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Abstract: Research and development in the single-molecule circuit are interesting
from a fundamental perspective and have a great potential impact on electronics,
catalysis, and organic energy cells. In this thesis, I present my contributions to
molecular junctions through theory and simulations. Chapter 1 starts with a ba-
sic overview of fundamental concepts in the electronic structure of molecules and
molecular electronics. Starting from simple models, I introduce the main ideas
governing electron transmission through molecular structures, such as confine-
ment and quantization of energy levels, tunneling through a potential barrier, or
transmission through a single electronic level. I then present the fundamentals of
electronic structure and Green’s function methods. The concepts and simulation
methods outlined here are the theoretical background for the works presented
in this thesis. I also briefly discuss a few widely used experimental techniques
studying molecular circuits.

Chapters 2 and 3 describe the behavior of novel individual molecules adsorbed
on a metallic substrate. Using theory and simulations, we study the electronic
properties of molecular systems in collaboration with experimentalists. I worked
on two systems. The first is a donor-bridge-acceptor molecule studied on a Pt sur-
face. We investigate the preservation of donor-acceptor properties of the molecule
upon adsorption on a highly reactive substrate. The second work is a surface
study of a class of molecules called carbene. We study the geometrical and ad-
sorption properties of a novel carbene molecule on the Au surface. Chapter 4
acts as a bridge between molecular surface science and molecular electronics. We
propose a new bipodal molecular platform that is mechanically robust, as it forms
two covalent bonds to the Au substrate. We then contact the molecule from the
top with a tip and study the electron transport properties. Our study provides a
guideline for designing molecular platforms on Au.

Finally, chapter 5 focuses on conductance and antiaromaticity. Aromaticity is a
key concept in chemistry, describing the stability of conjugated molecules, which
play a central role in molecular electronic studies. Antiaromatic compounds
were long predicted to have remarkable conducting properties but not previously
tested. Our study, carried in close collaboration with synthetic and experimen-
tal partners, was the first to study the conductance of genuinely antiaromatic
molecules. Calculations revealed the origin of this increased conductance. In a
subsequent article, we generalized our previous work to reveal the relationship
between (anti)aromaticity, molecular connectivity, and quantum interference.
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1. Introduction

1.1 Molecular electronics
Molecular electronics is the field that describes the study and use of various
organic molecules as active (transistors, molecular switches, etc.) and passive
(rectifier, energy cell, etc.) electronic components. The versatility of molecules
provides a variety of electrical, mechanical, and optical properties. Researchers
in the field of molecular electronics is working towards condensing electronics
functionalities into organic molecules by chemical design [1]. However, before
molecular devices are fabricated, the single-molecule component must be charac-
terized to understand their electronic properties. Single-molecule electronics ex-
pand the fundamental understanding of electron transfer mechanisms in organic
molecules, which has significant consequences in chemistry and biology. There-
fore, development in the field of molecular electronics is vital for fundamental
scientific advancements.

A single-molecule junction consists of an organic molecule embedded between
two electrodes. Early predictions by Aviram and Ratner suggested that such junc-
tions assist the one-way flow of current (rectification) mediated by the molecule
[2]. Their 1974 article ”Molecular rectifiers” theoretically proposed that molecu-
lar devices made of a single organic molecule exhibit excellent rectification and
demonstrated the potential of single-molecules in enabling electronic functional-
ities. Early experiments showed that while attempting to form single-molecule
junctions, the problem of direct electrode contact formation was difficult to over-
come. Later on, the employment of scanning tunneling microscopy (STM) in
molecular electronics paved the way for the first single-molecule junction.

STM was first invented by physicists Gerd Binning and Heinrich Roher from
the IBM research division[3, 4]. They demonstrated for the first time that the
atomic-scale resolution of the surface could be obtained using tunneling through a
vacuum nanogap. In STM, an atomically sharp tip (probe) is controlled by a ma-
terial that expands and contracts reversibly with applied voltage (piezoelectric).
The piezoelectric tip probing over a surface resolves images at atomic-scale pre-
cision. For this achievement, Gerd Binning and Heinrich Roher shared the Nobel
Prize for physics with Ernst Ruska (for his contribution to electron microscopy)
in 1986. Initially, STM was used in surface science to explore the properties of
metal and semiconductor surfaces. In 1996, Bumm et al. used the tip of an
STM to form a single-molecule junction consisting of a biphenyl-based molecule
contacted by Au electrodes on either side [5]. The STM study by Bumm et al. is
the first measurement of electronic characteristics of a single-molecule junction.
They used the STM tip to measure the conductivity of the molecule by modulat-
ing the position of the STM tip and observing the change in current with respect
to the tip position. Their result suggested that single-molecule could show cur-
rent rectification, proving predictions by Aviram and Ratner that single-molecule
electronics are feasible. In the beginning, the charge transport through saturated
hydrocarbon chains such as fatty acids was puzzling as they were thought to be
insulating. A breakthrough measurement of single-molecule transport came from
Mark Reed’s group at Yale University in collaboration with James Tour’s group
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at the University of South Carolina [6]. Their articles in the late 1990s and early
2000s advanced our understanding of single-molecule transport measurements
and provided insights into the charge transport properties of various molecules
[7–10]. Since then, significant advancements have been made in the field of single-
molecule junctions [11–20]. Several chemical functionalizations called anchoring
groups were studied and showed that many principles from chemistry could be
utilized to control physics at molecular scale junctions [17]. Electronic compo-
nents such as resistive wires and reversible switches were constructed using single-
molecule circuits [21–24]. Beyond electronics, single-molecule junctions were also
used to study mechanical, optical, and thermoelectric properties at molecular
scale [25–28].

To understand single-molecule junctions, we must be familiarized with how a
molecule conducts when placed between the electrodes. In this work, we will de-
rive the transmission of electrons by resonant tunneling mechanism and, through
that, the electron transport theory behind single-molecule junctions.

The content of this chapter is majorly inspired by ”Molecular Electronics”
by Juan Carlos Cuevas and Elke Scheer and ”Quantum Transport: Atom to
Transistor” by Supriyo Datta [29, 30].

Although the work I performed during my Ph.D. is theoretical, there are
mentions of experimental studies of single-molecule junctions performed by our
collaborators. We will present a brief overview of the most common experimental
techniques in the following section.

1.2 Room-temperature STM-BJ experiments
In molecular electronics two main types of experiments employed are room-
temperature experiments [5, 31–33] and low temperature experiments [6, 34–36].
Rather different scientific communities develop the two techniques. Chemists
often practice room-temperature experiments investigating molecular properties
under solution, and low-temperature experiments are performed mostly by physi-
cists because of the tradition of surface science. We discuss both methods briefly
in the following sections.

A molecular junction is formed by contacting the molecule by source and drain
electrodes comprising a closed circuit. In air or solution, it is challenging to gain
precise control over molecular contact at room-temperature. Therefore, a gap
between electrodes is opened and closed repeatedly. In the presence of molecules,
during some instances, the molecule bridges the gap. Such techniques are called
break junction experiments as a large amount of data is collected. Statistical
analysis is necessary to analyze the results obtained from break junction experi-
ments. In electrochemical break junctions, the electrode gap is formed by passing
a high current opening a pathway by electromigration [37]. The drawback of such
a technique is that the possibility of residual nanocluster left in the gap disrupts
the measurement. The commonly used break junction technique is the mechani-
cally controlled break junction (MCBJ) technique, in which a nanogap is opened
by a mechanically controlled pushing rod as shown in [38]. The MCBJ method
is highly efficient in forming stable molecular junctions without any nanocluster
formation.
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Figure 1.1: Mechanical break junction experiment (taken from Ref. [38]). The
inset shows the sourse (S) and drain (D) of the electronic device, molecule can be
tunned by gate electrode (G) in the background. The nanometer gap is controlled
by mechanical motion through piezoelectric material (pushing rod).

Figure 1.2: a) STM break junction experiment (taken from Ref. [39]) STM tip
is pushed and pulled against a substrate containing molecules in solution while
measuring current with respect to voltage. b) Graphics of a molecule filling the
gap between electrodes during tip retraction c) chemical structure of a triphenyl
molecule for which conductance histogram is shown in d). Histograms corre-
sponds to change in chemical groups at metal-molecule interface. Figure c) and
d) are adapted from Ref.[40]
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In 2003, the break junction technique with scanning probe tip (STM-BJ) in-
side a solution of the target molecule was first reported [41]. The molecular
junction is formed dynamically by crashing a Au tip is crashed on a Au sur-
face, forming a Au-Au contact. The tip is retracted, and in certain instances, a
molecule closes the gap. At every crashing and retracting cycle, the conductance
is measured with respect to the tip distance, as shown in figure 1.2 a). Dur-
ing pulling, the gap formed between the electrodes is bridged by a molecule at
certain instances, giving rise to a plateau in conductance instead of exponential
conductance decay with increasing tip distance when there is no molecule in the
gap. The experiment is repeated thousands of times, and conductance is plotted
as a histogram. The histogram of conductance shows a peak corresponding to
the conductance taking place through the molecule, as shown graphically in fig-
ure 1.2b). The maximum of the peak is the statistically most likely conductance
value, which is interrupted as the conductance of the molecule at equilibrium.
The broadness of the peaks corresponds to the change in molecular configuration
during pulling and subsequent breaking of the molecule electrode contact. I-V
characteristics of the junction can be recorded by repeating the experiment with
different voltages.

In break junction experiments at room temperature, the molecular geometry
cannot be controlled, but the presence of the molecule can be established by ana-
lyzing the statistical measurements and through inelastic tunneling spectroscopy
(IETS) or shot-noise. Break junction techniques are powerful for building single-
molecule junctions at room-temperature, but it is not straightforward to extract
information about the structural and electronic properties of the junction. On the
contrary, using low-temperature experiments, it is possible to obtain atomically
precise geometry at the expense of a highly complex experimental setup.

1.3 STM LT-UHV experiments

Figure 1.3: a) Experimental setup of STM (figure is taken from Ref.[42]). b)
STM images of molecules (above) and chemical structure (below) (figure adapted
from Ref.[43]).
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Atomic resolution STM experiments are carried out at low temperatures, typ-
ically few K but could reach as low as few millikelvin (LT) and at ultra-high vac-
uum (UHV). The molecules are evaporated into the UHV chamber, often forming
molecular films over the substrate, which act as the first electrode. The STM tip
(or sample) is directly mounted over the surface on a piezoelectric element that
controls the lateral position of the tip at nanometer precision. LT-STM operates
in two basic modes, constant height, and constant current. In constant height
mode, the height of the tip is fixed at a certain distance, and the change in current
is measured along the plane of the sample. At constant current mode, an elec-
tronic feedback loop keeps the current constant by modulating the tip position
vertically (Ref.1.3).

Figure 1.4: (a) STM images of a single triangulene on Au(111) surface. (b) dI/dV
spectra measured over different sites of the triangulene molecule on the Au(111)
substrate. dI/dV curves taken at the edge (blue) and at the center (black) of
triangulene and measurment taken on the clean Au(111) surface (red) are shown.
The figure is taken from [44]. c) A single molecule chain is lifted by a STM tip,
the figure is taken from [36].

Using the STM setup, once the contact is established between the molecule
on the surface and the tip electrode, the change in current with respect to the
voltage (I-V) can be recorded. The first derivative current with respect to voltage
gives the differential conductance of the single-molecule junction (dI/dV). It is
the measurement of the energy of an electron tunneling through the molecule
due to applied bias. The dI/dV spectrum is an approximate measurement of the
density of the states (DOS) of the molecule, dI/dV measurements taken over the
triangulene molecule are shown in 1.4 b). The low bias dI/dV measurements also
give the conductance estimate of the molecule. In some cases, molecules can be
contacted and sometimes lifted by the tip, thus creating a junction where the
molecule is positioned vertically, bonded to both tip and sample [36]

1.4 Theoretical background
Quantum tunneling is the phenomenon in which a particle penetrates a potential
energy barrier higher than the particle’s energy. In a single-molecule junction,
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conductance is mediated by electrons tunneling between two electrodes, where
the molecule acts as a bridge. The height of the energy barrier is determined
by the work function of the electrode and the chemistry of electrode molecule
contact. Before we derive an expression for the energy of the incident electron
and electron tunneling through a molecular bridge, we should first understand
how an electron behaves inside the molecule. A particle in a box is a fundamental
quantum mechanical approximation that describes an electron confined in a closed
system. First, we will see how a quantum particle acts when confined in a 1D box,
and then we will extend the derivation to the 2D case. These simple examples
allow us to understand the energy levels of individual molecules fundamentally.

1.4.1 Particle in a 1D box
Let us consider a particle inside an infinitely deep 1D potential well of length L.
The particle is represented by a wavefunction ψ(x). By solving the Schrödinger
equation, we obtained the values for ψ and allowed energies E. The modulus
squared of the wavefunction (|ψ(x)|2) gives the probability of locating the par-
ticle at a certain position within the box at a given position. Thus ψ(x) is the
probability amplitude and |ψ(x)|2 is the probability distribution.

Figure 1.5: a) Quantum particle in a 1D box with potential energy walls of infinite
height. b) Wavefunctions (ψ) at energies corresponding to first three (n = 1,2
3) principal quantum numbers. c) Probability density ψ2 of the wavefunctions
shown in b).

The time-independent Schrödinger equation for a free particle in a potential
well is given as,

− ℏ2

2m
d2ψ(x)
dx2 = Eψ(x), (1.1)

where ℏ is the reduced Planck constant (ℏ = h/2π). This equation has been
well studied and gives a general solution,

ψ(x) = Asin(kx) +Bcos(kx), (1.2)
where A, B and k are constants. Our boundary conditions are obtained from

the fact that the probability of finding the particle at positions x = 0 and x = L is
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zero. If we apply the value of x at the boundaries to the equation 1.2, we see that,
when x = 0 the first term sin(0) = 0 and second term cos(0) = 1. Therefore, B
= 0 is necessary to satisfy of boundary condition. Hence, equation 1.2 becomes,

ψ(x) = Asin(kx) (1.3)
Differentiating the above equation twice with respect to x we get,

d2ψ(x)
dx2 = −k2Asin(kx) (1.4)

Substituting equation 1.3 to 1.4 we get,

d2ψ(x)
dx2 = −k2ψ(x) (1.5)

Substituting to 1.1 and rearranging for k we get,

k =
(︄

8π2mE

h2

)︄1/2

(1.6)

By plugging k to 1.3 we get the following equation for the wavefunction,

ψ(x) = Asin

⎡⎣(︄8π2mE

h2

)︄1/2

x

⎤⎦ (1.7)

To further simplify, we recall the boundary condition of ψ = 0 when x = L.
Applying the condition to 1.7 we get,

0 = Asin

⎡⎣(︄8π2mE

h2

)︄1/2

L

⎤⎦ (1.8)

The above equation is true only when,
(︄

8π2mE

h2

)︄1/2

L = nπ, (1.9)

where principal quantum number (n) is any positive (n = 1,2,3...) integer.
The number n labels the allowed energies of the box. Substituting 1.9 to 1.7 the
wavefunction becomes,

ψn(x) = Asin
(︃
nπ

L
x
)︃

(1.10)

Solving equation 1.9 for E we get,

En = n2h2

8mL2 for n = 1, 2, 3.. (1.11)

Equations 1.10 and 1.11 are the solutions for wavefunction and energies of a
particle confined in a 1D box. The wavefunction is determined by the principal
quantum number and the length of the molecule. The normalization condition
of the wavefunction defines A. We can see that the particle has discrete energy
levels increasing along with the term n, also known as quantization of energy
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levels. The lowest energy of the particle is non-zero, showing that the particle
always has finite kinetic energy.

The wavefunctions ψn of the particle for n = 1,2 and 3 energy levels and the
probability density ψ2 are shown in figure1.5 b) and c). The number of nodes
(intersections) in the wavefunction increases with increasing n. Next, we expand
the derivation to 2D potential energy well.

1.4.2 Particle in a 2D box
Let us consider a particle confined in a 2D infinite potential well. The length
and width of the well are given as Lx and Ly. The time-independent Schrödinger
equation of the particle is,

− ℏ2

2m

(︄
∂2ψ(x, y)
∂x2 + ∂2ψ(x, y)

∂y2

)︄
= Eψ (1.12)

Figure 1.6: Energies plotted using equation 1.18 for 2D symmetric (square) box
and asymmetric (rectangular) box. We can see that the symmetry gives rise to
degeneracy of states i.e., there are two states at the same energy (E1,2 and E2,1).

The left side of the above equation is the sum of two independent terms. For
equations of this form, according to separation of variables approach, the solution
to the 2D term is the product of two 1D terms. Therefore, 2D wavefunction can
be written as,

ψ(x, y) = ψ(x)ψ(y) (1.13)
Similar to equation 1.2 the general solution to the time-independent

Schrödinger equation for a particle in 2D potential well,

ψ(x) = Axsin(kxx) +Bxcos(kxx) (1.14)

ψ(y) = Aysin(kyy) +Bycos(kyy) (1.15)
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Like the boundary conditions of 1D box, the probability of finding the particle
at boundaries is zero for 2D box too. Hence, BX and By become zero. Then, we
substitute equation 1.14 1.15 to 1.17 the wavefunction in 2D is,

ψ(x, y) = Nsin(kxx)sin(kyy), (1.16)
where N is a constant, which will be set by the normalization condition.

Slightly modifying and adapting equations 1.10 and 1.11 to 2D case we get the
following expressions for wavefunction and energy of a 2D particle,

ψ(x, y) = Nsin
(︃
nxπx

Lx

)︃
sin

(︄
nyπy

Ly

)︄
(1.17)

Enx,ny = h2

8m

(︄
n2

x

Lx

+
n2

y

Ly

)︄
(1.18)

For symmetric 2D box of length Lx = Ly = L, from equations 1.17 and 1.18
we can see that the wavefunction depends only on two variables nx and ny. In the
ground state when nx = ny = 1 there is only one solution to the wavefunction.
In fact, for all the energies when nx = ny there can be only one wavefunction.
But when nx ̸= ny there can be two wavefunctions with the same energy, this
phenomenon is known as degeneracy. According to equation 1.18 the values
nx = 1 , ny = 2 and nx = 2 , ny = 1 have the same energy,

E1,2 = E2,1 = 5h2

8mL2 (1.19)

But the two wavefunctions corresponding to the energies are not the same
ψ(2, 1)ψ(1, 2). The degeneracy of the wavefunction occurs in the symmetric sys-
tem, such as the square box we have considered. If the length of the 2D box is
rectangular, the symmetry is broken, and there will be no degeneracy. In natural
systems such as molecules, there can be multiple degenerate states depending on
the degree of symmetry. The simple quantum-mechanical problem we just solved
provides an insight into molecules’ chemistry and electronic structure.

We have shown the behavior of a quantum particle (electron) inside a confined
system (box). The following section will derive an expression for tunneling the
particle (electron) through a barrier, the fundamental principle of single-molecule
conductance.

1.4.3 Electron tunneling
To illustrate quantum tunneling, consider an electron incident on a potential
barrier from the left side as shown in figure 1.8. Let E be the energy of the
electron with mass m. The potential energy barrier has a height U and width
a. At the boundaries of the potential energy wall, the electron wave is partly
transmitted and partly reflected. The solution to the electron wave vector at
regions 1, 2, and 3 as shown in figure 1.8 is,

ψ1 = A+e
iβx + A−e

−iβx

ψ2 = B+e
−αx +B−e

αx

ψ3 = C+e
iβx

(1.20)
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Figure 1.7: Wavefunction of the first four states of a particle in a symmetric 2D
box plotted with equation 1.17. a) 3D plot with z axis showing the energy. x and
y directions are the box dimension, b) projection of panel a) over x and y planes.
We can see the increase in number of nodes with increasing n. States ψ(1, 2) and
ψ(2, 1) are degenerate, rotated with respect to each other by 90o.

Figure 1.8: Illustration of an electron passing a rectangular potential barrier of
height U and width a. A, B and C are the coefficients of the electron wave vector.
+ and - indicate incoming and outgoing waves respectively.
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α and β are a wave number and the complex exponent denotes oscillations.
There is no reflection in region 3 because the electron is travelling from left to
right. Using the relation that the wavefunction and its derivative are continuous
at the boundaries of the barriers we can write the boundary conditions as,

A+ + A− = B+ +B−

− iβ(A+ − A−) = α(B+ −B−)
B+e

−iαa +B−e
iαa = C+e

iβa

α(B−e
αa −B+e

−αa) = iβC+e
αa

(1.21)

We substitute reflection (r) and transmission (t) coefficients explicitly to the
above conditions, we get, A+ = 1, C+ = t and A− = r. Rearranging 1.21 we
obtain the following expressions for transmission (t) and reflection (r),

t = 4αβeia(β−α)

(α + β)2 − e2iaα(β − α)2 (1.22)

r = (β2 − α2) sin(aα)
2iβα cos(aα) + (α2 + β2) sin(aα) (1.23)

α =
√︄

±2m(E − U)
ℏ2 , β =

√︄
2mE
ℏ2 , (1.24)

Substituting equation 1.28 in 1.22 we get the transmission coefficient T as a
function of energy (E) of the particle. For particle energy lower that the barrier
(E < U) T is,

T (E) = |t|2 = 4E(U − E)
4E(U − E) + U2 sinh2(αa) , E < U (1.25)

Similarly the transmission coefficient for E > U is,

T (E) = |t|2 = 4E(E − U)
4E(E − U) + U2 sin2(αa) , E > U (1.26)

The length and energy dependence of the transmission of this potential en-
ergy barrier is shown in fig 1.9. The important feature is that T > 0 for E <
U increases exponentially. This decay is given by T ∝ exp(-αa), i.e., slopes in
figure 1.9 b) are mainly determined by the square root of the difference between
the electron energy and the barrier height. Since transmission determines a de-
vice’s conductivity, this model explains exponential decay of conductance with
the distance between the electrodes in a tunnel junction. The model also ex-
plains the importance of the barrier height, which is the difference between the
conducting frontier orbitals at the junction and the Fermi energy of the electrode
for single-molecule junctions.

1.4.4 Electron transmission through a double barrier
In the previous section, we derived an expression for the transmission of an elec-
tron passing through a barrier. Nevertheless, in a molecular device, as we will see
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Figure 1.9: a) Transmission probability as a function of energy plotted using
equations 1.26 and 1.25. When E < U (inset) transmission increases exponentially
with with the energy of the particle. b) Transmission is plotted as a function of
the length of the potential barrier showing exponential decay with length. The
height of potential energy barrier U is fixed at 4 eV (i.e., E < U).

the barrier is the link between a molecule and the electrode, usually the molecule
trapped between two electrodes leading to two barriers. This scenario is similar to
an electron passing through two potential barriers. An illustration of an electron
incident from the left to the right side of a double potential barrier is shown in
1.10. Similar to equation 1.20 of single barrier, the wave vector has five different
solutions at five regions described as,

ψ1 = A+e
iβx + A−e

−iβx

ψ2 = B+e
−αx +B−e

αx

ψ3 = C+e
iβx + C−e

−iβx

ψ4 = D+e
−αx +D−e

αx

ψ5 = E+e
iβx

(1.27)

α =
√︄

±2m(E − U)
ℏ2 , β =

√︄
2mE
ℏ2 , (1.28)

where α and β are wavenumbers. Both potential energy barriers have a height
U and width a. L is the distance between the barriers as shown in figure 1.10. We
solve the transmission coefficient with respect to the energy of the electron using
equations 1.20, 1.28, and the boundary conditions. The transmission coefficient
for the electron with E < U through a double potential barrier is,

T (E) = |t|2 = 1
(2G2 − 1)2 + 4S2 G2 (1.29)

G = cosh(βa) cos(αL) − ζ sinh(βa) sin(αL) (1.30)

S = cosh(βa) sin(αL) + ζ sinh(βa) cos(αL) (1.31)

and ζ = α2 − β2

2αβ (1.32)
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Figure 1.10: Illustration of an electron passing two symmetric potential barriers
of height U and width a. The distance between the two barriers is L.

Figure 1.11: Transmission probability vs energy plotted using equations 1.29,
showing enhanced tunneling coefficients at specific energies, the energy axis is in
log scale. The corresponding states between the double potential barrier are also
shown.
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The transmission coefficient with respect to the energy of an incident electron
is plotted using equation 1.11. The parameters used are U = 30 eV and a = 2.5
Å, and L = 5 Å. From figure 1.11 we see enhanced transmission at energies 0
eV, 2.6 eV and 7.1 eV. Similar energies can be obtained from equation 1.11 which
gives energies for infinite potential well, proving its resemblance to the double
potential barrier. We see that the peaks in transmission match these energies.
The main finding is that when the incident electron’s energy matches the energies
of the allowed states in the well, transmission is enhanced T ≈ 1. This is known
as resonant transport. When the energy does not match these states, a condi-
tion known as non-resonant tunneling occurs where transmission is substantially
lowered. As we will see, this behavior is seen in molecular conductance.

1.5 Green’s functions
It is challenging to calculate the transmission of real systems such as molecular
junctions where there are many electrons and energy levels. Green’s functions are
mathematical techniques used to obtain many physical properties of a system.
In the context of the thesis, we use Green’s functions to calculate the trans-
mission spectra and electrical current in a single-molecule junction. Following
Schrodinger’s equation, Green’s function G can be written as,

(E −H)G(E) = I (1.33)
The Hamiltonian (H) of a single-molecule junction consists of device region

(Hd), left electrode (HL) and right electrode (HR). The off diagonal terms which
define the interaction of the device region to the left and right electrodes are tL
and tR respectively († represents complex conjugate). Then 1.33 can be expanded
as [45],

⎛⎜⎝E −HL −tL 0
−t†L E −Hd −t†R

0 −tR E −HR

⎞⎟⎠
⎛⎜⎝GLL GLd GLR

GLd Gd GRd

GRL GRd GRR

⎞⎟⎠ =

⎛⎜⎝1 0 0
0 1 0
0 0 1

⎞⎟⎠ (1.34)

As there is no interaction between left and right electrodes by construction,
the terms GLR and GRL are zero. The three linear equation from the middle
column of the Green’s function matrix are,

(E −HL)GLd − tLGd = 0
− t†LGLd + (E −Hd)Gd − t†RGRd = 1
− tRGd + (E −HR)GRd = 0

(1.35)

Substituting the first and third equations into the second one,

−t†LtL
E −HL

Gd + (E −Hd)Gd − t†RtR
E −HR

Gd = 1 (1.36)

According to the definition of Green’s function, (E − HL)gL = I and (E −
HR)gR = I are the Green’s function of the isolated contacts. Substituting gL and
gR to equation 1.36 we get,
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−t†LgLtLGd + (E −Hd)Gd − t†RgRtRGd = 1 (1.37)
The term Gd above is the retarded Green’s function of the junction which

corresponds to the incoming wave, which can also be written as Gr
d. The complex

conjugate of the G†
d is called advanced Green’s function Ga

d which corresponds to
the outgoing wave. Substituting ΣL(E) = −t†LgLtL and ΣR(E) = t†RgRtR to the
equation 1.37 we get,

Gd = (E −Hd − ΣL(E) − ΣR(E))−1 (1.38)
The above equation allows us to calculate many physical properties of a sys-

tem. Using Green’s functions, we can calculate the density of states, transmission,
and electrical current of the single-molecule junction. We should be careful in
calculating the terms ΣL and ΣR, which are called the self-energies of the elec-
trodes. They are independent of the device region and can be calculated with the
periodicity of the electrode. They mimic the effect of coupling to semi-infinite
electrodes when in fact finite slabs are used.

We will discuss the calculation of electrical current with Green’s function in
the following section.

Electrical current

Let an external perturbation |v⟩ be applied to the system [45]. The Green’s
function gives the linear response to the applied perturbation to Schrodinger’s
equation.

(E −H) |ψ⟩ = E |ψ⟩ + |v⟩ (1.39)

|ψ⟩ = −G(E) |v⟩ (1.40)
In case of single-molecule circuit, the bias difference between the two elec-

trodes can inject electrons into the device, it is a non-equilibrium problem. To
solve this we first calculate the wavefunction |ψL⟩ of the incoming wave from the
left electrode. Using relation 1.40, the device wave |ψd⟩ function can be written
in terms of the incoming wave |ψL⟩ is,

|ψd⟩ = −Gdt
†
L |ψL⟩ , (1.41)

where t†L is the coupling term of the left electrode to the device. Similarly,
the wave entering from device to the right electrode is given by,

|ψR⟩ = gRt
†
R |ψd⟩ (1.42)

To get the wavefunction of the left electrode we need to add the incoming
wave the the relation. Then |ψL⟩ becomes,

|ψL⟩ = |ψL⟩ + gLtL |ψd⟩ (1.43)
Substituting equation 1.41 to 1.42 and 1.43 we get,

|ψR⟩ = −gRt
†
RGdt

†
L |ψL⟩ (1.44)
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|ψL⟩ =
(︂
1 + gLtLGdt

†
L

)︂
|ψL⟩ (1.45)

Before deriving the current, we need an expression for the spectral function
in terms of the Green’s function. It is given as,

A = i(G−G†) (1.46)

Expanding the spectral function in an eigenbasis leads to the following,

A = 2π
∑︂

k

δ(E − ϵk) |k⟩ ⟨k| , (1.47)

where ϵk are the eigenvectors, |k⟩ are the corresponding eigenvalues of Hamil-
tonian, and δ is the delta function.

For any arbitrary contact j, the electrical current is given as,

ij = −ie

ℏ
(⟨ψj| tj |ψd⟩ − ⟨ψd|ψj⟩) (1.48)

The above equation generalizes the electric current as a product of charge and
the probability current. Extending the idea to the single-molecule junction, the
current flowing from contact L to R is given by, substituting 1.41, 1.45 and 1.44
to equation 1.48.

iR = −ie

ℏ
(⟨ψR| tj |ψd⟩ − ⟨ψd|ψR⟩) (1.49)

= −ie

ℏ
(︂
⟨ψL| tLG†

dt
†
R(g†

R − gR)tRGdt
†
L |ψL⟩

)︂
(1.50)

We introduce a new term ΓR = t†R(g†
R − gR)tR = t†R(aR)tR, where aR is the

spectral function of the right electrode. ΓR gives the coupling of right contact to
the device.

iR = −ie

ℏ
(︂
⟨ψL| tLG†

dΓRGdt
†
L |ψL⟩

)︂
(1.51)

Integrating iR over the whole energy range gives the total current (I). The
incoming wave ψL has several modes in the contact; hence the summation over
all principal quantum numbers n is required.

I = 2e
ℏ

∞∫︂
E=−∞

dE
∑︂

n

δ(E − En)
(︂
⟨ψL,n| tLG†

dΓRGdt
†
L |ψL,n⟩

)︂
(1.52)

= 2e
ℏ

∞∫︂
E=−∞

dEf(E, µ1)
∑︂
m,n

δ(E−En)
(︂
⟨ψL,n| tL |m⟩ ⟨m|G†

dΓRGdt
†
L |ψL,n⟩

)︂
(1.53)

= 2e
ℏ

∞∫︂
E=−∞

dEf(E, µ1)
∑︂
m

(︃
⟨m|G†

dΓRGd(tL
aL

2πt
†
L) |m⟩

)︃
, (1.54)

where aL is the spectral function of left contact described as,
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aL = 2π
∑︂

n

δ(E − En) ⟨ψL,n|ψL,n⟩

Substituting ΓL = t†L(g†
L − gL)tL = t†L(aL)tL into equation 1.54 we get,

I = 2e
ℏ

∞∫︂
−∞

dEf(E, µ1)
∑︂
m

(︂
⟨m|G†

dΓRGdΓL) |m⟩
)︂

(1.55)

Subtracting the incoming wave from the right contact to 1.55 we get,

I = e

πℏ

∞∫︂
−∞

dE [f(E, µL) − f(E, µR)]Tr(G†
dΓRGdΓL) (1.56)

The above equation is the Landauer equation for current. It describes the
total current through a molecular junction as the sum of all the transmission
probabilities of an electron between occupied and empty states given by the Fermi
function of the electrodes. Using Green’s function and coupling to the electrode
terms, the transmission as a function of energy can be calculated as,

T (E) = Tr(G†
d(E)ΓR(E)Gd(E)ΓL(E)) (1.57)

Dependence on voltage (V) is implicit in all the terms. Landauer pioneered
the theory of electronic transport as a framework for understanding electrical
conductance. He emphasized the fundamental connection as ”Conductance is
transmission.” The Fermi distribution function of left and right electrode become
step function at 0K. Then the conductance G = I/V at the Fermi energy is derived
from equation 1.56 as,

G = 2e2

h
T (EF ) (1.58)

The above expression shows that for a tunnel junction such as a single-
molecule circuit, the maximum conductance of a single transmission eigenchannel
is G = 2e2/h. The value G = 2e2/h is a constant also known as the conductance
quantum G0. Another feature is that the tunnel junction will always have a finite
resistance (1/G0 = h/2e2) even when transmission is maximal (T (EF ) = 1). The
relationship between transmission and Green’s function is the foundation of sev-
eral ab-initio based molecular transport calculations. In this work, we use SIESTA
Density Functional Theory (DFT) software coupled with the TranSIESTA trans-
port code to calculate the transmission spectra and the related properties [46, 47].

1.6 Tunneling: single level model
In single-molecule junctions, the gap between barriers is bridged by an organic
molecule. Now, looking at figure 1.12 (b), an electron incident from one of the
electrodes is transmitted non-resonantly through a frontier molecular level.

Transmission with respect to energy is similar to the one we derived for trans-
mission to a barrier in equation 1.25. The energy of the conducting molecular
resonance measured from the Fermi level (EF = 0) is ϵ0. The ΓL and ΓR are the
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Figure 1.12: a) A prototypical single-molecule circuit. b) Illustration of molecular
discrete energy state coupling to the metal Fermi level.

scattering rates of the molecule to the left and right electrodes, respectively. The
transmission as a function of energy is given by,

T (E, V ) = 4ΓLΓR

(E − ϵ0(V ))2 + (ΓL + ΓR)2 (1.59)

The above equation 1.59 is called the Breit-Wigner formula. Transmission
is a Lorentian where ϵ0(V ) gives the peak position, and width is determined by
coupling to the electrodes ΓL and ΓR, usually, transmission is calculated at zero
bias (V = 0).

1.7 Transmission calculations
The single-level model is a simple case where the electron transmission is hap-
pening through a single energy level. In real systems such as molecular junctions,
there are many energy levels, and the transmission spectrum is calculated from
Green’s function and coupling to the electrodes as given in equation 1.57. The
Green’s function is calculated in terms of the device Hamiltonian (Hd) and self-
energies (ΣL and ΣR) as shown in equation 1.38. The device Hamiltonian includes
the geometry of the molecule and surface layers. The self-energies represent the
electrodes as semi-infinite contacts, which is a simplification used to calculate the
transport of molecular junctions. The simplification is called wide-band approx-
imation, which assumes that the detailed description of the electronic structure
of the leads is not vital for the transport calculations, which simplifies the com-
putation.
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1.8 Electronic structure calculations
In the previous section, we outlined the methods to calculate the electron trans-
port properties of the single-molecule junction. We need to describe the electronic
structure of the single-molecule junction to determine the Hamiltonians and sub-
sequently Green’s function. There are various methods to calculate the electronic
structure. First, we will discuss the tight-binding method, which is an approxi-
mate but easily accessible and intuitive method to understand the physics behind
the molecule’s electronic structure connected to the electrode. To develop a more
accurate description of the electronic structure, we need DFT. We will see the
DFT in the section after the tight-binding method.

1.9 Tight binding model
In a tight-binding model, electrons are represented by localized orbitals, where the
electrons are confined around the atomic centers (nuclei). The main advantage
of the tight-binding model is the simplicity of the model, and for example, a
meaningful physical picture can be obtained from a simple model in which we
consider only one π electron per atom. The Linear Combination of Atomic Orbital
(LCAO) is a popular localized orbital method in quantum chemistry to calculate
molecular electronic structure. In this method, the Hamiltonian H of a system is
constructed with the atoms given by their positions Ri. The diagonal elements
of H are the onsite energy of the orbitals, and off-diagonal terms constitute the
hopping term or interaction energy between the orbitals. The elements of H can
be obtained either from many approximations such as fitting experimental data
or other theoretical calculations.

We consider free electron model, ie., there is no electron-electron interaction.
In the LCAO approach the single particle Hamiltonian using the tight-binding H
approach takes the following form,

H =
∑︂

ij,αβ

Hiα,jβ |iα⟩ ⟨jβ| , (1.60)

where |iα⟩ is the localised orbital α. The localized atomic orbital around site
Ri is, ϕiα(r⃗) = ϕα(r − Ri). For an isolated molecule, the wavefunction in a tight-
binding representation can be determined as a combination of atomic orbitals.

Ψ(r⃗) =
∑︂
jβ

ciα,jβϕjβ(r⃗), (1.61)

where ciα,jβ is the wavefunction coefficient. Subsequently, we get the following
equation to determine the coefficients,

∑︂
jβ

[Hiα,jβ − ESiα,jβ] ciα,jβ = 0, (1.62)

where E is the energy, and S is the overlap matrix between the states |iα⟩
and |jβ⟩. The eigenvalue and eigenvectors of equation 1.62 give us the energies
of molecular state and wavefunction coefficients of atomic orbitals at the corre-
sponding states. The solution of the equation can be obtained with the following
matrix determinant form,
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det(H − ES) = 0 (1.63)
In any electronic structure calculation, the matrix dimension equals the num-

ber of orbitals we consider to represent in the system. The electronic structure
of a small molecule can be analytically solved using the tight-binding model. We
will consider a benzene molecule with six carbon atoms in the following example.
We use a simplified basis set of one π electron per orbital.

1.9.1 Benzene: molecular orbitals
Let us assume a benzene molecule as a hexagon with each vertex representing
a carbon atom with energy ϵ0 as shown in figure 1.13 a). We consider one π
orbital per carbon site, a carbon site is interacting only with the two neighboring
carbon atoms via a hopping term t. The off-diagonal neighbor interaction Hij is
a bonding term which is negative, therefore, use t > 0 and we write Hij = −t.
We consider an orthonormal basis i.e, Sij = δij. Following equation 1.62 the
molecular states and molecular orbitals are obtained by solving the following
secular determinant,⃓⃓⃓⃓

⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓

ϵ0 − E −t 0 0 0 −t
−t ϵ0 − E −t 0 0 0
0 −t ϵ0 − E −t 0 0
0 0 −t ϵ0 − E −t 0
0 0 0 −t ϵ0 − E −t

−t 0 0 0 −t ϵ0 − E

⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓
= 0 (1.64)

Solving 1.64 the eigenvalues of the molecule are,

E1 = ϵ0 − 2t
E2 = E3 = ϵ0 − t

E4 = E5 = ϵ0 + t

E6 = ϵ0 + 2t

(1.65)

The molecular orbitals or the eigenvectors of the corresponding states are,

ϕ1 = 1√
6

(|1⟩ + |2⟩ + |3⟩ + |4⟩ + |5⟩ + |6⟩)

ϕ2 = 1√
4

(|2⟩ + |3⟩ − |5⟩ − |6⟩)

ϕ3 = 1√
12

(2 |1⟩ + |2⟩ + |3⟩ − 2 |4⟩ − |5⟩ − |6⟩)

ϕ4 = 1√
4

(|2⟩ − |3⟩ + |5⟩ − |6⟩)

ϕ5 = 1√
12

(2 |1⟩ − |2⟩ − |3⟩ + 2 |4⟩ − |5⟩ − |6⟩)

ϕ6 = 1√
6

(|1⟩ − |2⟩ + |3⟩ − |4⟩ + |5⟩ − |6⟩)

(1.66)
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Figure 1.13: a) Benzene molecule represented as a hexagon, each corner is a
carbon site b) Molecular orbitals and energy level diagram of benzene obtained
with onsite energy ϵ0 = 0 and hopping energy t = 1. The solid circles on the
hexagon are positive, and the hollow circles are the negative amplitude of the
wavefunction. Red dashed lines show nodal planes.

Even this simple tight-binding model gives us an insight into many valuable
features of the electronic structure. We can see from 1.13 b) that the confinement
is similar to what we saw in the example of a particle in a box. The red dotted line
denotes the nodal planes of the molecular orbitals. State |1⟩ has zero nodal planes.
The highest occupied molecular orbital |2⟩ |3⟩ (HOMO) and lowest unoccupied
molecular orbital |4⟩ |5⟩ (LUMO) are both doubly degenerate in benzene. HOMO
states have one nodal plane, and LUMO states have two nodal planes. The highest
energy state |6⟩ has three nodal planes.

From the analytical solution of the benzene molecule, we can see that tight-
binding is a valuable tool for understanding the molecular electronic structure
with simple approximations. However, we use DFT for a more accurate descrip-
tion, where all the parameters are calculated from the first principles.

1.9.2 Benzene: transmission spectra
Electronic structure calculated from a simple tight-binding model can be used to
understand many physical properties. We will mention one such property in this
section. Several quantum phenomena appear due to the quantum nature of the
electrons. An example is a quantum interference (QI). We illustrate it here by
changing the attachment points of benzene. In cyclic molecules, we can see the
suppression of transmission at certain energies. This phenomenon is known as
quantum interference. We calculated the destructive quantum interference (DQI)
feature by theoretically changing the connectivity of a molecule to the electrode.
We calculated transmission spectra for benzene molecule with equation 1.57, we
used the simple tight-binding Hamiltonian similar to equation 1.64. We calculate
the retarded Green’s function by following the equation 1.38 as,
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Gd(E) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

E − ϵ0 + iΓL

2 −t 0 0 0 −t
−t E − ϵ0 −t 0 0 0
0 −t E − ϵ0 −t 0 0
0 0 −t E − ϵ0 + iΓR

2 −t 0
0 0 0 −t E − ϵ0 −t

−t 0 0 0 −t E − ϵ0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

−1

, (1.67)

where ϵ0 and t are the onsite energy and hopping term respectively. In the
simplest approximation, the self-energies of left and right electrodes are described
by a constant imaginary term ΣL,R = −iΓL,R

2 added to the onsite energy of contact
atoms. In equation 1.14 the Green’s function for benzene molecule with linkers
at para position is shown, the self-energy term is added to the carbon atoms
at 1,4 position of the molecule. Similarly, the Green’s functions of ortho and
meta connections are calculated by adding the self-energy terms to the respective
contacts.

Using the equations 1.67 and 1.57 we calculated the transmission spectra for
ortho, meta, and para configurations of the benzene molecule. The interaction
with the neighboring atoms is set as t = 1 eV, and the onsite energy of the
atoms was set to zero (ϵ0=0). Same coupling parameter was use for left and right
electrodes (ΓL,R = 0.5 eV). The three possible connectives of a benzene molecule
to two electrodes are meta, para, and ortho configurations. The transmission
spectrum of the molecule connected at the meta position shows DQI at E = 0 as
shown in figure 1.14.

Figure 1.14: Transmission spectra plotted using equation 1.57. Hamiltonian of
the molecule is from the tight-binding model show in equation 1.64. The molecule
is connected to the electrodes via meta, para and ortho positions.

The tight-binding approach is computationally efficient. However, the accu-
racy of these calculations depends on the quality of the parameters we use in
the calculation. The parameters can be obtained from experiments or ab-initio
theory calculations such as DFT.
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Destructive quantum interference (DQI)

The presence/absence of DQI features in the transmission spectra of the con-
jugated systems is widely studied in the literature. Several guidelines based on
graphical rules [48], connectivity [49] and phase of wavefunction coefficient at
contact point have been proposed to predict the DQI features. The graphical
rule of Markussen et al. [48] predicts where DQI features can be expected. In
the Markussen et al. graphical rule, the contact points are connected by a con-
tinuous path and the remaining sites are paired. If a connection or paring is
not possible for a particular site, the DQI feature appears. In figure 1.15 we
see that in molecules CC1 and CC2, there is an isolated site marked by a green
spot leading to quantum interference. For molecule CC3, all the sites can be
either connected or paired; therefore, no DQI feature appears. Those findings are
supported by DFT calculations. Since then, the graphical rule was tested and
proved in various systems, notably in thiophene molecule [50–53]. The molecular
orbital rule predicts the presence/absence of DQI feature with the relative phase
of HOMO-LUMO orbitals [54, 55]. The molecular orbital rule and its implications
are discussed in detail in chapter 5 of this thesis.

Figure 1.15: Molecular structures (top), graphical rules applied to the molecules
(middle), and transmission plotted as a function of energy by tight-binding and
DFT calculations (bottom)/ Color code of the transmission functions, CC1 (red),
CC2 (dotted blue) and CC3 (dotted black). According to the graphical rule
the green circle denotes the unpaired atom which results in DQI feature. The
graphical rules correctly predicts DQI feature in CC1 CC2 and no DQI in CC3.
The figure is taken from [48].

24



1.10 DFT based calculations
Though the tight-binding model gives us valuable information, the parameters for
the method are obtained from fitting the experimental results or other theoretical
approaches. Through DFT, we will see an ab-initio method to calculate the
electronic structure.

Before we arrive to the formalism of the DFT, we should first briefly summa-
rize the approximations led to the development of DFT. The mass of nuclei in
an atom is much higher than the mass of the electrons. As a result, the ions are
static in the time scale relevant for electrons. This assumption is called the Born-
Oppenheimer approximation. Applying the Born-Oppenheimer approximation
the solution to Schrödinger equation of a free electron gas becomes,

HΨ =
N∑︂

i=1

(︄
− ℏ2

2m∆2
i Ψ − e2

M∑︂
I=1

ZI

|ri −RI |
Ψ
)︄

+
M∑︂

I=1

M∑︂
J>I

ZIZJ

RIJ

Ψ + 1
2

N∑︂
i

N∑︂
j>i

e2

rij

Ψ = EΨ,
(1.68)

where r, R are the electrons and nuclei, respectively, and their total number is
denoted as N and M. In 1.68, the first term is the kinetic energy of the electrons
T, and the second term accounts for the attractive electrostatic potential Û eN(r⃗)
due to nuclei. The third term is the nuclear repulsion ÛNcl. The last term is
the electron-electron interaction Û ee(r⃗). The method to obtain the exact value
of this term for any realistic system is unknown until now. The solution to this
equation is only possible for a few atoms. Hence, there are several approximations
proposed based on physical ideas to solve realistic systems with several atoms.

We can simplify the problem by assuming that an electron is placed between
averaged distributions of the other electrons. This reasonable approximation leads
to a physically meaningful and computationally viable solution. For an electron
r, the interaction with the density of other electrons ρ is given by the potential
term,

Û el(r⃗) = −e
∫︂
dr′ρ(r′⃗) 1

|r⃗ − r′⃗|
(1.69)

where the total electronic charge density ρ is obtained by summing the wave-
function probability over all the occupied states. It is given as,

ρ(r⃗) = −e
∑︂

i

|ψi(r⃗)|2 (1.70)

Substituting 1.69 into 1.68 we get a set of equations of the following formn,

HΨ = T̂ (r⃗)Ψ + Û eN(r⃗)Ψ + ÛNcl(r⃗)Ψ + Û el[ρ]Ψ = EΨ (1.71)
Total energy for the N electron system (we will not state the term ÛNcl from

hereon) is written commonly as,

E = T (r⃗) + EeN(r⃗) + Eel(r⃗) (1.72)
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The set of equations 1.71 is called the Hartree equations. The Hartree equa-
tions are solved in an iterative method. An initial form for the potential term Û el

is guessed to obtain the wavefunctions ψi(r⃗). From the calculated wavefunctions
ψi(r⃗) a new Û el is calculated, the procedure is repeated until two consecutive
iterations do not change the potential significantly.

The variational principle provides the lowest energy solution of the equa-
tion1.68. It states that the energy computed from guessed wavefunctions are
upper bound to the real ground state solution E0. The true ground state Ψ0 of
the initial wavefunction Ψ is found by minimizing the expectation value of the
energy,

E[Ψ] = ⟨Ψ|H |ψ⟩
⟨Ψ|ψ⟩

(1.73)

⟨Ψ|H |ψ⟩ =
∫︂

Ψ∗HΨdx

E0 = min
Ψ→N

E[Ψ] (1.74)

N is the number of electron wavefunctions, and the variational principle pro-
vides a method to calculate the ground state energy as a function of wavefunc-
tions. Other properties, such as ground state wavefunction Ψ0, electrostatic po-
tential, etc., can be extracted from the ground state energy configuration.

Hartree equations are numerically complex to solve. DFT uses the electronic
density ρ to calculate all the terms of the electronic Hamiltonian.

Density Functional Theory

The electron density ρ(r⃗) gives the probability of finding an electron around the
region (r⃗). It has the following properties a) the likelihood of finding an electron
at infinity is zero b) the integral over the entire volume gives the total number
of electrons. Electron density is a measurable quantity in experiments such as
STM, diffraction experiments, etc., The solution to the N-electron wavefunction is
complex to solve with equation 1.72. The idea of calculating the total energy only
with the electron density marked the beginning of DFT. The Kohn-Sham equation
assumes that the exact ground state density can be obtained from the ground
state density of non-interacting particles. This gives us a set of numerically
solvable independent equations. The ground state energy of a N electron system
can be written as,

HΨ = T̂ (ρ) + Û eN(ρ) + Û el(ρ) (1.75)
The contributions to the total energy is written as,

E0 = T [ρ] + EeN [ρ] + Eel[ρ] (1.76)
The second term of equation 1.76 is the potential felt by the electron due to

the attraction from the nucleus, which is simpler to calculate. It is given as,

EeN [ρ] =
M∑︂

I=1

ZIρ(r⃗)
|r −RI |

(1.77)
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Furthermore, Kohn and Sham suggested that the kinetic energy of the fully
interacting particle can be calculated from the density of a non-interacting system.
Thus TS is,

TS[ρ] =
N∑︂

i=1
⟨ψi| − 1

2∆2 |ψi⟩ (1.78)

ρ(r⃗) =
N∑︂

i=1
|ψi(r⃗)|2,

where ψi is the non-interacting particle wavefunction. The third term E el

(electron-electron interaction) can be split into its classical Coulomb J [ρ] and
quantum Eee[ρ] contributions.

Eel[ρ] = J [ρ] + Eee[ρ] (1.79)
The Coulomb term J [ρ] is straightforward to calculate. Whereas the exact

solution for quantum electron-electron interaction Eel is not known for realistic
systems. Several approximations are proposed to account for the Eel and another
unknown term; we will discuss these approximations briefly in this section. All
the unknown terms are refereed commonly as exchange-correlation energy EXC .
Now the final Kohn-Sham equation is,

EKS[ρ] = TS[ρ] + EeN [ρ] + J [ρ] + EXC [ρ] (1.80)

EXC [ρ] = T [ρ] − TS[ρ] + Eee[ρ] − J [ρ] (1.81)
Finally, in Kohn-Sham DFT, the system’s ground state energy is calculated

using the variation principle.

E0 = min
ρ→N

(TS[ρ] + EeN [ρ] + J [ρ] + EXC [ρ]) (1.82)

The exact solution for the exchange-correlation energy EXC is not known. We
will briefly discuss some commonly used functional used to approximate exchange-
correlation energy.

LDA

The local density approximation (LDA) is the basis of all approximations to the
exchange-correlation (EXC) term. The LDA is based on the uniform electron gas,
which assumes that the electrons move on a positive background charge such that
the total ensemble is zero. In LDA, the (EXC) can be written as

EXC =
∫︂
ρ(r⃗)ϵXC(ρ(r⃗))dr⃗

ϵXC is the exchange-correlation energy of a uniform electron gas of density
ρ(r⃗). The quantity ϵXC can be split into exchange and correlation contributions,

ϵXC(ρ(r⃗)) = ϵX(ρ(r⃗)) + ϵC(ρ(r⃗))

27



The exchange part ϵX , is the exchange energy of an electron in a uniform
electron gas of a particular density, was originally derived in 1920’s by Bloch and
Dirac. It is given by,

ϵX = −3
4

(︄
3ρ(r⃗)
π

)︄1/3

The explicit solution for the correlation part ϵC is not known. However, nu-
merically accurate quantum Monte-Carlo simulations of the homogeneous elec-
tron gas are available. Various authors have presented analytical expressions of
correlation terms based on sophisticated interpolation schemes.

Let us briefly mention the accuracy of LDA. Bond lengths calculated with
LDA are accurate. However, the ionization energies and adsorption energies cal-
culated with LDA are less accurate. The accuracy of LDA is insufficient for phys-
ical chemistry systems such as single-molecule junctions. The molecule electrode
interactions calculated by LDA are often imprecise. The first step beyond the
local approximation is a functional based on the gradient of the density (∇ρ(r⃗))
called generalized gradient approximation (GGA).

GGA

The most commonly used exchange-correlation functional in DFT is GGA. Using
GGA and bond lengths, the adsorption and dissociation energies are calculated
with much better accuracy than LDA. In GGA, the gradient of the electron den-
sity is also used to calculate the exchange-correlation energy, and the functional
modifies the behavior at large gradients such that the desired properties are pre-
served. The GGA functional is the workhorse of current DFT, and they can be
written as,

EGGA
XC [ρ] =

∫︂
f(ρ,∇ρ)dr⃗, (1.83)

where ∇ρ represents the gradient of the density. In GGA EXC is divided into
its exchange EX and correlation EC term during implementation. The exchange
part can be written as,

EGGA
X = ELDA

X +
∑︂

σ=↑,↓

∫︂
F (sσ)ρ4/3

σ (r⃗)dr⃗ (1.84)

The argument of the function F is the reduced density gradient for spin,

sσ = |∇ρσ(r⃗)|
ρ

4/3
σ

(1.85)

There are several implementations of GGA available. Perdew, Burke, and
Ernzerhof propose the one we use in this work, also known as GGA-PBE func-
tional [56].

In general, GGA based functional proved to reproduce various physical prop-
erties such as electron density, periodic distribution to a reasonable accuracy.
Additionally, GGA functional is faster compared to advanced hybrid functionals.
Hence, GGA is used in this work for most systems.
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Hybrid functionals

The exchange contributions are usually larger than the correlation effects. An
accurate expression for exchange terms is more vital to obtain meaningful DFT
results. Therefore, it is important to know that the exchange energy of a Slater
determinant can be calculated precisely within the Hartree-Fock (HF) approxi-
mation. Hybrid functionals use a combination of orbital-dependent Hartree-Fock
and an explicit density functional to calculate the electronic structure. Hybrid
functional are the most accurate functional to calculate energies and are the
method of choice for quantum chemical simulations.

To get closer to the exact EXC values, the calculation of the exact exchange
term is necessary as it is usually much higher than the correlation term. A hybrid
functional calculates the exchange term with the orbital-dependent Hartree-Fock
method, and correlation energy is calculated using density methods such as GGA.
The energy of hybrid functional can be written as EHy

XC ,

EHy
XC = 1

2(EDF T
XC + EHF

X ) (1.86)

Hybrid functionals provide many physical properties more accurately than
semi-local functionals such as GGA. Some of the features we calculate using
hybrid functionals are binding energies, molecular ring current, and potential
surface. The parameters for hybrid potentials are obtained by fitting experimen-
tal results. However, the Hartree-Fock term of the exchange is inadequate in
computing free-electron gas. Hence, the usage of hybrid potential is limited to
isolated molecules.

In this work, we used B3LYP hybrid functional for the calculation of several
isolated molecules and metal complexes. B3LYP includes a combination of LDA,
exact exchange, and the correlation functional of Lee, Yang and Parr. Their
mixing weight was obtained by fitting to a set of atomization and ionization
energies, proton affinities, and total atomic energies.

1.10.1 An example: DFT-based transmission through
naphthalene

In the previous chapters, we briefly introduced several concepts related to quan-
tum tunneling. Through the example of a particle in a box, we illustrated dis-
crete energy levels of quantum particles, the degeneracy of wavefunctions, and
the nodal pattern of wavefunctions. Subsequently, we illustrated the tunneling
of an electron through a potential energy barrier showing exponential decay in
transmission for a barrier with a height greater than the particle’s energy. The
double barrier derivation showed that the transmission of electrons is enhanced
greatly when the incident electron’s energy is in resonance with the molecular
energy level.

We connect the basic concepts previously introduced with DFT-NEGF meth-
ods, discuss transmission through a naphthalene molecule. We calculated the
electronic and transport properties of a naphthalene molecule. Naphthalene is a
molecule with two aromatic rings shown in figure 1.16a). The electronic energy
levels of the electrons inside the naphthalene molecule were calculated using DFT
with GGA. The energy levels of the naphthalene molecule and the corresponding
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Figure 1.16: a) Atomic structure of naphthalene molecule. b) Energies and wave-
functions of five occupied and three unoccupied π molecular orbitals.

Figure 1.17: a) Potential energy along the z-direction of a junction with naphtha-
lene molecule (red) and without molecule i.e, a vacuum gap (black). The Fermi
energy is set at the origin. b) Atomic structure of a naphthalene molecule pinned
between Au electrodes, the geometry is aligned with the horizontal axis of a).
The potential energy barrier created by the molecular region is similar to the
potential barriers in section 1.4.3
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wavefunctions are shown in figure 1.16. This section focuses on the wavefunctions
with π symmetry as these determine transport characteristics. The number of
nodes of the wavefunctions increases with the increasing energy. The HOMO and
LUMO are the two important wavefunctions as the low-bias transmission will
happen non-resonantly via one of those orbitals.

The molecule, when coupled between the electrodes, will act as a potential
barrier. To visualize this, we have embedded the naphthalene molecule between
two gold electrodes through -CN (nitrile) linker groups on either side. Using
DFT, we calculated the potential energy of the single-molecule junction. We have
plotted the potential energy along the z-direction (red) along with the potential
energy of the junction without the molecule (black) as shown in figure 1.17. The
calculated potential energy and the corresponding atomic structure show that in
the region at which the Au electrode terminates, the potential energy is much
higher than the electrode’s Fermi energy (set to zero). In the case in which the
naphthalene molecule bridges the gap, potential energy drops significantly when
compared to the vacuum gap between the tips. In this respect, the molecule acts
as a potential energy barrier to electron transport though it is less insulating
than the vacuum tunneling barrier. We use NEGF calculations to simulate the
transmission through the single-molecule junction.

Figure 1.18: Transmission spectra of the naphthalene molecule (inset) contacted
by two electrodes on either side. The arrows point to peaks corresponding to
relevant frontier molecular orbitals. This naphthalene junction shows LUMO
derived conductance.

The NEGF transmission spectrum for the naphthalene-based single-molecule
junction is shown in figure 1.18. We can see that the molecular orbitals in fig-
ure 1.16 b) broaden to transmission peaks in figure 1.18, the width of the peak
corresponds to the metal-molecule electronic coupling at the given energy. The
low-bias transmission of the molecule shows that the conductance is derived from
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the tail of the LUMO resonance of the molecule. The figure is similar to the
transmission calculated between the double potential barrier in figure 1.11.

The naphthalene example illustrates how conductance can be simulated from
the DFT-NEGF approximation. The molecule placed between electrodes showed
that the analytical solutions we derived throughout the chapter are related to
DFT results. DFT-NEGF has become the standard methodology to calculate the
transport properties of single-molecule junctions. We will see several interesting
studies of single-molecule junctions using our simulations and our collaborations
with experimentalists.

1.11 Summary of following chapters
We have introduced basic theoretical concepts and some experimental setups of
single-molecule junctions. We also outlined the methods for electronic struc-
ture calculations, which are helpful to simulate various properties of the single-
molecule junction. In the following chapters, we present in detail the different
systems we studied using the theoretical background we established.

Chapter 2 shows our study of a novel donor-bridge-acceptor molecule adsorbed
on a Pt surface. Using theory and simulations, we reveal that the molecule
preserves its donor-acceptor properties even on a Pt surface, which has a high
affinity for electrons. Our study shows the potential of donor-bridge-acceptor
molecules as a good candidate for solar energy applications.

A study of the electronic structure of the smallest carbene molecule on a
Au surface is shown in chapter 3. The novel molecule demonstrates stronger
adsorption than previously known carbene molecules. Ours is the first study of
this new carbene, which shows strong tilted adsorption to Au surface and thereby
a valuable addition to surface science studies.

Our comparison of mechanical and transport properties of different linker
groups for single-molecule junctions is shown in chapter 4. We used a biphenylene
(antiaromatic) based platform to study the mechanical stability and transmission
properties of five linker groups representing five different chemical groups. We
also establish a relationship between mechanical and transport properties based
on the reactivity and conductance of linker groups. Our work proposes a novel
bipodal platform for single-molecule conductance as a design guide for modeling
single-molecule junctions.

Chapter 5 describes our work on the conductance of aromatic-antiaromatic
molecules. We performed the electronic structure and transport characterization
properties of the first stable antiaromatic molecule. Our results show antiaro-
matic molecule to be an order of magnitude more conducting than its aromatic
counterpart. Our work is the first proof of the long speculated theory that an-
tiaromaticity enhances conductance, thus, opening a doorway to following studies
on a new class of conjugated molecules based on antiaromaticity. Subsequently,
we present our work, which generalizes the electronic, and transport properties of
several aromatic-antiaromatic pairs of molecules. We show that antiaromaticity
effectively double p-dopes the aromatic electronic structure. The rules we devel-
oped help to predict the transport properties of antiaromatic (aromatic) pairs of
molecules.
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2. Donor-acceptor molecule on
the Pt surface

2.1 Introduction
Organic solar energy harvesting is enabled by photoinduced energy transfer be-
tween molecules. The three processes involved in organic solar cells are as follows:
i) a photosensitive layer absorbs light and generates excitons upon photoexcita-
tion, ii) an interface separates charge, and iii) the separated charge is moved
through the metal electrode to the external circuitry. A heterojunction consist-
ing of two organic semiconductors with offset energy levels, the donor-acceptor is
effective at separating the tightly bound exciton. For the charge to separate, an
electron must be transferred into the LUMO of the acceptor and leaves a hole in
the donor’s HOMO. The charge separation intermediated by donor and acceptor
unit leads to photoinduced charge generation. If donor and acceptor units are
spatially close to each other, they might electronically hybridize. In addition,
HOMO and LUMO being localized on different parts of the molecule aid this ini-
tial separation between electron and hole. In an efficient solar energy harvesting
device, the donor-acceptor molecule must have excellent charge delocalization,
photoinduced charge transfer, and long charge lifetime properties [57–61]. Sev-
eral studies have shown that introducing a bridging unit connecting the donor
and acceptor units breaks the conjugation between them and provides long-lived
charge-separated states [62, 63].

To build an organic solar cell, a donor-acceptor molecule must be deposited
on a surface that acts as an electrode for carrying the generated charge. Most
studies on donor-acceptor molecules are performed in solution due to difficulty
preserving charge transfer properties on the surface. Usually, when adsorbed on a
surface, the donor and acceptor units hybridize with the metal or with each other,
or the electronic structure is otherwise modified. The few successful STM studies
of donor-acceptor dyads preserving charge transfer properties on the surface were
performed on insulating salt layers[64, 65]. However, an insulating electrode is not
capable of transferring the generated charge to the storage unit. To efficiently
collect the generated charge, the donor-acceptor dyad must be deposited on a
metal substrate. In particular, the metal surface must be conducive to the donor-
acceptor molecule’s favorable mechanical and electronic properties. The high
reactivity of Pt substrate leads to a mechanically robust metal-donor-acceptor
interface. In the literature, Pt has been used as a substrate because of high
malleability, inertness under biological solution, and durability, which are highly
desirable in an organic electronic device [66].

We studied a donor-acceptor dyad on Pt substrate in collaboration with the
chemists and experimentalists from Germany. The donor-acceptor dyad was syn-
thesized by Dr. Lisa Bensch from the group of Thomas J. J. Müller, University of
Münster. The molecule was deposited and measured with STM by Dr. René Ebel-
ing from the group of Dr. Silvia Karthauser, Forschungszentrum Jülich GmbH.
We performed DFT calculations of the donor-acceptor molecule on the Pt(111)
surface. We studied the adsorbed molecule by calculating adsorption configura-
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Figure 2.1: Top and side vies of carbazole donor (CB), a phenalenone (HP) accep-
tor, and an aliphatic methylene bridge of CBHP donor-acceptor molecule. Upon
deposition to Pt(111) substrate the -OH group of the acceptor unit dissociates
and the molecule forms an O-Pt bond with a Pt adatom.

tions, electronic structures, and charge transfer properties. Our study is the first
report of a non-planar donor-acceptor dyad on a metal surface.

The donor-acceptor dyad (CBHP) is made of a carbazole donor (CB), a
phenalenone (HP) acceptor, and an aliphatic methylene bridge, as shown in figure
2.1. The molecule at the gas phase is extremely flexible, and the donor-acceptor
units are electronically well separated without any conjugation between them.
During adsorption, the flexibility of the methylene bridge helps break conjuga-
tion between donor and acceptor units, despite the molecule being mostly flat on
the Pt(111) surface.

In our calculations, we adsorbed the CBHP molecule on Pt(111) surface. Since
Pt(111) is a new surface, different from Au(111), we first benchmarked the elec-
tronic properties of Pt.

We calculated the lattice constant and electronic structure of bulk Pt with
pseudopotential provided by Rivero et al. [67]. In their work, the pseudopo-
tential was validated with all-electron DFT calculations. We initially considered
the default SIESTA pseudopotential for Pt and found that it did not properly
reproduce the low energy band structure. Additionally, the SIESTA default pseu-
dopotential resulted in a lattice constant of 4.22 Å, which was significantly higher
than the Pt lattice of 3.92 Å reported in the literature [68]. Using the Rivero et
al., pseudopotential we found an improved lattice parameter (4.01 Å). By com-
paring the band structures from both pseudopotentials, we found that the Rivero
et al. pseudopotential significantly improves the electronic dispersion, as shown
in figure 2.2.
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Bulk Pt has an onset of d-band around Fermi energy as shown by the density
of states in figure 2.2. The d-band plays a vital role during the adsorption of
molecules on the Pt surface. Therefore, it is important to describe this well
because the high density of states around Fermi energy indicates high reactivity
of the Pt surface. Consequently, the CBHP molecule forms a strong electronic
hybridization to the Pt(111) surface.

Figure 2.2: Band structure (left) and projected density of states (right) plots
of bulk Pt calculated using the SIESTA default pseudopotential (red) and the
pseudopotential obtained from Rivero et al., [67] (black). Rivero et al., pseu-
dopotential provides an improvement on the electronic dispersion.

Having properly described the Pt electronic structure, we then studied the
CBHP molecule’s adsorption on the Pt(111) surface. The acceptor unit of the
molecule has two oxygen atoms, and a hydrogen atom saturates one of the oxygens
to form a hydroxyl group as seen in 2.1. The HP acceptor unit is known to form
multiple stable complex structures with metal atoms [69]. In STM experiments
by our collaborators, a pronounced blob-like feature was observed on the side of
the acceptor unit. We hypothesize that the feature comes from the -OH group
dissociating and forming an O-Pt bond on Pt(111) surface. We term the CBHP
molecule bonded to the Pt adatom as CBHP-Pt complex. In our calculations, we
examined the geometry of the adsorbed molecule and found that the CBHP-Pt
complex formation hypothesis was accurate.

The flexibility of the CBHP molecule might lead to several adsorption config-
urations on the surface. Using DFT, we optimized the CBHP-Pt complex with
50 different initial configurations on the surface to explore the possible config-
urations. We use vdW-DF exchange-correlation functional, which features an
accurate description of vdW dispersion interaction. We found several possible,
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stable adsorption geometries for the CBHP-Pt complex. From their relative en-
ergies and by comparing the STM experiments, we identified two configurations.
ConA is marked with a blue arrow and ConB with a red arrow in figure 2.3.
Both ConA and ConB are the two most energetically favorable configurations,
ConA being slightly more favorable than ConB. However, kinetic trapping during
the deposition process makes both ConA and ConB appear significantly on the
surface.

We simulate the constant current images of ConA and ConB from the local
density of states (LDOS) within the Tersoff–Hamann approximation [70]. In both
ConA and ConB, the acceptor and donor units are closer to the surface due to
strong covalent bonds to the substrate and appear dark in simulated images.
In contrast, the bridge unit is mechanically and electronically decoupled from
the surface and appears brighter. The bride unit in ConB is brighter than in
ConA. The features from our simulated STM images are in good agreement with
experiments.

Figure 2.3: CBHP molecule consisting of carbazole donor and phenalenone accep-
tor units seperated by a methylene unit. When deposited on a Pt(111) substrate
the CBHP molecule forms two distinct configurations, ConA (top) and ConB
(bottom). The figure was taken from the TOC figure from the article [71].

Our study investigates the evolution of molecular states from the gas phase
to the substrate through PDOS and LDOS plots. The spectral features of the
adsorbed CBHP-Pt complex are significantly broadened and shifted in energy,
indicating high electronic hybridization with the Pt substrate. From PDOS and
LDOS plots, we concluded that the donor-acceptor character of the CBHP dyad is
modified on the Pt(111) substrate as expected. We examined the electrostatic po-
tential and charge density difference to evaluate the change in the donor-acceptor
character of the CBHP dyad. This analysis showed that the conformational dif-
ference between ConA and ConB does not influence the electrostatic potential
distribution. Furthermore, the electrostatic potential of the molecule scales down
but was identified on the surface. The analysis revealed that both donor and
acceptor units donate electrons to the substrate through strong covalent bonds.
However, the donor-acceptor character is (although reduced) still preserved upon
surface adsorption.
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Our results suggest that the CBHP molecule adsorbed on a Pt(111) metal sub-
strate retains many donor-acceptor characters. Our study demonstrates that a
carbazole and a phenalenone derived donor-acceptor dyad separated by a methy-
lene bridge on a Pt(111) surface is an exciting candidate for organic energy har-
vesting devices.

2.2 My contribution to the article
I performed the theory and simulations related to this work. The geometries
were optimized in DFT calculation using vdW-DF functional [72]. I developed a
Python script to broaden the simulated images to account for the experimental
broadening due to the STM tip. A moderate Gaussian width of 0.25 Å was used
in the script. The article’s figures were produced in collaboration with René
Ebeling (experiments).
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3. Adsorption of a novel carbene
molecule on the Au surface

3.1 Introduction
In chemistry, carbenes are traditionally known as highly reactive, and short-
lived intermediate compounds [73] that are useful to add a carbon atom into a
molecule [74]. The reactivity of carbenes comes from the electronic unsaturation
of a carbon atom in the molecular ring. Two of the four valance electrons of the
unsaturated carbon atom contribute to form one bond, each with the neighboring
atom. The two remaining electrons are either left unpaired (triplet carbene), or
both electrons stay together as a lone pair (singlet carbene) as shown in figure
3.1. Both singlet and triplet carbenes are highly reactive and proved to be a
challenge for synthetic chemists.

Figure 3.1: Electronic structure of singlet and triplet carbenes. The figure is
same as Fig. 1 of [75].

For over a century, all attempts to synthesis stable uncoordinated carbenes
were unsuccessful. At last, in 1991, Arduengo et al. managed to synthesize the
first stable carbene molecule. The stability is incorporated by placing the carbene
molecule between nitrogen heterocycles, and hence the molecule is termed as N-
heterocyclic carbene (NHC) [76]. The core of the NHC molecule is a pentagonal
ring in which a carbon atom has two C-N bonds and a lone pair, as shown in fig-
ure 3.2. NHCs were found to be more electron-rich ligands than the conventional
phosphines, leading to great interest in NHC-based catalysis [77]. The presence
of a lone pair in the plane of NHC makes the molecule suitable for forming coordi-
nation bonds with transition metals. The instant binding to transition metal ions
led to the development of NHC-based molecular devices [78–80]. Further studies
show that the exceptional stability of the metal-NHC coordination results in uni-
form monolayer coverage of NHC on metal surface [81, 82]. The discovery and
subsequent studies of NHC molecules showed the large potential of carbenes in
organometallic applications.

The quest for other carbene molecules with different catalytic behavior than
NHCs lead to the discovery of a more stable bis(dialkylamino)cyclopropenylidenes
(BAC) molecule [83]. The core of BAC is a triangular structure made of carbon
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atoms, as shown in figure 3.2. Bulky side groups stabilize the molecule. The
chemical reactions induced by BACs are different from those observed from NHCs.
For example, NHCs promote the aggregation of phosphorous, whereas BACs
degrade phosphorous to elementary compounds [84, 85]. BACs exhibit better
σ-donor properties than NHCs [86], providing promise for higher surface coverage
than NHCs. We studied for the first time BAC molecules deposited on a metal
surface [87].

Figure 3.2: Chemical structures of NHC and BAC molecules. R represents bulky
side group attached to the molecule. Lone pairs are indicated by two dots.

The synthesis of BAC molecule was carried out by our collaborators from the
group of Xavier Roy, Columbia University (USA). The molecule was deposited
on Au(111), and surface absorption was measured through high-resolution X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure
(NEXAFS). Both XPS and NEXAFS experiments use X-ray radiation from a syn-
chrotron source to detect the adsorption configuration on the surface. XPS and
NEXAFS experiments were carried out by associates from the University of Ljubl-
jana, Slovenia. Atomic-scale adsorption configurations of BAC on Au(111) were
probed with STM and AFM spectroscopy by our collaborators from Brookhaven
National Laboratory and the group of Latha Venkataraman at Columbia Uni-
versity (USA). We performed DFT calculations to investigate the adsorption
properties of BAC on Au(111) substrate. We compare adsorption configurations
of NHC and BAC core structures. Our study is the first work on BAC molecules
deposited on a metal surface.

Experiments reveal that BAC forms uniform monolayer coverage over Au(111)
upon annealing, as shown in figure 3.3. NEXAFS results suggest that the BAC
molecule adsorbs at a tilt angle, whereas NHC stands vertical on the surface.
To reveal the angular adsorption of the BAC molecule, we performed a potential
energy scan along the angle (θ) between the molecular plane and the vertical di-
rection. Our calculations show that the binding energy of BAC molecule reaches
a maximum at θ = 40◦, while NHC the favorable binding is when θ = 0◦. To
elucidate the contribution of the BAC core on adsorption angle, in our calcula-
tions, we replaced the bulky side groups of BAC molecules with H atoms. The
40◦ tilted adsorption was true for the truncated BAC structure as well, showing
no role of side groups in the adsorption angle.

We further investigated the reason behind the tilt angle of the BAC molecule.
We calculated the binding of gas-phase BAC and NHC core structures bound to
Au adatom to check if the tilt angle was inherent to the Au-BAC bond. Our
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calculations showed that the angled adsorption of BAC is indeed inherent to the
electronic structure of the BAC core. The BAC lone pair is more electronegative
than the NHC lone pair leading to flexible adsorption of the Au-molecule bond.
Our study shows that BAC molecules’ high electronegativity and flexible tilted
adsorption provide an excellent platform for carbene-based molecular layers on
metal surfaces.

Figure 3.3: Insets show the bis(dialkylamino)cyclopropenylidenes (BAC)
molecules forming a uniform coverage on the Au (111) surface upon annealing.
The tilted adsorption of BAC is shown as graphical illustration. The figure is
taken from the TOC of the article [87].

3.2 My contribution to the article
I performed the gas phase calculations of BAC and NHC molecules and molecule
Au adatom complexes. I performed the calculation using Gaussian ab-initio code
with B3LYP functional and 6-31G* basis set. I contributed to making computa-
tional figures in both the main text and supplementary information.
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4. Proposal for a biphenylene
based molecular junction

4.1 Introduction
Linker groups are functionalized organic molecules units that provide mechanical
stability and electronic coupling at the electrode-molecule-electrode interface in a
molecular junction. Gold is the most commonly used electrode element in molec-
ular electronic devices. The chemical inertness of gold helps surface preparation
and molecule deposition. Interestingly Au atoms on the surface are known to be
catalytically active and form chemical bonds with organic substances [88].

Figure 4.1: Typical anchoring groups for single-molecule electronics.

Mechanical stability and electronic coupling (strong or weak) must be con-
sidered when choosing an organic device’s linker group. Thiol (-SH) is the most
explored linker group on gold surfaces [89, 90]. In addition, amine (-NH2) [17, 32],
methyl sulphide (-SCH3) [91], nitrile (-CN) [92] and pyridine [93] linkers have good
affinity towards gold, as shown in figure 4.1. Thiol bonds can be established on
Au(111) in several geometries. Each of them leads to a different conductance.
This led to many problems interpreting the early experiments with thiols [94].

Venkataraman et al. proposed amine group as an alternative to thiol linker for
molecular devices [32]. Amine forms a unidirectional bond to under-coordinated
Au adatoms on the surface, providing highly reproducible molecular junctions.
Amines bind weakly to the electrode creating instability at high bias voltages.
Various studies show that the stability of linker groups follows the trend: pyridine
> SCH3 > NH2 [95, 96].
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In addition to mechanical stability, different anchor groups provide different
transport mechanisms due to differences in the coupling of HOMO-LUMO lev-
els to the substrate and the level alignment at the interface. Previous studies
show that the HOMO of a molecule with an amine linker group to the Fermi
level of gold. Hence, amine-linked molecules are usually HOMO conducting [17].
Thiol and methyl sulphide linkers are also shown to provide HOMO-derived con-
ductance similar to amine [91, 97]. Nitrile and pyridine give weak conductance
occurring through the tail of the LUMO orbital, as LUMO is closer to EF for
those linkers [98–100].

In 2011 Cheng et al. constructed single-molecule junctions with direct Au-C
linkers [101], the linker exhibit high HOMO derived conductance and exceptional
stability [102, 103] when compared to all previous linkers. Usually, molecules
are closed-shell structures at the gas phase. Au-C linked molecules were initially
synthesized with trimethyl tin end groups, removed in situ at the junction. Thus,
forming a direct Au-C bond requires breaking an intramolecular bond and cre-
ating a new metal-molecule bond [101]. Another possibility involves the alkynyl
group’s deprotonation, where an open bond is occupied by a gold atom [104]. The
disadvantages of these approaches are that they involve toxic precursor residues
and rapid dimer formation.

Figure 4.2: Chemical structure of biphenylene molecule. Two benzene rings are
connected together through two C=C bonds.

In this work, we propose a new approach to achieve Au-C bonds with less foot-
prints. We propose a biphenylene-based surface reaction approach to form two
(bipod) direct Au-C bonds on Au(111) surface [105]. Molecules with more than
one contact to the electrodes have been previously reported [106, 107]. Bipheny-
lene is an antiaromatic molecule with two benzene rings connected through two
covalent C=C bonds (see 4.2). Antiaromatic molecules are highly reactive com-
pounds [108–110]. Electron-rich transition metal complexes are capable of cleav-
ing the C=C bond of biphenylene [111]. We assume that upon perturbation, for
example, by adsorption or through external stimulation, the biphenylene molecule
breaks one of the two C=C intermolecular bonds. Subsequently, due to steric re-
pulsion and substrate lattice arrangement, we assume both benzene rings twist
with respect to each other, and each free carbon atom will form a direct Au-C
bond to the Au(111) surface as shown in figure 4.3.

We theoretically study the mechanical and transport properties of the bipo-
dal biphenylene platform standing vertical on Au(111) surface. To investigate
the transport properties, we need to contact the bipodal molecule from the other
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end. We included a third benzene ring to create a site for linker functionaliza-
tion, as shown in figure 4.3. We functionalized the third benzene ring with five
different linker groups. We considered both HOMO and LUMO conducting link-
ers. For HOMO conducting linkers, we chose amine, Au-C, and methyl sulphide
as they have different atomic species at the metal-molecule contact. For LUMO
conductance, we chose nitrile and pyridine, linker groups. The structures of all
five linker groups are shown in figure 4.3.

The strong biphenylene-based bipodal platform at the bottom enabled us to
compare five different linkers’ mechanical and transport properties at the top
contact. We quantified the mechanical properties by approaching the molecule
with a tip. The force-displacement plot reveals four different mechanical processes
undergone by the junction. The slope of the force-displacement curve around
equilibrium gives the stiffness of the molecule. Change in stiffness of the molecule
with respect to different linker groups follows the trend, pyridine > Au-C > amine
> nitrile > methyl sulphide. Based on the reactivity to the tip, we classify into
low and high reactive linkers. Low reactive linkers (amine and methyl sulphide)
and high reactive linkers (nitrile and pyridine).

Figure 4.3: Biphenylene molecule forming two direct Au-C bonds on an Au(111)
surface. The top side of the molecule shows the chemical functionalization of five
different linker groups. The mechanical and transport properties of five linker
groups were studied over the strong bipodal biphenylene platform. The figure is
the same as the TOC figure of the article [105].

We study the transport properties of the five linker groups using DFT-NEGF
calculations. Our results show that the low reactive amine and methyl sulphide
linkers exhibit high HOMO-derived conductance. On the contrary, the highly
reactive nitrile and pyridine linker show low LUMO-derived conductance. As
expected, the Au-C linker has the highest conductance among all the linkers.
Examining electronic hybridization at the point of contact shows the overlap
of Au 6s orbital to either π or σ orbital of the molecule. Interestingly, less
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reactive (high conducting) amine, methyl sulphide, and Au-C linker groups have
π overlap, whereas high reactive (low conducting) pyridine and methyl sulphide
have σ overlap.

The theoretical work proposes a new efficient strategy to form two direct
Au-C bonds to the Au substrate. Our subsequent calculations demonstrate the
relationship between mechanical and transmission properties of different linker
groups, thereby providing valuable design rules for building molecular junctions.

4.2 My contribution to the article
I performed all the calculations discussed in the article. I developed a Python
script to approach/retract a tip above a molecule to study mechanical proper-
ties. The results were analyzed, and conclusions were drawn collaboratively with
Héctor Vázquez. I plotted the figures and prepared an advanced draft of the
article.
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5. Conductance of aromatic and
antiaromatic molecules

5.1 Introduction
Conjugated molecules are useful and promising materials for a variety of applica-
tions such as organic photovoltaics[112], organic light-emitting diodes[113], and
organic transistors[114]. The stability of conjugated molecules strongly depends
on the number and arrangement of π bonds. Aromaticity is a key concept in chem-
istry that describes the stability of conjugated systems. According to Hückel’s
rule, conjugated systems with 4n+2 π-electrons are very stable, while those with
4n π-electrons are unstable. He termed the first kind of compounds ”aromatic”.
Aromaticity is often associated with molecular stability provided by delocalized
electrons. Benzene is a typical example of an aromatic molecule with 6 π-electrons
contributing to molecular conjugation. It is more stable than molecules with a
fewer number of π-electrons[115]. The stability of aromatic molecules makes them
widely used in organic optoelectronic devices [17, 21]. Various studies have been
reported on charge transport properties of aromatic molecules such as porphyrins
[24, 116] and oligophenyls [117].

The relationship between aromaticity and conductance provides valuable in-
sights for organic devices based on conjugated molecules. Chen et al. showed
that more aromatic molecules lead to lower conductance [118]. The increase in
energy gaps due to increasing aromaticity is attributed to a decrease in conduc-
tance. Since then molecules with less aromaticity gained interest in the field of
organic devices.

Molecules with reduced aromaticity were known for a long time. In particu-
lar, Breslow [119] introduced the term ”antiaromatic” for molecules in which the
delocalization of electrons is destabilizing. Following Hückel’s rule, antiaromatic
molecules are conjugated compounds with 4n π electrons. For example, cyclobu-
tadiene with 4 π-electrons is a highly unstable intermediate compound. The
(anti)aromaticity of molecules can be measured through nuclear magnetic reso-
nance (NMR) technique [120]. When a magnetic field is applied aromatic rings
generate an induced magnetic field opposite to the applied field (‘diatropic’),
resulting in a shielding effect and lower NMR chemical shifts. Antiaromatic
molecules lead to the deshielding effect and reinforce the applied magnetic field
(‘paratropic’), indicated by higher NMR chemical shifts.

In electrochemical studies, molecules with narrow energy gaps exhibit excep-
tional charge carrier properties and easily tunable molecular orbitals. The first
electrochemical study on antiaromatic molecules was conducted by Breslow in
1967, [119]. Further electrochemical studies by Breslow et al., showed that elec-
tron passage through the cyclobutadiene ring is promoted by antiaromaticity
[121]. It was anticipated that antiaromatic molecules conduct more than aro-
matic molecules. Despite knowing antiaromaticity for a long time, the synthesis
of antiaromatic molecules remained a challenge owing to their high instability.

Recently, Ito et al. succeeded in the large-scale synthesis of the first stable
antiaromatic molecule [122]. The high stability of the Ni-norcorrole in ambient
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Figure 5.1: Core structures of first stable antiaromatic molecule synthesized (Ni-
norcorrole, right) and its aromatic counterpart (Ni-porphyrin, left). The differ-
ence comes from two pairs of C-H atoms missing in Ni-norcorrole, marked as red
boxes in Ni-porphyrin.

conditions is provided by heavy side groups with large steric demand. The Ni-
norcorrole is a conjugated molecule with two fewer C-H groups than its aromatic
counterpart Ni-porphyrin, as highlighted in figure 5.1. Following Hückel’s rule,
Ni-norcorrole is antiaromatic (16 π-electrons), whereas, Ni-porphyrin is aromatic
(18 π-electrons).

We carried out the first study of single-molecule transport across a genuinely
antiaromatic molecule (Ni-norcorrole). In collaboration with the chemists and
experimentalists from Japan, we studied the transport properties of the antiaro-
matic Ni-norcorrole and compared it with its aromatic analogue Ni-porphyrin
[102]. Our collaborators carried out the synthesis, deposition, and STM-BJ mea-
surements of the Ni-norrcorrole and Ni-porphyrin molecules. We performed DFT-
NEGF simulations to rationalize the transport properties of molecules. We cal-
culated the zero-bias transmission spectra of both molecules. Our results show
that the conductance of the Ni-norcorrole molecule is fourteen times higher than
aromatic Ni-porphyrin. The higher conductance of the antiaromatic molecule
is due to the LUMO-derived resonance of Ni-norcorrole, which is closer to the
Fermi level than the LUMO resonance of the Ni-porphyrin molecule. The val-
ues are in excellent agreement with STM-BJ experiments. In our calculations,
we apply a correction to the calculated conductance due energy level alignment
errors intrinsic to DFT. We apply self-energy based corrections, accounting for
errors intrinsic to DFT in the calculation of electron affinity, and polarization by
the metal substrate. The corrected DFT molecular levels improve on the over-
estimation of conductance by DFT. Our work demonstrates the potential of the
antiaromatic Ni-norcorrole molecules as highly conducting molecular devices.

In the process of analyzing the electronic structure of Ni-norcorrole, we noticed
that the antiaromatic electronic structure is strikingly similar to that of the aro-
matic Ni-porphyrin. The HOMO and LUMO of Ni-norcorrole resemble HOMO-1
and HOMO of Ni-porphyrin respectively. The one orbital difference in occupa-
tion between aromatic-antiaromatic molecules comes from the fact that the Ni-
porphyrin has two more π electrons, i.e, aromatic with 4n+2 against antiaromatic
with 4n πelectrons. To see how general this phenomenon is, we quantified similari-
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Figure 5.2: Antiaromaticity is shown to be double p-doping of the electronic
structure of the aromatic analogue, whereby the HOMO of the aromatic molecule
is fully depleted. These general principles have wide consequences on electron
transport, quantum interference, and molecular design rules. The figure is the
same as the table of the content figure of article 2 [123].

ties between aromatic and antiaromatic electronic structures. We wanted to know
if this relationship is true for other pairs of aromatic-antiaromatic molecules. In
our calculations, we compared aromatic-antiaromatic wavefunctions by comput-
ing the dot product of every aromatic molecular orbital with every antiaromatic
molecular orbital. If an antiaromatic wavefunction is similar to an aromatic wave-
function, the dot product is close to one, and if the wavefunctions are orthogonal
to each other, the dot product is zero.

The best match for every antiaromatic wavefunction is almost always the aro-
matic wavefunction with the same occupation number. As we traverse through
the wavefunction spectra, states of both the molecules resemble each other in the
same order. That is, the first antiaromatic wavefunction matches the first aro-
matic wavefunction, the second matches the second, and so on as illustrated in
figure 5.2. Exceptions happen in the unoccupied orbitals at higher energy where
the most similar aromatic and antiaromatic wavefunction does not have the same
occupation number. The analysis shows that the electronic structure of an an-
tiaromatic molecule is remarkably similar to its aromatic analogue. However, the
antiaromatic molecules have one fewer (doubly) occupied state than its analogous
aromatic molecule. Our results showed that the antiaromatic electronic structure
could be perceived as a double p-doped aromatic molecule. Similar to double p-
doped organic semiconductor, antiaromaticity completely depletes the aromatic
HOMO.

In chemistry, cross-conjugation is a strategy to partially p-dope aromatic
electronic structure[124]. Quinones are cross-conjugated derivatives of aromatic
molecules. They are characterized by carbonyl substitution of two C atoms in
an aromatic molecule. The two carbonyl groups extract one π-electron each, and
only 4n π-electrons are left in the molecular conjugation. To explore the rela-
tionship between cross-conjugated molecule and antiaromaticity, we extended our
wavefunction comparison to aromatic-quinoidal molecular pairs shown in figure
5.3. We found that the quinoidal molecules closely resemble the electronic struc-
ture of their analogous antiaromatic molecule by removing two π electrons from
the conjugated system and localizing them on the carbonyl units.

We compared the transport properties of aromatic, antiaromatic, and
quinoidal conjugated systems. Conjugated molecules can exhibit destructive
quantum interference (DQI), introduced in section 1.9.2.

In our DFT-NEGF calculations, molecules are connected to the Au electrodes
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Figure 5.3: Aromatic, antiaromatic, and quinoidal molecular structures.
Quinones are oxidized derivatives of aromatic molecules. The bond order of
quinones is similar to antiaromatic molecules.

on either side through nitrile and methyl sulfide functionalized linkers. We calcu-
lated transmission spectra at zero bias. Our DFT-NEGF calculations show that
the property of an antiaromatic molecule acting as a p-doped aromatic molecule is
preserved at the metal-molecule junction. We found a close relationship between
(anti)aromaticity and DQI.

Our transport calculation shows that, if DQI is present (absent) in an an-
tiaromatic molecule then DQI is absent (present) in its aromatic counterpart for
similar attachment points. For antiaromatic molecules connected to electrodes in
the cis configuration, the DQI feature appears, whereas there is no DQI feature
in aromatic molecules with the cis connection. Through calculations, we showed
that by tuning metal-molecule contact chemistry, the aromatic-antiaromatic con-
ductance relationship could be reversed.

To summarize, we showed that the antiaromatic electronic structure resem-
bles a double p-doped aromatic molecule and that the electronic structure of a
quinoidal molecule is similar to its analogous antiaromatic molecule, with addi-
tional orbitals localized on the carbonyl groups. We addressed the long-standing
question of the enhancement of conductance in antiaromatic structures. We
showed that it is favored due to the reduced energy gap, but also closely re-
lated to DQI and connectivity. Our work showed how the relative conductance of
aromatic and antiaromatic pairs could be tuned through linker chemistry [123].

5.2 My contribution to article 1
I performed all DFT calculations. The nature of the experiment is such that
the chemistry of the linker group was not well understood. We tested several
linker groups before arriving at the appropriate bonding of sulphur acetate-linked
molecular junctions. The final optimized structure was calculated by considering
the minimum energy geometry of several electrode separation distances. Héctor
Vázquez performed the NEGF calculations from the optimized geometry I pro-
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vided. I wrote a Python script to calculate a correction to the DFT energy
level. I applied the correction to the transmission peak and obtained the final
conductance values. The results of the calculations were interpreted and ana-
lyzed together with Héctor Vázquez. I contributed to plotting the theory and
simulation figures of the article.

5.3 My contribution to article 2
I carried out all the calculations. I calculated the electronic structure of several
molecules at the gas phase using B3LYP exchange-correlation functional with a
6-31G basis set. I developed a Python script to compare wavefunctions of any two
molecules. The script generates a ranked list of best-matching wavefunctions. I
carried out the DFT-NEGF calculations. I prepared the figures and an advanced
draft of the article.
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Conclusion
Molecular junctions are nanoscale electronic circuits where individual molecules
act as active components. Molecular circuits are powerful tools to study the
physical and chemical properties at the atomic scale. This thesis presents the
theoretical works I did on molecular junctions I did as part of my Ph.D. The
results include experiments that our collaborators carried out. Our results and
discussions helped to explain new phenomena in the field of molecular junctions.
I have studied molecules of diverse nature such as donor-acceptor, carbenes, aro-
matic and antiaromatic molecules. I have theoretically studied novel molecular
junctions with the molecules and thus creating a unique design manual in this
field.

The thesis started with an introduction to the background in the field. In
this theoretical overview, I derived the expression for electronic transmission in
a molecular junction. I presented an overview of the fundamentals of quantum
mechanics related to molecules and junctions, including the concepts of resonance
transmission through a potential barrier, fundamentals of DFT, and interface
electronic structure. I also included a brief overview of experimental techniques
used in the field of molecular junctions.

In the subsequent chapter, I showed our study on a carbazol and phenalenon
based donor-bridge-acceptor molecule. I discussed the charge transfer properties
of the molecule adsorbed over the platinum substrate. Our results suggest that
the molecule retains many donor-acceptor characteristics even upon adsorption
to a highly reactive surface such as platinum. Our study demonstrated that the
donor-acceptor dyad separated by a methylene bridge is a promising candidate
for organic energy harvesting devices.

I then showed our study on a previously synthesized novel molecule, which
is also the smallest carbene molecule. I studied the adsorption properties of the
molecule over a Au surface. Our study attributed the tilted adsorption of the
novel carbene molecule to the high electronegativity of the carbene core. The
molecule showed stronger adsorption than any other carbene previously studied,
paving the way for new carbene-based surface science studies.

In the final chapter 4, I showed our work on a biphenylene-based bipodal
molecular junction, I analyzed the mechanical and electron transport properties
with respect to different linker groups. I proposed a new strategy to form two
direct Au-C bonds to the Au substrate using our calculations. I established a
relationship between mechanical and transmission properties of different linker
groups, thereby providing valuable design rules for building molecular junctions.

Finally, I showed our study on aromatic and antiaromatic molecules. We
proved a long speculated concept of antiaromaticity enhanced conductance to be
true. I carried out the theoretical study of the first stable antiaromatic molecule,
Ni-norcorrole. The higher conductance of the antiaromatic molecule comes from
the lowest occupied molecular orbital (LUMO) derived resonance being closer
to the Fermi level when compared to its aromatic counterpart. Our subsequent
study showed that the antiaromatic electronic structure resembles a double p-
doped aromatic molecule. I also showed how aromaticity, antiaromaticity, and
destructive quantum interference (DQI) are related. We also showed how to tune
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the relative conductance of aromatic and antiaromatic compounds through linker
choice. Our study proposed new design rules for single-molecule circuits based
on characteristics of (anti)aromatic conjugated systems.

I believe that the projects I was involved in have contributed to advance
knowledge in the field of single-molecule junctions. I hope that the donor-acceptor
characteristics of the CBHP molecule are utilized in solar-energy cells. Our study
on BAC opens a pathway for new carbene-based surface science studies. In ad-
dition, the design rules we proposed through biphenylene molecule served as a
guide for me throughout my research. I am confident that it will be equally
helpful for designing molecular junctions in future studies. The research on con-
jugated molecules based on antiaromaticity is in its early stage. Our work is the
first demonstration of an antiaromatic-based molecular junction. I am confident
that antiaromaticity will be used in various fields in the future, and I am glad to
have contributed to this exciting area of research.
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[21] G. Sedghi, V. M. Garćıa-Suárez, L. J. Esdaile, H. L. Anderson, C. J. Lam-
bert, S. Mart́ın, D. Bethell, S. J. Higgins, M. Elliott, N. Bennett, J. E.
Macdonald, and R. J. Nichols, “Long-range electron tunnelling in oligo-
porphyrin molecular wires.,” Nat. Nanotechnol., vol. 6, no. 8, pp. 517–523,
2011.

[22] R. Breslow and S. T. Schneebeli, “Structure-property relationships in
molecular wires,” Tetrahedron, vol. 67, no. 52, pp. 10171–10178, 2011.

[23] T. Woller, N. Ramos-Berdullas, M. Mandado, M. Alonso, F. de Proft, and
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nodes with increasing n. States ψ(1, 2) and ψ(2, 1) are degenerate,
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of height U and width a. A, B and C are the coefficients of the
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waves respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . 11
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1.9 a) Transmission probability as a function of energy plotted us-
ing equations 1.26 and 1.25. When E < U (inset) transmission
increases exponentially with with the energy of the particle. b)
Transmission is plotted as a function of the length of the poten-
tial barrier showing exponential decay with length. The height of
potential energy barrier U is fixed at 4 eV (i.e., E < U). . . . . . 13

1.10 Illustration of an electron passing two symmetric potential barriers
of height U and width a. The distance between the two barriers is
L. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.11 Transmission probability vs energy plotted using equations 1.29,
showing enhanced tunneling coefficients at specific energies, the
energy axis is in log scale. The corresponding states between the
double potential barrier are also shown. . . . . . . . . . . . . . . . 14

1.12 a) A prototypical single-molecule circuit. b) Illustration of molec-
ular discrete energy state coupling to the metal Fermi level. . . . 19

1.13 a) Benzene molecule represented as a hexagon, each corner is a
carbon site b) Molecular orbitals and energy level diagram of ben-
zene obtained with onsite energy ϵ0 = 0 and hopping energy t = 1.
The solid circles on the hexagon are positive, and the hollow circles
are the negative amplitude of the wavefunction. Red dashed lines
show nodal planes. . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.14 Transmission spectra plotted using equation 1.57. Hamiltonian
of the molecule is from the tight-binding model show in equation
1.64. The molecule is connected to the electrodes via meta, para
and ortho positions. . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.15 Molecular structures (top), graphical rules applied to the molecules
(middle), and transmission plotted as a function of energy by tight-
binding and DFT calculations (bottom)/ Color code of the trans-
mission functions, CC1 (red), CC2 (dotted blue) and CC3 (dotted
black). According to the graphical rule the green circle denotes the
unpaired atom which results in DQI feature. The graphical rules
correctly predicts DQI feature in CC1 CC2 and no DQI in CC3.
The figure is taken from [48]. . . . . . . . . . . . . . . . . . . . . . 24

1.16 a) Atomic structure of naphthalene molecule. b) Energies and
wavefunctions of five occupied and three unoccupied π molecular
orbitals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

1.17 a) Potential energy along the z-direction of a junction with naph-
thalene molecule (red) and without molecule i.e, a vacuum gap
(black). The Fermi energy is set at the origin. b) Atomic struc-
ture of a naphthalene molecule pinned between Au electrodes, the
geometry is aligned with the horizontal axis of a). The potential
energy barrier created by the molecular region is similar to the
potential barriers in section 1.4.3 . . . . . . . . . . . . . . . . . . 30

1.18 Transmission spectra of the naphthalene molecule (inset) contacted
by two electrodes on either side. The arrows point to peaks corre-
sponding to relevant frontier molecular orbitals. This naphthalene
junction shows LUMO derived conductance. . . . . . . . . . . . . 31
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2.1 Top and side vies of carbazole donor (CB), a phenalenone (HP) ac-
ceptor, and an aliphatic methylene bridge of CBHP donor-acceptor
molecule. Upon deposition to Pt(111) substrate the -OH group of
the acceptor unit dissociates and the molecule forms an O-Pt bond
with a Pt adatom. . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.2 Band structure (left) and projected density of states (right) plots
of bulk Pt calculated using the SIESTA default pseudopotential
(red) and the pseudopotential obtained from Rivero et al., [67]
(black). Rivero et al., pseudopotential provides an improvement
on the electronic dispersion. . . . . . . . . . . . . . . . . . . . . . 35

2.3 CBHP molecule consisting of carbazole donor and phenalenone ac-
ceptor units seperated by a methylene unit. When deposited on a
Pt(111) substrate the CBHP molecule forms two distinct config-
urations, ConA (top) and ConB (bottom). The figure was taken
from the TOC figure from the article [71]. . . . . . . . . . . . . . 36

3.1 Electronic structure of singlet and triplet carbenes. The figure is
same as Fig. 1 of [75]. . . . . . . . . . . . . . . . . . . . . . . . . 59

3.2 Chemical structures of NHC and BAC molecules. R represents
bulky side group attached to the molecule. Lone pairs are indicated
by two dots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.3 Insets show the bis(dialkylamino)cyclopropenylidenes (BAC)
molecules forming a uniform coverage on the Au (111) surface upon
annealing. The tilted adsorption of BAC is shown as graphical il-
lustration. The figure is taken from the TOC of the article [87]. . 61

4.1 Typical anchoring groups for single-molecule electronics. . . . . . 83
4.2 Chemical structure of biphenylene molecule. Two benzene rings

are connected together through two C=C bonds. . . . . . . . . . 84
4.3 Biphenylene molecule forming two direct Au-C bonds on an

Au(111) surface. The top side of the molecule shows the chemical
functionalization of five different linker groups. The mechanical
and transport properties of five linker groups were studied over
the strong bipodal biphenylene platform. The figure is the same
as the TOC figure of the article [105]. . . . . . . . . . . . . . . . . 85

5.1 Core structures of first stable antiaromatic molecule synthesized
(Ni-norcorrole, right) and its aromatic counterpart (Ni-porphyrin,
left). The difference comes from two pairs of C-H atoms missing
in Ni-norcorrole, marked as red boxes in Ni-porphyrin. . . . . . . 104

5.2 Antiaromaticity is shown to be double p-doping of the electronic
structure of the aromatic analogue, whereby the HOMO of the
aromatic molecule is fully depleted. These general principles have
wide consequences on electron transport, quantum interference,
and molecular design rules. The figure is the same as the table of
the content figure of article 2 [123]. . . . . . . . . . . . . . . . . . 105

5.3 Aromatic, antiaromatic, and quinoidal molecular structures.
Quinones are oxidized derivatives of aromatic molecules. The bond
order of quinones is similar to antiaromatic molecules. . . . . . . . 106
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List of Abbreviations
STM Scanning Tunnelling Microscopy

STM-BJ Scanning Tunnelling Microscopy-Break Junction

DFT Density Functional Theory

NEGF Non Equilibrium Green’s Functions

HOMO Highest Occupied Molecular Orbital

LUMO Lowest Unoccupied Molecular Orbital

GGA Generalized Gradient Approximation

vdW van der Waals

B3LYP Type of hybrid exchange-correlation functional (Becke,Lee,Yang,Parr)

DQI Destructive Quantum Interference

CBHP 5-[4-(9H-carbazol-9-yl)benzyl]-9-hydroxy-1H-phenalen-1-one

BAC bis(dialkylamino)cyclopropenylidenes

NHC N-heterocyclic carbene
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