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Abstract

The optical and electronic properties of four conjugated organic molecules, Indigo, Alizarin,
Emodin and Purpurin, as potential organic solar cells were studied theoretically. The
electronic properties, reorganization energy (Ah and Ae), adiabatic ionization potential (IP),
adiabatic electron affinity (EA), chemical hardness (n), highest Occupied Molecular
Orbital(HOMO) and Lowest Unoccupied Molecular Orbital(LUMO) energies and HOMO-
LUMO energy gap (Eg) were calculated using density functional theory (DFT). The optical
properties as the maximum absorption (Amax) along with oscillator strengths (f ) at the
excited states in vacuum and ethanol as a solvent were also calculated using time-dependent
density functional theory (TD-DFT). The impact of functionalization, of these molecules with
electronegative functional groups, on their optical and electronic properties was explored.
The results show that the values of Ah and Ae for Indigo were 0.195 eV and 0.175 eV and for
Alizarin 0.366 eV and 0.482 eV, respectively.

The functionalization of Indigo and Alizarin has resulted in overall conversion of the materials
to better n-type molecules.

The introduction of functional groups to Emodin converted the molecule from p-type into n-
type material. while functionalization of Purpurin, which is considered as an n-type material,
with NO2 and F- resulted in a slight increase of Ae with values of 0.42 eV for each. This is
considered as detrimental for the charge-transport process.

The functionalized molecules have shown an increase of EA and decrease in LUMO energy
level, indicating their potential use as n-type materials. Overall, the (Eg) for studied molecules
has been generally reduced upon introduction of electronegative functional groups. This
indicates the possibility of tuning the optical and electronic properties of these organic
molecules by introducing suitably selected functional groups. Also, the studied molecules
along with their functionalized molecules show properties that fall among organic semi-
conductors and thereby, can potentially be used in solar cells.

The intermolecular interaction studies on Emodin and Purpurin, using Hirschfeld surface
analysis and energy framework, showed that the major intermolecular interaction occurs at
the O— H/H-0 with 31.8% for Emodin and 41% for Purpurin.
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CHAPTER 1

Introduction
1.1 Introduction

Renewable energy is energy that has been derived from earth’s natural resources and acts
as alternative for traditional energy sources such as fossil fuels. The production of power
from renewable energy sources have increased by 280% since 2006 (Simon 2015),
sources of renewable energy includes, hydroelectric power, wind energy, biomass, tidal
energy, wave energy and solar energy (Sukhatme & Nayak 2017).

One of the most promising abundant sources of renewable energy is solar energy, the
earth receives a total quantity of radiant energy from the sun of 1370 W/mz2/s, with 343
W/mz2/s received per unit area of the Earth’s surface (Zaidi 2018). The abundance and
non-polluting characteristics of solar energy have made it a widely recognized renewable
source of energy. The photovoltaic effect of solar cells can convert this solar energy into
electrical energy (S.Ashok n.d.) and it is considered to be one of the most important
sources of renewable energy as the world demand of energy increases every year (Bernede
2008, Gupta 2015).

Renewable Energy Non-Renewable Energy

Fig. 1.1. Sources of renewable and non-renewable energy

The photovoltaic effect was discovered by Becquerel in 1839, when he observed a
photocurrent when platinum electrodes covered with silver halogen were illuminated in
aqueous solution; photoelectrochemical effect (Becquerel 1839). It was in the 1873 and
1876, that the first reports on selenium photoconductivity were made by Smith and Adams
(Smith 1873). Further progress was made by reporting the first observation of
photoconductvity in organic compound (anthracene) by Pochettino (1906) (Pochettino &
Sella 1906) and Volmer (1913) (Volmer 1913). In the late 1950s and 1960s, the potential
use of organic solar materials as photoreceptors in imaging system was recognized



(Borsenberger & Weiss 1993). In 1954, the first inorganic solar cell was developed at Bell
Laboratories which was based on Si and had an efficiency of 6% (Chapin et al. 1954).
Thereafter, tremendous amount of work has been performed to improve the efficiency and
reduce the cost of Si solar cell. Although, there have been improvements in the efficiency
of the Si solar cell, the cost of production still remains high (Spanggaard & Krebs 2004)
unlike the low cost of production of organic solar cells (Bagher et al. 2015, Chen & Chao
2006, Ourahmoun & Belkaid 2010, Ray et al. 2010).

An organic photovoltaic (OPV) is a type of solar cell that is based on organic
semiconductors that includes small organic molecules or oligomers and polymers. It can
be classified into p-type and n-type material, the p-type is a material that contains holes
as major carrier (hole transporting) and can be prepared from donating m-systems,
whereas the n-type contains electrons as the major carrier (electron transporting) and can
be prepared from electron-accepting materials (Bao et al. 1998, Chesterfield et al. 2003,
Filo & Putala 2010). Some of the most commonly used organic molecules in solar cells
include copper phthalocyanine (CuPc), C60 (fullerene), a,a-bis(2,2dicyanovinyl)-
quinquethiophene (DCVS5T). The CuPc has been used as the electron donor due to it’s
high stability, high mobility, and abundance. A bulk-heterojunction structure with
combination of CuPc:C60 separated by a layer of silver nanoclustors showed high
efficiency. Moreover, DCV5T:C60 combination has reached IPCE of 52% leading to
overall efficiency of 3.4% (Cravino et al. 2006, Peumans et al. 2003, Uchida et al. 2004).
The most important factors to be considered for an effective OPV includes strong light
absorption, thermal and photo stability, energy gap between the highest occupied
molecular orbital (HOMO) and the lowest occupied molecular orbital (LUMO),
abundance and low cost energy(Aubouy et al. 2007, Colley 2016, Scharber & Sariciftci
2013). However, there remains the challenge of enhancing the proficiency of organic solar
cells in comparison to inorganic solar cells. Several research efforts are being carried out
on organic solar cells systems to improve their efficacy, processing and stability (Arbouch
et al. 2014, Jagrgensen et al. 2008, Sahdane et al. 2017). These improvements require
enhancement of three parameters which are: internal short circuit current (lsc), open
circuit voltage (Voc) and fill factor (FF). The Iscis the solar cell maximum current when
the voltage is zero, the Vocis the maximum voltage in the solar cell when the current is
zero and the FF is the ratio of the maximum power that can be obtained by solar cell to
the product of Vocand Isc.

The Isccan be improved by lowering HOMO-LUMO energy gaps of the donor material
while the Vocis enhanced by tuning of the energy gap between the HOMO of the donor



material and LUMO of the acceptor material and it is also influenced by the reorganization
energy (Cnops 2015).

The reorganization energy (A) is a reflection of the structural changes that take place when
the molecule transfers from neutral to charged (Oshi et al. 2017). There are two types of
reorganization energies, the internal reorganization energy (Ainr) and external
reorganization energy (Aext). The structural change between ionic and neutral state of the
molecule is expressed as Aincand the effect of the external polarized medium is expressed
as Aext. However, the effect of Aextis considered to be very small that it can be neglected
(Sun & Jin 2017, ?). The reorganization energy is important for the efficient charge
generation and transportation, the smaller it’s value the greater the charge transport, Voc
and FF (Jin & Wang 2015, Ward et al. 2015). Overall, the optical and electronic properties
of the organic material play a major role in determining OPV efficiency (Oshi et al. 2017).
One of the approaches used is to enhance the optical and electronic properties of organic
semiconductor molecules by using functional groups to tune their properties (Oshi et al.
2017). For instances, it was stated that the introduction of electron-deficient atoms or
groups increases the molecule electron affinity by reducing the molecular LUMO and
thus resulting in better n-type organic semi-conductors. These functional groups include
imides, amides, carbonyls, quinone and halogen atoms (Arbouch et al. 2014). To increase
the environmental stability and electron affinity of conjugated systems, imides and amides
are introduced into the backbone of the molecules as strong electron-withdrawing groups
(Meng & Hu 2012). In a study conducted by Zhenan et al., a p-type material,
metallopthalocyanine, was converted into n-type air-stable material by functionalization
by fluorine (Bao et al. 1998). Other research showed the perfluorination of pentacene
converted it into n-type material (Sakamoto et al. 2004) while the chloro (CI) and nitro
(N) functionalization of pentacene and naphthalene provided a better material than
perfluoro-pentacene and octafluoro-naphthalene (Chen & Chao 2006, Oshi et al. 2017).
The addition of F and CN group to 1,3,5-tripyrrolebenzene (TPB) have stabilized frontier
molecular orbital and improved air stability (Hu et al. 2016). In addition, the influence of
functionalization on absorption was reported by R. Cardia et al.(Cardia et al. 2014) in
functionalized triisopropylsilylethynyl (TIPS), resulting in redshifting of the absorption
spectrum and improved visible region absorption. The improvement of absorption in the
visible region was also shown in different sensitizers functionalized by OH, NH2, OCHs,
CFs3, F, and CN (Wang et al. 2020).

The effect of functionalization on the reorganization energy has been reported by many
studies. For example, Hutchison et al.(Hutchison et al. 2005) investigated the



functionalization impact of oligomers of thiophene and furan in terms of reorganization
energy. Others have revealed that the cyanation of pentacene gives smaller values of hole
(75 meV) and electron reorganization energy (87 meV) than pentacene (94 and 133 meV,
respectively) (Kuo et al. 2007). Oshi and co-workers discussed the increase of hole and
electron reorganization energy in 7,7,8,8-Tetracyanoquinodimethane by electron
donating groups CHs, OCHs, and OH (Oshi et al. 2019). Thus, it is valuable to recognize
the effect of functionalization on molecule’s reorganization energy as it provides
perception into charge transfer rate in organic semiconductor materials.

The charge transport (at low temperatures) in organic semiconductors is described as
band-like motion in which the charge is delocalized across the system. The charge
transport technique at high temperatures is represented by a hopping mechanism where
the charge transporters are localized to a single molecules, and jump from a molecule to
a nearby molecule as described by the Marcus equation, which is given as follows (Marcus
1993, Ottonelli et al. 2012).

K = (4m2/h)t2(4mAKBT) %>exp[-A/4K3T]

where h is the Planck constant (6.626 x 10—34J.s), t is the charge transfer matrix element,
A is the charge reorganization energy, KB is Boltzmann constant and T is the absolute
temperature. The charge transport rate from the equation is mostly affected by the
reorganization energy and electronic coupling (transfer integral). The charge transport
rate is determined by the transfer integral, which in influenced by the orientation and
distance of the molecules. A lower reorganization energy land larger transfer integral that
lead to a faster charge transport rate (Brédas et al. 2002, Chen et al.2017, Gruhn et al.
2002).

Due to the development need of OPV, there has been a continuous design and testing of
different organic semi-conductor materials and to date several materials have been
investigated (Arbouch et al. 2014, Jin & Wang 2015, Oshi et al. 2018, 2019, Ottonelli et
al. 2012, Ourahmoun & Belkaid 2010, Sun et al. 2016, Sun & Jin 2017). The theoretical
study of these molecules aids in the rational designs of efficient OPV and screens
potential organic semiconductors for solar cells (May 2012). In this research, the
influence of functionalization on electronic and optical properties of four conjugated
molecules Indigo (2,2’-Bis(2,3-dihydro-3-oxoindolyliden)),Alizarin
(1,2Dihydroxyanthracene-9,10-dione), Emodin (6-methyl-1,3,8-
trihydroxyanthraquinone) and Purpurin



(1,2,4-Trihydroxyanthraquinone) are studied to understand their possible use in organic
solar cells, Fig 1.8, Fig 1.9, Fig 1.10 and Fig 1.11, respectively. The molecules are
investigated as potential organic semi-conductors due to their abundance as they are used
as colorants and their intense colors indicate a high degree of light absorption and an
extensive electron resonance and delocalization in molecular orbitals (Prabha et al. 2017).

1.2 OPV Operating Principle

An OPV is based on organic semiconductors that includes small molecules or oligomers
and polymers. The conjugated system of the molecules is formed by the covalent bonding
with alternating sequence of carbon atoms with single-double and/or single-triple bonds.
The overlapping between two parallel p orbitals forms a bonding m orbital with a 7« anti-
bonding orbital. The delocalization character of m and 7+ orbitals in conjugated systems
give rise to delocalized frontier molecular orbitals called the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) (Arbouch et al.
2014).

The basic operating principle of organic cells is the initial absorption of photons with
sufficient energy that leads to the promotion of an electron to the LUMO level and leaves
a hole on the HOMO, forming electron-hole pair known as exciton. Excitons are formed
because of the low dielectric constant of organic semiconductors which results into high
coulombic force and attraction between the photo-generated electrons and holes (Garcia-
Belmonte et al. 2008). The formed excitons must be dissociated in order to produce and
transport free charge carriers throughout the organic device. This is accomplished by
creating a heterojunction between two dissimilar organic semiconductor materials; donor
(n-type) and acceptor (p-type). A donor is defined as a material that has a high ionization
energy (IP) and an acceptor is a material that has a high electron affinity (EA). After
excitation of the electron from the HOMO to the LUMO, the electron can jump from the
LUMO of the donor (material with higher LUMO) to the LUMO of the acceptor (material
with lower LUMO) if the potential difference between the ionization potential (IP) of the
donor and the electron affinity (EA) of the acceptor is larger than the exciton binding
energy (Arbouch et al. 2014). The excitons formed on the donor material can be
dissociated at the donor-acceptor interface, the differences in electron affinities creates a
driving force at the interface between the donor and acceptor that is strong enough to
separate the charges. However, the produced exciton must reach the interface before the
excitation energy of the exciton is lost via intrinsic radiative and non-radiative decay
process to the ground state. To facilitate the dissociation, the donor and acceptor should



be in a close proximity with optimum length scale that is in the range of the exciton
diffusion length and the thickness of the active layer should be comparable to the
penetration length of the incident light which is typically 80 - 200 nm. The hole should
also remain on the donor due to its higher HOMO level as the exciton may transfer itself
completely to the material of lower-band gap accompanied with energy loss (Kietzke
2007). The energy level offset of the LUMO of the donor material and the acceptor
provides the needed energy to break-up the exciton bounding energy. Finally, upon the
dissociation of excitons, the electron is transferred to the acceptor material and then to the
cathode of charge collection and the hole is transferred to the anode charge collection to
initiate current (Arbouch et al. 2014). The presence of excitons in close proximity to an
interface increases the chances of separation and transfer to electrodes, the overall process
efficiency is describes by Incident Photon to Converted Electron Efficiency (IPCE). The
IPCE is calculated by the number of electrons leaving the device under short circuit
condition per time and area divided by the number of photons incident per time and area,
it is represented as following:

IPCE = No.ofextractedelectrons. No.ofincidentphotons -
Charge transfer Energy transfer
Pvac Pvac
LUMO H@;L J LUMO
A¢. R A¢ t 3:
HOMO |l HOMO |ui@.7
Donor Acceptor Donor Acceptor
(a) (b)

Fig. 1.2. The interface between two different semiconducting polymers (D = donor, A = acceptor)
can facilitate either charge transfer by splitting the exciton or energy transfer, where the whole

exciton is transferred from the donor to the acceptor(Kietzke 2007)

1.2.1  Manufacturing

One of the important roles in determining OPV efficiency is packaging. The OPV packing
commonly takes place as a bi-layer heterojunction of donor-acceptor materials (Nelson
2002, Tang 1986) which can be prepared by subliming or by spin-coating a second layer
on the top of the first that lead to a more or less diffused bi-layer structure. This structure



also reduces the chances of charge recombination since the charge carriers travel through
pure n-type and p-type layer (Jenekhe & Yi 2000).

Another common way of packaging include a blend of donor and acceptor materials
dispersed through the photoactive region, known as bulk heterojunction (BHJ) (Yu et al.
1995). The structure results in a higher interfacial areas and thus improves exciton
dissociation efficiency, it can be deposited by co-sublimation of small molecules (Kietzke
2007). In general, the manufacturing procedure for OPV can be classified into two
techniques:

* Dry thermal evaporation

» Wet solution processing: spin coating, ink jet, screen print, roll to roll printing and
slot-die coating.

ink

ink /
-

piezo \\ |
i i substrate
ks /substrate '7 i
A knife-over-edge coating
‘:’11 Q y ink
Oae substrate \ j/
substrate \ 7 |
u—) = '“k/ / substrate
ink jet screen print gravure print slot-die coating

Fig. 1.3. Wet solution processing (Tress 2014)

1.3 Performance Characteristic

The solar cell maybe represented as a simple diode with the following equivalent electric
circuit:

I

(D Rsh %

Fig. 1.4. Equivalent circuit for OPV (Jain & Kapoor 2005)



The circuit consists of:
A diode with Ipcurrent
*A current source that corresponds to photocurrent I, generated during illumination
*Rsseries resistance
*Rsn shunt resistance with Is» leakage current through resistance as a result of defects in

the films.

For an acceptable performance, a low Rsand a high Rsxis required. Upon illumination,
the current-voltage (IV) curve becomes a superposition of the dark IV with the light
generated current and the curve is shifted down the fourth quadrant, Fig 1.7.

current

;Dzll'l(
II I §

voltage

I IV g

Fig. 1.5. Dark and light IV curves for an OPV (Hamakawa 2003)

One of the most important OPV evaluation metric is Power conversion efficiency
(PCE). The PCE is measured in international standard test conditions, under 25 - C and
an irradiation of 1000 W/m2with an air mass 1.5 spectrum (AM 1.5). The PCE is

defined as following:

— Pmaa: — FFXVOCXJSC
77 P@'nc Pinc

where FF is fill factor, Vocis open circuit voltage, Jscis short circuit current density, Pincis
incident input power, Jmaxis the maximum point current density and Vimax is the maximum
voltage (Arbouch et al. 2014). Thereby, the FF, Vocand Jscare the 3 important parameters
that determines the PCE of photovoltaic device.



1.31 Fill Factor (FF)

The series resistance (Rs), shunt resistance (Rs») and diode (Ip) are the three fundamental
elements in the solar cell equivalent circuit that determines the FF. Ideally, the maximum
power produced by the cell under illumination is equal to the product of Jscand Voc.
However, in practice the diode deviates from the ideal situation and the maximum power
becomes the product of the Jmaxand Vmax (Arbouch et al. 2014). Thus, it is defined as the
ratio of the maximum power from the cell over the product of Vocand Jsc. Graphically, the
FF is represented as the area of the largest rectangle that fit in the IV curve, Fig 1.7.

|-V curve
Jsc — Pmax
H

Power

P-V curve

Vimax Voc

Voltage

Fig. 1.6. IV curve and maximum power (Selman & Mahmood 2016)

FF — me,a,:l; X J'm,a,m
VoexJse

Whereas, JmaxiS the maximum point current density and Vimaxis the maximum voltage, Voc
IS open circuit voltage and Jscis short circuit current density.

1.3.2 Open Circuit Voltage (Vo)

The Vocis the difference of the electrical potential between two terminals when a device
is disconnected from any circuit (Arbouch et al. 2014). The Vo of solar cell is usually
measured under specific condition such as illumination and temperature, it can be
increased by increasing ionization potential; the band gap and decreasing the driving force
for hole and electron transfer (Markvart et al. 2003).



Fig. 1.7. Open circuit voltage VOC for OPV (Markvart et al. 2003)

1.3.3 Short Circuit Current Density (Jsc)

The Jscis the maximum photocurrent density which can be obtained from the device at
short circuit condition. The Jscis the result of generation and collection of light-generated
carriers, it is the largest current that can be drawn from the cell and directly proportional
to the light intensity. For an ideal solar cell, Jscand the light generated current should be
identical. It is related to the external quantum efficiency (EQE) through the following

equation (Arbouch et al. 2014) :

Jso =& [ BQB(N) x By{A) x )

max

where q is an electron charge, # is the Planck constant, c is the speed of light and A is the
wavelength of the light. The EQE is the ratio of the number of incident photons at a
specific wavelength.
Thereby, the EQE depends on five parameters:

* The device efficacy in photon absorption

* The exciton capacity to diffuse to D/A interface

» The efficiency of exciton to dissociate

* The charge carrier transport throughout the device



* The electrodes charge collection efficiency.

1.4 Studied Molecules

14.1 Physical and Chemical Properties
1.4.1.1 Indigo

Indigo is 2,2’-Bis(2,3-dihydro-3- oxoindolyliden) a dark-blue powder with coppery luster
Fig 1.8. It has a molecular weight of 262.26 g/mol, it is insoluble in water and soluble in
aniline, nitrobenzene, choloroform and sulfuric acid with melting point of 734 to 738 -F.
It is an organic molecule used as a colorant for textiles, apparel, and leather
manufacturing. The molecule is produced by condensation of aniline, formaldehyde and
hydrocyanic acid to form N-phenylglycinonitrile, followed by alkaline hydrolysis to yield
N-phenylglycine which makes indigo in 94 % ( n.d.a).

Fig. 1.8. Structure and numbered atoms of Indigo, 2,2’-Bis(2,3-dihydro-3- oxoindolyliden)
Molecule 1: R23= R24= R25= R26= R27= R28= R29= R30=

H Molecule 2: Rz4= R2s= NO;

Molecule 3: Rzs= R2s= CN

Molecule 4: R23= R24= R25= R26= R27= R28= R29=R30=F

Molecule 5: R23= R2s= R2s= R29= F

Molecule 6: R23= R24= R25= R26= R27= R28= R29= R30= Cl

Molecule 7: R23= R24= R2s= R29= Cl

1412 Alizarin

Alizarin is 1, 2 -Dihydroxyanthracene-9, 10-dione, an orange-red crystals or powder, Fig
1.9. It has a molecular weight of 240.21 g/mol, it is sparingly soluble in water and soluble
in chloroform and hexane with melting point of 534 to 541 - F. It is an organic molecule
that has a role as chromophore, a dye and plant metabolite. The molecule is produced by
oxidation of anthraquinone-2-sulfonic acid ( n.d.b).



Fig. 1.9. Structure and numbered atoms of Alizarin, 1, 2 -Dihydroxyanthracene-9, 10-dione and
it’s functionalized molecules.

Molecule 1: R17= R18= R19= R20= R21= R22= H

Molecule 2: R17= R1g= R19= R20= CI

Molecule 3: R17= R1g= Cl

Molecule 4: Ri7= Ris= F

Molecule 5: R17= R1s= R19= Rz0=F

Molecule 6: R17= Rig= CN

Molecule 7: R17= Ris= R19= R3o=

CN Molecule 8: R17= NO;

14.1.3 Emodin

Emodin is 6-methyl-1,3,8-trihydroxyanthraquinone, an orange need or powder, Fig 1.10.
It has molecular weight of 270.24 g/mol, it is insoluble in water, soluble in ethanol and
moderately souble in aqueous alkali solutions with melting point of 493 to 495 -F. It is
present in the roots and barks of several plants, moulds and lichens and used as cathartic
and dye intermediate ( n.d.c).

. H
R 16 24 235
o) P

Fig. 1.10. Structure and numbered atoms of Emodin, 6-methyl-1,3,8-trihydroxyanthraquinone
Molecule 1: R15= R16= R17= R18= R19= R26= CH3

Molecule 2: R26= C;Hs

Molecule 3: R15=CN

Molecule 4: R15=F

Molecule 5: R26=Cl



1414  Purpurin

Purpurin is 1,2,4-Trihydroxyanthraquinone,crystalline solid, Fig 1.11. It has molecular
weight of 256.21 g/mol, it is insoluble in hexane and soluble in chloroform with melting
of 498 -F. It is used as a biological pigment, a histological dye and a plant metabolite. It
is derived from 9,10-anthraquinone by replacement of three hydrogen atoms by hydroxyl
groups ( n.d.d).

Fig. 1.11. Structure and numbered atoms of Purpurin, 1,2,4-Trihydroxyanthraquinone
Molecule 1: R17= R18= R19= R20= R21=H

Molecule 2: R18= NO,

Molecule 3: R18=CN

Molecule 4: R18=ClI

Molecule 5: R17=R18=Cl

Molecule 6: R17=R18=F

CHAPTER 2

2 Theoretical Background
2.1 Schrédinger Equation

In the 20th century, physicist discovered that microscopic particles such as electrons and nuclei
do not obey the classical mechanics laws. These particles behavior can be described by Quantum
Mechanics, the laws of mechanics were discovered by Heisenberg, Born and Jordan in 1925 and
Schrédinger in 1926.

Quantum mechanics considers a particle to be distributed through space like a wave, the
mathematical expression of the wave is called a wave function, { (psi). The Schrédinger equation
is used to find the wavefunction of any system. The time-independent Schrodinger equation for
a particle of mass m moving in one dimension with energy E is represented by (Atkins & De Paula
2006):

B2 d* _
—gmaz T V(@)Y =E¢
The total energy E is summation of potential and kinetic energy, the first term is related to the

kinetic energy where %is modification of Planck’s constant:



h -3
h= 5 — 1.05457 x 107 Js
Il
where the V (X) is the potential energy of the particle at the point X.The potential energy consists
of nucleus-electron potential, the electron-electron potential, and the nucleus-nucleus potential.

2.2 Hamiltonian Operator

The Schrodinger equation can also be represented by:
Hy =Ey

2 ‘ . 52 o2 52
H=—32V+V g V'=smtoptom

where T oy?
For the evolution of the system with time, the time-dependent Schrédinger equation is used:
oy
HY = ih—
¥ =ihg

The H™ is known as Hamiltonian operator, it carries out mathematical operation by taking the

2

)
second derivative of y, then multiplies by ~3m and adds the result to the outcome of multiplying
w by V . It corresponds to the total energy of the system that includes the Kinetic and potential
energies. The Hamiltonian for a molecule consisting of n electrons and N nuclei can be represented

as(Lewars 2003):
N

~ 2
A=-2%

i
2.3 Electronic Structure Methods

Quantum mechanics is used to describe the electronic structure of an atom that is essential in
understanding the structures and reactions of atoms and molecules. The Schrédinger equation can
be solved exactly for a one-electron atom such as Hydrogen but it is extremely complicated for
manyelectron atom due to the electron interaction with one another. Thereby, different approaches
are used in making approximations (Atkins & De Paula 2006).

2.3.1 Born-Oppenheimer

Born-Oppenheimer is one of the simplest adopted approximations. It suggests that the nuclei,
being heavier than the electron, move relatively slowly and may be treated as stationary while
electron move in their field. Therefore, the nuclei is considered as fixed at arbitrary locations, and
then solve the Schrddinger equation for the wavefunction of electrons only. This approximation
allows the separation of the nuclear variable from the electron variables. The Hamiltonian operator
obtained after applying the Born-Oppenheimer approximation can be written as sum of the kinetic
(T) and potential energies (V) of the nuclei and electrons (Lewars 2003).

Htot = Tn + Te + Vne + Vee + Vnm

2.3.2 Hartree-Fock (HF) Theory

Hartree-Fock theory is considered to be one of the simplest kind of ab initio calculations. It is
represented by a function called Hartree product which is the product of one-electron
wavefunction:

o= wo(1)wo(2)wo(3)....wo(N)

Where ypo is a function of all the electrons in the atom, wo(1) is a function of the coordinates of
electron 1, wo(2) is a function of the coordinates of electron 2...and so on. The initial guess of o
is based on the zeroth approximation, then we solve for electron 1 a one-electron Schrédinger
equation in which electron-electron repulsion comes from electron 1 and an average field of other



electrons, the only moving particle in this equation is electron 1. Then electron 2 is solved for in
the same way continuing to electron n, the completion of the first cycle of calculation gives
(Lewars 2003)

y1=y(L)y(2w(3)...ya(n)

The repetition of the cycle gives,

w2 = y2(1)y2(2)w2(3)...w2(n)

The process is repeated for k cycles for yi until no change is seen in the w values, a procedure
known as self-consistent field procedure, SCF. However, the Hartree product address the electron
spin in an ad hoc way and the product is symmetric. These disadvantages were corrected by Fock
and Slater in 1930, in which the Hartree’s iterative, average-field is corrected by electrons spin
and antisymmetry leading into Hartree-Fock equation.

2.3.3  Density Functional Theory

The Density functional theory, DFT, is an alternative to wavefunction which is based on electron
density function that is known as the electron density or the charge density denoted as p. Unlike
the wavefunction method that is based on 4n variables; three spatial coordinates and one spin
coordinate, the electron density is based only on three variable (x,y,z) (Atkins & De Paula 2006,
Lewars 2003, Young 2004).

The DFT calculation is based on two theorems set by Hohenberg and Kohn in 1964, the first
theorem states that the properties of a molecule in a ground electronic state are calculated by the
ground state electron density function p(X,y,z).
po(x.y,2) — Eo

In which Eois a functional of po(X,y,z), any ground state property of a molecule is a functional of
the ground state electron density function, for example, the energy

Eo= F[po] = E[po]. The second theorem is based on variation theorem in which the trial electron
density will give energy that is higher or equal to the true ground state energy.

Ev[pt] > Eo[po]

In which the Ey is the energy of the electrons moving under the potential of the atomic nuclei, p is
a trial electronic density and Eo[po] is the true ground state energy corresponding to the true
electronic density po.

In order to determine the electron density the Kohn-Sham approaches DFT by expressing the
molecular energy as a sum of terms and use initial guess of the electron density p in the KS
equation to calculate the initial guess of the KS orbitals and energy levels.

The ground state electronic energy of the real molecule is expressed as the sum of the total electron
kinetics energies, the Epen nucleus-electron attraction potential energies and the Ep ;e.e
electronelectron repulsion potential energies and the exchange correlation energy; takes the spin
effect into consideration:

E[p] =Ex+ Ep;e,N +Epjee+ Exc[p]

The orbitals that used are used to construct the electron density

N
p() = Dl (I



are calculated from the Kohn-Sham equations:

V2 p(ra)e? ‘ il = eabi(:
{ 2m¢ Z 47’(‘[]1"11 ] 4rc:21rudr2 + VYC(”)}@-M(H) = €ithi(r1)
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N = Kinetic energy
Z‘j(’.z
dmegr .
7' = Electron-nucleus attraction
[ plra)e? 4.
imeoriz - 2 = Electron-electron repulsion
Vxc(r1)) = Exchange correlation, is the functional derivative of the exchange correlation energy:
oF Ml
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The equations of Kohn-Sham are solved iteratively and self-consistently in which the electron
density is first guessed, superposition of atomic electron densities is commonly used. Secondly,
the exchange-correlation potential is calculated by considering approximation of the reliance of
the exchange-correlation energy on the electron density and evaluation of the functional derivative

f rXC ép . The simplest approximation is the local-density approximation as

following:

090 Exc[p] =] p(r)exclp(r)]dr

The exc is the exchange-correlation energy per electron in a homogeneous gas of constant density.
An initial set of orbitals is obtained by solving Kohn-Sham equation, the process of iteration is
repeated until the density and the exchange-correlation energy are constant (Atkins & De Paula
2006). The time-dependent density functional theory (TD-DFT) is based on time-dependent
Schrédinger equation which can be used in the calculation of UV spectra (Lewars 2003).

2.3.4 The Local Density Approximation (LDA)

The local density approximation, LDA, is the simplest type of exchange correlation energy
Exc[p(r)] approximation introduced by Kohn and Sham. It assumes that the density can be treated
locally as an uniform electron gas; the exchange correlation energy at each point in the system is
the same as that of an uniform electron gas of the same density.

The LDA method has been largely replaced by a developed method known as local spin density
approximation, LSDA. The LSDA, often known as LSD sets electrons of a and g spin into

different Kohn-Sham orbital V4 - and ws® in which different density functions follows, p*and p”.
The functional can handle systems with one or more unpaired electrons such as radicals (Cramer
& Bickelhaupt 2003, Lewars 2003).

2.3.5 Gradient-Corrected Functional

In gradient-corrected functional or generalized-gradient approximation, GGA the exchange-

correlation energy functional uses the electron density and its gradient; the first derivative of p
a 8 O\,

with respect to position, (r)'r Ty T E)p =Vp . Examples of gradient-corrected correlation-

energy functionals are the LYP (Lee-Yang-Parr) and the P86 (Perdew 1986) functionals.

Functionals that use the second derivative of/ (80-7 Tzt 57)/) =V are known as meta-
gradient corrected, meta-GGA ,MGGA.

The MGGA functional depends on the kinetic energy density 7 that is obtained by summing the
squares of the gradients of the Kohn-Sham MOs (Lewars 2003):
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Examples of MGGA functionals are tHCTH (Hamprecht, Cohen, Tozer, Handy) and B98 (Becke
1998).

2.3.6  hybrid or Hyper-GGA methods

In hybrid GGA method, the Exc(p) is considered as the sum of DFT exchange-correlation energy
and HF exchange energy. The percentage of HF exchange energy to use is based on the several
hybrid functionals, an example of hybrid-GGA is the B3LYP. In hybrid meta-GGA, the hartree
Fock exchange is add on to meta-GGA, the first and second derivative of p and Hartree-Fock
exchange (Lewars 2003).

2.4 Basis Sets Approximation
A basis set is a set of mathematical functions (basis functions) that describes system orbital used
in approximating theoretical calculations or modeling. The most commonly used functions are
Slatertype orbital (STOs) and Gaussian-type orbital (GTOs), the STOs functions are used in
semiempirical methods and the gaussian functions are used in ab initio methods.
The general expression of STOs is given as following (Lewars 2003):
STOs=Nxe™
where N is the normalization constant, « is the orbital exponent and r is the radius in angstroms.
STOs are described by function depending on spherical coordinates:
d1(o,n,Lm;r,0,4) = Nr" Ve~ (6,4)
The r,6 and ¢ are spherical coordinates, and Y is the angular momentum. The n,l and m are
guantum numbers, principal, angular momentum and magnetic, respectively.
The STOs implementation on two-electron integrals requires excessive computer time and
becomes extremely difficult to calculate, however, they can be evaluated by Gaussian basis
functions. The GTOs uses easier evaluated functions in which the exponential e~ rather than
the STOs e—*". It is represented as following:
CI ik = N, aJa"u
where i,j and k are non-negative integers, « is a positive orbital exponent, Xa,ya, and zaare Cartesian
coordinates with the origin at a, and N is the Cartesian Gaussian normalization constant.
Basis set can be classified into the following (Lewars 2003, Ramachandran et al. 2008):
* Minimal basis sets: One basis function for every atomic orbital that is required to describe
the free atom is selected. This includes STO-3G, STO-4G,STO-6G,STO-3G* (polarized)
* Pople basis sets: Each basis function is represented as a sum of gaussian primitives, 3-
21g, 3-21g* (polarized), 3-21+g (Diffuse), 3-21+g* (polarized and diffused),
6-31g,6-31g*,6-31+g*, 6-31g(3df, 3pd), 6-311g, 6-311g*, 6-311+g*
* Correlation consistent basis sets: These are basis sets that includes shells of polarization
(correlating) functions that can converge the electronic energy to the complete basis set
limit such as cc-pVDZ, cc-pVTZ, cc-pVQZ, cc-pV5Z, aug-cc-pvVDZ
* Double, triple and quadruple zeta basis sets: These are basis sets that have several basis
functions for each atomic orbital that includes both inner and valence orbitals, known as
zeta basis sets. Example is D95 basis set of Dunning.
* Plane wave basis sets.



25 Hirschfeld Surface Analysis
Molecules within a crystal structure may utilize Hirschfeld surface analysis to determine the
intermolecular interactions between particular molecules or for the crystal structure. The space in
the crystal is partitioned into regions where the electron distribution of a sum of spherical atoms
for the molecule (the promolecule) dominates the corresponding sum over the crystal (the
procrystal) to construct the Hirschfeld surface of a molecule. The molecular weight function w(r)
is defined as (Spackman et al. 2021b):
w(.r) — Prromolecule

Pprocrystal

ac 3, palr)
p | _ molecule
w ( r) obe X pw(r)

erystal

pa(r) is a spherically-averaged atomic electron density centred on nucleus a, and the promolecule
and procrystal are sums over the atoms belonging to the molecule and to the crystal, respectively.
The Hirschfeld surface is then defined in a crystal as that region around a molecule where

W 1 . I .
w(r) = 2, i.e, the region where the promolecule contribution to the procrystal electron density
exceeds that from all other molecules in the crystal.



CHAPTER 3
Computational Methods

All calculations have been performed using Gaussian 09 package (Frisch et al. n.d.). The
ground state structure of all molecules have been optimized via density functional theory
(DFT) (Hohenberg & Kohn 1964). The structures of emodin and purpurin were optimized
using Becke, 3-parameter, Lee-Yang-Parr (B3LYP) functional (Becke 1988, 1992,
Cagardova & Lukes 2017, Lee et al. 1988) and the 6-31++(d,p) basis set. For indigo and
alizarin, the molecules were optimized by using B3LYP, Coulomb-attenuating method -
B3LYP (CAM-B3LYP) (Yanai etal. 2004) and WB97XD (HalseyMoore et al. 2019) with
basis 6-31++G(d,p). The performed calculations include A for holes and electrons,
adiabatic ionization potential (IP), adiabatic electron affinity (EA), chemical hardness (n),
HOMO and LUMO energy levels and energy gap Ej.

The excited states of the molecules were determined using time-dependent density
functional theory (TD-DFT) (Stratmann et al. 1998) utilizing the functional B3LYP with
6-31++ (d, p) basis set from ground state optimized geometry in vacuum and solvent
(Ethanol). This gives the absorption spectra and oscillator strength. The harmonic
vibrational frequencies have been performed at the same computational level used for
optimization to ensure that all molecules have reached local minima, no negative
frequencies have been found.

The reorganization energy for holes (An) and electrons (Ae) are calculated using the
following formula:

Ae= (Eo- - E-=) + (E-0- Eo9)

Ah= (EO+ - E++) + (E+O - EOO)

where, the £o (£5) is the anionic (cationic) energy of the molecule in optimized neutral
structure, the EZ(ET) is the anionic (cationic) energy of the molecule in optimized anion
(cation) structure, the £ (£) is the neutral energy of the molecule in optimized anion
(cation) structure and the Edis the neutral energy of the molecule in optimized neutral

structure (Chen et al. 2017, Sahoo et al.

2016, Scharber & Sariciftci 2013).



The ionization potential and electron affinity energies were calculated as per the
following equation:

IP = E(M*)-E(M")

EA = E(M%)-E(M-)

The E(M0), E(M*) and E(M-) are the total energies of the neutral, anionic and cationic
state of the molecule (Oshi et al. 2017). The hardness of the molecule, n, was calculated
using (IP-EA)/2 (Prabha et al. 2017, Sun & Jin 2017).

Furthermore, the intermolecular interaction of emodin and purpurin were investigated
to determine the role of these interactions to the crystal lattice through Hirshfeld surface
analysis (Spackman et al. 2021b). To aid the interpretation of the interactions, dmap, Shape
index and 2D fingerprint plots (Spackman et al. 2021b) were demonstrated. The 3D
energy framework was represented by computing the interaction energies, electrostatic
energy, polarization energy, dispersion energy, exchangerepulsion energy, and total
intermolecular energy (Jayatilaka & Grimwood 2003) at B3LYP/6-31G (d,p), and a 3.8
A cluster was generated around the molecule. The calculations were done using the
CrystalExplorerl7 program (Spackman et al. 2021a). Emodin and hydrated purpurin was
used in the representation of the 3D energy framework.



CHAPTER 4
Results and Discussion

4.1  Reorganization Energy

The hole and electron reorganization energies of indigo and it’s functionalized molecules
are listed in Table 4.1. The Anfor molecule 6 is lower than the original molecule and it’s
other functionalized molecules on all basis functionals. Following molecule 6, is the
original molecule and then molecule 7 while the other functionalized molecules ranged
from 0.208 eV to 0.251 eV using B3LYP, 0.342 1.076 eV at CAM-B3LYP and 0.354 -
0.847 eV at W97XD. The small values of the reorganization energy result in an increase
in the charge transfer rate (Chen et al. 2017, Hu et al. 2016, Sun & Jin 2017) and thus
expect to improve the Vocand FF (He et al. 2011, Jin & Wang 2015). The Ax of these
molecules is smaller than a commonly used hole transport material, N, N’- Bis (3-
methylphenyl)N, N’-diphenylbenzidine (TPD), An=0.290 eV (Gruhn et al. 2002), which
indicates that the hole transport rate for indigo and it’s functionalized molecules maybe
higher than that of TPD.

The Aeof indigo is calculated to be 0.175 eV at B3LYP and 0.270 eV at WB97XD which
is smaller than all of it’s functionalized molecules. Also, the A. value of indigo is smaller
than a commonly used electron transport material Tris(8-hydroxyquin-olinato)
aluminium (Algs), 2.=0.276 eV (Marcus 1964). This implies that indigo may have higher
electron transport rate than Algs, however, it’s functionalized molecules have higher Ae
than that of Algs indicating lower electron transport rate.

The difference between the Aeand A values for indigo molecule ranges between 0.01 eV
and 0.15 eV at all three different functionals and thus may act as a good candidate for
ambipolar charge transport material; material which can be used as hole and electron
transport (Chen et al. 2017, Sahoo et al. 2016). Adding functional groups plays a role in
shifting it to a better hole transport material as all values of A» were smaller than A.. This
suggests that the functionalized molecules of indigo hole carrier mobility is larger than
that of electron. Moreover, it also implies that functionalization can be used as good
strategy to enhance and tune it’s mobility (Menard et al. 2004, Oshi et al. 2017).

The original molecule of alizarin shows smaller values for A. than Ax for all computed
functionals by range of 0.120-0.116 eVV. Among alizarin and its functionalized molecules,
the least An values were in molecule 6 and 7. However, the overall A. values for the
functionalized molecules are also less than Ax. Thus, the original alizarin molecule along
with its functionalized molecules serves better as electron transport than hole transport.
In comparison with indigo, the reorganization energies of indigo are smaller than that of



alizarin. The reorganization energies of hole and electron for alizarin and it’s
functionalized molecules are listed in Table 4.1. The differences in the values of
reorganization energy are also a result of geometry relaxation and contraction during the
oxidation and reduction process.

The Arand Ae values of emodin and its functionalized molecules are listed in Table 4.1.
For emodin, it can be observed that the A» value is smaller than the value of A, 0.22 eV
and 0.41 eV, respectively. The Anvalues increased upon introduction of functional groups
with the lowest value being 0.38 eV for molecule 4 and 5, and the highest values being
0.40 for molecule 2 and 3. The Aeshowed only slight changes in values with an increase
of 0.03 eV on F-functionalized molecule 4 and a decrease on molecule 3 (0.03 eV) and 5
(0.01 eV). The changes in Arand Aeare due to the changes in structure during oxidation
and reduction that is attributed to the C-X (functional groups), bonds contribution. As
mentioned in section 1.1, the charge transfer rate increases with the decrease of
reorganization energy. As such, emodin without functionalization is predicted to have the
highest charge transfer rate and serves as a good candidate as a hole transport material
and electron transport material upon introduction of functional groups.

Purpurin Anrand Ae values are also listed in Table 4.1. Unlike emodin, the value of Aeis
smaller than Ax value, 0.39 eV and 0.59 eV, respectively. Accordingly, purpurin without
functionalization may act as good electron transport material. The addition of functional
groups has led into minor decrease of A»in molecules 2, 3, 5 and 6 with A values of 0.56,
0.56, 0.58, 0.58 eV, respectively. The only increase was in Cl-functionalized molecule 4
with Axnto be 0.60 eV. The changes in A values are also minor, with the largest increase
for molecule 2 and 6 by 0.03 eV and the smallest decrease for molecule 3 by 0.02 eV.
While no change occurred in Cl-functionalized molecules, 4 and 5. Based on the given
data, purpurin is inclined to have high charge transport rate as an electron transport
material and its functionalized molecules may also have similar charge transfer rate as
electron transport materials. In general, for halogenated molecules, the values for F show
higher reorganization energy than Cl, in emodin and purpurin as a result of higher
electronegativity of Fluorine. This is in agreement with results of halogenated
naphthalene (Oshi et al. 2017) and tetracene (Sancho-Garcia et al. 2010). It is suggested
that the intra-ring functionalization of molecules may yield better results in minimizing
the reorganization energy as it avoids the introduction of additional degrees of freedom
for geometric relaxation (Li et al. 2012). Overall, the values of A»and A are similar to
those of proposed organic semiconductors (Li et al. 2012, Oshi et al. 2017, 2018, 2019).



The values of chemical hardness for the molecules are also presented in Table 4.1. The

chemical hardness (n) is defined as the resistance of the chemical potential to change in

the number of electrons (Sun & Jin 2017), the functionalized molecules show similar

values of n to that emodin and purpurin, indicating their stability.

B3LYP CAM-B3LYP WB97XD

Molecule An Ae IP EA An Ae IP EA An Ae IP EA
Indigo

1 — None 0.195 0.175 6.968 1.906 0.331 0.477 7.060 1894 -0.171 -0.270 6.539 1.826
2—-(2)NO, 0.223 0.295 7.736 3.072 1.076 0.266 7.875 2133 0467 0.472 8.297 2.819
3-CN 0.208 0.293 7.631 2.785 0.342 0.443 7.758 2728 0.354 0.449 7.752 2.675
4 — (8)F 0.251 0411 7.778 2.762 0376 0523 7.932 2774 0383 0528 7.875 2.682
5- (4)F 0.235 0.409 7.429 2368 0543 0.525 7.550 2369 0.847 0824 7516 2.291
6 — (8)CI 0.189 0.342 7.485 2.80 0.326 0.457 7.685 2.804 0.340 0817 7.683 2.761
7 (4)CI 0.199 0.360 7.339 2511 0.339 0.478 7.489 2509 0353 0484 7.486 2.459
Alizarin

1 —None 0.482 0.366 8.236 1.622 0.632 0.492 8.127 1939 0.603 0.483 8.112 1.860
2 - (4)Cl 0.365 0.478 8.235 2.002 0.646 0.532 8.243 2454 0.636 0.555 8.259 2.360
3-(2)Cl 0.399 0.395 8.278 1.925 0.638 0.495 8.309 2.290 0.613 0.487 8.295 2.218
4 - (2)F 0.495 0.408 8.321 1.845 0.632 0.526 8.347 2.224 0.609 0,517 8320 2.133
5-(4)F 0.345 0436 8.811 1992 0.636 0.555 8.403 2396 0.614 0544 8.369 2.293
6-(2CN  0.346 0.319 9.071 2562 0.607 0.456 8.658 2.897 0.587 0.451 8.642 2.825
7-(#4CN  0.369 0.686 9.355 4.057 0.608 0.454 8.955 3503 0593 0.449 8938 3.438
8-(2)NO, 0511 0.376 8.446 2.290 0.621 0.490 8.458 2526 0.601 0.490 8.438 2.439

Table 4.1: Ayand A, IP and EA (in eV) and n of Indigo and Alizarin and their functionalized molecules

calculated at B3LYP/6-31++G (d,p),CAM-B3LYP/6-31++G (d,p),WB97XD/6-31++G (d,p) level of

theory



Molecule An Ae IP EA n

Emodin

1 - None 022 041 874 185 344
2 — (1) Ethylene 040 041 813 187 313
3-(1)CN 040 038 842 233 3.05
4-(1)F 038 043 824 198 313
5-(1)Cl 038 040 830 213 3.09
Purpurin

1 - None 059 039 843 185 329
2—(1) NO; 056 042 806 259 274
3-(1)CN 056 037 801 237 282
4—(1)Cl 060 039 781 204 288
5-(2)Cl 058 039 788 219 285
6-(2)F 058 042 793 212 291

Table 4.2: 2,and A, IP and EA (in eV) and n of Emodin and Purpurin and their functionalized
molecules calculated at B3LYP/6-31++G (d,p) level of theory

4.2 lonization and Electron Affinity

The values of IP and EA of indigo and it’s functionalized molecules are given in Table
4.1. The values of IP of all molecules increase with the addition of functional groups,
indigo molecule shows the least IP value while the 8 F functionalized molecule shows the
highest value. This indicates that the addition of more electronegative functional shifts
the molecule to a better n-type semiconductor, as n-type semi-conductors are known to
have higher IP values (Louis et al. 2017). The IP of indigo functionalized molecules with
electronegative atoms, O and N is expected to be high, the addition of functional groups
with higher electronegativity results in higher IP values. Thus, F~ functionalized molecule
is of the higher IP than the CI" functionalized molecule which means that the F
functionalized molecule can act as better n-type semi-conductor than CI functionalized
which is in agreement with halogen functionalization of naphthalene (Oshi et al. 2017).
The addition of further F and CI functional atoms in molecule 4 and 6, also contributes to
higher IP values. The functional groups that were added to the molecule are considered



as de-activators and withdraws electron from the ring, the descending order of the de-
activators is NO2 > CN > Cl > F (McMurry & Simanek 2008). Thus, the EA is expected
to decrease with the addition of these substituents, respectively. This agrees with the
values in Table 4.1. The IP for functionalized alizarin shows the highest values in CN
functionalized molecules, 6 and 7, with values of 9.071 eV (B3LYP), 8.658 eV (CAM-
B3LYP),8.642 eV (WB97XD) and 9.355 eV (B3LYP),8.955 eV (CAM-B3LYP), 8.938
eV (WB97XD) respectively. While CI functionalized molecules, 2 and 3, represents the
least values of 8.235 eV (B3LYP), 8.243 eV (CAM-B3LYP), 8.259 eV (WB97XD) and
8.278 eV (B3LYP), 8.309 eV (CAM-B3LYP), 8.295 eV (WB97XD), respectively. For
the EA of functionalized alizarin, the functionalization with the highly activating group,
i.e., F group has the lowest EA with value of 1.845 eV (B3LYP), 2.224 eV(CAM-B3LYP)
and 2.133 eV (WB97XD) in molecule 4. The highest EA is calculated for CN
functionalized molecules,7 and 6. Molecule 7 with highest values of 4.057 eV (B3LYP),
3.508 eV (CAM-B3LYP) and 3.438 eV (WB97XD). These values are attributed to the
deactivating property of cyanide group making the molecules n-type characteristics
(Louis et al. 2017).

In comparison with indigo, alizarin and its functionalized molecules show overall lower
values of electron affinity. The values of IP and EA of alizarin and it’s functionalized
molecules are given in Table 4.1.

The values IP and EA for emodin, purpurin, and their functionalized molecules are
illustrated in Table 4.1. One of the concerns in n-type organic semiconductor systems is
the lack of stability of their radical anions in the air (De Leeuw et al. 1997) and
functionalization of molecules may be used to tune IP and EA values for a more stabilized
molecule. The IP value of emodin is calculated to be 8.74 eV and the EA is 1.85 eV, and
because of the similarity in structure, the IP and EA of purpurin have shown similar values
to that of emodin with values of 8.43 eV and 1.85 eV, respectively. The functionalization
of emodin and purpurin results in a decrease of IP and an increase in EA values. The

values of emodin IP are in the sequence of molecules 1 >3 >5 >4 > 2 and for EA values



3>5>4>2>1and for purpurin the IP values are in the sequence of 1 >2>3>6 >5 >
4 and for EA2 >3 >5>6 >4 > 1. The NOz-functionalized purpurin has the highest IP
and EA values due to the negative resonance effect and electron affinity of the NO2zgroup.
Electrons are withdrawn from the rings, leading to electron deficit at all positions of the
fused rings. It is followed by the CN-functionalized molecule, which is attributed to the
interactions of the nitrogen lone pair of electrons (negative resonance effect) with the p-
electron clouds of the fused rings, as well as the inductive effect of the electronegative
nitrogen atom. These results are in agreement with the NOz and CN functionalization of
tetracene (Oshi et al. 2018).

Similarly, the CN-functionalized molecule in emodin has the highest EA value, 2.33 eV.
The 2ClI-functionalized purpurin molecule has a higher EA value than the 2F-
functionalized molecule,that is accounted for by the higher ability of Cl to withdraw
electrons,taking into consideration resonance and inductive effects. This is in agreement
with halogenated pentacene (Kuo et al. 2007) and naphthalene (Oshi et al. 2017). In
addition, the Cl-functionalized emodin molecule also has a higher EA than the F-

functionalized molecule.

4.3 HOMO and LUMO Energy and Optical Properties

In indigo, the HOMO values are in the order of molecule 1> 5> 7> 6> 3> 2> 8 and for
LUMO 1> 5> 7> 6> 3> 4> 2. Therefore, the values of Eg4is in the sequence of 5> 4> 1> 7>
6> 3> 2, the values of E4 for all functionalized molecules are less than the non-
functionalized molecule except for molecule 4 and 5. The least value of Eg4is computed
for molecule 2 with 2.24 eV which is also expected to reflect on improved Isc (Jin & Wang
2015). In general, the Cl functionalized molecules show lower gap than the F-
functionalized molecules, followed by CN with value of 2.372 eV. The results are
consistent with the IP and EA, it also indicates that addition of functional groups can lead
to the alternation in the molecular properties. The values of Eg, HOMO and LUMO of

indigo and it’s functionalized molecules are reported in Table 4.3.



Molecule Eg(eV) Aabs HOMO(eV) LUMO(eV) f
Indigo
1 - None 2462  551.48 -5.63 -3.16 0.2767
2 —(2)NO2 2,240 608.1 -6.46 -4.22 0.2805
3-(2)CN 2,372 568.42 -6.36 -3.98 0.3262
4 — (8)F 2471  548.47 -6.48 -4.01 0.3248
5-(4)F 2490 547.23 -6.10 -3.62 0.2427
6 — (8)CI 2416  1253.38 -6.34 -3.92 0
7—(4)Cl 2433 563.27 -6.11 -3.68 0.3024
Alizarin
1 - None 3.73 431.34 -6.72 -2.99 0
2—(4)Cl 3.61 429.44  -6.83 -3.22 0.0134
3—(2)Cl 3.59 430.03 -6.82 -3.23 0
4 —(2)F 3.61 426.17 -6.82 -3.21 0
5-(4)F 3.55 43529 -6.89 -3.34 0.0013
6 - (2)CN 3.32 446.75 -7.17 -3.85 0
7—(4)CN 3.11 47428 -7.50 -4.39 0
8- (1)NO2 3.38 472.38 -6.95 -3.58 0.0033
Emodin
1 - None 3.52 413.28 -6.69 -3.18 0.1139
2 — (1) Ethylene 3.51 41472  -6.69 -3.18 0.1173
3-(1)CN 3.40 42731 -7.01 -3.62 0.091
4 — (F 3.51 411.77 -6.81 -3.30 0.1063
5-(1Cl 3.45 421.43 -6.89 -3.44 0.1183
Purpurin
1 - None 3.12 452.09 -6.31 -3.19 0.1274
2 —(1)NO2 2.84 509.51 -6.68 -3.84 0.0797
3-(1)CN 2.97 480.52 -6.63 -3.66 0.1138
4 —(1)ClI 3.09 45557 -6.44 -3.35 0.1349
5-(2)ClI 3.06 461.24 -6.53 -3.47 0.135
6 - (2F 3.09 456.44 -6.54 -3.45 0.1241

Table 4.3: HOMO-LUMO Gap of Indigo,

Alizarin and derivatives

The HOMO and LUMO values of alizarin and it’s functionalized molecules is in the

sequence of 1>4=3>2>5>8>6>7>and 1>4>2>3>5>8>6>7, respectively. The Egin

alizarin is in the order of 1> 2= 4> 3> 5> 8> 6> 7, the E4value of alizarin molecule is

higher than indigo by a 1.268 eV due to the presence of 2 oxygen and nitrogen elements,

the overall substituted molecules of alizarin are also higher than indigo functionalized

molecules. The highest Eg in the functionalized molecules is in molecule 2 and molecule

4 with value of 3.61 eV and the smallest value is in molecule 7 with value of 3.11 eV. In

general, the energy gaps of both indigo and alizarin along with their functionalized



molecules fall between the approximate energy gaps of organic semi-conductors, i.e.
between 1.4 - 4.2 eV (Chen et al. 2017). The LUMO values of both molecules were
lowered upon the introduction of the functional groups which denotes higher ability to
accept electrons (Prabha et al. 2017) and these values are in agreement with increasing IP
and EA reported values in Table 4.1.The typical range of p-type semi-conductors for
HOMO is 4.9-5.5 eV, while n-type semi-conductors LUMO energy levels falls between
3.0 and 4.0 eV (Cardia et al. 2014). The LUMO values of indigo and alizarin falls along
with its functionalized molecules fall within the range of n-type semi-conductors, with
the exception of molecule 2 and 4 in indigo and molecule 7 in alizarin. However, higher
charge mobility is expected to be in indigo than in alizarin due to it’s smaller energy gap
(Oshi et al. 2017). The values of Eg, HOMO and LUMO of alizarin and it’s derivatives
are reported in Table 4.3.

The HOMO and LUMO qualitative molecular representations of indigo and alizarin and
their functionalized molecule in Soare depicted in figure 3 and 4, respectively. For Indigo,
the HOMO and LUMO is delocalized on the molecule and it’s derivative, except for some
of the functional groups, the transition is within the benzene ring mainly. This indicates a
strong overlap between the HOMO and LUMO that leads to strong optical absorption due
to electron excitation So—S1 which can be assigned as HOMO and LUMO transition. In
figure 4.1, the delocalization predicts the transition from the oxygen substituted rings to
the benzene ring. The study of these frontier molecular orbital (FMO), in qualitative

manner, is insightful in predicting the electron transition (Sun & Jin 2017).
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Fig. 4.1. HOMO and LUMO of Indigo molecule 1 - 7



Fig. 4.2. HOMO and LUMO of Alizarin molecule 1 — 8



The oscillator strength of the Indigo and Alizarin and their derivatives is shown in Table
4.3. The oscillator strength expresses the probability of absorption of electromagnetic
radiation, larger oscillator strength represents larger absorption coefficient. In further
investigation, indigo excited state S1corresponds to the strongest absorption at 551.48 nm
(= 0.2767) and 596.75 nm (f= 0.3500) in vacuum and solvent, respectively. As for it’s
functionalized molecules, molecule 2 strongest absorption was 608.10 nm (f= 0.2805) and
681.57 nm (f= 0.3384)at excited state S1in vacuum and solvent, respectively, molecule 3
strongest absorption was 568.42 nm (f= 0.3262) and 620.36 nm (f= 0.4075) at excited
state S1in vacuum and solvent, respectively, molecule 4 showed strongest absorption in
548.47 nm (f= 0.3248) and 588.55 nm (f= 0.3996) at excited state S1in vacuum and
solvent, respectively, molecule 5 strongest absorption was 547.23 nm (f= 0.2427) and
586.79 nm (f= 0.3171) at excited state S1in vacuum and solvent, respectively. While
molecule 6 strongest absorption in vacuum was 576.92 nm (f= 0.4156) at excited state Sz,
the solvent absorption was 608.17 nm (f= 0.4543) at excited state Si. The strongest
absorption in molecule 7 was 563.27 nm (f= 0.3024) and 602.83 nm (f= 0.3907) excited
state S1in vacuum and solvent, respectively. The strongest absorption was noted in indigo
8Cl functionalized, molecule 6. While, the other excited states of indigo and it’s
functionalized molecules can be considered as negligible due to the low values of
oscillator strength as shown in 4.3.

In Alizarin, the original molecule excited state Sz corresponds to the strongest absorption
at 381.58 nm (f= 0.1036) in vacuum and excited state Sz at 407.63 nm (f= 0.1750) in
solvent. For the functionalized molecules, molecule 2 strongest absorption was 429.30
nm (f= 0.1273) in solvent at S1, molecule 3 strongest absorption was 394.82 nm (f=
0.1314) in vacuum at Szand 418.92 nm (f= 0.1825) in solvent at S1, molecule 4 strongest
absorption was 391.60 nm (f= 0.1209) in vacuum and 414.88 nm (f= 0.1697) in solvent
at Sz, molecule 5 strongest absorption was 427.23 nm (f= 0.1513) in solvent at Si,
molecule 6 was 620.36 nm (f= 0.4075) in solvent at S1, molecule 7 was 507.70 nm (f=
0.1172) in solvent at S1and molecule 8 was 461.59 nm (f= 0.0759) in solvent at S1. The
highest absorption among alizarin and it’s functionalized molecules was 2Cl, molecule 3,

however, alizarin absorption strength is relatively lower than that of indigo. The overall



Amax values are in agreement with the reported Eg of the molecules in which the smaller
Eg resulted in higher Amax. The maximum absorptions for indigo and alizarin at different
excitation states along with their transition energies are in Table 4.4, in vacuum and
chloroform. In the presence of solvent, the neat and functionalized molecules have shown
a redshift absorption in different excitation states as illustrated also in Table 4.4 and the
absorption strength seen in solvent was stronger than in vacuum, which means that the
solvent have effects on the absorption of the molecules to light.

The stability of the molecules was predicted using hardness which describes the resistance
of the chemical potential to change in the number of electrons (Sun & Jin 2017). The n
values, listed in Table 4.1, of the substituted molecules are similar to those of the indigo
and alizarin which indicates that the functionalized molecules are also stable.

The values of E5, HOMO and LUMO of emodin, purpurin and their functionalized
molecules are shown in Table 4.3, the molecules Eg4 falls within the range of organic
semiconductors, 1.4 - 4.2 eV (Chen et al. 2017). The functionalization of emodin and
purpurin contributed in lowering the energy gap that predicts kinetic stability and an
increase in conductivity.

The energy gap of emodin and its functionalized molecules ranged between 3.40 - 3.52
eV, the smallest E4 value was for CN-functionalized molecule 3, 3.40 eV and followed
by Cl-functionalized molecule 5, 3.45 eV and accordingly is predicted to have better
conductivity. In addition, the LUMO energy levels and A of CN and Cl-functionalized
molecules also have the lowest values which results in improving emodin functionality
as n-type material.

The overall LUMO values decreased except for CzHz, the LUMO values ordered as
molecule 1= 2> 4> 5> 3. The CN-functionalized molecule showed the lowest value
leading into smallest energy gap value. The HOMO levels also decreased in value with

the order of molecule 1= 2> 4> 5> 3.

The HOMO and LUMO values of purpurin and its functionalized molecules are in the
sequence of molecule 1> 4> 5> 6> 3> 2 and 1> 4> 6> 5> 3> 2, respectively. The Egvalues
range from 2.84 - 3.12 eV, emodin showed the highest Eg value of 3.12 eV with NO2-
functionalization the value decreased into 2.84 eV to become the smallest Egamong the

molecules, followed by CN-functionalized molecule 3.



The decrease of E4 of emodin and purpurin upon addition of functional groups is in
accordance with the results obtained for functionalization of anthracene and tetracene by
F, Cl, NOzand CN (Oshi et al. 2018). Overall, the LUMO values of the molecules is in
the range of typical n-type materials between -3.0 and -4.0 eV, lowering of LUMO also
results in increase of stability (Li et al. 2012) and higher ability to accept electrons (Prabha

et al. 2017). Hence, the studied molecules are proposed to be good n-type materials.

The oscillator strength of emodin and purpurin and their functionalized molecules is
presented in Table 4.4. Oscillator strength express the probability of absorption of
electromagnetic radiation, the higher the oscillator strength is for a molecule the higher
expected absorption. In further studies, the strongest absorption for emodin corresponds
to excited state S1 with value of 413.28 nm (f = 0.1139) in vacuum. For molecule 2, the
strongest absorption was at excited state S1 with value of 429.11 nm (f = 0.1427) in
solvent. The strongest absorption in molecule 3 corresponds to 439.71 nm (f= 0.1168) in
solvent at excited state Si. The excited state Si shows the strongest absorption for
molecule 4 with value of 425.47 nm (f = 0.1283) in solvent. Finally, molecule 5 also
shows strongest absorption at excited state Si with value of 434.66 nm (f = 0.146) in
solvent.

For purpurin, the excited state S1 corresponds to the strongest absorption with values of
461.81 nm (f = 0.194) in solvent. For NO2- functionalized molecule the strongest
absorption value is 541.1 nm (f= 0.0944) in solvent at excited state S1. For molecules 3,
1022.69 nm (f=0.297) in solvent at excited state S1. For the 1Cl-functionalized molecule
at excited state Si with value of 466.58 nm (f = 0.2031) in solvent. As for the 2CI-
functionalized molecule which also corresponds to excited state S: with value of 473.32
nm (f=0.2028) in solvent. For molecule 6, the strongest absorption takes place in vacuum
with value of 456.44 nm (f=0.1241). It can be noticed from the give values in Table 4.4,
that the solvent resulted in red shift of the maximum absorption. Moreover, the decrease
of the Egvalues also resulted in a red shift in the maximum absorption as listed in Table
4.3.



Excited State 1 Excited State 2 Excited State 3
Molecule Amax(nm) f Amax(nm) f Amax(nm) f Amax(nm) f Amax(nm) f Amax(nm) f
Emodin Without Solvent With Solvent Without Solvent With Solvent Without Solvent With Solvent
Indigo
1 - None 551.48 0.2767 596.75 0.3500 458.03 0 476.67 0 433.44 0 426.84 0
2 - (2)NO2 608.1 0.2805 681.57 0.3384 479.35 0 532.01 0 466.55 0 487.57 0
3-(2)CN 568.42 0.3262 620.36 0.4075 457.24 0 473.14 0 447.15 0 443.52 0
4 - (8)F 548.47 0.3248 588.55 0.3996 451.41 0 462.81 0 424,71 0 417.69 0
5— (4)F 547.23 0.2427 586.79 03171 469.11 0 481.35 0 428.75 0 423.54 0
6—(8)ClI 1253.88 0 608.17 0.4543 576.92 0.4156 485.89 0 519.65 0 430.23 0
7-(4)Cl 563.27 0.3024 602.83 0.3907 481.38 0 490.8 0 432.47 0 427.64 0
Alizarin
1 - None 431.34 0 419.83 0 388.39 0 407.63 0.175  381.58 0.1036 380.18 0
2— (4l 429.44 0.0134 429.3 0.1273 400.99 0.0709 408.46 0.0341 383.42 0.0551 378.81 0.0242
3-(2)Cl 430.03 0 418.92 0.1825 394.82 0.1314 418.92 0.0001 385.27 0 379.58 0
4-(2F 426.17 0 415.16 0.0001 391.6 0.1209 414.88 0.1697 382.94 0 377.44 0
5- (4)F 435.29 0.0013 427.23 0.1513 403.71 0.0962 420.57 0.0146 391.01 0.0221 384.32 0.005
6—-(2)CN 446.75 0 620.36 0.4075 430.85 0.1035 473.14 0 398.95 0 443.52 0
7—-(4)CN 474.28 0 507.7 0.1172 465.27 0.0927 471.62 0.0195 424.77 0.0051 458.73 0
8 - (1)NO: 472.38 0.0033 461.59 0.0759 406.84 0.0497 438.47 0 396.47 0.0001 389.46 0
Emodin
1 - None 413.28 0.1139 419.83 0 388.39 0 407.63 0.175  381.58 0.1036 380.18 0
2 — (1) Ethylene 414.72 0.1173 429.11 0.1427 413.11 0.0003 403.01 0 365.56 0.012 378.55 0.0356
3-(1)CN 427.31 0.091 439.71 0.1168 417.29 0 408 0 362 0 386.1 0.039
4-(DF 411.77 0.1063 425.47 0.1283 409.61 0 399.56 0 356.28 0 380.94 0.0464
5-(1)Cl 421.43 0.1183 434.66 0.146 41282 0 402.54 0 360.14 0 383.27 0.026
Purpurin
1 - None 452.09 0.1274 461.81 0.194  449.76 0 425.89 0 350.37 0 370.06 0.0317
2 - (1) NO: 509.51 0.0797 541.1 0.0944 467.25 0 44221 0 374.59 0.0096 401.81 0.0597
3-(1)CN 480.52 0.1138 1022.69 0.0297 457.45 0 1011.86 0.001 357.24 0 693.33 0
4-(1)cCl 455,57 0.1349 466.58 0.2031 446.72 0 423.55 0 366.79 0.0651 379.2 0.0608
5-(2)Cl 461.24 0.135 473.32 0.2028 447.96 0 424.82 0 373.14 0.0318 382.31 0.0322
6-(2)F 456.44 0.1241 708.01 0 444.04 0 478.79 0 365.57 0.0265 465.55 0

Table 4.4: Maximum absorption and oscillator strength of Emodin and Purpurin along
with their derivatives in presence and absence of ethanol solvent



4.4 Hirschfeld surface analysis

The Hirschfeld surface analysis aids in the quantification and visualization of
intermolecular interactions by utilizing different colors and intensities in graphical
representation. Hirschfeld surface analysis has been used to investigate various
intermolecular interactions in the crystal structure of organic molecules and complexes
(Al-Resayes et al. 2020, Van Thong et al. 2022). The dnorm (nOrmalized contact distance)
maps of emodin and purpurin are depicted in Fig.4.3. The contacts with shorter distances
(close contacts) than the Van der Waals radii are represented by red surfaces, while the
blue surfaces represent contacts with longer distances (distance contact). The white
surfaces denote distance equivalent to the sum of VVan der Waals radii. The red regions in
emodin and purpurin appears to originate from the —OH groups in the molecules. The red
regions of the molecules may act as donors in intermolecular reactions. Thereby, it is
expected that their functionalized molecules with electronegative groups would adhere
more sites that act as donors. The shape-index of emodin and purpurin on the Hirshfeld
surface is presented in Fig. 4.4. The red and blue regions represent the donor and acceptor
groups of the molecule, the adjacent red and blue triangles denote p-p stacking interaction
among the structures. The 2D fingerprint plots and fragment patches of emodin and
purpurin are illustrated in Figs. 4.5 and 4.6, respectively. The de and di on the plots
represent the distances to the nearest atom center, external and internal to the surface.
Points on the plot without contribution are gray colored and points with small contribution
is blue colored through green to red for the points with the largest contribution. The most
significant interaction in emodin is O-H/H- -O that contributes 31.8% to the overall
surface. The second largest interaction is H-H with contribution of 30.1% as pair wings,
followed by C- -H/H- -C (15.9%), C- -C (10.9%) and O- -C/C-O (9.1%).

In purpurin, the O- -H/H- -O interactions dominated with a contribution of 41%, while
the H- -H and C- -C interactions were 26.6% and 22.3%, respectively. Both molecules
have other small contributions; emodin O- -O (2.2%) and purpurin C- -H/H- -C (5.5%),
O- -0 (2.8%) and C- -O/O- -C

(1.9%).



Emodin Purpurin

Fig. 4.3: Hirschfeld surface of emodin and purpurin plotted over dnorm in the range
of -0.4160 to 1.2106 and -1.7662 to 0.8459 a.u, respectively

Emodin Purpurin

Fig. 4.4. Shape-index of emodin and purpurin on Hirschfeld surface
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Fig. 4.5. Emodin two-dimensional fingerprint plots and fragment patches (surface patches
adjacent to neighboring surfaces are colored separately) for intermolecular interactions.
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Fig. 4.6. Purpurin two-dimensional fingerprint plots and fragment patches (surface patches
adjacent to neighboring surfaces are colored separately) for intermolecular interactions.

4.5 Energy Frameworks

The calculated interaction energies energy Eto: (kJ mol-1) namely, electrostatic (Eelec),
polarization (Epor), dispersion (Eais), exchange-repulsion (Erep) are used to generate 3D
representation of the major interactions in the form of energy frameworks, Fig.4.7. The
interaction energies relative strength in individual directions are represented by exhibited
cylinder-shaped energy frameworks, the size of the interactions that are less than 5 kJ
mol-1 have been excluded. It can be seen that the intermolecular interactions are

dominated by dispersion forces in emodin and purpurin, Fig 4.7.
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Fig. 4.7. Emodin and Purpurin energy framework, coulomb energy (red),

dispersion energy (green) and total energy (blue)



CHAPTERS
Conclusion

The optical and electronic properties of four organic molecules, Indigo, Alizarin, Emodin
and Purpurin were investigated. The reorganization energy, ionization potential, electron
affinity, the frontier molecular orbitals, the energy gaps and were calculated by DFT. The
maximum absorptions, oscillator strength in vacuum and solvent were calculated by TD-
DFT methods. Those calculations were carried out to understand the electronic and
optical properties of the material, the effect of electronegative substituents on those
properties and the potential use of the neat and substituted molecules.

It was found that Indigo and Alizarin, along with their derivatives, have the potential to
be used as OPV due to their acceptable reorganization energy values that reflects that
those molecules can have high charge mobility when used as solar cell. The energy gap
of those molecules ranged within the typical organic semiconductor, 1.4-4.2 eV and the
absorption range was within the visible spectrum range.

In emodin and purpurin, there was an overall increase in reorganization energy due to the
geometrical changes of the molecule upon oxidation and reduction processes. However,
the decrease in Eg and LUMO energy levels of the molecules pre-predicts the increase in
stability and conductivity. Furthermore, an increase in EA values was also noted to
reinforce the molecule’s ability to accept electrons. Hence, the functionalization of
emodin and purpurin strengthened the n-type properties of the molecules. The energy
gaps of the molecules are within the range of semiconductors (1.4-4.2 eV) and the
absorption ranges of the molecules are within the visible range. Based on the given data,
we have concluded that emodin and purpurin along with their functionalized molecules
are good candidates for organic semi-conductors. Also, the intermolecular interactions
and 3D energy framework of emodin and purpurin molecules were studied through
Hirshfeld surface analysis. It has been shown that the main interaction in the crystal
structure of emodin and purpurin is O—H/H-O and dispersion energy was dominant in the
3D energy framework.

The addition of the electronegative substituents also plays an important role in modifying
molecular properties in which some molecules maybe converted from n-type to p-type
due to optical and electronic property changes. It is important to carry out theoretical
studies of potential molecules to understand the optical and electronic properties of the
molecules and have a better design of OPV with higher efficiency.
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