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Abstract 

The design and development of nonlinear optical (NLO) materials is an area of frontier 

research for both theoretical and experimental communities strengthened by extensive 

applications related to optics, optoelectronics, nanophotonics and photonics. Materials 

with NLO activity find use as electro-optic switching elements for optical information 

processing, telecommunication technologies and modern hi-tech applications. The NLO 

process requires materials that manipulate the amplitude, phase, polarization and 

frequency of optical beams. The variety of materials including inorganic, organometallic, 

organic and polymeric have been studied for their NLO activity. However, it is the 

organic materials which have been receiving the maximum attention. In addition to the 

advantage in synthesis, organic materials have ultra fast response time, photostability and 

large first hyperpolarizability (β) values. In particular, the exploration of π-conjugated 

systems linking a donor (D) and an acceptor (A) at opposite ends show large NLO 

response. Therefore, it has become one of the fascinating fields which have been 

receiving maximum attention and expedite the development of this new kind of materials. 

It has been considered that non-centrosymmetric D-π-A dipolar compounds are 

commonly used for achieving first hyperpolarizability or second-order nonlinear 

polarizability (β). Keeping in view the success of quantum chemical approaches, this 

thesis deals with the computational modeling of NLO materials with π-conjugated spacers 

between electron donor and an electron withdrawaing groups. This is based on the 

concept of charge transfer (CT) between D and A separated by π-conjugated spacers at 

molecular level. The CT in these molecules arises owing to the interaction of π orbitals of 

the D and A moiety through the π- bond. We have quantum chemically designed these D-

π-A compounds which can possess active electric, photophysical, linear and nonlinear 

optical properties. The organic materials based D-π-A framework has immense potential 

in the field of electronics, photonics, and information technology. We have found new 

insights into the properties of these functional materials. 

In this thesis, the quantum chemical approach has been carried using density functional 

theory (DFT) and time-dependent density functional theory (TDDFT) to compute the 

electronic properties including molecular orbital energy levels and natural bond orbital 

(NBO), UV–Visible absorption spectra, change of dipole moments (∆µ), average 

polarizability and NLO properties 
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1- The first research report is a valuable addition in the field of D-π-A NLO 

compounds and presented the vital confirmation for controlling the kinds of π-

conjugated linker is a significant approach for the design of new appealing NLO 

compounds. Series of triphenylamine-dicyanovinylene based donor-π-acceptor dyes 

have been designed by structural tailoring of π-conjugated linkers and theoretical 

descriptions of their molecular nonlinear optical (NLO) properties had been reported. 

DFT and TDDFT calculations were performed to shed light on how structural 

modification influences the NLO properties. The simulated absorption spectra results 

indicate that all dyes showed maximum absorbance wavelength in the visible region. The 

LUMO-HOMO energy gaps of all dyes have been found smaller which result in large 

NLO response. Calculation of NBO analysis reveals that electrons are successfully 

migrated from donor to acceptor via π-conjugated linkers and a charge separation state is 

formed. High NLO response reveals that this class of metal free organic dyes possesses 

eye-catching and remarkably large first hyperpolarizability values, especially D8 with 

highest α and βtot computed to be 771.80 (a.u) and 139075.05 (a.u) respectively. This 

theoretical framework also highlights the NLO properties of organic dyes that can be 

valuable for their uses in modern hi-tech applications. 

2- The second report not only describes a new paradigm for structural modification 

of linkers and acceptors to design new appealing NLO compounds with giant NLO 

response properties, but also provides new horizons to explore unexplored DSSCs 

materials for NLO applications. This theoretical framework also exposed the fluorene-

substituted organic chromophores as excellent NLO candidates that can be valuable for 

their uses in technologically relevant applications. In this report, first attempt had been 

made to utilize fluorene based dye-sensitized solar cell (DSSCs) dye JK-201 as potential 

NLO material and also for the quantum chemical designing of series of novel organic 

NLO chromophores JK-D1 to JK-D12. The effect of π-linkers and acceptors-steered 

modulation of JK-201 on molecular energy levels, electronic, photophysical average 

polarizability and NLO properties of JK-D1 to JK-D12 had been studied in detail. 

Results illustrate that studied compounds showed absorbance wavelength in the visible 

region. Computed λmax (484.74 nm) and experimentally calculated λmax (481 nm) value 

of JK-201 was found to be in very good agreement. The maximum red shifted absorption 

spectrum is observed in JK-D12 with 599.38 nm value. JK-D1 to JK-D12 showed 

narrow energy gap and broader absorption spectrum as compared to JK-201. NBO 
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analysis confirms the formation of charge separation state due to robust range of 

electrons/charge transfer from donor to acceptor via π-bridge, hence, responsible for 

large NLO response. An eye-catching and giant NLO response has been observed in all 

investigated compounds. In particular, JK-D12 displayed appealingly large α and 

surprisingly large βtot computed to be 1376.74 (a.u) and 405731.84 (a.u) respectively. 

This work might be useful to design other organic dyes in the field of electro-optics.  

3- Third report evident that controlling the kind of donor, π-bridge, acceptor and 

intramolecular charge transfer (ICT) process at molecular level could be a key to develop 

strong nonlinear optical (NLO) active materials for technological applications. In this 

work, NLO response of quinacridone (QA)-based dyes has been tuned from 0.00 (a.u) to 

128082.15 (a.u). Theoretical designing of quinacridone (QA) dye and new class of QA-

based compounds (QA-1 to QA-9) was proposed by installing auxiliary donors 

(dimethylvinyl, methoxy, and N,N-dimethylamine), donor (diphenylamine) and 

acceptors (cyanoacrylic acid, CN and NO2) segments into fixed π-bridge QA. The QA-9 

was found to be the most red shifted among all studied compounds with λmax=489.02 nm. 

QA-1 to QA-9 showed narrow HOMO-LUMO energy gap as compared to QA which 

results in enhanced NLO response. NBO analysis confirms the formation of charge 

separation state in QA-1 to QA-9 due to successful migration of electrons from auxiliary 

donor/donor to acceptors via π-bridge. The present research evokes the scientific interest 

regarding the development of QA based tempting NLO compounds that can be 

beneficial in modern hi-tech applications. 

4- In this work, we designed series of indolo[3,2,1-jk]carbazole based donor-π-

acceptor organic dyes S1-S8 by modifying the π-bridge of experimentally synthesized 

dye IC-2 in order to evaluate their potential nonlinear optical (NLO) properties. Density 

functional theory (DFT) calculations with B3LYP/6-31+G(d,p) level of theory was used 

to shed light on how bridging core modification affect the charge transport, electronic 

and NLO properties of S1-S8? Time-dependent DFT (TDDFT) computations using 

B3LYP, CAM-B3LYP, ωB97XD and M062X functional were performed to examine 

photophysical properties. Results indicate that HOMO-LUMO energy gaps in S1-S8 

(3.03-2.61 eV) were found smaller than IC2 (3.11 eV) which results in large NLO 

response and obvious red shifts than IC2. Natural bond orbital (NBO) analysis reveals 

that separation of charge is formed and electrons are successfully moved from donor to 

acceptor unit. S1-S8 showed absorbance wavelength in the visible region (388-436 nm) 
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and greater than IC2 (386 nm). An enhanced NLO response was observed in S1-S8 as 

compared to IC2. Interestingly, S7 exhibits appealingly large enhancement in NLO 

response properties with <α> and βtot computed 512 (a.u) and 39664 (a.u) respectively. 

Hopefully, this theoretical investigation will serve as a springboard for the future 

experimental studies of these NLO dyes. 

5- The heterocyclic aromatic compounds have become an important pharmacophore 

due to promising applications in medicine and nonlinear optics (NLO) fields. In this 

report, keeping in view of the significance of 4-thiopyrimidines derivatives, we selected 

phenyl pyrimidine derivatives namely: ethyl 4-((3-chlorobenzyl)thio)-6-methyl-2-

phenylpyrimidine-5-carboxylate (EMPPC), (4-((4-chlorobenzyl)thio)-6-methyl-2-

phenylpyrimidin-5-yl)methanol (MPPM) and 4-((4-chlorobenzyl)thio)-5,6-dimethyl-2-

phenylpyrimidine (DPP) for NLO study. From density functional theory (DFT) 

calculations, HOMO–LUMO energies and global reactivity parameters have been 

obtained. The photophysical properties of investigated molecules were estimated using 

time dependent DFT (TDDFT) at B3LYP/6-311G(d,p) level of theory. Nonlinear optical 

(NLO) analysis has also been carried out by DFT calculations with B3LYP/6-311G(d,p) 

functional. The NLO properties of EMPPC, MPPM and DPP were observed larger as 

compared to the standard molecule indicating the considerable NLO character of all 

molecules especially recommended the NLO activity of EMPPC for optoelectronic 

associated hi-tech applications. 
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Chapter 1 

1 INTRODUCTION 

The theoretical and computational chemistry is getting attention these days as it offers 

precious means and facilitates chemists, physicists and other scientists to study and make 

improved observations about materials which are difficult to examine experimentally. 

The estimation of chemical properties with the assistance of quantum chemical 

computations entails less constraint for chemical groups in contrast to empirical group 

contribution methods. These features have made computer guided exploration very 

attractive in modern research. The utilization of quantum chemical computations to get 

comprehensive and efficient work along with the effective and convenient ways for 

computer guided design and exploration of nonlinear optical (NLO) materials with 

optimized chemical properties is the primary theme of this dissertation. Novel paradigms 

of computational molecular design of donor (D)-π-conjugated-acceptor (A) compounds 

with large first‐hyperpolarizabilities are proposed for modern hi-tech applications. This 

dissertation not only recommends the efficient NLO materials with appealing NLO 

properties but also catches the attention of synthetic chemists to prepare the D-π-A 

conjugated compounds for industrial scale and applied applications. 

1.1 Nonlinear Optics 

An important branch of optics is named as nonlinear optics (NLO) in which different 

optical phenomenon induced due to strong electric fields (intense laser beams) interaction 

with matter (specific or bulk molecules) are studied (Nalwa et al., 1997). In NLO process, 

new light or electromagnetic fields  having variation not only in optical and physical 

properties, but also in frequency, phase and amplitude from the incident electromagnetic 

field are generated (Williams, 1984; Dalton et al., 1999). The NLO field is much broad 

and general in scope due to its large intersection with engineering, experimental and 

theoretical chemistry and physics (Suresh et al., 2012). 

The fields of photonics and NLO are recognized as most emerging technologies of twenty 

first century (Prasad & Reinhardt, 1990). In photonics technology, a photon as a 

substitute of an electron in electronics is exercised to obtain, accrue, put into practice and 
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transmit information (O'brien et al., 2009). Similar to electronic circuits, photons are 

conducted through channels in photonic circuit (O'brien et al., 2009). Certain junction 

points exist between one channel to another in which light can be switched. The optical 

switching at these junctions requires such materials that allow the manipulation of electric 

field or pulse of laser (Papadimitriou et al., 2003). Such materials which become the 

reason for causing manipulation of light are recognized as NLO materials and are getting 

important consideration nowadays due to its versatile importance and utilization in 

dynamic image processing, optical computing, optical communication, laser radar, optical 

data storage, remote sensing, entertainment and medicine industry (Bergman Jr & Kurtz, 

1970; Zyss, 1985; Bjorklund et al., 1987; Meredith, 1987; Ulrich, 1988; Kobayashi, 1991; 

Eaton, 1992). The research has been developed extensively in previous years owing to the 

option to produce potentially novel NLO materials for electro-optical devices (Nalwa, 

1991; Long, 1995; Heck et al., 1999; Le Bozec & Renouard, 2000; Di Bella, 2001).  

Photonics as compared to electronics hold intrinsic worth (O’Neill & Kelly, 2011). The 

vital merits making photonics trustworthy, emerging and valuable technology over field 

of electronics is the faster momentum of photon as compared to electron. Furthermore, 

photonic circuits are free from magnetic and electrical interference which result in its 

good and full compatibility with current fiber optics networks (Prasad & Reinhardt, 

1990). 

1.2 Origin of Nonlinear Optics (NLO) 

The overall NLO processes can be explained on the basis of dielectric phenomena. 

According to the classical theory of Raman effect (Schrader, 1973), when electric fields 

like propagating electromagnetic wave or applied static electric field interact with a 

molecule or a medium, it suffers some distortion and displacement of electrons. The 

nuclei bounded electrons commence oscillation with frequency well matched to the 

external field after getting perturbation caused by this external field. As a result, the 

electrons displace toward positive pole of the field. Contrary, nuclei bearing positive 

charges are attracted toward the negative pole of the field. Thus, an induced electric 

dipole moment is set up in the distorted molecule due to the displacement of charges 

towards their opposite poles and molecule is supposed to be polarized. The extent of 

induced polarization (P) and dipole moment values hold direct relation with the potency 

of applied field (E) and the ease with which the molecule can be distorted.  



3 

 

1.2.1 Bulk Level  

The interaction of variable electric field consisting of non-laser or light supply with bulk 

level of material results in the electrons distortion which can be indicated by following 

expression. 

P =  Po + Pind
  =  Po +  χ 

(1)E (1) 

In this equation, P0 is the intrinsic polarity, while induced polarization is represented by 

Pind. The E denotes the applied electric field, χ(1) indicates the electrical susceptibility 

which is also known as linear polarizability tensor of the material.  

At sufficiently intense fields, there occurs the NLO phenomenon. When the strength of 

provided fluctuating electric field is excessive (laser source), the perturbation response of 

electrons turns out to be nonlinear. This nonlinear response of induced polarization 

regarding the electric field applied is represented by power series.   

P =  Po + χ(1)E + χ(2)E2 +  χ(3)E3 + …. (2) 

In this equation, the χ(2)  term indicates the tensor for electrical susceptibility of second-

order, while  χ(3) denotes the electrical susceptibility tensor of third-order respectively 

which is frequently used to represent the nonlinear responses of the materials that are bulk 

in nature. 

1.2.2 Molecular Level 

When an external oscillating electric field is experienced by a molecule instead of a bulk 

material, the perturbation or electrons distortion takes place which is shown as 

P =  µo + αE + βE2 +  γE3 + ….   (3) 

The first term µ0 in this equation corresponds to the ground state molecular electric dipole 

moment. In second term of above equation 3, α indicates the linear polarizability process 

while E is used to represents the electric field applied. Similarly, the β and γ in third and 

fourth terms of above equation denote the quadratic hyperpolarizability and cubic 

hyperpolarizability correspondingly. The terms βE2 and γE3 describe nonlinear 

polarization phenomenon which correspond to the second and third order light emission 

with 1/2 or 1/3 wavelength of the incident beam respectively. With increasing order, the 

potency of emission decreases and significant effect beyond the third-order is very minute 

and hard to examine. Briefly, nonlinearity is overall a secondary process for light 

emission concerning the electronic properties and incident beam scheming the 

polarizability of atoms of bulk materials or molecules (see Figure 1). Therefore, 

eccentricity requirement must be held for atoms of bulk materials or molecules to enclose 
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second-order NLO production. Overall, above equation can be expressed as follow 

(Prasad & Williams, 1991); 

P =  ∑ αij

j

E +  ∑ βijk

j<𝐾

E2 +   ∑ γijkl

j<𝐾<𝑙

E3 +  ….                  (4) 

The symbols i, j, k, and l in above equation 4 denote the coordinates of molecules. The αij 

represents polarizability, βijk corresponds to second order effect (first hyperpolarizability) 

and γijkl term used to describe the third order effect (second hyperpolarizability). NLO 

response is displayed by those materials or molecules that hold asymmetric charge 

distribution. The β and γ which represent first and second order hyperpolarizabilities 

respectively are zero in molecules (or medium) that hold centrosymmetric configuration 

indicating that second harmonic generation or second-order NLO emission is not 

displayed my centrosymmetric media.  

 
 

(a) Molecular level (b) Bulk level (Remez & Arie, 2015) 

Figure 1. Representing nonlinear interactions of waves at (a) Molecular level (b) bulk 

level 

The more clarification can be presented as follows. If the molecules (or medium) 

experience the +E applied field then the first nonlinear term forecasted by equation 4 is 

+βE2. Similarly, polarization is forecasted to be +βE2, If –E is applied. On the other hand 

if β=0, then this contradiction can be resolved. Thus zero β-value is showed by the 

centrosymmetric medium. The case of third order NLO is somewhat different. In third 

order NLO susceptibility, –γE3 is produced by –E applied field while +E field produces 

+γE3 polarization. This implies that in centrosymmetric media, the first non-zero 

nonlinear term is the second hyperpolarizability (γ) (Williams, 1984). 

The connection among applied fluctuating electric field and nonlinear propagation 

response in medium is put forth chemically oriented picture by Yariv (Yariv, 1991) and 

Willams (Williams, 1984) . To describe the NLO optical phenomena in this description, 
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collection of molecular units rather than an individual molecular unit is considered. The 

microscopic polarizability is produced when inter atomic binding forces are competed 

with the applied electric field permitting electrons to transfer more away as of the 

equilibrium position. An asymmetric polarization response exhibited by electron donor 

(D)/acceptor (A) non-centrosymmetric prototypical molecule to the Lasers or symmetric 

applied electric field is portrayed in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a) Electromagnetic wave of field strength E (ω). Plot of to the polarization 

response P (b) to (d). Fourier components of P at frequencies ω, 2ω and 0. 

It is evident that polarization originates from D to A which are the electron rich and 

electron deficient substituents respectively. As shown in Figure 2, ω, 2ω, and 3ω etc. are 

the summation of Fourier components of frequencies used to describe the asymmetric 

polarization. The P (2ω) which is a harmonic component of polarization will generate E 

(2ω) harmonic frequency of photonic electric field. Thus macroscopic harmonic response 

will produce in similar way to the macroscopic polarization contributed by ensemble of 

microscopic units.  
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1.3 Types of Nonlinear Optical (NLO) Effects 

Within NLO, nonlinear effects of various order related to different NLO phenomena are 

observed in a medium that are revealed underneath. 

1.3.1 Second Harmonic Generation (SHG)  

Such practice which involves the light transformation with single frequency into beam 

exhibiting the twice frequency is recognized as SHG (Figure 3). In such course of action, 

two photons or high intensity incident waves (laser beams) holding non-collinear or 

collinear geometry with angular frequency “ω” collide with NLO media which covert 

them towards a new second harmonic wave exhibiting “2” frequency (Figure 3).  

 

 

(a)  (Mostaço-Guidolin et al., 2017) (b) (Vandendriessche, 2014) 
 

Figure 3. (a) The SHG representation  (b) Energy level diagram of SHG 

 

Overall, SHG transpires as a second order susceptibility χ(2) phenomenon consequential 

from the light interaction with NLO medium, while in case of  molecules, it is referred as 

first hyperpolarizability (𝛽)  (Tarasov, 1981).  

1.3.2 Sum Frequency Generation (SFG)  

A NLO practice involving two incident waves or input photons with different angular 

frequencies are annihilated and one new photon with new angular frequency is collected 

referred as SFG (Figure 4). The SFG is a parametric procedure which implies that matter 

remains unchanged due to energy preservation fulfilled through photons. 

https://en.wikipedia.org/wiki/Angular_frequency
https://en.wikipedia.org/wiki/Angular_frequency
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(a) (Chen et al., 2005)        (b) (Chen et al., 2005) 

Figure 4. (a) The SFG representation (b) Energy level diagram of SFG  

1.3.3 Difference Frequency Generation (DFG)  

The DFG is a NLO practice involving light or photon holding frequency ω3 which is the 

difference of frequencies of two incident light or photon (ω1 and ω2) is produced (Figure 

5).   

 

 

(a) (Fu et al., 2016) (b) (Fu et al., 2016) 

Figure 5. (a) The DFG representation (b) Energy level diagram of DFG  

1.3.4 Third Harmonic Generation (THG)  

The THG is a two step progression involving SHG succeeded by SFG of frequency-

doubled and original waves to generate light with one-third the wavelength or triples the 

frequency as shown in Figure 6 (Barad et al., 1997). 
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Figure 6. Energy level diagram representation of third harmonic generation (THG) 

1.4 First Hyperpolarizability (β): Theoretical Determination 

To explain the reasoning for first hyperpolarizability of push/pull or D-A π-conjugated 

chromophores, improved interpretation of structure-property association is obligatory. 

The theoretical determination of β is made widely by a model namely “two-state model” 

presented by Oudar and Chemla (Oudar & Chemla, 1977) in 1977 after formulating it 

using well famed sum-over-states (SOS) expression. This model proposed that high value 

of β or NLO effect of chromophores or molecules containing D-π-A architecture is 

originated owing to ICT from D to A through π-linker. 

For design of second-order NLO materials, simple statistical model which shaped a 

correlation flanked by transition with charge-transfer and hyperpolarizability illustrated 

with following expression; 

CT 3

gm gm

gm

f

E







 

(5) 

The terms g and m in above expression symbolize to ground and mth excited state 

studied.  The symbol ∆μgm referred as transition moment corresponds to the change in 

dipole moment observed among excited and ground state. The term fgm points out the 

oscillator strength while transition energy or excited energy is indicated by Egm
3  term. The 

above expression clarifies that β is in inverse relation with the cube of transition energy 

value. Contrary, change in dipole moment or transition moment in combination with fgm 

is directly proportional to β results. Thus theoretically, β values of D-π-A architectures 

can be decisively determined from the product of oscillator strength and transition 

moment.  

https://www.thesaurus.com/browse/interpretation
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For a molecule or materials to show efficient second-order NLO response, “two level” 

model permits the electronic requirement that must be fulfilled. Therefore, optimum 

design of D-π-A configured molecules or materials which can give up large β value must 

hold i) non-centrosymmetric configuration, ii) large magnitude of transition moment and 

oscillator strength iii)  low energy CT transitions. This has been attained productively in 

D-π-A based materials in impending chapter 4 of this dissertation taking into account the 

basic principle displayed in Figure 7. 

 

Figure 7. Schematic representation of push-pull design in D-π-A compounds  

1.5 Organic Materials for Second-Order NLO 

The designing of novel NLO materials with second order effects for their potential use in 

diverse applications is an area of immense research and enormous quantity of research 

has been dedicated since last three decades. Recently, organic NLO materials are widely 

studied owing to certain advantages such as fine tuning of properties and chemical 

structure, intrinsic tailorability, ease of integration and fabrication into devices, better 

processability and low cost over inorganic NLO materials (Lipscomb et al., 1981; 

Baumert et al., 1987; Dehu et al., 1993). Furthermore, organic materials display fine NLO 

response over wide frequency span along with the other benefits like high optical damage 

thresholds, inherent synthetic flexibility and low dielectric constants as compared to 

inorganic materials (Heeger et al., 1988; Eaton, 1991; Marder et al., 1991; Long, 1995). 

Literature is brimful with excellent research reports that compiled organic NLO 

compounds systematically with respect to their NLO properties (Zyss, 1985; Bjorklund et 

al., 1987; Meredith, 1987; Ulrich, 1988; Prasad & Reinhardt, 1990; Kobayashi, 1991; 

Eaton, 1992). The physicochemical properties that must hold by an ideal material in order 

to show possible NLO properties and find usage in NLO are: 

1. Ease of fabrication 

2. High chemical stability 
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3. High thermal stability and mechanical strength 

4. Optical transparency 

5. Ability to practice into thin films and crystals 

6. Architectural flexibility for morphology and design  

7. Wide phase matchable angle 

8. Fast optical response time 

9. High laser damage threshold 

10. Large frequency conversion 

1.6 D-π-A Systems 

The D-π-A configured molecules or materials containing π-conjugated scaffolds as 

backbone equipped with D and A units at end-capped positions are extensively researched 

owing to their diverse potential applications. The ICT from D to A through π-linker 

occurs in such types of systems. An illustration representing the transfer of charge from D 

to A motif is represented in Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Schematic illustration of D-π-A molecules 

In D-π-A molecules, set of molecular orbitals (MO) with lower energy are produced 

owing to the interaction among D and A moieties. These MO as compared with the 

individual uncoupled systems, transfer the absorption maximum towards higher 

wavelengths. Therefore, charge-transfer chromophores are the other name which are 

frequently known for these systems (Meier, 2005; Kivala & Diederich, 2008; Kivala & 

Diederich, 2008; Kato & Diederich, 2010). The two means through which the D-A 
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interaction can occur are through space or through bond fashion. The mutual D-A 

moieties conjugation leads to the strong electronic coupling. Such D-A conjugated  

moieties also named as “push-pull” systems are receiving considerations in such areas of 

research that are working for the expansion and utilization of organic materials for 

photovoltaics (Bredas & Durrant, 2009; Wu & Zhu, 2013), solvatochromism (Bureš et al., 

2011), piezochromism (Chen et al., 2012), electro-optics (Sullivan & Dalton, 2009) and 

nonlinear optics (NLO) (Asselberghs et al., 2004). In such push-pull or D-A conjugated 

architectures, appropriate structural tuning lowers the HOMO-LUMO energies 

successfully.  

The linear and NLO properties of D-π-A molecules are controlled by HOMO-LUMO gap 

which in turn is governed by level of electronic coupling that exist among D and A end-

capped groups. Some vital features of structure with the intention of controlling these 

properties includes (i) molecular  structure planarity (ii) degree of -conjugation (iii) 

topology of -conjugation (iv) extent of D-A interaction (v) acceptor group electron 

affinity strength and (vi) donor group ionization potential strength.  It is well known from 

literature that electron acceptor groups are usually those containing electron deficient 

systems with -M/-I effects such as electron deficient heterocyclic systems, CHO, CN and 

NO2. Contrary, the D-π-A molecules are constructed from such D moieties which contain 

+M/+I effects. The π-conjugated spacer acts as a bridge to transfer the charge density 

among end-capped D and A substituents. A large number of donor groups, acceptor 

moieties and π-bridges are available in the literature used for different applications. The 

most frequently used donor groups as indicated in Figure 9 are triphenylamine (Tian et 

al., 2008; Xu et al., 2008; Shen et al., 2011), indoline (Ito et al., 2008; Funabiki et al., 

2012; Wu et al., 2012), imidazoles (Erten et al., 2007), carbazole (Duan et al., 2012), 

truxene (Liang et al., 2011), flurorene and fluorene substituted triphenlyamine (Kim et al., 

2006; Wu et al., 2013), porphyrine (Birel et al., 2017), phenoxazine (Kim et al., 2011; 

Tian et al., 2011; Chang et al., 2012; Meyer et al., 2012), phenothiazine (Iqbal et al., 

2016), diphenylamine groups (Hagberg et al., 2008), dialkylamine groups (Hara et al., 

2003), N,N-diphenylnaphthalene-i-amine, coumarin (Hara et al., 2003; Hara et al., 2003; 

Hara et al., 2005), perylene (Yao et al., 2015), substituted triphenylamine (Liang et al., 

2007; Zhang et al., 2009; Alibabaei et al., 2010), julolidine (Choi et al., 2007), 

difluorenylphenylamine (Kim et al., 2007), tetrahydroquinoline (Chen et al., 2007), N,N-

dialkylaniline (Hara et al., 2005), triazatruxene (Qian et al., 2015), metallocenes 
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(Kulhánek et al., 2013; Salman et al., 2013),  proaromatic pyran-4-ylidines (Faux et al., 

2005; Andreu et al., 2009; Andreu et al., 2010), quinoxaline (Chen et al., 2007), ullazine 

(Dualeh et al., 2013) and squaraine (Etgar et al., 2012).  

Similarly, some important π-bridges (see Figure 10) available in literature are polyene, 

phenyl (Chang et al., 2014), acetylene, benzene (Kim et al., 2012), thiazole, isoxazole (Li 

et al., 2010), pyrimidine (Lin et al., 2011), pyridine (Chou et al., 2012), pyrrole (Li et al., 

2009), selenophene ,bithiophene, thiophene (Li et al., 2009)  furan (Lin et al., 2008), 

benzothiadoazle (Lee et al., 2011), pyrroles (Li et al., 2009), polyynes (Teng et al., 2010), 

thienothiophene (Zhang et al., 2009), benzotriazole and anthracene (Wu & Zhu, 2013).  

On the other hand, the carboxylic acids, cyanoacrylic acid, cyanoacetic acid, benzoic 

acid, rhodanine acetic acid, trialkysilyl, melonic acid, tricyanovinyldihydrofuran (TCF) 

(Liu et al., 2014) and dicyanovinyl groups (Meier et al., 2007) are most commonly 

considered for their role as electron withdrawing or acceptor units (Figure 11). Some 

representative’s π-bridges, acceptors and donor group structures are presented in 

subsequent chart. 

 
 

triphenylamine fluorene substituted triphenlyamine 

  

truxene triazatruxene 
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coumarin tetrahydroquinoline 

  

phenothiazine phenoxazine 

 
 

N,N-diphenylnaphthalene-i-amine carbazole 

 

 

N,N-dialkylaniline indoline 
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julolidine ullazine 

  

flrorene triarylamine 

Figure 9. A chart indicating some representative donor groups 

 

 

 

  

Polyene acetylene benzene imidazole 

 
 

 
 

Thiophene Thiazole Furan pyrrole 

   
Thieno[3,2-b]thiophene Thiazolo[5,4-d] thiazole  

 

 

 

  

2-(thiophen-2yl) thiopehene 5-(thiazol-5yl)thiazole 2,2’-bifuran 
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3,4-ethyl-dioxythiophene 

(EDOT) 

4,4-diphenyl-4H-silolo[3,2-b:4,5-b'] 

dithiophene 

benzo[c][1,2,5]thiadiazo

le 

Figure 10. A chart indicating some representative π-bridges 

 

 

  

Cyanoacetic adid (Z)-2,3-dicyanobut-2-enoic-acid 
(E)-2,3-difluorobut-2-

enoic- acid 

 

  

(E)-4,4,4-trifluoro-3-methyl-2-

(trifluoromethyl)but-2-enoic 

acid 

(E)-1-cyanoprop-1-ene-1-sulfonic 

acid 

(E)-2-nitrobut-2-

enenitrile 

 
  

(Z)-1,2-dicyanoprop-1-ene-1-

sulfonic acid 
Benzoic acid dicyanovinylene 

 

 
 

Rhodanine acetic acidq 
2-(1,1-dicyanomethylene) 

rhodanine 
trialkylsilyl 

Figure 11. A chart indicating some representative acceptor groups 
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1.7 Motive and Significance of Thesis 

In recent years, the NLO materials from technological point of view are behaving as fully 

integrated gears in various nanoscaled forms, micro and bulk devices. It is estimated that 

net worth of NLO materials in global market was approximately 856.1 million dollars in 

2005. This worth with average rise in growth attains the phenomenal digit of 1,656 billion 

dollars in 2009. It is approximated that this worth is rising about five to seven percent 

every year. Therefore, different experimental as well as computational communities 

around the globe are hunting for novel materials to enhance their NLO characteristics and 

applications.  

The quantum chemical design and exploration of NLO materials with photonic 

technology related applications are extensively considered nowadays. Although different 

NLO materials in span of polymeric, organic, organometallic and inorganic are explored, 

yet, π−conjugated organic compounds containing end-capped D and A moieties due to 

large polarization of π-electrons are getting maximum attention owing to their large first 

hyperpolarizability (β) values, photo-stability, better process and tailor ability, low 

dielectric coefficients, ultra fast response time and higher laser damage threshold. The D-

π-A (push‐pull) chromophore configuration has been a booming motif for design of novel 

NLO organic materials due to their (i) facile synthesis (ii) low cost (iii) easy fabrication 

(iv) tunable absorption wavelength and easy structural tailoring by suitable substituents 

which make them suitable candidates to model their chemical structures for preferred 

NLO properties. The advancement in class of D-π-A materials with astonishing large first 

hyperpolarizability (β) or second-order polarizability or second-order NLO response 

allied with ICT containing NLO characteristics including electro-optical modulation, fast 

waveguide, optical switching, better signal processing, frequency shifting and conversion 

ability for their modern hi-tech, telecommunication and optoelectronic applications is the 

key motive of this thesis. 

1.8 Aims and Objective of Thesis  

The computational modeling provides an alternative strategy to design novel and efficient 

D-π-A potential materials or molecules. The quantum chemical modeling and design not 

only vanish the large price consumed related to synthetic process based on hit and miss 

approach, but also equipped the research scientist with fast feedback about potential 
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usefulness of compounds. Literature contains huge number of studies in which NLO 

properties of organic molecules predicted quantitatively with different methodologies are 

found in good harmony with experimental values. Thus, computational molecular 

modeling is accepted as general procedure to determine potential NLO properties of 

investigated molecules before synthesis.     

The proposed research is entirely relying on the design and exploration of D-π-A 

materials or molecules for their potential NLO properties employing quantum chemistry 

based density functional theory (DFT) and time dependent density functional theory 

(TDDFT) calculations.  

This thesis covers the following objectives: 

1. Study of the potential NLO properties of different π-conjugated D-A compounds from 

flooded literature containing compounds with unexplored NLO findings.  

2. Incorporation of various conjugated segments to D-A moieties to quantum chemically 

design variety of π-conjugated D-A compounds and study the consequence of π-

conjugated segments on potential NLO characteristics of these D-π-A materials or 

molecules. 

3. Exploration of novel materials containing D-π-A configuration with large nonlinear 

susceptibility or second order polarizability or first hyperpolarizability or second 

order NLO property values. 

4. Integration of various electron rich donor moieties for structural tailoring of D-π-A 

compounds to design and discover novel materials with excellent NLO properties. 

5. Study of the effect of acceptor units integrated in D-π-A compounds for the design 

and inspection of novel NLO compounds. 

6. Study of the electronic properties, HOMO-LUMO gap using frontier molecular 

orbital (FMO) analysis, charge transfer using natural bond orbital (NBO) analysis and 

density of states (DOS) calculations of the designed D-π-A molecules. 

7. Study of the effect of D-π-A tailoring on absorption spectra, oscillator strength, 

transition energies and maximum absorption wavelength of designed D-π-A 

compounds.  

8. Study the dipole polarizabilities and change in dipole moment (Δµ) values of 

designed D-π-A compounds. 

9. The submission of all available exchange-correlation functionals depending upon the 

architecture of designed D-π-A compounds for exploration of potential NLO 

properties. 
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1.9 Research Content 

This thesis highlights the electronic, NLO and photophysical properties of D-π-A 

configured organic compounds. The oscillator strength, transition energies, absorption 

spectra, maximum absorption wavelength, change in dipole moments, dipole 

polarizabilities and second-order NLO properties of designed D-π-A compounds have 

been examined using DFT and TDDFT. Moreover, FMO and NBO have also been 

performed to study the ICT transitions. The research content consists of the five sections: 

1. DFT and TDDFT based molecular simulations have been used to design series of 

triphenylamine-dicyanovinylene (TPA-DCV) based donor-π-acceptor dyes by 

structural tailoring of π-conjugated linkers and their NLO characteristics have been 

theoretically reported. It has been proven that these TPA-DCV dyes possess 

outstandingly huge and eye-catching second-order NLO values. Moreover, 

photophysical properties, dipole moments, transition energies and light harvesting 

efficiency have been investigated by using TDDFT.  

2. The DFT and TDDFT calculation aimed at tuning the NLO response properties of 

fluorene-substituted organic chromophores has been carried out by structural tailoring 

of π-linkers and acceptor units. This report not only describes a new paradigm for 

structural modification of linkers and acceptors to design new appealing NLO 

compounds with giant NLO response properties, but also provides novel perspective 

of exploring unexplored DSSCs compounds for NLO applications. This work might 

be useful to design other organic dyes in the field of electro-optics.  

3. Quinacridone (QA)-based dyes have been chosen for the structural modeling by 

installing auxiliary donors, donor and acceptors segments into fixed π-bridge QA. 

Introduction of auxiliary donors, donor and acceptor units not only successfully 

modified the structure but also led to superior NLO properties. A striking NLO 

response has been observed in all designed compounds. This report may provide new 

paradigm for controlling the kind of donor, π-bridge, acceptor and intramolecular 

charge transfer (ICT) process at molecular level which could be a key to develop 

strong nonlinear optical (NLO) active materials for technological applications. 

4. Series of indolo[3,2,1-jk]carbazole based donor-π-acceptor organic dyes have been 

opted for structural tailoring by modifying the π-bridge of experimentally synthesized 

dye in order to evaluate their potential nonlinear optical (NLO) properties. How 

bridging core modifications affect the charge transport, electronic and NLO properties 
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of designed compounds have been answered with DFT and TDDFT computations 

using different functionals.  

5. The thiopyrimidine derivatives are most often used as NLO materials. Quantum 

chemical based structural parameters including HOMO–LUMO energies, global 

reactivity parameters, photophysical and NLO response properties of 5-methyl-4-

thiopyrimidine derivatives have been explored by using DFT and TDDFT 

calculations.  
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Chapter 2 

2 REVIEW OF LITERATURE 

In today’s hi-tech society, the need for more efficient and new optoelectronic materials is 

increasing with every passing day. Nonlinear optical (NLO) materials are ranked among 

the smartest materials of current era owing to their frequency and phase varying ability of 

laser light interacting with them (Papadopoulos et al., 2006). Development of NLO 

materials is an area of frontier research for both theoretical and experimental communities 

owing to their potential for future integrated photonic technologies, including in optical 

power limiting (He et al., 2008; Hales et al., 2009), in two-photon and fluorescence 

imaging (Pawlicki et al., 2009), in three dimensional optical data storage (Jiang et al., 

2016) and in optical communication (Tang et al., 2013) among several others (Garmire, 

2013). 

Great scientific efforts have been made recently to explore different NLO materials 

comprising molecular dyes, polymers, nanomaterials, organic and inorganic 

semiconductors (Yamashita, 2012; Halasyamani & Zhang, 2017; Zhang et al., 2017; 

Fonseca et al., 2018; Guo et al., 2018). Among these classes, organic electronic materials 

with large π-extended skeleton (Chen et al., 2015; Wang et al., 2016) have attracted much 

attention as active intramolecular charge transfer (ICT) materials suitable for NLO 

response studies, due to their ease to syntheses as well as durability, high structural 

flexibility, exceptional photo-thermal stability, unique electronic and optic spectra, short 

response time and high NLO susceptibility (Fu et al., 2005; Mahmood et al., 2014).  

It has been considered that non-centrosymmetric organic compounds containing a π-

conjugated bridge linked to oppositely ends situated electron-donor (D) and acceptor (A) 

groups are commonly used for achieving first hyperpolarizability or second-order 

nonlinear polarizability (β) (Janjua et al., 2016; Janjua, 2017; Mahmood et al., 2017). 

Organic compounds NLO properties are believed to arise due to strong ICT which 

involves the transfer of electron density from donor toward acceptor units through π-

bridge, thus generating a large dipole moment between the ground and excited state of the 

molecule (Prasad & Williams, 1991; Chemla, 2012). Therefore, one can expect a large 

NLO response from these donor-acceptor compounds using two-state model (Roy & 

Nandi, 2015). 
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 Several studies have been found in literature to enhance ICT by ring-twisting and 

optimize the donor/acceptor pair that could finally maximize the NLO response (Yang et 

al., 2002; Shimada et al., 2015; Teran et al., 2016). Research has outlined various 

principles to amend NLO response (β), like elongation of π-conjugation (Wang et al., 

2014; Hu et al., 2018), twisted π-system chromophores (Yang et al., 2002; Planells et al., 

2014; Li et al., 2017), switching perturbations (Muhammad et al., 2010; Banerjee & 

Nandi, 2016), non-covalent and intermolecular charge transfer (Muhammad et al., 2012; 

Gao et al., 2017), auxiliary D-A model (Cariati et al., 2017) and  bond length alteration 

(BLA) (Albert et al., 1996).  

A comprehensive report on the effect of nature and position of donor moieties including 

N, N-dimethylaminophenyl, aminophenyl and phenyl on NLO properties of twenty seven 

D–A derivatives of triazanaphthalene, quinazoline, quinoline and naphthalene is 

presented by Hamit Alyar. The DFT calculations were practiced using B3PW91, B3LYP, 

BPV86 hybrid functionals and 6-311++G(2d,p) basis set conjunction. The results 

indicated that HOMO-LUMO band gap values were inversely proportional to the first 

hyperpolarizability values of investigated molecules. The first hyperpolarizability values 

were observed larger in triazanaphthalene based compounds due to existence of strong 

electron donor moiety N, N-dimethylaminophenyl as compared to the naphthalene ring 

containing three nitrogen atoms. An augmented NLO result 12842.8 a.u is displayed by 

compound 14 with BPV86 method (Alyar, 2013). 

Chaudhry et al. in 2014 studied different properties including NLO, HOMO-LUMO 

energy gap, density of states, UV-Visible absorption spectra and charge transfer 

properties of novel derivatives of diphenyl-naphtho[2,1-b:6,5-b0]difuran (DPNDF). The 

entire properties were calculated using DFT at B3LYP/6-31G level of theory. DPNDF is 

the basic structure and only change in both derivatives was the presence and absence 

methoxy group. Compound 1 showed high energy gap as compared to compound 2. 

Absorption and emission wavelength with oscillating strength and MOs contribution were 

also calculated for both compounds. Compound 1 showed 512 nm absorption wavelength 

and compound 2 showed a red shift in the absorption spectra. But both compounds 

showed 99% contribution of molecular orbitals. PDOS and TDOS graphs showed that 

both compounds exhibited good charge transfer. Ionization potential and electron affinity 

were also calculated. Both these factors were considered as the key for the charge transfer 

and to indicate the transfer ability for electron and hole. NLO response of both derivatives 

also calculated. Hyperpolarizability values of both compounds were found larger than 
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urea type derivatives. Interestingly, HOMO-LUMO energy gap and hyperpolarizability 

results were contrary to each other which suggested the good response of two derivatives 

toward NLO. This report recommended these compounds for NLO applications due to 

their reduced energy gap, higher charge transfer characteristics with high 

hyperpolarizability amplitude (Chaudhry et al., 2014).   

Muhammad et al. in 2015 performed detailed quantum chemical calculations on D-π-A 

configured 2,4-dinitrophenol (DNP) derivatives to spotlight the effect of bridging core 

modification on electronic and NLO properties. In this case study, series of DNP 

derivatives were designed from experimentally synthesized parent molecule. The D–A 

configuration of parent molecule were kept fix while different combinations of hybrid 

core moieties consisting of –CH=N–Ph–N=CH–, –CH=N–N=CH–, –N=N–, CH=CH– 

and –CH=N– units were used to construct investigated molecules. The bridging core 

variations illustrated the notable effects to amend the NLO response of these D-π-A 

compounds. The results of first hyperpolarizability for systems 1–5 were found to be 

9982, 10345, 14606, 16609, and 18977 a.u., respectively, at Moller–Plesset (MP2)/6-

31G* level of theory. Two-level model was employed to investigate the origin of increase 

in β, change in ground to excited state dipole moment, dependence of transition energy 

and oscillation strength like parameters. Thus, this report offers explanatory and novel 

insights on the NLO properties and chemical nature of 2,4-dinitrophenol based D-π-A 

derivatives. It also prove that bridging core modification by suitable units which facilitate 

the charge transfer from donor to acceptor unit is an important strategy to tune NLO 

properties (Muhammad et al., 2015). 

Roy et al. in 2015 explored the precise role and effect of bridging core modification 

theoretically on first hyperpolarizability or NLO and electronic properties of highly 

delocalized tetradehydrodinaphtho[10]annulene derivatives employing M06-2X, CAM-

B3LYP, BHandHLYP functionals and 6-311++G(d,p) basis set combinations. The D-π-A 

configurations were constructed by modifying the acetylene bridges of tetradihydro- 

naptho[10]annulene with ring structures containing electronegative atom(s) and keeping 

the same electron withdrawing and donor groups at two ends of naphthalene rings. This 

theoretical study validated that first hyperpolarizability or NLO properties of 

tetradehydrodinaphtho[10]annulene were successfully tuned with different electronic 

bridges. The heteroazulene and furan rings are found to be effective moieties to augment 

the polarity at the ground state and longitudinal charge transfer which in turns enhance 

the magnitude of first hyperpolarizability values (Roy & Nandi, 2015).  
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A quantum chemical perspective was presented by Mahmood et al. to shed light on how 

the structural modification through π-bridges and number of thiophene rings effect the 

electronic, photophysical and NLO characteristics of TPA based D-π-A dyes. Six TPA 

dyes were designed by increasing the number of thiophene rings as π-bridge. DFT and 

TDDFT calculations using B3LYP functional and 6-31+G* basis set combination were 

utilized to study the linear polarizability, hyperpolarizability, and photophysical 

properties. Results of this report indicated that number of thiophene units as π-conjugated 

systems successfully red-shifted and broadened the absorption spectra. Furthermore, with 

gradual increase of thiophene rings at bridge position lowers the transition energy and 

HOMO-LUMO energy gap which are necessary for successful intermolecular charge 

transfer. With insertion of more thiophene rings, the NLO response properties 

significantly increased from 82.05 a.u in system with no thiophene ring to 871.86 a.u in 

system with five thiophene rings (Mahmood et al., 2015). 

Levitskaya et al. executed an organized study to design and expose D-π-A configured 

novel class of NLO materials. Two chromophores namely 3-(7)vinylquinoxalin-2-one 

(VQ) and 3,7(3,6)-divinylquinoxalin-2-one (DVQ) were used as π-bridge, 

dimethylaniline as D moiety and different A units including 5-dicyanomethylene-2-oxo-

4-cyano-2,5-dihydropyrrol-3-yl (TCP),  5,5-dimethyl-2-dicyanomethylene-3-cyano-2,5-

dihydrofuran-4-yl (TCF), tricyano-vinyl (TCV) and dicyanovinyl (DCV) were utilized at 

different positions of π-bridge to construct D-π-A architecture. The DFT and TDDFT 

calculations were performed at B3LYP and M06-2X levels of theory and 6-31G(d) basis 

set to study molecular polarizabilities, dipole moments and other electric characteristics 

of chromophores. The results of theoretical estimation indicated that first 

hyperpolarizability values of designed molecules were affected by the regioselectivity of 

π-bridge linked to D and A moieties. The large NLO characteristic is demonstrated by 

those chromophores in which D moiety is linked to quinoxalin-2-one at position 3 

through vinyl group. Overall, chromophores with TCP, TCF acceptors and 3-(7) 

vinylquinoxalin-2-one (VQ) as π- bridge were found to be with promising NLO activity 

also greater than world known analogues first hyperpolarizability values (Levitskaya et 

al., 2015). 

Mahmood and coworkers presented a vital report on indigo-dyes which is relatively 

supportive in accepting the structure–property relationship effect on NLO response 

properties. Four new dyes were designed by substituting CN, NO2, cyanoacetic acid 

moieties as electron withdrawing acceptor groups, diphenylamine (DPA) as D motif on 
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parent indigo dye architecture which acts as planar π-bridge in this report. The N,N-

dimethylamine, methoxy and dimethyl-vinyl groups were initiated on DPA architecture to 

check the effect produced on NLO properties by these auxiliary donors. The HOMO-

LUMO energy gaps, absorption maxima and NLO properties were studied by performing 

DFT calculations at CAM-B3LYP/6-311+G* functional. The newly designed indigo dyes 

were found better than parent indigo dye due to their lower energy gaps, red shift in 

absorption maximum and augmented NLO response. The results of this report revealed 

that structural tailoring at terminal acceptor and donor unit is a good strategy to lower the 

energy gap, enhance the absorption maxima, lower the transition energy value and 

augment the NLO properties (Mahmood et al., 2015).  

Chen et al. studied the amendments in NLO properties by heterocyclic π-bridges effect 

and proved that the design of new appealing NLO compounds is significantly based on 

the strategy of controlling the kinds of π bridges. The familiar five-membered rings 

including thiazole, oxazole and imidazole were used to replace the phenyl (π-bridge) 

present between ferrocenyl (D) and corannulenyl (A) moieties. DFT and TDDFT 

calculations at 6-311++G(d,p) basis set in conjunction with CAM-B3LYP, ωB97XD, 

M062X and  BHandHLYP functionals were employed to study the UV-Visible 

absorbance spectra, electronic structures and variation in NLO properties. The authors 

found that NLO response properties were improved by replacement of π-bridge with 

heterocyclic rings. The apparent red-shift in λmax values of heterocyclic compounds was 

observed with smaller transition energy, hence larger NLO properties as compared to 

phenyl (π-bridge) containing compound. Furthermore, larger βtot values were observed 

due to larger charge transfer over phenyl as π-bridge. The first hyperpolarizabilities 

results of endo-conformers are found smaller than exo-conformers due to small charge 

transfer in endo-conformers. Overall, imidazole was found to be the most effective bridge 

by a factor of 2 relative to other studied five-membered heterocyclic rings for tuning the 

NLO properties (Chen et al., 2016). 

R. D. Telor and N. Sekar investigated the carbazole based D-π-A styryl dyes. This study 

reported the D-π-A structural modification effects on NLO properties and intramolecular 

charge transfer characteristics. The dipole moment, oscillating strength and charge 

transfer were analyzed. All calculations were made at B3LYP/6-31G(d,p) level of DFT. 

Calculations were made in both gas and solvent phase for the estimation of absorption 

spectrum. The FMO analysis was also performed for investigating the band gap between 

HOMO and LUMO. The HOMO density in these molecules was mainly present on entire 
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molecule and LUMO density was present on cyano group. Low HOMO-LUMO energy 

gap shows that the charge transfer occurs from carbazole core to cyano and carbethoxy 

acceptor groups. This low HOMO-LUMO energy gap also affected the NLO properties of 

the molecules. Overall strong donor and acceptor moieties lowers the HOMO-LUMO 

energy gap and increases the NLO properties of the carbazole core unit based molecules 

(Telore & Sekar, 2016). 

M. Prakasam and P. M. Anbarasan utilized DFT and TDDFT calculations to investigate 

the optoelectronic properties of triphenylamine-thiophene-cyanoacrylic acid based D-π-A 

configured organic sensitizers. Series of triphenlyamine (TPA) based dyes were designed 

from experimentally synthesized C206 dye by substituting the electron-deficient and 

electron rich moieties OC2H5, SCH3 and N(CH3)2 at terminal position on TPA molecule. 

By keeping the whole D-π-A structure fixed, the substitution were made only at terminal 

positions and TPAOC2H5, TPA-SCH3, TPA-N(CH3)2 configured molecules were 

designed and explored for electronic, photophysical, photovoltaic and NLO properties. 

The B3LYP and ωB97XD levels of theory in combination with 6-311++G(d,p) basis set 

were used for the calculations and CPCM formalisms were utilized to measure the solvent 

effects. Terminal group modification results in lowering of energy levels, increase in 

absorption maximum values. Therefore, TPA-based D-π-A organic dyes showed good 

results for first and second order hyperpolarizability, static polarizability and photovoltaic 

properties. These results present a path for utilizing TPA-based dyes for not only in 

DSSCs but also in NLO applications (Prakasam & Anbarasan, 2016).  

Chakraborti in 2016 proposed conjugate framework of graphyne (Gy) for the first time to 

plan a superior NLO material. A phenomenal D–Gy–A (D-π-A) architecture based on 

push–pull mechanism was designed theoretically using electron acceptor nitro (NO2) 

groups and electron-donor amino (NH2) groups at different positions of the conjugate 

framework of graphyne. Detailed first-principles calculations were employed to research 

and estimate the graphyne substituted D–A small cluster by calculating its electronic, 

geometric and NLO properties. The first hyperpolarizability (βtot) value improved 

significantly in designed systems due to key role of D–A separation as compared to the 

bare graphyne. The relaxation of π-conjugation of graphyne spine causes the reduction in 

band gap of designed molecules in contrast to parent graphyne. The designed molecule 11 

holding nitryl and amino groups at opposite ends of graphyne molecule displayed 

strikingly extensive βtot value of 128×10−30 esu. The two level model was employed 

which confirmed that molecules showing large first hyperpolarizability value hold low 
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transition energy values. These results not only reveals the strategy of tuning NLO 

response using different donor-acceptor functional groups but also highlights the potential 

NLO characteristics of D–A substituted graphyne skeleton and there suitable usage in 

applications related to NLO (Chakraborti, 2016).  

The DFT and TDDFT calculations were performed by Wang et al. using  B3LYP–D3, 

ωB97XD, M06–2X levels of theory and 6–31+G* basis set combination and different 

properties including first hyperpolarizabilities, electronic absorption spectra, binding 

interactions and structural properties of corannulene-fullerenes based D-A configuration 

has been studied. Eight concave–convex D–A architectures were formed between 

corannulene (C20H10) and fullerene of different sizes and effect of size-selective fullerene 

spheres on charge transfer characteristics, electronic and second-order NLO properties 

were estimated. Authors claimed that size of fullerene sphere and convex surface areas 

dominantly affect the interaction energies. Further, the most dominant factor responsible 

for displaying large first hyperpolarizability values was the shape of fullerene sphere 

which facilitates the crucial electronic transitions and ICT within fullerene cage. Among 

investigated D-A complexes, complex 4 showed highest βtot value 5.64×10-30 esu due to 

low-lying CT character and successful ICT from upper to the lower part of cage. This 

study presents new horizon and size–selective strategy for augmenting second order NLO 

properties of corannulene/fullerenes based D/A compounds (Wang et al., 2016). 

A comprehensive report on the effect of diverse functional groups (electron donating and 

withdrawing groups) on NLO properties was presented by N. Islam and S. S. Chimni.  

The fifty one triphenyl borazine (TPB) derivatives of different series (1a-13a, 1b-11b, 1c-

7c, 1d-3d, 1e-5e,1f-2f, 1g-5g, 1h-5h) were designed using range of acceptor groups and 

DFT, TDDFT computations at CAM-B3LYP functional have been performed to present 

the theoretical description about the NLO properties of TPB-based molecules. The NLO 

response of these octupolar borazine-based designed derivatives was accounted in terms 

of α, β, and γ values. The results presented in this report indicate the dependence of α, β, 

and γ on electrophilicity and FMOs of derivatives. The two-level model evaluation 

depicted that transition dipole moment, change in dipole moment and transition energy 

has contribution in hyperpolarizability values. Therefore, this report provides useful 

paths, evidence and guidance for theoretical designing of octupolar D-π-A molecules to 

enhance NLO properties (Islam & Chimni, 2016). 

Theoretical DFT-based simulations were used by Zouaoui-Rabah et al. to study the 

efficiency of hybrid DFT functionals in contrast to MP2 Methods for divinyl-pyrene 
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based compounds containing D-vinyl-pyrene-vinyl-A configuration. Different D-A push-

pull molecules were designed by substituting 6-vinyl with N2H3, OH, OCH3, N(CH3)2, 

NH2 donor groups and cyano (-CN), nitro (-NO2) groups at 1-vinyl as acceptor units. 

Ancillary to MP2 calculations, range of hybrid functionals including B3LYP, BMK, 

PBE0, CAM-B3LYP, M06L, M06-2X and M06HF were used to compute the NLO 

parameters. Results revealed that CAM-B3LYP functional was found to be suitable one 

with results nearer to MP2 calculations. The appreciable NLO response was obtained 

from N(CH3)2/ NO2 D-A pair. This report provides clear information on the relationship 

between NLO parameters and D-A substitutions (Zouaoui-Rabah et al., 2016).  

Kaur et al. studied D-π-A dyads and triads. Authors used ferrocene as donor group which 

is connected with acceptor (4,4-difluror-4-bora-3a,4a-diaza-s-indacene) through linkers 

(ethynylbenzene or N-phenylmethhanimine). The DFT at B3LYP/6-31G(d,p) level of 

theory was used to investigate the charge transfer and NLO properties. The results 

revealed that donor and acceptor moieties not only effect but also enhanced the NLO 

properties of these ferrocene-BODIPY based D-π-A chromophores (Kaur et al., 2017).  

D. R. Mohbiya and N. Sekar in 2018 reported a benchmark investigation on indole-based 

D-π-A fluorescent styryl dyes. The linear, NLO, photophysical and electronic properties 

were computed using DFT and TDDFT calculations. The efficiency of six range 

separated hybrid functionals (RSH) including ωB97XD, ωB97X, ωB97, HSEH1PBE, 

CAM-B3LYP, seven global hybrid (GH) functionals; M06-HF, M06-2X, M06-L, M06,  

BHHLYP, PBE0, B3LYP in combination with correlation consistence (cc-pVTZ, cc-

pVDZ) and poples basis sets 6-311++G(d,p) is analyzed by computing the electronic and 

NLO properties of these D-π-A configured indole styryl dyes. To modulate the NLO 

response properties, structural modifications by introducing various acceptor and donor 

groups were made. The nitro and cyano groups acted as electron withdrawing or acceptor 

units while nitrogen of indole unit acted as electron donating unit. The results indicated 

that structure of dyes containing nitro group as acceptor and N-ehtlyl group as donor 

moiety exhibit large NLO response properties in contrast to other investigated 

compounds. Different performance from each basis set and functional was observed from 

polarizability and hyperpolarizability mean standard error values in this report which 

indicated that RSH and GH functionals are basis set dependent. The comprehensive 

analysis on the effect of nitro, cyano and ethyl groups on NLO and electronic properties is 

obtained from this benchmarking study (Mohbiya & Sekar, 2018).   
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Muhammad et al. spotlighted the effect of heterocyclic rings including bithiophenes, 

bipyrrole, bicyclopentane and bifuran conjugated systematically with coumarin of hybrid 

chalcone derivatives using quantum chemical calculations. The DFT calculations at 

different levels of theory including CAM-B3LYP, BMK, M06, PBE0, B3LYP with 6-

311G** basis set combinations were used to estimate the NLO properties of designed (1-

4) derivatives. The NLO properties of investigated molecules were found greater than 

standard molecule which indicated the significant effect of heterocyclic rings as π-bridges 

on NLO properties (Muhammad et al., 2018).  

Kalinin and coworkers explored two chromophores named as 7-DBA-VQPh-DCV and 7-

DBA-VQPhV-TCF based on D-π-A configuration for their potential NLO properties. 

These chromophores contain quinoxaline core which acts as π-bridge with dibutylaniline 

as strong donor group and dicyanovinyle or tricyanofuranyl as acceptor groups. DFT 

calculations at B3LYP and M06-02X levels of theory in conjunction with 6-31G(d,p) 

basis set was utilized for the calculation of first hyperpolarizability. Both chromophores 

exhibit absorption spectra in visible region. The use of dibutylaniline as strong donor 

group and dicyanovinyle or tricyanofuranyl as acceptor groups overall increased the first 

hyperpolarizability of the molecule based on quinoxaline core unit (Kalinin et al., 2019) 

Shalin and coworkers studied the electronic properties and molecular polarizabilities 

including dynamic and static first hyperpolarizability of cis- and trans- isomeric forms of 

azo-chromophores. The effect of acceptor moieties consisting of different number of 

cyano groups on NLO properties of tricyanovinylene, dicyanovinylene and aminoazo- 

benzenes were investigated using DFT and MP2 calculations at ωB97X-D, CAM-B3LYP 

and M06-2X levels of theory. Results indicated that trans-isomers hold three times greater 

NLO values than cis- isomers. This report also concluded that NLO response properties 

significantly enhanced by increasing the strength of electron with drawing groups or 

changing the acceptor moieties (Shalin et al., 2019).  
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Chapter 3 

3 MATERIALS AND METHODS 

3.1 Quantum Mechanics 

The quantum field theory and quantum mechanics (QM) deal with the important branch 

of theoretical chemistry known as quantum chemistry to solve different problems or 

questions of chemistry. Large number of applications of quantum chemistry is known to 

date among which activity related explanation for electronic behavior of atoms and 

molecules is vital one. Quantum chemistry acts as a bridge among physics and chemistry 

contributed significantly by scientists of both areas. It also holds active and study overlap 

with physical chemistry, atomic physics and molecular physics. 

The behavior of matter at molecular level is revealed fundamentally and mathematically 

with the aid of quantum chemistry. Using this theory, all chemical systems can be 

described on the basis of different principles. Actually, rational investigation of only 

simplest chemical systems is possible using terms of pure quantum mechanics and 

estimations have to be prepared for most convenient functions including DFT and Hartee-

Fock (HF). As orbital approximation which is the vital proposition of this theory can by 

presumed and explained with the help of easier points, therefore, it is not obligatory for 

most chemistry to understand quantum mechanics comprehensively. The physical state of 

a particle in quantum mechanics is represented with Hamiltonian which is the 

combination of two operators among which one operator narrates the potential energy 

while another operator relates to the kinetic energy. The spin of the electron is not 

included in the Schrödinger wave equation Hamiltonian used in quantum chemistry. The 

chemical and molecular characteristics which are costly or difficult to measure 

experimentally can be determined using quantum mechanics principles in quantum 

chemistry. 

The mathematical narration for electrons behavior can be correctly presented using 

quantum mechanics. Any individual atoms or molecular property can be predicted 

theoretically using quantum mechanics. For approximating the multiple electron systems 

solution, different techniques have been made. The usefulness and correctness of these 

approximations cannot be denied but these necessitate lots of skills and sophistication for 
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researchers to be acquainted with the possible results of each approximation and validity 

of different approximations. The Heisenberg and Schrödinger devised the two equivalent 

formulations of quantum mechanics. The Schrödinger equation is 

ĤΨ = EΨ (6) 

The Schrödinger equation was devised when neutrons, protons and electrons were taken 

as elementary particles. Later on, its combination with Pauli principle results in the 

generalization of Schrödinger wave equation for systems with many particles. This allows 

one to estimate any crystal, any molecule, or any atom of different sizes. For chemical 

phenomenon prediction with high accuracy, there is a significant supremacy of the 

Schrödinger equation. That’s why, the ultimate goals of computational and theoretical 

chemistry is to set up the common means to resolve the Schrödinger equation. 

3.2 Density Functional Theory (DFT) 

In recent years, the quantum mechanical tool which is considered as the most accepted 

one is the DFT which has been utilized in this thesis research work. The DFT has been 

made more reasonable and solid by the much contribution of Sham, Hohenberg and 

Kohn.  DFT has become the novel way of calculating and directing the new chemical and 

physical insights. As compared to other ab initio methods, this theory has been recently 

developed. When investigated molecular systems are too big to handle and much complex 

to solve, then largest part of the computational methods are turn out to be time consuming 

and problematic. In such scenario, action of DFT is much helpful which introduces 

electron density term ρ(𝑟) as basic quantity for finding the solution of big and complex 

systems.  The charge density or electron density depicted by three variables ρ (x,y,z) is 

spotlighted as an alternative of wave-function. 

This implies that charge density ρ(𝑟) has no dependency on amount of electrons and relies 

totally on three spatial variables. It is usually believed that W. Kohn and P. Hohenberg 

presented two theorems and laid the foundation of modern DFT. The occurrence of one-

to-one mapping among ground state wave-function and electron density of system with 

many particles is revealed by first theorem. On the other hand, the fact that systems total 

electronic energy is decreased by ground state density is established in second theorem. 

The modern DFT calculations are based on Kohn-Sham method. 

The representation of molecular isolated system as a function of energy is 

E[ρ] = 𝑉𝑁𝑒[ρ] + T[ρ] + 𝑉𝑒𝑒[ρ] (7) 
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In equation 7, the first term E[ρ]  denotes the nuclear-electron attraction. The kinetic 

energy functional is symbolized using second term T[ρ] in equation 7. The term  𝑉𝑒𝑒[ρ] is 

used to represent interactions present between electron-electron. The 𝐸[ρ]  functional 

which is the minimization of energy becomes able to achieve with the assistance of 

Lagrangian method and variational theorem. In effective potential idea of Kohn-Sham 

equation is applied to fabricate non-interacting electron system whose energy functional 

can be represented as 

𝐸𝑆[ρ] = 𝑇𝑆[ρ] + 𝑉𝑒𝑓𝑓[ρ] (8) 

In the equation 8, 𝐸𝑆[ρ] is the kinetic energy functional of the non-interacting system 

when electrons are in process of motion. The effective potential is pointed out by 𝑉𝑒𝑓𝑓[ρ] 

term. Conversely, it stresses that density distribution of electrons 𝜌𝑠 (𝑟 ) of the non-

interacting system is similar to real molecular system. If right hand side and left side of 

the following equation becomes equal, then 𝜌𝑠(𝑟) = ρ(𝑟) can hold true.  

𝑉𝑒𝑓𝑓[ρ] =  𝑉𝑁𝑒[ρ] + (T[ρ] − 𝑇𝑆[ρ]) + 𝑉𝑒𝑒[ρ] (9) 

Thus employing Schrödinger wave equations, the non-interacting system can be clarified 

as 

[− 
1

2
 ∇𝑖

2 + 𝑉𝑒𝑓𝑓(𝑟)] Ψ𝑖(𝑟) =  ƐiΨ𝑖(𝑟) 
(10) 

In this equation, real molecular system is reproduced by Ψ𝑖(𝑟), 

𝜌(𝑟) ≅ 𝜌𝑠(𝑟) = ∑ |Ψ𝑖(𝑟)2|𝑁
𝑖  (11) 

The effective potential 𝑉𝑒𝑓𝑓(𝑟) can be decorated as 

𝑉𝑒𝑓𝑓(𝑟) =  𝑉𝑁𝑒(𝑟) + ∫
𝜌(𝑟)

|𝑟 − 𝑟|
d𝑟 + 𝑉𝑥𝑐[ρ(𝑟)] 

(12) 

Here, the term 𝑉𝑥𝑐 points out the supposed potential for exchange correlation functional. 

The second term in equation 12 is used to represent the Coulomb repulsion present 

between electron-electron. The equations 10-12 which can be self-consistently exercised 

are acknowledged as the Kohn-Sham equations. The exchange-correlation function of 

energy known as local density approximation (LDA) is presented by Kohn and Sham 

which has established astonishingly accurate and precise. Recently, a simple sort of LDA 

extension namely generalized gradient approximation (GGA) is extensively exercised in 

solid state physics and quantum chemistry to encounter with electronic-structure 

calculations.  
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3.3 Gaussian 

Gaussian is a gigantic general purpose computer program/software of computational 

chemistry exercised by physicists, biochemists, chemical engineers, chemists and other 

scientists for modeling electronic structures. It is an ab initio codes based program and 

large span of functionalities are included in it. Quantum mechanics fundamental laws are 

used by Gaussian to forecast the spectroscopic data, molecular structures, energies and a 

great deal of other sophisticated computations. Initially in 1970, Gaussian was released as 

Gaussian 70 by research group of John Pople at Carnegie-Mellon University (Hehre et al., 

1970). Since then, it is updated continuously and current latest program of Gaussian 

series is Gaussian 16 (Frisch et al., 2016). The popularity of Gaussian in academic 

institutions is owing to its tidy user setup and low user threshold along with a wide choice 

of possibilities and its graphical user interface (GaussView). For electronic structure 

modeling, Gaussian offers state-of-the-art capacities. Gaussian has been licensed and 

developed by Gaussian, Inc since 1987 for broad range of computer systems. It includes 

few molecular mechanics and semi-empirical methods which can be utilized as part or 

alone of QM/MM calculations. The simplest input file formats ASCII is used by 

Gaussian. Various graphic interfaces including Chem3D, Spartan, UniChem, Viewmol, 

AMPAC GUI, Cerius2 and GaussView are available for creating Gaussian files and 

viewing results. Gaussian provides enhancements in performance and exciting novel 

features which are used to model molecular systems of large size under range of real 

world conditions with more accuracy and reliability. Gaussian is capable of predicting 

many aspects i.e;  

1. Many properties of molecules and reactions 

2. Excited states processes 

3. Photochemistry 

4. Thermochemical quantities 

5. Structures of transition states 

6. Molecular energies and structures 

7. Bound and reaction energies 

8. Population analysis schemes 

9. Vibrational frequencies 

10. NMR chemical shifts 

11. Raman 

https://en.wikipedia.org/wiki/John_Pople
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12. Raman optical activity (ROA), 

13. UV/visible  

14. Reaction pathways 

15. Vibrational circular dichroism (VCD) 

16. Electronic circular dichroism (ECD) 

17. Optical rotary dispersion (ORD) 

18. Hyperfine spectra (microwave spectroscopy) 

19. Dipole moments 

20. NLO properties 

21. Intrinsic reaction coordinates and transition structures 

Gaussian 09 program package (Frisch et al., 2009) is used to study both the stable 

compounds and species that are very hard or not effortless to study experimentally, like 

transition structures and short-lived intermediates. Even modest computer hardware can 

utilize to investigate complex problems and model large systems using Gaussian 09. 

Variety of ab initio functionalities like G2, CBS, MCSCF, QCI, CC, CI, MPn, ROHF 

and HF. Different pseudo potentials and large quantity of basis sets are also available. 

DFT functionals in large numbers are also supported by Gaussian. The ZINDO, PM3 and 

PM3 are the semi empirical methods that are available. Similarly, UFF, Dreiding and 

Amber are the molecular mechanics methods that are available. ONIOM method is also 

used to perform QM/MM calculations. Despite of the availability of lot of graphic 

interfaces, many scientists manually make their input files which provide them a lot of 

control over molecular geometry constraints and computation method selection. The 

output files of Gaussian program includes bunch of information along with the message 

of normal termination or error. For inorganic systems, different options are available for 

managing the problems that come crossways during modeling. Even so, additional 

technical sophistication are generally required on the part of the researcher for modeling 

inorganic systems. However for organic molecules modeling, Gaussian has been 

implemented among the widest used softwares.  

3.4 GaussView 

GaussView is an affordable, latest, advanced, full-featured and most powerful iteration of 

a graphical user interface (GUI) accessible for Gaussian. The molecular structure of 

interest can be imported or built efficiently and quickly using molecule building options 
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of GaussView.  It helps to create input files for Gaussian calculations. Gaussian 

calculations can be set up, launched, monitored and controlled using GaussView 

interface. Without using instructions of command line, users can utilize this graphical 

interface directly to run Gaussian calculations. It makes the output analysis easier, quicker 

and more efficient. It also enables the users to examine Gaussian generated results 

graphically without leaving the application. GaussView helps to interpret Gaussian 

outputs (to visualize computed spectra, to animated vibrations, to plot the properties). The 

latest version of graphical user interface is GaussView 6. It can work with large and 

complex chemical systems of interest straightforwardly and conveniently. All new 

capabilities and modeling methods available in Gaussian is getting full support from 

GaussView. The integration of GaussView in computational module of Gaussian is not 

available. Rather it is aided as back-end/front-end processor to use in Gaussian. To build 

very large molecule rapidly, an excellent molecule builder is incorporated in GaussView. 

The GaussView can build molecules by amino acid, groups, rings and atoms. It can 

import molecules by opening them simply from other sources.  

In GaussView, hydrogen can be added automatically and with excellent reliability to the 

protein data bank (PDB) originated structures. The three dimensional rotation of large 

molecules is also possible in GaussView. In current thesis, GaussView 5.0  (Dennington 

et al., 2009) is used for making input files and visualizing output results along with other 

softwares. The GaussView provides ease to run different types of Gaussian calculations, 

advanced visualization facility and provides you different graphical techniques to 

examine Gaussian calculations results. Few examples of Gaussian results visualized by 

GaussView include: (a) animated geometry optimization, (b) trajectory and IRC result, 

(c) Raman and IR spectra, (d) electrostatic surfaces, (e) electrostatic potential and electron 

densities, (f) atomic charges, (g) molecular orbitals and (h) optimized structures. 

3.5 Avogadro 

Avogadro is a sophisticated molecular visualizer, editor and cross-platform or platform-

independent software for students and scientists in material science, bioinformatics, 

molecular modeling, computational chemistry and related areas. It offers powerful plugin 

architecture along with high quality and flexible rendering. The three-dimensional (3D) 

compositions of molecules indicating every perspective and conceivable angle is 

portrayed using Avogadro application. Currently, Avogadro is an Open Babel based 



35 

 

application. Using plugins, it can be developed and extended easily. The scripting options 

will be officered by developers In future (Hanwell et al., 2012).  

3.6 Chemcraft 

The Chemcraft is an important, effortless and reliable program equipped with wholesome 

features and advanced graphical user interface used to work with quantum chemistry 

calculations and practical purpose. It itself does not execute computations, but it is 

recognized as convenient and vital tool for preparing new jobs and visualizing computed 

results of a calculation. Any hardware acceleration is not required by the graphical engine 

of Chemcraft. It is developed mainly as graphical user interface and different molecular 

properties, molecular orbitals, vibrational modes and molecular structures obtained from 

QChem, Orca, Jaguar, Dalton, Molpro, NWChem, ADF, Gaussian and GAMESS output 

files can be visualized using Chemcraft. It facilitates to set symmetry point groups along 

with the individual fragment based construction of molecules. Chemcraft presents output 

files in multi-level hierarchical list by dividing them into separate elements due to which 

complicated jobs like multi-job calculations, IRC jobs and scan jobs can be analyzed and 

visualized easily. Both Linux and Windows based versions of Chemcraft is available. 

Chemcraft programs include following main capabilities: 

1. Render geometrical parameter (bond angles, bond distances) of molecules 

2. Render 3D pictures of molecules 

3. Show SCF convergence graphs 

4. Visualization of TDDFT or electronic and vibrational spectra 

5. Visualization of molecular orbitals 

6. Animation of vibrational modes 

7. Representation of gradient graphically 

8. Construction of Z-matrices in input files 

9. Working with crystallography files 

Chemcraft is also used for the production of outputs in publication-ready graphical 

images with different lines, labels and file extensions like JPG, BMP and other formats.  

https://www.chemcraftprog.com/help/workwithcryst.html
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3.7 Computational Methodology 

3.7.1 Optimization of Ground State of D-π-A Compounds  

Ground states geometries of D-π-A compounds involved in the project were optimized 

initially at B3LYP (Civalleri et al., 2008) or CAM-B3LYP (Yanai et al., 2004) or 

M06-2X (Zhao & Truhlar, 2008) level of theory by using 631G(d) or 631G(d,p) or 

6311G(d) or 6311G(d,p) or 6311+G(d,p) basis set of DFT as implemented in Gaussian 09 

suite of program (Frisch et al., 2009).  

3.7.2 Calculation of Frequencies of D-π-A Compounds 

To check the stability of designed D-π-A compounds involved in this project, frequency 

analysis were performed using the same basis set and level of theory of DFT as used for 

geometry optimization. 

3.7.3 Calculation of HOMO-LUMO Gaps of D-π-A Compounds 

Frontier molecular orbital (FMO) analysis was carried out at the same level of theory and 

basis set for the calculation of energy of HOMO, LUMO and HOMO-LUMO gaps.  

3.7.4 Calculation of Charge Transfer Among D-π-A Compounds 

For examining charge transfer between the filled and vacant orbitals and studying 

interactions among bonds of D-π-A compounds involved in this project, NBO 

investigation was performed using same basis set and level of theory. 

3.7.5 Calculation of Excited States Absorption Spectra of D-π-A Compounds  

To compute the excited state absorption spectra or photophysical analysis of D-π-A 

compounds, TDDFT computations have been performed at sophisticated levels of theory 

(B3LYP/CAM-B3LYP/ M06-2X/ M06) with 631G(d) or 631G(d,p) or 6311G(d) or 

6311G(d,p) or 6311+G(d,p) basis set combination. Transition energy, oscillator strength, 

nature of transitions and maximum absorption wavelength were computed. 

3.7.6 Light Harvesting Efficiency of D-π-A Compounds 

Light harvesting efficiency (LHE) was calculated using the results of absorption spectral 

analysis. 
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3.7.7 Calculation of NLO Response of D-π-A Compounds  

For the prediction of  NLO response of D-π-A compounds involved in this project, the 

dipole moment, dipole polarizability, and hyperpolarizabilities were calculated at B3LYP 

or CAM-B3LYP or M06-2X or M06 level of theory by using 631G(d) or 631G(d,p) or 

6311G(d) or 6311G(d,p) or 6311+G(d,p) basis set. 
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Chapter 4 

4 RESULTS AND DISCUSSION 

4.1 Report 1: First Theoretical Framework of Triphenylamine-

Dicyanovinylene Based Nonlinear Optical Dyes: Structural 

Modification of π-Linkers 

In recent years, development of NLO materials has gained much impetus in applied and 

fundamental research (Christodoulides et al., 2010) owing to their potential uses in 

diverse disciplines including surface interface sciences, atomic, molecular, solid-state 

physics, chemical dynamics, medicine, materials science and biophysics (Eaton, 1991). 

Considerable interest are being attracted by NLO materials due to their large applications 

in telecommunication sector, optics and optoelectronic devices (Peng & Yu, 1994; 

Tsutsumi et al., 1998; Breitung et al., 2000). There have been many efforts made in the 

designing of different materials including polymer systems, molecular dyes, inorganic 

and organic based semiconductors, synthetic and natural nanomaterials (Anthony et al., 

2008; Yamashita, 2012; Chung & Kanatzidis, 2013; Ivanov et al., 2013; Khoo, 2014; 

Kang et al., 2015; Halasyamani & Zhang, 2017; Zhang et al., 2017) that exhibit NLO 

responses. Among these NLO materials, metal free organic NLO materials are 

extensively explored owing to their optical modulation, optical switching, better signal 

processing, frequency shifting and conversion. Furthermore, other advantages connected 

with metal free organic materials are; (i) their facile synthesis (ii) low cost (iii) easy 

fabrication (iv) tunable absorption wavelength and easy structural tailoring by suitable 

substituents to model their structural features for preferred NLO characteristics. Because 

of high electrical polarization of π-electrons, these compounds exhibit large molecular 

NLO response along with higher laser damage threshold, better tailor and process ability, 

low dielectric coefficients, and fast response time (Sung & Hsu, 1998; Hochberg et al., 

2006). Organic dyes involve the delocalization of electronic charge distribution in their π-

bond system. It has been considered that the first hyperpolarizability (β) is interlinked 

with the intramolecular charge transfer (ICT) takes place from electron-donating group 

(D) to an electron-withdrawing or accepting group (A) through π-conjugated linkers or 
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spacers (Prasad & Williams, 1991; Drozd & Marchewka, 2005; Chemla, 2012; Janjua, 

2017). The NLO properties of organic dyes can be governed by considering it as a 

function of their basic molecular NLO properties. Suitable π-conjugated linkers are such 

basic molecules. Organic dyes with promising NLO properties have been designed 

flowing same principles (Datta & Pal, 2005; Siddiqui et al., 2012; Garza et al., 2014). The 

designing of organic dyes have been made by substituting the A and D motifs at suitable 

sites of π-conjugated systems that can improve the asymmetric electronic distribution 

leading to an increased NLO activity of these molecules (Janjua et al., 2012; Janjua et al., 

2012). 

Literature is flooded with different architectures like D−A, D−π−A, A−π−D−π−A, 

D−π−A−π−D, D−π−π–A, D−A−π−A and D–D–π–A (Namuangruk et al., 2012; 

Wielopolski et al., 2013; Katono et al., 2014; Panneerselvam et al., 2017). In most cases, 

D-π-A type structures are commonly designed and studied to enhance CT transitions 

(Haid et al., 2012; Srinivasan et al., 2017). It has been assessed through literature that D 

and A moieties are accountable for offering essential ground-state charge asymmetry. 

Whereas, π-conjugated systems present route for the transfer of charge and re-location of 

charges in an electric field (Janjua, 2012; Janjua et al., 2014; Janjua et al., 2014; Janjua et 

al., 2015; Janjua et al., 2016). NLO response of materials is strongly influenced by the 

nature of the D, A moieties and extent of π-conjugated system (Dalton, 2001; Dalton, 

2002). Both experimental and theoretical explorations have shown that the large second 

order NLO response originates from amalgamation of strong D and A groups placed at 

opposite ends of an appropriate π-conjugated system. On the other hand, structure–

property relationship points out that the selection of optimal length of π-conjugation 

enhanced the NLO response (Dulcic et al., 1981; Berkovic et al., 1987). Therefore, in this 

study, we have modified the π-conjugated system. 

In 2014, Kim et al. (Kim et al., 2014) synthesized two compounds with electron rich 

triphenylamine (TPA) as the D unit and dicyanovinylene (DCV) group as the A unit. 

Subsequently, they introduced the thieno[3,2-b]thiophene/thiopheneandthieno[3,2-

b]thiophene/thiazole as the π-conjugated linkers between the TPA and DCV groups 

forming D-π-A type compounds. A systematic theoretical study of such compounds for 

NLO properties has not been reported as we know. This drew our attention and therefore, 

computational design has been proposed for the prediction of NLO properties of this kind 

of D-π-A type compounds.   
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In present study, synthesized D-π-A reference compounds were named as D1, D2 and 

series of different dyes were designed by structural modeling of D1, D2 through 

modification of π-conjugated linkers/spacers between fixed donor TPA and acceptor 

DCV units. Six π-spacers thieno[3,2-b]thiophene, thiazole[5,4-d]thiazoloe, 2-(thiophen-2-

yl)thiophene, benzo[b]thiphene and benzo[d]thiazole were used as first π-linker. While 

two π-spacers, thiophene and thiazole have been used as a second π-linker between the D 

and A part. Different combinations of first and second π-linkers have been made to design 

ten new TPA-DCV based D-π-A dyes namely D3 to D12 (see Figure 12 and Figure 13). 

This theoretical insight is vital to study the effect of different π-conjugated linkers on 

NLO activity. DFT and TDDFT calculations have been executed to calculate the 

electronic properties, absorption spectra and first hyperpolarizability values of 

synthesized (D1, D2) and newly designed dyes (D3-D12). Hopefully, this study can serve 

as a way for the designing of novel metal free organic dyes. We believe that this work 

will provide a springboard to other researchers for the synthesis of proficient NLO dyes. 

4.1.1 Computational Procedure 

DFT and TDDFT computations have been exercised for the determination of electronic 

structures, NLO properties and photophysical analysis of of TPA-DCV based D–π–A 

dyes. Gaussian 09 program package (Frisch et al., 2009) was used to perform whole 

computations. Geometry optimization for the ground state structures of dyes has been 

performed in gas phase using 6-311+G(d,p) basis set and B3LYP level of theory. 

Frequency analysis were performed using same functional and basis set to verify the 

nature of optimized molecules (Dreuw & Head-Gordon, 2005; Autschbach, 2009).There 

was no imaginary frequency found which represents a stationary point of minimum and 

the success of geometry optimization. For the calculation of absorption spectra, CAM-

B3LYP/6-311+G(d,p) functional is used (Yanai et al., 2004). The utility of this functional 

in estimating the transition energies is proven in literature (Yanai et al., 2004). For the 

calculations of solvent (chloroform), effect has been modeled using conductor-like 

polarizable continuum (CPCM) model (Barone & Cossi, 1998). 

Gaussian output file provide six linear polarizability tensors (αxx, αyy, αzz, αxy, αxz, αyz) and 

ten hyperpolarizability tensors (βxxx, βxyy, βxzz, βyyy, βxxy, βyzz, βzzz, βxxz, βyyz, βxyz) along x, 

y and z directions respectively. Equations 13 and 14 are used to calculate the magnitude 

of average polarizability <α> and first hyperpolarizability (βtot) respectively (Karakas et 

al., 2007). 
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(14) 

4.1.2 Designing of D-π-A Molecular Models 

This study was carried out for theoretical designing of NLO organic dyes. The designed 

dyes consist of three parts: donor (TPA), π-conjugated linkers and acceptor (DCV) as 

shown in Figure 12. We have designed TPA-DCV based D-π-A new dyes (D3-D12) by 

structural tailoring of different π-conjugated linkers between TPA and DCV moieties of 

D1 and D2. Six π-spacers were used as first π-linker, while two π-spacers have been used 

as second π-linker. Different combinations of first and second π-linkers have been made 

by uniting first π-linkers one by one with second π-linkers to design new NLO dyes. The 

structures of investigated dyes are provided in Figure 13.  

The optimized molecular geometries of investigated compounds are portrayed in Figure 

14. To shed light on how different π-conjugated linkers between fixed TPA and DCV 

units influence the theoretical NLO and spectral responses, DFT and TDDFT calculations 

were carried out. In this context, following basic parameters were calculated: (i) 

Polarizability (α), (ii) hyperpolarizability (β),(iii) absorption wave length and (iv) light 

harvesting efficiency (LHE). 
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Figure 13. Structures of studied dyes (D1-D12) 
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Figure 14. Optimized molecular geometries of D1-D12 at B3LYP/6-311+G(d,p) level of theory 
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4.1.3 Electronic Structure 

The frontier molecular orbital (FMO) theory is seen as an exceptional theory in predicting 

the chemical stability of the molecules under investigation (Gunasekaran et al., 2008). 

Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) are very important quantum orbitals that notably shape the UV/Vis spectra and 

reactions between molecules. Usually, LUMO expresses the capacity of accepting an 

electron while HOMO denotes the electron donation ability (Amiri et al., 2016). The 

HOMO-LUMO energy gap (ELUMO-EHOMO) is an imperative parameter for predicting the 

chemical reactivity, dynamic stability, chemical softness and hardness of molecules 

(Khalid et al., 2017). Molecules with higher ELUMO-EHOMO are recognized as less reactive, 

chemically hard molecules with higher kinetic stability. In contrast, less stable, more 

reactive and soft molecules are those having small ELUMO-EHOMO frontier orbital energy 

gap. Soft molecules with smaller energy gap are more polarizable and considered to be 

better entrant for qualitative estimation of NLO response (Parr et al., 1978; Parr et al., 

1999; Chattaraj et al., 2006; Lesar & Milošev, 2009). Taking all these considerations into 

account, DFT computations have been carried out for the determination of EHOMO, ELUMO 

and ELUMO-EHOMO of D1-D12 and results are tabulated in Table 1. 

Table 1: The EHOMO, ELUMO and energy gap (ELUMO-EHOMO) of studied dyes in eV at 

DFT/B3LYP/6-311+G* level of theory 

Dye HOMO(EHOMO) LUMO(ELUMO) Band Gap(ELUMO-EHOMO) 

D1 -5.50 (-5.51) [a] -3.31 (-3.48) [a] 2.19 

D2 -5.56 (-5.57) [a] -3.44 (-3.58) [a] 2.12 

D3 -5.64 -3.50 2.14 

D4 -5.70 -3.63 2.07 

D5 -5.43 -3.32 2.11 

D6 -5.46 -3.44 2.02 

D7 -5.59 -3.53 2.06 

D8 -5.62 -3.66 1.96 

D9 -5.54 -3.22 2.32 

D10 -5.48 -2.76 2.72 

D11 -5.66 -3.26 2.4 

D12 -5.71 -3.44 2.27 

[a] Experimental values in parentheses are from ref (Kim et al., 2014). 
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The calculated HOMO-LUMO energy levels of D1 and D2 were found to be −5.50/−3.31 

and −5.56 eV/−3.44 eV which exhibit strong concurrence with reported −5.51/−3.48 and 

−5.57/−3.58 eV values respectively. These results confirmed the suitability of adopted 

functional for further investigation of D1-D12. From Table 1, it is evident that D1, D2, 

D3, D4, D5, D6 and D7 have shown almost similar energy gaps which imply that LUMO 

and HOMO energy levels of these systems are similarly affected by π-conjugated linkers 

involved in these dyes. The least band gap was found to be 1.96 eV in D8 which might 

due to the presence of alternated thiazole rings as π-spacers. This extended π-conjugation 

configuration facilitates the thiazole rings to respond as an A unit and stabilize the 

LUMO. Consequently, a strong ICT interaction takes places from D to A with smaller 

transition energy. A crucial role is played by both these features in reducing the energy 

gaps in D8. The uppermost energy gap was experienced in D10 with 2.72 eV value. The 

energy gap in D9, D11 and D12 was also computed higher as compared to other 

investigated dyes. The structural position of first π-linker in D9-D12 causes the reverse 

polarity effect which results in transition energy value and energy gap (Janjua, 2017). The 

maximum reverse polarity effect in D10 results in largest energy gap among all studied 

dyes. The calculated band gap (ELUMO-EHOMO) of D1-D12 increases in the following 

order: D8 < D6 < D4 < D5 < D7 < D2 < D3 < D1 < D12 < D9 < D11< D10.  

Overall, abridged energy gaps were attained by all studied dyes (D1-D12). Their smaller 

ELUMO-EHOMO results point out that D1-D12 would be admirable entrants for NLO 

response. The distribution pattern for LUMO and HOMO of investigated systems is 

portrayed in Figure 15. Proficient charge transfer in studied molecules can be seen from 

distribution pattern of electron density. It is clearly visible from Figure 15  that HOMOs 

are mainly concentrated on TPA (D) motif and partially on first π-conjugated linkers. 

Contrarily, DCV acceptor unit and second π-conjugated linkers occupied the LUMO 

charge density chiefly and to some extent respectively. The distribution pattern indicates 

that charge is donated by donor TPA unit and accepted by acceptor DCV group after 

passing through π-conjugated linkers. The conjugated linkers assisted in pulling the 

charge from donor unit and pushing it towards acceptor segment. This substantial transfer 

of charge established that D1-D12 would be promising NLO materials. 
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            Figure 15. HOMOs and LUMOs of the studied dyes D1 to D12 

4.1.4 Natural Bond Orbital (NBO) Analysis 

Natural bond orbital (NBO) investigation is recognized as an efficient technique that 

offers useful insights for studying interactions among bonds and suitable basis for 

examining charge transfer between the filled and vacant orbitals (James et al., 2006; 

Szafran et al., 2007). NBO analysis also helps to elucidate the transfer of charge densities 

from D to A in D-π-A structures. Therefore, optimized geometries of D1-D12 were 

subjected to NBO analysis and results are placed in Table 2. 
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Table 2: NBO charges for donor, π-spacer and acceptor of designed dyes (D1-D12) 

Dyes Donor π-conjugated linkers Acceptors 

D1 0.0492 0.1195 -0.1561 

D2 0.0586 0.0971 -0.1558 

D3 0.0459 0.0603 -0.1534 

D4 0.0854 0.1281 -0.1338 

D5 0.0406 0.1102 -0.1766 

D6 0.0930 0.1366 -0.1773 

D7 0.0795 0.0701 -0.1497 

D8 0.1052 0.2791 -0.3196 

D9 0.0491 0.0440 -0.1686 

D10 0.0399 0.0286 -0.1294 

D11 0.0861 0.0782 -0.1644 

D12 0.0703 0.0721 -0.1424 

 

In D-π-A structures, generally donor units hold positive NBO charge values and acceptor 

moieties display negative NBO charge values.  D and A units with positive and negative 

respective values imply that donor can successfully donate and acceptor can efficiently 

accept electrons. The π-conjugated bridges exhibit either negative or positive values of 

total NBO charges. The positive value of π-conjugated bridges describes that they may 

not trap the electron and act as a conveyer for smooth electron-transfer mechanism from 

D to A moieties. Results mentioned in Table 2 demonstrate that negative values are 

shown by only acceptor units of studied systems D1-D12. Contrarily, π-conjugated 

linkers and donor segments of D1-D12 showed positive NBO charge values. 

Consequently, charge separation state is formed due to shifting of electrons from donor to 

acceptor units in D1-D12. From Table 2, it is clear that the highest NBO charge value was 

found in D8 while least NBO charges have been observed in D10. Remaining all 

investigated dyes have NBO charge values closely related to each other. Density of state 

(DOS) spectra describing the electron density distribution on D, π-linker and A units of 

D1-D12 is calculated by using PyMOlyze program (O'boyle et al., 2008) and displayed in 

Figure 16. 
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Figure 16. The DOS graph representing charge density around donor, bridge and 

acceptor units of D1-D12 
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4.1.5 Nonlinear Optical (NLO) Properties 

Dyes with NLO features are frequently used for signal processing, communication 

technology, optical memory devices and optical switches. Optical response strength, 

linear polarizability and hyperpolarizabilities depend entirely on electronic properties of 

materials under investigation. Thus, assessment of nonlinear and linear responses of 

investigated compounds D1-D12 was vital to evaluate their NLO response properties. 

Linear and NLO properties along with the effect of different π-bridges on these properties 

of D1-D12 were estimated and results are placed in Table 3.  

Table 3: Dipole polarizabilities and major contributing tensors (a.u.) of the studied dyes 

(D1-D12) 

Dye αxx αyy αzz α 

D1 1358.82 462.73 257.02 692.85 

D2 1395.58 453.42 254.91 701.30 

D3 1389.93 437.64 267.54 698.36 

D4 1532.79 432.14 291.04 751.99 

D5 1494.69 459.52 276.70 743.64 

D6 1543.42 472.43 274.43 763.42 

D7 1449.51 461.15 275.00 728.55 

D8 1589.19 445.53 280.70 771.80 

D9 1206.84 479.09 263.55 649.82 

D10 1189.82 469.48 260.11 639.80 

D11 1201.72 471.12 264.31 645.71 

D12 1239.44 449.62 270.79 653.28 

 

The Table 3 is equipped with the results of α for D1-D12 and its tensors that 

contributed majorly. The αxx tensor contributed dominantly in α values of D1-D12 as 

compared to αyy  and αzz .The decreeing order of α noted from the Table 3 is: D8 > D6 

> D4 > D5 > D7 > D2 > D3 > D1 > D12 > D9 > D11> D10. The α of D1 and D2 is 

computed as 692.85 and 701.30 (a.u) respectively. The α values in all studied dyes are 

influenced by π-conjugated linkers modifications but main effect is noted in D4, D6 and 

D8. 
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This indicate that α results of TPA-DCV based dyes with thiazolo[5,4-d]thiazole, 2-

(thiophen-2-yl)thiophene, 5-(thiazol-5-yl)thiazole as first linkers and thiazole as second 

linker was superior as compared to investigated dyes with other first and second linkers. 

The uppermost αxx tensor and α values are observed in designed dye D8. 

Literature suggests that the energy gap between LUMO and HOMO influence the 

polarizability of a molecule. Small energy gap is requisite to show large linear 

polarizability.  

Generally, molecules having small band gap and large α value exhibit large β results 

(Qin & Clark, 2007). X or y-direction electronic transitions are commonly employed for 

the computation of polarizability values. Following equation 15 formula is used to 

explain dipole polarizability along x-direction 

𝛼 ∝
(MX

gm
)2

Egm
 (15) 

In equation 15, two important parameters to which linear polarizability is directly and 

inversely related are; MX
gm

 and Egm . The first term MX
gm

 describes the transition moment 

present along x-axis among ground state (represented by g in the formula) and excited 

state (represented by m in this formula). The second term Egm denotes the energy of 

transition between ground (g) and excited (mth) state.  Equation 15 implies that higher 

value of transition moment amplifies the dipole polarizability value due to direct relation 

between these two quantities. Contrarily, lower value of energy required for transition 

from ground to excited state is suitable for achieving higher dipole polarizability results.  

Thus, it can be judged that investigated systems containing smaller transition energy 

value and large transition moment will exhibit elevated β results. So, a clue about the 

proficient NLO activity of investigated systems can be given from quantitative 

measurements of dipole polarizabilities. The β or first hyperpolarizability values are 

calculated in terms of showing NLO response of a particular compound (Mendis & de 

Silva, 2004). Intramolecular charge transfer that involves the pushing of electrons charge 

density by D moiety to π-bridge and then pulling of electrons charge density by A units is 

directly linked with the second order NLO properties. The investigated dyes D1-D12 also 

contain such type of push-pull mechanism or ICT as portrayed in Figure 15. The 

hyperpolarizability values of investigated dyes D1-D12 are computed using CAM-

B3LYP/6-311+G(d,p) method and results are mentioned in Table 4. 
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Table 4: The computed first hyperpolarizabilities (βtot) and major contributing tensors 

(a.u) of the studied dyes (D1-D12) 

Dye βxxx βxxy βxyy βyyy βxxz βxzz βtot 

D1 -104990.23 2596.08 1118.47 85.61 139.21 156.40 103750.17 

D2 -119260.13 -2579.47 1270.87 -28.64 -349.47 170.67 117848.43 

D3 -116085.84 1515.45 996.23 49.57 636.52 134.76 114967.46 

D4 -129341.22 -1579.04 1095.94 -9.61 -501.60 170.33 128086.05 

D5 121468.42 2071.39 -1108.90 289.38 475.66 -124.16 120259.91 

D6 -139902.19 2177.44 1264.67 254.84 -188.36 145.35 138514.17 

D7 -119929.14 694.37 1107.47 205.39 797.68 116.80 118711.13 

D8 -140439.07 1008.37 1183.02 198.04 581.88 187.60 139075.05 

D9 -75412.62 2730.30 27.89 584.31 59.94 137.62 75320.06 

D10 -59768.95 -725.50 795.98 389.67 27.24 185.52 58788.40 

D11 -66669.74 2104.92 314.64 400.25 453.52 128.63 66275.95 

D12 -88593.97 2388.98 576.34 301.33 1129.32 79.93 87987.937 

 

The βtot value for investigated dyes D1-D12 are found to be in following order: D8 > D6 

> D4 > D5 > D7 > D2 > D3 > D1 > D12 > D9 > D11> D10. βtot value for D1 and D2 was 

observed as 103750.17 and 117848.43 (a.u) respectively. It was observed that TPA-DCV 

based dyes with 5-(thiazol-5-yl)thiazole as first linker and thiazole as second linker (D8) 

have shown the uppermost value of βtot 139075.05 (a.u) as compared to all other 

investigated dyes. On the other hand, least value 58788.40 (a.u) of βtot was measured for 

D10 in which benzo[b]thiphene and thiazole were used as first and second π-conjugated 

linker respectively. This lowest and highest βtot values noted in D10 and D8 likewise can 

be credited to transfer of charge that generated from the D part of compounds and reaches 

at A end after passing through π-conjugated linkers.  

The βtot value of D8 was observed 3234 times larger than the β value of urea molecule 

which is repeatedly utilized as standard organic molecule (Kanis et al., 1994). In the same 

way, calculated βtot values of D1-D7, D9-D12 was established 2413, 2741, 2674, 2979, 

2797, 3221, 2760, 1751, 1367, 1541, 2046 times bigger as compared to urea. 



63 

 

Furthermore, the βtot decreasing order (D8 > D6 > D4 > D5 > D7 > D2 > D3 > D1 > D12 

> D9 > D11> D10) is in compliance with the decreasing order of α (D8 > D6 > D4 > 

D5 > D7 > D2 > D3 > D1 > D12 > D9 > D11> D10) which in turns precisely contests 

with the reverse energy gap order (D8 < D6 < D4 < D5 < D7 < D2 < D3 < D1 < D12 < 

D9 < D11< D10) between HOMO-LUMO orbitals. In a nutshell, in D1-D12, the higher 

hyperpolarizability value is due to the π-electrons delocalization which stabilizes the 

investigated molecules by decreasing HOMO-LUMO energy gap.  

4.1.6 UV–Vis Spectra of Dyes (D1–D12) 

TDDFT computations at CAM-B3LYP/ 6-311+G(d,p) functional and using CPCM model 

have been performed to have excited states insights and plotting absorption spectra for 

D1-D12. Computed oscillator strength (fos), transition energy (Ege), nature of transitions 

and maximum absorption wavelength (λmax) of six lowest singlet-singlet transitions are 

collected in Table 5. While absorption spectra of D1-D12 are displayed in Figure 17. All 

the dyes show absorbance in visible region (Figure 17).  

Table 5: Computed transition energy (eV), maximum absorption wavelengths (λmax/nm), 

oscillator strengths (fos), light harvesting efficiency (LHE), transition moment (𝐌𝐗
𝐠𝐦

 a.u.) 

and transition natures[b] of dyes 

Dye Ege(eV) λmax(nm) ƒos LHE Mx
gm MO transition 

D1 2.5429 487.55 

(300–750) [a] 

1.998 0.989 5.86 H→L (60%), H-1→L (31%) 

D2 2.5192 486.34 

(300–750) [a] 

1.999 0.989 5.95 H→L (59%), H-1→L (30%) 

D3 2.5753 485.18 2.0296 0.990 6.19 H→L (61%), H-1→L (28%) 

D4 2.5517 495.86 1.9549 0.988 6.78 H→L (62%), H-1→L (25%) 

D5 2.5602 494.87 1.9402 0.988 6.74 H→L (54%), H-1→L (34%) 

D6 2.4832 496.27 1.9502 0.988 6.82 H→L (53%), H-1→L (32%) 

D7 2.6097 485.07 2.0622 0.991 5.87 H→L (55%), H-1→L (39%) 

D8 2.4692 498.99 2.1235 0.992 6.90 H→L (59%), H-1→L (33%) 

D9 2.8571 433.93 1.9272 0.988 5.84 H→L (46%), H-1→L (41%) 

D10 2.9599 424.31 0.5982 0.747 3.37 H-1→L (43%), H-3→L 

(11%) 
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D11 2.9275 430.50 2.0406 0.990 5.09 H→L (51%), H-1→L (44%) 

D12 2.8772 440.90 2.0798 0.991 6.18 H→L (47%), H-1→L (36%), 

[a] Experimental values in parentheses are from ref (Kim et al., 2014). 
[b] (H = HOMO, L = LUMO, H-1 = HOMO-1, etc.) 

Calculated λmax of D1 and D2 was observed 487.55 and 486.34 nm respectively which is 

closely related to the experimental absorption spectra showed absorption band in the 

region of 300–750 nm. The highest absorption wavelength was measured 498.99 nm for 

D8 which implies that D8 is red shifted as compared to other studied dyes. From Table 5, 

it is evident that the electron transitions of all systems (except D10) mainly originate from 

TPA/donor (HOMO) to the DCV/acceptor (LUMO) along x direction. In D10, charge 

transfer primarily occurs from HOMO-1 to LUMO. Delocalization of HOMOs and 

LUMOs above whole molecule can be seen from Figure 15.  

 

 

Figure 17. Simulated absorption spectra of dyes (D1-D12) 

Optical efficiency of dyes is related to another important factor namely light harvesting 

efficiency (LHE). Generally, systems with large LHE value displayed maximum 

photocurrent response. The equation 16 is used to express LHE of a dye is (Nalwa, 2001): 
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LHE = 1-10f (16) 

In this equation, f represents the oscillator strength. The values of LHE calculated for D1-

D12 are tabulated in Table 5. LHE of D8 was found to be maximum among all 

investigated dyes. 

For explaining the cause of second order NLO properties, a two-state model was 

formulated by Oudar and Chemla (Oudar & Chemla, 1977) which is based on the sum-

over-states (SOS) expression and shaped a bridge among hyperpolarizability and 

transition of charge transfer. A better picture of structure-property relationship can be 

obtained using two-level model expressed by the equation 17.  

CT 3

gm gm

gm

f

E







 

(17) 

Two-state model expression indicates that three parameters ∆μgm, fgm and Egm
3 are 

connected with β. The difference in dipole moment of ground state represented by “g” 

and excited state indicated by “m” is represented by ∆μgm. Ground to mth excited state 

oscillator strength is pointed out by fgm in the equation 17.  Similarly, energy required for 

transition from ground (g) to mth excited state is represented by cube of transition energy 

Egm
3 . It can be seen from equation 17 that transition energy have inverse relation with β, 

while oscillator strength and transition moment have direct relation with β. Thus, 

molecules having lower Egm
3  and higher values for the fgm and ∆μgm are suitable candidates 

for optimum design of NLO materials with elevated β values. The factors ∆μgm, Egm
3 and 

fgm present in equation 17 are calculated for investigated dyes D1-D12 and results are 

mentioned in Table 5.  

A quantitative relationship among two-state model results and βtot values calculated for 

investigated D1-D12 dyes are pictographically portrayed in Figure 18.  

As we can see from Figure 18, the rise and falls of βtot results for D1-D12 values are 

proportional to the analogous ∆µgmfgm/∆E3gm results. This implies that βtot results 

computed for investigated D1-D12 dyes are in excellent harmony recommended by two-

level model.  
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Figure 18. Relationship between the βtot (red line) values and the corresponding 

∆µgmfgm/𝐄𝐠𝐦
𝟑  (blue line) values for dyes (D1 to D12) 

The results obtained from preceding discussion concludes that to design brilliant D-π-A 

structures containing appealing NLO properties, a momentous approach is to control and 

opt suitable π-bridges that act as facilitator in transferring the charge density from D to A 

units. We are optimistic that novel optical and photoelectric tools with exceptional NLO 

properties for switching; modulation and optical data processing will be designed using 

this insight.  
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4.2 Report 2: Prediction of Second-Order Nonlinear Optical Properties 

of D–π–A Compounds Containing Novel Fluorene Derivatives: A 

Promising Route to Giant Hyperpolarizabilities 

Nonlinear optical (NLO) materials are ranked among the smartest materials of current era 

owing to their frequency and phase varying ability of laser light interacting with them 

(Papadopoulos et al., 2006). Development of NLO materials is an area of frontier research 

for both theoretical and experimental bolstered by extensive applications related to optics, 

optoelectronics, nanophotonics and photonics (Peng & Yu, 1994; Tsutsumi et al., 1998; 

Breitung et al., 2000). Great scientific efforts have been made recently to explore 

different NLO materials comprising molecular dyes, polymers, nanomaterials, organic 

and inorganic semiconductors (Yamashita, 2012; Halasyamani & Zhang, 2017; Zhang et 

al., 2017; Fonseca et al., 2018; Guo et al., 2018). Among these classes, metal free organic 

materials are of much contemporary interest due to their higher photoelectric coefficients, 

lower dielectric constants, low production cost, facile amenability and flexibility toward 

design and fabrication, which make them matchless NLO candidates to their counterpart 

materials. In organic materials, π-bond system entails the delocalized distribution of 

electric charges which empower these compounds to display fast response time, higher 

laser damage threshold and appealing NLO response (Sung & Hsu, 1998; Hochberg et al., 

2006). It has been considered that non-centrosymmetric dipolar compounds containing a 

π-conjugated bridge linked to oppositely ends situated electron-donor (D) and acceptor 

(A) groups are commonly used for achieving first hyperpolarizability (β). Organic 

compounds NLO properties are believed to arise due to strong intramolecular charge 

transfer (ICT) which involves the transport of electrons from D toward A moieties 

through π-bridge (Prasad & Williams, 1991; Chemla, 2012).  

Organic dyes have been paid widespread interest due to their environment friendly nature, 

low cost, convenient purification and synthesis (Nagarajan et al., 2017). While numerous 

examples of π-conjugated donor-acceptor compounds are available in the literature (Dai 

et al., 2018; Ferdowsi et al., 2018; Yamada et al., 2018), but D-π-A type structures are 

widely explored (Haid et al., 2012; Srinivasan et al., 2017). The NLO properties of D-π-A 

compounds could be finely tuned by substituting appropriate D, A moieties and π-bridges 

at suitable positions (Janjua et al., 2012; Janjua et al., 2012). Although D building blocks 

play a crucial role for attaining large NLO response, but A units are also considered as the 
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key factor. In addition, large varieties of π-linkers are available in the literature that 

facilitates good communication between D and A units. Designing of D-π-A organic 

compounds by incorporation of appropriate D, π-bridge, and A units built push-pull 

architecture. These push-pull configurations assist to enhance asymmetric electronic 

distribution, reduce charge recombination, induce charge separation, broaden the 

absorption range toward longer wavelength, lowers HOMO-LUMO energy gap, 

consequently, leading to enhanced NLO response (Janjua et al., 2010; Janjua, 2012; 

Janjua et al., 2014; Janjua et al., 2015; Janjua et al., 2016; Haroon et al., 2017; Mahmood 

et al., 2017). Literature is brimful with D-π-A compounds containing relatively good 

electron rich indoline, coumarin, carbazole, phenothiazine, prophyrin, fluorene and 

triarylamine as D units, heterocyclic compounds as π-linkers, and electron deficient 

carboxylic acids as A units for their different applications. These D-π-A compounds are 

widely investigated for their dye-sensitized solar cell (DSSC) properties (Almogati et al., 

2017; Hilal et al., 2017), but there are fewer reports on NLO exploration of these 

compounds. In this scenario, design and exploration of these compounds with proficient 

NLO properties are the need of hour.  

As part of our continued interest in design and development of NLO compounds, we 

identify a dye JK-201 from literature synthesized by Paek et al. (Paek et al., 2010). As per 

available current literature and to the best of our knowledge, no systematic theoretical 

study of JK-201 for NLO response properties or first hyperpolarizability has been 

published yet. In this direction, first principle screening and design of this D-π-A organic 

chromophore has been projected to explore its potential for NLO response properties.  

JK-201 is a fluorene-based D-π-A metal free organic dye constructing of electron rich 

bis-(9,9-dimethyl-9H-fluoren-2-yl)-phenyl-amine (DMFA) as D moiety, 3,4-ethyl-

dioxythiophene (EDOT) as first π-linker (FPL), thieno[3,2-b]thiopehene (TTPH) as 

second π-linker (SL) and cyanoacrylic acid (CAA) as A unit. Herein, we considered the 

JK-201 as prototype and designed range of novel organic chromophores JK-D1 to JK-

D12 by structural tailoring of π-conjugated bridges and A units of JK-201. The DMFA 

and TTPH are kept preserve throughout the designing, while EDOT and CAA are 

modulated. First, four π-spacers (SPL101-SPL104) were used to replace EDOT for 

designing of four new compounds. Further designing of eight compounds were made by 

replacing CAA of first four designed compounds with dicyanovinyl carboxylic acid 

(DCA) and dicyanovinyl sulfonic acid (DSA) units. For the calculation of the electronic 

properties, NBO analysis, absorption spectra and NLO response (βtot) values of JK-201 
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and JK-D1 to JK-D12, DFT and TDDFT calculations were executed. Current quantum 

chemical investigation aim to accentuate the effect of different π-bridges and A units on 

potential NLO properties of designed compounds. We envisage that present investigation 

will not only provide a guideline for the designing of D-π-A configuration based novel 

organic chromophores, but experimental communities will also take it as a springboard to  

synthesize these systems with admirable NLO properties. 

4.2.1 Computational Procedure 

In present investigation, electronic properties, NBO analysis, absorption spectra and β 

results of JK-201 and JK-D1 to JK-D12 were explored by performing DFT and TDDFT 

calculations. Gaussian 09 program package (Frisch et al., 2009) was utilized for all 

computations of investigated compounds. For ground state configurations of studied 

compounds, geometry optimization was achieved in neutral state, gas phase and without 

symmetry constraints at B3LYP level of theory in conjunction with 6-31G(d,p) basis set, 

which has been extensively exercised for first principle screening of organic 

chromophores (Yang et al., 2015; Yang et al., 2016). Vibrational frequency analysis were 

performed employing same gradient corrected correlation hybrid functional and basis set 

combination to confirm the stationary nature and stable geometries at energy minimum 

(Dreuw & Head-Gordon, 2005; Autschbach, 2009). Results indicate the absence of 

imaginary frequency, being consistent with an energy minimum and the success of the 

optimized geometry. Frontier molecular orbital (FMO) analysis were executed adopting 

same B3LYP/6-31G(d,p) method. For the estimation of conjugative interactions and 

charge transfer among investigated compounds, NBO analysis was executed using same 

functionals.  

TDDFT calculations were performed to calculate the electronic excitations in the 

optimized geometries.  It is commonly believed that in case of extended conjugated 

systems and charge transfer excitations, TDDFT generally overestimate the excitation 

energies. Hence, to simulate the UV-Visible absorption spectra of investigated 

compounds, it was necessary to opt reliable high level exchange functionals. In this 

context, spectral analysis have been performed by TDDFT calculations using hybrid 

CAM-B3LYP in conjunction with 6-31G(d,p) basis set (Yanai et al., 2004). Literature is 

flooded with successful proven examples of this function for the estimation of transition 

energies (Yanai et al., 2004). For the calculations of solvent (tetrahydrofuran, THF), 
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effect has been modeled using conductor-like polarizable continuum (CPCM) model 

(Barone & Cossi, 1998). 

Gaussian output file provide six linear polarizability tensors (αxx, αyy, αzz, αxy, αxz, αyz) and 

ten hyperpolarizability tensors (βxxx, βxyy, βxzz, βyyy, βxxy, βyzz, βzzz, βxxz, βyyz, βxyz) along x, 

y and z directions respectively. Equations 18 and 19 are used to calculate the magnitude 

of average polarizability <α> and first hyperpolarizability (βtot) respectively (Karakas et 

al., 2007). 

1/ 3( )xx yy zz      
 

(18) 

2 2 2 1/2[( ) ( ) ( ) ]tot xxx xyy xzz yyy xxy yzz zzz xxz yyz                 
 

(19) 

4.2.2 Designing of D-π-A Molecular Models 

Present quantum chemical investigation was carried out to describe theoretical designing 

and exploration of novel organic NLO chromophore. In order to design outstanding NLO 

compounds, experimentally synthesized dye JK-201 is used. JK-201 configuration is 

compiled of three blocks: DMFA as D block, first π-linker (EDOT) and second π-linker 

(TTPH) collectively formed π-conjugated bridge block and CAA as A block. As 

mentioned above, π-spacer and A units play a crucial role in fine-tuning the properties of 

ICT, absorption spectrum and HOMO-LUMO energy gap. Therefore, with a motivation 

to develop efficient NLO candidates, we designed series of organic chromophores JK-D1 

to JK-D12 by considering the JK-201 as prototype and decorating the π-spacer and A 

block of JK-201 with different π-spacers and A units (as shown in Figure 19) selected 

from the literature (Yang et al., 2015).  
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Figure 19. The sketch map of studied structures 
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The DMFA group and SL are kept preserve throughout the designing, while EDOT and 

CAA are modulated. In first step, four designed compounds JK-D1 to JK-D4 were 

obtained by keeping CAA unchanged and replacing EDOT with four new π-spacers 

SPL101-SPL104 which have preferable planarity and electron-richness than EDOT. In 

second step, the structures of JK-D1 to JK-D4 dyes were used for designing of further 

eight compounds. For this, D and π-conjugated bridges of JK-D1 to JK-D4 dyes are kept 

fix, while CAA was tailored with other strong acceptor units DCA and DSA respectively. 

Modulation of CAA of with DCA designed JK-D5 to JK-D8 dyes. Similarly, JK-D9 to 

JK-D12 dyes were obtained by replacing CAA with DSA.  

The structures of JK-D1 to JK-D12 are displayed in Figure 20 while optimized molecular 

geometries of studied compounds have been depicted in Figure 21. DFT and TDDFT 

computations on JK-201 and JK-D1 to JK-D12 have been performed to describe definite 

guidelines for designing of novel NLO compounds and also to shed light on how different 

π-spacers and A units effect the electronic, photophysical and NLO responses properties. 

In this context, subsequent basic parameters (i) electronic properties (ii) polarizability (α), 

(iii) hyperpolarizability (β), (iv) NBO investigation (v) absorption wave length and (vi) 

light harvesting efficiency (LHE) were calculated. 
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Figure 20. Structures of studied compounds (JK-D1 to JK-D12) 
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4.2.3 Electronic Structure 

FMO analysis is getting impressive attention as physical property to describe chemical 

stability, ability to absorb light, optical and electronic properties of compounds 

(Gunasekaran et al., 2008). Chemists and physicists explain various interactions of 

molecules with other species, fluorescence and UV–Vis spectra, types of reaction in 

conjugated systems, and the most reactive position in π-electron systems with the help of 

frontier molecular orbitals (FMOs) (Adeel et al., 2017; Arshad et al., 2017; Tahir et al., 

2017). FMOs are significant quantum chemistry parameters that comprise of two main 

orbitals; highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO). HOMO is the outermost electron filled orbital with electron donating 

ability, while LUMO is the innermost electron unfilled orbital with electron accepting 

ability. The FMOs energy gap (Egap=ELUMO-EHOMO) characterize the softness, chemical 

reactivity, chemical hardness, dynamic stability and electron transport properties of the 

molecules (Amiri et al., 2016). The higher value of Egap are considered for chemically 

stable molecules with less chemical reactivity and greater hardness values which means 

that molecules offer resistance to change in electronic configuration. On the other hand, a 

soft molecule with more reactivity and less stability is called by smaller Egap value. Egap is 

 

JK-D12 

 

 

 

Figure 21. Optimized molecular geometries of JK-D1 to JK-D12 at B3LYP/6-

311+G(d,p) level of theory 
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among important parameters used to tune NLO properties. Molecular systems with 

smaller Egap value are highly polarizable and coupled with significant ICT generated by 

pendant D group to A unit through π-conjugated bridge. This ICT from D to A broadens 

the absorption range toward longer wavelength and leads to improved NLO response 

(Parr et al., 1999; Chattaraj et al., 2006). Thus, Egap, EHOMO and ELUMO values of JK-201 

and JK-D1 to JK-D12 are calculated and results are presented in Table 6. 

Table 6: The EHOMO, ELUMO and energy gap (ELUMO-EHOMO) of JK-201 and JK-D1 to JK-

D12 in eV at DFT/B3LYP/ 6-31G(d,p) level of theory 

Systems HOMO (EHOMO) LUMO (ELUMO) Egap=ELUMO-EHOMO 

JK-201 -4.875 -2.740 2.135 

JK-D1 -5.002 -2.906 2.096 

JK-D2 -4.885 -2.805 2.080 

JK-D3 -4.792 -2.736 2.056 

JK-D4 -4.910 -2.876 2.034 

JK-D5 -5.073 -3.420 1.653 

JK-D6 -4.951 -3.312 1.639 

JK-D7 -4.863 -3.214 1.649 

JK-D8 -4.909 -3.319 1.590 

JK-D9 -4.980 -3.342 1.638 

JK-D10 -4.999 -3.417 1.582 

JK-D11 -5.031 -3.446 1.585 

JK-D12 -5.150 -3.629 1.521 

 

From Table 6, it can be seen that the Egap value of JK-201 is 2.135 eV contributed by 

ELUMO and EHOMO values −2.740 eV and −4.875 eV respectively. JK-201 is found to have 

the largest Egap value of 2.135 eV among all investigated compounds. In designed 

compounds, energy gap starts diminishing. Egap value of JK-D1 is found to be 2.096 eV 

which becomes narrow in JK-D2 (2.080 eV), reduced to 2.056 eV in JK-D3 and more 

abridged in JK-D4 with 2.034 eV value. These provide evidence that extended 

conjugation, electron-richness, and planarity of SPL101-SPL104 play a synergic role in 

JK-D1 to JK-D4 to contain reduced energy gap as compared to JK-201. Similar reducing 

effect is observed in remaining designed compounds. In JK-D5, a further reduction in 

band gap is noticed with Egap value 1.653. Egap value is reduced to 1.639 eV in JK-D6, 

slightly increased to 1.649 eV in JK-D7 and much reduced to 1.590 eV in JK-D8. Since 
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π-spacers in JK-D1 to JK-D8 was same while A units were different, therefore reduction 

in energy gap of JK-D5 to JK-D8 is mainly caused by the strong accepting nature of DCA 

as compared to CAA. Energy gap in JK-D10 and JK-D11 is found to be almost same with 

1.582 and 1.585 eV values respectively. A much reduced HOMO-LUMO energy gap is 

found to be 1.521 eV in JK-D12. This implies the least Egap value amongst the entire 

studied molecules. A combined effort of planar, electron rich π-spacer (SPL104) and 

strong A unit (DSA) in JK-D12 collectively worked to cause reduction of 0.614 eV in 

energy gap of JK-D12 (1.521 eV) from experimentally synthesized JK-201 dye. It is 

noted that π-spacer SPL104 is offered more planarity than other π-spacers which results 

in lower energy gap of JK-D4, JK-D8 and JK-D12 from their counterparts designed 

compounds. Overall, the Egap of all investigated compounds is found to be in the 

following increasing order: JK-D12 < JK-D10 < JK-D11 < JK-D8 < JK-D9 < JK-D6 < 

JK-D7 <JK-D5 <JK-D4 < JK-D3 < JK-D2 < JK-D1 < JK-201. This order implies that all 

investigated compounds contain reduced energy gaps, which in turn can have larger 

wavelengths than parent one and would be exceptional aspirants for augmented NLO 

properties. Thus, it is well established from above discussion that, structural tailoring by 

π-spacers and A units would be an important strategy to lower the Egap values, hence, 

appealing NLO response.  

Beside the energy levels of HOMO and LUMO, ICT from D to A through π-linkers is an 

added decisive feature of compounds. So, contour surfaces for electron density 

distributions of FMOs used to describe charge transfer are drawn in Figure 22. It is 

clearly depicted from Figure 22 that HOMOs in JK-201 are populated over D (DMFA) 

and its adjacent EDOT unit, while LUMOS are concentrated mostly over A (CAA) and 

partially on SL. Similar situation is observed in JK-D1 to JK-D12 compounds where 

major portion of HOMOs are located over DMFA and its adjacent π-spacers (SPL101- 

SPL104). On the other hand, LUMOs are concentrated mostly over SL and A moieties 

CAA, DCA and DSA respectively.  

Above discussion implies that major electronic excitations in investigated compounds 

happens on HOMO delocalized on D part and LUMO delocalized on A part which leads 

to proficient intramolecular charge separation state between D and A. This proves that an 

efficient charge is transferred from D unit to A moiety via π-conjugated linkers in all 

investigated compounds, hence, would be excellent NLO materials. 
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HOMO JK-D12 LUMO 

Figure 22. HOMOs and LUMOs of JK-201 and JK-D1 to JK-D12. 
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4.2.4 Natural Bond Orbital (NBO) Analysis 

NBO analysis is seen as a valuable tool to presents important perspective for investigating 

electron-transfer mechanism, nature of bonding (inter and intra-molecular bonding), 

interaction among bonds, charge distribution and interpretation of hyperconjugative 

interaction in the investigated compounds (Szafran et al., 2007). Another important aspect 

of NBO analysis is that, it provide accurate picture for exploring the intramolecular 

delocalization, and the transfer of charge densities from D (filled) orbital of one 

subsystem to A (vacant) orbital of other subsystem in D-π-A architectures (James et al., 

2006). Therefore, to evaluate charge population of studied compounds, we have 

performed NBO analysis on the optimized geometries and results are given in Table 7.  

Table 7: NBO charges for donor, π-spacer and acceptor of JK-201 and JK-D1 to JK-D12 

Systems Donor π-conjugated linker Acceptor 

JK-201 0.0526 0.1180 -0.1706 

JK-D1 0.0999 0.0449 -0.1448 

JK-D2 0.0374 0.1179 -0.1553 

JK-D3 0.0271 0.1390 -0.1662 

JK-D4 0.0443 0.1108 -0.1551 

JK-D5 0.1134 0.1298 -0.2432 

JK-D6 0.0471 0.2139 -0.2610 

JK-D7 0.0377 0.2397 -0.2775 

JK-D8 0.0556 0.2075 -0.2631 

JK-D9 0.1249 0.1399 -0.2648 

JK-D10 0.1647 0.2418 -0.2970 

JK-D11 0.1429 0.2503 -0.2932 

JK-D12 0.1612 0.2665 -0.3078 

It is commonly believed that D moiety always contain positive value of total NBO 

charges which represent its excellent electron donating ability. Contrarily, A unit hold 

negative value of total NBO charges which reveal that A moieties are effective acceptor. 

The case of π-conjugated bridges is bit different with either positive or negative values of 

total NBO charges. The positive value of π-conjugated bridges describe that they may not 

trap the electron and act as a conveyer for smooth electron-transfer mechanism from D to 

A moieties. It is noteworthy that total NBO charge values in our all studied compounds 
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are found positive in all D and π-spacers blocks which verified them as effectual electron-

pushing units. Whereas, it observed negative in all A blocks demonstrated the ability of 

electron trapping in molecular backbone and confirmed them as effectual electron-pulling 

units (Table 7). In case of JK-201 and JK-D1 to JK-D9, almost all compounds contain 

closely related total NBO charge values for D, π-bridge, and A units. In JK-D10 and JK-

D11, total NBO charge values for D, π-bridge, and A units are found greater. The highest 

total NBO charge values of D, π-bridge, and A units among all investigated compounds 

are observed in JK-D12 (Table 7). It implies the most suitable combination of push-pull 

architecture of JK-D12, in which D part is pushing the larger charge toward π-bridge 

which in turn allowed to pass the larger charge and conveyed it to the A unit holding 

greater pulling nature. These results prove the successful migration of electrons (electron 

density) between D and A units using π-conjugated bridges in all investigated compounds 

which leads to proficient intramolecular charge separation state between D and A. Thus 

all investigated compounds would be astonishing NLO aspirants. Furthermore, density of 

state (DOS) spectra describing the electron density distribution on D, π-linker and A units 

of JK-201 and JK-D1 to JK-D12 is calculated by using PyMOlyze program (O'boyle et 

al., 2008) and displayed in Figure 23. 

JK-201 
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Figure 23. The DOS graph representing charge density around donor, bridge and 

acceptor units of JK-201 and JK-D1 to JK-D12 
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4.2.5 Nonlinear Optical (NLO) Properties 

Design and development of novel D-π-A based organic chromophores for communication 

technology, optical memory devices and switches is essentially based on fine 

understanding of NLO properties. The extent of optical response is determined by the 

electrical characteristics of entire infrastructure of compound which in turn associated to 

the α (polarizability or linear response) and β, γ (nonlinear responses or 

hyperpolarizabilities). For understanding of structure-molecular property relationship, the 

prior information about the response of studied compounds to external electric field is 

vital. Furthermore, it will be fascinating to observe how linear and hyperpolarizabilities 

vary with altering the central π-conjugated linkers and A moieties. Therefore, 

polarizability and hyperpolarizability should be assessed to investigate the linear as well 

as NLO response properties of studied compounds. Average polarizability value for 

JK201 and JK-D1 to JK-D12 is calculated and results are presented in Table 8 by 

considering only major contributing tensor of polarizability.  

Table 8: Dipole polarizabilities and major contributing tensors (a.u.) of JK201 and JK-D1 

to JK-D12 

Systems αxx αyy αzz α-total 

JK-201 1516.78 851.94 373.54 914.08 

JK-D1 1614.29 706.12 503.45 941.29 

JK-D2 1896.25 839.01 402.79 1046.02 

JK-D3 1991.93 751.05 464.10 1069.03 

JK-D4 1991.35 863.03 364.52 1072.97 

JK-D5 1986.53 813.69 530.29 1110.17 

JK-D6 2143.28 867.35 409.94 1140.19 

JK-D7 2059.53 787.25 508.17 1118.32 

JK-D8 2247.49 1008.15 578.15 1277.93 

JK-D9 1997.71 1027.85 535.85 1187.14 

JK-D10 2422.09 1083.51 541.89 1349.16 

JK-D11 2340.56 1086.27 581.23 1336.02 

JK-D12 2449.31 1072.41 608.50 1376.74 

Average polarizability of JK-201 is found to be 914.08 a.u. Incorporation of electron rich 

bridging core in JK-D1-JK-D4 gradually increases the average polarizability value to 

941.29, 1046.02, 1069.03 a.u respectively. Similarly in JK-D5 to JK-D8, which contain 
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same bridging core but different A (DCA) unit than CAA, average polarizability value is 

observed greater than JK-201 and JK-D1 to JK-D4. Average polarizability of JK-D5 to 

JK-D8 is observed greater than JK-201 and JK-D1 to JK-D4 with values 1110.17, 

1140.19, 1118.32 and 1277.93 a.u. respectively. This implies that that DCA acts as 

efficient electron-pulling unit as compared to CAA. Incorporation of DSA in JK-D9 to 

JK-D12 further affected the average polarizability values. The average polarizability 

value of JK-D9 is computed to be 1187.14 a.u. A large increase as compared to JK-201 is 

observed in JK-D10 to JK-D12 with average polarizability value found to be 1349.16, 

1336.02 and 1376.74 (a.u) respectively. This confirms the effectiveness of DSA as strong 

accepting unit. Overall, the highest (1376.74 a.u) and least (914.08 a.u) value of average 

polarizability is observed in JK-D12 and JK-201 respectively. The order for average 

polarizability of all investigated compounds is: JK-D12 > JK-D10 > JK-D11 > JK-D8 > 

JK-D9 > JK-D6 > JK-D7 > JK-D5 > JK-D4 > JK-D3 > JK-D2 > JK-D1> JK-201. This 

trend of decreasing average polarizability values implies that all designed compounds 

specially based on DSA are more effective than parent compound. Thus, increase of 

average polarizability by tailoring of π-spacers and A units is in accordance with previous 

findings. 

Literature reveals that a linear polarizability value is influenced by the Egap value. It is 

generally believed that molecules having low Egap and large linear polarizability value 

demonstrate higher β values (Qin & Clark, 2007). X or y-direction electronic transitions 

are commonly employed for the computation of polarizability values. Following equation 

20 formula is used to explain dipole polarizability along x-direction.  

𝛼 ∝  
(MX

gm
)2

Egm
 (20) 

In equation 20, 𝑀𝑋
𝑔𝑚

 and Egm indicate the transition moment and transition energy among 

ground and mth excited state respectively. This equation describes the direct relation of α 

with square of transition moment, while inverse relation with transition energy. It implies 

that a molecule with large 𝑀𝑋
𝑔𝑚

 and small Egm value will contain large value of α, hence, 

large hyperpolarizability value. Thus, for the estimation of appealing NLO response 

properties of compounds, dipole polarizabilities are considered as quantitative 

measurement. As already known, β is a function of NLO response of compounds which in 

turn is correlated with the strong ICT from D to A block via π-bridge. This type of ICT is 

apparent in our investigated JK-201 and JK-D1 to JK-D12 dyes as exhibited in Figure 22. 

The exterior electronic field interacts with the electric density which amends the dipole 
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moment, hence, leads to large second-order NLO response (Mendis & de Silva, 2004). In 

current quantum chemical exploration, first hyperpolarizability values of studied 

compounds have been explored using B3LYP level of theory in conjunction with 6-

31G(d,p) basis set and results of βtot values are mentioned in Table 9.  

Table 9: The computed second-order polarizabilities (βtot) and major contributing tensors 

(a.u) of JK-201 and JK-D1 to JK-D12 

Systems βxxx βxxy βxyy βyyy βxxz βxzz βtot 

JK-201 -105120.61 -5207.93 1353.48 2608.83 2815.68 -246.94 104093.90 

JK-D1 -148264.58 315.93 3003.61 25.99 1535.12 150.12 145122.28 

JK-D2 -155350.11 -1340.73 2933.38 -1814.59 -3593.97 -74.44 152572.45 

JK-D3 157439.90 11047.12 992.75 3166.04 -6166.27 347.44 159560.56 

JK-D4 -187383.49 2526.08 3469.35 1256.91 2390.95 -36.05 184009.58 

JK-D5 270616.31 -154.79 -2043.58 -34.52 635.58 -353.85 268220.28 

JK-D6 -316292.28 -5069.87 1906.31 -1708.16 -6907.52 -60.96 314600.45 

JK-D7 307681.59 22112.60 4260.34 3511.97 -10478.10 469.76 313664.11 

JK-D8 -353526.97 -61.66 2467.59 1261.72 4210.02 -15.78 351104.12 

JK-D9 348501.23 -1007.00 -1062.59 -12.74 1766.40 -256.17 347189.37 

JK-D10 -362077.06 -1868.82 1714.54 -1605.60 -4998.62 54.56 360361.60 

JK-D11 352153.89 14319.20 3621.91 3043.61 -8604.70 304.55 356619.66 

JK-D12 -408181.39 2580.14 2407.24 1072.78 4741.48 88.30 405731.84 

From Table 9, it is evident that among all components of β, βtot values are dominated by 

their diagonal βxxx component. βtot value of JK-201 is computed to be 104093.90 a.u. This 

implies the least βtot response value amongst all studied systems. Screening of different π-

conjugated bridges in JK-D1 to JK-D4 significantly enhances the βtot values which 

confirm the effective influence of π-bridges in tuning the NLO response. The βtot values 

of JK-D1 to JK-D4 are observed to be 145122.28, 152572.45, 159560.56 and 184009.58 

a.u. respectively. βtot values are further increased to 268220.28, 314600.45, 313664.11, 

and 351104.12 a.u. in JK-D5 to JK-D8 respectively, which implies the strong pulling 

influence of A unit in these compounds. Similar increasing effect is observed in 

remaining compounds; where stronger A unit tune the NLO response. Highest βtot value is 

observed in JK-D12 which is computed to be 405731.84 a.u. The order for βtot value of all 

investigated compounds is: JK-D12 > JK-D10 > JK-D11 > JK-D8 > JK-D9 > JK-D6 > 

JK-D7 > JK-D5 > JK-D4 > JK-D3 > JK-D2 > JK-D1> JK-201. From this order, it is 
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obvious as accepted that higher HOMO-LUMO gap dye JK-201 exhibit poor NLO 

response, while lowest HOMO-LUMO gap dye JK-D12 demonstrate maximum NLO 

response as compared to other studied compounds. Therefore designed dye designed dye 

JK-D12 is the most suitable architecture in which maximum planarity is achieved due to 

combination of DMFA as D unit, SPL104 as FPL, TTPH as SL and DSA as A unit. 

Consequently, JK-D12 exhibits the highest βtot value as compared to all investigated 

compounds. Furthermore, it is notable that the decreasing order of βtot is consistent with 

the average polarizability decreasing order and in compliance with the increasing 

HOMO-LUMO energy gap.  

In addition, we compared our βtot findings with commonly used organic reference urea 

molecule (Kanis et al., 1994) and found it remarkably large in all studied compounds. βtot 

value of JK-201 is observed 2420 times greater than urea molecule βtot value. Similarly, 

JK-D1 to JK-D12 are found to have βtot values 3374, 3548, 3710, 4279, 6237, 7316, 7294, 

8165, 8074, 8380, 8293 and 9435 times larger than the βtot value of urea molecule. 

Consequently from the preceding discussion, it is well established that the increase of βtot 

value by structural modeling by π-conjugated bridges and A units is consistent with 

previous conclusions, and would be an important strategy to increase the NLO response 

properties.  

4.2.6 UV–Vis Spectra of Studied Compounds (JK-201 and JK-D1 to JK-D12) 

In order to have insight into the effect of bridging core moiety and A units on observed 

spectral properties of investigated compounds, excited states absorption spectra have been 

calculated employing TDDFT computations at CAM-B3LYP/6-31G(d,p) level of theory. 

THF solvent in CPCM model was implemented to assess the six lowest singlet-singlet 

transitions.  

The results of calculated transition energy (Ege), absorption wavelength (λmax), oscillator 

strength (fos), transition moment (Mx
gm), light harvesting efficiency (LHE), and nature of 

transitions for studied systems have been presented in Table 10.  
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Table 10: Computed transition energy (Ege/eV), maximum absorption wavelengths 

(λmax), oscillator strengths (fos), light harvesting efficiency (LHE), transition moment 

(∆μgm ) and transition natures of compounds[b] 

Dye 
Ege 

(eV) 
λmax(nm) ƒos LHE ∆μgm MO transition 

JK-201 2.6715 484.74 (481)[c] 2.009 0.990 5.16 H→L (47%), H-1→L (41%) 

JK-D1 2.5395 488.20 1.797 0.984 5.79 H→L (56%), H-1→L (31%) 

JK-D2 2.6311 491.20 2.465 0.996 5.87 H→L (58%), H-1→L (34%) 

JK-D3 2.4630 503.36 2.310 0.995 6.59 H→L (54%), H-1→L (36%) 

JK-D4 2.4686 512.22 2.380 0.995 7.19 H→L (52%), H-1→L (32%) 

JK-D5 2.3685 523.44 1.976 0.989 8.01 H→L (58%), H-1→L (44%) 

JK-D6 2.3090 536.93 2.152 0.992 8.25 H→L (50%), H-1→L (43%) 

JK-D7 2.3724 530.69 2.120 0.992 7.93 H→L (55%), H-1→L (37%) 

JK-D8 2.1984 563.94 2.240 0.994 8.51 H→L (63%), H-1→L (27%) 

JK-D9 2.3034 548.24 2.442 0.996 8.33 H→L (61%), H-1→L (31%) 

JK-D10 2.1700 586.16 2.266 0.994 8.80 H→L (52%), H-1→L (42%) 

JK-D11 2.1424 578.68 2.121 0.992 8.62 H→L (56%), H-1→L (36%) 

JK-D12 2.0774 599.38 2.530 0.997 8.94 H→L (59%), H-1→L (37%) 

[b]H = HOMO, L = LUMO, H-1 = HOMO-1, etc.    
[c]Experimental values in parentheses are from ref.(Paek et al., 2010)  

The simulated absorption spectrum of JK-201 and JK-D1 to JK-D12 are displayed in 

Figure 24. Computed λmax of JK-201 is found to be 484.74 nm which shows excellent 

harmony with experimentally calculated λmax 481 nm value (Table 10). This close 

concurrence confirms that the selected computational methodology is appropriate enough. 

Compared with the λmax of JK-201, the computed λmax of all designed compounds are 

found greater in magnitude as observed in absorption spectra (Figure 24).  
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Figure 24. Simulated absorption spectra of studied compounds (JK-201 and JK-D1 to 

JK-D12) 

JK-201 is found to have lowest absorption wavelength value 484.74 nm, while maximum 

absorption wavelength value is found to be 599.38 nm in JK-D12. Using electron rich 

bridging core moiety in JK-D1 to JK-D4, λmax is successfully increased to 512.22 nm (JK-

D4) which is 27.48 nm higher than the λmax of reference compound. Replacement of A 

block with stronger A unit in JK-D5 to JK-D8 further enhanced the λmax to 563.94 nm in 

JK-D8 which is 79.2 nm greater than the parent compound. Similarly in JK-D9 to JK-12, 

stronger A unit auxiliary enhanced the λmax to 599.38 nm in JK-D12, which is 114.64 nm 

greater as compared to the reference JK-201. The decreasing order for λmax of investigated 

compounds is: JK-D12 > JK-D10 > JK-D11 > JK-D8 > JK-D9 > JK-D6 > JK-D7 > JK-

D5 > JK-D4 > JK-D3 > JK-D2 > JK-D1> JK-201. The transitions in JK-201 and JK-D1 

to JK-D12 are mainly originated from HOMO→LUMO which reaches agreement with 

the rules of most D-π-A organic molecules. Predominated contribution in these transitions 

belongs to HOMO→LUMO (47-63%), whereas HOMO-1→LUMO contributes (27-

47%). Thus, it is clearly understood that the replacement of π-bridges and A units in JK-

201 successfully improved the absorption wavelength in designed dyes which will be 

kind of promising novel dyes in future. 
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A significant factor that describes the optical efficiency of investigated compounds is the 

LHE, calculated using fos provided by TDDFT computations. It is generally believed that 

the compounds with greater LHE value showed large photocurrent response. LHE of 

investigated compounds are calculated (Nalwa, 2001) using equation 21 and results have 

been presented in Table 10. 

LHE = 1-10-f (21) 

All investigated systems exhibit very closed LHE values.. However, highest LHE value is 

observed in JK-D12. 

To explain the grounds for enhanced NLO response by changing the π-conjugated bridge 

and A units, better elucidation of structure-property relationship is obligatory. Two-state 

model formulated by Oudar and Chemla (Oudar & Chemla, 1977) are frequently used in 

literature for the estimation of NLO response including the ground and crucial excited 

state in sum-over-state expression. In two-state model, connection is formed among 

hyperpolarizability and charge transfer transition which is the origin of broadly functional 

push–pull technique for designing proficient NLO systems.  

CT 3

gm gm

gm

f

E







 

(22) 

Equation 22 is used to represent two-state model expression in which βCT, ∆μgm, fgm, and 

 𝐸gm
3

  is the first hyperpolarizability, dipole moment difference, oscillator strength and 

cube of transition energy between ground (g) and most crucial mth excited state (m). 

From equation 22, it can be seen that product of ∆μgm and fgm have the direct relation, 

while transition energy in on the inverse relation with the β value. Thus, optimum design 

of efficient NLO compounds with large β value must hold higher ∆μgm , fgm magnitude 

and lower energy CT excited state. The values of ∆μgm, fgm, and  𝐸gm
3  have been calculated 

from spectral analysis and results are given in Table 10. The highest (2.6715 eV) and 

lowest (2.0774 eV) value of 𝐸gm
3 is found to be in JK-201 and JK-D12. Contrarily, JK-201 

and JK-D12 are found to have lowest and highest transition moment values respectively. 

All factors in remaining compounds form the general framework with closely related 

values. For further strengthening of our NLO finding, relationship between two-level 

model (∆µgmfgm/𝐸gm
3 ) and corresponding βtot values of JK-201 and JK-D1 to JK-D12 are 

displayed in Figure 25. It is evident from Figure 25 that the βtot and two-level model 

values are found in really nice conformity. 
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It is notable from preceding discussion that decreasing order of βtot is consistent with the 

average polarizability decreasing order and HOMO-LUMO energy gap increasing order. 

Furthermore, it is also obvious as accepted that higher HOMO-LUMO gap dye JK-201 

exhibit poor NLO response, while lowest HOMO-LUMO gap dye JK-D12 demonstrate 

maximum NLO response. It is well evident from above discussion that controlling the 

kind of π-bridges and acceptor units is a vital approach for designing of appealing NLO 

materials. We also foresee that present insight into the π-bridges and acceptor units effect 

on the NLO properties will be implemented for designing of new NLO materials, optical 

and photoelectric tools with fine performance in modern hi-tech applications.  

  

 

Figure 25. Relationship between the βtot (red line) values and the corresponding 

∆µgmfgm/𝑬𝒈𝒎
𝟑  (blue line) values for investigated compounds 
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4.3 Report 3: A Theoretical Probe for Efficient Enhancement of 

Nonlinear Optical Properties of Quinacridone Dye Through 

Various Modifications 

Organic compounds NLO properties are believed to arise due to strong ICT which 

involves the transfer of electron density from donor toward acceptor units through π-

bridge, thus generating a large dipole moment between the ground and excited state of the 

molecule (Prasad & Williams, 1991; Chemla, 2012). Therefore, one can expect a large 

NLO response from these donor-acceptor compounds using two-state model (Roy & 

Nandi, 2015). Several studies have been found in literature to enhance ICT by ring-

twisting and optimize the donor/acceptor pair that could finally maximize the NLO 

response (Yang et al., 2002; Shimada et al., 2015; Teran et al., 2016). Some heterocyclic 

polycyclic aromatic hydrocarbons (hetero-PAHs) such as indeno[1,2-b]fluorene (Chase et 

al., 2011), phenothiazine, phenoxazine (Liu et al., 2015), phenanthrolines (Dragonetti et 

al., 2007) and derivatives have the aforementioned fascinating features. Therefore, there 

is a large thrust to design and synthesize these hetero-PAHs for NLO applications. 

Quinacridone (QA) (Chen et al., 2015; Wang et al., 2016), a hetero-PAH with coplanar 

and rigid backbone is a famous red-violet high performance industrial pigment due to its 

special weather and colour fastness and is broadly employed in printing inks, artist’s 

paints and industrial paints (Zollinger, 2003). During past three decades, potential 

application of QA and its derivatives in photovoltaic properties, electroluminescent, 

photoluminescent, supramolecular assembly, polymorphism and in electronic devices 

have been investigated (Ortiz et al., 2005; Wang et al., 2007; Liu et al., 2008; Pho et al., 

2010). The planar core five-ring structure of QA forms strong π-π interaction which 

facilitates the efficient carrier transport in organic light emitting diodes (OLEDs), organic 

field-effect transistors (OFETs) and organic solar cells (OSCs), hence, their performance 

has been gradually enhanced (Song et al., 2012; Wang et al., 2015) . Furthermore, QAs 

have outstanding photochemical as well as electro stability and their structural tailoring 

can be easily made by functionalizing N atom with alkyl group which are of scientific 

interest. To date, a number of QA-based electronic materials have been developed, but 

little seems to be known about their NLO properties.  

Therefore, as part of our continued interest in design and development of novel NLO 

compounds, we planned to expand the QA system and modify its spatial structure to 
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explore its NLO properties. Yang et al. (Yang et al., 2012) utilized the QA architecture as 

planar π-spacer. Mahmood et al. (Mahmood et al., 2015) coupled different donor and 

acceptor units to the indigo skeleton and successfully designed indigo-based dyes with 

large polarizability and first hyperpolarizability values. Encouraged to these approaches, 

we were motivated to investigate the behavior of QA and its derivatives for first 

hyperpolarizability or NLO properties. To the best of our knowledge, the systematic 

theoretical study of QA and its designed derivatives for NLO properties are relatively 

lacking at present. Herein, we considered the parent QA molecule as planar π-conjugated 

bridge and range of QA-based derivatives were designed by coupling auxiliary donors, 

donor and acceptors moieties to the fixed architecture of QA molecule. QA core tends to 

be planar structurally; however, we incorporated diphenylamine (DPA) moiety as donor 

segment to QA architecture, which in turn abridged the backbone rigidity to adopt a 

twisted shape. The dimethylvinyl [CH=C(CH3)2], methoxy (OCH3), and N,N-

dimethylamine [N(CH3)2] groups were incorporated on DPA moiety to evaluate the effect 

of auxiliary donors on NLO properties. Three units including cyanoacrylic acid (CAA), 

CN and NO2 were installed as electron acceptor segment. Density functional theory 

(DFT) and time-dependant DFT (TDDFT) calculations have been performed to evaluate 

the effects of structure on the electronic properties, absorption spectra and β values of QA 

and designed (QA-1 to QA-9) compounds. Natural bond orbital (NBO) analysis has been 

performed to monitor the ICT. Encouragingly, most of the detection results reflected our 

designed intentions. We hope this quantum chemical research will introduce a new 

structure-property relation of QA-based compounds by highlighting the effect of different 

auxiliary donors, donors and acceptor units on potential NLO properties. We envisage 

that present investigation will provide a guideline for the design and development of 

novel NLO compounds.  

4.3.1 Computational Procedure 

In present investigation, all computations for QA and QA-1 to QA-9 were performed 

utilizing Gaussian 09 program package (Frisch et al., 2009).  DFT and TDDFT 

calculations were carried out to evaluate the electronic properties, NBO analysis, 

absorption spectra and β results of studied compounds. For ground state configurations, 

geometry optimization was achieved in neutral state, gas phase and without symmetry 

constraints at 6-31G(d,p) basis set and B3LYP functional, which has been extensively 

exercised for first principle screening of metal free organic compounds (Yang et al., 
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2015; Yang et al., 2016). Harmonic vibrational frequencies were confirmed at same 

functional to confirm the optimized structures with absence of imaginary frequency are 

energetic minimum on the potential energy surface (Dreuw & Head-Gordon, 2005; 

Autschbach, 2009). The energies of HOMO, LUMO and energy gap between these 

orbitals were estimated employing frontier molecular orbital (FMO) analysis at same 

B3LYP/6-31G(d,p) method. NBO analysis was executed implying 6-31G(d,p) basis set  

and B3LYP functional combination to evaluate the ICT and conjugative interactions in 

investigated compounds. 

TDDFT computations have been performed to calculate the electronic excitations. It is 

commonly believed that in case of extended conjugated systems and charge transfer 

excitations, TDDFT generally overestimate the excitation energies. Hence, to simulate the 

UV-Visible absorption spectra of investigated compounds, it was necessary to opt reliable 

high level exchange functionals. In this context, spectral analysis have been performed by 

TDDFT calculations using hybrid CAM-B3LYP having long range properties, in 

conjunction with  6-31G(d,p) basis set (Yanai et al., 2004). Literature is flooded with 

successful proven examples of this function for the estimation of transition energies 

(Yanai et al., 2004). For the calculations of solvent (acetone), effect has been modeled 

using CPCM model (Barone & Cossi, 1998). 

Gaussian output file provide six linear polarizability tensors (αxx, αyy, αzz, αxy, αxz, αyz) and 

ten hyperpolarizability tensors (βxxx, βxyy, βxzz, βyyy, βxxy, βyzz, βzzz, βxxz, βyyz, βxyz) along x, 

y and z directions respectively. Equations 23 and 24 are used to calculate the magnitude 

of average polarizability <α> and first hyperpolarizability (βtot) respectively (Karakas et 

al., 2007). 

1/ 3( )xx yy zz        (23) 

2 2 2 1/2[( ) ( ) ( ) ]tot xxx xyy xzz yyy xxy yzz zzz xxz yyz                 
 

(24) 

4.3.2 Designing of D-π-A Molecular Models 

This research work is devoted to NLO investigation of novel QA-based compounds. The 

aim of current study was to design novel QA-derivatives theoretically and explore their 

potential NLO properties. Theoretical designing involves the planar core five-ring 

structure of QA as shown in Figure 26. QA molecule was considered as planar π-

conjugated bridge. Donor-π-acceptor configuration was established (Scheme 1), when 

series of QA-based derivatives (QA-1 to QA-9) were designed by installing different 

auxiliary donor, donor and acceptor units to fix QA architecture. DPA segment is 
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incorporated to QA as donor block and kept fix throughout the study. Three units 

including dimethylvinyl, methoxy and N,N-dimethylamine were coupled as auxiliary 

donors to DPA segment. The CAA, CN and NO2 were installed as electron acceptor 

segments to QA structure. Structural tailoring has been made by utilizing auxiliary donors 

and acceptor segments in different combinations to design novel NLO compounds (see 

Figure 27). The structures of designed derivatives (QA-1 to QA-9) are displayed in Figure 

28. The optimized molecular geometries of QA-1 to QA-9 are displayed in Figure 29 . 

DFT and TDDFT computations were performed for QA and QA-1-QA-9 to describe 

definite guidelines for designing of novel NLO compounds and also to shed light on how 

different auxiliary donors, donors and acceptor units affect the ICT, HOMO-LUMO 

energy gap, absorption spectrum and NLO responses. In this context, subsequent basic 

parameters (i) electronic properties (ii) polarizability (α), (iii) hyperpolarizability (β), (iv) 

NBO investigation (v) absorption wave length and (vi) light harvesting efficiency (LHE) 

were calculated. 

 

 

 

 

 

Figure 26. Chemical structure of quinacridone (QA) 
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QA Quinacridone  

QA-1 R1=R2=H R3= H 

QA-2 R1=R2=H R3= CN 

QA-3 R1=R2=H R3= NO2 

QA-4 R1=R2=CH=C(CH3)2 R3= CN 

QA-5 R1=R2=CH=C(CH3)2 R3= NO2 

QA-6 R1=R2=OCH3 R3= CN 

QA-7 R1=R2=OCH3 R3= NO2 

QA-8 R1=R2=N(CH3)2 R3= CN 

QA-9 R1=R2=N(CH3)2 R3= NO2 

Figure 27. The sketch map of studied donor-π-acceptor structures (QA-1 to QA-9) 

 π-bridge 

 Auxiliary donor Donor 

Acceptor 
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Figure 28. Structures of designed dyes (QA-1 to QA-9) 
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Figure 29. Optimized molecular geometries of QA and QA-1 to QA-9 at B3LYP/6-

31G(d,p) level of theory 
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4.3.3 Electronic Structure 

The FMOs (HOMO and LUMO) are significant quantum chemistry parameters that are 

widely adopted by physicists and chemists to describe different characteristics of 

molecules under investigation. Different perspectives including ultraviolet–visible (UV-

Vis) spectra, optical properties, electronic features, charge transfer, reactivity, molecular 

interactions and chemical stability are explained with the help of FMOs (Kandemirli & 

Sagdinc, 2007; Srnec & Solomon, 2017). Usually, HOMO expresses the electron 

donating capability while LUMO directs the capability of accepting an electron (Amiri et 

al., 2016). The FMOs energy gap (Egap=ELUMO-EHOMO) value is a influential aspect for the 

estimation of global reactivity parameters including of molecules under investigation 

(Khalid et al., 2017). Molecules having large Egap value are taken as hard molecules 

which offer resistance to change in the electronic configurations, hence, less reactivity 

and greater kinetic stability. In contrast, the compounds having small Egap value are less 

stable, soft and more reactive. Furthermore, molecules with small Egap value are highly 

polarizable and assumed to be better entrant for qualitative calculation of NLO properties 

(Parr et al., 1999; Chattaraj et al., 2006). To calculate the energies of HOMO (EHOMO), 

LUMO (ELUMO) and band gap (Egap) of QA and QA-1 to QA-9, FMO analysis were 

carried out and results are collected in Table 11.  

Table 11: The EHOMO, ELUMO and energy gap of QA and QA-1 to QA-9 in eV at DFT/ 

B3LYP 6-31G(d,p) level of theory 

Systems HOMO (EHOMO) LUMO (ELUMO) Band Gap[a] 

QA -5.320 -2.173 3.147 

QA-1 -4.946 -2.901 2.045 

QA-2 -5.067 -3.209 1.858 

QA-3 -5.097 -3.298 1.799 

QA-4 -4.852 -3.197 1.655 

QA-5 -4.877 -3.288 1.589 

QA-6 -4.767 -3.155 1.612 

QA-7 -4.798 -3.245 1.553 

QA-8 -4.352 -3.102 1.250 

QA-9 -4.384 -3.193 1.191 

[a]Egap=ELUMO-EHOMO 
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From Table 11, it is evident that largest Egap value is found to be 3.147 eV in QA with 

lowest EHOMO (−5.320 eV) and largest ELUMO (−2.173 eV) values among all investigated 

compounds. Due to incorporation of donor and acceptor units in QA, reduction in band 

gap of 1.102 eV is observed in QA-1 with Egap value of 2.045 eV. Installation of CN and 

NO2 groups further lowered the Egap value to 1.858 eV in QA-2 and 1.799 eV in QA-3 

respectively. Coupling of auxiliary donor diminish the Egap value to 1.655 eV in QA-4, 

which becomes more abridged in QA-5 with 1.589 eV value. Introduction of methoxy 

group (as auxiliary donor) in QA-6 and QA-7 further congested the Egap value to 1.612 eV 

and 1.553 eV respectively. Egap value of QA-8 is further reduced to 1.250 eV due to 

installation of electron rich (N,N-dimethylamine) auxiliary donor. A much reduced 

HOMO-LUMO energy gap is found to be 1.191 eV in QA-9. This implies the lowest Egap 

value amongst other studied systems.   

Therefore, by structural tailoring of QA, HOMO-LUMO energy gap is successfully 

reduced in all designed compounds especially in QA-9 which is having 1.956 eV less 

value than the parent QA Egap value. Strong accepting nature of NO2 as compared to CN 

group is also reflected in band gap values of QA-3, QA-5, QA-7 and QA-9 which contain 

less Egap value than their counter molecules (QA-2, QA-4, QA-6 and QA-8) respectively 

(Table 11). Overall, the Egap of investigated compounds is found to be in the following 

increasing order: QA-9 < QA-8 < QA-7 < QA-5 < QA-6 < QA-4 < QA-3 < QA-2 < QA-1 

< QA. This order implies that structural tailoring by incorporating auxiliary donor, donor 

and acceptor units would be a significant approach to lower the Egap values, hence, 

tempting NLO response.  

The contour surfaces for electron density distributions pattern of FMOs used to describe 

proficient charge transfer are drawn in Figure 30. The HOMO and LUMO in QA are 

populated over entire molecule as indicated in Figure 30. However, in QA-1 to QA-9, 

HOMOs are mostly concentrated on auxiliary donor and donor units, while minute 

portion of HOMOs are located on adjacent benzene ring of π-bridge. On the other hand, 

LUMOs are situated heavily over acceptor units especially on CAA, and partially on 

adjacent benzene ring of π-bridge. This proves that an efficient charge is transferred from 

auxiliary donor/donor units to acceptor segments via π-conjugated bridge in all designed 

compounds. This proficient ICT validate that designed compounds (QA-1 to QA-9) 

would be excellent NLO materials. 
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HOMO QA-9 LUMO 

      Figure 30. HOMOs and LUMOs of QA and QA-1 to QA-9 

4.3.4 Natural Bond Orbital (NBO) Analysis 

NBO analysis is proven as a most reliable method to have orbital level insights on the 

electron-transfer mechanism, interaction among bonds and interpretation of 

hyperconjugative interaction between electron rich and electron deficient counterparts of 

molecules (Glendening et al., 2012). NBO analysis is also helpful in elucidating the 

steady picture for transfer of charge densities in donor-π-acceptor architectures from 

filled, bonding or donor Lewis-type NBOs to the empty, non bonding or non-Lewis 

NBOs (Szafran et al., 2007). Assuming these considerations, optimized geometries of QA 

and QA-1 to QA-9 are subjected to NBO analysis and results are given in Table 12.  

Table 12: NBO charge values for donor, π-spacer and acceptor segments of QA and QA-

1 to QA-9 

Systems Donor π-spacer Acceptor 

QA - 0 - 

QA-1 0.0692 0.1691 -0.0294 

QA-2 0.0708 0.1664 -0.0780 

QA-3 0.0895 0.2323 -0.1034 

QA-4 0.1013 0.2091 -0.0787 

QA-5 0.1171 0.2333 -0.1042 

QA-6 0.1103 0.1833 -0.0820 

QA-7 0.1198 0.2464 -0.1079 

QA-8 0.1218 0.1954 -0.0864 

QA-9 0.1250 0.2688 -0.1130 

It is commonly believed that donor moiety contains a positive value of total NBO charges 

which represent its excellent electron donating ability. Contrarily, acceptor unit hold 
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negative value of total NBO charges which reveal that acceptor moieties will effectively 

accept electrons. The π-conjugated bridge can hold either positive or negative NBO 

charge values which represent its electron conveyer or electron trapper nature 

respectively. Since QA is considered as π-spacer in this study containing no donor or 

acceptor segment, so charges are delocalized on complete QA molecule. Hence, total 

NBO charge values of QA are found to be nil for donor, acceptor segments and zero for 

π-bridge. Total NBO charge values are found positive for donor segments and negative 

for acceptor units in QA-1 to QA-9 which p0ints out there effectual electron-pushing and 

electron-pulling nature respectively. Total NBO charge values are also found positive for 

π-spacers which describe that they may not trap the electron and act as a conveyer for 

smooth electron-transfer from donor to acceptor moieties. The highest total NBO charge 

values for donor, π-bridge and acceptor units among all studied compounds are observed 

in QA-9 representing good combination of push-pull architecture suitable for NLO study 

(Table 12). The preceding discussion validates the voyage of electrons from D to A 

crossing π-bridge which leads to the formation of charge separation state. Furthermore, 

DOS spectra describing the electron density distribution on D, π-linker and A units of QA 

and QA-1 to QA-9is calculated by using PyMOlyze program (O'boyle et al., 2008) and 

displayed in  Figure 31. 
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Figure 31. The DOS graph representing charge density around donor, bridge and 

acceptor units of QA and QA-1 to QA-9 
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4.3.5 Nonlinear Optical (NLO) Properties 

Probing of compounds with excellent NLO properties is the field of immense interest due 

to their versatile utility in optoelectronic technologies and telecommunication sector. A 

good understanding of NLO properties is essential for designing of these materials. NLO 

character is related to the structure property relationship which can be explained with the 

help of quantum chemical calculations after understanding of polarizability (α) and 

hyperpolarizability (β) concepts. There is a direct relation between the strength of optical 

response and electronic properties of entire material, which is in line with α and β. 

Therefore, linear and NLO responses of QA and QA-1 to QA-9 should be assessed for the 

evaluation of NLO properties. To interpret how auxiliary donor, donor and acceptor units 

manipulate the NLO properties of QA and QA-1 to QA-9, <α> values along with their 

tensors contributed dominantly have been measured and findings are mentioned in Table 

13. 

Table 13: Dipole polarizabilities and major contributing tensors (a.u.) of QA and QA-1 to 

QA-9 

Systems αxx αyy αzz α 

QA 195.43 118.64 455.54 256.54 

QA-1 921.45 490.22 241.85 551.17 

QA-2 1024.67 507.52 245.21 592.47 

QA-3 1047.19 509.07 244.34 600.20 

QA-4 1038.61 535.09 287.14 620.28 

QA-5 1163.96 569.20 214.45 649.20 

QA-6 1105.32 565.97 260.64 643.97 

QA-7 1135.33 569.76 257.95 654.34 

QA-8 1183.88 620.08 296.32 700.09 

QA-9 1230.47 626.08 291.50 716.02 

Table 13 represents that dominant transition is the x-axis (αxx) transition amongst all 

studied molecules. The average polarizability value of QA is observed to be 256.54 (a.u). 

This is the least average polarizability value measured among all studied compounds. 

Installation of different auxiliary donor, donor and acceptor units influenced the average 

polarizability value in QA-1 to QA-9. Structural tailoring of QA by inclusion of DPA, 

CAA, CN and NO2 moieties in QA-3 and QA-4 doubled the average polarizability as 

compared to QA value. Similar enhancement as compared to QA is observed in 
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remaining designed compounds too. It is also observed from Table 13 that average 

polarizability value of QA-3, QA-5, QA-7 and QA-9 which contain NO2 as accepting 

group is found higher than average polarizability value of QA-2, QA-4, QA-6 and QA-8 

holding CN as accepting group. The highest value of αis found to be 716.02 (a.u) in 

QA-9. The average polarizability value of investigated compounds is found to be in 

following descending order:  QA-9 > QA-8 > QA-7 > QA-5 > QA-6 > QA-4 > QA-3 > 

QA-2 > QA-1 > QA. 

Literature supports the dependence of polarizability of a molecule on HOMO-LUMO 

band gap. Narrow band gap is requisite to display healthy linear polarizability. 

Compounds with large linear polarizability and narrow band gap usually exhibit large β 

values (Qin & Clark, 2007). X or y-direction electronic transitions are commonly 

employed for the computation of polarizability values explained by equation 25: 

𝛼 ∝
(MX

gm
)2

Egm
 (25) 

In this equation, the dominator Egm denotes the transition energy whereas 𝑀𝑥
𝑔𝑚

 indicates 

the transition moment which is used to estimate phase factor of ground to excited state. 

𝑀𝑥
𝑔𝑚

is a complex vector quantity. The polarization occurred because of electronic 

transitions are also presented by the compass reading of transition dipole moment. 

Furthermore, contact of an electromagnetic wave with compound is also explained by 

transition dipole moment.  

Equation 25 represents the inverse relation of transition energy with α, which in line is 

directly proportional to square of transition dipole moment. Thus, transition moment 

value amplifies the dipole polarizability value. Generally, it is believed that the systems 

with smaller value of transition energy and large value of 𝑀𝑥
𝑔𝑚

 will enclose the large 

hyperpolarizability value. Consequently, NLO activity of the compounds can be judged 

from the quantitative measurements of their dipole polarizabilities values. First 

hyperpolarizability or second-order polarizability (β) is a function of NLO response 

which in turn is correlated with strong ICT occurred from donor to acceptor units via π-

bridge. This type of ICT (as exhibited in Figure 30) is evident in QA-1 to QA-9. In 

present manuscript, B3LYP level of theory and 6-31G(d,p) basis set combination have 

been employed to calculate the hyperpolarizabilities of QA and QA-1 to QA-9. The βtot 

results and the β tensors that contributed in βtot values are presented in Table 14. 
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Table 14: The computed second-order polarizabilities (βtot) and major contributing 

tensors (a.u) of QA and QA-1 to QA-9 

Systems βxxx βxxy βxyy βyyy βxxz βyyz βyzz βtot 

QA 0 0 0 0 0 0 0 0 

QA-1 14497.65 -1278.56 -229.30 978.99 100.15 99.82 129.70 14130.09 

QA-2 31929.01 -2008.48 -327.32 1109.83 -235.34 129.03 117.64 31458.33 

QA-3 48475.82 -3059.89 -22.94 820.91 686.14 -13.61 62.25 48600.67 

QA-4 51267.53 -2497.66 -1544.79 1604.63 197.97 280.82 202.42 49614.80 

QA-5 63860.32 -3364.05 -1282.31 1370.18 -329.06 155.39 115.57 62636.28 

QA-6 55159.54 -2156.94 -154.23 764.21 -346.20 310.40 144.48 55033.17 

QA-7 70938.21 -3354.56 229.77 520.57 -806.57 185.33 75.13 71312.95 

QA-8 72458.15 -3624.22 452.09 185.93 -716.22 368.85 226.72 72981.02 

QA-9 126706.29 -6273.30 1113.93 -61.32 -1333.62 240.99 137.93 128082.15 

Results collected in Table 14 indicate that NLO response of QA is computed to be zero. 

This is the least value of NLO response among all studied compounds. It is well 

understood from literature that centrosymmetric compounds do not have NLO response. 

This happens in QA which hold the centrosymmetric architecture. Thus QA was 

incorporated with auxiliary donor, donor and acceptor units to analyze their effect on 

NLO response. The βtot values of studied compounds are found to be in following 

descending order: QA-9 > QA-8 > QA-7 > QA-5 > QA-6 > QA-4 > QA-3 > QA-2 > QA-

1 > QA. The βxxx component has the highest value among all contributing tensors, hence, 

major role for producing NLO response in QA-1 to QA-9. This also represents that major 

charge is transferred along x-direction. Merging of DPA, CAA, CN tuned the NLO 

response to 14130.09 (a.u) in QA-1 from zero in QA. The NLO response of QA-2 was 

merely 31458.33 (a.u). It is noteworthy that NLO response of compounds (QA-3, QA-5, 

QA-7, QA-9) containing dimethylvinyl, methoxy, N,N-dimethylamine, DPA and NO2 

accepting group is computed higher than those (QA-2, QA-4, QA-6, QA-8) holding 

dimethylvinyl, methoxy, N,N-dimethylamine, DPA and CN as accepting group. The 

highest NLO response is measured in QA-9 with βtot value of 128082.15 (a.u). In addition, 
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we compared our βtot findings with commonly used organic reference urea molecule 

(Kanis et al., 1994) and found it remarkably large in all designed compounds.  

The βtot value of QA-1 to QA-9 is observed to be 328, 731, 1130, 1153, 1456, 1279, 1658, 

1697 and 2978 times larger as compared to the urea molecule βtot value respectively. 

Furthermore, it is also notable that the decreasing order of βtot is consistent with the 

average polarizability decreasing order and with the increasing order of HOMO-LUMO 

energy gap. Thus coupling of auxiliary donor, donor and acceptor units in QA delocalized 

the π-electrons which decreased the HOMO-LUMO band gap, generated the strong 

synergistic effect, hence, NLO response was increased successfully in QA-1 to QA-9.  

4.3.6 UV–Vis Spectra of Studied Compounds (QA and QA-1 to QA-9) 

UV–Vis spectroscopy offers useful insight about the electronic transition nature, 

contributing configurations to the transitions and probability of charge transfer within the 

molecules. The excited state absorption spectra of QA and QA-1 to QA-9 were computed 

using TDDFT computations at CAM-B3LYP/6-31G(d,p) functional in conjunction with 

CPCM model and acetone solvent.  

During TDDFT computations, ten lowest singlet-singlet transitions have been 

investigated and absorption spectra of QA and QA-1 to QA-9 are depicted in Figure 32. 

The results for calculated transition energy (Ege), absorption wavelength (λmax), oscillator 

strength (fos), transition moment (∆μgm), light harvesting efficiency (LHE), and nature of 

transitions for QA and QA-1 to QA-9 are presented in Table 15. 

As given in Table 15, λmax of QA is found to be 289.16 nm. This is the least calculated 

λmax value among all studied compounds. Since λmax results are associated with the 

structural character of studied systems. Therefore, structural tailoring of QA red shifted 

the absorption band of QA-1 to QA-9 with a difference of 41-200 nm respectively. The 

highest λmax value is measured 489.92 nm for QA-9 which is 200 nm greater than the 

parent QA. This entails that QA-9 is the most red shifted compound among all 

investigated compounds. 
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Table 15: Computed transition energy (Ege/eV), maximum absorption wavelengths 

(λmax), oscillator strengths (fos), light harvesting efficiency (LHE), transition moment 

(∆μgm ) and transition natures[b] of QA and QA-1 to QA-9 

Systems Ege 

(eV) 

λmax 

(nm) 

ƒos LHE ∆μgm 

(a.u) 

Major MO transitions 

QA 4.28 289.16 0.167 0.320 0 H→L+2 (65%), H-2→L (16%) 

QA-1 3.75 330.81 0.254 0.443 1.68 H→L (53%), H-1→L (30%), 

H→L+1 (11%) 

QA-2 3.70 356.21 0.285 0.481 2.84 H→L (50%), H-1→L (26%), 

H→L+1(16%) 

QA-3 3.64 366.75 0.294 0.492 3.11 H→L (42%), H-1→L (22%), 

H→L+1 (18%) 

QA-4 3.41 399.87 0.390 0.592 3.28 H→L (43%), H-1→L (30%), 

H→L+1 (15%) 

QA-5 3.27 405.50 0.539 0.711 4.00 H→L (37%), H-1→L (25%), 

H→L+1 (16%) 

QA-6 3.37 403.03 0.455 0.649 3.56 H→L (48%), H-1→L (23%), 

H→L+1 (18%) 

QA-7 3.01 411.23 0.956 0.889 4.31 H→L (41%), H-1→L (18%), 

H→L+1 (19%), H→L+2 (11%) 

QA-8 2.95 418.96 1.050 0.910 4.37 H→L (51%), H-1→L (16%), 

H→L+1 (20%) 

QA-9 2.53 489.92 1.200 0.936 4.81 H→L (44%), H-1→L (12%), 

H→L+1 (19%), H→L+2 (12%) 

[b]H = HOMO, L = LUMO, H-1 = HOMO-1, L+1 = LUMO+1 etc.    

In relation to TDDFT study, it is also evident from Table 15 that vital excited state in QA 

is originated by electronic transition from HOMO to LUMO+2. As a result of structural 

tailoring of QA, contribution to the electronic transitions by different orbitals is modified. 

In QA-1 to QA-9, the vital excited states were produced owing to shifting of electrons 

chare density from HOMO to LUMO/LUMO+1/LUMO+2 and HOMO-1/HOMO-2 to 

LUMO. The electron density distributions of FMOs used to describe charge transfer can 

be seen from Figure 30. This proposed that charge transfer is happened from auxiliary 

donor/donor to A motif along x-direction. For every NLO active compound, this kind of 

charge transfer is must, hence, form the basis for NLO response of studied systems.  
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Figure 32. Simulated absorption spectra of investigated compounds (QA and QA-1 to 

QA-9) 

LHE describes the optical efficiency of investigated compounds. LHE is calculated using 

fos value and represents the photocurrent response of compounds. Compounds with 

greater LHE value displayed large photocurrent response and vice versa. LHE of 

investigated compounds are calculated (Nalwa, 2001) using equation 26 and findings 

have been presented in Table 15. 

LHE = 1-10-f (26) 

Lowest LHE value is measured in QA. Structural modification also increased the LHE 

values in QA-1 to QA-9. Therefore, highest value of LHE is found to be in QA-9.  

For explaining the influence of auxiliary donor, donor and acceptor units on enhanced 

NLO properties, two-state model is used in current investigation. A relation between 

electronic charge transfer transition in low-lying dominant excited states and 

hyperpolarizability known as two-level model was presented by Oudar and Chemla 

(Oudar & Chemla, 1977) shown as under:  

CT 3

gm gm

gm

f

E







 

(27) 
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Here, βCT, ∆μgm, fgm, and  𝐸gm
3

  is the first hyperpolarizability, dipole moment difference, 

oscillator strength and cube of transition energy respectively. These parameters are inter-

linked and governed by selection of appropriate donors, conjugated bridge and acceptor 

units. The most auspicious blend of these parameters can offer larger β value.  

From equation 27, it is apparent that product of ∆μgm and fgm have the direct relation, 

while cube of transition energy has the inverse relation with βCT. Thus, large β value for 

optimum design of efficient NLO compounds comes from large ∆μgm , fgm magnitude and 

low-lying excitation energy. The values of ∆μgm, fgm, and  𝐸gm
3  have been calculated from 

spectral analysis and findings were given in Table 15. The ∆μgm, 𝐸gm
3 and fgm for QA and 

QA-1 to QA-9 acquired the same general framework and closely related to each other. 

QA holds the lowest ∆μgm, fgm and highest Egm value. Contrarily, highest ∆μgm, fgm and 

lowest Egm values are found to be in QA-9 respectively. The correlation among two-level 

model (∆µgmfgm/𝐸gm
3 ) and likewise βtot results of QA and QA-1 to QA-9 are displayed in 

Figure 33.  It is evident from Figure 33 that the βtot and two-level model values are found 

in excellent concurrence. 

 

Figure 33. Relationship between the βtot (red line) values and the corresponding  

∆µgmfgm/𝑬𝐠𝐦
𝟑

 (blue line) values for QA and QA-1 to QA-9 
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Preceding discussion suggests that, for designing of novel materials with excellent NLO 

response, controlling the kind of electron donor and acceptor units is a vital scheme. The 

common approach for designing NLO compounds involves moderately strong electronic 

coupling between D and A units which can be achieved by pairing of both donor and 

acceptor to π-conjugated framework. However, for a significant first hyperpolarizability, 

a finite quantity of donor-acceptor coupling is essential. We are optimistic that present 

contribution of auxiliary donor, donor and acceptor units effect on the NLO properties 

will be implemented for designing of new NLO materials, optical and photoelectric tools 

with excellent performance in modern hi-tech applications.   
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4.4 Report 4: Quantum Chemical Designing of Indolo[3,2,1-

jk]carbazole-based Dyes for Highly Efficient Nonlinear Optical 

Properties 

Rapid progress of telecommunication technology has revolutionized the modern world. 

Recently, great scientific efforts by theoretical and experimental scientists have been 

made to discover novel materials having utilization in photonics, nanophotonics, 

optoelectronics and optics (Peng & Yu, 1994; Tsutsumi et al., 1998; Breitung et al., 

2000). Nonlinear optical (NLO) materials are a class of compounds that have key role in 

modern hi-tech applications due to their ability to alter phase and frequency of interacting 

light. Furthermore, their applications in optical sensing, optical signal processing, optical 

poling, optical computing, broad-band optical communications and data storage have 

made them an area of frontier research. Different classes including semiconductors 

(inorganic and organic), nanomaterials, polymers and molecular dyes are investigated for 

their potential NLO properties (Yamashita, 2012; Halasyamani & Zhang, 2017; Zhang et 

al., 2017; Fonseca et al., 2018; Guo et al., 2018). Among all these, organic materials are 

widely explored for potential NLO properties due to their flexibility toward design and 

fabrication, facile amenability and low production cost. Due to delocalized distribution of 

electric charges in π-bond systems of organic compounds, high electrical polarization 

occurs which results in NLO response properties (Sung & Hsu, 1998; Hochberg et al., 

2006). Large dipole in organic molecules generated due to ICT from D to A via π-bridges 

also generates NLO response properties (Prasad & Williams, 1991; Chemla, 2012). It is 

commonly believed that NLO response properties (β) are achieved using dipolar non-

centrosymmetric compounds containing end capped D and A units connected with π-

conjugated bridges (Janjua et al., 2012; Janjua et al., 2012). Research has outlined various 

principles to amend NLO response (β), like elongation of π-conjugation (Wang et al., 

2014; Hu et al., 2018), twisted π-system chromophores (Yang et al., 2002; Planells et al., 

2014; Li et al., 2017), switching perturbations (Muhammad et al., 2010; Banerjee & 

Nandi, 2016), non-covalent and intermolecular charge transfer (Muhammad et al., 2012; 

Gao et al., 2017), auxiliary D-A model (Cariati et al., 2017) and  bond length alteration 

(BLA) (Albert et al., 1996).  

In 2014, Luo et al. reported Indolo[3,2,1-jk]carbazole based organic dye IC-2 for DSSCs 

and illustrated the different π-bridges effect on photovoltaic performance (Luo et al., 
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2014). However, their exploration for NLO properties is unrevealed.  IC-2 is a D-π-A 

organic dye with Indolo[3,2,1-jk]carbazole as D unit, thiophene as  π-conjugated bridge 

and cyanoacrylic acid (CAA) as A unit. Literature suggests that NLO properties can be 

finely tuned by modifying the functional components of the dyes (Li et al., 2017). 

Therefore, the rational design of IC-2 should be desirable toward the development of 

more efficient organic NLO dyes. Thus, to extend our continued interest in development 

of novel NLO compounds, we herein first employed DFT and TDDFT based quantum 

chemical techniques to calculate the absorption spectra and energy levels of 

experimentally synthesized IC-2 dye. We further designed series of dyes S1-S8 with eight 

different π-bridges by considering the IC-2 as prototype. Effect of structural modification 

on electronic, photophysical and NLO response properties have been studied in detail. 

Finally we recommended a kind of novel indolocarbazole dye with highly effective NLO 

response properties. 

4.4.1 Computational Procedure 

The electronic, photophysical and NLO properties of dye molecules were investigated 

employing DFT and TDDFT computations. Gaussian 09 program package (Frisch et al., 

2009) was utilized for all computations of investigated compounds. The optimization in 

gas phase, ground state and without symmetry constraints was performed using DFT 

functional B3LYP/6-31+G(d,p) (Yang et al., 2015; Yang et al., 2016). Frequency 

analyses were performed to confirm that optimized structures are true local minima 

(without imaginary frequency) on potential energy surface (Dreuw & Head-Gordon, 

2005; Autschbach, 2009). Molecular orbitals including HOMO (highest occupied 

molecular orbital) and LUMO (lowest unoccupied molecular orbitals) were estimated at 

B3LYP/6-31+G(d, p) level of theory. For the estimation of conjugative interactions and 

charge transfer, NBO analysis was executed using same functional. NLO properties were 

also calculated using same combination. 

Literature suggests that TDDFT is efficient in the estimation of optical absorption, 

electronic properties and vertical excitation energy. Choice of high level reliable 

functional is also necessary to overcome the significant effects produced by TDDFT in 

charge transfer excitations and extended conjugated systems. Therefore, four functionals 

including ωB97XD, CAM-B3LYP, B3LYP, and M062X were adopted to estimate the 

UV-Vis absorption spectra of IC-2. The model CPCM was used to make sure the solvent 

(dichloromethane (DCM)) effect. The experimental and calculated results of IC-2 are 
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collected in Table 16. Results indicate that B3LYP functional overestimated the vertical 

excitation energies of IC-2 with an error of 86 nm. However, results of CAM-B3LYP and 

M062X functional are found close to experimental value with a difference of 12 nm. A 

very good and satisfactory agreement with experimental value is shown by WB97XD 

functional with a minute difference of 3 nm. Thus, TDDFT/WB97XD/6-31+G(d,p) 

method combining CPCM model in DCM solution was use to study the electronic 

absorption spectra of all investigated compounds. GaussView 5.0 (Dennington et al., 

2009) was used to organize the input files. Output files results were interpreted using 

Avogadro (Hanwell et al., 2012), Chemcraft (Andrienko, 2010), GaussSum (O'boyle et 

al., 2008)  and GaussView programs. 

Table 16: The experimental and computed maximum absorption wavelengths (λmax), 

oscillator strengths (fos) and transition natures of compounds in DCM solvent 

Methods λmax(nm) Oscillator strengths (fos) Main configuration (%) 

B3LYP 467.90 0.8141 HOMO→LUMO (99%) 

CAM-B3LYP 394.07 1.3400 HOMO→LUMO (77%) 

WB97XD 386.37 1.3740 HOMO→LUMO (71%) 

M06-2X 394.10 1.3154 HOMO→LUMO (81%) 

Experimental 382 Taken from reference (Luo et al., 2014) 

4.4.2 Screening of π–spacer Groups for Molecular Design of D–π–A Models 

The screening by π-conjugated linkers is a vital strategy in organic dyes containing D-π-A 

structures for attaining giant NLO properties. The aim of current research was to 

theoretically design novel Indolo[3,2,1-jk]carbazole based more efficient organic 

molecules with promising -conjugated bridges and predict their electronic, 

photophysical and NLO properties for latest hi-tech applications. A well known reported 

dye IC-2 is used for systematic designing. IC-2 structure is composed of three blocks: 

Indolo[3,2,1-jk]carbazole as D unit, thiophene as π-conjugated bridge and CAA as A unit 

(see Figure 34). 
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 π-bridges  

   

Thiophene Thiazole Furan 

IC-2 S1 S2 

   

Thieno[3,2-b] 

Thiopehene 
Thiazolo[5,4-d] thiazole furo[3,2-b]furan 

S3 S4 S5 

   

2-(thiophen-2yl) thiopehene 5-(thiazol-5yl)thiazole 2,2’-bifuran 

S6 S7 S8 

Figure 34. Sketch map of studied structures (IC2 and S1-S8) 

The S1-S8 were designed by structural substitution of π-conjugated bridge (thiophene) of 

IC-2 with eight new π-bridges namely; thiazole, furan, thieno[3,2-b]thiophene, 

thiazolo[5,4-d]thiazole, furo[3,2-b]furan, 2-(thiophen-2yl)thiophene, 5-(thiazol-

5yl)thiazole and 2,2’-bifuran respectively. The structures of S1-S8 are displayed in Figure 

35 while optimized geometries are displayed in Figure 36. DFT and TDDFT 
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computations were performed on IC-2 and S1-S8 to describe the effects of bridging 

modification on optical absorption spectra and NLO response properties of the organic 

sensitizers. In this context, electronic properties including molecular orbitals energy 

levels and NBO analysis were estimated. NLO response properties were analyzed through 

polarizability (α) and hyperpolarizability (β) calculations. Photophysical properties were 

estimated from UV-Vis absorption spectra.  

IC-2 

 

S1 

 

S2 
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Figure 35. Structures of studied dyes (IC-2 and S1-S8) 
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S7 

 

S8 

 
 

Figure 36. Optimized molecular geometries of IC-2 and S1-S8 at B3LYP/6-31)+G(d,p) 

level of theory 
 

4.4.3 Electronic Structure 

Quantum chemistry parameters HOMO and LUMO collectively called FMOs are used by 

chemists and physicists to explore structural characteristics of investigated molecules. 

FMOs are also used to explain different perspectives including chemical stability, 

molecular interactions, reactivity, charge transfer, electronic features, optical and UV-Vis 

spectral properties of studied molecules (Kandemirli & Sagdinc, 2007; Srnec & Solomon, 

2017). Electron donating and accepting capability of investigated molecules are explored 

with the help of HOMO and LUMO energies respectively (Amiri et al., 2016). Energy 

gap is a representative signature found in NLO active compounds for the calculation of 

chemical reactivity, dynamic stability, chemical softness and chemical hardness. Smaller 

Egap value are shown by highly reactive, least stable and soft molecules. On the other 
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hand, least reactive, large stable and hard molecules exhibit larger Egap value. 

Furthermore, molecular systems with smaller Egap offers significant ICT from pendant D 

group to the A unit through π-conjugated bridge which broadens the absorption range 

toward longer wavelength, hence, lead to augmented NLO properties (Parr et al., 1999; 

Chattaraj et al., 2006). 

Table 17: The EHOMO, ELUMO and energy gap of IC-2 and S1 to S8 in eV at 

DFT/B3LYP/6-31+G(d,p) level of theory 

Systems HOMO (EHOMO) LUMO (ELUMO) Band Gap[a] 

IC-2 -5.71 -2.60 3.11 

S1 -5.82 -2.79 3.03 

S2 -5.60 -2.49 3.11 

S3 -5.62 -2.64 2.98 

S4 -5.81 -3.06 2.75 

S5 -5.42 -2.54 2.88 

S6 -5.44 -2.70 2.74 

S7 -5.69 -3.08 2.6 

S8 -5.25 -2.51 2.74 

[a]Egap=ELUMO-EHOMO 

From Table 17, we can examine a significant transform in the energy level of studied 

compounds on the modification of π-bridges. IC-2 is found to have the largest Egap value 

of 3.11 eV among all investigated dyes. On addition of electron deficient thiazole in S1, 

energy gap diminish to 3.03 eV. In S2, furan did not significantly lower the Egap and its 

value found similar to IC-2.  The electron deficient π-bridges in S3 and S4 narrowed the 

Egap value to 2.98 and 2.75 eV respectively. Similar tendency is noticed in S5 and S6 

where Egap becomes more abridged. In S7, the substitution of thiophene with more 

electron deficient 5-(thiazol-5yl)thiazole unit effectively decreased the ELUMO value, thus, 

lowered the Egap value to 2.61 eV. This represents the lowest Egap value among all studied 

dyes. The energy gap decreases in the order of S7 < S6=S8 < S4 < S5 < S3 < S1 < 

S2=IC-2. This order implies that thiazole ring based dyes is more appropriate than 

thiophene ring which in turn is better than furan ring for enlarging the ICT and decreasing 

the Egap values. It is well established that structural modification by substitution of π-

spacers would be an important strategy to lower the Egap values, consequently, appealing 

NLO response properties.  
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Beside the energy levels of HOMO and LUMO, ICT from D to A through π-linkers is an 

added decisive feature of compounds. So, contour surfaces for electron density 

distributions of FMOs used to describe charge transfer in IC-2 and S1-S8 are drawn in 

Figure 37. The pictorial representation depicts that HOMOs in all dyes are populated 

mostly over donor unit (indolo[3,2,1-jk]carbazole) and π-spacer units. On the other hand, 

LUMOs are concentrated mostly over A unit (cyanoacrylic acid) and in part on the π-

spacer unit. This point out that efficient electrons/charges are moving from HOMO 

delocalized on D part to LUMO delocalized over A part via π-conjugated bridges. 

HOMO LUMO 
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4.4.4 Natural Bond Orbital (NBO) Analysis 

NBO analysis is a valuable tool that presents important perspective for exploring the 

intramolecular delocalization and transfer of charge densities from D (filled) orbital of 

one subsystem to A (vacant) orbital of other subsystem in D-π-A architectures (James et 

al., 2006). Therefore, to confirm the ICT from donor to acceptor units, and to evaluate 

charge population of studied compounds, we have performed NBO analysis on the 

optimized geometries of IC-2, S1-S8 and results are given in Table 18.  

Table 18: NBO charges for donor, π-spacer and acceptor of the studied compounds IC-2 

and S1-S8 

Systems Donor π-conjugated linker Acceptor 

IC-2 0.0617 0.0956 -0.1574 

S1 0.0961 0.0398 -0.1360 

S2 0.0542 0.1346 -0.1890 

S3 0.0527 0.1038 -0.1567 

S4 0.0989 0.0116 -0.1107 

S5 0.0491 0.1480 -0.1971 

S6 0.0417 0.1186 -0.1604 

S7 0.0791 0.0260 -0.1052 

S8 0.0242 0.1724 -0.1967 

From literature, it is well evident that total NBO charge values of donor moiety always 

found positive. On the other hand, acceptor moieties show negative value of total NBO 

charge values. The π-conjugated bridges are able to show both negative and positive 

  

S8 

Figure 37. HOMOs and LUMOs of the studied compounds  IC-2 and S1-S8 
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values depending upon the architecture to which they bridged. The positive value of π-

bridges depict that π-linkers not only avoid trapping the electron but also act as a 

conveyer for smooth electron-transfer mechanism from D to A moieties. In our computed 

results, total NBO charge values in IC-2 and S1-S8 are found to be positive for donor 

units which represents that donor moieties are pushing efficient charge/electrons toward 

π-bridges.  

Total NBO charge values of π-bridges are also found positive which confirms that π-

bridges are acting as facilitator for transfer of charge density without trapping them. It is 

noteworthy that acceptor units in IC-2 and S1-S8 hold negative total NBO charge values. 

The preceding results proves the successful shifting of electrons from D to A crossing π-

conjugated bridges which leads to proficient intramolecular charge separation state 

between D and A. Thus all investigated compounds would be astonishing NLO aspirants. 

Furthermore, DOS spectra describing the electron density distribution on D, π-linker and 

A units of IC-2 and S1 to S8 is calculated by using PyMOlyze program (O'boyle et al., 

2008) and displayed in  Figure 38. 

 

IC-2 

 



145 

 

S1 

 

S2 

 

S3 

 



146 

 

S4 

 

S5 

 

S6 

 



147 

 

S7 

 

S8 

 
Figure 38. The DOS graph representing charge density around donor, bridge and acceptor units 

of IC-2 and S1-S8 

4.4.5 Nonlinear Optical (NLO) Properties 

Design and development of D-π-A NLO materials for optoelectronic applications are 

essentially based on fine understanding of NLO response properties. The extent of optical 

response is determined by the electrical characteristics of entire infrastructure of 

compound which in turn is associated to the α (polarizability or linear response) and β, γ 

(nonlinear responses or hyperpolarizabilities etc.,). To observe, how linear and 

hyperpolarizabilities vary with the modification of π-conjugated linker moieties, average 

polarizability and hyperpolarizability values for IC-2 and S1-S8 are estimated implying 

equations 28, 29 and findings have been given in Table 19 by considering only major 

contributing tensors. 
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(28) 

2 2 2 1/2[( ) ( ) ( ) ]tot xxx xyy xzz yyy xxy yzz zzz xxz yyz                 
 

(29) 

Table 19: Dipole polarizabilities and major contributing tensors (a.u.) of the studied 

compounds IC-2 and S1-S8 

Systems αxx αyy αzz <α> 

IC-2 688.78 381.44 112.28 394.17 

S1 695.45 386.38 97.33 393.05 

S2 666.80 385.45 91.52 381.26 

S3 850.88 410.32 133.66 464.95 

S4 879.42 416.69 110.68 468.93 

S5 845.70 401.94 99.11 448.92 

S6 963.49 439.00 117.41 506.63 

S7 959.23 439.49 137.39 512.03 

S8 858.34 441.90 105.77 468.67 

Average polarizability of IC-2 is found to be 394.17 a.u. Structural modification in S1 did 

not affect the <α> value which is observed (393.05 a.u) closer to IC-2 value. A decrease 

in <α> value is noticed as 381.26 a.u in S2. This is the lowest value of <α> computed in 

all investigated molecules. The effect of π-bridges is dominantly appeared in S3-S8 dyes. 

In S3, electron rich π-bridge thieno[3,2-b]thiophene significantly increases the <α> value 

to 464.95 a.u. Similar trend is noticed in remaining dyes which demonstrate the average 

polarizability values much larger than IC-2. A large increase as compared to parent IC-2 

is observed in S6 and S7 with <α> values computed to be 506.63 a.u and 512.03 a.u 

respectively. Overall, highest <α> value among all studied compounds is observed to be 

512.03 a.u in S7. The decreasing order for average polarizability is: S7 > S6 > S4 > S8 > 

S3 > S5 > IC-2 > S1 > S2. This trend implies that all designed compounds except based 

on thiazole and furan π-bridges are more effective than parent compound. It is also noted 

that dyes with least Egap (S7) value shows the greater average polarizability values.  

It is generally believed that molecules having low Egap and large linear polarizability 

value demonstrate higher β values (Qin & Clark, 2007). As already known, β is a function 

of NLO response which depends on the ICT from D to A block through π-bridge. This 

type of ICT is apparent in our investigated compounds IC-2 and S1-S8 as exhibited in 



149 

 

Figure 37. The outer electronic field interacts with electric density which amends the 

dipole moment and leads to large NLO properties (Mendis & de Silva, 2004). In current 

quantum chemical exploration, hyperpolarizability values of IC-2 and S1-S8 have been 

explored and results of βtot values are mentioned in Table 20.  

Table 20: The computed second-order polarizabilities (βtot) and major contributing 

tensors (a.u) of the studied compounds IC-2 and S1-S8 

Systems βxxx βxxy βxyy βyyy βxxz βtot 

IC-2 -15079.81 545.31 619.10 69.35 457.53 14496.99 

S1 17046.40 629.38 -715.65 56.06 -0.45 16343.36 

S2 12243.11 344.07 -278.90 281.25 -0.03 11976.86 

S3 -23058.87 -1026.92 845.52 69.50 330.17 22200.81 

S4 31346.00 -931.11 -920.91 121.09 0.71 30437.02 

S5 21554.67 -1097.66 -1101.00 -7.21 -0.30 20479.09 

S6 32354.31 -853.37 -945.60 -76.98 731.07 31416.98 

S7 40673.83 166.01 -1011.04 45.73 -0.58 39664.53 

S8 26173.56 968.27 -883.52 281.78 -1.23 25317.72 

Results from Table 20 indicate that βtot values are dominated by their diagonal βxxx 

component. βtot value of IC-2 is found to be 11496.99 a.u. Substitution of π-bridge in S1 

significantly enhances the βtot value to 16343.36 a.u. A reduction in βtot value to 11976.86 

a.u is noticed in S2 indicating the less effectiveness of furan as π-conjugated bridge. This 

is the lowest value of βtot response among all studied molecules. An appealingly large 

enlargement in βtot values of S3-S8 is observed which confirm the effective influence of 

π-bridges in tuning the NLO response properties.  

A large increment is observed in βtot values of S4, S6 and S7 computed to be 30437.02, 

31416.98 and 39664.98 a.u. respectively. The highest βtot value 39664.98 a.u is noted in 

S7 which implies that π-bridge (5-(thiazol-5yl)thiazole) used in S7 is the most effective 

one among all π-spacers for enlarging the NLO response properties. The βtot value 

decreases in following order: S7 > S6 > S4 > S8 > S3 > S5 > S1> IC-2 > S2. From this 

order, it is proved that dye with least HOMO-LUMO gap (S7) exhibit maximum NLO 

response, while large HOMO-LUMO gap dyes IC-2 and S2 demonstrate less NLO 

response properties. Furthermore, it is prominent that increasing order of HOMO-LUMO 
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energy gap is consistent with decreasing order of average polarizability and βtot 

respectively. Consequently, it is well established that increase of βtot value by structural 

modeling by π-conjugated bridges would be an important strategy to increase the NLO 

response properties.  

4.4.6 UV–Vis Spectra of Studied Compounds (IC-2 and S1-S8) 

In order to have insight into the effect of bridging core modifications on photophysical 

properties of IC-2 and S1-S8, excited states absorption spectra have been calculated 

employing TDDFT computations using four XC functionals ωB97XD, CAM-B3LYP, 

B3LYP and M062X with 6-31+G(d,p) basis set. DCM solvent and CPCM model was 

used for the estimation of six lowest singlet-singlet transitions. The experimental and 

calculated results of IC-2 mentioned in Table 16 indicate that a good agreement between 

calculated and experimental value is shown by ωB97XD functional with a minute 

difference of 3 nm. Therefore, the electronic absorption spectra of S1-S8 have been 

calculated by TDDFT/ωB97XD/6-31+G(d,p) method combining CPCM model in DCM 

solution. The results of calculated transition energy (Ege), absorption wavelength (λmax), 

oscillator strength (fos), transition moment (∆μgm), and nature of transitions for studied 

molecules are presented in Table 21.  

Table 21: Computed transition energy (Ege/eV), maximum absorption wavelengths 

(λmax), oscillator strengths (fos), light harvesting efficiency (LHE), transition moment 

(∆μgm ) and transition natures of compounds[b] (IC-2 and S1-S8) 

Dye Ege (eV) λmax(nm) ƒos ∆μgm MO transition 

IC-2 3.2088 386.36 (382)[c] 1.374 3.42 H→L (71%), H-1→L (14%) 

S1 3.1925 388.33 1.344 3.34 H→L (68%), H-1→L (14%) 

S2 3.1320 395.83 1.390 3.11 H→L (81%) 

S3 3.0942 400.67 1.663 3.32 H→L (73%), H-1→L (14%) 

S4 2.9375 422.05 1.545 4.01 H→L (67%), H-1→L (14%) 

S5 2.9398 421.72 1.808 2.94 H→L (86%) 

S6 2.8587 433.69 1.566 3.37 H→L (75%), H-1→L (13%) 

S7 2.8654 436.05 1.863 4.15 H→L (63%), H-1→L (15%) 

S8 2.8432 432.67 1.406 3.34 H→L (81%) 

[b]H = HOMO, L = LUMO, H-1 = HOMO-1, etc.    
[c]Experimental values in parentheses are from ref (Luo et al., 2014). 
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Table 21 indicates that all studied dyes reveal visible region absorbance. The λmax of IC-2 

is observed at 386.36 nm. This is the lowest value of λmax noticed in all studied molecules. 

Since structural character of the studied systems are related to the λmax values. Therefore, 

structural modification of IC-2 with different π-bridges affects the λmax value as shown in 

Figure 39.  

As compared to IC-2, π-bridges in S3, S4 and S5 improved the absorption wavelength 

value to 400-421 nm. Similarly, the π-bridges 2-(thiophen-2yl) thiophene, 5-(thiazol-

5yl)thiazole and 5-(thiazol-5yl)thiazole in S6, S7 and S8 significantly shifted the 

absorption wavelength toward longer end with λmax value of 433.69, 436.05 and 432.67 

nm respectively. The highest value of λmax is found to be 436.05 nm for S7 which is 50 

nm greater than the reference IC-2. The decreasing order for λmax is: S7 > S6 > S8 > S4 > 

S5 > S3 > S2> S1 > IC-2. The increase in absorption wavelength arising from S0→S1 

transitions in designed dye is obviously due to the effect of the π-bridges. 

 

Figure 39. Simulated absorption spectra of studied compounds (IC-2 and S1-S8) 

Furthermore, transitions in IC-2 and S1-S8 are mainly originated from HOMO→LUMO 

which reaches agreement with the rules of most D-π-A organic molecules. Predominated 
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contribution in these transitions belongs to HOMO→LUMO (63-86%), whereas, HOMO-

1→LUMO contributes (13-15%). We also remark that the strongest absorption peaks 

mainly correspond to the transition from the HOMO to the LUMO (π-π*) for all 

compounds. Thus, it is clearly understood that replacement of π-bridges in IC-2 

successfully improved the absorption wavelength in designed dyes which will be kind of 

promising novel dyes in future. 
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4.5 Report 5: Electronic, Linear and Nonlinear Optical Exploration of 

Thiopyrimidine Derivatives 

Recently, Stolarczyk et al. reported very interesting research associated with the 

synthesis, cytotoxic activity and crystal structural parameters of novel 5-methyl-4-

thiopyrimidine derivatives. They focused on the evaluation of structural behavior and 

biotic importance of 3 novel 4-thiopyrimidine derivatives (Figure 40) (Stolarczyk et al., 

2018). They confirmed the synthesized structures using single crystal X-ray diffraction 

(SC-XRD) investigation. Accordingly, compound (1) is triclinic with space group P1, 

where the pyrimidine ring is perpendicular to the 4-chlorobenzylsulfanyl group. The 

stabilization to the crystal structure is mainly provided by the weak C-H…O interactions 

together with other intermolecular attractive forces (π…π). Similarly, compound (2) was 

found to be monoclinic with space group P21/c, where the phenyl and pyrimidine rings 

are nearly coplanar. The crystal structure of this molecule is also stabilized mainly by 

hydrogen bonding and π…π interactions. Also, compound (3) was found to crystallize as 

monoclinic with space group P21/c. Interestingly, the phenyl group was also found almost 

coplanar with the pyrimidine ring. The structure of the molecule (3) is stabilized by 

aromatic π-π stacking contact beside the weak C-H…Cl interaction. The diversity was 

inserted by the incorporation of different functionalities at the 5-position of the 

pyrimidine ring but this resulted in significantly different hydrogen bonding 

characteristics. Moreover, these compounds were found to have significant cytotoxicity 

against cancer cell lines. 

 

Figure 40. Structures of the 3 novel 4-thiopyrimidine derivatives with substituent at the 

5-position of the pyrimidine ring 

Of late, the computational investigation has become an influential tool which uses 

computers in solving chemical phenomena regarding properties and structures of 

chemical units. Moreover, it plays an significant function in the prediction of properties 

concerning the chemical framework under research. Recently, nonlinear optical materials 
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are emerged as highly efficient as these materials disclosed remarkable NLO properties. 

NLO organic compounds have high transparency and good stability in the visible region. 

The nonlinear susceptibilities are important owing to their consequence on the 

development of optoelectronic industry and laser technology. In this context, 

thiopyrimidine derivatives are frequently used NLO materials (Inkaya et al., 2013). 

Herein, quantum chemical based global reactivity parameters, frontier molecular orbitals 

(FMOs) and NLO response properties of 5-methyl-4-thiopyrimidine derivatives have 

been explored by density functional theory (DFT). 

4.5.1 Computational Procedure 

The entire computational calculations for thiopyrimidine derivatives: ethyl 4-((3-chloro-

benzyl)thio)-6-methyl-2-phenylpyrimidine-5-carboxylate (EMPPC), (4-((4-

chlorobenzyl)thio)-6-methyl-2-phenylpyrimidin-5-yl)methanol (MPPM) and 4-((4-

chlorobenzyl)thio)-5,6-dimethyl-2-phenylpyrimidine (DPP) were fulfilled with assist of 

DFT by employing Gaussian 09 suit of program (Frisch et al., 2009). The crystal 

structures obtained from XRD are proved to be very beneficial for elucidation of initial 

geometry of all derivatives. Initially, geometry optimization was done at B3LYP/6-

311G(d,p) method of DFT (Braga et al., 2005; Braga et al., 2006; García-Melchor et al., 

2013). The frequency analysis based on DFT/B3LYP/6-311G(d,p) level of theory was 

used for further confirmation of stability associated with optimized geometries. FMOs 

and NLO analysis were conducted at B3LYP level of DFT with 6-311G(d,p) basis set. 

The photophysical characteristics of all investigated compounds were performed using 

TDDFT theory along with B3LYP/6-311G(d,p) functional. The input files are made with 

the help of GaussView 5.0. The Avogadro (Hanwell et al., 2012), GaussView 5.0 

(Dennington et al., 2009), GaussSum (O'boyle et al., 2008) and Chemcraft (Andrienko, 

2010) programs were employed for interpreting output files. 

4.5.2 UV-Visible Analysis 

The ultraviolet spectral values time dependent DFT (TDDFT) at B3LYP 6-311G(d,p) 

level of theory. The outcomes were calculated using of UV-Visible analysis of EMPPC, 

MPPM and DPP are represented in Table 22. 
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Table 22: Wave length, excitation energy, and oscillator strength of EMPPC, MPPM and 

DPP 

Compounds 𝝀 (nm) E (cm-1) f MO contributions 

EMPPC 

340 29375 0.0445 H→L (94%), H-2→L (2%) 

323 30950 0.0002 H-4→L (66%), H-3→L (30%) 

308 32503 0.0316 H-2→L (17%), H-1→L (75%) 

286 34981 0.2634 
H-4→L (18%), H-3→L (30%), H-2→L 

(36%), H-1→L (10%) 

285 35098 0.3332 
H-4→L (11%), H-3→L (34%), H-2→L 

(40%), H-1→L (10%) 

275 36343 0.139 H→L+1 (92%) 

MPPM 

1350 7405 0.0026 H→L (104%) 

493 20272 0.0086 H→L+1 (87%), H→L+2 (11%) 

449 22269 0.0046 H-1→L (60%), H→L+2 (30%), H-2→L (5%) 

426 23501 0.0623 
H-1→L (31%), H→L+2 (54%), H-3→L (3%), 

H→L+1 (9%) 

385 26002 0.0025 
H-4→L (17%), H-2→L (76%), H-5→L (2%), 

H-1→L (3%) 

349 28695 0.0294 H-3→L (92%), H-1→L (4%) 

DPP 

308 32438 0.0001 H-2→L (18%), H-1→L (78%) 

303 32956 0.0048 H-2→L+1 (18%), H-1→L+1 (77%) 

295 33891 0.0731 H→L (58%), H→L+1 (34%), H-3→L (3%) 

285 35151 0.1157 H→L (32%), H→L+2 (60%), H-2→L (3%) 

264 37929 0.0894 
H-4→L (27%), H-3→L (12%), H-2→L+1 

(30%), H-2→L (6%) 

260 38455 0.168 
H-2→L (63%), H-1→L (16%), H-4→L (6%), 

H-3→L (6%) 
MO=molecular orbital, H=Homo, L=LUMO, f= oscillator strength 

 

Table 22 for EMPPC illustrates the λ results as 284.92, 285.87 and 275.15 nm with f 

values i.e., 0.3332, 0.2634 and 0.139 respectively, which represents somewhat stronger 

allowed transitions.  The λ results as 307.66 and 323.10 nm with small magnitude of f i.e., 

0.0316 and 0.0002 respectively show weak transitions. For MPPM, Table 22 shows the 

wavelengths as 425.52, 348.49 and 493.29 nm with f values i.e., 0.0623, 0.0294 and 

0.0086 respectively which describes stronger allowed transitions.  Whereas, λ results as 

1350.44 and 384.59 nm having low magnitude of f i.e., 0.0026 and 0.0025 respectively 

show weak transitions. For DPP the Table 22 shows the wavelengths as 260.04, 284.48 

and 263.65 nm with f i.e., 0.168, 0.1157 and 0.0894 correspondingly which point out 



156 

 

stronger allowed transitions. While λ values 303.43 and 308.28 nm containing small 

magnitude of f  i.e., 0.0048 and 0.0001 respectively show weak transitions. 

4.5.3 Frontier Molecular Orbitals (FMOs) 

The FMO insight is an essential parameter for the assessment of chemical strength of 

molecule (Gunasekaran et al., 2008). The quantum orbitals HOMO and LUMO can 

contribute a significant role in UV-Vis spectrum and mechanistic study of studied 

molecules. In generic way, LUMO is considered as electron acceptor orbital while, 

HOMO is considered as electron donator orbital (Amiri et al., 2016).  

The FMO energy gap is a vital mean to seek information about the chemical reactivity 

and dynamic stability of species. To obtain photophysical insight into EMPPC, MPPM 

and DPP, the energies of the FMOs and their gap were elucidated with the aid of DFT 

calculations employing B3LYP/6-311G(d,p) functional. The energy data for eight MO 

(molecular orbitals) interpreting the influence of weakly deactivating chlorine (Cl), 

moderately deactivating alkoxycarbonyl or ester group (CO2R),  activating methyl (CH3) 

and hydroxyl group (OH) on their energy differences are shown in Table 23. 

Table 23: Computed energies (E) for frontier molecular orbitals of EMPPC, MPPM and 

DPP 

 
EMPPC MPPM (Monomer) DPP 

MO(s) Energy (eV) ∆E (eV) Energy (eV) ∆E (eV) Energy (eV) ∆E (eV) 

HOMO -4.874 
2.056 

-4.627 
2.106 

-6.002 
3.924 

LUMO -2.818 -2.521 -2.078 

HOMO-1 -6.599 
5.107 

-6.208 
4.958 

-6.14 
5.255 

LUMO+1 -1.492 -1.25 -0.885 

HOMO-2 -6.925 
6.177 

-6.517 
5.378 

-6.686 
5.97 

LUMO+2 -0.748 -1.139 -0.716 

HOMO-3 -7.073 
6.520 

-6.722 
6.308 

-6.878 
6.239 

LUMO+3 -0.553 -0.414 -0.639 

HOMO = Highest occupied molecular orbital, LUMO = Lowest unoccupied molecular orbital 

 

The energy of HOMO (EHOMO), LUMO (ELUMO), three low level orbitals (LUMO+1, 

LUMO+2, LUMO+3 ) and three above level orbitals (HOMO-1, HOMO-2, HOMO-3) of 

EMPPC, MPPM and DPP are found to be negative which indicates that EMPPC, MPPM 

and DPP are stable (Xia & Xu, 2006).  The energy gaps values of EMPPC, MPPM are 
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found almost close to each other while DPP display large energy gap (∆E) as compared to 

EMPPC and MPPM. 

The pictographic display of HOMO, HOMO-1, LUMO and LUMO+1 can be seen in 

Figure 41,Figure 42,Figure 43. The smallest energy gap value among investigated 

compounds is found to be in EMPPC with ∆E of 2.056 eV. This might due to combine 

effect of the presence of weakly deactivating Cl group on one benzene ring opposite to 

the benzene ring containing moderately deactivating CO2R group adjacent to weakly 

activating CH3 group. The highest energy gap (∆E) value 3.924 eV is observed in DPP 

due to the combine effect of the weakly activating CH3 and strongly activating OH group 

present on the same benzene ring opposite to the other benzene ring containing weakly 

deactivating Cl group. The ∆E values are found to be in following order: EMPPC < 

MPPM < DPP. Our computational findings reflect that compound EMPCC has narrow 

HOMO-LUMO energy gap. Low values of HOMO-LUMO gap results in easy shifting of 

charges from HOMOs to LUMOs. So, compound EMPCC facilitates easy shifting of 

charges that would result better NLO activity of said compound in comparison with other 

studied compounds. Addition of specific functional group also plays important role for 

lowering HOMO-LUMO energy gap values and compounds with narrow HOMO-LUMO 

energy gap provides better shifting of charge, hence better NLO response. 

 

 

  
Figure 41. Frontier molecular orbitals of EMPPC 
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4.5.4 Global Reactivity Parameters 

Global indices of reactivity such as electrophilicity index (ω), electro negativity (X), 

electron affinity (A), global hardness (η), ionization potential (I), global softness (σ) and 

chemical potential (µ) (Parr et al., 1978; Parr et al., 1999; Chattaraj et al., 2006; Lesar & 

Milošev, 2009) are calculated by using frontier molecular orbitals energies and results of 

these calculations are summarized in Table 24. Generally, electron accepting nature of a 

compound is represented with positive values of electron affinity (Tahir et al., 2017). Our 

all synthesized molecules exhibit good electron accepting ability which is a good feature 

for a compound participating in charge transfer reactions. 

 

  

Figure 42. Frontier molecular orbitals of MPPM 

  

Figure 43. Frontier molecular orbitals of DPP 
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Table 24: Ionization potential (I), electron affinity (A), electronegativity (X), global 

hardness (η), chemical potential (μ), global electrophilicity (ω) and global softness (σ). 

Derivatives I A X η μ ω σ 

EMPPC 4.874 2.818 3.846 1.028 -3.846 7.194 0.486 

MPPM 4.627 2.521 3.574 1.053 -3.574 6.065 0.474 

DPP 6.002 2.078 4.040 1.962 -4.040 4.159 0.254 

 

The A and I values are directly related to the electron accepting and donating character of 

LUMO and HOMO respectively. It is evident from Table 24 that I value of DPP (6.002) 

is greater than EMPPC (4.874) which in turn is greater than the MPPM value 4.627. This 

represents the greater donating capability of DPP as compared to EMPPC and MPPM. 

The A value is found greater in EMPPC (2.818) as compared to MPPM (2.521) and DPP 

(2.078) respectively, showing its greater accepting aptitude. Overall, A value is found 

positive in all compounds which is a good indication for the possible utilization of these 

compounds in charge transfer reactions.  

Another helping parameter to describe the reactivity and stability of investigated system 

is chemical potential (μ). Usually systems with less value of μ are more reactive, less 

stable and vice versa. In our study, the μ values are found to be in following order: DPP < 

EMPPC < MPPM which implies that MPPM is more stable and less reactive contrary to 

DPP which is found least stable and more reactive. The global hardness (η) value of DPP 

(1.962) is also found greater than other studied compounds describing the greater 

stability, less reactivity of DPP as compared to other compounds.  

On the other hand, global softness (σ) value is observed highest in EMPPC indicating the 

better reactivity and less stability of EMPPC as compared to DPP holding lowest softness 

value which leads to less reactivity and better stability. Overall findings of global 

reactivity parameters indicate that energy gap, ionization potential, electronegativity and 

hardness, values are observed greater in DPP indicating its more donating capability, 

stability, less accepting nature and reactivity as compared to other studied compounds. On 

the other hand, electron affinity, electrophilicity, chemical potential and softness values 

are found greater in EMPPC as compared to other studied compounds which indicate that 

EMPPC is a compound with more accepting nature, reactivity, less stability and less 

donating capability. Furthermore, both compounds have the ability to play the role in 

optoelectronic technologies.  
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4.5.5 Nonlinear Optical (NLO) Properties 

Modern age research is revolving around the exploration of NLO materials due to their 

broad line applications in the field of communication. High data rates, frequency mixing 

and harmonic generation are some basic features of the NLO materials for its potential 

use in communication filed (Peng & Yu, 1994; Tsutsumi et al., 1998; Breitung et al., 

2000). Nonlinear optical response is mostly seen in inorganic materials but the NLO 

response of organic materials are considered to be best than pure inorganic materials. 

These things motivates us and nonlinear optical properties of EMPCC, MPPM, and DPP 

were considered in gas phase at B3LYP/6-311G (d,p) level of DFT 

The diagonal elements in equation 30 were employed to estimate the average 

polarizability (α). 

1/ 3( )xx yy zz        (30) 

Similarly, equation 31 was used for estimating the first hyperpolarizability (βtot). 

2 2 2 1/2[( ) ( ) ( ) ]tot xxx xyy xzz yyy xxy yzz zzz xxz yyz                   (31) 

The computed data with respect to average polarizability and first hyperpolarizability for 

compounds (1) and (2) is presented in Table 25 and Table 26. 

Table 25: Dipole polarizabilities and major contributing tensors (a.u.) of the EMPPC, 

MPPM and DPP 

Derivatives αxx αyy αzz α 

EMPPC 234.468 296.275 315.716 282.153 

MPPM 266.225 336.991 229.056 277.424 

DPP 241.919 299.552 223.977 255.149 

The data for linear polarizability showed that polarizability tensor along z-axis is more 

dominant in EMPPC, while y-axis is dominant in MPPM, DPP among all polarizability 

tensors and its contribution towards linear polarizability is more pronounced than others. 

From literature survey, it can be found that the energy gap between LUMO and HOMO 

influences the polarizability of a molecule. Large linear polarizability is shown by 

molecules with small energy gap value. This statement is valid in our studied system 

where highest linear polarizability value 282.153 a.u is shown by EMPPC while lowest 

linear polarizability value 255.149 a.u is found in DPP. The MPPM showed linear 

polarizability value of 277.424 a.u. The decreasing order of linear polarizability values 

EMPPC > MPPM > DPP is found to be in reverse of energy gap order EMPPC < MPPM 
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< DPP and in accordance with the global softness values order EMPPC > MPPM > DPP 

respectively. Hyperpolarizabilities of EMPPC, MPPM and DPP have been calculated and 

the results are collected in Table 26. 

Table 26: The computed second-order polarizabilities (βtot) and major contributing 

tensors (a.u) of the EMPPC, MPPM and DPP 

 βxxx βxxy βxyy βyyy βxxz βyyz βxzz βyzz βzzz βtot 

EMPPC -302.5 335.0 -692.5 1165.9 -108.4 -739.9 54.3 -191.8 4.5 1819.67 

MPPM -172.8 239.1 -153.4 185.3 -65.5 -196.0 101.6 48.5 123.3 541.54 

DPP 61.9 -39.5 230.6 -260.9 14.7 -73.5 107.3 67.8 122.6 467.08 

In case of first hyperpolarizability (βtot), the dominant contribution to βtot is made by y-

axis direction transition with positive values (1165.98, 185.34 a.u) in EMPPC and 

MPPM, while with negative value (-260.97 a.u) in DPP respectively. In general, larger 

hyperpolarizability values are shown by molecules with small energy gap and large linear 

polarizability values. This statement also exist in our studied systems where EMPPC and 

DPP showed the highest 1819.67 a.u and lowest 467.08 a.u βtot values respectively. The 

βtot value of MPPM is found to be 541.54 a.u. 

The decreasing order of βtot values EMPPC > MPPM > DPP is found to be in accordance 

with the linear polarizability values decreasing order EMPPC > MPPM > DPP and 

reverse to the energy gap order EMPPC < MPPM < DPP respectively. The highest βtot 

value of EMPPC might due to the presence of weakly deactivating Cl group on one 

benzene ring situated opposite to the benzene ring containing moderately deactivating 

CO2R group adjacent to weakly activating CH3 group which generate strong 

intramolecular charge transfer, hence, reduced energy gap, greater linear polarizability 

and hyperpolarizability values. NLO findings were further compared with standard urea 

molecule which indicated that βtot values of EMPPC, MPPM and DPP are marked 42.31, 

12.59 and 10.86 times larger than βtot value of urea = 43 a.u (Prasad & Williams, 1991). 

Overall findings indicate that all investigated molecules hold polarizable nature. The urea 

molecule comparative analysis proposed that all investigated molecules are appropriate 

NLO candidates. Particularly EMPPC with highest linear polarizability, hyper-

polarizability wins the contest and may have prospective uses in the technology related 

applications. 
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Chapter 5 

5 SUMMARY 

1) The objective of the work in first report was to predict the NLO response of 

quantum chemically designed metal free organic dyes. Quantum chemical methods have 

been used to elucidate the absorption spectra, electronic structures and first 

hyperpolarizability values. DFT and TD-DFT methods were employed to explore the 

influence of different π-linkers on difference in spectral and NLO properties of D1-D12. 

All dyes show maximum absorbance wavelength in the visible region with low transition 

energy, high transition moment, oscillating strength and LHE values. Maximum red 

shifted absorption spectrum was observed 498.99 nm in D8.NBO results depicted that 

electrons are successfully migrated from D to A via π-conjugated linker which results in 

the formation of charge separation state. The optical excitation analysis in terms of 

FMOs illustrates that HOMO is delocalized over TPA moiety and first π-conjugated 

linker while LUMO is located over DCV group. Thus ICT from TPA to DCV segment 

through π-conjugated linker acts the crucial role in the large NLO response of D1-

D12.Overall, all investigated dyes (D1-12) have shown eye-catching and remarkably 

large NLO response in the range of 139075.05 to 58788.40 (a.u). Among studied dyes, 

D8 has shown highest α and βtot computed to be 771.80 (a.u) and 139075.05 (a.u) 

respectively. Computed βtot values of D1-D12 were observed 3234 to 1367 times greater 

than the value of urea molecule. Furthermore, βtot values of D1-D12 were found 

proportional to the corresponding ∆µgmfgm/∆E3gm values in good concurrence suggested 

by the two-level model. This work also describes that structural modeling of π-linkers in 

D-π-A dyes is a significant approach for the design of new appealing NLO compounds. 

Metal free organic dyes are a very hot area of research and this theoretical framework 

provide new ways for experimentalists to design high-performance NLO materials for 

optics and electronics. In the conceptual design of possible high-performance NLO 

materials, the proposed dyes should be targeted for further synthetic investigations. 

2) In second report, twelve new compounds (JK-D1 to JK-D12) were designed from 

fluorene-based experimentally synthesized dye JK-201 and effect of different π-

conjugated linkers and A units on electronic, photophysical and NLO response 

properties were investigated. The results indicate that π- bridges and A units are 
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promising functional group for D-π-A structures which finely tuned the entire properties 

of designed compounds over parent dye. JK-D1 to JK-D12 showed maximum 

absorbance wavelength in the visible region with low transition energy, high transition 

moment, oscillating strength and LHE values than JK-201. Maximum red shifted 

absorption spectrum of 114.64 nm is observed in JK-D12 with λmax=599.38 nm. NBO 

analysis confirmed the formation of charge separation state responsible for large NLO 

response due to effective migration of robust wide range of charge transfer from D to A 

via π-bridge. FMOs analysis depicted that HOMOs in all compounds are concentrated 

over D (DMFA) moiety and its adjacent π-linker, whereas LUMOs are populated on the 

A (CAA, DCA and DSA) units. A constructive contribution to tune the amplitude of 

NLO response has been found from energy level gap which is successfully lowered from 

2.135 eV in JK-201 to 1.521 eV in JK-D12. NLO response has been found remarkably 

large and eye-catching in all compounds in the range of 104093.90 a.u in JK-201 to 

405731.84 a.u in JK-D12. Surprisingly large α and βtot computed to be 1376.74 (a.u) 

and 405731.84 (a.u) respectively is displayed by JK-D12, which is 9435 times greater 

than the standard urea molecule and 3.89 times greater than the reference JK-201. 

Overall, computed βtot values were observed 2420 to 9435 times greater than the value of 

urea molecule. βtot values of all compounds were observed in very good agreement with 

two-level model results which further strengthened our NLO findings. Our research not 

only described a new paradigm for structural modification of π-linkers and acceptors to 

design new appealing NLO compounds with giant NLO response properties, but also 

provides new horizons to explore DSSCs materials for NLO applications. Experimental 

scientists should target the proposed dyes for optoelectronic applications. 

3) In third report, nice new quinacridone-based organic dyes (QA-1 to QA-9) with 

different auxiliary donors, donor and acceptor units were quantum chemically designed 

and explored for their potential NLO properties. DFT and TDDFT computations were 

executed to explore the electronic structures, absorption spectra, hyperpolarizability 

values and to highlight the effect of auxiliary donor, donor and acceptor units on spectral 

and NLO properties. All compounds showed maximum absorbance wavelength in the 

visible region. Maximum red shifted absorption spectrum 489.92 nm was observed in 

QA-9 with lowest transition energy (2.53 eV), highest transition moment (4.81 a.u), 

oscillating strength (1.20) and LHE (0.936) values among all studied compounds. FMOs 

analysis depicted that HOMOs in QA-1 to QA-9 are dominantly concentrated over 
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auxiliary donor/donor part, whereas LUMOs are populated on the acceptor units. NBO 

analysis confirmed the formation of charge separation state due to effective migration of 

electrons from auxiliary donor/donor to acceptors via π-bridge. Thus ICT acts the crucial 

role in the large NLO response of QA-1 to QA-9. Successful reduction in HOMO-

LUMO energy gap from QA-1 to QA-9 tuned the NLO response accordingly. QA-9 

displayed appealingly large enhancement in NLO response through ICT process with 

<α> and βtot computed to be 716.02 (a.u) and 128082.15 (a.u) respectively. NLO 

response of compounds (QA-3, QA-5, QA-7, QA-9) containing NO2 accepting group 

was computed higher than QA-2, QA-4, QA-6, QA-8 holding CN as accepting group. 

βtot values of all compounds were observed in very good agreement with two-level 

model results which further strengthened our NLO findings. Our results suggest that 

quinacridone-based materials have excellent NLO properties and are very promising for 

integrated NLO devices. 

4) In report 4, we have systematically investigated the effect of different π-

conjugated bridges on molecular orbital energy levels, absorption spectra and NLO 

properties. From results, it is concluded π-bridges in S1-S8 successfully lowered the 

HOMO-LUMO energy gap from 3.11 eV in IC2 to 2.61 eV in S7. Absorbance 

wavelength in the visible region suggests that S1-S8 can be good member for NLO 

properties. Maximum red shifted absorption spectrum 436.05 nm was observed in S7 

with highest oscillating strength (1.863), transition moment (4.15 a.u) and lowest 

transition energy (2.86 eV) as compared to parent IC-2 and among all studied dyes. 

Positive NBO charge value of donor, π-conjugated bridges and negative value of 

acceptor units in NBO analysis confirmed that electrons/charge density were transferred 

from D to A via π-bridge and charge separation state was formed in all studied 

molecules. The average polarizability results indicated that all designed compounds 

except based on thiazole and furan π-bridges are more effective than parent compound. 

An appealingly large enlargement in βtot values of S1-S8 is observed which confirmed 

the effective influence of π-bridges in tuning the NLO response properties. Interestingly, 

S7 exhibits appealingly large enhancement in NLO response properties with <α> and βtot 

computed to be 512 (a.u) and 39664.53 (a.u) respectively. Dye S7 with π-bridge 5-

(thiazol-5yl)thiazole is found to be the most promising candidate for highly efficient 

NLO applications due to least HOMO-LUMO gap, highest absorption wavelength and 

highest NLO properties. It is expected that this work can provide a new strategy and 
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guidance for experimental scientists and trigger them to synthesize these new dyes and 

further confirm the excellent performance of these dyes in hi-tech applications. 

5) In report 5, the chemical structures of phenyl pyrimidine based synthesized 

derivatives EMPPC, MPPM and DPP were explored for their NLO properties. The 

energy gap values are found to be in following order: EMPPC < MPPM < DPP. Global 

reactivity parameters indicate that energy gap, ionization potential, electronegativity and 

hardness, values are observed greater in DPP indicating its more donating capability, 

stability, less accepting nature and reactivity. While, electron affinity, electrophilicity, 

chemical potential and softness values are found greater in EMPPC describing its more 

accepting nature, reactivity, less stability and less donating capability. The highest and 

lowest linear polarizability values (282.153 a.u and 255.149 a.u) and βtot values (1819.67 

a.u and 467.08 a.u) are shown by EMPPC and DPP respectively. The decreasing order of 

βtot values EMPPC > MPPM > DPP is found to be in accordance with the linear 

polarizability values decreasing order EMPPC > MPPM > DPP and reverse to the energy 

gap order EMPPC < MPPM < DPP. The NLO properties of EMPPC, MPPM and DPP 

were observed 42.31, 12.59 and 10.86 times larger as compared to the urea molecule 

indicating the considerable NLO character of all molecules especially recommended the 

NLO activity of EMPPC for optoelectronic associated hi-tech applications. 
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