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Summary 

 This thesis involves three novel scientific works, could be abstracted as 

follows: The first work confirms and proves that the single-molecule 

BiCyclobentedine with anchor group applications gain attention by using 

molecules as elementary blocks of electronic components involving metallic 

atoms. Theoretically, one type of molecular-scale BiCyclobentedine-metal-

anchor groups device is used in this thesis, consisting of organometallic single 

molecules with different metals (Fe, Co, Ru and Pt), sandwiched between gold 

electrodes bound by Pyridil, thiol, thiomethyl anchor groups. 

 The electronic and thermoelectric properties of molecular junctions 

made up of single organometallic molecules are studied in this thesis. 

Exploration and understanding of the electronic properties of molecules 

coupled to metallic leads is critical for the future of molecular electronics. The 

Gaussian program and SIESTA code were used to investigate a variety of 

organometallic compounds using a combination of density functional theory 

(DFT) and the transport theory Green's function formalism (Gollum code). 

The following are the main findings of the thesis: 

The first work demonstrates that the BiCyclobentedine-metal-anchor 

molecular junctions are of particular interest because of its electronic and 

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

thermoelectric applications. Utilizing the DFT methods, and the Green’s 

function formulism, this work involves a theoretical investigation of optical, 

structural, electronic and thermoelectric properties of BiCyclobentedine-metal 

with different anchor group. This work predicates an important result, which 



is an increase of the organometallic with deferent metal and anchor group, 

leads to a significant increase of the emission oscillator strength (fem) (0.0008 

– 0.5014 mol.cm
2
.L

-1
). In contrast, the lowest electrical conductance 

(0.113×10
-3

 Siemens), is presented via in the group3 with Fe-metal, while it 

exhibits the highest thermopower (-0.113×10
-3

 μVK
-1

). This may aids in 

innovate promising new candidates for the design of optical and 

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

The second part the transmission and Seebeck coefficients for 

Au|molecule|Au configurations were computed by using DFT. The findings 

show that there is a robust anti-resonance in the transport behavior around the 

Fermi energy, only for the BiCyclobentedine-based device with all metal. This 

result is attributed to the destructive quantum interference between continuous 

and discrete states. This work not only indicates that there is a relationship 

between the electrical conductance and thermopower, but also it introduces a 

promising strategy to affect and control these characteristics via creation of 

anti-resonance phenomenon.  

The third work defines the state-of-the-art in single molecule quantum 

interference devices by bringing together, pioneering work on molecular 

wires. In addition, it exhibits a novel strategy to control the quantum 

mechanical interference and enhance the electronic and thermoelectric 

properties of the molecular based devices, and its applications. The results of 

this work show that the transmission coefficient value of closed 

organometallic for this molecule (BCP-Pt) is more than that of the rest 

molecules. Rather, it represents a mechanism to control the quantum 

mechanical interference and enhance its characteristics. 
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1.1 Introduction 

Quantum theory physics has made tremendous strides in the previous two 

decades in terms of theoretical approaches. These advancements have enabled 

scientists to produce novel materials [1, 2], reduce the structural complexity of 

electronic circuits [3, 4], and construct sophisticated simulation tools [5-7]. 

Molecular electronics has emerged as a novel topic with ever-expanding 

possibilities since 1974, when Aviram and Ratner offered the first prediction 

[8]. However, shrinking the size of an organometallic devices to near or below 

10 nm[9] necessitates the creation of new theories to describe and study the 

behavior of molecules in such domains, as well as the prediction of their 

features and phenomena [10]. For instance, DFT calculations characterize the 

ground state properties, whereas the GF (Green’s Function) relies heavily on 

DFT for transmission calculations, as it requires the system's DFT 

Hamiltonian [11]. 

Nanoscale research and engineering enable revolutionary discoveries in 

both fundamental science and technology, which may have a direct impact on 

our daily lives. It is on a level with transistor-based electronics in terms of size 

and scope. At its most fundamental level, nanoscale science is the study of 

unique phenomena and properties of materials at extremely small length 

scales, namely at the nanoscale, which corresponds to the size of atoms and 

molecules [1]. 

The nanoscience revolution has emphasized the critical need for a more 

solid quantitative understanding of matter at the nanoscale through modeling 

and simulation, since the dearth of quantitative models that accurately 

characterize newly reported phenomena has stifled development in the area. 

Recently, fundamental modeling tools such as (DFT) and molecular dynamics 
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have been used to gain new insights in the field of nanoscience [2]. Increased 

computing capabilities enabled the modeling and simulation of complex 

systems with millions of degrees of freedom as a result of advancements in 

computer technology. The entire promise of modern theoretical and modeling 

techniques, on the other hand, has not yet been realized [6]. 

Single-molecule junction devices, which consist of a single molecule 

electrically linked to two electrodes, enabling the study of a wide variety of 

quantum-transport processes at ambient temperature. These quantum 

properties are related to the orbital and spin degrees of freedom of molecules 

and are quantified by a variety of energy scales that can be modified 

chemically and physically: level spacing, charging energies, tunnel couplings, 

exchange energies, and vibrational energies. The struggle between these 

several energy scales results in a rich range of processes that researchers are 

now beginning to theoretically regulate and adjust. The state of the field of 

molecular electronics from a quantum transport perspective is addressed in 

this technical review, with a particular focus on recent theoretical results 

obtained using single-molecule junction devices and electrically conductive 

gold junctions [12]. 

To get a better knowledge of electronic transport events at the atomic and 

molecular scales, as well as the practical use of a single-molecule junction for 

molecular electronics, a reliable electronic and structural characterization 

approach for single-molecule junctions is required. Recent improvements in 

characterization techniques enable the elucidation of the unique electrical 

properties of a quasi-one-dimensional conductor used in a single-molecule 

junction. This thesis discusses some of the most recent techniques for 

deciphering the electrical and structural features of a single-molecule junction. 
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The potential uses of single-molecule junctions in electronic devices such as 

molecular switches, diodes and transistors have been explored [1,13-15]. 

Organometallic compounds are chemical compounds that contain at least 

one bond between a metallic element and an organic molecule's carbon atom. 

Even metallic metals such as iron, cobalt, ruthenium, and platinum can create 

organometallic compounds that are employed in a variety of industrial 

chemical processes and as single molecules as active media in laser devices 

[16]. 

In general, the link between a metal atom and the carbon in an organic 

complex is covalent. When metals with a very high electronegativity (such as 

Sodium and Lithium) produce these compounds, the carbon bonded to the 

central metal atom demonstrates their carbonaceous character. Organometallic 

Compounds Qualities, a few of the properties of organometallic compounds 

are summarized below. 

1- In nature, the link between the metal and the carbon atom is frequently 

extremely covalent. 

2- Organometallic compounds are frequently discovered to be hazardous to 

people (especially the compounds that are volatile in nature). 

3- The majority of organometallic compounds occur in solid forms, 

particularly those with aromatic or ring-structured hydrocarbon groups. 

4- These compounds, particularly those produced by highly electropositive 

metals, can behave as reductants [16,17]. 

As the preceding paragraphs demonstrate, the properties of 

organometallic compounds vary according to the properties of the metals that 

comprise them. The fabrication, characterization, and application of metallic 
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nanoparticles (MNPs) have advanced dramatically during the last decade [17]. 

Despite its early engagement, organometallic chemistry is only a minor player 

in the field today. However, it appears that concepts and techniques from 

organometallic chemistry are ideally suited to the synthesis of nanoparticles 

with unique physical properties [18]. 

1.2  Quantum Interference 

Quantum interference comprises a section showing another entirely 

quantum mechanical element of charge transport across single molecule 

connections — quantum interference — that occurs when the molecular length 

scale approaches the electronic phase coherence length as demonstrated three 

decades earlier by theoretical demonstration of the Aharonov–Bohm 

phenomenon in metal rings [19]. Theoretical calculations at the molecular 

level, on the other hand, do not only extend such calculations down to the 

atomic size; rather, they provide novel insights and ways for managing charge 

transport at the wave function level through chemical design and, potentially, 

electrical control. For instance, quantum interference effects can significantly 

reduce the conductance of a cross-conjugated (or meta-terminated) molecule 

in comparison to its linearly conjugated (or para-terminated) equivalent. The 

effect of quantitative interference is summarized in this work as follows: 

Quantum interference (QI) has garnered considerable attention both 

theoretically and experimentally. Numerous systems contain both constructive 

and detrimental QI. For example, a molecule with two parallel electron 

transfer pathways without a phase shift can exhibit constructive interference 

and thus have a higher conductivity, whereas a molecular junction with a 

meta-substituted pyridyl ring has a conductivity several orders of magnitude 

lower than a para-substituted pyridyl ring due to destructive QI [20,21]. This 
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may be intuitively understood from a chemical standpoint in terms of the 

electronic influence of substituents at meta- and salient positions on chemical 

reaction rate constants [22]. The low conductivity of conjugated molecular 

junctions is related to the junction transfer function's resonance impedance 

[23]. 

 

 

 

 

Figure (1.1): Shows the attachment points of the molecules with the electrodes. 

Controlling the position of this anti-resonance in relation to the Fermi 

level of the electrode may pave the way for the development of a quantum 

interference-controlled molecular switch with a potentially huge on/off ratio 

[23-24]. Technologically, the discrete energy levels at a molecular junction 

allow for the preservation of interference effects at elevated temperatures. 

Thus, the capacity to manipulate the interference effects stored in a molecule's 

chemical structure enables innovative functionality to operate at room 

temperature. Chemical structure, at its most fundamental level, regulates 

interference effects in molecular junctions [24]. 

One difficulty in exploring transport across single-molecule junctions 

that exhibit destructive interference is the very tiny bias conductance of these 

junctions. Simply demonstrating that molecular junctions exist by measuring 
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current through them is insufficient, as the current through-space component 

can be greater than the current through-bond component [25]. 

While it was known that the para-terminated molecule functioned 

normally, destructive quantum interference effects were expected to result in a 

low- or non-conductive junction in the meta-terminated state. We were able to 

find evidence for junction creation in the force signature despite the meta-

terminated molecule's lack of conductivity by doing simultaneous force and 

conductivity computations. These computations demonstrated that destructive 

quantum interference does not abate in these molecules' single-molecule 

circuits, even at room temperature and ambient circumstances. The resonance 

impedance in the transmission potential across a molecular junction is a 

characteristic of destructive interference; were able to demonstrate anti-

resonant transmission in a single-molecule junction [20,23]. 

Understanding charge transport through molecular building blocks is 

critical for designing molecularly functional electric materials and devices. At 

the nanoscale, charge transport is governed by quantum processes that may be 

manipulated through the electron wave function. Among these phenomena, 

destructive quantum interference (DQI) in single-molecule junctions refers to 

a quantum process in which electron waves move via distinct molecular 

orbitals and combine destructively. This impact results in a decrease in the 

probability of electron transmission and hence a suppression of molecular 

conductance by orders of magnitude when compared to molecular junctions 

lacking DQI [25,27]. As a result, controlling DQI in single-molecule junctions 

represents an exciting opportunity for constructing high-performance 

molecular devices such as molecular switches [21], transistors [28] and 

thermoelectric devices [29]. Chemical design has been used to manipulate 
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molecular architectures in earlier works to manage DQI, including electronic 

structure modification [28], molecular topologies modification [30], 

heteroatom substitution modification [31], and even chemical interactions to 

change molecular structures. However, these indirect approaches do not 

provide for flexible and in-situ control, and fine tuning interference remains a 

significant barrier to the manufacturing of interference-based molecular 

electronics, such as single-molecule transistors [28,32]. 

1.3 Molecular Electronics  

Molecular electronics is defined as the branch of science that studies the 

electronic transport properties of systems composed of individual molecules. 

Because certain molecular systems have dimensions of a few nanometers, 

molecular electronics should be considered a subsection of nanotechnology 

[33,34]. Molecular electronics as a prospective technology is based on a 

bottom-up approach, with the goal of assembling specialized and designed 

molecules to form increasingly complicated structures, active components, 

and connecting wires. 

Gordon Moore's astounding prediction in 1965 that the number of 

transistors per square centimeter on a silicon chip will quadruple every 18 

months [35] sparked an ongoing search for complementary technologies to 

silicon-based electronics, and molecular electronics is one such technology. 

Since the advent of accessible laboratory procedures for the fabrication of 

electrode |molecule| electrode molecular junctions and their application to the 

measurement of through-molecule conductance [36-41], the area of molecular 

electronics has grown fast. These studies enabled the investigation of the 

electrical properties of a wide variety of molecular structures, establishing a 

number of useful structure property relationships and resulting in improved 
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concepts for the design of molecular components with high electrical 

conductivity, exceptional rectification ratios, and transistor-like gated 

conductance [42-47].  

Many decades ago, some fundamental problems remained unanswered, 

such as how an electrical current flows via a single molecule [48,49]. 

Electrons traveling through a single molecule is conceptualized in two distinct 

ways [50]. The first is electron transfer, which is the process by which charge 

is transferred from one end of the molecule to the other. The second is charge 

transfer, which entails current flowing via a single molecule coupled between 

two electrodes[51]. Both are connected, as they both attempt to answer the 

preceding question. From a fundamental scientific perspective, molecule 

electronics may provide answers to earlier inquiries and may be an ideal tool 

to investigate electrical and thermal conductivity at the atomic level, where 

quantum mechanical phenomena entirely dominate [25,52-54]. 

Additionally, novel molecular phenomena such as quantum interference 

have been identified, opening up new avenues for molecular design and 

resulting in proposals for the design of molecular materials[55] with useful 

properties such as an enhanced thermoelectric figure of merit ZT and 

promisingly high power factors GS
2
 [56-60]. 

When a single molecule is linked to source and drain electrodes, the 

electrical conductance of the resulting device is controlled by the quantum 

interference pattern formed within the molecule by the source's de Broglie 

waves of electrons [61]. Motivated by the goal to increase the performance of 

molecular-scale diodes [56–66], transistors [44,63], switches [67], and 

thermoelectric devices [60,68–70], current research has focused on harnessing 

such wave patterns within heterocyclic aromatic molecules. 
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The diversity of molecules (organic and organometallic) and their diverse 

properties may result in the discovery of novel physical phenomena. 

Additionally, molecular junctions may be useful for investigating the 

fundamental principles of electron transfer pathways. However, there are 

additional technological motives, one of which is the utilization of molecules 

as electronically active constituents in a variety of applications. One of these 

reasons is related to size, as the normal size of molecules (between 1 and 10 

nm) enables a higher packing density on a device, resulting in cost, efficiency, 

and power dissipation advantages [14,15,66]. These and numerous other 

notions contribute to the appeal of molecular electronics as a subject of 

research. 

The fundamental concept of molecular electronics lies at the heart of 

nanoscience, as it is predicated on the notion that innovative devices can be 

made using elements so small that novel properties arise. Due to the intrinsic 

quantum mechanical nature of molecules, molecular devices can display 

properties that are not possible at room temperature. Indeed, by synthesizing 

functional molecules such as switches, synthetic chemists impart a level of 

flexibility and structural control that is not possible with comparable solid-

state electronics. The usage of gold-based nano-electrodes in particular has 

emerged as a potential technique due to AuNTs' intrinsic nanoscale size and 

the reduced electronic mismatch caused by having molecules and electrodes of 

different materials [15,16,34,38]. This thesis examines a variety of organic 

and organometallic compounds theoretically. The systems studied in this 

thesis were studied theoretically using two distinct techniques: (DFT), which 

are implemented in the Gaussian and SIESTA code [75,76], and the 

nonequilibrium Green's function formalism of transport theory, which is 

implemented in the GOLLUM code [77]. 
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1.4  Literature Survey 

Nowadays, molecular electronics is one of the most important fields of 

science that investigates the electronic transport and thermoelectric properties 

of structures in which a single molecule is utilized as a basic building blocks. 

M. Kiguchi, et al. [78] in 2010, investigated the relationship between 

the anchor groups and the electrical properties of molecular junctions. They 

found the contact position between electrodes and molecule will affect the 

electric conductance of single molecule junctions. 

In this context, single-molecule junctions formed from inorganic 

complexes and organometallic compounds within molecular junctions have 

attracted increasing attention. L. Luo, et al. [79] in 2011, investigated the 

electronic properties of two series of linear ruthenium (II) bis(σ-arylacetylide) 

molecular wires. They demonstrated the important role of the metal centers in 

the transport of molecular junctions, as well as they reported that the 

conductance of such molecules exhibited very weak length dependence due to 

a high degree of electronic coupling between the redox centers. 

The previous work of H. M. Wen, et al. [80] in 2013, reported the 

organometallic based molecular junctions exhibited a high conductance in 

compare with their organic analogous. Their work has been supported by the 

results of J. Ponce, et al. [81] in 2014, were they gave insight into the effect 

the metal coordination on the room-temperature conductance of molecular 

wires.  

The observations of        ragon s, et al. [82] in 2016 about the 

conductance switching in an organometallic single molecule wires open up a 

new door for the design and control of spin-polarized transport in nanoscale 

molecular devices at room temperature. This research encouraged other to 
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investigate the electrical properties of inorganic molecular junctions, where L. 

A. Zotti, et al. [83] in 2013 presented a theoretical study of electrical transport 

in nano-metallic devices. They demonstrated that the existence of Pt- metal 

cluster displays the quantum destructive interference.  

A. Oday Al-Owaedi, et al. [84] in 2016 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. 

Therefore A. Oday Al-Owaedi, et al. [85] in 2017 presented an investigation 

about the important role of the metal complexes inhibiting orthogonal 

contacts, which explained the strange high conductance values of some of 

organometallic molecules. 

P. Sam-ang and G. R. Matthew, [86] in 2017 show characterizing 

destructive quantum interference in electron transport. Destructive quantum 

interference in electron transport through molecules provides an 

unconventional route for suppressing electric current. In this work we 

introduce interference vectors' for each interference and use them to 

characterize the interference. An interference vector may be a combination of 

multiple molecular orbitals (MOs), leading to more robust interference that is 

likelier to be experimentally observable. 

R. J. Davidson, et al.[87] in 2018, to develop a new design of molecular 

nano junction depending on organometallic molecules. They explored the 

ability to control the orientation of molecular conductors on the electrode 

surfaces, which showed only a single high conductance feature. 

Z. Guang-Ping, et al.[88] in 2019, optimizing the conductance switching 

performance in photo switchable dimethyldihydropyrene/cyclophanediene 
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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. 

A. A. Baraa Al-Mammory, et al. [89] in 2021, 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 mechanisms for 

electrons crossing through single molecules, we probed both the electrical 

conductance and Seebeck coefficient for Au|molecule|Au configurations using  

(DFT). 

The promising results of previous researches encouraged, M. Rasool Al-

Utayjawee and A. Oday Al-Owaedi, [90] in 2021, Enhancement of 

Thermoelectric Properties of Porphyrinbased Molecular Junctions by Fano 

Resonances. 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).  

 

 

 

 

https://www.sciencedirect.com/topics/physics-and-astronomy/molecular-electronics
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1.5 Aims of the Work 

This research is aiming to investigate the electronic and thermoelectric 

properties of organometallic 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: 

 A study, of charge transport properties of three groups of 

organometallic compounds using four metals in each group , which are (Fe, 

Co, Ru and Pt) will be investigated using a combination of density functional 

theory (DFT) calculations, time-depending density functional theory (Td-

DFT) . These molecules allow us to examine the relativistic effect of metal 

substitution on creating destructive quantum interference in a single molecule 

and its effect on the electronic properties of these devices. 

 Optical and electronic structures, Seebeck's coefficient and other 

thermoelectric properties of a group of structurally related organometallic 

molecules will be studied. All particles will be performed using DFT 

(Gaussian and SIESTA) calculations. 

 The different calculated properties of these nano-structures, will 

predicate their applications such as organometallic-electronic compounds in 

laser active media, dye-sensitized solar cells (DSSC), optical field effect 

transistors (OFET), organic light-emitting diodes (OLED) and in charge 

transport studies of single molecules. 
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2.1 Introduction 

Quantum chemical calculations can assist researchers in designing and 

adapting target molecules while reducing the cost of tests. This is especially 

valuable for screening and monitoring high-energy materials (HEM). 

Molecular modeling is a collection of strategies for using a computer to 

examine chemical problems [91-94]. Clinicians and computational chemists 

can use one of four major approaches: Molecular Mechanics (MM), Semi-

Empirical (SE), Ab initio, or Density Functional Theory (DFT) [95,96]. 

To predict the properties of the quantum mechanical system, an equation, 

describing how the wave function changes with time, is required. For one 

particle in one-dimensional system, this equation is the Schrödinger equation 

(Time dependent form) [97-100]: 

 

𝑖 
 

  
 (  ⃗  )    

  

  
   (  ⃗  )   (  ⃗) (  ⃗  )   (  ⃗  ) (  ⃗  )  

                                                                               ….....………….(2.1) 

As 

 ̂  (  ⃗⃗  )     (  ⃗⃗  )                                            …....………….(2.2) 

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

system Eigen value. The Hamiltonian operator ( ̂) consists of two terms: the 

kinetic energy operator of the electrons and nuclei ( ̂) and potential energy 

components operator ( ̂), as follows: 

  ̂    ̂    ̂                                                                       ……..…………(2.3) 

The total Hamiltonian of the molecular system   ̂containing M nuclei 

and N electrons can be expressed as follows [101,102]: 
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Here  i
2
 is the Laplacian operator, in Cartesian coordinates is defined as: 

 

                                                                                          …..……….……(2.5) 

 

The total kinetic energy is defined in equations (2.4) and (2.5) as the sum 

of the electronic ( ̂ ) and nuclear ( ̂ ) kinetic energies. The total potential 

energy is comprised of three components: attractive interactions between 

nuclei and electrons ( ̂  ), repulsive interactions between nuclei ( ̂  ), and 

repulsive electron-electron interactions ( ̂  ). ZA,B denotes the nuclear charges 

of atoms A and B, respectively; mA denotes the mass of atom A; riA denotes 

the distance between nucleus A and electron i, rAB denotes the distance 

between nuclei A and B; and rij denotes the distance between i and j electrons, 

and      | ⃗    ⃗ |  

The Born-Oppenheimer Approximation allows for the separation of 

electronic and nuclear motions in molecules. The molecule's entire wave 

function is as follows [95, 96, 102]: 

Ψtotal =Ψelectronic ×Ψnuclear.                                                                     ...………...……..(2.6) 

Due to the fact that the nucleus is far heavier than electrons, nuclear 

motion is much slower than electronic motion. When the nucleus's kinetic 

energy is ignored, the nucleus's potential energy can be considered constant. 
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Additionally, the Hamiltonian operator can be devoid of the nucleus's 

potential and kinetic energies. The Hamiltonian operator  ̂ can be expressed 

as follows: 

 ̂e= ̂e +  ̂ne +  ̂ee                                                                             ……… ..………….(2.7) 

 

2.2 Hartree-Fock methods  
 

To solve the Schrödinger equation for a system that employs the time-

independent Schrödinger equation to describe the quantum mechanical 

behavior of all electrons in the system, it is necessary to calculate the multi-

wave functions of the electrons, as solving the Schrödinger equation requires 

the solution of numerous simultaneous differential equations [102, 103]. 

In 1928, Hartree simplified the problem using an iterative self-consistent 

field "SCF" approach. Hartree speculated the shape of the multi-electron wave 

functions in order to simplify the challenge. These wave functions are 

characterized by the presence of simple plane waves. With this assumption in 

place, the covariance principle could be applied [101,102]. If an unknown 

collection of parameters describes a particular system, the set of parameter 

values can be stated as [94,96,102]: 

    
⟨ | ̂| ⟩

⟨ | ⟩
                                           …….…..….……….(2.8) 

Where    is the trial function's lowest-energy eigenvalue, 𝜙 is the trial 

function, and Eo is the ground-state energy. The Hartree-Fock method's wave 

function is more complicated than the Hartree product's wave function. It can, 

however, be expressed in a compressed form as a slater determinant. Because 

electrons are fermions with a spin of (1/2), the overall electronic wave 
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function will be anti-symmetric when any two electron coordinates are 

exchanged [93,94]. The determinant takes into account all electron spin and 

the Pauli Exclusion Principle, as well as whether electrons spin up (+ ½ 𝑜  𝛼) 

or down (- ½ 𝑜  𝛽). For the N-electron system, the slater determinant is as 

follows [104, 105]: 

 

 

  
 

√  
 |

  ( )𝛼( )   ( )𝛽( )   ( )𝛼( )
  ( )𝛼( )   ( )𝛽( )   ( )𝛼( )

 
  ( )𝛽( )   ( )𝛼( )   ( )𝛽( )

  ( )𝛽( )   ( )𝛼( )   ( )𝛽( )   
  ( )𝛼( )   ( )𝛽( )   ( )𝛼( ) 

   
  ( )𝛽( )   ( )𝛼( )   ( )𝛽( )

| 

                                                                                                     …....……..……..(2.9)  

 

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

 

√  
 is a normalizations factor [106]. The use of the iterative process of the 

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

Hartree–Fock equation Ψ( ⃗i) [107, 108]. 

 ̂   (  ⃗ )       (  ⃗ )                                                     …..……………(2.10) 

Where  ̂ delineates the Fock operator for a closed shell system. 

 

 ̂    ̂    ( )   ∑ (    ̂
  ⁄
       ̂)                                ….………….…(2.11) 

 

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

Hamiltonian for an electron moving in the field of the bare nuclei   ̂  𝑎𝑛𝑑   ̂  ; 

its effect on   (  ⃗ ) and the exchange operator   ̂  is [94]: 
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  ̂  ( )   ∫
  

 ( ⃗)  ( ⃗)

| ̅    ⃗⃗⃗⃗⃗|
 𝑑     ( ⃗

 )                 ….....…………...(2.12) 

 

And Coulomb operator,   ̂  is: 

 

  ̂  ( ⃗)   ∫
  

 ( ⃗)  ( ⃗)

| ̅    ⃗⃗⃗⃗⃗|
 𝑑     ( ⃗)                   ….....…………...(2.13) 

Equation (2.12) shows the quantum mechanical correction term. The linear 

combination atomic orbital (LCAO) method for an individual molecular orbital 

is defined as [94]: 

    ∑       
 
                                              …...……………(2.14) 

 𝜇𝑖 is the molecular orbital expansion coefficients. The basic functions 𝜙𝜇 

are chosen to be normalized.  

The exact energy  o of the ground state of the system within the selected 

limits, or the exact solution of the Schrodinger equation [109-112] is: 

 (              )                                          …….…………..(2.15) 

The equality sign shall be applied only when   is the exact ground state 

function.  

2.3 Density Functional Theory  

It is vital to have a credible source of structural and electronic knowledge 

in order to comprehend the behavior of molecular electronic devices. In this 

section, a quick overview of (DFT) [103,113] is given, which was widely used 

during my PhD study as a theoretical tool for assessing the quality and 

quantity of molecular structures, charge density, and band structures. 
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 DFT determines the system's ground state properties, with electron 

density playing a significant role. At the moment, it is the most successful 

method for calculating matter's electrical structure. It is applicable to a wide 

variety of particles, ranging from atoms through molecules, solids, and nuclei. 

It is capable of predicting a wide variety of molecular properties, vibrational 

frequencies, molecule structures, ionization energies, dissolution energies, 

interaction paths, electrical and magnetic properties, and so on [114,116]. 

(DFT) is a theory of quantum mechanics used in physics and chemistry 

to examine the electronic structure (primarily the ground state) of multi-body 

systems, including atoms and molecules. Using this theory, the parameters of 

a multi-electron system can be calculated using a functional, that is, functions 

of another function, which in this case is the spatially dependent electron 

density. Hence the term DFT from the application of functional electron 

density. DFT is among the most popular and adaptable techniques available in 

condensed matter physics, computational physics, and computational 

chemistry [117]. 

Methods in quantum mechanics can be classified into two categories: ab 

initio methods and semi-empirical methods. Hartree-Fock theory (HF), 

formation configuration interaction theory (CI), perturbation theory (PT), and 

density functional theory (DFT) are all examples of ab initio approaches 

(DFT). These methods begin with the Schrödinger equation and do complete 

integration without the need of empirical components derived from empirical 

measurement [118]. 

The DFT's fundamental premise is that an electronic system's energy can 

be expressed in terms of the electron's potential density. ρ(r) signifies the 
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overall electron density at a particular point r in space for a system of n 

electrons. The electronic energy E is said to be a function of electron density 

and is indicated as E(ρ), indicating that there is only one corresponding energy 

for a given function ρ(r) [119]. 

Thomas and Fermi created the Thomas-Fermi model in 1927, which 

served as a functional precursor to density theory. Thomas and Fermi 

computed an atom's energy by plotting its kinetic energy against its electron 

density. They combined this with classical formulas for nuclear-electron and 

electron-electron interactions, both of which may be expressed in terms of the 

electron density [120]. 

DFT calculates the characteristics of a multiparticle system as a function 

of the electron density (r). The electron density of a given condition is defined 

as the number of electrons per unit volume. It is independent of the amount of 

electrons in the system and is hence [121]: 

   ∫  (  ⃗⃗⃗ ) 𝑑 ⃗                                                            ….….…………..(2.16) 

The basic concept of DFT, a tool for computing ground state properties 

of metals, insulators, and semiconductors [122], is based on ground state 

energy; All other electronic properties of the ground state are uniquely 

determined by the electron density. Today, DFT is one of the most important 

tools in this field. 

The fundamental premise of DFT, a technique for determining the 

ground state properties of metals, insulators, and semiconductors [123], is that 

the ground state energy determines all other electronic properties of the 

ground state [103]. Today, DFT is a significant instrument in this sector. 
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2.3.1 The Schrödinger Equation and Variational Principle 

The Schrödinger equation can be used to describe any system composed 

of several non-relativistic particles: 

…………….(2.17) 

Here,  ̂ is the Hamiltonian operator for a system composed of N 

electrons and M nuclei that describes the interaction of particles, where Ψi 

denotes the wave function of the system's i
th

 state and Ei denotes the numerical 

value of the energy associated with the state denoted by Ψi. The Hamiltonian 

factor for such a system can be expressed as the sum of five terms defined in 

[123-126]. 

 

 

 

                                                                                           .……………(2.18) 

Here i and j denote the N-electrons while n and 𝑛  running on the          

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

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

position of the electrons and nuclei are denoted as  ⃗  𝑎𝑛𝑑  ⃗⃗  respectively. 

 In the equation (2.18), the first and second terms, Te and Tn represent the 

kinetic energy of electrons and nucleus, respectively. The last three terms 

represent the potential part of the Hamiltonian; where Uen defines the 
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attractive electrostatic interaction between electrons and nucleus. Electron-

electron, Uee and nuclear-nuclear, Unn describe the repulsive part of the 

potential respectively [127,128]. 

When solving the Schrödinger equation (equation 2.17) and knowing the 

wave function Ψ, all important physical quantities can be calculated. 

However, even for modest system sizes - even for a few atoms - the general 

problem is virtually impossible even on modern supercomputers [128].  

The virtue of density functional theory is that it expresses the physical 

quantities in terms of the ground-state density. The electronic density of a 

general many body state, characterized by a wave function 𝛹( 1, 2….. n), is 

defined as [129]:  

 ( )   ∫ 𝑑  𝑑  𝑑     𝑑   | (            |
       ..……………..(2.19) 

2.3.2 The Hohenberg-Kohn Theorems  

In 1964 [130], P. Hohenberg and W. Kohn developed the density 

functional theory, which established that the ground state of a many-electron 

system can be determined by its ground state electron density  (r) [103,131] 

or that there is a close and unambiguous relationship between the ground state 

energy and the density,  (r), of an interacting electron system. The 

Hohenberg-Kohn theorems are two extremely straight forward but extremely 

powerful statements: 

Theorem (1): states that a multi-electron system's ground state energy is a 

unique and universal function of the ground state electron density  (r). EHK is 

a function of the ground state density  (r). 
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Theorem (2): says that given a multi-electron system, the ground state energy 

function is reduced by the ground state electron density  (r). External 

potential Vext is a one-of-a-kind function of density  (r). Given that Vext is a 

Hamiltonian fix for system H, it is obvious that the multi-whole body's ground 

state is a unique function of  (r). Ev ground state energy function is as follows 

[104,132]: 

  , -   ∫  ( ⃗)     ( ⃗ )𝑑 ⃗      ,   -              …....…………..(2.20) 

Where    [ ] is a function of  ( ⃗) to be determined; it consists of the 

kinetic energy and all electron-electron interactions; and  𝑒𝑥 ( ) is the external 

potential. The ground state energy anisotropy satisfies the following principle 

[132]: 

𝛿 *  , -     ,∫  ( ⃗) 𝑑 ⃗      -+                  .….……………(2.21) 

Which gives  

   
   , -

  ( )
  𝑒𝑥 ( ⃗)  

    , -

  ( )
                         …..….………..(2.22) 

Where K denotes the chemical potential and FHK[ ] denotes a globally 

independent function of the external potential Vext( ⃗). Hohenberg-Kohn theory 

from equation (2.21) and equation (2.22), was first proposed and meant to 

handle the non-spin polarized electron state, but was later extended to include 

the spin–polarized electron state, finite temperature, and relativistic conditions 

[130]. The Hohenberg–Kohn theorems established the fundamental concept 

that the ground state electron density serves as the foundation for all ground 
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state physics in a multi-electron system. However, these theories did not 

specify the kinetic, commutative, or associative functions. Simultaneously, no 

one knows how to generate a multi–electron system's ground state electron 

density  (r) [132]. 

The Hamilton operator of n-electron system within the Born-

Oppenheimer approximation can be described by [133]: 

eeext V̂V̂T̂Ĥ                                                              .………………. (2.23) 

The external potential extV̂ is uniquely defined by the electron density 

ρ(r). The total energy can be written as: 

    ,  -   ∫    ( ⃗⃗)  ( ⃗⃗)𝑑   ,  -      ,  - ..…...………….(2.24) 

Where T[ρo] is the kinetic energy, ENC[ρo] is the non-classical electron–

electron interaction energy and J[ρo] is the classical coulomb energy defined 

as: 

 ,  -   
 

 
 ∬

  ( ⃗⃗ )  ( ⃗⃗ )

| ⃗⃗   ⃗⃗ |
 𝑑  𝑑                                     ……………….. (2.25) 

Vext directly depends on the system and it is simply the coulomb potential of 

the nuclei. Therefore, the total energy can be written as: 

   ∫    ( ⃗⃗)  ( ⃗⃗)𝑑      ,  -                            ..………………. (2.26) 

Where FHK is a universal functional of the electron density: 

 FHK[ρ] = T[ρ]+J[ρ]+ENC[ρ]                                           .…………...…… (2.27) 
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Hohenberg-Kohn theorem assumes that FHK exists, but the actual form of 

FHK is unknown and must be approximated [133]. 

2.3.3 The Kohn-Sham Theorems 

Thus far, shown that determining the ground-state density enables one to 

calculate the ground-state energy and other quantities. The precise form of the 

functional presented in equation: 

 ( )   ( )       ( )   ∫ 𝑑     ( ⃗⃗) ( ⃗⃗)                  .………………(2.28) 

This is an unknown equation. In general, the kinetic term and internal 

energy of interacting particles cannot be represented as density-dependent 

functions. Kohn and Sham proposed the solution in 1965 [124]. According to 

Kohn and Sham, the original Hamiltonian of the system can be replaced with 

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

potential with the same ground-state density as the original system. Due to the 

lack of a clear recipe for accomplishing this, it is significantly easier to solve a 

non-interacting problem. 

According to Hohenberg and Kohn, the energy functional  HK[ ] of an 

interacting many–electron system can be expressed as [133]: 

   , -    , -   
 

 
 ∬

 (  ⃗ )  (  ⃗⃗⃗⃗⃗)

| ⃗    ⃗⃗⃗⃗⃗|
 𝑑 ⃗𝑑  ⃗⃗⃗⃗      , -        …….…………(2.29) 

Where T[ ] represents the system's kinetic energy. The second term is 

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

correlation energy, which describes non–classical electron interactions, 

including all many–body effects. 
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However, a first principle computation could not be performed because 

the concrete expressions for functional T[ ] and    , - were not provided. To 

address this issue, Kohn and Sham suggested an approach based on the 

assumption of a non-interacting many–electron system with the same electron 

number N and ground state electron density  (r) as an interacting many–

electron system under an external potential Vext(r). The fundamental concept is 

as follows: for a non–interacting system,  (r) can be written as a set of 

auxiliary orthogonal functions Ψ𝑖(  ) as [133,134]: 

 (  ⃗ )  ∑   
 

 (  ⃗ )   ( ⃗)                                               …...……………(2.30) 

With ⟨  |  ⟩   𝛿   the Kohn-Sham kinetic energy was given by: 

   , -     
  

  
 ∫∑   

 ( 
    ⃗)      ( ⃗) 𝑑                    …...…..………..(2.31) 

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

equation (2.31) is not equal to  KS[ ]. The difference between  [ ] and non–

interacting electron system  KS[ ] can be combined with non-classical energy 

 NC [ ] of interacting electron system as [124]: 

   , -      , -    , -      , -                               ......……………(2.32) 

Where    , -      , -   , -  

The ground state energy functional can be written as: 

  , -      , -  
 

 
 ∬

 (  ⃗ )  (  ⃗⃗⃗⃗ )

| ⃗     ⃗⃗⃗⃗ |
 𝑑 ⃗𝑑  ⃗⃗⃗⃗      , -   ∫ ( ⃗)     ( ⃗)𝑑 ⃗  

                                                                                         ...………………(2.33) 
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Applying the variational principle we get: 

 

   
 ( )⃗⃗⃗⃗⃗

 * , -   ∫ 𝑑 ⃗  ∑       
 

 (  ⃗ )   ( ⃗)+                    ……….…….(2.34) 

The Kohn- Sham equations: 

 2  
  

  
     ∫

 (  ⃗⃗⃗⃗⃗)

| ⃗     ⃗⃗⃗⃗⃗|
𝑑  ⃗⃗⃗⃗      , -       ( ⃗)+  ( ⃗)       ( ⃗) …….(2.35) 

Where,     , -   
    , -

  ( )⃗⃗⃗⃗⃗
  

Is the exchange–correlation potential that has been updated in equation 

(2.32) to include all changes in kinetic energy between interacting and non-

interacting systems. It is worth emphasizing that the Kohn-Sham equation 

must be self–consistent when evaluating the influence of the electron density 

 (r) on the wave function Ψ𝑖(  ). The total energy of a system can be 

determined by solving a set of Kohn-Sham equation (2.35) self-consistently. 

   ∑ 𝑓 𝜀 
 
  

 

 
 ∬

 (  ⃗ )  .  ⃗⃗⃗⃗⃗/

| ⃗    ⃗⃗⃗⃗⃗|
 𝑑 ⃗𝑑  ⃗⃗⃗⃗      , -  ∫𝑑 ⃗   ( ⃗)     ( ⃗) …(2.36) 

The total energy is not equal to the sum of the energy of individual 

electrons  𝑖. The energy required to transition from (i) to (j) states is not 

simply  𝑖- 𝑗; consequently, the physics of the Kohn-Sham equation is not 

identical to that of the Schrodinger equation [125,128]. 

2.4 The Exchange Correlation Functional 

The literature has various proposals for the exchange and correlation of 

energy. The first successful - and still basic - form was the Local Density 
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Approximation (LDA) [135], which is a local functional that depends solely 

on the density. Then came the Generalized Gradient Approximation (GGA) 

[136], which, in addition to the density derivative, provides information about 

the neighborhood, making it semi-local. 

LDA and GGA are the two most frequently used approximations in 

density functional theory for the exchange and correlation energy. 

Additionally, there are various additional functionalities that extend beyond 

LDA and GGA. Several of these functionals are tuned to the special 

requirements of the basis sets used to solve the Kohn-Sham equations 

(equation 2.35)and a sizable category are the so-called hybrid functionals (e.g. 

B3LYP , and Para hybrid GGA), which combine the LDA and GGA forms. 

The Van der Waals density functional (Vd W-DF) [136, 137], one of the 

most recent and universal functionals, comprises non-local terms and has been 

shown to be extremely accurate in systems with significant dispersion forces 

[136].The following sections will discuss the Local Density Approximation 

and the Generalized Gradient Approximation in further detail. 

2.4.1 Local Spin Density Approximation 

The exchange correlation potential is described in terms of the density of 

and spins using the local spin density approximation (LSDA). It was created 

to do property calculations on open-shell systems [134]. 

   
   [      ]   ∫  ( ⃗) 𝜀   ( ( ⃗)    ( ⃗) ) 𝑑 ⃗                .....……..……(2.37) 

Where EXC denotes the exchange-correlation energy associated with each 

particle. For some features such as vibrational frequencies, equilibrium 
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structures, and dipole moments, LSDA outperforms HF. In general, the LSDA 

delivers reliable information for systems that closely resemble a uniform 

electron gas, i.e. those with a slowly varying density with position. However, 

in fact, atomic and molecular systems do not have uniform electron 

concentrations, necessitating the development of more complicated models 

[138]. 

2.4.2 Generalized Gradient Approximation 

GGA extends LDA by including the derivatives of the density into the 

functional form of the exchange and correlation energies. In this case there 

exists no closed form for the exchange part of the functional, hence it has to be 

calculated along with the correlation contributions using numerical methods. 

Just as in the case of the LDA there exist many parameterizations for the 

exchange and correlation energies in GGA [136].Generalized gradient 

approximations (GGA's) for the exchange-correlation energy improve upon 

the local spin density (LSD) description of atoms, molecules, and solids, 

presenting a simple derivation of a simple GGA, in which all parameters 

(other than those in LSD) are essential constants [138,139]. 

   
   [      ]   ∫ 𝑓(                ) 𝑑 ⃗               ……….………….(2.38) 

This functional generally offers an improvement over the LSDA because 

they account for the variation of density with position. To simplify the 

problem, (Exc) is often written as the sum of an exchange (Ex) and correlation 

(Ec) terms [135]: 

                                                                       ………..…………(2.39) 
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The exchange-energy functional can then be obtained from the HF 

exchange term with the Kohn-Sham orbitals. Various exchange and 

correlation functionals have been separately developed and can be combined 

in different ways. For instance, one popular (GGA) functional is B3LYP, 

where Becke’s 1988 exchange functional is paired with the Lee-Yang-Parr 

correlation functional [138]. 

 LDA and GGA are the two most commonly used approximations for the 

approximation of exchange-correlation energies in the DFT. Also, there are 

several other functionals, which go beyond LDA and GGA. In general, there 

is no robust theory of the validity of these functionals. It is determined via 

testing the functional for various materials over a wide range of systems and 

comparing results with reliable experimental data. 

2.4.3 The Hybrid Functional  
  

The hybrid functionals are extremely good at accurately representing a 

wide variety of molecular characteristics. Calculating the exact (Hartree-Fock) 

exchange in big molecules and solids, particularly in systems with metallic 

properties, is computationally expensive. The most widely used hybrid 

functional, B3LYP, employs Becke's 1988 exchange function (  
   ) and Lee 

Yang and Parr's correlation function (  
   ) as gradient adjustments to the 

LSDA exchange and correlation functions, respectively [138-141]. 

 

   
      (    𝑎 )  

     𝑎   
      

        
     (   )  

      

                                                                                        ………………..(2.40) 
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The three parameters are: a=0.20, b=0.72 and c=0.81. Where’a' specifies 

the amount of exact exchange, and ‘b’ and ‘c’ control the contribution of 

exchange and correlation, respectively.  

 2.5 Pseudopotentials  

I have demonstrated that by using the Kohn-Sham formalism to define an 

exchange-correlation functional, it is possible to break a large interacting 

problem into a big effective non-interacting problem. This significantly 

simplifies the situation from a physical standpoint. However, in typical 

molecular systems with a large number of atoms, the calculation is still quite 

large and may be computationally expensive. To reduce the amount of 

electrons in an atom, one can inject pseudopotentials that effectively eliminate 

the atom's core electrons. Fermi developed pseudopotentials in 1934 [139], 

and approaches have evolved since then, from constructing less realistic 

empirical pseudopotentials to more realistic ab-initio pseudopotentials [139, 

140]. 

The electrons in an atom are classified into two types: core and valence 

electrons, with core electrons located within completely filled atomic shells 

and valence electrons located in partially filled shells. In addition to the fact 

that core electrons are spatially restricted around the nucleus, when atoms are 

brought together, only valence electron states overlap, implying that in most 

systems, only valence electrons contribute to the formation of molecular 

orbitals. This enables the core electrons to be removed and replaced with a 

pseudopotential, yet the valence electrons retain the same screened nucleon 

charge as if the core electrons remained. This significantly reduces the number 
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of electrons in a system, reducing the time and memory necessary to calculate 

the properties of molecules with a large number of electrons. 

2.6 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 [141]. 

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  ̂   ( ⃗) and  ( ⃗   ) of the system. R-G 

theorem designated that when two external potentials  ̂   ( ⃗) and   ̂
   ( ⃗) 

have an alteration of more than a time-dependent function, their own electron 

densities  ( ⃗   ) and   ( ⃗   ) are also dissimilar [142].  

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 0     
 

  
   (  ⃗⃗    )    ̂   (  ⃗⃗    ) 1 where the 

Hamiltonian is known to be [143]: 

 ̂    ̂    ̂elec.elec +  ̂ext. ( ⃗ )                                ..….…………..(2.41) 
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Here,  ̂ consists of the kinetic energy operator  ̂ electron-electron repulsion 

 ̂elec.elec (Coulomb operator) and the external potential  ̂ext. ( ⃗). Where  ̂ext. 

( ⃗) is given in the following operators:  

 ̂ext. ( ⃗) = ∑  ̂    (  ⃗⃗⃗  )
 
                                       …..……………(2.42) 

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

The first state,   (  ) is arbitrary, it must not be the ground-state or some 

other eigen state of the first potential  ̂    ( ⃗)     ̂ ( ⃗). The R-G theorem 

indicates that there exists an one-to-one correspondence between the time-

dependent external potential  ̂    ( ⃗), and the time-dependent electron 

density  ( ⃗   ), 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 [145].  

As this wave-function controls all observables of the system as an 

important, the saying point is that all observables are functionals of  ( ⃗   ). 

The statement of the theorem is the “densities  ( ⃗   ) and   ( ⃗   ) evolving 

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

and   ̂
   ( ⃗) are always different provided that the potentials differ by 

additional than a chastely time-dependent function [141,143]: 

 ̂    ( ⃗   )     ̂
𝑒𝑥 (  ⃗    )   ( )                           .…....…………..(2.43) 

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

by a phase factor 𝑒   ( ), therefore, the same electronic density is stable. R-G 

theorem states that the density is a functional of the external potential and of 
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the first wave function on the space of potentials differing by more than the 

addition of C(t). 

2.7 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 [143]. 

2.7.1 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 [91]:  

 

            𝑒         (   )                                         …….…………..(2.44)  

 

Where, N is a major quantum number and ξ is a constant related to the 

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

the angular part of the wave function. 

2.7.2 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 
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integrals analytically. In terms of Cartesian coordinates, Gaussian type orbitals 

can be written as [95]: 

       𝑥           𝑒      
                                        ………………….(2.45) 

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

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

diffuse small 𝜉 is the resulting function, r
2
 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 contracted GTO basis set, 

in which several primitive Gaussian functions are mixed to give a contracted 

Gaussian function (CGF) as [134]: 

  
     ∑       

    
                                                    …………………(2.46) 

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 [103]. 

Extending a basis set is as simple as increasing the number of basis 

functions utilized per orbital. The valence double-zeta (VDZ) basis set 

employs two basis functions per valence orbital, the valence triple-zeta (VTZ) 

basis set employs three, and so forth. For example, the 6-31G basis set 
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employs a set of six primitives condensed to a single basis function for each 

core orbital and a split-valence of three primitives and one primitive for each 

valence orbital. While split valence basis sets improve the description of 

molecular orbitals, they are still incapable of producing their own balanced 

basis set [121]. 

Polarization functions are frequently utilized because they produce more 

accurate calculated geometries and vibrational frequencies [97]. To improve 

the results, the basis set must be supplemented by polarization functions [103]. 

Polarization functions with a greater angular momentum include the d- and f-

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

and helium atoms. This increases the basis set's versatility by allowing the 

orbital's form to change (polarized in one direction). The relativistic Effective-

Core Potentials (ECPs) of heavy metals, such as the Stuttgart Dresden triple 

zeta ECPs (SDD) basis set, are employed. For heavy metals, the Los Alamos 

National Laboratory's 2-double-zeta (LANL2DZ) and SDD basis sets are 

strongly suggested. Scalar relativistic corrections are more stringent than ECP 

corrections, and spin-free computations are not much more expensive 

[140,146]. 

2.7.3. SIESTA Basis Sets 

It is self-evident that the Hamiltonian must be diagonalised in order to 

find the wave functions. This operation entails the inversion of a large matrix, 

the computing time of which scales according to the number of non-zero 

members. As a result, for efficient calculations, the Hamiltonian must be 

sparse with a large number of zeros. SIESTA makes use of a Linear 

Combination of Atomic Orbitals (LCAO) basis set, which is formed from the 
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atoms' orbitals and is required to be zero after a predetermined cut-off radius. 

As the overlap between basis functions decreases, the former produces the 

needed sparse form of the Hamiltonian, while the latter permits even a small 

basis set to yield properties similar to those of the examined system. The 

simplest basis set for an atom is called a single δ basis, which corresponds to a 

single basis function, 𝛹𝑛𝑙𝑚( ) 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 wave function,    
  and one spherical harmonic    : 

    ( )     
  ( )    (   )                                ……………….(2.47) 

The radial part of the wave function is found by using the method 

proposed by Sankey [147,148], where the Schrodinger equation is solved for 

the atom placed inside a spherical box. It is under the constraint to vanish at a 

cut-off radius rc. This constraint produces an energy shift δE within the 

Schrödinger equation such that the eigen functions first node occurs at rc: 

…..………..(2.48) 

For higher accuracy basis sets (multiple-δ), additional radial wave 

functions can be included for each electron orbital. The additional radial wave 

functions, 𝑝𝑕𝑖  
  for i > 1, are calculated using a split-valence method. This 

involves defining a split valence cut off for each additional wave function   
  , 

so it is split into two piecewise functions: a polynomial below the cut-off and 

the previous basis wavefunction above it: 
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                             ….……………..(2.49) 

The additional parameters are found at the point   
  where the 

wavefunction and its derivative are assumed continuous. 

Further accuracy (multiple-δ polarized) can be obtained by including 

wave functions with different angular momenta corresponding to orbitals 

which are unoccupied in the atom. This is done by solving (equation 2.49) in 

an electric field such that the orbital is polarized or deformed due to the field 

(see [149] for details) so a different radial function is obtained. This is now 

combined with the appropriate angular dependent spherical harmonic which 

increases the size of the basis. Table (2.1) shows the number of basis orbitals 

for a selected number of atoms for single-δ, single- δ polarized, double- δ and 

double- δ polarized. 

Table 2.1: Examples of the radial basis functions per atom as used within the SIESTA 

for different degrees of precisions. 

Basis Set H C Au 

Single-ζ (SZ) 1= (1 × 1s) 4= (1×2s+3×2p) 6 = (1 × 6𝑠 + 5 × 5𝑑) 

Double-ζ (DZ) 2= (2 × 1s) 8 = 

(2×2𝑠 +6×2𝑝) 

12 = 

(2 × 6𝑠 + 10 × 5𝑑) 

Single-ζ 

Polarised 

(SZP) 

4=(1×1s+3×2p) 9 =  

(1×2𝑠+3×2𝑝+5×3𝑑 ) 

9 = 

 (1× 6𝑠+5×5𝑑+3×6𝑝 ) 

Double-ζ 

Polarised 

(DZP) 

5=(2×1s+3×2p) 13 =  

(2×2𝑠+6×2𝑝+5×3𝑑 ) 

15 =  

(2×6𝑠+10×5𝑑+3×6𝑝 ) 
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2.8 Theory of Quantum Transport 

The purpose of molecular electronics is to gain an understanding of the 

electrical properties and behavior of molecular junctions. One of the 

difficulties is delivering molecular structures of electrode blocks for the 

purpose of examining their electrical properties. Connection In general, the 

force between the molecule and the metal electrode has a significant role. In 

determining the transport properties of a lead | molecule | lead frame as a 

result of scattering processes within the lead | molecule | lead frame. The 

primary theoretical way for understanding scattering in this System is using 

the Green's function formalities [148]. 

Our objective in this section is to gain a general understanding of 

Landauer's formalism, and we will begin with a simple derivation of the 

Landauer formula. A one-dimensional construction is presented to 

demonstrate the overall methods utilized in the description. Transport in 

arbitrarily complex-geometry intermediate conductors. Assume this 

procedure. The interaction between carriers and inelastic processes is 

negligible, which is a well-known fact for molecules less than 3nm in length at 

ambient temperature [143]. 

2.8.1 Green’s Function Scattering Formalism 

We apply a Green function scattering formalism to determine the 

transmission coefficient of a molecule coupled to semi-infinite leads. This is a 

continuation of the next chapter's discussion of calculating the electronic 

structure of an isolated molecule using DFT. The isolated molecule's 

properties and the interaction between the molecule and the electrodes have an 
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effect on the open system's electronic properties. As a result, transport models 

must account for both aspects in order to comprehend the electron scattering 

process between the two electrodes [147]. 

To begin, it is necessary to determine the scattering matrix for a basic 

one-dimensional system. This section will detail the approach employed. Due 

to the fact that Green's function will be employed in the derivation, I will first 

describe the form of Green's function for a basic one-dimensional lattice 

(Section 2.8.1.1) then we'll calculate the scattering matrix in one dimension, 

Scattered (Section 2.8.1.2). 

2.8.1.1 Perfect One-Dimensional Lattice 

In this section will discuss what the Green’s function looks like for a 

simple one dimensional lattice with on-site energies 𝜀o and real hopping 

parameters as shown in Fig. (2-1). 

 

Figure (2-1): One-dimensional periodic lattice tight-binding approximation with on-

site energies 𝜀o and hopping parameters γ[147]. 

The Schrödinger equation describes the wave function of the system with 

Hamiltonian H [ 147,148], 

 ̂                                                                 …...……………(2.50) 
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Wave function 𝛹z it is expanded into a one-dimensional orthogonal localized 

basis set |  ′ ⟩: 

|  ⟩   ∑   |  ⟩                                                 …..……………(2.51) 

Substituting equation (2.51) in equation (2.50) and multiply the result by | ⟩ 

we get: 

∑                                                           …..…………….(2.52) 

Hence, 

       ⟨ | ̂|  ⟩                                                 ..……………….(2.53) 

The matrix form of the Hamiltonian can be simply written:  

  (

  𝛾
 𝛾 𝜀 

  
 𝛾  

  𝛾
  

𝜀  𝛾
 𝛾  

)                              ..……………….(2.54) 

the Schrödinger equation (equation 2.50) can be expanded at a lattice site 

z in terms of the energy and wave function     equation (2.51). 

(   )                                                        .………………..(2.55) 

𝜀    𝛾     𝛾                                  ………………...(2.56)  

By using the wave function as given by Block’s theorem for the perfect lattice 

chain which has the form    
 

√  
 𝑒    , where −𝜋 ≤ 𝑘 < 𝜋. The 

Schrödinger equation (eq. 2.56) can be solved to give the dispersion relation: 
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  𝜀   𝛾  𝑜𝑠𝑘                                               ...………………(2.57) 

Where we introduced the quantum number, k, commonly referred to as 

the wavenumber [145,147]. 

To calculate the retarded Green’s function 𝑔( ,  ′), which is closely 

related to the wave function, the following equation is solved: 

(   )𝑔(    )  𝛿                                              ………………….(2.58) 

Physically, the lagging Green’s function, 𝑔 ( ,   ), describes the response 

of a system at point z due to a source at point   . Intuitively, we would expect 

such excitation to give rise to two waves, which travel outward from the 

excitation point, with amplitudes A and B as shown in Fig. (2-2). 

 

 

 

 

Figure (2-2): Retarded Green’s function of an infinite one-dimensional lattice. The 

excitation at z = z ′ causes waves to propagate left and right with amplitudes A and B 

respectively[147]. 

These waves can be expressed simply as: 

𝑔(    )   𝑒                         

𝑔(    )   𝑒                                                 ………………….(2.59) 
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In this equation, the solution satisfies equation (2.58) at every point 

except   =   ′. To overcome this, the Green’s function must be continuous 

equation (2.60), so the two are equal at   =   ′: 

[𝑔(    )]
     𝑙𝑒𝑓 

  [𝑔(    )]
      𝑖𝑔𝑕 

                    .…………………(2.60) 

 𝑒𝑖𝑘    𝑒 𝑖𝑘        𝑒 𝑖𝑘                      ....………………(2.61) 

By substituting equation (2.61) into the Green’s function equation (2.59), we 

will find as shown: 

𝑔(    )    𝑒      𝑒    
 𝑒  (    )       

𝑔(    )    𝑒     
𝑒      𝑒    

 𝑒  (     )        ..………..(2.62) 

We can rewrite equation (2.62) as: 

𝑔(    )    𝑒     
𝑒  |    |                                ..………………..(2.63) 

To find the value of the constant B, we use equation (2.58) and use equation 

(2.56) which for   =  ′ given: 

(𝜀   )  𝛾 𝑒   𝛾 𝑒                           …………………(2.64) 

𝛾 (  𝑜𝑠𝑘   𝑒𝑖𝑘)     

  
 

       
 

 

    
  

where the group velocity, found from the dispersion relation equation (2.57), 

is: 
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  ( )

  
 

       

 
                                       …………………...(2.65) 

We can rewrite the retarded Green’s function as shown: 

𝑔 (    )  
 

    
𝑒  |    |                               .………………….(2.66) 

The literature [150,151] shows a more extensive derivation. The next 

step is to submit a file defect in the lattice to create a scattering area and then 

the transmission coefficient can be calculated. 

To Calculate the Green’s function for in this problem, we can get the 

scattering amplitudes. So, form a solution equation (2.58), which is given as 

follows: 

  (   )                                                         …………………..(2.67) 

This equation can be singular if the energy E is equal to the Hamiltonian 

eigenvalues H, to deal with this, it is practical to consider the limit: 

         (    𝑖 )                           ..………………….(2.68) 

Here   is a positive number and G+, G- is the retarded (advanced) 

Green's function. The sign of the positive infinitesimal ε determines the type 

of solution which is either a retarded (-) or advanced (+) Green function. 

Generally, the methodology of computing electron transport is focused on 

computing a Green function for the infinite system, which includes the leads 

and the scattering region [150,151].  

In the case where there is no coupling between the molecule and the 

leads, α = 0, the Green’s function can be given as: 
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𝑔  (
 

   

 
 

  
   

 

)   (
𝑔  
 𝑔 

*                   ..….…………….(2.69) 

If we consider a switch on of the interaction, then to obtain the Green’s 

function of the coupled leads of this system, G, Dyson’s equation is written: 

    (𝑔    )                                              …………………(2.70) 

where V is the operator that describes the interaction connecting the 

leads, which has the form:  

  (
   

  
  

)   .
 𝛼
𝛼  

/                        …………………(2.71) 

 The solution to Dyson's equation, (Eq. 2.70) reads: 

  
 

| |          (
𝛾𝑒   𝛼

𝛼 𝛾𝑒   
)               ………………….(2.72) 

The only step left is to calculate the transmission, t, and reflection, r, 

amplitudes from the Green's function equation (2.72). This is done by taking 

advantage of the Fisher-Lee relation [147] that relates the scattering 

amplitudes of a scattering problem to Green's function of the problem. Since  

  =   = 1/𝑖ℏ𝜐𝑔 , the equation (2.73) gives a definition for the transmission and 

reflection coefficients, equations (2.74) and (2.75): The Fisher-Lee relations in 

this case state that:  

     
 

    
 (   )  
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   𝑒                                                 …...……………..(2.73)  

  𝑖                                                       ….………………(2.74)  

And  

  𝑖        𝑒
                                                 ………………….(2.75) 

Therefore, these amplitudes will be corresponded to particles incident 

from the left. On the other hand, particles are travelling from the right side, 

which means these expressions could be used for transmission    and 

reflection    amplitudes. According to these coefficients above, the probability 

can be defined: T = tt*, R = rr*. Consequently Thus, the transmission 

probability for this case can be given as: 

  
  

(      )                                                  ….………………(2.76)  

The parameters in this equation are 𝜎 = 2𝛾𝛼𝑠𝑖𝑛𝑘, and if α = γ that means the 

transmission T=1. In the case when α is greater or smaller than γ, which leads 

to create scattering region, and could be resulted to the transmission T ≤ 1.  

2.8.2 The Landauer formula 

Standard theoretical model to describe the transport phenomenon in 

ballistic mesoscopic the systems are Landauer's formula [153], a method 

applicable to phase cohesive systems. First of all, we assume that the system 

connects two large Scattering tanks, as shown in Fig. (2-3), in this case all are 

inelastic relaxation processes are limited to tanks [147]. Therefore, the 
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electron is transferred passage through the system is formed as a quantum 

mechanical scattering problem. The second important assumption is that this 

system is connected to external tanks by an ideal quantum wire, which acts as 

a waveguide for electron waves. 

 

Figure (2-3): Shows a mesoscopic scatterer connected to the contacts by ballistic 

filaments. The    and    represent the chemical potential at the contacts. When the 

incident wave packet hits the scatterer on the left, it will be sent with probability  = 

  *
 , it is reflected with probability   =   *

 where,  ,  *
 ,   and  *

 represent the 

transmission and reflection amplitudes from left to the right and vice versa. It 

requires the conservation of charges T + R = 1[154]. 

Mesoscopic scattered as shown in Fig. (2-3), connected to two electron 

tanks, and these reservoirs have slightly different chemical potentials       

𝜇   𝜇   𝛿   , and it causes electrons to move from the left to the 

right tank. We will discuss the solution to one channel open to one electron: 

the incident electric current 𝛿  which is generated by the chemical potential 

gradient, as indicated by: 

𝛿  𝑒   
  

  
 𝛿   𝑒   

  

  
 (𝜇   𝜇 )               .….……………(2.77) 
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The charge of the electron is (e), the group velocity is   . i.e. the velocity 

of electron, and 𝜕𝑛/𝜕  is density of states per unit length in the lead in the 

energy window that can be determined by the chemical potentials from 

contacts: 

  

  
  

  

  
 
  

  
 

  

  
 

 

   
                                            ..………………(2.78) 

As in one-dimension, after including a factor of 2 of the rotation 

dependency 
  

  
  

 

 
. When we substitute into equation (2.78), we will find 

that 
  

  
  

 

 
 

 

   
, which simplifies the equation (2.77) to: 

𝛿  
  

 
(𝜇   𝜇 )   

    

 
 𝛿                              .……………….(2.79) 

Where 𝛿  is the voltage generated by the chemical potential mismatch. From 

Eq.(2.79) it is clear that in the absence of a scattering region, the conductance 

of a quantum wire with one open channel is 
    

 
 . If now we consider a 

scattering region, the current collected in the right contacts will be: 

𝛿  
    

 
  (𝜇)𝛿    

  

  
    

    

 
  (𝜇)     .………………..(2.80) 

This equation is the Landauer formula, which relates the conductivity G 

of a mesoscopic scatterer to the transmission probability T of the electrons 

passing through it. Where  (𝜇) is the transmission coefficient as a function 

of the chemical potential μ and the quantum conductance G0 represented by 
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2e
2
/h. The quantity G0 includes the factor of 2 in the formula to include spin 

degeneracy [147,155]. 

Landauer's formula has been generalized in more than one open case 

Buttiker channel [153]. In this case, the transmission coefficient is replaced by 

the sum of all the transmission amplitudes describing electrons coming from 

the left-hand contact and arriving to the right contact. Landauer's formula 

equation (2.80) for many open channels and then it becomes: 

  

  
    

    

 
 ∑ |    |

 
     

    

 
   (   )             ...……………..(2.81) 

Here, ti,j represents the transmission amplitude that describes the 

scattering from j
th

 channel from the left leads to i
th

 channel is for the right lead 

and G is the electric conductance. According to the definition of transmission 

amplitude, reflection amplitudes ri,j can be entered to describe the scattering 

processes where the particle is scattered to the same lead from which it came, 

here ri,j distinguish probability a particle arriving at channel j is reflected back 

on channel i of the same lead. By combining the transmission and reflection 

amplitudes, we can produce the scattering matrix we call the S matrix, which 

connects the states coming from the left lead to the right and vice versa as 

follows: 

   .
   

   /                                                         ...….…………(2.82) 

In this equation, r and t denote left-handed electrons, while r' and t' 

denote right-handed electrons. When we return to equation (2.81), we see that 

r, t, r', and t' are matrices of multiple open channels that can be complicated in 



 Chapter Two                                                             Theoretical Part  

 

 

50 
 

the presence of a magnetic field. The following section calculates S for the 

system's retarded Green function G(E). G(E) is derived by coupling the Green 

function of the leads to the Green function of the scattering region using 

Dyson's equation. The S matrix is an important component of scattering 

theory. In other words, it is useful not only in describing linearity transport, 

but also in other problems such as adiabatic pumping [154,155]. 

 



 Chapter Three                      Theoretical Methods and Calculations 

 

 

51 

 

3.1 Introduction 

The theoretical methods and programs presented in this chapter are very 

powerful, and they have been used in many areas of mesoscopic transport in 

the past decade. It has been successfully applied to molecular electronics 

[109], spintronics [92] and mesoscopic superconductivity [93]. The method 

was also extended to limited bias using the non-equilibrium Green’s function 

technique [94]. 

 

3.2 Building of Atomic Configuration: Avogadro Software  

To obtain the structure of all the systems in the thesis, the Avogadro 

program was used. Avogadro is an advanced molecular editor and visualizer 

designed for cross-platform use in computational chemistry, molecular 

modeling, bioinformatics, materials science and related fields see Fig. (3-1). It 

provides high-quality flexible rendering and a robust additional structure 

[152]. Avogadro offers a semantic chemical generator and platform for 

visualization and analysis. For users, it offers an easy-to-use generator, 

integrated support for downloading from popular databases such as Pub-

Chemistry and Protein Data Bank, extraction of chemical data from a variety 

of formats, including computational chemistry output, and native semantic 

support for the CML file format. For more theoretical details about Avogadro 

and what it offers, see [156]. 
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Figure (3-1): Atomic building capabilities and tools using Avogadro[152]. 

3.3  Iso-Surfaces Calculations 

To gain a better understanding of the patterns in conduction behavior, we 

studied the electronic characteristics of the molecules and the electrical 

behavior of the junctions using DFT-based approaches. All molecules' 

electronic structures were initially studied at the theoretical level of B3LYP 

[126] with a base group of SDD [127]. The following chapter contains plots of 

the high occupied and low unoccupied molecular orbitals (HOMO and 

LUMO, respectively), as well as a summary of the energy analysis and 

distribution of the frontier molecular orbitals. 

3.4 Electronic properties 

Koopmans theory (KT) was used to calculate the electronic 

characteristics of the molecules in this investigation. The following is a 

description of the calculated properties: 



 Chapter Three                      Theoretical Methods and Calculations 

 

 

53 

 

3.4.1 HOMO, LUMO and H-L Gap 

The most significant molecular orbitals are HOMO and LUMO, where 

HOMO denotes the highest occupied molecular orbital and LUMO denotes 

the lowest unoccupied molecule orbital. The most significant molecular MOs 

orbitals are referred to as frontier orbitals since they are found at the 

molecules' electrons' extremes. HOMO, the highest energy orbital containing 

electrons, is the electron donor orbital. LUMO, on the other hand, is the 

lowest energy orbital with space for electrons. The energy (H-Lgap) is defined 

as [145,158]: the difference in energies between the HOMO and LUMO 

levels. 

                                                ………………. (3.1) 

Not only do HOMO and LUMO and their associated energy gap 

determine the method by which molecules interact with other species, but the 

energy gap also helps characterize the chemical reaction and kinetic stability 

of the molecule. A molecule with a small frontier orbital gap is highly 

polarizable and is often associated with strong chemical reactivity and low 

kinetic stability; this type of molecule is sometimes referred to as a soft 

molecule [158,159]. When an electron is transported to a higher energy state, 

there by filling the empty molecular orbitals, the ensuing state is referred to as 

the excited state can be see Fig. (3-2). The energy difference between the 

HOMO and LUMO states is referred to as the HOMO - LUMO gap [158]. 
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Figure (3-2): HOMO and LUMO levels of a single molecule[158]. 

The circle represents an electron in an orbital when light of a high 

enough frequency is absorbed by an electron in the HOMO, it is excited to the 

LUMO. 

3.4.2 Fermi energy and Fermi level   

The Fermi energy is a quantum mechanical notion that often refers to the 

energy difference between the highest and lowest occupied single-particle 

states in a quantum system of non-interacting fermions at absolute zero 

temperature. The lowest occupied state in a Fermi gas is assumed to have zero 

kinetic energy, but the lowest occupied state in a metal is commonly regarded 

to be the bottom of the conduction band [143]. Intriguingly, the word Fermi 

energy is frequently used interchangeably with another but closely related 

notion, the Fermi level (also called electrochemical potential), there are some 

critical distinctions between the Fermi level and Fermi energy, at least in the 

context of this article. While the Fermi energy is specified exclusively at 

absolute zero, the Fermi level is defined at any temperature. The Fermi energy 
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is a difference in energy levels (often equal to kinetic energy), whereas the 

Fermi level is a total energy level that includes both kinetic and potential 

energy. The Fermi energy can be defined only for non-interacting fermions 

(for which the potential energy or band edge is a static, well-defined quantity), 

whereas the Fermi level (for which the electrochemical potential of an 

electron remains well defined even in complex interacting systems at 

thermodynamic equilibrium) cannot be defined equilibrium. 

 

Figure (3-3): Fermi energy level of the metal, semiconductor and insulator[143]. 

Given that the energy of the highest occupied single particle state in a 

metal at absolute zero is the Fermi level, the Fermi energy in a metal is the 

energy difference between the Fermi level and the lowest inhabited single 

particle state at zero temperature, as seen in Fig. (3-3). Fermi energy level at 

temperature is given by:                     Where f (E) is the Fermi 

function,   =1/kBT, EF is the Fermi energy, kB is Boltzmann constant, T is the 

temperature. 
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The Fermi energy, which is the fundamental anisotropy principle in DFT, 

is utilized to determine the direction of an electron cloud's departure. It is 

constant over all dimensions and may be calculated using the following 

equation [160]: 

    *
  

  
+     ⃗                                                              .………………….(3.2) 

Where E is the energy and N is the number of electrons. Theoretically, Fermi 

energy is relating as in the following equation [159]: 

    
 

 
                                                         ……..……………(3.3) 

Band theory can be used to explain the electrical conductivity of 

materials. In band theory, each electron's energy level is represented by a 

horizontal line. Due to the fact that any solid substance has a significant 

number of electrons with varying energy levels, the combinations of these 

energy levels form two continuous energy bands referred to as the valence 

band and the conduction band. The energy difference between the two bands 

denotes the electron-restricted zone. In band theory, the electrons bound to 

particular atoms or interatomic bonds are considered to be in the valence band. 

When an electric field is applied, electrons that may freely flow within the 

core are said to be in the conduction band. The pattern of bands in a solid in 

Fig.(3-3) identifies three distinct types of materials: insulators, 

semiconductors, and metals. 

3.5  Electronic Transitions 

UV or visible ray absorption results in the stimulation of external 

electrons. There are three types of electronic transitions: those involving p, s, 
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and n electrons, those involving charge transfer electrons, and those involving 

d and f electrons. When an atom or molecule absorbs energy, the electrons in 

its ground state are promoted to the excited state. Atoms in a molecule can 

rotate and vibrate in relation to one another. Additionally, these vibrations and 

rotations have distinct energy levels, which might be thought of as a dense 

existence atop each electrical level. UV and visible rays are absorbed by some 

functional groups in organic compounds that contain valence electrons with a 

low excitation energy. The spectrum of the chromosphere-containing 

molecule is complicated [131,133]. The electronic transitions between p, s, 

and n electrons are depicted in Fig. (3-4). 

 

 

Figure (3-4): The electronic transitions of p, s, and n electrons [133]. 

3.6  Self-Consistency Process 

After establishing the system's atomic configuration, we require the 

appropriate pseudo-potentials for each element, which can vary for each cross-

correlation function. Additionally, a suitable base set selection must be made 

for each item in the account. 
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In the event of comprehensive optimization, the three alternatives can 

be combined to obtain the system's least energy and equilibrium network 

parameters. The process for relaxing the atomic locations allows the atoms to 

migrate until the remaining force between all the atoms is less than the needed 

affinity tolerance in eV/A, as seen in Fig. (3-5). Force is the essential quantity 

in structural optimization, and it may be numerically determined by taking the 

approximate numerical derivatives of the total power with respect to positions. 

SIESTA implements this strategy using the Hellmann-Feynman theorem 

[154,155]. We can enhance the computational accuracy and cost by doing two 

test calculations. Other input parameters affect the calculation's accuracy, such 

as the precision and density of the k-grid points used to evaluate the 

integration. Then, assuming that there is no interaction between the atoms, we 

generate the initial charge density. 

Due to the fact that the pseudopotentials are known, this step is 

straightforward, and the total charge density is equal to the sum of the atomic 

densities. The self-consistent computation Fig. (3-5) begins with the Hartree-

potential and exchange correlation potentials being calculated. Due to the fact 

that the density is represented in real space, the Hartree-potential is 

determined by solving the Poisson equation using either the multiple mesh 

approach [139] or the rapid Fourier transform method [145]. We begin the 

next iteration after solving the Kohn-Sham equations and obtaining a new 

density (r). Iteration is complete when the required convergence requirements 

are met. SIESTA offers extra density matrix mixing choices per cycle. I 

employ the Pulay [154] mixing approach in particular, in which the new 

density is mixed not just with the old, but also with a linear mixture of the 

preceding n densities. As a result, we obtain the ground state Kohn-Sham 
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orbitals and energy of a certain atomic arrangement. The operation described 

above is repeated in another loop, which is controlled by the conjugate 

gradient method [154,155], which is used to determine the minimal ground 

state energy and related atomic configuration. After achieving self-

consistency, an additional subroutine is called to extract the Hamiltonian and 

nested matrices from the LCAO basis for use in scattering calculations. 

 

Figure (3-5): Schematic of the self-consistency process within SIESTA. 
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3.7  Calculations in Practice 

To determine the electrical conductivity of the molecular, it was placed 

between two pyramidal gold electrodes and then allowed to relax to form the 

necessary shapes. 

The transmission coefficient of a structure can be defined as the 

amplitude and intensity of the transmitted wave in comparison to the incident 

wave when waves propagate in a non-contact medium [128]. In non-

relativistic quantum mechanics, the transmission coefficient and its 

corresponding reflection coefficient are used to describe the behaviour of a 

wave incident on a barrier. The transfer coefficient quantifies the likelihood of 

a particle tunnelling through a barrier. The transmission coefficient expresses 

the probability flow of the transmitted wave in comparison to the incident 

wave's flow [162,163]. 

The structure's transmission coefficient is positioned between two 

electrodes. T(E) is a transmission coefficient that quantifies the transfer of 

energy from E electrons to another electrode. The Hamiltonian H and the 

interference matrices S [164] were used to determine T(E). 

T(E), which characterizes the spread of energy electrons from left to right 

electrode, was determined by first collecting their Hamiltonian and related 

nested matrices using SIESTA and then using and Gollum's code [76,77] to 

calculate T(E) using the relationship: 

       {                     }                      ………………….. (3.4) 

In this expression, 

          (            
    )                               ………………….. (3.5) 
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Equation (3.5) describes the level broadening due to the coupling between 

left (L) and right (R) electrodes and the central scattering region,         are 

the retarded self-energies associated with this coupling and: 

                                                        ..………………… (3.6) 

   is the retarded Green’s function, where H is the Hamiltonian and S is 

the overlap matrix (both obtained from SIESTA). Electrical conductivity 

means flow of electric current through a material. When a current of one 

Ampere passes through a component across which a voltage of one Volt 

exists, then the electrical conductance (        )   of the component is one 

Siemens (S) [123,153,155].    

The electrical conductance G(T) and the thermopower as a function of 

the temperature T was computed from the formula: 

  
     ∫         

  
     ( 

     

  
)                  ..………………… (3.7) 

Where 

                                                                 ..………………… (3.8) 

where       is the transmission coefficient, and σ represents spin [↑, ↓] 

of transport of electrons passing through the single-molecule from one 

electrode to another [196], f (E,T) is the Fermi distribution function, β=1/kBT, 

EF is the Fermi energy, kB is Boltzmann constant, T is the temperature. The 

electrical conductance G(T) has been calculated by using Landauer formula: 

     ∫                    
 

  
                            .…..………………(3.9) 

Substitute an equation (3.7) into an equation (3.9) we get: 
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                                                                      ..………………… (3.10) 

 where 

    (
   

 
)                                                                 .…………………. (3.11) 

 Is the quantum of conductance, h is the Planck’s constant, e is the 

electron charge. Since the quantity (-df(E)/dE) is the a probability distribution 

peaked at E = EF with a width on the order KBT, the previous expression 

shows that G/Go is obtained by averaging T(E) over an energy range on the 

order KBT in the vicinity of E = EF[139,165]. It is well known that the Fermi 

energy predicted by DFT is not reliable, and therefore, the plots G/Go have 

been shown later as a function of      
   . Then, the thermopower S(T) is 

given by[167-168]: 

        
  

    
                                                          .…………………(3.12) 

3.8 Thermal conductivity 

Thermal conductivity is described as a material's ability to conduct heat 

within; it varies with temperature. It is calculated primarily using Fourier's law 

of thermal conductivity. Heat is transported more slowly through low thermal 

conductivity materials used as thermal insulation than through high thermal 

conductivity materials utilized in heat sink applications. Thermal conductivity 

is expressed in SI units as watts per meter Kelvin (W/m • K). The term 

"thermal resistance" refers to the reciprocal of the term "thermal conductivity" 

[165]. 
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3.8.1 Thermoelectric coefficients 

 When a system is subjected to a temperature difference Δ  and a voltage 

difference ΔV, the thermoelectric effect occurs. This results in the passage of 

an electric current I and a heat current  ̇ through a device. According to 

Buttiker, Imry, Landauer, et al. [165,166], the electric current I and heat 

current  ̇ passing through a device are proportional to the voltage difference 

ΔV and temperature differential Δ . Thus, the thermoelectric coefficients G, 

L, M, and K are used to connect both currents to temperature and potential 

differences [167]: 

 

(
 
 ̇

)   (
  
  

) (
  
  

)                                                …..………………(3.13) 

 

We can write the equation in another form: 

(
 
 ̇

)   
 

 
(
    

 

 
   

   
 

 
   

) (
  
  

)                         .....………………(3.14) 

Here, T represents the reference temperature, as well as the transport at 

room temperature through the single molecules are coherent in phase, with 

moments      
     

 . (n = 0,1,2), where    is written as equation (3.7). 

 We can rewrite equation (3.14) in the terms of the electrical conductance 

(G) (electrical resistance R = 1/G), thermopower (S = −Δ /Δ ) , Peltier 

coefficient (П), and the electronic contribution to the thermal conductance 

(ke), as shown: 
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(
  
 ̇

)   (
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)   (

  
   

) (
 

  
)             ………………(3.15) 

The electrical conductance, G is given by the Landauer formula:      

(
   

 
)       ,This parameter is described in an equation (3.10). 

Thermal energy is given in this case: Seebeck's modulus is a measure of 

how much of the thermoelectric potential is induced in response to 

temperature difference across a substance. It can also be defined as the 

thermal energy and thermoelectric sensitivity of a material, and is measured in 

volts per kelvin (V/K) in SI units. The Seebeck modulus of a substance is 

calculated from equation (3.12) when a small temperature gradient is applied 

to a substance such as [57]:  

   
  

  
  

 

  
 
  

  
                                                   ……………….(3.16) 

where ΔT is the small temperature difference between the two ends of a 

material and ΔV is the thermoelectric voltage visible at the ends.  

Furthermore, the Peltier modulus is the inverse of the Seebeck modulus, 

as it is determined by flowing current through two junctions, resulting in a 

temperature difference. The Peltier effect was discovered in 1834 by physicist 

Peltier. This is not the same as Joule heating, despite appearances. In joule 

heating, the current simply raises the temperature of the material through 

which it passes, whereas in Peltier effect devices, a temperature differential is 

generated, with one junction being colder and the other becoming hotter. 

Peltier coolers, while not as efficient as some other types of coolers, are 
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precise and simple to control and adjust. Peltier effect devices are used in a 

variety of microelectronic devices, including microcontrollers and central 

processing units in computers (CPUs). The Peltier effect occurs when an 

electric charge flows through a junction between two different conductors and 

generates or absorbs heat [56]. It is mostly used by computer enthusiasts to 

bypass microprocessors in order to increase performance without triggering 

CPU overheating or process failures. The Peltier coefficient is defined as the 

amount of heat that is transported solely as a result of the charge current in the 

absence of a temperature difference: 

    
 ̇

 
       

 

 
 
  

  
                             ..……………….(3.17) 

And the electronic contribution to the thermal conductance (ke) (and the 

thermal conductance ke is defined as the heat current due to the temperature 

drop in the absence of an electric current) is given: 

     
 ̇

  
       

 

  
 (     

  
 

  
 )     (   

     

 
) ………(3.18) 

Therefore the evaluation of S or Π gives an idea of how well the device 

will act as a heat driven current generator or a current driven cooling device. 

An additional quantity, the thermoelectric figure of merit, ZT  [168] can also 

be defined in terms of these measurable thermoelectric coefficients, from the 

above equations, the figure of merit     
     

 
  [169] can be written as: 

    
 

    

  
     

                                                    …………………..(3.19) 
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From classical electronics, ZT is derived by finding the maximum 

induced temperature difference produced by an applied electrical current in 

the presence of Joule heating. Let us consider a current carrying conductor 

placed between two heat paths with temperatures TL and TR, and electrical 

potentials VL and VR respectively. The thermoelectric figure of merit can be 

determined by finding the maximum induced temperature difference of the 

conductor due to an electrical current. Define  ̇ as the heat gain from the path 

L to R, and then from equation (3.15) i.e.: 

 ̇                                                                     ………………….(3.20) 

 ̇ This heat transfer will cause the left path to cool and the right path to 

heat, with a result that Δ  increases. The amount of Joule heating can be 

expressed as    ̇      , which is proportional to the electrical resistance and 

the square of the current. This Joule heating will also affect the temperature 

difference induced by the heat transfer, and therefore in the steady state case 

[56]: 

         
    

 
                                                         .…………………(3.21) 

where,  /2 is the sum of two parallel resistances (internal and external 

resistances). After rearranging this, the temperature difference is: 

    
 

 
       

    

 
                                                     .…..…………….(3.22) 

This expression shows how the temperature difference depends on the 

current. To find the maximum temperature difference a differentiation 

equation (3.22) with respect to the electric current is made: 
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                                                         ....……………….(3.23) 

Finally by writing back   = Π/R and substituting equation (3.17) into 

equation (3.22), for the maximum of the temperature different we get 

[166,167]: 

        
  

   
  

     

  
                                   .…………………(3.24) 

 

       

 
  

     

  
  

 

 
                                      .…………………(3.25)  

       
         

  
                                               …………………(3.26) 

Yielding a dimensionless number that can be used to characterize the 

efficiency of a molecular device. 

3.9 The Software  

All calculations in this study have been performed by using the (Gaussian 

09) package of Programs, SIESTA code and other assistant programs. These 

programs are described as below: 

3.9.1 Gaussian 09 (G09) Program  

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 [170].  
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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[110].  

The name originates Gaussian comes from the use of the Gaussian Type 

Orbitals that Gaussian's originator, John Pople, used to try to 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 [110,134].  

 

3.9.2  SIESTA  

All computations in this thesis were performed using the DFT 

implementation of the SIESTA code. It is utilized to obtain a convenient 

geometry for the structures presented and to perform calculations verifying 

their electrical properties. The word SIESTA is an abbreviation for the 

Spanish Initiative for Electronic Simulations Using Thousands of Atoms. It is 

a self-consistent density functional theoretical technique that performs 

efficient computations by utilizing norm-conserving pseudopotentials and a 

Linear Combination of Atomic Orbital Basis set (LCAOB). For additional 

theoretical details on the SIESTA code and its capabilities, read [76]. 

There are two distinct methods for running DFT simulations with 

SIESTA: one is to solve the Kohn-Sham equations using the traditional self-
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consistent field diagonalization approach, and the other is to directly reduce a 

modified power function [154]. 

The SIESTA code is used to determine the ground state energy of various 

atomic configurations and then to determine the systems' relaxed structure. 

This means that SIESTA can calculate our energy in terms of atomic 

coordinates (the location of atoms). Three types of structure optimization 

exist: relaxation in atomic coordinates, which allows for the modification of 

the forms and sizes of periodic cells [155]. 

SIESTA is both a method and a computer program for efficiently 

computing the electronic structure of molecules and solids and performing  

ab-initio molecular dynamics simulations. The efficiency of SIESTA is due to 

the use of tightly localized basis sets and the construction of linear-scaling 

algorithms that may be used to suitable systems. SIESTA employs fully non-

local (Klein man-Bylander) norm-conserving pseudopotentials. It enables an 

infinite number of multiple-zeta and angular momenta, as well as polarization 

and on-site orbitals, by using atomic orbitals as a basis set. The finite-support 

basis sets are critical for calculating the Hamiltonian and overlap matrices in 

the procedures. Apart from the usual Rayleigh-Ritz eigen state method, it 

enables the employment of localized linear combinations of occupied orbitals 

(valence-bond or Wannier-like functions), effectively scaling the computer's 

time and memory linearly with the number of atoms. With modest 

workstations, simulations with several hundred atoms are possible. It routinely 

calculates total and partial energies, electric dipole moment, electron density, 

atomic forces, geometry relaxation, stress tensor, constant-temperature 

molecular dynamics, variable cell dynamics (Parrinello-Rahman), Brillion 
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zone k-sampling, local and orbital-projected DOS, band structure, vibrations 

(phonons), and ballistic electron transport [154,155]. 

3.9.3  GOLLUM 1.0 Program  

GOLLUM is a program written by Fortran that computes the electrical 

and thermal transport properties of multi-terminal nano-scale systems. The 

program can compute transport properties of either user-defined systems 

described by a tight-binding (or Huckel) Hamiltonian. The program has been 

created to interface easily with any DFT code and uses a localized basis [77]. 

It currently reads information from SIESTA [76]. Plans to produce interfaces 

to other codes like FIREBALL are underway. GOLLUM is based on 

equilibrium transport theory, meaning that it consumes much less memory 

than NEGF (non-equilibrium Greens function) codes. The program has been 

designed for user-friendliness and takes a considerable leap towards the 

realization of ab initio multi-scale simulations of conventional and more 

sophisticated transport functionalities. GOLLUM delivers functionalities, 

reads either Tight-Binding or DFT Hamiltonians, simulates multi-terminal 

devices, computes the full scattering matrix and charge transport, number of 

open scattering channels, transmission and reflection coefficients, shot-noise, 

computes heat transport, thermal conductance and thermo power (Seebeck 

coefficient), peltier coefficient, computes spin transport, computes zero-

voltage as well as I-V curves, computes band-structure of the leads and DOS 

in the scattering region [57,59,77]. 
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4.1 Introduction 

  The twelve suitable structures of the various proposed series of 

organometallic compounds that have been investigated in this thesis are 

illustrated in Fig. (4-1). This chapter is divided into three sections; the first 

section discusses the electronic characteristics of compounds for three 

different correlation groups. The molecular design combines three key 

structural characteristics: (i) The molecules have terminal pyridyl, thiol, and 

thiomathyl anchoring units (Bicyclobentedine metal-2pyridyl), 

(Bicyclobentedine metal-2benzothiol), and (Bicyclobentedine metal-

2benzthiomathyl); (ii) Each molecule contains one of twelve different core 

units, with metals (Fe, Co, Ru, and Pt) in the center and (iii) meta-meta 

conjugation occurs between the core unit and anchor group, resulting in two 

isomeric series that are isolated; we studied the electronic properties of the 

compounds in their ground state and excited state; we studied the relaxed 

structures to obtain the best geometric optimization of the structures; and we 

studied the excited state to obtain the absorptiometry and emission spectra. 

The recommended compounds are initially generated using the Avogadro 

program and then relaxed using the three parameters. The Lee-Yang-Parr 

B3LYP density functional theory DFT approach was used in conjunction with 

SDD basis sets in the Gaussian 09 package of programs to investigate the 

ground state and spectroscopic features of these molecules. The properties of 

the excited states and transition states of relax structures are investigated using 

time dependent density functional theory, TD-DFT. 

The second section of this thesis examined the electric and thermoelectric 

properties of inverted necklace organometallic molecular junctions in terms of 
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quantum interference, specifically electrical conductance, transmission 

coefficient, Seebeck's coefficient, and figure of merit. The DFT algorithm 

SIESTA was used in this investigation, with a generalized gradient 

approximation (PBE functional), a double-zeta polarized basis set, a force 

tolerance of 0.01 eV/A, and a real-space grid determined by a plan wave cut-

off energy of 250 Ry. 

While the third section included a comparative study of the three groups 

(and the intention is that these are the groups associated with the gold 

electrodes), where the electrical and thermoelectric properties of each metal 

linked in the center of these particles were investigated, as well as an 

understanding of the difference that occurs when the anchor groups are 

changed. We have investigated the spectral, electronic, electrical, and 

thermoelectric properties of all three phases and will discuss our findings in 

depth in this chapter. 

Part I 

4.2  Structural and Geometrical Optimisation 

It is evident in Fig. (4-1) that (the pyridyl rings and phenyl with thiol and 

thiomethyl) are present on both sides of the dicyclobentedine-metal, as is the 

π-electron delocalization between the molecular units and aromatic rings. The 

effect of introducing an anchor group into phenyl rings is investigated. To 

investigate the effect of asymmetry in comparison to symmetry compounds, 

several compounds belonging to various subgroups are designed. We 

investigate the influence of electron accepting and electron donating groups. 

All geometrical parameters were determined using the B3LYP method in 
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conjunction with SDD basis sets in the Gaussian 09 program. The geometrical 

parameters derived from DFT calculations coincide well with those obtained 

from x-ray data C-C=1.421 Ǻ, C-C-C=120 degree [114]. The relax structures 

of the compounds in Fig. (4-1) demonstrate that they all exhibit a quasi-planar 

conformation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4-1): The relaxed geometries of all molecules. 

 = Fe, Co, Ru and Pt  

Bicyclobentedine-Pyridyl-metal Bicyclobentedine-Thiol-metal 

Bicyclobentedine-ThioMethyl-metal 
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The relaxed geometries of all molecules in the gas phase with varied 

metallic and anchor groups are illustrated in Fig. (4-1), as the figure 

demonstrates that there are three groups of Bicyclobentedine-metal based on 

the anchor groups linked to the molecules. The first group contains 

Bicyclobentedine-metal connected to phenyl rings via pyridyl anchor groups 

on both sides, while the second group has Bicyclobentedine-metal with an 

additional thiol anchor group. Additionally, the third group contains 

Bicyclobentedine-metal bonded to phenyl rings via thiomethyl anchor groups 

on both sides. 

4.3  The Electronic Structure Properties 

To gain a better understanding of the electronic characteristics of 

molecules and the electrical behaviour of junctions, DFT-based theory has 

been used [127]. To investigate the distribution and composition of the 

frontier molecular orbitals, first analyses of the electronic structures of all 

organometallic compounds were conducted at the B3LYP level of theory 

[131] using the SDD basis set. Fig. (4-2) shows plots of the highest occupied 

and lowest unoccupied molecular orbitals (HOMO and LUMO, respectively). 
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Figure (4-2): The iso-surfaces (±0.02 (e/bohr
3
)
1/2

) of the HOMOs and LUMOs for all 

molecules isolated. 
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Table 4.1: The HOMO, LUMO and H-L gap for all compounds. 

Compounds HOMO (eV) LUMO (eV) H-L gap(eV) 

Group 1 

BCP-Fe -5.728 -2.477 3.251 

BCP-Co -8.984 -6.428 2.556 

BCP-Ru -5.721 -2.486 3.235 

BCP-Pt -5.344 -3.085 2.259 

Group 2 

BCPT-Fe -5.268 -1.995 3.273 

BCPT-Co -8.255 -6.438 1.817 

BCPT-Ru -5.232 -1.988 3.244 

BCPT-Pt -5.211 -3.339 1.872 

Group 3 

BCPTM-Fe -5.145 -1.891 3.254 

BCPTM-Co -7.775 -5.824 1.951 

BCPTM-Ru -5.111 -1.883 3.228 

BCPTM-Pt -5.103 -3.252 1.851 
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To analyze and understand the behavior of the compounds' absorption 

spectra, it is required to study their electronic structures. The frontier orbital 

energies (HOMO and LUMO) and H-L gap for isolated compounds are listed 

in Table (4.1). According to the data in Table (4.1), some of the compounds 

investigated exhibit delocalization of the LUMO and localization of the 

HOMO. It’s energies of the investigated compounds are significantly altered 

as shown in Table (4.1). The results demonstrated that HOMO and LUMO are 

clearly distinct, implying that differing structures have a significant effect on 

the electronic properties and that the anchor group and metal have an effect on 

the HOMO and LUMO energies. 

The results indicated that the presence of an electron attracted to N or S 

in the various anchor groups on both sides of the compounds results in a 

decrease in the LUMO and hence a decrease in the H-Lgap or energy gap. 

Additionally, the existence of triple and double C-C bonds results in a 

decrease in the LUMO energy and a reduction in the energy gap due to the 

delocalization of both the HOMO and LUMO energies [127,131]. 

Frontier molecular orbitals FMOs play an important role in determining 

the charge separated states of compounds. As demonstrated, each 

organometallic investigated has respectable electron separated states. 

According to the distribution of HOMO and LUMO in Fig. (4-2), strong 

localization of the HOMOs occurs on the Bicyclopentadiene-metallic donor 

subunits to the backbone in the compounds, whereas strong delocalization of 

the LUMOs occurs on the bridges between the metal and Bicyclopentadiene in 

the center molecules, indicating that the electron density moves along the 

backbone in the compounds. Because the electron density of LUMO is 

predominantly concentrated on the acceptor units, electronic transitions of the 
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studied compounds from HOMO to LUMO may result in intra-molecular 

charge transfer from the donor units to the anchor groups on the acceptor units 

via the conjugated bridge between the two sides. 

These findings provide as an excellent jumping-off point for the debate 

and serve as a basis for comparing HOMO and LUMO molecular orbitals, 

respectively. Unsurprisingly, the lower and higher energy structures are 

defined by an electronic structure with boundary orbitals nearly evenly 

distributed across the molecule center and metal, backbone, and anchor groups 

on both sides forming a linear p-type path conjugated between atoms (N or S) 

on either side of the molecules studied. It is worth noting that the weight of 

LUMO on pyridine anchor groups, as well as on other anchor groups, is 

significantly more than that of HOMO. This outcome is indicative of two 

points. The first is the charge carrier transport mechanism, which could be 

dominated by LUMO except for the thiol group, which is in the HOMO 

domain. The second argument is that the possibility of this sort of molecule 

forming a molecular junction is quite great, as is the junction's stability. 

4.4  Density of States 

The density of states (DOS) is a measure of the number of electronic 

states in a band per unit energy. It may be computed using the formula 

𝐷(𝐸)=Σi 𝛿(𝐸−𝜀𝑖), where 𝜀𝑖 is the system's eigenvalues and 𝛿 is the Kronecker 

delta. The DFT calculated DOS spectra for the isolated molecule versus 

energy are shown in Fig. (4-3), along with the value of the gap in DOS, which 

is the distance between the first onset of electron density from left to right 

between the HOMO and LUMO peaks, which is approximately (3.273-1.817) 

eV for meta-linked molecules. 
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Figure (4-3): Density of state versus energy for meta calculated by DFT, in the gas phase. 
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As shown, the degeneracy of occupied molecular orbitals is more than 

that of virtual molecular orbitals in all compounds, indicating that the HOMO 

was localized and the LUMO was delocalized, and an indicator that the DOS 

was distributed more in the conduction band than in the valence band. The 

electronic transmissions in compounds (M1Fe Pyridyl, M1Fe Thiol, and 

M1Fe ThioMethyl) are feeble because the percentage of direct transmissions 

is relatively low, around 18%, 10%, and 8%, respectively. While electron 

transfer is extremely straightforward in the molecule (M1Co ThioMethyl), 

dependent on the ratio of the transition from HOMO to LUMO, which is 

approximately 95%. Additionally, the transitions between the compounds 

(M1Ru Pyridyl, M2Ru Thiol, and M3Ru ThioMethyl) are good, with transfer 

rates of (50%, 35%, and 43%), respectively. 

Finally, we see that the electronic transitions of the compounds 

containing platinum (M2Pt Thiol and M3Pt ThioMethyl) are good and at a 

transmission rate of 43% and 41%, respectively. Except when the Pyridyl 

anchor group is present, it is a weak molecule with a low electronic 

transmission rate (12%). In comparison to other compounds, the electron in 

compounds can readily transition from the valence to the conduction band due 

to the fact that the DOS degeneracy of occupied molecular orbitals is more 

than that of virtual molecular orbitals. These compounds have the ability to 

behave appropriately in electronic applications when they interact with other 

molecules or species. 
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4.5  UV- Vis Spectra  

The Ultraviolet-Visible and UV-V spectra of the substances under 

research were investigated and evaluated using the time dependent-self-

consistent field TD-SCF approach with the same hybrid functional and basis 

sets as in the B3LYP/SDD-DFT method. The critical factor in determining if a 

compound can be used as a photovoltaic material is the compound's 

absorption spectrum being equal to the solar spectrum. As illustrated in figure 

(4-4), the compounds exhibit both direct and indirect transitions from the 

valence band to the conduction band at absorption wave lengths of (690.82, 

576.08, 471.31, and 449.03)nm, respectively for group1; within this group, 

direct and indirect transmissions occur in varying proportions, as indicated by 

the proportion of direct transmissions in red in Table (4.2). The compounds in 

group2 transition directly or indirectly from valence to conduction at 

absorption wave lengths of (684.42, 1318.10, 442.3, and 821.48)nm, 

respectively. Compound M3Co also exhibits a direct transition HOMO to 

LUMO with a wavelength of 684.46nm; this molecule exhibits the highest 

direct transmission of up to 95%, which is not observed in the other 

molecules. The values of intensity (  =a.u) or absorption energy Eabs(eV), 

absorption wave length λmax(nm), oscillator strength O.S, molecular orbital 

character MOC %, and transition states are shown in Table (4.2). 
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Compounds Eabs (ε= a.u) λmax (nm) 

 

O.S MO character % 

Group 1 

BCP-Fe 661 690.82 0.0139 

H-2->L+3 (13%), H-1->L+4 (27%), 

HOMO->LUMO (18%), HOMO-

>L+3 (21%), H-2>LUMO(9%), H-2-

>L+7 (3%), HOMO->L+7 (6%) 

BCP-Co 4268 576.08 0.1051 

H-11->L+1 (22%), H-10->LUMO 

(38%), H-1->LUMO (28%), H-10-

>L+2 (5%), H-9->L+1 (2%) 

BCP-Ru 5958 471.31 0.1203 

H-2->LUMO (24%), HOMO-

>LUMO (50%), H-3 >LUMO (4%), 

H-3->L+2 (3%), H-2->L+2 (5%), H-

1->L+3 (3%), HOMO->L+2 (6%) 

BCP-Pt 21988 449.03 0.4899 

HOMO->LUMO (12%), HOMO-

>L+1 (76%) H-7->LUMO (4%), 

H-1->LUMO (3%), H-1->L+1 (2%) 

Group2 

BCPT-Fe 630 684.42 0.0131 

H-2->LUMO (15%), H-2->L+5 

(25%), H-1->L+4 (30%), HOMO-

>LUMO (10%), HOMO->L+5 

(13%), H-2->L+7 (3%) 

BCPT-Co 52 1318 0.0008 
H-7->L+1 (27%), H-3->L+1 (18%), 

H-2->L+1 (14%), HOMO->L+1 

Table 4.2: The Absorption spectra calculations of the compounds. 
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(19%) H-13->L+1 (4%), H-10->L+1 

(7%), H-4->L+1 (6%) 

BCPT-Ru 12040 442.3 0.1729 

H-2->LUMO (16%), H-1->LUMO 

(32%), HOMO->LUMO (35%), H-

4->LUMO (3%), H-2->L+4 (3%), 

H-1->L+4 (4%) 

BCPT-Pt 5340 821.48 0.1123 

H-3->LUMO (32%), H-2->LUMO 

(14%), HOMO->LUMO (40%), H-

6->LUMO (9%), H-1->LUMO (4%) 

Group3 

BCPTM-Fe 648 683.87 0.0134 

H-2->LUMO (15%), H-2->L+5 

(26%), H-1->L+4 (30%), HOMO-

>L+5 (11%), H-2->L+7 (2%), 

HOMO->LUMO (8%) 

BCPTM-Co 29788 684.46 0.5014 
HOMO->LUMO (95%), H-11-

>LUMO (2%) 

BCPTM-Ru 13919 442.19 0.2358 

H-2->LUMO (18%), H-1->LUMO 

(19%), HOMO->LUMO (43%), H-

4->LUMO (3%), H-4->L+4 (2%), 

H-2->L+4 (4%), H-1->L+5 (2%), 

HOMO->L+4 (2%) 

BCPTM-Pt 5678 825.12 0.1185 

H-5->LUMO (10%), H-4->LUMO 

(27%), H-2->LUMO (14%), 

HOMO->LUMO (41%), H-3-

>LUMO (3%) 
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Figure (4-4): the Absorption and Emission spectra for all compound’s. 
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Figure (4-4) highlights numerous significant findings. The first is shown 

in all figures, and it illustrates the absorption intensity as a function of 

wavelengths. It demonstrates that the absorption intensity increased 

substantially as the oscillation strength increased. The absorption intensity (ɛ)  

of three groups (Pyridyl, Thiol, and ThioMethyl) varies according to the group 

of the anchor and the metal used, with the cobalt metal in the second group 

(thiol) having the lowest absorption intensity (52 a.u) and the cobalt metal in 

the third group having the highest absorption intensity (29788 a.u) 

(thiomethyl). Not only that, but we can see a sharp change in the absorption 

peaks, with the maximum absorption occurring at 684.46 nm. In comparison, 

the molecule's lowest absorption intensity (ɛ) was at 1318 nm, indicating a fast 

transition from the visible to the infrared domain. As a result of these findings, 

we may assume that altering the anchor group and metallic composition not 

only influences absorption intensity, but also results in an effective 

displacement at wavelengths. 

The second important result is exhibited in Fig. (4-4), which shows the 

emission oscillator strength (fem) as a function of the wavelengths. 

Interestingly, the anchor group Co-ThioMethyl produces the highest fem 

(0.5014), while Co-Thiol gives the lowest fem (0.0008). The order of the 

absorption intensity (ɛ) for three groups (                       and 

the emission oscillator strength (fem) order is (fem M1Fe > fem M3Fe > fem M2Fe), 

(                       and the emission oscillator strength (fem) 

order is (fem M3Co > fem M1Co > fem M2Co), (                      and 

the emission oscillator strength (fem) order is (fem M3Ru > fem M2Ru > fem M1Ru) and 
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(                        and the emission oscillator strength (fem) 

order is (fem M1P > fem M3Pt > fem M2Pt ) as shown in Table (4.2)  

These findings provide a potential theoretical technique for the selection 

of structures and materials suitable for use as active laser medium, light-

emitting diodes, and solar cells. 

To explain the Fig. (4-4) and Table (4.2) for the four metals used in the 

three groups and the role of each metal in causing changes in those molecules 

in terms of absorption intensity and oscillation strength, we find that iron (Fe) 

metal is present in all three groups, the wavelength of which falls within the 

visible spectrum, and the absorption intensity of which ranges between (600-

700) a.u., which encourages the use of these molecule. We observe that the 

greater the oscillation strength in the production of light-emitting diodes, as 

well as the greater the absorption intensity. 

To explain the role of cobalt metal in these single molecules linked to 

various anchor groups, it was discovered that this metal has a high absorption 

intensity and oscillation strength in these molecules linked to the pyridyl 

anchor group and all of its transfers are indirect, whereas the thiol anchor 

group linked to these monomeric molecules has a low absorption intensity and 

oscillation strength. The absorption intensity and oscillation strength are very 

weak, which is due to the cobalt metal's high resistance to heat, and most 

importantly, the cobalt metal's presence with thiomethyl, the anchor group, 

which has a very high absorption intensity and oscillation strength due to the 

strong interaction between cobalt and this group. As is evident from the fact 

that nearly all electrical transitions are direct. Additionally, because these 

molecules have a high oscillation strength, they may be employed as an 
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effective medium for the laser and as light-emitting diodes due to their 

wavelength being in the visible area of the spectrum. High-intensity molecules 

can be employed in the construction of solar cell devices. 

In light of the results obtained from the presence of ruthenium metal in 

these monomers molecules, we determined that it plays an active role in the 

third group (the thiomethyl group), as it has a high absorption intensity and 

strong oscillation strength, which contribute to its use in light-emitting diodes 

due to its wavelengths falling within the visible spectrum's three groups, as 

well as the high intensities, which contribute to the use of these molecules in 

the formation of solar cells. 

Finally, we discover that the platinum metal used in the center of these 

molecules in the first group (pyridyl) has a high absorption intensity and an 

excellent oscillation strength, allowing it to be used as an effective medium 

for lasers, whereas the other groups have a lower absorption intensity and 

oscillation strength, indicating that the used pyridyl anchor group has good 

physical properties. 
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Part II 

4.6  Structural and Geometrical Properties  

To gain a better understanding of the conduction behavior, we used DFT 

to analyze the electronic characteristics of the molecules and the electrical 

behavior of the junctions. All molecules' electronic structures were 

preliminary studied at the B3LYP theoretical level using the SDD basis set. 

The study and control of electrical and electronic properties by single 

molecules coupled to two electrodes has generated considerable interest. 

Experiments and theoretical calculations shed light on the charge transfer 

mechanisms in custom-designed nanoscale junctions and on the interplay of 

the single molecule's chemical structure, electronic structure, and 

conductivity. In this investigation, the molecules were first geometrically 

relaxed in isolation to obtain the geometries depicted in Fig. (4-1). Geometric 

optimizations were performed using the DFT code SIESTA, which utilizes a 

generalized gradient approximation (PBE functional), a double-zeta polarized 

basis set, a force tolerance of 0.01 eV/A, and a real-space grid determined by a 

plan wave cut-off energy of  250 Ry. 

The geometric formations before and after molecules are bonded to the 

electrodes are depicted in Fig. (4-5). Take note that different molecular 

binding groups have been utilised in the various molecular formulations. 

These various anchor groups enable us to investigate the thermal and electrical 

properties, as well as the effect of the anchor and metallic groups on these 

variables. The geometrical and structural properties of all molecules are 

depicted in Fig. (4-5), both before and after they bind to the gold electrodes. 

To begin, there is the molecular junction, which is the distance between each 
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molecule's nitrogen and sulfa atoms' centers. Clearly, this work contains 

molecules with a variety of metallic and anchor groups. This presents an ideal 

opportunity to investigate the effect of molecular structure on these 

compounds' electrical and thermoelectric properties. Additionally, it is 

demonstrated that there is a significant difference in the molecular lengths of 

all molecular junctions (which is the center to center distance of the apex 

atoms of the two opposing gold pyramids in the relaxed structure). 

Additionally, these results demonstrated that the bond length, defined as the 

distance between the top gold atoms of the pyramidal electrode and the anchor 

(N and S) atoms, is constant for all molecular junctions, equaling (0.25 and 

0.23nm), as is the angle between [Carbon-Nitrogen and Gold is 180
o
 and 

Carbon-Sulfa and Gold is 120
o
], which is consistent with references [8, 9, 14] 

 

 

 

 

 

 

 

   

Figure (4-5): Schematic representation of the extended molecule of Au-M-‎Au;(a) shows 

an isolated molecule; (b) shows ‎the extended molecule; ‎‎(c) shows the gold contact. 

c) Gold-Gold Contact 

X= 0.25 nm 
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4.7 The Electronic and Electric Properties  

The electronic properties of the molecular necklace can be interpreted 

and comprehended by examining the behavior of electrons in these molecules. 

The isolated molecule's properties and the interaction between the molecule 

and the electrodes have an effect on the open system's electronic properties. 

As a result, transport models must account for both aspects in order to 

comprehend the electron scattering process between the two electrodes. This 

entails developing a method for resolving the problem of interacting electrons. 

4.7.1 Transmission Coefficient and Electrical Conductance 

The transmission coefficient T(E) at a molecular junction of electrons 

with energy travelling from one electrode to another will be described using a 

one-dimensional structure with a randomly spread region. The various types 

of resonance that describe conductance will next be addressed within the 

context of a general theory of electronic transmission. T(E) is a property of the 

entire system, which includes the leads, the molecule, and the contact between 

the leads and the molecule. Nonetheless, if the contact between the electrodes 

is poor, a graph of T(E) vs E will reflect the isolated molecule's energy-level 

structure. If the isolated molecule possesses energy levels E, T(E) will exhibit 

a succession of peaks (i.e. resonances) at energies around the levels E. The 

transmission coefficient and conductance were estimated in this thesis by first 

getting the relevant Hamiltonian and overlap matrices using SIESTA and then 

utilizing the GOLLUM code. This section discusses the effect of altering the 

metal core of the molecule and the anchor groups (at the ends of the molecule) 

on the results reported in Figures (4-6), (4-7), and (4-8). 
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Figure (4-6): Transmission coefficient T(E) and electrical conductance as a function of 

the Fermi energy for BCP-Metal molecules. 
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Figure (4-7): Transmission coefficient T(E) and electrical conductance as a function of 

the Fermi energy for BCPT-Metal molecules. 
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Figure (4-8): Transmission coefficient T(E) and electrical conductance as a function of 

the Fermi energy for BCPTM-Metal molecules. 

Specifically, there are  anti-resonance peaks in the transport spectrum for 

the structure with all metal centers under investigation, which is caused by 

destructive quantum interference between discrete and continuous states. 

Additionally, the location of the anti-resonance peak enables us to calculate 

the theoretical Fermi energy, it is found that the T(E) values of group1 (BCP) 

in the LUMO-dominated regime -0.14 eV < E < 0 are quite similar., while 

Fig. (4-7), it is found that the T(E) values of group2 (BCPT) in the HOMO-

dominated 0.142 eV ˃ E ˃ 0 system are quite similar. group3 (BCPTM) in the 

LUMO-dominated regime -0.29 eV < E < 0 are quite similar. It is obvious that 

this phenomenon results in a increases in the transmission coefficient for the 

all anchor groups over a wide range of electron energies (-3 - 3 eV), as 

illustrated in Figures (4-6), (4-7), and (4-8). A significant finding of these 

figures is that changing the metals in the middle of the molecules and the 

anchor group at the ends of the molecules affects not only the transmission 

coefficient and electrical conductance, but also causes the quantum size effect.  
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Table 4.3: The Transmission and Electrical Conductance of all molecules.  

Compounds T(E)  G/Go 

 

H-L gap Isolated H-L gap Junction 

Group 1 

BCP-Fe 0.126 ×10
-2 

0.284×10
-2

 3.251 1.238 

BCP-Co 0.263×10
-2

 0.364×10
-2

 2.556 1.792 

BCP-Ru 0.315×10
-2

 0.408×10
-2

 3.235 1.762 

BCP-Pt 0.1006 0.534×10
-2

 2.259 0.785 

Group2 

BCPT-Fe 0. 127×10
-2

 0.593×10
-2

 3.273 1.618 

BCPT-Co 0.164×10
-2

 0.621×10
-2

 1.817 1.487 

BCPT-Ru 0.402×10
-2

 0.782×10
-2

 3.244 1.833 

BCPT-Pt 0.490×10
-2

 0.974×10
-2

 1.872 1.546 

Group3 

BCPTM-Fe 0.171×10
-3

 0.113×10
-3

 3.254 1.438 

BCPTM-Co 0.174×10
-3

 0.169×10
-3

 1.951 1.582 

BCPTM-Ru 0.198×10
-3

 0.698×10
-3

 3.228 1.977 

BCPTM-Pt 0.275×10
-3

 0.916×10
-3

 1.851 0.839 
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We see from the results in Fig. (4-7) that altering the metal used in the 

core of the organometallic molecule has an effect on both the transmission 

coefficient and electrical conductivity. We obtained it during the transition 

process as a result of the peak anti- resonance's and it reaches its maximum 

value at BCP-Pt (0.1006). 

The data indicate that there is no statistically significant differential in 

conductance between the compounds in group 1 and the bridging metal (Fe, 

Co, Ru and Pt). It is instructive to compare our results to Chen et alwork's on a 

series of compounds with comparable structures to Fe, Ru, and Pt, except that 

they were connected to gold electrodes using thiol anchors rather than pyridyl 

anchors as examined here. Pyridyl, ThioMethyl, and thiol anchors produce 

conductance’s that are dominated by LUMO and HOMO, respectively. BCPT-

Pt > BCPT-Ru > BCPT-Co > BCPT-Fe was the clear conductance trend for 

the Pyridyl anchors. This resulted in the conclusion that aromaticity improves 

the conductance of single-molecule junctions[171]. Additionally, due to the 

various anchoring groups, the conductance of the Thiol compounds is 

consistently greater than that of the Pyridyl and thiomethyl anchored analogs 

[172-173]. 

Figures (4-6), (4-7) and (4-8) reflects an important fact that the metal in 

centre molecular or the different anchor groups unites not only affected the 

transmission coefficient value but also it influenced the width HOMO-LUMO 

gap. These results can be explained in terms of combining the path of 

electrons and the effects of quantum size. In general, we find that the H-Lgap 

of the studied molecules, which is isolated, differs greatly from the H-L gap, 

which is connected to the electrodes, where we find that the H-Lgap is 

reduced by half or more when connecting the gold electrodes, and this is due 
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to the high conductivity of the gold metal compared to other metals. These 

results as I mentioned could be interpreted in terms of tunneling distance, 

since the short molecular length means short tunneling distance and this 

means the highest conductance and vice versa. The variation in the value of 

HOMO-LUMO gaps could be attributed to the quantum size effects. 

4.8  The Thermoelectric Properties 

Organometallic-based molecular junctions are finding importance in 

applications such as solar cells, field effect transistors (FETs), touch screens, 

light emitting diodes (LEDs), electrochemical sensors, super capacitors and 

batteries [44-47]. 

From the thermal and electrical properties of nanowires [38], this type of 

material has the ability to generate electricity by heating via the Seebeck effect 

[172]. The Seebeck effect is defined as the generation of potential when there 

is a temperature difference between the two sides of the material. 

In contrast, the Peltier effect describes the observed heating or cooling 

effect if an electric current is cross through a junction [167]. There has been a 

lot of effort and many studies to investigate the types of materials that aim to 

increase the efficiency of these effects and to identify the parameters that 

control the performance of such devices [168]. It is hoped that these efforts 

will lead to a wide application of thermoelectric devices from refrigerators to 

power generators [169]. 
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4.8.1  Thermopower and Figure of Merit 

There are four thermal parameters that are used to describe the thermal 

and electrical properties of a molecular device. It is defined as electrical 

conductivity G, which is the ability to pass an electric current through a 

material, thermopower S refers to the electrothermal potential produced in 

response to a temperature gradient across the material that is measured in units 

of Volts/Kelvin. 

Thermal conductance k is the heat current due to a temperature gradient 

in units of W/K and the figure of merit ZT is a measure of the efficiency of a 

device [166,167]. The most important parameters are the thermopower S and 

the Figure of merit ZT. Therefore, I have calculated these parameters as shown 

in the results below Fig. (4-9). 
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Figure (4-9). Thermopower as a function of the Fermi energy of all molecular junctions. 
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Figure (4-9) shows the calculated thermopower coefficient of all three 

groups molecular junctions. The calculated thermopower (S) of compounds 

were obtained using the Gollum code. Provided  (𝐸  Figures (4-6), (4-7) and 

(4-8) can be approximated by a straight line on the scale of      the Seebeck 

coefficient is given by         (
     (  

  
)
    

,where   is the Lorenz 

number   (
  

 
)
   

 
 = 2.44.10

-8
 WΩK

-2
. In other words,   is proportional to 

the negative of the slope of    (𝐸   evaluated at the Fermi energy. As noted 

above, the DFT calculation places the Fermi energy near the middle of the 

HOMO-LUMO gap where its value for group1(-0.14eV), for group2 

(0.142eV) and for group3 at (-0.29 eV) , but slightly closer to the HOMO-

dominated for group2 and LUMO-dominated for groups (1,3), consistent with 

the measured positive and negative sign of the Seebeck coefficient. 

These results provided an excellent idea for the design of thermo-

molecular devices. Since then, we found in group1 the structure (BCP-Fe) 

giving the highest thermopower (-0.288 x 10
-3

 VK
-1

). While the structure 

(BCP-Pt) shows the lowest thermopower (-0.499 x 10
-3

 VK
-1

), while we found 

in group2 the structure (BCPT-Fe) gives the highest thermopower (0.288 x10
-3

  

VK
-1

). While the structure (BCPT-Pt) shows the lowest thermopower (0.073 x 

10
-3

 VK
-1

) and in group3 we found that the structure (BCP-Fe) gives the 

highest thermopower (-0.113 x 10
-3

VK
-1

). While the structure (BCP-Pt) shows 

the lowest thermopower (-0.401 x 10
-3

 VK
-1

), as shown in Table (4.4). 
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Table 4.4. The thermopower (S), and Figure of Merit (ZT) of all molecules.  

Compounds S(VK
-1

)  ZTe 

 

H-L gap Junction 

Group1 

BCP-Fe -0.286 x 10
-3 

1.18 1.238 

BCP-Co -0.321 x 10
-3 

2.01 1.792 

BCP-Ru -0.391 x 10
-3 

1.23 1.762 

BCP-Pt -0.499 x 10
-3 

9.75 0.785 

Group2 

BCPT-Fe 0.288 x 10
-3

 1.44 1.618 

BCPT-Co 0.196 x 10
-3

 0.88 1.487 

BCPT-Ru 0.129 x 10
-3

 0.96 1.833 

BCPT-Pt 0.073 x 10
-3

 0.151 1.546 

Group3 

BCPTM-Fe -0.113 x 10
-3 

0.502 1.438 

BCPTM-Co -0.179 x 10
-3 

0.334 1.582 

BCPTM-Ru -0.221 x 10
-3 

0.567 1.977 

BCPTM-Pt -0.401 x 10
-3 

3.76 0.839 
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Figure (4-10): Figure of merit ZTe as a function of the Fermi energy of all molecular 

junctions. 
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The explanation of our results in Figures (4-9) and (4-10) is the 

thermopower S and Figure of merit ZT being sensitive to the Fermi-energy 

value. If the Fermi-energy sits within the HOMO-LUMO gap where the 

transport curve is rather flat this will cause the thermopower value to be high 

but when the Fermi-energy sits at or near to an anti-resonance position, the 

transport curve will show low values [75]. 

However, these results provided an interesting strategy to enhance the 

merit number (ZT) by way of the molecule in which the Pt-metal from group1 

is present in the LUMO as much (9.75). While the molecules in the HOMO-

domain which is the group2 group at the ends of the thiol anchor group is the 

best form of merit for Fe-metal molecule as shown in Table (4.4). 

In terms of low electrical conductance yields high thermopower, our 

results presented in Table (4.3) and (4.4) show that the lowest conductance is 

introduced by Fe-metal, which leads to a significant raising of Seebeck 

coefficient. On the other hand, it is obvious that there is a strong link between 

the HOMO-LUMO gap and electronic and thermoelectric properties of these 

structures, which definitely needs more investigation. 
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Part III  

4.9 Transmission Coefficient and Electrical Conductance for 

different Groups 

Here in this part, every metal of one type will be studied in all the groups 

used in which a specific anchor group is used. The intention is that Fe-metal 

will be studied in three groups, and so on for the rest of the metals used in our 

study. Understanding molecular conduction behavior is an important starting 

point  for  calculating the electronic structures and electrical behavior of 

electron  transitions  based on the DFT theory. The transmission properties T(E) 

were calculated  using  Gollum code, in addition, according to the results we 

obtained from the HOMO and LUMO molecular orbitals, they have an similar 

sign, that is, there is no constructive interference, which means we get 

destructive interference inside the gap. 
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Figure (4-11): Transmission coefficient T(E) and electrical conductance as a function 

of the Fermi energy for every metal in three anchor group molecules. 
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Table 4.5: The Transmission, Electrical Conductance and Thermoelectric properties 

(Seebeck coefficient and Figure of merit) of all molecules at EF=-0.14, 0.142 and -0.29 

eV for metallic (Fe, Co, Ru, Pt) respectively, and the HOMO-LUMO gaps Junctions. 

Compounds T(E) 
 G/Go 

 

S(VK
-1

) ZTe 
H-L gap 

Junction 

Fe 

BCP-Fe 0.126×10
-2 

0.284×10
-2

 -0.286 x 10
-3 

1.18 1.238 

BCPT-Fe 0.127×10
-2

 0.593×10
-2

 0.288 x 10
-3 

1.44 1.618 

BCPTM-Fe 0.171×10
-2

 0.113×10
-3

 -0.113 x 10
-3 

0.502 1.438 

Co 

BCP-Co 0.263×10
-2

 0.364×10
-2

 -0.321 x 10
-3 

2.01 1.792 

BCPT-Co 0.164×10
-2

 0.621×10
-2

 0.196 x 10
-3 

0.88 1.487 

BCPTM-Co 0.174×10
-3

 0.169×10
-3

 -0.179 x 10
-3 

0.334 1.582 

Ru 

BCP-Ru 0.315×10
-2

 0.408×10
-2

 -0.391 x 10
-3 

1.230 1.762 

BCPT-Ru 0.402×10
-2

 0.782×10
-3

 0.129 x 10
-3

 0.96 1.833 

BCPTM-Ru 0.198×10
-3

 0.698×10
-3

 -0.221 x 10
-3 

0.576 1.977 

Pt 

BCP-Pt 0.1006 0.534×10
-2

 -0.499 x 10
-3 

9.75 0.785 

BCPT-Pt 0.49 × 10
-2

 0.974 ×10
-2

 0.073 x 10
-3 

0.151 1.546 

BCPTM-Pt 0.275×10
-3

 0.916×10
-3

 -0.401 x 10
-3 

3.76 0.839 
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The transmission coefficient usually describes the diffusion of electrons 

from the left gold electrode through the molecule and then to the right gold 

electrode. Therefore, the transmission coefficient and electrical conductance 

were calculated by obtaining the matrix Hamiltonian using SIESTA and then 

using the GOLLUM code. In this part, we note the effect of changing the 

metal core of the molecule and anchor group on the results we obtained as 

shown in Fig. (4-11). 

Where we find from the results obtained as shown in Table (4.5) the 

beginning of the Fe-metal transmission coefficient in the ThioMethyl group is 

the highest value than the rest of the groups (T(E) BCPTM-Fe ˃ T(E) BCPT-

Fe ˃ T(E) BCP-Fe). So, From this, we find that the transmission coefficient 

for all the metals used in the study is that the pyridine anchor group has the 

highest electron transfer as shown in Table (4.5) and the results obtained, and 

this is due to the fact that the N-atom is the best bond with gold, which leads 

to an easy transition for electrons.  

4.10  Thermopower and Figure of Merit for different Groups 

Each molecular device can be accurately described based on the 

electrical and thermal parameters of the device. One of the most important 

thermodynamic parameters that has been used to describe the thermal 

properties of a molecular system. We will test the thermal properties of 

organometallic molecule from different metals (Fe, Co, Ru, Pt). Therefore, I 

have calculated these parameters as shown in the results below Figure(4-12). 

Through the results we obtained, it gave us a new idea about the fabrication of 

molecular devices, using different metals in the synthesis of the molecules of 

the three groups (BCP-Metal, BCPT-Metal, BCPTM-Metal). Fig. (4.12) for 
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three groups containing Fe-metal shows that the highest thermopower 

obtained for (BCPT-Fe) molecule was (0.288 x 10
-3

 VK
-1

), while the lowest 

thermopower obtained for this metal with another group molecule (BCP-Fe)) 

amounted to (-0.286 x 10
-3

 VK
-1

).  

 

 

 

 

 

 

 

 

 

 

Figure (4-12): Thermopower as a function of the Fermi energy for each metal in three 

anchor groups molecular junctions. 

Of these three anchor groups used in the study with the studied metals, 

we find the best electrical conductance was for Fe-metal in the second anchor 

group(BCPT) and its value is (0.593 x 10
-2

), Also, the highest thermopower 

was for Fe-metal in the second anchor group (BCPT) with a value of (0.288 x 

10
-3

 VK
-1

). We can explain the wonderful results that we have reached in 
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Figures (4-12 and 4-13). It is known that both the Thermopower  and the figure 

of merit are directly affected by the Fermi energy site. Since the Fermi energy 

is located in LUMO and HOMO due to anti-resonance shown in Figures (4-7), 

(4-8) and (4-9), this leads to an increase in Thermopower with lowest 

electrical conductance [172]. 

 

 

 

 

 

 

 

 

 

Figure (4-13): Figure of merit ZT as a function of the Fermi energy for each metal in 

three anchor groups molecular junctions. 

Normally, lower Thermopower leads to a higher ZTe value of (0.502) for 

BCPTM-Fe molecule as shown in Fig. (4-12), and thus will make the 

BCPTM-Fe molecule attractive in thermoelectric devices. The reason for the 

high value of ZTe is the appearance of anti-resonance in the LUMO and 

HOMO curve, and this is all due to the binding of the anchor group with the 
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gold electrodes be meta-linked, which causes destructive quantum 

interference. 

Similarly, for the metals (Co, Ru, and Pt), the highest figure of merit is 

found in the Pyridyl group, which also has a high thermopower value of (2.01, 

1.23, and 9.75). As a result of this, we determine that the highest figure of 

merit value in the three anchor groups used in the study is at the Pt-metal in 

the first group (Pyridyl group), and this value is calculated based on the 

efficiency of the devices during manufacturing or measurement, with a higher 

figure of merit value indicating greater device efficiency. 
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4.11 Conclusions 

I have investigated the electronic and thermoelectric properties of three 

different groups for organometallic molecules using density functional theory 

DFT and the Green's function formalism, as described in Chapters 2 and 3. 

My thesis focused on the properties of single molecule transfer to electrodes 

utilizing a variety of metals and anchors, including the building blocks of the 

molecules, which are organometallic compounds such as BiCyclobentedine 

connected to the anchor groups at the ends of the molecules.  

The dream of manipulating quantum interference in single molecules 

has been discussed for many years, and molecular Mach-Zehnder 

interferometers have been the topic of much theoretical work. Therefore, the 

results of this thesis may aid to develop this kind of scientific research by 

introduce reasonable and reliable predications and conclusions, which could 

be summarized as follows: 

 In conclusion, the results that have been presented in section 4.1 (Part I) of 

chapter 4 exhibit a theoretical study using the density function theory methods 

to investigate the optoelectronic properties of organometallic molecules. It has 

been proved that the organometallic structures based on (BiCyclobentedine-

metal- anchor groups) molecules can be a powerful devices for the 

optoelectronics applications, particularly for the laser active mediums, since 

these structures introduced a high value of the emission oscillator strength 

(fem). In addition, has been  suggested a useful strategy to enhance the 

thermoelectric properties of these devices by changing an anchor group with 

metal, which makes these structures promising as well for the thermoelectric 

applications. 
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 The results of section 4.2 (Part II) of chapter 4 provided a considerable body 

of information about the design of thermoelectric materials and control the 

thermoelectric properties of single molecule devices. By using the density 

functional theory and a non-equilibrium Green’s function, the researcher has 

investigated the thermoelectric properties of BiCyclobentedine-based 

molecular junctions with different metals (Fe, Co, Ru and Pt). Although the 

existence of destructive quantum interference as an anti-resonance decreases 

the thermopower and figure of merit sharply, but it is a powerful strategy to 

enhance the electrical conductance. The position of the anti-resonance is not 

only an important factor to determine the sign of Seebeck coefficient, but also 

it is a useful technique to predicate the value of Fermi energy. Further, the 

electrons transfer ratio from molecule to the electrodes can be a support factor 

to promotes or increase the electrical conductance and decrease thermopower 

respectively. 

 In terms of novelty, it can be concluded from the results in section 4.3(Part III) 

of chapter 4, that this work defined the state-of-the-art in single molecule 

quantum interference devices by bringing together for the first time, 

pioneering work on molecular wires. In addition,  exhibits a novel strategy to 

control the quantum mechanical interference and enhance the electronic and 

thermoelectric properties of the molecular based devices, and its applications.  
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4.12 Future Works 

Molecular Nanotechnology is a field that can be considered as source of 

scientific and cognitive inspiration and innovation, so the researcher suggests 

some of ideas for the future work as follows: 

 

1- Studying the electronic and optical properties of porphyrin nanotubes. 

2- Investigation the thermoelectric properties of porphyrin molecular 

junctions under magnetic field effects. 

3- Studying the optoelectronics properties of porphyrin nanorings with 

shapes of square, rectangle and conical. 
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 الخلاصة 

تتزسؼ ىحه الأطخوحة ثلاثة أعسال عمسية ججيجة ، يسكؼ تمخيريا عمى الشحؽ التالي: العسل  
مع تطبيقات مجسؽعة الخبط يمفت  BiCyclobentedineالأول يؤكج ويثبت أن الجديء الأحادي 

الانتباه باستخجام الجديئات ككتل أولية مؼ السكؽنات الإلكتخونية التي تذتسل عمى ذرات معجنية. مؼ 
الشاحية الشعخية ، يتػ استخجام نؽع واحج مؼ أجيدة مجسؽعات السخساة السعجنية ثشائية الدايكمؽبيشتيجايؼ 

 Fe، وتتألف مؼ جديئات عزؽية مفخدة مع معادن مختمفة ) في ىحه الأطخوحة الشانؽي ذات السقياس 
 ،Co ،Ru  وPtوالبيخيجيؼ سجسؽعات السخساة ( ، محرؽرة بيؼ أقطاب كيخبائية ذىبية مختبطة ب 

 الثايؽل والثايؽمثيل.

لمؽصلات الجديئية السكؽنة مؼ جديئات فمدية  تست دراسة الخرائص الإلكتخونية والكيخوحخارية 
عزؽية مفخدة في ىحه الأطخوحة. يعج استكذاف وفيػ الخرائص الإلكتخونية لمجديئات السقتخنة 

 Gaussianبالخيؽط السعجنية أمخًا بالغ الأىسية لسدتقبل الإلكتخونيات الجديئية. تػ استخجام بخنامج 
ؽعة مؼ ىحه الجديئات باستخجام مديج مؼ نعخية دالة لمتحقيق في مجسؽعة متش SIESTA وبخنامج
 (. فيسا يمي أىػ نتائج الأطخوحة:Gollum)كؽد  Green( ونعخية الشقل صيغة دالة DFTالكثافة )

ذات أىسية  BiCyclobentine-metal-anchorيؽضح العسل الأول أن الؽصلات الجديئية  
تي تقجميا كسخشح مشاسب لمتطبيقات الزؽئية ، وال والتخكيبيةخاصة بدبب ميداتيا الإلكتخونية 

، يتزسؼ ىحا  Green دالة( ، وصياغة DFTق نعخية دالة الكثافة )ائوالكيخوحخارية. باستخجام طخ 
 والإلكتخونية والكيخوحخارية لجديئة والتخكيبيةالعسل تحقيقًا نعخيًا في الخرائص البرخية 

BiCyclobentedine خ ىحا العسل إلى نتيجة ميسة ، وىي استبجال مع مجسؽعة مخساة مختمفة. يذي
السعجن بسعجن آخخ ومجسؽعة مخساة  ججيجة، مسا يؤدي إلى زيادة ممحؽظة في قؽة محبحب الانبعاث 

(fem) (0.0008 - 0.5014 mol.cm2.L-1 في السقابل ، يتػ تقجيػ أقل تؽصيل كيخبائي .)
), Siemens 3-(0.113×10  عشج الجديئة التي تحتؽي الفمد  الثالثةفي السجسؽعة Fe  بيشسا ،

  x 10-3 0.113) )معامل سيباك( يُعيخ أعمى قؽة حخارية
μVK-1قج يداعج ذلغ في ابتكار .) 



 حخارية ، فزلًا عؼ الؽسط الفعاللترسيػ الأجيدة الكيخوضؽئية وال هواعج هجيجج ومخشح جديئات
 شعة الميدر.جيدة ألأ

باستخجام   Au| جديء |  Au لسخكباتسيبيغ معامل الشقل و  الجدء الثاني تػ حداب معامل 
(DFT تعيخ الشتائج أن ىشاك مقاومة قؽية لمخنيؼ في سمؽك الشقل حؽل طاقة فيخمي ، فقط لمجياز .)

مع جسيع السعادن. تُعدى ىحه الشتيجة إلى التجاخل الكسي السجمخ  BiCyclobentedineالقائػ عمى 
فرمة. لا يذيخ ىحا العسل فقط إلى وجؽد علاقة بيؼ التؽصيل الكيخبائي بيؼ الحالات السدتسخة والسش

والطاقة الحخارية ، ولكشو يقجم أيزًا استخاتيجية واعجة لمتأثيخ عمى ىحه الخرائص والتحكػ فييا مؼ 
 خلال إنذاء ظاىخة مزادة لمخنيؼ.

، والعسل جسع معًامجديء الفخدي مؼ خلال اليحجد العسل الثالث أحجث أجيدة التجاخل الكسي ل
تجاخل الخض استخاتيجية ججيجة لمتحكػ في الخائج عمى الأسلاك الجديئية. بالإضافة إلى ذلغ ، فإنو يع

السيكانيكي الكسي وتعديد الخرائص الإلكتخونية والحخارية للأجيدة الجديئية وتطبيقاتيا. تعيخ نتائج 
( ىي أكثخ بكثيخ مؼ باقي (BCP-Pt سعامل الشقل لمسعجن العزؽي لقيسة  أفزل ىحا العسل أن

 الجديئات بعذخات السخات. بل إنو يسثل آلية لمتحكػ في التجاخل السيكانيكي الكسي وتعديد خرائرو.
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