interest of this thesis.  

1.5 Purpose and span of present investigation 

The purpose of present work is to explore the structure-activity relationship 

between several kinds of above mentioned biological, chemical as well as 

material properties and various complex structures tuned by flexibility as well 

as flexibility controlled nuclearity.  

In this regard the following flexible Schiff base ligands were slected in this 

study, 

a) 1-phenyl-3-((2-(piperidin-4-yl)ethyl)imino)but-1-en-1-ol (HL1) 

b) 4-((2-(pipera-zin-1-yl)ethyl)imino)pent-2-en-2-ol (HL2) 

c) 2-(phenyl((2-(piperazin-1-yl)ethyl)imino)methyl)phenol (HL3) 

d) N1,N1-dimethyl-N2-(1-(pyridin-2-yl)ethylidene)ethane-1,2-diamine (L4) 

e) N1,N1-diethyl-N2-(1-(pyridin-2-yl)ethylidene)ethane-1,2-diamine (L5) 

f) 2-morpholino-N-(1-(pyridin-2-yl)ethylidene)ethanamine (L6) 

g) 2-(piperidin-1-yl)-N-(1-(pyridin-2-yl)ethylidene)ethanamine) (L7) 

Using these ligands total twenty two metal complexes of four metal ions (Ni2+, 

Cu2+, Zn2+, and Cd2+) were synthesized and characterized thoroughly using 

several analytical technique along with single crystal XRD. 

 Flexibility and nuclearity driven Biomacromolecular interaction study, 

cytotoxic activity and enzyme mimic activities of nickel and copper complexes 

(1-11) derived from different ligands (HL1/ HL2/ HL3) are mainly discussed in 

chapter 2  to chapter 4. 

 Use of pseudohalide (azide) as a coligand along with other ligands (L4/ 

L5/ L6/ L7) were explored to produce several zinc and cadmium complexes (11-

22) as well as the flexibility and nuclearity controlled corrosion inhibition 

activity is discussed in chapter 5 to chapter 6. 
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Chapter 2 

Nickel(II) complexes with flexible 

piperazinyl moiety : studies on DNA and 

protein binding and catecholase like 

properties 

2.1 Introduction 

Use of transition metals by nature in different biological processes drive the 

quest of the scientists to understand the underlying principles of its functionality 

which eventually helps to develop different structural and more importantly 

functional model systems.[1-6] Apart from studying different biological 

processes induced by metal ions many new molecules have been also developed 

over the years showing interesting properties like antibacterial, antifungal, 

antimicrobial and anticancer/antiproliferative activity where the transition metal 

ion performs a pivotal role in terms of structural organization and overall 

functionality. Furthermore, interactions of small metal complexes with DNA 

and proteins are the key research areas of current years as there are enough 

potentials of development of new therapeutic agent particularly showing 

antitumor properties and possibility of the transportation of these molecules 

throughout the physiological system via protein binding.[7-10] Among the 

various transition metal ions nickel has already shown promising activities in 

many of the above mentioned areas. Though many transition metal complexes 

so far have been tried and screened as a potential pharmaceutics, nickel 

complexes in medicinal biochemistry is comparatively rare. However, there are 

few reports where nickel complexes have been screened for DNA binding along 

with DNA adduct formation, oxidative damage of DNA and DNA-DNA 

crosslink formation revealing the antitumor activity.[11-15] The amazing 

binding properties of serum albumin towards different endogenous and 

exogenous compounds provide the vital ability for this group of plasma protein 
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to take an active role for possible drug delivery. Study of interaction of small 

molecules with different types of serum albumin is also crucial for the 

understanding of metallopharmaceutical pharmacokinetics and structure-

activity relationship. However, the nature of interaction between proteins and 

different nickel complexes which have been studied so far is limited in nature 

and requires more studies for generalization. [16-19] 

On the other hand di-nuclear nickel (II) centers have been also studied for the 

possible catechol oxidase like properties.[20-23] Most of the researchers have 

focused on di-nuclear nickel systems so far to match the original enzyme 

structurally where a dimeric copper active center exists. The use of flexible 

ligands in metal complexes has a great benefit to tune the overall charge, 

coordination mode and geometry as per expectation. More over the flexibility of 

the ligands imparts adaptability in the metal complex to tune it as per desired 

properties. So it was planned to investigate several application of nickel 

complexes on the basis of flexibility although there are only few reports where 

mononuclear nickel complexes have been studied for possible catecholase like 

activities.[24, 25] Furthermore investigation on the effect of overall charge I the 

metal complex could be found interesting as there are certain reports where extra 

positive charge on ligand can induce higher activity towards catechol 

oxidation.[24, 25] 

Herein, the synthesis and characterization of four new mononuclear nickel 

complexes[Ni(L1)]ClO4 (1) [HL1 = 1-Phenyl-3-(2-piperazin-1-yl-ethylimino)-

but-1-en-1-ol], [Ni(L2)]ClO4 (2) [HL2 = 4-((2-(piperazin-1-yl)ethyl)imino)pent-

2-en-2-ol] [Ni(SCN)3(CH3OH)(aminoethylpiperazineH)] (3) and  

[Ni(DMSO)4(aminoethylpiperazineH)](ClO4)3 (4) are reported. The interaction 

of complexes 1 and 2 with DNA, BSA and HSA have been also studied which 

show promising results with very high affinity towards DNA and albumin 

proteins. Moreover, 1 and 2 were also investigated for possible catechol like 

activity and particularly 1 has shown very high activity towards the catalytic 

oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC). 
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Figure 2. 1. Pictorial representation to show potential activity of boat 

conformer complexes than two chair conformer complexes. 

 

2.2 Experimental  

2.2.1 Materials and methods 

All the chemical reagents required were purchased from sigma and used without 

further purification. Infrared spectra (4000–500cm-1) were recorded with a 

BRUKER TENSOR 27 instrument in KBr pellets. NMR spectra were recorded 

in AVANCE III 400 Ascend Bruker BioSpin machine at ambient temperature. 

Mass spectrometric analyses had done on Bruker-Daltonics, microTOF-Q II 

mass spectrometer and elemental analyses were carried out with a ThermoFlash 

2000 elemental analyzer. Spectrophotometric measurements were performed on 

a Varian UV-Vis spectrophotometer (Model: Cary 100) (for absorption) and 

Fluoromax-4p Spectrofluorometer from Horiba JobinYvon (Model: FM-100) 

(for emission) using a quartz cuvette with path length of 1 cm. Circular 

dichroism spectra were recorded by using a Jasco J-815 spectrometer (Jasco, 

Tokyo, Japan). Far-ultraviolet (UV) (190–260 nm) spectra were recorded in 0.1 

cm path length cell (Hellma, Muellheim/Baden, Germany) using a step size of 

0.5 nm, bandwidth of 1 nm and scan rate of 20 nm min−1. 

Caution! Perchlorate compounds are potentially explosive. Only a small 

amount of material should be prepared and handled with care 
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2.2.2 X-ray crystallography 

Single crystal X-ray structural studies of 1, 2, 3 and 4 were performed on a CCD 

Agilent Technologies (Oxford Diffraction) SUPER NOVA diffractometer. Data 

for all the complexes were collected at 150(2) K using graphite-

monochromoated MoKα radiation (λα = 0.71073 Å).The strategy for the data 

collection was evaluated by using the CrysAlisPro CCD software. The data were 

collected by the standard ‘phi-omega scan techniques and were scaled and 

reduced using CrysAlisPro RED software. The structures were solved by direct 

methods using SHELXS-97 and refined by full matrix least- squares with 

SHELXL-97, refining on F2. [26] The positions of all the atoms were obtained 

by direct methods. All non-hydrogen atoms were refined anisotropically. The 

remaining hydrogen atoms were placed in geometrically constrained positions 

and refined with isotropic temperature factors, generally 1.2 Ueq of their parent 

atoms. The crystal and refinement data are summarized in Table 2.1. For 

complex 2, the C8 and C9 has been modelled for disorder. 

Table 2. 1. Crystallographic data and structure refinement parameters for 1, 

2, 3 and 4. 

Complex 1 2 3 4 

Empirical 

Formula 

C16H21ClN3NiO

5 

C11H20ClN3NiO5 C10H19N6NiOS3 C14H39Cl3N3Ni

O16S4 

Formula weight 429.52 368.46 394.19 798.78 

Crystal system Orthorhombic Orthorhombic Orthorhombic Monoclinic 

Space group P b c a P 21 21 21 P c a 21 P 21 

a (Å) 10.1342(2) 7.6658(3) 15.8598(3) 10.2345(2) 

b (Å) 17.1147(3) 10.5251(6) 9.9515(2) 11.2429(2) 

c (Å) 21.5781(4) 18.7540(6) 10.9722(2) 14.6064(2) 

α (°) 90 90 90 90 

β (°) 90 90 90 94.1040(10) 

γ (°) 90 90 90 90 

V (Å3) 3742.59(12) 1513.13(12) 1731.73(6) 1676.38(5) 

λ (Å) 1.5418 0.71073 0.71073 0.71073 

ρcalcd (mg m-3) 1.525 1.617 1.512 1.582 

Z 8 4 4 2 
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T (K) 150(2) 150(2) 150(2) 150(2) 

μ (mm-1) 3.098 1.483 1.488 1.133 

F(0 0 0) 1784 768 820 830 

Crystal size 

(mm3) 

0.33 × 0.26 × 

0.21 

0.33 × 0.26 × 0.21 0.33 × 0.26 × 

0.21 

0.23 × 0.17 × 

0.14 

θ ranges (°) 4.10 - 72.18 3.29 - 25.00 3.05 - 24.99 2.97 - 25.00 

h/k/l -9,12/-20,21/-

25,26 

-9,7/-11,12/-20,22 -18,18/-11,11/-

13,13 

-12,11/-13,12/-

17,17 

Reflections 

collected 

26518 10881 12554 13277 

Independent 

reflections 

3684 2656 3023 4893 

Tmax and Tmin 0.5624 and 

0.4280 

0.7460 and 0.6404 0.7452 and 

0.6394 

0.8575 and 

0.7806 

Data/restraints/pa

rameters 

3684 / 0 / 273 2656 / 0 / 194 3023 / 1 / 203 4893 / 1 / 390 

GOF 1.063 1.087 1.051 1.051 

Final R indices 

[I > 2σ(I)] 

R1 = 0.0469, R1 = 0.0302, R1 = 0.0292, R1 = 0.0363, 

wR2 = 0.1400 wR2 = 0.0784 wR2 = 0.0749 wR2 = 0.0975 

R indices (all 

data) 

R1 = 0.0546, R1 = 0.0338, R1 = 0.0302, R1 = 0.0383, 

wR2 = 0.1490 wR2 = 0.0815 wR2 = 0.0761 wR2 = 0.0998 

Largest peak and 

hole(e Å-3) 

0.477 and 0.365 0.385 and -0.218 0.428 and 0.454 0.484 and -

0.299 

 

2.2.3 Synthesis of 1-phenyl-3-((2-(piperidin-4-

yl)ethyl)imino)but-1-en-1-ol (HL1) 

1.62 g (10 mmol) of phenyl acetyl acetone dissolved in 10 mL of chloroform 

was added into a solution of 1.29 g of amino ethyl piperazine (10 mmol) in 5 

mL of chloroform. The mixture was stirred for 2 hours at room temperature. 

After evaporating the volatile solvent a yellow oily compound (HL1) is formed. 

Yield: 72%. 1H NMR (400.13 MHz, 298 K, CDCl3): δ 11.37 (s, 1H,-OH), 7.34-

7.88 (m, 5H,aromatic H), 5.67 (s, 1H,vinyl H), 3.44 (q, 2H, cyclohexene –CH2), 

2.94 (t,4H, cyclohexene –CH2), 2.61 (t, 2H, cyclohexene –CH2), 2.51 (br t, 4H, 

aliphatic –CH2), 1.88 (s, 4H,-CH3 merged with -NH) 13C NMR (100.61 MHz, 
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293 K, DMSO): δ 187.8, 164.5, 140.5, 130.3, 128.1, 126.8, 92.3, 58.2, 54.4, 

45.9, 40.5, 19.6.C16H23N3O(m/z) calculated - 273.18 (M); obtained - 274.18 

(M+H)+ 

 

2.2.4 Synthesis of 4-((2-(piperazin-1-yl)ethyl)imino)pent-2-en-2-

ol (HL2) 

1.00 g (10 mmol) of acetyl acetone dissolved in 10 mL of chloroform was added 

into a solution of 1.29 g of amino ethyl piperazine (10 mmol) in 5 mL of 

chloroform. The mixture was stirred for 2 hours at room temperature. After 

evaporating the volatile solvent a yellow oily compound (HL2) is formed. Yield: 

72%. 1H NMR (400.13 MHz, 298 K, CDCl3): δ 10.78 (s, 1H, -OH), 4.94 (s, 1H, 

vinyl H), 3.33 (q, 2H, cyclohexene –CH2), 2.89 (t, 4H, aliphatic –CH2), 2.51 (t, 

2H, cyclohexene –CH2), 2.44 (br t, 4H, cyclohexene –CH2), 1.97 (s, 4H, -CH3 

merged with -NH) 1.90 (s, 3H, -CH3) 
13C NMR (100.61 MHz, 293 K, CDCl3): 

δ 194.3, 162.1, 94.8, 57.5, 53.9, 45.5, 39.7, 28.3, 18.6. C11H21N3O (m/z) 

calculated - 211.16 (M); obtained – 212.17 (M+H)+. 

 

2.2.5 Synthesis of [Ni(L1)]ClO4 (1) 

15 mL of methanolic solution containing HL1 (0.13 g, 0.5mmol) and 

Ni(ClO4)2.6H2O (0.182g, 0.5mmol) was stirred at room temperature for 1hr and 

resulting red coloured solution was concentrated by evaporating the solvent. 

Finally after 2 or 3 days red needle shaped crystals were obtained from the 

reaction mixture after layering the mother liquor with diethyl ether. Yield: 85%. 

Anal.Calcd. (%): C16H21ClN3NiO5 C, 44.74; H, 4.93; N, 9.78. Found (%): C, 

42.88; H, 5.13; N, 9.87. [C16H21N3NiO]+ (m/z) calculated – 330.05 (M)+; 

obtained – 330.10 (M)+. Selected IR on KBr (ν/cm-1): 1597 (‒C=N), 1097(ClO4
-

) 

2.2.6 Synthesis of [Ni(L2)]ClO4 (2) 

5 mL of methanolic solution containing HL2 (0.11 g, 0.5 mmol) was added drop 

wise to a 10 mL solution of Ni(ClO4)2.6H2O (0.18 g, 0.5 mmol) and the resultant 
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mixture was stirred at room temp for 1 h and resulting red coloured solution was 

concentrated by evaporating the solvent. Layering of the reaction mixture with 

diethyl ether furnished red coloured needle shaped crystal after few days. Yield: 

85%. Anal.Calcd. (%): C11H19ClN3NiO5 C, 35.96; H, 5.21; N, 11.44. Found (%): 

C, 35.65; H, 5.43; N, 10.95. [C11H19N3NiO]+ (m/z) calculated – 267.98 (M)+; 

obtained – 268.19 (M)+. Selected IR on KBr (ν/cm-1): 1605 (‒C=N), 1105 (ClO4
-

). 

 

2.2.7 Synthesis of [Ni(SCN)3(CH3OH)(aminoethylpiperazineH)] 

(3) 

At first 15 mL of methanolic solution containing HL1 (0.14 g, 0.5 mmol) and 

Ni(ClO4)2.6H2O (0.182 g, 0.5mmol) was stirred at room temp for 30 min. When 

the reaction mixture became red in colour, a 10 mL methanolic solution of 

NH4SCN (0.08 g, 1mmol) was added to it. The solution became green in colour 

and it was then concentrated by evaporating the solvent. Finally after 6 or 7 days 

green block shaped crystals of 3 was obtained from the reaction mixture after 

layering with diethyl ether. Yield: 55%. Anal. Calcd. (%) : C10H18N6NiOS3 C, 

30.55; H, 4.61; N, 21.37. Found (%): C, 29.02; H, 4.85; N, 20.33. [C7H15N4NiS]+ 

(m/z) calculated – 245.03 [M]+; obtained – 245.05 [M]+. Selected IR on KBr 

(ν/cm-1): 2092 (nitrogen bonded SCN). 

 

2.2.8 Synthesis of [Ni(DMSO)4(aminoethylpiperazineH)](ClO4)3 

(4) 

10 mL aqueous solution containing HL2 (0.11 g, 0.5 mmol) and Ni(ClO4)2.6H2O 

(0.18 g, 0.5 mmol) was stirred at room temperature for 1 hr and the resultant 

green solution was kept in the air for few days until the solvent evaporates to 

furnish a green powder. Thedried green compound was dissolved in DMSO and 

layered by methanol for crystallisation. Green block shaped crystals of 4 was 

obtained after one week time. Yield: 52%. Anal. Calcd. (%) : 

C14H39Cl3N3NiO16S4 C, 21.05; H, 4.92; N, 5.26. Found (%): C, 19.99; H, 5.07; 
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N, 5.52. [C8H21N3NiOS]3+ (m/z) calculated – 265.07 (M)+; obtained – 282.27 

(M+H2O). 

 

2.2.9 DNA binding Study 

All the experiments concerning the interaction of the complexes with calf 

thymus (CT) DNA were performed in Tris–HCl buffer (50 mMTris–HCl, pH 

7.4). A buffer solution of CT DNA gave a ratio of UV absorbance at 260 and 

280 nm of about 1.8:1, specifying the CT DNA sufficiently free from protein. 

The DNA concentration was measured by its extinction coefficient at 260 nm 

(6600 M-1 cm-1) after 1:100 dilutions. Stock solutions were stored at 4 °C and 

used not more than 4 days. Absorption titration was done by keeping fixed metal 

complex concentration at 10 μM while changing the CT-DNA concentration 

from 0 to 200μM. During titration equal quantity of CT-DNA was added to both 

complex solution and reference solution to eliminate the absorbance of CT-DNA 

itself. Furthermore DNA binding for complexes (1 and 2) is measured by a 

special fluorescence spectral technique; ETBr displacement assay from ETBr 

bound CT-DNA in Tris-HCl buffer at biological pH 7.4. The changes in 

fluorescence intensities at 605 nm (520 nm excitation) of EB (20μM) bound to 

DNA were measured with respect to concentration of the complex (0-100μM). 

EB was non-emissive in Tris-HCl buffer solution (pH 7.4) due to fluorescence 

quenching of the free EB by the solvent molecules. 

 

2.2.10 Protein binding study 

The binding interactions experiments of complexes 1 and 2 with BSA and HSA 

protein were carried out using standard Trp fluorescence with excitation at 295 

nm and the corresponding emission at 340 nm, using a Fluoromax-4p 

Spectrofluorometer [from Horiba JobinYvon (Model: FM-100)] with a 

rectangular quartz cuvette of 1 cm path length. A stock solution of BSA and 

HSA protein were prepared in TRIS-HCl buffer (pH ∼7.4). Concentrated stock 

solutions of complexes 1 and 2 were prepared by dissolving them separately in 

TRIS-HCl buffer and diluted suitably with TRIS-HCl buffer to get the required 
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concentrations. An aqueous solution (2 mL) of BSA or HSA protein (10µM) 

was titrated by successive additions of the respective complexes (0-100µM). 

Interaction with proteins is also monitored by measuring increment of 

absorption band at 278nm in UV-Vis spectroscopy through successive addition 

of 0-100 μM of 1 and 2 in 10 μM protein solutions.   

2.2.11 Circular dichroism measurements 

Four successive scans recorded at a scan speed of 50 nm-1 were averaged out to 

obtain the CD spectra of serum albumins. Appropriate blank (tris buffer) was 

subtracted to attain the final result. Monitoring the far UV-CD spectra (200-250 

nm) provides important information to get insight about the change in secondary 

structure of serum albumin proteins. At first the spectra of free BSA (10µM) and 

HSA (10µM) was recorded and then changes in CD spectra were obtained by 

monitoring the binding of metal complexes upon addition of 20µM of metal 

complexes successively.  

 

2.2.12 Catecholase activity study 

100 equivalent of 3,5-di-tertbutylcatechol (3,5-DTBC) in methanol were added 

to 10−4 M solutions of 1, 2, and 3 in methanol under aerobic condition. 

Absorbance of the resultant reaction mixture was plotted with respect to 

wavelength at a regular interval of 10 min in a spectrophotometer in the range 

of 300-500 nm. The dependence of the rate on various concentration and 

different kinetic parameters were obtained by treatment of a 10-4 M solution of 

different complexes with 20 to 500 equivalents of substrate and monitoring the 

upsurge in absorbance at 402 nm (the peak corresponding to the quinone band 

maxima) as a function of time.  

Note: Due poor solubility of 4 in MeOH and Aqueous. Buffer, the catecholase 

study and protein binding study were not performed. 

2.2.13 Detection of Hydrogen Peroxide in the Catalytic Reactions 

Modification of iodometric method is employed to detect H2O2 quantitatively 

during the catalytic reaction. Reaction mixtures were prepared as in the kinetic 
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experiments. After 1 h of reaction an equal volume of water was added to extract 

the formed quinone using dichloromethane. The aqueous layer was acidified 

with H2SO4 to pH 2 to stop further oxidation, and 1 mL of a 10% solution of KI 

and three drops of 3% solution of ammonium molybdate were added. In the 

presence of hydrogen peroxide I- is oxidized to I2, H2O2 + 2I- + 2H+
 2H2O + 

I2, and with an excess of iodide ions, the tri-iodide ion is formed according to 

the reaction I2(aq) + I-
I3

-. The reaction rate is slow but increases with 

increasing concentrations of acid, and the addition of an ammonium molybdate 

solution condenses the reaction almost immediate. The formation of I3
- could be 

monitored by UV-vis spectroscopy due to the development of the characteristic 

I3
- band (λ = 353 nm, ε = 26 000 M-1 cm-1). 

 

2.2.14 Detection of d-d transition band in the Catalytic Reactions  

Time dependent UV-Vis spectra was recorded in the range 500-1100 nm after 

mixing of complex with 3,5 DTBC. Formation of new band (d-d transition band) 

near 700-800nm indicates that coordination number of Ni(II) changes from four 

to five or six during formation of complex-substrate aggregate. 

 

2.2.15 Supplementary materials 

CCDC 995060,995058, 995061 and 995059 contain the supplementary 

crystallographic data for 1, 2, 3 and 4, respectively. These data can be obtained 

free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the 

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, 

UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 

 

2.3 Results and discussions 

2.3.1 Syntheses of the complexes 

The reaction of 1-Phenyl-1,3-butanedione/ acetyl acetone with amino ethyl 

piperazine in 1:1 molar ratio in chloroform led to the formation of Schiff base 

ligand HL1 and HL2 respectively (Scheme 2.1). However, synthesis of the 
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ligand HL2 was reported previously [27] . Upon reaction of HL1 and HL2 with 

nickel perchlorate in methanol a red coloured solution was obtained which upon 

further concentration and layering with diethyl ether furnished red needle shaped 

compounds [Ni(L1)]ClO4 (1) and [Ni(L2)]ClO4 (2), respectively (Scheme 2.1). 

However, a similar procedure like synthesis of 1 and further addition of 

ammonium thiocyanate in the reaction mixture induces hydrolysis of the Schiff-

base and furnished [Ni(SCN)3(CH3OH)(aminoethylpiperazineH)] (3) (Scheme 

2.1). Occurrence of such type of hydrolysis are also reported previously.[28] In 

case of compound 4, a similar method  which has been followed for 3 (water is 

used as solvent instead of methanol) furnished a green coloured solution 

(possibly formation of an octahedral nickel complex) [29] and it was almost 

evaporated to dryness to obtain a green coloured powder. Upon dissolution of 

this green compound in DMSO (only solvent in which the green compound gets 

dissolved) and subsequent layering with methanol produced green coloured 

crystals of [Ni(DMSO)4(aminoethylpiperazineH)](ClO4)3 (4) (Scheme 2.1). 

 

Scheme 2. 1. Formation of metal complexes 1-4. 

   

In this case also similar hydrolysis of the Schiff-base moiety has been observed. 

Both the ligands HL1 and HL2 have been characterized by 1H and 13C NMR and 

ESI-MS spectroscopy. The new ligand HL1 has shown all the characteristic 

peaks in 1H NMR and 13C NMR (Figure 2.2).  
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Figure 2. 2. 1H and 13C NMR of HL1. 

The molecular peak was observed at 274.18 in ESI-MS spectrum (Figure 

2.3). All the complexes have been characterized by ESI-MS spectroscopy 

(except 4 because of poor solubility), elemental analyses and singly crystal X-

ray crystallography. IR spectra of complexes 1 and 2 have a prominent band 

around 1600 cm-1 assignable to ν(C=N) stretching mode.[30]  

 

Figure 2. 3. ESI- Mass spectrum of HL1. 

Moreover complexes 1, 2 and 3 show medium intensity band in the range 

of 3240-3305 cm-1 due to ν(N-H) stretching.[30] However, for compound 4 ν(N-

H) stretching band is not visible because of the presence of relatively broad and 

stronger band centred around 3443  cm-1 of DMSO molecule in the complex.[31] 

In addition compound 1, 2 and 4 show very strong band around 1100 cm-1 

characteristics of presence of perchlorate counterion. [30] For compound 3 two 

well resolved bands for thiocyanate have been observed at 2118 and 2092 cm-1, 

respectively. [30] The ESI-Mass spectra of compound 1 and 2 show the 

molecular ion peak at 330 and 268, respectively (Figure 2.4). In case of 3 the 

peak corresponding to [Ni(SCN)(2-Piperazin-1-yl-ethylamine)]+ was observed 

at 245 (Figure 2.4). Complex 4 cannot be characterized by ESI-Mass 

spectroscopy because of low solubility of the compound. 
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Figure 2. 4. ESI- Mass spectrum of 1, 2 and 3. (top to bottom) 
 

2.3.2 Structure description of the complexes (1) and (2) 

These two structures are monomeric in nature and with square planner 

environment surrounding the nickel ions. The ligands are acting in tetradentate 

fashion with three N and one O atom completing the square base (Figure 2.5).  

 

Figure 2. 5. Different coordination environment of complexes (1, 2, 3 and 4) 

Boat and Chair conformation of piperazine moiety (Inset). 

In both the complexes the bond lengths between Ni atom and N/O-donor 

centers are within the range of 1.8112(17) – 1.934(2) Å (Table 2.2), quite similar 

to those which have been reported earlier. [29]  
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Table 2. 2. Selected bond lengths (Å) and bond angles (°) for 1 and 2. 

 

The average co-ordination bond angle around Ni center of square planner 

geometry is around 90° whereas least bond angle was observed for N(2)-Ni(1)-

N(3) (~76°) (Table 2.2) due to the formation of chelated five membered ring 

piperazinyl moiety in boat conformation. In compound 1 perchlorate ion was 

found to be disordered in nature. Furthermore, the independent molecules get 

connected with each other through hydrogen bonding viz. C8-H8A...O1 and C7-

H7B...C16 to form a 1D chain (Figure 2.6). 

 

Figure 2. 6. 1D Chain like network of complex 1. 

Two such adjacent molecules are further joined by hydrogen bonding 

through perchlorate ion viz. C9-H9A...O111, C5-H5A...O111 and C16-

H16...O333. Two such strands are additionally joined by the same 

interconnecting perchlorate ion via C6-H6B...O111 and C5-H5B...O222 (Figure 

2.7).  

Complex 1 2 

Ni(1)-O(1) 1.8112(17) 1.814(2) 

Ni(1)-N(1) 1.830(2) 1.832(3) 

Ni(1)-N(2) 1.883(2) 1.883(3) 

Ni(1)-N(3) 1.934(2) 1.928(3) 

O(1)-Ni(1)-N(1) 98.07(9) 98.14(12 

N(1)-Ni(1)-N(2) 88.56(11) 89.20(12) 

O(1)-Ni(1)-N(3) 96.92(9) 96.95(12) 

N(2)-Ni(1)-N(3) 76.58(10) 76.01(12) 
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Figure 2. 7. 2D hydrogen bonded sheet of complex 1 

This hydrogen bonded sheet structure in bc-plane is further extended along a-

axis through C13-H13...O222 bonding to provide a 3D structure (Figure 2.8).  

 

Figure 2. 8. 3D Non-Covalent polymeric network of complex 1. 

On the other hand in compound 2 each counter perchlorate ion connects six 

different molecules through the following hydrogen bonding viz. C5-

H5C...O333, N3-H3N...O333, C7-H7B...O333, C8-H8A...O333, C6-

H6B...O111, C10-H10B...O444, C8-H8A...O222 and C7-H7A...O222 (Figure 

2.9),  which ultimately leads to formation of a 3D network.  
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Figure 2. 9. Figure of complex 2 with supramolecular network. 

 

2.3.3 Structure description of the complexes (3) and (4) 

These two complexes are monomeric octahedral crystals of nickel ions which 

are crystallized in orthorhombic and monoclinic crystal systems, respectively. 

The two N donor atoms of amino ethyl piperazine fulfill the two coordination 

sites of octahedral geometry (Figure 2.5). The piperzinyl ring takes the chair 

conformation where secondary nitrogen atom coordinates one extra proton and 

stays away from the coordination. The octahedral geometry surrounding the 

metal center is completed by three coordinating thiocyanate ions getting 

attached to the nickel center via nitrogen atom and one methanol molecule which 

is coordinating in trans fashion with respective to tertiary nitrogen atom of 

amino ethyl piperazine. The protonated piperzinyl ring induced a hydrogen 

bonded 1D chain through N5-H5...S1 (Figure 2.10) which is propagated along 

a-axis. Two such adjacent parallel chains are further joined by N5-H5...S3 and 

C5-H5B...S3 to form 2D hydrogen bonded network in ab-plane (Figure 2.10). 

These 2D networks are further connected along the c-axis through O111-

H101...S3 and N6-H2N...S2 to complete a 3D hydrogen bonded network (Figure 

2.10). The molecules are further joined by each other through hydrogen bonding 

to form a 3D hydrogen bonded network. 
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Figure 2. 10. (a) 1D chain like structure complex 3. (b) 2D hydrogen bonded 

sheet like network of complex 3. (c) 3D hydrogen bonding network of complex 

3. 

In compound 4 also the piperzinyl ring takes the chair conformation and act as 

bi-dentate ligand whereas the rest of the coordination positions are fulfilled by 

DMSO molecules (Figure 2.5). Three perchlorate counter ions are present in 

each molecule. The separated molecules are arranged in a linear fashion along 

b-axis directly through a distant hydrogen bonding viz. C5-H5B...C9. However 

there are eleven perchlorate ions observed surrounding a single molecule and 

connected through different hydrogen bonding; among them at least three 

perchlorate ions help to connect the adjacent molecules through hydrogen 

bonded network to maintain 1D chain. [C6-H6A...O555; N3-H...O666; C14-

H14C...O222; C9-H9B...O222; C10-H10B...O444; N1-H2N...O777; C14-

H14C...O222; C9-H9B...O444 and C10-H10B...O444] (Figure 2.11).  

 

Figure 2. 11. 1D chain like structure of complex 4. 

However, considering all the hydrogen bonding surrounding one 

particular molecule the structure is quite complex and it provides a 3D-
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polymeric hydrogen bonded network. In both the complexes the bond lengths 

between Ni atom and N/O-donor centers are within the range of 2.040(3) – 

2.255(3) Å (Table 2.3), quite similar to those octahedral complexes which have 

been reported earlier.[29] All the hydrogen bonding parameters of all the 

complexes are compiled together in Table 2.4. 

Table 2. 3. Selected bond lengths (Å) and bond angles (°) for 3 and 4. 

3 4 

Ni(1)-N(2) 2.042(2) Ni(1)-O(4) 2.045(3) 

Ni(1)-N(3) 2.059(2) Ni(1)-O(1) 2.052(3) 

Ni(1)-N(6) 2.061(2) Ni(1)-N(1) 2.084(4) 

Ni(1)-N(1) 2.070(3) Ni(1)-O(3) 2.093(3) 

Ni(1)-O(111) 2.165(2) Ni(1)-O(2) 2.110(3) 

Ni(1)-N(4) 2.257(2) Ni(1)-N(2) 2.238(3) 

N(2)-Ni(1)-N(3) 90.22(10) O(4)-Ni(1)-N(1) 89.35(14) 

N(3)-Ni(1)-N(6) 90.12(11) O(1)-Ni(1)-N(1) 94.33(14) 

N(2)-Ni(1)-N(1) 89.12(10) O(4)-Ni(1)-O(3) 87.92(11) 

N(6)-Ni(1)-N(1) 90.38(11) O(1)-Ni(1)-O(3) 88.53(12) 

N(2)-Ni(1)-O(111) 85.40(10) O(4)-Ni(1)-O(2) 93.70(12) 

N(3)-Ni(1)-O(111) 90.98(9) O(1)-Ni(1)-O(2) 89.41(12) 

N(6)-Ni(1)-O(111) 91.01(9) N(1)-Ni(1)-O(2) 91.51(14) 

N(1)-Ni(1)-O(111) 86.35(10) O(3)-Ni(1)-O(2) 86.17(12) 

N(2)-Ni(1)-N(4) 101.00(9) O(4)-Ni(1)-N(2) 85.09(13) 

N(3)-Ni(1)-N(4) 90.33(10) O(1)-Ni(1)-N(2) 92.20(13) 

N(6)-Ni(1)-N(4) 82.59(10) N(1)-Ni(1)-N(2) 82.61(15) 

N(1)-Ni(1)-N(4) 92.38(10) O(3)-Ni(1)-N(2) 99.64(12) 

 

Table 2. 4. Hydrogen bonding interactions of all complexes. 

D‒H∙∙∙A d(D‒H) (Å) d(H∙∙∙A) (Å) d(D∙∙∙A) (Å) 

d(D‒H∙∙∙A) 

(°) 

1         

C8‒H8A∙∙∙O1 0.99 2.457 3.434 168.62 

C7‒H7B∙∙∙C16 0.991 2.826 3.151 155.81 

C9‒H9A∙∙∙O111 0.99 2.646 3.343 170.5 

C5‒H5A∙∙∙O111 0.99 2.491 3.403 153.08 
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C16‒H16∙∙∙O333 0.949 2.61 3.304 130.24 

C6‒H6B∙∙∙O111 0.99 2.646 3.343 128.55 

C5‒H5B∙∙∙O222 0.989 2.51 3.446 157.92 

C13‒H13∙∙∙O222 0.95 2.484 3.313 145.74 

2         

C5‒H5C∙∙∙O333 0.979 2.59 3.484 151.75 

C8‒H8A∙∙∙O333 0.991 2.688 3.567 148.01 

C8‒H8A∙∙∙O222 0.991 2.643 3.584 158.47 

C7‒H7A∙∙∙O222 0.99 2.552 3.51 162.81 

N3‒H3N∙∙∙O444 0.766 2.635 3.279 142.8 

N3‒H3N∙∙∙O333 0.766 2.388 3.133 164.23 

C7‒H7B∙∙∙O333 0.98 2.671 3.641 166.62 

C6‒H6B∙∙∙O111 0.99 2.604 3.591 174.88 

C10‒H10B∙∙∙O444 0.99 2.562 3.375 139.41 

3         

N5‒H5∙∙∙S1 0.879 2.942 3.283 105.14 

N6‒H1N∙∙∙S3 0.794 2.838 3.626 171.66 

N5‒H5∙∙∙S3 0.879 2.914 3.523 127.77 

C5‒H5B∙∙∙S3 0.99 2.99 3.702 129.71 

O111‒H101∙∙∙S3 0.797 2.504 3.261 159.03 

N6‒H2N∙∙∙S2 0.817 2.782 3.576 164.28 

4         

C6‒H6A∙∙∙O555 0.99 2.563 3.545 171.53 

N1‒H1N∙∙∙O555 1.041 2.342 3.186 137.29 

N3‒H3N∙∙∙O101 0.903 2.427 2.998 121.32 

C12‒H12B∙∙∙O101 0.98 2.682 3.563 149.82 

N3‒H3N∙∙∙O333 0.903 2.172 2.987 149.74 

C10‒H10B∙∙∙O444 0.98 2.6 3.405 139.47 

C5‒H5B∙∙∙C9 0.99 2.888 2.852 164.7 

C14‒H14C∙∙∙O222 0.981 2.463 3.413 162.94 

C9‒H9B∙∙∙O222 0.98 2.552 3.528 173.98 

N1‒N2H∙∙∙O777 0.823 2.487 3.275 160.8 

C9‒H9B∙∙∙O444 0.98 2.709 3.485 136.47 
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2.3.4 DNA binding studies between complexes and CT-DNA 

As nickel complexes have a tendency to interact with DNA and proteins 

therefore various spectroscopic studies of nickel complexes have been 

performed (1, 2 and 3) with CT-DNA, BSA and HSA to understand the 

interaction of synthesized complexes on them. In complex 1 two bands were 

observed in the high energy region at 340 and 250 nm, respectively. These bands 

are assigned as intra-ligand charge transfer band due to n → π* and π → π* 

transition. Any interaction with DNA is expected to perturb the intra-ligand 

centered spectral transitions. With the increase amount of CT-DNA it has been 

observed that for complex 1 the π → π* transition is showing hyperchromism 

along with a slight red shift (Figure 2.12). This strong hyperchromic effect 

indicates considerable interaction of complex 1 with CT-DNA. The DNA 

binding affinities of the complexes were compared by calculating the intrinsic 

binding constant Kb by following equation:[18] 

[DNA]

(εa − εf)
=  

[DNA]

(εb − εf)
+  

1

Kb(εb − εf)
 

where [DNA] is the concentration of DNA in base-pairs, εa is the apparent 

extinction coefficient calculated using absorbance/ [complex], εf is the 

extinction coefficient of the complex in its free form, and εb is the extinction 

coefficient of the complex in the bound form. In both the cases when data was 

fitted in the above equation it gave a straight line with a slope of 1/(εb - εf) and 

an intercept of 1/Kb(εb - εf). The value of Kb was determined from the ratio of 

slope to intercept (Figure 2.12)  
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Figure 2. 12. (Left) Absorption titration spectra of fixed concentration (10 μM) 

of complexe 1 with increasing concentrations (0–200 μM) of CT-DNA. (Right) 

Binding isotherms of complex 1. 

which was found to be 4.5 × 104 M-1 which is on higher side as per 

different nickel complexes are reported so far.[15] However, for compound 2 

and 3 no suitable CT band was observed in the above mentioned region which 

can be monitored and therefore any UV-vis study for these two compounds for 

DNA interaction was not performed. 

To understand the interaction between complexes with CT DNA more 

clearly steady state competitive binding experiments using complexes 1 and 2 

(complex 3 did not respond in this study) as quenchers were undertaken where 

ethidium bromide (EB) was used as a fluorescent probe. EB is a planar cationic 

dye which emits intense strong fluorescent light in presence of DNA due to its 

strong intercalation between the adjacent DNA base pair. When complexes 

intercalate in DNA the probable binding sites for EB in DNA get decreased 

hence the fluorescent intensity of EB gets quenched. As the concentration of the 

nickel complexes increases, the reduction in the fluorescence intensity clearly 

indicates that the EB molecules are displaced from their DNA binding sites and 

are replaced by the metal complexes under investigation. The fluorescence 

quenching spectra of DNA bound EB by complexes 1 and 2 are shown in (Figure 

2.13).  
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Figure 2. 13. ETBr displacement assay of complex 1(left) and complex 2 (right). 

Corresponding stern-volmer plot is in inset. 

Both the spectra are indicative of displacement of EB from CT-DNA as 

there is appreciable reduction in fluorescent intensity. However, this 

displacement is more prominent in 1 than 2. Furthermore, Kq values for 

complexes 1 and 2 have been found to be 3.3 x 104 and 7.1 x 102 M-1, 

respectively which was obtained from classical Stern-Volmer equation.[9] The 

binding constant (Kb) values obtained from the plot of log[(F0-F)/F] vs log[Q] 

(from Scatchard equation) [14] (Figure 2.14) were found to be 5.6 ×103 and 2.3 

× 103 M-1 for complex 1 and 2, respectively, reflecting more binding of complex 

1 with DNA to leach out more number of EB molecules originally bound to 

DNA than that of for complex 2. 

 

Figure 2. 14. Scatchard plot for determination of Kb for CT-DNA of 1 and 2. 
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2.3.5 Interaction of complexes with serum albumins by 

fluorescence quenching study 

Interaction of transition metal complexes with proteins are generally monitored 

by intrinsic fluorescence intensity. Binding of prospective molecules 

particularly to blood plasma protein are in center of attraction as the transport of 

drugs through the bloodstream is affected via the interaction of drugs with 

them.[32] To study the interaction of synthesized complexes with different 

proteins fluorescence quenching studies with BSA and HSA were carried out. 

The florescence property in BSA is mainly attributed due to the presence of three 

amino acids viz. tryptophan, tyrosine and phenyl alanine residues.[32] However, 

fluorescence quenching may happen because of several reasons like excited state 

reactions, ground state complex formation, energy transfer, molecular 

rearrangement and collision quenching. The fluorescence spectrum of 1 with 

BSA indicates that there is a progressive decrease in the fluorescence intensity 

along with a significant red shift. The intensity of the fluorescent band observed 

at 340 nm was quenched to the extent of 15% of its initial intensity (Figure 2.15). 

The shifting of the emission maxima towards lower energy indicates the 

probable energy transfer from the indole unit of the tryptophan to the protein 

bound compound. The fluorescence quenching data was further analyzed by the 

Stern−Volmer relation which again can be expressed in terms of bimolecular 

quenching rate constant and average life time of the fluorophore as shown in 

following equation [33] 

F0

F
= 1 + kqτ0[Q] = 1 + KSV[Q] 

where F0 and F are the fluorescence intensities in the absence and the presence 

of a quencher, kq is the bimolecular quenching rate constant, τ0 is the average 

life time of fluorophore in the absence of a quencher and [Q] is the concentration 

of a quencher (metal complexes). KSV is the Stern–Volmer quenching constant 

in M−1. However, in this case a plot with upward curvature concave towards y-

axis was obtained. This positive deviation indicates a probable two way 

quenching by collision and as well as by complex formation with the same 
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quencher. Moreover the value of kqwhich shows normally the value in the range 

1010 M-1s-1 for dynamic quenching was found to be 7.7 x 1012 M-1s-1 indicating 

the role of static quenching in the present case.[34] The value obtained for KSV 

was 4.8 x 104 is also on higher side indicating a strong binding between BSA 

and 1. The effect of addition of complex 1 in HSA has a more dramatic effect 

on fluorescence quenching. The intensity of the fluorescent band decreased up 

to 5% of its initial intensity (Figure 2.15). In Stern-Volmer plot at lower 

concentration of quencher 1 it shows linearity however at higher concentration 

it shows quite high positive deviation from linearity. It indicates the formation 

of more than one ground state complex HSA-1 system, so it can be predicted 

that at lower concentration of 1 the quenching could be started by a stable 

ground-state complex formation (1:1 type) however at higher concentration an 

upward bending in the direction of the F0/F axis specifies the formation of the 

second (1:2 type) 1–HSA complex. 

 

Figure 2. 15. (a) & (b) Fluorescence quenching of BSA and HSA by 1 (c) & (d) 

Fluorescence quenching of BSA and HSA by 2 
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Such 1:2 type complex formation for 1–HSA system may have 

stimulated due to the more flexible environment of HSA (than that of BSA) that 

have preferred to form some loose binding interaction of 1 with HSA.[35] 

To determine the binding constant and number of binding site Scatchard 

equation was employed which is given by  log [
F0−F

F
] = logKa + n log[Q] 

Where Ka and n are the binding constant and number of binding sites 

respectively, and F0 and F are the fluorescence intensities in the absence and 

presence of the quencher respectively. Thus, a plot of log(F0 − F)/F versus 

log[Q] (Figure 2.16) can be used to determine the value of binding constant 

(from intercept) and number of binding sites (from slope).  

 

Figure 2. 16. (a) Fluorescence quenching of BSA by 1. (b) Fluorescence 

quenching of HSA by 1. (c) Fluorescence quenching of BSA by 2. (d) 

Fluorescence quenching of HSA by 2. 

 

Calculation shows that the binding constant for 1-HSA is quite high 5.6 

× 109 M-1 and the n value obtained was 2.12. The Ka and n value obtained for 2-

BSA pair are 1.7 × 106 and 1.34 respectively which are also relatively on higher 

side with respect to other nickel complexes reported so far. All the relative data 

are compiled in Table 2.5.  
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Table 2. 5. Table for Stern-Volmer quenching const., binding const., binding 

site. 

System KSV (M-1) Kq (M-1S-1) Ka (M-1) N 

1-BSA 4.8×104 7.7×1012 1.7×106 1.34 

2-BSA 2.7×103 4.3×1011 4.9×103 1.07 

1-HSA  1.4×105 2.2×1013 5.6×109 2.12 

2-HSA  3.1×103 5.0×1011 5.1×103 1.03 

 

The interaction of complex 2 with BSA and HSA in terms of florescence 

quenching is depicted in Figure 2.14c and Figure 2.14d. The quenching of 

fluorescent band at 340 nm went up to 79% and 76% of their initial intensity for 

BSA and HSA, respectively. The Ka and n values obtained for these cases are 

found to be 4.9 × 103, 5.1 × 103, 1.07 and 1.03, respectively. It clearly indicates 

that the affinities of interaction of complex 2 with different proteins are 

respectively weaker than complex 1. A probable reason for that can be envisaged 

as ligand HL1 will be less electron donating than HL2 because of the presence 

of electron withdrawing phenyl group the relatively higher positive charge on 

metal-ion may induce more interaction with the donating site of the proteins in 

case of compound 1 with respect to 2. 

To get further insight regarding the type of quenching (static or dynamic) 

which is prevailing UV-vis absorption measurement of the protein with 

increasing concentration of the nickel complexes was performed. Dynamic 

quenching generally only affects the excited state of the fluorophores and there 

are no changes observed in absorption spectra. However, formation of complex 

in ground state generally induces perturbation in the protein structure resulting 

a change in absorption spectrum of the fluorophore.[17] In present case there is 

a considerable increase in the intensity of absorption for BSA and HSA 

respectively in the same wave length when they have been treated with complex 

1 separately with the gradual increase in the concentration of the nickel complex 

(Figure 2.17).  This result indicates clearly that there is a formation of protein-1 

complex in the ground state which is causing a change in the conformation of 

the protein and static quenching is contributing a major part in the total 
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quenching of the fluorescence in the above mentioned study. [17] A similar 

experiment with BSA and HSA when both of them have been treated with 

increasing concentration of complex 2 revealed similar results (Figure 2.17). 

However the rate of decrease in absorption intensity is comparatively less and 

which reconfirms a weaker interaction of complex 2 with the proteins with 

respect to complex 1. 

 

Figure 2. 17. UV-VIS Absorption titration of BSA (10μM) and HSA (10μM) by 

successive addition of complex 1.[Graph-(a) & (b)] and complex 2 [Graph-(c) 

& (d)]  

 

2.3.6 Circular dichroism studies 

To have a better understanding in nickel complex - protein binding mechanism 

and secondary structure changes of protein, CD measurement was performed. 

(Figure 2.18) A negative CD band was observed with two characteristic bands 

at 208 and 222 nm which is indicative of negative cotton effect as a consequence 

n → π* transition in the peptide bond of α-helical structure.[36] It was observed 
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when treated with complex there is reduction in both of these bands without 

much shift of the peaks when treated with nickel complexes.  

 

Figure 2. 18. Changes of CD spectra of BSA (left) and HSA (right) by 1 and 2. 

The reduction is more in the case complex 1 then 2 indicating a stronger 

influence on the disruption of helical structure of the protein for 1. However, 

when the complexes 1 and 2 were treated with HSA in 1:1 ratio, the trend 

observed was something different. An increase in the percentage of α-helix 

formation was observed in both the cases with an increase in the intensity of 

negative band at 209 nm (Figure 2.18). Though this phenomenon is relatively 

rare however there are some examples where some metal complexes or other 

molecules when treated with proteins can increase the helicity of the α-helix with 

increase in its concentration.[37] It has been envisaged that metal center may 

interact with carboxylate group present in the protein via coordinative 

interaction and simultaneously the ligand present in it can also exhibit 

hydrophobic interaction with the hydrophobic moieties in the protein chain. 

These two way interaction may have a cumulative effect of increase in 

percentage of α-helix component of HSA. These results indicated that the 

interaction between metal complexes with BSA and HSA may be not of similar 

nature however in the both cases the interaction causes a disruption in protein 

chain leading to the decrease of fluorescence intensities of the protein. The 

secondary structure composition of the peptide was estimated from CD spectra 

using K2D3 program.[38] All the results are tabulated and presented in Table 

2.6. 
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Table 2. 6. Table for CD measurement analysis. 

System α-Helix % β-Sheet % 

Free BSA 68.87 9.59 

BSA-1 68.33 9.72 

BSA-2 68.55 9.64 

Free HSA 67.88 9.85 

HSA-1 68.38 9.79 

HSA-2 68.34 9.81 

 

2.3.7 Catecholase activity study 

To study the catecholase like activity of the synthesized metal complexes 3,5-

di-tert-butylcatechol (3,5-DTBC) was taken as the substrate in the presence of 

two bulky t-butyl substituent in the ring which shows a low quinone-catechol 

reduction potential.[39] The reactions were carried out at 25°C in aerobic 

condition and it was monitored by UV-Vis spectroscopic technique. The 

oxidation product 3,5-di-tert-butylquinone (3,5-DTBQ) is highly stable and 

shows a maximum absorption at about 400 nm in methanol. To monitor the 

reaction a 10-4 M methanolic solution of different complexes (1 and 2) were 

treated with 100 equivalent of 3,5-BTDC in which upon addition of catechol as 

substrate a new band starts to gradually appear at about 402 nm with time due 

to the formation of the oxidized product 3,5-DTBQ (Figure 2.19).  

 

Figure 2. 19. Catecholase activity with time dependent spectral pattern of 

complex 1 (left) and 2 (right) after addition of 3,5 DTBC. 
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To understand the kinetic aspect of catalysis for 1 and 2, the rate constant for a 

catalyst complex was determined by traditional initial rate method (detail 

description in experimental section). The observed rate versus substrate 

concentration data were then analyzed on the basis of the Michaelis–Menten 

approach of enzymatic kinetics. The Michaelis−Menten constant (KM) and 

maximum initial rate (Vmax) were determined by linearization using 

Lineweaver−Burk plots (Figure 2.20). [40] 

 

Figure 2. 20. Michael-menten plot for 1 (left) and 2 (right). Inset- lineweaver 

burk plot. 

 The turnover number values (kcat) were obtained by dividing the Vmax 

values by the concentration of the corresponding complexes. All the data 

unambiguously demonstrate that both the complexes 1 and 2 are very much 

active. Complex 3 did not respond to any kind of catalytic activity towards 

catechol oxidation as well. The unusual high activity of the mononuclear 

complex 1 and 2 may be attributed to the fact that the positive charge on the 

piperazinyl moiety may help the facilitation of catalyst-substrate interaction by 

forming a positive channel which might be a prerequisite for showing better 

catalytic activities. A similar mechanism has been proposed to explain the 

activity of copper/zinc superoxide dismutase where positively charged arginine 

and lysine residue play a role to attract the anion and guiding them towards the 

catalytic center.[20] 

 To draw probable mechanism (Scheme 2.2) of catecholase activity of 1 

(comparatively higher Kcat value), the investigation for the probable complex-

substrate intermediate through ESI-MS, change in d-d transition band of Ni(II) 
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upon interaction with 3,5 DTBC through UV-Vis spectroscopy, and qualitative 

as well as quantitative detection of I3- band ( 353nm.) by UV-Vis spectroscopy 

for indication of formation of H2O2 during catalytic oxidation procedure were 

carried out. ESI-MS positive spectrum of a 1:100 proportionate mixture of the 

complex 1 and 3,5 DTBC was recorded. After 5 minute of mixing the spectrum 

exhibit two major peaks at m/z = 243 and 463, respectively, along with one small 

peak at 573.4 (Figure 2.21). The former two peaks correspond respectively to 

the quinone-sodium aggregates [(3,5 DTBQ)Na]+ and [(3,5 DTBQ)2Na]+.[41]  

 

Scheme 2. 2. Probable catalytic cycle of oxidation of 3,5 DTBC by Ni(II) square 

planar complexes. (Calculated mass is given when R=Ph) 
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Figure 2. 21. (a) Electrospray mass spectrum (ESI-MS positive) of a 1:100 

1/3,5-DTBC mixture in methanol, recorded within 10 min of mixing. (b) 

Corresponding Zoomed spectra. 

 

The later smaller peak at 573.4 could be due to the formation of complex-

substrate aggregate (“C” / “D” in Scheme 2.2) with a little deviation which is 

similar with earlier report.[42] Thus it is difficult to propose the exact structure 

of intermediate with the help of ESI-MS. Monitoring the catalytic reaction by 

UV-Vis spectroscopy reveals gradual formation of a very broad d-d transition 

bands (possibly combination of many bands) in the region of 650-900 nm 

(Figure 2.22). This result indicates the change of coordination environment of 

Ni(II) center from tetra-coordinated to penta- or hexacordinated.[43] It is also 

important to note that, the dioxygen of atmosphere is reduced to H2O2 during 

the oxidation process. Oxidation of I- to I2 followed by the generation of I3
-, 

qualitatively detected by UV-Vis spectral study of solution (Figure 2.23), 

obtained after proper work up of the mixture of catechol, complex and KI, 

specifically indicates that dioxygen is reduced to H2O2, as reported by earlier 

investigators.[21] Quantitative analysis of H2O2 indicates that 0.8 mol (≈1) of 
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H2O2 was shown to be produced per mol of 3,5 DTBC along with formation of 

1 mol of  3,5 DTBQ, which strongly supports the mechanism of reaction 

involving a two electron reduction process of aerial oxygen, as indicated in 

previous reports.[44]  

 

Figure 2. 22. (Left) Change in d-d transition band of Ni(II) with time upon 

reaction with 3,5 DTBC. (Right) After 35min of reaction showing both species 

(1. Quinone band ≈ 400 nm for product and 2. d-d transition band for complex-

substrate aggregate) in solutions. 

 

Figure 2. 23. Characterized peak for I3- for qualitative detection of H2O2 during 

catalytic oxidation process. 

With the help of the all above experiments hereby it is proposed that the 

oxidation process is occurring in a radical pathway and possibly through a 

pentacordinated intermediate as represented in Scheme 2.2. According to the 

reported generalized catecholase reaction mechanism [24] electron transfer is 

mainly facilitated by metal center and then further delocalized via C=N bond of 
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metal Schiff-base complex to the adjacent conjugate system. In the present case 

complex 1 shows better catecholase activity than 2 may due to the more 

delocalization of electrons along the conjugated aromatic ring via C=N in 1. All 

the obtained kinetic parameters are presented in Table 2.7. 

Table 2. 7. Table for various kinetic parameter of catecholase activity. 

Complex Catalyst  

Conc. (M) 

Vmax 

(M min-1) 

Std. 

Error 

KM(M) Std. 

Error 

Kcat / T.O.N 

(h-1) 

1 0.0002 0.02671 3.4×10-4 0.08335 0.00283 8.0×103 

2 0.0001 0.00455 2.8×10-4 0.00158 3.7×10-4 2.7×103 

 

2.4 Conclusions 

In conclusion two new square planar nickel complexes [Ni(L1)]ClO4 (1) and 

[Ni(L2)]ClO4 (2) with Schiff base ligands  HL1 and HL2 have been synthesized 

and characterized. Two more octahedral complexes were generated with 

combination of thiocyanate ion and HL1 and DMSO and HL2, respectively 

where the Schiff-base ligand gets hydrolyzed and the resultant precursor amines 

takes up a chair conformation to act as bidentate ligand to furnish 

[Ni(SCN)3(CH3OH)(aminoethylpiperazineH)] (3) and 

[Ni(DMSO)4(aminoethylpiperazineH)](ClO4)3 (4) where the secondary nitrogen 

atom in piperazinyl ring remains protonated and staying away from 

coordination. All the complexes though primarily mononuclear in nature have 

shown complex hydrogen bonded network in three dimensions Complex 1 

showed strong interaction with DNA in both UV-visible absorption studies and 

competitive binding experiment in presence of ethidium bromide. The Scatchard 

plot gives a binding constant of 5.675 X 103 M-1 for compound 1 and 2.340 X103 

M-1 for compound 2. The interaction of compound 1 with albumin protein show 

intense interaction between metal complex and protein with very high 

fluorescence quenching. The Stern–Volmer quenching constant value obtained 

was to the tune of 1013 M-1 indicates that both static and dynamic quenching 

occurring simultaneously. The binding constant value obtained particularly for 

1-HSA complex is exceptionally high and the number of binding site obtained 
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was found to be almost equals to two. Moderate interaction is also detected 

between the complex 2 and BSA and HSA with reasonable values of different 

kinetic parameters. This interaction gains further support from the data obtained 

from CD spectra of albumin proteins in presence of metal complexes 1 and 2.  

Apart from the above mentioned interaction with biomolecules both the 

complexes 1 and 2 exhibited promising catecholase like activity with TON value 

to the order of 103 h-1. 
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Chapter 3 

Copper complexes with flexible piperazinyl 

arm: nuclearity driven catecholase activity 

and interactions with biomolecules 

3.1 Introduction 

Copper has been reported as a bio-essential element for a long time [1] but its 

biological importance is only getting explored in the past few decades during 

the development of bioinorganic chemistry and successful studies of interaction 

of model complexes with various bio-macromolecules.[2-5] Copper based 

enzymes which are capable of possessing molecular oxygen at ambient 

condition have received a considerable attention to the scientists to develop such 

biologically active model systems which are able to oxidize catechol moiety to 

its corresponding diquinones following an enzyme catalysis pathway [6]. These 

oxidation reactions are also having great role in medicinal aspect for the 

determination of the hormonally active catecholamines: adrenaline, 

noradrenaline and l-dopa.[7, 8] Apart from studying different biological 

processes induced by copper, many new molecules have been also developed 

over the years showing interesting properties like antibacterial, antifungal, 

antimicrobial and anticancer/antiproliferative activity where the copper center 

performs a pivotal role in terms of structural organization and overall 

functionality.[9-12] Furthermore, interactions of copper complexes with DNA 

and proteins are current key research areas as it has enough potential for the 

development of new therapeutic agents particularly showing anti-tumor 

properties and the possibility of transporting these molecules throughout the 

physiological system via protein binding.[13-15] As copper complexes are 

capable of binding and cleaving DNA selectively under physiological conditions 

without using any external reagent thus metal based pseudonucleases generate a 

new era in the field of nucleic acid chemistry for their versatile use in foot 
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printing, sequence-specific binding to nucleic acids, and as new structural 

probes and therapeutic agents.[16, 17] 

In the previous chapter synthesis of two new Schiff base ligands HL1 

and HL2 [HL1 = 1-phenyl-3-((2-(piperazin-4-yl)ethyl)imino)but-1-en-1-ol and 

HL2 = 4-((2-(piperazin-1-yl)ethyl)imino)pent-2-en-2-ol] with a flexible 

piperazinyl ring which can take either chair or boat form during complexation 

has been discussed.[18] It has been also observed that during complexation with 

nickel ion both the ligands prefer boat form of flexible piperazinyl moiety to act 

as tetradentate ligand to fulfill the square planar geometry surrounding nickel 

center. Moreover, the complexes have shown interesting DNA and protein 

binding activities and quite high catalytic activities towards catechol oxidation. 

However, after several attempts it was observed that to synthesize any nickel 

complex of the same ligands where the piperazinyl ring has taken chair form is 

quite impossible in such system. In an endeavor to explore the probable 

influence of the ligand on similar properties when the piperazinyl ring is 

adopting preferentially chair conformation (where extra positive ligand in the 

ligand backbone can have profound influence on catecholase like activity) [19] 

those Schiff base ligands have been reacted with copper salts to obtain two 

mononuclear and one dinuclear copper complexes namely 

[Cu(HL1)(pyridine)(H2O)](ClO4)2.2MeOH (5), 

[Cu2(HL1)2(NO3)2](NO3)2.3H2O (6) and [Cu(HL2)(NO3)2].MeCN (7). 

Interaction of complexes with DNA applying both binding and cleavage 

experiment are carried out. Affinity of complexes towards BSA protein is also 

determined. Moreover, complexes were also investigated for possible 

catecholase like activity. Furthermore, the Schiff bases and copper (II) 

complexes were screened for their antibacterial activity against Methicillin-

Resistant nosocomial Gram-positive bacteria Staphylococcus aureus (MRSA). 

Interestingly all the experimental results indicate that dinuclear copper complex 

6 is more active than other two mononuclear complexes towards DNA binding 

and cleavage, BSA binding and catechol oxidation. Furthermore, compound 6 

has also shown considerable activity towards Staphylococcus aureus as a new 
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promising compound, exhibiting high antimicrobial activity as per other 

reported copper complexes in literature.[20, 21] Computational studies for DNA 

bindings and catechol oxidations are performed which also reflects the similar 

trend of activity order among the Cu(II) complexes as observed in experimental 

condition. 

 

Figure 3. 1. Pictorial representation to show higher activity of dinuclear 

complex than two monomer complexes. 

 

3.2 Experimental section 

3.2.1 Materials and methods 

All the chemical reagents required were purchased from sigma and used without 

further purification. The specifications of all the instruments used for analysis 

purpose were same as described in the section 2.2.1 of the previous chapter 2. 

Ligands HL1 and HL2 were prepared following reported methods [18]. 

 

3.2.2 X-ray crystallography 

Single crystal X-ray structural studies of 5, 6 and 7 were performed following 

the similar protocol as mentioned in the section 2.2.2 of previous chapter 2. The 

structures were solved by direct methods using SHELXS-97 and refined by full 
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matrix least- squares with SHELXL-97, refining on F2.[22] The crystal and 

refinement data are summarized in Table 3.1 

Table 3. 1. Crystallographic data and structure refinement parameters for 5, 

6, and 7. 

Complex 5 6 7 

Empirical Formula C23H29Cl2CuN4O12 C32H44Cu2N10O16 C13H23CuN6O7 

Formula weight 687.94 951.85 438.91 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P 21/c I 2/a P 21/n 

a (Å) 12.8829(4) 9.9050(2) 10.5658(2) 

b (Å) 9.4603(2) 16.6715(3) 14.6046(2) 

c (Å) 25.0205(5) 52.6457(10) 12.5972(2) 

α (°) 90 90 90 

β (°) 99.087(3) 94.498(2) 94.980(2) 

γ (°) 90 90 90 

V (Å3) 3011.13(13) 8666.7(3) 1936.53(5) 

λ (Å) 0.71073 1.5418 0.71073 

ρcalcd (mg m-3) 1.518 1.459 1.505 

Z 4 8 4 

T (K) 150(2) 150(2) 150(2) 

μ (mm-1) 0.968 1.887 1.175 

F(0 0 0) 1416 3936 912 

Crystal size (mm3) 0.23 × 0.16 × 0.13 0.23 × 0.18 × 0.13 
0.33 × 0.26 × 

0.21 

θ ranges (°) 3.01 - 25.00 3.37 - 50.00 2.98 - 25.00 

h/k/l -15,15/-10,11/-

29,29 

-9,8/-16,16/-52,52 -12,12/-17,17/-

14,14 

Reflections collected 23960 19630 15337 

Independent reflections 5289 4457 3406 

Tmax and Tmin 0.8845 and 0.8080 0.7915 and 0.6708 
0.7904 and 

0.6978 

Data/restraints/parameters 5289 / 2 / 388 4457 / 0 / 556 3406 / 0 / 251 

Goodness-of-fit 1.088 1.056 1.038 

Final R indices 

[I > 2σ(I)] 

R1 = 0.0537, 

wR2 = 0.1441 

R1 = 0.0782, 

wR2 = 0.2254 

R1 = 0.0633, 

wR2= 0.1751 

R indices (all data) R1 = 0.0628,  

wR2 = 0.1517 

R1 = 0.0831, 

wR2 = 0.2329 

R1 = 0.0685,  

wR2= 0.1805 

Largest peak and hole 

(e Å-3) 

0.714 and -0.517 1.601 and -0.599 2.870 and -

1.378 
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3.2.3 Synthesis of [Cu(HL1)(Pyridine)(H2O)](ClO4)2.2MeOH (5) 

15 mL of methanolic solution containing HL1 (0.14 g, 0.5 mmol) and 

Cu(ClO4)2.6H2O (0.18 g, 0.5 mmol) was stirred at room temp for 1 h after adding 

1 drop of pyridine into that reaction mixture and resulting sky blue coloured 

solution was concentrated by evaporating the solvent. Finally after 2 or 3 days 

red needle shaped crystals were obtained from the reaction mixture after layering 

the mother liquor with diethyl ether. Yield: 78%. Anal. Calcd. (%) : 

C23H38Cl2CuN4O12 C, 39.69; H, 5.50; N, 8.05. Found (%): C, 39.71; H, 5.11; N, 

8.32. [C16H22CuN3O]+ (m/z) calculated – 335.11 (M)+; obtained – 335.11 (M)+. 

Selected IR on KBr (ν/cm-1): 1597 (‒C=N), 1097(ClO4
-). 

 

3.2.4 Synthesis of [Cu2(HL1)2(NO3)2](NO3)2.3H2O (6) 

5 mL of methanolic solution containing HL1 (0.14 g, 0.5 mmol) was added drop 

wise to a 10 mL solution of Cu(NO3)2.3H2O (0.12 g, 0.5 mmol) and the resultant 

mixture was stirred at room temp for 1hr and then the solution was concentrated 

by evaporating the solvent. Layering of the reaction mixture with diethyl ether 

furnished suitable crystal after few days. Yield: 82%. Anal. Calcd. (%) : 

C32H46Cu2N10O14 C, 41.69; H, 5.03; N, 15.19. Found (%): C, 41.71; H, 5.12; N, 

15.15. [C32H44Cu2N7O5]
+ (m/z) calculated – 732.20 (M)+ ; obtained – 732.17 

(M)+. Selected IR on KBr (ν/cm-1): 1605 (‒C=N), 1342 (NO3
-). 

 

3.2.5 Synthesis of [Cu(HL2)(NO3)2].MeCN (7) 

At first 15 mL of methanolic solution containing HL2 (0.11 g, 0.5 mmol) and 

Cu(NO3)2.3H2O (0.12 g, 0.5 mmol) was stirred at room temp for 1h. Then after 

evaporating the solvent, the sticky compound obtained was dissolved in MeCN. 

Finally after 6 or 7 days green block shaped crystal of 7 was obtained from this 

solution after layering with diethyl ether. Yield: 55%. Anal. Calcd. (%) : 

C13H24CuN6O7 C, 35.49; H, 5.50; N, 19.10. Found (%): C, 35.12; H, 5.59; N, 

18.91. [C11H20CuN3O]+ (m/z) calculated – 273.09 (M)+; obtained – 273.08 (M)+. 

Selected IR on KBr (ν/cm-1): 1605 (‒C=N), 1342 (NO3
-). 
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3.2.6 DNA binding study 

ETBr displacement assay for DNA binding study of complexes (5, 6 and 7) is 

measured following the protocol as mentioned in the section 2.2.9 of previous 

chapter 2. 

3.2.7 DNA cleavage experiments 

In each experiment, the extent of DNA cleavage was monitored by agarose gel 

electrophoresis. A solution of 25 µL containing pBR322 DNA (0.25 µg/µL), the 

metal complexes (50-400 µM), and H2O2 (60 µM) was incubated for 1h at 40°C. 

Subsequently, 2 µL of 6X DNA loading buffer containing 0.25% bromophenol 

blue, 0.25% xylene cyanol and 60% glycerol was added to the reaction mixture 

and loaded onto a 1% agarose gel containing 1.0 mg/mL of ethidium bromide. 

The electrophoresis was performed at 65V for 1.5 h in a TAE buffer. The bands 

were visualized under UV light and photographed. The cleavage efficiencies 

were measured by determination of the ability of each complex to convert the 

supercoiled DNA (SC) to the nicked circular form (NC). After electrophoresis, 

the proportion of DNA in each fraction was estimated quantitatively on the basis 

of the band intensities using the BIORAD Gel Documentation System. The 

intensity of each band relative to that of the plasmid supercoiled form was 

multiplied by 1.43 to take account of the reduced affinity for ethidium 

bromide.[23] 

 

3.2.8 Protein binding study 

The binding interactions experiments of complexes 5, 6 and 7 with BSA protein 

were carried out following the protocols as mentioned in the section 2.2.10 of 

previous chapter 2. 

 

3.2.9 Catecholase activity study 

Catecholase like activities of complexes 5, 6, and 7 were also studied following 

the similar procedure as described in the section 2.2.12 of previous chapter 2. 
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3.2.10 Detection of hydrogen peroxide in the catalytic reactions 

Modification of iodometric method as described in the section 2.2.13 of chapter 

2, is employed to detect H2O2 during the catalytic reaction.  

3.2.11 Antimicrobial study 

The reference strain MRSA Methicillin-Resistant Staphylococcus aureus 

ATCC® 43300TM was used in this study. The bacterial isolates were streaked 

from -80ºC stocks into Mueller-Hinton agar (MHA) (Oxoid Ltd., Basingstoke, 

UK) plates and incubated overnight at 37ºC. From this streaking, one isolated 

colony was inoculated into 5 mL of Mueller-Hinton broth (MHB) and incubated 

for a further 18 hours at 37ºC with shaking (approx. 220 rpm). Ligands and 

complexes were incorporated in the wells and incubated at 37ºC for 18h. After 

the incubation period being complete, the diameter of the inhibition zone 

generated by each compound using an antibiogram zone measuring scale was 

measured (Figure 3.2). From the results obtained HL1 and complex 6 were then 

selected for further experiments. 

 

Figure 3. 2. Results obtained using ligands HL1 (spot 1), HL2 (spot 4), Complex 

5 (spot 3), Complex 6 (spot 2) and Complex 7 (spot 5) against Staphylococcus 

aureus (MRSA). 

3.2.12 Antibacterial activity 

The antibacterial activity was evaluated by determining the Minimum Inhibitory 

Concentration (MIC) of the compounds. This was accomplished using the broth 

microdilution method by following the CLSI guidelines. [24] The MIC, 

calculated by the dilution factor of the starting concentration, was considered at 

that concentration of compound where no visible growth was observable. The 

wells having no growth were plated (5 µl) into MHA-plates and incubated 

overnight at 37ºC. On the following day, the results were recorded and the 
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minimum concentration of compound with no growth obtained was considered 

as the Minimum Bactericidal Concentration (MBC). All experiments were 

carried out in triplicate in three separate occasions. 

 

3.2.13 Supplementary materials 

CCDC 1016329, 1016328, and 1016327 contain the supplementary 

crystallographic data for 5, 6 and 7, respectively. These data can be obtained free 

of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the 

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, 

UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 

 

3.3 Results and discussions 

3.3.1 Syntheses of the complexes 

The ligands HL1 and HL2 are obtained by simple condensation reaction using 

previously reported methodology describer in earlier chapter [18] with sufficient 

purity and yield for use without further purification in the synthesis of two 

mono- and one di- nuclear copper(II) complexes. Complexes 5, 6 and 7 were 

synthesized according to Scheme 3.1.  
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Scheme 3. 1. Formation of mononuclear and dinuclear metal complexes (5-7). 

All the complexes have been characterized by IR and ESI-MS 

spectroscopy, elemental analysis and single crystal X-ray crystallography. The 

characteristics band around 1600 cm-1 in the IR spectra of all three complexes 

are assigned for ν(C=N) stretching mode. [25] A strong band around 1100 cm-1 

in complex 5 indicates the presence of perchlorate counter anion.[25] 

 Nitrate stretching frequency is observed at the region of 1350-1385 cm-

1 in IR spectra of both the complexes 6 and 7 respectively. ESI-MS spectra of 

complex 5 and 6 show molecular ion peak at 335 for [Cu(L1)]+ and 732 for 

[Cu2(L
1)2(NO3)]

+ respectively (Figure 3.3). Thus a solution state ESI-MS 

spectrum of complex 6 clearly indicates presence of dimeric species in solution 

phase. Similarly complex 7 shows molecular ion peak at 273 corresponding to 

[Cu(L2)]+ (Figure 3.3). In all of the three cases mono positive molecular ion is 

getting generated during ESI-MS experiment due to formation of mono anionic 

Schiff base ligands. 
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Figure 3. 3. ESI-MS Spectra of three complexes (5-7). 

The electronic spectra of 5-7 (Figure 3.4) have been studied in the 

solution state using CH3OH as solvent. The solutions of 5-7 in methanol exhibit 

absorption in 250-682 nm ranges [5: 256, 682 nm; 6: 250, 291, 336, 617 nm; 7: 

250, 298, 633 nm]. The transition around 600-700 nm corresponds to a d-d 

transition of copper (II) moiety and band around 300 nm for intramolecular 

LMCT transition.[26] In case of 5 and 7, d-d transitions are observed at about 

680 and 630 nm respectively which indicate pentacoordinated and 

hexacoordinated structures around central atom [27, 28] but in case of 6, it was 

observed that there was a broad band in the range 530-720nm which may be due 

to the two different types of Cu(II) centers (tetracoordinated and 

hexacoordinated) present in solution phase of dimeric complex 6.[29] 
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Figure 3. 4. UV-Vis Spectra of complexes (5-7). 

 

3.3.2 Crystal structure of complex 5, 6 and 7 

Crystal structures of these three complexes portray a wide combination of Cu 

(II) centered coordination geometry where four (Complex 6), five (Complex 5) 

and six (Complex 6 and 7) coordinated copper complexes are formed via almost 

similar type of reaction. In all the complexes, the major coordination bond 

lengths between Cu atom and N/O-donor centers are within the range of 1.900(5) 

to 2.423(3) Å (Table 3.2), matches perfectly to earlier report.[30] However, few 

exceptions are found in the form of Cu(1)-O(8) and Cu(1)-O(4) in complex 6 

and Cu(1)-O(3) in complex 7, which are mainly caused by Jahn-Teller distortion 

as mentioned in previous report.[31-33]  

Table 3. 2. Selected bond lengths (Å) and bond angles (°) for 5, 6 and 7 

Complex 5 6 7 

Cu(1)-O(1) 1.934(2) 1.900(5) 1.921(3) 

Cu(1)-N(1) 1.940(3) 2.061(6) 2.075(4) 

Cu(1)-N(2) 1.883(2) 1.921(5) 1.921(4) 

Cu(1)-O(2) .......... 1.985(4) 2.021(3) 

Cu(1)-O(8) .......... 2.586 2.671 

Cu(1)-O(4) .......... 2.75 .......... 

Cu(1)-O(5) .......... .......... 2.423(3) 
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Cu(2)-O(5) .......... 1.887(5) .......... 

Cu(2)-N(5) .......... 1.915(5) .......... 

Cu(2)-O(7) .......... 1.975(4) .......... 

Cu(2)-N(4) .......... 2.052(5) .......... 

Cu(1)-N(4) 2.024(3) .......... .......... 

Cu(1)-O(101) 2.265(3) .......... .......... 

O(1)-Cu(1)-N(1) 93.50(12) 172.6(2) 178.93(15) 

O(1)-Cu(1)-N(4) 85.49(11) .......... .......... 

N(1)-Cu(1)-N(2) 83.86(12) 85.2(2) 85.37(15) 

N(4)-Cu(1)-N(2) 95.23(12) .......... .......... 

O(1)-Cu(1)-O(101) 95.35(11) .......... .......... 

N(1)-Cu(1)-O(101) 98.91(13) .......... .......... 

N(4)-Cu(1)-O(101) 95.17(12) .......... .......... 

N(2)-Cu(1)-O(101) 92.52(12) .......... .......... 

N(1)-Cu(1)-N(4) 165.92(13) .......... .......... 

O(1)-Cu(1)-N(2) 172.01(12) 94.6(2) 94.46(15) 

O(1)-Cu(1)-O(2) .......... 87.44(19) 86.13(13) 

N(2)-Cu(1)-O(2) .......... 174.2(2) 173.58(15) 

O(2)-Cu(1)-N(1) .......... 93.5(2) 94.16(14) 

N(2)-Cu(1)-O(5) .......... .......... 102.15(15) 

O(1)-Cu(1)-O(5) .......... .......... 90.32(15) 

O(2)-Cu(1)-O(5) .......... .......... 84.23(13) 

N(1)-Cu(1)-O(5) .......... .......... 88.68(14) 

O(3)-Cu(1)-O(2) .......... .......... 52.83 

O(5)-Cu(2)-N(5) .......... 95.1(2) .......... 

O(5)-Cu(2)-O(7) .......... 89.77(19) .......... 

N(5)-Cu(2)-O(7) .......... 166.0(2) .......... 

O(5)-Cu(2)-N(4) .......... 167.1(2) .......... 

N(5)-Cu(2)-N(4) .......... 84.4(2) .......... 

O(7)-Cu(2)-N(4) .......... 93.80(19) .......... 

N(7)-O(2)-Cu(1) .......... 112.7(4) .......... 

N(8)-O(7)-Cu(2) .......... 119.0(4) .......... 

O(4)-Cu(1)-O(8) .......... 129.27 .......... 

O(8)-Cu(1)-N(2) .......... 96.01 .......... 
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The mononuclearcomplex 5 crystalizes in the space group P21/C. The central 

metal atom is coordinated to the tridentate Schiff base ligand HL1 and one 

pyridine and one water molecule to give penta-coordinated square pyramidal 

geometry (Figure 3.5). N, N, O donor sites of Schiff base HL1 and N donor site 

of pyridine are on the equatorial face of square pyramidal geometry while O 

donor site from water molecule lies on the axial position of square pyramid. The 

piperazinyl ring takes the chair conformation where secondary nitrogen atom 

coordinates one extra proton and stays away from the coordination. The 

distortion of the coordination geometry of penta-coordinated system can be 

calculated by the τ5 value, a reference to describe the degree of distortion for 

square-pyramid and trigonal-bipyramid [square pyramid, τ5 = 0; trigonal-

bipyramid, τ5 = 1; τ = (β – α)/60°, α and β are the two largest angles around the 

central atom] [34]. The τ5 value for complex 5 is 0.101, indicating a distorted 

square-pyramidal geometry adopted by copper center. 

 

Figure 3. 5. Monomer unit of complex 5 and its supra-molecular networks. 

In complex 5, the average co-ordination bond angle around the Cu center 

of square pyramidal geometry is around 92° whereas the least bond angle was 

observed for N(1)–Cu(1)–N(2) (∼83°) (Table 3.2) due to the formation of a 

chelated five membered ring. Furthermore, the independent molecules get 

connected to each other for making 1D supra-molecular chain like structure 
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(Figure 3.5) via formation of hydrogen bonding (viz. C4–H4⋯O666 and N3–

H3⋯O888) with intermediate perchlorate anion. Each 1D chain is further 

connected via C10–H10B⋯O111 and C14–H14B⋯O444 hydrogen bonding 

network to build a 2D sheet like structure (Figure 3.5). These parallel 2D sheets 

are also interconnected through C10–H10B⋯O111 and C14–H14B⋯O444 to 

build a three dimensional structure (Figure 3.5).  

 Complex 6 is binuclear copper complex with space group I2/a. Here both 

the copper centers have different coordination number and geometry. Cu(1) is 

in six coordinated distorted octahedral geometry while Cu(2) is a four 

coordinated metal center with square planar geometry (Figure 3.6). This 

geometry of Cu(2) metal center is further proved by τ4  index which defines the 

distortion between a perfect tetrahedron (τ4 = 1) and a perfect square planar 

geometry (τ4 = 0) using the formula: τ4 = [360° - (α + β)]/141°, with α and β (in 

°) being the two largest angles around the central metal in the complex [35]. The 

τ4 value for Cu(1) is 0.190, satisfying a somewhat distorted square planar 

geometry for this metal center. Though this is relatively an unusual example of 

metal complex where two different geometrical Cu (II) centers are existing 

together, but similar reports are available in the literature [31]. The average co-

ordination bond angle around Cu(1) center of distorted octahedral geometry is 

around 93°. Two trans angles O(4)–Cu(1)–O(8) (129.27°) and O(4)–Cu(1)–

N(2) (134.57°) at Cu(1) deviate extensively from the linearity of a perfect 

octahedron. As a consequence, Cu(1) reveals a considerably distorted octahedral 

geometry, which can be attributed to the chelating influence of nitrate ligand 

[36]. Furthermore, for complex 6, each individual molecule gets attached with 

nearby molecules by several hydrogen bonding (viz. C6–H6B⋯O4, C1–

H1B⋯O4, C21–H21B⋯O3, C19–H19A⋯O2, C22–H22A⋯O2, C22–

H22A⋯O8, C20–H20B⋯O8, C20–H20B⋯O7, C17–H17B⋯O6 and C18–

H18A⋯O6 ) to build a 1D chain (Figure 3.6). Each 1D chain is further connected 

to other chain by more hydrogen bonding (viz. N6–H6⋯O222, C17–

H17A⋯O111, C19–H19B⋯O111, C4–H4A⋯O333, C3–H3B⋯O333 and N3–

H3⋯O333) with non-coordinated nitrate ion to build a railway track like 2D 
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supra-molecular network (Figure 3.6). Now 2D network is further expanded 

through C6–H6A⋯O3 hydrogen bonding to build a 3D supra-molecular system 

(Figure 3.6).  

 

Figure 3. 6. Dinuclear unit of Complex 6 and its 1D, 2D and 3D supra-

molecular polymeric networks. 

The structure determination of complex 7 which is crystalized in space 

group P21/n, reveals that it consists mononuclear six coordinated copper center 

with distorted octahedral geometry. The average coordination bond angles 

around metal center are quite similar as in Cu(1) center of complex 6. Similarly 

one trans angle O(3)–Cu(1)–O(5) (137.06°) at metal center deviate extensively 

from the linearity to generate distorted octahedral geometry (Figure 3.7). 

Hydrogen bonding networks like, N3–N1H⋯O1, N3– N1H ⋯O7, C2–

H2A⋯O4 and C3–H3B⋯O2 play an important role to create a 1D zig-zag supra-

molecular network (Figure 3.7). These nearby 1D chains are joined with each 

other via C6–H6A⋯O4 and C7– H7A ⋯O3 hydrogen bonding to generate 2D 

sheet like structure (Figure 3.7). 
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Figure 3. 7. Monomer unit of complex 7 and its supra-molecular networks. 

 

3.3.3 Complex-DNA interaction studies 

Copper-Schiff base complexes are well known for their interaction with DNA 

[37-40]. The fluorescence quenching spectra of DNA bound ETBr by complexes 

5, 6 and 7 are shown in Figure 3.8. Reduction in fluorescence intensity at 607 

nm in all the spectra clearly indicates that ETBr molecules get displaced from 

DNA by the addition of copper complexes successively. Though these 

displacement is not so significant but it lies in the range of earlier report.[41] 

Furthermore, KSV values for complexes 5, 6 and 7 have been found to be 6.2 × 

102, 1.1 × 103  and 7.7 × 102 M−1, respectively, which were obtained from the 

classical Stern–Volmer equation [14]. 

𝐹0

𝐹
= 1 + 𝐾𝑆𝑉[𝑄] 

Where, F0 and F are the fluorescence intensity of the ETBr – CT DNA adducts 

before and after the addition of complexes, KSV is the Stern–Volmer constant, 

and [Q] is the concentration of the desired complex added. The binding constant 

(Ka) values obtained from the plot of log[(F0 − F)/F] vs. log[Q] (from Scatchard 

equation) [42] (Figure 3.8) were found to be 1.2 × 103, 5.5 × 104 and 8.5 × 102 

M−1 for complex 5, 6 and 7, respectively which signifies moderate to weak 
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binding affinity but comparable with respect to other mono- and dinuclear Schiff 

base copper systems.[43-48] 

 

Figure 3. 8. ETBr displacement assay of complex 5-7. Stern-volmer plot is in 

inset. Scatchard plot for complex 5-7 (bottom right). 

  This binding constant values indicate that the order of binding 

affinity of complexes towards DNA (or, ETBr displacement ability) is 6 > 5 > 

7. Probable reason for this phenomenon is may be the charge density. Being 

neutral in nature and for less conjugative Schiff base moiety in 5, complex 7 

become less active towards DNA while positively charged binuclear copper 

complex 6 interacts more with DNA. The control assay experiment was also 

performed using only the Schiff base HL1 but there was no such observable kind 

of activity. Furthermore the repeated experiment was performed in case of 

complex 6 taking 0.5eqv of complex 6 compared to complex 5 and 7 (with same 

number of copper ions for all the complexes). Still it was observed that 

nuclearity is playing the crucial role to show higher activity in case of complex 

6. 
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3.3.4 DNA cleavage studies 

The efficiencies by which the metal complexes sensitize DNA cleavage are 

determined by the interaction of plasmid pBR322 DNA with complexes 5, 6 and 

7. Gel electrophoresis technique of the plasmid is employed to monitor the 

transition from the naturally occurring, covalently closed circular form (Form I) 

to the nicked circular relaxed form (Form II). The cleavage of supercoiled (SC) 

DNA (Form I) to the nicked circular (NC) DNA (Form II) with the variation of 

the concentrations (50-400 µM) of these complexes in presence or absence of 

external oxidizing agent are represented in Figure 3.9 and Figure 3.10.which is 

comparable with previous report.[49]  

 

Figure 3. 9. Gel electrophoresis diagram showing pBR322 DNA cleavage by 

complex 6. 

Above- Lane 1 – DNA Control; Lane 2 – DNA+H2O2; Lane 3 – DNA+ 

H2O2+6(50µM); Lane 4 – DNA+ H2O2+6(100µM); Lane 5 – DNA+ 

H2O2+6(200µM); Lane 6 – DNA+ H2O2+6(400µM). Below – Histogram of 

DNA cleavage activity (in terms of % of NC DNA) of three complexes with 

respect to concentrations. 
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Figure 3. 10. Gel electrophoresis diagram showing pBR322 DNA cleavage by 

complex 5 and 7. 

Lane 1 – DNA Control; Lane 2 – DNA+H2O2; Lane 3 – DNA+ H2O2+5(50µM); 

Lane 4 – DNA+ H2O2+5(100µM); Lane 5 – DNA+ H2O2+5(200µM); Lane 6 – 

DNA+ H2O2+5(400µM); Lane 7 – DNA+ H2O2+7(50µM); Lane 8 – DNA+ 

H2O2+7(100µM); Lane 9 – DNA+ H2O2+7(200µM); Lane 10 – DNA+ 

H2O2+7(400µM). 

Analysis of these results revealed that there is no significant cleavage in 

the control while the increment of the metal complexes concentrations the 

enhancement of DNA cleavage has been observed. This cleavage is due to the 

enhanced reaction of copper ions with H2O2 thereby producing diffusible 

hydroxyl radicals or molecular oxygen, both of which are capable of damaging 

DNA by Fenton type chemistry.[50] To elucidate the mechanism involved in the 

DNA cleavage by especially complex 6, experiments are carried out in presence 

of hydroxyl radical scavengers (DMSO and EtOH), singlet oxygen quencher 

(NaN3) and superoxide radical scavenger (SOD). Though it is difficult to 

propose exact reason but the result (Figure 3.11) shows that NaN3 inhibits more 

than other three scavengers to cleave DNA from SC form to NC form.  

 

Figure 3. 11. Gel electrophoresis image for detection of mechanism of cleavage 

Lane 1 – DNA+ 6; Lane 2 – DNA +6+DMSO; Lane 3 – DNA +6+EtOH; Lane 

4 – DNA +6+NaN3; Lane 5– DNA +6+SOD; Lane 6 – DNA +6+DAPI; Lane 7 

– DNA +6+Methyl Green 
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 This phenomenon indicates that Cu(II) complexes cleave SC form of 

pBR322 DNA by producing singlet molecular oxygen. The groove binding 

preferences of the complex 6 was verified using the minor groove binder DAPI 

and the major groove binder methyl green.[51] Figure 3.11 indicates that minor 

groove binders produced a slight inhibition of the DNA damage mediated by the 

complex (Lane 6), suggesting that the complex 6 preferentially interacts through 

minor groove of DNA helix. The control experiment was performed using only 

copper nitrate (various concentrations) and H2O2. It was observed that at 400µM 

concentration of copper nitrate it show 28.5% of NC DNA formation whereas at 

similar concentration with respect to copper ion i.e. 200µM of complex 6 

produces above 40% of NC DNA.  

3.3.5 Protein binding studies 

Interaction of transition metal complexes with BSA protein are generally 

monitored by the intrinsic fluorescence intensity. Generally tryptophan, 

tyrosine, and phenylalanine residues are the main intrinsic component for 

showing fluorescence intensity of a protein [52]. Fluorescence quenching refers 

to any process, which decreases the fluorescence intensity of a fluorophore due 

to variety of molecular interactions including excited-state reactions, molecular 

rearrangements, energy transfer, ground-state complex formation, and collision 

quenching. The fluorescence spectrum of three complexes (Figure 3.12 and 

Figure 3.13) with BSA indicates that there is a progressive decrease in the 

fluorescence intensity along with a significant red shift in case of complex 6.  



                                                                         

  
    

 

107 

 

 

Figure 3. 12. Left-Fluorescence quenching of BSA by 6. Stern-Volmer plot is in 

Inset. Right-Scatchard plot for various systems of fluorescence quenching. 

 

 

Figure 3. 13. Fluorescence quenching of BSA by 5(left) and 7 (right). Stern-

Volmer plot is in Inset. 

This shifting of the emission maxima towards lower energy indicates the 

probable energy transfer from the indole unit of the tryptophan to the protein 

bound compound.[18] The fluorescence quenching data was further analyzed by 

the Stern−Volmer relation which again can be expressed in terms of bimolecular 

quenching rate constant and average life time of the fluorophore as shown in 

following equation [18]. 

F0

F
= 1 + kqτ0[Q] = 1 + KSV[Q] 

where F0 and F are the fluorescence intensities in the absence and the presence 

of a quencher, kq is the bimolecular quenching rate constant, τ0 is the average 

life time of fluorophore in the absence of a quencher and [Q] is the concentration 

of a quencher (Metal complexes). KSV is the Stern–Volmer quenching constant 
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in M−1. However, in case of complex 6, a plot with upward curvature concave 

in the direction of the y-axis was found. By this positive deviation it is clearly 

indicated that there must be probable two ways quenching by collision as well 

as by complex formation with the same quencher. In a Stern-Volmer plot, at 

lower concentration of quencher 6 shows linearity, however at higher 

concentrations it shows a high positive deviation from linearity. This indicates 

the formation of more than one ground state complex BSA-6 system, so it can 

be predicted that at lower concentration of 6 the quenching could be started by 

a stable ground-state complex formation (1:1 type), however at higher 

concentration an upward bending in the direction of the F0/F axis specifies the 

formation of the second (1:2 type) BSA-6 complex. To determine the binding 

constant and number of binding site Scatchard equation was employed which is 

given by 

log [
F0 − F

F
] = logKa + n log[Q] 

Where Ka and n are the binding constant and number of binding sites 

respectively, and F0 and F are the fluorescence intensities in the absence and 

presence of the quencher respectively. Thus, a plot of log(F0 − F)/F versus 

log[Q] (Figure 3.12) can be used to determine the value of binding constant 

(from intercept) and number of binding sites (from slope). All the data from 

Stern-Volmer plot and Scatchard plot is tabulated in Table 3.3. These results 

indicate that complex 6 has more binding affinity towards BSA than other two. 

More over protein binding capacity of all these three complexes are more than 

reported nickel complexes with same Schiff base ligand [18]. The repeated 

experiment was performed in case of complex 6 taking 0.5 eqv of complex 6 

compared to complex 5 and 7 (with same number of copper ions for all the 

complexes). Moreover in this case also it was observed that complex 6 is more 

active with respect to complex 5 or 7 indicating a possible role of nuclearity.  
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Table 3. 3. Various parameters obtained from bio-macromolecular interaction 

study. 

System DNA Interaction With BSA Interaction With 

Complex 5 6 7 5 6 7 

KSV (M-1) 6.2 × 102 1.1 × 103 7.7 × 102 4.5 × 103 7.0 × 104 1.0 × 104 

Kq (M-1S-1) ………. ………. ………. 7.2 × 1011 1.1 × 1013 1.6 × 1012 

Ka (M-1) 1.2 × 103 5.5 × 104 8.5 × 102 1.3 × 104 4.0 × 107 6.4 × 104 

n 1.06 1.43 1.01 1.11 1.63 1.2 

 

3.3.6 Catecholase activity study 

Catecholase like activity of the synthesized metal complexes was studied taking 

3,5-di-tert-butylcatechol (3,5-DTBC) as the substrate in the presence of two 

bulky t-butyl substituent in the ring for showing a low quinone-catechol 

reduction potential.[6, 53] The reactions were carried out at 25°C in aerobic 

condition and it was monitored by UV-Vis spectroscopic technique. The 

oxidation product 3,5-di-tert-butylquinone (3,5-DTBQ) is highly stable and 

shows a maximum absorption at about 400 nm in methanol. To monitor the 

reaction a 10-4 M methanolic solution of these three complexes were treated with 

100 equivalent of 3,5-BTDC in which upon addition of catecholic substrate a 

new band starts to gradually appear at about 402 nm with time due to the 

formation of the oxidized product 3,5-DTBQ (Figure 3.14). 

 To understand the kinetic aspect of catalysis for complex 5, 6 and 7, the 

rate constant for a catalyst complex was determined by traditional initial rate 

method (detail description in experimental section). The observed rate versus 

substrate concentration data were then analyzed on the basis of the Michaelis–

Menten approach of enzymatic kinetics to determine the Michaelis−Menten 

constant (KM) and maximum initial rate (Vmax)  using Michaelis−Menten plots 

and Lineweaver-Burk plots [54]. The turnover frequency values (kcat) were 

obtained by dividing the Vmax values by the concentration of the corresponding 

complexes. All the data (Table 3.4) unambiguously demonstrate that all the three 

complexes are very much active.  
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Figure 3. 14. Time dependent spectral patterns for catecholase activity of 

complexes 5-7. Lineweaver Burk plot (Bottom right). 

 

Table 3. 4. Table for various kinetic parameters of catecholase activity. 

Complex Complex 

Conc. (M) 

Vmax 

(M min-1) 

Std. 

Error 

KM (M) Std. Error kcat / T.O.N 

(h-1) 

5 0.0001 0.01724 0.00365 3.9×10-4 2.5×10-4 10.3×103 

6 0.0001 0.04763 0.0092 0.04271 0.03571 28.5×103 

7 0.0001 0.02175 0.00135 2.6×10-4 8.9×10-5 13.0×103 

 

This activity may be due to the fact that the positive charge on the 

piperazinyl moiety may help the facilitation of catalyst-substrate interaction by 

forming a positive channel which might be a prerequisite for showing better 

catalytic activities. A similar mechanism has been proposed to explain the 

activity of copper/zinc superoxide dismutase where positively charged arginine 

and lysine residue play a role to attract the anion and guiding them towards the 

catalytic center [55]. The turnover frequency (kcat) 28.5 × 103 h-1 obtained for 

compound 6 has been quite high with respect to other dimeric copper complexes 

reported so far [56-58].  
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The investigation regarding the probable complex-substrate aggregate 

(Figure 3.15) was done through ESI-MS spectroscopy (Figure 3.16). The 

molecular ion peaks (m/z value) are observed at 362.13 for [Cu(HL1)(Py)–

DTBC–(Py)(HL1)Cu + K]3+ (Structure A in Scheme 3.2) in case of complex 5; 

at 1043.51 for [Cu2(HL1)2(NO3)2–DTBC + Na]+ (Structure B in Scheme 3.3) in 

case of complex 6 and at 384.13 for [Cu(HL2)–DTBC–(HL2)Cu]2+ (Structure C 

in Scheme 3.2) in case of complex 7 with little bit of deviation which is in the 

range of earlier report [59].  

 

Figure 3. 15. Probable complex-substrate aggregate of complexes 5-7. 
 

 

Figure 3. 16. ESI-MS spectrum of a 1:100 Complexes (5, 6 and 7) / 3,5-DTBC 

mixture in methanol, recorded within 10 min of mixing. 
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Scheme 3. 2. Probable catechol oxidation mechanism by complex 5 and 7. 

This result suggest that for mononuclear copper complexes two 

mononuclear units are involved to catalyze the catechol oxidation reaction for 

one substrate (i.e. one 3,5 DTBC) where as in case of binuclear copper complex 

6, one dimer is attached with one 3,5 DTBC to form a complex-substrate 

aggregate. The probable reaction mechanism for mononuclear complexes 5 and 

7 are represented in Scheme 3.2 and for dinuclear complex 6 is represented in 

Scheme 3.3. Similar kind of mechanisms are reported earlier [60]. As complex 

6 has shown best suitable catalytic activities among these three, more attention 

was focused on the mechanism for compound 6 as a representative species. In 

this case one molecule of 3,5 DTBC gets attached with two metal centers in a 

bridging fashion by removal of one nitrate to form complex-substrate aggregate 

B (Scheme 3.3). After that simultaneous or step wise reduction of Cu centers 

takes place with subsequent removal of oxidized catechol moiety. After that a 
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second catechol moiety gets inserted into the copper centers to complete the 

cycle. 

 

Scheme 3. 3. Probable catechol oxidation mechanism by complex 6. 

Formation of H2O2 during catalytic oxidation procedure gives some 

insight into the plausible mechanistic pathway for catechol oxidation.  Taking 

complex 6 as a representative, a positive result was obtained for quantitative 

detection of I3
- band ( 353nm.) (Figure 3.17) by UV-Vis spectroscopy (applying 

reported methodology [61]) which is indicative for the formation of H2O2 during 

the process. According to previous report, either water or dihydrogen peroxide 

can be formed as a side product in the catalytic oxidation of catechol by 

copper(II) complexes [62]. Though there are few reports of formation of H2O2 

in the reaction mixture [63-66] but it should be noted that the reports containing 

the studies aimed to definitely establish the mode of the dioxygen reduction to 

either water or dihydrogen peroxide are quite scarce. Curiously, in some cases 

the formation of dihydrogen peroxide is correlated with the detection of the 

semiquinone intermediate species in the catalytic reaction [67, 68]. It is indeed 

plausible that the dihydrogen peroxide may get formed as a product of the 

oxidation of the copper(I)-semiquinone intermediate, as proposed by Kodera et 

al.[67]. The mode of oxidation can be rationalized as follows. In case of 
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dicopper(II) complexes, the simultaneous reduction of two copper(II) centers to 

the copper(I) state results in the oxidation of one equivalent of catechol, leading 

to the release of one quinone molecule.  

 

Figure 3. 17. Characterized peak for I3- for qualitative detection of H2O2   during 

catalytic oxidation process. 

In case of mononuclear copper(II) complexes (or dinuclear intermediate 

species, formed by self-assembly of two mononuclear units via DTBC bridge), 

only one electron transfer may occur, resulting in the formation of copper(I)-

semiquinonate intermediate species. The reaction of such species with dioxygen 

may result in the two-electrons reduction of the latter, leading to the reoxidation 

of the copper(I) ion, a release of the quinone molecule and dihydrogen peroxide 

formation.  

All the above experiments were performed keeping the number of metal 

centers constant for all the three complexes to compare their activities. The 

results indicate that the dinuclear complex shows higher activity towards DNA 

binding (Ka = 3.1×104 M-1), BSA binding (Ka = 2.5×107 M-1) and catecholase 

like activity (Kcat = 17.3×103 h-1) implying that the nuclearity of the metal 

complex is playing a part towards greater activity.    
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3.3.7 Antibacterial activity 

Nosocomial infections or more commonly hospital-acquired infections are 

defined as an infection in a patient or health care professional not evident prior 

to accessing a hospital or health care facility [69]. These infections cause 

problems for both patient health and have a health-economic impact (1.4 million 

patients admitted to a hospital will experience nosocomial derived difficulties at 

any given time) [70]. The most frequent nosocomial infections reported are 

caused by bacteria as the Gram-positive Methicillin-Resistant Staphylococcus 

aureus (MRSA). This bacteria, a non-motile, non-spore-forming coccus and a 

significant human pathogenic bacterium, is one that is currently causing the 

majority of nosocomial infections [69, 71]. For these reasons, in this study the 

antibacterial activity of Schiff base ligands and copper complexes were 

evaluated. The free Schiff bases did not show significant antibacterial activity. 

Complex 6 was found to exhibit moderate activity against S. aureus (MRSA) 

with a Minimum Inhibitory Concentration (MIC) value of 10.7 mg/L (10 μg/mL) 

compared to commercially available antibiotics including vancomycin (MIC of 

1 μg/mL) and linezolid (MIC ranged from 2-4 μg/mL) [72].  Complex 6 reported 

in this paper proved to be effective against S. aureus (MRSA) and is a promising 

compound showing potent activity against multidrug resistant (Table 3.5). These 

results highlight the antibacterial activity of copper complex 6 which opens up 

the possibility to further explore this compound against clinical multidrug 

resistant strains.  

Table 3. 5. Minimum Concentration inhibitory (MIC) and (MBC) MRSA 

results for the selected compounds against MRSA strain. 

Compounds MW 

g/mol 

Solvent Concentration 

(M) 

MRSA 

MIC mg/L 

MRSA 

MBC mg/L 

HL1 273.18 Methanol 0.461 491.7 491.7 

Complex 6 335.11 Methanol 0.010 10.7 103.8 
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3.3.8 Computational study 

The density functional theory (DFT) calculations were performed to understand 

the DNA binding and the catechol oxidation catalyzed by Cu(II) complexes (5, 

6 and 7). Here the DNA structure as a deoxyguanosine monophosphate (dGMP) 

[73] unit was modelled where one of the phosphate oxygen is methylated to 

satisfy the valency. So, the dGMP unit is negatively charged. All the calculations 

are carried out using UB3LYP level of theory as implemented in the Gaussians 

09 package [74]. The 6-311++G** basis set is used for the main group elements 

(C, N, O, P, and H) and LANL2DZ ECP basis set is used for Cu [75, 76].  These 

complexes in two different solvents using the polarizable continuum model [77] 

were optimized as the experiments are performed in two different solvents 

(water for DNA cleavage and methanol for catechol oxidation). The vibrational 

frequency calculations are performed for all the structures to confirm their nature 

of the stationary points. 

 

3.3.9 Theoretical comparison of DNA binding Study 

The optimized structures of the Cu(II) complexes and dGMP are presented in 

Figure 3.18 (a-d). The frontier orbitals of the dGMP and the Cu(II) complexes 

(5-7) are investigated to understand their role towards the DNA binding. In 

Figure 3.19 it was shown that HOMO (higher occupied molecular orbital) 

energy of the dGMP structure with respect to the LUMO (lowest unoccupied 

molecular orbital) energies of the Cu(II) complexes (5-7) to understand the 

binding of DNA to the Cu-complexes [78, 79]. The HOMO energy of the dGMP 

fragment is -3.66 eV and the LUMO energies of the 5, 6 and 7 are -4.90 eV, -

5.28 eV, and -3.42 eV, respectively. Therefore, the LUMO is highly stabilized 

for complex 6 (-5.28 eV) in comparison to complex 5 (-4.90 eV) and 7 (-3.42 

eV). So, the electron transfer (Figure 3.19) will be highly favourable from 

HOMO of dGMP to complex 6. On the other hand, the LUMO (-3.42 eV) of 

complex 7 is higher in energy than HOMO (-3.66 eV) of dGMP. So, the electron 

transfer will not be favourable from dGMP fragment to 7. The dGMP bonded 

Cu(II) complexes (5-7) are modelled where the phosphate group of the dGMP 
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fragment binds to the Cu-centre of the metal complexes (Figure 3.20 a-c). All 

three dGMP-bonded complexes are fully relaxed and found to be minima in their 

potential energy surfaces.  

 

Figure 3. 18. Optimized structure of Cu(II) complexes [(a) 5, (b) 6, (c) 7] and 

(d) dGMP fragment. Here, black, sea-green, blue, red, orange and pink colour 

balls denote the carbon, copper, nitrogen, oxygen, phosphorous and hydrogen 

atoms respectively. 

 

Figure 3. 19. Qualitative energy diagram of the dGMP fragment (HOMO) and 

Cu-complexes 5-7(LUMO). Isosurface value is 0.03 e.Å-3. 

 

Figure 3. 20. Optimized geometries of the Cu-dGMP complexes (5, 6 and 7). 
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The binding energy (EB) of the dGMP fragment with the Cu(II) complex 

is calculated using the following equation: 

EB = ECu- dGMP – (EdGMP + ECu-complex)      

 Where ECu-dGMP is the total energy of the Cu-dGMP complex. ECu-complex 

and EdGMP are the single point energies of the Cu-complex and dGMP fragment 

within the geometry of the Cu-dGMP complex. The calculated dGMP binding 

energies are –6.60 kcal/mol, –10.66 kcal/mol and –3.14 kcal/mol for the 

complexes 5, 6 and 7, respectively. Therefore, this is very much in consistent 

with the experimental DNA binding constant of 5-7. 

 

3.3.10 Theoretical comparison of catechol oxidation study 

The ground state structures of all the three Cu(II) complexes are presented in 

Figure 3.18 (a-c). Mono-nuclear Cu(II) complexes (5 and 7) have open-shell 

doublet (S=1/2) configuration whereas bi-nuclear Cu(II) complex (6) has open-

shell triplet (S=1) configuration. During the oxidation reaction, catechol 

molecule first binds to the metal centre.[19, 80] In case of bi-nuclear Cu(II) 

complex (6), one catechol molecule binds to one metal complex but for mono-

nuclear Cu(II) complexes (5 and 7), two metal complexes bind to one catechol 

molecule. Thus, during the catechol oxidation reaction, the bi-nuclear metal 

complex will be reduced by two-electrons (2e-) whereas mono-nuclear 

complexes will be reduced by one electron (e-). So, during the catechol oxidation 

process, Cu(II) complexes are reduced to Cu(I). All the three reduced Cu(I) 

complexes (5-7) are calculated to be most stable with an open-shell singlet 

structure (S=0). The spin density difference (SDD) of the Cu(II) and Cu(I) 

complexes were plotted to understand their role towards the catechol oxidation 

reaction. It was also found that a drastic change in the spin multiplicity of all the 

three Cu(II) complexes which can be clearly seen from their spin density 

difference plots (Figure 3.21 a-c). It shows that initial spin density is mainly 

concentrated on the Cu centre of the Cu(II) complexes whereas the spin density 

vanishes after the reduction of the Cu-complexes.  
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Figure 3. 21. Spin density difference (SDD) plots of Cu(II) and Cu(I) complexes 

(5-7). Isosurface value is set to 0.03 e.Å-3. 

The SOMO-LUMO gap of the Cu(II) (before reduction) and HOMO-

LUMO gap of the Cu(I) complexes (after reduction) were also calculated and it 

shows that the HOMO-LUMO gap is higher in the Cu(I) systems compared to 

the SOMO-LUMO gap of the Cu(II) systems. This could be due to the change 

(from d9 to a more stable d10 configuration) in their electronic configuration. The 

SOMO-LUMO gap of Cu(II) complexes (5-7) were also investigated to find out 

their reactivity towards the catechol oxidation. It was found that dinuclear 

complex 6 (1.36 eV) has lower SOMO-LUMO gap compared to complex 5 (4.08 

eV) and complex 7 (2.44 eV) (Figure 3.22 and Table 3.6). It proves that complex 

6 is more reactive towards the catechol oxidation compared to complex 5 and 7. 

Thus, the bi-nuclear complex shows superior catalytic activity over others and 

this can be related with their SOMO energies. The calculated SOMO energies 

are -6.08, -7.19, and -5.88 eV for 5, 6 and 7, respectively. It shows, the SOMO 

is highly stabilized in the bi-nuclear complex and thus ready to accept an 

electron, which is turn triggers the catechol oxidation reaction. The catechol 

oxidation trend (6>7>5) is very much in agreement with the experimental 

findings. 
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 Furthermore the catechol oxidation trend (6>7>5) can get influenced by 

an additional factor which is nothing but the geometry around the metal ion. It 

is reported that with more asymmetric nature of the geometry around metal ion 

the activity towards catechol oxidation increases [81]. Taking the 

crystallographic data for the complexes 5-7 and following the mentioned 

correlation, it has been found that the higher/lower distances of the Cu first 

coordination sphere are 2.265/1.934 = 1.17 for 5; 2.75/1.985 = 1.385 for 6; and 

2.423/1.921 = 1.26 for 7. That means the distortion of the symmetry follows the 

following trend 6>7>5, which is manifested in terms of catalytic activity of the 

complexes. 

 

Table 3. 6. Table for SOMO-LUMO data in catechol oxidation by different 

complexes. (Solvent – Methanol) 

Systems SOMO (eV) LOMO (eV) Δ (eV) 

Complex-5 -6.08 -2.00 4.08 

Complex-6 -7.19 -5.83 1.36 

Complex-7 -5.88 -3.43 2.44 

 

 

Figure 3. 22. SOMO-LUMO diagram of complexes 5-7 in catechol oxidation 

process 
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3.4 Conclusions 

In conclusion three new Cu(II) complexes [Cu(HL1)(Pyridine)(H2O)] 

(ClO4)2.2MeOH (5), [Cu2(HL1)2(NO3)2](NO3)2.3H2O (6) and 

[Cu(HL2)(NO3)2].MeCN (7) have been synthesized and characterized. Various 

types of Cu(II) center’s geometry like tetra, penta and hexacoordination are the 

main structural features of this scheme. Furthermore complex 6 was found to be 

relatively unusual kind of coordination where two  Cu(II) centers are lying in 

different geometrical environment. ETBr displacement assay, gel 

electrophoresis experiment, and fluorescence quenching technique for BSA 

clearly indicate that all these three complexes have DNA binding and cleavage 

as well as protein binding activity. Apart from this, these complexes are quite 

active towards catechol oxidation and anti-bactecrial property. Finally relative 

studies from all the above data clearly reflect that dinuclear complex 6 is the 

most promising molecule towards all these activities. The nuclearity driven 

activity of complex 6 towards DNA binding and catechol oxidations are further 

explained by DFT. 
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Chapter 4 

Nickel(II) and copper(II) complexes 

constructed with flexible Schiff base ligand: 

Synthesis, X-ray crystal structure, enzyme 

catalysis and biological applications 

The flexibility of Schiff base ligands (HL1 and HL2) upon variation of different 

metal ions was explored in previous two chapters but with changing reaction 

conditions or with variation of auxiliary anion with same metal has not produced 

any pair of complexes where the ligand is in two different conformation. For this 

reason a modified Schiff base ligand HL3 [2-(phenyl((2-(piperazin-1-

yl)ethyl)imino)methyl)phenol] has been introduced. Structural features and 

different applications of four newly synthesized metal complexes formed by the 

reaction of this ligand HL3 with Cu(II) and Ni(II) salts are discussed in two parts. 

4A - Investigation on chemical protease, nuclease and catecholase activity 

of copper(II) complexes with flexidentate Schiff base ligands 

And 

4B - Counter anion directed flexibility of Ni(II) Schiff base complexes: 

Lysozyme binding and glycosidase activity 

 

Figure 4. 1. Schematic representation of metal ion and counter anion dependent 

flexibility towards various applications. 

  



                                                                         

  
    

 

136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                         

  
    

 

137 

 

Chapter 4A 

Investigation on chemical protease, nuclease 

and catecholase activity of copper(II) 

complexes with flexidentate Schiff base 

ligands 

4A.1 Introduction 

Bioinorganic chemistry is an embryonic area in chemical biology for diverse use 

of metal complexes in therapeutic applications.[1, 2] Transition metal 

complexes with their tunable coordination geometry, versatile redox and 

spectroscopic properties are suitable for designing metal-based therapeutic 

agents.[3] Currently, much of the information regarding the role of metals in 

natural systems has been obtained through comparative studies on 

metalloenzymes and model metal complexes.[4] Thus, use of transition metals 

by nature in different biological processes drives the quest of the scientist to 

understand the underlying principles of its functionality, which eventually helps 

to develop different structural and more importantly functional model systems. 

[5] Among the large variety of enzymatic systems, protease, nuclease, and 

catecholase get a great attention in recent years.[6-9] Inside big library of model 

mimicking metalloenzyme, copper is one of widely used metals as it has been 

reported as a bio-essential element for a long time[10] but its biological 

importance is only getting explored in the past few decades during the 

development of bioinorganic chemistry and successful studies of interaction of 

model complexes with various bio-macromolecules have been taken up as a 

consequence.[11-14]  

 Metal based synthetic proteases are one of the focus point to bioinorganic 

chemists due to its significance as artificial peptidases and anti-metastasis 

agents.[15]  Thus there is a great interest in designing the artificial 

metalloproteases that can cleave proteins at a specific site.[16] Development of 
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peptide bond cleaving reagents (artificial peptidases) is thought-provoking as 

peptide bond is the most stable chemical bonds in nature (t1/2, 7-600 years at 

ambient temperature; pH 7).[17] These cleaving agents will be valuable in 

investigating the arrangement of structures of proteins. Small metal complexes 

may assume the role of proteases and could be utilized to create responsive 

intermediates for peptide bond cleavage at chosen sites on proteins.[18, 19] 

 Apart from protease activity, DNA binding and nuclease activity of small 

metal complexes is one of the important phenomena in bioinorganic chemistry. 

As copper complexes are capable of binding and cleaving DNA selectively 

under physiological conditions without using any external reagent thus metal 

based pseudonucleases generate a new era in the field of nucleic acid chemistry 

for their versatile use in foot printing, sequence-specific binding to nucleic acids, 

and as new structural probes and therapeutic anti-proliferative agents.[20, 21]  

 Moreover, copper based enzymes which are capable of possessing 

molecular oxygen at ambient condition have received a considerable attention 

to the scientists to develop such biologically active model systems which are 

able to oxidize some catechol moiety to its corresponding diquinones following 

an enzyme catalysis pathway.[22] These oxidation reactions are also having 

great role in medicinal aspect for the determination of the hormonally active 

catecholamines: adrenaline, noradrenaline and l-dopa.[23, 24] 

 There were reports in literature where copper complexes have played 

active role in chemical nuclease as well as protease activity.[9, 25] Here in this 

chapter we have planned to make such copper based systems which can 

diversely show protease, nuclease as well as catecholase activity. In this scenario 

we have developed one new fliexidentate Schiff base ligand 2-(phenyl((2-

(piperazin-1-yl)ethyl)imino)methyl)phenol (HL3) to synthesize two copper 

complexes [Cu(HL3)(MeOH)(Py)](ClO4)2 (8) and [Cu(HL3)(DMF)](NO3)2 (9). 

The idea of using the flexidentate ligand was to allow the copper complexes to 

bind the substrate more easily as the flexibility of the ligand can pave the way 

for increased metal-substrate interaction. In case of the chosen ligand the 

piperazinyl arm of the Schiff base can show flexible behavior by adopting either 
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chair or boat conformation.[5, 26] However, in this study the piperazinyl arm 

remains in chair form making the ligand effectively tridentate in nature leaving 

enough coordination position available for binding of the substrate. Affinity of 

the synthesized complexes towards BSA protein has been explored and further 

scrutiny towards protease activity is also carried out. Interaction of complexes 

with DNA, applying both binding and cleavage experiment are also 

experimented followed by cell cytotoxicity measurement. Moreover, complexes 

were also investigated for possible catecholase like activity. Interestingly both 

the complexes have shown interesting versatile activity towards protease, 

nuclease and catecholase activity. 

 

4A.2 Experimental section 

4A.2.1 Materials and methods 

All the chemical reagents required were purchased from sigma and used without 

further purification. The specifications of all the instruments used for analysis 

purpose were same as described in the section 2.2.1 of the previous chapter 2. 

4A.2.2 X-ray crystallography 

The crystals were mounted onto quartz fibers and the X-ray diffraction intensity 

data were measured at 153 K with a Bruker APEX II diffractometer equipped 

with a CCD detector, employing Mo Kα radiation (λ = 0.71073 Å), with the 

SMART suite of programs.[27] All data were processed and corrected for 

Lorentz and polarization effects with SAINT and for absorption effects with 

SADABS.[28] Structure solution and refinement were carried out with the 

SHELXTL suite of programs.[29] Data were corrected for absorption effects 

using the multi-scan method (SADABS). The structures were solved by 

Patterson maps to locate the heavy atoms, followed by difference maps for the 

light, non-hydrogen atoms. All non-hydrogen atoms were refined with 

anisotropic thermal parameters. Crystal data and structural parameters are 

provided in Table 4A.1. 
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Table 4A. 1. Crystallographic data and structure refinement parameters for 8 

and 9. 

Complex 8 9 

Empirical Formula C25H32Cl2CuN4O10 C22H30CuN6O8 

Formula weight 682.98 570.06 

Crystal system Monoclinic Triclinic 

Space group P 21/c P -1 

a (Å) 17.4916(7) 8.9789(3) 

b (Å) 10.6731(4) 10.1049(3) 

c (Å) 15.2492(7) 14.9074(4) 

α (°) 90 108.7631(17) 

β (°) 97.6228(19) 99.4028(18) 

𝛾(°) 90 99.2970(19) 

V (Å3) 2821.71 1229.84(7) 

λ (Å) 0.71073 0.71073 

ρcalcd (mg m-3) 1.608 1.539 

Z 4 2 

T (K) 153(2) 153(2) 

μ (mm-1) 0.968 1.887 

F(0 0 0) 1412 594 

Crystal size (mm3) 0.20 × 0.18 × 0.14 0.10 × 0.06 × 0.04 

θ ranges (°) 2.53 – 22.09 2.36 – 22.77 

h/k/l -24,21/-14,14/-20,20 -12,12/-14,14/-21,21 

Reflections collected 47762 41983 

Independent reflections 7613 7330 

Tmax and Tmin 0.73 and 0.87 0.90 and 0.96 

Data/restraints/parameters 7613 / 2 / 427 7330 / 0 / 336 

GOF 1.015 1.017 

Final R indices [I > 2σ(I)] R1 = 0.0523, wR2 = 0.1121 R1 = 0.0398, wR2 = 0.0866 

R indices (all data) R1 = 0.1195, wR2 = 0.1360 R1 = 0.0615,wR2 = 0.0962 

Largest peak and hole 

(e Å-3) 

0.445 and -0.487 0.624 and -0.447 
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4A.2.3 Synthesis of 2-(phenyl((2-(piperazin-1-

yl)ethyl)imino)methyl)phenol (HL3) 

1.98 g (10 mmol) of 2-Hydroxybenzophenone dissolved in 10 mL of chloroform 

was added into a solution of 1.29 g of amino ethyl piperazine (10 mmol) in 5 

mL of chloroform. The mixture was stirred for 2 hours at room temperature. 

After evaporation of the volatile solvent, a yellow oily compound (HL3) is 

formed. Yield: 72%. 1H NMR (400.13 MHz, 298 K, CDCl3): δ 15.66 (s, 1H, 

phenolic OH), 6.57–7.52 (m, 9H, aromatic H), 3.39-3.48 (t, 2H, aliphatic –CH2), 

2.79-2.88 (m, 4H, cyclohexene –CH2), 2.60-2.68 (t, 2H, aliphatic –CH2), 2.34-

2.43 (t, 4H, cyclohexene –CH2) (Figure 4A.1); 13C NMR (100.61 MHz, 293 K, 

DMSO): δ 174.6, 163.7, 133.9, 132.5, 131.5, 129.1, 128.8, 127.3, 119.7, 118.2, 

117.2, 59.4, 54.6, 48.8, 46.0. (Figure 4A.2) C19H23N3O (m/z) calculated – 309.18 

(M)+; obtained – 310.5 (M + H)+  (Figure 4A.3)  

 

Figure 4A. 1. 1H NMR for Ligand (HL3) 
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Figure 4A. 2. 13C NMR for Ligand (HL3) 

 

Figure 4A. 3. ESI-MS Spectra of Ligand (HL3) 

 

4A.2.4 Synthesis of [Cu(HL3)(MeOH)(Py)](ClO4)2 (8) 

At first 15 mL of methanolic solution containing HL3 (0.15 g, 0.5 mmol) and 

Cu(ClO4)2.6H2O (0.18 g, 0.5 mmol) was stirred at room temp for 1h. Then after 

evaporating the solvent, the concentrated solution was kept for few days. Finally 

after 6 or 7 days green block shaped crystals of 8 were obtained from the slow 

evaporation of reaction mixture. Yield: 82%. Anal. Calcd. (%) : 

C24H28Cl2CuN4O9 C, 44.28; H, 4.34; N, 8.61. Found (%): C, 44.12; H, 4.88; N, 

8.55. [C24H28CuN4O]2+ (m/z) calculated – 226.0 (m/z); obtained – 226.0 (m/z). 

(Figure 4A.4) Selected IR on KBr (ν/cm-1): 1595 (‒C=N), 1045 (ClO4
-). 
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Figure 4A. 4. ESI-MS Spectra of Complex 8 

 

4A.2.5 Synthesis of [Cu(HL3)(DMF] )(NO3)2 (9)  

At first 15 mL of methanolic solution containing HL3 (0.15 g, 0.5 mmol) and 

Cu(NO3)2.3H2O (0.12 g, 0.5 mmol) was stirred at room temp for 1h. Then after 

evaporating the solvent, the sticky compound obtained was dissolved in DMF. 

Finally after 6 or 7 days green block shaped crystal of 9 was obtained from this 

solution after layering with diethyl ether. Yield: 76%. Anal. Calcd. (%) : 

C22H30CuN6O8 C, 46.34; H, 5.30; N, 14.74. Found (%): C, 46.22; H, 5.46; N, 

14.92. [C22H28CuN4O2]
2+ (m/z) calculated – 221.0 (m/z); obtained – 221.0 (m/z). 

(Figure 4A.5) Selected IR on KBr (ν/cm-1): 1605 (‒C=N), 1342 (NO3
-). 

 

Figure 4A. 5. ESI-MS Spectra of Complex 9 
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4A.2.6 Protein binding study 

The binding interactions experiments of complexes 8 and 9 with BSA protein 

were carried out following the protocols as mentioned in the section 2.2.10 of 

previous chapter 2. 

 

4A.2.7 Circular dichroism measurements 

The change in the secondary structure of BSA protein after interaction with 

complexes 8 and 9 were studied by the circular dichroism measurements 

following the similar protocols as mentioned in the section 2.2.11 of previous 

chapter 2.  

4A.2.8 Protease activity study 

Two different concentrations of 8 and 9 (250 and 500 μM) were incubated with 

0.3 mg per mL BSA in 10 mM Tris-HCl (pH, 7.4) (in presence and absence of 

H2O2) and incubated overnight at 37 °C. The samples were mixed with Laemmli 

buffer and denatured in a boiling water bath for 5 minutes then desolved on 10% 

SDS-PAGE in 1x Trisglycine buffer. After electrophoresis gels were scanned 

and stained in a Coomassie brilliant blue staining solution (0.1% w/v Coomassie 

brilliant blue R250 in 45% v/v methanol and 10% v/v acetic acid), and destained 

in a destaining solution (45% v/v methanol, 45% v/v water and 10% v/v acetic 

acid). The destained gels were then scanned on a digital scanner (Canon) and 

photographs of the fractionated Coomassie stained protein bands were taken by 

using a gel documentation system (BioRad). 

4A.2.9 Deconvoluted ESI-MS study for protease activity 

ESI-MS spectra was recorded after incubation of BSA protein with H2O2 in 

presence and absence of complexes at the range of 1500-2500. And further the 

collected data was deconvoluted using machine software Bruker daltronics to 

get the exact mass of native protein.  
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4A.2.10 Cell culture 

Hela cells (Human cervical carcinoma cell lines) were procured  from National 

Centre For Cell Science (NCCS), Pune, India and grown in DMEM (GIBCO) 

supplemented with 5 % FBS   (fetal bovine serum), and 100 IU mL-1 of penicillin, 

100 mg mL-1 of streptomycin and 0.25 mg mL-1. The cells were maintained at 

37º C in a humidified CO2 (5%) incubator. The adherent cultures were grown as 

a monolayer and were passaged once in every 3-4 days. 

 

4A.2.11 MTT assay for the study of cell cytotoxicity 

To investigate the cytotoxicity effect of copper Schiff base complex on HeLa 

cells, an in vitro colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay has been performed. This assay is based on 

the metabolic reduction of soluble MTT into an insoluble colored formazan 

product which is measured spectrophotometrically after dissolving in DMSO. 

The compounds were used at various concentrations ranging from 0 to 500 µM 

(50, 90, 100, 150, 200, 300, 500 µM) with quadruplet sets for each 

concentration. After 48, and 72 h of drug treatment, the cell viability was 

measured spectrophotometrically at 595 nm using a microplate reader (Biorad, 

USA). The IC50 value for each compound was calculated using Origin 8.1 

(OriginLab, USA) software as the concentration of the compound tested which 

inhibited the growth of 50% of the cells relative to the untreated control cells. 

 

4A.2.12 Confocal microscopy 

HeLa cells were harvested at the exponential growth phase and were plated into 

96 well flat bottom culture plates at a cell density of 104 per well in 2 mL of 

DMEM complete medium. The cells were incubated for an additional 24 h at 

37º C for growth and adherence of the cells. After this incubation period, the 

medium was then aspirated and was replaced with 2 mL of fresh incomplete 

medium containing Cu(II) complexes at its IC50 concentration and incubated for 

16 h. After the drug treatment, the medium was aspirated and cells incubated 
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with DAPI solution (100 ng mL-1) for 15 min at 37º C. The cells were washed 

twice with PBS (pH 7.4) prior to treatment with propidium idodie (PI) staining 

solution (1 mg mL-1) for 15 min at 37º C. The stained cells were then washed 

properly to remove the excess PI. Images were acquired on the confocal 

microscope (Olympus Ix 83) and analyzed using the FluoView software. 

 

4A.2.13 Catecholase activity study 

Catecholase like activities of complexes 8, and 9 were also studied following the 

similar procedure as described in the section 2.2.12 of previous chapter 2. 

 

4A.2.14 Detection of hydrogen peroxide in the catalytic reactions 

Modification of iodometric method as described in the section 2.2.13 of chapter 

2, is employed to detect H2O2 during the catalytic reaction.  

 

4A.2.15 Supplementary Materials 

CCDC 1421492, and 1421493 contain the supplementary crystallographic data 

for complex 8 and 9, respectively. These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 

(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 

4A.3 Results and discussion 

4A.3.1 Synthesis and characterization 

Synthesis of ligand (HL3) and its four metal complexes are depicted in the 

scheme 4A.1.  
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Scheme 4A. 1. Formation of two Cu(II) Schiff base complexes 8 & 9 

 

This ligand has been characterized by 1H and 13C NMR and ESI-MS 

spectroscopy. All the complexes have been characterized by IR and ESI-MS 

spectroscopy, elemental analysis and single crystal X-ray crystallography. From 

the integrated 1H NMR spectroscopy of HL3, peaks for aromatic protons have 

been observed in the region 6.5-.8.0 ppm. The phenolic –OH proton shows 

signal at 15.66 ppm. The aliphatic protons are detected within the usual range of 

2.37 - 3.46 ppm. 13C NMR spectra also confirmed the proposed structure for 

ligand (HL3). The IR spectra of ligand and complexes have shown characteristic 

band for –C=N in the region 1590-1610 cm-1.[30] FT-IR signals for non-

coordinated ClO4
- and NO3

- were also observed at 1042 cm-1 and 1342 cm-1, 

respectively.[30] The electronic spectra of complex 8 and 9 (Figure 4A.6) have 

been studied in the solution state using CH3OH as solvent. The broad peaks in 

between 200-500 nm indicate the intramolecular LMCT transition.[31] The d-d 

transitions for copper (II) ions were observed centered around 620 nm. 
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Figure 4A. 6. Electronic spectra of two copper complexes 8 & 9. 

 

4A.3.2 Crystal structure of complex 8 and 9 

Crystal structures of these two complexes exhibit two different types of Cu (II) 

centered coordination geometry where complex 8 is penta-coordinated and 

complex 9 is tetra-coordinated. 

The mono metallic complex 8 crystalizes in the space group P21/C. The 

central metal atom is coordinated to the tridentate Schiff base ligand (HL3) and 

one pyridine and one methanol molecule to give penta-coordinated square 

pyramidal geometry (Figure 4A.7). N, N, O donor sites of Schiff base (HL3) and 

N donor site of pyridine are on the equatorial face of square pyramidal geometry 

while O donor site from methanol molecule lies on the axial position of square 

pyramid.  
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Figure 4A. 7. Supramolecular interactions of complex 8 

The piperazinyl ring takes the chair conformation where secondary 

nitrogen atom coordinates one extra proton and stays away from the 

coordination. The distortion of the coordination geometry of penta-coordinated 

system can be calculated by the τ5 value, a reference to describe the degree of 

distortion for square-pyramid and trigonal-bipyramid [square pyramid, τ5 = 0; 

trigonal-bipyramid, τ5 = 1; τ = (β – α)/60°, α and β are the two largest angles 

around the central atom].[32] The τ5 value for complex 8 is 0.003, indicating a 

perfect square-pyramidal geometry adopted by copper center. In complex 8, the 

average co-ordination bond angle around the Cu center of square pyramidal 

geometry is  89.25°, whereas the least bond angle was observed for N(3)–Cu(1)–

N(1) (∼85.91°) (Table 4A.2) due to the formation of a chelated five membered 

ring.  

Table 4A. 2. Selected bond lengths (Å) and bond angles (°) for 8 and 9 

Complex 8 9 

Cu(1)-O(1) 1.876(2) 1.862(2) 

Cu(1)-N(1) 2.081(2) 1.930(2) 

Cu(1)-N(3) 1.935(3) .......... 

Cu(1)-O(2) .......... 1.968(2) 

Cu(1)-N(2) .......... 2.043(2) 
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Cu(1)-N(4) 2.002(3) .......... 

Cu(1)-O(10) 2.699(3) .......... 

O(1)-Cu(1)-N(1) 178.0(1) .......... 

O(10)-Cu(1)-N(1) 89.95(9) .......... 

N(1)-Cu(1)-N(3) 84.9(1) .......... 

N(1)-Cu(1)-N(4) 96.1(1) .......... 

N(3)-Cu(1)-O(1) 93.2(1) .......... 

N(3)-Cu(1)-O(10) 85.6(1) .......... 

N(1)-Cu(1)-N(2) .......... 87.25(7) 

N(1)-Cu(1)-O(1) .......... 94.05(7) 

N(1)-Cu(1)-O(2) .......... 175.14(2) 

N(2)-Cu(1)-O(1) .......... 178.20(7) 

N(2)-Cu(1)-O(2) .......... 89.25(6) 

O(1)-Cu(1)-O(2) .......... 89.39(6) 

 

Furthermore, the independent molecules get connected to each other for making 

1D supra-molecular chain like structure (Figure 4A.7) via formation of C16–

H16⋯O10 hydrogen bonding. Similar kind of 1D chain oriented in opposite 

direction connected to each other via C12–H12⋯O1 hydrogen bonding. 

Furthermore these kinds of two parallel chains are linked through C5–H5A⋯O4 

and N2–H2B⋯O4 hydrogen bonding networks to build a 2D plane. 

Complex 9 is crystalized in the space group P-1 where the central metal 

lies in tetra-coordinated geometry. Three coordination sites of central metal 

atom are fulfilled by Schiff base ligand (HL3) and one site is occupied by a DMF 

molecule. The square planar geometry of Cu(1) is further proved by τ4  index 

which defines the distortion between a perfect tetrahedron (τ4 = 1) and a perfect 

square planar geometry (τ4 = 0) using the formula: τ4 = [360° - (α + β)]/141°, 

with α and β (in °) being the two largest angles around the central metal in the 

complex.[33] The τ4 value for Cu(1) is 0.04, satisfying somewhat a perfect 

square planar geometry for this metal center. Individual molecules get connected 

with each other through an intermediate nitrate anion forming hydrogen bonding 

like N3–H3A⋯O5, N3–H3A⋯O3, C16–H16B⋯O3, C21–H21A⋯O3, C9–

H9⋯O4 and C15–H15B⋯O4 to make a 1D chain. Two such 1D chains are 



                                                                         

  
    

 

151 

 

further connected through C4–H4⋯O4 and C9–H9⋯O4 hydrogen bonding to 

make a 2D sheet (Figure 4A.8). 

 

Figure 4A. 8. Supramolecular interactions of complex 9. 

 

4A.3.3 Protein binding studies 

Qualitative analysis of the binding of chemical compounds to BSA is usually 

detected by inspecting the fluorescence spectra. Generally, the fluorescence of 

BSA is caused by two intrinsic moiety of the protein, namely tryptophan and 

tyrosine. Changes in the emission spectra of tryptophan are common in response 

to protein conformational transitions, subunit associations, substrate binding, or 

denaturation. Therefore, the intrinsic fluorescence of BSA can provide 

considerable information on their structure and dynamics and is often utilized in 

the study of protein folding and association reactions. The interaction of BSA 

with these compounds was studied by fluorescence measurement at room 

temperature.  

The addition of above compounds to the solution of BSA resulted a 

significant decrease of the fluorescence intensity of BSA at near about 340 nm. 

The fluorescence quenching data was further analyzed by the Stern-Volmer 

relation which again can be expressed in terms of bimolecular quenching rate 

constant and average life time of the fluorophore as shown in following 

equation.[5]  
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F0

F
= 1 + kqτ0[Q] = 1 + KSV[Q] 

where F0 and F are the fluorescence intensities in the absence and the presence 

of a quencher, kq is the bimolecular quenching rate constant, τ0 is the average 

life time of fluorophore in the absence of a quencher and [Q] is the concentration 

of a quencher (Metal complexes). KSV is the Stern-Volmer quenching constant 

in M−1. To determine the binding constant and number of binding site Scatchard 

equation was employed which is given by 

log [
F0 − F

F
] = logKa + n log[Q] 

Where Ka and n are the binding constant and number of binding sites 

respectively, and F0 and F are the fluorescence intensities in the absence and 

presence of the quencher respectively. Thus, a plot of log(F0 − F)/F versus 

log[Q] (Figure 4A.9) can be used to determine the value of binding constant 

(from intercept) and number of binding sites (from slope). 

 

Figure 4A. 9. (a) & (b) Fluorescence quenching of BSA by complex 8 & 9 (c) 

Stern-Volmer plot of both complexes (8 and 9); (d) Scatchard plot of both 

complexes (8 and 9). 
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4A.3.4 Three-dimensional fluorescence spectroscopy 

Three dimensional (3D) fluorescence spectroscopy is one of the useful technique 

in protein-ligand binding experiment. In this 3D representation, the fluorescence 

intensity, excitation and emission wavelengths are plotted in three different axes 

to explore a panorama mode presentation. Certain conformational features from 

the contour plot can be found after ligand (metal complex in this case) binding. 

The 3D spectra of BSA exhibited two peaks [peak 1 and peak 2 (Figure 4A.10)] 

which might be quenched after interaction with the Cu(II) complexes. Peak 1 is 

categorized for tryptophan and tyrosine residues of BSA and peak 2 is endorsed 

to the polypeptide backbone which occurs particularly for the presence of the π-

π* transition.[34, 35] Figure 4A.10 signifies the 3D spectra BSA in the absence 

and presence of the Cu(II) complexes at pH 7.4. The consequences are 

summarized in Table 4A.3, which definitely suggest that the complex induces 

micro-environmental and conformational adjustments in BSA.[36] Although the 

result obtained from 3D fluorescence spectroscopy is almost same for both the 

complexes and quite comparable with the results of previous reports[36] but in 

both cases peak 1 and peak 2 are quenched in the presence of the Cu(II) 

complexes implying the involvement of specific interactions between the 

complex and BSA.  

 

Figure 4A. 10. 3D fluorescence spectra and contour plot of BSA (10 µM) in the 

(a) absence and (b) presence of the complex 8 (50 µM), (c) presence of the 

complex 9 (50 µM). 
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Table 4A. 3. 3D fluorescence spectral parameters for BSA in the absence and 

presence Cu(II) complexes. 

System Peak 1 (nm) Δλ 

(nm) 

Intensity Peak 2 (nm) Δλ 

(nm) 

Intensity 

λex λem λex λem 

BSA 

BSA+8 

BSA+9 

280 

280 

280 

340 

340 

340 

60 

60 

60 

622.8 

276.1 

293.2 

240 

240 

240 

340 

340 

340 

100 

100 

100 

121.7 

45.1 

55.9 

 

4A.3.5 Circular dichroism studies 

CD measurement was performed to get enhanced understanding in copper 

complex - protein binding mechanism and secondary structure changes of 

protein. Figure 4A.11 shows the CD spectra of BSA along with BSA-8 and 

BSA-9 complex respectively. 

 

Figure 4A. 11. CD plot for showing interaction of BSA with complexes 8 and 9. 

A negative CD band was detected with two characteristic bands at 208 

and 222 nm which is symbolic of negative cotton effect as a consequence of n 

→ π* transition in the peptide bond of α-helical structure.[5] By treating with 

complex it was observed that there is reduction in both of these bands without 

much shift of the peaks. The reduction is more in the case of complex 8 than 9, 

signifying a stronger impact on the interference of helical structure of the protein 

for 8. All the calculated parameters are represented in Table 4A.4 are quite 

comparable with previous results.[5, 37] 
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Table 4A. 4. Table for CD measurement analysis. 

System α-Helix % β-Sheet % 

Free BSA 68.9 9.4 

BSA-8 68.47 9.41 

BSA-9 68.59 9.6 

 

4A.3.6 Protease activity study 

The scrutiny of protein peptide bond cleaving ability of synthesized molecule is 

one of the key primary analysis tool for probable application towards mimicking 

of protease enzymes which are very essential in digestion as they break the 

peptide bonds in the protein foods to liberate the amino acids needed by the 

body. BSA protein was chosen to analyze the ability of complex 8 and 9 to 

cleave protein peptide bonds. No significant protein cleavage is observed in the 

absence of an activator like hydrogen peroxide (Figure. 4A.12). 

 

Figure 4A. 12. SDS-PAGE diagram of cleavage of bovine serum albumin (BSA, 

4 μM) using various concentrations of complex 8 and 9 in the absence of H2O2. 

Lane 1, BSA; Lane 2, BSA+8(250 µM); Lane 3, BSA+8(500 µM); Lane 4, 

BSA+9(250 µM); Lane 5, BSA+9(500 µM); Lane 6, Molecular weight marker 

When the protein, BSA (4 Μm, M.Wt. 66.5 KD) was incubated at 50 °C with 

complex 8 and 9 (250 μM and 500 μM) in the presence of H2O2 (500 μM) at pH 
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7.4 and then subjected to SDS-PAGE,[16] both the complexes show protein 

cleavage compared with the untreated BSA control band and BSA molecular 

weight marker band. (Figure 4A.13) 

 

Figure 4A. 13. SDS-PAGE diagram of cleavage of bovine serum albumin (BSA, 

4 μM) using various concentrations of complex 8 and 9 in the presence of H2O2. 

Lane 1, Molecular weight marker; Lane 2, BSA; Lane 3, BSA+H2O2 (250 µM); 

Lane 4, BSA+ H2O2 (500 µM); Lane 5, BSA+ H2O2 (500 µM) + 8 (250 µM); 

Lane 6, BSA+ H2O2 (500 µM) + 8 (500 µM); Lane 7, BSA+ H2O2 (500 µM) + 

9 (250 µM); Lane 8, BSA+ H2O2 (500 µM) + 9 (500 µM). 

Both the complexes display spreading or dwindling of the BSA band signifying 

that the nonspecific binding of the complexes to BSA for cleaving of BSA into 

very small fragments.[9] To get further indication of protein cleavage the 

deconvoluted ESI-MS analysis of BSA (4 μM) was done in the absence and 

presence of complex 8 and 9 (100 μM) after incubation with H2O2 for 3 h. In the 

absence of copper complexes, a significantly intense peak was found for getting 

the deconvoluted mass spectra [38] with the m/z value (66588.7) corresponding 

to uncleaved BSA (Figure 4A.14).[9] When BSA was incubated with copper 

complexes no measurable peak intensity for deconvolution was observed in the 

mass spectrum (Figure 4A.14) revealing complete degradation of the protein by 

copper complexes. 
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Figure 4A. 14. (Left)- ESI-MS spectra of BSA after incubation with H2O2 and 

its corresponding deconvoluted spectra. (Right) - ESI-MS spectra of BSA after 

incubation with H2O2 and Complex 9 and its corresponding deconvoluted 

spectra. 

 

4A.3.7 DNA binding studies 

Copper-Schiff base complexes are notable for their interaction with DNA.[39-

42] Ethidium Bromide (EB) is one of the standout amongst the most sensitive 

fluorescent probes that binds to DNA through intercalation.[43] Modest binding 

of drugs to DNA with EB could provide significant data with respect to the DNA 

binding affinity. Figure 4A.15 demonstrates the emission spectra of the DNA-

EB network with increasing amounts of test compounds. The displacement 

technique depends on the lessening of fluorescence intensity because of the 

uprooting of EB from a DNA arrangement by a quencher and the quenching is 

because of the diminishment of the quantity of binding sites on the DNA that is 

accessible to the EB. Further quantitative assessment of the magnitude of 

interaction was ascertained by the classical Stern-Volmer equation: 

F0/F = 1 + Ksv [Q] 

Where F0 and F are the emission intensities of EB bound CT-DNA in the absence 

and presence of the quencher (complexes) concentration [Q], respectively, 

which gave the Stern-Volmer quenching constant (Ksv). The Ksv value is 

obtained with a slope from the plot of F0/F versus [Q] which is shown in Figure 

4A.15. The quenching constant (Ksv) values were obtained from the slope, thus 

indicating the strong binding of the complexes towards DNA. The quenching 

constant (Ksv) values were obtained from the slope, which were listed in Table 
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4A.5. The binding constant (Ka) values obtained from the plot of log [(F0 − F)/F] 

vs. log [Q] (from Scatchard equation). [44] All the binding parameters, listed in 

the Table 4A.5 are quite comparable with earlier reports.[8, 45-49] This 

observed phenomenon of binding affinity of copper complexes towards DNA is 

mainly due to the positively charged nature of these two metal complexes. This 

type of ionic metal complexes have a general tendency to bind with DNA more 

effectively as explained earlier.[26] Like protein binding capacity here also chair 

conformation of pipeazinyl arm induces positive charge density over the 

coordination sphere which helps to make an electrostatic interaction of metal 

complexes with DNA prior to binding.  

 

Figure 4A. 15. (a) & (b) Fluorescence quenching of EB-DNA by complex 8 and 

9; (c) & (d) Stern-Volmer and Scatchard plot of both complexes. 

Table 4A. 5. Various parameters obtained from bio-macromolecular 

interaction study. 

System 

Complex 

DNA Interaction With BSA Interaction With 

1 2 1 2 

KSV (M-1) 

Kq (M-1S-1) 

Ka (M-1) 

n 

1.3 × 103 

………. 

7.7 × 102 

0.9 

3.8 × 103 

………. 

1.8 × 103 

1.43 

8.0 × 103 

1.2 × 1012 

1.9 × 105 

1.3 

7.4 × 103 

1.1 × 1012 

3.1 × 104 

1.1 
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4A.3.8 DNA nuclease activity 

Determination of the effectiveness of metal complexes towards DNA cleavage 

has been investigated by the interaction of plasmid pBR322 DNA with 

complexes 8 and 9. Monitoring the transition of plasmid DNA from the naturally 

occurring, covalently closed circular form (Form I) to the nicked circular relaxed 

form (Form II) is investigated using agarose gel electrophoresis. Figure 4A.16 

represents the cleavage of supercoiled (SC) DNA (Form I) to the nicked circular 

(NC) DNA (Form II) in different concentrations of two complexes in presence 

or absence of external oxidizing agent. The overall outcome is quite analogous 

with previous report.[50] 

 

Figure 4A. 16. Gel electrophoresis diagram showing pBR322 DNA cleavage by 

complex 8 and 9. 

Lane 1 – DNA Control; Lane 2 – DNA+H2O2; Lane 3 – DNA+ 

H2O2+8(100µM); Lane 4 – DNA+ H2O2+8(200µM); Lane 5 – DNA+ 

H2O2+9(100µM); Lane 6 – DNA+ H2O2+9(200µM). Right – Histogram of DNA 

cleavage activity (in terms of % of NC DNA) of two complexes with respect to 

concentrations. 

After careful investigation of these results it is quite clear that there is no 

significant cleavage in the control while the presence of metal complexes 

effective enhancement of DNA cleavage is observed. This cleavage is due to the 

reaction of copper ions with H2O2 and thereby production of diffusible hydroxyl 

radicals or molecular oxygen, both of which are capable of damaging DNA by 

Fenton type chemistry.[51] To clarify the mechanism for the DNA cleavage by 

the complexes, experiments are carried out taking only complex 8 

(representative purpose) in presence of hydroxyl radical scavengers (DMSO and 

EtOH), singlet oxygen quencher (NaN3) and superoxide radical scavenger 
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(SOD). In spite of the fact that it is hard to propose correct reason however the 

outcome (Figure 4A.17) demonstrates that NaN3 hinders more than other three 

scavengers in DNA cleaving experiment from SC form to NC form. 

 

Figure 4A. 17. Investigation the probable way of DNA cleavage. 

Lane 1 – DNA+ 8; Lane 2 – DNA +8+DMSO; Lane 3 – DNA +8+EtOH; Lane 

4 – DNA +8+NaN3; Lane 5– DNA +8+SOD; Lane 6 – DNA +8+ Methyl Green; 

Lane 7 – DNA +8+ DAPI 

This observation is in conformity  with the fact that the DNA cleavage 

occurs by singlet molecular oxygen in presence of Cu(II) complexes.[52] The 

prediction of groove binding capacity of the complex 8 was tested using the 

minor groove binder DAPI and the major groove binder methyl green.[53] 

Figure 4A.17 demonstrates that major groove binder created a slight hindrance 

of the DNA damage intervened by the complex (Lane 6), recommending that 

the complex 8 specially connects through major groove of DNA helix. 

4A.3.9 Cytotoxicity by MTT assay 

The potential anti proliferative impacts of the compounds on cancer cell line 

(HeLa) were detected by the regular MTT assay. The ligand has shown no 

toxicity towards HeLa cell line upto 500 μM concentration range, while the 

complexes have shown considerable cytotoxic effect around 100 μM 

concentration. A sudden cytotoxic effect of these complexes were observed 

(Figure 4A.18) with increase in concentration in the range of 100 - 200 μM 

range. Relatively higher IC50 values have been observed for both the complexes 

(i.e., 113 µM for complex 8 and 154 µM for complex 9) with respect to the other 

reports available in literature.[54] 
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Figure 4A. 18. Cell viability of HeLa cells after treatment with complexes 8 and 

9 for 48 h and 72 h. 

 

4A.3.10 Confocal microscopy 

A specific fluorescent dye 4´,6-diamidino-2-phenylindole (DAPI) and 

propidium iodide (PI) for HeLa cells which were applicable for dual staining 

analysis with the nucleic acid was used to gain insight into the apoptosis ability 

of the complex. DAPI can stain both living as well as dead cells via penetration 

through the cell membrane while PI penetrates only dead cells. The nuclei of the 

untreated cells were stained evenly with DAPI (blue) but very few with PI (red) 

(Figure 4A.19), which indicate that most of the untreated cells were alive. But 

after treatment with the copper complex 8 very few viable cells were found by 

confocal microscopic experiment.   
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Figure 4A. 19. DAPI/PI staining of untreated and drug treated HeLa cells. 

Panel (a) corresponds to the untreated cells, panel (b) corresponds to cells 

treated with the Cu(II) complex. 

 

4A.3.11 Catecholase activity study 

3,5-di-tert-butylcatechol (3,5-DTBC) in the presence of two bulky t-butyl 

substituent in the ring is used as the substrate to scrutinize the catecholase like 

activity of transition metal complexes.[22, 55] This substrate is also generally 

preferable due to its low quinone-catechol reduction potential.[22, 55] UV-Vis 

spectroscopic technique was employed to monitor the overall oxidation reaction 

under aerobic condition. To screen the response a 10-4 M methanolic solution of 

these two complexes were treated with 100 equivalent 3,5-BTDC. A new band 

starts to gradually appear near 400 nm with time due to the formation of the 

oxidized product 3,5-DTBQ upon addition of complex solution on catechol 

substrate (Figure 4A.20). 



                                                                         

  
    

 

163 

 

 

Figure 4A. 20. Gradual increase of di-quinone band of catechol oxidation for 

complex 8 (left) and complex 9 (right). 

The rate constant for the catalytic reaction was calculated by traditional 

initial rate method to comprehend the kinetic feature of catalysis for complex 8 

and 9. The observed rate versus substrate concentration data were then analyzed 

on the basis of the Michaelis–Menten approach of enzymatic kinetics to 

determine the Michaelis−Menten constant (KM) and maximum initial rate (Vmax)  

using Michaelis−Menten plots (Figure 4A.21).[56] 

 

Figure 4A. 21. Michaelis Menten plot for complex 8 (left) and 9 (right). 

The turnover frequency values (kcat) were obtained by dividing the Vmax 

values by the concentration of the corresponding complexes. The fact regarding 

the potential activity of both complexes is clearly represented in Table 4A.6.  
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Table 4A. 6. Table for various kinetic parameters of catecholase activity. 

Complex Complex 

Conc. (M) 

Vmax 

(M min-1) 

Std. Error KM (M) Std. Error kcat / 

T.O.N 

(h-1) 

8 0.0001 0.02261 0.00454 1.4×10-4 1.3×10-4 13.5×103 

9 0.0001 0.01898 0.00129 3.4×10-4 8.7×10-5 11.3×103 

 

This activity may be due to the fact that the positive charge on the piperazinyl 

moiety may help the facilitation of catalyst-substrate interaction by forming a 

positive channel which might be a prerequisite for showing better catalytic 

activities.[26] A similar mechanism has been proposed to explain the activity of 

copper/zinc superoxide dismutase where positively charged arginine and lysine 

residue play a role to attract the anion and guiding them towards the catalytic 

center.[57] The turnover frequency (kcat) of both the complexes is almost similar 

in range and are comparable with previous reports. [58-60]  

The investigation was done to identify the formation of probable 

complex-substrate aggregate through ESI-MS spectrometry (Figure 4A.22). 

 

Figure 4A. 22. Intermediate mass for catechol oxidation using Cu(II) 

complexes. 

In each case one molecular ion peak (m/z) at 480.0 is observed for 

[Cu(HL3)–DTBC–(HL3)Cu]2+ with little bit of deviation which is in the range of 

earlier report. [7] This result suggests that two mononuclear units combine to 

form a dimeric specie to catalyze the catechol oxidation reaction for one 

substrate. The probable reaction mechanism for complexes 8 and 9 are 

represented in Scheme 4A.2. 



                                                                         

  
    

 

165 

 

 

Scheme 4A. 2. Probable mechanism for catechol oxidation by complex 8 and 9. 

 

Formation of H2O2 during catalytic oxidation procedure gives some insight into 

the plausible mechanistic pathway for catechol oxidation.  Taking complex 9 as 

a representative, positive result was found for quantitative detection of I3
- band 

(~353nm.) (Figure 4A.23) by UV-Vis spectroscopy (applying reported 

methodology [61])  which is indicative for the formation of H2O2 during the 

process. It should be noted that the reports containing the studies aimed to 

definitely establish the mode of the dioxygen reduction to either water or 

dihydrogen peroxide are quite scarce and investigation report for probable 

formation of peroxide in reaction mixture is also limited.[62-65] The mode of 

oxidation can be rationalized as follows. In case of dicopper(II) complexes, the 

simultaneous reduction of two copper(II) centers to the copper(I) state results in 

the oxidation of one equivalent of catechol, leading to the release of one quinone 

molecule. In case of these copper (II) complexes only one electron transfer may 

occur, resulting in the formation of copper (I)-semiquinonate intermediate 

species. 
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Figure 4A. 23. UV-Vis spectra to show formation of peroxide during oxidation. 

The reaction of such species with dioxygen may result in the two 

electrons reduction of the latter, leading to the reoxidation of the copper (I) ion, 

a release of the quinone molecule and dihydrogen peroxide formation. 

4A.4 Conclusions 

In conclusion two new Cu(II) complexes [Cu(HL3)(MeOH)(Py)](ClO4)2 (8) and 

[Cu(HL3)(DMF)] (NO3)2 (9)  have been synthesized using a newly developed 

Schiff based ligand 2-(phenyl((2-(piperazin-1-yl)ethyl)imino)methyl)phenol 

(HL3). ETBr displacement assay, agarose gel electrophoresis experiment, 

fluorescence quenching technique for BSA and SDS-Page electrophoresis 

technique clearly indicate that both complexes have potent nuclease and 

protease activity. MTT assay and confocal microscopic images also indicate the 

cytotoxic nature of these complexes towards cancer cell line. Apart from this, 

both the complexes are quite active towards catechol oxidation.  
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Chapter 4B 

Counter anion directed flexibility of Ni(II) 

Schiff base complexes: Lysozyme binding 

and glycosidase activity 

4B.1 Introduction 

Studies on the coordination behaviors of transition metal complexes along with 

their intriguing topologies, have received considerable attention in recent years 

for their versatile physical and chemical properties. Small inorganic molecules, 

particularly the metal coordination complexes have been gaining importance to 

investigate the phenomena at interface between inorganic chemistry and 

biology. It assist to discover the mechanism of the activities of naturally 

occurring metalloenzymes, the entry of metal ions into cells as well as in active 

sites of proteins, metal-induced conformational signaling, drug–protein 

interactions and biomimicry.[1-4] It is now recognized that metal complexes are 

particularly suited for the optimization of non-covalent interactions, since they 

can combine the advantage of flexibility in ligand design with access to a variety 

of coordination geometries, geometrical and optical isomers, oxidation states 

and electronic configurations.[5] Currently, much of the information regarding 

the role of metals in natural systems is gained through comparative studies on 

metalloenzymes and model metal complexes.[6] Thus, use of transition metals 

by nature in different biological processes drives the quest of the scientist to 

understand the underlying principles of its functionality, which eventually helps 

to develop different structural and more importantly functional model 

systems.[7]  

 Lysozyme was selected here as a model for probing the structural 

interactions of Ni(II) complexes with proteins due to its stability, relative 

propensity to crystallize under different range of conditions, and previous use in 

similar studies utilizing medicinal metal complexes.[8-11] The scaffold of hen 
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egg white lysozyme (HEWL), a relatively small globular protein, is particularly 

suitable to probe the fundamental interactions of proteins with metal 

complexes.[12] Moreover the fluorescence quantum yield of HEWL is quite 

high. Literature study reports that HEWL had been frequently used to study the 

interaction of proteins with metal ions and metal based drugs which proved that 

it is able to bind with different metal ions like Fe2+, Mn2+, Cu2+, Co2+, Gd3+, Ag+, 

Ni2+, Au+ and some of their complexes.[13] Therefore HEWL has been selected 

in this chapter as a model protein to study its interaction with different 

substituted complexes through bio-physical approach using some spectroscopic 

techniques.  

 On the other side Glycoside hydrolases involve a large class of enzymes 

that catalyze the hydrolysis of glycosidic bond.[14, 15] These enzymes which 

are dominant in carbohydrate metabolism can be categorized into a number of 

subfamilies based on the structural resemblances. Numerous artificial enzymes 

mimic the glycoside hydrolysis to model the glycosyl transfer reactions 

perceived in nature and hence, these reactions are greatly important in the 

biological systems.[16] Although using various metal ions such as CuII, NiII, 

CoII, and AlIII, the efficient cleavage of some glycosides and disaccharides has 

been investigated but still the other catalytic systems with wider applicability 

are essentially required.[17] 

However ligand design [18] is an important part of synthesis to develop 

such kind molecule which can mimic glycosidase as well as can be able to bind 

with Hen Egg White Lysozyme Protein. Schiff bases with flexible piperazinyl 

arm has shown remarkable possibilities with such kind of activities of enzyme 

mimic and protein binding as discussed in previous three chapters. There were 

some difficulties to tune the flexibility of Schiff base ligands [HL1 = 1-phenyl-

3-((2-(piperidin-4-yl)ethyl)imino)but-1-en-1-ol and HL2 = 4-((2-(piperazin-1-

yl)ethyl)imino)pent-2-en-2-ol] with a specific metal ions. That means with 

Ni(II), the piperazinyl arm of those ligands are always lying in boat 

conformation and with Cu(II), this arm is showing chair conformation. In this 

regard in last chapter 4A, a ligand HL3 [(E)-2-(phenyl((2-(piperazin-1-
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yl)ethyl)imino)methyl)phenol] have employed and the formed Cu(II) complexes 

after reacting  with Cu(II) salts has shown only chair confirmation of piperazinyl 

arm. Thus it was a challenge to prepare structurally diverse compound playing 

with same metal ion. For this purpose in this chapter ligand HL3 was reacted 

with two different Ni(II) salts and finally, structurally two different complexes 

[Ni(L3)(MeOH)] (ClO4)2 (10) and [Ni2(HL3)2(H2O)2(MeOH)2]Cl3.3MeOH (11) 

were formed. Among these two Ni(II) complexes 10 and 11, the piperazinyl arm 

is in boat conformation in Ni(II) complex 10 and in chair conformation in Ni(II) 

complex 11.which is a chloro-bridged dimeric molecule. Apart from structural 

point of view, the lysozyme binding activities of these two complexes were 

determined. As, di-nuclear metal complexes have been recognized at the active 

sites of many metalloenzymes [19] thus here dinuclear complex 11 was 

employed towards glucosidase enzyme mimic. 

 

4B.2 Experimental section 

4B.2.1 Materials and methods 

All the chemical reagents required were purchased from sigma and used without 

further purification. The specifications of all the instruments used for analysis 

purpose were same as described in the section 2.2.1 of the previous chapter 2. 

The ligand 2-(phenyl((2-(piperazin-1-yl)ethyl)imino)methyl)phenol (HL3) was 

synthesized applying the same procedure as described in chapter 4A. 

4B.2.2 X-ray crystallography 

Single crystal X-ray structural studies of 10 and 11 were performed following 

the similar protocol as mentioned in the section 4A.2.2 of previous chapter 4A. 

Intensity data were reduced using SAINT.[20] Empirical absorption corrections 

were performed with SADABS package.[21] The structures were solved using 

direct methods and refined by fullmatrix least-square methods based on |F|2 

using SHELXL-97.[22] All non-hydrogen atoms were refined with anisotropic 

thermal parameters. Hydrogen atoms were placed in calculated positions and 

constrained to ride on their parent atoms. All the calculations were carried out 
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using SHELXS-97, SHELXL-97 and SHELXTL [22] programs. Crystal data 

and structural parameters are provided in Table 4B.1. 

Table 4B. 1. Crystallographic data and structure refinement parameters for 10 

and 11. 

Complex 10 11 

Empirical Formula C19H22ClN3NiO5 C40H58Cl4N6NiO6 

Crystal system Triclinic Monoclinic 

Space group P 1 P121 

a (Å) 9.1868(3) 14.4375(9) 

b (Å) 10.5804(4) 24.4105(14) 

c (Å) 10.6803(4) 16.0739(9) 

α (°) 111.496(2) 90 

β (°) 90.757(2) 103.8546(12) 

𝛾(°) 95.694(2) 90 

V (Å3) 959.77(6) 5500.06 

ρcalcd (mg m-3) 1.614 1.268 

Z 2 1 

T (K) 153(2) 153(2) 

F(0 0 0) 484 2198 

Crystal size (mm3) 0.24 × 0.18 × 0.16 0.34 × 0.28 × 0.24 

θ ranges (°) 2.87 – 28.54 2.68 – 30.39 

h/k/l -13,13/-15,15/-15,15 -20,20/-35,35/-23,21 

Reflections collected 5854 17452 

Independent reflections 4746 10081 

Tmax and Tmin 0.74 and 0.83 0.74 and 0.81 

GOF 1.057 1.025 

Final R indices R1=0.0364,wR2 = 0.0924 R1 = 0.0736, wR2 = 0.2118 

R indices (all data) R1=0.0503,wR2 = 0.0865 R1 = 0.1382, wR2 = 0.2663 

 

4B.2.3 Synthesis of [Ni(L3)(MeOH)] (ClO4)2 (10) 

15 mL of methanolic solution containing HL3 (0.15 g, 0.5 mmol) and 

Ni(ClO4)2.6H2O (0.18 g, 0.5 mmol) was stirred at room temp for 2 h. The orange 

colored precipitate was further dissolved in DMF and layered with MeOH. 

Finally, after 2 or 3 days red needle-shaped crystals were obtained. Yield: 85%. 
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Anal Calcd (%):C19H21ClN3NiO5 C, 49.02; H, 4.55; N, 9.03. Found (%): C, 

49.04; H, 4.73; N, 8.92. [C19H21N3NiO]+ (m/z) calculated – 365.10 [M]+; 

obtained – 366.11 (M + H)+. Selected IR on KBr (ν/cm-1): 1597 (‒C=N), 

1097(ClO4
-). 

 

4B.2.4 Synthesis of [Ni2Cl(HL3)2(H2O)2(MeOH)2]Cl3.3MeOH 

(11)  

15 mL of methanolic solution containing HL3 (0.15 g, 0.5 mmol) was added 

drop wise to a 10 mL solution of NiCl2.6H2O (0.12 g, 0.5 mmol) and the 

resultant mixture was stirred at room temp for 1hr and then the solution was 

concentrated by evaporating the solvent. Layering of the reaction mixture with 

diethyl ether furnished suitable crystals after few days. Yield: 72%. Anal. Calcd. 

(%) : C40H58Cl4N6Ni2O6 C, 49.12; H, 5.98; N, 8.59. Found (%): C, 49.20; H, 

5.72; N, 8.45. [C40H58ClNi2N6O6]
3+ (m/z) calculated – 289.7 (M)3+ ; obtained – 

289.1 (M)3+. Selected IR on KBr (ν/cm-1): 1605 (‒C=N) 

 

4B.2.5 Lysozyme binding study  

The binding capacity experiments of complexes 10 and 11 with Hen Egg White 

Lysozyme were carried out using standard Trp fluorescence with excitation at 

295 nm and the corresponding emission at 335 nm, using a Fluoromax-4p 

spectrofluorometer [from Horiba JobinYvon (Model: FM-100)] with a 

rectangular quartz cuvette of 1 cm path length.  A stock solution of HEW 

Lysozyme was prepared in TRIS-HCl buffer (pH ∼ 7.4). Concentrated stock 

solutions of complexes 10 and 11 was prepared by dissolving them separately in 

TRIS-HCl buffer and diluted suitably with TRIS-HCl buffer to get the required 

concentrations. An aqueous solution (2 mL) of HEWL protein (10 µM) was 

treated by successive additions of the respective complexes (0 to 100 µM). 
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4B.2.6 Glucoside hydrolysis activity 

Glucosidase activity of the complexes was measured taking the solution of Ni(II) 

complexes in water at pH≈10.5 (50 mM CAPS buffer) which was treated 

separatey with 100 eqivalents of p-nitrophenyl-α-D-glucopyranoside and p-

nitrophenyl-β-D-glucopyranoside under aerobic condition at room temperature. 

Absorbance vs. wavelength plots were recorded for these solutions at a regular 

time interval of 10 min. The reaction was monitored over the time by formation 

of p-nitrophenolate using UV-vis spectroscopy at 410 nm. The dependence of 

rate on substrate concentration and various kinetic parameters were determined 

by treating different concentartion of substrate with a fixed molar concentration 

of catalyst. 

 

4B.2.7 Supplementary materials 

CCDC 1421490, and 1421491 contain the supplementary crystallographic data 

for complex 10 and 11, respectively. These data can be obtained free of charge 

via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 

(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 

 

4B.3 Results and discussion 

4B.3.1 Synthesis and characterization 

Synthesis of ligand (HL3) and its nickel complexes are depicted in the scheme 

4B.1. The characterization of ligand (HL3) is well depicted in the previous 

chapter.  
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Scheme 4B. 1. Formation of two Ni(II) Schiff base complexes (10 & 11) 

Both the complexes have been characterized by IR and ESI-MS 

spectroscopy, elemental analysis and single crystal X-ray crystallography. The 

IR spectra of ligand and complexes have shown characteristic band for -C=N in 

the region 1590-1610 cm-1.[23] FTIR signals for non-coordinated ClO4
- was also 

observed at 1042 cm-1.[23] The electronic spectra of complex 10 and 11 (Figure 

4B.1) have been studied in the solution state using CH3OH as a solvent. The 

broad peaks in between 200-500 nm indicate the intramolecular LMCT 

transition.[24] The d-d transition band for octahedral complex was observed in 

between 1100 – 1200 nm.  

 

Figure 4B. 1. Electronic spectra of Nickel complexes 10&11 
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4B.3.2 Crystal structure of complex 10 and 11 

Crystal structures of these two complexes depict two different types of Ni (II) 

centered coordination geometry where complex 10 exhibits square planar 

geometry and complex 11 exhibits octahedral geometry. In these two 

complexes, the major coordination bond lengths between Ni atom and N/O-

donor centers are within the range of 1.801(1) to 2.292(7) Å (Table 4B.2), 

matches perfectly to an earlier report. [25] 

Table 4B. 2. Selected bond lengths (Å) and bond angles (°) for 10 and 11 

Complex 10 11 

Ni(1)-N(1) 1.839(1) 2.012(3) 

Ni(1)-N(2) 1.879(1) 2.248(3) 

Ni(1)-N(3) 1.920(1) .......... 

Ni(1)-O(1) 1.801(1) 2.002(3 

Ni(1)-O(2) .......... 2.083(4) 

Ni(1)-O(3) .......... 2.080(3) 

Ni(2)-O(4) .......... 1.987(4) 

Ni(2)-O(5) .......... 2.120(3) 

Ni(2)-O(6) .......... 2.074(4) 

Ni(1)-N(4) .......... 2.022(4) 

Ni(1)-N(5) .......... 2.292(7) 

Ni(1)-Cl(1) .......... 2.429(1) 

Ni(2)-Cl(1) .......... 2.420(1) 

N(1)-Ni(1)-N(2) 89.99(7) 83.9(1) 

N(1)-Ni(1)-N(3) 164.69(7) .......... 

N(1)-Ni(1)-O(1) 97.62(7) 90.2(1) 

N(2)-Ni(1)-O(1) 172.3(7) 173.6(1) 

Cl(1)-Ni(1)-N(1) .......... 177.3(1) 

Cl(1)-Ni(2)-N(4) .......... 178.0(1) 

 

The mono-metallic complex 10 crystalizes in the space group P1. The central 

metal atom is coordinated to the tetradentate Schiff base ligand L in a square 

planar fashion (Figure 4B.2). The average co-ordination bond angle around the 

Ni center of square planar geometry is around 90° whereas the least bond angle 
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was observed for N(2)–Ni(1)–N(3) (∼76°) due to the formation of a chelated 

five membered ring piperazinyl moiety in a boat conformation. Furthermore, the 

independent molecules get connected with each other via disordered perchlorate 

ion through hydrogen bonding viz. N3–H1N⋯O2, N3–H1N⋯O5 and C11–

H11⋯O4 to form a 1D chain (Figure 4B.2). Two such 1D strands are 

additionally joined by the same interconnecting perchlorate ion via C15–

H15B⋯O5, C16–H16B⋯O4 and C19–H19A⋯O3 (Figure 4B.2).  

 

Figure 4B. 2. Supramolecular interactions of complex 10 

The binuclear complex 11 with space group P21/c is a chloro bridged 

dinuclear complex where each Ni atom is in octahedral geometry and two axial 

positions are occupied by one methanol and one water molecule. The interesting 

features are that here the piperazinyl moiety has taken the chair confirmation. 

The nonbonding chloride ion is participated in non-covalent hydrogen bonding 

interactions (like N6–H6B⋯Cl2, O2–H10⋯Cl2, N3–H3B⋯Cl2, C17–

H17A⋯Cl2, C15–H15B⋯Cl2 and C9–H9⋯Cl2) to connect neighboring three 

molecule. (Figure 4B.3)  
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Figure 4B. 3. Non covalent hydrogen bonding interactions in complex 11 

Furthermore, two individual molecules get interconnected via C31–

H31⋯Π hydrogen bonding interaction to build a 1D chain and each 1D chain is 

further joined through N6–H6B⋯Cl2 and N3–H3B⋯Cl2 hydrogen bonding to 

make a 2D sheet type of network (Figure 4B.4).  

 

Figure 4B. 4. 2D Supramolecular networks in complex 11 

From the structural analyses of complex 10 and 11 it is evident that Ni(II) 

center of complex 10  is square planar in nature while complex 11 shows 

octahedral geometric feature around the metal center. Tuning of the flexibility 

of piperazine moiety in both the complexes is also a noticeable feature. The 

piperazine moiety of ligand HL3 of complex 10 is in boat conformation while 

for complex 11, it is in a chair conformation. It may be assumed that counter 

anion of nickel salts play a significant role in this change of conformation. ClO4
- 

anion has less ligation capacity than Cl-. Therefore, in complex 11, chloride ion 
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makes a bridge to form the dinuclear complex 11. Thus it may be predicted that 

after coordination of chloride ion with Ni(II) center in complex 11, it released 

the excess strain and the piperazine ring become in chair conformation which is 

thermodynamically more stable. 

4B.3.3 Lysozyme binding study  

The fluorescence spectra of these two complexes are exceptionally weak 

contrasted with the intrinsic fluorescence of tryptophan residues in HEWL. 

Henceforth, the quenching of intrinsic fluorescence of tryptophan residues 

present in HEWL has been utilized to understand the interaction between 

lysozyme and the complexes. The gradual decrease in the intrinsic fluorescence 

intensity of HEWL on addition of individual complex solutions, shown in Figure 

4B.5 and Figure 4B.6, depict the changes in the local environment to tryptophan 

residues of the protein due to its binding to the complex. [26] HEWL contains 

six tryptophan moieties (28,62,63,108,111,and 123) with Trp-62, Trp-63, and 

Trp-108 located in the active site.[27] Although the six tryptophans are not 

independent emitters, the bulk of the fluorescence of lysozyme is located in Trp-

62 and Trp-108. Subsequently, the quenching of fluorescence intensity of the 

protein in the presence of the metal complexes shows the probability of the 

changing the microenvironment of these two tryptophan residues. Figure 4B.5 

and Figure 4B.6 indicate that the steady-state fluorescence quenching is related 

with blue shifts (Δλ = 2 nm for complex 11) of the wavelength of maximum 

fluorescence intensity (λmax). The blue shifts of λmax associated with complex 11 

indicate the presence of non-polar environment favoring hydrophobic 

interactions between complex and the protein.  
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Figure 4B. 5. (a) Fluorescence quenching of Lysozyme by complex 10 (0-100 

µM). (b) & (c) Corresponding Stern Volmer Plot and Scatchard plot. 

 

Figure 4B. 6. (a) Fluorescence quenching of Lysozyme by complex 11 (0-100 

µM). (b) & (c) Corresponding Stern Volmer Plot and Scatchard plot. 

Further, the apparent binding constants (Ka) of the order of 102 as 

obtained from Scatchard plot (Figure 4B.5 and Figure 4B.6) suggest that both 

the complexes possess moderate binding affinity towards HEWL. It was also a 

noticeable feature that chloro bridged dinuclear Ni(II) complex 11 has shown 

greater binding affinity than the complex 10. As the number of the binding site 

of the protein towards each complex is almost one, thus it indicates the formation 

of 1:1 complex between HEWL and individual complex. All the parameters are 

tabulated in the Table 4B.3 

Table 4B. 3. Various parameters obtained from lysozyme binding study. 

 

  

System Ksv (M-1) Ka (M-1) N 

Complex 10 5.9*104 3.1*102 0.6 

Complex 11 1.5*105 5.6*103 0.9 
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4B.3.4 Glycosidase activity study 

Glycosidic bond cleavage by glucoside hydrolysis is presented in the Scheme 

4B.2. In sequence to evaluate the ability of two complexes towards the cleavage 

of glucoside bonds, the hydrolysis of p-nitrophenyl-α-D-glucopyranoside and p-

nitrophenyl-β-D-glucopyranoside was examined in aqueous solution in 50 mM 

CAPS buffer at pH≈10.5. 

 

Scheme 4B. 2. Schematic representation of hydrolysis of glucosidic linkage. 

For this purpose, 1.0 × 10-5 M solutions of these complexes were treated 

with 2.0 × 10-4 M solutions  of glycoside substrates separately, at room 

temperature under aerobic conditions. The course of the reaction was monitored 

by UV-vis spectroscopic technique. From the outcome it was observed that only 

dinuclear complex 11 is showing effective glucosidase activity (Figure 4B.7). 

This result was quite similar with that of previously predicted as natural 

glycosidase is the dinuclear copper based enzyme. 
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Figure 4B. 7. Glucoside bond hydrolysis of (a) p-nitrophenyl-α-D-

glucopyranoside (b) p-nitrophenyl-β-D-glucopyranoside (c) Corresponding 

Michaelis-menten plot. 

The kinetics of  the hydrolysis p-nitrophenyl-α-D-glucopyranoside and 

p-nitrophenyl-β-D-glucopyranoside were determined by the Michaelis-Menten 

approach of enzyme kinetics by monitoring the p-nitrophenolate band at 410 nm 

as a function of time. The concentration of each of the glycoside substrates were 

kept constant at 10 times higher than that of the catalyst to maintain the pseudo-

first-arrange reaction condition. The dependence of the initial rate on complex 

and substrate concentration was considered keeping in mind the end goal to 

explain the reactivity. The solutions of complex 11 were treated with different 

concentrations of each glycoside substrate to determine the dependence of rates 

on the substrate concentration and various kinetic parameters. The Michaelis-

Menten approach has been applied to get the various kinetic parameters like Kcat, 

KM and Vmax which were shown in Table 4B.4. 
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Table 4B. 4. Various parameters obtained from Michaleis-menten diagram. 

Substrate Vmax 

(M min-1) 

KM (M) kcat / T.O.N 

(min-1) 

p-nitrophenyl-α-D-

glucopyranoside 

1.99 × 10-4 4.0×10-3 1.99 

p-nitrophenyl-β-D-

glucopyranoside 

3.98 × 10-4 4.6×10-3 3.98 

 

This hydrolysis of glucoside is directly dependent on the concentration of 

complex under the conditions employed. From literature, it was clear that 

influence of both metal centers in either natural glycosidase enzyme or artificial 

mimic enzyme is very effective towards hydrolysis of glucoside bond. Thus, 

finally it can be assumed that the observed catalytic activity of the complexes is 

associated with the electronic features of the ligand backbones as well as the 

influence of an overall geometry of two nickel (II) centers in complex 11. 

4B.4 Conclusions 

In conclusion two new Ni(II) complexes [Ni(L3)(MeOH)] (ClO4)2 (10) and 

[Ni2(HL3)2(H2O)2(MeOH)2]Cl3.3MeOH (11)  have been synthesized using a 

newly developed Schiff based ligand 2-(phenyl((2-(piperazin-1-

yl)ethyl)imino)methyl)phenol (HL3). Structurally diverse geometry of two 

complexes were determined where one complex is square planar along with boat 

conformer piperazine moiety and other one is dinuclear chloro bridged 

octahedreal complex where piperazinyl arm is in chair conformer. Lysozyme 

binding activities of these complexes were also scrutinized and the result shows 

that dinuclear complex has higher binding capacity than the other mononuclear 

complex. Moreover dinuclear complex 11 shows potent glycosidase activity.   
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Chapter 5 

A novel approach of pseudohalide promoted 

enhanced corrosion inhibition by 

antimicrobial zinc(II) Schiff base complexes 

 

5.1 Introduction 

Coordination chemistry of zinc has served an important role in the advancement 

of various fast developing fields of science and technology. [1-4] The strategic 

synthesis of the zinc complexes has received considerable attention, because of 

the potential application in diverse fields with wide variety of uses in the 

interfaces of the various subjects in science. 

 Among various different socio economic problems, corrosion of metal is 

one of the major problems faced by chemical and other industries over the years. 

Corrosion is defined as the harsh attack on metals by its surroundings. The 

spontaneous damage of metal due to heterogeneous chemical reaction is the 

main reason behind the chemical corrosion.[5] The effects of various micro-

organisms on metal are known as microbial corrosion.[6] Thus corrosion 

inhibition is one of the challenging fields for chemists as well as engineers. 

Corrosion inhibition by different materials is a surface phenomenon where the 

adsorption of the organic and inorganic compounds on the metal surface serves 

as a means of achieving the aim.[7] It is fascinating to imagine the blend of 

organic–inorganic hybrid compounds which can be readily active with effective 

surface chemistry to inhibit the corrosion on metal surface.[8] Knowing the 

orientation of the molecule, favorable configurations, atomic charges, steric and 

electronic effects would be useful for better understanding of the inhibitor 

performance of inorganic complexes. Thus, the benefit of utilizing inorganic 

coordination complexes evolved numerous research attempts for fabrication and 

applicability of these compounds as chemical models for corrosion resistance. 
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Among large varieties of metal corrosion, mild steel corrosion are getting more 

attention as mild steel finds extensive application due to its easy availability, low 

cost and good mechanical properties.[9] The main disadvantage of steel as a 

structural material is that it is prone to corrosion in aggressive environment.  

There are few reports so far in the literature, on the applications of the 

zinc complexes as an effective corrosion inhibitor of stainless steel,[10-15] 

Moreover, independent Schiff bases are studied extensively as corrosion 

inhibitor as the presence of  >C=N–  group allows the corresponding Schiff bases 

to get adsorbed on the surface of mild steel and to form a monolayer on the 

surface spontaneously. Therefore, it can act as an effective corrosion inhibitor  

for mild steel.[16-19]  

Furthermore, the interaction of metal ions with Schiff base has recently 

been designed as an efficient target owing to the wide range of applications 

based on their numerous functionalities as anti-bactericide,[20] antivirus,[21] 

and fungicide agents.[22] Thus it can be presumed that if such kind of metal 

coordination systems will be used as corrosion inhibitor then if they released 

from the metal surface for some external effects, the effect on environment will 

be minimal or advantageous as they have lots of biological significance.  

Like previous chapters, here also tuning flexibility in ligand design is 

one of the key interests for structure-activity relationship in this kind of 

application. Moreover as the increasing number of heteroatoms enhance the 

adsorbing capacity on metallic surface[23], thus the idea of using azide like 

pseudo-halides as  co-ligands has been conceived to improve upon the corrosion 

inhibition through better adsorption on the surface. 

Taking account of all these facts, herein six zinc Schiff base complexes 

have been synthesized and characterized and their corrosion inhibition 

properties have been explored on mild steel in 15 % HCl solution. The corrosion 

inhibition efficiency was studied by electrochemical methods and protection of 

metal surface by Zn(II) complexes has been investigated by FE-SEM and AFM 

images. Apart from these, the antimicrobial activity of synthesized Zn(II) Schiff 

base azido complexes have been scrutinized.  
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Figure 5. 1. Pictorial representation of corrosion inhibition by zinc complexes. 

 

5.2 Experimental section 

5.2.1 Materials and methods 

All the chemical reagents required were purchased from Sigma, except HCl 

(purchased from Ranbaxy Fine Chemicals) and used without further 

purification. Infrared spectra (4000-500 cm-1) were recorded with a BRUKER 

TENSOR 27 instrument in KBr pellets. Nuclear Magnetic Resonance (NMR) 

spectra were recorded in AVANCE III 400 Ascend Bruker BioSpin machine at 

ambient temperature.  Mass spectrometric analyses were done on Bruker-

Daltonics, micro TOF-Q II mass spectrometer and elemental analyses were 

carried out with a Thermo Flash 2000 elemental analyzer.  

 

5.2.2 X-ray crystallography 

Single crystal X-ray structural studies of 12-17 were performed on a CCD 

Agilent Technologies (Oxford Diffraction) SUPER NOVA diffractometer. Data 

for all the complexes were collected at 150(2) K except complex 16 which was 

taken 298(2) K using graphite-monochromated Mo Kα radiation (λα = 0.71073 

Å). The strategy for the Data collection was evaluated by using the CrysAlisPro 

CCD software. The data were collected by the standard ‘phi-omega scan 

techniques and were scaled and reduced using CrysAlisPro RED software. The 

structures were solved by direct methods using SHELXS-97 and refined by full 
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matrix least- squares with SHELXL-97, refining on F2.[24] The positions of all 

the atoms were obtained by direct methods. All non-hydrogen atoms were 

refined anisotropically. The remaining hydrogen atoms were placed in 

geometrically constrained positions and refined with isotropic temperature 

factors, generally 1.2 Ueq of their parent atoms. The crystal and refinement data 

are summarized in Table 5.1. 

Table 5. 1. Crystallographic data and structure refinement parameters for 12-

17. 

 12 13 14 15 16 17 

Empirical 

formula 

C22H34Cl2N

6O8Zn 

C30H38N6O

10 Zn2 

C11H17N9

Zn 

C13H21N9

Zn 

C13H19N9O

Zn 

C28H42N18

Zn2 

Crystal 

system 

Orthorhom

bic 

Orthorhom

bic 

Triclinic Monoclini

c 

Triclinic Monoclini

c 

Space 

group 

Pna21 Pcab P-1 P 21/n P-1 C1c1 

a [Å] 17.197(3) 13.4837(8) 9.302(2) 9.684(3) 9.9844(3) 10.1099(7) 

b [Å] 13.955(3) 15.304(10) 9.636(10) 10.313(2) 13.108(4) 27.607(2) 

c [Å] 12.194(2) 17.2599(8) 9.856(2) 17.237(4) 13.8180(4) 12.8065(8) 

α [°] 90 90 69.82(13) 90 115.35(13) 90 

β [°] 90 90 67.80 103.49 90.64 105.788 

γ [°] 90 90 83.78(13) 90 92.82(15) 90 

V [Å3] 2926.67(9) 3561.8(4) 767.6(3) 1674.04 1631.25(9) 3439.5(4) 

Z 4 4 2 4 4 4 

Dcalcd  

[mgm–3] 

1.468 1.442 1.474 1.463 1.558 1.471 

F(000) 1344 1600 352 768 792 1584 

GOF 1.059 1.133 1.096 1.019 1.086 1.018 

Collected

/ unique 

17933/510

0 

27941/304

4 

5494/2697 5349/4128 10488/7772 10005/802

1 

Final R 

indices 

R1=0.054 

wR2=0.142 

R1=0.106 

wR2=0.298 

R1=0.034 

wR2=0.08 

R1=0.032

wR2=0.06 

R1=0.035 

wR2=0.102 

R1=0.045, 

wR2=0.10 

R indices 

(all data) 

R1=0.069, 

wR2=0.161 

R1=0.138,

wR2=0.328 

R1=0.039 

wR2=0.09 

R1=0.077, 

wR2=0.07 

R1=0.0616, 

wR2=0.084 

R1=0.063, 

wR2=0.11 
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5.2.3 Synthesis of Schiff base ligands (L4, L5, L6 and L7)  

Four ligands L4 [N1,N1-dimethyl-N2-(1-(pyridin-2-yl)ethylidene)ethane-1,2-

diamine], L5 [N1,N1-diethyl-N2-(1-(pyridin-2-yl)ethylidene)ethane-1,2-

diamine], L6 [2-morpholino-N-(1-(pyridin-2-yl)ethylidene)ethanamine] and L7 

[(2-(piperidin-1-yl)-N-(1-(pyridin-2-yl)ethylidene)ethanamine)] were prepared 

following the procedure reported in literature.[25, 26] These were used for the 

preparation of metal complexes without further purification. 

 

5.2.4 Synthesis of [Zn(L4)2](ClO4)2 (12)  

0.10 g (0.5 mmol)  of Schiff base ligand L4  dissolved in 10 mL of methanol was 

added dropwise to a solution of 0.19 g of Zn(ClO4)2.6H2O (0.5 mmol) in 5 mL 

of methanol. The mixture was stirred for 1 hour at room temperature and filtered 

after that. Colorless block-shaped crystals of 12, suitable for X-ray diffraction, 

were formed by slow evaporation of the filtrate in the air. Yield: 72%. Anal. 

Calcd. (%) C22H34ZnCl2 N6O8: C, 40.85; H, 5.30; N, 12.99. Found(%): C, 40.97; 

H, 5.21; N, 12.57. ESI-MS- 545.17 ([Zn(L4)2]ClO4)
+ 

 

5.2.5 Synthesis of [Zn(μ-fumarate)(L4)]n (13) 

A mixture of L4 (0.5 mmol, 0.010 g) and Zn(OAc)2.2H2O (0.5 mmol,  0.11 g) 

was taken and stirred in methanol (15 mL) for 30 minutes at room temperature. 

After that, an aqueous solution (10 mL) of the sodium salt of the fumaric acid 

(1.2 mmol, 0.19 g) was added and stirring was continued for 1 hour more. The 

mixture was concentrated and filtered and the colorless block-shaped crystals of 

13, suitable for X-ray diffraction, were formed after two weeks on slow 

evaporation of the filtrate in air. Yield: 62% (based on metal salt). Anal. Calcd. 

(%) C30H40Zn2N6O10: C, 46.59; H, 4.95; N, 10.87. Found(%): C, 45.77; H, 4.77; 

N, 10.32. ESI-MS- 314.00 [ZnL4(H-fumarate)]+ 
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5.2.6 Synthesisof [ZnL4(N3)2] (14)  

Ligand L4 (0.5 mmol, 0.10 g) and Zn(OAc)2.2H2O (0.5 mmol,0.11 g) were 

stirred in methanol (15 mL) for 30 min at room temperature. An aqueous 

solution (10 mL) of sodium azide (1 mmol, 0.07 g) was added into it thereafter 

and stirring was continued for 1 hour. The mixture was concentrated and filtered 

and the colourless block-shaped crystals of 14, suitable for X-ray diffraction, 

were formed on slow evaporation of the filtrate in air. Yield: 85%. Anal. Calcd. 

(%) C11H17Zn N9: C, 38.78; H, 5.03; N, 37.00. Found (%): C, 38.34; H, 4.94; N, 

36.57. ESI-MS (m/z) - 297.00 [ZnL4(N3)]
+ 

 

5.2.7 Synthesis of [ZnL5(N3)2] (15) 

Ligand L5 (0.5 mmol, 0.10 g) and Zn(OAc)2.2H2O (0.5 mmol, 0.11 g) were 

taken in methanol (15 mL) and stirred for 30 min at room temperature. After that 

an aqueous solution (10 mL) of sodium azide (1 mmol, 0.06 g) was added drop 

wise into it with continuous stirring. The stirring was continued for 1 hour. Then 

the solvent was evaporated to concentrate the solution and it was filtered. Finally 

the colourless block-shaped crystals of 15, suitable for X-ray diffraction, were 

formed after 4 days on slow evaporation of the filtrate in air. Yield: 82%. Anal. 

Calcd. (%) C13H21ZnN9: C, 42.34; H, 5.74; N, 34.19. Found (%): C, 42.44; H, 

5.28; N, 33.70. ESI-MS (m/z) - 325.1 [ZnL5N3]
+  

 

5.2.8 Synthesis of [ZnL6(N3)2] (16) 

0.12 g of ligand L6 (0.5 mmol) and 0.11 g of Zn(OAc)2.2H2O (0.5 mmol,) were 

mixed in methanol (15 mL) and stirred for 30 min at room temperature. Then 10 

mL aqueous sodium azide (1 mmol, 0.06 g) was added into it slowly. The 

solution was stirred for 1 hour more. After that the solvent was evaporated to 

make it concentrate and then it was filtered. Finally the colourless block-shaped 

crystals of 16, suitable for X-ray diffraction, were formed after 6 days on slow 

evaporation of the filtrate in air. Yield: 76%. Anal. Calcd. (%) C13H19ZnN9O: C, 
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40.80; H, 5.00; N, 32.94. Found (%): C, 40.10; H, 4.88; N, 31.70. ESI-MS (m/z) 

- 340.1 [ZnL6N3]
+ 

 

5.2.9 Synthesis of [ZnL7(N3)2] (17) 

In 15 mL of methanol, ligand L7 (0.5 mmol, 0.12 g) and Zn(OAc)2.2H2O (0.5 

mmol, 0.11 g) were stirred for 30 min at room temperature. An aqueous solution 

(10 mL) of sodium azide (1 mmol, 0.06 g) was added into it thereafter and 

stirring was continued for 1 hour. The reaction mixture was concentrated and 

filtered and then colourless block-shaped crystals of 17, suitable for X-ray 

diffraction, were formed after 7 days on slow evaporation of the filtrate in air. 

Yield: 74% (based on metal salt). Anal. Calcd. (%) C14H21ZnN9: C, 44.16; H, 

5.56; N, 33.11. Found (%): C, 44.81; H, 5.75; N, 32.60. ESI-MS (m/z) - 338.1 

[ZnL7N3]
+ 

 

5.2.10 Electrochemical experiments 

The mild steel sheets [Composition: 0.055 % C, 0.52 % Mn, 0.018 % P, 0.005 

% S 0.052 % Si, 0.044 % Al, 0.021 % Cr, 0.006 % Cu, 0.001 % Nb, 0.001 % Ti 

and balance Fe; Thickness: 2mm] were collected from Tata Steel, Jamshedpur, 

India. Square shaped (1 cm2) mild steel samples were cut from this and used for 

the electrochemical experiments. One face of this specimen was sealed using 

Araldite, after connecting it to a copper wire. This square specimen of mild steel 

having 1 cm2 exposed area was used as working electrode. In every experiment, 

metal samples were polished with fine emery paper (grade upto 2000), washed 

with distilled water, rinsed with acetone, dried and then stored in desiccator prior 

to their use. All electrochemical experiments were performed in a three-

electrode cell, consist of working, reference and the counter electrode. Here 

saturated calomel electrode and platinum electrode were used as reference and 

counter electrode respectively. The three electrodes were connected to the 

Electrochemical Workstation, CH Instruments model CH660C. All tests were 

performed in 15% HCl medium and unstirred condition at room temperature 
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(298 ± 1 K) in presence and absence of inhibitor (Blank). Prior to 

electrochemical study, the system was left undisturbed for an hour, which was 

sufficient to attain stable open circuit potential (OCP). 

           The potentiodynamic polarization curve was obtained at a scan rate of 0.5 

mVs-1 in the potential range, + 250 mV to ‒ 250 mV with respect to OCP. The 

corrosion current density (Icorr) values were obtained by the Tafel extrapolation 

method using the software provided with the equipment.   

Electrochemical Impedance Spectroscopy (EIS) experiments were 

performed at open circuit potential at applied frequency range 100 kHz to 100 

mHz at 298 ± 1 K by using AC amplitude signal of 5 mV peak-to-peak. 

 

5.2.11 Surface analysis 

The surface was characterized by Field Emission Scanning Electronic 

Microscope (FE-SEM) and Atomic Force Microscopy (AFM). Micrographs 

were taken at room temperature (298 ± 1 K) after 6 h immersion of polished 

metal coupon in 15 % HCl solution with and without inhibitor.  

 

5.2.12 Antimicrobial study 

Same experimental protocols as described in chapter no 3 was employed here to 

measure the antibacterial activity of the synthesized inhibitor metal complexes. 

 

5.2.13 Supplementary materials 

CCDC 958284, 958286, 958285, 1560645, 1421494 and 1560646 contain the 

supplementary crystallographic data for complex 12-17, respectively. These 

data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 

(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 
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5.3 Results and discussion 

5.3.1 Synthesis and characterization 

Ligands L4, L5, L6 and L7 were prepared by reported methods, respectively.[25, 

26] In compound 12, ligand to metal ratio was used in 2:1 and zinc perchlorate 

was used as a metal precursor. In case of compound 13, sodium fumarate was 

used as a co-ligand.  Compounds 14-17 have been prepared in a methanolic 

solution of zinc salt in presence of several ligands L4, L5, L6 and L7 aqueous 

NaN3 maintaining 1:1:2 ratio (Scheme 5.1 and Scheme 5.2), where azide ion has 

been utilized as co-ligand. 

 

Scheme 5. 1. Synthetic route of complexes 12-14 
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Scheme 5. 2. Synthetic route of complexes 15-17 

All the compounds were characterized by different spectroscopic 

techniques apart from elemental analysis. The structures of the compounds were 

further determined by single crystal X-ray crystallography. The IR spectra of 

compound 12-17 show typical band for stretching vibration of C=N in the range 

of 1590-1600 cm-1.[27] This indicates clearly that on complex formation C=N 

stretching frequency shifts in lower frequency region with respect to parent 

ligand. Compound 12 shows a strong band at 1091 cm-1 assigned to a non-

coordinated ClO4
- ion.[28] There a sharp band observed around 2036 cm-1 

mainly due to the terminal azido stretching frequency in complex 12-17. All the 

coordination bond lengths and bond angles of all complexes around the central 

zinc center are tabulated in Table 5.2.  

Table 5. 2. Selected bond lengths (Å) and bond angles (°) of five complexes 12-

17. 

Complex 12 13 14 15 16 17 

Zn(1)-N(1) 2.153(5) 2.224(9) 2.182(2) 2.193(1) 2.195(2) 2.270(5) 

Zn(1)-N(2) 2.055(5) 2.319(10) 2.093(3) 2.082(1) 2.089(2) 2.049(3) 

Zn(1)-N(3) 2.273(5) 2.227(9) 2.195(3) 2.249(1) 2.272(2) 2.249(4) 



                                                                         

  
    

 

207 

 

Zn(1)-N(4) 2.187(5)  1.995(3) 1.989(2) 1.973(2) 1.988(5) 

Zn(1)-N(5) 2.052(5)      

Zn(1)-N(6) 2.481(6)      

Zn(1)-N(7)   2.008(4) 1.980(2) 2.013(2)  

Zn(1)-N(8)      2.004(5) 

Zn(1)-O(1)  1.956(7)     

Zn(1)-O(3)  1.987(7)     

N(5)-Zn(1)-N(2) 168.1(2)      

N(5)-Zn(1)-N(1) 107.4(2)      

N(2)-Zn(1)-N(1) 76.2(2) 70.7(3) 74.88(10) 74.68(5) 74.99(7) 73.8(2) 

N(5)-Zn(1)-N(4) 75.7(2)      

N(2)-Zn(1)-N(4) 116.1(2)  137.53(14) 128.81(6) 137.65(8)  

N(1)-Zn(1)-N(4) 86.3(2)  92.17(11) 89.33(6) 88.56(8)  

N(5)-Zn(1)-N(3) 100.9(2)      

N(2)-Zn(1)-N(3) 78.1(2) 80.6(4) 79.70(10) 80.14(5) 79.05(7) 79.9(1) 

N(1)-Zn(1)-N(3) 150.1(2) 149.9(4) 153.02(11) 154.37(5) 153.82(7) 153.4(2) 

N(4)-Zn(1)-N(3) 91.3(2)  100.66(12) 102.99(6) 108.86(8)  

N(5)-Zn(1)-N(6) 76.9(2)      

N(2)-Zn(1)-N(6) 91.8(2)      

N(1)-Zn(1)-N(6) 91.9(2)      

N(4)-Zn(1)-N(6) 150.6(2)      

N(3)-Zn(1)-N(6) 104.2(2)      

O(1)-Zn(1)-O(3)  81.1(3)     

O(1)-Zn(1)-N(1)  108.2(3)     

O(3)-Zn(1)-N(1)  105.3(3)     

O(1)-Zn(1)-N(3)  96.5(3)     

O(3)-Zn(1)-N(3)  95.2(4)     

O(1)-Zn(1)-N(2)  128.4(3)     

O(3)-Zn(1)-N(2)  150.4(3)     

N(4)-Zn(1)-N(7)   116.80(18) 118.32(6) 110.01(9)  

N(7)-Zn(1)-N(2)   105.20(15) 110.66(6) 109.37(8)  

N(7)-Zn(1)-N(1)   98.80(14) 91.90(6) 92.15(8)  

N(7)-Zn(1)-N(3)     96.43(15) 101.50(6) 99.60(7)   

 

 

  



                                                                         

  
    

 

208 

 

5.3.2 Crystal structures of complexes 

Compound 12 crystallized in orthorhombic space group Pna21. The zinc 

atom is in distorted octahedral environment and coordinated by two tridentate 

Schiff base ligands (L4) (Figure 5.2). Though there are some  coordination 

angles [ N5-Zn1-N6 (76.87°) ; N5-Zn1-N4 (75.69°); N2-Zn1-N3 (78.13°); N1-

Zn1-N2 (76.23°) ] (Figure 5.2) deviating considerably from 90°, however this 

can be attributed for the chelating nature of Schiff base ligand. The bond lengths 

between Zn atom and N-donor centers are within the range of 2.052(5)–

2.481(6)Å (Table 5.2), quite similar to those which have been reported 

earlier.[29] The two pyridine rings in the complex cation are approximately 

perpendicular to each other, making dihedral angle of 83.01°. The perchlorate 

anions are linked to the complex cation through C‒H∙∙∙O hydrogen bonds and 

these hydrogen bonds are mainly responsible for formation of supramolecular 

spiral chain like structures (Figure 5.2). The packing structure discloses the 

interaction of monomeric units to each other through C1‒H1∙∙∙O66 and C8‒

H8B∙∙∙O66 hydrogen bonding, again another perchlorate unit get involved for 

formation of other spiral turn through C15‒H15∙∙∙O22 and C18‒H18C∙∙∙O33 

hydrogen bonding. 

 

Figure 5. 2. Crystal structure complex 12 (left); Packing diagram for the spiral 

chain in complex 12 (right). 
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 Compound 13 forms a 1D coordination polymeric zig-zag chain. Two 

crystallographically same zinc centers (Zn1) alternate along the chain (Figure 

5.3). Each zinc atom is coordinated in distorted square pyramidal fashion by 

three nitrogen donors from tridentate chelating Schiff base ligand and two 

oxygen donors from two bis-bidentate bridging (crystallographically different) 

fumarate ligand. The distortion of the coordination geometry can be calculated 

by the τ value, a reference to describe the degree of distortion for square-pyramid 

and trigonal-bipyramid [square pyramid, τ = 0; trigonal-bipyramid, τ = 1; τ = (β 

– α)/60°, α and β are the two largest angles around the central atom [30]. The τ 

value for complex 13 is 0.147, indicating a distorted square-pyramidal geometry 

adopted by zinc center.  The repeat unit along the chain encompasses three zinc 

centers (Figure 5.3). All chains are parallel to each other (Figure 5.3). 

Neighbouring chains can be thought of as stacked in planes coplanar with the 

ac-plane. Two adjacent linear polymeric chains are also interconnected through 

C8‒H8B∙∙∙O4 hydrogen bonding (Figure 5.3). 

 

Figure 5. 3. (a) Structure of complex 13. (b) Longer chain segment of 13 (c) 

Packing diagram for the parallel chains in 13. (d) Intermolecular hydrogen 

bonding between two adjacent chains of 13. 

 In the case of all the compounds 14 to 17 the zinc atom shows a distorted 

square pyramidal geometry. Five coordination site of zinc is fulfilled by one 

tridentate Schiff base ligand and two azide ions (Figure 5.4). In every case, The 

azide ions are not coaxial to the coordinative bond rather they are making angles 

128.2° (N5-N4-Zn1) and 141.2° (N8-N7-Zn1) for compound 14; 133.3° (N5-
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N4-Zn1) and 134.38° (N8-N7-Zn1) for compound 15; 141.91° (N5-N4-Zn1) 

and 128.46° (N8-N7-Zn1) for compound 16; 126.10° (N6-N5-Zn1) and 122.59° 

(N9-N8-Zn1) for compound 17. The τ values for these four complexes are found 

to be near about 0.26, suggestive of a distorted square-pyramidal geometry. 

 

Figure 5. 4. Crystal structure of complex 14, (a), complex 15 (b), complex 16 

(c) and complex 17 (d)  

 For the compounds 2 the individual molecules are found to be forming 

1D linear chain like structures when interconnected by C3‒H3∙∙∙N9 hydrogen 

bonding (Figure 5.5); and again such two simultaneous chains grown in opposite 

directions  is further connected to other chains to form a 2D plane through C7‒

H7A∙∙∙N6 and C11‒H11A∙∙∙N6 hydrogen bonding (Figure 5.5). 
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Figure 5. 5. One dimensional (above) and two dimensional (below) 

supraamolecular polymeric network of complex 14. 

  In case of compound 15, each unit molecules are connected with each 

other by C3‒H4∙∙∙N9 and C3‒H3∙∙∙N9 hydrogen bonding to form a 1D 

supramolecular chain (Figure 5.6).  Again each 1D chain is interconnected by 

C8‒H8A∙∙∙N6 hydrogen bonding to make a 2D sheet like polymeric structure. 

(Figure 5.6) 

 Each unit cell of complex 16 possess two monomeric units and each 

units are connected by C20‒H20C∙∙∙N7 hydrogen bonding. There is several 

hydrogen bonding interactions (C1‒H1∙∙∙N6, C20‒H20A∙∙∙N6, C23‒H23A∙∙∙O1, 

C9‒H9A∙∙∙N17, C8‒H8A∙∙∙N13, C7‒H7A∙∙∙N13 and C7‒H7A∙∙∙N14) which are 

mainly responsible for the one dimensional chain like structure (Figure 5.7). 
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Figure 5. 6. One dimensional (above) and two dimensional (below) 

supraamolecular polymeric network of complex 15. 

 

 

Figure 5. 7. One dimensional chain line supramolecular polymeric network of 

complex 16 

In case of complex 17, there are also two monomeric units are present in 

the unit cell of the crystal system. There are several hydrogen bonding 

interactions (like, C8‒H8A∙∙∙N20, C13‒H13A∙∙∙N20, C21‒H21B∙∙∙N5, C21‒

H21B∙∙∙N6, C21‒H21A∙∙∙N10, C7‒H7C∙∙∙N15 and C7‒H7C∙∙∙N15) which 



                                                                         

  
    

 

213 

 

connect individual nearest molecules to make a 1D polymeric chain. (Figure 5.6) 

The other hydrogen bonding networks like C7‒H7B∙∙∙N20, C4‒H4∙∙∙N20 and 

C22‒H22B∙∙∙N7 are responsible for formation of 2D supramolecular sheet. 

(Figure 5.8).  

 

Figure 5. 8. 1D (above) and 2D (below) supramolecular network of complex 17. 

 

5.3.3 Electrochemical studies 

Electrochemical studies have been carried out to measure the corrosion 

inhibition property of the above said complexes. Initially, the corrosion 

inhibition property of the four ligands at an optimum concentration of 200 ppm 

has been tested but all the ligands did not exhibit significant corrosion inhibition 

efficiency. However, much more interesting results have been obtained when 

the metal complexes have been subjected for similar properties. Interestingly 
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complex 12 has not shown much significant inhibition property with comparison 

of parental ligand L4 and other precursor moieties. Therefore it has been 

intended to introduce another co-ligand in metal Schiff base complex in the form 

of fumarate to study the corrosion inhibition property in complex 13. However, 

it has been found that complex 13 is sparingly soluble in water and therefore 

electrochemical studies could not be performed. But due to the less solubility of 

complex 13 in water, the electrochemical studies were not performed. Therefore 

it has been planned to introduce azide as a coligand which is having many N 

atoms which can act as donor sites. Interestingly, in that case, the synthesized 

complex 14 has shown the considerable corrosion inhibition property. 

Encouraged by these results we tried to employ different Schiff base ligands to 

explore the best possible combination for this kind of activity. Ligand L5, L6 and 

L7 provided us complex 15, 16 and 17 respectively, which have shown good 

corrosion inhibition in 15% HCl medium. The enhanced corrosion inhibition 

property in 14-17 may be due to the greater availability of N absorbing sites in 

azide molecules. Zn complexes diminish the corrosion process which was 

revealed by the polarization and impedance studies. These studies were 

performed after stabilization of open circuit potential (OCP). 

 

5.3.4 Potentiodynamic polarization measurements  

After optimizing the concentration of potentiodynamic polarization curve of all 

the ligands (Figure 5.9 and Table 5.3), the polarization curves for mild steel 

electrode in 15% HCl solution were performed without and with inhibitors 

(Zn(II) Schiff base azide complexes 14-17) at various concentrations. 
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Figure 5. 9. Polarization curves for mild steel in 15% HCl solution in absence 

and in presence of four ligands at an optimum concentration of 0.2 g/L. 

 

Table 5. 3. Electrochemical parameters of potentiodynamic polarization studies 

in 15% HCl at 298 ±1 K in absence and in presence of four ligands at an 

optimum concentration of 0.2 g/L. 

Inhibitor Concentration 

(g/L) 

Ecorr 

(mV) 

βa 

(mV/dec) 

βc 

(mV/dec) 

Icorr 

µA/cm2 

η (%) 

Blank  ‒ 468 248.4 – 274.4 1053.0  

L4 0.2 ‒ 432.3 225.65 – 291.77  353.7 66.41 

L5 0.2 ‒ 473.5 307.84 – 229.06 261.8 75.13 

L6 0.2 ‒ 442.4 286.94 – 288.56 180.8 82.83 

L7 0.2 ‒ 412.6 179.16 – 245.62 284.4 72.99 

 

The effect of different concentrations of Zn complexes in corrosion inhibition is 

shown in Figure 5.10.  
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Figure 5. 10. Polarization curves for mild steel in 15% HCl solution with and 

without various concentrations of inhibitors 14, 15, 16 and 17. 

 All potentiodynamic polarization parameters such as corrosion current 

density (icorr), corrosion potential (Ecorr), anodic (βa) and cathodic (βc) Tafel 

slopes acquired from these curves and the calculated inhibition efficiency (

(%)pol ) values are listed in Table 5.4. The icorr values were obtained by 

extrapolation of liner section of both Tafel curves. The following equation (1) 

has been used to calculate the efficiency ( (%)pol ) 

100(%)
0

0





corr

corrcorr

pol
i

ii
    ....................... (1) 

where, i0
corr and icorr are corrosion current densities (µA/cm2) without and with 

inhibitor. 
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Table 5. 4. Electrochemical parameters of potentiodynamic polarization studies 

with and without inhibitor (Complex 14-17) in 15% HCl at 298 ±1 K. 

Inhibitor Concentration 

(g/L) 

Ecorr 

(mV) 

βa 

(mV/dec) 

βc 

(mV/dec) 

Icorr 

µA/cm2 

ηpol (%) 

Blank  ‒ 468 248.4 – 274.4 1053.0  

Complex 

14 

0.05 

0.1 

0.2 

– 486.1 

– 427.2 

– 433.3 

394.01 

213.36 

213.93 

– 215.33 

– 302.86 

– 315.09 

338.4 

256.8 

189.9 

67.86 

75.61 

81.96 

Complex 

15 

0.05 

0.1 

0.2 

– 414.4 

– 420.5 

– 408.9 

223.72 

170.17 

159.10 

– 291.22 

– 232.25 

– 245.02 

435.5 

198.5 

169 

58.64 

81.15 

83.95 

Complex 

16 

0.05 

0.1 

0.2 

– 480.7 

– 442.7 

– 432.6 

339.52 

248.30 

282.26 

– 222.94 

– 308.54 

– 284.63 

415.7 

187.3 

119.2 

60.52 

82.21 

88.68 

Complex 

17 

0.05 

0.1 

0.2 

– 415.0 

– 488.8 

– 439.4 

209.07 

329.89 

176.84 

– 290.16 

– 189.93 

– 244.11 

401.9 

288.2 

179.5 

61.83 

72.63 

82.95 

 

 There is no observable significant trend in the shift of Ecorr values as well 

as βa & βc values on the addition of inhibitor with respect to that without 

inhibitor. In the present study, it was observed that all inhibitors in 15 % HCl 

solution exhibited anodic as well as cathodic inhibition effect i.e. ‘mixed type 

with predominantly anodic inhibitor [31, 32] as the difference of Ecorr values 

between blank and in presence of inhibitors lies within ± 85 mV vs SCE with 

shifting of Ecorr towards more anodic region. The corrosion inhibition efficiency 

was increased with the increasing concentration of inhibitor and the maximum 

efficiencies were shown at 0.1 g/L as listed in Table 5.4.  

 

5.3.5 Impedance studies   

Electrochemical impedance measurement technique was also employed to study 

the corrosion inhibition of mild steel. Initially the impedance studies for the all 

the four ligands were scrutinized at an optimum concentration of 0.2 g/L. The 
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results were documented in the form of the Nyquist diagram, Phase angle plot 

and Bode plot (Figure 5.11 and Table 5.5).  

 

Figure 5. 11. (a) Nyquist plot, (b) Bode plot and (c) Phase angle plot of mild 

steel in absence and presence of four ligands. 

 

Table 5. 5. Electrochemical parameters of impedance studies in 15% HCl at 298 

±1 K in absence and in presence of four ligands at an optimum concentration of 

0.2 g/L. 

Inhibitor Concentration 

(g/L) 

RS 

(Ώ 

cm2) 

Rp (=Rct + 

Rf) 

(Ώ cm2) 

n Y0 

(µF/cm2) 

Cdl 

(µF/cm2) 

ηimp 

(%) 

Blank  1.05 17.28 0.8047 405.9 121.79  

L4 0.2 1.27 51.94 0.4687 1681.0 89.5 66.73 

L5 0.2 1.27 64.93 0.9999 43.6 43.7 73.38 

L6 0.2 1.24 90.85 0.3760 1119.0 25.2 80.98 

L7 0.2 1.46 56.86 0.5799 796.3 78.4 69.61 

 

After this optimization the Nyquist plots for mild steel electrode in 15% HCl 

solution were performed without and with inhibitors (Zn(II) Schiff base azide 

0 10 20 30 40 50 60 70 80 90 100

0

10

20

30

40

50

60

70

80

90

100

-1 0 1 2 3 4 5

0.0

0.4

0.8

1.2

1.6

2.0

-1 0 1 2 3 4 5

0

-10

-20

-30

-40

-50

-60

-70

(c)

(b)

-Z
im

 (


 c
m

2
)

Zr ( cm
2

)

 Blank

 L
6

 L
5

 L
7

 L
4

Fitted result

(a)

 

 

lo
g

(|
Z

|,
 (


 c
m

2
) 

log (f, Hz)

 Blank

 L
6

 L
5

 L
7

 L
4

Fitted Result 

 

 

P
h

a
se

 a
n

g
le

 (
d

e
g
r
e
e
)

log( f, Hz)

 Blank

 L
6

 L
5

 L
7

 L
4

 Fitted Result

 

 



                                                                         

  
    

 

219 

 

complexes 14-17) at various concentrations and the results were depicted in the 

Figure. 5.12.  

 

Figure 5. 12. Nyquist plots for mild steel in 15% HCl in the absence and 

presence of different concentrations of all four inhibitors 14-17 at 298 ± 1 K. 

 

 A single capacitive loop was observed in the frequency range 100 kHz 

to 100 mHz, which rises from the one time constant in impedance spectroscopy. 

In higher frequency range assigned with the charge transfer resistance and lower 

frequency was attributed to film resistance which was formed by inhibitor 

layer.[33, 34] Nyquist plots for mild steel in uninhibited solution are semi-

circular in nature, but in the presence of inhibitors, the shape of the semicircle is 

depressed due to the frequency dispersion and microscopic roughness of the 

electrode surface. 

The charge transfer resistance controlled the corrosion process of mild 

steel which is the reason for the semi-circular nature of Nyquist plot of 

uninhibited solution. But the depressed semi-circular Nyquist plot in the 

presence of inhibitors is considered as the polarization resistance (Rp) between 
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the metal and outer Helmholtz plane. In this case, polarization resistance (Rp) 

containing all the resistances between metal and solution interfaces were 

included. Those are mainly charge transfer resistance (Rct), film resistance (Rf), 

accumulation resistance (Ra), diffuse layer resistance (Rd) etc.[35] It was 

observed from the Nyquist plot that the shape and size of depressed semicircle 

was gradually increased with respect to the concentration of inhibitors upto 0.2 

g/L. This increase in the diameter of the semicircle shows that the Rp was 

increasing with increasing concentration of inhibitors. This phenomenon defined 

the protective layer formation on the metal surface and the consequent reduction 

in the metal dissolution. Furthermore, Bode plots can give more information in 

case of more intricate systems. The Bode plots of the synthesized inhibitors are 

presented in Figure 5.13. One important parameter i.e., low-frequency 

impedance modulus Zmod can be used to relate corrosion resistance of different 

samples.[36] Increase in Zmod shows better protection ability as reported 

earlier.[37] Figure 5.13 showed that Zmod increased as a function of the 

concentration for the synthesized inhibitor. 

 

Figure 5. 13. Bode plot of mild steel in 15% HCl without and with various 

concentrations of inhibitors 14-17. 
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 The phase angle plots for the mild steel in the presence and absence of 

inhibitors in 15% HCl are given in Figure. 5.14. These also reinforce the 

inferences from Nyquist and Bode plots. 

 

Figure 5. 14.Phase angle plots of mild steel in 15% M HCl solutions without 

and with various concentrations of inhibitors 14-17. 

There is some deviation from ideal behavior in the impedance studies on 

double layer capacitance in inhibited solutions. This scattering has been 

endorsed to roughness and other in-homogeneities of the mild steel electrode 

and also due to anion adsorption. The uncharacteristic capacitance can be 

represented by a constant phase element (CPE),[16] and the impedance (ZCPE) 

can be expressed by equation (2): 

nCPE
wjY

Z
).(

1

0

  ............................ (2) 

where, Y0 is the quantity of CPE, j is the imaginary unit (j2 = −1), n is the phase 

shift parameter that belongs to 0 < n < 1, and w is the angular frequency in Hz. 

The depressed semicircle can be explained by this n value. The value in the range 

0.5 to 1, implies that the semi-circle is depressed at higher frequency ranges. The 

n value is a measure of the in-homogeneity or roughness of the solid surface.[38] 
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The impedance parameter (Rs, Rct, Rp, Rf, n, Y0 & Cdl) are evaluated with the 

equivalent circuit fitting program. The EIS plots analyzed by software CHI 

instrument software and obtained the required data.[39] The corrosion inhibition 

efficiency was calculated using the polarization resistance (Rp) value using the 

following formula equation (3): 

100(%)

0





p

pp

imp
R

RR
  ...................... (3) 

where, R0
p and Rp are polarization resistances of mild steel in the absence and 

presence of the inhibitor respectively. The Rp values are observed to be linearly 

proportional to the concentrations of inhibitor molecules. All the obtained data 

was tabulated in Table 5.6. The double layer capacitance (Cdl) values were 

calculated from CPE parameter values Y0 and n, using the equation (4), 

nn

ct

n

dl RYC /)1(/1

0

  ........................... (4) 

where, Y0 and n are magnitudes of CPE and deviation parameter (−1 ≤ n ≤ 1, 

which is dependent on surface morphology) 

The Cdl values, generally, are inversely proportional to the adsorbent 

concentration on the metal surface. 

Table 5. 6. Impedance data for corrosion of mild steel in 15% HCl in presence 

and absence of different concentration of different inhibitors 14-17 at 298 ±1 K. 

Inhibitor Concentration 

(g/L) 

RS 

(Ώ 

cm2) 

Rp (=Rct + 

Rf) 

(Ώ cm2) 

n Y0 

(µF/cm2) 

Cdl 

(µF/cm2) 

ηimp 

(%) 

Blank  1.05 17.28 0.8047 405.9 121.79   

Complex 

14 

0.05 

0.1 

0.2 

1.26 

1.28 

2.63 

51.94 

73.25 

102.47 

0.4687 

0.5574 

0.9999 

1681.03 

749.25 

33.20 

89.5 

67.5 

33.2 

66.73 

76.41 

83.13 

Complex 

15 

0.05 

0.1 

0.2 

1.48 

1.23 

1.50 

54.50 

83.25 

135.58 

0.9355 

0.9884 

0.9999 

72.28 

30.76 

17.63 

49.4 

28.7 

17.6 

68.29 

79.24 

87.25 

Complex 

16 

0.05 

0.1 

0.2 

1.42 

1.12 

1.28 

51.20 

119.27 

191.23 

0.9999 

0.9999 

0.6199 

33.25 

20.92 

341.18 

33.2 

20.9 

62.1 

66.25 

85.51 

90.96 

Complex 

17 

0.05 

0.1 

0.2 

1.43 

1.19 

1.35 

44.70 

58.43 

115.38 

0.8897 

0.5758 

0.6053 

150.35 

557.73 

516.74 

80.9 

44.8 

80.0 

61.34 

70.43 

85.02 
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Although here all the complexes have almost similar kind of corrosion 

inhibition activities but complex 16 show relatively higher inhibition efficiency 

which arises may be due to the presence of an extra non-coordinated O atom in 

the complex structure.  

 

5.3.6 Equivalent circuits 

The equivalent circuit, in the absence of inhibitor, is shown in Figure. 5.15. 

 

Figure 5. 15. Equivalent circuits used to fit EIS data of mild steel in HCl medium 

without inhibitor. 

Here, the resistance is considered as charge transfer resistance and 

include all other ions or any kinds of corrosion product. The equivalent circuit 

is changed for the system in the presence of inhibitor as shown in Figure 5.16. 

In this behavior of metallic electrode, the parallel network: charge transfer 

resistance-double layer capacitance is established in presence of inhibitor.  

 

Figure 5. 16. Equivalent circuits (with inhibitor) used to fit the EIS data of mild 

steel in HCl medium. 

 

5.3.7 Adsorption isotherm 

The type of isotherm applicable for the adsorption of inhibitors on metal helps 

in understanding the nature of interaction of the inhibitors with the metal surface. 

In the present case, Langmuir adsorption isotherm gave the best fit to the 
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experimental data. The obtained data were tested for Langmuir adsorption 

isotherm, which can be represented by the equation (5),  

C
K

C

ads


1


 ..................... (5) 

where, Kads is the adsorption-desorption equilibrium constant and C is adsorbent 

concentration. For 14-17, straight lines were obtained from the plots of C/θ Vs C 

with a high correlation coefficient (r2) value of 0.998, 0.998 and 0.996 

respectively at 298 ± 1 K (Figure 5.17 ).  

 

Figure 5. 17. Langmuir adsorption isotherm of all inhibitors 14-17 on mild steel 

surface in 15% HCl medium. 

The values of Kads in association with the standard Gibbs free energy of 

adsorption ΔG0
ads was obtained from the Langmuir adsorption isotherm by the 

following equation (6), 













 


RT

G

C
K ads

sol

ads

0

.)(

exp
1

 ......................... (6) 

where, R is the universal gas constant, T is the absolute temperature and C(sol.) is 

the conc. of water (1000 g/L). The values of Kads is represented here in g-1L, thus 

in this equation the conc. of water is taken in g/L (1000 g/L) in place of 55.5 

mole/L.[39, 40] The obtained ΔG0
ads values of our synthesized inhibitors are -

26.60 kJ/mol, -26.35 kJ/mol, -25.43 kJ/mol and -26.80 kJ/mol  for complex 14, 
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15, 16 and 17 respectively. The above range of ΔG0
ads values designate the 

contribution of physisorption along with chemisorption as the ΔG0
ads values 

around -40 kJ mol-1 or higher (more negative) are associated with chemisorption 

while ΔG0
ads values of inhibitor lies in the order of -20 kJ mol-1 or even lower 

(more positive) satisfy the physisorption type mechanism. Thus it can be decided 

that inhibitor molecules were adsorbed on the metallic surface following a mixed 

type adsorption phenomenon. 

 

5.3.8 Surface morphology study 

5.3.8.1 FE-SEM and EDX study  

The surfaces of mild steel samples exposed to 15% HCl without and with 

optimum concentration of inhibitors are shown in Figure 5.18. Critical corrosion 

damage can be watched when metal was presented to the corrosive medium for 

6 h without inhibitor. However on addition of inhibitors, uniformity and 

smoothness of metal surface improved significantly, indicating a considerable 

decrease in corrosion damage.  

 

Figure 5. 18. FE-SEM images of mild steel in 15% HCl solution at 298 ± 1 K, 

in the absence and presence of inhibitors 14-17 at 0.2 g/L after 6 h of immersion. 

Energy Dispersive X-ray Spectroscopy analysis was confirmed which 

elements were present in metal surface after inhibitor adsorption. (Figure. 5.19.) 

The EDX spectra of inhibitor complexes show the elemental peak for Fe, C and 

N atoms In case of complex 16, one extra peak of O atom was observed which 
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Complex 16

Complex 14

Complex 17Complex 15
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arises due the morpholinium moiety in the complex structure. The relative 

proportional data obtained from EDX analysis were tabulated in the Table 5.7. 

 

Figure 5. 19. EDX spectra of mild steel surface after 6 h immersion in 15% HCl 

solution with 0.2 g/L of inhibitor complexes 14-17. 

Table 5. 7. EDX analysis results for surface characterization. 

Complexes Elements Compositions % 

Complex 14 C, N, Fe, Zn 3.32, 1.40, 95.13, 0.15  

Complex 15 C, N, Fe, Zn 3.63, 1.01, 95.20, 0.15  

Complex 16 C, N, O, Fe, Zn 3.86, 0.22, 11.67, 83.82, 0.42  

Complex 17 C, N, Fe, Zn 3.85, 1.19, 94.75, 0.20  

 

5.3.8.2 Atomic force microscopy 

The surface roughness of mild steel sample was evaluated by the AFM 3D 

image. Figure 5.20 clearly show the surface roughness difference of metal 

specimens with and without inhibitors. AFM image indicate that the maximum 

roughness results in 15% HCl medium and the surface roughness of mild steel 

coupon decreases after adding inhibitor. The smoothest surface was obtained 

when Zn(II) Schiff base complexes 14-17 were used as an inhibitor. 

Complex 16 

Complex 15 

Complex 17

Complex 14 



                                                                         

  
    

 

227 

 

 

Figure 5. 20. AFM micrograph of mild steel surface in different condition: 

Polished; without inhibitor (Blank); in presence of inhibitor (Complex 14-17). 

 

5.3.9 Stability study in acidic media 

Already from the results of EDX analysis it was observed that the entire 

elemental composition of Zn(II) Schiff base complexes 14-17 was present on 

the mild steel surface in acidic medium. And that result was quite significant to 

understand regarding no such prominent degradation of inhibitor molecule in 

corrosive medium. To get more insight view for this stability, the UV-Vis 

experiment and FTIR experiment were performed before and after immersion in 

HCl taking only the complex 16 (due to its relative higher inhibition efficiency). 

Solid state and solution state (in 15% HCl) UV-Vis spectra and FTIR spectra 

(Figure 5.21) clearly indicate that this inhibitor molecule is stable in presence of 

acid solution.  

 

Figure 5. 21. Solid and solution state (in 15% HCl) UV-Vis spectra (left) and 

FTIR spectra (right) of complex 16. 
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5.3.10 Inhibition mechanism 

The adsorption process of any molecule on the surface is dependent on mainly 

few physicochemical criteria like; chemical nature of functional groups 

involved, electron density of donor atoms and aromaticity, molecular shape and 

size. [41] Electrostatic interaction, donor-acceptor interaction between aromatic 

π-electrons and vacant orbitals of Fe atoms and donor properties of hetero atom 

and vacant d-orbital of  iron surface atom and other unsaturation remaining in 

the molecules are main driving forces of any organic molecules to get adsorbed 

on metallic surface. [42] When a particular organic molecule act as a ligand in a 

metal complex system, in the presence of other co-ligands like azide the 

tendency for adsorption may increase due to binding through available lone pairs 

of co-ligand and unused donating sites of ligands. The high inhibitory effect is 

also controlled by the large size and molecular weight. [43] To get more 

stringent physical insight of mechanism for adsorption process the free energy 

for adsorption was measured and described in the adsorption isotherm section 

5.3.7. From that results it was quite clear that adsorption of Zn(II) complexes on 

mild steel were taken place through physisorption along with chemisorption 

pathway. 

 

5.3.11 Antimicrobial activity 

Nosocomial infections or more commonly hospital-acquired infections are 

defined as an infection in a patient or health care professional not evident prior 

to accessing a hospital or health care facility. [44] The most frequent nosocomial 

infections reported are caused by bacteria as the Gram-positive Methicillin-

Resistant Staphylococcus aureus (MRSA).Ten millions of medical devices are 

used each year and, in spite of many advances in biomaterials, a significant 

proportion of each type of device becomes colonized by bacteria and becomes 

the focus of an implant-related infection. [45] Staphylococcus comprises up to 

two-thirds of all pathogens in orthopaedic implant infections as well as 

infections from infected medical surgical instruments. Although mild steel is not 

largely used in health care industry but still for any kind of corrosion inhibition 
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antibacterial effect of same molecule give extra advantages because it pertained 

that if they released from the closed system it can act as an antibacterial agent. 

For these reasons, in this study the antibacterial activity of Zn(II) azido Schiff 

base complexes were evaluated and all these complexes have moderate anti-

bacterial activity against MRSA. The corresponding MIC values are depicted in 

Table 5.8. Bacterial growth inhibition capability of the complexes is directly 

dependent on the concentration of the complexes. Just for representative purpose 

the dose dependent zone of inhibition of complex 14 was presented in Figure. 

5.22. 

Table 5. 8. Tables for showing the results obtained from antibacterial activity 

test 

Compounds Solvent Disk diffusion test 

(mm) 

MIC 

(µg/mL) 

MBC 

(µg/mL) 

Complex 14  MeOH 10 8.3 8 

Complex 15 MeOH 09 7.9 7 

Complex 16 MeOH 14 8.6 8 

Complex 17 MeOH 12 7.2 6 

 

 

Figure 5. 22. Concentration dependent disk diffusion susceptibility test for 

complex 16 against MRSA. 

 

5.4 Conclusions 

The corrosion preventing performances and antibacterial activities of the 

synthesized Zn (II) Schiff base complexes were studied. All the complexes were 

structurally characterized by single crystal X-ray analysis. Initially two 

complexes 12 and 13 with lesser number of heteroatoms were tested to measure 
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the potential corrosion inhibition capacity. But these two complexes did not 

show significant corrosion inhibition with respect to the parent ligands. Thus the 

idea for the use of azide like pseudohalides as a co-ligand was planned and 

finally successfully implemented. Furthermore, the antibacterial activity of these 

inhibitor molecules was scrutinized which shows the good resistance capacity 

against Staphylococcus aureus. 

Considering all of the above facts it can be concluded that this kind of 

pseudohalide promoted enhanced corrosion inhibition approach is one of the 

fruitful strategies to develop corrosion resistance metal complexes which are 

worth for further investigation. 
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Chapter 6 

Targeted synthesis of cadmium(II) Schiff 

base complexes towards corrosion inhibition 

on mild steel  

6.1 Introduction 

 Metals find wide applications in several industries, such as chemical and 

petrochemical industries.[1, 2] In oil industries, corrosion in metals is a major 

problem and it is controlled by using different kinds of inhibitors. Several 

techniques (pipe line cleaning, acid pickling, etc.) are used in industries where 

the utilization of acids makes metals highly susceptible to corrosion.[3-5] 

Inhibitors are widely used to minimize the metal loss during such processes.[6] 

Corrosion inhibition is a surface phenomenon where the adsorption of the 

organic and inorganic compounds on the metal surface serves as the means of 

achieving the corrosion inhibiting environment.[7] There are various types of 

organic and inorganic compounds which have been studied as inhibitors for 

protecting metals against corrosion. In this scenario, Schiff bases are studied 

extensively due to the presence of >C=N– groups which allow the corresponding 

Schiff bases to get adsorbed on the surface of mild steel and to form a monolayer 

on the surface spontaneously. Therefore, it can act as an effective corrosion 

inhibitor [8, 9] for mild steel,[10-13] stainless steel,[14, 15] iron, nickel,[16] 

copper,[17] aluminum,[18] and alloy,[19] in various aggressive solutions. The 

Schiff base ligands form stable complexes closely packed in the coordination 

sphere of metal ion to generate another class of compounds for corrosion 

inhibition.[20-22] The inhibitors work on the metal surface through the 

adsorption mechanism. The adsorption of an organic compound depends on the 

number of functional groups taking part. The interaction of inhibitor molecules 

with the metal surface is influenced by several factors, such as electron charge 
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density, molecular size, geometry and number of hetero atoms, such as N, O, S 

present in the molecule.[23] 

 Being inspired from the outcome of result of previous chapter it was 

necessary to choose such metal ion which can be more efficient towards 

corrosion inhibition. In industry, cadmium plating offers an exceptional bonding 

on the surface and is being increasingly used in aircraft manufacturing and is a 

preferred coating for the salt water environment. Recently, Schiff bases are 

getting more attention in the field of corrosion inhibition of mild steel.[24-26] 

With this point of view researchers have been focusing on metal coordination 

complexes to quantify their corrosion inhibition property.[10, 27, 28] Apart from 

this the role of sodium azide as a corrosion inhibitor is also well described in 

literature [29] as well as in the previous chapter. However, to the best of our 

knowledge, there is only one report where mild steel corrosion inhibition using 

cadmium coordination complexes have been explored.[30] Although cadmium 

has toxic effects on biological systems but as mentioned earlier that cadmium 

based system can effectively inhibit corrosion on mild steel, therefore this metal 

ion was selected to explore the effectiveness of the cadmium based coordination 

complexes and to understand the underlying mechanism so that it can help to 

develop more fruitful inhibitory systems in future. Furthermore, although toxic, 

effective inhibitor may get utilized in closed systems with proper recovery of 

the toxic metal ion. Taking account of all these facts, herein five cadmium Schiff 

base complexes [Cd(L4)2](ClO4)2 (18), [Cd(L4)(cyanoacetate)(OAc)] (19), 

[Cd2(L
4)2(N3)4] (20), [Cd(L6)(N3)2]n (21), and [Cd2(L

7)2(N3)4]n (22) are 

synthesized using the similar Schiff bases (L4, L6 and L7) used in previous 

chapter 5. The complexes were characterized and explored for their corrosion 

inhibition property on mild steel in 15% HCl solution. Most of the complexes 

show considerable corrosion inhibition property while one polymeric cadmium 

azide complex has shown the maximum inhibition efficiency, which is quite 

good in comparison with other metal complex inhibitors reported earlier.[10, 11, 

13, 20, 27, 31] The corrosion inhibition efficiency was studied by 

electrochemical methods and protection of metal surface by Cd(II) complexes 
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was shown by FE-SEM images. Nuclearity driven corrosion inhibition trend of 

Cd(II) complexes was further corroborated by quantum chemical calculations. 

 

Figure 6. 1. Pictorial representation of corrosion inhibition by cadmium 

complexes 
 

6.2 Experimental section 

6.2.1 Materials and methods 

All the chemical reagents required were purchased from Sigma, except HCl 

(purchased from Ranbaxy Fine Chemicals) and used without further 

purification. Infrared spectra (4000-500 cm-1) were recorded with a BRUKER 

TENSOR 27 instrument in KBr pellets. Nuclear Magnetic Resonance (NMR) 

spectra were recorded in AVANCE III 400 Ascend Bruker BioSpin machine at 

ambient temperature.  Mass spectrometric analyses were done on Bruker-

Daltonics, micro TOF-Q II mass spectrometer and elemental analyses were 

carried out with a Thermo Flash 2000 elemental analyzer.  

6.2.2 X-ray crystallography 

Single crystal X-ray structural studies of 18-22 were performed on a CCD 

Agilent Technologies (Oxford Diffraction) SUPER NOVA diffractometer. Data 

for all the complexes were collected at 150(2) K except complex 21 which was 

taken 298(2) K using graphite-monochromated Mo Kα radiation (λα = 0.71073 

Å). The strategy for the Data collection was evaluated by using the CrysAlisPro 
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CCD software. The data were collected by the standard ‘phi-omega scan 

techniques and were scaled and reduced using CrysAlisPro RED software. The 

structures were solved by direct methods using SHELXS-97 and refined by full 

matrix least- squares with SHELXL-97, refining on F2.[32] The positions of all 

the atoms were obtained by direct methods. All non-hydrogen atoms were 

refined anisotropically. The remaining hydrogen atoms were placed in 

geometrically constrained positions and refined with isotropic temperature 

factors, generally 1.2 Ueq of their parent atoms. The crystal and refinement data 

are summarized in Table 6.1. 

Table 6. 1. Crystallographic data and structure refinement parameters for 18, 

19, 20, 21 and 22. 

Complex 18 19 20 21 22 

 Formula C22H34CdCl

2N6O8 

C16H22CdN4

O4 

C22H34Cd2N

18 

C13H19CdN9

O 

C28H42Cd2N18 

Crystal 

system 

Orthorhom

bic 

Triclinic Monoclinic Monoclinic Monoclinic 

Space group Pna21 P-1 P 21/n P 21/c P 21/c 

a (Å) 16.208(10) 8.438(10) 8.793(7) 11.520(2) 19.881(4) 

b (Å) 14.134(10) 10.100(3) 15.677(13) 12.581(2) 10.893(2) 

c (Å) 12.843(10) 11.303(2) 11.695(9) 11.804(2) 16.289(3) 

α (°) 90 76.078(2) 90 90 90 

β (°) 90 81.463(2) 107.422(9) 99.088(2) 100.828(2) 

γ (°) 90 89.501(2) 90 90 90 

Volume (Å3) 2942.55(4) 924.30(3) 1538.3(2) 1689.45(5) 3465.10(12) 

λ(Å) 0.71 0.71 0.71 0.71 0.71 

ρ(mg m-3) 1.566 1.605 1.674 1.69 1.64 

Z  4 2 4 4 4 

T (K) 150(2) 150(2) 150(2) 298(2) 150(2) 

Abs. Coeff 

(mm-1) 

0.977 1.209 1.428 1.314 1.277 

F(0 0 0) 1416 452 776 864 1728 

Crystal size 

(mm3) 

0.23x0.16x 

0.13 

0.23x0.16x 

0.13 

0.33x0.26x 

0.18 

0.23x0.18x 

0.14 

0.33x0.26x 

0.21 
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θ ranges (°) 2.90-24.99 3.12-25.00 3.18 - 25.00 3.142-

24.998 

2.911- 25.00 

Limiting 

Indices 

(h/k/l) 

-19,19/-

16,16/-

15,15 

-9,10/-

12,9/-13,13 

-10,10/-

18,18/-

13,13 

-13,11/-

14,13/-

14,14 

-23,23/-

12,12/-19,18 

Reflections 

collected 

24292 6664 10003 11513 32482 

Independent 

reflections 

5171 3247 2712 2967 6087 

Max & Min 

Transmissio

n 

0.883 and 

0.806 

0.858 and 

0.768 

0.7831and 

0.650 

1.000 and 

0.435 

1.000 and 

0.799 

Data/restrain

ts/parameter

s 

5171 / 1 / 

358 

3247 / 0 / 

230 

2712 / 0 / 

193 

2967 / 0 / 

218 

6087 / 0 / 435 

GOF 1.055 1.124 1.081 1.056 1.055 

Final R 

indices 

[I > 2σ(I)] 

R1 = 0.023 

wR2 =0.067 

R1 = 0.017 

wR2 =0.045 

R1 = 0.082, 

wR2 = 

0.222 

R1 = 0.078, 

wR2 = 

0.225 

R1 = 0.022, 

wR2 = 0.055 

R indices (all 

data) 

R1 = 0.024, 

wR2 = 

0.067 

R1 = 0.018, 

wR2 = 

0.045 

R1 = 0.092, 

wR2 = 

0.230 

R1 = 0.083, 

wR2 = 

0.232 

R1 = 0.025, 

wR2 = 0.058 

Largest peak 

and hole 

(e Å-3) 

0.687 and -

0.267 

0.409and -

0.309 

2.110 and -

1.781 

1.601 and -

0.599 

0.480 and -

0.445 

 

6.2.3 Synthesis of Schiff base ligands (L4, L6 and L7) 

Three ligands L4 [N,N-Dimethyl-N'-(1-pyridin-2-yl-ethylidene)-ethane-1,2-

diamine], L6 [2-morpholino-N-(1-(pyridin-2-yl)ethylidene)ethanamine] and L7 

[(2-(piperidin-1-yl)-N-(1-(pyridin-2-yl)ethylidene)ethanamine)] were prepared 

following the procedure reported in literature [33, 34] and previous chapter. 

These were used for preparation of metal complexes without further purification. 
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6.2.4 Synthesis of [Cd(L4)2](ClO4)2 (18) 

0.19 g (1 mmol) of Schiff base ligand L4 dissolved in 10 mL of methanol was 

added drop wise into a solution of 0.15 g of Cd(ClO4)2 (0.5 mmol) in 5 mL of 

methanol. The mixture was stirred for 1 hour at room temperature and filtered 

thereafter. Colourless block-shaped crystals of 18, suitable for X-ray diffraction, 

were formed after 15 days on slow evaporation of the filtrate in air. Yield: 78% 

(based on metal salt). Anal. Calcd. (%) C22H34CdCl2N6O8: C, 38.08; H, 4.94; N, 

12.11. Found(%): C, 37.98; H, 4.90; N, 11.77. 1H NMR (400.13 MHz, 298 K, 

DMSO-d6): δ 8.43-8.29 (m, 6H, aryl), 7.72 (d,2H, aryl), 3.95 (br. d, 4H, CH2alk 

), 2.96 (br. d, 2H, CH2alk), 2.70 (s, 6H, CH3alk and 2H, CH2alk), 2.17 (s, 12H, 

N(CH3)2). 
13C NMR (100.61 MHz, 293 K, DMSO-d6): δ 169.7 (Cimine), 149.4 

(Caryl), 148.1 (Caryl), 141.4 (Caryl), 128.0 (Caryl), 125.3 (Caryl), 58.2 (NCH2), 45.8 

(NCH2), 45.5 (NCH3), 16.7 (CH3C). ESI-MS (m/z) 248.10 [Cd(L4)2]
2+, 595.16 

[(Cd(L4)2)ClO4]
+ 

 

6.2.5 Synthesis of [Cd(L4)(cyanoacetate)(OAc)] (19) 

Ligand L4 (0.5 mmol, 0.09 g) and Cd(OAc)2.2H2O (0.5 mmol, 0.13 g) were 

stirred in methanol (15 mL) for 30 min at room temperature. A methanolic 

solution (10 mL) of piperadinium salt of cyanoacetic acid (1 mmol, 0.17 g) was 

added into it thereafter and stirring was continued for 1 hour. Then it was 

concentrated and filtered. The colourless block-shaped crystals of 19, suitable 

for X-ray diffraction, were formed after 6 days on slow evaporation of the filtrate 

in air. Yield: 72% (based on metal salt). Anal. Calcd. (%) C16H22CdN4O4: C, 

43.01; H, 4.96; N, 12.54. Found (%): C, 42.80; H, 5.04; N, 12.00.1H NMR 

(400.13 MHz, 298 K, DMSO-d6): δ 8.70 (d, J = 4Hz, 1H, aryl), 8.21 (m, 2H, 

aryl), 7.77 (m, 1H, aryl ), 3.70 (s, 3H, CH3 (acetate)), 2.73-2.50 (6H, CH2alk), 

2.33 (s, 6H, N(CH3)2), 1.79 (s, 3H, CH3alk). 
13C NMR (100.61 MHz, 293 K, 

DMSO-d6): δ 177.0 (Ccyano-acetate), 167.1 (Cacetate), 165.9 (Cimine), 149.5 (Caryl), 

148.1 (Caryl), 140.1 (Caryl), 127.2 (Caryl), 124.0 (Caryl), 117.8 (Ccyanide), 57.2 

(NCH2), 45.5 (NCH2), 44.9 (CH2CN), 25.5 (CH3C), 21.8 (CH3C), 15.7 (CH3C). 

ESI-MS (m/z) 471.16 [Cd(L4)(Cyanoacetate)(OAc)]+Na+ 
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6.2.6 Synthesis of [Cd2(L4)2(N3)4] (20) 

Ligand L4 (0.5 mmol, 0.09 g) and Cd(OAc)2.2H2O (0.5 mmol, 0.13 g) were 

taken in methanol (15 mL) and stirred for 30 min at room temperature. After that 

an aqueous solution (10 mL) of sodium azide (1 mmol, 0.06 g) was added drop 

wise into it with continuous stirring. The stirring was continued for 1 hour. Then 

the solvent was evaporated to concentrate the solution and it was filtered. Finally 

the colorless block-shaped crystals of 20, suitable for X-ray diffraction, were 

formed after 4 days on slow evaporation of the filtrate in air. Yield: 82% (based 

on metal salt). Anal. Calcd. (%) C22H34Cd2N18: C, 34.08; H, 4.42; N, 32.51. 

Found (%): C, 33.31; H, 4.28; N, 31.70.1H NMR (400.13 MHz, 298 K, DMSO-

d6): δ 8.38 (d, J = 4Hz, 2H, aryl), 8.08 (m, 4H, aryl), 7.69 (d, 2H, aryl ), 3.54-

3.42 (t, J = 12Hz, 8H, CH2alk), 2.36 (s, 6H, CH3alk), 2.17 (s, 12H, N(CH3)2). 
13C 

NMR (100.61 MHz, 293 K, DMSO-d6): δ 169.1 (Cimine), 148.8 (Caryl), 147.5 

(Caryl), 141.3 (Caryl), 128.2 (Caryl), 124.6 (Caryl), 79.3 (NCH2), 56.8 (NCH2), 44.4 

(NCH3), 16.1 (CH3C). ESI-MS (m/z) 347.07 [Cd2(L
4)2(N3)2]

2+,  734.15 

[Cd2(L
4)2(N3)3]

+  

 

6.2.7 Synthesis of [Cd(L6)(N3)2]n (21) 

0.11 g of ligand L6 (0.5 mmol) and 0.13 g of Cd(OAc)2.2H2O (0.5 mmol,) were 

mixed in methanol (15 mL) and stirred for 30 min at room temperature. Then 10 

mL aqueous sodium azide (1 mmol, 0.06 g) was added slowly into it. The 

solution was stirred for 1 hour more. After that the solvent was evaporated to 

make it concentrate and then it was filtered. Finally the colourless block-shaped 

crystals of 21, suitable for X-ray diffraction, were formed after 6 days on slow 

evaporation of the filtrate in air. Yield: 76% (based on metal salt). Anal. Calcd. 

(%) C13H19CdN9O: C, 36.33; H, 4.46; N, 29.33. Found (%): C, 37.10; H, 4.28; 

N, 30.70.1H NMR (DMSO-d6) 8.80 (d, J = 4Hz, 1H, Aryl), 8.29–8.24 (m, 2H, 

Aryl), 7.87–7.85 (m,1H, Aryl), 3.80, 3.76 (d, 4H, 2CH2), 3.69 (s, 4H, 2CH2), 

2.79–2.77 (t, 4H, NCH2), 2.69 (s, 3H, CH3) 13C NMR (100.61 MHz, 293 K, 

DMSO-d6): δ 165.8 (Cimine), 149.2 (Caryl), 140.5 (Caryl), 132.3 (Caryl), 127.6 
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(Caryl), 124.2 (Caryl), 64.76-57.88 (4C, 2CH2morph), 53.44 - 44.36 (2C, 2CH2), 

15.77 (1C, CH3) 

 

6.2.8 Synthesis of [Cd2(L7)2(N3)4]n (22) 

In 15 mL of methanol, ligand L7 (0.5 mmol, 0.12 g) and Cd(OAc)2.2H2O (0.5 

mmol, 0.13 g) were stirred for 30 min at room temperature. An aqueous solution 

(10 mL) of sodium azide (1 mmol, 0.06 g) was added into it thereafter and 

stirring was continued for 1 hour. The reaction mixture was concentrated and 

filtered and then colourless block-shaped crystals of 22, suitable for X-ray 

diffraction, were formed after 7 days on slow evaporation of the filtrate in air. 

Yield: 74% (based on metal salt). Anal. Calcd. (%) C28H42Cd2N18: C, 39.31; H, 

4.95; N, 29.47. Found (%): C, 39.81; H, 4.75; N, 30.60. 1H NMR (400.13 MHz, 

298 K, DMSO-d6): δ 8.34 (d, J = 4Hz, 2H, aryl), 8.01 (m, 4H, aryl), 7.62 (d, 2H, 

aryl ), 3.45-3.40 (t, J = 12Hz, 8H, CH2alk), 2.32 (s, 6H, CH3alk), 2.20-2.30 (m, 

8H), 1.51-1.52 (m, 8H), 1.17-1.25 (m, 4H). 13C NMR (100.61 MHz, 293 K, 

DMSO-d6): δ 167.1 (Cimine), 146.8 (Caryl), 145.5 (Caryl), 140.3 (Caryl), 126.2 

(Caryl), 122.6 (Caryl), 45.3 (NCH2), 35.8 (NCH2), 24.0-30.0 (5C, 2CH2), 16.1 

(CH3C). 

 

6.2.9 Electrochemical experiments 

The detail procedures of electrochemical experiments were well described in the 

section 5.2.10 of chapter 5. 

 

6.2.10 Weight loss measurement 

The clean mild steel coupons were dipped in 400 mL 15% HCl taken in 500 mL 

beaker at 298 ± 1 K. Mild steel coupons after exposure to corrosive solution 

were cleaned by washing in running tap water and then by immersing in cleaning 

solution (solution of 50 g SnCl2 and 20 g Sb2O3 per liter of conc. HCl). The 

difference of specimen weight before and after the immersion is the corrosion 
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weight loss. The corrosion rate (CR) and percent of inhibition efficiency ( wt %) 

were calculated by following equations: 

DAT

W
mmpyCR




6.87
)(  .................... (1) 

100(%)
0

0





W

WW
wt  ...................... (2) 

where, ΔW (mg) is the weight loss of mild steel (MS) specimens, A is the total 

surface area of  MS specimen (in cm2), T is the immersion time (6 h), D is the 

density of MS (g cm-3), W0 and W are the weight loss in the absence and presence 

of inhibitor. 

6.2.11 Surface analysis 

The surface was characterized by Field Emission Scanning Electronic 

Microscope (FE-SEM). Micrographs were taken at room temperature (298 ± 1 

K) after 1 h and 6 h immersion of polished metal coupon in 15 % HCl solution 

with and without inhibitor.  

 

6.2.12 Computational study 

As per representative purpose, we have performed the density functional theory 

(DFT) calculations for complex 20 and complex 21 to understand the nuclearity 

assisted corrosion inhibition activity. All the calculations are carried out in 

gaseous phase[35] using RB3LYP level of theory as implemented in the 

Gaussians 09 package.[36] The 3-21G basis set is used for C, N, H, O and 

LANL2DZ for Cd was used for all the calculations.[37, 38] The Fukui functions 

were calculated using the Dmol3 module. The Fukui function (fk) is the first 

derivative of the electron density ρ(r) with respect to the number of electrons N, 

in a constant external potential υ(r) and written as follows.[39] 
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Finite difference approximations have been used to get Fukui function in favor 

of nucleophilic and electrophilic attacks as,[39] 

)()1( NqNqf kkk 


………. (4) [For nucleophilic attack] 

)1()( 


NqNqf kkk  ....……. (5) [For electrophilic attack] 

Here, gross charge of the atom k is denoted by qk. The qk (N+1), qk (N) and qk 

(N-1) are the charges of the anionic, neutral and cationic species, respectively.  

6.2.13 Supplementary materials 

CCDC 958288, 958289, 958287, 1498769 and 1498770 contain the 

supplementary crystallographic data for 18, 19, 20, 21 and 22 respectively. 

These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 

(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. 

 

6.3 Results and discussion 

6.3.1 Synthesis 

Ligands L4, L6 and L7 were prepared by reported methods, respectively.[33, 34] 

In compound 18, ligand to metal ratio was used in 2:1 and cadmium perchlorate 

was used as a metal precursor. In the case of compound 19, piperidinium salt of 

cyanoacetic acid is used where cyanoacetate ion act as co-ligand (Scheme 6.1). 

Compounds 20-22 have been prepared in a methanolic solution of cadmium salt 

in presence of several ligands L4, L6 and L7 and aqueous NaN3 maintaining 1:1:2 

ratio (Scheme 6.1), where azide ion has been utilized as co-ligand.  
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Scheme 6. 1. Synthetic scheme for preparation of Cd(II) complexes. 

6.3.2 Characterization 

All the compounds were characterized by different spectroscopic techniques 

apart from elemental analysis. The structures of the compounds were further 

determined by single crystal X-ray crystallography. The IR spectra of compound 

18-22 show typical band for stretching vibration of C=N in the range of 1590-

1600 cm-1.[40] This clearly indicates that on complex formation C=N stretching 

frequency shifts in lower frequency region with respect to parent ligand. 

Compound 18 shows a strong band at 1091 cm-1 assigned to a non-coordinated 

ClO4
- ion.[41] In the case of complex 19, a relatively small band is observed at 
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2255 cm-1 which indicate the presence of nitrile stretching of cyanoacetate. 

There are two types of bands for azide ligands which have been observed around 

2036 cm-1 and 2130 cm-1, respectively for two types of stretching frequency viz., 

terminal azido and bridging azido in complex 20-22. For metal azido complexes 

20-22 the azide ion coordinates to the metal center in different modes. Apart 

from the conventional terminal connection of azide ion, there are several other 

bridging modes exist (Figure. 6.2) [42] by which azide ion can get ligated 

between two metal centers. 

 

Figure 6. 2. Various bridging fashion azide bonding. 

 Among the above kind of existing bridging modes here we observed 

mainly the µ-1,3(end-to-end) and µ-1,1(double-bridged end-on) bridging 

coordination modes to generate polynuclear metal complexes.  

6.3.3 Crystal structure of complex 18 

Compound 18 crystallized in orthorhombic space group Pna21. The Cadmium 

atom is in the distorted octahedral environment and coordinated by two 

tridentate Schiff base ligands (L4) (Fig 6.3). Though there are some coordination 

angles [ N1-Cd1-N2 (70.39°); N2-Cd1-N3 (74.06°); N4-Cd1-N5 (73.70°); N5-

Cd1-N6 (70.57°) ] (Figure 6.3) deviating considerably from 90°, however, this 
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can be attributed to the chelating nature of Schiff base ligand. The bond lengths 

between Cd atom and N-donor centers are within the range of 2.284(3)–2.448(3) 

Å (Table 6.2), quite similar to those which have been reported earlier.[43]  

Table 6. 2. Selected bond lengths (Å) and bond angles (°) of Cd(II) complexes. 

Complex 18       

Cd(1)-N(5) 2.284(3) Cd(1)-N(2) 2.286(2) 

Cd(1)-N(6) 2.359(3) Cd(1)-N(1) 2.359(3) 

Cd(1)-N(3) 2.380(2) Cd(1)-N(4) 2.448(3) 

N(5)-Cd(1)-N(6) 70.56(9) N(1)-Cd(1)-N(2) 70.39(9) 

N(1)-Cd(1)-N(6) 88.39(9) N(2)-Cd(1)-N(3) 74.06(9) 

N(3)-Cd(1)-N(6) 96.23(9) N(4)-Cd(1)-N(5) 73.70(10) 

N(2)-Cd(1)-N(4) 94.41(9) N(1)-Cd(1)-N(4) 91.58(10) 

Complex 19       

Cd(1)-O(1) 2.238(14) Cd(1)-O(4) 2.302(15) 

Cd(1)-N(2) 2.329(17) Cd(1)-N(1) 2.344(16) 

Cd(1)-N(3) 2.431(16) Cd(1)-O(3) 2.506(16) 

O(4)-Cd(1)-N(2) 96.49(6) N(1)-Cd(1)-N(2) 69.46(6) 

O(1)-Cd(1)-N(3) 98.52(5) O(4)-Cd(1)-N(3) 85.26(5) 

N(2)-Cd(1)-N(3) 73.26(6) O(1)-Cd(1)-O(3) 89.00(5) 

Complex 20       

Cd(1)-N(1) 2.231(12) Cd(1)-N(4) 2.299(7) 

Cd(1)-N(8) 2.325(8) Cd(1)-N(4)#1 2.379(8) 

Cd(1)-N(9) 2.380(9) Cd(1)-N(7) 2.412(10) 

N(1)-Cd(1)-N(4) 91.4(4) N(1)-Cd(1)-N(7) 91.1(7) 

N(4)-Cd(1)-N(4)#1 72.5(4) N(8)-Cd(1)-N(4)#1 86.5(3) 

N(1)-Cd(1)-N(9) 98.3(7) N(4)-Cd(1)-N(9) 95.6(3) 

N(8)-Cd(1)-N(9) 73.8(3) N(4)#1-Cd(1)-N(9) 94.6(4) 

N(7)-Cd(1)-N(8) 68.1(3) N(4)#1-Cd(1)-N(7) 88.1(3) 

Complex 21       

Cd(1)-N(7) 2.228(15) Cd(1)-N(2) 2.299(14) 

Cd(1)-N(6)#1 2.391(16) Cd(1)-N(4) 2.396(15) 

Cd(1)-N(1) 2.404(15) Cd(1)-N(3) 2.453(14) 

N(2)-Cd(1)-N(6)#1 87.55(6) N(7)-Cd(1)-N(6)#1 88.01(6) 

N(6)#1-Cd(1)-N(3) 98.20(5) N(4)-Cd(1)-N(7) 89.77(6) 
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N(2)-Cd(1)-N(4) 94.19(5) N(2)-Cd(1)-N(3) 75.21(5) 

N(6)#1-Cd(1)-N(1) 89.94(5) N(1)-Cd(1)-N(2) 69.28(5) 

N(1)-Cd(1)-N(4) 87.74(5)   

Complex 22       

Cd(1)-N(10) 2.237(2) Cd(1)-N(7) 2.299(2) 

Cd(1)-N(2) 2.322(2) Cd(1)-N(3) 2.404(2) 

Cd(1)-N(1) 2.419(2) Cd(1)-N(4) 2.483(2) 

Cd(2)-N(16) 2.194(2) Cd(2)-N(14) 2.317(2) 

Cd(2)-N(6)#1 2.372(2) Cd(2)-N(15) 2.377(2) 

Cd(2)-N(13) 2.382(2) Cd(2)-N(12) 2.578(2) 

N(7)-Cd(1)-N(10) 95.48(10) N(2)-Cd(1)-N(10) 160.82(8) 

N(2)-Cd(1)-N(7) 95.82(9) N(3)-Cd(1)-N(10) 119.86(8) 

N(3)-Cd(1)-N(7) 91.34(8) N(13)-Cd(2)-N(16) 93.49(9) 

N(13)-Cd(2)-N(14) 69.18(7) N(16)-Cd(2)-N(6)#1 96.48(10) 

 

The two pyridine rings in the complex cation are approximately perpendicular 

to each other, making a dihedral angle of 88.57°. The perchlorate anions are 

linked to the complex cation through C‒H∙∙∙O hydrogen bonds and these 

hydrogen bonds are mainly responsible for the formation of a supramolecular 

spiral chain-like structure (Figure 6.3). The packing structure discloses that the 

monomeric units interacted with each other through C21‒H21C∙∙∙O5, C4‒

H4∙∙∙O7 and C4‒H4∙∙∙O6 hydrogen bonding to make a 1D chain along a axis. 

Two such simultaneous 1D chains are further connected through C20‒

H20B∙∙∙O8, C19‒H19A∙∙∙O6 and C9‒H9A∙∙∙O5 hydrogen bonding to make a 2D 

sheet-like structure in ab plane. (Figure 6.3)  
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Figure 6. 3. Monomer unit and the supramolecular network of complex 18. 

 

6.3.4 Crystal structure of complex 19 

Compound 19 is a monomeric Cd(II) compound crystalized in the space group 

P-1. Here central cadmium ion is situated in a seven coordinated geometric 

environment which is relatively uncommon.[44] The seven coordination sites of 

Cd(II) ion is fulfilled by one tridentate Schiff base ligand (L4), Two O-donor 

sites of one cyano-acetic acid and two O-donor sites of one acetate (Figure 6.4). 

The bond lengths between Cd atom and N-donor centers are within the range of 

2.23(1)–2.50(2) Å (Table 6.2) and Cd-O distances are found to be in the range 

of 2.30-2.50 Å, quite similar to those which have been reported earlier. 

However, one particular Cd(1)-O(2) bond distance was found to be relatively 

longer ca. 2.73 Å. Each monomeric unit is linked with each other via C13‒

H13B∙∙∙O3, C1‒H1∙∙∙O1 and C8‒H8A∙∙∙O4 hydrogen bonding (Figure 6.4) to 

make a 1D chain like structure. Two such simultaneous 1D chains are further 

connected through C8‒H8B∙∙∙N4 hydrogen bonding to make a 2D sheet-like 

structure (Figure 6.4). 
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Figure 6. 4. Monomer unit and the supramolecular network of complex 19. 

 

6.3.5 Crystal structure of complex 20 

Compound 20 is a symmetric dimeric Cd(II) compound crystalized in the space 

group P21/n. Each Cd2+ ion is located in an octahedral geometric environment. 

The octahedral geometry of each Cd(II) ion is fulfilled by one tridentate Schiff 

base ligand (L4), one terminal azido ion and two bridging azido ions.(Figure 

6.5). Two bridging azido ions make a bridge between two Cd(II) centers through 

a µ-1,1 double bridged end-on fashion. Though there are some coordination 

angles [N4-Cd1-N4 (72.5°); N7-Cd1-N8 (68.1°); N8-Cd1-N9 (73.8°)] deviating 

considerably from 90°, however, this can be attributed to the chelating nature of 

Schiff base ligand and bridging nature of azido ion. The bond lengths between 

Cd atom and N-donor centers are within the range of 2.23(2)–2.41(1) Å (Table 

6.2), similar to earlier report.[43] Each dimeric unit is linked with each other via 

C4‒H4∙∙∙N3 hydrogen bonding (Figure 6.5) to make a 1D chain like structure 

along c-axis (Figure 6.5).  
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Figure 6. 5. Dimeric structure and supramolecular network of complex 20. 

 

6.3.6 Crystal structure of complex 21 

Compound 21 forms a 1D coordination polymeric zig-zag chain along c-axis. 

Two crystallographically same cadmium centers (Cd1) alternate along the chain 

(Figure 6.6). Each cadmium atom is coordinated in distorted octahedral fashion 

by three nitrogen donors from tridentate chelating Schiff base ligand (L6), one 

terminal azido ion and two nitrogen donors from two bridging 

(crystallographically different) azido ligand. These two azido ligands are 

responsible to make this coordination polymer making a bridge between two 

crystallographically same cadmium centers via a µ-1,3 end-end fashion. Two 

such 1D coordination polymeric chains are further connected via C2‒H2∙∙∙O1 

hydrogen bonding to make a 2D sheet-like structure (Figure 6.6). 

 

Figure 6. 6. 1D and 2D supramolecular network of complex 21. 

 

6.3.7 Crystal structure of complex 22 

Compound 22 forms again a 1D coordination polymeric zig-zag chain along c-

axis. The smallest unit of this polymeric complex is a dimer unit which contains 
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crystallographically two different cadmium ions. Each cadmium atom is 

coordinated in distorted octahedral fashion by three nitrogen donors from 

tridentate chelating Schiff base ligand (L7) and three azido ligand (Figure 6.7). 

Two different kind of azido ligand makes the bridge in μ-1,3 end to end fashion 

between two adjacent cadmium pairs to form the 1D-coordination polymeric 

structure.  

 

Figure 6. 7. 1D Coordination polymeric structure of complex 22. 

 

6.3.8 Electrochemical studies 

Electrochemical studies have been carried out to measure the corrosion 

inhibition property of the above said complexes. Initially, we have tested the 

corrosion inhibition property of complex 18 which was not showing significant 

inhibition property with comparison of parental ligand L4 and other precursor 

moieties. Therefore, we have introduced another coligand in metal Schiff base 

complex in the form of cyanoacetate to study the corrosion inhibition property 

in complex 19. Unfortunately, this complex was also showing very little activity. 

Therefore it has been planned to introduce azide as a coligand which is having 

many N atoms which can act as donor sites. Interestingly, in that case, the 

synthesized complex 20 has shown considerable corrosion inhibition property. 

Encouraged by these results different Schiff base ligands have been employed 

to explore the best possible combination for this kind of activity. Ligand L6 and 

L7 provided us complex 21 and 22 respectively, which have shown good 

corrosion inhibition in 15% HCl medium. The enhanced corrosion inhibition 

property in 20 - 22 may be due to the greater availability of N absorbing sites in 

azide molecules. Cd complexes diminish the corrosion process which was 
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revealed by the polarization and impedance studies. These studies were 

performed after stabilization of open circuit potential (OCP). 

 

6.3.9 Open circuit potential 

The variation of open circuit potential (Eocp) with time for mild steel in 15% HCl 

without and with the addition of different concentrations of Cd(II) complexes is 

shown in Figure. 6.8. The figures clearly indicate that stable OCP values were 

attained after 1 h of immersion, both in the absence and presence of the 

inhibitors. A concentration-dependent positive shift of corrosion potential with 

respect to the blank was observed on the addition of Cd(II) complexes into the 

corrosive medium. This indicates a probable impact on both anodic and cathodic 

polarization.[45] 

 

Figure 6. 8. OCP plot for mild steel in 15% HCl in the absence and presence 

of different concentrations of Cd(II) complexes. 

 

6.3.10 Potentiodynamic polarization measurements  

The polarization curves for mild steel electrode in 15% HCl solution were 

performed without and with inhibitors (Cd complex 20, 21 & 22) at various 

concentrations. The effect of different concentrations of Cd complexes in 

corrosion inhibition is shown in Figure 6.9. The Tafel curves were generated 
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after 1 hour of immersion in the test solution as a combination of anodic and 

cathodic polarization curves. All potentiodynamic polarization parameters such 

as corrosion current density (icorr), corrosion potential (Ecorr), anodic (βa) and 

cathodic (βc) Tafel slopes acquired from these curves and the calculated 

inhibition efficiency ( (%)pol ) values are listed in Table 6.3. The icorr values 

were obtained by extrapolation of liner section of both Tafel curves. The 

following equation (7) has been used to calculate the efficiency ( (%)pol ) 

100(%)
0

0





corr

corrcorr

pol
i

ii
    ....................... (6) 

where, i0
corr and icorr are corrosion current densities (µA/cm2) without and with 

inhibitor. The order of inhibition efficiency of those Cd complexes is 21>22>20.  

 There is no significant trend observed in the shift of Ecorr values as well 

as βa & βc values on the addition of inhibitor with respect to that without 

inhibitor. In the present study, it was observed that all inhibitors in 15% HCl 

solution exhibited anodic as well as cathodic inhibition effect i.e. ‘mixed type 

with predominantly anodic inhibitor [46, 47] as the difference of Ecorr values 

between blank and in presence of inhibitors lies within ± 85 mV vs SCE with 

shifting of Ecorr towards more anodic region. The inhibition efficiency depends 

on several aspects like interaction mode, adsorption center, structure and size. 

[31] The corrosion inhibition efficiency was increased with the increasing 

concentration of inhibitor and the maximum efficiencies were shown at 0.1 g/L 

as listed in Table 6.3.  
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Figure 6. 9. Polarization curves for mild steel in 15% HCl solution with and 

without various concentrations of inhibitors 20, 21 and 22. 

Table 6. 3. Electrochemical parameters of potentiodynamic polarization studies 

with and without inhibitor in 15% HCl at 298 ±1 K. 

Inhibitor Concentration 

(g/L) 

Ecorr 

(mV Vs 

SCE) 

βa 

(mV/dec) 

βc 

(mV/dec) 

icorr 

µA/cm2 

 

ηpol(%) 

Blank  ‒ 468.0 248.4 ‒274.4 1053  

Complex 

20 

0.025 ‒ 403.8 186.5 ‒367.6 394.8 62.5 

0.05 ‒ 423.5 199.2 ‒281.8 329.3 68.72 

0.075 ‒ 404.5 161.7 ‒284.6 221.2 78.99 

0.1 ‒ 401.1 155.3 ‒286.9 161.6 84.65 

Complex 

21 

0.025 ‒ 409.9 172.5 ‒224.3 333.3 68.34 

0.05 ‒ 412.6 165.7 ‒358.4 235.7 77.61 

0.075 ‒ 425.2 166.7 ‒301.4 91.2 91.34 

0.1 ‒ 426.1 161.5 ‒310.2 65.2 93.8 

Complex 

22 

0.025 ‒ 409.2 173 ‒312.5 374 64.48 

0.05 ‒ 397.1 165.5 ‒329.3 279.2 73.48 

0.075 ‒ 412.6 137 ‒272.7 127.9 87.85 

0.1 ‒ 423.5 159.1 ‒313.0 92.3 91.23 
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6.3.11 Impedance studies   

The corrosion of mild steel was also studied with the help of EIS technique.  The 

Nyquist plots of mild steel sample with and without inhibitors (Cd(II) Schiff 

base complexes) in 15% hydrochloric acid medium are shown in Figure. 6.10. 

This shows a single capacitive loop in the frequency range 100 kHz to 10 mHz, 

which arises from the one time constant in impedance spectroscopy.  In higher 

frequency range assigned with the charge transfer resistance and lower 

frequency was attributed to film resistance which was formed by inhibitor 

layer.[48, 49] In our case, in presence of inhibitor a very thin film was formed 

on the metallic surface throughout the adsorption process. Nyquist plots for mild 

steel in uninhibited solution are semi-circular in nature, but in the presence of 

inhibitors, the shape of the semicircle is depressed due to the frequency 

dispersion and microscopic roughness of the electrode surface. 

 

Figure 6. 10. Nyquist plots for mild steel in 15% HCl in the absence and 

presence of different concentrations of all three inhibitors 20, 21 and 22 at 298 

± 1 K. 

The semi-circular Nyquist plot of uninhibited solution indicates that the 

corrosion process of mild steel was controlled by the charge transfer resistance. 

But the depressed semi-circular Nyquist plot in the presence of inhibitors is 
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considered as the polarization resistance (Rp) between the metal and outer 

Helmholtz plane. In this case, polarization resistance (Rp) containing all the 

resistances between metal and solution interfaces were included. Those are 

mainly charge transfer resistance (Rct), film resistance (Rf), accumulation 

resistance (Ra), diffuse layer resistance (Rd) etc.[50] The shape and size of 

depressed semicircle was gradually increased with the addition of inhibitor up 

to 0.1 g/L concentrations. This increase in the diameter of the semicircle shows 

that the Rct was increasing with increasing concentration of inhibitors. This 

phenomenon defined the protective layer formation on the metal surface and the 

consequent reduction in the metal dissolution. Furthermore, Bode plots can give 

more information in case of more intricate systems. The Bode plots of the 

synthesized inhibitors are presented in Figure 6.11. To compare corrosion 

resistance of different samples, one important parameter i.e., low-frequency 

impedance modulus Zmod can be used.[24] Increase in Zmod demonstrates better 

protection performance as reported earlier.[51] Figure 6.11 showed that Zmod 

increased as a function of the concentration for the synthesized inhibitor. 

 

Figure 6. 11. Bode plot of mild steel in 15% HCl without and with various 

concentrations of inhibitors (20-22) 

The phase angle plots for the mild steel in the presence and absence of 

inhibitors in 15% HCl are given in Figure. 6.12. These also reinforce the 

inferences from Nyquist and Bode plots. 
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Figure 6. 12. Phase angle plots of mild steel in 15% M HCl solutions without 

and with various concentrations of inhibitors (20-22). 

The Impedance studies on double layer capacitance in inhibited solutions 

have shown deviation from ideal behavior. This scattering has been attributed to 

roughness and other in-homogeneities of the mild steel electrode and also due to 

anion adsorption. The uncharacteristic capacitance can be represented by a 

constant phase element (CPE),[10] and the impedance (ZCPE) can be expressed 

by equation (7): 

nCPE
wjY

Z
).(

1

0

  ............................ (7) 

where, Y0 is the quantity of CPE, j is the imaginary unit (j2 = −1), n is the phase 

shift parameter that belongs to 0 < n < 1, and w is the angular frequency in Hz. 

The depressed semicircle can be explained by this n value. The value in the range 

0.5 to 1, implies that the semi-circle is depressed at higher frequency ranges. The 

n value is a measure of the in-homogeneity or roughness of the solid surface.[52] 

The impedance parameter (Rs, Rct, Rp, Rf, n, Y0 & Cdl) are evaluated with the 

equivalent circuit fitting program. The EIS plots analyzed by software CHI 

instrument software and obtained the required data.[53] The equivalent circuit, 

in the absence of inhibitor, is shown in Figure. 6.13. 
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Figure 6. 13. Equivalent circuits used to fit EIS data of mild steel in HCl medium 

without inhibitor. 

Here, the resistance is considered as charge transfer resistance and include all 

other ions or any kinds of corrosion product. The equivalent circuit is changed 

for the system in the presence of inhibitor as shown in Figure 6.14. In this 

behavior of metallic electrode, the parallel network: charge transfer resistance-

double layer capacitance is established in presence of inhibitor.  

 

Figure 6. 14. Equivalent circuits (with inhibitor) used to fit the EIS data of mild 

steel in HCl medium. 

The corrosion inhibition efficiency was calculated using the polarization 

resistance (Rp) value using the following formula equation (8): 

100(%)

0





p

pp

imp
R

RR
  ...................... (8) 

where, R0
p and Rp are polarization resistances of mild steel in the absence and 

presence of the inhibitor respectively. The Rp values are observed to be linearly 

proportional to the concentrations of inhibitor molecules. The maximum 

inhibition efficiency 93.89% was found for Cd complex 21 at 0.1 g/L 

concentration and other two Cd complexes 20 and 22 showed efficiency at this 

concentration of 84.95% and 91.88% respectively (Table 6.4). The double layer 
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capacitance (Cdl) values were calculated from CPE parameter values Y0 and n, 

using the equation (9), 

nn

ct

n

dl RYC /)1(/1

0

  ........................... (9) 

where, Y0 and n are magnitudes of CPE and deviation parameter (−1 ≤ n ≤ 1, 

which is dependent on surface morphology) 

The Cdl values, generally, are inversely proportional to the adsorbent 

concentration on the metal surface. 

 Thus both the results obtained from PC and EIS methods are showing 

similar kind of efficiency trend among these three complexes. The higher 

efficiency of polymeric complexes (21 and 22) than dimeric complex 20 may be 

due to the higher availability of adsorbing N-donor sites as more number of 

azides were attached in the polymeric complexes. Among the two polymeric 

complexes, complex 21 is showing slightly higher inhibition efficiency, may be 

because of the presence of non-coordinated O donor adsorbing site. 
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6.3.12 Adsorption isotherm 

The adsorption isotherms give noteworthy information about the interaction 

happening between the inhibitors molecules and metal surfaces. In 15 % HCl 

medium, mild steel is surrounded by polar water molecules and other ions 

present. Therefore the adsorption of inhibitor molecules occur through 

substitution of water molecules which were previously attached to the metal 

surface via mainly two categories of adsorption processes. First one is 

chemisorption, where donor-acceptor type of irreversible interactions takes 

place via forming a coordinate bond between metal surface and inhibitor 

molecule. The second one is physisorption, here the inhibitor molecules adsorb 

on the concerned metallic surfaces by the electrostatic interaction. Adsorption 

of inhibitor molecules also indicates that the interaction force between metal-

inhibitor is greater than that of metal-water. The surface coverage (θ) was 

calculated from the R0
p and Rp values by the following equation (10): 

p

pp

R

RR 0
  ...................... (10) 

The obtained data were tested for Langmuir adsorption isotherm, which can be 

represented by the equation (11),  

C
K

C

ads


1


 ..................... (11) 

where, Kads is the adsorption-desorption equilibrium constant and C is adsorbent 

concentration. For 20, 21 and 22, straight lines were obtained from the plots of 

C/θ Vs C with a high correlation coefficient (r2) value of 0.998, 0.998 and 0.996 

for 20, 21 and 22 respectively at 298 ± 1 K (Figure 6.15 ). The values of Kads in 

association with the standard Gibbs free energy of adsorption ΔG0
ads was 

obtained from the Langmuir adsorption isotherm by the following equation (12), 













 


RT

G

C
K ads

sol

ads

0

.)(

exp
1

 ......................... (12) 
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where, R is the universal gas constant, T is the absolute temperature and C(sol.) is 

the conc. of water (1000 g/L). The values of Kads is represented here in g-1L, thus 

in this equation the conc. of water is taken in g/L (1000 g/L) in place of 55.5 

mole/L.[39, 53] In general when the obtained  ΔG0
ads values of inhibitor lies in 

the order of -20 kJ mol-1 or even lower (more positive), it satisfies the 

electrostatic interaction between inhibitor and metal surface (physisorption 

type). The  ΔG0
ads values around -40 kJ mol-1 or higher (more negative) are 

associated with coordinate bond formation (chemisorption type).[2] However, 

adsorption of the inhibitor molecules on the metallic surfaces cannot be 

considered as purely chemical or physical phenomenon.[2] Apart from 

chemisorption, inhibitor molecule is also adsorbed on the metallic surfaces via 

physisorption.[54, 55] 

The obtained ΔG0
ads values of our synthesized inhibitors are -27.96 kJ/mol, -

28.35 kJ/mol and -28.20 kJ/mol for complex 20, 21 and 22 respectively. The 

above range of ΔG0
ads values designate the contribution of physisorption along 

with chemisorption. Thus it can be concluded that inhibitor molecules were 

adsorbed on the metallic surface following a mixed type adsorption 

phenomenon. 

 

Figure 6. 15. Langmuir adsorption isotherm of all inhibitors on mild steel 

surface in 15% HCl medium. 
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6.3.13 Weight loss measurement 

The results obtained from different electrochemical measurements are verified 

by the weight loss measurement. The effect of inhibitors at various 

concentrations is shown in Figure. 6.16 and Table 6.5. The inhibition efficiency 

(ηwt%) increased with increase in inhibitor concentrations. Table 6.5 shows that 

at 0.1 g/L complex 21 shows maximum inhibition efficiency. All the trends of 

inhibition efficiencies obtained from weight loss measurement are quite 

comparable with the results obtained from other electrochemical experiments. 

The higher efficiency of complex 21 may be due to the fact that it covered the 

metal surface efficiently and thus retarded the dissolution of mild steel.[53] 

 

Figure 6. 16. Variation of efficiency of inhibitors with concentration. 
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Table 6. 5. Calculated values of corrosion rate (CR) and inhibition efficiency (η 

%) for mild steel dissolution in 15% HCl in the absence and presence of different 

inhibitors for weight loss experiment at 298 ± 1K 

Inhibitor Concentration 

(g/L) 

Weight Loss 

(mg) 

Corrosion rate 

(mmpy) 

η (%) 

Blank  541.5 35.97  

Complex 20 0.025 

0.05 

0.075 

0.1 

179.62 

145.46 

107.42 

90.83 

11.93 

9.66 

7.13 

6.03 

66.83 

73.13 

80.16 

83.22 

Complex 21 

 

 

 

0.025 

0.05 

0.075 

0.1 

149.97 

111.21 

66.53 

55.44 

9.96 

7.38 

4.42 

3.68 

72.30 

79.46 

87.71 

89.76 

Complex 22 0.025 

0.05 

0.075 

0.1 

163.49 

125.13 

73.92 

64.64 

10.86 

8.31 

4.91 

4.29 

69.80 

76.89 

86.35 

88.06 

 

6.3.14 Surface morphology study 

The surface morphology of the mild steel sample in 15% HCl solution in the 

absence and presence of inhibitors of optimum concentration (0.1 g/L) is shown 

in Fig. 16. Significant corrosion damage can be clearly observed when metal was 

kept immersed in 15% HCl solution for 1 h and 6 h respectively without inhibitor 

(Figure. 6.17 and Figure. 6.18). From both the images it was quite clearly visible 

that the surface roughness of mild steel increases in acidic medium with time in 

absence of inhibitor molecule. However, in the presence of inhibitors, 

uniformity and smoothness of metal surface improved remarkably with time. 

(Figure. 6.17 and Figure. 6.18). So it can be concluded that corrosive attack is 

considerably reduced by the inhibitor molecules in comparison with blank, 

indicating high-efficiency protective film on the mild steel surface are formed 

by these cadmium Schiff base complexes. 
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Figure 6. 17. FE-SEM images of mild steel in 15% HCl solution at 298 ± 1 K, 

Polished: Before immersion; Blank: in the absence of inhibitors and presence 

of inhibitor 20, 21, & 22 at 0.1 g/L after 1 h of immersion. 

 

 

Figure 6. 18. FE-SEM images of mild steel in 15% HCl solution at 298 ± 1 K, 

Polished: Before immersion; Blank: in the absence of inhibitors and presence 

of inhibitor 20, 21, & 22 at 0.1 g/L after 6 h of immersion. 

 

6.3.15 Stability study in acidic media and on steel surface 

There are several examples of corrosion inhibition of mild steel in acidic 

medium using coordination complexes including metal Schiff base 

complexes.[27, 28, 56, 57] In spite of previous reports which support the 

intactness of entire coordination complexes in the application medium, 
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dissimilarities in the inhibition efficiency of our synthesized complexes 

indirectly indicate that this inhibition is not due to the formation of fragmented 

species of complexes in the medium. Furthermore, ESI-MS, UV-Vis and FTIR 

results in case of complex 20 before and after treatment with 15% HCl also 

clearly show the integrity of the complex in 15% HCl medium. Complex 20 was 

chosen for this study due to its fixed molar mass because of its dimeric nature. 

If complex 20 (0.1 g/L) get destroyed in the acidic medium then it may form 

new species like free ligands (0.04 g/L), azide ions (0.02 g/L), cadmium chloride 

(0.04 g/L) or precursor of ligands i.e, ketone (0.03 g/L) and amine (0.02 g/L). 

Thus, this fixed molar mass of complex 20 is an essential tool to understand 

about the species which is responsible factor for corrosion inhibition in acidic 

medium.  

 ESI-MS spectra of a single crystal of complex 20 in water had m/z peak 

at 347.07 for [Cd2(L
4)2(N3)2]

2+. After addition of 15% HCl, the m/z peak was 

observed at 347.1 which demonstrate the stability of complex in acidic medium 

(Figure. 6.19). 

 

Figure 6. 19. ESI-MS spectra of Complex 20 before and after treatment with 

15% HCl 

Furthermore, solid state and solution (15% HCl) state UV-Vis spectra, as well 

as IR spectra, indicate the stability of the complex in acidic medium (Figure. 

6.20 and Fig. 6.21).  



                                                                         

  
    

 

272 

 

 

Figure 6. 20. Solid and solution state (in 15% HCl) UV-Vis spectra of complex 

20. 

 

Figure 6. 21. Overlapping IR spectra of complex 20 in solid and solution state 

(15% HCl). 

Almost similar XRD pattern obtained for the powder form of complex 

20 and the thin film made after treatment with 15% HCl indicate the intactness 

of crystalline structure of the complex in the medium (Figure. 6.22). The 

deviation in peak intensity ratio arises may be due to the temperature effect on 

preparation of thin films.  
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Figure 6. 22. Overlapping XRD pattern of powder form of complex 20 and thin 

layer of complex 20 in 15% HCl. 

Still, electrochemical studies of ligand L4, azide (NaN3), cadmium 

chloride, 2-acetyl pyridine and N, N-dimethyl ethylene diamine were preformed 

taking the same concentration (0.1 g/L) of all to quantify the effect on corrosion 

inhibition to compare with the metal complex 20 to verify if decomposition of 

complex 20 occurs in acidic medium. All the data (Table 6.6 and 6.7; Figure. 

6.23) show less inhibition efficiency for the constituents compared to complex 

20. Furthermore cadmium chloride salt is corrosive in nature which was reported 

in an earlier report.[58]  

Table 6. 6. Electrochemical parameters of potentiodynamic polarization studies 

in absence and presence of Ligand L4 (0.1g/L), 2-Acetyl pyridine (0.1g/L), N,N-

dimethyl ethylene diamine (0.1g/L), Sodium azide (0.1g/L) and CdCl2 (0.1g/L) 

 

  

Inhibitor Concentration 

(g/L) 

Ecorr 

(mV/SCE) 

βa 

(mV/dec) 

βc 

(mV/dec) 

Icorr 

µA/cm2 

η (%) 

Blank  ‒ 468.0 248.4 ‒274.4 1053.0  

N,N dimethyl 

ethylene diamine 

0.1 g/L ‒ 454.6 335.3 ‒276.6 660.2 37.30 

2­Acetyl 

pyridine 

0.1/g/L ‒ 400.4 198.1 ‒291.1 420.0 60.11 

CdCl2 0.1g/L ‒ 443.8 436.6 ‒299.2 2514.0 Nil 

Ligand L4 0.1g/L ‒ 405.2 212.2 ‒304.4 371.1 64.75 

Sodium azide 0.1g/L ‒ 409.2 219.9 ‒306.2 441.9 58.03 
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Figure 6. 23. (A)-Nyquist plots, (B)-Bode plots and (C)-Phase angle plots (D)- 

Tafel polarization plots for mild steel in 15% HCl in the absence and presence 

of Ligand L4 (0.1g/L), 2-Acetyl pyridine (0.1g/L), N,N-dimethyl ethylene 

diamine (0.1g/L),Sodium azide (0.1) 

Furthermore to scrutinize the composition of adsorbed inhibitor 

molecule, the EDX analysis of the metal surface was performed after 1 h of 

immersion in the acidic medium containing complex 20 (representative 

purpose). From the Figure. 6.24 it is clearly evident the presence of all elements 

of the inhibitor molecule on the mild steel surface. Thus it may be concluded 

that the whole metal complex is responsible for anti-corrosive film formation on 

the iron surface.   

These phenomena clearly indicate the potential role of the Cd complexes in 

corrosion inhibition.  
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Figure 6. 24. EDX spectra of complex 20 after adsorption on mild steel. 

 

6.3.16 Quantum chemical calculations 

On the basis of the HSAB (hard–soft–acid–base) [59, 60] and the frontier-

controlled interaction concepts,[60, 61] the bonding capabilities of the inhibitors 

towards the metal atom, Fe, can be well explained. According to HSAB 

principle, hard acids prefer to co-ordinate to hard bases and soft acids prefer to 

co-ordinate to soft bases. Metal atoms like Fe which are known as soft acids 

when binds with hard molecules it provides a larger HOMO–LUMO gap 

compared to binding a soft molecule where a smaller HOMO–LUMO gap is 

expected.[62-64] For representative purpose to compare inhibitory activity 

between polymeric complexes and dimeric complex only one polymeric 

complex 21 and one dimeric complex 20 have been taken for quantum chemical 

calculations and that suggests that the HOMO–LUMO gap for Complex 21 is 

smaller than that of Complex 20 which indicates that complex 21 is softer than 

Complex 20 (Table 6.8).  
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Table 6. 8. Calculated quantum chemical parameters of the inhibitor molecules. 

Inhibitor Comp. 20 Comp. 21 

EHOMO (eV)  -4.445 -2.465 

ELUMO (eV)  -2.07 -0.242 

ΔE (eV) 2.375 2.223 

ELUMO(Fe)-EHOMO(inh) (eV) 4.322 2.342 

I (eV) 4.445 2.465 

A (eV) 2.07 0.242 

χ (eV) 3.257 1.353 

η (eV) 1.187 1.111 

σ (eV-1) 0.842 0.9 

ΔN 0.658 1.56 

 

The order of this band gap values is similar with the optical band gap values 

obtained from UV/Vis experiment. Hence complex 21 has higher binding 

tendency than complex 20 towards Fe. Similarly using the concept of MO 

(molecular orbital) theory: since the cadmium complexes (inhibitor) is the 

electron pair donor and the Fe atom is the electron pair acceptor, the energy 

difference of the HOMO (LUMO is nothing special) of the complexes and the 

LUMO (HOMO is nothing special) of the Fe (i.e. -0.12376 eV reported in 

literature [65]) must be considered. The theory proposes that the overlap 

between the LUMO (Fe) and the HOMO (complex) is a foremost feature in 

bonding; the lower the HOMO–LUMO energy difference the higher the 

HOMO–LUMO overlap and the stronger the inhibitor-Fe interaction.[65] 

Another way to compare inhibition competence with constraints of molecular 

structure is to compute the fraction of electrons transferred from inhibitor to 

metal surface. According to Koopman’s theorem,[66] EHOMO and ELUMO of the 

inhibitor molecule are related to the ionization potential (I) and the electron 

affinity (A), respectively. The ionization potential and the electron affinity are 

defined as I = - EHOMO and A = - ELUMO. The absolute electronegativity (χ), 

global hardness (η) and softness (σ) of the inhibitors molecule are approximated 

as [χ = (I+A)/2], [η = (I-A)/2] and [σ = 1/ η].[67, 68] From the calculated result 
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(Table 6.8) it was very clear that softness of complex 21 is higher than complex 

20 which supports the previous explanation. Pearson method [69] was utilized 

to calculate the fraction of electrons transfer (ΔN) from the inhibitor to metallic 

surface using the following equation (13).[70]  

)(2 inhFe

inhFeN







  ............................ (13) 

There are random use of the theoretical value of Fe = 7 eV and of Fe  = 0 eV 

to calculate ΔN in many literature in recent time.[60, 71] However, the use of 

this ( Fe = 7 eV) is conceptually wrong as it is only accompanying with the free 

electron gas Fermi energy of iron without considering the electron- electron 

interaction.[72] Thus in recent times researchers have used work function ( ) 

for the correct measure of electronegativity of iron.[73] Thus to measure ΔN 

more convincingly Fe  is replaced by   in the equation (14). 

)(2 inhFe

inhN







  .............................. (14) 

DFT derived   values for the Fe (1 0 0), Fe (1 1 0) and Fe (1 1 1) planes are 3.91 

eV, 4.82 eV and 3.88 eV. Herein only Fe (1 1 0) surface has chosen because of 

its packed surface and higher stabilization energy. When ΔN > 0 or vice versa if 

ΔN < 0, the electron transfer from the inhibitor molecule to the metal surface 

will occur.[2] It was also well-known that electron donating ability of inhibitor 

molecule increases if ΔN < 3.6.[74] The tabulated data (Table 6.8) shows that 

the ΔN values for both the inhibitors are positive and less than 3.6 which means 

both have capability to donate its electron to the metallic surface. It was also 

observed that the order of electron transfer is higher in the case of polymeric 

complex 21 than dimeric complex 20 which also confirms that complex 21 has 

the greater tendency to donate electrons and therefore the higher affinity to bind 

onto the metal surface.  
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 As it was proposed that due to more heteroatom availability the 

polymeric complexes have greater tendency to interact with Fe surface, thus to 

investigate this phenomenon theoretically, molecular electrostatic potential 

(MEP) mapping was employed which provides a visual method to comprehend 

the location of the electrophilic attack, nucleophilic attack and the electrostatic 

potential zero regions.[75] The HOMO- LUMO orbital, total electron density 

surface mapped with molecular electrostatic potential (MEP) and contour 

representation of the electrostatic potential of complex 20 and complex 21 are 

represented in Figure. 6.25.  

 

Figure 6. 25. Molecular ESP map, Mulliken charge distribution diagram and 

HOMO-LUMO orbital electron density diagram for complex 20 and complex 

21. 

In these maps, different values of the MEP were demonstrated with the help of 

different colors, which are red, yellow, green, light blue and blue. The red and 

yellow colors, appropriate for the negative parts of the MEP, are associated to 

electrophilic reactivity, blue colors appropriate for the positive parts to the 

nucleophilic reactivity and the green color signifies the ESP zero region. From 

this figure, it is clear that here red or yellow sites are mainly observed over azido 

N atoms. Thus Azido N atoms are a main responsible factor to interact with the 

metal surface. These remarks further confirmed by Mulliken charges on the 

reactive N atoms. The Mulliken charges on azido N atoms are more negative in 
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complex 21 than complex 20 which is also a supportive indication of greater 

inhibition efficiency of polymeric complexes. 

 This phenomenon is further corroborated with the Fukui indices analysis 

which is an important strategy to find out which atoms in the molecule mainly 

participate in this donor acceptor type of interactions. Fukui indices analysis. 

Fukui indices analysis can sensibly determine the local reactivity as well as the 

corresponding nucleophilic and electrophilic behavior of the molecule.[39] The 

higher value of fk
+ suggests acceptance of electron from the metal surface and 

higher value of fk
- suggests higher donation ability of inhibitor molecules.[39] 

The calculated Fukui indices are presented in Table 6.9. And the results indicate 

that N and C atoms of azide and acetyl pyridine moiety are the most susceptible 

sites for electron acceptance or donation. It was observed a relatively high fk
- 

values which was observed for the atoms like N(4), N(42), N(2), N(40), N(3), 

N(41), N(7) and N(45) indicate that N atoms of azide has higher affinity to 

donate electrons to the steel surface. Besides this a relatively higher fk
+ values 

associated with N(4), N(42), C(13), C(51), C(15) and C(53) atoms  in complex 

20 indicate terminal N atoms of azide and C atoms lies in the pyridine ring are 

responsible for accepting electron from the mild steel surface. From the table it 

was also clearly seen that Cd(1) and Cd(39) have tendency to accept electron 

from steel surface. Similarly the N atoms located in the azide part of complex 

21 are more capable to donate electron while the C atoms lies on the acetyl 

pyridine ring favors more acceptance of electron from metallic surface. The 

presence of more number of heteroatoms in complex 21 than complex 20 gives 

more preference towards nucleophilic as well as electrophilic attack[2] and this 

observation indirectly supports the higher inhibition efficiency of complex 21 

than complex 20. So overall the expected prediction of localized attack is quite 

comparable with the observable results obtained from Fukui indices calculation. 
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Table 6. 9. Calculated Fukui functions for the complex 20 and complex 21. 

Complex 20 Complex 21 

Atoms fk
+ fk

- fk
0 Atoms fk

+ fk
- fk

0 

Cd(  1) 0.005 0.02 0.013 Cd(  1) 0.002 0.022 0.012 

N (  2) 0.031 0.108 0.069 O (  2) 0.008 0.012 0.01 

N (  3) 0.014 0.033 0.024 N (  3) 0.018 -0.005 0.006 

N (  4) 0.042 0.116 0.079 N (  4) 0.025 -0.005 0.01 

N (  5) -0.001 -0.003 -0.002 N (  5) -0.003 -0.004 -0.003 

N (  6) 0.004 0.001 0.002 N (  6) 0.014 0.006 0.01 

N (  7) 0.016 0.024 0.02 N (  7) -0.002 0.002 0 

N (  8) 0.02 0 0.01 N (  8) -0.001 0.004 0.001 

N (  9) 0.03 0.004 0.017 N (  9) 0.017 0.04 0.029 

N ( 10) -0.002 -0.003 -0.003 N ( 10) 0.002 0.016 0.009 

C ( 11) 0.015 0.004 0.009 N ( 11) -0.001 0.056 0.027 

C ( 13) 0.042 0.023 0.033 C ( 12) 0.008 0 0.004 

C ( 15) 0.033 0.021 0.027 C ( 14) 0.018 0.009 0.013 

C ( 17) 0.022 0.014 0.018 C ( 16) 0.016 0.009 0.013 

C ( 19) 0.03 0.008 0.019 C ( 18) 0.015 0.006 0.01 

C ( 20) 0.026 0.009 0.017 C ( 20) 0.024 0 0.012 

C ( 21) 0.007 0.005 0.006 C ( 21) 0.016 0.006 0.011 

C ( 25) 0.007 0.003 0.005 C ( 22) 0.005 0.004 0.005 

C ( 28) 0.003 0.002 0.002 C ( 26) 0.006 0.001 0.004 

C ( 31) 0.002 0.003 0.003 C ( 29) 0.002 0.001 0.002 

C ( 35) 0 0.002 0.001 C ( 32) 0 0.002 0.001 

Cd( 39) 0.006 0.02 0.013 C ( 35) 0.001 0.002 0.001 

N ( 40) 0.031 0.108 0.069 C ( 38) 0.002 0.001 0.001 

N ( 41) 0.014 0.033 0.024 C ( 41) 0.001 0 0.001 

N ( 42) 0.042 0.116 0.079 Cd( 44) 0.002 0.013 0.008 

N ( 43) -0.001 -0.003 -0.002 N ( 45) 0.015 0.12 0.067 

N ( 44) 0.004 0.001 0.002 N ( 46) 0.033 0 0.016 

N ( 45) 0.016 0.024 0.02 N ( 47) 0.044 0.006 0.025 

N ( 46) 0.02 0 0.01 N ( 48) -0.003 -0.003 -0.003 

N ( 47) 0.03 0.004 0.017 N ( 49) 0.041 0.064 0.053 

N ( 48) -0.002 -0.003 -0.003 N ( 50) 0.004 0.042 0.023 

C ( 49) 0.015 0.004 0.009 O ( 51) 0.009 0.008 0.008 

C ( 51) 0.042 0.023 0.033 C ( 52) 0.002 0.002 0.002 
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C ( 53) 0.033 0.021 0.027 C ( 53) 0.001 0.001 0.001 

C ( 55) 0.022 0.014 0.018 C ( 54) 0.024 0.003 0.013 

C ( 57) 0.03 0.008 0.019 C ( 55) 0.046 0.002 0.024 

C ( 58) 0.026 0.009 0.017 C ( 56) 0.03 0.005 0.018 

C ( 59) 0.007 0.005 0.006 C ( 57) 0.009 0.002 0.005 

C ( 63) 0.007 0.003 0.005 C ( 58) 0.003 0.002 0.003 

C ( 66) 0.003 0.002 0.002 C ( 59) 0.002 0.002 0.002 

C ( 69) 0.002 0.003 0.003 C ( 60) 0 0.001 0 

C ( 73) 0 0.002 0.001 N ( 61) 0.007 0.022 0.015 

    N ( 62) 0.031 0.073 0.052 

    N ( 63) 0.004 0.016 0.01 

    N ( 64) 0.019 0.051 0.035 

    C ( 66) 0.059 0.017 0.038 

    C ( 68) 0.043 0.014 0.029 

    C ( 70) 0.028 0.007 0.017 

    C ( 72) 0.008 0.004 0.006 

    N ( 88) 0.03 0.136 0.083 

    N ( 89) 0.006 0.042 0.024 

 

6.3.17 Inhibition mechanism 

There are certain physicochemical criteria which dictate the adsorption process 

of any molecule on the surface like; chemical nature of functional groups, the 

electron density of donor atoms and aromaticity, molecular shape, and size.[76, 

77] Any inhibitor molecule may get adsorbed on the metal surface via 

electrostatic type interactions, donor-acceptor interactions, coordinate bonding 

interaction or combination of all.[10, 78, 79] When a particular organic molecule 

act as a ligand in a metal complex system, in the presence of other co-ligands 

like azide the tendency for adsorption may increase due to binding through 

available lone pairs of co-ligand and unused donating sites of ligands. The large 

size and molecular weight also play a part towards greater inhibitory 

efficiency.[35] Considering these information and ΔG0
ads values obtained from 

experimental results, it can be predictable that adsorption was taken place 

through physisorption along with chemisorption pathway. Although there is no 
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such huge difference in the ΔG0
ads values (– 27.96 kJ/mol, – 28.35 kJ/mol and – 

28.20 kJ/mol for complex 20, 21 and 22 respectively) between different 

substances but still from the observed valued it can be presumed that more 

negative ΔG0
ads values were obtained with increase of the availability of 

heteroatoms in case of cooordination polymeric substances (complex 21 and 22). 

Complex 21 posses most negative ΔG0
ads value which may be due to presence 

of more number of heteroatom including one non coordinated O-donor atom. 

Presence of these hetero atoms facilitate both electrostatic as well as coordinate 

bonding type interactions with the surface. Thus combination of both 

physisorption along with chemisorption was observed in the synthesized 

systems. Theoretical observation also indicate the overall higher efficiency of 

polymeric substances and Fukui indices value corelate the active participation 

of N aoms of azide towards interaction with mild steel surface.  

 

6.4 Conclusions 

The corrosion averting capabilities of the prepared cadmium Schiff base 

complexes were studied towards mild steel corrosion in HCl solution. For target-

oriented synthesis, firstly Schiff base ligand L4 [N,N-Dimethyl-N'-(1-pyridin-2-

yl-ethylidene)-ethane-1,2-diamine] has been taken as of prime importance 

where three cadmium complexes have been synthesized. The corrosion 

inhibition property of cadmium (II) complexes has been scrutinized in step by 

step manner. Complex 18 where no co-ligand is involved was not found to be 

significantly active towards corrosion inhibition. Also after employing 

cyanoacetic acid as a co-ligand in complex 19, no such improvement has been 

observed in corrosion inhibition property which may be due to its monomeric 

nature and a lesser number of adsorbing site. Then to improve adsorbing site 

azide ion as a co-ligand has been introduced in complex 20 and structurally 

adsorbing site has been increased along with the nuclearity of the compound due 

to bridging nature of the co-ligand. The results are that the azido bridge dimeric 

complex 20 has shown remarkable corrosion inhibition property towards mild 
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steel. After discovering the utility of azide ion as co-ligand towards inhibition 

property it was contemplated to use the other Schiff base ligands L6 [2-

morpholino-N-(1-(pyridin-2-yl)ethylidene)ethanamine] and L7 [(2-(piperidin-1-

yl)-N-(1-(pyridin-2-yl)ethylidene)ethanamine)] to prepare well designed 

polymeric complex 21 and 22  which have shown very high corrosion inhibition 

properties due to the presence of increased number of adsorbing sites and this 

high inhibition efficiency is quite good with respect to the other inorganic 

systems[13, 27] as well as organic inhibitors.[80]  

Although a quantitative comparison of differences between substances 

is not reasonably possible as the experimental values are very close to each other 

but still considering the similar trend of activity among different substances 

obtained from different experimental as well as theoretical results, it can be 

concluded that increasing adsorbing sites by increasing nuclearity could be one 

of the key factors to develop corrosion resistance polymeric metal complexes 

which are worth for further investigation. 
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Chapter 7 

General conclusions and future scope 

The attempts to design new metal complexes based on flexidentate Schiff base 

moieties for better understanding of the structure-activity relationship between 

several kinds of biological, chemical as well as material properties and various 

complex structures tuned by flexibility as well as flexibility controlled nuclearity 

are the main goals of this work. 

 In this regard this thesis is mainly focused on total twenty two newly 

synthesized metal complexes of four metal ions (Ni2+, Cu2+, Zn2+, and Cd2+). 

 In case of copper and nickel complexes (Complex 1-11) it has been 

observed (Chapter 2-4) that ligand flexibility and nuclearity take important role 

towards different kind of application like biomacromolecular interaction, 

catecholase and antimicrobial activity and other biological activities. The role of 

counter anion as well as metal ion towards tuning the ligand flexibility inside 

the metal complexes has been also explored here. Thus this work could be the 

stepping stone for further tuning of the ligand using the flexibility to develop 

polynuclear compounds which can show more efficacy in terms of biological 

and biomimetic catalytic applications. 

 Apart from this, the approach of using pseudohalide (azide) as a co-

ligand along with other Schiff base ligands has been successfully implemented 

in chapter 5 for synthesis of zinc complexes (Complex 12-17) with high 

efficiency towards corrosion inhibition of mild steel. Being inspired by this 

result more robust cadmium salts were introduced in chapter 6 to design new 

complexes (Complex 18-22) in a well-planned way for getting very high 

corrosion inhibition efficiency. The outcome has shown that polynuclear 

cadmium complexes with flexible ligand can demonstrate excellent corrosion 

inhibition property. Therefore, this approach can be extended for other systems 

with different metal ions with minimum toxicity. 

 


