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Summary

Molecular structures of a series of metal-complexes molecules of
bipyrimdine have interesting features in various applications such as industrial
and scientific. The transition through metal complexes at molecular structures
has a significant role in the metal-bridges interactions. Hence, the bipyrimdine's
complex molecules were used to show the effect of the metal atoms on the
electronics, electrical, and thermal properties and to identify the m-conjugated
system in all attempts before/ or after replaced one carbon with nitrogen
atoms in one or two the pyridine rings.

The Gaussian 09 package, SIESTA code, and GOLLUM code programs
were used in our calculations. The results showed that the energy gap decreased
significantly with the type of metal atoms, which appear in electronic
applications at various LUMO-HOMO energy gaps. Moreover, the findings
showed the appearance of the IR and UV-Vis spectrum, which have viewed
different behavior with the type of metal complexes. The electrical and thermal
results have confirmed the effect of metal-complexes center atoms in the
transmission and Seebeck coefficients.

From the position of the Fermi energy (E-Er=0 eV), the conductance and
the Seebeck coefficient values are determined, and thus the specificity figure of
merit ZT, was computed. Therefore, we found the ZT, be a high value for
bipyridine molecule about 1.7, which is several order of magnitude higher than

of the set molecules. Whereas a low value of ZT, for Cr-metal- molecule.
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Chapter one Introduction and Literature Review

1.1 Introduction

Molecular electronics is one of the new branches of science that is to
understand the idea of using organometallic single-molecules as functional units in
electronic devices, which views an alternative to present silicon-based
technologies. The key role of minute size and design of molecular structures
renders recently single-molecules functional units in electronics devices,
chemistry, protein science, biochemistry, and industrial applications [1]. In the past
decades, single-molecule has become more important and interesting due to its use
in electronic elements in circuitry and the control of bandgap energy comprising
semiconductor technology. Designing and construction of organometallic
molecules is an active field of research due to their possible application to
information technology, in particular, the form of molecular-scale electronics
devices, the biological environment, and complementing all views of the transition
of metal complexes applications as in medicine. The study of molecular-scale
electronics has been driven by fundamental interest and by potential practical
applications The highly interdisciplinary subject is a meeting place for synthetic
chemists, physical chemists, and experimental physicists[2].

Organic or organometallic compounds might potentially replace silicon in
laptops and mobile devices. Especially compared to silicon-based electronic
devices, molecular-scale electronics have various advantages. Firstly, the smaller
size of molecular structures, which can be as small as 1-2 nanometers in length,
may lead to faster device performance, perhaps exceeding the limit of silicon-
based circuit integration. At the nanoscale, silicon circuits start to become
inefficient as they leak current and heat. The term “nano” refers to a length scale of
approximately 10 or one billionths of a meter. Second, there is a huge diversity in
the types of molecular structures that chemists can make, which means that the

properties of molecules can be rationally and systematically changed [3].
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This has led to the discovery of new effects and phenomena that do not occur in
traditional materials such as silicon. Also, for industrial applications, some
molecules can be readily synthesized in bulk quantities offering low-cost
manufacturing potential [4].

1.2 Nano Scale

Nanoscale science involves understanding the fundamental interactions of
physical systems confined to nanoscale dimensions, and when the matter is
controlled at the nanoscale, fundamental properties of things like temperature,
electricity, magnetism, and chemical reactions can change completely. The laws of
classical physics describe our cosmic universe, the motions of the planets, the
trajectory of a baseball, and the behavior of things we experience every day.
However, the laws of quantum mechanics apply in the nano-world. The operation
of computer chips in present-day computers can be explained by the laws of
classical electron flow; but when electrons are confined to nanoscale dimensions,
they behave according to the laws of quantum mechanics. Consequently, future
chips made with nanoscale dimensions (called g-bits) will process information
differently and lead to computers with new logic and functionality. Similarly,
materials formed from nanoscale grains can exhibit dramatic property
improvements, and drugs at the nanoscale can become more effective with fewer
side effects. Nanoscale science strives to understand these changes [5].

Nanoscale technology refers to our ability to utilize our understanding of
nanoscale science to fabricate products with new properties and capabilities. To
fully realize the possibilities, it becomes crucial to understand quantum interactions
at the nanoscale; to be able to see nanoscale structures; and to be able to form,
manipulate, and even connect nanostructures.

Now scientists have learned to manipulate individual molecules or fabricate

nanowires and connect them for information processing (so-called ‘“bottom-up”
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technology). These technologies will have a dramatic effect on future advances in
medicine, biology, and energy, as well as in materials science, semiconductor
devices, and computer technology|[6].

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. Advances in computer technology have led to an
increase in computational capability which has made possible the modeling and
simulation of complex systems with many degrees of freedom[5,7].

1.3 Molecular Electronics

Molecular electronics is presented as the field of science that investigates the
electronic transport properties of systems in which individual molecules are used
as a basic building block. The dimensions of some molecular systems are a few
nanometers, and therefore molecular electronic should be viewed as a subfield of
nanotechnology [8]. In terms of potential technology, molecular electronics is
based on the bottom-up approach where the idea is to assemble specific and
designed molecules to form more complex structures, active components, and
connecting wires.

The remarkable predictions of Gordon Moore in 1965, that the number of
transistors per square centimeter on a silicon chip doubles every 18 months [9], has
encouraged the constant quest for new technologies that could complement the
silicon-based electronics, and molecular electronics is one such technology.

Many decades ago, there were many fundamental questions such as how does
the electrical current flow through a single molecule [10, 11]. The concept of
electrons passing through a single molecule comes via two different approaches
[12]. The first is electron transfer, which involves the charge moving from one end
of the molecule to the other. The second one is charge transport, which involves

current passing through a single molecule that is connected between electrodes
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[13]. The two are closely related because both of them attempt to answer the
previous question. From the point of view of fundamental science, molecular
electronics could provide an answer for previous inquiry, and perhaps be an ideal
way to explore the electronic and thermoelectric conductance through the smallest
molecular circuits, where quantum mechanical effects completely dominate [14].
The variety of molecules (both organic and organometallic molecules),
together with their various properties could lead to the discovery of new physical
phenomena. In addition, molecular junctions could also be promising systems to
investigate the basic principles of electron transfer mechanisms. However, there
are also other motivations in terms of a technological viewpoint, which is the use
of molecules as electronically active elements for many applications. One of these
reasons is the size since the typical size of molecules (between 1 and 10 nm) could
lead to a higher packing density on a device with subsequent advantages in cost,
efficiency and power dissipation [15]. These concepts and many others make
molecular electronics an attractive field of science. The desire to make functional
molecular devices has pushed the boundaries of measurement and fundamental
understanding of a variety of physical phenomena at the single-molecule level,
including mechanics, thermoelectrics, optoelectronics, and spintronics, as well as

electronic transport [16 ] as shown in Figure (1.1).
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Figure (1.1): Multiple characteristics of single-molecule junctions are being investigated [16].
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1.4 Molecular Orbital Theory

Since its inception in the early days of quantum mechanics, the molecular
orbital theory has become a powerful method for studying the electronic structure
of molecules, illuminating many areas of chemistry. In quantitative form, it has
developed both as an ab initio method for computing molecular wave functions
directly from the fundamental equations of quantum mechanics and also as a
semiempirical technique for interrelating various physical properties of atoms and
molecules using a simplified formalism as a framework for parameterization. Until
recently, ab initio calculations dealt mainly with very small systems while the
semiempirical methods were oriented toward the m electrons of larger planar
molecules. In the last few years, however, both approaches have become more
concerned with general polyatomic molecules and they now overlap somewhat in
their areas of application [17].

The main objective of any theory of molecular structure is to provide some
insight into the various physical laws governing the chemical constitution of
molecules in terms of the more fundamental universal physical laws governing the
motions and interactions of the constituent atomic nuclei and electrons. In
principle, such theories can aim at a precise quantitative description of the structure
of molecules and their chemical properties, since the underlying physical laws are
now well understood in terms of quantum theory based on the Schroedinger
equation. However, in practice mathematical and computational complexities make
this goal difficult to attain, and one must usually resort to approximate methods
[18].

The principal approximate methods considered in molecular quantum
mechanics are valence bond theory and molecular orbital theory. The molecular
orbital theory has its origins in the early research work in band spectroscopy of

diatomic molecules and has been widely used to describe many aspects of
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molecular structure and diverse molecular properties such as electronic dipole
moments, optical absorption spectra, and electron and nuclear magnetic resonance
[17, 19].

Approximate molecular orbital theories are based on schemes developed
within the mathematical framework of molecular orbital theory, but with many
simplifications introduced in the computational procedure. Often experimental data
on atoms and prototype molecular systems are used to estimate values for
quantities entering into the calculations as parameters, and for this reason, the
procedures are widely known as semiempirical methods[19].

1.5 Bonding and Antibonding Molecular Orbitals

The mathematical process of combining atomic orbitals to generate molecular
orbitals is called the linear combination of atomic orbitals (LCAQO). Quantum
mechanics describes molecular orbitals as combinations of atomic orbital wave
functions. Combining waves can lead to constructive or destructive interference. In
orbitals, the waves can combine with in-phase waves producing regions with a
higher probability of electron density and out-of-phase waves producing nodes, or
regions of no electron density [20].

Two types of molecular orbitals can from the overlap of two atomic orbitals on
adjacent atoms. The in-phase combination produces a lower energy c; molecular
orbital in which most of the electron density is directly between the nuclei. The
out-of-phase addition (or subtracting the wave functions) produces a higher energy
o.* molecular orbital in which there is a node between the nuclei. The asterisk
signifies that the orbital is antibonding. Electrons in a o, orbital are attracted by
both nuclei at the same time and are more stable (of lower energy) than they would
be in the isolated atoms. Adding electrons to these orbitals creates a force that
holds the two nuclei together, so these orbitals are called bonding orbitals.

Electrons in the os* orbitals are located well away from the region between the two
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nuclei. The attractive force between the nuclei and these electrons pulls the two
nuclei apart. Hence, these orbitals are called antibonding orbitals. Electrons fill the
lower-energy bonding orbital before the higher-energy antibonding orbital [21,22].

In p orbitals, the wave function gives rise to two lobes with opposite phases.
When orbital lobes of the same phase overlap, constructive wave interference
increases the electron density. When regions of opposite phase overlap, the
destructive wave interference decreases electron density and creates nodes. When p
orbitals overlap end to end, they create ¢ and c* orbitals. The side-by-side overlap
of two p orbitals gives rise to a pi (m) bonding molecular orbital and a w*
antibonding molecular orbital. Electrons in the m orbital interact with both nuclei
and help hold the two atoms together, making it a bonding orbital. For the out-of-
phase combination, there are two nodal planes created, one along the internuclear

axis and a perpendicular one between the nuclei[22].
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Figure(1.2): Combining wave functions of two p atomic orbitals along the internuclear axis
creates two molecular orbitals, o, and o*p[23].
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Figure (1.3): Side-by-side overlap of each two p orbitals results in the formation of two =

molecular orbitals [23].

Combining the out-of-phase orbitals results in an antibonding molecular
orbital with two nodes. One contains the internuclear axis, and one is perpendicular
to the axis. Combining the in-phase orbitals results in a bonding orbital. There is a
node (blue) containing the internuclear axis with the two lobes of the orbital

located above and below this node [23].
1.6 Organometallic Material

Organometallic Compounds are chemical compounds that contain at least one
bond between a metallic element and a carbon atom belonging to an organic
molecule. Even metalloid elements such as silicon, tin, and boron are known to
form organometallic compounds which are used in some industrial chemical
reactions. The catalysis of reactions wherein the target molecules are polymers or
pharmaceuticals can be done with the help of organometallic compounds,
increasing the rate of the reactions [24].

Generally, the bond between the metal atom and the carbon belonging to the
organic compound is covalent. When metals with relatively high electropositivity

(such as sodium and lithium) form these compounds, a carbanionic nature is
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exhibited by the carbon which is bound to the central metal atom. An example of
an organometallic compound wherein carbons belonging to a benzene molecule
bond with chromium is illustrated above. A few more examples of these types of
compounds are Grignard reagents, tetracarbonyl nickel, and dimethyl magnesium
[25].

1.7 Family of Bipyridine’s Molecules

Bipyridines represent the important family of heterocycles, having two
pyridines directly linked together giving either symmetrical isomers (2,2', 3,3’, and
4,4") or asymmetrical ones (2,3', 2,4', and 3,4") as shown in figure (1.4). These
compounds, especially the 2,2° and 4,4’ isomers, are known as excellent ligands in
coordination chemistry, with an impact in many fields including catalysis and
materials chemistry. Besides coordination with metals, the nitrogen atoms of
bipyridines can interact with different molecules through non-covalent interactions
(hydrogen or halogen bonds), leading to supramolecular structures with interesting
properties.

Another important aspect of bipyridine chemistry is the possibility of
introducing chirality through ring functionalization or restricted rotation
(atropisomers), thus increasing their importance in asymmetry-based applications.
Finally, about 4,4’-bipyridines, the quaternization of nitrogens generates viologens,

which are known for their good electrochemical properties[27].

Figure(1.4): The compounds 1, 2 and 3 are the 4,4 bipyridine, 3,4-bipyridine and 3,3-bipyridine
respectively[28].
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1.8 Historical Review

Zhihai L., 2013 [29], studied the controlling charge transport through individual
molecules and the effect of anchoring groups on charge transport. Experimental
results revealed that the single-molecule conductance values of the porphyrins
have followed the sequence of pyridyl > amine > sulfonate > nitrile > carboxylic
acid. Electron transport calculations were in agreement that the pyridyl groups
result in higher conductance values than the other groups, which was due to a
stronger binding interaction of this group to the Au electrodes.

David Zsolt Manrique, et al. 2015 [30], investigated the quantum circuit rule for
combining quantum interference effects in the conductive properties of
oligo(phenylene ethynylene) (OPE)-type molecules possessing three aromatic rings
both experimentally and theoretically. The conductances GXmX (GXpX) of
molecules of the form X-m-X (X-p-X), with meta (para) connections in the central
ring, were predominantly lower (higher), irrespective of the meta, para, or ortho
nature of the anchor groups X, demonstrating that conductance was dominated by
the nature of quantum interference in the central ring Y. The single-molecule
conductances were found to satisfy the quantum circuit rule
Gppp/Gpmp/Gmpm/Gmmm.

Oday A. A. Al-Owaedi, 2016 [31], studied the electronic properties of molecules
connected to metallic leads, a study included for various families of organic and
organometallic molecules, which offer unique concepts and new insights into the
electronic properties of molecular junctions, using a combination of density
functional theory (DFT) and non-equilibrium Green’s function formalism of
transport theory.

Qusiy H. Al-Galiby, 2016 [32], presented a series of studies into the electronic
and thermoelectric properties of molecular junction single organic molecules: They

included perylene Bisimide (PBIs), naphthalene diimide (NDI), Metallo-
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porphyrins and a large set of symmetric and asymmetric molecules. Two main
techniques included in the theoretical approach, which was Density Functional
Theory, which was implemented in the SIESTA code, and Green’s function
formalism of electron transport, which was implemented in the GOLLUM code.
Mohsin K. Al-Khaykanee 2018 [33], studied the electronic and thermoelectric
properties of 12 different organic molecules, using density functional theory DFT,
and Green’s function formalism, this work included a study of the charge transport
of 4,4-bipyridine molecules, with a series of sterically-induced twist angles o
between the two pyridyl rings. An experiment revealed that the presence of high
and low conductance peaks was attributed to different molecule orientations within
the junctions. Both experimental measurements using the STM-BJ technique and
DFT-based theory reveal that their conductances were proportional to cos2(a),
confirming that for both geometries, the electrical current flows through the C-C
bond linking the pi systems of the two rings.

Qusiy H. Al-Galiby and Sarah S. Dakh 2019 [34], studied the electronic
properties for single-orbital one dimensional, two- dimensional, and diatomic
crystalline chains to get a simply qualitative understanding of electronic structure
calculation in the periodic systems. The density of states (DOS) is one of the
electrical properties that it was used to understand within the band structures that
lead to being able to know the mechanism of transport in the materials. The band
structure and density of state (DOS) for ordered and disordered systems were
performed via a numerical decimation method.

Mohammed N. et al.2020 [35], showed that a single pyrene molecule was
sandwiched by two copper electrodes in this arrangement. A steady-state
theoretical model was used to explore the transport parameters of a single pyrene
molecule in four configurations. A gate voltage is generated to the pyrene

molecule. Thermoelectric and electron transport features were covered by
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combining quantum interaction, contact topology, and gate voltage were all factors
to consider. By applying a gate voltage to the pyrene molecule, asymmetric
performance and resonance splitting in the transmission spectrum may be achieved
properties.

Saisai Y. et al. 2021 [36], used the scanning tunneling microscopy break-junction
technology, construct and study the conductance and Seebeck coefficient of
Anderson-type polyoxometalate (POM) clusters with a single-atom variation. The
findings indicated that replacing various center-metal atoms changes the
conductance of single clusters by an amplitude and that the electrical conductance
of clusters has distinct bias dependence. The central atoms could also affect the

Seebeck coefficients of POM clusters.
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1.9 The Aims of this Thesis

1-Evaluation of the metal-complexes selectivity in bipyridine molecules and
understanding the nature of the metal complexes (Cr, Mo, and W) chemical bond
that contacts the complexes to the backbone of the molecule.

2-Investigation of the electronics and optical properties of metal-complexes
molecules, which have various central metal atoms to study the effect of the metal-
ligand atom on these properties.

3- Using molecules as active elements in nanoscale electronic circuits.

4- Examining of the role of metal-complexes Bipyrimdine molecules on the
electrical and thermoelectric transport properties and to design new types of
materials, which could offer a route to increasing computing power and optimize

thermoelectric materials.
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2.1 Introduction

Quantum chemical computations can guide researchers to design
and adapt target molecules while lowering the costs connected to
experiments, and it is especially beneficial to examine and monitor the
High Energy Materials (HEM). Molecular modeling is a set of techniques
designed to investigate chemical problems on a computer Computational
physicians and chemists can apply one of the following four main methods:
Molecular Mechanics (MM), Semi-Empirical (SE), Density Functional Theory
(DFT), and Ab initio [37].

Classical mechanics well described Macroscopic systems the exact
knowledge of the present state of a classical-mechanical system, one can
predict its future state [38].

This principle, however, is not applicable when one dealing with
microscopic particles such as electrons or protons. In this case, a quantum
mechanical formalism is necessary to describe the state of the microscopic
system.

The Heisenberg uncertainty principle demonstrates that the exact
momentum and position of a microscopic particle cannot concurrently be
determined. So, in order to describe the state of a quantum mechanical
system, one need to assume the existence of a function of the particle’s
coordinates, so called wave function.

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
Schrédinger equation (Time dependent form) [39].
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2.2 Schrodinger Equation for Many Body Systems

Schrédinger equation is the fundamental equation to describe the motions of
molecular, atomic and subatomic systems, electrons and nucleus, and even
macroscopic systems. The time dependent Schrodinger equation is as the following
equation[ 40,41]:

I =~ VW) + VEDPED = HEDP@ED e @.1)
In simple form:
AY@# o =E¥@Ey L (2.2)

where H is the energy operator or the Hamiltonian. When the operator H is
independent of time, the Schrodinger equation then reduces to the well-known
time-independent equation written for a molecular system[42]:
AY#R)=E¥Y#R) (2.3)

where ¥(r, R) is the total wave function of the molecular system, r and R are
the electron and the nuclei spatial coordinates, respectively, E is the eigen value of
the total energy of the system and the total Hamiltonian of the molecular system

Hcontaining M nuclei and N electrons[42,43]:

5 1anN 1 N Z ZAZ
H—_52i=1vzz_2%=12m Vfl— =1 ,It\l/l 1 A"’Z 12]>1 +ZA 1ZAB/I>A TA -
A AB

In equation (2.4), the total kinetic energy of the molecular system is the sum
of the electronic T, and nuclear T,, kinetic energies, the total potential energy is the
sum of three components, V,,,, the attractive interactions between nuclei and
electrons, 7,,, the repulsive electron-electron interactions and ¥7,,, the repulsive
interactions between the nuclei. Z,  are the nuclei charges of atoms A and B, ma

is the mass of atom A, 1,45 is the distance between nuclei A and B, r;, is the
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distance between nucleus A and electron i, and 7;; = |r; — 73| is the distance
between electrons i and j, Vi* is the laplacian operator of i electrons.

The electronic and the nuclear motions in molecules in Born-Oppenheimer
Approximation, can be separated the total wave function of a molecule takes the
form[40,43,44]:

Yeota = Yerectronic * Youciear (2.5)

The nuclear motion is much slower than the electronic motion because the
nucleus is much heavier than the electrons. It could be considered as fixed. The
kinetic energy of nuclei is eliminated and the potential energy of nuclei-nuclei
could be considered as fixed. So that, the kinetic energy of nuclei and the potential
energy of nuclei-nuclei can be eliminated from the Hamiltonian operator, and the
Hamiltonian operator H is simplified as following[43,44]:

H=T,+VWy.+V, . (2.6)

The system can actually be described as all electrons moving in a potential

field of nuclei with fixed positions.

2.3 Hartree-Fock Methods

The system using the time-independent Schrddinger equation in order to
describe the quantum mechanical behavior for all electrons in systems, it is
necessary to calculate the many-electron wave functions to solve the Schrodinger
equation for all electrons in systems requires solving many of simultaneous
differential equations[44,45]. Such a calculation is very difficult and needs
simplifying the methods and the problem itself.

Hartree made such a simplification in 1928 through an iterative self-consistent
field (SCF) method. Hartree simplified the problem by making an assumption

about the form of the many-electron wave functions namely the product of a set of
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single-electron wave functions. In a uniform system these wave functions would
take the form of simple plane waves. According to the variation principle[49,50], if
a given system is described by a set of unknown parameters, the set of parameter
values which correctly describes the ground state of the system is just that set of

values which minimizes the total energy, this can be expressed as[44,45]:

_ (o[H]®)
7 (plp) T 7O

where Eg, is the lowest-energy eigenvalue of the trial function ® and E, is the
ground-state energy. Using this theorem, the exact ground-state wave function is
approximated from the trial function that gives the lowest energy. Hartree found
the Hamiltonian equation of the many-electron system and it was possible to treat
each electron separately as a single-particle.

The wave function of Hartree-Fock approach can be written in a compact way
as a Slater determinant. The determinant considers the spin of all the electrons and
the Pauli exclusion principle. Equation (2.8)below is an example of a Slater
determinant for a system of N-electrons [46,47]:

P (Da() ¥, (DEA) P(Da(1) H(DAA) ... Fy(Da(1) #y(1E()
¥1(2)a(2) P1(2)B(2) Y(Da(2) ¥2(2)BQ) ... Pn(2)a(2) ¥x(2)B(2)

2|~

4 (N)a(N) F (BN F (N a(N) Z (BN ...... iy (N)a(N) Ty (NBN)

where ¥ is the electronic wave function, o and 3 are the spin up and spin
. 1 . . .
down of electrons, respectively, and s normalization factor.

The next step in Hartree-Fock methods is to introduce the molecular orbital
expansion and determining the corresponding coefficients based on the variation
theorem[45]. Solving the Hartree-Fock equation using the iterative process of the
self-consistent-field (SCF) producer yields the molecular orbitals y (r;)[44,46].
F¥,» =¥ (2.9)

17



Chapter Two Theoretical Part

For closed shell systems, the Fock operator F takes the form:

F=h+Y"2n,-K) (2.10)
where the Coulomb operator J; and the exchange operator K; are defined as:
. Wi AW (r7 .
L¥@F) = le_—riﬁ)dv G @2.11)

w;(?)wi(ﬁ)

- -
|7 =77

KY@) = [ avws (2.12)

A further restriction involves expanding the molecular orbitals in terms of
basis functions @;, linear combinations of one-electron functions according to the
linear combination atomic orbital (LCAO) method[44,45]. Thus an individual
molecular orbital is defined as:

Y, =N Cud, L (2.13)
C,i represents the molecular orbital expansion coefficients. The basis functions ¢;
are also chosen to be normalized.

For orbital expansion an appropriate set of basis functions has to be selected,
with that the coefficients C; may then be adjusted to minimize the total electronic
energy calculated from the many-electron wave function. The resulting value of
the energy will then be as close as possible to the exact energy E, of the ground

state of the system within the selected limitations[48].

The equality sign shall be applied only in case W; is the exact ground state

function.
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2.4 Density Functional Theory

Density functional theory (DFT) is a widely quantum mechanical method in
physics and chemistry used to investigate the electronic structure of many-electron
systems. It is today one of the most important tools for calculating the ground state
properties of metals, semiconductors, and insulators. DFT is among the most
popular and useful methods available in computational physics and computational
chemistry[49].

The starting point of density theory was the Thomas-Fermi model, in 1927,
Thomas and Fermi are calculated the energy of an atom by representing its Kinetic
energy as a function of the electron density, combining this with the classical
expressions for the nuclear-electron and electron-electron interactions, which can
both also be represented in terms of the electron density[40,43].

The DFT focuses on the much simpler electron density p(r). In general, the
electron density is the number of electrons N per unit volume for a given state. It is
dependent only on three coordinates independently of the number of electrons of
the system. Thus[41]:

N={[p#d7? (2.15)

The central concepts of DFT be dependent on the ground state energy and all
other ground state electronic properties are uniquely determined by the electron
density. Furthermore, the exact ground state of the system corresponds to the

electronic density for minimal total energy.
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2.4.1 Hohenberg-Kohn Theorems

Hohenberg and Kohn, in 1964[45] proved that the ground state of a many
electron system can be determined by the ground state electron density p (7). The
two theorems of Hohenberg and Kohn are[43-48 ]:

Theorem 1: The ground state energy of a many-electron system is a unique,
universal functional of ground state electron density p(7).

Theorem 2: The functional of ground state energy is minimized by the ground
state electron density p(7)for a many-electron system.

According to above theorems, any ground state properties of a many electron
system can be expressed in terms of the ground state electron density p(7). The
ground state energy functional Ey, [p] can be described as[46,50]:

Eylpl = [ p(F) Vere (AT + Fuglpd ... (2.16)
where Fuk[p] is a universal functional of p(7)to be determined which
includes kinetic energy and all the electron-electron interactions, Fpk[p] is
independent of the external potential Veq(r). Considering of the particle
conservation, the variation of ground state energy satisfies the following

principle[50]:

8{Ey[p] — k[[ p(®d7#—-N]}=0 . (2.17)
Which gives:

__ OEy[p] _ S SFykp]
k= = Vort (7) + o (2.18)

Where k is the chemical potential and Fy is a universal functional of electron
density. The ground state electron properties of a many-electron system can be
obtained exactly from equations (2.17) and (2.18).

Hohenberg-Kohn assumes that Fpx exists, but the actual form of Fyx is

unknown and must be approximated.
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2.4.2 Kohn-Sham Equations
Depending on Hoherberg-Kohn theorems, the energy functional Fyx,; of an

interacting many-electron system can be expressed as[51]:

Furlp] = E ff"(””( ) gz a7 o (2.19)

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

classical Coulomb energy and the third term E,[p] is the exchange-correlation
energy which describes the non-classical interaction of electrons including all the
many-body effects. Because the concrete expression of functional T[p] and Ey[p]
were not given, one could not carry out a first principle calculation. In order to
solve this problem, Kohn and Sham assuming that, a non-interacting many-
electron system which has the same electron number N and ground state electron
density p(#) under an external potential Ve(7) with those of an interacting many-
electron system[46]. The Kohn-Sham assumption is: for a non-interacting system,
p(7) can be expressed by a set of ancillary orthogonal functions ; (¥) as:
p(P) =X Y; ;& (2.20)
with (y!|y7) =5

The Kohn-Sham kinetic energy is given by:
Tkslp] = ——fZ L Wi OVEY,(Pdr (2.21)

Considering the many-body interaction, the true kinetic energy T[p] in
equation (2.19) is not equal to Tks[p]. The difference between them can be
combined with exchange-correlation functional E,[p] as[46-49]:

Eylpl =Tlp) = Tgslel .. (2.22)
and the ground state energy functional can be written as:

p(r)p( )

Eylp] = Tyslp] + 2 Jf =5 = didr’ + Exc[p] + [ d7 p(AVere B ... (2.23)

_,
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By applying the variation principle to equation (2.23):
8 S o .
s Bl = [diZiehi Gy =0 (2.24)

This leads to the Kohn-Sham equations:

{ Vz + f| ( )| dT + ch[ ] + Vext(?)}lpz(f)) = Eil/)i(r_)) ....... (225)

Where Vy[p] is the exchange-correlation potential which has been modified
to include all the difference between the interacting and non-interacting Kinetic

energy in equation (2.22), Vy[p] takes the form:

SExclp]
Vxclp] = #(CFSO ....... (2.26)

We should note that the Kohn-Sham equation has to be calculated self-
consistently considering that the wave function y;(r) is influenced by the electron
density p(7) which is included in Hamiltonian. Through solving a set of Kohn-
Sham equations (2.25) self-consistently, one can obtain the total energy of the
system:

p(””(|)d dr + Exelp] — [ dF pWoe ) oo (2.27)

E= ZNfl l__ff

The physics of Kohn-Sham equation is unlike to that of Schrédinger equation.
The significance of Kohn-Sham equations consists in that it reduced an interacting
many-body problem to a set of independent equations which describes the state of
single electron in the effective potential of other electrons [50].

The major problem of DFT is to find the exchange-correlation energy Exc,
used so far as a mathematical term. This term includes all the effects of exchange
and correlation interactions, such as Pauli exclusion between electrons with same
spin orientations, and the instantaneous reaction of electrons with opposite spins. If
the exact exchange-correlation function is known, the system is solved exactly. As

previously noted, this function is from the difference of the Hamiltonian between
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the interacting many-electron systems to the non-interacting single electron
system[40].
2.4.3 The Local (Spin) Density Approximation (L(S)DA)

The local density approximation (LDA) is the simplest approximation to
E..[p()], which assumes the system is a homogenous electron gas and
E..[p(r)] depends only on the local value of electron density. Therefore,

E..[p(7)] can be written in a simple form[42,44]:

ER4p]l = [ p(P) exc(p@)a?r L (2.28)
Compared to LDA, the local spin density approximation LSDA defines the
exchange correlation potential in terms of the density of a and B spins and was

developed for calculating the properties of open-shell systems[44].

ExPpappl = [ 0P exc (0P p(Pp)d? (2.29)

Where exc is the exchange correlation energy per particle.The LSD
approximation provides better results than HF for certain properties such as
equilibrium structures, vibrational frequencies and dipole moments.

In general, the LSDA provides reliable information for those systems that
closely resemble a uniform electron gas, namely those in which the density varies
slowly with position. However, in reality, atomic and molecular systems do not
possess uniform electron densities and thus more sophisticated models are
required[47].

2.4.4 The Generalized Gradient Approximation (GGA)

The electron density in a real molecule varies greatly from position to
position. To get a more accurate approximation of the exchange-correlation
energy, functional which include not only the electron density, but also the
gradient of the electron density were developed[40,42].

ESé paspp) = [ f(Pes 03, VPas VPG)A? L (2.30)
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This functional generally offer an improvement over the LSDA since 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 (E¢) terms[45]:
Exc=Ex+E. . (2.31)

The exchange-energy functional can then be obtained from the HF exchange
term with the Kohn-Sham orbitals in place of the HF orbitals, and approximate
solutions for E¢ are sought. VVarious exchange and correlation functional have been
developed independently and can be combined in various ways. For instance, one
popular GGA functional is BLYP, where Becke’s 1988 exchange functional is

paired with the Lee-Yang-Parr correlation functional[40].

2.4.5 The Hybrid Functional

The hybrid exchange-correlation functional is widely used functional, it
combine the exchange-correlation GGA functional and an exact exchange
functional, ultimately yielding a method that is somewhere between HF and GGA.
The most popular hybrid functional, B3LYP, uses Becke’s 1988 exchange
functional EF®® and Lee, Yang and Parr’s correlation functional EE'P as gradient
corrections to the LSDA exchange and correlation functional[42, 51].
EB3YP = (1 — a)EP4 + aEJY + bES®® + cEE'P + (1 — ¢)ELSPA...(2.32)

Here, the three parameters, a specified the amount of exact exchange (a
=0.20), b and ¢ control the contribution of exchange and correlation (b=0.72 and

c=0.81)[55].
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2.5 Basis Sets

A Dbasis set is a set of functions used to describe the shape of the orbitals in an
atom. Molecular orbitals and entire wave functions are created by taking linear
combinations of basis functions and angular functions. Most Semiempirical
methods use a predefined basis set. When ab initio or density functional theory
calculations are done, a basis set must be specified. Although it is possible to
create a basis set from scratch, most calculations are done using existing basis sets.
The type of calculation performed and basis set chosen are the two biggest factors
in determining the accuracy of results[40,43].

2.5.1 Slater Type Orbitals (STO’s)
Slater type functions are exponential that mimic the exact eigen functions of
the hydrogen atom. A typical STO is expressed as[40,43]:
x5T0 = Nr*tefTy, (6,0) L. (2.33)
Where N is a constant of normalization, n is a principal quantum number
and § is a constant related to the effective charge of the nucleus. Y;,, is a spherical
harmonics which describes the angular part of the wave function. Slater type
functions show a correct behavior nears the nuclei at r — 0 with a discontinuous

behavior.
2.5.2 Gaussian Type Orbitals (GTO’s)
Gaussian type orbitals (GTOs) can be written in terms of Cartesian
coordinates as[44,45]:
¥6T0 = Nxlxylbyzlzg=$r> (2.34)
N is a normalization factor. The sum of angular momentum lx, ly and [z
determines the type of orbitals. & Represents the orbital exponent that shows how

compact (large &) or diffuse (small §) is the resulting function. The r* dependence
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in the exponential is a deficiency of the GTOs with respect to the Slater-type
orbitals STOs[48,53].

GTOs have two main problems. First an improper behavior nears the nuclei at
r — 0, second problem is that GTO falls off too rapidly far from the nuclei
compared with the STO. Therefore, the tail of the wave function in the GTO is
represented poorly.

A rough estimate says that three times as many GTOs as STOs are required in
order to reach the same level of accuracy. One of the disadvantages of STOs is that
many-center integrals such as Coulomb and HF-exchange terms are difficult to
compute with STOs. Therefore, it does not play a role in modern wave function
based quantum chemistry codes. One of the advantages of the Gaussian basis set is
that the product of two Gaussian functions is another Gaussian function. As a
result, for the calculations of Coulomb and HF-exchange terms the analytical
solution is available for the Gaussian functions. Therefore the GTO basis function
in HF and related methods is popular because very efficient algorithms exist for
analytically calculating the many-center integrals[54,49].

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[43]:
x5¢F =XV Cijx§T0 wo....(2.35)

Here, M is the number of Gaussian primitives used in a linear combination. The
basis sets used in Gaussian are classified into minimal basis sets, split valence sets,

polarization and diffuse functions and others[43].
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2.5.2.1 Minimal Basis Sets

The minimal basis set is the minimum number of basis functions y needed to
describe the ground states of the component atoms in a molecule. A common name
of minimal basis sets is STO-nG, the n (n=2 to 6) represents the number of
Gaussian primitive functions that comprise a single basis function[48]. In these
basis sets, the same number of Gaussian primitives comprises core and valence
orbitals. Minimal basis sets typically give rough results that are insufficient for
research-quality publication, but are much cheaper than their larger counterparts.
The following are examples of commonly used minimal basis sets: STO-2G, STO-
3G, STO-6G [40,43].

2.6.2.2 Split-Valence Basis Sets

The inner-shell atomic orbitals in terms of a split-valence basis set are
represented by one basis function and the valence orbitals are represented by two
or more basis functions[55]. One easy method to extend a basis set is to increase
the number of basis functions used per orbital. Split-valence basis sets employ
more than one basis function of variable orbital exponents for each valence orbital
and only one basis function for each core orbital. For instance, the valence double-
zeta (VDZ) basis set uses two basis functions per valence orbital while the valence
triple-zeta (VTZ) uses three, and so on. While the split valence basis sets provide a
better description of the molecular orbitals because they allow for variable atomic
size, they still are not able to provide a balanced basis set on their own[56].
2.5.2.3 Polarization and Diffuse Functions

Polarization functions are functions of higher angular momentum such as d-
and f- type functions for heavy atoms and p- and d-type functions for hydrogen and

helium atoms[57,58]. This increases the flexibility of the basis set by allowing the
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shape of the orbital to change (i.e., become polarized in one direction). The
inclusion of polarization functions can be important for systems in which hydrogen
Is involved such as hydrogen-bonding and proton transfers since these will allow
the s orbital to become distorted from its regular spherical shape. Polarization
functions are used because they often result in more accurate computed geometries
and vibrational frequencies[40,58]. The addition of polarization functions in terms
of the Pople basis set nomenclature is indicated in brackets after the contraction
scheme while diffuse functions denoted by ‘+’. For instance, the 6-31++G(d, p)
basis set includes a set of d-type functions on all heavy atoms and p-type functions
on hydrogen and helium. The first ‘+’ indicates that diffuse s- and p-type functions
are included on heavy atoms, while the second ‘+’ indicates that diffuse s-type
functions have been included on hydrogen. Another group of basis sets that are
often used are those of Dunning and co-workers. These are the correlation-
consistent polarized valence (double/triple/...etc)zeta basis sets, cc-pVXZ, where
X indicates the degree of splitting. These were developed specifically for use in
calculations that include electron correlation[59,60]. For heavy metals, the
relativistic Effective-Core Potentials (ECPs) such as Stuttgart Dresden triple zeta
ECPs (SDD) basis set is used. The types of Los Alamos Nationwide Laboratory 2-
double-zeta (LANL2DZ) and SDD basis sets are powerfully recommended for
heavy metals. Scalar relativistic corrections are more rigorous than ECPs and spin-

free computes are not much more expensive[42].
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2.6 Computed Properties
2.6.1 HOMO, LUMO and Energy Gap

The two most important molecular orbitals MOs are called the frontier
orbitals in which they lie at the outmost boundaries of the electrons of the
molecules, these MOs are the highest occupied molecular orbital HOMO and the
lowest unoccupied molecular orbital LUMO. The band gap is the difference of the
energies between the two orbitals HOMO and LUMO[61,62].

Eyap = Erumo — Evomo L (2.36)

The energy gap helps not only to control the way the molecule interacts with
other species, but also to describe the chemical reactivity and the stability of the
molecule. A molecule with a small band gap is generally associated with a high
chemical reactivity, low stability and soft molecule[63]. When an electron transfer
to a higher energy state filling unoccupied molecular orbitals, and is call the
excited state from the ground state [64,65]. At the HF Level, Koopmans theorem
suggest that the energy of the HOMO is a good approximation to the negative
experimental ionization potential (-1P) [62]. Similarly, he suggests that the electron
affinity (EA) for an N- electron system is equal to the negative of the LUMO
energy, assuming that the orbitals do not relax [64].

In general, the prediction of the EA using KT is unreliable due to the
generally large effect of orbital relaxation on the LUMO eigenvalue. In addition to
the question of the effect of relaxation on the validity of KT, there has been a
substantial uncertainty as to the degree of physical significance of the KS orbitals
of DFT applied within the KS framework [66,67].
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2.6.2 Fermi Energy

The fundamental variation principle in DFT is the Fermi energy. Fermi energy
used to measure the escaping trend of a cloud of electrons. It is a constant through
all space, and can be calculated due to the following equation [68]:

OE
E=o|vey (2.37)

Where E is the energy and N is the number of electrons.
Experimentally, Fermi energy is related to IP and EA, as in the following
equation [69,70]:
1 1

2.6.3 Electrochemical Hardness
The hardness in H is a measurement of molecule resistance to the change or

deformation. defined as [71]:
e
H _E[aN]V(?) o (2.39)

The hardness is central of the energy gap between HOMO and LUMO,
molecule has large energy gap called hard molecule. In terms of IE and EA, the
hardness is calculated as [72, 73]:

H = @ ......... (2.40)

In DFT, the electrochemical hardness is the second derivative of electronic
energy with respect to the number of electrons N, for a constant external potential
V() [73].

1 [aZE

2 W]Vm
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2.6.4 Electronic Softness

The electronic softness of a molecule is associated with the energy gap that
the molecule has, soft molecule has a small energy gap, its electron density change
more easily than a hard molecule. A small energy gap means small excitation
energies to the manifold of excited states, therefore, soft molecules will be more
reactive than hard molecules [73]. The electronic softness is calculated according
to the relationship [62]:

1

5= = (ZZTZ)M: (Z—’:)V(r) ........ (2.42)

2.6.5 Electrophilicity index
Electrophilicity index is a measure of energy lowering due to maximal
electron flow between donor and acceptor. Electrophilicity index (o) is defined as
[74]:
w=pn%/2H ceeenenn(2.43)
Where p is the electronic chemical potential, the electrophilicity is built up
from the electronic structure of molecules, independent of the nucleophilic. The
electrophiles are species that stabilize upon receiving on additional amount of
electronic charge from the environment [75].
2.6.6 Electrical Conductance
Electrical conductance is an simplicity expression of which an electric
current flows 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)[76, 77]:
G=I/v (2.44)

The electrical conductance G was computed from the Landauer formela:

G =Gy [” dET(E) (— L(’5)) o (2.45)

dE
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Where f(E) is the Fermi function:
fE) = [eFE-EFD) 1=+ L (2.46)
Er is the Fermi energy and f=1/kgT,

G, in equation (2.45) is the quantum of conductance:

G=(%) (2.47)
Since the quantity (— %(EE)) Is a probability distribution at E=Ef, with a width of

order kgT [78,79].
2.6.7 Seebeck Coefficient

Seebeck coefficient is a measure of a magnitude of an induced thermoelectric
voltage in response to a temperature difference across a material. Seebeck
coefficient is also defined thermoelectric power and thermoelectric sensitivity of a
material, it is measured in volts per kelvin (V/K) in SI units. Seebeck coefficient of
a material is calculated from equation (2.48) when a small temperature gradient is

applied to a material as[45]:

S = _E ......... (248)

Where AT is a small temperature difference between the two ends of a material

and AV is the thermoelectric voltage seen at the ends.
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2.6.8 Transmission Coefficient

If the wave propagation is considered in a discontinues medium, then the
transmission coefficient is describe the amplitude and intensity of a transmitted
wave comparative to an incident wave[80]. The transmission coefficient and the
associated reflection coefficient in non-relativistic guantum mechanics are used to
describe the waves incident behavior on a barrier, the transmission coefficient is
used to refer to the probability of tunneling of a particle through a barrier. The
probability flux of the transmitted wave comparative to that of the incident wave is
represented in terms of transmission coefficient [81,82]. The transmission
coefficient of the structure was placed between two electrodes. The transmission
coefficient T(E) describes the propagation of electrons of energy E from one
electrode to the other. T(E) was calculated by finding the Hamiltonian H and the

matrices of overlap S [83].

2.6.9 Current-Voltage (I-V)

(I-V)characteristics are widely measured experimentally, so a routine to
calculate 1-V curve is useful for characterizing the new structures. The current (1),
with respect to voltage (V), can be calculated from the transmission probability
[81]:

V) == f e T(E VYAE (2-49)

In this equatlon: (e) electronic charge, (h) blank constant, T(E) transmission
coefficient, the transmission depends on the bias voltage. For small voltages,
however, the current can be approximated by using the zero-bias transmission
probability[81]:
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ev
V)= 2 [7"FTE0dE (2-50)
h Ef_?
For a perfectly periodic system, the transmission probability T(E)is equal to the

number of open channels at energy (E).

2.6.10 Figure of Merit

A figure of merit of electron (ZT,) is a quantity used to characterize the
performance of a device, system or method, relative to its alternatives. In
engineering, figures of merit are often defined for particular materials or devices in
order to determine their relative utility for an application. In analytical calibration,
they are employed to compare the relative performances of different analytical
methodologies, and also to establish detection capabilities, a feature which is
specific for analytical chemistry.The figure of merit (ZT,) is computed from the
formula [82,83]:

(ZT) =S*GTke . (2.46)

Where S is the Seebeck coefficient (thermopower), G is the electrical
Conductance, T is the absolute temperature, and k. is the thermoelectric
Conductance. In order to maximize ZT,, it is clear that both the thermopower and
electrical conductance have to be high while the thermoelectricl Conductance

must be low.
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2.7 The Software
All calculations in this study have been performed by using the Gaussian 09
package of programs, Gauss View 5.0.8, Gauss Sum 3.0, SIESTA and GOLLUM

Programs. These programs are described as below:
2.7.1 Gaussian 09

Gaussian is a very high- end quantum chemical software package, available
commercially through Gaussian, Inc. The Software run 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.The "09" refers to the year 2009 in which
the software was published. G09 is most recent version [84].

Gaussian, a commercial quantum chemical software package from Gaussian,
Inc., considered by many (including the authors of this resource) to be the industry
standard in the area of molecular modeling and computational, chemistry.
Gaussian is capable of running all of the major methods in molecular modeling,
including molecular, mechanics: ab initio: semi- empirical: and density functional
theory (DFT).

It is probably best known for its robustness in running ab initio and DFT
calculations. Gaussian also does several compound methods such as MPx and Gx,
where X is a number that indicates the level of the method. For example, there is
MP2 and MP4, defined as, Moller-plesset 2nd order and moller- plesset 4th order.
The name Gaussian comes from the use of the Gaussian Type Orbital's that
Gaussian's originator, John Pople, used to try to overcome the computational

difficulties that arose from the use of Slater Type Orbital's. Most readers will know
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the Gaussian mathematics by two other names — a normal distribution, or perhaps
as a bell- shaped curve. 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 Schrédinger, equation. Pople's work resulted in the
standard use of these Gaussian functions. Virtually every other developer of ab
initio computational, chemistry software uses this technique. Pople, by the way,
was awarded the 1998 Nobel Prize in Chemistry (along with Walter Kohn, who

you will hear about later) for this work [85].

2.7.2 Gaussian View 5.0.8 Program

Gaussian is the most powerful software available to, educators and student
researchers through the North Carolina School Computational, Chemistry server.
Gauss view program is designed to import the input files for the Gaussian
programs and also used to demonstrate the output files for Gaussian program in the
dimensional photo, Gaussian view which is not used as calculation program, but it
facilitates the work on Gaussian program and supply the users with three major
advantages. Enable the user to draw the molecules including the big one, also
enables the rotation, transferring and changing it size easily by the mouse. The
complex input preparation for the routine work and the advanced method. Finally
Gaussian view permit the inspection of Gaussian calculations results using variety
of geometrical technique's and this involve to balanced molecular patterns,
molecular orbits and electronic density surfaces.

Gaussian is capable of running all of the major methods in molecular
modeling, including molecular, mechanics: ab initio semi-empirical and density

functional theory (DFT). The name Gaussian comes from the use of the Gaussian
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Type Orbital's that Gaussian's originator, John Pople, used to try to overcome the

computational difficulties that arose from the use of Slater Type Orbital's [86].
2.7.3 Gauss Sum 3.0

The Gauss Sum 3.0 is a software application recorded by Noel O'Boyle.
Gauss Sum 3.0 uses the plotting program (Gnuplotl7) for picture graphs. The
Gauss Sum is that can examines the output of widely computational physics and
chemistry program (such as Gaussian 09 program)[87].

Gauss Sum can get ready more information such as a geometry optimization,
plot the density of states (DOS) spectrum, source information on the UV-Vis.
Transition states, scheme the UV-Vis spectrum and the circular dichroism
spectrum, abstract data on IR and Raman vibrations and plotting the IR and Raman
spectra, which may be scaled using general or individual scaling.

Throughout the computational studies carried out in this study, Gauss Sum 3.0 has
been used in the ground state calculation of DFT to plotting the IR, Raman and
DOS spectra. Also for the excitation state calculation of TD-DFT it is used to
plotting the UV-Vis spectrum and it is showed the excitation energies, electronic
transition configurations and oscillator strengths for the optical transitions for the

studied nanocomposites[88].

2.7.4 SIESTA Program

SIESTA (Spanish Initiative for Electronic Simulations with Thousands of
Atoms) is both a method and its computer program implementation, to perform
efficient electronic structure calculations and ab initio 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. SIESTA is main

characteristics are use the standard Kohn-Sham self-consistent density functional
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method in the Local Density Approximations and ..(LDA-GGA). It uses norm-
conserving pseudo potentials in their fully nonlocal (Klein man-Bylander) form. It
uses atomic orbitals as a basis set, allowing unlimited multiple-zeta and angular
momenta, polarization and on site orbitals. Finite-support basis sets are the key for
calculating the Hamiltonian and overlap matrices in the operations. Projects the
electron wave functions and density onto a real-space grid in order to calculate the
Hartree and exchange-correlation potentials and their matrix elements. Finally,
Besides the standard Rayleigh-Ritz eigenstate method, it allows the use of
localized linear combinations of the occupied orbitals (valence-bond or Wannier-
like functions), making the computer time and memory scale linearly with the
number of atoms. Simulations with several hundred atoms are feasible with modest
workstations. It routinely provides total and partial energies, atomic forces, stress
tensor, electric dipole moment, electron density, geometry relaxation, constant-
temperature molecular dynamics, variable cell dynamics, k-sampling of the
Brillion zone, local and orbital-projected DOS, vibrations (phonons), band
structure and ballistic electron transport [89].

In a system that has a large number of atoms containing complex potentials
there is large computational expense for time and memory. One method to solve
the computational problem is to reduce the number of electrons by introducing the
pseudopotential approximation which was proposed by Fermi in 1934. This
method, has developed from creating non-relativistic empirical pseudopotentials to
more realistic ab-initio pseudopotentials. The idea of this concept that the electrons
in an atom are split into two parts, the first is core and the second is valence, where
core electrons lie within filled atomic shells as well as they are spatially localized
around the nucleus. Whereas, the valence electrons are arranged in partially filled
shells, and they are the ones contributing to the formation of molecular orbitals.

Therefore, this reduces the number of the electrons in a system considerably.
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Moreover, in the SIESTA code a special kind of ab-initio pseudopotential which

called the norm-conserving pseudopotential [33] is carried out.
2.7.5 GOLLUM Program

Gollum is a program that computes the charge, spin and thermal transport
properties of electrical junctions having an arbitrary number of leads[90]. The
program needs to read as inputs the junction arrangement as well as its
corresponding Hamiltonian in order to generate those transport properties. Gollum
reads model tight-binding Hamiltonians as well as Hamiltonians generated using
density functional theory programs. It is based on the non-equilibrium Green’s
function (NEGF) formalism for one particle Hamiltonian. In its present form it
uses density functional theory with the numerical implementation contained in the
code (SIESTA)[91] However, Gollum computational scheme is very general and
can be implemented together with any electronic structure methods based on
localized basis sets. A good knowledge of SIESTA and the SIESTA’s input files is
necessary since only the Gollum commands are described in although a complete

input file.
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3.1 Electronics Properties

3.1.1 Introduction
To investigate the electronics properties of the family’s meta-complexes

bipyrimdine, many researchers have been studying pyridine and its many
derivatives to develop and produce a variety of metal complexes of interest.
Therefore, the aim behind choosing those molecules and their complexes with
transition metal were their interesting structures and spectroscopic properties,
which is one of the most appealing topics in coordination chemistry and material
science [92].

The metal-complexes characteristics of the family of molecules that were
involved bipyridine (1), bipyrimdine (2), and X(CO)4-bipyrimdine (3) molecules
with metal complexes and CO group were studied using Density-Functional
Theory and Time-Dependent (DFT/TD-DFT). A striking feature of the metal
complexes that have been used as a result of presenting values of bandgap energy
(LUMO-HOMO) and displaying subtly different electronic characteristics. These
compounds were been chosen to present a further examination of the behavior of
metal complexes and to appear the influence of supporting metal ligands in
molecular junctions. Furthermore, LUMO and HOMO are the lowest unoccupied
molecular orbitals and the highest occupied molecular orbitals, respectively. In
addition, to give more accurate details about the properties of these molecular
structures.

This chapter presents the computational method and results of structural and
electronic properties of bipyridine, bipyrimdine, and X(CO)4-bipyrimdine-
molecules. The Gaussian 09 package implements the DFT, which is a good and
dependable theory [93]. The Lee-Yang— Parr gradient-corrected correlation
potential (B3LYP) and the “Becker’s three-parameter gradient-corrected exchange

potential” were used, and all calculations were performed by using the 6-311G
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as a basis set, and for metal complexes structures (Cr, Mo, and W) were used the
LANL2DZ basis set for that, which were determined to be accurate for the systems
that contain metal complexes.

In the present study, the steps of the work consisted of three stages: firstly,
molecules were been optimized to get the preferred configurations. Secondly, the
vibrational properties were calculated, and finally, the time-dependent Schrédinger
equation was used to calculate the UV-Visible spectrum calculations and the
possibility of optical applications. DFT/TD-DFT at the B3LYP was used to
calculate the electronics properties by Gaussian 09 program.

3.1.2 Geometrical Optimization

The technique of attempting to discover the molecule's minimal energy
arrangement is known as topology optimization. The technique calculates the wave
function and energy for a certain starting geometry before moving on to a new
geometry with lower energy. This process is continued until the geometry with the
lowest energy is discovered. The method determines the force on each atom by
calculating the gradient of the energy concerning atomic locations.

At each stage, advanced algorithms were employed to select a new geometry,
to achieve quick convergence to the geometry with the lowest energy. It is
significant to note that this approach will not always lead to the global minimum or
the geometry with the least amount of energy.

At the B3LYP/6-311G and (LANL2DZ) levels of the theory, the molecular
geometries investigated in this work were optimized in the ground state.

Figure (3.1a) and Figure (3.1b) show the molecular geometries that
optimization calculations will run on it, those bipyridine, Bipyrimdine, and
X(CO)4-bipyrimdine molecules. In our work, the main aim is to evaluate the
metal-complexes selectivity in bipyridine molecules and understand the nature of
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the metal complexes (Cr, Mo, and W) chemical bond that contacts the complexes

to the backbone of the molecule.
Bipyridine

J

Bipyrimdine

J J

Figure (3.1 a): The Optimized Geometric Structures of Studied Molecules Bipyridine and

Bipyrimdine (grey: carbon, white: hydrogen, blue: nitrogen, red: oxygen).
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X(CO)4-bipyrimdine

Figure (3.1 b): The Optimized Geometric Structures of Studied Molecules

of X(CO)4-Bipyrimdine Molecules.
(grey: carbon, white: hydrogen, blue: nitrogen, red: oxygen, green: X = Cr, Mo, W).
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After performing the geometry optimization process, the following tables
were obtained that show the values of the bond length and the angles. Tables (3.1)-
(3.5) show the optimized geometric parameters for studied molecules (bond

lengths in Angstrom, and dihedral angles in degree calculated by B3LYP/6-311G

Results and Discussions

method.
Table (3.1): The optimized geometric parameters (lengths in Angstrom and angles in degree) of
Bipyridine.
Bond Length (A) Dihedral angle (deg)
Bond Value Bond Value
N1=C1 1.34 D(N1=C1-C3=C5) 0.0
Cl-H1 1.1 D(N1-C2=C4-C5) 0.0
C1-C3 1.4 D(C3=C5-C6-C8) 40.0
C3-H3 1.1 D(C3=C5-C6=C7) -140.0
C2=C5 1.41 D(C4-C5-C6=C7) 40.0
C5-C4 1.41 D(N2=C9-C7=C6) 0.0
C4=C2 1.399 D(N1-C10=C8-C6) 0.0
N1-C2 1.34
C5-C6 1.487
C6=C7 1.41
C7-H5 1.1
C7-C9 1.399
C9-H7 1.1
C9=N2 1.34
N2-C10 1.34
C10-H8 1.1
C10=C8 1.4
C8-H6 1.1
C6-C8 141
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Table (3.2): The optimized geometric parameters (lengths in Angstrom and angles in degree) of

Bipyrimdine.

Bond Length (A) Dihedral angle (deg)
Bond Value Bond Value
N1-C1 1.342 D(N1-C1=C3-C4) 0.1
C1-H1 1.1 D(N1=C2-N2=C4) 0.1
C1=C3 1.4 D(C3-C4-C5-N3) -0.1
C3-H3 1.1 D(N2=C4-C5=C6) -0.1
C3-C4 1.4 D(C3-C4-C5=C6) 180
C4=N2 1.345 D(C5-N3=C7-N4) -0.1
N2-C2 1.337 D(C5=C6-C8=N4) -0.1
C2=N1 1.34
C4-C5 1.482
C5-C6 1.4
C6-H4 11
C6-C8 1.399
C8-H6 1.1
C8=N4 1.342
N4-C7 1.341
C7-H5 1.1
C7=N3 1.336
C5-N3 1.345
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Table (3.3): The optimized geometric parameters (lengths in Angstrom and angles in degree) of

Cr(CO)4-Bipyrimdine.

Bond Length (A) Dihedral angle (deg)
Bond Value Bond Value
N1-C1 1.342 D(N1-C1=C3-C5) 0.3
C1-H1 1.1 D(N1=C2-N2-C5) 0.6
C1=C3 1.4 D(N2=C5-C8=N3) 2.7
C3-H3 1.1 D(C8=N3-C11=N4) 0.6
C3-C5 14 D(C8-C10=C12-N4) 0.2
C5-N2 1.345 D(N2=C5-C8-C10) -176.8
N2-C2 1.337
C2=N1 1.34
N2-Cr 2.0658
C5-C8 1.459
02-Cé6 1.16
C6-Cr 1.906
Cr-C7 1.907
Cr-N3 2.068
Cr-C9 1.865
C7-03 1.16
C8-N3 1.367

C8-C10 1.4
C10-H4 1.1
C11-N3 1.36
C9-04 1.16
C10-12 14
C11-H5 11
C11-N4 1.323
C12-N4 1.346
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Table (3.4): The optimized geometric parameters (lengths in Angstrom and angles in degree) of
Mo(CO)4-Bipyrimdine.

Bond Length (A) Dihedral angle (deg)
Bond Value Bond Value

N1-Cl 1.342 D(N1-C1=C3-C5) 0.1
Cl-H1 1.1 D(N1=C2-N2-C5) 0.0
C1=C3 1.384 D(N2=C5-C8=N3) 0.6
C3-H3 1.1 D(C8=N3-C11=N4) 0.2
C3-C5 1.397 D(C8-C10=C12-N4) 0.1
C5-N2 1.364 D(N2=C5-C8-C10) -179.1
N2-C2 1.354
C2-H2 1.1

C2=N1 1.318
N2-Mo 2.225
C5-C8 1.454
02-C6 1.156

C6-Mo 2.053
Mo-C7 2.053
Mo-N3 2.229
Mo-C9 1.984
C7-03 1.155
C8-N3 1.363

C8-C10 1.397

C10-H4 1.1

C11-N3 1.355
C9-04 1.16

C10-C12 1.385

C11-H5 11

C11-N4 1.317

C12-N4 1.342

C12-H6 1.1

47



Chapter Three Results and Discussions

Table (3.5): The optimized geometric parameters (lengths in Angstrom and angles in degree) of
Bipyrim W(CO)4-Bipyrimdine.

Bond Length (A) Dihedral angle (deg)
Bond Value Bond Value
N1-Cl 1.348 D(N1-C1=C4-C5) -0.4
C1-H1 1.1 D(N1=C2-N2-C5) -0.1
C1=C4 1.393 D(N2=C5-C8=N3) -7.1
C3-H3 11 D(C8=N3-C11=N4) -0.9
C4-Cs 1.405 D(C8-C10=C12-N4) -0.5
C5-N2 1.367 D(N2=C5-C8-C10) 171.2
N2-C2 1.359
C2-H2 1.1
C2=N1 1.321
N2-W 2.242
C5-C8 1.464
02-C3 1.166
C3-W 2.022
W-C7 2.076
W-N3 2.254
W-C9 2.022
C7-03 1.160
C8-N3 1.368
C8-C10 1.405
C10-H4 1.1
C11-N3 1.355
C9-04 1.16
C10-C12 1.393
C11-H5 1.1
C11-N4 1.322
C12-N4 1.348
C12-H6 1.1
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It is obvious from Tables (3.1)-(3.5) that the geometrical parameters
calculations by the present method are in good agreement with experimental data
[94]. The difference of atomic numbers for the conjugated atoms affects the bond
length between these atoms and these Tables declare that the convergence between
the bonds C-C and C-N comes from the convergence between their atomic

numbers, and this reason explains the difference of the C-H bond.

The N-X Bond Length between metal-nitrogen bands and central metal
complexes in bipyrimdine molecules as shown above Table in which these data
were measured after optimizing all molecules at ground state that were used in this

work by using Gaussian 09 program as mentioned above.

3.1.3 Molecular Orbitals and Energy Gap
Table (3.6) shows the high occupied molecular orbital energy Eyono, lower

unoccupied molecular orbital energy E; 0, and energy gap E; for Bipyridine,
Bipyrmidine, Cr(CO)4-Bipyrim, Mo(CO)4-Bipyrim, and W(CO)4-Bipyrim
molecules.

Table (3.6): Eyomo, ELumo and energy gap E; Bipyridine, Bipyrmidine, Cr(CO)4-Bipyrim,
Mo(CO)4-Bipyrim, and W(CO)4-Bipyrim molecules.

HOMO LUMO Eq
Complexes
(eV) (eV) (eV)

Bipyridine -0.26080 -0.07107 0.18973
Bipyrmidine -0.26549 -0.09895 0.16654
Cr(CO)4-Bipyrim -0.19908 -0.12811 0.07097
Mo(CO)4-Bipyrim -0.21480 -0.13984 0.07496
W(CO)4-Bipyrim -0.21399 -0.14209 0.0719
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From Table (3.6) which illustrates the calculated values of Eyomo, ELumo and
energy gap (Egp) in eV for the family of metal-complexes (X(CO)4) with
bipyrimdine molecules, it had been clear that the energy gap value various for
those molecules, in particular after attaching the metal complexes with CO group,
this energy gap values reduce compared to bpy and bpyrim molecules. This is due
to many reasonable cases: 1- pi-conjugated system[95], that is considerably
appeared the charge transport through the linked bond. 2- Metal complexes give
distinctive properties of these compounds, which helped in reducing the energy
gap due to the conduction property of metals complexes, they are conductive
materials.

3.1.4 Molecular Orbital Charge Distribution

Figure (3.2) shows plots of the HOMOs and LUMOs. As predicted from
previous studies, the HOMOs and LUMOs were stretched throughout the backbone
for each molecule in this diagram. This figure illustrates charge density
localization and delocalization patterns of these frontier molecular orbitals
(FMOs). Furthermore, it had been predicted to appear a special behavior in
particular after adding metal complexes to these molecules to appear more
importantly results as shows in FMOs energy. In addition, FMOs energies present
that weight of density of states focused the most case on the metal groups
(X(CO)4) as shown in the HOMOs energies, whereas it can be seen the density
distribution of the charge in other parts of the molecule was less much than metal
complexes. This gives great importance to these metal complexes that had been
used in this work to give an advantage in the multiple uses with such types of
organic molecules. Therefore, tetra carbonyl derivatives that we have used in this
study were strongly colored may be to an intense Cr, Mo, and W metal-ligand
charge transfer.
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Figure (3.2) shows the charge distribution in those molecules, and to know the
role of metal complexes at different types. Therefore, it has been exhibed through

the figures the mechanism of distributing charges on the parts of the molecules, in
particular with metal complexes.

HOMO LUMO

Bpy

»
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Mo(CO)4-Bipyrim
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Bpyrim

Cr(CO)4-Bipyrim

* 3

o
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Figure (3.2): Distribution pattern of the important FMOs of molecules 1-5 at B3LYP/6-311G
(LANL2DZ) level of theory.
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3.1.5 IR Spectroscopy Analysis

The IR spectra of these molecules were presented in Figure(3-3a) which is
evident that bpy and bpyrim molecules show the peaks of absorbance, which
display three peaks at 1624 cm™, 1561 cm™, and 833 cm™ that were attributed to
bpy molecule. As well as the peaks at 1589 cm™ and 1547 cm™ that be attributed
to bpyrim molecule. The difference and the shifting in those peaks for bpy and
bpyrim that occurs may be due to the chemical structures and the pi-conjugated
system between two rings shown in Figure(3.3a) after replacing carbon atoms with
nitrogen atoms on both sides of pyridine rings.

In addition, for metal complexes with bipyrim, the changeable behavior of
the peaks had been seen, in particular, Mo(CO)4 and W(CO)4 was exhibited their
peaks were identical in most of the values of these metals such as at bands 1883
cm™ and 1967 cm™. However, in the case of Cr(CO)4 displays two overlapping
strong peaks at 2310 cm™ and 2380 cm™ were appeared different behavior because
of the bandgap value and the length bond N-Cr in both sides of phenyl rings. Thus,
upon the normal and complexation cases, the ligand undergoes structural changes,
which affect the values of absorbance for these molecules as shown in
Figure(3.3b).
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Figure (3.3): IR spectra of (a) bpy (black), bpyrim(green), and (b) X(CO)4 with bpyrim
molecules showing a shift and stretch of the peaks for the studied molecules.
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The spectrum resulting from IR Analysis was explained by using some lists as
shown in Figure (3.4) [96].
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Figure (3.4): The IR spectroscopy frequency ranges, the appearance of the vibration, and
absorptions for functional groups[ 101].

3.1.6 Ultraviolet-Visible (UV-Vis) Spectroscopy
The UV-vis spectrum has been calculated for bipyridine, bipyrimdine, and

X(CO)4-bipyrimdine molecules as shown in Figure(3.5). It had been seen the
range of wavelength for five molecular structures is involved visible light, which is
296 (black) nm, 359 (green) nm, 652(blue) nm, 658(red) nm, and 744(pink) nm,
respectively. The change of designed structure of bpy and bpyrim was a
considerable role to shift the range of wavelength from 296 nm to 359 nm this is
due to the pi-conjugated system between two pyridine rings [97]. Furthermore, the
torsion angles of bpy and bpyrim is 40° and 0°, which means that the effect of the
pi-conjugated system in bpy was more than bpyrim due to the overlap and
interaction between the two rings. However, the metal complexes play a more
important to shift the range of UV light from 359 nm to 652-658 nm for W(CO)4
and Mo(CO)4 with bipyrimdine, respectively.
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Figure (3.5): The UV-Visible spectra for (a) bipyridine, bipyrimdine, and (b) X(CO)4

bipyrimdine molecules.
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3.1.7 Density of State (DOS)
Figure (3.6) represents the density of states (DOS) of the bipyridine,

bipyrimdine, and bipyridine metal complex compounds. In all compounds, the
degeneracy of occupied molecular orbitals is larger than that of the virtual
molecular orbitals.

The DOS was distributed in the occupied orbitals greater than in the virtual
orbitals, this behavior is since the energies of LUMO are greater than that for
HOMO energies. For bipyridine metal complex compounds, the electron can easily
transform from the occupied orbitals to virtual orbitals in comparison with the
others, because the DOS in the occupied orbitals are more than DOS in the virtual
orbitals. This behavior makes these compounds behave suitable for electronic
applications when interacting with other species and play an important role in

electron transfer.
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Figure (3.6): The Density of State for (1) bipyridine, (2) bipyrimdine, and (3,4,5) X(CO)4
bipyrimdine molecules.
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3.1.8 Some Electronic Properties of the Studied Structures

Some parameters were computed, and they are called Reactivity parameters
Indices. They refer to the activity of the members of a series of compounds and
their derivatives compared to each other. These parameters can be calculated from
the energy of the Frontier Molecular Orbitals (HOMO and LUMO).

These variables can be computed at the optimal shape of the molecule. The
top of the orbital is occupied by electrons HOMO, its negative energy will be
greater than the lowest orbital that is empty or unfilled with electrons LUMO, and
the three most important and most widespread parameters have been known in

scientific references as follows[98]:

The Hardness (H) is a measure of the difficulty or hardness in giving electrons,
which indicates chemical stability. It is worth noting that the reciprocal of the
hardness is referred to as the ductility in giving up electrons, and this scale is called
Softness = 1/2H the fluidity scale.

Chemical potential (u), it is a measure of the ability to reactivity. The low
energy of LUMO measures the electrophilicity, i.e. the ability to gain electrons,
and the high value of HOMO energy measures the ability to give electrons.

Electrophilicity (), a measure of the willingness to find or attract electrons[98].

It is clear from the numerical values that Cr(CO)4-Bipyrimdine is the most
chemically reactive compound, as it has the lowest electronic hardness of these

compounds (the lowest value of the modulus H).
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Whereas, it shows the highest ability to exchange electrons (the highest value of
the models p), while the compounds appear W(CO)4-Bipyrimdine the highest
desire to gain more electrons (the highest numerical value of the coefficient o).

Table:3.7 contains results obtained from simple were calculated for (1) bipyridine, (2)
bipyrimdine, and (3,4,5) X(CO)4 bipyrimdine molecules.

u = H= w =
StrUCtu res (ELUMO + EHOMO)/2 (ELUMO - EHOMO)/2 HZ/ZH
Bipyridine -0.16593 0.094865 0.14511
Bipyrmidine -0.18222 0.08327 0.19937
Cr(CO)a-
Bipyrimdine -0.16359 0.035485 0.377060
Mo(CO)4-
Bipyrimdine -0.17732 0.03748 0.41942
W(CO)4- -0.17804 0.03595 0.44086
Bipyrimdine
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3.2 The Thermoelectric Properties
3.2.1 Introduction

Electrical transport through organometallic molecular junctions that have
attracted wide attention for specific electronic operations as an alternative to
silicon-based technologieunder arising ever-increasing challenges facing
miniaturization of electronic devices, which has seen a renaissance in the field of
molecular electronics over ten years[99-101]. In addition, electrical properties
through metal-molecule-metal junctions depend on the chemical structures of the
single-molecules that are difficult to in such a molecular type of devices[102].
Advances in single-molecule devices have driven a wealth of knowledgeable
scientific-related development the electronic and thermoelectric properties of such
systems, as well as the mechanisms that are used to transport the charge through it
[103-105]. The field of molecular electronics has gotten a lot of interest as
researchers look into nanoscale thermoelectricity in the hopes of developing new
organic thermoelectric materials that are more environmentally sustainable [106,
107].

In this section, the Bipyridine (Bpy) and metal-complexes bipyrimdine
(Bpyrim) molecules were studied due to intensely observes their wavelengths in
the visible part of the spectrum. Therefore, the electron and thermoelectric
transport are attributed to metal-ligand charge transport. As well as these
components of molecular electronics and metal complexes were having

electrochemically switchable characteristics are of interest [108, 109].
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3.2.2 Computational Method

To calculate the electrical and thermoelectric properties of the molecular
structures  under study, the relaxed molecules were found by using DFT/
SIESATA software [110]. DFT-based SIESTA code was carried out to get
completely optimized structures of the gas phase molecules. In addition, it has
been used a double-zeta polarized (DZP) which is the basis set for all molecules,
and also the generalized gradient approximation (GGA) for the exchange and
correlation functional[111, 112].

In addition, on a real-space grid formed by a plane-wave cutoff of 250 Ry, the
Hamiltonian and overlap matrices were computed. The transmission coefficient of
electrons passing through the molecule from the left lead to the right lead is then
calculated by using GOLLUM code [101]. The electrical calacution were carried

out at Lancaster University, United Kandim.

3.2.3 Geometry of Studied Molecules

To study the electrical and thermoelectric properties for set molecular
structures, and after relaxing all isolated molecules, they were attached through
two gold leads as shown in Figure(3.7). As in the experimental results the angle of
bipyridine molecule approximates between the two rings to be around was 34°
[103-105]. In our DFT calculations, the torsion angle was found about 40°
However, the torsion angle of bipyrimdine molecule is 0° due to the overlap
between the pi-orbitals which increases when the rings are rotated perpendicular to
each other as shown in Table (3.8), and the electrical transport follows a cos® 0
[106]. For X(CO)4-bipyrimdine molecules, the angle between the two rings was
found 0° because a metal linked atom (W, Mo, and W) via two pyridine rings in

those structures.
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Electron transmission T(E)
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Figure (3.7): Molecular structures of a set of Bpy, Bpyrim, and X(CO)4-Bipyrimdine molecules
between two gold leads at different metal centre (Cr, Mo, W) complexes.
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Table(3.8): The molecular structures with the dihedral angle between two pyridel rings as

experiment. and theoretical data.

Molecule Dihedral angle/ exp. Dihedral angle/ theo.
Bpy 34° [107] 40°
Bpyrim - 0.1°
Cr-metal-bpyrim - 2.7°
Mo-metal-bpyrim - 0.6°
W-metal-bpyrim - 7.1°

The possible path of the electron is designated as a cross-plane path either
through the backbone of molecule and this is clear shown in the transmission curve
for Bpy and Bpyrim molecules or through metal(CO) group to the end of molecule,

and then to the electrodes leads as shown in Figure (3.8).
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Figure (3.8): Simple carton shows for (a) the electrons path through bpy structure and (b) there
are more electrons path through X(CO)4-bpyrim structure.
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3.2.4 Binding distance of bipyridine molecule

To calculate the optimum binding distance between pyridyl anchor groups and
Au(106) surfaces by using DFT. The binding distance d is defined as the distance
between the gold surface and the N terminus of the pyridyl group. Here, compound
bipyridine is defined as entity A and the gold electrode as entity B. The ground
state energy of the total system is calculated using SIESTA and is denoted E45,
with the DFT parameters defined as those in the method section of the main text.
The gold lead consists of 3 layers of 25 atoms.

The energy of each entity is then calculated in a fixed basis, which is achieved
using ghost atoms in SIESTA. Hence, the energy of the individual 2 in the
presence of the fixed basis is defined as E4AE and for the gold as E4B. The binding

energy is then calculated using the following equation:

Binding Energy = E45 —EAB —Eg® ... (3-1)

Figure (3.9 ): shows that for the optimum binding distance d is 2.3 A for bpy molecule and the
binding energy is approximately -0.413 (eV).
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Figure (3.10): Binding energies as a function of the distance (A) of the nitrogen from the
electrode surface.

3.2.5 Transmission Coefficient T(E)

The electrical characteristics were calculated of a family of bipyridine,
bipyrimdine, and X(CO)4-bipyrimdine molecules using DFT-based GOLLUM
code to compute T(E). Geometrical optimizations have carried out using DFT
SIESTA code[101]. All molecules studied in this chapter were freely relaxed in
isolation to vyield optimized geometries. For each molecular structure, the
transmission coefficient of electrons T(E), which describes the propagation of
energy of electrons from one electrode to the other was calculated by first
calculating the Hamiltonian from SIESTA code, and then using GOLLUM code to
compute T(E), electrical conductance was calculated at room temperature using
relation ( 2.45).
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The optimized distance between anchor group N and the gold electrodes
was 0.23 nm. The transport coefficient, T(E) is characterizing the passage of
electrons with energy E from the left to the right electrode for two gold leads, the
T(E) coefficient was computed for each relaxed junction structure by first deriving
the relevant Hamiltonian and overlap matrices using the DFT-based SIESATA and
GOLLUM [103].

To understand more about the thermoelectroics devices, DFT simulations
were performed to see how the electrical conductance of molecular structures
changes with the type of each molecule under study. As mentioned previously, the
gold lead/molecule/gold lead were linked perpendicularly to the plane of the
molecules, and the planar geometries of the molecules were studied.

The mechanics of the transport calculations was represented the transmission
coefficients of bipyridine and X(CO)4 bipyrimdine molecules that were appeared
various results around Fermi energy Er as shown: for bipyridine and bipyrimdine
molecules without metal complexes, the findings exhibited bipyridine molecule
was lower than bipyrimdine about twice as shown in Figures (3.9). This difference
Is due to the chemical structure between molecules, as well as the effect of the

molecular conformation as shown in Figure (3.1a).
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Figure(3.11): Theoretical calculation of transport coefficient as a function of the Fermi energy

for Bpy and Bpyrimdine.
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Figure (3.12): Theoretical calculation of transport coefficient as a function of the Fermi energy
for X(CO)4-bipyrimdine molecular junctions.
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However, to demonstrate the role of the metal-complexes center on the
electrical and thermoelectric properties. It can be seen from Figures (3.12) that the
magnitude of the transmission coefficient is represented by three curves for each
central metal atom presented through HOMO-LUMO energy.

It is clear, that quantum interference appears in those metal complexes
structures, which gives importance to present the role of metal-complexes in the
route of tunneling. The charge transfer between the metal complexes and backbone
molecule is clearly seen in the frontier molecular orbitals (FMO). Furthermore, this
corresponds with a recent theoretical study showing the tunneling electron in
pyridine structures flows through LUMO energy as demonstrated by the
experimental results [110-112]. The electron transport presents that the DFT
predicted Fermi energy (E-Er=0 eV) lies near to the LUMO peaks as shown in
Figures (3.11 and 3.12). When compared to the transmission peaks of the other
molecules such Cr-Mo-W(CO)4 molecules, the transmission peaks were narrow
and distinct of organometallic complexes in Figure (3.12).

That means the charge transfer rate between the central metal complex and
the backbone of the molecule also contributes to the interactions intensity. In
addition, the length of the bond between the central metal atom and the backbone
can also be used to get this result. Where we found that the bond length in both
was 2.050 A (N-Cr), 2.086 A (N-Mo) and was shorter than the bond in (N-W) with
> 2.2 A. As a result, not only the molecular conformation but also the length of the
electron transport path can be considered important factors in transmission
coefficient variation. The resonance states associated with the various peaks were

determined using a projected molecular orbital analysis.
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3.2.6 Electrical Conductance

The electrical conductance G also was calculated at room temperature using
the equation (2.45).To investigate the electrical conductance in more detail, the
DFT simulations were performed to examine how the conductance of molecules
changes with the energy of Fermi energy as shown in Figures (3.13) where G/G,

Is a function of energy.
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Figure (3.13): Electrical conductance values as a function of energy at room temperature for
Bpy (red), Bpyrim (blue), Cr-metal (green), Mo-metal (black), and W-metal (pink).
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From Figure (3.13), it is clearly seen that the electrical conductance of five
molecules was various values at Fermi energy (Ef), which leads to appear the
resonances are close to Fermi energy for Cr, Mo, and W central metal atoms to
show the important role of those complexes, in particular the quantum interference

concept in single-molecule junctions.

3.2.7 Seebeck Coefficients

Theoretical investigation into the Seebeck coefficient S of molecular
junctions using a quantum transport method using Bpy, Bpyrim , Cr-metal, Mo-
metal , and W-metal. For the thermoelectric coefficient, the thermoelectric
structures will later be used to construct molecular structures. Several molecules
have been investigated to understand more about the factors that could the effect
the sign and magnitude of their thermopower.

Therefore, when a temperature is differential T and a voltage variation V
through a system, the thermoelectric effect might be characterized as a conversion
between thermoelectric and electric energy. This occurs in the passing of an
electrical | and a heat Q currents via a molecular device. The Seebeck coefficient S
was calculated from the relation (2.48) in chapter two. The results were

demonstrated in Figure (3.14).
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Figure (3.14): Seebeck coefficient S as a function of the temperature for a) Bpy and Bpyrim b)
X(CO)4-bipyrimdine molecular junctions at Fermi energy.
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It can be shown that quantum interference produces resonances in the gap
between the HOMO and LUMO resonances. The shifting of this resonance leads to
an enhancement of the thermopower S. This behavior is dependent on the
connectivity of the molecule as a para-connected molecule produces a constructive
feature that dominates and reduces the sensitivity to destructive interference
through the pi-orbital geometry.

A more thorough comprehension of thermoelectric properties can be
represented by the Seebeck coefficient that clearly shows its behavior at passing
the heat current from the hot side to another colder nanowires (organic and
organometallic materials) in the presence of complex metals.

In the fact, the change of the sign of thermopower depends on either the
connection between the molecular and the electrodes or on the pi-conjugated
molecules. Therefore, the transmission coefficient T(E) at the Fermi level Eg
provided by DFT is closest to the LUMO resonance, with a positive slope due to
the existence of pyridine anchors; however, the Seebeck coefficient is negative,
indicating that the LUMO is moving closer to the Fermi energy.

Figure (3.15) shows the value of S is proportional to the slope of the
transmission at the Fermi Energy. The oscillator of Seebeck coefficient with
electron energy of the set molecules that were studied in this thesis. The HUMO-
dominated at the DFT Fermi energy leads to the negative Seebeck coefficient. In
addition, to demonstrate the oscillated sign of thermopower of metal-complexes
molecules (green, black, and pink lines) in Figure (3.15b), hence appears the role
of these metals, but all these results are various position and so far from Fermi
energy Er between (-1.173 t0-0.28 eV).
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Figure (3.15): Thermopower S as a function of electron energy for a) bpy and bpyrim and b) Cr-
Mo-W(CO)4 bipyrimdine molecules, respectively.
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Table (3.9) compares the theoretical conductance to the Seebeck coefficient

derived from the transmission curves.

Table (3.9): Calculated the electrical conductance and Seebeck coefficient of the set studied

molecules
Molecules G/Go S(V/IK)
Bpy 0.21064 -11.419*10°
Bpyrim 0.30565 -0.4.897*107
Cr(CO)4-Bpyrim 0.30361 -0.457*10°
Mo(CO)4-Bpyrim 0.30102 -1.077*10°
W(CO)4-Bpyrim 0.25353 -4.104*10°

From Figure (3.16) that shows the variations of the Seebeck coefficient and
electrical conductance of the family molecules that the quantum-interference-
induced resonances or other features in T(E) with steep slopes around Er were
desired because raising the slope of T(E) when increases Seebeck coefficient
shown in Figure (3.16a).

Moreover, when the torsion angle is bigger than 0°, the electrical conductance
decreases with increasing the angle between the pyridine rings as in bpy molecule
(40°). However, for Bpyrim and Cr-Mo-W(CO)4 complexes molecules, the
electrical conductance is considerably increased with decreasing the twist angle as
shown in Figure (3.16b).
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3.2.8 Figure of Merit (ZT,)

The electronic contribution to the figure of merit ZT, at over a range of

temperatures has been calculated at Fermi energy Er as shown in Figures (3.17).
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Figure (3. 17): The electronic contribution to the figure of merit ZT. at Fermi energy as a

function of room temperature for a) Bpy and Bpyrim b) central atom (Cr, Mo, and W) metal
complexes.
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At comparing bpy and bpyrim molecules, the findings were explained the
ZT, value at room temperature of bpy is about 1.75, whereas for bpyrim is 0.474
which means bpy is greater than bpyrim. For metal-complex molecules, it can be
shown W metal has a high value compared with other metal complexes as Cr-Mo
metal, which have a low value of ZT,. On the other hand, all these results depend
on the position of Fermi energy that limits the value of the figure of merit in all

molecular structures used here in this thesis.

From Figure (3.18), as mentioned the ZT, depodes on the position of the Fermi
energy, which determines the values of the electrical conductance and
thermppower. Thus, the highest value of ZT, was for Bpy, whereas the lowest
value for Cr-metal-bpyrim molecule. The variation of the value of the figure of
merit is due to as mentioned above the chemical structures of those molecules and

the position of the Fermi energy.
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Figure (3.18): the electronic contribution to the figure of merit ZT, at Fermi energy at room
temperature for each central atom (Cr, Mo, and W) metal complexes.
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3.2.9 Current-Voltage (I-V) characteristics

To calculate the current-voltage characteristics of those molecules, Figure
(3.19) shows the corresponding (I-V) characteristics. To demonstrate the effect of
metal complexes on the current-voltage properties, for the first two molecules (Bpy
and Bpyrim) the different behavior was exhibited in its curves at a voltage between
(-1.6 to 1.6 Volt). The reason behind the difference of (I-V) traces of the voltage
ramps is due, as we mentioned before, to the difference in the molecular structure,
as well as the torsion angle between the two benzene rings, which led to the

emergence of a difference in the value of current and voltage.
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Figure (3.19): The current as a function of voltage at T=300K for a) bpy and bpyrim b) central
atom (Cr-Mo-W)-Bpyrim molecules.

The corresponding (I-V) characteristics of each of the complexes were
calculated in figure (3.19), as well as the bipyrimdine molecules that contain
central metal atoms. It is clear that the bridge between the two pyridine rings, the
torsion angle is close to zero, and despite the presence of metal atoms. However,
approximately there is no influence for the metal complexes on the (I-V) curve
except for W-metal that has slightly different behavior probably associated with
the bond lengths between two nitrogen atoms and W-metal and the rest of chemical
groups.
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Chapter Four Conclusions and Future works

4.1 Conclusions

In this chapter, it can be summarized all results of various structures as

organic and organometallic molecules that have studied through our work to

calculate the electronics, electrical and thermal properties of family molecules

using Density Function Theory DFT as follows brief conclusions:

1.

The findings have exhibited the electronics and optical properties of those
molecules improving their applications as industry and Scientific.

The metal-ligand chemical bond between metal complexes with CO group
and backbone of a molecule plays more important due to change of the
absorbance behavior of molecules before and after the addition of these
structures, which led to shifts in the absorbance spectrum of the UV-visible
with the wavenumber and wavelength, respectively.

The results of the electronic properties were interesting due to the decrease
in the energy gap, in particular when compared with the bipyridine molecule
that used as a basics molecule and X(CO)4-bipyrimdine.

The conjugated systems between two pyridel rings is importance in switched
and control in electrical, optical, electrical, and thermal properties from
their ability to adapt and accommodate their shape, size, and composition.
The ordering of transmission coefficient of the studied metal molecules
complexes at fermi energy is as Mo > Cr > Bpyrim > W > Bpy.

The Seebeck coefficient of all molecules taking advantage of steep slopes
depends in transmission coefficient, and the Seebeck coefficients are
negative.

The Seebeck coefficient is an observable magnitude that is affected by
factors such structural conformation, where S in order to as bpy > bpyrim >

W > Mo > Cr molecules.
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Chapter Four Conclusions and Future works

4.2 Future Works

e It would be interesting to look at the role of phonons in thermoelectricity, as
well as more exotic types of transport like molecular-scale transport.

e [t would be to see how will be changing the thermoelectric results with using
other electrodes as platinum or palladium electrodes.

e [t will be to use account ion to show the effect of the charge transfer from/ or
molecule to account ion.

e To develop our work, it will be using other sides groups or anchor group,

which have more effective to increase the electrical and thermal properties.
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Appendix represent the optimized coordinates for atoms in Bipyridine,

Bipyrmidine, Cr(CO)4-Bipyrim, Mo(CO)4-Bipyrim,

respectively.

Appendix (A): Optimized Geometric Parameters (Lengths in Angstrom and Angles

in Degree) of Bipyridine.

and W(CO)4-Bipyrim

Atom X (A) Y (A) Z (A
N 0.001000 0.499600 -3.599900
H 0.011100 -1.571600 -3.479000
H -0.009100 2.570900 -3.475000
C 0.006500 -0.638100 -2.891700
C -0.004500 1.636000 -2.889800
C 0.006700 -0.697500 -1.493400
C -0.004800 1.692700 -1.491600
H 0.011500 -1.680300 -1.491600
H -0.009600 2.674600 -1.001100
C 0.001000 0.497100 -0.743700
C 0.001000 0.497100 0.743700
H -1.408500 2.158800 1.000200
H 1.408500 -1.163800 1.005300
C -0.772100 1. 409800 1.491000
C 0.772100 -0.413700 1.493700
C -0.735500 1.367100 2.889300
C 0.734500 -0.367900 2.892000
H -1.340100 2.080500 3.474000
H 1.338100 -1.079700 3.474000
N -0.001000 0.500400 3.599900




Appendix (B): Optimized Geometric parameters (Lengths in Angstrom and Angles

in Degree) of Bipyrimdine.

Atom X (R) Y (R) Z (A
N 0.000000 0.500000 -3.599900
H -0.053777 -1.579710 -3.588893
H 0.056257 2.561314 -3.335194
C -0.041169 -0.676861 -2.955145
C 0.018270 1.588230 -2.815578
C -0.066460 -0.772915 -1.561219
N -0.004449 1.634430 -1.480040
H -0.100102 -1.716758 -0.998719
C -0.048220 0.442489 -0.858784
C -0.076588 0.458807 0.622437
H -0.022676 2.618645 0.772319
N -0.121444 -0.735425 1.239508
C -0.057775 1.671450 1.329427
C -0.145026 -0.695267 2574731
H -0.183681 -1.670181 3.090422
H -0.071646 2.469167 3.359169
N -0.127139 0.389592 3.363197




Appendix(C): Optimized Geometric parameters (Lengths in Angstrom and
Angles in Degree) of Cr(CO)4-Bipyrim.

Atom X (A) Y ) Z (&)
H -0.036384 -1.583065 -3.738064
N 0.000000 0.500000 -3.599900
H 0.063128 2.544044 -3.207384
C 0.026355 -0.727911 -3.046601
C 0.076494 1.531278 -2.774117
0 0.215405 5.257802 -2.264443
C 0.126784 -0.917081 -1.669384
C 0.213873 4.411193 -1.460297
N 0.168153 1.479067 -1.418646
H 0.142668 -1.923386 -1.232109
C 0.193941 0.229820 -0.863471
0 -2.853667 3.277728 -0.305126
C -1.699628 3.199431 -0.206358
Cr 0.203432 3.099556 -0.137846
C 2.104170 3.200480 -0.106787
0 3.261105 3.277020 -0.058822
C 0.280617 0.231100 0.593286
H 0.410790 -1.918700 0.960687
N 0.261547 1.480743 1.149120
C 0.202583 4.410307 1.189691
C 0.385816 -0.913086 1.398892
0 0.220828 5.253453 1.997483
C 0.340864 1.534500 2.505156
C 0.468190 -0.721397 2777273
H 0.319344 2.546915 2.939176
N 0.445252 0.505855 3.331709
H 0.557301 -1.574122 3.468553




Appendix (D): Optimized Geometric parameters (Lengths in Angstrom and Angles in

Degree) of Mo(CO)4-Bipyrim.

Atom X (A) Y (&) Z (&)
H 0.038580 -1576411 -3.684264
N 0.000000 0500000 -3.599900
H -0.030170 2.545408 -3.248182
C 0.040160 -0.708817 -3.016232
C 0.001640 1.546946 -2.800022
o) 0.002220 5.412351 -2.491515
C 0.081780 -0.861417 -1.640745
C 0.026610 4.668013 -1.599670
N 0.041210 1.523309 -1.447255
H 0.113920 -1.853139 -1.185885
C 0.082660 0.294706 -0.856929
Mo 0.057090 3.324012 -0.140382
C 2.092630 3.589544 -0.111509
C -1.979310 3.583790 -0.088763
o) 3.208990 3.882421 -0.050692
0 -3.095790 3.880042 -0.047492
C 0.129310 0.298821 0.596153
H 0.211770 -1.846061 0.936230
N 0.112290 1.530446 1.18182
C 0.082000 4.735914 1.253432
C 0.193590 -0.851722 1.386392
0 0.109860 5551910 2.078417
C 0.157360 1.560901 2536101
C 0.238650 -0.691913 2.761690
H 0.140870 2562205 2.978143
N 0.219670 0.518948 3.340744
H 0.292270 -1.555730 3.432506




Appendix (E): Optimized Geometric parameters (Lengths in Angstrom

and Angles in Degree) of W(CO)4-Bipyrimine.

Atom X (A) Y (&) Z (&)
H 0.142173 -1.583519 -3.617903
N 0.000000 0500000 -3.599900
H -0.135364 2558098 -3.310708
C 0.076214 -0.692310 -2.974181
C -0.071226 1.569967 -2.827965
o) -0.424078 5.580305 -2.575604
C -0.246168 4.817612 -1.710615
C 0.076051 -0.805146 -1.585386
N -0.066214 1592060 -1.468472
H 0.147741 -1.785010 -1.097174
C 3.144103 3.779646 -1.031471
o) 0.001061 0.381402 -0.836111
C 2.044366 3.611907 -0.702813
W 0.026857 3.462487 -0.234626
C -2.000206 3.693151 0.150524
0 -3.115107 3.922224 0.374935
C -0.000003 0.439064 0.626370
H -0.197193 -1.697418 1.050786
C 0.313894 4.947356 1.107483
N 0.086034 1.694573 1.163016
C -0.114357 -0.684224 1.463156
o) 0.494211 5.792137 1.890773
C 0.057730 1.776508 2520250
C -0.145744 -0.463812 2.838639
H 0.133008 2.797548 2.927124
N -0.060377 0.771409 3.371928
H -0.249576 -1.300789 3.547035
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