
             Republic of Iraq 

Ministry of Higher Education and 

             Scientific Research 

          University of Babylon 

 College of Sciences for Women 

   Department of Laser Physics 

  

 

 

Thermoelectric and Optical Properties of 

Nano Molecular Junctions 

A Thesis 

   Submitted to the Council of the College of Sciences for Women, 

University of Babylon 

In Partial Fulfillment of the Requirements for the Degree of 

Master in Laser Physics and its Applications 

 

By 

Marwaa Abdulhussien Kadhim 

(B.Sc. 2016) 

‎ 

Supervised by 

Assistant. Prof. Dr. Oday A. Al-Owaedi 
 

 

 

 

                                                                                                                         

1443 A.H.                                                                                     2022 A.D. 



 
 
 

 بسِْمِ اللَـّهِ الرَّحْمٰـَنِ الرَّحِيمِ 
 

 نُضِيعُ أجَْرَ مَنْ أحَْسَنَ عَمَلاً﴾ ﴿إنَِـّا لَ   
 

 صدق الله العليُّ العظيم
 
 

 30ايه                                                  
 سورة الكهف                                                        

 



i 
 

Dedication 

 

This thesis is dedicated to 

 

My parents who have provided me with confidence and 

support 

 

My brothers and sisters whose love motivated me to 

challenge myself and to work harder 

 

My husband for his understanding and enduring patience 

and encouragement through this hard work. 

 

 

To my friends and colleagues who helped me 

 

 

 

Marwaa  



ii 
 

Acknowledgment 

 This thesis would never completed without the excellent supervision and 

guidance I received from Assistant Prof. Dr. Oday A. Al-Owaedi. There are no words 

in English books can express my gratitude to you. Really you were excellent 

supervisor.  

 Also I would like to pay my regards to all relatives and friends for the help 

they showed at the Department of Laser Physics. 

 Also my very deep respect and sincere appreciation to my family, whose 

patience and moral encouragement gave me so much hope and support. 

Above all, my great thanks to ALLAH for his mercy and blessing. 

 

 

 

 

 

 

 

 



iv 
 

Abstract 

 

 Quantum interference (QI) is one of the most fundamentals science, 

which can be a powerful strategy to control and enhance the electric, 

thermoelectric and spectral properties of single molecules. Here, the 

density-functional-theory-based quantum transport calculations have been 

used to figure out the electrical conductance (G/G0), which supplies 

unique understanding into the thermopower (S) and emission oscillator 

strength (fem) of from a series of oligophenylene-ethynylene (OPE) 

derivatives with thiol end-groups, and para or meta transport connections, 

which underpins their spectral and heat transport properties. The 

molecules with meta connection (OPE-4,5,6) demonstrated the signature 

of a destructive quantum interference, which resulted to a low 

conductance (0.65×10
-4

, 0.5×10
-6

, and 0.17×10
-6

) respectively produce a 

high thermopower (165, 182, and 266 µVK
-1

). These structures yield very 

low emission oscillator strength (0.96, 0.75, and 0.66) respectively. In 

contrast, the para linking in molecules OPE-1,2,3 led to a constructive 

quantum interference, which was the reason for the high conductance 

(0.52×10
-3

, 0.88×10
-3

, and 0.22×10
-2

) respectively. These molecule 

exhibited a low thermopower (22, 21, and 13), and a high emission 

oscillator strength (2.15, 2.15, and 2.03) respectively.  Finally, the 
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properties of all molecules studied here are dominated by the highest 

occupied molecular orbital (HOMO) level.  
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1.1. General Introduction 

 

In the mid-1960s, Gordon Moore observed that the number of transistors 

per unit area on a chip was doubling approximately once every two years 

[1]. He modestly speculated that this trend could continue for a further ten 

years, but nearly half a century later, the exponential growth continues. 

However, if Moore’s law is to continue, the transistors will have to shrink 

to atomic scale within twenty years and enter the field of nanoelectronics.  

Recently, new insights in the field of nanoscience have been obtained 

from the application of fundamental modeling techniques such as density 

functional theory (DFT), and molecular dynamics [2]. Advances in 

computer technology have led to an increase in computational capability 

which has made possible the modeling and simulation of complex 

systems with millions of degrees of freedom. However, the full potential 

of novel theoretical and modeling tools has not been reached yet. 

 

 

 

 

 



Chapter1: Introduction 

2 
 

1.2. Oligo(phenylene-ethynylene) Molecules 

         The myriad of wirelike molecules that have been prepared and 

studied in thin film and single-molecule junctions, the 

oligo(phenylenevinylene) and oligo(phenyleneethynylene) (OPE) occupy 

a particularly prominent position [3]. The ease of synthesis, stability 

under ambient conditions, ready functionalization with a wide range of 

electronically and sterically interesting groups, and suitability to form 

modular structures of regularly increasing length have made these 

systems idea workhorses for the explorations of electronic phenomena in 

molecular systems[4,5]. There are many reviews and discussion papers 

that address the chemistry and junction characteristics of these species 

[6], a comprehensive description of this molecular class alone would 

occupy at least an entire volume. The OPE backbone is thought to offer a 

wider range of conformations, given the essentially barrierless rotation of 

the phenylene moieties around the ethynyl axis [7], the great advantage of 

this fragment is the (relative) simplicity of synthetic approach based on 

sequential and convergent crosscoupling methods [8].  

In fact, Oligo(phenylene-ethynylene) (OPE) compounds represent a 

particular unique family of molecular wires. They are fully π-conjugated 

rigid rod-like molecules with a HOMO−LUMO gap of ∼3 eV [9 – 10]. 
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1.3. Single Molecule Junctions 

Due to the intrinsic limitations of silicon-based electronics, the idea of 

using organic molecules as functional units in electronic devices has 

received increasing interest [11]. The detailed understanding of charge 

transport through single-molecule junctions is a key prerequisite for the 

design and development of molecular electronic devices. The 

implementation of single molecules and tailored molecular assemblies in 

electronic circuits requires the optimization of their structures toward 

desired functionalities and a reliable method of wiring them into 

nanoscale junctions [12−13].  

In recent years, important correlations between transport properties and 

molecular structure have been demonstrated from the investigation of 

functional properties of single molecules and self-assembled monolayers 

[14−15]. Examples of reported functionalities illustrated by single 

molecules include diodes, [16−17] transistors,[18,19] memory effects, 

[20−21] and various switching phenomena, such as processes triggered by 

an electric potential, [22,23], the mechanical motion of a probe electrode, 

[24], or light excitation [25,26,27]. Furthermore, molecular wires are 

essential structures for connecting functional units [28, 29].  
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1.4. Literature Review 

[1] Oday A. Al-Owaedi et al, in 2015, have presented charge transport 

studies of pyridyl terminated OPE derivatives, using the MCBJ and STM-

BJ techniques, DFT-based theory and analytic Green’s functions, and 

have investigated the interplay between QI effects associated with entral 

and terminal rings in molecules of the type X-Y-X. Julia Ponce et al in 

2016, have performed the spectroscopic measurements and DFT 

calculations of OPE molecular junctions, and their studies suggest that the 

room-temperature emission of the iridium complexes can be 

unambiguously assigned to 3 metal-to-ligand charge-transfer excited 

states in all cases[30].  

[2] Subodh P. Jagtap et al in 2017, have studied experimentally and 

theoretically that the absorption and emission spectra of the stacked OPE 

compounds and compared them to those of the individual unstacked 

oligomers. These optical studies, when analyzed together with the results 

of TD-DFT calculations, clearly demonstrate the effect of interchain 

interactions on the low energy photophysics of stacked compounds[31]. 

[3] Yuqing Liu et al in 2018, have fabricated a high quality SAMs based 

on OPE3 and OPE3-TTF with diamine anchoring groups were grown on 

the Au substrate. They found the molecular conductance of diamine 
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OPE3 was markedly increased by TTF group and the conductance 

differences were 17 and 46 times for Au and Pt tips[32]. 

[4] L. Herrer et al in 2019. They have explored the characteristics of 

molecular single and large molecules, and they found a double anchor 

group, formed from 2-aminepyridine reveals a conductance value one 

order of magnitude larger than state-of-the-art monodentate materials of 

OPE derivatives with the same molecular structure. Their studies also 

confirm that the lowest conductance value was presented by a single 

molecule, while the highest one from the monolayer molecule[33]. 

Hang Chen et al in 2020, have studied the thermoelectric properties of 

OPE derivatives using a modified STM-BJ technique, and they 

demonstrated the importance of the anchor groups in the OPE derivatives. 

Further they have established that the increase in pendant unit conjugation 

of OPE derivatives would lead to a decrease in the Seebeck 

coefficient[34]. 

[5] Martin Sebastian Zöllner et al in 2021, have studied the potential of 

different radical substituents to induce spin polarization in electron 

transmission through OPE wires by means of first-principles DFT 

calculations in the coherent tunneling regime. They reported that the 

substituents’ effects on overall transmission are minor when it comes to 

shifting up or down the energy scale. The main effect is a lowering of the 
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overall transmission minimum, which is, at least for verdazyl, caused by 

dispersion interactions between the substituents and the backbone, 

twisting one of the outer phenyl rings[35]. 

  

[6] Yinqi Fan et al in 2022, have studied the conductance and length 

dependence of amine and methyl sulfide-terminated oligo(phenylene 

ethynylene), and they have shown that the introduction of a graphene 

electrode leads to lower conductance values and attenuation factors, 

similar to what has been previously observed in alkane chains. They 

mentioned that this result is attributed to a shift of the electronic 

molecular levels toward the Fermi level, mainly driven by acetylene 

groups linking adjacent phenyl groups[36]. 

1.5. The Aims of the Study 

The main aime of this thesis is to explore and understand the electric, 

thermoelectric, spectral and some of optical properties of molecular nano 

junction formed based on Oligo(phenylene-ethynylene) (OPE) Molecules. 

Also, it aims to understand the fundamentals and scientific facts that 

govern and control these properties. Finally, it tries to specify the 

possibility of utilizing these molecules in the field of optoelectronics 

applications.  



 

 

 

 

Chapter Two 

 

Density Functional Theory 

and Transport Calculations 
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2.1. Density Functional Theory 

   The  Density Functional Theory ( DFT ) is widely used by physicists 

and chemists to investigate the ground-state properties of interacting 

many-particles systems such as atoms, molecules and crystals. DFT 

transforms the many-body system into one of non-interacting fermions in 

an effective field.  In other words, the electrical properties of many 

interacting particles system can be described as a functional of the 

ground-state density of the system [37]. In 1998, the importance of DFT 

was confirmed with the Nobel Prize in Chemistry being awarded to 

Walter Kohn for his development of density functional theory. DFT is a 

reliable methodology which has been applied to a large variety of 

molecular systems with a huge number of books and articles in the 

literature giving detailed descriptions of the principles of DFT and its 

application [38-39]. The beginnings of DFT were founded upon the 

Thomas-Fermi model back in the 1920s which provided the basic steps to 

obtain the density functional for the total energy based on wavefunctions [ 

40-41]. Further improvement was made by Hartree, Dirac, Fock and 

Slater and nearly four decades after the Thomas-Fermi work. DFT was 
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then given a robust foundation by the Hohenberg-Kohn theorems and 

Kohn-Sham method [ 38, 39, 42-43].  

 

 

2.2. Kohn-Sham Method and Self-Consistent Field  

Kohn and Sham noticed that Hohenberg-Kohn theory is applicable to 

both interacting and non-interacting systems. As DFT avoids the 

interacting many particle problem. The non-interacting system has one 

great advantage over the interacting system as finding the ground-state 

energy for a non-interacting system is easier. In 1965, Kohn and Sham 

came up with the idea, that it is possible to replace the original 

Hamiltonian of the system by an effective Hamiltonian (𝐻𝑒𝑓𝑓) of the non-

interacting system in an effective external potential 𝑉𝑒𝑓𝑓( 𝑟 ) which gives 

rise to the same ground state density as the original system. Since there is 

no clear recipe for calculating this, the Kohn-Sham method is considered 

as an ansatz, but it is considerably easier to solve than the non-interacting 

problem. The Kohn-Sham method is based on the Hohenberg-Kohn 

universal density [41,44, 45, 46]: 

 𝐹𝐻−𝐾[𝑛( 𝑟 ⃗⃗⃗)] = 𝑇𝑖𝑛𝑡[𝑛( 𝑟 )] + 𝐸𝑒𝑒[𝑛( 𝑟 )]                      (2.1) 
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The Hohenberg-Kohn functional for non-interacting electrons is reduced 

to only the kinetic energy. The energy functional of the Kohn-Sham 

ansatz 𝐹𝐾−𝑆[𝑛( 𝑟 ⃗⃗⃗)], in contrast to (2.1), is given by[40]: 

𝐹𝐾−𝑆[𝑛( 𝑟 ⃗⃗⃗)] = 𝑇𝑛𝑜𝑛[𝑛( 𝑟 )] + 𝐸𝐻𝑎𝑟𝑡[𝑛( 𝑟 )] + ∫𝑉𝑒𝑥𝑡( 𝑟 )  𝑛( 𝑟 ) 𝑑𝑟 

                                                     +𝐸𝑥𝑐[𝑛( 𝑟 )]             (2.2) 

where 𝑇𝑛𝑜𝑛 is the kinetic energy of the non-interacting system which is 

different than 𝑇𝑖𝑛𝑡  (for interaction system) in equation (2.1), while 𝐸𝐻𝑎𝑟𝑡 

is the classical electrostatic energy or classical self-interaction energy of 

the electron gas which is associated with density 𝑛( 𝑟 ). The fourth term 

𝐸𝑥𝑐 is the exchange-correlation energy functional and given by[43]: 

      𝐸𝑥𝑐[𝑛( 𝑟 )] = 𝐹𝐻−𝐾[𝑛( 𝑟 ) −
1

2
∫
𝑛( 𝑟1 )𝑛( 𝑟2 )

|𝑟1 − 𝑟2|
𝑑𝑟1𝑑𝑟2

⏞                
𝐸𝐻𝑎𝑟𝑡[𝑛( 𝑟 )]

− 𝑇𝑛𝑜𝑛[𝑛( 𝑟 )] 
     (2.3) 

 

The first, second and third terms in the equation (2.3) can be trivially cast 

into functional form. In contrast, there is in general no exact functional 

form for 𝐸𝑥𝑐.  In the last couple of decades, enormous efforts have gone 

into finding a better approximation to𝐸𝑥𝑐. Currently, the functional can 

investigate and predict the physical properties of a wide range of solid 

state systems and molecules. For the last three terms in the equation (2.3), 
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we take the functional derivatives to construct the effective single particle 

potential 𝑉𝑒𝑓𝑓( 𝑟 ): 

𝑉𝑒𝑓𝑓( 𝑟 ) = 𝑉𝑒𝑥𝑡( 𝑟 ) +
𝜕𝐸𝐻𝑎𝑟𝑡[𝑛( 𝑟 )]

𝜕𝑛( 𝑟 )
+
𝜕𝐸𝑥𝑐[𝑛( 𝑟 )]

𝜕𝑛( 𝑟 )
           (2.4) 

Now, we can use this potential to give the Hamiltonian of the single 

particle[47]: 

𝐻𝐾−𝑆 = 𝑇𝑛𝑜𝑛 + 𝑉𝑒𝑓𝑓            (2.5) 

By using this Hamiltonian, the Schrödinger equation becomes: 

[𝑇𝑛𝑜𝑛 + 𝑉𝑒𝑓𝑓]𝛹𝐾−𝑆 = 𝐸𝛹𝐾−𝑆                      (2.6) 

Equation (2.6) is known as Kohn-Sham equation. The ground state 

density 𝑛𝐺𝑆
𝐾−𝑆( 𝑟 ) corresponds to the ground state wavefunction 𝛹𝐺𝑆

𝐾−𝑆  

which by definition minimizes the Kohn-Sham functional subject to the 

orthonormalization constraints ⟨𝛹𝑖|𝛹𝑗⟩ = 𝛿𝑖𝑗; it is found by a self-

consistent calculation [ 39, 48, 49].  

Density functional theory uses a self-consistent field procedure. For 

example, let us suppose that 𝐸𝐻𝑎𝑟𝑡 and 𝐸𝑥𝑐 can be accurately determined. 

The problem is now that 𝑉𝑒𝑓𝑓 cannot be calculated until the correct 

ground state density is known and the correct density cannot be obtained 

from the Kohn-Sham wavefunctions until equation (2.6) is solved with 
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the correct 𝑉𝑒𝑓𝑓. Therefore we solve this circular problem by carrying out 

a self-consistent cycle [38, 50, 51] as shown in figure 2.1. 

 

Figure 2.1. A Schematic illustration of the self-consistent DFT [51]. 

According to figure 2.1, the first step is to generate the pseudo-potential 

which represents the electrostatic interaction between the valence 

electrons and the nuclei and core electrons. The next step is to build the 
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required basis set with a selected kinetic energy cutoff to be inserted in 

the basis set; this step is to expand the density functional quantities. 

Clearly, if the density is known, the energy functional is fully determined. 

A trial electronic density 𝑛𝑖𝑛𝑖𝑡𝑖𝑎𝑙  (𝑟) is made as an initial guess. This 

initial guess is used to calculate the following quantity: 

                                    𝐺 = 𝐸𝐻𝑎𝑟𝑡[𝑛
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (𝑟)] + 𝐸𝑥𝑐[𝑛

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (𝑟)]                  (2.7) 

Then 
𝝏𝑮

𝝏𝒏𝒊𝒏𝒊𝒕𝒊𝒂𝒍 (𝒓⃗⃗)
 and the effective potential 𝑉𝑒𝑓𝑓 are calculated. The 

effective potential is used to solve the Kohn-Sham equation (2.6) which 

leads to finding the electron Hamiltonian. After obtaining the 

Hamiltonian, it is diagonalised in order to find the eigenfunctions and the 

new electron density 𝑛𝑛𝑒𝑤(𝑟) . Hopefully, this 𝑛𝑛𝑒𝑤(𝑟) will be closer to 

true ground state and is checked. For self-consistency, if this new updated 

electron density 𝑛𝑛𝑒𝑤(𝑟) agrees numerically with the density 𝑛𝑖𝑛𝑖𝑡𝑖𝑎𝑙  (𝑟) 

used to build the Hamiltonian at the beginning of the SCF cycle, we have 

reached the end of the loop. We then exit, and calculate all the desired 

converged quantities, such as the total energy, the electronic band 

structure, density of states, etc... Otherwise, the new density 𝑛𝑛𝑒𝑤(𝑟) does 

not agree with the starting density 𝑛𝑖𝑛𝑖𝑡𝑖𝑎𝑙  (𝑟), one generates a new input 

density and starts another SCF cycle: build the new density-dependent 
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Hamiltonian, solve and compute the density, and check for self-

consistency [38, 52, 53].  

The Kohn-Sham approach clearly shows that a complicated many body 

system can be mapped onto a set of simple non-interacting equations 

exactly if the exchange correlation functional is known. However, the 

exchange-correlation functional is not known exactly so approximations 

need to be made. 

 

2.3. The Exchange-Correlation Aproximation 

DFT is very reliable and proven method, but it still uses an approximation 

for the kinetic energy functional and the exchange-correlation functional 

in terms of the density. Huge efforts have been aimed at finding reliable 

expressions for those functional. The most commonly exchange-

correlation functional approximations are the Local Density 

Approximation (LDA), which depends only on the density, and the more 

complicated Generalised Gradient Approximation (GGA), which includes 

the derivative of the density and also contains information about the 

environment and hence it is semi-local[52,53]. 
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2.3.1. Generalized Gradient Approximation (GGA) 

LDA treats all systems as the homogenous systems, but the real systems 

are inhomogeneous. In order to take this into account, a step may be taken 

beyond the LDA and extend it by including the derivative information of 

the density into the exchange-correlation functionals. The only way to do 

this, is by including the gradient and the higher spatial derivatives of the 

total charge density (|𝛻𝑛( 𝑟 )|, |𝛻2𝑛( 𝑟 )|, …) into the approximation. 

Such a functional is called the generalized gradient approximation 

(GGA). For this case, there is no closed expression for the exchange part 

of the functional and therefore it has to be calculated along with the 

correlation contributions using numerical methods. Exactly as in the case 

of the LDA many parameterizations exist for the exchange-correlation 

energies in the GGA [54-55].  

In this section, we are going to discuss the proposed functional form 

which is presented by Perdew, Burke and Ernzerhof (PBE) [54]. In this 

parameterization, there are two separated expressions, the first expression 

is the exchange 𝐸𝑥
𝐺𝐺𝐴[𝑛( 𝑟 )] and given by: 

𝐸𝑥
𝐺𝐺𝐴[𝑛( 𝑟 )] = ∫𝑛( 𝑟 ) 𝐸𝑥

ℎ𝑜𝑚𝑜[𝑛( 𝑟 )] 𝐹𝑥(𝑠)𝑑𝑟 ,          (2.8) 

Where  

𝐹𝑥(𝑠) = 1 + 𝜅 −
𝜅

(1+𝜇𝑠2)/𝜅
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here  𝐹𝑥(𝑠) is called the enhancement factor, 𝜅 = 0.804, 𝜇 = 0.21951  

and 𝑠 = |𝛻𝑛( 𝑟 )/2𝑘𝑠𝑛( 𝑟 )| is the dimensionless density gradient, where 

𝑘𝑠 = √
4 𝑘𝑇−𝐹

𝜋𝑎𝑜
  and 𝑘𝑇−𝐹 =

(12/𝜋)1/3

√𝑟𝑠
  

is the Thomas-Fermi screening wavenumber whereas 𝑟𝑠 is the local Seitz 

radius. The second expression is the correlation energy 𝐸𝑥
𝐺𝐺𝐴[𝑛( 𝑟 )] and 

given by: 

𝐸𝑐
𝐺𝐺𝐴[𝑛( 𝑟 )] = ∫(𝐸𝑐

ℎ𝑜𝑚𝑜[𝑛( 𝑟 )] + 𝜒 [𝑛( 𝑟 )])𝑑𝑟 ,          (2.9) 

  

𝜒 [𝑛( 𝑟 )] =
𝑒2

𝑎𝑜
 𝛾 𝑙𝑛 (1 +

𝛽

𝛾
 𝑡2  

1+𝐴𝑡2

1+𝐴𝑡2+𝐴2𝑡4
) ,  

𝐴 =
𝛽

𝛾
 [ 𝑒

(
𝐸𝑐
ℎ𝑜𝑚𝑜[𝑛( 𝑟⃗⃗⃗ )]

𝛾
)−1
 ]−1     

              

where 𝛾 = (1 − 𝑙𝑛(2)/𝜋2, 𝑡 = |𝛻𝑛( 𝑟 )/2𝑘𝑇−𝐹𝑛( 𝑟 )| is another 

dimensionless density gradient, 𝛽 = 0.066725,  and 𝑎0 =
ℏ

𝑚𝑒2
 . 

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 functional, which go beyond LDA and GGA. In general, 

there is no robust theory of the validity of these functional. It is 

determined via testing the functional for various materials over a wide 

range of systems and comparing results with reliable experimental data. 
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2.3.2. Localised Atomic Orbital Basis Sets (LAOBs) 

One of the most important aspects of the SIESTA code is the type of the 

basis function employed in the calculations. It uses a basis set composed 

of localised atomic orbitals which compare  well with other DFT schemes 

which may use a plane wavefunction basis set [58]. The benefits from 

using LAOBs are that they provide a closer representation of the chemical 

bond; they can allow order-N calculations to be performed and also it 

gives a good base from which generate a tight-binding Hamiltonian. 

SIESTA uses confined orbitals, i.e. orbitals are constrained to be zero 

outside of a certain radius (cutoff radius 𝑟𝑐). This produces the desired 

sparse form of the Hamiltonian as the overlap between basis functions is 

reduced. The atomic orbitals inside this radius are products of a numerical 

radial function and a spherical harmonic. The simplest form of the atomic 

basis set for an atom (labelled as I) is called single-ζ (also called minimal) 

which represents a single basis function per electron orbital. It is given by 

the following equation, [59]: 

𝛹𝑛𝑙𝑚
I ( 𝑟 ) = 𝑅𝑛𝑙

I ( 𝑟 ) 𝑌𝑙𝑚
I ( 𝑟 )                       (2.10) 

where 𝛹𝑛𝑙𝑚
I ( 𝑟 ) is the single basis function which consists of two parts, 

the first part is the radial wavefunction 𝑅𝑛𝑙
I  and the second part is the 

spherical harmonic 𝑌𝑙𝑚
I . Minimal or single zeta basis set are constructed 
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by using one basis function of each type occupied in the separate atoms 

that comprise a molecule. If at least one p-type orbital is occupied in the 

atom, then the complete set (3p-type) of the functions must be included in 

the basis set. For example, in the carbon atom, the electron configuration 

is 1𝑠2 2𝑠2 2𝑝2, therefore, a minimal basis set for carbon atom consists of 

1𝑠, 2𝑠, 2𝑝𝑥, 2𝑝𝑦 and 2𝑝𝑧 orbitals which means the total basis functions 

are five as shown in table 2.1. 

Higher accuracy basis sets called multiple-ζ are formed by adding another 

radial wavefunctions for each included electron orbital. Double basis sets 

are constructed by using two basis functions of each type for each atom. 

For carbon atom, a double zeta basis contains ten basis functions 

corresponding to ten orbitals which are 1𝑠, 1𝑠′, 2𝑠, 2𝑠′, 2𝑝𝑥, 2𝑝𝑥
′ , 2𝑝𝑦 , 2𝑝𝑦

′ ,

2𝑝𝑧 and 2𝑝𝑧
′  [60]. For further accuracy, polarisation effects are included 

in double-ζ polarised basis sets obtained by including wavefunctions with 

different angular momenta corresponding to orbitals which are 

unoccupied in the atom [61]. A polarization function is any higher 

angular momentum orbital used in a basis set which is unoccupied in the 

separated atom. As an example, the hydrogen atom has only one occupied 

orbital type that is 𝑠-type. Therefore, if p-type or d-type basis functions 

were added to the hydrogen atom they would be known as polarization 
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functions. Carbon atoms with polarization functions include d-type and f-

type basis functions. 

Table 2.1. Examples of the radial basis sets functions per atom used in 

SIESTA code for different precisions of the split valence basis sets [62]. 
 

Assuming the core electrons (non-valence electrons) of an atom are less 

affected by the chemical environment than the valence electrons. This is 

so-called as split valence basis set. For example, the carbon atom, a split 

valence double zeta basis set would consist of a single 1𝑠 orbital, along 

with 2𝑠, 2𝑠′and 2𝑝𝑥, 2𝑝𝑥
′ , 2𝑝𝑦 , 2𝑝𝑦

′ , 2𝑝𝑧, 2𝑝𝑧
′  orbitals, for a total of 9 basis 

functions. The basis functions in a split valence double zeta basis set are 

denoted 1𝑠, 2𝑠, 2𝑠′, 2𝑝𝑥, 2𝑝𝑥
′ , 2𝑝𝑦 , 2𝑝𝑦

′ , 2𝑝𝑧 ,2𝑝𝑧
′ . In case of molecules, 

molecular orbitals can be represented as linear combinations of atomic 

orbitals (LCAO-MO) given by [63]: 

𝜑𝑖( 𝑟 ) = ∑𝑎𝜐𝑖

𝐿

𝜐=1

 𝛹𝜐( 𝑟 )  (2.11) 

  



Chapter 2: Density Functional Theory and Transport Calculations 
 

19 

 

where 𝜑𝑖  represents the molecular orbitals (basis functions), 𝛹𝜐 are 

atomic orbitals, 𝑎𝜐𝑖 are numerical coefficients and L is the total number of 

the atomic orbitals.  

2.4. Transport Calculations 

2.4.1. Theoretical Building and Configuration 

     To get the structure of all systems in theory, have been utilized 

Avogadro programming. Avogadro is a propelled particle manager and 

visualizer intended for cross-stage use in computational science, 

molecular modeling, bioinformatics, materials science, and related areas 

(see figures 2.2 and 2.4). It offers flexible high quality rendering and a 

powerful plugin architecture [64]. Avogadro offers a semantic compound 

developer and stage for perception and investigation. For clients, it offers 

a simple to-utilize manufacturer, incorporated help for downloading from 

basic databases, for example, PubChem and the Protein Data Bank, 

separating synthetic information from a wide assortment of arrangements, 

including computational science yield [65].  

 

 

 

 

 

 

Figure 2.2. The abilities and tools of atomic building using Avogadro 

[66]. 
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2.4.2. Optoelectronics Calculations 

In the quest to better understand the trends in conductance behavior, the 

electronic, spectral, and some of optical properties of the molecules and 

the electrical behavior of the molecular junctions have been investigated 

by using density functional theory (DFT), and time-dependent density 

functional theory (TD-DFT) calculations. Initial studies carried out at the 

B3LYP level of theory [67] with 6-311G basis set [45-50]. Using these 

calculations the highest occupied and lowest unoccupied molecular 

orbitals (HOMO and LUMO, respectively) are investigated, and the 

emission strength oscillator (fem), as shown in figure (2.3).  

 

Figure 2.3. Steps of fem calculations using DFT and TD-DFT methods 

[68]. 
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2.4.3. Optimisation and Hamiltonian Calculations 

All calculations in this thesis were carried out by the implementation of 

DFT in the SIESTA code. It is used to obtain the relaxed geometry of the 

discussed structures and also to carry out the calculations to investigate 

their electronic properties.  SIESTA is an acronym derived from the 

Spanish Initiative for Electronic Simulations with Thousands of Atoms. It 

is a self-consistent density functional theory technique which uses norm-

conserving pseudo-potentials and a Linear Combination of Atomic 

Orbital Basis set (LCAOB) to perform efficient calculations [69]. The 

SIESTA code is used to obtain the ground state energy, the corresponding 

Hamiltonian and overlap matrices of different atomic configurations, and 

then obtain the relaxed structure of the systems.  This means that SIESTA 

can provide us the energy as a function of the atomic coordinates 

(position of atoms). The structure optimization (also known as geometry 

optimization) contains three options; relaxing atomic coordinates, 

allowing periodic cell shapes and volumes to change. In case of full 

optimization, the three options can be employed together, which leads to 

the minimum energy of the atoms in the system and the equilibrium 

lattice parameters of the systems. Performing the relaxation of the atomic 

positions allows atoms to move until the residual force between all atoms 
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is smaller than the required convergence tolerance in eV/Å as shown in 

Figure 3.3. In structural optimization the force is the key quantity and this 

force could be calculated numerically by taking the approximate 

numerical derivatives of the total energy with respect to the positions. 

This method is applied in SIESTA using the Hellmann-Feynman theorem 

[70]. Geometrical optimization of all molecules were carried out using the 

DFT code SIESTA, with a generalized gradient approximation (PBE 

functional), double-zeta polarized basis set, 0.01 eV/A force tolerance and 

a real-space grid defined with a plan wave cut-off energy of 250 Ry (see 

figure 2.4). 
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Figure 2.4. Steps of transport calculations. 
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2.4.4. Electric and Thermoelectric Calculations 

To compute the electric and thermoelectric properties of molecules, they 

were each placed between pyramidal gold electrodes, then the molecule 

and first few layers of gold were again allowed to relax to yield the 

structures shown in the figure 2.5. For each structure, the transmission 

coefficient T(E) describing the propagation of electrons of energy E from 

the left to the right electrode was calculated by first obtaining the 

corresponding Hamiltonian and overlap matrices using SIESTA and then 

using GOLLUM code to compute T(E) via the relation [54]: 

 𝑇 = 𝑇𝑟𝑎𝑐𝑒{𝛤𝑅(𝐸)𝐺
𝑅(𝐸)𝛤𝐿(𝐸)𝐺

𝑅†(𝐸)}                                 (2.12) 

In this expression, 

  ΓL,R(E) = i (∑L,R(E) − ∑L,R
†(E))                                          (2.13) 

describes the level broadening due to the coupling between left (L) and 

right (R) electrodes and the central scattering region, ∑𝐿,𝑅(𝐸) are the 

retarded self-energies associated with this coupling and 

   𝐺𝑅 = (𝐸𝑆 − 𝐻 − ∑𝐿 − ∑𝑅)
−1                                               (2.14) 

is the retarded Green’s function, where H is the Hamiltonian and S is the 

overlap matrix (both of them obtained from SIESTA) [57]. The electrical 

conductance G(T) and the thermopower S as a function of the temperature 

T was computed from the formula 
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 𝑙𝑛(𝑇) = ∫ 𝑑𝐸(𝐸 − 𝐸𝐹)
𝑛∞

−∞
𝑇(𝐸) (−

𝑑𝑓(𝐸)

𝑑𝐸
)                                   (2.15) 

Where 

  𝑓(E) = [𝑒𝛽(𝐸−𝐸𝐹) + 1]−1                                                             (2.16) 

is the Fermi function, β=1/kBT, EF is the Fermi energy, k is Boltzmann 

constant, T is the temperature. The electrical conductance G(T) has been 

calculated by using Landauer formula [59]: 

 𝐺(𝑇) = 𝐺°𝐿°(𝑇)                                                                            (2.17) 

 where 

 𝐺0 = (
2𝑒2

ℎ
)                                                                                     (2.18) 

Where go is the quantum of conductance, e is the charge and h is Planck 

constant. Since the quantity (−
𝑑𝑓(𝐸)

𝑑𝐸
) is a probability distribution peaked 

at E=EF, with a width of order kBT, the above expression shows that G/G◦ 

is obtained by averaging T(E) over an energy range of order kBT in the 

vicinity of  E=EF. Then, the thermopower S(T) is given by [59]: 

𝑆(𝑇) =  − 
𝐿1

𝑒𝑇𝐿°
                                                                                 (2.19) 

2.4.5. Computational Programs 

2.4.5.1. SIESTA Code 

SIESTA (Spanish Initiative for Electronic Simulations with Thousands of 

Atoms) is an original method and its computer program implementation, 

to perform efficient electronic structure calculations and ab initio 
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molecular dynamics simulations of molecules and solids. SIESTA's 

efficiency stems from the use of strictly localized basis sets and from the 

implementation of linear-scaling algorithms which can be applied to 

suitable systems [57]. A very important feature of the code is that its 

accuracy and cost can be tuned in a wide range, from quick exploratory 

calculations to highly accurate simulations matching the quality of other 

approaches, such as plane-wave and all-electron methods. 

 

2.4.5.2. Gollum Code 

GOLLUM is a program that computes the charge, spin and electronic 

contribution to the thermal transport properties of multi-terminal 

junctions. In contrast to a non-equilibrium Green's function (NEGF) 

codes, GOLLUM is based on equilibrium transport theory, which means 

that it has a simpler structure, is faster, and consumes less memory. 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 [54]. 

The simpler interface of GOLLUM allows it to read model tight-binding 

Hamiltonians. Furthermore, GOLLUM has been designed to interface 

easily with any DFT code that uses a localized basis set. It currently reads 
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information from all the latest public flavors of the code SIESTA [71]. An 

interface to the code FIREBALL [72] is under development. These 

include functional that handle the spin–orbit or the van der Waals 

interactions or include strong correlations in the spirit of the local density 

approximation (LDA) approach. Plans to generate interfaces to other 

codes are underway. Two- and three-dimensional (3D) topological 

materials display fascinating spin transport properties. GOLLUM can 

simulate junctions made of these materials using either parametrized 

tight-binding Hamiltonians [73, 74] or DFT [75]. DFT does not handle 

correctly strong electronic correlation effects that are inherent in many 

nano-scale electrical junctions. As a consequence, a number of NEGF 

programs like SMEAGOL underestimate such effects. GOLLUM 

includes several tools to handle strong correlations. These include the 

above-mentioned interface to the versions of SIESTA containing the 

LDA+U functional. A second tool uses a phenomenological but effective 

approach called the scissors correction scheme. A third tool maps the 

DFT Hamiltonian into an Anderson-like Hamiltonian that is handled with 

an impurity solver in the spirit of dynamical mean field theory.  
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2.4.5.3. Gaussian Code 

Gaussian is a very high-end quantum chemical software package, 

available commercially through Gaussian, Inc. The Software runs on 

virtually all computer platforms, including Microsoft Windows. In 

addition, it can be accessed through Web based, interface tools such as 

Web MO. Gaussian is the most powerful software available to, educators 

and student researchers through the North Carolina School 

Computational, Chemistry server. Currently, Gaussian09 (G09) is 

available. Figure 3.10 shows the flowchart of the Gaussian program. The 

''09'' refers to the year 2009 in which the software was published. G09 is 

not the most recent version [76]. 

 

 

 



 
 

 

 

 

Chapter Three 

 

Results and Discussion 
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A family of modified sulfur-functionalized Oligo(phenylene-ethynylene) 

(OPE) Molecules, as shown in figures 3.1, and 3.3 has been created to 

investigate their electronic, thermoelectric, spectral and some of optical 

properties.  

 

3.1. Molecular Junctions Characteristics 

 
Figure 3.1. The optimized single molecules. 

Table 3.1 : Type of molecules  

Color type 

 Oxygen  

 Carbon  

 Fluorine 

 Chlorine 

 Hydrogen  

 Sulfur 
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     The figure shows two groups of relaxed single molecules under study 

in this thesis. The structural aspects of these molecules are distinguished 

by various connections, since the first group has a para connection, while 

the second group has a meta connection. Secondly, the first group is 

characterized by a phenyl ring in the middle of molecule, whereas the 

second group is identified by single and double carbon-carbon bonds, 

respectively, linked to different side groups. On the other hand, there is 

another feature recognizes the molecules, which is the side structure of 

each molecule. Where OPE-1 with Hydrogen atoms (white atoms), while 

OPE-2 has Fluorine atoms (roughen green atoms). OPE-3 is featured by a 

Chlorine (shine green atoms), whereas OPE-4 is distinguished by a 

carbonyl functional group. The propene side groups is the characteristic 

of molecule OPE-5. Finally, OPE-6 molecule has two phenyl rings as a 

side group. 

Table 3.2. The structural aspect of all molecules in contact with 

electrodes. L is the molecule length in contact with gold electrodes, which 

is the distance between Sulfur atoms (S…S). Ԁ is the distance between 
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Au…Au atoms. X is the bond length (Au…S). 

Figure 3.1 and table 3.1 show there is an obvious difference in molecule 

length. Since, L of molecules with para connection is almost equals 2 nm, 

while molecules with meta have almost 1.45 nm molecule length. In 

addition, these results introduce a hint that these structures are п-

conjugated molecules and they have an inner-shell electrons and σ-

electrons are supposed to have their energies and distributions governed 

solely by the atomic orbital, or pair of orbitals, in which they move; and 

all effects depending on conjugation of unsaturation electrons, such as 

resonance energies and variations in bond order and electron density, are 

ascribed to the п-electrons. 

 

Figure 3.2. The optimized molecular junction of OPE-4, as an example. 

a) The relaxed single molecule; b) The optimized extended molecule; c) 

The relaxed pyramidal gold tips; d) The optimized molecular junction.  
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To provide further insight, and to better evaluate the properties and 

behavior of these molecular junctions, calculations using a combination 

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

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

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

create the molecular junctions, as shown in figure 3.3 and described in 

detail elsewhere [77].  

 

Figure 3.3. The optimized molecular junction of all structures. 

The optimized molecular junction geometries conform well to a 

description of the thiol contacted compounds forming an angle of 52º 
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contact between the thiol anchor group and the undercoordinated gold 

atoms of the gold electrodes. 

As expected, figure 3.3, and table 3.1 show that the thiol contacted 

compounds are oriented normal to the idealized pyramidal gold electrode 

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

structures with para connection is longer than that of the compounds with 

meta connection.  

3.2. Electric and Thermoelectric Characteristics 

The most important result of figure 3.4a,b is the presentation of the 

relative 

 contribution to the conductance from quantum interference (QI) in the  

central part of molecules, and it demonstrates that the QI is satisfied at the 

 level of DFT. 

Figure 3.4. The electrical conductance of all structures. 
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Since, figure 3.4a,b demonstrates that for a wide range of Fermi energies, 

the conductances of the molecules with para connection (OPE-1,2,3) are 

distinctly higher than those of the molecules with meta connection (OPE-

4,5,6), as expected from previous studies [78-81]. Additionally, figure 

3.4a shows that molecule OPE-3 exhibited the highest electrical 

conductance, followed by molecule OPE-2, and then the lowest 

conductance is presented by molecule OPE-1. These results can be 

understood in terms of the number of electrons in the hybrid atom and 

their distribution over the shells. Where, OPE-3 possess chlorine atoms, 

and the atomic number of chlorine is 17, and its electrons configuration is 

1s
2
2s

2
2p

6
3s

2
3p

5
. Hence, it has 2 electrons in its innermost shell, 8 

electrons in its second shell and 7 electrons in the outermost shell 

respectively. While, OPE-2 has fluorine atoms that have 9 electrons, and 

electrons configuration 1s
2
2s

2
2p

5
. 2 electrons in a filled inner shell and 7 

in an outer shell. Molecule OPE-1 has hydrogen atoms that have 1 

electron. These results mean the number of electrons transferred from 

molecule (Γ) in OPE-3 is higher than that of OPE-2, which more than that 

of OPE-1, as shown in figure 3.5, and table 3.2. This could be a satisfy 

reason that the conductance order be as OPE-3 > OPE-2 > OPE-1. On the 

other hand, figure 3.4b shows an effect of different side groups on the 

value of the conductance. Since, the molecule OPE-4 has a carbonyl side 
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group and its conductance is higher than that of molecule OPE-5, which 

has a propene side group, and the conductance of this molecule is more 

than that of molecule OPE-6, which possess two phenyl rings. These 

results can be attributed to changing the path of the electrons while 

passing through these side groups, and the effect of parameters such as 

the rotation of phenyl rings in OPE-6, which leads to the lowest 

conductance. Finally, figure 3.4 also shows that for a wide range of 

energies in the gap between the HOMO and LUMO, the ordering of the 

conductance is OPE-3 > OPE-2 > OPE-1 > OPE-4 > OPE-5 > OPE-6.  

 

Figure 3.5. The transferred electrons from molecule to the electrodes (Γ), 

and the electrical conductance of OPE-1,2,3 molecular junctions. 
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To elucidate above results of the conductance, figure 3.5, shows a strong 

relationship between the number of electrons and the electrical 

conductance. In other words, high Γ leads to high G/G0, and vice versa. 

 

Figure 3.6. The current-voltage characteristics of all molecular junctions.  

 

Primarily, figure 3.6 shows molecular junctions with current-voltage (I–

V) characteristics curves which pass through the second quadrant, which 

means that they are active components, power sources, which can 

produce electric power. In addition, these results show threshold voltage 

(Vth), which is one of the most important physical parameters to determine 

and predicate the appropriate application, such as a field-effect transistor 

(FET), diodes and light emitting diodes. Threshold voltage is defined as 

the gate voltage at which the device starts to turn on. The accurate 

modeling of threshold voltage is important to predict correct circuit 
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behavior from a circuit simulator. Figure 3.6 predicates that the Vth of 

these molecular junction is between 0.5 V to 0.85 V (see table 3.2), which 

makes them perfect candidates for electronic and optoelectronic 

applications. 

 

Figure 3.7. The thermoelectric  of all molecular junctions. 

Initially, these result could interpreted in terms of the phase of the 

interference, due different path ways of the wavelengths, which ascribed 

to para or meta connections.  Therefore, an accurate explanation of these 

outcomes is the occurrence of destructive and/or constructive 

interferences. 

Right hand panel of figure 3.7 shows also a promising strategy to enhance 

the thermopower using the destructive quantum interference. It is clear 

that meta connection in the medial of molecules leads to a destructive 
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interference, which in turn leads not only to a low electrical conductance 

value (as shown in figure 3.4, and table 3.2) for molecules with meta 

linking, but also a high value for the thermopower (S) of the structure 

itself. Since the molecule OPE-6 shows the lowest electrical conductance 

(0.17×10
-6

), and the highest thermopower (266 µVK
-1

). In contrast, the 

molecules OPE-3 introduces a highest conductance, which are 22×10
-2

. 

At the same time this molecule presented the lowest S, which are 13 

µVK
-1

 as shown in table 3.2. Another important result can be conclude 

from the figure 3.7, which is the sign of Seebeck coefficient S for all 

compounds is positive. This result suggests an important prediction that 

the transport mechanism is HOMO-dominated transport, which consistent 

with references [82-84]. Within the context, the quantum interference is 

not only specified the values order of electrical conductance and Seebeck 

coefficients as shown in figures 3.4 and 3.7, but also it was the crucial 

factor to develop the thermoelectric properties of molecular based 

devices. Finally, figure 3.7 demonstrates a result that the low conductance 

yields a high thermopower, and the quantum interference technique is a 

very powerful way to enhance and control the electronic and 

thermoelectric properties of molecular nano structures.  

Table 3.3. The electrical conductance (G/G0). The thermopower (S). The 

threshold voltage (Vth). The transferred electrons (Γ). 
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3.3. Spectral and Optical Characteristics 

 

Figure 3.8. Represents the electronic structure and the distribution of the 

highest occupied molecular orbitals (HOMOs) and lowest unoccupied 

molecular orbitals (LUMOs) for all molecules.  
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Figure 3.8 shows the plots of iso-surface orbitals (HOMOs and LUMOs) 

for all molecules. Almost, density functional theory calculations have 

shown that the orbitals for both HOMO and LUMO of all molecules are 

extended through linear π interactions. Although, the weight of HOMO is 

nearly equals that of the LUMO, and this could be consider as a sign of 

the π-conjugation electrons transport in these molecules, but the  HOMOs 

are concentrated on the C≡C bonds, while LUMOs are localized on the 

C–C bonds and shown less contribution than that of HOMOs. This could 

provide an additional evidence of the charge transport mechanism, which 

could be a HOMO-dominated transport, and consistent with results shown 

in figures 3.4 and 3.7. The results shown also a clear charge distribution 

and the contribution of HOMOs and LUMOs of the atoms Fluorine, 

Chlorine, and Oxygen atoms. 

Table 3.3. The HOMOs and LUMOs energies. The HOMO-LUMO 

energies gap. The emission strength oscillator (fem). The wavelengths (λ). 
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Figure 3.9. Represents the absorption, emission and emission oscillator 

strength of all molecules. 
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Figure 3.9 presents the absorption and emission results for all the 

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

emission intensity of the molecules characterized by the para connection 

is twice as high than those with meta connection. In fact, figure 3.9 

illustrates that OPE-4,5,6 molecules have significantly smaller fem (< 1) 

than other molecules. It is well known that the light amplification from 

these structures at room temperature will be difficult, which consistent 

with previous studies [85]. Since, the calculated emission cross section 

σem of a laser transition is consider an important parameter in a laser gain 

medium. It can affect laser performance in terms of threshold energy, 

output energy, maximum gain, etc. Under conventional lasing 

mechanism, a large σem is a prerequisite of a good laser gain medium [86]. 

Theoretically, for a given photoluminescence (PL) material, σem is 

directly proportional to the emission oscillator strength fem via [86]: 

𝜎𝑒𝑚(𝑣) =
𝑒2

4𝜀0𝑚𝑒𝑐0𝑛𝐹
𝑔(𝑣)𝑓𝑒𝑚         (3.1) 

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

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

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

is the normalized line shape function with ∫ 𝑔(𝑣) 𝑑𝑣 = 1.  
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According to the aforementioned facts, OPE-4,5,6 molecules have much 

smaller fem, which directly leads to small σem, and therefore any of these 

materials is not possible to serve as a good optical gain medium in 

practice. This result predicates a fact that the molecules with good 

thermoelectric properties (see figure 3.7 and table 3.2), possess a lower 

fluorescence (see figure 3.9 and table 3.3), and hence they are not good 

laser gain media, which is consistent with references [87-89]. 

On the other hand, molecules with para linking have a good emission 

oscillator strength (fem), since they owned fem ≈ 2, and that means those 

structures are promising candidates for laser gain medium. In addition, 

molecules OPE-1, 2, 3 produce the maximum emission at wavelength 

between 350 nm and 400 nm, which in the visible region. This result 

bring us to an important result that those molecules could be powerful for 

the optoelectronic applications such as light emitting diodes.   
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4.1. Conclusions 

This thesis includes theoretical study of the electrical conductance, 

thermopower and emission oscillator strength of a family of OPEs with 

thiol linker groups, with different transport connection para and meta.  

Various side groups such as phenyl rings or a carbonyl functional group 

or propene side groups were distinguish structural aspects of molecules.  

The conductance results showed well-defined conductance features of the 

junctions formed. Where, the presentation of the relative contribution to 

the conductance from quantum interference (QI) in the central part of 

molecules, and it demonstrates that the QI is satisfied at the level of DFT. 

It can be conclude that the QI is a powerful strategy to control and 

enhance the conductance and thermopower.  For a wide range of Fermi 

energies, the meta connection in the medial of molecules leads to a 

destructive interference, which in turn leads not only to a low 

conductance value (0.17×10
-6

) for molecule OPE-6, but also a high value 

for the thermopower (266 µVK
-1

) of this structure. In contrast, the 

molecule OPE-3 introduces a highest conductance 0.22 , and the lowest 

thermopower 13 µVK
-1

. The sign of thermopower for all compounds is 

positive, which confirms another important conclusion, that the charge 
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transport mechanism is a HOMO-dominated transport. The OPE-4,5,6 

molecules have much smaller fem, (0.96, 0.75, and 0.66 respectively), 

which directly leads to small σem, and therefore it can be concluded that 

any of these materials is not possible to serve as a good optical gain 

medium in practice. Whereas, the molecules with para linking (OPE-

1,2,3) have a good emission oscillator strength (fem), since they owned fem 

≈ 2, and that means those structures are promising candidates for laser 

gain medium.  

In summary, it has been predicated employing a combined theoretical 

approaches, a rather uniform description of the formation and breaking of 

OPE-type molecular structures attached to gold electrodes. It has been 

demonstrated the role of the mechanical quantum interferences, and 

developed clear correlations between molecular structure features and 

electric, thermoelectric and spectral properties of these structures. This 

work shall serve as a guidance for future research on designing and 

developing nanoscale-based molecular circuits, such as light emitting 

diode, laser gain media and quantum switching devices.  

  

 

 



Chapter 4: Conclusions and Future Works 
 

46 
 

4.2. Future Works 

Molecular Nanotechnology is a field that can be consider a source of 

scientific and cognitive inspiration and innovation, so it could be 

suggested some of ideas for the future work as follows: 

1- Study the phono transport characteristics of OPEs structures. 

2- Investigation the optical and spectral properties of OPE-based 

molecules under magnetic field effects. 

3- Study the quantum features of OPE families with different anchor 

groups. 
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خلاصةال  

 

 إستراتيجية يكون أن يمكن والذي الأساسية، العلوم أكثر أحد( QI) الكمي التداخل يعد  

في . وتعزيزها المفردة للجزيئات والطيفية حراريةالكهروو بائيةالكهر الخصائص في للتحكم قوية

 لمعرفة دالة الكثافة الوظيفية  على القائمة الكمومي النقل حسابات استخدام تم  البحثهذا 

 مذبذب ىوقو( S) حراريةللقدرة الكهرو ا  فريد ا  فهم يوفر والذي ،(G/G0) الكهربائي التوصيل

 مجموعات مع( (oligophenylene-ethynylene (OPE) مشتقات من سلسلةل( fem) الانبعاث

 هاخصائص تدعم والتي ،meta أو para التوصيل الالكتروني وصلات ثيول، نهاية

meta (OPE-4،5،6 ) الاتصال ذات الجزيئات أظهرت. الكهروحرارية والبصرية والطيفية

10×0.65منخفضكهربائي  توصيل إلى أدى مما مدمر، كمي تداخل توقيع
-4

10×0.17و   
-6

و  

0.5×10
-6

μVK ة عالي الكهروحرارية لهذه التراكيببالمقابل كانت القدرة  التوالي على 
-1

165 

 و 0.96 للغاية منخفضة انبعاث مذبذب ىقو الجزيئات انتجت هذه وكذلك فان 266و  182 و

 OPE-1،2،3 الجزيئات في para ارتباطفان  ،من الجانب الاخر. التوالي على 0.66 و 0.75

10×0.22العالي للتوصيل الكهربائيالرئيسي  سببال كان والذي بناء، كمي تداخل إلىادى 
-2

 و  

0.52×10
-3 

10×0.88 و 
-3 

 بالنسبة للقدرة الكهروحرارية فقد كانت منخفضة جدا  . التوالى على

 2.03 و 2.15 و 2.15 عالية وهي الانبعاث عالية مذبذب ىوقو 13 و 21 و 22 اتئالجزيه هذل

كانت المسوؤلة عن جميع  (HOMO) العلياالمدارات الجزيئية المشغولة  ,ا  أخير. التوالي على

 خصائص النقل الكهربائي لهذه التقاطعات الجزيئية النانوية في هذه الدراسة. 
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