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Summary 

The present study focuses on the study of the effect of different 

acceptor and donor molecules on the structural and physical properties of 

graphene nanoribbon (GNR) that are designed according to Aviram-

Ratner model to estimate the electronic applications for the new designed 

structures. All the calculations were carried out by employing the 

functional B3LYP density functional theory with standard 6-31G basis 

sets  .  

The donors and acceptors have different values of energy gap (Eg) 

depending on the type of each of them.  Some electronic properties such 

as ionization energy (IE), electron affinity (EA), softness (S), hardness 

(H), and  electrophilic index (W) were calculated for the studied Donors, 

Acceptors and GNR  .  

Various values of ionization energy and electron affinity for the 

donors and acceptors under study provide the permittivity to construct the 

Donor-GNR-Acceptor systematically. Several structures of Donor-GNR-

Acceptors were constructed. The choice of both donor and acceptor is 

based on the behavior for each one . 

The results showed that GNR has the largest value of the energy 

gap compared with the designed Donor-GNR-Acceptor structures, All 

studied Donor-GNR-Acceptor molecules have values of electron affinity 

higher than for the base GNR. The variant of energy gap  and electron 

affinity for the structures  leads to different applications in electronic 

field. 

The results showed that the hardness decreased when adding the 

donor and acceptor molecules to the graphene nanoribbon, in other 
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words, the constructed Donor-GNR-Acceptor molecules are more soft 

than the GNR. 

The  electrophilic index increased by adding the donors and 

acceptors molecules. The results indicated that the constructed Donor-

GNR-Acceptor molecules have high activity to interact with other 

molecules or species in the surroundings compared with the GNR. 

The effect of the presence of  both donors and acceptors on the 

distribution of the Electrostatic Potential (ESP) was clear where, the 

electrostatic potential was dragged towards the areas of high 

concentration of charges in each Donor-GNR-Acceptor molecules. We 

noted that , the dipole moment for GNR is zero while the other structures 

have different values of dipole moment in which refers to their low 

symmetric distribution these structures have, and this give Doner-GNR-

Acceptor  structures high ability to an electron transfer in comparison 

with the base GNR. .  

 As for the sensing of the graphene nanoribbon acceptor for the 

gas donor, the results indicate that the two structures have different 

energy gap and other electronic properties. This difference allows 

determining which of these two structures can perform in the field of 

reducing materials. It was noted that the sensitivity of the Donor-GNR1-

Acceptor structure was low. The result also showed that the electronic 

transitions are almost indirect transitions in the range of visible and 

ultraviolet rays of electromagnetic radiation. 
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1.1  Introduction 

Organic materials attracted a lot of attention in recent years due to 

their application diversity. It can be observed that organic molecules give 

up a lot of possibilities for materials research in terms of creating custom 

designer materials with features that closely mimic the predicted or actual 

behavior of individual molecules at the macroscopic and microscopic 

levels [1,2].  

The field of functional organic materials is rapidly increasing, with 

the potential to replace outdated materials with newer, cheaper, and better 

performing materials as well as introduce new uses in the near future The 

successful creation of two-dimensional graphene, silicone, and 

germaneness has received a lot of attention due to their potential for 

applications in a range of disciplines [3,4]. 

Nanotechnology (or "nanotech") is the utilization of atomic, 

molecular, and supramolecular sizes for industrial applications [4,5]. The 

National Nanotechnology Initiative later adopted a more broader definition 

of nanotechnology, defining it as the manipulation of matter with at least 

one dimension sized between 1 and 100 nanometers [6].  

Due to quantum mechanical effects are important at this quantum-

realm scale, the definition has shifted from a specific technological goal to 

a research category that encompasses all types of research and 

technologies concerned with the special properties of matter that occur 

below the given size threshold. As a result, the plural form 

"nanotechnologies" as well as "nanoscale technologies" are frequently 

used to refer to a wide range of research and applications with a common 

characteristic of small size [5,6]. For its interesting features and 
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technological potential, the latest discovery of graphene, a single atomic 

plane of graphite, has piqued curiosity [7]. 

 Graphene excellent carrier mobility and extended spin diffusion 

width allow for the development of promising graphene-based electronics 

and spintronic [7,8]. 

1.2 Graphene Nanoribbon 

Graphene is a two-dimensional (2D) carbon allotrope. Carbon 

atoms are organized in a hexagonal arrangement in this substance. A 

single sheet of graphene is made up of a single layer of carbon atoms 

arranged in a honeycomb pattern. Multi-layer for graphene is made up of 

multiple sheets that are stacked one on top of the other until they form 

graphite. The three-dimensional crystal graphite is formed up of weakly 

connected graphene layers [9,10]. 

In graphene, each carbon atom is covalently connected to three 

other carbon atoms. Because of the strength of the covalent bonds 

between carbon atoms, graphene is very stable and has a high tensile 

strength (the force in which you can stretch something before it breaks). 

Because graphene is flat, every atom is on the surface and accessible 

from all sides, allowing for more interaction with molecules around it [8]. 

Furthermore, the carbon atoms are only connected to three other atoms, 

despite the fact that they have the ability to bond to a fourth. This 

aptitude, graphene's high surface area to volume ratio, paired with its 

tensile strength, may make it appealing for application in composite 

materials [11]. Graphene also has the highest electron mobility of any 

material known, and many studies were achieved to introduce methods   

to  this characteristic in electronics [12,13]. 
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Due to there was an entire community of researchers working on 

related materials, such as graphite, fullerenes, and carbon nanotubes, 

graphene was quickly recognized as a fascinating material. All of these 

materials (graphite = stacked graphene, fullerenes = wrapped graphene, 

nanotubes = rolled graphene – see Figure 1.1) are related to graphene.  

 

Figure (1.1): Graphene and its descendants: top right: graphene; top left: 

graphite = stacked graphene; bottom left: nanotube=rolled graphene; bottom 

right: fullerene=wrapped graphene (adapted from ref.[9]).          

One of the first and most well-known instances of a two-

dimensional crystal is graphene. In many aspects, two-dimensional 

materials and systems differ from three-dimensional materials and 

systems. Since its discovery in 2004, graphene has attracted a lot of 

academic interest as a model system for understanding two-dimensional 

physics and chemistry in general. It also thought to offer a lot of potential 

for a variety of applications [12,13]. 
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When scientists isolated individual graphene sheets from 

mechanically cleaved graphite recently, they discovered remarkable 

electrical characteristics resulting from electron confinement in two 

dimensions. Researchers are rapidly approaching the goal of generating 

process able graphene [15,16].           

Edge trapping of bonding electrons and the electron polarization 

are important in carbon-based nanomaterials because they can change the 

density of states and band gap. The electrical characteristics of graphene 

nanoribbons (GNRs) can also be affected by chemical edge changes. The 

edges of GNR are typically passivated with hydrogen atoms in order to 

investigate its intrinsic features [14]. Graphene nanoribbons (GNRs) are 

graphene strips with a width of less than 100 nanometers. Differing 

geometrical terminations of the graphene monolayer provide two distinct 

edge geometries, zigzag and armchair graphene, with vastly different 

electrical properties [17]. 

The edge structures have a big influence on the electrical states of 

GNRs (armchair or zigzag). Each subsequent edge segment of a zigzag 

edge is at an angle to the previous one. Each pair of segments in the 

armchair edges is a 120/-120 degree rotation of the previous pair. The 

edge localized state with non-bonding molecular orbitals approaching the 

fermi energy is provided by zigzag edges. Quantization is likely to result 

in significant changes in optical and electrical properties [18]. 

GNRs have a wide range of electronic properties, ranging from 

standard semiconductors to spin-polarized half metals, thanks to their 

diverse edge configurations, allowing them to be used as electric devices. 

Because GNRs have a high surface-to-volume ratio and unique edge 
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states, their characteristics can be altered using a variety of techniques, 

including doping and adsorption [19]. 

As finite-size models of ZGNRs, Figure 1.2 depicts a succession of 

Polycyclic Aromatic Hydrocarbons (PAHs). The zigzag edges on both 

sides of the ZGNRs studied are width = m (in the armchair direction) and 

width = n (in the zigzag direction) [19]. 

 

 

 

Figure (1.2):  Types of graphene structures [19]. 

1.3 Donor and Acceptor Molecules 

Donor impurity atoms contain more valence electrons than the 

atoms they replace in the intrinsic semiconductor lattice. Donor 

impurities "donate" their extra valence electrons to the conduction band 

of a semiconductor, providing extra electrons to the intrinsic 

semiconductor. Excess electrons raise the electron carrier concentration 

(n0), creating the semiconductor n-type [1]. 

m 

n 
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In the intrinsic semiconductor lattice, acceptor impurity atoms have 

less valence electrons than the atoms they replace. They "accept" 

electrons from the valence band of the semiconductor. The intrinsic 

semiconductor receives more holes as a result of this. Excess holes raise 

the semiconductor's hole carrier concentration (p+), resulting in a p-type 

semiconductor [2]. 

In semiconductor physics, an acceptor is a dopant atom that can 

form a p-type area when added to a semiconductor, these types of 

materials as shown in the Figure (1.3) [20]. 

                   

                        

(a)                  (b) 

 

Figure (1.3): (a) Boron atom acting as an acceptor in the simplified 2D silicon 

lattice, (b) Phosphorus atom acting as a donor in the simplified 2D silicon lattice 

[20]. 

For example, silicon (Si), has four valence electrons, needs to be 

doped as a p-type semiconductor, elements from group III like boron (B) 

or Aluminum (Al), having three valence electrons, can be used. The latter 

trivalent impurities are another name for elements. Indium (In) and 

gallium (Ga) are two more trivalent dopants [21]. 

The three valence electrons of boron make covalent connections 

with three of the Si neighbors when substituting for a Si atom in the 

https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Valence_electron
https://en.wikipedia.org/wiki/P-type_semiconductor
https://en.wikipedia.org/wiki/Boron_group
https://en.wikipedia.org/wiki/Boron
https://en.wikipedia.org/wiki/File:Acceptor_in_Si_lattice.png
https://en.wikipedia.org/wiki/File:Donor_in_Si_lattice.png
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crystal lattice, but the link with the fourth neighbor remains unfulfilled. 

The acceptor, which was previously electro-neutral, becomes negatively 

charged (ionized) [22]. The electrons from surrounding bonds are drawn 

to the unsatisfied bond. An electron from an adjacent bond will jump to 

repair the unsatisfied bond at normal temperature, leaving a hole (a place 

where an electron is deficient) [23].  

To repair this dissatisfied bond, the hole will attract an electron 

from an adjacent bond. As a result of this chain-like mechanism, the hole 

moves around the crystal, carrying a current and so acting as a charge 

carrier [24]. A donor is a dopant atom in semiconductor physics that, 

when introduced to a semiconductor, can generate an n-type area [25]. 

When Si with four valence electrons needs to be doped as an n-

type semiconductor, elements from group V such as phosphorus (P) or 

arsenic (As) with five valence electrons can be utilized. A pentavalent 

impurity is a dopant that has five valence electrons. Antimony (Sb) and 

bismuth (Bi) are two more pentavalent dopants [26]. 

Four of the valence electrons of phosphorus form covalent bonds 

with nearby Si atoms when a Si atom is substituted in the crystal lattice, 

but the fifth one stays weakly bonded. The donor, which was previously 

electro-neutral, becomes positively charged (ionized). The fifth electron 

is liberated at normal temperature, allowing it to wander around the Si 

crystal and carry a current, and therefore acting as a charge carrier 

[26,27]. 

1.4 Graphene Applications 

Graphene is a carbon-based material that is comparable to graphite 

but has properties that make it extremely light and strong. A sheet of 

graphene measuring one square meter weighs 0.77 milligrams. Its tensile 
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strength is 200 times that of steel, and its density is comparable to carbon 

fiber. All of this allows it to withstand large bending pressures without 

cracking. It is one of the most electrically and thermally conductive 

materials, making it ideal for electronics and a variety of other sectors. Its 

uses are essentially limitless, and it has the potential to transform a wide 

range of fields, including electronics, computing, building, and even 

health [28,29]. 

Graphene is a game-changing substance that has the potential to 

open up new industries and perhaps replace existing technologies and 

materials. The whole potential of graphene may be realized when it is 

employed both to improve existing materials and to transform them. 

Transportation, medical, electronics, energy, military, and desalination 

are the most common use sectors [30].  

Modify the structure and properties of graphene where, given the wide 

spectrum of industries where graphene research is having a significant 

influence, "No other material has properties as similar to graphene," says 

an international research team, which has proven a revolutionary method 

for modifying graphene's structure and properties. This method depended 

on a chemical reaction known as photocycloaddition, which uses 

ultraviolet (UV) light to modify the bonds between atoms [30]. 

 Enhance the strength of other Materials: 

Graphene is the world's strongest substance, and it can be used to 

make other materials stronger. Adding even a trace amount of graphene 

to plastics, metals, or other materials can make them much stronger - or 

lighter. These graphene-enhanced composite materials can be used in 
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aerospace, building materials, mobile devices, and a variety of other 

applications [30]. 

 Thermal Applications: 

Graphene is the most heat conducting material ever discovered. Due to 

graphene is both strong and light, it's an excellent material for heat-

spreading applications like heat sinks and heat dissipation films. This 

could be beneficial in both microelectronics and mobile devices, such as 

thermal foils [30]. 

 Graphene Can Boost the Nonlinear Generation of Light: 

Structures created around a single layer of graphene allow for 

powerful optical nonlinearities that can convert light, according to an 

international research team lead by the University of Vienna. The 

findings are expected to pave the way for the development of a new class 

of ultra-small tunable nonlinear devices [30]. 

 Covid-19 and Graphene: 

The graphene market and industry have been severely impacted by the 

Coronavirus outbreak. Graphene has already attracted a lot of attention 

before the pandemic because of its promising antibacterial characteristics 

and established antiviral potency. However, the recent urgency to put 

these traits to good use in combating the Coronavirus cannot be denied 

[30]. The pneumonia outbreak of coronavirus disease 2019 (COVID-19) 

represents a global issue. The dimensional material graphene has captured 

much attention due to promising antimicrobial applications and has also 

demonstrated antiviral efficacy. In response to this global outbreak, we 

summarized the current state of knowledge of graphene and virus 

interaction as well as possible successful applications to fight COVID-19. 

Antibody-conjugated graphene sheets can rapidly detect targeted virus 

https://www.graphene-info.com/covid-19-and-graphene-current-overview
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proteins and can be useful for large population screening, but also for the 

development of environmental sensors and filters, given the low cost of 

graphene materials. Functionalized graphene has demonstrated a good 

viral capture capacity that, combined with heat or light-mediated 

inactivation, could be used as a disinfectant. Graphene sensors arrays can 

be implemented on standard utility textiles and drug efficacy screening. 

Thanks to its high versatility, we foresee that graphene may have a 

leading role in the fight against COVID-19 [110]. 

1.5 Aviram and Ratner Model 

    Aviram and Ratner proposed the first theoretical prediction to 

manufacture electrical devices using single molecules in 1974, 

demonstrating that rectification characteristics can be achieved with a 

single organic molecule . 

The Aviram-Ratner molecular rectifier consists of two parts, the donor 

and the acceptor connected by a bridge part, as shown in Figure (1.4-a). 

The donor and the acceptor parts in the molecule are isolated by presence 

of a bridge in the structure. In molecular rectifier, it is required for the 

donor to have a low ionization energy and the acceptor has to show a high 

electron affinity [31]. 

 

 

 

         

(a) 

    

Figure (1.4-a) : The Aviram – Ratner molecular rectifier [31]. 
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When the molecular rectifier is aligned between two metallic electrodes, 

then the electronic device is designed. When a voltage is not applied to 

the device, the HOMO–LUMO stands for highest occupied molecular 

orbital–lowest unoccupied molecular orbital (HL) are distributed in 

relation to the electrodes as illustrated in Figure(1.4-b). orbitals A and B 

are the HOMO and LUMO of the acceptor, respectively, orbitals C and D 

are the HOMO and LUMO of the donor , respectively. 𝐸1  and 𝐸2 are the 

two electrodes and ∅ is the electrodes' function of work. It is required for 

orbital B to be totally or partially empty, it should also be located at or 

slightly above the fermi energy level of the electrode 𝐸1. Orbital C should 

lie below orbital B [31]. 

Figure (1.4-b): Molecular orbital distribution of a rectifier with metal 

electrodes without applied voltage [14]. 
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1.6  Literature Survey 

Graphene has been the subject of numerous theoretical and 

experimental studies. As a result, some have been selected and classified 

into theoretical and experimental backgrounds. 

1 . Huda Bukheet Hassan, in 2014 [32], studied the electronic characteristics 

of the donor-bridge-acceptor molecule system, the energies were 

determined using the theoretical B3LYP/6- 31G (d, p) density functional 

theory. Under the orbital-vertical theory, the electronic states of the 

system were computed using Koopman's theorem. The results 

demonstrated that the functional theory utilized to describe the researched 

molecular system has been proven to be valid in computing the HOMO 

and LUMO energies, and that it is acceptable for researching the 

geometry optimization for organic molecular systems. In distinct regions 

of the Donor-Bridge-Acceptor molecule system, there are localized 

orbitals that satisfy crucial requirements for the Doner-Bridge-Acceptor 

system to reveal model new electronic properties as an Aviram-Ratner. 

2. Ramla A. A and H. I. Abbood, in 2014 [33], studied the structural 

parameters of the donor-bridge-acceptor molecular system, the energies 

were determined using the B3LYP/6-31G (d,p) density functional theory. 

Under the orbital-vertical theory, the electronic states of the system were 

computed using Koopman's theorem. They demonstrated that the 

functional used in the description of the studied molecular system has 

been proven to be valid in calculating the HOMO and LUMO energies, 

and that it is suitable for studying the geometry optimization for the 

organic molecular system. They also demonstrated that there are localized 

orbitals in various parts of the D-B-A molecular system that satisfy 

important properties for the D-B-A system to show rectification. 
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3. Jaafar T. A. and H. I. Abbood, in 2014 [34], using the Aviram–Ratner 

model, researchers designed a donor-bridge-acceptor molecular system 

and calculated geometrical parameters and energies for the D-B-A and its 

components. They demonstrated that substituents added to the phenyl 

ring changed the LUMO-HOMO energy gap for the examined structures, 

resulting in new electronic materials, and that the D-B-A molecular 

system had an appropriate tiny energy gap. The polarizability studies 

revealed that this novel molecular system is more reactive in charge 

transfer. 

4.Timothy H. Vo et al., in 2014[35], theoretical investigations show that 

narrow graphene nanoribbons with atomically perfect armchair edges and 

widths of 2 nm have a bandgap similar to that of silicon (1.1 eV), making 

them potentially useful for logic applications. Ribbons with a width of 

>10 nm are often produced using various top–down fabrication methods, 

which offer little control over their edge structure. They developed a 

revolutionary bottom-up technique that delivers gram amounts of high-

aspect-ratio graphene nanoribbons with atomically smooth armchair 

edges that are only 1 nm wide. These ribbons exhibit a huge electronic 

bandgap of 1.3 eV, which is much greater than any value previously 

reported in experimental studies of graphene nanoribbons made using a 

top–down technique. These synthetic ribbons could have lengths of >100 

nm and self-assemble into highly organized few-micrometer-long 

'nanobelts,' which can be viewed using conventional microscopy 

techniques and could be used to fabricate electronic circuits. 

5.  Mikko M. Ervasti et al.,  in 2015 [36], studied theoretically the atomic 

structure and energetics of silicon and silicon-nitrogen impurities in 

graphene. Using density functional theory, get insight into the atomic 

javascript:;
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structures of the impurities, evaluate their formation energies and assess 

their abundance in realistic samples, find that nitrogen, as well as oxygen 

and hydrogen, are trapped at silicon impurities, considerably altering the 

electronic properties of the system. Furthermore, show that nitrogen 

doping can induce local magnetic moments resulting in spin dependent 

transport properties, even though neither silicon nor nitrogen impurities 

are magnetic by themselves.  

6.  Kaled jabbar Mutashar and Hamid I . Abbood,  in 2015 [37], 

calculated theoretically the structural and electrical properties of donor-

Nano bridge-acceptor molecular systems, as well as the effect of Nano 

bridge length on molecular systems developed using the Aviram-Ratner 

model. All calculations are performed using the B3LYP hybrid functional 

density functional theory, which relies on the Koopman's theorm to 

discover the influencing elements of ionization energy and electron 

affinity values, and then investigates several key electronic properties. 

The suggested nanobridge, connecting the donor and  acceptor, is suitable 

to construct the D-nB-A molecular systems. The density functional theory 

calculations presented a good results of total energies of all D-nB-A 

molecular systems calculated from the summation of the total energies of 

the component for each D-nB-A molecular system. The results of the 

relaxation of the studied molecular systems showed that the large basis 

sets used in the description of the studied structures are  significant but it 

requires a large time in complete the relaxation. 

 7. Gorchakov's  N. et al. in 2016 [38], induced charge transfer in organic 

materials is a crucial phenomenon in a wide range of biological and 

technological applications. DBA molecules are utilized as model systems 

in a variety of theoretical and experimental studies to comprehensively 

examine and uncover the fundamental principles of charge transfer. 
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Despite its commendable achievements, experimental work, in particular, 

is prone to oversimplification and unproven assumptions.  

8. Govindasamy Jayamurugan et al., in 2016 [39], studied the 

rectification in Langmuir–Blodgett (LB) films and designed and 

synthesized of Aviram–Ratner-Type Dyads they created Aviram–Ratner-

type molecular rectifiers with an anilino-substituted extended tetrarchy 

anoquino dime thane (exTCNQ) acceptor and designed and synthesized 

them, The s-spacer bicycle is used to covalently bind [2.2.2]octane 

(BCO) to a tetrathiaful Valene (TTF) donor moiety. X-ray research shows 

that the stiff BCO spacer keeps the TTF donor and exTCNQ acceptor 

moieties away. 

9. Oleg V. Kozlova  et al., in 2017 [40], investigated donor materials for 

organic solar cells should combine high stability and facile synthesis with 

good device performance to succeed in practical applications. TPA-

TDCV- Ph, a novel small-conjugated molecule that fits those 

requirements, is presented here. A push-pull molecule with 

diphenylamine donor and phenyldicyanovinyl acceptor groups is 

produced using a three-step synthesis that is appropriate for both solution 

processing and vacuum deposition. 

10. Thomas J. Sisto et al., in 2017 [41], reported a novel chemical 

architecture for the effective production of donor-acceptor, cove-edge 

graphene nanoribbons and their solar cell characteristics. These 

nanoribbons are soluble, long (5 nm), and atomically accurate. The fusing 

of electron-deficient perylene diimide oligomers with an electron-rich 

alkoxy pyrene component is the basis for the design. The cove-edge 

structure of these nanoribbons results in a significant degree of bending 

along the long axis, whilst this technique of alternating electron rich and 
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electron poor units promotes a visible light fusion reaction in >95 percent 

yield.  

11. Pour, M. M. et al., in 2017 [42], indicated the nanoribbons made of 

narrow, atomically perfect graphene show considerable potential for 

electrical and optoelectronic applications, yet previously reported 

nanoribbon-based devices have poor currents and mobility. They looked 

at the idea of lateral extension of graphene nanoribbons to improve their 

electrical conductivity in this work. They began by designing a laterally 

stretched form of a traditional chevron graphene nanoribbon. The lateral 

extension of these novel graphene nanoribbons resulted in a decrease in 

their electronic bandgap and an enhancement in the electrical 

conductivity of nanoribbon-based thin films, according to our research. 

This study shows the methodology for designing new atomically precise 

graphene nanoribbons with improved properties, their bottom-up 

synthesis, characterization, processing and implementation in electronic 

devices. 

12. Liu, Yu-Min et al. in 2018 [43], investigated the conjugation of 

nanographenes (NGs) with electro-active molecules can establish donor-

acceptor π-systems in which the former generally serve as the electron-

donating moieties due to their electronic-rich nature. In contrast, here we 

report a series of reversed donor-acceptor structures are obtained by C–N 

coupling of electron-deficient perchlorinated NGs with electron-rich 

anilines. Selective amination at the vertexes of the NGs is unambiguously 

shown through X-ray crystallography. By varying the donating ability of 

the anilino groups, the optical and assembly properties of donor-acceptor 

NGs can be finely modulated. The electron-deficient concave core of the 

resulting conjugates can host electron-rich guest molecules by 
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intermolecular donor-acceptor interactions and gives rise to charge-

transfer supramolecular architectures. 

13. Thomas J. Sisto et al., In 2019 [44], suggested  a new chemical 

architecture for the effective production of donor–acceptor, cove-edge 

graphene nanoribbons and their characteristics in solar cells was 

disclosed in this communication. These nanoribbons are soluble, long 

(∼5 nm), and atomically accurate. The fusing of electron-deficient 

perylene diimide oligomers with an electron-rich alkoxy pyrene 

component is the basis for the design. The cove-edge structure of these 

nanoribbons results in a significant degree of bending along the long axis, 

whilst this technique of alternating electron rich and electron poor units 

promotes a visible light fusion reaction in >95 percent yield. The 

backbone's stiffness results in a strong absorption edge at the longest 

wavelength. These nanoribbons are exceptional electron acceptors, and 

organic photovoltaics fabricated with the ribbons show efficiencies of 

∼8% without optimization. 

14. Akihiro Shimizu et al., in 2020[45], developed and synthesized 

conjugated zwitterions made of electron-donating anions, such as 

phenoxide and anthroxide, and electron π -accepting cations, such as 

pyridinium and acridinium, to generate relatively tiny donor–acceptor 

compounds with minimal ΔEH–L  values. 

15. Khalid Jabbar Mutashar, in 2020 [46], used the density functional 

theory to investigate the structural, electronic, and spectroscopic features 

of the D-B-A molecule system. For describing the structures under 

investigation, the B3LYP hybrid functional was combined with the huge 

basis sets 6-31G. For all calculations, the Gaussian 09 software package 

was used. The Koopmans theorem was used to calculate the electronic 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Thomas+J.++Sisto


and Literature Survey IntroductionGeneral  Chapter One        

18 
 

properties. He found that the Donor-Bridge-Acceptor system under 

investigation has a sufficient gap, and orbitals at various points in the 

molecular system can give the system new electronic features. The TD-

SCF / DFT approach was used to calculate the transition states. 

16.  Xijiao Mu et al., In 2020 [47], studied theoretically the one-photon 

(OPA) and two-photon (TPA) absorption and transition characteristics of 

the porphyrin and fullerene donor–acceptor systems linked by thiophene 

oligomers. A variety of 2D and 3D visualization methods were utilized to 

investigate the transition features of OPA and TPA. They found that The 

both super exchange charge transfer without thiophene oligomers and 

sequential charge transfer through thiophene oligomers throughout the 

OPA and TPA transitions of this D–A system. 

17. Xiangjian Wan et al., in 2020 [48], found among various types of 

active layer materials, molecules with A–D–A (acceptor–donor–acceptor) 

architecture have demonstrated much great success in recent years. Thus, 

in this review, we will focus on A–D–A molecules used in OPVs from 

the viewpoint of chemists. Notably, the chemical structure–property 

relationships of A–D–A molecules will be highlighted and the underlying 

reasons for their outstanding performance will be discussed. The device 

stability correlated to A–D–A molecules will also be commented on. 

Finally, an outlook and challenges for future OPV molecule design and 

device fabrication to achieve higher performance will be presented. 
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1.7  The Aim of This Study 

The main object of this study is to design  some molecular systems 

as Donor-Graphene nanoribbon-Acceptor, to modify the physical 

properties of graphene nanoribbon via the addition of various acceptor 

and donor molecules, and draw a new map for energy band gap to 

determine their significant application in molecular electronics field, 

and then simulate the sensitivity of the effective structure for some 

important gases are (sarin, hydrogen sulfide and ammonia).  
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2.1 Introduction                                                                                                             

  The Schrödinger equation is Newton's second law with a quantum 

counterpart in classical mechanics [49]. Given a set of known initial 

conditions, Newton's second law predicts a physical system's final 

trajectory over time. The Schrödinger equation is a mathematical formula 

that describes how a wave function changes over time, which is the 

quantum-mechanical characterization of a physically isolated system 

[50,51]. 

The quantum mechanical wave function contains all of the 

information about a system. Schrödinger equation can be solved exactly 

to obtain the wave function of a simple 2-D square potential or even a 

hydrogen atom. The system's allowable energy states can then be 

determined. Unfortunately, solving Schrödinger equation for an N-body 

system is impossible. Evidently, certain approximations are required to 

make the task solvable, albeit difficult. The most basic definition of DFT 

is as follows: A method for obtaining an approximation solution for 

Schrödinger equation of many-body system [52]. 

Researchers can employ simulations to design and tune target 

molecules while lowering the costs of experiments, which is very 

valuable when screening high-energy materials (HEM). Molecular 

modeling is a set of strategies for using computer to investigate chemical 

problems [53,54]. 

Molecular mechanics (MM) methods, semi empirical (SE) 

methods, ab initio approaches, and density functional theory (DFT) 

methods are the four primary methodologies that computational chemists 

and physicians might use [55,56]. 

 DFT is a quantum mechanical approach used in physics and 

chemistry to study the electronic structure of many-electron systems, 
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particularly molecules. It is based on a strategy of describing electron 

correlation via a generic functional of the electron density [57]. In 

computational physics and chemistry, DFT is one of the most prominent 

and helpful methodologies. DFT is now one of the most essential tools 

for calculating metal, semiconductor, and insulator ground state 

properties [58].          

  2.2  Schrodinger Equation   

In quantum mechanics, Schrödinger's equation used to describe the 

state of the system. It is given by the relation. 

H ψ(x) = E ψ(x) ……………………………………………….        .(2.1) 

The operators on the left express the Hamiltonian H acting on ψ(x), 

which represents the time independent Schrödinger equation. (Time-

independent Schrödinger equation) 

where H = −   
ℏ2

2𝑚
  ∇2 + V (x) is the Hamiltonian 

The following is the time-dependent form of Schrödinger equation 

[59]: 

𝑖ℏ
𝜕

𝜕𝑡
𝛹(𝑟, 𝑡) = −

ℏ2

2𝑚
∇2𝛹(𝑟, 𝑡) + 𝑉(𝑟, 𝑡)𝛹 = 𝐻(𝑟, 𝑡)𝛹(𝑟, 𝑡)            (2.2) 

As 

ĤΨ(r⃗, t) = EΨ(r⃗, t)                                                                                        (2.3) 

∇2
 :The Laplacian Operator 

        Where Ψ is the wave function, Ĥ is the Hamiltonian operator, and E 

is the eigen value of the system. The Hamiltonian operator, H consists of 

two terms the kinetic energy operator of the electrons and the nuclei (T) 

and potential energy components operator (V) as follows:                                                                 

Ĥ =  T̂ + V̂                                                                                                       (2.4) 

https://en.wikipedia.org/wiki/Quantum_mechanics
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The total Hamiltonian of the molecular system H ̂containing M 

nuclei and N electrons can expressed as follows [60, 61]: 

H ̂ = −
1

2
∑ ∇𝑖

2 − ∑
1

2𝑚𝐴

𝑀
𝐴=1

𝑁
𝑖=1 ∇𝐴

2 − ∑ ∑
𝑍𝐴

𝑟𝑖𝐴

𝑀
𝐴=1

𝑁
𝑖=1 + ∑ ∑

1

𝑟𝑖𝑗

𝑁
𝑗>𝑖

𝑁
𝑖=1 +

∑ ∑
𝑍𝐴𝑍𝐵

𝑟𝐴𝐵

𝑀
𝐵>𝐴

𝑀
𝐴=1                                                                                                                           (2.5) 

𝛨̂𝑡𝑜𝑡𝑎𝑙 = 𝑇̂𝑒 + 𝑇̂𝑛 + 𝑉̂𝑛𝑒 + 𝑉̂𝑒𝑒 + 𝑉̂𝑛𝑛                                                           (2.6) 

In equations (2.5) and (2.6), the total kinetic energy is the sum of 

the electronic (𝑇̂𝑒) and nuclear (𝑇̂𝑛) kinetic energies, the total potential 

energy are the sum of three components, the attractive interactions 

between nuclei and electrons (𝑉̂𝑛𝑒), the repulsive electron-electron 

interactions (𝑉̂𝑒𝑒) and the repulsive interactions between the nuclei (𝑉̂𝑛𝑛). 

ZA,B are the nucleic charge of atoms A and B, mA is the mass of atom A, 

rAB is the distance between nuclei A and B, riA is the distance between 

nucleus A and electron i and finally rij is the distance between electrons i 

and j, 𝑟𝑖𝑗 = |𝑟𝑖 − 𝑟𝑗|. 

       According to the Born-Oppenheimer Approximation, the electronic 

and nuclear motions in molecules may be separated, and the entire wave 

function of a molecule takes the form [61-63]: 

                                      

Ψ𝑡𝑜𝑡𝑎𝑙 = Ψ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 × Ψ𝑛𝑢𝑐𝑙𝑒𝑎𝑟                                                                   (2.7)  

Because the nucleus is significantly heavy than electrons, nuclear 

motion is substantially slower than electrical motion. It's possible that it is 

fixed. The kinetic energy of nuclei is removed, and the potential energy 

of nuclei-nuclei is assumed to be constant. So that, the kinetic energy of 

nuclei and the potential energy of nuclei-nuclei can be eliminated from 
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the Hamiltonian operator, and the Hamiltonian operator 𝐻̂ is simplified as 

the following:                                                                                                       

      𝐻̂𝑒 = Τ̂𝑒 + 𝑉̂𝑛𝑒 + 𝑉̂𝑒𝑒                                                                             (2.8)      

2.3  Hartree-Fock methods  

This system employs the time–independent Schrödinger equation. 

Calculating the multi- electron wave functions is required to solve 

Schrödinger equation for all electrons in the system. Many simultaneous 

differential equations must be solved to solve the Schrödinger equation 

for all electrons in the system [61,64]. 

In 1928, Hartree used an iterative self-consistent field "SCF" 

method to achieve this simplification. Hartree simplified the problem by 

assuming that the many-electron wave functions would be in a uniform 

system, the product of a collection of single-electron wave functions, with 

these wave functions being simple plane waves. It was able to proceed 

using the variation principle after making this assumption [60, 61], if a 

system is characterized by a collection of unknown parameters, the set of 

parameter values that accurately characterizes the system′s ground state 

and total energy can be written as [54-61]: 

𝐸𝜙 =
<𝜙|𝐻̂|𝜙>

<𝜙|𝜙>
≥ 𝐸°                                                                                        (2.9)      

         Where Eϕ is the lowest- Energy eigenvalue of the trial function, 𝜙 

trial function and 𝐸° is the ground-state energy. The wave function of 

Hartree–Fock approach is complicated than the Hartree product wave 

function but it can be written in a compact way as a slater determinant. 

Since electrons are fermions having a spin of (
   1  

 2
) the total electronic 

wave function will be antisymmetric with respect to the interchange of 
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any two–electron coordinates [65,66]. The determinant considers the spin 

of all the electrons and the Pauli Exclusion Principle and the electrons 

have a spin up (+
1

2
 𝑜𝑟 𝛼) or spin down (−

1

2
 𝑜𝑟 𝛽).The slater determinant 

for N- electron system [54,68].                                                          

Ѱ =
1

√𝑁!
|

𝜓1(1)𝛼(1) 𝜓1(1)𝛽(1) 𝜓2(1)𝛼(1) 𝜓2(1)𝛽(1) … 𝜓𝑁(1)𝛼(1) 𝜓𝑁(1)𝛽(1)

𝜓1(2)𝛼(2) 𝜓1(2)𝛽(2) 𝜓2(2)𝛼(2) 𝜓2(2)𝛽(2) … 𝜓𝑁(2)𝛼(2) 𝜓𝑁(2)𝛽(2)
. . . . . .

𝜓1(𝑁)𝛼(𝑁) 𝜓1(𝑁)𝛽(𝑁) 𝜓2(𝑁)𝛼(𝑁) 𝜓2(𝑁)𝛽(𝑁) … 𝜓𝑁(𝑁)𝛼(𝑁) 𝜓𝑁(𝑁)𝛽(𝑁)

| 

………………………………………………………………    ……(2-10) 

          Where Ψ, is the electronic wave function, α and β spin of electrons 

and    
1

√𝑁!
 is a normalizations factor [13].  Using the iterative process of 

the self–consistent field  producer yields the molecular orbitals to solve  

the Hartree–Fock equation Ψ (𝑟𝑖) [54,69].   

𝐹̂Ψ𝑖(𝑟) = 𝜖𝑖Ψ𝑖(𝑟)                                                                                        (2.11)  

Where F delineates the Fock operator, for closed shell systems.  

𝐹̂ = 𝐻𝑐𝑜𝑟𝑒(1) + ∑ (2𝐽𝑙 − 𝐾̂𝑙)                                                                
𝑛/2
𝐿=1 (2.12) 

The one-electron Hamiltonian is the first operator of the Hartree-

Fock Hamiltonian for an electron moving in the field of the bare nuclei 

 𝐽𝑙𝑎𝑛𝑑 𝐾̂𝑙   it is effects on Ψ𝑖  (𝑟) the exchange operator 𝐾𝑙 is: 

𝐾̂𝑙Ψ𝑖(𝑟) = ∫
Ψ𝑙

∗(𝑟)Ψ𝑖(𝑟)

|𝑟−𝑟⃑́|
 𝑑ύΨ𝑙(𝑟)                                                              (2.13)  

And Coulomb operator, 𝐽𝑙 𝑖𝑠: 

𝐽𝑙Ψ𝑖(𝑟) = ∫
Ψ𝑙

∗(𝑟)Ψ𝑙(𝑟)

|𝑟−𝑟⃑́|
 𝑑𝑣Ψ𝑖 (𝑟)                                                               (2.14)  

A further restriction involves expanding the molecular orbitals in 

terms of basis functions φi , linear combinations of one-electron functions 
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according to the linear combination atomic orbital (LCAO) method   

Thus an individual molecular orbital is defined as[51,54,70]:  

Ψ𝑖 = ∑ 𝐶𝜇𝑖𝜙𝜇                                                                                             (2.15)

𝑁

𝜇=1

 

𝐶𝜇𝑖 represents the constants of molecular orbital expansion, To be 

normalized, the basis functions 𝜙𝜇 are chosen. 

Within the set of constraints, the precise energy 𝐸° of the system's 

ground state, or the exact solution of the Schrodinger equation [69]. 

𝐸(𝜙1, 𝜙2, … … … . , 𝜙𝑛) ≥ 𝐸°                                                                       (2.16) 

The equality sign shall be applied only in case Ψ is the exact 

ground state function. 

2.4. Roothaan-Hall Equations 

 Clemens C. J. Roothaan and George G. Hall independently created 

the method in 1951, and it is frequently referred to as the Roothaan-Hall 

equations. These equations are a non-orthonormal basis set of Gaussian 

or Slater type with a form of the Hartree-Fock equation. It refers to 

molecules or atoms with closed shells in which all molecular or atomic 

orbitals are filled [65]. 

∑(𝐹𝜇𝜈 − 𝜀𝑖𝑆𝜇𝜈)

𝑁

𝜈=1

𝐶𝜇𝜈 = 0               𝜇 = 1,2,3, … … . , 𝑁                         (2.17) 

Where 𝜀i is the one-electron energy of a molecular orbital ψi. Sµν and Fµν 

are the overlap matrix and the Fock matrix [65]: 

𝑆𝜇𝜈 = ∫ 𝜙𝜇
∗(1)𝜙𝜈(1)𝑑𝑥1𝑑𝑦1𝑑𝑧1                                                              (2.18) 

And Fµν describes the elements of (NxN) Fock matrix. 
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𝐹𝜇𝜈 = 𝐻𝜇𝜈
𝑐𝑜𝑟𝑒 + ∑ ∑ 𝑃𝜆𝜎[(𝜇𝜈 𝜆𝜎⁄ ) − 1 2⁄ (𝜇𝜈 𝜆𝜎⁄ )]𝑁

𝜎=1
𝑁
𝜆=1                  (2.19) 

Pλσ in equation (2.19) represents the density matrix and (µν/λσ) are the 

two-electron repulsion integrals [61]: 

(𝜇𝜈 𝜆𝜎⁄ )

= ∬ 𝜙𝜇
∗ (1)𝜙𝜈(1) (

1

𝑟12
) 𝜙𝜆

∗(2)𝜙𝜎(2)𝑑𝑥1𝑑𝑦1𝑑𝑧1𝑑𝑥2𝑑𝑦2𝑑𝑧2             (2.20)    

The matrix 𝛨𝜇𝜈
𝑐𝑜𝑟𝑒stands for the energy of a single electron in a field of 

pure nuclei. 

𝐻𝜇𝜈
𝑐𝑜𝑟𝑒 = ∫ 𝜙𝜇

∗(1)𝐻𝑐𝑜𝑟𝑒𝜙𝜈(1)𝑑𝑥1𝑑𝑦1𝑑𝑧1                                                         (2.21) 

𝐻𝑐𝑜𝑟𝑒(1) = −
1

2
(

𝜕2

𝜕𝑥1
2 +

𝜕2

𝜕𝑦1
2 +

𝜕2

𝜕𝑧1
2) − ∑

𝑍𝐴

𝑟1𝐴

𝑀
𝐴=1                                       (2.22)                                                                       

           The restricted open shell Hartree-Fock (ROHF) approach [73], 

uses a single set of molecular orbitals with doubly and singly occupied 

orbitals. 

Different spatial orbitals are given to α and β electrons using the 

unconstrained Hartree-Fock (UHF) method. The previously doubly 

occupied orbital 1 is split into two different orbitals Ψ𝑖
𝛼 and Ψ𝑖

𝛽
which are 

described by two sets of coefficients [66]: 

Ψ𝑖
𝛼 = ∑ 𝐶𝜇𝑖

𝛼 𝜙𝜇

𝑁

𝜇=1

            ;            Ψ𝑖
𝛽

= ∑ 𝐶𝜇𝑖
𝛽

𝜙𝜇

𝑁

𝜇=1

                                   (2.23) 

The coefficients are varied independently and lead to modified 

Roothaan-Hall equations according to the UHF theory [62]. 

∑(Fμν
α − εi

αSμν)

N

μ=1

Cμν
α = 0                                                                          (2.24) 
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∑ (Fμν
β

− εi
β

Sμν)

N

μ=1

Cμν
β

= 0                μ = 1,2 … N                                  (2.25) 

The Fock matrices for the associated Fock matrices are defined by [66, 

74]: 

Fμν
α = Hμν

core + ∑ ∑ [(Pλσ
α + Pλσ

β
) (μν λσ⁄ ) − Pλσ

α (μν λσ⁄ )]

N

σ=1

N

λ=1

         (2.26) 

Fμν
β

= Hμν
core + ∑ ∑ [(Pλσ

α + Pλσ
β

) (μν λσ⁄ ) − Pλσ
β (μν λσ⁄ )] N

σ=1
N
λ=1   (2.27) 

 

And the density matrix Pµν divided into two parts: 

P𝜇𝜈
𝛼 = ∑ 𝐶𝜇𝑖

𝛼∗𝐶𝜈𝑖
𝛼

𝛼𝑜𝑜𝑐

𝑖=1

            ;               P𝜇𝜈
𝛽

= ∑ 𝐶𝜇𝑖
𝛽∗

𝐶𝜈𝑖
𝛽

                         

𝛽𝑜𝑐𝑐

𝑖=1

(2.28) 

Where αocc and βocc denote the involved occupied orbitals. 

2-5. Basis Set 

A basis set is a group of related items functions that characterize 

the form of an atom's orbitals. The exceptions include a few methods that 

define the basis set as an essential component of the technique, and some 

semi empirical techniques that use a predetermined basis set. A basis set 

must be specified when ab initio or density functional theory 

computations are performed. Linear combinations of basic functions and 

angular functions are used to generate molecule orbitals and full wave 

functions. The correctness of the results is mostly determined by the type 

of calculation used and the basis set chosen [62, 69]. 
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2.5.1 Slater Type Orbitals (STO’s) 

With a discontinuous behavior, functions of the Slater kind 

describe a correct behavior near the nucleus at r. The orbitals of the Slater 

type have the following shape  [75, 76]: 

𝜒𝑆𝑇𝑂 = 𝑁𝑟𝑛−1𝑒−𝜉𝑟𝑌𝑙𝑚(𝜃, 𝜑)                                                      (2.29) 

Where n is a fundamental quantum number and ξ is a constant related to 

the nucleus' effective charge. The angular part of the wave function is 

described by 𝑌𝑙𝑚 which is a spherical harmonic. 

2.5.2 Gaussian Type Orbitals (GTO’s) 

   Due to highly efficient techniques exist for calculating the many-

center integrals analytically, the Gaussian type orbitals (GTOs) HF basis 

function and related functions approaches is popular. In terms of 

Cartesian coordinates, Gaussian type orbitals are expressed as [62,69]: 

𝜒𝐺𝑇𝑂 = 𝑁𝑥𝑙𝑥𝑦𝑙𝑦𝑧𝑙𝑧𝑒−𝜉𝑟2
                                                          (2.30) 

A normalization factor is denoted by the letter N. The total of 𝑙𝑥, 

𝑙𝑦 and 𝑙𝑧 determines the type of orbitals. 𝜉 the orbital exponent is a 

number that represents the size of an orbit. Show 𝜉 is the resulting 

function is compact large or diffuse small, and dependence r
2
 in the 

exponential is a weakness of the GTO's with regard to the slater-type 

orbitals STO's. 

       One of the drawbacks of STO's is that integrals with multiple centers 

such as coulomb and HF-exchange terms are difficult to compute with 

STO's. As a result, it has no bearing on the situation modern wave 

Quantum chemistry codes based on functions. As a result, for Coulomb 

and other computations HF-exchange terms the analytical solution is 



Theoretical   Part                                                Chapter Two                                        

29 
 

available for the Gaussian functions. A contracted GTO basis set, in 

which several primitive Gaussian functions are mixed to give a contracted 

Gaussian function (CGF), is commonly used to improve GTO basis sets. 

[66]:                                                            

𝜒𝑗
𝐶𝐺𝐹 = ∑ 𝐶𝑖𝑗𝜒𝑎

𝐺𝑇𝑂𝑀
𝑖                                                                     (2.31) 

The number of Gaussian primitives utilized in a linear combination 

is denoted by M. The basis sets used in Gaussian are classified into: 

minimal basis sets, split valence sets, polarization and diffuse functions 

and others [54,64]. 

2.5.2.1 Minimal Basis Sets  

           STO-3G is a minimum basis set that includes all orbitals up to and 

including valence, the smallest number of basis functions required to 

describe the ground states of the constituent atoms of a molecule (1s, 2s 

and 2p on carbon atom). Core and valence orbitals are made up of the 

same number of Gaussian primitives in these basis sets, [74,78]. 

2.5.2.2 Split-Valence Basis Sets 

       For each valence orbital, split-valence basis sets use multiple basis 

functions with various orbital exponents, but only one for each core 

orbital. The valence orbitals are represented by two or more basis 

functions, while the inner-shell atomic orbitals are represented by one 

basis function (Pole basis sets) [61,79]. Increasing the amount of basic 

functions employed per orbital is an easy way to enlarge a basis set. Each 

valence orbital in the valence double-zeta (VDZ) basis set has two basis 

functions, whereas the valence triple-zeta (VTZ) basis set has three, and 

so on. For example, the 6-31G basis set employs a split-valence of 3 and 

1 primitive for the valence orbitals and a set of 6 primitives contracted to 
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one basis function for each core orbital. While split valence basis sets 

provide a better description of molecular orbitals due to their ability to 

accommodate changing atom sizes, they are unable to create a balanced 

basis set of their own [80]. 

2.6 Density Functional Theory 

     One of the most helpful methods for calculating the electronic 

structure of atoms, molecules, and solids is density functional theory  

DFT [81]. Electronic structure methods that use the electron density is 

calculated using the Thomas – Fermi and Thomas – Fermi – Dirac 

models, which have been shown to be ineffective since they cannot 

produce a lower total energy for a molecule than for separated atoms. 

Hohenberg–Kohn solved the challenge by offering two key findings [81, 

82]. To begin, the ground state electron density defines the Hamiltonian, 

and hence the ground state electronic wave function, as well as all other 

aspects of the system. Second, given the correct ground state density, the 

genuine density functional for electronic energy takes its lowest. 

The Hohenberg-Kohn results reduced the task of solving the many-

body Schrödinger equation to reduce the density functional. Kohn – 

Sham technique is a well-known work that has been widely adopted for a 

variety of applications [82]. 

     The quantum mechanical method of DFT is frequently used to 

study the electronic structure of many-electron systems in physics and 

chemistry it is now one of the most essential tools for calculating metal, 

semiconductor, and insulator ground state parameters. In computational 

physics and computational chemistry, DFT is one of the most common 

and useful approaches [83]. 
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      DFT now the most successful method of computing matter's 

electronic structure. It can be used to atoms, molecules, solids, and nuclei. 

It predicts a wide range of molecular properties, structures, vibrational 

frequencies, atomization energies, ionization energies, electronic, 

magnetic properties, and reaction routes, among other things [84]. In 

1927, the functional the Thomas-Fermi model, devised by Thomas and 

Fermi, was the forerunner to density theory. Thomas and Fermi estimated 

an atom's energy by describing its kinetic energy as a function of electron 

density and combining this with the classical equations for nuclear-

electron and electron-electron interactions, both of which can be 

expressed in terms of electron density[59,62].  

           The properties of a many-particle system are derived using DFT as 

a function of electron density (r). The number of electrons per unit 

volume at a certain state is called electron density. It is dependent only on 

three coordinates regardless of the number of electrons of the system, so 

[61]: 

𝑁 = ∫ 𝜌(𝑟)𝑑𝑟                                                                             (2.32) 

     The primary notion of DFT is based on the ground state energy, and 

the electron density is the sole determinant of all other ground state 

electronic properties. In addition, the electronic density for low total 

energy corresponds to the exact ground state of the system. The density 

functional theory is founded on two fundamental theorems, according to 

Hohenberg and Kohn in 1964 [85,86].                                                                               

Theorem I: A many-electron system's ground state energy is a unique, 

universal functional of ground state electron density (r  .(  

Theorem II: For a many-electron system, the ground state electron 

density (r) minimizes the functional of ground state energy.                  
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The ground state energy is central to DFT, and the electron density 

is the sole determinant of all other ground state electronic parameters. 

DFT is now one of the most important methods for determining the 

characteristics of metals, semiconductors, and insulators in their ground 

states [61]. 

2.6.1 Hohenberg–Kohn Theorems  

Hohenberg and Kohn proved two important theorems in 

1964.Underpin density functional theory [64]. The energy functional 

𝐸° for the ground state is as follows [74]:  

𝐸∨[𝜌] = ∫ 𝜌 (𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 + 𝐹𝐻𝐾[𝜌]                                                        (2.33)   

Where 𝐹𝐻𝐾[𝜌] is to be calculated a functional of 𝜌(𝑟)that 

incorporates kinetic energy and all electron-electron interactions and 

𝑉𝑒𝑥𝑡(𝑟) is the external potential. The variation of ground state energy 

satisfies the following principle [69,74]: 

𝛿{𝐸∨[𝜌] − 𝐾[∫ 𝜌(𝑟)𝑑𝑟 − 𝑁]} = 0                                                           (2.34) 

 Which gives 

𝐾 =
𝛿𝐸∨[𝜌]

𝛿𝜌(𝑟)
= 𝑉𝑒𝑥𝑡(𝑟) +

𝛿𝐹𝐻𝐾[𝜌]

𝛿𝜌(𝑟)
                                                          (2.35) 

Where K is the chemical potential, 𝐹𝐻𝐾[𝜌] is a universal functional 

and is independent of the external potential 𝑉𝑒𝑥𝑡(𝑟). From equation.(2.33) 

and equation (2.34), Hohenberg-Kohn theorem was first proposed  aimed 

to treat the non-spin polarized electron state and later has been extended 

to spin–polarized state, finite temperature and relativity conditions [64]. 

Hohenberg–kohn theorems proposed a basic idea that the electron density 
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in the ground state is the foundation of constructing all the ground state 

physics for a many–electron system. 

However, these theorems did not give the concrete expression of 

energy functional 𝐹𝐻𝐾[𝜌], in which kinetic functional and exchange–

correlation functional were not known. At the same time, one had no idea 

how to construct a many–electron system's ground state electron density 

𝜌(𝑟) [62,64]. 

2.6.2 Kohn-Sham Equations  

Hohenberg and Kohn established two fundamental theorems in 

1964 [66,74] that underpin density functional theory: 

𝐹𝐻𝐾[𝜌] = 𝑇[𝜌] +
1

2
 ∬

𝜌(𝑟)𝜌(𝑟⃑́)

|𝑟−𝑟⃑́|
𝑑𝑟 𝑑𝑟⃑̅ + 𝐸𝑥𝑐[𝜌]                                   (2.36)    

Where T[𝜌] is the kinetic energy of system, the second term is the 

classical coulomb energy, the third term 𝐸𝑥𝑐[𝜌] is the exchange 

correlation energy which describes the non–classical interaction of 

electrons including all the many–body effects.  

However, one could not carry out a first principle calculation 

because the concrete expression of functional 𝑇[𝜌] and  𝐸𝑥𝑐[𝜌]  were not 

given. In order Kohn and Sham presented a solution to this problem, a 

method through supposing a non- interacting many–electron system 

which has the same electron number N and ground state electron 

density𝜌(𝑟) under an external potential 𝑉𝑒𝑥𝑡(𝑟) with those of an 

interacting many-electron system. The basic idea is as follows. For anon–

interacting system 𝜌(𝑟) can be expressed by a set of auxiliary orthogonal 

functions Ψ𝑖(𝑟) as [67]: 

 𝜌(𝑟) = ∑ Ψ𝑖
∗(𝑟)Ψ𝑖  (𝑟)𝑖                                                                 (2.37)   



Theoretical   Part                                                Chapter Two                                        

34 
 

With 〈Ψ𝑖|Ψ𝑗〉 = 𝛿𝑖𝑗  the Kohn–Sham kinetic energy was given by:  

𝑇𝑘𝑠[𝜌] = −
ħ2

2𝑚
 ∫ ∑ Ψ𝑖

∗(𝑟)

𝑁

𝑖=1

∇2Ψ𝑖(𝑟)𝑑𝑟                                               (2.38) 

       ∇2 : The Laplacian operator  

    Considering the many-body interaction, the true kinetic energy 𝑇[𝜌] in 

equation (2.38) is not equal to 𝑇𝑘𝑠[𝜌]. The difference between 𝑇[𝜌] and 

non–interacting electron system 𝑇𝑘𝑠[𝜌] can be combined with non- 

classical energy 𝐸𝑁𝑐[𝜌] of interacting electron system as [67,85]: 

𝐸×𝑐[𝜌] = 𝐸𝑁𝑐[𝜌] + 𝑇[𝜌] − 𝑇𝑘𝑠[𝜌]                                                         (2.39) 

Where 𝐸𝑁𝑐[𝜌] = 𝑉𝑒𝑒[𝜌] − 𝐽[𝜌] 

and the ground state energy functional can be written as: 

𝐸⋁[𝜌] =

𝑇𝑘𝑠[𝜌] + 1
2⁄ ∬

𝜌(𝑟)𝜌(𝑟⃑́)

|𝑟−𝑟⃑́|
𝑑𝑟 𝑑𝑟⃑̅ + 𝐸×𝑐[𝜌] + ∫ 𝜌(𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟            (2.40)  

 Applying the vibration principle to Eq. (2.40) 

𝛿

𝛿Ψ𝑖
∗(𝑟)

{𝐸[𝜌] − ∫ 𝑑𝑟 ∑ 𝜖𝑖 Ψ𝑖
∗(𝑟)Ψ𝑖(𝑟)} = 0                                            (2.41)  

The Kohn – Sham equations:   

{−
Ћ2

2𝑚
∇2 + ∫

𝜌(𝑟⃑̅)

|𝑟−𝑟⃑́|
𝑑𝑟⃑̅ + 𝑉×𝑐[𝜌] + 𝑉𝑒𝑥𝑡(𝑟)} Ψ𝑖(𝑟) = 𝜖𝑖Ψ𝑖(𝑟)             (2.42) 

Where  

𝑉×𝑐[𝜌] =
𝛿𝐸×𝑐[𝜌]

𝛿𝜌(𝑟)
                                                                                           (2.43)   
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Is the exchange–correlation potential which has been modified to 

include all the difference between the interacting and non-interacting 

kinetic energy in equation (2.39). It should be noted that the Kohn-Sham 

equation has to be calculated self–consistently considering that the wave 

function Ψ𝑖(𝑟) influenced by the electron density 𝜌(𝑟) which is included 

in Hamiltonian. Through solving a set of Kohn-Sham equations (2.41) 

self- consistently, one can obtain the total energy of system [67,85].         

𝐸 = ∑ 𝑓𝑖𝜀𝑖

𝑁

𝑖

−
1

2
∬

𝜌(𝑟)𝜌(𝑟′⃗⃗⃗⃗ )

|𝑟 − 𝑟′⃗⃗⃗⃗ |
𝑑𝑟𝑑𝑟′⃗⃗⃗⃗ + 𝐸𝑋𝐶[𝜌]

− ∫ 𝑑𝑟 𝜌(𝑟)𝑉𝑒𝑥𝑡(𝑟)                                                             (2.44) 

         The total energy is not equal to the summation of single electron 

energy 𝜖𝑖. The excitation energy from (i) state to (j) state is not simply 

𝜖𝑖 − 𝜖𝑗 and thus the physics of Kohn-Sham equation is not equal to that 

of Schrodinger equation [66].  

2.6.3 The Local (Spin) Density Approximation (L(S)DA) 

The simplest approximation to the exchange–correlation 𝐸𝑋𝐶  [(r)] 

is the local density approximation (LDA) [56,61], which assumes that the 

system is a homogeneous electron gas and that the exchange–correlation 

𝐸𝑋𝐶 [(r)] is only dependent on the local value of electron density. As a 

result, the exchange– correlation 𝐸𝑋𝐶 [(r)] can be stated in a 

straightforward manner [69]: 

𝐸𝑋𝐶
𝐿𝐷𝐴[𝜌] = ∫ 𝜌(𝑟) 𝜀𝑋𝐶(𝜌(𝑟))𝑑𝑟                                                               (2.45) 

          The approximation of local spin density (LSDA) defines the 

exchange correlation potential in terms of the density of α and β spins and 

was developed for calculating the properties of open-shell systems [66]. 
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𝐸𝑋𝐶
𝐿𝑆𝐷𝐴[𝜌𝛼 , 𝜌𝛽] = ∫ 𝜌(𝑟)𝜀𝑋𝐶(𝜌(𝑟)𝛼 , 𝜌(𝑟)𝛽)𝑑𝑟                               (2.46) 

 

     Where EXC is the per-particle energy of exchange-correlation. In 

several cases, such as equilibrium structures, vibrational frequencies, and 

dipole moments, the LSD approximation outperforms the HF 

approximation. 

The LSDA, in general, gives valid information for systems that 

closely approximate a uniform electron gas, i.e., those in which the 

density fluctuates slowly with position. In actuality, atomic and molecular 

systems do not have uniform electron densities, necessitating the use of 

more complicated models [66]. 

2.6.4 The General Gradient Approximation  

       For the exchange-correlation energy, generalized gradient 

approximations (GGAs) outperform atoms, molecules, and solids are 

described using the local spin density (LSD) method. Suggest a basic 

GGA derivation in which all parameters are fundamental constants 

(except from those in LSD) [69]. 

𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌𝛼 , 𝜌𝛽] = ∫ 𝑓(𝜌𝛼 , 𝜌𝛽 , ∇𝜌𝛼 , ∇𝜌𝛽)𝑑𝑟                                (2.47)   

This functional is often superior than the LSDA since it accounts for 

density change in regard to position (𝐸𝑋𝐶) is frequently expressed as the 

sum of an exchange to make the problem easier to understand. (EX) and 

correlation (EC) terms [66]:                                                                     

𝐸𝑋𝐶 = 𝐸𝑋 + 𝐸𝐶                                                                          (2.48) 

           The exchange-energy functional can then be produced by 

replacing the HF orbitals with Kohn-Sham orbitals, and approximate 

solutions for (EC) are sought. Various exchange and correlation 
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functionalities have been independently created and can be coupled in a 

variety of ways. B3LYP, for example, is a well-known (GGA) functional 

that combines Becke's 1988 exchange functional with the Lee-Yang-Parr 

correlation functional [79].                        

2.6.5  The Hybrid Functional 

               Hybrids are particularly useful for a term used to describe a 

wide range of molecular properties. Calculating the exact (Hartree-

Fock)exchange in large molecules and solids, on the other hand, is time 

consuming, especially for systems with metallic characteristics for the 

exchange interaction, a new hybrid density functional was constructed 

based on a screened coulomb potential, which circumvents this 

bottleneck. Becke's exchange functional from 1988 is used in the most 

popular hybrid functional, B3LYP (𝐸𝑋
𝐵88) and the correlation functionals 

of Lee Yang and Parr (𝐸𝐶
𝐿𝑌𝑃) as LSDA exchange and correlation 

functional gradient adjustments [69,73,86] 

 

𝐸×𝑐
𝐵3𝐿𝑌𝑃 = (1 − 𝑎)𝐸×

𝐿𝑆𝐷𝐴 + 𝑎𝐸×
𝐻𝐹 + 𝑏𝐸×

𝐵88 + 𝐶𝐸𝑐
𝐿𝑌𝑃 + (1 −

𝐶)𝐸𝑐
𝐿𝑆𝐷𝐴                                                                                                          (2.49)                                                                                                                                                                                                                                                                             

The three parameters are , a=0.20, b=0.72 and c=0.81.  Here : 

a: stated the exact amount of exchange 

The contributions of exchange and correlation are controlled by b and c, 

respectively. 

2.7  Structural and Electronic Properties   

2.7.1 HOMO, LUMO and Energy Gap  

The two most important molecular orbitals MOs, which reside at 

the outmost limits of the electrons of the molecules, are the highest 



Theoretical   Part                                                Chapter Two                                        

38 
 

occupied molecular orbital HOMO and the lowest unoccupied molecular 

orbital LUMO. The energy difference between the HOMO and LUMO 

orbitals is known as the band gap [85,87].        

𝐸𝑔 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂                                                                  (2.59) 

The energy gap is used to determine a molecule's chemical 

reactivity and stability as well as to control how it interacts with other 

species. A soft molecule with a small band gap is frequently associated 

with high chemical reactivity, low stability, and a small band gap [87]. 

When an electron moves from the ground state to a higher energy level, it 

fills vacant molecular orbitals and is referred to as the excited state 

[89,90]. 

The LUMO eigenvalue is affected by orbital relaxation to a 

substantial extent. Aside from the issue of relaxation's effect on the 

validity of KT, there has been considerable debate on the physical 

importance of the KS orbitals of DFT used inside the KS framework 

[91,92]. 

2.7.2 Total Energy, Ionization Energy and Electron Affinity  

The sum of a system's total kinetic and potential energy is called 

total energy. Due to the effective forces' resultant is zero, an optimized 

molecular system must have the lowest total energy value. This indicates 

that the molecular system is at equilibrium[90].   

         An atom's or molecule's ionization energy (IE) is the smallest 

amount of energy needed to separate an electron from its nucleus ground 

state. Ionization potentials of small atoms or molecules tend to be higher 

[91,93,94]. 

Energy +X (𝑔)→ 𝑋+(𝑔) + 𝑒−                                                        (2.50) 
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X stands for an atom or a molecule. The amount of energy produced 

when an electron adds to an atom or molecule and forms a negative ion is 

called the electron affinity EA of an atom or molecule [90,91,94]: 

𝑋(𝑔) + 𝑒− → 𝑋−(𝑔)                                                                          (2.51) 

The IE and EA can be calculated as [36,43,44]: 

𝐼𝐸 = 𝐸𝑐𝑎𝑡𝑖𝑜𝑛 − 𝐸𝑛                                                                             (2.52) 

𝐸𝐴 = 𝐸𝑛 − 𝐸𝑎𝑛𝑖𝑜𝑛                                                                          (2.53) 

      Where 𝐸𝑛 , 𝐸𝑐𝑎𝑡𝑖𝑜𝑛 , 𝐸𝑎𝑛𝑖𝑜𝑛 are the total energies of the ground state 

of a neutral molecule, cation and anion, respectively. 

In this study, the IE and EA are estimated according to Koopmans 

theorem as [94,95]: 

IE=−𝐸𝐻𝑂𝑀𝑂                                                                                      (2.54) 

𝐸𝐴 = −𝐸𝐿𝑈𝑀𝑂                                                                                 (2.55) 

Where 𝐸𝐻𝑂𝑀𝑂 and 𝐸𝐿𝑈𝑀𝑂 are the HOMO and LUMO energies, 

respectively. 

2.7.3 Fermi energy 

    The Fermi energy is the fundamental variation principle of DFT. 

The fleeing trend of a cloud of electrons is measured using Fermi energy. 

It is a constant throughout all space and may be determined using the 

equation below [96]: 

EF =[
𝜕𝐸

𝜕𝑁
] 𝑣(𝑟)                                                                               (2.56) 

Where E is the energy and N is the number of electrons. 

       Experimentally, Fermi energy is related to IE and EA, as in the  

following equation [96,97]: 
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 EF ≈ 
1

2
 (𝐸𝐻𝑂𝑀𝑂 + 𝐸𝐿𝑈𝑀𝑂) ≈ - 

1

2
(𝐼𝐸 + 𝐸𝐴)                                    (2.57)              

 

2.7.4  Electrochemical Hardness  

The electrochemical hardness H under minor chemical 

perturbations, indicates the resistance of the electron cloud of atoms, ions, 

or molecules to deformation or polarization. Using the density functional 

theory as a starting point, [98]: 

 

    H  = 1

2
[

𝜕μ

𝜕𝑁
]

𝑉(𝑟)
                                                                                (2.58) 

 

The hardness is central of the energy gap between HOMO and LUMO, 

molecule has large energy gap called hard molecule. In terms of IE and 

EA, the hardness is calculated as [62, 63]: 

 

2

EA)(IE
H                                                                            (2.59)      

For a constant external voltage V(r), the electrochemical hardness is the 

second derivative of electronic energy with respect to the number of 

electrons N in DFT [65]. 

 

 H = 
1

2
 [

𝜕2𝐸

𝜕𝑁2
]

𝑉(𝑟)⃗⃗⃗⃗⃗⃗⃗
                                                                     (2. 60) 

 

2.7.5 Electronic Softness 

           The  energy gap of a molecule is related to its electrical softness; a 

soft molecule has a small energy gap, and its electron density changes 

more easily than a hard molecule soft molecules will be more reactive 

than hard molecules because a small energy gap equals small excitation 
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energies to the manifold of excited states. The electronic softness is 

calculated using the following formula [65].  

 S = 
1

2𝐻
 =  (

𝜕2𝑁

𝜕𝐸2 )
𝑉(𝑟)

= (
𝜕𝑁

𝜕𝜇
)

𝑉(𝑟)
                                                     (2.61) 

2.7.6 Chemical Potential (K) 

The link between electronic chemical potential and two known 

parameters, ionization energy and electron affinity, is as follows [99, 

100]: 

 K= (IE+EA) / 2                                                                          (2.62)               

2.7.7 Electrophilicity index  

The electrophilicity index is a measurement of energy loss as a 

result of maximum electron flow between the donor and acceptor. The 

electrophilicity index (W) is calculated as follows [86]: 

 

   W= K
2
 / 2H                                                                             (2.63) 

The electrophilicity is formed up from the electronic structure of 

molecules, independent of the nucleophilic, where K is the electronic 

chemical potential. Electrophiles are organisms that become stable when 

they get an increased quantity of electronic charge from their 

surroundings [86]. 

 

2.7.8  Total Dipole Moment  

The first derivative of the energy with respect to an applied electric 

field is the dipole moment (𝜇). It is a three-dimensional vector that 

represents the asymmetry in molecule charge distribution. Debye is the 

measurement unit for dipole moment and it equal to (3.336×10
-30
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coulomb * meter) in quantum mechanical description of dipole moment, 

the charge is a continuous distribution that is a function of (r), and the 

dipole moment for neutral system is calculated from the atomic charges 

and the lone pairs as : for neutral system is calculated from the atomic 

charges and the lone pairs as :  

                                                                       

 

 

                                                                                                            (2.64) 

Where c is the speed of light, e is the charge of an electron, and is the 

total electron density Σ(𝑄𝐴𝑖𝐴) is bond dipole, is Bohr radius, (𝑎𝑜) Bohr 

radius, P(s − 𝑝𝑖) 𝐴 D(A) is the one center two electron integral, and is the 

one center electron density matrix element. The dipole moment in total is 

[101]:  

                                                                                           

      𝜇 = 𝜇𝑥 + 𝜇𝑦 + 𝜇𝑧                                                                          (2.65)  

 

2.7.9 Polarizability 

The tendency of an atom's or molecule's electron shell to be 

deformed under an electric field is known as polarizability. With 

increasing volume, an atom's or ion's electron cloud becomes more 

diffuse and its outer electrons become more loosely connected, making it 

easier to deform. As a result, larger atoms and molecules have a higher 

polarizability[108].Because polarization functions often, this leads to 

more precise calculated geometries and vibrational frequencies, they are 

frequently used. Polarization functions must be introduced to the basis set 

to improve outcomes [109]. Polarization functions are d-type and f-type 

functions for heavy atoms, and p- and d-type functions for hydrogen and 

helium atoms, are examples of higher angular momentum functions. By 
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enabling the orbital form to fluctuate, the flexibility of the basis set is 

increased (polarized in one direction). The use of polarization functions 

can be beneficial Hydrogen-bonding and proton transfers are important 

systems in which hydrogen is engaged. The reason for this is that 

employing extended split valances with polarization basis sets 6-31G (d, 

p)[100], the s orbital will be deformed from its typical spherical shape. 

 

2.8  Software 

All calculations in this study have been performed by using the Nanotube 

modeler, Gauss View Program, Gaussian 09 package of Programs, Gauss 

View 5.0.8, Gauss Sum 3.0 and other assistant programs. These programs 

are described as below: 

 

2.8.1 Nanotube modeler 

The structure under study (graphene nanoribbon) can be generated 

by the Nanotube modeler program. To calculate the physical properties of 

the structure, it would use the Gaussian 09 and Gaussview 5 is used 

[102]. 

 

2.8.2 Gaussian 09 (G09) Program 

Gaussian program is a computational software package initially 

published by John Pople in 1970. Gaussian program is a software suite 

for quantum mechanics at the highest level. The number “09” refers to 

the year in which the software was released [102]. 

                                                                                              

All of the major molecular modeling approaches, such as 

molecular mechanics, ab-initio, semi-empirical, HF, and DFT, can be run 

using Gaussian. Furthermore, with this application, excited state 

https://en.wikipedia.org/wiki/Computational_chemistry
https://en.wikipedia.org/wiki/John_Pople
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computations can be performed using a variety of methods[104]. The 

name Gaussian comes from the use of Gaussian Type Orbitals, which 

Gaussian's creator, John Pople, is utilized to solve the computational 

challenges that Slater Type Orbitals brought up. 

 

The software is compatible with almost any computer platform, 

including Microsoft Windows. In addition, Web-based interface tools 

such as Web MO can be used to access it. Gaussian is the most 

sophisticated program offered to instructors and student researchers 

through the North Carolina Schoo Computational, Chemistry server 

[103]. 

 

2.8.3 Gauss View Program 

Gaussian View was created to import the input files for the 

Gaussian program and to display the output files for the Gaussian 

program in a three-dimensional image. Gaussian View is not a calculation 

program, but it simplifies the work on the Gaussian program and provides 

three major benefits to the users. First, allow the user to draw molecules, 

including the large ones, as well as rotate, transfer, and change their size 

with ease, and use the mouse. Second, the Gaussian view allows for 

various Gaussian calculations to be performed, as well as complicated 

input preparation for everyday tasks and advanced methods. Third, the 

Gaussian view allows for the examination of Gaussian calculations using 

a number of geometrical tools, including the balanced molecular patterns 

electronic density surfaces [103,104].  
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2.8.4 GaussSum 3.0    

   The GaussSum 3.0 is a software application recorded by Noel 

O'Boyle. GaussSum 3.0 uses the plotting program (Gnuplot17) for picture 

graphs. The GaussSum is  that can examines the output of widely 

computational physics and chemistry program (such as Gaussian 09 

Program) [103,105].                                                            

         GaussSum can get ready more information such as a geometry 

optimization, plot the density of states (DOS) spectrum, source 

information on the UV-Vis. Transition states, scheme abstracting data on 

IR and Raman vibrations and visualizing the IR and Raman spectra, 

which may be scaled using generic or particular scaling factors[106].                                                                                                                          
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Results and Discussion (Part one) 

3.1    Introduction 

 In this chapter, it will be an interest to understand the effect of 

different acceptor and donor molecules on the structural and physical 

properties of graphene nanoribbons to estimate the electronic applications 

for the new designed structures. Ground state calculations are performed 

using Becke's three parameters exchange Lee-Yang-Parr correlation 

functional B3LYP density functional theory with standard 6-31G basis 

sets, and excited state calculations are performed using the time 

dependent TD-SCF density functional theory with the same level of 

density functional theory. 

Figure 3.1 shows the optimized structural orientation of different 

molecules represents the acceptors (labelled A1 to A5) and donors 

(labelled D1 to D5), and the relax structure of graphene nanoribbon GNR. 

Graphene nanoribbon in present section was constructed with length 

14.65 nm and width 7.12 nm. The conformation search shows the 

minimum energy for the molecules is having all aromatic types of 

arrangement of donor and an acceptor with graphene nanoribbon parts. 
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Figure (3.1): Proposed structures of accepters and donors, Graphene 

nanoribbon. Note/Atoms by colors:Gray=Carbon, Red=Oxygen, Blue=Nitrogen, 

White=Hydrogen and yellow=Sulfur. 
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Table 3.1: Bond lengths in nm and angles in degrees for donors and acceptors.                        

A1 

Bond Length(Å) 
 

Bond Angle (degree) 
Bond Angle 

(degree) 

Bond value Angle value Angle value 

C=C 1.500 C-C-C 
115.406 - 

117.935 
C=C-C 

121.174 –

122.833 

C-C 1.358 C-C=O 
120.3154 –

121.895 
C-C-O 

112.582-

126.242 

C=O 1.254 C-C=C 121.761 C-O-C 118.783 

C-H 1,095 C-C-H 
115.888 –

116.069 
O-C-H 

110.56 4-

104.913 

O-C 1.459 C=C-H 122.894 H-C-H 
109.993- 

110.353 

A2 

Bond value Angle value Angle value 

C..C 1.358-

1.425  

C..C..C 119.620-

120.282   

C-C=O 129.541-

133.818     

C-H 1.082            C..C-C 108.811-

131.360 

  

C-C 1.469-

1.514 

C..C-F 119.089  -

120.614      

  

C-N 1.377  C..C-H   119.212-

120.766           

  

C=O 1.234 C-C-C 96.369-

109.645   

  

A3 

Bond value Angle value Angle value 

C-C 1.465 C-C- C 119.602 C=C- 

C 

121.722 

C..C 1.442 C-C- N 116.161 N-S-N 95.237 

C..N 1.335 C…C- 

N 

116.161 - 

124.236 

C-N-S 106.219 

C=C 1.369 C..C-H 118.4735 -

118.888 

  

C-H 1.085 C..C=C 118.675 –

121.722 

  

S-N 1.789 C=C-H 119.804-

122.436 
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A4 

Bond value Angle value Angle value 

N≡C 1.173 C=C..C 121.310   

C=C 1.377 C..C=C 117.378   

C..C 1.427 N≡C..C 179.586     

A5 

Bond value Angle value Angle value 

C-C 1.460 C-C=O 126.075 C-N-H 116.410-

118.624          

C=O 1.235  

-1.241 

C-C-N 109.490   C-N-C 124.773 

C-N 1.413 O=C-N 122.876-

124.269 

  

H-N 1.014 N-C-N 114.241     

D1 

Bond Length (nm) Bond Angle (degree) 
Bond Angle 

(degree) 

Bond Value Angle Value Angle Value 

C..C 1.398 C..C-H 121.437   

C-H 1.084 C..C..N 121.651   

C..N 1.352 H-C..N 116.911   

D2 

Bond Value Angle Value Angle Value 

C=C 1.381 C=C..C 114.61   

C..C 1.407 C=C-H 

121.924  -

122.109 
  

C-H 1.085 C=C-C 120.773   

C-C 1.468 C-C-H 117.215   

C=O 1.265 C-C=O 121.376   

D3 

Bond Value Angle Value Angle Value 

C..C 1.404 C-C  - C 
105.105-

134.779 
  

C-H 1.085  C-C-N 
112.307-

126.637 
  

C -N 1.396  C-C-H 
119.267-

121.0789 
  

D4 

Bond Value Angle Value Angle Value 

C = C 1.316 -

1.364  

C=C-H 122.951-

129.346 

C-C-H 123.325 

C - H 1.078-

1.083 

C=C-S 111.552 C-C-C 113.725 

C - S 0.803  H-C-S 119.102 C-S-C 89.449 

C -C 1.441 C-C=C 113.724   
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D5 

Bond Value Angle Value Angle Value 

C..C 1.353 -

1.398  

C..C-H 120.993 
  

C-H 1.085  C..C..N 123.953   

C..N 1.353 C..C..C 118.684   

GNR 

Bond Value Angle Value Angle Value 

C..C 1.397 -

1.428 

C..C..C 122.0498-

123.306   

H-C-H 116.2465 

C-H 1.086 C..C-H 117.984-

118.709 
  

C=C 1.3764 C..C=C 119.535   

C-C 1.456-

1.484 

C=C-H 120.207 
  

 

       Since the two rings junction (donor and acceptor with graphene 

nanoribbons) are predisposed to interior rotations, a ground state scan 

with full minimization of the molecules are carried out to obtain the true 

optimized parameters. These parameters included the bond lengths in nm 

and bond angles in degrees, as shown in Table 3.1.  

3.1.1 Ground State Energies 

Table 3.2 illustrates the results of the relaxation for donors, 

acceptors and graphene nanoribbon obtained from the full minimization 

at DFT-B3LYP/6-31G level of theory included the total energy ET in a.u, 

high occupied molecular orbital energy EHOMO, lower unoccupied 

molecular orbital energy ELUMO and energy gap Eg in eV. 

Total ground state energy for the molecules in Table 3.2 is only 

dependent on the number of electrons in the molecules, it is the 

summation of energies for all atoms in each molecule. 
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Table 3.2: ET, EHOMO, ELUMO and Eg for donors, acceptors and GNR. 

 

The calculated energies for the two frontier molecular orbitals HOMO 

and LUMO were computed from the self-consistent field SCF as a linear 

combination of atomic orbitals. The energy gap in Table 3.2 was 

calculated as a distance between the two frontier orbitals or the difference 

LUMO-HOMO, GNR has 0.404 eV, while the donors and acceptors have 

different values of energy gap in order depending on type of each one. It 

is necessary to select a number of donors/acceptors with various values of 

energy gap to determine significantly the application for the designing 

Donor-GNR-Acceptor structures [in follow sections of this thesis].  

 

 

 

 

Eg (eV) ELUMO (eV) EHOMO (eV) ET  (a.u) Molecule 

3.877023 -3.31076 -7.18779 -644.754 A 1 

2.662596 -4.72791 -7.39051 -693.923 A2 

3.925731 -2.80056 -6.72629 -738.564 A 3 

4.199474 -1.03483 -9.16058 -447.375 A4 

2.627222 -5.36029 -7.98752 -488.522 A5 

5.111042 -1.59348 -6.70452 -1994.93 D 1 

2.028308 -4.06369 -6.092 -306.03 D 2 

4.718387 -0.99402 -6.72629 -516.693 D 3 

6.08057 -0.40653 -8.23895 -552.932 D 4 

5.961658 -0.69606 -6.65772 -248.216 D 5 

0.404355 -3.47022 -3.87457 -1994.37 GNR 



nResults and Discussio                          Chapter Three                 

52 
 

3.1.2 Some Electronic Properties  

There are many electrical properties, that calculated in this study, are 

presented in the flowing:  

3.1.2.1 Ionization Energy and Electron Affinity  

Some electronic properties such as ionization energy IE and electron 

affinity EA in eV were calculated for the studied donors, acceptors and 

GNR from the SCF calculations by employing the Koopmans theorem 

and they are listed in Table 3.3.  

Table 3.3: The ionization energy, electron affinity in eV for donors, acceptor and 

GNR. 

Molecules IE (eV) EA (eV) 

A1 7.187786 3.310762 

A2 7.390508 4.727911 

A 3 6.726287 2.800556 

A4 9.160583 4.96111 

A5 7.987517 5.360295 

D1 6.704518 1.593476 

D2 6.091999 4.063691 

D3 5.712405 0.994018 

D4 6.487102 0.406532 

D5 6.657715 0.696057 

GNR 3.874574 3.470219 

 

As seen in Table 3.3, all donor molecules have lower values of 

ionization energy in comparison with acceptor molecules which refer that 

the donors have high ability to donate an electron and become cations, D3 

has the lowest energy of ionization compared with the other donor 

molecules. On the other hand, A5 acceptor has the highest value of an 

electron affinity in compared with the other acceptor molecules, that 

means A5 appear high ability to accept  an electron to become anion. In 
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general, low ionization energy for a molecule of high capability for it to 

donating electrons, and large electron affinity for a molecule high 

capability for it to accepting electrons. Various values of ionization 

energy and electron affinity for the donors and acceptors under study 

provide the permittivity to construct the Donor-GNR-Acceptor 

systematically.     

3.1.2.2 Global Quantum Chemical Parameters 

      The calculated values of quantum chemical parameters included 

electrochemical hardness H in eV, electronic softness S in (eV)
-1

 and 

electrophilic index W in eV of donor, acceptor and GNR are illustrated in 

Table 3.4. As known, the softer molecule, the smaller separation between 

conduction band and valence band, and therefore, the small excitation 

energy for an electron to transfer. Additionally, the hard molecule 

requires high excitation energy for an electron transfer.  

Table 3.4:The electrochemical hardness H, electronic softness S and electrophilic 

index W of the   molecules Acceptor and donor  . 

 

Molecules 
H (eV) S (eV)

-1 
W(eV) 

A1 1.938512 0.25793 26.70773 

A2 1.331298  0.665649 24.43865 

A3 1.962865 0.25473 22.26889 

A4 2.099737 1.049868 52.34177  

A5 1.313611 0.656806 29.25479 

D1 2.555521 1.277761 21.9956 

D2 1.014154 0.507077 13.07473 

D3 2.359194 0.211937 13.26342 

D4 3.040285 0.164458 18.06013 

D5 2.980829 0.167739 2.267741 

GNR 0.202178 0.101089 1.363335 
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   As seen in Table 3.4 all donors have accepted values of hardness except 

D4 molecule, it has 3 eV, while the five acceptors have less than or equal 

2 eV hardness, that means they all have suitable ability for accepting an 

electron. A4 molecule has the highest value of softness in comparison 

with the other acceptors due to the presence of tetra cyanide in A4 of four 

nitrogen atoms. On the other hand, D1 or so called pyrazine has the 

higher value of softness compared with other donors due to the presence 

of two nitrogen atoms in the ring. Table 3.4 showed all donors and 

acceptors have large values of electrophilic index, they are all can interact 

with the surrounding molecule (GNR of small value of electrophilic index 

of 1.36 eV).  

3.1.3 Molecular Polarizability   

      The related ground state properties like the total dipole moment in 

Debye and the average molecular polarizability αave in a.u., with its 

components αxx, αyy and αzz of the studied donors, acceptors and GNR. 

are presented in table two notes can observe in Table 3.5 two notes can 

observe in Table 3.5, the first is α xx < α yy < α zz which agreed with the 

literatures , the second is the molecular polarizability depends only on the 

type of atoms that the molecules constructed from.  
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Table 3.5: Total dipole moment and polarizability for donor, acceptor and GNR. 

 

Molecules 

Total 

dipole 

moment 

(Debye) 

Polarizability (a. u) 

α xx α yy α zz α ave 

A1 4.537 41.243 171.724 221.04 144.669 

A 2 5.4616 36.463 120.133 130.796 95.79733 

A3 2.3381 30.538 88.801 137.926 85.755 

A4 0.0007 28.586 102.987 107.125 79.566 

A5 2.1485 27.899 73.829 82.162 61.29667 

D1 0.0002 18.881 53.044 65.982 45.969 

D2 3.1411 22.91 68.756 104.429 65.365 

D3 2.3381 37.652 132.055 239.022 136.243 

D4 1.0166 21.243 59.693 66.447 49.12767 

D5 2.4849 18.751 61.464 68.035 49.41667 

GNR 0.000 131.144 1530.172 1279.221 980.179 

 

Table 3.5 showed also the GNR has high symmetric distribution in 

space with zero total dipole moment due to the GNR lie under the 

D6h/C1 point group. Donor molecules have different values of dipole 

moment due to their symmetrical distribution in space. D1 donor has low 

dipole moment equals 0.0002 Debye with D2h/C1 high symmetric 

compared with the other donors, while D2, D3 and D4 donors have 

relatively large values of dipole moment due to that they are 

asymmetrical shapes with C2v/C1 point group. On the other hand, all 

acceptor molecules have high values of dipole moment except A4 

molecule has high symmetry due to its symmetric distribution under 

D2h/C1 point group, other acceptors have low symmetric distribution 

under C2v/C1 point group except A1 under the point group Cs/C1. The 

results enable us to decide to construct different structures of Donor-

GNR-Acceptor molecules depending on selectively donors and acceptors.      
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3.2    Donor-GNR-Acceptor 

        Centered on above results in previous sections, Depending on the 

previous results several structures of Donor-GNR-Acceptors were 

constructed. The choice of both donor and acceptor is based on the 

behavior for each one.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.2): Proposed structures of Acceptor-GNR-Donor molecules. Atoms 

colors: Gray=Carbon, Red=Oxygen, Blue=Nitrogen, White=Hydrogen, 

Yellow=sulfur. 

A1-GNR-D3 A2-GNR-D4 

A5-GNR-D2

A4-GNR-D5

A4-GNR-D3

A3-GNR-D2 

A3-GNR-D1 
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      The relax structure of the group of mentioned Donor-GNR-Acceptor 

was drawn in Figure 3.2. The structures are optimized at B3LYP/6-31G 

level using density functional theory and the conformation search 

displays the minimum energy for each structure approaching the absolute 

ratio of potential to kinetic energy below 0.0056.  

 

3.2.1 Some Electronic Properties 

   There are many electrical properties, that calculated in this study, are 

presented in the flowing:  

3.2.1.1 Ground State Energies 

         Table 3.6 shows the SCF calculations from the relaxation of 

molecules in Figure 3.2 obtained from the full minimization at DFT-

B3LYP/6-31G level of theory, these calculations included the total 

energy ET in a.u., high occupied molecular orbital energy EHOMO, lower 

unoccupied molecular orbital energy ELUMO, Fermi energy EF and the 

energy gap Eg in eV.  

Table 3.6: SCF calculations from the relaxation of studied Structures. 

Structures   ET  (a. u) EHOMO (eV) ELUMO (eV) EF (eV)  Eg (eV) 

GNR -1994.37 -3.87457 -3.47022 -3.6724 0.404355 

A1-GNR-D3 -3153.33 -4.77852 -4.3943 -4.58641 0.384219 

A2-GNR-D4 -3276.95 -4.36029 -4.15458 -4.25743 0.205715 

A3-GNR-D1 -2994.76 -3.93743 -3.55185 -3.74464 0.38558 

A3-GNR-D2 -2688.75 -3.97063 -3.69607 -3.83335 0.274559 

A4-GNR-D5 -2786.8 -4.18777 -3.85662 -4.02219 0.331158 

A4-GNR-D3 -2957.82 -3.94505 -3.6811 -3.81308 0.263947 

A5-GNR-D2 -3036.56 -4.11294 -3.76519 -3.93906 0.347757 
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It is clear from Table 3.6 that the total energy of the studied 

structures is approximately the summation of the total energy of its 

components. One can find conclude the following formula: 

ET [molecules]⋍ET( donor ) +ET (graphene nanoribbon)+ET(acceptor)      

                                                                (3-1)  

Final total energy for each structure obtained from the SCF in 

above equation and listed in Table 3.6 was determined by the 

optimization steps according to the number of iterations in each cycle 

through the solution of SCF equation, these iterations are limited due to 

the types of both donors and acceptors in the structures.  

 

   

                                                            

Figure (3.3): SCF energy as a function of optimization steps for Acceptor-GNR-

Donor structures. 
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    Therefore, Figure 3.3 was drawn to illustrates the variation of 

the relationship between the SCF total energy and the number of 

optimization steps for the studied structures.          

  Figure 3.4 shows the values of energy levels EHOMO and ELUMO 

for the structures. As noticed in Table 3.6, there are difference values of 

energy of the two frontier molecular orbitals for the studied structures. 

These frontier orbitals represent the two edges of valence and conduction 

bands and they are built according to linear combination of atomic 

orbitals. The distribution of HOMO and LUMO shapes for the structures 

studied in this thesis was illustrated in figure 3.5, where the green color 

represents the positive charges and the red color represents the negative 

charges. 

 
 

Figure (3.4): Energies of HOMO and LUMO for the studied structures. 
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Figure (3.5): Shapes of HOMO(left) and LUMO(right) distribution for the 

studied structures. 

 Fermi energy EF in Table 3.6 is the theoretical value of Fermi 

level and it was computed as the distance  between the conduction band 

and the valence band.   

          Figure 3.6 declares the energy gap map for the studied Donor-

GNR-Acceptor structures. Figure 3.6 showed the GNR has the largest 

value of energy gap compared with the designed Donor-GNR-Acceptor 

structures, in which makes it attractiveness and the grain of the GNR 

changes the value of the energy gap. A2-GNR-D4, A4-GNR-D3 and A3-

A4-GNR-D3  

A5-GNR-D2 
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GNR-D2 have the lowest values of energy gap. Generally, the variant of 

Eg for the structures allow leads to different applications in electronic 

field.  

 

 

Figure (3.6): Energy gap of the structures. 

3.2.1.2 Ionization Energy and Electron Affinity 

          Table 3.7 shows some electronic properties of the studied Donor-

GNR-Acceptor molecules involved the ionization energy IE and 

electronic affinity EA calculated according to Koopmans theorem. As we 

found the highest value of ionization energy at the next fitting A1-GNR-

D3 equal to 4.394 eV in which this structure needs to a large energy to 

donating an electron in compared with the others and the highest value of 

electron affinity at the next fitting A1-GNR-D3 equal to 4.778 eV in 

which it has high ability to accepting an electron compared with other 

structures. In general, all studied Donor-GNR-Acceptor molecules have 

values of electron affinity higher than for the base GNR. Figures 3.7 and 

3.8 illustrate the IE and EA for the structures under study, respectively.    
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Table 3.7: Ionization energy and electron affinity for Acceptor -GNR-donor 

structures. 

Structures IE (eV) EA (eV) 

GNR 3.874574 3.470219 

A1-GNR-D3 4.394304 4.778524 

A2 -GNR-D 4 4.360291 4.154575 

A3-GNR-D1 3.937432 3.551852 

A3-GNR-D2 3.765186 4.112943 

A4-GNR-D5 3.69607 3.970629 

A4-GNR-D3 3.945051 3.681104 

A5-GNR-D2 3.856615 4.187773 

 

 

 

Figure (3.7): Ionization energy of the studied structures. 
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Figure (3.8): Electron Affinity of the studied structures. 

3.2.1.3 Global Quantum Chemical Parameters   

  Some calculated global quantum chemical properties for the 

studied Donor-GNR-Acceptor molecules such as electrochemical 

hardness H, electronic softness S and electrophilic index W are presented 

in Table3.8.By close inspection to Figure 3.8 it was found that the 

Hardness was decreased when adding the donor and acceptor molecules 

to the graphene nanoribbon, which means that there was binding with the 

GNR effect or change the value of separation between the two edges of 

the conduction band and the valence band of the GNR. On the other hand, 

the constructed Donor-GNR- Acceptor molecules are more soft than the 

GNR, they are all have electronic softness higher than that for GNR. 

Softness was increases when the graphene nanoribbon is attached to the 

acceptor molecules on one hand and the donor molecules on the other 

hand. This result refers that small excitation energy was required for the 
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constructed Acceptor -GNR-Donor molecule in compared with GNR to 

an electron to transfer from valence to conduction band. Table 3.8 

showed also an influence of donor and acceptor molecules on the 

behavior of electrophilicity of GNR, electrophilic index increased when 

by adding the donors and acceptors molecules. This result indicates that 

the constructed Donor-GNR-Acceptor molecules have high activity to 

interact with other molecules or species in the surroundings compared 

with the GNR. Figures 3.9 to 3.11 illustrate the electrochemical hardness, 

electronic softness and electrophilic index for the studied structures, 

respectively.     
 

Table 3.8: Global Quantum Chemical Parameters of the studied Structures. 

 Structures H (eV) S (eV)
-1

 W(eV) 

GNR  0.202178 2.473372 33.35307 

A1-GNR-D3 0.19211 2.60268 54.74788  

A2-GNR-D4 0.102858 4.86109 88.11084 

A3-GNR-D1 0.19279 2.593496 36.36689 

A3-GNR-D2 0.137279 3.642205 53.52063 

A4-GNR-D5 0.165579 3.0179708 48.85297 

A4-GNR-D3 0.131973 3.788644 55.08521 

A5-GNR-D2 0.173878 2.875575 44.61807 
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Figure (3.9): Electrochemical hardness of the studied structures. 

 

 

Figure (3.10): Electronic softness S of the studied structures.  
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Figure (3.11): Electrophilic index W of the studied structures. 

 

3.2.1.4 Electrostatic Potential 

        Figure 3.12 represents the 3-D shapes and 2-D contours of the 

electrostatic potential ESP distribution for the GNR and it is adducting 

Donor-GNR-Acceptor. As seen, highly symmetric of ESP distribution 

was observed for the reference GNR due to symmetrical distribution of 

charges in GNR of zeroth dipole moment. In the other structures, it is 

clear the effect of presence of both donors and acceptors on the 

distribution of the ESP, the electrostatic potential was dragged towards 

the areas of high concentration of charges in each Donor-GNR-Acceptor 

molecule. The map of ESP distribution leads to understanding the 

behavior of the molecules with and without different types of atoms and 

molecules in the surrounding space of each molecule.           
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Figure (3.12):  ESP distribution for the studied structures. 

3.2.1.5 Density of States DOS 

        Figure 3.13 illustrates the spectra of the density of states DOS for 

the structures under study. As seen, the DOS spectra for the D-GNR-A 

structures were distributed according to number of the degeneracy in each 

D-GNR-A structure due to presence different types of donors and 

acceptors in the structures.  

A4-GNR-D5 

A5-GNR-D2 
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Figure (3.13):  The density of states DOS distribution for the A-GNR-D 

structures. 
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        Generally, the number of degeneracy of states in HOMO is greater 

than the degeneracy of states in LUMO, this give an idea for low 

probability for direct transition of an electron from valence band to 

conduction band and most probability of an electron transition is indirect. 

From Figure 3.13, one can observed the highly degeneracy of states is in 

A4-GNR-A3 structure at the range of energy levels between -10 eV and -

13 eV.   

3.2.2 Molecular Polarizability 

               Table 3.9 declares the results of the dipole moments in Debye 

and molecular polarizability in a.u., for the studied structures Donor-

GNR-Acceptor molecules. The dipole moment for GNR of zero value 

refers to D6h group symmetry and therefore GNR has highly symmetrical 

distribution in the space. 

Table 3.9: Total dipole moment and polarizability for Donor-GNR-Acceptor 

molecules. 

Molecules 

 

Total 

dipole 

moment 

(Debye) 

Polarizability (a. u) 

α xx α yy α zz α ave 

GNR 0.000 131.144 1530.172 1279.221 980.179 

A1-GNR-D3 16.1552 298.312 2011.941 2431.022 1580.425 

A2-GNR-D4 19.2104 311.867 2275.847 2677.548 1755.087 

A3-GNR-D1 2.3588 304.016 1722.254 1566.903 1197.724 

A3-GNR-D2 8.6396 333.993 1973.014 2049.388 1452.132 

A4-GNR-D5 7.6818 268.851 1122.002 2216.388 1202.414 

A4-GNR-D3 7.7910  274.346 1171.320 2298.101 1247.922 

A5-GNR-D2 9.3893 213.733 1883.644 2196.087 1431.155 
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The dipole moment for GNR is zero refers to D6h group symmetry 

and therefore GNR has highly symmetrical distribution in the space. The 

other structures have different values of dipole moment in which refers to 

their low symmetric distribution these structures have, and this give D-

GNR-A structures high ability to an electron transfer in comparison with 

the base GNR. 
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Results and Discussion-Part Two 

3.3 Introduction 

              Current part included narrow Graphene Nano Ribbon GNR of 

length 20.905 nm and width 5.13 nm named GNR1 as drawn in Figure 

3.14 and compared with GNR studied in part one. The electronic states 

(two frontier molecular orbitals) HOMO and LUMO, and energy gap Eg 

for GNR1 were computed and compared with those for GNR. GNR1 has 

also low value of energy gap (0.842 eV). Energy gap for GNR1 is the 

higher than for GNR (0.404 eV). The calculations of global quantum 

parameters for GNR1 showed the electronic softness for GNR1 equals 

0.5/eV, this value is less than that GNR (0.61/eV). That means the 

dimensions of GNR make from these structures to have large/small 

electronic soft, and therefore, small/high excitation energy was required 

for charge transfer and different electronic applications can be recorded. 

           Figure 3.15 shows the distribution of wave functions for GNR1 

compared with GNR represented by the shapes of HOMO and LUMO 

energies resultant from the linear combination of atomic orbitals 

contributed to form the molecular orbitals in the two structures. The 

positive charges (green color) and negative charges (red color) are 

distributed according to their values in the ribbon. HOMO for GNR1 is 

symmetrically distributed along the ribbon with almost contribution from 

2p-carbon atoms, and LUMO for GNR1 has the same behavior as for z. 

 

 

 

 

 



nResults and Discussio                          Chapter Three                 

74 
 

 

 

 

 

Figure (3.14):  Relax structures for GNR1 and GNR. 

 

   

 

Figure (3.15):  HOMO (left) and LUMO(right) shapes for GNR1 and GNR. 

Figure 3.16 illustrates the density of states DOS for GNR1 and 

GNR. In both structures, the two frontier orbitals (occupied and 

unoccupied) are each near to other in which very small separation 

distance between the valence and conduction bands. GNR1 has separation 

between valence and conduction band larger than for GNR. This property 

HOMO 

-3.8745 eV 

LUMO 

-3.47022 eV  
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gave an electron can be easily transmission starting valence band towards 

conduction band. As seen, a spectrum of density of states in the two 

structures of GNR1 was more distributed in occupied orbitals due to high 

degeneracy was observed for states of occupied orbitals approaches 6 at 

(-11 eV) energy level, while the high degeneracy in DOS spectrum for 

GNR is 5 at the same energy level, and this may an indication that 

indirect transition can be recorded between the valence and conduction 

bands. In GNR1, the largest degeneracy of states was recorded between -

9 eV and -15 eV, while in GNR the largest degeneracy of states was 

recorded between -9.5 eV and -12.5 eV. 

  

           

Figure (3.16):  DOS for GNR1 and GNR. 

            The behavior of electrostatic potential ESP for GNR1 and GNR 

structures under study was shown in Figure 3.17. As seen, the potential 

was symmetrically distributed around the scattering region of pure 

Graphene Nano ribbons due to periodically of carbon atoms in the 

structures.  
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Figure (3.17): ESP distribution for GNR1 and GNR, (left=3D shapes and 

right=2D contours). 

         Table 3.10 illustrates the calculations of the molecular polarizability 

for GNR1 and compared with GNR included the total dipole moment D. 

M in Debye and molecular polarizability in a.u., Zeroth value of D. M for 

Graphene Ribbons is a picture of a high symmetry of the structures due to 

the characterization D6h/C1 point group symmetry of GNR. In both 

structures, the rank of the components of molecular polarizability is  as   

α zz > α yy > α xx and this may an indication to good relax was obtained for 

the two GNR
s
 under the B3LYP/6-31G density functional theory.  

 

     

GNR1 
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Table 3.10: Total dipole moment and polarizability for GNR1 and GNR. 

Structure 

 

Total 

dipole 

moment 

(Debye) 

Polarizability (a. u) 

α xx α yy α zz α ave 

GNR 0.000 131.144 1279.221 1530.172 980.179 

GNR1 0.000 119.434 456.018 775.982 450.478 

 

3.4 Donor-GNR1-Acceptor 

            Figure 3.18 illustrates the relax structures for the second group of 

donors (D11-D33) and acceptors (A11 and A22) before they are 

connected graphene nanoribbon GNR1. Previously we noticed the 

dimensions of GNR1 were 20.905 nm length and 5.13 nm width.  

 

 

 

Figure (3.18): Relax structures of donors (D11-D33) and acceptors (A11 and 

A22). 

 

 

 

 

NH2 CN OH OCH3 pyrazine 



nResults and Discussio                          Chapter Three                 

78 
 

Table 3.11: Geometric parameters for donors (D11-D33) and acceptors (A11 and 

A22).                  

Structures 

Bond Length 

(nm) 
Bond Angle (degree) 

Bond Value Angle Value 

A11 C-N 1.0419          C-N-C 104.9979   

A22 
C-H 1.0843 H-C-H 108.9763- 110.8674                  

C-O 1.4244 H-C-O 106.2042 

D11 C-N 1.2592   

D22 O-C 0.9969   

D33 

C-N 1.3509   N..C..N 126.0055          

C-H 1.0824          N..C-H 116.9974          

C..C 1.3981          C..N..C 116.5428                    

  N..C..C 121.8841          

  C..C..C 117.1407          

 

   SCF calculations for the ground state energy with full minimization of 

mentioned donors and acceptors are carried out to find the standard 

optimized parameters involved the bond lengths in nm and bond angles in 

degrees, as listed in Table 3.11.  

3.4.1 Ground State Energies   

               Table 3.12 listed the SCF calculations for the second group of 

donors and acceptors and graphene nanoribbon GNR1 computed from the 

full minimization under the employing of DFT-B3LYP/6-31G level of 

theory. These calculations are included the total energy ET in a.u., high 

occupied molecular orbital energy EHOMO, lower unoccupied molecular 

orbital energy ELUMO and energy gap Eg in eV. The total ground state 

energy for suggested donors and acceptors in Table 3.12 is calculated 

depending on the number of electrons in each donor and acceptor. 
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        The solution of SCF equations leads to compute of the energy of the 

two edges molecular orbitals EHOMO and ELUMO. The final molecular 

orbitals are computed from the linear combination of atomic orbitals 

based on Molecular Orbital MO theory. LUMO-HOMO gap for GNR1 is 

0.842 eV, the studied donors and acceptors have values of energy gap 

depending on the type of the donor or acceptor. This variety in energy 

gap is required to choose numeral of donors and acceptors to help 

towards determining the meaningfully of the Donor-GNR1-Acceptor 

applications.  

Table 3.12: Ground state energies for donors (D11-D33) and acceptors (A11 and 

A22). 

 

3.4.2 Some Electronic Properties 

        In this section, some electronic variables of the compounds under 

study were determined depending on the values of the frontier molecular 

orbitals HOMO and LUMO, and calculated according to Koopmans 

theorem. These variables represent the electronic properties of the 

compounds. They are the Ionization Energy, Electron Affinity, 

Eg (eV) ELUMO (eV) EHOMO 

(eV) 

ET  (a.u) Structure 

4.809 -2.73933 -7.54833 -55.8529 A11 

8.452825 -3.62478 -12.0776 -114.379 A22 

1.380686 -7.72139 -9.10208 -92.6371 D11 

3.948316 -4.23811 -8.18643 -75.7085 D22 

5.413356 -1.36327 -6.77663 -264.234 D33 

0.842453 

 

-3.47294 -4.31539 -2070.43 GNR1 
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Electronegativity, Quantum Chemical Parameters (Electrochemical 

Hardness and Electronic Softness), Electrophilic Index and net 

electrophilicity. 

3.4.2.1 Ionization Energy and Electron Affinity  

     Ionization energy IE and electron affinity EA for the second group of 

donors and acceptors were computed from the SCF calculations as 

vertical energies by employing the Koopmans theorem. Table 3.13 

illustrates IE and EA for the donors, acceptors and GNR1.  

        Table 3.13 illustrates, the suggested acceptors have high values of 

ionization energy comparing to donors, and this indicates that the donors 

have high capability to donating an electron to become cations, the lowest 

value of ionization is for D33 donor in comparison with D11 and D22. 

Alternatively, A22 acceptor has high value of an electron affinity 

compared with A11 acceptor, this refers to that A22 perform high 

capability to accepting an electron to become anion in compared with 

A11. Generally, low ionization energy for a molecule high ability for the 

molecule to donating electrons. On the other hand, molecules with large 

values of electron affinity means the molecules have high ability to 

accept electrons. Table 3.13 presented different values of ionization 

energy and electron affinity for the studied donors and acceptors and this 

be responsible to allow building structures of Donor-GNR1-Acceptor.     
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Table 3.13: IE and EA in eV for donors (D11-D33) and acceptors (A11 and A22). 

Structure IE (eV) EA (eV) 

A11 7.548331 2.739331 

A22 12.0776 3.624777 

D11 9.10208 7.721393 

D22 8.186429 4.238113 

D33 6.776627 1.363271 

GNR1 3.47294 4.315392 
 

3.4.2.2 Global Quantum Chemical Parameters 

     Table 3.14 explains the quantum chemical parameters for the second 

group (donors and acceptors) and GNR1. These parameters included the 

electrochemical hardness H, electronic softness S and electrophilic index 

W. The result showed the values of electrochemical hardness for donors 

and acceptors are larger than for GNR1. While these donors and 

acceptors have electronic softness smaller than for GNR1. The results in 

Table 3.14 give one to build Donors-GNR1-Acceptors.       

Table 3.14: Global quantum chemical parameters for donors (D11-D33) and 

acceptors (A11 and A22). 

 

Structure 
H (eV) S (eV)

-1 W(eV) 

A11 2.4045 0.207943 5.501976 

A22 4.226413 0.118304 7.292376 

D11 0.690343 0.724278 51.24793 

D22 1.974158 0.253273 9.774373 

D33 2.706678 0.184728 3.059929 

GNR1 1.18701 0.421226 18.00046 
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3.4.2.3 Molecular Polarizability   

     Table 3.15 presents the total dipole moment in Debye and the average 

molecular polarizability αave in a.u., with its components αxx, αyy and αzz 

for D11-D33 donors and A11-A22 acceptors. In Table 3.15 the 

components of molecular polarizability are in the rank: 

α xx < α yy < α zz 

        As well as, the computed molecular polarizability depend on the 

type of atoms in each structure of donor and acceptor. Due to its 

periodically in space the GNR1 has high symmetric distribution with zero 

total dipole moment, the point group of GNR1 is D6h. Different values of 

dipole moment were recorded for donors and acceptors because of their 

symmetrical distribution in space. Approximately, they are all 

asymmetric in space with C2v point group. Generally, molecules with 

large values can appear charge transfer. Different structures of D-GNR1-

A were constructed and studied in current study found depend on 

characterization of the donors and acceptors such as the molecular 

polarizability.  

Table 3.15: Molecular polarizability for donors (D11-D33) and acceptors (A11 

and A22). 

 

Structure 

Total dipole 

moment 

(Debye) 

Polarizability (a. u) 

α xx α yy α zz α ave 

A11 2.2727 4.632 7.048 4.632 7.368333 
A22 2.4393 12.617 14.281 12.617 13.857 

D11 0.0921 3.527 7.925 3.527 9.561667 
D22 1.9774 1.062 2.203 1.062 3.22665 
D33 2.6133 18.741 56.071 18.741 45.327 

GNR1 1.3313 0 0 0 0 
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3.4.3   Electronic Properties of Donor-GNR1-Acceptor 

        Figure 3.19 illustrates the relax structures of five constructed Donor-

GNR1-Acceptor were optimized at B3LYP/6-31G/DFT. The structures in 

present section included D11-GNR1-A11, D11-GNR1-A22, A11-GNR1-

A22, D22-GNR1-A22 and A22-GNR1-D33. The minima energy for the 

studied structures was calculated for the convergence of both 

displacement and force with virial ratio equals 0.0054.  

 

  

 

 

 

Figure (3.19): Relax structures of Donor-GNR1-Acceptor molecules. 
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3.4.3.1 LUMO-HOMO Gap 

         Table 3.16 explains the calculations of the SCF obtained from the 

relaxation of the structures Donor-GNR1-Acceptor, these calculations 

included the high occupied molecular orbital energy EHOMO, lower 

unoccupied molecular orbital energy ELUMO, Fermi energy EF and the 

energy gap Eg in eV. 

           

 The SCF total energy for the structures of Donor-GNR1-Acceptor 

was computed according to the number of iterations in each cycle through 

the way out of SCF calculations. 

 

 

 

 

           Table 3.16: EHOMO, ELUMO, EF, and Egap for Donor-GNR1-Acceptor. 

 

 

 

 

 

Structures EHOMO (eV) ELUMO (eV) EF (eV)  Eg (eV) 

D11-GNR1-A11 -4.33526 -3.54342 -3.93934 0.79184 

D11-GNR1-A22 -4.51947 -3.73036 -4.12491 0.789119 

A11-GNR1-A22 -4.04981 -3.28246 -3.66613 0.76735 

D22-GNR1-A22 -4.2626 -3.45035 -3.85647 0.812248 

D33-GNR1-A22 -4.38532 -3.56138 -3.97335 0.823949 
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Figure (3.20): Relationship of SCF energy with optimization steps for Acceptor-

GNR1-Donor. 
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Figure 3.20 illustrates the relationship between the SCF total 

energy and the number of optimization steps for the studied structures in 

which the limitations are determined depending on the types of both 

donors and acceptors in each Donor-GNR1-Acceptor.   

 Figure 3.21 presents the EHOMO and ELUMO for the Donor-GNR1-

Acceptor. As seen in Table 3.16, the values of HOMO energy for all 

structures are approximately close to other and they lie in the range -4 eV 

to -4.5 eV. The LUMO energy for the structures also all lie in the range -

3.2 eV to -3.7 eV. Figure 3.22 shows the 3-D distribution of HOMO and 

LUMO for Donor-GNR1-Acceptor structures, where the green color 

represents the positive charges and the red color represents the negative 

charges. The two wave functions HOMO and LUMO for the studied 

structures were distributed depending on the types atoms in both donors 

and acceptors in each structure and according to the linear combination of 

atomic orbitals. 

 

  

Figure (3.21) : EHOMO and ELUMO for Donor-GNR1-Acceptor. 

-5

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

EHOMO (eV)

ELUMO (eV)



nResults and Discussio                          Chapter Three                 

87 
 

 

 

 

 

 

  

           

 

                  

 

Figure (3.22) : HOMO(left) and LUMO(right) distribution for Donor-GNR1-

Acceptor. 
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      The theoretical value of Fermi energy EF in Table 3.16 showed the 

structure A11-GNR-A22 has the lowest value as EF is the midpoint of the 

separation between the conduction and valence band. LUMO-HOMO gap 

results for the Donor-GNR1-Acceptor in Figure 3.23 showed that all 

Donor-GNR1-Acceptor have energy gap lower than that for the pure 

GNR but A11-GNR-A22 has the lowest value. Presence of donors and 

acceptors in the GNR reduces the energy gap. In summary, the rank of 

energy gap for the group of Donor-GNR1-Acceptor structures is as:  

A11-GNR1-A22 < D11-GNR1-A22 < D11-GNR1-A11 < D22-GNR1-

A22 < D33-GNR A22.  

 

 

Figure (3.23) : Energy gap of Donor-GNR1-Acceptor. 

3.4.3.2 Ionization Energy and Electron Affinity 

          Table 3.17 explains the calculated values of ionization energy IE 

and electronic affinity EA for the studied Donor-GNR1-Acceptor 

structures based on Koopmans theorem. The result showed                  
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A11-GNR1-A22 structure has the lowest IE in which it needs small 

energy to donate an electron to become cation in comparison with the 

others, while D11-GNR1-A22 needs high energy for donating an electron 

due to that this structure has the highest value of EA, D11-GNR1-A22 

structure can easily accepting an electron to become anion in comparison 

with the others. Figures 3.24 and 3.25 declare the IE and EA for the 

studied Donor-GNR1-Acceptor structures, respectively.    
                                                                                        

Table 3.17: Ionization energy and electron affinity for Donor-GNR1-Acceptor. 

Structures IE (eV) EA (eV) 

D11-GNR1-A11 4.335257 3.543416 

D11-GNR1-A22 4.519475 3.730356 

A11-GNR1-A22 4.049813 3.282463 

D22-GNR1-A22 4.262603 3.450355 

D33-GNR1-A22 4.385325 3.561376 

 

 

Figure (3.24) : Ionization energy of Donor-GNR1-Acceptor. 
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Figure (3.25) : Electron Affinity of Donor-GNR1-Acceptor. 

3.4.3.3 Global Quantum Chemical Parameters  

         Some global quantum chemical properties for second group of 

Donor-GNR1-Acceptor were calculated and listed in Table 3.18 included 

the electrochemical hardness H, electronic softness S and electrophilic 

index W. Table 3.18 showed the electrochemical Hardness was reduced 

with the addition of donors and acceptors GNR1, this refers to effect of 

type of donors and acceptors on the gap between the conduction and 

valence band of the GNR1. The result showed all structures of Donor-

GNR1-Acceptor have electrochemical hardness less than 0.451 eV, as 

shown in Figure 3.26. Alternatively, the constructed Donor-GNR1-

Acceptor have electronic soft greater than for GNR1, S for such 

structures more than 1 eV, as in Figure 3.27. In other words, electronic 

softness was increased with adding the donors and acceptors to GNR1. 

This result is a sign to small excitation energy was required for the 

constructed Donor-GNR1-Acceptor to an electron to transfer from 
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valence to conduction band in compared with GNR1. Instead, Table 3.18 

showed the power of donors and acceptors on increasing the electrophilic 

index of GNR1, electrophilic index was increased due to the addition of 

the donors and acceptors. D11-GNR1-A22 has the largest value of 

electrophilic in which this structure has high activity to act together with 

other molecules in the surroundings space in comparison with the others. 

Figure 3.28 shows the electrophilic index for the studied Donor-GNR1-

Acceptor.  

    
Table 3.18: Global quantum chemical parameters for Donor-GNR1-Acceptor. 

Structures H (eV) S (eV)
-1

 W(eV) 

D11-GNR1-A11 0.39592 1.262881 19.59786 

D11-GNR1-A22 0.39456 1.267236 21.56193 

A11-GNR1-A22 0.383675 1.303186 17.51556 

D22-GNR1-A22 0.406124 1.231151 18.3102 

D33-GNR1-A22 0.411975 1.213667 19.16079 
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Figure (3.26): Electrochemical hardness of Donor-GNR1-Acceptor. 

 

 

Figure (3.27): Electronic softness of Donor-GNR1-Acceptor. 
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Figure (3.28): Electrophilic index of Donor-GNR1-Acceptor. 

3.4.3.4 Electrostatic Potential 

        Total SCF of electrostatic potential ESP for the second group of 

Donor-GNR1-Acceptor was drawn in Figure 3.29. This figure showed, an 

influence of existence of donors and acceptors on the ESP distribution of 

GNR1, ESP was drawn in the direction of the parts of atoms of high 

electronegativity in each donor-GNR1-Acceptor. These distribution 

principals to considerate the actions of the structure with and without 

different types of atoms, molecules in the surrounding space of each 

Donor-GNR1-Acceptor. D11-GNR1-A22 structure appears highly 

distribution of ESP in the areas near the molecules OCH3 and CN due to 

high electronegativity for oxygen and nitrogen atoms. For the other 

Donor-GNR1-Acceptor, the picture of ESP is clear at the areas near the 

adding subgroups as donors and acceptors. 
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Figure (3.29):  ESP distribution of Donor-GNR1-Acceptor. 
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3.4.3.5 Density of States 

            Figure 3.30 explain the density of states DOS spectra for studied 

Donor-GNR1-Acceptor. As seen, the DOS spectra for the Donor-GNR1-

Acceptor were spread according to number of the degeneracy in each 

structure because of the occurrence different types of donors and 

acceptors in the GNR1. Commonly, the number of degeneracy of states in 

HOMO for the structures is greater than the degeneracy of states in 

LUMO and this result provide an indication for low probability for direct 

transition of an electron from valence to conduction band and the greatest 

probability of an electron transition is indirect transition. Figure 3.30 

observed the highly degeneracy of states is in D11-GNR1-A22 at the 

range of energy levels between -10 eV and -13 eV.  
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Figure (3.30) :  DOS distribution of Donor-GNR1-Acceptor. 
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Results and  Discussions-Part three 

3.5 Gas Sensing 

3.5.1 Introduction 

      Before the starting of discussion of the sensing of Donor-Graphene 

Nano Ribbon-Acceptor for gas, we choose the appropriate structure D11-

GNR1-A22 due to its suitable properties such as electron affinity and 

electrophilic index, therefore, the two subgroups, methoxide OCH3 and 

cyanide CN are connected to first GNR and then relaxation process for 

the D11-GNR-A22 was done for comparing between the two structures 

D11-GNR1-A22 and D11-GNR-A22. Figure 3.31 shows the relax of the 

two structures.    

   

Figure (3.31):  Relax structures GNR and GNR1 with OCH3 and CN. 

         Table 3.19 explains the electronic properties from the SCF 

calculations for D11-GNR-A22 included the ET, EHOMO, ELUMO, EF and Eg 

with the values of these electronic properties for D11-GNR1-A22 from 

previous section.  

         LUMO-HOMO gap for D11-GNR-A22 is less than that for D11-

GNR1-A22, as in Figure 3.32. This result refers to D11-GNR-A22 

structure can take place in the field of conducting materials comparing 

with D11-GNR1-A22 structure of energy gap can put it in the range of 



nResults and Discussio                          Chapter Three                 

98 
 

semiconductor materials. The difference in energy gap enable to decide 

which one of these two structures can performed in limit field of 

materials. 

        Figure 3.33 declares the shapes of distribution of the two wave 

functions HOMO and LUMO for the two structures. As seen, 

approximately there is no clear difference can have recorded in the shapes 

of HOMO and LUMO for the two structures, this due to these wave 

functions are built from the same atomic orbitals in the two structures.        

Table 3.19: SCF calculations for D11-GNR1-A22 and D11-GNR-A22.  

 

 

Figure (3.32) :  Egap for D11-GNR-A22 and D11-GNR1-A22. 
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EF (eV)  Eg (eV) 

D11-GNR-A22 -2201.062      -4.0835 -3.7061 -3.8948 0.37741 

D11-GNR1-A22 -2277.127 -4.5194 -3.7303 -4.1249 0.78911 
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Figure (3.33): HOMO and LUMO distribution for D11-GNR-A22 and D11-

GNR1-A22. 

3.5.2 Ionization Energy and Electron Affinity 

       Table 3.20 shows the IE and EA values for the two structures D11-

GNR-A22 and D11-GNR1-A22 calculated according to Koopmans 

theorem. Few variance was observed in both IE and EA for the two 

structures, this result is because of these two electronic properties 

depending on the same donor and acceptor in the two structures. Figure 

3.34 shows the IE and EA for D11-GNR-A22 and D11-GNR1-A22.      

Table 3.20: IE and EA for D11-GNR1-A22 and D11-GNR-A22.  

Structures IE (eV) EA (eV) 

D11-GNR-A22 4.083555 3.706138 

D11-GNR1-A22 4.519475 3.730356 
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Figure (3.34): IE and EA for D11-GNR-A22 and D11-GNR1-A22. 

3.5.3 Quantum Chemical Parameters 

                    Table 3.21 declares the calculated values of some quantum 

chemical parameters included H, S and W for D11-GNR-A22 and 

comparing them with those for D11-GNR1-A22. The result showed the 

D11-GNR-A22 has electrochemical hardness lower than for D11-GNR1-

A22 and it has electronic softness greater than for D11-GNR1-A22, as in 

Figures 3.35 and 3.36. These results show small excitation energy 

required for an electron to transfer from valence to conduction band. 

Instead, D11-GNR-A22 has high index of electrophilic to interacts with 

other molecules in the space in compared with D11-GNR1-A22. Figure 

3.37 shows the W for D11-GNR-A22 and D11-GNR1-A22, respectively.   

Table 3.21: Quantum chemical parameters for D11-GNR1-A22 and D11-GNR-

A22.  

Structures H (eV) S (eV)
-1

 W(eV) 

D11-GNR-A22 0.1887 2.6495 40.1938 

D11-GNR1-A22 0.3945 1.2672 21.5619 
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Figure (3.35): Hardness for D11-GNR-A22 and D11-GNR1-A22. 

 

 

Figure (3.36) : Softness for D11-GNR-A22 and D11-GNR1-A22. 
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Figure (3.37): electrophilic index W for D11-GNR-A22 and D11-GNR1-A22. 

3.5.4 Molecular Polarizability 

             Table 3.22 illustrates the molecular polarizability values for D11-

GNR-A22 and D11-GNR1-A22. It is clear that the two structures have 

asymmetric formation with high dipole moment but D11-GNR-A22 has 

the highest. Also, D11-GNR-A22 has higher polarizability in comparison 

with D11-GNR1-A22. These results assistance to estimate the ability of 

the structures for gas sensing.     

Table 3.22: Molecular Polarizability for D11-GNR1-A22 and D11-GNR-A22. 

Structures Total 

dipole 

moment 

(Debye) 

Polarizability (a. u) 

α xx α yy α zz α ave 

D11-GNR-A22 7.269 150.336 405.829 2107.770 887.978 

D11-GNR1-

A22 

5.808 137.661 312.567 1802.987 751.071 
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3.6 D11-GNR-A22 / Gases 

         DFT calculations were used to estimate the sensitivity of D11-

GNR-A22 structure for three types of gases. These gases are toxic and 

they are sarin , hydrogen sulfide and ammonia located at the surface of 

D11-GNR-A22, again a relaxation structure and electronic properties are 

computed, and other significant parameter is the adsorption energy was 

calculated to conclude the capability of sensing toxic gases via D11-

GNR-A22 structure. Figure 3.38 illustrates the relax structure for D11-

GNR-A22 / Gas. 

  

 

Figure (3.38) : Relax structure for D11-GNR-A22 / Gases. 
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       The three  gases sarin, hydrogen sulfide and ammonia  are located 

at different distances on the surface of the D11-GNR1-A22 structure and 

in each one the relax was done to determine the stability of the system 

from the calculation of the minima ground state energy. Table 3.23 

illustrates the distance and adsorption energy for the three gases, firstly 

study sensitivity of  gases by the equation [111]:  

S =[abs (Eg(1)-Eg(0))/Eg(0)]*100%                                                 (3-2)  

Where Eg(1) energy gap when gas presence, Eg(0) energy gap when gas 

absence and S is sensitivity. 

The theoretical model that describe adsorption energy following this 

equation[111]: 

EAd=E(Gas+Rib.)-(E(Gas)+E(Rib.))                                                   (3.3)                                                         

Where EAd represent adsorption energy, E(Gas+Rib.), E(Gas) and 

EE(Rib.) are total energy for mixture adsorption, gas molecule and 

isolated nano-ribbon, respectively. 

Table 3.23: Adsorption energy and relax distance for D11-GNR-A22 / gas 

Gases Adsorption 

energy eV 

Distance of relax nm Sensitivity 

Sarin 0.027 4.7 0.52103 

Hydrogen 

sulfide 

-0.797 3.1 0.14443 

Ammonia -0.0011 3.8 0.27587 

 

The result in Table 3.23 showed the high sensitivity was recorded 

for the structure D11-GNR-A22 to sarin gas but at long distance 4.7 nm, 

means a small amount of energy transfer between the sarin and the 

structure. Decreasing the distance between the sarin gas and the structure 

may increase the adsorption energy but this also require forming bond 
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between the carbon atom in the ribbon and the atoms in sarin gas. On the 

other hand, the structure D11-GNR-A22 has low sensitivity for hydrogen 

sulfide gas at 3.1 nm and ammonia gas at 3.8 nm. In general, the 

sensitivity of D11-GNR-A22 structure was observed but in low amount. 

       Table 3.24 illustrates the calculations of UV-Vis for D11-GNR-A22 / 

gas (Sarin-Hydrogen sulfide-ammonia) included the absorption energy, 

maximum wave length and transition characters. These calculations were 

computed from the TD-DFT method. The result showed that the structure 

D11-GNR-A11/ sarin was appeared main band at 585 nm matches to 

absorption energy 2.16 eV with electronic transitions between the 

electronic states H-3→LUMO, H-5→LUMO and HOMO→LUMO. 

While the structure D11-GNR-A11/ hydrogen sulfide appeared two main 

bands, the first at 475 nm matches to absorption energy 2.24 eV with 

electronic transitions between the electronic states H-4→LUMO, H-

5→LUMO, H-4→L+1 and H-2→L+1. And the second band appeared at 

610 nm corresponding to absorption energy 2 eV. Above electronic 

transitions can be careful as π→ π* transitions. The structure D11-GNR-

A11/ ammonia appeared main band at 550.45 nm matches to absorption 

energy 1.8202 eV with electronic transitions between the electronic states 

HOMO→LUMO(84%), H-2→LUMO (8%), H-5→LUMO (6%). In general, the 

electronic transitions are almost indirect transitions in UV-Vis range of 

electromagnetic radiation. Figures 3.39, 3.40 and 3.41 illustrates the UV-

Vis spectrum for D11-GNR-A22/sarin, D11-GNR-A22/hydrogen sulfide 

and D11-GNR-A22/ammonia respectively. 
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Table 3.24: UV-Vis Calculations for D11-GNR-A22 / gas 

 

Gas 
Absorption 

Energy eV 

Maximum 

Wave 

Length 

nm 

Transition Character 

HOMO→LUMO 

 

Sarin 
2.16 585 

H-3→LUMO (87%) 

H-5→LUMO (8%) 

HOMO→LUMO(3%) 

 

 

 

 

Hydrogen 

sulfide 

2.24 

 
475 

H-4→LUMO (87%) 

H-5→LUMO (3%) 

H-4→L+1(5%) 

H-2→L+1(4%) 

2.002 610 

H-6→LUMO (12%) 

H-2→LUMO (84%) 

H-5→L+1(2%) 

Ammonia 1.8202 550.45 

HOMO→LUMO(84%) 

H-2→LUMO (8%) 

H-5→LUMO (6%) 
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Figure (3.39): UV-Vis spectrum for D11-GNR-A22/sarin. 

 

 

Figure (3.40) : UV-Vis spectrum for D11-GNR-A22/hydrogen sulfide. 
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Figure (3.41) : UV-Vis spectrum for D11-GNR-A22/Ammonia. 
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4.1 introduction 

  In this study, the hybrid functional B3LYP with 6-31G basis sets 

under the theoretical methodology density functional theory has been 

employed.  

4.2 Conclusions 

4.2.1 D-GNR-A  

1- The calculated values of geometrical parameters, total energy and 

viral ratio of the compounds are in a good agreement with 

experimental data and other theoretical studies.  

2- Approximately, all the studied compounds showed change of 

LUMO and HOMO, which can play significant role in electronic 

properties. The effect of symmetry and distribution of aromatic 

rings has also an influence on the calculation of HOMO and 

LUMO. 

3- Optimized structures depend on the positions and type of donor 

and acceptor molecules . 

4- Energy gap is a useful global property where , the small energy 

gap calculated for pure graphene nanoribbon was reduced by 

adding donors and acceptors to the ribbon depending on the type 

of the donor and acceptor.  

5- Dipole moment has  effects which  be related to the reactive 

positions of  atoms because it describes properties of the whole 

molecules and for active sites. 

6- Donor-GNR-Acceptor have low value of global electrochemical 

hardness and high electronic softness than those for pure GNR, the 

index of electrophilic for the GNR in case of presence of donors 

and acceptors is greater than that for pure GNR, therefore, donor-
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GNR-acceptor can easily interact with surrounding species in 

comparison with pure GNR.  

7- The electrophilicity increases when adding the donor and acceptor 

molecules and it is still the good descriptor, which may predict the 

reactive molecules with other atoms, molecules and groups. The 

electrophilicity is increasing from (33.353 eV) for graphene 

nanoribbon to (88.110)for A2-GNR-D4. 

4.2.2 D-GNR1-A 

Different width of graphene nano ribbon was studied, the results 

show that the dimensions of GNR make from these structures to have 

different electronic properties and different electronic applications can be 

recorded. Different structures of Donor-GNR1-Acceptor were 

constructed and studied in current thesis depending on characterization of 

the donors and acceptors, this result indicates that the constructed Donor-

GNR-Acceptor molecules have high activity to interact with other 

molecules or species in the surroundings compared with the GNR.  

4.2.3 Gas Sensing  

As for the sensing of the graphene nanoribbon acceptor for the gas 

donor. The results refer to the two structure have different energy gap and 

other electronic properties that difference allow to decide which one of 

these two structures can performed in limit field of materials. The 

sensitive of  D-GNR1-A structure was observed in low amount. The 

result showed that the electronic transitions are almost indirect transitions 

in UV-Vis range of electromagnetic radiation, The result showed the low 

sensitivity was recorded for the structure D11-GNR-A22 to sarin gas but 

at long distance 4.7 nm, means a small amount of energy transfer between 

the sarin and the structure. Decreasing the distance between the sarin gas 
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and the structure may increase the adsorption energy but this also require 

forming bond between the carbon atom in the ribbon and the atoms in 

sarin gas. On the other hand, the structure D11-GNR-A22 has low 

sensitivity for hydrogen sulfide gas at 3.1 nm and ammonia gas at 3.8 nm. 

In general, the sensitivity of D11-GNR-A22 structure was observed but in 

low amount. 

4.3 Suggestions for Future Works 

1- Study the electric and thermal properties of the studied structures 

2- Test other types of donor acceptor molecules and make comparison 

with current study.  

3- Investigating the effect of doping on studied structures 

4- Use Graphene-like materials and studying its structural and 

electronic properties . 

5- Using other types of toxic gases and checking sensitivity of these 

gases by  the structures under study to these gases. 
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 الخلاصة

ة زززي  درمعن زززاودرقعب زززا تركززا دراسد زززا در عرىزززا ة زززي  سد زززا تزززاتىر     ززز  در ا  زززع   

  سدتنزر -دفىزرد  درمصزم  وفقازع رنمزي   درنزعني  ردفىنكزررشزر   دودرفىا عئىا  در ركىبىادر صعئص 

درمصززمما در ا ززاتم  زز   تنفىززل سمىزز  در لاززعبع   ززن  زز     ردكىزز  طبىقززع  دكرك رونىززا ر ر  وفقززع

 م31G-6     ميةع  أ عس قىع ىا  B3LYP  درىا دركثعفاد   اد  نظر ا 

رزا م  قزى      فزا رف زيت درطعقزا تع مزا ة زي نزيا كزم  نمزعم تز   قعب ادر ا  ع  درمعن ا ودر

ودرنعي زا    EA ىزادكرك رون دلارفزاو  IE حلاعب بعز  در صزعئص دكرك رونىزا  ثزم  عقزا در زا ن

   ر  ا  ع  درمعن ا فيرت -رك رو دلا بيحات ، (electrophilic) ودرص با  و ؤشر دكرك روفى ىك

 دلارفاتيفر درقى  درم   فا رطعقا در ا ن و مقىا دراسد ا (GNR) شر   دركردفىن درنعني  و   ب اقعودر

بزم بشزكم قعدر -نعنيس بي   -عنحدرلامعحىا ربنعء درم درماسو ا ب اقع ا  ع  درمعن ا ودرر  ىادكرك رون

 ع مزا د  ىزعس ا، درقعب ز  -نزعنيس بي  - ا  زع  درمعن زا ن در  ردكى ت  إنشعء درعا ا  ن در م  نم ي

-Donor-GNR  تردكىز د  أظمزر  درن زعئ   . ة زي  ز يك كزم  نممزع قعبزمودر عنحكزم  زن درمز

Acceptor    قىما رف يت درطعقا  قعسناا ب قمرمع أدرمصمماGNR وسمى  سا  زع ،  Donor- 

 GNR-Acceptor   أة ي  ن ىاإرك روندرفا درماسو ا رمع قى GNR    تغىردلأ ع يم  ؤ Eg 

 مإري تطبىقع      فا في درم ع  دكرك روني  ردكى ر  ىادكرك رون دلارفاو

 شر  إري  قعبمدرمعنح ودرأظمر  درن عئ  أ  درص با دن فضت ةنا إضعفا سا  ع  

أكثر  صممادرم Donor- GNR-Acceptor ، وبعبعست أ رى ، فإ  سا  ع  درنعني  ردفىنكدر

م تشىر هله درقعب ابإضعفا سا  ع  درمعن ا و  electrophilicت  ز ع ت درمؤشر  GNR نعي ا  ن

رمع نشع  ةعري ر  فعةم     درمصمما   Donor-GNR-Acceptor  درن ى ا إري أ  سا  ع 

 قعبمودر كع  تاتىر وسي  كم  ن درمعنح GNR. در ا  ع  أو دلأنيدا دلأ رى في دربى ا  قعسنا   

ع حىث ت      دك كعنع  دركمرو  عتىكىا ن ي  نع ق   ماة ي تيز   در دركمرو  عتىكي ودض ا

 أ  درعا  تنعئي درقط  رـمم ن حظ قعب - GNR - در ركىا درععري ر ش نع  في كم سا ء  عنح

GNR دلأ رى رمع قى      فا ر عا  تنعئي درقط  ودر ي تشىر إري   ردكى هي صفر بىنمع در

  Accepter-GNR-Donor تردكى  ، وهلد  عطي  ردكى در يز   درم معتم درمن ف  رمله در

  .دلأ ع ي GNR قاست ةعرىا ة ي نقم دكرك رو  بعرمقعسنا   



 شىر درن عئ  إري أ  فر غعز  درمعنحردفىن درنعني  درشر   كةن    قي در    لاسوبعرنلابا ر       

ىن رممع ف يت  عقا     فا و صعئص إرك رونىا أ رى  لامح هلد دلا   ف ب  ا ا أ   ن  ركىبدر

-Donor حلاع ىا بنىاد  ر ا  ن درميد م ريحظ ىن  مكن أ   ؤ   في   ع  د ركىبهل ن در

GNR1-Acceptor أظمر  درن ى ا أ  در  يلا  دكرك رونىا هي تقر باع كمع ون فضام   دنمع

 دن قعلا  غىر  بعشرت في نطعق دلأشعا درمرئىا وفيق دربنفلا ىا رلإشععا دركمرو غنع ىلايم
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