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Abstract

Orbital coupling and the dependence of mechanical deformation
in molecular structures

José Esteban Andino Enriquez

Yachay Tech University

Se han desarrollado varios modelos tedricos para comprender la relacién entre la
transmision electronica a través de moléculas organicas, la quiralidad de las estructuras y
la orientacion del spin del electron, que explican la alta polarizacipn del spin observada en
resultados experimentales. Los modelos teéricos analiticos contemplan el Hamiltoniano
asociado con el movimiento de un electrén a través de la molécula, incluyendo la contribu-
cién de las interacciones Spin-Orbit (SO) y el solapamiento de orbitales para los términos

cinéticos.

En este trabajo, se realiza un modelo Tight-Binding que incluye elementos Slater-
Koster para representar la contribucién del solapamiento de orbitales en estructuras molec-
ulares. Se incluye una dependencia explicita de las variables fisicas que describen las
moléculas (radio, pitch, la distancia entre dtomos, entre otros) y una base orbital 2p en
una estructura general para determinar expresiones generales de elementos Slater-Koster
en un sistema de coordenadas especifico. Estos elementos son una representacién cuantica
del enlace quimico entre dos atomos en una molécula. Con la parametrizacion correcta de
la estructura molecular, se prob6 el comportamiento de la magnitud de las superposiciones
de los orbitales con deformaciones mecanicas. Las expresiones propuestas reproducen los
resultados analiticos obtenidos previamente para ADN y nanotubos y pueden usarse para

describir otras estructuras, como benceno, oligopéptidos, entre otros.

iii



Abstract

Finalmente, fueron escritas diferentes rutas que conectan p. orbital en &tomos a través
de los términos Slater-Koster, incluidas las interacciones SO y el efecto Stark que se pueden

usar para generar una lista de términos en un modelo de Hamiltoniano Tight-Binding.
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Abstract

Orbital coupling and the dependence of mechanical deformation
in molecular structures

José Esteban Andino Enriquez

Yachay Tech University

Several theoretical models have been developed to understand the relationship be-
tween the electron transmission through organic molecules, the chirality structures, and
the electron spin orientation, that explain the high polarization of spin observed in the
experiments. Analytical theoretical models contemplate the Hamiltonian associated with
the movement of an electron through the molecule, including the contribution of Spin-

Orbit (SO) interactions, and orbital overlaps for the kinetic terms.

In this work, an analytical tight-binding model that includes Slater-Koster elements
is derived to represent the contribution of orbital overlap in molecular structures. We in-
clude an explicit dependence on the physical variables that describe the molecules (radius,
pitch, the distance between atoms, among others.) and one 2p-orbital-base by the site
in a general structure to determine general expressions of the Slater-Koster elements in
specific coordinate systems. These elements are a quantum representation of the chemical
bond between two atoms in a molecule. With the right parametrization of the molecular
structure, we tested the behavior of the magnitude of the orbital overlaps with mechanical
deformations. Our expressions reproduce the previously obtained analytical results for
DNA and nanotubes and can be used to describe other structures, like benzene, oligopep-
tides, among others. Finally, we write paths that connect p, orbital in atoms through
the Slater-Koster terms, including SO interactions and Stark effect that can be used to

generate a list of terms in a Hamiltonian tight-binding model.
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INTRODUCTION

The concept of spintronic involves the study of the electron’s spins transport with
the purpose of transfer information and to perform computations. The main structures
considered for this purpose in the context of the spintronic are inorganic metals, oxides,
and semiconductors due to the considerable spin-orbit energy-level splittings associated
with the atoms that conform to these systems. However, several recent experiments have
shown that organic molecules with chirality (DNA [I], oligopeptides [?], Helicene [?],
among others) could be used for spintronic applications due to the unusually large electron

spin polarization during the electron transport, an effect known as Chiral Induced Spin

Selectivity Effect (CISS) [3].

The word chiral was coined by William Thomson (Lord Kelvin) in 1894 to denote
objects that are not superimposable with its mirror image [4]. These mirror images of
a chiral molecule are named enantiomers and could be right or left-handed. Chirality is
extremely important in organic chemistry, in biochemistry, in inorganic chemistry, among
others, where it gives rise to stereochemistry to stereospecific reactions. In the CISS effect,
when the electron moves through a chiral-organic molecule, it experiences the electrostatic
potential of the molecule, which is also chiral [3]. If the chiral molecule is in a specific turn

(clockwise or counterclockwise) and the electron, due it has a dipole moment associated
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with its spin that makes it rotate in one direction according to the speed of the particle,
they are in parallel. Then there is a movement of electrons that have the determined
spin value in that direction through the structure. In the experiments, more were up to
60 percent spin polarization has been found. This results allow to chiral molecules the
possibility of being used in the spintronic applications, such as the production of devices
with greater energy efficiency and reduced size [5], chiral recognition[6], etc., and their
use would be of the great advantage because this molecules are easy to produce, have

flexibility properties, biological compatibility and are low cost.

The relationship between chiral molecules and the polarization of electronic spins is
not entirely clear 7, 7, 3]. The presence of light atoms (like carbons) and the absence of
strong magnetic centers is not enough to understand the high spin polarization obtained
in the experiments, which is why a series of theoretical models have been proposed to
explain the mechanism behind these results. Several theoretical models [, 8, ?] have been
proposed to describe the spin-orbit interactions which are decisive in explaining the spin
selectivity in ring-shaped molecular structure. Varela and CO in their work [5] obtained an
effective Hamiltonian for a helical structure-like DNA considering the explicit interaction
between bases, including Slater-Koster (SK) elements for the overlap between orbitals and
SO interaction. The effective interactions are represented in terms of paths connecting
the orbitals with the SK elements and with Stark and Spin-Orbit (SO) interactions, at
first order. The existence or not of a specific path is directly connected with the presence
or not of these elements. At the same time, the presence of the SK elements depends
on the parameters that describe the structure of the molecule (orientation, distances be-
tween atoms, etc.). The interaction could be tuned mechanically, changing the molecular

structure [9, [10].

In general, computational chemical and analytical quantum methods would allow to
evaluate the electron transport and bring a more detailed and adequate explanation about
the orbital coupling and of the interactions present on organic molecules, to reach a the-

oretical interpretation about its spin selectivity transportation.

2 YACHAY TECH



Introduction

Based on previous justifications, the study of the atomic-orbital coupling using a
Slater-Koster-type description in explicit function of the physical parameters of the molec-
ular structure, and the analysis of the influence on the change of these parameters by
deformations in the presence of the interactions was proposed as general objective. The

specific objectives include:

1. To analyze using the computational method the distance of different Helicenes with

L and D turn to test if the helical pitch changes.

2. To determine general expressions of the Slater-Koster elements with explicit depen-
dence on the physical variables that describe the position of the atoms in a molecule,

in a specific 2D coordinate system.

3. To analyze the behavior of the SK elements under the change of the physical param-

eters that describe the structure.

4. To use the general expressions obtained to derive the Slater-Koster elements from

DNA and graphene, and compare with the literature.

5. To determine the Slater-Koster elements for the basic structure that makes up the

Helicene (benzene) and study his behavior with changing parameters.

6. To analyze how molecular deformation and the presence of specific interactions (Spin-

Orbit and Stark) influence the paths connected by the terms SK.

The content of this titling project is structured as follow:
The Chapter (1| deals with the structural features of Benzene as the basic structure of
Helicene, the chemical bonds and Slater-Koster terms relationship, the description of the
Spin-Orbit interaction, Stark effect, and the computational methodology. In the Chapter

2 is evaluated the computational analysis of molecular structure of Helicene where are

3 YACHAY TECH
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detailed the basis-set and method used for the analysis. Meanwhile, in the Chapter 3, are
build analytical Slater-Koster elements for coordinate systems to model general equations
to show the orbital overlapping process. The last chapter handles the feasible paths
electrons can take in the electron transportation when Slater Koster elements, SO, and

Stark coupling are presented. Finally, the Conclusions are presented.

4 YACHAY TECH



CHAPTER 1

THEORETICAL FRAME

1.1 Helicene: Structural Features.

Helicene is a polycyclic aromatic compound with nonplanar screw-shaped skeletons formed
by ortho-fused benzene or other aromatic rings [I1]. Due to the steric hindrance of its
terminal rings, helicenes can wind itself in opposite directions and have a Cs-symmetry
[12]. This fact gives them chiral activity even though they do not have a chiral center and
forming a pair of enantiomers P and M. If the helix rotates around the clockwise along
the helical axis it is denoted as the enantiomer P. On the other hand, the one that turns
counterclockwise is the enantiomer M[I2].

As the benzene rings have resonance, Helicene can have two structures, as shown in Figure

LT



Chapter 1: Theoretical frame

Figure 1.1: Helicene Structures with its respective pitch.

When Helicene has completed a 360° turn around the helical axis (usually completed
with six benzene rings), the distance between the first benzene ring and the sixth ring
in the chain is known as the helical pitch denoted by b (see Figure . As a member
of the PAHs, Helicene is an excellent electron donor, and this makes an intriguing effect
intrinsically present in the spin selectivity of the electron appears. Electrons have two
properties: They have a negative charge and the spin. The spin is the intrinsic angular

momentum of the electron and makes that it rotates clockwise or counterclockwise [3].

As a first approximation to describe Helicene, the structure is broken down in its fun-
damental units, that is to say, Benzenes and, in this way, all the possible overlaps between
two atoms that are first neighbors in this structure are found. Then, by superposition, it

can be extrapolated to a general behavior of Helicene.

6 YACHAY TECH
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1.2 Benzene as the basic structure of Helicene

In 1825, Faraday isolated a compound from illuminating gas with an empirical formula
of CH. Then, Mitscherlich was able to measure its molecule mass, setting it to 78 amu
(atomic mass units), obtaining the molecule formula CgHg. Since the Mitscherlic obtained

the compound from gum benzoin, he named it Benzin, now called Benzene [13].

Benzene is an aromatic hydrocarbon represented by a six-member ring with three
conjugated double bonds with molecular formula CgHg. The representation of the three
double bonds is due to Kekulé.[I3] Through his hypothesis, it was possible to arrive at
the explanation of the resonance presented by benzene, where it was pointed out that in

the structure, the single bond should be longer than the double bond. [13]

Figure 1.2: Resonance of Benzene.

The unexpected stability of benzene is attributed to the weak reactivity of benzene

to substitutions compared to cyclohexadiene and cyclohexene. [I3]

7 YACHAY TECH
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energy

Q

-120
kJ /mol

—240
kJ /mol

-240 K] /mol

@ @ 171'61:&1 o

—232
kJ /mol

e O

Resonance energy

-359 k] /mol
‘‘‘‘ Predicted energy

—151kJ

Resonance energy

—208
kJ /mol

@

Figure 1.3: Molar heats of hydrogenation of cyclohexene, cyclohexadiene and benzene.

Figure [1.3] shows the molecular heats of hydrogenation of six-carbon ring-shaped

structures. The dashed lines show the predictions of energies that the structures should

have. In conditions where alkenes react rapidly, Benzene does not react. Besides, the

electronic configuration of Benzene contributes to the explanation of its stability because,

as are presented three pi bonds in the structure with six electrons, these fill the three

bonding MOs of the benzene system [13].

energy

E

120°

T

nonbonding line

Figure 1.4: Energy diagram of the molecular orbital of Benzene.
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Chapter 1: Theoretical frame

Benzene has all bond angles of 120°. Since all the carbons in the structure have a
hybridization sp?, each atom has a p orbital perpendicular to the plane of the ring. Simple

bonds have a value of 1.47A and the double bonds 1.33A [I3].

The fact that there is no exact solution to the Schrodinger equation to describe the
chemical bond is necessary to specify some approximations. These approaches are based
on two models: Valence Bond Theory (VBT) and Molecular Orbital Theory (MOT). In
both theories, the orbitals’ overlap is of utmost importance since the interaction between

two atoms depends on the direction of the overlap.

While VBT explains that an optimal bond consists of the maximum overlap of two or-
bitals of the participating atoms, the MOT describes the bond as the overlapping of atomic

orbitals that form molecular orbitals (bonding and anti-bonding molecular orbital)[T4].

1.3 Slater-Koster terms overlaps and chemical bonds.

Over the years, the definition of the chemical bond has undergone several changes due to
new epistemological foundations that occurred at different times, so that as new theories
were developed, this concept was evolving [15]. The first theory of the chemical bond was
developed by Gilbert Lewis, who defined the chemical bond as a pair of electrons shared by
two atoms in such a way that the two fill their last shell, the valence shell[I4].Classically, the
concept of the chemical bond, although a little coarse, is understood by the phenomenon by
which atoms are kept paired by the presence of forces thus forming stable molecules.|[T4].
With the arrival of quantum mechanics, this concept evolved severely since it offers a
fundamental description of nature at small scales. It explains that the chemical bond is
the product of the overlapping of molecular orbitals of two atoms at a certain distance

and energy.

To represent the chemical bond in terms of his energy and distances, we can use the

tight-binding method that takes account that the electrons in a structure are strongly

9 YACHAY TECH



Chapter 1: Theoretical frame

located, such that the orbital overlap can be represented as a linear combination of the
wave functions that describe the orbitals in an appropriated base. If we consider two
atoms and we suppose that each atom has the atomic orbitals ¢, = |l,m), identified
by their angular momentum [ = s, p,d, ... and by the quantum number m, and they are

located on the positions R and R/, the overlap can be represented in the form:
VirmOmne = (I',m/, R/|H|l,m, R), (1.1)

where H is the Hamiltonian for the energy of the bond, and the V;; parameters are called

Slater-Koster parameters if the relative vector R — R/ is parallel to the quantization axis

of the orbitals ¢y, [5], [16],[17].

Each magnetic quantum number value is associated with a chemical bond type given
by the overlapping of the atomic wave functions, and the different bond types have a
specific m value, where m=0 represents bond type o. The bond 7 has a value of m=1
and the bond type ¢ as a value m=2. The number of parameters is determined by the

combination of the two orbitals and by the type of the chemical bond formed, as can be

seen in figure

Figure 1.5: Diagram of the Slater-Koster parameters that represent the different types of

o and 7 bonds.

10 YACHAY TECH



Chapter 1: Theoretical frame

1.4 Atomic interactions

1.4.1 Spin-Orbit interaction

The spin-orbit interaction or spin-orbit coupling is a relativistic coupling between the
angular momentum of a particle that moves in a potential and the spin of the particle.
This relativistic effect is starting from the assumption that the nucleus surrounds the
electron where the magnetic moment of the spin and the orbital angular momentum L
interact, and this creates a magnetic field B [I8],[19] (see figure . Knowing that each
electron has an intrinsic property (electron spin) that induces a spin angular momentum,

it creates the spin magnetic dipole moment (u,) and thus will be like a torque due B.

BL

Figure 1.6: Spin-orbit interaction scheme.

AFE =—pus-B (1.2)

This magnetic field interacts with the electron magnetic moment (i), so it produces

interaction energy:

H,, = —us - B. (1.3)

11 YACHAY TECH



Chapter 1: Theoretical frame

In the no-relativistic limit, the SO coupling appears as an additional term in the

Schrodinger equation in the form

eh
4m202s (P x AV, (1.4)

o

Hgo =

where m, and e are the mass and charge of the bare electron, c is the light velocity, p is
the linear momentum of the electron, V' is the electrical potential and s = (h/2)o is the
spin operator with o the Pauli matrices[20]. In the approximation where the potential is
spherically symmetric, the SO interaction operator for the movement of a particle with
spin 1/2 is:

Hso =ML -S (1.5)

where A represent the atomic constant of SO coupling]20].

Element | meV
C 6[9]
N ,
Fe
Ni 80[21]

Table 1.1: Spin-Orbit coupling values.

1.4.1.1 SO coupling between orbitals

Before calculating the SO coupling values, it is necessary to find an appropriate basis set
in order to obtain the Spin-Orbit elements in the Hamiltonian. Starting from the equation
(1.5)) where L and S as variables, it can be denoted that both the angular momentum and

the angular momentum of the spin do not commute [22]. In the case of L its operators,
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Chapter 1: Theoretical frame

[L., L,] do not commute:

[an Ly] = [ypz — 2Py, ZPx — $Pz]
= [yps, 2Ds) — [YD2, TD2] — (2P0 2Pa] + [2Dy, TP2]
— ihL..

Thus, the full commutators for the angular momentum components are:
Ly, Ly =ihL,; (L, L] = ihLy; Ly, L, =ihL,.

Then L,,L, and L, are incompatible observables. But, if the angular momentum is
squared, they commutes:[22]

[L*, L] =0

Now, the eigenvectors of L? and L, satisfy:

Lo |lym) = Rl +1) —m(m £ 1) |l,m £ 1)
L.|l,m) =hm]|l,m)

Same for the angular momentum of spin, its fundamental commutation relations do not
commute:

Sy, S,] = ihS.: Sy, S,] = ihS,; (S, S.] = ihS,

The eigenvectors of S? and S, satisfy:

S+ |s,mg) = h\/s(s +1) —mg(ms£1)|s,ms £ 1),

S, |s,ms) = hmg |l, mg) .

The Hamiltonian rewriting in function of the L and S operators results:

Hso - ;\[L+S_ + L_S+ ‘|— 2Lzsz] (16)

13 YACHAY TECH
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As benzene has sp?, it presents p-type orbitals perpendicular to the plane of the ring, so

for one carbon atom in the structure, these orbitals can be represented as [5]

Ipy) = }ul 1) +1,-1)), (1.7)
p-) = [1,0).

Once defined the appropriated basis set for the Spin-Orbit Hamiltonian, the coupling

elements can be calculated. As an illustration, one of the calculation is shown below:

(P,,1/2| H,, |P.,1/2)
A
= (P,,1/2| 5[L+5_ +L_S, +2L.S.]|P.,1/2)
= (P,,1/2| ;\[L+S_ 11,0,1/2) + L_S,]1,0,1/2) + 2L.S. [1,0,1/2)]

= (P 1/21 SRV 1, 1/)
_ 1
G

= (L1172 DR 11,1/2) — (1L 1/2) 511,172

((1,1,1/2] — (1,-1,1/2))= h2f|1,1,1/2)

= \R?
Performing the calculations for all possible combinations of orbitals and reducing in the

spin-space, we obtain:

|px> |py> |pz>
(pe] 0 —i%sz i%sy
(pyl i%sz 0 —%z’sm
(p.| —i%sy i%sx 0

Table 1.2: Expected Spin-Orbit values that connect the atomic orbitals.
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Chapter 1: Theoretical frame

where s;, s, and s, are the spin matrices, which in turn can be written according to
the Pauli matrix o,, o, and o.. The relationship between the spin matrices and the Pauli
matrices are the next:

g =

1.4.2 Stark effect

Analogue of the Zeeman effect, the Stark effect originates from the interaction between
the dipole moments of diatomic molecules and an external electric field. Described for
the first time by Johannes Stark in 1913, this effect explains the displacement and sepa-
ration of rotational or rovibrational spectral lines due to a static electric field E along the
z-axis.[23]. The Stark effect is described as

A

Hg = —¢E.3, (1.9)

where e is the charge of the electron and Z is the unit vector along the z-axis where the

only nonzero element for this coupling is [5]:

(p.| Hs |s) = 2eapE, = Esp. (1.10)

There are two types of Stark effect, while the first order Stark effect that depends
linearly on the intensity of the electric field the second order Stark effect has a quadratic

dependence on the intensity of the electric field [23].
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1.5 Computational Methodology

Avogadro is a visualization and molecular edition program oriented to computational
chemistry, molecular modeling, and more [24]. Among its tools, it presents Orca ex-
tensions where it is possible to develop geometric optimization of the created molecules.
Orca, meanwhile, is a package of quantum chemistry programs with a variety of electronic
structure methods such as Density Function Theory (DFT), semi-empiric methods, among
others [25]. Orca can optimize molecular geometries and estimate specific quantum pa-
rameters at different levels of theory. Besides the methods mentioned above, high-level
ab-initio quantum chemical methods are included to increase precision degree.[24]

The Orca program allows creating inputs with specific methods that users use to perform
the best matches of the created molecule and the process. The program is based on cal-
culations of first principles, which means that it assumes only basic and well-established
laws, excluding simplified models and external parameters. The conjectures are based on
wave functions to reach the final results.

The program can use methods and adequate basis-set for proper optimization. The meth-

ods and basis-set used for the computational analysis are listed below:

e def2- is a basis-set used to represent the electronic wave function. def2-SVP (Spin
Valence Polarization ) was used to take account of the polarization functions on all

atoms, including hydrogen atoms.

e B3LYP is a class of approximation of the functional of exchange and correlation
in the Density Functional Theory (DFT) used to optimize the molecular geometries
[25]. Tt is built by three parameters (Hartree-Fock method 4+ Local Density Approx-
imation + General Gradient Approximations) so that it more closely approximates

the functional exchange and correlation to the wave function of the study system.

e D3BJ is the dispersion correction of DFT calculations required for any geometric

calculations because the interaction energy is much better. Also, intermolecular
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interaction can be treated.
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CHAPTER 2

COMPUTATIONAL ANALYSIS OF THE MOLECULAR
STRUCTURE: HELICENE

In this section, it is shown a computational procedure that allows obtaining specific
values to characterize the molecular structure by physical parameters such as atomic dis-
tances. In this case, Avogadro program is used for the design of the Helicene molecule
(taken as a model molecule) and Orca for the orbitals calculations. This procedure was
done to verify if exists any difference in the helical pitch and the band-gap energies of the
Helicene enantiomers’ structure.

Two inputs were generated for each Helicene structure with a certain number of benzene
rings. One of them was made with a dispersion arrangement and the other, without that
arrangement. This process was carried out to compare the calculations of the p orbitals
of the Helicene.

The method used for the calculations was a hybrid method of the functional density theory
(B3LYP) with a direct optimization in the input and not in the Avogadro program. This
method is used due its reproduced quite accurately all kind of properties of molecular sys-
tems thanks, among other qualities, to the 20% of the Hartree-Fock method introduced.
To describe the density distribution of the molecule, as well as molecular orbitals of He-

licene, a basis-set was used. In this case, a Split Valence Polarization (SVP) basis-set due

18



Chapter 2: Computational analysis of the molecular structure: Helicene

to its calculation speed.

Finally, the dispersion correction used in one of the inputs has the purpose of calculating
weak intermolecular interactions of aromatic 7 compounds that are not taken into account
and that change the energy of the orbitals.

Once these considerations are placed in the input shown in figures and

# avogadro, generated ORCA input file

# Basic Mode

W

! B3LYP D3BJ OPT def2-SVP

* Xyz 0 1
C -4.68406 3.57579 0.82732
G -5.31963 2.39400 0.40971
C -3.26768 3.62845 1.01051
C -2.54719 2.47870 0.60177
C -4.57300 1.26482 0.09822

Figure 2.1: Input with Dispersion Correction.

# avogadro, generated ORCA input file

# Basic Mode

#

! B3LYP OPT def2-SVP

* xyz 0 1
C -4.68406 3.57579 0.82732
C -5.31963 2.39400 0.40971
C -3.26768 3.62845 1.01051
C -2.54719 2.47870 0.60177
C -4,57300 1.26482 0.09822

Figure 2.2: Input with No Dispersion Correction.

To see the orbitals p, the next code is inserted:
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Chapter 2: Computational analysis of the molecular structure: Helicene

%

Soutput

Print [ P_Basis ] 2
Print [ P_MOs | 1
end

Figure 2.3: Code to show p-orbitals.

With these processes, were calculated Helicene Bang-gap of different lengths and the
distance of reference Carbon atoms.
Once Orca has finished, the results are loaded in Avogadro to show p-orbitals and the

Band-gap energies:

6 benzene rings

Orbital LUMO Orbital HOMO

6 benzene rings

Orbital LUMO Orbital HOMO

Figure 2.4: 6 Benzene Rings-Helicene with: a) correction dispersion and b) no correction

dispersion.

In the table [2.1]is shown the respective energies of each type of Helicene’s structures:
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Chapter 2: Computational analysis of the molecular structure: Helicene

Cycles Number | DC* | Homo (eV) | Lumo (eV) | Bandgap (eV)
) Yes -5.654 -1.501 4.153
No -5.651 -1.503 4.148
6 Yes -5.991 -1.672 3.919
No -5.355 -1.612 3.743
7 Yes -5.508 -1.714 3.794
No -5.524 -1.701 3.823
12 No -4.948 -2.102 2.846

Table 2.1: Results-Structure 1. (Fig (a))

Cycles Number | DC* | Homo (eV) | Lumo (eV) | Bandgap (eV)
5) Yes -5.653 -1.501 4.152
No -5.650 -1.503 4.147
6 Yes -5.991 -1.672 3.919
No -5.593 -1.676 3.917
7 Yes -5.508 -1.712 3.796
No -5.522 -1.697 3.825
12 No -4.945 -2.1 2.845

Table 2.2: Results-Structure 2. (Fig|l.1| (b))

Through the computational analysis, was obtained the helical pitch for Helicene of 6
rings of benzene, the structure 1 of the Helicene has a value of 3.377A, while the structure

2, its helical pitch is 3.173A (Figure . Shen and his collaborator found that experi-
mentally the helical pitch of Helicene is 3, 20A [12].
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Chapter 2: Computational analysis of the molecular structure: Helicene

Table and Table also show the bandgap energies of the two helicene structures
with a different number of benzenes with the presence and absence of dispersion correction
(DC*). Even though the band gap values for the same benzene cycles number of the same
structure are different, the values are quite the same for the same cycle number when
dispersion correction is present. Hence, it does not matter what Helicene structure is used

to carry out a theoretical experiment as long as dispersion correction is included.
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CHAPTER 3

ANALYTICAL SLATER-KOSTER ELEMENTS

In this section, it is shown the calculation of the SK elements that describe the
overlaps of atomic orbitals of two neighboring atoms in a molecule. As a model molecule

is considered the benzene, which is the basic unit that makes up the Helicene.

The molecule is parameterized in a specific coordinate system such that SK elements
are a function of the atomic distances and the angles between the vectors that connect the
atoms. The variation of these quantities allows testing the behavior of the SK elements
under molecular deformations, which can be induced mechanically or with radiation to

produce vibrations, etc.

3.1 Slater-Koster (SK) elements in general coordinate systems

3.1.1 SK elements with {s,p,,p,} in the zy-plane and p. orthog-
onal.

To obtain the Slater-Koster (SK) elements, is taken account that each atom can be modeled

with a set of orbitals {s,p., py,p.} where p, and p, orbitals are contained in the plane
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Chapter 3: Analytical Slater-Koster elements

and the p, orbitals are oriented perpendicular to the plane (see Fig. [3.1). Due to the
symmetry of benzene, the relative vector R’ — R is not parallel to the axis of quantization
of the orbitals, so that the overlapping of orbitals is not only given by the SK elements in
their conventional form, Vs, but in general, they are represented as a linear combination

of these.

According to Ando [26], the SK overlaps in this general case, for two neighboring
atoms (on sites denoted by ¢ and j) is given by
(A [ YRAN AN ve ~ Lo~ Ly
B2, = ) 2000) W + () 2) IV (3.1)

o,

where L A€ Slater-Koster overlaps, 71(u,) is the unit vector in the direction of u orbital
in the site 2, 7(y,)! is the projection of 7(y,) in the direction of R, and 7(yu,)* is the

projection in the perpendicular direction, such that:

Il — 2
n(luz) Rﬂ,Rer g0 (3 )
R (R, 2(p1a))
()" = ) R, (3:3)
R]za R]z g

Figure 3.1: Scheme showing two orbitals located in R, and R, positions, and the unit

vectors that indicate the direction of the atomic orbitals.
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Equation (3.1)) can be rewritten as:

(il V 1) = (ol g + Pt R

EY
jis Rii

,:
jun

(Vo —Vr).  (34)

Considering the physical variables shown in figure and using equation (3.4)) we

obtained the SK expressions of all possible overlaps between the orbitals:

Eg = Vi — Vi cos(B—0)+ Vi cos(B—0) = EY,
B8, = Vi = Vi sin (5 — 0) + Vi, sin (6 — 0) = B,
B =0=Ef
EY = (cos S —cos (S —0)cosO)VE + cos (5 — ) cos V.o = ET,
By = (—sin 3+ cosfsin (8 — 0))V] — cosOsin (8 - O)V7 = EJ,
By =0= 2
By = (cos B +sin (8 — 0)sin0) V7 —sin (8 — 0)sin 0V, = EJ.
EY =0=E
EY = Vi = EL
By = Vi +cos8(Vy, = V) = EL,
B, =V +sinf(VG — V) = B2,
EY=0=E}
By = (sin 8 —sinf cos (8 — 0))V,7 +sinbcos (8 — )V, = £,
B9, =0=E
EY =0=EpL

Table 3.1: Slater-Koster overlaps between orbitals on sites ¢ and .

The Slater-Koster matrix elements Vi, obey the rule: Viy = (—1)" V;,, where I and

! .
[ are the atomic angular momentum.
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iN

Eg (eV)
o

: 7

_4 — B6=11/2
— 6=0
6 6=271/3 (Values of bencene)

0 1 2 3 4 5 6
B

Figure 3.2: The SK overlap Ey, as a function of 3 for different values of . To calculate

the values of Vs the used distance between atoms is R = 1.42 A.

In Figure 3.2] it is shown the behavior of the E, element for different values of the
parameters, when (3 changes, the relative angle between the s and p, orbitals (see FIG.
. When 6 = 0 and g = 0, s and p, orbitals form a sigma bond, and the value shown
corresponds to the maximum value of the bond, it is to say Es, = Vs,. As beta grows, the
magnitude of the o bond decreases because there will only be a partial overlap between the
orbitals,and, when # = 7/2 and = 0 the bond dies because the p, orbital is orthogonal
with s orbital. The negative sign of the coupling corresponds to the orientation of the z

orbital by which the sigma bond is formed.
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10 ]
5 i
3
~ 0
fu§
-5 i
— 6=rm/2
— 6=0
-10 6=2r1/3 (Values of bencene) i
0 1 2 3 4 5 6
B
Figure 3.3: The SK overleap F,, as a function of 3 for different values of #. To calculate
the values of V), the used distance between atoms is R = 1.42A, Ky, = —0.81 and
K;,=3.24.
100 6=r1/2 i
— 6=0 1
06=2r1/3 (Values of bencene)
5 )
—~ 0
o :
-5 ]
-10 ]
0 1 2 3 4 5 6
B

Figure 3.4: The SK overlap E,, as a function of 3 for different values of 6. To calculate the
values of Vs the used distance between atoms is R = 1.42A, Ky, =—08land K, = 3.24

Analogously, the E,, and E,, are shown in figures [3.3|and 3.4] respectively. In Fig[3.3]

it is possible to see that when 8 = 0, and 6 = 0, overlap between p, orbitals is maximum,
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and correspond a o —bond equal to the corresponding V,,, overlap. In Fig, for # = 0 and
§ = /2, when = 0 the overlaps are zero, because p, and p, are orthogonal. The other
values correspond to the overlaps that have a partial contribution of ¢ and 7 couplings. It
also shows how this bond would vary for characteristic Benzene values if any deformation
in the structure of the molecule is made.

As B changes, the coupling between the two orbitals varies where the maximums are o

couplings and the minimum 7-type couplings.

3.1.2 SK elements with {s,p,,p,} in the zy-plane and p, with a
component in the z—axis.

In the previous section, the Slater-Koster elements have been made for a specific orbitals’
orientation were three angles are taking account (See Figure .

A new scheme is presented below (Figure , to find general overlapping equations. In
this case, it is consider a more general orientation and position of the orbitals than in
the previous case. Depending on the molecule and the information associated with its

parameters, one or the other can be used.

pz,j
J
~ 7 Px,j
APy ) A *I
4 .
I, hb Pz,i
Ay
Yp < B h, Pxi
—_——> a l
— Taem. . Y
n S A
j Rji (py,l) > 5
b
AP
a i
Ad
n > %

Figure 3.5: General scheme of orbitals overlap in a specific coordinate system. In this

case, the p, orbital has a component in the z—axis.
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The directions for the orbitals in sites ¢+ and 7 in these conditions can be represented

as follows:
n(sz)” = RAJZ
n(x,) =2
wy) =9
n(z,) =2 (3.5)
a(s,)) = R,

n(z,) = cos S + sin 5§
n(y,) = cos (B +m/2)% +sin (B + 7/2)7
n(z,) = 2, (3.6)
and the distance between ¢ and 7 atom is
IR,,| = (bcos (A¢ +n) —acosn)z+ (bsin (A¢ + 1) —asinng)g+ (hysin (o + 7) — hy siny)2
(3.7)

where A¢ is the angle between the vectors a and b that represent the positions of two

atoms in the lattice.

Using this values, the SK overlaps obtained are shown in table
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— (beos(B=A¢—n)— B— —
E;]m _ (beos( };7])2 acos (8—n)) V;; _ E%ls

_ (cbsin(B=A¢—n)+asin(B=n)) y/0 _
By = Ry Ve = By
hy si +y)—hq si
E;Jz _ (hysin(a ');)Z sin ) VSUZ _ Eﬂg
b < _A — — < _ b < A — — Q
EY = COSBVQZ; _ (bcos (B—A¢p—n)—acos (B 277))( cos (Ap—n) 000577)(‘/367; _ sz;) = B2

7T

E?y — —gin BV;; + (bcos (Aaﬁfn)*aCosn)(bzz%(ﬁfA%n)*asin (ﬁfn))(vxg _ ch;) _ Egjfx
By = (bcos(A(]ﬁ—f—n)—acosn])%(J}ZLb sin (a49)—ha sinw)a/yi _ VyZ) — B
B3 = cos BV + (bsin (B—A¢—n)—asin (ﬁ}%?))(bsm (Ap—n)—asinn) (Ve — Vo) = B
E;]Z _ (bsin(A¢+n)—asinn])éJ’zb sin (a+)—ha sinv)(ygfz _ V;;) _ EIZ/
E;JZ _ V;; + (hp sin (a+7)—hqg sin*ggfzb sin (a+y)—ha sinvy) (Vy‘; . Vy’;) _ E;;;

1y _ (bcos(Ap—n)—acosn) v 0 _ 1
Exs - Ry, ‘/;x - Es:t

[y - (bsin (Ap—n)—asinn)y o _ 192
Eys o " Vsy o Esy

vy _ (hysin(ady)=hasiny)y ¢ _ p
Ezs - n V:‘;z - Esz

E;jz — sin BV;; __ (bcos (B—A¢—n)—acos (B;n))(bsin (A¢p—n)—asinn) (V;; . ‘/;y) _ ngy

k3,
By — _ (acos (B—n)—bcos (ﬁ—A¢—2n))(ha sin y—hy, sin (a+7)) (Vw . VU) _ En
2T R?, 2T 2T Tz
27 _ (asin(B—n)—bsin (B—A¢—n))(ha siny—hy sin (a+7)) T o\ "
Ezjy - R?, : (‘/;y - szy) - E;LJ/z

Table 3.2: General Overlapping Equations

30 YACHAY TECH



Chapter 3: Analytical Slater-Koster elements

— Ag=mif6 ]
4l — A=

Ag¢=r/3 (Values of bencene)

N

Ext (eV)

4
-6
0 1 2 3 4 5 6
B
Figure 3.6: The SK overleap F,, as a function of 3 for different values of #. To calculate
the values of V), the used distance between atoms is R = 1.42A, Ky, = —0.81 and
K;,=3.24.
o
— Ag=r1/6
—— Ag=rri4 i
4 A¢=r/3 (Values of bencene)

E,y (eV)

4
-6
0 1 2 3 4 5 6
B
Figure 3.7: The SK overleap £, as a function of 3 for different values of 6. To calculate
the values of V), the used distance between atoms is R = 1.424, K;, = —0.81 and
K, =3.24.
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107 ‘ ‘ s
5 :
3 A\ / !
o 0 —
—— Ap=mt/4 1
-5 Agp=71/3 (Values of bencene) 7
-10 ]
0 1 2 3 4 5 6
B
Figure 3.8: The SK overleap E,, as a function of 3 for different values of 8. To calculate
the values of V), the used distance between atoms is R = 1.42A, Ky, = —0.81 and
K;,=3.24.
101 :

[Ny

> :
~ 0 —
o :
L] 7’ \/
-5 ]
—— A¢g=r/6 1
—— Ag=m/4
: 1 0 A¢=r1/3 (Values of bencene) 1
0 1 2 3 4 5 6
B
Figure 3.9: The SK overleap £, as a function of 3 for different values of 6. To calculate
the values of V), the used distance between atoms is R = 1.424, K7, = —0.81 and
K, =3.24.

The interpretation of the graphics obtained is analogous to the previous section. When
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the overlaps are equal to zero, it means that the orbitals are orthogonal and for values

where the module is maximum, there are pure 7w or o overlaps between the orbitals.

3.1.3 Verification of the Slater-Koster expressions

In this section, the expressions obtained in the previous subsections are used in order to

reproduce the results reported in molecules: DNA and nanotubes.

3.1.3.1 DNA model in 2D projection

Equations from Table have been tested in DNA model to prove their validity. The
first test was done according to Varela et al. research [20] in which the effective spin-orbit
couplings in an analytical tight-binding model of DNA were carried out. Considering the
parameters of the model presented in Varela research (see Figure , the parameters
for the equations of Figure [3.1] were adapted to DNA model such that ® = § = A¢ and
R, = R, = a. For the overlaps in DNA, R, = 2a, A¢ = 7 and b = 0. Of course, in this
case we consider only the projection in the zy plane of the equations (the pitch of the

helix is not considered, therefore b = 0 is used in the model)
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o) b
1
'lr hb pll .
Aﬁ(pY'f) y n(Py})
y ™ hu Pri 8 j
_____ > a /)
i 7 1ipy) ! >
b
(o, a
WTR
a i
A n A¢ [ n(pm) A
?X
General model DNAmodel

Figure 3.10: DNA molecular structure model in a XY plane[20]. For the equations shown,

we used just to the verification that b = 0.

These values were inserted into the equations resulting in the same value reported in

the paper:

1y _ __ /0 [/ — [/ —
Es:c - V;:w Esy - 07 Esz - 07
1y — __ /0 vy — _ /7 1y /T
Exm - ‘/;mﬂ Eyy - %y’ Ezz - ‘/zz7

EY =0, EY =0,  EY%=0][20.

3.1.3.2 Nanotubes in a 3D model

In this case, are used the equations to compute the SK terms for a model of nanotube
proposed by Ando [26].
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oy, )
!
. 1(py,) \ N A(py,;)
YA < A XA Ay Ea
=== Ry ®=0-0;
7 i) ®) .
b
Alpxi). R R:
. l g i
A
n Ca () i(ps) .
> 5
General model Nanotube model

Figure 3.11: The our general scheme and the Nanotube model scheme that show the

orientations of the orbitals.

To adapt the general model to Nanotube overlapping scheme (Figure [3.12)), The

following equivalences between the parameters have been used:
n=0, B=0 ®=0,—0;, a=b=R, |R,|>=(1/3)a%
T—=2 9=z, Z2—=79

Notice that in this case, it is needed to do a rotation of the coordinate system, because

orbitals p, in nanotubes are in the radial direction. The orbital orientation of atom  is:

fi(z,) = 2,
n(z,) = cos (P +7/2)% + sin (¢ + 7/2)%,
ﬁ<y]) = Y]Z;

R, = R[(cos® — 1)2 + sin ®7].
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Now, using our expression shown in [3.2] are proved with Nanotube parameters, for

example, for Y element:

3R?

B, = sin (6, = 0,)V, + (Vo = Vi) =5~ (1 = cos (6, — 6;))(sin (6, — 6,))

3.1.3.3 DNA in a 3D model

Equations [3.2] are used to compute the SK terms for a model of DNA general, such that
the pitch b # 0.

General model DNA model

Figure 3.12: General and the DNA model schemes that show the orientations of the
orbitals. In the DNA model, b is the pitch of the molecule and «a is the radius of the helix.

The next relations are considered to adapt the general model to DNA overlapping

scheme:

n=0, f=A4¢, b=a
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and the orbital orientations of atom  are:

A

fi(s)) = Ry
n(z,) = cos ¢pT + sin ¢y
n(y,) = cos (¢ +7/2)% +sin (¢ + 7/2)7

A
|R,|*> = 4a” sin® (2¢)

Now, equations of Table [3.2] are proved with DNA parameters:

a(l — cos Ag)

B, = Vs
Ry P
Eé{, _ asin (¢, — ¢,) v

Ryl v

b(¢ — (bz)
EY = J Ve
o 2mRy| P

cos Ag|R,|2VE — (Vi — Vr)da® sint (52)

Ey, =
| R|?
g _ COSAARPVE + a?sin® Ag(V — V7)
vy

| Ryl?

(1R, [PV + (Vo — Vim)2a? sin® (42)) (sin ¢, — o)

EY —
” |1y
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_ 2ab sin? (%)(sz - %)(VE) - V)

Ezg pp
v 27| Ry |?
B — absin (¢J - (15@)(9253 - 9251)(‘/;39 - V;;;)
yz

27| R, |?

3.2 Use of the SK model with a molecule example: Benzene

3.2.1 Benzene parameterization

The position vector for each benzene carbon in the coordination system X, v, Z
(Figure is labeled as R,, where ¢ is the number of atoms such that + = 1,...,6. in
counterclockwise. a is designated as the radius of benzene and A¢ is the angle between two
consecutive atoms. The position vectors R, in term of this parameters, in a 2D coordinate

system of Fig. [3.13] are written as:
R, = acos[(1 — 1)A@|X + asin[(z — 1)Ag]Y, (3.8)

and, the vector that represents the distance between two consecutive carbon atoms is

labeled R, and given by the equation:

R, =R,—R, = (acos () — 1)A¢—acos (1 — 1)A¢) X +(asin () — 1)Ap—asin (2 — 1)Ag)Y
(3.9)
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Figure 3.13: Benzene carbons in the X-Y plane where A¢ is the angle between consecutive

carbons and R, is the distance between two atoms.

3.2.2 The SK elements and the dependence with deformations
in the benzene model

For the two schemes (Figure and Figure and set of equations (Table and
Table , the results of benzene orbital overlapping in function of 3 are presented in the
graphics This figure shows only the coupling of the p, orbitals of atoms 2 and
7 as the 5 advances, keeping 6 constant at a value of § = 27/3. When g = 0, there is
coupling with a combination of sigma and pi interactions due to the orbitals p, are not
parallel. Throughout the 360 degrees, the orbitals of the atom j will rotate, maintaining
a combination of sigma and pi interactions in their coupling as can be seen in points a, b
and c. In a and ¢, the point has reached the minimum and maximum points, respectively.
In them, there is no single m or ¢ coupling but a combination of these two couplings
with different proportions. While at point a, there is a higher 7 coupling, at point ¢, the
o coupling overlaps predominates. On the other hand, at point b, there is no coupling
because when 3 = 3.25642, the orbitals p,, and p,, they are orthogonal between them.

The point value that represent benzene overlap is c.
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4 fffff A¢=r1/3 (Values of bencene)

Figure 3.15: Representation of benzene’s p; and pj orbitals coupling.
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Figure W shows the pl,-p] orbital coupling that begins at the minimum point with a
combination of pi and sigma bonds where pi predominates, at § = 0. At § = m, the bond
stands out is sigma. Finally, at g = 276.57°, there is no coupling due to the orthogonal

position of the orbitals.

10f
5_
>
—~ 0
-2
W
-5
-10!
0 1 2 3 4 5 6

Figure 3.16: Representation of benzene’s two p, orbitals coupling.

The graphics shown are the same regardless of the schemes used. This is also a
verification of the expressions in the different coordinate systems shown, so the equations
are equivalent. As the beta angle begins to rotate, three main points are distinguished,
the minimum and maximum where the pi and sigma bonds predominate, respectively, and
the point where it cuts the x-axis at which there is no interaction because the orbitals are
orthogonal between them. Sigma and pi values are not fully achieved because the orbitals

are not parallel.
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3.3 Chapter conclusions

The deformations shown can be induction by several mechanisms. For example, by me-
chanical deformations produced by stretching of the molecule, means of external electric
fields or radiation that produce vibrations of the structure, etc. Of course, the defor-
mations shown in the graphs are a function of all the possible values that the relative
orientations between the orbitals can take. However, these modifications, experimentally,
will be restricted by the actual bonds associated with the molecules and the ability of the

molecules to be deformed without breaking.

As some theoretical models show, these overlaps can be proportionally related to the
interactions present in the Hamiltonians that describe the molecules. Understanding the
behavior of these elements can help maximize other properties of organic molecules, for

example, the ability to conduct a specific spin current.
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CHAPTER 4

PATHS THAT CONNECT Pz ORBITALS THROUGH
INTERACTIONS AND THE SLATER-KOSTER TERMS

One methods to determine tight-binding Hamil