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Abstract

The development of new organic materials for possible use in several industrial ap-

plications as alternative non expensive and green material is a great challenge in recent

years. The prediction of the physical and chemical properties of molecules is plausi-

ble using different theoretical models and theories through computational resources. In

this work, we have studied theoretically the linear and non-linear optical, physical and

chemical properties of some quinoline derivatives within DFT method through PBE/6-

311G++(d, p) theoretical level. The description of linear optical properties has been

performed in terms of the polarizability < α > and the polarizability anisotropy < ∆α >

, while for the non-linear optical properties in terms the first hyperpolarizability βtot, in

which they were calculated using COSMO model in DMSO solvent. The physical and
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chemical properties have been analysed in terms of gap energy and global reactivity

descriptors which were calculated from the frontier molecular orbitals energies. Other

structural properties were also evaluated such as electronic distribution using QTAIM and

molecular electron potential analyses. The obtained results indicate that these quino-

line derivatives may be considered as a semiconductor organic materials, making the

6-amino-2-formyl–quinoline derivative as a promising green energy organic material for

possible future using as alternative organic photovoltaic material in solar cells and other

nonlinear optical applications.

Résumé

Le développement de nouveaux matériaux organiques, potentiellement utilisables

dans diverses applications industrielles comme matériaux alternatifs, économiques et

écologiques, constitue un défi majeur ces dernières années. La prédiction des propriétés

physiques et chimiques des molécules est plausible grâce à différents modèles et théories

théoriques et à des ressources informatiques. Dans ce travail, nous avons étudié théorique-

ment les propriétés optiques, physiques et chimiques linéaires et non linéaires de certains

dérivés de la quinoléine par la méthode DFT au niveau théorique PBE/6-311G++(d, p).

La description des propriétés optiques linéaires a été réalisée en termes de polarisabilité

< α > et d’anisotropie de polarisabilité < ∆α >, tandis que pour les propriétés optiques

non linéaires en termes de première hyperpolarisabilité βtot, dans lesquelles elles ont été

calculées en utilisant le modèle COSMO dans le solvant DMSO. Les propriétés physiques

et chimiques ont été analysées en termes d’énergie de gap et de descripteurs de réactiv-

ité globale, calculés à partir des énergies des orbitales moléculaires frontières. D’autres

propriétés structurales ont également été évaluées, telles que la distribution électronique

par QTAIM et les analyses du potentiel électronique moléculaire. Les résultats obtenus
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indiquent que ces dérivés de quinoléine peuvent être considérés comme des matériaux

organiques semi-conducteurs, faisant du dérivé 6-amino-2-formyl-quinoléine un matériau

organique prometteur pour l’énergie verte, susceptible d’être utilisé comme matériau pho-

tovoltaïque organique alternatif dans les cellules solaires et d’autres applications optiques

non linéaires.
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Chapter 1

Quinoline and its derivatives

1.1 Introduction

Quinoline is a nitrogen aromatic heterocyclic organic compound and belonging to the

alkaloid family. It also named as 1-azanaphthalene, leucoline, 1-benzazine and benzopy-

ridine. Its structure considered as an organic base which composed of benzene ortho-fused

with a pyridine ring (Figure 1.1).

Figure 1.1: Structure of quinoline

In 1834, Ferdinand Rung discovered the quinoline, where he obtained from the dis-

tillation of natural coal tar [1], which also contains isoquinoline as well as several alkyl

quinolines and alkyl isoquinolines, that are difficult to separate, and it was some years

before pure quinoline was available in quality for investigation of its properties. In 1842,

Gerhardt [2] obtained it from the degradation of quinine and cinchonine.

2
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The quinoline structure exist also in various natural products, namely in alkaloids,

which have been isolated in the Common wealth of Independent States (CIS) countries

from different plants and are found in 13 plant families, particularly, the genus Haplophyl-

lum which has quinoline alkaloids with various structures and different pharmacological

activities [3].

1.2 Chemical and physical properties of quinoline

Pure quinoline is a colorless oily hygroscopic liquid with a strong odour, and it has an

acidic pKa of 4.85 in aqueous solution at 293 K. The molecular formula of quinoline

C9H7N and thus its molecular weight is 129.16g.mol−1. When it exposure to light it

become has a dark colour, and it considered a very stable molecule. From a chemical point

of view, quinoline structure is a weak tertiary base, thereby; it can form a quaternary salt

with acids. Because its structure composed of benzene ortho-fused with a pyridine rring,

quinoline displays reactions similar to those later, such as electrophilic and nucleophilic

substitution reactions. Quinoline compound is non-toxic to humans on oral absorption

and inhalation. Tetrahydroquinoline is particularly important that may be prepared by

a reduction reaction of the corresponding quinoline, using a simple reduction by tin and

hydrochloric acid [4].

Quinoline is sparingly miscible with cold water, but completely miscible with hot water.

With a logP value of 2.04, it is readily soluble in many organic solvents at ambient

temperature. It possesses the ability to absorb water molecules from the environment [5].

From a physical point of view, quinoline exhibits a density of 1.093 g mol-1, melting point

of -15 °C and boiling point of 238 °C [6].
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1.3 Chemical structures of quinoline and its analogs

The structure of quinoline is characterized by the presence of double ring, that are a

pyridine and benzene rings fused together by two adjacent carbon atoms. The chemical

formula of the benzene is C6H6, while the pyridine is C5H5N , where a methine group is

replaced with a nitrogen atom in compared to the benzene structure [6]

It exists an other molecule isomer to quinoline that is isoquinoline, in which the position

of nitrogen atom is different, that is situated at position 2 in the structure of isoquinoline,

whereas the heteroatomic nitrogen in quinoline is at position 1 of the heterocyclic ring

portion (Figure 1.2) [5].

Figure 1.2: Chemical structures of quinoline and isoquinoline heterocycles

1.4 Important synthetic methods of quinoline derivatives

The literature tells us that quinoline derivatives extracted from natural compounds have

several biological activities [7], which have attracted both synthetic chemist and biologists

because of its diverse chemical and pharmacological properties. Among the reliable meth-

ods for their synthesis, we can cite the Skraup reaction, Doebner-von Miller, Friedländer,

Pfitzinger, Conrad-Limpach and Combes syntheses [8]
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1.4.1 The Skraup reaction

The reaction of Skraup has been used for synthesising non-substituted quinoline. It con-

sists of heating aniline on acrolein in the presence of concentrated sulphuric acid in a

mild oxidizing agent and glycerol at refluxing temperature to give unsubstituted quino-

line (Figure 1.3). The acid used therein serves a double role because it acts as both as

a catalyst and dehydrating agent simultaneously [6]. The Skraup synthesis enabled the

laboratory-scale synthesis of quinoline for the first time, and subsequently other methods

were developed for the preparation of diverse substituted quinolines with several medic-

inal activities.

Figure 1.3: Skraup synthetic method to form unsubstituted quinoline

1.4.2 Friedlander method

In 1882 Friedlander discovered a new synthetic approach for the synthesis of quinoline,

which is considered as one of the most important methods for the preparation of quinoline

derivatives. This approach consists of the condensation between 2-aminobenzaldehydes

and ketones to yields the corresponding quinoline derivatives. The Friedlander synthetic

approach is catalyzed by trifluoroacetic acid (TFA) or Lewis acids, iodine and p-toluene

sulfonic acid [9]. Thus, Wang et al have prepared 2,3,7-trisubstituted quinoline deriva-

tives using the Friedlander method from 1-amino-4-bromo benzaldehyde with ethyl ace-

toacetate using HCl as the catalyst and H2O as the solvent (Figure 1.4).
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Figure 1.4: Synthesis of substituted quinolines using Friedlander synthetic method

1.4.3 Conrad–Limpach reaction

In the method of Conrad-Limpach, we use aniline that condensed with b-ketoesters under

appropriate reaction conditions to yields 4-hydroxyquinolines passing by an intermedi-

ate that is a Schiff base [10]. The reaction mechanism consists of an addition reaction

followed by a condensation reaction.

The rate-determining step is that associated with the thermal cyclization through molec-

ular ring closure, in which the Schiff base intermediate was heated to 250 °C (Figure 1.5)

[11].

Figure 1.5: Synthesis of 4-hydroxyquinoline through Conrad–Limpach reaction

1.4.4 Doebner–Miller method

In this method, Doebner and Miller used an a,b-unsaturated aldehyde or ketone with ani-

line [12] This synthetic method consists of a the condensation between aromatic amines

and chalcones to afford the corresponding quinolines. Wu et al have showed that the

reaction of aniline or its derivatives with chalcones under refluxing solvent trifluoroacetic
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acid solvent [13] gave an intermediate which after cyclisation followed by oxidation lead-

ing to the formation of trisubstituted quinoline derivatives (Figure 1.6).

Figure 1.6: Synthesis of substituted quinolines through Doebner-Miller method

1.4.5 The Vilsmeier-Haack reaction

The treatment of acetanilide by phosphorus oxychloride in dimethylformamide at 80–90

°C for 5h leading to the formation 2-chloroquinoline-3-carboaldehydes through an in-

tramolecular cyclization (Figure 1.7) [14].

Figure 1.7: Vilsmeier-Haack reaction for the preparation of quinoline derivative
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1.4.6 Pfitzinger method

The reaction begin by an hydrolysis of isatin in a aqueous solution of potassium hy-

droxide, then the pH adjusted between 2 and 3, affording an intermediate anilino-based

acid. This last condensed in situ with cyclic 1,3-diketone giving the tricyclic quinoline

(Figure 1.8) [15].

Figure 1.8: Synthesis of tricyclic quinolines via Pfitzinger method

1.4.7 The Povarov reaction

The Povarov route is an aza-Diels–Alder reaction, which was reported originally as a

one-pot reaction of aryl aldimines derived from the reaction of benzaldehyde with aniline

having an electron-rich substituent, namely, ethyl vinyl ether or ethyl vinyl sulfide in

BF3/OEt2 catalyst, affording the tetrahydro-quinoline derivatives, which may be oxi-

dized to the corresponding quinolines (Figure 1.9) [16].
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Figure 1.9: Synthesis of 2-aryl-substituted quinolines using Povarov reaction

1.5 Biological activity of some quinoline derivatives

Quinoline and its derivatives have shown several biological activities constitute an impor-

tant class of compounds for new drug development. Therefore, this class of compounds

have been the main research axis of tremendous researchers which synthesised those

compounds and evaluated their biological activities.

1.5.1 Antibacterial activity

The literature reported that several quinoline-based compounds were designed with that

bearing a carbothioamide-based quinoline motif, exhibiting the most significant antibac-

terial activity with a zone of inhibition of 20 mm against P. aeruginosa [17]. The com-

mercially available quinoline based antimicrobial drugs include ciprofloxacin [18] and

Ofloxacin [19](Figure 1.10).
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Figure 1.10: Some commercialized drugs based on quinoline motif with antibacterial
activity

1.5.2 Anti-malarial activities

Quinoline derivatives are considered to be the dominant class of heterocyclic compounds

used as anti-malarial agents. In the pharmaceutical field, two quinoline derivatives are

used, namely, the 4-amino quinolines (chloroquine, amodiaquine, and piperaquine) and

aminoalcohols (quinine and mefloquine) (Figure 1.11) [20].

1.5.3 Antiviral activities of quinoline derivatives

Quinoline and its derivatives have been used as antiviral agents, thus, Zhuang and co-

workers reported that emerged as the most promising anti-HCV motif with an EC50 of

3.1 mM against the entire tested HCV virus(Figure 1.12) [21].

1.5.4 Anti-inflammatory activities of quinoline derivatives

Several quinoline derivatives with anti-inflammatory activity can be found in the liter-

ature (Figure 1.13). The 7-chloro-4-phenylsulfonyl-quinoline which bearing a chlorine

substituent on the 7-position that has been screened against inflammation in mice with
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Figure 1.11: Some selected quinoline derivatives with anti-malarial activity

use of croton oil and was found to exhibit good anti-inflammatory potential. Among

the studied quinoline derivative, the 2-phenylquinoline which being a nucleoside-linked

analogue possessed remarkable anti-inflammatory properties comparable to the standard

drug (diclofenac sodium).

Also, amodiaquine was reported by Mandewale and co-workers to be an anti-inflammatory

agent with high efficacy (Figure 1.13). [22]

1.5.5 Anti-cancer activities of quinoline derivatives

Several quinoline derivatives were reported to be a potent anti-cancer agent against

breast, lung and CNS tumors, such as quinoline structures possess 2,4-disubstitution,

namely, the N-2-diphenylquinol-4-carboxamide. On the other hand, the naturally oc-

curring quinoline-based alkaloids such as dictamine and berberine have been reported to
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Figure 1.12: Some quinoline derivatives with anti-viral activity

play a vital function as new anti-cancer agents [5].
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Figure 1.13: Selected quinoline derivatives with anti-inflammatory activity

1.6 Industrial applications of some quinoline derivatives

Quinoline derivatives are widely used in several industrial applications due to their unique

chemical properties.

Due to their distinctive structural and chemical properties, quinoline derivatives find

extensive use across industrial applications.

1.6.1 In Dye and chemical industries

Synthetic dyes are widely used across various industries, such as the cosmetics, textiles,

pharmaceuticals, food, wood, plastics, photography and paper industries [23]. Among

synthetic dyes, the dye quinoline yellow which is derived from chinophthalon, is com-

monly used in cosmetic fomulations for application on the skin, lips and body surface

(Figure 1.15) [24].
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Figure 1.14: Some quinoline derivatives with anti-cancer activity

1.6.2 In electronics industry

In Solar cells

Carbon-based organic semiconductor materials have gained recognition as a promising

class of materials for electronic and optoelectronic applications. Unlike inorganic semi-

conductors, organic ones provide advantages like low-cost processing, flexibility, and the

potential for large area devices. The special properties of these compounds originate

from the delocalization of π electron in their conjugated systems; make possible of their

employment in development of organic field-effect transistors (OFETs), organic light-

emitting diodes (OLEDs), and organic photovoltaic (OPV) cells. Heterocyclic semicon-

ductors have attracted significant interest for their ability to fine-tune optoelectronic

properties via structural modifications. These compounds have been utilized in several
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Figure 1.15: Chemical structure of the dye quinoline yellow

fields, namely, organic electronics, photonics, and sensing [25] Organic solar cells (OSCs)

are characterized by economical cost, manufacturing simplicity, sustainable, adaptable

power conversion efficiency. Due to these benefits, it has gained attention as key methods

of converting solar radiation to electrical energy serving as an alternative to silicon solar

cells (Figure 1.16).

Figure 1.16: Schematisation of organic solar cell
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The active organic layer enclosed a donor-π-bridge-acceptor (D-Π-A), in which the

induced electron is transported from the donor to the acceptor through intramolecu-

lar charge transfer (ICT) [26]. It has been found that the conjugated systems increase

photovoltaic performance by wide absorption in the visible radiation region. Thus, sev-

eral organic conjugated systems have been used in OSCs, namely, phenothiazine [27]

anthracene [28] N-annulated perylene [29], phenanthrocarbazole [30], phenylene [31], fu-

ran [32], thiophene derivatives [33] and quinoline [34].

Many studies show that quinoline and its derivatives can be utilized in electronics [35].

In this regards, Arslan and co-workers have synthesised three new quinoline derivatives

for possible use as OSCs (Figure 1.17) [36], in which their results indicate that the inser-

tion of benzothiadiazole into quinoline structure can effectively improve its photovoltaic

performance.

Figure 1.17: Structure of some OSCs quinoline derivatives synthesised by Arslan and
co-workers
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In OLEDS industries

Over the past two decades, organic light-emitting diodes (OLEDs) have garnered signifi-

cant attention due to their potential applications in flat screen through the replacement

of cathode ray tubes or liquid crystal displays (LCDs).

Electroluminescence is a phenomenon in which the materials might a light under an

electric field. This phenomenon has been discovered in an experience of single crystals

of anthracene In 1960s [37]. The first discovery has been obtained by Tang and Van

Slyke in 1987 in which they recorded sufficient low voltage OLEDs devices based on p-n

heterostructure of thin films organic materials. After that, in 1990, at the University of

Cambridge, Burroughes et al discover an important new technology of electrolumines-

cence that is come from from polymers [38]. The fundamental structure of an OLED

comprised of a thin organic film positioned between two electrodes (Figure 1.18).

Figure 1.18: Schematisation of basic structure of an OLED
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Organic electroluminescent materials based on π-conjugated molecules are nearly in-

sulating, with light generation occurring through the recombination of holes and electrons

must injected at the electrodes. The anode is uncoloured and is generally fabricated from

indium tin oxide, while the cathode is reflective and fabricated from metal, and the or-

ganic layer is very thin, in which its thickness lengths are between 100 and 150 nm. When

a voltage is applied across the electrodes, organic material receives injected charges from

the anode and electrons from the cathode. Then, from electron hopping phenomenon,

the charges flow within the material, follow by recombination in the diode into excitons.

After diffusion, the exciton recombines and a photon is emitted.

The energy difference between the highest occupied molecular orbital (HOMO) and the

lowest unoccupied molecular orbital (LUMO) levels of the electroluminescent molecule

is the origin of the emitted photon colour. Thereby, we can control the frequency of the

light emission by the degree of the conjugation in the molecule or the polymer constituted

the organic layer of the diode. In order to obtain high performance in the injection from

the anode, a low barrier is required regarding the HOMO level of the organic material

(typically 5–6 eV).

Quinoline derivatives are heterocyclic compounds which have electroluminescence (EL)

properties [39]. Thus, quinoline derivatives ligands or complexes are used to fabricate

organic light emitting diodes (OLEDs) [40]. In this regards, Zeyada and co-workers have

been developed new 4H-pyrano[3,2-c]quinoline derivatives (Figure 1.19) and investigated

their applications in organic photodiode fabrication, in which they found that the new

two devices satisfy the conditions to be used as photodiodes. Also, the presence of the

chlorophenyl as a substitution group improved the diode parameters.

Recently, Shao et al synthesised a novel quinoline derivative containing a phenan-

throimidazole moiety that is 2-(8-(benzyloxy)quinolin-2-yl)-1-phenyl-1H-phenanthro[9,10-
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Figure 1.19: Molecular structure of two 4H-pyrano[3,2-c]quinoline derivatives studied by
Zeyada and co-workers

d]imidazole (QL-PPI) (Figure 1.20), and studied their physical properties and light-

emitting diodes application, in which they found that the QL-PPI shows sky-blue emis-

sion, and high thermal stability, in which was employed as emitter to fabricate non-doped

OLED.

Figure 1.20: Synthesis of 2-(8-(benzyloxy)quinolin-2-yl)-1-phenyl-1H-phenanthro[9,10-
d]imidazole
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In Optical communications

Optical communications serve as the foundation of information technology infrastructure

in today’s society, with global Internet traffic increasing 60 percent annually. There is

extensive evidence that organic nonlinear optical (NLO) materials are essential for ad-

vancing photonic platforms [41].

In recent years, the need for more highly efficient optoelectronic materials has surged

dramatically. Thus, numerous theoretical and experimental research groups placed their

researches on the development of nonlinear optical (NLO) materials [42]. Organic NLO

materials have garnered significant research interest due to their vast potential across

various applications such as microlasers, on-chip optical communication, lighting, dis-

playing and Terahertz (THz) generation [43]

Quinoline-based compounds exhibit key properties desired in optoelectronic applications,

such as high thermal and chemical stability, efficient electron transport capabilities and

structural modification easy. Thanks to these properties, quinoline and its derivatives

have applications in various fields, such as organic light-emitting diode (OLED) [44] and

solar cell (SC) technologies [45].

Generally, non-symmetric organic compounds are characterized by a second-order non-

linear polarizability behaviour [46]. Especially, the molecules having a π-conjugated

bridge and an electron donor and electron acceptor groups which led to a significant

increase in the ICT process [47]. Consequently, the transfer of electron density from

electron donor to electron acceptor fragment occurs through the π-bridge which lead to

NLO properties for electron-donor-π-electron-acceptor organic compounds [48]. In this

context, several research groups have concentrated their research to the development of

novel quinoline derivatives with optoelectronic properties. Thus, Priyadarshini and co-

workers [49] have investigated the non linear optical properties of quinoline derivatives

with Schiff bases, in which they synthesised four series of substituted hydrazinoquino-

line Schiff bases, that are 4-methyl-2-salicylidenehydrazinoquinoline (1), 4,6-dimethyl-2-
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salicylidene hydrazine quinoline (2), 6-chloro-4-methyl 2 salicylidenehydrazinoquinoline

(3) and 4-methyl-6-methoxy-2-salicylidene hydrazine quinoline (4) (Figure 1.21). Their

computational study suggests that these compounds are characterized by good non-linear

properties, which have prospective used in technological related applications.

Figure 1.21: Structure of quinoline based Schiff bases studied by Priyadarshini and co-
workers

Ali et al [50] have reported a computational study included electronic, linear and

nonlinear optical properties of di-substituted quinoline derivatives with carbazole moiety

(Figure 1.22). They have found that the dipole polarizabilities and hyperpolarizability

values of the studied compounds exceed that of the molecules taken as references, which

lead to suggest that these NLO active compounds, may find their place in future hi-tech

optical devices.
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1.6.3 In corrosion inhibition

Corrosion represents a significant global challenge, posing a treat not only to critical

industries as petrochemicals but also to infrastructures, including bridges and public

buildings [51], which can result in catastrophic failures and significant repair costs [52].

The financial burden of corrosion is substantial. Several researches have been dedicated

to finding new effective organic compounds with anti-corrosion properties in highly acidic

media [51]. The organic compounds that may have corrosion inhibition activity generally

possess in their structure electron-donating atoms such as nitrogen, oxygen, sulphur and

phosphorus, which make their adsorption onto metal surfaces easy, thereby, protecting

them from acidic solutions [51]. The action mechanism of these compounds may be

chemisorption, physisorption, complexation, or precipitation [53].

Many studies have analysed several compounds, such as imidazole derivatives, benzimi-

dazole derivatives and quinoline derivatives as substantial corrosion inhibitors [51]. Thus,

quinoline derivatives have become a highly promising class of corrosion inhibitors, espe-

cially in acidic media, owing to their distinctive properties and minimal environmental

toxicity. In this regards, recently, Belkheiri et al [51] investigates the corrosion inhibi-

tion of two synthesized compounds based on quinoline structures, namely, 2-methyl-5-

(propoxymethyl) quinolin-8-ol and 2- aminoethyl)amino)methyl)-2-methylquinolin-8-ol

(Figure 1.23), in protecting metal alloy in acidic conditions, especially hydrochloric acid,

in which they have found that the inhibitors exhibited significant corrosion inhibition

efficiencies of 92.37 % for 2-methyl-5-(propoxymethyl) quinolin-8-ol and 84.13 % for 2-

aminoethyl)amino)methyl)-2-methylquinolin-8-ol.
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Figure 1.22: Structure of disubstituted quinoline with carbazole studied by Ali et al
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Figure 1.23: Synthesis of 2-(8-(benzyloxy)quinolin-2-yl)-1-phenyl-1H-phenanthro[9,10-
d]imidazole



Chapter 2

Quantum computation methods

2.1 Introduction

The study of microscopic phenomena and systems such as atoms and molecules requires

the use of the concepts of quantum mechanics, that is based on Schrödinger equation.

This function allows access to the physical and chemical properties of the studied system.

The resolution of this second-order differential equation gives us the energy values and

the associated wave functions. Unfortunately, due to the electron-electron repulsion term

presented in the Hamiltonian formalism of poly-electronic systems, this equation can not

be solved analytically. Thus, several approximations have been proposed to resolve this

equation numerically [54].

This chapter presents a description of the basic ideas of the main quantum methods

used in theoretical chemistry to resolve the Schrödinger equation and to extract their

properties together with their detailed equations.

25
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2.2 The Schrödinger equation

The Schrödinger equation is the basis of quantum mechanics [55]. Thus, the non-

relativistic, time-independent Schrödinger equation describing the electronic structure

of atomic or molecular systems can be written as follows:

Ĥψ = Eψ (2.1)

[56]

In which:

Ĥ =
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With:
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are correspond to the kinetic energy operators associated with nuclei and electrons,

respectively.
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is correspond the interaction between nuclei.
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is correspond the nucleus-electron interaction.

••
n−1∑
i=1

n∑
j>i

1

rij
(2.7)

is correspond electron-electron interaction.

[57]

2.3 Approximation of Born-Oppenheimer

This approximation is considered the first approximation that proposed to simplify the

resolution of the Schrödinger equation, which based on the fact that the mass of an elec-

tron is nearly two thousand times less than that of the nucleus, thereby, the movements

of nuclei are very slow compared to the movements of electrons, which leading to consider

the nuclei as fixed. Thus, within the framework of this approximation, the Hamiltonian

formalism may be reduced to the following equation:

Ĥ =
n∑

i=1

−1

2
∇2

i −
Na−1∑
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rab
−
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+
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rij
(2.8)

The eigenvalue E of equation (2.8) corresponds to the total energy of the system and

contains the kinetic energy (EK) of the electrons, the interaction energy (ENe) between

the nuclei and the electrons, the electronic and nuclear repulsion energies (Eee) and

(ENN ) [58].

2.4 ab-initio methods

Although the Born-Oppenheimer approximation simplify slightly the analytical resolu-

tion of the Schrödinger equation, but it remain incapable to resolving it in polyatomic

systems, due to the electronic repulsion term in the Hamiltonian formalism. Thus, farther
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approximations should be proposed to face this. [59].

2.4.1 Hartree method

In order to render the Schrödinger equation in the framwork of Born-Oppenheimer ap-

proximation possible for resolving, Hartree proposed an approximation which consists of

reducing the problem to a single particle moving at its own average potential created

by the presence of its supposedly fixed partners, this first simplification called the prin-

ciple of the self-consistent field, the so-called Hartree method. [60]. The equations for

this methodes are precursors to the "Self Consistent Field" SCF . Therefore, the total

wavefunction ψ may be written as a product of one-electron wavefunctions.

ψ = ψ1(1)ψ2(2) . . . ψn(n) (2.9)

[61]

2.4.2 Hartree-Fock method

The Hartree polyelectronic wave function does not satisfy either the electron indistin-

guishability principle or the Pauli exclusion principle. To take these two principles into

account, Fock proposed writing the total wave function in the form of a determinant,

called the Slater determinant. This determinant is made up of monoelectronic functions

called spin-orbital and applies to closed-shell systems (comprising an even number of

electrons). Each orbital spin is the product of a spatial function ϕ(orbital) depending

on the spatial coordinates of the electron and a spin function that can take exclusively

two opposite values denoted α and β. The spin density is zero for a closed-shell system.

Therefore, the system is symmetrical with respect to these two values and it becomes

possible to describe a pair of electrons in terms of the same orbital ϕi. In this way,

the polyelectronic determinant associated with the system is made up of N/2 orbitals
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ϕ1, ϕ2, . . . , ϕn and the Pauli exclusion principle is verified because two orbital spins of

the determinant comprising the same spatial function have different spin functions. The

polyelectronic wave function is written in the summarized form as follows:

ψ(1, 2, . . . , n) =
1√
n!
|ϕ1(1)αϕ1(2)β . . . ϕn/2(n/2− 1)αϕn/2(n/2)β| (2.10)

With:

ϕ single-electron molecular orbital and α and β are the spin functions. This formalism

allowing the obtention of such wave function ψ called restricted Hartree-Fock (RHF).

The Hartree-Fock theory is based on the variational principle , the statement of which

can take the following form: for any normalized, antisymmetric wave function ψ, the

value of the expected energy will always be greater than the energy of the exact function

ψ0. Where E0 is the lowest eigenvalue associated with the exact eigenfunction ψ0. In this

way, the optimal Slater determinant ψHF is obtained by minimizing the term ⟨ψ|H|ψ⟩.

From the wave function defined in (2.5), we arrive, for the ϕi orbitals, at one-electronic

equations of the form:

Ĥeff (1)ϕi(1) = εiϕi(1) (2.11)

Ĥeff (1) = h(1) + Veff (1) = h(1) +

n/2∑
a

[2Ja(1)−Ka(1)] (2.12)

h(1) = −1

2
∇2

i −
Na∑

Na=1

Za

ria
(2.13)

The index 1 represents the position of an electron and the term Veff represents the

average potential in which each electron moves, it is made up of a sum of coulomb
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operators Ĵa, and exchange K̂a, defined as follows:

Ĵj(1) =

∫
1

r12
ϕj(2)ϕj(2)dτ2 (2.14)

K̂j(1) =

∫
1

r12
ϕ∗j (2)ϕi(2)dτ2 (2.15)

The factor of 2 means that there are two electrons in each orbital. Thus, the Hartree-Fock

expression for the molecule’s energy ERHF can be written as follows:

ERHF = ⟨ψHF |H|ψHF ⟩ = 2

n/2∑
i

εi −
n/2∑
i

n/2∑
j

(2Jij −Kij) (2.16)

The first term is the sum of the energies of the occupied molecular orbitals, the terms

Ĵij and K̂ij are determined by operation of the Coulomb operator and exchange on ϕi(1)

and multiply the result by ϕ∗i (1) and integrate over the whole space [62].

2.4.3 The Hartree-Fock-Roothaan method

The Hartree-Fock equations are too complex to be solved directly by numerical analysis

techniques, thereby, it is necessary to perform an additional transformation more suitable

for numerical treatment, to do this, a new approximation consists of expressing the

molecular orbitals (MO) as linear combination of atomic orbitals φk (called LCAO)

approximation). [63]. These basic functions are generally centered on the nucleus of the

different atoms of the molecule. Thus, the orbitals can be written in the form:

ϕi =

N ′∑
k=1

Cikφik (2.17)

The subscript k refers to the wave function of an atomic orbital, and the subscript i

refers to a molecular orbital. The calculation of MO therefore boils down to determining

the coefficients Cik. The energy of an electron εi in a molecular orbital of the molecule
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is calculated based on the coefficients Cik for each molecular orbital. This results in the

Roothaan and Hall equations [64], which are written as follows:

N ′∑
k=1

CikĤ
effφk = εi

N ′∑
k=1

Cikφk (2.18)

To calculate Ĥeff , an estimate of the coefficients of the other molecular orbital ϕj must

be made. Multiplying equation (2.13) by φ∗
j (where j=1,2,3. . . ,N’) and integrating, we

obtain the following expression:

N ′∑
k=1

Cik(H
eff
jk − εiSjk) = 0 (2.19)

The terms Heff
jk are called the Fock matrix.

Heff
jk = ⟨φj |Ĥeff |φi⟩ (2.20)

The terms Sjk are called the covering matrix.

Sjk = ⟨φj |φk⟩ (2.21)

Using variation theory, the coefficients are optimized by taking the derivative of εi of

each coefficient equal to zero.

2.4.4 Configuration interaction method (CI)

The CI is a post-Hartree-fock method used to improve the electronic structure calcu-

lations by consideirng electron correlation effects. Thus, this last is considered using a

linear combination of the ground-state HF wave function with a large number of excited

configurations. In practical CI methods, only electron transitions from the high-occupied

(HO) to the low unoccupied (LU) molecular orbital are considered.
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• (CIS): Configuration Interaction Single excitation.

• (CID): Configuration Interaction Double excitation.

The CI wavefunction is expressed as follow:

ψCI = C0ϕ0 +
∑

Cijϕij + ... (2.22)

Where:

• ϕ0 is the Hartree-Fock reference determinant.

• ϕij is is the excited determinants generated by promotion of electrons from occupied

to virtual orbitals.

• C0 and Cij are the CI coefficients which are optimized to minimize the energy.

[65]

2.4.5 Møller–Plesset perturbation theory

For the first forty years, Møller–Plesset perturbation theory was largely ignored, with

quantum chemists concentrating on variabl methods. Theoretically physicists developed

and computerized the 1950s in the 1960s MPn methods up to order n=6 .

Christian Møller and Milton Plesset wrote in the paper: "Perturbation theory was de-

veloped to deal with an n-electron system in which the Hartree-Fock solution appears as

a zero-order approximation ". On the other hand, Møller and Plesset used the Hartree-

Fock theory as a starting point while adding a small perturbation caused by the deviation

of the Hartree-Fock Hamiltonian [66].

In the Moller-Plesset method, the zero-order Hamiltonian is defined as a sum of the

mono-electronic Hamiltonians ĤH
i

F :

Ĥ(0) =

N∑
i=1

ĤH
i

F (2.23)
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and the disturbance of order 1 is:

Ĥ(1) = Ĥelectronic

i − Ĥ(0) (2.24)
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The HF energy associated with the HF wave function of the normalized ground state

is given by the following relation:

EHF =< ΨHF /Ĥelectronic/ψHF >

(2.25)

EHF =< ΨHF /Ĥ(0)/ψHF > + < ΨHF /Ĥ(0)/ψHF > (2.26)

= E(0) + E(1) (2.27)

and order energy (2):

E
(
0
2) =

∑
j ̸=0

< ψH
j

F /Ĥ(1)/ψH
0

F >< ψH
0

F /Ĥ(1)/ψH
j

F >

E
(
0
0) − Ej

(2.28)

This energy correction is called MP2 calculation .

2.5 Density functional theory (DFT)

The study of the properties of a molecular system often requires consideration of elec-

tronic correlation effects. In recent years, density functional theory (DFT) has shown

significant potential for the study of molecular systems and chemical problems. There

are several major reasons that make DFT an attractive theoretical method for chemistry.

• This theory includes most of the electronic correlation in its formalism.

• The method can be applied to covalent, ionic, or metallic systems.

• Study of larger molecular systems become accessible.
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The DFT method was conceptualized in its initial version by Thomas and Fermi after

the foundation of quantum mechanics in 1927. This method is used for calculating the

quantum states of atoms, molecules, solids, experimental molecular dynamics [67]. It

used also in biological systems, in which they have used it to validate the conclusions

drawn from the analysis of experiments [68]. It is also used to calculate the structure

and interaction of atoms in molecules and crystals. The basic idea for this method is

that it is possible to replace the external potential V(r) by the density distribution n(r)

[69]. In the DFT method, we assume that electrons do not interact with each other. The

electron density is written as follows:

ρ(r) =
∑
i

|ϕi(r)|2 = 2
o∑
i

cc|ϕi(r)|2 (2.29)

with:

ϕ : Non interacting orbitals

ψ : Wave functions

The sum of electron density in all space is written in terms of the total number of elec-

trons n:

∫
ρ(r)dr = n (2.30)

[70].

In the DFT method, the energy of the system is written as follows:

EDF T = Ecore + Enuclear + Ecoulomb + Exc[ρ] (2.31)

With:

• Ecore: the energy of a single electron with the nuclei.
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• Enuclear: the energy of the repulsion between nuclei for a given nuclear configura-

tion

• Ecoulomb: the repulsion energy the electrons.

The exchange and correlation energies are written as follows:

Exc :

∫
ρ(r)ϵxc[ρ(r)]dr

ρ(r) is the electron density is determined from the Khon-Sham orbital:

ρ(r) =

N∑
i=1

|ψi|2 (2.32)

[71].

2.5.1 The B3LYP functional

Several functionals, named as hybrid functionals, which including a Hartree-Fock part

and a DFT part, have been developed to describe the exchange term. The most famous

from them is the B3LYP hybrid functional [72], in which the formalism of the exchange

and correlation energy is written as follows:

EB3LY P
XC = a0E

LDA
X +(1−a0)EHF

XC +a1∆E
Becke

X +ELDA
C +a2(E

LY P
C −ELDA

C) (2.33)

With: a0=0,80, a1=0,72 et a2=0,81. This functional is famous, because it gives very

good results and, therefore, is extremely popular.
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2.5.2 The PBE functional

This functional was proposed by Perdew, Burke and Ernzerhof in 1996 [73], and is de-

signed to improve upon the Local density Approximation (LDA) by incorporating gra-

dient coorrections to the exchange-correlation energy. It is known for its general appli-

cability and gives rather accurate results for a wide range of systems. It classified as a

generalized gradient approximation (GGA) functionals for the exchange-correlation en-

ergy Exc. It is widely used in materials science due to its good balance between accuracy

and computational cost.

The exchange and correlation expression is written as follows:

EPBE
XC =

∫
ρ(r)ϵXC

PBE(ρ,∆ρ)dr (2.34)

Where: ρ(r) is the electron density and ϵXC
PBE is the exchange-correltaion energy per

electron.

2.5.3 The B3PW91 functional

The B3PW91 functional is a hybrid functional used in DFT calculations, in which it

combines the Becke’s 3-parameters (B3) exchange functional with the Perdew-Wang

1991 (PW91) generalised gradient approximation exchange-correlation functional. The

exchange and correlation expression is written as follows:

EXC
B3PW91 = (1− a)EX

LSDA + aEX
HF + b∆EX

GGA + cELSDA
C + dEGGAC

PW91 (2.35)

Where: ELSDA
X =Local Spin Density Approximation (LSDA) exchange energy.

∆EGGA
X =Gradient correction to exchange.

ELSDA
C =LSDA correction energy.

EGGAPW91
C =generalized gradient approximation (GGA) correlation energy.
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a, b, c and d are emerically determined parameters that define the weight of each con-

tribution.

2.5.4 The CAM-B3LYP functional

The CAM-B3LYP is an hybrid exchange–correlation functional proposed by Yanai, Takeshi,

David P. Tew, and Nicholas C. Handy. It combines the hybrid qualities of B3LYP and the

long-range correction presented by Tawada et al. It is considered as a modified version of

B3LYP functional which designed to correct its shortcomings in long-range electron in-

teractions, particularity charge transfer excitations in Time-Dependent DFT (TD-DFT)

calculations.

The exchange-correlation energy expression is given by the following equation:

ECAM−B3LY P
XC = (α+β)ESR−HF

X +(1−α−β)ESR−DFT
X +(α)ELR−HF

X +(1−α)ELR−DFT
X +EB3LY P

C

(2.36)

Where:

• SR (Short-Range) and LR (Long-Range) refer to different distance regions in elec-

tron interactions,

• EDFT
X is the DFT exchange energy (from GGA functionals),

• EB3LY P
C is the standard B3LYP correlation energy,

• α and β are parameters control the fraction of exact exchange at different distances.

2.6 The atomic orbital basis set

The LCAO method expresses molecular orbitals as a linear combination of atomic or-

bitals (AOs), called basis functions [63].

The molecular orbitals written in the LCAO method are a linear combination of atomic
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orbitals (AO), called basis functions, written as follows:

ψn,l,m = NYlm(θ, ϕ)P (r)n−1exp(− 2r

na0
) (2.37)

With:

• P is a polynoial,

• r and Ylm are the classic angular functions.

Slater [74] proposed a new type of functions named as STO which are the best defined

analytical OA of the following form:

ψn,l,m = Nrn−1exp(−ζr)Ylm(θ, ϕ) (2.38)

With:

• N is the normalization factor,

• ζ is the orbital expontial,

• Yl,m(ζ, ϕ) is the spherical harmonics.

In this type of function, the exponential poses great difficulty in calculating integrals

in polyatomic systems. Thus, Boys replaced this exponential with Gaussian function

type(αr2).

g(α, r) = CXnY lZmexp(−αr2) (2.39)

α is a constant determining the size of the function.

The r2 dependence of the exponential term makes the Gaussian functions less efficient

than the Slater-type orbitals (STO) in two points. While this basis provides a fairly

good description of the electron density at distances far from the nucleus, the description
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of the behavior of the exact wave function near the nucleus is quite poor (See Figure 2.1).

Figure 2.1: Comparison between STO and GTO

Therefore, it’s replaced by a linear combination of several Gaussians. To understand

the base improvement strategy, we divide the space into three regions.

2.6.1 The inner orbitals

The nuclear potential has spherical symmetry because the electrons are positioned close

to the nucleus and the atomic orbitals fit perfectly, but since the energy is very sensitive

to the position of the electron close to the nucleus, it is preferable to use a large number

of Gaussian orbitals.
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2.6.2 The valence zone

In this region, the electron density is de-localized between several atoms [71], in which it

has not a spherical symmetry. Therefore, we should be use to describe them the following:

• The split valence zeta multiple For example, for carbon, a DZ base will use two

valence s orbitals 2s (inner) and 2s’ (outer) and six p orbitals; 2px , 2py , 2pz (inner)

and 2px , 2py , z (outer). The usual good-quality bases are DZ and TZ [75].

• The addition of polarization orbitals; it must be taken into account that atoms in

the molecule undergo deformation of the electron cloud due to the environment.

This phenomenon can be taken into account by introducing additional functions

into the atomic basis set, called polarization functions. The addition of these func-

tions is very useful for obtaining a good description of quantities such as dissociation

energy, dipole moments,... etc. These functions allow us to increase the flexibility

of the basis set by taking into account the deformation of valence orbitals during

the deformation of the molecule. These orbitals are of type p, d for hydrogen, d, f

and g for atoms in the 2nd and 3rd periods, . . . , etc. [76].

2.6.3 The diffuse zone

Beyond the valence shell, far from the nuclei, diffuse orbitals can be added. These

AOs are not essential in usual systems, but become so when we are interested in long-

range interactions (Van der Waals complex), species with lone pairs and charged species

(anions). these type of orbitals are denote by the (+) sign. [77].

2.6.4 Common nomenclature of basis set

Except the minimal basis STO-3G, the widely used basis set is symbolized by n-n’n”. . . (++)(**).

• ++ designates sets of diffuses
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• ** designates functions d on atoms of the second period, and functions p on hy-

drogen [71].



Chapter 3

Quantum models and descriptors for

chemical reactivity

3.1 Introduction

The study of the stability of certain molecules and their resulting physical and chemical

properties remains a challenge for researchers in various academic and industrial fields.

Quantum chemistry offers the possibility of studying chemical reactivity and calculating

and predicting some physicochemical properties of certain materials. Different quantum

theories have been discovered for doing this. In this chapter we will present the most

used quantum models and descriptors that used to study chemical structures and related

properties, namely, the frontier molecular orbital method, the global reactivity indices

derived from conceptual DFT, Quatum Theory of Atoms in Molecules (QTAIM),...etc.

3.2 Frontier molecular orbital method

The frontier molecular orbital (FMO) theory was developed in the 1950s by K. Fukui [78]

to explain the regioselectivity observed during reactions involving aromatic compounds.

43
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Fukui’s original idea was to postulate that during a reaction between a nucleophile and an

electrophile, the charge transfer that occurs near the transition state primarily involves

the electrons in the nucleophile’s highest occupied molecular orbital (HOMO). As a result,

the electron density associated with these electrons, which he called frontier electrons,

should explain the reactivity.

3.3 Global reactivity indices

In recent years, various approaches of great importance in quantum chemistry based on

the theorems of Kohn and Hohenberg have emerged. Thus, the first theorem of Kohn and

Hohenberg [79] shows that the electron density ρ(r) determines the number of electrons

N in the system as shown by the following relation:

N =

∫
ρ(r)dr (3.1)

ρ(r) determines v and the Hamiltonian of the N-electron system, and the energy E; thus

E is a functional of ρ(r) or of N and v(r).

E = E[ρ(r)] (3.2)

E = E[N,V (r)] (3.3)

The variation in the energy of the system is due to the perturbation of the number of

electrons or external potential exerted when another reactant approaches. The energy of

the molecule can therefore be expressed in the form of a Taylor development:

(
∂mE

∂n∂n′
), avec : m = n+ n′ (3.4)
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3.3.1 The electronegativity χ

According to the definition of Iczkowski and Margrave [80], electronegativity is defined

as the derivative of energy with respect to N (N is the number of electrons), it is a global

property that does not change from one point to another in space.

χ = −(
∂E

∂N
)V (3.5)

The electronegativity χ can be re-expressed according to the finite difference approxima-

tion by:

χ =
1

2
(EI + EA) (3.6)

Where EI and EA are the ionization energy and electron affinity respectively, which are

given by:

EI = E(N0 − 1)− E(N0) (3.7)

EI = E(N0)− E(N0 + 1) (3.8)

3.3.2 The chemical potential µ

By analogy with the chemical potential µi = ( ∂G∂ni
)P,T,nj in thermodynamics, the partial

derivative of energy with respect to the number of electrons has been called the electronic

chemical potential µ [81].

µ = (
∂E

∂N
)V (3.9)

The chemical potential µ can be expressed according to the finite difference approxima-

tion by:

µ =
−(I +A)

2
(3.10)



Quantum models and descriptors for chemical reactivity 46

3.3.3 The hardness η

Parr and Pearson [82] identified hardness as the second derivative of energy with respect

to the number of electrons according to the following relation:

η = (
∂2E

∂N2
)V = (

∂µ

∂N
)V (3.11)

The approximate expression of hardness is given by:

η =
1

EI − EA
(3.12)

Chemical hardness η is a measure of the stability of the system; the system with the

maximum hardness is the most stable.

3.3.4 The softness S

Softness [83] is defined as the inverse of hardness, it is the ability of an atom or molecule

to retain an acquired charge, this property is given by the following relation:

S =
1

2η
=

1

2
(EI − EA) (3.13)

3.3.5 The electrophilicity ω

The electrophilicity ω [84]is defined as the energetic stabilization due to charge transfer

when the system acquires an electronic charge ∆N . The approximate expression of ω in

the ground state is:

ω = µ2/2η (3.14)

Where µ is the electronic chemical potential and η is the chemical hardness.



Quantum models and descriptors for chemical reactivity 47

3.4 Quantum theory of atoms in molecules

In 1985, Bader [85] was careful enough to write that the atom and its properties may

be defined by quantum mechanics. Thus, the topology analysis proposed by Bader was

firstly used for analyzing electron density in "atoms in molecules" (AIM) theory, which

is also known as "the quantum theory of atoms in molecules" (QTAIM) (Figure 3.1).

Figure 3.1: Electron density in HFC=O molecule

Basing on topological analysis of electronic density, QTAIM is a model of quantum

chemistry used to distinguish chemical systems. Thus, this method was developed to

study the properties of atoms, bonds and other interactions between atoms and molecules,

and to determine the electronic density values, the Laplacian, and the potential energy

values for critical points. In QTAIM analysis, most properties are derived from the elec-

tron density ρ(r). Thereby, the electron density gradient is zero at critical points (cp).

These latter can be divided into four types of critical points (Figure 3.2) based on the

second derivative of the electron density (Hess matrix), that are as follow:

• (3,-3) critical points type or NCPs: these points are characterized by all second
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derivatives in the three directions being negative, indicating the location of the

nucleus.

• Type (3,-1) critical points, or BCPs. In these points, the second derivative in two

directions is negative and the third direction is positive, indicating the presence of

a chemical bond.

• Type (3,+1) critical points: or CCPs, here, the second derivative in two directions

is positive and the third direction is negative, indicating the presence of a ring.

• Type (3,+3) critical points: or RCPs, where all second derivatives in the three

directions are positive and indicate the presence of a cage

Figure 3.2: Types pf bond critical points

3.5 The molecular electrostatic potential (MEP)

Molecular electrostatic potential (ESP) has been widely used for prediction of nucleophilic

and electrophilic sites for a long time. It is also valuable in studying hydrogen bonds,

halogen bonds, molecular recognitions and the intermolecular interaction of aromatics

(Figure 3.3). This function measures the electrostatic interaction between a unit point

charge placed at r and the system of interest. A positive (negative) value implies that
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current position is dominated by nuclear (electronic) charges.

VESP (r) = Vnuc(r) + Vele(r) =
∑
A

ZA

r −RA
−
∫

ρ(r′)

r − r′
dr′ (3.15)

Figure 3.3: Map of molecular electrostatic potential of 3-bromopyridin-2-ol molecule



Chapter 4

General aspects and theoretical

estimation of molecular optics

4.1 Optical field

Optics is an important field of physics [86], it is the science where we study the interaction

between light and matter. It is divided into two types; linear optics (LO) and nonlin-

ear optics (NLO). When the light waves are characterized by low intensity and do not

interact with each other when they penetrate matter and propagate through a medium,

this domain is called linear optics. contrariwise, when light becomes more intense and

the optical properties begin to intensify, along with other properties of light; this is the

domain of non-linear optics [87].

Optical properties are used in the development of optoelectronic devices for communica-

tions, optical switching, information, and information processing.

The nonlinear optics was first discovered by Franken and his co-workers in 1960, leading

to the discovery of harmonic generation, shortly after Maiman demonstrated the first

functional laser in 1960.

In recent years, organic materials have attracted scientific and economic interest due to

50
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their properties, such as high photoelectric coefficients fast response times. They are also

the most promising candidate materials for optoelectronic applications, encouraging the

exploration of new colored materials with exceptional optical properties [88]. Thus, sev-

eral electronic devices in many fields of application have been replaced by optical devices

in recent years [89].

4.1.1 Linear optical OL

In the linear optics, the light waves are of low intensity and do not interact with each

other as they enter and propagate through a medium. The interaction between light and

matter does not depend on the intensity of illumination.

In 1988, Bishop showed that when a molecule undergoes of an external electric field, its

energy changes according to the following equation:

∆E = −µiE − αiiE
2 − 1

2!
αijEiEj −

1

3!
βijkEiEjEk −

1

4!
γijklEiEjEkEl (4.1)

With:

• µi represents the components of the total dipole moment,

• αij , αii represents the non diagonal and diagonal components of the polarizability

tensor,

• βijk represents the components of the first hyperpolarizability tensor,

• γijkl represents the components of the second hyperpolarizability tensor [86]
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The dipole moment µ

In structural chemistry, the dipole moment of a molecule is an important factor [90],

physically defined as a measure of the residual voltage that remains even if the total

system load is zero [86]

The total dipole moment in the case of high-power light interacting with matter, which

in turn leads to NLO effects, can be expressed by the following statement [91]:

µi = µ0i +

x,y,z∑
j

αijEj +
1

2!

x,y,z∑
j

βijkEjEk (4.2)

Where, µ0i is the permanent dipole moment given by:

µ0 =
√
µ2x + µ2y + µ2z (4.3)

The polarizability α

The polarizability represents the tendency of a system’s electron cloud to be distorted

within the limits of a zero applied field [92], it is the second derivative of the energy of the

system, given the applied electric field, which gives an information about the distribution

of electrons in the molecule [86].

The polarizability is given by the following expression [92]:

< α >=
1

3
(αxx + αyy + αzz) (4.4)

The anisotropy of polarizability ∆α

The anisotropy of polarizability shows subtle variations depending on the structure of

the studied compound [93], and it is given as follow:

(∆α) =
1√
2

√
(αxx − αyy)2 + (αyy − αzz)2 + (αzz − αxx)2 + 6(α2

xy + α2
yz + α2

xz) (4.5)
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4.1.2 Non-linear optical NLO

The non-linear optics is a set of phenomena resulting from the nonlinearity of the response

of a physical medium to the action of an electromagnetic wave in the optical field. It

also describes the behavior of light in a non-linear material [94]. The non-linear optical

processes have received considerable attention due to their importance for optical signal

processing and computer science [95].

The non-linear optical properties of molecules are of particular interest in chemistry

and materials science, where new molecules or materials are sought with properties for

applications in dynamic holography and optical switching technologies. These NLO

properties play an important role in the study of other physical and chemical properties

of molecules [89].

The first hyperpolarizability β

The first hyperpolarizability can be defined by 3×3×3 matrix and may be be reduced

to 10 numbers using kleinmans notations; βxxx, βxxy,βxyy, βyyy, βxxz, βxyz, βyyz, βxzz,

βyzz, βzzz. [96], βtot are defined as follows :

βtot = (β2x + β2y + β2z ) (4.6)

witch:

βx = βxxx + βxyy + βxzz (4.7)

βy = βyyy + βyzz + βyxx (4.8)

βz = βzzz + βzxx + βzyy (4.9)

[97] The first hyperpolarisability (β) provides information about the ability of the ma-

terial to generate second-ordre non linear effect [98].
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4.2 Quantum mechanical estimation of µ, α, β tensors

Non linear optical phenomena in the sense that they occur when the response of physical

system to a non-linearly applied optical field depends on the intensity of the optical field,

where as in linear optics, the intensity of the incident light, as in the case of classical

interactions : elastic sattering, refraction and reflection [87].

Linear and non-linear optical properties such as polarizability α and hyperpolariz-

ability β are estimated in two steps. The first step is to optimize the geometry of the

structure, using DFT density functional theory using the B3LYP functional with the

6-311++G(d,p) basis.

Once the optimum geometry had been obtained, the polarizability and hyperpolarizabil-

ity were calculated using the PBE function with the finite field method (FF).

4.3 Matter polarization

The most fundamental manifestation of light’s interaction with matter, which of great

technological importance, is the separation of charges induced by the electric field (po-

larization) [99] .

The phenomen of polarization accurs when laser radiation interacts with a material and

is expressed according to N.Bloembergen model, with the following relationship:

Pi =
∑
j

χ(1)ζj +
∑
jk

χ
(
ijk

2)ζjζk +
∑
jkl

χ
(
ijk

3)ζjζkζl + ... (4.10)

With P is the polarization induced along axis i by the electric field ζ of components ζj ,

ζl and ζl [100].
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4.4 Calculation methods of µ, α, β tensor elements

4.4.1 The Hellmann-Feyman theorem

According to Hellman-Feyman theory, the exact electronic energies and wave functions

of a molecule, known as relation (4.2) , allow us to calculate polarizability and hyperpo-

larizability either by deriving the dipole moment, or by deriving the total energy of the

perturbed system, with respect to the applied external electric field:

δE

δλi
=< ϕ|δH

δλi
|ϕ > (4.11)

λi are parametrs [101]

This theory can also be demonstrated for approximate wave functions [102]. In this the-

orem the for concern the derivative of energy with respect to a parameter, the electric

field. The derivative of E with respect to F is there fore writhen:

dE

dF
=<

δϕ

δF
|H|ϕ > + < ϕ|δH

δF
|ϕ > + < ϕ|H| δϕ

δF
> (4.12)

The theory is as follows :

δE

δF
=
δ < H >

δF
=< ϕ|δH

δF
|ϕ >=< δH

δF
> (4.13)

[103]

4.4.2 The Hartree-Fock coupled perturbation theorem (CPHF)

The Hartree-Fock theorem(CPHF) is a fundamental step in the analytical calculation of

the first derivatives of the configuration interaction (CI) wave function energy and the

second derovatoves of the Haryree-Fock (HF) wave function energy [104]. For Hartree-

Fock equations:



General aspects and theoretical estimation of molecular optics 56

Fϕk = ekϕk (4.14)

Where F is the operator, ϕk is the function and ek is the function and ek is the energy .

F = F (0) + F (1) + F (2) + ...F (p) =
∑
p⩾0

F (p) (4.15)

ϕk = ϕ(0
)
k + ϕ(1

)
k + ϕ(2

)
k + ...ϕ(p

)
k =

∑
p⩾0

ϕ(p
)
k (4.16)

ek = e(0
)
k + e(1

)
k + e(2

)
k + ...e(p

)
k =

∑
p⩾0

e(p
)
k (4.17)

The total energy E(ψi) of the system perturbed by an electric field ψi, defined as:

E(ψi) =
∑
p⩾0

E(p)(ψi) (4.18)

From the first, second and third derivatives of the energy with respect to the ψi com-

ponent of the external electric field applied with change of signe, we obtain the dipole

moment, the polarizability and the hyperpolarizability of first order, respectively: [100]

• The dipole moment µ:

µi =
−δE(ϕi)

δϕi
|ϕi=0 (4.19)

• The polarizability α :

αii =
−δE2(ϕi)

δϕ2i
|ϕi=0 (4.20)

• The hyperpolarizability β :

βii =
−δE3(ϕi)

δϕ3i
|ϕi=0 (4.21)
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4.4.3 Finite perturbation theory FF

The method Finite Perturbation theory FF was first introduced by H.D.cohen, who de-

veloped it to calculate the polarization of atoms with closed layers and used to calculate of

the polarizability and first hyperpolarizability [100]. One method for calculating optical

properties is the Finite Field (FF) method, used because it is a fast and easy numerical

technique. A well-known drawback of the FF method is the dependence of the calculated

quantity on the initial field strength [105].

This method makes it possible to evaluate the first hyperpolarizability as energy

derivatives of the electric field.

The first hyperpolarizability is defined in the method as the third-order derivative of the

energy or the second-order derivative of the dipole moment with respect to the electric

field according to equation:

β = (
δ3E

δE3
)E=0 = (

δ2µ

δE2
)E=0 (4.22)

[106]

In this method, the dipole moment µ of a molecule in the presence of homogeneous

electric field Ei is represented by the following expression.

µi = µ0i + αijEj + βijkEjEK + γijklEjEkEl + .... (4.23)

Where µ0 is the dipole moment, αijEj is the polarizability, βijkEjEk is the first hy-

perpolarizability and γijkl is the second hyperpolarizability. The polarizability and the

first hyperpolarizability are obtained by numerically deriving the dipole moment of the

electric field comonents in the zero-field limit, for the diagonal terms :

αzz =
µz(Ez)− µz(−Ez)

2Ez
(4.24)
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βzzz =
µz(Ez) + µz(−Ez)− 2µ0z

2E2
z

(4.25)

[107]

4.4.4 Practical application of nonlinear optics

Materials with non-linear optical properties are used for development of optoelectronic

devices, optical switching and electro-optical modulators, information processing, optical

frequency conversion, optical signal processing, and image processing using ultrashort

laser pulses [94]. Development of optoelectronic devices, optical switching and electro-

optical modulators, information processing, optical frequency conversion, optical signal

processing, and image processing using ultrashort laser pulses.

4.4.5 The optical properties of organic materials

The choice of aromatic organic molecules was based on the strong delocalization of the π

electrons in their structure, which leads to the creation of a high molecular polarizabil-

ity. On the other hand, the substituted organic materials are characterized by very good

non linear optical properties due to their donor and acceptor arrangement π-conjugated

bond [96]. Inorganic materials have excellent chemical properties but low non-linear

efficiency. These limitations have led to the search for new materials with good NLO

properties. Conjugated molecules that lead to charge transfer systems have been exten-

sively studied for their NLO properties. These conjugated systems allow charge transfer

within the molecule in response to the external electronic field.

There are three factors that contribute to the system’s non-linear response:

• The electronic richness of the π-conjugate center

• Flatness of the molecule
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• The molecular symmetry

Due to the unique properties of organic molecules, namely, for their rapid non-linear re-

sponse, they have been the subject of a tremendous both experimental and computational

studies [105].

4.5 UV-Vis spectroscopy

4.5.1 Generalities

Electronic spectroscopy refers to the study of how materials absorb light in the ultravi-

olet (UV) and visible (Vis) regions of the electromagnetic spectrum, as it involves the

excitation of electrons from lower to higher energy atomic or molecular orbitals upon

exposure to light.

Electron transfer processes can occur in transition metal ions through d-d transitions or

charge transfer between ligands and metals (ligand-to-metal or metal-to-ligand transi-

tions) as well as in organic and organometallic molecules, primarily via n-π∗ and π-π∗

transitions. Such transitions are the reason in which the materials appear colored. While

isolated atoms undergo only electronic transitions can be observed. However, molecules

usually involves a simultaneous electronic, vibrational, and rotational excitations when

exposed to UV-vis radiation [108].

According to the Beer-Lambert law [109], the strength of these absorption bands depends

on both the oncentration C of the substance and the path length l of the sample.

A = log10(I0/I) = ϵ.C.L (4.26)

Where:

A is the absorbance,

I0 is the intensity of the monochromatic light before absorption by the sample, while I is



General aspects and theoretical estimation of molecular optics 60

its intensity after passing through the sample,

and ϵ is the extinction coefficient.

The change in energy is usually described using the following equation:

∆E = hν = hc/λ = hcν (4.27)

Where:

-ν is the frequency of the electromagnetic radiation,

-c is the speed of light in the vacuum,

-λ is the vacuum wavelength.

The UV-Vis spectrum is split into the UV region (200–400 nm) and the visible region

(400–800 nm), which includes light visible to the human eye.

The properties of materials can be determined, in particular, by means of:

• TThe band gap, which arises from electronic transitions between the top of the

valence band and the bottom of the conduction band, as explained by the band

theory of solids,

• Electronic transitions occurring within the d orbitals of transition metal ions,

• Charge transfer processes occur when electron density moves from a filled orbital to

a partially occupied orbital, such as from non-liant oxygen orbitals towards Mn+

filled orbital.

• Transitions between electronic levels: n −→ π∗ or π −→ π∗.

From equation (4.27), electrons can be excited from the ground state, typically a

singlet state, to higher electronic states. The return to the ground state usually occurs

through fluorescence, involving the emission of radiation.
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4.5.2 Types of electronic transitions

Transitions of σ, π and n electrons

In the UV-Vis range, absorption is often attributed to the excitation of specific electrons

in a particular group of the system, known as a chromophore, which is responsible for

the ’color’ of the compound. The substituents that do not inherently impart color but

enhance (hyperchromic effect) or reduce (hypochromic effect) the coloring power of a

chromophore are called auxochromes or antiauxochromes. Groups that cause a shift in

the absorption maximum to lower or higher wavenumbers are known as bathochromic or

hypsochromic groups, respectively.

In polyatomic molecular systems, electrons can occupy bonding (σ or π), antibonding (σ

or π), or nonbonding (n) molecular orbitals. The order of increasing electronic energy is

generally as follows: σ<π<n<σ∗<π∗.

The lectrons are raised from bonding or nonbonding orbitals to empty antibonding or-

bitals, as follow: σ−→σ∗, π −→π∗, n−→π∗ and n−→σ∗ (Figure 4.1).

Figure 4.1: The possible electron transition in Uv-vis spectroscopy
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d–d Transitions

The second type of electronic transition, characteristic of transition-metal compounds,

involves the excitation of d-electrons or f-electrons in rare earth elements, particularly in

the presence of a ligand or crystal field. In transition metals, the ligand field partially

lifts the degeneracy of the d orbitals, enabling d→ d transitions.

Charge-Transfer Transitions

Charge-transfer transitions arise in systems consisting of an electron donor and an accep-

tor, commonly known as donor–acceptor complexes. The interaction strength between

the two species ranges from strong bonding, as observed in transition metal–ligand com-

plexes, to the opposite extreme of transient contact CT complexes, which exist only

momentarily during collisions between donor and acceptor molecules.

Electronic Transitions in Solids

The electronic structure of solids is governed by the widespread delocalization of valence

electrons throughout the entire material. Extensive overlap of atomic orbitals results

in the formation of closely spaced energy levels, known as bands. A gap is defined

as an energy range with zero density of states can emerge depending on the distance

between atomic orbitals and the extent of their interaction. This gap may disappear

when the interaction between orbitals is strong enough to cause the bands to overlap. If

the highest energy band is partially occupied, it is known as the conduction band; if it is

fully occupied, it is referred to as the valence band. In this context, the conduction band

refers to the empty band immediately above the valence band. The band structure model

has been successfully used to explain the distinct properties of metals, semiconductors,

and insulators.
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4.5.3 Gap energy

Electronic gap energy

The band gap energy represents the energy difference between the energies of HOMO

and the LUMO, which is analogous to the valence and conduction bands in inorganic

materials. The conductive properties is influenced by the band gap energy, with insulators

typically possessing a wide gap exceeding 4 eV, whereas semiconductors exhibit narrower

gaps, usually below 3 eV. [110]. The electronic band structure of organic -conjugated

semiconductors governs their band gap energy (Figure 4.2).

Figure 4.2: Classification of materials according to their band gap

The band gap energy (Eg) is a characteristic property of each semiconductor and

significantly influences the performance of solar cells fabricated from it [111]. Semicon-

ductors are essentially transparent to photons with energies below the band gap, as these

photons lack sufficient energy to excite electrons from the valence band to the conduction

band and are therefore not absorbed.

Optical gap energy

The band gap also known as the optical gap, energy gap, or mobility gap is a crucial

property of materials that governs the optoelectronic performance of devices fabricated
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from these materials. The band gap represents the minimum energy required for an

electron to perform a transition from the valence band to the conduction band.

The optical band gap can be estimated from the UV-Vis spectrum using the following

equation:

Eg = h.c/λa.e ≈ 1240/λa.e(nm) (4.28)

Eg denotes the optical band gap measured in electron volts (eV) and λa.e represents

the absorption edge wavelength in nanometers (nm), determined from the onset of the

low-energy absorption band, as shown schematically in Figure ?? [112]

Figure 4.3: Determination of optical gap energy schematically



Part II

Results and discussion

65



Chapter 5

Results and discussion

5.1 Introduction

The development of abundant renewable energy resources is an opportunity to address

both climate change and renewable energy includes energy from such sources as wind,

biomass, geothermal, solar, hydropower, waste, and ocean energy. The demand for alter-

natives to fossil fuels has dramatically increased as a result of the shortage of traditional

energy sources. The techniques that researchers are developing can draw energy from

renewable resources. One of the primary sources of energy from renewable sources is the

sun. Researchers can turn the heat and light energy from the sun into electrical energy

using solar cells. [113] Solar energy is the most considerable alternative to fosil fuels be-

cause of its great potential and clean, but it has not yet achieved the promised efficiency

and cost values. However, recent studies have shown that organic materials (OM) play a

central role in the advancement of renewable energy, particularly in solar cell technology

[114] The organic materials that possess non linear optical properties are of great inter-

est for research because of their significant contribution to the advancement of photonic

technologies gases [115]. Due to their physical and optical properties [105], these mate-

rials, called organic nonlinear optical materials are the objectof much attention because

66
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they present high optical susceptibilities compared toinorganic materials [116]. Among

the optical materials, OMs are characterized by availability, facile preparation and non

expensive cost 1. The quinoline compound is one of the most important OMs, that is

an heterocyclic aromatic organic compound [92], formed by the fusion of benzene and

pyridine molecules, its structural units are present in many pharmaceutical compounds

and in aromatic N-based hetero-cycles that have been used since the 1960s for the devel-

opment of antitumor drugs [117]. It is an important molecule in the pharmaco-medical

field and is frequently used for the creation of materials in nonlinear optics [92]. In

order to develop or to discover a new organic materials characterized by an optical prop-

erties, that may be used in solar cells or other industrial applications, we have decided to

perform a computational study on the physical, optical and chemical properties of some

series of quinoline derivatives (Figure 5.1) .The main goal is to predict the best position

of the substituent that lead to a high nonlinear optical, physical and chemical properties.

Figure 5.1: Structure of studied quinoline derivatives

5.2 Computational methods

In this study, the molecular structures of the quinoline derivatives were optimized through

DFT calculations using the Lee-Yang Parr (B3LYP) hybrid functional in conjunction with

the 6-311G++(d,p) basis set [118]. All calculations were performed using the Gaussian
1https://www.techno-science.net/glossaire-definition/Quinoleine.html
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09 [119] software package and the Gaussview-5.0 molecular visualization program [120].

5.2.1 Optical Properties

The non-linear optical (NLO) properties of molecules are of particular interest in sev-

eral fields; these properties play an important role in the determination of molecule’s

applications. Thus, electronic devices in several fields of application are replaced by

optical devices [105]. The (LO) and (NLO) properties, namely the total static dipole

moment (µ), mean polarizability (α), anisotropy of polarizability (∆α), first hyperpo-

larizability (β) and Field-Induced Second-Harmonic Generation(EFISHG) (β//), were

calculated through the optimized structures utilizing the finite field method (FF) [115],

used because it is a fast numerical technique [105].

• The dipole moment of a molecule is an important factor that has been obtained as

follows:

µ =
√
µ2x + µ2y + µ2z (5.1)

• The polarizability represents the tendency of the electronic system cloud of a system

to be deformed in the limit of the applied field [92]. It is defined as:

< α >=
1

3
(αxx + αyy + αzz) (5.2)

• The anisotropy of polarizability (∆α), is calculated using the following equation:

(∆α) =
1√
2

√
(αxx − αyy)2 + (αyy − αzz)2 + (αzz − αxx)2 + 6(α2

xy + α2
yz + α2

xz)

(5.3)
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• The first hyperpolarizability (β) provides information about the ability of the ma-

terial to generate second-order nonlinear effects [98] . In order to calculate this

property, we predicted the molecule could also present good non-linear optical prop-

erties. [92] The calculated variation β confirms the nonlinear optical activity of

the studied compounds. [93] Theoretical calculations of molecular first hyperpo-

larizability are widely used to understand the relationship between structure and

nonlinear optical properties [121] calculated as follows:

βtot =
√
(β2x + β2y + β2z ) (5.4)

With

βx = (βxxx + βxyy + βxzz) (5.5)

βy = (βyyy + βyzz + βyxx) (5.6)

βz = (βzzz + βzyy + βzxx) (5.7)

• The electric field-induced second harmonic generation (EFISHG) is defined as:

β//(−2w,w,w) = β// =
3

5

∑
i

uiβi
−→u

(5.8)

were:

−→u : the norm of the dipole moment

µi: the components of the vectors µ

βi: the i components of the β vectors

The Global Chemical Reactivity Descriptors (GCRD), namely, the global hardness η,

electronegativity χ, the electronic potential µ, the chemical softness S, and electrophilic-
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ity, ω are calculated from the energy of HOMO and LUMO that are related to the

ionization potential (I) and the electronic affinity (A).

I = −EHOMO (5.9)

A = −ELUMO (5.10)

Here, the µ, χ, η, ω, and S were calculated using the following equations [12–16].

η = I −A/2 (5.11)

χ = I +A/2 (5.12)

µ = −(I +A)/2 (5.13)

ω = µ2/2η (5.14)

S = 1/2η (5.15)

The Quantum Theory of Atoms In Molecules (QTAIM) [122], Natural Bond Orbitals

(NBO) [?], Frontier Molecular Orbitals (FMOs) [123] and the IR, UV-VIS spectra and

the optical properties were calculations using the functional PBE [73], with the 6-

311G++ (d, p) basis set. The frequencies are calculated to determine the IR spectrum

data revealing that the geometry is in equilibrium with the minimum energy, and no

imaginary frequency was obtained.

5.2.2 Frontier Molecular Orbitals (FMO)

The molecular electronic properties and chemical reactivity of quinoline and its deriva-

tives are determined by the energy electronic gap between the two molecular orbitals. [123]

The most occupied molecular orbital (HOMO) and the least occupied molecular orbital
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(LUMO) are called the frontier molecular orbitals because they are located at the out-

ermost boundaries of the electrons of the molecule. [98].

The principle of these two molecular orbitals is practical for reactions with other molec-

ular structures [124], the best responses of first hyperpolarizability are obtained by

systems in the energy electronic gap |HOMO − LUMO| is low.

In this work, the frontier molecular orbitals have been analyzed to confirm their optical

properties (NLO).

Besodes the energy gap between the two HOMO and LUMO orbitals is an intramolecular

charge transfer, so the smaller the energy gap, the stronger the first hyperpolarizability

β, which makes the NLO material active [121]. This indicates that there is an inverse

relationship between the energy gap |HOMO−LUMO| and the first hyperpolarizability

β

The GAUSSIAN 09 [117] package program at DFT /B3LYP level with 6-311G ++(d,p)

basis set has also derived the HOMO, LUMO energy.

The |HOMO − LUMO| energy electronic gap is achieved by the following expression:

GAP = EHOMO − ELUMO (5.16)

5.2.3 Global Chemical Reactivity Descriptors (GCRD)

GCRD was estimated to understand the chemical reactivity of the quinoline derivative.

The overall hardness η, electron potential µ, chemical softness S, electrophilicity ω. The

global hardness η, electronegativity χ, the electronic potential µ, the chemical softness

S, electrophilicity ω.

From the energy of HOMO and LUMO, we have determined this property. The energy

levels of HOMO and LUMO are related to the ionization potential (I) and the electronic
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affinity (A), as defined in equations 10 and 11:

I = −EHOMO (5.17)

A = −ELUMO (5.18)

Here, the µ, χ, η, ω, and S were calculated using the following equations [12- 16]:

The results are listed in Table 11.

η = I −A/2 (5.19)

χ = I +A/2 (5.20)

µ = −(I +A)/2 (5.21)

ω = µ2/2η (5.22)

S = 1/2η (5.23)

5.2.4 MEP maps analysis

MEP analysis used to predict the electrophilic and nucleophilic attack site of the quinoline

carboxaldehyde molecule was calculated at the optimized geometry B3LYP/6-311++G(d,p).

Fig.8 represents the three-dimensional MEP of quinoline carboxaldehyde. On this sur-

face, the negative areas (red, orange, and yellow) of the MEP are related to electrophilic

reactivity, with the red color indicating that the region near the oxygen was electron-rich.

The surface of the MEP represents the different values of the electrostatic potential by

different colors. The code of these colors for the quinoline carboxaldehyde molecule

is compared between -0.0669 a.u and 0.0669 a.u, red and blue are deeper. The blue

color represents the areas with the highest positive electrostatic potential, which is the

strongest attraction, and the red color represents the areas with the highest negative
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electrostatic potential, which is the strongest repulsion.

For the quinolinecarboxaldehyde molecule, the negative regions are located on the nitro-

gen and oxygen atoms N13, and O18 respectively indicating the site for the electrophilic

attack, and the positive region is located on the hydrogen atoms indicating the site for

nucleophilic attack.

5.2.5 QTAIM analysis

The quantum theory of atoms in molecules (QTAIM), developed by Richard, F, W, Bader

[122], based on the analysis of the electronic density ρ [125], theory has been widely used

to analyze the nature of interactions in the molecular system, to classify and understand

binding interactions in terms of quantum mechanics [126].

QTAIM is a theory that provides a tool for understanding atoms in molecules [127]. The

concepts of this theory are based on the analysis of the electron density ρ which provides

a series of critical points: (3,-1), (3,+1), (3,-3) and (3, +3). The critical point (3, -1)

known as the critical binding point (BCP), means that the electron density decreases

in two perpendicular directions of space, and increases in the third direction, which is

important associated with the presence of a stabilizing interaction and hydrogen bonding

(HA), this bonding is divided at three families:

• Strong hydrogen bond: ∇2ρ(r) < 0 and H(r) < 0

• Weak hydrogen bonding : ∇2ρ(r) > 0 and H(r) > 0

• Medium hydrogen bonding: ∇2ρ(r) <0 and H(r) > 0

[128]
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[127] and are located between two neighboring atoms, defining a bond between them.

(3,-3) means that the electron density decreases in the three perpendicular directions

of space, is called the nuclear critical point (NCP), and indicates the position of every

atom except hydrogen. The (3,+1) called the critical point of the ring (RCP) means

that the electron density decreases in one direction of space and increases in the other

two perpendicular directions of space, is in the middle of several bonds forming a ring.

The point (3,+3) known as the critical cage point (CCP) means that the electron density

increases in all three directions in space, and is found when several rings form a cage.

The critical point (3,-1) plays an important role in describing molecular structure, the

presence of this point is a necessary and sufficient condition for the existence of the

bonding interaction, whatever the nature of the bond, and indicates that an electron

charge density has accumulated between the nuclei thus bonded [128].

The type of interaction is classified with the signs of the electron density Laplacian ∇2ρ(r)

and electron energy density H(r).

• Non-polar covalent bond: ∇2ρ(r)<0 and H(r)<0

• Covalent polar bonds, strong hydrogen bonds: ∇2ρ(r) > 0 and H(r) < 0

• Closed shell interactions: ∇2ρ(r) > 0 and H(r) > 0

[128]

[129] In the critical point (3,-1), if:

• ∇2ρ(r) < 0 , the bonds is classified as shared

• ∇2ρ(r) > 0, the bonds is classified as closed-shell

2 The electron density ρ(r) gives the number of expected electrons that can be found at
2https://www.cryst.bbk.ac.uk/PPS2/projects/loesel/chap03c.htm
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a particular location during the measurement [130]. Laplacian charge density ∇2ρ(r),

local potential energy density V(r), local gradient kinetic energy density G(r), and total

energy density H (r) = (V (r) + G (r) [126] for quinoline and quinoline derivatives

are grouped in the tables 12, 13, 14, 15, 16. If the system has large values of ρ(r) and

v(r) < 0, this indicates polar and nonpolar covalent bonding interactions, otherwise it

indicates closed-shell interactions.

When ∇2ρ(r) > 0, the interactions are non-covalent, when ∇2ρ(r) > 0 and 0.5 <

−G(r)/v(r) < 1, the interactions are then partially covalent [131], if ∇2ρ(r) < 0 indi-

cates the bond is covalent.

5.3 Optimized geometries and choice of the computational

level

First, in order to validate the DFT functional to perform our study, we have decided

to realize a comparative analysis of the geometric properties of the quinoline molecule

between experimental data [117] and B3LYP/6-311++G(d, p) computational level. The

values of these data are collected in Table 5.1, while the optimized structure of quinoline

using B3LYP/6-311++G(d, p) theoretical level is given in (Figure 5.2)

Figure 5.2: Structure of quinoline together with atoms labels
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Table 5.1: Some selected theoretical and experimental values of geometrical parameters
associated with quinoline structure

/ HF DFT EXP
/ 3-21G** 6-31G** B3LYP/6-311++G(d,p) /

Bond lengths (Å) /
C1-C2 1.358 1.358 1.374 1.381
C2-C3 1.414 1.418 1.418 /
C3-C4 1.403 1.406 1.429 /
C4-C5 1.416 1.419 1.418 /
C5-C6 1.358 1.357 1.374 1.365
C6-C1 1.412 1.417 1.416 1.424
C3-N17 1.363 1.365 1.364 /
C13-N17 1.300 1.291 1.314 1.316
C12-C9 1.357 1.355 1.372 1.357
C9-C4 1.418 1.471 1.416 /

Bond angle/degrees
C2-C1-C6 120.44 120.61 120.60 120.17
C6-C5-C4 120.35 120.41 120.43 /
C3-C2-C1 120.30 120.32 120.42 /
C4-C3-N17 120.61 122.43 122.40 /

N17-C13-C12 122.96 124.08 124.16 /
C13-C12-C9 118.73 118.45 118.71 /
C12-C9-C4 119.59 119.27 119.32 /
C3-N17-C13 119.43 / 117.91 /
C1-C5-C6 120.35 120.20 120.32 /
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By a comparison between these values of the experimental and theoretical geomet-

rical parameters, we can notice clearly that the optimized quinoline geometry with the

B3LYP/6-311++G(d,p) computational level is an appropriate method for calculating

their properties because it gave the more closes values to the experimental data. There-

fore, the B3LYP/6-311++G(d,p) theoretical level is the appropriate theoretical method

for optimizing the structure of quinoline derivatives.

5.3.1 Choice of the best DFT functional and basis set

First, we have opted to select the appropriate DFT functional that gives the best optical

properties. Thus, the calculated gas phase optical properties, namely, µ, α, ∆α, β

and β// of quinoline using B3LYP [118], CAM-B3LYP [132], PBE [133] and B3PW91

[134] functionals are collected in Table 5.2, while these obtained in DMSO solvent using

COSMO model are given in Table 5.3.

Table 5.2: Calculated values (in a.u) of µ, α, ∆α, β, β// of quinoline using B3LYP,
CAM-B3LYP, PBE and B3PW91 functionals

µ α ∆α βtot β//
B3LYP 2.282 45.503 92.931 14.721 8.326

CAM-B3LYP 2.332 44.658 89.907 15.366 8.659
PBE 2.227 115.847 95.852 14.383 8.242

B3PW91 2.271 112.444 92.673 14.783 8.391

Table 5.3: Calculated µ, α, ∆α, β, β// (in a.u) of quinoline using B3LYP, CAM-B3LYP,
PBE and B3PW91 functionals of quinoline using COSMO model with DMSO solvent at
DFT/6-311++G(d, p)

µ α ∆α βtot β//
B3LYP 3.661 168.806 141.333 26.669 15.636

CAM-B3LYP 3.665 164.458 134.458 27.267 15.956
PBE 3.548 172.822 147.173 26.512 15.626

B3PW97 3.645 164.82 133.889 27.202 15.916
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An analysis of the values in Table 5.2 and Table 5.3 indicates that the NLO properties

obtained using the COSMO/DMSO solvent model are better than that in gas phase. On

the other hand, a comparison between the LO and NLO obtained by different functionnals

indicates that the values obtained by the use of PBE one are better than that obtained

using B3LYP, CAM-B3LYP and B3PW91, in which we can notice that the value of α

is 172.8 a.u for PBE functional, while for B3PW91, B3LYP and CAM-B3LYP is 164.8,

168.8 and 164.5 a.u, respectively. Thereby, for the PBE functional is the appropriate DFT

functional for calculating the optical properties of the studied quinoline derivatives.

Table 5.4: PBE values of polarizability α (in a.u) for quinoline with different basis set in
gas phase

Basis set 6-31G 6-311G 6-31+G(d,p) 6-311++G(d, p)
α 95.49 101.9 103.2 105.2

On the other hand, in order to select the appropriate basis set, a supplementary

analysis was performed on different basis set using PBE functional, in which the obtained

results were presented in Table 5.4. We can notice from 5.4 that with increasing of the

basis set the value of the polarizability increase. Also, the addition of a diffuse function

(+) increase the value of α that may be to the addition of the polarization functions (d, p)

tends to increase the polarization capacity. In addition, PBE DFT functional with the p

polarization function enhances the values of the polarizability. We notice clearly also that

the calculations with 6-311G++(d,p) basis set gave the best values of the polarizability

capacity α. Consequently, for realizing our study on the optical properties of quinoline

derivatives, the best DFT method is that with PBE functional and the 6-311++G(d,

p) basis set (PBE/6-311++G(d, p) in DMSO solvent, in which the obtained results are

summarized in Table 5.5.

From the values of LO and NLO properties of quinoline (Table 5.5), and by a com-

parison with previous properties of some organic OMs [117] , we can conclude that
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Table 5.5: Values of µ, α, ∆α , β and βtot (in a.u) of quinoline with the COSMO model
and in the DMSO solvent at PBE/6-311++G(d, p) theoretical level.

µ α ∆α βtot β//
PBE/6-311++G(d, p) 3.31 168.5 147.2 380.0 15.92

quinoline has a good LO and NLO properties, the thing that encourage us to do a study

on its derivatives with the aim to finding a new compounds with a best optical properties.

Thereby, we calculate the optical properties of two quinoline derivatives with different

electronic nature of the substituent that are amino-quinoline and formyl-quinoline. The

obtained B3LYP/6-311++G(d,p) optimized structures of these derivatives are given in

(Figure 5.3).

Table 5.6: Values of µ, α, ∆α, β and β// in (a.u.) of quinoline with the COSMO model
and in the DMSO solvent at the PBE/6-311++G(d, p) theoretical level

µ α ∆α βtot β//
PBE/6-311++G(d, p) 3.548 172.822 147.173 26.512 15.916

Figure 5.3: Structure of 7-amino-quinoline (a) and 2-formyl-quinoline (b)

For each quinoline derivative, we will study the optical properties of its position iso-
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mers. Thus, the values of LO and NLO properties associated with the amino-quinoline

molecule are calculated according to the equations mentioned above and collected in

(Table 5.7). We can notice from 5.7 that the presence of an electron realising group such

as amino group on the quinoline moiety increases the NLO properties, namely the first

hyperpolarizability. Additionally, we notice that position 7 (7-amino-quinoline deriva-

tive) has the high value of the first hyperpolarizability (β=3866 a.u), in comparison with

the other position isomers. Thus, the electron releasing group in position 7 of quino-

line widely enhance the NLO property of quinoline, in which the difference between the

value of the first hyperpolarizability in quinoline and in 7-aminoquinoline is in order of

3486 a.u. In order to perform a complete study on the effect of electronic nature of the

Table 5.7: PBE/6-311++G(d, p) in DMSO solvent LO and NLO properties (in a.u) of
amino-quinoline position isomers

Aminoquinoline
Property/position 2 3 4 5 6 7 8
µ 0.33 4.59 5.83 6.32 6.59 5.30 3.48
α 148.80 192.49 118.53 95.94 134.19 188.69 177.39
β 807.77 3847.96 1091.30 213.80 151.93 3866.22 2502.763
β// 272.90 -414.45 -110.73 21.62 -2.90 523.07 515.50

substituent on the quinoline moiety, we have also studied the optical properties of the

quinoline system with a withdrawing group, in which the obtained results are collected

in Table 5.7.

From the results of Table 5.8 and by a comparison between the optical properties

of all formyl-quinoline isomers, we can observe that the best properties are associated

to the isomer in position 2, namely the first hyperpolarizability (µ= 3869 a.u). On the

other hand, the electron withdrawing group (formyl group) increase slightly the first
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Table 5.8: PBE/6-311++G(d, p) in DMSO solvent LO and NLO properties (in a.u) of
formyl-quinoline

Formyl-quinoline
Property/position2 3 4 5 6 7 8
µ 7.71 3.54 3.54 3.00 6.31 5.87 7.61
α 203.55 203.467 197.61 196.794 203.17 203.32 196.13
β 3869.57 3604.17 2118.08 1016.53 2070.55 2403.23 1021.92
β// -1398.37 -2154.17 -1269.32 -211.02 -1118.64 -1441.69 -483.425

hyperpolarizability in compared to the electron-releasing group (amino group) by about

3.35 a.u. Also, the formyl group increase dramatically the first hyperpolarizability with

compared to the quinoline moiety by 3843 a.u.

In a continuation to our study, we have also performed a study of quinoline derivative

system having both electron-releasing and electron withdrawing groups. Thus, we have

selected the best position obtained previously from the formyl-quinoline (position 2) and

we have try several possibilities by changing the position of the amino group. Thereby,

the studied quinoline derivatives are n-amino-2-formylquinoline, in which n varies from

3 to 8. The obtained optical properties for these molecular systems are summarized in

Table 5.9.

Table 5.9: PBE/6-311++G(d, p) in DMSO solvent LO and NLO properties (in a.u) of
n-amino-6-formylquinoline derivatives

Position
of NH2

3 4 5 6 7 8

µ 8.73 11.00 10.79 12.32 9.31 5.09
α 234.7 225.8 228.8 263.9 239.8 235.8
β 2621 3946 3507 19728 9849 8536
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Table 5.10: PBE/6-311++G(d, p) in DMSO solvent LO and NLO optical properties of
quinoline, 6-amino-quinoline, formyl-quinoline, 6-amino-1-formyl-quinoline and formyl-
quinoline dimer

Quinoline 7-amino-
Q

2-formyl- 2-
formyl-Q
dimer

6-amino-2-formyl-Q

µ 168.514 197.575 203.558 394.082 263.981
α 168.514 197.757 203.558 394.082 263.981
β 380.029 3866.221 3869.57 6369.421 19728.32

The results of Table 5.9 show clearly that the isomer of quinoline derivative having the

NH2 in position 6 and COH in position 2 gave the good optical properties in terms of first

hyperpolarizability (β=19728.32 a.u.). This result may be explained by the high possible

larger distance between the two electron-releasing and electron-withdrawing groups, in

which they cannot influence each other.

Because the materials do not exist in separate molecules, in which one molecule may in-

fluence on the other, we have calculated the optical properties of the dimer for the quino-

line derivative that have the better optical properties that is the formyl-quinoline. For

simplify the comparison analysis between the optical properties of this latter and other

quinoline derivatives, we have collected the obtained values of µ, α and β of quinoline, 7-

amino-quinoline, 2-formyl-quinoline, 6-amino-2-formyl-quinoline, and 2-formyl-quinoline

dimers in Table 5.10.3

From Table 5.10 and by comparison between the hyperpolarizability of second-order

β values of different structures, we can notice clearly that the value β associated to

the 2-formyl-quinoline dimer (β=6369.421 a.u) is twice higher than that of 2-formyl-

quinoline (β=3869.57 a.u.). On the other hand, the value of the first hyperpolarizability

corresponding to the 6-amino-2-formyl-quinoline, is always remaining the best results, in

which β= 19728.32. This fact suggests that the long distance between electron-releasing
3Q:Quinoline
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and electron withdrawing groups gave the best optical properties in one monomer better

than that in dimer with one substituent.

FMO analysis

The molecular electronic properties and physico-chemical reactivity of quinoline and its

derivatives are determined by the electronic gap energy between the two molecular or-

bitals [123]; the highest occupied molecular orbital (HOMO) and the lowest unoccupied

molecular orbital (LUMO) [98].

The principle of these two molecular orbitals is practical for reactions with other molec-

ular structures [124].

In this work, the frontier molecular orbitals have been analyzed to confirm their NLO

optical properties. Besides the gap energy between the two HOMO and LUMO orbitals

is an intramolecular charge transfer, so the smaller the energy gap, the stronger the first

hyperpolarizability β, which makes the NLO material active [121].

The HOMO and LUMO energies have been calculated in B3LYP/6-311G++(d, p) theo-

retical level using GAUSSIAN 09 [117] program, in which the |HOMO − LUMO| gap

electronic energy is achieved by the following expression:

EGAP = EHOMO − ELUMO (5.24)

Table 5.11 collects the values of the optical properties of the studied quinoline derivatives

together with their gap electronic energies.

We notice from Table 5.11 that the 6-amino-2-formyl-quinoline is characterized by

higher values of β and a small value of gap electronic energy. Thus, in this molecule,

electron transition from HOMO to LUMO is easy by small activation energy and thus the

charge transfer is large, making this molecule active in conducting electricity, together

with the best NLO properties. Therefore, this molecule may be used in the development



Results and discussion 84

Table 5.11: B3LYP/6-311G++(d, p) values ( in a.u) of optical properties and electronic
gap energy (in eV) of quinoline, 7-amino-quinoline, 2-formyl-quinoline, 6-amino-2-formyl-
quinoline and 2-formyl-quinoline dimer

Quinoline 7-amino-
quinoline

2-formyl-quinoline 2-
formyl-
quinoline
dimer

6-amino-2-formyl-quinoline

µ 3.311 5.307 9.680 15.071 12.32
α 168.514 197.757 203.558 394.082 263.981
β 380.029 3866.221 3863.57 6369.421 19728.32
Egap 4.73 4.35 4.35 3.67 2.72

of NLO materials to apply in photovoltaic cells or other industrial applications.

5.3.2 Global Chemical Reactivity Descriptors (GCRD)

GCRD was estimated to understand the chemical reactivity of the studied quinolines

derivatives. Here, we try to find a relation between the GCRD descriptors and the

NLO optical properties, or, by another term, the relation between chemical and physical

properties. The GCRD’s descriptors values were calculated using the above equations

and are summarized in Table 5.12.

The analysis of the GCRD of quinolines and their different derivatives indicates that

the 6-amino-2-formyl-quinoline has the smallest LUMO and gap energies. We know that

this derivative has the best NLO properties, thereby, the quinolines with the best NLO

properties has also the smallest gap energy. On the other hand, this derivative has the

highest index of affinity (A=0.102 eV) and ionization (I=0.251 eV), accounting for their

dual reactivity as electron acceptor and donor. In addition, the analysis of chemical

hardness (η) indices shows that the 6-amino-2-formyl-quinoline has the smallest index

(0.074 eV), which indicates that it is the more reactive molecule among the studied

quinoline derivatives. For the electronegativity (χ) and chemical potential (µ) indices,

we can notice that the 6-amino-2-formyl-quinoline is characterized by the highest value of
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electronegativity (χ=0.176 eV) and the smallest values of chemical potential (µ=-0.176

eV), indicating that this molecule has the behavior of accepting electrons .

Table 5.12: GCRD values (in eV) for quinoline and some its derivatives at B3LYP/6-
311++G(d, p) theoretical level

Quinoline 7-amino-
quinoline

2-formyl-quinoline 6-
amino-2-
formyl-
quinoline

HOMO -6.64 -7.07 -6.26 -6.15
LUMO -1.90 -2.72 -1.90 -3.43
gap 4.73 4.35 4.35 2.72
I 6.64 7.07 6.26 6.15
A 1.90 2.72 1.90 3.43
η 4.73 4.35 4.35 2.72
χ 4.27 4.90 4.08 4.79
µ -4.27 -4.90 -4.08 -4.79
S 0.21 0.23 0.23 0.37
ω 1.93 2.76 1.91 4.21

5.3.3 MEP analysis

Molecular Electrostatic Potential (MEP) analysis was used to predict the electronic den-

sity distribution at the structure of the formyl-quinoline molecule through the B3LYP/6-

311++G(d, p) optimized geometry. The main goal is to find a relationship between the

MEP and the optical properties of the studied quinolines derivatives. Thus, Figure 5.20

presents the three-dimensional MEP maps of the 2-formyl-quinoline and . On this sur-

face, the negative areas (red, orange, and yellow) of the MEP are related to the positive

charged region, while the red color indicating that the region nears the oxygen was

electron-rich. The blue color represents the areas with the highest positive electrostatic

potential, which is the strongest attraction, and the red color resents the areas with the

highest negative electrostatic potential, which is the strongest repulsion. The surface of
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the MEP represents the different values of the electrostatic potential by different colors.

Thus, the code of these colors for the 2-formyl-quinoline molecule is compared between

-0.0669 a.u (red) and 0.0669 a.u (blue).

We can notice from Figure 5.20 that is associated with the MEP of the formyl-quinoline

molecule; the negative regions are located on the nitrogen and oxygen atoms N13 and

O18, respectively, indicating that region is characterized by high electron density. On

the other hand, the positive region is located on the hydrogen atoms accounting for a

deficient electron density region. This distribution of electron density along the formyl-

quinoline structure, make it have a high polar dipole, which may explain the best NLO

properties of this quinoline derivative.

5.3.4 QTAIM analysis

Figure 5.23 presents an analysis of the quinoline geometry using QTAIM theory critical

points together with analysis of the electron density at the critical point (3,-1), while

Table 5.13) collects the QTAIM (3,-1) bond parameters of quinoline.
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Table 5.13: QTAIM (3,-1) bond critical point parameters in (a.u.) of quinoline

Interaction Bcplabel ρ ∇2ρ(r) H(r)
C1-C2 20 0.320 -0.915 -0.339
C2-C3 21 0.299 -0.827 -0.294
C3-C4 27 0.293 -0.784 -0.282
C4-C5 32 0.295 -0.799 -0.287
C5-C6 31 0.319 -0.914 -0.339
C6-C1 35 0.281 -0.968 -0.280
C3-N17 22 0.324 -0.969 -0.430
C13-N17 24 0.354 -0.952 -0.528
C13-H16 23 0.354 -0.952 -0.528
C12-H15 35 0.281 -0.968 -0.280
C2-H8 18 0.282 -0.977 -0.280

From Figure 5.23 and Table 5.13, we note that all cbp values for quinoline are nega-

tive. We can see also that all the cps are characterized by a negative sign of the Laplacian

∇2ρ(r) < 0 and H(r) < 0 of (3,-1) indicates electron density in the region between the

two bonded atoms, accounts that the bond is classified as shared (the shared bond is

between covalent bonded atoms). Additionally, the values of ∇2ρ(r) < 0, indicate that

these interactions are very strong and the associated bonds are covalent. Also, we notice

that the C13-H16 bond has the highest negative value, indicating its purely covalent na-

ture.

The molecular graphs of the 7-amino-quinoline together with analysis of the associated

electron density with (3,-1) critical points obtained by QTAIM are depicted in (Fig-

ure 5.26), while their QTAIM (3,-1) bond critical points parameters are collected in

(Table 5.14).

Figure 5.26 presents an analysis of the 7-amino-quinoline geometry using QTAIM

theory, and shows an analysis of the electron density at the critical point (3,-1).
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Table 5.14: QTAIM (3,-1) bond critical point parameters in (a.u.) of 7-amino-quinoline

Interaction Bcplabel ρ ∇2ρ(r) H(r)
C2-C3 38 0.300 -0.828 -0.295
C4-C7 26 0.297 -0.803 -0.291
C8-C9 34 0.293 -0.786 -0.281
C9-H10 40 0.280 -0.963 -0.277
C9-N11 39 0.357 -0.930 -0.531
C3-N11 36 0.321 -0.934 -0.434
C7-H16 221 0.277 -0.939 -0.275
C8-N17 28 0.302 -0.839 -0.406
N17-H18 29 0.341 -0.163 -0.464
N17-H19 22 0.340 -0.163 -0.463

From (Figure 5.26) and (Table 5.14), we note that all BCPs values for 7-amino-quinoline

are negative, also, we can see that all the BCPs are characterized by a negative sign

of the Laplacian ∇2ρ(r) < 0 and H(r) < 0 of (3,-1) indicates electron density in the

region between the two bonded atoms, the bond is classified as shared (the shared bond

is between covalent bonded atoms), that all these interactions are also very strong bonds.

The C9H10 bond has the highest negative value, indicating its purely covalent nature.

In order to find the interaction type in dimer system and to understand its enhancement

on the NLO properties of the dimer in comparison with the monomer one, we have un-

dertaken a QTAIM analysis of 2-formyl-quinoline dimer.

The B3LYP-6-311G++(d,p) optimized structure of 2-formyl-quinoline dimer is given in

Figure(Figure 5.27) together with the distances of the most important intramolecular

interactions.

From (Figure 5.30), we can notice that the shorter distance between the 2-formyl-

quinoline monomer in dimer system is 4.24 Å which associated with C. . . H interaction

that may be a favorable NCI. On the other hand, the highest distance at the optimized
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structure of this molecular system is attributed to the O. . . O interaction, that be ex-

plained by the non stabilized interaction (repulsion) between two atoms with the same

electronic character.

The molecular graphs of 2-formyl-quinoline dimer together with QTAIM analysis of

electron density with (3,-1) critical points are illustrated in (Figure 5.30), while QTAIM

(3,-1) bond critical point are given in Table 5.15.

Table 5.15: QTAIM (3,-1) bond critical point parameters in (in a.u) of 2-formyl-quinoline
dimer.

Interaction BCPlabel ρ ∇2ρ(r) H
O37-C35...O18-C16 32-79 0.119 -0.544 -0.136
C35-H36...C16-H17 81-78 0.277 -0.943 -0.268
C35-C29...C16-C10 30-76 0.440 -0.261 -0.655
C29-N32...C10-N13 77-72 0.347 -0.964 -0.507

H7. . . C25 47 0.431 -0.1511 0.123

According to the results in Table 5.15, we can notice that except BCP number 47,

the ∇2ρ(r) < 0, H(r) and H of all other BCPs are less then 0, indicating that these

bonds are classified as shared. For the C25. . .H7 bond, we observed that the ∇2ρ(r) < 0

and H(r) > 0 is not a covalent bond, as shown in (Figure 5.30). This electrostatic

interaction (C. . . H) may be classified as non conventional weak hydrogen bond. This

last is considered as link between the two separated molecules of the 2-formyl-quinoline

monomer may be the origin of the enhancement of the NLO properties in this dimer

molecular system.

5.3.5 UV-Vis Spectral analysis

In this work the excitation energies were calculated using the time-dependent DFT

method (TD-DFT), in which the results of the calculations are summarized in Table 5.16
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and the spectra are shown in Figure 9. In this work, we have traced the tangent of the

curve that is the intersection with the energy axis (h) to determine the band gap energies

(Table 15, column 1 (nm) and column 2 (eV)). According to the results of the calculations

presented in the (Table 5.16), we can notice that except 6-amino-2-formylquinoline, that

has a gap energy (Egap=2.72 eV) lower than 3 eV, unlike all other derivatives that have a

gap value higher than 4 eV. Thereby, the 6-amino-2-formylquinoline is the alone studied

quinoline derivative that may be considered as a semiconducter organic material [135].

Additionally, it has the highest optical gap (Eg=1.50 eV) and the quinoline has the

smallest optical gap (Eg= 1.15 eV) and the highest electronic gap energy (Eg= 4.73 eV).

Therefore, we conclude that there is an inverse relationship between the optical and the

electronic gap energy in the studied series of quinoline derivative. On the other side, the

6-amino-2-formyl–quinoline derivative give good NLO properties that it related with the

smallest electronic gap energy and the highest optical gap energy. 4

Table 5.16: Values of electronic gap (in eV), optical gap (in nm and eV) and optical
properties (in a.u) for quinoline and its derivatives

/ Quinoline 7-amino-Q 2-formyl-Q 6-amino-2-formyl-Q 2-formyl-Q dimer
Gapoptc(nm) 372 410 480 485 420
Gapoptc(eV) 1.15 1.27 1.49 1.50 1.30

Gapelectronic(eV) 4.73 4.35 4.35 2.72 3.67
β 380 3866 3869 19728 6369
α 168.5 197.8 203.6 264 394.1
µ 3.311 5.307 9.68 12.32 15.071

4Q=Quinoline
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Figure 5.4: 8-amino-quinoline Figure 5.5: 7-amino-quinoline

Figure 5.6: 6-amino-quinoline Figure 5.7: 5-amino-quinoline

Figure 5.8: 4-amino-quinoline Figure 5.9: 3-amino-quinoline

Figure 5.10: 2-amino-quinoline

Figure 5.11: amino-quinoline position isomers



Results and discussion 92

Figure 5.12: 2-formyl-quinoline Figure 5.13: 3-formyl-quinoline

Figure 5.14: 4-formyl-quinoline Figure 5.15: 5-formyl-quinoline

Figure 5.16: 6-formyl-quinoline Figure 5.17: 7-formyl-quinoline

Figure 5.18: 8-formyl-quinoline

Figure 5.19: formyl-quinoline position isomers
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Figure 5.20: Molecular electrostatic potential map of formyl-quinoline molecule

Figure 5.21: Molecular graphs of
quinoline

Figure 5.22: Analysis of electron density
with (3,-1) critical point of quinoline

Figure 5.23: QTAIM molecular graphs of quinoline and analysis of electron density with
(3,-1) critical points
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Figure 5.24: Molecular graphs of 7-
amino-quinoline

Figure 5.25: analysis of electron den-
sity with (3,-1) critical point of 7-amino-
quinoline

Figure 5.26: QTAIM molecular graph of 7-amino-quinoline together with analysis of
electron density with (3,-1) critical points

Figure 5.27: B3LYP-6-311G++(d,p) optimized structure of 2-formyl-quinoline dimer
together with the distances of the pertinent intramolecular interactions
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Figure 5.28: Molecular graphs of 7-
amino-quinoline

Figure 5.29: analysis of electron den-
sity with (3,-1) critical point of 7-amino-
quinoline

Figure 5.30: QTAIM molecular graph of 2-formyl-quinoline dimer together with analysis
of electron density with (3,-1) critical points
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Figure 5.31: Theoretical Uv-vis spectrum of quinoline, 7-amino-quinoline, 2-formyl-
quinoline, 6-amino-2-formyl-quinoline and 2-formyl-quinoline dimer
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Conclusion

In this work, we have studied computationally using different DFT methods the LO and

the NLO properties of some quinoline derivatives for the goal of possible use as organic,

non-expensive materials in photovoltaic uses in solar cells and other NLO applications

such as optical communications.

The main outcomes of this study is the followings:

• For the choice of the best DFT functional, our results indicate that B3LYP func-

tional with the 6-311++G(d,p) basis set is the best method for the geometry op-

timization.

• For the optical properties, we have found that the best functional is PBE with the

COSMO/DMSO solvent model.

• The presence of an electron-releasing group on the quinoline, namely in position 7,

increases its NLO properties, while the electron-withdrawing group, especially in

position 2, increases the NLO properties.

• The interaction between different molecules of quinoline derivatives in dimer sys-

tems also increases the NLO properties of these organic material systems.

• The analysis of electronic gap energy indicates that there is an inverse relationship

between Egap and the first hyperpolarizability β, which makes the 6-amino-2-

formyl-quinoline an electricity conductor with better NLO properties.
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• Analysis of GCRD descriptors shows that the 6-amino-2-formyl-quinoline derivative

has dual electronic behaviors, which can act as an electron donor or acceptor.

• MEP analysis of the 2-formyl quinoline derivative indicates that the electron density

distribution along its structure makes it have a polar character that leads to good

NLO properties.

• QTAIM analysis demonstrates that all bond critical points on the quinoline and

7-aminoquinoline are related to a covalent bond, while the 2-formyl quinoline dimer

shows the presence of conventional weak interaction that may be the origin of the

increases of NLO properties regarded to the separated molecule.

• The IR spectrum of quinoline, 7-aminoquinoline, and 2-formylquinoline analyses

shows the presence of the characterized picks that are related to the pertinent

bonds of each structure, namely, C=N in quinoline, N-H in 7-aminoquinoline, and

C=O and CH (aldehyde) in 2-formylquinoline.

• - UV-Vis spectrum analysis indicates that 6-amino-2-formylquinoline may be con-

sidered as a semiconductor organic material, in which it has the smallest electronic

gap and the highest optical gap, accounting for an inverse relationship between the

optical and the electronic gap energy.

• The 6-amino-2-formyl-quinoline derivative is the most most promising organic ma-

terial for possible future use as an alternative organic photovoltaic material in solar

cells due to its good NLO properties, as well as chemical and physical properties

that relate to the smallest electronic gap energy and the highest optical gap energy.

In perspective, we will study the influence of other geometrical parameters and the

environment, such as the inclusion on supramolecular systems of the selected quinoline

derivative on their physical, chemical and optical properties.
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