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ABSTRACT 
 

In this study, we investigated the effects of metalation on the nonlinear, mechanical and charge 

transport properties of some small organic graphene nanoribons (GNRs) molecule. a 

theoretically investigation is done using the ab initio, rhf,  together with the DFT, B3LYP and 

BPBE methods together with the 6-31+g(d,p) basis set integrated in Gaussian 09. Results 

reveals the metalated GNRs have a higher nonlinear optical activity than the virgin counterpart. 

Interestingly these GNRs metal derivatives also have a remarkable nonlinear optical effect in 

comparison to the classical push-pull organic crystal; para-nitroaniline and urea. Other 

remarkable results show that as compared to the starting GNRs the metalated counterparts are 

excellent ambipolar charge transport carriers, better than the prototypic electron transport Alq3 

(tris(8-hydroxyquinolinato)aluminum(III), and hole tranport TPD (N,N-diphenyl-N,N-bis(3-

methlphenyl)-(1,1-biphenyl)-4,4-diamine. However, the metal derivative have diminished 

mechanical stability than the starting molecule. Metalated GNRs could be therefore potential 

candidates for the fabrication of optoelectronic and photonic devices for second and third-order 

NLO application. The study was also carried out to determine if GNRs could act as potential 

donor material in organic photovoltaic cells. Analysis is made on HOMO, LUMO, band gap, 

reorganization energy, open circuit voltage, the driving force, and nonlinear optical properties. 

These organic photovoltaic properties are predicted with the aid of PCBM as modelled 

acceptor.  Results reveal positive agreement with traditional classical and experimental organic 

values, presenting the fact that metalated GNRs and in some cases the virgin GNR may be used 

as an effective and potential donor of electron in organic Bulk Heterojunction solar cells, owing 

to their enhanced nonlinear and photovoltaic properties. The values obtained for the 

reorganization energy, driving force and nonlinear optical properties are promissory properties 

that may be directly implemented in the investigated photovoltaic material. The power 

conversion efficiency obtained for Rb-perylene is seen to be around the maximum current value 

for organic photovoltaic cell. Rb-perylene shows the best organic photovoltaic properties 

followed by k-azulene then k-phenanthrene. The results in this research might aid in computer 

assisted-design of OPV materials. 

Keywords: Graphene nanoribons; nonlinear optical properties; charge transport, mechanical 

stability; metalation; organic photovoltaic; power conversion efficiency; Bulk Heterojunction 

solar cells. 
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RESUME 
 

Dans cette étude, nous avons étudié les effets de l'ajout d’un métal sur les propriétés non 

linéaire, mécanique et le transport de charge de certaines petites molécules organiques de type 

nanoribons de graphène.  une étude théorique est effectuée en utilisant les méthodes ab initio 

(rhf), ainsi que les méthodes de théorie de la fonctionnelle de la densité (DFT), en utilisant les 

fonctionnelles B3LYP et BPBE avec la base 6-31+g(d,p) intégrée dans Gaussian 09. Les 

résultats révèlent que les nanoribons de graphène métallisés présentent une non linéarité 

optique plus grande que sa contrepartie vierge. Il est intéressant de noter que ces dérivés 

métalliques de nanoribons de graphène ont également un effet optique non linéaire remarquable 

par rapport au cristal organique classique, la para-nitroaniline et urée utilisées comme référence 

dans l’optique non linéaire. D'autres résultats remarquables montrent que par rapport aux 

nanoribons de graphène de départ, leurs homologues métallisés sont d'excellents porteurs 

ambipolaire de charge, mieux que le transporteur d'électrons classique Alq3 (tris(8 

hydroxyquinolinato)aluminium(III) et le transporteur de trous TPD (N,N-diphényl- N,N-bis(3-

méthlphényl)-(1,1-biphényl)-4,4-diamine. Cependant, le dérivé métallique a une stabilité 

mécanique diminuée par rapport à la molécule de départ. Les nanoribons de graphène 

métallisés pourraient donc être les candidats potentiels pour la fabrication de dispositifs 

optoélectroniques et photoniques pour l’application non linéaire de deuxième et troisième 

ordre. L'étude a également été menée pour déterminer si les nanoribons de graphène ainsi que 

ses contreparties vierges pourraient servir comme matériaux donneurs potentiel dans les 

cellules photovoltaïques organiques. L'analyse est faite sur l’orbitale moléculaire la plus 

occupée, l’orbitale moléculaire la plus basse inoccupée, la bande interdite, l’énergie de 

réorganisation, la tension en circuit ouvert, la force motrice et les propriétés optiques non 

linéaires. Ces propriétés photovoltaïques organiques sont prédites à l'aide de PCBM comme 

accepteur modélisé. Les résultats révèlent une concordance avec les valeurs organiques 

classiques et expérimentales supplémentaires, présentant le fait que les nanoribons de graphène 

métallisés et, dans certains cas, les nanoribons de graphène vierge peuvent être utilisés comme 

donneur potentiel des électrons dans les cellules solaires organiques, en raison de leurs 

propriétés non linéaires et photovoltaïques améliorées. Les valeurs obtenues pour l'énergie de 

réorganisation, la force motrice et les propriétés optiques non linéaires sont des propriétés 

prometteuses qui peuvent être directement implémentées dans le matériau photovoltaïque 

étudié. Le rendement de conversion de puissance obtenu pour le Rb-pérylène se situe autour 
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de la valeur de courant maximale pour une cellule photovoltaïque organique. Le Rb-pérylène 

présente les meilleures propriétés photovoltaïques organiques suivi du k-azulène puis du k-

phénanthrène. L'approche méthodologique proposée dans cette recherche pourrait aider à la 

conception assistée par ordinateur de matériaux photovoltaïques organiques. 

Mots clés: nanoribons de graphène ; propriétés non linéaire, porteur du charge ; stabilité 

mécanique ; l'ajout de métal ; propriétés photovoltaïques organiques ; rendement de conversion 

de puissance ; cellules solaires organique 
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GENERAL INTRODUCTION
  

The quest for suitable materials to be used in optoelectronics and photonics devices has been 

of great importance in Physics, Chemistry and Materials science. Due to the fact that photons 

can carry information faster, more efficiently and over larger distances than electrons. Systems 

that use light as carrier of information are of great interest to information and communication 

technologies. Materials which exhibit high nonlinear optical (NLO) responses have been 

potential candidates for such devices, because of their high processing speed, transmission and 

data storage.  The importance of molecular and nanomaterial engineering for science and 

technology has highly increased during the last 10 years. Materials with high nonlinear optical 

(NLO) activity may be used as electro-optic switching elements for telecommunication and 

optical information processing. Therefore, the design of NLO molecules has become a focus 

of current research. The NLO process requires materials that control the amplitude, phase, 

polarization and frequency of optical waves. In this context, a variety of dipolar and octupolar 

complex materials such as organometallic, photochromic, lanthanides and lanthanide 

complexes are synthesized and studied by powerful tools, e.g. Harmonic Light Scattering 

(HLS) and Electric Field Induced Second Harmonic Generation (EFISH) to determine their 

first hyperpolarizability (β). The NLO properties of these materials are tailored by using 

different donor and acceptor groups, metals and π-conjugation backbones. In recent times, 

many organic conjugated molecules have been found to exhibit extremely large nonlinear 

optical (NLO) responses such as second-harmonic generation (SHG) and two-photon 

absorption (TPA). Contrasting with traditional inorganic nonlinear crystals, organic molecular 

materials or polymers have many superior properties including ultrafast response times, lower 

dielectric constants, high damage threshold and flexible design with modern chemical synthetic 

techniques. Because the NLO response of these molecular materials is mainly governed by the 

characteristics of the constituent chromophores, the search of novel molecules with large NLO 

properties at desirable wavelengths becomes a highly active area of research at present. 

Theoretical investigations on possible structure-to-property relationships are very important 

for the design and synthesis of NLO materials with optimized performance.  Organic molecules 

with π-conjugated scaffolds end-capped with electron donor and acceptor groups are widely 

investigated due to their immense application potentials and hence they belong to a promising 

area of organic chemistry. In these types of systems, the intra molecular charge transfer will 

occur from the donor unit (D) to the acceptor unit (A). Due to the interaction between the donor 
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unit and acceptor unit a set of new low-energy molecular orbitals (MO) are generated, which 

shift the absorption maximum to longer wavelengths in comparison to the individual uncoupled 

systems. Such systems are generally referred as charge-transfer chromophores [1-4]. The 

interaction between the donor and acceptor can occur through a bond or through space fashion. 

Stronger electronic coupling is observed when the donor and acceptor groups are in conjugation 

with each other. Such conjugated electron donor-acceptor (D-A) molecules are termed as 

“push-pull” systems. They have received increasing attention in the area of research focusing 

the development of organic materials for nonlinear optics, electro-optics, piezochromism, 

solvatochromism and photovoltaics. In such D-A frameworks, HOMO and LUMO energies 

can be easily tuned by appropriate structural modifications. By careful optimization of 

structural motifs the morphology of the self-assemblies in the solid-state can be tuned to the 

requirement of the application scenario. The extent of electronic coupling between the donor 

and acceptor groups govern the HOMO–LUMO energy gap and thereby control the first order 

linear optical properties and higher order nonlinear optical (NLO) properties. Some of the 

structural features that control these properties are (i) ionization potential of the donor and 

electron affinity of the acceptor (ii) extent of D-A interaction, (iii) topology of 𝜋-conjugation, 

(iv) degree of 𝜋-conjugation and (v) planarity of the molecule structure. 

Organic molecules have received increasing attention in the area of research focusing the 

development of organic materials for nonlinear optics [5-7] and photovoltaics [8-10]. In such 

D-A frameworks, HOMO and LUMO energies can be easily tuned by appropriate structural 

modifications, achieved in this Thesis by the process of adding metal (metalation) to some 

chosen group of organic materials called graphene nanoribbons  

It has been found that several structural factors, such as the electron richness of the π -

conjugation center, the strength of donor and/or acceptor substituents, the planarity of the π -

conjugation center, the molecular symmetry, and the dimensionality of charge transfer 

networks are particularly important for increasing the TPA activity of single organic 

conjugated molecule [11-15]. 

Industrialization, a drastic rise in the population and globalization, has increased the demand 

for sustainable and clean energy sources manifold ever than before. Moreover, conventional 

energy resources are rapidly depleting and concurrently creating problems such as global 

warming/environment pollution etc. In order to cope with these issues, clean and economical 

energy sources are in great demand as an alternative to oil and fossil fuels. Hence, researchers 
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have shown considerable interests in exploring alternative energy resources. As a matter of 

fact, the sun is the source that provides an abundance of renewable solar energy and is a viable 

source to realize the dream of cheaper and green energy. Apparently, the sunlight supplies 

approximately 104 times larger energy than our present needs. However, the biggest challenge 

is the conversion of solar energy into electrical energy in addressing the issue of world energy 

demands over a longer period of time through cheaper and environment-friendly technologies. 

In resolving the issue, photovoltaic (PV) technology is the most practical and attractive 

approach to exploit the sustainable energy source at all level as well as to overcome future 

energy crisis. The demands on PV technology are rapidly increasing with time [16]. The key 

to exploiting PV technology is majorly relying on the semiconductor materials (SMs) since 

solar energy is converted into electricity directly [17, 18], by manipulating the potential of SM 

materials. Day by day, this technology is attracting more and more attention of researchers 

towards exploring, tailoring and investigating the new and better SMs, which can realize the 

dream of green/sustainable energy. Although some SMs are already exploited in the 

technology, most of the modules are based on inorganic semiconductor materials (ISMs). 

Recently, researchers have diverted their interests in the organic SMs (OSMs) as well. It is due 

to the fact that the PV modules that are based on the conventional ISMs are very expensive if 

compared to the OSMs. Moreover, the optoelectronic device manufacturing based on the 

OSMs is easier than the ISMs. Regardless of the advantages, OSMs -based device efficiency 

is rather low [19-21]. Hence, the study of OSMs generally seeks opportunities to dominate in 

PV technology with enhanced performance over the current market of conventional crystalline 

silicon and other ISMs. The OSM-based device of organic photovoltaics (OPV) is thin, light 

and flexible. The versatility of OPV as the future energy efficient technology is paving towards 

replacing the utilization of conventional silicon in the mass production. Some examples of OPV 

technology that have been introduced these days are OPV polymers, OPV DSSC (dye-

sensitized solar cells) and OPV oligomers. OPV devices consist of one or several photoactive 

OSMs overlaid between two electrodes of cathode and anode [19] Photoactive OSMs play a 

key role in the performance of optoelectronic/photovoltaic devices. OPVC fall into three 

categories: Organic and Polymer solar cells, Perovskite solar cells, and Photoelectrochemical 

cells - Organic dye sensitized solar cells (DSSC). We investigate the first category of polymer 

solar cell.  Therefore, in order to determine suitable and efficient photoactive OSMs and attain 

their respective properties, comprehensive investigations on their electronic structure and 

optoelectronic properties are necessary. In this regard, the use of ab initio and density functional 
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quantum mechanical computational techniques in performing virtual experiment may lead to a 

cheaper experiment and shorter developmental cycle.  

Computational ab initio methodologies based on Density Functional Theory (DFT) are 

intensely used by the theoretical researchers to solve complex problems. It was found to be 

more reliable and provides better results concerning the electronic structure calculations in 

designing and modeling new materials and tuning their properties without prior experimental 

knowledge. This feature of DFT has brought a new insight into research and education field. 

The aim of this Thesis is to study the electronic and optical properties of a class of 

organometallic semiconductor materials in the form of GNRs for optoelectronic and organic 

photovoltaic applications using the theoretical approach  

In order to achieve the aim of this Thesis, the following objectives are to be perform:  

i) To optimize the geometrical structure of some GNRs organic materials (phenanthrene, 

azulene and perylene) as well as their organometallic counterpart 

ii) To investigate the effects of metalation on the NLO, transport, OPV, mechanical, and 

thermodynamic properties of the GNRs  

iii) To compare and contrast the properties of the virgin GNRs with their metalated counterparts  

iv) To simulate OPV device based on GNRs and investigate its efficiency  

As to the significance of this research work, this offers comprehensive study on optoelectronic 

properties of various organic materials based on GNRs that covered from molecule to crystal 

level and depicts the organic material potential in optoelectronic and OPV applications through 

computational approaches. In order to spawn a new generation of optoelectronic and solar-

powered products which give benefits in several aspects of cost/money, sustainability, lifetime 

and environmental friendliness, the research was conducted through the state-of-the-art ab 

initio and DFT methods.  Moreover, prediction of properties, that have not yet been explored 

experimentally, are determined within a short time and at low cost. This research will assist to 

solve the problems which constantly arise and are difficult to decipher experimentally. The 

computed optical and electronic properties highlight the promising future of organic material 

in optoelectronic and OPV technology. In addition, this research may provide promising 

characteristics of optoelectronic and OPV materials that could be a strong footing to the 

experimentalist, academicians, and industrial scientists to fabricate optoelectronic devices 
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based on the GNRs that are beneficial to the country, community and future generation of green 

energy technology. 

Apart from the general introduction we have presented, which comprised of a background 

study, aims, objectives and the significance of the research work, this Thesis is subdivided into 

three chapters. 

Chapter 1 comprises of the literature review on the advances in organic nonlinear response and 

OPV properties. It also explores recent works and rationale of investigating GNRs for NLO 

and OPV applications.  

Chapter 2 is devoted to materials and methods. In this section we present the method used to 

model our molecular system for study based on molecular and quantum mechanics. Here we 

present clearly the tools and methods used to calculate the properties under investigation.  

Chapter 3 is dedicated to the presentation of results and discussion. We end with a general 

conclusion and perspectives. 
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CHAPTER 1 

LITERATURE REVIEW

 

1.0 Introduction  

Atomically precise graphene nanoribbons (GNRs) attract great interest because of their highly 

tunable electronic, optical, and transport properties. Graphene nanoribbon (GNR) is a one sheet 

of graphite (monolayer) consisting of sp2 hybridized carbon atoms, it is creating a regular 

honeycomb (hexagonal) lattice in 2D. GNRs has attracted considerable importance in the 

industry and research community due to their outstanding properties. Quite recently, there has 

been large importance towards the study and realization of GNRs based on optical devices 

designed by appropriate tailoring of the electronic structure, exploiting not only the electric 

field effect but also other properties as applied strain. In other word, the GNRs have stimulated 

enormous outburst in research in both theoretic and experiment fields [22-26]. In recent years 

there has been extensive and much interest on molecules with large non-linearities, while the 

focus of current research is on GNRs and potential applications in various photonic and organic 

photovoltaic technologies, organic molecules in general and GNRs in particular exhibits 

numerous attractive NLO characteristics [27]. The extraordinary characteristics of GNRs has 

attracted keen interest, which has expanded its horizon of research fields. Consequently, there 

is significant progress in the numerous fabrications of this materials. Furthermore, organic 

molecules generally and GNRs on the other hand are becoming basic components in the 

advance of optoelectronics, and optical nano devices. Since the invention of the laser, photonics 

has emerged as a multidisciplinary field of science and technology that has captured the 

imagination of scientists and engineers because of its potential applications. Photonics is an 

analog to electronics, where in place of electrons, photons facilitate the generation, 

transmission, modulation and other processes associated with the manipulation of light. 

We start this chapter with a presentation of the structure and classification of GNRs, their 

preparation and purification, their toxicity and their properties and applications. Then we 

proceed to discuss nonlinear optical effect, charge transport and photovoltaic effect in organic 

molecules of which GNRs form part. 
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1.1 Structure and classification of graphene nanoribbons 

Graphene nanoribbons (GNRs) are planar, finite, quasi-one-dimensional graphene structures. 

They are generally categorized by the structure of their long edges, which can have an armchair, 

a zigzag, or an intermediate character as in fig. 1.1. This edge structure has profound 

implications for the electronic properties of the GNRs. Generally, GNRs are semiconducting, 

but the one-dimensional band structure and specifically the size of the band gap depend 

critically on the edge geometry. Its isolation in 2004 and the extensive research that followed 

has led, to electronic structure components having nano-scale dimensions and semiconducting 

or metallic electronic properties that depend on its geometry and dimensions. These 

characteristics of GNRs are in stark contrast to those of graphene, which is a carbon sheet with 

semimetal, zero band gap characteristics. More specifically, GNRs are predicted to exhibit 

electronic properties that are dictated by the ribbon width and the shape of the edges [28, 29]. 

In terms of their edge structure, GNRs can be categorized as zigzag- or armchair-edged. The 

difference between these two GNRs types is that zigzag-edged GNRs possess a localized 

nonbonding π state around the zigzag edges, while armchair-edged GNRs lack such a state. 

The localized nonbonding π state is predicted to yield specific magnetic activities in GNRs. 

This peculiar electron localization, along with the symmetry-broken spatial spin distribution in 

zigzag GNRs, is referred to as the “edge state”. Zigzag GNRs are predicted to be always 

metallic, whereas armchair GNRs can be metallic or semiconducting depending on their width 

[28, 29]. The quasi one-dimensional nature of GNRs results in additional advantages over 

graphene sheets, the more widely known two-dimensional counterpart to GNRs. For example, 

the high aspect ratio of GNRs significantly lowers the percolation threshold in conductive films 

and polymer composites, and renders them suitable for spinning fiber from their liquid 

crystalline alignment. 

GNRs possess band gaps that distinguishes them from extended, two-dimensional graphene 

and, together with a high charge carrier mobility, making them interesting materials for a 

variety of applications such as radio-frequency transmitters or field-effect transistors (FETs) 

[30] 

https://www.sciencedirect.com/topics/chemistry/nanoribbon
https://www.sciencedirect.com/topics/chemistry/electronic-band-structure
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Fig. 1.1: Rectangular GNR with width = 4 (in the armchair trend) and length = 6 (in the zigzag 

trend), viz: designated as GNR [4, 6] 

1.2 Synthesis of GNRs 

To date, GNRs are obtained following two very different strategies, namely the top-down (the 

breaking down of large preformed carbon-based structures) and the bottom-up (the assembly 

of simple building blocks into a complex structure). Top-down techniques involve the 

unzipping of carbon nanotubes using an e-beam [31] or via chemical oxidation using potassium 

permanganate and sulfuric acid [32], by intercalating lithium into multiwalled carbon 

nanotubes (MWCNTs) followed by thermal expansion, [33] and by longitudinal splitting of 

MWCNTs using transition metal clusters [34]. GNRs have also been prepared via the etching 

of graphene by lithography, [35] by plasma chemical vapor deposition (CVD) under a Ni bar 

[36], via mechanical exfoliation of highly-oriented pyrolyzed graphite (HOPG) [37],  through 

solution-based exfoliation of graphite intercalation compounds (GICs) [38], by chemical 

oxidation/exfoliation of graphite followed by reduction of the resulting graphene oxide (GO) 

[39-42], as well as resist-based patterning [43] and scanning tunneling microscopy (STM) 

patterning. [44] While top-down methods have the advantage of producing GNRs with 

micrometer length, they frequently involve complicated procedures, they lack reproducibility, 

and the final materials have poorly-defined chiralities. Furthermore, top-down-produced 

GNRs’ edge structures feature a large number of defects and the width of the ribbon can be 

larger than the molecular dimensions. 
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On the other hand, bottom-up techniques can afford GNRs with distinct structural and 

geometrical characteristics (defined edge type and narrow widths), without edge abnormalities, 

very low polydispersity, and the potential for scale-up [45-47]. Importantly, the precursor 

monomers used to chemically synthesize the GNRs define the ribbon dimensions, which in 

turn dictates the band gaps and electronic properties of the final material. On this basis, 

producing GNRs with tailor-made predefined widths, edge structure geometries and suitable 

solubility constitutes an important challenge for synthetic chemists. While bottom-up synthesis 

in solution allows for growth of large quantities of GNRs with relatively large lengths on the 

order of hundreds of nanometers, the solubility of the GNRs and thus the ability to create a 

dispersed solution is a major challenge. An alternative synthesis pathway is the bottom-up 

synthesis on surfaces. This approach allows exploitation of catalytic properties of the substrate 

and furthermore offers the possibility to study the structural and electronic properties of 

individual, immobilized GNRs on a sub-molecular level with scanning probe techniques. 

We will discuss just the processes involved in the on-surface bottom-up synthesis of GNRs and 

the different types of GNRs realized in this manner up to date. 

On-surface bottom-up synthesis of GNRs 

In 2007, Hecht and coworkers pioneered the covalent on-surface synthesis of molecular 

nanostructures [48]. They used thermal activation of Br-substituted porphyrin-building blocks 

on Gold to form a covalently bonded molecular network on the surface. Since then, this concept 

has been extensively used to form different kinds of two-dimensional networks [49-54] and 

one-dimensional molecular wires [55-57] on metal substrates. It has also been shown that aryl 

halides can perform thermally induced coupling reactions on insulators [58-62]. The 

dehalogenation barrier varies with halogen and substrate, which has been exploited for 

hierarchical growth of molecular networks using iodinated and brominated monomers in two 

subsequent annealing steps [63, 64]. 

Three years later, Müllen, and coworkers applied this concept of thermally induced on-surface 

synthesis to the fabrication of GNRs [65]. Using a Br-substituted bianthryl monomer (10, 10’-

dibromo-9,9’-bianthryl, DBBA, ), they were able to grow an armchair GNR (AGNR) with a 

width of N=7 carbon atom rows (thus labeled 7-AGNR) on Au(111). Upon deposition of the 

monomers onto the surface, the GNR synthesis proceeds in two on-surface reaction steps at 

different temperatures, both of which rely on the catalytic activity of the metal substrate. First, 

at 200oC, dehalogenation and homo-coupling of the monomers lead to the formation of a three-
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dimensional polyanthrylene intermediate with anthracene units coupled only through single σ-

bonds. In the second reaction step at 400oC, this polymer undergoes a cyclodehydrogenation 

reaction which yields a flat, fully aromatic 7-AGNR with a width of less than 1 nm. The well-

defined armchair edge structure and the low-defect density of the resulting GNRs are evident 

in non-contact atomic force microscopy (nc-AFM) topographs [66]. 

1.3 Purification of GNRs 

As mentioned above, with currently known GNRs manufacturing methods, compositions 

contain not only the desired target GNR but also contaminants are obtained. The term 

“contaminant” refers to components of a GNR composition having a structure and properties 

different from those of the "target" graphene nanoribbons (GNR1) to be purified. Depending 

on the manufacturing method used, the type of contaminants may vary. Typical contaminants 

of the graphene nanoribbons manufacturing process (e.g., a GNR production process by a 

cyclic hydrogen desorption reaction in a solution-based process or a surface-assisted process) 

include unreacted precursor molecules, unreacted precursor polymers, graphene nanoribbons 

(e. g., originating from the catalyst) that are not structured, aggregates (e.g., agglomerated 

particles that cause aggregate structures that are too large to be effectively dispersed), solid 

substrates, and/ or metal residues. In the GNR manufacturing method using the surface-assisted 

cyclic hydrogen elimination reaction of the precursor polymers, the solid substrate on which 

the graphene nanoribbons (GNR1) are provided also exhibits a contaminant. Typically, the 

contaminants are non-GNR materials. However, contaminants may also include graphene 

nanoribbons (GNR2) that differ in at least one characteristic from graphene nanoribbons 

(GNR1). Severally methods of purification exist, we will list only 2 methods. 

A method for purifying GNRs consists of contacting a composition comprising graphene 

nanoribbons (GNR1) and one or more contaminants with a liquid medium comprising a 

dispersing agent, dispersing the graphene nanoribbons (GNR1) in the liquid medium, obtaining 

a liquid dispersion of ribbon GNR1, separating the liquid dispersion of graphene nanoribbons 

(GNR1) to obtain a liquid dispersion of purified graphene nanoribbons (GNR1) by at least 

partially removing the one or more contaminants. 

Another method exist wherein the separation process comprises filtration, centrifugation, 

density gradient centrifugation, chromatography, electrophoresis, precipitation, or any 

combination thereof. 
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1.4 Toxicity of GNRs 

The increased utilization of GNRs for biomedical and material science applications, 

necessitates the thorough evaluation of potential toxicity of these materials under both 

intentional and accidental exposure scenarios. GNRs have not only proved valuable in 

materials research, but are also in the process of being developed for drug delivery, imaging 

and other therapeutic applications. Yet, reports indicate that graphene nanoparticles, depending 

on their chemical compositions and method of synthesis, show diverse effects in terms of 

oxidative stress, uptake and toxicity in cells and tissues [67]. With the advancement of use of 

graphene-based nanomaterials in research and industry, they may ultimately end up in landfills 

and eventually in nearby surface and groundwater bodies [68, 69]. Graphene nanoparticles 

have shown to be stable in surface water and thus could ultimately have adverse effects in the 

surface and subsurface organisms in natural water bodies [68]. Comparative studies of 

graphene-based nanoparticles in both cell lines and zebrafish embryos indicate that the shape 

of the materials influences both absorption and toxicity [70,71]. Recently, a number of studies 

have evaluated the biodistribution and toxicity of graphene-based nanoparticles in cell lines, 

and small animals [72-74]. These studies report a size- and concentration-dependent decrease 

in cell viability [75].  GNRs can enter cells through membrane penetration and cause oxidative 

stress [76]. Some GNRs depending on their shape have been shown to cause mitochondrial 

injury [77], and cell cycle alterations [78]. A study reported that both bath and probe sonication 

of oxidized GNRs result in increased hemolysis of red blood cells however, these sonicated 

oxidized GNRs were less toxic to fibroblasts as compared to unsonicated aggregated oxidized 

GNRs sheets [79]. Other studies show oxidized GNRs could penetrate into the cells and cause 

DNA fragmentations as well as chromosomal aberrations, even at low concentration of 

1.0lg/mL after short exposure time of 1hour [80]. 

1.5 Properties and application of GNRs 

GNR has attracted considerable importance in the industry and research community due to its 

outstanding properties. Its fascinating electrical, optical, and mechanical properties have 

ignited enormous interdisciplinary interest from physics, chemistry and materials science fields 

[80-83]. The newly discovered properties pave the way to applications in transparent 

conductive films, electronic and optoelectronic devices, actuators, sensors, composites, and 

much more. Graphene is a promising material for high-performance electronics owing to its 

exotic electronic structure and high mobility. The charge transport properties and device 
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performances of GNRs depend highly on the quality of the materials and their synthesis 

methods. We would like to stress here that recently GNRs have been used in many other 

applications, such as in composite materials [84, 85], thin film coatings [86, 87] and energy 

storage [88, 89]. Also multi-layer GNR has been proposed and considered as an emerging 

interconnect material in future (Very large scale Integration) VLSI technology [90]. One of the 

most attractive applications of GNRs is in logic transistor. Great efforts have been made in this 

area with GNRs fabricated by various techniques, such as sono-chemical, top– down etching, 

MWCNT-unzipping, molecular assembly, gas atmosphere etching, plasma etching [91]. 

Besides logic transistor applications, GNRs are also interesting in terms of quantum devices. 

GNRs with short channel lengths are analogous to graphene quantum dots and potentially 

suitable for single electron transistors. As previously discussed, the edge quality greatly 

influences the transport behavior and device performance. At low temperature, narrow etched 

GNRs act as a series of quantum dots [92]. On the other hand, high quality GNR could behave 

like single quantum dot at low temperature with well-defined Coulomb blockade diamonds 

[93]. We also remark that GNRs can be used as charge detectors to detect individual charging 

events in graphene nano-systems [92], where the Coulomb blockade resonances of the nano-

systems can be barely measured because the current levels are too low. 

Another potential device application of GNR lies in optoelectronics [93, 94] because of its 

tunable band gap and GNRs have been demonstrated to exhibit strong nonlinear optical and 

optical limiting response [95]. These results demonstrate the practical applications of GNRs in 

high performance nanometer-scale optical devices. We also expect more advanced devices 

such as resonant tunneling diodes and photovoltaic devices based on GNR heterostructures to 

emerge in the near future.  

1. 5. 1 Nonlinear optical properties of GNRs 

GNRs produce interesting NLO properties. This NLO process occurs when a molecule is 

subjected to a strong electric field �⃗� , which polarizes the molecule. The polarization �⃗�  is linked 

to the electric field by �⃗� = ℰ𝜒�⃗� , where 𝜒 is the electric susceptibility of the material. The 

susceptibility is an inherent parameter of a material. Generally the susceptibility is a function 

of the electric field applied to a material, thus in the presence of a strong electric field, the 

polarization induced to the material can be described in a Taylor series expansion  

                                        �⃗� = 휀0𝜒�⃗� = 휀0(𝜒
1 + 𝜒2�⃗� + 𝜒3�⃗� 2 + ⋯)�⃗�  1.1 
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Where 𝜒𝑗 is the susceptibility of 𝑗 order. 𝜒1 is the first order susceptibility which determines 

the linear polarization �⃗� 𝐿 of the molecule given by 

                                                         �⃗� 𝐿 = 휀0𝜒
1�⃗�  1.2 

The second and third order susceptibility 𝜒2 and 𝜒3 respectively and other higher order 

susceptibility are given by the nonlinear polarization �⃗� 𝑁𝐿,  

                                                 �⃗� 𝑁𝐿 = 휀0(𝜒
2�⃗� + 𝜒3�⃗� 2 + ⋯)�⃗�  1.3 

Also a dipole moment can be induced into a material subjected to an electric field. In the 

presence of a strong electric field �⃗� (𝜔) of frequency 𝜔, the dipole moment can be described 

in a Taylor series expansion by 

𝜇𝑖(�⃗� ) = 𝜇0 + ∑𝛼𝑖𝑗

𝑗

𝐸𝑗 + ∑𝛽𝑖𝑗𝑘

𝑗≤𝑘

𝐸𝑗𝐸𝑘 + ∑ 𝛾𝑖𝑗𝑘𝑙

𝑗≤𝑘≤𝑙

𝐸𝑗𝐸𝑘𝐸𝑙 + 

 1.4 

𝜇0 is the permanent dipole moment of the molecule, 𝛼𝑖𝑗, 𝛽𝑖𝑗𝑘 and 𝛾𝑖𝑗𝑘𝑙 are tensors representing 

the polarizability, the first order hyperpolarizability and the  second order hyperpolarizability 

respectively. 𝛼𝑖𝑗 gives the linear response of the molecule, while 𝛽𝑖𝑗𝑘 and 𝛾𝑖𝑗𝑘𝑙 determine the 

nonlinear response of the molecule. The hyperpolarizability tensor is an important factor used 

in the search of molecules with large nonlinear response used in the field of optoelectronics 

where photons play the role of electrons in electronics [96,97]. The dipole moment and the 

polarizability are also very important in the calculation of other optoelectronic properties of a 

molecule as shown by ejuh [98]. 

Nanostructured graphene systems, such as graphene nanoribbons and nanoislands, have been 

predicted to have a strong plasmon-enhanced nonlinear optical behavior in the nonretarded 

regime.  

Plasmons concentrate the light field down to subwavelength scales and can enhance the 

nonlinear optical effect. GNRs, particularly armchair GNRs, have a remarkably strong 

nonlinear optical response in the long-wavelength regime and over a broad frequency range 

from terahertz to the near infrared [99]. Also, there are a number of theoretical papers on the 

nonlinear optical properties of graphene [28–38] and nanostructured graphene, such as 

graphene nanoribbons (GNRs) [100, 101]. Apart from the invaluable physical properties, two 

dimensional graphene can be patterned into narrow ribbon that causes the carriers to be 
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confined in quasi-one-dimensional GNRs (with the diverse topologies depending on the ribbon 

form) [43,102]. Although the band structure of a GNR differs for patterns with different 

boundaries, a common feature of the GNRs is a width-dependent sizable band gap [103] 

suitable and significant for nano-optoelectronics. Such nanostructures exhibit optical properties 

fundamentally different from those of graphene [104-106]. At the same time, carriers in GNRs 

have the same outstanding transport properties as in graphene. Strong near electric fields 

generated by plasmons in graphene nanostructures can be exploited to enhance nonlinear 

optical processes [107]. Another important advantage of GNRs over extended graphene 

monolayer is the confinement of quasiparticles in GNRs in the one additional dimension. In 

another research by Avetissian [108], it has been shown that the width size and Fermi energy 

level of the GNR in the nonlinear optical response are quite considerable [109]. It has become 

increasingly apparent that the future of next generation of electronic devices can and will rely 

on graphene nanoribbons. Graphene nanoribbons and sister structures showcase several key 

properties that can address the emerging need of terahertz science and technology, and break 

through the many technological limits on conventional semiconductor electronics operating in 

the terahertz spectrum. One of the most striking features of GNRs is the high sensitivity of their 

properties to the details of the atomic structure. In addition to an overall decrease of energy gap 

with increasing ribbon width, also observed experimentally [43, 110] theoretical studies predict 

a superimposed oscillation feature [111], which is maximized for A-GNR. GNRs are intriguing 

systems with tunable optoelectronic features, which we quantitatively evaluate through our 

calculations. A combined theoretical and experimental understanding of ribbon size, family, 

and edge termination as control parameters for their performance can be considered as the first 

step toward the design of graphene-based applications in nano scale optoelectronics. 

1. 5. 2 Issues with the use of NLO organic conjugated materials for OPL applications 

Intensive fundamental research over the past thirty years has positioned organic NLO materials 

to make a technological impact in a variety of photonic applications. Particularly, for third-

order NLO phenomena, the knowledge obtained from structure-property studies has resulted 

in a plethora of discrete molecule and polymer systems that possess strong, third-order NLO 

responses, as well as the requisite properties for desired applications. Therefore, the question 

remains as to why organic NLO materials have not played a more central role in photonics, 

particularly for commercialized photonic devices.  
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To discuss where the bottlenecks exist for organic NLO materials, we must first consider the 

desired application. Particularly for OPL, many optical and material properties must be 

optimized. This is especially true for NLO materials that exploit both instantaneous and 

accumulative processes for limiting. As previously mentioned, the effectiveness of 

accumulative NLO process for OPL depends on the rate of formation and decay of the excited 

states or free carriers. Should the dynamics of the absorbing states be significantly shorter than 

the duration of the laser-pulse, OPL will be ineffective. For example, if the excited-state 

lifetime of an NLO material is ~10-12 s [48], it will not serve as an effective limiter for 

nanosecond or microsecond laser pulses.  

Organic materials offer the possibility of facile solution processing. However, conjugated 

molecules and polymers are known to exhibit strong intermolecular interactions due to their 

polarized π-systems, often referred to as π-π stacking. Due to π-π stacking and also due to 

potential solvation issues, many organic materials show a tendency to aggregate at high 

concentrations. Particularly strong aggregation due to non-covalent forces has been observed 

in conjugated polymers, resulting in supramolecule polymeric structures. These aggregation 

effects in conjugated organic systems can result in drastic changes in the linear and nonlinear 

optical properties of the material as well as and quenching of excited states [107], which may 

inevitably limit their usage in OPL.  

The spectral coverage of limiters is becoming increasingly important as the wavelengths of 

commercially-available lasers can extend from the ultraviolet to the mid-IR spectral region.  

Identifying OPL materials with accumulative nonlinearities that show high transparency >50% 

with broad and strong, excited-state absorption bands is difficult.  

It has been deduced that FOMs [46] are required for the implementation of organic conjugated 

materials in commercially-viable OPL applications according to ANSI standards. These large 

FOMs have not yet been achieved in single element organic conjugated materials. For 

accumulative OPL materials, increased FOMs would require significant increases in excited-

state absorptivities. For instantaneous OPL materials, increases in the third-order NLO 

response is needed to achieve such goals. 

1.6 Charge transport in GNRs 

 In graphene nanoribbons (GNRs), the lateral confinement of charge carriers opens a band gap, 

the key feature to enable novel graphene-based electronics. In spite of the advantage of having 
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a band gap, the mobility in GNRs is reduced compared to its mother material [93, 112]. It is 

understandable within the framework that the narrower the structure is, the more the valence 

and conduction bands become parabolic: this decreases the curvature around the K point and 

increases the effective mass of the charge carriers, which is likely to decrease the mobility 

[113]. However, edge roughness can introduce extra back-scattering, thus degrade the mobility 

and conductivity even more severely, especially for sub-20 nm GNRs when the edge effect 

becomes more prominent. In a moderately disordered GNR, the electron mean free path (ℓe) is 

usually less than the width and the length of the GNR. In this case, impurity scattering is of 

greater importance and the electron motion remains diffusive along the channel, where the 

conductance scale is proportional with the width and inversely with the length. This transport 

regime is called the diffusive regime [114]. In etched GNRs, the edge disorder reduces the ℓe 

to less than 5 nm [115]. The edge defects also scatter electrons into all sub bands equally, giving 

rise to a strong suppression of the conductance at high energy where more sub bands are 

available. GNRs obtained from unzipping multi-walled carbon nanotubes (MWCNTs) [116] 

have been demonstrated to have ultra-smooth edges, higher mobility, and longer electron mean 

free path. In this regime, one would expect much less scattering along the channel direction. 

Also, the conductance formula shifts from Ohm’s law in the diffusive regime to the Landauer 

formula in the quasi-ballistic regime and the ballistic regime. The fact that GNR enters the 

quasi-ballistic regime is of great importance, because it signifies its potential to be used not 

only in modern high speed electronics but also in quantum devices. GNRs made by sonication 

unzipping carbon nanotubes have been demonstrated to exhibit signatures of intrinsic quantum- 

confined band gaps and quasi-ballistic transport, making them feasible for both fundamental 

research and electronic applications. Recently, Baringhaus, reported ballistic transport over a 

remarkably long distance in epitaxial GNR on SiC [115]. Using density functional theory 

combined with coherent quantum transport models, the transport properties of GNRs are 

predicted to strongly depend on the geometry of the reconstructed edge profile and local defect 

chemical reactivity. The effect of single edge defects ranges from a full suppression of either 

hole or electron conduction to a vanishing contribution of backscattering. Besides, 

hydrogenation, chemically active defects is found to globally restore electron and hole 

conduction. Finally, owing to the derivation of a suited tight binding model, mesoscopic 

transport calculations of disordered ribbons with lengths up to several micrometers are 

achieved, and conduction is found to change from metallic to insulating regime depending on 

the geometry and density of edge defects up to several micrometers are achieved. 
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Modeling the charge carrier transport in the networks reveals that this process is governed by 

inter-ribbon hopping mediated by nuclear tunneling, with a hopping length comparable to the 

physical length of the GNRs. Furthermore, it is shown that nuclear tunneling is a general charge 

transport characteristic of the GNR networks by using two different GNRs. Overcoming the 

challenge of low-yield single-ribbon transistors by the networks and identifying the 

corresponding charge transport mechanism puts GNR-based electronics in a new perspective. 

Field-effect transistors (FETs) based on two-dimensional materials have attracted immense 

interest as potential next generation of electronics with exceptional properties, such as 

mechanical flexibility and optical transparency. Various novel two–dimensional materials have 

recently become available, and among them, graphene plays a unique role due to its extremely 

high charge carrier mobility [117]. While graphene itself does not have a band gap, a 

prerequisite for many semiconductor applications, geometrical confinement to one dimension, 

as occurring in graphene nanoribbons (GNRs), allows for the modification of the electronic 

structure, and a band gap opening [118, 119]. High-quality GNR films are produced by the use 

of the chemical vapor deposition (CVD) method which are scalable and cost-effective [120], 

such  ribbons with armchair edges and a width of five carbon atoms (5-AGNRs) are particularly 

interesting for charge transport because they exhibit a particularly low band gap, as predicted 

theoretically and confirmed spectroscopically [121, 122]. Furthermore, photoconductivity 

measurements on 5-AGNRs indicate very high mobility of charge carriers in these nanoribbons 

[123]. Despite the evident promise in the study of GNRs most importantly, many of the 

fundamental charge transport mechanisms of GNRs have so far remained unclear. Up to now, 

most device studies on bottom-up GNRs have aimed at observing charge transport through 

single ribbons, employing short-channel FETs [124, 125].  While these devices show promise 

for nano-electronics applications, they are typically highly resistive, which has been attributed 

to large energy barriers at the contacts for charge injection [125]. 

1.7 Photovoltaic properties in organic materials and GNRs 

1.7.1 Organic photovoltaic 

When the global warming and depletion of common energy supplies, such as fossil fuels started 

threatening the balance of human life, great attention was driven towards the renewable 

(alternative) energy sources. Among number of alternative sources, such as wind energy, 

hydroelectric energy, biomass and geothermal energy, solar energy has the highest amount of 

potential availability on earth. Renewables are expected to account for 90% of total global 

capacity increases in both 2021 and 2022, according the International Energy Agency (IEA)’s 
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[126]. An additional 270GW capacity of renewable energy is expected to become operational 

this year, with a further 280GW in 2022 [126], surpassing the previous record-level annual 

capacity additions of 2017-2019 by more than 50%. Although new wind capacity is expected 

to decrease in 2021-2022 following significant expansions in China last year, capacity is still 

expected to be 35% higher than in 2019, with 80GW of annual installations anticipated 

globally. The slower rate of wind capacity additions will be partly offset by increased solar 

photovoltaic (PV) rollout, on lower investment costs and ongoing policy support. Net 

renewable capacity by technology for 2020-2022 by IEA is shown in fig 1.2 below 

 

Fig 1.2 Net renewable capacity by technology for 2020-2022 by IEA [126] 

A very small fraction of sun power (less than 0.02 %) reaching the earth surface can cover the 

whole energy demand of the world. There are various solar technologies for harvesting the sun 

energy, which can be divided to two categories: passive solar and active solar. An example of 

passive technique can be the designing of a building in such a way that it efficiently harvests 

and stores the sun energy in the building. Active solar technologies are the solar thermal 

collectors or photovoltaic (PV) devices. However, the fastest and most efficient direct 

conversion of sun light into electrical energy is possible only through photovoltaic devices. 

The photovoltaic (PV) effect discovered by Becquerel [127] is the basic physical process, by 

which a semiconductor material converts electromagnetic radiation (sun light) into electric 

power. 

While our environment is surrounded with abundant solar power, the PV technology is still too 

expensive to become a primary energy source. Therefore, the main task of the solar cell field 

is to develop a technology, which can provide cheap PV products and make the 
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photoconversion of sun light into electrical power cost efficient. Global demand for energy is 

steadily increasing, consequently the total world energy demand use will surge at a typical 

annual rate of 1.8% to reach 18.49 TW in 2030 [126]. The usage of environmental friendly eco 

material, is of critical concern in the assembly of systems for renewable energy applications. 

Incidentally, the search for organic photovoltaic (OPV) molecules for solar cells technological 

implementation, has become a subject of passionate research in the last years. The task of 

acquiring new renewable energy sources to fill the energy gap is daring with photovoltaic solar 

energy being a promising research avenue to fill the energy deficit. Nevertheless, harnessing 

solar energy into electrical energy at low cost is no easy job. By 2019, the world record for 

solar cell efficiency developed by National Renewable Energy Laboratory, Golden, Colorado, 

USA stood at 47.1% realized with the use of multijunction concentrator solar cells [128, 129]. 

Photovoltaic solar cells produced from inorganic matter, such as silicon have some limitation 

in terms of scarcity, toxicity, unconstrained resource storage, expensiveness and unmodifiable 

energy levels [130]. Faced with such limitation, attention is now directed to polymer or organic 

photovoltaic cells (OPVCs) due to the numerous virtues of organic material over their inorganic 

counterpart in mechanical flexibility, modifiable energy level, environmentally friendliness 

and low cost. Moreover, there exist immeasurable variety of organic molecules to choose from, 

for design purposes with very great tunable and optical absorption. GNRs being an organic 

molecule is not left out of such current research.  However, OPVCs possess a disapproving low 

power conversion efficiency (PCE) than inorganic photovoltaic cells, ensuing from their large 

band gaps [20,130-133]. Besides having a low efficiency, OPVCs have low strength and 

stability and are more prone to water and oxygen attacks [134]. Accordingly, it remains a great 

challenge to achieve high performant OPVCs for practical purposes. Despite tremendous 

efforts put in the research of OPVCs they still lag far behind those of their inorganic 

counterparts in the power conversion efficiency (PCE). To study OPVCs technology a glance 

is first taken into conventional inorganic silicon based PVCs and the three type of OPVCs. 

1.7.2 Silicon-based Photovoltaic Solar Cell Mechanisms  

Semiconductor materials can either be inorganic compounds (such as silicon) or organic 

compounds. Photovoltaic cells based on inorganic compounds presently have efficiency 

between 12 – 25% [126] while photovoltaic cells based on organic compounds have efficiency 

in the region of 12% [126, 134]. The solar cell market is still dominated by silicon-based 

photovoltaic technology because of the abundant supply of silicon as raw material and the 

established technology. The silicon technology has been well developed before the advent of 
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photovoltaics and high quality material was already being produced for the use in transistors 

and integrated circuit. The first silicon solar cell was reported by Bell Laboratories in 1954 

with a power conversion efficiency of 6% [129]. Significant progress in the silicon-based solar 

cell industry has contributed in no small measure to the current power conversion efficiency 

that stands at a maximum of ~ 25% [130]. When light with appropriate energy is incident on 

silicon, electrons are promoted from the valence band into the conduction band. The valence 

band is the region with the highest probability of finding electrons and it is located below the 

conduction band. On the other hand, the conduction band is the region that an electron that is 

already freed from the electron affinity of the valence bound is free to move to. Materials can 

be categorized by the amount of energy required to free electrons from the valence band to the 

conduction band known as the band gap. Figure 1.3 shows a schematic of the band structure of 

a typical semi-conductor material. 

For metals, the conduction band and the valence band overlap and this is the reason why metals 

are very conductive. The band gap of a semi-conductor material is between that of a conductor 

and an insulator. Silicon is an example of a semi-conductor with an indirect band gap because 

the crystal momentum (k-vector) in the minimum energy state of the conduction band and the 

maximum energy state in the valence band are the different. In an indirect band gap material, 

an electron can only emit a photon through an intermediate state. This has the implication of 

limitation of absorption in silicon-based materials because light has to penetrate the silicon 

materials much farther before being absorbed. Consequently, it requires more materials to 

make silicon-based solar cells as light absorption cannot effectively take place over thin active 

layer. The weak absorption of light in silicon-based material has implication on its cost from 

the material stand point. Silicon will require 100 μm of thickness to absorb 90% of incident 

light compared to 1 μm GaAs which is a direct band gap material.  
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Fig 1.3 Schematic of the band structure of a typical semiconductor compared to metal and 

insulator 

High purity silicon crystals are usually required to manufacture solar cells. Silicon atoms have 

four electrons in its outermost electrons and the electrons are locked in the valence band. Pure 

silicon can be doped by ‘impurities’ (dopant) to modulate its electrical properties and therefore 

make it conductive. Charge carriers can be introduced into the lattice of silicon by introducing 

suitable extrinsic materials. The charge carriers can either be electrons or holes. Group III and 

V elements are usually used as dopants. When group III elements (such as boron) having three 

electrons in their valence bands are used as dopants, p-type of semiconductor having excess 

holes is produced. Alternatively, when group V elements having five electrons (such as 

phosphorus) in their valence bands are used as dopants, n-type of semiconductor having excess 

electrons are produced. When a p-type semiconductor is placed near an n-type semiconductor, 

a p-n junction is produced. Light of adequate intensity and energy can generate a free electron 

which is attracted to the n-region of the p-n semiconductor through the p-n junction. This 

creates an imbalance of charge between the n-type semiconductor and the p-type 

semiconductor. The imbalance in charge promotes the flow of electrons from the n-type 

semiconductor to an external load thereby generating electricity.  

Crystalline silicon still dominates the silicon solar cell market but there have been tremendous 

progress in the thin-film materials which require only small amounts of material. In the 

emerging markets of thin-film materials are amorphous silicon, cadmium telluride, copper 

indium gallium diselenide and organic polymers. 
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1.8.1 Organic Photovoltaic       

 There are basically three types of organic photovoltaics, namely: polymer solar cell,  

Perovskite solar cells and Dye sensitized solar cell (DSSC). In this work, will duel on 

polymer solar cell 

1.8.2 Device Architecture and Operational Mechanism of polymer OPV 

The main criterion that distinguishes the working principle of the organic PVs from inorganic 

PVs is that upon absorption of a photon by inorganic material free charge carriers are created, 

while in the case of organic material an excited pair or so-called “exciton” is generated, from 

which charge carriers still need to be dissociated [135]. 

The mechanism by which the light is converted to electric power in OPVs consists of 4 basic 

steps as shown in fig 1.4.  

(1) The photon is absorbed by the active material, which promotes the electron to the lowest 

unoccupied molecular orbital (LUMO), while leaving the positive charge carrier or so 

called “hole” in the highest occupied molecular orbital (HOMO). The exited pair is still 

bounded by coulomb attraction forces forming an exciton. 

(2) The exciton diffuses to the interface of the donor and acceptor. 

(3) The exciton is dissociated into free carriers at the interface between donor and acceptor. 

(4) Finally, the free carriers are being transported and collected at the opposite electrodes. 

Each of the steps is crucial for the efficient power generation and there are many loss 

mechanisms involved in this sequence. The terms donor and acceptor refer to materials with 

either high ionization potential (donor) or high electron affinity (acceptor). The free charge 

collection at opposite electrodes is assured by the asymmetric ionization energy or work 

function of the electrodes. 

An important parameter of the absorbing material is its optical band gap, which is defined by 

the difference of HOMO and LUMO. One of the main losses in the efficiency of OPVs is the 

poor matching of the absorption spectrum of the polymer with the solar emission spectrum. As 

an example, the band gap of commonly used poly(3-hexylthiophene) P3HT is around 1.9 eV, 

limiting the absorbance to wavelengths below 650 nm. Since the photon flux reaching the 

surface of earth from the sun has a maximum of approximately 1.8 eV (700 nm) P3HT is only 

able to harvest up to 22.4% of the available solar photons [136, 137]. 
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Fig. 1.4 Schematic illustration of the photoelectric conversion mechanism [136] 

 

 In order to increase the efficiency of OPVs to their optimal value the band gap of the polymer 

has to be tuned to the light spectrum in the way that it collects the highest number of photons 

possible. While tuning the band gap one has to take into account also the alignment of the bands 

of donor and acceptor to ensure charge separation. The offset of LUMO levels between the two 

materials needs to be at least few hundred MeV in order to efficiently separate the excitons to 

free carriers [138]. Often this offset is called exciton binding energy. The voltage of the device 

is theoretically defined by the difference of donor HOMO and acceptor LUMO, while the 

number of absorbed photons and consequently the current is defined by the lowest band gap of 

two materials. A commonly used derivative of fullerene C60, phenyl-C61-butyric acid methyl 

ester (PCBM) is the most widely used acceptor. 

The common structure of the organic solar cells is comprised of a stack of layers. Usually the 

active layer which is a combination of donor and acceptor materials is sandwiched between 

two electrodes. One of the electrodes needs to be transparent for illumination of the cell. In 

some cases, certain buffer layers are being applied between the electrodes and the active layer 

to ensure charge selective transport. Figure 1.5 shows typical device architecture for OPVs. 

Excitons have a very short life time and the distance they can cross before recombination 

(Diffusion length) in several different conjugated polymers has subsequently been measured to 
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be 4 – 20 nm [139]. Therefore, after the generation of an exciton it has to be separated to free 

charges very fast before recombination takes place. 

The active layer can be designed in three different ways as shown on the right-hand side of 

Figure 1.5. It can be 1) a single layer, 2) double layer (bilayer heterojunction) or 3) bulk 

heterojunction (mixture of donor and acceptor in a bulk). The first OPVs were based on a single 

layer structure, where the excitons are separated into free charges at the interface between the 

active layer and the electrode. The separation of charges however is very inefficient in this 

concept. The efficiencies severely increased after the introduction of donor/acceptor bilayer 

structure, where the donor and acceptor layers are brought together forming a heterojunction. 

However, only the excitons generated within the distance of the diffusion length from the 

interface can successfully diffuse to the interface and be separated to free carriers. Therefore, 

only the light absorbed by a very thin layer next to the interface can contribute to the 

photocurrent, while the rest is lost due to recombination processes. For that reason the 

photocurrent delivered by these devices is quite low. The breakthrough came with the idea of 

bulk heterojunction, where the donor and acceptor materials are mixed in a bulk forming 

nanoscale morphology [140]. In that way the interface is distributed throughout the whole 

active layer providing more efficient charge separation. 

The solar cell in the dark acts as a simple diode. The equal electric circuit that approximates 

the organic solar cell performance is shown in Figure 1.6. It is comprised of: (1) a diode with 

ideality factor n and saturation current I0 (current in the dark at the reverse bias), (2) a source 

to provide current that corresponds to photocurrent IL generated during illumination, (3) Rs 

series resistance, which takes into account all the resistance at interfaces in the layers, the 

conductivity of the semiconductors and the electrodes and (4) Shunt resistance Rsh, which takes 

into account the leakage of the current through the shunts due to the defects in the films. For 

good performance of the device Rs needs to be low and Rsh has to have high values.  
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Fig 1.5 Device structure of a polymer solar cell. Three different designs of active layer are 

shown on the right hand side [136]. 

 

Fig. 1.6: Electric circuit that approximates the operation principle of OPV device 

Figure 1.7 shows the current voltage characteristics (IV curves) for a typical solar cell. When 

light is shined on the device the IV curve of the cell becomes a superposition of the dark IV 

with the light generated current and the curve is shifted down to the 4th quadrant. The right 

hand side of Figure 1.5 presents the 4th quadrant of the IV curve, which shows the part where 

the actual power is being produced by the cell during the illumination. The figure also shows 

the key parameters that define the performance of the cell, which are the open circuit voltage 

Voc, short circuit current Isc, fill factor FF, the maximum power Pmax, the voltage and the current 

at max power point Vmax and Imax. 



Chapter 1: Literature Review 

26 
 
 Doctorate/PhD Thesis     Ernest MAINIMO © 2022 

 

Fig. 1.7: Dark and light IV characteristics of OPV device (left) and the inverted and enlarged 

4th quadrant with additional power curve (right). 

The following expression defines the current for the circuit 

                                     I = I0 (exp [
e(V−IRs)

nkT
] − 1) +

V−IRs

Rsh
− IL 1.5 

where e is the elementary charge, kT the thermal energy. From this equation Voc and Isc can be 

obtained by placing 0 values for I and V respectively. For the approximation on right hand side 

of the equations below it is considered that Rs is very small and Rsh is very big 

                                  Isc = I0 (exp [
eIscRs

nkT
] − 1) −

IscRs

Rsh
− IL 1.6 

                                  Voc =
nkT

e
ln [1 +

IL

I0
(1 −

Voc

ILRsh
)] ≈

nkT

e
ln [1 +

IL

I0
] 1.7 

The power of the energy produced by the solar cell is defined by the product of the current and 

voltage and the maximum power will correspond to the maximum product of Imax×Vmax. 

Equation 1.7 below is the basic equation that defines the power conversion efficiency (PCE) η 

of the solar cell, which shows the ratio between maximum electric power produced by the cell 

and the power of the incident light on the cell with given active area of A 

                                    ƞ =
ImaxVmax

PinA
= FF

IscVoc

PinA
 1.8 

where FF is the fill factor               
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                                       FF =
ImaxVmax

IscVoc
 1.9 

Fill Factor FF is a relative measure of how much power is produced by the cell with given Isc 

and Voc in practice compared to the theoretically possible value. FF is significantly affected by 

parasitic resistances Rs and Rsh. Typically, good operating organic solar cell delivers FF values 

in a range of 60 – 65 %. 

Another important quantity that defines the quality of energy conversion is the quantum 

efficiency (QE) of a solar cell. QE defines the number of charge carriers collected at the 

electrodes per number of incident photons on the solar cell area at a given wavelength. If every 

incident photon results in one collected charge carrier then the QE is equal to unity (no 

recombination losses). There are two ways of defining the QE: 

External Quantum Efficiency (EQE) or often called Incident Photon to Charge Carrier 

Efficiency (IPCE) is the ratio between number of collected carriers and number of all incident 

photons on the cell at a given wavelength. Internal Quantum Efficiency (IQE) is the ratio 

between number of collected carriers and number of all absorbed photons by the active layer 

of the device at a given wavelength (IQE does not take into consideration the light transmitted 

through and reflected from the cell as well as the light collected by the other layers that do not 

contribute in photoconversion process). 

A comprehension of the energy loss mechanisms and its limitation arising from the optical 

excitation process in the OPVC, to the collection of charge at the electrodes ought to lead to 

greater efficiencies in the near future with single heterojunction. However, higher efficiencies 

could emanate from stacking of multiple cells [141, 142]. The interrelatedness between photo 

electronic properties and molecular structure can’t be overemphasized, so reasonable structural 

modifications can effectively improve the PCEs of the device. By 2012, research had realized 

a PCE for the best performing OPVC of not more than 10% [143, 144]. 

1.8.3 Perovskite solar cells 

Perovskite solar cell is one of the latest introductions to the thin film photovoltaic devices and 

they are low cost technology for the future. In these type of cells, methylammonium lead halide 

(MAPbX3, X=halide) or mixed halides serve as the light harvesting layer which injects 

electrons to the conduction band of the semiconductor such as TiO2. The layered assembly of 

the cell consists of a bottom TiO2 blocking layer on a conducting FTO (fluorine-doped 

tinoxide) glass, the light harvesting MAPbX3 followed by the hole transport material (HTM) 
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such as PEDOT-PSS, Spiro-OMETAD or simple electron rich organic compounds in contact 

with an external transparent FTO glass or noble metal electrode [126] The block diagram and 

the energy level diagram for a typical perovskite cell is shown in Figure 1.8. Efficiency of over 

12% has been achieved for these types of cells. The major disadvantage is the lack of long term 

stability and the use of toxic metal ions in the construction of these types of cells. The future 

research in this area is directed towards development of alternate perovskite light harvesting 

materials which is devoid of toxic metals, possessing long term stability and having higher 

efficiency 

 

Fig 1.8 The schematic representation of perovskite cell [136] 

 

1.8.4 Photoelectrochemical cells - Organic dye sensitized solar cells (DSSC) 

Dye sensitized solar cells are devices which generate electricity via a photoelectrochemical 

reaction wherein, a light harvesting molecule gets oxidized in the presence of a semiconductor 

and subsequent regeneration of the dye by an electrolyte of appropriate redox potential. The 

first dye-sensitized solar cell was introduced in 1991, by Grätzel et al. with an efficiency of 

7.1-7.9% (under simulated solar light) using nanocrystalline TiO2 semiconductor coated with 

a trimeric Ruthenium complex as dye on a transparent conducting oxide layer along with a 

liquid redox electrolyte couple I-/I3-[137]  
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Dye-sensitized solar cells have attracted much attention in recent years due to their potential 

advantages of low cost, ease of production, flexibility, and transparency. Generally DSSC 

consists of a transparent conducting oxide, a mesoporous semiconductor, photosensitizer dyes 

which can absorb radiations in the UV-Visible region, a redox couple electrolyte and a counter 

electrode. The photosensitizer dye is a key component of the DSSC since it is the one which 

harvests sunlight. On illumination, the dye molecule get photo-excited, whereby an electron 

transition occurs from its highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO). This excitation energy corresponds to the energy difference 

between HOMO and LUMO of the dye molecule. The electron in the excited state of the dye 

(LUMO) is then injected into conduction band (CB) of TiO2. It is then transported through the 

semiconductor layer by diffusion, to reach the conducting layer, i.e., a transparent conducting 

oxide (TCO), such as, Fluorine doped Tin Oxide (FTO) on glass substrate. The regeneration of 

the oxidized dye molecule occurs due to a redox reaction taking place in electrolyte. Typically 

an electrolyte containing a redox couple such as I-/I3- is used. In such cases, the iodide ion 

donates an electron to the oxidized dye (S+) at anode. The oxidized species of the electrolyte, 

i.e., the triiodide in iodide-triiodide complex, is reduced to iodide at the cathode. The above 

processes go in a cycle and consequently current flows through the external circuit as long as 

light is incident on the cell. The schematic diagram illustrating the working principle of a DSSC 

is given in Figure 1.9. 

 

Fig 1.9 Schematic diagram illustrating the working principle of a DSSC [136] 
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1.8.5 Advances in GNRs photovoltaic 

Compared to graphene, GNRs show distinctive features in their electronic structure and optical 

properties, such as the opening of a finite band gap (graphene being a zero overlap semimetal), 

which makes them attractive materials for carbon-based nanoelectronics [145, 146]. The 

geometrical arrangement of carbon atoms at the periphery, the passivation of the end carbon 

atoms with, for example, hydrogens, and the finite width of the GNRs strongly affect their 

electronic properties [111, 147]. These confinement effects yield an increased band gap in 

armchair edge nanoribbons (ANRs) that behave as semiconductors. A-GNRs feature band gaps 

that scale inversely proportional to the ribbon width and are highly sensitive to the number of 

armchair chains across the ribbon [148]. Nanoribbons with a higher fraction of zigzag edges 

exhibit a smaller band gap than a predominantly armchair edge ribbon of similar width. Finite 

widths combined with periphery effects also provide GNRs with peculiar optical properties. 

Another important feature pertaining to graphene ribbons is the existence of edge states, which 

play an important role in the optical absorption spectrum in the visible range [149]. Those 

peculiarities have raised the interest of scientists for the design, synthesis, and electrical 

characterization of GNRs. Because of their interesting optoelectronic properties and the 

possibility to tune their (optical) band gap through a proper design of their length, width, and 

edge structure, GNRs may be used as alternative to low band gap conjugated polymers 

(molecules) in bulk heterojunction organic solar cells. For this purpose, however, GNRs should 

fulfill two necessary requirements revolving around their one-electron energy diagram and 

optical response, respectively revolving around their one-electron energy diagram and optical 

response, respectively [150]. 

i. On the one hand, suitable GNR donors should yield type II heterojunction in combination 

with common electron acceptors such as C60 or its soluble derivatives. Namely, an energy offset 

of a few tenths of an electronvolt between the LUMO (HOMO) levels of the donor and acceptor 

materials is typically needed to favor electron transfer from the photoexcited donor to the 

ground-state acceptor while preventing the corresponding hole transfer; in addition, the energy 

difference between the donor HOMO and the acceptor LUMO should be as large as possible 

to maximize the open circuit voltage (Voc) [138, 151] 

ii. As light harvesting occurs primarily on the donor material in C60-based organic solar cells, 

the GNRs should also feature strong optical absorption over the broad spectral range of the 

solar emission. In addition, the primary step in the dissociation process should involve a 



Chapter 1: Literature Review 

31 
 
 Doctorate/PhD Thesis     Ernest MAINIMO © 2022 

coulombically bound charge-transfer state [152]. It is believed that local electric fields at the 

interface, as, for example, induced by interfacial dipoles associated with electronic polarization 

or charge-transfer effects, can potentially reduce the barrier height for full charge separation. 

Thus, the electronic structure at GNR acceptor interfaces is also key for efficient charge 

photogeneration. 

iii. Lastly, low-lying triplet excited states might act as sinks for the photogenerated electron-

hole pairs, which appears as an efficient competitive process in high Voc material combinations, 

hence the need for donors with low singlet-triplet exchange energy [153]. 

When GNRs were applied as the hole transport layer (HTL) in OPV, this optimized device 

exhibits an efficiency of over 5%. In fact, in the presence of multiple layers of GNRs, the 

efficiency is significantly increased with a concomitant significant increase in the photocurrent, 

open-circuit voltage as well as the fill factor (FF), nearly destroying the performance. This 

effect was tested in a regular structure, where the regular OPV geometry is set up, in which the 

photons enter through a transparent anode and must travel through the hole transport layer to 

reach a photoactive layer. Single and double stacked hole transport layers were then used to 

evaluate their compatibility. The ability to serve as a HTL is very useful for regular OPVs, as 

any suitable pair will result in much higher photovoltaic performance [154]. OPVs with printed 

GNRs serving as the HTL is an encouraging architecture for realizing highly efficient OPVs 

1.8 Tackling Performance Challenges in Organic Photovoltaics 

Organic Photovoltaics (OPVs) based on Bulk Heterojunction (BHJ) blends are a mature 

technology. Having started their intensive development two decades ago, their low cost, 

processability and flexibility rapidly funneled the interest of the scientific community, 

searching for new solutions to expand solar photovoltaics market and promote sustainable 

development. However, their robust implementation is hampered by some issues, concerning 

the choice of the donor/acceptor materials, the device thermal/photo-stability, and, last but not 

least, their morphology. Indeed, the morphological profile of BHJs has a strong impact over 

charge generation, collection, and recombination processes; control over nano/microstructural 

morphology would be desirable, aiming at finely tuning the device performance and 

overcoming those previously mentioned critical issues. The employ of compatibilizers has 

emerged as a promising, economically sustainable, and widely applicable approach for the 

donor/acceptor interface (D/A-I) optimization. Thus, improvements in the global performance 

of the devices can be achieved without making use of more complex architectures. Even though 
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several materials have been deeply documented and reported as effective compatibilizing 

agents, scientific reports are quite fragmentary. Here we would like to offer a panoramic 

overview of the literature on compatibilizers, focusing on the progression documented in the 

last decade. 

With the continuous efforts on the development of new organic materials and innovative device 

engineering, the PCE of OPV devices has been steadily improved up to 6.1%; however, this 

efficiency is still not sufficient to meet the realistic specifications for commercialization. The 

major obstacle for achieving high PCEis the mismatch of the absorption of photoactive 

materials to the terrestrial solar spectrum. In particular, the optical band gap of most 

photoactive organic materials is much larger than the maximum photon flux at 1.8 eV, wasting 

over 60% of the solar spectrum. Scharber et al. [138] had systematically studied the dependence 

of Voc on the band gap and HOMO levels of 26 conjugated polymers and predicted the limited 

efficiency of bulk heterojunction OPV devices. It was found that PCE of 10% can theoretically 

be achieved for the PCBM-based polymeric OPV device, provided that the donor polymer must 

have a band gap <1.74 eV and a LUMO level < -3.92 eV, assuming that the FF and the average 

EQE remain equal to 0.65. Photovoltaic responses of small molecular-based OPV devices. This 

model infers that the maximum PCE as high as 12% is feasible for an optimized double 

heterostructure OPV device. However, its success relies on the development of new organic 

materials, in which the donor and acceptor materials should have optical band gap of 1.5 and 

1.8 eV, respectively, and a large interface offset energy, that is, IP (donor) – EA (acceptor) = 

1.1 eV. This suggests that new photoactive materials with low optical band gap are definitely 

needed to be developed. 

With the growing demand on energy consumption, there is an urgent need for implementing 

more energy saving measures. Many nations have committed on their new policies to 

implement the ways for saving energy and promoting it. Particularly, solid-state organic 

devices, especially organic solar cells, is targeted as effective ways for reducing the energy 

consumption and developing renewable energy in the world. Because of ultra-low costs of 

organic materials, organic solar cells gaining acceptance as the new generation of solid-state 

lighting sources to replace and complement the incandescent bulbs and an alternative type of 

solar cells to dislodge or complement the traditional Si solar cell for electricity generation, 

respectively. Indeed, organic solar cells with high PCE of 6.1% have been achieved in the 

laboratory. With the continuous efforts on improving their lifetimes and reducing the 

manufacturing cost, organic solar cells have a very bright future to be used widely. 
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1.9 Conclusion 

It is quite recent, there has been a large importance towards the study and realization of GNRs 

based on optical devices designed by appropriate tailoring of the electronic structure exploiting 

not only the electric field effect but also in other applied such as strain. In other word, the GNR 

has stimulated enormous outburst of both fields theoretic and experiment an investigation.  

Likewise, shed light on molecules with non-linearities optical component which have been 

extensively (interestingly) in recent years. While the focus of current research in explain of 

their potential applications such as various photonic technologies. On the other hand, organic 

molecules generally and GNR specially are play a significant role in exhibiting of them possess 

numerous attractive NLO characteristics This chapter was devoted to the literature review on 

GNRs, their NLO, charge transport and Photovoltaic properties, we saw that GNRs had a wide 

range of properties ranging from electrical, optical, and mechanical properties and ignited 

enormous interdisciplinary interest from the physics, chemistry, and materials science fields 

which enables it to have a wide range of applications especially in the field of optoelectronics 

and OPV. This justifies the current theoretical and experimental research on GNRs. We equally 

examined the synthesis and purification of GNRs. Equally of interest were the current 

applications of GNRs in the fields of physics, chemistry, and materials science fields with 

fascinating applications. A review was done on the NLO and charge transport properties of 

GNRs and it showcase several key properties that can address the emerging need of terahertz 

science and technology, and break through the many technological limits on conventional 

semiconductor electronics operating in the terahertz spectrum. The OPV properties of GNRs 

were reviewed together with the general mode of functioning of organic PV and it was 

concluded GNRs serving as the HTL is an encouraging architecture for realizing highly 

efficient OPVs. From all these finding we therefore conclude that a profound research on how 

the effect of metalation can affect the already advanced NLO, charge transport and OPV 

properties of GNRs is of vital importance. 
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CHAPTER 2 

MATERIAL AND METHOD

 

2.0 Introduction  

Today, with the development of advanced numerical methods and high-performance 

computers, it is possible to theoretically determine many properties (physico-chemical, 

thermodynamic, electronic, nonlinear, etc) of classical molecular systems and of nano-

dimension. Knowledge of the structure of molecular edifices makes it possible to understand 

and also to predict what is achieved in a physical, chemical or biological transformation. Both 

understanding and forecasting are greatly facilitated when we can visualize the structures. 

Modeling a molecule consists of specifying, from calculations, the position of the atoms that 

constitute it in space and calculating the energy of the structure thus generated. A representation 

"as close as possible to reality" will correspond to a structure of lower energy. There are two 

main classes of molecular computation modeling, namely: quantum mechanics and molecular 

mechanics. The choice of one of these molecular modeling calculation methods depends on the 

problem studied (degree of freedom of the system and desired calculation precision), the 

properties sought and obviously the calculation resources (computer power). Density 

Functional Theory (DFT) is a quantum computation method allowing the study of electronic 

structure exactly, in principle. Today, it is one of the most widely used methods in quantum 

calculations in condensed matter physics due to its possible application to systems of a wide 

variety of sizes, ranging from a few atoms to several hundred. The results of molecular 

simulations can be compared with experimental results from the same or similar systems to 

validate the modeled structures and predict other properties. 

In this chapter, we present only the modeling methods based on quantum mechanics (ab-initio 

and DFT methods), also called electronic structural methods. In this regard, we shall be solving 

the Schrodinger’s equation in order to determine the electronic properties of our molecules. 

2.1 The Schrödinger equation 

Ever since the birth of quantum mechanics, the rationalization of the properties of systems by 

solving the Schrödinger equation has been a major preoccupation of physicist. The essence of 

quantum mechanics is the computation of observables such as structures, energies, 

spectroscopic parameters and so forth that can be directly linked to experiments, so that theory 
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and experiment can complement each other. However, the Schrödinger equation cannot 

actually be solved for any but a one-electron system such as the hydrogen atom, and 

approximations need to be made. Finding approximate solutions to the non-relativistic time-

independent Schrödinger equation (2.1) [155] for a many-electron system is the ultimate goal 

of electronic structure theory. 

                                                  �̂�Ψ(𝒓,𝑹) = 𝐸Ψ(𝒓,𝑹) 2.1 

Here, �̂� is the Hamiltonian operator that describes the kinetic and potential energies of the 

electrons and nuclei within the many-electron system in the absence of a magnetic or an electric 

field. Ψ(𝒓,𝑹) is the wave function of the system, wherein the electronic and nuclear 

coordinates are described by the position vectors 𝒓 and 𝑹 respectively, and 𝐸 is the energy of 

the system. In atomic units, the Hamiltonian operator for a molecular system comprising 𝑀 

nuclei and 𝑁 electrons is given by: 
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                                                                                                                                               2.2 

where 𝑖 and 𝑗 refer to the 𝑁 electrons, 𝐴 and 𝐵 denote the 𝑀 nuclei, 𝑍𝐴 and 𝑍𝐵 are the atomic 

numbers of nucleus 𝐴 and nucleus 𝐵 respectively, and 𝑀𝐴 is the mass of nucleus 𝐴. The distance 

between the 𝑖th electron and the 𝐴th nucleus is 𝐫𝑖𝐴, the distance between the 𝑖th electron and 

the 𝑗th electron is 𝐫𝑖𝑗, and the distance between the 𝐴th nucleus and the 𝐵th nucleus is 𝑹𝐴𝐵. The 

first two terms of the Hamiltonian operator �̂� describe the kinetic energies of the electrons (Te) 

and nuclei (Tn) respectively, where the Laplacian operator ∇2 is defined as: 

                                                         ∇2=
𝜕2

𝜕𝑥2 +
𝜕2

𝜕𝑦2 +
𝜕2

𝜕𝑧2 2.3 

The third term of the operator �̂� represents the coulombic attraction between electrons and 

nuclei (𝑉𝑛𝑒), while the fourth and fifth terms respectively represent the repulsive potential 

energy among the electrons (𝑉𝑒𝑒), and among the nuclei (𝑉𝑛𝑛) of the system. Hence �̂� = 

𝑇𝑒+𝑇𝑛+𝑉𝑛𝑒+ 𝑉𝑒𝑒+𝑉𝑛𝑛, but other terms are required in the Hamiltonian operator in the presence 

of an external electric or magnetic field, and in the event where spin-orbit coupling and scalar 

relativistic effects are to be taken into consideration when dealing with the heavy elements such 

as transition metals 
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Although Equation (2.2) cannot be solved exactly even for a simple two-electron system such 

as the Helium atom or the Hydrogen molecule, various approximations have been proposed 

over the past decades to render this equation solvable, at least approximately. The primary 

approximation (proposed by Born and Oppenheimer [155] basically neglects the coupling 

between nuclear and electronic motion 

2.1.1 Born-Oppenheimer approximation 

The Born-Oppenheimer approximation forms the basis of almost all electronic structure 

calculations. It greatly simplifies the Schrödinger equation by assuming that the nuclei in a 

molecule do not move, since they are much heavier than the electrons and thus move very 

slowly compared to the speed at which electrons move. Based on this approximation, the 

kinetic energy of the nuclei is assumed to be zero (i.e., 𝑇𝑛≈0) and the potential energy due to 

nucleus-nucleus repulsion (𝑉𝑛𝑛) is treated merely as a constant. Hence, the complete 

Hamiltonian operator in Equation (2.2) reduces to the so-called electronic Hamiltonian �̂�𝑒 
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 2.4 

The Born-Oppenheimer approximation therefore leads to an electronic Schrödinger equation 

(2.5), the solution of which comprises the electronic wavefunction 𝜓𝑒(𝒓, 𝑹) and the electronic 

energy 𝐸𝑒. Note that 𝜓𝑒(𝒓,𝑹) contains a lot of useful information about molecular properties, 

such as dipole (and multipole) moments, polarizability, etc 

                                            �̂�𝑒𝜓𝑒(𝒓,𝑹) = 𝐸𝑒𝜓𝑒(𝒓,𝑹) 2.5   

The wavefunction 𝜓𝑒(𝒓,𝑹) describes electronic motion as fully as possible, since it is 

dependent on the electron coordinates 𝐫. Here, the nuclear coordinates 𝐑 are parameters (not 

variables). The total energy of the molecule 𝐸tot is then the sum of the electronic energy 𝐸𝑒 and 

the constant nuclear repulsion term 𝑉𝑛𝑛. 
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 2.6 
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The Born-Oppenheimer approximation allows the electronic Schrödinger equation to be solved 

at different nuclear positions as parameters, and the resulting potential energies can be plotted 

against nuclear coordinates to obtain a Potential Energy Surface (PES) [155]. The PES is 

therefore, a function of the energy of a molecule in terms of the geometric coordinates of its 

atoms, from which the molecule’s equilibrium or most stable geometry (that which corresponds 

to the lowest energy), and vibrational frequencies can be obtained.  

Based on the Born-Oppenheimer approximation, attention herein will be solely focused on the 

electronic Hamiltonian operator and the electronic wavefunction, unless otherwise stated. For 

the sake of convenience, 𝐑 that represents nuclear coordinates and the subscript “e” that 

indicates electronic parameters will be dropped. 

2.1.2 Variation principle  

In order to solve the Schrödinger equation (2.2) for a many-electron molecule, the first step is 

to set up the specific Hamiltonian operator �̂� of the target system. The second step is to obtain 

the eigenfunctions 𝜓𝑖(𝒓) and the corresponding eigenvalues 𝐸𝑖 of �̂� for the 𝑖th state of the 

system. With the molecular wave functions 𝜓𝑖(𝒓) in hand, all physical observables (physical 

properties) of interest can then be obtained by the application of the appropriate quantum 

mechanical operators. Lamentably, no strategy for obtaining the set of molecular wave 

functions 𝜓𝑖(𝒓) by directly solving the Schrödinger equation (2.2) is exactly known. 

Nevertheless, the ground-state wave function 𝜓0(𝒓) and the ground-state energy 𝐸0 can be 

estimated by applying the variation principle. 

The variation principle is an approximation method for solving the Schrödinger equation that 

provides approximations to 𝜓0(𝒓) and 𝐸0 of a many-electron system [156]. In many 

applications of quantum mechanics to chemical systems, knowledge of the ground-state energy 

is sufficient. From standard quantum mechanics, the expectation value of the energy of a 

system described by an acceptable and normalized function 𝜓(𝒓) is given by Equation (2.7). 

                                     𝐸 = ∫𝜓∗( 𝒓)�̂�𝜓(𝒓)𝑑𝜏 = ⟨𝜓(𝒓) |�̂�|𝜓(𝒓)⟩ 2.7 

𝜓∗(𝒓) is the complex conjugate of 𝜓(𝒓). The second notation is so called Dirac notation and 

will be predominantly used in this presentation. The variation principle states that the energy 

computed from a trial normalized wave function 𝜓trial(𝐫) is greater than or equal to the actual 

ground-state energy 𝐸0 [157]. 

                                       𝐸 = ⟨𝜓𝑡𝑟𝑖𝑎𝑙(𝒓) |�̂�|𝜓𝑡𝑟𝑖𝑎𝑙(𝒓)⟩ ≥ 𝐸0 2.8 
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The equality can only hold if 𝜓trial(𝐫) is identical to 𝜓0(𝐫). By applying the variation principle, 

a set of approximate wave functions to 𝜓0(𝐫) can be obtained by minimizing the energy of the 

system such that 𝐸 ≥ 𝐸0. 

2.1.3 The Hartree–Fock method 

The electronic Schrödinger equation that results from the time-independent Schrödinger 

equation after invoking the Born-Oppenheimer approximation is still intractable and further 

approximations are required. The Hartree–Fock (HF) method is the starting point of such 

approximations. Indeed, the HF method is the corner stone of nearly all conventional wave 

function-based quantum mechanical methods. For a many-electron system, the HF method 

advances that the motion of each electron can be described by a one-electron function (an 

orbital), and that each electron’s motion does not depend explicitly on the instantaneous 

motions of the other electrons. It is impossible to solve the electronic Schrödinger equation 

(2.5) by searching through all acceptable N-electron wave functions. To overcome this 

difficulty, the HF method approximates the overall N-electron wave function for a many-

electron system by an antisymmetrized product of N one-electron functions called spin-orbitals 

[157]. A spin-orbital, 𝒳𝑖 is the product of a spatial-orbital ∅(𝐫) and the 𝛼 or 𝛽 spin-function, 

i.e., 𝒳𝑖 = ∅(𝐫) 𝛼 or 𝒳𝑖 = ∅(𝐫) 𝛽. The spin-functions 𝛼 and 𝛽 are orthonormal, meaning that 

〈𝛼|𝛼〉 = 〈𝛽|𝛽〉 = 1 and 〈𝛼|𝛽〉 = 〈𝛽|𝛼〉 = 0. Consequently, spin-orbitals are usually chosen to be 

orthonormal such that 

                                                ⟨𝒳𝑖|𝒳𝑗⟩ = 𝛿𝑖𝑗  

                                               𝛿𝑖𝑗 = {
1 for i =  j
0 for i ≠  j

 2.9 

where 𝛿𝑖𝑗 is the Kronecker delta symbol  

In an effort to approximate the N-electron wave function of a multiple-electron system in terms 

of one-electron functions, Hartree assumed that the electrons in the system are noninteracting, 

and then constructed the N-electron wave function as a product of N one-electron functions, 

which is known as a Hartree product, 𝜓𝐻𝑃. 

                                 𝜓𝐻𝑃(𝒓1, 𝒓2, … 𝒓𝑁)  = 𝒳1(1)𝒳2(2)…𝒳𝑁(𝑁)                                    2.10 

The Hartree product is fairly convenient, but fails to satisfy the antisymmetry principle, which 

states that an electronic wave function must change sign with respect to interchange of any two 
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electron coordinates (since electrons are fermions, particles with half integer spin of 1/2). 

Therefore, the Hartree product is not antisymmetrized and consequently does not satisfy the 

Pauli Exclusion Principle, which states that no two electrons can occupy the same quantum 

state having the same values of all four quantum numbers. To guarantee the antisymmetric 

nature of a wave function, it should be constructed as a Slater determinant [158]. 

2.1.4 Slater Determinant 

Generally, the HF method assumes that the N-electron wave function of a multiple-electron 

system can be approximated by a single Slater determinant. For a molecule with N electrons 

and N spin-orbitals, the Slater determinant (𝜓𝑆𝐷) is given by 

                                    𝜓𝑆𝐷 =
1

√𝑁!
|
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⋮
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⋱
…

𝒳𝑁(2)
⋮
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|                                     2.11 

where 1/√𝑁! is a normalization constant. In a Slater determinant, the spin-orbitals or the one-

electron functions are along the columns, while the electron coordinates are along the rows. 

The Slater determinant is antisymmetric because interchanging the coordinates of any two 

electrons corresponds to interchanging two rows of the determinant, which results in a change 

of the determinant’s sign which is a known property of determinants. If two columns of the 

Slater determinant are identical, implying that two electrons with same spin (identical 

fermions) simultaneously occupy the same spatial orbital, the determinant vanishes. This 

demonstrates that the Slater determinant satisfies the Pauli Exclusion Principle, which is a 

direct consequent of the antisymmetry requirement [158, 159].  

The HF approach essentially replaces the N-electron wave function of a many-electron system 

with a single Slater determinant comprising 𝑁 molecular orbitals (MOs) or spin-orbitals (a 

fairly drastic approximation), which allows each electron to be affected by the average field of 

all the other electrons. This leads to the main shortcoming of the HF method, which is that it 

treats electrons as if they were moving independently of each other, and each electron only 

experiences a coulomb repulsion due to the average field of all the other electrons; in other 

words, it neglects electron correlation [160]. Due to this drastic approximation, the HF method 

is known as the independent electron or independent particle approximation. The HF method 

begins with the selection of a single-determinant trial wave function of the target system. Then 
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the variation principle is applied, whereby the MOs or spin-orbitals 𝒳𝑖 of the system are varied 

under the constraint that they remain orthonormal, so that the HF energy obtained is minimal  

2.1.5 Hartree–Fock energy 

Having known the form of the wave function used in the HF method, it is important to examine 

the Hamiltonian operator as well. A closed-shell molecule with 2N electrons and M nuclei will 

be considered here because the HF method works best with closed-shell systems (those 

containing an even number of electrons), since a single Slater determinant is usually sufficient 

to describe the molecular wave functions of such systems. The explicit electronic Hamiltonian 

operator for the system is given by Equation (2.12) 
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                                                                                                                                2.12 

Note here that the inter-nuclear repulsion potential energy term 𝑉𝑛𝑛 is omitted from this 

Hamiltonian operator as a consequence of the Born–Oppenheimer approximation. However, 

to obtain the total energy of the molecule, 𝑉𝑛𝑛 must be added to the calculated electronic energy. 

In the meantime, 𝑉𝑛𝑛 will be ignored, since it is a constant for a fixed set of nuclear coordinates, 

and thus only shifts the eigenvalues without changing the eigenfunctions. The explicit 

electronic Hamiltonian operator described by Equation (2.12) can be further split into a one-

electron operator ℎ̂ and a two-electron operator 𝑣, given by equations (2.13) and (2.14), 

respectively 

ℎ̂(𝑖) = −
1

2
∇𝑖

2 − ∑
𝑍𝐴

𝒓𝑖𝐴

𝑀
𝐴                                                                  2.13 

𝑣(𝑖, 𝑗) =
1

𝒓𝑖𝑗
                                                                                    2.14 

Then, the explicit electronic Hamiltonian operator can be rewritten as 

�̂� = ∑ ℎ̂(𝑖) + ∑ ∑ 𝑣(𝑖, 𝑗)2𝑁
𝑗>𝑖

2𝑁
𝑖=1

2𝑁
𝑖=1                                                 2.15 

By applying the variation principle, the HF energy of the 2N-electron molecule with “frozen 

nuclei” is given by Equation (2.16) 
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𝐸𝐻𝐹 = ∫𝜓𝑆𝐷
∗ �̂�𝜓𝑆𝐷𝑑𝜏 = 2∑⟨𝑖|ℎ̂|𝑖⟩ + ∑∑(2𝑗𝑖𝑗 − 𝐾𝑖𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

𝑁

𝑖=1

 

 2.16

The sums represented by 𝑖 and 𝑗 run over the N occupied molecular orbitals (𝒳𝑖), and the 

integral is over all space (𝑑𝜏=𝑑𝑥𝑑𝑦𝑑𝑧𝑑𝜉) i.e., with respect to the three spatial coordinates 

(𝑥,𝑦,𝑧) and one spin coordinate (𝜉) of each electron. The terms on the extreme right-hand side 

of Equation (2.16) have the following meanings. 

The one-electron integrals ⟨𝑖|ℎ̂|𝑖⟩ define the kinetic energy of electron 1 plus the potential 

energy of attraction of this electron to each of the 𝑀 nuclei represented by 𝐴 

⟨𝑖|ℎ̂|𝑖⟩ = ∫𝒳𝑖
∗ (1) − {−

1

2
∇1

2 − ∑
𝑍𝐴

𝒓𝑖𝐴

𝑀

𝐴

}𝒳𝑖(1)𝑑𝜏1 

   2.17 

The two-electron integrals represented by 𝑱𝒊𝒋 are called Coulomb integrals. They define the 

electrostatic or coulombic repulsion between the electron in 𝒳𝑖 and that in 𝒳𝑗 

𝑗𝑖𝑗 = ∬𝒳𝑖(1)𝒳𝑖
∗(1)

1

𝒓𝑖𝑗
𝒳𝑗(2)𝒳𝑗

∗(2)𝑑𝜏1𝑑𝜏2 

           2.1 8 

The two-electron integrals represented by 𝑲𝒊𝒋 are called exchange integrals. The name 

exchange integral comes from the fact that the two electrons exchange their positions from the 

left to the right of the integrand. Although 𝐾𝑖𝑗 is often said to have no simple physical 

interpretation, the exchange integrals “correct” the Coulomb integrals in order to maintain the 

antisymmetry of the wave function [157]. It should be noted that the Coulomb “self-

interaction” term 𝐽𝑖𝑖 is exactly cancelled by the corresponding “exchange” term 𝐾𝑖𝑖 [155] 

𝐾𝑖𝑗 = ∬𝒳𝑖
∗(1)𝒳𝑗

∗(2)
1

𝒓𝑖𝑗
𝒳𝑖(1)𝒳𝑗(2)𝑑𝜏1𝑑𝜏2                               2.19 

2.1.6 Hartree–Fock equations 

The objective now is to find the set of MOs or spin-orbitals (𝒳𝑖) that makes the HF energy 𝐸HF 

a minimum, or at least stationary with respect to a change in the orbitals. This variation must 

be carried out in such a way that the MOs remain orthogonal and normalized (i.e., 

othornormal). This constrained minimization can be accomplished by employing the 
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Lagrange’s method of undetermined multipliers, which introduces the Lagrangian multipliers 

휀𝑖 in the resulting expressions known as the HF equations [155, 157] 

𝑓𝑖∅𝑖 = 휀𝑖∅𝑖                                                                        2.20 

where 𝑓𝑖 is called the Fock operator and the Lagrangian multipliers 휀𝑖 are the eigenvalues of 

the operator. The 휀𝑖 values have the physical interpretation of orbital energies. The unique set 

of MOs (𝜙𝑖) obtained from a solution of these equations is called a set of canonical molecular 

orbitals. The Fock operator 𝑓𝑖 is an effective one-electron operator, which has the form 

𝑓𝑖 =
1

2
𝛻𝑖

2 − ∑
𝑍𝐴

𝒓𝑖𝐴

𝑀
𝐴 + 𝑉𝐻𝐹(𝑖)                                               2.21 

In Equation (2.21), the first two terms on the right represent the kinetic energy and the potential 

energy due to electrons-nuclei attractions, respectively. 𝑉HF(𝑖) is the Hartree–Fock potential, 

or equivalently the average repulsive potential experienced by the 𝑖th electron due to the other 

2N-1 electrons. 𝑉HF(𝑖) replaces the more complex 1/𝐫𝑖𝑗 repulsion operator, which is too complex 

to be solved easily. Explicitly, 𝑉HF(𝑖) comprises the following two terms: 

𝑉𝐻𝐹(1) = ∑ (𝑗�̂�(1) − �̂�𝑗(1))
𝑁
𝑗=1                                                  2.22 

The potential 𝑉HF(𝑖) contains Coulombic interactions defined by the Coulomb operator �̂� and 

exchange interactions described by the exchange operator 𝐾 ̂. The Coulomb operator describes 

the electrostatic repulsion between each electron and the average field of the other electrons, 

whereas the exchange operator defines the exchange contribution to the HF potential, 𝑉HF(𝑖). 

Note that 𝐾 ̂ has no simple physical interpretation, but arises from the antisymmetry requirement 

of the wave function [158]. The Fock operator 𝑓𝑖 depends on its eigen functions, since the 

𝑉HF(𝑖) seen by the 𝑖th electron depends on all the occupied MOs (via the Coulomb and exchange 

operators). Hence, the HF equations (2.20) are pseudo-eigenvalue equations that must be 

solved iteratively by the self-consistent-field or SCF process. The SCF procedure begins with 

the selection of an initial guess of the MOs, followed by the calculation of the average field 

𝑉HF(𝑖) seen by each electron. Then, the pseudo-eigenvalue equation (2.20) is solved to obtain 

a new set of MOs. Using these new MOs, one can obtain a new average field 𝑉HF(𝑖) and then 

the procedure is repeated until self-consistency is reached, i.e., until the average field no longer 

changes and the MOs used to construct the Fock operator are the same as their eigen functions 

[161]. 
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2.1.7 Roothaan-Hall equations 

The HF equations might be solved numerically using integration over a grid for atomic systems. 

Practical procedures for obtaining numerical solutions for molecules are presently unavailable. 

An alternative approach has been introduced by Roothaan and Hall, which requires that the 

MOs (𝜙𝑖) of the system be expressed as linear combinations of a finite set {𝜑𝜈} (called a basis 

set) of 𝐾 known functions 𝜑 called basis functions [162]. A later section of this chapter is 

devoted to the types of basis sets. 

∅𝑖 = 휀𝑖 ∑𝑐𝜈𝑖

𝐾

ν

φν       𝑖 = 1,2, … , 𝐾 

 2.21 

where 𝑐𝜈𝑖 is the expansion coefficient of the 𝜈th basis function (𝜑𝜈) of the 𝑖th MO (𝜙𝑖). The 

basis functions 𝜑 are conventionally called atomic orbitals because they are usually (but not 

necessarily) centered at the nuclear positions. Hence, this linear combination of basis functions 

approach is commonly called Linear Combination of Atomic Orbitals (LCAO) approximation 

[155]. It should be noted that at least 𝑁 MOs are required to accommodate all 2𝑁-electrons of 

the closed-shell molecule. As basis sets become more and more complete, the LCAO 

approximation generates more and more accurate representations of the “exact” MOs [161]. 

By substituting the expansion (2.21) for the MOs, the HF equations (2.20) become 

𝑓𝑖 ∑ 𝑐𝜈𝑖
𝐾
ν φν = 휀𝑖 ∑ 𝑐𝜈𝑖

𝐾
ν φν                                                       2.22 

Multiplying each term in Equation (2.22) on the left by 𝜑𝜇 (or φ𝜇
∗ in the case of a complex 

function), and integrating over all space yields: 

∑ 𝑐𝜈𝑖
𝐾
ν Fμν = 휀𝑖 ∑ 𝑐𝜈𝑖

𝐾
ν Sμν                                                        2.23 

where 𝐹𝜇𝜈 and 𝑆𝜇𝜈 are the Fock matrix (generally denoted as 𝐹) and the overlap matrix 

(generally denoted as 𝑆), with elements given by 

Fμν = ∫φμ𝑓φ𝜈

𝑆 = ∫𝜑𝜇 φ𝜈𝑑𝜏
                                                                    2.24 

𝐹𝜇𝜈 is analogous to the Hamiltonian in the Schrödinger equation, and 𝑆𝜇𝜈 is a measure of the 

extent to which the basis functions overlap with each other. The Equations given by equation 

(2.23) are known as the Roothaan-Hall equations, which are sometimes also called the Hartree–
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Fock-Roothaan equations. The Roothaan–Hall equations are often written in a matrix form as 

follows: 

𝑭𝑪 = 𝑺𝑪𝜺                                                                2.25 

where 𝑪 is a matrix of expansion coefficients and 𝜺 is a diagonal matrix containing the orbital 

energies. The Roothaan-Hall equations (2.23) can be likened to eigenvalue equations, except 

for the overlap matrix 𝑺. However, these equations are usually transformed into proper 

eigenvalue equations by orthogonalization of the basis functions, so that 𝑺 vanishes. Then, the 

Roothaan-Hall equations are solved by the SCF procedure [161]. 

2.1.8 Restricted and unrestricted Hartree–Fock models 

A closed-shell system is one containing an even number of electrons, which are all paired 

giving an overall singlet state. A vast majority of molecules belong to this class. Hartree–Fock 

calculations on closed-shell systems are known as Restricted Hartree–Fock (RHF) [155]. The 

restriction is that each spatial orbital must contain two electrons, one described by the 𝛼 spin-

function and the other by the 𝛽 spin-function, both of which possess the same orbital energy. 

Hartree–Fock calculations on open-shell systems (either systems containing an odd number of 

electrons or systems with an even number of electrons, but not all of these electrons occupy 

pair-wise one spatial orbital) require more CPU time to execute. In dealing with open-shell 

systems, there are two common approaches namely; Unrestricted Hartree–Fock (UHF) and 

Restricted Open-Shell Hartree–Fock (ROHF). For the UHF approach, two different spatial 

orbitals are used for each pair of 𝛼 and 𝛽 electrons [157, 163]. This introduces an error into the 

calculation, called spin contamination [164]. In the case of ROHF, the paired electrons share 

the same spatial orbital, thus, there is no spin contamination. For the ROHF approach, MOs 

are occupied in the same manner as for RHF, except the unpaired electrons [165]. Restricted 

Hartree–Fock (RHF) is exploited in this work. 

2.1.9 Electron correlation 

The neglect or incomplete description of the correlation between electrons is inherent in the 

HF independent particle approximation, since it only accounts for electron–electron 

interactions in an average manner. Consequently, electrons often get too close to each other in 

the HF scheme. Electron correlation refers to the adjustments in the motion of an electron 

relative to the instantaneous positions of all other electrons in a molecule. In other words, it is 

the way in which the motion of one electron affects the motions of all other electrons [162]. 
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The neglect or poor treatment of electron correlation causes the total energy of a given system 

calculated by the HF method to be overestimated with respect to the exact energy (𝐸exact). The 

energy error associated with the HF approximation is called correlation energy (𝐸corr), defined 

as the energy difference between the HF energy and the exact energy of a system as shown in 

Equation (2.26). This energy is so named because it arises from the correlated movement of 

electrons seeking to become as far from each other as possible. 

                                                  𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑒𝑥𝑎𝑐𝑡 − 𝐸𝐻𝐹                                                          2.26 

Since the HF energy is an upper bound to the exact energy, 𝐸corr is always negative. To correct 

the electron correlation problem, correlated or Post-HF methods have been devised in the past 

decades, of which Configuration Interaction (CI), Coupled Cluster (CC) and the Møller-Plesset 

(MP𝑛) perturbation theory are the most widely used. Since these methods aren’t exploited in 

work, we would not delve into them. 

2.2 Density functional theory (DFT) 

The DFT has revolutionized quantum physics during the past two decades by providing a sound 

basis for predicting, modeling, designing and understanding the ground-state properties of 

molecules, clusters, solids and complex chemical problems, with an accuracy not easily 

obtainable by other approaches [166,167]. Indeed, the DFT has evolved to a powerful and very 

reliable tool that is routinely used for the determination of various molecular properties in 

organic, inorganic, material and solid-state physics, as well as in biochemistry and condensed 

matter physics. Furthermore, the DFT is computationally simple and faster than other methods 

with similar accuracy [164, 168, 169]. It is one of the most popular methods for treating large 

systems, including those containing metal, which is the case with the present work. Besides 

providing an excellent compromise between accuracy and computational time the DFT has 

shown itself to be a cost-effective method for incorporating electron correlation in quantum 

physical calculations. DFT models compute electron correlation via the so-called exchange-

correlation density functionals. The DFT became a full-fledged theory only after the 

formulation of the Hohenberg and Kohn theorems in 1964. Unlike the wave function methods 

such as Hartree–Fock, Møller–Plesset, configuration interaction and coupled cluster theory, the 

DFT allows the computation of the energies, structures and molecular properties of various 

systems via their electron densities [157]. The simplicity of such computations has made the 

DFT a computationally attractive alternative to the wave function methods or the so called ab 

initio methods. 
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2.2.1 Electron density 

DFT describes the electronic states of atoms, molecules and materials in terms of the three-

dimensional electron density (also known as charge density or electron probability density) of 

the system. As such, the basic quantity in DFT is the electron density 𝜌(𝐫), which is the 

probability of finding an electron at a point 𝐫 with coordinates (𝑥, y, z) in a rectangular volume 

element 𝑑𝑥𝑑𝑦𝑑𝑧 within a molecular space. Shortly after the discovery of the Schrödinger 

equation, Max Born postulated that the square of a wavefunction 𝛹 times the volume element 

𝑑𝑥𝑑𝑦𝑑𝑧 (i.e., |𝛹|2𝑑𝑥𝑑𝑦𝑑𝑧) gives the probability of finding an electron in the volume element 

at the point (𝑥,𝑦,𝑧). For an 𝑁-electron system with electronic wave function 𝜓, 

|𝜓(𝑥1,𝑦1,𝑧1,…,𝑥𝑁,𝑦𝑁,𝑧𝑁,𝑚𝑠1,…,𝑚𝑠𝑁)|2𝑑𝑥1𝑑𝑦1𝑑𝑧1,…,𝑑𝑥𝑁𝑑𝑦𝑁𝑑𝑧𝑁 is the probability of 

simultaneously finding electron 1 with spin 𝑚𝑠1 in the volume element 𝑑𝑥1𝑑𝑦1𝑑𝑧1 at (𝑥1,1,𝑧1), 

electron 2 with spin 𝑚𝑠2 in the volume element 𝑑𝑥2𝑑𝑦2𝑑𝑧2 at (𝑥2,𝑦2,𝑧2), and so on, until electron 

𝑁 with spin 𝑚𝑠𝑁 in the volume element 𝑑𝑥𝑁𝑑𝑦𝑁𝑑𝑧𝑁 at (𝑥𝑁,𝑦𝑁,𝑧𝑁). Multiplying the integral of 

this probability by the total number of electrons N gives the total electron probability density, 

simply known as electron density 𝜌(𝐫), for finding an electron in the neighborhood of the point 

𝐫. The integral is over the coordinates of the other N-1 electrons, and is summed over all 

possible spins of all electrons. 

                 𝜌(𝒓) = 𝑁 ∑ ∫…∫|𝜓(𝑥1, 𝑦1,𝑧1, … 𝑥𝑁 , 𝑦𝑁,𝑧𝑁,𝑚𝑠1, 𝑚𝑠𝑁|
2

𝑎𝑙𝑙 𝑚𝑠
𝑑𝑥1 …𝑑𝑧𝑁           2.27 

Since the integral in Equation (2.27) is summed over the possible spin states of all electrons, 

𝜌(𝐫), is the total electron probability density of simultaneously finding each electron in the 

neighborhood of the point 𝐫 with no regard for spin. Hence, 𝜌(𝐫), is a function of position only, 

i.e., of just the three variables (𝑥, y, z). Clearly, the electron density of any system is a non-

negative function [ρ(r)  ≥  0 ] that vanishes at infinity [(𝐫→∞) = 0] and integrates over all 

space to give the total number of electrons N [∫ 𝜌(𝒓)𝑑𝑟 = 𝑁]. Unlike the wave function, 

electron density is a physical observable that can be measured both computationally and 

experimentally by X-ray or electron diffraction methods. 

2.2.2 The Hohenberg–Kohn (H – K) theorems 

The approach developed by Hohenberg-Kohn was to reformulate the DFT proposed by 

Thomas-Fermi by an exact theory of the many body system. The advantage of DFT is that it is 

not necessary to calculate the complicated N-electron wave function. Instead, one can restrict 

himself in calculating the much simpler electron density 𝜌(𝒓), a fact that was first proven by 
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Hohenberg and Kohn [170]. The first H – K theorem demonstrates that the ground state 

properties of a many-electron system are uniquely determined by an electron density which 

depends on only 3 spatial coordinates. It laid the ground work for reducing the many-body 

problem of N electrons with 3N spatial coordinates to only 3 spatial coordinates, through the 

use of functional of the electron density. This theorem has been extended to the time – 

dependent domain to develop Time – Dependent Density Functional Theory (TDDFT), which 

can be used to describe excited state. The second H – K theorem defines the energy functional 

of a system and proves that the correct ground state electron density minimizes this energy 

functional. This is the analogue of the variational principle for wave functions. This means that 

the exact ground state energy can be found by minimization of the energy functional. 

2.2.3 Kohn-Sham (KS) approach 

The second significant advancement in DFT was made in 1965, when Kohn and Sham devised 

a practical method for finding the Hohenberg–Kohn functional 𝐹HK[ 𝜌0]. Kohn and Sham 

considered a reference system (herein denoted by the subscript s) with N non-interacting 

electrons, and which experiences the same external potential as the real system with interacting 

electrons. As such, the ground-state electron density of the reference system 𝜌s(𝐫) is exactly 

the same as that of the real system 𝜌0(𝐫), i.e., 𝜌s(𝐫)= 𝜌0(𝐫) [158, 171]. Furthermore, the 

reference system is constructed from a set of one-electron functions called Kohn–Sham 

orbitals, 𝜓𝑖𝐾𝑆 so that a major part of the system’s kinetic energy can be computed with good 

accuracy. Based on this premise, Kohn and Sham expressed the Hohenberg–Kohn functional 

𝐹HK[ 𝜌0] as: 

                                 𝐹𝐻𝐾[𝜌0] = 𝑇𝑆[𝜌0] + 𝐽[𝜌0] + 𝐸𝑋𝐶[𝜌0]                                                  2.28 

Here, 𝑇𝑆[𝜌0] represents the kinetic energy functional of the reference system, given by 

                               𝑇𝑆[𝜌0] = ∑ ⟨𝜓𝑖
𝐾𝑆|−

1

2
𝛻𝑖

2|𝜓𝑖
𝐾𝑆⟩𝑁

𝑖                                                              2.29 

𝐽[𝜌0] represents the classical columbic energy due to electron-electron interaction, given 

                               𝐽[𝜌0] =
1

2
∬

𝜌0(𝒓1)𝜌0(𝒓2)

𝒓12
𝑑𝒓1𝑑𝒓2                                                             2.30 

The remaining and unknown energy components of 𝐹HK[𝜌0] are assembled in the functional 

𝐸𝑋𝐶[𝜌0], which computes the so-called exchange-correlation energy. 𝐸𝑋𝐶[𝜌0] functional 

comprises the following functionals: 𝑇C[𝜌0] which represents the difference between the exact 
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kinetic energy 𝑇 and 𝑇s; 𝐸ncl[𝜌0] which is the non-classical part (comprising the Fermi and 

Coulomb correlation) of 𝐸ee[𝜌0] and finally, the non-classical self-interaction correction [172] 

             𝐸𝑋𝐶[𝜌0] = {𝑇[𝜌0] − 𝑇𝑆[𝜌0]} + {𝐸𝑒𝑒[𝜌0] − 𝐽[𝜌0]} ≡ 𝑇𝐶[𝜌0] + 𝐸𝑛𝑐𝑙[𝜌0]                 2.31 

From Equations (2.28), the total Kohn–Sham true ground energy of the real system containing 

𝑁 interacting electrons and 𝑀 nuclei is given by [173] 

                       𝐸0 = ∫𝜌0(𝒓1)𝑣𝑁𝑒 𝑑𝒓 + 𝑇𝑆[𝜌0] + 𝐽[𝜌0] + 𝐸𝑋𝐶[𝜌0] 

         = ∫𝜌0(𝒓1)𝑣𝑁𝑒 𝑑𝒓 + ∑ ⟨𝜓𝑖
𝐾𝑆|−

1

2
𝛻𝑖

2|𝜓𝑖
𝐾𝑆⟩𝑁

𝑖 +
1

2
∬

𝜌0(𝒓1)𝜌0(𝒓2)

𝒓12
𝑑𝒓1𝑑𝒓2 + 𝐸𝑋𝐶[𝜌0]     2.32 

Before evaluating the terms in Equation (2.32), the ground-state electron density 𝜌0(𝐫) needs 

to be found. Using the KS orbitals 𝜓𝑖𝐾𝑆, 𝜌0(𝐫) is calculated as follows 

𝜌0(𝒓) = 𝜌𝑠(𝒓) = ∑ |𝜓𝑖
𝐾𝑆(𝒓)|

2𝑁
𝑖=1                                                              2.33 

Hence, the Kohn–Sham energy equation (2.32) can be rewritten as 

𝐸0 = −∑ ∫∑
𝑍𝐴

𝒓1𝐴

𝑀
𝐴

𝑁
𝑖 |𝜓𝑖

𝐾𝑆(𝒓1)|
2
𝑑𝒓1 −

1

2
∑ ⟨𝜓𝑖

𝐾𝑆|𝛻𝑖
2|𝜓𝑖

𝐾𝑆⟩𝑁
𝑖 +

1

2
∑ ∑ ∬|𝜓𝑖

𝐾𝑆(𝒓1)|
2 1

𝒓12

𝑁
𝑗

𝑁
𝑖 |𝜓𝑖

𝐾𝑆(𝒓2)|
2
 𝑑𝒓1𝑑𝒓2 + 𝐸𝑋𝐶[𝜌0]                                2.34 

The only term in the Kohn–Sham energy expression for which no explicit form can be given 

is the functional 𝐸𝑋𝐶[𝜌0]. According to Equation (2.34), it is possible to obtain the ground-state 

energy 𝐸0 from the ground-state electron density 𝜌0(𝐫) if the KS orbitals 𝜓𝑖𝐾𝑆 and the functional 

𝐸𝑋𝐶[𝜌0] were known. The KS orbitals can be obtained by solving the Kohn–Sham equations 

2.2.4 The Kohn–Sham equations  

The KS equations (2.35) are derived by applying the Hohenberg–Kohn (HK) variational 

theorem (i.e., the second HK theorem), whereby the KS energy given by Equation (2.34) is 

minimized with respect to the KS orbitals 𝜓𝑖𝐾𝑆 subject to the constraint that the orbitals remain 

orthonormal, i.e., ⟨𝜓𝑖𝐾𝑆|𝜓𝑗𝐾𝑆⟩=𝛿𝑖𝑗 [158, 165] The resulting equation is (for detailed derivation, 

see [174]) 

(−
1

2
𝛻𝑖

2 − ∑
𝑍𝐴

𝒓1𝐴

𝑀
𝐴 + ∫

𝜌(𝒓2)

𝒓12
𝑑𝒓2 + 𝑉𝑋𝐶(1))𝜓𝑖

𝐾𝑆(1) = 휀𝑖
𝐾𝑆𝜓𝑖

𝐾𝑆(1)             2.35 
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where 휀𝑖
𝐾𝑆 are the Kohn–Sham energy levels, and 𝑉𝑋𝐶(1) is the exchange-correlation potential 

due to the exchange-correlation energy 𝐸XC. Actually, 𝑉XC(1) is the functional derivative of 

𝐸XC[𝜌(𝐫)] as shown in Equation (2.36) 

                                             𝑉𝑋𝐶(𝒓) =
𝛿𝐸𝑋𝐶[𝜌(𝒓)]

𝛿𝜌(𝒓)
                                     2.36 

The quantity −
1

2
𝛻𝑖

2 − ∑
𝑍𝐴

𝒓1𝐴

𝑀
𝐴 + ∫

𝜌(𝒓2)

𝒓12
𝑑𝒓2 + 𝑉𝑋𝐶(1) in Equation (2.35) is the one-electron 

Kohn–Sham operator, which is often denoted as ℎ̂𝑖
𝐾𝑆. Using this notation, the Kohn–Sham 

equations can be rewritten as 

                                             ℎ̂𝑖
𝐾𝑆𝜓𝑖

𝐾𝑆(1) = 휀𝑖
𝐾𝑆𝜓𝑖

𝐾𝑆(1)                                                        2.37 

The Kohn–Sham one-electron equations (2.37) can be solved iteratively to obtain the KS 

orbitals 𝜓𝑖
𝐾𝑆 and the KS energies 휀𝑖

𝐾𝑆. It should be noted that the KS orbitals are the orbitals of 

the fictitious reference system of non-interacting electrons, so, strictly speaking, KS orbitals 

have no physical significance other than that they allow the exact molecular ground-state 

electron density 𝜌0(𝐫) to be calculated from equation (2.33). However, the occupied KS orbitals 

resemble the Hartree–Fock MOs, and can be used (just as Hartree–Fock MOs are used) for the 

qualitative interpretation and rationalization of molecular properties and reactivities [158,175]. 

DFT is an exact theory in principle, but approximate exchange-correlation functionals are used, 

since the exact forms of 𝐸XC and 𝑉XC are unknown. In practice, approximations are made to 

decide on the explicit form of the unknown exchange-correlation functional that computes the 

exchange-correlation energy 𝐸XC and 𝑉XC. Obviously, the approximate variants of the DFT 

currently in use are far from being fail-safe. Nevertheless, the key to accurate KS-DFT 

calculations of molecular properties is to get a good approximation to the exchange-correlation 

functional 

2.2.5 Approximations to the exchange-correlation energy functionals 

The exchange-correlation energy 𝐸XC contains non-classical contributions to the potential 

energy, as well as the difference between the kinetic energy of the non-interacting reference 

system and that of the real interacting system. Various approximate exchange-correlation 

functionals 𝐸XC[𝜌] are used in molecular DFT calculations. To study the accuracy of an 

approximate 𝐸XC[𝜌], it should be used in KS-DFT calculations and the calculated molecular 

properties are then compared with the experimental counterparts [158]. The most commonly 
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used approximate exchange-correlation density functionals within the framework of the Kohn–

Sham method include: 

• Local density approximation (LDA) functionals  

The LDA is the simplest approximation to 𝐸XC[𝜌] whereby, only the electrons at a given point 

in a system are used for determining the point’s contribution to the total 𝐸XC of the system 

[175]. In the LDA, electron density 𝜌(𝐫) is treated locally as a uniform electron gas [155]. A 

uniform electron gas is a hypothetical system of free electrons in which 𝜌(𝐫) varies very slowly 

with position 𝐫 and, as such, its value is fairly constant everywhere. Hohenberg and Kohn 

showed that if 𝜌(𝐫) varies (differentiates) extremely slowly with position, then 𝐸XC[𝜌] is 

accurately given by Equation (2.38). 

                                      𝐸𝑋𝐶
𝐿𝐷𝐴[𝜌] = ∫ 𝜌(𝒓)휀𝑋𝐶(𝜌)𝑑𝒓                                                           2.38 

The integral is over all space, and 휀𝑋𝐶(𝜌) is the exchange plus correlation energy per electron 

in the uniform electron gas with electron density 𝜌(𝐫). The most common form of the LDA 

assumes the Slater exchange term (S) together with the Vosko, Wilk and Nussair 

parameterization (VWN) of the exact uniform electron gas model for the correlation part, both 

of which constitute the SVWN Model [162]. It should be noted that the LDA is not accurate 

enough for chemical applications [173]. 

• Local spin density approximation (LSDA) functionals  

For open-shell systems, the LSDA gives better results than the LDA. In the case of the LDA, 

electrons with opposite spins are paired in the same KS orbital, whereas the LSDA assigns 

electrons with 𝛼 and 𝛽 spins to different spatial KS orbitals 𝜓𝑖𝛼
𝐾𝑆 and 𝜓𝑖𝛽

𝐾𝑆, from which the 

electron densities 𝜌𝛼(𝐫) due to spin–𝛼 electrons and 𝜌𝛽(𝐫) due to spin–𝛽 electrons are 

computed, respectively. The LSDA is generally of the form 

                                  𝐸𝑋𝐶
𝐿𝑆𝐷𝐴[𝜌] = ∫𝜌(𝒓)휀𝑋𝐶(𝜌

𝛼, 𝜌𝛽)𝑑𝒓                                                     2.39 

The LSDA, like the LDA is based on the uniform electron gas model [158, 165], but unlike the 

LDA, the LSDA works surprisingly well for calculating molecular geometries, vibrational 

frequencies and dipole moments and for metal-containing compounds. However, molecular 

atomization energies calculated with the LSDA are not very accurate. More accurate results 

can be obtained with functionals that go beyond the LSDA [175]. 
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• Generalized gradient approximation (GGA) density functional 

This is an improvement over the LSDA by making the exchange and correlation energies 

dependent not only on the electron density, but also on its gradient [155]. The GGA functional 

are typically obtained by including the gradients of 𝜌𝛼(𝐫) and 𝜌𝛽(𝐫) in the integrand of 

Equation (2.39). As a result, the GGA is said to be gradient-corrected. The GGA is generally 

of the form 

                                  𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌] = ∫𝑓(𝜌𝛼(𝒓), 𝜌𝛽(𝒓), ∇𝜌𝛼, ∇𝜌𝛽)𝑑𝒓                                       2.40 

where 𝑓 is some function of the spin densities and their gradients. The gradient-corrected 

functionals were initially called “non-local” functionals because some non-local effects are 

incorporated via the gradient of the electron density, in the determination of any point’s 

contribution to the total exchange correlation energy [175]. Three of the most popular GGA 

functionals are; BLYP (comprising the Becke’s 1988 exchange functional [176] and the 

correlation functional of Lee, Yang and Parr [177]), BP86 (comprising the Becke’s 1988 

exchange functional and the Perdew’s 1986 correlation functional [178]), and PBE (the 

Pewdew, Burke and Ernzerhof GGA [179]). 

• Meta-GGA (MGGA) density functionals  

The meta-GGA functionals depend on the electron density (𝐫), its gradient ∇(𝐫), its Laplacian 

∇2𝜌(𝐫) and/or the orbital kinetic energy density 𝜏 (semi-local interactions) [175]. Generally, 

the inclusion of the Laplacian and/or the orbital kinetic energy density as a variable into GGA 

functionals leads to the so-called meta-GGA functionals. The typical form of MGGA 

functionals is 

                      𝐸𝑋𝐶
𝑀𝐺𝐺𝐴[𝜌] = ∫𝑓(𝜌𝛼(𝒓), 𝜌𝛽(𝒓), ∇𝜌𝛼 , ∇𝜌𝛽 , ∇2𝜌𝛼 , ∇2𝜌𝛽 , 𝜏𝛼 , 𝜏𝛽 )𝑑𝒓                2.41 

The orbital kinetic energy density 𝜏 is given by Equation (2.42), in which 𝜎 stands for 𝛼 or 𝛽, 

and 𝜓𝑖𝛼
𝐾𝑆 are self-consistently determined Kohn–Sham orbitals 

𝜏𝛼 =
1

2
∑ |∇𝜓𝑖𝛼

𝐾𝑆|
2𝑁

𝑖                                                            2.42 

It is worth noting that the calculation of the orbital kinetic energy density is numerically more 

stable than the calculation of the Laplacian of the electron density. As a result of such numerical 

instabilities linked to the use of the Laplacian in functional approximations, the orbital kinetic 

energy density is a common component of meta-GGA functionals. The commonly used meta-
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GGA fucntionals are; the Minnesota functional M06-L [180] and the Tao–Perdew–

Staroverov–Scuseria functional TPSS [181].  

The LDA, LSDA, GGA and Meta-GGA functionals are generally classified as local functionals 

because they are defined in terms of spin-densities (𝜌𝛼,𝜌𝛽), their gradients (∇𝜌𝛼,∇𝜌𝛽) and their 

Laplacian (∇2𝜌𝛼 , ∇2𝜌𝛽) or orbital kinetic energy densities (𝜏𝛼,𝜏𝛽), all of which only depend on 

the local values of these variables at a given point in space. When non-local effects are 

incorporated into these functionals by inclusion of some exact Hartree–Fock (HF) exchange, 

hybrid functionals are formed. 

• Hybrid density functionals 

Hybrid density functionals are usually GGA or meta-GGA functionals wherein part of the DFT 

exchange is substituted with non-local exact exchange calculated by the HF theory [165, 175]. 

Here, it is noteworthy that in the calculation of the HF exchange energy, KS orbitals are used 

in place of HF orbitals. The percentage of HF exchange used is the main distinguishing factor 

of the various hybrid functionals. The first popular and successful hybrid functional was the 

Becke’s three-parameter Lee-Yang-Parr (B3LYP) (Becke, 1988; Lee, 1988) comprising 20% 

HF exchange. It has been used as a standard hybrid functional, although specific limitations 

and failures have also been identified [160]. Other commonly used hybrid functionals in recent 

times are; the Minnesota functionals M06 and M06-2X comprising 27% and 54% HF exchange 

respectively, the PBE0 functional (also denoted PBE1PBE in the literature) obtained by adding 

about 25% HF exchange to the GGA functional PBE, the TPSSh functional obtained by 

augmenting the meta-GGA functional TPSS with about 10% HF exchange. The TPSSh 

functional is emerging as a potential new standard for hybrid DFT calculations [160]. B3LYP 

and PBE have been exploited in this research work 

Hybrid functionals perform better than local functionals for general-purpose applications in 

physics [182]. At least part of this improvement may arise from the reduction of self-interaction 

error via the inclusion of exact HF exchange, since the HF theory is completely self-interaction 

free due to the fact that the coulomb term (𝐽𝑖𝑗) is exactly cancelled by the exchange term (𝐾𝑖𝑗) 

for a one-electron system [155]. Generally, approximate DFT functionals describe an artificial 

interaction term of one electron with itself, leading to the so-called self-interaction error. The 

error arises because the exchange contributions are usually significantly larger in absolute 

numbers than the corresponding correlation effects, caused by the approximations made to the 
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exchange-correlation functional [173]. In particular, the local and semi-local functionals suffer 

from severe self-interaction error. 

• Range-separated density functionals 

It has been recently suggested that range-separation can fix errors caused by the absence of 

dispersion corrections in standard density functionals [183]. Range-separated density 

functionals are functionals in which electron–electron interaction is separated into a short-range 

and a long-range part, or even into three parts (short-, middle- and long-range), and then one 

part of the exchange energy is treated by the HF method and the other part or parts by a local 

exchange functional [171]. One way of constructing a range-separated functional is by treating 

the short-range exchange using a local functional, while the long-range exchange is mainly 

treated using exact HF exchange [175]. Two popular range-separated functionals are; the 

Coulomb-attenuating method B3LYP (CAM-B3LYP) [184] and 𝝎B97X [185], together with 

its dispersion-corrected variant. 𝝎B97X-D. 

2.3 Basis sets 

The first step in any theoretical calculation on atoms and molecules is the determination of 

atomic and molecular wave functions respectively, which are usually constructed from a set 

(called basis set) of one-electron one-center functions known as basis functions [186]. In 

electronic structure theory, a basis set is a set of nonorthogonal one-electron functions whose 

linear combinations yield the molecular orbitals (MOs) of a chemical system. As mentioned 

earlier, the approximation of MOs as linear combinations of basis functions is referred to as 

the Linear Combination of Atomic Orbitals (LCAO), although the basis functions are not 

necessarily conventional atomic orbitals. The goal of any basis set is to provide the best 

representation of MOs (or the electron density) with as small a computational cost as possible 

[155]. A basis set that describes the actual wave function well enough gives chemically useful 

results. Calculations with larger basis sets (i.e., more complete basis sets) are more reliable 

because the atomic or molecular orbitals of the system are more accurately approximated by 

such basis sets, which impose fewer restrictions on the locations of the electrons in space. 

However, calculations with larger basis sets are more computationally expensive, since more 

integrals are computed. It should be noted that in quantum physics, an 𝑁-electron basis set 

refers to a set of Slater determinants.  
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There exist different types of basis functions, among which the Slater-Type Orbitals (STOs) 

and Gaussian-Type Orbitals (GTOs) are the most prominent and commonly used in electronic 

structure theory calculations [155]. 

2.3.1 Slater-type orbitals (STOs) 

The STOs are described by functions that depend on spherical coordinates as shown in 

                              𝜑𝜁,𝑛,𝑙,𝑚(𝑟, 휃, ∅) = 𝒩𝑌𝑙,𝑚(휃, ∅)𝑟𝑛−1𝑒− ζr                                               2.43 

where 𝑟,휃 and 𝜙 are spherical coordinates, 𝒩 is the normalization constant, 𝑌𝑙,𝑚 controls 

angular momentum (it describes the “shape”), 𝑟 is the orbital radius in angstroms and 휁 (zeta) 

is the orbital exponent, which controls the width of the orbital (a larger 휁 gives a tighter 

function, while a smaller 휁 gives a more diffuse function). The letters , and 𝑚 represent the 

principal, angular momentum and magnetic quantum numbers, respectively. 

2.3.2 Gaussian-type orbitals (GTOs) 

The GTOs can be expressed in terms of either polar or Cartesian coordinates as shown  

                        𝜑𝜁,𝑛,𝑙,𝑚(𝑟, 휃, ∅) = 𝒩𝑌𝑙,𝑚(휃, ∅)𝑟2𝑛−2−𝑙𝑒− ζ𝑟2
                                2.44 

                         𝜑𝜁,𝑎,𝑏,𝑐 (𝑥, 𝑦, 𝑧) = 𝒩𝑥𝑎𝑦𝑏𝑧𝑐𝑒− 𝜁𝑟2
                                               2.45 

where 𝑁 is the normalization constant, 𝑌𝑙,𝑚 controls angular momentum, 𝑟 is the orbital radius 

in angstroms, 휁 controls the width of the orbital, the letters 𝑎, 𝑏 and 𝑐 are non-negative integers 

that control angular momentum. The sum of 𝑎, 𝑏 and 𝑐 determines the type of orbital, for 

example, if 𝑎+𝑏+𝑐=0, the GTO is an 𝑠-type function and if 𝑎+𝑏+𝑐=1, the GTO is a 𝑝-type 

function 

The exponential 𝑒−휁𝑟2 of the GTOs in contrast to 𝑒−휁𝑟 of the STOs has made the GTOs inferior 

to the STOs in the following two respects 

• The GTOs are not hydrogen-like functions even for the 1𝑠 orbital. Hence, a GTO is a poor 

approximation of an atomic orbital compared to the nearly ideal description that an STO 

provides  

•A GTO decays somewhat faster than an STO at large 𝑟 i.e., the GTO falls off too rapidly far 

from the nucleus as compared to an STO. Hence, unlike the GTOs, STOs have the correct 

asymptotic long-range behavior. 



Chapter 2: Material and Method  

55 
 
 Doctorate/PhD Thesis     Ernest MAINIMO © 2022 

Despite the accuracy of the STOs, it takes longer to compute the two-electron STO-based 

integrals. In terms of computational efficiency, the GTOs are preferred over the STOs and are 

used almost universally as basis functions in theoretical calculations, since the integrals based 

on them are easier to evaluate [155, 157]. 

2.3.3 Contracted Gaussian-type orbitals (CGTOs) 

The deficiencies of the GTOs as compared to STOs are usually mitigated by using a linear 

combination of enough GTOs to mimic an STO. A basis function composed of a linear 

combination of GTOs is referred to as a contracted Gaussian type orbital (CGTO), and the 

component of CGTOs are known as primitive GTOs, which are usually centered on the same 

nucleus [186]. A basis function consisting of a single GTO is termed uncontracted. A CGTO 

comprising 𝑛 Gaussians to mimic an STO is dubbed “STO-𝑛G”, where 𝑛 is an integer that can 

take the values 2, 3, 4, 5 or 6, for example, STO-3G denotes a “Slater-type orbital approximated 

by three Gaussians”. 

2.3.4 Basis set families 

There are eight families of basis sets available in several quality levels, and defined for a 

reasonable number of elements in the periodic table. 

(i) The Pople-style 𝑘-𝑙𝑚𝑛G basis sets.  

(ii) The Ahlrichs or Karlsruhe SVP, TZP, QZP basis sets and their Def2 versions.  

(iii) The XZP basis sets developed by Jorge and coworkers.  

(iv) The Sapporo basis sets developed by Koga and coworkers.  

(v) The atomic natural orbital (ANO) basis sets developed by Roos and coworkers.  

(vi) The correlation-consistent basis sets (cc-pVXZ) basis sets developed by Dunning, and 

Peterson and coworkers.  

(vii) The 𝑛ZaP basis sets developed by Petersson and coworkers.  

(viii) The polarization-consistent basis sets (pc-𝑛) developed by Jensen and coworkers  

Throughout the rest of this thesis, much attention we will be focused on the Pople-style  

2.3.5 Basis set classification 

Based on the number of contracted functions, basis sets have been classified as follows 
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• Minimal or single-zeta (SZ) basis sets 

Minimal or SZ basis sets (the STO-𝑛G) contain the minimum number of basis functions 

(CGTOs) needed for each atom, and each occupied orbital is described by one basis function. 

Minimal basis sets are used for very large molecules and for exploratory purposes only. They 

generally provide poor results for molecules, since they are inadequate to describe the 

deviations from the spherical symmetry of atoms and the process of bond formation. 

• Double-, triple- and quadruple-zeta basis sets 

The double-zeta (DZ), triple-zeta (TZ) and quadruple-zeta (QZ) basis sets use two, three and 

four basis functions respectively, per atomic orbital, and both the valence and core orbitals are 

split. The DZ, TZ and QZ basis sets are much better than the SZ basis sets at describing bond 

formation, since they employ different ratios of basis functions with different exponents to 

describe the various bonding characteristics in different directions. 

•Split-, triple split- and quadruple split-valence basis sets 

A split-valence basis set represents the core atomic orbitals by one set of basis functions 

(contracted) and the valence atomic orbitals by two sets of basis functions. In this case, 

hydrogen is provided two 𝑠-type functions and the main-group elements are provided two sets 

each of valence 𝑠-type and valence 𝑝-type functions. In the case of triple split- and quadruple 

split-valence basis sets, the valence atomic orbitals are split into three and four parts 

respectively. The Pople-style basis sets are generally of the form 𝑘-𝑛𝑙𝑚G, where the 𝑘 in front 

of the dash indicates the number of GTOs used for representing the core orbitals, while the 

letters 𝑛𝑙𝑚 after the dash indicate both the number of functions the valence orbitals are split 

into and how many GTOs are used for their representation. Two values (𝑛𝑙) indicate a split-

valence basis set e.g., 6-31G, while three values (nlm) indicate a triple split-valence basis set 

e.g., 6-311G. For the Ahlrichs or Karlsruhe basis set family, there exist split-valence (e.g., def2-

SVP), triple-zeta valence (e.g., def2-TZVP) and quadruple-zeta valence (e.g., def2-QZVP) 

basis sets. Note that the “P” in these basis sets indicates the presence of polarization functions 

as discussed below 

2.3.6 Adding polarization functions to basis sets 

One drawback of the SZ, DZ, TZ and QZ, as well as the Split-, triple split- and quadruple split-

valence basis sets is that their basis functions are atom centered, which restricts their flexibility 

in describing electron distributions or the bonds between nuclei. This shortcoming may be 
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addressed by providing 𝑑-type functions for the “heavy atoms” (atoms beyond helium in the 

periodic table), which contain 𝑠 and 𝑝-type valence orbitals. Optionally, 𝑝-type functions may 

be also provided for hydrogen and helium, which contain 𝑠-type valence orbitals. These 

additional 𝑝 and 𝑑-type functions are called polarization functions, which account for orbital 

polarization that occurs when bonds are formed in molecules to provide optimal bonding. The 

polarization functions allow displacement of electron distributions away from the nuclear 

positions as shown in Figure 2.1, by enabling orbitals to change not only their sizes, but also 

their shapes.  

Generally, a polarized basis set incorporates basis functions of higher angular momentum 

quantum number beyond what is required by the atom in its electronic ground-state. Therefore, 

to polarize a basis function with angular momentum quantum number 𝑙, it is mixed with a 

polarization function of angular momentum quantum number 𝑙+1. Examples of polarized 

Pople-style basis sets are 6-31G(𝑑) or 6-31G* and 6-311G(𝑑,𝑝) or 6-311G**, where 𝑑 and 𝑑,𝑝 

in parenthesis or the asterisk(s) indicate the presence of polarization function. 

 

Figure 2.1 Effects of polarization functions on electron distribution 

2.3.7 Adding diffuse functions to basis sets 

For some applications, diffuse functions (i.e., functions with smaller 휁 exponents) must be 

added to obtain accurate (or even meaningful) results. Diffuse functions enable a proper 

description of electron distributions far away from the nucleus, and are thus required for anions, 

polar bonds, weak intermolecular interactions, Rydberg orbitals and systems in their excited 
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states. In these situations, basis sets may be supplemented with diffuse 𝑠 and 𝑝-type functions 

for the heavy atoms. For the Pople-style basis sets, diffuse functions are designated by “+” as 

in 6-311+G**. It is also possible to add diffuse functions to both the heavy and hydrogen atoms, 

designated by “++” as in 6-311++G**. For the Ahlrichs basis sets, diffuse functions may be 

added according to [187], designated by “D” as in def2-TZVPD. Also, the Ahlrichs basis sets 

may be minimally augmented with diffuse 𝑠 and 𝑝 functions according to [188], denoted “ma” 

as in ma-def2-TZVP. 

2.4 Gaussian Package 

It is a computational Physics and Chemistry program. It name comes from the fact that it uses 

Gaussian type basis functions. Starting from the fundamental laws of quantum mechanics, the 

Gaussian 09 [189] can predict the electronic and geometric structure optimization (single point 

calculation, geometry optimization, transition states and reaction path modeling); and 

molecular properties and vibrational analysis (IR, Raman, NMR vibrational frequencies and 

normal modes; electrostatic potential, electron density, multipole moments, population 

analysis, natural orbital analysis, magnetic shielding induced current densities, static and 

frequency-dependent polarizabilities and hyperpolarizabilities) using both DFT and ab initio 

methods. Gauss View 5.0 is employed for realizing data and displaying the outcomes of the 

output [190]. Optimization of geometry and vibrational frequencies by the Gaussian are shown 

below. 

Geometry optimization is done by locating both the minima and transition states on the 

potential surface. It can be optimized in Cartesian coordinates that are generated automatically 

from the input Cartesian coordinates. It also handles fixed constraints on distances bond angles 

and dihedral angles in Cartesian or (where appropriate) internal coordinates. The process is 

iterative, with repeated calculations of energies and gradients and calculations or estimations 

of the Hessian matrix in every optimization cycle until convergence is attained (see scheme in 

figure 2.2). The whole art of geometry optimization lies in the calculation of the step h so as to 

converge in a few such cycles as possible. 
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Figure 2.2 schematic for geometric optimization by the Gaussian program. 

2.5 Methodology  

In this chapter, the methodology employed in this research is described, which comprises the 

DFT as the main quantum chemical method used, along with other computational techniques 

based on topological analysis of the electron density 

2.5.1 Methodology of the determination of the NLO 

The nonlinearity at the microscopic scale can be defined by the dipole moment induces in non-

linear optical material. So, as we mentioned in chapter 1, the induced dipole moment is written 

as a series expansion of the electric field E as follows 

𝜇𝑖(𝐄) = 𝜇0 + ∑ 𝛼𝑖𝑗𝑗 𝐸𝑗 + ∑ 𝛽𝑖𝑗𝑘𝑗≤𝑘 𝐸𝑗𝐸𝑘 + ∑ 𝛾𝑖𝑗𝑘𝑙𝑗≤𝑘≤𝑙 𝐸𝑗𝐸𝑘𝐸𝑙 + ⋯               2.45 

𝜇0 is the permanent dipole moment of the molecule, 𝛼𝑖𝑗, 𝛽𝑖𝑗𝑘 and 𝛾𝑖𝑗𝑘𝑙 are tensors representing 

the polarizability, the first order hyperpolarizability and the  second order hyperpolarizability 

respectively. Within the limits of a weak polarization introduced by relatively non-intense field, 

the energy E of a system can also be written as an expansion in Taylor series induced by the 

electric field E as follows [191] 

   𝐸𝑖(𝑬) = 𝐸0 − ∑ 𝜇𝑖𝑗 𝑬𝑗 −
1

2
∑ 𝛼𝑖𝑗𝑖,𝑗 𝑬𝑗𝑬𝑘 −

1

6
∑ 𝛽𝑖𝑗𝑘𝑖,𝑗,𝑘 𝑬𝑖𝑬𝑗𝑬𝑘 + ⋯                                2.46 

Choose coordinate system best suited for 

desired optimization

Calculate energy E

Calculate gradient vector, g, (first derivative of E 

with respect to coordinate displacement)

Estimate or calculate Hessian matrix, H (second derivative 

of E with respect to coordinate dipslacement

From E, g, and H, calculate a new step, h (x=x+h should be a better 

estimate of the location of the stationary point sought than x was)

Yes

Converged

No

Take a new step

Input initial geometry X (best guess at 

molecular structure)

Check for convergence (i.e are energy differences, 

gradients, and displacement less than desired tolerances?)
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𝐸0 is the total energy of the system in the absence of an electric field. The tensors 𝛼 and 𝛽 are 

defined [192] by the first and second derivations of the induced dipole moment with respect to 

the field E or by the second and third derivations of the total energy with respect to the field  E 

                             𝛼 = (
𝜕𝜇𝑖

𝜕𝑬
)
0
 𝑎𝑛𝑑 𝛽 = (

𝜕2𝜇𝑖

𝜕𝑬2 )
0
                                   2.47 

 

                           𝛼 = (
𝜕2𝐸

𝜕𝑬2
)
0
and  𝛽 = (

𝜕3𝐸

𝜕𝑬3
)
0
                                     2.48 

The nonlinear properties (polarizability and hyperpolarizability) are generally determined by 

the finite field method. The finite field method was introduced for the first time by Cohen and 

Roothaan [193]. The principle of the method is to obtain the components of polarizability 

tensor (𝛼𝑖𝑗) and the hyperpolarizability tensor (𝛽𝑖𝑗𝑘) by successive numerical derivations of the 

dipole moment or of the total energy with respect to components of the electric field within the 

limit of a zero field. The mean polarizability 𝛼0 and the first order static hyperpolarizability 𝛽0 

are determined from the components calculated with the Gaussian program by the following 

formulas [193, 195] 

                      𝛼0  =
𝛼𝑥𝑥+𝛼𝑦𝑦+𝛼𝑦𝑦

3
                                               2.49 

∆𝛼 = [
1

2
((𝛼𝑥𝑥 − 𝛼𝑦𝑦)

2
+ (𝛼𝑥𝑥 − 𝛼𝑧𝑧)

2 + (𝛼𝑦𝑦 − 𝛼𝑧𝑧)
2
+ 6(𝛼𝑥𝑦 + 𝛼𝑥𝑧 + 𝛼𝑦𝑧)

2
)]

1

2       2.50 

𝛽0 = ((𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧)
2
+ (𝛽𝑦𝑦𝑦 + 𝛽𝑦𝑥𝑥 + 𝛽𝑦𝑧𝑧)

2
+ (𝛽𝑧𝑧𝑧 + 𝛽𝑧𝑥𝑥 + 𝛽𝑧𝑦𝑦)

2
)
1/2

    2.51 

2.5.2 Methodology of the determination of the electronic properties 

In an isolated atom, the energy of electrons can have only well-defined discrete values in 

contrast to the continuum energy in the case of a free electron. In a solid, the situation is 

intermediate: the electron can have any energy value within certain intervals. So the solid has 

bands of permitted energies, separated by forbidden bands. This representation in energy bands 

is a simplified and partial representation of the density of electronic states. The electrons of the 

solid are distributed in the permitted energy levels; this distribution depends on the temperature 

and obeys the statistics by Fermi-Dirac [196]. Two permitted energy bands play a special role. 

The last completely filled band is called "valence band". The allowed energy band which 
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follows it is called the "conduction band". It can be empty or partially filled. The energy that 

separates the valence band from the conduction band is called the "gap" (band gap). 

The electrons of the valence band contribute to the local cohesion of the solid (between 

neighboring atoms) and are in localized states. They cannot participate in the phenomena of 

electrical conduction. Conversely, the electrons of the conduction band are delocalized. It is 

these electrons which participate in electrical conduction. Electronic properties of the solid 

therefore depend essentially on the distribution of electrons in these two bands as well as the 

value of the gap: in the case of insulators, the two bands are separated by a significant gap. For 

conductors, the conduction band is partially occupied, which allows electrons in this band to 

move to higher energy levels, without violating the Pauli Exclusion Principle, and thus 

participate in the conduction. Semiconductors have a sufficiently low gap and electrons have 

small probability to cross it by simple thermal excitation during an increase in temperature. 

The valence and conduction bands play identical roles to those of the molecular orbitals HOMO 

(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) in the 

theory of frontier molecular orbitals developed by Kenichi Fukui [197,198]. The difference 

between the energy of the HOMO orbital (EH) and the energy of the LUMO orbital (EL) 

corresponds to the HOMO-LUMO energy gap and generally represents the lowest possible 

excitation energy in a molecule. The energy of the HOMO-LUMO gap can tell us what 

wavelengths the compound can absorb. Conversely, the laboratory measurement of 

wavelengths absorbed by a compound can be used as a measure of the energy of the HOMO-

LUMO gap. The energy of the HOMO-LUMO gap is calculated from the difference in the 

energies of the boundary orbitals as follows 

                                   𝐸𝑔𝑎𝑝 = 𝐸𝐿 − 𝐸𝐻                                             2.52 

The occupation of different energy states by electrons follows the Fermi-Dirac distribution 

[196]. There is a characteristic energy, the Fermi level, is the energy level of the highest 

occupied level when the material is at a temperature of zero Kelvin. The Fermi level represents 

the chemical potential of organic systems. In the theory of boundary molecular orbitals, the 

Fermi level EFL, which corresponds to the chemical potential , can be approximated by the 

relation [199] 

                               𝐸𝐹𝐿 =
1

2
(𝐸𝐻 + 𝐸𝐿)                                             2.53 



Chapter 2: Material and Method  

62 
 
 Doctorate/PhD Thesis     Ernest MAINIMO © 2022 

The Fermi level of a material expresses the work required to add an electron to it, or also the 

work obtained by removing an electron from the material. Thus, the Fermi level is related to 

the work function which is defined as the minimum energy required to extract an electron from 

the Fermi level of a metal up to a point located at infinity outside the metal. 

Parameters like the chemical potential, electronegativity, the hardness, softness and the 

electrophilicity index were determined through Koopman’s Theory [200] and are defined and 

calculated by formulae found in literature [200-204]. According to this theory the ionization 

potential IP and electron affinity EA of the molecule are calculated using the following 

equations: IP = − EH and EA = − EL. The electronic chemical potential show the escaping 

tendency of electron from a stable system denoted 

  𝜇 = (𝐼𝑃 + 𝐸𝐴)/2                                                  2.54 

The electronegativity calculated as the negative of chemical potential, 𝜒 = −𝜇 gives the power 

of molecule or atom to attract electrons.  The global hardness, denotes resistance of an atom to 

a charge transfer and is calculated by 

 휂 = (𝐼𝑃 − 𝐸𝐴)/2                                                  2.55 

The global softness is the reciprocal of the hardness, measures the tendency of an atom or 

molecule to receive electron. The global electrophilicity index is computed using hardness and 

chemical potential to quantify the accepting capacity of electrons by chemical species 

𝜔 = 𝜇2/2휂                                                  2.56 

Good electrophilic species have high value of 𝜇 and ω, while nucleophilic species have small 

value 

2.5.3 Methodology of the determination of the reorganization energy 

A key parameters used in calculating the rate at which charge hop’s or charge mobility is the 

reorganization energy λ, split into the internal reorganization energy 𝜆𝑖𝑛𝑡 which gives the 

structural change linking the ionic and neutral states of a molecule and external reorganization 

energy 𝜆𝑒𝑥𝑡 gives the measure of the surrounding medium on charge transfer [205],  𝜆𝑖𝑛𝑡 by far 

exceeds 𝜆𝑒𝑥𝑡  [206]. We therefore base our calculations on 𝜆𝑖𝑛𝑡.  𝜆𝑖𝑛𝑡 for electron 𝜆𝑒 and hole 

𝜆ℎ  transport can be calculated from the following equations. The electron and hole 

reorganization energies according to the Marcus model [207], are evaluated by the adiabatic 

potential-energy surface method 



Chapter 2: Material and Method  

63 
 
 Doctorate/PhD Thesis     Ernest MAINIMO © 2022 

𝜆𝑒 = (𝐸0
− − 𝐸−

−) + (𝐸−
0 − 𝐸0

0)                                            2.57 

𝜆ℎ = (𝐸0
+ − 𝐸+

+) + (𝐸+
0 − 𝐸0

0)                                            2.58 

𝐸+
0 and 𝐸−

0 represent neutral species energy computed at the optimized geometries of its cationic 

and anionic forms respectively. 𝐸−
−  and  𝐸+

+ are the energies of the anionic and cationic 

structures respectively,  calculated with the optimized geometries of the cation and anion. 𝐸0
0  

𝐸0
+   and 𝐸0

− are correspondingly the energies of the neutral, cationic and anionic species at the 

optimized neutral structure. Another key parameter decisive in charge transfer rate in organic 

semiconductors at the microscopic level is the transfer integral, V [208], which shows the ease 

of charge transfer between two interacting chains. V is linked with a given electronic level is 

associated to the energetic splitting of that level and goes from an isolated chain to a system of 

interacting chains. In organic polymers, the splitting of the HOMO and LUMO level ensuing 

from the interaction of adjacent chains in given directions gives the transfer integral used in 

describing electron and hole transport in these directions. In the weak-coupling regime the 

charge transfer rate 𝐾𝐶𝑇 is approximated by 

 𝐾𝐶𝑇 =
𝑉2

ħ
(

𝜋

𝜆𝐾𝐵𝑇
) exp (−

𝜆

4𝐾𝐵𝑇
)                                             2.59 

𝑉 is the transfer integral and the hole transfer integral given by 𝑉ℎ = 𝐸ℎ𝑜𝑚𝑜 − 𝐸ℎ𝑜𝑚𝑜−1,and the 

electron transfer integral by 𝑉𝑒 = 𝐸𝑙𝑢𝑚𝑜+1 − 𝐸𝑙𝑢𝑚𝑜,  ħ and 𝐾𝐵 are fundamental constant, 𝜆 is 

the reorganization energy 𝑇 is the temperature. 

2.5.4 Methodology of the determination of the photovoltaic properties 

In order to maximize OPVC device performance, it is crucial to understand the parameters that 

determine its operational capability. These parameters include, band gap 𝐸𝑔, open circuit 𝑉𝑜𝑐, 

driving force ∆𝐸𝐿𝐿, reorganization energy λ, the isotropic polarizability 𝛼, first order 

hyperpolarizability 𝛽 and anisotropy ∆𝛼 of the organic material [, 138, 209, 210]  

The power conversion efficiency (PCE) is a key quantity used to characterize the cell 

performance of solar cell and depends on the band gap 𝐸𝑔, the open circuit voltage 𝑉𝑜𝑐, current 

density 𝐽𝑠𝑐, and fill factor 𝐹𝐹. The PCE indicates the ratio of the electrical power produced by 

the solar cell per unit area measured in watts, divided by the watts of incident light under certain 

specified conditions called “standard test conditions [211]. The open circuit voltage will be 

calculated using the Scharber model [212-215]  
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                                          𝑉𝑜𝑐 =
1

𝑒
|𝐸𝐻

𝐷 − 𝐸𝐿
𝐴| − 𝐸𝑏                                                    2.60 

Where 𝑒 is the elementary charge,  𝐸𝐻
𝐷 is the HOMO energy of the donor, 𝐸𝐿

𝐴 is the LUMO 

energy of the acceptor and customary to agreed experimental laboratory value 𝐸𝐿
𝐴 = -4:026 eV 

for the acceptor PCBM [216], 𝐸𝑏 the exciton binding energy for the electron and hole with a 

value ranging from 0.1 to 1V, we take the value of 0.3V as reported in other literature as the 

value is the loss factor associated to the heterojunction design [217].  

The energy difference between the LUMO of the donor and acceptor ∆𝐸𝐿𝐿, called the driving 

force is an important factor that enhances the PCE of OPVCs, it is expressed as in [218]. The 

driving force is a determining factor for exciton dissociation to free charges at the D-A 

heterojunction.                       

                                   ∆𝐸𝐿𝐿 = 𝐸𝐿
𝐷 − 𝐸𝐿

𝐴                          2.61 

The free charges produced by exciton dissociation at the D-A heterojunction must travel 

through the active layer to reach the electrodes where they are collected to produce 

photocurrent.  Charge carrier mobility estimated through the reorganization energy is therefore 

important in determining device efficiency and method to calculate it shown in section 2.4.2. 

The nonlinear optical properties viz; the isotropic polarizability 𝛼, first order 

hyperpolarizability 𝛽 and anisotropy of the polarizability ∆𝛼 are computed as shown in section 

2.4.1 and give the extent of the delocalization of intramolecular charge of donor electrons in 

the OPVC [210]. 

2.6 Conclusion 

In this chapter, we presented the modeling methods based on quantum mechanics used in the 

study of the desired properties of the GNRs. These methodologies which includes the RHF, ab 

initio method and the B3LYP, and BPBE DFT methods in modelling the properties of the 

GNRs were well explicated using the 6−31+G(d, p) base set. This modeling methods were used 

to determine the nonlinear optical, photovoltaic, thermodynamic and electronic properties of 

the GNRs. In the next chapter, we present the modeled systems and analyze the molecular 

simulation results obtained. 
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CHAPTER 3 

RESULTS AND DISCUSSION

 

3.0 Introduction 

In this chapter, the results obtained from the computations carried out in the course of this 

research are scrutinized. The results and their discussion are presented according to the various 

partitions of this work, for better comprehension. We will in particular present and analyze the 

properties of GNRs. We exploit the DFT and ab initio molecular modelling methods to predict 

the properties of the system using a common basis set 6-31+g(d,p). We will present, analyze 

and contrast the numerical simulated results of the nonlinear optical, charge transport and 

photovoltaic properties of some selected graphene nanoribbons and their metalated 

counterparts, namely: phenanthrene, azulene and perylene. This chapter is divided into eight 

sub sections; section one looks at the optimized structures of the GNRs, while section two, 

three and four will present the effects of metalating GNRs on their nonlinear optical properties, 

electronic properties and quantum descriptors respectively, while section five will study the 

effects of metalating GNRs on the organic photovoltaic properties then section six and seven 

will analyze the mechanical stability of the studied molecules and its thermodynamic properties 

respectively and lastly section eight will analyze the vibrational spectra of the GNRs and their 

metal derivatives. We culminate with a last section dedicated to the conclusion. 

    

 

Fig 3.1 Optimized structures of phenanthrene, perylene, azulene respectively, using RHF, 

B3LYP and BPBE methods together with the 6-31+g(d,p) basis 
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Fig 3.2 Optimized structures of metalated azulene, phenanthrene and perylene respectively, 

using RHF, B3LYPand BPBE methods together with the 6-31+g(d,p) basis 

3.1 Optimized structure of the studied GNRs 

The optimized geometric structure obtained from calculations are shown in fig. 3.1. and fig. 

3.2 above. As can be observed, the optimized structure of the metalated GNRs are planar. The 

GNRs as well as their metalated counterpart are shown. In calculation, absence of results for 

perylene at the B3LYP and BPBE method was due to non-convergence of the simulation due 

to the high symmetry of perylene.  

3.2 Effect of metalation on the nonlinear optical properties of GNRs 

The calculated values of the average Polarizability, hyperpolarizability, total dipole moment 

and anisotropy are depicted in table 3.1, are important parameters that aid to appreciate the 

Non-Linear Optical (NLO) behavior of a molecule have been evaluated by numerous 

researchers, we have also calculated these properties in this work. Their NLO behavior is an 

important parameter in drug design, pharmacology where they serve in depiction of 

quantitative structural analysis relationship (QSAR) [219]. The parameters are useful in 

shaping the structure, dynamical orientation thermodynamics properties of materials and are 

therefore of real experimental importance. The values of the total dipole moment, average 

polarizability and anisotropy in all the studied GNRs are greater in all the GNRs metalated 

molecules than in the starting molecule at all level of theory. All GNRs metal derivatives have 

dipole moment which are greater than that of urea 1.5256D obtained in literature [200, 220]. 

Urea is a prototypic molecule used in comparative analysis in nonlinear optics. This shows that 

metalation could be of future relevance in the design of nonlinear optical devices. The 

dipolarity induced by strong alkali metal donor on the highly delocalized pi electron system 
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has heighten the hyperpolarizability; a determining factor for NLO activity of the system which 

is of essence in shaping a system’s properties. The metal donor atom induces polarizability 

through intramolecular charge transfer which increases the hyperpolarizability. Comparing our 

hyperpolaribility with the prototypic push-pull molecules, para-nitroaniline (p-NA) and urea 

with hyperpolarizabilities respectively, 5.01×10-50𝑐3𝑚2/𝐽2 , and 1.38× 10−51𝑐3𝑚2/𝐽2 [200, 

220, 221], it is observed that all the studied metal GNR have hyperpolarizabilities greater than 

the two prototypic molecules. The metalated counterparts could therefore suggest potential 

applications of these molecular systems in the development of nonlinear optical materials. The 

result obtained at the B3LYP/6-31+g(d,p) level of theory for azulene confirms the experimental 

value of the dipole moment for this molecule already obtained in literature [222]. The values 

of the average polarizability, and anisotropy for both the starting GNR and the metal derivative 

are higher in the two DFT methods than that of the ab initio method; RHF but for some few 

cases. This can be attributed to the absence of electron correlations effect. The dipole moment 

follows the reverse trend. The value of the hyperpolarizability for the ab initio method is greater 

than the two DFT methods or functional for all the starting molecules but follows the reverse 

trend for all the metalated GNR, so the same cause doesn’t necessarily produce the same effect. 

Table 3.1a Nonlinear optical properties of the virgin GNRs obtained using RHF, B3LYP and 

BPBE methods together with the 6-31+g(d,p) basis 

Properties  phenanthrene Azulene  Perylene  

 RHF B3LYP BPBE RHF B3LYP BPBE RHF 

𝜇(𝐷) 0.0118 0.0142 0.0225 1.60 1.09 0.99 0.00 

𝛼 (𝑐2𝑚2/𝐽)

× 10−39
 

2.57 2.80 2.86 2.03 2.11 2.14 3.81 

∆𝛼(𝑐2𝑚2/𝐽)

× 10−40
 

14.8 17.5 18.6 1.28 13.07 1.35 1.70 

𝛽(𝑐3𝑚2/𝐽))

× 10−52
 

11.3 5.40 1.94 146.17 80.82 66.85 00.0006 
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Table 3.1b Nonlinear optical properties of the GNRs metal derivatives obtained using RHF, 

B3LYP and BPBE methods together with the 6-31+g(d,p) basis 

Properties  

 

k-phenanthrene k-azulene Rb-perylene 

 RHF B3LYP BPBE  RHF B3LYP BPBE RHF B3LYP BPBE 

𝜇(𝐷) 12.08 10.48 10.34 11.23 10.18 10.08 13.52 11.99 9.75 

𝛼 (𝑐2𝑚2/𝐽)

× 10−39
 

2.97 3.71 3.93 2.45 3.01 3.13 4.18 5.21 5.21 

∆𝛼(𝑐2𝑚2/𝐽)

× 10−40
 

16.4 24.2 26.9 3.27 24.26 1.84 3.21 2.22 9.33 

𝛽(𝑐3𝑚2/𝐽))

× 10−52
 

8.32 58.45 80.66 950.98 5594.9 7318.72 752.29 8738.29 6756.00 

 

3.3 Energy and density of states (DOS) analysis on the effect of metalation on GNRs 

Frontier molecular orbitals (FMOs), which are the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO), are very important quantum chemical 

parameters because they play a key role in the electric, chemical and optical properties of 

compounds. The values of the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) were determined directly.  

The gap energy indicates that the phenanthrene, azulene and perylene are dielectric as they 

have a band gap greater than 3eV at all level of theory [98, 223]. The RHF method produces 

the greatest gap energy for any of the GNR be it metalated or not, this is due to the absence of 

electron correlation that isn’t incorporated in the ab initio method.  The metalated GNRs at the 

BPBE method produces the lowest gap energy amongst all the molecules.  When all the GNRs 

are metalated their band gap reduce, with some GNRs becoming superconductors like K-

phenanthrene, Rb-perylene and K-azulene at the BPBE/6-31+g(d,p) level of theory with many 

industrial applications in computer circuitry and charge transfer.  

The isosurfaces of the HOMO and LUMO of the GNRs and the metal derivatives are presented 

in fig.3.3 visualized using gauss view 5.0 [190]. For phenanthrene the LUMO and HOMO are 

spread out through the entire molecule. This spread explain the reason for its low dipole 

moment and hyperpolaribility. As its concern k-phenanthrene, the LUMO and the HOMO are 

mostly located on the metal moiety with the highest density of charge observed on the LUMO. 
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Metalation is seen to show significant charge transfer (CT) for phenanthrene as there is charge 

separation. Azulene shows a similar trend as phenanthrene with almost an even spread of the 

HOMO and LUMO, however, the HOMO of its metal derivatives is found on the metal moiety 

while the LUMO is found away from the metal moiety, showing very significant CT and 

consequently a high hyperpolarizability. The zero dipole moment obtained for perylene is well 

observed with a complete well spread HOMO and LUMO, CT is near zero. The HOMO of the 

metal derivative is located mostly on the metal moiety while its LUMO is evenly spread.   

The total density of state (DOS) spectrum for the studied molecules obtained using the RHF/6-

31+g(d,p), and B3LYP/6-31+G(d,p) level of theory in gas phase is presented in Fig. 3.4. The 

DOS spectrum shows that the band gap is large with the RHF/6-31+g(d,p) level of theory and 

small at the B3LYP/6-31+G(d,p) level of theory, indicating that inclusion of electron 

correlation effects reduces band gap.  The role of the various HOMO and LUMO groups of 

molecular orbitals are presented: in green for HOMO orbital and red for LUMO orbital. Low-

band gap organics serve myriad role of electron donors, hole transport, exciton generation, 

migration and recombination. The occupation of different energy states by electrons follows 

the Fermi-Dirac distribution [224]. There is a characteristic energy, the Fermi level, which 

fixes, when the material is at a temperature of zero kelvin, the energy level up to which we find 

the electrons, that is, the energy level of the highest occupied level. The Fermi level represents 

the chemical potential of organic systems. Its positioning in the diagram of bands of energy is 

related to how bands are busy. In the theory of boundary molecular orbitals, the Fermi level 

EFL to which correspond the chemical potential is given by  

                                                  𝐸𝐹𝐿 =
1

2
(𝐸𝐿 + 𝐸𝐹) 3.1 

The Fermi level of a material expresses the work required to add an electron to it, or also the 

work obtained by removing an electron. Thus, the Fermi level is related to the work output 

which is defined as the minimum energy required to extract an electron from the Fermi level 

of a metal up to a point located at infinity outside the metal. 

The Fermi level is the least increased in energy when an electron is added to a material. The 

Fermi energy is higher for the metalated GNRs than for the virgin counterparts except at the 

RHF method which shows an opposite trend. The virgin GNRs have a higher value for the 

Fermi energy at the RHF method than at the two density functional methods at all level of 

theory.   
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3.3 Effect of metalation on the quantum molecular descriptors 

Parameters like the chemical potential, electronegativity, the hardness, softness and the 

electrophilicity index were determined through Koopman’s Theory [200] and are defined and 

calculated by formulae found in literature [200-204]. The electronic chemical potential show 

the escaping tendency of electron from a stable system as given in equation (2.54). The 

electronegativity calculated as the negative of chemical potential gives the power of molecule 

or atom to attract electrons.  The global hardness, denotes resistance of an atom to a charge 

transfer and is given equation (2.55). The global softness is the reciprocal of the hardness, is 

tendency of an atom or molecule to receive electron. The global electrophilicity index is 

computed using hardness and chemical potential to quantify the accepting capacity of electrons 

by chemical species denoted by equation (2.56). Good electrophilic species have high value of 

𝜇 and ω, while nucleophilic species have small value. The values of the chemical potential is 

larger for the  starting molecule than for the metal GNR except at the RHF method as the value 

of the chemical potential reduces with metal substitution. The largest values for the chemical 

potential are obtained at the RHF than for the two DFT methods. The chemical hardness (η) 

defines the chemical reactivity and stability of a molecule. The greater the chemical hardness 

value the more stable the chemical species. Molecule with small chemical hardness are 

therefore more reactive. Reactivity is seen to increase with metalation as the value of the 

hardness reduces when metal is added to the investigated GNR, and the starting materials are 

therefore more stable than their metal counterparts. The HF method has the highest value for 

the hardness all cases than in the two DFT methods. The electrophilicity index was considered 

in this research along with chemical potential, its measure the propensity of a chemical species 

to accept electron. Thus, a molecule with high electrophilicity index indicates good 

electrophilic behavior, while a low value of indicate a good nucleophile. These quantum 

molecular descriptors are shown in table 3.2. The electrophilic index is seen to reduce upon 

metalation at all level of theory except for phenanthrene at the RHF level, this indicates that 

metalated GNRs tend to be better nucleophile while the starting GNR are better electrophile. 

Electron correlation effects are seen to lower the electrophilic index evident in the two DFT 

methods than RHF method.  

The hyperpolarizability and the energy gap is inversely proportional and corroborates earlier 

results found in literature [225, 226], due to significant extension of the conjugation of pi-

electrons as a result of intramolecular charge transfer across the donor- acceptor bridge. 



Chapter 3: Results and Discussion 

71 
 
 Doctorate/PhD Thesis     Ernest MAINIMO © 2022 

The mechanical stability of the GNRs and their metal counterparts can be visualized through 

the parameter of hardness seen in table 3.2. Stability is an invaluable tool in the construction 

of optoelectronic devices. The mechanical stability decreases with the adding of metal as seen 

in the decrease in value of the hardness upon metalation at all level of theory. This research 

work has proven metalation has a positive impact on the optoelectronic properties of GNRs but 

stability an invaluable tool in the production of optoelectronic device is proven 

counterproductive with the same process. Molecular orbitals analysis also disclose very high 

interaction between the carbon atom and the 3s state of potassium (K-3s), and the 5s state of 

Rubidium state (Rb-5s), hybridization occurring amidst the K and C atoms decreases the 

stability of the GNR than in the starting molecule. 

Table 3.2a Gap (eV), chemical potential (μ), absolute hardness (η), softness (S), 

electronegativity (χ) and electrophilic index (ω) of the virgin GNRs obtained using RHF, 

B3LYP and BPBE methods together with the 6-31+g(d,p) basis 

Properties  phenanthrene Azulene  Perylene  

 RHF B3LYP BPBE RHF B3LY

P 

BPBE RHF 

HOMO (eV) -7.84 -6.02 -5.35 -7.09 -5.56 -4.86 -6.75 

LUMO (eV) 1.88 -1.36 -2.01 1.05 -2.27 -2.80 1.02 

Gap(eV) 9.71 4.67 3.34 8.15 3.29 2.06 7.77 

𝐸𝐹𝐿(eV) -2.98 -3.69 -3.68 -3.02 -3.92 -3.83 -2.87 

EA(eV) -1.88 1.36 2.01 -1.05 2.27 2.80 -1.02 

IP(eV) 7.84 6.02 5.35 7.09 5.56 4.86 6.75 

𝜇(𝑒𝑉) 2.98 3.69 3.68 3.01 3.91 3.83 2.87 

휂 4.86 2.33 1.67 4.07 1.645 1.03 3.885 

S 0.21 0.43 0.60 0.25 0.60 0.97 0.26 

χ -2.98 -3.69 -3.68 -3.01 -3.915 -3.83 -2.865 

𝜔 0.913 2.92 4.05 1.11 4.65 7.12 1.06 

Δ𝐸𝑖𝑛𝑡(eV) - - - - - - - 
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Table 3.2b Gap (eV), chemical potential (μ), absolute hardness (η), softness (S), 

electronegativity (χ) and electrophilic index (ω) of the metalated molecules obtained using 

RHF, B3LYP and BPBE methods together with the 6-31+g(d,p) basis 

properties     k-phenanthrene   k-azulene Rb-perylene 

  RHF B3LYP BPBE  RHF B3LYP BPBE RHF B3LYP BPBE 

HOMO (eV) -6.45 -4.53 -3.57 -5.92 -4.31 -3.68 -5.49 -4.23 -3.26 

LUMO (eV) -0.42 -1.73 -1.69 -0.32 -1.61 -1.69 -0.48 -1.93 -2.15 

Gap(eV) 6.02   2.80    1.87 5.60 2.71 1.99 5.01 2.30 1.10 

𝐸𝐹𝐿(eV) -3.44 -3.13 -2.63 -3.12 -2.96 -2.69 -2.99 -3.08 -2.71 

EA(eV) 0.42 1.73 1.69 0.32 1.61 1.69 0.48 1.93 2.15 

IP(eV) 6.45 4.53 3.57 5.92 4.31 3.68 5.49 4.23 3.26 

𝜇(𝑒𝑉) 3.43 3.13 2.63 3.12 2.96 2.69 2.99 3.08 2.71 

휂 3.02 1.4 0.94 2.8 1.35 1.00 2.51 1.15 0.56 

S 0.33 0.71 1.06 0.36 0.74 1.01 0.40 0.87 1.80 

χ -3.44 -3.13 -2.63 -3.12 -2.96 -2.69 -2.99 -3.08 -2.71 

𝜔 1.95 3.50 3.68 1.74 3.25 3.64 1.78 4.12 6.59 

Δ𝐸𝑖𝑛𝑡(eV) -1195.9 -1197.4 -1197.2 -1196.0 -1197.4 -1197.7 -45.2 - - 
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Fig 3.3 Isosurfaces of the HOMO and LUMO of GNRs and their metal derivatives  
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Fig 3.4 Density of states (DOS) for phenanthrene, azulene, perylene, and its metal derivatives 

showing band gaps obtained at the HF and at the B3LYP methods 
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3.4 Effect of metalation on some graphene nanoribbons for potential application as 

donor in bulk heterojunction (BHJ) organic photovoltaic cells with PCBM as 

model acceptor 

3.4.1 Open circuit voltage, driving force band gap, and density of state analysis 

These calculated values determining photovoltaic performance of the GNRs and their 

metalated counterparts obtained from optimized geometry using the RHF, B3LYPand BPBE 

method together with the 6-31+g(d,p) are summarized respectively in table 3.3 and 3.4 below. 

The dashed entries in table 3.3 show non converging results. 

The open-circuit voltage 𝑉𝑜𝑐, is the peak voltage across an OPV device. 𝑉𝑜𝑐 is obtained when 

the photogenerated current is balanced to zero, a state called flat band condition. The 𝑉𝑜𝑐 value 

is a useful parameter to indicate solar cell performance or power conversion efficiency of a 

solar cell device of type Bulk Heterojunction (BHJ). BHJ solar cell consist of a blend of 

electron donor and acceptor materials cast as a mixture as shown in fig. 1.3 above. Then 

acceptor chosen is the most widely used acceptor PCBM [216]. Enhancing 𝑉𝑜𝑐 is important in 

boosting the PCE of the solar cell. 

Table 3.3 Organic photovoltaic properties of the starting GNRs obtained using the RHF, 

B3LYP, and BPBE method using the 6-31+g(d,p) basis 

 

All the virgin GNRs have good 𝑉𝑜𝑐 values above the 1V minimum value for the optimal 

performance of OPVCs [227], except for azulene at the BPBE/6-31+g(d,p) level of theory, 

with the highest value obtained by phenanthrene at the RHF/6-31+g(d,p) level of theory. 

Electron correlation effects help to lower the values of 𝑉𝑜𝑐 as the values at the B3LYP/6-

Property      Phenanthrene        Azulene      Perylene  

 RHF  B3LYP BPBE RHF  B3LYP BPBE RHF  B3LYP BPBE 

𝐸𝐿
𝐷/eV 1.88 -1.36 -2.01 1.05 -2.27 -2.80 1.02 - - 

𝐸𝐻
𝐷/eV -7.84 -6.02 -5.35 -7.09 -5.56 -4.86 -6.75 - - 

𝐸𝑔𝑎𝑝
𝐷 /eV 9.71 4.67 3.34 8.15 3.29 2.06 7.77 - - 

𝐸𝐿
𝐴/eV -4.026 -4.026 -4.026 -4.026 -4.026 -4.026 -4.026 - - 

𝑉𝑜𝑐/V 3.514 1.694 1.024 2.764 1.234 0.534 2.424 - - 

∆𝐸𝐿𝐿/eV 5.906 2.666 2.016 5.076 1.756 1.226 5.046 
- - 
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31+g(d,p) and BPBE/6-31+g(d,p) level of theory are lower than at the RHF/6-31+g(d,p) level 

of theory. The computed 𝑉𝑜𝑐 values except  for azulene  at the BPBE/6-31+g(d,p) level of 

theory are good for practical values for OPVCs as stated in literature for devices that have 

reasonable photocurrents [228]. 

 

Table 3.4 Organic photovoltaic properties of the metalated GNRs obtained using the RHF, 

B3LYP, and BPBE method using the 6-31+g(d,p) basis 

 

The computed values of 𝑉𝑜𝑐  for the metalated GNRs at the two DFT methods are less than the 

1V required minimum value required for OPVC operation [227] but attain this target at the 

RHF method for all the three molecules. K- Phenanthrene has the greatest value for 𝑉𝑜𝑐 at each 

level of theory than any of the rest two molecules except for Rb-perylene at the BPBE/6-

31+g(d,p) level of theory. Careful examination indicates that 𝑉𝑜𝑐 has a near inverse relationship 

trend with the hyperpolarizability as indicated in fig. 3.5 for the metalated GNRs suggesting 

increased intramolecular charge transfer may diminish 𝑉𝑜𝑐.  The computed 𝑉𝑜𝑐 values for the 

metalated GNRs especially at the two DFT levels are smaller than the practical values for 

OPVCs stated in literature for devices that have reasonable photocurrents [228]. However, 

hope to improve these values could dwell on other determining factors for 𝑉𝑜𝑐, such as: donor 

energy levels, chemical potential gradients, light intensity, morphology (rough or smooth 

surface), external fluorescence, recombination of charge-carrier, light-source, cell 

temperatures, charge-carrier recombination, Fermi level pinning [ 229, 230]. Comparatively, 

the virgin GNRs perform better than GNRs in the area of 𝑉𝑜𝑐. 

property     k-phenanthrene       k-azulene    Rb-perylene 

 RHF  B3LYP BPBE RHF  B3LYP BPBE RHF  B3LYP BPBE 

𝐸𝐿
𝐷/eV -0.42 -1.73 -1.69 -0.32 -1.61 -1.61 -0.48 -1.93 -2.15 

𝐸𝐻
𝐷/eV -6.45 -4.53 -3.57 -5.92 -4.31 -3.68 -5.49 -4.23 -3.26 

𝐸𝑔𝑎𝑝
𝐷 /eV 6.02   2.80 1.87 5.60 2.71 1.99 5.01 2.30 1.10 

𝐸𝐿
𝐴/eV -4.026 -4.026 -4.026 -4.026 -4.026 -4.026 -4.026 -4.026 -4.026 

𝑉𝑜𝑐/V 2.124 0.204 0.156 1.594 -0.016 0.046 1.164 -0.096 0.466 

∆𝐸𝐿𝐿/eV 3.606 2.296 2.336 3.706 2.416 2.416 3.546 2.096 1.876 
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Fig.3.5 Open circuit voltage against the hyperpolarizability for K-phenanthrene, K-azulene and 

Rb-perylene 

A salient factor limiting the PCE of OPVCs is large energy loss, largely ascribed to the 

relatively large non-radiative recombination loss caused by the significant energy-level offset 

between the donor and acceptor as well as the extremely low electroluminescence quantum 

efficiency of organic photovoltaic materials. The energy-level offset between D-A interface 

cause exciton dissociation and is a vital step in OPVC functioning. This is measured through 

the driving force ∆𝐸𝐿𝐿 and should be greater than 0.30 eV in order to provide sufficient exciton 

dissociation [138, 218]. The driving force sets up electrostatic forces at the D-A interface, and 

when appropriately chosen, the electric field generated, can split the excitons into holes and 

electrons efficiently. From table 3.3, it is observed that all the virgin GNRs have  ∆𝐸𝐿𝐿 greater 

than the required 0.3V minimum, with the greatest value shown by phenanthrene at the 6-

31+g(d,p) level of theory. In general the absence of electron correlation effects heightens the 

value of driving force for the virgin GNRs. From table 3.4 we remark that all the metalated 

GNRs have a ∆𝐸𝐿𝐿 value that is above the 0.3eV requirement, with k-azulene having the highest 

value of 3.706eV. k-azulene equally shows the best results in exciton dissociation than the 

other two GNRs metal derivatives at any level of theory. Inclusion of electron correlation 

effects are seen to diminish the driving force for exciton dissociation for the metal GNRs, a 

similar trend is shown by the virgin GNRs. The virgin GNRs in consideration of the driving 
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force show a better performance than the metalated GNRs. After exciton dissociation the 

electrons are conveyed by the acceptor material with higher electron affinity in the BHJ and 

the hole by the donor material with lower ionization potential [216, 231,232]. However, the 

efficiency of this process is greatly hampered by recombination of charges and organic 

imperfections trapping. 

One of the major impediments to get high PCE is the limited spectral overlap between the solar 

spectrum and its absorption by the photoactive donor material, consequently giving a small 

valued photocurrent. Actually, the total solar photon flux of approximately 62%   is at 

wavelengths λ > 600 nm with almost 40% in the red and near-infrared (NIR) spectrum at 600 

< λ < 1,000 nm. Nonetheless, the optical band gap of most organic photoactive materials is not 

optimized with respect to the solar spectrum, in which only 20–30% of solar spectrum can be 

absorbed [,127, 211]. This indicate that we need to research new materials that will absorb NIR 

radiation, and efficiently transform the absorbed photons into electricity, such materials are 

those with band gap below 1.9eV [21, 211]. All the studied virgin GNRs have band gaps far 

greater than the 1.9eV below requirement with the greatest value shown at the ab initio method 

than for the DFT methods for each molecule. They therefore show poor performance in this 

area. 

The band gap, a representative signature in photovoltaic materials, for the studied metalated 

GNRs stands   at value of below 1.9eV only at the BPBE/6-31+g(d,p) level of theory for all 

three metal GNRs, with the least value obtained with Rb-perylene of 1.10eV which could in 

theory guarantee the highest sunlight harvest efficiency as it has the greatest overlap with the 

sun spectrum. Rb-perylene also give the smallest band gap than any of the molecules at all 

level of theory. The RHF and the B3LYP method gives a band gap greater than the 1.9eV 

required value for the operation of OPVCs. Non-inclusion of electron correlation effects in the 

RHF method widens the band gap. Small band gap OPVC materials optimize photon harvesting 

as they have great overlap with the sun spectrum. On comparing the band gap of these 

molecules with their inorganic counterparts, bearing in mind that functional inorganic 

photovoltaic devices operate within a band gap range of 0.7 eV to 2.5 eV [216], we observe 

they can be classified as small band gap material. The metal GNRs perform better than virgin 

GNRs in OPVCs functioning in the domain of band gap. The DOS shown in fig 3.4 show the 

relative large band gap for the virgin GNRs than the metalated GNRs. In BHJ type of OPVC, 

low-band gap organics serve myriad role of electron donors, hole transport, exciton generation, 

migration and recombination. 
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According to the criteria set to approximate the value of the PCE of an OPV by Scharber, in 

literature [232, 233], by matching the band gap with the LUMO level of the donor, accordingly 

a material having band gap smaller than 1.74 eV together with a 𝐸𝐿𝑢𝑚𝑜 < −3.92 𝑒𝑉, should 

generate a PCE of greater than 10%. Therefore Rb-perylene at the BPBE/6-31+g(d,p) level of 

theory, with a theoretical band gap of 1.10eV and 𝐸𝐿𝑢𝑚𝑜 =-2.15eV could on such criteria enjoy 

a PCE of about 10%. Such efficiency realized in this research could in theory, get this organic 

polymer a step closer to commercialization, and is a benchmark research finding and 

motivation for experimental consolidation of our theoretical work. 

The band gap and the hyperpolarizability as shown in fig.3.6 for the metal derivative, show 

also a near inverse relationship, interestingly giving a similar shape to that portrayed by the 𝑉𝑜𝑐  

and 𝛽. This inverse proportionality corroborates earlier results found in literature [225], due to 

significant extension of the conjugation of pi-electrons as a result of intramolecular charge 

transfer across the donor- acceptor bridge. The functioning of the OPVC has a stage by stage 

associated energy loss mechanism, such as non-absorbed photons, exciton decay as it diffuses 

to the D-A interface, geminate recombination of the bound electron hole pair as it disassociates 

into free carriers, and bimolecular recombination as the free carriers transport towards the 

electrodes for collection. The interrelatedness of these stages can’t be underestimated. 

Improving a single stage could but not necessarily lead to the overall improvement of its 

functionality. 

3.4.2 Reorganization energy and charge mobility for OPVC activity 

In designing novel solar cell devices there is need of linking charge transport properties and 

the molecular structure of the conjugated material. Reorganization energy of a molecular 

system cast a profound understanding of structure and charge transfer property relationship. 

The hole reorganization energy is key in determining charge carrier mobility in the donor of 

the OPVC as it conveys holes after exciton dissociation and influences parametric hole 

coupling. High hole mobility for charge-carrier leads to high short circuit current, and is a 

central parameter for OPV materials as it impacts, extraction and recombination dynamics of 

charge. It’s factual that low reorganization energy leads to a high charge mobility [234-236]. 

Of interest here is the internal reorganization energy as the external reorganization is ignored 

due to the stiff environment. Small value of internal reorganization energy is associated with 

higher solid-state charge carrier mobility in an isolated molecule 
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Fig.3.6 Band gap against the hyperpolarizability for K-phenanthrene, K-azulene and Rb-

perylene  

 

Table 3.5a Charge transport properties of the virgin GNRs  

Molecular 

properties 

 

phenanthrene  azulene  perylene  

 

 RHF B3LYP BPBE RHF B3LYP BPBE RHF 

𝑉ℎ 0.134 0.15 0.14 0.55 0.51 0.50 1.00 

𝑉𝑒 0.06 0.06 0.07 0.42 0.44 0.43 0.40 

𝜆𝑒 0.313 0.250 0.253 0.612 0.588 0.544 0.440 

𝜆𝑝 0.421 0.212 0.259 0.364 0.639 0.257 0.570 
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Table 3.5b Charge transport properties of the GNRs metal derivatives 

Molecular 

properties 

 

k-phenanthrene k-azulene Rb-perylene  

 

 RHF B3LYP BPBE  RHF B3LYP BPBE RHF B3LYP BPBE 

𝑉ℎ 0.24 0.19 0.36 0.33 0.17 0.01 0.94 0.36 0.35 

𝑉𝑒 0.43 0.62 0.28 0.39 0.26 0.06 0.49 0.28 0.26 

𝜆𝑒 0.292 0.241 0.235 0.478 0.216 0.231 0.231 0.263 0.256 

𝜆𝑝 0.183 0.218 0.251 0.168 0.159 0.167 0.240 0.261 0.256 

The reorganization energies are shown in table 3.5 above. Commonly, Alq3 (tris(8-

hydroxyquinolinato)aluminum(III), 𝜆𝑒 = 0.276 eV) and TPD (N,N-diphenyl-N,N-bis(3-

methlphenyl)-(1,1-biphenyl)-4,4-diamine, 𝜆𝑝 = 0.290 eV) are considered as prototypic electron 

and hole transport materials, respectively that are used in this work for comparison [237, 238]. 

The reorganization energies show that metalated GNRs are better transport materials than the 

investigated virgin GNRs as they possess comparative lower value for the reorganization 

energy and in most cases lower than the prototypic Alq3 for electron and TPD for hole 

transport. The absence of electron correlation effect diminish the charge transport ability as in 

the RHF/6-31+g(d,p) level of theory for all the GNRs and the metal derivatives. K-azulene at 

the B3LYP/6-31+g(d,p)  level of theory (𝜆𝑒 = 0.216eV, 𝜆𝑝 =0.159eV) is the best electron and 

hole transport material amongst the studied GNRs and their metal derivatives. Rb-perylene 

possess good electron and hole transport properties at all three investigated level of theory. The 

results indicate that GNRs metal derivatives can be used as a good ambipolar hole and electron 

charge transport materials under the proper operating conditions and are therefore prospective 

charge transport materials for the assembly of optoelectronic devices such as organic lead 

emitting diodes (OLEDs).  

In order for GNRs and their metal derivatives to be used as potential donor materials in OPVCs 

they should possess low value of the hole reorganization energy, lower than that of the 

prototypic hole transporter TPD, as the donor transports holes after exciton dissociation at the 

BHJ. Both virgin and metalated GNRs are good hole transporters, except at the RHF/6-

31+g(d,p) for the virgin GNRs as they have hole reorganization energy greater than 0.290eV. 

Azulene is not also a good hole transporter at the B3LYP/6-31+g(d,p).  In general terms the 



Chapter 3: Results and Discussion 

84 
 
 Doctorate/PhD Thesis     Ernest MAINIMO © 2022 

metal GNRs have lower hole reorganization energy than the virgin GNRs at any level of theory, 

thus will serve as better donor materials in BHJ OPVCs. Consequently, these metalated GNRs 

have high short circuit current and are therefore characterized as emblematic transport 

materials due to their high hole mobility. K-azulene has the smallest hole reorganization energy 

at any level of theory than any of the rest two molecules. We are interested with the transport 

of holes, as we are characterizing donor materials which transfer holes after exciton 

dissociation. The carrier mobility of conjugated polymers are several orders of magnitude 

lesser than their crystalline counterparts due to recombinative carrier loss and could be 

improved by increasing carrier concentration and making sure that the conjugated polymer 

have a thin active layer that serve to reduce the optical absorption. 

The computed transfer integral for hole-transport 𝑉ℎ and electron-transport 𝑉𝑒 processes of the 

studied molecules are listed in table 3.5 above. High transfer integral value are needed for good 

preformat charge transfer molecules [239]. The investigated GNR metal derivative are better 

hole and electron transfer materials in agreement with the results obtained for the 

reorganization energy than the virgin GNR except for azulene. Phenanthrene transfer holes 

better than electrons while the metal derivative transfers electrons better than holes, while 

azulene follows the reverse trend. Perylene and its metal derivative at the RHF/6-31+g(d,p) 

level of theory is a better hole than electron transmitter, this goes same for GNR metal 

derivative at the two DFT methods. The hole and electron transfer rate against temperature for 

azulene are displayed in fig.3.7 below and are seen to reduce with temperature, the molecular 

materials operate best at charge transfer at low temperatures.  

 

 

 

 

 

 

 

Fig.3.7 Hole charge transfer rate against temperature for azulene (left) and electron transfer 

rate against temperature for azulene (right) at B3LYPlevel of theory. 
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3.4.3 Nonlinear optical behavior for OPVC activity 

Nonlinear optical (NLO) parameters such as 𝛼, ∆𝛼, and 𝛽 are of high relevance to comprehend 

the performance and behavior of OPVCs are shown in table 3.1. These properties measures the 

extent of the delocalization of intramolecular charge for the donor electrons [240]. High values 

for NLO properties provide a higher efficiency of charge mobility from donor to acceptor. 

According to Balanay [241], this greatly affects short-circuit current density, as well as the 

solar cell system efficiency. In related literature, the increase in NLO properties in some 

organic dyes and porphyrins is directly related with the increment in the photovoltaic 

performance of those systems [241-243]. The values of the hyperpolarizability, average 

polarizability and anisotropy in all the studied GNRs are greater in all the GNRs metalated 

molecules than in the starting molecule at all level of theory. The NLO values of 𝛼, ∆𝛼, and 𝛽  

are significantly amplified for the studied metalated GNRs and are equally pronounced as 

compared to values obtained in [216]. Comparing our hyperpolaribility with the prototypic 

push-pull molecules, para-nitroaniline (p-NA) and urea with hyperpolarizabilities respectively, 

5.01×10-50𝑐3𝑚2/𝐽2 , and 1.38× 10−51𝑐3𝑚2/𝐽2 [200, 220, 221], it is observed that all the 

studied metal GNR have hyperpolarizabilities greater than the two prototypic molecules except 

k-phenanthrene at the RHF/6-31+g(d,p). This indicates a significant charge mobility efficiency 

from the donor GNRs metal derivative to acceptor PCBM. These high values of NLO 

properties are equally of interest in materials for emerging communication technologies and 

optical signals processing. The greatest NLO property is shown by Rb-perylene at all level 

theory. 

Despite the incessant advances on the development of new organic polymers and innovative 

device engineering, the PCE of OPV devices has steadily improved to value of not more than 

10% over the past years[143, 144, 244, 245]. Nonetheless, this efficiency isn’t adequate to meet 

the realistic specifications for commercialization, which emanates from the mismatch of the 

absorption of the photoactive material to the terrestrial solar spectrum. Nevertheless Compared 

to silicon-based devices, polymer solar cells are lightweight (which is important for small 

autonomous sensors), potentially disposable and inexpensive to fabricate (sometimes using 

printed electronics), flexible, customizable on the molecular level and potentially have less 

adverse environmental impact. Polymer solar cells also have the potential to exhibit 

transparency, suggesting applications in windows, walls, flexible electronics, etc. 
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3.5 Mechanical properties and thermal stability 

Stability is a very useful parameter in the design of potential optoelectronic device, such 

property is calculated through the chemical hardness ŋ which measures the resistance of a 

chemical species to electron cloud deformation or polarization under small perturbations from 

chemical reactions. Stabilities of the GNRs were investigated and predicted from interaction 

energies (Δ𝐸int). These properties were calculated using the equation 

ŋ =
1

2
(

𝜕𝜇

𝜕𝑁
) =

1

2
(

𝜕2𝐸

𝜕𝑁2) =
𝐼𝑃−𝐸𝐴

2
                                         3.2 

where 𝜇 is the chemical potential, 𝑁 is the total electron number, 𝐼𝑃 is the adiabatic ionization 

potential and 𝐸𝐴 is the adiabatic electron affinity. 

Δ𝐸int= 𝐸𝑚𝑒𝑡𝑎𝑙 𝐺𝑁𝑅 − (𝐸𝑣𝑖𝑟𝑔𝑖𝑛 𝐺𝑁𝑅 + 𝐻2)                                  3.3 

Δ𝐸int is calculated taking into consideration stoichiometry coefficient at each level of theory. 

As can be seen from table 3.2, the virgin GNRs are kinetically more stable and therefore 

chemically less reactive than its metal counterpart in all the levels of theory. The formation of 

the metal derivatives is favorable under ordinary temperature and pressure as Δ𝐸int is negative 

at all level of theory and for all the investigated GNRs. Rb-perylene corrobatively with the 

reactiveness of Rb has the smallest hardness of 0.555eV and thus is least stable and is therefore 

more reactive than any of the chemical species. Metalation is therefore counterproductive to 

chemical stability. The values of the thermodynamic properties of the GNRs and their metal 

derivatives shown and analyses as in table 3.6 also show some sought of structural molecular 

stability. The relatively high values of ŋ for the metalated molecules coupled with the negative 

values for the interaction energies indicate that they are energetically stable and therefore can 

be identified as excellent material for the construction of optoelectronic devices for nonlinear 

applications, making the goal of achieving novel materials for NLO application with better 

efficiencies, coupled with attributable practical performance such as chemical stability and 

easy processability for making technological applications closer. 

3.6 Effect of metalation on the Thermodynamic properties of the GNRs and their 

metal counterpart 

The thermodynamics properties of the molecules are shown in the table 3.6. We noticed that 

the Zero-point vibrational energy (ZPVE) and total electronic energy are approximately the 

same for the three levels of theory for each molecule. The Energy values reflect the stability of 
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the organic molecule. The zero-point energy is a correction to molecular vibration at 0K. These 

results are indicative of the fact that the simulations are done under similar ambient conditions, 

so the molecules are stable and the slight variation in the thermodynamic properties are due to 

the inclusion of correlation effects. Electron correlation effects decrease all the investigated 

thermodynamic value for all the molecules. The sum of total electronic energies for 

phenanthrene is similar to that obtained by Alan Hinchliffe, at the HF/6-311G(3d,2p) level of 

theory [246]. The metal derivatives of the GNRs is seen to be more unstable than the virgin 

GNRs as they have high negative values for the electronic energy (𝐸0), Sum of electronic and 

zero-point Energies, Sum of electronic and thermal Energies, Sum of electronic and thermal 

Enthalpies, Sum of electronic and thermal Free Energies, confirming earlier results obtained in 

section 3.5, on reduced stability of the metal GNRs than their virgin counterpart, which though 

is not too low for optoelectronic and OPVC applications 

Table 3.6a Thermodynamic properties of the investigated virgin GNRs  

Properties  Phenanthrene  Azulene  Perylene  

 RHF B3LYP BPBE RHF B3LYP BPBE RHF 

𝑍𝑃𝑉𝐸(𝐽/𝑚𝑜𝑙) 545375.9 510122.6 496799.9 403888.9 381553.5 373720.7 711840.3 

𝐸0(𝑎𝑢) -536.04 -539.57 -539.29 -383.31 -385.94 -385.66 -764.45 

Є1(𝑎𝑢) -535.83 -539.38 -539.1 -383.16 -385.79 -385.52 -764.17 

Є2(𝑎𝑢) -535.83 -539.37 -539.09 -383.15 -385.78 -385.51 -764.16 

Є3(𝑎𝑢) -535.82 -539.38 -539.09 -383.15 -385.78 -385.51 -764.16 

Є4(𝑎𝑢) -535.87 -539.41 -539.13 -383.19 -385.82 -385.55 -764.21 

 

Table 3.6b Thermodynamic properties of the investigated GNRs metal derivatives 

Propertie

s 

k-phenanthrene  k-Azulene  Rb-perylene  

 RHF B3LYP BPBE  RHF B3LYP BPBE RHF B3LYP BPBE 

𝑍𝑃𝑉𝐸(𝐽
/𝑚𝑜𝑙) 

371139 348059.7 463960.7 371139 348059.

7 

339125.6 674301.2 630197.1 613396.7 

𝐸0(𝑎𝑢) -981.9 -985.24 -1138.48 -981.9 -985.24 -984.98 -787.61 -792.89 -792.52 

Є1(𝑎𝑢) -981.75 -985.11 -1138.3 -981.75 -985.11 -984.85 -787.36 -792.65 -792.28 

Є2(𝑎𝑢) -981.75 -985.1 -1138.29 -981.75 -985.1 -984.84 -787.34 -792.64 -792.27 

Є3(𝑎𝑢) -981.74 -985.1 -1138.29 -981.74 -985.1 -984.84 -787.34 -792.64 -792.27 

Є4(𝑎𝑢) -981.79 -985.14 -1138.34 -981.79 -985.14 -984.88 -787.4 -792.7 -792.33 
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Electronic energy (𝐸0), Zero-point vibrational energy (ZPVE) 

Є1 =Sum of electronic and zero-point Energies, Є2 = Sum of electronic and thermal Energies, 

Є3 =Sum of electronic and thermal Enthalpies, Є4 =Sum of electronic and thermal Free 

Energies 

3.7 Vibrational analysis and spectra 

Each GNR and its metal derivative has similar mode of vibration, all active in the infrared and 

Raman spectrum.  Phenanthrene and its metal derivative have 66 modes, while azulene has 48 

and perylene has 90. The modes seem to increase in proportion to the size of the GNR, as is 

expected. The Raman and infrared spectrum of the molecule are given in fig 3.8 to fig 3.13. 

Such frequency analysis was done to confirm the stability of the optimized structures. As 

indicated in these spectra, no imaginary frequencies were found.  Indicating local minima were 

attained at the end of the optimization. Observing the various graphs for the Raman activity 

molecular vibration spectroscopy analysis, indicates almost the same frequency range of 

vibrations cause almost the same change in polarizability of the GNRs and their metal 

derivative. The frequency range causing the greatest polarizabilities are generally between 900-

1800cm-1 and the 3000-3600cm-1 frequencies for all the molecules and at all level of theory, 

though with slight variation. Phenanthrene has the greatest polarizability between 1200-

1800cm-1 and from 3000-3600 cm-1, while its metal counterpart has it from 300-1800cm-1   and 

from 3000-3600cm-1. Azulene has the greatest polarizability from 600-1800cm-1 and from 

3000-3450cm-1 while K-azulene has its greatest polarizability from 900-1800cm and 3000-

3450cm-1. Perylene follows from 1200-1800cm-1  and 3300-3450cm-1. The metal counterpart 

ranges from 600-1800 cm-1  and 3000-3600 cm-1. The molecules are in most cases highly 

Raman active at the BPBE/6-31+g(d,p) level of theory at each frequency and least at the 

RHF/6-31+g(d,p), indicating the inclusion of electron correlation effects increases the Raman 

activity of the molecule. Metalation broadens and increases the frequency range of polarization  

Observing the infrared activity graphs also indicates that similar frequency vibration range 

cause similar change in the permanent dipole moment of the molecules with the greatest change 

found around the 1500cm-1 and the 3000cm-1 frequencies. Metalation is seen to increase the IR 

activity of the molecule. Such spectroscopic analysis will provide a structural fingerprint 

by which the molecules can be identified. 
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Fig 3.8 IR activity of phenanthrene and K-phenanthrene  
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Fig 3.9 IR activity of azulene and k-azulene 
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Fig 3.10 IR activity of perylene and Rb-perylene 
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Fig 3.11 Raman activity of phenanthrene and k-phenanthrene 
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Fig 3.12 Raman activity of azulene and k-azulene  
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Fig 3.13 Raman activity of perylene and Rb-perylene 

3.8 Conclusion  

Metal-organic electronic molecules are drawing great attention newly because of the diversity 

of molecular models and numerous electronic applications. GNRs are a class of organic 

compound with a lot of potential application in the field of optoelectronic, reason we 

investigate the impact of metal substitution on the GNRs on its nonlinear, charge transport, 

mechanical stability, OPV properties.  Theoretical calculations were performed using the ab 
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initio RHF and the density functional theory (DFT) method, via the exchange-correlation 

functionals BPBE and B3LYP, alongside the basis 6-31+g(d,p). From the results obtained the 

metal GNRs show high nonlinear optical activity than the virgin GNR which is interestingly 

higher than the classical urea and para-nitroaniline (p-NA). These studied GNRs are therefore 

fascinating building materials for constructing optoelectronic and photonic devices suitable for 

second- and third-order NLO activity. The same trend is obtained for charge transport 

properties showing GNRs metal derivatives are good ambipolar charge transport materials with 

transport qualities better in most cases than the prototypic Alq3 (tris(8-

hydroxyquinolinato)aluminum(III), 𝜆𝑒 = 0.276eV) and TPD (N,N-diphenyl-N,N-bis(3-

methlphenyl)-(1,10-biphenyl)-4,40-diamine, 𝜆𝑝 = 0.290eV) with promising charge transport 

application for the manufacture of organic light emitting diodes (OLEDs). K-azulene at the 

B3LYP/6-31+g(d,p)  level of theory (𝜆𝑒 = 0.216eV, 𝜆𝑝 =0.159eV) is the best electron and 

hole transport material amongst the studied GNRs and their metal derivatives. Rb-perylene 

possess good electron and hole transport properties at all three investigated level of theory. The 

small hole reorganization energy when compared to the classical hole transport molecule TPD, 

shows that the donor semiconductor metal GNRs in the domain of OPVC operation have a 

laudable hole mobility in the process of charge carrier transmission and could therefore provide 

a high short circuit current.  In contrast to the improvement in nonlinear optical activity and 

charge transport properties upon metal substitution of the GNRs, the metal stability is seen to 

unexpectedly decrease. 

Our computational results predicted, the photovoltaic properties of the metalated GNRs and 

the virgin counterpart to serve as donor material in OPV cells. The materials possess a 

disapproving large band gap at the RHF and B3LYP/6-31+g(d,p) level of theory as compared 

to the below 1.9eV recommended value for OPVC, but with this value attained at the BPBE/6-

31+g(d,p)level of theory for the metal GNRs. Rb-perylene at the BPBE/6-31+g(d,p)level of 

theory has the smallest band gap of 1.10eV. They also have commendable small gap, when 

compared to traditional crystalline inorganic semiconductors materials, with well-placed 

position of HOMO and LUMO levels. The metal GNRs perform better than the virgin GNRs 

in OPVCs functioning in the domain of band gap as the virgin GNRs have large band gaps. 

The small hole reorganization energy when compared to the classical hole transport molecule 

TPD, shows that the donor semiconductor metal GNRs have a laudable hole mobility in the 

process of charge carrier transmission and could therefore provide a high short circuit current. 

The best hole mobility is shown by K-azulene which also give the greatest value for the exciton 
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dissociation linked parameter ∆𝐸𝐿𝐿. It is observed that all the virgin GNRs have  ∆𝐸𝐿𝐿 greater 

than the required 0.3V minimum, with the greatest value shown by phenanthrene at the 6-

31+g(d,p) level of theory. We remark that all the metalated GNRs have a ∆𝐸𝐿𝐿 value that is 

above the 0.3eV requirement, though the virgin GNRs perform better with this parameter than 

the metal counterpart. All the virgin GNRs have good 𝑉𝑜𝑐 values above the 1V minimum value 

for the optimal performance of OPVCs, except for azulene at the BPBE/6-31+g(d,p) level of 

theory, with the highest value obtained by phenanthrene at the RHF/6-31+g(d,p) level of 

theory. The open circuit voltage for the metalated GNRs falls moderately short of practical 

values especially at the DFT methods. However, hope to improve these values could dwell on 

other determining factors for 𝑉𝑜𝑐, such as: donor energy levels, chemical potential gradients, 

light intensity, morphology (rough or smooth surface), external fluorescence, recombination of 

charge-carrier, light-source, cell temperatures, charge-carrier recombination, Fermi level 

pinning. Comparatively, the virgin GNRs perform better than GNRs in the area of 𝑉𝑜𝑐.The 

theoretical predicted value for PCE of our device for Rb-perylene at the BPBE/6-31+g(d,p) 

level of theory may attain the 10% current mark for OPV cell which is a benchmark research 

finding and motivation for experimental consolidation of our theoretical work. This gives an 

additional incentive to design effective new photovoltaic materials efficient bulk 

heterojunction solar cells. The elevation of the efficiency realized in this research gets this 

organic polymer a step closer to commercialization. Following the methodology established in 

the present work, there will be commendable future progress in the modelling of solar cell 

devices based upon OPV polymers based on GNRs and their metal derivatives. The approach 

of the present work may be an invaluable tool in acquiring accurate results in the development 

of innovative data sets of electronic structure properties on OPV polymer and for the fabrication 

of solar cells, getting these organic polymers a step closer to commercialization. 

Equally, the key thermodynamic parameters of the molecules carried out   under   the   same 

conditions   of   temperature   and   pressure show that the molecules are stable. The Raman 

activity molecular vibration spectroscopy analysis, was done to confirm the stability of the 

optimized structures. As indicated in these spectra, no imaginary frequencies were found.  

Indicating local minima were attained at the end of the optimization. The vibration 

spectroscopy analysis also indicates that similar frequency range of vibrations cause almost the 

same change in polarizability of the molecule. The frequency range causing the greatest 

polarizabilities are found around the 1500 cm-1  and the 3000cm-1 frequencies for all the 

molecules and at all level of theory. The infrared activity indicates that the same frequency 
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vibration range cause the same change in the permanent dipole moment of the molecules. Such 

frequency range are equally found around the 1500 cm-1  and the 3000cm-1 frequencies for all 

the molecules and at all level of theory. These spectroscopic analyses provide a structural 

fingerprint by which the GNRs can be identified. 
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GENERAL CONCLUSION AND PERSPECTIVE

 

 

The aim of this research is to study the electronic and optical properties of a class of 

organometallic semiconductor materials in the form of graphene nanoribbons (GNRs)  for 

optoelectronic and organic photovoltaic applications, using the theoretical based computational 

approach where the ab initio methodologies based on Density Functional Theory (DFT) are 

intensely used by researchers to solve complex problems. As it is found to be more reliable and 

provides better results concerning the electronic structure calculations in designing and 

modeling new materials and tuning their properties without prior experimental knowledge. 

Graphene nanoribbons (GNRs) were chosen as they attract great interest because of their highly 

tunable electronic, optical, and transport properties. GNRs has attracted considerable 

importance in the industry and research community due to its outstanding properties. It is quite 

recent, there has been a large importance towards the study and realization of GNRs based on 

optical devices designed by appropriate tailoring of the electronic structure, exploiting not only 

the electric field effect but also other properties as applied strain. The objective of this research 

was to optimize the geometrical structure of some GNRs organic materials (phenanthrene, 

azulene and perylene), to investigate the effects of metalation on the NLO, transport and OPV 

properties of the GNRs, to compare and contrast the properties of the virgin GNRs with their 

metalated counterparts, to simulate OPV device and investigate its efficiency.  

The ab intio RHF, the DFT B3LYP and BPBE methods together with the Pople-style basis set 

6-31+g(d,p) were employed in the study to obtain the results presented. Based on our results, 

the following conclusions have been made: 

From the results obtained the metal GNRs show high nonlinear optical activity than the virgin 

GNR which is interestingly higher than the classical urea and para-nitroaniline (p-NA). These 

studied GNRs are therefore fascinating building materials for constructing optoelectronic and 

photonic devices suitable for second- and third-order NLO activity. The same trend is obtained 

for charge transport properties showing GNRs metal derivatives are good ambipolar charge 

transport materials than the virgin GNRs and also have transport qualities better in most cases 

than the prototypic Alq3 (tris(8-hydroxyquinolinato)aluminum(III), 𝜆𝑒 = 0.276eV) and TPD 

(N,N-diphenyl-N,N-bis(3-methlphenyl)-(1,1-biphenyl)-4,4-diamine, 𝜆𝑝 = 0.290eV) with 

promising charge transport application in for the manufacture of organic light emitting diodes 
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(OLEDs). In contrast to the improvement in nonlinear optical activity and charge transport 

properties upon metal substitution of the GNRs, the mechanical stability is seen to 

unexpectedly decrease. 

We observe the fact the materials, both virgin and their metal derivatives possess a 

disapproving large band gap at the rhf and b3lyp/6-31+g(d,p) level of theory as compared to 

the below 1.9eV recommended value for OPVC, but with this value attained at the bpbe/6-

31+g(d,p)level of theory. Rb-perylene at the bpbe/6-31+g(d,p)level of theory has the smallest 

band gap of 1.10eV. We also notice that the GNRs also have commendable small gap, when 

compared to traditional crystalline inorganic semiconductors materials, with well-placed 

position of HOMO and LUMO levels. The small hole reorganization energy when compared 

to the classical hole transport molecule TPD, shows that the donor semiconductor metal GNRs 

have a laudable hole mobility in the process of charge carrier transmission and could therefore 

provide a high short circuit current. The best hole mobility is shown by K-azulene which also 

give the greatest value for the exciton dissociation linked parameter ∆𝐸𝐿𝐿.  All the molecules 

also have exciton dissociation value greater than the 0.3eV minimum required value. The open 

circuit voltage for the metal GNRs falls moderately short of practical values especially at the 

dft methods, though hope to valorize it could stem from other determining factors like donor 

energy levels, chemical potential gradients, light intensity and morphology.  The theoretical 

predicted value for PCE of our device for Rb-perylene may attain the 10% current mark for 

OPV cell which is a benchmark research finding and motivation for experimental consolidation 

of our theoretical work. This gives an additional incentive to design effective new photovoltaic 

materials efficient bulk heterojunction solar cells. The elevation of the efficiency realized in 

this research gets this organic polymer a step closer to commercialization. The NLO values of 

𝛼, ∆𝛼, and 𝛽  are significantly amplified with 𝛽  for the metalated GNRs greater than the 

prototypic push-pull molecule, urea. This would represent potential systems that would 

effectively transfer electronic charge from the donor to the acceptor 

Following the methodology established in the present work, there will be commendable future 

progress in the modelling of solar cell devices based upon OPV polymers based on GNRs metal 

derivatives. The approach of the present work may be an invaluable tool in acquiring accurate 

results in the development of innovative data sets of electronic structure properties on OPV 

polymer and for the fabrication of solar cells, getting these organic polymers a step closer to 

commercialization. 
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This study gives a great impetus in the search of nanomaterials for optoelectronic and 

photovoltaic technology, this research could be further expounded by taking a time dependent 

DFT study on the effects of metalation on the nonlinear optical, charge transport and 

photovoltaic properties of some graphene nanoribbons 

This study could also be extended to other class of organic compound like graphene carbon 

tubes and other organic molecules that have interesting NLO properties 

This study could still be further expounded taking into consideration other parameters like the 

solvent effect, temperature and pressure 
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