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Preface 

The work presented in this thesis entitled “New transition metal complexes with N, O-donor 

ligands and their properties” has been carried out in the Department of Chemistry, Jadavpur 

University during the period of 2017-2022. 

Different techniques like UV-Vis, FTIR, 1H NMR, Mass spectrometry, Cyclic Voltammetry, 

and single crystal X-ray diffraction analysis have been utilized to characterize the synthesized 

products. In some cases, computational studies using density functional theory (DFT) have 

been performed for a better understanding of the experimental observations. 

The Thesis consists of six chapters which are summarized as follows: 

 Chapter 1 gives a concise introduction on coordination chemistry followed by brief and recent 

literature survey on (a) Schiff bases derived from 2-Hydroxy-1-napthaldehyde, 

Salicylaldehyde, 4-Methyl-2,6-diformylphenol, (b) Schiff base transition metal complexes, (c) 

Applications of Schiff base metal complexes in various fields of research. A brief overview of 

the present work is also highlighted. 

Chapter 2 describes a Cu(II)-Based Metal-Organic Framework whose response towards toxic 

pesticides has been investigated by density functional theory (DFT) analysis. 

Chapter 3 represents synthesis and characterization of a mononuclear nickel(II) complex with 

N, O-donor ligand, which plays a significant role in DNA/HSA protein binding and exhibits 

selective cytotoxicity towards cancer cell. 

Chapter 4 deals with synthesis and characterization of two dinuclear copper(II) complexes 

with partially hydrolyzed DFP based ligands. Both of these complexes have been used as 

effective catalysts for the oxidation of some benzyl alcohols in the presence of tert-butyl 

hydroperoxide (TBHP) as the oxidant. 

Chapter 5 presents synthesis and characterization of three mononuclear nickel(II) complexes 

which act as the electrocatalyst for hydrogen evolution reaction (HER) using acetic acid (AA) 

and trifluoroacetic acid (TFA) as the proton source in DMF. Some theoretical calculations have 

also been performed with insight in hydrogen evolution mechanism and effect of chain lengths 

of the ligands on the catalytic activity. 

Chapter 6 deals with electrocatalytic proton reduction reaction (or HER) by two neutral, 

monomeric transition metal complexes, where Ni(II) and Cu(II) have been chosen as the metal 



xiii 

 

centres. Both of them have been synthesized by conventional method and characterized by 

several standard methods. The effect of change of metal centre on the generation of hydrogen 

evolution reaction has been examined. 

 

Date:   

 

(Arpita Barma) 

Department of Chemistry 

Jadavpur University 

Kolkata-700032 
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Chapter 1 

 

Introduction 

Abstract 

Discussion on Schiff base ligands and Schiff base transition metal complexes 

are incorporated in this chapter. A brief literature survey is also presented here 

which contains four parts. The first one deals with some recently reported 2-

Hydroxy-1-naphthaldehyde-derived, Salicylaldehyde-derived, 4-Methyl-2,6-

diformylphenol (DFP)-derived Schiff bases along with types of Schiff bases 

based on chelating property. It is followed by a brief literature survey on 

Schiff base transition metal complexes of varying nuclearity. The next one 

consists of discussion on application of Schiff base metal complexes. Lastly 

it contains a concise discussion on the aim of the present thesis work which 

is elaborately discussed in the following chapters. 
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1.1 General introduction 

Coordination chemistry is a branch of inorganic chemistry which deals with the study of 

coordination compounds where a metal ion is attached to ligands by coordinate bonds. A 

coordination compound is represented as follows: 

 

 Figure 1.1: Representation of a coordination compound. 

The coordination number defines the geometry of the complexes (Table 1.1). Werner’s theory, 

valence bond theory, crystal field theory, ligand field theory or adjusted crystal field theory 

have been proposed to describe the bonding of such complexes. The characteristic properties 

such as colour, magnetism, variable oxidation states make these coordination complexes more 

attractive towards the researchers.  

Table 1.1: Coordination Numbers and the corresponding geometries. 

Coordination No. Geometry 

2 Linear 

3 Trigonal planar, Trigonal pyramidal 

4 Square planar, Tetrahedral 

5 Trigonal bipyramidal 

6 Octahedral, Trigonal prismatic 

7 Pentagonal bipyramidal, Monocapped octahedral 

Monocapped trigonal prismatic 

8 Dodecahedral, Hexagonal bipyramidal Cube, Square 

antiprismatic, Bicapped trigonal prismatic 

9 Tricapped trigonal prismatic 
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In the recent years, coordination chemistry of transition metal complexes is gaining much 

attention due to their versatile applications in the various fields of chemical and medical 

sciences. It has inspired the researchers to design and fabricate novel metal complexes, far and 

wide. 

1.2 Schiff Base Ligands     

The term “Schiff base” is named after Hugo Schiff (1834–1915),1.1a,b who is an Italian 

naturalized chemist and German by nationality. He was renowned for the synthesis of the first 

so-called Schiff base in 18641.2a,b and pave the path of the chemistry of Schiff base. Schiff bases 

are prepared by one step condensation between any primary amine (NH2) and a ketone (CO) 

or an aldehyde (CHO) under specific conditions of temperature and pH with a very high yield 

(Scheme1.1).1.3a-h 

 

Scheme 1.1: General scheme for formation of Schiff bases. 

From the structural view point, a Schiff base (also known as azomethine or imine) is a nitrogen 

analogue of a ketone or aldehyde in which the carbonyl group (CO) has been replaced by an 

azomethine or imine group. The structural unit of Schiff bases also possesses many other 

hetero-elements like oxygen (O) and sulphur (S) as main component for chelate formation with 

metals. The bonding ability of Schiff base ligands depends largely on the nature of donor atoms 

acting as coordination site, steric factors and their electronegativity. Electron donating 

character of the imine double bond due to the presence of lone pair electrons on nitrogen atom 
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(N) and low electronegativity of nitrogen, N-atom of the azomethine group (>C=N) make 

Schiff base an active ligand. Presently, active and well-designed Schiff base ligands are 

considered as ‘‘privileged ligands’’ 1.4a, b because of the easy tunability of their stereo-electronic 

structures and they make an important area of research with increasing interest due to the 

simple method of synthesis, variation in properties, versatile nature and diverse ranges of 

applications such as biological activities,1.5a-c catalytic activities,1.6a-f electroluminescent 

properties,1.7a-c fluorescence properties,1.8a-c non-linear optical (NLO) properties,1.9 

applications in sensors1.10 and organic photovoltaic materials.1.11 

Among all Schiff bases ‘Salen type’ Schiff bases are perhaps the most popular one. Schiff base 

formed by the condensation of salicylaldehyde and ethylenediamine is almost universally 

denoted by ‘H2salen’ [sal (from salicyaldehyde) and en (from ethylene diamine) = salen].1.12a,b 

Such N2O2 donor Schiff base ligands have been reported in the chemical literature.1.13a-d 

Here, the discussion is focussed on (a) 2-hydroxy-1-naphthaldehyde-derived Schiff bases, (b) 

salicylaldehyde-derived Schiff bases and (c) 4-methyl-2,6-diformylphenol-derived Schiff 

bases resulting in different ratios of N- and O-donor atoms that leads to NO2, NO3, NO4, and 

N2O type of core structure. 

1.2.1 2-Hydroxy-1-naphthaldehyde-derived Schiff bases 

2-Hydroxy-1-naphthaldehyde is usually used as an excellent functionalised backbone for the 

preparation of different transition metal–salen complexes.1.14a-e Reimer-Tiemann formylation 

of 2-naphthol is the best method to prepare it.1.15 The salicylic 

functional group present in 2-hydroxy-1-naphthaldehyde is a 

popular reaction counterpart for nucleophilic addition reactions due 

to the presence of carbonyl group which is activated by a phenolic 

hydrogen through an intramolecular hydrogen bond formation. 2-

Hydroxy-1-napthaldehyde is one of the most extensively used 

aldehyde for the development of different Schiff base metal complexes due to its donor as well 

as acceptor sites. By the chemical manipulation of the amine group, we can develop a variety 

of transition metal complexes which is one of main objectives of this thesis.  

Qi et al1.16 synthesized Cu(Ⅱ) and Ni(Ⅱ) complexes based on Schiff base ligand 1 and 

investigated the cancer cytotoxicity, cell migration, and apoptosis properties of both 

complexes. 

Kurt et al1.17 developed the Schiff base ligand 2 which is further reacted with 2,6-diamino 

pyridine to form another ligand. It was then utilized to form Cu(II), Fe(II) and Pd(II) 
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complexes. DNA binding properties of the ligand as well as the metal complexes were 

investigated. 

Sarkar et al1.18 reported two 2-hydroxy-1-naphthaldehyde based Schiff base ligands, 3 and 4. 

Three new mononuclear manganese(III) complexes were derived from these ligands among 

them one possesses catalase activity. 

Narang et al1.19 reported ligands formed by condensation of 2-hydroxy-1-naphthaldehyde with 

o-phenylenediamine (4) and of 2-hydroxy-1-naphthaldehyde with 1,8-diaminonaphthalene (5) 

in 2:1 molar ratio and the ligands were characterized using FTIR and NMR techniques. These 

ligands were used to form complex with various metallic salts like CoCl2·6H2O, CoNO3·7H2O, 

CoSO4, FeCl3 and have been successfully anchored onto montmorilonite (MMT), organically 

modified montmorillonite (OMMT, Closite30B), and polyethylene glycol (PEG). They 

exhibited good catalytic activity and some of them (salen−CoSO4 and napthen−CoSO4) were 

used as catalysts along with tetradecyltrimethyl ammonium bromide as cocatalyst for the 

chemical fixation of carbon dioxide through its reaction with propylene oxide to give propylene 

carbonate.  

 

Figure 1.2: 2-hydroxy-1-naphthaldehyde-derived Schiff bases 

Sato et al and Li et al1.20a,b synthesized a very simple 2-hydroxy-1-naphthaldehyde based Schiff 

base ligand 6 by mixing 2-hydroxy-1-naphthaldehyde and ethylene diamine in 2:1 mole ratio. 

The former also reported the ligand 8. Here, manganese(III) acetate dihydrate and sodium 

isocyanate complexed with the ligands and the resulting complexes were utilized for magnetic 

susceptibility measurements in the range of 4.4-300 K. Whereas for the latter, an exceptional 
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six-connected 3D nanowater framework constructed from turbine-type (H2O)18 clusters has 

been observed in the ligand derived Mn(III) Schiff base complex [Mn(vanen)(Cl)(H2O)]. 2H2O 

(where, H2vanen = N,N′-bis(3-methoxysalicylidene)-1,2-diaminoethane). 

Kara and co-workers1.21 reported Schiff base ligand 7 synthesized by the reaction of 1,2- 

diaminopropane with 3-methoxysalicylaldehyde. It formed a mononuclear manganese 

complex, Diaqua[N,N’-bis(3-methoxysalicylidene)propane-1,2-diaminato]manganese(III) 

nitrate monohydrate. 

Rao et al1.22 reported four Schiff base ligands, 9-12, where 2-hydroxy1-naphthaldehyde was 

condensed with a variety of amines having additional ligating centres, and the resulting 

products were characterized by single crystal XRD study, and also by analytical and spectral 

methods. 

1.2.2 Salicylaldehyde-derived Schiff bases 

Salicylaldehyde is another key precursor to a variety of transition metal–salen complexes due 

to the presence of salicylic functional group. By introducing different substituents (Cl or Br) 

on the benzene ring of the salicylaldehyde unit and by varying 

the amines a series of Schiff bases were developed. 

Shi et al1.23 reported a series of Schiff base ligands 

(compounds 1-26) (Figure 1.3) which were prepared by 

condensation between 5-chloro-salicylaldehyde and primary 

amines. The chemical structures of all these 26 compounds 

were established by means of elemental and ESI-MS, 13C 

NMR, 1H NMR spectral analyses. These compounds were assayed for antibacterial 

(Staphylococcus aureus, Pseudomonas fluorescence, Escherichia coli and Bacillus subtilis) and 

antifungal (Trichophyton rubrum, Candida albicans and Aspergillus niger) activities by MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl trtrazolium bromide) method. 

Satapathi et al1.24 synthesized Cu(II) and Ni(II) complexes developed by using the Schiff base 

ligand 27. Both these complexes were employed to inspect their DNA and HSA binding 

efficacy.  

Deilami et al1.25 prepared a Schiff base ligand 28 from the reaction of 5-bromo salicylaldehyde 

and allylamine. It was then complexed with Zn(NO3)2.6H2O, Ni(OAC)2.4H2O, and 

CoCl2.6H2O. The ligand and its complexes were characterized by elemental analysis, UV-Vis, 

FT-IR spectroscopy and 1 H- NMR technique and the electrochemical properties of the three 

complexes were investigated. 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Satapathi%2C+Dibyendu
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Figure 1.3: 5-Chloro and 5-Bromo salicylaldehyde-derived Schiff bases 

Fei et al1.26 reported synthesis and characterization of a chiral Schiff base (29) and its chiral 

dinuclear copper complex. The interactions of the Schiff base as well as the complex with 

salmon sperm DNA were investigated by UV, fluorescence, CD spectroscopic techniques and 

viscosity measurements,  

Metal complexes of Cd(II), Co(II), Cu(II), Fe(III), Hg(II), Mn(II) Ni(II), Zn(II) and Ag(I) were 

synthesized by Sundararajan et al1.27 from Schiff base ligand, 30,  synthesized by the 

condensation of 5-bromo salicylaldehyde and 3,4-(methylenedioxy)aniline. They were 

characterized by different standard techniques. The ligand and its metal complexes were tested 

for their antifungal and antibacterial inhibition potential against some pathogens revealed that 

metal complexes were more biologically active than the free ligand. The percentage antioxidant 

activities were also observed more for the complexes than that of the ligand.  

Another 5-bromo-salicylaldehyde based Schiff base ligand (31) was reported by Modak et al1.28 

which was used to synthesize an aqua bridged dinuclear nickel(II) complex. They investigated 

catecholase activity and magnetic properties of the complex. 

Kursunlu et al1.29 investigated the synthesis and spectroscopic characterization of some Schiff 

bases derived from 5-bromo-salicylaldehyde (32) and their corresponding metal complexes. 
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This study led to the conception that the Schiff bases derived from 5-bromo-salicylaldehyde 

would possess potential antimicrobial properties. 

Patel et al1.30 reported mixed ligand copper(II) and nickel(II) complexes which involved the 

ligand 33. They were well characterized. Antibacterial and DNA cleavage activity of these 

complexes were investigated. 

1.2.3 4-Methyl-2,6-diformylphenol (DFP)-derived Schiff bases 

4-Methyl-2,6-diformylphenol (DFP), also called 2-hydroxy-5-methylbenzene-1, 3-dialdehyde 

and 2-hydroxy-5-methylisophthalaldehyde, is another excellent functionalised backbone for 

the synthesis of different transition metal complexes. In 1970, Robson, for the first time, 

reported a dinucleating N,O donor Schiff-base ligand involving 2-aminophenol as the amine 

and 4-methyl-2,6-diformylphenol as the aldehyde.1.31a,b As DFP possesses two formyl groups, 

there is plenty of scope to design a series of macrocyclic as well as acyclic ligands1.32a-d (Figure 

1.4) suitable for synthesis of effective multinuclear transition metal complexes.1.33a-d Thus, in 

the emerging area of cluster-based coordination systems, a notable progress has been observed 

in recent times on the formation and growth of 3d metal ion clusters involving the ligands 

derived from nucleating ligand, DFP. 

  

Figure 1.4: 4-Methyl-2,6-diformylphenol-derived Schiff bases 
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Naskar et al1.34 reported DFP based ligand (1) for fluorescent and colorimetric detection of 

Cu2+ in Tris-buffer (pH 7.4) solution. 

Mahapatra et al1.35 reported ether-alcohol arm bearing DFP based ligand (2) and then they 

examined its role to establish the function of carboxylate ancillary ligands in the growth of 

[Cu4] aggregates around oxido and hydroxido nuclei. 

Pait et al1.36 reported the ligand (3), synthesized from the one step condensation of 2,6-

diformyl-4-methylphenol and 2-amino-2-methyl-1-propanol in methanol. It was utilized for 

the formation of carboxylato and carbonato bridged nickel(II)-based aggregates. The 

temperature dependence of the magnetic properties of these samples were investigated. 

Halder et al1.37 reported five DFP based ligands, (4), where the amine chain length was varied. 

Four tetranuclear and one pentanuclear complexes of Cu(II) were synthesized from these 

ligands. These multinuclear complexes were utilized as the catalyst for the epoxidation of 

olefins in the presence of TBHP as the oxidant under mild conditions. 

Jana et al1.38 reported the ligand (5) synthesized from 2-trifluoromethyl-1-phenylmethanamine 

and 4-methyl-2,6-diformylphenol in acetonitrile. It then formed a tetranuclear copper(II) 

complex for which the temperature dependent magnetic property was investigated. 

Roy et al1.39 reported three DFP base ligands (6-8) synthesized by 1:2 Schiff-base condensation 

in acetonitrile between DFP and 1-(2-aminoethyl)-piperidine, 1-(2-aminoethyl)- pyrrolidine 

and 4-(2-aminoethyl)-morpholine, respectively. Here the N4O donors were used for the 

detection of Zn2+ ion. 

Mandal et al1.40 reported DFP based ligand (9) used in self-assembly of an azido-bridged [NiII
6] 

cluster featuring four fused defective cubanes. The ability of the ligand 9 to aggregate, together 

with the bridging properties of azide, was explored here with the preparation of the hexanuclear 

complex. The magnetic properties of the complex were investigated through variable-

temperature susceptibility measurements. 

Roy et al1.41 Roy et synthesized the ligand (10) by refluxing the mixture of 4-methyl-2,6-

diformylphenol and phenylmethylamine in acetonitrile. The ligand was used as zinc ion-

selective luminescent probe for biological application under physiological conditions. 

1.2.4 Types of Schiff bases based on chelating property 

Based on number of donor atoms available for coordination with metal ion, ligands may be of 

several types. They are shown schematically and in Table 1.2 with examples: 
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Table 1.2: Types of Schiff bases based on chelating property. 

Denticity of 

Ligand 

Ligand Complex Ref. 

Bidentate  

 

 

1.42 

 

 

1.43 
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R=3-OMe, 4-OMe, 5-OMe, 

6-OMe 

  

1.44 

Tridentate 

  

1.45 

 
 

1.46 

 

 

1.47 
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Tetradentate 

  

1.48 

  

M = Cu(II), Ni(II), Co(II), VO(IV) and 

Zn(II) 

1.49 

 
 

M= Cu or Ni 

1.50 

Pentadentate 

  

1.51 

 
 

1.52 
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1.53 

Hexadentate 

 

 

R=3-OMe OR 3-OEt 

X= BPh4/ PF6.H20/ ClO4.H2O/ BF4.H20/ 

NO3 

1.54 

 

 

M= Cu, Co, Ni, Zn 

 

1.55 
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1.56 

Heptadentate 

  

1.57 

  

1.3 Schiff Base Transition Metal Complexes 

These fascinating Schiff base ligands have played an important role in the development of 

coordination chemistry as they readily form stable complexes with most of the transition 

metals1.58a,b by diversified synthetic procedures (Figure 1.5). Transition metal Schiff base 

complexes are generally formed by the chelation of Schiff base ligands with metal ions at 

variable oxidation states. The chelation occurring thus makes the complex compounds more 

stable and changes the physiological profile of the complexes.1.59 In the ligation process, vacant 

metal d-orbitals make available space for the easy coordination of nonbonding electrons of 

donor atoms of the ligand and sometimes this ligation takes place by deprotonation process. 

On the other hand, Schiff base ligands coordinate metals through imine nitrogen and another 

donor, usually linked to the aldehyde. The structure of the Schiff base metal complex can be 

tuned by judicious choice of the reactants and on the ground of requirement for the coordination 

of the metal centre. Moreover, these ligands can control the performance of metal ions which 

offers opportunity to utilize such complexes in the diverse application fields such as 
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magnetism,1.60a-i catalysis,1.61a-l biological sciences, 1.62a-g optoelectronics,1.63a-c sensing1.64a-e 

etc.  

Figure 1.5: Different synthetic procedures. 

1.3.1 Schiff Base Transition Metal Complexes of various nuclearity  

Some mono-, di-, tri-, tetra-, penta- and hexanuclear Schiff base complexes of copper(II) and 

nickel(II) are shown in Figure 1.6, Figure 1.7, Figure 1.8 , Figure 1.9 , Figure 1.10 and 

Figure 1.11, respectively. 

Ghosh et al1.65 reported four new Ni(II) complexes 1, 2, 23, 30. N,N′-bis(3-

methoxysalicylidene)diethylenetriamine (H2L
2), the flexidentate ligand, having seven potential 

donor atoms reacted with nickel nitrate in different ligand : metal ratios and thus one 

mononuclear (2), one tetranuclear (23) and one hexanuclear (30) Ni(II) complexes were 

obtained. Complex 1 was formed by template synthesis. Single-crystal XRD study revealed 

that both the complexes 1 and 2 are mononuclear with a square planar geometry around the 

metal centre, whereas other two complexes, 23 and 30, possess tetranuclear and hexanuclear 

structures respectively, with octahedral metal centres. Variable temperature molar magnetic 

susceptibility measurements show that the tetranuclear complex is ferromagnetically coupled 

having two exchange couplings, J1 = 0.64 cm−1 and J2 = 8.41 cm−1, whereas the hexanuclear 

complex is antiferromagnetically coupled having four exchange couplings, J1 = −5.60 cm−1, J2 

= −9.39 cm−1, J3 = −5.18 cm−1 and J4 = 3.72 cm−1. As the bridging angles in these complexes 

are close to the crossover angle, these changes are good enough for this reversal of magnetic 

coupling. 
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Fekri et al1.66 synthesized one mononuclear Ni(II) 3 and two dinuclear Cu(II) complexes 8,9 

from a tridentate Schiff base ligand, H2L (where, H2L = (N-(2-hydroxybenzylideneamino) 

benzamide)) in the presence of 3-methylpyridine, pyridine and the corresponding metal salts. 

The structures of these complexes were determined through X-ray crystallography which 

indicated the coordination geometry is square-pyramidal in 3, while the dinuclear complexes 

show an octahedral geometry. They are further characterized by FT-IR, UV–Vis, Raman 

spectroscopies and cyclic voltammetry (CV). These complexes act as DNA-binding 

components and antibacterial agents and hence can be considered as potential pharmaceutical 

bioactive compounds. Finally, molecular docking simulation studies were conducted and the 

results indicated that the dinuclear complex 8 is a suitable potential candidate drug for the 

binding the InhA target in M. tuberculosis. 

Figure 1.6: Mononuclear transition metal Schiff base complexes. 

Mandal et al1.67 reported three mononuclear 4, 5, 6 and one dinuclear 10 cobalt(III) complexes 

from two Schiff-base ligands, H2L
1 and H2L

2 respectively with ONNO donor atoms (where, 

H2L
1 = (E)-2-((2-(2-hydroxyethylamino)ethylimino)methyl)phenol and H2L

2 = (E)-2-((3-(2-

hydroxyethylamino)propylimino)methyl)phenol) in the presence of two pseudohalides, like  

SCN− and N3
−. These complexes were thoroughly characterized by using various 

physicochemical studies such as UV-Vis, FT-IR, EPR, ESI-MS and single crystal XRD study. 

In complex 4, the two thiocyanate ligands (SCN−) are trans to each other, whereas, in complex 

5 both of them are cis to each other with addition of one additional methylene group to the 

ligand system. Complex 6 is mononuclear while complex 10 is dinuclear in the presence of the 

azide co-anionic ligand. All these experimentally observed facts were rationalized by DFT 
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calculations which established the fact that the different nuclearity and cis–trans 

stereochemistry are the results of cooperative outcome of the ligand backbone and 

pseudohalide co-ligand effects. Catecholase like activity of all these four complexes were 

investigated in DMF using 3,5-DTBC as a model substrate.  

Figure 1.7: Dinuclear transition metal Schiff base complexes. 

Burlov et al1.68 synthesized a series of mononuclear complexes 7 and binuclear complexes 11, 

12 with different transition metal ions from potentially tridentate NO2 ligand incorporating 

phenolic oxygen, alcoholic oxygen and azomethine N donor atoms. Their structures were 

established by single crystal XRD study which indicated Mn(II), Co(II) and Ni(II) complexes 

are mononuclear, whereas the Cu(II) and Fe(III) ions form µ2-oxo-bridged binuclear species.  

Mukherjee et al1.69 reported structural and magnetic versatility of five Ni(II) complexes 13-15, 

19, 34 derived from a tridentate Schiff base ligand, HL, (where, HL = (2-[(3-Methylamino-

propylimino)-methyl]-phenol)), and the polyatomic monoanions N3
−, NO3

−, NO2
− or PhCOO−. 

The structural analysis revealed that for all these five complexes, the Ni(II) ions occupy a 

distorted octahedral geometry. Complexes 13 and 14 are dinuclear having di-μ-1,1-azido and 

di-μ2-phenoxo bridges, respectively. Complex 15 is also a dinuclear Ni(II) complex with di-μ2-

phenoxo-bridged but it has an additional syn-syn benzoate bridge. Compound 19 possesses a 

linear trinuclear structure with the tridentate Schiff base ligand coordinated to the terminal 



  CHAPTER 1 

 

18 | P a g e  
 

nickel atoms which are linked to the central Ni(II) by carboxylate and phenoxo bridges. 

Complex 34 consists of a dinuclear moiety, bridged by di-μ2-phenoxo together with a cis-(μ-

nitrito1κO:2κN) nitrite ion. Variable-temperature magnetic susceptibility measurements were 

done with these complexes which indicated that complex 13 shows ferromagnetic exchange 

interactions within the dimer (where, J = 23.5(3) cm-1) together with antiferromagnetic 

interdimer interactions (where, J = -0.513(3) cm-1), whereas compounds 14 and 15 show 

intradimer antiferromagnetic interactions (where, J = -24.27(6) and -16.48(4) cm-1, 

respectively). Ferromagnetic coupling (where, J = 6.14(2) cm-1) is also observed in complex 

19 for the linear centro-symmetric Ni(II) trimer, whereas complex 34 shows an alternating 

intra-chain antiferromagnetic coupling ( where, J1 = -32.1(1) cm-1 and J2 = -3.2(1) cm-1).  

 

Figure 1.8: Trinuclear transition metal Schiff base complexes. 

Chattopadhyay et al1.70 utilized two branched, flexible and sterically constrained di- and 

tripodal side arms around a phenol backbone in ligands H3L
1 (2,6-Bis{(1- hydroxy-2-

methylpropan-2-ylimino)methyl}-4-methylphenol) and H5L
2 (2,6-bis[{1-hydroxy-2-

(hydroxymethyl)butan-2- ylimino}methyl]-4-methylphenol) to isolate [Mn3] 16 and [Mn6] 31 

coordination aggregates. The magnetic characterization of these complexes established that the 

properties were dominated by intramolecular anti-ferromagnetic exchange interactions and this 

was further confirmed using DFT calculations. Both the complexes 16 and 31 showed effective 

solvent-dependent catechol oxidation toward 3,5-di-tert-butylcatechol in air.  

Saha et al1.71 reported a linear double phenoxide-bridged trinuclear Cu(II) Schiff base complex 

17 derived from a tetradentate (ONNO) donor Schiff base ligand and CuBr2. Single crystal 
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XRD study of this trinuclear complex revealed that the two terminal copper atoms are in square 

pyramidal geometry, while the central copper atom surrounded by four phenoxide oxygen 

atoms is in a square planar geometry. Variable temperature magnetic susceptibility 

measurement study was done for this complex showing strong antiferromagnetic intra-trimer 

interactions between the copper centres with a J value of −302 cm-1. 

 

Figure 1.9: Tetranuclear transition metal Schiff base complexes. 

Jiang et al1.72 reported the trinuclear 18 and the pentanuclear 29 complexes bearing enantiopure 

or racemic ligands. Single-crystal XRD studies on 18 reveal that the asymmetric unit of the 

complex contains one trinuclear [1 + 1] acyclic nickel(II) divalent cation, two NO3
− anions, 

and four water molecules. Here three six-coordinate nickel(II) centres exhibit an elongated 

octahedral geometry, where each metal ion is coordinated by one oxygen atom belonging to 

the aldehyde group, one μ3-Cl atom, two nitrogen atoms belonging to one camphoric diamine 

unit and two μ2-phenol oxygen atoms belonging to different phenylic rings. On the other, 29 

contains four five-coordinate and one six-coordinate copper(II) centres countered by four μ2-

Cl, two μ2-bridging phenol oxygen atoms and two μ3-OH bridges. Moreover, in both the cases 

degradation of macrocyclic ligands occurs at the chiral carbon atoms belonging to camphoric 

diamine units bearing the methyl group because of their stronger spatial crowding effects than 

the ones bearing the hydrogen atom. For the trinuclear complex, 18, variable-temperature 

magnetic susceptibility measurements were done. 

Roth et al1.73 reported the trinuclear copper(II) complex 20 synthesized from the tridentate 

aminosaccharide-derived Schiff-base ligand H2L= 6-N-(salicylidene)amino-6-deoxy-1,2,3-tri-

O-methylR-D-glucopyranoside. Structure of the complex was characterized. The trinuclear 
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complex unit was described as two terminal copper−ligand entities bridged by a central copper 

acetate moiety, with the copper centres arranged in a triangular manner. The existence of the 

trinuclear structure was confirmed by IR and UV/vis spectroscopic studies. The temperature 

dependence of the magnetic susceptibility of the complex showed a moderate 

antiferromagnetic coupling with a coupling constant J of −34 cm-1.  

Ghosh et al1.74 synthesized a tetranuclear complex 21 and confirmed the structure by Single-

crystal X-ray diffraction study. Variable temperature molar magnetic susceptibility 

measurements showed that complex 21 is ferromagnetically coupled having two exchange 

couplings, J1 = 0.64 cm−1 and J2 = 8.41 cm−1. 

 

Figure 1.10: Pentanuclear transition metal Schiff base complexes. 

Manna et al1.75 synthesized two tetranuclear Schiff base copper(II) complexes, 22, namely 

[Cu4(L)2(LH)2(H2O)2](ClO4)2.3H2O and [Cu4(L)2(LH)2(H2O)2](ClO4).(tp)0.5.3H2O (where 

H2L = 2-[(2-hydroxy-ethylimino)-methyl]-6-methoxy-phenol and tp = terephthalate). Single 

crystal XRD study showed that both of these complexes contain double open cubane core, in 

which two metal centres are in a square pyramidal environment and the other two metal centres 

exhibit a slightly distorted octahedral coordination geometry. The interaction of these 

complexes with calf thymus DNA, BSA and HSA were investigated. Using 3,5-DTBC as a 

model substrate, both the complexes also showed catecholase-like activity. 
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Chattopadhyay et al1.76 reported three tetranuclear nickel(II) complexes, 23, [Ni4(μ3-H2L)2(μ3-

OH)2(μ1,3-CH3CO2)2](ClO4)2, [Ni4(μ3-H2L)2(μ3-OH)2(μ1,3-C2H5CO2)2](ClO4)2.0.5 H2O and 

[Ni4(μ3-H2L)2(μ3-OH)2(μ1,3-O2C-C6H4- pNO2)2](ClO4)(p-NO2-C6H4-CO2)·DMF·5H2O. These 

tetranuclear complexes were obtained by the reaction of Ni(ClO4)2·6H2O with H3L (where, 

H3L = 2,6- bis((2-(2-hydroxyethylamino)ethylimino)methyl)-4-methylphenol) and RCO2Na 

(where, R = CH3,C2H5, p-NO2C6H4). They were characterized by X-ray crystallography and 

magnetic measurements. Studies on their magnetic behaviour revealed that the exchange 

coupling within these complexes is predominantly antiferromagnetic in nature. 

 Karaoğlu et al1.77 reported homo-tetranuclear Cu(II) complex 24 of a potentially bis-

hexadentate N2O4 Schiff base. The structures of the Schiff base and the complex were 

determined by spectroscopic data (IR, 1H and 13C NMR, UV–vis, electrospray ionisation mass 

spectra), elemental analyses, molar conductivities and magnetic susceptibility measurement. 

Khalaji et al1.78 reported a tetranuclear copper(II) complex 25 synthesized from an N2O2-

chelating Schiff-base ligand sal2hn [where, sal2hn = N,N’-bis(salicylidene)-1,2-

diaminocyclohexane] and Cu(NO3)2.3H2O in the presence of a large excess of NaN3 (reagent 

ratios (metal:L:N3 ) = 2:1:8). Its crystal structure was thoroughly investigated with the help of 

single crystal XRD study which revealed that in this complex the copper(II) ions are bridged 

alternately by end-on azido and phenoxo-sal2hn ligands. 

 

Figure 1.11: Hexanuclear transition metal Schiff base complexes. 

Perlepe et al1.79 employed the chelating and fluorescent bridging ligand N-naphthalidene-2-

amino-5-chlorobenzoic acid (nacbH2) in Ni(II) cluster chemistry that led to a series of 



  CHAPTER 1 

 

22 | P a g e  
 

pentanuclear 26, 27 and hexanuclear 32, 33 compounds with different structural motifs, optical 

and magnetic properties, as well as an interesting 1-D coordination polymer. Their structures 

were established by single crystal XRD study. The nature of the organic base used for the 

deprotonation of the free nacbH2 and the reaction solvent were found to affect dramatically the 

structural and chemical identities of the resulting compounds. 

Maity et al1.80 reported the first thiocyanato bridged penta-nuclear complex 28 [{(NiL2)(µ-

SCN)}4Ni(NCS)2].2CH3CN, (where, the ligand, HL2 = 3-(hydroxyimino)butan-2-

ylidene)amino)propylimino)butan-2-one oxime). Its structure was established by single crystal 

X-ray diffraction study which revealed the central nickel(II) metal ion is coordinated by six 

nitrogen atoms of six thiocyanate groups, four of which utilize their sulphur atoms to connect 

four NiL2 moieties to form a penta-nuclear complex.  

1.4 Choice of Metallo-Elements under Investigation 

In the present research work, two of the 3d-metals, viz. Ni(II) and Cu(II) have been considered 

for the formation of stable mononuclear and dinuclear complexes. The partly filled d-orbitals 

of these metals offer a significant role in the coordination behaviour with Schiff base ligands 

with N, O donor atoms. 

 

Figure 1.12: 3d-Transition Metals 

1.4.1 Nickel 

In 1751, Cronstedt discovered the element nickel and it was first purified as a metal by Berthier 

in the early 1800s. Nickel is the earth's 7th most abundant transition metal with a very rich 

coordination chemistry.1.81 It exists mostly in +2 oxidation state in its complexes. Nickel in this 
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oxidation state may have a variety of coordination numbers and geometries. But octahedral, 

tetrahedral and square planar geometries are the most common. The enzyme chemistry in the 

bio-medical science highlights nickel as an essential component in many of enzymes present 

in the human body, without which the normal metabolic functions are inconceivable.1.82 

Moreover, among various transition-metal ions (for example, Fe, Co, Mo, Ni, V, Cu, etc.) 

nickel has gained much attention as a promising hydrogen evolution reaction (HER) catalyst 

due to its pH stability, low cost, fascinating electronic properties and anticipated synergistic 

effect that dramatically alter surface properties of materials to favour electrocatalysis. 

Literatures report the multifunctional biological activities as well as the electrocatalytic 

properties of nickel Schiff bases complexes and hence nickel has considered for the research. 

1.4.2 Copper 

Another 3d transition metal, copper, is a natural element which is essential to all forms of life 

and after iron and zinc, it is the third most abundant trace element found in the human body. It 

was first to be an essential biological element in 1920s when anemia was found to result from 

copper deficiency in animals and the addition of copper salts improved this adversity. Copper 

also serves as a catalytic component in many enzymes like galactose oxidase (GO), laccases, 

hemocyanin, cytochrome c oxidase, superoxide dismutase, etc. Its coordination chemistry is 

limited to its two accessible oxidation states, +1 and +2. The +1 oxidation state has a 

diamagnetic d10 electronic configuration and forms complexes without any crystal field 

stabilization energy. These complexes are biologically relevant due to its reductive activation 

towards molecular oxygen. The +2 oxidation state exists as a d9 electronic configuration which 

favours coordination with various ligands and the resulting complexes assume square planar to 

distorted octahedral geometries. Crystal field stabilization energy of the complexes makes them 

less labile towards ligand exchange phenomenon and is regarded as the best candidate for 

catalytic activities due to their facility of preparation, flexibility, capability of stabilizing 

unusual oxidation states and successful performance in mimicking particular geometries 

around metal centres. A large number of Cu(II) Schiff base complexes acting as homogeneous 

catalyst in versatile catalytic reactions exist in the literature and hence in this research, copper 

has drawn particular attention for catalyst design. 
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1.5 Applications of Schiff Base Metal Complexes 

 

Figure 1.13: Various applications of transition metal Schiff base complexes. 

1.5.1 Metal Organic Framework in detection of Pesticides: 

In recent years, a noticeable demand for agricultural productivity has been realized due to the 

rapid population growth and economic development. To fulfil this demand, development of 

genetically superior, hybrid seeds, advancement in cultivation science and efficient utilization 

of potent pesticides become a significant challenge for humankind.1.83a,b Pesticides are 

synthetic compounds which are essential and indispensable in agriculture to meet the 

requirement of feeding. Generally chemical pesticides are highly used to protect crops for the 

purpose of increasing agricultural productivity.1.84a,b But it has been noticed that nearly 1% of 

the total applied pesticides are literally used by the targeted species and rest of the 99% applied 

pesticides are bioaccumulated through the food chain.1.85a,b In general, pesticides are classified 

according to their chemical structures, for example, organophosphorus, organochlorines, 

carbamates, chlorophenols, and synthetic pyrethroids (Scheme1.2).1.86 Among them, 

organophosphate pesticides have emerged as one of the most widely utilized pesticides in the 

whole world due to its high toxicity, strong selectivity, short residual period, high efficiency 

and rapid degradation.1.87a,b Owing to high toxicity, the pesticide residues produced in 

agricultural products, water and soil lead to safety hazards.1.88a-f Inhalation through the 

respiratory system, skin penetration upon dermal exposure, eye and oral exposures are the well-

defined paths of pesticide toxicity (Figure 1.14). All these lead to short-term health issues like 

nausea, eye and skin irritation, headache, dizziness and chronic diseases like asthma, cancer, 

diabetes, neurological disorders.1.89a,b 
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Figure 1.14: Exposure routes and various detecting strategies for pesticides. 

Therefore, development of novel and effective techniques for swift and dependable 

quantification as well as detection of pesticides in different environmental matrices (e.g., 

surface waters and wastewater) is critical to ensure public safety and security. The conventional 

detecting methods include gas chromatography (GC),1.90 high-performance liquid 

chromatography (HPLC),1.90 capillary electrophoresis,1.91a,b Potentiometry,1.92a,b and flow 

injection spectrophotometry.1.93 However, these conventional methods have some limitations 

including high analytical costs, time-consuming procedures (in sample preparation and pre-

treatment), and sophisticated instrumentation.1.94 Thus, growing demand has been observed for 

reliable and quick methods for detecting various pesticides in environmental samples and this 

has been partially achieved by using various sensing methodologies.  

In recent years, immense attention has been received by the wide application range of porous 

materials owing to prominent surface properties.1.95 Metal–organic frameworks (MOFs), also 

called porous coordination polymers (PCPs), form a fascinating class of highly ordered 

crystalline coordination polymers that are self-assembled by the combination of metal 

ions/clusters and organic bridging linkers/ligands linkers connected via coordination bonds. 

(Figure 1.15).1.96a,b This coordination of metal clusters/ions with ligands results in the 

formation of extended infinite networks. In 1995, the concept of MOF was first introduced by 

the Yaghi group.1.97 Till date different varieties of MOFs were reported in the literature with 

designed structural, electrical, optical, magnetic and catalytic proper ties by choosing 

appropriate metal ions and organic ligands (Scheme1.3).1.98 
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Scheme 1.2: The categories and names of various pesticides. 

 

Figure 1.15: Schematic representation of formation of MOF. 

Owing to their robust 3D architecture, tight packing and unique properties i.e. mesoporous 

nature, high specific surface area, permanent porosity, tailorable pore size, high density of 

active sites, outstanding thermal stability and facile conjugation with the guest species. 

Considering this structural property-functional capability relationship, the design of MOF can 

result into the construction of new MOFs that are highly efficient for a diverse range of 

applications.1.99a-x 
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Scheme1.3: Structure of common organic ligands used in the synthesis of MOFs. BDC: 1,4-

benzene dicarboxylic acid, BTC: 1,3,5-benzene tricarboxylic acid, H3 Imdc: 4,5-imidazole 

dicarboxylic acid, BPDC: biphenyldicarboxylic acid, 4,4′BPy: 4,4′-bipyridine, BPEE: 1,2-

bis(4-pyridyl)ethylene. 

 

Figure 1.16: Various characteristics of MOF. 

Moreover, diverse structure, high surface area, reversible adsorption and tunable chemical 

functionalization of MOFs make them potential sensing candidates in chemical sensors.1.100 

The physical, chemical and structural changes in MOF upon adsorption of guest molecules 

have been utilized for detection of different types of analytes, including anions, metal ions, 

small-molecules, nitroaromatics, bio-chemicals, volatile organic compounds and specially 

pesticides.1.101a-d The methods working individually or simultaneously for selective adsorption 
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of pesticides by MOFs include hydrogen bonding interactions, π- π interactions, electrostatic 

interactions, breathing effects, adsorption onto coordinatively unsaturated sites, size–sieving 

effects (Figure 1.17).1.102a,b In recent years, combination of various properties of MOFs 

including luminescence and porosity also makes them potential candidates for detecting 

pesticides. In 2014, the first MOF-based probe was introduced by Li and co-workers to detect 

pesticides with high sensitivity and selectivity.1.103 Thereafter, MOFs have been utilized as one 

of the most promising and excellent probe materials to detect various pesticides. 

 

Figure 1.17: Schematic diagram of possible mechanisms for removal of hazardous materials 

via MOFs. 

To understand the interactions between analytes and MOF-based materials more thoroughly, 

theoretical calculations such as density functional theory (DFT)1.104a,b and molecular 

simulation1.105 are used. Both of these tools provide the information regarding to the force, 

structural and total energy information along with the charge density of the system for the 

adsorption reactions that cannot be given by the current spectroscopic and experimental 

methods.1.106a,b These results are helpful for designing the structure of MOFs and optimizing 

their adsorption performance. 

Between theses two tools mentioned above, DFT , a most important theoretical tool to explain 

the experimental results and spectroscopic analysis at the atomic level.1.107a-f Another 

advantage of DFT calculations is that it can provide information about the most stable 

adsorption structure, system charge density as well as total adsorption energy,1.108a,b which are 

essential for the identification of underlying mechanisms.1.107c Several studies have been 

reported in the literature where DFT calculations have been used to explain experimental 
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adsorption phenomena.1.109a-f The limitation of the use of DFT is it’s long processing time and 

the energy comparison between the optimized structures remains less accurate. 

Molecular simulations is another technique which can provide information regarding to the 

positions and potential energies of all the adsorbates during the adsorption process, which is 

not accessible easily by experimental techniques. Moreover, it can also predict macroscopic 

phenomena, such as adsorption heats and adsorption isotherms. To date, this technique has 

been widely used to predict gas adsorption onto MOFs.1.110a-e Nalaparaju et al. conducted a 

molecular simulation for the first time for the exchange of Pb2+ ions with Na+ ions in Na-rho-

ZMOF at 298 K.1.111 Till date, there have been fewer application of molecular simulations 

reported in characterizing the metal ion adsorption on MOF-based materials.1.112a,b The factor, 

long computational time, limits its application. 

Habila et al1.113 reported a copper-benzyl tricarboxylic acid based metal organic frameworks 

(Cu-BTC-MOFs) which was characterized with SEM, EDS, XRD, FTIR and surface area 

analysis. Cu-BTC-MOFs has shown a high efficiency as an adsorbent for enrichment of 

malathion by dispersive solid phase microextraction (DSPME) from food and water samples. 

This can be attributed to the unique structure of the MOFs where the metal centre (copper) and 

benzene tricarboxylic-ligand are well organized and act as suitable matrix for 

adsorption/desorption of malathion. After performing the microextraction procedures, 

malathion was determined by ultra-performance liquid chromatography-tandem mass 

spectrometry. The microextraction procedures showed a detection limit of 4.0 µg L-1 and the 

quantification limit of 10.0 µg L-1. For malathion, the optimum recoveries from aqueous 

solution were obtained at pH 6 and with using 2 mL of ethyl acetate as the eluent. The absolute 

recovery% was found to be  92% when the feasibility of the proposed method was determined 

by evaluating the addition/recovery studies of malathion from the real samples. Furthermore, 

the recovery% was obtained in the range of 93%-100% when some ions were tested as co-

interfering ions. Thus they confirm that the developed microextraction procedure based on Cu-

BTC-MOFs as extractor for dispersive solid phase microextraction is independent of matrix 

and it can be applied for various real samples including different matrix or various malathion 

content.  

Bhardwaj et al1.114 reported for the first time the thin film assembly of silica-coated water-

stable copper-MOF, Cu3(BTC)2 [Cu3(BTC)2@SiO2, BTC] on a conducting substrate of 

NH2−BDC [NH2−BDC] doped polyaniline. These thin films were further bioconjugated with 

antiatrazine antibodies to create a novel immunosensing platform. They found its application 
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in the sensitive conductometric sensing of atrazine (2-chloro-4-ethylamino-6- isopropylamino-

s-triazine), an extensively used pesticide for agricultural purpose. They have investigated 

various structural and spectral characteristics of the synthesized material and its bioconjugate. 

Atrazine was detected by these MOF thin films with a high sensor sensitivity (i.e with a very 

low limit of detection at 0.01 nM) along with a high specificity in the presence of diverse 

pesticides such as endosulfan, parathion, paraoxon, malathion, and monochrotophos. 

Abdelhameed et al1.115 reported the effectiveness of copper-based metal–organic framework, 

Cu-BTC, also called HKUST-1 (chemical formula Cu3(BTC)2) as an adsorbent for removal of 

organophosphorus insecticide 14C-ethion from wastewater. The synthesized product was 

characterized by SEM, EDS, XRD, FTIR. They have performed equilibrium and kinetic 

experiments under different operating conditions (sorbent dose, temperature and pH), followed 

by their rigorous modeling and analysis. At pH = 7, temperature = 25 ⁰C, time = 150 min, 

ethion concentration = 75 mg L-1, and Cu-BTC dose = 0.425 g L-1, they found the sorbent 

capacity of ca. 122 mg g-1 and removal of 94% of 14C-ethion from aqueous solution. They have 

also observed that 14C-ethion/Cu-BTC isotherms show two plateaus (BET type IV) and are 

reliably represented by Brunauer–Deming–Deming–Teller and Zhu–Gu models with 

deviations of only 1.99 and 3.95%, respectively. Finally, FTIR and simple pore size 

considerations reveal the fundamental understanding of the adsorption mechanism which states 

that the ethion molecule coordinates to two copper(II) atoms across the MOF channel via the 

phosphoryl (P–O) group. They have also performed the reusability tests showing that Cu-BTC 

was stable and maintained good adsorption performance over six cycles. Thus they claim Cu-

BTC MOFs as a promising material for removing pesticides from wastewater. 

Liu et al1.116 reported fabrication of an attractive magnetically controlled Cu-MOF-based 

aptasensor for rapid determination of chlorpyrifos (CPF). This aptasensor has been prepared 

by the attachment of the colorimetric labels onto the magnetic carrier by the hybridization 

reaction between aptamer and the complementary DNA. They have achieved chlorpyrifos 

detection by monitoring the changes in the color of the TMB/H2O2 solution before and after 

incubation of this aptasensor with chlorpyrifos via exposure to external magnetic force. The 

most important characteristics of this aptasensor are it’s high sensitivity and selectivity towards  

CPF over other interfering pesticides. It showed a detection limit of 4.4 ng/mL with a linear 

range of 0–1250 ng/mL under the optimal conditions. They have applied this aptasensor 

successfully for the spiked test of chlorpyrifos in vegetable and fruits samples with good 

recovery, which were in good agreement with GC-MS analysis data. They have also observed 
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that combination of Cu based MOFs with Fe3O4 nanoparticles not only leads to the 

development of facile and efficient phase separation, but also expands the MOF’s target scope 

from glucose or H2O2 to pesticides. 

Liu and coworkers1.117 prepared a magnetic Cu–benzene-1,3,5-tricarboxylate (BTC) MOF (M-

MOF) using a Fe4O3–graphene oxide–β-cyclodextrin nanocomposite as the magnetic core and 

support. The obtained M-MOF has been characterized, and its adsorption capacity was 

investigated based on isotherm experiments, adsorption kinetics and adsorption model analysis. 

They have found that the M-MOF has a large Brunauer–Emmett–Teller surface area of 250.33 

m2 g−1 and high super-paramagnetism with saturation magnetization of 10.47 emu g−1. This is 

used for rapid adsorption and removal of neonicotinoid insecticide pollutants in tap water 

samples. The insecticides have hydrophobic groups, nitrogen-containing groups and 

delocalized large π bonds from their benzene rings or five-membered heterocycles. M-MOF 

can therefore adsorb neonicotinoid via interactions between functional groups and the MO. 

Moreover, supramolecular recognition of Fe4O3–GO–β-CD and the hydrophobic inner cavities 

significantly enhance the adsorption capacity and rate of M-MOFs for neonicotinoid 

insecticides. 

Heidarbeigi et al1.118 reported copper-benzene-1,4-dicarboxylic acid metal-organic framework 

(Cu-BDC) which was directly synthesized for the first time on a helical copper wire and used 

as a sorbent for stir-bar sorptive extraction (SBSE) of fenthion from water and fruit samples. 

The sorbent (Cu-BDC) was fabricated on a helical shape copper wire by a fast and simple in-

situ growth method, first step of which involves the chemical conversion of copper substrate 

to copper hydroxide NTs performed in an alkaline solution followed by formation of Cu-BDC 

through a neutralization reaction. CD-IMS in positive mode was applied for the detection of 

the analyte (fenthion). They have investigated some synthesis and extraction parameters 

affecting the extraction efficiency such as concentration of benzene-1,4-dicarboxylic acid, 

ionic strength, sample pH, extraction temperature, stirring rate and extraction time to attain 

high extraction efficiency. Under optimal conditions, it showed a detection limit of 0.1 μg L−1 

with the linear dynamic range of 0.5-80 μg L−1 for analyte determination. The applicability of 

the method was investigated for the analysis of different samples such as well water, 

agricultural wastewater and orange and it showed good efficiency with recovery > 88% for the 

extraction of fenthion from the real samples. 
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1.5.2 Schiff Base Metal Complexes as Catalyst in Biological Activity: 

Another important area of Co-ordination chemistry is “Bio-inorganic chemistry” which 

involves the biological processes and development of new drugs. Over the past decades, the 

interactions between bio-macromolecules and drugs get special interests of biology and 

chemistry researchers.1.119 Particularly considerable interest had been developed in the 

preparation and characterization of Schiff Base-transition metal complexes to check the role of 

metal active sites in several catalytic biological processes. Transition metal complexes with 

Schiff Base ligands are most suitable choice in this field as they can regulate the metal uptake, 

trafficking and excretion in biological systems, which may limit the side effects and provide 

better activities in drug resistance cells.1.120 These biologically active derivatives possess 

various bio-medicinal properties, including antibacterial, antifungal, antioxidant, anti-

inflammatory, antitumor, anticancer and herbicidal activities.1.121a-h 

 

Figure 1.18: Biological applications of Schiff base metal complexes. 

For the past few decades, people have been suffering from cancer, the most fatal diseases in 

the world. It refers to a class of multigenic disease characterized by a variety of genetic and 

epigenetic alterations and it can be treatable by preventing the rapid proliferation of cancer 

cells for which the replication of DNA is to be arrested.1.122 Cisplatin was the first metal based 

drug that emerged in the late 19th century and the efficiency of this complex as a potent 

anticancer drug opened the gate of unexplored world of metal-based chemotherapeutic 
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agents.1.123 Despite the clinical success of cisplatin, the challenges for utility of this metal-based 

drug still remain due to severe systemic toxicity, intrinsic drug resistance and high cost 

issues.1.124a-c Therefore, for the clinical therapy, more effective, target specific, less toxic, and 

preferably non-covalently binding cisplatin derivatives have been developed.1.125a-e 

Nickel is one of the most essential elements for biological systems as it lies at the active site of 

various enzymes like urease, carbon monoxide dehydrogenase, hydrogenase and methyl-S-

coenzyme M reductase.1.126a-d Ni(II) complexes with various geometries such as tetrahedral, 

square planer, trigonal bipyramidal, square pyramidal, octahedral, etc have been developed 

over a long period of time.1.127 It has been reported in literature that nickel complexes with 

these various geometries exhibit a variety of biological activities, such as antiepileptic, 

anticonvulsant agents, antibacterial, antifungal, antimicrobial, vitamins and 

anticancer/antiproliferative activities.1.128a-m 

 

Figure 1.19: Schematic representation of various binding modes of DNA. 

Recently, Ni(II) complexes are utilized as potential anticancer drugs and sometimes these 

complexes are more useful than the well-known cisplatin.1.129The literature revealed that Ni(II) 

complexes enter into a cell by phagocytosis, travel to the nucleus, and cause oxidative breakage 

in DNA strand, DNA-DNA cross-links and DNA-protein cross-link. The metal ion is known 

to bind well to guanine via the N7 nitrogen atom of the purine’s imidazole ring. Such binding 

is thought to be responsible for the fact that sub millimolar concentrations of Ni(II) will cause 

conformational change in DNA, i.e from the right-handed B helical form to a left-handed Z 

helical form.1.130 All of these observations collectively suggest that Ni(II) coordination 

compounds would display interesting binding and cleavage reactivity with nucleic acids. Thus 
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investigation of the interaction between Ni(II) complexes and DNA plays an important role in 

molecular biology as well as in cancer healing.1.131a-e 

DNA, related to the replication, transcription, mutation of genes, has been identified as a 

primary intracellular target for anticancer drug design. It has been considered as the most 

promising biological receptors for the development of chemotherapeutic agents as many small 

molecules show anticancer activities by binding with DNA. This alters DNA replication, 

blocks the division of cancer cells and causes the cell death.1.132 Molecules can bind to DNA 

through various non-covalent interactions such as groove binding, intercalation and non-

specific electrostatic surface binding (Figure 1.19). An understanding on the binding modes of 

the complexes to DNA would give the understanding of the biochemical mechanism of action 

of the metal complexes.1.133 It has been observed that by changing both the ligands and metal 

ions, it is possible to modify the interaction mode of the complex with nucleic acids.1.134a-c 

Thus, to design transition metal complexes as effective chemotherapeutic agents, it is essential 

to investigate the interactions of the transition metal complexes with DNA.1.135a,b The potential 

binding ability and the nature of binding of the metal complexes with DNA are investigated by 

the tools mentioned in Scheme 1.4. 

On the other hand, investigation of the interactions of metal-based drug with serum proteins 

have attracted much attention in the transport and metabolism of drug in blood under 

physiological conditions.1.136 In particular, HSA is the most explored one. It is the most 

abundant and most versatile protein present in the human plasma acting as the most versatile 

transporter and disposer of various endogenous and exogenous molecules.1.137a-e Interaction of 

a drug with a protein forms a stable protein–drug complex, which plays an important effect on 

the distribution, metabolism and the efficacy of the drug.1.138 It has been observed that binding 

of a metallodrug to albumin brings about an increased drug solubility in plasma, decreased 

toxicity and protection against oxidation of the bound drug.1.139 Thus, the decrease in toxicity 

and immunogenicity makes HSA an ideal choice for drug delivery agent. Another important 

role of HSA is to scavenge free radicals as an antioxidant and to maintain the osmotic blood 

pressure. Furthermore, this serum protein is known to accumulate in tumors and serves as 

carrier conjugate of various organic anticancer drugs viz., chlorambucil, doxorubicin and 

paclitaxel.1.140 Therefore, investigation on the protein binding of drugs has imperative and 

fundamental importance for assessment of the therapeutic efficacy of the drug and its delivery 

towards the target cells at molecular level. 
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Scheme 1.4: Tools used for the investigation of the potential binding ability and the nature of 

binding of the transition metal complexes with DNA. 

Scheme 1.5: Tools used for the investigation of the potential binding ability of the transition 

metal complexes with HSA. 

Patra et al1.141 synthesized two almost identical square planer neutral complexes [Ni(L1)2] (Ni-

1) and [Ni(L2)2] (Ni-2) [where, HL1 = 2-[(2-Methoxy-ethylimino)-methyl]-phenol and HL2 = 

2-Methoxy-6-[(2-methoxy-ethylimino)-methyl]-phenol]. Their structures were confirmed by 

single-crystal XRD study (Figure: 1.20). Geometry optimization of these two complexes using 

functional B3LYP were also in good agreement with the structural results obtained from the 

XRD study. The interesting structural feature of the complexes is the presence of C-H…π 

interactions which results 2D and 1D supramolecular network in complexes Ni-1 and Ni-2, 

respectively.  

Interaction of complexes with calf thymus DNA (CT-DNA) was investigated indicating the 

intercalative binding mode of the complexes with CT-DNA. The calculated intrinsic binding 

constant values with CT-DNA are (1.43 ± 0.56) x 106 M-1 (for Ni-1) and (1.25 ± 0.79) x 106 

M-1 (for Ni-2). Furthermore, interaction of the complexes with BSA and HSA were studied by 

various spectroscopic techniques. The results revealed that the complexes interact with albumin 

proteins through ground state association mechanism. 
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Figure 1.20: Crystal structures of complex Ni-1 and Ni-2. Hydrogen atoms are omitted for 

clarity. 

Jana et al1.142 discussed synthesis of one mononuclear Ni(II) complex [Ni(L′)2](ClO4)2, where 

L′=Piperidine-2-yl-N-(pyridine-2-ylmethylene)methanamine, complex Ni-3, along with its 

DNA binding, cell viability, H2O2 sensing, antibacterial properties and photo catalytic activity. 

The single crystal XRD study showed that the Ni(II) ion in this complex possesses an 

octahedral geometry (Figure 1.21). 

 

Figure 1.21: Crystal structure of complex Ni-3. Hydrogen atoms are omitted for clarity. 
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The antibacterial study for metal salt, ligand and complex was performed using Staphylococcus 

aureus. The results indicated that complex Ni-3 possesses very good antibacterial property. The 

complex is also efficient in binding DNA through partial intercalation as well as minor-groove 

binding. It has been confirmed by molecular docking study performed with B-DNA model 

sequence. Moreover, the cell viable activity of the ligand along with the nickel complex was 

measured in vitro against the Hela cell and it showed that the complex is biocompatible in 

nature. 

Kim et al1.143 synthesized a novel nickel(II) complex Ni-4 having a pyrrolyl-iminophosphine 

(PNN) pincer. The molecular structures of complex Ni-4 were established by single-crystal 

XRD study, demonstrating a distorted square planar geometry around the nickel centre 

comprising two 5-membered metallacyclic rings (Figure 1.22).Cytotoxicity study of the 

complex was carried out with (a) A549 (lung), (b) SK-OV-3 (ovarian), (c) SM-MEL-2 (skin), 

and (d) HCT15 (colon) human cancer cell lines by using SRB assay. They used cisplatin as a 

positive control. IC50 values observed were greater than 30 for each case. 

 

 

Figure 1.22: Crystal structure of complex Ni-4. Hydrogen atoms are omitted for clarity. 

Venkateswarlu et al1.144 synthesized a mononuclear nickel(II) complex Ni-5 with a bidentate 

O,N donor Schiff base ligand. The structure of complex Ni-5 has been confirmed by single 

crystal XRD study which demonstrated that the metal centre is in square planar geometry. 

The ethidium bromide displacement assay and absorption spectral titrations confirmed that the 

complex can bind DNA prominently through the intercalative mode with the intrinsic binding 

constant (Kb) 7.79×103 M−1. Gel electrophoresis also showed that the complex can induce 
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double strand breaks of supercoiled pBR322 plasmid DNA through both photolytic and 

oxidative pathways. 

 

Figure 1.23: Crystal structure of complex Ni-5. Hydrogen atoms are omitted for clarity. 

It exhibited significant cytotoxic effects towards the human breast adenocarcinoma cell line 

(MCF-7) (IC50 = 64.54 ± 0.25) and the oral carcinoma cell line (KB3) (IC50 = 75.07 ± 0.83). 

Moreover, the complex is capable of inhibiting the growth of bacteria to a fairly good extent. 

Thus, they suggested that the complex can possibly be useful for the design and synthesis of 

new metal-based drugs by tuning various different factors. 

Keypour et al1.145 reported two mononuclear nickel(II) complexes, Ni-6 and Ni-7, which differ 

in the geometry around the metal centre and also in arm lengths of the ligands. The single 

crystal X-ray diffraction study revealed that the Ni(II) ion in complex Ni-6 has a distorted 

square-planar environment whilst this ion has distorted octahedral environment in complex Ni-

7 (Figure 1.24).  

They observed that the variation of the arm lengths of the ligands has an important impact on 

the formation and structure of the complexes. The DNA cleavage study has been carried out 

with these complexes. But both the complexes failed to show any cleavage activity on the 

pBR322 DNA without H2O2. However, these complexes showed antibacterial effects against 

three Gram-positive bacteria, three Gram-negative bacteria and three yeast, Candida krusei 

ATCC 1424, Candida albicans ATCC 10231 and Candida tropicalis ATCC 13803. 
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Figure 1.24: Crystal structure of complex Ni-6 and complex Ni-7. Hydrogen atoms are 

omitted for clarity. 

Wei et al1.146 synthesized two hexacoordinated octahedral nickel(II) complexes, [Ni(o-van-

gln)(phen)(H2O)](Ni-8) and [Ni(sal-gln)(phen)(H2O)](Ni-9) [where, o-van-gln = a Schiff base 

derived from o-vanillin and glutamine, sal-gln = a Schiff base derived from salicylaldehyde 

and glutamine, phen = 1,10-phenanthroline]. The crystal structures of the two complexes 

confirmed the distorted octahedral coordination geometry (Figure 1.25). An interesting feature 

observed for each crystal is formation of a two-dimensional network structure by 

intermolecular hydrogen bonds. 

 

Figure 1.25: Crystal structure of complex Ni-8 and complex Ni-9. Hydrogen atoms are 

omitted for clarity. 

The DNA binding study revealed that both of these complexes are capable of bindind calf 

thymus DNA via an intercalative mode. The obtained intrinsic binding constants (Kb) and the 

numbers of binding sites (n), 1.01×105 and 1.05 for complex Ni-8 and 7.85×104 M−1 and 0.997 
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for complex Ni-9 indicated that the former exhibits higher interaction with CT-DNA than the 

latter. Furthermore, the interactions between the Ni(II) complexes with BSA have also been 

investigated by spectroscopic studies. The results showed that both the complexes can quench 

the intrinsic fluorescence of BSA in a static quenching process. Site-selective competitive 

binding investigation revealed that the binding sites of the two complexes located in site I in 

sub-domains IIA of BSA. Assay of SOD activity of the Ni(II) complexes showed that they 

exhibit significant superoxide scavenging activity with IC50 values of 3.4 × 10−5 M for complex 

Ni-8 and 4.3 × 10−5 M for complex Ni-9. From the observations they concluded that these two 

nickel(II) glutamine Schiff base complexes, which can affect the structural changes on DNA 

and bind to BSA, can act as the potential anticancer drugs. 

Mukherjee et al1.147 investigated DNA and HSA binding study of a mononuclear nickel 

complex, Ni-10, [NiII(H2pydmedpt)]2+.2Cl−, which was prepared by the in situ reaction of 

pyridoxal (pyd), a vitamer of vitamin B6, medpt and nickel(II) acetate. The structure of complex 

Ni-10 was established by single crystal XRD study which indicated that the binding of the 

Schiff base ligand to the metal centre involved two imine nitrogens, two phenolato oxygens 

and one amine nitrogen (Figure 1.26). It also revealed that the coordination geometry around 

the nickel atom is intermediate between square-pyramidal and trigonal-bipyramidal. The 

interesting feature observed in the crystal is the formation of supramolecular one dimensional 

chain structures that are stabilized by π–π stacking and hydrogen bonding interactions. 

 

Figure 1.26: Crystal structure of complex Ni-10. Hydrogen atoms and one molecule of 

symmetry equivalent water of crystallization are omitted for clarity. 
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The competitive binding of complex Ni-10 with DNA was studied in the concentration range 

of 40 to 400 μM and apparent binding constant was determined as 6.7 × 103 M−1. On the other, 

HSA binding study was carried out at concentrations of 800–1000 μM and 400–500 μM for 

the complex and HSA, respectively, in PBS buffer at pH 7.4. But in this case, no binding was 

observed, instead, hydrolysis of the complex took place under the experimental conditions used 

and the resulting Ni2+ ions bound with HSA. 

1.5.3 Schiff Base Metal Complexes as Catalyst 

Schiff base complexes of transition metal ions show high catalytic activity both in 

homogeneous and heterogeneous media resulting the enhancement of the yield and product 

selectivity. The convenient synthesis route and thermal stability of Schiff base ligands have 

significant contribution in their possible applications in catalysis as metal complexes.1.148 The 

activity of these Schiff base metal complexes varies with the various type of ligands 

coordinated, number of coordination sites and nature of the metal ions. In chemical literature, 

the catalytic activity of such metal complexes has been reported in various different reactions 

as given in the Figure 1.27.  

 

Figure 1.27: Various reactions catalyzed by metal Schiff base complexes. 

1.5.3.1 Oxidation reaction 

From scientific and practical view point, oxidation process is very important without which  

life would not exist. In modern organic chemistry, selective catalytic oxidations have been the 

focus of extensive investigation and their importance has been highlighted in terms of Nobel 
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Prizes. Schiff base metal complexes have the ability to bind oxygen and hence they are chosen 

as the potential catalysts for the oxidation of various organic compounds. 

Among various transition metals, copper is cheap and widespread in nature. Detailed 

investigation, supported by chemical literature, revealed that copper Schiff base complexes 

possess excellent catalytic activity in various oxidation reactions1.149a-c such as oxidation of 

alkane,1.150a-f alkene,1.151a,b sulfide,1.152 catechol,1.153a,b alcohol1.154a,b etc. and deserve themselves 

as an efficient catalyst in this field.  

1.5.3.1.1 Oxidation of Alkanes  

In numerous areas including homogeneous catalysis, bioinorganic, and green chemistry, the 

search for efficient, mild and direct routes for oxidative functionalization of alkanes to 

industrially valuable products constitutes a subject of high relevance. A promising approach is 

made on the design and development of new copper (II) complexes which, with an appropriate 

oxidizing agent, are capable to convert alkanes into different oxidation products (alkyl 

hydroperoxides, alcohols, aldehydes, ketones or carboxylic acids) under mild conditions. In 

this regard, Pombeiro et al. reported a landmark work on oxidation of cyclohexane catalyzed 

by copper. 1.150a After that a number of copper complexes were employed as the catalyst for 

such oxidation reactions.1.155  

1.5.3.1.2 Oxidation of Alkenes 

Alkenes, a primary petrochemical source, are another privileged building blocks in organic 

synthesis. They are converted into corresponding epoxides as the main product by copper 

complexes as the catalyst using various oxidants such as molecular oxygen, hydrogen peroxide, 

tert.-butyl hydroperoxide etc.1.156a-d Catalytic epoxidation of the alkene is one of the important 

industrial reactions for the production of a wide variety of fine chemicals.1.157a,b Thus catalytic 

olefin epoxidations become an important topic of research in both organic synthesis and 

bioinorganic modelling of oxidase. 

1.5.3.1.3 Oxidation of Sulfides 

Recently, considerable interest in sulfoxide compounds has been increased as sulfoxide 

derivatives have a wide range of important potential applications as convenient precursors or 

intermediates in the preparation of natural products and valuable physiologically and 

pharmacologically active molecules. They also act as an important integral and supplementary 

parts in many pharmaceutical and biological active molecules such as omeprazole and 

fipronil.1.158a-j Therefore, it is of current interest to develop economically and environmentally 

more sustainable procedures for the preparation of this sulfoxide functionality. Sulfides are 
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important substrate source for the synthesis of sulfoxides. Schiff base metal complex catalyzed 

synthesis of sulfoxide from sulfide has been widely developed using ‘‘green oxidants’’ like 

hydrogen peroxide.1.159a-c Chemical literature reported that copper Schiff base complexes as 

the catalyst can give a good yield and selectivity for common sulfides.1.160a-e 

1.5.3.1.4 Oxidation of Catechol 

Catechol oxidase, also known as catecholase, is a plant-based enzyme having an 

antiferromagnetically coupled dicopper(II) center. It catalyzes the oxidation of catechols to the 

corresponding quinones in the presence of aerial oxygen to protect the plant from damage 

caused by insects and pathogens.1.161 The catechol oxidation reaction is commonly used in the 

determination of hormonally active compounds like adrenaline, catecholamines, dopamine and 

noradrenaline.1.162 Researchers have developed metal complexes of Schiff bases which imitate 

the function of catecholase.1.163a-c It is well documented that copper Schiff base complexes 

serve as efficient catechol oxidase models.1.164a-c 

1.5.3.1.5 Oxidation of Alcohol 

The aerobic alcohol oxidation catalyzed by metal Schiff base complexes provides one of the 

most promising green chemical pathways to a class of valuable chemicals including lactones, 

aldehydes or ketones, which therefore, represent one of the most critical organic 

transformations in current synthetic chemistry.1.165a,b This can be achieved by following several 

methods and using different reagents.1.166 The classical methodology involves t  he 

stoichiometric use of heavy metals, notably Cr and Mn,1.167 containing toxic and/or hazardous 

oxidizing agents.1.168 Alternatively metal-free oxidation, such as the Swern and Pfitzner-Moffat 

protocols, involves moisture-sensitive oxidants and environmentally undesirable reaction 

media, such as chlorinated solvents.1.169 The atom economy of these methods is also extremely 

disadvantageous. Therefore, use of appropriate catalyst for such transformation is an alternative 

option in terms of environmental pollution and economy. In the search for new catalysts, Cu-

based systems constitute an attractive alternative1.170a,b as copper is a inexpensive, non-toxic 

metal and presents in many enzymes which are involved in the alcohol oxidation.  

Galactose Oxisdase: Biomimetic Systems for Alcohol Oxidation 

Development of ‘bioinspired’ or ‘biomimetic’ metal based redox-catalysts is one of the popular 

topics of research nowadays. Undoubtedly galactose oxidase (GO) forms the most appealing 

example for this biocatalytic alcohol oxidation.1.171a,b Galactose oxidase (GO)  is a fungal 

enzyme (68 kDa) which acts as a broad-spectrum catalyst for the two-electron oxidation of 

various different primary alcohols to the corresponding aldehyde solely with the reduction of 
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dioxygen to H2O2.
1.172a,b This enzyme was first isolated in 19591.173 and its crystal structure was 

reported in 1991.1.174 

Structure of the Active Site of GO: 

The crystal structure revealed that the active site of this biocatalyst involves a mononuclear 

copper(II) species with a distorted square pyramidal geometry with Tyr495 occupying the axial 

position. Whereas, His496, His581, Tyr272 and an exogenous ligand H2O coordinate the 

copper in equatorial positions. The most striking feature of the complex is the presence of 

cross-linkage of Tyr272 to Cys228 via a thioether bond at the ortho position of the OH group, 

which presumably lowers the tyrosyl/tyrosine redox potential. This enzyme is believed to exist 

in three well-defined oxidation levels: (a) the CuII-tyrosyl radical oxidized form, (b) an 

intermediate CuII-tyrosinate form, and (c) the reduced CuI -tyrosine form. But the former and 

latter forms are only catalytically active. Both the forms (a) and (c) undergo a rapid bimolecular 

comproportionation that affords the catalytically inactive CuII-tyrosinate form.1.175 

 

Figure 1.28: Active site of galactose oxidase (GO) 

Catalytic mechanism of GO 

The catalytic mechanism of galactose oxidase has been extensively studied (Figure 1.29).1.176 

a-k At first, the active species A coordinates to the primary alcohol leading to the formation of 

the metal-phenoxyl radical complex B. Then it abstracts proton from the substrate by the axial 

tyrosinate (Tyr495) followed by a rapid intramolecular electron transfer from the intermediate 

ketyl radical anion with reduction of Cu(II) to Cu(I) (complex C). Complex C then reacts with 

dioxygen to form the hydroperoxo copper(II) (complex D) and the aldehyde is liberated. 

Finally, the active form of the enzyme GO is obtained by releasing dihydrogen peroxide.  
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Thus, galactose oxidase has been the major source of inspiration for scientists over the last two 

decades in designing an efficient copper catalyst for the oxidation of alcohols and excellent 

ample examples have been reported in the literature.1.177a-f 

 

Figure 1.29: Proposed catalytic cycle of galactose oxidase.1.176a,b  

Bio-inspired Copper(II)-Schiff base catalysts 

Stack and co-workers1.178 reported the first efficient synthetic biomimetic copper catalyst, Cu-

1, in 1998. The biomimetic copper complex showed many of the properties of galactose 

oxidase, including the catalytic conversion of an alcohol to an aldehyde. 

The synthetic complexes reported here (Figure 1.30) were synthesized from two N2O2 donors 

having a binaphthyl backbone and thioether functions, namely BSI (R1= SPri and R2= tBu ) and 

BSP (R1= SPh and R2 = tBu ). The X-ray crystal structure of one cupric complex, Cu-1, i.e 

[Cu(II)BSI], confirms the formation of a monomeric, four-coordinate, distorted square planar 

Cu(II) complex (Figure 1.30). 
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Figure 1.30: ORTEP representation (50% thermal ellipsoids) of the X-ray crystal structure of 

Cu-1. Inset: Structure of the N2O2 ligand designed to mimic the active site of galactose oxidase 

upon coordination with copper(II) ion. 

Table 1.3: Turnovers achieved in the [CuII(BSP)]- and [CuII(BDB)]-catalyzed oxidation of 

alcohols at room temperature.1.178 

aTypical conditions: 0.05 mol% Cu-complex, 0.2-0.5 mol% base, 1atm O2, RT, 20 h. 
b0.01 % catalyst and 2 % base. 
c0.005 mol% catalyst and 0.2 mol% base. 

 

These complexes were used as efficient catalysts to convert allylic and benzylic alcohols to 

their respective aldehydes or ketones in the presence of a basic co-catalyst, i.e., lithium or 

sodium methoxide (Table 1.3).1.178 It reveals that a TON of 1300 was achieved by using 0.01 

to 0.06 % of the [CuIIBSP] coordination compound as catalyst and here the corresponding 

aldehydes were the final products. The oxidation reactions were also performed in acetonitrile, 

Catalyst a TON/ Solvent-free TON/ 1.5 M solution in Acetonitrile 

Benzyl 

alcohol b 

1- 

Phenylethanol 

Benzyl 

alcohol c 

1- 

Phenylethanol 

Cinnamyl 

alcohol 

[CuIIBSP(BF4)]· 1300 - - -  

[CuIIBSP] 1300 60 400 30 40 

[CuIBSP]- 900 - - -  

[CuIIBDP] 200 30 40 30 30 
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although the catalyst is much less efficient in this solvent. The explanations of the lower 

activity of [CuIIBDB] (BDB (R1= tBu and R2= tBu), may be the followings: (1) the steric 

hindrance produced by the four bulky tert-butyl groups which hinder an easy coordination of 

the alcoholic substrate to the copper ion; (2) absence of a thioether bond which may play a role 

during the catalytic cycle of the enzyme. 

 

Figure 1.31: Proposed catalytic cycle for the biomimetic complex [CuIIBSP].1.178 

A mechanism for this reaction has also been proposed with the most effective catalyst and 

substrate, [CuIIBSP], and benzyl alcohol, respectively.The alcohol first coordinates to the 

catalyst precursor [CuIIBSP], which results in the formation of a metal-phenoxyl radical 

complex. This so formed species then undergoes the substrate Cα-H proton abstraction by the 

radical, followed by a rapid intramolecular electron transfer with reduction of Cu(II) to Cu(I). 

This is the rate-determining step. After that, the copper(I) species reacts with dioxygen and as 

a result, a hydroperoxo copper(II) is formed with the release of the carbonyl product. Finally, 

the active species is reformed (Figure 1.31).  
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1.5.3.2 Brief literature survey on catalytic oxidation with Schiff Base Copper Complexes: 

In literature, many mononuclear copper Schiff base complexes (Cu-2 to Cu-11) have been 

reported over the last two decades (Figure 1.32) which not only resemble the active-site of 

galactose oxidase structurally, but also functionally mimic the enzyme activity in carrying out 

two-electron oxidation of a wide variety of primary alcohols to the corresponding aldehydes 

under ambient conditions. The results of the catalysis are given in Table 1.4.  

 

Figure 1.32: Crystal structures of some reported mononuclear copper complexes relevant 

to metal site galactose oxidase. 

Table 1.4: Benzyl alcohol oxidation catalyzed by mononuclear copper complexes (2-11). 

Entry Catalyst Solvent Additive Temp

(°C) 

Time  

(h) 

Yield TON Ref. 

1 Cu-2 

 

CH3CN/ 

H2O 

Base 70 24 55% 275 1.179 

2 Cu-3 

 

CH3CN NMI RT 24 > 99% 

(100%) 

------ 1.180 

3 Cu-4 

 

CH3CN ------ RT 14 90% 18 1.181 
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4 Cu-5 

 

Solvent 

free 

NaOH RT 20 ------ 823 1.182 

5 Cu-6 

 

Solvent 

free 

NaOH RT 20 ------ 1036 Do 

6 Cu-7 

 

Solvent 

free 

NaOH RT 20 ------ 979 Do 

7 Cu-8 

 

CH3NO2 ------ RT 22 71% ------ 1.183 

8 Cu-9 

 

CH3CN NaOH 

and 1,2-

dichloro

benzene(

internal 

standard) 

RT 24 ------ 272 1.184 

9 Cu-10 

 

THF ------ 20 20 55% ------ 1.185 

10 Cu-11b 

 

------ KOH 40 ------ ------ 5.83 

(for 

EtOH 

substra

te) 

1.186 

bSubstrate used were ethanol, n-propanol, or hydroxyacetone 

In literature, dinuclear coppper complexes based on simple Schiff base-type N,O-ligands have 

also been reported to catalyse the aerobic oxidation of primary alcohols, suggesting the great 

potential of multimetallic copper complexes in this premises. 

Jehdaramarn et al1.187 described how appended hydroxyl groups and ligand chain length affect 

the coordination and oxidation activity of dinuclear copper complexes (Cu-12, Cu-13) namely 

[2-((Pyridin-2-ylmethylene)amino)ethanol]copper(II) chloride (Cu-12) and [3-((Pyridin-2-

ylmethylene)amino)propanol]copper(II) chloride (Cu-13) synthesized by the treatment of a 

series of (imino)pyridine ligands bearing appended hydroxyl groups, 2-((pyridin-2-
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ylmethylene)amino)ethanol (Hpyet) for (Cu-12), and 3-((pyridin-2- 

ylmethylene)amino)propanol (Hpypr) for (Cu-13) with one equiv. of CuCl2.2H2O. 

 

Figure 1.33: The ORTEP representation of Cu-12 and Cu-13 with thermal ellipsoids at the 

50% probability level. Inset: The corresponding ligands. 

The crystal structure obtained for Cu-12 shows a bidentate N,N binding with no Cu–OH 

interactions, whereas, surprisingly, a slightly longer propyl analogue gave a considerably 

different crystal structure for the dinuclear Cu(II) complex Cu-13 (Figure 1.33), as a result of 

a nucleophilic addition of the appended propyl alcohol to the aldehyde group of 2-

pyridinecarboxaldehyde. In the chloride-bridged asymmetric complex Cu-12, the copper 

centre resides in  a square pyramidal geometry (τ = 0.06) whereas in alkoxy O-bridged complex 

Cu-13 the copper centre resides in a distorted square pyramidal geometry (τ = 0.26).  

The Cu complex/Cu0 /TEMPO/Na2CO3 catalyst system generally exhibited good activity for 

aerobic oxidation of various benzyl alcohol derivatives, cinnamyl alcohol, and 2-

thiophenemethanol to benzaldehyde in H2O at room temperature. The results of the catalytic 

reactions are tabulated below: (Table 1.5) 

 

Scheme 1.6: Schematic representation of model reaction used for optimization. 
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Table 1.5: Result of catalytic aerobic oxidation by Cu-12 and complex Cu-13a 

Entry Catalyst Aldehyde Base Time 

(h) 

Converesion 

(%) 

1 Cu-12 

 

Na2CO3 16 93 

2 Cu-13 

 

Na2CO3 16 94 

3 Cu-12 

 

Cs2CO3 16 84 

4 Cu-12 

 

K3PO4 16 58 

5 Cu-12 

 

NMI 16 87 

6 Cu-12 

 

Na2CO3 16 86 

7 CuCl2 

 

Na2CO3 16 37 

8 CuCl2/Hpyet 

 

Na2CO3 16 62 

9 Cu-12 

 

Na2CO3 16 75 

10 ------ 

 

Na2CO3 16 18 

11 Cu-12 

 

Na2CO3 16 >99 
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12 Cu-12 

 

Na2CO3 16 69 

13 Cu-12 

 

Na2CO3 16 >99 

14 Cu-12 

 

Na2CO3 48 42 

15 Cu-12 

 

Na2CO3 48 51 

16 Cu-12 

 

Na2CO3 16 >99 

17 Cu-12 

 

Na2CO3 16 59 (87) 

18 Cu-12 

 

Na2CO3 16 58 (93) 

19 Cu-12 

 

Na2CO3 8 >99 

20 Cu-12 

 

Na2CO3 16 76 (>99) 

aReaction conditions: alcohol substrate (1.0 mmol), catalyst (0.025 mmol), base (0.10 mmol), 

TEMPO (0.050 mmol), four Cu0 sheets with a total area of 1 cm2 in H2O (5 mL) at room 

temperature under aerobic conditions with 0.010 mmol of anisole as an internal standard. 

 

Czepa et al1.188 reported a dinuclear copper complex Cu-14 synthesized by the treatment of 

Cu(ClO4)2.6H2O with the ligand HL having N2O-donor moiety based on benzothiazole unit.  

The crystal structure of this complex interestingly contains two different +1 charged complexes 

(Figure 1.34), one more-or-less typical monomeric CuL(CH3OH)2  and one dimeric of quite 

unique composition Cu2L2(CH3OH)2(ClO4), with one of perchlorate oxygen atoms in bridging 
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position. All three copper atoms are penta coordinated having more or less regular tetragonal 

pyramid environment around them. It is worth mentioning that the dimeric structure of complex 

Cu-14 is additionally strengthened by a pair of intramolecular OH(methanol)⋅⋅⋅O(ligand) 

hydrogen bonds. 

 

Figure 1.34: The ORTEP representation of Cu-14 [dimeric (μ-O, top) and monomeric 

(bottom)] with thermal ellipsoids at the 33% probability level. Inset: The corresponding ligand 

HL. 

The complex appeared to be highly effective catalyst in oxidation of benzyl alcohol and its 

derivatives mediated by TEMPO in aqueous media. The observed catalytic activity towards the 

benzyl alcohol and its derivatives is enlisted in the Table 1.6. 

  

Scheme 1.7: Schematic representation of model reaction used for optimization. 

Table 1.6: Result of catalytic oxidation by complex Cu-14a 

Entry Aldehyde Yield(%)b Selectivityb 

1 

 

> 99 > 99 
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2 

 

> 99 > 99 

3 

 

> 99 > 99 

4 

 

> 99 > 99 

5 

 

> 99 > 99 

aReaction condition: 0.01 mmol (1 mol% based on substrate) of catalyst, 0.05 mmol (5 mol%) 

of TEMPO, 1 mmol of substrate and K2CO3 aqueous solution (3.33 ml, 1 M), 70 °C, 1 atm, 

air; 24 h. 
bCalculated based on 1H NMR spectroscopy. 

 

Hazra et al1.189 applied the advantage of the ability of coordination of the sulfonate group of 

the acyclic Schiff base 2-[(2-hydroxy-3-methoxyphenyl)methylideneamino]benzenesulfonic 

acid (H2L) to form two diphenoxo-bridged dicopper complexes [CuL(py)]2 (Cu-15) and 

CuL(EtOH)]2.2H2O (Cu-16). The structures of these dinuclear complexes are well established 

by single crystal X-ray diffraction study (Figure 1.35). 

 

Figure 1.35: The ORTEP representation of Cu-15 and Cu-16. In between: The corresponding 

ligands. Symmetry codes to generate equivalent atoms: 1-x, 1-y, 1-z for Cu-15 and -x, 2-y, 2-

z for complex Cu-16. 

These complexes along with their salt precursor Cu(OAc)2.H2O were applied as efficient and 

selective catalysts for the homogeneous oxidation of benzyl alcohol and 1-phenylethanol to 
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benzaldehyde or acetophenone, respectively, using TBHP as oxidizing agent, under optimized 

conditions  of low power (10 W) microwave irradiation, 100 ℃, 20 min reaction time (or 150 

for benzaldehyde) and  addiitve- and solvent free medium. The catalytic data is enlisted in 

Table 1.7.  

 

  

Scheme 1.8: Schematic representation of model reaction used for optimization. 

Table 1.7: Selected data for the optimized MW-assisted addiitve- and solvent free homogenous 

oxidation of 1-phenylethanol (entries 1-4) and benzyl alcohol (entries 5-8) using Cu-15 and 

complex Cu-16a. 

aReaction conditions: 2.5 mmol of alcohol, 1µmol (0.04 mol% vs. substrate) of catalyst, 

100 ℃, 5 mmol of TBHP (2 eq. 70% in H2O), 20 min (1-phenylethanol) or 150 min (benzyl 

alcohol) of MW irradiation (10 W). 
bMoles of ketone or aldehyde per 100 moles of alcohol. 
cTOF = number of moles of ketone or aldehyde per mole of catalyst (TON) per hour. 
dMoles of ketone or aldehde per mole of converted alcohol. 

They have also proposed the possible mechanistic pathway for the alcohol peroxidative 

oxidation as presented by the following equations (1) - (6). It was reported that the oxidation 

proceeds mainly via a radical mechanism involving both carbon- and oxygen-centred radicals. 

Entry Catalyst Yield (%)b TOF (h-1)c Selectivity (%)d 

1 Cu-15 99.6 7.6 x 103 > 99 

2 Cu-16 94.3 7.1 x 103 98 

3 Cu(OAc)2.2H2O 18.7 1.4 x 103 51 

4 ------ 4.9 ------ 83 

5 Cu-15 99.2 922 98 

6 Cu-16 91.7 917 > 99 

7 Cu(OAc)2.2H2O 16.3 163 63 

8 ------ 2.3 ------ 76 
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They have also observed a strong inhibition effect when the reaction occured in presence of 

the carbon-radical trap CBrCl3 or the oxygen-radical trap Ph2NH. 

 

Naeimi et al1.190 reported a bis-chloro-bridged binuclear Cu(II) complex, Cu-17, [(HL)Cu(μ2-

Cl)2Cu(HL)]*1.5CH3OH which was prepared in situ by refluxing the ligand (E)-1-(((2- 

hydroxypropyl)imino)methyl)naphthalen-2-ol (H2L) with dihydrate copper (II) chloride in 

methanol. The strucutre of the metal complex was determined by X-ray crystal structure 

analysis which reveals that the ligand is coordinated to the cental metal ion via its alkoxy 

oxygen, imine nitrogen, and deprotonated phenolic oxygen atoms and the coordination sphere 

of Cu(II) is completed by the two bridging chloride anions (Figure 1.36). It also indicated that 

there are two complexes with three lattice methanol molecules. 

 

Figure 1.36: The ORTEP representation of Cu-17 with thermal ellipsoids at the 50% 

probability level. Inset: The corresponding ligand H2L. 
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The complex was found as an efficient and selective catalyst towards the oxidation of alcohols 

in ethanol using TBHP as oxidizing agent. The detailed report of catalysis with this complex 

Cu-17 is given in Table 1.8.  

 

Scheme 1.9: Schematic representation of model reaction used for optimization. 

Table 1.8: Result of catalytic oxidation by complex Cu-17a 

Entry Aldehyde/ Ketone Time (h)b Yield (%)c 

1 

 

1 90 

2 

 

1 85 

3 

 

2 85 

4 

 

2 85 

5 

 

1 90 

6 

 

2 85 

7 

 

2 75 

8 

 

1 95 

9 

 

1 95 
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10 

 

2 90 

11 

 

2 85 

12 

 

2 75 

13 
 

2 83 

aReaction Condition: 0.5 mmol of alcohol, 0.01 mmol of catalyst, 0.5 mmol of TBHP, 80 ℃; 

(alcohol: TBAP:catalyst = 100:100:2). 
bAll the products were identified by comparison with authentic and commercial samples. 
cYields of the isolated products. No over oxidation products were observed for all substrates. 

 

Zhang et al1.191 synthesized the chiral copper(II)-based Schiff base complex Cu-18 through 

one-pot self-assembly reaction. Upon reacting 3,5-di-tert-butyl-2-hydroxybenzaldehyde, the 

bulky amino alcohol (1S,2R)-2-amino-1,2-diphenylethanol, with copper(II) acetate in the 

presence of triethylamine, Cu-18 has been isolated as single crystals. X-ray structural analysis 

shows the complex contain a [Cu2(μ-O)2N2O2] core (Figure 1.37). 

 

Figure 1.37: The ORTEP representation of Cu-18 with thermal ellipsoids at the 50% 

probability level. Inset: The corresponding ligand H2L. 

This complex has been applied to the catalytic aerobic oxidation of various benzyl alcohol 

derivatives into corresponding aldehydes mediated by TEMPO. The fact that aldehydes were 
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selectively formed as sole products and no corresponding carboxylic acids detected is likely 

due to the known ability of TEMPO to scavenge free radicals, preventing the aldehydes from 

further auto-oxidation. The results of the catalytic reactions are given in (Table 1.9). 

 

Scheme 1.10: Schematic representation of model reaction used for optimization. 

Table 1.9: Result of catalytic oxidation by complex Cu-18a 

Entry Complex Substrate/complex Base Aldehyde Yield 

(%)b 

TON 

1 Cu-18 200/1 K2CO3 

 

78 156 

2 Cu-18 200/1 K2CO3 

 

95 190 

3 Cu-18 200/1 K2CO3 

 

98 196 

4 Cu-18 200/1 K2CO3 

 

14 28 

5 Cu(OAc)2 100/1 K2CO3 

 

12 12 

aReaction Condition: 1 mmol of the substrate, 0.05 mmol (5 mol%) of TEMPO and 0.0025 

mmol (0.25 mol%) of catalyst precursor in 5 mL of 0.2 M aqueous K2CO3 solution, 1 atm. air, 

70°C, 22 h.  
b Yields based on GC-MS analysis, selectivity >99% in all cases. 

 

Pattanayak et al1.192 synthesized binuclear Cu(II) complex [Cu2(L)(µ-OH)](ClO4)2] (Cu-19) by 

reacting a multidentate ligand with Cu(II) perchlorate in methanol. The structure of Cu-19 was 

authenticated by single crystal X-ray diffraction, which showed that the ligand binds each of 

the two Cu(II) centers in an (N, O, S) fashion in a distorted square pyramidal geometry where 

the two copper centers are bridged by l-phenoxo and l-hydroxo oxygen atoms (Figure 1.38). 

The apical position of one copper center is occuied by one perchlorate ion and the other center 
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is occuied by a water molecule. The hydrogen bonds, mediated through solvent water and 

perchlorate anions stabilize the packing of the molecule. 

 

Figure 1.38: The ORTEP representation of Cu-19. Inset: The corresponding ligand HL. 

The activity of this binuclear complex as a catalyst towards the liquid biphasic peroxidative 

oxidation of benzyl alcohol to benzaldehyde was tested in the presence of H2O2 as an oxidant 

under atmospheric conditions. 

 

Scheme 1.11: Schematic representation of model reaction used for optimization. 

Table 1.10: Result of catalytic oxidation by complex Cu-19a 

Entry Catalyst Time (h) Temp (℃) Yield(%)b 

1 Cu-19 1 70 90 

aReaction Condition:5 mmol Benzyl alcohol, catalyst 4 mol%, 5 mL 30% H2O2 at 70 ℃ for 1 

h. 
bThe conversion was calculated on the basis of the isolated yield. 

 

Soni et al1.193 reported a 4,6-O-ethylidene-β-D-glucopyranosylamine saccharide derived 

dinuclear Cu(II) complex, Cu-20 (Scheme 1.12). The complex oxidizes primary and secondary 

alcohols selectively to corresponding carbonyl compounds in the presence of TEMPO in ionic 

liquid. They observed that the rate of oxidation of primary alcohols was in general faster than 

that of secondary ones. The result of the catalytic conversion in details is given in Table 1.11. 
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Scheme 1.12: Structure of Cu-20 

 

Scheme 1.13: Schematic representation of model reaction used for optimization. 

Table 1.11: Result of catalytic oxidation by complex Cu-20 a 

Entry R1 R2 Aldehyde/Ketone Time (h) Yield (%)b 

1 C6H5 H 

 

4 82c 

2 p-ClC6H5 H 

 

6 78 

3 p-OHC6H5 H 

 

10 70 

4 p-OMeC6H5 H 

 

12 78 

5 p-NO2C6H5 H 

 

12 65 
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aReaction Condition: Primary or secondary alcohol (1.0 mmol), TEMPO (0.05 mmol), catalyst 

(0.05 mmol) in 1-butyl-3-methyl-3H-imidazol-1-ium tetrafluoroborate [bmim][BF4] (1.5 mL), 

RT, 4–12 h. The progress of the reaction was monitored by TLC, final product was isolated by 

extraction with diethyl ether and purified by column chromatography using 5% ethyl acetate 

in hexane. 
bIsolated yield. 
cYield of four consecutive cycles was 82, 75, 70 and 65% respectively. 

 

1.5.4 Schiff Base Metal Complexes as Electro-Catalysts in Hydrogen Evolution 

Over the past century, constantly increasing energy demands worldwide due to global 

development and growth in population as well as climate changes brought about by emission 

of greenhouse gasses from burning of fuels have accelerated our need to develop technologies 

for clean and renewable energy that can resolve the current problems and sustain long-term 

development.1.194a-g Current renewable energy resources viz. wind, solar and geothermal 

energies lead to low energy delivery efficiencies and thus limit their daily applications.1.194b, d 

However, converting these energy resources into chemical fuels which can be stored and 

transported is a prospective solution. 

Molecular hydrogen gas (H2) is considered as one of the most promising fuel candidates owing 

to its high gravimetric energy density, relatively high abundance, and zero emission during 

consumption.1.195a,b It has been prepared mainly from an industrial steam reforming process 

that converts natural gas with water into hydrogen and carbon monoxide. However the low 

energy efficiency of the conversion process and the presence of carbon-containing residues 

result in the low purity of hydrogen products and high cost, respectively.1.196 To this end, a 

renewable, clean and efficient technique for hydrogen production without the addition of 

further problems is the key element for the successful realization of hydrogen economy. In this 

prospect, development of apposite catalytic materials to design a cost-effective and energy-

6 m-OMeC6H4 H 

 

10 75 

7 C6H5 CH3 

 

6 69 

8 p-ClC6H4 CH3 

 

6 71 
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efficient and system for hydrogen generation from water or proton source remains as a 

challenge. 

 

Figure 1.39: Schematic representation of energy related applications, hydrogen evolution 

reaction (HER) with three eletrode system. 

Hydrogen evolution reaction (HER) is a half reaction of water (or other proton source) splitting 

that converts protons into hydrogen.1.197a,b But it involves slow kinetics as the multiple 

elemental reactions induce an accumulation of energy barriers.1.197a,b Here, a variety of HER 

catalysts have come to play significant roles in expediting the reaction rates. Among all HER 

catalysts, platinum-based catalysts stand out with almost no overpotential at onset and rapid 

current increase over voltage increment.1.198a-c However, they are non-affordable for large-scale 

applications due to limited reserves on earth and high cost, thereby promoting the development 

of cheap alternatives with high activity and durability. Many non-precious metal-based 

compounds have been reported in literature exhibiting excellent HER catalytic activity in acidic 

medium1.199a-r as well as in alkaline medium.1.200a-j Recently, as an efficient and economical 

replacement to these expensive metal precursors, nickel-based electrocatalysts show very 

promising electrocatalytic activity and stability toward hydrogen evolution reaction (HER). 

The high synergistic effect acting between neighboring heteroatoms and nickel results in much 

better surface adsorption properties which promotes the electrocatalytic properties of resulting 

materials. Although nickel exists in +2 oxidation state in most of the commonly known nickel 

compounds, it is capable of acquiring other valences (−1 to +4) also, which makes it highly 

susceptible toward undergoing various electronic transitions. Along with these properties, low 

price, strong strength, high elemental abundance, high corrosion resistance, better ductility, 
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good heat conduction, and high electrical conductivity makes nickel-based materials a very 

frequent choice for designing electrocatalytic materials. 

1.5.4.1 Reaction Mechanism of HER 

Mechanistically, there are three possible principal steps involved in the electrochemical 

hydrogen evolution process for the reduction of protons in alkaline media or in acidic media to 

hydrogen molecules on the surface of an electrode with a minimum external potential applied 

(Scheme 1.14).1.201  

Scheme 1.14: Mechanism of hydrogen evolution on the surface of an electrode in acidic (left) 

and alkaline (right) solutions, proton source: water. 

 

Scheme 1.15: Schematic representation of some evolution approaches of HER catalysts. 
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The first step is the proton discharge electrosorption step (Volmer reaction), where a proton 

reacts with an electron to form an adsorbed hydrogen atom (H) on the electrode material surface 

(M). Second one is the electronic-desorption step (Heyrovsky reaction) and/or catalytic-

recombination step (Tafel reaction). The Heyrovsky step involves diffusion of another proton 

to the H followed by the reaction with a second electron that produces H2. In the case of Tafel 

step, two Hs in the vicinity combine on the electrode surface to evolve H2. Thus, the overall 

hydrogen evolution reaction can be written as:1.202a-c 

Volmer reaction:   2H3O
+ + M + e-               M-H + H2O                                 (1) 

Heyrovsky reaction:  H3O
+ + M-H + e-             M + H2 + H2O                         (2) 

Tafel reaction: M-H + M-H          M + H2                                                                                  (3) 

 

M. Abudayyeh et al1.203 reported one literature (Cu-21) and two new complexes (Cu-22 and 

Cu-23) as electrocatalysts for HER in ACN with acetic acid as the proton source. All of them 

were prepared by 1:1:1 reaction of the appropriate ligand with TEA and Cu(BF4)2.H2O. When 

their structures were determined by single crystal X-ray crystallography, it reveals that Cu-21 

has square planar, Cu-22 has square pyramidal and Cu-23 has trigonal bipyramidal copper(II) 

geometries (Figure 1.40).  

 

Figure 1.40: The ORTEP representation of Cu-21 to Cu-23. 

To evaluate the electrocatalytic activity of theses complexes for hydrogen evolution, controlled 

potential coulometry has been carried out at an applied potential of −1.60 V vs AgNO3/Ag for 

2 hours. For Cu-21, they obtained the TON value of 4.7, whereas for the rest two complexes 
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the obtained TON value is < 1.1. The results also showed that the electrocatalytic HER activity 

of Cu-21 is retained for more than 6 hours. Thus, the promising electrocatalytic HER activity 

has been observed in the case of the square planar macrocyclic Cu-21 over the other two 

complexes having the metal centre penta-coordinated. 

Hong et al1.204investigated the efficiency of Ni-11 and Cu-24 in catalytic HER activity and 

helped in better understanding about the supporting role of Schiff-base ligands in the HER 

reaction process (Figure 1.41). The complexes were synthesized by the reaction of equimolar 

amounts of the pentadentate ligand H2L, Et3N and M(NO3)2.6H2O [M= Ni, Cu] in a mixed 

solvent of dichloromethane and methanol at room temperature. The single crystal X-ray 

crystallography confirmed the structures of both the complexes. Electrocatalytic proton 

reduction activity of these complexes was investigated in acetonitrile under N2 atmosphere 

using acetic acid as the proton source. The electrocatalytic data are enlisted in the Table 1.12. 

 

Figure 1.41: The ORTEP representation of Ni-11 and Cu-24. Inset: The corresponding 

ligand (H2L). 
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Table 1.12: Result of the electrocatalytic H2 evolution reaction. 

Entry Complex Proton 

source 

Solvent TOF 

(s-1) 

Faradaic 

efficiency (%) 

1 Ni-11 Acetic acid MeCN 63827.5  67.3 

2 Cu-24 70139.5 74 

Jain et al1.205a reported the electrocatalytic behaviour of the neutral, monomeric Ni(II) complex, 

Ni-12, for ligand-assisted metal-centred hydrogen evolution in ACN and DMF. The structure 

of Ni-12 was previously confirmed by single crystal X-ray crystallography by West (Figure 

1.42).1.205b The results of the electrochemical studies are enlisted in the Table 1.13.  They also 

proposed a ligand-assisted metal-centred mechanism for HER supported by computational 

investigations (Scheme 1.16).  

 

Figure 1.42: The ORTEP representation of Ni-12. 

Table 1.13: Result of the electrocatalytic H2 evolution reaction catalyzed by Ni-12 

Entry Solvent Proton 

Source 

TON TOF 

(S-1) 

Faradaic 

efficiency (%) 

1 ACN CH3COOH 48 4161 87.4 

2 ACN CF3COOH 24 1324 75.3 

3 DMF CH3COOH 13 1196 58.7 

4 DMF CF3COOH 3 115 51.3 
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Scheme 1.16: Proposed HER Mechanism with Ni-12. 

Zhang et al1.206 reported mononuclear nickel complex, Ni-13 supported by phenylenediamine 

ligand. The complex was synthesized by the reaction of N,N′-bis(2-amino-3,5-di-tert-

butylphenyl)-o phenylenediamine, H2L, with Ni(ClO4)2.6H2O. The single crystal X-ray 

crystallography confirmed the mononuclear structure (Figure 1.43). Electrochemical 

investigations showed that Ni-13 can catalyse hydrogen generation effectively both from acetic 

acid and aqueous buffer. The results of the electrocatalytic reaction are given in (Table 1.14). 

 

Figure 1.43: The ORTEP representation of Ni-13 with thermal ellipsoids at the 50% 

probability level. Inset: The corresponding ligand H2L. 

 



  CHAPTER 1 

 

69 | P a g e  
 

Table 1.14: Result of the electrocatalytic H2 evolution reaction catalyzed by Ni-13. 

Entry Complex Proton 

Source 

Solvent Charge 

(mC)a 

TOFb Overpotential 

(V) 

The 

amount 

of H2 

(L)c 

Faradaic 

efficiencyd 

1 Ni-13 Acetic 

acid 

ACN 100 89.56 0.942 6.5 X 

10-5 

------ 

2 Ni-13 Water H2O 1473 1331.23 0.838 7.12 X 

10-3 

90.59% 

a2 min of electrolysis 
bMoles of hydrogen per mole of catalyst per hour. 
cElectrolysis for 2 h for the former case and 1 h for the later under −1.45 V versus Ag/AgCl 
dOver an electrolysis period of 1 h. 

 

They also proposed a possible catalytic cycle for the generation of hydrogen from acetic acid 

mediated by Ni-13 (Scheme 1.17). 

 

Scheme 1.17: The possible catalytic mechanism for proton reduction by Ni-13. 
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Shao et al1.207 developed two water-soluble mononuclear Ni complexes (Ni-14, Ni-15) 

supported by chelating ether groups, salicylaldimine ligands with pendant that can bind Lewis 

acids such as alkali metal cations. These complexes were tested as electrocatalysts for the 

production of H2 in both acidic and neutral aqueous solutions. The most interesting features of 

these complexes are (i) the presence of the sulfonate groups that improves water solubility and 

(ii) the presence of the chelating methoxyethoxy group that binds to hydrated alkali metal 

cations to provide hydrogen-bonding stabilisation and enhance electrocatalytic proton 

reduction reactivity. 

 

Scheme 1.18: Structure of (a) Ni-14, (b) Ni-15, (c) mode of binding of alkali metal in the 

complexes. 

They found that Ni-15 functioned similarly to Ni-14 but with lower electrocatalytic activity. 

Thus, they performed all subsequent studies with Ni-14. At first, Ni-14 was tested as 

electrocatalyst for H2 production in DMF with weak acid (acetic acid) as well as with a strong 

one (TFA). In the presence of weak proton donor i.e. acetic acid (AcOH), there is a moderate 

current increase with little change to the onset current whereas when the stronger acid, TFA, 

was used as the proton source, a dramatic increase in the catalytic current is observed over the 

background with an anodic shift of the onset current. They also recorded cyclic voltammogram 

of Ni-14 in neutral water with sodium sulphate (Na2SO4) as the electrolyte which exhibited a 
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remarkable enhancement in the catalytic current at an onset of -1.05 V vs. NHE, corresponding 

to an overpotential of 0.59 V. 

Next, they explored the effects of the pendant ether on Ni-14 by conducting CVs in the presence 

of n-Bu4NCl, KPF6, Li2SO4 and Na2SO4 as the electrolytes in 0.10 M acetic acid. Highest 

electrocatalytic current was obtained with Li+ electrolyte indicating the most Lewis acidic Li+ 

corresponds to the fastest catalytic behaviour. Thus, the results emphasised on the necessity for 

prudent management of second sphere effects around the catalytic centre (Scheme 1.19). 

 

Scheme 1.19: Proposed catalytic cycle illustrating how the alkali metal and other Lewis acid 

cations can direct protons potentially in close proximity to the catalytic Ni centre. 

Finally, they explored the performance of Ni-14 as electrocatalyst in the economical and 

sustainable seawater reaction medium. The electrocatalytic data is enlisted in the Table 1.15. 

Table 1.15: TON and TOF calculations from CPE measurements. 

Working 

Electrode 

Experimental 

Quantity 

Seawater Li2SO4 Na2SO4 KPF6 MgSO4 n-

Bu4NCl 

NiCl2 

Charge (C) 10.8 0.575 3.55 6.57 1.67 1.27 1.53 
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Mercury 

pool 

Faradaic 

efficiency % 

79.5 52.2 80.7 56.1 52.7 3.33 42.5 

TON (mol H2 

mol-1 10 cm-2) 

7.14 0.249 2.34 3.06 0.733 0.0354 0.542 

TOF (mol H2 

mol-1 10 cm-2 

h –1) 

3.57 0.125 1.19 1.53 0.366 0.0177 0.271 

Carbon 

paper 

Charge (C) 22.7 37.9 21.5 19.3 ------ 13.4 ------ 

Faradaic 

efficiency % 

56.9 53.2 52.0 57.1 ------ 48.9 ------ 

TON (mol H2 

mol-1 10 cm-2) 

5.99 9.33 5.17 5.09 ------ 3.01 ------ 

TOF (mol H2 

mol-1 10 cm-2 

h –1) 

2.99 4.67 2.59 2.55 ------ 1.52 ------ 

Zarkadoulas et al1.208 synthesized and characterized a series of neutral and monoanionic nickel 

diphenyl-1,2-dithiolene complexes (Ni-16 to Ni-18) with varying numbers of methoxy groups 

on the benzene rings present in the ligand framework (Scheme 1.20). Among them the 

structures of Ni-17, neutral asymmetric [Ni{S2C2(Ph)(Ph-p-OCH3)}2], and Ni-18, monoanion 

of the symmetric [Ni{S2C2(Ph-p-OCH3)2}2] with NBu4
+ as a counterion, were structurally 

characterized by single-crystal X-ray crystallography (Figure 1.49).  

 

Scheme 1.20: Structure of Ni-16 to Ni-18 under Study. 
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Figure 1.44: The ORTEP representation of Ni-17 and Ni-18. In Ni-18, the NBu4 
+ counterion 

is omitted for clarity. 

All the three complexes were employed as electrocatalysts for proton reduction in DMF with 

trifluoroacetic acid (TFA) as the proton source. The results of bulk electrolysis in the presence 

of 50 mM TFA are enlisted in the Table 1.16.The similarity obtained in the experimental data 

regardless of whether the neutral or anionic form of the complexes utilized indicates that the 

neutral form actually acts as a precatalyst. They also carried out theoretical investigations by 

using density functional theory (DFT) as a tool for interpretation of the reactive centres of the 

complexes and the structural conformations of the intermediates, from which putative reaction 

mechanisms have been proposed (Scheme 1.21).  The proposed mechanism shows two 

different main routes after protonation of the dianion of the catalyst in accordance with the 

experimental data which indicates the role of the influence of the methoxy groups and the 

concentration of the acid. 
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Table 1.16: Result of the electrocatalytic H2 evolution reaction catalyzed by Ni-16 to Ni-18. 

Entry Complex Proton 

source 

Solvent TON Faradaic 

yielda 

1  Ni-16 TFA DMF 15 0.66 

2 Ni-17  25 0.83 

3 Ni-18  12 0.74 

aBulk electrolysis was performed at potential −1.67 V vs Fc+/0 for a 3 h time period with a 

catalyst concentration of 1 mM 

 

Scheme 1.21: Proposed Mechanism of proton reduction by Ni-16 in the presence of 

CF3COOH. 

Cao et al1.209 reported a mononuclear copper(II) complex (Cu-25) as a molecular 

electrocatalyst synthesized by the reaction between 2,3-bis(2-hydroxybenzylideneimino)-2,3-

butenedinitrile (H2L) and CuCl2.2H2O (Figure 1.45). The structure of the complex was 

confirmed by X-ray crystallography. Electrochemical studies performed on a glassy carbon 

(GC) electrode indicate that the catalyst can not only produce hydrogen from acetic acid but 

also from water without use of additional acids. The results also indicate that Cu-25 is highly 

active and robust in both organic and aqueous media. The results of the electrochemical studies 

are enlisted in the Table 1.17. 
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Figure 1.45: The ORTEP representation of Cu-25. Inset: The corresponding ligand H2L. 

Table 1.17: Result of the electrocatalytic H2 evolution reaction catalyzed by Cu-25. 

Entry Complex Proton 

source 

Solvent Overpotential TOF Faradaic 

efficiency 

1 Cu-25 Acetic 

acid 

DMF ------ 255 h-1 ------ 

2 Cu-25 Water H2O 817 mV 457 h-1 (in 

buffer, pH 7) 

91.5% 

Cao et al1.210 reported a new nickel based molecular electrocatalyst, Ni-19, synthesized from 

the reaction of 2,3-bis(2-hydroxybenzylideneimino)-2,3-butenedinitrile (H2L) (Figure 1.46, 

inset) and Ni(CH3CO2)2.2H2O. The structure of Ni-19 was established by XRD study. 

Electrochemical studies showed that this complex can catalyse hydrogen evolution not only 

from AcOH but also from H2O without using additional acids. Moreover, this highly active 

catalyst is  robust in both organic and aqueous media. The results of the electrochemical studies 

are enlisted in the Table 1.18. They observed sustained proton reduction catalysis at glassy 

carbon electrode to give hydrogen over a 42 h electrolysis time period and no decomposition 

of the electrocatalyst was observed.   
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 Figure 1.46: The ORTEP representation of Ni-19. Inset: The corresponding ligand H2L. 

Table 1.18: Result of the electrocatalytic H2 evolution reaction catalyzed by Ni-19. 

Entry Complex Proton source Solvent Overpotential TOF 

1 Ni-19 Acetic acid DMF 320 mV 193 h-1 

2 Ni-19 Water H2O ------ 574 h-1  

(in buffer, pH 6) 

Martin et al1.211 investigated a series of mononuclear and dinuclear tetraiminodiphenolate 

nickel(II) macrocyclic complexes, Ni-20 to Ni-23, as functional models of the active site of 

[Ni-Fe]-hydrogenase (Scheme 1.22). Their electrocatalytic activity towards the evolution of 

dihydrogen were tested in DMF or DMSO (0.1 mol L-1 TBAPF6) solutions with increasing 

concentrations of TFA. The mononuclear complexes, i.e Ni-20 and Ni-22 presented the best 

ratio of the catalytic current, ic, in relation to the concentration of the acid (6.31 and 5.64 

µA/mM, respectively), which suggested strongly the importance of ligands containing N or O 

atoms serving as proton acceptors close to the metal center. They have also proposed a 

reductive pathway to electrocatalysis toward dihydrogen production by Ni-20 and Ni-22 in the 

presence of CF3CO2H as proton source (Scheme 1.23).  
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Scheme 1.22: Structures of Ni-20 to Ni-23. 
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Scheme 1.23: The possible catalytic cycles for proton reduction by (a) Ni-20, (b) Ni-22 in the 

presence of CF3COOH. 

1.6 Aim of the present work 

From the overall discussion so far, it is quite evident that why the study of transition metal 

complexes attracts an immense interest to the researchers now-a-days. In this regard, the 

present research work has been attempted with a view to synthesize novel Schiff base transition 

metal complexes associated with nickel(II) and copper(II). Among them, one is copper based 

coordination polymer containing uncoordinated oxygen of C=O groups. The uncoordinated 

oxygen has been explored for its interaction with toxic pesticides by theoretical density 

functional theory analysis. Another one is mononuclear nickel complex which has been 

synthesized, characterized and employed to bind DNA/HSA. Two dinuclear copper complexes 

have also been synthesized, characterized and applied as efficient catalysts towards alcohol 

oxidation. The rest nickel and copper complexes have been utilized as electrocatalysts towards 

hydrogen evolution reaction. 
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1.7 Instrumentation 

 

Figure 1.47: Types of Electromagnetic Radiation. 

Table 1.19: Impacts of Electromagnetic radiation in a molecule. 

Serial 

Number 

Electromagnetic 

Radiation 

Corresponding 

Wavelength 

Energy of Photon Event occurs after 

absorption 

1. Radio waves 1 mm - 1 m 1.2 µeV - 1.2 MeV Oscillation of mobile 

electrons 

2. Microwaves 15 µm -1 mm 1.2 - 80 MeV Molecular rotations 

3. Infra-Red 750 -15 µm 80 - 1.7 eV Molecular vibrations  

4. Visible 400 - 750 nm 1.7 - 3.1 eV Transition of outer 

atomic electrons  

5. UV 10 - 400 nm 3.1 - 124 eV Transition of outer 

atomic electrons 

6. X-rays 0.01 nm - 10 nm 124 eV - 120 keV Transition of inner 

atomic electrons 

7. Gamma rays 1< 0.01 nm > 1 MeV Nuclear Reaction 

 

1.7.1 Ultraviolet Spectroscopy 

Ultraviolet and visible spectroscopy is mainly used to detect the presence and the nature of the 

conjugated multiple bonds or aromatic rings that can lead to valuable structural proposals. It 

deals with the recording of the absorption of radiations in the ultraviolet (UV) and visible (VIS) 

regions of the electromagnetic spectrum ranging from 200 to 800 nm. Absorption of this 
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electromagnetic radiation induces the excitation of an electron from a lower to higher molecular 

orbital. Generally, the most probable transition observed here is from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). Figure 1.48 

describes the electronic transitions involved in the UV-visible region. 

 

Figure 1.48: Electronic energy levels and transitions. 

1.7.1.1 Principles of Ultraviolet Spectroscopy 

A UV-visible spectrophotometer records a UV-VIS spectrum as a plot of wavelength of 

absorbed radiation (nm) versus the intensity of absorption in terms of absorbance (A) as defined 

by the Beer-Lambert law. According to Beer-Lambert law, 

A = log
𝐼0

𝐼
= 𝜖𝑐𝑙 

where, A = absorbance, I0 = intensity of light incident upon sample cell, I = intensity of light 

leaving sample cell, ϵ = molar absorptivity, c = molar concentration of solute, l = length of 

sample cell (cm).  

 

Scheme 1.24: Schematic diagram of a double-beam UV-VIS spectrophotometer. 
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1.7.1.2 Instrumentation 

Most UV-VIS spectrophotometers are double-beam instruments and consist of a radiation 

source, monochromator, detectors, amplifier and recording system as shown in Figure 1.49. 

Figure 1.49: Schematic diagram of a UV-VIS Spectrophotometer. 

1.7.2 Fluorescence Spectroscopy 

Fluorescence spectroscopy is an analytical tool used for analysing the spectral distribution of 

the emitted light from the sample. For the last few decades, fluorescence technique is getting 

more popular because of having the following advantages: 

(a) The ultra-high sensitivity, (b) super-fast response time, as fast as 10-8-10-10 second, (c) The 

non-destructive and non-interfering nature, (d) Applicability in solid, liquid and even in 

gaseous media. 

1.7.2.1 Principles of Fluorescence Spectroscopy 

In general, most of the molecules remain in ground state at room temperature. But when the 

molecule is irradiated with electromagnetic radiation (generally lies in the ranges of UV and 

visible region), it leads to excitation of an electron of the molecule from its HOMOs to its 

LUMO. The absorption spectrum of the molecule is measured via UV-visible spectroscopy. 

The excited molecule, being unstable, returns to its ground state via dissipating the excess 

energy, mainly in two ways: firstly, in non-radiative decay process (includes collisions with 

some other molecules or vibrational decays via internal conversion, conformational changes, 

intramolecular charge transfer, energy transfer, formation of exciplex etc.) and secondly, via 

radiative decay which includes luminesces (fluorescence and phosphorescence or delayed 



  CHAPTER 1 

 

82 | P a g e  
 

fluorescence). The Perrin-Jablonski diagram (proposed by Dr. Alexander Jablonski in 1935) 

illustrates these incidents occurring after the absorbance of a photon in a simplified way 

(Figure 1.50). 

 

Figure 1.50: Perrin-Jablonski diagram explaining different photophysical events 

The diagram shows that after light absorption, the electron from the lowest vibrational energy 

level of ground electronic state (which is a singlet state, denoted by S0) jumps to any of the 

upper vibrational energy level of higher electronic energy level (which is also a singlet state, 

denoted by S1). Hence the upper vibrational energy levels of S1 state are populated with electron 

density which immediately relaxes to the lowest vibrational level of the same state within <  

10-12 second via vibrational relaxation process, known as Internal Conversion (IC). Now, 

depending on the nature of molecule, either the electron in lowest vibrational level of S1 state 

returns back to the ground vibration level of S0 state by emitting the excess energy as 

“Fluorescence” or may jump to the nearest triplet state (T1) via Intersystem Crossing (ISC) and 

then after internal conversion (IC) returns back to S0 state via emitting excess energy as 

“Phosphorescence”. Since phosphorescence is a spin forbidden process, it is a delayed radiative 

process, whereas, being a spin allowed transition, fluorescence process is very fast, occurs less 

than a pico to micro second.  

1.7.2.2 Instrumentation 

Spectrofluorometer consists of a radiation source, monochromator, polarizer, detector, 

recording system as shown in Figure 1.51. 
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Figure 1.51: Schematic diagram of a spectrofluorometer. 

Scheme 1.25: Schematic diagram of a spectrofluorometer. 

1.7.3 Cyclic Voltammetry 

Cyclic voltammetry (CV) is a popular electrochemical technique commonly used to investigate 

the redox processes (reduction and oxidation) of molecular species. Cyclic voltammetry also 

provides valuable information regarding electron transfer-initiated chemical reactions, which 

include catalysis. In a cyclic voltammogram, the X-axis represents a parameter, applied 

potential (E), that is imposed on the system, whereas the Y-axis represents the response, that 

is the resulting current (i) passed (Figure 1.52). 
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Figure 1.52: Representation of a cyclic voltammogram according to IUPAC convention. 

1.7.3.1 Principles of Cyclic Voltammetry 

Voltammetry is a technique where the current is measured by varying the potential between 

two electrodes. Voltammetric methods include LSV and CV. CV is the logical extension of 

LSV where the potential is applied to the working electrode in a triangular wave form (both 

forward and reverse directions) (Figure 1.53). Thus, a complete current-potential profile of a 

redox system is obtained. 

Some important equations associated with cyclic voltammetry 

(a) Nernst equation (equation 1.1) provides how the applied potential controls the 

concentration of the redox species at the electrode surface. 

𝐸 = 𝐸0 −  
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝐶𝑅

𝐶𝑂
 …………………….(1.1) 

where, E = Cell potential at the interest of temperature, E0 = Standard cell potential, R = 

Universal gas constant (8.314 J.K-1.mol-1), T = Absolute temperature, n = Number of electrons 

transferred, F = Faraday’s constant (96485 C/mol), CR and CO = Concentrations of the reduced 

and oxidized species respectively. 

(b) Randles−Sevcik equation is worth mentioning here (equation 1.2) which states how the 

peak current ip (A) increases linearly with the square root of the scan rate υ (Vs−1) for 

electrochemically reversible electron transfer processes involving freely diffusing redox 

species. 

𝑖𝑃 = 0.4463 (
𝑛3𝐹3

𝑅𝑇
)

1/2

𝐴[𝑐𝑎𝑡](𝐷𝑣)1/2……………..(1.2) 
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where, ip = Peak current (amperes), n = Number of electrons transferred in a redox cycle, F = 

Faraday’s constant (96485 C/mol), R = Universal gas constant (8.314 J.K-1.mol-1), T = 

Absolute temperature (298 K), A = The electrode surface area in working (cm2), C = Molar 

concentration of redox-active species (mol/cm3), D = The diffusion coefficient (cm2/s), v = 

Scan rate in V/s. 

 

Figure 1.53: A triangular excitation signal applied in cyclic voltammetry. 

1.7.3.2 Instrumentation 

An electrochemical cell (Scheme 1.26) used in cyclic voltammetry experiment contains the 

following parts: 

Scheme 1.26: Parts of an electrochemical cell. 
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A cyclic voltammetry consists of an electrochemical cell, a potentiostat, a current to voltage 

converter and a recording system as shown in Figure 1.54. 

 

Figure 1.54: Schematic diagram of a cyclic voltammetry. 

1.7.4 Gas Chromatography 

Gas chromatography is a common type of chromatographic technique used for analysing a 

compound that can be vapourised without decomposition. 

1.7.4.1 Principles of Gas Chromatography 

Gas chromatography is based on the principle of “partition”. Here, at first the mixture of 

components to be separated is converted into vapour and then it is allowed to mix with the 

gaseous mobile phase. Among the components, the one which has more affinity towards the 

stationary phase, travels slower and thus it is eluted later. Whereas the component having less 

affinity towards the stationary phase travels faster and it is eluted out first. Thus, the 

components are separated according to their partition coefficient. After separation, they reach 

to the flame, get ionised and electrons are released. The electrodes present across the flame 

detect the electrons and as a result current flows. The current is then amplified and sent to the 

integrator. A gas chromatogram represents detector’s response against retention time (Figure 

1.55). Measuring the retention time and comparing this with that of a standard of a pure 

substance make it possible to identify the peak qualitatively. The amount of substance can also 

be determined quantitatively as the area under the peak is proportional to the concentration. 
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Figure 1.55: Representation of a gas chromatogram 

1.7.4.2 Instrumentation 

A typical gas chromatograph consists of the following parts as shown in Scheme 1.27. 

 

Scheme 1.27: Parts of a gas chromatograph. 
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Figure 1.56: Schematic diagram of a gas chromatography. 

1.7.5 Other standard tools used for the characterization of the sample 

Serial 

No. 

Standard Tool Instrument 

1 Elemental Analyses Perkin Elmer 2400C elemental analyser. 

2 Fourier Transform Infrared 

Spectroscopy (FTIR) 

Perkin Elmer spectrometer (Spectrum Two) 

with the samples by using ATR method. 

3 1H Nuclear Magnetic Resonance 

Spectroscopy (NMR) 

Bruker 300 or 400 MHz spectrometer using 

DMSO-d6 as solvent and tetramethylsilane as 

internal standard. 

4 Mass Spectrometry Waters’ HRMS spectrometer (Model: XEVO 

G2QTof) and Qtof Micro YA263 mass 

spectrometer in ESI positive mode. 

5 Single crystal X-ray diffraction 

studies 

An automated Bruker D8 VENTURE 

diffractometer using graphite monochromatized 

Mo Kα (λ = 0.71073 Å) radiation. Data were 

processed using the Bruker SAINT package.1.212 

Absorption corrections based on multi scans 

using the SADABS software were applied to all 

intensity data. The structures were solved by 
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direct methods using SHELXT1.213 and refined 

by full-matrix least-squares techniques 

on F2 using the SHELXS-2014/7 program.1.214 
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Chapter 2 

 

Density Functional Theory Analysis of Host -

Guest Interactions in Cu(II)-Based Metal-Organic 

Frameworks for Pesticide Detection 

Abstract 

A metal organic framework (MOF) (2.1), having the formula [Cu(4,4′-bipy)(sa)]n 

(where 4,4′-bipy is 4,4′-bipyridine and sa is succinate dianion), has been 

synthesized under ambient conditions and characterized by single-crystal X-ray 

diffraction analysis. The surface of the MOF mimics a 2D honeycomb structure. 

The uncoordinated oxygen of succinate dianion has been explored for its 

interaction with toxic pesticides by theoretical density functional theory analysis, 

and it reveals the selective identification of atrazine- and dicofol-like pesticides. 

The rational design of Cu2+ MOFs with aliphatic acid is the key factor toward the 

identification of pesticides, as the same MOF background with Cd2+ does not show 

any significant interaction. 
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2.1 Introduction 

Metal−organic frameworks (MOFs) have been extensively explored during the last 

couple of decades in several fields,2.1,2.2 especially for gas adsorption,2.3−2.7 sensing,2.8,2.9 

catalysis,2.10−2.14 molecular magnets,2.15−2.18 optoelectronic devices,2.19−2.23 and so on. The 

application of the MOF materials in wastewater treatment2.24,2.25 as well as in 

fluorescence2.26,2.27 is one of the hot topics nowadays. In recent years, MOFs have been used 

as chemosensors for several toxic materials owing to their robust 3D architecture and tight 

packing.2.28−2.34 The tight skeleton of MOFs provides a rigid framework, which is, in general, 

stable in the presence of guest molecules. Host−guest interactions, in general, follow 

noncovalent π−π or hydrogen-bonding interactions; as a consequence, the appropriate design 

of MOFs’ skeletons is very important. Target-specific groups can be introduced for specific 

interactions toward guest moieties. Depending on the nature of the guest, the MOF’s skeleton 

can be tuned; for example, for ionic substances, polar groups like −OH or −NH can be used, 

whereas for neutral substances, an aromatic π−π interaction can be explored. In this respect, 

MOFs as sensors for ionic substances or picric acid have been extensively studied by the 

scientific community, and there are plenty of reports in the literature.2.28,2.29,2.31−2.34 On the 

contrary, pesticides are another class of biologically toxic substances, where several 

organochlorine-, organofluorine-, or benzamide based pesticides are known to be biohazardous 

owing to their toxic effect on living organisms. As of now, there are very few reports that deal 

with studies on the detection of pesticides.2.35−2.41  

It would be advantageous to use a MOF as a host owing to its robust structure and 

insolubility in common solvents, and, as a consequence, it could be used for heterogeneous 

sensing. Such a heterogeneous phase interaction makes it possible to use the host in a reversible 

manner, as it has been observed that after the process of sensing, the MOF’s surface could be 

washed with solvents and eventually could be reused.2.42 Therefore, designing the MOF’s 

surface has become a fundamental target for researchers. 

 As a first time report, a copper-based MOF with succinic acid and 4,4′-bipyridine has 

been developed (Scheme 2.1), whose X-ray structure shows that it mimics the morphological 

features of a 2D honeycomb-like structure. An interesting feature observed in the structure is 

the presence of uncoordinated C=O groups of succinate dianion, which exist as dangling 

entities and instigated us to explore the MOF’s response to toxic pesticides by density 

functional theory (DFT) analysis. 
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Scheme 2.1: Synthetic Route of the [Cu(4,4'-bipy)(sa)]n (2.1) 

2.2 Experimental section  

2.2.1 Materials and Physical Methods 

4,4′-Bipyridine, copper(II) chloride dihydrate, and succinic acid were purchased from 

Sigma-Aldrich and used as received. All other chemicals including solvents were of reagent 

grade and were used as received without further purification. Elemental analyses (carbon, 

hydrogen, and nitrogen) were performed using a Perkin-Elmer 2400C elemental analyzer. The 

theoretical calculation was performed using the Turbomole software package [a development 

of University of Karlsruhe and Forschungs-zentrum Karlsruhe GmbH, TURBOMOLE GmbH 

(V 7.3), since 2007; available from http://www.turbomole.com] in macOS Mojave (version 

10.14.4) work station.  

2.2.2 Synthesis of [Cu(4,4′-bipy)(sa)]n (2.1) 

A methanolic solution (4.0 mL) of 4,4′-bipyridine (4-bpd) (1.0 mmol, 0.156 g) was 

added to an aqueous solution (4.0 mL) of succinic acid (1.0 mmol, 0.118 g) taken in a beaker 

and stirred for 30 min to mix well. CuCl2, 2H2O (1.0 mmol, 0.170 g) was dissolved in 4.0 mL 

of water in a separate test tube. The previously prepared mixed ligand solution was then slowly 

and carefully layered with the aqueous CuCl2 solution using 5.0 mL of a 1:1 v/v methanol and 

water mixture as buffer. Blue needle-shaped crystals suitable for single-crystal X-ray 

diffraction analyses were obtained after a few days. The crystals were collected and washed 

with the methanol−water mixture and dried in vacuum (yield = 72%). Anal. calcd (%) for 

C14H20N2O8Cu: C, 41.19; H, 4.90; N, 6.87. Found: C, 41.12; H, 4.85; N, 6.89. 
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2.2.3 Crystallographic Data Collection and Refinement 

A suitable blue single crystal of 2.1 was mounted on the tip of a glass fiber coated with 

commercially available super glue. X-ray single crystal data were collected at room 

temperature using a Bruker APEX-II diffractometer equipped with a fine-focus, sealed tube X-

ray source with graphite monochromated Mo Kα radiation (λ = 0.71073 Å). The data were 

integrated using a SAINT program,2.43 and absorption correction was made with SADABS. 

The structure was solved with the help of SHELXT,2.44 following direct methods, and refined 

by full-matrix least-squares on F2 using SHELXL-2018/32.45 with anisotropic displacement 

parameters for all non-hydrogen atoms. The water H atoms could be located in a difference 

Fourier map and were refined by constraining the O−H bond lengths and considering the H···H 

separations to be 0.86(1) and 1.36(2) Å, respectively, with Uiso(H) = 1.5Ueq(O). The H32 and 

H42 hydrogen atoms were disordered over two orientations with site occupancies of 0.5. All 

other H atoms were placed geometrically and refined as riding, with C−H = 0.93 to 0.97 Å and 

with Uiso(H) = 1.2Ueq(C). Crystallographic data for the crystal structure of 2.1 in CIF format 

have been deposited in the Cambridge Crystallographic Data Centre (CCDC) under deposition 

number CCDC-1918966. The data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge Crystallographic Data Centre, 

12 Union Road, Cambridge CB21EZ, U.K.). 

 

Figure 2.1: Asymmetric unit of 2.1 with displacement ellipsoids drawn at the 50% probability 

level. Only one component of the disordered water H atoms is shown. Symmetry codes: (i) 

1+x,1+ y, z; (ii) y, x, 2/3 − z; and (iii) x,1+ x − y, 5/6 − z. 
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2.3 Results and Discussion 

The MOF [Cu(4,4′-bipy)(sa)]n (2.1) was synthesized by the reaction of copper(II) 

chloride, 4,4′-bipyridine, and succinic acid in methanol/water medium through a slow diffusion 

process. Needle shaped blue crystals thus obtained were suitable for X-ray diffraction analysis. 

The structure of 2.1 was already reported in the literature,2.46 but no discussion of the molecular 

and supramolecular features was included in the paper. As evident from the structure 

resolution, 2.1 is a 3D coordination polymer whose asymmetric unit consists of two water 

molecules and half each of a copper atom, a 4,4′-bipyridine molecule, and a succinate dianion. 

The copper atom and the nitrogen atoms of the bipyridine molecule lie on a two-fold axis, and 

the carboxylate groups of the anion act as monodentate ligands through the O1 oxygen atom. 

The metal adopts an elongated octahedral coordination geometry (Figure 2.1 and Table 2.1 

for crystallographic data), where the axial positions are occupied by the oxygen atoms (O3) of 

two water molecules with distances of 2.532(3) Å and an O−Cu−O angle of 177.26(9)° (Tables 

2.2 and 2.3 for selected bond distances and bond angles). The equatorial plane is provided by 

two carbonyl oxygen atoms (O1) of succinate dianions and two nitrogen atoms (N1, N2) of 

4,4′-bipyridine molecules. The Cu−O1, Cu−N1, and Cu−N2 bond distances are 1.958(2), 

2.020(3), and 1.999(3) Å, respectively. The equatorial N− Cu−N bond angle is 180° for 

symmetry requirements, whereas the O−Cu−O angle is 177.08(12)°. 

 

Figure 2.2: Perspective view down the c axis showing the left-handed helix of 2.1. 

In the crystal, the copper atoms and the succinate dianions are linked into chains along 

the c axis to form left-handed helices (Figure 2.2), which are connected by the 4,4′-bipyridine 

ligands, producing a polymeric 3D network. Pairs of water molecules of crystallization are 
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hosted inside cavities of ∼82 Å3 (Figure 2.3(a)), the surface of which is delimited by the 

coordinated water molecules, the O2 uncoordinated carboxylate oxygen atoms, and the ethyl 

fragment of the succinate dianions. The topology of the framework can be described as a qzd 

(quartz-dual) “dense” net with point (Schlӓfli) symbol {75 ·9} (Figure 2.3(b)). The 3D 

polymeric network is stabilized by O−H···O hydrogen-bonding interactions involving the 

coordinated and uncoordinated water molecules as hydrogen donors (Table 2.4 and Figure 

2.4). The crystal structure, when extended in the crystallographic axis c, forms an extremely 

symmetrical structure with hexagons, which, upon further expansion, shows a honeycomb-like 

morphology (Figure 2.5). 

 

Figure 2.3(a): The three-dimensional framework of 2.1 approximately viewed along the a axis 

showing a cavity in the structure (green dots). Hydrogen atoms and water molecules hosted in 

the cavities are omitted for clarity. (b) Topological representation of the qzd net of 2.1; the 

blue and red sticks represent the 4,4'-bipyridine ligand and the succinate dianion, respectively. 

Table 2.1: Crystal data for 2.1 

Formula  C14H20 CuN2O8  

Formula weight  407.86  

Crystal system  Hexagonal  

Space group  P 65 2 2  

a/Å  11.0643(16)  

b/Å  11.0643(16)  

c/Å  24.997(4)  

α/°  90.00  
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β/°  90.00  

γ/°  120.00  

V/Å3  2650.1(10)  

Z  6  

Dc/g cm−3  1.533  

μ/mm−1  1.280  

F(000)  1266  

θ range/°  2.13-25.51  

Reflections collected  15225  

Unique reflections  1663  

Reflections I> 2σ(I)  1506  

Rint  0.0523  

Goodness-of-fit (F2)  1.068  

Absolute structure  Flack x determined 

using 533 quotients 

[(I+)-(I-)]/[(I+)+(I-)] 

(Parsons, Flack & 

Wagner, Acta Cryst. 

B69 (2013) 249-259)  

Absolute structure 

parameter  

0.030(11)  

R1 (I> 2σ(I))a  0.029  

wR2
b  0.0758  

Δρmax/min/e Å3  -0.50, 0.19  

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, bwR2 = [Σ(w(Fo
2− Fc

2)2)/Σw(Fo
2)2]1/2. 

Table 2.2: Bond distances (Å) of 2.1 

Cu1‒O1  1.958(2) N2‒C6  1.335(4) 

Cu1‒O1  1.958(2) C1‒C2  1.364(4) 

Cu1‒N2  1.999(3) C1‒H1  0.9300 

Cu1‒N1  2.020(3) C2‒C3  1.390(4) 

O1‒C7  1.265(4) C2‒H2  0.9300 

O2‒C7  1.244(4) C3‒C4  1.474(5) 

O3‒H31  0.847(12) C4‒C5  1.375(4) 
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O3‒H32A  0.855(13) C4‒C5  1.375(4) 

O3‒H32B  0.853(13) C5‒C6  1.371(4) 

O4‒H41  0.855(13) C5‒H5  0.9300 

O4‒H42A  0.855(13) C6‒H6  0.9300 

O4‒H42B  0.860(13) C7‒C8  1.511(4) 

N1‒C1  1.336(3) C8‒C8  1.503(6) 

N1‒C1  1.336(3) C8‒H8A  0.9700 

N2‒C6  1.335(4) C8‒H8B  0.9700 

 

 

Figure 2.4: Detail of the hydrogen bonds in 2.1 involving the disordered water H atoms. 

Symmetry codes: (i) y, -x+y, 1/6+z; (ii) x, x-y, 5/6-z; (iii) 1+x-y, x, -1/6+z; (iv) 1+x-y, 1-y, 1-

z. 

 

Figure 2.5: Packing diagram of 2.1 viewed along the c axis. 
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Table 2.3: Bond angles (°) of 2.1.  

O1‒Cu1‒O1  177.08(12)  C3‒C2‒H2  119.8 

O1‒Cu1‒N2  91.46(6) C2‒C3‒C2  116.2(4)  

O1‒Cu1‒N2  91.46(6) C2‒C3‒C4  121.92(19)  

O1‒Cu1‒N1  88.54(6)  C2‒C3‒C4  121.92(19) 

O1‒Cu1‒N1  88.54(6) C5‒C4‒C5  116.7(4) 

N2‒Cu1‒N1  180.00(4) C5‒C4‒C3  121.6(2) 

C7‒O1‒Cu1  126.6(2)  C6‒C5‒C4  120.4(3)  

H31‒O3‒H32A  108(3)  C6‒C5‒H5  119.8 

H31‒O3‒H32B  107(3) C4‒C5‒H5  119.8  

H41‒O4‒H42A  105(3) N2‒C6‒C5  122.4(3) S5  

H41‒O4‒H42B  105(3) N2‒C6‒H6  118.8  

C1‒N1‒C1  117.8(4) C5‒C6‒H6  118.8  

C1‒N1‒Cu1  121.12(19) O2‒C7‒O1  124.4(3) 

C1‒N1‒Cu1  121.12(19)  O2‒C7‒C8  119.2(3) 

C6‒N2‒C6  117.6(4) O1‒C7‒C8  116.3(3) 

C6‒N2‒Cu1  121.19(18)  C8‒C8‒C7  114.9(3) 

C6‒N2‒Cu1  121.19(18) C8‒C8‒H8A  108.6  

N1‒C1‒C2  122.7(3) C7‒C8‒H8A  108.6 

N1‒C1‒H1  118.7 C8‒C8‒H8B  108.6 

C2‒C1‒H1  118.7 C7‒C8‒H8B  108.6 

C1‒C2‒C3  120.4(3) H8A‒C8‒H8B  107.5 

C1‒C2‒H2  119.8    

 

Table 2.4: Hydrogen-bond geometry (Å, °) in 2.1. 

D−H...A  D−H H...A D...A D−H...A 

O3−H31...O2  0.85(4) 1.91(4) 2.710(5) 158(4) 

O3−H32A...O3i  0.85(6) 2.03(6) 2.851(5) 162(4) 

O3−H32B...O4i  0.85(3) 2.00(3) 2.814(5) 158(5) 

O4− H41...O2ii  0.86(3) 1.93(2) 2.775(4) 167(2) 

O4−H42A...O3i  0.86(5) 2.20(8) 2.814(5) 128(5) 

O4−H42B...O4i  0.86(11) 1.99(9) 2.829(8) 164(7) 

Symmetry codes: (i) x, x-y, 0.8333-z; (ii) 1+x-y, x, -0.1667+z. 
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The presence of uncoordinated carbonyl groups in the structure of 2.1 prompted us to 

explore its ability as a chemosensor. The effect of coordinated water molecules could also be 

accounted for; however, as a structural property, the effect of the dangling oxygen of the acid 

groups is very interesting. With previous experience in the field of supramolecular chemistry, 

in this work, we have targeted rarely explored neutral analytes, that is, pesticides. Indeed, 

pesticides are chemicals that are used to control/kill pests, rodents, insects, fungi, or other 

weeds for agricultural and domestic purposes.2.47 Therefore, pesticides are potentially toxic to 

living organisms, including human beings. Thus the use of these substances must be carried 

out following careful and thorough scientific procedures. Several pesticides are banned 

worldwide owing to their high toxic effect on living beings, and it is certainly severely toxic 

and unsafe to use and work with them. However, still, such pesticides are sometimes used by 

people. In this respect, we have selected a series of pesticides for our studies, for example, 

atrazine, chlorothalonil, dicofol, thiophanate-methyl, propoxur, and trifluralin, which are either 

banned or potentially toxic to mankind (Scheme 2.2). Because of the acute toxicity of these 

pesticides, DFT calculations have been used as a tool to investigate their host−guest 

interactions.  

 

Scheme 2.2: Molecular Structure of Pesticides: (a) Atrazine, (b) Chlorothalonil, (c) Dicofol, 

(d) Thiophanate-Methyl, (e) Propoxur, and (f) Trifluralin 

DFT considering the dispersion correction, that is, DFT- (D3), has been utilized for the 

proper monitoring of the possible interactions between the host and the guest. Owing to the 

possibility of a noncovalent host−guest interaction, a dispersion correction has been 

considered. The def2-SVP and TZVP basis set levels have been used for nonmetallic atoms 
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and metal ions, respectively, with the B3LYP hybrid function. Initially, the primary unit of the 

MOF, that is, the immediate coordination of one Cu center, was considered for the calculation, 

keeping in mind the computational time (Figure 2.6 and Tables 2.5 and 2.6). The selected 

bond distances of the structures obtained from single-crystal X-ray diffraction analysis and 

DFT are of comparable values (Table 2.6). All guest pesticides were optimized at the same 

level of DFT (Tables 2.7−2.12). Furthermore, the pesticide molecules were again optimized 

with the host MOF to visualize the host−guest interaction using the solvent model for water. 

Table 2.5: Geometry optimized coordinates of 2.1. 

O 0.83405 5.30517 12.0561 O -1.137 5.67245 12.9689 

C -0.4881 5.50177 11.9539 C -1.0966 5.40585 10.5697 

O -0.2497 7.94397 11.1962 O -0.594 8.68552 9.10318 

C -0.4439 7.78395 9.94696 C -0.4499 6.3169 9.51785 

Cu -0.2616 9.5712 12.3448 O -0.268 11.1532 13.557 

O -1.1819 10.1399 15.3445 O -0.029 8.0503 14.1629 

N -2.3178 9.54676 12.3775 N -9.4248 9.60388 12.5176 

C -3.0056 8.39941 12.4768 C -4.3965 8.37066 12.5081 

C -5.1209 9.57156 12.4319 C -6.6029 9.5833 12.4604 

C -7.3531 8.51664 11.9396 C -8.7472 8.577 11.9903 

C -0.7098 11.1309 14.756 C -0.6367 12.458 15.511 

O 2.1017 12.4902 15.076 O 1.9359 13.8134 13.2798 

C 1.42647 13.3178 14.2639 C 0.01816 13.5941 14.733 

C -2.9915 10.7046 12.3143 C -4.3804 10.7617 12.3334 

C -7.3158 10.6607 13.0107 C -8.7116 10.6207 13.0165 

O -0.2568 10.9871 10.4055 N 1.76883 9.65597 12.267 

N 8.85028 10.1618 12.5007 C 8.1995 9.19417 13.158 

C 6.81102 9.04853 13.1414 C 6.03531 9.95796 12.4041 

C 4.55715 9.85256 12.3529 C 3.90608 8.61308 12.4806 

C 2.51631 8.55649 12.4352 C 8.11342 11.0292 11.7959 

C 6.72061 10.9734 11.7172 C 3.74948 10.9884 12.1724 

C 2.36639 10.846 12.1285 H -1.0185 4.35345 10.2464 

H -2.1654 5.63621 10.6732 H -0.9702 6.21621 8.55528 

H 0.60012 6.0261 9.32965 H -0.6051 8.66444 14.6826 

H -0.5402 7.24864 13.9572 H -2.4232 7.4792 12.5476 

H -4.9036 7.41094 12.6152 H -6.8673 7.65486 11.4787 

H -9.3403 7.752 11.5796 H -1.665 12.7373 15.793 

H -0.1036 12.2648 16.4549 H 0.07011 14.4972 15.3667 

H -0.5623 13.8633 13.84 H -2.3899 11.6137 12.2586 

H -4.8729 11.7317 12.2554 H -6.7994 11.5151 13.4517 

H -9.2755 11.4542 13.4507 H -0.4226 10.1899 9.83091 

H -1.0567 11.5234 10.3187 H 8.81084 8.49212 13.7363 

H 6.34749 8.24527 13.7167 H 4.47139 7.68797 12.5999 

H 1.97454 7.61472 12.5349 H 8.65534 11.8149 11.2573 
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H 6.18605 11.7047 11.1088 H 4.17865 11.9873 12.086 

H 1.71013 11.7041 11.9926 H 2.99657 12.3711 14.7095 

H 1.24405 5.18479 11.184     

 

Table 2.6: Comparison of X-ray and DFT data. 

Bonds (Å) X-Ray Data DFT Data 

 

X-Ray (DFT) 

 

 

Cu1-N1 (Cu9-N13) 2.02 2.05 

Cu1-N2 (Cu9-N32) 1.99 2.03 

Cu1-O3 (Cu1-O31) 2.53 2.40 

Cu1-O1 (Cu1-O10) 1.96 1.99 

C7-O1 (C21-O10) 1.26 1.27 

C7-O2 (C21-O11) 1.24 1.24 

C7-C8 (C21-C22) 1.51 1.52 

N1-C1 (N13-C27) 1.34 1.34 

C1-C2 (C27-C28) 1.36 1.39 

C2-C3 (C28-C17) 1.39 1.40 

C3-C4 (C17-C18) 1.47 1.48 

C4-C5 (C18-C29) 1.38 1.40 

C5-C6 (C29-C30) 1.37 1.39 

C6-N2 (C30-N14) 1.33 1.33 

 

Table 2.7: Geometry optimized coordinates of atrazine 

Cl 3.80068 6.55176 17.625 C 4.32934 4.92988 17.173 

C 4.82206 2.8288 17.7658 C 4.99123 3.48787 15.5952 

N 4.58568 4.75406 15.8965 N 4.41156 4.06716 18.1604 



  CHAPTER 2 
 

126 | P a g e  
 

N 5.12009 2.50337 16.4981 N 4.94496 1.87856 18.7076 

C 4.56049 2.02912 20.1117 C 3.05044 1.84847 20.2966 

C 5.37339 1.04947 20.9549 H 5.1861 0.95241 18.3676 

H 4.82374 3.05817 20.3979 H 5.12378 1.16573 22.0203 

H 6.4538 1.22077 20.8289 H 5.1509 0.00708 20.6686 

H 2.49824 2.58026 19.6875 H 2.77083 1.99659 21.3519 

H 2.73982 0.8344 19.9946 N 5.26659 3.20888 14.31 

C 5.25784 4.18615 13.2307 C 6.53312 5.02524 13.1643 

H 5.62009 2.27555 14.1273 H 5.11213 3.62987 12.2925 

H 4.38409 4.83975 13.3667 H 6.48297 5.73094 12.3194 

H 7.42063 4.38633 13.0285 H 6.65957 5.60551 14.0917 

 

Table 2.8: Geometry optimized coordinates of chlorothalonil. 

Cl 1.98871 5.94727 17.3999 C 3.19375 4.7595 17.1058 

C 4.46483 2.79726 17.8359 C 4.90382 3.78406 15.6489 

C 3.91086 4.75762 15.8968 C 3.47523 3.77731 18.0712 

C 5.17582 2.80636 16.6225 C 4.74119 1.80156 18.8246 

N 4.96767 0.9921 19.624 C 5.62911 3.79299 14.4163 

N 6.22103 3.79691 13.4187 Cl 3.59287 5.94093 14.6964 

Cl 2.61942 3.74983 19.5575 Cl 6.38163 1.6187 16.3287 

 

Table 2.9: Geometry optimized coordinates of dicofol 

C 1.95933 9.40716 11.5481 C 8.63796 9.29642 13.6327 

C 7.35382 9.18143 14.17 C 6.33973 10.0079 13.6851 

C 6.59808 10.952 12.6814 C 4.18031 11.0583 12.0033 

C 4.16143 10.1491 10.9309 C 3.06348 9.3247 10.6958 

C 8.91601 10.2175 12.6211 C 7.89198 11.0425 12.1513 

C 3.06045 11.1194 12.8417 C 1.94933 10.3 12.6182 

H 7.14473 8.44921 14.9512 H 5.33441 9.89892 14.0927 

H 5.02491 10.0854 10.2674 H 3.06664 8.62326 9.86 

H 9.92089 10.2905 12.2023 H 8.10168 11.7579 11.3577 

H 3.02014 11.8021 13.6867 H 1.08284 10.3619 13.2783 

C 5.48566 11.8639 12.1508 O 5.89186 12.319 10.8823 

C 5.36946 13.1632 13.0663 Cl 6.89413 14.0973 12.9813 

Cl 4.05412 14.216 12.4357 Cl 5.06526 12.8102 14.7906 

Cl 0.57466 8.37773 11.2676 Cl 9.91462 8.25987 14.228 

H 5.14986 12.7878 10.4686     

 

Table 2.10: Geometry optimized coordinates of thiophanate-methyl. 

N 3.20204 5.48655 17.7715 C 4.4295 4.81081 17.5719 

C 6.42776 3.72637 18.4009 C 6.15696 4.08935 16.0212 

C 4.91351 4.69127 16.2556 C 5.19304 4.32494 18.6422 
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C 6.91058 3.60932 17.09 H 4.81491 4.43262 19.6585 

H 7.87676 3.13612 16.9007 H 3.1127 6.37152 17.2757 

H 7.02092 3.35479 19.2396 H 6.51723 3.99449 14.9969 

N 4.08675 5.13713 15.196 H 3.1219 4.81354 15.233 

C 4.42497 5.98162 14.1831 S 5.86784 6.8148 14.112 

N 3.41782 6.05096 13.239 C 3.27359 6.92739 12.1682 

O 3.99419 7.84688 11.8714 O 2.16157 6.57612 11.5038 

C 1.82462 7.37781 10.3645 H 2.6531 5.38409 13.3237 

H 0.90079 6.9494 9.95935 H 2.62634 7.33591 9.61266 

H 1.66112 8.42364 10.6632 C 2.13049 5.0682 18.5 

S 1.99344 3.54288 19.1608 N 1.18434 6.07014 18.6053 

C -0.1062 6.01535 19.1219 O -0.679 5.05194 19.5651 

O -0.6271 7.24978 19.0388 C -1.9686 7.40508 19.5191 

H 1.44118 6.99152 18.2565 H -2.2189 8.46199 19.372 

H -2.029 7.14364 20.5857 H -2.6592 6.76675 18.9487 

 

Table 2.11: Geometry optimized coordinates of propoxur 

O 2.5367 4.14377 18.0201 C 3.84106 3.80071 17.7107 

C 5.83947 2.53224 18.1902 C 5.72785 3.93267 16.2034 

C 4.41868 4.31396 16.527 C 4.53752 2.91891 18.5313 

C 6.42657 3.04458 17.031 H 4.0474 2.54596 19.4331 

H 7.44403 2.75444 16.7579 H 6.3889 1.84014 18.8318 

H 6.20343 4.31793 15.3013 O 3.62925 5.13281 15.7988 

C 4.1981 6.05411 14.8437 C 4.95277 7.16424 15.5647 

C 3.02651 6.56689 14.0243 H 5.76368 6.76256 16.1908 

H 4.26528 7.73449 16.2083 H 5.39987 7.8527 14.8313 

H 2.31072 7.0972 14.6727 H 2.50284 5.73304 13.5328 

H 3.38108 7.26419 13.2503 H 4.88348 5.49744 14.1822 

C 2.19933 5.45278 18.2822 O 1.03558 5.78745 18.1866 

N 3.20905 6.25424 18.6719 C 2.98353 7.65794 18.9575 

H 2.49701 8.15692 18.1046 H 3.95243 8.13864 19.1428 

H 2.34321 7.7953 19.8445 H 4.14114 5.87101 18.7807 

 

Table 2.12: Geometry optimized coordinates of trifluralin. 

O 2.17299 6.92719 16.4865 O 1.56624 4.86989 16.7673 

N 7.314 6.12518 15.5963 N 2.41716 5.73902 16.6386 

O 8.18276 6.7484 16.1846 O 7.35999 5.80241 14.4217 

C 3.82441 5.34341 16.7429 C 5.4223 4.2298 18.1628 

C 6.14947 5.67497 16.3787 C 4.82222 5.96179 15.9395 

C 4.10463 4.4569 17.7837 C 6.45263 4.87715 17.4688 

H 3.2742 4.00456 18.3243 H 7.49839 4.72037 17.7365 

N 4.5667 6.72982 14.8341 C 5.20788 8.04736 14.6991 

H 4.43155 8.81287 14.8906 H 5.93246 8.16321 15.5173 
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C 5.88579 8.33642 13.3587 H 6.61195 7.54079 13.1379 

H 5.14027 8.3214 12.5472 C 6.58174 9.69766 13.3815 

H 7.04792 9.91913 12.4091 H 7.37435 9.72714 14.1483 

H 5.86944 10.5092 13.6058 C 3.43307 6.47193 13.9387 

H 2.49994 6.909 14.3326 H 3.65749 7.01881 13.0128 

C 3.24058 4.99658 13.5797 H 2.36271 4.9489 12.9142 

H 2.96345 4.40249 14.4657 C 4.4567 4.37299 12.8952 

H 4.26814 3.31782 12.6429 H 5.35029 4.41867 13.5356 

H 4.69742 4.90804 11.9612 C 5.76048 3.29028 19.2864 

F 4.68096 2.96306 20.0259 F 6.68108 3.81926 20.1284 

F 6.2914 2.12543 18.8292         

 

 

Figure 2.6: Geometry-optimized structure of the single unit of the MOF, where the 

immediate coordination of Cu2+ has been considered. 

The geometry-optimized structures of 2.1 with the pesticides was carefully investigated. 

The uncoordinated atom of succinate dianion in 2.1 interacts via hydrogen-bonding interactions 

with−NH protons from the atrazine molecule with O···H distances of 1.85 to 1.93 Å (Figure 

2.7(a) and Table 2.13 for coordinates). Interestingly, water molecules are not involved in the 

interaction with the guest molecule, rather they stabilize the cluster by hydrogen bonding with 

the uncoordinated oxygen atom via the formation of a six membered ring (O···H distance: 1.69 

Å). The specific interaction of the uncoordinated oxygen atom with the guest −NH group is the 

key factor for the formation of the stabilized host−guest adduct. It is advantageous for future 

work that the coordinated solvent molecule does not take any leading role in the host−guest 

interaction because the solvent molecules are not a part of the designed architecture. Hence, 

the superiority of using an aliphatic ligand like succinic acid in designing the MOF is justified. 
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In the case of chlorothalonil, an organochlorine pesticide, we expected that ring-to-ring (π−π) 

interactions might be possible because the presence of multiple chloride groups makes the ring 

electron-deficient and could promote a π−π interaction with bipyridine moiety. The bipyridine 

moiety has indeed been incorporated into the framework with this purpose. The optimized 

structure of 2.1 with chlorothalonil shows no ring-to-ring interaction as well as no hydrogen-

bonding interaction between water and chlorothalonil Cl atoms. The optimized structure 

(Figure 2.7(b) and Table 2.14 for coordinates) also reveals that the guest is situated far away 

from the host, which suggests the nonaffinity of the host toward this particular guest. Dicofol 

(Figure 2.7(c) and Table 2.15 for coordinates), another example of an organochlorine miticide 

derived from dichlorodiphenyltrichloroethane (DDT), has been chosen for host−guest 

interaction studies at the level of DFT-D3. It is found that this compound can also, in principle, 

interact with 2.1 via hydrogen bonds through the −Cl and −OH groups or via π−π interactions 

through the aromatic rings. The optimized structure reveals that 2.1 participates in a very weak 

π−π interaction with the aromatic ring of dicofol, with a centroid-to-centroid distance of 4.37 

Å. Although the interaction takes place, the presence of a bulky trichloromethane group creates 

a steric hindrance, preventing further closeness of the rings.  

 

Figure 2.7: Geometry optimized structure of (a) atrazine2.1; (b) chlorothalonil2.1; (c) 

dicofol2.1; (d) thiophanate-methyl2.1; (e) propoxur2.1; (f) trifluralin2.1. 

Table 2.13: Geometry optimized coordinates of atrazine2.1. 

O 0.89437 4.77689 12.0568 O -1.2184 4.99089 12.6276 
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C -0.4003 4.85673 11.7321 C -0.7637 4.68672 10.2739 

O -0.2667 7.32291 11.0201 O -0.5574 8.02154 8.90582 

C -0.3373 7.13986 9.77057 C -0.0925 5.69804 9.33509 

Cu -0.5092 8.87669 12.2471 O -0.6823 10.4058 13.5086 

O -1.3054 9.24709 15.3336 O -0.1278 7.29972 13.9811 

N -2.5628 8.72892 12.2644 N -9.6685 8.79186 12.5296 

C -3.216 7.98447 13.1665 C -4.6018 7.98795 13.2754 

C -5.3663 8.78272 12.4087 C -6.8467 8.79414 12.4651 

C -7.5678 7.68524 12.9327 C -8.9616 7.73382 12.944 

C -1.0505 10.3066 14.7266 C -1.182 11.6263 15.4856 

O 1.53037 11.9663 15.1169 O 1.27801 13.3321 13.3632 

C 0.79459 12.7468 14.3102 C -0.6525 12.841 14.7311 

C -3.2761 9.50348 11.4334 C -4.6636 9.55535 11.4693 

C -7.5897 9.90261 12.0298 C -8.9838 9.85045 12.0811 

O -0.4721 10.3263 10.2465 N 1.50744 9.17398 12.2271 

N 8.49766 10.3739 12.616 C 7.93471 9.32986 13.2366 

C 6.56817 9.04765 13.1878 C 5.71956 9.89497 12.4568 

C 4.2606 9.64462 12.373 C 3.7361 8.34217 12.4401 

C 2.35969 8.14925 12.3661 C 7.6911 11.1822 11.9174 

C 6.31225 10.9912 11.8091 C 3.34555 10.7006 12.2225 

C 1.98463 10.4227 12.149 H -0.4849 3.66114 9.97832 

H -1.8515 4.78716 10.1896 H -0.4545 5.55512 8.30791 

H 1.00274 5.55133 9.30213 H -0.659 7.85999 14.6032 

H -0.6132 6.47992 13.7828 H -2.6091 7.3674 13.8242 

H -5.0731 7.37147 14.0405 H -7.0584 6.77129 13.2345 

H -9.5305 6.86608 13.2965 H -2.2503 11.7669 15.7195 

H -0.6701 11.5012 16.4516 H -0.7374 13.7413 15.3653 

H -1.2315 13.035 13.8184 H -2.6964 10.0791 10.7142 

H -5.1892 10.1785 10.747 H -7.0994 10.8079 11.6682 

H -9.5707 10.7128 11.7447 H -0.5217 9.56282 9.61317 

H -0.8733 11.0884 9.80865 H 8.60236 8.67726 13.8106 

H 6.17585 8.18816 13.734 H 4.39011 7.47458 4.39011 

H 1.91216 7.15627 12.424 H 8.16195 12.0312 11.409 

H 5.71822 11.6816 11.2079 H 3.67355 11.74 12.1834 

H 1.24813 11.2161 12.0354 H 2.44661 11.9659 14.7853 

H 1.45096 4.66028 11.2695 Cl -8.0373 6.89358 9.54187 

C -6.293 6.74212 9.75776 C -4.5498 5.86361 10.8623 

C -4.2158 7.30694 9.12955 N -5.5581 7.46141 8.93891 

N -5.9054 5.93828 10.7232 N -3.6804 6.51249 10.0716 

N -4.0624 5.10667 11.8582 C -4.8826 4.34087 12.7955 

C -5.3017 2.99663 12.193 C -4.1186 4.17613 14.108 

N -3.378 7.98479 8.32996 C -3.7778 8.93568 7.30719 

C -3.8033 10.3802 7.80673 H -3.0499 5.12281 12.0103 
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H -5.7959 4.92669 12.9827 H -4.7295 3.62037 14.8348 

H -3.8638 5.15357 14.5464 H -3.1788 3.6237 13.9495 

H -5.8615 3.15507 11.2589 H -5.9463 2.44165 12.8934 

H -4.4157 2.37879 11.9715 H -2.3827 7.93477 8.56783 

H -3.0652 8.84265 6.47161 H -4.7683 8.64389 6.93281 

H -4.0493 11.0696 6.98351 H -2.8208 10.6727 8.21184 

H -4.5575 10.5091 8.59768         

 

Table 2.14: Geometry optimized coordinates of chlorothalonil2.1. 

O 0.90597 5.15605 11.9985 O -1.0782 5.43561 12.9172 

C -0.4229 5.30135 11.9012 C -1.0342 5.19588 10.5198 

O -0.3018 7.74665 11.163 O -0.5968 8.50228 9.06702 

C -0.4585 7.59644 9.9073 C -0.4325 6.13274 9.46631 

Cu -0.3454 9.35465 12.3389 O -0.3842 10.9215 13.5724 

O -1.2431 9.86453 15.3616 O -0.0509 7.82982 14.1261 

N -2.4032 9.27151 12.3778 N -9.5049 9.22418 12.3011 

C -3.0691 8.1068 12.3899 C -4.4601 8.05071 12.3776 

C -5.2042 9.24176 12.3601 C -6.6855 9.23228 12.3455 

C -7.4027 8.25558 11.6383 C -8.7982 8.2984 11.6416 

C -0.8102 10.8751 14.7767 C -0.7732 12.1981 15.5411 

O 1.95846 12.3212 15.0812 O 1.73459 13.6558 13.2998 

C 1.25016 13.1348 14.2834 C -0.162 13.3611 14.767 

C -3.0976 10.4187 12.3708 C -4.4873 10.4492 12.3616 

C -7.4287 10.2066 13.0299 C -8.8233 10.1543 12.9804 

O -0.4108 10.7979 10.4177 N 1.6791 9.50859 12.2328 

N 8.74183 10.2421 12.3854 C 8.12947 9.2549 13.0505 

C 6.74619 9.06528 13.0497 C 5.93412 9.9495 12.3209 

C 4.4598 9.79636 12.2859 C 3.85199 8.53424 12.405 

C 2.46446 8.43223 12.3759 C 7.97006 11.0855 11.689 

C 6.57879 10.9862 11.6265 C 3.61318 10.9072 12.1307 

C 2.23498 10.7198 12.1035 H -0.9287 4.14973 10.187 

H -2.1067 5.38863 10.6406 H -0.9663 6.02467 8.51149 

H 0.62075 5.87202 9.25451 H -0.6348 8.41655 14.6686 

H -0.5394 7.01411 13.9201 H -2.4669 7.19727 12.4282 

H -4.955 7.07885 12.412 H -6.8833 7.49103 11.061 

H -9.37 7.55186 11.081 H -1.8078 12.4417 15.833 

H -0.2267 12.015 16.4791 H -0.1337 14.26 15.4083 

H -0.7586 13.6184 13.8814 H -2.5113 11.3393 12.3828 

H -5.0001 11.4114 12.3357 H -6.9355 10.9861 13.6133 

H -9.4133 10.9038 13.52 H -0.5154 10.004 9.82545 

H -1.2461 11.2776 10.3324 H 8.76927 8.57295 13.6222 

H 6.31412 8.2486 13.6304 H 4.44972 7.62743 12.5049 

H 1.95591 7.47163 12.4694 H 8.48086 11.8874 11.1438 



  CHAPTER 2 
 

132 | P a g e  
 

H 6.01411 11.7001 11.0246 H 4.00851 11.9206 12.0522 

H 1.54869 11.5571 11.9889 H 2.85326 12.2334 14.7059 

H 1.31809 5.05362 11.1251 Cl -4.4584 5.114 8.53922 

C -5.5966 4.35178 9.58832 C -7.8637 4.20047 10.5023 

C -6.1373 2.6615 11.276 C -5.211 3.27437 10.4039 

C -6.9256 4.80402 9.63676 C -7.4615 3.13144 11.3229 

C -9.2111 4.67606 10.5459 N -10.299 5.07823 10.5827 

C -5.7311 1.56912 12.1054 N -5.4054 0.68268 12.7786 

Cl -3.5996 2.67308 10.3493 Cl -7.4334 6.1116 8.63559 

Cl -8.5978 2.39381 12.386         

 

Table 2.15: Geometry optimized coordinates of dicofol2.1. 

O 0.2587 5.14098 13.5977 O -1.7177 5.53215 14.4884 

C -1.0827 5.05427 13.5694 C -1.6834 4.30947 12.3955 

O -1.5847 6.92772 11.8672 O -1.0643 6.76048 9.69119 

C -1.269 6.2754 10.8182 C -1.1469 4.76679 11.0337 

Cu -1.4573 8.86266 12.307 O -1.3684 10.8084 12.6622 

O -1.4832 10.6953 14.9048 O -0.6179 8.23768 14.3685 

N -3.4333 8.84452 12.8474 N -10.482 8.26765 12.8086 

C -4.0034 7.7659 13.4079 C -5.3835 7.65047 13.5417 

C -6.2153 8.68247 13.0803 C -7.6884 8.54045 13.0507 

C -8.2782 7.2981 12.7709 C -9.6662 7.21679 12.6567 

C -1.3924 11.3226 13.8336 C -1.2902 12.8457 13.8808 

O 1.06189 12.706 12.4034 O 0.00417 13.0383 10.4601 

C -0.0092 13.0556 11.6732 C -1.1765 13.5138 12.5142 

C -4.2094 9.87353 12.469 C -5.5937 9.83596 12.5752 

C -8.544 9.63759 13.2241 C -9.921 9.44898 13.0942 

O -2.335 9.13284 9.84012 N 0.40734 8.9699 11.5247 

N 6.96005 9.63184 8.87096 C 6.75545 9.18208 10.1149 

C 5.48883 9.0293 10.6822 C 4.35471 9.36368 9.92454 

C 2.98602 9.22446 10.4771 C 2.68221 8.25037 11.4443 

C 1.38689 8.15638 11.9431 C 5.88051 9.94966 8.14634 

C 4.57212 9.83752 8.62055 C 1.93986 10.063 10.0555 

C 0.66943 9.89976 10.5972 H -1.4743 3.23475 12.5352 

H -2.771 4.44496 12.4472 H -1.6845 4.2511 10.2238 

H -0.085 4.49582 10.8919 H -1.0323 9.0428 14.7699 

H -1.0927 7.45029 14.6858 H -3.3337 6.96335 13.7244 

H -5.8015 6.74477 13.9823 H -7.6657 6.4141 12.5926 

H -10.136 6.25635 12.417 H -2.1763 13.2241 14.4154 

H -0.4236 13.0903 14.5146 H -1.0614 14.6044 12.6446 

H -2.0794 13.3574 11.9086 H -3.6916 10.7348 12.0436 

H -6.179 10.6799 12.212 H -8.1523 10.6288 13.4553 

H -10.599 10.3005 13.2207 H -1.7865 8.32254 9.66745 
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H -3.1729 8.75281 10.1371 H 7.64574 8.92979 10.7022 

H 5.39882 8.67428 11.7102 H 3.44157 7.55485 11.803 

H 1.1133 7.42317 12.7039 H 6.058 10.3124 7.12747 

H 3.73848 10.0993 7.96674 H 2.1038 10.8561 9.32519 

H -0.1623 10.5371 10.2987 H 1.76977 12.437 11.7904 

H 0.65996 4.67294 12.8474 C -2.8187 7.1123 5.29797 

C -7.5117 10.0057 9.6929 C -6.1711 9.93794 9.30833 

C -5.6637 8.73247 8.82569 C -6.4784 7.59565 8.72439 

C -4.7634 6.50659 7.22575 C -5.1288 6.79714 5.90133 

C -4.168 7.09739 4.93516 C -8.347 8.89292 9.59026 

C -7.826 7.69443 9.09799 C -3.4043 6.53181 7.56098 

C -2.4301 6.83141 6.60769 C -5.9185 6.26229 8.2145 

O -6.9686 5.59344 7.56042 C -5.5072 5.34531 9.45383 

Cl -6.9706 4.80729 10.3477 Cl -4.6709 3.86182 8.86279 

Cl -4.4547 6.19103 10.6374 Cl -1.6027 7.48996 4.09384 

Cl -8.1458 11.5134 10.3224 H -5.5291 10.8164 9.38459 

H -4.6181 8.69496 8.51991 H -6.1824 6.79204 5.62079 

H -4.4651 7.32158 3.90946 H -9.3922 8.95799 9.89538 

H -8.4776 6.8275 9.00574 H -3.0534 6.33243 8.56767 

H -1.3801 6.84476 6.90235 H -6.6162 4.78094 7.16229 

 

Table 2.16: Geometry optimized coordinates of thiophanate-methyl2.1. 

O -0.312 5.22618 10.4177 O -2.1786 5.5504 11.529 

C -1.5608 5.68791 10.4796 C -2.1883 6.20926 9.21068 

O -0.8664 8.10916 10.6427 O -0.9723 9.61927 8.9802 

C -1.0531 8.46349 9.43199 C -1.3771 7.2959 8.4996 

Cu -0.5823 9.19568 12.2988 O -0.3269 10.2491 13.9696 

O -1.3912 8.85934 15.3825 O -0.5765 7.13414 13.5252 

N -2.6052 9.48727 12.4244 N -9.6491 10.3274 12.8988 

C -3.4453 8.46061 12.2225 C -4.8255 8.59847 12.3105 

C -5.3787 9.85448 12.6076 C -6.8481 10.0287 12.7011 

C -7.7251 9.19264 11.9895 C -9.1009 9.38446 12.1214 

C -0.7721 9.90681 15.117 C -0.4956 10.8964 16.2495 

O 2.20991 10.5911 15.7397 O 2.31473 12.4243 14.4618 

C 1.70718 11.7385 15.258 C 0.362 12.0913 15.8462 

C -3.1146 10.6905 12.728 C -4.4842 10.9187 12.8188 

C -7.424 11.0206 13.5114 C -8.8149 11.1252 13.5766 

O -0.2364 11.1828 11.0013 N 1.42925 8.90941 12.1742 

N 8.45458 7.90225 12.4593 C 7.59672 6.93283 12.8002 

C 6.20892 7.07914 12.7554 C 5.66209 8.30313 12.3367 

C 4.19599 8.5148 12.2733 C 3.31358 7.45231 12.0103 

C 1.94257 7.6878 11.9722 C 7.93594 9.06943 12.0584 

C 6.56441 9.31939 11.9823 C 3.63174 9.78596 12.474 
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C 2.25035 9.94014 12.4106 H -2.326 5.33879 8.54462 

H -3.1929 6.56262 9.47459 H -1.9195 7.66546 7.61853 

H -0.4168 6.89918 8.12143 H -1.0387 7.61045 14.2594 

H -1.1892 6.48033 13.1557 H -3.0008 7.49368 11.9887 

H -5.454 7.71784 12.1819 H -7.3504 8.39752 11.3435 

H -9.7929 8.73843 11.5687 H -1.4687 11.2436 16.6341 

H -0.0275 10.3296 17.069 H 0.56095 12.7229 16.7303 

H -0.146 12.7247 15.1067 H -2.3955 11.4909 12.913 

H -4.8386 11.9256 13.0426 H -6.8061 11.6937 14.1084 

H -9.2717 11.891 14.214 H -0.5305 10.6952 10.1836 

H -0.9213 11.8482 11.1524 H 8.03075 5.9829 13.1325 

H 5.57023 6.25066 13.0662 H 3.68593 6.44515 11.8189 

H 1.22698 6.8863 11.7856 H 8.64614 9.85522 11.7768 

H 6.21231 10.2904 11.63 H 4.24945 10.6557 12.7012 

H 1.77731 10.9086 12.5653 H 3.07467 10.4397 15.3172 

H 0.08813 5.38833 9.5472 N -2.9602 2.8182 10.7782 

C -3.5785 2.60799 9.53425 C -3.532 2.16916 7.15199 

C -5.5916 2.88845 8.19086 C -4.9471 2.92944 9.43146 

C -2.8767 2.2206 8.38133 C -4.8872 2.5101 7.04908 

N -5.6668 3.2531 10.6151 C -6.2297 4.45408 10.9078 

S -5.9148 5.86035 10.0679 N -7.1268 4.3517 11.962 

C -7.4933 5.34631 12.857 O -6.9088 6.38375 13.0543 

O -8.5957 4.95696 13.5102 C -9.0695 5.85051 14.5281 

C -1.8786 2.20338 11.3492 S -1.2751 0.72057 10.8883 

N -1.3705 3.00685 12.3483 C -0.3364 2.79084 13.2442 

O 0.25402 1.76393 13.4755 O -0.1007 3.97372 13.8372 

C 0.95537 4.04815 14.7932 H -1.8189 1.97412 8.45718 

H -5.3942 2.47294 6.08237 H -3.3448 3.60798 11.2939 

H -2.9734 1.87237 6.26101 H -6.6499 3.14947 8.13727 

H -5.7776 2.504 11.2972 H -7.579 3.45091 12.1063 

H -9.9578 5.37271 14.9569 H -9.3318 6.82512 14.0911 

H -8.3015 5.99663 15.3016 H -1.6771 3.98949 12.3267 

H 0.97839 5.0971 15.1107 H 1.91574 3.76771 14.3345 

H 0.75713 3.38662 15.6501         

 

Table 2.17: Geometry optimized coordinates of propoxur2.1 

O 0.73311 5.10695 12.4493 O -1.3964 5.4004 12.9322 

C -0.5618 5.17035 12.0828 C -0.8511 4.89232 10.6233 

O -0.6666 7.54658 10.9915 O 0.36162 8.02147 9.05237 

C -0.102 7.23107 9.89234 C -0.0073 5.72299 9.64905 

Cu -0.5678 9.23746 12.0587 O -0.5591 10.9131 13.1302 

O -1.4589 10.0535 15.0036 O -0.3348 7.87315 13.9861 
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N -2.6048 9.27643 12.1139 N -9.6939 9.54554 12.2819 

C -3.3131 8.23432 12.57 C -4.7008 8.26553 12.6517 

C -5.3969 9.40412 12.218 C -6.8766 9.45507 12.2411 

C -7.6457 8.31179 11.971 C -9.0378 8.41212 12.0024 

C -1.0077 10.995 14.3239 C -0.9682 12.3905 14.9456 

O 1.77532 12.3903 14.5635 O 1.6485 13.5443 12.6511 

C 1.11755 13.1385 13.6644 C -0.3022 13.4498 14.0739 

C -3.2484 10.3867 11.7249 C -4.6345 10.4874 11.7505 

C -7.5638 10.6451 12.5262 C -8.9603 10.6355 12.5376 

O -0.3501 10.4606 9.93819 N 1.46644 9.31026 11.9999 

N 8.53862 9.89532 12.3578 C 7.87622 8.99981 13.1002 

C 6.4894 8.84191 13.0647 C 5.72871 9.65981 12.2133 

C 4.25313 9.53782 12.1369 C 3.60542 8.31329 12.376 

C 2.21785 8.24273 12.3036 C 7.81594 10.6751 11.5444 

C 6.42588 10.6002 11.4372 C 3.44328 10.6427 11.8248 

C 2.06267 10.486 11.7602 H -0.6767 3.81869 10.4431 

H -1.9215 5.065 10.4695 H -0.3036 5.50996 8.611 

H 1.06299 5.45251 9.69708 H -0.8875 8.53431 14.4753 

H -0.8409 7.04812 13.8955 H -2.7515 7.34505 12.8607 

H -5.2318 7.40361 13.0543 H -7.1715 7.36703 11.7034 

H -9.6494 7.52888 11.7852 H -2.0069 12.6847 15.1686 

H -0.4608 12.2985 15.9182 H -0.2692 14.4115 14.6162 

H -0.8641 13.6235 13.1464 H -2.6238 11.2117 11.3778 

H -5.1108 11.3978 11.3849 H -7.026 11.566 12.7595 

H -9.5073 11.5568 12.7688 H -0.0665 9.6168 9.49388 

H -1.0399 10.8309 9.37123 H 8.47608 8.37005 13.7671 

H 6.01492 8.10267 13.7122 H 4.17173 7.41027 12.6067 

H 1.68171 7.3154 12.5076 H 8.36765 11.4018 10.9373 

H 5.90317 11.2566 10.7395 H 3.86805 11.6321 11.6517 

H 1.40652 11.321 11.5228 H 2.67869 12.2417 14.2302 

H 1.29951 4.84382 11.7055 O -5.4456 6.2849 10.3215 

C -4.7452 5.09706 10.433 C -3.8209 3.34459 11.8136 

C -3.8013 3.12754 9.39175 C -4.4383 4.36796 9.26013 

C -4.4463 4.59103 11.6931 C -3.502 2.62194 10.6638 

O -4.8204 4.94341 8.10018 C -4.2379 4.54175 6.8423 

C -2.7736 4.95743 6.77625 C -5.0917 5.20082 5.77272 

C -4.9781 7.33151 9.55269 O -5.7827 8.09495 9.06372 

N -3.6344 7.42933 9.4743 C -2.9747 8.45023 8.68702 

H -4.7088 5.1787 12.5733 H -3.0054 1.65217 10.7455 

H -3.5729 2.95576 12.8026 H -3.5464 2.54562 8.50594 

H -2.1855 4.49456 7.5821 H -2.6848 6.0514 6.86061 

H -2.3355 4.64398 5.81664 H -5.0485 6.29718 5.87317 

H -6.141 4.88249 5.86537 H -4.7272 4.92424 4.77208 

H -4.3237 3.44551 6.74968 H -3.737 9.00741 8.12985 
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H -2.2607 8.00044 7.98029 H -2.4158 9.14134 9.33007 

H -3.0613 6.84288 10.0712         

 

Table 2.18: Geometry optimized coordinates of trifluralin2.1. 

O 0.0475 5.45224 10.2296 O -1.9544 5.80408 11.082 

C -1.2036 5.9276 10.133 C -1.6124 6.52099 8.7978 

O -0.5918 8.4806 10.46 O -0.3192 9.9454 8.77542 

C -0.5258 8.80451 9.22809 C -0.6879 7.62513 8.26297 

Cu -0.5058 9.53429 12.1668 O -0.4815 10.4853 13.9272 

O -1.627 8.97395 15.1391 O -0.6462 7.38721 13.2268 

N -2.572 9.82724 12.07 N -9.605 10.9208 11.764 

C -3.4111 8.82597 11.7618 C -4.7911 9.00265 11.7001 

C -5.3474 10.267 11.9575 C -6.8136 10.4967 11.8907 

C -7.6232 9.79433 10.9815 C -8.9979 10.0417 10.9578 

C -1.0586 10.0726 14.9924 C -1.0481 11.0426 16.1782 

O 1.73201 10.9308 16.424 O 2.03099 12.7219 15.1163 

C 1.29175 12.0203 15.7755 C -0.1793 12.2864 15.9993 

C -3.0869 11.0386 12.3331 C -4.4532 11.3014 12.2843 

C -7.4536 11.4225 12.7317 C -8.8369 11.5926 12.6303 

O -0.0888 11.56 10.8971 N 1.55038 9.35234 12.2335 

N 8.63228 8.7581 12.6811 C 7.83239 7.69865 12.8543 

C 6.43905 7.76043 12.7749 C 5.82032 8.99316 12.5038 

C 4.3422 9.11767 12.4099 C 3.54204 8.05227 11.9592 

C 2.16013 8.20892 11.8864 C 8.04657 9.93347 12.4209 

C 6.66335 10.1038 12.3253 C 3.68097 10.3055 12.7681 

C 2.29437 10.3816 12.6644 H -1.6499 5.6937 8.06694 

H -2.6372 6.89866 8.91427 H -1.0647 7.99818 7.29961 

H 0.32506 7.23297 8.0539 H -1.1702 7.81346 13.9513 

H -1.239 6.80791 12.7191 H -2.9679 7.84816 11.5611 

H -5.416 8.1362 11.4817 H -7.1952 9.08014 10.2762 

H -9.6326 9.50069 10.2468 H -2.0939 11.3465 16.3549 

H -0.7456 10.4703 17.0685 H -0.2457 12.911 16.9085 

H -0.5218 12.9051 15.1591 H -2.3759 11.823 12.6009 

H -4.8047 12.3147 12.4853 H -6.8945 11.993 13.476 

H -9.3439 12.3076 13.2888 H -0.1677 11.0485 10.0455 

H -0.8164 12.1968 10.8622 H 8.32027 6.74137 13.0725 

H 5.85141 6.85621 12.9454 H 3.98446 7.1053 11.6459 

H 1.51243 7.40175 11.5393 H 8.70938 10.7946 12.2755 

H 6.25886 11.091 12.0933 H 4.22665 11.1692 13.1513 

H 1.75596 11.2872 12.9452 H 2.68882 10.8441 16.2585 

H 0.54442 5.58465 9.40553 O -4.9768 2.43406 7.25664 

O -7.0043 2.09608 6.58163 N -6.1114 4.63675 11.9521 

N -6.1867 2.57808 7.35281 O -5.6952 5.71817 12.3397 
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O -6.2731 3.66094 12.6641 C -6.6846 3.44838 8.42705 

C -7.9958 5.42771 8.85456 C -6.5117 4.53147 10.5359 

C -6.0984 3.42721 9.7261 C -7.6444 4.37644 8.0163 

C -7.3953 5.51459 10.1159 N -5.2494 2.44885 10.189 

C -3.9359 2.82958 10.7523 C -3.5557 2.20896 12.1021 

C -2.0943 2.50168 12.454 C -5.3743 1.03933 9.78207 

C -6.7961 0.46827 9.84712 C -7.4074 0.46238 11.25 

C -8.99 6.4765 8.43328 F -9.4439 6.2762 7.18971 

F -8.4435 7.71423 8.46921 F -10.056 6.51376 9.25616 

H -8.0593 4.29414 7.01193 H -7.655 6.31593 10.8094 

H -3.1738 2.54916 9.99852 H -3.8833 3.92668 10.8211 

H -4.2221 2.59777 12.887 H -3.7112 1.11777 12.0756 

H -1.8429 2.10338 13.4497 H -1.8912 3.58452 12.4518 

H -1.4077 2.03807 11.7249 H -4.9291 0.86613 8.78676 

H -4.7503 0.47311 10.4878 H -6.7318 -0.5636 9.46154 

H -7.467 0.99517 9.14775 H -8.4239 0.03801 11.2327 

H -7.4678 1.47745 11.672 H -6.8005 -0.1465 11.9413 

 

After the series of organochlorine-based pesticides, a systemically active benzimidazole 

fungicide, for example, thiophanate-methyl, has been chosen (Figure 2.7(d) and Table 2.16 

for coordinates). Its interaction with 2.1 consists of a hydrogen-bonding interaction between 

the nonligating oxygen of succinate dianion and a secondary amine of thiophanatemethyl 

(H···O distance: 1.82 Å). Then, we chose a carbamate insecticide, propoxur (commercially 

known as Baygon), because it is sometimes toxic to many bird species, honeybees, or aquatic 

life like fish. The optimized structure showed no interaction between the host and the guest 

(Figure 2.7(e) and Table 2.17 for coordinates). The steric hindrance of the −CH3 group 

adjacent to −NH perhaps does not facilitate the sensing property. Moreover, the results of the 

calculation suggest that the presence of the −NH moiety does not ascertain sensing, rather it 

strictly depends on other parameters, such as adjacent groups, steric crowding, and so on. We 

further moved on toward a representative of herbicides, for example, trifluralin, which contains 

nitro groups as well as fluorine. It was expected that nitro groups could make the ring electron-

deficient, and thus π−π stacking, as it happens with dicofol, might play a vital role. However, 

after optimization, no trace of interaction between the host and the guest was observed (Figure 

2.7(f) and Table 2.18 for coordinates). Natural bond orbital (NBO) analysis of 1 and its 

host−guest adduct with the pesticides were executed and is tabulated (Tables 2.19−2.25, 

Figure 2.8(a)–2.8(g)). For example, the O2 and O6 populations from spin density are 0.00026 

and −0.00047 for 2.1, which, after interaction with atrazine, altered to 0.00039 and −0.00009. 

For further verification regarding the geometry, the vibrational stretching of 2.1 and an adduct 
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of 2.1 with atrazine were studied, and no negative vibration was found. The zero-point energy 

(ZPE) of the MOF and the MOF−atrazine adduct was then calculated and was found to be 

1472.93 and 2083.19 kJ/mol.  

Table 2.19: NBO analysis of 2.1. atomic population from spin density 

atom sum n(s) n(p) n(d) n(f) n(g) 

1 o 0.00015 -0.00001 0.00017 0 0 0 

2 o 0.00026 -0.00002 0.00027 0 0 0 

3 c 0.00027 0.00001 0.00026 0 0 0 

4 c -0.0004 -0.0002 -0.0002 0 0 0 

5 o 0.04937 0.00446 0.04463 0.00029 0 0 

6 o -0.0005 0.00051 -0.001 0 0 0 

7 c -0.0027 -0.001 -0.0024 0.00058 0 0 

8 c 0.00714 0.00182 0.0053 0.00001 0 0 

9 cu 0.79111 -0.0066 -0.0072 0.80485 0.00001 0 

10 o 0.05865 0.0046 0.05379 0.00025 0 0 

11 o -0.00008 0.00044 -0.0005 0 0 0 

12 o -0.0007 -0.0001 -0.0005 0 0 0 

13 n 0.05022 0.00853 0.04131 0.00037 0 0 

14 n -0.0006 0 -0.0006 0 0 0 

15 c -0.007 -0.0011 -0.0059 0.00009 0 0 

16 c 0.0056 0.00085 0.00476 0 0 0 

17 c -0.004 -0.00008 -0.004 0 0 0 

18 c 0.00064 0 0.00065 
-

0.00001 
0 0 

19 c -0.0008 -0.00005 -0.0007 0 0 0 

20 c 0.00032 0.00001 0.00032 0 0 0 

21 c -0.0043 -0.0011 -0.0034 0.00031 0 0 

22 c 0.00868 0.00212 0.00655 0.00002 0 0 

23 o 0.00011 0.00001 0.0001 0 0 0 

24 o 0.00002 -0.00001 0.00003 0 0 0 

25 c 0.00009 0.00002 0.00007 0 0 0 

26 c -0.0003 0 -0.0003 0 0 0 

27 c -0.0073 -0.0011 -0.0063 0.00009 0 0 

28 c 0.00539 0.0008 0.00459 0 0 0 

29 c -0.0008 -0.00004 -0.0007 0 0 0 

30 c 0.00031 0 0.00031 0 0 0 

31 o -0.0005 -0.0002 -0.0003 0 0 0 

32 n 0.05281 0.0077 0.04472 0.00039 0 0 

33 n -0.0006 0 -0.0006 0 0 0 

34 c 0.00032 0 0.00032 0 0 0 

35 c -0.0008 -0.00004 -0.0007 0 0 0 

36 c 0.00068 0 0.00069 
-

0.00001 
0 0 
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37 c -0.0041 -0.00005 -0.0041 0 0 0 

38 c 0.00589 0.0009 0.005 0 0 0 

39 c -0.0071 -0.0012 -0.0061 0.0001 0 0 

40 c 0.00034 0.00001 0.00034 0 0 0 

41 c -0.0008 -0.00005 -0.0008 0 0 0 

42 c 0.00589 0.00091 0.00499 0 0 0 

43 c -0.0075 -0.0012 -0.0064 0.00009 0 0 

44 h -0.00005 -0.00005 0 0 0 0 

45 h 0 0 0 0 0 0 

46 h 0.00064 0.00062 0.00002 0 0 0 

47 h -0.0002 -0.0002 0 0 0 0 

48 h -0.00007 -0.00006 -0.00001 0 0 0 

49 h -0.0002 -0.0002 0 0 0 0 

50 h 0.0014 0.00141 -0.00001 0 0 0 

51 h 0.00018 0.00017 0 0 0 0 

52 h 0 0 0 0 0 0 

53 h 0 0 0 0 0 0 

54 h -0.0002 -0.0002 0.00002 0 0 0 

55 h -0.00009 -0.0001 0.00002 0 0 0 

56 h -0.00004 -0.00004 0 0 0 0 

57 h 0.00007 0.00007 0 0 0 0 

58 h 0.00136 0.00137 -0.00001 0 0 0 

59 h 0.00017 0.00016 0 0 0 0 

60 h 0 0 0 0 0 0 

61 h 0 0 0 0 0 0 

62 h -0.0001 -0.0001 0 0 0 0 

63 h -0.0002 -0.0002 0 0 0 0 

64 h 0 0 0 0 0 0 

65 h 0 0 0 0 0 0 

66 h 0.00017 0.00016 0.00001 0 0 0 

67 h 0.00169 0.0017 -0.00001 0 0 0 

68 h 0 0 0 0 0 0 

69 h -0.00001 -0.00001 0 0 0 0 

70 h 0.00015 0.00014 0 0 0 0 

71 h 0.00181 0.00181 -0.00001 0 0 0 

72 h -0.00002 -0.00002 0 0 0 0 

73 h 0 0 0 0 0 0 

 

Table 2.20: NBO analysis of atrazine2.1 

atomic populations from spin density: 

atom sum n(s) n(p) n(d) n(f) n(g) 

1 o 0.00009 0.00002 0.00011 0 0 0 

2 o 0.00039 0 0.00039 0 0 0 
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3 c 0.00003 0.00001 0.00002 0 0 0 

4 c -0.0004 -0.0002 -0.0003 0 0 0 

5 o 0.04604 0.00506 0.04065 0.00033 0 0 

6 o 0.00009 0.0006 -0.0007 0 0 0 

7 c -0.0031 -0.001 -0.0027 0.00059 0 0 

8 c 0.00677 0.00167 0.0051 0 0 0 

9 cu 0.78813 -0.0067 -0.0072 0.802 0.00001 0 

10 o 0.06278 0.00535 0.05715 0.00028 0 0 

11 o -0.0002 0.00061 -0.0009 0 0 0 

12 o -0.0004 -0.0001 -0.0003 0 0 0 

13 n 0.05019 0.00832 0.0415 0.00037 0 0 

14 n -0.0006 0 -0.0006 0 0 0 

15 c -0.0066 -0.0012 -0.0054 0.00009 0 0 

16 c 0.0054 0.00078 0.00462 0 0 0 

17 c -0.0037 0.00007 -0.0036 0 0 0 

18 c 0.00062 0.00001 0.00062 0.00001 0 0 

19 c -0.0007 0.00004 -0.0007 0 0 0 

20 c 0.00031 0.00001 0.00031 0 0 0 

21 c -0.0049 -0.0013 -0.0043 0.00073 0 0 

22 c 0.00907 0.0022 0.00687 0 0 0 

23 o 0.00011 0.00001 0.0001 0 0 0 

24 o 0.00003 0.00001 0.00002 0 0 0 

25 c 0.00007 0 0.00006 0 0 0 

26 c -0.0002 0.00006 -0.0003 0 0 0 

27 c -0.0068 -0.0012 -0.0057 0.00008 0 0 

28 c 0.00535 0.00078 0.00457 0 0 0 

29 c -0.0007 0.00003 -0.0007 0 0 0 

30 c 0.00029 0 0.00029 0 0 0 

31 o -0.0002 -0.0002 0.00005 0 0 0 

32 n 0.05433 0.008 0.04597 0.00036 0 0 

33 n -0.0006 0 -0.0006 0 0 0 

34 c 0.00033 0 0.00032 0 0 0 

35 c -0.0008 0.00004 -0.0007 0 0 0 

36 c 0.00068 0 0.00069 0.00001 0 0 

37 c -0.0042 0.00005 -0.0042 0 0 0 

38 c 0.00601 0.00089 0.00513 0.00001 0 0 

39 c -0.0072 -0.0012 -0.0061 0.00009 0 0 

40 c 0.00034 0.00001 0.00034 0 0 0 

41 c -0.0008 0.00005 -0.0008 0 0 0 

42 c 0.00605 0.00092 0.00513 0.00001 0 0 

43 c -0.0075 -0.0012 -0.0064 0.00009 0 0 

44 h 0.00006 0.00006 0 0 0 0 

45 h 0.00003 0.00003 0 0 0 0 

46 h 0.00069 0.00067 0.00002 0 0 0 
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47 h -0.0003 -0.0003 0 0 0 0 

48 h 0 0 0 0 0 0 

49 h -0.0001 -0.0001 0 0 0 0 

50 h 0.00131 0.00132 0.00001 0 0 0 

51 h 0.0002 0.0002 0 0 0 0 

52 h 0 0 0 0 0 0 

53 h 0 0 0 0 0 0 

54 h -0.0001 -0.0002 0.00002 0 0 0 

55 h 0.00004 0.00006 0.00002 0 0 0 

56 h 0.00003 0.00003 0 0 0 0 

57 h -0.0001 -0.0001 0 0 0 0 

58 h 0.00139 0.0014 0.00001 0 0 0 

59 h 0.00017 0.00016 0 0 0 0 

60 h 0 0 0 0 0 0 

61 h 0 0 0 0 0 0 

62 h -0.0001 -0.0001 0 0 0 0 

63 h -0.0001 -0.0001 0 0 0 0 

64 h 0 0 0 0 0 0 

65 h 0 0 0 0 0 0 

66 h 0.00017 0.00017 0 0 0 0 

67 h 0.00166 0.00167 0.00001 0 0 0 

68 h 0 0 0 0 0 0 

69 h 0.00001 0.00001 0 0 0 0 

70 h 0.00015 0.00015 0 0 0 0 

71 h 0.00181 0.00182 0.00001 0 0 0 

72 h 0.00003 0.00003 0 0 0 0 

73 h 0.00001 0.00001 0 0 0 0 

74 cl 0.00001 0 0.00001 0 0 0 

75 c 0.00003 0 0.00003 0 0 0 

76 c -0.0001 0 -0.0001 0 0 0 

77 c 0.00005 0.00002 0.00002 0 0 0 

78 n 0.00002 0 0.00002 0 0 0 

79 n 0.00002 0 0.00002 0 0 0 

80 n 0.00002 0.00001 0.00001 0 0 0 

81 n 0.00001 0.00001 0.00001 0 0 0 

82 c 0 0 0 0 0 0 

83 c 0 0 0 0 0 0 

84 c 0.00001 0 0.00002 0 0 0 

85 n 0.00004 0 0.00003 0 0 0 

86 c 0 0 0 0 0 0 

87 c 0.00002 0.00001 0.00001 0 0 0 

88 h 0 0 0 0 0 0 

89 h 0 0 0 0 0 0 

90 h 0 0 0 0 0 0 
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91 h 0.00002 0.00002 0 0 0 0 

92 h 0 0 0 0 0 0 

93 h 0 0 0 0 0 0 

94 h 0 0 0 0 0 0 

95 h 0 0 0 0 0 0 

96 h 0.00001 0.00001 0 0 0 0 

97 h 0 0 0 0 0 0 

98 h 0 0 0 0 0 0 

99 h 0 0 0 0 0 0 

100 h 0.00002 0.00002 0 0 0 0 

101 h 0.00001 0.00001 0 0 0 0 

 

Table 2.21: NBO analysis of chlorothalonil2.1. 

atomic populations from spin density 

atom sum n(s) n(p) n(d) n(f) n(g) 

1 o 0.00014 -0.00001 0.00015 0 0 0 

2 o 0.00028 -0.00001 0.00029 0 0 0 

3 c 0.00025 0.00001 0.00024 0 0 0 

4 c -0.0003 -0.0002 -0.0001 0 0 0 

5 o 0.04896 0.00444 0.04422 0.0003 0 0 

6 o -0.0005 0.0005 -0.001 0 0 0 

7 c -0.0028 -0.001 -0.0024 0.00056 0 0 

8 c 0.00715 0.00183 0.00532 0.00001 0 0 

9 cu 0.79185 -0.0065 -0.0071 0.80544 0.00001 0 

10 o 0.0584 0.00454 0.05362 0.00024 0 0 

11 o -0.0002 0.00043 -0.0006 0 0 0 

12 o -0.0007 -0.0002 -0.0005 0 0 0 

13 n 0.04937 0.00833 0.04067 0.00037 0 0 

14 n -0.0005 0 -0.0005 0 0 0 

15 c -0.0068 -0.0011 -0.0058 0.00009 0 0 

16 c 0.0055 0.00086 0.00464 0 0 0 

17 c -0.004 -0.00008 -0.0039 0 0 0 

18 c 0.00058 -0.00001 0.0006 -0.00001 0 0 

19 c -0.0007 -0.00005 -0.0007 0 0 0 

20 c 0.00029 0 0.00029 0 0 0 

21 c -0.004 -0.0012 -0.0031 0.00029 0 0 

22 c 0.00866 0.00213 0.00651 0.00001 0 0 

23 o 0.00012 0.00001 0.0001 0 0 0 

24 o 0.00002 -0.00001 0.00002 0 0 0 

25 c 0.0001 0.00002 0.00008 0 0 0 

26 c -0.0003 -0.00001 -0.0003 0 0 0 

27 c -0.0072 -0.001 -0.0063 0.00009 0 0 

28 c 0.00528 0.00079 0.0045 0 0 0 
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29 c -0.0007 -0.00005 -0.0007 0 0 0 

30 c 0.00029 0 0.00029 0 0 0 

31 o -0.0005 -0.0002 -0.0003 0 0 0 

32 n 0.05332 0.00774 0.0452 0.00037 0 0 

33 n -0.0006 0 -0.0006 0 0 0 

34 c 0.00032 0 0.00032 0 0 0 

35 c -0.0008 -0.00004 -0.0007 0 0 0 

36 c 0.00067 0 0.00068 -0.00001 0 0 

37 c -0.0041 -0.00005 -0.0041 0 0 0 

38 c 0.00591 0.0009 0.00502 0 0 0 

39 c -0.0071 -0.0012 -0.0061 0.00009 0 0 

40 c 0.00034 0.00001 0.00034 0 0 0 

41 c -0.0008 -0.00005 -0.0007 0 0 0 

42 c 0.00594 0.00093 0.00502 0 0 0 

43 c -0.0075 -0.0012 -0.0064 0.00009 0 0 

44 h -0.00005 -0.00005 0 0 0 0 

45 h 0 0 0 0 0 0 

46 h 0.00057 0.00055 0.00002 0 0 0 

47 h -0.0002 -0.0002 0 0 0 0 

48 h -0.00006 -0.00005 -0.00001 0 0 0 

49 h -0.0002 -0.0002 0 0 0 0 

50 h 0.00138 0.00139 -0.00001 0 0 0 

51 h 0.00018 0.00017 0 0 0 0 

52 h -0.00001 -0.00001 0 0 0 0 

53 h 0 0 0 0 0 0 

54 h -0.0002 -0.0002 0.00002 0 0 0 

55 h -0.00009 -0.0001 0.00002 0 0 0 

56 h -0.00005 -0.00005 0 0 0 0 

57 h 0.00007 0.00007 0 0 0 0 

58 h 0.00133 0.00134 -0.00001 0 0 0 

59 h `0.00016 0.00016 0 0 0 0 

60 h -0.00001 -0.00001 0 0 0 0 

61 h 0 0 0 0 0 0 

62 h -0.0001 -0.0001 0 0 0 0 

63 h -0.0002 -0.0002 0 0 0 0 

64 h 0 0 0 0 0 0 

65 h 0 0 0 0 0 0 

66 h 0.00018 0.00017 0.00001 0 0 0 

67 h 0.00169 0.0017 -0.00001 0 0 0 

68 h 0 0 0 0 0 0 

69 h -0.00001 -0.00001 0 0 0 0 

70 h 0.00015 0.00015 0 0 0 0 

71 h 0.00183 0.00184 -0.00001 0 0 0 

72 h -0.00002 -0.00002 0 0 0 0 
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73 h 0 0 0 0 0 0 

74 cl 0 0 0 0 0 0 

75 c 0 0 0 0 0 0 

76 c 0 0 0 0 0 0 

77 c 0 0 0 0 0 0 

78 c 0 0 0 0 0 0 

79 c 0 0 0 0 0 0 

80 c 0 0 0 0 0 0 

81 c 0 0 0 0 0 0 

82 n 0 0 0 0 0 0 

83 c 0 0 0 0 0 0 

84 n 0 0 0 0 0 0 

85 cl 0 0 0 0 0 0 

86 cl 0 0 0 0 0 0 

87 cl 0 0 0 0 0 0 

` 

Table 2.22: NBO analysis of dicofol2.1. 

atomic populations from spin density 

atom sum n(s) n(p) n(d) n(f) n(g) 

1 o 0.00004 -0.00001 0.00005 0 0 0 

2 o 0.00023 -0.00001 0.00024 0 0 0 

3 c 0.0002 0.00001 0.0002 0 0 0 

4 c -0.0002 -0.00001 -0.0002 0 0 0 

5 o 0.04889 0.00459 0.04394 0.00036 0 0 

6 o 0.00053 0.00042 0.00011 0 0 0 

7 c -0.0024 -0.0008 -0.002 0.00033 0 0 

8 c 0.00759 0.00185 0.00574 0 0 0 

9 cu 0.7847 -0.0075 -0.008 0.8002 
0.000

01 
0 

10 o 0.0629 0.00464 0.05802 0.00024 0 0 

11 o 0.00001 0.00048 -0.0005 0 0 0 

12 o -0.0007 -0.0001 -0.0006 0 0 0 

13 n 0.04975 0.0079 0.04149 0.00036 0 0 

14 n -0.0006 0 -0.0006 0 0 0 

15 c -0.007 -0.0011 -0.006 0.00008 0 0 

16 c 0.00566 0.00086 0.00481 0 0 0 

17 c -0.004 -0.00008 -0.004 0 0 0 

18 c 0.0006 -0.00001 0.00061 -0.00001 0 0 

19 c -0.0007 -0.00005 -0.0007 0 0 0 

20 c 0.00028 0 0.00028 0 0 0 

21 c -0.0044 -0.0012 -0.0035 0.00033 0 0 

22 c 0.00916 0.00214 0.007 0.00001 0 0 

23 o 0.00012 0 0.00012 0 0 0 
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24 o 0.00008 0 0.00008 0 0 0 

25 c 0.00007 0.00003 0.00004 0 0 0 

26 c -0.0004 -0.00001 -0.0003 0 0 0 

27 c -0.0068 -0.0008 -0.0061 0.00008 0 0 

28 c 0.00534 0.00077 0.00457 0 0 0 

29 c -0.0007 -0.00005 -0.0007 0 0 0 

30 c 0.0003 0.00001 0.0003 0 0 0 

31 o -0.0005 -0.00008 -0.0004 0 0 0 

32 n 0.0543 0.0081 0.04581 0.00039 0 0 

33 n -0.0007 0 -0.0007 0 0 0 

34 c 0.00034 0.00001 0.00034 0 0 0 

35 c -0.0008 -0.00004 -0.0008 0 0 0 

36 c 0.0007 0 0.00071 -0.00001 0 0 

37 c -0.0043 -0.00005 -0.0043 0 0 0 

38 c 0.00599 0.00087 0.00512 0 0 0 

39 c -0.0074 -0.0013 -0.0062 0.0001 0 0 

40 c 0.00035 0.00001 0.00035 0 0 0 

41 c -0.0008 -0.00005 -0.0008 0 0 0 

42 c 0.00614 0.00094 0.0052 0 0 0 

43 c -0.0077 -0.0012 -0.0066 0.00009 0 0 

44 h -0.00003 -0.00003 0 0 0 0 

45 h 0.00005 0.00005 0 0 0 0 

46 h -0.00009 -0.0001 0.00003 0 0 0 

47 h 0.00001 -0.00002 0.00003 0 0 0 

48 h -0.00007 -0.00006 -0.00001 0 0 0 

49 h -0.0002 -0.0002 0 0 0 0 

50 h 0.00148 0.00149 -0.00001 0 0 0 

51 h 0.00017 0.00017 0 0 0 0 

52 h -0.00001 -0.00001 0 0 0 0 

53 h 0 0 0 0 0 0 

54 h -0.0002 -0.0002 0.00002 0 0 0 

55 h -0.0001 -0.0001 0.00002 0 0 0 

56 h -0.00005 -0.00005 0 0 0 0 

57 h 0.00008 0.00007 0 0 0 0 

58 h 0.00132 0.00132 0 0 0 0 

59 h 0.00018 0.00017 0 0 0 0 

60 h 0 0 0 0 0 0 

61 h 0 0 0 0 0 0 

62 h -0.00008 -0.00008 0 0 0 0 

63 h -0.0002 -0.0002 0 0 0 0 

64 h 0 0 0 0 0 0 

65 h 0 0 0 0 0 0 

66 h 0.0002 0.0002 0 0 0 0 

67 h 0.00158 0.00159 -0.00001 0 0 0 
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68 h 0 0 0 0 0 0 

69 h -0.00001 0 0 0 0 0 

70 h 0.00016 0.00015 0 0 0 0 

71 h 0.0018 0.00181 -0.00001 0 0 0 

72 h -0.00002 -0.00002 0 0 0 0 

73 h 0 0 0 0 0 0 

74 c 0 0 0 0 0 0 

75 c 0.00002 0 0.00002 0 0 0 

76 c 0.00001 0.00001 0 0 0 0 

77 c 0.00001 0 0.00001 0 0 0 

78 c -0.00001 0 -0.00001 0 0 0 

79 c 0 0 0 0 0 0 

80 c 0 0 0 0 0 0 

81 c 0 0 0 0 0 0 

82 c -0.00001 0 -0.00001 0 0 0 

83 c 0.00001 0 0.00001 0 0 0 

84 c -0.00001 0 -0.00001 0 0 0 

85 c 0 0 0 0 0 0 

86 c 0 0 0 0 0 0 

87 o 0 0 0 0 0 0 

88 c -0.00007 -0.00001 -0.00005 0 0 0 

89 cl -0.00001 0 -0.00001 0 0 0 

90 cl 0 0 0 0 0 0 

91 cl -0.00002 -0.00003 0.00002 -0.00001 0 0 

92 cl 0 0 0 0 0 0 

93 cl 0.00002 0 0.00002 0 0 0 

94 h -0.00002 -0.00002 0 0 0 0 

95 h -0.00001 -0.00001 0 0 0 0 

96 h 0 0 0 0 0 0 

97 h 0 0 0 0 0 0 

98 h 0 0 0 0 0 0 

99 h 0 0 0 0 0 0 

100 h -0.00001 -0.00001 0 0 0 0 

101 h -0.00001 -0.00001 0 0 0 0 

102 h 0 0 0 0 0 0 

 

Table 2.23: NBO analysis of thiophanate-methyl2.1. 

atomic populations from spin density 

atom sum n(s) n(p) n(d) n(f) n(g) 

1 o 0.00025 -0.00001 0.00026 0 0 0 

2 o 0.00025 -0.00002 0.00027 0 0 0 

3 c 0.00047 0.00002 0.00044 0 0 0 

4 c -0.0003 -0.0002 -0.0002 0 0 0 
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5 o 0.04831 0.00491 0.0431 0.00029 0 0 

6 o -0.0004 0.00049 -0.0009 0 0 0 

7 c -0.0028 -0.001 -0.0024 0.00056 0 0 

8 c 0.00694 0.00181 0.00513 0.00001 0 0 

9 cu 0.7906 -0.0063 -0.0071 0.80406 0.00001 0 

10 o 0.05957 0.00475 0.05455 0.00026 0 0 

11 o -0.0002 0.00043 -0.0006 0 0 0 

12 o -0.0006 -0.0001 -0.0004 0 0 0 

13 n 0.05219 0.00841 0.0434 0.00038 0 0 

14 n -0.0007 0 -0.0007 0 0 0 

15 c -0.0074 -0.0012 -0.0062 0.00008 0 0 

16 c 0.00583 0.00078 0.00506 0 0 0 

17 c -0.0042 -0.00007 -0.0041 0 0 0 

18 c 0.0007 0.00002 0.0007 -0.00001 0 0 

19 c -0.0008 -0.00005 -0.0008 0 0 0 

20 c 0.00033 0.00001 0.00033 0 0 0 

21 c -0.0049 -0.0012 -0.0045 0.00085 0 0 

22 c 0.0089 0.00222 0.00667 0.00001 0 0 

23 o 0.00011 0.00001 0.00011 0 0 0 

24 o 0.00003 -0.00001 0.00004 0 0 0 

25 c 0.0001 0.00003 0.00007 0 0 0 

26 c -0.0003 -0.00001 -0.0003 0 0 0 

27 c -0.0073 -0.0013 -0.0062 0.00009 0 0 

28 c 0.00563 0.00083 0.0048 0 0 0 

29 c -0.0008 -0.00004 -0.0008 0 0 0 

30 c 0.00034 0.00001 0.00034 0 0 0 

31 o -0.0005 -0.0002 -0.0003 0 0 0 

32 n 0.05133 0.00744 0.04348 0.00041 0 0 

33 n -0.0006 0 -0.0006 0 0 0 

34 c 0.00031 0 0.00031 0 0 0 

35 c -0.0007 -0.00004 -0.0007 0 0 0 

36 c 0.00064 0 0.00066 -0.00001 0 0 

37 c -0.004 -0.00005 -0.004 0 0 0 

38 c 0.00576 0.00089 0.00488 0 0 0 

39 c -0.0068 -0.0011 -0.0058 0.00009 0 0 

40 c 0.00033 0.00001 0.00033 0 0 0 

41 c -0.0008 -0.00005 -0.0007 0 0 0 

42 c 0.00572 0.00088 0.00485 -0.00001 0 0 

43 c -0.0073 -0.0012 -0.0062 0.00009 0 0 

44 h -0.00007 -0.00007 0 0 0 0 

45 h 0 0 0 0 0 0 

46 h 0.00056 0.00054 0.00002 0 0 0 

47 h -0.0002 -0.0002 0 0 0 0 

48 h -0.0001 -0.0001 0 0 0 0 
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49 h -0.0002 -0.0002 0 0 0 0 

50 h 0.0015 0.00151 -0.00001 0 0 0 

51 h 0.00021 0.00021 0 0 0 0 

52 h 0.00001 0.00001 0 0 0 0 

53 h 0 0 0 0 0 0 

54 h -0.0002 -0.0002 0.00001 0 0 0 

55 h -0.00009 -0.0001 0.00001 0 0 0 

56 h -0.00005 -0.00005 0 0 0 0 

57 h 0.00007 0.00007 0 0 0 0 

58 h 0.00143 0.00144 -0.00001 0 0 0 

59 h 0.00018 0.00018 0 0 0 0 

60 h 0 0 0 0 0 0 

61 h 0 0 0 0 0 0 

62 h -0.0001 -0.0001 0 0 0 0 

63 h -0.0002 -0.0002 0 0 0 0 

64 h 0 0 0 0 0 0 

65 h 0 0 0 0 0 0 

66 h 0.00017 0.00016 0.00001 0 0 0 

67 h 0.00167 0.00168 -0.00001 0 0 0 

68 h 0 0 0 0 0 0 

69 h -0.00001 -0.00001 0 0 0 0 

70 h 0.00015 0.00015 0 0 0 0 

71 h 0.00175 0.00176 -0.00001 0 0 0 

72 h -0.00002 -0.00002 0 0 0 0 

73 h 0 0 0 0 0 0 

74 n 0 0 0 0 0 0 

75 c 0 0 0 0 0 0 

76 c 0 0 0 0 0 0 

77 c 0 0 0 0 0 0 

78 c 0 0 0 0 0 0 

79 c 0 0 0 0 0 0 

80 c 0 0 0 0 0 0 

81 n 0.00001 0 0.00001 0 0 0 

82 c 0.00001 0 0.00001 0 0 0 

83 s 0.00002 0 0.00002 0 0 0 

84 n 0 0 0 0 0 0 

85 c 0 0 0 0 0 0 

86 o 0.00003 0.00001 0.00002 0 0 0 

87 o 0 0 0 0 0 0 

88 c 0 0 0 0 0 0 

89 c 0 0 0 0 0 0 

90 s 0 0 0 0 0 0 

91 n 0 0 0 0 0 0 

92 c 0 0 0 0 0 0 
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93 o 0 0 0 0 0 0 

94 o 0 0 0 0 0 0 

95 c -0.00001 0 -0.00001 0 0 0 

96 h 0 0 0 0 0 0 

97 h 0 0 0 0 0 0 

98 h 0 0 0 0 0 0 

99 h 0 0 0 0 0 0 

100 h 0 0 0 0 0 0 

101 h 0 0 0 0 0 0 

102 h 0 0 0 0 0 0 

103 h 0 0 0 0 0 0 

104 h 0 0 0 0 0 0 

105 h 0 0 0 0 0 0 

106 h 0 0 0 0 0 0 

107 h -0.00001 -0.00001 0 0 0 0 

108 h 0 0 0 0 0 0 

109 h 0 0 0 0 0 0 

 

Table 2.24: NBO analysis of propoxur2.1. 

atomic populations from spin density 

atom sum n(s) n(p) n(d) n(f) n(g) 

1 o -0.00001 -0.00002 0 0 0 0 

2 o 0.00023 -0.00002 0.00025 0 0 0 

3 c 0.00016 0 0.00016 0 0 0 

4 c -0.0001 0.00001 -0.0002 0 0 0 

5 o 0.04681 0.00476 0.04173 0.00033 0 0 

6 o 0.00043 0.00034 0.00008 0 0 0 

7 c -0.0021 -0.0008 -0.0016 0.00031 0 0 

8 c 0.00715 0.0018 0.00535 0 0 0 

9 cu 0.7874 -0.0071 -0.0075 0.802 0.00001 0 

10 o 0.06375 0.00493 0.05857 0.00026 0 0 

11 o 0.00014 0.00059 -0.0005 0 0 0 

12 o -0.0005 -0.0001 -0.0004 0 0 0 

13 n 0.05246 0.0084 0.04367 0.00039 0 0 

14 n -0.0006 0 -0.0006 0 0 0 

15 c -0.007 -0.0011 -0.006 0.00009 0 0 

16 c 0.00583 0.00088 0.00495 0 0 0 

17 c -0.0041 -0.00009 -0.004 0 0 0 

18 c 0.0006 -0.00001 0.00062 -0.00001 0 0 

19 c -0.0008 -0.00006 -0.0007 0 0 0 

20 c 0.00031 0 0.00031 0 0 0 

21 c -0.0054 -0.0011 -0.005 0.0007 0 0 

22 c 0.00935 0.00224 0.00711 0 0 0 
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23 o 0.0001 0 0.00011 0 0 0 

24 o 0.00004 -0.00001 0.00004 0 0 0 

25 c 0.00009 0.00003 0.00006 0 0 0 

26 c -0.0004 -0.00002 -0.0004 0 0 0 

27 c -0.0077 -0.0013 -0.0065 0.00009 0 0 

28 c 0.00566 0.00083 0.00484 0 0 0 

29 c -0.0007 -0.00005 -0.0007 0 0 0 

30 c 0.00029 0 0.00029 0 0 0 

31 o -0.0004 -0.0002 -0.0002 0 0 0 

32 n 0.05027 0.00738 0.04247 0.00042 0 0 

33 n -0.0006 0 -0.0006 0 0 0 

34 c 0.0003 0 0.0003 0 0 0 

35 c -0.0007 -0.00004 -0.0007 0 0 0 

36 c 0.00063 0 0.00064 -0.00001 0 0 

37 c -0.0039 -0.00004 -0.0039 0 0 0 

38 c 0.00562 0.00083 0.0048 0 0 0 

39 c -0.0065 -0.0011 -0.0055 0.0001 0 0 

40 c 0.00032 0.00001 0.00032 0 0 0 

41 c -0.0008 -0.00005 -0.0007 0 0 0 

42 c 0.00565 0.00087 0.00479 -0.00001 0 0 

43 c -0.0072 -0.0012 -0.0061 0.00009 0 0 

44 h -0.00002 -0.00002 0 0 0 0 

45 h 0 0 0 0 0 0 

46 h -0.00009 -0.0001 0.00002 0 0 0 

47 h 0.00001 -0.00001 0.00003 0 0 0 

48 h -0.00008 -0.00008 0 0 0 0 

49 h -0.0002 -0.0002 0 0 0 0 

50 h 0.00155 0.00156 -0.00001 0 0 0 

51 h 0.0002 0.0002 0 0 0 0 

52 h 0 0 0 0 0 0 

53 h 0 0 0 0 0 0 

54 h -0.0002 -0.0002 0.00001 0 0 0 

55 h -0.0001 -0.0001 0.00001 0 0 0 

56 h -0.00005 -0.00005 0 0 0 0 

57 h 0.00011 0.0001 0 0 0 0 

58 h 0.00155 0.00157 -0.00001 0 0 0 

59 h 0.00018 0.00018 0 0 0 0 

60 h -0.00001 -0.00001 0 0 0 0 

61 h 0 0 0 0 0 0 

62 h -0.00006 -0.00005 0 0 0 0 

63 h -0.0002 -0.0002 0 0 0 0 

64 h 0 0 0 0 0 0 

65 h 0 0 0 0 0 0 

66 h 0.00018 0.00018 0 0 0 0 
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67 h 0.00146 0.00147 -0.00001 0 0 0 

68 h 0 0 0 0 0 0 

69 h -0.00001 -0.00001 0 0 0 0 

70 h 0.00014 0.00013 0 0 0 0 

71 h 0.00174 0.00175 -0.00001 0 0 0 

72 h -0.00001 -0.00001 0 0 0 0 

73 h -0.00001 -0.00001 0 0 0 0 

74 o 0.00003 0 0.00003 0 0 0 

75 c -0.00001 0 -0.00001 0 0 0 

76 c -0.00001 0 -0.00001 0 0 0 

77 c 0 0 0 0 0 0 

78 c 0 0 0 0 0 0 

79 c 0 0 0 0 0 0 

80 c 0 0 0 0 0 0 

81 o 0 0 0 0 0 0 

82 c 0 0 0 0 0 0 

83 c 0 0 0 0 0 0 

84 c 0 0 0 0 0 0 

85 c 0 0.00001 0 0 0 0 

86 o -0.00003 0 -0.00003 0 0 0 

87 n -0.00003 0 -0.00003 0 0 0 

88 c -0.00009 -0.00002 -0.00007 0 0 0 

89 h -0.00001 -0.00001 0 0 0 0 

90 h 0 0 0 0 0 0 

91 h 0 0 0 0 0 0 

92 h 0 0 0 0 0 0 

93 h 0 0 0 0 0 0 

94 h 0 0 0 0 0 0 

95 h 0 0 0 0 0 0 

96 h 0 0 0 0 0 0 

97 h 0 0 0 0 0 0 

98 h 0 0 0 0 0 0 

99 h 0 0 0 0 0 0 

100 h -0.00002 -0.00002 0 0 0 0 

101 h -0.00003 -0.00003 0 0 0 0 

102 h -0.00006 -0.00006 0 0 0 0 

103 h -0.00007 -0.00007 0 0 0 0 

 

Table 2.25: NBO analysis of trifluralin2.1.     

atomic populations from spin density 

atom sum n(s) n(p) n(d) n(f) n(g) 

1 o 0.00013 -0.00001 0.00013 0 0 0 

2 o 0.00026 -0.00001 0.00027 0 0 0 
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3 c 0.00017 0.00001 0.00016 0 0 0 

4 c -0.0003 -0.0001 -0.0002 0 0 0 

5 o 0.05 0.00434 0.04541 0.00025 0 0 

6 o -0.0005 0.00051 -0.001 0 0 0 

7 c -0.0029 -0.001 -0.0025 0.00054 0 0 

8 c 0.00754 0.00188 0.00565 0.00001 0 0 

9 cu 0.7869 -0.0072 -0.0072 0.80124 
0.00

001 
0 

10 o 0.06006 0.00459 0.05523 0.00024 0 0 

11 o -0.0003 0.00045 -0.0008 0 0 0 

12 o -0.0006 -0.0001 -0.0005 0 0 0 

13 n 0.05161 0.00897 0.04237 0.00028 0 0 

14 n -0.0006 0 -0.0006 0 0 0 

15 c -0.0069 -0.0011 -0.0058 0.00008 0 0 

16 c 0.00552 0.00083 0.00469 0 0 0 

17 c -0.0039 -0.00007 -0.0038 0 0 0 

18 c 0.0006 -0.00001 0.00062 -0.00001 0 0 

19 c -0.0007 -0.00005 -0.0007 0 0 0 

20 c 0.0003 0 0.0003 0 0 0 

21 c -0.0043 -0.0012 -0.0039 0.00074 0 0 

22 c 0.00915 0.00225 0.00689 0.00001 0 0 

23 o 0.00008 0 0.00009 0 0 0 

24 o 0.00004 0 0.00004 0 0 0 

25 c 0.00007 0.00003 0.00004 0 0 0 

26 c -0.0003 -0.00004 -0.0003 0 0 0 

27 c -0.0071 -0.0011 -0.0062 0.00009 0 0 

28 c 0.00536 0.0008 0.00457 0 0 0 

29 c -0.0007 -0.00004 -0.0007 0 0 0 

30 c 0.00029 0 0.00029 0 0 0 

31 o -0.0005 -0.0002 -0.0003 0 0 0 

32 n 0.05294 0.00807 0.04458 0.00028 0 0 

33 n -0.0006 0 -0.0006 0 0 0 

34 c 0.00031 0 0.00031 0 0 0 

35 c -0.0007 -0.00004 -0.0007 0 0 0 

36 c 0.00065 0 0.00066 -0.00001 0 0 

37 c -0.004 -0.00005 -0.004 0 0 0 

38 c 0.0057 0.00086 0.00485 -0.00001 0 0 

39 c -0.0069 -0.0011 -0.0059 0.00009 0 0 

40 c 0.00032 0.00001 0.00032 0 0 0 

41 c -0.0008 -0.00004 -0.0007 0 0 0 

42 c 0.0058 0.00091 0.0049 -0.00001 0 0 

43 c -0.0073 -0.0011 -0.0062 0.00008 0 0 

44 h -0.00007 -0.00007 0 0 0 0 

45 h 0.00001 0.00001 0 0 0 0 
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46 h 0.00049 0.00047 0.00002 0 0 0 

47 h -0.0002 -0.0002 0 0 0 0 

48 h -0.00002 -0.00001 0 0 0 0 

49 h -0.0002 -0.0002 0 0 0 0 

50 h 0.00139 0.0014 -0.00001 0 0 0 

51 h 0.00016 0.00016 0 0 0 0 

52 h -0.00001 -0.00001 0 0 0 0 

53 h 0 0 0 0 0 0 

54 h -0.0002 -0.0002 0.00001 0 0 0 

55 h -0.00009 -0.0001 0.00001 0 0 0 

56 h -0.00006 -0.00006 0 0 0 0 

57 h 0.0001 0.0001 0 0 0 0 

58 h 0.00135 0.00136 -0.00001 0 0 0 

59 h 0.00015 0.00015 0 0 0 0 

60 h -0.00001 -0.00001 0 0 0 0 

61 h 0 0 0 0 0 0 

62 h -0.0001 -0.00009 0 0 0 0 

63 h -0.0002 -0.0002 0 0 0 0 

64 h 0 0 0 0 0 0 

65 h 0 0 0 0 0 0 

66 h 0.00017 0.00016 0 0 0 0 

67 h 0.00155 0.00156 -0.00001 0 0 0 

68 h 0 0 0 0 0 0 

69 h -0.00001 -0.00001 0 0 0 0 

70 h 0.00013 0.00013 0 0 0 0 

71 h 0.00171 0.00172 -0.00001 0 0 0 

72 h 0 0 0 0 0 0 

73 h -0.00001 -0.00001 0 0 0 0 

74 o 0 0 0 0 0 0 

75 o 0 0 0 0 0 0 

76 n 0 0 0 0 0 0 

77 n 0 0 0 0 0 0 

78 o 0.00001 0 0.00001 0 0 0 

79 o 0 0 0 0 0 0 

80 c 0 0 0 0 0 0 

81 c 0 0 0 0 0 0 

82 c 0 0 0 0 0 0 

83 c 0 0 0 0 0 0 

84 c 0 0 0 0 0 0 

85 c 0 0 0 0 0 0 

86 n 0 0 0 0 0 0 

87 c 0 0 0 0 0 0 

88 c 0 0 0 0 0 0 

89 c 0 0 0 0 0 0 
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90 c 0 0 0 0 0 0 

91 c 0 0 0 0 0 0 

92 c 0 0 0 0 0 0 

93 c 0 0 0 0 0 0 

94 f 0 0 0 0 0 0 

95 f 0 0 0 0 0 0 

96 f 0 0 0 0 0 0 

97 h 0 0 0 0 0 0 

98 h 0 0 0 0 0 0 

99 h 0 0 0 0 0 0 

100 h 0 0 0 0 0 0 

101 h 0 0 0 0 0 0 

102 h 0 0 0 0 0 0 

103 h 0 0 0 0 0 0 

104 h 0 0 0 0 0 0 

105 h 0 0 0 0 0 0 

106 h 0 0 0 0 0 0 

107 h 0 0 0 0 0 0 

108 h 0 0 0 0 0 0 

109 h 0 0 0 0 0 0 

110 h 0 0 0 0 0 0 

111 h 0 0 0 0 0 0 

112 h 0 0 0 0 0 0 

 

The crystal structure of the Cd−MOF with the same ligands is reported in the literature 

and has been obtained from the Cambridge Structural Database (CSD).2.48 The immediate 

coordination of the Cd−MOF was optimized (Table 2.26 for coordinates) and further examined 

with dicofol, which primarily showed weak/no π−π interaction with Cd-MOF (Table 2.27 for 

coordinates). This shows the role of the central metal ion in making the skeleton of MOF 2.1 

an effective chemosensor. 
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Figure 2.8: Atom numbering scheme of (a) 2.1; (b) atrazine  2.1; (c) chlorothalonil  2.1; 

(d) dicofol  2.1; (e) thiophanate-methyl  2.1; (f) propoxur  2.1; (g) trifluralin  2.1. 

Table 2.26: Geometry optimized coordinates of Cd-MOF. 

Cd 11.7058 -6.8302 9.19586 O 11.6784 -4.6553 8.35086 

O 11.7283 -4.7314 10.5647 O 12.7294 -0.0022 10.0688 

O 11.06 0.33174 11.5227 N 9.36235 -6.7919 9.28463 

C 8.62818 -6.1803 8.34536 C 7.24029 -6.1054 8.41115 

C 6.56803 -6.6888 9.49845 C 7.35317 -7.3265 10.4738 

C 8.73721 -7.3541 10.3304 C 11.6999 -4.0865 9.49129 

C 11.7172 -2.5667 9.4867 C 11.6008 -1.9328 10.87 

C 11.7388 -0.4299 10.8676 N 2.27912 -6.5248 9.83387 

C 2.96759 -5.547 9.2327 C 4.35707 -5.5535 9.09473 

C 5.09078 -6.6329 9.61286 C 4.36668 -7.6565 10.2451 

C 2.97636 -7.5561 10.3258 O 11.7313 -8.3864 11.093 

O 11.6823 -7.017 6.56244 O 11.6894 -9.1741 9.02477 

N 14.0458 -6.7883 9.23226 N 21.1455 -6.5595 9.54066 

C 20.4977 -6.5229 8.36997 C 19.1066 -6.5598 8.25619 

C 18.327 -6.6445 9.42114 C 19.0088 -6.6846 10.6481 

C 20.4042 -6.6375 10.6525 C 14.7488 -6.1234 8.30558 

C 16.1379 -6.052 8.32615 C 16.8465 -6.6916 9.35746 

C 16.0938 -7.3767 10.3261 C 14.7058 -7.4013 10.2268 

O 12.6481 -12.542 13.9579 O 11.2246 -13.108 12.3701 

C 11.9895 -12.284 12.8149 C 12.2628 -10.935 12.1893 

C 11.6514 -10.777 10.8049 C 11.7044 -9.3529 10.2769 

O 13.1516 -1.8294 6.36879 O 10.9597 -2.1183 5.98843 

O 12.1185 -6.952 4.52773 C 12.0889 -2.5529 5.98852 
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C 12.491 -3.9479 5.5757 C 11.2743 -4.8743 5.456 

C 11.6869 -6.305 5.52346 H 9.17093 -5.7387 7.50806 

H 6.6951 -5.6118 7.60587 H 6.90091 -7.782 11.3555 

H 9.37697 -7.8348 11.0749 H 12.6566 -2.2626 8.99975 

H 12.3974 -2.3326 11.5208 H 10.9121 -2.2253 8.81665 

H 10.6442 -2.1782 11.3507 H 2.38811 -4.7046 8.83816 

H 4.85429 -4.713 8.60764 H 4.86811 -8.5357 10.6534 

H 2.40287 -8.3541 10.8111 H 21.1138 -6.4642 7.46555 

H 18.6463 -6.545 7.2667 H 18.4687 -6.7302 11.5955 

H 20.944 -6.6613 11.606 H 14.1741 -5.6236 7.52421 

H 16.6544 -5.4829 7.55235 H 16.5776 -7.9062 11.1478 

H 14.091 -7.9234 10.9641 H 11.8602 -10.162 12.8665 

H 10.5873 -11.067 10.8377 H 13.3539 -10.771 12.1653 

H 12.1272 -11.445 10.0726 H 13.0506 -3.8828 4.62841 

H 10.7402 -4.704 4.50894 H 13.191 -4.3106 6.3389 

H 10.6019 -4.6731 6.299 H 12.8476 -0.9334 6.60456 

H 13.2281 -11.803 14.205 H 12.7734 0.96992 10.1317 

 

Table 2.27: coordinates of dicofolCd-MOF. 

Cd 11.1357 -6.6077 8.945981 O 10.8546 -4.5047 9.69684 

O 12.2577 -5.1953 11.29057 O 13.8027 -0.6472 10.5897 

O 13.2991 -0.3376 12.75136 N 8.70771 -6.989 8.6645 

C 8.273 -7.4875 7.498619 C 7.09142 -8.2222 7.39776 

C 6.32988 -8.4666 8.551394 C 6.7874 -7.9182 9.76085 

C 7.97099 -7.1851 9.766966 C 11.6198 -4.3065 10.702 

C 11.7428 -2.8544 11.16947 C 13.1204 -2.5639 11.7941 

C 13.4113 -1.0873 11.80984 N 2.8542 -10.992 8.39586 

C 3.12161 -10.122 7.413915 C 4.23132 -9.2739 7.41693 

C 5.11472 -9.3127 8.505165 C 4.83676 -10.222 9.53754 

C 3.70517 -11.033 9. 43023 O 10.6493 -8.2032 10.6513 

O 11.0949 -6.3468 6.696478 O 11.0282 -9.1237 8.66794 

N 13.4784 -6.8808 8.674689 N 20.2738 -8.6921 7.62303 

C 19.2731 -9.3595 7.035463 C 17.9253 -9.0363 7.20472 

C 17.5772 -7.9606 8.037969 C 18.6289 -7.2651 8.65661 

C 19.9447 -7.6667 8.418408 C 13.8705 -7.4059 7.5041 

C 15.1907 -7.771 7.256851 C 16.1607 -7.5791 8.25557 

C 15.7336 -7.0108 9.467205 C 14.3914 -6.6759 9.63491 

O 8.33142 -12.159 13.13315 O 7.24383 -11.003 11.604 

C 8.30366 -11.273 12.12193 C 9.62641 -10.643 11.7363 

C 9.75959 -10.399 10.23849 C 10.5718 -9.1716 9.8366 

O 13.751 -2.5999 8.520954 O 11.8622 -1.5964 7.86313 

O 9.81953 -5.4939 5.07963 C 12.6135 -2.55 7.81385 

C 12.3953 -3.7877 6.984622 C 10.9539 -3.9506 6.51486 
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C 10.5949 -5.3661 6.039033 H 8.90889 -7.3053 6.6277 

H 6.80778 -8.6572 6.439145 H 6.23568 -8.0667 10.6896 

H 8.36346 -6.7677 10.69661 H 11.5401 -2.1947 10.3147 

H 13.8966 -3.0681 11.20095 H 10.9441 -2.6597 11.9053 

H 13.1715 -2.9441 12.82196 H 2.42112 -10.097 6.57128 

H 4.39763 -8.5903 6.582113 H 5.52342 -10.346 10.3762 

H 3.48175 -11.759 10.22066 H 19.551 -10.206 6.39771 

H 17.161 -9.6347 6.705754 H 18.4361 -6.4047 9.29969 

H 20.7704 -7.1294 8.89883 H 13.0926 -7.5072 6.74372 

H 15.4568 -8.1841 6.28285 H 16.4302 -6.8468 10.2906 

H 14.0164 -6.2141 10.55132 H 9.65718 -9.6682 12.2534 

H 8.74979 -10.211 9.83523 H 10.4676 -11.239 12.1241 

H 10.1458 -11.278 9.710796 H 13.0954 -3.7413 6.13073 

H 10.7019 -3.2328 5.72157 H 12.715 -4.6497 7.58225 

H 10.2903 -3.7346 7.368835 H 13.8211 -1.782 9.06222 

H 9.24254 -12.328 13.42329 H 13.9331 0.31896 10.6176 

C 9.80637 -14.207 10.49494 C 4.61609 -15.09 5.67654 

C 5.91814 -15.585 5.791145 C 6.92984 -14.737 6.24497 

C 6.65303 -13.403 6.573826 C 8.55729 -13.185 8.20599 

C 7.81663 -13.483 9.362798 C 8.42537 -13.996 10.5035 

C 4.31625 -13.767 6.009132 C 5.34095 -12.93 6.45236 

C 9.92769 -13.47 8.202233 C 10.5588 -13.974 9.34552 

C 7.74736 -12.475 7.102914 O 7.09117 -11.378 7.694 

C 8.60452 -11.873 5.913846 Cl 7.51624 -11.007 4.77091 

Cl 9.76254 -10.673 6.598079 Cl 9.48747 -13.119 4.97214 

Cl 10.6007 -14.723 11.9723 Cl 3.33561 -16.153 5.12521 

H 6.13555 -16.625 5.542699 H 7.94234 -15.13 6.34485 

H 6.74673 -13.274 9.384814 H 7.8437 -14.189 11.4045 

H 3.29338 -13.395 5.934902 H 5.11622 -11.9 6.72001 

H 10.5439 -13.275 7.328536 H 11.6337 -14.16 9.34138 

H 7.75979 -10.805 8.099101         

2.4 Conclusions 

The DFT-D3 analysis established the utility of MOF-based structurally rigid and less 

flexible architectures toward their applications in supramolecular noncovalent interactions. 

Geometry-optimized structures of a series of different organochlorine-, benzamide-, 

carbamate-, or organofluorine based guests with 2.1 have been studied. The advantage of the 

Cu2+−MOF with aliphatic acid and 4,4′-bipyridine over its analogue of Cd2+ was established. 

The aromatic rings of bipyridine actually target the guest via a π−π interaction, whereas the 

uncoordinated oxygen from the succinate dianion acts as an antenna toward different guests 

possessing secondary −NH or −OH moieties. The outcome of DFT studies clearly reveals that 

the coordinated water plays a role in the structural stability of the host framework by a 



  CHAPTER 2 
 

158 | P a g e  
 

hydrogen-bonding interaction with the adjacent uncoordinated oxygen of succinic acid. It acts 

as a structural cofactor toward the better stabilization of the host framework. On the contrary, 

the uncoordinated oxygen is the key factor for the noncovalent interaction between the host 

and the guest. Our group is actively engaged in the field of using MOFs as a receptor for 

versatile guest entities, and we expect several significant outcomes in the near future. 

2.5 References 

2.1 S. Shimomura, S. Kitagawa, J. Mater. Chem. 2011, 21, 5537–5546. 

2.2 H-C. Zhou, S. Kitagawa, Chem. Soc. Rev. 2014, 43, 5415–5418. 

2.3 J. A. Mason, M. Veenstra, J. R. Long, Chem. Sci. 2014, 5, 32–51.  

2.4 S. Chaemchuen, N. A. Kabir, K. Zhou, F. Verpoort, Chem. Soc. Rev. 2013, 42, 9304–

9332.  

2.5 J. Liu, P. K. Thallapally, B. P. McGrail, D. R. Brown, J. Liu, Chem. Soc. Rev. 2012, 

41, 2308–2322.  

2.6 K. Sumida, D. L. Rogow, J. A. Mason, T. M. McDonald, E. D. Bloch, Z. R. Herm, 

T.-H. Bae, J. R. Long, Chem. Rev. 2012, 112, 724–781. 

2.7 E. Barea, C. Montoro, J. A. R. Navarro, Chem. Soc. Rev. 2014, 43, 5419–5430.  

2.8 L. E. Kreno, K. Leong, O. K. Farha, M. Allendorf, R. P. Van Duyne, J. T. Hupp, 

Chem. Rev. 2012, 112, 1105–1125. 

2.9 S. Halder, J. Mondal, J. Ortega-Castro, A. Frontera, P. Roy, Dalton Trans. 2017, 46, 

1943–1950.  

2.10 M. Eddaoudi, D. F. Sava, J. F. Eubank, K. Adil, V. Guillerm, Chem. Soc. Rev. 2015, 

44, 228–249. 

2.11 J. Liu, L. Chen, H. Cui, J. Zhang, L. Zhang, C. Y. Su, Chem. Soc. Rev. 2014, 43, 

6011–6061.  

2.12 T. Zhang, W. Lin, Chem. Soc. Rev. 2014, 43, 5982–5993.  

2.13 A. Dhakshinamoorthy, H. Garcia, Chem. Soc. Rev. 2014, 43, 5750–5765.  

2.14 S. H. A. M. Leenders, R. Gramage-Doria, B. De Bruin, J. N. H. Reek, Chem. Soc. 

Rev. 2015, 44, 433–448. 

2.15 D. Aulakh, L. Liu, J. R. Varghese, H. Xie, T. Islamoglu, K. Duell, C.-W. Kung, C.-

E. Hsiung, Y. Zhang, R.J. Drout, O.K. Farha, K.R. Dunbar, Y. Yu Han, M. Wriedt, 

J. Am. Chem. Soc. 2019, 141, 2997−3005. 

2.16 J. Castells-Gil, J.J. Baldoví, C. Martí-Gastaldo, G.M. Espallargas, Dalton Trans. 

2018, 47, 14734-14740.  



  CHAPTER 2 
 

159 | P a g e  
 

2.17 D. Aulakh, H. Xie, Z. Shen, A. Harley, X. Zhang, A.A. Yakovenko, K.R. Dunbar, 

M. Wriedt, Inorg. Chem. 2017, 56, 6965−6972. 

2.18 P. Mahata, C. M. Draznieks, P. Roy, S. Natarajan, Cryst. Growth Des. 2013, 13, 

155–168. 

2.19 B. Dutta, A. Dey, C. Sinha, P.P. Ray, M.H. Mir, Dalton Trans. 2019, 48, 11259–

11267. 

2.20 S. Halder, A. Dey, A. Bhattacharjee, J. Ortega-Castro, A. Frontera, P.P. Ray, P. Roy, 

Dalton Trans. 2017, 46, 11239–11249.  

2.21 S. Halder, A. Layek, K. Ghosh, C. Rizzoli, P.P. Ray, P. Roy, Dalton Trans. 2015, 44, 

16149–16155. 

2.22 A. A. Talin, A. Centrone, A. C. Ford, M. E. Foster, V. Stavila, P. Haney, R. A. 

Kinney, V. Szalai, F. E. Gabaly, H. P. Yoon, F. Léonard, M. D. Allendorf, Science 

2014, 343, 66–70.  

2.23 Stavila, V.; Talin, A. A.; Allendorf, M. D. MOF-Based Electronic and Opto-

Electronic Devices. Chem. Soc. Rev. 2014, 43, 5994–6010.  

2.24 H.R. Fu, N. Wang, J.-H. Qin, M.-L. Han, L.-F. Ma, F. Wang, Chem. Commun. 2018, 

54, 11645–11648.  

2.25 Y. Zhao, L. Wang, N.-N. Fan, M.-L. Han, G.-P. Yang, L.-F. Ma, Cryst. Growth Des. 

2018, 18, 7114−7121. 

2.26 Z. Chen, S. Zhang, S. Zhang, Q. Sun, Y. Xiao, K. Wang, ChemPlusChem 2019, 84, 

190–202. 

2.27 Y. Guo, X. Feng, T. Han, S. Wang, Z. Lin, Y. Dong, B. Wang, J. Am. Chem. Soc. 

2014, 136, 15485−15488. 

2.28 Z.-W. Zhai, S.-H. Yang, M. Cao, L.-K. Li, C.-X. Du, S.-Q. Zang, Cryst. Growth 

Des. 2018, 18, 7173−7182. 

2.29 S. Senthilkumar, R. Goswami, V.J. Smith, H.C. Bajaj, S. Neogi, ACS Sustainable 

Chem. Eng. 2018, 6, 10295−10306.  

2.30 W. P. Lustig, S. Mukherjee, N. D. Rudd, A. V. Desai, J. Li, S. K. Ghosh, Chem. Soc. 

Rev. 2017, 46, 3242–3285.  

2.31 H. Halder, P. Ghosh, C. Rizzoli, P. Banerjee, P. Roy, Polyhedron 2017, 123, 217–

225.  

2.32 S. Mukherjee, A. V. Desai, B. Manna, A. I. Inamdar, S. K. Ghosh, Cryst. Growth 

Des. 2015, 15, 4627–4634.  



  CHAPTER 2 
 

160 | P a g e  
 

2.33 L. H. Cao, F. Shi, W. M. Zhang, S. Q. Zang, T. C. W. Mak, Chem. Eur. J. 2015, 21, 

15705–15712.  

2.34 J. Ye, L. Zhao, R. F. Bogale, Y. Gao, X. Wang, X. Qian, S. Guo, J. Zhao, G. Ning, 

Chem. Eur. J. 2015, 21, 2029–2037. 

2.35 K. He, Z. Li, L. Wang, Y. Fu, H. Quan, Y. Li, X. Wang, S. Gunasekaran, X. Xu, ACS 

Appl. Mater. Interfaces 2019, DOI: 10.1021/acsami.9b06151. 

2.36 K. Vikrant, D.C.W. Tsang, N. Raza, B.S. Giri, D. Kukkar, K.-H. Kim, ACS Appl. 

Mater. Interfaces 2018, 10, 8797−8817.  

2.37 Q. Yang, J. Wang, X. Chen, W. Yang, H. Pei, N. Hu, Z. Li, Y. Suo, T. Li, J. Wang, J. 

Mater. Chem. A 2018, 6, 2184–2192.  

2.38 P. Raj, A. Singh, K. Kaur, T. Aree, A. Singh, N. Singh, Inorg. Chem. 2016, 55, 4874–

4883. 

2.39 B. H. M. Hussein, G. M. Khairy, R. M. Kamel, Spectrochim. Acta A 2016, 158, 34–

42.  

2.40 L. Wen, X. Xu, K. Lv, Y. Huang, X. Zheng, L. Zhou, R. Sun, D. Li, ACS Appl. 

Mater. Interfaces 2015, 7, 4449–4455.  

2.41 J. Hou, J. Dong, H. Zhu, X. Teng, S. Ai, M. Mang, Biosens. Bioelectron. 2015, 68, 

20–26. 

2.42 S. S. Nagarkar, A. V. Desai, S. K. Ghosh, CrystEngComm 2016, 18, 2994–3007. 

2.43 APEX-II, SAINT and SADABS, Bruker AXS Inc., Madison, WI, 2008. 

2.44 G. M. Sheldrick, Acta Crystallogr., Sect. A: Fundam. Crystallogr.2015, 71, 3. 

2.45 G. M. Sheldrick, Acta Crystallogr., Sect. C: Cryst. Struct. Commun.2015, 71, 3. 

2.46 S.-T. Wu, Y.-R. Wu, Q.-Q. Kang, H. Zhang, L.-S. Long, Z. Zheng, R.-B. Huang, L.-

S. Zheng, Angew. Chem. Int. Ed. 2007, 46, 8475 –8479. 

2.47 The WHO Recommended Classification of Pesticides by Hazard and Guidelines to 

Classification 2009. 

2.48 J. Zhang, Z. J. Li, Y. H. Wen, Y. Kang, J. K. Cheng, Y. G. Yao, Z. Anorg. Allg. 

Chem. 2004, 630, 2731–2735. 

 



161 | P a g e  

 

 

 

Chapter 3 

 

Synthesis and characterization of a mononuclear 

nickel(II) complex with N,O-donor ligand: Its 

DNA/HSA protein binding properties and tumor 

suppressive function 

Abstract 

A mononuclear Ni(II) complex, ([Ni(HL)2]Cl2·H2O) (Complex 3.1), where 

HL = 1-((2-piperidin-1-yl)ethylimino)methyl)naphthalene-2-ol has been 

synthesized under mild conditions. It has been characterized by elemental 

analysis, cyclic voltammetry, FT-IR, UV-vis, fluorescence and mass spectral 

analyses. Square planar geometry of the mononuclear complex has been 

confirmed by single crystal X-ray diffraction analysis. Complex 3.1 interacts 

with CT DNA with a binding constant of 3.6 × 103 M‒1 which suggests 

electrostatic interaction between the complex and DNA. The metal complex 

cleaves plasmid DNA efficiently in the presence of H2O2. On the other hand, 

complex 3.1 binds with the carrier protein, HSA, quite efficiently with a 

binding constant value of 7.16 × 105 M‒1. Cytotoxicity of the complex has 

been checked with lung carcinoma (A549) and normal lung fibroblast cell 

lines (WI-38). From MTT assay, it has seen that the complex could inhibit 

the cell proliferation. Western blot analysis suggests that nickel complex is 

a tumor suppressor. 
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3.1. Introduction 

Researchers of chemical, biological and medicinal sciences from all over the globe have 

been engaged to study different transition metal complexes and their interaction with DNA and 

proteins. DNA is the primary intracellular objective for effective designing of anticancer 

drugs.3.1 To design effective metal based chemotherapeutic agents, the interaction of metal 

complexes with DNA has to be explored as these interactions can lead to damage DNA in 

cancer cells, which finally results in cell death. The metal complexes can interact with it via 

covalently or through non-covalent interactions, for example, intercalation, groove binding and 

electrostatic binding.3.2 Use of cis-platin has been clinically successful to treat most aggressive 

solid tumors and thereafter, a number of different platinum-based complexes are being reported 

as antitumor agent. But the challenges for utility of cis-platin still remain due to its severe 

toxicity, intrinsic drug resistance and high cost.3.3 Therefore, designing and development of 

effective, target specific, less toxic and preferably non-covalently binding metal based novel 

anticancer drugs can trigger the apoptosis. 

 Human serum albumin (HSA), the most abundant proteins, acts as the most versatile 

transporter and disposer of various endogenous and exogenous molecules to their target 

organs.3.4 The lack of toxicity and immunogenicity of HSA makes it ideal for drug delivery. 

When a drug binds to albumin, drug solubility in plasma is increased. As a result, toxicity as 

well as protection against oxidation of the bound drug are decreased. However, strong 

interaction between albumin and small molecules results formation of a stable protein–drug 

complex affecting the distribution, metabolism and the efficacy of the possible drugs.3.5 Thus, 

it is imperative and important to study interaction of albumin protein and drug molecules for 

evaluating the therapeutic efficacy of the drug and its delivery towards the target organs. 

Among the transition metals, a rich and versatile chemistry of nickel with DNA has 

been supported by the existing literature.3.6 Its flexible metal coordination behaviour, less 

toxicity and simple, inexpensive synthesis suggest that nickel(II) complexes are potential 

candidates for pharmaceutical applications.3.7 The nickel(II) complexes with 

thiosemicarbazone,3.8 thiocarboxamide,3.9 hydrazone3.10 and other ligands3.11-3.13 have been 

reported for DNA interaction and/or cleavage. On the other hand, some metal complexes of 

copper and palladium have exhibited tumor suppression properties.3.14-3.17 However report on 

antitumor activity of nickel complexes is rare.3.14 But there is continuous effort to develop more 

efficient nickel complexes for DNA binding and cleavage. 
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With these backgrounds, synthesis, characterization, DNA/HSA binding and 

cytotoxicity properties of a mononuclear nickel(II) complex containing piperidine unit are 

being reported here (Scheme 3.1). Complex 3.1 has been synthesized under ambient 

conditions. Its interaction with DNA and human serum albumin has been extensively explored. 

Its cytotoxicity effect on several systems has been evaluated. Recently a mononuclear 

copper(II) complex with a Schiff-base ligand has been reported and its DNA binding, protein 

binding and antibacterial activities have been explored.3.18 It showed effective intercalative 

binding and HSA could act as effective carrier of it. In continuation of the previous work, here 

1-(2-aminoethyl)piperidine instead of 1-cyclohexylmethanamine has been used in anticipation 

to get one extra donor atom and nickel in place of copper to synthesize the complex aiming to 

examine the effect of these changes in its DNA and protein binding activities. 

 

 

Scheme 3.1: Synthesis of Complex 3.1 

3.2. Experimental Section 

3.2.1. Materials and methods 

2-Hydroxy-1-naphthaldehyde, 1-(2-aminoethyl)piperidine, nickel(II) chloride 

hexahydrate, Human serum albumin (HSA) and Calf thymus (CT)-DNA were obtained from 

Sigma Aldrich and these were used without any purification. Supercoiled PUC19 plasmid DNA 

was received from the biotechnology laboratory. Solvents used were purchased from different 

commercial sources and used as received. Elemental analysis was performed on a 2400 Series-

II CHN analyzer, Perkin Elmer, USA. FT-IR spectra were obtained on a Perkin Elmer 

spectrometer (Spectrum Two) with the solid samples using ATR method. The UV-vis spectral 

analysis was performed using an Agilent 8453 diode array spectrophotometer. The ESI-MS 

spectra were recorded on QTOF Waters’ HRMS spectrometer (Model XEVO G2QTof). 

Fluorescence spectra were acquired using a Horiba Fluoromax-4C spectrofluorometer. The 

cyclic voltammetry instrument used was a personal computer (PC)-controlled PAR model 
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273A electrochemistry system. A glassy carbon as working electrode, a platinum wire as 

auxiliary electrode and saturated Ag/AgCl as reference electrode were employed in a standard 

three-electrode configuration. CD spectrum was obtained utilizing a quartz cuvette of 10 mm 

path length in a JASCO J‐815 CD spectropolarimeter.  

3.2.2. Synthesis 

3.2.2.1. Synthesis of 1-((2-piperidin-1-yl)ethylimino)methyl)naphthalene-2-ol (HL) 

1-(2-Aminoethyl)piperidine (0.6 mmol, 85.19 μL) was added to an ethanol solution of 

2-hydroxy-1-naphthaldehyde (0.6 mmol, 0.103 g) drop by drop under stirring condition. The 

stirring was continued for 15 min and the resultant mixture was refluxed for 2 h. The color of 

the solution turned yellow, indicating the formation of Schiff base ligand. The mixture was 

then cooled and collected after filtration. Yield = 0.155 g, 92%. Anal. calc. (%) for C18H22N2O: 

C, 76.58; H, 7.85; N, 9.92. Found: C, 76.77; H, 7.96; N, 9.76. 1H NMR (300 MHz DMSO6; δ 

ppm, TMS): 13.83 (1H, s), 9.07 (1H, s), 8.07 (1H, d, J = 8.4 Hz), 7.71 (1H, d, J = 9.2Hz), 7.62 

(1H, d, J = 7.6 Hz), 7.42 (1H, t, J = 7.2 Hz), 7.19 (1H, t, J = 7.2 Hz), 6.72 (1H, d, J = 9.2 Hz), 

3.71 (2H, t, J = 3.0 Hz), 2.76 (2H, t, J = 5.2 Hz), 2.51 (4H, t, J = 3.0 Hz), 1.56 (6H, m). ESI-

MS (m/z): 283.11 [(HL + H+)]. 

3.2.2.2. Synthesis of Complex 3.1 

A solution of nickel(II) chloride hexahydrate (0.6 mmol, 0.143 g) in 10 mL of ethanol 

was added to 5 mL ethanol solution of HL (1.2 mmol, 0.339 g) under constant stirring 

condition. The mixture was stirred for another 15 min. It turned into brownish green in color. 

The resulting solution was then refluxed for 1 h. It was finally cooled to room temperature and 

the mixture was filtered to remove any undissolved material(s) and/or precipitate. The filtrate 

was kept under ambient condition for slow evaporation of solvent. Green single crystals of 

complex 3.1 suitable for X-ray diffraction study were grown within few days. Yield 0.243 g, 

65%. Anal. calc. (%) for C36H46N4NiO2Cl2: C, 60.70; H, 6.51; N, 7.86. Found: C, 60.57; H, 

6.64; N, 7.95. ESI-MS (m/z): 339.02 [(NiL)+]. 

3.2.3. X-ray data collection and structure determination 

Data collection and other related parameters for complex 3.1 are given in Table 3.1. 

Single crystal data collections were done using an automated Bruker D8 VENTURE 

diffractometer with graphite monochromatized Mo Kα radiation. The spots were considered 

using 10 s counting time. Unit cell parameters were determined from least-squares refinement 

of setting angles with θ in the range 2.67 ≤θ ≤ 27.091°. Data were then processed using Bruker 

SAINT package.3.19 Absorption corrections based on multi scans were considered to all 

intensity data using the SADABS software. The structures were solved by direct methods using 
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SHELXT3.20 and refined by full-matrix least-squares techniques on F2 using the SHELXS-

2014/7 program.3.21 The absorption corrections were carried out by the multi-scan technique. 

All data were then corrected for Lorentz and polarization effects. Non-hydrogen atoms were 

refined anisotropically. 

3.2.4. DNA binding and cleavage studies 

The stock solution of CT-DNA was made in 5 mM Tris–HCl/50 mM NaCl buffer at pH 

7.2. It showed a ratio of UV absorbance at 260 nm and 280 nm (A260/A280) of about 1.8–1.9 

which indicated that the DNA was adequately free of protein.3.22 Its concentration was 

measured by using absorbance at 260 nm (ε = 6600 M−1cm−1) whereas the plasmid DNA was 

used as it is in the wet lab for cleavage studies. Absorption titrations were performed in Tris–

HCl/NaCl buffer at room temperature to determine the binding affinity of the metal complex 

towards CT-DNA. The effect of the presence of complex 3.1 to the EB–DNA complex was 

studied by recording fluorescence emission spectra with excitation at 510 nm and emission 

maximum at 602 nm. The DNA cleavage experiments were carried out by agarose gel 

electrophoresis following a published procedure.3.23 

3.2.5. HSA binding studies 

HSA of 1.0 × 10-4 M was made by dissolving the protein in Tris–HCl buffer solution 

(pH 7.2).3.24 Concentration of the protein was evaluated in a spectrophotometer considering 

molar extinction coefficient as 35,219 M−1cm−1 at 280 nm.  

3.2.6. MTT assay 

The Lung carcinoma A549 and normal lung fibroblast WI-38 cells at a density (1 × 104) 

were seeded in 24 well tissue culture plate prior to treatment with complex 3.1 at concentrations 

of (0-200 μM) for 12 h. After incubation, the cells were washed using 1 × PBS twice and then 

they were incubated with MTT solution (450 μg/mL) for 3 to 4 h at 37 ºC. The absorbance of 

the resulting formazon crystals were measured at 570 nm using a spectrophotometer and the 

values were compared with untreated cells.3.25 

3.2.7. Apoptotic nuclear morphology study by DAPI staining 

To visualize nuclear changes, after exposure of complex 3.1 at LD50 dose for 12 h and 

24 h, cells were washed using 1 × PBS thrice and then they were stained with 4′,6-diamidino- 

2-phenylindole (DAPI) in Vectashield (0.2 g mL−1, Vector Laboratories Inc.). Change of 

nuclear morphology, if any, was noticed under a fluorescence microscope (Leica).3.26 

3.2.8. Roles of caspase-3 in complex-induced apoptosis in A549 cells 

After treatment, the whole cell lysate was extracted with a lysis buffer containing 1% 

Triton X-100, 50 mM sodium fluoride (NaF), 50 mM sodium chloride (NaCl), 20 mM Tris (pH 
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7.4), 1 mM EGTA, 1 mM EDTA, 1 mM sodium vanadate (Na3VO4), 0.2 mM 

phenylmethanesulfonyl fluoride (PMSF), 0.5% NP-40 and protease inhibitors. Equal amounts 

of cell lysate (50 μg) were solubilized in loading buffer and then boiled for 5 min, and 

electrophoresized in 10 % polyacrylamide gel in Tris-glycine buffer (pH 8.3). After that, 

proteins were transferred to a polyvinylidinedifluoride membrane. Nonspecific binding was 

restricted using 5% non-fat dry milk and 0.05% Tween-20 in 20 mM Tris-Cl, pH 7.6 (TBS-T). 

After incubation with the suitable primary antibodies, the membranes were washed with TBS-

T and were then incubated again with the respective secondary antibodies.3.25 

Table 3.1: Crystal data of complex 3.1 

Complex 3.1 

Formula C36H48Cl2N4NiO3 

Formula weight 714.39 

T (K) 298(2) 

Crystal color Green 

Crystal system Triclinic 

Space group P -1 

a (Å) 11.4177(9) 

b (Å) 13.2176(10) 

c (Å) 13.3395(11) 

α (°) 106.450(2) 

β (°) 106.839(2) 

γ (°) 103.604(2) 

V (Å3) 1734.1(2) 

Z 2 

Crystal dimensions 

(mm)  

0.4 × 0.2 × 0.1 

F(0 0 0) 756.0 

Dc (g cm−3) 1.368 

λ (Mo Kα) (Å) 0.71073 

θ Range (°) 2.67- 27.091 
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Complex 3.1 

Reflection collected/ 

unique/observed 

58157, 7626, 

5962 

Absorption correction multi-scan 

Rint 0.0542 

Final R1 index 

[I > 2σ(I)] 

0.0737 

Final wR2 index (all 

reflections) 

0.1330 

Goodness-of-fit 1.087 

 

3.3. Results and discussion 

3.3.1. Synthesis and characterization 

3.3.1.1. Synthesis and characterization of HL 

Synthesis of the ligand, 1-((2-piperidin-1-yl)ethylimino)methyl)naphthalene-2-ol (HL) 

has been carried out by reacting one eqv. of 2-hydroxy-1-naphthaldehyde with one eqv. of1-

(2-aminoethyl)piperidine in ethanol as depicted in Scheme 3.1. The ligand has been obtained 

in good yield and it has been characterized by ESI-mass spectrometric measurement, and FT-

IR and 1H NMR spectral analysis.  

 

Figure 3.1: Mass spectrum of HL in methanol. 



  CHAPTER 3 

 

168 | P a g e  
 

ESI-mass spectrometric measurement of the ligand was performed with its methanolic 

solution (Figure 3.1). ESI mass spectrum shows an m/z peak at 283.11 which may be attributed 

to the presence of [HL+ H]+ species (calculated value: 283.18). It has been further characterized 

by 1H NMR spectral analysis (Figure 3.2). It exhibits a peak at 13.83 ppm indicating the 

presence of phenolic OH proton. Presence of imine proton has been indicated by the appearance 

of peak at 9.07 ppm. Emergence of this peak confirms the conversion of the aldehyde group 

into the corresponding azomethine moiety. Peaks for aromatic protons and aliphatic protons 

appear in their usual positions.  

 

Figure 3.2: 1H NMR spectrum of HL in DMSO-d6. 

In IR spectrum of the ligand (Figure 3.3) a broad absorption band has been obtained 

around 3225 cm−1 which may be assigned to the O–H stretching arising from the presence of 

the hydroxyl group. The intense band has appeared at 1617 cm–1 which may be attributed to 

the presence of the azomethine group (C=N moiety). These bands suggest the formation of the 

ligand. 

 

Figure 3.3: FT-IR NMR spectrum of HL. 
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3.3.1.2. Synthesis and characterization of complex 3.1 

Complex 3.1 has been synthesized by reacting with one eqv. of nickel(II) chloride 

hexahydrate and two eqv. of HL in ethanol without adding any external base. Complex 3.1 has 

been obtained in good yield and has been characterized by several standard methods.  

ESI mass spectrum of complex 3.1 shows an m/z peak at 339.02 which may be assigned 

to the presence of [NiL]+ fragment (calculated value: 339.10) (Figure 3.4). Another m/z peak 

at 283.11 indicates the presence of [HL + H]+ species (calculated value: 283.18) in the solution 

which may be fragmented from the complex.  

 

Figure 3.4: Mass spectrum of complex 3.1 in methanol. 

In IR spectrum of the complex 3.1 (Figure 3.5) a broad band around 3430 cm−1 is 

observed that can be assigned to the O–H stretching arising from the presence of uncoordinated 

water molecule. The hydrocarbon part of the complex has been evidenced by the presence of 

unsymmetrical and symmetrical frequencies of νC–H observed at the region of 2615–2958 cm–

1. In the spectrum of complex 3.1, the intense band around 1658 cm–1 is due to the stretching 

vibration of the azomethine group. The formation of Ni–N and Ni–O bonds in the complex is 

also shown by the appearance of the bands at 481 and 541 cm–1, respectively. The band at 481 

cm–1 may be attributed to νNi–N stretching frequency. The band at 541 cm-1 may be assigned to 

the νNi–O stretching frequency.  
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Figure 3.5: FT-IR NMR spectrum of complex 3.1. 

The electronic spectrum of complex 3.1 has been recorded in DMF at room temperature 

(Figure 3.6). A broad band at around 600 nm (Inset, Figure 3.6) has been observed for the 

complex which may be assigned to the d–d transition. This is weaker in intensity as it is Laporte 

forbidden. Moreover, the complex is almost centro-symmetric which allows very little mixing 

of d and p orbitals. The band at 305 nm may be assigned to n–π* transitions of >C=N groups. 

Whereas higher intensity charge transfer transition is obtained at the wavelength 402 nm for 

this complex. This is attributed to O− (of naphthalen-1-olate) → Ni(II), N(amino) → Ni(II) 

LMCT (transfer occurs from the MO with ligand-like character to the metal-like one) 

transitions. 

 

Figure 3.6: UV-vis spectrum of complex 3.1 in DMF at room temperature 
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Electrochemical studies of complex 3.1 have been carried out in DMF using TBAP as 

supporting electrolyte at room temperature under argon atmosphere. A typical cyclic 

voltammogram (CV) has been obtained by using a glassy carbon as working electrode and an 

Ag/AgCl reference electrode (Figure 3.7). As shown in the figure, cyclic voltammogram of 

complex 3.1 in DMF exhibits one quasi-reversible couple and one irreversible couple at ‒1.05 

and ‒1.77 V, respectively, versus Ag/AgCl, which can be assigned to the metal-centred NiII/I 

and NiI/0 processes, respectively.3.27 

 

Figure 3.7: Cyclic voltammogram of complex 3.1 in DMF with 0.1 M of [n-Bu4N](ClO4) as 

supporting electrolyte at a scan rate of 25 mV/s. Here ferrocene is the internal standard. 

3.3.2. Crystal structure of complex 3.1 

Complex 3.1 has been obtained from ethanol and it crystallizes in the P-1 space group. 

An ORTEP diagram of the complex is shown in Figure 3.8. Selected bond angles and selected 

bond lengths are given in Table 3.2. Complex 3.1 consists of two deprotonated ligands, one 

nickel atom, two chloride ions and one water molecule. Nickel atom is in a tetra-coordinated 

environment. Ni1 is coordinated to two oxygen atoms (O1 and O2) and two nitrogen atoms 

(N1 and N2).  O1 and N1 are from one ligand while O2 and N2 are from another ligand. Both 

the trans angles of O2‒Ni1‒O1 and N1‒Ni1‒N2 are 179.44° and 178.81°, respectively and the 

O‒Ni‒N bond angles are very close to 90°. Houser et al. used the four-coordinate τ4 index for 

the first time to find out the geometry around a metal center in its four coordination 

arrangement.3.28 The value of τ4 index is determined using the following formula  

τ4 = 
360° − (𝛼+𝛽)

141°
 



  CHAPTER 3 

 

172 | P a g e  
 

where α and β are the two largest angles in the complex. For a perfect tetrahedral 

geometry, its value is 1.00 while τ4 index is 0.00 for a perfect square planar geometry. The 

value of τ4 index comes out as 0.004 for complex 3.1 which shows very close square planar 

geometry around the nickel center. The Ni‒O and Ni‒N bond lengths are in good agreement 

with the literature values.3.29 It is interesting to note that complex cation is formed with two 

uncoordinated chloride anions. The complex cation is obtained as protonation of two of 

piperidine N atoms which is quite common for this type complex with other metal ions.3.30 

 

Figure 3.8: A perspective view of complex 3.1 with displacement ellipsoids drawn at the 50% 

probability level. 

Table 3.2: selected bond length (Å) and bond angles (º) 

Ni1‒O2 1.830(2) 

Ni1‒O1 1.834(2) 

Ni1‒N1 1.906(2) 

Ni1‒N2 1.908(2) 

  

O2‒Ni1‒O1 179.44(10) 

O2‒Ni1‒N1 87.35(10) 

O1‒Ni1‒N1 92.16(10) 

O2‒Ni1‒N2 92.13(9) 

O1‒Ni1‒N2 88.37(10) 

N1‒Ni1‒N2 178.81(10) 
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3.3.3. DNA binding studies 

3.3.3.1. UV–visible spectral studies 

For the development of effective metal based chemotherapeutic drugs, interaction of 

small molecules or metal complexes with DNA has been studied extensively for last few 

decades. It has been found that almost all the drugs are able to interact with DNA via a number 

of ways such as non-covalent interaction (e.g. groove binding), intercalation and non-specific 

electrostatic surface binding.3.24, 3.31 Hence, the potential binding ability and the nature of 

binding of molecules with DNA are observed by using absorption spectroscopy.  

The absorption spectra of complex 3.1 have been recorded in absence and in the 

presence of increasing amount of CT-DNA (at constant concentration of the complex) (Figure 

3.9). On addition of increasing amounts of CT-DNA to the complex, ratio [DNA]/[Complex 

3.1] is changed as 0.0, 1.8, 3.7, 5.5, 7.3, 9.1, 10.9. The absorption band of free complex at 402 

nm undergoes a slight bathochromic shift on addition of DNA and the event indicates that the 

binding of the metal complex with DNA occurs in a non-covalent mode. The observed 

hypochromic shift indicated that the complex 3.1 is in groove binding mode with CT DNA.3.32 

However, the nickel complex may bind with the double-helical DNA in different ways which 

are dependent on the structure, charge and type of ligands. It is well known that DNA has a 

number of hydrogen bonding sites in its major and minor grooves.3.33 It is possible that 

azomethine group of the Schiff-base ligand forms H-bonds with the base pairs of DNA helix 

which may lead to partial unwinding and destabilization of the DNA double helix structure. In 

addition to this, the interaction between square planar complex and DNA is stronger than that 

between octahedral complex and DNA as in the hexacoordinated complex there is no suitable 

vacant coordination site where the nitrogen atom of DNA base pair can interact with metal ion. 

To determine the DNA binding ability of the complex, the intrinsic binding constant, Kb, has 

been determined using Wolfe–Shimer Equation,3.34 

[DNA]

(εa – ε𝑓 ) 
=

[DNA]

(εb – ε𝑓) 
+

1

Kb(εa – ε𝑓) 
 

where [DNA], εa, εf and εb represent the concentration of DNA, the apparent extinction 

coefficient (Aobs/[M]), the extinction coefficient for free metal complex (M), and the extinction 

coefficient for the metal complex (M) in the fully bound form, respectively. Kb is calculated 

from the ratio of slope to intercept obtained from the plot of [DNA]/(εa – εf) vs. [DNA]. Kb has 

been determined as 3.6 × 103 M‒1. This value suggests that complex 3.1 binds with CT DNA 

possibly via electrostatic binding because for intercalative binding, it has been reported that the 

binding constants are of much higher value.3.8a,3.10a-b,3.35 
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Figure 3.9: Absorption spectra of complex 3.1 in absence (dashed line) and in the presence 

(solid line) of increasing concentration of CT-DNA. [Complex 3.1] = 4 × 10–5 M. The downside 

arrow shows the absorbance changes upon increasing the DNA concentration. Inset: linear plot 

for the calculation of the intrinsic DNA binding constant (Kb). 

3.3.3.2. Fluorescence quenching studies 

To investigate binding mode of complex 3.1 with calf thymus DNA, a competitive 

binding experiment has been performed using ethidium bromide (EB) as a probe. EB is a 

classical indicator of intercalation. It forms soluble complexes with nucleic acids and exhibit 

strong fluorescence in the presence of calf thymus DNA because of excellent intercalation of 

the planar phenenthridinium ring between neighbouring base pairs on the double helix of the 

DNA. If a molecule is able to replace or exclude the EB from EB-DNA complex or can rupture 

the secondary structure of CT-DNA, then the increased fluorescence is quenched severely. 

The fluorescence of EB-DNA complex has been determined in absence and in the presence of 

complex 3.1 (Figure 3.10). The mixture containing equimolar (1.53 × 10-4 M) EB and DNA 

has been titrated with varying concentration of complex 3.1 ([complex 3.1]/[DNA]) ratio of 

0.29 to 1.50). With the gradual addition of complex 3.1 to CT DNA pretreated with EB 

solution, the emission intensity at 592 nm quenches in remarkable extent with a red shift. This 

event clearly demonstrates that EB molecules are replaced from EB bound DNA and complex 

3.1 binds with the same DNA with similar affinity. It is clearly evident from the figure that all 

of the EB molecules are not displaced from the EB-DNA complex, so partial intercalation in 

addition to the electrostatic interaction cannot be completely ruled out. 
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Furthermore, the quenching extents have been determined quantitatively by using the 

following Stern–Volmer equation:3.36 

𝐼0

𝐼
= 1 + 𝐾𝑠𝑞𝑟 

where I0 and I represent fluorescence intensity in absence and in the presence of 

complex 3.1, respectively, and r signifies the ratio of concentration of complex 3.1 to 

concentration of DNA. Ksq is known as the linear Stern–Volmer quenching constant. The 

quenching plots demonstrate that the fluorescence quenching of EB-DNA complex in the 

presence of the nickel complex is in excellent agreement with the linear Stern–Volmer 

equation. Ksq value has been determined as the ratio of the slope to intercept and it has been 

found to be 0.763. The Ksq value so obtained for complex 3.1 reveals that some of the EB 

molecules have been displaced from their DNA binding sites, which is in accordance with the 

results obtained in absorption spectral experiments. 

 

Figure 3.10: Emission spectra of EB bound to CT-DNA in absence (red) and in the presence  

of complex 3.1. [Complex 3.1]/[DNA] = 0, 0.29, 0.38, 0.47, 0.56, 0.64, 0.72, 0.80, 0.88, 0.96, 

1.03, 1.10, 1.17, 1.24, 1.31, 1.37, 1.43, 150; Inset: Stern–Volmer quenching curve. 

3.3.3.3. Circular Dichroism spectral studies 

Circular Dichroism (CD) spectroscopy is a useful technique to diagnose any changes in 

the morphology of DNA while studying drug-DNA interactions. The CD spectrum of CT DNA 

displays a positive band at 274 nm arising from base stacking interactions and a negative band 

at 243 nm due to the right-handed helicity of B-DNA form, in the UV region. These two bands 

result from the excitation coupling interactions of the bases and they depend on the tilted 

orientation on DNA backbone. Thus, they are reasonably sensitive when small molecules 
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interact with the DNA. Classical intercalative interaction enhances the intensities of both 

bands. On the other hand, when there is an electrostatic or groove binding interaction between 

the complex and DNA, small or no perturbation of the base stacking and helicity bands have 

been observed. It is to mention that hydrophobic base stacking in the oligomers and polymers 

produces close contacts and Coulombic interaction resulting strong CD bands which 

correspond to each base transition.3.37 Therefore, in the presence of small molecules, which 

restrict interactions between DNA bases and make base stacking weak, should cause a lowering 

in the intensities of CD bands. 

The interaction of complex 3.1 with DNA induces a change in the CD spectrum (Figure 

3.11). With increasing concentration of the Ni(II) complex, both the positive and negative 

bands show slight change in the intensity, which implies a non-intercalative groove binding 

interaction between DNA and complex 3.1 that stabilizes the right-handed B-form of DNA. It 

is to note that the nickel complex is positively charged ion. So, there is high possibility that the 

complex 3.1 would exercise strong attraction with the negatively charged phosphate backbone 

of DNA. Thus, electrostatic binding is highly suggested.  

 

Figure 3.11: CD spectra of DNA (1.2 ×10-4 M) in absence (solid line) and in the presence 

(dashed line) of complex 3.1 in [Complex 3.1]/[DNA]=0.0, 0.2, 0.6, 0.8 and 1.0. 

3.3.3.4. DNA cleavage studies 

Transition metal complexes are suitable for application as metallonucleases, because 

their redox potential can be tuned by the choice of proper metal ion and the ligand. Thus, the 

DNA cleavage ability of nickel(II) complex has been studied using supercoiled PUC19 plasmid 

DNA as a substrate in 50 mM Tris–HCl/NaCl buffer (pH=7.2). The original supercoiled form 



  CHAPTER 3 

 

177 | P a g e  
 

(i.e. Form I) of plasmid DNA exists in nicked form. When it is cleaved, an open circular relaxed 

form i.e. Form II is observed. 

At first, it has been detected that the DNA cleavage activity of complex 3.1 is dependent 

on the concentration. Results of gel electrophoretic separations of plasmid PUC19 DNA (0.5 

μg/μL) induced by increasing concentration of complex 3.1 from 20 to 100 μM gradually in 

100 mM Tris–HCl/NaCl buffer (pH = 7.2) in the presence H2O2 (200 μM) at 37 °C for 30 min 

have been shown in Fig. 5. With increase in concentration of complex 3.1, the cleavage 

becomes more pronounced. Here with increase in complex concentration, Form I gradually 

diminishes whereas Form II appears, suggesting the single strand DNA cleavage.3.38 This result 

indicates that the nickel(II) complex can efficiently cleave plasmid DNA. The control tests 

have been done also as shown in Figure 3.12. The role of H2O2 is very important in this process 

because it has been observed from experimental results that in absence of H2O2, the DNA 

cleavage is not very successful. Here, H2O2 acts as an exogenous activator which enables 

complex 3.1 to cleave the DNA.  

 

Figure 3.12: Agarose gel electrophoresis depicting cleavage of plasmid PUC19 DNA (500 ng) 

by complex 3.1 at different concentrations for an incubation time of 30 min at 37 °C; Lane 

1:DNA+ H2O; lane 2: DNA+ Complex 3.1 + H2O2; lane 3: DNA + Complex 3.1  + DMSO; 

lane 4: DNA + DMSO; lane 5: DNA + H2O2; lane 6: DNA +H2O2 + complex 3.1  (20 μM); 

lane 7:DNA + H2O2+  complex 3.1 (40 μM); lane 8: DNA + H2O2 + complex 3.1  (60 μM); 

lane 9: DNA + H2O2 + complex 3.1  (80 μM); lane 10: DNA + H2O2 + complex 3.1  (100 μM); 

lane 11: Ladder. 

3.3.3.5. DNA cleavage in the presence of reactive oxygen species 

To determine the plausible mechanism for DNA cleavage activity of complex 3.1, DNA 

cleavage experiment has been carried out in the presence of various reactive oxygen species 

(ROS) such as hydroxyl radical scavenger (ethanol), singlet oxygen scavenger, 1O2 (NaN3), 

hydrogen peroxide scavenger (KI) and chelating agent (EDTA) (Figure 3.13). The hydroxy 



  CHAPTER 3 

 

178 | P a g e  
 

radical EtOH depicts no inhibitory effect on the cleavage pattern (Figure 3.13, lane3) 

indicative of non-involvement of diffusible hydroxyl radicals in the cleavage process. 

Additionally, KI and NaN3 (Figure 3.13, lanes 5 and 6) scarcely quenches the DNA cleavage. 

However, the chelating agent EDTA completely inhibits DNA cleavage (lane 4), signifying the 

key role of Ni(II) complex in the DNA breakage. Thus, in the presence of H2O2, complex 3.1 

cleaves plasmid DNA significantly as mentioned above, which emphasizes the crucial role of 

H2O2 in DNA degradation via oxidative cleavage pathway.3.39 

 

Figure 3.13: Agrose gel electrophoresis showing cleavage of plasmid PUC19 DNA (500 ng) 

incubated with complex 3.1 (40 μM) in Tris–HCl/NaCl buffer (pH 7.2) at 37 °C for 30 min. 

lane 1: DNA+H2O; lane 2: DNA + complex 3.1 + H2O2; lane 3: DNA +complex 3.1 + H2O2 + 

EtOH; lane 4: DNA + complex 3.1 + H2O2 + EDTA; lane 5: DNA + complex 3.1 + H2O2 + KI; 

lane 6: DNA + complex 3.1 + H2O2 + NaN3. 

 

Figure 3.14: Cleavage of plasmid PUC19 DNA (0.5 μg/µL) by complex 3.1 in 100 mM Tris–

HCl/NaCl buffer (pH, 7.2) in the presence of DNA minor groove binding agent DAPI and 

major groove binding agent methyl green (MG); Lane 1: DNA + H2O; lane 2: DNA + complex 

3.1 + DAPI (8 μM); lane 3: DNA + complex 3.1 + MG (2.5 μL of a 0.01 mg/mL solution). 



  CHAPTER 3 

 

179 | P a g e  
 

3.3.3.6. DNA interaction in the presence of groove binders 

To ascertain the possible interaction site of complex 3.1 with plasmid PUC19 DNA, the 

cleavage experiment has been performed with the addition a minor groove binder, DAPI3.40 

and a major groove binder, methyl green (MG).3.41 The results show that considerable 

restriction of the DNA cleavage activity of complex 3.1 has been observed in DAPI bound 

DNA (Figure 3.14, lane 2, 3). This indicates the minor groove binding property of the complex. 

On the other hand, upon addition of MG to the reaction mixture results in some curbing in the 

DNA cleavage activity signifying the affinity of the complex 3.1 towards the major groove 

binding. 

3.3.4. HSA binding studies 

Understanding and characterizing the interaction of a small molecule as drug with blood 

plasma protein is of immense importance in research because serum albumin makes up of 

nearly 55% of total blood plasma protein and exhibits its pivotal role in the transportation of 

exogenous and endogenous molecules in human plasma. Therefore, different spectral 

techniques are employed to investigate the interaction of complex 3.1 with human serum 

albumin (HSA). 

3.3.4.1. Absorption spectra studies 

UV-Vis absorption spectroscopy has been used as a reliable tool to check any alteration 

in the secondary structure of HSA in the presence of complex 3.1 (Figure 3.15). HSA shows 

a strong absorption peak at 208 nm which may be assigned to n → π* transition for the peptide 

bond of α helix. It exhibits another band at 280 nm which is comparatively weak in nature and 

it may arise due to the presence of the phenyl ring in aromatic acid residues such as Trp, Tyr 

and Phe.3.42 Upon addition of complex 3.1 with an increase in concentration (3.85-37.04 × 10–

6 M) to HSA of constant concentration (8.1 × 10–5 M), a gradual increase in absorption intensity 

at 280 nm has been observed. This implies that the aromatic acid residues, which originally 

reside in a hydrophobic cavity of the protein, are exposed to an aqueous environment to a 

certain extent. All the observations suggest that complex 3.1 has interacted with the carrier 

protein via non-covalent interaction most probably via electrostatic interaction. This type of 

interaction may be influenced by H-bond formation which shows effect in the absorption 

spectra. The changes in spectra are mainly due to the effect of polar solvent e.g. water and an 

alteration of the function of micro-environment of the polypeptide chain of HSA protein. 
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Figure 3.15: UV-Vis absorption spectra of complex 3.1 in the presence of HSA obtained in 5 

mM Tris–HCl buffer, pH 7.2, at room temperature: [HSA]= 8.1×10-5 M; [complex 3.1] = 0, 

3.85, 7.66, 11.41, 15.15, 18.87, 22.56, 26.22, 29.85, 33.46, 37.04 μM, respectively. Arrow 

shows the intensity changes upon increasing concentration of complex 3.1. 

To determine the binding ability of complex 3.1 with HSA quantitatively, the intrinsic 

binding constant, K, has been determined by considering that there exists only one type of 

interaction between the protein and the metal complex in aqueous solution 3.42, 

[HSA] + [Complex 3.1]  [HSA:Complex 3.1]  

𝐾 = [𝐻𝑆𝐴:Complex 3.1]/[𝐻𝑆𝐴][Complex 3.1] 

where K is the binding constant and [HSA: Complex 3.1] = CB 

Thus, K= CB / [CHSA – CB] [CComplex 3.1 – CB] 

where, CHSA and CComplex 3.1 represent analytical concentrations of HSA and the complex, 

respectively, in the solution, respectively. 

From the Beer–Lambert law, we can write 

CHSA = A0 / εHSA .l 

CB = A−A0 / εB.l 

where A0 and A represent the absorbance of HSA in absence and in the presence of 

complex 3.1, respectively at 280 nm3.7d. ɛHSA and ɛB are the molar extinction coefficients of the 

free protein and the bound complex, respectively, and l represents the light path of the cuvette 

as usual (1 cm). 

By substituting ɛHSA and ɛB in Equations 

A0/(A−A0) = εHSA / εB + εHSA. 1 / εBKCComplex 3.1. 1 
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Thus, the double reciprocal plot of 1/(A – A0) vs. 1/[Complex 3.1] is linear (Figure 

3.16) and the binding constant can be estimated from the ratio of the intercept and the slope. 

KB has been calculated to be 1.6 × 104 M‒1. The KB value suggests that complex 3.1 binds 

moderately to HSA followed by conformational changes in its structure. 

 

Figure 3.16: Plot of 1/A – A0 vs. 1/[Complex 3.1]. The binding constant estimated from the 

ratio of the intercept to the slope as 1.6 × 104 M‒1. 

3.3.4.2. Fluorescence quenching studies  

Fluorescence spectroscopy is another effective method used to monitor progress of the 

interaction of small molecules with the bio macromolecules. The fluorescence emission spectra 

of HSA have been measured in the range of 300–450 nm by exciting HSA at 280 nm in the 

presence of increasing concentration of the Ni(II) complex (Figure 3.17). HSA displays 

fluorescence mainly due to the presence of tryptophan residue (λex: 295 nm). Another residue 

phenylalanine has a low quantum yield. On the other hand, fluorescence of tyrosine residue is 

generally quenched if it is in ionized form or resides near to an ‒NH2 group, a ‒COOH group 

or a tryptophan because Tyr and Phe do not absorb in this region. HSA displays a strong 

fluorescence peak at 344 nm, while complex 3.1 does not show any fluorescence under the 

same experimental conditions. The fluorescence intensity of the HSA (fixed concentration, 6.5 

× 10−5 M) decreases gradually with increasing concentration of the complex (3.85 × 10−6 to 

37.04 × 10−6 M) and it is accompanied by a hypsochromic or red shift (10 nm) from the initial 

HSA emission intensity indicating the enhancement in polarity of the microenvironment about 

Trp residue.3.43 These results indicate the binding ability of complex 3.1 to HSA. The complex 

induces conformational changes in HSA. The intramolecular force, that is for maintaining the 
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secondary structure, may be changed and hydrophobicity is also decreased signifying that the 

tryptophan residues are more uncovered to the solvent medium. 

 

Figure 3.17: The fluorescence quenching spectra of HSA by different concentrations of 

complex 3.1 with the excitation wavelength at 280 nm in 5 mM Tris–HCl buffer, pH 7.2, at 

room temperature: [HSA] = 6.5 × 10−5 M; the concentration of complex 3.1 = 0, 0.76, 1.51, 

2.25,2.98, 3.70, 4.41, 5.12, 5.81 × 10−5 M. Arrow shows the intensity changes upon increasing 

concentration of the quencher. 

Commonly, by the following Stern–Volmer equation, fluorescence quenching can be 

described:3.44 

𝐹0

𝐹
= 1 + 𝐾𝑞τ0 [𝑄] = 1 + 𝐾𝑠𝑣[𝑄] 

where F0 and F represent the fluorescence intensity in absence and in the presence of 

quencher, respectively. Kq is the quenching rate constant of the biomolecules, Ksv is the Stern–

Volmer quenching constant, τo is the average life time of the molecule without quencher (τo 

=10−8 s) and [Q] is the concentration of the quencher. The plot of F0/F versus [Q] for the 

quenching of fluorescence of HSA in the presence of complex 3.1 is depicted in Figure 3.18. 

KSV and Kq values have been calculated to be 5.95 × 104 M−1 and 5.95 × 1012 M‒1 s‒1, 

respectively. It indicates that the quenching rate constant of the biomolecules is bigger than 

that their limiting diffusion constant (2.0 × 1010 M‒1 s‒1) implying quenching occurs due to a 

particular interaction between the nickel complex and the protein molecule.3.45 
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Figure 3.18: A plot of F0/F versus [Q]. F0 and F are the fluorescence intensities of HSA in 

absence and in the presence of quencher and [Q] is the concentration of quencher. 

 

Figure 3.19: A plot of log[(F0-F)/F] versus log[Q]. F0 and F are the fluorescence intensities of 

HSA in absence and in the presence of quencher and [Q] is the concentration of quencher. 

Now, the Scatchard equation has been used to evaluate the binding constant and number 

of binding sites3.46: 

𝑙𝑜𝑔
𝐹𝑂 − 𝐹

𝐹
= log 𝐾 + 𝑛 log [𝑄] 

where, F0 and F are the fluorescence intensity of HSA in absence and in the presence 

of a quencher, respectively K is the binding constant and n is the number of binding sites. From 

the plot of log[(F0 − F)/F] vs. log[Q] both K and n can be determined from the intercept on Y-
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axis and the slope, respectively (Figure 3.19). The binding constant and the number of binding 

sites have been calculated to be 7.16 × 105 M‒1 and 1.25, respectively, which are comparable 

to those observed for previously reported binding constant3.10a-b. The value of n is about 1 which 

suggests that the complex 3.1 is bonded to HSA in 1:1 ratio. 

3.3.4.3. Energy transfer mechanism and binding distance between complex 3.1 and HSA 

Fluorescence energy transfer happens because of overlapping of the emission spectrum 

of HSA, which acts as the donor, with the absorption spectrum of complex 3.1, which behaves 

as the acceptor (Figure 3.20). The extent of energy transfer depends on several factors such as 

the success of the overlap between emission spectrum of the donor and absorption spectrum of 

the acceptor, orientation of transition dipole and the distance between the donor and acceptor 

(Figure 3.21). Quenching of fluorescence of Trp residue occurs in the presence of the Ni(II) 

complex via Forster resonance energy transfer (FRET) mechanism.  

 

 

Figure 3.20: Overlap of the fluorescence spectrum of HSA and the absorbance spectrum of 

complex 3.1, [HSA] = [complex 3.1] = 4.0 × 10−5 M. 

Efficiency of energy transfer (E) can be determined by the following equation:3.47 

𝐸 =  1 –
𝐹

𝐹0
 =  

𝑅0
6

𝑅0
6 + 𝑟0

6 

where F0 and F represent the fluorescence intensity of HSA in absence and in the 

presence a quencher, respectively, r is distance between the acceptor and the donor, and R0 is 

the critical distance at 50% transfer efficiency. R0 can be determined with the help of the 

following equation:3.48 
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R0
6 = 8.78 × 10−25 K2n−4φJ 

where K2 represents spatial orientation factor between the emission dipole and 

absorption dipole, n is refractive index of the medium, φ is emission quantum yield of the 

donor, and J is the overlap integral of emission spectrum of donor and absorption spectrum of 

acceptor. J can be evaluated by the following equation:3.49 

𝐽 =
∫ 𝐹(𝜆)𝜖(𝜆)𝜆4dλ

 ∞

0

∫ 𝐹(𝜆)𝑑𝜆
∞

0

 

where F(λ) is the proper fluorescence intensity of the donor at wavelength, λ, and ε(λ) 

represents molar absorption coefficient of the acceptor at wavelength, λ. Under the 

experimental conditions, the value of K2 is 2/3, n is 1.36, ϕ is 0.15 for a solution with haphazard 

orientation as in present case. The value of J has been determined to be 7× 10‒14 (from the 

graph), R0 has been calculated to be 3.48 nm, E as 0.47 and r as 3.55 nm. The donor (HSA) to 

acceptor (complex 3.1) distance (r) is less than 7 nm which indicates that the energy transfer 

from tryptophan residue of HSA to the metal complex occurs with high possibility.3.50 These 

results are in accordance with the static quenching interaction observed between HSA and 

complex 3.1.3.45. 

 

Figure 3.21: Schematic depiction of the fluorescence resonance energy transfer mechanism. 

3.3.4.4. IR spectral studies 

IR spectrum of proteins has been generally used to investigate any alteration in 

conformation in the structure of proteins induced by a possible candidate as a drug. The IR 

spectra at the mid IR frequency bands of proteins usually exhibit a number of amide bands 

attributed to different stretching vibrations of the peptide moieties. Here the spectrum has been 
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obtained by subtracting the absorption of Tris buffer from the spectrum of HSA solution 

(Figure 3.22).  

 

     Figure 3.22: FTIR spectra of HSA and HSA with complex 3.1. 

The protein amide I band, which mainly appears due to C=O stretching and amide II 

band, which is due to C–N stretching coupled with N–H bending mode, bear a relationship 

with the secondary structure of proteins. However, the former one is more sensitive to the 

perturbation of protein secondary structure than rest of its part. As depicted in Figure 3.22, 

upon interaction with complex 3.1, the peak position of amide I band is shifted from 1654 to 

1674 cm–1 and that of amide II band from 1557 to 1553 cm–1. These changes in the IR spectra 

indicate that complex 3.1 has been able to alter secondary structure of HSA while interacting. 

3.3.4.5. 3D fluorescence spectral studies 

These conformational and micro-environmental changes of HSA induced by complex 

3.1 have further been monitored by 3D fluorescence spectroscopy of HSA in the absence and 

in the presence of the complex 3.1. The 3D fluorescence spectra of HSA and complex 3.1–

HSA system are shown in Figure 3.23. Peak A represents a Rayleigh scattering peak (λex= λem) 

while Peak B (λex = 280 nm, λem = 350 nm) primarily shows spectral behaviour of tryptophan 

residue. On the other hand, Peak C indicates the second-ordered scattering peak (λem ≈ 2 λex).
3.48 

It has been observed from Figure 3.23 that both the fluorescence intensities of peaks A and B 

have been quenched appreciably and the emission maximum peaks alter. These facts indicate 

that the interaction of complex 3.1 with HSA induces some conformational and micro 

environmental changes in HSA. These results are in accordance with that obtained from UV–

vis, fluorescence and CD spectral analysis. 
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Figure 3.23: 3D fluorescence spectra of (A) HSA and (B) HSA-complex 3.1 conjugate system. 

[HSA] = [Complex 3.1] = 1.7× 10−5 M, pH 7.2, at room temperature. 

3.3.4.6. CD spectral studies on changes of the HSA conformation with complex 3.1 

To study effect of complex 3.1 binding on the secondary structure of HSA, CD 

measurement has been carried out in the presence of the Ni(II) complex at different 

concentrations. The CD spectrum of the protein displays two negative bands at 208 and 219 

nm which may be assigned to π → π* and n → π* transfers, respectively, for the peptide bond 

(Figure 3.24).  

 

Figure 3.24: CD spectra of secondary structures of HSA in the absence and presence of the 

Ni(II) complex: (a) 1. 2 × 10−5 M HSA; (b) 1.2 × 10−5 M HSA + 2.4 × 10-5 M complex 3.1; (c) 

1.2 × 10−5 M HSA + 4.8 × 10−5 M complex 3.1, pH 7.2, at room temperature. 

These are typical characteristic of α-helix structure of the protein.3.51 The CD signal of 

the protein molecule enhances with the increase in concentration of complex 3.1 as the helical 
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secondary structure of HSA is destroyed to some extent in the presence of the complex. This 

suggests a considerable amount changes in the conformation of HSA.3.52 However, spectral 

pattern of HSA before and after addition of complex 3.1 is similar that indicates the 

predominant presence of α-helical structure in HSA. 

3.3.4.7. Oxidative damage of HSA by complex 3.1 

Oxidative damage of HSA has been studied with different concentrations of the protein 

and complex 3.1.3.53 HSA exhibits remarkable degradation after incubation with complex 3.1, 

for 30 min, at 37 °C in the presence of H2O2. It is indicated by a continuum of protein fragments 

at SDS–PAGE in 0.8% acrylamide gel (Figure 3.25). Clear and thick protein band is observed 

at the expected molecular weight range (around 66 kDa). As shown in Figure 3.25, it is 

observed that the control condition (Lane 1) does not show any apparent cleavage, while upon 

gradual addition of complex 3.1 (40-100 μM), HSA displays its proficient cleavage activity 

with appreciable smearing or fading of the band. Possibly nonspecific binding of the nickel 

complex with the protein results in the fading out of the band and leads to very small 

fragments.3.54 

 

Figure 3.25: SDS–PAGE electrophoresis in 0.8% polyacrylamide gel of HSA fragmentation, 

in the presence of complex 3.1, treated with H2O2, for 30 min at 37 °C, in Tris buffer 100 mM, 

pH 7.2, Lane 1:75 µM HSA, Lane 2: 75µM HSA and 100 mM H2O2, Lane 3: 75 µM HSA, 100 

mM H2O2 and 40 µM complex 3.1, Lane 4: 75 µM HSA, 100 mM H2O2 and 80 µM complex 

3.1, Lane 5: 75 µM HSA, 100 mM H2O2 and 100 µM complex 3.1. 

3.3.5. Cytotoxicity evaluation 

3.3.5.1. MTT assay 

MTT assay has been performed to examine the ability of complex 3.1 to hinder cell 

growth and induce cell death in both lung carcinoma and normal lung fibroblast cell line. The 
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cytotoxic effect of complex 3.1 has been investigated after 12 h of treatment on A549 (lung 

carcinoma) and WI-38 (normal lung fibroblast) by using MTT assay. As shown in Figure 3.26, 

cell survivability has significantly (p<0.0002, 40-200 μM) decreased in a dose dependent 

manner in carcinoma cell line. In A549 cells proliferation has been significantly inhibited by 

complex 3.1 with LD50 value of 69.82, whereas, in normal fibroblast WI-38 cells proliferation, 

the LD50 value is 104. Since, complex 3.1 shows significant cytotoxicity towards A549 cells, 

and less toxicity to WI-38, suggesting potential anticancer drug for lung carcinoma. 

 

Figure 3.26: Effect of complex 3.1 on viability of (A) lung carcinoma (A549) and (B) normal 

lung fibroblast (WI-38). Cells were treated with different concentration (0-200 μM) of complex 

3.1 for 12 h. Cell viability was measured by MTT assay. Data represented as mean ± SE of 

three independent experiments made in three replicates. 

3.3.6. Apoptosis evaluation 

3.3.6.1. Apoptotic nuclear morphology study by DAPI staining 

Apoptotic morphology has been performed in cells treated with complex 3.1 at their 

respective LD50 dose for 12 h and 24 h by DAPI staining. It reveals that the untreated cells 

exhibit no nucleus shrinking or polynuclear fragmentations. However, clear polynuclear 

fragmentation as well as nucleus shrinking has been noticed in cells treated with the metal 

complex (Figure 3.27). It has been estimated that around 52% (40 μM) and 57% (70 μM) 

apoptotic cells have been observed in 24 h in complex 3.1 treated A549 cells.  

(A)

(B)
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Figure 3.27: Apoptotic nuclear morphology study by DAPI staining in A549 cell. 

3.3.6.2. Treatment of complex 3.1 in A549 promotes apoptosis 

We have evaluated the expression of apoptotic marker cleaved caspase-3 and 

antiapoptotic protein Bcl-2 in the total cellular extract of 12 h complex 3.1 treated A549 cell 

line. It has been found that the expression of cleaved caspase-3 has been increased in a dose 

dependent manner while the expression of Bcl-2 decreases in the same set of experiments 

(Figure 3.28). Thus, this fact indicates that complex 3.1 induces apoptosis by downregulating 

Bcl-2 and upregulation of caspase-3 activity, which leads to activation of caspase-3. 

Upregulation of caspase-3 leads to successful apoptosis and subsequent cell death.3.55 

 

Figure 3.28: Western blot of apoptotic protein Bcl2, cleaved Caspase 3 and loading control 

GAPDH. Lane 1: Untreated A549 cell, lane 2: 20 µM of complex 3.1 treated A549 cell, lane 

3: 40 µM of complex 3.1 treated A549 cell, lane 4: 80 µM of complex 3.1 treated A549 cell. 

This result suggests upregulation of apoptotic pathway upon treatment with complex 3.1 in 

lung carcinoma cell line. 
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3.4. Conclusions  

A mononuclear Ni(II) complex (Complex 3.1) with 1-((2-piperidin-1-

yl)ethylimino)methyl)naphthalene-2-ol as the ligand has been synthesized and characterized. 

It interacts with DNA and binds mainly with minor groove. Several studies indicate that 

complex 3.1 is able to bind with human serum albumin efficiently. In this present study, we 

explore whether the nickel complex has any tumor suppressive function in lung cancer cell line 

(A549). To attain this aim, the lung carcinoma cells have been treated with different 

concentrations of nickel complex. The study shows that the mononuclear Ni(II) complex 

exhibits selective cytotoxicity towards A549 cell but it does not kill normal healthy cell (WI-

38). Thus, it could be used as a potential anti-cancer drug. In this study we have shown that the 

complex can induce apoptosis in lung carcinoma cell by downregulating Bcl2 and upregulation 

of caspase-3 activity. We have also observed higher percentage of apoptotic bodies in A549 

nucleus compared to normal fibroblast which is a major characteristic feature of apoptosis. 

Thus, this Ni(II) complex can bring about cell death and pave the way for further evaluation as 

a potential therapeutic agent. These findings suggest that this nickel complex might be a tumor 

suppressor and a potential target for lung carcinoma. In the previous study with Cu-complex.3.19 

It has been observed that the complex was involved in intercalative binding with DNA whereas 

in the present study, complex 3.1 involves in minor groove binding. Both of the complexes can 

bind HSA with same efficiency. In the present study it has been established that the complex 

exhibits selective cytotoxicity towards cancer cell whereas it is not harmful for normal cell 

indicating its tumor suppressing ability.  
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Chapter 4 

 

Dinuclear Copper(II) Complexes with N,O Donor 

Ligands: Partial Ligand Hydrolysis and Alcohol 

Oxidation Catalysis 

Abstract 

Two copper(II) complexes [Cu2(L
1)2] (4.1) and [Cu2(L

2)2] (4.2) where H2L
1=2-

hydroxy-3-((3-hydroxy-2,2-dimethylpropylimino) methyl)-5-methylbenzaldehyde 

and H2L
2=2-hydroxy-3-(((1-hydroxypropan-2-yl)imino)methyl)-5-

methylbenzaldehyde have been synthesized and used as catalysts in alcohol oxidation. 

2,6-Diformyl-4-methylphenol (DFP) based Schiff-base ligands, 3,3’-(2-hydroxy-5-

methyl-1,3-phenylene)bis(methan-1-yl-1- ylidene)bis(azan-1-yl-1-ylidene)bis(2,2-

dimethylpropan-1-ol) (H3L’) and 2,2’-(((2-hydroxy-5-methyl-1,3-

phenylene)bis(methanylylidene))bis(azanylylidene))bis(propan-1-ol) (H3L’’), 

undergo partial hydrolysis to convert one of the azomethine groups to aldehyde group 

to give H2L
1 and H2L

2, and then react with copper(II) acetate to yield complex 4.1 and 

4.2, respectively. These complexes have been characterized by standard methods such 

as elemental analysis, room temperature magnetic studies, FT-IR, UV-vis, ESI-mass 

spectral analyses, cyclic voltammogram, etc. The structures of dinuclear complexes 

with modified ligands have been confirmed by single crystal X-ray diffraction 

analysis. Complex 4.1 and 4.2 have been used as catalysts for the oxidation of benzyl 

alcohol, 4-methyl benzyl alcohol, 4-methoxy benzyl alcohol, 4-nitro benzyl alcohol 

and 4-bromo benzyl alcohol to the corresponding aldehyde as the sole product. 

Efficiency of the catalyst depends on the chain length and substitution on the chain of 

the ligand. 
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4.1 Introduction  

Attention on metal Schiff-base complexes is high among the researchers for last few 

decades. Appropriate coordination environment can easily be incorporated into the Schiff-base 

ligands by the judicial choice of the starting amine and aldehyde/keto compounds. These 

ligands stabilize different oxidation states of the transition metal ions offering opportunity to 

use such complexes in the diverse field of applications such as catalysis, redox processes, 

etc.4.1,4.2 Apart from this, transition metal complexes were applied in the field of magnetism, 

biological sciences, optoelectronics, sensing, etc..4.3–4.6 The Schiff-base ligands derived from 

2,6-diformyl-4-methylphenol (DFP) are useful in the preparation of dinuclear or multinuclear 

transition metal complexes because phenoxy oxygen atom of DFP unit acts as the binucleating 

bridging center.4.7 Depending on transition metal ions, reaction conditions and bridging ligands, 

di-,4.8 tri-,4.9 tetra-,4.7d–e,4.10 penta-,4.10b hexa-,4.7e,4.11 hepta-4.8a or higher nuclear transition metal 

complexes4.12 were obtained with the Schiff-base ligands of DFP which found different 

applications. Copper(II) complexes with Schiff-base ligands were used as the catalyst in 

different oxidation reactions4.13 such as oxidation of alkane,4.14 alkene,4.15 sulfide,4.16 

catechol4.17, alcohol4.18 etc. Pombeiro et al. reported a landmark work on copper catalyzed 

oxidation of cyclohexane.4.14a After that a number of copper complexes were employed as the 

catalyst for such oxidation reactions.4.19 The products of cycloalkane oxidation are, primarily, 

cycloalkanol and cycloalkanone. Alkene has been converted to corresponding epoxide as the 

main product by copper complex as the catalyst using various oxidants such as hydrogen 

peroxide, tert.-butyl hydroperoxide, molecular oxygen, etc.4.15 Epoxides are important building 

blocks for several fine organic materials. Apart from oxidation of these substrates, dimethyl 

ether has been synthesized from syngas using copper-based catalyst.4.20 Click reaction yields 

different triazoles from azides. This reaction is catalyzed by copper(I) compounds in 

homogeneous as well as in heterogeneous media.4.21 Copper compounds catalyze several C–C, 

C–X (where X is B, Si and F) bond-formation reactions where unactivated alkyl electrophiles 

have been used as the substrates.4.22 

Oxidation of alcohol is important in organic chemistry as it offers transformation of 

alcohol to aldehyde group. Alcohol oxidation is generally achieved in the presence of 

stoichiometric amounts of metal containing toxic and/or hazardous oxidizing agents.4.23 Work 

up procedure to achieve the target oxidized compounds requires huge labor. Thus, the use of 

appropriate catalyst for such transformation is an alternative option in terms of economy and 

environmental pollution. In this respect, it may be suitable to mention galactose oxidase 
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(GO).4.24 It is a fungal enzyme and catalyzes the oxidation of various primary alcohols to the 

corresponding aldehyde solely with the reduction of dioxygen to H2O2.
4.25 It has one copper 

atom with square pyramidal geometry at the active site. 

Aerobic oxidation of alcohols has been achieved by different metals as the catalyst. 

Abdel-Rahman et al. reported some Cu(II)-Schiff base complexes as the catalyst for oxidation 

of alcohol under different reaction conditions.4.26 Zhan and co-workers reported some 

mononuclear copper(II) complexes with ligands containing phenol derivatives and used them 

in the aerobic oxidation of benzyl alcohol.4.27 Sulfonated Schiff base copper(II) complexes 

were used as the catalyst for the oxidation of primary and secondary alcohols.4.28 One 

mononuclear copper (II) complex with non-innocent aminophenol based ligand has been 

reported as biomimetic model for galactose oxidase enzyme.4.29 We have also utilized some 

copper(II)-Schiff base complexes as the catalyst for the oxidation of different benzyl 

alcohols.4.30 The oxidation of primary alcohols to the corresponding aldehydes in the presence 

of CuI OTf or CuII(OTf)2 as metal sources, 2,2’-bipyridine as ligand, N-methylimidazole as 

base and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as the co-catalyst has been studied by 

different groups4.31 to establish the mechanism of the oxidation reaction. Amongst the reported 

catalytic systems, TEMPO has been used as a co-catalyst in almost every system. However, 

there are some problems with the processes, for example, reaction conditions, recyclability of 

the catalyst, catalyst loading, chemo-/stereo-selectivity, etc. Thus, attempts for better catalysts 

to overcome such challenges are continuing. 

Synthesis, characterization, and catalytic properties of two dinuclear complexes, 

[Cu2(L1)2] (4.1) and [Cu2(L2)2] (4.2) where H2L
1=2-hydroxy-3-((3-hydroxy-2,2-

dimethylpropylimino)methyl)-5-methylbenzaldehyde and H2L
2=(E)-2-hydroxy-3-(((1-

hydroxypropan-2-yl)imino)methyl)-5-methylbenzaldehyde have been reported here (Scheme 

4.1). Complex 4.1 and 4.2 have been synthesized under mild conditions. H2L
1 is the product of 

partial hydrolysis of 3,3’-(2-hydroxy-5-methyl-1,3-phenylene)bis(methan-1-yl-1-

ylidene)bis(azan-1-yl-1-ylidene)bis(2,2-dimethylpropan-1-ol) (H3L’) and H2L
2 is obtained by 

partial hydrolysis of 2,2’-(((2-hydroxy-5-methyl-1,3-phenylene)bis(methanylylidene)) 

bis(azanylylidene))bis(propan-1-ol) (H3L’’). It is documented that Cu(II) can convert the 

ligand to its oxidized products on several occasions.4.32 Cu(II) catalyzed partial hydrolysis of 

imine group of some Schiff-base ligands has been reported.4.33 However, partial modification 

of DFP based ligands have been reported with metal ions generally other than Cu(II) 

ion.4.7e,4.8,4.9,4.11b In this report, two dinuclear copper(II) complexes with partially hydrolyzed 
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DFP based ligands have been used as the catalysts for the oxidation of some benzyl alcohols 

in the presence of tert-butyl hydroperoxide (TBHP) as the oxidant. 

 

Scheme 4.1: Structures of (H3L’), (H3L’’), complex 4.1 and 4.2. 

4.2. Experimental Section 

4.2.1. Materials and physical methods 

3-Amino-2,2-dimethyl-1-propanol, DL-2-amino-1-propanol, copper(II) acetate 

monohydrate were purchased from Sigma Aldrich and were used without further purification. 

Other reagents were obtained from commercial sources and used as received. 2,6-diformyl-4-

methylphenol was synthesized following a published procedure.4.34 Elemental analyses 

(carbon, hydrogen and nitrogen) were performed using a Perkin–Elmer 2400C elemental 

analyzer. FT-IR spectrum was obtained on a Perkin Elmer spectrometer (Spectrum Two) with 

the sample by using the attenuated total reflectance (ATR) technique. The UV-visible spectral 

measurement was done in Agilent 8453 diode array spectrophotometer. Electrochemical 

studies of the complexes were carried out in dimethylformamide (DMF) using 

tetrabutylammonium perchlorate (TBAP) as supporting electrolyte and all experiments were 

carried out at room temperature. A typical cyclic voltammogram (CV) was obtained by using 

a glassy carbon as working electrode, Pt as supporting electrode and saturated Ag/AgCl as 

reference electrode. Scan rate was set as 25 mV/s. Solutions of complex 1 and 2 were prepared 

freshly before use, and argon was passed through the solution for 15 min before recording CV 

to remove dissolved O2, if any. Analysis of reaction mixture of catalytic reactions was 

performed with a Shimadzu made next generation high speed gas chromatography system 

(model: GC-2025 AF) equipped with a fused silica capillary column and an FID detector. All 

experiments were carried out at room temperature in air unless reported otherwise.  
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CAUTION: Organic perchlorates are potentially explosive. Only small amount of the 

perchlorate salt should be handled with care. 

4.2.2. Synthesis 

4.2.2.1. Synthesis of 3,3'-(2-hydroxy-5-methyl-1,3-phenylene)bis(methan-1-yl-1-

ylidene)bis(azan-1-yl-1-ylidene)bis(2,2-dimethylpropan-1-ol) (H3L') 

3-Amino-2,2-dimethyl-1-propanol (0.5 mmol, 0.052 g) was added to an acetonitrile 

solution (10 mL) of 2,6-diformyl-4-methylphenol (0.25 mmol, 0.041 g) under stirring 

condition. The mixture was stirred for 30 min. Then, the resulting solution was refluxed for 3 

h. The color of the mixture turned yellow. The mixture was then cooled and filtered to remove 

any undissolved material. Yellow colored product of H3L' was obtained from the slow 

evaporation of the solvent.  

Data for H3L': yield (0.073 g, 87%); C, H, N analysis: anal. calc. for C19H30N2O3: C, 

68.23; H, 9.04; N, 8.38; found: C, 68.04; H, 8.95; N, 8.28%. 1H NMR (400 MHz, CDCl3; δ 

ppm, TMS): 10.39 (1H, s), 8.56 (2H, s), 7.51 (2H, s), 4.93 (2H, s), 3.52 (4H, s), 3.49 (4H, s), 

2.30 (3H, s), 1.00 (12H, s); ESI-MS+ (m/z): 335.18 [(H3L' + H+)].   

4.2.2.2. Synthesis of 2,2'-(((2-hydroxy-5-methyl-1,3-

phenylene)bis(methanylylidene))bis(azanylylidene))bis(propan-1-ol) (H3L'') 

 H3L
'' was obtained following the same synthetic procedure which was used for the 

synthesis of H3L' except DL-2-amino-1-propanol (0.5 mmol, 0.038 g) was used in place of 3-

amino-2,2-dimethyl-1-propanol (0.5 mmol, 0.052 g). 

Data for H3L'': yield (0.139 g, 90%); C, H, N analysis: anal. calc. for C15H22N2O3: C, 

64.73; H, 7.97; N, 10.06; found: C, 64.54; H, 7.88; N, 10.28%. 1H NMR (400 MHz, CDCl3; δ 

ppm, TMS): 10.47 (1H, s), 8.42 (2H, s), 7.28 (2H, s), 5.27 (2H, s), 3.71 (4H, d, J = 2.4), 3.10 

(4H, m), 2.30 (3H, s), 1.23 (6H, s); ESI-MS+ (m/z): 279.13 [(H3L'' + H+)]. 

4.2.2.3. Synthesis of [Cu2(L1)2] (4.1) 

To an aqueous solution (5.0 mL) of copper(II) acetate monohydrate (0.5 mmol, 0.100 

g), an acetonitrile solution (10.0 mL) of H3L' (0.5 mmol, 0.167 g) was added dropwise while 

stirring was continued. The mixture was stirred for another 1 h. The mixture was then filtered 

to remove suspended material and/or precipitate, if any. Green single crystals of complex 4.1 

suitable for X-ray diffraction analysis were obtained on slow evaporation of the solvent within 

few days. 

Data for 4.1: yield (0.202 g, 65%); C, H, N analysis: anal. calc. for C28H34Cu2N2O6: C, 

54.10; H, 5.51; N, 4.51; found: C, 54.00; H, 5.57; N, 4.32%.  
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4.2.2.4 Synthesis of [Cu2(L2)2] (4.2) 

Complex 4.2 was synthesized following the same synthetic procedure which was used 

for the synthesis of complex 4.1 except H3L'' (0.5 mmol, 0.139 g) was used in place of H3L' 

(0.5 mmol, 0.167 g).                                                                              

Data for 4.2: yield (0.164 g, 58%); C, H, N analysis: anal. calc. for C24H26Cu2N2O6: C, 

50.97; H, 4.63; N, 4.95; found: C, 50.90; H, 4.57; N, 4.82%.   

4.2.3. X-ray data collection and structure determination 

Details of the data collection and refinement parameters for complex 4.1 and 4.2 are 

summarized in Table 4.1. The single crystal X-ray diffraction experiments were performed on 

a Bruker APEX-II CCD diffractometer using graphite monochromated Mo Kα radiation at 298 

K. The data integration was carried out with SAINT program4.35 and the absorption correction 

was done using SADABS. The structures of complexes 1 and 2 were solved by SHELXS 974.36 

using the Patterson method with the successive Fourier and difference Fourier synthesis. Full 

matrix least-squares refinements were done on F2 using SHELXL-97 with anisotropic 

displacement parameters for all of the non-hydrogen atoms.4.37 All of the hydrogen atoms were 

fixed geometrically by HFIX command and placed in ideal positions. Calculations were 

performed using SHELXL 97, SHELXS 97, PLATON v1.15,4.38 ORTEP-3v24.39 and WinGX 

system Ver-1.80.4.40 

CCDC 2050745 and CCDC 2050742 contain the supplementary crystallographic data 

of complexes 4.1 and 4.2, for this paper. These data can be obtained free of charge from the 

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

4.2.4. Alcohol oxidation procedure 

Oxidation of benzyl alcohol, 4-methyl benzyl alcohol, 4-methoxy benzyl alcohol, 4-

nitro benzyl alcohol and 4-bromo benzyl alcohol was performed by using TBHP as the oxidant 

in the presence of complexes 4.1 and 4.2 as catalyst at 343 K. Typically, 0.5 mmol of the 

substrate (alcohol) in 8.0 mL of acetonitrile was taken in a two necked round-bottomed flask 

fitted with a condenser. 0.025 mmol of catalyst was added to it. The catalytic reaction was 

started as soon as 0.5 mmol of tert-butyl hydroperoxide was added to the mixture under stirring 

condition. The temperature of the reaction mixture was kept constant using a thermostat. 

Aliquots from the mixture were collected after 2 h and 4 h, and then every 4 h upto 24 h.  The 

collected mixtures were analyzed by the gas chromatography. The substrate and product(s) 

were identified by the comparison with known standards.   

Blank experiments for all of the substrates were carried out in absence of any catalyst 

under the same experimental conditions.  
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4.3. Results and discussion 

4.3.1. Synthesis of H3L', H3L'', complex 4.1 and complex 4.2 

Complex 4.1 and 4.2 were synthesized following the route as depicted in Scheme 4.2. 

First ligands, H3L
' and H3L

'' were been synthesized by 1:2 condensation between DFP and the 

respective amine, characterized and thought to get multinuclear copper(II) complexes where 

phenolic oxygen atom could act as the bridge.  

 

Scheme 4.2: Synthetic route to complex 4.1 and 4.2  

Both H3L
' and H3L

'' have been characterized by elemental analysis, 1H NMR and ESI 

mass spectral analysis. ESI-mass spectrometric measurements were performed with methanolic 

solutions of H3L
' and H3L

''. Mass spectrum of H3L
' shows the m/z peak at 335.18, which may 

be attributed to the presence of [H3L
' + H+] species (Figure 4.1). For H3L

'', the m/z peak at 

279.13 may be attributed to the presence of [H3L
'' + H+] (Figure 4.2). 
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Figure 4.1: ESI mass spectrum of H3L' in methanol. 

 

Figure 4.2: ESI mass spectrum of H3L'' in methanol. 

1H NMR spectra of H3L
' and H3L

'' were recorded in CDCl3 (Figure 4.3 and 4.4). Signals 

for phenolic proton of H3L
' and H3L

'' appear at 10.39 and 10.47 ppm, respectively. Peaks at 

8.56 and 8.42 ppm may be attributed to the imine protons of H3L
' and H3L

'', respectively. The 

aromatic protons of H3L
' appear at 7.51 ppm. Signal for aromatic protons of H3L

'' emerges at 

7.28 ppm.  Peak of H3L
' at 4.93 ppm may appear due to the presence of alcoholic protons. 

Alcoholic protons of H3L
'' give signal at 5.27 ppm. Methylene protons of H3L

' appear at 3.52 

and 3.48 ppm whereas signals for the other compound appear at 3.71 and 3.10 ppm. Peaks at 

2.30 and 1.00 ppm may be attributed to the various methyl protons of H3L
'.  Signals for methyl 

protons of H3L
'' appear at 2.80 and 1.23 ppm.  
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Figure 4.3: 1H NMR spectrum of H3L' in CDCl3. 

 

Figure 4.4: 1H NMR spectrum of H3L'' in CDCl3. 

However, during the synthesis of complex 4.1 and complex 4.2, the ligand modification 

has been noticed for both the cases. Partial hydrolysis of H3L
' and H3L

'' leads to the generation 

of H2L
1 and H2L

2, respectively, where one of the imine bonds of the ligand has been converted 

to aldehyde group. Schiff-base ligands derived from DFP tend to undergo partial hydrolysis. 

In previous studies, partial hydrolysis of azomethine bond occurred in the presence of Ni2+ 

ion4.11d as well as Zn2+ ion.4.9 Reaction between H3L' and copper(II) acetate gives complex 4.1 

without adding any external base to deprotonate the phenolic oxygen atom. Overall reaction 

may be written as:   

2Cu(OAc)2.H2O + 2H3L' →  [Cu2L
1
2] (4.1) + 2NH2CH2C(CH3)2CH2OH + 4AcOH + 2H2O 

Similar reaction occurs between H3L'' and copper(II) acetate to produce complex 4.2. 

2Cu(OAc)2.H2O + 2H3L'' →  [Cu2L
2
2] (4.2) + 2NH2CH(CH3)CH2OH + 4AcOH + 2H2O 
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4.3.2. Crystal structures of complex 4.1 and 4.2 

 Complex 4.1 crystallizes in the P-1 space group, whereas complex 4.2 crystallizes in 

the P 21/n space group. Perspective views of the molecules are shown in Figure 4.5. Selected 

bond angles and bond lengths are listed in Table 4.2. Both of the complexes consist of two 

deprotonated dianions of the partially hydrolyzed ligand, H2L
1 for complex 4.1 and H2L

2 for 

complex 4.2, and two copper atoms. Both the copper atoms are in a tetracoordinated 

environment. Each copper in 4.1 and 4.2 is coordinated with one phenolic oxygen atom (O2), 

two alcoholic oxygen atoms (O3, O3a) and one nitrogen atom (N1) from the ligands, H2L
1 and 

H2L
2, respectively. The metal center in both the cases is in a distorted square planar geometry. 

O2, N1, O3 and O3a form the square plane and Cu1 is slightly out the mean plane by a distance 

of 0.034 Å. The smaller donor-metal-donor angle around Cu1 deviates from 90° for both the 

cases. The O3—Cu1—O3a angle is 77.49° and 82.9° for complex 4.1 and 4.2, respectively 

while the O3—Cu1—N1 angle is 96.14° and 84.2° for complex 4.1 and 4.2, respectively. The 

larger donor-metal-donor angle around Cu1 also shifts from ideal 180° for both the complexes. 

The O2—Cu1—O3 angles are 161.78° for complex 4.1, 178.3° for complex 2 while O3a—

Cu1—N1 angles are 166.97° for complex 4.1 and 161.0° for complex 4.2. 

 

Figure 4.5: Perspective views of (A) complex 4.1 and (B) complex 4.2. Hydrogen atoms have 

been omitted for clarity. Symmetry code: (a) 1-x, 2-y, 1-z (for complex 4.1) and (a) 1-x, 1-y, 

1-z (for complex 4.2). 

For five coordinate complex, trigonal bipyramidal or square pyramidal geometry is 

ascertained from the value of trigonal index parameter (τ parameter).4.41 However, for four 

coordinate complex, Houser et al. introduced four-coordinate τ4 index to find the geometry 

around the metal center with the following formula4.42 

τ4 = 
360° − (𝛼+𝛽)

141°
 

where α and β are the two largest angles in the four-coordinate species. When the value 

of τ4 is 1.00, the geometry is perfect tetrahedral. For the perfect square planar geometry, it is 

(A) (B)
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0.00. Other values indicate different seesaw geometry. The values of four-coordinate τ4 index 

have been calculated to be 0.037 and 0.123 for complex 4.1 and 4.2, respectively. These 

indicate that there is almost perfect square planar geometry around metal center in complex 

4.1. For complex 4.2, τ4 index indicate the fluctuation of square planar geometry. The donor 

metal bond distances are in the range of 1.8821 and 1.9302 Å. The metal-metal bond distances 

are 2.989 Å for complex 4.1 and 2.902 Å for complex 4.2 which are significantly short. 

Table 4.1: Crystal data of complex 4.1 and 4.2 
 

Complex 4.1 Complex 4.2 

Formula C28H34Cu2N2O6 C48 H52 Cu4 N4 O12 

Formula weight 621.65 1131.14 

T (K) 273(2) 273(2) 

Crystal color green brown 

Crystal system triclinic monoclinic 

Space group P -1 P 21/n 

a (Å) 8.6604(8) 8.6854(19) 

b (Å) 8.8110(8) 19.464(4) 

c (Å) 9.7276(8) 14.341(3) 

α (°) 85.215(2) 90 

β (°) 81.477(2) 98.198(6) 

γ (°) 67.376(2) 90 

V (Å3) 677.31(10) 2399.7(9) 

Z 1 2 

Crystal dimensions 

(mm) 

0.4× 0.2 × 0.1 0.18× 0.10 × 0.07 

F(0 0 0) 322.0 1160 

Dc (g cm−3) 1.524 1.566 

λ (Mo Kα) (Å) 0.71073 0.71073 

θ Range (°) 2.51- 27.10 1.776 - 26.921 

Reflection collected/ 

unique/observed 

23375, 2969, 2776 15848, 5194, 1623 

Absorption correction multi-scan empirical 
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Complex 4.1 Complex 4.2 

Rint 0.0240 0.0946 

Final R1 index 

[I > 2σ(I)] 

0.0266 0.2137 

Final wR2 index (all 

reflections) 

0.0719 0.2350 

Goodness-of-fit 1.09 1.001 

  

Table 4.2: Selected bond lengths (Å) and bond angles (°) of complex 4.1 and 4.2 

Complex 4.1 Complex 4.2 

Cu1—N1 1.9302(14) Cu1—N1 1.898(10) 

Cu1—O2 1.8821(13) Cu1—O2 1.890(8) 

Cu1—O3 1.9099(13) Cu1—O3 1.947(8) 

Cu1—O3a 1.9218(13) Cu1—O3a 1.985(7) 

Cu1—Cu1a 2.9887(4) Cu1—Cu1a 2.902 

    

O2—Cu1—O3 161.78(6) O2—Cu1—O3 178.3(4) 

O2—Cu1—O3a 93.28(5) O2—Cu1—O3a 97.0(3) 

O3—Cu1—O3a 77.49(6) O3—Cu1—O3a 82.9(3) 

O2—Cu1—N1 95.79(6) O2—Cu1—N1 95.4(4) 

O3—Cu1—N1 96.14(6) O3—Cu1—N1 84.2(4) 

O3a—Cu1—N1 166.97(6) O3a—Cu1—N1 161.0(4) 

O2—Cu1—Cu1a 130.08(4) O2—Cu1—Cu1a 138.29 

O3—Cu1—Cu1a 38.89(4) O3—Cu1—Cu1a 96.8(3) 

O3a—Cu1—Cu1a 38.60(4) O3a—Cu1—Cu1a 94.7(3) 

 N1—Cu1—Cu1a 134.02(4)  N1—Cu1—Cu1a 138.29 

Cu1—O3—Cu1a 102.52(—) Cu1—O3—Cu1a  96.8(3) 

Symmetry code: (a) 1-x, 2-y, 1-z for complex 4.1 (a) 1-x, 1-y, 1-z for complex 4.2. 

4.3.3. Room temperature magnetic moment determination 

Room temperature magnetic susceptibility of complex 4.1 and 4.2 were determined 

with the powder samples using the Guoy Balance Method. The effective magnetic moment has 

been determined to be 1.96 and 2.26 BM per dimer for complex 4.1 and 4.2, respectively (ΧMT 

values are 0.5 and 0.6 emu K mol-1 per two copper atoms for complex 4.1 and 4.2, respectively). 
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Both the complexes show lower magnetic moment value than the calculated value, which is 

2.83 BM for two copper atoms, indicating partial spin paring by antiferromagnetic interaction 

in the complexes at room temperature.  

 4.3.4. UV-vis spectral studies 

The electronic spectra of complex 4.1 and 4.2 were recorded in dimethylformamide 

(DMF) at room temperature (Figure 4.6 and 4.7). For an octahedral geometry, the expected 

2T2g to 2Eg transition takes place at around 800 nm. This band will undergo a significant blue 

shift when the octahedral geometry changes to a square pyramidal and square planar 

structure.4.43 The absorption band observed in the range 542–694 nm corresponds to the d-d 

transitions (Inset of Fig. s5 and s6). On the basis of the crystal structures of complex 4.1 and 

4.2, the geometry around each copper(II) center is assumed to have a square-planar geometry. 

The observed d-d transitions around 600 nm also indicate the square planar Cu(II) centers. 

These are weaker in intensity as they are Laporte forbidden. Moreover, both the complexes are 

centro-symmetric which allows very little mixing of d and p orbitals.  The medium intensity 

bands appear in the range 330–450 nm for complex 4.1 and 334–452 nm for 4.2.4.44 The strong 

bands at ~415 nm for both the complexes are due to the phenolate-to-copper(II) ligand-to-metal 

charge transfer (LMCT) (transfer occurs from the MO with ligand-like character to the metal-

like one) and other band may be due to the intra-ligand charge transfer transitions.4.44 

 

Figure 4.6: UV-vis spectrum of complex 4.1 in DMF. 
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Figure 4.7: UV-vis spectrum of complex 4.2 in DMF. 

4.3.5. FT-IR spectral studies 

FT-IR spectra of complex 4.1 and 4.2 were obtained with powder samples by ATR 

technique. In the IR spectra of the complexes (Figure 4.8 and 4.9), the presence of hydrocarbon 

part (methyl and methylene groups) of the complexes have been evidenced from the appearance 

of the unsymmetrical and symmetrical frequencies at the region of 2800–3000 cm–1. The sharp 

band at around 1670 cm−1 may be attributed to the presence of aldehyde group of H2L
1 and 

H2L
2 species. Another intense band at around 1625 cm−1 is due to the presence of the stretching 

vibration of the azomethine group (C=N moiety). These observed bands explain the structural 

similarities between the complex 4.1 and complex 4.2. 

 

Figure 4.8: FT-IR spectrum of complex 4.1. 
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Figure 4.9: FT-IR spectrum of complex 4.2. 

4.3.6. Mass spectral studies 

ESI-mass spectra of complex 4.1 and 4.2 were obtained in methanol (Figure 4.10 and 

4.11).  

 

Figure 4.10: ESI mass spectrum of complex 4.1 in methanol. 
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Figure 4.11: ESI mass spectrum of complex 4.2 in methanol 

As indicated by the spectra, both the complexes have been found to exist mainly as 

dinuclear copper(II) species in the solution. Mass spectrum of complex 4.1 shows an m/z peak 

at 621.19 which may be attributed to the [Cu2(L
1)2 + H+] species (calculated value: 621.11). 

The complex undergoes fragmentation to show the presence of the partially hydrolyzed ligand, 

H2L
1. Two other significant m/z peaks are observed at 272.17 and 250.18. These peaks may be 

assigned to the presence of [H2L
1 + Na+] and [H2L

1 + H+], respectively (calculated values: 

272.13 and 250.14). Mass spectrum of complex 4.2 shows an m/z peak at 565.09 which may 

be attributed to the existence of [Cu2(L
2)2 + H+] species (calculated value: 565.05). 

4.3.7. Electrochemical studies  

Electrochemical studies of complex 4.1 and 4.2 were carried out in DMF using TBAP 

as supporting electrolyte. Both the dinuclear Cu(II) complexes exhibit two pairs of redox events 

which indicate the electronic communication present between the two metal ions of these two 

dinuclear Cu(II) complexes (Figure 4.12). These redox processes involved between two metal 

centers can be expressed as  

 

The first pair of oxidation-reduction peaks corresponding to oxidation-reduction 

couples, i.e. Cu(II)Cu(I)/Cu(I)Cu(I) B, Epa1 = –1.48 V for complex 4.1 and –1.20 V for 

complex 4.2, Epc1 = –1.50 V for complex 4.1 and –1.43 V for complex 4.2, the average formal 
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potential [E1/2 = (Epa1 + Epc1)/2] is –1.49 V for complex 4.1 and –1.31 V for complex 4.2. The 

second pair of oxidation-reduction peaks corresponding to oxidation-reduction couples, i.e. 

Cu(II)Cu(II)/Cu(II)Cu(I) A, Epa2 = –0.96 V for complex 4.1 and –0.83 V for complex 4.2, 

Epc2 = –1.08 V for complex 4.1 and –1.06 V for complex 4.2, the average formal potential 

[E1/2 = (Epa2 + Epc2)/2] is –1.02 V for complex 4.1 and –0.95 V for complex 4.2. The peak 

observed at –0.5 V for complex 4.2 may be assigned to the ligand reduction event.  

 

Figure 4.12: Cyclic voltammogram of (A) complex 4.1 and (B) complex 4.2 in DMF. 

Conditions: 0.1 M [n-Bu4N]ClO4 as supporting electrolyte, glassy carbon as working electrode 

and Ag/AgCl as reference electrode (scan rate: 25 mV/s). 

The stability of the mixed-valence Cu(II)Cu(I) species can be expressed in terms of the 

comproportionation constant, Kcon,  

𝐾con =
[Cu(II)Cu(I)]2

[Cu(II)Cu(I)][Cu(I)Cu(I)]
= exp [nF(∆E1

2⁄
0 ) RT⁄ ] 

where, ∆E0
1/2 = E0

1/2 (A) – E0
1/2 (B) 

The larger the separation between the potentials of the couple, the greater the stability 

of the mixed-valence species with respect to comproportionation. The values of ∆E0
1/2 for 

complex 4.1 and 4.2 are 0.23 and 0.18 V, respectively whereas values of Kcon for complex 4.1 

and 4.2 have been determined as 9.5 × 103 and 1.1 × 103, respectively.  

The values imply the stability of the mixed valence state Cu(II)Cu(I) are comparable 

with those of the literature.4.45 It has been reported that ∆E0
1/2 separation value of non-

interacting metal centers, which are in similar chemical environments, is not larger than 50 

mV.4.46 Thus, the cyclic voltammograms indicate significant copper-copper coupling present 

in these two dinuclear complexes which has also been observed in several other dinuclear metal 

complexes.4.47 

The cyclic voltammograms of complex 4.1 and complex 4.2 were also recorded at 

different potential scan rates to show that the current is diffusion controlled, whereas the current 

(A) (B)
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ratio of the first to second waves increases with an increase in the potential scan rate (Figure 

4.13 and 4.14).  

 

 

Figure 4.13: Scan rate dependence of 10-4 M solution of complex 4.1, at scan rates from 25 to 

100 mV/s in DMF solutions with 0.1M [n-Bu4N](ClO4) as supporting electrolyte. 

 

Figure 4.14: Scan rate dependence of 10-4 M solution of complex 4.2, at scan rates from 25 to 

100 mV/s in DMF solutions with 0.1 M [n-Bu4N](ClO4) as supporting electrolyte. 

4.3.8. Alcohol oxidation studies  

Complex 4.1 and 4.2 have been used as catalyst for the oxidation of benzyl alcohols 

with TBHP as the oxidant at 343 K. The complex shows galactose oxidase mimicking activity 

i.e. it acts as the catalyst for the oxidation of benzyl alcohols. The substrates used here are 
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benzyl alcohol, 4-methyl benzyl alcohol, 4-methoxy benzyl alcohol, 4-nitro benzyl alcohol and 

4-bromo benzyl alcohol. The corresponding aldehyde has been obtained as the sole product. 

The results of the oxidation reactions are given in Table 4.3. The results indicate moderate 

ability of the catalyst towards the conversion of benzyl alcohol to the corresponding aldehyde. 

Yield of the transformation for each of the substrate is remarkably high in comparison to the 

corresponding blank experiments signifying the relevance of the presence of the copper 

complex. The optimized conditions have been found by varying different parameters for the 

catalytic reaction. 

Table 4.3: Oxidationa of primary alcohol with complexes 4.1 and 4.2 

Substrate Product Yieldb in %, (TONc) 

  Complex 

4.1 

Complex 

4.2 

Blankd 

Benzyl alcohol Benzaldehyde 72 (14.0) 50 (10.0) 9 

4-Methylbenzyl alcohol 4-Methyl benzaldehyde 73 (14.6) 51 (10.2) 10 

4-Methoxybenzyl alcohol 4-Methoxy 

benzaldehyde 

81 (16.2) 62 (12.4) 9 

4-Nitrobenzyl alcohol 4-Nitro benzaldehyde 59 (11.8) 35 (7.0) 10 

4-Bromobenzyl alcohol 4-Bromo benzaldehyde 61 (12.2) 38 (7.6) 7 

a Oxidant: TBHP; temperature: 343 K; solvent: acetonitrile;  

b Yield calculated after 24 h  

c TON: turnover number = number of moles of product/number of moles of catalyst  

dOxidation reaction without any complex under identical conditions 

In order to investigate the role of the solvent, the oxidation of benzyl alcohol has been 

carried out in different solvents and the results of the reactions are given in Table 4.4. Reaction 

in water shows poor conversions (9%) probably because of the low solubility of the catalysts 

in this solvent, hence the yield is similar to that obtained during the blank experiments (Table 

1, entry 3). When acetonitrile is used, the catalytic reaction produces the highest yield. Hence 

acetonitrile has been selected as solvent for all the oxidation reactions. Another possible 

explanation for the higher yield of the catalysis in CH3CN may be found in the inclination of 

the solvent to stabilize the intermediate Cu(I) species via coordination.  

Table 4.4: Oxidation of benzyl alcohol in various solvents using complex 4.1 as the catalyst 

Entry Catalyst 
Yield(%) in 

Acetonitrile 

Yield(%) 

in DCM 

Yield(%) in 

Water  

Yield(%) in 

DMF 
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In order to check the role of the oxidant, the oxidation of benzyl alcohol has been 

performed in the presence of different oxidants. The results are shown in Table 4.5. It is clear 

from the table the TBHP is far better oxidant to convert the benzyl alcohol in comparison to 

the other oxidants.  

Table 4.5: Oxidation of benzyl alcohol in the presence of different oxidant using complex 4.1 

as the catalyst  

 

 

 

The effect of temperature on the reaction yield has also been examined. At room 

temperature, the reaction proceeds slowly and produces small amount of the aldehyde. The 

maximum yield has been obtained at 343 K. So, the reaction has been carried out at this 

temperature. Higher temperature may destroy the copper complex showing lower yield of 

catalytic reaction. 

Oxidation of benzyl alcohol has been carried out in the presence of various amounts of 

the catalyst to check whether amount of the catalyst has any significant effect on yield of the 

catalytic reactions. The results, however, indicate that it does not affect the reaction yield 

considerably. Thus, for all the substrates, a 1:20 catalyst/substrate ratio has been maintained.  

Substrate variation has been done by introducing an electron donating or an electron 

withdrawing group in the aromatic ring of benzyl alcohol. The effect of these groups has been 

observed on the yield of the reaction (Table 4.3). It has been found that the yield of oxidation 

is increased with incorporation of electron donating groups. The highest yield has been 

obtained with methoxy benzyl alcohol and the yield of the reaction is 81% with complex 4.1 

and 62% with 4.2. Another substrate with electron donating (4-methylbenzyl alcohol with yield 

of 73% with complex 4.1 and 51% with 4.2) shows marginally higher yield than the 

unsubstituted substrate with both the catalysts (benzyl alcohol with yield of 72% for complex 

4.1 and 50% for 4.2). However, the presence of a bromo or nitro group in the aromatic ring 

decreases the yield of the corresponding alcohol formation. The yields with bromobenzyl 

1 
Complex 

4.1 
72 22 9 17 

Entry Catalyst 

Yield(%) in 

presence of 

TBHP 

Yield(%) in 

presence of 

H2O2 

Yield(%) in 

presence of 

NaOCl 

1 
Complex 

4.1 
72 3 7 
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alcohol and nitrobenzyl alcohol are 61% and 59%, respectively for complex 4.1, and 35% and 

38%, respectively for complex 4.2. 

Aliquots from the catalytic reaction mixture have been collected after 2 h and 4 h, and 

then every 4 h upto 24 h and analyzed in the GC to check the progress of the reaction. Plots of 

time vs. yield for complex 1 and 2 are shown in Figure 4.15 and 4.16, respectively. It is evident 

that yield of the reaction increases with passage of time for all the substrates, the maximum 

being observed after 24 h of reaction. With the passage of time, the conversion of benzyl 

alcohols is also increased. It has been found that it reaches saturation after 24 h of the reaction. 

 

Figure 4.15: Plot of time vs. yield of aldehyde formation in the presence of complex 4.1 as 

the catalyst. 

 

Figure 4.16: Plot of time vs. yield of aldehyde formation in the presence of complex 4.2 as 

the catalyst. 

Blank reactions with all the substrates have been performed under the same 

experimental conditions but without any complex. It is to be noted that in case of blank reaction, 
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the reaction proceeds very slowly and conversion is very poor (Table 4.3, entry 3). It takes 

longer time for the conversion of benzyl alcohol into the aldehyde. In other words, when we 

compare yield of a particular reaction in the same duration of time, e.g., 4 h, with and without 

catalyst, there is almost no conversion of alcohol to corresponding aldehyde in the initial time 

frame while the presence of copper complex as catalyst increases the yield of aldehyde 

manifold. These facts signify the importance of the copper(II) complex as catalysts.  

We have tried to recover complex 4.1 and 4.2 after the catalytic reaction aiming to use 

it as catalyst for another reaction. However, attempts seem to be unsuccessful. The compound 

has been collected and dried after the catalytic reaction and characterized by IR spectroscopy 

attempting to find out the resemblance with the original catalyst. However, the spectrum of the 

material recovered is different from that of complexes. It indicates considerable decomposition 

of the complex and reuse of it as catalyst is inhibited.  

A possible mechanistic pathway for the oxidation of the benzyl alcohols by the copper 

complex may be proposed based on the present work and results that were obtained from earlier 

studies (Scheme 4.3).4.48 To explore the species responsible for the catalytic reaction, we have 

recorded the UV-vis spectra of complex 4.1 in absence and in the presence of TBHP in the 

range 250-800 nm in acetonitrile as this solvent has also been used in the catalytic reactions 

(Figure 4.17). Free complex 4.1 exhibits a sharp band at 410 nm which may be attributed to 

the phenolate-to-copper(II) ligand-to-metal charge transfer (LMCT). There are changes in the 

spectrum after addition of TBHP to the solution of the metal complex. Complex 4.1 shows a 

band at 379 nm which may be attributed to the shifting of charge transfer transition band 

position. It exhibits broad peak with a shoulder near 410-420 nm indicating the presence of 

peroxocopper(II) species4.2d which may be generated during the catalytic process, and thus it 

may act as the active species responsible for the transformation of the substrate. The alcohol 

oxidation is believed to proceed mainly via a radical mechanism, which involves both carbon- 

and oxygen-centered radicals.4.49 Reaction between the catalyst and TBHP may produce tBuO
.
 

radical and Cu(I) species. The Cu(I) may be converted to the corresponding Cu(II)–OOBut 

species which has been detected by UV-vis measurement. A radical on benzyl alcohol may be 

generated by the action of TBHP on it. That radical and metal peroxo species produces the 

corresponding aldehyde.  



  CHAPTER 4 

 

218 | P a g e  
 

 

Scheme 4.3: Possible mechanism of benzyl alcohol oxidation 

 

Figure 4.17: UV-Vis spectra of complex 4.1 in absence (black) and in the presence of TBHP 

(red) in acetonitrile 

It is clear from the electrochemical studies that the onset potential values for the 

reduction of Cu(II) to Cu(I) are ‒0.86 V and ‒0.91 V for complex 4.1 and 4.2 respectively, 

indicating that the reduction of metal center is easier for complex 4.1 than in 4.2. As discussed 

in the possible mechanism, formation of Cu(I) is necessary in the catalytic reaction. Thus, the 

system, where formation of Cu(I) is more feasible, should be more efficient in the oxidation 

reaction. Therefore, results obtained in electrochemical and catalytic studies corroborate 

perfectly establishing complex 4.1 is better catalyst than the complex 4.2.  
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Comparison of some copper compounds4.30,4.50 acting as catalyst for the oxidation of 

benzyl alcohol has been made on few aspects of the catalytic reactions (Table 4.6). Most of 

the catalytic reactions have been carried out in organic solvent such as acetonitrile, 

dichloromethane, etc. The reactions have been carried out at room temperature as well as in 

elevated temperature. In the present study, temperature for oxidation has been set at 70 °C. 

Time of reaction varies from 1 h to 24 h. Yield of the reaction is in the range of 50% to 100%. 

Turn over number reported in these studies is in the range of 6.6 to 684. The discussion and 

results summarized in Table 4.6 indicate that complex 4.1 and 4.2 are moderate in their ability 

to produce the corresponding aldehyde solely from the benzyl alcohols.  

Table 4.6: Benzyl alcohol oxidation catalyzed by selected copper complexes 

Entry Catalyst Solvent Additive Temp. 

(°C) 

Time Yield TON Ref. 

1 0.025 mmol    

[Cu3(L2 )2Cl4] 

CH3CN 0.5 mmol 

TBHP 

R.T. 14 h 70 14 [30] 

2 1 mol% of 

Cu (bisISQ) 

CH2Cl2 0.9 eqt. 

methoxide 

R.T. 15 h 66 66 [43a] 

3 5 mol% of 

Cu(DBED) 

CH2Cl2 20 mol% NMI 

or DMAP 

R.T. 1 h 94 18.8 [43b] 

4 5 mol% of 

Cu(salan) 

Toluene 5 mol% 

TEMPO 

100 °C 10 h 99 20 [43c] 

5 4 mol% of 

Cu(APIP) 

CH3CN 0.2 M KOH R.T. 5 h 100 25 [43d] 

 

6 15 mol% of 

Cu(Cl4-salan) 

TFT 5 mol% 

TEMPO, 0.4 

M CsCO3 

 12 h 100 6.6 [43e] 

7 0.1 mol% of 

Cu(salendisil

oxane)1 

CH3CN:

H2O 

(1:1) 

5 mol% 

TEMPO, 0.1 

M K2CO3 

50 °C 24 h 68 684 [43f] 

 

8 1 mol% of 

Cu(Salqu)a 

CH2Cl2 1 eqt TBHP 70 °C 1 h 88 88 [43g] 

9 Catalyst 1 CH3CN 0.5 mmol 

TBHP 

70 °C 24 h 72 14 Presen

t work 



  CHAPTER 4 

 

220 | P a g e  
 

10 Catalyst 2 CH3CN 0.5 mmol 

TBHP 

70 °C 24 h 50 10 Presen

t work 

 

4.4 Conclusions 

Two dinuclearcopper(II) complexes,[Cu2(L
1)2](4.1) and [Cu2(L

2)2] (4.2) where H2L
1 

= 2-hydroxy-3-((3-hydroxy-2,2-dimethylpropylimino)methyl)-5-methylbenzaldehyde and  

H2L
2 = 2-hydroxy-3-(((1-hydroxypropan-2-yl)imino)methyl)-5-methylbenzaldehyde have 

been synthesized and characterized. 3,3'-(2-Hydroxy-5-methyl-1,3-phenylene)bis(methan-1-

yl-1-ylidene)bis(azan-1-yl-1-ylidene)bis(2,2-dimethylpropan-1-ol) (H3L
') and 2,2'-(((2-

hydroxy-5-methyl-1,3-phenylene)bis(methanylylidene))bis(azanylylidene))bis(propan-1-ol) 

(H3L
'') have been aimed to synthesize multinuclear complexes with Cu(II) but both the ligands 

undergo partial hydrolysis to yield H2L
1 and H2L

2, respectively and then copper(II) species 

coordinate with the modified ligands to produce complex 4.1 and 4.2. Ligand used for 

complex 4.1 has longer side arm with branched alkyl groups. However, variation in chain 

length and presence of methyl group(s) here do not have any influence on partial hydrolysis 

of ligands during the synthesis of the complexes. DFP based ligands with azomethine linkage 

on both side arms undergo ligand modification in the presence of different metal ions during 

the synthesis of metal complexes many a times; however, the ligand modification i.e. partial 

hydrolysis of azomethine linkage does not occur in the presence of copper(II) ion often. More 

examples may give the idea about the conditions under which the ligand modification occurs. 

Complex 4.1 and 4.2 were obtained after partial hydrolysis of DFP based ligand and used 

effectively as catalyst in oxidation of different benzyl alcohols. With different substituents on 

benzyl alcohol, yield of the formation of the corresponding aldehyde as the sole product 

varies. Efficiency of complex 4.2 as catalyst is lower in comparison to that of complex 4.1 

although in both the complexes, copper atoms exist in similar coordination environment. 

Variation in chain length and the presence of methyl group have effect on the efficiency of 

the complexes as catalyst in such oxidation reactions. 
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Chapter 5 

 

Mononuclear nickel(II) complexes as 

electrocatalyst in hydrogen evolution reactions: 

Effect of alkyl side chain length 

 

 

Abstract 

Three mononuclear Ni(II) complexes, namely, [Ni(L1)2] (5.1), [Ni(L2)2] (5.2) and 

[Ni(L3)2] (5.3) where HL1 =1-((4-hydroxybutylimino)methyl)napthalen-2-ol, 

HL2 = 1-((5-hydroxypentylimino)methylnapthalen-2-ol and HL3 = 1-((6-

hydroxyhexylimino)methyl)napthalen-2-ol have been reported here as the 

electrocatalyst for hydrogen evolution reaction (HER). Complexes 5.1, 5.2 and 

5.3 have been characterized by various standard analytical methods. Single 

crystal X-ray structure analysis reveals that nickel is in square planar geometry in 

all the complexes. These complexes act as efficient electrocatalyst in HER using 

acetic acid (AA) and trifluoroacetic acid (TFA) as the proton source in DMF. 

Controlled-potential electrolysis experiments show that these complexes are 

capable of reducing proton of AA and TFA to produce H2. Control experiments 

show that the complexes are essential for improved production of hydrogen. 

Theoretical calculations were performed to support the mechanism of HER and 

to check the effect of chain lengths on the catalytic activity. The catalytic activity 

runs in the order of complex 5.1>5.2>5.3. 
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5.1 Introduction 
The need for the development and improvement of secure, sustainable and eco-friendly 

energy resources is one of the most vital scientific and technical challenges in the present 

century due to the finite resources of fossil fuels. It is common to use fossil fuel that releases 

greenhouse gas, carbon dioxide into the environment resulting in global warming. In this 

respect, hydrogen may be considered as a potential candidate for use as an apt energy carrier. 

The reaction by which molecular hydrogen is produced by two protons via the two-electron 

reduction is known as the hydrogen evolution reaction (HER).5.1 

To design an efficient and suitable catalyst for HERs, few things such as low price of 

the metal, metal with labile oxidation states, coordination sites are to be kept in mind. Platinum 

has been established as an efficient catalyst for the production of hydrogen.5.2 However, it is 

available in limited quantity and highly expensive. Thus, its extensive use as the catalyst is 

restricted. Therefore, alternatives are being investigated with much cheaper earth-abundant 

metals as the catalyst. There are reports of different transition metal complexes5.3 with Fe,5.4 

Mn,5.5 Cu,5.6 Co5.7 and Ni5.8 as the electrocatalysts for HERs. Various compounds of nickel and 

cobalt have also been used as the electrocatalysts for water splitting, hydrogen generation, and 

carbon dioxide reduction, showing their efficient role as electrocatalysts.5.9 Due to their 

inherent better ability towards hydrogen evolution, complexes of cobalt and nickel gain intense 

interest of researchers as high-performance catalysts.5.10 Moreover, Ni(II) system are abundant 

in earth5.11 and have relevance to biology.5.12 Typically, the hydrogen evolution reaction is 

operated via metal-centred route, and involves a metal hydride. However, the electrocatalysts 

consisting of earth-abundant elements are rarely prevailing for HERs in pure aqueous 

conditions. In most of the cases, organic acids have been used as the substrate in organic media 

with metal complexes as electrocatalysts. 

Nickel(II) complexes with square planar geometry have been used as catalyst for HERs. 

Ligands with different donor atoms were designed to get various types of Ni(II) complexes. 

Generally, NiN4, NiS4, NiP4, NiN2S2 and NiS2O2 cores have been employed in such catalytic 

reactions (Scheme 5.1). Fisher and Eisenberg reported a nickel(II) complex involving a 

macrocycle with a NiN4 core as the ligand, as an electrocatalyst for reduction of carbon dioxide 

into carbon monoxide and hydrogen as the major products.5.13 After that, a number of 

complexes with N4-donor atoms have been reported in the literature for the same. Mitsopoulou 

et al. reported three Ni(II) diphenyl-1,2-dithiolene complexes with different substituents on the 

benzene ring having NiS4 core for this purpose and showed the effects of the substituents on 



  CHAPTER 5 

 

229 | P a g e  
 

the results.5.14 Helm and coworkers used a mononuclear nickel(II) complex with two seven 

membered cyclic diphosphine ligands having P donor atoms as an highly efficient 

electrocatalyst for the hydrogen generation.5.15 Bergamini and Natali reported a nickel(II) 

bis(diphosphine) complex as a catalyst for the HER in homogeneous media as well as in 

heterogeneous media.5.16 Eisenberg et al. reported a series of nickel complexes with two ligands 

of N,S or O,S donor sites having square planar coordination for hydrogen evolution with a high 

turnover number and high stability under conditions of hydrogen production.5.17 In comparison 

to these square planar Ni(II) complexes, very limited number of articles describe the NiN2O2 

core as the electrocatalyst for hydrogen evolution. Soo et al. reported NiN2O2 core as an 

electrocatalyst for the HER. The presence of alkali metals in the second sphere ether 

appendages actually increased the hydrogen evolution.5.18 The same group has recently 

reported another nickel complex with NiO2N2 core with different ligand backbones for 

hydrogen evolution with TONs up to 3880.5.19 

 

Scheme 5.1: Different types of mononuclear nickel complexes with NiN4 (Ni-1),5.12 NiS4 (Ni-

2),5.13 NiP4 (Ni-3),5.14 NiS2N2 (Ni-4),5.16 NiS2O2 (Ni-5)5.16 and NiN2O2 (Ni-6)5.17 core for 

hydrogen evolution reaction. 

The electro-catalytic behavior for HER of three neu  tral, monomeric Ni(II) complexes, 

[Ni(L1)2] (5.1), [Ni(L2)2] (5.2) and [Ni(L3)2] (5.3), where HL1 = 1-((4-

hydroxybutylimino)methyl)napthalen-2-ol, HL2 = 1-((5-

hydroxypentylimino)methylnapthalen-2-ol and HL3 = 1-((6-

hydroxyhexylimino)methyl)napthalen-2-ol is reported here. Complexes 5.1, 5.2 and 5.3 have 

been synthesized easily and characterized by several standard methods including single crystal 
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X-ray diffraction analysis. All of these complexes have been used as electrocatalyst for the 

reduction of proton in DMF with acetic acid (AA) and trifluoroacetic acid (TFA) as the proton 

source. Here, we aim to make the variation in the ligand chain length of the complexes and to 

compare the electro-catalytic results obtained under identical conditions. Some theoretical 

calculations have been performed with insight in hydrogen evolution mechanism and effect of 

chain lengths of the ligands on the results.    

5.2 Experimental Section 

5.2.1 Materials and physical methods 

2-Hydroxy-1-napthaldehyde, 4-Amino-1-butanol, 5-Amino-1-pentanol, 6-Amino-1-hexanol 

and nickel(II) perchlorate hexahydrate were purchased from Sigma Aldrich and were used 

without any purification. Other reagents and solvents were obtained from different commercial 

sources and used without any purification. Elemental analyses of complexes 5.1, 5.2 and 5.3 

were performed using a Perkin–Elmer 2400C elemental analyzer. 1H NMR spectra of three 

Schiff-base ligands, complexes 5.1, 5.2 and 5.3 were recorded on Bruker 400 MHz 

spectrometer. FT-IR spectra of complexes 5.1, 5.2 and 5.3 were measured on a Perkin Elmer 

spectrometer (Spectrum Two) with the samples by using ATR method. The UV-visible spectral 

measurements of complexes 5.1, 5.2 and 5.3 were done in Agilent 8453 diode array 

spectrophotometer. Cyclic voltammograms were obtained on an electrochemical analyzer (CHI 

600C, CH Instruments,) under air-free conditions using a conventional three-electrode cell in 

which a glassy carbon electrode was the working electrode, a saturated Ag/AgCl electrode was 

the reference electrode, and platinum wire was the auxiliary electrode. The surface area of the 

glassy carbon working electrode is 0.07 cm2. The gas evolved during bulk electrolysis was 

detected by using GC instrument of model no. 7890B (G3440B), serial no. CN14333203 fitted 

with TCD. 500 µl gas was syringed out by a gas tight syringe from the head space and was 

injected into the inlet of the GC.   

5.2.2 Synthesis of Complexes 5.1, 5.2 and 5.3 as the catalyst 

5.2.2.1 Synthesis of 1-((4-hydroxybutylimino)methyl)naphthalen-2-ol (HL1), 1-((5-

hydroxypentylimino)methyl)naphthalen-2-ol (HL2) and 1-((6-

hydroxyhexylimino)methyl)naphthalen-2-ol (HL3) 

All of the ligands, namely H2L
1, H2L

2 and H2L
3, were synthesized following a general 

synthetic procedure. Typically, 0.3 mmol of respective amino alcohol (0.027 g for 4-amino-1-

butanol, 0.031 g for 5-amino-1-pentanol and 0.035 g for 6-amino-1-hexanol) was added to an 

acetonitrile solution of 2-hydroxy-1-napthaldehyde (0.3 mmol, 0.0516 g) dropwise under 
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stirring condition. Stirring was continued for another 30 min. The mixture was then refluxed 

for 4 h when the color of the reaction mixture became yellow. The mixture was then cooled to 

room temperature. It was filtered to remove solid material, if any. Solid products were obtained 

after few days on slow evaporation of acetonitrile.  

Data for HL1: Yield = 0.068 g, 92%; anal. calc. (%) for C15H17NO2: C, 74.05; H, 7.04; N, 5.76. 

Found: C, 73.97; H, 6.96; N, 5.79; 1H NMR (400 MHz, DMSO-d6, δ ppm, TMS) 14.13 (1H, 

s), 9.08 (1H, s), 8.07 (1H, d, J = 8.4 Hz), 7.71 (1H, d, J = 9.2 Hz) , 7.62 (1H, d, J = 7.6Hz) , 

7.42 (1H, m), 7.19 (1H, t , J = 7.2 Hz), 6.72 (1H, d, J = 9.2 Hz), 4.51( 1H, s) , 3.66 (2H, t, J = 

4.4 Hz), 3.45 (2H, t, J = 4.4 Hz), 1.72 (2H, m), 1.54 (2H, m); ESI-MS+ (m/z): 244.23 [(HL1 + 

H+)].  

Data for HL2: Yield = 0.070 g, 90%; anal. calc. (%) for C16H19NO2: C, 74.68; H, 7.44; N, 5.44. 

Found: C, 74.57; H, 7.36; N, 5.39; 1H NMR (400 MHz, DMSO-d6, δ ppm, TMS) 14.13 (1H, 

s), 9.09 (1H, s), 8.06 (1H, d, J = 8.0 Hz), 7.71 (1H, d, J = 9.2 Hz), 7.62 (1H, d, J = 7.6 Hz), 7.42 

(1H, t, J = 7.6 Hz), 7.18 (1H, t , J = 7.2 Hz), 6.72 (1H, d, J = 9.2 Hz), 4.33 ( 1H, s), 3.65 (2H, 

t, J = 6.8 Hz), 3.42 (2H, t, J =  6.0 Hz), 1.49 (2H, m), 1.29 (2H, m); ESI-MS+ (m/z): 258.11 

[(HL2 + H+)].   

Data for HL3: Yield = 0.069 g, 85%; anal. calc. (%) for C17H21NO2: C, 75.25; H, 7.80; N, 5.16. 

Found: C, 75.17; H, 7.76; N, 5.29; 1H NMR (400 MHz, DMSO-d6, δ ppm, TMS) 14.12 (1H, 

s), 9.08 (1H, s), 8.06 (1H, d, J = 8.4 Hz), 7.70 (1H, d, J = 9.2 Hz), 7.61 (1H, d, J = 8.0 Hz), 7.41 

(1H, t, J = 7.2 Hz), 7.18 (1H, t, J = 7.6Hz), 6.71 (1H, d, J = 9.2 Hz), 4.36 ( 1H, s), 3.63 (2H, t, 

J = 7.2 Hz), 3.39 (2H, t, J = 6.0 Hz), 1.67 (2H, m), 1.33 (2H, m);  ESI-MS+ (m/z): 272.13 [(HL3 

+ H+)].    

5.2.2.2 Synthesis of [Ni(L1)] (5.1)  

HL1 (0.6 mmol, 0.146 g) in 5.0 mL of acetonitrile was added to a solution of nickel(II) 

perchlorate hexahydrate (0.3 mmol, 0.1097g) in acetonitrile (5.0 mL) slowly under continuous 

stirring condition. The mixture was stirred till it turned greenish. Then, it was refluxed for one 

hour. Color of the solution changed to dark green. The mixture was then cooled to room 

temperature and filtered to remove solid material, if any. The filtrate was kept in beaker under 

ambient condition for slow evaporation. Green crystals of complex 5.1 suitable for single 

crystal X-ray diffraction were produced after few days.   

Data for 5.1: Yield, 0.094 g, 58%; anal. calc. for C30H31NiN2O4: C, 66.45; H, 5.76; N, 5.17; 

found: C, 66.33; H, 5.80; N, 5.06%. 1H NMR (400 MHz, DMSO-d6, δ ppm, TMS) 9.11 (1H, 

s), 8.12 (1H, d, J = 8.4 Hz), 7.83 (1H, d, J = 8.8 Hz), 7.74 (1H, d, J = 8.0 Hz), 7.50 (1H, t, J = 
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7.6 Hz), 7.25 (1H, t, J = 7.2 Hz), 6.82 (1H, d, J = 8.8 Hz), 4.45 (1H, s), 4.17 (2H, t, J = 5.2 Hz), 

3.50 (2H, t, J = 5.6 Hz), 1.97 (2H, m), 1.65 (2H, m). 

5.2.2.3 Synthesis of [Ni(L2)] (5.2) and [Ni(L3)] (5.3) 

Complexes 5.2 and 5.3 were synthesized following the method used for the synthesis 

of complex 5.1. HL2 (0.6 mmol, 0.154 g) and HL3 (0.6 mmol, 0.163 g) were used for complexes 

5.2 and 5.3, respectively, in place of HL1.  

Data for 5.2: yield, 0.106 g, 62%; anal. calc. for C32H36NiN2O4: C, 67.27; H, 6.35; N, 4.90; 

found: C, 67.20; H, 6.26; N, 5.05%. 1H NMR (400 MHz, DMSO-d6, δ ppm, TMS) 9.15 (1H, 

s), 8.12 (1H, d, J = 8.8 Hz), 7.85 (1H, d, J = 8.8 Hz), 7.74 (1H, d, J = 8.0 Hz), 7.48 (1H, t, J = 

7.6 Hz), 7.27 (1H, t, J = 7.2 Hz), 6.80 (1H, d, J = 8.8 Hz), 4.35 (1H, s), 4.24 (2H, t, J = 5.2 Hz), 

3.43 (2H, t, J = 5.2 Hz), 1.94 (2H, m), 1.52 (2H, m).  

Data for 5.3: yield, 0.104 g, 58%; anal. calc. for C34H40NiN2O4: C, 68.13; H, 6.73; N, 4.67; 

found: C, 68.05; H, 6.80; N, 4.58%. 1H NMR (400 MHz, DMSO-d6, δ ppm, TMS) 9.12 (1H, 

s), 8.11 (1H, d, J = 8.0 Hz), 7.89 (1H, d, J = 8.8 Hz), 7.74 (1H, d, J = 7.2 Hz), 7.50 (1H, t, J = 

7.2 Hz), 7.25 (1H, t, J = 8.0 Hz), 6.79 (1H, d, J = 8.8 Hz), 4.32 (1H, s), 3.38 (2H, t, J = 5.2 Hz), 

3.33 (2H, t, J = 6.4 Hz), 2.29 (2H, m), 1.48 (2H, m).    

 CAUTION: Nickel(II) perchlorate hexahydrate can be explosive on heating. Thus, the 

perchlorate salts should be handled with care.  

5.2.3 X-ray data collection and structure determination  

Data collection and refinement parameters for complexes 5.1, 5.2 and 5.3 are given as 

summary in Table 5.1. The X-ray diffraction experiments were performed on a BRUKER D8 

QUEST CCD diffractometer for 5.1 and on a Bruker APEX-II CCD diffractometer for 5.2 and 

5.3 using graphite monochromated Mo Kα radiation at 294(2) K. Data processing was done 

with Bruker APEX2 and SAINT packages.5.20 Absorption corrections, which are based on multi-

scans using the SADABS software,5.20 were applied to intensity data. The structures of 

complexes 5.1, 5.2 and 5.3 were solved by direct methods utilizing SHELXT5.21 and refined 

with full-matrix least-squares on F2 on all unique reflections employing SHELXL-2014/7.5.22 

All the non-hydrogen atoms of all of three complexes were refined anisotropically. The crystals 

selected for the single crystal X-ray diffraction analysis of complexes 5.1 and 5.3 were refined 

as merohedral twin in both the complexes with a fractional contribution of minor component 

of 0.18(3) and 0.03(2), respectively. In complex 5.1, quality of crystal was poor. Poor quality 

as well as the presence of twinning in 5.1 may account for the limited overall precision of its 

structure, high residual peaks and the relatively high values of R and wR2 parameters. 
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CCDC 2062677, 2062678 and 2062679 contain the supplementary crystallographic data for 

complexes 5.1, 5.2 and 5.3, respectively. 

5.3 Results and Discussion 

5.3.1 Synthesis of ligands and their characterization by ESI mass and 1H spectral analysis 

1-((4-Hydroxybutylimino)methyl)naphthalen-2-ol (HL1), 1-((5-

hydroxypentylimino)methyl)naphthalen-2-ol (HL2) and 1-((6-

hydroxyhexylimino)methyl)naphthalen-2-ol (HL3) were synthesized by Schiff-base 

condensation reaction between 2-hydroxy-1-napthaldehyde and the respective amine in 1:1 

ratio in acetonitrile with high yield (Scheme 5.2). Complexes 5.1, 5.2 and 5.3 were obtained 

by the reactions between the ligands and nickel(II) perchlorate hexahydrate in 2:1 ratio without 

addition of any external base.  

 

Scheme 5.2: Synthetic route to Complexes 5.1, 5.2 and 5.3. 
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ESI-mass spectrometric measurements of HL1, HL2 and HL3 were performed with their 

methanolic solutions (Figure 5.1-5.3). Mass spectrum of HL1 shows an m/z peak at 244.23 

which may be attributed to the [HL1 + H+] species (calculated value 244.31). The m/z peak at 

258.11 may be assigned to the presence of [HL2 + H+] species (calculated value 258.15). Mass 

spectrum of HL3 shows m/z peak at 272.13 may be due to the presence of [HL3+ H+] (calculated 

value 272.17).   

 

Figure 5.1: Mass spectrum of HL1 in methanol. 

 

 

 

Figure 5.2: Mass spectrum of HL2 in methanol. 
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Figure 5.3: Mass spectrum of HL3 in methanol. 

These ligands were further characterized by 1H NMR spectral studies (Figure 5.4-5.6). 

Spectra were obtained in DMSO-d6. NMR spectral studies support the formation of the Schiff-

base ligands. All of these compounds show a peak at around 14.1 ppm which indicates the 

presence of phenolic OH group. The peak at around 9.0 ppm in all the ligands may be due to 

the presence of imine proton indicating formation of Schiff-base compounds. Signals for 

aromatic protons for all of the ligands appear in the appropriate positions. Signals for methylene 

protons also appear in their usual positions. All of these analyses support formation of the 

Schiff-base ligands. 

 

Figure 5.4: 1H NMR spectrum of HL1 in DMSO-d6. 
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Figure 5.5: 1H NMR spectrum of HL2 in DMSO-d6. 

 

 

Figure 5.6: 1H NMR spectrum of HL3 in DMSO-d6. 

5.3.2 Characterization of complexes 5.1, 5.2 and 5.3 

5.3.2.1 Crystal structures of complexes 5.1, 5.2 and 5.3 

 Single crystals of complexes 5.1, 5.2 and 5.3 were obtained on slow evaporation of their 

acetonitrile solution. Complex 5.1 crystallizes in monoclinic system and P 21/c space group. 

But both complexes 5.2 and 5.3 crystallize in triclinic system and P-1 space group. Asymmetric 
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unit consists of one nickel centre and a pair of ligands for all of the complexes (Figure 5.7). 

All of complexes 1, 2 and 3 are mononuclear complex (Figure 5.8-5.10). Selected bond lengths 

and bond angles are listed in Table 5.2. All of these complexes may be summarized as NiO2N2 

core. For all of the complexes, Ni atom is coordinated to N and O donor atoms from a ligand 

and another set of N and O donor atoms from a different ligand. Ni atom is in a square planar 

geometry. Apart from hydroxyl alkyl chain, rest of the molecule is planar. For complex 5.1, 

angles O1-Ni1-O1aand N1-Ni1-N1a are 180° whereas other donor-metal-donor angles range 

from 87.86 to 92.14°. While other donor-metal-donor angles vary from 87.82 to 92.18° in 

complex 5.2. For complex 5.3, donor-metal-donor angles vary from 88.44 to 91.56°.  

For other two complexes, all of the large donor-metal-donor angles 180°. For a four-

coordinate complex, Houser and co-workers proposed the four-coordinate τ4 index to ascertain 

the geometry around the metal center. The value four-coordinate τ4 index is obtained using the 

following formula5.23 

τ4 = 
360° − (𝛼+𝛽)

141°
 

where α and β are the two largest donor-metal-donor angles in a tetra-coordinated 

complex. For a tetrahedral geometry, the value of τ4 is 1.00 while for an ideal square planar 

arrangement, it is 0.00. As two largest donor-metal-donor angles are 180° for all of these three 

complexes, the values of four-coordinate τ4 index come out as 0.00 for all the complexes. This 

fact indicates that there exists the perfect square planar geometry around nickel atom in the 

complexes 5.1, 5.2 and 5.3. The O-Ni bond distances are close to 1.82 Å and the O-Ni bond 

distances are about 1.91 Å. These values are in agreement with the published results.5.24 

 

Figure 5.7: A perspective view of (A) complex 5.1, (B) Complex 5.2 and (C) Complex 5.3 

with displacement ellipsoids drawn at the 50% probability level. 
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Table 5.1: Crystal data of complexes 5.1, 5.2 and 5.3 

Complex 5.1  5.2 5.3 

Formula C30H31N2Ni1O4 C32H36N2 Ni1O4 C34H40N2 Ni1O4 

Formula weight 542.26 571.32 599.39 

T (K) 298(2) 298(2) 298(2) 

Crystal color Green green green 

Crystal system monoclinic triclinic triclinic 

Space group P 21/c P -1 P -1 

a (Å) 10.7840(8) 4.9186(4) 5.1838(7) 

Figure 5.8: A perspective view of complex 5.1 

with displacement ellipsoids drawn at the 50% 

probability level. Symmetry code; (a) –x, 1-y, 1-z 

 

Figure 5.9: A perspective view of complex 5.2 

with displacement ellipsoids drawn at the 50% 

probability level. Symmetry code; (a) –x, 1-y, 1-z 

Figure 5.10: A perspective view of complex 5.3 with displacement ellipsoids 

drawn at the 50% probability level. Symmetry code; (a) 1 –x, -y, 2-z 
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Complex 5.1  5.2 5.3 

b (Å) 4.9890(4) 16.7080(14) 16.905(2) 

c (Å) 23.8099(18) 16.9064(14) 17.141(2) 

α (°) 90 86.436(3) 84.192(5) 

β (°) 90.846(2) 84.966(2) 87.843(4) 

γ (°) 90 89.509(2) 89.703(4) 

V (Å3) 1280.87(17) 1381.3(2) 1493.3(3) 

Z 2  2 2 

Crystal dimensions 

(mm) 

0.40 × 0.26 × 0.13  0.41 × 0.23 × 0.12 0.46 × 0.29 × 0.16   

F(0 0 0) 570.0 604.0 636.0 

Dc (g cm−3) 1.406 1.374 1.333 

λ (Mo Kα) (Å) 0.71073 0.71073 0.71073 

θ Range (°) 2.53- 27.11 2.65- 27.25 2.39- 27.00 

Reflection collected/ 

unique/observed 

29207, 2837, 2507 70198, 6202, 5565 78729, 6626, 5259 

Absorption correction multi-scan multi-scan multi-scan 

Rint 0.0306 0.0320 0.0350 

Final R1 index 

[I > 2σ(I)] 

0.0352 0.0348 0.0498 

Final wR2 index (all 

reflections) 

0.1324 0.1024 0.1397 

Goodness-of-fit 1.166 1.022 0.925 

 

Table 5.2: Selected bond lengths (Å) and bond angles (°) of complexes 5.1, 5.2 and 5.3. 

Complex 5.1 

Ni1–O1 1.8261 

Ni1–O1a 1.8261 

Ni1–N1 1.9106 

Ni1–N1a 1.9106 

O1–Ni1–O1a 180.00 



  CHAPTER 5 

 

240 | P a g e  
 

O1a–Ni1–N1a 92.14 

O1a–Ni1–N1 87.86 

O1–Ni1–N1a 87.86 

O1–Ni1–N1 92.14 

N1–Ni1–N1a 180.00 

Complex 5.2 

Ni1–O1 1.8226 

Ni1–O1a 1.8226 

Ni1–N1 1.9164 

Ni1–N1a 1.9164 

O1–Ni1–O1a 180.00 

O1–Ni1–N1 92.13 

O1–Ni1–N1a 87.87 

O1a–Ni1–N1 87.87 

O1a–Ni1–N1a 92.13 

N1–Ni1–N1a 180.00 

Complex 5.3 

Ni1–O1a 1.8310 

Ni1–O1 1.8310 

Ni1–N1a 1.9162 

Ni1–N1 1.9162 

O1–Ni1–O1a 180.00 

O1–Ni1–N1a 88.44 

O1–Ni1–N1 91.56 

O1a–Ni1–N1a 91.56 

O1a–Ni1–N1 88.44 

N1–Ni1–N1a 180.00 

 

5.3.2.2 ESI-mass, FT-IR, UV-vis and 1H NMR spectral characterization of the complexes  

ESI-mass spectra of complexes 5.1, 5.2 and 5.3 were obtained with their methanolic 

solutions (Figure 5.11-5.13). All of them behave similarly. Mass spectrum of 5.1 exhibits an 

m/z peak at 565.0727 which may be attributed to the [Ni(L1)2 +Na+] species (calculated value 

565.16). This indicates that the complex exists mainly as mononuclear nickel(II) species in 

solution. For complex 5.2, an m/z peak appears at 593.10 which may be assigned to the [Ni(L2)2 
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+ Na+] (calculated value 565.19). Similarly, m/z peak at 621.14 of complex 5.3 appear due to 

the presence of [Ni(L3)2 + Na+] species (calculated value 621.22).5.25 

 

Figure 5.11: Mass spectrum of Complex 5.1 in methanol.  

 

Figure 5.12: Mass spectrum of Complex 5.2 in methanol. 
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Figure 5.13: Mass spectrum of Complex 5.3 in methanol. 

FT-IR spectra of complexes 5.1, 5.2 and 5.3 were recorded with solid sample using 

ATR technique (Figure 5.14-5.16). In the IR spectra, a broad band appears at 3536 cm−1, 3316 

cm−1 and 3272 cm−1 for complexes 5.1, 5.2 and 5.3, respectively. The peaks have assigned to 

O–H stretching for the presence of hydroxyl group in the ligand part of the complexes. The 

presence of methylene group in the complexes has been evidenced by the appearance of 

unsymmetrical and symmetrical frequencies of νC–H in the range of 2800–3000 cm–1. In the IR 

spectra of complexes 5.1, 5.2 and 5.3, the intense bands appeared at 1657 cm–1, 1658 cm–1 and 

1642 cm–1 respectively. These may be attributed to the presence of the C=N moiety in the 

complexes. The conclusive evidence for the formation of Ni–N and Ni–O bonds in the IR 

spectra of these complexes is also observed with characteristic bands. These bands support the 

fact that the metal ion has been effectively coordinated to the four coordinating heteroatoms 

(NONO). These data are also supported by the literature.5.26 

Complex ν(cm-1) 
Assigned 

for 

5.1 3536 
O–H 

stretching 
5.2 3316 

5.3 3272 

5.1 2939 
aromatic 

C-H bond 
5.2 2933 

5.3 2934 

5.1 2855 
aliphatic 

C-H bond 
5.2 2854 

5.3 2851 
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5.1 1657 
azomethin

e group 
5.2 1658 

5.3 1642 

5.1 486 
metal-

nitrogen 
5.2 485 

5.3 479 

5.1 562 
metal-

oxygen 
5.2 534 

5.3 532 

 

 

Figure 5.14: FT-IR spectrum of Complex 5.1. 

 

Figure 5.15: FT-IR spectrum of Complex 5.2. 
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Figure 5.16: FT-IR spectrum of Complex 5.3. 

The UV-vis spectra of complexes 5.1, 5.2 and 5.3 were recorded in the range of 200–

800 nm in DMF at room temperature (Figure 5.17-5.19). Electronic spectra of these complexes 

are grossly similar in nature. A broad band at around 600 nm was observed for each of the 

complexes which may be attributed to the d–d transition. These are weak in intensity as they 

are Laporte forbidden.5.27 The bands at 275 nm for complex 5.1, 279 nm for complex 5.2 and 

274 nm for complex 5.3 may be assigned to π –π* transitions of phenolic chromophore. The 

bands between 300 and 500 nm may be assigned of π –π* transition of the azomethine 

chromophore and the benzene ring and n –π* transition of the azomethine chromophore.5.28 

The higher intensity charge-transfer transition has been observed at a wavelength near 420 nm 

for all three complexes. These are attributed to O− (of naphthalen-1-olate) → Ni(II), 

N(amino) → Ni(II) LMCT and intra-ligand charge transfer transitions.29 All of these bands 

corroborates to the structure of the complexes (Table 5.3).  

Table 5.3: Assignment of different UV-vis spectral bands of Complexes 5.1, 5.2 and 5.3  

Complex π–π* 

(phenolic 

chromop

-hore) 

 

ε (M-1 

cm-1) 

π–π*  

(C=N 

and 

benzene 

ring) 

ε (M-1 

cm-1) 

n –π* 

(C=N) 

ε (M-1 

cm-1) 

LM

CT 

ε (M-1 

cm-1) 

d–d ε 

(M-1 

cm-

1) 

5.1 275 10500 312 4000 348 2000 424 1500 600 30 

5.2 279 9500 310 5700 345 2500 420 1800 596 30 

5.3 274 9600 307 4200 347 2000 421 1900 592 30 
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Figure 5.17: UV-vis spectrum of complex 5.1 

 

Figure 5.18: UV-vis spectrum of complex 5.2 in DMF 
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Figure 5.19: UV-vis spectrum of complex 5.3 in DMF 

1H NMR spectra of complexes 5.1, 5.2 and 5.3 were obtained in DMSO-d6 (Figure 

5.20-5.22). Behavior of all the ligands in the presence of Ni2+ is grossly similar.  

 

Figure 5.20: 1H NMR spectrum of complex 5.1 in DMSO-d6. 
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Figure 5.21: 1H NMR spectrum of complex 5.2 in DMSO-d6. 

 

 

Figure 5.22: 1H NMR spectrum of complex 5.3 in DMSO-d6. 

All of these complexes are square planar in geometry and metal ion in the complex does 

not possess any unpaired electron. Peak for phenolic OH at ~14 ppm is absent in the NMR 

spectra of all the complexes. This indicates that phenolic OH group is deprotonated during 

complex formation and then, coordinated to the metal center. The signal for imine proton at ~8 

ppm in the ligands undergoes a shift to ~9 ppm for all the complexes confirming complex 

formation through azomethine nitrogen atom. Signals for aromatic protons shift towards higher 

δ values. All other peaks appear in their usual positions. The fact indicates that all of the 

complexes remain the same in DMSO solution.5.25 
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5.3.2.3 Electrochemistry  

5.3.2.3.1 Cyclic voltammetric studies  

As shown in Figure 5.23(A-C), cyclic voltammograms of complexes 5.1, 5.2 and 5.3, 

respectively were recorded in air-free DMF containing 0.1 M tetrabutylammonium bromide in 

the range of –2 V versus Fc/Fc+ to +2 V versus Fc/Fc+. An important feature of these cyclic 

voltammograms is the nickel(II)–nickel(I) redox couple with a cathodic peak potential (Epc) at 

–1.48, –1.51, –1.52 V versus Fc/Fc+ for complexes 5.1, 5.2 and 5.3, respectively while an 

anodic peak potential (Epa) of –0.77, –0.68 and –0.74 V versus Fc/Fc+ for complexes 5.1, 5.2 

and 5.3, respectively.5.30 Considering the reduction sweep, initially, an irreversible event is 

observed at –0.85, –0.76 and –0.73 V versus Fc/Fc+ for complexes 5.1, 5.2 and 5.3, 

respectively, due to the electrochemically irreversible Ni(III)/Ni(II) reductive response.5.31 

While another quasi reversible redox event observed for each of the complexes at 0.5 V versus 

Fc/Fc+ appear for the solvent DMF. The nature of the voltammograms of the complexes 

scanned over the presently important region of potential of reversible Ni(II/I) couple (–2 V 

versus Fc/Fc+ to +0.6 V versus Fc/Fc+) has been shown at the insets of Figure 5.23. In Figure 

5.23(D), cyclic voltammogram of ferrocene is presented in DMF solution on the same working 

electrode. The E1/2 value obtained (0.535 V versus aqueous AgCl/Ag, Cl– electrode or 0.559 V 

versus nHE) is very near to the literature value.5.32 

[Calculation of E1/2 with respect to nHE of Fc/Fc+ 

E vs. nHE = [value obtained against Ag/AgCl, Cl– + 0.224 V (Potential of Ag/AgCl, Cl
-

electrode) – 0.200 V (Liquid junction potential of saturated aqueous KCl solution with DMF)] 

 = [0.535 + 0.224 – 0.200] V = 0.559 V] 

The current response of the redox events at –1.48, –1.51, –1.52 V versus Fc/Fc+ for the 

complexes 5.1, 5.2 and 5.3, respectively at multiple scan rates from 0.02 to 0.15 V/s were used 

to construct Cottrell plot. The plots show linear dependence of the current response on the 

square root of the scan rate (Figure 5.24). This indicates that for the three complexes, the 

reduction is diffusion limited with a diffusion coefficient of 1.07 × 10-5 for complex 5.1, 0.77 

× 10-5 for complex 5.2 and 0.72 × 10-5 for complex 5.3. It has been observed that the catalytic 

to peak current ratio (icat/ip) increases for all the three complexes with increasing acid 

concentration (Figure 5.25).      
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Figure 5.23: Cyclic voltammograms of 5.36 µM of (A) complex 5.1, (B) complex 5.2 (C) 

complex 5.3 and (D) ferrocene (Inset: Cyclic voltammograms scanned over the presently 

important region of potential of reversible Ni(II/I) couple) in air free DMF solutions with 0.1 

M of [n-Bu4N]Br as supporting electrolyte at a scan rate of 50 mV/s. Here ferrocene is the 

internal standard. 

Determination of Diffusion Coefficient (D) for complex 5.1, 5.2 and 5.3   

Using the Randles-Sevcik equation, 

𝑖𝑃 = 0.4463 (
𝑛3𝐹3

𝑅𝑇
)

1/2

𝐴[𝑐𝑎𝑡](𝐷𝑣)1/2 

Where, ip = Peak current (amperes), n = Number of electrons transferred in a redox cycle, F = 

Faraday’s constant (96485C/mol), R = Universal gas constant (8.314 J.K-1.mol-1), T = Absolute 

temperature (298 K), A = The electrode surface area in working (0.07 cm2), C = Molar 

concentration of redox-active species (mol/cm3), D = The diffusion coefficient (cm2/s), v = 

Scan rate in V/s. 

Plotting peak current (ip) versus the square root of the scan rate (v)1/2  
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𝑆𝑙𝑜𝑝𝑒 = 0.4463 (
𝑛3𝐹3

𝑅𝑇
)

1/2

𝐴[𝑐𝑎𝑡](𝐷)1/2 

Complex Slope Diffusion coefficient (cm2/s) 

5.1 1.31 X 10-5 1.07 X 10-5 

5.2 1.11 X 10-5 0.77 X 10-5 

5.3 1.08 X 10-5 0.72 X 10-5 

 

 

Figure 5.24: Scan rate dependence of precatalytic waves for 5.36 µM solutions of complexes 

(A) 5.1, (B) 5.2 and (C) 5.3 at scan rate from 20 to 200 mV/s in air free DMF solutions with 

0.1M [n-Bu4N]Br as supporting electrolyte and Cottrell plot of peak current versus the square 

root of scan rate for complexes (D) 5.1, (E) 5.2 and (F) 5.3. 

The electrochemical properties of three nickel(II) complexes with salen type ligands 

were influenced by the presence of different substituents of the imine linkage.5.33 Ren and co-

workers showed that the electrochemical reduction ability of nickel(II) complexes with cyclam 

ligands from H+ to H2 are dependent on the substituents on the macrocyclic ligands.5.34 Thus, 

it is expected that changes in chain length of ligands in the Ni(II) complexes in the present 

study could influence Ni(II)/Ni(I) potentials of the complexes. 
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Figure 5.25: Plot of icat/ip vs [Acid] for 5.36 µM of complexes 5.1, 5.2 and 5.3. 

5.3.2.3.2 Electrocatalytic Hydrogen Evolution in DMF: CV Studies 

The performance of these three mononuclear Ni(II) complexes as effective 

electrocatalysts for the HER has been assessed under various conditions in which the proton 

source (CH3COOH or CF3COOH) has been systematically varied. 

To determine activity of complexes 5.1, 5.2 and 5.3 as electrocatalyst, first, cyclic 

voltammograms of the complexes were recorded in the presence of acetic acid (pKa = 13.5) in 

DMF.5.35 The addition of CH3COOH aliquots from 0.00 to 24.00 mM to the solutions of 

complexes 5.1, 5.2 and 5.3 in DMF triggers the systematic increase in catalytic current (icat) 

near at –1.48, –1.51, –1.52 V, respectively, versus Fc/Fc+ (Figure 5.26).   

The onset potentials for the reduction of hydrogen ion in the presence of the three 

complexes studied are ‒1.13 V, ‒1.15 V and ‒1.20V versus Fc/Fc+, respectively, indicating the 

catalytic activity is in the order:  Complex 5.1> Complex 5.2> Complex 5.3.  

The electrocatalytic activity of these complexes has been accessed using trifluoroacetic 

acid (pKa = 6.0) in DMF as a proton source.5.35 As shown in Figure 5.27, there is an increase 

in the catalytic current (icat) near at –1.48, –1.51, –1.52 V versus Fc/Fc+ for complexes 5.1, 5.2 

and 5.3 respectively upon successive addition of CF3COOH (0.00 to 24.00 mM). For all the 

three complexes, the peak current increases and the peak potential is shifted towards less 

negative potential (anodically) with increase of acid concentration in the solution. This signifies 

that the greater diffusion of proton from bulk solution to the electrode surface makes the 

reduction process much easier at high concentration of acid. Notably for all the three 

complexes, the sequence of peak currents which also represent their catalytic activity at any 

particular acid concentration is the same as the order of post peak current values which decrease 

sharply with the decreased potential due to increased hydrogen evolution.     
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This rise in current in both the cases can be attributed to the generation of H2 from 

catalytic reduction of protons. Reduction potentials of these complexes slightly change towards 

more anodic values with the sequential enhancements in concentration of the acid. Over 

potential for hydrogen evolution has been calculated following the methods reported by 

Fourmond et al.5.35 from the theoretical half wave potential, ET
1/2, based on the expression 

found in the supporting document and the experimental potential Ecat/2 (Equation 5.1).   

Over potential(η) = |E1
2⁄

𝑇 − Ecat
2⁄ |………………… (5.1) 

 

Figure 5.26: Cyclic voltammograms of (A) complex 5.1, (B) complex 5.2 and (C) complex 

5.3 (5.36 µM) in the absence of acetic acid (black trace) and in the presence of varying 

concentration of acetic acid in air free DMF. Conditions: 25 ºC, 0.1 M [n-Bu4N]Br as 

supporting electrolyte, scan rate = 50 mV/s, glassy carbon working electrode, Pt wire counter 

electrode and the potential is referenced against Fc/Fc+. 

 

Figure 5.27: Cyclic voltammograms of (A) complex 5.1, (B) complex 5.2 and (C) complex 

5.3 (5.36 µM) in absence of trifluoroacetic acid (black trace) and in the presence of varying 

concentration of trifluoroacetic acid in air free DMF. Conditions: 25 ºC, 0.1 M [n-Bu4N]Br as 

supporting electrolyte, scan rate = 50 mV/s, glassy carbon working electrode, Pt wire counter 

electrode and the potential is referenced against Fc/Fc+. 
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Based on Eq. 5.1, this reduction occurs at an over potential of –0.52 V, –0.55 V and –

0.56 V for complexes 5.1, 5.2 and 5.3, respectively for the former case where acetic acid is the 

proton source. The corresponding values are –0.22 V, –0.23 V and –0.24 V for complexes 5.1, 

5.2 and 5.3, respectively, for the latter case, where trifluoroacetic acid is the proton source.  

Over potential Calculations:  

Calculations of ET
1/2 (= Eref) and ɳ using E⁰H⁺/H₂, pKa, ƐD and 𝐶⁰H₂ using Fourmond’s 

approach (Equation 5.2). 

𝐸1/2
𝑇 = 𝐸𝐻+/𝐻2

0 − 2.303
𝑅𝑇

𝐹
𝑝𝐾𝑎 + Ɛ𝐷 −

𝑅𝑇

2𝐹
𝑙𝑛

𝐶0

𝐶𝐻2
0  ………………………(5.2) 

ET
1/2 for Complexes 5.1, 5.2, 5.3 with 24.00 mM CH3COOH in DMF 

𝐸1/2
𝑇 = (−0.62) − 2.303

8.314 ×  298

96485
13.5 + 0.04 −

8.314 ×  298

2 ×  96485
𝑙𝑛

24

1.9
 

𝐸1/2
𝑇 = −1.41 𝑣𝑠 𝐹𝑐+/𝐹𝑐 

 

 

 

 

 

ET
1/2 for Complexes 5.1, 5.2, 5.3 with 24.00 mM CF3COOH in DMF 

𝐸1/2
𝑇 = (−0.62) − 2.303

8.314 ×  298

96485
6.0 + 0.04 −

8.314 ×  298

2 ×  96485
𝑙𝑛

24

1.9
 

𝐸1/2
𝑇 = −0.96 𝑣𝑠 𝐹𝑐+/𝐹𝑐 

 

 

 

 

In both the cases, the catalytic activity of the three homogeneous catalysts as obtained 

from the overpotential value is in the order: Complex 5.1> Complex 5.2> Complex 5.3. 

Moreover, the large difference in overpotential for each complex for the two proton sources is 

expected for the increased diffusion of proton in the latter case.  

A table has been given in supporting information where few of recently published Ni(II) 

complexes5.8b,c, 5.37 are listed with their overpotential values (Table 5.4). In most of the cases, 

the medium of experiment was organic. Proton source varies as acetic acid, trifluoroacetic acid, 

perchloric acid or buffer solution. If we look into the values of overpotential, they are in range 

Complex Overpotential 

5.1 –1.41 – (–0.888) = –0.52 

5.2 –1.41 – (–0.853) = –0.55 

5.3 –1.41 – (–0.849) = –0.56 

Complex Overpotential 

5.1 –0.96 – (–0.733) = –0.22 

5.2 –0.96 – (–0.723) = –0.23 

5.3 –0.96 – (–0.713) = –0.24 
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of few mV. While comparing with the other reported overpotential values for the 

electrocatalytic hydrogen evolution catalysed by nickel complexes as enlisted in the table, it 

can be concluded that these three nickel(II) complexes are more effective in this field.  

Table 5.4: Few parameters of recently published complexes used for hydrogen evolution 

reaction  

Entry Complex Medium Source Overpotential 

(V) 

1 

 

(Int. J. Hydrogen Energy 2014, 39, 10980) 

DMF 

 

CH3COOH 

 

0.320 

2 

 

(Inorg. Chem. 2018, 57, 21, 13486) 

DMF 

 

 

 

CH3COOH 0.85 

CF3COOH ------ 

 

ACN 

CH3COOH 0.53 

CF3COOH 0.67 

3 

 

(Dalton Trans., 2019, 48, 14653) 

ACN CF3COOH 

 

0.93 

4 

(Inorg. Chem. 2020, 59, 1038) 

 H2- 

saturated 

basic (1.0 

M KOH) 

0.364 
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The stability of all three complexes have been checked by repeated cyclic voltammetry 

(CV) studies upto 65 cycles using TFA as proton source (Figure 5.28). It has been observed 

that no new peaks are generated in the CV and also the colour of the solution remains the same 

during the study. In all cases, the reduction peak current increases continuously and reaches 

almost steady value at the 55th cycle. The peak current with respect to the lowest amount is 

increased by 12% for complex 5.1, 14% for complex 5.2, 28% for complex 5.3. The current of 

complex 5.1 is always greater than the rest two complexes. The increase in current during 

repeated cyclic voltammetric operation might be due to the cleansing of the fine surface of the 

electrode and opening up of new channels by initial H+ ion penetration at the metal centre and 

associated H2 evolution. Thus, more active sites of the electrode surface are created for further 

5 

 

(Int. J. Hydrogen Energy 2018, 43, 19047) 

 Neutral 

buffer 

0.837 

6 

 

(Applied Catalysis B 2017, 219, 353–361) 

 Neutral 

buffer 

0.837.6 

7 

 

(ACS Catal. 2015, 5, 356−364) 

ACN HClO4 1.07 

8 Complex 5.1 

(Present study) 

DMF CH3COOH 0.52 

CF3COOH 0.22 

9 Complex 5.2 

(Present study) 

DMF CH3COOH 0.55 

CF3COOH 0.23 

10 Complex 5.3 

(Present study) 

DMF CH3COOH 0.56 

CF3COOH 0.24 
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reaction. Greater the size of the alkyl group, greater is the initial prevention of H+ for 

approaching towards metal centre for reduction. On application of the negative potential the 

proton penetrates through the barrier and creates new channels for further reaction. Since the 

initial barrier varies in the order complex 5.3 > complex 5.2 > complex 5.1, the increase in the 

peak current on cycling is in the reverse order. 

 

Figure 5.28: Repeated cyclic voltammetry studies of (A) complex 5.1, (B) complex 5.2, (C) 

complex 5.3. (D) Peak current vs. cycle number profiles for all the three complexes. 

5.3.2.3.3 Electrocatalytic Hydrogen Evolution: CPE Studies  

Further evidence for the electrocatalytic activity of these mononuclear nickel(II) 

complexes for HER was evaluated in DMF by conducting Controlled-potential electrolysis 

(CPE) experiments over a period of 1 hour, as in Figure 5.29, Figure 5.30. Figure 5.29 shows 

the total charge of bulk electrolysis of a 5.36 µM of complex 5.1, 5.2 and 5.3 separately in 

DMF solution in the presence of acetic acid (24 mM). At an applied potential of -1.5 V versus 

Fc/Fc+ the maximum charge reached during 1 hour of electrolysis are 0.73 C for complex 5.1, 

0.51 C for complex 5.2 and 0.44 C for complex 5.3, accompanied by gas bubble appearing on 

the electrode (Figure 5.31).  
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Figure 5.29: Charge build up vs time plots in the CPE (controlled potential electrolysis) 

experiment of complex 5.1 (red), complex 5.2 (green), complex 5.3 (blue) and without catalyst 

(black) at potential -1.5 V versus Fc/Fc+. Conditions: 5.36 µM complex in air free DMF with 

0.1 M[n-Bu4N]Br as supporting electrolyte and 24 mM CH3COOH as proton source. 

 

 

Figure 5.30: Charge build up vs time plots in the CPE (controlled potential electrolysis) 

experiment of complex 5.1 (red), complex 5.2 (green), complex 5.3 (blue) and without catalyst 

(black) at potential -1.5 V versus Fc/Fc+. Conditions: 5.36 µM complex in air free DMF with 

0.1 M[n-Bu4N]Br as supporting electrolyte and 24 mM CF3COOH as proton source. 
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Figure 5.31: Photograph of the customized, one-compartment, three-neck cell with a glassy 

carbon working electrode. H2 gas bubbles are appeared on the surface of the working electrode. 

 

 

 

Figure 5.32 Gas chromatogram of the headspace gas obtained after bulk electrolysis of a N2 

saturated 0.5 mM solution of complex 5.1 containing 24 mM TFA. The headspace gas was 

analyzed after 30 min of electrolysis. Inset: Detection region of evolved H2 gas. 

However, when the CPE experiments were done with 5.36 µM of complexes 5.1, 5.2 and 5.3 

separately in DMF solution in the presence of trifluoroacetic acid (24 mM) the same trend was 

obtained (Figure 5.30). At an applied potential of ‒1.50 V versus Fc/Fc+, the maximum charge 

reached 1.41 C for complex 5.1, 0.61 C for complex 5.2 and 0.49 C for complex 5.3 during 1 

hour of electrolysis. CPE experiments under the same potential with a catalyst-free solution 

gave only a charge of 0.11 C, showing that complex 5.1 is again more effective than the rest 
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two complexes in hydrogen production under such conditions. This study suggests that all these 

three complexes are capable of catalysing the reduction of protons from acid to H2. The 

evolution of H2 gas has been confirmed by the use of gas chromatography (Figure 5.32). The 

Turn over number (TON) and Faradic efficiency were calculated for all the complexes (Table 

5.5, 5.6) and the result of CPE experiments is enlisted in Table 5.8. 

Table 5.5: TON Calculations  

Complex 

in DMF 

Proton source qtotal=qcat 

– qblank 

Theoretical 

moles of 

hydrogen 

produced = 

qtotal (1 mol 

e- / 96485 C) 

X (1 mol H2 

/ 2 mol e-) 

Moles of 

catalyst 

used 

TON = 

Theoretical 

moles of H2 

/ Moles of 

catalyst used 

5.1 Acetic acid 0.62 3.21 X 10-6 1.34 X 10-7 23.95 

5.2 Acetic acid 0.40 2.07 X 10-6 15.45 

5.3 Acetic acid 0.33 1.71 X 10-6 12.76 

5.1 Trifluoroacetic acid 1.30 6.74 X 10-6 50.30 

5.2 Trifluoroacetic acid 0.50 2.59 X 10-6 19.33 

5.3 Trifluoroacetic acid 0.38 1.97 X 10-6 14.70 

Faradaic Efficiency  

Faradaic Efficiency =
 Quantified moles of H2

Theoretical moles of H2
× 100% 

Table 5.6: Calculations of Faradaic Efficiency  

Complex Proton Source Quantified 

moles of H2 

Theoretical moles 

of H2 (X 10-6) 

Faradaic 

Efficiency (%) 

5.1 Acetic Acid 2.17 3.21 67.56 

5.2 1.01 2.07 48.64 

5.3 0.71 1.71 41.35 

5.1 5.51 6.74 81.78 
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5.2 Trifluoroacetic 

acid 

1.59 2.59 61.41 

5.3 1.17 1.97 59.58 

 

The turnover frequency (TOF) for hydrogen evolution using all the three complexes 

5.1, 5.2 and 5.3 as electrocatalysts was estimated using the foot-of-the-wave analysis 

(FOWA).5.37 FOWA has been considered near the foot of the catalytic wave where the catalytic 

wave does not get affected much by phenomenon like substrate consumption, diffusion and 

shape of CV is dominated mainly by catalytic phenomenon.5.38 The icat/ip was plotted against 

1/(1 + exp [(F/RT)(E-E1/2)]) for both the complexes as given in Figure 5.33, 5.34 and the 

obtained TOF values are given in the Table 5.7.  

Figure 5.33: Plot of icat/ip vs. 1/(1+exp[(F/RT)(E-E1/2)] using FOWA of 5.36 µM of (A) 

complex 5.1 (B) complex 5.2 and (C) complex 5.3 with 24 mM CH3COOH in DMF. 

 

Figure 5.34: Plot of icat/ip vs. 1/(1+exp[(F/RT)(E-E1/2)] using FOWA of 5.36 µM of (A) 

complex 5.1 (B) complex 5.2 and (C) complex 5.3 with 24 mM CF3COOH in DMF. 

TOF Calculations: 

For homogenous, diffusion controlled process the peak current can be given by 

Randle Sevcik equation 

𝑖𝑝 = 0.4463𝐹𝑆𝐶𝑝
0√

𝐹𝑣𝐷

𝑅𝑇
…………………………...(5.3) 
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𝑖𝑐𝑎𝑡 =
2𝐹𝑆𝐶𝑝

0√
𝐹𝑣𝐷

𝑅𝑇

1+ 𝑒𝑥𝑝
[

𝐹
𝑅𝑇

(𝐸−𝐸1
2

)]

……………………………...(5.4) 

Where, F is the Faraday’s constant, S is the surface of electrode, Cp
0 is the 

concentration of the complex in solution, D is the diffusion coefficient, E1/2 the half-wave 

potential of the redox couple triggering catalysis, R is the gas constant and T is the absolute 

temperature. Combining the equation (5.3) and (5.4) we get the equation (5.5).  The plot of 

icat/ip vs 1/(1+exp[(F/RT)(E-E1/2)] gives access of the observed rate constant (kobs). 

𝑖𝑐𝑎𝑡

𝑖𝑝
=  

2

0.4463
√

𝑅𝑇(𝐾𝑜𝑏𝑠)

𝐹𝑣

1

1+ 𝑒𝑥𝑝
[

𝐹
𝑅𝑇

(𝐸−𝐸1
2

)]

………………(5.5) 

𝑆𝑙𝑜𝑝𝑒 =
2

0.4463
√

𝑅𝑇(𝐾𝑜𝑏𝑠)

𝐹𝑣
……………………………(5.6) 

Table 5.7: TOF Calculations  

 

Table 5.8: Results of CPE experiments with complexes 5.1, 5.2 and 5.3. 

Complex Solvent Proton Source q (C) n (X 10-6) TON TOF (s-1) Faradic 

efficiency 

(%) 

5.1 DMF Acetic acid 0.62 3.21 23.95 251.25 67.56 

5.2 0.40 2.07 15.45 133.75 48.64 

Complex Proton Source Slope Kobs (s
-1) CH

0 (M) Kcat= 

(Kobs/ 

CH
0) 

(M-1s-1) 

TOF (s-1) 

5.1 Acetic Acid 2.48 6.03 0.024 251.25 251.25 

5.2 1.81 3.21 133.75 133.75 

5.3 1.51 2.23 92.92 92.92 

5.1 Trifluoroacetic 

acid 

3.23 10.24 426.67 426.67 

5.2 2.15 4.53 188.75 188.75 

5.3 1.76 3.04 126.67 126.67 
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5.3 0.33 1.71 12.76 92.92 41.35 

5.1 Trifluoroacetic 

acid 

1.30 6.74 50.30 426.67 81.78 

5.2 0.50 2.59 19.33 188.75 61.41 

5.3 0.38 1.97 14.70 126.67 59.58 

 

5.3.2.3.4 Determination of the reaction mechanism of HER using Tafel analysis 

 Tafel analysis is generally employed to understand the catalytic kinetics of hydrogen 

evolution reactions (Figure 5.35). Tafel slope is regarded as an inherent property of 

electrocatalyst and evaluated by the rate limiting step for HER. Its analysis is vital for 

enlightening the mechanism of HER. According to Tafel equation, 

 η = a + b log i ………………………..(5.7) 

where η = overpotential, a = constant, b = Tafel slope and i = measured current density. 

 

Figure 5.35: Tafel plot for hydrogen evolution catalysed by complex 1 using trifluoroacetic 

acid (Red line) and acetic acid (Black line) as the acid source. 

A low η value corresponds to a large exchange current density (i0, current density at η = 0), 

whereas, a low b value indicates better hydrogen evolution and hence a better catalytic 

activity.5.40  In the present case, the determined Tafel slopes for complex 5.1 are 1.81 V dec-1 

and 1.86 V dec-1 for the acid sources trifluoroacetic acid and acetic acid, respectively indicating 

trifluoroacetic acid will lead to a faster increase of reaction rate (fast proton discharge kinetics 

on working electrode) with increasing potential. 
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5.3.2.3.5 Electrocatalytic Hydrogen Evolution: Control Experiments 

To confirm the role of these three nickel complexes in HER and to ascertain the 

hydrogen evolution not due to complex adsorbed on the surface or degradation products of the 

complex, different control experiments have been done. First, blank CVs have been recorded 

with CH3COOH or CF3COOH and without the addition of these complexes showing lower 

measurable current at potentials associated with hydrogen evolution (Figure 5.36 and 5.37).  

 

Figure 5.36: CVs showing blank DMF with 24 mM CH3COOH added (black) and with 24 

mM CH3COOH in the presence of 5.36 µM complex 5.1 (red), complex 5.2 (green), complex 

5.3 (blue). Conditions: room temperature, 0.1 M [n-Bu4N]Br as supporting electrolyte, scan 

rate = 50 mV/s,  glassy carbon working electrode, Pt wire counter electrode and the potential 

is referenced against Fc/Fc+. 

A series of CVs were obtained with complexes 5.1, 5.2 and 5.3 in DMF with acid as 

the substrate to confirm HER activity. Then, the glassy carbon working electrode was 

withdrawn from the solution and washed thoroughly with the deionized water but it was not 

polished. It is pertinent to mention that upon immersion of this electrode into a fresh set of acid 

solution and electrolyte, no catalytic current was observed on sweeping the potential in the 

cathodic region. This fact shows HER activity is not because of a film of catalyst compound 

and also not because of its degraded product which could be strongly absorbed on electrode 

surface.  
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Figure 5.37: CVs showing blank DMF with 24 mM CF3COOH added (black) and with 24 mM 

CH3COOH in the presence of 5.36 µM complex 5.1 (red), complex 5.2 (green), complex 5.3 

(blue). Conditions: room temperature, 0.1 M [n-Bu4N]Br as supporting electrolyte, scan rate = 

50 mV/s,  glassy carbon working electrode, Pt wire counter electrode and the potential is 

referenced against Fc/Fc+. 

 

Figure 5.38: UV-Vis spectra of complex 5.1 in DMF during electrolysis under –1.50 V 

versus Fc/Fc+. 

As shown in Figure 5.38, the electrolysis did not show appearance of any new bands. 

These results indicate that complex 5.1 is stable during electrocatalysis for the hydrogen 

production. 
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5.3.2.4 Computational analysis of catalysts and intermediates by DFT-D4 

All the complexes were initially optimized by DFT-D4 analysis with def2-TZVP for metal 

center and def2-SVP for other atoms with solvent model COSMO (water) and B3LYP.5.41 The 

comparison of the bond length between the geometry optimized structure and X-ray analysis 

data has been tabulated in supporting information (Table 5.9). Theoretically calculated UV-

vis spectra of complexes 5.1 and 5.2 are given in Figure 5.39. 

 

Figure 5.39: TDDFTUV-Vis spectra of (A) complex 5.1 and (B) complex 5.2 (blue: calculated 

and red: experimental). 

Table 5.9: Bond length comparison of complex 5.1, 5.2 and 5.3 as obtained from X-ray 

analysis with DFT calculation. 

Bond X-ray DFT 

Complex 5.1 

Ni01-O002 1.83 1.85 

Ni01-N004 1.91 1.92 

Ni01-O002 1.83 1.85 

Ni01-N004 1.91 1.92 

 

Complex 5.2 

Ni01-O003 1.82 1.85 

Ni01-N1 1.92 1.92 

Ni01-O003 1.82 1.85 

Ni01-N1 1.92 1.92 
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Complex 5.3   

Ni01-O005 1.83 1.85 

Ni01-N004 1.92 1.92 

Ni01-O005 1.83 1.85 

Ni01-N004 1.92 1.92 

 

 

Figure 5.40: (a) Plausible mechanistic pathway of HER by complexes 5.1, 5.2 and 5.3 (n = 4, 

5 and 6); (b-d) HOMO-LUMO electronic distribution for complexes 5.1, 5.2 and 5.3 and their 

hydride complex derivative.  

Mechanistic pathways are reportedly known in literature, based on different reports we 

propose the plausible mechanism as depicted in Figure 5.40a. The pristine catalyst with Ni(II) 

center reduced first to Ni(I), which then undergoes an oxidative protonation to form a hydride 

complex {Ni(III)-H} (Table 5.10-5.21). As per the report of Cao et al.,5.42 this Ni(III)-H hydride 

complex either reacts with a proton to produce H2 and Ni(III) complex (heterolytic route), or 
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is further reduced to Ni(II)-H. This Ni(II)-H can react with a proton to give Ni(II) and H2, or 

react with another Ni(II)-H to produce H2 and 2 molecules of Ni(I) complex. Another way is 

Ni(III)-H went through bimolecular hydrolysis to produce H2 and original starting Ni(II) 

complex. This conclude that once the hydride complex formed, can liberate hydrogen and by 

simultaneous reduction gets back to the initial catalyst to continue the cycle.5.42,5.43 This 

suggests the key intermediate is Ni(III)-H complexes in a mechanistic cycle of HER. In this 

work, we wanted to model those complexes and to understand about their geometries, which 

in one hand helps to understand the present outcome and on the other hand can suggest altered 

geometries for future development. Therefore, we took aid of DFT calculation that helps to 

understand an interesting trend in dipole moment (Table 5.21), where the highest value has 

been obtained for complex 5.1. Indeed, we hypothesize one reason of showing better catalytic 

activity for complex 5.1 can be associated with higher dipole moment that possibly helps in 

forming the hydride complex leading to catalysis.5.42,5.43,5.44 To understand the geometry of the 

hydride intermediates, it was calculated at the level of B3LYP+ COSMO(H2O) 

+def2TZVP(Ni)+ def2-SVP(C,H,N,O) which reveals a distorted penta-coordination network 

for the Ni(III) centre in the complexes. Metal centres of catalysts (Complexes 5.1, 5.2 and 5.3) 

comprises the HOMO density whereas for hydride complexes the metal centres in LUMO 

comprises the density as obtained from the examined frontier molecular orbitals (Figure 5.40b-

d). Thus, from DFT calculation, we understood shorter aliphatic substitution gives higher 

dipole moment that could have an influence in higher catalytic activity. Another aspect that 

originates from DFT calculation regarding future development, is to keep an aromatic group at 

the end of the aliphatic chain for aromatic interaction with adjacent aromatic group for complex 

5.2. As we observed for complex 5.2 and its hydride derivative, the aliphatic group is finally 

inclined towards the aromatic groups. However, for complex 5.1 and 5.3 such observation was 

not seen. This possibly suggests an optimum chain length for inclination, here substitution with 

an aromatic group could give higher stability of the complex, eventually better catalytic 

activity. 

Table 5.10: Geometry optimized coordinates of complex 5.1.  

total energy      = -3079.28092039001 Hartree 

69 

Ni -0.1812 2.49708 11.9076 O -0.175 0.97759 12.9577 

O 5.81704 5.20315 8.50062 N 1.56833 2.46454 12.0849 

C 3.48824 3.23931 10.7134 C 1.96554 2.04938 13.2543 

C 2.05075 0.65895 15.3227 C 4.0978 4.42914 9.97133 
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C 1.56124 0.87998 13.9719 C 0.75976 -0.113 13.3319 

C 1.77205 -0.5859 15.9719 C 2.24853 3.63734 11.52 

C 0.52039 -1.3557 14.0211 C 1.00433 -1.576 15.2786 

C 2.79371 1.62125 16.0586 C 2.24591 -0.83 17.2846 

C 2.98014 0.12358 17.9676 C 5.31819 4.04255 9.14873 

C 3.24921 1.35953 17.3418 O 0.84157 2.33004 9.34968 

O -4.9849 -0.2536 15.2039 N -1.5033 1.12402 10.2526 

C -2.9085 0.9695 12.3116 C -1.8969 1.49635 9.06739 

C -1.8713 2.65858 6.86241 C -3.745 0.02824 13.1797 

C -1.1955 2.27385 8.09155 C 0.18315 2.59806 8.27876 

C -1.1256 3.30885 5.82724 C -2.3964 0.2759 11.0473 

C 0.89193 3.244 7.20116 C 0.26556 3.57863 6.03564 

C -3.2544 2.43743 6.61956 C -1.7577 3.68504 4.61648 

C -3.1035 3.44008 4.40685 C -4.233 0.69259 14.4588 

C -3.8516 2.81267 5.42565 H 6.59306 4.94929 7.97447 

H 3.19285 2.46343 9.99092 H 4.23537 2.79312 11.3957 

H 2.74103 2.66439 13.7267 H 3.34429 4.87222 9.29383 

H 4.38922 5.22209 10.6844 H 2.53195 4.32349 12.3374 

H 1.54007 4.15885 10.8645 H -0.0745 -2.1069 13.497 

H 0.80109 -2.5236 15.786 H 3.00831 2.59986 15.6288 

H 2.01687 -1.7922 17.7515 H 3.34132 0.07244 -18.98 

H 6.08873 3.59634 9.81062 H 5.03548 3.26578 8.40879 

H 3.81761 2.12653 17.8748 H -5.2973 0.17681 16.0167 

H -2.0473 1.33643 12.8947 H -3.5023 1.85621 12.0241 

H -2.8847 1.12733 8.77077 H -3.1453 -0.8596 13.4533 

H -4.6216 -0.3405 12.6159 H -3.2491 -0.0354 10.4192 

H -1.8339 -0.6236 11.3359 H 1.95035 3.45926 7.36465 

H 0.82395 4.07306 5.2353 H -3.8834 1.97679 7.38175 

H -1.1575 4.17809 3.8466 H -3.5838 3.73394 3.47032 

H -4.8497 1.57962 14.207 H -3.3627 1.0559 15.0435 

H -4.9187 2.62442 5.27911 H -0.6476 2.82743 11.5658 

 

Table 5.11: geometry optimized coordinates of complex 5.2. 

total energy      =  -3157.79871580081 Hartree 

75  

Ni 0.81658 8.86776 8.40531 O -0.6262 8.06544 7.5644 

O 3.95755 14.4013 9.69221 H 3.37502 13.9255 10.3085 

N 1.5672 9.35221 6.70242 C 0.32014 7.70431 5.39508 

C -0.6478 7.48331 6.40592 C 1.7847 11.7956 7.05894 

H 1.1844 11.5898 7.96037 H 1.07353 12.1068 6.27222 

C 1.28828 8.74439 5.58923 H 1.81967 9.09657 4.69744 
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C 0.24614 6.98541 4.14023 C 2.77613 12.9175 7.37611 

H 3.56187 12.5179 8.03822 H 3.28761 13.2548 6.45509 

C 2.48171 10.4963 6.6411 H 2.88828 10.5861 5.61935 

H 3.31457 10.3018 7.32901 C -1.7475 6.59792 6.12849 

H -2.5073 6.4785 6.90193 C 2.12846 14.1153 8.07886 

H 1.49832 14.6911 7.37658 H 1.44678 13.7484 8.87198 

C -0.8485 6.09155 3.91247 C 3.14222 15.0571 8.72603 

H 3.83714 15.4583 7.96842 H 2.61332 15.9191 9.18001 

C -1.8377 5.93611 4.93417 H -2.6831 5.2686 4.74234 

C 1.21685 7.10738 3.10983 H 2.08611 7.75155 3.24733 

C -0.945 5.37995 2.69031 H -1.7931 4.70522 2.5434 

C 0.01044 5.53092 1.70137 H -0.0704 4.97898 0.7617 

C 1.09955 6.40295 1.92206 H 1.86569 6.52083 1.15097 

O 2.26079 9.66691 9.24715 O -2.3276 3.34285 7.12199 

H -1.7426 3.8179 6.50742 N 0.064 8.38707 10.1087 

C 1.3077396 10.0411 11.4112 C 2.28008 10.2545 10.4029 

C -0.1548 5.94269 9.75815 H 0.4463 6.14635 8.85679 

H 0.55527 5.63227 10.5461 C 0.33933 9.00075 11.2195 

H -0.1946 8.65326 12.1117 C 1.37785 10.7672 12.662 

C -1.1474 4.82148 9.442 H -1.9329 5.22158 8.77985 

H -1.6591 4.48532 10.3633 C -0.851 7.24354 10.1726 

H -1.2581 7.15666 11.1945 H -1.6835 7.43667 9.48389 

C 3.38179 11.1372 10.6808 H 4.14543 11.2497 9.91012 

C -0.5014 3.62254 8.73964 H 0.12584 3.04447 9.44268 

H 0.18288 3.98827 7.94817 C 2.47431 11.6589 12.8898 

C -1.5164 2.68404 8.08951 H -2.2143 2.28443 8.84519 

H -0.989 1.82081 7.63621 C 3.46894 11.805 11.872 

H 4.31608 12.4701 12.0644 C 0.40143 10.6547 13.688 

H -0.4693 10.0126 13.5498 C 2.5669 12.3775 14.1081 

H 3.41657 13.0503 14.2554 C 1.60583 12.2359 15.093 

H 1.68362 12.7934 16.0296 C 0.51485 11.3662 14.8719 

H -0.2558 11.2559 15.6397     

      

Table 5.12: geometry optimized coordinates of complex 5.2-hydride. 

total energy      =  -3158.33873725985 Hartree 

76  

Ni 0.75322 8.82676 8.09104 O 0.67918 6.97236 7.38204 

O 3.59636 14.0832 10.5173 N 1.47017 9.48059 6.44912 

C 0.73879 7.6104 5.05716 C 0.45968 6.71304 6.13712 

C 1.43622 11.7148 7.49925 C 1.35371 8.88568 5.30422 

C 0.46993 7.20481 3.68831 C 2.31076 12.8095 8.11267 
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C 2.19925 10.7399 6.5931 C -0.0761 5.41112 5.82322 

C 1.57234 13.6027 9.19517 C -0.0508 5.896 3.4304 

C 2.44044 14.6407 9.90408 C -0.314 5.02572 4.53522 

C 0.68195 8.04789 2.56258 C -0.3141 5.47747 2.10244 

C -0.0782 6.31731 1.02858 C 0.42252 7.61463 1.27149 

O 2.51692 8.93575 8.99331 O -1.8628 2.83885 7.71557 

N -0.1051 8.60426 9.79244 C 1.56613 9.96646 10.9455 

C 2.64428 9.64409 10.0651 C -0.7172 6.23888 10.1341 

C 0.32921 9.24147 10.837 C 1.77215 10.8874 12.0404 

C -1.7222 5.17539 9.69078 C -1.2264 7.67379 9.92146 

C 3.96086 10.1237 10.4033 C -1.2066 3.74842 9.90657 

C 3.08693 11.3901 12.3 C -1.9902 2.69308 9.12829 

C 4.16805 10.9559 11.4661 C 0.71467 11.3593 12.8625 

C 3.29953 12.3108 13.358 C 2.24795 12.7451 14.147 

C 0.94691 12.261 13.8899 H 3.31335 13.3982 11.1467 

H 0.98543 11.1442 8.33525 H 0.585 12.151 6.94812 

H 1.79338 9.4095 4.4465 H 3.20603 12.3495 8.56448 

H 2.67194 13.4958 7.32376 H 2.39326 11.18 5.59968 

H 3.17182 10.5062 7.05757 H -0.3037 4.75128 6.66223 

H 0.6954 14.1184 8.76202 H 1.17492 12.8981 9.95113 

H 2.81385 15.3837 9.17858 H 1.82747 15.1883 10.6483 

H -0.728 4.0342 4.32912 H 1.04513 9.06723 2.69583 

H -0.712 4.47129 1.94279 H -0.2831 5.98706 0.00728 

H 0.60251 8.29364 0.43351 H -0.9451 2.63198 7.4722 

H 0.1991 6.11339 9.53854 H -0.4432 6.1028 11.1968 

H -0.2843 9.16326 11.7459 H -1.9316 5.32116 8.61623 

H -2.6858 5.30353 10.2201 H -1.8769 7.98719 10.7574 

H -1.8123 7.72353 8.99267 H 4.78181 9.81545 9.7526 

H -1.2298 3.49206 10.9819 H -0.1446 3.68523 9.5978 

H -3.0688 2.78438 9.34279 H -1.6749 1.67915 9.4422 

H 5.17387 11.3273 11.6813 H -0.31 11.0356 12.6731 

H 4.31368 12.6789 13.5365 H 2.42008 13.4589 14.9559 

H 0.10829 12.6085 14.4991 H -0.5539 9.12658 7.5208 

     

Table 5.13: geometry optimized coordinates of complex 5.3. 

total energy      =  -3236.30986835935 Hartree 
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Ni 2.95928 9.31574 8.51538 O 1.3248 9.13269 7.67542 

N 2.7242 11.2208 8.6361 O 3.98473 10.8407 16.2813 

H 3.65631 10.6395 17.1731 C 1.90307 11.8979 7.88913 

H 1.89608 12.9834 8.04085 C -1.0287 10.3171 5.23754 
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H -1.8094 9.91315 4.58668 C -0.7598 11.7217 5.18624 

C 3.43479 11.9236 13.5726 H 2.38373 12.2392 13.7197 

H 3.45138 10.8276 13.7058 C 4.30951 12.5697 14.6508 

H 5.35969 12.2469 14.5198 H 4.29915 13.6691 14.534 

C 3.87486 12.2425 16.0724 H 4.51086 12.7972 16.7918 

H 2.8298 12.5814 16.2287 C 0.50388 13.6621 5.94697 

H 1.28424 14.1224 6.55369 C 3.01142 11.6105 11.0723 

H 1.9542 11.9096 11.1969 H 3.04924 10.5152 11.1959 

C 0.98032 11.3786 6.92429 C 3.46854 11.9687 9.65538 

H 3.33172 13.0501 9.48226 H 4.53453 11.7337 9.54578 

C 0.70779 9.98796 6.92225 C 3.87507 12.2728 12.1483 

H 3.85571 13.3715 12.0162 H 4.92825 11.9644 12.0071 

C 0.25622 12.2655 6.03611 C -0.3328 9.48353 6.06811 

H -0.5384 8.41199 6.10344 C -1.4829 12.5682 4.3088 

H -2.2529 12.1241 3.67156 C -0.2196 14.4701 5.08381 

H -0.002 15.5409 5.04276 C -1.2252 13.9264 4.2543 

H -1.7876 14.5721 3.57529 O 4.59529 9.49687 9.35361 

N 3.19366 7.4101 8.3967 O 1.96439 7.80218 0.74771 

H 2.29173 8.00483 -0.1441 C 4.00774 6.73338 9.1514 

H 4.01454 5.64741 9.00233 C 6.92833 8.31628 11.8135 

H 7.70714 8.72049 12.4664 C 6.65157 6.91358 11.8725 

C 2.50496 6.7142 3.4561 H 3.55651 6.39847 3.31275 

H 2.48928 7.81045 3.32426 C 1.63435 6.0698 2.37349 

H 0.58358 6.39201 2.50143 H 1.6447 4.97023 2.48833 

C 2.07379 6.39996 0.95405 H 1.44022 5.84674 0.23142 

H 3.11943 6.06152 0.80055 C 5.3819 4.97499 11.1167 

H 4.60245 4.51533 10.5083 C 2.91803 7.02373 5.95869 

H 3.97592 6.72566 5.8374 H 2.87978 8.11929 5.83729 

C 4.92448 7.25431 10.1213 C 2.45559 6.66223 7.37299 

H 2.59377 5.58087 7.54504 H 1.3886 6.89499 7.47814 

C 5.20364 8.64359 10.1163 C 2.05881 6.36318 4.87811 

H 2.07749 5.26422 5.00866 H 1.0051 6.67156 5.01547 

C 5.63803 6.36962 11.0198 C 6.24199 9.14805 10.9731 

H 6.45364 10.2182 10.9319 C 7.36447 6.06889 12.7601 

H 8.13276 6.51301 13.3993 C 6.0955 4.16881 11.9896 

H 5.87164 3.09958 12.0366 C 7.09893 4.71254 12.8218 

H 7.65348 4.06832 13.5086     

      

Table 5.14: geometry optimized coordinates of complex 5.3-hydride. 

total energy      =  -3236.84578928266 Hartree 
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Ni 3.062261 9.716201 8.387695 C 7.206121 4.759248 12.40189 

O 2.367919 9.819575 6.525832 H 3.492779 9.85499 17.05049 

N 2.767368 11.59547 8.635995 H 1.881565 13.36745 8.210137 

O 3.8169 10.23684 16.21834 H -0.28156 11.14275 3.179288 

C 1.991089 12.32581 7.887327 H 2.094077 11.79381 13.79314 

C 0.158471 11.36317 4.156379 H 3.329418 10.53318 13.65838 

C -0.18841 12.59694 4.795592 H 5.009542 12.06913 14.75241 

C 3.181683 11.62769 13.66929 H 3.753555 13.31127 14.91695 

C 3.919921 12.21909 14.87381 H 4.015691 12.15036 17.03305 

C 3.496117 11.62195 16.2081 H 2.406795 11.77397 16.35482 

C -0.01207 14.12696 6.679114 H 0.363 14.4017 7.665157 

C 2.895189 11.63159 11.13012 H 1.809508 11.81744 11.22369 

C 1.307911 11.96206 6.682756 H 3.031537 10.53654 11.11837 

C 3.394312 12.21503 9.806234 H 3.20509 13.30237 9.780786 

C 1.594697 10.72143 6.034728 H 4.478969 12.05209 9.729603 

C 3.637821 12.21854 12.33271 H 3.504834 13.31725 12.35151 

C 0.382507 12.90319 6.072764 H 4.722999 12.04087 12.20785 

C 1.005847 10.46781 4.742311 H 1.262443 9.522063 4.259261 

C -1.08903 13.49941 4.177788 H -1.50541 13.23364 3.201975 

C -0.89341 14.99623 6.054301 H -1.17129 15.92767 6.555244 

C -1.44042 14.68963 4.790036 H -2.13649 15.38011 4.307467 

O 4.857251 9.807651 9.20478 H 2.673889 5.712443 0.029908 

N 3.131214 7.805439 8.375819 H 3.783121 6.007021 9.046792 

O 2.279006 5.97517 0.877514 H 8.236702 8.657655 11.89585 

C 3.940831 7.090843 9.104306 H 3.108901 5.035206 3.971593 

C 7.340066 8.350417 11.34965 H 2.744811 6.660168 3.371733 

C 6.906561 6.990777 11.4657 H 0.421497 5.91579 2.748261 

C 2.290621 5.769261 3.840489 H 0.787603 4.283816 3.340268 

C 1.240978 5.186096 2.890066 H 0.993198 4.328859 0.920503 

C 1.792271 4.805999 1.523451 H 2.603269 4.058392 1.645111 

C 5.332346 5.217317 10.91775 H 4.433713 4.84634 10.42478 

C 2.769119 6.730771 6.160202 H 3.597413 6.011466 6.30055 

C 5.025908 7.530313 9.927379 H 3.195291 7.645927 5.720635 

C 2.174035 7.083657 7.526493 H 1.848545 6.164752 8.045927 

C 5.464512 8.887431 9.872303 H 1.295187 7.725176 7.385568 

C 1.721708 6.14445 5.211332 H 1.258452 5.251448 5.673396 

C 5.736733 6.570131 10.75553 H 0.905801 6.880374 5.078087 

C 6.6576 9.256951 10.59016 H 6.982485 10.29652 10.50997 

C 7.620538 6.073411 12.27596 H 8.510155 6.427328 12.80451 

C 6.048532 4.336606 11.71394 H 5.704432 3.303474 11.8125 

 

 

Table 5.15: Summary of Natural Population Analysis for complex 5.1. 
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Natural Population 

                 Natural   ----------------------------------- 

Atom 

No           

Charge        Core         Valence      Rydberg      Total 

1 ni 0.96584 17.9956 9.0016 0.03699 27.0342 

2 o -0.7376 1.99971 6.72504 0.01282 8.73757 

3 o -0.7742 1.99978 6.76384 0.01057 8.77419 

4 h 0.46969 0 0.52874 0.00157 0.53031 

5 n -0.556 1.9992 5.53384 0.02297 7.55602 

6 c -0.4232 1.99912 4.40941 0.01468 6.42321 

7 h 0.21476 0 0.78132 0.00393 0.78524 

8 h 0.21218 0 0.78463 0.00319 0.78782 

9 c 0.17229 1.99906 3.80414 0.02451 5.82771 

10 h 0.20359 0 0.79414 0.00227 0.79641 

11 c -0.0262 1.99888 4.01154 0.01573 6.02615 

12 c -0.4365 1.99914 4.4227 0.01463 6.43647 

13 h 0.2074 0 0.78829 0.00431 0.7926 

14 h 0.21062 0 0.78526 0.00412 0.78938 

15 c -0.2165 1.99882 4.20069 0.01701 6.21652 

16 c 0.43659 1.99877 3.53154 0.03311 5.56341 

17 c -0.0975 1.99884 4.08294 0.01571 6.0975 

18 c -0.1935 1.99911 4.17537 0.01906 6.19353 

19 h 0.2044 0 0.79308 0.00252 0.7956 

20 h 0.22958 0 0.76666 0.00376 0.77042 

21 c -0.2654 1.9989 4.24854 0.01794 6.26538 

22 h 0.2316 0 0.76606 0.00234 0.7684 

23 c -0.1582 1.99893 4.14273 0.01653 6.15819 

24 h 0.23213 0 0.7659 0.00197 0.76787 

25 c -0.223 1.99894 4.2085 0.01559 6.22303 

26 h 0.22399 0 0.77396 0.00205 0.77601 

27 c -0.1876 1.99893 4.17194 0.01673 6.1876 

28 h 0.22761 0 0.77048 0.00191 0.77239 

29 c -0.2414 1.99894 4.22584 0.01662 6.24139 

30 h 0.2291 0 0.76923 0.00167 0.7709 

31 c -0.0163 1.99914 3.99987 0.01733 6.01634 

32 h 0.17156 0 0.82568 0.00276 0.82844 

33 h 0.17131 0 0.82585 0.00284 0.82869 

34 c -0.2072 1.99895 4.19169 0.01651 6.20715 

35 h 0.22884 0 0.76945 0.00171 0.77116 

36 o -0.7376 1.99971 6.72507 0.0128 8.73757 

37 o -0.7742 1.99978 6.76388 0.01057 8.77422 

38 h 0.46972 0 0.52872 0.00157 0.53028 

39 n -0.5558 1.9992 5.53361 0.02297 7.55578 

40 c -0.4232 1.99912 4.4094 0.01467 6.42319 
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41 h 0.2148 0 0.78126 0.00393 0.7852 

42 h 0.21213 0 0.78467 0.0032 0.78787 

43 c 0.1724 1.99906 3.80404 0.0245 5.8276 

44 h 0.20365 0 0.79408 0.00227 0.79635 

45 c -0.0262 1.99888 4.01156 0.01573 6.02617 

46 c -0.4365 1.99914 4.42271 0.01464 6.43648 

47 h 0.20741 0 0.78826 0.00432 0.79259 

48 h 0.21059 0 0.78529 0.00412 0.78941 

49 c -0.2164 1.99882 4.2006 0.01702 6.21643 

50 c 0.43627 1.99877 3.53185 0.03312 5.56373 

51 c -0.0975 1.99884 4.08291 0.01571 6.09746 

52 c -0.1935 1.99911 4.17532 0.01905 6.19348 

53 h 0.20442 0 0.79306 0.00252 0.79558 

54 h 0.22947 0 0.76676 0.00377 0.77053 

55 c -0.2655 1.9989 4.24867 0.01796 6.26553 

56 h 0.23157 0 0.76608 0.00234 0.76843 

57 c -0.1581 1.99893 4.14259 0.01653 6.15805 

58 h 0.23213 0 0.7659 0.00197 0.76787 

59 c -0.2231 1.99894 4.20851 0.01559 6.22305 

60 h 0.22401 0 0.77394 0.00205 0.77599 

61 c -0.1876 1.99893 4.17194 0.01673 6.18759 

62 h 0.22762 0 0.77047 0.00191 0.77238 

63 c  -0.2414 1.99894 4.22585 0.01662 6.2414 

64 h 0.2291 0 0.76923 0.00167 0.7709 

65 c -0.0163 1.99914 3.99987 0.01732 6.01634 

66 h 0.17165 0 0.82559 0.00276 0.82835 

67 h 0.17123 0 0.82593 0.00284 0.82877 

68 c -0.2072 1.99895 4.19169 0.01651 6.20715 

69 h 0.22884 0 0.76945 0.00171 0.77116 

---------------------------------------------------------- 

* Total *       -0.00000    89.96186   195.27925     0.75889   286.0000 

Table 5.16: Summary of Natural Population Analysis for complex 5.1-hydride. 

Natural Population 

                 Natural   ----------------------------------- 

Atom 

No           

Charge        Core         Valence      Rydberg      Total 

1 ni 1.06646 17.99438 8.89038 0.04878 26.93354 

2 o -0.79076 1.99973 6.77573 0.0153 8.79076 

3 o -0.77423 1.99978 6.76388 0.01057 8.77423 

4 n -0.55579 1.9992 5.53234 0.02425 7.55579 

5 c -0.42315 1.99912 4.41023 0.01381 6.42315 

6 c 0.17486 1.99905 3.80108 0.025 5.82514 

7 c -0.02562 1.99888 4.01094 0.0158 6.02562 
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8 c -0.43823 1.99914 4.42428 0.01481 6.43823 

9 c -0.21373 1.99882 4.19794 0.01697 6.21373 

10 c 0.45208 1.99881 3.51381 0.0353 5.54792 

11 c -0.0968 1.99884 4.08219 0.01577 6.0968 

12 c -0.19477 1.99912 4.17623 0.01943 6.19477 

13 c -0.26835 1.9989 4.25146 0.01799 6.26835 

14 c -0.15674 1.99893 4.14127 0.01654 6.15674 

15 c -0.22222 1.99894 4.20774 0.01554 6.22222 

16 c -0.18785 1.99893 4.17215 0.01677 6.18785 

17 c -0.23999 1.99894 4.22442 0.01664 6.23999 

18 c -0.01631 1.99914 3.99993 0.01724 6.01631 

19 c -0.20652 1.99895 4.19106 0.01651 6.20652 

20 o -0.77833 1.99973 6.76343 0.01517 8.77833 

21 o -0.77422 1.99978 6.76387 0.01057 8.77422 

22 n -0.5515 1.99919 5.5285 0.0238 7.5515 

23 c -0.42467 1.99912 4.4113 0.01426 6.42467 

24 c 0.17825 1.99905 3.79795 0.02474 5.82175 

25 c -0.0255 1.99889 4.01085 0.01577 6.0255 

26 c -0.43701 1.99914 4.42318 0.01468 6.43701 

27 c -0.21992 1.99883 4.20408 0.01701 6.21992 

28 c 0.45323 1.99882 3.51258 0.03537 5.54677 

29 c -0.09852 1.99884 4.08392 0.01576 6.09852 

30 c -0.19473 1.99911 4.17628 0.01935 6.19473 

31 c -0.26894 1.9989 4.25196 0.01808 6.26894 

32 c -0.15822 1.99893 4.14276 0.01654 6.15822 

33 c -0.2237 1.99894 4.20927 0.01549 6.2237 

34 c -0.18784 1.99893 4.17216 0.01676 6.18784 

35 c -0.24152 1.99894 4.22593 0.01666 6.24152 

36 c -0.01667 1.99915 4.00022 0.0173 6.01667 

37 c -0.20696 1.99895 4.19149 0.01651 6.20696 

38 h 0.46969 0 0.52874 0.00157 0.53031 

39 h 0.22531 0 0.77027 0.00442 0.77469 

40 h 0.2086 0 0.78863 0.00276 0.7914 

41 h 0.20323 0 0.79435 0.00242 0.79677 

42 h 0.20769 0 0.78778 0.00453 0.79231 

43 h 0.20983 0 0.78601 0.00416 0.79017 

44 h 0.20882 0 0.78858 0.0026 0.79118 

45 h 0.2276 0 0.76956 0.00284 0.7724 

46 h 0.23237 0 0.76504 0.00259 0.76763 

47 h 0.23178 0 0.7662 0.00202 0.76822 

48 h 0.22306 0 0.77482 0.00212 0.77694 

49 h 0.22777 0 0.77032 0.00191 0.77223 

50 h 0.22924 0 0.7691 0.00166 0.77076 

51 h 0.17179 0 0.82547 0.00274 0.82821 
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52 h 0.17092 0 0.82636 0.00272 0.82908 

53 h 0.22894 0 0.76935 0.00171 0.77106 

54 h 0.47003 0 0.52841 0.00156 0.52997 

55 h 0.21648 0 0.78016 0.00336 0.78352 

56 h 0.21358 0 0.78326 0.00317 0.78642 

57 h 0.20263 0 0.79503 0.00233 0.79737 

58 h 0.20933 0 0.78633 0.00434 0.79067 

59 h 0.21082 0 0.78509 0.0041 0.78918 

60 h 0.20868 0 0.78879 0.00253 0.79132 

61 h 0.23078 0 0.76518 0.00405 0.76922 

62 h 0.22832 0 0.769 0.00267 0.77168 

63 h 0.2316 0 0.76639 0.00201 0.7684 

64 h 0.22283 0 0.77505 0.00212 0.77717 

65 h 0.22751 0 0.77057 0.00192 0.77249 

66 h 0.22898 0 0.76936 0.00167 0.77102 

67 h 0.17227 0 0.82498 0.00275 0.82773 

68 h 0.17112 0 0.82611 0.00277 0.82888 

69 h 0.22871 0 0.76958 0.00172 0.77129 

70 h -0.05587 0 1.0533 0.00257 1.05587 

 

Table 5.17: Summary of Natural Population Analysis for complex 5.2. 

Natural Population 

                 Natural   ----------------------------------- 

Atom 

No           

Charge        Core         Valence      Rydberg      Total 

1 ni 0.96856 17.99558 8.99989 0.03596 27.03144 

2 o -0.73833 1.99971 6.7259 0.01272 8.73833 

3 o -0.77415 1.99979 6.76364 0.01073 8.77415 

4 h 0.45912 0 0.53889 0.00199 0.54088 

5 n -0.55235 1.9992 5.53011 0.02303 7.55235 

6 c -0.21323 1.99882 4.19739 0.01702 6.21323 

7 c 0.43505 1.99876 3.53299 0.0332 5.56495 

8 c -0.41799 1.99912 4.40419 0.01468 6.41799 

9 h 0.21096 0 0.78528 0.00376 0.78904 

10 h 0.21163 0 0.78531 0.00306 0.78837 

11 c 0.17278 1.99906 3.80371 0.02445 5.82722 

12 h 0.20504 0 0.79271 0.00225 0.79496 

13 c -0.0255 1.99888 4.01085 0.01577 6.0255 

14 c -0.41996 1.99913 4.40537 0.01546 6.41996 

15 h 0.20739 0 0.78753 0.00508 0.79261 

16 h 0.2108 0 0.78641 0.00279 0.7892 

17 c -0.19406 1.99911 4.17587 0.01908 6.19406 

18 h 0.20533 0 0.79222 0.00245 0.79467 
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19 h 0.22825 0 0.76817 0.00358 0.77175 

20 c -0.26885 1.9989 4.25108 0.01888 6.26885 

21 h 0.23541 0 0.762 0.00259 0.76459 

22 c -0.44439 1.99914 4.4329 0.01235 6.44439 

23 h 0.22127 0 0.77601 0.00272 0.77873 

24 h 0.20283 0 0.79377 0.0034 0.79717 

25 c -0.09556 1.99884 4.08084 0.01589 6.09556 

26 c -0.02363 1.99914 4.00544 0.01904 6.02363 

27 h 0.18864 0 0.80896 0.0024 0.81136 

28 h 0.17868 0 0.81881 0.00251 0.82132 

29 c -0.18009 1.99892 4.16421 0.01696 6.18009 

30 h 0.23414 0 0.76364 0.00222 0.76586 

31 c -0.22215 1.99894 4.20754 0.01567 6.22215 

32 h 0.22445 0 0.77352 0.00203 0.77555 

33 c -0.18743 1.99893 4.17178 0.01673 6.18743 

34 h 0.2283 0 0.7698 0.00191 0.7717 

35 c -0.23959 1.99894 4.22403 0.01662 6.23959 

36 h 0.22948 0 0.76885 0.00167 0.77052 

37 c -0.20597 1.99895 4.19053 0.01649 6.20597 

38 h 0.22935 0 0.76895 0.00171 0.77065 

39 o -0.73816 1.99971 6.72574 0.01271 8.73816 

40 o -0.77409 1.99979 6.76358 0.01073 8.77409 

41 h 0.45914 0 0.53887 0.002 0.54086 

42 n -0.55233 1.9992 5.5301 0.02303 7.55233 

43 c -0.21316 1.99882 4.19731 0.01703 6.21316 

44 c 0.43489 1.99876 3.53313 0.03322 5.56511 

45 c -0.41797 1.99912 4.40418 0.01467 6.41797 

46 h 0.21104 0 0.78519 0.00377 0.78896 

47 h 0.2116 0 0.78534 0.00306 0.7884 

48 c 0.17273 1.99906 3.80377 0.02444 5.82727 

49 h 0.20528 0 0.79247 0.00224 0.79472 

50 c -0.0255 1.99888 4.01084 0.01578 6.0255 

51 c -0.41996 1.99913 4.40538 0.01545 6.41996 

52 h 0.20731 0 0.78761 0.00508 0.79269 

53 h 0.21081 0 0.7864 0.00279 0.78919 

54 c -0.19399 1.99911 4.1758 0.01908 6.19399 

55 h 0.20533 0 0.79222 0.00245 0.79467 

56 h 0.22811 0 0.76831 0.00358 0.77189 

57 c -0.2686 1.9989 4.25082 0.01889 6.2686 

58 h 0.23533 0 0.7621 0.00257 0.76467 

59 c -0.44444 1.99914 4.43295 0.01235 6.44444 

60 h 0.22131 0 0.77597 0.00272 0.77869 

61 h 0.20286 0 0.79375 0.0034 0.79714 

62 c -0.09554 1.99884 4.08082 0.01589 6.09554 
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               ---------------------------------------------------------- 

* Total *        0.00000    93.96014   207.23812     0.80174   302.00000 

 

Table 5.18: Summary of Natural Population Analysis for complex 2-hydride. 

Natural Population 

                 Natural   ----------------------------------- 

Atom 

No 

Charge Core Valence Rydberg Total 

1 ni 1.08871 17.9945 8.86569 0.05113 26.9113 

2 o -0.7509 1.99973 6.73714 0.01401 8.75088 

3 o -0.7798 1.99978 6.76951 0.01055 8.77983 

4 n -0.5459 1.99917 5.52233 0.02436 7.54586 

5 c -0.2244 1.99883 4.20854 0.01707 6.22444 

6 c 0.44421 1.99881 3.52138 0.0356 5.55579 

7 c -0.4116 1.99911 4.39796 0.01453 6.4116 

8 c 0.18764 1.99904 3.78899 0.02433 5.81236 

9 c -0.0256 1.99888 4.01098 0.01574 6.0256 

10 c -0.418 1.99913 4.40267 0.01618 6.41798 

11 c -0.1974 1.99913 4.17893 0.01936 6.19741 

12 c -0.2675 1.99889 4.25035 0.01826 6.26749 

13 c -0.4429 1.99913 4.43128 0.0125 6.4429 

14 c -0.0988 1.99884 4.08416 0.01577 6.09877 

15 c -0.0258 1.99913 4.00733 0.01936 6.02582 

16 c -0.1596 1.99892 4.14414 0.01653 6.1596 

17 c -0.2249 1.99894 4.21048 0.01551 6.22493 

18 c -0.188 1.99893 4.17237 0.01675 6.18804 

19 c -0.2427 1.99894 4.22712 0.01667 6.24272 

20 c -0.2074 1.99895 4.19191 0.01653 6.20739 

21 o -0.7883 1.99974 6.77422 0.0143 8.78825 

22 o -0.7755 1.99979 6.7649 0.01085 8.77553 

63 c -0.02364 1.99914 4.00546 0.01904 6.02364 

64 h 0.18859 0 0.80901 0.0024 0.81141 

65 h 0.17868 0 0.8188 0.00251 0.82132 

66 c -0.18041 1.99892 4.1645 0.01698 6.18041 

67 h 0.23414 0 0.76365 0.00221 0.76586 

68 c -0.22214 1.99894 4.20753 0.01568 6.22214 

69 h 0.22448 0 0.77349 0.00203 0.77552 

70 c -0.18751 1.99893 4.17185 0.01673 6.18751 

71 h 0.22828 0 0.76981 0.00191 0.77172 

72 c -0.23957 1.99894 4.22401 0.01662 6.23957 

73 h 0.22949 0 0.76884 0.00166 0.77051 

74 c -0.20596 1.99895 4.19051 0.01649 6.20596 

75 h 0.22935 0 0.76894 0.00171 0.77065 
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23 n -0.5663 1.9992 5.54186 0.02527 7.56633 

24 c -0.2286 1.99879 4.21241 0.01739 6.22859 

25 c 0.43775 1.9988 3.5265 0.03695 5.56225 

26 c -0.4213 1.99911 4.40861 0.01353 6.42125 

27 c 0.17538 1.99904 3.80075 0.02483 5.82462 

28 c -0.0261 1.99885 4.01088 0.01631 6.02605 

29 c -0.4191 1.99914 4.40457 0.01542 6.41913 

30 c -0.1903 1.99913 4.1714 0.01981 6.19034 

31 c -0.2654 1.99887 4.24809 0.01848 6.26544 

32 c -0.4429 1.99914 4.43086 0.01289 6.44289 

33 c -0.1258 1.99884 4.1101 0.01688 6.12582 

34 c -0.0237 1.99914 4.00565 0.01893 6.02372 

35 c -0.1657 1.99892 4.14928 0.01749 6.16569 

36 c -0.2212 1.99893 4.2065 0.01576 6.22119 

37 c -0.2061 1.99892 4.18932 0.01781 6.20606 

38 c -0.2358 1.99893 4.21993 0.0169 6.23576 

39 c -0.2018 1.99895 4.18635 0.01651 6.20182 

40 h 0.46667 0 0.53103 0.0023 0.53333 

41 h 0.18823 0 0.80746 0.0043 0.81177 

42 h 0.22268 0 0.77422 0.0031 0.77732 

43 h 0.20643 0 0.79135 0.00222 0.79357 

44 h 0.21195 0 0.78312 0.00493 0.78805 

45 h 0.2133 0 0.78389 0.00281 0.7867 

46 h 0.21718 0 0.7805 0.00233 0.78282 

47 h 0.22551 0 0.77086 0.00364 0.77449 

48 h 0.22388 0 0.77087 0.00525 0.77612 

49 h 0.22015 0 0.77703 0.00282 0.77985 

50 h 0.2031 0 0.79294 0.00397 0.7969 

51 h 0.1892 0 0.80845 0.00235 0.8108 

52 h 0.17804 0 0.8194 0.00256 0.82196 

53 h 0.22991 0 0.76795 0.00213 0.77009 

54 h 0.22274 0 0.77516 0.0021 0.77726 

55 h 0.22729 0 0.77079 0.00192 0.77271 

56 h 0.22873 0 0.7696 0.00167 0.77127 

57 h 0.22844 0 0.76984 0.00172 0.77156 

58 h 0.46486 0 0.53338 0.00176 0.53514 

59 h 0.22858 0 0.76722 0.0042 0.77142 

60 h 0.20776 0 0.78942 0.00282 0.79224 

61 h 0.21125 0 0.78635 0.0024 0.78875 

62 h 0.20971 0 0.78527 0.00501 0.79029 

63 h 0.20702 0 0.79014 0.00284 0.79298 

64 h 0.21114 0 0.78635 0.00251 0.78886 

65 h 0.21925 0 0.77831 0.00244 0.78075 

66 h 0.23587 0 0.76147 0.00266 0.76413 



  CHAPTER 5 

 

280 | P a g e  
 

67 h 0.21817 0 0.77904 0.00278 0.78183 

68 h 0.20426 0 0.79218 0.00356 0.79574 

69 h 0.18801 0 0.80959 0.00241 0.81199 

70 h 0.18133 0 0.81638 0.00229 0.81867 

71 h 0.23614 0 0.7618 0.00206 0.76386 

72 h 0.22762 0 0.77042 0.00195 0.77238 

73 h 0.23399 0 0.76405 0.00196 0.76601 

74 h 0.23164 0 0.76671 0.00165 0.76836 

75 h 0.23098 0 0.76731 0.0017 0.76902 

76 h -0.0696 0 1.0684 0.00115 1.06955 

---------------------------------------------------------- 

* Total *        0.00000    93.95900   208.20372     0.83728   303.00000 

Table 5.19: Summary of Natural Population Analysis for complex 5.3. 

Natural Population 

                 Natural   ----------------------------------- 

Atom 

No 

Charge Core Valence Rydberg Total 

1 ni 0.96653 17.9956 9.00081 0.03709 27.0335 

2 o -0.7376 1.99971 6.72507 0.0128 8.73758 

3 n -0.555 1.99921 5.53276 0.02301 7.55498 

4 o -0.777 1.99978 6.76646 0.01074 8.77697 

5 h 0.46897 0 0.52956 0.00146 0.53103 

6 c 0.17126 1.99906 3.80511 0.02457 5.82874 

7 h 0.20288 0 0.79484 0.00228 0.79712 

8 c -0.1589 1.99893 4.14342 0.01654 6.15889 

9 h 0.23183 0 0.7662 0.00198 0.76817 

10 c -0.0977 1.99884 4.08308 0.01572 6.09765 

11 c -0.4131 1.99915 4.39852 0.01545 6.41313 

12 h 0.20349 0 0.79346 0.00305 0.79651 

13 h 0.21013 0 0.78568 0.00419 0.78987 

14 c -0.4345 1.99915 4.42154 0.0138 6.43448 

15 h 0.20618 0 0.78975 0.00407 0.79382 

16 h 0.21557 0 0.78205 0.00238 0.78443 

17 c -0.0211 1.99915 4.00414 0.01777 6.02107 

18 h 0.17641 0 0.82111 0.00248 0.82359 

19 h 0.17047 0 0.8266 0.00292 0.82953 

20 c -0.2225 1.99894 4.20795 0.01561 6.2225 

21 h 0.22356 0 0.77437 0.00207 0.77644 

22 c -0.4172 1.99912 4.40331 0.01474 6.41718 

23 h 0.20912 0 0.78781 0.00307 0.79088 

24 h 0.2129 0 0.78338 0.00373 0.7871 

25 c -0.2166 1.99882 4.20077 0.01704 6.21662 

26 c -0.1947 1.99911 4.17655 0.01899 6.19465 
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27 h 0.20318 0 0.79429 0.00253 0.79682 

28 h 0.22935 0 0.76685 0.0038 0.77065 

29 c 0.43597 1.99877 3.53212 0.03314 5.56403 

30 c -0.4087 1.99914 4.3958 0.01371 6.40866 

31 h 0.2059 0 0.79114 0.00296 0.7941 

32 h 0.20454 0 0.7923 0.00315 0.79546 

33 c -0.0263 1.99888 4.01166 0.01572 6.02626 

34 c -0.2647 1.9989 4.24792 0.01788 6.26469 

35 h 0.23168 0 0.766 0.00232 0.76832 

36 c -0.1876 1.99893 4.17194 0.01676 6.18763 

37 h 0.22746 0 0.77063 0.00191 0.77254 

38 c -0.2074 1.99895 4.19196 0.01648 6.20739 

39 h 0.22874 0 0.76955 0.00171 0.77126 

40 c -0.2417 1.99894 4.22615 0.0166 6.24169 

41 h 0.22903 0 0.7693 0.00167 0.77097 

42 o -0.7376 1.99971 6.72513 0.01277 8.73761 

43 n -0.5547 1.99921 5.53247 0.02301 7.55468 

44 o -0.7771 1.99978 6.7666 0.01073 8.77711 

45 h 0.46904 0 0.5295 0.00146 0.53096 

46 c 0.1714 1.99906 3.80499 0.02455 5.8286 

47 h 0.20298 0 0.79474 0.00228 0.79702 

48 c -0.1587 1.99893 4.14324 0.01654 6.15872 

49 h 0.2318 0 0.76623 0.00198 0.7682 

50 c -0.0976 1.99884 4.08308 0.01572 6.09764 

51 c -0.4131 1.99915 4.39853 0.01545 6.41313 

52 h 0.20354 0 0.79341 0.00305 0.79646 

53 h 0.21006 0 0.78575 0.00419 0.78994 

54 c -0.4345 1.99915 4.42155 0.01379 6.43449 

55 h 0.20618 0 0.78975 0.00407 0.79382 

56 h 0.21561 0 0.78201 0.00238 0.78439 

57 c -0.0211 1.99915 4.00417 0.01777 6.02108 

58 h 0.1765 0 0.82102 0.00248 0.8235 

59 h 0.17046 0 0.82662 0.00293 0.82954 

60 c -0.2226 1.99894 4.20801 0.01561 6.22256 

61 h 0.22362 0 0.77431 0.00206 0.77638 

62 c -0.4172 1.99912 4.40328 0.01474 6.41715 

63 h 0.2091 0 0.78782 0.00308 0.7909 

64 h 0.21293 0 0.78333 0.00374 0.78707 

65 c -0.2165 1.99882 4.20068 0.01704 6.21654 

66 c -0.1946 1.99911 4.17654 0.01898 6.19463 

67 h 0.20323 0 0.79424 0.00253 0.79677 

68 h 0.22922 0 0.76697 0.00381 0.77078 

69 c 0.43568 1.99877 3.5324 0.03315 5.56432 

70 c -0.4087 1.99914 4.39581 0.01372 6.40866 
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71 h 0.20589 0 0.79115 0.00296 0.79411 

72 h 0.20455 0 0.7923 0.00316 0.79545 

73 c -0.0263 1.99888 4.0117 0.01572 6.02631 

74 c -0.2647 1.9989 4.24794 0.01789 6.26473 

75 h 0.23161 0 0.76607 0.00232 0.76839 

76 c -0.1876 1.99893 4.17193 0.01676 6.18762 

77 h 0.22746 0 0.77063 0.00191 0.77254 

78 c -0.2074 1.99895 4.19195 0.01649 6.20739 

79 h 0.22875 0 0.76954 0.00171 0.77125 

80 c -0.2417 1.99894 4.22618 0.01661 6.24172 

81 h 0.22903 0 0.7693 0.00167 0.77097 

---------------------------------------------------------- 

* Total *        0.00000    97.95850   219.20283     0.83868   318.00000 

Table 5.20: Summary of Natural Population Analysis for complex 5.3-hydride. 

Natural Population 

                 Natural   ----------------------------------- 

1 ni 1.06583 17.9944 8.89065 0.04911 26.9342 

2 o -0.7757 1.99973 6.76089 0.01505 8.77567 

3 n -0.5493 1.99919 5.52623 0.0239 7.54932 

4 o -0.7778 1.99978 6.76734 0.01072 8.77783 

5 c 0.17777 1.99905 3.7984 0.02478 5.82223 

6 c -0.1588 1.99892 4.14335 0.01655 6.15882 

7 c -0.0988 1.99884 4.08418 0.01577 6.09879 

8 c -0.4132 1.99915 4.3987 0.01539 6.41324 

9 c -0.435 1.99915 4.42204 0.01386 6.43504 

10 c -0.0214 1.99915 4.00453 0.01775 6.02143 

11 c -0.2239 1.99894 4.20948 0.0155 6.22392 

12 c -0.4188 1.99912 4.40528 0.01436 6.41876 

13 c -0.2209 1.99883 4.20495 0.01707 6.22085 

14 c -0.1955 1.99911 4.177 0.01937 6.19547 

15 c 0.45223 1.99882 3.51347 0.03548 5.54777 

16 c -0.409 1.99915 4.39593 0.01387 6.40895 

17 c -0.0257 1.99889 4.011 0.01579 6.02567 

18 c -0.2695 1.9989 4.25242 0.01813 6.26945 

19 c -0.1881 1.99893 4.17239 0.01674 6.18805 

20 c -0.2074 1.99895 4.19185 0.01654 6.20735 

21 c -0.242 1.99894 4.22639 0.01668 6.24201 

22 o -0.793 1.99973 6.77784 0.01543 8.793 

23 n -0.5549 1.99921 5.53128 0.02439 7.55487 

24 o -0.7772 1.99978 6.76665 0.01072 8.77715 

25 c 0.1744 1.99905 3.8016 0.02495 5.8256 

26 c -0.1569 1.99893 4.14144 0.01652 6.15689 

27 c -0.0968 1.99884 4.08223 0.01572 6.09679 
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28 c -0.4127 1.99915 4.39818 0.01538 6.41272 

29 c -0.4344 1.99915 4.42137 0.01385 6.43436 

30 c -0.0211 1.99915 4.00422 0.01777 6.02114 

31 c -0.222 1.99894 4.20759 0.01549 6.22202 

32 c -0.4176 1.99912 4.40469 0.01383 6.41764 

33 c -0.2134 1.99883 4.19765 0.01691 6.21338 

34 c -0.1956 1.99912 4.17705 0.01946 6.19562 

35 c 0.45129 1.99881 3.51465 0.03525 5.54871 

36 c -0.4103 1.99915 4.39722 0.0139 6.41027 

37 c -0.0259 1.99888 4.01125 0.01575 6.02588 

38 c -0.2673 1.9989 4.25042 0.01798 6.2673 

39 c -0.1878 1.99893 4.17217 0.01674 6.18784 

40 c -0.2067 1.99895 4.19128 0.01651 6.20674 

41 c -0.24 1.99894 4.22445 0.01663 6.24001 

42 h 0.46952 0 0.52903 0.00145 0.53048 

43 h 0.20255 0 0.79511 0.00234 0.79745 

44 h 0.23151 0 0.76647 0.00202 0.76849 

45 h 0.20414 0 0.79281 0.00304 0.79586 

46 h 0.20935 0 0.78642 0.00423 0.79065 

47 h 0.20633 0 0.78959 0.00408 0.79367 

48 h 0.2161 0 0.78153 0.00237 0.7839 

49 h 0.17675 0 0.82078 0.00247 0.82325 

50 h 0.17106 0 0.82602 0.00291 0.82894 

51 h 0.22291 0 0.77499 0.00211 0.77709 

52 h 0.21118 0 0.78577 0.00305 0.78882 

53 h 0.21394 0 0.78284 0.00322 0.78606 

54 h 0.2074 0 0.79007 0.00253 0.7926 

55 h 0.23018 0 0.76582 0.004 0.76982 

56 h 0.20615 0 0.79089 0.00296 0.79385 

57 h 0.20663 0 0.79023 0.00314 0.79337 

58 h 0.2282 0 0.76913 0.00266 0.7718 

59 h 0.22735 0 0.77073 0.00192 0.77265 

60 h 0.22849 0 0.76979 0.00172 0.77151 

61 h 0.22878 0 0.76956 0.00166 0.77122 

62 h 0.46913 0 0.52942 0.00146 0.53087 

63 h 0.20329 0 0.7943 0.00241 0.79671 

64 h 0.23176 0 0.76622 0.00202 0.76824 

65 h 0.2037 0 0.79326 0.00304 0.7963 

66 h 0.20932 0 0.7866 0.00408 0.79068 

67 h 0.206 0 0.78994 0.00406 0.794 

68 h 0.21566 0 0.78196 0.00237 0.78434 

69 h 0.17663 0 0.8209 0.00247 0.82337 

70 h 0.17049 0 0.82659 0.00292 0.82951 

71 h 0.22299 0 0.77488 0.00213 0.77701 
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72 h 0.20625 0 0.7911 0.00265 0.79375 

73 h 0.22333 0 0.77241 0.00426 0.77667 

74 h 0.20842 0 0.78898 0.00261 0.79158 

75 h 0.2258 0 0.77144 0.00275 0.7742 

76 h 0.20519 0 0.7918 0.00301 0.79481 

77 h 0.20478 0 0.79187 0.00335 0.79522 

78 h 0.23233 0 0.76509 0.00258 0.76767 

79 h 0.22779 0 0.7703 0.00191 0.77221 

80 h 0.22891 0 0.76938 0.00171 0.77109 

81 h 0.22928 0 0.76905 0.00166 0.77072 

82 h -0.0569 0 1.05434 0.00252 1.05686 

---------------------------------------------------------- 

* Total *       -0.00000    97.95747   220.17710     0.86543   319.00000 

Table 5.21: Dipole moment of complexes (5.1, 5.2 and 5.3) 

Complex 

5.1 

$dipole from dscf 

x    -0.00594651188212    y     0.00130130527805    z    -0.01100192940339    

a.u. 

   | dipole | =    0.0319592898  debye 

Complex 

5.2 

$dipole from dscf 

x    -0.00445480443091    y     0.00240391006082    z     0.00209883938714    

a.u. 

   | dipole | =    0.0139285960  debye 

Complex 

5.3 

$dipole from dscf 

x    -0.00320946676061    y     0.00006161043984    z     0.00221978258378    

a.u. 

   | dipole | =    0.0099200225  debye 

 

5.4 Conclusions 

In summary, we have been successful to synthesize three mononuclear nickel(II) with 

similar N,O donor ligands and characterized them by several standard methods. These 

complexes have been found to be active electrocatalyst for hydrogen evolution reaction using 

acetic acid and trifluoroacetic acid as the substrates in DMF. TOF values of these catalysts 

decrease with the increase in chain length of hydroxyalkyl group. The Ni(II) centres in these 

complexes is reduced Ni(I) species and then converted to Ni(III)-hydride which ultimately 

generates hydrogen and returns to Ni(II) state. This possible mechanism has been supported by 

theoretical calculations. Thus, in this study, it has been shown that the length of alkyl side chain 
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has significant effect in catalytic ability in HER reaction and can be judiciously designed to get 

optimized efficiency. 
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Chapter 6 

 

Mononuclear nickel and copper complexes as 

electrocatalyst for generation of hydrogen from 

acetic acid 

Abstract 

Ever increasing use of conventional energy and demand of clean renewable energy 

inspires many researchers to produce effective systems for hydrogen generation. 

Herein we report two mononuclear complexes, [NiL] (Complex 6.1) and [CuL] 

(Complex 6.2), where H2L is 1,1'-(1E,1'E)-(propane-1,2-diylbis(azan-1-yl-1-

ylidene))bis(methan-1-yl-1-ylidene)dinaphthalen-2-ol, as electrocatalyst for 

hydrogen evolution reaction using acetic acid as the substrate. Both of the 

complexes have been synthesized under mild conditions and characterized by 

several methods. Single crystal X-ray structure of Complex 6.1 shows square planar 

geometry around nickel center. These complexes have effectively been used to 

reduce proton to generate hydrogen. Different control experiments have been 

carried out to understand the role of these catalysts and find their relevance in this 

regard. Turnover frequency (TOF) values for 6.1 and 6.2 have been determined as 

653.1 and 777.5 s-1, respectively. Hydrogen is evolved via reduction of metal center 

followed by formation of metal hydride species. 
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6.1 Introduction 
The dramatic increase in the efforts to develop clean and renewable energy is observed 

now-a –days to address the problems of increasing worldwide demand for energy and the low 

abundance of conventional fuels.6.1 Majority of worldwide consumed energy is derived from 

fossil fuel, which causes higher emissions of CO2 to the environment resulting into the 

greenhouse effect.6.2 Present renewable energy sources such as solar, wind or geothermal 

energy exhibit low efficiency in energy delivery due to their temporal and spatial 

intermittencies limiting their application on regular basis.6.3 A perspective solution of this 

problem is the storage of the energy obtained from these diluted sources via the conversion of 

electricity to chemical energy by electrolysis of water. In this context, the most promising fuel 

candidate is hydrogen owing to its high gravimetric energy density, relatively high abundance, 

and zero emission during consumption.6.4 

The electrocatalytic hydrogen evolution reaction (HER), a half reaction as well as the 

vital step of water electrolysis to H2 production, become the appealing subject of extensive 

study over the past decades. Even though HER involves simple reactants and only two electrons 

for each hydrogen molecule, the multiple elemental reactions provide an accumulation of 

energy barriers resulting in slow kinetics.6.5 This has led to the development of molecular 

catalysts which can play significant roles in expediting the reactions. Among all HER catalysts, 

platinum-based catalysts stand out first with almost no overpotential at the onset and rapid 

current increase over voltage increment.6.6 But its large-scale utilization as the catalyst is 

restricted due to its scarcity and high cost. Thus, it promotes the development of alternative 

molecular catalysts involving more abundant metals with high activity and durability.6.7 In this 

context, molecular catalysts involving Ni6.8 and Cu6.9 are worth mentioning. Many of these 

complexes show impressive TOFs in organic solvents and are supported by ligands such as 

N2P2 core,6.10 macrocyclic oximes,6.11 polypyridines,6.12 thiolates6.13 and porphyrins.6.14 The 

structural studies suggest that when a basic nitrogen or oxygen atom is incorporated into the 

backbone of the dithiolate ligand,6.15 the amine6.16 or oxygen6.17 cofactor facilitates the 

cleavage/formation of the hydrogen-hydrogen bond and the transfer of protons to and from the 

distal metal center.6.17 

In this chapter, the electrocatalytic proton reduction reaction (or HER) by two neutral, 

monomeric transition metal complexes, [ML] (M = Ni, Complex 6.1; M = Cu, Complex 6.2; 

H2L=1,1'-(1E,1'E)-(propane-1,2-diylbis(azan-1-yl-1-ylidene))bis(methan-1-yl-1-

ylidene)dinaphthalen-2-ol) with a tetradentate Schiff-base ligand are being reported (Scheme 
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6.1). They have been synthesized by conventional method and characterized by several 

standard methods. These have been used as electrocatalyst to generate hydrogen from acetic 

acid. The purpose of this study is to examine the effect of change of metal centre on the 

generation of hydrogen evolution reaction. So, Ni- and Cu- complexes have been selected. 

 

 

Scheme 6.1: Synthetic route to Complex 6.1 and 6.2. (i) 2-Hydroxy-1-napthaldehyde:1,2-

diaminopropane = 2:1, Refluxed in acetonitrile for 3 h; (ii) H2L: Metal salt = 1:1, Refluxed in 

acetonitrile for 1 h, Ni(ClO4)2 for Complex 6.1 and Cu(NO3)2 for Complex 6.2. 

6.2 Experimental Section 

6.2.1 Materials and physical methods 

2-Hydroxy-1-napthaldehyde, 1,2-diaminopropane, nickel(II) perchlorate hexahydrate 

and copper(II) nitrate trihydrate were purchased from Sigma Aldrich and were used as received. 

Other reagents and solvents were used without any purification after purchasing from different 

commercial sources. Elemental analyses of Complex 6.1 and 6.2 were performed using a 

Perkin–Elmer 2400C elemental analyzer. 1H NMR spectrum of the Schiff-base ligand, H2L, 

was recorded on Bruker 400 MHz spectrometer. The UV-visible spectral measurements of 

Complex 6.1 and 6.2 were done in Agilent 8453 diode array spectrophotometer. FT-IR spectra 

of the ligand and the complexes were measured on a Perkin Elmer spectrometer (Spectrum 

Two) with the samples by using ATR method. Cyclic voltammograms (CVs) were obtained on 

a computer supported potentiostat (AUTOLAB company) under air-free conditions employing 

the usual three-electrode cell. Here, a graphite electrode was used as a working electrode, a 

saturated Ag/AgCl electrode was used a reference electrode and platinum wire was considered 

as the auxiliary electrode. The surface area of the working electrode was measured to be 0.12 

cm2. Gas chromatography (Model no. 7890B (G3440B), serial no. CN14333203 fitted with 

TCD) was used to detect the gas during bulk electrolysis. 500 µL gas was collected from the 

head space with the help of a gas tight syringe and was injected through the inlet of the gas 

chromatography. Faradaic efficiency was determined using an inverted burette in which the 



  CHAPTER 6 

 

293 | P a g e  
 

evolved gas displaced the volume of the solvent. By applying the conversion factor of 1 mol of 

gas corresponds to 22.4 L, the evolved moles of hydrogen can be quantified. 

CAUTION: Perchlorate salts are potentially explosive. Small amount of the salt should be 

handled with care. 

6.2.2 Syntheses of ligand and complexes  

6.2.2.1 Synthesis of 1,1'-(1E,1'E)-(propane-1,2-diylbis(azan-1-yl-1-ylidene))bis(methan-1-

yl-1-ylidene)dinaphthalen-2-ol (H2L) 

1,2-Diaminopropane (0.3 mmol, 25.56 µL) was added to an acetonitrile solution of 2-

hydroxy-1-napthaldehyde (0.3 mmol, 0.052 g) dropwise under stirring condition. Stirring was 

continued for 30 min. The color of the reaction mixture turned yellow and it was then refluxed 

for 3 h. The mixture was then cooled to room temperature and was filtered. Solid product was 

obtained after few days on slow evaporation of acetonitrile. Data for H2L: Yield = 0.103 g, 

90%; anal. calc. (%) for C25H22N2O2: C, 78.51; H, 5.80; N, 7.32. Found: C, 78.43; H, 5.76; N, 

7.19; 1H NMR (400 MHz, DMSO-d6, δ ppm, TMS) 14.46 (2H, s), 9.15 (2H, s), 7.74 (2H, d, J 

= 6 Hz), 7.63 (2H, d, J = 8 Hz), 7.43 (2H, d, J = 7.2 Hz), 7.21 (2H, t, J = 8.0 Hz), 6.80 (2H, t, J 

= 9.2 Hz), 6.70 (2H, d, J = 7.2 Hz), 4.12 (2H, d, J = 3.6 Hz), 3.98 (1H, m), 1.44 (3H, d, J = 6.4 

Hz); ESI-MS+ (m/z): 405.08 [(H2L + Na+)]. 

6.2.2.2 Synthesis of [Ni(L)] (6.1)  

A solution of nickel(II) perchlorate hexahydrate (0.3 mmol, 0.1097 g) in acetonitrile (5.0 

mL) was added dropwise to 5.0 mL acetonitrile solution of H2L (0.3 mmol, 0.115 g) under 

continuous stirring condition. The mixture was stirred till it turned greenish. Then, it was 

refluxed for 1 h. Color of the solution changed to dark green. The mixture was then cooled to 

room temperature and filtered to remove solid material, if any. The filtrate was kept in beaker 

under ambient condition for slow evaporation. Green crystals of Complex 6.1 suitable for single 

crystal X-ray diffraction were produced after four to five days. Data for 6.1: Yield, 0.086 g, 

65%; anal. calc. for C25H20NiN2O2: C, 68.38; H, 4.59; N, 6.38; found: C, 68.33; H, 4.45; N, 

6.30%. ESI-MS+ (m/z): 440.11 [(Ni(L) + H+)]. 

6.2.2.3 Synthesis of [Cu(L)] (6.2)  

To 5.0 mL acetonitrile solution of H2L (0.3 mmol, 0.115 g), an acetonitrile solution (5.0 

mL) of copper(II) nitrate trihydrate (0.3 mmol, 0.0725 g) was added dropwise under continuous 

stirring condition. The mixture was stirred for another 30 min. Then, it was refluxed for 1 h. 

The mixture was then filtered to remove suspended material and/or precipitate, if any. Green 

crystalline product was obtained on slow evaporation of the solvent within few days. Data for 
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6.2: Yield, 0.063 g, 72%; anal. calc. for C25H20CuN2O2: C, 67.63; H, 4.54; N, 6.31; found: C, 

67.53; H, 4.46; N, 6.36%. ESI-MS+ (m/z): 444.10 [(Cu(L) + H+)]. 

6.2.3 X-ray data collection and structure determination 

Data collection and refinement parameters for Complex 6.1 are summarized in Table 

6.1. Single crystal data collections were performed with an automated Bruker D8 VENTURE 

diffractometer using graphite monochromatized Mo Kα radiation. The spots were measured 

using 10 s counting time. Unit cell parameters were determined from least-squares refinement 

of setting angles with θ in the range 2.29 ≤θ ≤ 26.32°. Data were processed using the 

Bruker SAINT package.6.18 Absorption corrections based on multi scans using the SADABS 

software were applied to all intensity data. The structures were solved by direct methods using 

SHELXT6.19 and refined by full-matrix least-squares techniques on F2 using the SHELXS-

2014/7 program.6.20 The absorption corrections were done by the multi-scan technique. All data 

were corrected for Lorentz and polarization effects, and the non-hydrogen atoms were refined 

anisotropically.  

6.3 Results and discussion  

6.3.1 Synthesis and characterization of the ligand 

Ligand, H2L, has been synthesized by a typical Schiff base condensation reaction 

between two equivalents of 2-hydroxy-1-napthaldehyde and one equivalent of 1,2-

diaminopropane in acetonitrile (Scheme 1). The product has been obtained in high yield. One 

equivalent of H2L has been allowed to react with one equivalent of metal salts (Ni(ClO4)2 for 

Complex 6.1 and Cu(NO3)2 for Complex 6.2) to produce the mononuclear transition metal 

complexes without adding any external base for the deprotonation of phenolic OH groups. 

Metal complexes are also obtained in good yield.  

H2L has been characterized by a number of standard techniques such as elemental 

analysis, mass spectrometry, FT-IR and 1H NMR spectral analysis. ESI-mass spectrum of the 

ligand has been obtained with methanolic solution (Figure 6.1). Mass spectrum exhibits the 

most intense peak at an m/z value of 405.08 which may be attributed to the [H2L+ Na+] species 

(calculated value: 405.16). This supports the formation of the Schiff base ligand.  
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Figure 6.1: Mass spectrum of H2L in methanol. 

The FTIR spectrum of the ligand, H2L, exhibits a broad band at 3420 cm−1 due to O–H 

stretching indicating the presence of hydroxyl group (Figure 6.2). Considering the hydrocarbon 

part, for aromatic C-H bond, νC–H is observed at 3044 cm-1, whereas the band observed at 2953 

cm-1 may be assigned to νC–H for aliphatic C-H bond. An intense band around 1609 cm-1 is also 

observed due to the stretching vibration of the azomethine group. These bands strongly support 

the formation and structure of the Schiff base ligand. 

 

Figure 6.2: FTIR spectrum of of H2L. 

The ligand has further been characterized by 1H NMR spectral studies (Figure 6.3). 

Spectrum has been obtained in DMSO-d6. It shows a peak at 14.46 ppm which indicates the 

presence of phenolic OH group. The peak at 9.15 ppm may be due to the presence of imine 
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proton indicating formation of the Schiff-base compound. Signals for aromatic protons (7.74-

6.70 ppm) and methylene protons (4.12 ppm) appear in the appropriate positions. Signal for 

methyl protons appears at 1.44 ppm. Thus, NMR spectral study confirms the formation of H2L. 

 

Figure 6.3: 1H NMR spectrum of H2L in DMSO-d6. 

6.3.2 Characterization of the complexes 

6.3.2.1 Crystal structure of complex 6.1 

Complex 6.1 crystallizes in the P 21/n space group from methanol. A perspective view 

of the complex is shown in Figure 6.4. Selected bond angles and bond lengths are listed 

in Table 6.2. Complex 6.1 consists of one deprotonated ligand and one nickel atom. Nickel 

atom is in a tetracoordinated environment. Ni1 is coordinated to four heteroatoms, two oxygen 

atoms (O1, O2) and two nitrogen atoms (N1, N2) of the ligand. It is almost a perfect square 

planar molecule as evident from the four-coordinate τ4 index value. τ4 index indicates 

tetrahedral or square planar geometry of a tetracoordinate complex and it is calculated from the 

following equation:6.21  

τ4 = 
360° − (𝛼+𝛽)

141°
 

here α and β signifies the values of the two largest donor-metal-donor angles of the 

tetra-coordinated complex. Values of τ4 are 1.00 and 0.00 an ideal tetrahedral geometry and 

square planar geometry, respectively. For Complex 6.1, the value of τ4 has been determined to 

be 0.016 indicating almost perfect square planar geometry around the metal center. Both the 

trans angles O1‒Ni1‒N1 and O2‒Ni1‒N2 are close to 180° (178.88° and 178.83° respectively) 

and the O‒Ni‒N bond angles are very close to the ideal 90°. The Ni‒O and Ni‒N bond lengths 

are also in good agreement with the literature values.6.22 
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Figure 6.4: A perspective view of complex 6.1 with displacement ellipsoids drawn at the 

50% probability level. 

Table 6.1: Crystal data of complex 6.1 

 

Complex 6.1 

Formula C25H21N2NiO2 

Formula weight 440.13 

T (K) 298(2) 

Crystal color brown 

Crystal system monoclinic 

Space group P 21/n 

a (Å) 14.4230 (12) 

b (Å) 8.2705 (6) 

c (Å) 17.6642 (15) 

α (°) 90 

β (°) 111.738 (2) 

γ (°) 90 

V (Å3) 1957.2 (3) 

Z 4 

Crystal dimensions 

(mm) 

0.3 × 0.2 × 0.2 

F(0 0 0) 916 

Dc (g cm−3) 1.494 

λ (Mo Kα) (Å) 0.71073 
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θ Range (°) 2.29- 26.32 

Reflection collected/ 

unique/observed 

25059, 3986, 

3153 

Absorption correction multi-scan 

Rint 0.0846 

Final R1 index [I > 2σ(I)] 0.1088 

Final wR2 index (all 

reflections) 

0.2160 

Goodness-of-fit 1.384 

 

Table 6.2: Selected bond length (Å) and bond angles (º) of Complex 6.1 

Ni1‒O2 1.847 (4) 

Ni1‒O1 1.843 (3) 

Ni1‒N1 1.833 (4) 

Ni1‒N2 1.837 (4) 

  

O2‒Ni1‒O1 85.25 (15) 

O2‒Ni1‒N1 93.86 (17) 

O1‒Ni1‒N1 178.88 (17) 

O2‒Ni1‒N2 178.83 (17) 

O1‒Ni1‒N2 94.61 (17) 

N1‒Ni1‒N2 86.30 (19) 

 

6.3.2.2 UV-vis spectral studies 

The UV-vis spectra of Complex 6.1 and 6.2 have been recorded in the range of 200–

800 nm in DMF at room temperature (Figure 6.5). A broad band is observed at 684 nm (ε = 

13.5 M-1 cm-1) for Complex 6.1 and 767 nm (ε = 15.76 M-1 cm-1) for Complex 6.2, which may 

be attributed to the d–d transition. Since, both the complexes are almost centro-symmetric, it 

allows very little mixing of d and p orbitals in metal center. The bands at 270 nm (ε = 135810 

M-1 cm-1) for Complex 6.1 and 277 nm (ε = 128910 M-1 cm-1) for Complex 6.2 may be assigned 

to n–π* transitions of the C=N groups. Another band at 318 nm (ε = 50550 M-1 cm-1 for complex 

6.1 and 83420 M-1 cm-1 for Complex 6.2) for both the complexes may be attributed to ILCT 

(intra-ligand charge transfer). The higher intensity charge-transfer transition has been observed 
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at 425 nm (ε = 14860 M-1 cm-1) for Complex 6.1 and 393 nm (ε = 42350 M-1 cm-1) for Complex 

6.2. These are attributed to O− (of naphthalen-1-olate) → Metal(II), N(amino) → Metal(II) 

LMCT (transfer occurs from the MO with ligand-like character to the metal-like one) 

transitions. 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: UV-vis spectra of (A) Complex 6.1 and (B) Complex 6.2 in DMF. 

6.3.2.3 FTIR spectral studies  

The FTIR spectra of Complex 6.1 and Complex 6.2 show typical changes for Schiff 

base coordination when compared with the FTIR spectrum of the corresponding ligand (Figure 

6.6 and 6.7). The presence of hydrocarbon part has been evidenced by the appearance of 

characteristic unsymmetrical and symmetrical frequencies of νC–H observed in the spectra. For 

aromatic C-H bond, νC–H has been observed at 3050 cm-1 for Complex 6.1 and 3061 cm-1 for 

Complex 6.2 whereas the corresponding value for free ligand is 3044 cm-1.  The bands observed 

at the range of 2964-2856 cm-1 for Complex 6.1 and 2980-2874 cm-1 for Complex 6.2 may be 

assigned to νC–H for aliphatic C-H bond. The corresponding peak for free H2L appears at 2953 

cm-1. An intense band at 1604 cm-1 for Complex 6.1 and 1613 cm-1 for Complex 6.2 is observed 

due to the stretching vibration of the azomethine group. The conclusive evidence for the 

formation of Ni–N and Ni–O bonds in the IR spectrum of Complex 6.1 is also shown by the 

appearance of new bands at around 425 and 590 cm−1 which may be attributed to νNi-N stretching 

frequency and νNi-O stretching frequency respectively. Similarly, for Complex 6.2 the bands at 

531 and 413 cm−1 give the evidence for the formation of Cu–N and Cu–O bonds, respectively. 

These bands suggest that the metallic ion has effectively coordinated to the four coordinating 

heteroatoms (ONON).  

(A) (B) 
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Figure 6.6: FTIR spectrum of complex 6.1. 

 

Figure 6.7: FTIR spectrum of complex 6.2. 

6.3.2.4 ESI-mass spectral studies 

ESI-mass spectra of Complex 6.1 and 6.2 have been obtained with their methanolic 

solutions (Figure 6.8 and 6.9). Mass spectrum of 6.1 exhibits the most intense peak at an m/z 

value of 440.11 which may be attributed to the {[Ni(L)] + H+} species (calculated value 

440.14). For Complex 6.2, the most intense peak is observed at an m/z value of 444.10, which 

may be attributed to the {[Cu(L)] + H+} species (calculated value 444.09). The results indicate 

the formation of these complexes and also suggest both the complexes exist mainly as 

mononuclear species in methanol solution.  
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Figure 6.8: Mass spectrum of Complex 6.1 in methanol. 

 

Figure 6.9: Mass spectrum of Complex 6.2 in methanol. 

6.3.2.5 Electrochemistry  

6.3.2.5.1 Cyclic voltammetric studies  

Cyclic voltammograms of both the complexes (0.5 mM) have been recorded at a scan 

rate of 50 mV s-1 in air-free DMF containing 0.1 M TBAB at a freshly polished graphite carbon 

electrode in the range of –2.0 V to +0.5 V versus Fc/Fc+ (Figure 6.10). For Complex 6.1, 

central feature of the cyclic voltammogram is the presence of nickel(II)–nickel(I) redox couple 

with a cathodic peak potential (Epc) of -1.76 V and an anodic peak potential (Epa) of -1.36 V.6.23 

Another nickel(III)–nickel(II) redox couple is observed with a cathodic peak potential (Epc) of 

-1.09 V and an anodic peak potential (Epa) of -0.84 V.6.24 The central feature of the cyclic 
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voltammogram of Complex 6.2 is the copper(II)–copper(I) redox couple with a cathodic peak 

potential (Epc) of -1.54 V and an anodic peak potential (Epa) of -1.01 V. When the potential 

window has been set to -2.0 V to +2.0 V, for both the complexes, a peak around -0.02 V 

appeared for the solvent DMF and another redox event for the Fc/Fc+ couple is observed for 

each of the complexes at E1/2= 0.5 V (Figure 6.10 inset). 

 

Figure 6.10: Cyclic voltammograms of (a) Complex 6.1 and (b) Complex 6.2 in air free DMF 

solutions with 0.1 M of TBAB as supporting electrolyte at a scan rate of 50 mV/s electrode in 

the range of –2.0 V to +0.5 V versus Fc/Fc+ (Inset: Cyclic voltammograms in the -2.0 V to +2.0 

V versus Fc/Fc+ region). 

Analyses of the cathodic current for Complex 6.1 and 6.2 in DMF at the multiple scan 

rates from 0.02 to 0.25 V/s have been used to construct a Cottrell plot Figure 6.11. The plots 

depict linear dependence of the current response on the square root of the scan rate (Figure 

6.11). This indicates that for both the complexes, the reduction is diffusion limited with a 

diffusion coefficient of 0.88 × 10-3 for Complex 6.1 and 1.57 × 10-3 for Complex 6.2.  

Determination of Diffusion Coefficient (D) for complex 6.1 and complex 6.2  

Using the Randles-Sevcik equation, 

𝑖𝑃 = 0.4463 (
𝑛3𝐹3

𝑅𝑇
)

1/2

𝐴[𝑐𝑎𝑡](𝐷𝑣)1/2 

where, ip = peak current (amperes), n = number of electrons transferred in a redox cycle, 

F =Faraday’s constant (96485 C/mol), R = universal gas constant (8.314 J.K-1.mol-1), T = 

absolute temperature (298 K), A = the electrode surface area in working electrode (0.12 cm2), 

C = molar concentration of redox-active species (mol/cm3), D = the diffusion coefficient 

(cm2/s), ν = scan rate in V/s. 
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Plotting peak current (ip) versus the square root of the scan rate (v)1/2 

𝑆𝑙𝑜𝑝𝑒 = 0.4463 (
𝑛3𝐹3

𝑅𝑇
)

1/2

𝐴[𝑐𝑎𝑡](𝐷)1/2 

Complex Slope Diffusion coefficient (cm2/s) 

6.1 0.048 0.88 × 10-3 

6.2 0.064 1.57 × 10-3 

 

 

Figure 6.11: Scan rate dependence of precatalytic waves for 0.5 mM solutions of (a) complex 

6.1 and (b) complex 6.2 at scan rate from 0.02 to 0.25 V/s in DMF solutions with 0.1M TBAB 

as supporting electrolyte and Cottrell plot of peak current versus the square root of scan rate 

for (c) complex 6.1 and (d) complex 6.2. 

6.3.2.5.2 Electrocatalytic Hydrogen Evolution in DMF: CV Studies 

The performance of Complex 6.1 and 6.2 as effective electrocatalysts for the hydrogen 

evolution reaction has been investigated in DMF under nitrogen atmosphere using acetic acid 

as a proton source (pKa = 13.5).6.25 The addition of CH3COOH aliquots from 0.00 to 35.00 mM 

to the solutions of 6.1 and 6.2 in DMF triggers the systematic increase in catalytic current (icat) 
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at ‒1.76 V and ‒1.54 V respectively, versus Fc/Fc+ (Figure 6.12). The current enhancement 

occurs in the presence of both the complexes with the increase in the concentration of acid, is 

a signature of electro-catalytic proton reduction. It has been observed that the catalytic to peak 

current ratio (icat/ip) increases linearly for both the complexes with increasing acid concentration 

(Figure 6.13). 

Figure 6.12: Cyclic voltammograms of a 0.5 mM of (a) complex 6.1 and (b) complex 6.2 in 

air free DMF with varying concentrations of acetic acid. Conditions: Graphite carbon working 

electrode, Pt counter electrode, Ag/AgCl reference electrode, 0.1 M TBAB as supporting 

electrolyte, scan rate of 50 mV/s. Ferrocene as an internal standard. 

 

 

Figure 6.13: Plot of icat/ip vs [CH3COOH] for 0.5 mM of complex 6.1 and complex 

6.2 at scan rate of 50 mVs-1. 
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This is to note that the position of the peak is independent of the acid concentration and 

corresponds to a one-electron reduction of the protonated complex to complex-H.6.26 Moreover, 

for both the complexes, the catalytic current strength at the potential corresponding to Metal(II) 

‒ Metal(I) decreases with the addition of triethylamine (TEA) (Figure 6.14). This finding can 

be attributed to the neutralization of hydrogen proton in Metal-H by TEA. These results can be 

attributed to the fact that the reduction of Metal(II) to Metal(I) and protonation are possibly 

responsible for hydrogen generation in the above electrocatalytic system. 

 

An electrocatalytic cycle for proton reduction to hydrogen is proposed (Scheme 2) on the basis 

of the above observations and literature precedent.[24] It is evident from the scheme that the 

Metal (I) species (b) is obtained by one-electron reduction of Metal (II) species (a). Then the 

introduction of hydrogen proton (H+) results in the formation of one Metal (III)-H species (c). 

Another one-electron reduction of the Metal (III)-H species leads to the formation of the Metal 

(II)-H species (d). Dihydrogen is afforded by further introduction of hydrogen proton (H+) 

along with the regeneration of the starting sample. 

 

 

Figure 6.14: Cyclic voltammograms of 0.5 mM (a) complex 6.1 and (b) complex 6.2 in air free 

DMF (black), in presence of acetic acid (red); in presence of acetic acid and triethylamine 

(TEA). Conditions: Graphite carbon working electrode, Pt counter electrode, Ag/AgCl 

reference electrode, 0.1 M TBAB as supporting electrolyte, scan rate 50 mV/s. Ferrocene 

internal standard. 

An electrocatalytic cycle for proton reduction to hydrogen is proposed (Scheme 6.2) 

on the basis of the above observations and literature precedent.6.27 It is evident from the scheme 

that the Metal (I) species (b) is obtained by one-electron reduction of Metal (II) species (a). 

Then the introduction of hydrogen proton (H+) results in the formation of one Metal (III)-H 

species (c). Another one-electron reduction of the Metal (III)-H species leads to the formation 

of the Metal (II)-H species (d). Dihydrogen is afforded by further introduction of hydrogen 

proton (H+) along with the regeneration of the starting sample. 
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Scheme 6.2: A possible electrocatalytic mechanism for proton reduction to hydrogen by 

Complex 6.1 and 6.2. 

From the probable electrocatalytic mechanism for the reduction of proton to hydrogen 

in the presence of Complex 1 and 2, it is evident that the conversion of metal(II) to metal(I) 

during the electrocatalytic process is an important step. This step is much more feasible for 

copper(II) complex than that of nickel(II) complex as d9 configuration of Cu(II) is converted to 

more stable configuration (Cu(I) [d10]), whereas [d8] configuration of Ni(II) is converted to [d9] 

configuration. Moreover, redox potential values of copper(II)–copper(I) redox couple and 

nickel(II)–nickel(I) redox couple also support this fact. These may be the possible reason for 

better catalytic activity of copper complex than nickel complex.  

Over potential for hydrogen evolution has been calculated using following methods 

reported by Fourmond et al.6.25 from the theoretical half wave potential, ET
1/2 and the 

experimental potential Ecat/2 (Equation 6.1).   

Over potential(η) = |E1
2⁄

𝑇 − Ecat
2⁄ |………………… (6.1) 

Based on Equation 6.1, this reduction occurs at an over potential of 0.29 V and –0.13 V 

for complex 6.1 and 6.2, respectively. Thus, the catalytic activity of the both the homogeneous 

catalysts as obtained from the overpotential value is in the order: Complex 6.2> Complex 6.1. 

Over potential Calculations:  

Calculations of ET
1/2 (= Eref) and ɳ using E⁰H⁺/H₂, pKa, ƐD and 𝐶⁰H₂ using Fourmond’s approach. 



  CHAPTER 6 

 

307 | P a g e  
 

𝐸1/2
𝑇 = 𝐸𝐻+/𝐻2

0 − 2.303
𝑅𝑇

𝐹
𝑝𝐾𝑎 + Ɛ𝐷 −

𝑅𝑇

2𝐹
𝑙𝑛

𝐶0

𝐶𝐻2

0  

ET
1/2 for Complex 6.1 and 6.2 with 35mM CH3COOH in DMF 

𝐸1/2
𝑇 = (−0.62) − 2.303

8.314 ×  298

96485
13.5 + 0.04 −

8.314 ×  298

2 ×  96485
𝑙𝑛

35

1.9
 

𝐸1/2
𝑇 = −1.41 𝑣𝑠 𝐹𝑐+/𝐹𝑐 

 

 

 

 

6.3.2.5.3 Stability analysis of the catalyst 

The stability of Complex 6.1 and 6.2 have been checked by repeated cyclic voltammetry 

(CV) studies upto 200 cycles using acetic acid as proton source (Figure 6.15). It has been 

observed that no new peaks are generated in the CV for both the complexes and also the colour 

of the solutions remain the same during the study.  

 

Figure 6.15: Repeated cyclic voltammetry studies of (a) complex 6.1 and (b) complex 6.2, 

(c) Peak current vs. cycle number profiles for both the complexes. 

Complex Overpotential 

6.1 -1.41-(-1.70) = 0.29 

6.2 -1.41-(-1.27) = -0.13 
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In both cases, at first, the reduction peak current increases and reaches almost steady 

value after 15th cycle for Complex 6.1 and 10th cycle for Complex 6.2. The peak current with 

respect to the lowest amount is increased by 10% for Complex 6.1 and 18% for Complex 6.2. 

The current of Complex 6.2 is always greater than that of Complex 6.1. The enhancement in 

reduction peak current during repeated cyclic voltammetric operation might be due to the 

cleansing of the fine surface of the electrode and opening up of new channels by initial H+ ion 

penetration at the metal center and associated H2 evolution. Thus, more active sites of the 

electrode surface are opened up for further reaction.  

6.3.2.5.4 Electrocatalytic Hydrogen Evolution: CPE Studies  

Evidence for the electrocatalytic activity of 6.1 and 6.2 for HER has been evaluated in 

DMF by conducting Controlled-potential electrolysis (CPE) experiments over a period of 1 h. 

Figure 6.16 shows the total charge of bulk electrolysis of 0.5 mM of Complex 6.1 and 6.2 

separately in DMF in the presence of 35 mM of acetic acid. Results are summarized in Table 

6.3.  

 

Figure 6.16: Charge buildup vs time plots in the CPE experiments of (a) Complex 6.1 at 

potential ‒1.76 V versus Fc/Fc+ and (b) Complex 6.2 at ‒1.54 V versus Fc/Fc+. Conditions: 0.5 

mM of the complex in air free DMF with 0.1 M TBAB as supporting electrolyte and 35 mM 

CH3COOH as the proton source. 

At an applied potential of -1.76 V versus Fc/Fc+ for Complex 6.1 and -1.54 V versus 

Fc/Fc+ for Complex 6.2, the maximum charges reached during 1 h of electrolysis are 2.7 C and 

3.4 C respectively, accompanied by appearance of gas bubbles on surface of the electrode 

(Figure 6.17). However, CPE experiments under the respective potentials, the solution without 

any catalyst gives a charge of only 0.1 C. This study suggests that both these complexes are 

capable of catalysing the reduction of protons from the acid to H2. Controlled-potential 
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electrolysis is associated with 1.34 × 10−5 moles of H2 produced with a turnover number (TON) 

of 2.7 for Complex 6.1 and 1.71 × 10−5 moles of H2 produced with a TON of 3.4 for Complex 

6.2 (Table 6.4). Gas chromatography has been used to analyse the headspace sample and the 

results confirm the evolution of H2 as the gaseous product (Figure 6.18). The Faradic efficiency 

has been calculated for both the complexes from the ratio of moles of H2 produced in the 

controlled potential electrolysis to theoretical moles of H2. The Faradic efficiency obtained for 

Complex 1 and 2 after 1 h of electrolysis is 66.41% and 77.77%, respectively (Table 6.5).  

 

 

Figure 6.17: Photograph of the customized, one-compartment, three-neck cell with a graphite 

working electrode containing 0.5 mM of complex 6.1 in air free DMF, 35 mM acetic acid and 

0.1 M TBAB as supporting electrolyte. H2 gas bubbles are appeared on the surface of the 

working electrode. 

Table 6.3: Results of CPE experiments with Complex 6.1 and 6.2. 

Complex  Solvent Acid q (C) n (× 10-5) TON TOF (s-1) Faradic 

efficiency 

(%) 

6.1  DMF Acetic 

acid 

2.6 1.34 2.7 653.10 66.41 

6.2  3.3 1.71 3.4 777.53 77.77 

Table 6.4: TON calculations  

Complex 

in DMF 

qtotal=qcat - 

qblank 

Theoretical moles 

of hydrogen 

produced = qtotal × (1 

Moles of 

catalyst 

used 

TON= Theoretical moles of 

H2 / Moles of catalyst used 
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mol e- / 96485 C) × 

(1 mol H2 / 2 mol e-) 

6.1 2.6 1.34 × 10-5 5 × 10-6 2.7 

6.2 3.3 1.71 × 10-5 5 × 10-6 3.4 

Calculation of Faradaic Efficiency  

Faradaic Efficiency =
 Quantified moles of H2

Theoretical moles of H2
× 100% 

 

Table 6.5: Calculations of Faradaic Efficiency 

 

 

Figure 6.18: (a) Gas chromatogram of the headspace gas obtained after bulk electrolysis of a 

N2 saturated 0.5 mM solution of complex 6.1 and complex 6.2 containing 35 mM acetic acid. 

The headspace gas was analysed after 1 hour of electrolysis. Detection region of evolved H2 

gas for (b) complex 6.1 and (c) complex 6.2. 

Complex Quantified moles of H2 Theoretical moles of H2 Faradaic Efficiency (%) 

6.1 0.89 × 10-5 1.34 × 10-5 66.41 

6.2 1.33 × 10-5 1.71 × 10-5 77.77 
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Figure 6.19: Charge buildup vs time plots in the CPE experiments of (a) Complex 6.1 at 

potential ‒1.76 V versus Fc/Fc+ and (b) Complex 6.2 at ‒1.54 V versus Fc/Fc+. Conditions: 0.5 

mM of the complex in air free DMF with 0.1 M TBAB as supporting electrolyte and 35 mM 

CH3COOH as the proton source. 

The turnover frequency (TOF) for hydrogen evolution using Complex 6.1 and 6.2 as 

electrocatalysts has been estimated using the foot-of-the-wave analysis (FOWA).6.28 FOWA 

has been considered near the foot of the catalytic wave where the catalytic wave does not get 

affected much by phenomena like substrate consumption, diffusion and shape of CV is 

dominated mainly by catalytic phenomenon.6.29 The icat/ip has been plotted against 1/(1 + exp 

[(F/RT)(E-E1/2)]) for both the complexes as given in Figure 6.19, which stretches a linear 

function at a scan rate of 50 mVs-1. Thus, the TOF values obtained for Complex 6.1 and 6.2 are 

653.1 s-1 and 777.5 s-1, respectively. 

TOF Calculations:  

For homogenous, diffusion controlled process the peak current can be given by Randle 

Sevcik equation 

𝑖𝑝 = 0.4463𝐹𝑆𝐶𝑝
0√

𝐹𝑣𝐷

𝑅𝑇
…………………………...(6.2) 

𝑖𝑐𝑎𝑡 =
2𝐹𝑆𝐶𝑝

0√
𝐹𝑣𝐷

𝑅𝑇

1+ 𝑒𝑥𝑝
[

𝐹
𝑅𝑇

(𝐸−𝐸1
2

)]

……………………………...(6.3) 

where, F is the Faraday’s constant, S is the surface area of electrode, Cp
0 is the 

concentration of the complex in solution, D is the diffusion coefficient, E1/2 the half-wave 

potential of the redox couple triggering catalysis, R is the gas constant and T is the absolute 
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temperature. Combining the equation (6.2) and (6.3) we get the equation (6.4). The plot of icat/ip 

vs 1/(1+exp[(F/RT)(E-E1/2)] (Figure 6.20) gives access of the observed rate constant (kobs). 

𝑖𝑐𝑎𝑡

𝑖𝑝
=  

2

0.4463
√

𝑅𝑇(𝐾𝑜𝑏𝑠)

𝐹𝑣

1

1+ 𝑒𝑥𝑝
[

𝐹
𝑅𝑇

(𝐸−𝐸1
2

)]

………………(6.4) 

𝑆𝑙𝑜𝑝𝑒 =
2

0.4463
√

𝑅𝑇(𝐾𝑜𝑏𝑠)

𝐹𝑣
……………………………(6.5) 

 

Figure 6.20: Plot of icat/ip vs. 1/(1+exp[(F/RT)(E-E1/2)] using FOWA of 0.5 mM of (a) Complex 

6.1 and (b) Complex 6.2 with 35 mM CH3COOH in DMF at 50 mV s−1. The experimental data 

(black) can be fitted linearly near the foot of the catalytic wave and the slope (red) giving the 

access to the observed rate constant, kobs. 

6.3.2.5.5 Electrocatalytic Hydrogen Evolution: Control Experiments 

To confirm the HER observed is associated with Complex 6.1 and 6.2 in solution and 

not due to surface adsorbed complex or degradation products, different control experiments 

have been performed. First, blank CV has been collected in the presence of CH3COOH without 

the addition of either Complex 6.1 or Complex 6.2 and the results show no measurable current 

at potentials associated with hydrogen evolution (Figure 6.21). Then CVs of Complex 6.1 and 

6.2 in DMF with acetic acid as the substrate have been obtained to confirm HER activity. To 

ensure that the HER activity is due to neither because of a film of the catalyst compound nor 

its degradation product which could be strongly absorbed on the electrode surface, the graphite 

carbon working electrode has been removed from the respective solutions and washed with the 

Complex Slope Kobs(s
-1) CH

0(M) Kcat= (Kobs/ CH
0) (M-1s-1) TOF (s-1) 

6.1 15.35 22.86 0.035 653.10 653.10 

6.2 16.75 27.21 777.53 777.53 
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deionized water but not polished. Immersion of the electrode into a fresh working solution 

containing the acid and electrolyte shows no observable catalytic current in the cathodic region. 

Thus, the above findings strongly suggest that both the complexes are efficient electrocatalysts 

towards HER. 

 

Figure 6.21: CVs showing blank DMF with 35 mM CH3COOH added (black) and with 35 mM 

CH3COOH in the presence of 0.5mM complex 6.1 (green) and complex 6.2 (red). Conditions: 

room temperature Graphite carbon working electrode, Pt counter electrode, Ag/AgCl reference 

electrode, 0.1 M TBAB as supporting electrolyte, scan rate 50 mV/s. Ferrocene internal 

standard. 

6.3.2.5.6 Comparative discussion 

A comparative discussion has been made with the recently published results6.30 with 

respect to the present study (Table 6.6). It may be noticed that for all the cases, proton source 

is either acetic acid or trifluoroacetic acid or both. Solvent is generally organic (except Entry 

5). TOF value reported can be compared with the present study. Some of catalysts produce 

higher TOF values (Entry 1, 3, 4). However, many of them show lower TOFs compared to 

Complex 6.1 and Complex 6.2 (Entry 8). In most of the cases, Ni-complex has been used as 

the catalyst. Ni- and Cu-complexes with the same ligand have rarely been used as catalyst in 

HER.   

Table 6.6: Values of TOF of recently published complexes used as electrocatalyst for hydrogen 

evolution reaction  

Entry Catalyst Proton source Solvent TOF Ref. 

1 Ni3(L
N2S2)2 acetic acid acetonitrile 3495 s-1 [6.28a] 



  CHAPTER 6 

 

314 | P a g e  
 

2 Complex 1 (Ni) trifluoro 

acetic acid 

DMF 46 s-1 [6.28b] 

Complex 2 (Ni) 32 s-1 

Complex 3 (Ni) 102 s-1 

3 NiL1 trifluoro 

acetic acid 

acetonitrile 1324 s-1 [6.28c] 

DMF 115 s-1 

acetic acid acetonitrile 4161 s-1 

DMF 1196 s-1 

4 Complex 1 (Ni) acetic acid acetonitrile 63827.5 s-1 [6.28d] 

Complex 2 (Cu) 70139.5 s-1 

5 [Ni(QCl-

tpy)2]Cl2 

trifluoro 

acetic acid 

DMF/ H2O 3.68 s-1 [6.28e] 

6 [NiL] acetic acid DMF 193 s-1 [6.28f] 

7 [CuL] acetic acid DMF 255 h-1 [6.28g] 

8 Complex 6.1 acetic acid DMF 653.1 s-1 Present study 

Complex 6.2 777.5 s-1 

 

6.4 Conclusions 

Two mononuclear complexes, [NiL] designated as Complex 6.1 and [CuL] designated 

as Complex 6.2, where H2L is 1,1'-(1E,1'E)-(propane-1,2-diylbis(azan-1-yl-1-

ylidene))bis(methan-1-yl-1-ylidene)dinaphthalen-2-ol, were synthesized under mild conditions 

and characterized by different standard methods. Square planar geometry of Complex 6.1 has 

been confirmed from single crystal X-ray diffraction analysis. Both of the complexes have been 

found to be active catalyst for hydrogen evolution reaction (HER) using acetic acid as the 

substrate. Two metals have been used as they are earth abundant and to compare their activity 

as the electrocatalyst. Between two complexes, copper complex shows better catalytic activity 

than the nickel complex towards HER. Effort is going on to develop other metal complexes as 

the efficient catalyst for hydrogen generation.  
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ABSTRACT: A metal organic framework (MOF) (1), having the
formula [Cu(4,4′-bipy)(sa)]n (where 4,4′-bipy is 4,4′-bipyridine and sa is
succinate dianion), has been synthesized under ambient conditions and
characterized by single-crystal X-ray diffraction analysis. The surface of
the MOF mimics a 2D honeycomb structure. The uncoordinated oxygen
of succinate dianion has been explored for its interaction with toxic
pesticides by theoretical density functional theory analysis, and it reveals
the selective identification of atrazine- and dicofol-like pesticides. The
rational design of Cu2+ MOFs with aliphatic acid is the key factor toward
the identification of pesticides, as the same MOF background with Cd2+

does not show any significant interaction.

KEYWORDS: MOF, copper, DFT, chemosensor, pesticides

■ INTRODUCTION

Metal−organic frameworks (MOFs) have been extensively
explored during the last couple of decades in several fields,1,2

especially for gas adsorption,3−7 sensing,8,9 catalysis,10−14

molecular magnets,15−18 optoelectronic devices,19−23 and so
on. The application of the MOF materials in wastewater
treatment24,25 as well as in fluorescence26,27 is one of the hot
topics nowadays. In recent years, MOFs have been used as
chemosensors for several toxic materials owing to their robust
3D architecture and tight packing.28−34 The tight skeleton of
MOFs provides a rigid framework, which is, in general, stable
in the presence of guest molecules. Host−guest interactions, in
general, follow noncovalent π−π or hydrogen-bonding
interactions; as a consequence, the appropriate design of
MOFs’ skeletons is very important. Target-specific groups can
be introduced for specific interactions toward guest moieties.
Depending on the nature of the guest, the MOF’s skeleton can
be tuned; for example, for ionic substances, polar groups like
−OH or −NH can be used, whereas for neutral substances, an
aromatic π−π interaction can be explored. In this respect,
MOFs as sensors for ionic substances or picric acid have been
extensively studied by the scientific community, and there are
plenty of reports in the literature.28,29,31−34 On the contrary,
pesticides are another class of biologically toxic substances,
where several organochlorine-, organofluorine-, or benzamide-
based pesticides are known to be biohazardous owing to their
toxic effect on living organisms. As of now, there are very few

reports that deal with studies on the detection of
pesticides.35−41

It would be advantageous to use a MOF as a host owing to
its robust structure and insolubility in common solvents, and,
as a consequence, it could be used for heterogeneous sensing.
Such a heterogeneous phase interaction makes it possible to
use the host in a reversible manner, as it has been observed
that after the process of sensing, the MOF’s surface could be
washed with solvents and eventually could be reused.42

Therefore, designing the MOF’s surface has become a
fundamental target for researchers.
As a first time report, we have developed a copper-based

MOF with succinic acid and 4,4′-bipyridine (Scheme 1),
whose X-ray structure shows that it mimics the morphological
features of a 2D honeycomb-like structure. An interesting
feature observed in the structure is the presence of
uncoordinated CO groups of succinate dianion, which
exist as dangling entities and instigated us to explore the
MOF’s response to toxic pesticides by density functional
theory (DFT) analysis.
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■ RESULTS AND DISCUSSION
The MOF [Cu(4,4′-bipy)(sa)]n (1) was synthesized by the
reaction of copper(II) chloride, 4,4′-bipyridine, and succinic
acid in methanol/water medium through a slow diffusion
process. (See the Experimental Section for details.) Needle-
shaped blue crystals thus obtained were suitable for X-ray
diffraction analysis. The structure of 1 was already reported in
the literature,43 but no discussion of the molecular and
supramolecular features was included in the paper. As evident
from the structure resolution, 1 is a 3D coordination polymer
whose asymmetric unit consists of two water molecules and
half each of a copper atom, a 4,4′-bipyridine molecule, and a
succinate dianion. The copper atom and the nitrogen atoms of
the bipyridine molecule lie on a two-fold axis, and the
carboxylate groups of the anion act as monodentate ligands
through the O1 oxygen atom. The metal adopts an elongated
octahedral coordination geometry (see Figure 1 and Table S1
for crystallographic data), where the axial positions are
occupied by the oxygen atoms (O3) of two water molecules
with distances of 2.532(3) Å and an O−Cu−O angle of
177.26(9)° (see Tables S2 and S3 for selected bond distances
and bond angles). The equatorial plane is provided by two
carbonyl oxygen atoms (O1) of succinate dianions and two

nitrogen atoms (N1, N2) of 4,4′-bipyridine molecules. The
Cu−O1, Cu−N1, and Cu−N2 bond distances are 1.958(2),
2.020(3), and 1.999(3) Å, respectively. The equatorial N−
Cu−N bond angle is 180° for symmetry requirements, whereas
the O−Cu−O angle is 177.08(12)°. In the crystal, the copper
atoms and the succinate dianions are linked into chains along
the c axis to form left-handed helices (Figure S1), which are
connected by the 4,4′-bipyridine ligands, producing a
polymeric 3D network. Pairs of water molecules of
crystallization are hosted inside cavities of ∼82 Å3 (Figure
S2a), the surface of which is delimited by the coordinated
water molecules, the O2 uncoordinated carboxylate oxygen
atoms, and the ethyl fragment of the succinate dianions. The
topology of the framework can be described as a qzd (quartz-
dual) “dense” net with point (Schlafl̈i) symbol {75·9} (Figure
S2b). The 3D polymeric network is stabilized by O−H···O
hydrogen-bonding interactions involving the coordinated and
uncoordinated water molecules as hydrogen donors (Table S4
and Figure S3). The crystal structure, when extended in the
crystallographic axis c, forms an extremely symmetrical
structure with hexagons, which, upon further expansion,
shows a honeycomb-like morphology (Figure 2).

The presence of uncoordinated carbonyl groups in the
structure of 1 prompted us to explore its ability as a
chemosensor. The effect of coordinated water molecules
could also be accounted for; however, as a structural property,
the effect of the dangling oxygen of the acid groups is very
interesting. With previous experience in the field of supra-
molecular chemistry, in this work, we have targeted rarely
explored neutral analytes, that is, pesticides. Indeed, pesticides
are chemicals that are used to control/kill pests, rodents,
insects, fungi, or other weeds for agricultural and domestic
purposes.44 Therefore, pesticides are potentially toxic to living
organisms, including human beings. Thus the use of these
substances must be carried out following careful and thorough
scientific procedures. Several pesticides are banned worldwide
owing to their high toxic effect on living beings, and it is
certainly severely toxic and unsafe to use and work with them.
However, still, such pesticides are sometimes used by people.
In this respect, we have selected a series of pesticides for our
studies, for example, atrazine, chlorothalonil, dicofol, thio-
phanate-methyl, propoxur, and trifluralin, which are either
banned or potentially toxic to mankind (Scheme 2). Because of
the acute toxicity of these pesticides, DFT calculations have
been used as a tool to investigate their host−guest interactions.
DFT considering the dispersion correction, that is, DFT-

(D3), has been utilized for the proper monitoring of the

Scheme 1. Synthetic Route of the [Cu(4,4′-bipy)(sa)]n (1)

Figure 1. Asymmetric unit of 1 with displacement ellipsoids drawn at
the 50% probability level. Only one component of the disordered
water H atoms is shown. Symmetry codes: (i) 1 + x, 1 + y, z; (ii) y, x,
2/3 − z; and (iii) x, 1 + x − y, 5/6 − z.

Figure 2. Packing diagram of 1 viewed along the c axis.
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possible interactions between the host and the guest. Owing to
the possibility of a noncovalent host−guest interaction, a
dispersion correction has been considered. The def2-SVP and
TZVP basis set levels have been used for nonmetallic atoms
and metal ions, respectively, with the B3LYP hybrid function.
Initially, the primary unit of the MOF, that is, the immediate
coordination of one Cu center, was considered for the
calculation, keeping in mind the computational time (Figure
3 and Tables S5 and S6). The selected bond distances of the

structures obtained from single-crystal X-ray diffraction
analysis and DFT are of comparable values (Table S6). All
guest pesticides were optimized at the same level of DFT
(Tables S7−S12). Furthermore, the pesticide molecules were
again optimized with the host MOF to visualize the host−guest
interaction using the solvent model for water.
The geometry-optimized structures of 1 with the pesticides

was carefully investigated. The uncoordinated atom of
succinate dianion in 1 interacts via hydrogen-bonding
interactions with−NH protons from the atrazine molecule
with O···H distances of 1.85 to 1.93 Å (see Figure 4a and
Table S13 for coordinates). Interestingly, water molecules are

not involved in the interaction with the guest molecule, rather
they stabilize the cluster by hydrogen bonding with the
uncoordinated oxygen atom via the formation of a six-
membered ring (O···H distance: 1.69 Å). The specific
interaction of the uncoordinated oxygen atom with the guest
−NH group is the key factor for the formation of the stabilized
host−guest adduct. It is advantageous for future work that the
coordinated solvent molecule does not take any leading role in
the host−guest interaction because the solvent molecules are
not a part of the designed architecture. Hence, the superiority
of using an aliphatic ligand like succinic acid in designing the
MOF is justified. In the case of chlorothalonil, an organo-
chlorine pesticide, we expected that ring-to-ring (π−π)
interactions might be possible because the presence of multiple
chloride groups makes the ring electron-deficient and could
promote a π−π interaction with bipyridine moiety. The
bipyridine moiety has indeed been incorporated into the
framework with this purpose. The optimized structure of 1
with chlorothalonil shows no ring-to-ring interaction as well as
no hydrogen-bonding interaction between water and chlor-
othalonil Cl atoms. The optimized structure (see Figure 4b
and Table S14 for coordinates) also reveals that the guest is
situated far away from the host, which suggests the nonaffinity
of the host toward this particular guest. Dicofol (see Figure 4c
and Table S15 for coordinates), another example of an
organochlorine miticide derived from dichlorodiphenyltri-
chloroethane (DDT), has been chosen for host−guest
interaction studies at the level of DFT-D3. It is found that
this compound can also, in principle, interact with 1 via
hydrogen bonds through the −Cl and −OH groups or via π−π
interactions through the aromatic rings. The optimized
structure reveals that 1 participates in a very weak π−π
interaction with the aromatic ring of dicofol, with a centroid-
to-centroid distance of 4.37 Å. Although the interaction takes
place, the presence of a bulky trichloromethane group creates a
steric hindrance, preventing further closeness of the rings.
After the series of organochlorine-based pesticides, a

systemically active benzimidazole fungicide, for example,
thiophanate-methyl, has been chosen (see Figure 4d and
Table S16 for coordinates). Its interaction with 1 consists of a
hydrogen-bonding interaction between the nonligating oxygen
of succinate dianion and a secondary amine of thiophanate-
methyl (H···O distance: 1.82 Å). Then, we chose a carbamate
insecticide, propoxur (commercially known as Baygon),
because it is sometimes toxic to many bird species, honeybees,
or aquatic life like fish. The optimized structure showed no
interaction between the host and the guest (see Figure 4e and
Table S17 for coordinates). The steric hindrance of the −CH3
group adjacent to −NH perhaps does not facilitate the sensing
property. Moreover, the results of the calculation suggest that
the presence of the −NH moiety does not ascertain sensing,
rather it strictly depends on other parameters, such as adjacent
groups, steric crowding, and so on. We further moved on
toward a representative of herbicides, for example, trifluralin,
which contains nitro groups as well as fluorine. It was expected
that nitro groups could make the ring electron-deficient, and
thus π−π stacking, as it happens with dicofol, might play a vital
role. However, after optimization, no trace of interaction
between the host and the guest was observed (see Figure 4f
and Table S18 for coordinates). Natural bond orbital (NBO)
analysis of 1 and its host−guest adduct with the pesticides
were executed and is tabulated in the Supporting Information
(Tables S19−S25, Figures S4−S10). For example, the O2 and

Scheme 2. Molecular Structure of Pesticides: (a) Atrazine,
(b) Chlorothalonil, (c) Dicofol, (d) Thiophanate-Methyl,
(e) Propoxur, and (f) Trifluralin

Figure 3. Geometry-optimized structure of the single unit of the
MOF, where the immediate coordination of Cu2+ has been
considered.
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O6 populations from spin density are 0.00026 and −0.00047
for 1, which, after interaction with atrazine, altered to 0.00039
and −0.00009. For further verification regarding the geometry,
the vibrational stretching of 1 and an adduct of 1 with atrazine
were studied, and no negative vibration was found. The zero-
point energy (ZPE) of the MOF and the MOF−atrazine
adduct was then calculated and was found to be 1472.93 and
2083.19 kJ/mol.
The crystal structure of the Cd−MOF with the same ligands

is reported in the literature and has been obtained from the
Cambridge Structural Database (CSD).45 The immediate
coordination of the Cd−MOF was optimized (see Table S26
for coordinates) and further examined with dicofol, which
primarily showed weak/no π−π interaction with Cd-MOF (see
Table S27 for coordinates). This shows the role of the central
metal ion in making the skeleton of MOF 1 an effective
chemosensor.

■ CONCLUSIONS

The DFT-D3 analysis established the utility of MOF-based
structurally rigid and less flexible architectures toward their
applications in supramolecular noncovalent interactions. We
studied geometry-optimized structures of a series of different

organochlorine-, benzamide-, carbamate-, or organofluorine-
based guests with 1. The advantage of the Cu2+−MOF with
aliphatic acid and 4,4′-bipyridine over its analogue of Cd2+ was
established. The aromatic rings of bipyridine actually target the
guest via a π−π interaction, whereas the uncoordinated oxygen
from the succinate dianion acts as an antenna toward different
guests possessing secondary −NH or −OH moieties. The
outcome of DFT studies clearly reveals that the coordinated
water plays a role in the structural stability of the host
framework by a hydrogen-bonding interaction with the
adjacent uncoordinated oxygen of succinic acid. It acts as a
structural cofactor toward the better stabilization of the host
framework. On the contrary, the uncoordinated oxygen is the
key factor for the noncovalent interaction between the host
and the guest. Our group is actively engaged in the field of
using MOFs as a receptor for versatile guest entities, and we
expect several significant outcomes in the near future.

■ EXPERIMENTAL SECTION
Materials and Physical Methods. 4,4′-Bipyridine, copper(II)

chloride dihydrate, and succinic acid were purchased from Sigma-
Aldrich and used as received. All other chemicals including solvents
were of reagent grade and were used as received without further
purification. Elemental analyses (carbon, hydrogen, and nitrogen)

Figure 4. Geometry-optimized structure of (a) atrazine ⊂ 1, (b) chlorothalonil ⊂ 1, (c) dicofol ⊂ 1, (d) thiophanate-methyl ⊂ 1, (e) propoxur ⊂
1, and (f) trifluralin ⊂ 1.
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were performed using a Perkin-Elmer 2400C elemental analyzer. The
theoretical calculation was performed using the Turbomole software
package [a development of University of Karlsruhe and Forschungs-
zentrum Karlsruhe GmbH, TURBOMOLE GmbH (V 7.3), since
2007; available from http://www.turbomole.com] in macOS Mojave
(version 10.14.4) work station.
Synthesis of [Cu(4,4′-bipy)(sa)]n (1). A methanolic solution (4.0

mL) of 4,4′-bipyridine (4-bpd) (1.0 mmol, 0.156 g) was added to an
aqueous solution (4.0 mL) of succinic acid (1.0 mmol, 0.118 g) taken
in a beaker and stirred for 30 min to mix well. CuCl2, 2H2O (1.0
mmol, 0.170 g) was dissolved in 4.0 mL of water in a separate test
tube. The previously prepared mixed ligand solution was then slowly
and carefully layered with the aqueous CuCl2 solution using 5.0 mL of
a 1:1 v/v methanol and water mixture as buffer. Blue needle-shaped
crystals suitable for single-crystal X-ray diffraction analyses were
obtained after a few days. The crystals were collected and washed with
the methanol−water mixture and dried in vacuum (yield = 72%).
Anal. calcd (%) for C14H20N2O8Cu: C, 41.19; H, 4.90; N, 6.87.
Found: C, 41.12; H, 4.85; N, 6.89.
Crystallographic Data Collection and Refinement. A suitable

blue single crystal of 1 was mounted on the tip of a glass fiber coated
with commercially available super glue. X-ray single crystal data were
collected at room temperature using a Bruker APEX-II diffractometer
equipped with a fine-focus, sealed tube X-ray source with graphite
monochromated Mo Kα radiation (λ = 0.71073 Å). The data were
integrated using a SAINT program,46 and absorption correction was
made with SADABS. The structure was solved with the help of
SHELXT,47 following direct methods, and refined by full-matrix least-
squares on F2 using SHELXL-2018/348 with anisotropic displacement
parameters for all non-hydrogen atoms. The water H atoms could be
located in a difference Fourier map and were refined by constraining
the O−H bond lengths and considering the H···H separations to be
0.86(1) and 1.36(2) Å, respectively, with Uiso(H) = 1.5Ueq(O). The
H32 and H42 hydrogen atoms were disordered over two orientations
with site occupancies of 0.5. All other H atoms were placed
geometrically and refined as riding, with C−H = 0.93 to 0.97 Å and
with Uiso(H) = 1.2Ueq(C). Data collection and structure refinement
parameters are given in Table S18. Crystallographic data for the
crystal structure of 1 in CIF format have been deposited in the
Cambridge Crystallographic Data Centre (CCDC) under deposition
number CCDC-1918966. The data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ,
U.K.).
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a b s t r a c t 

A mononuclear Ni(II) complex, ([Ni(HL) 2 ]Cl 2 •H 2 O) (Complex 1 ), where HL = 1-((2-piperidin-1- 

yl)ethylimino)methyl)naphthalene-2-ol has been synthesized under mild conditions. It has been charac- 

terized by elemental analysis, cyclic voltammetry, FT-IR, UV-vis, fluorescence and mass spectral analyses. 

Square planar geometry of the mononuclear complex has been confirmed by single crystal X-ray diffrac- 

tion analysis. Complex 1 interacts with CT DNA with a binding constant of 3.6 × 10 3 M 

–1 which suggests 

electrostatic interaction between the complex and DNA. The metal complex cleaves plasmid DNA effi- 

ciently in the presence of H 2 O 2 . On the other hand, complex 1 binds with the carrier protein, HSA, quite 

efficiently with a binding constant value of 7.16 × 10 5 M 

–1 . Cytotoxicity of the complex has been checked 

with lung carcinoma (A549) and normal lung fibroblast cell lines (WI-38). From MTT assay, it has seen 

that the complex could inhibit the cell proliferation. Western blot analysis suggests that nickel complex 

is a tumor suppressor. 

© 2021 Elsevier B.V. All rights reserved. 

1. Introduction 

Researchers of chemical, biological and medicinal sciences from 

all over the globe have been engaged to study different transi- 

tion metal complexes and their interaction with DNA and proteins. 

DNA is the primary intracellular objective for effective designing of 

anticancer drugs [1] . To design effective metal based chemothera- 

peutic agents, the interaction of metal complexes with DNA has to 

be explored as these interactions can lead to damage DNA in can- 

cer cells, which finally results in cell death. The metal complexes 

can interact with it via covalently or through non-covalent inter- 

actions, for example, intercalation, groove binding and electrostatic 

binding [2] . Use of cis -platin has been clinically successful to treat 

most aggressive solid tumors and thereafter, a number of different 

platinum-based complexes are being reported as antitumor agent. 

But the challenges for utility of cis -platin still remain due to its 

severe toxicity, intrinsic drug resistance and high cost [3] . There- 

fore, designing and development of effective, tar get specific, less 

∗ Corresponding author. 

E-mail addresses: partha.roy@jadavpuruniversity.in , proy@chemistry.jdvu.ac.in (P. 

Karmakar), proy@chemistry.jdvu.ac.in (P. Roy). 
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toxic and preferably non-covalently binding metal based novel an- 

ticancer drugs can trigger the apoptosis. 

Human serum albumin (HSA), the most abundant proteins, acts 

as the most versatile transporter and disposer of various endoge- 

nous and exogenous molecules to their target organs [4] . The lack 

of toxicity and immunogenicity of HSA makes it ideal for drug de- 

livery. When a drug binds to albumin, drug solubility in plasma 

is increased. As a result, toxicity as well as protection against ox- 

idation of the bound drug are decreased. However, strong interac- 

tion between albumin and small molecules results formation of a 

stable protein–drug complex affecting the distribution, metabolism 

and the efficacy of the possible drugs [5] . Thus, it is imperative 

and important to study interaction of albumin protein and drug 

molecules for evaluating the therapeutic efficacy of the drug and 

its delivery towards the target organs. 

Among the transition metals, a rich and versatile chemistry of 

nickel with DNA has been supported by the existing literature [6] . 

Its flexible metal coordination behaviour, less toxicity and simple, 

inexpensive synthesis suggest that nickel(II) complexes are poten- 

tial candidates for pharmaceutical applications [7] . The nickel(II) 

complexes with thiosemicarbazone [8] , thiocarboxamide [9] , hy- 

drazone [10] and other ligands [11–13] have been reported for DNA 

interaction and/or cleavage. On the other hand, some metal com- 

plexes of copper and palladium have exhibited tumor suppression 

https://doi.org/10.1016/j.molstruc.2021.131687 
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Scheme 1. Synthesis of Complex 1 

properties [14–17] . However, report on antitumor activity of nickel 

complexes is rare [14] . But there is continuous effort to develop 

more efficient nickel complexes for DNA binding and cleavage. 

With these backgrounds, we report herein synthesis, characteri- 

zation, DNA/HSA binding and cytotoxicity properties of a mononu- 

clear nickel(II) complex containing piperidine unit ( Scheme 1 ). 

Complex 1 has been synthesized under ambient conditions. Its in- 

teraction with DNA and human serum albumin has been exten- 

sively explored. Its cytotoxicity effect on several systems has been 

evaluated. Recently we have reported a mononuclear copper(II) 

complex with a Schiff-base ligand and explored its DNA binding, 

protein binding and antibacterial activities [18] . It showed effec- 

tive intercalative binding and HSA could act as effective carrier of 

it. In continuation of the previous work, we have used here 1-(2- 

aminoethyl)piperidine instead of 1-cyclohexylmethanamine in an- 

ticipation to get one extra donor atom and nickel in place of cop- 

per to synthesize the complex aiming to examine the effect of 

these changes in its DNA and protein binding activities. 

2. Experimental Section 

2.1. Materials and methods 

2-Hydroxy-1-naphthaldehyde, 1-(2-aminoethyl)piperidine, 

nickel(II) chloride hexahydrate, Human serum albumin (HSA) and 

Calf thymus (CT)-DNA were obtained from Sigma Aldrich and 

these were used without any purification. Supercoiled PUC19 plas- 

mid DNA was received from the biotechnology laboratory. Solvents 

used were purchased from different commercial sources and used 

as received. Elemental analysis was performed on a 2400 Series-II 

CHN analyzer, Perkin Elmer, USA. FT-IR spectra were obtained on a 

Perkin Elmer spectrometer (Spectrum Two) with the solid samples 

using ATR method. The UV-vis spectral analysis was performed 

using an Agilent 8453 diode array spectrophotometer. The ESI- 

MS spectra were recorded on QTOF Waters’ HRMS spectrometer 

(Model XEVO G2QTof). Fluorescence spectra were acquired using a 

Horiba Fluoromax-4C spectrofluorometer. The cyclic voltammetry 

instrument used was a personal computer (PC)-controlled PAR 

model 273A electrochemistry system. A glassy carbon as working 

electrode, a platinum wire as auxiliary electrode and saturated 

Ag/AgCl as reference electrode were employed in a standard 

three-electrode configuration. CD spectrum was obtained utilizing 

a quartz cuvette of 10 mm path length in a JASCO J-815 CD 

spectropolarimeter. 

2.2. Synthesis 

2.2.1. Synthesis of 

1-((2-piperidin-1-yl)ethylimino)methyl)naphthalene-2-ol (HL) 

1-(2-Aminoethyl)piperidine (0.6 mmol, 85.19 μL) was added 

to an ethanol solution of 2-hydroxy-1-naphthaldehyde (0.6 mmol, 

0.103 g) drop by drop under stirring condition. The stirring was 

continued for 15 min and the resultant mixture was refluxed for 2 

h. The color of the solution turned yellow, indicating the formation 

of Schiff base ligand. The mixture was then cooled and collected 

after filtration. Yield = 0.155 g, 92%. Anal. calc. (%) for C 18 H 22 N 2 O: 

C, 76.58; H, 7.85; N, 9.92. Found: C, 76.77; H, 7.96; N, 9.76. 1 H NMR 

(300 MHz DMSO 6 ; δ ppm, TMS): 13.83 (1H, s), 9.07 (1H, s), 8.07 

(1H, d, J = 8.4 Hz), 7.71 (1H, d, J = 9.2Hz), 7.62 (1H, d, J = 7.6 Hz), 

7.42 (1H, t, J = 7.2 Hz), 7.19 (1H, t, J = 7.2 Hz), 6.72 (1H, d, J = 9.2 

Hz), 3.71 (2H, t, J = 3.0 Hz), 2.76 (2H, t, J = 5.2 Hz), 2.51 (4H, t, 

J = 3.0 Hz), 1.56 (6H, m). ESI-MS ( m/z ): 283.11 [(HL + H 

+ )]. 

2.2.2. Synthesis of Complex 1 

A solution of nickel(II) chloride hexahydrate (0.6 mmol, 0.143 

g) in 10 mL of ethanol was added to 5 mL ethanol solution of HL 

(1.2 mmol, 0.339 g) under constant stirring condition. The mixture 

was stirred for another 15 min. It turned into brownish green in 

color. The resulting solution was then refluxed for 1 h. It was fi- 

nally cooled to room temperature and the mixture was filtered to 

remove any undissolved material(s) and/or precipitate. The filtrate 

was kept under ambient condition for slow evaporation of sol- 

vent. Green single crystals of complex 1 suitable for X-ray diffrac- 

tion study were grown within few days. Yield 0.243 g, 65%. Anal. 

calc. (%) for C 36 H 46 N 4 NiO 2 Cl 2 : C, 60.70; H, 6.51; N, 7.86. Found: C, 

60.57; H, 6.64; N, 7.95. ESI-MS ( m/z ): 339.02 [(NiL) + ]. 

2.3. X-ray data collection and structure determination 

Data collection and other related parameters for complex 1 are 

given in Table 1 . Single crystal data collections were done using 

an automated Bruker D8 VENTURE diffractometer with graphite 

monochromatized Mo K α radiation. The spots were considered us- 

ing 10 s counting time. Unit cell parameters were determined from 

least-squares refinement of setting angles with θ in the range 2.67 

≤θ ≤ 27.091 °. Data were then processed using Bruker SAINT pack- 

age [19] . Absorption corrections based on multi scans were con- 

sidered to all intensity data using the SADABS software. The struc- 

ture was solved by direct methods using SHELXT [20] and refined 

by full-matrix least-squares techniques on F 2 using the SHELXS- 

2014/7 program [21] . The absorption corrections were carried out 

by the multi-scan technique. All data were then corrected for 

Lorentz and polarization effects. Non-hydrogen atoms were refined 

anisotropically. 

2.4. DNA binding and cleavage studies 

The stock solution of CT-DNA was made in 5 mM Tris–HCl/50 

mM NaCl buffer at pH 7.2. It showed a ratio of UV absorbance 

at 260 nm and 280 nm (A 260 /A 280 ) of about 1.8–1.9 which in- 

dicated that the DNA was adequately free of protein [22] . Its 
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Table 1 

Crystal data of complex 1 

Complex 1 

Formula C 36 H 48 Cl 2 N 4 NiO 3 

Formula weight 714.39 

T (K) 298(2) 

Crystal color green 

Crystal system triclinic 

Space group P -1 

a ( ̊A) 11.4177(9) 

b ( ̊A) 13.2176(10) 

c ( ̊A) 13.3395(11) 

α ( °) 106.450(2) 

β ( °) 106.839(2) 

γ ( °) 103.604(2) 

V ( ̊A 3 ) 1734.1(2) 

Z 2 

Crystal dimensions (mm) 0.4 × 0.2 × 0.1 

F (0 0 0) 756.0 

D c (g cm 

−3 ) 1.368 

λ (Mo K α) ( ̊A) 0.71073 

θ Range ( °) 2.67- 27.091 

Reflection collected/unique/observed 58157, 7626, 5962 

Absorption correction multi-scan 

R int 0.0542 

Final R 1 index [ I > 2 σ ( I )] 0.0737 

Final wR 2 index (all reflections) 0.1330 

Goodness-of-fit 1.087 

concentration was measured by using absorbance at 260 nm 

( ε = 6600 M 

−1 cm 

−1 ) whereas the plasmid DNA was used as it 

is in the wet lab for cleavage studies. Absorption titrations were 

performed in Tris–HCl/NaCl buffer at room temperature to deter- 

mine the binding affinity of the metal complex towards CT-DNA. 

The effect of the presence of complex 1 to the EB–DNA complex 

was studied by recording fluorescence emission spectra with ex- 

citation at 510 nm and emission maximum at 602 nm. The DNA 

cleavage experiments were carried out by agarose gel electrophore- 

sis following a published procedure [23] . 

2.5. HSA binding studies 

HSA of 1.0 × 10 −4 M was made by dissolving the protein in 

Tris–HCl buffer solution (pH 7.2) [24] . Concentration of the protein 

was evaluated in a spectrophotometer considering molar extinction 

coefficient as 35,219 M 

−1 cm 

−1 at 280 nm. 

2.6. MTT assay 

The Lung carcinoma A549 and normal lung fibroblast WI-38 

cells at a density (1 × 10 4 ) were seeded in 24 well tissue culture 

plate prior to treatment with complex 1 at concentrations of (0- 

200 μM) for 12 h. After incubation, the cells were washed using 

1 × PBS twice and then they were incubated with MTT solution 

(450 μg/mL) for 3 to 4 h at 37 ºC. The absorbance of the resulting 

formazon crystals were measured at 570 nm using a spectropho- 

tometer and the values were compared with untreated cells [25] . 

2.7. Apoptotic nuclear morphology study by DAPI staining 

To visualize nuclear changes, after exposure of complex 1 

at LD 50 dose for 12 h and 24 h, cells were washed using 

1 × PBS thrice and then they were stained with 4 ′ ,6-diamidino- 

2-phenylindole (DAPI) in Vectashield (0.2 g mL −1 , Vector Laborato- 

ries Inc.). Change of nuclear morphology, if any, was noticed under 

a fluorescence microscope (Leica) [26] . 

2.8. Roles of caspase-3 in complex-induced apoptosis in A549 cells 

After treatment, the whole cell lysate was extracted with a 

lysis buffer containing 1% Triton X-100, 50 mM sodium fluoride 

(NaF), 50 mM sodium chloride (NaCl), 20 mM Tris (pH 7.4), 1 mM 

EGTA, 1 mM EDTA, 1 mM sodium vanadate (Na 3 VO 4 ), 0.2 mM 

phenylmethanesulfonyl fluoride (PMSF), 0.5% NP-40 and protease 

inhibitors. Equal amounts of cell lysate (50 μg) were solubilized in 

loading buffer and then boiled for 5 min, and electrophoresized in 

10 % polyacrylamide gel in Tris-glycine buffer (pH 8.3). After that, 

proteins were transferred to a polyvinylidinedifluoride membrane. 

Nonspecific binding was restricted using 5% non-fat dry milk and 

0.05% Tween-20 in 20 mM Tris-Cl, pH 7.6 (TBS-T). After incubation 

with the suitable primary antibodies, the membranes were washed 

with TBS-T and were then incubated again with the respective sec- 

ondary antibodies [25] . 

3. Results and discussion 

3.1. Synthesis and characterization 

3.1.1. Synthesis and characterization of HL 

Synthesis of the ligand, 1-((2-piperidin-1-yl)ethylimino) 

methyl)naphthalene-2-ol (HL), has been carried out by react- 

ing one eqv. of 2-hydroxy-1-naphthaldehyde with one eqv. of 

1-(2-aminoethyl)piperidine in ethanol as depicted in Scheme 1 . 

The ligand has been obtained in good yield and it has been char- 

acterized by ESI-mass spectrometric measurement, and FT-IR and 

1 H NMR spectral analysis. ESI-mass spectrometric measurement of 

the ligand was performed with its methanolic solution (Fig. s1). 

ESI mass spectrum shows an m/z peak at 283.11 which may be 

attributed to the presence of [HL + H] + species (calculated value: 

283.18). It has been further characterized by 1 H NMR spectral 

analysis (Fig. s2). It exhibits a peak at 13.83 ppm indicating the 

presence of phenolic OH proton. Presence of imine proton has 

been indicated by the appearance of peak at 9.07 ppm. Emergence 

of this peak confirms the conversion of the aldehyde group into 

the corresponding azomethine moiety. Peaks for aromatic protons 

and aliphatic protons appear in their usual positions. 

In IR spectrum of the ligand (Fig. s3) a broad absorption band 

has been obtained around 3225 cm 

−1 which may be assigned 

to the O–H stretching arising from the presence of the hydroxyl 

group. The intense band has appeared at 1617 cm 

–1 which may be 

attributed to the presence of the azomethine group (C = N moiety). 

These bands suggest the formation of the ligand. 

3.1.2. Synthesis and characterization of complex 1 

Complex 1 has been synthesized by reacting with one eqv. of 

nickel(II) chloride hexahydrate and two eqv. of HL in ethanol with- 

out adding any external base. Complex 1 has been obtained in 

good yield and has been characterized by several standard meth- 

ods. 

ESI mass spectrum of complex 1 shows an m/z peak at 339.02 

which may be assigned to the presence of [NiL] + fragment (calcu- 

lated value: 339.10) (Fig. s4). Another m/z peak at 283.11 indicates 

the presence of [HL + H] + species (calculated value: 283.18) in the 

solution which may be fragmented from the complex. 

In IR spectrum of the complex 1 (Fig. s5) a broad band around 

3430 cm 

−1 is observed that can be assigned to the O–H stretching 

arising from the presence of uncoordinated water molecule. The 

hydrocarbon part of the complex has been evidenced by the pres- 

ence of unsymmetrical and symmetrical frequencies of νC–H ob- 

served at the region of 2615–2958 cm 

–1 . In the spectrum of com- 

plex 1, the intense band around 1658 cm 

–1 is due to the stretching 

vibration of the azomethine group. The formation of Ni–N and Ni–

O bonds in the complex is also shown by the appearance of the 
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bands at 481 and 541 cm 

–1 , respectively. The band at 481 cm 

–1 

may be attributed to νNi–N stretching frequency. The band at 541 

cm 

−1 may be assigned to the νNi–O stretching frequency. 

The electronic spectrum of complex 1 has been recorded in 

DMF at room temperature (Fig. s6). A broad band at around 600 

nm (Inset, Fig. s6) has been observed for the complex which may 

be assigned to the d –d transition. This is weaker in intensity as 

it is Laporte forbidden. Moreover, the complex is almost centro- 

symmetric which allows very little mixing of d and p orbitals. The 

band at 305 nm may be assigned to n–π ∗ transitions of > C = N 

groups. Whereas higher intensity charge transfer transition is ob- 

tained at the wavelength 402 nm for this complex. This is at- 

tributed to O 

− (of naphthalen-1-olate) → Ni(II), N(amino) → Ni(II) 

LMCT (transfer occurs from the MO with ligand-like character to 

the metal-like one) transitions. 

Electrochemical studies of complex 1 have been carried out in 

DMF using TBAP as supporting electrolyte at room temperature 

under argon atmosphere. A typical cyclic voltammogram (CV) has 

been obtained by using a glassy carbon as working electrode and 

an Ag/AgCl reference electrode (Fig. s7). As shown in the figure, 

cyclic voltammogram of complex 1 in DMF exhibits one quasi- 

reversible couple and one irreversible couple at –1.05 and –1.77 V, 

respectively, versus Ag/AgCl, which can be assigned to the metal- 

centred Ni II/I and Ni I/0 processes, respectively [27] . 

3.2. Crystal structure of complex 1 

Complex 1 has been obtained from ethanol and it crystallizes in 

the P-1 space group. An ORTEP diagram of the complex is shown 

in Fig. 1 . Selected bond angles and selected bond lengths are given 

in Table s1. Complex 1 consists of two deprotonated ligands, one 

nickel atom, two chloride ions and one water molecule. Nickel 

atom is in a tetra-coordinated environment. Ni1 is coordinated to 

two oxygen atoms (O1 and O2) and two nitrogen atoms (N1 and 

N2). O1 and N1 are from one ligand while O2 and N2 are from an- 

other ligand. Both the trans angles of O2–Ni1–O1 and N1–Ni1–N2 

are 179.44 ° and 178.81 °, respectively and the O–Ni–N bond angles 

are very close to 90 °. Houser et al. used the four-coordinate τ 4 

index for the first time to find out the geometry around a metal 

center in its four coordination arrangement [28] . The value of τ 4 

Fig. 1. A perspective view of complex 1 with displacement ellipsoids drawn at the 

50% probability level. 

index is determined using the following formula 

τ4 = 

360 

◦ − ( α + β) 

141 

◦

where α and β are the two largest angles in the complex. For 

a perfect tetrahedral geometry, its value is 1.00 while τ 4 index 

is 0.00 for a perfect square planar geometry. The value of τ 4 in- 

dex comes out as 0.004 for complex 1 which shows very close 

square planar geometry around the nickel center. The Ni–O and 

Ni–N bond lengths are in good agreement with the literature val- 

ues [29] . It is interesting to note that complex cation is formed 

with two uncoordinated chloride anions. The complex cation is ob- 

tained on protonation of two of piperidine N atoms which is quite 

common for this type complex with other metal ions [30] . 

3.3. DNA binding studies 

3.3.1. UV–visible spectral studies 

For the development of effective metal based chemotherapeu- 

tic drugs, interaction of small molecules or metal complexes with 

DNA has been studied extensively for last few decades. It has been 

found that almost all the drugs are able to interact with DNA via 

a number of ways such as non-covalent interaction (e.g. groove 

binding), intercalation and non-specific electrostatic surface bind- 

ing [ 24 , 31 ]. Hence, the potential binding ability and the nature of 

binding of molecules with DNA are observed by using absorption 

spectroscopy. 

The absorption spectra of complex 1 have been recorded in ab- 

sence and in the presence of increasing amount of CT-DNA (at con- 

stant concentration of the complex) ( Fig. 2 ). On addition of increas- 

ing amounts of CT-DNA to the complex, ratio [DNA]/ [Complex 1 ] 

is changed as 0.0, 1.8, 3.7, 5.5, 7.3, 9.1, 10.9. The absorption band 

of free complex at 402 nm undergoes a slight bathochromic shift 

on addition of DNA and the event indicates that the binding of the 

metal complex with DNA occurs in a non-covalent mode. The ob- 

served hypochromic shift indicated that the complex 1 is in groove 

binding mode with CT DNA [32] . However, the nickel complex may 

bind with the double-helical DNA in different ways which are de- 

pendent on the structure, charge and type of ligands. It is well 

known that DNA has a number of hydrogen bonding sites in its 

major and minor grooves [33] . It is possible that azomethine group 

of the Schiff-base ligand forms H-bonds with the base pairs of DNA 

helix which may lead to partial unwinding and destabilization of 

Fig. 2. Absorption spectra of complex 1 in absence (dashed line) and in the pres- 

ence (solid line) of increasing concentration of CT-DNA. [Complex 1 ] = 4 × 10 –5 M. 

The downside arrow shows the absorbance changes upon increasing the DNA con- 

centration. Inset: linear plot for the calculation of the intrinsic DNA binding con- 

stant (K b ). 
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the DNA double helix structure. In addition to this, the interac- 

tion between square planar complex and DNA is stronger than that 

between octahedral complex and DNA as in the hexacoordinated 

complex there is no suitable vacant coordination site where the 

nitrogen atom of DNA base pair can interact with metal ion. 

To determine the DNA binding ability of the complex, the in- 

trinsic binding constant, K b , has been determined using Wolfe–

Shimer Equation [34] , 

[ DNA ] / ( ε a −ε f ) = [ DNA ] / ( ε b −ε f ) +1 / K b ( ε a −ε f ) 

where [DNA], ε a , ε f and ε b represent the concentration of DNA, the 

apparent extinction coefficient (A obs /[M]), the extinction coefficient 

for free metal complex (M), and the extinction coefficient for the 

metal complex (M) in the fully bound form, respectively. K b is cal- 

culated from the ratio of slope to intercept obtained from the plot 

of [DNA]/( εa – εf ) vs. [DNA]. K b has been determined as 3.6 × 10 3 

M 

–1 . This value suggests that complex 1 binds with CT DNA pos- 

sibly via electrostatic binding because for intercalative binding, it 

has been reported that the binding constants are of much higher 

value [ 8a,10a,b,35 ]. 

3.3.2. Fluorescence quenching studies 

To investigate binding mode of complex 1 with calf thymus 

DNA, a competitive binding experiment has been performed us- 

ing ethidium bromide (EB) as a probe. EB is a classical indicator 

of intercalation. It forms soluble complexes with nucleic acids and 

exhibit strong fluorescence in the presence of calf thymus DNA 

because of excellent intercalation of the planar phenenthridinium 

ring between neighbouring base pairs on the double helix of the 

DNA. If a molecule is able to replace or exclude the EB from EB- 

DNA complex or can rupture the secondary structure of CT-DNA, 

then the increased fluorescence is quenched severely. 

The fluorescence of EB-DNA complex has been determined in 

absence and in the presence of complex 1 ( Fig. 3 ). The mixture 

containing equimolar (1.53 × 10 −4 M) EB and 

DNA has been titrated with varying concentration of complex 

1 ([complex 1 ]/[DNA]) ratio of 0.29 to 1.50). With the gradual ad- 

dition of complex 1 to CT DNA pretreated with EB solution, the 

emission intensity at 592 nm quenches in remarkable extent with 

a red shift. This event clearly demonstrates that EB molecules are 

replaced from EB bound DNA and complex 1 binds with the same 

DNA with similar affinity. It is clearly evident from the figure that 

all of the EB molecules are not displaced from the EB-DNA com- 

Fig. 3. Emission spectra of EB bound to CT-DNA in absence (red) and in the pres- 

ence of complex 1 . [Complex 1 ]/ [DNA] = 0, 0.29, 0.38, 0.47, 0.56, 0.64, 0.72, 0.80, 

0.88, 0.96, 1.03, 1.10, 1.17, 1.24, 1.31, 1.37, 1.43, 150; Inset: Stern–Volmer quenching 

curve. 

plex, so partial intercalation in addition to the electrostatic inter- 

action cannot be completely ruled out. 

Furthermore, the quenching extents have been determined 

quantitatively by using the following Stern–Volmer equation [36] : 

I 0 / I = 1+ K sq r 

where I 0 and I represent fluorescence intensity in absence and in 

the presence of complex 1 , respectively, and r signifies the ra- 

tio of concentration of complex 1 to concentration of DNA. K sq 

is known as the linear Stern–Volmer quenching constant. The 

quenching plots demonstrate that the fluorescence quenching of 

EB-DNA complex in the presence of the nickel complex is in excel- 

lent agreement with the linear Stern–Volmer equation. K sq value 

has been determined as the ratio of the slope to intercept and it 

has been found to be 0.763. The K sq value so obtained for complex 

1 reveals that some of the EB molecules have been displaced from 

their DNA binding sites, which is in accordance with the results 

obtained in absorption spectral experiments. 

3.3.3. Circular Dichroism spectral studies 

Circular Dichroism (CD) spectroscopy is a useful technique to 

diagnose any changes in the morphology of DNA while studying 

drug-DNA interactions. The CD spectrum of CT DNA displays a pos- 

itive band at 274 nm arising from base stacking interactions and a 

negative band at 243 nm due to the right-handed helicity of B-DNA 

form, in the UV region. These two bands result from the excitation 

coupling interactions of the bases and they depend on the tilted 

orientation on DNA backbone. Thus, they are reasonably sensitive 

when small molecules interact with the DNA. Classical intercalative 

interaction enhances the intensities of both bands. On the other 

hand, when there is an electrostatic or groove binding interaction 

between the complex and DNA, small or no perturbation of the 

base stacking and helicity bands have been observed. It is to men- 

tion that hydrophobic base stacking in the oligomers and polymers 

produces close contacts and Coulombic interaction resulting strong 

CD bands which correspond to each base transition [37] . Therefore, 

in the presence of small molecules, which restrict interactions be- 

tween DNA bases and make base stacking weak, should cause a 

lowering in the intensities of CD bands. 

The interaction of complex 1 with DNA induces a change in the 

CD spectrum ( Fig. 4 ). With increasing concentration of the Ni(II) 

complex, both the positive and negative bands show slight change 

in the intensity, which implies a non-intercalative groove binding 

interaction between DNA and complex 1 that stabilizes the right- 

Fig. 4. CD spectra of DNA (1.2 ×10 −4 M) in absence (solid line) and in the presence 

(dashed line) of complex 1 in [Complex 1 ]/ [DNA] = 0.0, 0.2, 0.6, 0.8 and 1.0. 
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Fig. 5. Agarose gel electrophoresis depicting cleavage of plasmid PUC19 DNA (500 ng) by complex 1 at different concentrations for an incubation time of 30 min at 37 °C; 

Lane 1:DNA + H 2 O; lane 2: DNA + Complex 1 + H 2 O; lane 3: DNA + Complex 1 + DMSO; lane 4: DNA + DMSO; lane 5: DNA + H 2 O 2 ; lane 6: DNA + H 2 O 2 + complex 1 (20 

μM); lane 7: DNA + H 2 O 2 + complex 1 (40 μM); lane 8: DNA + H 2 O 2 + complex 1 (60 μM); lane 9: DNA + H 2 O 2 + complex 1 (80 μM); lane 10: DNA + H 2 O 2 + complex 

1 (100 μM); lane 11: Ladder. 

handed B-form of DNA. It is to note that the nickel complex is pos- 

itively charged ion. So, there is high possibility that the complex 1 

would exercise strong attraction with the negatively charged phos- 

phate backbone of DNA. Thus, electrostatic binding is highly sug- 

gested. 

3.3.4. DNA cleavage studies 

Transition metal complexes are suitable for application as met- 

allonucleases, because their redox potential can be tuned by the 

choice of proper metal ion and the ligand. Thus, the DNA cleav- 

age ability of nickel(II) complex has been studied using supercoiled 

PUC19 plasmid DNA as a substrate in 50 mM Tris–HCl/NaCl buffer 

(pH = 7.2). The original supercoiled form (i.e. Form I) of plasmid 

DNA exists in nicked form. When it is cleaved, an open circular 

relaxed form i.e. Form II is observed. 

At first, it has been detected that the DNA cleavage activity of 

complex 1 is dependent on the concentration. Results of gel elec- 

trophoretic separations of plasmid PUC19 DNA (0.5 μg/ μL) induced 

by increasing concentration of complex 1 from 20 to 100 μM grad- 

ually in 100 mM Tris–HCl/NaCl buffer (pH = 7.2) in the presence 

H 2 O 2 (200 μM) at 37 °C for 30 min have been shown in Fig. 5 . 

With increase in concentration of complex 1 , the cleavage becomes 

more pronounced. Here with increase in complex concentration, 

Form I gradually diminishes whereas Form II appears, suggesting 

the single strand DNA cleavage [38] . This result indicates that the 

nickel(II) complex can efficiently cleave plasmid DNA. The control 

tests have been done also as shown in Fig. 5 . The role of H 2 O 2 is 

very important in this process because it has been observed from 

experimental results that in absence of H 2 O 2 , the DNA cleavage 

is not very successful. Here, H 2 O 2 acts as an exogenous activator 

which enables complex 1 to cleave the DNA. 

3.3.5. DNA cleavage in the presence of reactive oxygen species 

To determine the plausible mechanism for DNA cleavage ac- 

tivity of complex 1 , DNA cleavage experiment has been carried 

out in the presence of various reactive oxygen species (ROS) such 

as hydroxyl radical scavenger (ethanol), singlet oxygen scavenger, 
1 O 2 (NaN 3 ), hydrogen peroxide scavenger (KI) and chelating agent 

(EDTA) (Fig. s8). The hydroxy radical EtOH depicts no inhibitory 

effect on the cleavage pattern (Fig. s8, lane3) indicative of non- 

involvement of diffusible hydroxyl radicals in the cleavage pro- 

cess. Additionally, KI and NaN 3 (Fig. s8, lanes 5 and 6) scarcely 

quenches the DNA cleavage. However, the chelating agent EDTA 

completely inhibits DNA cleavage (lane 4), signifying the key role 

of Ni(II) complex in the DNA breakage. Thus, in the presence of 

H 2 O 2 , complex 1 cleaves plasmid DNA significantly as mentioned 

above, which emphasizes the crucial role of H 2 O 2 in DNA degrada- 

tion via oxidative cleavage pathway [39] . 

3.3.6. DNA interaction in the presence of groove binders 

To ascertain the possible interaction site of complex 1 with 

plasmid PUC19 DNA, the cleavage experiment has been performed 

with the addition a minor groove binder, DAPI [40] and a major 

groove binder, methyl green (MG) [41] . The results show that con- 

siderable restriction of the DNA cleavage activity of complex 1 has 

been observed in DAPI bound DNA (Fig. s9, lane 2, 3). This indi- 

cates the minor groove binding property of the complex. On the 

other hand, upon addition of MG to the reaction mixture results in 

some curbing in the DNA cleavage activity signifying the affinity of 

the complex 1 towards the major groove binding. 

3.4. HSA binding studies 

Understanding and characterizing the interaction of a small 

molecule as drug with blood plasma protein is of immense im- 

portance in research because serum albumin makes up of nearly 

55% of total blood plasma protein and exhibits its pivotal role in 

the transportation of exogenous and endogenous molecules in hu- 

man plasma. Therefore, different spectral techniques are employed 

to investigate the interaction of complex 1 with human serum al- 

bumin (HSA). 

3.4.1. Absorption spectra studies 

UV-Vis absorption spectroscopy has been used as a reliable tool 

to check any alteration in the secondary structure of HSA in the 

presence of complex 1 ( Fig. 6 ). HSA shows a strong absorption 

peak at 208 nm which may be assigned to n → π ∗ transition 

for the peptide bond of α helix. It exhibits another band at 280 

nm which is comparatively weak in nature and it may arise due 

to the presence of the phenyl ring in aromatic acid residues such 

as Trp, Tyr and Phe [42] . Upon addition of complex 1 with an 

increase in concentration (3.85-37.04 × 10 –6 M) to HSA of con- 

stant concentration (8.1 × 10 –5 M), a gradual increase in absorp- 

tion intensity at 280 nm has been observed. This implies that 

the aromatic acid residues, which originally reside in a hydropho- 

bic cavity of the protein, are exposed to an aqueous environment 

to a certain extent. All the observations suggest that complex 1 

has interacted with the carrier protein via non-covalent interac- 

tion most probably via electrostatic interaction. This type of inter- 

action may be influenced by H-bond formation which shows ef- 

fect in the absorption spectra. The changes in spectra are mainly 

due to the effect of polar solvent e.g. water and an alteration of 

the function of micro-environment of the polypeptide chain of HSA 

protein. 

To determine the binding ability of complex 1 with HSA quanti- 

tatively, the intrinsic binding constant, K, has been determined by 
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Fig. 6. UV-Vis absorption spectra of complex 1 in the presence of HSA obtained in 

5 mM Tris–HCl buffer, pH 7.2, at room temperature: [HSA] = 8.1 ×10 −5 M; [com- 

plex 1 ] = 0, 3.85, 7.66, 11.41, 15.15, 18.87, 22.56, 26.22, 29.85, 33.46, 37.04 μM, 

respectively. Arrow shows the intensity changes upon increasing concentration of 

complex 1 . 

considering that there exists only one type of interaction between 

the protein and the metal complex in aqueous solution [42] , 

[HSA] + [Complex 1 ] � [HSA:Complex 1 ] 

K = [HSA:Complex 1 ]/ [ HSA ] [Complex 1 ] where K is the binding 

constant and [HSA: Complex 1 ] = C B 

Thus, K = C B / [C HSA – C B ] [C Complex 1 – C B ] where, C HSA and 

C Complex 1 represent analytical concentrations of HSA and the com- 

plex, respectively, in the solution, respectively. 

From the Beer–Lambert law, we can write 

C HSA = A 0 / εHSA .l 

C B = A −A 0 / εB .l where A 0 and A represent the absorbance of 

HSA in absence and in the presence of complex 1 , respectively at 

280 nm [7d]. ɛ HSA and ɛ B are the molar extinction coefficients of 

the free protein and the bound complex, respectively, and l repre- 

sents the light path of the cuvette as usual (1 cm). 

By substituting ɛ HSA and ɛ B in Equations 

A 0 /(A −A 0 ) = εHSA / εB + εHSA . 1 / εB KC Complex 1 . 1 

Thus, the double reciprocal plot of 1/(A – A 0 ) vs. 1/ [Complex 

1 ] is linear (Fig. s10) and the binding constant can be estimated 

from the ratio of the intercept and the slope. K B has been calcu- 

lated to be 1.6 × 10 4 M 

–1 . The K B value suggests that complex 1 

binds moderately to HSA followed by conformational changes in its 

structure. 

3.4.2. Fluorescence quenching studies 

Fluorescence spectroscopy is another effective method used to 

monitor progress of the interaction of small molecules with the bio 

macromolecules. The fluorescence emission spectra of HSA have 

been measured in the range of 300–450 nm by exciting HSA at 

280 nm in the presence of increasing concentration of the Ni(II) 

complex ( Fig. 7 ). HSA displays fluorescence mainly due to the pres- 

ence of tryptophan residue ( λex : 295 nm). Another residue pheny- 

lalanine has a low quantum yield. On the other hand, fluorescence 

of tyrosine residue is generally quenched if it is in ionized form 

or resides near to an –NH 2 group, a –COOH group or a trypto- 

phan because Tyr and Phe do not absorb in this region. HSA dis- 

plays a strong fluorescence peak at 344 nm, while complex 1 does 

not show any fluorescence under the same experimental condi- 

tions. The fluorescence intensity of the HSA (fixed concentration, 

6.5 × 10 −5 M) decreases gradually with increasing concentration 

of the complex (3.85 × 10 −6 to 37.04 × 10 −6 M) and it is ac- 

companied by a hypsochromic or red shift (10 nm) from the ini- 

tial HSA emission intensity indicating the enhancement in polarity 

Fig. 7. The fluorescence quenching spectra of HSA by different concentrations of 

complex 1 with the excitation wavelength at 280 nm in 5 mM Tris–HCl buffer, pH 

7.2, at room temperature: [HSA] = 6.5 × 10 −5 M; the concentration of complex 

1 = 0, 0.76, 1.51, 2.25,2.98, 3.70, 4.41, 5.12, 5.81 × 10 −5 M. Arrow shows the inten- 

sity changes upon increasing concentration of the quencher. 

of the microenvironment about Trp residue [43] . These results in- 

dicate the binding ability of complex 1 to HSA . The complex in- 

duces conformational changes in HSA. The intramolecular force, 

that is for maintaining the secondary structure, may be changed 

and hydrophobicity is also decreased signifying that the trypto- 

phan residues are more uncovered to the solvent medium. 

Commonly, by the following Stern–Volmer equation, fluores- 

cence quenching can be described [44] : 

F 0 / F = 1 + K q τ o [Q] = 1 + K sv [Q] where F 0 and F repre- 

sent the fluorescence intensity in absence and in the presence of 

quencher, respectively. K q is the quenching rate constant of the 

biomolecules, K sv is the Stern–Volmer quenching constant, τ o is 

the average life time of the molecule without quencher ( τ o = 10 −8 

s) and [Q] is the concentration of the quencher. The plot of F 0 /F 

versus [Q] for the quenching of fluorescence of HSA in the pres- 

ence of complex 1 is depicted in Fig. s11. K SV and K q values have 

been calculated to be 5.95 × 10 4 M 

−1 and 5.95 × 10 12 M 

–1 s –1 , 

respectively. It indicates that the quenching rate constant of the 

biomolecules is bigger than that their limiting diffusion constant 

(2.0 × 10 10 M 

–1 s –1 ) implying quenching occurs due to a particular 

interaction between the nickel complex and the protein molecule 

[45] . 

Now, the Scatchard equation has been used to evaluate the 

binding constant and number of binding sites [46] : 

log [F 0 −F / F] = log K + n log [Q] 

where, F 0 and F are the fluorescence intensity of HSA in ab- 

sence and in the presence of a quencher, respectively K is the bind- 

ing constant and n is the number of binding sites. From the plot of 

log [(F 0 − F)/F] vs. log [Q] both K and n can be determined from 

the intercept on Y-axis and the slope, respectively (Fig. s12). The 

binding constant and the number of binding sites have been calcu- 

lated to be 7.16 × 10 5 M 

–1 and 1.25, respectively, which are com- 

parable to those observed for previously reported binding constant 

[10a-b]. The value of n is about 1 which suggests that the complex 

is bonded to HSA in 1:1 ratio. 

3.4.3. Energy transfer mechanism and binding distance between 

complex 1 and HSA 

Fluorescence energy transfer happens because of overlapping of 

the emission spectrum of HSA, which acts as the donor, with the 

absorption spectrum of complex 1 , which behaves as the acceptor 

(Fig. s13). The extent of energy transfer depends on several factors 

such as the success of the overlap between emission spectrum of 

the donor and absorption spectrum of the acceptor, orientation of 
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transition dipole and the distance between the donor and acceptor 

(Fig. s14). Quenching of fluorescence of Trp residue occurs in the 

presence of the Ni(II) complex via Forster resonance energy trans- 

fer (FRET) mechanism. Efficiency of energy transfer (E) can be de- 

termined by the following equation [47] : 

E = 1 − F 

F 0 
= 

R 

6 
0 

R 

6 
0 

+ r 6 
0 

where F 0 and F represent the fluorescence intensity of HSA in ab- 

sence and in the presence a quencher, respectively, r is distance 

between the acceptor and the donor, and R 0 is the critical distance 

at 50% transfer efficiency. 

R 0 can be determined with the help of the following equation 

[48] : 

R 0 
6 = 8.78 × 10 −25 K 

2 n 

−4 ϕJ 

where K 

2 represents spatial orientation factor between the 

emission dipole and absorption dipole, n is refractive index of the 

medium, ϕ is emission quantum yield of the donor, and J is the 

overlap integral of emission spectrum of donor and absorption 

spectrum of acceptor. J can be evaluated by the following equation 

[49] : 

J = 

∫ ∞ 

0 F ( λ) ε ( λ) λ4 d λ
∫ ∞ 

0 F ( λ) dλ

where F( λ) is the proper fluorescence intensity of the donor at 

wavelength, λ, and ε( λ) represents molar absorption coefficient of 

the acceptor at wavelength, λ. Under the experimental conditions, 

the value of K 

2 is 2/3, n is 1.36, ϕ is 0.15 for a solution with hap- 

hazard orientation as in present case. The value of J has been de- 

termined to be 7 × 10 –14 (from the graph), R 0 has been calculated 

to be 3.48 nm, E as 0.47 and r as 3.55 nm. The donor (HSA) to 

acceptor (complex 1) distance (r) is less than 7 nm which indi- 

cates that the energy transfer from tryptophan residue of HSA to 

the metal complex occurs with high possibility [50] . These results 

are in accordance with the static quenching interaction observed 

between HSA and complex 1 [45] . 

3.4.4. IR spectral studies 

IR spectrum of proteins has been generally used to investigate 

any alteration in conformation in the structure of proteins induced 

by a possible candidate as a drug. The IR spectra at the mid IR fre- 

quency bands of proteins usually exhibit a number of amide bands 

attributed to different stretching vibrations of the peptide moieties. 

Here the spectrum has been obtained by subtracting the absorp- 

tion of Tris buffer from the spectrum of HSA solution (Fig. s15). The 

protein amide I band, which mainly appears due to C = O stretching 

and amide II band, which is due to C–N stretching coupled with 

N–H bending mode, bear a relationship with the secondary struc- 

ture of proteins. However, the former one is more sensitive to the 

perturbation of protein secondary structure than rest of its part. As 

depicted in Fig. s15, upon interaction with complex 1 , the peak po- 

sition of amide I band is shifted from 1654 to 1674 cm 

–1 and that 

of amide II band from 1557 to 1553 cm 

–1 . These changes in the IR 

spectra indicate that complex 1 has been able to alter secondary 

structure of HSA while interacting. 

3.4.5. 3D fluorescence spectral studies 

These conformational and micro-environmental changes of HSA 

induced by complex 1 have further been monitored by 3D fluo- 

rescence spectroscopy of HSA in the absence and in the presence 

of the complex 1. The 3D fluorescence spectra of HSA and com- 

plex 1 –HSA system are shown in Fig. s16. Peak A represents a 

Rayleigh scattering peak ( λex = λem 

) while Peak B ( λex = 280 nm, 

λem 

= 350 nm) primarily shows spectral behaviour of tryptophan 

residue. On the other hand, Peak C indicates the second-ordered 

scattering peak ( λem 

≈ 2 λex ) [48] . It has been observed from Fig. 

Fig. 8. SDS–PAGE electrophoresis in 0.8% polyacrylamide gel of HSA fragmentation, 

in the presence of complex 1 , treated with H 2 O 2 , for 30 min at 37 °C, in Tris buffer 

100 mM, pH 7.2, Lane 1: 75 μM HSA, Lane 2: 75μM HSA and 100 mM H 2 O 2 , Lane 3: 

75 μM HSA, 100 mM H 2 O 2 and 40 μM complex, Lane 4: 75 μM HSA, 100 mM H 2 O 2 
and 80 μM complex, Lane 5: 75 μM HSA, 100 mM H 2 O 2 and 100 μM complex. 

s16 that both the fluorescence intensities of peaks A and B have 

been quenched appreciably and the emission maximum peaks al- 

ter. These facts indicate that the interaction of complex 1 with HSA 

induces some conformational and micro environmental changes in 

HSA. These results are in accordance with that obtained from UV–

vis, fluorescence and CD spectral analysis. 

3.4.6. CD spectral studies on changes of the HSA conformation with 

complex 1 

To study effect of complex 1 binding on the secondary structure 

of HSA, CD measurement has been carried out in the presence of 

the Ni(II) complex at different concentrations. The CD spectrum of 

the protein displays two negative bands at 208 and 219 nm which 

may be assigned to π → π ∗ and n → π ∗ transfers, respectively, 

for the peptide bond (Fig. s17). These are typical characteristic of 

α-helix structure of the protein [51] . The CD signal of the protein 

molecule enhances with the increase in concentration of complex 

1 as the helical secondary structure of HSA is destroyed to some 

extent in the presence of the complex. This suggests a consider- 

able amount changes in the conformation of HSA [52] . However, 

spectral pattern of HSA before and after addition of complex 1 is 

similar that indicates the predominant presence of α-helical struc- 

ture in HSA. 

3.4.7. Oxidative damage of HSA by complex 1 

Oxidative damage of HSA has been studied with different con- 

centrations of the protein and complex 1 [53] . HSA exhibits re- 

markable degradation after incubation with complex 1 , for 30 min, 

at 37 °C in the presence of H 2 O 2 . It is indicated by a continuum 

of protein fragments at SDS–PAGE in 0.8% acrylamide gel ( Fig. 8 ). 

Clear and thick protein band is observed at the expected molec- 

ular weight range (around 66 kDa). As shown in Fig. 8 , it is ob- 

served that the control condition (Lane 1) does not show any ap- 

parent cleavage, while upon gradual addition of complex 1 (40-100 

μM), HSA displays its proficient cleavage activity with appreciable 

smearing or fading of the band. Possibly nonspecific binding of the 

nickel complex with the protein results in the fading out of the 

band and leads to very small fragments [54] . 

3.5. Cytotoxicity evaluation 

3.5.1. MTT assay 

MTT assay has been performed to examine the ability of com- 

plex 1 to hinder cell growth and induce cell death in both lung 
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Fig. 9. Effect of complex 1 on viability of (A) lung carcinoma (A549) and (B) normal lung fibroblast (WI-38). Cells were treated with different concentration (0-200 μM) of 

complex 1 for 12 h. Cell viability was measured by MTT assay. Data represented as mean ± SE of three independent experiments made in three replicates. 

Fig. 10. Apoptotic nuclear morphology study by DAPI staining in A549 cell. 

carcinoma and normal lung fibroblast cell line. The cytotoxic ef- 

fect of complex I has been investigated after 12 h of treatment 

on A549 (lung carcinoma) and WI-38 (normal lung fibroblast) by 

using MTT assay. As shown in Fig. 9 , cell survivability has sig- 

nificantly (p < 0.0 0 02, 40-20 0 μM) decreased in a dose dependent 

manner in carcinoma cell line. In A549 cells proliferation has been 

significantly inhibited by complex 1 with LD 50 value of 69.82, 

whereas, in normal fibroblast WI-38 cells proliferation, the LD 50 

value is 104. Since, complex I shows significant cytotoxicity to- 

wards A549 cells, and less toxicity to WI-38, suggesting potential 

anticancer drug for lung carcinoma. 

3.6. Apoptosis evaluation 

3.6.1. Apoptotic nuclear morphology study by DAPI staining 

Apoptotic morphology has been performed in cells treated with 

complex 1 at their respective LD 50 dose for 12 h and 24 h by 

DAPI staining. It reveals that the untreated cells exhibit no nucleus 

shrinking or polynuclear fragmentations. However, clear polynu- 

clear fragmentation as well as nucleus shrinking has been noticed 

in cells treated with the metal complex ( Fig. 10 ). It has been esti- 

mated that around 52% (40 μM) and 57% (70 μM) apoptotic cells 

have been observed in 24 h in complex 1 treated A549 cells. 
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Fig. 11. Western blot of apoptotic protein Bcl2, cleaved Caspase 3 and loading con- 

trol GAPDH. Lane 1: Untreated A549 cell, lane 2: 20 μM of complex 1 treated A549 

cell, lane 3: 40 μM of complex 1 treated A549 cell, lane 4: 80 μM of complex 

1 treated A549 cell. This result suggests upregulation of apoptotic pathway upon 

treatment with complex 1 in lung carcinoma cell line. 

3.6.2. Treatment of complex 1 in A549 promotes apoptosis 

We have evaluated the expression of apoptotic marker cleaved 

caspase- 3 and antiapoptotic protein Bcl-2 in the total cellular ex- 

tract of 12 h complex 1 treated A549 cell line. It has been found 

that the expression of cleaved caspase-3 has been increased in a 

dose dependent manner while the expression of Bcl-2 decreases in 

the same set of experiments ( Fig. 11 ). Thus, this fact indicates that 

complex 1 induces apoptosis by downregulating Bcl-2 and upregu- 

lation of caspase-3 activity, which leads to activation of caspase-3. 

Upregulation of caspase-3 leads to successful apoptosis and subse- 

quent cell death [55] . 

4. Conclusions 

We have synthesized and characterized a mononuclear Ni(II) 

complex (Complex 1 ) with 1-((2-piperidin-1-yl)ethylimino)methyl) 

naphthalene-2-ol as the ligand. It interacts with DNA and binds 

mainly with minor groove. Several studies indicate that complex 

1 is able to bind with human serum albumin efficiently. In this 

present study, we explore whether the nickel complex has any tu- 

mor suppressive function in lung cancer cell line (A549). To attain 

this aim, the lung carcinoma cells have been treated with differ- 

ent concentrations of nickel complex. The study shows that the 

mononuclear Ni(II) complex exhibits selective cytotoxicity towards 

A549 cell but it does not kill normal healthy cell (WI-38). Thus, 

it could be used as a potential anti-cancer drug. In this study we 

have shown that the complex can induce apoptosis in lung car- 

cinoma cell by downregulating Bcl2 and upregulation of caspase- 

3 activity. We have also observed higher percentage of apoptotic 

bodies in A549 nucleus compared to normal fibroblast which is a 

major characteristic feature of apoptosis. Thus, this Ni(II) complex 

can bring about cell death and pave the way for further evaluation 

as a potential therapeutic agent. These findings suggest that this 

nickel complex might be a tumor suppressor and a potential target 

for lung carcinoma. In our previous study with Cu-complex [19] , 

it has been observed that the complex was involved in intercala- 

tive binding with DNA whereas in the present study, complex 1 

involves in minor groove binding. Both of the complexes can bind 

HSA with same efficiency. In the present study it has been estab- 

lished that the complex exhibits selective cytotoxicity towards can- 

cer cell whereas it is not harmful for normal cell indicating its tu- 

mor suppressing ability. 
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Dinuclear Copper(II) Complexes with N,O Donor Ligands:
Partial Ligand Hydrolysis and Alcohol Oxidation Catalysis
Arpita Barma,[a] Aradhita Bhattacharjee,[a] and Partha Roy*[a]

Two copper(II) complexes [Cu2(L
1)2] (1) and [Cu2(L

2)2] (2) where
H2L

1=2-hydroxy-3-((3-hydroxy-2,2-dimethylpropylimino)
methyl)-5-methylbenzaldehyde and H2L

2=2-hydroxy-3-(((1-hy-
droxypropan-2-yl)imino)methyl)-5-methylbenzaldehyde have
been synthesized and used as catalysts in alcohol oxidation.
2,6-Diformyl-4-methylphenol (DFP) based Schiff-base ligands,
3,3’-(2-hydroxy-5-methyl-1,3-phenylene)bis(methan-1-yl-1-
ylidene)bis(azan-1-yl-1-ylidene)bis(2,2-dimethylpropan-1-ol)
(H3L’) and 2,2’-(((2-hydroxy-5-methyl-1,3-phenylene)bis
(methanylylidene))bis(azanylylidene))bis(propan-1-ol) (H3L’’),
undergo partial hydrolysis to convert one of the azomethine
groups to aldehyde group to give H2L

1 and H2L
2, and then react

with copper(II) acetate to yield complex 1 and 2, respectively.
These complexes have been characterized by standard methods
such as elemental analysis, room temperature magnetic studies,
FT-IR, UV-vis, ESI-mass spectral analyses, cyclic voltammogram,
etc. The structures of dinuclear complexes with modified ligands
have been confirmed by single crystal X-ray diffraction analysis.
Complex 1 and 2 have been used as catalysts for the oxidation
of benzyl alcohol, 4-methyl benzyl alcohol, 4-methoxy benzyl
alcohol, 4-nitro benzyl alcohol and 4-bromo benzyl alcohol to
the corresponding aldehyde as the sole product. Efficiency of
the catalyst depends on the chain length and substitution on
the chain of the ligand.

Introduction

Attention on metal Schiff-base complexes is high among the
researchers for last few decades. Appropriate coordination
environment can easily be incorporated into the Schiff-base
ligands by the judicial choice of the starting amine and
aldehyde/keto compounds. These ligands stabilize different
oxidation states of the transition metal ions offering oppor-
tunity to use such complexes in the diverse field of applications
such as catalysis, redox processes, etc.[1,2] Apart from this,
transition metal complexes were applied in the field of magnet-
ism, biological sciences, optoelectronics, sensing, etc.[3–6] The
Schiff-base ligands derived from 2,6-diformyl-4-methylphenol
(DFP) are useful in the preparation of dinuclear or multinuclear
transition metal complexes because phenoxy oxygen atom of
DFP unit acts as the binucleating bridging center.[7] Depending
on transition metal ions, reaction conditions and bridging
ligands, di-,[8] tri-,[9] tetra-,[7d–e,10] penta-,[10b] hexa-,[7e,11] hepta-,[8a]

or higher nuclear transition metal complexes[12] were obtained
with the Schiff-base ligands of DFP which found different
applications.

Copper(II) complexes with Schiff-base ligands were used as
the catalyst in different oxidation reactions[13] such as oxidation
of alkane,[14] alkene,[15] sulfide,[16] catechol,[17] alcohol,[18] etc.
Pombeiro et al. reported a landmark work on copper catalyzed
oxidation of cyclohexane.[14a] After that a number of copper

complexes were employed as the catalyst for such oxidation
reactions.[19] The products of cycloalkane oxidation are, primar-
ily, cycloalkanol and cycloalkanone. Alkene has been converted
to corresponding epoxide as the main product by copper
complex as the catalyst using various oxidants such as hydro-
gen peroxide, tert.-butyl hydroperoxide, molecular oxygen,
etc.[15] Epoxides are important building blocks for several fine
organic materials. Apart from oxidation of these substrates,
dimethyl ether has been synthesized from syngas using copper-
based catalyst.[20] Click reaction yields different triazoles from
azides. This reaction is catalyzed by copper(I) compounds in
homogeneous as well as in heterogeneous media.[21] Copper
compounds catalyze several C� C, C� X (where X is B, Si and F)
bond-formation reactions where unactivated alkyl electrophiles
have been used as the substrates.[22]

Oxidation of alcohol is important in organic chemistry as it
offers transformation of alcohol to aldehyde group. Alcohol
oxidation is generally achieved in the presence of stoichiomet-
ric amounts of metal containing toxic and/or hazardous
oxidizing agents.[23] Work up procedure to achieve the target
oxidized compounds requires huge labor. Thus, the use of
appropriate catalyst for such transformation is an alternative
option in terms of economy and environmental pollution. In
this respect, it may be suitable to mention galactose oxidase
(GO).[24] It is a fungal enzyme and catalyzes the oxidation of
various primary alcohols to the corresponding aldehyde solely
with the reduction of dioxygen to H2O2.

[25] It has one copper
atom with square pyramidal geometry at the active site.

Aerobic oxidation of alcohols has been achieved by differ-
ent metals as the catalyst. Abdel-Rahman et al. reported some
Cu(II)-Schiff base complexes as the catalyst for oxidation of
alcohol under different reaction conditions.[26] Zhan and co-
workers reported some mononuclear copper(II) complexes with
ligands containing phenol derivatives and used them in the
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aerobic oxidation of benzyl alcohol.[27] Sulfonated Schiff base
copper(II) complexes were used as the catalyst for the oxidation
of primary and secondary alcohols.[28] One mononuclear copper
(II) complex with non-innocent aminophenol based ligand has
been reported as biomimetic model for galactose oxidase
enzyme.[29] We have also utilized some copper(II)-Schiff base
complexes as the catalyst for the oxidation of different benzyl
alcohols.[30] The oxidation of primary alcohols to the corre-
sponding aldehydes in the presence of CuIOTf or CuII(OTf)2 as
metal sources, 2,2’-bipyridine as ligand, N-methylimidazole as
base and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as the
co-catalyst has been studied by different groups[31] to establish
the mechanism of the oxidation reaction. Amongst the reported
catalytic systems, TEMPO has been used as a co-catalyst in
almost every system. However, there are some problems with
the processes, for example, reaction conditions, recyclability of
the catalyst, catalyst loading, chemo-/stereo-selectivity, etc.
Thus, attempts for better catalysts to overcome such challenges
are continuing.

We report here synthesis, characterization, and catalytic
properties of two dinuclear complexes, [Cu2(L

1)2] (1) and
[Cu2(L

2)2] (2) where H2L
1=2-hydroxy-3-((3-hydroxy-2,2-dimeth-

ylpropylimino)methyl)-5-methylbenzaldehyde and H2L
2= (E)-2-

hydroxy-3-(((1-hydroxypropan-2-yl)imino)methyl)-5-meth-
ylbenzaldehyde (Scheme 1). Complex 1 and 2 have been
synthesized under mild conditions. H2L

1 is the product of partial
hydrolysis of 3,3’-(2-hydroxy-5-methyl-1,3-phenylene)bis
(methan-1-yl-1-ylidene)bis(azan-1-yl-1-ylidene)bis(2,2-dimethyl-
propan-1-ol) (H3L’) and H2L

2 is obtained by partial hydrolysis of
2,2’-(((2-hydroxy-5-methyl-1,3-phenylene)bis(methanylylidene))
bis(azanylylidene))bis(propan-1-ol) (H3L’’). It is documented that
Cu(II) can convert the ligand to its oxidized products on several
occasions.[32] Cu(II) catalyzed partial hydrolysis of imine group of
some Schiff-base ligands has been reported.[33] However, partial
modification of DFP based ligands have been reported with
metal ions generally other than Cu(II) ion.[7e,8,9,11b] In this report,

two dinuclear copper(II) complexes with partially hydrolyzed
DFP based ligands have been used as the catalysts for the
oxidation of some benzyl alcohols in the presence of tert-butyl
hydroperoxide (TBHP) as the oxidant.

Results and Discussion

Synthesis of H3L’, H3L’’, complex 1and complex 2

Complex 1 and 2 were synthesized following the route as
depicted in Scheme S1. First ligands, H3L’ and H3L’’ were
synthesized by 1 :2 condensation between DFP and the
respective amine, characterized and thought to get multi-
nuclear copper(II) complexes where phenolic oxygen atom
could act as the bridge. Both H3L’ and H3L’’ have been
characterized by elemental analysis, 1H NMR and ESI mass
spectral analysis. ESI-mass spectrometric measurements were
performed with methanolic solutions of H3L’ and H3L’’. Mass
spectrum of H3L’ shows the m/z peak at 335.18, which may be
attributed to the presence of [H3L’+H+] species (Figure S1). For
H3L’’, the m/z peak at 279.13 may be attributed to the presence
of [H3L’’+H+] (Figure S2).

1H NMR spectra of H3L’ and H3L’’ were recorded in CDCl3
(Figure S3 and Figure S4). Signals for phenolic proton of H3L’
and H3L’’ appear at 10.39 and 10.47 ppm, respectively. Peaks at
8.56 and 8.42 ppm may be attributed to the imine protons of
H3L’ and H3L’’, respectively. The aromatic protons of H3L’ appear
at 7.51 ppm. Signal for aromatic protons of H3L’’ emerges at
7.28 ppm. Peak of H3L’ at 4.93 ppm may appear due to the
presence of alcoholic protons. Alcoholic protons of H3L’’ give
signal at 5.27 ppm. Methylene protons of H3L’ appear at 3.52
and 3.48 ppm whereas signals for the other compound appear
at 3.71 and 3.10 ppm. Peaks at 2.30 and 1.00 ppm may be
attributed to the various methyl protons of H3L’. Signals for
methyl protons of H3L’’ appear at 2.80 and 1.23 ppm.

Scheme 1. Structures of (H3L’), (H3L’’), complex 1 and 2.
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However, during the synthesis of complex 1 and complex 2,
the ligand modification has been noticed for both the cases.
Partial hydrolysis of H3L’ and H3L’’ leads to the generation of
H2L

1 and H2L
2, respectively, where one of the imine bonds of

the ligand has been converted to aldehyde group. Schiff-base
ligands derived from DFP tend to undergo partial hydrolysis. In
previous studies, partial hydrolysis of azomethine bond
occurred in the presence of Ni2+ ion[11] as well as Zn2+ ion.[9]

Reaction between H3L’ and copper(II) acetate gives complex 1
without adding any external base to deprotonate the phenolic
oxygen atom. Overall reaction may be written as:

2CuðOAcÞ2:H2Oþ 2H3L0 ! ½Cu2L12� ð1Þþ

2NH2CH2CðCH3Þ2CH2OHþ 4AcOHþ 2H2O

Similar reaction occurs between H3L’’ and copper(II) acetate
to produce complex 2.

2CuðOAcÞ2:H2Oþ 2H3L00 ! ½Cu2L22� ð2Þþ

2NH2CHðCH3ÞCH2OHþ 4AcOHþ 2H2O

Crystal structures of complex 1and 2

Complex 1 crystallizes in the P-1 space group, whereas complex
2 crystallizes in the P 21/n space group. Perspective views of
the molecules are shown in Figure 1. Selected bond angles and
bond lengths are listed in Table S1. Both of the complexes
consist of two deprotonated dianions of the partially hydro-
lyzed ligand, H2L

1 for complex 1 and H2L
2 for complex 2, and

two copper atoms. Both the copper atoms are in a tetracoordi-
nated environment. Each copper in 1 and 2 is coordinated with
one phenolic oxygen atom (O2), two alcoholic oxygen atoms
(O3, O3a) and one nitrogen atom (N1) from the ligands, H2L

1

and H2L
2, respectively. The metal center in both the cases is in a

distorted square planar geometry. O2, N1, O3 and O3a form the
square plane and Cu1 is slightly out the mean plane by a
distance of 0.034 Å. The smaller donor-metal-donor angle
around Cu1 deviates from 90° for both the cases. The

O3� Cu1� O3a angle is 77.49° and 82.9° for complex 1 and 2,
respectively while the O3� Cu1� N1 angle is 96.14° and 84.2° for
complex 1 and 2, respectively. The larger donor-metal-donor
angle around Cu1 also shifts from ideal 180° for both the
complexes. The O2� Cu1� O3 angles are 161.78° for complex 1,
178.3° for complex 2 while O3a� Cu1� N1 angles are 166.97° for
complex 1 and 161.0° for complex 2.

For five coordinate complex, trigonal bipyramidal or square
pyramidal geometry is ascertained from the value of trigonal
index parameter (τ parameter).[34] However, for four-coordinate
complexes, Houser et al. introduced four-coordinate τ4 index to
find the geometry around the metal center with the following
formula[35]

where α and β are the two largest angles in the four-coordinate
species. When the value of τ4 is 1.00, the geometry is perfect
tetrahedral. For the perfect square planar geometry, it is 0.00.
Other values indicate different seesaw geometry. The values of
four-coordinate τ4 index have been calculated to be 0.037 and
0.123 for complex 1 and 2, respectively. These indicate that
there is almost perfect square planar geometry around metal
center in complex 1. For complex 2, τ4 index indicate the
fluctuation of square planar geometry. The donor metal bond
distances are in the range of 1.8821 and 1.9302 Å. The metal-
metal bond distances are 2.989 Å for complex 1 and 2.902 Å for
complex 2 which are significantly short.

Room temperature magnetic moment determination

Room temperature magnetic susceptibility of complex 1 and 2
were determined with the powder samples using the Guoy
Balance Method. The effective magnetic moment has been
determined to be 1.96 and 2.26 BM per dimer for complex 1
and 2, respectively (ΧMT values are 0.5 and 0.6 emuKmol� 1 per
two copper atoms for complex 1 and 2, respectively). Both the
complexes show lower magnetic moment value than the

Figure 1. Perspective views of (A) complex 1 and (B) complex 2. Hydrogen atoms have been omitted for clarity. Symmetry code: (a) 1-x, 2-y, 1-z (for complex
1) and (a) 1-x, 1-y, 1-z (for complex 2).
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calculated value, which is 2.83 BM for two copper atoms,
indicating partial spin paring by antiferromagnetic interaction
in the complexes at room temperature.

UV-vis spectral studies

The electronic spectra of complex 1 and 2 were recorded in
dimethylformamide (DMF) at room temperature (Figure S5 and
Figure S6). For an octahedral geometry, the expected 2T2g to

2Eg
transition takes place at around 800 nm. This band will undergo
a significant blue shift when the octahedral geometry changes
to a square pyramidal and square planar structure.[36] The
absorption band observed in the range 542–694 nm corre-
sponds to the d-d transitions (Inset of Figure S5 and Figure S6).
On the basis of the crystal structures of complex 1 and 2, the
geometry around each copper(II) center is assumed to have a
square-planar geometry. The observed d-d transitions around
600 nm also indicate the square planar Cu(II) centers. These are
weaker in intensity as they are Laporte forbidden. Moreover,
both the complexes are centro-symmetric which allows very
little mixing of d and p orbitals. The medium intensity bands
appear in the range 330–450 nm for complex 1 and 334–
452 nm for 2.[37] The strong bands at ~415 nm for both the
complexes are due to the phenolate-to-copper(II) ligand-to-
metal charge transfer (LMCT) (transfer occurs from the MO with
ligand-like character to the metal-like one) and other band may
be due to the intra-ligand charge transfer transitions.[37]

FT-IR spectral studies

FT-IR spectra of complex 1 and 2 were obtained with powder
samples by ATR technique. In the IR spectra of the complexes
(Figure S7 and Figure S8), the presence of hydrocarbon part
(methyl and methylene groups) of the complexes have been
evidenced from the appearance of the unsymmetrical and

symmetrical frequencies at the region of 2800–3000 cm� 1. The
sharp band at around 1670 cm� 1 may be attributed to the
presence of aldehyde group of H2L

1 and H2L
2 species. Another

intense band at around 1625 cm� 1 is due to the presence of the
stretching vibration of the azomethine group (C=N moiety).
These observed bands explain the structural similarities be-
tween the complex 1 and complex 2.

Mass spectral studies

ESI-mass spectra of complex 1 and 2 were obtained in
methanol (Figure S9 and Figure S10). As indicated by the
spectra, both the complexes have been found to exist mainly as
dinuclear copper(II) species in the solution. Mass spectrum of
complex 1 shows an m/z peak at 621.19 which may be
attributed to the [Cu2(L

1)2+H+] species (calculated value:
621.11). The complex undergoes fragmentation to show the
presence of the partially hydrolyzed ligand, H2L

1. Two other
significant m/z peaks are observed at 272.17 and 250.18. These
peaks may be assigned to the presence of [H2L

1+Na+] and
[H2L

1+H+], respectively (calculated values: 272.13 and 250.14).
Mass spectrum of complex 2 shows an m/z peak at 565.09
which may be attributed to the existence of [Cu2(L

2)2+H+]
species (calculated value: 565.05).

Electrochemical studies

Electrochemical studies of complex 1 and 2 were carried out in
DMF using TBAP as supporting electrolyte. Both dinuclear Cu(II)
complexes exhibit two pairs of redox events which indicate the
electronic communication present between the two metal ions
of these two dinuclear Cu(II) complexes (Figure 2). These redox
processes involved between two metal centers can be ex-
pressed as

Figure 2. Cyclic voltammogram of (A) complex 1 and (B) complex 2 in DMF. Conditions: 0.1 M [n-Bu4N]ClO4 as supporting electrolyte, glassy carbon as working
electrode and Ag/AgCl as reference electrode (scan rate: 25 mV/s).
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The first pair of oxidation-reduction peaks corresponding to
oxidation-reduction couples, i. e. Cu(II)Cu(I)/Cu(I)Cu(I) B, Epa1=

� 1.48 V for complex 1 and � 1.20 V for complex 2, Epc1=

� 1.50 V for complex 1 and � 1.43 V for complex 2, the average
formal potential [E1/2= (Epa1+Epc1)/2] is � 1.49 V for complex 1
and � 1.31 V for complex 2. The second pair of oxidation-
reduction peaks corresponding to oxidation-reduction couples,
i. e. Cu(II)Cu(II)/Cu(II)Cu(I) A, Epa2= � 0.96 V for complex 1 and
� 0.83 V for complex 2, Epc2= � 1.08 V for complex 1 and
� 1.06 V for complex 2, the average formal potential [E1/2=

(Epa2+Epc2)/2] is � 1.02 V for complex 1 and � 0.95 V for
complex 2. The peak observed at � 0.5 V for complex 2 may be
assigned to the ligand reduction event.

The stability of the mixed-valence Cu(II)Cu(I) species can be
expressed in terms of the comproportionation constant, Kcon,

where, ΔE01/2=E01/2 (A)� E
0
1/2 (B)

The larger the separation between the potentials of the
couple, the greater the stability of the mixed-valence species
with respect to comproportionation. The values of ΔE01/2 for
complex 1 and 2 are 0.23 and 0.18 V, respectively whereas
values of Kcon for complex 1 and 2 have been determined as
9.5×103 and 1.1×103, respectively.

The values imply the stability of the mixed valence state
Cu(II)Cu(I) are comparable with those of the literature.[38] It has
been reported that ΔE01/2 separation value of non-interacting
metal centers, which are in similar chemical environments, is
not larger than 50 mV.[39] Thus, the cyclic voltammograms
indicate significant copper-copper coupling present in these
two dinuclear complexes which has also been observed in
several other dinuclear metal complexes.[40]

The cyclic voltammograms of complex 1 and complex 2
were also recorded at different potential scan rates to show
that the current is diffusion controlled, whereas the current
ratio of the first to second waves increases with an increase in
the potential scan rate (Figure S11 and Figure S12).

Alcohol oxidation studies

Complex 1 and 2 have been used as catalyst for the oxidation
of benzyl alcohols with TBHP as the oxidant at 343 K. The
complexes show galactose oxidase mimicking activity i. e. they
act as the catalyst for the oxidation of benzyl alcohols. The
substrates used here are benzyl alcohol, 4-methyl benzyl
alcohol, 4-methoxy benzyl alcohol, 4-nitro benzyl alcohol and 4-
bromo benzyl alcohol. The corresponding aldehyde has been
obtained as the sole product. The results of the oxidation
reactions are given in Table 1. The results indicate moderate
ability of the catalysts towards the conversion of benzyl alcohol
to the corresponding aldehyde. Yield of the transformation for
each of the substrate is remarkably high in comparison to the
corresponding blank experiments signifying the relevance of
the presence of the copper complex. The optimized conditions
have been found by varying different parameters for the
catalytic reaction.

In order to investigate the role of the solvent, the oxidation
of benzyl alcohol has been carried out in different solvents and
the results of the reactions are given in Table S2. Reaction in
water shows poor conversions (9%) probably because of the
low solubility of the catalysts in this solvent, hence the yield is
similar to that obtained during the blank experiments (Table 1,
entry 3). When acetonitrile is used, the catalytic reaction
produces the highest yield. Hence acetonitrile has been
selected as solvent for all the oxidation reactions. Another
possible explanation for the higher yield of the catalysis in
CH3CN may be found in the inclination of the solvent to
stabilize the intermediate Cu(I) species via coordination.

In order to check the role of the oxidant, the oxidation of
benzyl alcohol has been performed in the presence of different
oxidants. The results are shown in Table S3. It is clear from the
table the TBHP is far better oxidant to convert the benzyl
alcohol in comparison to the other oxidants.

The effect of temperature on the reaction yield has also
been examined. At room temperature, the reaction proceeds
slowly and produces small amount of the aldehyde. The
maximum yield has been obtained at 343 K. So, the reaction
has been carried out at this temperature. Higher temperature
may destroy the copper complex showing lower yield of
catalytic reaction.

Oxidation of benzyl alcohol has been carried out in the
presence of various amounts of the catalyst to check whether
amount of the catalyst has any significant effect on yield of the

Table 1. Oxidation[a] of primary alcohol with complexes 1 and 2.

Substrate Product Yield[b] in [%], (TON[c])
Complex 1 Complex 2 Blank[d]

Benzyl alcohol Benzaldehyde 72 (14.0) 50 (10.0) 9
4-Methylbenzyl alcohol 4-Methyl benzaldehyde 73 (14.6) 51 (10.2) 10
4-Methoxybenzyl alcohol 4-Methoxy benzaldehyde 81 (16.2) 62 (12.4) 9
4-Nitrobenzyl alcohol 4-Nitro benzaldehyde 59 (11.8) 35 (7.0) 10
4-Bromobenzyl alcohol 4-Bromo benzaldehyde 61 (12.2) 38 (7.6) 7

[a] Oxidant: TBHP; temperature: 343 K; solvent: acetonitrile. [b] Yield calculated after 24 h. [c] TON: turnover number=number of moles of product/number of
moles of catalyst. [d] Oxidation reaction without any complex under identical conditions.
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catalytic reactions. The results, however, indicate that it does
not affect the reaction yield considerably. Thus, for all the
substrates, a 1 : 20 catalyst/substrate ratio has been maintained.

Substrate variation has been done by introducing an
electron donating or an electron withdrawing group in the
aromatic ring of benzyl alcohol. The effect of these groups has
been observed on the yield of the reaction (Table 1). It has
been found that the yield of oxidation is increased with
incorporation of electron donating groups. The highest yield
has been obtained with 4-methoxy benzyl alcohol and the yield
of the reaction is 81% with complex 1 and 62% with 2. Another
substrate with electron donating (4-methylbenzyl alcohol with
yield of 73% with complex 1 and 51% with 2) shows marginally
higher yield than the unsubstituted substrate with both the
catalysts (benzyl alcohol with yield of 72% for complex 1 and
50% for 2). However, the presence of a bromo or nitro group in
the aromatic ring decreases the yield of the corresponding
alcohol formation. The yields with 4-bromobenzyl alcohol and
4-nitrobenzyl alcohol are 61% and 59%, respectively for
complex 1, and 35% and 38%, respectively for complex 2.

Aliquots from the catalytic reaction mixture have been
collected after 2 h and 4 h, and then every 4 h up to 24 h and
analyzed in the GC to check the progress of the reaction. Plots
of yield vs. time for complex 1 and 2 are shown in Figure 3 and
Figure S13, respectively. It is evident that yield of the reaction
increases with passage of time for all the substrates, the
maximum being observed after 24 h of reaction. With the
passage of time, the conversion of benzyl alcohols is also
increased. It has been found that it reaches saturation after 24 h
of the reaction.

Blank reactions with all the substrates have been performed
under the same experimental conditions but without any
complex. It is to be noted that in case of blank reaction, the
reaction proceeds very slowly, and conversion is very poor
(Table 1, entry 3). It takes longer time for the conversion of
benzyl alcohol into the aldehyde. In other words, when we

compare yield of a particular reaction in the same duration of
time, e.g., 4 h, with and without catalyst, there is almost no
conversion of alcohol to corresponding aldehyde in the initial
time frame while the presence of copper complex as catalyst
increases the yield of aldehyde manifold. These facts signify the
importance of the copper(II) complex as catalysts.

We have tried to recover complex 1 and 2 after the catalytic
reaction aiming to use it as catalyst for another reaction.
However, attempts seem to be unsuccessful. The compound
has been collected and dried after the catalytic reaction and
characterized by IR spectroscopy attempting to find out the
resemblance with the original catalyst. However, the spectrum
of the material recovered is different from that of complexes. It
indicates considerable decomposition of the complex and reuse
of it as catalyst is inhibited.

A possible mechanistic pathway for the oxidation of the
benzyl alcohols by the copper complex may be proposed based
on the present work and results that were obtained from earlier
studies (Scheme 2).[41] To explore the species responsible for the
catalytic reaction, we have recorded the UV-vis spectra of
complex 1 in absence and in the presence of TBHP in the range
250–800 nm in acetonitrile as this solvent has also been used in
the catalytic reactions (Figure S14). Free complex 1 exhibits a
sharp band at 410 nm which may be attributed to the
phenolate-to-copper(II) ligand-to-metal charge transfer (LMCT).
There are changes in the spectrum after addition of TBHP to the
solution of the metal complex. Complex 1 shows a band at
379 nm which may be attributed to the shifting of charge
transfer transition band position. It exhibits broad peak with a
shoulder near 410–420 nm indicating the presence of perox-
ocopper(II) species[2d] which may be generated during the
catalytic process, and thus it may act as the active species

Figure 3. Plot of time vs. yield of aldehyde formation in the presence of
complex 1 as the catalyst. Scheme 2. Possible mechanism of benzyl alcohol oxidation.

Full Papers
doi.org/10.1002/ejic.202100263

2289Eur. J. Inorg. Chem. 2021, 2284–2292 www.eurjic.org © 2021 Wiley-VCH GmbH

Wiley VCH Montag, 14.06.2021

2123 / 204221 [S. 2289/2292] 1

https://doi.org/10.1002/ejic.202100263


responsible for the transformation of the substrate. The alcohol
oxidation is believed to proceed mainly via a radical mecha-
nism, which involves both carbon- and oxygen-centered
radicals.[42] Reaction between the catalyst and TBHP may
produce tBuO. radical and Cu(I) species. The Cu(I) may be
converted to the corresponding Cu(II)� OOBut species which has
been detected by UV-vis measurement. A radical on benzyl
alcohol may be generated by the action of TBHP on it. That
radical and metal peroxo species produce the corresponding
aldehyde.

It is clear from the electrochemical studies that the onset
potential values for the reduction of Cu(II) to Cu(I) are � 0.86 V
and � 0.91 V for complex 1 and 2 respectively, indicating that
the reduction of metal center is easier for complex 1 than in 2.
As discussed in the possible mechanism, formation of Cu(I) is
necessary in the catalytic reaction. Thus, the system, where
formation of Cu(I) is more feasible, should be more efficient in
the oxidation reaction. Therefore, results obtained in electro-
chemical and catalytic studies corroborate perfectly establishing
complex 1 is better catalyst than the complex 2.

Comparison of some copper compounds[30,43] acting as
catalyst for the oxidation of benzyl alcohol has been made on
few aspects of the catalytic reactions (Table S5). Most of the
catalytic reactions have been carried out in organic solvent
such as acetonitrile, dichloromethane, etc. The reactions have
been carried out at room temperature as well as in elevated
temperature. In the present study, temperature for oxidation
has been set at 70 °C. Time of reaction varies from 1 h to 24 h.
Yield of the reaction is in the range of 50% to 100%. Turn over
number reported in these studies is in the range of 6.6 to 684.
The discussion and results summarized in Table S5 indicate that
complex 1 and 2 are moderate in their ability to produce the
corresponding aldehyde solely from the benzyl alcohols.

Conclusions

In summary, we have been able to synthesize and characterize
two dinuclear copper(II) complexes,[Cu2(L

1)2](1) and [Cu2(L
2)2] (2)

where H2L
1=2-hydroxy-3-((3-hydroxy-2,2-dimethylpropylimino)

methyl)-5-methylbenzaldehyde and H2L
2=2-hydroxy-3-(((1-hy-

droxypropan-2-yl)imino)methyl)-5-methylbenzaldehyde. 3,3’-(2-
Hydroxy-5-methyl-1,3-phenylene)bis(methan-1-yl-1-ylidene)bis
(azan-1-yl-1-ylidene)bis(2,2-dimethylpropan-1-ol) (H3L’) and 2,2’-
(((2-hydroxy-5-methyl-1,3-phenylene)bis(methanylylidene))bis
(azanylylidene))bis(propan-1-ol) (H3L’’) have been aimed to
synthesize multinuclear complexes with Cu(II) but both the
ligands undergo partial hydrolysis to yield H2L

1 and H2L
2,

respectively and then copper(II) species coordinate with the
modified ligands to produce complex 1 and 2. Ligand used for
complex 1 has longer side arm with branched alkyl groups.
However, variation in chain length and presence of methyl
group(s) here do not have any influence on partial hydrolysis of
ligands during the synthesis of the complexes. DFP based
ligands with azomethine linkage on both side arms undergo
ligand modification in the presence of different metal ions
during the synthesis of metal complexes many a times;

however, the ligand modification i. e. partial hydrolysis of
azomethine linkage does not occur in the presence of copper(II)
ion often. More examples may give the idea about the
conditions under which the ligand modification occurs. Com-
plex 1 and 2 were obtained after partial hydrolysis of DFP based
ligand and used effectively as catalyst in oxidation of different
benzyl alcohols. With different substituents on benzyl alcohol,
yield of the formation of the corresponding aldehyde as the
sole product varies. Efficiency of complex 2 as catalyst is lower
in comparison to that of complex 1 although in both the
complexes, copper atoms exist in similar coordination environ-
ment. Variation in chain length and the presence of methyl
group have effect on the efficiency of the complexes as catalyst
in such oxidation reactions.

Experimental Section

Materials and physical methods

3-Amino-2,2-dimethyl-1-propanol, DL-2-amino-1-propanol, copper
(II) acetate monohydrate were purchased from Sigma Aldrich and
were used without further purification. Other reagents were
obtained from commercial sources and used as received. 2,6-
diformyl-4-methylphenol was synthesized following a published
procedure.[44] Elemental analyses (carbon, hydrogen and nitrogen)
were performed using a Perkin-Elmer 2400 C elemental analyzer.
FT-IR spectrum was obtained on a Perkin Elmer spectrometer
(Spectrum Two) with the sample by using the attenuated total
reflectance (ATR) technique. The UV-visible spectral measurement
was done in Agilent 8453 diode array spectrophotometer. Electro-
chemical studies of the complexes were carried out in dimeth-
ylformamide (DMF) using tetrabutylammonium perchlorate (TBAP)
as supporting electrolyte and all experiments were carried out at
room temperature. A typical cyclic voltammogram (CV) was
obtained by using a glassy carbon as working electrode, Pt as
supporting electrode and saturated Ag/AgCl as reference electrode.
Scan rate was set as 25 mV/s. Solutions of complex 1 and 2 were
prepared freshly before use, and argon was passed through the
solution for 15 min before recording CV to remove dissolved O2, if
any. Analysis of reaction mixture of catalytic reactions was
performed with a Shimadzu made next generation high speed gas
chromatography system (model: GC-2025 AF) equipped with a
fused silica capillary column and an FID detector. All experiments
were carried out at room temperature in air unless reported
otherwise.

CAUTION: Organic perchlorates are potentially explosive. Only small
amount of the perchlorate salt should be handled with care.

Synthesis of 3,3’-(2-hydroxy-5-methyl-1,3-phenylene)bis
(methan-1-yl-1-ylidene)bis(azan-1-yl-1-ylidene)bis
(2,2-dimethylpropan-1-ol) (H3L’)

3-Amino-2,2-dimethyl-1-propanol (0.5 mmol, 0.052 g) was added to
an acetonitrile solution (10 mL) of 2,6-diformyl-4-methylphenol
(0.25 mmol, 0.041 g) under stirring condition. The mixture was
stirred for 30 min. Then, the resulting solution was refluxed for 3 h.
The color of the mixture turned yellow. The mixture was then
cooled and filtered to remove any undissolved material. Yellow
colored product of H3L’ was obtained from the slow evaporation of
the solvent.
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Data for H3L’: yield (0.073 g, 87%); C, H, N analysis: anal. calc. for
C19H30N2O3: C, 68.23; H, 9.04; N, 8.38; found: C, 68.04; H, 8.95; N,
8.28%. 1H NMR (400 MHz, CDCl3; δ ppm, TMS): 10.39 (1H, s), 8.56
(2H, s), 7.51 (2H, s), 4.93 (2H, s), 3.52 (4H, s), 3.49 (4H, s), 2.30 (3H, s),
1.00 (12H, s); ESI-MS+ (m/z): 335.18 [(H3L’+H+)].

Synthesis of 2,2’-(((2-hydroxy-5-methyl-1,3-phenylene)bis
(methanylylidene))bis(azanylylidene))bis(propan-1-ol) (H3L’’)

H3L’’ was obtained following the same synthetic procedure which
was used for the synthesis of H3L’ except DL-2-amino-1-propanol
(0.5 mmol, 0.038 g) was used in place of 3-amino-2,2-dimethyl-1-
propanol (0.5 mmol, 0.052 g).

Data for H3L’’: yield (0.139 g, 90%); C, H, N analysis: anal. calc. for
C15H22N2O3: C, 64.73; H, 7.97; N, 10.06; found: C, 64.54; H, 7.88; N,
10.28%. 1H NMR (400 MHz, CDCl3; δ ppm, TMS): 10.47 (1H, s), 8.42
(2H, s), 7.28 (2H, s), 5.27 (2H, s), 3.71 (4H, d, J=2.4), 3.10 (4H, m),
2.30 (3H, s), 1.23 (6H, s); ESI-MS+ (m/z): 279.13 [(H3L’’+H+)].

Synthesis of [Cu2(L1)2] (1)

To an aqueous solution (5.0 mL) of copper(II) acetate monohydrate
(0.5 mmol, 0.100 g), an acetonitrile solution (10.0 mL) of H3L’
(0.5 mmol, 0.167 g) was added dropwise while stirring was
continued. The mixture was stirred for another 1 h. The mixture
was then filtered to remove suspended material and/or precipitate,
if any. Green single crystals of complex 1 suitable for X-ray
diffraction analysis were obtained on slow evaporation of the
solvent within few days.

Data for 1: yield (0.202 g, 65%); C, H, N analysis: anal. calc. for
C28H34Cu2N2O6: C, 54.10; H, 5.51; N, 4.51; found: C, 54.00; H, 5.57; N,
4.32%.

Synthesis of [Cu2(L
2)2] (2)

Complex 2 was synthesized following the same synthetic procedure
which was used for the synthesis of complex 1 except H3L’’
(0.5 mmol, 0.139 g) was used in place of H3L’ (0.5 mmol, 0.167 g).

Data for 2: yield (0.164 g, 58%); C, H, N analysis: anal. calc. for
C24H26Cu2N2O6: C, 50.97; H, 4.63; N, 4.95; found: C, 50.90; H, 4.57; N,
4.82%.

X-ray data collection and structure determination

Details of the data collection and refinement parameters for
complex 1 and 2 are summarized in Table S5. The single crystal X-
ray diffraction experiments were performed on a Bruker APEX-II
CCD diffractometer using graphite monochromated Mo Kα radia-
tion at 298 K. The data integration was carried out with SAINT
program[45] and the absorption correction was done using SADABS.
The structures of complexes 1 and 2 were solved by SHELXS 97[46]

using the Patterson method with the successive Fourier and
difference Fourier synthesis. Full matrix least-squares refinements
were done on F2 using SHELXL-97 with anisotropic displacement
parameters for all of the non-hydrogen atoms.[47] All of the
hydrogen atoms were fixed geometrically by HFIX command and
placed in ideal positions. Calculations were performed using
SHELXL 97, SHELXS 97, PLATON v1.15,[48] ORTEP-3v2[49] and WinGX
system Ver-1.80.[50]

Alcohol oxidation procedure

Oxidation of benzyl alcohol, 4-methyl benzyl alcohol, 4-methoxy
benzyl alcohol, 4-nitro benzyl alcohol and 4-bromo benzyl alcohol
was performed by using TBHP as the oxidant in the presence of
complexes 1 and 2 as catalyst at 343 K. Typically, 0.5 mmol of the
substrate (alcohol) in 8.0 mL of acetonitrile was taken in a two
necked round-bottomed flask fitted with a condenser. 0.025 mmol
of catalyst was added to it. The catalytic reaction was started as
soon as 0.5 mmol of tert-butyl hydroperoxide was added to the
mixture under stirring condition. The temperature of the reaction
mixture was kept constant using a thermostat. Aliquots from the
mixture were collected after 2 h and 4 h, and then every 4 h upto
24 h. The collected mixtures were analyzed by the gas chromatog-
raphy. The substrate and product(s) were identified by the
comparison with known standards.

Blank experiments for all of the substrates were carried out in
absence of any catalyst under the same experimental conditions.

Deposition Numbers 2050745 (for 1) and 2050746 (for 2) contain.
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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Mononuclear nickel(II) complexes as
electrocatalysts in hydrogen evolution reactions:
effects of alkyl side chain lengths†

Arpita Barma,a Malay Chakraborty,a Swapan Kumar Bhattacharya, *a

Pritam Ghosh *b and Partha Roy *a

We report three mononuclear Ni(II) complexes, namely, [Ni(L1)2] (1), [Ni(L2)2] (2) and [Ni(L3)2] (3), where HL1 =

1-((4-hydroxybutylimino)methyl)naphthalen-2-ol, HL2 = 1-((5-hydroxypentylimino)methyl)naphthalen-2-ol

and HL3 = 1-((6-hydroxyhexylimino)methyl)naphthalen-2-ol, as electrocatalysts for hydrogen evolution

reactions (HERs). Complexes 1, 2 and 3 were characterized by various standard analytical methods. Single-

crystal X-ray structure analysis reveals that nickel is in square planar geometry in all the complexes. These

complexes act as efficient electrocatalysts in HERs using acetic acid (AA) and trifluoroacetic acid (TFA) as the

proton source in DMF. Controlled-potential electrolysis experiments show that these complexes are capable

of reducing protons of AA and TFA to produce H2. Control experiments show that the complexes are

essential for improved production of hydrogen. Theoretical calculations were performed to support the

mechanism of HER and to check the effect of chain lengths on the catalytic activity. The catalytic activity

runs in the order of complex 1 4 2 4 3.

Introduction

The need for the development and improvement of secure,
sustainable and eco-friendly energy resources is one of the
most vital scientific and technical challenges in the present
century due to the finite resources of fossil fuels. It is common
to use fossil fuel that releases the greenhouse gas, carbon
dioxide, into the environment resulting in global warming.
In this respect, hydrogen may be considered as a potential
candidate for use as an apt energy carrier. The reaction by
which molecular hydrogen is produced by two protons via the
two-electron reduction is known as the hydrogen evolution
reaction (HER).1

To design an efficient and suitable catalyst for HERs
few things such as low price of the metal, metal with labile
oxidation states, and coordination sites are to be kept in mind.
Platinum has been established as an efficient catalyst for the
production of hydrogen.2 However, it is available in limited
quantity and highly expensive. Thus, its extensive use as the
catalyst is restricted. Therefore, alternatives are being investigated

with much cheaper earth-abundant metals as the catalyst. There
are reports of different transition metal complexes3 with Fe,4 Mn,5

Cu,6 Co7 and Ni8 as electrocatalysts for HERs. Various compounds
of nickel and cobalt have also been used as the electrocatalysts for
water splitting, hydrogen generation, and carbon dioxide
reduction, showing their efficient role as electrocatalysts.9 Due
to their inherent better ability towards hydrogen evolution, com-
plexes of cobalt and nickel gain intense interest of researchers
as high-performance catalysts.10 Moreover, Ni(II) systems are
abundant in earth,11 and have relevance to biology.12 Typically,
the hydrogen evolution reaction is operated via a metal-centered
route, and involves a metal hydride. However, the electrocatalysts
consisting of earth-abundant elements are rarely prevailing for
HERs under pure aqueous conditions. In most of the cases,
organic acids have been used as the substrate in organic media
with metal complexes as electrocatalysts.

Nickel(II) complexes with a square planar geometry have
been used as catalysts for HERs. Ligands with different donor
atoms were designed to get various types of Ni(II) complexes.
Generally, NiN4, NiS4, NiP4, NiN2S2 and NiS2O2 cores have been
employed in such catalytic reactions (Scheme 1). Fisher and
Eisenberg reported a nickel(II) complex involving a macrocycle
with a NiN4 core as the ligand, as an electrocatalyst for the
reduction of carbon dioxide into carbon monoxide and hydro-
gen as major products.13 After that, a number of complexes
with N4-donor atoms have been reported in the literature for
the same. Mitsopoulou et al. reported three Ni(II) diphenyl-1,2-
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dithiolene complexes with different substituents on the benzene
ring having a NiS4 core for this purpose and showed the effects
of the substituents on the results.14 Helm and coworkers used a
mononuclear nickel(II) complex with two seven-membered cyclic
diphosphine ligands having P donor atoms as an highly efficient
electrocatalyst for the hydrogen generation.15 Bergamini and
Natali reported a nickel(II) bis(diphosphine) complex as a catalyst
for the HER in homogeneous media as well as in heterogeneous
media.16 Eisenberg et al. reported a series of nickel complexes
with two ligands of N,S or O,S donor sites having square planar
coordination for hydrogen evolution with a high turnover number
and high stability under conditions of hydrogen production.17 In
comparison to these square planar Ni(II) complexes, very limited
number of articles describe the NiN2O2 core as the electrocatalyst
for hydrogen evolution. Soo et al. reported a NiN2O2 core as an
electrocatalyst for the HER. The presence of alkali metals in the
second sphere ether appendages actually increased the hydrogen
evolution.18 The same group has recently reported another nickel
complex with a NiO2N2 core with different ligand backbones for
hydrogen evolution with TONs up to 3880.19

Herein, we report the electro-catalytic behavior of three
neutral, monomeric Ni(II) complexes, [Ni(L1)2] (1), [Ni(L2)2] (2)
and [Ni(L3)2] (3), where HL1 = 1-((4-hydroxybutylimino)methyl)-
naphthalen-2-ol, HL2 = 1-((5-hydroxypentylimino)methyl)-
naphthalen-2-ol and HL3 = 1-((6-hydroxyhexylimino)methyl)
naphthalen-2-ol, for HERs. Complexes 1, 2 and 3 have been
synthesized easily and characterized by several standard methods
including single-crystal X-ray diffraction analysis. All of these
complexes have been used as electrocatalysts for the reduction
of proton in DMF with acetic acid (AA) and trifluoroacetic acid
(TFA) as the proton source. Here, we aim to make variation in
the ligand chain length of the complexes and to compare the
electro-catalytic results obtained under identical conditions. Some

theoretical calculations have been performed with insights into
the hydrogen evolution mechanism and the effect of chain
lengths of ligands on the results.

Experimental section
Materials and physical methods

2-Hydroxy-1-naphthaldehyde, 4-amino-1-butanol, 5-amino-1-
pentanol, 6-amino-1-hexanol and nickel(II) perchlorate hexahy-
drate were purchased from Sigma Aldrich and were used without
further purification. Other reagents and solvents were obtained
from different commercial sources and used without further
purification. Elemental analyses of complexes 1, 2 and 3 were
performed using a Perkin Elmer 2400C elemental analyzer.
1H NMR spectra of three Schiff-base ligands, complexes 1, 2
and 3, were recorded using a Bruker 400 MHz spectrometer.
FT-IR spectra of complexes 1, 2 and 3 were recorded using a
Perkin Elmer spectrometer (Spectrum Two) with the samples by
the ATR method. The UV-visible spectral measurements of
complexes 1, 2 and 3 were performed using an Agilent 8453
diode array spectrophotometer. Cyclic voltammograms were
obtained using an electrochemical analyzer (CHI 600C, CH
Instruments,) under air-free conditions using a conventional
three-electrode cell in which a glassy carbon electrode was used
as the working electrode, a saturated Ag/AgCl electrode as the
reference electrode, and a platinum wire as the auxiliary elec-
trode. The surface area of the glassy carbon working electrode is
0.07 cm2. The gas evolved during bulk electrolysis was detected
using a GC instrument of model no. 7890B (G3440B), serial no.
CN14333203, fitted with TCD. For this, 500 mL gas was taken out
in a gas tight syringe from the head space and was injected into
the inlet of the GC.

Scheme 1 Different types of mononuclear nickel complexes with NiN4 (Ni-1),12 NiS4 (Ni-2),13 NiP4 (Ni-3),14 NiS2N2 (Ni-4),16 NiS2O2 (Ni-5)16 and NiN2O2

(Ni-6)17 cores for hydrogen evolution reactions.
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Synthesis of complexes 1, 2 and 3

Synthesis of 1-((4-hydroxybutylimino)methyl)naphthalen-2-ol
(HL1), 1-((5-hydroxypentylimino)methyl)naphthalen-2-ol (HL2)
and 1-((6-hydroxyhexylimino)methyl)naphthalen-2-ol (HL3). All
of the ligands, namely, H2L1, H2L2 and H2L3, were synthesized
following a general synthetic procedure. Typically, 0.3 mmol of
respective amino alcohol (0.027 g for 4-amino-1-butanol, 0.031 g
for 5-amino-1-pentanol and 0.035 g for 6-amino-1-hexanol) was
added dropwise into an acetonitrile solution of 2-hydroxy-1-
naphthaldehyde (0.3 mmol, 0.0516 g) under stirring. Stirring
was continued for further 30 min. The mixture was then refluxed
for 4 h when the color of the reaction mixture became yellow.
The mixture was then cooled to room temperature. It was filtered
to remove solid materials, if any. Solid products were obtained
after few days on slow evaporation of acetonitrile.

Data for HL1: yield = 0.068 g, 92%; anal. calc. (%) for
C15H17NO2: C, 74.05; H, 7.04; N, 5.76. Found: C, 73.97; H,
6.96; N, 5.79; 1H NMR (400 MHz, DMSO-d6, d ppm, TMS) 14.13
(1H, s), 9.08 (1H, s), 8.07 (1H, d, J = 8.4 Hz), 7.71 (1H, d, J = 9.2 Hz),
7.62 (1H, d, J = 7.6 Hz), 7.42 (1H, m), 7.19 (1H, t, J = 7.2 Hz), 6.72
(1H, d, J = 9.2 Hz), 4.51 (1H, s), 3.66 (2H, t, J = 4.4 Hz), 3.45 (2H, t,
J = 4.4 Hz), 1.72 (2H, m), 1.54 (2H, m); ESI-MS+ (m/z): 244.23
[(HL1 + H+)].

Data for HL2: yield = 0.070 g, 90%; anal. calc. (%) for
C16H19NO2: C, 74.68; H, 7.44; N, 5.44. Found: C, 74.57; H,
7.36; N, 5.39; 1H NMR (400 MHz, DMSO-d6, d ppm, TMS) 14.13
(1H, s), 9.09 (1H, s), 8.06 (1H, d, J = 8.0 Hz), 7.71 (1H, d, J = 9.2 Hz),
7.62 (1H, d, J = 7.6 Hz), 7.42 (1H, t, J = 7.6 Hz), 7.18 (1H, t, J =
7.2 Hz), 6.72 (1H, d, J = 9.2 Hz), 4.33 (1H, s), 3.65 (2H, t, J = 6.8 Hz),
3.42 (2H, t, J = 6.0 Hz), 1.49 (2H, m), 1.29 (2H, m); ESI-MS+ (m/z):
258.11 [(HL2 + H+)].

Data for HL3: yield = 0.069 g, 85%; anal. calc. (%) for
C17H21NO2: C, 75.25; H, 7.80; N, 5.16. Found: C, 75.17; H,
7.76; N, 5.29; 1H NMR (400 MHz, DMSO-d6, d ppm, TMS) 14.12
(1H, s), 9.08 (1H, s), 8.06 (1H, d, J = 8.4 Hz), 7.70 (1H, d, J =
9.2 Hz), 7.61 (1H, d, J = 8.0 Hz), 7.41 (1H, t, J = 7.2 Hz), 7.18 (1H,
t, J = 7.6 Hz), 6.71 (1H, d, J = 9.2 Hz), 4.36 (1H, s), 3.63 (2H, t, J =
7.2 Hz), 3.39 (2H, t, J = 6.0 Hz), 1.67 (2H, m), 1.33 (2H, m); ESI-
MS+ (m/z): 272.13 [(HL3 + H+)].

Synthesis of [Ni(L1)] (1). HL1 (0.6 mmol, 0.146 g) in 5.0 mL of
acetonitrile was added slowly into a solution of nickel(II) perchlo-
rate hexahydrate (0.3 mmol, 0.1097 g) in acetonitrile (5.0 mL)
under continuous stirring. The mixture was stirred till it turned
greenish. Then, it was refluxed for one hour. The color of the
solution changed to dark green. The mixture was then cooled to
room temperature and filtered to remove solid materials, if any.
The filtrate was kept in a beaker under ambient conditions for
slow evaporation. Green crystals of complex 1 suitable for single-
crystal X-ray diffraction were produced after few days.

Data for 1: yield, 0.094 g, 58%; anal. calc. for C30H31NiN2O4:
C, 66.45; H, 5.76; N, 5.17; found: C, 66.33; H, 5.80; N, 5.06%.
1H NMR (400 MHz, DMSO-d6, d ppm, TMS) 9.11 (1H, s), 8.12
(1H, d, J = 8.4 Hz), 7.83 (1H, d, J = 8.8 Hz), 7.74 (1H, d, J = 8.0 Hz),
7.50 (1H, t, J = 7.6 Hz), 7.25 (1H, t, J = 7.2 Hz), 6.82 (1H, d, J = 8.8 Hz),
4.45 (1H, s), 4.17 (2H, t, J = 5.2 Hz), 3.50 (2H, t, J = 5.6 Hz), 1.97 (2H,
m), 1.65 (2H, m).

Synthesis of [Ni(L2)] (2) and [Ni(L3)] (3). Complexes 2 and 3
were synthesized following the method used for the synthesis of
complex 1. HL2 (0.6 mmol, 0.154 g) and HL3 (0.6 mmol, 0.163 g)
were used for complexes 2 and 3, respectively, in place of HL1.

Data for 2: yield, 0.106 g, 62%; anal. calc. for C32H36NiN2O4:
C, 67.27; H, 6.35; N, 4.90; found: C, 67.20; H, 6.26; N, 5.05%.
1H NMR (400 MHz, DMSO-d6, d ppm, TMS) 9.15 (1H, s), 8.12
(1H, d, J = 8.8 Hz), 7.85 (1H, d, J = 8.8 Hz), 7.74 (1H, d, J =
8.0 Hz), 7.48 (1H, t, J = 7.6 Hz), 7.27 (1H, t, J = 7.2 Hz), 6.80 (1H,
d, J = 8.8 Hz), 4.35 (1H, s), 4.24 (2H, t, J = 5.2 Hz), 3.43 (2H, t, J =
5.2 Hz), 1.94 (2H, m), 1.52 (2H, m).

Data for 3: yield, 0.104 g, 58%; anal. calc. for C34H40NiN2O4:
C, 68.13; H, 6.73; N, 4.67; found: C, 68.05; H, 6.80; N, 4.58%.
1H NMR (400 MHz, DMSO-d6, d ppm, TMS) 9.12 (1H, s),
8.11 (1H, d, J = 8.0 Hz), 7.89 (1H, d, J = 8.8 Hz), 7.74 (1H, d,
J = 7.2 Hz), 7.50 (1H, t, J = 7.2 Hz), 7.25 (1H, t, J = 8.0 Hz), 6.79
(1H, d, J = 8.8 Hz), 4.32 (1H, s), 3.38 (2H, t, J = 5.2 Hz), 3.33 (2H,
t, J = 6.4 Hz), 2.29 (2H, m), 1.48 (2H, m).

CAUTION: nickel(II) perchlorate hexahydrate can be explo-
sive on heating. Therefore, the perchlorate salts should be
handled with care.

X-ray data collection and structure determination

Data collection and refinement parameters for complexes 1, 2
and 3 are summarized in Table 1. The X-ray diffraction experi-
ments were performed using a BRUKER D8 QUEST CCD
diffractometer for 1 and a Bruker APEX-II CCD diffractometer
for 2 and 3 with graphite-monochromated Mo Ka radiation at
294(2) K. Data processing was done using the Bruker APEX2 and
SAINT packages.20 Absorption corrections, which are based on
multi-scans using the SADABS software,20 were applied to
intensity data. The structures of complexes 1, 2 and 3 were solved
by direct methods utilizing SHELXT21 and refined with full-matrix
least-squares on F2 on all unique reflections employing SHELXL-
2014/7.22 All the non-hydrogen atoms of all of three complexes
were refined anisotropically. The crystals selected for the single-
crystal X-ray diffraction analysis of complexes 1 and 3 were refined
as merohedral twins in both the complexes with a fractional
contribution of minor components of 0.18(3) and 0.03(2), respec-
tively. In complex 1, the quality of crystal was poor. The poor
quality as well as the presence of twinning in 1 may account for
the limited overall precision of its structure, high residual peaks
and the relatively high values of R and wR2 parameters.

CCDC 2062677, 2062678 and 2062679 contain the supplemen-
tary crystallographic data for complexes 1, 2 and 3, respectively.†

Results and discussion
Synthesis of ligands and their characterization by ESI mass and
1H spectral analysis

1-((4-Hydroxybutylimino)methyl)naphthalen-2-ol (HL1), 1-((5-hydro-
xypentylimino)methyl)naphthalen-2-ol (HL2) and 1-((6-hydroxy-
hexylimino)methyl)naphthalen-2-ol (HL3) were synthesized
by a Schiff-base condensation reaction between 2-hydroxy-1-
naphthaldehyde and the respective amine in 1 : 1 proportion in
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acetonitrile with high yields (Scheme S1, ESI†). Complexes 1, 2 and
3 were obtained by the reactions between the ligands and nickel(II)
perchlorate hexahydrate in 2 : 1 proportion without the addition of
any external base.

ESI-mass spectrometric measurements of HL1, HL2 and HL3

were performed with their methanolic solutions (Fig. S1–S3,
ESI†). Mass spectrum of HL1 shows an m/z peak at 244.23,
which may be attributed to the [HL1 + H+] species (calculated
value 244.31). The m/z peak at 258.11 may be assigned to the
presence of [HL2 + H+] species (calculated value 258.15). The
mass spectrum of HL3 shows an m/z peak at 272.13, which may
be due to the presence of [HL3 + H+] (calculated value 272.17).
These ligands were further characterized by 1H NMR spectral
studies (Fig. S4–S6, ESI†). Spectra were obtained in DMSO-d6.
NMR spectral studies support the formation of Schiff-base
ligands. All of these compounds show a peak at around
14.1 ppm, which indicates the presence of a phenolic OH
group. The peak at around 9.0 ppm in all the ligands may be
due to the presence of an imine proton, indicating the formation

of Schiff-base compounds. Signals for aromatic protons for all
of the ligands appear in the appropriate positions. Signals
for methylene protons also appear in their usual positions.
All of these analyses support formation of the Schiff-base
ligands.

Characterization of complexes 1, 2 and 3

Crystal structures of complexes 1, 2 and 3. Single crystals of
complexes 1, 2 and 3 were obtained on slow evaporation of their
acetonitrile solution. Complex 1 crystallizes in a monoclinic
system and a P21/c space group. However, both complexes 2
and 3 crystallize in a triclinic system and P%1 space group. The
asymmetric unit consists of one nickel centre and a pair of
ligands for all of the complexes (Fig. 1). All of 1, 2 and 3 are
mononuclear complexes (Fig. S7–S9, ESI†). The selected bond
lengths and bond angles are listed in Table S1 (ESI†). All of
these complexes may be summarized as the NiO2N2 core. For
all of the complexes, the Ni atom is coordinated to N and O
donor atoms from a ligand and another set of N and O donor

Table 1 Crystal data of complexes 1, 2 and 3

Complex 1 2 3

Formula C30H31N2Ni1O4 C32H36N2 Ni1O4 C34H40N2 Ni1O4

Formula weight 542.26 571.32 599.39
T (K) 298(2) 298(2) 298(2)
Crystal color Green Green Green
Crystal system Monoclinic Triclinic Triclinic
Space group P21/c P%1 P%1
a (Å) 10.7840(8) 4.9186(4) 5.1838(7)
b (Å) 4.9890(4) 16.7080(14) 16.905(2)
c (Å) 23.8099(18) 16.9064(14) 17.141(2)
a (1) 90 86.436(3) 84.192(5)
b (1) 90.846(2) 84.966(2) 87.843(4)
g (1) 90 89.509(2) 89.703(4)
V (Å3) 1280.87(17) 1381.3(2) 1493.3(3)
Z 2 2 2
Crystal dimensions (mm) 0.40 � 0.26 � 0.13 0.41 � 0.23 � 0.12 0.46 � 0.29 � 0.16
F(0 0 0) 570.0 604.0 636.0
Dc (g cm�3) 1.406 1.374 1.333
l(Mo Ka) (Å) 0.71073 0.71073 0.71073
y range (1) 2.53–27.11 2.65–27.25 2.39–27.00
Reflection collected/unique/observed 29 207, 2837, 2507 70 198, 6202, 5565 78 729, 6626, 5259
Absorption correction Multi-scan Multi-scan Multi-scan
Rint 0.0306 0.0320 0.0350
Final R1 index [I 4 2s(I)] 0.0352 0.0348 0.0498
Final wR2 index (all reflections) 0.1324 0.1024 0.1397
Goodness-of-fit 1.166 1.022 0.925

Fig. 1 Perspective view of (A) complex 1, (B) complex 2 and (C) complex 3 with displacement ellipsoids drawn at the 50% probability level.
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atoms from a different ligand. Ni atom is in a square planar
geometry. Apart from the hydroxyl alkyl chain, the rest of the
molecule is planar. For complex 1, angles O1–Ni1–O1a and
N1–Ni1–N1a are 1801, whereas other donor–metal–donor angles
range from 87.86 to 92.141. While other donor–metal–donor
angles vary from 87.82 to 92.181 for complex 2, they vary from
88.44 to 91.561 for complex 3.

For other two complexes, all of the large donor–metal–donor
angles are 1801. For a four-coordinate complex, Houser and co-
workers proposed the four-coordinate t4 index to ascertain the
geometry around the metal center. The four-coordinate t4 index
value was obtained using the following formula:23

t4 ¼
360� � ðaþ bÞ

141�

where a and b are the two largest donor–metal–donor angles in
a tetra-coordinated complex. For a tetrahedral geometry, the
value of t4 is 1.00, while for an ideal square planar arrange-
ment, it is 0.00. As two largest donor–metal–donor angles are
1801 for all of these three complexes, the values of four-
coordinate t4 index come out as 0.00 for all the complexes.
This fact indicates that there exists the perfect square planar
geometry around the nickel atom in complexes 1, 2 and 3. The
O–Ni bond distances are close to 1.82 Å and the O–Ni bond
distances are about 1.91 Å. These values are in agreement with
the published results.24

ESI-mass, FT-IR, UV-vis and 1H NMR spectral characterization
of the complexes

ESI-mass spectra of complexes 1, 2 and 3 were obtained with
their methanolic solutions (Fig. S10–S12, ESI†). All of them
behave similarly. The mass spectrum of 1 exhibits an m/z peak
at 565.0727, which may be attributed to the [Ni(L1)2 + Na+]
species (calculated value = 565.16). This indicates that the
complex exists mainly as a mononuclear nickel(II) species in
solution. For complex 2, an m/z peak appears at 593.10, which
may be assigned to [Ni(L2)2 + Na+] (calculated value = 565.19).
Similarly, the m/z peak at 621.14 of complex 3 appears due to
the presence of [Ni(L3)2 + Na+] species (calculated value =
621.22).25

FT-IR spectra of complexes 1, 2 and 3 were recorded with a
solid sample by the ATR technique (Fig. S13–S15, ESI†). In the
IR spectra, broad bands appear at 3536 cm�1, 3316 cm�1 and
3272 cm�1 for complexes 1, 2 and 3, respectively. The peaks
were assigned to O–H stretching for the presence of a hydroxyl
group in the ligand part of the complexes. The presence of a
methylene group in the complexes has been evidenced by the
appearance of unsymmetrical and symmetrical frequencies of
nC–H in the range of 2800–3000 cm�1. In the IR spectra of
complexes 1, 2 and 3, intense bands appeared at B1657 cm�1,
1658 cm�1 and 1642 cm�1 respectively. These may be attributed
to the presence of the CQN moiety in the complexes. The
conclusive evidence for the formation of Ni–N and Ni–O bonds
in the IR spectra of these complexes is also observed with
characteristic bands. These bands support the fact that the
metal ion has been effectively coordinated to the four

coordinating heteroatoms (NONO). These data are also sup-
ported by the literature (Table S2, ESI†).26

The UV-vis spectra of complexes 1, 2 and 3 were recorded
in the range of 200–800 nm in DMF at room temperature
(Fig. S16–S18, ESI†). The electronic spectra of these complexes
are grossly similar in nature. A broad band at around 600 nm
was observed for each of the complexes, which may be attrib-
uted to the d–d transition. These are weak in intensity as they
are Laporte forbidden.27 The bands at 275 nm for complex 1,
279 nm for complex 2 and 274 nm for complex 3 may be
assigned to the p–p* transitions of the phenolic chromophore.
The bands between 300 and 500 nm may be assigned to the
p–p* transition of the azomethine chromophore and the benzene
ring and the n–p* transition of the azomethine chromophore.28

The higher intensity charge-transfer transition has been observed
at a wavelength near 420 nm for all three complexes. These are
attributed to O� (of naphthalen-1-olate) - Ni(II), N(amino) -

Ni(II) LMCT and intra-ligand charge transfer transitions.29 All of
these bands corroborate the structure of the complexes (Table S3,
ESI†).

1H NMR spectra of complexes 1, 2 and 3 were obtained in
DMSO-d6 (Fig. S19–S21, ESI†). The behavior of all the ligands in
the presence of Ni2+ is grossly similar. All of these complexes
are square planar in geometry and the metal ion in the complex
does not possess any unpaired electron. The peak for phenolic
OH at B14 ppm is absent in the NMR spectra of all the
complexes. This indicates that the phenolic OH group is
deprotonated during complex formation and then coordinated
to the metal center. The signal for the imine proton at B8 ppm
in the ligands undergoes a shift to B9 ppm for all the com-
plexes, confirming complex formation via azomethine nitrogen
atoms. Signals for aromatic protons shift towards higher d
values. All other peaks appear in their usual positions. The fact
indicates that all of the complexes remain the same in the
DMSO solution.25

Electrochemistry

Cyclic voltammetric studies. As shown in Fig. 2(A)–(C), cyclic
voltammograms of complexes 1, 2 and 3 respectively were
recorded in air-free DMF containing 0.1 M tetrabutylammonium
bromide in the range of�2 V to +2 V versus Fc/Fc+. An important
feature of these cyclic voltammograms is the nickel(II)–nickel(I)
redox couple with cathodic peak potentials (Epc) of�1.48, �1.51,
�1.52 V versus Fc/Fc+ for complexes 1, 2 and 3 respectively, while
anodic peak potentials (Epa) of �0.77, �0.68 and �0.74 V versus
Fc/Fc+ for complexes 1, 2 and 3 respectively.30 Considering the
reduction sweep, initially, an irreversible event is observed at
�0.85, �0.76 and �0.73 V versus Fc/Fc+ for complexes 1, 2 and 3
respectively due to the electrochemically irreversible Ni(III)/Ni(II)
reductive response,31 while another quasi reversible redox event
observed for each of the complexes at 0.5 V versus Fc/Fc+ appears
for the solvent DMF. The nature of the voltammograms of
the complexes scanned over the presently important region of
potential of reversible Ni(II/I) couple (�2 V versus Fc/Fc+ to +0.6 V
versus Fc/Fc+) is shown in the insets of Fig. 2. In Fig. 2(D), the
cyclic voltammogram of ferrocene is presented in the DMF
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solution on the same working electrode. The E1/2 value obtained
(0.535 V versus aqueous AgCl/Ag, Cl� electrode or 0.559 V versus
NHE) is very close to the value reported in the literature.32

The current responses of the redox events at �1.48, �1.51,
and �1.52 V versus Fc/Fc+ for complexes 1, 2 and 3 respectively
at multiple scan rates from 0.02 to 0.15 V s�1 were used to
construct the Cottrell plot. The plots show linear dependence of
the current response on the square root of the scan rate
(Fig. S22, ESI†). This indicates that for the three complexes,
the reduction is diffusion limited with a diffusion coefficient of
1.07� 10�5 for complex 1, 0.77� 10�5 for complex 2 and 0.72�
10�5 for complex 3 (please see ESI†). It has been observed that
the catalytic-to-peak current ratio (icat/ip) increases for all
the three complexes with the increase in acid concentration
(Fig. S23, ESI†).

The electrochemical properties of three nickel(II) complexes
with salen-type ligands were influenced by the presence of differ-
ent substituents of the imine linkage.33 Ren and co-workers
showed that the electrochemical reduction ability of nickel(II)
complexes with cyclam ligands from H+ to H2 is dependent on
the substituents of the macrocyclic ligands.34 Thus, it is expected
that changes in the chain length of ligands in the Ni(II) complexes

in the present study could influence Ni(II)/Ni(I) potentials of the
complexes.

Electrocatalytic hydrogen evolution in DMF: CV studies. The
performance of these three mononuclear Ni(II) complexes as
effective electrocatalysts for the HER was assessed under var-
ious conditions, in which the proton source (CH3COOH or
CF3COOH) has been systematically varied.

To determine the activity of complexes 1, 2 and 3 as electro-
catalysts, first, cyclic voltammograms of the complexes were
recorded in the presence of acetic acid (pKa = 13.5) in DMF.35

The addition of CH3COOH aliquots at a concentration ranging
from 0.00 to 24.00 mM to the solutions of complexes 1, 2 and 3
in DMF triggers the systematic increase in catalytic current (icat)
at �1.48, �1.51, and �1.52 V respectively versus Fc/Fc+ (Fig. 3).

The onset potentials for the reduction of hydrogen ions in
the presence of the three complexes studied are �1.13 V,
�1.15 V and �1.20 V versus Fc/Fc+, respectively, indicating that
the catalytic activity is in the order: complex 1 4 complex 2 4
complex 3.

The electrocatalytic activity of these complexes was also
accessed using trifluoroacetic acid (pKa = 6.0) in DMF as a
proton source.36 As shown in Fig. 4, there is an increase in the

Fig. 2 Cyclic voltammograms of 5.36 mM of (A) complex 1, (B) complex 2 (C) complex 3 and (D) ferrocene (inset: cyclic voltammograms scanned over
the presently important region of potential of reversible Ni(II/I) couple) in air free DMF solutions with 0.1 M of [n-Bu4N]Br as the supporting electrolyte at a
scan rate of 50 mV s�1. Here, ferrocene is the internal standard.
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catalytic current (icat) at�1.48, �1.51, and�1.52 V versus Fc/Fc+

for complexes 1, 2 and 3 respectively upon successive addition
of CF3COOH (0.00 to 24.00 mM). For all the three complexes,
the peak current increases and the peak potential is shifted
towards less negative potential (anodically) with the increase in
acid concentration in the solution. This signifies that the
greater diffusion of proton from bulk solution to the electrode
surface makes the reduction process much easier at high
concentrations of acid. Notably, for all the three complexes,
the sequence of peak currents that also represents their cata-
lytic activity at any particular acid concentration is the same as
the order of post peak current values, which decrease sharply
with the decrease in potential due to increased hydrogen
evolution.

This rise in current in both the cases could be attributed
to the generation of H2 from catalytic reduction of protons.
The reduction potentials of these complexes slightly change
towards more anodic values with the sequential enhancements
in the concentration of the acid. The overpotential for hydrogen
evolution was calculated following the methods reported by
Fourmond et al.35 from the theoretical half wave potential, ET

1/2,
based on the expression found in the supporting document and
the experimental potential Ecat/2 (eqn (1)):

Over potential (Z) = |ET
1/2 � Ecat/2| (1)

Based on eqn (1), this reduction occurs at overpotentials of
�0.52 V, �0.55 V and �0.56 V for complexes 1, 2 and 3
respectively for the former case, where acetic acid is the proton
source. The corresponding values are �0.22 V, �0.23 V and
�0.24 V for complexes 1, 2 and 3 respectively for the latter case,
where trifluoroacetic acid is the proton source.

In both the cases, the catalytic activity of the three homo-
geneous catalysts as obtained from the overpotential value is in
the following order: complex 1 4 complex 2 4 complex 3.
Moreover, the large difference in overpotential for each
complex for the two proton sources is expected for the
increased diffusion of protons in the latter case.

A table is given in ESI† (Table S4), where few of recently
reported Ni(II) complexes8b,c,37 are listed with their overpoten-
tial values. In most of the cases, the medium of experiment was
organic. The proton source varies as acetic acid, trifluoroacetic
acid, perchloric acid or buffer solution. If we look into the
values of overpotential, they are in the range of few millivolts.
While comparing with the other reported overpotential values
for the electrocatalytic hydrogen evolution catalysed by nickel
complexes as enlisted in the table, it can be concluded
that these three nickel(II) complexes are more effective in
this field.

The stability of all three complexes have been checked by
repeated cyclic voltammetry (CV) studies up to 65 cycles using

Fig. 3 Cyclic voltammograms of (A) complex 1, (B) complex 2 and (C) complex 3 (5.36 mM) in the absence of acetic acid (black trace) and in the presence
of different concentrations of acetic acid in air-free DMF. Conditions: 25 1C, 0.1 M [n-Bu4N]Br as the supporting electrolyte, scan rate = 50 mV s�1, glassy
carbon working electrode, Pt wire counter electrode and the potential are referenced against Fc/Fc+.

Fig. 4 Cyclic voltammograms of (A) complex 1, (B) complex 2 and (C) complex 3 (5.36 mM) in the absence of trifluoroacetic acid (black trace) and in the
presence of different concentrations of trifluoroacetic acid in air-free DMF. Conditions: 25 1C, 0.1 M [n-Bu4N]Br as supporting electrolyte, scan rate =
50 mV s�1, glassy carbon working electrode, Pt wire counter electrode and the potential is referenced against Fc/Fc+.
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TFA as the proton source (Fig. 5). It has been observed that no new
peaks are generated in the CV and also the colour of the solution
remains the same during the study. In all cases, the reduction
peak current increases continuously and reaches almost a steady
value at the 55th cycle. The peak current with respect to the lowest
amount is increased by 12% for complex 1, 14% for complex 2,
and 28% for complex 3. The current of complex 1 is always greater
than the remaining two complexes. The increase in current during
repeated cyclic voltammetric operation might be due to the
cleansing of the fine surface of the electrode and opening up of
new channels by the initial H+ ion penetration at the metal centre
and the associated H2 evolution. Thus, more active sites of the
electrode surface are created for further reaction. Greater the size
of the alkyl group, the greater is the initial prevention of H+ for
approaching towards the metal centre for reduction. On applica-
tion of the negative potential, the proton penetrates through the
barrier and creates new channels for further reaction. Since the
initial barrier varies in the order of complex 3 4 complex 2 4
complex 1, the increase in the peak current on cycling is in the
reverse order.

Electrocatalytic hydrogen evolution: CPE studies. Further
evidence for the electrocatalytic activity of these mononuclear

nickel(II) complexes for HERs was evaluated in DMF by con-
ducting controlled-potential electrolysis (CPE) experiments over
a period of 1 h, as in Fig. 6, 7 and Table 2. Fig. 6 shows the total
charge of bulk electrolysis of 5.36 mM of complex 1, 2 and 3
separately in DMF solutions in the presence of acetic acid
(24 mM). At an applied potential of �1.5 V versus Fc/Fc+, the
maximum charge reached during 1 hour of electrolysis is 0.73 C
for complex 1, 0.51 C for complex 2 and 0.44 C for complex 3,
accompanied by gas bubbles appearing on the electrode
(Fig. S24, ESI†).

However, when the CPE experiments were done with
5.36 mM of complexes 1, 2 and 3 separately in DMF solutions
in the presence of trifluoroacetic acid (24 mM), the same trend
was obtained (Fig. 7). At an applied potential of �1.50 V versus
Fc/Fc+, the maximum charge reached 1.41 C for complex 1,
0.61 C for complex 2 and 0.49 C for complex 3 during 1 hour of
electrolysis. CPE experiments under the same potential with a
catalyst-free solution gave only a charge of 0.11 C, showing that
complex 1 is again more effective than the remaining
two complexes in hydrogen production under such conditions.
This study suggests that all these three complexes are capable
of catalysing the reduction of protons from acid to H2. The

Fig. 5 Repeated cyclic voltammetry studies of (A) complex 1, (B) complex 2, and (C) complex 3. (D) Peak current vs. cycle number profiles for all the
three complexes.
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evolution of H2 gas has been confirmed by the use of gas
chromatography (Fig. S25, ESI†). The turn over number (TON)
and faradaic efficiency were calculated for all the complexes
(Tables S5 and S6, ESI†), and the result of CPE experiments is
enlisted in Table 2.

The turnover frequency (TOF) for hydrogen evolution using
all the three complexes 1, 2 and 3 as electrocatalysts was
estimated by the foot-of-the-wave analysis (FOWA).38 The FOWA

has been considered near the foot of the catalytic wave, where
the catalytic wave does not get affected much by phenomena
such as substrate consumption, diffusion and shape of CV
dominated mainly by catalytic phenomenon.39 The icat/ip was
plotted against 1/(1 + exp[(F/RT)(E � E1/2)]) for both the com-
plexes, as given in Fig. S26 and S27 (ESI†), and the obtained
TOF values are presented in Table S5 (ESI†).

Determination of the reaction mechanism of HERs by the
Tafel analysis. The Tafel analysis is generally employed to
understand the catalytic kinetics of hydrogen evolution reac-
tions (Fig. 8). The Tafel slope is regarded as an inherent
property of electrocatalyst and is evaluated by the rate limiting
step for HERs. Its analysis is vital for enlightening the mecha-
nism of the HER. According to the Tafel equation,

Z = a + b log i (2)

where Z = overpotential, a = constant, b = Tafel slope and i =
measured current density.

A low Z value corresponds to a large exchange current
density (i0, current density at Z = 0), whereas a low b value
indicates better hydrogen evolution and hence a better catalytic
activity.40 In this case, the determined Tafel slopes for complex
1 are 1.81 V dec�1 and 1.86 V dec�1 for the acid sources
trifluoroacetic acid and acetic acid, respectively indicating that
trifluoroacetic acid will lead to a faster increase in reaction rate
(fast proton discharge kinetics on the working electrode) with
the increase in potential.

Electrocatalytic hydrogen evolution: control experiments. To
confirm the role of these three nickel complexes in HERs and to
ascertain the hydrogen evolution not due to the complex
adsorbed on the surface or degradation products of the
complex, different control experiments were conducted. First,
blank CVs were recorded with CH3COOH or CF3COOH and
without the addition of these complexes, showing a lower
measurable current at potentials associated with hydrogen
evolution (Fig. S28 and S29, ESI†). A series of CVs were obtained
with complexes 1, 2 and 3 in DMF with acid as the substrate to
confirm the HER activity. Then, the glassy carbon working
electrode was withdrawn from the solution and washed thor-
oughly with deionized water, but it was not polished. It is
pertinent to mention that upon immersion of this electrode
into a fresh set of acid solution and electrolyte, no catalytic
current was observed on sweeping the potential in the cathodic
region. This fact shows that the HER activity is neither due to
the film of catalyst compound nor due to its degraded product,

Fig. 6 Charge build up vs. time plots in the CPE (controlled potential
electrolysis) experiment of complex 1 (red), complex 2 (green), and
complex 3 (blue) and without catalyst (black) at potential �1.5 V versus
Fc/Fc+. Conditions: 5.36 mM complex in air-free DMF with 0.1 M [n-
Bu4N]Br as the supporting electrolyte and 24 mM CH3COOH as the proton
source.

Fig. 7 Charge build up vs. time plots in the CPE (controlled potential
electrolysis) experiment of complex 1 (red), complex 2 (green), and
complex 3 (blue) and without catalyst (black) at potential �1.5 V versus
Fc/Fc+. Conditions: 5.36 mM complex in air-free DMF with 0.1 M[n-Bu4N]Br
as the supporting electrolyte and 24 mM CF3COOH as the proton source.

Table 2 Results of CPE experiments with complexes 1, 2 and 3

Complex Solvent Proton source
q
(C)

n
(� 10�6) TON

TOF
(s�1)

Faradaic
efficiency
(%)

1 DMF Acetic acid 0.62 3.21 23.95 251.25 67.56
2 0.40 2.07 15.45 133.75 48.64
3 0.33 1.71 12.76 92.92 41.35
1 Trifluoroacetic

acid
1.30 6.74 50.30 426.67 81.78

2 0.50 2.59 19.33 188.75 61.41
3 0.38 1.97 14.70 126.67 59.58
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which could be strongly adsorbed onto the electrode surface.
As shown in Fig. S30 (ESI†), the electrolysis did not show
appearance of any new bands. These results indicate that complex
1 is stable during electrocatalysis for hydrogen production.

Computational analysis of catalysts and intermediates by
DFT-D4. All the complexes were initially optimized by DFT-D4
analysis with def2-TZVP for metal center and def2-SVP for other
atoms with the solvent model COSMO (water) and B3LYP.41

The comparison of the bond length between the geometry
optimized structure and X-ray analysis data has been tabulated
in ESI† (Table S8). Theoretically calculated UV-vis spectra of
complexes 1 and 2 are displayed in ESI† (Fig. S31).

Mechanistic pathways are reportedly known in the literature,
based on different reports we propose the plausible mechanism,
as depicted in Fig. S32a (ESI†). The pristine catalyst with the
Ni(II) center reduced first to Ni(I), which then undergoes oxida-
tive protonation to form a hydride complex {Ni(III)–H} (Tables
S9–S20 for geometry optimized coordinates and summary of
natural population analysis for complexes and intermediates,
ESI†). As per the report of Cao et al.,42 this Ni(III)–H hydride
complex either reacts with a proton to produce H2 and Ni(III)
complex (heterolytic route), or is further reduced to Ni(II)–H. This
Ni(II)–H can react with a proton to give Ni(II) and H2, or react with
another Ni(II)–H to produce H2 and 2 molecules of Ni(I) complex.
Another way is that Ni(III)–H underwent bimolecular hydrolysis
to produce H2 and the original starting Ni(II) complex. It can be
concluded that once the hydride complex is formed, it can
liberate hydrogen, and by simultaneous reduction, it gets back
to the initial catalyst to continue the cycle.42,43 This suggests that
the key intermediate is Ni(III)–H complexes in a mechanistic
cycle of HER. In this work, we wanted to model those complexes
and understand their geometries, which, on the one hand, helps
to understand the present outcome and, on the other hand, can
suggest better geometries for future development. Therefore, we
took aid of DFT calculation that helps to understand an

interesting trend in dipole moment (Table S21, ESI†), where
the highest value was obtained for complex 1. Indeed, we
hypothesize that one reason of showing better catalytic activity
for complex 1 can be associated with a higher dipole moment
that possibly helps in forming the hydride complex leading to
catalysis.42–44 To understand the geometry of the hydride inter-
mediates, it was calculated at the level of B3LYP + COSMO(H2O) +
def2TZVP(Ni) + def2-SVP(C,H,N,O) which reveals a distorted
penta-coordination network for the Ni(III) centre in the complexes.
Metal centres of catalysts (complexes 1, 2 and 3) comprise the
HOMO density, whereas for hydride complexes the metal centres
in LUMO comprise the density as obtained from the examined
frontier molecular orbitals (Fig. S32b–d and ESI† for population
analysis). Thus, from DFT calculations, we understood that
shorter aliphatic substitution gives a higher dipole moment that
could have an influence on higher catalytic activity. Another
aspect that originates from the DFT calculation regarding future
development is to keep an aromatic group at the end of the
aliphatic chain for aromatic interaction with adjacent aromatic
groups for complex 2. As we observed for complex 2 and its
hydride derivative, the aliphatic group is finally inclined towards
the aromatic groups. However, for complexes 1 and 3, such
observation was not seen. This possibly suggests an optimum
chain length for inclination, and here substitution with an aro-
matic group could give higher stability of the complex, eventually
better catalytic activity.

Conclusions

In summary, we have successfully synthesized three mono-
nuclear nickel(II) complexes with similar N and O donor ligands
and characterized them by various standard methods. These
complexes have been found to be active electrocatalysts for
hydrogen evolution reactions using acetic acid and trifluoroa-
cetic acid as the substrates in DMF. The TOF values of these
catalysts decrease with the increase in the chain length of the
hydroxyalkyl group. The Ni(II) centre in these complexes is
reduced to Ni(I) species and then converted into Ni(III)-
hydride, which ultimately generates hydrogen and returns to
the Ni(II) state. This possible mechanism has been supported by
theoretical calculations. Thus, in this study, it has been demon-
strated that the length of the alkyl side chain has significant
effects on the catalytic ability in HERs and can be judiciously
designed to get optimized efficiency.
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Fig. 8 Tafel plot for hydrogen evolution catalysed by complex 1 using
trifluoroacetic acid (red line) and acetic acid (black line) as the acid source.
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