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Abstract 

 
Piperazine based molecules have gained remarkable interest owing to their excellent 

bioactivity. In medicinal chemistry many marketed drugs are available which contains 

piperazine moiety. Piperazine based molecules with suitable donor atoms are potential 

ligands for metal complexes and are able to enhance their applications. Thrust area of 

this thesis represents the controlled study of piperazine based ligands and their 

complexes toward their interaction with various biological receptor. Thus, a total of 

fourteen ligands have been prepared with systematic variation in the ligand skelton 

with symmetric and asymmetric substitution in order to study their metal complexing 

behavior. Ligands werecharacterized using physical and spectroscopic methods viz. 

FTIR, UV-vis, 1H NMR and Mass spectrometry.  

Metal complexes of these ligands were prepared and characterized.  Structure of these 

complexes were proposed on the basis of UV-vis, FTIR, Mass, isotopic distribution, 

TGA, molar conductance measurements. In the UV-vis spectra significant variations 

from the ligand absorptions were observed and further supported by M-N and M-O 

vibrational frequencies which were in the 400-600 cm-1 range in FTIR. Mass spectra 

and their fragmentation pattern matched well with proposed pathway(s). Isotopic 

distribution corresponding to the proposed formula of complexes measured 

experimentally and compared theoretically were similar for most of the cases. TGA 

analysis was assisted by the loss of coordinated solvent molecules before the actual 

loss of ligands and percentage ash content analysis in accordant with number of metal 

ion converting to metal oxide. Molar conductance data suggested nonionic nature of 

complexes which were in agreement to the proposed structure of complexes.   

Biological applications of these ligands and complexes were conducted to check their 

interactions with different receptors. Antibacterial activity of ligands and complexes 

were tested against E. Coli and S. Aureus. While most of the ligands were inactive or 

very less active, all the metal complexes were found more active and even in some 

cases more active than standard amikacin. Structural activity relationship for these 

variation in activity were also suggested. Antioxidant activity of complexes using 

DPPH scavenging assay and results indicated some complexes were active and 

showed greater percentage inhibition. Protein binding studies were performed with 
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BSA using UV-vis absorption spectroscopy and binding constant were calculated 

which were in range of 102 M-1. Moderate binding constant of these complexes 

suggested potential role of serum protein as carrier molecules in drug delivery. 

Cytotoxicity studies of selected complexes were performed against breast cancer cell 

line (MCF-7) and IC50value were found in the range of 5-9. DNA binding studies for 

selected complexes were also performed with CT-DNA and calculated binding 

constant were in the range of 102 M-1. Thus, complexes have been shown to be 

biologically active with respected to individual biological receptor. 

Computational studies were performed to aid experimentally obtained results 

theoretically. Geometry optimization of ligands were performed to find stable 

equilibrium structure and to know about orientation of donor atoms. Hybrid functional 

B3LYP/6-31G method was used to optimize the structures. TDDFT studies were 

performed to corroborate experimentally obtained UV-vis spectra of ligands and 

selected complexes. All the compared results were in favour of experimental findings 

and theoretical transitions were also assigned to the metal complexes. Selected metal 

complexes were optimized using DFT calculations with LAN2DZ basis set. 

Molecular docking studies with BSA and DNA were performed to know binding 

interaction of the complexes with theses biomolecules. BSA docking studies reveled 

the complexes which lack aromatic system interact with hydrophilic interaction while 

the complexes with benzene ring show both hydrophilic and hydrophobic interactions 

with amino acid residues in protein chain. DNA docking studies revealed the selected 

complexes interact with DNA through nitrogenous base, pentose sugar and phosphate 

and are groove binder in nature. 
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1.1 Introduction  

Heterocycles containing nitrogen owing to their high therapeutic properties have 

gained remarkable interest of scientist in the recentyears.1Weather it be natural or 

synthetic compounds containing piperazine ring, biological activities of these 

compounds owe to this piperazine ring and play a key role in biochemical processes, 

irrespective of naturally occurring or of synthetic origin.2 Phytochemical drugs such 

as papaverine, theophylline,ellipticine, procaine,quinine,emetine, morphine, 

containing nitrogen based heterocycles have established important mark.3 New 

schemes are developed for the conversionand transform small building block into the 

nitrogen-containing heterocycles with desired applications.4–6 

 

Figure 1.1: 3D structure of piperazine 

Piperazine is a heterocyclic six membered ring compound two nitrogensin opposite 

side of the ring (Figure 1.1).7Piperazine is a weak base (pKa  5.35 and 9.73 at room 

temperature)8,9and is soluble in organic and aqueous solvent. It is considered a 

privileged structure because of its versatile binding properties and act as the backbone 

skelton of the moleculesin biological targets.10A library of molecules can be 

potentially designed by modifying the ring through nitrogen with the concept of 

without modifying the basicity of compounds for wide variety of applications.11 This 

idealize to build molecules with an active core of piperazine ring12 and screen it 

against  various receptors for different therapeutics13such as antibacterial14–18, 

antifungal19,20, anticancer21–26, antihistaminic27, antipsycholytic28,29 and 

neurobiology.30 

Piperazine itself with nitrogen as donor as well as its different derivatives with 

suitable donor atom or groups act as potential ligands for metal complexes formation. 

Owing to the symmetry of piperazine ring further substitution on nitrogen can result 
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in the formation of unsymmetrically disubstituted and monosubstituted derivatives as 

well as symmetrically disubstituted compounds.31,32 This implies that piperazine ring 

based ligands are unique for easy modificationproviding desired applications (Figure 

1.2). 

Figure1.2: Structures of ligands derived from piperazine 

Since substitution at N-atom of piperazine makes them versatile ligands,33 they are 

used to bind either one- or two-metal ions in different conformation environments. 

Boat conformation is preferred in monometallic complexes binding to one metal 

centre resulting in a conformational strain upon the piperazine ring.34While in 

bimetallic complexes binding to two metal ions allows the piperazine stable chair 
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conformation. In general, Substitution on piperazine ring nitrogen is made with 

suitable moieties for increasing the tacticity and increased binding possibilities of 

ligands. For example, ligand 1,4-bis(2-pyridylmethyl)piperazine reported by 

Ostremiar et al.was able to bind with iron in two different denticity i.e.as a 

tetradentate or bidentate ligand.35 Thus potential of the ligands based on piperazine 

ring can be shown to generate a diverse series of different metal complexes. 

Piperazine is considered as the structural component during screening of drugs and 

have been designated for many successful applications in biochemistry and medicinal 

field.36The piperazine scaffold is regarded as the active core and is frequently 

observed in naturally occurring bioactive compounds across a variety of naturally 

occurring medicines.13 A large number of potent commercially available drugs like 

fluphenazine,flunarizine, lomerizine,cinnarizine, HIV protease, 

crixivan,ciprofloxacin, etc. contain a piperazine core are good examples of bioactive 

piperazine derived compounds.37Owing the presence of polar nitrogen atom in the 

piperazine ring it confers bioactivity to its derivatives by increasing the favourable 

interactions with bio molecules7and play major rolein the biochemical processes in 

living cells. Moreover, many of the enzymes have heterocycles as coenzymes for their 

active functioning.6 These nitrogen sites are responsible in water solubility of the 

organic moleculesand thereby playing an active role in the bioavailability. Also, 

piperazine derived compounds are extensively used in drug discovery because they 

permit synthetic medicinal chemist to design such molecules in which basicity is 

retained. 

The major role of this privileged structure, in medicinal chemistry, is to furnish a path 

to build up a library of compounds based on piperazine structural motif and screen 

them against an array of different receptors12 for different therapeutic areas.13Among 

a wide verities of currently available drugs, few examples that contain piperazine unit 

are shown in the figure 1.3.38–42 

Antidepressant drugs containing piperazine core are amoxapine43,44buspirone45,46, 

befuraline.47 The drugs that possess anticancer activity is imatinib with a piperazine 

moiety. Imatinib48 effectiveness has been proved in treatment of Chronic Myeloid 

Leukemia (CML) and it also act as synthetic tyrosine kinase inhibitor. Ranolazine49,50 
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and trimetazidine51 are class of antianginal drugs used to treat angina, a symptom for 

heart attack and give immediate relief form angina attack.  

Figure 1.3: Structures and name of marketed drugs containing piperazine moiety  

Cetrizine52, cyclizine53 and meclizine are class of antihistamine drugs which are used 

to treat allergic symptoms like hives, sneezing, a runny nose and watery eyes by 

blocking effect of histamines. All the three drugs have structural similarity and 

possess piperazine nucleus as backbone unit. Perphinazine54, fluphenazine, 

trifluperazine, prochloroparazine are antipsychotic class of drugs, used to treat 

symptoms of psychosis like delusions, confused thoughts, paranoia or hallucinations. 

Antibiotics ciprofloxin55 is a fluoroquinolone derived compound containing 

piperazine moiety and have broad spectrum activity in therapeutics because several 
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pathogens which are resistance to other drugs, are susceptible to ciprofloxin. 

Itraconazole56is an antifungal drug containing triazole moiety with built in piperazine 

unit possess broad spectrum activity againstseveral systemic fungal pathogens.  

 

1.2 Review of Literature  

1.2.1 Phenylpiperazines ring-based ligands 

Asymmetric phenyl piperazines have been synthesized by Vibhor et al.57 from 

chlorinationof bis-ethanolamine tobis-(β‐chloroethyl)amine which were condensed 

with a suitable aromatic primary amine. Liu et al.58 has also followed a similar way to 

synthesize monosubstituted and disubstituted compounds by reacting with alkyl 

halides. Preparation of piperazine derivative bearing phenyl ring in the middle is a  

keyprecursor for the preparation of macrocyclic ligands (Figure 1.4).59 

Figure1.4: Synthesis of substituted phenylpiperazine 

1.2.2 Amino-alkyl/benzyl and di-acetamide piperazine ring base ligands and 

complexes 
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Tetradentate amino-alkyl piperazines with varying chain length have been shown to 

act asprecursor for further substitutiontoSchiff Base metal complexes. Bis(3-

aminopropyl)piperazine and bis(2-aminoethyl)piperazine have symmetric 

substitutionboth side while preparation of an asymmetrical N,N'-(2-aminoethyl)(3-

aminopropylpiperazine(L8) has been given by Kaypour et al.60by puttinglinear amines 

having different length with amine group protection (Figure 1.5). 

 

Figure1.5: Synthesis and structure ofligand L8 

Substituted benzylamine incorporating piperazine ring (L9)  has been synthesized by 

Lloyd et al.61by the rection of 2-nitro-4-tert-butylbenzylbromide with piperazine 

followed by reduction (Figure 1.6). 

Figure1.6: Synthetic procedure of substituted amino-benzylpiperazine 

Diacetamide based Mannich base piperazine ligand (L10)have beendescribedby Babu 

et al.62  which is prepared by the condensing benzylaldehyde, acetamide and 

piperazine. Metal complexes of the ligands have been prepared using Cu2+, Ni2+, Co2+ 

and Zn2+ metals (Figure 1.7).  
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Figure1.7: Synthesis of piperazine derived ligand and their complexes 

1.2.3 Pyridyl piperazine based ligands and complexes 

Pyridine appended piperazine are the range of ligands that have been used for various 

applications 63 These ligands are prepared by treating piperazine with 2-picolyl 

chloride (Figure 1.8).64Substituted pyridyl compounds have also beensynthesized by 

Schatz et al.65and Massoud et al.66 by following the similarprocedure. 

 

Figure1.8: Synthesis of bispyridyl piperazine and their higher ring analog 
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Tetra-dentate pyridine based ligand L11 are also employed by Ratilainena et al.67for 

the different transition metal complexes such as copper, cobalt, manganese and silver 

employing metal salts with different anions and their structures have been explained 

(Figure 1.9,1.10).  

 

Figure1.9: Different metal complexes of ligand L11 

 

Figure 1.10: Structure of metal complexes of ligandL11 

Analogue to  pyridyl appended piperazine ligands,  diaza-cycloalkanes based and 

other similar ligands (Figure 1.12)and their manganese complexes (Figure 1.11)have 

been prepared Saravanan et al.68 with the important use in olefinic oxidation with 

effect of ring size having significant effect in catalytic activity. 

 

Figure 1.11: Manganese complexes of L20, L18, L13 
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Peroxy manganese complexes of the various ligands (L11, L12, L14, L15 and L18) 

synthesized by Gieger et al.69 have been testedimportant in catalytically promoted 

oxidation of small molecule using manganese as the active centre. These complexes 

have different coordination number ranging from six to eight coordination which also 

have influence in catalytic activity owing steric hindrance. Binding affinity of  ligands 

L17, L19 and L20 with actenides has been invegigated by Ogden et al.70in methanolic 

solution. 

 

Figure1.12: Structure of bispyridyl/quinolyl ligands 

Limberg et al.35 have utilized the ligand bis-2-pyridylmethylpiperazine L11 to show 

the effect of boat and chair conformers on complexation and coordination 

environment by preparing four different iron complexes (Figure 1.13). This is 

important to observe that role of solvent polarity, oxidation state of metal ion, and co-

anions of metal salts are essentially involved as key factors in deciding the 

coordination environment around the ligands and metal ion. Boat conformation 

binding of piperazine derivatives in L8 has also been provedwith structures reported 

by Ostremeier et al.71Isobutyl group forces piperazines (L22)to coordinates in boat 

conformation with iron (Figure 1.14). 
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Figure1.13: Synthesis and structure of iron complexes of L11in different geometrical 

conformations 
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Figure1.14: Synthesis of [(2i-BuBPMP)Fe(Cl)2] and [(2i-BuBPMP)Fe(OTf)2] 

1.2.4 Diformyl piperazine bis(carbohydrazone) based ligands and complexes 

Sulekh Chandra et al.72 has prepared Schiff base type 1,4-

diformylpiperazinebis(carbohydrazone) (L22) (Figure 1.15), its dinuclear copper 

complexes and their EPR studies have been done. Magnetic studies are important to 

know about the coordination environment around the metal ion (Figure 1.16). 

Figure1.15: Synthesis of 1,4-diformylpiperazinebis(carbohydrazone) 
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Figure1.16: Structure of the complexes of ligand L22 

1.2.5 Hydroxybenzyl piperazine based ligandsand complexes 

Ligands based on substituted bis-2-hydroxybenzyl with the homopiperazine and 

piperazine ring at the middle(Figure 1.17) have been studied and their complexes 

have been synthesized by Hancock et al.73,74.  

Figure1.17: Synthetic procedure of bis-2-hydroxy benzylpiperazine/homopiperazine 

ligands 

Synthesis and characterization of aluminum complexes of  hydroxybenzylpiperazine 

ligands have been done by Fulton et al.75They have synthesized both monometallic 

and bimetallic aluminum methyl complexes by treating of L25 with  AlMe3(Figure 

1.18). 
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Figure1.18: Synthetic procedure of Al complexes of hydroxy-benzylpiperazine 

ligands 

Similar and dinuclear76andmononuclear77aluminum complexes have also been 

prepared by Li and Chen et al.78 with littlechanges in the structure of ligand. In the 

complexes, the aluminium ions are stabilized by phenolate ligands. Guo et al.79 have 

reported structures and spectroscopic characterization of Cu2+ complexes of 

homopiperazine basedbis-2-hydroxybenzyl ligand(L29) (Figure 1.19). 
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Figure1.19: Synthesis of Al, Ti and Cu complexes of homopiperazine basedbis-2-

hydroxybenzyl ligands 

Mohanty et al.80have synthesized palladium complexes of similar ligands(L30,31) 

having different position of alkyl group (Figure 1.20) and they have used these 

complexes as catalysts in cross coupling reactions which are phosphine free diamino-

diol based catalysts. 

 

Figure1.20: Synthetic procedure of ligands L30, L31 and their Pd complexes 
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1.2.6 Pyrrole-piperazine based ligands and complexes 

Piperazine pyrrole combination in ligands (L32 and L33) and their aluminum 

complexes have been praparedby Hu et al.81which are both nitrogen based 

heterocycles (Figure 1.21). Metal salt and ligand stoichiometry play a key role in 

deciding the number of ligands around the metal ions. Mixed ligands complexes were 

also prepared using some other co-ligands and effect of moistures have also been 

observed in these complexes (Figure 1.22 and 1.23). 

.  

Figure1.21: Aluminium complexes of pyrrole piperazine based ligand L32 

Figure1.22: Pyrrole piperazine ligand complexes of [AlMe2(L32)] 
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Figure1.23: Synthesis of metal complex of L33 

Ligand based on dibenzo-dihydroxy-bispiperazine-dioxododecane(L34) and their 

Cu2+ and Zn2+ metal complexes has been prepared by Bhat et al.82to explore their 

biological activities (Figure 1.24). Non-ionic nature of these complexes has octahedral 

coordination around copper and zinc metal ions. Cyclic voltammetry,viscosity 

measurements and UV–vis, fluorescence methods have been used to study DNA 

binding calf thymus DNA.  

Figure1.24: Synthesis of L34 and its metal complexes 

1.2.7 Schiff Base based piperazine ligands and complexes 

Schiff Base ligands containing piperazine ring contains additional imine type bond 

available for metal binding. The asymmetric Schiff base ligand (Figure 1.25) based on 

salicylaldehyde and aminoethyl piperazine, (L35) has been prepared 

byMukhopadhyay et al.83. This ligand is used by Pait et al.84to prepare three copper 

complexes [Cu(L35)(H2O)2(NO3)](NO3),  [Cu(L35)(N3)(ClO4)]  and  [Cu2(L35)(μ-

1,3-NCS)2](ClO4)2.2H2O. These complexes have been tested for anticancer activity 

and protein binding studies.  

 

Figure1.25: Synthesis of Schiff Base ligand (L35) 
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In place of salicylaldehyde using pyridine carbaldehyde,ligand L36is obtained. Zinc, 

cadmium and mercury complexes of this tetradentate ligand has been prepared and 

structurally characterized by Purkit et al85 (Figure 1.26). 

 

Figure1.26: Synthetic procedure of ligand and its complexes 

Macrocyclic Schiff base type ligands (L37-39) and their manganese complexes have 

been prepared by Keypour et al.60 by 1+1 templated direct cyclocondensation of or 

2,6-pyridinedicarbaldehyde or 2,6-diacetylpyridine (Figure 1.27) with the (2-

aminoethyl)(3-aminopropyl)piperazine or 1,4-bis(3-aminopropyl)piperazine and these 

ligands and complexes are characterized by FAB (Fast Atom Bombardment) mass 

and elemental analysis. 

 

Figure1.27: Templated synthesis of macrocyclic Schiff base type ligands and 

manganese complexes 

The aminobenzylpiperazinebased ligand (L40) has been prepared (Figure 1.28) by the 

reaction of 2-nitrobenzylchloride and piperazine followed by nitro group reduction 

using zinc by Keypour et al.86 Their corresponding Mn2+ and Zn2+ macrocyclic 

complexes have also been prepared by the 1+1 templated cyclocondensation of ligand 

L40 and diacetylpyridine or pyridinedicarbaldehyde. 
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Figure1.28: Synthesis of ligand L40 

The ligand L40act as precursor for further modification to Schiff Base ligand (L41-

43) by reacting it with substituted salicylaldehyde in ethanol solvent (Figure 1.29).87,88 

The cobalt and copper complexes of  these ligands have also been prepared and 

characterized (Figure 1.30). 

 

Figure1.29:  Synthetic procedure of hexadentate N4O2 Schiff base ligands  
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Figure1.30: Schiff base complexes of ligand L43 

In a different approach, using piperazine and 2-fluorobenzaldehydeKeypour et al.86 

synthesized a ligand L44 (Figure 1.31)which were further converted to macrocyclic 

ligands with diamine and amino-alkanol 89 in one-pot cyclocondensation reaction 

resulting in ligands L45 and L46 through 1+1 and 2+2 cycloaddition reaction (Figure 

1.32). Different metal complexes of ligand (L45) with zinc, cobalt and nickel have 

been synthesized and characterized by the reaction of the ligand (L45) and a 

respective metal salt. 

 

Figure1.31: Process of synthesis of ligand L44 
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Figure1.32: Synthetic procedure of macrocyclic ligands L45, L46 and L47 

El-Sherif et al. by adopting a different approach prepared another hexadentate ligand 

1,4-bis[(2-hydroxybenzaldehyde)propyl]piperazine (L48) and its complexes by the 

reaction of salicylaldehyde with1,4-bis(3-aminopropyl)piperazine using ethanol as 

solvent (Figure 1.33).90 

 

Figure1.33: Synthesis of ligand (L48)  

Macrocycle ligand(L49) has been prepared in a four steps reaction by Nishant et al.91 

Ligand is synthesized by mixing 5-amino salicylic acid, formaldehyde and piperazine 

in ethanolic solutionfollowed by chlorination with SOCl2, which further treated with 

ethylenediamine and finally give the macrocyclic ligand (Figure 1.34). 
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Figure1.34: Synthesis of macrocycle ligand (L49) 

1.2.8 Carboxyphenylmethylene piperazine based ligands and complexes 

A flexible piperazine containing ligand has been prepared by Hawes et al.92This 

ligand is utilized to build a porous coordination material which show selective 

CO2uptake after solvent exchange and thermal activation. The ligand N,N-bis(1,4-

carboxyphenylmethylene)piperazine (L50) is prepared in three steps reaction by 

treating4-bromomethyl benzoate with piperazine followed by hydrolysis (Figure 

1.35). 

 

Figure1.35: Synthetic procedure of Me2L50, K2L50.2H2O and H2L50 

Application of piperazine ring-based ligands and complexes 

1.2.9 Anti-microbial activity of ligands and complexes 

Anti‐bacterial activity of aryl piperazine derivatives (Figure 1.36) has been studied by 

Vibhor et al.57 and Chaudhary et al.93  using the standard drug ampicillin against four 

strains i.e. E. coli, S. aureus, P. aeruginosa and S. epidermidis respectively. 

Compounds exhibit moderate activity compared to the standard, while excellent 

activity against S. aureusis is shown by 1‐(4‐chlorophenyl)‐4‐propylpiperazine (L51) 

and against P. aeruginosa. by 1‐(4‐methylphenyl)‐4‐propylpiperazine (L52).  
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Figure1.36: Compounds having antimicrobial activity 

Biological activity of cobalt, nickel, copper and zinc complexes of L9 has been given 

by Babu et al.62 The metal complexes have shown higher anti-microbial action than 

the respective ligand and this was explained by chelation theory(Figure 1.37). 

 

Figure 1.37: Copper, nickel, cobalt and zinc complexes exhibiting antibacterial and 

antifungal activity 

Cytotoxic activity and antibacterial action of the Mn2+ and Zn2+ complexes of 

macrocyclic Schiff-base ligands have been analyzed.87(Figure 1.38)Cytotoxic analysis 

studies indicated effectiveness of zinc complex was more as compared to 

doxorubicinstandard, and showing their potential to treat glioblastoma(a brain 

cancer). The analysis of anti-bacterial actionindicated that the manganese complex 

exhibit higher activity against B. thuringiensis, Pectobacterium SP. and S. 

saprophyticus thanstandards tobramycin and tetracycline. 

 

Figure1.38: Mn and Zn complexes possessing cytotoxic and antibacterial activities 

Ligand L48 and its nickel copper and cobalt complexes (Figure 1.39) have been tested 

for antimicrobial application against selected bacteriaand fungi using disc selection 
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method. Antibacterial activity indicates that these complexes have high activity 

against the selected types of bacteria stain as compared to the free ligand.90 

 

Figure1.39: Copper, nickel and cobalt complexes of L48possessing anti-microbial 

activity 

1.2.10 DNA binding, protein binding, and anti-cancer activity of ligands and 

complexes 

An important role in drug therapy is shown by the molecules which bind to plasma 

proteins as this binding provides a platform for molecules to act as drug and have an 

effect on the metabolic modification of ligands.  

Copper complexes of asymmetric Schiff Base ligand (L35) were analyzed for protein 

binding and anti-cancerous studies by Pait et al.84 BSA and metal complexes 

interaction in buffer solution has been studied by fluorescence and UV–Vis 

spectroscopy methods. The results indicate that tryptophan (amino acid residue in 

BSA) fluorescence quenching ability of complexes is strong mainly through static 

quenching. Anti-migratory, anti-proliferativeand cytotoxic activities have shown by 

all the complexes and all were active against human breast cancer cell line (Figure 

1.40).  

 

Figure1.40: Complexes of ligand L35for protein binding and cytotoxic activity 

(Uncoordinated ions and moleculesare omitted for simplicity) 
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Copper and zinc complexes of the ligand based on dibenzodihydroxybispiperazine 

(L34) as [L34Cu], [L34Zn]  have been analyzed by Bhat et al.82 for interaction with 

CT-DNA (Calf Thymus-DNA) using fluorescence, UV–vis,viscosity and cyclic 

voltammetry measurements (Figure 1.41). Results indicated that complexes 

interaction to CT-DNA have different affinities and thus they are groove binders. In 

vitro antimicrobial activity against fungi strainA.niger, A. brassicicola, and bacterial 

strainP. aeruginosa, E. coli were also carried out with these complexes. Result of 

antimicrobial action indicated zinc complexes was more active against both bacterial 

and fungal strains. 

 

Figure1.41: Copper and zinc complexes of L34possessing anti-microbial activity 

 Mn2+ and Zn2+ complexes with ligands L41 L45 and its cytotoxic and antibacterial 

properties have been done by Keypour et al.86 (Figure 1.42) 

 

Figure1.42: Metal complexes exhibiting anti-microbial activity 
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1.2.11 Antioxidant activity of ligands and complexes 

Antioxidants are compounds that inhibit oxidation that generates free radicals leading 

to chain reactions that affect the organism and their cells.  Thiols and ascorbic acid are 

common antioxidants which are used to terminate these chain reactions. Plants and 

animals have a complex system of overlapping antioxidants to balance this oxidative 

stress, such as glutathione and enzymes produced internally. 

Antioxidant properties of piperazine based molecules containing methylxanthine 

moiety have been studied by Andonova et al.94, Pietrzycka et al.95, Sloczyska et al.96 

and Kimura et al.40. In vitro antioxidant activity has been tested mainly by DPPH 

(Diphenylpcrylhydrazyl), ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) and FRAP (Ferric ion reducing antioxidant power) methods. They have shown 

effect of various substituent groups attached to the piperazine ring (Figure 1.43).   

Figure1.43: Compounds having antioxidant activity 

Anti-oxidant activity of Schiff bases type 1-(2-ketoiminoethyl)piperazines (Figure 

1.44) have been described by Salga et al. The assay of these compounds showed 

significant inhibitory activities on hAChE (human acetylcholinesterase) by one of the 

compounds bearing hydroxo groups on the phenyl ring. The acute oral toxicity, 

antioxidant activities and molecular docking studies were also performed of these 

compounds.97 
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Figure1.44: Antioxidant compounds with various functional group 

1.2.12 Catalytic applications of ligands and complexes 

The main factors which are used to control reactions are temperature, pressure 

concentration of reactants and time duration. By increasing the temperature and 

pressure enables reactions to proceed at a higher rate of production but to maintain 

such condition it becomes more expensive. A catalyst accelerates the rate of reactions, 

and hence enabling to proceed them under the favorable pressure, temperature and 

other thermodynamic conditions. 

Fulton et al.75 have used aluminum complexes of hydroxybenzylpiperazine based 

ligands (L25) as catalyst in the ROP (ring-opening polymerization) of lactide and 

caprolactone with limited success. Similarlymononuclear77 and dinuclear aluminum 

complexes76synthesized by Chen et al.78 have been used as catalysts in the  

ε‑Caprolactone polymerization (Figure 1.45 and 1.46). 

 

Figure1.45: Ring-opening polymerization of different cyclic polyesters by aluminium 

complex  
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Figure 1.46:Structure of aluminium complexes used as ROP catalysts 

Mn2+ complexes have been used as a catalyst for alkene epoxidation by Saravanan et 

al.68Out of several complexes prepared by them, effect of ring size on catalyst 

efficiency have been explained (Figure 1.47).   

 

Figure 1.47: Manganese complexes catalyzed epoxidation of alkene 
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Palladium complexes of ligands (L30,31) have been preparedandused as catalysts in 

Suzuki–Miyaura reactions. The catalyst is used to catalyze cross coupling reaction 

based on phenylboronic acid and aryl bromides (Figure 1.48).80 

 

Figure1.48: Cross coupling reaction catalyzed by palladium complexes 

1.2.13 Metal organic frameworks (MOFs) of ligands and complexes 

MOF’s98,99are a class of coordination polymers100 with organic linkers connecting 

clusters or metal ions  so as to form one dimensional chains, two dimensional sheets 

or 3D blocks.101 Metal Organic Framework (MOF’S) are the compounds in which 

interaction between ligand to metal produce porous coordination networks which may 

result in record setting surface areas.102 For the construction of MOFs two major 

components are required, the organic linker acting as the ligand103 and a metal ion or 

cluster as the point of attachment. The attachment point can be at the corner or at the 

sides. Both the ligand and the metal contribute to exceptional crystallinity, tuneable 

porosity and structural diversity. The denticity of the ligand and the spatial position of 

the ligating atoms as well as the geometry and coordination number of the metal ion 

determine the shape and size of the pores of the material. In addition to metal ions, 

secondary building units (SBUs) consisting of inorganic polynuclear clusters can also 

be connected by organic linkers via strong bonds.104,105 By virtue of their unique 

design, polynuclear cluster nodes, or SBUs, can introduce extra stability due the 

presence of strong and directional covalent bonds within the bulk material compared 

to weak nondirectional bond found in metal ions bound to neutral organic donor 

linkers. Selection from a library of units with predetermined topologies result in 

engineered materials with special applications in catalysis, gas storage, sensing and 

drug delivery system.106,107 

Solvothermal synthesis has remained to be the most common method for the synthesis 

of MOFs with the solvent molecules occupying the pores.108–110 Templated synthesis 
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of zeolites or use of metal binding solvents like N,N-dimethylformamide111–113 and 

water are also widely exploited.114,115 Recent advances in the microwave-assisted 

solvothermal synthesis has proved helpful in tackling the major drawback of it being 

slow and problems related to scaling up.116–121 Solvent free methods are reported 

using proligands which convert into suitable organic linkers upon heating.122–125  

MOF films and composites are also constructed using chemical vapor deposition 

method.126–130 

The structure of these MOFs can be best explained by X-ray crystallography 

techniques since conventional methods like IR or NMR may sometime fail to 

elucidate the actual structure. The MOF’s application includes sensors131,132, 

catalysis133, separation134,135 and storage of gases136–140 and others.141 

Pyromellitate coordination polymers having piperazine unit has been synthesized and 

structurally characterized by Ganesan et  al.142. Hydrothermal methods have been 

employed for the preparation of two new coordination polymers of the pyromellitic 

acid (C10H6O8), [Zn2(H2O)(pyromellitate)(piperazine)]  and 

[Cd4(H2O)2(pyromellitate)2(piperazine)3], in the presence of piperazine. Both the 

coordination polymers exhibit photoluminescence at room temperature. They have 

employed piperazine and aminopropyl piperazine which ligate metal ion and have 

direct influence in the photoluminescence properties of the polymer formed. 

Figure1.49: Pyridyl piperazine based ligands used in MOFs 

Metal ligands based polymeric material containing flexible 

bispyridylmethylpiperazine (L64) and divalent metal isophthalate tethers have been 

given by Martin et al.145Structural chemistry of metal coordination polymers 

incorporating bis(4-pyridylmethyl)piperazine and para aromatic dicarboxylate ligands 

with zinc and cadmium have been given by Farnum et al.146,147(Figure 1.49). 



31 
 

Study of cadmium linked bis(4-pyridylformyl)piperazine(L62) 

coordination polymers, 3,5-connected binodal lattice and layered nets have been done 

by Lucas et al.148and selectivity between rare fsc(fully self-connected) and simple 

chain network topologies have been given by Mizzi et al.149When an aqueous solution 

of cadmium salt is slowly diffused to the methanolic solutions of L62, crystalline 

coordination polymer is generated in which the nature of the counter anion is 

responsible for dimensionality and topology. Binding of N-atom of pyridyl nitrogen 

and O-atom of amide carbonyl in [Cd(L62)Cl2]n  and [Cd(L62)(NO3)2]n have resulted 

in 2-D coordination polymer layers Similar layer motifs formation is also shown by 

[(Cd(L62) (H2O)2)(ClO4)2(L62)3H2O]n. Blue-violet luminescence is shown by all the 

species on ultraviolet light exposure (Figure 1.50). 

 

Figure1.50:  Metal organic frameworks of pyridyl piperazine with cadmium and zinc 

Structural dynamics and coordination chemistry of long and flexible ligand containing 

piperazine had also been given by Hawes et al.150 Ligand had been internally 

functionalizedandused in the preparation of porous coordination polymers with Co2+, 

Cd2+, and Ag2+ metalions. Linear conformation is adopted by the ligand in poly-

[Cd(L64a)(terephthalate)] and poly-[Co(L64a)(isophthlate)]. 

Selective CO2 uptake and it’s structural chemistry of a permeableMOF of ligand L50 

has been done by Hawes et al.92 They synthesized and characterized flexible 

piperazine-derived ligands containing carboxylic acid and demonstrated its utility in 

how the formation of porous coordination polymer occurs. In complex 

[Zn3(L50)2(OH)2]·2DMF·0.5H2O, the ligand backbone is encouraged to adopt a 

bowed form through template action by the H-bond interaction of guest molecules. 

The complex shows selective affinity for CO2 after activation by methanol exchange 
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and evacuation, adsorbing 77 cm3/ g CO2 at 25 bar and 273 K. These results provide a 

further motivation for the research of internally functionalized non-identical ligands in 

framework synthesis (Figure 1.51). 

 

Figure1.51:  Metal organic frameworks for selective CO2 uptake 

 

1.3 Literature Gap 

At this juncture it will be interesting to know how piperazine bearing molecules 

behave in our body. How they interact with the large biomolecules? Do they form 

covalent bonds as an electrophile attacking the biomolecules and become parts of a 

cascading signaling chain or form hydrogen bonds or other noncovalent interactions 

filling pockets or grooves to have an allosteric effect on the working of other 

biomolecules? The intriguing binding atoms placed conveniently in these molecules 

arouse the curiosity how these molecules will interact with metal ions present in the 

vicinity?  

Such questions thrust our research and this thesis towards a controlled study of a 

series of piperazine based towards metal binding, and their bioactivity.Literature 

study reveals that, work has been done mostly on pyridyl or hydroxybenzyl appended 

piperazines with symmetrical substitution. Much work can still be done by preparing 

the unsymmetrical derivative of piperazine along with other coordination moiety. 

New methodology or new synthetic routs can be uncovered for the synthesis of the 

molecules. Organic groups containing suitable donor atoms can be linked to the 

piperazine ring through linkers like formaldehyde or suitable epoxides, which will 

lead to synthesis of new ligands. Metal complexes synthesized from piperazine based 

ligands have shown various applications but still the data is lacking for complete 
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analysis of DNA binding, protein binding, antioxidant, and anti-microbial property of 

these complexes. Metal ligand interaction studies are also of limited nature where 

only a few MOF are reported but they can be further exploited for interesting 

applications. 

 

1.4 Objectives 

• To synthesize ligands based on piperazine ring 

• To synthesize few transition metal complexes of the synthesized ligands. 

• To characterize the synthesized ligands and complexes by common 

spectroscopic technique like IR, UV-vis, NMR, MS etc. 

• To monitor biological activities such as antimicrobial, antioxidant, DNA 

binding and protein binding activity of synthesized ligands and their metal complexes 

• To corroborate the experimental results with computational properties of the 

synthesized molecules. 

 

1.5 Proposed Methodology 
 

The ligands will be synthesized according to the standard procedure reported. First, 

substituted anilines will be synthesized or purchased directly. Secondly, 

diethanolamine will be converted to its halogen derivative by treating them with 

hydrobromic acid for the bromo derivative and with thionyl chloride for synthesis of 

the chloro derivative respectively. Reaction of the substituted anilines with these 

dihalo-amines under basic condition in presence of potassium carbonate will produce 

the corresponding ligands (Figure 1.52). 

Figure 1.52:  Synthetic Scheme (1) for ligands 



34 
 

Many substituents are possible at the phenyl ring, of which methyl, methoxy and 

chloro groups are chosen for the present purpose for their bioactivity. Starting with 

the corresponding substituted aniline the desired ligand could be synthesized. 

A different set of ligands could also be synthesized by substitution at the second 

nitrogen atom of the phenylpiperazines. Aliphatic substituents like methyl or ethyl 

could be introduced in the initial steps. The diethanolamine on reaction with alkyl 

iodide like methyl iodide or ethyl iodide in presence of potassium carbonate will 

produce the N-methyl diethanolamine or N-ethyl diethanolamine. These can be used 

further through halogenation and cyclization with substituted aniline to produce the 

desired ligand molecule (Figure 1.53). 

Figure 1.53: Synthetic Scheme (2) for ligands 

Another way of synthesis involve reaction of piperazine with suitable alkyl dihalide to 

produce substituted dipiperazine derivatives which on further reaction with 

functionalized benzylchloride produces substitution in both N atom of piperazine 

(Figure 1.54). 

Figure 1.54: Synthetic scheme (3) for ligands 
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Metal complexes with these ligands will be synthesized by reacting metal salts with 

these ligands in a suitable solvent. Metal chloride, nitrate or acetate salts can be used 

for this purpose (Figure 1.55).  

 

Figure 1.55: Synthetic scheme for metal complexes 

Transition metals complexes with the newly synthesized ligands will be prepared and 

extensively characterized by different spectroscopic methods including, UV-vis, FT-

IR, ESI-MS, and Structural characterization will be performed through X-ray 

diffraction of single crystals grown of the metal complexes. 
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This chapter give details of synthetic procedure of ligands, their characterization via 

physical and spectroscopic measurements. All the results obtained were analyzed and 

discussed. 

2.1 Synthesis and characterization of ligands 

Materials and methods: 

Chemicals required for the study were purchased from commercial sources and were 

used as received. Precursor bis-chloroethylaminewas synthesized in bulk amount by 

standard procedure reported in the literature.1 All the ligands were characterized by 

using different physical and spectroscopictechniques such as FTIR, UV-vis,1H NMR 

and mass spectrometry. Melting points were measured using capillary method. UV-

visible absorption spectra were recorded on Shimadzu UV-1800 in the wavelength 

range 800-200 nm. Shimadzu FTIR 8400 spectrometer with diamond ATR was used 

to record IR in the range 400-4000 cm-1. For recording 1H NMR spectra Brucker 

Advance II 400 NMR Spectrometer was used with d6–DMSO/CDCl3 as solvents with 

tetra methyl silane (TMS) as the internal standard. XEVO G2-XS QTOF ESI-Mass 

Spectrometer was used for analyzing mass spectra using CHCl3/DMSO as solvents. 

Synthetic scheme and structure of ligands has been described in figure 2.1-2.14.  

2.1.1 Synthesis of 1-(2-pyridyl)-piperazine (HL1) 

21 mmol (2g) of 2-aminopyridine and 21 mmol (3g) of bis-chloroethylamine were 

dissolvedin 30 ml of n-butanol and refluxed on magnetic stirrer for 8 hours in 80-

90℃.  After then 25 mmol (3.03gm) of potassium carbonate was added in the mixture 

and refluxed for next 10 hours. The progress of the reaction was continuously checked 

by TLC. At the end mixture was cooled down and filtered.The filtrate was kept for 1-

2 days and the product was collected after filtration and drying the 

precipitates.Physical state semisolid, color white, yield70%. UV-vis (λ, nm) 259 

FTIR (ν in cm-1) 3345 (N-H Str.), 1498, 1504 (C=C Str.), 3104 (C–H Str.), 1305 (Ar-

N Str.). 1H NMR (δ, ppm) 2.49 (s, 1H, -NH), 3.55(t, 2H, -CH2), 3.37 (t, 2H, -CH2), 

6.40 (d, 1H, Ar-H), 6.81(t, 1H, Ar-H), 7.98 (t, 1H, Ar-H), 8.81(d, 1H, Ar-H).Mass 

(m/z) 327(2M+H+). 
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Figure 2.1:Synthesis and structure of 1-(2-pridyl)-piperazine (HL1) 

2.1.2 Synthesis of 1-(3-pyridyl)-piperazine (HL2) 

Ligand HL2 was synthesized by similarprocedure as reported for HL1 using 21 mmol 

(2g) of 3-aminopyridine and 21 mmol (3g) of bis-chloroethylamine. The ligand was 

obtained after complete removal of the solvent under vacuum. Physical state oily 

liquid, color brown, yield72%. UV-vis (λ, nm) 250, 334 FTIR (ν in cm-1) 3447 (N-H 

Str.), 1498, 1642 (C=C Str.), 2962 (C–H Str.),1341 (Ar-N Str.) 1H NMR (δ, ppm) 

2.48 (s, 1H, -NH), 3.41 (t, 2H, -CH2), 3.50 (t, 2H, -CH2), 6.89 (d, 1H, Ar-H), 7.58 (d, 

1H, Ar-H), 7.56 (t, 1H, Ar-H), 8.18 (s, 1H, Ar-H). 

 

Figure 2.2:Synthesis and structure of 1-(3-pyridyl)-piperazine (HL2) 

2.1.3 Synthesis of 1-(4-pyridyl)-piperazine(HL3) 

Ligand HL3 was synthesized by similarprocedure as reported for HL1using 21 mmol 

(2g) of 4-aminopyridine and 21 mmol (3g) of bis-chloroethylamine. The ligand was 

obtained after complete removal of the solvent under vacuum. Physical state oily 

liquid, color brown, Yield 68%. UV-vis (λ, nm) 227, 299 FTIR (ν in cm-1) 3344 (N-

H Str.), 1498, 1550 (C=C Str.), 2947 (C–H Str.),1201 (Ar-N Str.) 1H NMR (δ,ppm) 

2.49 (s, 1H, -NH) 3.89 (t, 2H, -CH2),3.33 (t, 2H, -CH2), 6.84 (d, 1-H, Ar-H), 8.52(d, 

2H, Ar-H) 6.84 (d, 1H, Ar-H)Mass(m/z)327 (2M+H+). 

 

Figure 2.3:Synthesis and structure of 1-(4-pyridyl)-piperazine (HL3) 

2.1.4 Synthesis of 1-(phenyl)-piperazine (HL4) 

Ligand HL4 was synthesized by similarprocedure as reported for HL1using 21 mmol 

(1.95 g) of aniline and 21 mmol (3g) of bis-chloroethylamine. Physical state solid, 

colorwhite, m. pt. 175℃, yield 80%. UV-vis (λ, nm) 231, 289 FTIR (ν in cm-1) 3344 

(N-H Str.), 1498, 1593 (C=C Str.), 2922 (C–H Str.),1321 (Ar-N Str.) 1H NMR 
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(δ,ppm) 3.38(s, 1H, -NH), 3.1(t, 2H, -CH2), 2.59(t, 2H, -CH2), 7.11(d, 2H, Ar-H) 

6.61(t, 1H, Ar-H)6.64(t, 2H, Ar-H) Mass (m/z) 163 (M+H+). 

 

Figure 2.4:Synthesis and structure of 1-(phenyl)-piperazine (HL4) 

2.1.5Synthesis of 1-(2-methoxy phenyl)-piperazine (HL5) 

Ligand HL5was synthesized by similarprocedure as reported forHL1using 21 mmol 

(2.58 g) of o-anisidine and 21 mmol (3g) of bis-chloroethylamine. Physical state 

solid, color black, m. pt. 192℃, yield80%. UV-vis (λ, nm) 240, 306 FTIR (ν in cm-1) 

3277 (N-H Str.), 1510,1497 (C=C Str.), 2926 (C–H Str.), 1301 (Ar-N Str.) 1H NMR 

(δ, ppm) 3.84 (s, 1H, -NH), 3.25 (t, 2H, -CH2) 3.14(t, 2H, -CH2) 2.55 (s, 3H, -CH3), 

6.61 (d, 1H, Ar-H) 6.67 (t, 1H, Ar-H,) 6.87 (t, 1H, Ar-H), 6.76 (d, 1H, Ar-H) 

Mass(m/z) 385 (2M+H+). 

 

Figure 2.5:Synthesis and structure of 1-(2-methoxy phenyl)-piperazine(HL5)  

2.1.6 Synthesis of 1-(4-methoxy phenyl)-piperazine (HL6) 

Ligand HL6was synthesized by similarprocedure as reported forHL1using 21 mmol 

(2.58 g) of p-anisidine and 21 mmol (3g) of bis-chloroethylamine. Physical state 

solid, color dark violet, m. pt. 195℃, yield 70%. UV-vis (λ, nm) 244, 287 FTIR (ν in 

cm-1) 3277 (N-H Str.), 1510,1497 (C=C Str.), 2926 (C–H Str.), 1301 (Ar-N Str.) 1H 

NMR (δ, ppm) 3.7 (s, 1H, -NH), 3.40 (t, 2H, -CH2),3.2 (t, 2H, -CH2), 2.55 (s, 3H, -

CH3), 6.97 (d, 2H, Ar-H) 6.85 (d, 2H, Ar-H). 

 

Figure 2.6:Synthesis and structure of 1-(4-methoxy phenyl)-piperazine(HL6)  

2.1.7Synthesis of 1-(3-hydroxyphenyl)-piperazine (HL7) 

Ligand H7was synthesized by similarprocedure as reported forHL1using 21 mmol 

(2.28 g) of 3-aminophenol and 21 mmol (3g) of bis-chloroethylamine. Physical state 

solid, color black, m. pt. 187℃, yield 90%. UV-vis (λ, nm) 242, 284 FTIR (ν in cm-
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1) 3232 (N-H Str.), 1593,1498 (C=C Str.), 2956 (C–H Str.)1346 (Ar-N Str.) 1H 

NMR(δ, ppm) 4.1(s, 1H, -OH),3.6 (s, 1H, -NH), 3.25 (t, 2H, -CH2), 3.14(t, 2H, -

CH2), 6.78 (d, 1H, Ar-H) 6.86 (t, 1H, Ar-H) 7.02(s, 1H, Ar-H) 6.98 (d, 1H, Ar-H) 

Mass(m/z)179 (M+H+). 

 

Figure 2.7:Synthesis and structure of 1-(3-hydroxyphenyl)-piperazine(HL7) 

2.1.8Synthesis of 1-(4-hydroxyphenyl)-piperazine (HL8) 

Ligand HL8was synthesized by similarmethod as reported forHL1 using 21 mmol 

(2.28 g) of 4-aminophenol and 21 mmol (3g) of bis-chloroethylamine. Physical state 

solid, color black, m. pt. 190℃, yield 80%. UV-vis (λ, nm) 283, 298 FTIR (ν in cm-

1) 3261 (N-H Str.) 1599,1506 (C=C Str.), 2955 (C–H Str.), 1357 (Ar-N Str.) 1H 

NMR(δ, ppm)3.81 (s, 1H, -OH), 3.67 (s, 1H, -NH) 3.40 (t, 2H, -CH2), 2.92 (t, 2H, -

CH2), 6.82 (t, 2H, Ar-H), 6.66 (d, 2H, Ar-H) Mass(m/z) 179 (M+H+). 

 

Figure 2.8:Synthesis and structure of 1-(4-hydroxyphenyl)-piperazine(HL8) 

2.1.9 Synthesis of 1,4-bisethanol piperazine(H2L9) 

In 30 ml of propanol 1.032 gm (12 mmol) of piperazine was dissolved with 1.932 gm 

(24 mmol) of chloroethanol and 3.21 gm of potassium carbonate (24 mmol) was 

added and refluxed for 8 hours under 60-70℃. The progress of reaction was 

monitored by TLC. After that reaction mixture was cooleddown and filtered. The 

filtrate was allowed to stand for overnight. A white crystalline solid appears which 

was filtered and dried. Recrystallization of the dried product was done with hot 

methanol. Physical state solid, color shiny transparent, m. pt. 170℃, yield 80%. UV-

vis (λ, nm) 213 FTIR (ν in cm-1)3122 (O–H Str.) 2816 (C–H Str.) 1329 (C–NStr.) 

1301 (C–C Str.) 1H NMR (δ, ppm)2.51(t, 2H, -CH2), 2.35(t, 2H, -CH2), 4.37(t, 2H, -

CH2), 3.46(t, 2H, -CH2)Mass(m/z) 175 (M+H+). 
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Figure 2.9:Synthesis and structure of 1,4-bisethanol piperazineH2L9 

2.1.10 Synthesis of bis-(1-phenylethanol) piperazine (H2L10) 

15 mmol (1.29 g) of piperazine in ethanol was added dropwise to ethanolic solution of 

styrene oxide (3.6 g, 30 mmol). The reaction mixture was refluxed for 8 hours at 60-

70⁰C. A white colored solid was obtained which was filtered and dried. TLC was 

done at regular interval to check the progress of reaction. Recrystallization was done 

by using hot ethanol. Physical state solid, color white,m. pt. 190℃,yield 85%. UV-vis 

(λ, nm) 213, 253 FTIR (ν in cm-1)3371 (O–H Str.), 2939,2823 (C–H Str.), 1315 (C–

N Str.) 1H NMR (δ, ppm) 2.79(t, 2H, -CH2), 2.89(d, 2H, -CH2), 3.8(t, 1H, -CH), 

7.30(d, 2H, Ar-H), 7.36(t, 3H, Ar-H) Mass(m/z)327 (M+H+). 

 

Figure 2.10:Synthesis and structure of bis (1-phenylethanol) piperazine H2L10 

2.1.11 Synthesis of 3,3’-(1-bis(2 hydroxyethyl)amino)butan-2-ol) piperazine 

(H6L11) 

Asolution of epichlorohydrin (3.70g, 40 mmol) in methanol (15ml) taken in a beaker 

was added drop wise to another solution of piperazine(1.72g,20 mmol) in methanol 

(30 ml) taken in an RBF. The mixture was stirred mechanically using a magnetic 

stirrer for 72 hours at -5⁰C.  White colored precipitates appeared at the end of 

reaction. The remaining methanol in the RBF was evaporated using rotavapor. The 

compound thus obtained act as intermediate and was named as (bis-(1-chlorobutan-2-

ol)) piperazine. 

10 mmol (2.70 g) of (bis-(1-chlorobutan-2-ol)) piperazine was then dissolved in 

acetonitrile and to the solution 20 mmol (2.10 g) of diethanolamine and 20 mmol 

(2.76 g) potassium carbonatewere added. The mixture was then refluxed at 70-80 ⁰C 

for 48 hours. The final ligand was in the form of transparent liquid. Any remaining 

solvent was evaporated using rotavapor. The progress of the reaction was analyzed by 
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TLC. Physical state oily liquid, color colorless, yield 65%. UV-vis (λ, nm) 224 FTIR 

(ATR ν in cm-1)3304 (O–H Str.), 2927,2937 (CH Str.), 1329 (C–N Str.) 1H NMR (δ, 

ppm) 4.2 (s, -OH), 2.72 (t, 4H, -CH2), 1.96 (d, 2H, -CH2), 3.80 (m, 1H, -CH), 2.10 (d, 

2H, -CH2), 3.46 (t, 2H, -CH2), 3.56 (t, 2H, -CH2) Mass(m/z)409 (M+H+). 

 

Figure 2.11:Synthesis and structureof H6L11 

2.1.12 Synthesis of 3,3’-(piperazine-1,4-diyl)bis(1-((2-hydroxyethyl)(methyl)amino) 

propan-2-ol) (H4L12) 

Ligand H4L12 was synthesized by similarprocedure as reported forH6L11 using 10 

mmol (2.70 g) of (bis-(1-chlorobutan-2-ol)) piperazine and 20 mmol (1.50 g) of N-

methyl ethanolamine. Physical state oily liquid, color colorless, yield 55%.UV-vis (λ, 

nm) 210 FTIR (ν in cm-1)3383 (O–H Str.), 2937,2816 (CH Str.), 1309 (C–N Str.) 1H 

NMR (δ, ppm)2.7 (t, 4H, -CH2), 2.32 (d, 2H, -CH2),2.39 (d, 2H, -CH2), 3.58 (m, 1H, 

-CH), 3.48 (t, 2H, -CH2), 4.3 (t, 2H, -CH2), 2.91 (s, 3H, -CH3) Mass(m/z)349 

(M+H+). 
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Figure 2.12:Synthesis and structureof H4L12 

2.1.13 Synthesis of 3,3’-(piperazine-1,4-diyl)bis(1-(ethyl)(2-

hydroxyethyl)(amino)propan-2-ol) (H4L13) 

Ligand H4L13 was synthesized by similarprocedure as reported forH6L11using 10 

mmol (2.70 g) of (bis-(1-chlorobutan-2-ol)) piperazine and 20 mmol (1.78 g) of N-

ethyl ethanolamine.Physical state oily liquid, color colorless, yield 70%.UV-vis (λ, 

nm) 210 FTIR (ν in cm-1)3371 (O–H Str.), 2939,2823 (CH Str.), 1315 (C–N Str.) 1H 

NMR (δ, ppm)2.72 (t, 4H, -CH2), 2.32 (d, 2H, -CH2),2.39 (d, 2H, -CH2), 2.44 (m, 

1H, -CH), 3.41 (t, 2H, -CH2),4.6 (t, 2H, -CH2), 1.1 (q, 2H, -CH2), 0.91 (t, 3H, -

CH3),Mass(m/z)377(M+H+). 

 

Figure 2.13:Synthesis and structureof H4L13 
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2.1.14 Synthesis of 3,3’-(piperazine-1,4-diyl)bis(1-(ethyl)(2-

hydroxyethyl)(amino)propan-2-ol) (H4L14) 

Ligand H4L14 was synthesized by similarprocedure as reported forH6L11using 10 

mmol (2.70 g) of (bis-(1-chlorobutan-2-ol)) piperazine and 20 mmol (3.02 g) of N-

benzyl ethanolamine.Physical state oily liquid, color colorless, yield 70%.UV-vis (λ, 

nm) 237 FTIR (ν in cm-1)3371 (O–H Str.), 2939,2823 (CH Str.), 1315 (C–N Str.) 1H 

NMR (δ, ppm)2.2 (t, 4H, -CH2), 3.7 (d, 2H, -CH2), 3.8 (d, 2H), 3.1 (m, 1H, -CH), 2.9 

(t, 2H, -CH2), 3.6 (t, 2H, -CH2), 1.9 (s, 2H, -CH2), 6.9 (t, 2H, Ar-H),7.25 (d, 2H, Ar-

H), 7.15 (m, 1H, Ar-H)Mass(m/z)501(M+H+). 

 

Figure 2.14:Synthesis and structureof H4L14 

2.2 Results and discussions 

The ligands were synthesized using three different approaches (Figure 2.15). In first 

case diethanolamine was chlorinated to obtain bis-chloroethylamine which was then 

condensed with a range of suitable aromatic amine to obtain series of ligands (HL1-

HL8). In the second approach, piperazine was directly treated with hydroxy alkyl 

chloride to yield symmetrically disubstituted ligand (H2L9). By using the ring opening 

reaction, In the third approach piperazine was reacted with suitable epoxide (styrene 

oxide) which yielded ligand H2L10 or its halo derivative (epichlorohydrin) to give an 

intermediate in 48 hours under the ice-cold conditions (-50C). This intermediate was 

then treated with suitable secondary amine for another 48 hours under the refluxing 

condition which yields the multidentate ligands (H6L11-H4L14). Physical state of 
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these ligands very from oily liquid to semisolid to solid in different molecules. 

Ligands such as HL4, HL5, HL6, H2L9 and H2L10 were thermally stable and non-

hygroscopic solids in nature. Solubility of these ligands were tested in methanol, 

water, chloroform, DMF, DMSO Tris buffer (pH 7.4).  

 

 

Figure 2.15:Synthetic approaches for various ligands 

2.2.1 UV-vis analysis 

The UV-vis absorption spectra of piperazine ring-based ligands were recorded in the 

range of 800- 200 nm at 10-3M concentration using methanol as solvent. 90% 

methanolic solution was also used to record absorption spectra where solubility in 

100% methanol was not observed. The π→π* transitionsbands were clearly observed 

in those ligands only in which aromatic ring was present in the ligand skelton. Effect 

of substitution on aromatic ring was also observed in ligands HL5-HL8 as compared 

to HL4. Since both methoxy and hydroxy groups are electron donating group and 

stabilize the ring, π→π* absorption wavelength was increased and it was established 

that ortho and para-substitution have similar effect while it was different in meta and 
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para-substitution (HL7 and HL8).  The observed UV–vis spectrum peaks of the 

ligands along with their structures have been shown in table 2.1.1 

UV-vis spectra of three ligands which contain isomeric pyridyl ring substitution at 

one side of piperazine ring were recorded using methanol as solvent. HL1 show 

maximum absorbance at 258 nm with the molar extinction coefficient of 1.41 x 

103Lmol-1cm-1whereas the other two isomeric ligands show absorbance at 255, 330 

nm and 226, 299nm with the molar extinction coefficient of 1.44 x 103, 0.57 x 103and 

0.91 x 103, 0.64 x 103Lmol-1cm-1 respectively (Figure 2.16). These transitions 

correspond to π→π* and n→π* electronic transition owing the presence of aromatic 

ring in the ligand skelton. In case of fourth ligand which has a simple phenyl ring in 

the ligand HL4 this electronic transition occurs at 231 and 289 nm with the extinction 

coefficient of 2.45 x 103 and 1.48 x 103Lmol-1cm-1indicative the type of π→π* and 

n→π* transition (Figure 2.17). 

 

Figure 2.16: UV-vis spectra of ligands HL1-L3   Figure 2.17: UV-vis spectra of 

ligand HL4 

In case of ligands which contain isomeric anisidine substituent (Ligands HL5 and 

HL6) at the piperazine ring absorption occur at 240, 306 nm and 244, 287 nm with the 

molar extinction coefficient of 1.14 x 103,0.30 x 103 and 1.14 x 103and 0.92 x 

103,0.30 x 103 Lmol-1cm-1which also owe the π→π* and n→π*type of electronic 

transition (Figure 2.18). Whereas isomeric phenolic ligands HL7 and HL8 have 

absorption maxima at 242, 284 nm with 1.85 x 103, 0.82 x 103 and 283, 298 nm with 

1.25 x 103,1.31 x 103 Lmol-1cm-1corresponding to above similar transitions (Figure 

2.19). 
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Figure 2.18: UV-vis spectra of ligands HL5-HL6 Figure 2.19: UV-vis spectra of 

ligands HL7-HL8 

The other ligand 1,4-bisethanol piperazineH2L9 which has absence of aromatic ring 

show absorbance only at the wavelength of 213 nm with extinction coefficient 2.40 x 

103Lmol-1cm-1indicated and confirmed only presence of n-σ* type of electronic 

transition where as in case of similar ligand bis (1-phenylethanol) piperazine H2L10 

which have presence of additional aromatic ring with similar sigma skelton as the 

ligand H2L9 show a broad peak at 253 nm (Ɛ = 0.27 x 103Lmol-1cm-1)along with 213 

nm with extinction coefficient 2.40 x 103Lmol-1cm-1indicative the presence of π to π* 

transition (Figure 2.20). In case of multidentate ligands which owe to absence of pi 

bonds or aromatic ring (H6L11, H4L12 and H4L13) show absorption peak at the range 

of 210-224 nm while the analogue ligand H4L14 with aromatic ring show broad peak 

at 237 nm (Figure 2.21). 

 

Figure 2.20 UV-vis spectra of ligands H2L9-H2L10 Figure 2.21 UV-vis spectra of 

ligands H6L11-H4L14 
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Table 2.1: Maximum absorption wavelength with molar extinction coefficient and 

type of transition of synthesized ligands 

Ligand 

Code 

Structure Wavelength 

(λmax, nm) 

Molar Extinction 

Coefficient (Ɛ 

Lmol-1cm-1) 

Transitions 

HL1 

 

259 1.70 x 103 π→π* 

HL2 

 

250,  

334 

1.44 x 103,  

0.57 x 103 

π→π*, 

n→π* 

HL3 

 

227, 

299 

0.91 x 103, 

0.64 x 103 

π→π*, 

n→π* 

HL4 

 

231,  

289 

2.45 x 103,  

1.48 x 103 

π→π*, 

n→π* 

HL5 

 

240,  

306  

1.408 x 103,  

0.30 x 103 

π→π*, 

n→π* 

HL6 

 

244,  

287 

0.30 x 103,  

0.92 x 103 

π→π*, 

n→π* 

HL7 

 

242,  

284 

0.82 x 103,  

1.85 x 103 

π→π*, 

n→π* 

HL8 

 

283,  

298 

1.25 x 103, 

1.31 x 103 

π→π*, 

n→π* 

H2L9 

 

213 2.40 x 103 n→σ* 

H2L10 

 

213,  

253 

0.26 x 103,  

2.40 x 103 

π→π*, 

n→π* 

H6L11 

 

224 0.92 x 103 n→σ* 

H4L12 

 

210 2.10 x 103 n→σ* 

H4L13 

 

210 3.18 x 103 n→σ* 
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H4L14 

 

227 3.72 x 103 π→π* 

 

2.2.2 FTIR analysis 

Fourier Transform Infra-Red (FTIR) spectroscopy is a time saving, non-destructive 

and rapid techniquecapable to detect presence or absenceof a range of functional 

groups sensitive to molecular changes.2,3 Any changes in the absorption pattern 

characteristics infers changes in the composition of molecules.4 All ligands were 

characterized by FTIR technique and showed significant vibrational peaks of desired 

functional groups and selected bond frequencies. 

Since the ligands have specific functional group along with their other bonds active in 

the IR region.  Comparative studies are helpful in showing the variation in the bond 

frequencies along with their structures. 

In the IR spectra of ligands (HL1-HL8) a strong band appeared in the region of 3350-

3260 cm-1 corresponding N-H Stretching of piperazine ring unsubstituted secondary 

amine group. While the presence of bands near 1400-1600 cm-1 in these ligands were 

evidence to C=C stretching owing the presence of aromatic ring. Other important C–

N and C–H stretching were also indicated in the region of 1300-1360 cm-1 and 2930-

3100 cm-1. While in other ligands which did not contain aromatic ring or C=C type 

fragment, absence of band near 1400-1600 cm-1 were in good agreement the support 

structure of ligands as absence of peaks in this region makes the comparative studies 

of these ligands with each other having quite different ligand backbone skelton. The 

ligands that contain -OH functional group (HL6, HL7, H2L9, H2L10, H6L11-H4L14) 

broad absorption peak in the region of ~3300 cm-1 was observed. These IR 

interpretations were more useful in the explaining the metal complexing behavior of 

these ligands. IR analysis with selected bond frequencies of all piperazine based 

ligands along with their structures are as follows (Table 2.2): 
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Table 2.2: Selected bond frequencies (cm-1) of ligands 

 

Ligand 

Code 

Structure N-H  

Str. 

O–H 

Str. 

C=C(Ar) Str. C–N Str. C–H (Ar/sp3) 

Str. 

HL1 

 

3345 - 1498,1504 1305 3104 

HL2 

 

3477 - 1498,1642 1341 2962 

HL3 

 

3344 - 1498,1550 1201 2947 

HL4 

 

3344 - 1498,1593 1321 2922 

HL5 

 

3277 - 1510,1497 1301 2926 

HL6 

 

3277 - 1510,1497 1301 2926 

HL7 

 

3232 - 1593,1498 1346 2956 

HL8 

 

3261 - 1599,1506 1357 2955 

H2L9 

 

- 3122 - 1329 - 
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H2L10 

 

- 3371 1440 1315 2923 

H6L11 

 

- 3304 - 1329 2927 

H4L12 

 

- 3383 - 1309 2937 

H4L13 

 

- 3371 - 1315 2939 

H4L14 

 

- 3367 1448 1313 2931 
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2.3.3 Mass spectral analysis 

Ligands were also analyzed by mass spectrometry by using direct mass under +ve 

ionization mode. Molecular ion peak of the corresponding ligand is observed at the 

M+H+ (M = Molecular mass) which confirm the structure of the ligand. Additionally, 

interpretation of fragmentation pattern of the also support the structure of the ligand.5-

8 Mass spectra of ligands HL1-HL8 have been represented in figure 2.22-2.27 with the 

structure that represent to molecular ion peaks while for other ligands fragmentation 

patternsare discussed in detail. 

 

Figure 2.22: Mass spectra of ligand HL1        Figure 2.23: Mass spectra of ligand HL3 

 

Figure 2.24: Mass spectra of ligand HL4        Figure 2.25: Mass spectra of ligand HL5 
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Figure 2.26: Mass spectra of ligand HL7        Figure 2.27: Mass spectra of ligand HL8 

In the mass spectra of ligand H2L9, molecular ion peak representing to molecular 

mass of ligand is shown at m/z 175 [M+H.]+. The ligand shows very less 

fragmentation pattern as there is only dominant peak of ligands molecular mass only. 

A small peak at m/z 219 corresponds to ligand coupled with CH3-CH2-OH. Another 

low intensity peak at m/z 157 represents the loss of water molecule which is very 

common fragmentation pattern of alcohols (Figure 2.28 and 2.29).  

 

Figure 2.28 Proposed fragmentation pathway of ligand H2L9 

In the mass spectra of ligand H2L10, molecular ion peak representing to molecular 

mass of ligand is shown at m/z 327 [M+H.]+. The ligand shows very less 

fragmentation pattern as there is few dominant peaks of ligands mass spectral 

fragmentation. Another medium intensity peak at m/z 309 represents the loss of water 

molecule which is very common fragmentation pattern of alcohols. To this further 

loss of styrene fragment or direct loss of one arm from the ligand result in another 

intermediate species corresponding m/z at 207 (Figure 2.30 and 2.31). Since there is 
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one more alcoholic group which is susceptible to be lost as water molecule m/z at 189 

correspond to this species which comes through water loss from m/z 207 or from m/z 

327 by the loss of one arm and one water from second arm. Thus, ligand show fair 

fragmentation pattern which is in agreement in the evidence of given proposed 

structure of ligand. 

 

 

Figure 2.29: Mass spectra of ligand H2L9   Figure 2.30: Mass spectra of ligand H2L10 

 

Figure 2.31 Proposedfragmentation pathwayof ligand H2L10 
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In the mass spectra of multidentate ligand H6L11, molecular ion peak representing to 

molecular mass of ligand is shown at m/z 409 [M+H.]+ and 431 [M+Na.]+. The ligand 

shows quite remarkable fragmentation pattern as there is dominant peaks of ligands 

mass spectral fragmentation which were explainable in two ways wowing to the 

symmetry of molecule. In the first pathway initial loss of ethyl alcohol branch from 

one side results in the species corresponding to m/z 322. Further loss of -NH2 gives 

the species belonging to m/z 304. Again, the loss of ethyl alcohol results m/z at 276.  

Another medium intensity peak at m/z 309 represents the loss of water molecule 

which is very common fragmentation pattern of alcohols (Figure 2.32 and 2.33). 

 

Figure 2.32: Mass spectra of ligand H6L11      

 

 



74 
 

 

Figure 2.33Proposedfragmentation pathwaysof ligand H6L11 

In the mass spectra of multidentate ligand H4L12, molecular ion peak representing to 

molecular mass of ligand is shown at m/z 339 [M+H.]+, 371 [M+Na.]+, 545 [M+CH2-

CH2-OH.]+. The mass spectrum matched well with the expected fragmentation pattern 

of the ligand. In the first pathway initial loss of two water molecule results in the 
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species corresponding to m/z 312. Further loss of two water molecule in two steps 

represents the peaks m/z at 292 and 274.  Continued loss of half fragment from the 

species at 274, results in another intermediate species corresponding to m/z at 137. In 

the alternative pathway direct loss of two HO-CH2-CH2-NH-CH3 fragments gives the 

intermediate species corresponding to m/z at 274. To this further loss of NH2-CH-OH 

gives peak at 218 from where loss of CH2-NH-CH3 fragment shows the peak at m/z 

276 and at the end loss of two waterfrom m/z 276 return backs to m/z 137 which is 

also explainable by first fragmentation pattern (Figure 2.34 and 2.35). Thus, ligand 

show fair fragmentation pattern which is in agreement in the evidence of given 

proposed structure of ligand. 

 

Figure 2.34: Mass spectra of ligand H4L12 
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Figure 2.35 Proposedfragmentation pathwaysof ligand H4L12 

In the mass spectra of multidentate ligand H4L13, molecular ion peak representing to 

molecular mass of ligand is shown at m/z 377 [M+H.]+, 399 [M+Na.]+. The mass 

spectrum matched well with the expected fragmentation pattern of the ligand.In the 

first pathway initial loss of two ethyl alcohol fragment results in the species 

corresponding to m/z 331. Further loss of CH2-CH2-N and CH2-CH3 fragments gives 

the species belonging to m/z 260whereas loss of onlyCH2-CH2-N fragment gives the 

peak at m/z 288. Again, the loss of CH2-CH-OH molecule results m/z at 232. In the 

alternate pathway direct loss of HO-CH2-CH2-N-CH2-CH3also gives the intermediate 

species corresponding to m/z at 288.To this further loss of CH2-CH(HO)-CH2 
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fragment or direct loss of one arm from the ligand result in another intermediate 

species corresponding m/z at 232. Continued loss of CH2-NH-CH2 fragment which is 

exact half of original ligand gives m/z at 189 (Figure 2.36 and 2.37). Thus, ligand 

show fair fragmentation pattern which is in agreement in the evidence of given 

proposed structure of ligand.  

 

Figure 2.36: Mass spectra of ligand H4L13                     
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Figure 2.37 Proposedfragmentation pathwaysof ligand H4L13 

In the mass spectra of multidentate ligand H4L14, molecular ion peak representing to 

molecular mass of ligand is shown at m/z 501 [M+H.]+, 523 [M+Na.]+545 [M+CH2-

CH2-OH.]+. The mass spectrum matched well with the expected fragmentation pattern 

of the ligand.In the first pathway initial loss of subsequent loss of ethyl alcohol 

fragment results in the species corresponding to m/z 455 and 411. Farther loss of 

exact half fragments m/z 411 gives the species belonging to m/z 206, from where loss 

of twoCH2 fragment gives the peak at m/z 178. In the alternate pathway direct loss of 

two HO-CH2-CH2 and benzyl fragments gives the intermediate species corresponding 

to m/z at 368. To this further loss of NH2-CH2and HO gives peak at 321 from where 

loss of CH2-CH fragment shows the peak at m/z 278 and loss of CH2-NH-CH2 
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fragment which is exact half of original ligand gives m/z at 251.Peak The loss of one 

more HO-CH2-CH2from m/z return backs to m/z 206 which is also explainable by 

first fragmentation pattern (Figure 2.38 and 2.39). Thus, ligand show fair 

fragmentation pattern which is in agreement in the evidence of given proposed 

structure of ligand.  

 

Figure 2.38Proposedfragmentation pathways of ligand H4L14 
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Figure 2.39: Mass spectra of ligand H4L14 

2.3.4 1H NMR Analysis: 

All ligands were also analyzed by 1H NMR spectroscopy. Observed proton peaks 

were in agreement with the structure of the ligand. NMR data for ligands HL1- HL8 is 

discussed in the tabular form (Table 2.3) while for all other ligands, it is discussed in 

detail. 

Table 2.3: Observed proton peaks in NMR for ligands HL1 to HL8 

Ligands NH Ha Hb Hc Hd He Hf Hg 

 

2.49 

(t) 

3.37 

(t) 

3.55 

(t) 

6.40 

(d) 

7.98 

(t) 

6.81 

(t) 

8.81 

(d) 

- 

 

2.48 

(t) 

2.50 

(t) 

3.41 

(t) 

6.89 

(d) 

7.56 

(t) 

7.58 

(d) 

8.18 

(s) 

- 

 

2.49 

(t) 

3.33 

(t) 

3.89 

(t) 

6.84 

(d) 

8.52 

(d) 

8.52 

(d) 

6.84 

(d) 

- 
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3.38 2.59 

(t) 

3.1 

(t) 

7.11 

(d) 

6.64 

(t) 

6.61 

(t) 

- - 

 

3.84 

(m) 

3.14 

(t) 

3.25 

(t) 

6.61 

(d) 

`6.87 

(t) 

`6.67 

(t) 

6.76 

(d) 

2.55 

(s) 

 

3.7 

(m) 

3.2 

(t) 

3.40 

(t) 

6.97 

(d) 

`6.97 

(t) 

`6.85 

(t) 

6.85 

(d) 

2.55 

(s) 

 

3.6 

(m) 

3.14 

(t) 

3.25 

(t) 

6.78 

(d) 

`6.86 

(t) 

6.98 

(d) 

7.02 

(s) 

- 

 

3.67 

(m) 

3.41 

(t) 

2.92 

(t) 

6.78 

(d) 

`6.86 

(t) 

6.98 

(d) 

7.02 

(s) 

- 

In the NMR spectra of H2L9, there are four types of protons, except -OH which is 

exchangeable, all other protons are expected to have triplet splitting of signal. 

Piperazine ring -CH2type two signal were shown at up field 2.3 ppm marked as a. 

whereas other two signal were shown slight down field at 3.5 and 4.4 ppm marked as 

b and c (Figure 2.40). Thus, NMR spectra is also good agreement of proposed 

structure of ligand. 
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Figure 2.40: NMR Spectra of ligand H2L9 

In the NMR spectra of H2L10, there are eight types of protons, except -OH which is 

exchangeable, all other protons are expected to have triplet (proton type a), doublet 

(proton type b), triplet (proton type c) and multiplate (proton type d, e and f) splitting 

of signals. Piperazine ring -CH2type two signal were shown at up field 2.7 ppm 

marked as a. whereas other second signal is shown slight down field at 3.5 with 

doublet marked as b. Type c signal is shown at 3.8 ppm with triplet. Aromatic protons 

marked as d, e and f comes in the range of 7.2-7.5 ppm (Figure 2.41).Thus, NMR 

spectra is also good agreement of proposed structure of ligand. 
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Figure 2.41: NMR Spectra of ligand H2L10 

In NMR spectra of ligandH6L11 -OH broad peak is visible at 4.2 ppm due to presence 

of 6 -OH group in the ligand. Protons marked as a show triplet at the 2.7 ppm. While 

the protons marked as b and d show doublet at the up-field value of 1.96 and 2.1 ppm. 

Protons marked as c show slight downfield with multiplate splitting at 3.8 ppm. The 

other two protons marked as f and g both show triplet at the value of 3.46 and 3.56 

ppm. Since there were no aromatic protons in the ligand no any peak is observed in 

the aromatic region (Figure 2.42).Thus, NMR spectra is also good agreement of 

proposed structure of ligand. 
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Figure 2.42: NMR Spectra of ligand H6L11 

In NMR spectra of ligandH4L12 -OH broad peak is not visible still owing to the 

presence of 4 -OH group in the ligand. Protons marked as a show triplet at the 2.7 

ppm. While the protons marked as b and d show doublet at the up-field value of 2.32 

and 2.39 ppm. Protons marked as c show slight downfield with multiplate splitting at 

3.58 ppm. The other two protons marked as e and f both show triplet at the value of 

3.8 and 4.3 ppm. Proton marked as g show sharp singlet 2.9 ppm. Since there were no 

aromatic protons in the ligand no any peak is observed in the aromatic region (Figure 

2.43).Thus, NMR spectra is also good agreement of proposed structure of ligand. 
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Figure 2.43: NMR Spectra of ligand H4L12 

In NMR spectra of ligandH4L13 -OH broad peak is not visible still owing to the 

presence of 4 -OH group in the ligand. Protons marked as a show triplet at the 2.7 

ppm. While the protons marked as b and d show doublet at the up-field value of 2.32 

and 2.39 ppm. Protons marked as c show slight downfield with multiplate splitting at 

2.4 ppm. The other two protons marked as e and f both show triplet at the value of 3.4 

and 4.6 ppm. Proton marked as g and h show sharp quartet and triplet at up field value 

1.1 and 0.9 ppm. Since there were no aromatic protons in the ligand no any peak is 

observed in the aromatic region (Figure 2.44).Thus, NMR spectra is also good 

agreement of proposed structure of ligand. 
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Figure 2.44: NMR Spectra of ligand H4L13 

In NMR spectra of ligandH4L14 -OH broad peak is not visible still owing to the 

presence of 4 -OH group in the ligand. Protons marked as a show triplet at the 2.2 

ppm. While the protons marked as b and d show doublet at the up-field value of 3.7 

and 3.8 ppm. Protons marked as c show slight downfield with multiplate splitting at 

3.1 ppm. The other two protons marked as e and f both show triplet at the value of 2.9 

and 3.6 ppm. Proton marked as g show singlet at up field value 1.9 ppm. Since there 

were present aromatic protons marked as h, i and j in the ligand show peaks is 

observed in the aromatic region 6.9-7.3 ppm (Figure 2.45).Thus, NMR spectra is also 

good agreement of proposed structure of ligand. 
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Figure 2.45: NMR Spectra of ligand H4L14 

2.3 Conclusion: 

In this chapter, we described synthetic procedure and different spectroscopic 

characterization of ligands based on piperazine ring. Ligands were synthesized under 

varying conditions like use of different solvents, wide range of temperature 

conditions, different precursors and a range of substituted aliphatic or aromatic amine. 

Substitution on one nitrogen atom at the piperazine ring is brought by condensing 

aromatic amines with bis-chloroethyl amine resulting in the formation of series of 

ligands (HL1-HL8). Direct condensation of piperazine with chloroethanol resulted in 

ligand H2L9 where as H2L10 was obtained by ring opening rection of epoxides in 

which styrene oxide was reacted with piperazine resulting in the formation of ligand. 

In other method ring opening rection of piperazine with epichlorohydrin was carried 

out under ice cold condition and product thus obtained was used as precursor which 

was further condensed with substituted aliphatic amine resulting in the formation of 

four multidentate ligands H6L11, H4L12- H4L14. 

All ligands were characterized by spectroscopic methods viz. FT-IR, UV-vis, NMR 

and Mass spectrometry to support the proposed structure of the synthesized ligands. 
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UV spectroscopy identifies various electronic transitions as π→π* or n→π* or 

n→σ*which were significant and also absence of π→π* wavelength is ligands 

without aromatic ring were in good agreement. IR supports the presence of major 

functional group present in these ligands. Mass spectrometry evidently support the 

structure of these ligands in which base peak corresponds to the m/z value which is 

for molecular mass of these ligands in most of the cases. NMR is much sensitive 

technique and relates numbers of proton and their environment in the neighborhood. 

Further these ligands act as potential molecules for metal complexes formation which 

have been discussed in the next chapter. 
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2.5 Annexure: 

 
Annexure 2(a): IR spectra of HL1                                  Annexure 2(b): IR spectra of HL2 

 
Annexure 2(c): IR spectra of HL3                                  Annexure 2(d): IR spectra of HL4 
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Annexure 2(e): IR spectra of HL5                                 Annexure 2(f): IR spectra of HL6 

 
Annexure 2(g): IR spectra of HL7                                  Annexure 2(h): IR spectra of HL8 

 
Annexure 2(i): IR spectra of H2L9                                  Annexure 2(j): IR spectra of H2L10 
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Annexure 2(k): IR spectra of H6L11                                  Annexure 2(l): IR spectra of H4L12 

 
Annexure 2(m): IR spectra of H4L13                                Annexure 2(n): IR spectra of H4L14 

 
Annexure 2(o): NMR spectra of HL1                              Annexure 2(p): NMR spectra of HL2 
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Annexure 2(q): NMR spectra of HL3                                Annexure 2(r): NMR spectra of HL4 

 
Annexure 2(s): NMR spectra of HL5                                Annexure 2(t): NMR spectra of HL6 

 
Annexure 2(u): NMR spectra of HL7                 Annexure 2(v): NMR spectra of HL8 

 

 



93 
 

 

 

 

CHAPTER  3 
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OF TRANSITION METAL 

COMPLEXES OF 
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This chapter give details of synthetic procedure of copper and cobalt metal complexes 

and their structures of piperazine ring-based ligands, their characterization via 

physical and spectroscopic measurements.  

3.1 Synthesis, characterization and structure of complexes 

3.1.1 Metal complex of copper with 1-(2-pyridyl)-piperazine [Cu(L1)2(H2O)2] 

0.17 g (1 mmol) of the cupric chloride dihydrate was added to a solution of 0.32 g (2 

mmol) of ligand HL1 in 20 ml of methanol. The solution was then refluxed under 50-

70℃ for four hours and kept in a water bath to evaporate the solvent. The final 

product was dried in vacuum. Physical state hygroscopic solid, color lightgreen, m. 

pt. 255℃, yield 65%. FTIR (ν in cm-1) 3319 (M–OH2 Str.), 3051 (C–H Str.), 1657 

(C=C Str.), 1299 (C–N Str.), 489 (Cu–N Vib.) UV-vis (λ, nm) 208, 233, 302 

Mass(m/z) 424, 327, 254, 208, 164. 

 

Figure 3.1: Proposed structure of complex as [Cu(L1)2(H2O)2] 

3.1.2 Metal complex of copper with 1-(3-pyridyl)-piperazine 

[Cu(L2)Cl(H2O)2(CH3OH)].2CH3OH 

CuL2 was synthesized by similar procedure as reported for CuL1. Physical state semi 

solid, color dark brown,m. pt. 245℃, yield 68%. FTIR (ν in cm-1) 3344 (M–OH2 

Str.), 2922 (C–H Str.), 1627 (C=C Str.), 1340 (C–N Str.), 474 (Cu–N Vib.) UV-vis (λ, 

nm) 258, 334 Mass(m/z) 390, 327, 258, 226, 200, 164. 

 

Figure 3.2: Proposed structure of complex as [Cu(L2)Cl(H2O)2(CH3OH)].2CH3OH    
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3.1.3 Metal complex of copper with 1-(4-pyridyl)-piperazine 

[Cu(L3)Cl(H2O)(CH3OH)2].3H2O 

CuL3 was synthesized by similar procedure as reported for CuL1.Physical state semi 

solid, color light green,m. pt. 250℃, yield 78%. FTIR (ν in cm-1) 3402 (M–OH2 

Str.), 2922 (C–H Str.), 1631 (C=C Str.), 1260 (C–N Str.), (Cu–N Vib.) UV-vis (λ, 

nm) 209, 269 Mass (m/z) 396, 327, 295, 258, 164. 

 

Figure 3.3: Proposed structure of complex as [Cu(L3)Cl(H2O)(CH3OH)2].3H2O 

3.1.4 Metal complex of copper with 1-(phenyl)-piperazine 

[CuL4(CH3OH)(NO3)(H2O)2] 

In the 20 ml of methanol 0.16 g (1 mmol) of the cupric nitrate trihydrate and 0.12 g 

(0.5 mmol) of ligand HL4 were added.  The solution mixture was then refluxed for 

three hours and was kept in a water bath to evaporate the solvent. The final product 

was dried in vacuum. Physical state solid, color light green,m. pt. 258℃, yield 60%. 

FTIR (ν in cm-1) 3344 (M–OH2 Str.), 2922 (C–H Str.), 1631 (C=C Str.), 1269 (C–N 

Str.), 497 (Cu–N Vib.) UV-vis (λ, nm) 222, 307, 384 Mass (m/z) 356, 318, 294, 256, 

163. 

 

Figure 3.4: Proposed structure of complex as [CuL4(CH3OH)(NO3)(H2O)2] 

3.1.5 Metal complex of copper with 1-(2-methoxy phenyl)-piperazine 

[Cu(L5)2(H2O)2].2H2O 
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CuL5 was synthesized by similar procedure as reported for CuL4 using 2 mmol (0.38 

g) of o-anisidine and 1 mmol (0.17 g) of cupric chloride dihydrate. Physical state 

solid, color light blue,m. pt. 275℃, yield 60%. FTIR (ν in cm-1) 3383 (M–OH2 Str.), 

2935 (C–H Str.), 1508 (C=C Str.), 1242 (C–N Str.), 422 (Cu–N Vib.)  UV-vis (λ, nm) 

222, 275 Mass (m/z) 518, 453, 438, 395, 338, 292. 

 

Figure 3.5: Proposed structure of complex as [Cu(L5)2(H2O)2].2H2O 

3.1.6 Metal complex of copper with 1-(4-methoxy phenyl)-piperazine 

[Cu(L6)(H2O)(Cl)(CH3OH)2].4H2O 

CuL6 was synthesized by similar procedure as reported for CuL4 using 2 mmol (0.38 

g) of p-anisidine and 1 mmol (0.17 g) of cupric chloride dihydrate. Physical state 

solid, color light green,m. pt. 265℃, yield 60% FTIR (ν in cm-1) 3327 (M–OH2 Str.), 

3163 (C–H Str.), 1506 (C=C Str.), 1249 (C–N Str.), 470 (Cu–N Vib.) UV-vis (λ, nm) 

269, 392 Mass (m/z) 443, 390, 354, 177.  

 

Figure 3.6: Proposed structure of complex as [Cu(L6)(H2O)Cl(CH3OH)2].4H2O 

3.1.7 Metal complex of copper with 1-(3-hydroxyphenyl)-piperazine 

[Cu(L7)(H2O)(Cl)(CH3OH)2] 

CuL7 was synthesized by similar procedure as reported for CuL4using 2 mmol (0.33 

g) of m-aminophenol and 1 mmol (0.17 g) of cupric chloride dihydrate. Physical state 
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solid, color dark green,m. pt. 280℃, yield 60% FTIR (ν in cm-1)3344 (M–OH2 Str.), 

3138 (C–H Str.), 1609 (C=C Str.), 1278 (C–N Str.), 488 (Cu–N Vib.) UV-vis (λ, nm) 

213, 246, 285 Mass (m/z) 343, 274, 213, 163. 

 

Figure 3.7: Proposed structure of complex as [Cu(L7)(H2O)(Cl)(CH3OH)2] 

3.1.8 Metal complex of copper with 1-(4-hydroxyphenyl)-

piperazine[Cu(L8)(H2O)2(CH3OH)(Cl)] 

CuL8 was synthesized by similar procedure as reported for CuL4 using 2 mmol (0.33 

g) of p-aminophenol and 1 mmol (0.17 g) of cupric chloride dihydrate. Physical state 

solid, color dark green,m. pt. 275℃, yield 60% FTIR (ν in cm-1) 3333 (M–OH2 Str.), 

3130 (C–H Str.), 1603 (C=C Str.), 1250 (C–N Str.), 438 (Cu–N Vib.) UV-vis (λ, nm) 

223, 285, 363 Mass(m/z) 357, 339, 274, 247, 185, 213. 

 

Figure 3.8: Proposed structure of complex as [Cu(L8)(H2O)2(CH3OH)(Cl)] 

3.1.9 Metal complex of cobalt with 1,4-bisethanol piperazine [CoL9(H2O)2] 

0.174 g (1 mmol) of ligand was added to 0.238 g(1 mmol) cobalt chloride 

hexahydrate in 20ml of methanol. The solution was then refluxed under 50-70℃ for 

four hours. The reaction mixture was filtered and filtrate was kept for 2-3 days. A 

bluish white colored precipitate was obtained which was filtered, washed with 

methanol and dried. Physical state solid, colorbluish white,m. pt. 225℃, yield 60% 
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FTIR (ν in cm-1) 3138 (M–OH2 Str.), 1329 (C–N Str.), 497 (Cu–N Vib.), 437 (Cu–O 

Vib.) UV-vis (λ, nm) 213.Mass (m/z) 268, 232, 175, 146, 139. 

 

Figure 3.9: Proposed structure of complex as [CoL9(H2O)2] 

3.1.10 Metal complex of copper with bis(1-phenylethan-1-ol)piperazine 

[Co2(L10)(CH3OH)4(Cl)2(H2O)2] 

0.326 g (1 mmol) of ligand was added to 0.482g (2 mmol) cobalt chloride 

hexahydrate in 20ml of methanol. The solution was then refluxed under 50-70℃ for 

four hours. The reaction mixture was filtered and filtrate was kept for 2-3 days. A 

light blue colored precipitate was obtained which was filtered, washed with methanol 

and dried. Physical state solid, color light blue,m. pt. 270℃, yield 60% FTIR (ν in 

cm-1) 3281 (M–OH2 Str.), 3034 (C–H Str.), 1643 (C=C Str.), 1300 (C–N Str.), 509 

(Cu–N Vib.), 432 (Cu–O Vib.) UV-vis (λ, nm) 215, 255 Mass (m/z) 687, 567,447, 

415, 327, 309. 

 

Figure: 3.10: Proposed structure of complex as [Co2(L10)(CH3OH)4(Cl)2(H2O)2] 
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3.1.11 Metal complex of copper with bis(1-phenylethan-1-ol)piperazine 

[Cu2(L10)(CH3CN)Cl2(H2O)5] 

0.326 g (1 mmol) of ligand was added to 0.348g (2 mmol) cupric chloride dihydrate 

in 20ml of acetonitrile. The solution was then refluxed under 50-70℃ for four hours. 

The reaction mixture was cooled down. A yellow-colored precipitates appeared which 

were filtered, washed with acetonitrile and dried. Physical state solid, color yellow,m. 

pt. 260℃, yield 60% FTIR (ν in cm-1) 3321 (M–OH2 Str.), 3034 (C–H Str.), 1550 

(C=C Str.), 1327 (C–N Str.), 520 (Cu–N Vib.), 405 (Cu–O Vib.) UV-vis (λ, nm) 216, 

231 and 256 Mass (m/z) 327, 262, 253, 220, 207, 189. 

 

Figure: 3.11: Proposed structure of complex as [Cu2(L10)(CH3CN)Cl2(H2O)5] 

3.1.12 Metal complex of copper with bis(1-phenylethan-1-ol)piperazine 

[Zn2(L10)Cl2(H2O)4(CH3CN)2] 

0.326 g (1 mmol) of ligand was added to 0.482g (2 mmol) hydrated zinc chloride in 

20ml of acetonitrile. The solution was then refluxed under 50-70℃ for four hours. 

The reaction mixture was filtered and filtrate was kept for 2-3 days. A white colored 

precipitate was obtained which was filtered, washed with acetonitrile and dried.  

Physical state solid, color white,m. pt. 280℃, yield 60%. FTIR (ν in cm-1) 3448 (M–

OH2 Str.), 3034 (C–H Str.), 1454 (C=C Str.), 1043 (C–N Str.), 464 (Cu–N Vib.), 430 

(Cu–O Vib.) UV-vis (λ, nm) 210, 256 Mass (m/z) 679, 473, 453, 327, 309, 291. 
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Figure: 3.12: Proposed structure of complex as [Zn2(L10)Cl2(H2O)4(CH3CN)2]  

3.1.13 Metal complex of Copper with of H3L11 

[Cu3(L11)(H2O)3(CH3OH)]CH3OH 

In the 20 ml of methanol 0.408g (1 mmol) of ligand and 0.724g (1.5 mmol) cupric 

chloride dihydrate was added. The above mixture was then refluxed for 4 hours. A 

dark green color precipitate appeared in the end of rection. The precipitates were then 

filtered, washed with methanol and dried. Physical state solid, colordark green, yield 

52%. FTIR (ν in cm-1) 3336 (M–OH2 Str.), 3034 (CH Str.), 1247 (C–N Str.), 453 

(Cu–N Vib.), 420 (Cu–O Vib.) UV-vis (λ, nm) 215, 257 Mass (m/z) 712, 680, 626, 

599, 538, 451, 409. 

 

Figure: 3.13: Proposed structure of complex as [Cu3(L11)(H2O)3(CH3OH)].CH3OH 

3.1.14 Metal complex of copper with H2L12 [Cu2(L12)(H2O)2] 
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In the 20 ml of methanol 0.174g (0.5 mmol) of ligand and 0.255g (1.5 mmol) cupric 

chloride dihydrate was added. The above mixture was then refluxed for 4 hours. A 

green color precipitate appeared in the end of rection. The precipitates were then 

filtered, washed with methanol and dried.Physical state solid, color light green,m. pt. 

280℃, yield 62%, FTIR (ν in cm-1) 3329 (M–OH2 Str.), 2920 (C–H Str.), 1240 (C–N 

Str.), 449 (Cu–N Vib.), 405 (Cu–O Vib.) UV-vis (λ, nm) 300 Mass (m/z) 509, 491, 

453, 410, 349. 

 

Figure 3.14: Proposed structure of complex as [Cu2(L12)(H2O)2] 

3.1.15 Metal complex of copper with H2L13 [Cu2(L13)(H2O)2] 

In the 20 ml of methanol 0.163g (0.5 mmol) of ligand and 0.255g (1.5 mmol) cupric 

chloride dihydrate was added. The above mixture was then refluxed for 4 hours. A 

light-green color precipitate appeared in the end of rection. The precipitates were then 

filtered, washed with methanol and dried. Physical state solid, color light green,m. pt. 

285℃, yield 70%, FTIR (ν in cm-1) 3340 (M–OH2 Str.), 2979 (CH Str.), 1248 (C–N 

Str.), 488 (Cu–N Vib.), 415 (Cu–O Vib.) UV-vis (λ, nm) 268 Mass (m/z) 537, 499, 

438, 377. 

 

Figure: 3.15 Proposed structure of complex as [Cu2(L13)(H2O)2] 
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3.1.16 Metal complex of copper with H2L14 [Cu2(L14)(H2O)2] 

In the 20 ml of methanol 0.250g (0.5 mmol) of ligand and 0.255g (1.5 mmol) cupric 

chloride dihydrate was added. The above mixture was then refluxed for 4 hours. A 

light-yellow color precipitate appeared in the end of rection. The precipitates were 

then filtered, washed with methanol and dried. Physical state solid, color yellow,m. pt. 

280℃, yield 82%, FTIR (ν in cm-1) 3160 (M–OH2 Str.), 2936 (C–H Str.), 1247 (C–N 

Str.), 405 (Cu–O Vib.) 451 (Cu–N Vib.) UV-vis (λ, nm) 268 Mass (m/z) 661, 625, 

562, 545, 501. 

 

Figure: 3.16 Proposed structure of complex as [Cu2(L14)(H2O)2] 

3.2 Result and Discussion 

These above metal complexes were synthesized by reacting the metal salt with the 

ligand in the definite stoichiometric amount in methanol/acetonitrile solvent and 

refluxed under 40-60℃ for 3-4 hours. Resulting complexes were dried and 

characterised. Employing different solvents and different metal salts, resulted in the 

different coordination environment around the metal ion. Ligands behave bidentate 

(HL1-H2L10) and polydentate (H6L11-H4L14) owing the presence of N and O as 

donor atoms. 

3.2.1 UV-vis analysis: 

From the UV-vis analysis binding of metal with the ligands was observed due to 

significant shift in the intensity (generally hyperchromic shift) as well as wavelength 

(bathochromic shift) from that of ligands absorption wavelength (Table 3.1). 

Table 3.1: Observed maximum wavelength with molar extinction coefficient for 

complexes 
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Sr. No. Structural Formula Wavelen

gth (λmax, 

nm) 

Molar Extinction 

Coefficient (Ɛ, Lmol-

1cm-1) 

CuL1 

 

[Cu(L1)2(H2O)2] 208, 233, 

302 

 

2.14 x 103, 0.65 x 103, 

0.33 x 103 

CuL2 [Cu(L2)Cl(H2O)2(CH3OH)].2CH3OH    258, 334 1.87 x 103, 0.55 x 103 

CuL3 [Cu(L3)Cl(H2O)(CH3OH)2].3H2O 

 

209, 269 177 x 103, 0.44 x 103 

CuL4 [CuL4(CH3OH)(NO3)(H2O)2] 222, 307, 

384 

2.65 x 103, 1.47 x 103, 

0.78 x 103 

CuL5 [Cu(L5)2(H2O)2].2H2O 275, 222 1.48 x 103, 3.09 x 103 

CuL6 [Cu(L6)(H2O)(Cl)(CH3OH)2].4H2O 392, 269 1.12 x 103, 3.70 x 103 

CuL7 [Cu(L7)(H2O)(Cl)(CH3OH)2] 213,285,  

246 

2.78 x 103,0.90 x 103, 

1.55 x 103 

CuL8 [Cu(L8)(H2O)2(CH3OH)(Cl)] 285, 223, 

363 

3.02 x 103,1.28 x 

103,0.64 x 103 

CoL9 [CoL9(H2O)2] 212, 254 1.98 x 103, 0.40 x 103 

Co2L10 [Co2(L10)(CH3OH)4(Cl)2(H2O)2] 215, 255  2.27 x 103, 0.50 x 103 

Cu2L10 [Cu2(L10)(CH3CN)Cl2(H2O)5] 216, 231, 

256  

2.28 x 103, 1.01 x 

103,0.96 x 103 

Zn2L10 [Zn2(L10)Cl2(H2O)4(CH3CN)2] 210, 256 1.77 x 103, 0.28 x 103 

Cu3L11 [Cu3(L11)(H2O)3CH3OH].CH3OH - - 

Cu2L12 [Cu2(L12)(H2O)2] 212, 264 3.12 x 103, 1.49 x 103 

Cu2L13 [Cu2(L13)(H2O)2] 212, 268 2.14 x 103, 1.04 x 103 

Cu2L14 [Cu2(L14)(H2O)2] 217, 265 0.99 x 103, 2.76 x 103 

In case of copper complex of ligand HL1, CuL1 have three absorptions maximum in 

the UV spectra as compared to ligand. Also, the decrease in the intensity indicates the 

binding of metal with ligands. Low intensity peak at 302 nm arises due to LMCT 

transition from ligand to metal ion. Similar spectral changes were also observed in 

CuL2 and CuL3 as compared to HL2 and HL3 but no additional peaks were observed. 

A clear shift in the peaks was observed and increase and decrease in the intensity of 

the peaks which were significant in explaining the metal binding to the ligand (Figure 

3.17-3.19). 
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Figure 3.17: Compared UV graph of CuL1 and HL1 Figure 3.18: Compared UV 

graph of CuL2 and HL2 

In case of CuL4, there are three absorption peaks out of which two were similar to 

ligand HL4 with slight shift in wavelength and intensity, while the third peak at 385 

with low intensity might correspond to LMCT transition of metal complex (Figure 

3.20). Thus, compared UV graph clearly indicate binding of metal ion with the ligand. 

 

Figure 3.19: Compared UV graph of CuL3 and HL3 Figure 3.20: Compared UV 

graph of CuL4 and HL4 

In case of complex CuL5 and CuL6, all the observed peaks in the complexes appeared 

with slight shift in the wavelength indicate binding of metal ion with the ligands 

(Figure 3.21-3.22). 
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Figure 3.21: Compared UV graph of CuL5 and HL5   Figure 3.22: Compared UV 

graph of CuL6 and HL6 

In the complexes CuL7 and CuL8, compared UV graph were also helpful to see the 

changes in the shift in the wavelength and intensities of the absorption of maxima 

(Figure 3.23-3.24). 

 

Figure 3.23: Compared UV graph of CuL7 and HL7   Figure 3.24: Compared UV 

graph of CuL8 and HL8 

The concept of comparing two UV graph was further applied of other ligands and 

their complexes and quite significant inference can be drawn from the absorption 

pattern as indicated below (Figure 3.25-3.28). 
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Figure 3.25: Compared UV graph of Co2L10, Cu2L10 and H2L10 Figure 3.26: 

Compared UV graph of Cu2L12 and H4L12 

 
Figure 3.27: Compared UV graph of complex Cu2L13 and H4L13  Figure 3.28: 

Compared UV graph of complex Cu2L14 and H4L14 

 

3.2.2 FTIR analysis: 

In the non-availability of single crystal X ray data, FTIR data becomesimportant in 

the interpretation of binding of complex with the ligands.1,2 Since ligands coordinated 

with metal, M–N and M–O peaks are important to observe in the IR spectra of metal 

complexes. All the complexes showed absorption peaks in the region 422 - 520 cm-1 

corresponding to M–N type of vibrations which confirm the binding of piperazine 

nitrogen with metal ion. Also, the M–O type of vibration was observed in the region 

of 405 – 437 cm-1 for the complexes which involve hydroxy group binding to metal 

ion. Absorption bands at 3100 - 3400 cm-1 range in complexes indicated the presence 

of lattice or coordinated water. FTIR analysis with selected bond frequencies of all 

complexes are as described in the table 3.2. 
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Table 3.2: Selected frequencies (cm-1)of metal complexes 

 

Complex 

Code 

Structure ν M–OH2 

 

ν M–O ν M–N ν C=C(Ar)  ν C–N  ν C–H 

(Ar/sp3) 

CuL1 [Cu(L1)2(H2O)2] 3319 - 489 1657 1299 3051 

CuL2 [Cu(L2)Cl(H2O)2(CH3OH)].2CH3OH 3323 - 474 1627 1340 3057 

CuL3 [Cu(L3)Cl(H2O)(CH3OH)2].3H2O 3402 - - 1631 1260 3184 

CuL4 [CuL4(CH3OH)(NO3)(H2O)2] 3344 - 497 1631 1269 2922 

CuL5 [Cu(L5)2(H2O)2].2H2O 3383 - 422 1508 1242 2935 

CuL6 [Cu(L6)(H2O)(Cl)(CH3OH)2].4H2O 3327 - 470 1506 1249 3163 

CuL7 [Cu(L7)(H2O)(Cl)(CH3OH)2] 3344 - 488 1609 1278 3138 

CuL8 [Cu(L8)(H2O)2(CH3OH)(Cl)] 3333 - 438 1603 1250 3130 

CoL9 [CoL9(H2O)2] 3122 437 497 - 1329 3138 

Co2L10 [Co2(L10)(CH3OH)4(Cl)2(H2O)2] 3281 432 509 1643 1300 3020 

Cu2L10 [Cu2(L10)(CH3CN)Cl2(H2O)5] 3321 405 520 1550 1327 2920 

Zn2L10 [Zn2(L10)Cl2(H2O)4(CH3CN)2] 3448 430 464 1454 1043 - 

Cu3L11 [Cu3(L11)(H2O)3(CH3OH)].CH3OH 3336 420 453 - 1051 3034 

Cu2L12 [Cu2(L12)(H2O)2] 3329 405 449 - 1240 2990 

Cu2L13 [Cu2(L13)(H2O)2] 3340 415 488 - 1238 2979 

Cu2L14 [Cu2(L14)(H2O)2] 3160 405 451 1503 1247 2936 
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3.2.3 Mass Spectrum Analysis: 

All the complexes synthesized were analyzed by direct mass using +ve ionization 

mode. Ligands binding to the metal ions and other coordinating co-ions or solvent 

molecule and structure of metal complexes have been proposed based on 

fragmentation pattern of the complex.3,4 Small ligands (HL1 – HL8) binds to one 

copper metal ion while multidentate ligands bind two (H2L10, H4L12-14) and three 

metal ions (H6L11) with other position occupied with solvent molecule or co ions. 

Proposed structure of metal complexes along with their fragmentation patterns are 

discussed below: 

Complex [Cu(L1)2(H2O)2] binds with two ligands unit and two solvent water ligands 

in octahedral fashion which corresponds to m/z peak at 424, loss of coordinated water 

and pyridine ring results in intermediate ion corresponding to m/z peak at 327, further 

loss of piperazine ring(partial) gives another intermediate species corresponding to 

m/z value of 254. In the last when all coordination is removed along with metal ion, 

free ligand corresponding to m/z 164 is obtained. Calculated and experimental 

isotopic distribution is also in agreement to the proposed molecular formula of 

complex (Figure 3.29 and 3.31). 

 

Figure 3.29: Mass spectra fragmentation of [Cu(L1)2(H2O)2] 

Complex [Cu(L2)Cl(H2O)2(CH3OH)].2CH3OH  binds with one ligands unit and two 

solvent methanol and two aqua and one chloride ligands with two uncoordinated 

methanol molecule in octahedral fashion which corresponds to m/z peak at 390, loss 

of uncoordinated methanol results in intermediate ion corresponding to m/z peak at 
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327 and further loss of another aqua ligand gives another intermediate species 

corresponding to m/z value of 309. Further loss one aqua and chloro ligands result in 

m/z 258. Peak at 244 indicate one with only one aqua and metal ion with ligands. 

Loss of piperazine arms indicate m/z at 200. In the last when all coordination is 

removed along with metal ion, free ligand corresponding to m/z 164 is 

obtained.Calculated and experimental isotopic distribution is also in agreement to the 

proposed molecular formula of complex (Figure 3.30 and 3.32). 

 

Figure 3.30: Mass spectra fragmentation of [Cu(L2)Cl(H2O)2(CH3OH)].2CH3OH   

 
Figure 3.31: Mass spectra of [Cu(L1)2(H2O)2]Figure 3.32: Mass spectra of 

[Cu(L2)Cl(H2O)2(CH3OH)].2CH3OH    
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Complex [Cu(L3)Cl(H2O)(CH3OH)2].3H2O binds with one ligands unit and two 

solvent methanol, one aqua and one chloride ligands with three uncoordinated water 

molecule in octahedral fashion which corresponds to m/z peak at 396, loss of 

uncoordinated water and one methanol ligand results in intermediate ion 

corresponding to m/z peak at 327 and further loss of another methanol  gives another 

intermediate species corresponding to m/z value of 295. In the second fragmentation 

method loss of two uncoordinated water, one methanol and chloride ligands result in 

species with m/z = 258. In the last when all coordination is removed along with metal 

ion, free ligand corresponding to m/z 164 is obtained.Calculated and experimental 

isotopic distribution is also in agreement to the proposed molecular formula of 

complex (Figure 3.33 and 3.35). 

 
Figure 3.33: Mass spectra fragmentation of [Cu(L3)Cl(H2O)(CH3OH)2].3H2O   

Complex [Cu(L4)(CH3OH)(NO3)(H2O)2] shows m/z peak at 356 which corresponds 

to its molecular formula in octahedral coordination mode with two water, one 

methanol and one nitrate as co-ligands. Loss of two coordinated aqua ligands gives 

intermediate tetrahedral species which corresponds m/z to 318 and further loss of 

nitrate ion gives m/z to 256. Loss of only nitrate ion gives penta coordinated 

intermediate species corresponding to m/z to 294 in which further loss of two aqua 

ligands correspond to same intermediate species with m/z at 256.In the last when all 

coordination is removed along with metal ion, free ligand corresponding to m/z 163 is 

obtained. Calculated and experimental isotopic distribution is also in agreement to the 

proposed molecular formula of complex (Figure 3.34 and 3.36). 
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Figure 3.34: Mass spectra fragmentation of [Cu(L4)(CH3OH)(NO3)(H2O)2] 

 
Figure 3.35: Mass spectra of [Cu(L3)Cl2(CH3OH)2].2H2O  Figure 3.36: Mass spectra 

of [Cu(L4)(NO3)(CH3OH)(H2O)2] 

In complex [Cu(L5)2(H2O)2].2H2O, m/z peak at 443 corresponds to molecular 

formula of the complex. Further loss of three uncoordinated water molecules is 

indicated at m/z corresponding to 390. Loss of chloride ligand and piperazine arm 

results in the intermediate species corresponding to m/z at 354. Loss of coordination 

environment along with methoxy group of ligands results in free ligands giving m/z at 
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177. Calculated and experimental isotopic distribution is also in agreement to the 

proposed molecular formula of complex (Figure 3.37 and 3.38).  

 

 

Figure 3.37: Mass spectra fragmentation of [Cu(L5)2(H2O)2].2H2O 

In complex [Cu(L6)(CH3OH)2(Cl)2].3H2O, m/z peak at 443 corresponds to molecular 

formula of the complex. Further loss of three uncoordinated water molecules is 

indicated at m/z corresponding to 390. Loss of chloride ligand and piperazine arm 

results in the intermediate species corresponding to m/z at 354. Loss of coordination 

environment along with methoxy group of ligands results in free ligands giving m/z at 

177. Calculated and experimental isotopic distribution is also in agreement to the 

proposed molecular formula of complex (Figure 3.39 and 3.40).   



113 
 

 
Figure 3.38: Mass spectra of [Cu(L5)2(H2O)2].2H2O Figure 3.39: Mass spectra of 

[Cu(L6)(CH3OH)2(Cl)2].3H2O 

 

Figure 3.40: Mass spectra fragmentation of [Cu(L6)(CH3OH)2(Cl)2].3H2O 

In complex [Cu(L7)(CH3OH)2(H2O)2], m/z peak at 338 corresponds to molecular 

formula of the complex. Further loss of two coordinated methanol molecules and one 

chloride is indicated at m/z corresponding to 274. While the loss of one methanol and 

one aqua ligand results in the intermediate species corresponding to m/z at 247. Loss 

of two methanol and two aqua ligands and piperazine CH2-CH2 arm results in m/z 

corresponding to 213. Loss of coordination environment along with hydroxy group of 

ligands results in free ligands giving m/z at 163. Calculated and experimental isotopic 

distribution is also in agreement to the proposed molecular formula of complex 

(Figure 3.41 and 3.43).  
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Figure 3.41: Mass spectra of [Cu(L7)(CH3OH)Cl] Figure 3.42: Mass spectra of 

[Cu(L8)(CH3OH)2(H2O)2] 

 

 
 

Figure 3.43: Mass spectra fragmentation of [Cu(L7)(CH3OH)(Cl)(OH2)2] 
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Figure 3.44: Mass spectra fragmentation of [Cu(L8)(CH3OH)2(H2O)(Cl)] 

In complex [Cu(L8)(CH3OH)2(H2O)(Cl)],  m/z peak at 340 corresponds to molecular 

formula of the complex. Further loss of two coordinated methanol molecules is 

indicated at m/z corresponding to 276. While the loss of one methanol and one aqua 

ligand results in the intermediate species corresponding to m/z at 247. Loss of two 

methanol and two aqua ligands and piperazine CH2-CH2 arm results in m/z 

corresponding to 213. Loss of coordination environment along with hydroxy group of 

ligands results in free ligands is not observed. Calculated and experimental isotopic 

distribution is also in agreement to the proposed molecular formula of complex 

(Figure 3.42 and 3.44).  

In complex [Co(L9)(H2O)2],  m/z peak at 267 corresponds to molecular formula of the 

complex. Further loss of two coordinated water molecules is indicated at m/z 

corresponding to 232. Loss of coordination environment along with metal ion of 

ligands results in free ligands is observed at m/z 175. Ligand loss of piperazine arm at 

146 and two water loss in indicated at m/z 139. Calculated and experimental isotopic 

distribution is also in agreement to the proposed molecular formula of complex 

(Figure 3.44 and 3.46). 
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Figure 3.45: Mass spectra fragmentation of [Co(L9)(H2O)2]   

 
Figure 3.46: Mass spectra of [Co(L9)(H2O)2] 

In complex [Co2(L10)Cl4(H2O)2(CH3OH)2], m/z peak at 687 corresponds to 

molecular formula of the complex. Further loss of two coordinated methanol 

molecules,one chloro and two aqua ligands is indicated at m/z corresponding to 567. 

Further loss of two chloro results in the intermediate species corresponding to m/z at 

447 and loss of two metals gives free ligand corresponding m/z at 327. Further loss of 

one water from ligand comes at m/z 309.In the second way, Loss of one styrene 
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epoxide type fragments from complex also results in m/z at 567 and subsequent loss 

of one more styrene epoxide type moiety gives m/z at 447. From here loss of one 

methanol results in m/z corresponding to 415. Loss of water from free ligands is 

observed at 309. Calculated and experimental isotopic distribution is also in 

agreement to the proposed molecular formula of complex (Figure 3.47 and 3.48). 

 

 

Figure 3.47: Mass spectra fragmentation of [Co2(L10)Cl4(H2O)2(CH3OH)2] 
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Figure 3.48: Mass spectra of[Co2(L10)Cl4(CH3OH)2(H2O)2]        

In complex [Cu2(L10)(CH3CN)Cl2(H2O)5], m/z peak at 327 corresponds to molecular 

formula of the complex with charge on the molecule taking as +2. Further loss of two 

coordinated chloride, one acetonitrile and one aqua ligand is indicated at m/z 

corresponding to 262.  Loss of further aqua ligands in next steps results in the three 

intermediate species corresponding to m/z at 253, 220 and 189 indicating the loss of 

two, one and one loss in series. In case of m/z peak at 189 is also obtained results in 

the loss of phenyl ring of the ligand. In the second manner which the loss of all 

chloride and all aqua ligands remaining only with acetonitrile results in another 

intermediate corresponding to m/z 207 along with phenyl ring of ligand. Loss of 

coordination environment along with hydroxy group of ligands results in free ligands 

is not observed(Figure 3.49 and 3.50). 
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Figure 3.49: Mass spectra fragmentation of [Cu2(L10)(CH3CN)Cl2(H2O)5] 

 
Figure 3.50: Mass spectra of [Cu2(L10)(CH3CN)Cl2(H2O)5] 
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Figure 3.51: Mass spectra fragmentation of [Zn2(L10)Cl2(H2O)4(CH3CN)2]  

 

In complex [Zn2(L10)Cl2(H2O)2(CH3CN)2], m/z peak at 679 corresponds to molecular 

formula of the complex. Further loss of two coordinated acetonitrile molecules,two 

chloro and three aqua ligands is indicated at m/z corresponding to 473. Further loss of 

one more aqua ligand results in the intermediate species corresponding to m/z at 453 

and loss of two metals gives free ligand corresponding m/z at 327. Further loss of one 

water from ligand comes at m/z 309 and that of second water 291. Calculated and 

experimental isotopic distribution is also in agreement to the proposed molecular 

formula of complex (Figure 3.51 and 3.52). 
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Figure 3.52: Mass spectra of [Zn2(L10)Cl2(H2O)4(CH3CN)2] 

In complex [Cu3L11(H2O)3Cl]CH3OH,ligand L11 binds with three metal centres in 

with two type of coordination mode octahedral and tetrahedral with m/z peak at 712 

corresponds to molecular formula of the complex.Loss of uncoordinated methanol 

appears in the peak which appears at m/z 680. Further loss of three coordinated water 

results in intermediate species corresponding to m/z 626 in which further loss of two 

metal ion gives m/z at 599. In another way loss of 3 H2O, 1 Cl- and two metal ion 

results m/z in 451. Also, the loss of three H2O, 1 Cl- and one metal ion results in m/z 

538. Loss of coordination environment along with metal ion of ligands results in free 

ligands is observed at peak of 409 (Figure 3.53 and 3.54).  
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Figure 3.53: Mass spectra fragmentation of [Cu3(L11)(CH3OH)(H2O)3].CH3OH 
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Figure 3.54: Mass spectra of [Cu3(L11)(CH3OH)(H2O)3]CH3OH 

In complex [Cu2L12(H2O)2] ligand L12 binds with two metal centres in tetrahedral 

coordination mode with m/z peak at 509 corresponds to molecular formula of the 

complex. Further loss of one coordinated water molecules is indicated at m/z 

corresponding to 491 subsequent loss of second coordinated water is also indicated at 

m/z 471.  From the species at m/z 471, loss of one metal corresponds to m/z 410. And 

ultimately loss of coordination environment from complex to each intermediate 

species results in free ligands which is observed at peak of 349. Thus, fragmentation 

pattern is in good agreement to the proposed structure of metal complex. This 

structure is also supported by mass fragmentation pattern and proposed structure of 

other two complexes of ligands H4L13 and H4L14 as they have similar coordination 

environment around the meal ions and binds with two copper in similar tetradentate 

coordination mode. Calculated and experimental isotopic distribution is also in 

agreement to the proposed molecular formula of complex (Figure 3.55 and 3.56). 



124 
 

 

Figure 3.55: Mass spectra fragmentation of [Cu2L12(H2O)2] 

 
Figure 3.56: Mass spectra of [Cu2L12(H2O)2] 
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In complex [Cu2L13(H2O)2]ligand L13 binds with two metal centre in tetrahedral 

coordination mode with m/z peak at 537 corresponds to molecular formula of the 

complex. Further loss of one coordinated water molecules from one metal centre is 

not indicated at m/z corresponding to 517 while the subsequent loss of second 

coordinated water corresponds to m/z at 499. Loss of first metal ion from the m/z 499 

gives the intermediate m/z at 438. From all species loss of complete coordination 

environment of ligands results in free ligands is observed at peak of 377.Thus, 

fragmentation pattern is in good agreement to the proposed structure of metal 

complex. This structure is also supported by mass fragmentation pattern and proposed 

structure of other two complexes of ligands H4L12 and H4L14 as they have similar 

coordination environment around the meal ions and binds with two copper ions in 

similar tetradentate coordination mode. Calculated and experimental isotopic 

distribution is also in agreement to the proposed molecular formula of complex 

(Figure 3.57 and 3.58). 

 

Figure 3.57: Mass spectra fragmentation of [Cu2L13(H2O)2] 
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Figure 3.58: Mass spectraof [Cu2L13(H2O)2] 

In complex [Cu2L14(H2O)2] ligand L14 binds with two metal centre in tetrahedral 

coordination mode with m/z peak at 661 corresponds to molecular formula of the 

complex. Further loss of one coordinated water molecules from one metal centre is 

not indicated at m/z corresponding to 643 while the further loss of second coordinated 

water corresponds to m/z at 625. Loss of first metal ion from the m/z 625 gives the 

intermediate m/z at 562 and loss of water from 562 gives m/z 545. From all species 

(other than m/z at 545) loss of complete coordination environment of ligands results 

in free ligands is observed at peak of 377.Thus, fragmentation pattern is in good 

agreement to the proposed structure of metal complex. This structure is also supported 

by mass fragmentation pattern and proposed structure of other two complexes of 

ligands H4L12 and H4L13 as they have similar coordination environment around the 

meal ions and binds with two copper ions in similar tetradentate coordination mode. 

Calculated and experimental isotopic distribution is also in agreement to the proposed 

molecular formula of complex (Figure 3.59 and 3.60). 
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Figure 3.59: Mass spectra fragmentation of [Cu2L14(H2O)2] 

 
Figure 3.60: Mass spectraof [Cu2L14(H2O)2] 
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3.3 Additional experimental studies to support proposed structure of 

metal complexes: 

With so many attempts to obtain singe crystal with no fruitful results, structure of 

metal complexes have been proposed on the basis of IR and mass fragmentation 

pattern, we have performed additional studies to support the proposed structure of the 

complexes.  

Electrochemical and Thermal Studies: To assist the proposed structure of 

complexes both electrochemical and thermal behaviour of metal complexes were 

recorded and analyzed. In electrochemical studies molar conductance values were 

recorded using calibrated conductivity meter where as in thermal studies TGA were 

used to analyzed decomposition behaviour with increase in temperature. The 

experimental studies so conducted supports the proposed structures of the complexes. 

The results are discussed below 

3.3.1Molar conductance Measurements: 

Molar conductance data of electrolytic nature of solutions have been matter of interest 

for scientists. Behaviour of metal complex in electrolytic solutions provide brief 

ideaabout their composition andnature.5 Significant structural information can be 

idealized as conductance is directly related to current carrying capacity of an 

electrolyte which is directly related to number of ions present in the solution.6,7 

Evidently it can be established weather the nature of complex is ionic or non-ionic by 

using molar conductance data in different solvents (Table 3.3).8 These studies further 

can be applied to analyzethe ligand-metal stoichiometry as well as geometries of 

complexes.9,10 

Table 3.3: Electrolytes and nonelectrolytes molar conductance range for solvents5 

Sr. 

No. 

Solvent Electrolytes molar 

conductance range 

(Ohm−1cm2mol−1) 

Nonelectrolytes molar 

conductance range 

(Ohm−1cm2mol−1) 

1 CH3CN ˃120 ˂120 

2 CH3COCH3 ˃100 ˂95 

3 CH3OH ˃80 ˂80 

4 CH3CH2OH ˃35 ˂30 

5 DMSO ˃50 ˂50 

6 H2O ˃118 ˂80 
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Table 3.4: Experimental values of molar conductance for complexes 

Code Structural Formula Molar 

Cond.  in 

water(Oh

m−1cm2mo

l−1) 

 

Molar 

Cond.  in 

DMSO(O

hm−1cm2m

ol−1) 

Nature 

CuL1 

 

[Cu(L1)2(H2O)2] 53.5 28.3 Nonionic 

CuL3 [Cu(L3)Cl(H2O)(CH3OH)2] 45.2 21.5 Nonionic 

CuL4 [CuL4(CH3OH)(NO3)(H2O)2] 57.5 29.4 Nonionic 

CuL5 [Cu(L5)2(H2O)2].2H2O 66.0 35.2 Nonionic 

CuL6 [Cu(L6)(H2O)(Cl)(CH3OH)2].4H2O 70.7 37.6 Nonionic 

CuL7 [Cu(L7)(H2O)(Cl)(CH3OH)2] 74.1 38.6 Nonionic 

CuL8 [Cu(L8)(H2O)2(CH3OH)(Cl)] 54.0 29.1 Nonionic 

CoL9 [Co(L9)(H2O)2] 60.2 31.5 Nonionic 

Co2L10 [Co2(L10)(CH3OH)4(Cl)2(H2O)2] 72.5 38.0 Nonionic 

Cu2L10 [Cu2(L10)(CH3CN)Cl2(H2O)5] 56.2 28.2 Nonionic 

Cu3L11 [Cu3(L11)(H2O)3(CH3OH)].CH3OH 80 41.3 Nonionic 

Cu2L12 [Cu2(L12)(H2O)2] 112 46.0 Nonionic 

Cu2L13 [Cu2(L13)(H2O)2] 75 39.7 Nonionic 

Cu2L14 [Cu2(L14)(H2O)2] 110 47.7 Nonionic 

 

Thus, the all complexes are non-ionic in nature as suggested by molar conductance 

data in both water and DMSO as solvents, which is in agreement with the proposed 

structures of metal complexes (Table 3.4). Essentially this data indicate that anion 

satisfy secondary valency behaving as ligands rather than primary valency as molar 

conductance is directly proportional to no of ions present in the solution. This data is 

further supported by thermogravimetric analysis. 

3.3.2 Thermal Studies: Thermogravimetric analysis (TGA)  

Thermal studies of compounds in the form of thermogram represents graphical 

representation of the % weightloss against temperature.11,12Thermal decomposition of 

individual compounds are important in term of their thermal stability, composition, 

life time, oxidative stability, kinetics and volatile or moisture content.13,14 In general, 

following information can be obtained from a TG Curve: 

Below 150℃, low weight solvent or physiosorbed water or any trapped gases starts 

evolving.Between 150℃-250℃, weight loss of coordinated water and other similar 

compounds occurs.Above 250℃, ligands and complexes decompositionstarts and 
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multiple variations in the temperature via different intermediates.15,16 Thus TGA 

(Thermogravimetric analysis) data can predict the presence or absence of coordinated 

water and other molecules from a metal complexin the temperature range before 

theactual decomposition molecular backbone begins. The change in weight measured 

by TGA data has been important in interpreting the structure and thermal stability of 

metal complexes.17-21Complexes which were obtained in solid state and are non-

hygroscopic in nature were analyzed by TGA and results thus obtained are discussed 

as.  

In complex [CuL4(CH3OH)(NO3)(H2O)2], initial loss of coordinated methanol is 

observed as indicated by the derivative peak in the range of 50-90℃, whereas loss of 

coordinated water ligands is observed in the temperature range 150-200℃ and loss of 

nitrate occurs 200-250℃, further decomposition of ligands in the major peak occurs 

near 300-350℃. Another way to analyze is ash content % which indicate binding to 

one copper metal converting into the ash as CuO (Figure 3.61).  

In complex [Cu(L5)2(H2O)2].2H2O, only initial loss of coordinated water is observed 

as indicated by the derivative peak in the range of 100-150℃, further decomposition 

of ligands in the major peak occurs near 250-350 0C. Ash content analysis 

corresponds to one copper metal converting into the ash as CuO (Figure 3.62). 

 

 

Figure 3.61: TGA and first derivative of CuL4 
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Figure 3.62 TGA and first derivative of CuL5 

In the TGA of [Cu(L6)(H2O)(Cl)(CH3OH)2].4H2O, initial loss of non-coordinated 

water is observed as indicated by the derivative peak in the range of 50-90℃, whereas 

loss of coordinated water ligands is observed in the temperature range 100-140℃and 

loss of chloride ligand is observed at 180-250℃, further decomposition of ligands in 

the major peak occurs near 300-350℃. Another way to analyze is ash content is % 

which indicate binding to one copper metal converting into the ash as CuO (Figure 

3.63). 

 

Figure 3.63 TGA and first derivative of CuL6 
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In the TGA of [Cu(L8)(H2O)2(CH3OH)(Cl)], initial loss of coordinated methanol is 

observed as indicated by the derivative peak in the range of 50-90℃, whereas loss of 

coordinated water ligands is observed in the temperature range 100-150℃, further 

decomposition of ligands in the major peak occurs near 300-350℃. Another way to 

analyze is ash content % which indicate binding to one copper metal converting into 

the ash as CuO (Figure 3.64). 

 

Figure 3.64 TGA and first derivative of CuL8 

 

Figure 3.65 TGA and first derivative of Cu2L10 
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In the TGA of [Cu2(L10)(CH3CN)Cl2(H2O)5], initial loss of coordinated 

acetonitrile/water is observed as indicated by the derivative peak in the range of 150-

190℃, further decomposition of ligands in the major peak occurs near 300-350℃. 

Another way to analyze is ash content % which indicate binding to two copper metal 

converting into the ash as 2 CuO (Figure 3.65). 

In the TGA of [Zn2(L10)(CH3CN)2Cl2(H2O)4], initial loss of coordinated 

acetonitrile/water is observed as indicated by the derivative peak in the range of 150-

190℃, further decomposition of ligands in the major peak occurs near 300-350℃. 

Another way to analyze is ash content % which indicate binding to two zinc metal 

converting into the ash as 2 ZnO (Figure 3.66). 

In the TGA of [Cu2(L12)(H2O)2], initial loss of coordinated water is observed as 

indicated by the derivative peak in the range of 100-150℃, further decomposition of 

ligands in the major peak occurs near 300-350℃. Significantly no other than loss of 

water in the TGA derivative curve is obtained which confirm the only coordinated 

water as ligand. Another way to analyze is ash content is % which indicate binding to 

two copper metal converting into the ash as 2 CuO. 

 

 

Figure 3.66 TGA and first derivative of Zn2L10 
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Figure 3.67 TGA and first derivative of Cu2L12 

In the TGA of [Cu2(L13)(H2O)2], initial loss of coordinated water is observed as 

indicated by the derivative peak in the range of 100-150oC, further decomposition of 

ligands in the major peak occurs near 300-350oC. Significantly no other than loss of 

water in the TGA derivative curve is obtained which confirm the only coordinated 

water as ligand. Another way to analyze is ash content is % which indicate binding to 

two copper metal converting into the ash as 2 CuO (Figure 3.67). 

 

Figure 3.68 TGA and first derivative of Cu2L13 
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Figure 3.69 TGA and first derivative of Cu2L14 

In the TGA of [Cu2(L14)(H2O)2], initial loss of coordinated water is observed as 

indicated by the derivative peak in the range of 100-150oC, further decomposition of 

ligands in the major peak occurs near 300-350oC. Significantly no other than loss of 

water in the TGA derivative curve is obtained which confirm the only coordinated 

water as ligand. Another way to analyze is ash content is % which indicate binding to 

two copper metal converting into the ash as 2 CuO (Figure 3.68). 

 

3.4 Conclusion: 

In this chapter, we reported the copper and cobalt complexes of ligands and proposed 

the structures based on physical and spectroscopic measurements. In the UV-vis 

spectroscopy variation of maximum absorption as well as extinction coefficient 

correlated that, metal complexes are being formed which was further supported by 

FTIR spectroscopy. Along with the other vibrational frequencies, M–N and M–O 

peaks appeared in the range of 400-600 cm-1, there by confirming the formation of 

metal complexes. Structure of complexes have been proposed based on mass 

fragmentation patterns. In general copper binds in octahedral coordination mode with 

the ligands bidentate and other sites occupied by solvent molecule and co-ions. 

Isotopic distribution pattern obtained for individual complex experimentally were 

compared with theocratical distribution and were in agreement to the proposed 
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formula and number of metal ion(s) present in the complexes. Proposed structure of 

these complexes were supported by additional studies which include molar 

conductance measurements and thermogravimetric analysis. Molar conductance data 

suggested the non-ionic nature of metal complexes which were in accordance with 

proposed formula of complexes. Also, in thermogravimetric analysis TGA curves 

indicated initial loss of solvent molecule than dissociation of ligand itself. Only one 

peak before the ligand dissociation was obtained where only water is coordinated to 

the metal complexes in the temperature range 100-150℃. While other complexes 

having different solvent like methanol along with water show two or more peaks in 

the derivative curves. Biological activities and computational studies of these 

complexes have been discussed in next chapters. 
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Annexure 3(a): UV-vis spectra CuL1/CuL3            Annexure 3(b): UV-vis spectra CuL4 

 

 
Annexure 3(c): UV-vis spectra CuL5/CuL6      Annexure 3(d): UV-vis of CuL7/CuL8 

 
Annexure 3(e): UV-vis spectra M2L10      Annexure 3(f): UV-vis of Cu2L12-14 
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Annexure 3(g): IR spectra of CuL1                                   Annexure 3(h): IR spectra of CuL2 

 
Annexure 3(i): IR spectra of CuL4                                   Annexure 3(j): IR spectra of CuL5 

 
Annexure 3(k): IR spectra of CuL6                                   Annexure 3(l): IR spectra of CuL7 
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Annexure 3(m): IR spectra of CuL8                                   Annexure 3(n): IR spectra of CoL9 

 
Annexure 3(m): IR spectra of Co2L10                             Annexure 3(n): IR spectra of Cu2L10 

 
Annexure 3(o): IR spectra of Zn2L10                          Annexure 3(p): IR spectra of Cu3L11 
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Annexure 3(q): IR spectra of Cu2L12                                   Annexure 3(r): IR spectra of 

Cu2L13 

 

 
Annexure 3(s): IR spectra of Cu2L14
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BIOLOGICAL 

ACTIVITIES OF 
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AND METAL 

COMPLEXES
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4.1 Antibacterial Assays 

Agar well diffusion assay has been used to evaluate the antibacterial action of 

synthesized ligands and their metal complexes. The concentrations of the samples 

were maintained by dissolving 5 mg in 1 ml of DMSO. The bacterial culture was 

homogeneously applied on Mueller Hinton agar (MHA)with sterile cotton swabs. For 

cutting of wells in agar plates sterilized cork borer of 9 mm diameter was used. Using 

micropipette 100 μL of each sample was loaded into the wells. The plates were 

incubated at 37°C for 24 h for bacterial strain. DMSO was used as negative control in 

well diffusion method. Agar disc diffusion method was used to evaluate antibacterial 

activity of standard antibiotic drug amikacin against test bacteria. Zone of inhibition 

was measured to determine the antibacterial activities surrounding each well/disc. 

Each experiment was performed three times in array to minimize the deviations 

(Table 1). Bacterial strain used in this study were Escherichia coli and 

Staphylococcus aureus.1,2 

Table 4.1: Antibacterial activity of ligand and complexes  

Zone of Inhibition (mm) ± Standard Deviation 

Code E. coli S. aureus  

HL1 - - 

CuL1 15.16±0.58 11.26±0.58 

HL2 - - 

CuL2 25.33±0.58 28.50±0.50 

HL3 - - 

CuL3 23.66±0.58 21.30±0.58 

HL4 10.33±0.58 7.45±0.58 

CuL4 18.66±0.58 13.23±0.58 

HL5 22.00±0.36 - 

CuL5 14.00±0.50 21.28±0.36 

HL6 - - 

CuL6 13.66±0.58 14.40±0.36 

HL7 12.23±0.25 - 

CuL7 16.80±0.25 8.45±0.36 

HL8 - - 

CuL8 10.01±0.25 4.12±0.36 

H2L9 7.15±0.36 - 

CoL9 7.15±0.36 5.12±0.36 

H2L10 6.55±0.58 4.11±0.25 
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Cu2L10 27.22±0.58 24.55±0.25 

Co2L10 26.88±0.58 12.44±0.25 

H6L11 11.25±0.58 2.11±0.36 

Cu3L11 24.89±0.58 29.05±0.36 

H4L12 5.56±0.58 5.65±0.36 

Cu2L12 22.55±0.58 24.45±0.36 

H4L13 3.22±0.58 2.98±0.25 

Cu2L13 24.65±0.58 28.25±0.25 

H4L14 12.45±0.58 10.05±0.76 

Cu2L14 24.67±0.58 30.15±0.35 

Amikacin 21.50±0.50 24.83±0.76 

DMSO Nil Nil 

Result of antibacterial studies (Figure 4.1-4.6) indicates ligands HL1-3, HL6, HL8 

were not active against both the bacterial strain. Activities of all other ligands were 

very less or negligible. While the all the metal complexes were active against both the 

strain. Complexes CuL2, CuL3, Cu2L10, Co2L10, Cu3L11, Cu2L12, Cu2L13, Cu2L14 

were more active than standard drug amikacin against E. Coli. Almost similar trend 

for these metal complexes were also observed against S. Aureus except Co2L10 which 

was less active than standard.  Structure based biocidal effect of activity of E. Coli has 

also been observed having the different substitution with similar basic skeleton.  

Asymmetric ligands with pyridyl group (HL1-3) did not show any activity. Ligand 

with phenyl ring (HL4) showed moderate activity and the activity was increased in 

ligands having ortho or meta-substitution (HL5, HL7) while decreased for ligands 

with para-substitution (HL6, HL8). The effect of substituent variations in multidentate 

ligands (H6L11-H4L14) were also observed where ligand H6L11 showed moderate 

activity. Activity decreased in H4L12 and H4L13 with methyl and ethyl substitution 

and increased in benzyl substitution (H4L14). Against S. Aureus, ligands were not 

active irrespective of structural variation. All the metal complexes were more active 

than their corresponding ligands which indicate binding of metal ion increases the 

activity. By increase in no of metal ion, activity was increased and become greater 

than standard drug. Thus, a range of variation can be seen in the antibacterial 

activities of ligands and their complexes and the major factor playing the role in the 

activity are hydrophilicity and hydrophobicity and their balance along with structural 

variations. 
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Figure 4.1: Antibacterial assay against E Coli of ligands (HL1-HL6) and their metal 

complexes (CuL1-CuL6) 

 

Figure 4.2: Antibacterial assay against E Coli of ligands (HL7-H2L10) and their metal 

complexes (CuL7-Co2L10) 

 

Figure 4.3: Antibacterial assay against E Coli of ligands(H6L11-H4L14) and their 

metal complexes (Cu3L11-Cu2L14) 
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Figure 4.4: Antibacterial assay against S Aureus of ligands (HL1-HL6) and their 

metal complexes (CuL1-CuL6) 

 

Figure 4.5: Antibacterial assay against S Aureus of ligands (HL7-H2L10) and their 

metal complexes (CuL7-Co2L10) 

 

Figure 4.6: Antibacterial assay against S Aureus of ligands (H6L11-H4L14) and their 

metal complexes (Cu3L11-Cu2L14) 

 

4.2 Antioxidant Activity: DPPH Method 

Antioxidant compounds protects cells against free radicals and play role in cancer 

disease, heart and other diseases. Free radicals are produced in our body during 

metabolic activities or radiation. Compounds such as vitamin C (Ascorbic 
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acid), vitamin E and rosmarinic acid etc, are some common antioxidants used in foods 

and cosmetic industryto aids stability of products.3-5Antioxidants compounds are 

defined as reagents which limit of the oxidation of lipids, proteins, DNA or other 

molecules by blocking chain propagation stepin oxidative reactions.Primary 

antioxidants compounds prevent free radicals directly whereas, secondary antioxidant 

compounds indirectly scavenge free radicals’ formation via Fenton’s reaction.6-10 

DPPH (Diphenylpicrylhydrazyl) act as stable free radical to analyze the antioxidant 

activityof metal complexes. The DPPH scavenging assay have advantages over the 

other methods owing to high sensitivity with minimum use of samples. DPPH accept 

an electron or hydrogen radical to become a stable diamagnetic molecule (Figure 

4.7).11-17 

 

Figure 4.7: Structure of DPPH in radical and non-radical form 

Systematic Procedure18,19 

Preparation of stock solutions of compounds 

In order to study the antioxidant behaviour of synthesized compounds, the studies 

were carried out preparing different concentration solutions of respective compound 

in methanol and which were subjected to mix up with standard DPPH solution and 

change in absorption spectrum under UV-Visible range was recorded.To prepare 

stock solutions and other concentrations the needed chemicals were methanol which 

acts as solvent, DPPH acts as stable free radical and different prepared complexes 

whose antioxidant activity have to detect.To prepare 1000µM stock solution, known 

amount of compound was poured in volumetric flask(100ml) and methanol was added 

to make up volume.Subsequent concentrations were prepared as below (Table 4.2). 

 

Table 4.2: Preparation of different concentration of sample under study 
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Concentration 

(µM) 

Stocksolution(ml) Methanol(ml) Make up to 

volume (ml) 

10  0.1 9.9 10 

50  0.5 9.5 10 

100  1.0 9.0 10 

200  2.0 8.0 10 

400 4.0 6.0 10 

600 6.0 4.0 10 

800 8.0 2.0 10 

1000 10.0 0.0 10 

 

For the preparation of 100µM solution of DPPH, 3.94 mg of DPPH was dissolved in 

100 ml of methanol in a volumetric flask and then solvent was added to make up 

volume (Table 4.3). 

Table 4.3: Different concentration of complexes in solution and way of mixing with 

DPPH solution (50µM in overall solution) 

Sr 

No 

Concentration 

of complex in 

solution (µM) 

Volume taken 

of complex 

(ml) 

Volume of 

100µM DPPH 

(ml) 

Time of 

mixing 

(min) 

1 5 2.0 2.0 30 

2 25 2.0 2.0 30 

3 50 2.0 2.0 30 

4 100 2.0 2.0 30 

5 200 2.0 2.0 30 

6 300 2.0 2.0 30 

7 400 2.0 2.0 30 

8 500 2.0 2.0 30 

 

Different solutions of prepared concentration of sample were taken in different test 

tubes as shown in the table 4.3. After mixing solutions with 100 µM DPPH, UV-vis 

spectrum and absorbance was recordedafter wait for 30 minutes incubation. Similar 
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above procedure was applied for measuring the absorbance of ascorbic acid which act 

as standard. Antioxidant activity was measured in term of % inhibition, calculated 

from the formula given below.20-22 

 
Observed data and all calculation have been presented in the table 4.4. UV-vis graph 

of antioxidant activity of complexes along with their linear fit curve and visual colour 

changes are shown in the figures 4.8-4.13. The result of antioxidant activity 

performed for all complexes, but only few CuL4, Cu2L10, Cu3L11, Cu2L12-14 

complexes have showed greater % inhibition as compared to ascorbic acid. Exact 

mechanism of their inhibitory action still remains unexposed and can be explored in 

future. 
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Table 4.4: Antioxidant activity data for complexes along with their % inhibition 

Sample 

Code 

Conc. 

(µM) 

Abs 

sample 

Abs 

blank 

Abs 

control 

% 

Inhibition 

Sample 

Code 

Conc. 

(µM) 

Abs 

sample 

Abs 

blank 

Abs 

control 

% 

Inhibition 

CuL4 5 0.457 0.659 0.48 -18.12 Cu2L10 5 0.615 0.659 0.48 25.47 

 25 0.198 0.659 0.26 -15.5  25 0.492 0.659 0.26 35.82 

 50 0.114 0.659 0.057 9.46  50 0.46 0.659 0.057 42.72 

 100 0.104 0.659 0.055 8.11  100 0.436 0.659 0.055 53.11 

 200 0.148 0.659 0.032 18.50  200 0.365 0.659 0.032 63.07 

 300 0.201 0.659 0.027 27.53  300 0.297 0.659 0.027 66.94 

 400 0.243 0.659 0.025 34.38  400 0.252 0.659 0.025 70.34 

 500 0.305 0.659 0.023 44.33  500 0.185 0.659 0.023 91.33 

Cu3L11 5 0.5684 0.659 0.48 11.71 Cu2L12 5 0.615 0.659 0.48 74.26 

 25 0.5054 0.659 0.26 31.01  25 0.649 0.659 0.26 97.49 

 50 0.425 0.659 0.057 34.50  50 0.616 0.659 0.057 92.85 

 100 0.3597 0.659 0.055 42.55  100 0.612 0.659 0.055 92.21 
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 200 0.2988 0.659 0.032 50.45  200 0.546 0.659 0.032 81.97 

 300 0.22302 0.659 0.027 61.12  300 0.466 0.659 0.027 69.46 

 400 0.1625 0.659 0.025 72.73  400 0.418 0.659 0.025 61.98 

 500 0.0975 0.659 0.023 82.15  500 0.374 0.659 0.023 55.18 

Cu2L14 5 0.626 0.659 0.48 80.70 

 25 0.611 0.659 0.26 87.96 

 50 0.572 0.659 0.057 85.54 

 100 0.536 0.659 0.055 79.42 

 200 0.464 0.659 0.032 68.89 

 300 0.420 0.659 0.027 62.18 

 400 0.399 0.659 0.025 58.99 

 500 0.388 0.659 0.023 57.38 
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Figure 4.8: Visual color change of DPPH by ascorbic acid after 30 min (acting as 

standard) 

 

 

(a)                                                                 (b) 
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(d) 

Figure 4.9: (a) UV-vis spectra of action of CuL4 with DPPH (b) UV 

Spectra(enlarged) showing absorbance changes at 516 nm (c) Linear fit of % 

inhibition vs concentration (d) Visual color change of DPPH by CuL4 after 30 min 
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(d) 

Figure 4.10: (a) UV-vis spectra of action of Cu2L10 with DPPH (b) UV 

Spectra(enlarged) showing absorbance changes at 516 nm (c) Linear fit of % 

inhibition vs concentration (d) Visual color change of DPPH by Cu2L10 after 30 min 
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(d) 

Figure 4.11: (a) UV-vis spectra of action of Cu3L11 with DPPH (b) UV 

Spectra(enlarged) showing absorbance changes at 516 nm (c) Linear fit of % 

inhibition vs concentration (d) Visual color change of DPPH by Cu3L11 after 30 min 
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(d) 

Figure 4.12: (a) UV-vis spectra of action of Cu2L12 with DPPH (b) UV 

Spectra(enlarged) showing absorbance changes at 516 nm (c) Linear fit of % 

inhibition vs concentration (d) Visual color change of DPPH by Cu2L12 after 30 min 
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(d) 

Figure 4.13:(a) UV-vis spectra of action of Cu2L14 with DPPH (b) UV 

Spectra(enlarged) showing absorbance changes at 516 nm (c) Linear fit of % 

inhibition vs concentration (d) Visual color change of DPPH by Cu2L14 after 30 min 

 

4.3 Protein Binding studies:  

Protein binding is considered clinically most significant studies for antimicrobial 

therapy, where a molecule with high protein bindingconstantis treated  as  a drug 

depot for the increased duration and maintaining the the drug concentration and 

adding to the antimicrobial efficacy.23-24 

Many biomolecules are known to contain heterocyclic systems with or without any 

direct known interaction with the metal ions present in our body.25,26But the very fact 

that these heterocyclic systems themselves are good coordinators to metal ions 

forming various type of complexes, encourages many to put these heterocycles 

specially piperazine at the core of the ligand that binds to different metal ions showing 

a variety of applications.27,28In this regard protein binding studies of metal complexes 

derived from heterocyclic ligands are very much significant in behaving as potential 

drug molecule.29-31Drug protein interactionhaveeffect on both the 

pharmacodynamics(enzyme/receptor interaction) and pharmacokinetics (distribution, 

absorption and clearance)  of a drug molecule. Among all the proteins, binding to 

plasma proteins suchas bovine serum albumin  (BSA) or human serum albumin 

(HSA), havemore significance in drug protein binding interactions.32,33 
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UV-vis absorption studies of BSA 

UV-vis absorption spectroscopy is a quite reliable and handy technique to analyze the 

binding interaction of metal complexes with serum proteins. 1000μMBSA solution 

and50 μM metal complexes were prepared using 0.1 M tris buffer as solvent. The UV 

spectra was recorded by taking stationary 50 μM metal complex vs increasing BSA 

concentrations in the order of 0-3 μM. There is a direct proportional relationship 

between the BSA concentration and the band intensity.Thus piperazine based copper 

and cobalt metal complexes were performed to test their protien binding activity with 

BSA using UV absorption spectroscopy and binding constant were calculated by 

following methodreported in literature.34, 35 

Detailed experimental data used for calculating binding constant have been given in 

table 4.6. From the binding constant (Table 4.5) it is clear that complexes bind 

moderately with the value the range of 102 M-1and is consistent with the BSA protein 

role as carrier for the parent drug delivery to targeted tissues.UV-vis graph of BSA 

activity of complexes along with their linear fit curve have been shown in the figures 

4.14-4.25. 

Table 4.5: Binding constant values of metal complexes (Kb M-1)  

 

Complex Structural formula of complex Kb (M-1) 

CuL1 [Cu(L1)2(H2O)2] - 

CuL2 [Cu(L2)Cl(H2O)2(CH3OH)].2CH3OH    - 

CuL3 [Cu(L3)Cl(H2O)(CH3OH)2].3H2O - 

CuL4 [CuL4(CH3OH)(NO3)(H2O)2] 0.22 × 102 

CuL5 [Cu(L5)2(H2O)2].2H2O 0.54 × 102 

CuL6 [Cu(L6)(H2O)(Cl)(CH3OH)2].4H2O 0.91 × 102 

CuL7 [Cu(L7)(H2O)(Cl)(CH3OH)2] 0.46 × 102 

CuL8 [Cu(L8)(H2O)2(CH3OH)(Cl)] - 

CoL9 [CoL9(H2O)2] 1.50 × 102 

Co2L10 [Co2(L10)(CH3OH)4(Cl)2(H2O)2] 0.86 × 102 

Cu2L10 [Cu2(L10)(CH3CN)Cl2(H2O)5] 0.54 × 102 
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Zn2L10 [Zn2(L10)(CH3CN)2Cl2(H2O)4] - 

Cu3L11 [Cu3(L11)(H2O)3(CH3OH)]CH3OH 0.32 × 102 

Cu2L12 [Cu2(L12)2(H2O)2] 2.95 × 102 

Cu2L13 [Cu2(L13)2(H2O)2] 6.64 × 102 

Cu2L14 [Cu2(L14)2(H2O)2] 2.91 × 102 

 

Table 4.6: Descriptive analysis of absorbance and other terms required to calculate 

binding constant 

Sample 

Code 

Vol. 

BSA(µL) 

Abs 

sample 

Abs 

blank 

Abs 

sample-blank 

1/Abs 

sample-blank 

1/[BSA] 

CuL4 Blank 0.093 0.00052 0.0878 11.38 0 

 0.1 0.111 0.00077 0.1102 9.07 30 

 0.2 0.119 0.00262 01163 8.59 15 

 0.3 0.125 0.00459 0.1204 8.30 10 

 0.4 0.133 0.00629 0.1267 7.892 7.5 

 0.5 0.140 0.00800 0.1320 7.575 6 

 0.6 0.163 0.00972 0.1532 6.52 5 

 0.7 0.176 0.01144 0.1646 6.07 4.28 

 0.8 0.190 0.01294 0.1770 5.64 3.75 

CuL5 Blank 0.558 0.00052 0.5528 1.80897 0 

 0.1 0.583 0.00077 0.58222 1.71756 30 

 0.2 0.608 0.00262 0.60538 1.65186 15 

 0.3 0.636 0.00459 0.63141 1.58376 10 

 0.4 0.668 0.00629 0.66171 1.51124 7.5 

 0.5 0.683 0.00800 0.675 1.48148 6 

 0.6 0.707 0.00972 0.69728 1.43414 5 

 0.7 0.724 0.01144 0.71256 1.40339 4.28 

 0.8 0.749 0.01294 0.73606 1.35858 3.75 
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CuL6 Blank 0.839 0.00052 0.8338 1.19933 0 

 0.1 0.859 0.00077 0.85822 1.1652 30 

 0.2 0.869 0.00262 0.86638 1.15423 15 

 0.3 0.881 0.00459 0.87641 1.14102 10 

 0.4 0.901 0.00629 0.89471 1.11768 7.5 

 0.5 0.924 0.00800 0.916 1.0917 6 

 0.6 0.947 0.00972 0.93728 1.06692 5 

 0.7 0.994 0.01144 0.95956 1.04214 4.28 

 0.8 0.999 0.01294 0.98106 1.01931 3.75 

CuL7 Blank 0.548 0.00052 0.54280 1.84230 0 

 0.1 0.591 0.00077 0.59022 1.69428 30 

 0.2 0.654 0.00262 0.65138 1.53520 15 

 0.3 0.664 0.00459 0.65941 1.51651 10 

 0.4 0.674 0.00629 0.66771 1.49766 7.5 

 0.5 0.747 0.00800 0.73900 1.35318 6 

 0.6 0.766 0.00972 0.75628 1.32226 5 

 0.7 0.786 0.01144 0.75628 1.28773 4.28 

 0.8 0.808 0.01294 0.79506 1.25777 3.75 

CuL8 Blank 0.822 0.00052 0.8168 1.22429 0 

 0.1 0.8865 0.00077 0.88572 1.12902 30 

 0.2 0.981 0.00262 0.97838 1.0221 15 

 0.3 0.996 0.00459 0.99141 1.00866 10 

 0.4 1.011 0.00629 1.00471 0.99531 7.5 

 0.5 1.1205 0.00800 1.1125 0.89888 6 

CoL9 Blank 0.1416 0.00052 0.14093 7.09572 0 
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 0.1 0.1671 0.00077 0.15346 6.51636 30 

 0.2 0.1923 0.00262 0.16632 6.01251 15 

 0.3 0.2125 0.00459 0.17753 5.63285 10 

 0.4 0.2190 0.00629 0.17212 5.8099 7.5 

 0.5 0.2370 0.00800 0.17591 5.68473 6 

Cu2L10 Blank 0.0999 0.00052 0.0947 10.55966 0 

 0.1 0.1297 0.00077 0.12892 7.75675 30 

 0.2 0.1527 0.00262 0.15009 6.66267 15 

 0.3 0.1741 0.00459 0.16956 5.89762 10 

 0.4 0.1882 0.00629 0.18191 5.49722 7.5 

 0.5 0.2061 0.00800 0.19812 5.04745 6 

Co2L10 Blank 0.1381 0.00052 0.1376 7.26744 0 

 0.1 0.1509 0.00077 0.15015 6.66001 30 

 0.2 0.1631 0.00262 0.16235 6.15953 15 

 0.3 0.1744 0.00459 0.1718 5.82072 10 

 0.4 0.1883 0.00629 0.18373 5.44277 7.5 

 0.5 0.2033 0.00800 0.19532 5.1198 6 

Cu3L11 Blank 0.1554 0.00052 0.1502 6.65779 0 

 0.1 0.201 0.00077 0.20022 4.99451 30 

 0.2 0.2449 0.00262 0.24236 4.12604 15 

 0.3 0.2897 0.00459 0.2852 3.50633 10 

 0.4 0.3388 0.00629 0.33255 3.00704 7.5 

 0.5 0.3795 0.00800 0.3715 2.69176 6 

Cu2L12 Blank 0.6705 0.00052 0.66977 1.49305 0 

 0.1 0.6943 0.00077 0.6807 1.46908 30 
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 0.2 0.7230 0.00262 0.69705 1.43462 15 

 0.3 0.7495 0.00459 0.71455 1.39948 10 

 0.4 0.7755 0.00629 0.72863 1.37244 7.5 

 0.5 0.8015 0.00800 0.7404 1.35062 6 

Cu2L13 Blank 0.8485 0.00052 0.84782 0.92779 0 

 0.1 0.8675 0.00077 0.85391 0.90735 30 

 0.2 0.8875 0.00262 0.86156 0.89251 15 

 0.3 0.9075 0.00459 0.85253 0.89489 10 

 0.4 0.9275

5 

0.00629 0.86061 0.88109 7.5 

 0.5 0.9475 0.00800 0.86638 0.86750 6 

Cu2L14 Blank 0.7865 0.00052 0.78134 1.3151 0 

 0.1 0.8121 0.00077 0.81137 1.27985 30 

 0.2 0.8267 0.00262 0.82416 1.23248 15 

 0.3 0.8336 0.00459 0.82903 1.21336 10 

 0.4 0.8649 0.00629 0.85865 1.20623 7.5 

 0.5 0.8908 0.00800 0.88289 1.16462 6 
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(c) 

Figure 4.14: (a) UV-vis spectra of titration curves of complex CuL4 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 

 
(a)                                                                          (b) 

 
(c) 

Figure 4.15: (a) UV-vis spectra of titration curves of complex CuL5 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 
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(a)                                                                          (b) 

 
(c) 

Figure 4.16: (a) UV-vis spectra of titration curves of complex CuL6 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 
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(c) 

Figure 4.17:(a) UV-vis spectra of titration curves of complex CuL7 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 
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(c) 

Figure 4.18:(a) UV-vis spectra of titration curves of complex CuL8 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 
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(a)                                                                          (b) 

 
(c) 

Figure 4.19: (a) UV-vis spectra of titration curves of complex CoL9 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 
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(c) 

Figure 4.20:(a) UV-vis spectra of titration curves of complex Cu2L10 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 
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Figure 4.21:(a) UV-vis spectra of titration curves of complex Co2L10 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 
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(a)                                                                          (b) 

 

 
(c) 

Figure 4.22:(a) UV-vis spectra of titration curves of complex Cu3L11 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 
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(c) 

Figure 4.23:(a) UV-vis spectra of titration curves of complex Cu2L12 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 

 

 
(a)                                                                          (b) 

 
(c) 

Figure 4.24:(a) UV-vis spectra of titration curves of complex Cu2L13 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 

5 10 15 20 25 30

1.35

1.38

1.41

1.44

1.47

1.50

1
/A

-A
o

1/[BSA]

Linear Fit of CuL12

225 250 275 300 325 350

0.4

0.8

1.2

1.6

2.0

2.4

2.8

A
b

s
o

rb
a
n

c
e

Wavelength(nm)

 CuL13

 0.1 BSA

 0.2 BSA

 0.3 BSA

 0.4 BSA

 0.5 BSA

225 250 275 300 325

0.4

0.8

1.2

1.6

2.0

A
b

s
o

rb
a
n

c
e

Wavelength(nm)

8 12 16 20 24 28 32

0.86

0.88

0.90

0.92

1
/A

-A
o

1/[BSA]

Linear Fit of CuL13



172 
 

 

 

 
(c) 

Figure 4.25: (a) UV-vis spectra of titration curves of complex Cu2L14 with increasing 

BSA concentration in the range 0-3 μM, (b) UV-vis spectra of titration curve after 

subtracting with blank absorption (c) Linear fit of 1/(A-A0) vs 1/[BSA] 

 

4.4 Cytotoxic Studies:  

Now a days, to test the potential of a samples (natural plant extracts or synthetic ones) 

cytotoxic studies are being performed for further screening ofthese molecules as 

potential anticancer drug for specific type of cell lines causing cancer as cancer is the 

world largest problem.36-39Cytotoxicity has become most reliable and important 

indicators for in vitro biological activities.40-43Different mechanisms like protein 

synthesis prevention, reversible or irreversible receptor binding are followed in these 

studies.44-47Cytotoxicity studies are being used to screen library of compounds in drug 

discovery.There are several methods available in literature to monitor this activity 
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of its ease, reproducibility, handling and is widely employed in determining cell 

viability and toxicity tests.48-50 Piperazine based complexes have also gained 

remarkable interest to evaluate anticancer potentials of these molecules in terms of 

cytotoxic activity.51-59 

Cytotoxicity activity was carried by MTT assay. MTT assay is a colorimetric assay. It 

measures the reduction of 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) (yellow) by enzyme mitochondrial succinate dehydrogenase (Figure 

4.26). When MTT enters the cells and passes into the mitochondria, it is reduced to an 

insolubleformazan dark purple product.By using DMSO solvent, cells are then 

solubilised and released. The solubilised formazan is then measured 

spectrophotometrically. As reductions of MTT only occur in metabolic active cells, 

the level of activity is a measure of the cell viability.61,62 

 

Figure 4.26: Mitochondrial reductase catalyzed conversion of MTT to formazan   

Materials and Protocol: 

MCF-7 (Breast cancer cell line), Fetal bovine serum (FBS), Dulbecco`s Modified 

Eagle Media (DMEM) with low glucose, Antibiotic(antimycotic). 

The cells were seeded on a 96-well flat-bottom micro plate and maintained at 37ºC in 

environment(humidity 95% and CO25%) for overnight. Different concentration 

(200,100, 50, 25, 12.5, 6.25,μg/ml) of complexes were treated. The cells were 

incubated for another 48 hours. The wellswere washed twice with PBS and 20 μL of 

the MTT staining solution was added to each welland plate was incubated at 

37ºC.After 4h, 100 μL of DMSO was added to each well todissolve the formazan 
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crystals, and absorbance was recorded with a 570 nm.62 Results were calculated and 

expressed in terms of IC50 value. Formula used to calculate surviving cell percentage 

is following. 

 

Table 4.7: IC50 value of complexes Cu3L11, Cu2L12-14 and standard cisplatin 

 

 

 

 

 

 

 

 

Table 4.8: Cell viability data of complexes Cu3L11, Cu2L12-14 against MCF-7 

Cell Viability of MCF-7 

Concentration 

µg/ml 

Cu3L11 Cu2L12 Cu2L13 Cu2L14 

200.00 26.61 25.40 24.19 21.77 29.03 25.40 25.00 26.21 

100.00 29.03 29.84 25.00 27.02 32.26 30.65 29.84 30.24 

50.00 33.06 35.48 27.42 31.45 33.87 35.08 34.27 31.05 

25.00 37.50 39.11 36.69 39.52 38.31 39.92 38.31 40.73 

12.50 43.55 42.34 43.55 47.58 42.34 41.94 46.37 51.21 

6.25 49.16 48.97 54.03 55.65 50.81 53.63 51.21 5524 

Sample Code IC50 

Cu3L11 8.539 

Cu2L12 6.016 

Cu2L13 8.954 

Cu2L14 5.065 

Cisplatin 2.201 
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Figure 4.27: Graphical representation of cell viability vs concentrations 

Cytotoxic activity of selected complexes measured in term of IC50was in the range of 

5-9 which is considered good and complexes possess cytotoxic potential. Cytotoxic 

activity of more complexes can be performed with other complexes in future using 

different cancer cell lines and promising results may be obtained. Table 4.7 and 4.8 

describes IC50 value and cell viability data of complexes Cu3L11, Cu2L12-14 while 

figure 4.27 described graphical representation of cell viability of MCF-7. 

4.5 DNA Binding Studies: 

DNA is one among very crucial biological targets to check the covalent or 

noncovalent binding interactions with small molecules to know their anticancer 

potentials (Figure 4.28).63-65Depending on nature and active sites in DNA binding can 

occur in three ways via groove binding, intercalation and electrostatic 

interactions.66,67Thus, it becomes important to understand the binding properties of 

molecules with DNA by which replication of double stranded DNA is possibly 

blocked and we can develop the new anticancer potential drug.68With the discovery of 

cis-platin as anticancer to suppress cell division, transition metal complexes have 

shown promising potentials for metal-based drugs to cure cancer.69Many metal 

complexes have shown affinity for binding interaction to the targeted DNA via diffuse 

or site binding. In diffuse binding, long-range interaction occurs between metal ions 
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and nucleic acid. Whereas in site binding, ligands backbone or metal ion directly 

interact/bind the nucleic acid.70-73 Piperazine ring-based transition metals complexes 

have also gained attention due to their DNA cleavage and binding properties.74 

 

Figure 4.28: Model representation of DNA binding with molecules 

DNA binding studies were performed using UV-vis absorption spectroscopy. Solution 

of CT-DNA (Calf Thymus DNA) was prepared in triss buffer (0.1 M, 7.4 pH) by 

dissolving 30 mg in 10 ml. Concertation of this solution was determined by recording 

the absorbance value at 260 nm and taking extinction coefficient of 6600 Lmol-1cm-1. 

Thisvarying concentration of prepared CT DNA solution was added to 25 µM 

solution of metal complexes and UV spectra was recorded. Binding constant was 

calculated by plotting the graph between 1/[DNA] and 1/[A-A0].70 

From the binding constant (Table 4.9) it is clear that complexes bind moderately with 

the value the range of 102 M-1.Type of interaction of complexes have been further 

explained by supporting with theoretical studies. UV-vis graph of DNA binding 

activity of complexes along with their linear fit curve have been shown in the figures 

4.29-4.34. 

Table 4.9: DNA binding constants of selected complexes  

Complex Code Structure of complex Kb (M-1) 

Co2L10 [Co2(L10)(CH3OH)4(Cl)2(H2O)2] 1.37 × 102 

Cu2L10 [Cu2(L10)(CH3CN)Cl2(H2O)5] 1.01 × 102 

Zn2L10 [Zn2(L10)(CH3CN)2Cl2(H2O)4] - 

Cu3L11 [Cu3(L11)(H2O)3(CH3OH)]CH3OH 6.30 × 102 

Cu2L12 [Cu2(L12)2(H2O)2] 1.80 × 102 
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Cu2L13 [Cu2(L13)2(H2O)2] 2.27 × 102 

Cu2L14 [Cu2(L14)2(H2O)2] 2.38 × 102 

 

Figure 4.29: (a) UV-vis spectra of titration curves of complex Co2L10 with increasing 

DNA concentration in the range of 0 0.08 μM, (b) Linear fit of 1/(A-A0) vs 1/[DNA] 

 

Figure 4.30: (a) UV-vis spectra of titration curves of complex Cu2L10 with increasing 

DNA concentration in the range of 0–0.08 μM, (b) Linear fit of 1/(A-A0) vs 1/[DNA] 

 

 

(a)                                                                          (b) 

Figure 4.31: (a) UV-vis spectra of titration curves of complex Cu3L11 with increasing 

DNA concentration in the range of 0–0.08 μM, (b) Linear fit of 1/(A-A0) vs 1/[DNA] 
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(a)                                                                          (b) 

Figure 4.32: (a) UV-vis spectra of titration curves of complex Cu2L12 with increasing 

DNA concentration in the range of 0–0.08 μM, (b) Linear fit of 1/(A-A0) vs 1/[DNA] 

 

(a)                                                                          (b) 

Figure 4.33:(a) UV-vis spectra of titration curves of complex Cu2L13 with increasing DNA 

concentration in the range of 0–0.08 μM, (b) Linear fit of 1/(A-A0) vs 1/[DNA] 

 

(a)                                                                          (b) 

Figure 4.34: (a) UV-vis spectra of titration curves of complex Cu2L14 with increasing 

DNA concentration in the range of 0–0.08 μM, (b) Linear fit of 1/(A-A0) vs 1/[DNA] 
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4.6 Conclusion: 

This chapter focused on biological applications of synthesized ligand and complexes. 

In antimicrobial studies, antibacterial activity of synthesized ligands and their 

complexes has been tested with two strains E.Coli and S. Aureus. In all cases (except 

one) metal complexes were showing greater activity in comparison to the ligands. 

This indicated binding of metal to the ligands enhances the activity. Some of 

complexes were also found more active as compared to standard drug which explains 

their potential for drug delivery systems. Antioxidant activity tested of these 

complexes by DPPH scavenging assay indicated that complexes Cu2L10 and Cu3L11, 

Cu2L12 and Cu2L14 exhibit strong antioxidant behaviour in comparison to standard 

ascorbic acid. The exact mechanism of these complexes how they exhibit this activity 

still remained uncovered which can be further explored in future. Protein binding 

studies of complexes were also performed by UV-vis absorption spectroscopy and 

bind constant were calculated in order to know affinity of these complexes with BSA 

protein. Moderate value of binding constant of complexes indicated potential role of 

serum protein in drug delivery. Cytotoxic analysis has also been performed for few 

complexes with calorimetric MTT assay in MCF-7 (breast cancer cell line) to check 

the anticancer potential of these complexes. Calculated IC50valuesindicated that 

complexes are showing good cytotoxic activity as the value range from 5-9 which was 

higher as compared to standard cis-platin (IC50 = 2.2) in the breast cancer cell lines 

which indicated complexes showed good cytotoxic potential. From the DNA binding 

constant, it was clear that complexes bind moderately with the value the range of 102 

M-1.Type of interaction of complexes have been further explained by supporting with 

theoretical studies in the next chapter. Thus, it is evident that all the complexes are 

actively showing biological activity. Exact mechanism of interaction can be further 

explored in future.  
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5.1 Introduction 

Optimization of geometry has become one of the most fundamental components for 

modern computational chemists to study the structural reactivity of molecules. The 

optimized geometry is considered the geometry in which strain of a system is 

minimum. The main objective in geometry optimization process is to find out an 

atomic arrangement of molecules which makes the them most stable in the lowest 

energy state.1,2To optimize geometry of a molecule, different possibilities are tested to 

check the lowest energy by performing a series of iteration till the molecule is reached 

to minimum.3,4Minimization of energy becomes more essential forelucidating the 

correct molecular arrangement in 3D space as chemical structures drawn in 2D are 

notenergetically favourable sometimes.  Molecular mechanics energy approximations 

search using conformational energy to find all possible energetically favoured 

conformations which are mathematically equivalent to locating energy minima and 

are considered most valid.5 Before running any computational program, geometry of 

molecule must be understood in terms of bond angle, dihedral angle and bond 

distance etc, very carefully since molecular geometry is responsible for determining 

importantphysiochemical properties.6 To explain the effect of different geometries on 

different energy levels PES (potential energy surface) is calculated which are 

characterized by  following distinct parameters:LocalMinimawithlowest value of PES 

in a particular section or region. GlobalMinimawithlowest PES value in the entire 

region and/or Saddlepointwithmaximum PES value in one direction and a minimum 

in the other.7-9 

5.2 Geometry Optimization of ligand: 

Important additional insights are provided by computational chemistry which aid 

remarks to experimental studies by the information such as energy of ground state of a 

molecule which is not possible to generate experimentally (Table 5.1).10 The 

optimized structures provide idea about the donor atoms orientation in the ligands 

available for bonding to the metals during complex formation.11 All ligands (HL1-

H4L14) were optimized using Orca 4.0.1.212 to find the equilibrium structure. Hybrid 

functional method B3LYP was used for all the calculations using basis set 6-

31G(2d,2p). Frequency calculations showed that optimized structures as global 
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minima as no negative frequencies were obtained in these structures. Figure 5.1-5.14 

represents the optimized structure of ligands (HL1-H4L14) and cartesian coordinates 

of all the optimized ligands have been given in the annexure file. 

Table 5.1: Theoretical energy of optimized ligands 

Ligand 

Code 

Energy of optimized  

ground state (eV) 

Ligand 

Code 

Energy of optimized  

ground state (eV) 

HL1 -514.507836073 HL8 -573.610486254 

HL2 -513.885581690 H2L9 -574.942998402 

HL3 -514.532428171 H2L10 -1036.38318747 

HL4 -498.468224021 H6L11 -1378.54139046 

HL5 -612.892956347 H4L12 -1150.49856030 

HL6 -612.891879840 H4L13 -1228.45024288 

HL7 -573.611085193 H4L14 -1611.42314074 

 

 

Figure 5.1: Geometrically optimized structure of HL1 

 

Figure 5.2: Geometrically optimized structure of HL2 



193 
 

 

Figure 5.3: Geometrically optimized structure of HL3 

 

Figure 5.4:Geometrically optimized structure of HL4 

 

Figure 5.5: Geometrically optimized structure of HL5 
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Figure 5.6: Geometrically optimized structure of HL6 

 

Figure 5.7: Geometrically optimized structure of HL7 

 

Figure 5.8:Geometrically optimized structure of HL8 
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Figure 5.9:Geometrically optimized structure of H2L9 

 

Figure 5.10:Geometrically optimized structure of H2L10 

 

Figure 5.11:Geometrically optimized structure of ligand H6L11 
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Figure 5.12: Geometrically optimized structure of H2L12 

 

Figure 5.13: Geometrically optimized structure of H2L13 

 

Figure 5.14: Geometrically optimized structure of H2L14 
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5.3 TDDFT Calculation: Theoretical UV spectroscopic study 

Geometry optimized ligands were analyzed by time dependent density functional 

theory (TDDFT) method.13,14UV-vis spectrum can be obtained and compared to the 

experimental observation by calculating energies of excited states,15,16 oscillator 

strength (fosc) and molecular orbitals contributioninvolved in the electronic 

transition.Thus, calculationswereperformed using the previously optimized geometry 

of ligandsin vacuumwith method hybrid functional-B3LYP and 6-31G(2d,2p) Pople 

style basis set using free computational software package ORCA 4.0.1.212,17Different 

molecular orbitals (HOMO (highest occupied molecular orbital) and LUMO (lowest 

unoccupied molecular orbital) and FMO (frontier molecular orbital)) involved in most 

importantelectronic transitions are represented and visualized with software package 

Avogadro.18 UV-vis graph have been sketched for both experimental performed data 

and theoretically obtained values. Experimental ligand’s absorption maximum 

wavelength (λmax) and their absorbance are corroborated with that of theoretically 

obtained values (Table 5.2).19Detailed analysis of seven different states along with 

orbital contributions and oscillator strength (fosc), involved molecular orbitals 

transitionsand energies (in eV) are given in table (Table 5.3). 

Table 5.2: Comparison of experimental and theoretical results  

Code Experimental Observation Theoretical Observation 

λmax(nm) Abs. λmax(nm) Abs. 

HL1 258 1.41 270 1.03 

HL2 250 1.44 250 1.44 

HL3 299 0.64 304 0.47 

HL4 231, 290 2.45, 0.44 261, 298 2.33, 0.503 

HL6 229, 281 3.05, 1.30 235, 283 3.02, 0.614 

H6L11 224 0.921 257 0.908 

H4L12 210 3.10 217 2.98 

H4L13 210 2.20 219 2.15 

H4L14 237 3.71 251 3.68 
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From the TDDFT calculation, compared UV-vis graphs for experimental and 

theoretical and the nearby molecular orbitals involved have been represented in 

figures 5.15-5.32. All the calculated graphs were in fair agreement to the experimental 

observations with slight shift in absorption maximum which is common in theoretical 

calculations.  

 

Figure 5.15:Compared experimental and theoretical UV graph of HL1 
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HOMO -2(44)                                                                  HOMO -3(43) 

Figure 5.16:Nearby molecular orbitals (isosurface value 0.02) involved in the 

electronic transition of HL1 

 

Figure 5.17:Compared experimental and theoretical UV graph of HL2 

 

Figure 5.18:Compared experimental and theoretical UV graph of HL3 
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Figure 5.19:Compared experimental and theoretical UV graph of HL4 

 

Figure 5.20:Compared experimental and theoretical UV graph of HL6 
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HOMO (52)                                                                 HOMO -1(51) 

 

HOMO -2(50)                                                               HOMO -3(49) 

Figure 5.21:Nearby molecular orbitals (isosurface value 0.02) involved in the 

electronic transition of HL6 

 

Figure 5.22:Compared experimental and theoretical UV graph of H6L11 
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LUMO +3(116)                                                                           LUMO +2(115) 

 

LUMO +1(114)                                                                          LUMO (113) 

 

HOMO (112)                                                                               HOMO -1(111) 

Figure 5.23:Nearby molecular orbitals (isosurface value 0.02) involved in the 

electronic transition of H6L11 
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Figure 5.24:Compared experimental and theoretical UV graph of ligand H4L12 

 

Figure 5.25:Compared experimental and theoretical UV graph of H4L13 

 

Figure 5.26:Compared experimental and theoretical UV graph of H4L14 
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Figure 5.27:Compared experimental and theoretical UV graph of CuL1 

 

Figure 5.28:Compared experimental and theoretical UV graph of CoL9 

Table 5.3:Transition state, orbital contributions, oscillator strength (fosc), involved 

molecular orbitals and energies (in eV) theoretically calculated with B3LYP/TDDFT 

Code Transition 

states 

Number of 

molecular 

orbital* 

Oscillator 

strength 

(fosc)** 

Type 

of Transition 

Energy 

(eV) 

HL1 State 1 44 → 45 0.982795 HOMO(0)→LUMO(0) 0.802  

 State 2 43 → 45   0.985712 HOMO(-1) → LUMO(0) 2.064  

 State 3 43 → 45 0.926135 HOMO(-1) → LUMO(0) 3.553      

 State 4 42 → 45 0.997181 HOMO(-2) → LUMO(0) 3.648     

 State 5 42 → 47 0.830541 HOMO(-2) → LUMO(+2) 3.922    

 State 6 41 → 45 0.994964 HOMO(-3) → LUMO(0) 4.094     
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 State 7 43 → 46 0.835273 HOMO(-1) → LUMO(+1) 4.781    

HL2 State 1 44 → 45 0.985601 HOMO(0) → LUMO(0) 1.102  

 State 2 43 → 45 0.395800 HOMO(-1) → LUMO(0) 1.911  

 State 3 44 → 45 0.887956 HOMO(0) → LUMO(0) 1.945  

 State 4 44 → 47 0.532879 HOMO(0) → LUMO(+2) 2.681  

 State 5 43 → 45 

43→ 44 

0.503156 

0.421735 

HOMO(-1) → LUMO(0) 

HOMO(-1) → HOMO(0) 

2.786  

 State 6 42 → 46 

42 → 44 

43 → 45 

0.153408 

0.202370 

0.108468 

HOMO(-2) →LUMO(+1) 

HOMO(-2) → HOMO(0) 

HOMO(-1) → LUMO(0) 

3.654 

 State 7 43 → 45 0.677848 HOMO(-1) → LUMO(0) 3.777  

HL3 State 1 43 → 45 

44 → 45 

0.202422 

0.787911 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

1.771  

 State 2 43 → 45 

44 → 45 

0.787135 

0.207074 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

2.589 

 State 3 42 → 45 0.994640 HOMO(-2) → LUMO(0) 3.511 

 State 4 41 → 45 0.997697 HOMO(-3) → LUMO(0) 3.843 

 State 5 44 → 46 0.896518 HOMO(0) → LUMO(+1) 4.707 

 State 6 42 → 46 0.879932 HOMO(-2) → LUMO(+1) 4.858 

 State 7 43 → 47 

44 → 47 

0.178097 

0.808423 

HOMO(-1) → LUMO(+2) 

HOMO(0) → LUMO(+2) 

5.062 

HL4 State 1 42 → 44 

43 → 44 

0.439795 

0.552492 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

2.436 

 State 2 42 → 44 

43 → 44 

0.545968 

0.443853 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

2.783 

 State 3 41 → 46 

43 → 45 

0.156848 

0.828137 

HOMO(-2) → LUMO(+2) 

HOMO(0) → LUMO(+1) 

3.889 

 State 4 41 → 44 0.998741 HOMO(-2) → LUMO(0) 3.946 

 State 5 41 → 46 

42 → 45 

0.033154 

0.963010 

HOMO(-2) → LUMO(+2) 

HOMO(-1) → LUMO(+1) 

4.511 

 State 6 41 → 45 

42 → 46 

43 → 46 

0.055447 

0.276492 

0.642517 

HOMO(-2) → LUMO(+1) 

HOMO(-1) → LUMO(+2) 

HOMO(0) → LUMO(+2) 

4.744 

 State 7 40 → 44 0.979556 HOMO(-3) → LUMO(0) 4.921 

HL6 State 1 50 → 52 

51 → 52 

0.099687 

0.896675 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

2.242 

 State 2 50 → 52 

51 → 52 

0.886147 

0.092636 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

2.615 

 State 3 49 → 54 

51 → 53 

0.116656 

0.858492 

HOMO(-2) → LUMO(+2) 

HOMO(0) → LUMO(+1) 

3.623 

 State 4 49 → 52 0.994147 HOMO(-2) → LUMO(0) 4.006 

 State 5 49 → 54 

50 → 53 

0.017989 

0.980216 

HOMO(-2) → LUMO(+2) 

HOMO(-1) → LUMO(+1) 

4.382 
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 State 6 48 → 52 0.979785 HOMO(-3) → LUMO(0) 4.460 

 State 7 49 → 53 

51 → 54 

0.102964 

0.824221 

HOMO(-2) → LUMO(+1) 

HOMO(0) → LUMO(+2) 

4.779 

H2L9 State 1 44 → 48 

47 → 48 

47 → 49 

0.153913 

0.372205 

0.447953 

HOMO(-3) → LUMO(0) 

HOMO(0) → LUMO(0) 

HOMO(0) → LUMO(+1) 

2.318 

 State 2 44 → 48 

47 → 48 

47 → 49 

0.210201 

0.231367 

0.508876 

HOMO(-3) → LUMO(0) 

HOMO(0) → LUMO(0) 

HOMO(0) → LUMO(+1) 

2.352 

 State 3 45 → 49 0.985388 HOMO(-2) → LUMO(+1) 2.572 

 State 4 44 → 48 

46 → 48 

47 → 48 

0.180213 

0.580478 

0.227597 

HOMO(-3) → LUMO(0) 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

2.687 

 State 5 44 → 48 

46 → 48 

46 → 49 

0.310608 

0.246932 

0.318114 

HOMO(-3) → LUMO(0) 

HOMO(-1) → LUMO(0) 

HOMO(-1) → LUMO(+1) 

3.254 

 State 6 44 → 48 

46 → 48 

46 → 49 

0.116519 

0.135048 

0.594514 

HOMO(-3) → LUMO(0) 

HOMO(-1) → LUMO(0) 

HOMO(-1) → LUMO(+1) 

3.357 

 State 7 45 → 48 0.990445 HOMO(-2) → LUMO(0) 3.763 

H2L10 State 1 86 → 88 

87 → 88 

0.099397 

0.837850 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

1.821 

 State 2 86 → 89 

87 → 89 

0.023573 

0.942274 

HOMO(-1) → LUMO(+1) 

HOMO(0) → LUMO(+1) 

2.013 

 State 3 84 → 89 

86 → 89 

0.213801 

0.648408 

HOMO(-3) → LUMO(+1) 

HOMO(-1) → LUMO(+1) 

2.404 

 State 4 84 → 89 

86 → 88 

86 → 89 

0.481478 

0.072180 

0.198810 

HOMO(-3) → LUMO(+1) 

HOMO(-1) → LUMO(0) 

HOMO(-1) → LUMO(+1) 

2.205 

 State 5 85 → 88 

86 → 88 

86 → 89 

0.282455 

0.492296 

0.075893 

HOMO(-2) → LUMO(0) 

HOMO(-1) → LUMO(0) 

HOMO(-1) → LUMO(+1) 

2.091 

 State 6 83 → 88 

84 → 88 

87 → 91 

0.114768 

0.253693 

0.048672 

HOMO(-4) → LUMO(0) 

HOMO(-3) → LUMO(0) 

HOMO(0) → LUMO(+2) 

1.943 

 State 7 85 → 88 

86 → 88 

0.191811 

0.082969 

HOMO(-2) → LUMO(0) 

HOMO(-1) → LUMO(0) 

1.438 

H6L11 State 1 110 → 112 

111 → 112 

0.074268 

0.898224 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

0.906 

 State 2 111 → 113 

111 → 115 

0.962097 

0.025755 

HOMO(0) → LUMO(+1) 

HOMO(0) → LUMO(+3) 

1.469 

 State 3 110 → 112 

111 → 112 

0.874251 

0.088809 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

1.591 

 State 4 111 → 114 0.970304 HOMO(0) → LUMO(+2) 1.663 
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 State 5 111 → 113 

111 → 115 

0.023781 

0.933755 

HOMO(0) → LUMO(+1) 

HOMO(0) → LUMO(+3) 

1.729 

 State 6 111 → 116 

111 → 117 

0.937449 

0.013107 

HOMO(0) → LUMO(+4) 

HOMO(0) → LUMO(+5) 

1.806 

 State 7 110 → 113 

111 → 117 

0.871065 

0.035898 

HOMO(-1) → LUMO(+1) 

HOMO(0) → LUMO(+5) 

1.871 

H4L12 State 1 95 → 96 

95 → 98 

0.550980 

0.350600 

HOMO(0) → LUMO(0) 

HOMO(0) → LUMO(+2) 

5.435 

 State 2 95 → 96 

95 → 98 

0.120506 

0.170668 

HOMO(0) → LUMO(0) 

HOMO(0) → LUMO(+2) 

5.797 

 State 3 95 → 96 

95 → 97 

95 → 98 

0.268599 

0.298363 

0.317621 

HOMO(0) → LUMO(0) 

HOMO(0) → LUMO(+1) 

HOMO(0) → LUMO(+2) 

5.854 

 State 4 95 → 99 

95 → 100 

0.531443 

0.190683 

HOMO(0) → LUMO(+3) 

HOMO(0) → LUMO(+4) 

6.024 

 State 5 93 → 96 

94 → 96 

94 → 97 

0.119831 

0.554912 

0.119291 

HOMO(-2) → LUMO(0) 

HOMO(-1) → LUMO(0) 

HOMO(-1) → LUMO(+1) 

6.084 

 State 6 93 → 96 

93 → 97 

95 → 100 

0.192203 

0.272078 

0.133318 

HOMO(-2) → LUMO(0) 

HOMO(-2) → LUMO(+1) 

HOMO(0) → LUMO(+4) 

6.152 

 State 7 93 → 97 

94 → 97 

95 → 100 

0.139238 

0.029389 

0.301648 

HOMO(-2) → LUMO(+1) 

HOMO(-1) → LUMO(+1) 

HOMO(0) → LUMO(+4) 

6.203 

H4L13 State 1 102 → 104 

103 → 104 

0.077364 

0.893210 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

0.968 

 State 2 102 → 104 

103 → 104 

0.875431 

0.090033 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

1.613 

 State 3 103 → 105 0.964814 HOMO(0) → LUMO(+1) 1.623 

 State 4 103 → 105 

103 → 106 

0.010598 

0.010598 

HOMO(0) → LUMO(+1) 

HOMO(0) → LUMO(+2) 

1.720 

 State 5 100 → 107 

101 → 107 

102 → 107 

0.036074 

0.036062 

0.844284 

HOMO(-3) → LUMO(+3) 

HOMO(-2) → LUMO(+3) 

HOMO(-1) → LUMO(+3) 

1.915 

 State 6 102 → 105 

102 → 107 

103 → 107 

0.713785 

0.171604 

0.014139 

HOMO(-1) → LUMO(+1) 

HOMO(-1) → LUMO(+3) 

HOMO(0) → LUMO(+3) 

1.992 

 State 7 102 → 105 

103 → 107 

0.181560 

0.623377 

HOMO(-1) → LUMO(+1) 

HOMO(0) → LUMO(+3) 

2.023 

H4L14 State 1 134 → 136 

135 → 136 

0.094315 

0.867475 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

1.013 

 State 2 134 → 136 

135 → 136 

0.862761 

0.111562 

HOMO(-1) → LUMO(0) 

HOMO(0) → LUMO(0) 

1.599 

 State 3 135 → 137 0.04431 HOMO(-1) → LUMO(+1) 1.623 
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135 → 138 0.933435 HOMO(-1) → LUMO(+2) 

 State 4 135 → 137 

135 → 138 

0.923911 

0.041620 

HOMO(-1) → LUMO(+1) 

HOMO(-1) → LUMO(+2) 

1.699 

 State 5 132 → 139 

135 → 139 

0.037140 

0.836585 

HOMO(-3) → LUMO(+3) 

HOMO(-1) → LUMO(+3) 

1.940 

 State 6 134 → 138 

135 → 139 

0.757094 

0.144668 

HOMO(-1) → LUMO(+2) 

HOMO(0) → LUMO(+3) 

1.940 

 State 7 134 → 137 

134 → 139 

0.226232 

0.504752 

HOMO(-1) → LUMO(+1) 

HOMO(-1) → LUMO(+3) 

1.997 

*(HOMO and LUMO transition are added to +1 value as ORCA counts molecular 

orbitals from zero) 

5.4 Geometrical Optimization of Metal Complexes 

Binding of metal ion with the ligands may impose change in the conformation of the 

ligand skelton. So, it becomes important to optimize these metal complexes to find the 

geometry of stable ground state with lowest energy. Since piperazine ring opt chair 

conformation in the free ligand, in boat conformation of ligands donor atoms are more 

exposed toward the metal centre which favours the metal complexing of ligands with 

one metal ion (monometallic complexes) whereas the chair configuration of ligands is 

retained when it binds with two metal centre (bimetallic complexes). All the proposed 

complexes were optimized using Gaussian software package. DFT calculation with 

Lan2DZ basis set were applied in the optimization. Selected optimized complexes 

have been represented in figure 5.33-5.42 and cartesian coordinates of standard 

orientation of complexes are given in the annexure file.20-26  
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Figure 5.29: Optimized structure of CuL1 

 

Figure 5.30: Optimized structure of CuL4 

 

Figure 5.31: Optimized structure of CuL5 
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Figure 5.32: Optimized structure of CuL6 

 

Figure 5.33: Optimized structure of CoL9 

 

Figure 5.34: Optimized structure of Cu2L10 
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Figure 5.35:  Optimized structure of Cu3L11 

 

Figure 5.36: Optimized structure of Cu2L12 

 

Figure 5.37:  Optimized structure of Cu2L13 

 

Figure 5.38:  Optimized structure of Cu2L14 
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5.5 Molecular Docking: Theoretical Studies of binding of complexes 

with BSA 

Molecular docking studiesare now most frequently being usedmethodsby 

computational biologists and chemists in drug design on structural basis as these 

studies have potential to analyze the binding-conformation of ligand molecules to the 

appropriate targeted binding sites.27,28,45The concept of structural based drug design 

always promotes the in-silico methods formolecular docking before starting the actual 

lab screening process. In silico methods predicts the binding sites and predict the 

possible mechanism of ligand-protein interactions as well as targetbinding.29,30 In 

docking studies we analyze how small molecules fit together with receptor 

molecules.31,32Thus, it is a molecular modelling technique used to interpret how a 

small molecule interacts with receptor proteins.33Binding affinity between the targeted 

protein and ligand (small molecule) have important influence in enhancing and 

suppressing the biological activity by finding correct binding pocket which depends 

on several factors such as search approach, rigidity, flexibility and algorithms.34-42,46,47 

Molecular docking of synthesized metal complexes has been performed to study the 

active binding site in the BSA protein chain which are available for binding 

interactions. Binding behaviour interpretation have played key role in deciding the 

potential to design a molecule as drug and explaining the possible mechanisms of 

biochemicalprocesses.48,49In order to find active binding sites in a targeted protein, the 

crystal structure is downloaded from protein data bank and bound ligand was 

extracted.43,44Thus, the targeted BSA protein crystal structure utilized was 

downloaded from the source protein data bank(PBD Code: 3v03)50and docking was 

performed by thefree software package Auto-dock Vina.46,51,52Initially, the protein 

structure was re-processed before using as receptor for docking. Necessary steps taken 

in pre-processing of protein were applied by adding hydrogen atom and assigning 

atomic charges. Unnecessary water molecules were deleted manually which were not 

in the protein chain. The Auto-dock tool package was used for grid generation with a 

size of 2700 Å (maximum) with 0.66 Å of grid box spacing. Pymol was used to 

visualize the result of docking studies.53 
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Table 5.4:Docking results of selected complexes along with binding affinity and 

binding interactions 

Code Binding 

affinity 

(kcal/mol) 

Polar contacts through 

dipole-dipole and H-bond 

(distance in Å) 

 

Nearby residue with polar 

and non-polar interaction 

(distance in Å) 

CuL1 -7.1 ASP 258 (2.3)  ASP13(3.5), ASP236(4.7), 

TYR262(4.5) 

CoL9 -5.0 LYS187 (3.2), 

SER191(3.4), 

TYR156(3.4) 

ARG194 (4.3), GLU291(4.8) 

HIS287 (4.4) 

Cu2L10 -7.5 ASP36(2.4), LYS132(3.3) PHE36(5.5), TYR134(3.9), 

ASP129(3.3)  

Cu3L11 -8.3 TYR451(2.7, 2.8, 3.2, 3.4) 

THR190(2.9, 3.4), 

ASP450(3.4),GLU186(2.2

) 

CYS447(2.8), ARG194(2.9), 

GLU291(3.7) 

Cu2L12 -7.1 ASP450(2.4, 3.4), 

ARG194(2.4), 

SER191(3.2,3.40 

HIS287(5.4) 

Cu2L13 -7.4 PRO446(3.3,3.3), 

ARG435(3.5, 2.5), 

TYR451(3.3) 

THR434(2.9) 

ASP450(4.5), GLN220(5.5) 

Cu2L14 -7.4 THR526(3.1), 

LYS523(3.3), 

GLU424(2.3) 

HIS145(5.1), TYR134(5.0) 

Complex CuL1 showed interaction with BSA protein chains with polar contacts via 

ASP258, 13 and 236 along with ᴨ–ᴨ stacking with TYR262 with aromatic ring in 

ligand. Complex CoL9 showed polar interaction with TYR156, LYS187 and 

SER191with nearby polar environment of ARG194, GLU291 and HIS287. 



214 
 

 

Figure 5.39:Binding mode of CuL1 with BSA protein and its 2D structural 

interpretation 

 

Figure 5.40: Binding mode of CoL9 with BSA protein and its 2D structural 

interpretation 

Bimetallic copper complex Cu2L10 showed polar contacts via ASP37, LYS132 and 

ASP 129 with ᴨ–ᴨ stacking with TYR134 and PHE36. Trimetallic copper complex 

Cu3L11 showed multiple polar interaction with TYR451 and THR190 with other 

polar contacts GLU186, ASP450, CYS447, ARG194 and GLU 291. 
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Figure 5.41:Binding mode of Cu2L10 with BSA protein and its 2D structural 

interpretation 

 

Figure 5.42:Binding mode of Cu3L11 with BSA protein and its 2D structural 

interpretation 

 

Figure 5.43:Binding mode of Cu2L12 with BSA protein and its 2D structural 

interpretation 
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Complex Cu2L12 showed multiple hydrogen bond interaction with ASP450, 

ARG194, SER191 with nearby polar environment of HIS287. While the complex 

Cu2L13 show polar interaction with THR434, ARG435, TYR451, PRO446 and 

nearby polar environment of ASP450 and GLN220. In the complex Cu2L14 showed 

polar interaction LYS523, THR526, GLU424 and ᴨ–ᴨ stacking with TYR134 and 

HIS 145. 

 

Figure 5.44:Binding mode of Cu2L13 with BSA protein and its 2D structural 

interpretation 

 

Figure 5.45:Binding mode of Cu2L14 with BSA protein and its 2D structural 

interpretation 

In order to visualize the binding mechanism with DNA these studies were further 

extended and binding interactions were also checked with B-DNA molecule. 

Sequence was downloaded from PDB source (Code: 1BNA) and before performing 

docking, complexes were made unsaturated by removing coordinate solvent 
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molecules. Docking result of CoL9 indicated that complex binds to only one strand 

ofDNA through Adenine (DA5) and Guanine (DG4) and this binding involve oxygen 

atoms of ligand and metal do not show direct interaction with the strand (Figure 26). 

Whereas in complex Cu2L10 both the DNA strands are locked with metal ion 

interaction with Adenine DA5, DA17 and ligand oxygen atom interaction with 

Guanine DG4.  

 

Figure 5.46:Theoretical binding pose of CoL9 with B-DNA and its 2D structural 

interpretation 

 

 
Figure 5.47:Theoretical binding pose of Cu2L10 with B-DNAand its 2D structural 

interpretation 

Complex Cu2L12showed binding with DNA, where both the strands were locked with 

interaction with Guanine and Cytosine nitrogen base (DG4, DC3, DG22, DC21) and 

their corresponding phosphate and sugar. Similarity in binding is observed in the 

complex Cu2L12 due to similar coordination environment and similar ligand skelton. 

Complex Cu2L14 showed polar binding interaction with Guanine (DG4) along with 
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non-polar hydrophobic interaction with Guanine (DG24) owing to the aromatic bulk 

in the ligand skelton. 

 

Figure 5.48:Theoretical binding pose of Cu2L12with B-DNAand its 2D structural 

interpretation 

 

Figure 5.49:Theoretical binding pose of Cu2L13 with B-DNAand its 2D structural 

interpretation 

 

Figure 5.50:Theoretical binding pose of Cu2L14 with B-DNAand its 2D structural 

interpretation 
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5.5 Conclusion: 

This chapter mainly focused the computational properties of synthesized molecules. 

By geometry optimization, ligands were optimized to ground state having lowest 

value of energy. This provided the additional information about the position of donor 

atoms and most stable conformations of the ligands. Time dependent density 

functional theory (TDDFT) was performed in to corroborate the experimental UV 

spectra of the ligands with the theoretically obtained values. All the UV spectra 

compared were in strong agreement to the experimental results with the small 

difference in the observed and calculated value of wavelength aroused due to vacuum 

study of molecules. Molecular orbitals involved in nearby transition were sketched 

with the help of Avogadro which explains the type of molecular orbitals (HOMOs and 

LUMOs) and probability of electronic transitions. Metal complexes were also 

subjected to geometry optimization by using Gaussian Software by Lan2DZ basis set 

with DFT calculations. Molecular docking studies were also performed with BSA 

protein in order to evaluate experimental data to theoretical binding of complexes. All 

complexes have shown excellent binding interaction with protein chain which clearly 

indicate the potential of these complexes to behave as drug molecules. Hydrophilic 

interactions are dominant where complexes did not contain aromatic ring where as in 

the presence of aromatic ring additional ᴨ–ᴨ interactions are also shown in selected 

complexes. Theoretical DNA docking studies of selected complexes revealed that 

complexes are groove binder with variable capacity to interaction with both the strand 

of DNA through metal ion and ligand skelton. 
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5.7 Annexure: 

Annexure 5(a): Optimized geometry coordinates of ligand H2L9 

 

Atom x y z 

C -0.68621 1.072155 0.435649 

C 0.735928 1.379675 -0.10954 

H 0.605883 2.029001 -0.97697 

H 1.330431 1.918195 0.630279 

H -0.53739 0.544227 1.379065 

H -1.23967 1.991544 0.631917 

N 1.360216 0.246148 -0.51968 

C 0.684653 -0.57993 -1.35874 

H 1.241869 -1.49834 -1.55054 

H 0.548029 -0.06165 -2.30938 

C -0.73562 -0.89378 -0.81267 

H -0.58486 -1.52697 0.063248 

H -1.32699 -1.44388 -1.54597 

N -1.35319 0.245044 -0.40841 

C -2.68028 0.399962 -0.59917 

H -2.95648 1.455503 -0.56905 

H -2.98952 -0.06939 -1.5342 

C -3.42683 -0.31779 0.53861 

H -2.91278 -1.23093 0.841788 

H -4.40616 -0.61604 0.164127 

O -3.61001 0.380349 1.53526 

H -4.02265 -0.26512 2.853811 

C 2.708007 0.228075 -0.54655 

H 3.126938 1.232915 -0.46424 

H 3.087283 -0.2849 -1.43254 

C 3.155707 -0.56853 0.683695 

H 2.777938 -0.09805 1.592509 

H 2.739546 -1.57631 0.649279 

O 4.377232 -0.66427 0.784036 

H 4.988975 -1.42692 1.954379 
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Annexure 5(b): Optimized geometry coordinates of ligand H2L10 

 

Atom x y z 

C 0.307282 0.661938 -0.40498 

C 1.729424 0.969462 -0.95016 

H 1.599378 1.618791 -1.8176 

H 2.323926 1.507979 -0.21034 

H 0.456107 0.134006 0.538436 

H -0.24617 1.581326 -0.20871 

N 2.353712 -0.16406 -1.36031 

C 1.67815 -0.99014 -2.19937 

H 2.235367 -1.90855 -2.39118 

H 1.541526 -0.47186 -3.15001 

C 0.257879 -1.30399 -1.6533 

H 0.408633 -1.93718 -0.77739 

H -0.33349 -1.85409 -2.38661 

N -0.35969 -0.16517 -1.24904 

C -1.68678 -0.01025 -1.4398 

H -1.96298 1.045288 -1.40968 

H -1.99602 -0.4796 -2.37483 

C -2.43333 -0.728 -0.30202 

H -3.41266 -1.02626 -0.67651 

O -2.61652 -0.02988 0.694629 

H -3.02915 -0.67535 2.013178 

C 3.701503 -0.18214 -1.38718 

H 4.120434 0.822705 -1.30486 

H 4.08078 -0.69511 -2.27318 

C 4.149204 -0.97874 -0.15694 

H 3.733043 -1.98652 -0.19136 

O 5.370729 -1.07449 -0.0566 

H 5.982472 -1.83714 1.113743 

C 3.670132 -0.35945 1.163049 

C 2.576288 -1.07705 1.956542 

H 2.152754 -2.01343 1.593191 

C 2.070082 -0.456 3.259655 

H 1.287276 -0.95355 3.83197 

C 2.661031 0.86663 3.758856 

H 2.29755 1.306683 4.687387 

C 3.759815 1.574232 2.958818 

H 4.175108 2.515594 3.318361 

C 4.271095 0.962278 1.653191 

H 5.046738 1.46627 1.076481 



228 
 

C -3.8922 -0.04074 -0.2752 

C -4.38071 1.01038 -1.32547 

H -3.73632 1.377657 -2.12059 

C -5.80815 1.561949 -1.2932 

H -6.11124 2.310006 -2.02567 

C -6.81974 1.063927 -0.26541 

H -7.83384 1.463356 -0.25982 

C -6.42396 -0.02752 0.722079 

H -7.15684 -0.40953 1.432647 

C -5.00634 -0.59639 0.709825 

H -4.75123 -1.38801 1.415221 

 

Annexure 5(c):Optimized geometry coordinates of ligand H6L11 

 

Atom x y z 

N 0.098453 1.136882 -0.54366 

C -1.0118 0.471082 -0.95161 

H -1.67209 1.098637 -1.55203 

H -0.707 -0.41183 -1.5159 

C -1.78441 -0.06503 0.286904 

H -2.61924 -0.69957 -0.01504 

H -2.18782 0.80558 0.806887 

N -0.94515 -0.71504 1.134049 

C 0.196507 -0.08069 1.506581 

H -0.07627 0.783261 2.114995 

H 0.838475 -0.72964 2.104263 

C 0.958134 0.466352 0.265402 

H 1.330068 -0.41176 -0.26492 

H 1.78775 1.095199 0.592828 

C 0.089041 2.487429 -0.51516 

H 0.488882 2.847729 0.434396 

H -0.91031 2.889123 -0.69357 

C 1.019281 2.989644 -1.64111 

H 1.929143 2.386277 -1.59898 

O 0.530734 2.824719 -2.76057 

H 0.597388 1.457103 -3.43232 

C 1.319795 4.481372 -1.34897 

H 0.816878 4.774197 -0.4258 

H 0.957806 5.066876 -2.1967 

N 2.657246 4.628755 -1.21662 

C 3.419068 4.748221 -2.3269 

H 4.410641 4.314275 -2.18989 
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H 2.916928 4.320757 -3.19691 

C 3.602943 6.246498 -2.60064 

H 4.27834 6.671533 -1.85822 

H 2.654191 6.7776 -2.51184 

O 4.072589 6.483602 -3.71174 

H 4.188033 7.92383 -4.19957 

C 3.236457 4.374596 -0.02169 

H 4.267416 4.034117 -0.12889 

H 2.643896 3.661506 0.55378 

C 3.254688 5.686043 0.776284 

H 2.31159 6.225524 0.679373 

H 4.044718 6.317142 0.36945 

O 3.494233 5.526796 1.972143 

H 4.278371 4.308502 2.449808 

C -1.44649 -1.68221 1.931294 

H -2.52189 -1.54499 2.060131 

H -0.93511 -1.71514 2.89553 

C -1.22599 -3.03498 1.220683 

H -1.62492 -2.94371 0.208227 

O -0.03114 -3.32786 1.132297 

H 0.7581 -2.94667 -0.11567 

C -2.02476 -4.07628 2.03594 

H -2.88736 -3.58301 2.486798 

H -1.35534 -4.47995 2.797874 

N -2.43012 -5.04445 1.182759 

C -1.65926 -6.13526 0.972567 

H -2.2787 -7.03297 0.945704 

H -0.86826 -6.22471 1.719546 

C -1.02193 -6.0216 -0.42429 

H -1.26853 -5.07769 -0.91317 

H -1.43098 -6.81606 -1.04888 

O 0.201514 -6.14538 -0.41712 

H 1.021226 -5.69263 -1.62068 

C -3.66929 -4.98472 0.64777 

H -3.72754 -5.55755 -0.27938 

H -3.97881 -3.94829 0.500835 

C -4.6506 -5.61836 1.644576 

H -4.6258 -5.08259 2.593993 

H -4.36268 -6.64916 1.853496 

O -5.8126 -5.62476 1.243365 

H -6.91834 -6.2062 2.117913 
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Annexure 5(d): Optimized geometry coordinates of ligand H4L12 

 

Atom x y z 

C -0.31437 3.405079 0.790314 

C 1.104217 2.924926 1.190663 

C 1.477476 3.039615 -1.19791 

C -0.02303 2.814228 -1.53932 

H 1.633062 3.780939 1.633691 

H 1.068435 2.157623 1.966415 

H -0.27417 4.463102 0.508717 

H 1.667914 4.113598 -1.10147 

H 2.108268 2.6976 -2.02347 

H -0.1665 1.935146 -2.17278 

H -0.35796 3.674345 -2.13604 

H -0.99438 3.3493 1.644124 

N -0.87924 2.689772 -0.34696 

N 1.89348 2.418246 0.054905 

C -1.34689 1.336022 -0.04735 

H -1.32338 1.17279 1.035498 

H -0.70189 0.567001 -0.50313 

C 2.070477 0.967485 -0.0295 

H 1.617916 0.478629 0.840519 

H 1.581597 0.555322 -0.92288 

C 3.552519 0.553082 -0.08882 

H 3.98408 0.940393 -1.02513 

C -2.78433 1.077527 -0.53161 

H -2.7843 1.085111 -1.63433 

C 3.643282 -0.97733 -0.12603 

H 3.125975 -1.39179 0.755301 

H 3.072372 -1.30528 -0.99911 

C -3.22256 -0.32786 -0.08525 

H -2.64829 -1.03124 -0.6975 

H -2.93184 -0.49541 0.966094 

O 4.202381 1.135131 1.034564 

H 5.150481 1.093082 0.879144 

O -3.61899 2.113202 -0.0368 

H -4.48058 2.001885 -0.45215 

C 5.016466 -2.76245 -1.04687 

H 6.061461 -3.06365 -1.17609 

H 4.61955 -2.5376 -2.04289 

C 4.213202 -3.95529 -0.50018 

H 4.27096 -3.98975 0.595063 
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H 4.663419 -4.88237 -0.87383 

C 5.729591 -1.65948 1.015592 

H 5.031456 -1.71944 1.85984 

H 6.299412 -2.59087 0.998993 

C -4.85909 -2.01041 -0.70321 

H -5.92341 -2.19747 -0.84195 

H -4.3969 -2.13461 -1.68895 

C -5.49592 -0.09246 0.780694 

H -4.95246 -0.0844 1.734956 

H -5.74322 0.953602 0.56582 

C -6.83005 -0.79076 1.001481 

H -7.47879 -0.08508 1.535949 

H -7.32265 -1.00627 0.043685 

N -4.64284 -0.61052 -0.31582 

N 5.007844 -1.51796 -0.26554 

O 2.833205 -3.86409 -0.86801 

H 2.619593 -4.61968 -1.41959 

O -6.65042 -1.98966 1.754375 

H -7.42671 -2.11985 2.304574 

H 6.396953 -0.80978 1.159158 

H -4.43302 -2.69537 0.029751 

 

Annexure 5(e): Optimized geometry coordinates of ligand H4L13  

 

Atom x y z 

C -0.36301 1.3597 -0.97949 

C 0.154623 0.782478 0.368195 

H -0.69752 0.26934 0.816962 

H 0.491706 1.596728 1.011386 

H 0.44395 1.966805 -1.3934 

H -1.22892 2.00519 -0.8234 

N 1.136415 -0.12359 0.128812 

C 0.843373 -1.14624 -0.71436 

H 0.019326 -1.72454 -0.29353 

H 1.706645 -1.78838 -0.89645 

C 0.315954 -0.58222 -2.0648 

H -0.04848 -1.3849 -2.70776 

H 1.163648 -0.10729 -2.56164 

N -0.63845 0.361843 -1.8588 

C -1.55136 0.588103 -2.82678 

H -1.29268 0.071413 -3.75334 

H -1.66567 1.660173 -2.99656 
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C -2.90521 0.034505 -2.32773 

H -3.01592 0.344909 -1.28601 

O -2.93721 -1.19731 -2.34309 

H -2.3486 -1.99296 -1.1828 

C -4.01105 0.654534 -3.21773 

H -3.53161 1.295813 -3.95872 

H -4.56166 -0.15329 -3.70388 

N -4.8211 1.395663 -2.42631 

C -4.47202 2.661863 -2.10732 

H -3.38861 2.774549 -2.06165 

H -4.94899 2.971563 -1.17614 

C -6.06806 0.959082 -2.13157 

H -6.72612 1.785026 -1.85529 

H -6.47637 0.383527 -2.96353 

C -5.98624 -0.00696 -0.9387 

H -5.31325 -0.83777 -1.1489 

H -6.98051 -0.42733 -0.78756 

O -5.65103 0.522745 0.120782 

H -5.0823 -0.32693 1.25216 

C 2.427099 0.228592 0.316142 

H 3.038159 -0.10542 -0.52448 

H 2.532339 1.303899 0.473478 

C 2.925528 -0.4951 1.58402 

H 2.6216 -1.54172 1.526725 

O 2.441882 -0.01124 2.610246 

H 1.256475 -0.68957 3.288506 

C 4.463949 -0.37085 1.535475 

H 4.74573 0.679242 1.637076 

H 4.782879 -0.75895 0.566288 

N 5.001959 -1.13429 2.516405 

C 5.05581 -2.4733 2.331207 

H 6.084681 -2.83105 2.400379 

H 4.608394 -2.77779 1.382928 

C 4.28839 -3.13233 3.484903 

H 3.324936 -2.64195 3.630325 

H 4.845337 -3.01691 4.415316 

O 4.080412 -4.33108 3.309527 

H 3.293964 -5.12813 4.344783 

C 5.903909 -0.56645 3.349573 

H 6.484748 0.193654 2.824344 

H 6.561124 -1.30422 3.81306 

C 5.129322 0.165091 4.451577 
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H 4.650668 1.054536 4.040708 

H 5.821617 0.460247 5.240032 

H 4.367696 -0.49177 4.873854 

C -4.98507 3.595903 -3.21139 

H -4.53279 3.330392 -4.16733 

H -4.71436 4.6221 -2.9629 

H -6.07009 3.522636 -3.29185 

 

Annexure 5(f): Optimized geometry coordinates of ligand H4L14 

 

Atom x y z 

C -0.50443 0.652739 -1.23772 

C 0.013204 0.075518 0.109962 

H -0.83894 -0.43762 0.558729 

H 0.350287 0.889768 0.753153 

H 0.302531 1.259844 -1.65163 

H -1.37034 1.29823 -1.08163 

N 0.994995 -0.83055 -0.12942 

C 0.701953 -1.8532 -0.97259 

H -0.12209 -2.4315 -0.55176 

H 1.565225 -2.49534 -1.15468 

C 0.174534 -1.28918 -2.32303 

H -0.1899 -2.09186 -2.966 

H 1.022228 -0.81426 -2.81987 

N -0.77987 -0.34512 -2.11703 

C -1.69278 -0.11886 -3.08501 

H -1.4341 -0.63555 -4.01157 

H -1.80709 0.953212 -3.25479 

C -3.04663 -0.67246 -2.58596 

H -3.15734 -0.36205 -1.54425 

O -3.07862 -1.90427 -2.60133 

H -2.49002 -2.69992 -1.44104 

C -4.15247 -0.05243 -3.47596 

H -3.67303 0.588852 -4.21695 

H -4.70308 -0.86025 -3.96211 

N -4.96252 0.688703 -2.68454 

C -4.61344 1.954903 -2.36555 

H -3.53003 2.067588 -2.31988 

H -5.09041 2.264603 -1.43437 

C -6.20948 0.252122 -2.3898 

H -6.86754 1.078066 -2.11352 

H -6.61778 -0.32343 -3.22176 
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C -6.12765 -0.71392 -1.19693 

H -5.45467 -1.54473 -1.40713 

H -7.12192 -1.13429 -1.04579 

O -5.79244 -0.18421 -0.13745 

H -5.22372 -1.03389 0.993928 

C 2.28568 -0.47837 0.057909 

H 2.896739 -0.81239 -0.78271 

H 2.39092 0.596939 0.215244 

C 2.784109 -1.20206 1.325787 

H 2.48018 -2.24868 1.268492 

O 2.300463 -0.7182 2.352013 

H 1.115056 -1.39653 3.030273 

C 4.32253 -1.07781 1.277242 

H 4.604311 -0.02772 1.378843 

H 4.641459 -1.46591 0.308055 

N 4.86054 -1.84125 2.258172 

C 4.91439 -3.18026 2.072974 

H 5.943261 -3.53801 2.142146 

H 4.466974 -3.48475 1.124696 

C 4.14697 -3.83929 3.226671 

H 3.183516 -3.34891 3.372093 

H 4.703917 -3.72387 4.157084 

O 3.938992 -5.03804 3.051295 

H 3.152544 -5.83509 4.086551 

C 5.76249 -1.27341 3.09134 

H 6.343329 -0.51331 2.566111 

H 6.419705 -2.01118 3.554827 

C 4.987903 -0.54187 4.193344 

C -5.12649 2.888942 -3.46962 

C -6.19023 3.867898 -2.96071 

H -7.10336 3.483156 -2.50657 

C -5.92507 5.375277 -2.95858 

H -6.64865 6.056293 -2.51073 

C -4.66069 5.926716 -3.61665 

H -4.47205 7.00012 -3.62968 

C -3.99027 3.464864 -4.32257 

H -3.31573 2.79064 -4.85003 

C -3.70728 4.968907 -4.33036 

H -2.84145 5.358713 -4.86544 

C 5.339434 -1.06493 5.589691 

H 5.178369 -2.11609 5.828133 

C 4.961893 0.979677 4.003438 
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H 4.51929 1.406307 3.103787 

C 5.67225 1.898886 4.999846 

H 5.734716 2.969693 4.80649 

C 6.054868 -0.16444 6.599583 

H 6.393698 -0.57279 7.551615 

C 6.256811 1.318035 6.287094 

H 6.751307 1.968785 7.00817 

 

Annexure 5(f): Optimized geometry coordinates of complex CuL1  

 

Atom x y z 

N -1.11609 -1.59999 -0.96047 

C -1.82414 -2.45943 0.005706 

C -2.9931 -1.69827 0.702138 

H -2.21488 -3.37766 -0.47481 

H -1.10303 -2.76664 0.771115 

N -3.7452 -0.8827 -0.29543 

H -3.69205 -2.40429 1.184861 

H -2.58655 -1.04242 1.475403 

C -2.02825 -1.15969 -2.04683 

C -3.54582 -1.30081 -1.69765 

H -1.84293 -1.74216 -2.97245 

H -1.82239 -0.10554 -2.29669 

H -3.87181 -2.34217 -1.82462 

H -4.14688 -0.68007 -2.36891 

C -4.39086 0.289703 0.033619 

C -5.55209 0.741471 -0.67262 

N -3.89881 1.035244 1.078937 

C -6.20831 1.897472 -0.2523 

C -5.72844 2.618367 0.870022 

C -4.56984 2.144121 1.49128 

N 1.115236 -1.59889 0.958209 

C 2.023987 -1.15908 2.04742 

C 3.542579 -1.29951 1.701934 

H 1.817114 -0.10516 2.297443 

H 1.836925 -1.74215 2.972389 

N 3.744948 -0.88278 0.299757 

H 4.141726 -0.67793 2.374087 

H 3.868878 -2.34059 1.830461 

C 1.825179 -2.46033 -0.00442 

C 2.996913 -1.70114 -0.69858 

H 1.106223 -2.76843 -0.77156 
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H 2.213906 -3.3783 0.478364 

H 2.593424 -1.04726 -1.47504 

H 3.697932 -2.40832 -1.17667 

C 4.390661 0.289439 -0.02941 

N 3.902437 1.0317 -1.07889 

C 5.548321 0.744486 0.680719 

C 4.573886 2.140417 -1.49094 

C 6.204995 1.900155 0.260295 

C 5.729155 2.617698 -0.86589 

H 4.140949 2.665286 -2.34016 

H 6.230396 3.508023 -1.23026 

H 5.937623 0.158697 1.506369 

H 7.09773 2.233539 0.784365 

H -5.94424 0.15294 -1.49499 

H -7.10374 2.228478 -0.77327 

H -6.22926 3.508934 1.234388 

H -4.13393 2.671484 2.33742 

Cu 0.000411 -0.26328 -0.0018 

O 1.273156 1.283746 -0.71634 

O -1.27233 1.284575 0.696596 

H 0.845637 1.999011 -1.22062 

H -0.84505 2.019368 1.171963 

H 2.252939 1.139665 -0.98004 

H -2.24986 1.143796 0.969781 

 

Annexure 5(g): Optimized geometry coordinates of complex CuL3 

 

Atom x y z 

C 0.488584 -1.09935 0.481576 

C 1.333784 -0.85648 -0.84924 

N -0.10167 0.163139 0.91628 

H -0.29369 -1.8323 0.285009 

H 1.188842 -1.46567 1.248191 

C 0.93663 1.153881 1.176708 

N 2.362452 0.145108 -0.59802 

H 1.754809 -1.79857 -1.19928 

H 0.625064 -0.49741 -1.60151 

C 1.796366 1.413923 -0.14687 

H 1.635678 0.772356 1.936771 

H 0.486816 2.095781 1.492021 

H 2.565397 2.148427 0.08864 

H 1.111825 1.834706 -0.88938 
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C 3.686019 -0.2183 -0.27146 

C 4.707017 0.763261 -0.14465 

C 6.013304 0.364649 0.171408 

C 4.076877 -1.57142 -0.07705 

C 5.413961 -1.86442 0.235667 

N 6.387011 -0.92767 0.367051 

H 6.801614 1.107056 0.263652 

H 4.511288 1.814422 -0.32335 

H 3.373624 -2.39215 -0.1538 

H 5.720916 -2.89534 0.392799 

C -4.36304 -3.86864 0.459249 

O -3.89644 -2.50865 0.681102 

H -3.52917 -4.58591 0.403474 

H -4.96599 -3.95373 -0.45838 

H -4.9895 -4.1276 1.317515 

C -4.88762 0.579497 0.218752 

O -3.62415 1.3035 0.466207 

H -5.11068 0.570673 -0.85382 

H -5.68687 1.07443 0.782439 

H -4.7388 -0.43911 0.580568 

Cl -1.32457 3.065963 -0.20227 

Cl -2.11635 -0.94595 -1.49314 

Cu -1.74345 0.746733 0.131275 

H -3.33091 -2.1934 -0.06535 

H -3.6556 2.265372 0.268578 

 

Annexure 5(h): Optimized geometry coordinates of complex CuL5 

 

Atom x y z 

N 0.521903 0.865643 -0.24092 

C 1.274565 0.84708 -1.53243 

C 2.458432 -0.13367 -1.51938 

H 0.586331 0.584306 -2.34248 

H 1.663708 1.85647 -1.76052 

N 3.455111 0.307771 -0.51781 

H 2.073791 -1.14779 -1.30494 

H 2.933817 -0.16658 -2.50984 

C 1.438556 0.64312 0.919924 

C 2.894749 1.070435 0.634204 

H 1.422527 -0.4146 1.220164 

H 1.071023 1.22871 1.776377 

H 3.501821 0.879231 1.521716 
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H 2.936208 2.151711 0.440738 

C 4.6914 -0.35522 -0.44918 

C 5.831226 0.219841 0.210927 

C 7.05649 -0.46511 0.269091 

C 7.214568 -1.71959 -0.36 

C 4.891912 -1.60641 -1.09328 

C 6.130276 -2.27739 -1.0547 

H 7.904091 -0.01866 0.778978 

H -0.65031 -1.79387 0.981671 

H -1.4196 -2.93908 0.413364 

H -2.93522 -2.58951 0.223754 

H -0.97386 -3.21204 -0.55098 

H -1.33352 -3.81819 1.076672 

H -3.10636 -1.11657 0.480365 

H -3.26882 -2.80523 -0.7959 

H -3.55914 -3.17222 0.919647 

H -1.3418 -1.37422 2.235318 

H -2.7853 -0.82922 1.936723 

H -0.74941 -0.59518 2.728308 

H -1.41213 -2.22947 2.930194 

H -4.41443 -0.58501 0.115532 

H -5.55143 -1.41363 -0.00788 

H -4.59447 0.81191 -0.08628 

C -6.82334 -0.88086 -0.29324 

C -5.86499 1.353393 -0.34473 

C -6.98483 0.506437 -0.44446 

H -7.67734 -1.54671 -0.37984 

H -7.96389 0.930611 -0.6488 

H -5.98366 2.422593 -0.48494 

Cu -1.07269 -0.3037 -0.27546 

O -0.38908 3.247586 0.097184 

O -1.93535 0.579413 -2.00998 

H -0.0391 2.231925 -0.06139 

H -2.37454 0.052466 -2.70465 

H -2.58161 1.147147 -1.50394 

H 0.355332 3.864325 0.24381 

H -2.83792 0.253793 2.078595 

H -3.54676 -1.30498 2.575365 

H 6.233032 -3.23564 -1.55841 

H 8.171325 -2.23247 -0.31168 

H -5.45629 -2.48413 0.132873 

H 4.064726 -2.06901 -1.62058 
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O -3.43116 1.606097 -0.08284 

C -3.53076 3.062314 0.161701 

H -4.04032 3.556295 -0.67389 

H -2.48756 3.387174 0.229858 

H -4.07441 3.239412 1.096181 

O 5.658423 1.512752 0.738348 

C 6.796127 2.161754 1.387204 

H 7.132503 1.593208 2.26379 

H 6.427915 3.13999 1.702549 

H 7.632318 2.288893 0.687235 

 

Annexure 5(i): Optimized geometry coordinates of complex CuL7 

 

Atom x y z 

C -7.40816 -0.21202 0.440063 

C -5.89127 -0.21202 0.440063 

C -6.22643 2.171264 1.145275 

C -7.56516 2.292193 0.441709 

H -5.52662 -0.77086 1.341535 

H -5.51303 -0.76211 -0.46131 

H -7.78205 -0.23207 1.497875 

H -6.38739 1.827019 2.200884 

H -5.73475 3.177285 1.194111 

H -7.52199 3.120483 -0.31321 

H -8.34756 2.575229 1.193735 

H -7.78398 -1.14046 -0.06324 

C -9.50537 0.912083 -0.31317 

C -10.1654 0.987222 -1.54005 

C -10.2368 0.749961 0.863391 

C -11.5565 0.900926 -1.59021 

H -9.58849 1.11581 -2.46737 

C -11.6283 0.662632 0.8133 

C -12.2882 0.738221 -0.41321 

H -12.0768 0.960773 -2.55715 

H -12.2047 0.534395 1.741089 

N -7.96935 1.008025 -0.25804 

N -5.31354 1.190627 0.440063 

O -13.7145 0.649697 -0.46496 

H -13.9766 -0.27222 -0.51961 

Cu -6.40691 1.526792 -1.19847 

C -7.45133 3.011507 -2.94248 

H -7.09467 2.002697 -2.94248 
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H -7.09466 3.515905 -3.81614 

H -8.52133 3.01152 -2.94248 

O -6.97465 3.68561 -1.77489 

H -7.29299 4.591292 -1.77535 

Cl -6.9738 3.519385 0.344155 

 

Annexure 5(j): Optimized geometry coordinates of complex CuL8  

 

Atom x y z 

C 0.15319 2.007953 -1.04335 

C -1.29222 2.303598 -1.39598 

C -1.67276 1.534155 0.960468 

C -0.45353 0.631207 0.964684 

H -1.44539 3.414618 -1.40522 

H -1.51197 1.934147 -2.43201 

H 0.545436 2.813318 -0.36756 

H -1.38555 2.553663 1.330384 

H -2.44375 1.128702 1.665731 

H -0.7662 -0.42514 1.174925 

H 0.227777 0.943111 1.799152 

H 0.777499 2.021557 -1.97426 

C 1.790746 0.376648 -0.10179 

C 2.362238 -0.79852 -0.59052 

C 2.569937 1.286161 0.613191 

C 3.712463 -1.06434 -0.3637 

H 1.747487 -1.51572 -1.1535 

C 3.920824 1.020869 0.839321 

C 4.492134 -0.15422 0.351143 

H 4.162841 -1.99089 -0.74835 

H 4.535033 1.738358 1.402731 

N 0.299692 0.669607 -0.35186 

N -2.26637 1.661444 -0.42653 

O 5.876512 -0.42701 0.583477 

H 6.403154 -0.02683 -0.1123 

Cu -1.37241 -0.07621 -0.8444 

O 0.607716 -1.22235 -1.54854 

H -0.30704 -1.03525 -1.77172 

H 0.639741 -1.77175 -0.76194 

C -0.87497 -2.50885 -0.43015 

H -0.91012 -1.89651 -1.30691 

H -1.39189 -3.42718 -0.61553 

H 0.1446 -2.7174 -0.1814 



241 
 

C -2.96372 -1.04167 -0.09399 

H -2.99887 -0.42933 -0.97075 

H -3.48065 -1.96 -0.27937 

H -1.94415 -1.25023 0.15476 

O -1.49977 -1.8212 0.656891 

H -1.47 -2.37095 1.443329 

O -3.58852 -0.35402 0.993049 

H -3.55722 -0.90307 1.77992 

Cl -1.39045 0.006127 1.73714 

 

Annexure 5(k): Optimized geometry coordinates of complex CoL9 

 

Atom x y z 

C 1.088098 -1.77008 0.950791 

C -0.41694 -1.76095 1.391815 

H -0.78883 -2.79078 1.536948 

H -0.5212 -1.20734 2.327386 

H 1.694003 -1.2491 1.695754 

H 1.468613 -2.80286 0.857457 

N -1.19425 -1.04789 0.34528 

C -1.0881 -1.77091 -0.9492 

H -1.69383 -1.2504 -1.69462 

H -1.46874 -2.80358 -0.85516 

C 0.416968 -1.76228 -1.39013 

H 0.521236 -1.20969 -2.32629 

H 0.788888 -2.79227 -1.53405 

N 1.194209 -1.04808 -0.34431 

C 2.543108 -0.56782 -0.73236 

H 3.306284 -1.36724 -0.69365 

H 2.464568 -0.22132 -1.76943 

C 2.956594 0.626197 0.172188 

H 3.794409 1.151438 -0.31461 

H 3.333656 0.246893 1.140368 

O 1.848595 1.518926 0.382103 

C -2.54309 -0.56708 0.732916 

H -2.46441 -0.21948 1.769611 

H -3.30635 -1.36645 0.695114 

C -2.9565 0.626053 -0.17282 

H -3.79431 1.151818 0.313406 

H -3.33348 0.245872 -1.14068 

O -1.84844 1.518573 -0.38351 

Cu 0.000004 0.794063 -0.00019 
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O 0.223726 1.25243 2.140897 

O -0.22394 1.248837 -2.1425 

H -0.32165 2.004238 2.442304 

H 0.321166 2.000459 -2.44491 

H 1.130486 1.542891 1.688157 

H -1.13064 1.54012 -1.68997 

 

Annexure 5(l): Optimized geometry coordinates of complex Cu2L10 

 

Atom x y z 

C -0.60493 -0.79908 1.396777 

C 0.492511 0.306913 1.420383 

H 0.023273 1.293912 1.483146 

H 1.149722 0.18917 2.288334 

H -0.14364 -1.79 1.352282 

H -1.21876 -0.74846 2.300374 

N 1.32298 0.258138 0.188989 

C 0.483706 0.367251 -1.03001 

H 1.109461 0.236198 -1.91747 

H 0.073424 1.379858 -1.0847 

C -0.66653 -0.69513 -1.04714 

H -0.25474 -1.70381 -1.13671 

H -1.30575 -0.50415 -1.91581 

N -1.49242 -0.65516 0.198954 

C -2.40689 0.548009 0.273113 

H -2.67956 0.692143 1.323116 

H -1.89859 1.453447 -0.08666 

C -3.69967 0.255658 -0.52234 

H -3.44378 0.175268 -1.59681 

O -4.22238 -0.97921 -0.01531 

C 2.308858 -0.88002 0.159665 

H 2.471761 -1.20795 1.189428 

H 1.919365 -1.72838 -0.41868 

C 3.655138 -0.3708 -0.42099 

H 3.512799 -0.11784 -1.48417 

O 3.999427 0.832063 0.302222 

C 4.767049 -1.4035 -0.3137 

C 5.343033 -1.95729 -1.47556 

H 4.998699 -1.62695 -2.45397 

C 6.366408 -2.9192 -1.38126 

H 6.802857 -3.33805 -2.28519 

C 6.829328 -3.33306 -0.11753 
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H 7.6223 -4.07379 -0.04142 

C 6.264409 -2.77723 1.048358 

H 6.623483 -3.08969 2.026537 

C 5.240228 -1.81953 0.952752 

H 4.816794 -1.38511 1.85546 

C -4.71016 1.390468 -0.37104 

C -5.60547 1.394185 0.719122 

H -5.59869 0.551227 1.404191 

C -6.51624 2.453401 0.888175 

H -7.20763 2.443824 1.727932 

C -6.54267 3.52062 -0.03187 

H -7.25109 4.336145 0.095704 

C -5.65759 3.517156 -1.12843 

H -5.68454 4.329099 -1.85179 

C -4.7493 2.454853 -1.29718 

H -4.08073 2.447176 -2.15735 

Cu -2.82765 -2.31848 0.199182 

Cu 2.608437 2.132216 0.091126 

Cl -1.07679 -4.01765 -0.03162 

O -2.84323 -3.10776 2.384713 

H -3.75504 -3.45992 2.413518 

O -4.4334 -3.53147 -0.31347 

H -4.15319 -4.06246 -1.12603 

O -3.18836 -4.74334 -2.14076 

H -3.28976 -5.43868 -2.81084 

H -2.21163 -3.82638 2.150333 

H -5.01617 -2.76501 -0.51569 

H -2.32497 -4.76428 -1.65845 

Cl 2.629538 2.888979 -2.27588 

O 4.050869 3.902749 0.161219 

O 3.355086 0.61975 2.830208 

H 4.50014 4.664455 0.56823 

H 3.885079 1.097991 3.494883 

H 3.732594 0.733654 1.896761 

H 4.005959 3.93316 -0.82843 

C -0.23731 5.727445 0.621728 

C 0.503403 4.465466 0.647904 

H 0.42819 6.540977 0.312631 

H -0.64373 5.958473 1.612395 

H -1.06521 5.663584 -0.09291 

N 1.115684 3.46534 0.634953 
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Annexure 5(m): Optimized geometry coordinates of complex Cu3L11 

 

Atom x y z 

H 1.267597 -2.10997 1.403824 

H -0.31879 -2.312 0.602269 

H -0.18076 -2.41929 2.389346 

H -0.90387 -0.15298 1.553462 

H 0.505599 0.231669 -2.12953 

H -0.51525 -0.88734 -2.82142 

H 4.865734 -3.91283 -2.32225 

H 4.811245 -4.58425 -0.84352 

H -6.95513 -4.23595 -0.53749 

H -5.85011 -4.23145 -1.72719 

H -7.85447 0.493155 -0.7995 

H -6.50261 1.142339 -1.74133 

H -5.72843 1.750978 0.425236 

H -6.68797 0.473315 1.206684 

H -3.45207 -2.39833 2.81101 

H -2.60014 -1.87019 1.337348 

H -3.56274 0.170012 2.284498 

H -5.13721 -0.64017 2.556077 

H -3.07549 -0.34925 -0.86092 

H -4.40186 0.710371 -1.34866 

H -3.56665 2.098763 0.801946 

H 7.72024 0.718182 -1.72775 

H 7.652572 0.640712 0.044777 

H 5.713286 1.962072 -0.70611 

H 5.288673 0.728723 -1.93361 

H 3.797535 -1.52794 2.283019 

H 5.259874 -1.24429 3.260459 

H 6.106662 0.412653 1.694851 

H 4.428028 0.867052 2.108904 

H 3.264504 -0.40713 -1.45199 

H 2.7424 -0.7146 0.232834 

H 3.214264 2.016935 -1.04287 

H -3.27577 3.379901 -1.1583 

H -2.29037 2.120283 -1.96253 

H 3.132137 2.641553 1.230443 

H 2.062744 1.272283 1.669429 

H 0.140383 3.407179 -2.20944 

H -0.40584 4.987506 -1.54928 

H 1.268084 4.954644 0.160021 
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H 2.082264 3.804629 -0.92633 

H -0.3088 2.63227 2.453551 

H 0.401128 4.277692 2.332853 

H -1.25836 4.982157 0.765015 

H -2.19057 3.605502 1.407167 

C 0.194442 -1.9104 1.488746 

O 0.042682 -0.46714 1.598791 

O -0.43299 -0.10679 -2.24337 

O 4.886861 -3.76019 -1.35976 

O -6.25203 -3.73683 -0.99123 

Cu -0.20106 1.277297 -0.18713 

Cu 5.673913 -2.07124 -0.3708 

Cu -5.49584 -1.97372 -0.22075 

O -6.4567 -0.91617 -1.48585 

C -6.76965 0.375673 -0.98696 

C -6.04417 0.701738 0.345633 

O -4.40662 -2.90219 1.015003 

C -3.59619 -1.99242 1.795442 

C -4.25893 -0.58576 1.898802 

O 7.108994 -1.09828 -0.96055 

O -1.75864 1.14597 0.682313 

N -4.75766 -0.2526 0.531384 

C -3.77769 0.413384 -0.5048 

C -2.93506 1.573926 0.055159 

C 7.143215 0.307912 -0.8787 

C 5.720093 0.883453 -0.93632 

O 5.600832 -2.2204 1.466871 

C 4.877266 -1.28035 2.224661 

C 5.056426 0.113903 1.613414 

N 4.764243 0.070953 0.039482 

C 3.255286 -0.00874 -0.43031 

O 1.317587 1.277057 -1.12088 

C 2.547527 1.354685 -0.45637 

C -2.52265 2.593338 -0.99947 

C 2.299632 2.009176 0.89242 

C -0.05278 3.976346 -1.29696 

C 1.164952 3.997277 -0.37034 

N 0.961784 2.846887 0.706384 

C -0.05218 3.446638 1.772136 

C -1.25215 3.896774 0.936507 

N -1.14255 3.171609 -0.48012 
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Annexure 5(n): Optimized geometry coordinates of complex Cu2L12 

 

Atom x y z 

C -5.60522 2.309733 0.649831 

N -5.24474 0.853159 0.848199 

C -3.9232 0.452293 0.231476 

C -3.91367 -1.08225 -0.01532 

C -2.77281 -1.47876 -0.97938 

C 2.721107 -0.9098 0.658234 

N 1.416546 -1.30864 0.082608 

N -1.42711 -1.12543 -0.46505 

C -5.34509 0.430455 2.288325 

C 3.916156 -1.01491 -0.33152 

O 5.076516 -1.52089 0.372229 

O -5.16516 -1.50519 -0.59325 

C 4.290662 0.297065 -1.10761 

N 5.391608 1.063857 -0.41537 

C 4.962757 1.805679 0.821657 

C 6.286659 1.875286 -1.32083 

C 7.715099 1.92977 -0.72318 

C -6.44274 2.489032 -0.64028 

O -7.4755 1.485119 -0.67021 

O 8.134431 0.598813 -0.38141 

Cu -6.52587 -0.19406 -0.40731 

Cu 6.633853 -0.48198 0.19166 

O -8.2273 -0.77718 -1.47007 

O 8.30122 -1.32214 1.186775 

C 0.409508 -1.5811 1.13297 

C -0.89975 -2.0969 0.520908 

C -0.42773 -0.89882 -1.53186 

C 0.888953 -0.37795 -0.93499 

H 2.9604 -1.61437 1.462121 

H 2.659854 0.103864 1.111881 

H -2.87253 -2.5598 -1.19167 

H -2.94172 -0.94991 -1.92707 

H -3.75106 -1.59844 0.948995 

H -3.84534 0.967517 -0.73438 

H -3.08064 0.772384 0.861701 

H -6.22075 2.614219 1.501062 

H -4.69334 2.928613 0.642853 

H -4.83293 -0.53083 2.385877 

H -4.79644 1.160678 2.908302 
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H 3.607397 -1.75361 -1.09207 

H 4.693843 0.010694 -2.08559 

H 3.417291 0.941133 -1.28256 

H 4.55742 1.066778 1.518534 

H 5.868293 2.218552 1.280539 

H 6.335911 1.349134 -2.28037 

H 5.876435 2.881956 -1.49926 

H 7.737692 2.602741 0.154738 

H 8.395036 2.360747 -1.47729 

H -5.78414 2.429261 -1.52907 

H -6.89386 3.495579 -0.63632 

H -8.44456 0.183836 -1.60649 

H -8.2491 -1.32533 -2.2749 

H 8.851545 -0.62335 0.734259 

H 8.643884 -2.23116 1.116468 

H 0.816658 -2.33708 1.816313 

H 0.186342 -0.66849 1.726635 

H -0.71406 -3.08252 0.046619 

H -1.63831 -2.24246 1.318144 

H -0.82315 -0.15702 -2.23766 

H -0.21629 -1.8306 -2.09633 

H 0.710897 0.633352 -0.50469 

H 1.62071 -0.27729 -1.74533 

H -6.35183 0.32707 2.635716 

H 4.25358 2.591117 0.66337 

 

Annexure 5(o): Optimized geometry coordinates ofcomplex Cu2L13 

 

Atom x y z 

C -5.60522 2.309733 0.649831 

N -5.24474 0.853159 0.848199 

C -3.9232 0.452293 0.231476 

C -3.91367 -1.08225 -0.01532 

C -2.77281 -1.47876 -0.97938 

C 2.721107 -0.9098 0.658234 

N 1.416546 -1.30864 0.082608 

N -1.42711 -1.12543 -0.46505 

C -5.34509 0.430455 2.288325 

C 3.916156 -1.01491 -0.33152 

O 5.076516 -1.52089 0.372229 

O -5.16516 -1.50519 -0.59325 

N 4.290662 0.297065 -1.10761 
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N 5.391608 1.063857 -0.41537 

C 4.962757 1.805679 0.821657 

C 6.286659 1.875286 -1.32083 

C 7.715099 1.92977 -0.72318 

C -6.44274 2.489032 -0.64028 

O -7.4755 1.485119 -0.67021 

O 8.134431 0.598813 -0.38141 

Cu -6.52587 -0.19406 -0.40731 

Cu 6.633853 -0.48198 0.19166 

O -8.2273 -0.77718 -1.47007 

O 8.30122 -1.32214 1.186775 

C 0.409508 -1.5811 1.13297 

C -0.89975 -2.0969 0.520908 

C -0.42773 -0.89882 -1.53186 

C 0.888953 -0.37795 -0.93499 

C -6.79148 0.281922 2.787423 

C 3.939508 2.938963 0.59327 

H 2.9604 -1.61437 1.462121 

H 2.659854 0.103864 1.111881 

H -2.87253 -2.5598 -1.19167 

H -2.94172 -0.94991 -1.92707 

H -3.75106 -1.59844 0.948995 

H -3.84534 0.967517 -0.73438 

H -3.08064 0.772384 0.861701 

H -6.22075 2.614219 1.501062 

H -4.69334 2.928613 0.642853 

H -4.83293 -0.53083 2.385877 

H -4.79644 1.160678 2.908302 

H 3.607397 -1.75361 -1.09207 

H 4.693843 0.010694 -2.08559 

H 3.417291 0.941133 -1.28256 

H 4.55742 1.066778 1.518534 

H 5.868293 2.218552 1.280539 

H 6.335911 1.349134 -2.28037 

H 5.876435 2.881956 -1.49926 

H 7.737692 2.602741 0.154738 

H 8.395036 2.360747 -1.47729 

H -5.78414 2.429261 -1.52907 

H -6.89386 3.495579 -0.63632 

H -8.44456 0.183836 -1.60649 

H -8.2491 -1.32533 -2.2749 

H 8.851545 -0.62335 0.734259 
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H 8.643884 -2.23116 1.116468 

H 0.816658 -2.33708 1.816313 

H 0.186342 -0.66849 1.726635 

H -0.71406 -3.08252 0.046619 

H -1.63831 -2.24246 1.318144 

H -0.82315 -0.15702 -2.23766 

H -0.21629 -1.8306 -2.09633 

H 0.710897 0.633352 -0.50469 

H 1.62071 -0.27729 -1.74533 

H -6.78551 -0.00021 3.848307 

H -7.368 1.2073 2.68259 

H -7.31484 -0.50342 2.228539 

H 3.727573 3.426492 1.553636 

H 4.318754 3.706876 -0.09134 

H 2.989101 2.562156 0.198089 
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Future Scope 

The present study helped us to identify the potential of piperazine ring towards metal 

binding. As an important fragment of large biomolecules as well synthetic organic 

compounds serving as drugs both in the medicinal form as well as the recreational 

forms, piperazine ring is omnipresent. The benzylpiperazine (BZP) or 

phenylpiperazines (PP) compounds with different substituents on the phenyl ring 

including the halides or methoxy groups are in high demand in the illegal market sold 

as ecstasy or many other different names. Once consumed piperazines are absorbed 

by the body from gastrointestinal tract. A portion of the drug molecules are 

metabolized mainly at the liver. Many therapeutic drugs also give piperazines as 

active metabolites.  

Once in the body it causes depression and anxiety in addition to insomnia, headaches, 

and nausea. These molecules induce the increase of serotonin and dopamine in 

extracellular fluid as well as blocks the reuptake mechanism. Additionally, piperazine 

drugs have found many other potential applications are widely used as the backbone 

of many synthetic drug molecules. Although the pharmacological studies are being 

done to identify how they interact and gets transported in our body, it’s still intriguing 

how these molecules not only affect proteins or enzymes, or small biomolecules at as 

potential donor site. The presence of piperazine in many other potential drugs are 

extensively used and already explained.  

Thus, to identify the mechanism of action under different condition and circumstances 

it is important to synthesize a plethora of piperazine based molecules and study their 

interaction with different biomolecules and fragments.  Interestingly the role of metal 

ions is important due to the basicity of the piperazine ring itself as a donor site. The 

configuration of these metal complexes can invoke different types of interaction and 

may stabilize a specific conformer of important biomolecules. The role of these metal 

ions in other type of reactions as catalyst must also be explored.  
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