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Preface 
 

The work presented in this thesis entitled ‘‘Investigation on Synthesis: Structure & 

Characterization of Some Novel Copper (II) and Iridium (III) complexes: Biological 

activities and DFT studies’’ was initiated in January, 2018 and have been carried out in the 

Department of Chemistry, Jadavpur University. 

The thesis consists of five chapters which are summarized below. 

 

Chapter 1 contains summary of the work presented in this thesis with short description of the 

physical methods and equipment employed. 

Chapter 2 describes the synthesis and characterization of a heteroleptic iridium(III) complex, 

[Ir(2-ppy)2(L)]PF6 with a ligand bearing azo (N=N) linkage. Here the azo-ligand is coordinated 

to iridium(III) center as monoanionic bidentate N,O-donors. Molecular structures of both the 

ligand and complex were confirmed by single-crystal X-ray diffraction. The ground and 

excited-state geometries, absorption, and emission properties of the iridium(III) complex were 

further examined by DFT and TD-DFT methods. The complex exhibits a blue- violet emission 

band at 395 nm with quantum yield (Ф) 0.06. Experimental and theoretical studies support the 

fact that the nature of emission is an admixture of 3IL and 3MLCT state. 

Chapter 3 deals with the synthesis and characterization of an iridium(III) complex of 

composition [Ir(2-ppy)2(L)]PF6. Here, the iridium centre is bound to neutral bidentate N, N 

donating sites of the ligand (L), where the azo part of L is not involved in chelation. The ligand 

and complex are characterized by elemental analysis, NMR spectroscopy, ESI-MS mass 

spectrometry, FTIR, UV–Vis and luminescence spectroscopic techniques. The ligand structure 

and the geometry around iridium centre of complex [Ir(2-ppy)2(L)]PF6 is confirmed by the 

single-crystal X-ray diffraction (XRD) method. DFT studies were also performed to support 

the experimental aspects of the complex as well as electronic distribution in molecular orbitals 

of various energy states. The complex exhibits blue emission band at 428 nm with quantum 

yield (Φ) 0.136. Further, in vitro analysis of the anticancer activity of the complex was studied 

mainly with the MCF - 7 cell line. The results showed that the complex have good IC50 values 

when compared to the standard drug cisplatin. 

Chapter 4 describes synthesis and characterization of a copper(II) complex of composition 

[(L)2Cu]. The ligand HL binds the Cu(II) centre in bidentate (N,O) fashion being uninegative 
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anion by the way of phenolic proton dissociation during chelation. The complex was 

characterized by spectroscopic studies. X-Ray structures of [(L)2Cu] was determined to 

confirm the molecular species unequivocally. The photoluminescence properties of the ligand 

and complex were studied. Oxidation of benzyl alcohol using the newly synthesized complex 

as catalyst has been studied. 

Chapter 5 deals with the synthesis and characterization of a new copper(II) complex, which 

was derived from the reaction of Cu(OAc)2. H2O with 2-hydroxy-5-methyl-3-(((4-((E)- 

phenyldiazenyl)phenyl)imino)methyl) ligand (HL1). The ligand reacted with copper acetate to 

afford the new complexes of composition [(L1)2Cu] where it binds the Cu(II) centres in 

bidentate (N, O) fashion. The complexes were characterized by analytical and spectroscopic 

studies. X-ray structures of [(L1)2Cu] was determined to confirm the molecular species 

unequivocally. 
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1.1 Preamble 

1.1.1 Transition Metals 

Transition metals are designated as those elements which have partially filled d orbitals. The 

d-block elements in groups 3–12 are transition elements. In addition to being of academic 

interest, Beyond scholarly pursuits, transition-metal complexes are valuable in today's world 

in a variety of fields, such as medication design, molecular electronics, biological activity, 

antitumor activity, light-emitting diodes, and photoelectric devices. Among the transition 

metals, iridium and copper have been preferred for interest of the present work. 

 

1.1.2 Chemistry of Iridium 

The chemical element iridium, represented by the symbol Ir, has atomic no. 77 with electronic 

configuration [Xe]4f145d76s2. It belongs to the platinum group and is a highly hard, brittle, 

silvery-white transition metal. The two isotopes that are found naturally are mass numbers 191 

and 192, with a relative abundance of 37.3% and 62.7%, respectively. The latter is the more 

prevalent of the two. Numerous organometallic compounds containing iridium are employed 

in research and industry catalysis. 

Iridium has oxidation states ranging from +VI to +I; however, the most prevalent oxidation 

states in complexes are +III (d6) and +I (d8). Ir(III) complexes typically have an octahedral 

molecular geometry and are diamagnetic (low-spin), while Ir(I) complexes are often square 

planar. The amazing characteristics of iridium(III) metal centres, including their excellent 

photophysical capabilities, high photo-chemical and thermal stability, synthetic plasticity, and 

extensive application in light-harvesting and electroluminescent devices, have garnered 

significant interest.1-10 

Phosphorescence emitters in organic light-emitting diodes (OLEDs) and, more recently, light- 

emitting electrochemical cells (LECs) are the primary areas of potential use for iridium 

complexes.5,7,11,12 Additional uses include a range of technological areas such as sensing,13 

photoinduced reduction of H2O to H2,14 multiphoton excitation for up-converted lasing, 3D 

data storage, and optical power limiting.15-19 Iridium complexes belong to one of the most 

promising classes of anticancer activities. 

Numerous cyclometalated iridium compounds that are monovalent frequently exhibit 

intriguing photophysical characteristics. As a result, there has been a lot of interest in this 

https://en.wikipedia.org/wiki/Chemical_element
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field. Because of the long luminescence lifetimes, octahedral d6 low-spin Ir(III) tricarbonyl 

complexes have been the subject of extensive research.20-28 The iridium(III) complexes that 

coordinate with cyclometalating ligands have drawn a lot of interest because of their 

photochemical and photophysical properties.29-31 These iridium(III) complexes have a mixed 

low energy excited state that includes intraligand (IL) 3* excited states and low lying metal-

to-ligand charge transfer (3MLCT) states.32,33 Due to strong spin-orbit coupling, resulting 

improved singlet-triplet mixing of cyclometalated metal complexes are powerful 

phosphorescent emitters having long-lived excited states.32,33 Luminescent sensors and 

materials for OLED devices can be simply designed using such techniques.34 The 

photochemical and photophysical features of the Ir(III) complexes can be fine-tuned by 

modifying the chromophoric, bidentate schiff bases, or azo ligands by conjugation in the ligand 

moiety. 

Currently, iridium has garnered significant attention because of its electroluminescent 

properties, which can be utilised in the development of molecular electronic devices. 

Iridium(III) complexes exhibit a significant affinity for light-emitting phenomena, attributed to 

their robust spin-orbit coupling and the presence of rich triplet state excited states. However, 

by designing various Schiff base and azo ligand types with extended conjugations, as well as 

various cyclometalated ligands like 2-phenylpyridine, 2-phenylquinoline, and 2- 

benzo(h)quinoline, the structures of iridium complexes can be investigated in terms of both 

photophysical and electrochemical properties. Additionally, azo ligand complexes can be used 

as studies of cis-trans isomerism. 

1.1.3 Chemistry of Copper 

The Latin word "cuprum" is where the word "copper" originates. Copper is a soft, ductile metal 

with great electrical and thermal conductivity. In its zero oxidation state, copper has the 

electronic structure [Ar]4s13d10. It has atomic and covalent radii of 1.96 and 1.28 Å, 

respectively. Two significant copper isotopes, 63Cu and 65Cu, have relative abundances of 

69.15 and 30.85%, respectively. 

 

After iron and zinc, copper, an essential trace metal, is the most prevalent element in the human 

body.35,36 Human blood has 1.0 ppm of copper, while the Earth's crust contains 50 ppm. 

Numerous enzymes that include copper ions serve as cofactors and sustain a range of 



 Chapter 1: Introduction  

4 

 

 

biological processes, including metabolism and cellular activity.37,38 Copper is needed for key 

enzymes in human metabolism. Copper makes a noteworthy and important contribution to 

medicinal chemistry. This is because human blood plasma, a biological fluid, has a high affinity 

for binding copper ions.39,40 Numerous illnesses, including Parkinson's disease, cardiovascular 

disorders, anaemia, and Menke's disease, are brought on by copper deficiency.41-44 Once more, 

consuming too much of it poisons the body. Additionally, this leads to a number of illnesses, 

including Alzheimer's and Wilson's.44,45 Therefore, it is essential to recognize copper, ideally 

at physiological pH. A common element, copper has a special function in coordination 

chemistry. Numerous coordination complexes are formed by it.46-56 Copper coordination 

complexes often have octahedral, tetrahedral, or square planar geometries. 

Much emphasis has also been paid to studies of mononuclear copper complexes in order to 

prepare new molecular-based magnetic materials and demonstrate the magneto structural 

connection. Additionally, a new area of basic research for a deeper comprehension of their 

behaviour is the theoretical study of such complexes. 

1.1.4 Schiff Bases Ligands 

 
Schiff bases are a significant ligand class that has attracted unwavering attention. They provide 

structural versatility and have consequences for a variety of application areas. In our present 

work, we consider several kinds of Schiff base ligands. Significant parts of copper 

(II) and Ir (III) chemistry have been enhanced by the design, synthesis, and subsequent use of 

these ligands. In 1864, Hugo Schiff made the first report on the preparation of Schiff base 

condensate.57 Scheme 1.1 illustrates the general synthesis pathway of a Schiff base. The 

nitrogen atom of an azomethine group in a Schiff base ligand has the ability to attach a metal 

ion. Schiff bases that have an azomethine group and one or more donor centres can also 

function as polydentate ligands. Several investigations have shown the exceptional biological 

and chemical significance of the lone pair of electrons on the nitrogen atom in a sp2 hybrid 

orbital of the azomethine group.58-60 Sprung61, Sollenberger and Martin62 have contributed to 

the development of Schiff base ligand chemistry. The variety of coordination sites, forms, 

functions, and sensitivity of this class of ligands makes them incredibly adaptable. All of 
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these characteristics combine to make them an intriguing class of ligands in coordination 

chemistry. 

 

 

Scheme 1.1. Synthetic scheme of Schiff base formation [R1, R2 and R3 are alkyl groups]. 

 

1.1.5 Aromatic Azo Ligands 

 
Compounds with the functional group R−N=N−R′, where R and R′ can be either aryl or alkyl, 

are known as azo ligands. Compared to alkyl azo compounds, aryl azo compounds are more 

stable. Azo coupling processes, which are essentially electrophilic substitution reactions, are 

used to create the aromatic azo ligands or azo compounds. The azo moiety in the azo compound 

essentially stays in the trans isomer, but it may also undergo photochemical conversion to the 

cis isomer. The primary source of coordination in azo compounds is the - N=N- moiety towards 

the metal centre. This coordination through the nitrozen atom's low- lying, empty π* orbital, 

makes the azo compound a redox active ligand. 

Moreover, the azo ligands are of special importance in chemical research due to the azo 

compound's flexible coordination. In addition to coordination through the nitrogen of the N=N 

bond, the azo compound's additional donor sites increase its flexibility with regard to 

coordination with the metal ion in metal ligand complexes. The -N=N- group in azo compounds 

is part of an extended delocalised electron system involving the aromatic rings, called a 

chromophore. This kind of chromophore in specific compounds is of greater interest to us. We 

are interested in this particular chemistry because this chromophore produces significant 

photophysical activity. In that chromophore, the pendant azo moiety experiences photophysical 

switching, also known as photoirradiated cis-trans isomerism, and the photoisomerization 

process of azo compounds is currently receiving a lot of attention. 

The main focus of this thesis has been the synthesis and characterisation of several complexes 

of iridium (III) and copper (II) with coordinating bidentate ligands C, N, and O, N. Our 
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research also includes detailed theoretical explorations of all the structural and photophysical 

aspects. 

1.2 Summary of the present work 

 
The goal of the present work is to synthesise and characterise novel complexes of iridium 

(III) and copper (II) with various polydentate Schiff bases and azo ligands, as well as to 

examine their significant structural and photophysical characteristics. Chapter-wise brief 

discussion about this work is given below. 

1.2.1 Chapter 2 

 
This chapter describes the preparation of a heteroleptic iridium (III) complex with a ligand 

bearing azo (N=N) linkage, where the azo-ligand is coordinated to iridium(III) center as 

monoanionic bidentate N,O-donors. The structures of the ligand and complex [Ir(2-

ppy)2(L)]PF6 were confirmed by X-ray crystallography. The study reveals that the complex 

displays photophysical properties having intense photoluminescence in relatively shorter 

wavelength region. The ground and excited-state geometries, absorption, and emission 

properties of the iridium(III) complex were further examined by DFT and TD-DFT methods. 

 

 

PF
6
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1.2.2 Chapter 3 

 
In this chapter, a novel quinolone based Schiff base ligand and corresponding tris- 

cyclometalated iridum complex have been synthesized and investigated. Here, the iridium 

centre is bound to neutral bidentate N, N donating sites of the ligand (HL). The ligand and 

complex are characterized by elemental analysis, NMR spectroscopy, ESI-MS mass 

spectrometry, FTIR, UV–Vis and luminescence spectroscopic techniques. The ligand structure 

and the geometry around iridium centre of complex [Ir(2-ppy)2(L)]PF6 is confirmed by the 

single-crystal X-ray diffraction (XRD) method. DFT studies were also performed to support 

the experimental aspects of the complex as well as electronic distribution in molecular orbitals 

of various energy states. 

 

 

1.2.3 Chapter 4 

 
This chapter deals with the synthesis and characterization of Schiff base copper(II) complex 

incorporating N, O donor ligand. The structure of the complex [(L)2Cu] was confirmed by X- 

ray crystallography. The complex was also characterized by various spectroscopic studies. As 

application, the synthesized [(L)2Cu] complex have been used as catalyst in the oxidation of 
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benzyl alcohol to benzaldehyde. In addition, we have also examined the fluorescence properties 

of the ligand and complex. 

 

 

1.2.4 Chapter 5 

This chapter illustrates the synthesis and characterization of a mononuclear Cu(II) complex. 

Here, the ligand reacted with copper acetate to afford the new complexes of composition 

[(L1)2Cu], where it binds the Cu(II) centres in bidentate (N, O) fashion. X-ray structure of 

[(L1)2Cu] was determined to confirm the molecular species unequivocally. The redox 

behaviour was also determined using EPR spectroscopy. Theoretical calculation was employed 

to support the experimental data. 

 

 

1.3 Physical Measurements 

Various physical methods have been employed for the characterization and elucidation of the 

properties of the synthesized compounds and these are described in the subsequent chapters. 

These are briefly described below. 
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1.3.1 Elemental Analysis 

 
The C, H, N content of the samples were determined with the help of a Perkin-Elmer 2400 

Series II elemental analyzer which utilizes thermal conductivity data for gas (CO2, H2O, N2) 

analysis. The sample (1.5-2.5 mg) was introduced into the combustion cell usually at a 

temperature in the range of 900–980 ºC. For combustion, pure oxygen was used and pure 

helium was used as the driving gas. 

1.3.2 Infrared Spectra 

 
IR spectra were recorded in KBr disk with the help of a Perkin-Elmer L-0100 spectrometer. 

 

 

1.3.3 Electronic Spectra 

 
Electronic spectra were recorded on Perkin-Elmer LAMBDA EZ-301 and a LAMBDA 25 

UV/VIS spectrometer (190-1100 nm). A matched pair of quartz cells of path length 1 cm was 

used. 

1.3.4 Electrochemical Measurements 

 
A CHI-620A electrochemical analyzer was used for electrochemical measurements. All 

experiments were performed under pure nitrogen atmosphere at 295 and 298 K. The potentials 

are referenced to the standard calomel electrode (SCE) without junction correction. A three-

electrode system consisting of a planar Beckman model 39273 platinum inlay working 

electrode, platinum wire auxiliary electrode and a saturated calomel electrode (SCE) were used. 

In every case, care was taken to obtain a flat current-voltage base line over the required voltage 

range in the absence of the relevant electroactive species. 

 

1.3.5 Fluorescence Spectra 

 
The emission data were collected on Horiba Fluoromax-4 fluorescence spectrometer. For all 

luminescence measurements excitation and emission slit width of 5 nm were used. Cells are 

same as that of the electronic spectra. 
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1.3.6 Quantum yields Measurements 

 
Quantum yields of the complexes were determined in freeze-pump-thaw-degassed solutions of 

the complexes by a relative method using Quinine Sulfate in the same solvent as the standard.63 

The quantum yields were calculated using eq 1,64 

 

r = std 

Astd Ir 
 

Ar Istd 

r
2 

(1) 

std
2 

 

Where Φr and Φstd were the quantum yields of unknown and standard samples (Φstd = 0.08951 

(at 298 K) in CH3CN at λex= 450 nm), Ar and Astd (<0.1) were the solution absorbances at the 

excitation wavelength (λex), Ir and Istd were the integrated emission intensities, and ηr and ηstd 

were the refractive indices of the solvent. Experimental errors in the reported luminescence 

quantum yields were about 10%. 

1.3.7 TCSPC Measurements 

 
Time correlated single photon counting (TCSPC) measurements were carried out for the 

luminescence decay of complexes in a suitable solvent. For TCSPC measurement, the 

photoexcitation was made at 450 nm using a picosecond diode laser (IBH Nanoled 07) in an 

IBH Fluorocube apparatus. The fluorescence decay data were collected on a Hamamatsu MCP 

photomultiplier (R3809) and were analyzed by using IBH DAS6 software. 

1.3.8 Mass Spectra 

 
Electrospray ionization mass spectrometry (ESI-MS) spectra of the samples were recorded on 

a Micromass Qtof YA 263 mass spectrometer. 

1.3.9 NMR Spectra 

 
1H and 13C NMR spectra were recorded in mainly CDCl3, CD3CN and DMSO-d6 with the help 

of Bruker FT 300 MHz spectrometer and Bruker FT 400 MHz spectrometer, respectively using 

tetramethylsilane (TMS) as an internal standard depending upon the solubility of the products. 

Signals are assigned to individual protons on the basis of chemical shifts, spin-spin structure 

and substituent effects. The atom-numbering scheme used for 1H and 13C was same as that used 

in the crystallography. 
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o c o p 

1.3.10 Crystallographic Studies 

 
The X-ray intensity data were collected on Bruker AXS SMART APEX CCD diffractometer 

(Mo Kα, λ = 0.71073 Å) at 293 K. The detector was placed at a distance 6.03 cm from the 

crystal. Total 606 frames were collected with a scan width of 0.3º in different settings of φ. The 

data were reduced in SAINTPLUS65 and empirical absorption correction was applied using the 

SADABS package.66 Metal atom was located by Patterson Method and the rest of the non-

hydrogen atoms were emerged from successive Fourier synthesis. The structures were refined 

by full matrix least-square procedure on F2. All non-hydrogen atoms were refined 

anisotropically. All calculations were performed using the SHELXTL V 6.14 program 

package.67 Molecular structure plots were drawn using the Oak Ridge thermal ellipsoid plot 

(ORTEP).68 

R1, wR2 and goodness-of-fit (GOF) are given by the following equations 2, 3 and 4 

respectively. 

R1 = Fo- Fc/ Fo …… (2) 

wR2 = [[w(F 2 - F 2)2] / [w(F 2)2]]1/2 .................................................. 
(3) 

GOF = S = [[w(F 2 - F 2)2] / (n - n )]1/2 ................................................... 
(4) 

no =number of reflections 

np = total number of parameters refined 

Specific details for each compound will be given in the concerned chapter. 

 

1.3.11 DFT Study and Computational Details 

 
All the quantum mechanical calculations were performed with the Gaussian 09W software 

package.69 GaussSum 2.1 program70 was used to calculate the molecular orbital contributions 

from groups or atoms. Figures showing MOs, NTOs and the difference density plots were 

prepared by using the Gauss View 5.1 software. All the calculations were carried out in IBM 

Intellistation Z Pro 922892A machine and Super-micro Super-server work station. The 

geometrical structures of the singlet ground state (S0) and the lowest lying triplet excited state 

(T1) were optimized by the DFT71 method with B3LYP exchange correlation functional72,73 

approach. The geometry of the complexes was fully optimized in solution phase without any 

symmetry constraints. For H we used 6-31(g) basis set and the 6-31+G(d)74 basis set for C, N, 

O, and Cl atoms for the optimization of the ground state geometries. 
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The vibrational frequency calculation was also performed for all the complexes to ensure that 

the optimized geometries represent the local minima and there are only positive eigen values. 

There was a good agreement between the theoretical and experimental structures. On the basis 

of the optimized ground and excited state geometry structures, the absorption and emission 

spectra properties in a particular solvent media were calculated by time-dependent density 

functional theory (TDDFT)75,76 approach associated with the conductor-like polarizable 

continuum model (CPCM).77,78 We computed the lowest 40 singlet – singlet transition and 

results of the TD calculations were qualitatively very similar. The TDDFT approach had been 

demonstrated to be reliable for calculating spectra properties of many transition metal 

complexes.79,80 Due to the presence of electronic correlation in the TDDFT (B3LYP) method 

it can yield more accurate electronic excitation energies. Hence TDDFT had been shown to 

provide a reasonable spectral feature for our complex of investigation. Finally to understand 

the nature of excited states involved in absorption and emission processes natural transition 

orbital (NTO) analysis had been performed for all complexes. This approach provides the most 

compact representation of the electronic transitions in terms of an expansion into single particle 

orbitals by diagonalizing the transition density matrix associated with each excitation. The spin 

density difference map calculations were also performed to explain their optical properties. 

1.4 Chemicals and Solvents 

 
All commercially available chemicals and solvents utilized in the present work were of 

analytical grade and were used without further purification. For the preparation of ligands, the 

solvents were dried in their usual method. Purification steps, where required, will be elaborated 

in appropriate chapters. The chemicals required for the synthesis of ligands were purchased 

from MERCK (India) and Sigma Aldrich chemicals limited. 

All references in this thesis are given in the following format: Name of the 

author(s), Journal, year, volume, page. 
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Abstract: 

Refluxing HL [5-chloro-2-((2-hydroxynaphthalen-1-yl)diazenyl)phenyl)(phenyl)methanone] 

with [(2-ppy)2Ir(µ-Cl)]2 in ethanol-dichloromethane mixture in the presence of a base (NEt3) 

afforded complex of composition [Ir(2-ppy)2(L)]PF6, where the azo-ligand is coordinated to 

iridium(III) center as monoanionic bidentate N,O-donors. The ligand and complex were 

characterized unequivocally. Molecular structures of both the ligand and complex were 

confirmed by single-crystal X-ray diffraction. The ground and excited-state geometries, 

absorption, and emission properties of the iridium(III) complex were further examined by DFT 

and TD-DFT methods. The complex exhibits a blue-violet emission band at 395 nm with 

quantum yield (Ф) 0.06. Experimental and theoretical studies support the fact that the nature 

of emission is an admixture of 3IL and 3MLCT state. 
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2.1 Introduction 

Research in the field of cyclometalated iridium(III) complexes have received considerable 

interest since the last few decades due to their tunable and efficient photoluminescence 

properties and successive performance in a potential range of photophysical and electronic 

applications.1–6 Such cyclometalated complexes are proficient of showing highly intense 

phosphorescence at room temperature.7 But, there is also evidence of non emissive iridium(III) 

complexes that act as non-nucleic acid bonded fluorescence-enhanced nuclear stain, and hence, 

proved to be an efficient nuclear imaging probe.8 Very few iridium(III) complexes have been 

reported with emission at shorter wavelength, which is a consequence of electron-withdrawing 

property of the attached ligand.9 As a result, cyclometalated iridium(III) complexes have been 

found in many applications related to optoelectronics10, such as electrochemical cells11–16, 

photovoltaics17,18, luminescence imaging19–23, and as phosphorescence material for fabrication 

of organic light-emitting diodes (OLEDs).24 The ability to perform aforementioned role can be 

facilitated by a finely modulated metal–ligand system, altering the cyclometalated and/or 

ancillary ligand associated with the iridium center. In this context, the aim of our work is to 

design and synthesize cyclometalating ancillary ligands with suitable donor sites which induce 

formation of the stable iridium complex with a concomitant increase in their room temperature 

luminescence properties.25–27 2- Phenylpyridine and its derivatives are among the most widely 

used ligands due to their efficient coordination to iridium(III), but reports on the studies of 

heteroleptic iridium(III) complexes with ancillary azo-ligands are limited. 
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In this present work, we report the synthesis of a heteroleptic iridium(III) complex coordinated 

with an azo (-N = N-) nitrogen ligand (HL) which is very uncommon. The chelating 

environment around iridium center is free from steric hindrance as there is no hydrogen present 

in the vicinity of metal, owing to the fact that the chelating nitrogen of azo- group of the ligand 

is attached with non-hydrogenated nitrogen. This not only strengthens the metal nitrogen bond 

but also reduces the HOMO-LUMO energy gap of the complex. This phenomenon creates 

possibilities for the complex under study to show various applications as mentioned above. The 

azo-ligand and the complex formation have been authenticated on the basis of single crystal X-

ray studies and 1H NMR spectroscopy. The photophysical properties of the cyclometalated 

iridium(III) complex were also investigated. To get a deeper insight into the geometry and the 

electronic structure, geometry optimization of the compounds was performed at their ground 

and excited states with the help of density functional theory (DFT) 

and time dependent density functional theory (TD-DFT). 

 

2.2 Experimental Section 

2.2.1 Materials and Methods 

2-Amino-5-chlorobenzophenone was purchased from Aldrich Chemical Co. [Ir2(2-ppy)4Cl2] 

was prepared as reported in the literature.28 All chemicals and solvents were analytically pure 

and used without purification. Infrared spectra were recorded on a Perkin-Elmer L120-00A FT-

IR spectrometer with the samples prepared as KBr pellets. 1H-NMR spectra was recorded on a 

Bruker FT 400 MHz instrument. For NMR spectra, CDCl3was used as the solvent using TMS 

as an internal standard. UV–Vis experiments were performed on a Perkin–Elmer LAMBDA 

25 spectrophotometer and the fluorescence experiment was performed using a Horiba 

FluroMax-4 fluorescence spectrometer and a fluorescence cell of 10 mm path length. (ESI-MS) 

spectra were obtained on a Micromass Qtof YA 263 mass spectrometer. Elemental analyses 

(C, H, N) were performed on a Perkin-Elmer 2400 series II analyzer. 

 

2.2.2 Computational Details 

The geometrical structure of the singlet ground state (S0) and the lowest lying triplet excited 

state (T1) were optimized using the density functional theory (DFT)29 method at the RB3LYP 

and UB3LYP levels of theory.30 The geometry of the iridium(III) complex was fully optimized 

i n  s o l u t i o n  w i t h o u t  a n y  s y m m e t r y  c o n s t r a i n t .  The 

a b s o r p t i o n  a n d  
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photoluminescence spectral properties of the iridium(III) complex based on the optimized 

ground and excited state geometry structure was computed using the time-dependent DFT 

(TDDFT)31 approach in dichloromethane associated with the conductor-like polarizable 

continuum model (CPCM).32 Relativistic effective core potential (ECP)33 on iridium replaced 

the inner core electrons leaving the outer core [(5s)2(5p)6] electrons and the (5d6) valence 

electrons of iridium(III).34 In the calculation “double- ” quality basis set LANL2DZ was 

adopted as the basis set for iridium atom. The 6-31G basis set was used for the H atom and 6- 

31 + G(d, p) for C, N, Cl, and O atoms for the optimization of both the ground state and the 

lowest lying triplet excited state geometries. 

 

2.2.3 Synthesis of ligand HL (5-chloro-2-((2-hydroxynaphthalen-1- 

yl)diazenyl)phenyl)(phenyl)-methanone) 

2-Amino-5-chlorobenzophenone (430 mg, 1.8 mmol) was dissolved in concentrated 

hydrochloric acid (3.0 mL) and cooled to 0–5 C. Then, the solution was diazotized with the 

dropwise addition of (127 mg, 1.8 mmol) sodium nitrite solution (3.0 mL) at 0–5 C. - Napthol 

(267 mg, 1.8 mmol) was dissolved in sodium hydroxide solution (10 mL, 6 M). The solution 

was then cooled to 0–5 C. The cold solution of the diazonium salt was added dropwise to this 

solution at 0–5 C. The mixture was stirred at 0–5 C for 1 h. The dark-red precipitation of 

compound HL (Scheme 2.1) that appeared was separated on filtration and recrystallized from 

dichloromethane-hexane. Yield: 160 mg (41%). Anal. Calc. C23H15ClN2O2 (387): C, 71.41; 

H, 3.91; N, 7.24. Found: C, 71.35; H, 3.88; N, 7.31%. IR 

(KBr pellets, cm1): ν(C=O) 1672, ν(N=N) 1477 (Figure 2.1). 1H NMR in CDCl3,  (ppm): 

8.39 (d, 1H, J=12 Hz), 8.24 (d, 1H, J=12 Hz), 7.83 (d, 2H, J=8 Hz), 7.64–7.57 (m, 4H), 7.50– 

7.45 (m, 4H), 7.45(d, 1H, J=8 Hz), 6.73 (d, 1H, J=12 Hz) (Figure 2.2). 
 

Scheme 2.1 Synthesis of ligand HL. 
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Figure 2.1 IR spectrum of ligand HL. 

 

Figure 2.2 1H-NMR spectrum of ligand HL in CDCl3. 
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2.2.4 Synthesis of [Ir(2-ppy)2(L)]PF6 

A mixture of HL (50 mg, 0.129 mmol) and [(2-ppy)2Ir(µ-Cl)]2 (139 mg, 0.129 mmol) in a 

mixture of dichloromethane and ethanol (40 mL) and 1-2 drops of triethylamine was refluxed 

for 4 h. Deep-brown precipitate of [Ir(2-ppy)2(L)]PF6 separated out (Scheme 2.2) and was 

collected by filtration and was recrystallized from dichloromethane-hexane. Yield: 125 mg 

(66%). Elemental Anal. Calcd. for C45H30ClIrN4O2: C, 60.97; H, 3.41; N, 6.32. Found: C, 

60.72; H, 3.45; N, 6.27%. IR (KBr pellets, cm1): ν(N=N) 1471, ν(C=O) 1642 (Figure 2.3). 

1H NMR in CDCl3,  (ppm): 9.79 (d, 1H, J=6 Hz), 9.52 (d, 1H, J=6 Hz), 8.24–7.98 (m, 5H), 

7.57 (t, 1H, J=6 Hz), 7.69 (m, 2H), 7.42 (q, 2H, J=6 Hz), 6.89-6.66 (m, 5H), 6.24 (d, 1H, J=6 

Hz), 5.65 (d, 1H, J=9 Hz) (Figure 2.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.2 Synthesis of [Ir(2-ppy)2(L)]PF6. 
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Figure 2.3 IR spectrum of [Ir(2-ppy)2(L)]PF6 

 

Figure 2.4 1H-NMR spectrum of [Ir(2-ppy)2(L)]PF6 in CDCl3. 
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Table 2.1 Atomic coordinates and isotropic thermal parameters of HL. 

 

Chemical formula C23H15ClN2O2 

Formula weight 386.82 

Crystal system Monoclinic 

Space group P21/c 

a/Å 17.6345(6) 

b/Å 7.1254(2) 

c/Å 15.7480(5) 

/deg 90 

/deg 111.898(2) 

/deg 90 

 /Å 0.71073 

V /Å3 1836.01(10) 

F(000) 800 

Z 4 

T/K 298 

D/mg/m-3 1.399 

 /mm-1 0.230 

R1(all data) 0.0475 

wR2[I> 2(I)] 0.1361 

GOF 0.995 

 

2.2.5 Crystallographic Studies 

Single-crystals of both the ligand and [Ir(2-ppy)2(L)]PF6 complex were grown by slow 

diffusion of hexane in dichloromethane solution at 25 C. Data were collected on a Bruker 

SMART CCD diffractometer using Mo-Kα monochromated ( = 0.71073) radiation. The 

solutions of the structures were performed using Shelx 97 PC version program. Full-matrix 

least-square 
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refinements on F2 were performed using SHELXL-97. All non-hydrogen atoms were refined 

anisotropically using full-matrix least-squares method. Hydrogens were included for structure 

factor calculations after placing them at calculated positions. Atomic coordinates and isotropic 

thermal parameters of the ligand and [Ir(2-ppy)2(L)]PF6 are given in Tables 2.1 and 

2.2. The CCDC number is 1954116 for the complex and 1982643 for the ligand. 

 

Table 2.2 Atomic coordinates and isotropic thermal parameters of [Ir(2-ppy)2(L)]PF6. 

 

Chemical formula C45H30ClN4O2Ir 

Formula weight 886.40 

Crystal system Monoclinic 

Space group P21/n (No. 14) 

a/Å 9.3437(3) 

b/Å 22.4301(7) 

c/Å 17.4167(6) 

/deg 90 

/deg 101.284(2) 

/deg 90 

 /Å 0.71073 

V /Å3 3579.6(2) 

F(000) 1752 

Z 4 

T/K 296 

D/mg/m-3 1.645 

 /mm-1 3.850 

R1(all data) 0.0393 

wR2[I> 2(I)] 0.1351 

GOF 0.95 
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2.3 Results and Discussion 

2.3.1 Synthesis 

HL was prepared by the diazo-coupling reaction of -napthol with 2-amino-5- 

chlorobenzophenone. Scheme 2.1 shows the steps of diazo-coupling reaction which produced 

the desired compound HL. 

The reaction between HL and [(2-ppy)2Ir(µ-Cl)]2 in dichloromethane/ethanol mixture 

in the presence of triethylamine afforded the brown crystalline complex of composition [Ir(2-

ppy)2(L)]PF6. Scheme 2.2 represents the synthetic route of [Ir(2-ppy)2(L)]PF6. 

2.3.2 Characterization 

The infrared spectra of HL in solid KBr pellet exhibited bands at 1672 cm1 and 1477 cm1 for 

ν(C=O) and ν(N=N), respectively. The ν(N=N) band of the ligand shifted to lower frequency 

(near 1471 cm1) in [Ir(2-ppy)2(L)]PF6 due to the coordination of azo nitrogen with iridium 

center.35 The IR spectra of HL and [Ir(2-ppy)2(L)]PF6 are given in Figures 2.1 and 2.3. The 

1H-NMR spectrum of HL shows well-resolved peak within  = 8.89 – 7.21 ppm which suggests 

the exact position of aromatic protons. The total count of aromatic protons ( = 9.79 – 5.65 

ppm) matched well with the composition of the complex (Figures 2.2 and 2.4). Therefore, the 

solution structures of the ligand and complex were consistent with the molecular structures in 

the solid state (see below, X-ray structure). 

2.3.3 X-ray Structure 

X-ray crystal structure analysis was performed for the unequivocal characterizations of HL and 

[Ir(2-ppy)2(L)]PF6. Perspective view of their molecular structures is shown in Figure 2.5. [Ir(2-

ppy)2(L)]PF6 crystallizes in the monoclinic system with space group P21/n and the ligand 

crystallizes also in the monoclinic system but the space group is P21/c. Selected bond distances 

and angles for [Ir(2-ppy)2(L)]PF6 and HL are given in Table 2.3. In the X-ray structure of metal 

complex, HL binds Iridium(III) as a bidentate (N,O) fashion. The two 2- phenylpyridine (2-

ppy) are arranged mutually trans in position. The complex forms a distorted octahedral structure. 

The linear bond angles around iridium(III) deviate slightly from 180 and the values roam 

around 176. The N1-N2 bond distance in L changes from 1.326 Å to 

1.288 Å upon coordination with iridium(III). 
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Figure 2.5 Molecular structure of HL (left) and [Ir(2-ppy)2(L)]PF6 (right) with the 

atom numbering scheme. Hydrogens are omitted for clarity. 

Table 2.3 Selected bond distances and angles for [Ir(2-ppy)2(L)]PF6 and HL. 

 

 

2.3.4 Geometry Optimization, Electronic Structure, and Charge Distribution 

To understand the molecular structure of iridium(III) complex, geometry optimization 

(Figure 2.6) was performed in the solution phase in both ground singlet (S0) state and lowest 
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lying excited triplet (T1) state. The geometry used for the ground (S0) and triplet (T1) state 

optimization is based on crystal structure parameter of [Ir(2-ppy)2(L)]
+
 without ligand 

modification. The optimized geometrical parameters for [Ir(2-ppy)2(L)]
+
 in both spin states are 

given in Table 2.4. 

 

 

Figure 2.6 Optimized molecular view of [Ir(2-ppy)2(L)]
+
 (Ir: cyan, N: blue, O: red, C: grey). 

All hydrogens are omitted for clarity. 

Table 2.4 The comparison of selected bond distances and bond angles of [Ir(2-ppy)2(L)]
+

 and 

HL in their singlet ground state (S0) and excited triplet state (T1). 

 

Bond Lengths (Å) 
 S0 T1  S0 T1 

Ir1-N4 2.063 2.063 Ir1-C35 2.013 2.011 

Ir1-N1 2.242 2.183 Ir1-O1 2.174 2.207 

Ir1-N3 2.076 2.082 N1-N2 1.288 1.356 

Ir1-C34 2.019 2.028 O1-C2 1.281 1.297 
      

Bond Angles(o) 
 S0 T1  S0 T1 

N4-Ir1-N1 89.42 91.20 C26-Ir1-N1 101.54 106.73 

N1-Ir1-N3 94.93 95.72 N4-Ir1-C35 80.36 80.61 

N1-Ir1-O1 82.03 78.83 N3-Ir1-O1 87.91 91.35 

C35-Ir1-C34 87.84 88.96 N4-Ir1-N3 175.37 172.64 

C34-Ir1-O1 88.97 86.34 N1-Ir1-C34 169.99 164.15 
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The calculated Ir-C and Ir-O bond distances arise at 2.016 Å and 2.17 Å, respectively. The Ir- 

N (bipy N) and Ir-N (azo N) bond distances occur near 2.07 Å and 2.24 Å for [Ir(2-ppy)2(L)]PF6. 

These values show strong deviation from experimental values which are longer than the 

experimental values by approximately 0.1 Å. This observation is mainly due to some 

environmental factors such as crystal packing in solid state and influence of solvents while 

doing calculations. 

In the triplet excited state, the electron that is promoted to the excited state energy level has the 

same spin orientation to the other unpaired electrons. In [Ir(2-ppy)2(L)]
+
, the bonding electrons 

get unpaired in the azo group in T1 state. Because of this reason, the N1-N2 bond length of the 

complex in T1 state gets a partial single bond character like the free ligand as there is 

conjugation between azo group and naphthol moiety (Scheme 2.3). Thus, the N1-N2 bond 

length in T1 state of the complex differs from S0 state but become close to the N1-N2 value of 

HL. 

 

 

Scheme 2.3 Representation of conjugation of azo group with naphthol moiety in HL showing 

partial single bond character of azo bond (upper) and unpaired electrons of azo bond in T1 state 

of complex (lower). 

These results show there are no significant changes of the ligand framework in the octahedral 

mononuclear iridium(III) complex. The isodensity plots of several optimized frontier molecular 

orbitals from H-5 to L + 5 for [Ir(2-ppy)2(L)]
+
 are shown in Figure 2.7. 
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Figure 2.7 Isodensity plots of frontier orbitals of [Ir(2-ppy)2(L)]
+
 

 

The energy and compositions of selected frontier molecular orbitals of the [Ir(2-ppy)2(L)]
+
 in 

singlet ground state (S0) are listed in Table 2.5. The value of the energy difference between 

highest occupied molecular orbital [HOMO (H)] and lowest unoccupied molecular orbital 

[LUMO (L)] of [Ir(2-ppy)2(L)]
+
 equals to 2.86 eV. Table 2.5 reveals that in the H and H-1 

orbitals the electron density is very high over naphthol moiety and iridium center with respect 

to other fragments of complex. 2-ppy gives moderate contribution of electron density over the 

complex. The energy of H-3 and H-4 are almost the same (energy difference 0.08 eV in the 

complex). The electron density of the LUMO of [Ir(2-ppy)2(L)]
+
 originates from azo and 

naphthol * orbital of the ligand aromatic system. 
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Table 2.5 Energy and composition of selected molecular orbitals of [Ir(2-ppy)2(L)]
+
. 

 

 

MO Energy 

(eV) 

% of composition Main bond types 

Ir 2-ppy Ligand (HL) 

1 2 Azo napthol diphenyl 
ketone 

L+5 -1.06 0 89 7 0 1 4 л*(2-ppy) 

L+4 -1.29 0 7 91 1 0 1 л*(2-ppy) 

L+3 -1.57 3 91 3 0 0 3 л*(2-ppy) 

L+2 -1.74 3 2 93 0 0 0 л*(2-ppy) 

L+1 -1.95 1 2 1 2 0 95 л*(HL) 

L -2.3 2 1 0 39 45 13 л*(HL) 

H -5.16 28 13 10 8 35 6 d(Ir)+л(2-ppy)+л(HL) 

H_1 -5.47 30 19 15 6 27 3 d(Ir)+л(2-ppy)+л(HL) 

H_2 -6.03 32 12 13 2 39 1 d(Ir)+л(2-ppy)+л(HL) 

H_3 -6.08 4 37 41 6 11 0 л(2-ppy) 

H_4 -6.16 36 29 10 10 7 9 d(Ir)+л(2-ppy)+л(HL) 

H_5 -6.34 8 7 48 0 36 1 л(2-ppy)+л(HL) 

2.3.5 Excited State (T1) 

DFT calculations have also been performed for geometry optimization of [Ir(2-ppy)2(L)]
+
 in 

low lying excited triplet (T1) spin state at room temperature in solution phase. The optimized 

geometrical structure of the iridium complex in low lying excited triplet state is given in Table 

2.6 and the geometrical parameters are given in Table 2.4. Most interestingly, the geometry 

around iridium center in S0 and T1 states remain almost the same although significant changes 

have occurred in the ligand frame which corroborated that ligand binds in a similar fashion in 

the complex. The Isodensity surfaces of HSOMO, LSOMO, and electronic spin density for 

[Ir(2-ppy)2(L)]
+
 at the relaxed T1 geometry are shown in Figure 2.8. The electron density in 

HSOMO of [Ir(2-ppy)2(L)]
+
 is mainly due to the major contribution of naphthol moiety and p 

orbital of chlorobenzene attached with the azo nitrogen of the ligand (Figure 2.8). Conversely, 

the electron density of LSOMO mainly resides on the diphenyl ketone moiety of the ligand and 

resembles the corresponding L + 1 of the S0 geometry. The spin density plot of the complex at 

the triplet state (T1) displayed that the electron density mainly localized on HL and on the metal 

center. Thus, the low lying triplet excited state (T1) in [Ir(2-ppy)2(L)]
+
 is mainly 3MLCT/3LLCT 

excited state for cyclometalated iridium(III) complex.36, 37 
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Table 2.6 Optimized molecular structure of [Ir(2-ppy)2(L)]
+
 at T1 state. 

 

Triplet excited 

state (α spin) 
Optimized structure Spin state Energy (eV) 

L+9 
 

 

α -0.518 

L+7 
 

 

α -0.696 

L 
 

 

α -2.115 

H 

 

α -4.432 

H-2 
 

 

α -6.096 

2.3.6 TD-DFT Calculation and Electronic Spectra 

HL exhibited characteristic UV–Vis spectrum in dichloromethane solution having lowest 

energy absorption maxima at 485 nm. TD-DFT study displays that the character of transition 

of HL is intraligand charge transfer (1ILCT) type. The UV–Vis spectra of [Ir(2-ppy)2(L)]PF6 

were distinctly different from HL. The lowest-energy absorption appeared at 500 nm for [Ir(2- 

ppy)2(L)]PF6. Moreover, such experimental values match well with the theoretical absorption 

spectra. The lowest energy vertical excitation (S0S1) for the complex mainly consists of 

d[Ir(2-ppy)2(L)]PF6  *(2-ppy) *(L).11 Representative UV–Vis spectra of HL and [Ir(2-

ppy)2(L)]PF6 are shown in Figure 2.9. 
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HSOMO LSOMO Electron Spin Density 

 

Figure 2.8 Isodensity surface plots of HSOMO, LSOMO, and electron spin density for [Ir(2-

ppy)2(L)]
+
 at T1 state geometry. Blue and green regions represent the positive and negative 

difference between the alpha and beta electron densities, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 UV–Vis spectra of HL (1.5×105 M) and [Ir(2-ppy)2(L)]PF6 (1.5×105 M) in 

dichloromethane. 

The lowest energy band with maxima at 489 nm for [Ir(2-ppy)2(L)]PF6 corresponds to 

mainly H-1L (89%) and can rationally be assigned as admixture of metal-to-ligand charge- 

transfer (1MLCT) and spin-allowed * (ligand centered, 1ILCT) transitions.38 Table 2.7 

confirms the usual assignments of all the absorption bands for the complex and HL in 

acetonitrile at room temperature. 
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Table 2.7 Main calculated optical transition for [Ir(2-ppy)2(L)]
+
 with composition in terms of 

molecular orbital contribution of the transition, vertical excitation energies, oscillator strength, 

and configuration interaction (CI) in dichloromethane. 

 

Compound Composition Excitation 
Energy 

(eV) 

Osc. 
Strength 

(f) 

Assignment CI λexp 

(nm) 

[Ir(2-ppy)2(L)]PF6 H-1→L 2.53 
(489 nm) 

0.0938 1MLCT 
/1ILCT 

0.667 500 

[Ir(2-ppy)2(L)]PF6 H-2→L 3.04 
(407 nm) 

0.1322 1MLCT 
/1ILCT 

0.503 400 

HL H-1→L 2.34 
(529 nm) 

0.9210 1ILCT 0.697 485 

2.3.7 Emission Spectral Properties 

To investigate the emission property of [Ir(2-ppy)2(L)]PF6, photoluminescence measurement in 

solution state was performed. [Ir(2-ppy)2(L)]PF6 exhibited strong photoluminescence near 395 

nm on excitation at 350 nm (quantum yield (Ф) ca. 0.06; Figure 2.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Emission spectra of complex in dichloromethane solution (c=1.5×105 M) at room 

temperature (ex =350 nm, em =395 nm). 

 

Furthermore, the time-resolved luminescence spectra were also recorded to understand the 

decay process and the emissive nature of the complex. Lifetime data are recorded for [Ir(2-

ppy)2(L)]PF6 at room temperature in dichloromethane solution when excited at 350 nm. The 
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observed luminescence decay fit with bi-exponential decay nature of [Ir(2-ppy)2(L)]PF6 

(Figure 2.11). The fluorescence lifetime (), radiative (kr), and nonradiative (knr) decay rate 

constant of [Ir(2-ppy)2(L)]PF6 are collected in Table 2.8. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Time-resolved fluorescence lifetime decay of [Ir(2-ppy)2(L)]PF6. 

 

 

Table 2.8 Photophysical parameters of [Ir(2-ppy)2(L)]PF6. in dichloromethane solution at room 

temperature. 

Sample  ns) Φ kr, s
-1(x107) knr, s

-1(x108) 

[Ir(2-ppy)2(L)]PF6  0.06 1.18 1.85 

In order to analyze the experimental luminescence spectra, unrestricted B3LYP method for the 

iridium(III) complex in triplet (T1) state has been performed in dichloromethane. The 

photoluminescence property mainly originates from triplet state charge transfer transitions and 

electronic spin density isosurface (Figure 2.8) which indicates the ligand centered 3IL nature 

of the complex. In the complex, spin density isosurfaces are entirely localized on HL and on 

the metal center. Thus, the lowest-lying triplet excited state is mainly 3MLCT/3LLCT excited 

state of cyclometalated iridium(III) complexes.36, 38 
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In our earlier work on iridium(III) complexes, the lifetime of the excited state of the previous 

iridium(III) complex was 3.0 ns. Compared to this, [Ir(2-ppy)2(L)]PF6 shows slightly longer 

excited state lifetime which is 5.08 ns. Although these values are close to each other, the relative 

value differs about 40%. Such difference is attributed to the newly modulated ligand 

framework. Previous iridium(III) complexes had a type of ligand where azo group was free 

from binding, but in the present work the coordination of HL with iridium(III) occurs via azo 

nitrogen and adjacent phenolic –OH. Presence of the diphenyl keto moiety containing chlorine 

atom in HL must have influenced the excited state behavior of [Ir(2-ppy)2(L)]
+
. 

 

The calculated emission energy associated with their oscillator strength, the main 

configurations and their assignments as well as the experimental result of [Ir(2-ppy)2(L)]PF6 

are listed in Table 2.9. TD-DFT study at T1 state for [Ir(2-ppy)2(L)]
+
 substantiate with the 

3ILCT nature for [Ir(2-ppy)2(L)]
+
 transitions.39, 40 

 

Table 2.9 Main calculated vertical transitions for complex [Ir(2-ppy)2(L)]
+

 with compositions 

in terms of molecular orbital contribution of the transition, vertical excitation energies, 

oscillator strength and configuration interaction (CI) in dichloromethane. 

 

 

Excitation 
Excitation 

Energy (eV) 

 

Composition 

Osc. 

Strength 

(f) 

 

CI 

 

Assignment 
λexp 

(nm) 

 

30 
3.08 

(401 nm) 

HL+9  

0.0410 
0.6089 

3MLCT/ 

3LLCT 

 

 

 

395 HL+7 0.3775 3LLCT 

31 
3.15 

(394 nm) 

H-2L 
0.0207 

0.5750 3MLCT 

HL+9 0.2186 3LLCT 
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2.4 Conclusions 

A heteroleptic iridium(III) complex has been prepared with a ligand bearing azo (N=N) linkage. 

The structures of the ligand and complex [Ir(2-ppy)2(L)]PF6 were confirmed by X-ray 

crystallography. The present study reveals that the complex displays photophysical properties 

having intense photoluminescence in relatively shorter wavelength region. The bi-exponential 

decay of the complex and the nature of luminescence suggest that the emitting excited state is 

an admixture of 3IL and 3MLCT states. The presence of chlorine in the ligand moiety may be 

crucial for such occurrence. So, this insight shows that there are possibilities to change in 

strategies for modulating the emission energies of the complexes. Given the ease of 

functionalization of the complex, our future studies will explore the more effective 

luminescence properties of iridium(III) complexes. 
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Synthesis, structure and effects of an azoimine functionalized 

iridium complex on cancer cells 
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Abstract: 

A novel ligand L having azoimine bond with quinoline moiety reacts with [(2-ppy)2Ir(μ-Cl)]2 

in dichloromethane medium to produce an iridium(III) complex of composition [Ir(2- 

ppy)2(L)]PF6. Here, the iridium centre is bound to neutral bidentate N, N donating sites of the 

ligand (L), where the azo part of L is not involved in chelation. The ligand and complex are 

characterized by elemental analysis, NMR spectroscopy, ESI-MS mass spectrometry, FTIR, 

UV–Vis and luminescence spectroscopic techniques. The ligand structure and the geometry 

around iridium centre of complex [Ir(2-ppy)2(L)]PF6 is confirmed by the single-crystal X-ray 

diffraction (XRD) method. DFT studies were also performed to support the experimental 

aspects of the complex as well as electronic distribution in molecular orbitals of various energy 

states. The complex exhibits blue emission band at 428 nm with quantum yield (Φ) 

0.136. Further, in vitro analysis of the anticancer activity of the complex was studied mainly 

with the MCF - 7 cell line. The results showed that the complex have good IC50 values when 

compared to the standard drug cisplatin. 
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3.1 Introduction 

Cancer has been a serious illness that puts people’s lives in danger since it has been 

discovered.1–4 Cancer cells grow abnormally and become uncontrollable as these cells can 

colonise and disrupt the tissues.5 Breast cancer is one of the dangerous diseases that have 

become a global public health challenge among the females because of its high death rate.6 The 

MCF - 7 cell line is largely studied as an in vitro model to investigate the biology of breast 

cancer.7–10 Due to the number of variants available, it has applications in development of 

chemotherapeutic drugs and understanding drug resistance. Cancer treatment requires heavy 

surgery, radiotherapy, chemotherapy and often combination of these.11–13 But, there are serious 

adverse effects while using platinum based drugs such as cis-platin, oxaliplatin, Carboplatin 

etc.14,15 Recently, numerous metal-based complexes, including those made of palladium, gold, 

osmium, iridium, rhodium, and ruthenium, have demonstrated superior anti- cancer 

characteristics to those of platinum-based medications against a variety of cancer cell types.16–

21 Among these metals, Iridium (III) complexes are one of the good choices because of their 

anticancer activities and potential as anti-tumor drugs.22,23 The ability to form versatile 

peripheral structures via coordination with different ligand units having desired functionalities 

is one of the advantages of using transition metals. The coordination complexes of these metals 

are proved to be the versatile scaffolds in the field of drug discovery. Iridium coordination 

compounds have been shown to induce apoptosis, or programmed cell death, in cancer cells, 

as well as inhibit the growth of tumor cells in both in vitro and in vivo studies.24 Iridium 

compounds have also demonstrated the ability to target specific cancer-related pathways, such 

as the MAPK, PI3K/AKT and NF-κB signalling pathways.25,26 In addition, they have been 

shown to modulate the expression of genes involved in cell cycle progression and apoptosis. 

Finally, iridium coordination compounds have been found to increase the sensitivity of cancer 

cells to other anti-cancer agents, such as cisplatin. These properties make iridium coordination 

compounds promising candidates for the development of novel anti-cancer drugs. 

All the recent research in this field suggest that the coordinating ligands play a significant role 

in determining the toxicity of iridium(III) complexes. The chemical nature and the size of the 

complex affect not only the photophysical properties but also the cytotoxic profiles. Hence, a 

detail study of the synthesis, structure and characterization is done for the ligand 
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and the complex. Besides, we intend to investigate how a novel N, N coordinating ligand 

having azoimine bond would influence the activity of iridium(III) complex towards the cancer 

cell lines. The complex under this study has shown remarkable anticancer property, particularly 

in MCF - 7 cell line having lower IC50 value as compared to cisplatin. 

3.2 Experimental Section 

3.2.1 Materials and Methods 

The solvents used for all the reactions were of reagent grade (E. Marck, Kolkata, India) and 

were purified and dried. 4-Aminoazobenzene was purchased from Aldrich Chemical Co. [Ir2(2-

ppy)4Cl2] was prepared as reported in the literature.27 Iridium chloride hydrate, 2- 

Quinolinecarboxaldehyde, and triethyl amine were purchased from Sisco Research 

Laboratories (SRL), India. Crystal violet solution or Gram’s crystal violet and 3-(4, 5- 

Dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) was purchased from 

MERCK. DMSO and Methanol was purchased from Sigma. Minimal Essential Media Earl’s 

(MEM) and Fetal Bovine Serum (FBS) was purchased from Gibco Life Technologies, USA. 

1% penicillin/streptomycin and Trypsin-EDTA were purchased from Invitrogen. Hoechst 

33258 was purchased from Sigma-Aldrich, Acridine Orange was purchased from Sigma- 

Aldrich and Ethidium Bromide was purchased from HIMEDIA. 

 

3.2.2 Physical Measurements 

Elemental analyses (C, H, N) were performed on Perkin–Elmer 2400 series II analyzer. 

Electrospray ionization mass spectrometry (ESI-MS) spectra were recorded on a Micromass 

QTOF YA 263 mass spectrometer. IR spectra were observed and obtained with a Perkin– Elmer 

I-0100 spectrophotometer with KBr disk. 1H NMR spectra were measured on Bruker FT 300 

MHz spectrometer in CDCl3 solvent. By Perkin–Elmer LAMBDA 25 spectrophotometer UV–

Vis spectra were investigated. The emission data were collected on a Horiba FluroMax-4 

fluorescence spectrometer. For all luminescence measurements slit width of 3 nm was used for 

both excitation and emission. Using freeze-pump-thaw-degassed solutions of the complex by 

a relative method using quinine sulfate in the same solvent as the standard [Φstd= 0.54 (at 298 

K) in 0.1 M H2SO4 at λex= 350 nm] by usual method quantum yields of the complex was 

determined. 
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The quantum yields were calculated using Eq (1): 
 

Where, Φr and Φstd are the quantum yields of unknown and standard samples, Ar and Astd (<0.1) 

are the solution absorbance’s at the excitation wavelength (λex), Ir and Istd are the integrated 

emission intensities, and ηr and ηstd are the refractive indices of the solvent. 

 

3.2.3 Computational Details 

The geometrical structures of the ground-state of the selected complex was optimized by the 

DFT method with B3LYP exchange correlation functional approach.28,29 The geometry of the 

complex was fully optimized in solution phase without any symmetry constraints. There was a 

good agreement between the theoretical and experimental structures. Relativistic effective core 

potential (ECP)30 on iridium. replaced the inner core electrons leaving the outer core 

[(5s)2(5p)6] electrons and the (5d6) valence electrons of iridium (III).31 In the calculation basis 

“double-ξ” quality basis set LANL2DZ was adopted as the basis set for iridium atom. The 6- 

31G basis set was used for the H atom and 6-31+G(d,p) for C, N, Cl, and O atoms for the 

optimization of both the ground state and the lowest lying triplet excited state geometries. 

Figures showing MOs and the difference density plots were prepared by using the Gauss View 

5.1 software. All the calculations were performed with the Gaussian 09 W software package.32 

3.2.4 Synthesis of L 

2-Quinolinecarboxaldehyde (157 mg, 1 mmol) was dissolved in 30 ml ethanol. Then the 

solution was added to the solution of 4-Aminoazobenzene (197 mg, 1 mmol) at room 

temperature. The mixture was refluxed for 6 h. Brown precipitate was appeared after the 

mixture was refluxed for 6 h. Then the precipitate of L (Ssheme 3.1) was separated on filtration 

and recrystallized from dichloromethane-hexane layer. Yield: 160 mg (41 %). Anal. Calc. 

C22H16N4 (336): C, 78.55; H, 4.79; N, 16.66. Found: C, 78.95; H, 4.88; N, 16.31. IR (KBr 

pellets, cm1): ν(C=O) 1672, ν(N=N) 1477 (Figure 3.1).1H NMR CDCl3: δ 8.39 (d, 1H, J = 

12), 8.24 (d, 1H, J = 12), 7.83 (d, 2H, J = 8), 7.64 – 7.57 (m, 4H), 7.50 – 7.45 (m, 4H), 

7.45(d, 1H, J = 8), 6.73 (d, 1H, J = 12) (Figure 3.2). 
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Scheme 3.1 Schematic representation of the synthesis of ligand L. 
 

Figure 3.1 IR spectrum of ligand L. 

 

Figure 3.2 1H-NMR spectrum of ligand L in CDCl3. 
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3.2.5 Synthesis of [Ir(2-ppy)2(L)]PF6 Complex 

A mixture of L (10 mg, 0.029 mmol) and [(2-ppy)2Ir(μ-Cl)]2 (31 mg, 0.029 mmol) was taken 

in a mixture of dichloromethane and ethanol (40 mL) and it was refluxed for 24 h. Deep brown 

precipitate of [Ir(2-ppy)2(L)]PF6 (Scheme 3.2) separated out and was collected by filtration and 

recrystallized from dichloromethane-hexane. Yield: 125 mg (66 %). Elemental Anal. Calc. for 

C44H32IrN6PF6: C, 53.82; H, 3.28; N, 8.56. Found: C, 53.87; H, 3.35; N, 8.61. 

IR (KBr pellets, cm1): ν(N = N) 1471, ν(C=O) 1642 (Figure 3.3). 1H NMR CDCl3: δ (ppm), 

J (Hz): 9.79 (bs, 1H), 9.52 (bs, 1H), 8.24 – 7.98 (m, 5H), 7.77 – 7.69 (m, 3H), 7.56 – 7.42(m, 

4H), 6.89 – 6.66(m, 6H), 6.23(bs, 1H), 5.72(d, 1H) (Figure 3.4). m/z = 837.16 [M]+ (Figure 

3.5). 
 

 

Scheme 3.2 Schematic representation of the synthetic route of complex [Ir(2-ppy)2(L)]PF6. 
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Figure 3.3 IR spectrum of [Ir(2-ppy)2(L)]PF6. 

 

Figure 3.4 1H-NMR spectrum of [Ir(2-ppy)2(L)]PF6 in CDCl3. 
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Figure 3.5 Mass spectrum of [Ir(2-ppy)2(L)]PF6. 

Table 3.1 Crystal data and structure refinement parameters for the complex [Ir(2-ppy)2(L)]PF6. 

 

 1 

Formula C44H32IrN6PF6 

Mr 1967.21 

Crystal system Monoclinic 

Space group C 2/c 

a / Å 32.920(4) 

b / Å 22.482(3) 

c / Å 24.578(3) 

 / 90 

 / 101.072(4) 

 / 90 

V /Å3 17851 (4) 

Z 8 

Dcalcd /g cm
3 1.464 

 /mm1 3.090 

/ 1.903-27.183 

T /K 273 K 

Reflns collected 10179 

R1,a wR2b [I > 2(I)] 0.1476, 0.3075 

GOF on F2 1.10 

 
aR1 = Fo- Fc/ Fo. b wR2 = [[w(Fo

2 - Fc
2)2] / [w(Fo

2)2]]1/2 
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3.2.6 Crystallographic Studies 

The single crystal suitable for X-ray crystallographic analysis of the complex was obtained by 

slow evaporation of acetone solution of the complex. The X-ray intensity data were collected 

on Bruker AXS SMART APEX CCD diffractometer (Mo Kα, λ = 0.71073 Ǻ) at 293 

K. The detector was placed at a distance 6.03 cm from the crystal. Total 606 frames were 

collected with a scan width of 0.3˚ in different settings of φ. The data were reduced in 

SAINTPLUS33 and empirical absorption correction was applied using the SADABS package.34 

Metal atom was located by Patterson Method and the rest of the non-hydrogen atoms were 

emerged from successive Fourier synthesis. The structures were refined by full matrix least-

square procedure on F2. All non-hydrogen atoms were refined anisotropically. However, the 

connectivity and other broad structural features of the complex were refined to a reasonable 

degree with respect to data quality and are undoubtedly correct. All calculations were 

performed using the SHELXTL V 6.14 program package.35 The disorder solvent molecule/(s) 

has been dealt with “SQUEEZ”36 command under the above program. Molecular structure 

plots were drawn using the Oak Ridge thermal ellipsoid plot (ORTEP).37 The CCDC number 

of complex [Ir(2-ppy)2(L)]PF6 is 2257731. Relevant crystal data is given in Table 3.1. 

3.2.7 Methods for Cancer Activity 

3.2.7.1 Complex Stock Preparation 

The Iridium crystals were obtained in powder form. A stock solution of 10 mM was prepared 

for the complex by weighing them and dissolving them in cell culture grade DMSO. The stock 

solution was further diluted to 200 μM, 100 μM, 50 μM, 25 μM, and 12.5 μM using media by 

serial dilution for cell viability assay. 

3.2.7.2 Cell Culture 

Breast adenocarcinoma cell line MCF-7, triple negative breast cancer cell line MDA - MB - 

231 and normal hepatic cell line WRL - 68 were purchased from the National Centre for Cell 

Science, Pune, India. The MCF - 7 and WRL - 68 cell lines were maintained in Minimal 

Essential Media Earl’s (MEM) supplemented with 10 % Fetal Bovine Serum (FBS) whereas 

MDA - MB - 231 cell line was maintained in DMEM high glucose media. The cell line was 

stored in a humidified incubator at 37 ◦C under an atmosphere of 5 % CO2. 
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3.2.7.3 Cell Viability Assay 

Cell viability studies of the complex [Ir(2-ppy)2(L)]PF6 as well as cis-platin were conducted 

using 3-(4, 5-Dimethylthiazol-2-yl)-2, 5- diphenyl tetrazolium bromide (MTT) on MCF-7, 

MDA-MB-231 and WRL-68 cell lines. For this experiment, approximately 1 × 104 cells from 

different cell lines were used to seed 96 well plates. The cells were further treated with various 

concentrations of the complex, from 12.5 μM to 200 μM for a period of 24 h at 37 ◦C. 10 μl of 

MTT at 5 mg/ml concentration was added to each well and incubated for 4 h at 37 

◦ C. 100 μl of DMSO: Methanol were added to each well and the absorbance was measured at 

570 nm in a Spectramax i3X microtitre plate reader. The IC50 for the complex was calculated 

using Compu Syn software. The statistical significance was evaluated using Graph Pad Prism 

software. 

3.2.7.4 Colony Formation Assay 

The effect [Ir(2-ppy)2(L)]PF6 complex was further investigated by performing colony 

formation assay. 6-well plates were used to seed the MCF - 7 cells and incubated at 37 ◦C for 

24 h. The cells were treated with [Ir(2-ppy)2(L)]PF6 complex at 7 μM and 12.5 μM 

concentrations. After 24 h of treatment, Methanol was used to fix the cells and 0.5 % Crystal 

violet was used for staining. The plates were observed under Olympus inverted microscope at 

4X magnification. 

3.2.7.5 Hoechst Assay 

Apoptotic effects of the complex [Ir(2-ppy)2(L)]PF6 on MCF - 7 cells were investigated by the 

Hoechst Staining Assay. The cells were seeded on cover slips placed on 6-well plates. 

Following adherence, the cells were treated with [Ir(2-ppy)2(L)]PF6 at 7 μM and 12.5 μM 

concentrations and incubated at 37 ◦C for 24 h. PBS was used to wash the cells and 4% 

formaldehyde was used to fix the cells for 1 h. The wells were further washed with PBS and 

Hoechst 33,258 was used to stain the cells in the dark. The cover slips were mounted using 

glycerol on grease-free slides and the cell morphology was visualized at 40X magnification 

under an Olympus fluorescent microscope. 

3.2.7.6 AO/EB Staining 

AO/EB staining assay was conducted to find morphological evidence of the incidence of 

apoptosis. MCF - 7 cells were seeded on sterile cover slips in 6-well plates for AO/EB staining. 

The cells were treated at 7 μM and 12.5 μM concentrations of [Ir(2-ppy)2(L)]PF6  
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complex. For 24 h, the plates were incubated at 37 ◦C. The cells were washed with PBS and 

fixed using 4% formaldehyde. 250 μl AO (Acridine Orange) and Ethidium Bromide stains were 

added to each well to stain the cells and this step was carried out entirely in the dark. After a 

sequential wash with PBS, the coverslips were mounted on grease-free glass slides using 

glycerol. Imaging was done with an Olympus fluorescent microscope at 20X magnification. 

3.3 Results and Discussion 

3.3.1 Synthesis 

The Schiff base ligand L was synthesized according to the conventional method by the 

condensation reaction of 4-aminoazobenzene and 2-quinolinecarboxaldehyde (Scheme 3.1) 

and are used as neutral bidentate N, N donor ligand towards iridium(III) metal centre. It is to be 

noted that the choice of such ligands helps us to achieve our goal in the context of synthesis of 

Iridium(III) complex with interesting optical properties. The stoichiometric reaction of [(2-

ppy)2Ir(μ-Cl)]2 with ligand L in 1:1 ratio in boiling toluene under argon atmosphere afforded 

yellow coloured complex of composition [Ir(2-ppy)2(L)]PF6 respectively in excellent yields 

(54%) (Scheme 3.2). The recrystallization of the complex from dichloromethane-hexane layer 

provided yellow crystals. X-ray crystallographic study reveals the structural parameters of [Ir(2-

ppy)2(L)]PF6. Complex [Ir(2-ppy)2(L)]PF6 was found to be in cationic form as L acted as N, N 

donor ligand and the charge was balanced of that complex by hexafluorophosphate anion. 

3.3.2 Structural Characterization 

The ligand L and the corresponding complex [Ir(2-ppy)2(L)]PF6 were characterized 

satisfactorily by IR, ESI-MS and 1H NMR spectroscopy. The IR spectra of the complex 

exhibited the characteristic azo bond (N =N) stretching frequency at ~ 1475 cm1. The 

azomethine (-C = N) stretching frequency usually observed at ~ 1575 cm1 which is present in 

both the ligand and complex. The IR data of all these compounds are given in the experimental 

section. The comparison between the IR stretching frequencies of ligands and corresponding 

complex has shown in Figure 3.1 and 3.3. The 1H NMR spectra of the complex and ligands 

was recorded in CDCl3. The complex is diamagnetic and display well resolved NMR spectra in 

CDCl3 solution and the spectral data are given in the experimental section. The assignment of 

NMR 
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peaks is based on the intensity and spin-spin splitting pattern. A singlet due to azomethine 

hydrogen atom observed at 8.844 ppm in ligand which is shifted downfield after chelation with 

iridium(III) at 9.736 ppm. The 1HNMR spectrum of L reveals the aromatic protons comes under 

the range of δ 7.26–8.4 ppm whereas for the complex it varies in the range of 6.357–8.047. The 

overall number of aromatic protons was consistent with the structure of the ligand and complex. 

Figure 3.2 and 3.4 provides the spectra of both ligand and complex, respectively. 

 

 

Figure 3.6 Molecular structure of [Ir(2-ppy)2(L)]PF6 with atom numbering scheme. 

 

3.3.3 Structure Analysis by X-ray Diffraction Method 

The molecular structures of [Ir(2-ppy)2(L)]PF6 was determined by using single crystal X-ray 

diffractometer. Perspective view of the molecular structure is shown in Figure 3.6. [Ir(2-

ppy)2(L)]PF6 crystallized in the monoclinic system with space group C2/c. Selected bond 

distances and angles for [Ir(2-ppy)2(L)]PF6 are given in Table 3.2. The X-ray structure reveals 

that in the complex [Ir(2-ppy)2(L)]PF6, iridium centre binds with L through N, N donating site 

making the complex cationic one. The complex possesses distorted octahedral geometry around 

the iridium centre. The linear bond angles around iridium centre are not perfectly 180 but it 

ranges from 174 to 177. Two phenyl pyridine moieties are arranged in mutually trans in 

position. The ligand L– iridium bite angle (N1-Ir-N2) was found to be 79.1 which makes a five 

membered ring with iridium centre. The bond distances between Ir-N1 and Ir-N2 are 
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2.239 Å and 2.170 Å. The ligand is not planer while coordinating with iridium centre but the 

azobenzene moiety dangled with the quinolone moiety in L. A PF6
 ion resides in the unit cell 

with [Ir(2-ppy)2(L)]PF6 molecule to balance the cationic charge. 

Table 3.2 Selected bond distances and angles for [Ir(2-ppy)2(L)]PF6. 
 

 

Complex, [Ir(2-ppy)2(L)]PF6 

Bond Length (Å) 

 Experimental Theoretical 

Ir1-N1 2.256(17) 2.256 

Ir1- N2 2.051(17) 2.075 

Ir1- N3 2.06(2) 2.09 

Ir1- N4 2.159(17) 2.162 

Ir1- C2 1.99(2) 2.01 

Ir1- C3 2.01(3) 2.023 

Bond Angles(˚) 

N4-Ir1-N2 98.1(6) 100.4 

N1-Ir1- N2 87.5(6) 88.8 

C3-Ir1- N4 175.2(10) 175.1 

N1-Ir1- N4 75.1(7) 76.1 

N4-Ir1- N3 85.3(9) 86.3 

N3-Ir1- C3 97.4(12) 97.5 

N3-Ir1- C2 80.3(10) 80.1 

C2-Ir1- N1 174.3(9) 176.05 

N1-Ir1- C3 103.7(10) 102.7 

N3-Ir1-N1 97.1(8) 97.5 

N2-Ir1-C2 95.3(8) 95.3 

N4-Ir1-C2 99.5(9) 100.3 

N3-Ir1-N2 174.9(8) 175.3 

N3-Ir1-C2 80.3(10) 79.1 

C3-Ir1-C2 81.8(11) 82.3 

 

3.3.4 DFT Studies 

Molecular structures of both ligand and iridium complex were optimized by DFT at their 

electronic ground state (S0) using 6–31 G and LANL2DZ basis set respectively. The optimized 

structures with frontier molecular orbitals showing electron density distribution in their various 

energy state of the compounds are given in Table 3.3 and 3.4. 
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Table 3.3 Isodensity plots of frontier molecular orbitals of complex with stating energy states. 

 

Energy state Orbital Energy (eV) Frontier Molecular Orbital 

182 L+2 -1.562 
 

 

181 L+1 -2.501 
 

 

180 L -2.580  

 

179 H -3.318 
 

 

178 H-1 -4.055  

 

177 H-2 -0.557 
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Table 3.4 Isodensity plots of frontier molecular orbitals of ligand with stating energy states. 

 

Energy state Orbital Energy (eV) Frontier Molecular Orbital 

91 L+2 -1.380 
 

 

90 L+1 -2.309 
 

 

89 L -2.921 
 

 

88 H -6.244 
 

 

87 H-1 -6.647 
 

 

86 H-2 -6.751 
 

 

 

As no suitable single crystal was not obtained for ligand L, DFT study can give an idea about 

its structural parameters and orientation of electron density around atoms in molecular level. 

The optimized ground state structures of the complex at its singlet (S0) state, possesses distorted 

octahedral geometry around iridium(III) metal centre which is accordance with the 

experimental values. In this complex all the Ir-N lies in the range of 2.0 to 2.2 Å. Bond angles 

of the optimized structure are close to the experimental values. All these values deviate from 

the experimental parameters faintly, which is dependent on the errors originated from the 

environmental factors such as crystal packing and the impact of the medium. 
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It is very interesting to compare the HOMO (Highest occupied molecular orbital) LUMO 

(Lowest unoccupied molecular orbital) energy gap between the ligand and the complex. The 

HOMO LUMO energy gap of the ligand is 3.333 eV whereas 0.738 eV for the complex. 

Because of this low energy gap, the complex is more stable and there is a possibility of the 

enhancement of mobility of π electrons over the aromatic moieties of the ligand part of the 

iridium complex. This phenomenon makes the complex a potential semiconductor since its 

small conduction band gap. From the frontier molecular orbitals, it is observed that the electrons 

are dense in one of the phenyl pyridine moiety of the iridium complex in LUMO whereas in 

HOMO, electrons density is dispersed over the entire molecule. Figure 3.7 represents partial 

molecular orbital diagram of L and [Ir(2-ppy)2(L)] + showing HOMO LUMO energy levels. 

 

 

Figure 3.7 Partial molecular orbital diagram of L and [Ir(2-ppy)2(L)]+. 

 

3.3.5 Photophysical Properties of the Complex 

The absorption spectral behaviour of the ligand and iridium(III) complex is recorded in 

acetonitrile at room temperature. The relevant electronic spectra are given in Figure 3.8. 

Complex [Ir(2-ppy)2(L)]PF6 shows three distinct absorbance peak at 264 nm (ε = 88,300 M1 

cm1), 317 nm (ε = 58,535 M1cm1), 385 nm respectively. Low energy absorption at 385 nm 

(ε = 32,428 M1cm1) is assigned as MLCT transition and other high energy absorptions are 
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assigned as intraligand charge transfer (ILCT) transition. As the ligand is non-emissive in nature 

the emission of the complex may arises due to 3MLCT. The emission property of the complex 

was measured in acetonitrile solution keeping the concentration at 2 × 105 M. Emission occurs 

at 428 nm, with little shoulder peak at 406 nm and 470 nm when [Ir(2-ppy)2(L)]PF6 was excited 

at 380 nm. It is found that the Stokes shifts for [Ir(2-ppy)2(L)]PF6 complex are very less ~40 

nm. The quantum yield was found to be 0.136 for [Ir(2-ppy)2(L)]PF6. The relevant emission 

spectra are given in Figure 3.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Absorption spectra of complex [Ir(2-ppy)2(L)]PF6 in acetonitrile at room 

temperature keeping concentration (c = 2 × 105 M). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Emission spectra of complex [Ir(2-ppy)2(L)]PF6 in acetonitrile at room temperature 

keeping concentration (c = 2 × 105 M). 
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50 2 50 Table 3.5 IC * value of [Ir(2-ppy)2(L)]PF6 and Cisplatin against various cell lines.*IC is the 

concentration required to inhibit 50 % of cellular growth. The values are the mean of triplicate 

determinations. 

 

Compounds IC50 

 MCF-7 MDA-MB-231 WRL68 

[Ir(2-ppy)2(L)]PF6 9.15±1.5 45.38±2.5 53.4±1.3 

Cisplatin 16.57±1.4 92.1±2.2 41.05±1.2 

 

Figure 3.10 The Bar Diagram showing the cytotoxic effects of Iridium complex (from 12.5 to 

100 μM) was analysed using MTT Assay on MCF-7 cells in-vitro. All the experiments are 

performed independently three times where *P < 0.05, **P < 0.01 and ***P < 0.001. 

3.3.6 Cell Viability Assay 

MTT assay was performed to analyse the cytotoxic effect of [Ir(2-ppy)2(L)]PF6 and Cisplatin 

on various cell lines {MCF-7 (breast adenocarcinoma), MDA-MB-231 (breast carcinoma), 

WRL 68 (human cervix carcinoma)} for 24 h. The result is shown in Table 3.5. After 24 h of 

treatment, the IC50 values were calculated which was 9.15 ± 1.5 μM for [Ir(2-ppy)2(L)]PF6 on 

MCF - 7 cell line. So from the table of IC50 values of different cell lines, it can be concluded 

that in comparison to other cell lines, [Ir(2-ppy)2(L)]PF6 show the most effective 

antiproliferative activity in MCF - 7 cell line. That is why MCF - 7 cell line was used for further 

experiments. It is important to note that complex [Ir(2-ppy)2(L)]PF6 with quinoline and 

azobenzene group is 
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more effective in antiproliferation activity. The cause behind such result can be assumed that 

as the increment of the lipophilic character of the complex with the aid of azoimine moiety. 

This further enhance the penetration across the lipid cell membrane. It is also noteworthy that 

the iridium(III) complex under this study outperformed cisplatin with low cytotoxicity 

especially complex [Ir(2-ppy)2(L)]PF6. A one-way ANOVA test was used to examine the 

statistical significance of the individual treatment groups with respect to the untreated control. 

The experiment was performed in triplicate. Table 3.5 represents the IC50 values of the 

complex in comparison to cis platin (Figures 3.10 – 3.13). 

 

 

Figure 3.11 MCF7 cells were treated with [Ir(2-ppy)2(L)]PF6 for 24 h at different 

concentrations. The treated cells were observed under 4X magnification. The experiments were 

performed thrice (***P < 0.001). 

 

 

Figure 3.12 The Iridium complex was used to treat MCF-7 cells in vitro to analyze anticancer 

effects of the complex for a period of 24 h. The arrows indicate nuclear fragmentation. The 

experiments were performed three times. 
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3.3.7 Colony Formation Assay 

MCF-7 was treated with different concentrations of [Ir(2-ppy)2(L)]PF6 complex for 24 h. The 

cells were observed in bright field at 4X magnification. The colony numbers and sizes were 

analyzed and found to decrease for both the concentrations of each complex, which decreased 

further at higher doses of treatment. Each experiment was performed three times and the 

statistical significance was calculated by Graph Pad Prism version 8.0 (One-way ANOVA p < 

0.001). 

 

 

Figure 3.13 Effect of [Ir(2-ppy)2(L)]PF6 on MCF7 cells. MCF7 cells were treated with [Ir(2-

ppy)2(L)]PF6 complex at different concentrations. The cellular morphology was assessed under 

microscope immediately after at 20X magnification. 

3.3.8 HOECHST Assay 

To further examine the anti-cancer effect of the [Ir(2-ppy)2(L)]PF6 complex on breast cancer 

cells, Hoechst staining assay, which is sensitive to DNA, was conducted. Alterations in nuclear 

morphology was observed in the MCF-7 cells after treatment with the Iridium complex for 24 

h. Clear evidences of nuclear fragmentation were observed in the treated cells, indicating the 

occurrence of cellular apoptosis with shrinkage of the nucleus, cytoplasmic vacuolation, and 

blebbing and chromatin condensation whereas in the untreated control the nucleus appeared 

blue with a distinct structure and no morphological changes. These results demonstrated potent 

effect of [Ir(2-ppy)2(L)]PF6 complex on inducing apoptosis. The experiment was performed in 

triplicate. 
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3.3.9 AO/EB Staining 

AO/EB staining is a standardized procedure to investigate incidence of cellular apoptosis in 

cells which is characterized by distinct changes in cellular morphology and DNA 

fragmentation. Viable cells with organized cellular structure stain green which indicates no 

occurrence of apoptosis. Cells that retain a yellow stain are indicative of early apoptosis, where 

the cell membrane is intact but there is evident initiation of DNA fragmentation whereas cells 

that stain red indicates cellular apoptosis along with chromatin condensation or fragmentation. 

On treatment with different doses of [Ir(2-ppy)2(L)]PF6 complex, MCF-7 cells showed an 

increase in red staining, which is indicative of apoptosis with cellular morphological changes 

like distortion of nuclear morphology, membrane blebbing, fragmentation, and shrinkage. The 

experiment was performed in triplicate. 

 

3.4 Conclusions 

In conclusion, a novel quinolone based Schiff base ligand and corresponding tris- 

cyclometalated iridum complex have been synthesized and investigated. The Iridium(III) 

complex is produced by chelation through N, N donor atoms of ligand. X-ray crystal structure 

of the complex suggests the proper orientation of the ligand with the iridium centre. DFT study 

has been done to support the experimental results. The photophysical property of the complex 

shows MLCT transition at 385 nm and blue emission near 428 nm having weak emission 

intensity. The complex shows lower toxicity compared to cisplatin and very effective in treating 

MCF-7 cells through apoptosis with cellular morphologic changes. On the basis of this 

findings, future works with variations of polydentate ligand will likely yield complex with even 

more enhanced optical and cytotoxic properties for cancer diagnostic and therapeutic 

applications. 
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Chapter 4 

 

Synthesis, structure and, photophysical and catalytic 

properties of a copper(II) complex containing bidentate (N,O) 

Schiff base ligand 
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Abstract: 

The bidentate ligand HL was prepared by the condensation of 2-naphthaldehyde with 2- amino-

5-chlorobenzophenone. The reaction of HL with Cu(OAc)2.H2O afforded the new complex of 

composition [(L)2Cu]. The ligand HL binds the Cu(II) centre in bidentate (N,O) fashion being 

uni-negative anion by the way of phenolic proton dissociation during chelation. The complex 

was characterized by spectroscopic studies. X-Ray structures of [(L)2Cu] was determined to 

confirm the molecular species unequivocally. The photoluminescence properties of the ligand 

and complex were studied. Oxidation of benzyl alcohol using the newly synthesized complex 

as catalyst has been studied. 
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4.1 Introduction 

The chemistry of transition metal complexes incorporating Schiff base ligands have been 

explored considerably during the last few decades due to their multifunctional properties in 

luminescence,1–3 magnetism,4–7 catalysis8–10 and electro-chemistry,11,12 host-guest chemistry,13 

sensors14 and biological activity15. Schiff bases have been significantly active in metal 

coordination chemistry over the years due to their facile syntheses. The high affinity for the 

complexation of the Schiff base ligands towards the transition metal ions, especially copper 

ions, is utilized in preparing their complexes. The chemistry of copper complexes is of interest 

due to their significance in biological and industrial processes.16,17 The copper complexes 

derived from Schiff base ligands has received enormous attention due to their wide application 

in the field of catalyst18,19 including asymmetric epoxidations, oxidation of sulphides and Lewis 

acid assisted organic transformation. The biological relevance of transition metal complexes 

containing imine-nitrogen donor ligands and the rich catalytic activity of copper complexes 

encouraged us to prepare the CuII complexes of the Schiff base ligands.20–27 Herein, we report 

the synthesis of the bidentate ligand HL and its mononuclear bis copper complex [(L)2Cu]. The 

ligand and complex have been characterized by spectroscopic techniques. The crystal structure 

of complex [(L)2Cu] has been determined, confirming the molecular structure. The 

fluorescence properties of both the ligand and the complex have been studied. The catalytic 

oxidation of benzyl alcohol to benzaldehyde has been investigated using H2O2 as oxidant. 

4.2 Experimental Section 

4.2.1 Materials and Methods 

The solvents used for all the reactions were of reagent grade (E. Merck, India) and were purified 

and dried by reported procedure.28 Copper acetate monohydrate was purchased from Sisco 

Research Laboratories (SRL), India. Microanalysis (C, H, N) was performed using a Perkin-

Elmer 2400 C, H, N, S/O series II elemental analyzer. Infrared spectra were recorded on a 

Perkin-Elmer L120-00A FT-IR spectrometer with the samples prepared as KBr pellets. 

Electronic mspectra were recorded on a Shimadzu UV-1800 PC spectrophotometer. 
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4.2.2 Synthesis of ligand HL 

2-Naphthaldehyde (200 mg, 1.28 mmol) and 2-amino-5-chlorobenzophenone (296 mg, 1.28 

mmol) were heated to reflux in ethanol (40 ml) for 4 h. The bright yellow solid product was 

obtained as micro crystals which were collected by filtration and thoroughly washed with 

ethanol and diethyl ether and dried under vacuum (Scheme 4.1). Yield: 370 mg (75%). Anal. 

Calcd. C24H16ClNO2 (385): C, 74.71; H, 4.18; N, 3.63. Found: C, 74.81; H, 4.25; N, 3.58%; 

UV-Vis spectrum (CH3CN) max (, M
–1 cm–1): 385 (695094), 326 (50635); IR: (C=N) 1621, 

(C=O) 1658; 1H NMR CDCl3:  13.19 (s, -OH, 1H), 9.34 (s, HC=N, 1H), 8.37 (d, 1H), 7.85 

(d, 2H), 7.77–7.68 (q, 2H), 7.58 (d, 2H), 7.48 (t, 4H), 7.38 (d, 2H), 7.00 (d, 1H) (Figure 4.1). 

HRMS (ESI-TOF): m/z Calcd: 385.0870, Found: 385.9864 [M+H+]. 
 

Scheme 4.1 Synthesis of ligand HL. 
 

 

Figure 4.1 1H-NMR spectrum of ligand HL in CDCl3. 
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4.2.3 Synthesis of [(L)2Cu] complex 

5 ml methanolic solution of 45 mg (0.247 mmol) Cu(OAc)2. H2O, 10 ml methanol solution of 

200 mg (0.519 mmol) of HL was added and the mixture was stirred for 2 h. Dark brown 

product was precipitated which was collected by filtration and was washed with petroleum 

ether and hexane. The precipitate then recrystallized from a dichloromethane-hexane solvent 

Mixture (Scheme 4.2). Yield: 180 mg (73%). Anal. Calcd. C48H30Cl2CuN2O4 (833): C, 

69.19; H, 3.63; N, 3.36. Found: C, 69.25; H, 3.67; N, 3.42%; UV-Vis spectrum (CH3CN) 

max (, M
–1 cm–1): 410 (86712), 316 (127491); IR: (C=N) 1616,(C=O) 1659. 

 

 

Scheme 4.2 Synthesis of [(L)2Cu] complex. 

 

 

4.2.4 X-Ray structure determination of [(L)2Cu]: 

Single crystals of [(L)2Cu] was grown by slow diffusion of hexane in dichloromethane 

solution at 25ºC. Data were collected on a Bruker SMART CCD diffractometer using Mo- 

K monochromator ( = 0.71073). Structure solutions were performed using Shelx 97 PC 

version program.29 Full matrix least square refinements on F2 were performed using 

SHELXL-97 program.30 All the non-hydrogen atoms were refined anisotropically using full- 

matrix least squares method. Hydrogen atoms were included for structure factor calculations 

after placing them at calculated positions. Atomic coordinates and isotropic thermal 

parameters of [(L)2Cu] are given in Table 4.1. 

 

4.2.5 Procedure for the catalytic oxidation of benzyl alcohol 

To an acetonitrile solution of benzyl alcohol (5 mmol), the catalyst [(L)2Cu] (4 mol%) or and 

30% H2O2 (5 equiv.) were added and the mixture was vigorously stirred at 70 ºC for 1 h. The 
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reaction was monitored by TLC. After completion of the reaction, the mixture was poured into 

water and the product was extracted with dichloromethane and dried over Na2SO4. The solvent 

was removed and the product was purified by column chromatography. Yields were determined 

by weighing the isolated product. The product was characterized by IR and 1H NMR spectra. 

Table 4.1 Crystallographic data for the complex [(L)2Cu]. 

 

Formula C48H30Cl2CuN2O4 

Mr 833.19 

Crystal system Triclinic 

Space group P-1 

a / Å 14.7980(7) 

b / Å 10.7176(6) 

c / Å 24.7174(13) 

 / 90.013(4) 

 / 100.772(4) 

 / 89.993(4) 

V /Å3 3851.1(4) 

Z 4 

F(000) 1832.0 

Dcalcd /mg m
3 1.437 

 /mm1 0.756 

R1 (all data) 0.0695 

wR2 [I > 2(I)] 0.2252 

GOF 0.931 

 

4.3 Results and Discussion 

4.3.1 Synthesis of ligand and complex 

The HL, ligand was prepared by the condensation reaction of 2-naphthaldehyde with 2- amino-

5-chlorobenzophenone in 1:1 M ratio in refluxing ethanol (Scheme 4.1). The reaction of the 

HL ligand with Cu(OAc)2.H2O in methanol afforded brown complex of composition [(L)2Cu] 

(Scheme 4.2). The complex [(L)2Cu] was paramagnetic matching with one unpaired electron 

as expected for CuII metal ion. The suitable crystal of [(L)2Cu] complex for X-ray studies were 

grown from dichloromethane-hexane solvent mixture. 
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4.3.2 Characterization 

The UV-Vis spectra of [(L)2Cu] is distinctly different from the ligand HL the lowest energy 

absorption appeared near 385 nm and 410 nm, respectively.31 Representative UV-Vis spectra 

of HL and [(L)2Cu] are shown in Figure 4.2. The (C=N) of [(L)2Cu] complex appear in the 

lower range (1616 cm–1) compared to the ligand signifying the coordination to the metal centre. 

The (C=O) band of the ligand (~1658 cm–1) almost remain similar after the formation of the 

[(L)2Cu] complex (1659 cm–1), that clearly indicating that carbonyl group did not coordinated. 

The ligand HL afforded satisfactory 1H NMR spectral data in CDCl3. The sharp singlet near  

13.19 was assigned to phenolic (-OH) proton for the ligand HL. The 1H NMR spectra of HL 

showed resonances of proton belonging to the Schiff base group at  9.34. The 1H NMR spectral 

features for the aromatic protons of the ligand HL matched well with the composition and 

structure. The electrospray mass spectrum of HL exhibited the most significant peak at m/z 

385.9864 which was consistent with the molecular MH+ ion. 

 

 

Figure 4.2 UV-Vis spectra of the ligand HL and complex in acetonitrile. 

 

4.3.3 X-Ray structure of [(L)2Cu] 

Suitable crystals of [(L)2Cu] was grown by slow diffusion of hexane into dichloromethane 

solution. The X-ray structure of [(L)2Cu] was determined and described below. The perspective 

view of [(L)2Cu] complex is shown in Figure 4.3. Selected bond parameters of [(L)2Cu] 

complex is listed in Table 4.1 and Table 4.2, respectively. In the [(L)2Cu] complex, the Cu 

centre is coordinated by two phenolato oxygens (O1 or Oph), two imine nitrogen (Nim). The 

central CuII ion in this complex is four-coordinate and is slightly distorted square planar 

geometry. 
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Figure 4.3 ORTEP and atom-numbering scheme for [(L)2Cu] complex. Hydrogen atoms are 

omitted for clarity. 

Table 4.2 Selected bond distances (Å) and angles (deg) for [(L)2Cu]. 
 

Atoms Distance atoms Distance 

Cu1-N1 1.981(4) C10-C11 1.428(7) 

Cu1-N2 1.977(5) C25-C34 1.397(8) 

Cu1-O1 1.880(3) C34-C35 1.406(7) 

Cu1-O2 1.875(3) N1-C11 1.306(6) 

O1-C1 1.301(6) N1-C12 1.449(7) 

O2-C25 1.309(6) N2-C35 1.309(6) 

C1-C10 1.396(8) N2-C36 1.447(7) 

Atoms Angles Atoms Angles 

O1-Cu1-N1 90.6(2) Cu1-N1-C11 125.6(3) 

O1-Cu1-N2 89.9(2) Cu1-N1-C12 120.4(3) 

O2-Cu1-N1 88.9(2) C1-C10-C11 120.9(4) 

O2-Cu1-N2 90.7(2) N1-C11-C10 126.7(5) 

Cu1-O1-C1 130.6(4) N2-C35-C34 127.3(4) 



 Chapter 4: Synthesis, structure……………………………Schiff base ligand  

76 

 

 

The asymmetric unit of [(L)2Cu] complex consist of half molecule where CuII occupies the 

special position. The Cu-O and Cu-Nim distances are 1.873(2) Å and 1.297(4) Å and consistent 

with the coordination of phenolato oxygen to CuII square planar.31 

4.3.4 Selective oxidation of benzyl alcohol 

Selective oxidation of benzyl alcohols to the benzaldehyde is a significant and widely used 

reaction in laboratory scale organic synthesis as well as in large scale in chemical industry32– 

35. The complex [(L)2Cu] have been scrutinized for the per oxidative oxidation of benzyl 

alcohol with H2O2 (30%) as the oxidant in aqueous acetonitrile mixture. 

 

 

The reaction has been optimized by varying the relative proportions of hydrogen peroxide with 

respect to the catalyst and also by varying the reaction time and temperature. The isolated yield 

of the benzaldehyde after one hour of reaction time was 60% using [(L)2Cu] catalyst. 

4.3.5 Fluorescence spectral studies 

The photoluminescence properties of the ligand HL and the [(L)2Cu] complex were investigated 

in acetonitrile (Figure 4.4). The ligand HL exhibited moderate intensity emission near 500 nm 

upon excitation at 385 nm. 

 

 

Figure 4.4 Emission spectra of HL and [(L)2Cu] in CH3CN. 
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The peak at 595 nm is arises due to the excited state intramolecular proton transfer (ESIPT) 

followed by excited state intramolecular charge transfer (ESICT) from the phenol -OH to the 

imine nitrogen atom (Scheme 4.3).36–38 On the other hand, [(L)2Cu] complex exhibited 

quenched emission at 500 nm in acetonitrile. Coordination of Cu2+ involving the imine nitrogen 

atom inhibits the ESIPT which resulted in decrease in the emission at 500 nm. 

 

Scheme 4.3 Possible emission mechanism of HL to Cu2+. 

4.4 Conclusions 

In summary, we have successfully synthesized and characterized Schiff base copper(II) 

complex incorporating N,O donor ligand. The structure of the complex [(L)2Cu] was confirmed 

by X-ray crystallography. As application, the synthesized [(L)2Cu] complex have been used as 

catalyst in the oxidation of benzyl alcohol to benzaldehyde. In addition we have also examined 

the fluorescence properties of the ligand and complex. The ligand exhibited photoluminescence 

property due to the excited state intramolecular proton transfer (ESIPT). 
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Abstract: 

2-hydroxy-5-methyl-3-(((4-((E)-phenyldiazenyl)phenyl)imino)methyl) ligand (HL1) was 

synthesized in this chapter. The ligand reacted with copper acetate to afford the new complexes 

of composition [(L1)2Cu] where it binds the Cu(II) centres in bidentate (N, O) fashion. The 

complexes were characterized by analytical and spectroscopic studies. X-ray structure of 

[(L1)2Cu] was determined to confirm the molecular species unequivocally. 
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5.1 Introduction 

Synthesis of metal organic hybrid core having distinct photophysical properties has garnered 

considerable attention in recent years due to their importance in designing sensors and optical 

materials.1 On the other hand, the azo compounds often show very reach photochromic 

properties. Although, a few azo ligands have been utilised as chemosensor for anions and 

cations.2-10 2,6-Diformyl-4-methylphenol is one of the important aromatic aldehydes that has 

been used to synthesize various compartmental Schiff base ligands11, 12 to explore their metal 

complexes. It exhibited fascinating fluorescence properties due to formation of keto tautomer 

upon excitation. Therefore, we contemplated to synthesize new fluorescent azo ligand system 

(HL1) by the condensation of 2-hydroxy-5-methylisophthalaldehyde with (E)-4- 

(phenyldiazenyl) aniline. It was presumed that the studies on photoluminescence properties of 

ligand and its metal complexes would be interesting. Again, there is a scope of further 

extending the delocalization within the ligand framework exploiting the reactivity of free 

formyl functionality of ligand. Copper ion was chosen to study the coordination chemistry 

incorporating ligand system with the objectives to unfold the structure, coordination mode and 

photoluminescence behavior of the ligand and the complex. Herein, the synthesis and structure 

of a new ligand system HL1 and its Cu(II) complex have been described. Redox, absorption 

properties of new copper complex have also been reported. 

5.2 Experimental Section 

5.2.1 Materials and Methods 

The solvents used for all the reactions were of reagent grade (E. Merck, India) and were purified 

and dried by reported procedure. Copper acetate monohydrate was purchased from Sisco 

Research Laboratories (SRL), India. Infrared spectra were recorded on a Perkin-Elmer L120-

00A FT-IR spectrometer with the samples prepared as KBr pellets. Electronic mspectra were 

recorded on a Shimadzu UV-1800 PC spectrophotometer. 

5.2.2 Synthesis of ligand HL1 

2-hydroxy-5-methylisophthalaldehyde (0.328 g, 2 mmol) and (E)-4-(phenyldiazenyl)aniline 

(0.394 g, 2 mmol) were heated to reflux in diethyl ether (40 ml) for 6 h. The bright yellow solid 

product was obtained as micro crystals which were collected by filtration and thoroughly 

washed diethyl ether and dried under vacuum (Scheme 5.1). 
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1H NMR (300 MHz), CDCl3, δ (ppm): 10.515 (1H, s, –CHO), 8.716 (1H, s, –N=CH), 8.009 

(1H, s, –OH), 7.988−6.078 (11H, m, Ar–H ), 2.143 (3H, s, –CH3) (Figure 5.1). (ESI –MS 

(positive) in MeOH: The base peak was detected at m/z = 344, corresponding to [L1 + H]+ 

(Figure 5.2). IR (KBr, νmax / cm-1): 3031 (broad from bound OH moiety), 1672 ( C=O), 1569 

(imine C=N) (Figure 5.3). 
 

Scheme 5.1 Synthesis of ligand HL1. 
 

 

Figure 5.1 1H-NMR spectrum of ligand HL1 in CDCl3. 



 Chapter 5: Synthesis, characterization………………Schiff base ligand  

84 

 

 

 

 

Figure 5.2 Mass spectrum of ligand HL1 in MeOH. 

 

 

Figure 5.3 IR spectrum of ligand HL1. 

 

5.2.3 Synthesis of [(L1)2Cu] complex 

5 ml ethanolic solution of 45 mg (0.247 mmol) Cu(OAc)2. H2O, 10 ml ethanol solution of 

0.519 mmol of HL1 was added and the mixture was stirred for 6 h. Then the product was 

precipitated which was collected by filtration and was washed with petroleum ether and hexane. 

The precipitate then recrystallized from a dichloromethane-hexane solvent mixture (Scheme 

5.2). 
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Scheme 5.2 Synthesis of [(L1)2Cu] complex. 

 

 

5.2.4 X-Ray structure determination of [(L1)2Cu]: 

Single crystals of [(L1)2Cu] was grown by slow diffusion of hexane in dichloromethane 

solution at 25ºC. Data were collected on a Brucker SMART CCD diffractometer using Mo- 

K monochromator ( = 0.71073). Structure solutions were performed using Shelx 97 PC 

version program. Full matrix least square refinements on F2 were performed using SHELXL- 

97 program. All the non-hydrogen atoms were refined anisotropically using full-matrix least 

squares method. Atomic coordinates and isotropic thermal parameters of [(L1)2Cu] are given 

in Table 5.1. 

Table 5.1 Crystallographic data for the complex [(L1)2Cu]. 

 

Empirical formula C42H32N6CuO4 

Formula weight 749.97 

Temperature/K 296 

Crystal system Monoclinic 

Space group C2/c 

a/Å 30.300(3) 

b/Å 6.9012(6) 

c/Å 20.180(2) 

α/° 90 

β/° 120.461(5) 

γ/° 90 

Volume/Å3 3637.3(6) 

Z 8 

ρcalcg/cm
3 

1.370 

μ/mm-1 0.652 

F(000) 1551.4 

Goodness-of-fit on F2 1.084 

R1 0.0577 

wR2 0.01811 
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5.3 Results and Discussion 

5.3.1 Synthesis of ligand and complex 

The HL1, ligand was prepared by the condensation reaction of 2-hydroxy-5- 

methylisophthalaldehyde with (E)-4-(phenyldiazenyl)aniline in 1:1 M ratio in diethyl ether 

(Scheme 5.1). The reaction of the HL1 ligand with Cu(OAc)2.H2O in ethanol afforded complex 

[(L1)2Cu] (Scheme 5.2). The complex [(L1)2Cu] was paramagnetic matching with one unpaired 

electron as expected for CuII metal ion. The suitable crystal of [(L1)2Cu] complex for X-ray 

studies were grown from dichloromethane-hexane solvent mixture. 

5.3.2 Electronic absorption spectra 

The UV-vis absorption spectra of the ligand HL1 (Figure 5.4A) and complex [(L1)2Cu] (Figure 

5.4B) were recorded in CH2Cl2 at 298 K by employing concentrations in the range ~60 µM. A 

broad band in the range 380 nm was observed for ligand. 

 

 

Figure 5.4 UV-Vis spectra of (A) ligand HL1 and (B) complex [(L1)2Cu] in CH2Cl2. 

 

5.3.3 X-Ray structure of [(L1)2Cu] 

Single crystals suitable for X-ray diffraction were obtained by diffusion of hexane into 

dichloromethane solution at ambient temperature. The complexes appeared as dark orange 

hexagonal shaped crystals. Complex [(L1)2Cu] crystallized with C2/c space group in monoclinic 

crystal system. In the complex the ligand bonded to the metal centre as O, N coordinating 

monoanionic ligand. The N2–N3 distance is 1.166(6) Å suggesting free azo moiety. The Cu–O 

bonds are in the trans configuration and the Cu–O distances are shorter than the Cu–N distances. 

The Cu1–N1 and Cu1–O1 bond emerge at 1.997(3) Å and 1.890(2) Å respectively. The 

central Cu(II) atom has distorted square planar coordination. The 
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molecular views of the crystals are shown in Figure 5.5 and selected bond parameters are listed 

in Table 5.2 and Table 5.3. 

 

 

Figure 5.5 Ortep view of complex [(L1)2Cu]. Atoms are shown as 30% thermal ellipsoids. 

 

Table 5.2 Selected bond distances (Å) for [(L1)2Cu]. 
 

 

Atoms Distance Atoms Distance 

Cu1-O1 1.890(2) O1-C15 1.295(4) 

Cu1-N1 1.997(3) N1-C13 1.293(4) 

N1-C1 1.446(4) C14-C13 1.438(4) 

O2-C21 1.208(4) N2-N3 1.166(6) 

N2-C4 1.487(6) N3-C7 1.511(7) 

 

Table 5.3 Selected bond angles (deg) for [(L1)2Cu]. 
 

   

O1 Cu1 O1 180.0 C1 N1 Cu1 121.7(2) O1 Cu1 N1 91.45(10) 

O1 Cu1 N1 88.55(10) O1 C15 C16 119.3(3) C13 N1 Cu1 123.3(2) 

C15 O1 Cu1 128.8(2) C6 C1 N1 120.6(3) O1 C15 C14 123.9(3) 

C13 N1 C1 115.0(3) N1 C13 C14 126.5(3) C2 C1 N1 119.0(3) 

C5 C4 N2 114.2(4) O2 C21 C16 123.9(4) N2 N3 C7 107.0(5) 

C8 C7 N3 109.9(6) N3 N2 C4 109.0(5) C12 C7 N3 127.8(6) 

 

 

5.3.4 EPR Spectra 

The ligand was redox innocent in nature, hence EPR silent. The complex was found to be 

paramagnetic in nature. The EPR spectrum was recorded in CH2Cl2 solution at ambient 

temperature. The EPR spectrum of the 
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complex exhibited characteristic (g = 2.0476) single line spectrum13 due to presence of extra 

one unpaired electron spin (S = ½) 63Cu (I = 3/2). Figure 5.6 suggested the presence of unpaired 

electron in the system. The X-band EPR spectra were collected using a Magnettech GmbH 

MiniScope MS400 spectrometer (fitted with a TC H03 temperature controller), and the 

microwave frequency was measured with an FC400 frequency counter. 

 

 

Figure 5.6 EPR spectra of Complex [(L1)2Cu] at RT. 

 

5.3.5 Theoretical Calculation 

The geometrical structure of the singlet ground state (S0) were optimized using the density 

functional theory (DFT)14 method at the RB3LYP levels of theory. The geometry of the 

mononuclear Cu(II) complex was fully optimized in solution phase. The absorption spectral 

properties of the mononuclear Cu(II) complex based on the optimized ground state geometry 

structure was computed using the time dependent density functional theory (TDDFT)15 

approach in dichloromethane associated with the conductor-like polarizable continuum model 

(CPCM).16 In the calculation, the 6-31G+g basis set was used for the C, H, N and O atoms for 

the optimization of both the ground state geometries. All the calculations were performed using 

the Gaussian 09W software package.17 The geometry of the mononuclear Cu(II) complex was 

fully optimized in solution phase with imposing centre of symmetry constraint. The ground 

state geometry optimization was performed assuming a doublet ground state (S = 2, t2g
6eg

3). 

The geometry utilized for the ground state optimization is based on crystal structure parameter 

of the complex [(L1)2Cu] with ligand modification. The optimized bond distances and bond 

angles of the complex [(L1)2Cu] are given in Table 5.4 and Table 5.5. The 
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optimized geometrical structure of the [(L1)2Cu] complex at doublet ground (S0) state is 

shown in Figure 5.7. 

Table 5.4 Calculated bond angles () for the complex [(L1)2Cu]. 
 

 

Bond Angles () 

O1 Cu1 O1 179.97 C1 N1 Cu1 121.21 O1 Cu1 N1 90.51 

O1 Cu1 N1 90.50 O1 C15 C16 119.98 C13 N1 Cu1 122.24 

C15 O1 Cu1 130.28 C6 C1 N1 121.12 O1 C15 C14 123.27 

C13 N1 C1 116.23 N1 C13 C14 128.06 C2 C1 N1 119.19 

C5 C4 N2 115.69 O2 C21 C16 123.78 N2 N3 C7 115.32 

C8 C7 N3 115.38 N3 N2 C4 115.05 C12 C7 N3 124.66 

 

 

Table 5.5 Calculated bond lengths (Å) for the complex [(L1)2Cu]. 

 

Bond lengths (Å) 

Cu1-O1 1.9337 O1-C15 1.2983 

Cu1-N1 2.0543 N1-C13 1.3054 

N1-C1 1.4286 C14-C13 1.4309 

O2-C21 1.2244 N2-N3 1.2583 

N2-C4 1.4169 N3-C7 1.4180 
 

 

 

Figure 5.7 Optimised structure of the complex [(L1)2Cu]. 
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As depicted, the Cu(II) center of [(L1)2Cu] complex displays the distorted square planar 

geometry with respect to the ligand binding sites at each center. The optimized parameters of 

the complex [(L1)2Cu] matched well with the X-ray crystal structure data. These results clearly 

represent that there are no significant changes of the ligand framework in the Cu(II) complex. 

The electron density in HSOMO of [(L1)2Cu] complex is mainly due to the major contribution 

of p-cresol moiety and π orbital of phenyl azo fragment of the ligand (Figure 5.8). On the other 

hand the electron density of LSOMO mainly resides on the metal centre along with small 

contribution of the π orbital of the ligand. 

  

 

Figure 5.8 Isodensity plot of frontier orbitals of [(L1)2Cu] complex. 

 

The electronic spectra of both the ligand and complex [(L1)2Cu] were recorded in 

dichloromethane solution at room temperature. The ligand displayed intense peak at 370 nm. 

The [(L1)2Cu] complex exhibited strong intense peak at 430 nm (Figure 5.4). 

Table 5.6 Main calculated optical transition for the complex [(L1)2Cu] with composition in 

terms of molecular orbital contribution of the transition, vertical excitation energies, and 

oscillator strength in acetonitrile. 
 

Composition Excitation 
Energy(eV) 

Osc. Strength (f) Assign CI λexp 

(nm) 

H-1→ L 

H-1→ L+4 

H→ L+5 

2.46(502 nm) 
 

4.00(309 nm) 

0.2765 
 

0.0110 

1MLCT/1ILCT 
1MLCT/1ILCT 

1ILCT 

0.68 
 

0.52 

475 
 

300 

 

 

In order to elucidate the electronic transitions from a theoretical perspective, 

TDDFT/B3LYP/CPCM calculation on the optimized geometry of the complex [(L1)2Cu] has 

been performed in dichloromethane. In the TDDFT calculation we have found highly intense 
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transition at 502 nm (f = 0.2765) corresponds to HOMO-1→ LUMO having 1MLCT character 

with little 1ILCT (Table 5.6). The highest energy band with maxima at 430 nm for complex 

[(L1)2Cu] can rationally be assigned to an admixture of metal-to-ligand charge transfer 

(1MLCT) transition and spin-allowed π→ π* (ligand-centered, 1ILCT) transitions. 

5.4 Conclusions 

In summary, a versatile ligand pocket was synthesised and with the ligand mono nuclear Cu(II) 

complex was reported. The complex showed considerable absorbance characteristics. The 

redox behaviour was determined using EPR spectroscopy. Theoretical calculation was 

employed to support the experimental data. 
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