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ABSTRACT 

Organic light-emitting devices (OLEDs) are emerging technology for both lighting and flat-panel 

display appliances because of their distinctive advantages, such as ultra-thin thickness, low 

power consumption, high brightness, and wide viewing angle. The successful fabrication of 

OLEDs with maximum light efficiency and more fascinating properties inspired the scientific 

community and it is expected to replace conventional lighting sources and flat-panel displays in 

the near future. The efficiency of OLEDs mainly depends on the charge balance after charge 

carrier injection from the electrodes. Varieties of inorganic and organic materials have been 

employed to realize high-efficiency OLEDs. White-emitting OLED (WOLED) is of particular 

importance as lighting source for developing efficient solid-state lighting applications. The most 

important WOLED development is establishing a set of red, green and blue emissions or of equal 

mixing of orange and green emitters with colour purity, high efficiency, and stability. In this 

context, it is important to understand the photophysical, electrochemical, thermal, and 

morphological characteristics of luminescent molecules. The versatility of OLEDs is still being 

explored to further improve the technology to next level and requires improvements in both 

performance and environmental stability of OLEDs. The synthesis of novel light-emitting 

organic molecules that can emit primary colours of blue and orange with high purity.  

This thesis focuses on the discovery of metal complexes for OLED applications. The research 

work presented here focuses mainly on, the synthesis of three 2,2’:6’,2’’-terpyridine (terpy) 

ligands and investigates their photophysical, and electrochemical properties. Followed by design, 

synthesis and characterization of terpy-based metal complexes such as Zn(II) and Ru(III) have 

been investigated. Additionally, the material was prepared and characterised the highly 

transparent PEDOT:PSS with AgNWs hybrid-composite based transparent conductive thin film 

(TCF) electrode with good conduction. Finally, a fluorescent green OLED using tris-(8-

hydroxyquinoline) aluminum (Alq3) was fabricated based on PEDOT:PSS/AgNWs hybrid-

composite anode and ITO anode and compared their performance.  

Chapter 1 reviews the significance of organic semiconductors and their lighting applications with 

survey of the current literature. The second part of Chapter1 describes the device structure, 

operating mechanism, materials selection, and energy level alignment of OLEDs to enhance their 

performance.  
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Chapter 2 deals with thin-film fabrication methods used in this work, such as thermal 

evaporation technique and spin-coating process to prepare uniform thin films. The second part of 

this chapter describes materials characterization techniques used in the present work, including 

UV-Visible absorbance spectroscopy, photoluminescence spectroscopy, time-resolved 

fluorescence spectroscopy, atomic force microscopy, and field emission scanning electron 

microscope. Electroluminescence and electrical behaviour of OLED were also examined.  

Chapter 3 discusses the synthesis and characterization of three 4’-aryl substituted terpy 

derivatives in a single pot reaction. The photophysical behaviour of these complexes exhibits 

charge transition due to intra-ligand charge transition (ILCT) process. The measured 

fluorescence lifetime is between 0.29 and 1.55 ns. The 3,4,5-trimethoxy-phenyl-substituted 

terpyridine derivative shows high red-shift with respect to 4-methyl-phenyl and 2-furyl 

substituted terpy derivatives. This may be due to smaller reorganization energy associated with 

charge-transfer transition of trimethoxy phenyl substituent on terpy. These derivatives are 

thermally very stable. Highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) energy values suggest that these terpy derivatives are good choice for 

electron transporting with blue fluorescent emitter as the design for fluorescent OLEDs. 

Synthesis, photophysical, thermal and electrochemical behaviour of three Zn(II)-based terpy 

complexes (Zn(L1-L3)) are described in Chapter 4. The density functional theory (DFT) outlines 

the geometric optimization and electronic charge transition of these complexes. Dual 

characteristics of the optical behaviour have been observed, such as Zn(II) complexes exhibiting 

a deep blue-to-green fluorescence in crystalline form, while it is sky-to-deep blue in 

dimethylsulfoxide (DMSO). The photophysical behaviour revealed the potential charge transfer 

to π–π* and n–π* states due to ILCT. Hence, appropriately substituted ligands on Zn(II) ions, the 

result of the Zn(II)-based terpy complexes, can generate long-lived fluorescence at room 

temperature.  

Novel orange-fluorescent Ru(III)-based terpy complexes (Ru(L1-L3)) have been synthesised and 

their characteristics studied in Chapter 5. Photophysical studies describe that the luminescence of 

Ru(III) complexes is due to electronic transition between the energy levels of singly unoccupied 

molecular orbitals (SUMO) and singly occupied molecular orbitals (SOMO). In addition, DFT 

calculations also show that charge transition takes places due to electron transfer between SUMO 

and SOMO energy levels. All complexes exhibit orange emissions with broad emission spectra 
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in the range of 591–620 nm in a DMSO, especially, Ru(L2) complex has broadened orange 

emission. It is very interesting to note that the electronic transition of the Ru(III) complexes is 

due to the ILCT and metal-to-ligand charge transfer (MLCT) process. Their radiative decay 

occurs by doublet exciton process. The bands centered at 591 and 620 nm demonstrate that these 

emissions originated from the transition of SOMO and SUMO.  

Chapter 6 describes the synthesis of silver nanowires (AgNWs) of around 20 μm length and      

70 nm diameter by adapting polyol process and reports their performance. Further, 

PEDOT:PSS/AgNWs hybrid composite-based transparent conducting thin film (TCF) was 

prepared. The green fluorescent OLEDs were fabricated on PEDOT:PSS/AgNWs hybrid-

composite TCF as anode and ITO anode then compared their performance. The measured current 

densities were 370 and 293 mA/cm2 for OLEDs fabricated on PEDOT:PSS/AgNWs hybrid-

composite TCF anode and ITO anode, respectively. The maximum luminous intensities were 

1610 and 1260 counts.s–1 for OLEDs fabricated on PEDOT:PSS/AgNWs hybrid-composite TCF 

and ITO anode, respectively. Hence, the current density together with the brightness of OLED 

fabricated on PEDOT:PSS/AgNWs hybrid-composite TCF is significantly improved; it could be 

due to the enhancement of the work function (WF) of PEDOT:PSS/AgNWs hybrid-composite. 

Important findings drawn from our investigations are summarised in Chapter 7. Conclusions and 

suggestions for future work are also made towards end of Chapter 7.  
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CHAPTER 1  

Introduction 

The fundamentals of organic semiconductors, organic light emitting materials and devices have 

been briefly reviewed in this chapter. Further, the mechanism and device structure of organic 

light emitting diodes are also discussed. The motivation and objectives of the work are discussed 

at the end of the chapter.  

1.1 Organic semiconductors  

Traditionally, inorganic materials and their compounds were popular for their semiconducting 

properties [1]. The late 1960s saw the breakthrough discovery of conducting polymers by Nobel 

laureates Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa, who proposed electrical 

conductivity in polyacetylene due to its specific electronic properties [2]. Following this crucial 

finding, organic materials have been explored for the replacement of inorganic semiconductors 

in optoelectronic applications [3]. The superiority of polymers over inorganic compounds lies 

mainly in the ease of processability [4]. The world of synthetic polymers was born and they 

found their way into many applications due to low cost [5]. Since the early 1980s, the field of 

optoelectronics has developed rapidly [6–9]. Nowadays optoelectronics is extensively used in a 

wide range of applications in various fields such as field effect transistors, organic light emitting 

diodes (OLED), solar cells, capacitors and sensors [10–14]. 

Organic semiconductors have unique optical and electrochemical band structures, which give 

them superior electrical and optical properties that are highly desirable for electronic and 

optoelectronic applications [15, 16]. Further research is being undertaken to enhance the 

properties of organic semiconductors such as good mechanical resistance, high solubility and 

simple synthesizing process [17–19]. These semiconductors have a unique material chemistry of 

π-conjugated molecules, which is highly preferable for the desired optoelectronic applications. 

They have an energy gap between the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) typically in the range of 1.5–3.5 eV, which is desirable 

when compared to inorganic semiconductors that have a typical band gap between 1–3 eV [20]. 

The advantages in using organic materials in the development of optoelectronic devices are the 
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use of inexpensive, simple material-processing techniques like solution process and a high-

throughput device assembly, predominantly through printing methods. Among the various 

organic materials available, organic polymer semiconductors play a vital role in fabricating 

optoelectronic devices. Polymers are usually classified into two types based on their electrical 

conductivity: conjugated polymers and saturated or non-conjugated polymers [21]. 

1.1.1 Conjugated materials  

Conjugated polymers are organic molecules that are characterised by a backbone chain of 

alternating double and single bonds. They possess conjugated π-electrons that can be easily 

delocalized rather than being part of one valence bond.  Currently, conjugated polymers are the 

most important class of organic semiconductors used to fabricate OLEDs and optoelectronic 

devices due to their unique optical, electrical and mechanical properties [22]. Optoelectronic 

devices can be made of conducting or semiconducting π-conjugated materials. These organic 

electronic devices are different from conventional inorganic electronic devices. During the 

current scientific and technological revolution, the study of high-performance materials such as 

conjugated conducting materials has steadily increased for optoelectronic applications [23, 24]. 

The need for smaller, thinner and flexible electronic devices has led to the development of new 

materials like conducting polymers (CPs), which have novel features and simplified 

manufacturing methods [25]. They possess the electrical, electronic and optical properties of 

metals while retaining mechanical flexibility [26]. These polymers are called as intrinsically 

conducting polymers (ICPs) and are commonly known as synthetic metals [7]. The electrical 

conductivity of ICPs is more than that of insulators and extends into the range of common 

metals. Due to the feasibility of charge transportation, mechanical stability and processability of 

conjugated conducting polymers, they are the most preferred materials to fabricate OLEDs [27]. 

The study of the electronic structure of organic semiconductors is imperative for an 

understanding of the conduction mechanism, which is an important phenomenon in 

optoelectronic device applications. 

 

 



3 

 

(a) 

(b) 

1.1.2 Electronic structure of conducting polymers 

Conducting polymers are normally insulators in the neutral form. Nevertheless, their electrical 

conductivity can be improved from the insulating to the conducting state using oxidation (p-

doping) or reduction (n-doping) processes [28].  

The principle behind the conduction mechanism of conjugated CPs is different from that of 

inorganic semiconductors. The molecular and electronic structures of non-conjugated 

(polyethylene) and conjugated (polyacetylene) polymers are shown in Figure 1.1.  

 

 

 

 

 

 

 

Figure 1.1: Molecular and electronic structures of (a) polyethylene and (b) polyacetylene 

In the former case, valence electrons of the carbon atom in the main chain are hybridized with 

sp3 configuration and each carbon atom is attached to four other atoms [29]. Hence the atomic 

orbitals of non-conjugated polymers are completely saturated, making them insulators in nature. 

In conjugated polymers, the electrons in the carbon orbitals are hybridized with sp2-pz 

configuration [30], which results in one unpaired electron (π-electron) per carbon atom. Each 

carbon atom is covalently bonded to three other carbon atoms; the unhybridized pz orbitals of 

adjacent carbon atoms along the backbone overlap to increase the delocalized π bands. 

Conjugated polymers manifest metallic or semiconducting properties depending on whether the 

bands are filled completely or partially. The configuration of sp2 hybridization forms three 

sigma-bonds and one π-bond per carbon atom [5]. The energy values of the LUMOs and 
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HOMOs of organic materials are the deciding factor in the fabrication of optoelectronic devices 

[31]. 

1.1.3 HOMO and LUMO in organic semiconductors  

The commonly used practical model for describing the mechanisms of chemical reactivity is the 

frontier molecular orbital (FMO) theory, which was developed by the Nobel laureate Kenichi 

Fukui in 1950 [32]. The chemical reaction of a molecule is dominated by two frontier orbitals, 

namely the HOMO and LUMO. The FMO theory governs the interaction of each organic 

molecule with others. The HOMO is the highest-energy molecular orbital that has electrons in it 

and the LUMO is the next energy orbital level close to HOMO, which always has states that are 

empty of electrons. Generally, the energy levels of the HOMO and LUMO in organic 

semiconductor molecules are mainly based on π-orbitals. Thus, the HOMO represents a π-

bonding orbital while the LUMO corresponds to a π*-antibonding orbital [33].  

 

Figure 1.2: Scheme of HOMO and LUMO of organic molecules [34] 

The energy gap between the HOMO and LUMO demonstrates the maximum wavelength that 

can be absorbed by organic molecules. Figure 1.2 shows the schematic representation of energy 
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levels in the HOMO and LUMO. The circle represents an electron in an orbital; when light of 

high frequency is absorbed by an electron in the HOMO energy level, it moves into the LUMO 

energy level. The structures of organic semiconductors are typically like the conjugated 

architecture of an alternating single (σ) and double (π) bonds network. The weak π-bonding and 

π*-antibonding atomic orbitals of the molecules are overlapped with neighboring atomic orbitals 

to form new molecular orbitals. In addition the π-bonds in the molecule interact with each other 

freely, leading to a localized π structure in the new molecular orbitals. The electrons involved in 

the π-bonds are loosely bound, which enables relatively easy delocalization [35]. These 

delocalized π-electrons are the conduction electrons in conjugated organic semiconductors; they 

can be extended over the whole molecule for charge transition. The luminescent molecules are 

typically classified into two types as fluorescent and phosphorescent emitters.  

1.1.4 Fluorescence and phosphorescence in organic molecules 

The excitation and emission of electrons in organic luminescent molecules are described by the 

Jablonski energy level diagram. Figure 1.3 shows the schematic diagram of the singlet ground 

state SL0, the excited singlet states SL1 and SL2 and the excited triplet state TL1. SL0 represents 

the electronic energy of the molecule in the ground state. At room temperature, most of the 

molecules are in the ground state; their energy state corresponds to the electronic, rotational and 

vibrational degrees of freedom. In general, the vibrational energy level decreases with increase in 

the energy whereas, the density of the state increases with increase in the vibrational energy [36]. 

The transition in energy is depicted by considering only the electronic states of the energy levels, 

excluding the rotational and vibrational energy levels.   

The electrons in the outermost orbital in organic molecules absorb a photon and move into the 

first excited state (SL1). The Franck-Condon factor decides the relative intensities of the vibronic 

transitions in this manifold [32]. The typical life of this state (SL1) is in the range of 1–10 fs. 

Depending on the nature of the material, the SL1 excited state leads to a rapid transition back to 

the SL0 state either by fluorescence or non-radiative transition.  
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Figure 1.3: Jablonski energy level diagram 

There is a small probability of transition from the excited singlet state to the excited triplet state 

through an intersystem-crossing of the excitons [37]. This is a weak process and utilizes about  

10 ps for the transition. From the excited triplet state, the exciton energy can be released either 

through phosphorescence or non-radiative process. In general, there are two types of electronic 

processes that occur when a luminescent molecule is hit by external energy; they result in a 

singlet or triplet state, which is discussed in the following section.  

1.1.5 Singlet and triplet states  

The difference between spins of the ground singlet, excited singlet and excited triplet states of 

unpaired electrons are schematically illustrated in Figure 1.4. When a molecule is hit by an 

optical or electrical energy, an electron in the ground state (SL0) is promoted to an excited state 

resulting in two unpaired electrons with one electron in the LUMO and the other remaining in 

the HOMO level, with each electron bearing a spin of 1/2. Hence, an electron can have a spin 

quantum number of either +1/2 or –1/2.  
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Figure 1.4: Schematic illustrations of singlet and triplet states (a) and four type of electronic transitions (b).  

The total spin (S) value of these two unpaired electrons can be either S=1 or S=0 according to 

quantum mechanical selection rules. The S=0 state is called as singlet state, where the spin is 

antisymmetric during the exchange of electrons. The spin state is defined by:  

  ---------- (1.1) 

The S=1 state is called as triplet state, which has a spin that is symmetric during the exchange of 

particles. The three possible spin states are: 

 -------- (1.2) 

 ------------------------ (1.3) 

         ------------------------ (1.4) 

where the symbols ↑ and ↓ denote the possible spin states of each electron [38].   

To achieve highly-efficient electroluminescent devices, some factors are crucial such as the 

photophysical properties of active materials, electrochemical band gap and energy level 

alignment to adjacent layers [39]. The photophysical properties of luminescent materials can be 

described by the process of charge transfer.  

(a) (b) 
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1.1.6 Charge transition in organic semiconductors  

The study of charge transition in luminescent materials is very important to design a new 

luminescent material for an OLED emitting a specific colour. Four types of electronic transitions 

or electronic states are commonly possible in organometallic complexes (Figure 1.4 (b)), as 

described below:   

i) Metal-centered (MC) transition: The d orbitals of a metal are split upon ligand coordination. 

The excited d-d states arise from the promotion of electrons in the d orbitals, which are basically 

confined to the metal centre. 

ii) Metal-to-ligand charge transfer (MLCT): An electron is promoted from the d orbital of a 

metal to a vacant π* orbital in the ligand system.  

iii) Intraligand charge transition (ILCT): An electron is promoted from a π-bonding or n-bonding 

orbital to a higher energy π*-antibonding orbital.  

(iv) Ligand-to-metal charge transfer (LMCT): An electronic charge is transferred from the ligand 

π-system to a metal d-centered orbital. 

These transitions provide extensive photophysical properties to design new luminescent metal 

complexes with predetermined luminescent features.   

1.2 Organic light emitting materials and devices 

1.2.1 OLED materials 

Organic light emitting materials have a crucial role in deciding the performance of OLEDs in 

terms of luminescent colour, external potential and lifetime of the device [40, 42]. A good 

electroluminescent material should have two significant properties: it should efficiently transport 

charge carriers (electrons and holes) and have a good emissive layer (EML). OLEDs are 

typically classified into two types based on the nature of the EML, namely polymeric light 

emitting diode (PLED) and small-molecule OLED (SMOLED). The EML of a PLED is made of 

electroluminescent conjugated conducting polymers; the polymer consists of a chain of repeating 
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structural units and the size of the polymer is determined by an average of the molecular weights 

of monomer units. In the case of SMOLED, the small molecules are composed of a fixed number 

of atoms; they have a molecular weight less than 1000 amu with a well-defined structure. The 

EML of SMOLED is governed by either fluorescent or phosphorescent organic small molecules 

[43, 44]. The main difference between PLED and SMOLED is that the PLED is prepared by 

solution processing whereas the SMOLED is fabricated by vacuum deposition process. 

1.2.1.1 Polymeric LED 

The solution processing method is a simple technique to synthesize lighting and display devices 

(with large area) at a low cost [45, 46]. On the laboratory scale, polymer films are prepared by 

simple wet chemical methods such as spin coating and dip coating. However, for fabricating 

films with large area, either the Langmuir-Blodgett or inkjet printing process is required. The 

solution process-based PLED is fabricated with a very thin layer of semiconducting polymer 

material sandwiched between two charge injection electrodes, wherein the polymer is used as an 

emissive material. The typical PLED is fabricated using a glass substrate partially coated with a 

transparent electrode that is used as the anode and holes are inserted into the EML [47, 48]. A 

semiconducting thin luminescent polymer film with thickness typically in the range of            

30–100 nm is coated over the anode. Eventually, the PLED is completed by depositing a low-

work function (WF) metal cathode. The conjugated polymer-based efficient PLED was reported 

by R. H. Friend and co-workers in 1990, in which poly(p-phenylene vinylene) (PPV) was used as 

an emissive material [49]. PPV is a highly-stable conjugated CP and is a reasonable donor of 

electrons. It can be easily chemical-doped with a strong acid or oxidizing agent. The measured 

conductivity of p-doped PPV is up to 104 S/cm [50]. PPV and its derivatives emit yellow colour 

because their absorption band is centered in the range of 400–420 nm.  
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Figure 1.5: Molecular structures of light emitting polymers including PPV, PF and PT 

Polyfluorene (PF) is another type of strong violet fluorescent aromatic compound. It is well 

known for its extremely conjugated planar π-electron structure. Nowadays, polythiophene (PT) 

and its derivatives are employed as the most important classes of linear conjugated conducting 

polymers for preparing PLEDs. Figure 1.5 shows the molecular structures of some important 

light emitting polymers such as PPV, PF and PT. Over the past two decades, significant work has 

been done to demonstrate the commercial applications of PLEDs in solid state lighting and 

display.  

1.2.1.2 Organic small molecule materials 

Electroluminescence (EL) of organic semiconductors was first reported by Pope in 1963 [51]. 

They observed an emission from a single crystal of anthracene about a few tens of micrometers 

in thickness. Subsequent to the first report of efficient OLEDs by Tang and Van Slyke in 1987 

[52], much work has been done to develop OLEDs. They used tris-(8-hydroxyquinoline) 

aluminum (Alq3) as an electron-transporting and electroluminescent (EL) material; it is widely 

employed as an electron-transporting material (ETM) and EL material in SMOLEDs. It is a 

fluorescent dye (λmax = 519 nm) emitting green colour and can be used as an ETM or host for 

other bluish-green–red fluorescent dyes in OLEDs. Due to the ease in its preparation and 

formation of uniform thin films through vacuum deposition, it is the most-preferred 

electroluminescent material till date. It also has good thermal stability with a glass transition 

temperature (Tg) of about 170 °C. However, it has an electron mobility (10–6–10–7 cm2/V.s) that 

is one–two orders lower than that of the most-commonly used hole-transporting small molecules 

such as N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD) and N,N′-Di(1-naphthyl)-
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N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB). TPD and NPB have a hole mobility in the 

range of 1x10–3 cm 2/V.s [53, 54]. Alq3 has the limitation of fluorescence quenches and traps for 

charges as well. Eventually, the long-term performance of the device gradually deteriorated. 

Several researchers tested and reported alternative materials to Alq3 including metal quinolates, 

oxazoles, oxadiazoles, pyridyl compounds, thiazoles, imidazoles, oligophenylenes and 

phenanthrolines [55–60]. Among these, the phenanthroline derivatives, bathophenanthroline 

(BPhen) and bathocuproine (BCP) have been extensively studied due to their high mobility and 

deep HOMO levels compared to that of Alq3, which make them excellent hole blockers in OLED 

applications [61, 62]. Xu-Hui Zhu et al. reported that phenanthroline derivatives give higher 

performance in terms of their device-structure compared to Alq3; devices based on 

phenanthroline derivatives give a reduction in the operating voltage and increase in power 

efficiency compared to Alq3-based devices [63–65]. 

 

 

Figure 1.6: Chemical structure of Alq3, bpy and terpy  

1.2.1.3 Oligopyridines 

Oligopyridines gained a special interest in coordination chemistry due to their attractive 

photophysical and electrochemical properties for fluorescence-based applications. Figure 1.6 

illustrates the chemical structure of the oligopyridines having nitrogen ligands. The widely used 

bidentate pyridine ligand was the 2,2'-bipyridine (bpy). However, due to its photophysical and 

thermal properties limitation, tridentate pyridine ligands such as 2,2':6',2''-terpyridine (terpy) are 

used more in coordination chemistry. The synthesis of terpy was first reported by Burstall and 

Morgan in 1932 [66, 67]. It is widely used with various metals, as a suitable ligand to prepare 

complexes. The 2,2':6',2''-terpyridine and its derivatives are extensively studied as outstanding 

Alq3 
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complex agents for a wide range of transition metal ions. Moreover, the kinetics and mechanisms 

of metal complexes and their stability have been studied by various research groups. The 

multitude of potential applications is the result of tremendous advances in the design of terpy 

derivatives. The crucial characteristic features of terpy-based metal complexes, such as good 

reversible redox process and photophysical properties, depend on the electronic influence of the 

substituents. Terpy-based complexes are widely used as luminescent materials, in 

photochemistry and as sensitizers in light-to-electricity conversion.  

1.2.1.3.1 Metal complexes  

Terpy ligands-based transition complexes are interesting for fluorescence- and solar cell- 

applications due to the high oxidation state and attractive photophysical properties of transition 

metals such as Ru(II and III), Os(II), Ir (III), Pt(II) and Zn(II). The derivatives of terpy ligands 

have been prepared and applied in enantioselective reactions with transition metals [68]. 

Moreover, the insertion of one substituent at the 4'-position of the terpy does not create any 

enantiomeric complexes. Hence, the functionalization of terpy at 4’-position is of particular 

importance. Terpy can easily form many stable complexes with a variety of transition metal ions, 

which are useful in catalysis, molecular electronics and supramolecular chemistry. Among the N-

heterocyclic ligands, the 2,2':6',2''-terpyridines have very high binding affinity towards transition 

metal ions because of their chelate effect [69, 70]. The complexation of one or two terpy ligands 

leads to a stable metal complex; it can form bis-complexes as well. Metal complexes have 

octahedral coordination geometries and possess distinct electrochemical, photophysical, 

magnetic and thermal properties.  

1.2.1.3.2 Zn(II) metal complexes 

Small organic molecules, including coordination compounds, are widely employed to fabricate 

OLEDs either by spin-coating or vacuum deposition methods. Due to their reasonable flexibility 

and high stability in design structure and modification, rare-earth and luminescent transition 

metal complexes have gained more attention for application in OLEDs [71]. Pyridyl compounds 

have nitrogen atoms that serve as manifold interaction to form stable coordination complexes 

with several metals. Among the well-studied materials composed of bpy and transition metals, 
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Ru(bpy)3
2+ is a popular for luminescent applications. Nowadays, with the rapid growth of 

supramolecular chemistry, the focus is on terpy ligand offers more synthetic and structural 

advantages than the bpy. 

A novel Zn(II)-based terpy complex was synthesised by Accorsi et al. and studied for 

applications in OLEDs [72]. Zn(II) belongs to the group 12 metal (II) containing a d10 closed-

shell electronic configuration. Because of the high ionization potential of closed-shell metal    

(38 eV for Cd(II) and 40 eV for Zn(II)), any state involving excitation of the d electron should 

have high energy. Therefore, d–d transitions are usually absent in group 12 metal-based 

complexes. Thus, the lowest-energy excited states in the group 12 metal complexes are 

predominantly composed of ILCT states alone [73]. For terpy-based Zn(II) metal complexes, the 

Zn (II)–terpyridine MLCT can be omitted and the observed behaviour should rise from an ILCT 

state [74–76].  

1.2.1.3.3 Ru(III) metal complexes 

During the search for new materials, it was found that novel inorganic–organic hybrid structures 

based on metal complexes, which have garnered much interest over the last two decades. Now, 

there is a strong focus on terpy and octahedral bis-terpy metal complexes that offer the advantage 

of increased symmetry; in the case of Ru(II) or Ru(III) complexation, there is an arrival to a 

directed complexation process.   

There is great complexity in the different oxidation states of ruthenium ions, including Ru(II), 

Ru(III), and Ru(IV) states as ruthenium complexes undergo reversible redox process. Recently, 

Ru(II) and Ru(III) complexes with pyridine-based ligands, such as bpy, phenanthroline, and 

terpy, have attracted attention for their role in enhancing the efficiency of OLED. Zhu et al. have 

designed and synthesised a novel phosphorescent Ru(II) based-organometallic complexes with 

peripheral carbazole substituents and found enhanced luminescence efficiency of the devices 

[77]. Ru complexes usually exhibit both MLCT and ILCT band transition. Terpy has been 

known for its wide range of applications in supramolecular chemistry, which leads to the 

formation of racks, grids, knots and dendrimers. Due to the good electrochemical and 

photophysical properties of Ru-based metal complexes, these systems have been extensively 
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studied for optoelectronic applications. Particularly, the photophysical and electrochemical 

behaviours of [Ru(bpy)3]2+  metal complexes have been widely studied and have attracted 

interest for further development.  

As discussed in the earlier section (1.1.3), small molecules are classified into two types as 

fluorescent and phosphorescent emitters. Among fluorescent molecules, the most studied 

fluorescent emitter is Alq3 because of the ease in its synthesis and processing. It has been a good 

green fluorescent emitter till date. But the quantum efficiency (QE) of such a fluorescent 

molecule-based SMOLED is limited by spin statistics to just about 25%, which is certainly not 

sufficient to meet commercial standards. Therefore, new fluorescent materials with high QE are 

needed. In general, the establishment of singlet and triplet excitons through electrical excitation 

has the statistical ratio of about 1:3. Therefore, fluorescence through electrical excitation is an 

ineffective transition since it uses a maximum of 25% of the electrically-generated excited states. 

However in triplet transition, 75% of the excitons are involved in the EL process through 

phosphorescence; here, the transition occurs through spin-orbit coupling. Typically, the spin-

orbit coupling of organic molecules is very weak. Nevertheless, the spin-orbit coupling can be 

significantly enhanced by introducing heavy metal atoms (such as Platinum (Pt), Osmium (Os) 

and Iridium (Ir)) into the molecule. The highly-efficient green-colour emitter belongs to a class 

of phosphorescent materials that are based on Ir organometallic complexes. 

1.2.2 OLED device structure 

The light-emitting active layer is based on a luminescent material, typically a polymer or 

fluorescent/phosphorescent molecules. Nowadays, both polymers and small molecules are 

employed to fabricate OLEDs. These devices are expected to take over flat panel displays and 

solid state lighting applications in the near future. An OLED structure generally consists of 

multiple layers, with each layer having its distinct function. Figure 1.7 shows the schematic 

diagram of an OLED structure: it starts with indium tin oxide (ITO) followed by a hole transport 

layer (HTL), emission layer (EML), electron transport layer (ETL) and metal cathode.  
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Figure 1.7: A typical stack layout of multilayered OLED consisting of a HTL, ETL and EML 

1.2.2.1 OLED operation mechanism  

The principle behind the operation of a simple bi-layered OLED structure is shown in Figure 1.8. 

When a forward bias is applied, charge carriers (holes and electrons) are injected from the anode 

and cathode respectively. These charge carriers drift under the influence of the external field. 

They meet at the emissive layer and recombine to form excitons. The radiative relaxation of 

these excitons generates photons, which exit from the transparent electrode side of the OLEDs. 

Organic light emitting diodes are usually classified into three types according to the direction of 

light extraction: (i) top-emitting OLEDs, in which light exits from the semi-transparent cathode 

side; (ii) bottom-emitting OLEDs, in which light exits from the transparent conducting thin film 

(TCF) electrode of the device (here, the metal cathode is made with an opaque material to 

enhance the light out coupling efficiency); (iii) OLEDs made with transparent or semi-
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transparent electrodes, which are being developed for specific applications such as head-up 

displays and smart windows. 

 

Figure 1.8: Operation mechanism of two layered OLEDs structure.  

1.2.2.2  Energy level alignment and interfacial structure in OLEDs  

The functions and efficiency of organic electronic devices such as OLEDs, organic photovoltaic 

cells (OPVCs) and organic thin film transistors (OTFTs) mainly depend on the electronic 

structure of interfaces. During the operation, a forward bias is applied to OTFTs and OLEDs 

such that the cathode has a negative charge with respect to the anode. Hence, the charge carriers 

are injected from the electrode into the organic semiconductor layers. To attain a low operational 

voltage, the energy barriers between consecutive layers should be minimal to enable ease of 

charge injection and transportation. The change in potential well and electronic states at the 

interfaces between metals and organic solids are discussed below. 
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Figure 1.9: Energy level diagrams of organic semiconductors at interfaces: (a) Organic semiconductor 

interface with HIB and EIB, (b) Multi-hetero layer stack of OLED containing HTL, ETL and EML with 

electron-blocking barrier (EBB) and hole-block 

When a metal and an organic solid are far from each other, their energy levels are associated to 

their vacuum levels (VL) because an electron is at rest for the infinite distance. However, when 

they come into contact, the organic layer is now in the potential of the surface dipole of the metal 

electrode. Hence, the energy levels are elevated so that they have a common VL in an extremely 

narrow interfacial gap. Therefore, multiple layers are used in OLEDs to separate the region of 

charge injection and transportation from the region of exciton formation and recombination. The 

proper adjustment of energy levels among the interfaces of organic heterojunction is a very 

important parameter that is necessary to ease the transport of a hole (electron) across the 

interface while simultaneously blocking an electron (hole). Figure 1.9 reveals the various 

electronic energy levels and energy parameters of organic solid–metal interfaces. In general, the 

relative energy positions of the electrode fermi level (Ef), HOMO and LUMO energy levels are 

used to characterize interface energetics. They predominantly govern the transport of charges 

and formation of excitons. The HOMO and LUMO are the frontier molecular orbitals (FMOs) of 

organic conjugated fragments. The hole injection barrier (HIB) and electron injection barrier 

(EIB) are typically measured by inverse photoelectron spectroscopy (IPES) and ultraviolet 

photoelectron spectroscopy (UPS), which are the most common methods used to study the 

electronic properties of interfaces in semiconductor devices.  
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1.2.2.3 Interface engineering for OLED improvement 

Of late, OLEDs have become increasingly popular as new display technology, but there is still a 

need to improve their stability and efficiency. The important features of OLEDs are charge 

carrier injection, transportation and charge carrier balancing on consecutive layers. This 

behaviour of OLED plays a vital role in the optimisation of device efficiency as it has great 

influence on the charge carriers (electron or hole) balance in the device. In general, an ohmic 

contact is chosen at the electrode/organic interface for easy carrier injection. Energy barriers 

exist at the organic/electrode interfaces, as a result of low power efficiencies and require high 

operating voltages. Hence, an electron injection layer requires enhancing the electron injection 

from cathode to ETL. The electron injection has been extensively studied for a variety of 

electron transport materials and metallic electrodes [78–80]. Shaheen et al. studied the insertion 

of thin layer of LiF between Al cathode and ETL to enhance the electron injection [81]. The 

enhanced injection was attributed to band-bending process, and eventually matches the interface 

layers by lowering the energy barrier. LiF, Al2O3 and MgO are commonly used as electron 

injection layer material in OLEDs [82].  

Like electron injection layer, the hole injection layer also enhances the hole injection from anode 

to HTL. At the anode/organic interface, inserting a thin film of copper phthalocyanine (CuPc) 

was found to improve the efficiency and life-times of the devices [83–84]. The HOMO of CuPc 

was found suitable for the WF of ITO and organic HTL. The typically used HTL are 

PEDOT:PSS and NPB in OLEDs. WO3, MoO3 and surface treatments, such as UV-Ozone, and 

oxygen-plasma enhance hole injection owing to reduced energy barrier. Therefore, there is a VL 

shift and an intermediate energy level is rendered by the additional layer [85].  

There are three consecutive processes to determine the light emission in an OLED.  

i) Interfacial process:  

The performance and lifetime of OLEDs are critically dependent on the properties of both 

interface and active materials. In OLEDs, metal electrodes are utilised to inject charge into 

organic semiconductor layers. Thus, control over the interface between inorganic electrode 

and organic semiconductor is essential. The study of energy barriers at the interface of 
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organic layers and electrodes is important phenomenon to enhance charge transportation. 

Understanding of this process at the interface is necessary for efficient injection of electrons 

and holes from cathode and anode, respectively. Effective electrons and hole injection enable 

achieve significant progress in the performance of OLEDs.   

 

ii) Electrical process:  

The electrical process of OLED is determined by the mobility of charge carriers, such as 

electrons and holes. In general, the mobility of the hole is higher than that of the electron. 

Therefore, the transportation properties of charge carriers are very important at 

heterojunction. Efficient OLED requires balancing charge injection and transportation. The 

adjustment of the interface between the electrodes and organic semiconductor is vital to 

improve charge-injection, transport, and recombination in OLED performances. 

 

iii) Optical process:  

The injected holes and electrons drift under the influence of the external electric field. They 

meet at the recombination region, where excitons are formed. These excitons generate the 

photons. Light output and efficiency of OLED are mainly dependent on the balanced 

injection of charge carriers, which can be achieved by either charge injection facility or 

charge confinement for the bipolar recombination process. Balanced charge injection needs 

the anode and cathode WF to match with the HOMO and LUMO energy levels of the HTL 

and ETL/light-emitting layers, respectively. Hence, one can conclude that optimising three 

electronic processes, (i) charge injection, (ii) transport, and (iii) recombination will improve 

the OLED performance. 

1.2.2.4 Charge balancing 

To achieve charge balance, the following three consecutive steps are necessary in OLEDs.  

i) Injection of charge carriers 

ii) Transportation of charge carriers  
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iii) Radiative recombination process  

The injection of charge carriers helps tunnel the barrier easily at the interface of electrodes and 

organic layers for optoelectronic devices to enhance the performance of devices. In carrier 

injection process, high light emission efficiency can be achieved through reducing the interfacial 

energy barriers between organic thin film layers and metal electrodes. It may also be controlling 

the electron and hole injection. Electrons are injected from low WF metal cathode into LUMO of 

the consecutive organic layer. While holes are injected from high WF of TCF electrode into 

HOMO of the consecutive organic layer, generally, low-work function metals including Al and 

Ca are often used as cathode materials [86–88], which have better energy matches with 

consecutive layers. However, such materials are very sensitive to environmental conditions, and 

degrade easily on exposure to air. To overcome such a situation, the devices are encapsulated 

prior to use [89].  

The injection of charges is required to tunnel the barrier at the interface of electrodes and organic 

layers. Holes and electrons are injected from the anode and cathode into organic layer via 

HOMO and LUMO, respectively. Anodes usually have the WF of 4.5 to 5 eV, whereas the 

cathodes have it at 2.7 to 3 eV. For easy injection of holes it would be advantageous if the 

HOMO energy level matches with the work function of the anode and for electron injection the 

LUMO energy level should match with the WF of the cathode.  

1.2.2.5 Carrier transport and recombination in OLEDs 

The injected charge carriers are transported into the recombination zone as follows: The 

recombination zone always needs to be away from the electrodes to avoid non-radiative decay 

owing to quenching near the electrodes. Thus, it usually should be near the centre from the 

electrodes in OLED devices. The exact position of the recombination zone can be identified by 

charge carriers through drift diffusion. The charge balance can be bothered by differences in 

charge mobilities and privileged charge injection of one charge carrier over the other because the 

hole mobility is greater than that of electron mobility. Therefore, in typical hetero-junction 

OLEDs, hole injection barrier is slightly lower than that of electron injection barrier. Hence, 

there is a need to improve electron injection efficiency transportability [90]. Efficient OLEDs 
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require the effective recombination of equal number of electrons and hole mobility [91]. When 

two different charge carriers, such as electrons and holes are separated by a potential barrier, one 

can move to the other through tunneling barrier or it moved over the barrier via an activated 

state. This process is called hopping [92]. The energy state is involved in the hopping transport 

of holes and electrons from narrow bands around the HOMO and LUMO energy levels, 

respectively. When two charge carriers, such as electrons and holes are in the proximity of ETL 

and HTL interfaces they recombine to form exciton states, eventually emitting light due to decay 

of energy as radiate recombination [93].   

1.2.3 Transparent conducting thin film anode    

The transparent conducting material, which serves as an anode in optoelectronic devices, should 

be optically transparent and electrically conducting. The material used for the anode is typically 

a high WF material. It is one of the significant components in optoelectronic devices including 

OLEDs, photovoltaic cells (PVCs), liquid crystal displays (LCDs) and sensors. The commonly 

used material for TCFs is Sn-doped ITO (In2O3) because of its prominent properties such as high 

conductivity and more transparency on glass or plastic substrates. Nevertheless, indium is 

expensive due to its scarcity and ITO is prone to conductivity failure on account of crack 

generation when subjected to tensile or compressive bending [94, 95]. To overcome these 

problems, extensive research is being carried out on materials as alternatives to ITO. The 

commonly used alternative materials include conducting polymers (CPs), transparent conductive 

oxides (TCOs), carbon nanotubes (CNTs), and graphene and metal nanowires [96, 97]. Among 

these, a class of CPs called poly (3,4-ethyldioxythiophene) (PEDOT) doped with poly 

(styrenesulfonic acid) (PSS) has gained more attention due to its distinguishable advantages such 

as high transparency, high conductivity, environmental friendliness and ability to be processed 

by wet chemical methods. 
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Figure 1.10: Chemical structure of PEDOT:PSS. 

Figure 1.10 shows the chemical structure of PEDOT:PSS; the top structure is PEDOT and the 

lower structure is PSS. In general, PEDOT is hydrophobic in nature; hence, it cannot be 

processed in water. In comparison, PEDOT:PSS contains the hydrophilic PSS. Therefore, it can 

be easily processed through diverse preparation methods such as spin coating, spray coating, 

drop coating and ink-printing techniques. It has a conductivity ranging from 400–600 S/cm while 

retaining a transparency of about 80% of the visible light [98]. To enhance the conductivity of 

TCFs based on PEDOT:PSS, organic solvents such as salts, surfactants, zwitterions and acids 

can be used (polar solvent vapour annealing methods); they increase the conductivity to around 

1000 S/cm. An addition of ionic liquids to PEDOT:PSS can further increase the conductivity 

value to over 2500 S/cm. The conductivity can be extended to over 4000 S/cm by post-solvent 

treatment with sulfuric acid (H2SO4) solution and it is comparable to that of commercial ITOs. 

The origin and mechanism of the conductivity enhancement of PEDOT:PSS is still unclear. Two 

mechanisms are believed to be involved: one is the elimination of insulating PSS materials from 

PEDOT, which leads to an exposure of the conducting PEDOT layer; the other is the change in 

the conformation and morphology of PEDOT:PSS. Efforts to discover the exact mechanism are 

required; this will serve as a guide for future research on further conductivity enhancement and 

more practical applications of PEDOT:PSS. 
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1.3 Gap in the existing research  

OLEDs are an emerging technology for both lighting and flat-panel display appliances owing to 

their distinctive advantages, which include low power consumption, ultra-thin thickness, high 

brightness, and wide-viewing angle. Considerable work is going on both in academic institutions 

and research laboratories on the synthesis and performance of electroluminescent materials for 

OLEDs. There are many reports on the development of full-colour white-emitting organic light 

emitting diodes (WOLEDs) flat-panel displays using organic and inorganic materials [99–101]. 

Efforts are on to develop flat-panel display technology. However, they have not yielded the 

desired results for the current requirement. So, further efforts are to be made to develop 

economically affordable and potentially applicable devices for various optoelectronic 

applications. 

Considerable research work on WOLEDs is being carried out by all developed countries like the 

European countries, USA, China, Japan, and South Korea [102–105]. Center for Wafer 

Technology and Smart Systems, and Imec works on flexible electronics and OLED displays have 

developed AMOLED display on flexible substrates [106]. WOLEDs have also been widely 

investigated as the next-generation solid-state lighting and flat-panel display applications. The 

most important development in WOLED is establishing a set of red, green and blue emissions or 

equal mixing of orange and green emitters with colour purity, high efficiency, and stability. The 

versatility of OLEDs is being explored to take the technology to the next level and requires 

improvements in both performance and environmental stability. Blue-emitting organic materials 

are important for solid-state lighting applications. However, their availability is still scarce 

compared to that of green- and red-emitting materials because of their intrinsic wide band gap, 

and hence the difficulty in preparing them. Therefore, the synthesis and characterization of deep 

green and orange fluorescent materials are some of the challenges faced by researchers. In 

general, OLEDs are made of TCF anode. ITO is the most commonly used TCF anode for OLEDs 

as it has high transparency, high work function, and ease of processability. However, it has some 

limitation, such as high cost due to it being rare on the earth and consequent scarcity. 

Nevertheless, it is not an ideal choice for flexible optoelectronic devices. Thus, a great deal of 

interest has been devoted to find replacement for ITO. Moreover, of the total cost of the 
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optoelectronic devices, large amount is spent on the preparation of TCF electrode. The 

fabrication of high-performance TCF with good conductivity and high transparency is the other 

challenge for the researchers. Hence, TCF enjoys a unique position in opto-electronic 

applications. This research field has great significance and is promising technology for academic 

institutions and for industrial applications. 

1.4 Objective  

The fabrication of full-colour flat panel displays is mainly linked to the commercialization of 

highly-efficient emitters in the red, green and blue regions. Since 1987, numerous reports are 

available related to the fabrication of red- and green-based OLEDs. However, the efficiency of 

blue OLEDs requires further improvement. Low power consuming optoelectronic devices 

including OLEDs will be the thriving technologies in the near future for solid state lighting and 

display applications. Many OLED devices are currently available in the market but they are very 

expensive for the users. The motivation for this research work is making the devices inexpensive. 

The two possible ways to achieve a reduction in cost are: preparation of materials with low cost 

and utilization of prepared TCF instead of commercial (costly) ITO electrodes. Based on the 

overall research objective, the specific targets are: 

(i) To synthesis and study the photophysical and electrochemical properties of 4′-ary 

substituted 2,2′:6′,2′′-terpyridine derivatives as deep blue fluorescent materials.  

(ii) To study the geometrical optimization and the photophysical, electrochemical and 

thermal properties of 4′-aryl substituted 2,2′:2′′,6′-terpyridine based Zn(II) metal 

complexes needed for blue fluorescent OLEDs; to address the aggregation-induced 

emission enhancement of these materials.  

(iii) To study the photophysical, electrochemical and thermal properties of orange emitters 

based on Ru(III) complexes. Many reports are available on 2,2′:2′′,6′-terpyridine 

substituted Ru(II) metal complexes and it has been observed that the life time of the 

fluorophore is in the range of a few microseconds. However, the 4′-aryl substituted 

2,2′:2′′,6′-terpyridine based Ru(III) metal complexes exhibit a life time of a fraction of 

nano seconds. Systematic studies on these derivatives are required.  
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(iv) To fabricate low-cost TCFs for application in optoelectronic devices such as OPVCs, 

OLEDs and sensors.  

(v) To fabricate bilayer OLEDs using the prepared TCFs and study the performance of these 

devices.   

1.5 Thesis outline 

Chapter 1 summarizes the significance of organic semiconductors and their solid-state lighting 

and flat-panel display applications and also provides a review of the current literature. Further, 

the mechanism and device structure of organic light-emitting diodes are also discussed. The 

motivation, gaps in the existing research, and objectives of the work are also discussed at the end 

of the chapter.  

Chapter 2 provides an overview of the experimental methods and concepts of characterization 

techniques, which are used to analyse the structural, photophysical, electrochemical and thermal 

properties of the materials. The preparation and characterization of TCF for optoelectronic 

devices have also been described. In addition, the choice of materials and fabrication process of 

OLEDs are also covered. Electroluminescence and electrical properties of OLED are also 

analysed.  

Chapter 3 discusses the synthesis and characterization of three 4’-aryl substituted 2,2’:6’,2’’-

terpyridine derivatives in a single pot reaction. The photophysical, electrochemical, thermal and 

morphological properties of the synthesised material have also been studied and discussed in 

detail. 

Chapter 4 explores the synthesis, photophysical, thermal and electrochemical properties of three 

novel blue-to-green fluorescent Zn(II)-based terpy complexes (Zn(L1-L3)). The charge transition 

has been investigated as the potential charge transfer to the n–π* and π–π* states of the ILCT in 

the complexes are analysed. The geometry, optimization and electronic structure of these 

complexes were assessed by density functional theory (DFT). Dual characteristics of the optical 

behaviour have been observed, such as Zn(II) complexes exhibiting a deep blue-to-green 

fluorescence in crystalline form, while it is sky-to-deep blue in dimethylsulfoxide (DMSO). The 

photophysical properties revealed the potential charge transfer to π–π* and n–π* states due to 

ILCT.  
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Chapter 5 addresses another interesting and noteworthy class of metal complexes as a series of 

three novel 4’-aryl substituted orange-fluorescent Ru(III)-based terpy complexes. Photophysical 

studies describe that the luminescence of these complexes is due to electronic transition between 

the energy levels of singly unoccupied molecular orbitals (SUMO) and singly occupied 

molecular orbitals (SOMO). In addition, DFT calculations were carried out to study the electron 

transfer between SUMO and SOMO energy levels. The heavy metal effect of Ru(III) ions and 

the photophysical characteristics in the presence of MLCT have also been studied. 

Chapter 6 covers the preparation and characterization of silver nanowires (AgNWs) for the 

fabrication of TCF anode for OLEDs. In addition, I discuss the preparation, optical and 

morphological studies of TCF based on AgNWs and PEDOT:PSS hybrid-composite. Fluorescent 

green OLEDs with PEDOT:PSS and Alq3 as the hole transport-layer and electroluminescent-

layer, respectively, were fabricated and characterised. Two types of green fluorescent OLEDs 

were prepared: (i) OLED made up of commercial ITO as an anode, and (ii) ITO-free OLED as 

AgNWs and PEDOT:PSS hybrid-composite thin film-based anode. Their luminescence 

intensity–wavelength and current density–voltage measurements were systematically studied and 

compared.     

In Chapter 7, the complete work has been summarised and novel investigations reported. In this 

chapter, the conclusion of the work is presented as also the future scope of the work. 
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CHAPTER 2   

     Experimental Methods 

This chapter provides an overview of the experimental methods and the basic concepts of 

characterization techniques used to analyse the structural, photophysical, electrochemical and 

thermal properties of the materials, thin films and devices presented in this work. The second 

part describes materials characterization techniques used in the present work including UV-Vis 

absorbance spectroscopy, photoluminescence, time-resolved fluorescence spectroscopy, atomic 

force microscopy, and field emission scanning electron microscope. The preparation and 

characterization of TCF for optoelectronic devices are also described. In addition, the materials 

synthesis and fabrication process of OLEDs have also been covered. Electroluminescence and 

electrical behaviour of OLEDs were also studied.  

2.1 Chemicals and materials  

(3,4-ethyldioxythiophene) (PEDOT) doped with polystyrene sulfonic acid (PSS)-25 wt % of 

water (molecular weight, Mw–10,00,000), tris-(8-hydroxyquinoline) aluminum (Alq3), 

dichloromethane (DCM), dimethylsulfoxide (DMSO), N,N-Dimethylformamide (DMF), indium 

tin oxide (ITO) coated glass plates (sheet resistivity of 8–12 Ω/Sq) were purchased from Sigma-

Aldrich. 2-acetylpyridine, 4-methylbenzaldehyde, 2-furaldehyde and 3,4,5-trimethoxy- 

benzaldehyde derivatives were purchased from Sigma-Aldrich. All the chemical and solvents 

were research grade and used as received.  

2.2 Thin film growth technique  

Nowadays, a wide variety of methods are available for deposition of thin films. The process 

differs to a great degree in their chemical and physical principles of operation. Each method in 

the preparation of thin films has been developed because of its unique advantages over others, 

while each process also has its own limitations. In order to optimize desired film characteristics, 

it is essential to understand the advantages and limits of the preparation methods for device 

applications. The desired film thicknesses are closely related to the deposition and the formation 

conditions. In general, thin films have the thickness in the range of a few angstroms to several 
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microns. The repeatability of the processes is significant for the manufacturing of semiconductor 

devices. The uniformity in composition and thickness are of great concern for most of the 

deposition methods [1]. The three sequential steps involved in thin film deposition process are 

listed as follows:  

i. Transformation of the condensed phase such as, solid or liquid into the gaseous.   

ii. Transportation of these vapours from the source to substrate through a medium.  

iii. Condensation of the vapours onto the substrate.  

Thin film deposition methods are widely classified into two types-Physical and Chemical 

depositions [2]. Various chemical and physical deposition methods are available for preparation 

of thin film of CPs and small organic materials. Some of the chemical methods include dip-

coating [3], chemical vapor deposition (CVD) [4], solvent evaporation epitaxial method [5], 

electrophoresis [6], sol-gel synthesis [7–8] and spray pyrolysis [9]. Thermal evaporation, 

electron beam evaporation, pulsed ion beam evaporation [10], RF sputtering; Pulsed Laser 

Deposition (PLD) and Atomic Layer Epitaxial (ALE) are example of physical deposition 

methods. The following sections give a brief outline of the various thin film deposition route.  

2.2.1 Spin coating 

Spin coating is one of the most commonly used techniques in preparation of films of desired 

thickness on a suitable substrate. It is currently being used as the leading technique to prepare 

uniform thin films of organic and inorganic materials with thickness of the order of a few 

nanometers to some microns. Advantages of the spin coating process are speedy preparation of 

uniform films and ease. The precursor solution is dropped onto the substrate, which is placed on 

a vacuum chuck. It is then set to a desired rotation speed, so that the solution spreads over the 

substrate by centrifugal force and excess solution drains out from the substrate. The digital image 

and graphical representation of the spin coating unit are shown in Figure 2.1.  
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Figure 2.1: (a) Digital image of spin coater and (b) graphical representation of spin coating chamber 

A characteristic spin process consists of a dispense step in which the precursor solution is 

deposited onto the surface of the substrate, whereas a high speed spinning and drying step is used 

to eliminate the excess solvents. In general, there are two methods used to dispense the precursor 

solution- static and dynamic process. In Static Dispense Process; the precursor solution is simply 

dropped onto the centre of the substrate. The amount of solution to be dropped depends on the 

size of the substrate and the viscosity of the solution to be coated. On the other hand, in Dynamic 

Dispense Process, the solution is dispensed when the substrate is rotating at a low speed (in 

terms of RPM-Rotations per minutes). This helps to spread the solution over the substrate and 

can result in less waste of materials. This is an advantageous method, particularly when the 

solution or substrate itself has meager wetting abilities. The vacuum chuck is used to hold the 

substrate during the spinning of the solution. The combination of spin speed and time selection 

for these steps will generally be decided by the required thickness of the thin film.  

2.2.2 Chemical vapour deposition  

Chemical vapour deposition (CVD) is a process of condensation of atomistic species formed via 

chemical reaction of the precursors. This gives highly pure materials with great structural control 

at monolayer level. It is also used to grow single and multilayer nanostructures and composition 

with controlled dimension with good precision and high structural selection. The distinctive 

features of CVD techniques include free-standing film and enable the fabrication of nano-device 



37 

 

ceramic matrix composite, and carbon–carbon nano composites. The flexibility of CVD leads to 

high growth rate and is a leading technique for the preparation of thin films for various 

applications including optoelectronics, microelectronics, dielectrics for microelectronics, 

refractory ceramic materials used for hard coatings, metallic films, fibre production and coating. 

CVD involves homogeneous reactions of gas phases, and heterogeneous chemical reactions on 

substrate, which happen on heated surface substrate. It leads to the growth of fine powders and 

thin films. Furthermore, it has the capability of controllably creating chemical hetero structures. 

Varieties of CVD-processing techniques are available in recent years, such as plasma-enhanced 

(PECVD), low-pressure (LPCVD), laser-enhanced (LECVD), and metal-organic (MOCVD) 

chemical vapor deposition.  

2.2.3 Spray pyrolysis 

Spray pyrolysis is a processing technique being considered to prepare thin and thick films of 

ceramic coatings and powders. It is a thermally activated reaction between clusters of liquid or 

vapour atoms of different chemical species. Unlike many other thin-film deposition techniques, 

spray pyrolysis is a simple and relatively cost-effective processing method, mainly due to its 

simple equipment. Spray pyrolysis does not require high-quality substrates and reagents. Its main 

advantages are good reproducibility, easy addition of doping materials, high film growth rates, 

materials homogeneity in thin-film product and the potential for deposition over a large area. The 

composition of the thin film can be controlled with reagents and precursor solution. Spray 

pyrolysis is a technique through which porous or dense thin films and powders can be obtained 

by controlling the deposition parameters. This technique necessitates the atomization of a 

precursor solution that is thrown directly over the substrate where the thin film is formed. Even 

multilayered thin films can also be prepared using this technique. In this process, the reagents are 

dissolved in the carrier liquid which is sprayed onto an unheated or heated substrate to form the 

minute droplets. In the case of heated substrate, the substrate is maintained at a high temperature 

of about 400 °C.  
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Figure 2.2: Schematic diagram of spray pyrolysis setup [11] 

The sprayed droplets undergo pyrolytic decomposition to form a cluster or single crystal of the 

desired product in which the excess solvent and volatile by-products escape as vapour. The hot 

substrate renders the thermal energy needed for decomposition and the eventual recombination 

of the species, sintering and crystallization of the crystallites suitable to form a uniform thin film. 

Nowadays, automated spray pyrolysis equipment is also available to synthesis uniform thin film 

as shown in Figure 2.2.  

2.2.4 Thermal evaporation  

Thermal evaporation is a commonly used technique to prepare the thin film of inorganic 

materials, such as metals and their alloys. However, this technique is being used to prepare the 

thin film of low molecular weight organic compounds. The process involves heating up of a 

source material until it evaporates and condenses onto the substrate. Solid materials vaporise 

when heated to sufficiently high temperatures. Moreover, the formation of oxides and 
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incorporation of impurities in the growing thin film can be avoided when the chamber is 

maintained in high vacuum.  

 

Figure 2.3: (a) Scheme of thermal evaporation chamber (Reproduced from Ref. [12]) and (b) digital image of 

thermal evaporation unit 

The mean free paths of vapour atoms are of the same order as the vacuum chamber dimension 

when the chamber pressures as low as 10–5 or 10–6 mbar. Commonly, there are two types of 

vacuum pump operating in serial: Rotary and Diffusion pump. Therefore, the vapour particles 

can travel in a straight line from the evaporation source to the substrate without being 

considerably scattered as shown in the Figure 2.3 (a) [13]. In this technique, average energy of 

the vapour atom is in the range of a few tenths of electron volts when it reaches the surface of the 

substrate.  

In this method, the source material, evaporated as filament evaporation process, is a simple 

electrical resistive heat element or filament. A wide variety of physical configurations are 

available for the filaments, depending on the nature of the materials and coating of the film 

needed. In many coating applications, crucibles offer unique advantages to other types of 

sources. Filaments are heated directly by attaching the ends to a low voltage, high current supply 

to evaporate the material. The characteristics and quality of the deposited thin film depends on 

various parameters including substrate temperature, substrate to target distance, rate of 

deposition and base pressure. The homogeneity of the thin films depends on the geometry of the 

evaporation source and the distance from the source material to the substrate. In the present 
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work, the deposition of the organic complexes and metal electrode were prepared using thermal 

evaporation (see Figure 2.3 (b)) via resistive heating technique (VEC, Vacuum Solutions 

Technologies, Bangalore, India). A quartz crystal thickness monitor is placed near the 

evaporation zone, which is used to measure the deposition rate and thickness of thermally 

evaporated thin films (Thickness monitor, Model: DTM-501). 

2.2.5 Sputtering deposition 

The main concept in sputtering process is the ejection of surface atoms from the surface of target 

material by momentum transfer of the bombarding ions. It is basically a momentum transfer 

phenomenon in which the momentum of the incident atom is transferred to the target material 

atoms. It’s a class of physical vapour deposition technique and finds a significant place in thin-

film deposition. The main advantage of sputtering is that it is a non-thermal physical process. 

One of its main advantages is its utility in the etching process as well as deposition depending on 

the ion energy. 

 

Figure 2.4: Schematic diagram of sputtering mechanism [14] 

The incident energy of the bombarding species determines the nature of the particular 

phenomenon. The sputtering mechanism is shown in Figure 2.4. When a high voltage is applied 

across a pair of electrodes in a low-pressure gas, the gas gets ionised and a plasma or glow 
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discharge is formed. The ions in the plasma are very energetic and being positively charged are 

attracted towards the cathode and on striking cause the ejection of the cathode material [15]. An 

Argon gas is commonly used in sputtering process because it provides large ions for sputtering 

and being an inert gas it does not react chemically with the target. The sputtering process is used 

in this work to prepare the Al cathode of about 100 nm at a vacuum of 10–6 mbar.  

2.3 Characterization tools  

2.3.1 Structural characterization 

The structural characterizations of prepared materials in this dissertation were studied by 1H 

NMR, 13C NMR, mass spectrometry and FTIR-spectrometry.  

2.3.1.1 Nuclear magnetic resonance spectroscopy  

Nuclear magnetic resonance spectroscopy, commonly referred as NMR spectroscopy, has 

become the preeminent technique for determining the physical and chemical properties of atoms 

or molecules in which they are contained. It relies on the phenomenon of nuclear magnetic 

resonance and can provide elaborate information about the reaction states, dynamics and 

chemical structure of molecules. The intramolecular magnetic field around the atom in the 

molecules changes the resonance frequency, consequently, giving access to details of the 

electronic structure of a molecule and its functional groups. 1H (300 and 400 MHz) and 13C (100 

MHz) spectra were taken in CDCl3 solution at room temperature with a Bruker AV400 

instrument with chemical shifts relative to tetramethylsilane (TMS). 

2.3.1.2 Mass spectrometry  

Mass spectrometry (MS) is an exceedingly sensitive and specific analytical technique that can 

precisely determine the identities and quantities of compounds within a sample. It ionises 

chemical species and sorts the ions based on their mass-to-charge ratio. In simpler terms, a mass 

spectrum measures the masses within a sample; the mass spectrum is a plot of the ion signal as a 

function of the mass-to-charge ratio. Mass spectra are used to determine the isotopic-signature or 

elemental composition of a sample. The masses of particles or molecules present in the spectrum 
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help to elucidate the chemical structures of molecules. MS is used in various fields and is applied 

to pure samples as well as complex mixtures. In this study, mass spectra of the prepared ligands 

and metal complexes were recorded on a LC−MS Q−ToF micro analyzer (Shimadzu), using 

electrospray ionization (ESI) mode.  

2.3.1.3 FT-IR spectroscopy 

Fourier transform infrared (FT-IR) spectroscopy is a commonly used technique in industry and 

laboratory for the several decades as a non-destructive method to identify chemical compositions 

in liquids, powders, gases and thin films. In FT-IR spectrometry, the IR radiation is passed to the 

sample. Some of the IR radiation is absorbed by the sample and some of it is passed through out 

(transmitted). FT-IR spectra can be observed when the materials absorb the electromagnetic 

radiation in the wavelength range of 400 to 4000 cm-1. The resulting spectrum represents the 

molecular absorption and transmission, creating molecular finger prints of the sample. Functional 

groups present in the molecule absorb radiation at characteristic wavelengths in the IR region. 

Like finger prints, no two unique molecular structures produce the same infrared spectrum. This 

makes FT-IR spectroscopy very useful for several types of analyses including the vibration and 

rotation properties of the samples. Thus, IR spectroscopy can provide information about the 

functional groups, qualitative and quantitate analysis. FT-IR spectra of the prepared materials 

were recorded in the range of 4000−400 cm−1 using Bruker-Alpha FT-IR spectrophotometer. The 

C, H, N, and S analyses were performed on a Vario EL III Elemental analyzer.  

2.3.2 Morphological analysis 

Surface morphology of the synthesised ligands and terpy compounds were analysed by field 

emission scanning electron microscope (FE-SEM) and atomic force microscopy (AFM).  

2.3.2.1 Scanning electron microscope 

Scanning electron microscope (SEM) is a widely used method for high resolution imaging of 

surfaces. It is the most commonly used instrument for obtaining micro structural and surface 

features of thin films and powder. The SEM uses electrons for imaging, whereas an optical 

microscope uses visible light for imaging the sample. The advantages of SEM over optical 
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microscope include much higher magnification (>100,000X) and depth of field upto 100 times 

that of light microscopy. Figure 2.5 shows the schematic illustration of SEM.  

 

Figure 2.5: Schematic illustration of scanning electron microscope 

In SEM, the focused electron beam scans across the sample surface in a raster fashion, generates 

secondary and backscattered electrons, which are detected by the detectors to generate the 

topography of surface of the sample. The elastic scattering produces backscattered electrons 

(energy > 50 eV) and inelastic scattering produces secondary electrons (energy < 50 eV), X-rays 

and also Auger electrons. Since secondary electrons come from the surface layer, the picture 

obtained is a faithful reproduction of the surface features. Secondary electron imaging can 

provide high-resolution imaging of fine surface morphology.  

These signals are obtained from specific emission volumes within the sample and can be used to 

examine many characteristics of the sample. X-rays emitted are characteristic of the elements 

present in the sample, which can be used to study the chemical composition and is called energy 

dispersive X-ray spectroscopy. The auger electrons can be used to map the local chemical 
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composition of nanostructures with a good spatial resolution called as a scanning auger 

microscopy and spectroscopy [16]. Before scanning the samples in SEM, the samples were 

coated using gold sputtering of about 10 nm. Imaging was performed at electronic high tension 

(EHT) values between 2.0 and 20 kV, depending upon the required magnification and quality of 

the micrograph. The surface morphology of the materials was studied using FEI ESEM Quanta 

200.  

2.3.2.2 Atomic force microscopy 

Atomic force microscopy (AFM) is a scanning probe force microscopic technique invented by 

Binning et al. [17] that helps measure the morphology of the surface at nanometer resolution. 

Figure 2.6 shows the working principle of AFM. It is one of the widely used non-destructive 

methods to investigate the surface of the nanomaterials. Here, a small sharp tip mounted on the 

cantilever scans the sample to obtain its morphology. The AFM tip usually has an edge in 

nanometers and oscillates with its resonant frequency. The interaction of the tip with surface 

features contributes to the variation in the tip oscillation frequency.   

In general, two types of forces are encountered in AFM—they are repulsive and attractive to van 

der walls forces. Mostly, repulsive forces are active in non-contact AFM operations. The nature 

of the sample surface makes the tip bend or lean as compared to natural oscillation frequency. 

Meanwhile, a laser diode is placed exactly at the tip and the reflection is received on position-

sensitive photo detector setup. Due to the variation experienced at the tip, the reflection of the 

laser spot changes, which when fed into the software, generate topographic images. A feedback 

unit is attached to the piezo-electric setup to maintain the frequency of the probe tip. The 

cantilevers can be designed with specific spring constants as per the mode of operation.  
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Figure 2.6: working principle of atomic force microscopy [Reproduced from ref. 18] 

In general, two types of forces are encountered during the operation of AFM- Repulsive and 

Attractive Van der Waals forces depending on the position of the tip from the sample surface. It 

can scan the areas in the sample as small as 100 nm and as large as 100 microns. The 

morphology of the sample was studied using the AFM analyser (Model: A100-SGS AFM) at the 

AFM Facility (A.P.E. Research, Italy), Materials Research Centre, Indian Institute of Science, 

Bangalore, India.   

2.3.3 Thermal analysis 

The thermal behaviours of the synthesised ligands and terpy metal complexes were studied by 

differential scanning calorimeter and thermo gravimetric analysis.  

2.3.3.1 Differential scanning calorimetry 

The differential scanning calorimeter (DSC) is widely used technique to investigate the thermal 

behaviour of the material. It works as comparison of the heat capacity (Cp) of material with the 

function of a temperature. A sample of known mass is heated or cooled, consequently, the 

changes in its Cp is tracked as changes in its heat flow. This allows the detection of transitions 

like melts, phase changes, glass transitions and curing of the sample. It is used to study the 
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crucial thermal properties such as crystalline and amorphous behaviour, polymorph and eutectic 

transitions, curing and degree of cure. In order to measure the glass transition temperature (Tg), 

melting temperature (Tm) and crystalline temperature (Tc) of the materials were carried out by 

DSC. A Netzsch DSC-200PC instrument was used to study the thermal properties of the 

synthesised material. In DSC, the differences in the amount of heat required for increasing the 

temperature of the sample and the reference is measured as a function of temperature. The 

temperature scale of the DSC is calibrated from the melting point of Indium, and empty 

aluminum pans were used as reference. The sample placed in an aluminum pan and the dynamic 

heating was carried out at a rate of 5 or 10 °C/min from room temperature to beyond the Tm of 

the sample in a nitrogen atmosphere.  

2.3.3.2 Thermogravimetric analysis  

Thermogravimetric analysis (TGA) is performed to determine change in weight of a sample in 

relation to change in temperature. It is commonly employed to determine characteristics of 

materials such as polymers, degradation temperatures and absorbed moisture content of 

materials, the level of organic and inorganic components in materials, decomposition points of 

explosives and solvent residues. A high precision balance with a pan (generally platinum) loaded 

with the sample is placed in a small electrically heated oven with a thermocouple to accurately 

measure the temperature. Sample and reference are heated by a single source and the 

temperatures are measured by thermo couples embedded in the sample and reference, and 

attached to their pans. The weight loss corresponding to various temperatures is measured [19]. 

The inner atmosphere of the oven purged with an inert gas to prevent oxidation or other 

undesired reactions. The temperature is then raised gradually and weight loss is plotted against 

the temperature. The TGA of the samples were characterised in a nitrogen atmosphere at heating 

rate of 5 and 10 °C/min using TGAQ50, TA Instruments.   

2.3.4 Photophysical studies   

The study of photophysical properties including electronic excitation and emission of the 

material is of great interest for optoelectronic applications. In order to investigate the excitation 



47 

 

and emission behaviour of the material is carried out here by UV-Visible (UV-Vis) absorbance 

and photoluminescence (PL) spectra respectively, which is described in the following sections.  

2.3.4.1 UV-Vis absorbance spectroscopy 

UV-Vis absorption spectroscopy is the measurement of light when it is passed through a sample. 

The principle of UV-Vis spectrometer is based on the ability of molecule to absorb ultraviolet 

and visible light. In this technique, the absorption of light in the visible and its adjacent regions 

(near UV and IR) of the sample is measured. The absorption of light corresponds to the 

excitation of outer electrons in the molecules. In this region the atoms and molecules have the 

electronic transitions. The outer most electrons of the molecules get excited from the HOMO to 

LUMO energy levels when the molecules absorb the external energy. This UV-Vis absorption 

spectrometer deals that the electronic transition of materials from the ground state to excited state 

[21].  

 

Figure 2.7: Electronic energy levels and transition states [20] 

When a sample is exposed to UV-Vis-NIR light that matches the energy difference between 

possible electronic transitions within the molecule, a part of the light energy would be absorbed 

by the molecule and the electrons can be promoted from lower energy level to the higher energy 

level. This UV-Vis absorption spectrometer records the degree of absorption by the sample at 

different wavelengths and the resulting plot of absorbance against wavelength is called as 

absorption spectrum.   
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The electronic states of the molecule in the ground state contain two electrons of equal and 

opposite spin with each filled molecular orbital. One of these electrons in the highest filled π 

molecular orbital absorbs light, consequently, rise to the lowest unfilled π* molecular orbital 

energy level. Hence, the ground state bonding molecular orbitals can be excited into anti-

bonding molecular orbitals (see Figure 2.7). There are four types of transitions possible, such as, 

π-π*, n-π*, σ-σ* and n-σ* transitions. The energy required for various transitions are in the 

following order: σ-σ* > n-σ* > π-π* > n-π*. 

i) σ-σ* transition  

In this transition, an electron in the bonding σ orbital is excited to the corresponding anti-

bonding σ* orbital by absorption of electromagnetic radiation. Since σ bond is very strong, this 

type of transition is high energy processes.  

ii) n-σ* transition  

The n-σ* transition is observed in the saturated compounds having one heteroatom with 

unshared electron pairs. This transition requires lesser energy than that of σ-σ* transitions  

iii) π-π* and n-π* transitions 

Most of the organic compounds undergo π-π* and n-π* type of transitions. These transitions 

require the presence of an unsaturated functional group to π orbitals. 

In UV-Vis spectroscopy, a detector measures the intensity of light (I) after it has passed through 

a sample, and compares it with the initial intensity of light (I0) before it passed through the 

sample. The ratio I/I0 are known as the optical transmittance of the sample, and are typically 

presented as %T. The method is often used in a quantitative way to determine the concentrations 

of absorbing species in solution by using the Beer-Lambert Law as given Equation 2.1:  

A= log10 (I0/I) = εcl ------------------------------------------- (2.1) 

where, A is the absorbance, ε- the molar absorptivity (L mol-1cm-1), c- the concentration of the 

sample (mol L-1), and l is the length of cell (cm). UV-Vis absorption spectra of the samples were 
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recorded by UV-Vis optical spectrophotometer of ocean optics, model: DH-2000-BAL. The 

experiments were carried out with 1M concentration of the solution. The standard quartz cuvette 

of 10 mm optical path was used for spectroscopic studies.  

2.3.4.2 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is widely used nondestructive analytical method to 

investigate the emission behaviour of luminescent materials. Two simultaneous processes occur 

during PL measurements. In the first process, the light source is directed onto a sample, where it 

is absorbed by the sample, and the electronic transition takes place into the high energy levels, 

called as photo-excitation; meanwhile they will release energy in the form of photons as it 

relaxes and returns to lower energy level. The emission of light through this process is known as 

photoluminescence.  

Excitation by absorbance of a photon in luminescent material leads to a major class of 

technically important luminescent species, which can be either fluorescence or phosphorescence. 

The pair of electrons occupies the same electronic ground state with opposite spins and said to be 

in a singlet spin state. When the sample absorbs UV or visible light, one of the valence electrons 

moves from the ground state to an excited state with a conservation of the spin of electrons. 

Following this process, emission takes place and the emission of photon from the singlet excited 

state to the singlet ground state is called as fluorescence. Thus, the fluorescence decays rapidly 

once the source of excitation is removed. In some cases, an electron in a singlet excited state is 

transformed into a triplet excited state, in which its spin is no longer paired with the ground state. 

The emission between a triplet excited state and a singlet ground state is called as 

phosphorescence. Therefore, the phosphorescence may continue for some time after eradicating 

the excitation source. The PL spectra are recorded by measuring the intensity of emitted 

radiation as a function of emission wavelength. It is used to characterize a given luminescent 

material by recording its excitation and emission wavelength. Therefore, the quantity of PL 

emitted from a material is related to the relative amount of radiative and non-radiative 

recombination rates. The PL spectra of the materials were recorded with a Shimadzu RF-5301PC 

fluorescence spectrophotometer.  
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2.3.4.3 Time-resolved fluorescence spectroscopy  

Time-resolved fluorescence (TRF) spectroscopy is an important study for the characterization of 

fluorescence lifetime measurements. In this technique, the fluorescence of a sample is monitored 

as a function of time after excitation by a flash of light. The time resolution can be obtained in a 

number of ways, depending on the required sensitivity and time resolution. It is able to resolve 

the important physical actions in real time scales, including shorter detection time with better 

resolution. Luminescence lifetime plays a key role in determining the performance of 

luminescence of material. Fluorescence lifetime is the time spent by a fluorophore in the excited 

state before returning to the ground state by emitting a photon. Luminescence lifetime of the 

material is studied by an Edinburgh FL920 time-correlated pulsed single-photon-counting 

instrument. Moreover, the repetition rate of pulse was 1 MHz and excitation pulse width was less 

than 200 ps using diode LASER for all experiments. The instrumental response function (IRF) 

was used as 200 ps for the lifetime measurements characteristics.  

2.3.5 Electrochemical analysis  

Cyclic voltammetry (CV) is a dynamic electrochemical method to investigate the 

electrochemical behaviour as well as to estimate the energy values. Electrochemical properties of 

materials were analysed using CV, while electrochemical behaviours of materials were 

investigated in three electrode cell systems. Platinum wire and platinum foil were used as 

working and counter electrode, respectively. Non-aqueous Ag/Ag+ electrode was used as 

reference electrode. A 0.1M of tetrabutylammonium perchlorate (TBAP) dissolved into 

dimethylformamide (DMF) at a scan rate of 0.1 Vs-1, which was used as an electrolyte solution 

and ferrocene (Fc) as an internal standard. Current is measured and a plot of current density as a 

function of potential is obtained. The characteristic peaks in the CV are caused by the presence 

of the diffusion layer near the electrode surface. A typical CV analysis generally starts at low 

potentials where no redox reactions occur in anodic direction. The current flowing at the solution 

interface/working electrode is monitored as a function of the applied potential. Both quantitative 

and qualitative data may be obtained and the technique finds particular use in preliminary studies 

of new systems. The cyclic voltammogram shows the potentials at which oxidation and reduction 
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processes occur, the potential range over which the solvent is stable, and the degree of 

reversibility of the electrode reactions. Furthermore, repeated cycling reveals the electrochemical 

stability of electroactive species. The electrochemical behaviour of the prepared ligands and 

metal complexes were performed using CH Instrument electrochemical analyzer: Model 

CHI6005D.   

2.4 Fabrication and characterization of OLED device  

2.4.1 ITO substrate cleaning  

The ITO substrates were cut as per the requirement of the device fabrication, then ultrasonically 

cleaned with the deionized water, followed by washing in acetone and methanol for 10 minutes 

respectively. The ITO substrates were then oven dried for 20 minutes to remove residual water 

vapor and volatile contaminants at around 80–90 °C. These cleaned ITO substrates were either 

stored under vacuum in a desiccator or moved to vacuum evaporation system for the deposition.  

2.4.2 Oxygen-plasma treatment  

Work function (WF) of the ITO substrate is very important for OLED fabrication as it 

determines the energy barrier between the anode and HTL. The energy barrier between the ITO 

and HTL should be minimal to allow hole injection, which means that the ITO work function 

must be as large as possible. The WF of ITO can be easily controlled by plasma treatment 

process.  

 

Figure 2.8: Thermal vapour deposition chamber inside: (a) before creating plasma, (b) when plasma occurs 
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This plasma treatment removes the hydrocarbons that lower the ITO work function. In this 

present work, oxygen plasma is used for the ITO substrate treatment. The oxygen plasma cleans 

organic and some inorganic contaminants from the ITO film and induce surface dipoles that 

increase the work function. Figure 2.8(a) shows the digital image of inside the thermal vapour 

deposition chamber. Plasma is created inside the vacuum chamber when it maintains the critical 

pressure of oxygen of 0.050 to 0.080 mbar with a current of 35 A (see Figure 2.8 (b)). Plasma 

intensity is increased while increasing the applied current. This plasma is very useful in treating 

the surface of the TCO coating and eventually, the work function of the TCO can be modified. 

The work function of ITO substrate can be increased from 4.7 eV to 5.0 eV so that it reduces the 

energy barrier for hole injection at the interface between ITO and HTL and improves the device 

driving voltage, efficiency and lifetime. 

2.4.3 OLED device structure  

For OLED fabrication, a conducting film of poly(3,4-ethylenedioxythiophene) doped with poly 

(styrenesulfonate) (PEDOT:PSS) was spin coated at 2000 rpm after oxygen plasma exposure of 

cleaned ITO-coated substrate, followed by annealing at 120 ˚C for 5 minutes. The active layer of 

electroluminescent material was deposited by thermal evaporation. 

 

Figure 2.9: OLEDs device structure 
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This device has taken from the chamber and mask to choose the active area for luminescence, 

where the device emits the light. The cathode aluminum was thermally evaporated through a 

shadow mask. Al (100 nm) electrode was deposited by thermal evaporation on top of this active 

layer. The ITO and Al were used as anode and cathode respectively, for all devices. The 

thickness of lithium fluoride (LiF) of 1 nm was inserted between electroluminescent active layer 

and Al cathode, so as to act as an electron buffer layer. In the present work the small molecules 

are normally prepared by thermal evaporation of the thin film layers in a high vacuum chamber 

(<10–6 mbar). The thickness of layers can be accurately controlled by a thickness monitor placed 

in the vicinity of the substrate. Figure 2.9 shows the bilayer structure of OLEDs. Triaxial probe 

station electrical measurements were performed on Keithley 2636 source measure unit with a 

current compliance setting at 100 mA.  

2.4.4 Electroluminescent measurement 

Electroluminescence studies are used to quantify the wavelength and intensity of luminescence 

emitted from a material or a device as a result of applied potential. The photon emission was 

measured using HR4000 spectroradiometer (Ocean optics Pvt. Ltd) as shown in Figure 2.10. 

 

Figure 2.10: Digital image of electroluminescent set-up consisting of regulated DC power supply (Aplab Pvt. 

Ltd) and HR4000 spectroradiometer 

The measurement of photons with integrating sphere, the standard light sources of Deuterium 

and Halogen has been used to evaluate the device emission. In general, spectroradiometer is used 
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to monitor the spectral power distribution from a source. The spectral data can be used to 

calculate various parameters such as colour temperature, CIE (International commission on 

illumination) coordinates, irradiance and absorbance. It encompasses various components, first 

collection of light (by cosine corrector or fiber optics); usually it is achieved by employing a 

diffusing material on the top of the instrument. Then, it is delivered to monochromator, where 

light is spectrally resolved to their wavelength and intensity. After the dispersion, the light 

corresponds to particular wavelength is passed to photo detector where radiation is converted 

into electric signals. An important role of spectroradiometric measurement is the calibration of 

measured intensity with standard irradiance. Therefore, it gives a way to quantify the output of 

the spectroradiometer in terms of physical unit either Lumen or Candela.  
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CHAPTER 3  

Synthesis, photophysical, thermal and electrochemical properties of 4′-aryl 

substituted 2,2′:6′,2′′-terpyridine derivatives 

This chapter discusses the design, synthesis and characterization of the three 4’-aryl substituted 

terpy derivatives (C-1–C-3) in a single pot reaction. Structural, photophysical, electrochemical 

and thermal properties of the materials have also been investigated. In addition, the thermal 

stability, morphological analysis and fluorescence lifetime of all the three derivatives were also 

discussed. This chapter also describes the significant emission in the blue region (380–440 nm) 

and fast fluorescence lifetimes of the derivatives. The 3,4,5-trimethoxy-phenyl-substituted 

terpyridine derivative shows a high red shift with respect to 4-methylphenyl and 2-furyl-

substituted terpy derivative. The calculated HOMO and LUMO values suggest that the 

synthesised three terpy derivatives favour electron-transporting and fluorescent emitter to design 

blue fluorescent OLEDs 

3.1 Introduction  

Fluorescent organic light-emitting diode is a type of OLED, in which the electroluminescence 

(EL) originates from the fluorescence of organic materials [1–3]. Solid-state device applications 

require a novel emissive material, especially in the blue wavelength range [4–5]. Several families 

of luminescent materials have been screened for this purpose [6–8]. In comparison to analogous 

systems, such as 2,2'-bipyridine (bpy) and 1,10-phenanthroline (phen), which captured early on 

the attention in coordination chemistry, 2,2′:2′′,6′-terpyridine (terpy) derivatives gained 

significance in coordination and supramolecular chemistry due to their technical merits over the 

last few decades [9–11]. The terpy is a molecule with three pyridine rings connected together 

through α-positions of the nitrogen ring. Morgan et al. first reported its synthesis in 1932 [12]. 

The terpy acts as a tridentate nitrogen donor ligand and seldom as bi- or mono-dentate nitrogen 

donor. The presence of nearly coplanar three-nitrogen donor atoms in the molecule dramatically 

increases its metal-binding capacity in comparison to bi- and mono-nitrogen aromatic ligands 

[13].  
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The blue-emitting organic materials are important in preparing the solid-state lighting 

applications. However, their availability is still scarce compared to that of green- and red-

emitting materials because of their intrinsic wide band gap, and hence the difficulty to prepare 

them [14]. Li et al. studied the phosphorescent-host mixed blue emission to improve the 

efficiency and lifetime of blue-emitting devices [15]. Nevertheless, the design of blue 

phosphorescent materials is still under way. On the other hand, blue-emitting OLEDs based on 

fluorescent materials are among the easiest to design [16]. Wang and others report that 

arylimidazol-fused phenanthroline derivatives exhibited fast electron transport and injection in 

blue light-emitting devices. However, the strong aggregation tendency of the materials not only 

leads to the red shifting of their emission spectra, but also to deterioration in the performance of 

the device [17–19]. Nevertheless, a few reports suggest the application of terpy and its 

derivatives as efficient and stable organic fluorescent blue emitters [20–23]. Hence, it is 

necessary to study and understand the thermal stability, photophysical properties and 

electrochemical activity of the aryl substituted terpyridine ligands to fabricate blue fluorescent 

OLEDs. Therefore, the design and synthesis of novel luminescent materials and understanding of 

their photophysical properties are very important in designing the blue fluorescent OLEDs [24–

28]. Thus, intensive efforts, especially on blue fluorescent materials, are under way to further 

improve the OLEDs technology.  

In this chapter, various aryl substituted terpy derivatives for blue fluorescent OLED applications 

are discussed. In this context, synthesis of three terpy derivatives were carried out, namely, (i) 

4’-(4-methylphenyl)-2,2’:6’,2’’-terpyridine, (ii) 4’-(2-furyl)-2,2’:6’,2’’-terpyridine, and (iii) 4’-

(3,4,5-trimethoxyphenyl)-2,2’:6’,2’’-terpyridine in a single pot reaction through the formation of 

an intermediate and studied their photophysical, electrochemical and thermal behaviour for 

fluorescent application. To the best of our knowledge, there has been no clear understanding of 

electronic excitation, emission and thermal properties of terpyridine and its functional groups. 

The direct attachment of the 2-furyl and 3,4,5-trimethoxy phenyl groups to the 4’-position of 

terpy causes the red-shift compared to 4-methyl substituted terpy. This is due to the smaller 

reorganization of energy associated with the charge transfer (CT) transition in the derivatives. 

This study indicates that terpy derivatives are not only electron-transporting material, but are also 
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an excellent choice for blue fluorescent emitter to design blue fluorescent OLEDs applications. 

In subsequent sections, their synthesis and characterization are discussed. 

3.2 Experimental  

3.2.1 Procedure for the synthesis of 4’-aryl substituted 2,2’:6’,2’’-terpyridines 

2-acetylpyridine (1.4 mL, 5 mmol), aqueous solution of KOH (2 mL, 15%), and aqueous NH3 

solution (20 mL, conc.) were added to a mixture of aldehyde (4-methylbenzaldehyde (0.29 mL, 

2.5 mmol), 2-furaldehyde (0.20 mL, 2.5 mmol)) and 3, 4, 5-methylbenzaldehyde (0.3924 g, 2.5 

mmol)) and ethanol (100 mL) in turn. The resulting mixture was reflux for 36 hours, and then 

cooled to room temperature. The off-white solid was collected by filtration and washed with ice-

cold ethanol (10 mL). Pure white solids were obtained after recrystallization. Scheme 3.1 shows 

the synthesis of terpy derivatives in a single pot reaction. 

 

 

Scheme 3.1: Synthetic procedure for the preparation of 4’-aryl substituted terpy derivatives  
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3.2.2 4’-(4-methylphenyl)- 2,2’:6’,2’’-terpyridine: C-1 

Yield: 50%, Tm. 167 °C, Anal. Calcd for C22H17N3: C, 81.71; H, 5.30; N, 12.99. Found: C, 81.69; 

H, 5.37; N, 12.87. IR: ν = 3048 (w), 3013 (w), 2968 (w), 1602 (w), 1583 (s), 1565 (m), 1465 

(m), 1385 (m), 1111 (w), 1073 (w), 1038 (w), 821 (m), 789 (s), 742 (w), 732 (s), 682 (m), 658 

(m), 620 (m) cm–1. 1H NMR (300 MHz, CDCl3): δ = 2.44 (s, 3 H), 7.33 (d, J=7.8 Hz, 2 H), 7.35-

7.38 (m, 2 H), 7.84 (d, J=7.8 Hz, 2H), 7.89 (m, J=1.8 Hz, 2 H), 8.68 (d, J= 7.8 Hz, 2 H), 8.75 (d, 

J=3.6Hz, 4 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 21.29, 118.71, 121.45, 123.81, 127.16, 

129.67, 135.41, 136.99, 139.13, 149.00, 150.20, 155.73, 156.23 ppm. MS (ESI, m/z): 323.21 [M 

]+.  

3.2.3 4’-(2-furyl)-2,2’:6’,2’’-terpyridine: C-2 

Yield: 50%, Tm. 224 °C, Anal. Calcd for C19H13N3O: C, 76.24; H, 4.38; N, 14.04. Found: C, 

76.62; H, 4.58; N, 14.24. IR: ν = 3042 (w), 3021 (w), 2931 (m), 1577 (w), 1512 (s), 1461 (m), 

1383 (m), 1312 (m), 1118 (w), 1009 (w), 1038 (w), 821 (m), 719 (s), 647 (w), 615 cm–1. 1H 

NMR (300 MHz, CDCl3): = 7.07 (s, 2 H), 7.34-7.38 (m, 2 H), 7.85-7.91 (m, 2H), 8.66 (d, 4H), 

8.73 (d, 3H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 56.48, 61.01, 104.70, 118.67, 121.47, 

123.89, 134.49, 136.94, 149.10, 150.57, 153.64, 155.89, 156.23 ppm. MS (ESI, m/z): 299.34 

[M]+. 

3.2.4 4’-(3,4,5-trimethoxyphenyl)-2,2’:6’,2’’-terpyridine: C-3 

Yield: 61%, Tm. 187 °C, Anal. Calcd for C24H21N3O3: C, 72.16; H, 5.30; N, 9.69. Found: C, 

72.69; H, 5.37; N, 9.67. IR: ν = 3080 (w), 2950 (w), 1686 (m), 1577 (s), 1544 (w), 1505 (m), 

1461 (w), 1370 (m), 1106 (w), 1009 (m), 912 (w), 796 (m), 726 (s) cm–1. 1H NMR (400 MHz, 

CDCl3) δ: = 3.92 (s, 3 H), 3.99 (s, 6 H), 7.06 (s, 1H), 7.26 (s, 1H), 7.34-7.37 (m, 4H), 7.84-7.90 

(m, 3H), 8.67 (d, 7.8 Hz, 2 H), 8.72 (d, 2 H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 56.49, 

60.99, 104.78, 118.89, 121.44, 123.84, 134.57, 136.88, 139.06, 149.10, 150.57, 153.65, 155.91, 

156.26 ppm. MS (ESI, m/z): 399.72 [M ]+. 
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3.3 Results and discussion 

Terpy derivatives were synthesised according to modified literature procedure as shown in 

scheme 3.1 [29]. In this study, potassium hydroxide was used as the base. A diketone 

intermediate was obtained during this reaction, which was added with 28–30% ammonia solution 

and refluxing for 36 h, resulting in crude terpyridines (crude yield 57–65%). After crystallization 

of the impure terpyridines from CHCl3:Et2O (1:1), pure terpyridine was obtained in 50–61% 

yields. These compounds are stable in air, they were obtained in good yields and characterised 

by analytical and spectroscopic methods (FTIR, 1H, 13C-NMR and ESI-MS) (Figure A1.1−A1.6, 

Appendix A). The analytical data of the complexes agreed well with the proposed molecular 

formulae. 

3.3.1 UV–Vis absorbance spectra  

The UV–Vis absorbance spectra of the synthesised terpy derivatives were studied in 

dichloromethane (DCM) and are shown in Figure 3.1. The absorption spectra of all terpy 

derivatives exhibit broad absorption bands between 240 and 330 nm.  

 

Figure 3.1: UV–Vis absorbance spectra of terpy derivatives (C1–C3) in DCM. Inset: enlarged the absorbance 

spectrum of C-2.   
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These absorption bands were due to strong π–π* transitions of delocalized π electrons in the 

terpy derivatives [30–31]. These are the vibronic bands transitions. All terpy derivatives show 

three absorption peaks, where absorption peaks of C-1 and C-2 occurs in same wavelength 

region as 244, 270, and 308 nm. However, compared to C-1 and C-2, the maximum absorption 

peaks of C-3 shifted towards longer wavelength (red-shift) and noticed at 246, 272 and 309 nm. 

This is because of π–π* transitions dominate in compound C–3 [32–34]. An additional peak for 

C-2 has also been observed at 358 nm. Compound C-3 exhibits a modest red-shift due to 

presence of more electron donating methoxy groups that increase the amount of delocalization, 

and hence low energy absorption. Photophysical properties of the synthesised terpy derivatives 

in DCM were characterised by UV-Vis absorbance spectra, PL spectra and fluorescence lifetime 

characterization at room temperature as summarized in Table 3.1. 

Table 3.1: Photophysical and thermal data of terpy derivatives 

Compounds 

Absorption 

λmax (nm) 

Emission 

(PL) 

λmax (nm) 

Emission 

(Fluorescence) 

λmax (nm) 

Fluorescence 

Lifetime (ns) 
Tm

 (°C) 

C-1 244, 270, 308 386 406 0.35 167 

C-2 244, 270, 308 405 415 1.55 224 

C-3 246, 272, 309 440 471 0.29 187 
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3.3.2 Photoluminescence studies  

 

Figure 3.2: Photoluminescence spectra of terpy derivatives at solution (a) state and thin film (b) recorded at 

an excitation wavelength of 308 nm.  

Figure 3.2 shows the PL spectra of the terpy derivatives studied at the excitation wavelength of 

308 nm. 1 M concentration was used for the emission study with the 10 ms integration time and 

standard excitation powers for all terpy derivatives. It depicts the emission band that occurs in 

the visible region of the electromagnetic spectrum. The maximum emission peaks were observed 

at 386, 405 and 440 nm for C-1, C-2 and C-3, respectively. Trimethoxyphenyl substituent on 

terpyridine has wide broadened emission spectrum (365–600 nm) compared to that of 

methylphenyl and 2-furyl substituent on terpyridine (365–525 nm). The presence of stronger 

electron donor group has resulted to the bathochromic shift in the blue region as confirmed by 

UV–Vis absorption spectra [35–37]. Among all the three compounds, C-3 exhibits a longest 

emission observed at 440 nm. From the above results, it can be concluded that terpy derivatives 

are good photoluminescent materials with red-shifted emission when adding the electron-

donating functional groups at the 4’-position of the terpy. 
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3.3.3 Fluorescence lifetime characterizations 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Fluorescence lifetime decay curves for (a) C-1, (b) C-2 and (c) C-3. The emission wavelength was 

406 nm for C-1 and C-2; and 468 nm for C-3 

 Luminescence lifetime plays a key role in determining the performance of luminescent 

materials. Fluorescence lifetime is the time spent by a fluorophore in the excited state before 

returning to the ground state by emitting a photon [38]. The luminescence decay curves of terpy 

derivatives are shown in Figure 3.3. The luminescent lifetime is measured by 1/e point of the 

decay curve with the exponential decay: I = I0e-t/τ, where I0 is the intensity (when t = 0), t is time 

after the absorption, and τ is lifetime of the flurophores. The measured life times of C-1 and C-2 

at the emission wavelength of 406 nm were 0.35 and 1.55 ns respectively, whereas C-3 showed 

the fast life time of 0.29 ns at the emission wavelength of 468 nm. The excitation wavelength 

was 308 nm for the three terpy derivatives.  
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3.3.4 Differential scanning calorimetry analysis  

Thermal stability of terpy derivatives were examined using DSC under nitrogen atmosphere as 

shown in Figure 3.4. The samples were heated up from room temperature to beyond the melting 

temperature at the scanning rate of 10 ºC min–1. DSC thermogram of all three terpy derivatives 

showed an endothermic peak, which indicates the Tm of the samples. The observed melting 

temperatures were 167, 224 and 187 ºC for C-1, C-2 and C-3, respectively, as listed in Table 3.1. 

It was observed that C-2 is more stable than that of C-1 and C-3, which can be due to the strong 

aromatic interaction between 2-furyl and terpyridine. The sharp melting points indicate that the 

synthesised terpy powders were of high purity [39, 40]. In DSC, no obvious Tg were observed 

for any of the three terpy derivatives, indicating non-amorphous nature of the compounds.  

 

Figure 3.4: DSC plots of terpy derivatives with the scanning rate of 10 ºC min–1 
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3.3.5 Electrochemical analysis 

Cyclic voltammetry (CV) is a dynamic electrochemical method to investigate the 

electrochemical behaviour as well as to estimate the HOMO and LUMO energy levels. The 

electrochemical properties of terpy derivatives were analysed using CV in the potential range of 

−2.0 to +2.0 V in 0.1 M tetrabutylammonium perchlorate (TBAP)/ dichloromethane solution at a 

scan rate of 0.1 Vs-1 as shown in Figure 3.5. All terpy derivatives showed reversible redox 

process, indicating that the derivatives are electrochemically active [41]. The values of HOMO 

and LUMO levels of three compounds were calculated according to the empirical formula and its 

corresponding electrochemical data are listed in Table 3.2. EHOMO = − (Eox + 4.40) eV and ELUMO 

= − (Ered + 4.40) eV respectively, where Eox and Ered are oxidation and reduction peak potential, 

respectively. 

 

Figure 3.5: Cyclic voltammogram of terpy derivatives at the potential between -2.0 V to +2.0 V in 0.1 M 

TBAP/DCM solution at scan rate of 100 mVs-1 

Electrochemical band gap (Eg) of the material was calculated by determining the difference 

between EHOMO and ELUMO [42]. HOMO energy levels of C-1, C-2 and C-3 were calculated as 

5.96, 5.86 and 6.08 eV respectively, measured from the oxidation peaks of the compounds. 
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LUMO energy levels of C-1, C-2 and C-3 were evaluated to be -3.01, -3.04 and -3.06 eV, 

respectively. The Eg of the materials were estimated to be 2.95, 2.82 and 3.02 eV for C-1, C-2 

and C-3 respectively. It was observed that HOMO energy levels increased from 5.96 eV to 6.08 

eV and the LUMO energy values are in the range of 3.01 eV to 3.06 eV. These modulations of 

HOMO levels are confirming that the terpy derivatives are electron rich in nature. The calculated 

band gap values of the terpy compounds have reasonable agreement with recently reported by 

Wan et al. for fluorenyl anthracene [43]. From the Eg and HOMO-LUMO values, it is 

noteworthy to propose that synthesised terpy derivatives can be effectively used as blue emitters 

in fluorescent OLED applications [44, 45].  

Table 3.2: Electrochemical data of terpy derivatives 

Compounds Eox (V) Ered (V) 

HOMO 

(eV) 

LUMO 

(eV) 

Electrochemical 

band gap (Eg) (eV) 

C-1 1.57 -1.38 5.96 3.01 2.95 

C-2 1.47 -1.35 5.86 3.04 2.82 

C-3 1.69 -1.33 6.08 3.06 3.02 

 

3.3.6 Scanning electron microscopy 

Surface morphology of the synthesised terpy compounds were analysed by field emission 

scanning electron microscopy (FE-SEM), as shown in Figure 3.6. Before scanning the samples in 

SEM, the samples were coated with gold sputtering coating of about 10 nm to avoid the 

discharge. Imaging was performed at electronic high tension (EHT) values between 2.0 and     

5.0 kV. SEM micrograph of C-1 as shown in Figure 3.6 (a), exhibits smooth and hexagonal 

morphology. The powder has hexa symmetry at the edges around 80-100 μm in length (see 

Figure 3.6 (b)). The homogeneous distribution of C-3 derivative powder about 200 μm in length 

and less than 1 μm diameter sized rods are shown in Figure 3.6 (c); it shows that three terpy 

compounds have smooth morphology along their length, confirming consistancy of the rods 
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reported in literature that good crystaline nature materials give high luminescence quantum yied. 

Chen et al. suggested that luminescence of the materials increase with crystalline nature [46]. 

Further, it can be inferred from the SEM micrographs that the rods are well distributed without 

exhibiting formation like cluttering, and distortion.  

  

Figure 3.6: SEM images of (a) C-1, (b) C-2 and (c) C-3. Inset:  High magnification of C-3 

3.4 Summary  

This chapter reports the synthesis and characterization of 4’-substituted 2,2’:6’,2’’-terpyridine 

derivatives for blue fluorescent emitter OLEDs application. Their photophysical and 

electrochemical properties were investigated. The derivatives showed good thermal stability, 

significant emission in the blue region (380–440 nm) and fast fluorescence lifetime (0.35, 1.55 

and 0.29 ns for C-1, C-2 and C-3, respectively). The methoxy-substituted terpyridine derivative 

showed high red-shift with respect to methyl phenyl and 2-furyl substituted terpy derivatives in 

the blue region of electromagnetic spectrum. This may be due to a smaller reorganization energy 

associated with the charge transfer transition of trimethoxyphenyl, which is more applicable for 
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blue fluorescent emitters. The calculated HOMO and LUMO values of these derivatives can be 

used for electron-transporting and electroluminescent materials. 
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CHAPTER 4  

The transition from sky blue to deep-green fluorescent Zn(II)-based 4’-aryl 

substituted 2,2':6',2''-terpyridine complexes for OLEDs 

In this chapter, the design, synthesis and characterization of three novel 4’-aryl substituted blue-

to-green fluorescent Zn(II)-based terpy complexes (Zn(L1-L3)) have been described. The 

photophysical, thermal and electrochemical properties of these complexes have been thoroughly 

studied. In addition, the geometric optimisation and electronic structure of the complexes have 

been assessed by DFT. Dual characteristics of optical behaviour have also been observed, such 

as Zn(II) complexes exhibiting a deep blue-to-green fluorescence in crystalline form, while it is 

sky-to-deep blue in DMSO. The photophysical behaviour reveals the potential charge transfer to 

π–π* and n–π* states due to ILCT.  

4.1 Introduction 

In recent years, several types of organic and polymeric luminescent materials have been explored 

extensively for the fabrication of OLEDs as hole transport layers, electron injection-transport 

layers, dopants and hosts [1–4]. New luminescent materials are being explored for their attractive 

custom-tailored designs and versatility of synthesis [5–11]. To fabricate efficient white OLEDs 

requires the composition of three primary colours that include red, green, and blue emitters with 

equal stability, colour purity and high efficiency [12, 13]. Though red and green light emitters 

have been studied widely, the blue light emitters are relatively less studied because of their low 

highest-occupied molecular orbital (HOMO) energy levels and intrinsic wide band gaps, which 

hinder the charge transport between the adjacent layers in OLEDs [14, 15].  

To realize true solid-state OLEDs, research is being focused on developing new blue-emitting 

fluorescent materials. In previous chapter it was discussed about the photophysical, thermal and 

electrochemical properties of terpy ligands with various electron-donating substituents at 4’-aryl 

position in terpyridine [16–20]. However, such properties of these pristine organic luminescent 

materials need to be improved further to achieve better and more efficient fluorescent OLEDs. 

These issues can be overcome by integrating a metal with organic materials to form metal-ligand 
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coordination complexes, which enhance the performance of the OLEDs [21–23]. This can 

provide high stability and flexibility in the structural design of OLED applications and also 

unique optical and electronic properties [24].  Their unique properties, make these heavy metal 

ions, such as Pt(II), Os(II), Ir(III) and Pd(II), as suitable ligands to develop new 

electroluminescent materials [25–27]. Considering their abundance, cost-effectiveness, toxicity 

as well as easily tunable band gap, Zn(II) ions have been found to have more potential 

applications in OLEDs [28, 29]. In addition, the terpy derivatives of suitable substituents in the 

4’-position feature interesting photophysical and electrochemical properties, which can help in 

the formation of stable metal-organic coordination complexes. Further, metal orbitals in the 

excited state induce new photophysical behaviour [30]. The terpy is well known for its high 

binding affinity towards di- and trivalent metal ions to form octahedral coordination complexes 

[31]. Moreover, the photophysical properties of Zn(II) bis-terpy complexes can easily be altered 

by simply changing the substituent at the 4’-position of the ligand [32]. There are many reports 

on the synthesis and characterization of Zn(II)-based terpy complexes for luminescent 

applications [33]. Schlutter et al. studied the electro-optical properties of self-assembled metallo-

polymers containing electron-donating and electron-withdrawing Zn(II)-based bis-terpy 

derivatives. They observed emissions ranging from bright blue to orange, which are strongly 

dependent on the nature of the π-conjugated bis-terpy system [34]. Recently, Fu Tang et al. 

studied small molecules of tetraphenylethene for sky blue fluorescent OLED applications [35]. 

To the best of our knowledge, there has been no clear report of photophysical, thermal, and 

electrochemical properties of Zn(II)-based terpy and its functional groups given. Hence, recent 

research demonstrates that the synthesis of deep blue and green fluorescent materials for OLED 

applications with easy colour tunability and detailed studies of photophysical, thermal and 

electrochemical properties is still a challenge [36, 37]. 

This chapter details about the synthesis and investigation of three novel blue-to-green fluorescent 

Zn(II)-based terpy complexes for fluorescent OLED applications and their photophysical, 

thermal and electrochemical properties. Finally, a complex of a sky-to-deep blue fluorescence in 

DMSO and a deep blue-to-green luminescence in the crystalline states were synthesised 



74 

 

successfully. Therefore, these complexes can be utilized as electron transport and EL materials 

for both blue and green fluorescent OLED applications.  

4.2 Experimental 

4.2.1 Syntheses of Zn(II) complexes: Zn(L1-L3)  

The synthesis route of terpyridine ligands C1 and C2 was carried out in the early chapter and 

published elsewhere [20]. Ligand C3 was also synthesised using a procedure similar to that 

performed for ligands C1 and C2. The following section deals that the preparation of metal 

complexes.  

The complexes were prepared by the following method, an ethanolic solution (15 ml) of 

Zn(NO3)2·3H2O (0.24 g, 1.0 mmol) was added dropwise to a DCM solution (15 ml) of the 

terpyridine ligand (4-mephtpy, 0.32 g; 3,4,5-tmphtpy, 0.35 g; 1.0 mmol, 4-thptpy, 0.28 g; 1.0 

mmol) under vigorous stirring. The reaction mixture was refluxed for 6 hours to obtain a 

crystalline solid of the precursor complex and washed with ice-cold ethanol followed by diethyl 

ether and finally dried in a vacuum. Scheme 4.1 shows the synthetic route of Zn(L1-L3) 

complexes. 

4.2.2 [Zn(L1)2].NO3: [Zn(L1)] 

Yield: 79%, Tm. 384 °C, Anal. Calcd for C44H34N8O6Zn: C, 63.20; H, 4.10; N, 13.40. Found: C, 

63.31; H, 4.23; N, 13.52. IR (KBr): ν = 3102 (w), 2943 (w), 1602 (m), 1548 (w), 1471 (s), 1403 

(w), 1362 (m), 1281 (s), 1123 (m), 1007 (m), 886 (m), 832 (m), 787 (s), 719 (w), 672 (w), 653 

(m), 698 (m) cm–1. MS (ESI, m/z): 656.12 [M-2NO3]+.  

4.2.3 [Zn(L2)2].NO3: [Zn(L2)] 

Yield: 81%. Tm. 313 °C, Anal. Calcd for C48H42N8O12Zn: C, 58.33; H, 4.28; N, 11.34. Found: C, 

58.42; H, 4.23; N, 11.37. IR (KBr): ν = 3103 (w), 2943 (w), 2838 (m), 1602 (m), 1548 (w), 1471 

(s), 1402 (w), 1364 (m), 1271 (s), 1123 (m), 1007 (m), 886 (m), 832 (m), 787 (s), 719 (w), 677 

(w), 654 (m), 692 (m) cm–1. MS (ESI, m/z): 864.27 [M-2NO3]+. 
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Scheme 4.1: Synthetic route of Zn(L1-L3) complexes 
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4.2.4 Zn(L3)2].NO3: [Zn(L3)] 

Yield: 76%, Tm. 370 °C, Anal. Calcd for C38H26N8O6SRu: C, 57.91; H, 3.33; N, 14.22; S, 4.12. 

Found: C, 57.98; H, 3.38; N, 14.34; S, 4.12. IR (KBr): ν = 3748 (w), 3567 (w), 3077 (w), 1605 

(m), 1553 (m), 1465 (m), 1419 (m), 1419 (m), 1218 (w), 1010 (s), 848 (w), 776 (s), 717 (s), 684 

(m) cm–1. MS (ESI, m/z): 664.11 [M-2NO3]+. 

4.3 Quantum calculation of Zn(L1-L3) complexes 

The geometry optimization and electronic structure of the Zn(L1-L3) complexes were performed 

by the DFT using a B3LYP/def2-TZvP basis set with a Gaussion-09 program [37]. The frontier 

molecular orbitals (FMOs) along with the individual contributions of the Zn(II) complexes with 

fully optimized is shown in Figure 4.1. In FMOs, there is no charge contribution from Zn(II) to 

terpy ligands or vice-versa due to the filled d10 electronic configuration. Hence, the involvement 

of charge transfer is mainly due to intraligand (π–π*) charge transition (ILCT) states [38].  

In all the complexes, the HOMO energy level is mostly localized on the 4’- aryl substituent ring, 

whereas the LUMO energy is localized on the terpy ring. Therefore, the electronic excitations 

and emission processes of the Zn(II) complexes are mainly attributed to the π–π* transitions of 

the phenyl substituted terpyridine chromophores [39]. It has been observed that the molecular 

orbitals of Zn(II) are more stable as they are located on lower energy levels. In addition, the 

LUMO+1 and HOMO–1 orbitals of the three complexes are given in the appendix B information 

which further confirms the charge transfer processes in the complexes ( see Appendix B, B21.1–

B2.3).  
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Figure 4.1: Optimized geometry and electronic distribution of the frontier orbitals for Zn(L1-L3) complexes 

4.4 Results and discussion  

4.4.1 Photophysical properties  

The absorption spectra of the Zn(II) complexes in a DMSO solution are shown in Figure 4.2. The 

intense absorption bands of the three complexes were observed in the UV range between 240 and 

380 nm, and are due to the spin-allowed ILCT states with the absorption bands of the free 

ligands (see Table 4.1). Furthermore, in complexes Zn(L1) and Zn(L3) there were observed three 

maximum absorption peaks in the UV region; among them two absorption peaks at 273, and   

310 nm come under the same wavelength region and the third peak appeared in different 

wavelength regions as 343 and 351 nm for Zn(L1) and Zn(L3) complexes, respectively.  
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Figure 4.2: UV-Vis absorbance spectra of Zn(II) complexes in DMSO solution. Inset: digital photographs of 

the quartz cuvette showing fluorescence of (a) Zn(L1), (b) Zn(L2) and (c) Zn(L3) in DMSO solution after 

exposing the solution to UV radiation 

These absorption peaks are mainly due to the ILCT of the π–π* and n–π* transitions. As 

expected, the electron-donating group of 2-thiophenyl at the 4’-position of the terpy ring in the 

Zn(L3) complex shifts towards the longer wavelength compared to the Zn(L1) complex, 

resulting in an 8 nm bathochromic-shift in the absorption spectrum. The absorption spectra of the 

Zn(L1) and Zn(L3) complexes are almost identical, which suggests that the same transitions take 

place in these complexes. However, the maximum absorption peaks of the Zn(L2) complex were 

observed at 287 and 327 nm due to the π–π* and the n–π* of the ILCT. Furthermore, an 

additional shoulder band was observed around 253 nm, and this is due to the n–π* transition of 

the terpy ligands. The absence of a third peak around 345 nm in the Zn(L2) complex could be 

accounted for by a forbidden energy transition between Zn(II) and a 3,4,5-trimethoxyphenyl 

substituent. The Zn(L2) complex shows a bathochromic shift that confirms its electron-donating 

nature when compared to  the Zn(L1) and Zn(L3) complexes, which can be further verified 

through the highest-occupied molecular orbital (HOMO) and the lowest-unoccupied molecular 

orbital (LUMO) energy levels of the complexes. Son et al. have studied a series of electron-

donating substituents in the 4’-position of the oxazolylphenolate ligand into the Zn(II) complexes 
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and reported that the electron-donating groups can induce a large red-shift in the emission 

spectrum [40]. This red shift of the absorption bands could be attributed to a decrease in the 

LUMO energy values of the complexes [41]. As reported in the literature, the contribution of 

Zn2+ ions appears to be distinctly negligible [42–44]. The charge transfer from Zn(II) to 

terpyridine MLCT can be excluded and hence it mainly originates due to the ILCT states. The 

variation of the first derivative of the optical absorption intensity with respect to the illuminated 

photon energy of the complexes rises to the optical band gap [see Appendix B, B2.4−B2.6]. The 

maximum derivatives of Zn(L1), Zn(L2) and Zn(L3) appear at 3.51, 3.54 and 3.40 eV, 

respectively (see Table 4.1). 

Table 4.1: Photophysical and fluorescence lifetime data of Zn(II) complexes at room temperature 

Complexes 
Absorption λmax 

(nm) 

Emission λmax (nm) Lifetime 

(ns) 

Optical band gap 

(Eg) (eV) Solution Crystalline 

Zn(L1) 273, 310, 343 386 473 6.23 3.51 

Zn(L2) 287, 327 450 535 3.98 3.54 

Zn(L3) 273, 310, 351 417 470 5.82 3.40 

 

4.4.2 Photoluminescence studies 

Figure 4.3 shows the PL spectra of the Zn(L1-L3) complexes in a DMSO solution recorded at 

room temperature with an excitation wavelength of 310 nm for the Zn(L1) and Zn(L3) 

complexes, whereas an excitation wavelength of 287 nm is used for the Zn(L2) complex. All the 

complexes show emission bands in the visible region of the electromagnetic spectrum. The 

maximum emission peaks were observed at 386, 450 and 417 nm for the Zn(L1), Zn(L2) and 

Zn(L3) complexes, respectively, as summarized in Table 4.1. The fine fitting plots of the PL 

spectra for the three complexes are shown in the Appendix B (Figure B2.7-B2.9). The 3,4,5-

trimethoxyphenyl substituent on terpy in the Zn(II) complex has a broader emission spectrum 

(365–600 nm) than the other Zn(II) complexes. This may due to the more electron-donating 
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nature of the 3,4,5-trimethoxyphenyl substituent on Zn(II) of the Zn(L2) complex. Hence the 

Zn(L2) complex has a comparatively higher electronic transition than the Zn(L1) and Zn(L3) 

complexes. Furthermore, it is to be noticed that the shoulder peaks observed at 508 nm for the 

Zn(L1) and Zn(L2) complexes are absent for the Zn(L3) complex. This non-appearance of the 

shoulder peak around 508 nm in the Zn(L3) complex may be attributed to the forbidden charge 

transition between the thiophenyl ring and the Zn(II) ion. These shoulder band emissions are the 

traces of electron delocalization that arise due to the presence of heavy metal ions in the 

complexes and are not contributed by the MLCT process. It is noticed that the addition of 

electron donor group to the Zn(II) complex increases the wavelength shift towards the higher end 

with a shift of 24 and 64 nm for the Zn(L3) and Zn(L2) complexes, respectively, with respect to 

the Zn(L1) complex. 

As already confirmed by the UV-Vis absorption spectra, the presence of the more electron-

donating nature of 3,4,5-trimethoxyphenyl in the Zn(L2) complex contributed more to a 

bathochromic shift. The electronic transitions of both the absorption and emission states persist 

by the ILCT process. It is confirmed that the MLCT process neglect and the observed transition 

should arise from the ILCT state only because Zn(II) is a closed-shell d10 ion, so that the 

interactions among the metal d orbitals can be ignored [45-46]. It can be concluded that the three 

Zn(II) complexes are excellent fluorescent emitters.  

For a further understanding of the emission properties of these complexes, experiments were 

carried out with the solid-state PL spectra which are compared with the solution state PL spectra 

as shown in Fig. 4.3 For the solid state PL spectra, the prepared Zn(II) complexes were recorded 

at room temperature with an excitation wavelength of 350 nm for the Zn(L1) and Zn(L3) 

complexes, whereas the excitation wavelength was 327 nm for the Zn(L2) complex. The 

observed maximum emission  
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Figure 4.3: PL spectra of Zn(L1-L3) complexes in solution state (a) and thin film (b) recorded at excitation 

wavelength of 310 nm for Zn(L1) and Zn(L3) complexes, whereas 287 nm used for Zn(L2) complex 

bands were at 473, 535 and 470 nm for the Zn(L1), Zn(L2) and Zn(L3) complexes, respectively 

(see Table 4.1). When the solid state PL spectra are compared with the solution PL spectra, the 

maximum emission bands of the solid state PL of the Zn(L1-L3) complexes is obviously red-

shifted by 87, 85, and 53 nm respectively with respect to the Zn(L1-L3) complexes in the DMSO 

solution. These significant red-shifted emissions depend on varying parameters like the planarity 

of a molecule (irregular arrangement in the crystalline state) and intermolecular forces such as π–

π* stacking and excimers [47]. 
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Figure 4.4: PL spectra of Zn(L1-L3) complexes; comparison of PL spectra for as prepared complexes with 

DMSO solution 

4.4.3 Thermal properties 

The thermal stability of a material is essential for optoelectronic applications, which are directly 

related to device performance such as efficiency, lifetime, etc. To study the thermal behaviour, 

the TGA and DSC measurements were carried out for the three Zn(II) complexes. The thermal 

decomposition (Td), melting temperatures (Tm), and glass transition temperatures (Tg) of these 

complexes were systematically studied. Figure 4.5 shows the DSC plots of the Zn(L1-L3) 

complexes under a nitrogen atmosphere where the samples were heated up from room 

temperature to slightly above their melting point at a scanning rate of 10 °C min−1. It is clear that 
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all the Zn(II) complexes show an endothermic peak, which depicts the melting point (Tm) of the 

complexes. The observed melting temperatures were 384, 313 and 370 °C for Zn(L1), Zn(L2) 

and Zn(L3), respectively [see Table 4.2]. The melting of the Zn(L1) and Zn(L3) complexes 

exhibits sharp endothermic peaks, whereas a broad endothermic peak images for the Zn(L2) 

complex. Among the three complexes, Zn(L1) has a higher Tm than the other two Zn(II) 

complexes. This high Tm can be due to the strong interaction of a 4-methylphenyl terpy with 

Zn(II) to form a thermally more stable Zn(L1) complex.  

 

Figure 4.5: DSC plots of Zn(L1-L3) complexes with the scanning rate of 10 °C min−1 under nitrogen 

atmosphere 

In the DSC thermograms, Zn(L1) and Zn(L3) show no signature of Tg and crystalline 

temperature (Tc). However, the thermogram of the Zn(L2) complex shows a small inflection 

(exothermic peak) at a low temperature of around 50 °C, which might be due to the presence of 

volatile substrate elimination. To clarify the traces of Tg in the Zn(L2) complex, experiment were 
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repeated at a slow scan rate of 5 °C min-1 and the same pattern was noticed as at 10 °C min-1 (see 

Appendix B, Figure B2.10). In conclusion, all the three complexes are thermally very stable as 

well as crystalline.  

Likewise, the TGA analyses of the three complexes are shown in Figure 4.6. It is noticed that no 

significant weight loss occurs at a low temperature and these complexes exhibit a good thermal 

stability with Td (thermal-decomposition temperature at a wt. % of 95 %) in the range of 287–

370 °C. The observed weight losses of 5% were 370, 287 and 350 °C for the Zn(L1), Zn(L2) and 

Zn(L3) complexes, respectively. The maximum rate of weight loss Td (thermal-decomposition 

temperature at a wt. % of 37%) occurs at 588 °C for Zn(L1) and Zn(L3), whereas the maximum 

rate of weight loss Td (thermal-decomposition at a wt. % of 55%) takes place at 588 °C for the 

Zn(L2) complex. Furthermore, 38 wt. % of the residue composed of zinc ash remained above 

590 °C for the Zn(L1) and Zn(L3) complexes. In conclusion, these Zn(II) complexes are greatly 

stable upon exposure to air and depicted high thermal stability in a nitrogen atmosphere.  

 

Figure 4.6: Thermogrvimetric analysis of Zn(L1-L3) complexes under nitrogen atmosphere 

4.4.4 Fluorescence life time measurements  

The lifetime of luminescence is an important parameter because the luminescent property of a 

material depends upon the luminescence lifetime. Figure 4.7 shows the fitted decay curve of 

Zn(L1-L3) complexes in DMSO by using the time-correlated single photon counting (TCSPC) 
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method under laser excitation at 402 nm with a 96.8 ps pulse width. The luminescence decay 

spectra of the three complexes were fitted by a single exponential decay function. The observed 

lifetimes are 6.23, 3.98 and 5.82 ns for Zn(L1), Zn(L2) and Zn(L3), respectively. The measured 

lifetime of the Zn(L1) complex is significantly longer than the other two Zn(II) complexes. It has 

been reported that the longer conjugation length in the ligand leads to a longer lifetime [48]. The 

short-lived fluorescence of Zn(L2) might be assigned to the strong intramolecular coupling 

interaction of trimethoxy flurophores which lead to the fast charge transfer process. The lifetime 

on the nanoseconds time scale indicates that the three complexes have the fluorescent character 

of the luminescence.  

 

Figure 4.7: Fluorescence decay spectra of Zn(L1) (a), Zn(L2) (b) and  Zn(L3) (c) complexes at the excitation 

wavelength of 402 nm with one-exponential fit residuals, χ2 = 1.003   
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4.4.5 Electrochemical analysis  

The electrochemical behaviour of the three Zn(L1-L3) complexes were studied by cyclic 

voltammetry (CV) measurement in a three-electrode cell system. Platinum wire and platinum foil 

were used as the working and counter electrodes, respectively. A non-aqueous Ag/Ag+ electrode 

was used as the reference electrode. 0.1 M of tetrabutylammonium perchlorate (TBAP) was 

dissolved in dimethylformamide (DMF) which was used as an electrolyte solution, and ferrocene 

(Fc) as an internal standard. Figure 4.8 shows the cyclic voltammogram of the Zn(L1-L3) 

complexes in the potential range of –2.2 to +1.0 V at a scan rate of 100 mV s-1. The detailed 

electrochemical properties of the three Zn(II) complexes are listed in Table 4.2. All the 

complexes show quasi-reversible reduction peaks and an onset reduction potential was observed 

in the range of –1.08 to −1.19 V. These reduction peaks are mainly attributed to the reduction of 

the terpy ligands within the complexes [49]. Owing to their electron-donating phenyl rings in the 

4’-position of the terpy ligand in the Zn(II) complexes, a featured distinct reduction potential is 

observed towards the negative potential side. As expected, no significant oxidation processes 

were observed in the anodic scans upto +1.0 V. In an account of the stable d10 electron 

configuration of the Zn(II) metal centers, it is difficult to observe the oxidation peak [50-51]. 

Hence, the estimation of the highest-occupied molecular orbital (HOMO) energy values and the 

electrochemical band gap for this material cannot be calculated directly from the electrochemical 

data. Therefore, the HOMO energy values are calculated by their optical band gaps (see Table 

4.1) and reduction potentials [52]. The LUMO energy levels are calculated from the onset 

reduction potentials with the reference energy level of ferrocene (4.8 eV below the vacuum 

level) as given by equation (4.1) [53]: 

   ----------- (4.1) 

Where, Eonset is the onset potential of reduction, and Eonset (Fc/Fc+) is the onset potential of 

ferrocene. The estimated LUMO energy levels are –3.13, –3.03 and –3.07 eV whereas the 

observed HOMO energy levels start from –6.47 to –6.64 eV for Zn(L1), Zn(L2) and Zn(L3), 

respectively. On the other hand, all the Zn(II) complexes show a central-ion structure such as 

two terpy ligands coordinated to a Zn(II) core, and the estimated HOMO energy levels are found 
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to have small variations as listed in Table 4.2. Therefore, the nature of the electron-donating 4’-

aryl substituent plays an important role in determining the electrochemical transition of the 

Zn(II) bis-terpy complexes. Moreover, the position of HOMO and LUMO energy levels for these 

Zn(II) complexes reveals the expected reasonable mobility of the electrons [54]. Furthermore, 

the observed significant red shift in the absorption bands (see Figure 4.1) of the complexes 

mainly originates due to the decrease of LUMO energy levels. Since the LUMO energy levels 

are related to the red shift in the UV-Vis absorption spectrum and the same are found in the 

Zn(II) complexes; this confirms the change in the LUMO levels. This assumption is further 

supported by the results of the density functional analysis.  

 

 

 

 

 

 

 

 

 

Figure 4.8: Cyclic voltammogram of Zn(L1-L3) complexes in the potential between −2.2 to + 1.0 V in 0.1 M 

TBAP/DMF solution at scan rate of 100 mV s−1 
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Table 4.2: Electrochemical and thermal properties of Zn(L1-L3) complexes 

Complexes Eonset
red(V) LUMO (eV) HOMO (eV) Tm (°C) Td (°C) 

Zn(L1) -1.08 -3.13 6.64 384 370 

Zn(L2) -1.11 -3.03 6.58 313 287 

Zn(L3) -1.19 -3.07 6.47 370 350 

 

Where, LUMO was measured from the onset of reduction potential. HOMO was calculated using 

LUMO and optical band gap energy. Tm - Melting temperature, Td - Thermal-decomposition 

temperature at a wt. % of 5%. The potential of Fc/Fc+ vs Ag/Ag+ electrode was measured to be 

0.20 V.  

4.4.6 Scanning electron microscope   

The surface morphology of the as-prepared Zn(II) complexes were analysed by SEM as depicted 

in Figure 4.9. Figure 4.9(a) shows a SEM micrograph of the Zn(L1) complex, where hexagonal 

structural-like particles are observed. The size of the particles ranges from 5 to 50 μm and the 

inset shows a clear hexagonal particle of Zn(L1). Figure 4.9(b) depicts the one-dimensional nano 

rod like structure of the Zn(L2) complex with the diameter ranging from 30 to 50 nm and the 

length being about a few micrometers. Moreover, an SEM image of the Zn(L3) complex as 

shown in Figure 4.9(c) and one-dimensional micro-rod structures with diameters of around 3 μm 

and about 25 μm length were noticed. The SEM images of the complexes reveal that the Zn(L2) 

complex has more surface area which could enhance the luminescent properties [55].  
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Figure 4.9: SEM images of (a) Zn(L1), (b) Zn(L2) and (c) Zn(L3) 

4.5 Summary   

In summary, a comprehensive investigation of the photophysical properties of the Zn(II) 

complexes were studied by varying electron-donating R substituents at the 4′-position of the 

2,2’:6’,2”-terpyridine ring. These complexes exhibit high thermal stability without any 

significant weight loss below 300 °C. All the complexes show good PL emissions in a DMSO 

the L2 substituent on the Zn(II) complex, especially, has a broadened emission spectrum ca. 365–

600 nm. The observed maximum emission wavelengths are 473 and 535 nm in solid state PL 

spectra for the Zn(L1) and Zn(L2) complex, respectively. The measurements of the excited state 

lifetime confirm that the potential charge transfer to the π–π* state of the ILCT state in the 

complexes is efficient. These observations imply that simply changing the terminal substituent 
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can lead to different optical properties such as a deep blue emission in Zn(L1) complex whereas 

Zn(L2) complex emits a deep green fluorescence. Although the devices using these complexes 

have not been demonstrated in this article and are beyond the scope of the current discussion, it 

is believed that the OLEDs based on them would exhibit a promising performance according to 

the current results and have potential electron-transporting properties from the terpyridine 

derivatives. The current work illustrates that with appropriately substituted ligands, Zn(II) 

complexes can generate long-lived fluorescence at room temperature, which is quite rare. Such 

molecules are of fundamental interest, yet are also poised for potential applications in 

optoelectronics and luminescence-based technologies. 
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CHAPTER 5  

Orange fluorescent Ru(III) complexes based on 4’-aryl substituted 2.2’:6’2” 

terpyridine for OLEDs application 

This chapter explores the design, synthesis and characterization of a class of organometallic 

complexes as a series of three novel 4’-aryl substituted orange-fluorescent Ru(L1-L3) complexes. 

Moreover, DFT outlines the geometric optimisation and electronic charge transition of these 

complexes. Photophysical studies describe that the luminescence of Ru(III) complexes is due to 

electronic transition between the energy levels of singly unoccupied molecular orbitals (SUMO) 

and singly occupied molecular orbitals (SOMO). It also exhibits the potential charge transfer to 

π–π* and n–π* states due to MLCT and ILCT processes of the complexes. The observed bands 

centered at 591 and 620 nm demonstrate that these emissions originated from the transition of 

SUMO to SOMO energy levels, that is, from the radiative decay from the doublet exciton. Due 

to the heavy metal effect of Ru(III) ions the photophysical behaviour depends on the MLCT 

process. This chapter conclude that the all three Ru(L1-L3) complexes are fallen orange 

emission. 

5.1  Introduction 

Currently, organometallic complexes are used widely to synthesize optoelectronic devices, such 

as organic solar cells and for OLEDs [1–5]. Transition metal-based organometallic complexes 

are of interest due to their versatile nature like ease of tuning the photophysical, electrochemical 

and magnetic properties [6–8]. These properties strongly depend on the oxidation states of the 

transition metal used in the complex. Among the various transition metals, ruthenium has gained 

interest in the preparation of organometallic complexes for OLED applications [9, 10]. 

Barthelmes et al. synthesised ruthenium-based terpy metal complexes and studied their 

photophysical and electrochemical properties [11]. Other research groups studied these and the 

thermal properties of Ru(II)-based pyridine complexes [12–14]. Many studies have been 

conducted on the synthesis and characterization of Ru(II)-based terpy complexes for luminescent 

applications [15–19]. Kelch et al. studied the spectroscopic and electrochemical behaviour of 

rod-like ruthenium (II) coordination polymers [20] and observed deep orange emissions, strongly 
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dependent on the nature of π-conjugated bis-terpy ligands. The spectroscopic and 

electrochemical properties of self-assembled metallo-polymers containing electron-donating and 

electron-withdrawing Ru(III)-based bis-terpy derivatives are still not clear [21, 22].   

The luminescence and redox properties of Ru(III) complexes are of great interest among the 

researchers  for their range of fundamental and practical applications [23–27]. Ru (III)-based 

terpy complexes exhibit a strong orange emission with a suitable solvent. These emission bands 

could be due to the MLCT process of the complexes [28–32]. The white light can be generated 

by mixing orange and blue emitters [33–35]. Heteroleptic ruthenium complexes have more 

advantages as functions of different groups can be integrated into one molecule. Such complexes 

usually consist of two ligands with easily substituting functional groups. It has been observed 

that the functional groups in the ligand introduce interesting photophysical and electrochemical 

properties to the complexes [36–39]. Researchers found that fluorine substitutions into the ligand 

can lower the HOMO energy level [40].  

Phosphorescence is frequently detected in Ru(III) complexes at room temperature, which is 

attributed to the low-lying MLCT excited states. It has both ligand-centered (LC) and MLCT 

charge transition process [41–43]. Extensive work has been carried out on dinuclear Ru(II) 

homo- and hetero-metallic complexes. In these complexes, the two metal centers are connected 

by an organic wire type bridge. The Ru(II)-based terpy complexes exhibit phosphorescence 

behaviour in a few microseconds, whereas Ru(III)-based terpy complexes exhibit similar 

characteristics in about a few nanoseconds [44–46]. Hence, the photophysical and 

electrochemical behaviour of Ru ion depend on the oxidation states; it’s interesting to study the 

oxidation states of Ru ion-based organometallic complexes [47–49]. A  lack  of  interest  in  the  

photochemical  behaviour of Ru(III) derivatives arises from observations that although their 

lowest excited  states are luminescent in glasses at low temperatures, they are essentially non-

emissive  and short-lived in solution at ambient temperature. It is necessary to introduce cyclo-

metallated ligands to complexes for luminescence in solution [50].   

In this chapter, the synthesis of a series of three new orange-fluorescent Ru(III)-based terpyridine 

complexes and their characteristics like photophysical, thermal and electrochemical for 
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fluorescent OLED applications are discussed. The introduction of electron-donor substituents 

onto a terpy ligand results in fluorescent emission at room temperature in Ru(III) complexes. 

These are reflected in the electrochemical properties with the electron-releasing substituents 

stabilizing the Ru(III) state and lowering the potential of the Ru(II)/Ru(III) couples.  

5.2 Experimental  

5.2.1 Syntheses of Ru(III) complexes (RuL1-L3)  

The synthesis of terpyridine ligands, such as C1 and C2, was discussed in Chapter 3 and 

published elsewhere [51]. Ligand C3 was also synthesised using a procedure similar to that 

performed for ligands C1 and C2. The following sections provide the details of preparation of 

metal complexes.  

The complexes were prepared following a general synthetic route. An ethanolic solution (15 ml) 

of RuCl3·3H2O (0.26 g, 1.0 mmol) was added dropwise to a dichloromethane solution (15 ml) of 

the terpyridine ligand (4-Mephtpy, 0.32 g; 3,4,5-tmphtpy, 0.35 g; 1.0 mmol, 4-thptpy, 0.28 g; 1.0 

mmol) with stirring. The reaction mixture was refluxed for 6 hours to obtain a crystalline solid of 

the precursor complex, which was filtered, washed with ice-cold ethanol followed by diethyl 

ether and finally dried in a vacuum. Scheme 5.1 shows synthetic route of (RuL1-L3) complexes.  

5.2.2 [Ru(4-Mephtpy)2]Cl3: [Ru(L1)] 

Yield: 67%, Tm. 425 °C, Anal. Calcd for C44H34Cl3N6Ru: C, 61.87; H, 4.01; N, 9.84. Found: C, 

61.69; H, 4.07; N, 9.87. IR (KBr): ν = 3379 (w), 3308 (w), 3075 (w), 1586 (m), 1508 (m), 1461 

(m), 1397 (m), 1306 (m), 1124 (w), 984 (s), 833 (m), 786 (m), 715 (s), 742 (w), 732 (s), 682 (m), 

658 (m), 620 (m) cm–1. MS (ESI, m/z): 784.18 [M-3Cl]+.  

5.2.3 [Ru(3,4,5-tmphtpy)2]Cl3: [Ru(L2)] 

Yield: 74%, Tm. 429 °C, Anal. Calcd for C48H42Cl3N6O6Ru: C, 57.29; H, 4.21; N, 8.35. Found: 

C, 57.31; H, 4.23; N, 8.37. IR (KBr): ν = 3379 (w), 3307 (w), 1586 (m), 1508 (m), 1397 (m), 

1351 (m), 1308 (w), 1162 (s), 1124 (m), 884 (m), 833 (s), 786 (w), 715 (s), 647 (m) cm–1. MS 

(ESI, m/z): 899.94 [M-3Cl]+  
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Scheme 5.1: Synthetic route of Ru(III) terpyridine complexes (RuL1-L3) 

 



99 

 

5.2.4 [Ru(4-thptpy)2]Cl3: [Ru(L3)] 

Yield: 68%, Tm. 471 °C, Anal. Calcd for C38H26Cl3N6SRu: C, 56.62; H, 3.25; N, 10.42; S, 3.98. 

Found: C, 56.69; H, 3.28; N, 10.47; S, 3.97. IR (KBr): ν = 3467 (w), 3056 (w), 3075 (w), 1595 

(m), 1527 (m), 1414 (m), 1419 (m), 1359 (m), 1237 (w), 838 (s), 780 (s), 716 (s), 626 (m), 658 

(m) cm–1. MS (ESI, m/z): 699.81 [M-3Cl]+.  

5.3 Quantum calculation of Ru(L1-L3) complexes 

Geometric optimization and electronic structure of the Ru(L1-L3) complexes were achieved by 

DFT using a B3LYP/def2-TZvP basis set employing Gaussion-09 program [52]. In addition, 

energy levels of the frontier molecular orbitals (i.e., HOMO, SOMO, SUMO, and LUMO) of 

three Ru(III) complexes were also obtained. The FMOs along with individual contributions of 

Ru(III) complexes were fully optimized as shown in Figure 5.1. FMOs have two types of charge 

transitions in the complexes MLCT and ILCT. MLCT can be attributed to charge transition 

between SOMO and SUMO energy levels of Ru ion. In ILCT, the charge transition takes place 

between SOMO/HOMO and the higher energy orbitals. This is mainly attributed to π–π* and n–

π* of terpyridine ligands [53–55].   

In all the complexes, the SOMO energy level is mostly localized on the 4’-aryl substituent ring, 

whereas the SUMO energy is localized between Ru ion and the terpy ring. Therefore, the 

electronic emission processes of all complexes are mainly attributed to the Ru(III) ions, such as 

transition from SUMO to SOMO, that is, the radiative decay takes place from the doublet 

excitons. The orange emission of the complexes is confirmed by PL spectra; the molecular 

orbitals of Ru(III) are more stable as they are located at lower energy levels. 
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Figure 5.1: Optimized geometry and electronic distribution of the frontier orbitals for Ru(III) terpy 

complexes (RuL1-L3) 
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5.4  Results and Discussion 

5.4.1 UV-Vis absorbance spectra  

The study of photophysical properties of Ru(III)-based terpy complex is of great interest to 

researchers because of their potential in optoelectronic applications. To investigate the influence 

of the electron-donating substituent on terpy of Ru(III) complex, its photophysical properties, 

such as UV-Vis absorption and PL spectra were evaluated. The UV-Vis absorption spectra of 

Ru(L1-L3) complexes in DMSO solution at room temperature are shown in Figure 5.2. All 

complexes exhibit high intense absorption bands (250−350 nm) in UV region and less intense 

absorption bands in the visible region (495–505 nm).  

 

 

 

 

 

 

 

 

 

Figure 5.2: UV-Vis absorbance spectra of Ru(L1-L3) complexes in DMSO  

The former are due to π–π* and n–π* of LC charge transition of terpyridine ligands and the latter 

to spin-allowed d–π* of MLCT transition process [56–58]. The shorter wavelength bands of the 

spectra are attributed to transitions from SOMO/HOMO to higher energy orbitals. Two 

maximum absorption bands were observed for Ru(L1) and Ru(L2) complexes, while one was 

observed for Ru(L3) complex in the UV region of electromagnetic radiation. The maximum 
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absorption peaks were observed at 275 and 308 nm for Ru(L1), 280 and 310 nm for Ru(L2) and 

290 nm for Ru(L3) complexes (Table 5.1). The bathochromic shifts of the maximum absorbance 

of 5 and 10 nm are seen for Ru(L2) and Ru(L3) complexes, respectively. The absence of second 

peak as expected around 310 nm in Ru(L3) complex could be due to the forbidden energy 

transition between Ru(III) and L3 ligand. In the absorption spectra, some bands are centered at 

approximately 495, 500 and 505 nm for Ru(L1), Ru(L2) and Ru(L3) complexes corresponding to 

the energy gap of 2.50, 2.48 and 2.46 eV, respectively, which are assigned to the electronic 

transition from SOMO to SUMO. The less intense and narrow absorption bands about 500 nm 

caused orange emission of these complexes. These bands could be due to d-d transition, which 

has been observed for similar ruthenium (IV) complexes [45, 59, 60]. These charge transition 

bands also depict the 5 and 10 nm bathochromic shift for Ru(L2) and Ru(L3) complexes, 

respectively. Hence, the electron-donating substituents of 3,4,5-trimethoxyphenyl and 4-

thiophenyl group on terpy would have caused the red shift of Ru(L2) and Ru(L3) complexes 

compared to Ru(L1) complex. No significant bands were observed for the metal-centered (MC) 

charge transition of all Ru(III) complexes.    

Table 5.1: Synthetic route of Ru(III) terpyridine complexes (RuL1-L3) 

Complexes 

Absorption (λmax) Emission 

(λmax) 

Optical 

band gap 

(eV) 

Fluorescence 

Lifetime (ns) 

Melting 

point (°C) 

LC MLCT 

Ru(L1) 275, 308 459 620 2.50 0.27 425 

Ru(L2) 280, 310 500 591 2.48 0.46 429 

Ru(L3) 290 505 591 2.46 0.52 471 
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5.4.2  Photoluminescence spectra  

The PL spectra were recorded on excitation at 310 nm for Ru(L1) and Ru(L2) complexes, while 

290 nm for Ru(L3) complex corresponds to the maximum absorption wavelength of the 

complexes. The PL spectra of Ru(L1-L3) complexes are shown in Figure 5.3. A summary of 

photophysical data of three complexes is presented in Table 5.1. The PL spectra show that the 

maximum emission bands are in the visible region of the electromagnetic spectrum. The dilute 

solution of Ru(III) complexes in DMSO shows a strong orange emission in the wavelength range 

starting from 591 to 620 nm. These emission bands could be due to the MLCT process of the 

complexes as confirmed by UV-Vis absorption spectra [61]. The absorption maximum of the 

spin-allowed MLCT band in the visible region for Os(terpy)2+ lies at the same wavelength as that 

of Ru(terpy) [60, 62–64]. 

 

Figure 5.3: PL spectra of Ru(L1-L3) complexes recorded at excitation wavelength of 310 nm for Ru(L1) and 

Ru(L2) complexes, whereas 290 nm for Ru(L3) complex in DMSO 

Further, the emission maximum band in the visible region for Ru(L2) complex lies at the same 

wavelength as that of Ru(L3) complex, but the emission maximum was observed at 591 nm. This 

could be due to the more covalent characteristic nature of the MLCT transition in the Ru(III) 

complexes [65]. Since Ru(L2) and Ru(L3) complexes have the same emission maximum bands it 

is believed that the same MLCT contributed for these two complexes too. The maximum 
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emission band was observed at 620 nm for Ru(L1) complex, and the shoulder peak was at 620 

nm for Ru(L2) complex. All these transitions take place in the lower energy transition from 

MLCT to the ground state [66]. In addition, the Ru(L2) complex has the broadened emission 

spectrum compared to Ru(L1) and Ru(L3) complexes in the visible region. This broad emission 

of the Ru(L2) complex could be due to the more electron-donating nature of the 3,4,5-

trimethoxyphenyl substituent (to terpy ligand on Ru(III)). The luminescence band of the Ru(L2) 

and Ru(L3) complexes was considerably shifted to the blue by 29 nm compared to Ru(L1) 

complex. Further, less-intense emission bands were observed at 367, 406 and 500 nm for 

Ru(L1), Ru(L2) and Ru(L3) complexes, respectively, probably due to charge transition between 

LC transitions of terpy ligands. The red shifts are consistent with the LC charge transition of the 

UV-Vis absorption maximum. The bands centering at approximately 591 and 620 nm 

demonstrate that the emissions originated from the transition of SUMO to SOMO, that is, the 

radiative decay from the doublet excitons.   

5.4.3 Cyclic voltammetry  

The redox properties of the Ru(L1-L3) complexes were studied by measurement with CV in a 

three-electrode cell system. Tetrabutylammonium perchlorate (TBAP) (0.1 M) was dissolved in 

acetonitrile (ACN) and used as an electrolyte solution with ferrocene (Fc) as an internal standard. 

Figure 5.4 shows the cyclic voltammogram of the Ru(L1) complex in the potential range 

between –1.4 and +2.0 V at a scan rate of 100 mV s-1. The electrochemical properties of the 

Ru(III) complexes are mainly dependent on the influence of Ru(III) ions and not of terpy ligands 

[67, 68]. Hence, the Ru(L1) complex was considered to discuss the electrochemical properties of 

the Ru(III) complex. All three Ru(III) complexes show a similar redox behaviour. The three 

redox couples have been observed in the potential range of 1.1 to −0.4 V for the Ru(L1) 

complex. The electrochemical data for the three Ru(III) complexes is listed in Table 5.2. Further, 

it has been noticed that the all complexes show a good reversible redox process.   
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Figure 5.4: Cyclic voltammogram of Ru(L1) complex in acetonitrile (vs.SCE). The process at about 0.25 V is 

due to ferrocene, added as a reference 

The cathodic peak CIII→II at a potential of 0.35 V and the anodic peak AII→III at a potential of  

0.55 V correspond to the reduction of Ru(III) to Ru(II) and the oxidation of Ru(II) to Ru(III), 

respectively [69]. Moreover, the second redox couple is associated with successive reduction of 

Ru(II) to Ru(I) (peaks CII→I at the potential of −0.40) and correspond with the oxidation of Ru(I) 

to Ru(II) (peaks AI→II at the potential of −0.22 V), respectively. The additional anodic peak at 

AIII→IV observed at a potential of 1.08 V could be attributed to the oxidation of Ru(III) to Ru(IV). 

This peak is associated with a cathodic peak potential of 0.75 V, which can be due to the 

reduction of Ru(IV) to Ru(III) [70]. 

5.4.4 Thermal properties   

The thermal properties of the three Ru(L1-L3) complexes are characterised by TGA and DSC 

analysis. The Td, Tg and Tm of these complexes were systematically studied. Figure 5.5 shows 

the DSC curves of the Ru(L1-L3) complexes under nitrogen atmosphere, while the samples were 

heated up from room temperature to slightly above their melting temperature at a scanning rate 

of 10 °C min−1. 
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It is observed that all the Ru(III) complexes have an endothermic peak, which shows the melting 

point of the complexes. The observed melting temperatures were 425, 429 and 471 °C for 

Ru(L1), Ru(L2) and Ru(L3) complexes, respectively. The melting point of the Ru(L1) and 

Ru(L3) complexes shows sharp endothermic peaks, whereas it is a broad endothermic peak for 

the Ru(L2) complex. Among the three Ru(III) complexes, Ru(L3) has a higher Tm than the other 

two Ru(III) complexes, and hence, Ru(L3) complex is thermally more stable [71]. The DSC 

thermograms of Ru(III) complexes show no signature of Tg and crystalline temperature (Tc). 

However, the thermogram of the Ru(III) complexes shows a small inflection (exothermic peak) 

at a low temperature, which could be due to the elimination of volatile substrate. In conclusion, 

all the three complexes are thermally very stable as well as crystalline [72].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: DSC plots of the Ru(L1-L3) complexes  

(a) 
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The observed degradation temperatures are 202, 310 and 210 °C for Ru(L1), Ru(L2) and Ru(L3) 

complexes, respectively (see Figure 5.6). Ru(L2) complex shows higher degradation temperature 

and thermal stability than the other two Ru(III) complexes [73]. It is observed that no significant 

weight loss takes place at low temperatures. Hence, these complexes exhibit a good thermal 

stability with Td (thermal-decomposition temperature at a wt.% of 95) in the range 250–313 °C. 

The observed weight losses of 5% were 250, 313 and 297 °C for the Ru(L1), Ru(L2) and Ru(L3) 

complexes, respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: TGA thermogram of Ru(L1-L3) complexes 

The maximum rate of weight loss Td (thermal-decomposition temperature at a wt. % of 39%) 

takes place at 590 °C for Ru(L2) complex. Moreover, around 70 wt. % of the residue composed 

of ruthenium ash and remained above 590 °C for the Ru(L1) and Ru(L3) complexes. Compared 

to the free ligand, the metal complexes revealed a significant increase in thermal stability, as can 
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be seen from the temperature onset of a 5% weight loss [74]. Hence, Ru(III) complexes are more 

stable on exposure to air and showed high thermal stability in nitrogen atmosphere.  

5.4.5 Fluorescence lifetime measurements  

The lifetime of luminescence is an important parameter as the luminescence property of a 

material depends on it [75]. Figure 5.7 shows the fitted decay curve of Ru(L1-L3) complexes in 

DMSO obtained by using the TCSPC method under laser excitation at 310 nm with a 96.8 ps 

pulse width. The luminescence decay spectra of the three complexes were fitted by a single 

exponential decay function. The observed lifetimes are 0.27, 0.46 and 0.52 ns for Ru(L1), 

Ru(L2) and Ru(L3), respectively. Hence, the measured lifetime of the Ru(L3) complex is 

significantly longer than the other two Ru(III) complexes.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Fluorescence decay spectra of Ru(L1) (a), Ru(L2) (b) and  Ru (L3) (c) complexes at the excitation 

wavelength of 310 nm with one-exponential fit residuals, χ2 = 1.002 
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It has been reported that the longer conjugation length in the ligand leads to longer lifetime [76]. 

The short-lived fluorescence of Ru(L1) might be assigned to the strong intramolecular coupling 

interaction of trimethoxy flurophores which lead to the fast charge transfer process. The lifetime 

on the nanosecond time scale indicates that the three Ru(III) complexes have the fluorescent 

character of the luminescence. 

5.4.6  Scanning electron microscope  

 

 

Figure 5.8: SEM images of (a) Ru(L1), (b) Ru(L2) and (c) Ru(L3) complexes 
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The surface morphology of the synthesised Ru(L1-L3) complexes was analysed by SEM as 

depicted in Figure 5.8. Figure 5.8(a) shows an SEM micrograph of the Ru(L1) complex, where 

cauliflower-like structural particles have been observed. The size of the particles ranges from 5 

to 10 μm and the inset shows a clear cauliflower-like structural particle of Ru(L1). Figure 5.8(b) 

depicts the cauliflower-like structure along with one-dimensional nano rod of the Ru(L2) 

complex with the diameter ranging from 7 to 12 μm and the length being about a few 

micrometers. Moreover, the SEM image of the Ru(L3) complex, as shown in Figure 5.8(c) 

shows one-dimensional micro-rod structures with diameters of around 3 μm and about 7 μm 

length. The SEM images of the complexes reveal that the Ru(L2) complex has more surface area 

and a greater surface-to-volume ratio which could enhance the luminescence properties [77]. 

5.5 Summary 

In summary, three novel Ru(III) complexes were synthesised and their photophysical, 

electrochemical and thermal properties were studied by varying the electron-donating 

substituents at the 4′-position of the 2,2’:6’,2”-terpyridine ring. Spectral analysis showed that 

electroluminescence of the OLED originated from electron transition between SUMO and 

SOMO. These complexes exhibit high thermal stability without any significant weight loss 

below 250 °C. All the complexes show good PL emissions in a DMSO solution with a broad 

emission spectrum ca. 591–620 nm. The Ru(L2) complex exhibits a broad orange emission 

compared to Ru(L1) and Ru(L3) complexes. The measurements of the excited state lifetime 

confirm that the potential charge transfer to the π–π* state of the MLCT state in the complexes is 

efficient. The bands centered on 591 and 620 nm demonstrate that these emissions originated 

from the transition of SUMO to SOMO, that is, from radiative decay from the doublet exciton. 

These observations imply that by simply changing the terminal the substituent can lead to 

various optical properties, such as deep orange emission for the three Ru(L1-L3) complex. 

Although the devices using these complexes have not been demonstrated in this work and are 

beyond the scope of the current discussion, it is believed that the OLEDs based on them would 

exhibit a promising performance according to the current results and have potential electron-

transporting properties from terpyridine derivatives. 



111 

 

5.6 References  

[1] Jou J.-H., Su Y.-T., Hsiao M.-T., Yu H.-H., He Z.-K., Fu S.-C, Chiang C.-H., Chen C.-T., 

Chou C.-H, Shyue J.-J., J. Phys. Chem. C, 2016, 120: 18794–1802.  

[2] Nagai Y., Sasabe H., Takahashi J., Onuma N., Ito T., Ohisa S., Kido J., J. Mater. Chem. C, 

2017, 5: 527–530.  

[3] Sun Y., Stephen R.F., Nat. Photon., 2008, 2: 483–487  

[4] Wood S., Connor D., Jone C.W., Claverly J.D., Blakesley J.C., Giusca C., Castro F.A., Sol. 

Energ. Mat. Sol. Cells, 2017, 161: 89–95. 

[5] Reineke S., Thomschke M., Bjorn L., Leo K., Rev. Mod. Phys., 2013, 85: 1245–1293.  

[6] Kim K.-H., Liao J.-L., Lee S. W., Sim B., Moon C.-K., Lee G.-H., Kim H. J., Chi Y., Kim 

J.-J, Adv. Mater., 2016, 28: 2526–2532.  

[7] Constable E.C., Alexander M.W.C.T., Armaroli N., Balzani V., Maestri M., Polyhedron, 

1992, 11: 2707–2709.  

[8] Seino Y., Inomata S., Sasabe H., Pu Y.-J., Kido J., Adv. Mater., 2016, 28: 2638–2643.  

[9] Wang D., Xu Q-L., Zhang S., Li H-Y, Wang C-C., Li T-Y., Jing Y-M., Huang W., Zheng 

Y-X., Accorsi G., Dalton Trans., 2013, 42: 2716–2723. 

[10] Juris A., Balzani V., Barigelletti F., Campagna S., Belser P., Zelewsky A.V., Coord. Chem.  

Rev., 1988, 84: 85–277.  

[11] Barthelmes K., Kubel J., Winter A., Wachtler M., Friebe C., Dietzek B., Schubert U.S., 

Inorg. Chem., 2015, 54: 3159−3171.  

[12] Medlycott E.A., Hanan, G.S., Chem. Soc. Rev., 2005, 34: 133–142.  

[13] Medlycott E.A., Hanan G.S., Coord. Chem. Rev., 2006, 250: 1763–1799.  

[14] Jiang H., Lee S.J., Lin W., Org. Lett., 2002, 4: 2149–2152.  



112 

 

[15] Chaignon F., Torroba J., Blart E., Borgstrom M., Hammarstrom L., Odobel F., New J. 

Chem., 2005, 29: 1272–1284. 

[16] Allen B.D., Benniston A.C., Harriman A., Mallon L.J., Pariani C., Phys. Chem. Chem. 

Phys., 2006, 8: 4112–4118.   

[17] Albinsson B., Martensson J., J. Photochem. Photobiol. C, 2008, 9: 138–155.  

[18] Siebert R., Hunger C., Guthmuller J., Schlutter, F., Winter A., Schubert U. S., Gonzalez L., 

Dietzek B., Popp J., J. Phys. Chem. C, 2011, 115: 12677–12680.  

[19] Mishra A., Mena-Osteritz E., Bäuerle P.,  Beilstein J. Org. Chem., 2013, 9: 866–876. 

[20] Kelch S., Rehahn M., Chem. Commun., 1999, 1123–1124.  

[21] Wild A., Winter A., Schlutter F., Schubert U. S., Chem. Soc. Rev., 2011, 40: 1459–1511.  

[22] Rudmann H., Shimada S., Rubner M.F., J. Am. Chem. Soc., 2002, 124: 4918–4921.  

[23] Chmielewski P.J., Latos-Grazynski L., Pacholska E., Inorg. Chem., 1994, 33: 1992−1999. 

[24] Latos-Grazynski L., Lisowski J., Olmstead M.M., Balch A. L., Inorg. Chem.,1989, 28: 

3328−3331. 
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CHAPTER 6  

Fabrication of fluorescent green OLEDs based on PEDOT:PSS/AgNWs 

hybrid-composite anode and their performance 

This chapter covers the preparation and characterization of silver nanowires (AgNWs) for the 

fabrication of TCF anode for OLEDs. In addition, I discuss the preparation, optical and 

morphological studies of TCF based on AgNWs and PEDOT:PSS hybrid-composite. Fluorescent 

green OLEDs with PEDOT:PSS and Alq3 as the hole transport-layer and electroluminescent-

layer, respectively, were fabricated and characterised. Two types of green fluorescent OLEDs 

were prepared: (i) OLED made up of commercial ITO as an anode, and (ii) ITO-free OLED as 

AgNWs and PEDOT:PSS hybrid-composite thin film-based anode. Their luminescence 

intensity-wavelength and current density-voltage measurements were systematically studied and 

compared.  

6.1 Introduction  

The use of organic printed electronics has been expanding to a variety of applications, which 

include OLEDs, OPVCs, wearable electronics, electronic papers and electrochromic devices 

(ECDs) [1–7]. OLEDs are likely to be used in the next-generation displays and solid-state 

lighting applications. The thickness of organic materials is only a few hundreds of nanometers, 

and hence, OLED panels can be very thin [8–12]. They can be made of flexible, ultra-thin, and 

light-weight devices and with cost-efficient productivity should bring innovation to our lives 

[13–15]. In general, OLEDs are made of TCF as one of the electrodes. ITO is the most 

commonly used TCF anodes for OLEDs as it has high transparency, high work function, 

availability, and ease of processability [16–18]. However, it has some limitation, such as high 

cost due to being rare on the earth and scarcity. Nevertheless, it is not an ideal choice for flexible 

optoelectronic devices because the devices are made up on flexible plastic substrates and the ITO 

breaks easily as a result of which the ITOs are bent [19]. Thus, a great deal of interest has been 

devoted to find replacement for ITO.    
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Several emerging nanomaterials, such as, CNTs, conducting polymers, metal meshes, graphene, 

modified oxide anodes, nanocomposite anodes have been developed as a TCF to substitute for 

ITO [20–24]. Among these, nanocomposite anodes play a vital role with their very promising 

optical, electronic and mechanical properties. One-dimensional nanostructure can provide the 

conventional material with new behaviour and functionality in electrical, mechanical, and 

thermal characteristics [25–27]. It includes wires, rods, and tubes, and is expected to play an 

important role in fabricating the TCF electrode. The synthesis and characterization of nanowires 

have gained attention over the last two decades [28]. In particular, much effort has been devoted 

to the controlled synthesis of one-dimensional nanostructures from metallic conductors because 

of their potential use as interconnects or active components in fabricating nanoscale devices. The 

metallic NWs provide unique properties, such as photophysical, electrical, electronic and 

mechanical characteristics for nano-scale devices [29–31]. Silver nanowires (AgNWs) represent 

a particular class of interesting nanostructures to synthesize and study their behaviour as bulk 

silver exhibits high thermal and electrical conductivity among all metals. Therefore, it is an 

essential material and has a variety of commercial applications; its performance in these 

applications could potentially be enhanced by processing it into one-dimension nanostructure 

with controllable dimensions and aspect ratios [32–34].   

In general, the PEDOT:PSS is used to fabricate the TCF electrode with uniform film, but the 

conductivity of this film is usually very low, thus, it requires further improvement, either 

chemical modifications or adding some nano-fillers to achieve high-performance like good 

conductivity and high transparency [35–37]. The film heater fabricated on metal nanowire-based 

TCF electrode shows a significant optoelectronic and heating performance. Nonetheless, the 

poor adhesion of metal network to the substrate limits its wide applications [38]. Ou et al. 

observed that the electronic conductivity of poly (methyl methacrylate) (PMMA) filled with 

carbon black increased about 10 orders of magnitude [39]. Thus, the usage of these TCF 

electrodes was not preferred as the replacement of commercial ITO electrodes forcing 

researchers to address this issue. Ghosh et al. prepared a transparent conducting thin film 

comprising AgNWs in an ultrathin polyimide foil, and obtained high transmittance (of about    

90 %) with strong adhesion, and low surface roughness (2.4 nm) [40].   
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The large surface areas of AgNWs are one of the most attractive features that facilitate the 

creation of a large interface into hybrid-nanocomposites. Adding conductive fillers into a 

polymer network is an effective way to improve their electronic conductivity. 

PEDOT:PSS/AgNWs hybrid composite can be prepared by various wet chemical methods 

including spin- coating, screen printing, spray pyrolysis and dip-coating process [41–44]. The 

transparent and conductive PEDOT:PSS/AgNW/PEDOT:PSS hybrid film has been prepared 

using the spin-coating technique with the maximum transmittance of 83 % [45]. Xin He et al. 

studied the PEDOT:PSS/AgNWs composite film prepared by screen-printed process for  

transparent heaters and found that the length of the AgNWs was larger than the mesh size in case 

of screen printing, thus, several NWs got curved and broken due to the extrusion in the printing 

method [46]. Spin-coating is the simplest process for the preparation of PEDOT:PSS/AgNWs 

composite with high transmittance and high electronic conductivity  as compared to ITO anode.  

An ideal OLED requires well-matched energy level alignments to the consecutive layers with 

high luminous efficiency, balanced injection of charge carriers, and sufficient high stability 

under applying bias [47–49]. The direct hole injection from ITO anode is not efficient owing to 

its energy disparity at the interfaces. Consequently, high operating voltages are required to 

overcome the injection barrier resulting in reduced efficiency in the devices. To overcome this, 

its anode needs to function effectively [50, 51]. Hence, the PEDOT:PSS/AgNWs hybrid 

composite-based electrode could solve this problem and it also replaces the conventional ITO for 

the fabrication of highly efficient OLEDs, as the PEDOT:PSS/AgNWs hybrid composite-based 

electrode has HOMO levels matching well with the HOMO level of HTL (PEDOT:PSS) [37, 

52–54].   

In this work, the AgNWs of around 20 μm length and 70 nm diameters were synthesised by 

adapting polyol process and studied their performances for application in OLEDs as a TCF 

anode. The PEDOT:PSS/AgNWs hybrid composite-based electrode was prepared and studied its 

photophysical behaviour and analysed its morphological changes for use in OLEDs. Further, the 

design and performance of fluorescent green OLEDs with PEDOT:PSS and Alq3 as the hole 

transport-layer and electroluminescent-layer, respectively, have been discussed. Two types of 

green fluorescent OLEDs were designed to understand the physical phenomena like current 
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density and electroluminescence behaviours; (i) OLEDs made of commercial ITO anode, and (ii) 

ITO-free OLEDs as PEDOT:PSS/AgNWs hybrid-composite thin film-based anode. Their 

luminescence intensity-wavelength and current density-voltage measurements were 

systematically studied.   

6.2 Experimental methods  

6.2.1 Preparation of AgNWs 

The AgNWs were prepared by modified polyol-process [55, 56]. In a typical synthesis, a 

solution of 50 ml glycerol containing 1.46 g of polyvinylpyrrolidone (PVP) (Sigma Aldrich, 

MW∼55,000) and 15 mg of NaCl was made by dissolving the PVP and NaCl in glycerol in a 

150-ml round-bottomed flask at 80 °C. The mixture was stirred and heated until a clear 

homogeneous solution emerged and the solution was allowed to cool to room temperature.  At 

that temperature, 395 mg of AgNO3 was added to it, followed by stirring for 5 min to dissolve 

the silver nitrate completely (in glycerol). The mixture was heated at a heating rate of 10 °C/min 

for 20 min. The heating was stopped when the solution turned gray–green. One hundred ml of 

double-distilled water was added to the final mixture, and then agitated for 2 min with an 

ultrasonicator. The diluted solution was then centrifuged at 8000 rpm for 10 min. The 

supernatant was decanted and the remaining precipitate at the bottom was washed with copious 

amount of water. Eventually, the purified AgNWs were separated with the assistance of a 300 

nm pore size membrane using vacuum filter and preserved in ethanol at room temperature.   

6.2.2 Preparation of PEDOT:PSS/AgNWs anode 

PEDOT:PSS/AgNWs composite thin film was fabricated on Corning® microscope slide 

(substrate) by spin-coating technique at room temperature. Before spinning, the substrates were 

cut as per requirement of device fabrication, and then ultrasonically cleaned with deionized 

water, followed by washing in acetone and methanol for 15 min to remove the dust, grease and 

other impurities on the substrate surface. These substrates were then oven-dried for 20 min to 

remove the residual water vapor and volatile contaminants at around 80–90 °C. After that, 0.5 
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mg of dried AgNWs was added as the optimized values to 1 mL of PEDOT:PSS suspension, and 

then the mixtures were stirred intensely to obtain a homogeneous PEDOT:PSS/AgNWs solution.   

In spin-coating, the initial velocity was 500 rpm and the high speed was 3000 rpm. Figure 6.1 

shows a schematic illustration of fabricating PEDOT:PSS/AgNWs composite thin film. The 

solution of PEDOT:PSS/AgNWs was deposited on the substrate with many cycles to form a 

homogeneous PEDOT:PSS/AgNWs network transparent conducting thin film. However, in our 

case that the AgNWs are aligned as horizontally. Moreover, the observed diameter of AgNWs 

was around 40 −50 nm. 

 

Figure 6.1: Schematic illustration of fabricating PEDOT:PSS/AgNWs thin film 

By repeated spinning of PEDOT:PSS/AgNWs solution highly transparent and conductive hybrid 

composite thin films were fabricated. The dependence of the optical and electrical behaviour of 

the spin-coating hybrid TCF on the number of spin-coating cycles of the PEDOT:PSS/AgNWs 

was investigated. While increasing the spinning cycles the electrical conductivity of the prepared 

thin film was increased simultaneously so that the optical transmittance of the thin film decreases 

for more cycles. The optical transmittance of the prepared TCF was measured using an UV-Vis 

spectrophotometer. The sheet resistance was determined by Lucas Labs Four-Point probe 

methods. The surface morphologies were analysed using field emission SEM and AFM analyses.  

6.2.3 Fabrication of green OLEDs 

Alq3 is a widely used green luminescent n-type organic semiconductor for fabrication of OLEDs. 

It possesses a high drift mobility to electrons as 1.4 x 10–6 cm2/V.s, whereas it exhibits a lower 
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hole mobility of 2.0 x 10–8 cm2/V.s [57]. The unique photophysical, electrochemical and thermal 

properties of Alq3 make it attractive for the fabrication of green OLEDs. The ITO/organic 

interface are one of the main factors; it determines the performance of the OLEDs [58–61]. In 

single-layered OLEDs, the rough ITO surface of the electric shorts and the unbalanced hole-

electron injection cause the oxidation of organic emitting layer by oxygen diffusing out of the 

ITO, limiting the lifetime of the device [62, 63]. To maintain the charge balance in Alq3, an 

HTL, namely, PEDOT:PSS is inserted between the ITO and the organic emissive layers. As the 

ultrathin layer of PEDOT:PSS the films are more transparent to visible light; this additional layer 

of OLEDs does not readily diminish the light output and instead leads to a substantial 

improvement of the lifetime and luminous efficiency and reduces the  operating voltage [64–66]. 

The beneficial effects of PEDOT:PSS arise from the smoothing of the ITO surface and the 

reduction of the hole-injection barrier due to high energy of the occupied electronic levels of 

PEDOT in comparison with that of ITO [61, 67]. PEDOT:PSS is a stable emulsion in water, and 

as a result is easy to spin-coat on ITO.  

 

(a) (b) 

 

Figure 6.2: Schematic illustration of drive device (a) and AgNWs blends with PEDOT:PSS composite based 

OLED (b) 

Figure 6.2 shows the schematic of heterojunction (HJ)-based OLEDs with Alq3 as the electron 

transport and emissive layer. An HJ is an interface that occurs between two regions or layers of 

dissimilar semiconductors. To elucidate the performance of the devices, two device architectures 
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were employed, namely, drive devices and OLEDs. Figure 6.2 (a) shows the double-layered 

drive device consisting of HTL of PEDOT:PSS (60 nm), ETL/EML of Alq3 (80 nm) and 1 nm of 

LiF layer followed by about 100 nm thickness of aluminum cathode. The solution of 

PEEDOT:PSS has been spin-coated on pre-cleaned and oxygen plasma-treated ITO anode for 

subsequent device fabrication. After preparing the PEDOT:PSS thin film by spin-coating 

technique the substrate has been loaded on to thermal evaporation chamber (Figure 2.1). Alq3 is 

thermally evaporated by maintaining the evaporation rates of 2 Å/s. Fifteen minutes after the 

evaporation of the organic materials, their film is deposited onto the substrate. Then the film 

containing the substrate is taken out of the chamber, and a custom-made mechanical mask made 

of steel sheet is placed on the Alq3 thin film followed by 1 nm of LiF layer and thermally 

evaporated by maintaining the evaporation rate of 1 Å/s. Finally, a 100 nm of Al was thermally 

evaporated at the evaporation rate of 1 nm/s. All evaporations have been done at the chamber 

pressure of 8x10–5 mbar. Fluorescent green OLED (Figure 6.2 (b)) was prepared as drive device, 

where the anode is used as PEDOOT:PSS/AgNWs composite film instead of ITO. The 

deposition rates are monitored using a quartz crystal monitor. The current-voltage characteristics 

of the devices were measured with Keithly 2636 source meter and measurements were 

reconfirmed by triaxial probe station. The photon emission was measured using HR4000 

spectroradiometer as shown in Figure 2.8.  

6.3 Results and discussion  

The concentration of the AgNWs is a key element in film properties, such as electronic 

conductivity and optical transparency for the spin-coating technique. A uniform film with good 

conductive and high transparence characteristics could thus be fabricated as the concentration of 

AgNWs in PEDOT:PSS is 0.5 mg/ml. The TCF characteristics include photophysical and 

morphological analysis and are discussed in the following sections. Green fluorescent OLEDs 

were fabricated based on commercial ITO and PEDOOT:PSS/AgNWs composite film were 

based on TCF anode and their electric and photonic properties were compared.  
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6.3.1 Transmittance spectra 

Figure 6.3 shows the transmittance spectra of PEDOT:PSS and PEDOT:PSS/AgNWs composite 

TCF fabricated on Corning microscope slides. The reason for choosing the Corning microscope 

slide is because of its high optical transparency and very smooth surface compared to 

conventional microscope slides. The TCF layer made of PEDOT:PSS exhibits a high 

transparency as PEDOT:PSS is optically more transparent when it is thin [37, 68, 69]. The 

observed transmittance was 92% at the wavelength of 550 nm for the TCF made of pristine 

PEDOT:PSS. As AgNWs have a higher absorption than the PEDOT:PSS/AgNWs hybrid-

composite, which is made of a 0.5 mg of AgNWs mixed with 1 ml of PEDOT:PSS solution in 

the visible region of electromagnetic radiation, a slight decrease in the transmittance was noticed 

[70]. The observed transmittance was 88% for PEDOT:PSS/AgNWs hybrid-composite-based 

TCF. Nevertheless, the composite film mentioned above showed distinct visibility and uniform 

distribution of the NWs on the substrate. As the concentration of AgNWs increases, the crossed 

network in the film became more intensive, which lead to an increase in the electronic 

conductivity, while the transmittance of the composite film declined, which is not shown in the 

Figure 6.3. The measured sheet resistance was about 140 kΩ/sq and 30 Ω/sq for the TCF made 

on PEDOT:PSS alone and on PEDOT:PSS/AgNWs hybrid-composite-based TCF, respectively.  

 

Figure 6.3: UV-Vis transmittance spectra of PEDOT:PSS and PEDOT:PSS/AgNWs composite TCF 

fabricating on corning microscope slide 
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Nevertheless, the composite film mentioned above showed distinct visibility and uniform 

distribution of the NWs on the substrate. 

6.3.2 Morphological studies 

The surface morphology plays a key role in the performance of OLEDs. The surface morphology 

of TCF based on PEDOT:PSS and also PEDOT:PSS/AgNWs hybrid-composite was  studied by 

SEM and AFM analysis as described below.  

6.3.2.1 AFM analysis 

Figure 6.4 shows the AFM images of PEDOT:PSS and PEDOT:PSS/AgNWs hybrid-composite 

TCF fabricated on Corning microscope slides. As can be seen in Figure 6.4(a), the concentration 

of 0.5 mg of AgNWs mixed with 1 ml of PEDOT:PSS hybrid-composite-based TCF fabricated 

on Corning microscope slide shows the extremely smoother side of the AgNWs.  

Figure 6.4(b) shows the three-dimensional image of the PEDOT:PSS/AgNWs hybrid-composite-

based TCF. Figure 6.4(c) exhibits the morphology of PEDOT:PSS-based TCF fabricated on 

Corning microscope slide. It exhibits that the conductive PEDOT:PSS spreads over the substrate 

in a very uniform and smooth manner with a small roughness and granule morphology [25, 71]. 

The measured average roughness of the film was 1.6 nm. It shows that PEDOT:PSS has a strong 

adhesion on the Corning microscope slide because the substrate for the oxygen-plasma treatment 

before the spin-coating of PEDOT:PSS and PEDOT:PSS/AgNWs hybrid-composite enhances 

the adhesion of the film on the substrate. The 3D image of Figure 6.4 (d) shows that the 

morphology of PEDOT:PSS thin film is very small, spherical, and tiny pile shaped due to 

undulated premature nanostructured aggregation of particles, which may be due to limited 

solubility. 
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Figure 6.4: AFM images of TCF-based on PEDOT:PSS (a, b) and PEDOT:PSS/AgNWs hybrid-composite (c, 

d) fabricated on corning® microscope slides 

6.3.2.2 SEM analysis    

Figure 6.5 shows the SEM image of PEDOT:PSS/AgNWs hybrid-composite TCF fabricated on  

the Corning microscope slide by 0.5 mg of AgNWs in 1 ml of PEDOT:PSS. The inset is a 

magnified SEM image of the AgNW, and depicts the NWs surfaces covered by polymer 

PEDOT:PSS. The AgNWs network could provide more electron pathways, and significantly 

enhance the electronic conductivity of the composite thin film [72]. Meanwhile, the coverage of 

PEDOT:PSS on AgNWs could isolate the NWs from the air, preventing the oxidation of metallic 

AgNWs enhancing adhesion on the substrate [73].  

(a) 
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Figure 6.5: SEM image of PEDOT:PSS/AgNWs composite on corning microscope slide 

When the AgNWs concentrations increase, this makes the crossed network in the film more 

intensive and leads to increase in the conductivity while the transmittance declined for the 

composite thin films. The PEDOT:PSS/AgNWs composite consists of AgNWs densely packed 

together and interconnected with each other. The surface of the composite NWs was smooth and 

clear. The surface structure of the composite NWs is maintained even after spinning. The 

electronic conductivity of the NW-hybrid is mainly derived from the PEDOT:PSS, and the 

increase in the electronic conductivity arises from NWs-structural rearrangement of PEDOT:PSS 

which is interconnected on the surface of the NWs.  

6.4 Device characterization  

Current density-voltage and luminous intensity VS wavelength characteristics of fluorescent 

green OLEDs based on PEDOT:PSS/AgNWs and ITO anode are described below.   
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6.4.1 Current density-voltage (J–V) characteristics  

 

Figure 6.6: Current density-voltage characteristics of the fluorescent green OLEDs based on 

PEDOT:PSS/AgNWs and ITO anode 

The current density-voltage characteristics of the green fluorescent OLEDs fabricated on 

PEDOT:PSS/AgNWs and ITO anode are shown in Figure 6.6. Before preparing the HTL of 

PEDOT:PSS all the electrodes had undergone oxygen-plasma treatment for 2 min. It’s observed 

that the increase in oxygen plasma exposure time on anodes beyond 2 minutes increased the WF 

further. However, this increment is limited to approximately 0.1 to 0.5 eV. Further, increment of 

WF is not possible. Moreover, the hole injection barrier between ITO/PEDOT:PSS is more than 

0.7 eV. Thus, charge imbalance in Alq3 layer due to high current density results in weaker 

luminescence in OLEDs [74]. Hence, the device characteristics further deteriorate with increase 

in plasma exposure time. The plasma-exposure time was optimized and maintained as 2 min for 

all the anodes used to fabricate the OLEDs reported here. The observed threshold voltage for the 

OLED fabricated on PEDOT:PSS/AgNWs hybrid-composite-based TCF anode was 2.6 V, 

whereas it was 3.9 V for the OLED fabricated on the ITO anode. This superior performance is 

attributed to the enhancement of the WF by PEDOT:PSS/AgNWs hybrid-composite. When 

increasing the drive voltage for both OLEDs after reaching the threshold voltage the current 

densities also increase rapidly. The OLED fabricated on PEDOT:PSS/AgNWs hybrid-composite 

TCF has more current density than the one made with the ITO anode. The observed current 

densities were 370 and 293 mA/cm2 for OLEDs fabricated on PEDOT:PSS/AgNWs hybrid-

composite TCF-based anode and ITO anode, respectively. With increasing drive voltage, higher 
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current density was observed in the OLEDs fabricated on PEDOT:PSS/AgNWs anodes. The 

higher resistance of the ITO anode may lead to a higher voltage drop on the anode, which may 

result in a lower current density lowering the luminous intensity compared to OLED fabricated 

on PEDOT:PSS/AgNWs hybrid-composite TCF anode. 

6.4.2 Electroluminescence studies 

 

Figure 6.7: Plot of luminous intensity vs. wavelength of fluorescent green OLEDs based on 

PEDOT:PSS/AgNWs hybrid- composite and ITO anode  

Figure 6.7 shows the luminous intensity-wavelength characteristics of fluorescent green OLEDs 

fabricated on PEDOT:PSS/AgNWs hybrid-composite TCF and ITO anodes. The fluorescent 

green OLED fabricated on PEDOT:PSS/AgNWs hybrid-composite-based TCF anode has a 

higher luminous intensity than the one with the ITO anode at the drive voltage of 6 V. This is 

due to well-matching WF of PEDOT:PSS/AgNWs hybrid-composite TCF anode with the hole 

transport layer of PEDOT:PSS. As the WF of PEDOT:PSS/AgNWs hybrid-composite TCF 

matches with HTL of PEDOT:PSS the holes can be easily injected into HTL, which should result 

in a lower turn-on voltage and a higher luminous intensity at a lower drive voltage in the 

fluorescent green OLEDs [75–76]. With increasing drive voltage, higher luminous intensity was 

also observed in the fluorescent green OLEDs fabricated on PEDOT:PSS/AgNWs hybrid-

composite TCF anode than the one with the ITO anode. The observed maximum luminous 

intensities were 1610 and 1260 counts.s–1 for green fluorescent OLEDs fabricated on 
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PEDOT:PSS/AgNWs hybrid-composite TCF and ITO anode, respectively at a wavelength of 

530 nm. The current density together with the brightness of the OLED fabricated on 

PEDOT:PSS/AgNWs hybrid-composite TCF is significantly improved as compared to ITO 

anode-based OLED.  

6.5 Summary   

The synthesis of AgNWs of around 20 μm length and 70 nm diameters were achieved by 

adapting polyol process and studied its performances for application in OLEDs as a TCF anode. 

The optimized concentration of AgNWs is 0.5 mg in 1 ml of PEDOT:PSS and was used to 

fabricate PEDOT:PSS/AgNWs hybrid-composite TCF electrode on Corning microscope slide 

using the spin-coating technique, resulting in high transparency (88%) and good conductive 

(30Ω/sq) thin film. The uniformity and optoelectronic properties of the fabricated TCF were 

systematically studied by AFM analysis and UV-Vis transmittance spectra, respectively. Two 

types of green fluorescent OLEDs were prepared; OLEDs made of commercial ITO anode and 

ITO-free OLEDs as AgNWs and PEDOT:PSS hybrid-composite TCF-based anode. The OLED 

fabricated on PEDOT:PSS/AgNWs hybrid-composite TCF has more current density than ITO 

anode-based OLED. The observed current densities were 370 and 293 mA/cm2 for OLEDs 

fabricated on PEDOT:PSS/AgNWs hybrid-composite TCF-based anode and ITO anode, 

respectively. The observed maximum luminous intensities were 1610 and 1260 counts.s–1 for 

green fluorescent OLEDs fabricated on PEDOT:PSS/AgNWs hybrid-composite TCF and ITO 

anode, respectively, at a wavelength of 530 nm. The current density together with the brightness 

of the OLED fabricated on PEDOT:PSS/AgNWs hybrid-composite TCF is significantly 

improved; it could be due to the enhancement of WF of PEDOT:PSS/AgNWs hybrid-composite.  
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CHAPTER 7  

Conclusion and Future Scopes 

The research presented in this thesis focuses on wide range of experimental work, which is 

conducted with the following objectives: synthesis and characterization of three 4’-aryl 

substituted 2,2’: 6’,2’’-terpyridine (terpy) derivatives. Synthesis, photophysical, electrochemical 

and thermal behaviour of Zn(II) and Ru(III)-based 4’-aryl substituted terpy metal complexes 

investigated for OLED applications. Further, TCF has been prepared and characterised using 

synthesised AgNWs as replacement for conventional ITO electrode. Fabrication and comparison 

of fluorescent green OLEDs using Alq3 based on PEDOT:PSS/AgNWs hybrid-composite anode 

and commercial ITO anode have also been done. 

7.1 Conclusion 

Chapter 1 summarizes the significance of organic semiconductors and its lighting applications 

and also provides a thorough review of the current literature. In addition, device structure, 

operating mechanism, materials selection and energy-level alignment of OLEDs have also been 

reviewed. 

Chapter 2 describes the thin-film fabrication technique used in this work including thermal 

evaporation and spin coating. Further, morphological analysis, such as atomic force microscopy, 

and field emission scanning electron microscope have been explored. Moreover, photophysical 

characterization methods used in this study, such as UV-Vis absorbance spectroscopy, 

photoluminescence, and time-resolved fluorescence spectroscopy have been discussed under 

material properties. In addition, the electrical and electroluminescent behaviours of OLEDs 

device have also been explored.  

Chapter 3 discusses the design, synthesis and characterization of three 4’-aryl substituted terpy 

derivatives (C-1–C-3) in a single pot reaction. They have good thermal stability, significant 

emission in the blue region (380–440 nm) and fast fluorescence lifetimes such as 0.35, 1.55 and 

0.29 ns for C-1, C-2 and C-3, respectively. The 3, 4, 5-trimethoxy-phenyl-substituted terpyridine 

derivative showed a high red shift with respect to 4-methylphenyl and 2-furyl substituted terpy 
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derivatives. This could be due to a smaller reorganization energy associated with the charge 

transfer transition of trimethoxyphenyl. The calculated HOMO and LUMO values suggest that 

the synthesised terpy derivatives favour the electron-transporting and fluorescent emitter to 

design the blue fluorescent OLEDs.  

Chapter 4 addresses the synthesis, photophysical, thermal and electrochemical properties of 

three novel blue-to-green fluorescent Zn(II)-based terpy complexes (Zn(L1-L3)). The charge 

transition is investigated as the potential charge transfer to the n–π* and π–π* states of the ILCT 

in the complexes are efficient. The geometry optimization and electronic structure of these 

complexes were assessed by density functional theory (DFT). These complexes show a sky-to-

deep blue fluorescence in DMSO and a deep blue-to-green luminescence in the crystalline states. 

The Zn(L2) complex has a broadened emission spectrum ca. 365–600 nm in DMSO. These 

observations show that substituting suitable functional groups onto terpyridine ligands can lead 

band engineering to offer a required colour. Zn(L1) complex exhibits a deep blue emission, 

while Zn(L2) complex emits deep green colour. These results suggest that appropriately 

substituted ligands on Zn(II) ions, the result of Zn(II)-based terpy complexes, can generate long-

lived fluorescence at room temperature, which is quite rare for Zinc ions. Such molecules are of 

fundamental interest, yet are poised for potential application in optoelectronics and 

luminescence-based technologies. 

Chapter 5 explores another interesting and noteworthy class of organometallic complexes as a 

series of three novel 4’-aryl substituted orange-fluorescent Ru(III)-based terpy complexes. 

Spectral analysis exhibits that the luminescence originated from electronic transition between 

SUMO and SOMO energy levels. All complexes exhibit orange emissions in DMSO with 

emission spectra ca. 591–620 nm, and the Ru(L2) complex shows broad orange emission. 

Electronic excitation occurs due to MLCT and ILCT processes of these complexes. The bands 

centered at 591 and 620 nm demonstrate that these emissions originated from the transition of 

SUMO to SOMO energy levels, that is, from radiative decay from the doublet exciton. Due to 

the heavy metal effect of Ru(III) ions the photophysical behaviour depends on MLCT rather than 

on ILCT process. Since all three Ru(L1-L3) complexes are the orange emission, it can be 
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concluded that substituting the functional groups onto terpy ligands of Ru(III) complex does not 

stand much chance in optical band gap.  

The first part of Chapter 6 describes the synthesis of silver nanowires of around 20 μm length 

and 200 nm diameters by adjusting the polyol-process and studied their performances. The 

optimized concentration of AgNWs is 0.5 mg in 1 ml of PEDOT:PSS and was used to fabricate 

PEDOT:PSS/AgNWs hybrid-composite TCF electrode on Corning microscope slide by spin-

coating process, resulting in reduced sheet resistance as 30 Ω/sq with high transparent (88%) thin 

film. The second part of the chapter describes the fabrication of fluorescent green OLEDs based 

on PEDOT:PSS/AgNWs hybrid-composite anode and ITO anode and the comparison of their 

performance. The OLED fabricated on PEDOT:PSS/AgNWs hybrid-composite-based TCF has 

more current density than one made with ITO anode. The measured current densities were 370 

and 293 mA/cm2 for OLEDs fabricated on PEDOT:PSS/AgNWs hybrid-composite TCF-based 

anode and ITO anode, respectively. The observed maximum luminous intensities were 1610 and 

1260 counts.s–1 for OLEDs fabricated on PEDOT:PSS/AgNWs hybrid-composite TCF and ITO 

anode, respectively, at 530 nm. The current density together with the brightness of OLED 

fabricated on PEDOT:PSS/AgNWs hybrid-composite TCF is significantly improved; it could be 

due to the enhancement of WF of PEDOT:PSS/AgNWs hybrid-composite.  

7.2 Future scopes  

Solid-state lighting devices, such as OLEDs, will soon replace conventional illumination sources 

because of their advantages like low power consumption, high brightness, and environmental 

friendliness. WOLED is of particular importance as lighting source for developing efficient 

solid-state lighting, and the key challenges to WOLED technology are general illumination 

applications including white light with high colour rendering index (CRI), low cost, low 

operational potential, and long lifetime. A key point in WOLED development for application in 

full-colour display could be in two ways; one is a set of a red, green and blue emitter with high 

efficiency, colour purity, and stability, while the other method is mixing of yellow emitter with 

blue emitter in an equal ratio. However, the mixing of two ideally complementary-emitting 

compounds opens the door for efficient WOLEDs. In future, this approach should be 
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investigated in more detail, especially how to conserve the white emission by balancing the 

charge carriers in the consecutive layers of WOLEDs.  

Synthesis and characterization of thermally activated delayed fluorescence (TADF) materials 

exhibit delayed fluorescence at room temperature, which enables the derivative to possess long-

lived luminescence. As its lifetime is of the order of some microseconds to even milliseconds, 

the derivative will be very useful in time-resolved fluorescence imaging and OLEDs. These 

particular properties including a long luminescence lifetime and large stoke shift make this 

derivative the potential candidate to replace conventional luminescent complexes such as 

lanthanide and transition metals.  

Preparation and performance of highly conductive TCF is based on conductive PEDOT:PSS with 

CNTs or metal nanowires hybrid-composite on the flexible polymeric substrate for the 

fabrication of ITO-free optoelectronic devices. Of the total cost of the optoelectronic device, 

60% went towards the TCF electrode. Hence, our TCF results show the cost-effectiveness of the 

preparation of optoelectronic devices in the preparation of roll-to-roll TCF anode on flexible 

substrate.  
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APPENDIX A 

Spectral characterization of C1-C3 complexes 

 

 

 

 

Figure A1.1: 1H-NMR spectrum of C-1 
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Figure A1.2: 13C-NMR spectrum of C-1 
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Figure A1.3: 1H-NMR spectrum of C-2 
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Figure A1.4: 13C-NMR spectrum of C-2 
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Figure A1.5: 1H-NMR spectrum of C-3 
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Figure A1.6: 13C-NMR spectrum of C-3 
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APPENDIX B 

HOMO and LUMO orbital levels, photophysical properties and fluorescence images of 

Zn(L1-L3) complexes 

LUMO+1                           Zn(L1) 

 

HOMO−1 

 

 

Figure B2.1: The LUMO+1 and HOMO−1orbitals of complex Zn(L1) complex. 
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LUMO+1                                     Zn(L2) 

 

 

HOMO−1  

 

 

Figure B2.2: The LUMO+1 and HOMO−1orbitals of complex Zn(L2) complex. 
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   LUMO+1                                         Zn(L3) 

 

HOMO−1  

 

Figure B2.3: The LUMO+1 and HOMO−1orbitals of complex Zn(L3) complex 
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Figure B2.4: Variation of the first derivative of optical absorption intensity with respect to the illuminated 

photon energy of Zn(L1) complex  
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Figure B2.5: Variation of the first derivative of optical absorption intensity with respect to the illuminated 

photon energy of the Zn(L2) complex 
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Figure B2.6: Variation of the first derivative of optical absorption intensity with respect to the illuminated 

photon energy of the Zn(L3) complex.  
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Figure B2.7: Fine fitting plots of PL spectra of Zn(L1) complex. 

 

 

 

 

 

 

 



154 

 

 

 

 

 

 

 

Figure B2.8: Fine fitting plots of PL spectra of Zn(L2) complex 
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Figure B2.9: Fine fitting plots of PL spectra of Zn(L3) complex 
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Figure B2.10: DSC plots of Zn(L2) complex with the scanning rates of 5 °C min-1 (red-line) and 10 °C min-1 

(black-line) under the nitrogen atmosphere.  
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Figure B2.11: Fluorescence images of Zn(L1−L3) complexes in sold state under the UV radiation. 

(a)  
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APPENDIX C 

Electroluminescence spectrum at various bias voltages 

 

 

Figure C3.1: Electroluminescence spectrum for 4 V bias. 
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Figure C3.2: Electrol uminescence spectrum for 5 V bias. 
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Figure C3.3: Electroluminescence spectrum for 6 V bias 

 

 

 

 

 

 



161 

 

List of publications in international journals 

 

1. Raja L., Raja P.P., Shivaprakash N. C., Sindhu S. “Specroelectrochemical, Switching Kinetics, 

and Chronoamperometric Studies of Dibenzyl Derivative of Poly(3,4-propylenedioxythiophene) 

Thin-Film-Based Electrochromic Device” J. Appl. Polym. Sci. 131, 2014: 40717.  

2. Siju C.R., Raja L., Shivaprakash N.C., Sindhu S., “Grey to Transmissive Electrochromic 

Switching Using Electropolymerized Poly (3,4-ethylenedioxythiophene)-Ionic Liquid 

Functionalized Graphene Films” J. Solid State Electrochem, 2015, 19: 1393–1402.  

3. Raja L., Shivaprakash N.C., Sindhu S. “Spectral characterizations and photophysical properties 

of one-step synthesised blue fluorescent 4’-aryl substituted 2,2’:6’,2’’-terpyridine for OLEDs 

application” J. Lumin., 2015, 168: 145–150. 

4. Raja L., Raja P.P., Shivaprakash N.C., Sindhu S., “Fabrication of fast switching electrochromic 

window based on poly(3,4-(2, 2-dimethylpropylenedioxy) thiophene) thin film” J. Mater 

Science: Mater Electron., 2016, 27: 6035–6042. 

5. Raja L., N.C. Shivaprakash, S. Sindhu, “Switching from sky blue to deep green fluorescent 

Zn(II) complexes for OLEDs applications” J. Lumin., 2018, 196, 136-145. 

6. Raja L., N.C. Shivaprakash., S. Sindhu, “Orange Fluorescent Ru(III) Complexes Based on 4′-

Aryl Substituted 2,2′:6′,2″-Terpyridine for OLEDs Application” J. Fluoresc., 2018, 28, 173-

182.  

 

  

  

 

 

 

 

 



162 

 

Papers presented in national and international conferences  

 

1. L. Raja, P.P Raja, C.R. Siju, K. Narasimha Rao, S.Sindhu “Comparison of electrochemical 

properties of dimethyl and dibenzyl derivatives of PProDOT thin films for energy saving 

devices” (Poster) National conference in condensed matter physics, BITS, Pilani, Rajasthan, 

India, 2012.  

2. L. Raja, C.R. Siju, P.P Raja, K. Narasimha Rao and S. Sindhu “Optical and morphological 

analysis of dibenzyl derivative of PProDOT thin film for the fabrication of optoelectronic 

devices” (Poster) 6th international symposium on Macro- and supramolecular Architectures 

and Materials, K.S.R. College of Engineering, Tamil Nadu, India, 2012. 

3. L. Raja, P.P. Raja, N. C. Shivaprakash S. Sindhu  “A study on spectroscopic, morphological 

and switching properties of dibenzyl derivative of Poly (3, 4-Propylenedioxythiophene) thin 

film based electrochromic device” (Poster), IUMRS-International Conference in Asia, 

Indian Institute of Science, Bangalore, India, 2013. 

4. L. Raja, C.R. Siju, N. C. Shivaprakash, S. Sindhu “Spectral Characterization and 

Photophysical Properties of One-Step synthesized of 4’-Aryl Substituted 2,2’:6’,2’’-

Terpyridine for Fluorescent OLED Applications” (Oral presentation) First International 

Conference on Large Area & Flexible Microelectronics, R V College of Engineering, India, 

2014.  

5. L. Raja., C.R. Siju, N. C. Shivaprakash, S. Sindhu “Fabrication and characterization of 

green light emitting diode based on synthesized tris-(8-hydroxyquinoline) aluminum” (Oral 

presentation), ICMAT & IUMRS-ICA2015, Suntec, Singapore, 2015 

6. L. Raja., N. C. Shivaprakash, S. Sindhu., “Synthesis and characterization of phenanthroline 

derivative as electron transport and electroluminescent material for OLED applications” 

(Oral presentation) International Workshop on Physics of Semiconductor Devices, Indian 

Institute of Science, India, 2015.   



163 

 

7. Raja L., N. C. Shivaprakash, S. Sindhu “Photophysical, thermal and electrochemical 

properties of 4’-Aryl Substituted 2,2’:6’,2’’-terpyridine derivatives for blue OLED 

Applications” (Oral presentation) International Workshop on Physics of Semiconductor 

Devices, Indian Institute of Science, India, 2015.           

8. Raja L., N. C. Shivaprakash, S. Sindhu “Improvement of hole transportation in organic 

light emitting devices (OLEDs) by Silver nanoparticles decorated PEDOT: PSS” (Oral 

presentation), ICAMPE-2015, Mahatma Gandhi University, Kerala, India 2015. 

9. Raja L., N. C. Shivaprakash and S. Sindhu “Graphene oxide and PEDOT: PSS nano 

composite for improve the hole transportation property in organic light emitting devices” 

(Poster), IUMRS-ICEM, Suntec, Singapore, 2016. 

10. Raja L., Shivaprakash N.C., Sindhu. S “Fabrication and characterization of electrochromic 

pixel display using Di-isopropylbenzyl Derivative of Poly (3,4-propylenedioxythiophene) 

(oral presentation), IUMRS-ICEM, Suntec, Singapore, 2016. 

11. Raja L., Shivaprakash N.C, Sindhu. S “Photophysical, electrochemical and thermal 

properties of Ru(III) based 4’-aryl substituted 2.2’:6’2” terpyridine derivatives for red light 

emitting OLEDs application” (oral presentation) ICYRAM-2016, Indian Institute of 

Science, India.    

12. Sindhu. S., Raja L., Shivaprakash N.C., “Designing And Fabrication Of Electrochromic 

Pixels Displays Using Di-Isopropylbenzyl Derivative Of Poly (3,4-

Propylenedioxythiophene)”  ICMAT 2017, Suntec, Singapore, 2017.  

 

 

 

 

 



164 

 

Brief Biography of the Supervisor 

 

Prof. S. Sindhu is an experimental and theoretical condensed matter physicist. She has completed 

her Ph.D. from the Mahatma Gandhi University, Kerala, in 1998. She has later worked as a 

postdoctoral fellow at the Department of Electrical Engineering, University of Twente, 

Netherlands, between January 1999 and April 2000. She has also worked as a postdoctoral 

research fellow at the Department of Physics, Martin-Luther Universitat, Halle, Germany, for 

more than two years (Feb. 2002–May 2004) after which she joined as a Research Associate at 

the Dept. of Instrumentation, Indian Institute of Science, Bangalore, India, and worked there till 

year 2007. Later, she joined as an Assistant Professor in the Department of Physics, BITS Pilani. 

At present, she is an Associate Professor with the Department of Physics and Associate Dean in 

Practice School Division, Bangalore Off-campus Center, BITS-Pilani. Her major research 

interests are both experimental and theoretical analysis of condensed matter physics, especially 

fabrication of molecular electronic devices, which include electrochromic devices and organic 

light-emitting diodes (OLEDs) for energy-saving systems. She has wide range of research 

experience in surface and material science, lattice dynamics and magnetism. She is the author 

and corresponding-author of more than 20 articles published in reputed international journals. 

She serves as an editorial member, and reviewer for several journals. Currently, she is a principal 

investigator for several ongoing projects funded by DST and CSIR, India. 

   



165 

 

Brief Biography of the Candidate  

 

L. Raja was born in Salem, Tamil Nadu, India. He received his Bachelor of Science and Master 

of Science degrees in Physics from Periyar University in 2006 and 2008, respectively. He 

pursued his Master of Technology in Nanoscience and Technology from Anna University, 

Tiruchirappalli, Tamil Nadu in 2010. Currently, he is a full-time research scholar at the 

Department of Physics, Birla Institute of Technology and Science, Pilani, Rajasthan, India. His 

field of research is synthesis of organometallic complexes, such as Zn(II) and Ru(III)-based 

2,2’:6’,2”-terpyridine derivatives, development of transparent conducting thin films and 

fabrication of organic light-emitting diodes (OLEDs). His research work has appeared in several 

international journals and has also presented it in over 10 international/national conferences held 

across India and overseas. 

Awards while continuing research  

 

 Awarded DST travel grant for attending conference (IUMRS – 2016, Singapore)  

 Awarded CICS, Chennai travel grant for attending conference (IUMRS – 2016, 

Singapore)  

 

 

 

 


