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CHAPTER 1 

 

Optical properties of organic and metal based systems 

 

Abstract 

 
The first chapter addresses a concise history and momentous advances in the field 

of optical characterization of molecules. In this chapter a brief description of the origin and 

advancement of research in several optical properties like nonlinear optical property, 

luminescence property and two-photon absorption property are given which associate the 

sequential development for designing new materials. A basic theoretical approach of these 

optical properties from the viewpoint of electronic structure theory is described for proper 

understanding of the structure property relationship. A special attention is also given to 

the luminescent materials for their applications as phosphorescent emitters for organic 

light emitting diodes (OLEDs) along with basic setup and working principles of OLED 

devices. 

 

 

 

  



2 
 

1.1. Introduction 

Exploring the physical and chemical properties of matter by using light is a natural 

concept and for a long time we have been doing this with our vision. For example, from the 

color of emitted light one can predict how hot an incandescent object is, thickness variation 

of a soap film from the colors of light it transmits, from the amount of absorbed light the 

concentration of solutions can also be judged. With the advancement of civilization, people 

are using specialized instrumentation technique to extend the range, perception, sensitivity, 

and precision of our vision or using photons of light to determine materials properties, what 

we call optical characterization. Many different characterization techniques have been 

reported so far that use photons with energies in the range of electromagnetic spectrum. 

Optical properties of materials are one of the most powerful characterization techniques that 

have played a significant role in the development of science and our current understanding of 

the universe. A few notable examples are: 

(i) The study of the blackbody radiation, which lead to the formulation of quantum 

mechanics by Max Planck. 

(ii) The discovery and study of the photoelectric effect, which provide evidence of the 

dual nature of light. 

(iii) The study of the optical emission from atoms and molecules, which provided 

evidence of their quantized electron energy levels. The chemical element helium was 

discovered from the observation of the emission spectrum of the Sun. 

Generally optical properties of materials depend on the structural, morphological, electronic 

and physical properties. When light enters into a matter, its electromagnetic field interacts with 

the localized electromagnetic field of atoms. After performing the interactions when it emerges 

from the matter, its characteristics and properties may not be the same. How the matter can affect 

the light depends on the strength of the field of the light, its wavelength, and the matter itself. In 

addition, external influences such as temperature, pressure, and other external fields (electrical, 

magnetic) can also manipulate the interactions. These interactions are also helpful in 

constructing optical devices. In this chapter our intension is to give a brief introduction to two 

specific optical properties, viz., nonlinear optical response and luminescence.   
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1.2. Nonlinear optical property 

1.2.1. Definition of nonlinear optics 

The interactions of applied electromagnetic fields with various materials to produce new 

field that altered in phase, frequency, amplitude or other propagation characteristics from the 

incident one are termed as nonlinear optics (NLO).1 This kind of nonlinear interaction can only 

be observed with a very high intensity (electric field) of the incoming field. Following scheme 

(Figure 1.2.1) represents linear and nonlinear interactions of the wave and the media.    

 

Figure 1.2.1. Linear (left) and nonlinear 

(right) interactions of waves and the 

media. 

   

 

During the past few decades the field of NLO and photonics has secured a good place as 

a new frontier science and technology in application areas that has been dominated previously by 

electronics. In Photonics, in order to acquire, accumulate and transmit information, a photon 

instead of an electron is used. A photonic circuit is very much similar to that of electronic circuit. 

The major difference is that in photonic circuit photons are conducted through channels and light 

can be switched from one channel to another at certain junction points. For optical switching at 

these junctions, we need to use a material that allows the manipulation of light propagation by 

application of an electric field or a laser pulse. The materials that can control the light at these 

junction points are known as NLO materials and these are gaining importance day by day in 

technologies such as telecommunications, information processing, robotics, optical 

communication, optical computing, dynamic image processing and so on.2, 3  Photonics has many 

notable virtues over electronics. The major advantage is that photons are much faster than an 

electron. Moreover there is no electrical and magnetic interference, thereby making the photonic 

circuits fully compatible with the existing fiber optics networks.4  

1.2.2. Origin of NLO  

In order to explain the physics in Figure 1.2.1; let us consider an energy diagram in 

Figure 1.2.2. The left part of the diagram represents the weak beam (non-laser light) interaction 
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with the molecule resulting same energy emission as the input light and hence we achieve same 

waves for linear optics. On the other part of the diagram, light with high intensity (lasers) interact 

with the molecule resulting multiple excitation to higher energy level. Hence it results emission 

of light with higher energy than the input light energy. This is nonlinear optics, in which new 

waves have been produced.  

 

Figure 1.2.2. Energy band diagram of linear 

(left) and nonlinear optics (right). 

 

When electromagnetic radiation interacts with 

matter, depending on their frequency, various 

types of polarizations are induced. With low 

frequency radiation (radiowave and microwave), 

orientation polarization, vibrational polarization and electronic polarization contributes to the 

total polarization. The first one implies reorientation of the molecules; the second one is related 

with the deformation of the nuclear framework of the molecule with the applied field. The 

electronic polarization can only occur when the radiation has wavelength in the optical range. 

With small electric field associated with the electromagnetic radiation, the polarization varies 

linearly with the electric field and the constant of proportionality is the known as polarizability 

(for molecules) and the linear electric susceptibility 
(1) (for bulk solids).5 

( ) ( ). ( )Polarization E    = =  

( ) ( ). ( )ijP E   =      (1.2.1) 

The materials showing this kind of response are termed as linear optical materials. The 

charge movement may cause reemission of radiation without modifying the frequency of the 

incident light. Although induced polarization may change in the speed of the light resulting 

optical phenomena such as refraction or birefringence. The reason for this is that the field 

strength of conventional light sources is much weaker (below 103 ν/cm) than the atomic and 

inter-atomic fields (107 to 1010 ν/cm). Therefore the resultant perturbation is too small to cause 

any change in the optical parameters. But with the advent of lasers the situation has changed 

drastically. Lasers generate electric field strength varying in the range of 105 - 109 ν/cm, 

compatible in resonating with the atomic electric fields of the medium. This resonance affects 

the optical properties of the medium and thus generates new electromagnetic fields altered in 

phase, frequency, and amplitude. This is the realm of NLO.6  
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With strong field strength (e.g., lasers) the polarization response of the medium is no 

longer linear as given in equation (1.2.1) and the higher order terms become more significant. 

The optical response can be described by expressing the polarization (P) as a power series in the 

field strength (E) as7 

........3)3(2)2()1( +++= EEEP     (1.2.2) 

2 3

0 ................P E E E   = + + + +    (1.2.3) 

Equations 1.2.2 and 1.2.3 represent the interaction of radiation with bulk material and a 

molecule respectively.8 Where 0 is the permanent dipole moment, 
(1) and α are linear terms 

responsible for linear optical properties (refractive index, absorption, permittivity etc.), 
(2) and 

β are quadratic terms responsible for nonlinear optical properties (second harmonic generation, 

electro optic effect, etc.). The term 
(3) and γ are known as cubic nonlinear term responsible for 

the third harmonic generation, optical phase conjugation and the Kerr effect. Hence, the induced 

polarization can convert the fundamental frequency to the second, third and higher order 

frequencies. This is illustrated in Figure 1.2.3 for a medium where the first nonlinear term β 

makes significant contribution to the induced-frequency components. In this example the 

medium (a model of non-centrosymmetric molecule) demonstrates an asymmetric polarization 

response to the applied field E(ω). The polarization occurs from D (electron rich substituent) to 

the A (electro deficient substituent). The nature of polarization can be illustrated as a summation 

of the Fourier components of frequencies ω, 2ω and 3ω etc. as shown in the Figure 1.2.3. 

According to Fourier theorem a non sinusoidal periodic response (P) can be represented as a sum 

of series of sinusoidal functions with harmonics of appropriate coefficients of the elementary 

frequency ω. For asymmetric and symmetric response, an appropriate summation of the even 

harmonics (0, 2ω, 4ω, 6ω etc.) and the odd terms (ω, 3ω, 5ω etc.) describe the total 

polarizability function (P).      

 

Figure 1.2.3. (a) Polarization response (P) 

plot to an incident electromagnetic wave of 

field strength E(ω) in a noncentrosymmetric 

medium at frequency ω. (b) to (d) Fourier 

components of P at frequencies         2ω, ω, 

and 0. 
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Similarly Figure 1.2.4 shows an example of a nonlinear response in a centrosymmetric 

medium like benzene. Here delocalized π electron of system is responsible for the symmetric 

nonlinear polarization. The Fourier response decomposition occurs at odd harmonics (ω, 3ω, 5ω, 

etc.) with gradually decreasing amplitudes (coefficients) of the higher order components. In 

either of these examples, as the incident field E(ω) becomes more and more intense, the 

nonlinear terms contribute more significantly. 

 

 

Figure 1.2.4. Nonlinear polarization response 

(P) plot of to an incident electromagnetic field in 

a centrosymmetric medium.  

 

 

The non-linearity of the optical response is best represented by the second (β) and third 

hyperpolarizability (γ). For a centrosymmetric system, then first order or second 

hyperpolarizability (β) is zero, implying the non-responsiveness of centrosymmetric media 

towards second harmonic generation. This can be explained as follows. If a field +E is applied to 

the medium, the first nonlinear term appeared as +βE2 according to equation (1.2.3), with an 

applied field of –E, it still appeared as +βE2. But this is contradictory as the medium is 

centrosymmetric where polarization should be −βE2. This contradiction can only be resolved if 

β=0. Thus we can conclude that the centrosymmetric medium possess zero β-value. In the case 

of third order NLO susceptibility, if +E field produces polarization +γE3 and −E field produces 

−γE3, so for centrosymmetric media, the second order hyperpolarizability (γ) is the first non-zero 

nonlinear term.1 

1.2.3. Microscopic nonlinearities 

The description of nonlinear optical processes in the previous section needs more 

rigorous physical basis. In this section the constitutive relationships will be precisely stated.  

The polarization induced in a molecule by an applied electric field is  

 

.............i ij j ijk jk ijkl jklP E E E  = + + +    (1.2.4) 

Where the subscripts i, j, k, l refer to the molecular coordinate system and Ej, Ejk etc. 

denote the components of the applied field. The induced polarization in a molecule is a vector 
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quantity and is related to the electric field vectors through the components of tensor coefficients, 

though it has been considered earlier as scalar as expressed in equation (1.2.3). The third-rank 

tensor ( βijk ) has very similar properties  to a vector, but γ, a fourth-rank tensor, has the 

properties of a scalar. This can be verified from the experimental findings where values of β and 

γ are related to the components of the tensors according to equations (1.2.5) and (1.2.6).  

 

zxx zyy zzz   = + +       (1.2.5) 

1 ( 2 2 2 )
5 xxxx yyyy zzzz xxyy xxzz yyzz      = + + + + +    (1.2.6) 

 

In order to understand clearly about the vector like nature of β we observed a situation as 

presented pictorially in Figure 1.2.5 where the z-axis of the molecule is considered passing 

through two carbon atoms that contains the donor (D) and acceptor (A). It can be noted that the 

component of any arbitrary chosen field will polarize the molecule mostly in the z direction. If 

we set up experiments where the applied field is pointed in the direction of the molecular axis, it 

is clear that βzzz will be the dominant contributor to the nonlinear response. γ, on the other hand, 

has the characteristics of a scalar with field projections contributing in all molecular directions.  

    

 

Figure 1.2.5. Model system 

with electron donor and 

acceptor substituents which 

results the asymmetric charge 

distribution along with large 

β. Considering the reference 

coordinate system as z- axis 

which is parallel to the dipolar 

axis of the molecule, the 

molecule is most easily 

polarized   along z direction. 

Hence βzzz is the largest 

component of the βijk tensor.  

 

 

 

 

 

1.2.4. Various types of second-order NLO effects  

Various types of second-order NLO effects can be observed experimentally namely,  
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1.2.4.1. Second harmonic generation (SHG)  

This has been considered as the most extensively used applications of NLO. SHG is a 

process where frequency of radiation becomes doubled with respect to the incident light after 

passing through a certain medium. Suppose two radiations of frequency ν are passed through a 

material having characteristics 
2 and β, the emitted radiation will have a frequency of 2ν. The 

produced wave will have the same direction as the incident one. Figure 1.2.6 pictorially 

represents the process of SHG. 

 

Figure 1.2.6. Second harmonic 

generation (SHG). The dashed 

(-) line corresponds to the 

virtual level9. 

 

 

2h h h  + =      (1.2.7) 

1 2p p p+ =       (1.2.8) 

The p1 and p2 are the momenta of the absorbed photons, and p is the momentum of the 

emitted one.  

1.2.4.2. Sum frequency generation or parametric generation  

Transformation of the light wave with frequency ν into two new light waves with 

frequencies ν1 and ν2 is termed as parametric generation9 as shown in Figure 1.2.7. 

 

 

Figure 1.2.7. Paramagnetic 

generation.                                                                           

                                               

 

1 2h h h  = +       (1.2.9) 

1 2p p p= +       (1.2.10) 
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This process is also represented as two-photon process like SHG.  

1.2.4.3. Linear electrooptic effect or Pockels effect  

In presence of an external electric field, a linear change in the refractive index of the 

medium occurred and is termed as Pockels effect. In this case, a DC field is applied to a medium 

through which an optical wave propagates. The interacting field component can change the 

polarization which effectively alters the refractive index of the medium.1  

1.2.4.4. Optical rectification  

The optical rectification is defined as the ability to induce a DC voltage between the 

electrodes placed on the surface of the crystal when an intense laser beam is directed into the 

crystal.1  

1.2.5. Applications of NLO effects  

Table 1.2.1 represents various susceptibility and frequency dependent applications in 

various fields for 
(2) and 

(3)  

Table 1.2.1. Susceptibility functions (
(2) and 

(3) ) for various types for interacting field 

components, their effects and applications. 

 

Susceptibility Effect Applications 

(2) (0; , )  −  Optical rectification Hybrid bistable device10 

(2) ( ; ,0)  −  Electro-optic (Pockels) effect Modulators, variable phase 

retarders11 

(2) ( 2 ; , )   − −  Frequency doubling Harmonic generation device10 

(2) ( ; , )c a b   −  Frequency mixing Paramateric amplifiers, IR up 

converters11 

(2) ( ; ; , )    − −  AC electro-optic effect 

AC Kerr effect 

Optical bistability10 

Phase conjugation12 

(2) ( 3 ; ; , )    −  Frequency tripling Deep UV conversion12 
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1.2.6. Present status of the field  

Strong intramolecular charge transfer excitations in a noncentosymmetric environment 

have been proved to be the fundamental requirements for second-order NLO materials as 

prescribed by theoretical model (vide infra). Prototypical organic molecules such as p-

nitroaniline (PNA) (Scheme 1.2.1), dimethylaminonitrisostilbene (DANS) have an asymmetric 

charge distribution with donor and/ or acceptor group substituents and thus satisfy basic criterion 

for good NLO response. 

 

Scheme1.2.1. P-nitroaniline molecule, the 

prototypical dipolar D-π-A system. 

 

 

 

 

DANS has long been regarded as typical benchmark compound for evaluating NLO 

properties.1 In this respect, scientists have primarily focused on engineering the electronic 

structure of the donor, acceptor and the bridge structure based on the simple molecular scheme 

(D-π-A structure) for producing efficient second-order NLO dipolar organic molecules and metal 

complexes. In addition to dipolar molecules, octupolar molecules have also drawn the attention 

of scientific community in recent times. These species are multi-polar and their NLO response is 

due to multidirectional charge transfer excitation. A prototypical example is shown in Scheme 

1.2.2.  

 

 

 

Scheme 1.2.2. Dipolar vs. octupolar charge 

distribution in prototypical dipolar and trigonal 

octupolar systems. 

 

 

 

 

 

 



11 
 

1.2.6.1. Organic molecules for second-order nonlinear optics 

In the early nineties, Marder et al. paved the way for developing highly advanced NLO 

chromophores13, 14 and found an optimal combination of D and A strengths to maximize μβ for a 

given conjugation bridge. It was found that the average difference between the single and double 

bond lengths in the molecule i.e., bond length alteration (BLA) is the key parameter for 

optimizing the β of molecules.15 Most of the existing molecules are known to have high BLA to 

maximize β. For example DANS molecule having aromatic ground state is likely to have more 

bond length altered than a simple polyene chain of comparable length for a given set of 

combination of D and A. The high degree of BLA in such molecules indicates that insufficient 

contribution of charge separated resonance takes place in the ground state configuration showing 

a direct consequence of loss of aromatic stabilization in the charge separated form. Therefore 

molecules with less aromatic character in the ground state or systems where loss of aromaticity 

in the ground state is compensated by a gain in aromaticity in the charge separated form have 

been receiving importance. For example when heterocyclic rings like thiophene, furan replace 

benzene rings in stilbene derivatives, a decrease in the aromatic character in the ground state 

leads to enormous high β value.16, 17  More enhanced nonlinearities can be observed in molecules 

that can gain aromaticity in their charge separated form.18  

Molecules with high nonlinearities, designed for electro-optic and SHG applications, should 

also possess good thermal and chemical stability. Unfortunately, organic molecules discussed so 

far are thermally unstable in spite of having high degree of nonlinearity. Moylan et al.,19, 20 

figured a way out to increase the thermal stability without compromising the nonlinearity of 

chromophores by replacing aliphatic dialkyl amino donor groups with diaryl amino groups.21, 22 

Lindsay et al.,23 replaced the most reactive cyanide group in the tricyanovinyl group with aryl 

units in tricyanovinyl thiophenes, which improved the chemical and thermal stability 

considerably. Another class of extremely thermally stable chromphores with good nonlinearity 

are symmetrical analogues of the commercially available 4-(dicyanomethylene-2-methyl-6-94-

dimethylamino styryl)-4-pyran (DCM) laser dye.23 This compound with dicyanomethylene pyran 

acceptor attached to two carbazole donors is found to be thermally stable up to 350ºC. Due to 

their “lambda-shape” structure, these molecules may be less susceptible to loss of nonlinearities 

in poled polymer films.24   
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1.2.6.2. Metal complexes for second-order nonlinear optics 

Similar to organic NLO chromophores, most of the second-order NLO metal complexes 

also possess the structural pattern of D-π-A, where an organometallic bridge can be attached to 

donor and acceptor moieties. Metal to ligand charge transfer (MLCT), ligand to metal charge 

transfer (LMCT), or intraligand charge transfer (ILCT) processes make the metal complexes 

effective for use as donor / acceptor / polarizable bridge. Keep this scheme in mind; several 

classes of second-order NLO transition metal complexes can be identified.  

Metallocene derivatives, one of the most widely investigated classes of NLO metal 

complexes,25, 26 generally a ferrocenyl moiety acts as the donor group of the D-π-A structure. The 

second-order nonlinearity of such complexes is attributed to the CT excitations from low-lying, 

filled metallocene orbitals to empty π* orbitals of the conjugated π-A system.27 Another 

important classes of NLO metal complexes based on Schiff base ligands have also been 

introduced.28 Reports on the NLO properties of these types of compounds based on the 

tetradentate salen [N,N′-bis(salicyleneaminato)ethylene] ligand showed that the role of the metal 

electronic configuration determines the second-order nonlinearities.29 It was also confirmed that 

this family of derivatives shows excellent thermal stability. This discovery indicated the 

potentiality of metal complexes as building blocks of NLO materials. Another prime important 

metal based complexes for applications in the areas of conducting, magnetic molecular materials 

and also relevant optical properties are metal bis-dithiolen complexes.30 In a works it has been 

shown that bis-dithiolene complexes of Ni, Pd, Pt can be useful as near-infrared dyes for Q-

switching the Nd:YAG lasers.31 Curreli et al., in one of their works addressed how the different 

terminal environments (π-conjugated) with the centrosymetric (C2S2)Ni(C2S2) core affects the 

electronic and NLO properties of the complex.32 Volger in early 1980s,33 reported asymmetric 

bis-dithiolene complexes as potential second-order chromophore.34  

 

1.3. Luminescence 

The word luminescence appears from the Latin term ‘lumen’ signifying light and is 

presently defined as spontaneous emission of radiation through a process other than 

incandescence. If we heat something to a high enough temperature, it will begin to glow. When 

coil of heater or metal in a flame begin to glow ‘red hot’, this is incandescence. Sun and stars 

also glow due to this phenomenon. Whereas luminescence is ‘cold light’ emission phenomenon 

which takes place at lower or even at normal temperatures. In luminescence some energy source 
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drags an electron from its ground state (lower energy) into the excited (higher energy) state; then 

the electron return to its original state with emission of light in the visible region. This is 

luminescence. We can observe the luminescence phenomena in nature also, like aurora borealis, 

the light of sea, luminous animals (glow-worms, fireflies), phosphorescent woods etc. All over 

the world, scientists are using this phenomena in various fields like geology, physics, chemistry, 

biomedical engineering, industrial applications for research and development.35  

1.3.1. Luminescence and stokes law  

When radiation is incident on a material, some of its energy is absorbed and re-emitted as 

light of higher wavelength (stocks law). The wavelength of the emitted light is characteristics of 

the luminescent substance and does not depend on the incident radiation. The emitted light may 

be in visible, ultra-violet or infrared region. This cold emission (i.e., luminescence) involves two 

steps: (1) excitation of electronic systems to higher energy level, and (2) subsequent emission of 

light. After absorption of radiation, emission of light takes place with characteristic time gap (τc). 

This parameter allows us to sub-classify the process of luminescence into fluorescence and 

phosphorescence. In fluorescence, τc <10−8s and is seen to be spontaneous i.e., fluorescence 

emission occurs instantly with the absorption of radiation and stops immediately as the radiation 

ceases. Whereas in phosphorescence, τc > 10−8 s and is seen to continue for a long time even after 

the source of excitation is removed. Phosphorescence can be further divided into two parts: a) 

short period, τc <10−4 s, and (b) long period where τc >10−4 s, also called Thermoluminescence 

(TL). Fluorescence is essentially independent of temperature, whereas decay of phosphorescence 

exhibits strong temperature dependence. Each process mentioned above has its own significance 

and advantage in the field of 

science and technology.35 The 

family tree of luminescence 

phenomena is shown in Figure 

1.3.1.  

Figure 1.3.1. Classification of 

luminescence on based on 

duration of emission.35 
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1.3.2. Types of luminescence 

Depending on the source of energy or what trigger luminescence, there are varieties of 

luminescence namely: 

1.3.2.1 Chemiluminescence: Energy source is chemical reactions. 

1.3.2.2 Bioluminescence: Living organism produces light due to chemical reactions. 

1.3.2.3 Triboluminescence: Light is generated by mechanical energy. 

1.3.2.4 Cathodoluminescence: The light emission is a result of electron beam excitation. 

1.3.2.5 Electroluminescence: Light is generated in response to an applied electric field on a 

certain material. 

1.3.2.6 Photoluminescence: Emission of the light is the result of the excitation by 

electromagnetic radiation or photons. 

1.3.2.7 Thermoluminescence:  It is also known as thermally stimulated luminescence (TSL). It is 

the luminescence activated thermally after initial irradiation by other means such as α, β, γ, UV 

or X-rays. 

1.3.2.8 Sonoluminescence: It is the phenomenon by which light is produced due to the excitation 

by ultrasonic waves. 

Emphasis in this thesis has been given to electroluminescence and its application for 

producing organic light emitting diodes (OLEDs). 

1.3.3. Basic principles of luminescence 

The process of luminescence can be illustrated using an energy diagram called Jablonski 

diagram (Figure 1.3.2). This diagram describes various relaxation mechanisms for the excited 

state molecules. Every energy level (S0, S1, T1 etc.) is comprised of several closely spaced 

vibrational states due to the presence of vibronic motions in a molecule. When larger energy 

compared to the HOMO−LUMO energy difference is introduced in a molecule, electronic 

transition may take place either to the lower lying S1 excited state or even higher singlet excited 

states S2, S3 etc. Higher vibronic states within S1 state relax to the lowest vibronic state of S1 

within a time scale of picoseconds. On the other hand, higher energy singlet state (S2,S3) relax to 

S1 state via nonradiative internal conversion (IC) processes. Triplet states are usually populated 
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via an intersystem crossing (ISC) of S1 and T1 states. Radiative transitions take place when 

electron comes down from the lowest vibronic state of S1 or T1 to the ground state S0. The 

radiative transition from S1 to S0 is classified as a spin allowed transition with a time scale of the 

transition of the order of a few nanoseconds. On the other hand, the time scale of the T1 to S0 

transition is much longer, ranging from micro- to milliseconds, because the process is spin-

forbidden.36, 37 Here it is worth mentioning that the population of excited triplet and singlet states 

depends upon the relative magnitude of rate constant ( S

rk ) of the process S1→ S0 and the rate 

constant ( ISCk ) for a nonradiative intersystem crossing (ISC), S1→ T1. The rate constant ( T

rk ) of 

the T1→ S0 process is normally low irrespective of the triplet yield because of spin forbidden 

character. Thus phosphorescence rarely occurs in organic molecules though it is common in 

metal complexes due to the high degree of spin-orbit coupling, which relaxes the spin selection 

rule. Radiative emission can then compete with deactivating processes allowing 

phosphorescence to be observed at room temperature. 

 

 

 

Figure 1.3.2. Jablonski diagram 

representing the absorption, 

fluorescence and 

phosphorescence. Thick arrow 

represents absorption of light; 

dashed ones indicate vibrational 

relaxation and non-radiative 

decay.  

 

 

 

 

1.3.4. Electroluminescence and OLEDs 

Luminescent materials fascinated mankind owing to their broad range of applications 

such as cathode ray tubes (CRTs), projection televisions (PTVs), fluorescent tubes, and X-ray 

detectors etc.38 Besides traditional areas of application, the demand for new materials for 

displays and illumination technology has received considerable activity in the last decade. One of 

the revolutionary technologies for generating light in LEDs is the direct excitation of organic 

semiconductors by electrical current. Particularly OLEDs has been receiving notable interest 
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over the world and are already substituting conventional display technologies.39, 40 In fact, 

OLEDs offer many appealing advantages such as self emission, easy manufacturing, flexibility 

etc. OLEDs do not require a backlight, polarizers and diffusers which results the formation of 

much thinner display panels. Moreover in OLEDs, light emission occurs only from the required 

pixel rather than from the entire panel causing very low power consumption compared to that of 

LCDs.41  Finally, OLED displays are aesthetically superior to LCDs providing truer colors, wider 

viewing angles (up to 170º) and fast switching times (1000 fold faster than traditional displays). 

 

1.3.4.1. The OLED structure 

The multilayered OLEDs device consists of organic thin layers sandwiched between an 

anode (generally indium tin oxide) and metallic cathode (Mg–Ag or Li–Al). The organic layers 

generally compose of three layers namely (a) a hole transport layer, (b) an electron transport 

layer and the most important one (c) exciton blocking layer such as 2, 9-dimethyl-4, 7-diphenyl-

1, 10-phenanthroline (BCP).42 The organic emitters are generally deposited either between the 

conducting layers or more commonly doped into the electron transport layer, typically tris(8-

hydroxyquinolate)aluminum (Alq3). 

Application of electric voltage causes 

injection of holes from anode and electrons 

from cathode. Holes migrate to the hole 

transport layer and electrons migrate to the 

electron transport layer where they meet 

forming exciton. The exciton is then relaxed 

to the ground state resulting emission of light 

(Figure 1.3.3).  

 

Figure 1.3.3. Basic set up of a layered OLED structure. Triplet emitters are represented by 

asterisks.  

 

1.3.4.2. Mechanism of exciton formation 

We have discussed earlier that exciton formation occurs at the emissive layer which are 

generally consist of organic matrix doped with emitter molecules (dopants). In general the 

electron hole recombination occurs at the dopants although it may also occur in the organic 
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matrix. For the latter case relatively high dopant concentration is required for quenching of 

matrix emission. In early days organic fluorescent molecules had been utilized in OLED devices 

as dopant molecules.9 However, in recent times, identification of phosphorescent materials are 

gaining importance as luminous efficiency of OLEDs can be greatly enhanced with 

phosphorescent emitters.  

According to the mechanism of exciton formation, the first step is characterized by 

trapping of charge carriers (electron and hole) in emitter molecules. The hole may be trapped 

first to the emitter molecule e.g., Ir(F-ppy)3 in PVK43 and consequently oxidizes it. 

Simultaneously under applied external potential, electrons from cathode will migrate through the 

matrix material to the anode. This is known as electron hopping. If the trapped holes are far from 

the trajectory of electrons, electrons migrate independently to the anode without meeting the 

holes. In that case, the hole-electron binding energy ΔE(e-h) depends on the electron-hole 

separation, R. The hole-electron recombination also depends on the spins of both electron and 

hole. When these spins are coupled, one combination of antiparallel spins gives singlet and three 

combinations of parallel spins generate a tripet state (Figure 1.3.5b). Thus statistically, 25% of 

the excitons are singlet and 75% are triplet, which differ from each other with respect to their 

spin orientations.44, 45 Thus, excitons produced either directly into the dopants or into the organic 

matrix will undergo exchange interaction leading to the energy splitting between singlet (S) and 

triplet (T) states, ΔE(S-T). Emission between these spin states of exciton, excites the emitter 

molecules. The process is described to follow singlet or triplet path (S-path or T-path) depending 

on the initial spin orientation of the electron-hole pair (Figure 1.3.4).46  

 

 

 

 

 

Figure 1.3.4. 

Dynamics of exciton 

formation. 
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1.3.4.3. Triplet and singlet harvesting 

This section describes the effect of spin-orbit coupling on the efficiency of 

electroluminescence in an OLED device though the mechanism of exciton formation remains 

unaltered.  In order to illustrate this, we will compare the luminescence efficiency of organic and 

organometallic complexes, both having equal photoluminescence quantum yields. Relaxation of 

exciton through singlet or triplet paths populates the lowest excited singlet or triplet state of the 

emitter. This is true for both organic and organometallic complexes. Figure 1.3.5 schematically 

represents this phenomenon. In case of organic molecules, S1 → S0 emission is dominant over S1 

→ T1 intersystem crossing. On the other hand T1 → S0 transition rate is rather small because of 

spin forbidden nature. The deactivation of T1 state occurs in non-radiative fashion at ambient 

temperature. Thus 75% of the triplet excitons do not lead to luminescence and lose their energy 

as heat (Figure 1.3.6, left hand side). On the contrary, in transition metal complexes, the central 

metal ion possesses significant spin-orbit coupling (Figure 1.3.6, right hand side) resulting 

efficient S1 → T1 ISC and thus singlet S1 emission is not observed. Rather radiative T1 → S0 

transition occurs significantly allowing phosphorescence even at ambient temperature. Thus all 

possible spin states of the excitons can be harvested to populate the lowest T1 state. In 

conclusion, by this process of triplet harvesting one can in principle obtain a four times larger 

electro-luminescence efficiency for triplet emitters than for singlet emitters. 

 

 

 

Figure 1.3.5. Electro-luminescence excitation processes for (a) organic and (b) organo-

transition metal emitters. (c) and (d) representing triplet and singlet harvesting effect 

respectively.  
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But the situation is little different for heavier transition metal complexes where average 

radiative rates for the T1 → S0 transition is relatively low. In this case if non-radiative processes 

do not lead to quenching, the emission decay times are relatively very long causing triplet-triplet 

annihilation and hence make these materials unfit for OLED application. To overcome these 

problems, Yersin et al.47, proposed specific emitter molecules with newer electro-luminescence 

mechanism. This special class of molecules are characterized by small energy gap ΔE(S1 –T1) 

between excited singlet (S1) and triplet states (T1).
48, 49 Hence SOC induced ISC processes are 

fast as well as upward processes from T1 to S1 are effective at ambient temperature, which 

enables emission from both states (S1 and T1). In summary, singlet emitters can also take 

advantage of singlet harvesting effect by gathering both triplet and singlet excitons and might be 

well suited for OLED applications as already well established for triplet emitter materials. 

 

1.3.4.4. Requirements of triplet emitters for OLEDs 

Emission wavelength (λem), lifetimes (τ) and quantum yields (Φp) of phosphorescent 

materials are important parameters from the view point of OLED application. Three primary 

colors, blue (~ 450–470 nm), green (~ 500–550 nm) and red (~ 650–700 nm) are required for full 

color displays. Although red and green emitters are readily available, blue emitters are hard to 

find due to the large energy gap between the ground and excited states. On the other hand emitters 

with long emission lifetimes severely decrease the OLED efficiency. For example, when a 

molecule remains in the triplet state for an extended period of time, the rapid repopulation of the 

excited state will be inhibited and this become the limiting factor for the conversion of the 

electrical energy to photon energy. Ideally a guest phosphor should have phosphorescence 

lifetimes in the range of 5-50 µs at 298 K. In addition, suitable triplet emitters should ideally be 

stable, exhibit reversible redox behavior and undergo vacuum sublimation for ease of device 

fabrication. 

 

1.3.5. Structural classes exhibiting room-temperature phosphorescence 

Demand of novel luminescent materials exhibiting desired photophysical properties has 

generated significant activity in the last decades. Concerning OLEDs application, dopant 

containing organometallic systems offers a series of advantages over conventional organic 

emitters as pointed out earlier. Thus with judicious ligand selection it is possible to design a 

series of complexes where the identity of the emitting state is predetermined.50 This is 
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particularly important in designing of application-oriented luminescent materials. There are four 

types of electronic states or transitions expected for transition metal complexes. 

(i) d-d states (metal-centred (MC) transition): Upon ligand coordination the metal d 

orbitals are split. Excited d-d states arise from promotion of an electron within d 

orbitals which are essentially confined to the metal centre. 

(ii) d-π* states (metal-to-ligand-charge-transfer (MLCT)): These involve excitation of a 

metal centred electron to a π* anti-bonding orbital located on the ligand system. 

(iii) π-π* or n-π*  states (intraligand (IL) transition): Promotion of an electron from a π- 

bonding or non-bonding orbital to a higher energy anti-bonding orbital gives rise to 

these states. 

(iv) π-d states (ligand-to-metal-charge-transfer (LMCT)): These states arise from the 

transfer of electronic charge from the ligand π system to a metal centered orbital. 

 

The relative ordering of these four states (d, n, π, π*) may be altered by changing the metal 

centre or ligands,  or by changing the geometry of the complex.50 These modification 

possibilities have led to the design of many new complexes with predetermined luminescent 

characteristics.51  

 

1.3.6. Recent status of the field 

  Numerous research efforts have been put on the photo physical properties of transition 

metal complexes, some of which are discussed here.  

Room temperature phosphorescence is not a common feature for first row transition 

metal complexes due to weak spin-orbit coupling. However, isolated manganese (I)52 and 

manganese (II)53 have been reported to exhibit low temperature emission in solid glasses and 

several Ni (0)54 complexes exhibit weak phosphorescence in solution. Chromium (III) and 

copper (I) complexes are better examples of room-temperature phosphorescence. 

There are several comprehensive reviews regarding the photophysics of chromium (III) 

complexes.55, 56 In these complexes d→d excitation populates the 4T2 state, followed by 

intersystem crossing to the excited 2E state. This process is efficient (1010–1011 s-1) enough to 

produce quantum yield close to unity.57 Although both fluorescence (4T2→
4A2) and 

phosphorescence (2E→4A2) have been reported, phosphorescence occurs quite frequently. Due to 

the low excited-ground state energy gap in fist row transition metal complexes, emission wave 

lengths are mainly restricted to the red spectral region.58, 59 Ir(III) complexes with different 
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combination of ligands e.g., anionic 2-phenyl pyridine (ppy), Acetyl acetonate (acac), 2-carboxy, 

4-amino pyridine and neutral bipyridine (bpy) are also reported as effective phosphorescent 

complexes.60, 61 Their emission can be tuned from blue to red region by peripheral 

functionization of the ligands with different substituents (electron donating and withdrawing).62, 

63 The facial (fac) and meridional (mer) isomers of [Ir (Fnppy)3] are found crucial for use in 

OLED devices.62 A close inspection of their molecular orbitals reveals that introduction of 

fluorine atom can enlarge the HOMO-LUMO energy gap resulting blue shifted emission. Thus 

the green emitting fac-[Ir(ppy)3]  becomes the blue emitting fac-[Ir(Fnppy)3] complex after 

fluorination on the ppy ligands. So far it has been found that Ir(ppy)3  complex is one of the most 

famous emitters for OLED application and it’s emission is governed by the nature of  cyclo-

metallating ligands. However in case of Ir(ppy)2LX  (LX=ancillary ligand)  complexes, their 

color can be tuned from blue to red by changing the ancillary ligands. For example, complex 

Ir(ppy)3 shows deep blue emission at 77K, but its color can be changed from blue (422nm) to 

orange red (587nm) by using different ancillary ligands like Ir(ppz)2(acac) (acac= acetyl 

acetonate), Ir(ppz)2(dbm)  (dbm=dibenzoyl methane). It can be noted that the complex 

Ir(ppy)2(pic)  (pic=picolinate) shows strong green emission both in the solid state and  in solution 

at room temperature with photoluminescence (PL) efficiency of 19%. Here it is worth 

mentioning that to tune the emission of Ir (III) complexes, changing the ancillary ligand is more 

simple and convenient compared to the traditional method of altering the structure of cyclo-

metalating ligand. Yersin et al. proposed first row transition metal based complexes such as 

Cu(I)(pop)(Pz2BH2), (pop = bis(2-diphenyl phosphanyl, pzBH2 = bis (pyrazol-1-yl)borohydrate) 

with small energy separation, [ΔE (S1- T1)]. This causes emission from both the singlet and triplet 

excited state with better efficiency. Therefore efforts have been devoted to the development of 

materials with smaller ΔE (S1- T1) values. Solvent can also control the phosphorescence quantum 

yield by quenching the emission process of organo-transition metal compound with formation of 

exciplex between the excited emitter and the solvent molecule.64, 65 Exciplex quenching occurs 

more efficiently when emitters are more electrophilic and solvents are more nucleophilic in 

nature. Recently in an electrophilic Pt(II) compound the emission is found strongly quenched 

even by poor Lewis bases. On the other hand, in non polar cyclohexane, a high emission 

quantum yield was obtained.66    
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1.4. Aim of the present work 

Computational modeling is an efficient tool for designing potential materials. By modeling it 

is possible to eliminate the high costs associated with the hit and miss synthetic approach. This 

also offers the materials scientist the added advantage of quick feedback on a compounds 

potential usefulness. In many cases it has been found that the optical properties of studied 

compounds, computed using various methodologies are in good agreement with the experimental 

values. Thus use of computational methodology before synthesis is now accepted as a state-of-

the-art technique in modeling the potential molecules. Keeping in view the success of quantum 

chemical methods in predicting the quantitative value, the thesis specifically deals with the 

computational modeling of optical materials as given below:   

(1) Ionic donor-acceptor groups can enhance the hyperpolarizability values drastically 

compared to the neutral subatituents, attempts have been put in order to design efficient NLO 

materials based on organometallic spacer with zwitterionic substituents (donor-acceptor) at the 

peripheral unit.  

(2) Focus of the present research has shifted from heavy to light transition metal complexes 

for the existence of singlet harvesting effect in the latter. Third row transition metal complexes 

have also been reported to be quite effective for OLED applications. Therefore our interest 

centers around designing of luminescent materials especially rare blue emitters based on 3d 

transition metal complexes.        

(3) Magnetic Materials with interesting electrical and optical properties are of enormous 

importance due to their multifarious applicability in photonic devices. Especially organic 

magnetic materials with larger nonlinear optical response are of prime importance as they 

possess biological application as well. A great deal of attention has been paid to the two photon 

absorption (TPA) property of organic molecules as these systems have potential application in 

photodynamic therapy (PDT). Hence a single molecule can be used in multidimensional way. 

Thus by judicious choice of the components that constitute the molecule, it is possible to control 

the application of designed systems. In nutshell our intention is to design multifunctional 

molecules. 

(4) The effect of weak interaction (intermolecular hydrogen bond formation) on the 

excited state relaxation process such as luminescence process is one of the fundamental aspects 

of photochemistry. In some cases it has been found that intermolecular H-bonding interaction 
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diminishes HOMO-LUMO energy gap resulting red shift in the emission spectra. Here we have 

studied the effect of hydrogen bond interaction on the luminescence spectra. 

 


