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 الخلاصة

,ويمكن تلخيصهما على النحو التالي: توضح تتضمن هذه الدراسة عملين علميين جديدين   

لها اهميه خاصه  TPCOs)فنيلين المشترك )/للثيوفين  الجزيئيةالدراسة الأولى ان الوصلات 

 البصرية, والتي تقدم كمرشح مناسب للتطبيقات  والتركيبية الإلكترونيةبسبب مميزاتها 

والكهروحراريه . تم استخدام نظريه كثافه الحالات مع نظريه كرين  لحساب الخصائص 

فنيلين المشترك /والكهروحراريه لجزئيات الثيوفين  والإلكترونية والبصرية التركيبية

((TPCOs  فنيلين المشترك/حيث ان زياده وحدات  الثيوفين   مختلفةباطوال جزيئيه(  

(TPCOs ( منP3T-P11T )( وفي   4.5 - 1.6)ينتج عنها زياده في قوة مذبذب الانبعاث من.

عند اطول طول    10×0.1)-7هذا السياق تم الحصول على قيم منخفضه للتوصيل الكهربائي )

( مما µVK-1 23.42-هذه الجزيئات اعلى قدره حرارية  )  تظهر( بينما (5.561nmجزيئي 

هذا كله يساعد في ابتكار مرشحات واعده   .1) .10×93-2  يؤدي بدوره الى اعلى معامل جوده )

 الى كونها تصلح كأوساط ليزر فعاله . ةبالإضافلتصميم اجهزه  كهروحراريه 

تعرض الدراسة الثانية لهذه الأطروحة تحقيقاً نظرياً باستخدام طرق نظرية الكثافة 

مع  OPEsإيثينيلين( -نيلينالوظيفية للخصائص الإلكترونية والطيفية لعائلة من وحدات أوليغو )في

. حيث تبين من هذه metaو  para ,orthoمجموعات ربط بيريديل , مع نقاط ربط مختلفه  

تغيير  في شدة   metaالى  orthoالى   paraالدراسه ان اختلاف مواقه ربط الذرات من 

  paraمع ثلاث نقاط ربط نوع  PPP( للجزيئه نوع a.u.84248الامتصاص من اعلى قيمه )

, وأقل قيمة   metaمع ثلاث نقاط ربط نوع  MMM( للجزيئه نوع a.u.40809إلى )

(a.u.5964  لكثافة الامتصاص تم تقديمها بواسطة جزيئه منوع )PMP  في حين أن أعلى ,

. بالإضافة إلى ذلك , يمكن ملاحظة أن OPO( تم إدخالها عبر جزيئه نوع a.u 87102قيمة )

ميع الجزيئات يكون ضمن  المنطقة المرئية , حيث  يتذبذب من ( لجmaxλاطول طول جزيئي )



نانومتر. بناءً على هذه النتائج , يمكننا أن  365.4 نانومتر لـ 372إلى  PMPنانومتر لـ  317

لا يؤثر فقط على   metaالى  orthoالى   paraنستنتج أن تغيير اختلاف مواقع ربط الذرات من 

إلى إزاحة في الأطوال الموجية. بلاضافه الى ان الجزيئات   شدة الامتصاص , بل يؤدي أيضًا

على  5.15,  2.145, 2.08تنتج أعلى قوه مذبذب انبعاث  )  OPOو  MPMو  PPPنوع 

على  0.145 , 0.154أدنى  قوه مذبذب انبعاث  ) PMPو  MMMالتوالي( , بينما تظهر 

 التوالي(.
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Abstract               

        This work involves  two  novel scientific works, and can be abstracted 

as follows: The first study demonstrates thiophene/phenylene co-oligomers 

(TPCOs) molecular junctions of particular interest because of its electronic 

and structural features, which introduce it as a suitable candidate for optical 

and thermoelectric applications. Utilizing the density functional theory 

(DFT) methods, and the Green’s function formulism, this work involves a 

theoretical investigation of optical, structural, electronic and thermoelectric 

properties of thiophene/phenylene co-oligomers (TPCOs) with different 

molecular lengths. This work predicates an important result, which is an 

increase of the (TPCOs) units (P3T–P11T),  and leads to a significant 

increase  the emission oscillator strength (𝑓𝑒𝑚) (1.6– 4.5). In contrast, the 

lowest electrical conductance (0.1×10-7), is presented via the longest 

molecular length (5.561 nm), while it exhibits the highest thermopower (-

23.42 µVK-1) which in turn leads to  high ZTe  (1.93×10-2). This may aid in 

innovate promising new candidates for the design of optical and 

thermoelectric devices, as well as the active mediums for lasers. 

    The second study  of this thesis exhibits a theoretical investigation 

using the density functional theory methods of electronic and spectral 

properties for a family of Oligo (phenylene-ethynylene) OPEs with pyridyl 

linker groups, with different transport connections para, ortho and meta.                                     



 

II 

These showed  changing the transport connections from para to meta or 

ortho result changing  the intensity of the absorption from (84248 a.u.) for 

the molecule PPP with three para transport connection point to (40809 a.u.) 

for the molecule MMM with three meta transport connection point, and 

lowest value (5964 a.u.) of the absorption intensity is presented by PMP 

molecule, whereas the highest value (87102 a.u.) introduced via OPO 

molecule. In addition, it could be observed that the maximum wavelength 

(λmax) for all molecules lies in the visible region, and there is also a 

fluctuation from (317) nm for PMP to (372) nm for MMM of (365.4 nm). 

Based on these results, it can be concluded that changing the transport 

connections from para to meta or ortho not only affects the intensity of the 

absorption, but also leads to a displacement in wavelengths. In contrast, 

PPP, MPM and OPO produce the highest fem (2.08, 2.145 and 5.15 

respectively),while MMM and PMP, show the lowest fem (0.154 and 0.145 

respectively).  
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1.1. Introduction 

Molecular electronics has attracted great attention from a wide 

variety of researchers, due to promising applications in nanoscale 

electronic devices such as transistors [1], switches [2], rectifiers, 

interconnects [3], organic photovoltaic and chemical sensors. Using 

molecules as electronic elements has many advantages due to their small 

sizes, their ability to be self-assemble onto surfaces and the low cost of 

producing large numbers of identical molecules. However, realizing and 

controlling the connection between the molecule and electrodes has 

remained challenging due to small molecular size [4]. 

       The use of individual molecule as functional electronic devices was 

first proposed in the 1970s [5]. In order to design and realize molecular 

devices it is essential to have a good understanding of the properties of an 

individual molecule. Within the framework of molecular electronics, the 

most important property of a molecule is its conductance and the major 

question in this field is how electrons transfer through molecules. To 

address this question, extensive experimental and theoretical studies have 

been carried out. Various measurement techniques have been developed 

[6]. 

       The field is currently attracting attention from a broad cross-section of 

the scientific community in response to both fascinations with the 

fundamental scientific challenges associated with the measurement of the 
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electrical properties of molecules, and manipulation of electronic 

phenomena via molecular processes, and growing concerns over the 

technological challenges and ultimate limits facing solid state 

semiconductor technology. The use of organic materials for electronic 

applications in which the bulk electronic or optoelectronic response arises 

from ensembles of several millions of molecules, and for which properties 

are measured or observed on the macroscopic level, is at a mature stage of 

development and application. The most obvious examples of molecular 

materials readily available in the electronics mass market are the use of 

liquid crystals and organic light emitting diodes (OLEDs) in flat video 

displays [7]. This sector of the electronics industry continues its steady 

development driven by the promises of transparent, flexible, non-toxic, 

printable electronics, with improved consumer. In molecular electronic 

junctions the electrical signal comes in and out of the molecules via 

contact-coupled electrodes. The electrodes can be classified as metal or 

nonmetal electrodes. The development of molecular electronics initially 

started from the use of metal electrodes. Hence, the development of 

molecular devices based on metal electrodes will summarized [8]. 
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1.2. Single Molecule Junctions 

The initial idea of using individual molecules as active electronic 

elements provided the impetus to develop a variety of experimental 

platforms to probe their electronic transport properties. Among these 

platforms, single-molecule junctions based on metal−molecule−metal 

architecture have received considerable attention and contributed 

significantly to the fundamental understanding of the physical phenomena 

required to develop molecular-scale electronic devices. The scanning probe 

microscopy, SPM, technique is regarded as a milestone in the history of 

molecular electronics because it has made a great contribution to the 

development of molecular electronics and continues to promote the 

advancement of molecular electronics in the future. In addition to SPM 

technique, Scanning Tunnelling Microscopy Break Junctions (STM-BJ) [9-

11] and Mechanically Controllable Break Junctions MCBJ [12,13] have 

been used widely. 

Generally, materials used as electrodes in molecular junctions should 

have superior properties in four aspects. The first premise is good electrical 

conductivity, which can maintain its high value with dimension scale-

down. The second is the stability of the material composition and 

configuration, which is of great importance for resisting external 

perturbation/oxidation and ensuring the success of forming molecular  
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junctions. The third is the abundant availability using either bottom-up or 

top-down approaches [14]. The fourth is the ease of material processing, 

which should be compatible with industrial micro/nanofabrication 

techniques. On the basis of these considerations, the past two decades have 

witnessed a large variety of materials being used in molecular electronics, 

ranging from conventional noble metals to novel carbon allotropies, which 

continuously and creatively update the paradigms for device architecture 

and operation. In addition to the materials mentioned above, there were 

also other attempts to expand the research regimes of molecular electronics, 

including silicon and polymer-based nanoelectrode systems as Silicon-

based electrodes [13], and CMOS-compatible electrodes, such as Pt and Pd 

[14]. 

 

1.3. Integrating Molecular Functionalities into Devices 

Undoubtedly, the substantial experimental and theoretical progress 

detailed above lays the foundation for both the measurement capabilities 

and a fundamental understanding of the various physical phenomena of 

molecular junctions. Despite these considerable achievements, there are 

still no commercially available molecular electronic devices [14]. To 

satisfy the requirements for actual applications, the development of 

practical molecular devices with specific functions is a prerequisite. In fact,  
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recent experimental developments have demonstrated conductance 

switching/modulation and rectification as well as how quantum 

interference effects play a critical role in the electronic properties of 

molecular junctions [15].  

The focus of these experiments illustrates the engineering of 

functionalities that are beyond conventional electronic transport properties 

using a rational chemical design in single-molecule junctions. The 

developing trends of integrating molecular functionalities into electrical 

circuits based on single molecules is including a wiring toward 

nanocircuits; rectification toward diodes; modulation toward transistors; 

switching toward memory devices; and transduction toward sensors [16]. 

For different functions resulted from individual molecules, both molecular 

cores and molecular tails are equally important due to the fact that the 

proposed functions could be affected not only by molecular electrical 

characteristics but also by the electrode−molecule bonding. In summary, 

with the rapid development of molecular-scale electronics, using molecular 

devices as the future of next-generation electrical circuit units with lower 

power consumption, higher speed, and higher level of integration has 

received significant attention [17].  

 

 



Chapter One                                                                             Introduction  

  
  

6 
 

 

1.4. Organic Molecules 

 Organic molecules are chemical compounds with complicated 

structures. Composed of many atoms, apart from electronic properties they 

also exhibit special physicochemical features [18]. When organic 

molecules create molecular solid-state devices with crystal or amorphous 

structures, the properties of these devices follow from organic molecule 

interactions. Therefore in molecular solid-state structures, the energy levels 

of individual molecules form continuous bands of energy. Due to the weak 

interactions between the molecules, molecular solid-state structures exhibit 

the properties of the individual molecules to a greater degree than the 

properties characteristic for solid-state materials [19]. A special feature of 

the molecular solid state is the fact that singlet and triplet states are excited 

due to light interaction being able to move across the material. These 

mobile quasi-particles are called excitons. Furthermore, excitons can be 

generated not only by light but also from the recombination process of 

charge carriers with opposite signs, electrons and holes injected into the 

system [20]. This has important implications and enables the application of 

organic materials to light-emitting devices able to produce any colour. 

Owing to the excitation of the organic material by electromagnetic waves  
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with energy, carriers are generated. Taking into account these features of 

organic materials, it could be conclude that they have significant potential  

in many fields of science and technology. Therefore an understanding of 

their properties is salient, and our current knowledge remains insufficient 

[21].  

 

1.5.  Electrical Pumping of Organic Laser Active Medium 

   Organic solid-state lasers (OSSL) have received a lot of attention in 

recent years due to their ease of manufacture and ability to cover a broad 

range of lasing wavelengths from near infrared to ultraviolet. Optically 

pumped OSSL have progressed to the point that they can reach 

impressively low thresholds for laser and/or amplified spontaneous 

emission (ASE), as well as operation that is almost constant. However, the 

ultimate aim in the field of OSSL is to achieve electrically pumped lasing, 

which will allow for the development of low-cost, portable, and flexible 

solid OSSL devices [6,7].  

    Because of the following considerations, electrically pumped OSSL 

lasing is far more difficult than optically pumped OSSL lasing. First, 

according to spin statistics, three-quarters of excitons generated during 

current injection are triplets, which have a lengthy decay period [22].  
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    Second, polarons, excitons, and other species that are not engaged in 

optical pumping will cause repeated annihilation and absorption losses 

when electrical pumping is used. The recent advances have reported 

promising signs of current injection OSSL, which has opened up the 

possibility of developing small and low-cost electrically powered organic 

laser systems [23]. Regardless of these organic laser gain medium, 

electrical pumping was used to investigate light amplification. As a result, 

it's crucial to conduct theoretical analysis and forecast potentially good 

electrical pumping options, which must have a large stimulated emission 

cross section, low annihilation or absorption losses, and a short lifetime, 

ideally with high mobility [7]. In this context, the purpose of this 

communication is to offer an universal computational approach for 

systematically screening out electrically pumped lasing molecules over a 

broad spectrum of organic solid-state luminous materials using efficient 

electronic structure computations based on density functional theory (DFT) 

and time-dependent DFT (TD-DFT) [23,24]. 

 Organic dyes absorb light in the ultraviolet (UV) to near-infrared (NIR) 

spectral range. Multiple conjugated double bonds are present in all of these 

compounds, limiting their spectral characteristics and chemical reactivities. 

The large range of chemical configurations that may operate as laser dyes 

is one of the major reasons for dye lasers' surge in popularity. Laser dyes  
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emit light over the whole visible spectrum, as well as the NUV and NIR 

spectral regions. more than 500 distinct dyes with varying absorption and 

emission bands may be discovered. Laser dyes are typically classified 

according to their chemical structures [24].  

 

1.6. Literature Review 

Changsheng Wang et al, in 2009 [25], have used STM-molecular break 

junction methods in Au|molecule|Au configurations, the electrical 

conductivity of the oligoyne molecular wires Py-(CtC)n-Py (n) 1, 2 and 4; 

Py) 4-pyridyl) was investigated at the single molecule level. Multiple series 

of peaks can be seen in the conductance histograms, which can be 

attributed to different contact geometries between the pyridyl head groups 

and the gold electrodes. Higher conduction groups are linked to pyridyl 

group adsorption at more strongly coordinated places such as step edges or 

adjacent gold adatoms, according to both experimental and theoretical data. 

Pavel Moreno-García et al, in 2013 [26], have reported that the electrical 

conductivity of a series of oligoyne molecular wires in single-molecule 

junctions with gold contacts was investigated using a combination of 

experimental and theoretical methods. The synthesis and characteristics of 

diaryloligoynes with n = 1, 2, and 4 triple bonds, as well as the anchor 

dihydrobenzo[b]thiophene, are the subjects of their experiments (BT). The 

aurophilic anchor groups cyano (CN), amino (NH2), thiol (SH), and 4-
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pyridyl were also investigated for comparison (PY). To explore single-

molecule conductance characteristics, researchers used scanning tunneling 

microscopy break junction (STM-BJ) and mechanically controlled break 

junction (MCBJ) methods. 

Oday A. Al-Owaedi et al in 2016 [27], introduced a theoretical and 

experimental studies of trans-Ru complexes. They interpreted the electronic 

properties of such molecules in terms of the transport mechanisms 

(LUMO-dominated conductance). These results have significant 

implications for the future design of organometallic complexes for studies 

in molecular junctions.  

Oday A. Al-Owaedi et al in 2017 [28], have highlighted research on the 

critical role of metal complexes in preventing orthogonal contacts, which 

helped to explain why some organometallic compounds had very high 

conductance values. 

Mohsin K. Al-Khaykanee et al in 2018 [29], have work that comprised a 

study of the charge transport of 4,4-bipyridine molecules with a variety of 

sterically-induced twist angles between the two pyridyl rings, which was 

done using density functional theory DFT and Green's function formalism. 

Different molecular orientations within the junctions were shown to be the 

cause of high and low conductance peaks, according to one experiment. 

The conductances of both geometries were proportional to twisted angle 
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demonstrating that the electrical current travels through the C-C bond 

joining the pi systems of the two rings. 

Guang-Ping Zhang et al in 2019 [30], optimizing the conductance 

switching performance in photo switchable 

dimethyldihydropyrene/cyclophanediene single-molecule junctions.       

Designing molecular switches with high stability and performance is still a 

great challenge in the field of molecular electronics. For this aim, key 

factors influencing the charge transport properties of molecular devices 

require to be carefully addressed. 

Masoud Baghernejad et al in 2020 [31], have mentioned that the influence 

of heteroatoms on electron transport via asymmetric and symmetric alkyne-

terminated benzodichalcogenophene compounds has been investigated 

using a combination of experimental and theoretical methods. Experiments, 

DFT-based theory, and a simple tight binding model were all in excellent 

agreement. The decreased conductance of the asymmetric molecule is 

caused by the asymmetry created by differing bond lengths in the two 5-

membered rings of the molecule, as demonstrated by the tight-binding 

modeling of heteroatom replacement in these non-bipartite cores. In 

addition, they discover that the differing overlap integrals of the CO and C-

S bonds must be taken into consideration in the tight binding model. 

 

https://www.sciencedirect.com/topics/physics-and-astronomy/molecular-electronics
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Yi Jiang et al in 2020 [32], have studied a variety of gain materials 

including organic dyes, fluorescent semiconductor emitters, triplet gain 

media, and biological materials, covering a wide spectrum from UV to 

NIR. Some gain media are already commercial available, including some 

laser dyes, i.e. TDAF-1 (79), PFO (203), F8BT (225) and bis-

styrylbenzene), introducing branched flexible chains, constructing triplet 

gain media and triplet harvesters, may be beneficial to the development of 

robust organic gain media for OSLDs. They hope that in the future, intense 

efforts will be paid to explore various successful ways to realize electrically 

pumped organic lasers and promote their practical application, inspired 

by the recent advancements. 

Baraa A. Al-Mammory et al in 2021 [33], thermoelectric Properties of 

Oligoyne-Molecular Wires. Oligoynes are prototype molecular wires due to 

their conjugated system and the coherent tunneling transport, which aids 

this type of wires to transfer charges over long distances. The electric and 

thermoelectric characteristics for a series of Oligoyne molecular wires ((n) 

3, 5, 7 and 9) are studied to explore the fundamental transport mecha nisms 

for electrons crossing through single molecules,  our probed both the 

electrical conductance and Seebeck coefficient for Au|molecule|Au 

configurations using  (DFT). 
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Rasool M. Al-Utayjawee et al in 2021 [34],   we use Single-molecule 

porphyrin applications gain attention by using molecules as elementary 

blocks of electronic components involving metallic atoms. Theoretically, 

one type of molecular-scale porphyrin device is used in this article, 

consisting of organometallic single molecules with different metals (Zn, 

Mg, Cu and Fe), sandwiched between gold electrodes bound by thiol 

anchor groups. The transmission and Seebeck coefficients for 

Au|molecule|Au configurations were computed by using (DFT). 

M. Naher, et al., in 2021 [35], have studied a series of 12 conjugated 

molecular wires, 6 of them contain either a ruthenium or platinum center 

centrally placed within the backbone. The measurements and calculations 

have demonstrated a small positive Seebeck coefficient, and the 

transmission coefficient through these molecules takes place by tunneling 

through the tail of the HOMO resonance near the middle of the HOMO–

LUMO gap in each case. 
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1.7. Thesis Outline 

           The outline of this thesis can be summarized as follows; this chapter 

is followed by chapter 2 which presents a brief overview of density 

functional theory (DFT), which is one of the main theoretical techniques 

that has  used in this thesis to study and understood the electronic 

properties of single-molecule junctions. Chapter 3 describes the single 

particle transport theory. This chapter involves a Green’s function 

scattering formalism and all related topics such as the Landauer formula, 

Green’s function of infinite leads, some of examples of scattering. 

Chapter 4 and 5 represent the results and discussions of the electronic, 

thermoelectric, optical and spectral properties of variety of molecles. 

 

 

 

 

 

 

 

 

 



Chapter One                                                                             Introduction  

  
  

15 
 

1.8. The Aims of the Study 

This research is aiming to investigate the electronic and 

thermoelectric properties of organic molecular junctions. Also, one of the 

main goals of this study is the exploring of some of optical characteristics 

such as HOMO-LUMO gap of these devices; Therefore, the goals of this 

work can be summarized as following: 

1. Study of electronic, electric, thermoelectric and some of optical 

properties of a series of all molecules in this work. 

2. Obtaining the fundamental understanding of the effect of many 

factors and their impact on the characteristics of these simple 

prototypical systems such as the molecular length, position of 

anchor  groupes, and roles of quantum interference. 

3. Conducting analysis of work results and providing forecasts for the 

use of these nanostructures in the field of optoelectronics 

applications 
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2.1. Introduction 

In an attempt to explore and understood the electronic properties of 

molecules, many theories have emerged; one of the most important of these 

theories and most common is the density functional theory (DFT). 

Nowadays, DFT can be presented as a powerful tool for computations of 

the quantum state of atoms, molecules and solids, and of ab-initio 

molecular dynamics. In 1927, immediately after the foundation of quantum 

mechanics, an initial and approximate version of density functional theory 

was conceived by Thomas and Fermi [36]. Later, using the basics of 

quantum mechanics, Hohenberg, Kohn, and Sham, developed density 

functional theory of the quantum ground state to be superior to both 

Thomas-Fermi and Hartree-Fock theories, which opened a wide door to the 

applications for realistic physical systems [37,38]. From that time on, 

density functional theory (DFT) has grown vastly, and it has become one of 

the main tools in theoretical physics and molecular chemistry. 

This chapter presents a brief summary of DFT and SIESTA (Spanish 

Initiative for Electronic Simulations with Thousands of Atoms) code [39], 

which has been used to study the electronic, electric, spectral and 

thermoelectric properties of the molecules that are the subject of research in 

this thesis [40]. 
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2.2. The Many-Body Problem 

This is an approach which aims to solve any system consisting of a 

large number of interacting particles. In a microscopic system consisting of 

charged nuclei surrounded by electron clouds these interactions such as 

electron-nuclei, electron-electron, nuclei-nuclei and electron correlations 

are described via Schrödinger equation [40].  

The full Hamiltonian operator of a general system describing these 

interactions is  

H = −
ℏ2

2𝑚𝑒
∑∇𝑖

2

𝑁

𝑖=1

⏞        
𝑇𝑒

−
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1

|𝑅⃗⃗𝑛 − 𝑅⃗⃗𝑛′|
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𝑀
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𝑀

𝑛=1
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𝑈𝑛𝑛

 

                                                                                                          (2.1) 

Here 𝑖 and 𝑗 denote the N-electrons while 𝑛 and 𝑛′ run over the M-

nuclei in the system, 𝑚𝑒  and 𝑚𝑛 are the mass of electron and nucleus 

respectively, 𝑒 and 𝑍𝑛 are the electron and nuclear charge respectively. The 

position of the electrons and nuclei are denoted as 𝑟𝑖⃗⃗⃗  and 𝑅⃗⃗𝑛 respectively, 
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Approximately, the mass of nucleons is a few orders of magnitude 

higher than that of electron, and in terms of their velocities, the nuclei 

could be considered as a classical particle which creates an external 

potential, and the electrons as quantum particles are subjected to this 

potential.This concept is known as the Born-Oppenheimer approximation 

[40], together with an assumption that the nucleon wavefunction is 

independent of the electron position, equation (2.1) can then be written as 

follows: 

 𝐻 = 𝑇𝑒 + 𝑈𝑒−𝑒 + 𝑉𝑒−𝑛𝑢𝑐                                         (2.2) 

The first part of equation (2.2) presents the kinetic energy of all 

electrons, which is described by; 

  𝑇𝑒 = ∑
ℏ2

2𝑚𝑒
 𝛻𝑖
2

𝑛                         (2.3)      

        The electron-electron interaction is represented in the second part of 

equation (2.2), which is given by; 

      𝑈𝑒−𝑒 = ∑
𝑒2

4𝜋𝜀0

1

|𝑟⃗⃗𝑖−𝑟⃗⃗𝑗|
𝑖,𝑗,𝑖≠𝑗                                                  (2.4)      

𝑈𝑒−𝑒 describes the sum of all potentials acting on a given electron at 

position 𝑟𝑖by all other electrons at position 𝑟𝑗 .  

          The third part of equation (2.2) describes the interactions between 

electrons and nuclei, which is expressed by; 

 𝑉𝑒−𝑛𝑢𝑐 = ∑ ∑  𝑛𝑖 𝑣𝑛𝑢𝑒(𝑟𝑖  − 𝑅𝑛 )             (2.5) 
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𝑣𝑒−𝑛𝑢𝑒 is the interaction between electrons and nuclei; it depends on the 

positions of electrons 𝑟𝑖 and nuclei  𝑅𝑛 .  

         The employment of a Born-Oppenheimer approximation [40], allows 

the electron and nucleon degrees of freedom to be decoupled 

 

2.3. The Hohenberg-Kohen Theorems 

            Essentially, density functional theory (DFT) evolved significantly 

depending on two ingeniously simple theorems put forward and proved by 

Hohenberg and Kohn in 1964 [37]. These theorems are two powerful 

statements:  

Theorem I: For any system of interacting particles in an external potential 

𝑉𝑒𝑥𝑡, the density is uniquely determined. In other words, the external 

potential is a unique functional of the density. To prove this theorem, 

assume that there are two external potentials 𝑉𝑒𝑥𝑡(1)  and 𝑉𝑒𝑥𝑡(2)  differing by 

more than a constant, and giving rise to the same ground state density, 

𝜌0(𝑟). It is clear that these potentials belong to different Hamiltonians, 

which are denoted 𝐻1 and 𝐻2 they give rise to distinct ground-state 

wavefunctions 𝜓(1) and 𝜓(2). Since  𝜓(2) is not a ground state of H(1), so: 

       𝐸(1) = 〈𝜓(1)|𝐻(1)|𝜓(1)〉 < 〈𝜓(2)|𝐻(1)|𝜓(2)〉                                 (2.6) 

and, similarly: 

      𝐸(2) = ⟨𝜓(2)|𝐻(2)|𝜓(2)⟩ < ⟨𝜓(1)|𝐻(2)|𝜓(1)⟩                            (2.7) 
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Assuming that the ground states are non-degenerate [41,42], one could 

rewrite equation (2.6) as follows: 

〈𝛹(2)|𝐻(1)|𝛹(2)〉 = 〈𝛹(2)|𝐻(2)|𝛹(2)〉 + 〈𝛹(2)|𝐻(1) −𝐻(2)|𝛹(2)〉 

                      = 𝐸(2)+∫  (𝑉𝑒𝑥𝑡
(1)
(𝑟) − 𝑉𝑒𝑥𝑡

(2)
(𝑟))𝜌0(𝑟) 𝑑𝑟                               (2.8) 

and assuming that   |𝛹(1)⟩ has the same density 𝜌0(𝑟) as |𝛹(2)⟩: 

    〈𝜓(1)|𝐻(2)|𝜓(1)〉 = 𝐸(1)+∫  (𝑉𝑒𝑥𝑡
(2)
(𝑟) − 𝑉𝑒𝑥𝑡

(1)
(𝑟))𝜌0(𝑟) 𝑑𝑟                 (2.9) 

Combining of equations (2.8) and (2.9) leads to, 

𝐸(1)+𝐸(2)< 𝐸(1)+𝐸(2)                                                                    (2.10) 

This equation proves the two different external potentials cannot produce 

the same ground-state density. 

Theorem II: A universal functional 𝐹[𝜌] for the energy 𝐸[𝜌] could be 

defined in terms of the density. The exact ground state is the global 

minimum value of this functional. In other words, the ground state energy 

of the system is given by the functional 𝐹[𝜌]. If the input density and 

ground-state density are the same, the functional 𝐹[𝜌] would deliver the 

lowest energy. Hence, the functional could be minimised by varying the 

density to obtain the ground-state energy for the external potential [41].  

The second theorem could be proven by considering the expression for the 

total energy, E, of the system with density ρ. 

       𝐸[𝜌]  =  𝑇[𝜌]  +  𝐸int[𝜌]  + ∫  𝑉ext(𝑟)𝜌(𝑟)𝑑𝑟                   (2.11)       
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The kinetic term, T, and internal interaction of the electrons, 𝐸int, depend 

only on the charge density, and so are universal[42]. 

The first theorem reported that the ground-state density (𝜌0 ) for a system 

with external potential (𝑉ext)  and wavefunction (Ѱ0), determines the 

Hamiltonian of that system, so for any density, ρ, and wavefunction, Ψ, 

other than the ground state, it could be found: 

 𝐸0 =  〈𝛹0|𝐻|𝛹0〉  <  〈𝛹|𝐻|𝛹〉  =  𝐸                                (2.12) 

Hence, the ground-state density, 𝜌0, minimizes the functional (equation 

2.11). If the functional 𝑇[𝜌]+𝐸𝑖𝑛𝑡[𝜌] is known, then by minimizing equation 

2.11, the ground-state of the system could be obtained, and then all ground-

state characteristics could be calculated, which are the subject of the 

interest [42]. 

2.4. The Kohn-Sham Method 

          The Kohn-Sham method has been used in solid state physics for 

about fifty years. By now, largely due to the development of increasingly 

accurate density functionals, the method has also gained a large popularity 

among physicist and chemists, especially as it allows in many cases, 

accurate treatments of molecular systems unattainable by the more 

traditional quantum mechanical methods [43,44].  

It has been reported in the previous section that obtaining the ground-state 

density leads to calculating the ground-state energy. However, the precise 

form of the functional shown in equation (2.11) is not known. Generally, 



Chapter  Two                                                  Density Functional Theory 

  
  

22 
 

the kinetic term and internal energies of the interacting particles cannot be 

expressed as functionals of the density. 

         Kohn and Sham in 1965 [38], came up with the idea, that it possible 

to replace the original Hamiltonian of the system by an effective 

Hamiltonian of non-interacting particles in an effective external potential, 

which gives rise to the same ground state density as the original system 

[45,46].  

The form of energy functional of the Kohn-Sham ansatz is: 

   𝐸𝐾𝑆[ 𝜌] = 𝑇𝐾𝑆[ 𝜌] + ∫ 𝑉𝑒𝑥𝑡(𝑟) 𝜌(𝑟)𝑑𝑟 + 𝐸𝐻[ 𝜌] + 𝐸𝑥𝑐[ 𝜌]      (2.13) 

Here, 𝑇𝐾𝑆 is the kinetic energy of the non-interacting system. The kinetic 

energy, T, in equation (2.11) has been used for the interacting system. This 

discrimination is due to the exchange correlation, 𝐸𝑥𝑐, functional, which is 

described in equation (2.15). 𝐸𝐻 is the Hartree functional, which describes 

the electron-electron interaction using the Hartree-Fock method [47-51], 

and it is given by: 

                    𝐸H [ 𝜌] =  
1

2
∬

𝜌( 𝑟)𝜌( 𝑟′)

|𝑟−𝑟′ |
 𝑑𝑟 𝑑𝑟′                                      (2.14) 

          This is an approximated version of the internal interaction of the 

electrons, 𝐸𝑖𝑛𝑡, as defined previously. Again, the difference referred to the 

exchange correlation, 𝐸𝑥𝑐. Therefore, the differences between the exact and 

approximate solutions for the kinetic energy, and electron-electron 

interaction terms were represented via 𝐸𝑥𝑐, which is expressed by: 
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𝐸𝑥𝑐[ 𝜌]  =  (𝐸𝑖𝑛𝑡[ 𝜌] − 𝐸𝐻 [ 𝜌])  + (𝑇[ 𝜌]  − 𝑇𝐾𝑆[ 𝜌])          (2.15) 

Consequently, the Kohn-Sham method could be a powerful approach 

to obtain an accurate ground-state density if the exchange correlation, 𝐸𝑥𝑐, 

is known precisely [51]. 

2.5. The Exchange-Correlation Functionals 

The biggest challenge of Kohn-Sham DFT is the finding of accurate 

approximations to the exchange correlation energy, 𝐸𝑥𝑐. The best 

understanding of exact functional could be obtained by the best 

approximation could be designed it [52]. Many efforts have been spent to 

find the best approximation for the exchange-correlation functional, and 

numerous forms have been proposed. This section presents a brief 

summary of two of the most popular approximation forms. The first one is 

the local density approximation (LDA) [53]. Secondly, the generalized 

gradient approximation (GGA) [54]. The comparison in terms of the 

accuracy between LDA and GGA, reported that the GGA is more accurate 

approximation, because it is designed based on density and the density 

gradients, while LDA is the simplest, because it is based on the local 

density. 
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2.5.1. Local Density Approximation (LDA) 

The simplest approximation is to assume that the density can be treated as a 

uniform electron gas. Based on this approximation, which was initially 

proposed by Kohn and Sham [38], the exchange-correlation energy for a 

density ρ is given by: 

  𝐸𝑋𝐶
𝐿𝐷𝐴[ 𝜌]  = ∫𝜌( 𝑟)(𝜖𝑥

ℎ𝑜𝑚(𝜌( 𝑟)) + 𝜖𝑐
ℎ𝑜𝑚(𝜌( 𝑟)))𝑑𝑟           ( 2.16) 

Here, the terms 𝜖𝑥
ℎ𝑜𝑚and 𝜖𝑐

ℎ𝑜𝑚are the exchange and correlation energy 

densities for the homogeneous electron gas. The analytical exchange 

energy, 𝜖𝑥
ℎ𝑜𝑚, can be found in the literature [55]: 

            ∈𝑥
ℎ𝑜𝑚= −

3

4𝜋
√3𝜋2𝜌
 3

                                                  ( 2.17) 

Ceperley and Alder [56] calculated numerically the correlation energy 

∈𝐶
ℎ𝑜𝑚 using the quantum Monte-Carlo method, then Perdew and Zunger 

[57] fitted the numerical data to analytical expressions, and found: 

∈𝑐
ℎ𝑜𝑚

=

{
 

 
− 0.048 +  0.031 𝑙𝑛(𝑟𝑠) −  0.0116 𝑟𝑠 +  0.002 𝑙𝑛( 𝑟𝑠)  rs < 1

     
  

                − 
0.1423

(1 +  1.9529 √𝑟𝑠 +  0.3334  𝑟𝑠
                   𝑟𝑠 > 1

}
 

 
 

                                                                                                              (2.18) 

Here, 𝑟𝑠=(
3

4𝜋𝜌
)−1/3  is the radius of a sphere in a homogeneous electron 

gas of density, ρ that contains one electron.  
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The LDA is often surprisingly accurate and for systems such as 

graphene and carbon nanotubes or where the electron density slowly varies, 

generally gives very good results. Despite the remarkable success [58,59], 

of the LDA, care should be taken in its application. For example, LDA 

predicts a wrong ground state for the titanium atom and it gave a very poor 

description for hydrogen bonding [60,61], as well as it gives an incorrect 

value of the band gap in semiconductors and insulators [62,63]. 

2.5.2. Generalized Gradient Approximation (GGA) 

The pitfalls of the local density approximation (LDA) and a fact that 

real systems are inhomogeneous, means that there is a need to find an 

alternative approximation, which is the generalized gradient approximation 

(GGA). Basically, there is no analytical form for the exchange energy in 

GGA, and therefore it has been calculated along with the correlation term, 

numerically. Nowadays, there are various parameterizations which are used 

in this approximation; one of the most popular and most reliable is the PBE 

functional form, which was proposed in 1996 by Perdew, Burke and 

Ernzherhof [64]: 

        𝐸𝑋𝐶
𝐺𝐺𝐴 = 𝐸𝑋

𝐺𝐺𝐴[ 𝜌] + 𝐸𝐶
𝐺𝐺𝐴[ 𝜌]                                                        ( 2.19)                                      

The exchange part is given by: 

       𝐸𝑋
𝐺𝐺𝐴 = ∫ ∈𝑋 (ρ( r))V𝑋 (ρ( r), ∇ρ( r))ρ( r)dr                              ( 2.20)     

  Where,                              
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           𝑉𝑋 ( 𝜌, 𝛻𝜌) = 1 +  𝑘 − 
𝐾

1+
𝜇 𝑆2

𝐾

                                                     

     The values of k and μ parameters are 0.804 and 0.21951, respectively 

and  𝑠  =   
|∇ρ|

2𝑘𝐹𝜌
   is the dimensionless density gradient and 𝑘𝐹 is the Fermi 

wavelength and 𝑉𝑥(𝜌,𝛻𝜌) represents the enhancement factor[61].  

The correlation energy form is given by:    

        𝐸𝐶
𝐺𝐺𝐴[ 𝜌] = ∫𝜌( 𝑟)[𝜖𝑐  (𝜌( 𝑟))  +  𝐹( 𝜌( 𝑟), ∇𝜌( 𝑟))]𝑑𝑟           ( 2.21)                                                      

         𝐹(𝜌, 𝛻𝜌) =
𝛾𝑒2

𝑎0
ln [1 +

𝛽𝑡2

𝛾
(

(1+𝐴𝑡2

1+𝐴𝑡2+𝐴2𝑡4 
)],  

 𝐴 =   
𝛽

𝛾

1

(exp −
𝜖𝑐(𝜌)
𝛾

− 1)
 

 

β = 0.066725, 𝛾 =
(1−ln2)

𝜋2
𝛾, 𝑎0 =

ℏ

𝑚2
, and the dimensionless gradient is 

=
|𝛻𝜌|

2𝐾𝑇𝐹𝜌 
, where 𝐾𝑇𝐹 =  

√12/𝜋

√𝑟𝑠  
⁄ is known as the Thomas-Fermi 

screening wavelength and 𝑟𝑠 is defined as the local Seitz radius. The PBE-

GGA functional has been extremely influential, both for performing actual 

calculations and as the basis for functionals involving higher derivatives 

and exact exchange [65]. It has been used in all studies of this thesis, and it 

gives a good agreement with experiment [66 – 68]. 
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2.6. SIESTA 

SIESTA is an acronym derived from the Spanish Initiative for 

Electronic Simulations with Thousands of Atoms [67] is both a method and 

computer program implementation, to perform electronic structure 

calculations and ab-initio molecular dynamics simulations of molecules 

and solids. One of the main characteristics of SIESTA, that it uses the 

standard Kohn-Sham self-consistent density functional method in the local 

density (LDA) and, or generalized gradient (GGA) approximations. In 

addition, it utilizes norm-conserving pseudopotentials in their fully 

nonlocal form, and a linear combination of atomic orbital basis set to 

achieve efficient calculations [67]. 

In this thesis, the SIESTA code has been used to perform all DFT 

calculations. It is used to obtain the optimized geometries of the molecules 

which are the subject of this research, and a Hamiltonian describing their 

properties. 

2.6.1. The Pseudopotential Approximation 

In terms of time and computer memory, the investigation of the 

properties of typical systems of molecules consist of a large number of 

atoms containing complex potentials could be expensive. Although, the 

splitting of a large interacting problem into a large effective non-interacting 

problem as shown previously simplifies the problem; still there is a need 
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for more simplification, which could be obtained by using the proposed 

pseudopotential approximation by Fermi in 1934 [69,70]. The 

fundamentals of this concept are the removing of the core electrons, which 

lie within filled atomic shells, and replace them by an external potential 

known as apseudopotential, while valance electrons are arranged in the 

partially filled outer shells, and they are only contribute in the formation of 

molecular orbitals. The advantages of this kind of approximations could be 

summarized in two points; first it decreases the electrons number of the 

system significantly, and that lowers the cost (time and memory) to 

perform the calculations of the system. The second benefit is the numerical 

stability, because these pseudopotentials are smooth.  

In this section, a special type of ab-initio pseudopotential is 

presented, which is used in the SIESTA code, a norm-conserving 

pseudopotential [71]. The calculation of the pseudopotential based on the 

Kohn-Sham formalism to solve the many-electron problem for a single 

atom, could replace the effect of the core electrons. The definition of the 

valance electron wavefunctions is the product of radial and spherical 

harmonic wavefunctions: 

 𝜓𝑛𝑙𝑚
𝑎𝑒 (𝑟 ) =

1

𝑟
 𝑅𝑛𝑙
𝑎𝑒( 𝑟)𝑌𝑙𝑚(𝜑 , 𝜗)                                             (2.22)          

Here, n = 1, 2, …, l = 0, …n – 1 and m = – l, …l are quantum 

numbers, 𝑌𝑙𝑚(𝜑, 𝜗)indicates to normalized spherical harmonics and 𝑅𝑛𝑙
𝑎𝑒(𝑟) 
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is the solution to the radial Schrödinger equation (equation 2.23) that 

contains the all-electron potential , 𝑉𝑛𝑙
𝑎𝑒,, which includes all core-and 

valence-electron interactions. 

                 ∈𝑛𝑙
𝑎𝑒   𝑅𝑛𝑙

𝑎𝑒  ( 𝑟 ) = [−
1

2
 
𝑑2

𝑑𝑟2
+
𝑙(𝑙+1)

2𝑟2
+ 𝑉𝑛𝑙

𝑎𝑒 ]𝑅𝑛𝑙
𝑎𝑒(𝑟)                (2.23)  

  To reduce the size of the system, the core electrons were removed 

and replaced the all-electron potential with an effective potential: 

𝑉𝑛𝑙
𝑒𝑓𝑓
[𝜌](𝑟), where 𝜌(𝑟) is the electron density given by the filled Kohn-

Sham orbitals [71]:   

             𝜌( 𝑟 ) = 𝜌( 𝑟, 𝜑 , 𝜗) = 𝛴𝑓𝑛𝑙𝑚|𝛹𝑛𝑙𝑚( 𝑟, 𝜑, 𝜗)|
2              (2.24) 

     𝑓𝑛𝑙𝑚=0,1,2 is the occupancy factor indicating whether an orbital is 

empty, half-filled or full. In general, 𝜌(𝑟) is not spherically symmetric, but 

for an isolated atom, it is possible to integrate out the angular dependence:                                                                                                           

                   𝜌( 𝑟) = ∫ 𝜌( 𝑟, 𝜑, 𝜗)𝑟2𝑠𝑖𝑛𝜗𝑑𝜗𝑑𝜑 =

                   𝛴𝑛𝑙𝑚𝑓𝑛𝑙𝑚 |𝑅𝑛𝑙(𝑟)|
2∫ |𝑌𝑙𝑚(𝜑, 𝜗|

2𝑠𝑖𝑛𝜗𝑑𝜗𝑑𝜑 

                  =  𝛴 𝑓𝑛𝑙𝑚|𝑅𝑛𝑙(𝑟)|
2                                                                      (2.25)                                                                                                                                                                                                                          

      This purely radially-dependent density generates an effective potential 

that is also only radially dependent. Hence, the Kohn-Sham equation takes 

the form:  

                 ∈𝑛𝑙   𝑅𝑛𝑙 ( 𝑟) = [−
1

2
 
𝑑2

𝑑𝑟2
+
𝑙(𝑙+1)

2𝑟2
+ 𝑉𝑛𝑙

𝑒𝑓𝑓 
]𝑅𝑛𝑙
𝑎𝑒( 𝑟)              ( 2.26)                     
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   The attractive nuclear potential is also included into the effective 

potential. This is the Kohn-Sham orbitals and the self-consistent effective 

potential that involves all of the interaction between electrons.  

The pseudowavefunction, 𝑅𝑛𝑙
𝑝𝑠
(𝑟), and eigen-energies, ∈𝑛𝑙

𝑝𝑠
are obtained 

from the solution to equation (2.26), after replacing the central potential 

𝑉𝑛𝑙
𝑝𝑠 

 by a pseudopotential      𝑉𝑛𝑙
𝑒𝑓𝑓 

which is given by [71]:                                                                                        

           𝑉𝑛𝑙
𝑒𝑓𝑓 

=∈𝑛𝑙
𝑝𝑠

-
𝑙    (𝑙+1)

2𝑟2
+

1             𝑑2

2 𝑅𝑛𝑙
𝑝𝑠
(𝑟)       𝑑𝑟2          

𝑅𝑛𝑙
𝑝𝑠
(𝑟)                         (2.27)   

The formula (2.27) is obtained by inverting the Schrödinger equation for 

known valence wavefunctions (or pseudowavefunction), 𝑅𝑛𝑙
𝑝𝑠
(𝑟), and 

eigenvalues, ∈𝑛𝑙
𝑝𝑠

. Therefore, the pseudopotential depends on the n and l 

quantum numbers and are parameterized to be smooth and continuous 

outside the given cut-off radius.  

In this thesis, all DFT calculations were achieved using SIESTA 

with pseudopotentials generated using the Troullier-Martins method 

[72,73]. In this method, the radial part of the pseudowavefunction 

described by two formulas and depends on a given cut-off radius 𝑟𝑐 as 

follows: 

                   𝑅𝑛𝑙
𝑝𝑠

={
𝑅 𝑛𝑙(𝑟)          𝑟 > 𝑟𝑐             

𝑟𝑒𝑝(𝑟)        𝑟 < 𝑟𝑐            
}                                        (2.28) 

Where , 𝑝(𝑟) is given by: 

 𝑝(𝑟)=𝑎0 +𝑎2𝑟2+𝑎4𝑟4+𝑎6𝑟6+𝑎8𝑟8+𝑎10𝑟10+𝑎12𝑟12                  (2.29) 
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The 𝑎𝑖 coefficients are determined by the following conditions[73]: 

1. Norm-conservation refers to the charge in as sphere less 

than 𝑟𝑐 has to be same for the pseudopotential and all 

valence electron wavefunctions. 

  ∫ |𝑅𝑛𝑙(𝑟)|
2𝑑𝑟

𝑟𝑐
0

 = ∫ |𝑅𝑛𝑙
𝑝𝑠
(𝑟)|2

𝑟𝑐
0

 𝑑𝑟   

2. The corresponding valence eigenvalues are the same.  

  ∈𝑛𝑙
𝑝𝑠
=∈𝑛𝑙   

3. Smoothness of the pseudowavefunctions leads to a smooth 

pseudopotential  

                        𝑅𝑛𝑙(𝑟𝑐) = 𝑅𝑛𝑙
𝑝𝑠(𝑟𝑐),      𝑎𝑛𝑑  𝐹𝑜𝑟  𝑖 = 1,2,3 ,4      

∶ [
𝑑𝑖𝑅𝑛𝑙(𝑟)

𝑑𝑟𝑖
]
𝑟=𝑟𝑐

   = [
𝑑𝑖𝑅𝑛𝑙

𝑝𝑠(𝑟)

𝑑𝑟𝑖
]
𝑟=𝑟𝑐

 

From these conditions, it is possible to parameterize 𝑅𝑛𝑙
𝑝𝑠(𝑟) (equation 

(2.28)), and then substitute this into equation (2.27), to obtain the explicit 

form of the pseudopotential: 

   𝑉𝑛𝑙
𝑝𝑠(𝑟) = {

𝑉𝑛𝑙
𝑝𝑠 [𝑛](𝑟)                                                           𝑟 > 𝑟𝑐     

∈𝑛𝑙
𝑝𝑠
+
(L +1)p′(r)

𝑟
+
1

2
(𝑝′(𝑟) + 𝑝′′(𝑟))               𝑟 < 𝑟𝑐     

}      

(2.30)  

The resulting pseudopotential would be smooth and nodeless, if 

these conditions are satisfied [72]. 𝑉𝑛𝑙
𝑝𝑠(𝑟) is known as a screened 

pseudopotential because it involves the effects of both core and valence 
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electrons. The employing of this pseudopotential in other environment such 

as molecules, any screening from the valence electrons should be removed, 

which could be performed by subtracting the exchange-correlation and 

Hartree potentials, and that yielded the bare ion potential, 𝑉𝑛𝑙
𝑖𝑜𝑛(𝑟),  which 

would be transferable to different environments [72]. 

               𝑉𝑛𝑙
𝑖𝑜𝑛(𝑟)= 𝑉𝑛𝑙

𝑝𝑠(𝑟) − 𝑉𝐻[𝑛
𝑣𝑎𝑙(𝑟)] − 𝑉𝑥𝑐[𝑛

𝑣𝑎𝑙(𝑟)]                    (2.31)    

Here, 𝑛𝜐𝑎𝑙(𝑟) denotes the valence components of the self-consistent 

charge density. A huge number of real-space points is required to calculate 

the potential matrix directly. Secondly, the number of matrix elements per l 

value is scaled by n(n+1), where n represents the orbital number. To 

optimize this procedure, the pseudopotential could be consider in two parts; 

the first one is called a local potential, 𝑉𝑙𝑜𝑐, which is the same for all l 

components. The second one is called a semi-local potential,𝑉𝑛
𝑠𝑙= 𝑉𝑖𝑜𝑛 −

𝑉𝑙𝑜𝑐, which differs for each l, and it is constructed inside region less than 

the given cut-off radius, 𝑟𝑐 , otherwise it is zero outside this region [72]. 

The expression of this potential is given by: 

       𝑉𝑛
𝑖𝑜𝑛 = 𝑉𝑛

𝑙𝑜𝑐(𝑟) + ∑ 𝑉𝑛
𝑠𝑙 + ∑ 𝛿𝑉𝑛𝑙     |𝑌𝑙𝑚⟩

𝑙
𝑚=−1

𝑛−1
𝑙=0 ⟨𝑌𝑙𝑚|        (2.32) 

𝑉𝑛
𝑠𝑙 is the second part of equation (2.32), where  𝛿𝑉𝑛𝑙 is constructed in a 

way that it is zero beyond the cut-off radius. This is reasonable since, 

beyond the cut-off radius, the pseudopotential is the original effective 

potential, which is local.  



Chapter  Two                                                  Density Functional Theory 

  
  

33 
 

The semi-local part of equation (2.32) has been represented as a fully 

non-local potential in terms of Kleinmann-Bylander projectors [74]: 

 𝑉𝑛
𝑠𝑙 = ∑

|𝛿𝑉𝑙𝑚𝛹𝑙𝑚
𝑝𝑠
⟩⟨𝛹𝑙𝑚

𝑝𝑠
𝛿𝑉𝑙𝑚|

⟨𝛹𝑙𝑚
𝑝𝑠
|𝛿𝑉𝑙𝑚|𝛹𝑙𝑚

𝑝𝑠
⟩
= 𝑉𝐾𝐵                           (2.33) 

Here, |𝛹𝑙𝑚
𝑝𝑠
⟩, 𝛿𝑉𝑙𝑚 and |𝛿𝑉𝑙𝑚𝛹𝑙𝑚

𝑝𝑠
⟩ are the spherical harmonic, the semi-local 

part of the pseudopotential, and the pseudowavefunction respectively. 

Hence, the non-local parts could be calculated by implementing 

Kleinmann-Bylander projectors, which decreases the number of matrix 

elements per l from n(n+1) to n [74]. In addition, the non-local 

pseudopotential matrix elements could be calculated in k-space rather than 

a real space grid, which dramatically lowers the computational expenses for 

the large systems. 

2.6.2. SIESTA Basis Sets 

        A basis set is a mathematical description of the orbital within a system 

used to perform the theoretical calculations. One elegant and popular 

choice of basis sets in periodic system calculations is the plane-wave basis 

set. However, one of the main reasons for applying the SIESTA code for 

my calculations is that it used localised basis sets (which are not implicitly 

periodic) and therefore can be used to construct a tight-binding 

Hamiltonian, this is not easy to achieve using a plane wave based code. 

        The type of basis set is one of the most important aspects for 

calculations using SIESTA. For example, to perform efficient calculations, 
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the Hamiltonian should be sparse, and therefor SIESTA utilizes a linear 

combination of atomic orbital basis sets (LCAOs), which are constrained to 

be zero outside of a certain radius (cut-off radius), and are constructed from 

the orbitals of the atoms. This generates the desired sparse form for the 

Hamiltonian, and it reduces the overlap between basis functions, and 

therefore a minimal size basis set creates characteristics similar to that of 

the system under investigation[75]. 

       The simplest basis set for an atom is called a single-ζ basis, which 

corresponds to a single basis function, 𝜓nlm(r)  per electron orbital (i.e. 1 

for an s-orbital, 3 for a p-orbital, etc...). In this case each basis function 

consists of a product of one radial wavefunction, ∅𝑛𝑙
1 , and one spherical 

harmonic,  𝑌𝑙𝑚: 

        𝜓nlm(𝑟→)=∅𝑛𝑙
1 ( 𝑟 )    𝑌𝑙𝑚( 𝜑 , 𝜗)                                                    (2.34) 

       The small number of the expected basis function is one, and therefore a 

single-ζ basis uses single atomic orbitals as a basis function. Therefore, the 

radial part in equation (2.34) is found by using the Sankey method [ 75], 

because the component of the real orbital is described by an infinitely long 

tail, which is not suitable for a localized basis function. 

        This method uses a modified version of the Schrödinger equation, 

which is solved for an atom placed inside a spherical box, and the radial 

wavefunction equals zero at the cut-off radius, 𝑟𝑐 . This restriction yields an 
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energy shift δE within the Schrödinger equation such that eigenfunction has 

a node at the cut-off radius, 𝑟𝑐 : 

     [−
𝑑2

𝑑𝑟2
+
𝑙(𝑙+1)

2𝑟2
+ 𝑉𝑛𝑙

𝑖𝑜𝑛(𝑟)] ∅𝑛𝑙
1 (𝑟) = (∈𝑛𝑙+ 𝛿𝐸)𝜑𝑛𝑙

1 (𝑟)                  (2.35) 

       The energy shift δE satisfies the previous constraint and the 

corresponding pseudopotential is 𝑉𝑛𝑙
𝑖𝑜𝑛(𝑟).To obtain high accuracy basis 

sets (multiple-ζ), additional radial wavefunctions could be included for 

each electron orbital. The split-valence method has been used to calculate 

the additional radial wavefunctions, ∅𝑛𝑙
𝑖 , for i > 1. This involves defining a 

split-valence cut off for each additional wavefunction 𝑟𝑠
𝑖. Thus, it is split 

into two piecewise functions: a polynomial below the cut-off and the 

former wavefunction above it: 

∅𝑛𝑙
𝑖 = {

𝑟1(𝑎𝑛𝑙 − 𝑏𝑛𝑙𝑟
2                                                 𝑟 > 𝑟𝑠

𝑖

 ∅𝑛𝑙
𝑖                                𝑟𝑠

𝑖 < 𝑟 <    𝑟𝑠
𝑖−1                        

  }            (2.36)  

       The additional parameters are found at the point 𝑟𝑠
𝑖 where the 

wavefunction and its derivative are assumed continuous.  

        The polarization of a real orbital due to the electrical field of the 

neighbour atoms, is taken into account to calculate the basis set function. 

This kind is called double-ζ polarized(DZP), which is used to achieve all 

calculations in this thesis. Table (2.1) shows the number of basis of orbitals 

for a selected number of atoms for single-ζ polarized (SZP), double-ζ(DZ) 

and double-ζ polarized (DZP) [75]. 
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Table 2.1: Examples of the radial basis functions per atom as used within 

the SIESTA for different degrees of precisions[75] 

 

 

 

 

 

 

2.7 Time-Dependent Density Functional Theory (TD-DFT) 

         The time-dependent density functional theory (TD-DFT) extends the 

ground-state density functional theory by allowing for the examination of a 

system's excited-state features in the presence of time-dependent potentials, 

such as electric or magnetic fields. TD-DFT may be used to investigate the 

influence of fields on molecules by calculating representative excitation 

energies, oscillator strength, wavelength, molecular orbital character, and 

electronic transitions of the molecules [76]. The theoretical of TD-DFT 

based on the Runge-Gross theorem (R-G theorem) in 1984. The R-G 

theorem explained the association between the time-dependent external 

potential 𝑉̂𝑒𝑥𝑡(𝑟) and 𝜌(𝑟 , 𝑡) of the system. R-G theorem designated that 

when two external potentials 𝑉̂𝑒𝑥𝑡(𝑟) and 𝑉 ′̂𝑒𝑥𝑡(𝑟) have an alteration of 

more than a time-dependent function, their own electron densities 𝜌(𝑟 , 𝑡) 

and 𝜌′(𝑟 , 𝑡) are also dissimilar [77].  
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             Runge and Gross discussed how excited states are obtained using 

TD-DFT. The starting point of studying time-dependent systems is the 

time-dependent Schrodinger equation. The TD-DFT is straight related to 

the Schrodinger equation [ 𝑖 ℏ 
𝜕

𝜕𝑡
 Ψ ( 𝑟 , 𝑡 ) =  𝐻̂ Ψ ( 𝑟 , 𝑡 ) ] where the 

Hamiltonian is known to be [78]: 

         𝐻̂ =  𝑇̂ +  𝑉̂elec.elec + 𝑉̂ext. (𝑟 )                                                         (2.37) 

Here, 𝐻̂ consists of the kinetic energy operator 𝑇̂ electron-electron 

repulsion 𝑉̂elec.elec (Coulomb operator) and the external potential 𝑉̂ext. (𝑟). 

Where 𝑉̂ext. (𝑟) is given in the following operators:  

           𝑉̂ext.(𝑟)=∑ 𝑉𝑒𝑥𝑡. (𝑟𝑖⃗⃗⃗  )
𝑁
𝑖=1                                                                 (2.38) 

The densities of the system rise from a fixed first state Ψ ( 𝑡𝑜) =

 Ψ ( 0 ). The first state, Ψ ( 0) is arbitrary, it must not be the ground-state 

or some other eigen state of the first potential 𝑉̂ext. (𝑟) =  𝑉𝑜̂ (𝑟). The R-G 

theorem indicates that there exists an one-to-one correspondence between 

the time-dependent external potential 𝑉̂ext. (𝑟), and the time-dependent 

electron density 𝜌(𝑟 , 𝑡), for systems developing from a fixed first many-

body state. Translation to it, the density determines the external potential, 

and next helps in obtaining the time-dependent many-body wave functions 

[79,80]. As this wave-function controls all observables of the system as an 

important, the saying point is that all observables are functionals of 𝜌(𝑟 , 𝑡). 
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The statement of the theorem is the “densities 𝜌(𝑟 , 𝑡) and 𝜌′(𝑟 , 𝑡) 

evolving from the same initial state Ψ(0) under the effect of two potentials 

𝑉̂ext. (𝑟) and 𝑉 ′̂𝑒𝑥𝑡(𝑟) are always different provided that the potentials 

differ by additional than a chastely time-dependent function [76,78]: 

                𝑉̂ext. (𝑟 , 𝑡) =  𝑉 ′̂𝑒𝑥𝑡( 𝑟 , 𝑡 ) + 𝐶(𝑡)                                       (2.39) 

Where the 𝐶(𝑡) allows increase to wave functions that are different 

only by a phase factor 𝑒−𝑖𝐶(𝑡), therefore, the same electronic density is 

stable. R-G theorem states that the density is a functional of the external 

potential and of the first wave function on the space of potentials differing 

by more than the addition of C(t). 

2.8 Gaussian 09 Program  (G09) 

The Gaussian program is a computational software package initially 

published by John Pople in 1970. Gaussian program is a very high-end 

quantum mechanical software package. The “09” mentions to the year 2009 

in which the software was published[81].  

Gaussian is capable of running all of the major methods in molecular 

modeling, including molecular mechanics, ab-initio, semi-empirical, HF 

and DFT. Moreover, excited state computes can be done by different 

methods in this program[82].  

The name originates Gaussian comes from the use of the Gaussian 

Type Orbitals that Gaussian's originator, John Pople, used to try to 
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overcome the computational difficulties that get up from the use of Slater 

Type Orbitals. A number of researchers, such as S.F. Boys and Isaiah 

Shavitt, Pople, quite brilliantly, recognized that the (relatively) simple, 

substitution of a series of Gaussian functions for the Slater function, would 

greatly simplify the rest of the calculation of the Schrödinger equation. 

Pople (1998) was awarded the Nobel Prize in chemistry (along with Walter 

Kohn) for this work [81,82].  

2.9. Gaussian Basis Set  

In theoretical physics and chemistry, a basis set is a collection of 

mathematical functions that are used to explain the form of molecular 

orbitals. Both ab-initio and DFT approaches make use of basis sets to 

specify the molecular orbitals in a system quantitatively. While it is 

possible to develop a basis set from scratch, the vast majority of 

calculations are performed using pre-existing basis sets. The correctness of 

the results is dependent on the type of calculation used and the basis sets 

used. Slater-type orbitals (STOs) and Gaussian-type orbitals (GTOs) are 

two forms of basis sets [83]. 

2.9.1.  Slater Type Orbitals (STO’s)  

Slater type functions show a correct behavior near the nuclei at r → 0 

with an intermittent behavior. The Slater type orbitals have the form [81]:  

𝑋𝑆𝑇𝑂 = 𝑁 𝑟𝑛−1 𝑒− 𝜉 𝑟  𝑌𝑙𝑚(𝜃, 𝜑)                                                           (2.40)  
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Where, n is a major quantum number and ξ is a constant related to the 

effective charge of the nucleus. 𝑌𝑙𝑚 is a spherical harmonic which describes 

the angular part of the wave function. 

2.9.2. Gaussian Type Orbitals (GTO’s)  

The Gaussian type orbitals (GTOs) basis function is widely used in 

HF and related approaches because it enables the calculation of many-

center integrals analytically. In terms of Cartesian coordinates, Gaussian 

type orbitals can be written as [82]: 

                  𝑋𝐺𝑇𝑂 = 𝑁 𝑥𝑙𝑥 𝑦𝑙𝑦 𝑧𝑙𝑧 𝑒− 𝜉 𝑟
2
                                                (2.41) 

N is a normalization factor; the sum of 𝑙𝑥, 𝑙𝑦 and 𝑙𝑧 determines the type 

of orbitals; and 𝜉 represents the orbital exponent that shows compact large 

𝜉 or diffuse small 𝜉 is the resulting function, r2 dependence in the 

exponential is insufficiency of the GTO's related to the Slater-type orbitals 

STO's. 

 One of the negative aspects of STO's is that many-center integrals 

such as Coulomb and HF-exchange terms are hard to compute with STO's. 

For this reason, it plays no role in modern wave function based quantum 

chemistry codes. As a result, for the calculations of Coulomb and HF-

exchange terms, the analytical solution is available for the Gaussian 

functions. In order to improve the GTO basis sets, one usually. employs a 
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contracted GTO basis set, in which several primitive Gaussian functions 

are mixed to give a contracted Gaussian function (CGF) as [83,84]: 

                     𝑋𝑗
𝐶𝐺𝐹 = ∑ 𝐶𝑖𝑗  𝑋𝑎

𝐺𝑇𝑂𝑀
𝑖                                                          (2.42) 

M is the number of Gaussian primitives employed in a linear 

combination in this case. Gaussian uses a variety of different basis sets, 

including minimum basis sets, split valence sets, polarization and diffuse 

functions, and others [84]. 
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3.1. Introduction 

Electrical conductance is one of the most important properties of 

single molecules in the field of molecular electronics. Many theoretical 

descriptions of electron transport properties (including conductance) 

through single molecule systems are based on the Landauer formula, which 

is a simple expression for the relation between the transmission probability 

of the electron and the electronic conductance in one-dimensional 

structures with two terminals. The Landauer formula was later generalized 

by Buttiker to the case of multi-terminal devices. According to the 

Landauer formalism, the conductance can be calculated from a 

transmission probability, which in turn can be evaluated using Green‘s 

functions [85]. 

In this chapter, we will start Landauer and Buttiker formulas. Then 

we will discuss scattering theory and Green‘s functions for different 

transport regimes. As an example, a one dimensional structure with an 

arbitrarily scattering region will be used to present the general 

methodology used to describe the transmission coefficient T(E) in a 

molecular junction for electrons with energy traversing from one electrode 

to another. Thereafter different types of resonances will be discussed that 

characterize the conductance within a general theory of electronic transport 

[86]. 
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3.2. The Landauer Formula 

       The Landauer formula [86,87] was first suggested by Rolf Landauer in 

1957 [88] for two terminals. To illustrate the formula, consider a scattering 

region connected to two electrodes (leads) as sketched in Figure 3.1. The leads 

are assumed to be ballistic conductors, i.e. conductors with no scattering and 

thus the transmission probability equals one [89]. Each lead, in turn, is coupled 

to a reservoir where all inelastic processes take place.Suppose that the chemical 

potentials of the reservoirs on the left and right hand sides are   𝜇𝑙  ,  

𝜇𝑟     respectively, and let the temperature be equal to zero (T = 0)  

 

 

 

 

 

Figure 3.1. Schematic view of a 1D scattering region connected to two 

reservoirs with different chemical potentials μL and μR via ideal leads 

    

Consider the case of a 1-dimensional system. When the scattering region is an 

ideal 1-dimensional lead, so that the two reservoirs are connected by a perfect 1 -

d lead with no scattering, the current through this system, which flows due to 

the chemical potential difference between the reservoirs is,  

 𝐼 = (−𝑒)𝑣 
𝜕𝑛

𝜕𝐸
(𝜇𝑙 − 𝜇𝑟)                                                                 (3.1)    
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Here 𝑣 is the group velocity, 𝑒 is the electronic charge and 
𝜕𝑛

𝜕𝐸
  is the density of 

states per unit length of the electrons which is given by  
𝜕𝑛

𝜕𝐸
=

1

𝜋ℏ𝑣
 It is worth 

mentioning that the Landauer formula describes the linear response 

conductance, hence it only holds for small bias voltages, 𝛿𝑉 → 0 Thus, 

 𝐼 =
−𝑒

𝜋ℏ
 (𝜇𝑙 − 𝜇𝑟)                                           (3.2) 

In the presence of the scatter, these electrons have a transmission probability  T 

to traverse the scattering region, therefore, the current flow is [89]: 

                      𝐼 =
−2𝑒

ℎ
 𝑇  (𝜇𝑙 − 𝜇𝑟)                                                            (3.3) 

Since the chemical potentials difference between the reservoirs is given by 

,−𝑒𝑉 = (𝜇𝑙 − 𝜇𝑟), the conductance between the two terminals is obtained as: 

                     𝐺 =
𝐼

𝑉
=

2𝑒2

ℎ
 T = 𝐺0 𝑇                                                            (3.4) 

Where 𝐺0 =
2𝑒2

ℎ
 . This relation is called Landauer formula for a one-

dimensional system [86,87]. For a perfect conductor where 𝑇 = 1 , the 

Landauer formula becomes: 

                      𝐺 = 𝐺0 ≈ 12.9(𝑘Ω)−1                                                   (3.5) 

Where  𝐺0 , is the conductance quantum. At a finite temperature the Landauer 

formula (3.3) is transformed into the more general formula for the current [88]: 

                𝐼 =
2𝑒

ℎ
∫ 𝑇(𝐸)[𝑓(𝐸 − 𝜇𝑙) − 𝑓(𝐸 − 𝜇𝑅)]𝑑𝐸                                  (3.6) 
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 Where 𝑓 is the Fermi-Dirac distribution 𝑓(𝐸 − µ) = 1/(1 + 𝑒
𝐸−𝜇

𝑘𝐵𝑇) related to 

the chemical potential µ , T is temperature and 𝑘𝐵  is Boltzmann‘s constant. In 

the case of the linear response regime (i.e. at low bias eV ), the Fermi-Dirac 

functions in eq. (3.6) can be Taylor expanded around the Fermi energy [89] 

resulting in: 

               𝐼 =
2𝑒2𝑉

ℎ
∫  [−

𝜕𝑓(𝐸)

𝜕(𝐸)

∞

−∞
]  𝑇 (𝐸)  𝑑𝐸                                                    (3.7) 

   Last equation shows that when the voltage is small, the current is linearly 

proportional to the voltage, and then we can write:     

                𝐼 = 𝐺 𝑉                           (3.8) 

Where 𝐺 is the conductance of the two terminals device. Thus: 

            𝐺 = 𝐺0 ∫  [−
𝜕𝑓(𝐸)

𝜕(𝐸)

∞

−∞
]  𝑇 (𝐸)  𝑑𝐸                                                    (3.9) 

As mentioned above, the current in equation (3.8) is linearly proportional to the 

voltage and because of this linearity, this system of transport is called linear 

response regime. 

3.3. Landauer-Buttiker formalism  

          Landauer original result was obtained for two-terminal systems and then 

its idea was extended by Buttiker to the case of multi-terminal devices where 

the matrix form of the full formalism including the transmission probability is 

needed. Buttiker suggested that the Landauer formula, equation (3.3), can be 

generalized to structure with many terminals by writing the current 𝐼𝑖 at the 𝑖𝑡ℎ 

terminal as [90]: 
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                            𝐼𝑖 =
2𝑒2

ℎ
∑ (𝑇𝑗𝑖  𝜇𝑖 − 𝑇𝑖𝑗   𝜇𝑗)𝑗                                     (3.10) 

Where  𝑇𝑗𝑖  (𝑇𝑖𝑗) is the transmission probability from terminal   𝑗(𝑖) to terminal 

𝑖(𝑗). We therefore define: 

                             𝐺𝑖𝑗 = 𝐺0 𝑇𝑖𝑗                                                                 (3.11) 

And rewrite Eq. (3.10) as: 

 𝐼𝑖 = ∑ (𝐺𝑗𝑖  𝜇𝑖 − 𝐺𝑖𝑗   𝜇𝑗)𝑗                                                      (3.12) 

Current conservation gives some conditions for currents and conductance, 

because 

 ∑ 𝐼𝑖 = 0𝑖                      (3.13) 

Furthermore all currents should be zero, when the potential  𝜇𝑖   of all the 

terminals are equal 

                                 ∑ (𝐺𝑗𝑖  − 𝐺𝑖𝑗   ) = 0𝑗                                                         (3.14) 

This allows us to rewrite equation (3.12) as: 

                           𝐼𝑖 =    ∑ (𝐺𝑖𝑗  (𝜇𝑖 −   𝜇𝑗) 𝑗                                                      (3.15) 

This is the so-called Landauer-Buttiker formula for the multi-terminal structures 

[90]. 
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3.4. Green’s Functions 

        Green‘s function (GF) is a useful tool for studying the properties of nano-

scale structures because it can be used to express all of the observable properties 

of the system of interest [91]. In this section we will first discuss how to 

construct the Green's function for some separate lattices. Then we will briefly 

discuss how to connect the Green's functions of these separable lattices together 

to construct the Green's function of the whole system using Dyson equation. 

3.4.1. Green’s Function of Doubly Infinite Chain 

        In this section we will derive the one dimensional doubly infinite Green's 

function of the electrodes, where these electrodes are described as a perfect one 

dimensional chain as shown in Figure 3.2 In order to obtain the scattering 

amplitudes we need to calculate the Green's function of the system[92]. 

 

 

 

Figure 3.2 Tight-binding representation of a one-dimensional infinite lattice 

with on-site energies   ε0 and couplings   γ [92]. 

 

The Green's function for a system obeying the Schrodinger's equation 

  (𝐸𝐼 − 𝐻)𝜓 = 0                                                                    (3.16) 

is defined as: 

                    (𝐸 − 𝐻)𝐺 = 𝐼                                                                   (3.17) 

The solution for this equation can be written as: 
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                    𝐺 = (𝐸 − 𝐻)−1                                                                   (3.18) 

Where G, is the retarded Greens function 𝑔𝑗𝑙, describes the response of a system 

at a point 𝑗 due to a source at l. This source causes excitation which raises two 

waves, travelling to the left and right as shown in Figure 3.2. Where, 

 𝑔𝑗𝑙 = {
𝐴 𝑒−𝑖𝑘𝑗 ,             𝑗 <  𝑙

ℬ 𝑒+𝑖𝑘𝑗 ,          𝑗 >  𝑙
                                                         (3.19) 

Here, A and B are the amplitudes of the two outgoing waves travelling to the left 

and right, respectively. Green‘s function must be continuous at 𝑗= 𝑙. As a result 

we can write: 

 𝑔𝑗𝑙|𝑗=𝑙 = {
𝐴 𝑒−𝑖𝑘𝑗 ,             , 𝑙𝑒𝑡 … 𝐴 = 𝐶𝑒+𝑖𝑘𝑙

ℬ 𝑒+𝑖𝑘𝑗 ,            , 𝑙𝑒𝑡 … 𝐵 = 𝐶𝑒−𝑖𝑘𝑙  
                           (3.20) 

Therefore: 

 𝐴 𝑒−𝑖𝑘𝑗  = ℬ 𝑒+𝑖𝑘𝑗 = 𝐶                                                           (3.21) 

Substituting from equation (3.21) into equation (3.19) results in: 

 𝑔𝑗𝑙 = 𝐶𝑒𝑖𝑘|𝑗−𝑙|                              (3.22) 

In order to obtain the constant  C , equation (3.17) has to be satisfied using 

equation (3.22), thus: 

 𝐶 =
1

2𝑖𝛾 𝑠𝑖𝑛𝑘
=

1

𝑖ℏ𝑣
                              (3.23) 

Combining the last two equations yields: 

 𝑔𝑗𝑙 =
𝑒𝑖𝑘|𝑗−𝑙|

𝑖ℏ𝑣
                                      (3.24) 

This equation represents Green's function of a doubly infinite one-dimensional 

chain [89,92,93]. 
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3.4.2.  Green’s Function of Semi-Infinite One-Dimensional Chain  

 

 

 

Figure 3.3. Tight-binding representation of a one-dimensional semi-infinite 

lattice with on-site energies   ε0 and couplings γ . 

 

            In order to obtain Green's function of a semi-infinite chain from Green's 

function of a doubly infinite chain, an appropriate boundary condition should be 

introduced. Let consider one dimensional lattice with site energies and hopping 

elements −𝛾 as shown in Figure 3.3. The chain must be terminated at a given 

point, 𝑛0  so all points for which 𝑛 ≥ 𝑛0are missing, that means that the Green's 

function should vanish at site  𝑛0 . This can be achieved by adding a wave 

function to the Green's function of the doubly infinite chain[94,95]. The proper 

wave function in this case is: 

                         𝛹𝑗𝑙 = −
𝑒−𝑖𝑘(𝑗+𝑙−2𝑛0)

𝑖ℏ𝑣
                 (3.25) 

Therefore: 

               𝑔𝑗𝑙 =
𝑒𝑖𝑘|𝑗−𝑙|

𝑖ℏ𝑣
−  

𝑒−𝑖𝑘(𝑗+𝑙−2𝑛0)

𝑖ℏ𝑣
                                (3.26) 

Satisfying the boundary condition (j = l = 𝑛0 −1) yields: 

                              𝑔 𝑛0−1 , 𝑛0−1
=

1

𝑖ℏ𝑣
−

𝑒2𝑖𝑘

𝑖ℏ𝑣
     (3.27) 

Hence, the Green's function at site  j=n0-1 due to a source at site l=n0-1 is: 
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                      𝑔𝑛0−1 , 𝑛0−1
=

𝑒𝑖𝑘

𝛾
                                              (3.28) 

3.4.3 Green’s Function of A Finite One-Dimensional Chain 

          To derive the Green‘s function of a finite one-dimensional lattice, 

consider a linear chain of N atoms as expressed in Figure 3.4. Green‘s function 

should vanish at site n=0 and site n=N+1. 

 

 

 

Figure 3.4. Tight-binding representation of a one-dimensional semi-infinite 

lattice with on-site energies    ε0 and couplings γ [97]. 

 

To achieve that, Green‘s function should take the following expressions: 

           𝑔𝑗𝑙 = {
𝐴𝑠𝑖𝑛 𝑘𝑗,                                     𝑗 < 𝑙       

𝐵𝑠𝑖𝑛 𝑘(𝑗 − (𝑁 + 1)),              𝑗 > 𝑙        
                                       (3.29) 

So the boundary conditions will be satisfied [96,97]. The Green‘s function must 

be continuous at j = 𝑙, so 

         𝑔𝑗𝑙 = {
𝐴𝑠𝑖𝑛 𝑘𝑙,                          𝐴 = 𝐶𝑠𝑖𝑛 𝑘𝑙(𝑙 − (𝑁 + 1))                      

𝐵𝑠𝑖𝑛 𝑘(𝑙 − (𝑁 + 1),           𝐵 = 𝐶𝑠𝑖𝑛 𝑘𝑙                                       
(3.30) 

Therefore: 

           𝑔𝑗𝑙 = {
𝐶 𝑠𝑖𝑛𝑘(𝑙 − (𝑁 + 1))𝑠𝑖𝑛𝑘𝑗   , 𝑗 ≤ 𝑙

𝐶 𝑠𝑖𝑛𝑘(𝑗 − (𝑁 + 1))             , 𝑗 ≥ 𝑙
                                         (3.31) 

Then  C can be obtained as: 

               𝐶 =
1

𝛾 𝑠𝑖𝑛𝑘 𝑠𝑖𝑛𝑘 (𝑁+1)
                                                                (3.32) 
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This gives the Green‘s function of a finite one-dimensional chain containing  

atom 1 and N at the opposite ends: 

              𝑔𝑁1 =
−𝑠𝑖𝑛𝑘

𝛾 𝑠𝑖𝑛𝑘 (𝑁+1)
                                                                     (3.33) 

3.4.4 One Dimensional Scattering 

       To construct the Green's function of the whole system we have to connect 

the Green's functions of the separable lattices together. Let us first consider the 

case of decoupled leads ( α=0) shown in Figure 3.5.The total Green's function of 

the system can be given by the decoupled Green's function[98]: 

 

 

 

 

Figure 3.5. Tight-binding representation of a one dimensional scattering region 

attached to one dimensional leads [98]. 

 

           ℊ = (
−

𝑒𝑖𝑘

𝛾
0

0 −
𝑒𝑖𝑘

𝛾

) = (
ℊ𝐿 0
0 ℊ𝑅

)                                                      (3.34) 

      For the case of coupled system[99], Green's function of the whole system 

can be obtained using Dyson's equation: 

              𝐺 = (ℊ−1 − 𝑉)−1                                                                  (3.35) 

Here the operator V  describes the interaction connecting the two leads and has 

the form: 
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 𝑉 = (
0 𝑉𝑐

𝑉𝑐
† 0

) = (
0 𝛼

𝛼∗ 0
)                                           (3.36) 

The solution to Dyson's equation is: 

                              𝐺 =
1

𝛾2𝑒  −2𝑖𝑘
−𝛼2

(
−𝛾𝑒−𝑖𝑘 𝛼

𝛼∗ −𝛾𝑒−𝑖𝑘
)                            (3.37) 

This expression is Green‘s function for the whole system under consideration. 

 

3.5. Transport Through an Arbitrary Scattering Region 

            As mentioned previously, once the Green‘s function is calculated the 

transmission probability is easy to obtain. In this section we will derive the most 

general formula for the transmission probability for an arbitrarily shaped 

scattering structure. Here we will use a different approach starting with the 

wave functions leading to the surface Green‘s function and ending up with a 

general formula for the transmission probability [100]. 

          Considering the system in Figure 3.6, where an arbitrary scattering region 

with Hamiltonian  H is connected to two one dimensional leads. On-site 

energies of the left and right leads are    ε0 and the coupling in the two leads is 

−γ [101]. 

 

 

Figure 3.6. Tight-binding representation of a one dimensional arbitrarily 

scattering region attached to one dimensional leads [100]. 
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      The leads are connected to the site (1) and (2) of the scattering region with 

the couplings−𝛾𝐿 and −𝛾𝑅. The Hamiltonian for this system is: 

 

 

 

 

 

 

 

 

If the wave function in the left, the right and the scattering region are: 

𝜓𝑗 = 𝑒𝑖𝑘𝑗 + 𝑟 𝑒−𝑖𝑘𝑗         , 𝜑𝑗 = 𝑡𝑒𝑖𝑘𝑗  and  𝑓𝑗  respectively. 

The Schrodinger equations in left, right, scattering region and connection 

points could be written as[100,101]: 

         𝜀0𝜓𝑗 − 𝛾𝜓𝑗−1 − 𝛾𝜓𝑗+1 = 𝐸𝜓𝑗                  𝑓𝑜𝑟 𝑗 ≤ −1                   (3.38) 

        𝜀0𝜓0 − 𝛾𝜓𝑗−1 − 𝛾𝐿𝑓1 = 𝐸𝜓0                  𝑓𝑜𝑟 𝑗 = 0                        (3.39) 

  ∑ ℎ𝑖𝑗𝑓𝑗
𝑁
𝑗=1 − 𝛾𝐿𝜓0𝛿𝑖1 − 𝛾𝑅  𝜑𝑁+1𝛿𝑖𝑁 = 𝐸𝑓𝑖        𝑓𝑜𝑟 0 ≤ 𝑗 ≤ 𝑁 + 1   (3.40) 

    𝜀0𝜑𝑁+1 − 𝛾𝑅𝑓𝑁 − 𝛾𝜑𝑁+2 = 𝐸 𝜑𝑁+1                   𝑓𝑜𝑟 𝑗 = 𝑁 + 1        (3.41) 

     𝜀0𝜑𝐽 − 𝛾𝜑𝐽−1 − 𝛾𝜑𝐽+1 = 𝐸 𝜑𝑗                    𝑓𝑜𝑟 𝑗 > 𝑁 + 1               (3.42) 

        Equation 3.40 could be re-written as | 𝑓 ⟩ 𝑔| 𝑥⟩ where 𝑔 = (𝐸 − 𝐻)−1        

is the Green‘s function and | 𝑥⟩ called source which is a zero vector with 

non-zero elements only in the connection points at site 𝑗 = 0 and 𝑗 = 𝑁 +

1 , |𝑓 ⟩ has only two non-zero elements due to the source, 

         ( 𝑓1
𝑓𝑁

) = ( 𝑔11    𝑔1.𝑁
𝑔𝑁,1     𝑔𝑁,𝑁

) ( 𝑥0
𝑥𝑁+1

)                                                 (3.43) 
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Where 𝑥0 = 𝛾
𝐿
𝜓

0
 and 𝑥𝑁+1 = 𝛾

𝑅
𝜑

𝑁+1
 

Using recurrence relation gives: 

 𝛾𝜑𝑁 = 𝛾𝑅𝑓𝑁                             (3.44) 

 𝛾𝜓1 = 𝛾𝐿𝑓1                             (3.45) 

                      𝜑𝑁 = 𝜑𝑁+1𝑒−𝑖𝑘                                                             (3.46) 

                          𝜓1 = 2𝑖 sin 𝑘 + 𝑒−𝑖𝑘𝜓0                                                 (3.47) 

Combining last four equations with equation (3.43) gives: 

 (
−𝑔11    𝛾𝐿−

𝛾

𝛾𝐿
𝑒−𝑖𝑘   −  𝑔1𝑁  𝛾𝑅   

−𝑔𝑁1    𝛾𝐿             −𝑔𝑁𝑁 𝛾𝑅 
𝛾

𝛾𝑅
𝑒−𝑖𝑘

) ( 𝜓0
𝜑𝑁+1

) =
𝛾

𝛾𝐿
2𝑖𝑠𝑖𝑛𝑘(1

0
)           (3.48) 

Thus  

 ( 𝜓0
𝜑𝑁+1

) = 2𝑖𝑠𝑖𝑛𝑘
𝛾

𝛾𝐿

1

𝑑
(

𝑔𝑁𝑁  𝛾𝑅 −  
𝛾

𝛾𝑅
𝑒−𝑖𝑘      

−𝑔𝑁1  𝛾𝐿              
)          (3.49) 

Therefore the transmission 𝑡 and reflection  𝑟 amplitudes could be obtained 

[102,103,104]. 

                         𝑡 = 𝑖𝑣[𝛾𝐿𝑔 (
𝑔𝑁1

∆
) 𝛾𝑅𝑔]                                                  (3.50) 

Where 

                        𝑔 = −
𝑒𝑖𝑘

𝛾
                                                                      (3.51) 

is the Green‘s function of semi-infinite chain and 

∆= 1 − ∑ 𝑔11𝐿 − ∑ 𝑔𝑁𝑁 +𝑅 ∑ ∑ (𝑔11𝑔𝑁𝑁𝑅𝐿 − 𝑔𝑁1    𝑔1𝑁    )  

Where ∑ = 𝛾𝐿,𝑅
2

𝑅,𝐿  𝑔  are the self energies due to the left and right contact. 

The transmission probability is  𝑇(𝐸) = |𝑡|2 then  



Chapter  Three                                   Single Molecule Transport Theory 

  
  

55 
 

 𝑇(𝐸) = 𝑣2 ⟦
𝛾𝐿

𝛾
 
|𝑔𝑁1|2

|∆|2 (
𝛾𝑅

𝛾
)2⟧                             (3.52) 

This is the most general formula to calculate the transmission probability 

for any scattering region connected to identical leads. 

3.6.  Features of the Transport Curve 

           The main feature of electron transport through single molecules and 

phase-coherent nanostructures is the appearance of transport resonances 

associated with quantum interference. Deep understanding of the 

transmission process can be achieved by looking at the properties of these 

resonances. Here, we will briefly discuss different kinds of resonances, 

including Breit−Wigner resonances [105], anti-resonances [106,107], and 

Fano resonances [108,109]. 

3.6.1 Breit-Wigner Resonance 

       For electrons of energy 𝐸 passing through a single molecular orbital, 

the transmission probability could be expressed by a Lorentzian function, 

via the Breit-Wigner formula [105]: 

 

 

 

Figure 3.7. Tight binding model to possessing a Breit-Wigner resonance. 

Two one-dimensional semi-infinite chains coupled to a scatting region of 

site energy by hopping elements – γ. 
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          T(E) =  
4𝛤1𝛤2

[(𝐸−𝜀𝑛)2+( 𝛤1 +𝛤2   )2]
                                             (3.54) 

Within this formula, the transmission coefficient T(E) of the single 

molecular junction can be described by two parameters: (Γ) and (𝜀𝑛) where 

(Γ) is the strength of the coupling between the molecule and the electrodes 

(labeled 1 and 2) and 𝜀𝑛 = 𝐸𝑛 −∑ is the eigen energy 𝐸 of the molecular 

orbital shifted slightly by an amount ∑ due to the coupling of the orbital to 

the electrodes. Transmission coefficient 𝑇( 𝐸 ) has Breit-Wigner-type 

resonances showing the maximum value when the electron resonates with 

the molecular orbital (i.e. when 𝐸 = 𝜀𝑛). Figure (3.7) shows a scattering 

region with a single impurity placed between two one-dimensional semi-

infinite chains. Where, Figure 3.10 shows the tight binding representation 

of the transmission probability (blue curve) for this system. The formula is 

valid when the energy of the electron is close to an eigen energy of the 

isolated molecule, and if the level spacing of the isolated molecule is larger 

than (Γ1+Γ2) In the case of a symmetric molecule attached symmetrically 

to identical leads (i.e. Γ1=Γ2 and again when (𝐸 = 𝜀𝑛)) , T(E) equals one. 

The width of the resonance depends on the coupling component where if 

the coupling element  α is large, the resonances are wider. 
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3.6.2. Fano Resonances 

 

 

Figure 3.8. Tight binding model to study Fano resonances. Two one-

dimensional semi-infinite chains coupled to a scattering region of site 

energy ε0 by hopping elements where an extra energy level is attached to 

the scattering region  -γ [108]. 

 

            In contrast to the Breit-Wigner resonance (a symmetric shape line); 

Fano resonance was explained as a phenomenon of constructive and 

destructive interferences between a bound state and the continuum where 

the corresponding spectral lines are asymmetric. For example, a molecule 

with a side group produces a Fano resonance when the energy of the 

incident electron is close to an energy level in the side group. Fano 

resonances have been observed in various systems including quantum dots, 

nanowires, tunnel junctions and more [108]. Figure 3.8 expresses a simple 

example of a system contains two one-dimensional semi-infinite chains 

with site energies 𝜀0 and hopping elements −𝛾 coupled to a scattering 

region with two site energies 𝜀1 and 𝜀2. The red curve in Figure 3.10 shows 

the transmission probability for this system using tight binding model 

[108,109]. 
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3.6.3. Anti-Resonances 

 

 

 

Figure 3.9. Tight binding model to study anti-resonance. Two one-

dimensional semi-infinite chains coupled to the scattering region[106]. 

 

        This kind of resonance appears in the transmission probability 

spectrum when the system is multi-branched and destructive interference 

occurs between propagating waves. A simple example is shown in Figure 

3.9, where two one-dimensional semi-infinite chains with site energies 𝜀0 

and hopping  elements −𝛾 are coupled to a scatting region with six site 

energies (𝜀1). The magenta curve in Figure 3.10 shows the general shape of 

the transmission probability related to this kind of resonance [106,107].  

 

 

 

 

 

 

 

Figure 3.10. Tight binding representation of the transmission coefficients 

for the above systems showing different kind of resonances [107]. 
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3.7.  Gollum Program   

       Charge, spin, and electronic contributions to the thermal transport 

properties of multi-terminal junctions are calculated using the GOLLUM 

program. GOLLUM has a simpler structure, is faster, and consumes less 

memory since it is based on nonequilibrium transport theory. 

       The software has been developed for ease of use, and it represents a 

significant step forward in the implementation of ab-initio multi-scale 

simulations of traditional and more advanced transports functions. 

GOLLUM's simplified interface allows it to read model tight bound 

Hamiltonian's [110]. Furthermore, GOLLUM is designed to readily interact 

with any DFT code that employs a localized basis set .It now reads data 

from all of the most recent public versions of the code SIESTA. 

       GOLLUM can model these materials' connections using parameterized 

tight-binding Hamiltonians  or DFT[111,112] . 

      DFT fails to account for the significant electronic correlation effects 

found in many Nano-scale electrical connections. As a result, GOLLUM 

provides a number of methods for dealing with high correlations[113,114]. 
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Figure 3.11."illustrates a mesoscopic scatterer connected to contacts by 

ballistic leads. The μL and μR represent the chemical potential in the 

contacts. When an incident wave packet hits the scatterer from the left then 

it will be transmitted with probability 𝑇 = 𝑡𝑡∗ and reflected with probability 

𝑅 = 𝑟𝑟∗ where, 𝑡, 𝑡∗, 𝑟 and 𝑟∗ represent the transmission and the reflection 

amplitudes from the left to the right and vice versa. Charge conservation 

requires T + R = 1"[114]. 
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4. Results and Discussions 

 
The main goal of this work is the exploring and understanding of 

novel fundamentals of different molecular junctions, which is the link 

between the chapters of this thesis, since these studies are aiming to study 

and realize the electronic, electric, thermoelectric and spectral properties of 

𝐀𝐮 |

−
𝐨𝐫𝐠𝐚𝐧𝐢𝐜 𝐦𝐨𝐥𝐞𝐜𝐮𝐥𝐞𝐬

𝐨𝐨
| 𝐀𝐮 nano-molecular junctions. In other words, Chapter 

four is focusing on different organic molecules to explore some of novel 

principles such as the emission oscillator strength, electrical conductance 

and thermopower, as well as to investigate the relation between these 

properties, and the influence of the most important factors such as the 

molecular length and quantum interference on these characteristics. 

 

4.1. Optimizing the Emission Oscillator Strength Based on the 

Molecular Length Manipulation Strategy 

 

4.1.1. Introduction 

Over the years, great efforts have been devoted to the development 

of organic solid-state lasers (OSSL) due to the easy and economic 

fabrication, covering a wide-range lasing wavelength from near infrared to 

ultraviolet [115-120]. To date, optically pumped OSSL have been maturely 

developed, with the achievement of remarkably low laser and/or amplified 

spontaneous emission (ASE) thresholds and quasi-continuous wave 

operation [121,122]. The ultimate goal in the field of OSSL is, however, to 
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realize electrically pumped lasing so as to truly enable the creation of low-

cost, portable, and flexible solid OSSL devices. Compared to optically 

pumped OSSL, lasing under electrical pumping is much more challenging 

because of the following factors. First, triplet exciton tends to accumulate 

under electrical pumping based on spin statistics [123], that is, three 

quarters of excitons formed under current injection are triplets, which 

usually have a long decay time [119]. Second, under electrical pumping, 

multiple annihilation and absorption losses will be induced by polarons, 

excitons, and other species that are not involved in optical pumping 

[119,120]. Recently, there are encouraging progresses reporting promising 

indications of current injection OSSL [124], which opened up the 

opportunities in realizing compact and lowcost electrically driven organic 

laser devices. Notwithstanding the advancements achieved in previous 

studies [124], obstacles still remain for organic laser gain media to observe 

light amplification under electrical pumping. Therefore, it is of significant 

importance to carry out theoretical evaluation and predict potentially good 

electrical pumping candidates, which require a large stimulated emission 

cross section [119,120].  

With that in mind, the goal of this study is to propose a general 

computational protocol to systematically screen out electrically pumped 

lasing molecules over a range of organic solid-state fluorescent materials, 

with the assistance of efficient electronic structure calculations based on 
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density functional theory (DFT) and time-dependent DFT (TD-DFT). The 

ability of realizing general lasing behavior will be evaluated from one 

perspective that is closely related to the stimulated emission cross section, 

which is the emission oscillator strength, and its relationship with other 

factors such as the molecular length.  

4.1.2. Structural Properties of Molecules 

The thiophene/phenylene co-oligomers (TPCOs) are ranked as a 

newly occurring class of organic semiconductors. The materials are 

characterised by that thiophenes and phenylenes are hybridised at the 

molecular level with their various mutual arrangements. These molecular 

arrangements produce peculiar morphological features in the solid state and 

excellent electronic and optical properties. In this study, those 

characteristics have been outline in light of the structure/property 

relationship with central emphasis upon the crystal structure and its 

relevance to the leading-edge optoelectronic functionalities. These topics 

are most suitably approached by device studies including field-effect 

transistors and light-emitting devices. The device characteristics in close 

connection with current-injected lasers will be described as shown in 

Figure 4.1 and Table 4.1. 
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Figure 4.1. The optimized single molecules. 

The crystal structure of the thiophene/phenylene co-oligomers 

(TPCOs) is characterised by the molecular layered structure, this structure 

being very often observed for crystals of ‘‘direction-defined’’ long 

molecules with a large aspect ratio [117]. As far as the straight-chain 

molecules like oligophenylenes are concerned, the layered structure can be 

seen for the compounds of two aromatic rings or more . In their crystals, 

the molecules tend to be disposed with the molecular long axes tilting with 

respect to the bottom crystal plane [117,125,126]. The tilting can be 

measured by an angle between the molecular long axis and the normal to 

The bottom crystal plane [127,128]. In the case of the straight-chain 
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molecules the said angle is around 10–20° [117]. The tilting angles, 

however, are generally small with the non-straight molecules typified by 

the TPCOs [127-130]. Here the molecular long axis is defined as a line 

connecting the terminal carbon atoms of the molecule. In the case of phenyl 

(thiophene) terminals, the relevant carbon atoms are located at the p-

position on phenyls (α-position of thiophenes) [127-130]. Figure 4.1 shows 

optimized molecules under study in this thesis. The structural aspects of 

these molecules are distinguished by various molecular lengths, since the 

shortest molecule (P3T) has a molecule length of 2.089 nm, while the 

longest one (P11T) posses 5.271 nm. All structural aspects are shown in 

Table 4.1. 

Table 4.1. The structural aspect of all molecules. L (H…H), is the 

molecule length, D (Au…Au), is the molecular length. X is the bond length 

(Au…C). Z (D – 0.25), is the theoretical electrodes separation. C–C is the 

carbon-carbon single bond. C=C is the carbon-carbon double bond. C–S is 

the carbon-sulfur single bond. 

Molecule L  

(nm) 

D 

 (nm) 

X 

 (nm) 

Z 

(nm) 

C–C 

(nm) 

C=C 

(nm) 

C–S 

(nm) 

 

P3T 

 

2.089 

 

2.376 

 

0.245 

 

2.126 

 

0.149 

 

0.139 

 

0.168 

 

P5T 2.866 3.155 0.245 2.905 0.149 0.139 0.168 

P7T 3.653 3.940 0.245 3.69 0.149 0.139 0.168 

P9T 4.442 4.720 0.245 4.47 0.149 0.139 0.168 

 

P11T 5.271 5.561 0.245 5.311 0.149 0.139 0.168 
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Figure 4.2. The optimized molecular junction of all structures. 

 

To provide further insight, and to better evaluate the properties and 

behavior of these molecular junctions, calculations using a combination of 

DFT and a nonequilibrium Green’s function formalism were also carried 

out. Eight layers of (111)-oriented bulk gold with each layer consisting of 

6×6 atoms and a layer spacing of 0.235 nm were used to create the 

molecular junctions, as shown in Figure 4.2. The optimized molecular 

junction geometries conform well to a description of the phynel-gold 

contacted compounds forming an angle of 160º contact between the carbon 
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anchor atom and the undercoordinated gold atoms of the gold electrodes. 

As expected, Figure 4.2, and Table 4.1 show that the phynel contacted 

compounds are oriented normal to the idealized pyramidal gold electrode 

surface within the molecular junction. Also, the molecular length of 

structures increses with increasing of sulfur atoms from 3 sulfur atoms for 

the shortest molecule to 11 atom for the longest molecule. 

 

4.1.3. Spectral and Electronic Properties of Molecules 

            In particular, the emission characteristics are deeply connected with 

the molecular symmetry and alignment. As already stated previously, the 

emission oscillator strength value can be subtly and precisely tuned by 

choosing the TPCO materials with a suitable molecular length and a 

desired mutual arrangement of thiophenes and phenylenes within the 

molecule. Because of the nearly upright molecular alignment the emission 

dominates from crystal edges. Figure 4.3 represents this feature with 

several molecule length. These results reflect the superior ability of the 

optical confinement is one of the attractive characteristics of the TPCOs 

and makes their crystals an excellent candidate for laser media. In relation 

to the light amplification such emission behaviour is advantageous for 

causing spectrally narrowed emissions including the laser oscillation.  
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Figure 4.3. Represents the absorption, emission and emission oscillator 

strength of all molecules. 

 

Figure 4.3 presents the absorption and emission results for all 

molecules under study in this thesis. Initially, it can be noticed that the 

absorption intensity of molecules have increased with increasing of the 

molecule length from 70000 (a.u.) to 180000 (a.u.). In fact, figure 4.3. 

illustrates that P3T molecule has the smallest emission oscillator strength ( 

fem) (1.6), while, the highest value of  fem is intrudesed via P11T molecule as 
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shown in Figure 4.4 and Table 4.2. It is well known that the light 

amplification from these structures at room temperature will be difficult, 

which consistent with previous studies [131]. Since, the calculated 

emission cross section σem of a laser transition is consider an important 

parameter in a laser gain medium. It can affect laser performance in terms 

of threshold energy, output energy, maximum gain, etc. Under 

conventional lasing mechanism, a large σem is a prerequisite of a good laser 

gain medium [132]. Theoretically, for a given photoluminescence (PL) 

material, σem is directly proportional to the emission oscillator strength 𝑓𝑒𝑚 

via [132]: 

               𝜎𝑒𝑚(𝑣) =
𝑒2

4𝜀0𝑚𝑒𝑐0𝑛𝐹
𝑔(𝑣)𝑓𝑒𝑚                                                 (3.1) 

where e is the electron charge, ε0 is the vacuum permittivity, me is the mass 

of electron, c0 is the speed of light, nF is the refractive index of the gain 

material, ν is the frequency of the corresponding emission, and 𝑔(𝑣) is the 

normalized line shape function with ∫ 𝑔(𝑣) 𝑑𝑣 = 1. According to the 

aforementioned facts, all molecules have a high value of fem, which directly 

leads to high σem, and therefore any of these materials is possible to be a 

good optical gain medium in practice. In addition, these results predicate a 

fact that the molecules with short molecule length properties (see Figure 

4.4 and Table 4.2), possess a lower fluorescence, and hence they are not 

suitable for laser gain media, which is consistent with references [133-135].                                                   
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On the other hand, molecules with a long molecule length have a good 

emission oscillator strength (fem), since they owned fem > 2, and that means 

those structures are promising candidates for laser gain medium. 

Furthermore, most of molecules have produced the maximum emission at 

wavelengths ranging from 558 to 688 nm, which is in the visible region. 

These results bring us to an important outcome that those molecules could 

be powerful for the optoelectronic applications such as light emitting 

diodes. 

Table 4.2. Emission strength oscillator (fem). Maximum wavelength (λMax).. 

HOMOs and LUMOs energies. HOMO-LUMO energy gaps.  

 

 The electronic structure calculations of any system are an 

important tool to explore and understand the different properties of 

molecules. Therefore, the charge distribution, energies, and molecular 

orbitals (HOMOs and LUMOs), for all molecules have been calculated 

using the Gaussian package [136,137], as shown in Figure 4.4. 

Molecule fem  

 

λMax 

 (nm) 

HOMO 

 (eV) 

LUMO 

(eV) 

H-L Gap 

(eV) 

 

P3T 

 

1.6 

 

475 

 

1.4 

 

1.0 

 

2.14 

 

P5T 2.43 558     1.2 0.9 2.1 

P7T 3.14 617     1.13 0.8 1.93 

P9T 3.8 659     1.1 0.8 1.90 

 

P11T 4.5 688     0.87   0.56 1.43 
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Figure 4.4. Iso-surfaces (±0.02 (e/bohr3)1/2) of the HOMOs and LUMOs, 

and emission oscillator strength for all molecules.  

 
 

First of all, these results show that the value of HOMO-LUMO gap 

has been varied from 2.14 eV for P3T to 1.9 eV for P9T. Then, it 

dramatically shrinked from 2.14  eV    for P3  to 1.43 eV for P11T. These 

results can be ascribed to the influence of the quantum size effect, which its 

influence appears due to changing the molecule length from 2.089 nm for 

P3T to 5.271 nm for P11T. An important point that can be observed from 

Figure 4.4, that the HOMOs and LUMOs of the first two molecules P3T 

and P5T are more character over all the backbone of these molecules. 

While, the rest of structures showed weight less of HOMOs and LUMOs, 

and that could explain in terms of long tunnelling distance that have been 

propagated via electrones. These results may aid to put a suitable 
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interpretation of the emission oscillator strength results shown in Figure 

4.4. Since the lowest value of fem (1.6) is introduced by P3T molecule, 

which has the shortest molecule length (2.089 nm), as shown in Table 4.1 

and Figure 4.1, and the biggest HOMO-LUMO gap (2.14eV). Then, the 

emission oscillator strength increased dramatically with increasing of 

molecule length to reach the highest value (4.5 nm) for P11T molecule, 

which possess the longest molecule length (5.271 nm), and the lowest 

HOMO-LUMO gap (1.43 eV). 

Again, in light of the quantum size effect, which appeared due to the 

relationship between the tunnilling distance and HOMO-LUMO gap, these 

results could be explained in terms of the contribution of both the charge 

recombination and emission, which are take place more effectively by 

switching the gate bias more frequently and more suddenly. Figure 4.4 

shows that the long molecule length leads to long tunnilling distance, and    

the later leads to lowest HOMO-LUMO gap, and vis versa. All these 

opeartions result to an important consequent, which is the effective charge 

recombination and emission processes. According to that, the interpretation 

could be as follows; Suppose at a certain point of time holes are presented 

predominantly in the molecule. If the next moment the bias of molecule 

part is made positive, electrons are injected via the other part of molecule 

which is a more negative. This causes charge recombination and 
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subsequent light emission. When after this process the polarity of 

molecules parts is switched to negative, holes are injected from the 

opposite part, once again leading to the charge recombination and 

emission. Thus, by alternately switching the molecule parts bias polarity, 

electrons and holes are injected alternately as well to cause the light 

emission, which is reflected by the high value of the emission oscillator 

strength as shown in Table 4.2.  

Now, these outcomes are a good example that integrates charge 

transport and light emission. It could be concluded these molecules could 

be a powerful candidate for organic current-injected laser device and light-

emitting transistors (LETs). Therefore potentially useful for the display 

technology. When the organic light-emitting diode (OLED) devices are 

applied to the display, those devices usually require transistors for 

controlling their luminance. In the LETs, on the other hand, the luminance 

can be modulated by changing either a drain–source voltage or a gate 

voltage, without any additional devices. Thus the display panels using the 

LETs have the great advantage of largely reducing both the number of 

devices and the circuit complexity. Finally, the results of figure 4.4 indicate 

to a considerable result that the transport mechanism of charges is LUMO-

dominated transport, which is consistent with transmission spectra.  
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4.1.4. Electric and Thermoelectric Properties of Molecules 

 

Figure 4.5. Represents the transmission coefficient as a function of the 

electrons energy of all molecular junctions. 
 

Figure 4.5 reflects an important fact that the molecular length or the 

number of thiophene unites not only affected the transmission coefficient 

value but also it influenced the width of HOMO-LUMO gap.  

These results can be interpreted in terms of the combation of 

electrons path and quantum size effects, since the increasing of thiophene 

unites increased the length of electrons path, which increased the tunnelling 

distance and that resulted to decrease the transmission coefficient value. In 

contrast, the width of the HOMO-LUMO gap becomes narrow with 
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increasing of the molecular length, which ascribed to the impact of the 

quantum size role. Depending on this, it can be observed that the shortest 

molecule P3T (2.089 nm) as shown in Figure 4.1, exhibits the highest 

transmission (7.44×10-6) as shown in Figure 4.4 and the widest HOMO-

LUMO gap (2.14 eV), while the longest molecule P11T (5.271 nm) offers 

the lowest transmission (1.15×10-8) and narrowest gap (1.43eV). In general, 

the transmission coefficient value of all molecules is high, and that can 

understand in terms of the quantum interference is a constructive 

interference and there is no a destructive interference signature within the 

gap. The order of the transmission is T(E)P3T > T(E)P5T > T(E)P7T > T(E)P9T 

> T(E)P11T. In the same way, the order of HOMO-LUMO gap is H-L gapP3T 

> H-L gapP5T > H-L gapP7T > H-L gapP9T > H-L gapP11T. These results 

support the previous outcomes and provide a rubest evidence that 

increasing the molecular length led on the one hand to reduce the HOMO-

LUMO gap, which effectively contributed to creating the radiative 

recombination mechanism of charge carriers, which in turn led to a 

significant increase in the emission oscillator strength, and a sharp lowering 

of the electronic transmission coefficient. On the other hand, Figure 4.5 

gives a clear picture of the behavior of electrons transfer through the outer 

orbitals (HOMOs and LUMOs), as well as showing that there is no 

indication of the destructive quantum interference, and therefore the 

electrons transfer through these molecules may be governed by the 
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constructive quantum interference, and the transport mechanism of charge 

carriers is the LUMO-dominated transport. 

 

Figure 4.6. Decay constant β (nm-1), and transmission coefficient (T(E)) 

for the molecular series T3P, T5P, T7P, T9P and T11P as a function of the 

electrons energy. 

 

Figure 4.6 shows the relationship between the attenuation factor (β) 

and the electronic transmission coefficient, as the increase in the decay 

factor as a result of increasing the molecular length led, on the one hand, to 

a noticeable reduction of the transmission coefficient, and on the other 

hand, it increased the recombination processes. In addition, DFT 

computations showed that both the transmission coefficient and the decay 

constant depend in a very sensitive manner on the position of the contact 

Fermi energies within the HOMO – LUMO gap, and at the highest value of 
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the radiative recombination process has been obtained at the theoretical 

Fermi energy (0.0 eV).  

 
Figure 4.7. The transferred electrons from molecule (Γ), and the electronic 

transmission coefficient of all molecules. 

 

Figure 4.7 shows a very important result, especially for this kind of 

molecules, as it is known that increasing the number of tranfered electrons 

leads to an increase in the transmission coefficient, but the exact opposite is 

provided by the results presented in Figure 4.7. Notably, the molecule P3T, 

that posses the lowest Γ value, grants the highest transmission coefficient. 

The contrary is true for the P11T molecule, which has the highest value of 

Γ and the lowest value for the transition coefficient. These transport 

electrons of molecules P5T, P7T, P9T and P11T could be lost only in one 

way, which is the recombination process. Therefore, these results confirm 
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and support the previously presented results, which predicted that this type 

of structures could be an effective organic current-injected laser device and 

light-emitting transistors (LETs), because the recombination processes of 

the charge carriers in this type of molecules occur frequently and very 

effectively as shown in the inset of the Figure 4.7. These processes, in turn, 

lead to a significant increase emission oscillator strength, as shown in 

Figure 4.3. 

Table 4.3. eM is the number of electons on molecule in a gas phase. eJ is the 

number of electons on molecule in a junction. Γ is the transferred electrons. 

T(E) is the transmission coefficient. 

 

 

 

 

 

 

 

 

Now, it is interesting to consider what would happen with the 

thermoelectric properties of a single molecule junction as a function of the 

molecular length. Here this study will show that the thermoelectric 

properties, thermopower (S), electrical conductance (G/G0) and current-

voltage (I-V), characterized by the electronic figure of merit (ZTe), can be 

Molecule eM  

 

eJ 

  

Γ 

  

T(E) 

 

P3T 

 

48 

 

16.64 

 

31.36 

 

7.44×10-6 

 

P5T 80 27.70   52.29 9.09×10-7 

P7T 112 38.77   73.22 1.03×10-7 

P9T 144 49.84   94.15 1.20×10-8 

 

P11T 176 62.00     113  1.15×10-8 
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tuned as a function of the theoretical electrode separation, in a single PT 

molecule junction (Au/TP/Au). This study also propose a strategy to obtain 

the maximum ZT of molecular junctions in general. 

 

 

Figure 4.8. Theoretical model to calculate the thermoelectric properties of 

molecules. 

 

To take out a body of data regard to thermopower behaviour and 

figure of merit of the representative thiophene/phenylene co-oligomers 

(TPCOs), P3T, P5T, P7T, P9T and P11T. Figure 4.8 shows a theoretical 

model to calculate the thermoelectric properties of molecules that 

connected between a hot lead with a high temperature (Th), and a cold lead 

with a low temperature (Tc <<< Th). This model and according to the 

Seebeck coefficient equation, as shown in Figure 4.8 confirms S is 
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proportional to the negative of the slope of lnT(E), evaluated at the Fermi 

energy. 

 

 

Figure 4.9. a) Thermopower (S) as a function of Fermi energy; b) 

Electrical conductance (G/G0) as a function of Fermi energy; c) Electronic 

figure of merit (ZTe) as a function of Fermi energy; d) Current-Voltage 

characteristics. 

 

The computed values of the thermopower were nagative and ranging 

between -1.55 μVK-1 for P3T to -23.42 μVK-1 for P11T as shown in figure 

4.9a and Table 4.4. These results demonstrate an important role of the 

occupied molecular orbitals in determine the electrons transport mechanism 

which is a LUMO-dominated, and so the value and sign of the 

thermopower for all molecules. The midgap mechanism (see Figure 4.9b) 

points out that the position of Fermi energy is also a significant parameter 

because a small change in it could leads to different results for the 
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conductance and thermopower. Figure 4.9c shows the results of the 

electronic figure of merit, which is a quantity used to characterize the 

performance of a device, system or method, relative to its alternatives. 

Interestingly, the molecule P3T exhibits the lowest figure of merit 

(9.66×10-5), while the highest value (1.93×10-2) has been shown via 

molecule P11T. These results prove that the calculated single-molecule 

conductance value (see Figure 4.9c), at the most probable Fermi energy is 

the crucial parameter in determining the value of the figure of merit, even if 

the thermopower value was high. Undoubtedly, the outcomes of 

conductance (G), thermopower (S) and electronic figure of merit (ZTe), 

which illustrated in figures 4.9abc respectively, indicate to an existence of a 

relation between these parameters. Since the high G results in a low S, 

which in turn leads to low ZTe.  

Based on our ab initio calculations, we show that the thermoelectric 

properties of a single molecule junction can be tuned by molecular length 

strategy. For the Au/PT/Au junction. Furthermore, the Seebeck coefficient 

is negative, indicating that it is dominated by the HOMO, and it increases 

as the HOMO level, which is associated to the sulphur atom, tends towards 

energies close to the Fermi energy. These results point out the intense need 

for further inspection with a goal to more insight and understanding of the 

thermoelectric properties and their applications. 
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Primarily, Figure 4.9d shows molecular junctions with current-

voltage (I–V) characteristics curves which pass through the second 

quadrant, which means that they are active components, power sources, 

which can produce electric power. In addition, these results show threshold 

voltage (Vth), which is one of the most important physical parameters to 

determine and predicate the appropriate application, such as a field-effect 

transistor (FET), diodes and light emitting diodes. Threshold voltage is 

defined as the gate voltage at which the device starts to turn on. The 

accurate modeling of threshold voltage is important to predict correct 

circuit behavior from a circuit simulator. Figure 4.9d predicates that the Vth 

of these molecular junction is between 0.5 V to 0.8 V (see Table 4.4), 

which makes them perfect candidates for electronic and optoelectronic 

applications. 

Table 4.4. Thermopower (S). Electrical conductance (G/G0). Electronic 

figure of merit (ZTe). Threshold voltage (Vth).  

 

 

 

 

 

 

 

Molecule S  

(μVK-1)  

 

G/G0 

  

ZTe 

  

Vth 

(V) 

 

P3T 

 

-1.55 

 

0.74×10-5 

 

9.66×10-5 

 

0.8 

 

P5T -2.19 0.92×10-6   1.91×10-4 0.75 

P7T -4.04 0.1×10-6   6.38×10-4 0.7 

P9T -6.66 0.12×10-7   1.71×10-3 0.65 

 

P11T -23.42 0.1×10-7   1.93×10-2   0.5 
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4.2. Theoretical Investigation and Prediction of Promising 

Organic Molecules for Optical and Electronic 

Applications 
 

4.2.1. Introduction 

One of the success stories in the field of organic optoelectronics is 

that of the organic light-emitting diode which has already percolated from 

research laboratories to household electronics [138,139]. Another 

promising field is that of organic field-effect transistors (OFETs), which 

has the potential to morph into flexible devices [140-142]. Organic light 

emitting transistor (OLET) combines both the electrical switching 

capability of OFETs and the light-generation capability of organic light-

emitting diodes (OLEDs) in a single molecule device, in which the 

intensity and recombination zone of electroluminescence (EL) can be 

effectively tuned by applying gate voltage [143-146]. A successful 

development of OLET technology can greatly simplify the display 

fabrication process and lead to new applications in electrically pumped 

organic lasers [147-150]. and smart displays [151].  

An efficient OLET should exhibit the following characteristics: a 

large emission oscillator strength (fem), a high charge mobility, a low 

applied voltage, a high external quantum efficiency (EQE), and tunable 

recombination zone [143-145]. Moreover, effective ambipolar charge 
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transport requires materials with proper matching of the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energy levels with the Fermi energy level of metal electrodes. 

Unfortunately, strong intermolecular π−π stacking will likely quench 

luminescence in the solid-state. Thus, organic systems with high solid-state 

emission quantum yields generally exhibit less planar, but rigid structures, 

which necessarily impede charge transport and result in low charge carrier 

mobility [152]. 

Thus, the development of new materials exhibiting proper energy 

level alignment, high photoluminescence quantum yield (PLQY), has 

become critical for further progress in this area. In this study, a family of 

oligo(phenylene ethynylene) (OPE) with different transport connection 

points para, meta, and ortho (see Figure 4.10), have been proposed to 

investigate a new stratege depending on the quantuam interference to 

enhance and develop the optoelectronic and thermoelectric properties.   

 

Figure 4.10. Constructive and Destructive Quantum Interferences via 

Different transport connection points. 
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4.2.2. Frontier Molecular Orbitals and Electrons Transfer 

 
 

Figure 4.11. Iso-surfaces (±0.02 (e/bohr3)1/2) of the HOMOs and LUMOs. 

 

The studies of the scattering patterns of the frontier molecular orbital 

(FMO) is very important to depicted the optoelectronic properties of the 

designed molecules because these are related to the excitation properties of 

the molecules. The plots of FMO’s of the designed molecules including 

highest occupied molecular orbital (HOMO) and lowest unoccupied 
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molecular orbital (LUMO) at the ground states (S0) are shown in the Figure 

4.11 Furthermore, we have investigated distribution patterns for each 

molecule in terms of partial density of states (PDOS) and the total density 

of states (TDOS) based on Mullikan population analysis. The percentage 

contribution of each atom in the composition of molecular orbital have 

been studied by using Mullikan population analysis approach as shown in 

Figure 4.12. 

These orbitals are real functions and have either a positive or 

negative [153,154] sign. Crucially, the sign of the HOMOs on the left side 

of the backbone of molecule are of opposite to the sign on the right side, 

whereas the LUMOs have the same sign on the left and right the backbone. 

As discussed in a previous study [153], this means that for each molecule, 

the HOMO orbital product is negative and the LUMO orbital product is 

positive. Therefore, their inter-orbital quantum interference is constructive 

within the HOMO-LUMO gap. In addition, Figure 4.11 shows that the 

LUMOs of all molecules are extended over the backbone.  
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Table 4.5. eM is the number of electron on molecule when molecule in gas-

phase. eJ is the number of electron on molecule when molecule in a 

junction. Γ = eM – eJ is the number of transfer electrons. HOMOs and 

LUMOs energies. HOMO-LUMO energy gaps. 
 

 
 

Table 4.5 shows HOMO and LUMO energies and energy gaps 

between HOMO and LUMO all designed molecules. The trend for HOMO-

LUMO energy gaps is PPPH-Lgap > PMPH-Lgap ≥ MMMH-Lgap > MPMH-Lgap > 

OPOH-Lgap. The smaller energy gap is observed for OPO molecule (2.79 

eV). These results could be interpreted in terms of a high electronegativity 

of the carbon atoms in the backbone of the molecule, so it enhance the 

delocalization of pi-electrons by pulling the electron density from the side 

gropus, and therefore an increase in HOMO energy and pronounce increase 

in LUMO energy is observed. Depending on this, the difference in the 

HOMO-LUMO gap value of these molecules may be ascribed to the 

different position of the donor atoms (Nitrogen atoms), which may led to a 

difference in the value of the electronegativity. 

Molecule eM  

 

eJ 

  

   Γ  HOMO 

 (eV) 

LUMO 

(eV) 

H-L Gap 

(eV) 

 

PPP 

 

28 

 

22.09 

 

    5.91 

 

    2.63 

 

1.2 

 

3.83 

 

PMP 28 25.07     2.93     2.77 1.0 3.77 

MMM 28 26.02     1.98     2.8 0.96 3.73 

MPM 28 21.05      6.95     1.93 1.35 3.28 

 

OPO 28 18.87      9.13     2.04   0.75 2.79 
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Figure 4.12. Theoretical model of electrons transfer based on Mulliken 

population analysis approach. 

 

Figure 4.12 exhibits a simple theoretical model of the transfer 

electrons (Γ) between the molecule atoms themselves, and on onthor hand, 

between the molecule and electrodes as shown in Table 4.5 and Figure 

4.14, based on Mulliken population analysis approach. In this context, it 

may be worth mentioning, that when a molecular wavefunction is obtained 

by quantum mechanical calculations, one wishes to extract useful 

chemical-physics information from it or to interpret it in terms of more 

intuitive chemical notions. For a molecular wavefunction in the a linear 

combination of atomic orbitals olecular orbitals (LCAOMO) 

approximation, the most frequently used method is Mulliken population 

analysis [155]. At the first stage of the analysis the electron population is 
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partitioned into individual atoms and bonding regions. The magnitude of 

the population in a particular bond may be regarded as an indicator of the 

bond characteristics. At the second stage, the electron populations assigned 

to bonding regions are divided into individual atomic sites. The result is a 

point-charge model of the molecule, consisting of a set of gross atomic 

charges. From a theoretical point of view, it may well be argued that the 

very notion of atomic charges in a molecule has no concrete theoretical 

basis.  
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4.2.3. Emission Oscillator Strength (fem) 

 
 

Figure 4.13. Represents the absorption, emission and emission oscillator 

strength of all molecules. 

 

Figure 4.13 shows that the absorption intensity fluctuated 

dramatically, since its value was 84248 a.u. for  the molecule PPP, with 

three para transport connection points, then it decresed sharply to 40809 

a.u. for the molecule MMM, with with three meta connection points. The 

lowest value (5964 a.u.) of the absorption intensity is presented by PMP 

molecule, whereas the highest value (87102 a.u.) introduced via OPO 
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molecule. In addition, it could be observed that the maximum wavelength 

(λmax) for all molecules lies in the visible region, and there is also a 

fluctuation from 317 nm for PMP to 372 nm for MMM. Based on these 

results, we can conclude that changing the transport connections from para 

to meta or ortho not only affects the intensity of the absorption, but also 

leads to a displacement in wavelengths. 

 

Figure 4.14. The transferred electrons from molecule (Γ), and the emission 

oscillator strength (fem) of all molecules. 

 

The second important result is exhibited in figures 4.13 and 4.14, and 

Table 4.6. which is the emission oscillator strength (fem), and it relationship 

with the electrons transfer and transport connection points. The molecules 

with para connection in the central part of molecule, PPP, MPM and OPO 

produce the highest fem (2.08, 2.145 and 5.15 respectively), while the 



Chapter Four                                                          Results and Discussions 

  
  

 92   
 

molecules with meta connection in the central part of molecule, MMM and 

PMP, show the lowest fem (0.154 and 0.145 respectively).  

 

Table 4.6. Emission strength oscillator (fem). Maximum wavelength (λMax). 

Absorption intensity (A). Emission intensity (E). 

 
 

 

 

 

 

 

 

 

 

 

The order of emission and absorption intensities and the emission 

oscillator strength (fem) is OPO > MPM > PPP > MMM > PMP. These 

results can formulate for us a promising theoretical strategy for choosing 

the structures and materials that can serve as an active laser medium. Since, 

the emission cross section (σem) of a laser transition is consider an 

important parameter, because it can impact the accomplishment of laser in 

terms of the threshold energy, output energy, maximum gain, etc.. 

[156,132]. In other words, the high value of emission cross section (σem) 

leads to high gain laser, and since it is a direct proportion between the 

emission cross section and the emission oscillator strength. Therefore, our 

Molecule fem  

 

λMax 

 (nm) 

A 

 (a.u.) 

E 

(a.u.) 

 

PPP 

 

2.08 

 

358 

 

84248 

 

2819 

 

PMP 0.145 317   5964 251 

MMM 0.154 372   40809 1036 

MPM 2.145 358  86884 2911 

 

OPO 2.15 352   87102  3019 
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theoretical strategy to enhance the emission via change the transport 

connection points of molecules can be a powerful way to develop the laser 

technique. 

4.2.4. Junction Formation Probability and Transmission 

Coefficient 

 

Figure 4.15. The optimized molecular junction of all structures. 

To obtain a good insight, and to better evaluate the properties and 

behavior of these molecular junctions, our results for the structural, 

electronic and thermoelectric evolutions of the junction Au/OPE/Au are 

based on functional theory (DFT) calculations [157-159]. We used a PBE-
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GGA functional [160] and norm-conserving pseudo-potentials [161] as 

implemented in the SIESTA code [162,163]. 

Numerical atomic orbitals were used as basis sets [164]. We 

employed a double-zeta basis with a polarization function (DZP) for the 

whole system. The confining energy shift was 0.05 eV and an energy cut-

off of 240 Ry was used to the grid integration. For the surface Brillouin 

zone (BZ) sampling we have used a (111) Monkhorst–Pack set [165]. 

Moreover, in our calculations the self-consistency is achieved when the 

change in the total energy between cycles of the SCF procedure is below 

10-4 eV and the density matrix change criterion of 10 -4 is also satisfied. 

These criteria are enough to ensure convergence in the calculated total 

energy of 0.05 eV. 

To obtain the geometries as shown in Figure 4.15, the supercell was 

such that the molecule would be connected to the two sides of the Au slab. 

The Au slab was modelled by a (6×6) surface unit cell and eight layers of 

gold. In all calculations the positions of the OPE atoms and the Au atoms 

on the first two layers at either side were allowed to relax until the forces 

were smaller than 0.02 eV Å-1. 
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Figure 4.16. Represents the transmission coefficient as a function of the 

electrons energy of all molecular junctions. 

 

Charge transport characteristics of single-molecule junctions formed 

from the molecules in Figure 4.15, were investigated using GOLLUM code 

[166] to simulate of scanning tunnelling microscopy (STM) technique. 

Figure 4.16 displays the transmission coefficient T(E) versus the electrons 

energy of molecule PPP, PMP, MMM, MPM and OPO. The highest value 

(6.73×10-5) of T (E) is presented via PPP molecule, which could be assign 

to a perfect formation of the single-molecule junction. Significant 

difference of T(E) are observed for other molecules, as shown in Figure 

4.16 which ascribed to the the variety of connectivities of the central ring 

(see Figure 4.15) and locations of the nitrogen in the anchor units, while for 
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molecule PPP, the para connection in both central and terminal rings, 

which leads to the highest transmission coefficient. As shown in Table 4.7 

and Figure 4.16, the lowest value (1.26×10-8) of T(E) is exhibited by OPO 

molecule. These results could be understood in terms of the junction 

formation probability (JFP), since JFP is 100% for molecules PPP, PMP, 

MMM and MPM. Whereas, for OPO molecule the JFP decreased sharply 

to almost zero, and there is no junction as shown in Figure 4.15,  because 

Nitrogen (N) atoms in the terminal ortho pyridyl is partially hidden from 

the electrode surfaces and therefore it is difficult to form a bridge between 

the two gold electrodes.  

 

Table 4.7. L (N…N), is the molecule length, D (Au…Au), is the molecular 

length. X is the bond length (Au…N). Z (D – 0.25), is the theoretical 

electrodes separation. T(E) is the transmission coefficient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Molecule L  

(nm) 

D 

 (nm) 

X 

 (nm) 

Z 

(nm) 

   T(E) 

 

PPP 

 

2.19 

 

2.6 

 

0.23 

 

2.35 

 

6.73×10-5 

 

PMP 2.19 2.6   0.23 2.35 5.02×10-6 

MMM 1.97 2.14   0.23 1.89 1.76×10-7 

MPM 1.97 2.14   0.23 1.89 4.43×10-7 

 

OPO 1.7 2.87   0.23 2.62  1.26×10-8 
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Table 4.7 shows that theoretical electrode separations (Z) follow the 

trends ZOPO >  ZPPP =  ZPMP and ZMMM = ZMPM that correlate with the 

molecular distance (D), demonstrating that the gold-anchor link is 

primarily controlled by the gold–nitrogen bonds. Therefore, it is clear that 

changes in the position of the N atom within the anchors affects both the 

JFP, as well as the transmission coefficient as shown in Figure 4.16. Unlike 

the PPP molecule, the other molecules possess anchoring nitrogen atoms 

located at meta or ortho positions within the terminal rings that do not 

naturally bind to electrode surfaces, as shown in Figure 4.15. 

Another result has been reflected from Figure 4.16 which is worth to 

mention that the changing from para to meta in the central ring for 

molecules PPP and MMM, caused the transmission coefficient to drop by 

two orders of magnitude, and these results are consistent with  previous 

studies [167,168,169,170]. On the other hand, the terminal ring of the 

MPM molecule reduces T(E) by an order of magnitude in comparing with 

that of PMP molecule. Thus, this study demonsterated the important 

contribution of constructive and destructive quantum interferences in the 

terminal and central aromatic rings to the transmission coefficient, which in 

turn with a collaboration of the JFP affacted the electrons transfer factor 

(Γ), which influenced the radiative recombination, and the latter impacted 

strongly the emission oscillator strength (fem), and led to the results 

presented in figures 4.13 and 4.14. 
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Figure 4.17. Represents the transmission coefficient T(E) as a function of 

the theoretical electrodes separation (Z) of molecules PPP, MMM and 

OPO. The insert figure shows the emission oscillator strength (fem) as a 

function of Z for the same molecules. 
 

 

The results shown in Figure 4.17 illustrate the confusion that may 

appear to the reader regarding the previous results of the molecules OPO 

and MMM for their transmission coefficient and emission oscillator 

strength values. First of all, the OPO molecule has the highest fem and the 

lowest T(E), and this result in fact confirms an important role of the 

junction formation probability (JFP) in prevent the electronic transport 

between the molecule and electrodes, which in turn increased the radiative 

recombination, and the later led to high emission oscillator strength value.  

On the other hand, the ortho and para connectivities of OPO molecule 

create a constructive quantum interference, which improves significantly 

the electronic transport between its atoms, which for sure increased the 
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emission intensity (3019 a.u.) of this molecule, as shown in Table 4.6 and 

Figure 4.13. 

In contrast, Figure 4.17 shows the molecule MMM with meta 

connectivities possess the lowest fem, and T(E). This result indicates to the 

effective influence of the destructive quantum interference in block the 

electroinc transport between molecule atoms, as well as between molecule 

and electrodes. As a consequence, the emission intensity (1036 a.u.) was 

very low, as shown in Table 4.6. For PPP molecule with para 

connectivities, the high junction formation probability (JFP) and the 

constructive quantum interference aided to increase both the transmission 

coefficient and the emission strength oscillator. Finally, These result bring 

us to an important fact that those molecules could be powerful for the 

optoelectronic applications such as light emitting diodes.   
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5.1. Conclusions  

 
In conclusion, section 4.1 have described various features of the 

thiophene/phenylene co-oligomers (TPCO) materials. It includes the 

characteristics of the TPCO structures and their relevance to the 

structure/property relationship. 

1- In relation to the important future application, we dealt with 

several features associated with the laser oscillation from the 

organic semiconductors, such as the emission oscillator strength, 

HOMO-LUMO gap, charges distribution and orbitals, as well as 

the transmission and seeback coefficients. It could be concluded 

that molecular length manipulation strategy is an effective method 

to control and enhance the properties of TPCO-based devices and 

their applications. Since, the increasing of molecule length 

enhances noticeably some of spectral, optical and thermoelectric 

(fem, H-L gap and S) properties,  

2- and on other hand it lowers some of electronic (T(E)) properties. 

We have stressed that the TPCO structures are exceptionally good 

for light emitting diode and thermoelectric applications. Their 

structures produce the effective optical quantum confinement and 

lasing characteristics within the structure, and thus may be an 

excellent candidates for the laser media. 
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3-  In addition, the TPCO materials are expected to become important 

to a solar cell development. The TPCOs may play a pivotal role in 

the field of organic semiconductor materials and their 

optoelectronic device applications. 

Section 4.2 of this thesis exhibites a theoretical study using the density 

functional theory methods of electronic and spectral properties for a family 

of Oligo(phenylene-ethynylene) OPEs with pyridyl linker groups, with 

different transport connections para, ortho and meta.  

1-  Based on the results that have been presented in this section, we 

can conclude that changing the transport connections from para to 

meta or ortho not only affects the intensity of the absorption, 

emission and emission oscillator strength but also leads to a 

displacement in wavelengths. Since, the molecules with para 

connection in the central part of molecule, PPP, MPM and OPO 

produce the highest fem, while the molecules with meta connection 

in the central part of molecule, MMM and PMP, show the lowest 

fem, as well as the maximum wavelength (λmax) for all molecules 

lies in the visible region, and there are fluctuations depends on the 

connection transport point of the molecule.  

2- On the other hand, the results of this section prove the influence of 

the constructive and destructive quantum interferences on the 

transmission coefficient, where the changing from para to meta in 
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the central ring for molecules PPP and MMM, caused the 

transmission coefficient to drop by two orders of magnitude.  

3-  Furthermore, it could be concluded that there is an important role 

of the junction formation probability (JFP) of molecule OPO in 

prevent the electronic transport between the molecule and 

electrodes, which in turn increased the radiative recombination, 

and the later led to high emission oscillator strength value. 

4- Finally, this thesis introduces a successful and powerful strategies 

to develope the organic light-emitting diodes (OLEDs) in a single 

molecule technology, which can greatly simplify the display 

fabrication process and lead to new applications in electrically 

pumped organic lasers, and smart displays. 
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5.2. Future Works 

Molecular Nanotechnology is a field that can be consider a source of 

scientific and cognitive inspiration and innovation, so I suggest some of 

ideas for the future work as follows: 

1- Study the phonon transport properties of of the thiophene/phenylene 

co-oligomers (TPCO) structures, and Oligo(phenylene-ethynylene) 

OPE molecules, and their applications. 

2- Investigation the electronic and thermoelectric properties of OPE 

molecules with different electrodes (carbon nanotubes and 

graphene).  

3- Study the optoelectronics properties of TPCO molecules under 

magnetic field effects.  
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