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ABSTRACT

The process of photo conversion in most opto-electronic devices includes transfer of
absorbed solar energy to convert it into either chemical or electrical energy. Perylene
and naphthalene dyes are characteristic n-type conjugated organic materials and are
very attractive with great potential applications in the photonic field as they possess
high stabilities, absorption capacities, and light emitting properties.

The focus of this work is the synthesis, structure, photophysical, and electrochemical
properties of oligomer dyes based on perylene and naphthalene chromophores,
named, perylene-3,4,9,10-tetracarboxylic  acid-Bis-(N,N'-Bis  2-[2-(2-{2-[2-(2-
hydroxy-ethoxy)-ethoxy]-ethoxy }-ethoxy)-ethoxy]-ethylpolyimide (EOPPY),
naphthalene-1,4,5,8-tetracarboxylic  acid-Bis-(N,N'-Bis  2-[2-(2-{2-[2-(2-hydroxy-
ethoxy)-ethoxy]-ethoxy } -ethoxy)-ethoxy]-ethylpolyimide (EONPI).

Additionally, two previously synthesized n-type materials based on the same
chromophores were considered to explore the electrochemical properties concerning
photovoltaic devices. The compounds are characterized in detail by studying their
optical, photophysical, thermal and electrochemical properties using the techniques
IR, GPC, UV-vis, Fluorescence, DSC, TGA and Cyclic, squarewave voltammetries.
Both oligomeric dyes exhibited attractive color tunability with different light-
emitting properties. They possessed outstanding solubilities, molar absorption
coefficients, thermal stabilities and electrochemical stabilities and reversibilities. The
strong solvent dependent photophysical and electrochemical properties of EONPI,
including the large shift of excimer emission maximum, makes the oligomer
potential candidate for various photo sensing applications.

Keywords: Perylene, naphthalene, solar cell, photovoltaic, color tunability.
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0z

Birgok opto elektronik aygitlarda foton doniisiimii siireci, absorblanan solar
enerjinin kimyasal veya elektriksel enerjiye doniisiimiinii icermektedir. N tipi
yariiletken oOzellikler sergileyen perilen ve naftalen boyalar1 yiiksek kararlilik,
absorblama yetenegi ve 1s1n yayma oOzellikleri nedeniyle, fotonik alanda cok ilgi
uyandiran konjiige organik materyallerdir.

Tez kapsaminda, perilen ve naftalen kromoforlar1 esash iki oligomer, perilen-
3,4,9,10-tetrakarboksilik asid-bis-(N,N'-bis 2-[2-(2-{2-[2-(2-hidroksi-etoksi)-etoksi]-
etoksi }-etoksi)-etoksi]-etilpoliimid (EOPPI) ve naftalen-1,4,5,8-tetrakarboksilik asid-
bis-(N,N'-bis 2-[2-(2-{2-[2-(2-hidroksi-etoksi)-etoksi]-etoksi } -etoksi)-etoksi]-
etilpoliimidin (EONPI) sentezine, yapilarina, fotofiziksel ve elektrokimyasal
ozelliklerine odaklanilmistir. Ayrica, Daha ©nce sentezlenmis olan benzer
kromoforlar esash iki ayr1 n-tipi materyalin elektokimyasal 6zellikleri fotovoltaik
aygitlarla ilgili olarak arastirllmistir. Sentezlenen maddelerin optik, fotofiziksel,
termal ve elektrokimyasal 6zellikleri IR, GPC, Uv-vis, emisyon, DSC, TGA ve CV
Olctimleri ile detayli arastirilarak tanimlanmaistir.

Her iki oligomerik boya da degisik 1s1k yayma oOzelliginde olup ilgi ¢ekici renk
ayarlanilabilirlilik 6zelligi sergilemistir. Olaganiistii ¢6ziiniirliikk, molar absorblama
sabitleri, termal kararlilik ve tersinir elektrokimyasal kararlilik 6zelliklerine
sahiptirler.

Kuvvetle ¢ozgene bagli fotofiziksel ve elektrokimyasal ozellikler ve maksimum
ekzimer emisyonunda biiyiik kayma sergileyen EONPI oligomeri degisik foto duyarh
uygulamalar i¢in potansiyel bir adaydir.

Anahtar kelimeler: Perilen, naftalen, solar hiicre, fotovoltaik, renk ayarlanabilirlilik.
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PREFACE

Every creature needs energy for survival. The picture where the bud blossoms to a
beautiful flower explains the necessity and importance of energy. Obviously, we are
facing an increase in energy demand day by day which resulted in an energy crisis.
The scientists focused on development of alternative, renewable energy sources
instead of depending solely on the dwindling natural energy resources. Sunlight, an
inexhaustible and free cost energy supply, is an excellent source of energy which can
be converted to different forms of energy. Among many technological methods
defined, photovoltaic (PV) effect (conversion of light energy into electrical energy
by a photovoltaic or solar cell) is a popular method for obtaining electrical energy.
Again, there are several solar cells such as conventional silicon solar cells, organic-
polymer solar cells, etc. constructed of. This thesis deals with synthesis of new
donor/acceptor pairs which can be used in deriving organic solar cells.

The first chapter, Chapter 1, is an introductory chapter. It presents a brief
introduction to solar cells and a small review on the previous works carried out on
the solar cell devices that are made of some donor/acceptor pairs.

Chapter 2 discusses the theoretical background of solar cells, their working style, and
some important chemistry concepts relating to solar cells.

Synthesis methods of various acceptors and their characterization are illustrated in
Chapter 3. Data and calculations concerning synthesized compounds were shown in
Chapter 4. Chapter 5 presents a detailed discussion of the results followed by
concluding remarks that are summarized in Chapter 6.
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Chapter 1

INTRODUCTION

1.1 The Solar Cell

A solar cell (SC) or a photovoltaic (PV) cell is a device that converts solar energy
into electrical energy directly by photovoltaic effect. The term, solar cell, sometimes
is reserved for devices which specifically capture energy from sunlight, while the

term, photovoltaic cell, is applied when the source of energy/light is unspecified.

At present, solar cells comprising an inorganic semiconductor such as mono- and
multi-crystalline silicon are developed commercially and can be found in markets for
small scale devices such as solar panels on roofs, pocket calculators, and water
pumps. These conventional SCs can harvest up to as much as 24% of the incoming
solar energy. The percentage is already passed to 25% and is close to the
theoretically predicted upper limit of 30% [1]. The production of these SCs requires
many energy intensive processes at very high temperatures and high vacuum
conditions followed by numerous other steps leading to relatively high
manufacturing costs. This illustrates the necessity of developing new technologies
which allow low fabrication costs rather than higher conversion efficiencies of
commercial silicon SCs. Organic solar cells made of organic semiconductors are one

of the alternatives that accomplish the requirements [2].
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1.2 Motivation

The importance of SCs is not only based on the depletion of natural energy sources
but also related to their environmental effect. The high usage and combustion of
fossil fuels caused in dwindling of energy sources and resulted in harmful effects on
the delicate balance of nature. The plants are unable to absorb the huge extra
amounts of CO, producing in the atmosphere caused the greenhouse effect. This
again caused the global warming and the global mean surface temperature has
increased by 0.3 — 0.6 °C [3]. Because of these consequences, the renewable energy
sources such as photovoltaic cells, hydroelectric, geothermal, wind-power, and
biomass systems and their development as environmental clean energy sources is

mandatory for the future of human.

Photovoltaic cells are one of the most effective and attractive renewable energy
devices. Starting with the First-generation conventional silicon SCs, an intensive
research was carried out and reached to the current, Fourth-generation nano-material
based devices but did not reach cheap and efficient commercial architectures.
Although significant progress was achieved, the research profile since two decades
outlined the necessity of developing new materials in order to make the PVs more
efficient and economic. The clear research picture on p- and n- type organic
materials and corresponding outstanding organic/molecular devices definitely

motivates the scientists towards the target of cheap and efficient devices.



1.3 Photovoltaic Focus on Perylene and Naphthalene Dyes

The mechanism of photovoltaic effect in organic PV device architectures explains
the importance of n-type organic materials (discussed in Chapter 2). Conjugated n-
type organic materials and their charge transfer kinetics, whose influence on exciton
dissociation and charge extraction have profound impact on overall efficiency of an

organic solar cell [2].

The earliest studies include fullerene and its derivatives which were widely used in
bulk hetero junction PV devices as electron accepting n-type materials and recorded
appreciable efficiency. Still, they are one of the promising materials in the device
architecture of organic based polymer hetero junction SCs with recent figured out

7% power conversion efficiency [3].

Rylene dyes with extendable conjugation (Figure 1.1) are emerged as much more

exciting and attracting candidates for the PV device architectures [4].

gosecielosoes

naphthalenebis(dicarboximide)
n =0 — a perylenebis (dicarboximide)
n =1 — a terrylenebis (dicarboximide)
n =2 — a quaterrylenebis (dicarboximide)
n =3 — a pentarylenebis (dicarboximide)
n =4 — a hexarylenebis (dicarboximide)



Figure 1.1: A General (a) Naphthalene Dye and (b) Higher Order Rylenes with

Extendable Aromatic Scaffold.

As a simple and effective conjugated molecular design with high stabilities, a
versatile mono-, di-, oligo-, and poly- naphthalene and perylene dyes were

investigated and characterized towards device applications.

A perspective on organic solar cell structure, characteristics, mechanisms,
fabrication, and the materials phthalocyanines as p-type; perylene and naphthalene
derivatives as n- type were presented by Wohrle and Meissner in 1991 [2]. Four
years later, Wohrle and co-workers described their investigations of n/p-junction PV
cells constructed by the vapor deposition of n-conductor perylene diimides and p-
conductor phthalocyanines. The photovoltaic efficiencies achieved were <0.43% and
1.6% under white light of 100 mW cm™, illumination of 1 mW cm™ respectively
[5]. In their classical theory, Wohrle and Meissner explained the cell structure and
the necessity of strong absorption of solar energy by organic materials in the visible
region of the spectrum [2]. Efficient conversion of solar energy thus requires highly
colored organic materials with extended absorption ranges. This was achieved by
Klaus Miillen et al., in 1997, reported several reasonably soluble perylene and rylene
dyes with extended m-system and resulting long-wavelength absorbtion and
fluorescence [6]. A broadly absorbing perylene dye for dye sensitized solar cells was
also prepared [7]. Dynamic n-n stacked molecular assemblies that emit green to red
colors were presented by Wang and co-authors [8]. Recently, a perylene- and
naphthalene-based color tunable oligomeric diimides using flexible spacer were
reported by Bodapati and Icil [9-10]. Starting with the approach of developing new

materials possessing extended absoption and emission, a wide variety of perylene
4



and naphthalene derivatives not only with exciting optical properties but also with
great stabilities were synthesized and reported [11-15]. This resulted in development
of various opto-electronic and PV devices constructed of perylene and naphthalene
derivatives in addition to the wide variety of applications. A review focused on
OLED:s discuss in detail the role of perylene and naphthalene dyes in opto-electronic
applications [16]. The reported (a) facile chromophoric oxidants, cyanated
perylenedicarboximides, for organic photonics and electronics [17]; (b) various
perylene bisimide dyes as versatile building blocks for functional supramolecular
architectures [18]; (c) dendronized perylene diimide emitters for light emitting
diodes [19]; (d) perylene-doped polymer nanotubes as fluorescence sensors [20]; (e)
naphthalene- and perylene-based linkers for the stabilization of hairpin triplexes [21];
(f) naphthalene diimide derivatives as model compounds for molecular layer epitaxy
[22]; (g) ambient stable- arylene diimide semiconductors with tuning orbital
energitics [23]; (h) a fluorescent photochromic molecule composed of a fluorescent
perylene- derivative and diarylethene [24] give some examples of such kind. Vapor-
deposited thin-layer titanium dioxide and perylene- based solar cells were reported

by Thelekkat and co-authors [25].

Pentacene/Perylene co-deposited SCs were fabricated and noted a power conversion
efficiency of 0.54% [26]. Polymer-perylene diimide heterojunction solar cells were
reported by Gregg, and et al, achieved 0.71% power conversion efficiency under 100
mW cm™ [27]. Appreciable increment in power conversion efficiency (1.9%) using
perylene pigments was reported by Nakamura and et al [28]. Some improved
performance of perylene-based PV cells using polyisocyanopeptide arrays was

reported recently [29]. Light-harvesting arrays comprised of (a) a porphyrin bearing



multiple perylene monimide pigments [30]; (b) self-assembling perylene diimide-
appended hexaazatriphenylene [31]; (c) multichromophoric perylene molecular
square were prepared and their photophysics were studied [32]. Dye sensitized solar
cells based on (a) five different perylene molecules with different intramolecular
charge-transfer characters [33]; and (b) electron-donating perylene tetracarboxylic
acids were established [7]. The latter design reported an efficiency of 2.6% [7].
Several donor-acceptor based systems including perylene and naphthalene
chromophores were prepared and various important processes concerning PVs such
as charge transfer, energy transfer and related excited-state photodynamics were

outlined [34-37].

A few reviews outlined the progress of organic/molecular photovoltaics/devices [38-
43] and give a clear picture and better understanding on organic-photonics [44-50].
Some of them were aimed at possible strategies of increasing the efficiency [41, 44,
45, 50]. However, every review concluded that there is a great potential for organic

materials to make “electronics everywhere”.



1.4 Importance of Electrochemistry of n-type Organic Materials

A complete molecular picture on m-conjugated oligomers and polymers, their
excited-state photodynamics reveal the charge/electron/energy- transfer properties
[38-50]. These properties finally determine the ease of electron-transport in organic
PV devices as electron deficiency of n-type materials especially having a strong
impact on the injection of charges at the elctrodes. Based upon both (i) oxidation
potentials or ionization potentials (both are related to energy of HOMO) and (ii)
reduction potentials or electron affinities (both are related to energy of LUMO),
tailoring of electron deficient n-type materials can be made to better facilitate
injection of electron charges at the electrodes. Since n-type materials with relatively
low-energy LUMOs can be more readily reduced than more electron rich materials,
electron deficiencient n-type materials with different substituents are also very
important in applications where charge needs to be electrically injected rather than

photogenerated [42, 43, 45].

Another important impressive criterion of n-type materials is m-stacking [10, 43], in
general, leads to higher mobilities. The mechansim behind high mobility is strong
electronic coupling between molecules, which is associated with excellent overlap
between m-systems on adjacent molecules. In general, the linear extension of =-
system tends to raise HOMO and lower LUMO making the molecule both easier to
oxidize and easier to reduce [43]. The HOMO and LUMO levels give rise to the
band gap energy and hence a molecular band picture that is directly having influence
on the corresponding heterojunction PV devices. The electrochemical properties,
therefore, needs to be studied in detail for determining the electron deficiency
(reduction ability) and electronic performance of n-type materials.

7



Rylene diimides can exhibit relatively high electron affinities, high electron
mobilities, and excellent chemical, thermal, and photochemical stabilities [4]. The
electron deficiency arises from the substitution of aromatic core with two sets of -
accepting imides groups that are again mutually conjugated. As shown in Figure 1.1,
the widely used rylene-imides include naphthalene- and perylene- imide dyes.
Therefore, the naphthalene and perylene derivatives have been used not only as
building blocks for electronic devices such as organic light emitting diodes, dye
lasers, optical switches and photodetectors, but also as electron acceptors in
conjunction with electron donors for studying photoinduced energy- and electron-

transfer processes leading to PV devices.

Herein, the thesis presents two excellent soluble and color tunable n-type oligomeric
diimides in addition to the three other n-type organic materials based on perylene and
naphthalene chromophores shown in the following diagrams (Figures 1.2 — 1.7) for
the purpose of photovoltaic devices. The compounds synthesized by Devrim Ozdal,
Mustafa E. Ozser were especially taken into the part of research in order to study
their electrochemical properties as all of the compounds have possessed versatile

substituents.

The synthesized compounds were characterized thoroughly to explore all the
characteristics, especially, optical/photophysical, thermal and electrochemical
properties. The characteristics were determined by various techniques -
spectrophotometric such as IR, UV-vis and emission; chromatographic such as GPC;

thermogravimetric such as DSC and TGA; and voltammetric such as CV and SWV.



Figure 1.2: Structures of Perylene Oligomeric Diimide, EOPPI (Bodapati and Icil, 2008) [9]
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Figure 1.3: Structures of Naphthalene Oligomeric Diimide, EONPI (Bodapati and Icil, 2011, in print) [10]
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Figure 1.4: Naphthalene Oligomeric Diimide, EONPI and its Probable Spacefill Stacking Diagram (Bodapati and Icil, 2011, in print) [10]
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Figure 1.5: Structure of Perylene Dye Substituted Fluorescent Chitosan Polymer

(Ozdal, Asir, Bodapati, and Icil, in press) [15]

- )

Figure 1.6: Naphthalene Polyimide, TEONPI (Ozser, Bodapati, and Icil in press)[59]
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Chapter 2

THEORETICAL

2.1 Conventional Solar Cells — The First and Second Generation

Photovoltaics

There was a great interest in the research field of solar cells (SCs) for past few
decades which resulted in developing a new solar cell manufacturing techniques
from the first generation PV cells to the current fourth-generation composite PV
technology.

The first generation PV was the basic stage consists of a large-area, single layer p-
n junction diode, typically made using a silicon wafer and thus, the first generation
PV cells were called as silicon wafer-based solar cells. Although the processing
methods are difficult and cost per watt is too high, the conventional silicon SCs are

dominant in the commercial production of SCs.

Figure 2.1: A Representative Large-area, First Generation Silicon-wafer PV Cells
13




Figure 2.2: A Representative Thin-film, Second Generation Silicon PV Cell

In the second generation PV cells, PV materials based on thin-film deposits of
semiconductors were established. These devices were initially designed to be high-
efficient and multiple-junction PV cells. For some extent, they have been developed
to address energy requirements and production costs of first generation cells. Later,
the advantages such as reduced mass of material required for cell design and
corresponding reduced costs of thin-film PV materials were noted and various
semiconductor materials for thin-film PV cells were developed. Although the
efficiencies of these materials were lower comparing to the efficiencies of first
generation SCs, the investigation continued because of low manufacturing costs [51-

54].
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2.2 Photovoltaic Characterization of Conventional Solar Cells

In order to understand organic semiconductor photovoltaics (PVs), simple
conventional PVs and their theory need to be explored. The physical phenomenon,
photovoltaic effect which is responsible for converting electromagnetic radiation to

electrical energy can be better explained with semiconductor theory [51-54].

2.2.1 Photogeneration of Charge Carriers
A conventional PV cell made from silicon consists of n-type semiconductor in
contact with a p-type semiconductor. In general, by the process of doping, silicon is
doped with another material, for example, with a more valence electron element,
phosphorous; the resulting silicon is called n-type. In the similar way, p-type silicon
would be resulted when doped with boron, an element with one less valence electron
than silicon. When a photon hits silicon, the following three processes can occur.
a. If the photon that hits is lower in energy, the photon may pass straight through
silicon
b. The photon can reflect off the surface of silicon
c. If the photon energy is higher than the silicon band gap value, the photon can
be absorbed by the silicon which either (i) generates heat or (ii) generate
electron-hole pairs
When the third process occurs, i.e. when the photon is absorbed by silicon, the
energy of photon is given to an electron in the crystal lattice of silicon. This causes
excitation of that electron from valence band to the conduction band where it is free
to move within the semiconductor. By the similar mechanism, a hole is formed when
doped with a p-type material. In the other way, the excited electron leaves an empty

place in the valence band, forming a hole. Holes, just really are the absence of
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electrons, so they carry the opposite (positive) charge. The presence of a missing
covalent bond allows the bonded electrons of neighboring atoms to move into the
empty holes, leaving another hole behind, and thus a hole can migrate through the
lattice. This can be concluded as the photons absorbed in the semiconductor create

mobile electron-hole pairs, the charge carriers.

2.2.2 Separation of Charge Carriers

After the process of generation of electron-hole pairs, for producing electricity,
the electrons and holes must be separated and move towards the electrodes. In a solar
cell, there are two main modes for charge carrier separation. 1-Drift of charge
carriers: which driven by an electrostatic field established across the device. 2-
Diffusion of charge carriers: from a zone of high carrier concentration to a zone of
low carrier concentration. The former mode is the dominant mode of charge carrier
separation that occurs in the traditional p-n junction SCs. On the other hand, in non-
p-n junction SCs (typically third generation PVs such as dye and polymer thin-film
SCs), the previous general electrostatic field, the drift, is absent and the dominant

mode of separation is via charge carrier diffusion.

2.2.3 The Traditional p-n Junction

When p-type and n-type silicon are placed in contact with each other it forms a
junction called as a p-n junction. In general, the term junction refers to the boundary
interface where the two regions (p- and n-) of the semiconductor meet. The following

set of diagrams explains the phenomenon that occurs at the junction.
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Figure 2.3: The Phenomena Occur at a Traditional p-n Junction of a Solar Cell
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Part (a) of the Figure 2.3 shows the n-type material having free electrons (shown
in black dots) and the p-type material having holes (shown in white dots). In part (b),
a depletion zone was developed. This is because, free electrons on the n-side and free
holes on p-side wander across the junction initially; when a free electron meets a free
hole, it can ‘drop into it’, which results in cancelling of each other and hence a region
depleted of any moving charges. Moreover, this leaves a small electrical imbalance
inside the crystal lattice. Since the n-region is missing some electrons it will obtain a
positive charge, the extra electrons that filled the holes in the p-region will give it a
negative charge. This electrical imbalance never allows generating power. Now, any
free charge which wanders into the depletion zone finds itself in a region with no
other free charges. This exerts a force on the free charge, driving it back to its ‘own
side’ of the junction away from the depletion zone. This causes the depletion zone
swept clean of free charges. At this point, a free charge requires extra energy to
overcome the forces from the donor/acceptor atoms to be able to cross the zone. The
junction therefore acts like a barrier, blocking any charge flow (current) across the
barrier.

From part (c) of the figure, an external power source (a battery) is connected
where the negative terminal of the battery is connected to the n-type silicon and
positive terminal to the p-type silicon. Like charges repel each other implying the
free electrons pushed towards the p-n junction and to the positive terminal of the
external power source; free holes towards the negative terminal (repelled by the
positive terminal) of the external power source. If the voltage pushing the electrons
and holes has sufficient strength to overcome the depletion zone (approximately 0.7
V for a typical silicon diode), current passes through the diode. When a diode is

arranged this way with a power source, it is said to be forward-biased.
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When the reverse connections were made (n-type silicon to the positive terminal
and p-type silicon to the negative terminal of external power source), opposite
charges attract each other. This results in attraction of positive charged holes (of p-
type silicon) towards the negative terminal and negatively charged electrons (of n-
type silicon) to the positive terminal. This causes the charge carriers to be pulled
away from the p-n junction and hence an essential larger depletion region creation
resulting in no current flow. When a diode is arranged this way with a power supply,

it is called reverse-biased.

2.2.4 Factors Affecting the Efficiency of Solar Cells

Although there are several important measures that characterize SCs, the most
obvious one is the efficiency. That is, the total amount of electrical power (product of
current and voltage) produced for a given amount of solar energy shining (sunshine)
on the cell; in terms of percentage, it is expressed as solar conversion efficiency.

In simple words, it can be concluded that all the processes responsible for
conversion of solar energy into electrical energy affect the efficiency. The following

diagram better explains efficiency dependence on particular processes occur in SCs.
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Figure 2.4: Factors that Affect the Efficiency of Solar Cells
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The illustration shown in Figure 2.4 explores that much of the energy from
sunlight reaching a SC is lost before it can be converted into electricity. The starting
step explains that all the photons that strike the surface of the cell are not absorbed to
generate charge carriers. Furthermore, a PV cell cannot respond to the entire
spectrum of sunlight to absorb all the photons. Some photons may not possess
enough energy (lower than band gap energy of the semiconductor) to free an electron
and some photons (with higher energy than band gap energy) may be wasted as
surplus by re-emitting as heat or light. Thus, the inefficient interactions of sunlight
with SC material waste so much of original energy available.

Charge carriers in a SC may inadvertently recombine before they are collected at
respective electrodes to contribute cell’s current. Direct and indirect recombinations
are the two possible types where in the former one, light-generated electrons and
holes randomly encounter each other and recombine; whereas the later one arises due
to the defects in the crystal structure, presence of impurities making the charge
carriers recombine easily at the surface or interface of the SC.

Another three critical factors presented in the Figure 2.4 characterize the SC and
its efficiency. The first factor, operating temperature of a SC where all most all SCs
work best at low temperatures as determined by their material properties. This is
because of two main reasons. 1- Much of the light energy striking the cell becomes
heat, 2- the band gap of intrinsic semiconductor shrinks. The second factor, energy
conversion efficiency (ECE) describes the percentage of power converted and
collected, when a SC is connected to an external circuit. The term, ECE is exactly
calculated using the ratio of the maximum power point divided by the input light
irradiation under the standard test conditions, and the surface area of the SC. In order

to increase the ECE, two methods are implemented. One is reducing the reflection of
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incident light with an antireflection coating, and the other one is optical confinements
of incident light with textured surfaces. As a third affecting factor, tracking of
maximum power point (MPP) was ascribed. The MPP operates with DC to DC high
efficiency converter that presents an optimal and suitable output power. The MPP
was shown in Figure 2.5 and discussed in the next Section 2.2.5. Thus, tracking of

MPP also somewhat affects the efficiency of a SC.

2.2.5 Maximum Power Point and Fill-factor

max

maximum power
rectangle

V'V
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Figure 2.5: Maximum Power Point (MPP) and Fill-factor (ff) from I-V Curve

The representative I-V characteristic graph shown in Figure 2.5 illustrates that the
maximum power is generated by the conversion device at a point where the area of

the rectangle is largest defined by the fill-factor (ff). The ff was defined as follows.

V[IIC VDC ISC

(Equn. 2.1)
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The photo generated current is equal to the current produced by the cell at short
circuit (V = 0). The open circuit voltage is obtained when I = 0, and no power is
generated under short or open circuit.

When the output voltage of the SC is very low, the output current changes little as
the voltage changes, so the SC is similar to the constant current source; whereas,
when the voltage is over a critical value and keeps rising, the current will fall sharply
and the SC is similar to the constant voltage source. As the output voltage keeps
rising, the output power has a maximum power point. The function of catching the
MPP is to change the equivalent load taken by the SC, and adjust the working point
of the SC in order that the SC can work on the maximum power point when the

temperature and radiant intensity are both changing.
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2.3 Organic Solar Cells — The Third Generation Photovoltaics

Organic solar cells, one of the third-generation PVs are very different from the
previously discussed first and second-generation PVs as they have different bonding
system and thus do not rely on a traditional p-n junction to separate photogenerated
charge carriers. Third generation contains a wide range of potential solar innovations
including photoelectrochemical cells, polymer solar cells, nanocrystalline cells, and

dye-sensitized solar cells.

Figure 2.6: A Representative Third Generation Organic-based Solar Cell

The remarkable point concerning third generation SCs is their ‘high
efficiency/low cost’; which is ‘high efficiency/high cost’, ‘low efficiency/low cost’
for first and second generations respectively. The efficiencies of organic SCs
reported were quite low comparing to first generation SCs; and that the high
efficiencies reported were limited to research-laboratory scale. Still, because of the
potential exists, there is a random growth towards the goal of high efficiency and
hence the commercialization. The main advantages make them promising
alternatives over conventional SCs are their easy processability and tunable optical

properties [52-54].
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2.3.1 The Principle behind the Design

e
L&

Figure 2.7: Factors Leading to the Design of Organic Solar Cells

-

An organic solar cell is a photovoltaic cell composed of organic semiconductors
or conjugated polymers that are conductive, light absorbing, and charge transportable
materials. Several organic semiconductors and conjugated polymers suitable for PVs
can be manufactured at lower costs. Moreover, their properties can be tuned
according to the necessity by changing their substituents or by doping them with
desired materials. Therefore, in conjugated polymers both optical absorption and
charge transport are dominated by partly delocalized n and ©* orbitals (the detailed
mechanism of charge transport is discussed in next section). This provides tunable
band gaps with a variety of absorption capacities. In addition to these interesting

properties, they are solution processable, possess film forming abilities, and possess
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attracting optical properties. These characteristics inspired the research of PVs to
prepare low weight and ultra-thin organic PVs unlike the conventional silicon PVs.
The difference in mechanism of charge transport (from conventional silicon SCs)
combining with high absorption capacity per unit area were used as principles in
designing organic SCs against conventional silicon SCs which include highly refined
silicon (achieved by numerous hard processing steps) assembled in large surface
areas. On the other hand, organic SCs rather improvement need to address many
questions such as low stability, low efficiency, and uncertainty in molecular picture

of organic materials.

2.3.2 The Concept of Exciton(s) — The Mechanism of Charge Transport
Charge transport in organic SCs is dependent on n-bonding orbitals and quantum
mechanical wave-function overlap of organic semiconductors composed of
conjugated materials. Therefore, the terms, conduction and valence bands discussed
in the previous sections of conventional SCs will be shifted to the analogous highest
occupied and lowest unoccupied molecular orbitals (HOMO/LUMO). Molecular
orbitals (MOs) are created due to molecular interactions of the ‘p’ orbitals of the
carbon atoms in the conjugated backbone. These molecular interactions create
bonding-m and antibonding-n* molecular orbitals and therefore organic SCs operate
in a fundamentally different way. The difference in energy between the two levels
produces the band gap that determines the optical properties of the material.
Conventional semiconductors are held together by strong covalent bonds that extend
three dimensionally, resulting in electronic bands that give rise to its semiconducting
properties. Whereas, organic materials have similar intramolecular covalent bonds
but are held together by weak intermolecular van der waals interactions. As a

consequence, all electronic states are localized on single molecules and do not form
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bands. When organic materials are photoexcited, it results in a strong Coulombically
bound electron-hole charge pair referred to as “exciton” unlike automatic generation
of free charge carriers in conventional SCs. As excitons are strongly bound and do
not spontaneously dissociate into charge pairs, generation of charge -carrier
separation does not necessarily result from absorption of light. Charge transport thus
depends on the ability of the charge carriers to pass from one molecular orbital to
another. Because of the quantum mechanical tunneling nature of the charge transport,
and its subsequent dependence on a probability function, this transport process is
commonly referred to as hopping transport. The charge carriers hopping from
molecule to molecule are dependent on the energy gap between HOMO and LUMO
levels. Carrier mobility is reliant upon the abundance of similar energy levels for the
electrons or holes to move to and hence will experience regions of faster and slower

hopping [44, 45, 47].

2.3.3 Single Layer Organic Photovoltaics

i
Metal

Organic film

Figure 2.8: A Representative Basic Structure of a Monolayer Organic PV cell

Being the simplest device structure of organic photovoltaic cells, single

layer/homojunction organic SCs are typically made by sandwiching the organic
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material (polymer) between two metal electrodes (conducting contacts) of different
work functions. The work function is the amount of energy necessary to pull an
electron from a material. As shown in Figure 2.8, the widely used metallic contacts
are indium tin oxide (ITO) with high work function and low work function metals
such as Al, Ca, or Mg. the simplest form among various organic photovoltaic cells.
The difference in work function between the two metallic conductors provides an
electric field in the organic layer. When the organic layer absorbs light, electrons will
be excited to LUMO and leave holes in the HOMO forming excitons. The potential
created by the different work functions is seldom sufficient to break up the
photogenerated exciton pairs, pulling electrons to the positive electrode (low work
function electrode) and holes to the negative electrode (high work function
electrode). The current and voltage resulting from this process creates power. Since
exciton diffusion lengths are short, typically 1 — 20 nm, only those excitons
generated in a small region within < 20 nm from the contacts contribute to the
photocurrent. In other words, exciton diffusion limits charge carrier generation in
such a device. Therefore, charge carrier generation is a function not only of bulk
optical absorption but also of available mechanisms for exciton dissociation. Other
negative factors are non-radiative recombination at the interfaces and non-geminate
recombination at impurities or trapped charges.

In practice, single layer organic PV cells of this type do not work well. They have
low quantum efficiencies (~1%) and low power conversion efficiencies (~0.1%). A
major problem with them is the electric field resulting from the difference between
the two conductive electrodes to separate the photogenerated excitons. Often the
electrons recombine with the holes rather than reach the electrode. Using electric

field to break up excitons is not the best way, heterojunction based cells which rely
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on different mechanism (generatin of effective fields) are developed to increase the

efficiency [52-54].

2.3.4 Bilayer (Donor/Acceptor) Organic Photovoltaics

+

J.Metal Cathode

electron donor /D
electron acceptor/A

Figure 2.9: A Representative Basic Structure of a Double Layer Organic PV cell

In order to overcome the limitations of Monolayer organic PVs, bilayer organic
PVs are introduced with stacking of two different layers in between the two
electrically conductive electrodes (Figure 2.9). Most of the developments that have
improved performance of organic PV devices are based on donor-acceptor (D/A)
heterojunctions. These two different layers of materials have differences in electron
affinity and ionization energy; therefore electrostatic forces are generated at the
interface between the two layers. If both electron affinity and ionization potential are
greater in one material (the electron acceptor) than the other (the electron donor) then
the interfacial electric field drives charge separation. For an efficient charge transfer,
the LUMO and the HOMO of the donor should lie above those of the acceptor as
shown in Figure 2.10. Figure 2.10 explains that the donor, D contacts the higher and
the acceptor, A contacts the lower work function metal surfaces to achieve good
electron and hole collection respectively. Photogenerated excitons can only be

dissociated in a thin layer at the interface/heterojunction and thus the device is
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exciton diffusion limited. Therefore, the materials are chosen properly to make the
differences (differences in electron affinity and ionization energy) large enough
(provided that the differences in potential energy are larger than the exciton binding
energy), so these local electric fields are strong, which may break up the
photogenerated excitons much more efficiently than the single layer photovoltaic
cells do. This kind of bilayer architecture is also called planar donor-acceptor

heterojunctions [2, 52-54].

Al

Figure 2.10: Mechanism of Charge Carrier Separation in a Bilayer Organic PV cell
(Diagram is drawn neglecting all kinds of possible band bending due to energy level

alignments)

While the formation of a classical p-n junction requires doped semiconductors
with free charge carriers to form the electric field in the depletion region, the charge
transfer in bilayer heterojunction between undoped D/A materials is due to the
differences in the ionization potential and electron affinity of the adjacent materials.
As shown in Figure 2.10, upon photon absorption in the donor D, the electron is

excited from HOMO to LUMO. If the electron acceptor A is in close proximity, the
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electron may be transferred to the LUMO of A which is energetically potential when
ID* — Ap — Uc <0, where ID* is the ionization potential of the excited donor (D*), A
is the electron affinity of acceptor, and Uc is the effective Coulomb interaction,
respectively. The release in electron energy may then be used to separate the electron
and the hole from their Coulomb potential. This photoinduced charge transfer (CT)
only occurs under illumination, since it needs the excitation energy of the electron in
the donor to reach the LUMO of the acceptor. There are some experimental
indications supported by theoretical considerations of a formation of an interfacial
dipole between D/A phases independent of illumination. This can stabilize the charge
separated state by a repulsive interaction between the interface and the free charges.
Therefore, the success of the D/A concept lies to a great extent in the relative
stability of the charge separated state. Thus, the recombination rate between holes in
D and electrons in A is several orders of magnitude lower than the forward CT rate.
After the excitons are dissociated at the materials interface, the electrons travel
within the n-type acceptor and the holes travel within the p-type donor material.
Hence holes and electrons are effectively separated from each other and although
charge recombination is greatly reduced and it depends more on trap densities. As a
consequence, the photocurrent dependency on illumination intensity can be linear.
The efficiency of this type of planar heterojunction device is limited, however, by
the exciton diffusion length, which is the distance over which excitons travel before
undergoing recombination, approximately 5—10 nm in most organic semiconductors.
Excitons formed at a location further than 5-10 nm from the heterojunction cannot
be harvested. In other words, in order for most excitons to diffuse to the interface of
layers and break up into carriers, the layer thickness should also be in the same range

with the diffusion length. However, typically a polymer layer needs a thickness of at
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least 100 nm to absorb enough light. At such a large thickness, only a small fraction
of the excitons can reach the heterojunction interface. The active area of this type of
SC is thus limited to a very thin region close to the interface, which is not enough to
absorb most of the solar radiation flux. To address this problem, a new type of
heterojunction PV cells is designed, which is the dispersed heterojunction

photovoltaic cells.

2.3.5 Blend Layer (Dispersed Heterojunction) Organic Photovoltaics

The essence of bulk heterojunction is to blend donor and acceptor components in
a bulk volume so that each D/A interface is within a distance less than the exciton
diffusion length of each absorbing site. This was the basic principle applied in order
to overcome the difficulties observed in the previous bilayer planar D/A
heterojunctions. Moreover, the most efficient organic-polymer SCs to date were

based on this architecture [2, 52].

dc;norléccepfbr biénd

Figure 2.11: A Representative Blend Dispersed Heterojunction Organic PV cell

In this type of PV cell, the electron donor and acceptor are mixed together,
forming a nanoscopically phase-separated polymer blend in the active layer (blend is

shown in Figure 2.11). This leads to donor and acceptor domains, separated by a
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large interfacial area. If the domain size in either material is similar to the exciton
diffusion length, then wherever an exciton is photogenerated in that material, it is
likely to diffuse to an interface and break up (Figure 2.12). Electrons move to the
acceptor domains then were carried through the device and collected by one
electrode, and holes were pulled in the opposite direction and collected at the other
side. Compared to the bilayer architecture, in a bulk-heterojunction structure,
excitons have to diffuse a much shorter distance to the interface and charge
generation takes place throughout the bulk-blend, leading to high charge

photogeneration efficiency (Figure 2.12).

Figure 2.12: Mechanism of Charge Carrier Separation in Heterojunction PV cell
(Donor, D is blended with the acceptor, A throughout the whole film. Thus

photogenerated excitons can be dissociated into charges at any place) [2, 52]

If continuous paths or network exist in each material (D and A) from the interface
to the respective electrodes, then the separated charge carriers may travel to the metal
contacts and deliver to the external circuit. These percolated pathways that required

for blend architecture is different from bilayer architecture where the D and A phase
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contact the anode and cathode selectively. Therefore, unlike bilayer architecture, in
the blend structure PV cell, the D/A phase have to form a bicontinuous and
interpenetrating network. Hence, the bulk heterojunction devices made of blended
D/A materials are much more sensitive to the morphology in the blend. This strong
dependence on morphology of the blend is the main drawback of dispersed

heterojunction architecture concept.

2.3.6 Dye Sensitized Solar Cells

The PV devices of third generation that can mostly challenge the inorganic solid-
state junction devices are dye sensitized solar cells (DSSCs) according to Gratzel, the
inventor of DSSCs [55]. The basic principle applied in DSSCs is replacing the
contact phase to the semiconductor by an electrolyte, liquid, gel or solid, thereby
forming a photo-electrochemical cell. Therefore, optical absorption and the charge
separation processes occur by the association of a sensitizer as light-absorbing

material with a wide band gap semiconductor of nanocrystalline morphology.
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Figure 2.13: General Operation of a Dye Sensitized Solar/Photovoltaic Cell
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At the heart of a typical DSSC system, a mesoporous oxide (commonly TiO, is
used) layer composed of nanometer sized particles have been sintered together to
allow for electronic conduction. This TiO, layer is deposited on a conductive ITO
glass. The dye is placed over the above semiconductor film, in contact with an
electrolyte. The excitation of the dye upon irradiation is followed by injection of the
resulting electrons into the conduction band of the semiconductor, from where they
reach the cell anode (usually a conductive glass) by diffucion (as a result of an
electron concentration ingradient). Regeneration of dye electrons occurs through
donation from a redox electrolyte in contact with the dye. This typically occurs
through an organic solvent containing an iodide/triiodide couple. Triiodide is reduced
in turn at the counter electrode, while electron migration from the anode to the
counter electrode closes the circuit. The voltage generated is equal to the difference
between the Fermi level of the electron in the solid TiO, and the redox potential of
the electrolyte [55, 56].

Currently, an intensive research on fourth-generation composite PV technology is
focused worldwide in parallel with continuous development on the SCs based on
previous generations. 4t generation SCs are based on polymers with nanoparticles to
make a single multispectrum layer. Later, the layers can be stacked to make more
efficient and cheaper multispectrum SCs. However, the investigation continues for
large scale PV generation of electricity to become economically feasible. Especially,
there has been recent development and rapid progress in the fabrication of PVs and

optoelectronic molecular materials using organic semiconductors.
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2.4 p- and n- Type Organic Semiconductors

Organic electronics such as organic light emitting diodes (OLEDs), organic thin
film transistors, organic field effect transistors, organic capacitors, printable circuits,
organic material based sensors, and organic photovoltaic devices were all based on
organic semiconductors. These organic semiconductors are mostly composed of
organic materials which are highly conjugated molecules or polymers that support
the injection and therefore allow the mobility of charge carriers. As it has been
discussed in the previous sections, like their inorganic counterparts, organic material
based devices operate because of some specific properties and interactions among p-

and n- type conducting and/or semiconducting materials.

2.4.1 p-type Organic Semiconductors

A great majority of p-type electronic organic materials have been investigated and
well-characterized. The well known p-type semiconductors are acenes such as
pentacene, heterocyclic oligomers such as oligo- and poly- thiophenes. These
materials can become conducting when electrons are added or removed from the
conjugated m-orbitals via doping. That is, these conjugated molecules involving -
conjugation have high HOMO levels and exhibit electron-donating properties. The
most notable property, electrical conductivity, therefore arises from the
delocalization of electrons along the polymer backbone and thus developing in an
extended m-system with a filled valence band; resulting the name ‘synthetic metals’.
However, conductivity is not only the exciting property that arises from
delocalization but also results in various optical properties. Doping is usually
performed at much higher levels in conducting polymers than in semiconductors. For

example, p-doping is the partial oxidation of the polymer by a chemical oxidant or an
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electrode and causes depopulation of the bonding p orbital (HOMO) with the
injection of “holes”. n-Doping is the partial reduction of the polymer by a chemical
reducing agent or electrode with the injection of electrons in the antibonding p
system (LUMO). When electrons are removed (p-doping) or added (n-doping) from
the conjugated m-system, a charged unit termed as ‘bipolaron’ is formed. When the
bipolaron moves as a unit up and down the polymer chain, it results in the
conductivity of the polymer. Reduction of the conducting polymer, n-doping, is
much less common than p-doping. For example, an early study of electrochemical n-
doping of poly(bithiophene) found that the n-doping levels are less than those of p-
doping, the n-doping cycles were less efficient, the number of cycles required to
reach maximum doping was higher, and the n-doping process appeared to be

kinetically limited, possibly due to counterion diffusion in the polymer [53, 54].

2.4.2 n-type Organic Semiconductors

In contrast to p-type, n-type organic materials developed were limited to a small
number. This is due to the difference in molecular design of both types. In the
molecular design point of view, designing electron-rich conjugated polymers (p-
type) is easier than electron-poor ones (n-type). Moreover, the developed n-type
materials were having some serious drawbacks such as poor solubility, poor stability
(in air), and somewhat difficulty of synthesis. Therefore, there is a need for new
stable n-type organic materials that can improve the performance and durability of
organic devices.

Most of the polymers currently used as n-type materials in PVs are hydrocarbon-
based polymers with electron-withdrawing substituents such as cyano or nitro groups

in addition to the famous fullerene, perylene, and naphthalene derivatives [53, 54].
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2.4.3 Characterization of p- and n-type Materials

The polymers or conjugated compounds which act as p- and n- type materials
need to be well characterized in order to find their potential to use in material
devices. The following properties play a key role in identifying the compound’s

stability and therefore its use in various applications.

2.4.3.1 Optical Properties and Photophysics

The photophysics of molecular systems (both p- and n- types) are strongly
influenced by their environment as those characteristics are not intrinsic to the
material itself. The influence of a solvent is one major function that affects the
photophysics of the material in addition to the affect of processing and operational
conditions.

There are several desirable characteristics of p- and n- type materials which are
organic electronic application specific. All these characteristics can be revealed by

the well-characterization of following optical, electrochemical, thermal and

photochemical properties of the materials.
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Figure 2.14: Characterization of p- and n- type Materials
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2.4.3.2 Electrochemical Properties

Electrochemical properties of p- and n- type materials such as Redox potentials,
HOMOs, LUMOs and Electrochemical band gaps (E,) make a complete band
structure of the material and thus help identifying the suitable electron donor,
corresponding to a D/A system for PV device architecture. One best way to measure
the electrochemical parameters (calculations were shown in Chapter 4) is to record
the cyclic/squarewave voltammograms of the compound by implying voltammetry
techniques. In addition, the cyclic volyammograms reveal the concerned

electrochemical stability and reversibility of the material.

2.4.3.3 Thermal Properties

By using various thermogravimetric analysis techniques such as DSC and TGA,
thermal properties of these materials can be investigated. The properties such as
decomposition temperature, decay of weight at the function of temperature, glass
transition temperature, and melting point, etc. help to picture the thermal stability of

the material for its use in various molecular devices.
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Chapter 3

EXPERIMENTAL

3.1 Materials

All the chemicals were used directly without any further purification. But the
solvents were distilled based on particular purpose according to the standard
literature procedures (Perrin and Armarego, 1980). Pure spectroscopic grade solvents
were used for spectroscopic measurements. 1,4,5,8-naphthalenetetracarboxylic
dianhydride, perylene-3,4,9,10-tetracarboxylic  dianhydride, 2-[2-(2-{2-[2-(2-
Hydroxy-ethoxy)-ethoxy]-ethoxy }-ethoxy)-ethoxy]-ethanol (hexaethylene glycol)

were obtained from Aldrich.

3.2 Instruments

'H (400 MHz) and BC NMR (100 MHz) spectra were recorded on a
Bruker/XWIN spectrometer in CDCl;. Tetramethyl silane (TMS) was used as an
internal standard.

FT-IR spectra were obtained at 4 cm™ resolution with KBr pellets at 32 co-
averaged scans using Mattson Satellite FTIR spectrometer.

UV spectra in solutions were measured on a Varian-Cary 100 spectrometer. UV
spectrum in solid state was obtained in thin film using a Perkin-Elmer UV/VIS/NIR

Lambda 19 spectrometer, equipped with solid accessories.
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Emission spectra were recorded using a Varian-Cary Eclipse Fluorescence
spectrophotometer.

Elemental analysis was performed on a Carlo-Erba-1106 C, H, and N analyzer.

Thermal analyses were carried out on a Diamond Differential Scanning
Calorimeter (DSC) at a heating rate of 10 °C - min™ in nitrogen. Thermo Gravimetric
Analysis (TGA) thermograms were obtained on a Tg-Ms: Simultane TG-DTA/DSC
apparatus STA 449 Jupiter from Netzsch, equipped with Balzers Quadstar 422 V at a
heating rate of 10 °C - min” in nitrogen.

The weight-average molecular weight (M,) and number-average molecular
weight (M,) were determined by gel permeation chromatography (GPC) with a high

performance liquid chromatography (HPLC) system from “Thermo Separation

Products” using two columns (PSS-PFG, 7 um 10* and 10° X), with isocratic pump,
autosampler, in combination with a detector Shodex RI71. The samples were to run
in hexafluoroisopropanol (HFIP) with 0.05 M potassiumtrifluoracetate (KTFAc) and
calibrated with polymethylmethacrylate (12 narrow PMMA) standard at 23 °C. The
oligomer, EONPI was completely soluble in HFIP. The solution was filtered through
a 1 pm filter unit and 50 pm was injected for the GPC measurement.

Intrinsic viscosity was measured at 25 °C in m-cresol, using an Ubbelohde
viscometer unless otherwise specified the conditions. The intrinsic viscosity [n] was
obtained by measuring specific viscosity 1, at five different concentrations, plotting
log(nsp/c) vs ¢ and extrapolating to zero concentration.

Some of the products were isolated by Flash column chromatography performed
on Merck silica gel 60 (0.063 — 0.20 mm or 0.040 — 0.063 mm). All solvents were

distilled prior to the column use.
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The redox properties of the compounds were studied by cyclic voltammograms
and square wave voltammograms. Cyclic voltammograms in solutions were
performed using a three-electrode cell with a polished 2 mm glassy carbon as
working electrode and Pt as counter electrode. The concentrations of the solutions
were 107 M in electroactive material and 0.10 M in supporting electrolyte
tetrabutylammoniumhexafluorophosphate (TBAPF6). Data was recorded on EG &
GPAR 273A COMPUTER-CONTROLLED POTENTIOSTAT. Ferrocene was used
as internal reference. For the compounds, TEONPI and HP-CH, the measurements
were carried out on “The Gamry Instruments, REFERENCE 600
Potentiostat/Galvanostat/ZRA”.

Fluorescence lifetime measurements were performed by time correlated single

photon counting technique (FLS920, Edinburgh Instruments).
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3.3 Methods of Syntheses

In this section, syntheses methods of electron acceptors were presented. As
electron-accepting (n-type) materials, four different compounds composed of
perylene and naphthalene moieties were established [9, 10, 15, 59]. The well known
perylene and naphthalene dyes [9-15, 57-59] were prepared by modeling with
different kinds of substituents. In addition to the promising perylene and naphthalene
polymers, some oligomers were also prepared which possess great stabilities, high

fluorescence quantum yields and color tunabilities [9, 10].

(1) With a specially synthesized diamine, EODA (Scheme 3.1), based on
hexaethylene glycol; a concentration dependent color tunable perylene oligomeric

diimide (Bodapati and Icil, 2008) was synthesized (Scheme 3.2) [9].

(i1) By using the same diamine, EODA (Scheme 3.1), a light emitting, solvent
and concentration dependent color tunable naphthalene oligomeric diimide (Scheme

3.3) was synthesized (Bodapati and Icil, 2011, in print) [10].

(iii) A similar commercial diamine with three ethoxy groups was used to produce
a naphthalene polyimide by Mustafa E Ozser (Ozser, Bodapati, and Icil in press). For
comparison and for the purpose of PV cells, electrochemical properties of the

compound were explored. (Scheme 3.4) [59].
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(iv) A perylene substituted fluorescent chitosan polymer synthesized by Devrim
Ozdal (Ozdal, Asir, Bodapati, and Icil, in press) (Scheme 3.5) was also included in
the list of electron-accepting materials to explore in detail the electrochemical

properties of perylene dyes [15].
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The diamine, 2-[2-(2-{2-[2-(2-amino-ethoxy)-ethoxy]-ethoxy }-ethoxy)-ethoxy]-
ethylamine, EODA was synthesized via three steps (Scheme 3.1) (Zych and Iversion,

2000), (Bodapati and Icil, 2008) [9].

- 0,6\/095\/\0}1 TsCl, DMAP, TEA, DCM TS0 ,6\/09;/\0“

HEG DTEO

NaN3, CH3CN
Reflux

N\

0 o
\_o—i= N(’\/ 0\)5/\N= i—o—/ < (CH3(T::;O)3P N{N 09;/\N3

- N— DAEO

HCI,
NaOH

HZN’\/O\/\O/\/O\/\0/\/0\/\NH2
EODA

Scheme 3.1: Synthesis of 2-[2-(2-{2-[2-(2-amino-ethoxy)-ethoxy]-ethoxy }-ethoxy)-

ethoxy]-ethylamine, EODA (Bodapati and Icil, 2008) [9].
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A highly soluble, flexible — rigid — flexible, perylene oligomer dye, termed EOPPI
was synthesized by the reaction between the chromophore, perlyene 3,4,9,10-

tetracarboxylic dianhydride (PDA) and diamine, EODA (Scheme 3.2).

(=<2 o
n O . o + n H2N’<\/ %/\NHZ
O 0 (EODA)
(PDA)

m-cresol
isoquinoline

(EOPPI)

Scheme 3.2: Synthesis of Perylene-3,4,9,10-tetracarboxylic acid-Bis-(N,N'-Bis 2-
[2-(2-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethoxy }-ethoxy)-ethoxy]-ethylpolyimide,

EOPPI (Bodapati and Icil, 2008) [9].
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Similar to the perylene oligomeric dye, a naphthalene oligomeric dye (EONPI)
was synthesized by the reaction between 1,4,5,8-naphthalenetetracarboxylic
dianhydride, NDA and diamine, EODA (Scheme 3.3) (Bodapati and Icil, 2011, in

print) [10].

(0) (0]

(0)
n O O 0) + n HZM(\/ §~/\NH2
5

m-cresol
isoquinoline

(EONPI) n

Scheme 3.3: Synthesis of naphthalene-1,4,5,8-tetracarboxylic acid-bis-(N,N'-bis 2-[2-
(2-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethoxy }-ethoxy)-ethoxy]-ethyl polyimide,

EONPI (Bodapati and Icil, 2011, in print) [10].
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A new polyimide was synthesized by Mustafa E Ozser using naphthalene
dianhydride (NDA) as hydrophobic rigid unit and another aliphatic ehoxy amine as
flexible spacer. The polymer synthesis scheme was shown below (Scheme 3.4)

(Ozser, Bodapati, and Icil, in press) [59].

o O + N HZN/\/\O/\/ 0\/\()/\/\1\1[-12

O (TEODA)
(0]

isoquinoline
m-cresol
80 - 150°C

B8

(TEONPI)

Scheme 3.4: Synthesis of Poly[bis-N,N'-(3-(2-(2-(3-aminopropoxy)-ethoxy)-
ethoxy)-propyl)-1,4,5,8-naphthalene imide], TEONPI (Ozser, Bodapati, and Icil, in

press) [59].
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A novel perylene polymer was synthesized by Ozdal recently. For the first time, a
biopolymer, chitosan (CH) was substituted on a perylene monoimide dye (OH-PMI)

(Scheme 3.5) (Ozdal, MS Thesis) (Ozdal, Asir, Bodapati, and Icil, in press) [15].

(=}
[}
=}

HOH,C HO NH,
o ()
m-cresol
+ HOwp- O={  Houm H ——»
isoquinoline
% F 3 n
HO *NH, HOH,C OO

(CH)

=)

O—<: :>—Z
:

o

Z

°

=)

H

(OH-PMI)
‘\ (HP-CH) [’

Scheme 3.5: Synthesis of N-(4-hydroxyphenyl)-3,4,9,10 perylene tetracarboxylic-
3,4-anhydride-9,10-imide conjugated chitosan, HP-CH (Ozdal, Asir, Bodapati, and

Icil, in press) [15].
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3.4 Importance of Synthetic Designs of Electron-accepting (n-type)

Materials

Perylene and Naphthalene dyes were most attractive with high stabilities and
possess outstanding applications in many fields of industry. Several perylene and
naphthalene dyes were reported in literature. The most of the dyes reported were
either poor or appreciably soluble. In order to make the organic n-type materials
more commercial, easy processability of the compounds is a necessary criterion in
addition to the exciting optical properties. The present work was focused on the
design and synthesis of perylene and naphthalene dyes that are highly soluble and
possess good photochemical, electrochemical, and thermal stabilities, so that they are
suitable to photonic applications and photovoltaics in combination of electron
donating polymers. The main advantage of perylene and naphthalene dyes is their
reactivity with amines and therefore the desired properties can be easily tailored with
various substituents. It is, therefore, easy to model the dyes according to the
architecture of bulk-hetero junction PVs and thereby to improve the power

conversion efficiency.
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3.5 Synthesis of Perylene-3,4,9,10-tetracarboxylic acid-Bis-(V,NV'-Bis
2-[2-(2-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethoxy}-ethoxy)-ethoxy]-

ethylpolyimide, EOPPI

(Bodapati and Icil, 2008)

4 )

0} 0
% 8.8 ~ O~ OO
o 0
L

N\

n

/

With the specially synthesized diamine (EODA) and perylenetetracarboxylic
dianhydride, the flexible-rigid-flexible perylene oligomer was synthesized and

characterized in detail.
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3.6 Synthesis of Naphthalene-1,4,5,8-tetracarboxylic acid-bis-(N,N'-
bis 2-[2-(2-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethoxy }-ethoxy)-

ethoxy]-ethyl polyimide, EONPI

(Bodapati and Icil, 2011, in print)

4 5 5 )
&
~ O~ OO
n

\_ J

1,4,5,8-naphthalenetetracarboxylic dianhydride (0.513 g, 1.91 mmol), 2-[2-(2-{2-
[2-(2-amino-ethoxy)-ethoxy]-etoxy }-ethoxy)-ethoxy]-ethylamine (EODA) (0.535 g,
1.91 mmol) were heated in a carefully dried solvent mixture (40 mL m-cresol and 10
mL isoquinoline) under nitrogen atmosphere at 100 °C for 6 h, at 120 °C for 3 h, at
150 °C for 5 h and finally at 180 °C for 8 h. The reaction water was collected in the
Dean-Stark trap attached to the system. The solution was allowed to cool and was
poured into 300 mL diethyl ether. The precipitate was filtered off and dried at 100 °C
under vacuum overnight. The crude product was purified by crystallization from

dichloromethane/diethyl ether to obtain the polymer as a shining black powder.

Yield: 90% (0.882 g); Color: Black shining powder; mp: >300 °C.
FT-IR (KBr, cm'l): v = 3065, 2865, 1704, 1665, 1580, 1335, 1105.
UV-Vis (CHCl3) Amax, nm: 343, 361, 380, 397, 414.

Fluorescence (CHCl3) Apyax, nm: 392, 409, 513. @¢ = 0.017.
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Anal. caled for (CysHsN>O9)p, (512.52),: C, 60.92; H, 5.52; N, 5.47. Found: C,

62.91; H, 4.76; N, 5.09.
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3.7 Synthesis of Poly[bis-N,N'-(3-(2-(2-(3-aminopropoxy)-ethoxy)-

ethoxy)-propyl)-1,4,5,8-naphthalene imide], TEONPI

(Ozser, Bodapati, and Icil, in press)

an 2 0)

— -n

. Y

By the classical one step condensation between 1,4,5,8-
naphthalenetetracarboxylic dianhydride (NDA) and 4,7,10-trioxa-1,3-

tridecanediamine (TEODA), the polymer was synthesized by Mustafa E Ozser.
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3.8 Synthesis of  N-(4-hydroxyphenyl)-3,4,9,10  perylene
tetracarboxylic-3,4-anhydride-9,10-imide conjugated chitosan, HP-
CH

(Ozdal, MS Thesis)

(Ozdal, Asir, Bodapati and Icil, in press)

\_

The fluorescent perylene substituted chitosan polymer was synthesized by Devrim
Ozdal first time in literature by introducing low molecular weight chitosan onto the

perylene dye.
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3.9 General Synthesis Reaction Mechanism of Electron-accepting (n-

type) Materials

Nucleophilic attack

0 0‘?»0/\

Sem ez RNH
2

Proton abstraction

0”°] <o
®NHR :_J_):

Proton abstraction
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Proton abstraction

Proton abstraction
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Chapter 4

DATA AND CALCULATIONS

4.1 Determination of Molecular Weights

The weight-average molecular weight (M,) and number-average molecular
weight (M) of EOPPI, EONPI, fluorescent chitosan and chitosan compounds were
determined by gel permeation chromatography (GPC).

Intrinsic viscosities ([#]) of the compounds were measured using an Ubbelohde
viscometer. To obtain the kinematic viscosity (in cSt), the efflux time (in seconds)
was multiplied by the corresponding viscometer constant. The dynamic viscosity (in
mPa.s) was obtained by the multiplication of kinematic viscosity and density (in
g/mL). The intrinsic viscosity [#] was obtained by measuring specific viscosity (#sp)
at five different concentrations (c) and applied Huggins equation, plotting log(#p/c)
vs. ¢ and extrapolating to zero concentration.

The viscosity average molecular weights (M) of CH and HP-CH were especially
determined by Mark-Houwink-Sakurada’s equation [5#] = KM,"; where ‘K" and ‘a’
are the constants that depend on the solvent-polymer system. Although, there is a
considerable deviation in the equation for any solvent-temperature system proposed
by Mohammad R. Kasaai [60], we have first determined the MHS constants by using

that equation. Later, the approximate M, of the chitosan polymer was measured.
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4.1.1 Measurement of Intrinsic Viscosity [#]
Intrinsic Viscosity of EOPPI:

m-Cresol was used as solvent for EOPPI and a total of five different
concentrations were prepared. m-Cresol was especially chosen to make sure the
efflux time of the solvent will be beyond 150 sec. Each measurement was repeated
three times and the average efflux time was considered for calculating the intrinsic
viscosity. The following table illustrates the efflux times of m-cresol and the average

efflux time.

Table 4.1: Data of efflux times of m-cresol at 25 °C

Solvent Efflux Time (sec) Avg. Efflux Time (sec)

m-cresol 262.76 262.67

262.63

262.62

In the similar way, for five different concentrations (c) of EOPPI in m-cresol, the

average efflux times were tabulated below.

Table 4.2: Average efflux times data of EOPPI at 25 °C

Concentration (g/dL.) Avg. Efflux Time (sec)

0.2 265.69
0.1 259.23
0.05 258.32
0.01 258.44
0.005 255.99
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According to the following formulae, all the viscosity parameters were calculated

for each concentration and they were presented in the Table 4.3.

t_ efflux time of solution

Nrelative tg " efflux time of solvent

nspecific = TNrelative -1

In (nyelative!

c

TNinherent =

_ {‘1 speci fic]

Nreduced = c

Table 4.3: Viscosity parameters of EOPPI

. TI - pe
Concentration MNrelative 1 specific Nreduced lug (—SP Ec'hc)
C

(g/dL)
0.2 1.0115 0.0115 0.06 —1.2403
0.1 0.9869 —0.0131 —0.13 0.8827
0.05 0.9834 —0.0166 —0.33 0.4789
0.01 0.9839 —0.0161 -1.61 —0.2068
0.005 0.9746 —0.0254 —5.08 —0.7059

According to Huggins equation,

N specific
log (125%) = logl] + k'lnle

(Equn. 4.1)

Where,k': The Huggins constant for moderate concentrations
[#]: Intrinsic viscosity in dLgﬁ1
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".l‘, o
The linear fit plot of log (%ﬂﬁc) vs. ¢ (Figure 4.1) gives the intercept “log[#]”

which provides the intrinsic viscosity of the solution.

0.9

|Og ((nspecific)/c)
°© o o
.. .

S O
il

o
©

000 002 004 006 008 0.10
Concentration (g/dL)

Figure 4.1: Plot of Reduced Viscosity vs. Concentration of EOPPI

The intercept of the plot found from Figure 4.1 is —0.51.
= log[y] =-0.51
=2 [71=10""=03dLg™

= [4]=0.3dLg™"

In the similar manner, intrinsic viscosities of all reported oligomeric diimides and
polyimides (EONPI, CH, HP-CH, and TEONPI) were calculated at 25 °C (unless
otherwise mentioned) and their data was tabulated below (Table 4.4). Especially for
the biopolymer, chitosan (CH) and perylene substituted fluorescent chitosan

polymer, viscosity molecular weights were determined on the basis of equations

reported in literature.
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Table 4.4: Intrinsic viscosities of the synthesized n-type materials

Compound Solvent [n] @dLg™)
EOPPI m-Cresol 0.30
EONPI m-Cresol 0.28

TEONPI m-Cresol 0.40
HP-CH dimethylacetamide 0.40° (9.0)°
CH* 0.1 M NaCl/0.1% TFAc 4.00

*CH is the commercial biopolymer, chitosan; “measured at 70 °C,Pat 25 °C

Based on Mark-Houwink-Sakurada’s equation (Equn. 4.2), another equation for

any solvent-system was reported for calculation of viscosity molecular weight by

Kasaai [61]. Although there was considerable error in the equation reported, a

general rough estimate of M, was calculated for CH and HP-CH.

[n] = KMy

(Equn 4.2)

Exponent 'a’ of Mark-Houwink equation was first estimated by the following

equation.

Exponent 'a’ :

B 0.699 x
a= 0.6202 + (—mmﬁm)

DA }

Where, y = ((DH .y

DA: Degree of acetylation of chitosan

pH: pH of eluent
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p: Ionic strength of eluent = 0.5 £, m;z?

m;: Molality, z;: Charge number of ionic species ‘i’

Viscosity Molecular Weight (M,) of Chitosan:

The eluent used in the measurement was 0.1 M NaCl/0.1% CF;COOH. Based on
the eluent, the molalities of ionic species were calculated.

m; of 0.1 M NaCl = 0.1 molal

z;of 0.1 M NaCl =1

m; of 0.1% CF;COOH = 0.0135 molal (d=1.5251 g/mL)

zi of 0.1 % CF;COOH =1

Tonic strength, p, of eluent = 0.5 T, m,z?

=2 pu=0.5x [(0.1x1%) + (0.0135%x1%)]
=2 p=0.0567
DA = 20% (Aldrich)

pH = 2 of the eluent

/' DA )
100
= =\ _ __=1=1.7637
X \.(pHXI.l}) ((zxo.GSG?}) 63

¥ =1.7637

0.699

MJ = 06202 + ( 0.65% x1.7637 )

F .l — [ -
Exponent 'a' = 0.6202+{‘ (048062 17237)

Exponent 'a’ = 1.1695
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From the same reference,
Constant K:
log(leO'S) = [(-5.7676 x exponent 'a’) + 5.9232]
(Equn 4.4)
= log(Kx107) = [(-5.7676 x 1.1695) + 5.9232]
= Kx107 =-0.822
= K=1.51x10"°dL/g
Using the calculated value of intrinsic viscosity and Mark-Houwink equation,
viscosity molecular weight was determined for CH.

[n] — KM
= 4 =(1.51x107%) x M115%

= M, =309 kDa
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4.2 Calculations of Optical Parameters

4.2.1 Maximum Extinction Co-efficients (&yax)

According to the Beer-Lambert’s law, from the linear relationship between
absorbance and concentration of absorbing species, the maximum extinction co-

efficients of the compounds were calculated from the following equation [63].

A

Smax — 4
cl

(Equn. 4.5)

Where, émaxs  Maximum extinction co-efficient in L - mol™ - cm™ at Amax
A: Absorbance
c: Concentration in mol L

l: Path length in cm

&max Calculation of EONPI:

380
1.5 360
o 340
8 1.0 395
g : 415
S
(@)
2
< 0.5-
0.0

300 350 400 450 500 550 600
Wavelength (nm)

Figure 4.2: Absorption Spectrum of EONPI in Chloroform at 1x10™ M
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The absorption spectrum of EONPI (Figure 4.2) reveals that the absorption was

found as 1.618 for the concentration of 1x10™> M at the wavelength, (Apax) 380 nm.

1.618

= £’ = - . _1. -1
max 1x10-5M x 1 cm 161800 L - mol™ - cm

= Emax of EONPI =161800 L - mol™ - cm™

In the similar way, the molar absorptivity of the compounds was calculated and

the resulting values were tabulated in the following table (Table 4.5).

Table 4.5: Molar absorptivity data of EOPPI and EONPI

Compound Concentration Absorbance Mmax Emax
EOPPI 1x10° M 1.500 527nm 150000 L - mol™" - cm™
EONPI 1x10° M 1.618 380nm 161800 L - mol™! - cm™

4.2.2 &nax Calculation of EONPI from the Plot of Absorbance vs. Concentration

Based on the Beer Lambert’s Law, the en,x was calculated from the plot of
absorbance and concentration. A minimum of five different concentrations of the
compound’s solutions were prepared and their maximum absorbances respecting to
the maximum absorption wavelength were recorded for each concentration. Later,
the slope calculated from the plot of absorbance vs. concentration yielded the

maximum molar absorption co-efficient.
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Table 4.6: Concentration and the their corresponding absorbances data of EONPI

Concentration Mmax Absorbance
Ix10°M 380 nm 0.186
2x10° M 380 nm 0.343
5%10° M 380 nm 0.820
1x10° M 380 nm 1.618
2x107° M 380 nm 3.174

35
3.0
2.5
]
: 2.0‘
®©
2 15
2
o 1.0-
<
0.5
0.0
0.0 '5.o§1 0'5' 1 .0)21 0'5' 1 .5§1 0'5'2.0)21 0°
Concentration (M)

Figure 4.3: Plot of Absorption vs. Concentration of EONPI

The slope of the plot, emax, 1S 157400 L - mol™ - em™.

Table 4.7: Molar absorptivity data of EONPI in different solvents

Solvent Ay (im) £, (L -mol™ - ecm™)
Chloroform 380 nm 157400 (161800)
NMP 380 nm 125900 (130200)
MeOH 357 nm 155400 (187000)
DMF 380 nm 110900 (112870)
DMSO 381 nm 108400 (110100)

* The values are calculated from the plots of absorbance vs. concentration and the
values in the parentheses are calculated from the formula (e, = A/cl) for the
concentration, 1x1 0> M.
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4.2.3 Fluorescence Quantum Yields (®¢)

When a chromophore/fluorophore absorbs a photon of light with enough energy,
an energetically excited state is formed. The end result of this process is returning to
the ground state by deactivation. There are many deactivation processes such as
fluorescence, internal conversion, vibrational relaxation and intersystem crossing,
etc. Among these, fluorescence is the important radiative process where the
deactivation of energy occurs by the emission of a photon and other listed processes
are related to non-radiative loss of energy as heat to the surroundings. Intersystem
crossing is the transition from singlet to the triplet manifold and subsequent final
non-radiative deactivation. These processes were better indicated in Jablonski

diagram (Figure 4.4).

N Excited
Yibrational I“te."““‘hc)
. conversion
S2 States

Absorbance

2UIISAION[

“—

N
S

Ground State

Figure 4.4: A General Jablonski Diagram
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The fluorescence quantum yield (®y) is the ratio of photons absorbed to the
photons emitted through fluorescence. The most reliable method for recording @y is
the comparative method of Williams et al., [62] which involves the use of well
characterized standard samples with known @y values. Essentially, solutions of the
standard and test samples with identical absorbance at the same excitation
wavelength can be assumed to be absorbing the same number of photons. Hence, a
simple ratio of the integrated fluorescence intensities of the two solutions (recorded
under identical conditions) will yield the ratio of the quantum yield values. Since ®¢

for the standard sample is known, it is trivial to calculate the @y for the test sample.

(Du: Astd v Su v (ﬂu

X @
Au Sstd ) std

Nstq
(Equn. 4.6)

Where,®,:  Fluorescence quantum yield of unknown

Agqa:  Absorbance of the reference at the excitation wavelength

Ay Absorbance of the unknown at the excitation wavelength

Ssta: The integrated emission area across the band of reference

St The integrated emission area across the band of unknown

nga:  Refractive index of reference solvent

Nyt Refractive index of unknown solvent

@y q: Fluorescence quantum yield of reference. [57, 63]
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N,N'-bis(dodecyl)-3,4,9,10-perylenebis(dicarboximide) reported by Icil in 1997
was used as reference for the fluorescence quantum yield measurements of perylene
dyes [57]. The reference compound was having ®¢ = 1 in CHCls solution. The
perylene dyes reported were excited at the wavelength, Aexc = 485 nm similar to the
reference.

For the naphthalene dyes reported, anthracene in ethanol (with @ = 0.27) was

used as reference and the compounds were excited at Aexc = 360 nm [10, 14].

Fluorescence Quantum Yield of Dimer-EOPPI:

Dimer-EOPPI was dissolved in methanol and the reference compound was
dissolved in chloroform. Their absorbances were measured followed by their
fluorescence spectra and the corresponding integrated emission area. The data was

listed below.

Aga = 0.1015, A, = 0.1, Sqq = 12318.15, S, = 8949.93, nyq = 1.4429 at 20 °C, n, =

1.3284 at 20 °C, ®@yq = 1.0

From equation 4.2,

0.1015 894993 1.3284\¢
Peoppr — = = ( )
0.1 12318.1%5 1.4429

= @; of Dimer-EOPPI = 0.63

The fluorescence quantum yields of dimer-EOPPI were measured by the method

described above in different solvents and they were tabulated below (Table 4.8).
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Table 4.8: Fluorescence quantum yields of EOPPI and EONPI in different solvents

EOPPI EONPI
Solvent D, @,
CHCl; 0.47 0.017
TCE 0.31 -
NMP 0.38 -
CH;OH* 0.63* 0.023
DMF 0.55 0.012
DMSO 0.12 -
H,O - 0.032

*The measured value is belonging to the Dimer-EOPPI
Although, the ®; of naphthalene dyes are lower in general, for comparison, the
measurements were carried out for EONPI and the results were given in the table

(Table 4.8) in addition to ®¢ of EOPPI.

4.2.4 Half-width of the Selected Absorption (Av, ;)

The half-width of the selected maximum absorption generally considered as full
width at half maximum and is defined as full or half-width of the curve at half of the

maximum intensity [9, 10].

AVyp = Vi — Vi

(Equn. 4.7)

Where, ¥, ¥;;: The frequencies from the absorption spectrum in cm™

Av, ;»: Half-width of the selected maximum absorption in cm™!
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Figure 4.5: Absorption Spectrum of Dimer-EOPPI in CH;0H

From the Figure 4.5,
M =501.76 nm
10" %m 1cm 5
= M =1501.76 nm x X —5 _=5.0176 x 10~ cm
1 nm 10 m
_ 1 »
2 VYV = =19929.85 cm

50176 x10™2 cm

A= 543.07 nm

107 °m 1 cm s
= An=543.07 nm x 2 =5.4307x 10" cm
nim 10 m
_ L 4
= Vi = =18413.83 cm

54307 x10™ % cm

AVyjp = Vi — Vp=19929.85cm ™' - 18413.83 cm™' = 1516.02 cm™'
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= A¥4/2 =1516.02 cm™

The half-widths of the compounds are necessary for calculating the theoretical
radiative lifetimes of the compounds. By using the above method, the half-widths

were calculated and presented below in Table 4.9.

Table 4.9: Half-width of the selected absorptions of compounds EOPPI and EONPI

EOPPI EONPI

Solvent A (nm) Ay (nm) AV, (cm™) M(nm) Ay (nm) AV, (cm™)
CHCl; 511 527 1156.21 367 390 1545.34
CH;OH*  502% 543 1516.02% 368 388 1382.06
DMF 509 543 1221.51 370 401 2145.03

*The measured values are belonging to the Dimer-EOPPI

4.2.5 Theoretical Radiative Lifetimes (7()

The theoretical radiative lifetime refers to the theoretical lifetime of an excited

molecule in the absence of radiationless transitions.

3.5 x 108

fﬁlax X Emax X EL”I_-"-]JE

Tp =

(Equn. 4.8) [64]

Where, 7y: Theoretical radiative lifetime in ns

Ve Mean frequency of the maximum absorption band in cm™!

. . . .. . 1 -1
Emaxe The maximum extinction coefficient in L - mol™ - c¢cm ™ at the

maximum absorption wavelength, A«

Av, 52 Half-width of the selected absorption in units of cm™'
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Theoretical Radiative Lifetime of Dimer-EOPPI:
From the Equation 4.8 and its calculation method, &n.x of Dimer-EOPPI in

CH;0H was calculated as 120000 L - mol™! - em™.

From the Figure 4.3, Apax = 521 nm

10 % m 1 cin

Amax = 521 nm x X —=—=521x10"cm
1 nm 107 “m

1
= = =19193.86 cm™
max 521 x10 % tm

= 72, =(19193.86 cm™)* = 3.684 x 10° cm™

Now, the theoretical radiative lifetime can be calculated from the Equation 4.8

3.5 x108 3.5 x10f
2 X Eppa X AVy o © (19193.86)2x 120000X 1516.02

vma:w.

Tg =

© 1, = 522 X107 ns

= Tg= 5.22ns

According to this method of calculation, theoretical radiative lifetimes were

calculated for the compounds in different solvents and the data was presented below.
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Table 4.10: Theoretical radiative lifetimes of EOPPI in different solvents

EOPPI

Solvent  hmax (nm) £y, (Lomol™” cem™) ¥2__ (em™) AV, (em™) 1, (ns)
CHCl; 527 150000 3.59 x 10° 1156.21 5.46
CH3;0H* 521% 120000* 3.68 x 10° 1516.02 5.22
DMF 526 130000 3.62 x 10° 1221.51 6.09

*The measured values are belonging to the Dimer-EOPPI
Table 4.11: Theoretical radiative lifetimes of EONPI in different solvents
EONPI

Solvent Amax (nm) £, (Lemol™ cem™) #2_ (cm™) AP, (em™) 17, (ns)
CHCl; 380 157400 6.925 x 10° 1545.34 2.08

CH;0H 378 155400 6.999 x 10° 1382.06 2.33

DMF 380 110900 6.925 x 10° 2145.03 2.12
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4.2.6 Theoretical Fluorescence Lifetimes (z¢)
The theoretical fluorescence lifetime refers to the theoretical average time of the

molecule stays in the excited state before fluorescence (emitting a photon).
Tr=Tp X (I)f

(Equn. 4.9) [64]
Where, z5: Fluorescence lifetime in ns
70° Theoretical radiative lifetime in ns

®:  Fluorescence quantum yield

Theoretical Fluorescence Lifetime of Dimer-EOPPI:
e =79 X D¢
From the data calculated above by using Equations 4.6 and 4.8,
= 1r=5.22ns x 0.63
= =329 ns
The theoretical fluorescence lifetimes of the other compounds synthesized and
reported were also calculated using the above Equation 4.9. The results were

tabulated in the following tables.

Table 4.12: Theoretical fluorescence lifetimes data of EOPPI and EONPI

EOPPI EONPI
Solvent @y 7o (nS) 7 (NS) Dy 7o (ns) 7r (ns)
CHCl; 0.47 5.46 2.57 0.017 2.08 0.036
CH;0H* 0.63*  5.22% 3.20% 0.023 2.33 0.054
DMF 0.55 6.09 3.35 0.012  2.12 0.025

*The measured values are belonging to the Dimer-EOPPI
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4.2.7 Fluorescence Rate Constants (k¢)

The theoretical fluorescence rate constant for the compounds are calculated by the

following equation.

(Equn. 4.10) [9, 10, 64]

.1
Where, kg¢: Fluorescence rate constant in s

7ot Theoretical radiative lifetime in s

Fluorescence Rate Constant of Dimer-EOPPI:

1

D kg =
F 522 x10-%:

=192 x 108!

=2 k;=1.92 x 108s™

The theoretical fluorescence rate constants were calculated in the similar manner

for EOPPI and EONPI in different solvents and the values were given in the

following table.

Table 4.13: Fluorescence rate constants data of EOPPI and EONPI

EOPPI EONPI
Solvent 7y(ns)  ke(s™) to(ns)  ke(sT)
CHCl; 546  1.83x10° 2.08  4.81x10°
CH;OH*  5.22% 1.92x 10% 233 429x10°
DMF 6.09  1.64x 10° 212 4.72x10°

*The measured values are belonging to the Dimer-EOPPI
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4.2.8 Rate Constants of Radiationless Deactivation (kq)
The rate constants of radiationless deactivations of the compounds were

calculated by the following equation.

(Equn. 4.11) [9, 10, 64]
Where, kq: Rate constant of radiationless deactivation in s~
ke: Fluorescence rate constant in s

®;:  Fluorescence quantum yield

Rate Constant of Radiationless Deactivation of Dimer-EOPPI:

167 win®e"2

Dk, = (21 F ) 192 x 10%s7! =113 x 10857
d 0.63

ky=1.13 x 10%s™

The following table gives the calculated rate constants of radiationless

deactivation for EOPPI and EONPI.

Table 4.14: Rate constants of radiationless deactivation data of EOPPI and EONPI

EOPPI EONPI
Solvent @ ke(sh ka(sH @ ke(sh ka(s™h

CHCl; 047 1.83x10° 2.06x10° 0.017 4.81x10° 2.78 x 10"
CH;0H* 0.63 1.92x10% 1.13 x 10%* 0.023  4.29x10° 1.82x10"

DMF 055 1.64x10° 134x10° 0.012 4.72x10® 3.89x 10"

*The measured values are belonging to the Dimer-EOPPI
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4.2.9 Oscillator Strengths (f)
The dimensionless quantity, oscillator strength, expresses the strength of an

electronic transition and is calculated by the following equation.

f=432X107° AV 3 Epax

(Equn. 4.12) [10]
Where, f: Oscillator strength

Aw, -+ Half-width of the selected absorption in units of cm™

Emaxe The maximum extinction coefficient in L - mol™ - ecm™ at the
maximum absorption wavelength, Aax
Oscillator Strength of Dimer-EOPPI:

D f=432% 1077 AV,
= f=432x107% x1516.02 x 120000 =0.79

= f=0.79
The following table gives the calculated rate constants of radiationless
deactivation for EOPPI and EONPI.

Table 4.15: Oscillator strengths data of EOPPI and EONPI

EOPPI EONPI
Solvent A%, (em™)  sp..° f A¥y 5 (cm™ fma S
CHCl3 1156.21 150000  0.77 1545.34 157400 1.05
CH;0H* 1516.02* 120000*  0.79* 1382.06 155400 0.93
DMF 1221.51 130000  0.69 2145.03 110900  1.03

* The measured values are belonging to the Dimer-EOPPI
e .. datais givenin (L - mol™ - cm™)
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4.2.10 Singlet Energies (E5)
Singlet energy is the minimum amount of energy required for a

chromophore/fluorophore to get excited from ground state to an excited state.

2.86 x 10°
ES — )._m
a3

(Equn. 4.13)

Where, Es:  Singlet energy in kcal mol™

(4]
Amax: The maximum absorption wavelength in A

Singlet Energy of Dimer-EOPPI:

” 5 . c
2 E; = 28e XAV _ 22X _ 54,9 keal mol™!
e 5210

2 E, = 54.9 kcal mol™

The singlet energies were calculated in the similar manner for EOPPI and EONPI

and the data was given in the following table.

Table 4.16: Singlet energies data of EOPPI and EONPI

EOPPI EONPI
Solvent 0 E, (kcal mol™! 0 E (kcal mol™!
e (A) 25 D (A B )
CHCl; 5270 54.3 3800 75.3
CH;0OH* 5210% 54.9% 3780 75.7
DMF 5260 54.4 3800 75.3

* The measured values are belonging to the Dimer-EOPPI
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4.3 Calculations of Electrochemical Parameters

According to the theory discussed in Chapter 2 under electrochemistry section
2.5, all the required electrochemical parameters were calculated. The interpretation

of the data and the results were discussed in Chapter 5 in detail.

4.3.1 Redox Potentials/Half Wave Potentials (Ey/;)

The redox potential can be obtained from a cyclic voltammogram by calculating
the average value of the anodic and cathodic peak potentials. The subscript %2
indicates that the potential is obtained approximately at the half-height of the
cathodic and anodic peaks and therefore is sometimes called as the half-wave
potential. At these points the concentrations of the reduced and oxidized species are
equal. Here, the concentration refers to the concentration of a given species on the

electrode but not in the bulk solution.

(Equn. 4.14) [65, 66]
Where, Eq:  Half-wave potential in V
E,:: Cathodic peak potential in V

Epa: Anodic peak potential in V

Redox Potentials of EOPPI:
The cyclic voltammograms of EOPPI presented in Figure 4.57 indicate two
reversible redox processes. In the two processes, the cathodic and anodic waves are

symmetric with respect to each other and thus each redox process is reversible.

80



From the cyclic voltammogram, first, the redox potentials were calculated relative

to the reference electrode.

Epet E (—0.741)+(—0.800)

E . .4112Vs.Ag/AgNO, = P == }&‘ = 0.771V
E .+ E (—0.959)+(—1.025)

E . .421-Vs.Ag/AgNO, = P == }&‘ =—0.992V

Where, E..q; 2 represents the first and second redox processes.

From the anodic and cathodic peak potentials, the peak potential separations for
the two redox processes can be estimated by the following equation which indicates
the number of electrons transferred. According to the equation, a fast one-electron

process gives a peak potential separation about 59 mV.

N.N59

pa — bpec = v

(Equn. 4.15) [65, 66]

Peak Potentials Separations of EOPPI:

= AE, | = (-0.741) — (~0.800) = 0.059 V
= AEp1=59mV
= AE,, = (-0.959) — (-1.025) = 0.066 V

= AEP,2= 66 mV

The oxidation potential of internal reference, ferrocene was estimated as 0.175 V.

Therefore, Eox = 0.175 V
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Now, the redox potentials can be expressed relative to the internal reference,
ferrocene (Fc).

Ered,i.-’z.vs' Fe= (Erad,i;’zvs'ﬂgf’lﬁgh‘n.ﬁ) - (F,'M‘I.FR_ Ag}lﬁgNﬂs)

= Eied11/2VS. Fe = (-0.771) — (+0.175) = -0.946 V

= E eag/avs. Fo =—0.946 V

= E eaz1/2V8 Fe = (-0.992) — (+0.175) = -1.167 V

= ErEdi_.i.-"ZVS' FC = —1.167 V

In the similar manner, the redox potentials of all the compounds were calculated

and the values were tabulated in Table 4.18.

4.3.2 Energies of LUMO Levels

According to the empirical relationship proposed by Bredas and co-workers [67,
68] on the basis of a detailed comparison between valence effective Hamiltonian
calculations and experimental electrochemical measurements, a correlation was
expressed to calculate the absolute energies of Lowest Unoccupied Molecular Orbital

(LUMO) level with respect to the vacuum level.

ELUMD - — (‘l" 8 + E‘]_fZ)
(Equn. 4.16) [67, 68]
Where, Erumo: Energy of LUMO level in eV
Eqp: Redox potential of analyte (E, .44 1/2Vs. Fc)
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Table 4.17: Electrochemical data of n-type materials at a scan rate of 100 mVs™'

Compound Epc Epa AE'p E1/2 EFc E1/2
IV /V /mV  vs. (Ag/AgCD)/V vs. (Ag/lAgCD)/V vs.Fc/V
EOPPI in CH,Cl,* -0.741 -0.800 59 -0.771 0.175 —0.946
-0.959 -1.025 66 -0.992 0.175 -1.167
EONPI in CH,Cl, -0.682 -0.824 142 -0.753 0.350 -1.103
________________________________ -1.044 1170 126 L1107 0350 1457
EONPI in (50:50)
-0.505 -0.569 64 -0.537 0.380 -0.917
CH;0H + CH;CN
HP-CH in DMAc* -0.319 0415 96 -0.367 0.586 -0.953
-0.556 -0.660 104 -0.608 0.586 -1.194
TEONPI in CHCl; -0.448 -0.636 188 -0.542 0.513 -1.055
-0.845 -0.748 97 -0.797 0.513 -1.310
-0.924 -1.017 93 -0.971 0.513 —-1.484
Poly PTDI in CHCl; -0.448 -0.636 188 -0.542 0.513 -1.055
-0.448 -0.636 188 -0.542 0.513 -1.055

*For EOPPI, the reference electrode was (Ag/AgNO3)

*DMAc: Dimethylacetamide
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ELUMO of EOPPI:

Epomo = — (48 + Eyp)
= Epgmo = — (48 +(-0.946V))=-3.854V
= Eiymo =-3.854V

The LUMO values were calculated according to the procedure explained above

for different compounds and listed them in the following table (Table 4.19).

4.3.3 Optical Band Gap Energies (E,)
The optical band gap energy is calculated from the absorption spectrum of the
compound by extrapolating the maximum absorption band to zero-absorbance and by

using the following equation (Equn 4.17).

1240 eV nm
.’5.'g 1

(Equn. 4.17) [9, 10, 63-66]
Where, E;: Band gap energy in eV

A Cut-off wavelength of the absorption band in nm

Band Gap Energy of EOPPI:
The maximum absorption band (0—0 absorption band) and the corresponding
extrapolation to zero absorbance are shown below (Figure 4.6) and the resultant

wavelength measured was 552 nm.
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Figure 4.6: Absorption Spectrum of EOPPI

1240 eV nm

2 F = 124D:3vnm=124DeVnm=2'246eV

= E,=2.246eV

4.3.4 Energies of HOMO Levels

The Highest Occupied Molecular Orbital energy values were calculated from the

LUMO and E, Values followed by the equation given below.

Exomo = Erumo — Eg

(Equn. 4.18) [9, 10, 63-66]
Where, Exomo: Energy of HOMO level in eV

Evumo: Energy of LUMO level in eV
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E,: Optical Band gap energy in eV
EHOMO of EOPPI:

Epomo = Erumo — Eg

2 Euomo = — 3854 V-2246V=-6.1V

= Eppyo =-6.1V

The HOMO values were calculated according to the procedure explained above

for all n-type compounds reported and listed them in the following table.

Table 4.18: LUMO, Optical Band Gap (E;) and HOMO data of n-type materials at a

scan rate of 100 mVs™

Compound
/eV /eV /eV
EOPPI in CH,Cl,* -3.85 224 -6.09
EONPI in CH,Cl, -3.69 271 -6.40

EONPI in (50:50)

CH;0OH + CH3;CN
HP-CH in DMAc* -3.85 228 -6.13
TEONPI in CHCl; -3.75 3.15 -6.90

*For EOPPI, the reference electrode was (Ag/AgNO3)
*DMAc: Dimethylacetamide

86



4.3.5 Diffusion Constants (D)

The Randles-Sevcik equation given below was used to calculate the diffusion co-
efficients of EOPPI. The equation describes the effect of scan rate on the peak
current. For the well-known ferrocene/ferrocenium couple, i, depends not only on the
concentration anddiffusional properties of the electroactive species but also on scan

rate. Provided, the plot i, vs. v*/2 gives the evidence for a chemically reversible

redox process.

i,= (269 x105)n**v/* DV? A ¢

(Equn. 4.19) [65, 66]
Where, ip: is iy, the cathodic peak current from the cyclic voltammogram of EOPPI

v1/2: Scan rate used to record the cyclic voltammogram of EOPPI

n: Number of electrons
D: Diffusion constant in cm’s™
A: Area of working electrode in cm’

c: Concentration of the electroactive species (mol cm™ )

Equation 4.19 can be rearranged to calculate the Diffusion constant, D.

(rs)

[{2.59x1u5dsmur1v—1e"3}zx(nm}zxmc}z]

D=
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I
(ﬁ) Slope of the plot iy vs. w2 in units of [(uA)x(mV)™"*x(s)""*]

A =nr’ (with diameter 2 mm, r = 1 mm = 0.1 cm)

¢=1x10">M = 1x10° mol cm™

Equation y=a+b*x
2.5 4| Adi. R-Square 0.98502
Value Standard Error
/D Intercept -0.09401 0.08536
D Slope 0.0779 0.00429
2.0
1.5
o
\Q.
1.0-
0.5
0. 0
5 10 15 20 25 30 35
12
\4

Figure 4.7: Plot of iy vs. Scan rate of EOPPI

The slope of the plot of iy vs. v/2 = 0.0779 (LA)x(mV) *x(s)"

&)

D=
[{2.59x1u5ﬂsmul—1v—1e"3}zx(nm}zxmc}z]
2 D=
L ap?
(u.um [{ij{mw -3 :<<535D
132 32 . 2
[(z.ﬁgxmu smol™1 v‘i] x({{ﬁ) x({3.14x{u.1 em) )" x(1x1076 mulcm_s:])l'
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= DEOPPI = 1.33)(10_9 szs_l

In the similar way, the diffusion constant of EONPI was calculated from the data

of i, and scan rate (Figures 4.63 and 4.64, Table 4.17) and reported below.

Deonpr = 3.52x107" em’s™

Table 4.19: Diffusion constants data of n-type materials

Compound D (cmzs‘l)
EOPPI in CH,Cl, 1.33x10™
EONPI in CH,Cl, 3.52x107"
EONPI in CH;CN+CH;0H (50:50) 3.02x107°
HP-CH in DMAc* 1.68x107"

*DMAc: Dimethylacetamide
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4.4 Forster/Fluorescence Resonance Energy Transfer (FRET)

FRET is a mechanism that describes energy transfer between two chromophores.
The energy is passed nonradiatively between molecules. The ‘donor’ molecule, D,
which is a fluorophore, absorbs a photon and transfers this energy nonradiatively to
the acceptor molecule, A.

According to Forster, the critical molecular separation, in other words, the critical
transfer distance (Rg) below which transfer occurs during the excitation lifetime is
shown to be calculable from the absorption and fluorescence spectra and the

excitation lifetime of the molecule.

4.4.1 Critical Transfer Distances (R)

8.785 X 1075 k% @p |
4

-4

n
] = ijD(}L) EA(}L) }L4 dA
0

(Equn. 4.20) [69, 70]

Where, x*: Orientation factor (x* = 0.67 for normally distributed molecules)

®p: Fluorescence quantum yield of donor

J : Overlap integral between the fluorescence spectrum of donor and the
molar absorption spectrum of acceptor

n : Refractive index of solvent

Fp(L): Peak-normalized fluorescence spectrum of the donor

ea(A): Extinction co-efficient of acceptor in mol'Lem™ at the wavelength
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7\‘Il'lﬁlX

A : Maximum wavelength of acceptor in nm

(o]
Ry: Critical transfer distance in A

4.4.2 Critical Transfer Distance (R)) Between EOPPI and Cobalt(II) Chloride

In order to study the energy transfer of EOPPI, CoCl, was selected as electron
acceptor and both the compounds were dissolved in methanol and measured the
required absorption of acceptor and fluorescence of donor. The overlap of the
absorption spectrum of acceptor and fluorescence spectrum of donor (Figure 4.32)
reveals the probable energy transfer of EOPPI to the acceptor.

From the fluorescence spectrum of the donor, EOPPI (Figure 4.8), the normalized

area Fp(A) = 52.14

1.0
1 =494.9200134

0.8- - 850.9299927
— i1=1
s i2 = 357
s 0.6 area = 52.13861201479
~ y0o =1
> x0 = 534.8499756
"5 0.4 dx = 29.483483264887
c
g
£ 0.2

0.0+

500 550 600 650 700 750 800
Wavelength (nm)

Figure 4.8: Normalized Fluorescence Spectrum of the Donor, EOPPI (¢ = 1x10” M)

in the Absence of Acceptor, Cobalt(Il) Chloride
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From the UV spectrum of cobalt(Il) chloride (Figure 4.9), molar absorptivity

ea(M) at A =530 nmis 11.8.

0.060- 530

0.0454

0.0304

Absorbance

0.0154

400 450 500 550 600 650
Wavelength (nm)

Figure 4.9: Absorption Spectrum of Cobalt(IT) Chloride at ¢ = 5x10™ M

= J= [ Fa(d) £, (2) 2% d2

= J=52.14 x 11.8 x (530)*
= J=4.8546x10"

8.785 x107° &2 &y |

nt

= RE=8.785x107 x 0.67 x 0.63 x 4.8546x10"/(1.3284)"

= RE=5.78x10°

= Ry =28.9 A
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4.4.3 Rate Constants for Bimolecular Fluorescence Quenching (k)
The rate constant for bimolecular fluorescence quenching was calculated by

Stern-Volmer plot and from the following equation.

Io

T =1+ .ECqTD[Q]

(Equn. 4.21) [71]

Ig
Where, 7 Relative fluorescence intensity

Iy: Emission intensity of donor in the absence of acceptor

I: Emission intensities of donor in presence of acceptor at different
Concentrations

k,: Rate Constant for Bimolecular Fluorescence Quenching

79: Theoretical radiative lifetime of donor on the absence of quencher

From the Figure 4.34 the emission intensities of EOPPI were estimated in the
absence (Ip) and presence (/) of quencher (at different concentrations) and plotted the
intensities of donor vs. concentration of quencher.

The plot was shown in Figure 4.35 and the linear regression data of the linear fit
plot was shown in the diagram.

Slope of the plot from linear regression data = k7, = 55.48

= k, = (55.48/522x107) = 1.06x10"°M ™" s™!

ky=1.06x10"" M s
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Figure 4.10: FT-IR Spectrum of EOPPI
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Figure 4.11: FT-IR Spectrum of EONPI
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Figure 4.12: GPC Chromatograms of EOPPI
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Figure 4.13: GPC Chromatograms of EONPI
97



Figure 4.14: '"H NMR spectrum of EONPI in the mixture of CDCl; + CF3COOH (1:1)
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Figure 4.15: BC NMR spectrum of EONPI in the mixture of CDCl; + CF3COOH (1:1)
99



=t

10 Ar-C
C(1)-C(8),
C(3a,3b)

132-120

Figure 4.16: BC NMR spectrum of EONPI in the mixture of CDCl; + CF3COOH (1:1)
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Figure 4.17: UV-vis Absorption and Emission Spectra of EOPPI in CHCl; at 1x10° M
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Figure 4.18: Comparison of UV-vis Absorption Spectra of EOPPI in Various Solvets
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Figure 4.19: Dependence of Concentration on UV-vis Absorption Spectra of EOPPI in CHCl3
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Figure 4.20: Solid-state Absorption Spectrum of EOPPI
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Figure 4.21: UV-vis Absorption and Emission Spectra of EONPI in CHCl; at 1x10° M
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Figure 4.22: Comparison of UV-vis Absorption Spectra of EONPI in Variuos Solvets
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Figure 4.23: Comparison of UV-vis Absorption Spectra of EONPI in Protic Solvets
107



o (0]
» %
OO
giess: ,,

3

© in CHCI

— 3

() 2x10° M
= —— 1x10° M
© — 2x10° M
o xm
— — 1x10° M
O

7]

o

<

350 400 450 500 550
Wavelength / nm
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Figure 4.29: Dependence of Concentration on Emission Spectra of EOPPI in CHCl;
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Figure 4.30: Dependence of Concentration on Emission Spectra and Respective Color Tunability of EOPPI in CHCl3
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Figure 4.31: Effect of Temperature on Emission Spectra of EOPPI in CHCl3 1x10° M
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Figure 4.33: Effect of CoCl, Concentration on UV-vis Spectra of EOPPI
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Figure 4.34: Effect of CoCl, Concentration on Emission Spectra of EOPPI
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Figure 4.35: Stern-Volmer Plot of Fluorescence Quenching of EOPPI Using Co”" ions in Methanol
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Figure 4.36: Overlap of Absorption Spectrum of Acceptor, NiSO4 and Emission Spectrum of Donor, EOPPI
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Figure 4.37: Effect of NiSO,4 Concentration on UV-vis Spectra of EOPPI
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Figure 4.38: Effect of NiSO, Concentration on Emission Spectra of EOPPI
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Figure 4.39: Stern-Volmer Plot of Fluorescence Quenching of EOPPI Using Ni** jons in Methanol
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Figure 4.40: Emission Spectra of EONPI (at Acxc = 360 nm) in Various Solvents
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Figure 4.41: Comparison of Emission Spectra of EONPI in Protic Solvets
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Figure 4.42: Effect of Concentration on Emission Spectra of EONPI in CHCl;
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Figure 4.43: Effect of Concentration on Emission Spectra of EONPI in NMP
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Figure 4.44: Effect of Concentration on Emission Spectra of EONPI in CH;0H
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Figure 4.45: Effect of Concentration on Emission Spectra of EONPI in DMF
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Figure 4.46: Effect of Concentration on Emission Spectra of EONPI in DMSO
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Figure 4.47: Dependence of Solvent Polarity and Proticity on Emission Spectra and Respective Color Tunability of EONPI
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Figure 4.48: Effect of Temperature on Emission Spectra of EONPI in CHCl; at Different Concentrations
132



0O

504 512 1x10" M DMF 700 -

0°c
— 20°C 600 -

40 —— 40°C £ 1x10° M DMF
= —60°C s 500- 0°C
o —80° Pl 55 %¢
-~ 30 ]
> = 400 — 40°c
- o 0
= 60 °C
@ = ]
< g 3% —— 80°C
= £ 200-

10

100
0- T ¥ T v T ¥ T ¥ T ¥ T ¥ 1 0L T T T - T v T v T - T v
400 450 500 250 600 650 700 400 450 200 550 600 650 700
Wavelength / nm Wavelength / nm

Figure 4.49: Effect of Temperature on Emission Spectra of EONPI in DMF at Different Concentrations
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Figure 4.50: Effect of Temperature on Emission Spectra of EONPI in CH30H at Different Concentrations

134



1x10® M in CHL ol

exc

— 340 NM
= 360 NM
— 380 NM
— 490 Nm
w— 414 NM

Intensity / AU

Om e

N O N\/()\/\O/\/O\/\o/\/o

(0] O o
T T T T T

400 450 500 550 600 650
Wavelength / nm

Figure 4.51: Excitation Dependent Emission Spectra of EONPI in CH;0H
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Figure 4.52: Excitation Dependent Emission Spectra of EONPI in DMF
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Figure 4.54: Effect of HP-CH Concentration on Emission Spectra of Anthracene
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Figure 4.56: DSC Thermograms of EOPPI and EONPI at a Heating Rate of 10 K/min under Nitrogen Atmosphere
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Figure 4.57: TGA Curves of EOPPI and EONPI at a Heating Rate of 10 K/min under Oxygen Atmosphere
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Figure 4.59: Effect of Variation of Scan Rates on the Peak Currents of EOPPI, Plot of I, vs. Suare Root of Scan Rate in CH,Cl,
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Figure 4.63: Calculation of Peak Currents (i,. and ip,) of EONPI
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Figure 4.64: Effect of Variation of Scan Rates on the Peak Currents of EONPI, Plot of /. vs. Suare Root of Scan Rate in CH,Cl, and Calculation

of Diffusion Constant (D)
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Figure 4.65: Effect of Scan Rates on the Peak Currents of EONPI, Plot of I, vs. Square Root of Scan Rate in CH;0H + CH;CN (50:50) and

Calculation of Diffusion Constant (D)
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Figure 4.66: Band Gap Energy Diagrams of EOPPI and EONPI
150



15 - -0.319 :EQ

-154 ——100 mvs™ -0.660

00 02 04 06 08 -10 -12
E IV vs. Ag/AgCI

Eeqs, v vs- Ag/AgCl = ((E,+E,,,)/2) = -0.367, E oy, 1 vs. Ag/AgCl = ((E,+E,)/2) = -0.608 AE,, ; = AE,
-AE,, =96 mV, AE, , = 104 mV, E,, vs. Ferrocene = E,.;; 4 vs. Ag/AgCl - E,, ¢ =—-0.367-0.586 = -
0.953, -0.608-0.586 = -1.194
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Figure 4.68: Cyclic Voltammograms of HP-CH at Different Scan Rates in DMAc
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Figure 4.69: Cyclic Voltammograms of HP-CH at Different Scan Rates in DMAc
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Figure 4.70: Calculation of Peak Currents (i, and i,,) of HP-CH
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Figure 4.71: Squarewave Voltammograms of HP-CH in DMACc at a Frequency of 50 Hz
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Figure 4.73: Cyclic Voltammogram of TEONPI at 100 mVs™" in Chloroform
157



0-
i -10 -
— -204q| ——1 cycle
{| ——2 Cycles
304 — 3 Cycles
——4 Cycles
1l ——5cCycles
-40 -
00 02 04 -06 -08 1.0 1.2 14 -1.6
E /V vs. Ag/AgCI

Figure 4.74: Repeated Cycles of Cyclic Voltammograms of TEONPI at 100 mVs™" in Chloroform
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Figure 4.75: Cyclic Voltammograms of TEONPI at Different Scan Rates in Chloroform
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Chapter 5

RESULTS AND DISCUSSION

5.1 Syntheses of Electron-accepting (n-type) Materials

All the electron-accepting (n-type) materials listed were synthesized by a
condensation polymerization reaction mechanism. The mixture of dried high boiling
solvents m-cresol and isoquinoline was used as a solvent medium in the syntheses of
electron acceptor compounds. Flexible — rigid — flexible designed perylene and
naphthalene oligomeric diimide dyes were reported in Schemes 3.2 and 3.3
respectively. The planar perylene and naphthalene tetracarboxylic dianhydride units
were selected as hydrophobic chromophore and hexa(ethylene glycol) as the flexible
hydrophilic spacer. In order to introduce the flexible moiety in the syntheses of
oligomeric dyes, long aliphatic diamine, EODA was synthesized by a three-step
reaction mechanism (Scheme 3.1). In the first step, double protection of —OH groups
by tosyl chloride was carried out followed by azidation using sodium azide. The final
third step was a hydrolysis mechanism to yield the designed diamine. Incorporation
of this flexible hydrophilic spacer, EODA tremendously increased the solubility of
oligomeric dyes. If perylene oligomeric dye has shown impressive solubility in most
of the commercially available organic solvents, naphthalene oligomeric dye on the

other hand has shown solubility in both organic and aqueous media.
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Scheme 3.4 explores the synthesis of another naphthalene polyimide dye carried
out by Ozser with a commercial diamine similar to EODA.

In Scheme 3.5, synthesis of a novel perylene dye substituted fluorescent chitosan
polymer was presented (synthesized by Ozdal). It is the first perylene polymer in
literature where a chitosan polymer was substituted. First, a perylene monoimide was
prepared and was put in reaction with chitosan polymer. By traditional condensation

polymerization reaction, the polymer was synthesized in appreciable yield.
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5.2 Solubility of Acceptor Compounds

Incorporation of the flexible hexa(ethylene glycol) moieties in the backbone

yielded remarkable solubility of oligomeric diimide dyes. As shown in Table 5.1,

EOPPI has shown bright solubility in organic medium. However, its dimer has

shown appreciable solubility in methanol.

Table 5.1: Solubility of EOPPI

Solubility/Color
Solvent EOPPI
CHCl3 (+ +) F brown
TCE (+ +) brown
THF (—+) Forange
CH,Cl, (+ +) F orange
Pyridine (+ +) F orange
Acetone (-=+) Fyellow
NMP (+ +) brown
DMF (+ +) F pink
CH;CN (- +) Fyellow
DMSO (+ +) Cherry red
m-Cresol (+ +) deep pink
CH3;COOH  (+ +) orange
CF;COOH  (+ +) deep pink
CH;0H* (--)
H,SO,4 (+ +) deep violet

(+ +): Soluble at RT, (- +): Soluble on heating at 60 °C, (- -): insoluble. F:
fluorescent. *Dimer of EOPPI has shown appreciable solubility in methanol.

The qualitative solubility and color data of EONPI was tabulated in Table 5.2.

Regardless of the type and polarity of the solvent, EONPI has shown excellent

solubility in most of the common commercial protic, aprotic and acidic solvents.

However, the solubility in aqueous medium was not as impressive as organic

medium. Despite the poor solubility of most of polyimides, this new oligomer has
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shown tremendous solubility. The better solubility noticed by EONPI corresponding

to the perylene oligomer (EOPPI) is due to the increased rigidity of hydrophobic

perylene chromophore comparing to the naphthalene unit.

Table 5.2: Qualitative solubility data of EONPI

Solubility/Color

Aprotic Solvents Protic Solvents
Solvent EONPI Solvent EONPI
CHCl; (+ +) F brownish orange = CH3COOH (+ +) F brownish orange
TCE (+ +) F brownish orange = CF3;COOH (+ +) brownish orange
THF (-+) Fgold 2-Propanol (+) light yellow
CH,CI, (+) F brownish orange  Ethanol (- +) light yellow
m-Cresol  (+ +) F brownish orange  Methanol (- +) light yellow
Pyridine (+) F gold Water (- +) light yellow
Acetone  (—+) Flight yellow H,SO,4 (+ +) brownish orange
NMP (+ +) F brownish orange
DMF (+ +) F brownish orange
CH;CN (+) F gold
DMSO (+ +) F brownish orange

* Qualitative solubility was determined at a concentration of 100 mg of oligomer in 1

mL of solvent. (+ +): soluble at room temperature; (+): partial soluble at room

temperature; (— +): partial soluble on heating; F: fluorescent.
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5.3 FT-IR Spectra Analyses

The FT-IR spectra recorded for all the compounds synthesized were completely
represented the various functional groups present in their structure. The detailed
description of the stretching and bending absorptions of functional groups were
explained below.

From Figure 4.10, aromatic C—H stretch at 3062 cm_l, aliphatic C—H stretch at
2917 ¢cm™' and 2868 cm_l, imide C=0 stretch at 1694 ¢m™ and 1664 cm_l,
conjugated C=C stretch at 1594 cm™, aliphatic C-H bending at 1439 cm™, C-N
stretch at 1344 cm'l, CH,—O stretch at 1103 cm_l, C-H bend at 809 cm™' and 744
cm™ prove the structure of EOPPL.

From Figure 4.11, aromatic C-H at 3065 cm_l, broad and intense aliphatic C-H
stretch at 2865 cm™', imide (C=0) stretching at 1704 cm™', 1665 cm™, conjugated
C=C stretch at 1580 cm™', C-N stretch at 1335 cm™', wide CH,-O stretch at 1105

cm™! confirms the structure of EONPI.
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5.4 Analyses of GPC Chromatograms and Intrinsic Viscosity

GPC chromatograms of EOPPI showed in Figure 4.12 were obtained from a GPC
measurement recorded in HFIP solution. The weight-average molecular weight (M,,)
of EOPPI was found as 4460 g/mol with a poly dispersity index (PDI) of 2.33. Such
a moderate PDI was probably due to the side reactions upon extension. The oligomer
has about seven monomer units. In comparison, viscosity measurement was
performed to measure intrinsic viscosity in m-cresol at 20 °C. The intrinsic viscosity
calculated, 0.3 dL/g, was in good support of molecular weight obtained from GPC
data.

GPC measurement of EONPI was also recorded in HFIP solution (Figure 4.13).
The number average (M,) and weight average (M,,) molecular weights were 2030
g/mol and 4430 g/mol respectively with a broad distribution (PDI-2.20) as expected
from a polycondensation reaction. According to M, the oligomeric diimide
possessed eight monomer units. The chromatograms show that they are having
monomodal molar mass distributions and moderate PDIs, which are the typical
characteristics of a classical step-growth polymerization. Intrinsic viscosity was
measured as 0.28 dL/g in m-cresol at 25 °C. The measured intrinsic viscosity of the
oligomer was in good agreement with the GPC data.

M,, of the reported dye substituted chitosan was 467,000 with a broad distribution
(PDI = 8.35) (in dimethylacetamide at 70 °C), whereas about 460,000 was estimated
for Chitosan (CH) with PDI = 10.62 (in 0.1 M NaCl/0.1% TFAc at 25 °C) by Ozdal.
For comparison, intrinsic viscosities were measured in the similar manner of EOPPI

and EONPI.
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The found intrinsic viscosity of CH polymer was 4 dL/g, which is in perfect
agreement with the various reported viscosities of different CH and derivative
polymers. Although, there is a considerable deviation in the equation proposed by
Mohammad R. Kasaai [60, 61], an approximate M, was measured (Aldrich given the
range of M, of commercial CH polymer as 50,000 — 190,000 Daltons) for the
chitosan polymer. By using the equations (Equns. 4.3-4.4) reported for any solvent-
temperature system, we have measured the MHS constants (K = 0.151x 10'5, a =
1.17) and M, as 309 kDa in 0.1 M NaCl/0.1% TFAc solvent system. The found 309
kDa is not perfectly matching with the given range by Aldrich. But, as mentioned
earlier, there was a deviation itself in the proposed equation and the value that found
was in better approximation.

Similarly, the intrinsic viscosity ([n] = 0.4 dL/g) of HP-CH in dimethyl acetamide
was mesured at 70 °C; whereas 9.0 dL/g was noted at 25 °C which shows the great
effect of temperature on intrinsic viscosity. It is noteworthy that the intrinsic
viscosity of HP-CH was higher than CH which is an expected result when compared

the perylene dye substituted chitosan and chitosan alone.
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5.5 Analyses of NMR Spectra

Perylene-3,4,9,10-tetracarboxylic acid-Bis-(NV,N'-Bis 2-[2-(2-{2-[2-(2-hydroxy-

ethoxy)-ethoxy]-ethoxy}-ethoxy)-ethoxy]-ethylpolyimide, EOPPI

7 N

\

n

\\ J

'"H NMR (CDCl; + CF;COOD (1:1), ppm): dH 8.56 (br s, 4Ar-H, H-C(1), H-
C(6), H-C(7), H-C(12)), 8.31 (br s, 4Ar-H, H-C(2), H-C(5), H-C(8), H-C(11)),

4.50-3.74 (m, 12CH,, H2-C(17)-H2-C(28)) [9].

BC NMR (CDCl; + CF3;COOD (1:1), ppm): dC 164.24, 134.59, 132.25, 124.82,
121.94, 77.41, 77.30, 77.09, 76.78, 70.43, 69.79, 68.44, 68.18, 66.54, 39.64, 28.55

[9].
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Naphthalene-1,4,5,8-tetracarboxylic acid-bis-(N,N’-bis 2-[2-(2-{2-[2-(2-hydroxy-

ethoxy)-ethoxy]-ethoxy }-ethoxy)-ethoxy]-ethyl polyimide, EONPI

4 N
24
3

o L2 o

12 3, 16 17 o 20 2
i o 37 % N W Y )
o 7" "o

N
\\ Y

'"H NMR (400 MHz, CDCl; + CF;COOD (1:1), ppm): 8.78 (br s, 4Ar-H), 4.50-

3.72 (m, 12CH,, H,-C(13) - H,-C(24)) (Figure 4.14) [10].
3C NMR (100 MHz, CDCl; + CF;COOD (1:1), ppm): 164.59 and 163.97 (4

C=0), 131.90, 129.71, 128.31, 126.54 (10 ArC), 70.03, 69.72, 68.51, 68.21, 66.58,

39.76 (12 C) (Figures 4.15, 4.16) [10].
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5.6 Analyses of UV-vis Absorption Spectra

5.6.1 UV-vis Absorption Spectra of EOPPI

The absorption and emission spectra of EOPPI in chloroform solution (107 M)
were shown in Figure 4.17. The respective absorbance maxima are 463, 491 and 527
nm respectively, which are the typical three absorption bands of classic perylene
dyes. In contrast to the typical perylene dyes, an intensity reversal (0—1 absorption
band intensity is higher than 0—0 absorption band) was noticed for EOPPI. Figure
4.18 shows the overlap of UV—-vis absorption of EOPPI in various solvents. The
spectral shapes are similar in all solvents except some blue shifted absorption peaks
(459, 489 and 521 nm) in 1,1,2,2-tetrachloroethane (TCE). The concentration
dependent absorption spectra were figured out in Figure 4.19. With the increase in
concentration, the absorbance of EOPPI was increased correspondingly. It is evident
from Figures 4.17 and 4.20 that the absorption spectrum of solid-state was quite
different from the absorption spectrum of solution. In terms of the spectral shapes
(absorption up to 650 nm) and peak positions (Figure 4.20) absorption bands were
red shifted by about 20 nm. This is most likely due to strong intermolecular n-w

interactions in the solid state.

5.6.2 UV-vis Absorption Spectra of EONPI

Figure 4.21 shows the absorption and emission spectra of EONPI in chloroform
solution with absorbance peak maxima at 343, 361, 380 and shoulder bands at 397,
413 nm, respectively. The first three absorption peaks represent the characteristic
naphthalene diimide absorptions. The two shoulder bands are related to the

intermolecular charge transfer interactions. Figure 4.22 reveals that the first shoulder
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observed in chloroform solution at 397 nm (Figure 4.21) was disappeared in the
other polar solvents, whereas the second shoulder at 413 nm is gradually decreased
and disappeared in polar protic solvent methanol. Moreover, a small red shift
occurred in dipolar aprotic solvents from 413 nm to 416 nm when compared to
absorption of EONPI in chloroform (Figures 4.21 and 4.22). The disappearance of
the shoulder band of 416 nm in methanol was interesting and encouraged to study the
effect of protic character on the charge transfer behavior and intermolecular
interactions in protic solvents in detail. The absorbance properties of EONPI in protic
solvents such as 2-propanol, ethanol and water are shown in Figure 4.23.
Interestingly, the absorption intensities of charge transfer peaks of shoulder bands at
longer wavelengths were decreased as polarity of solvents increased and disappeared
completely in water. Similar to the aprotic solvents shown in Figure 4.22, 4 nm red
shift was noticed for 0—0 and 0—1 absorption bands in water comparing to the
absorption of EONPI in 2-propanol. Another important vibronic band at high energy
was noticed in polar protic spectra (Figure 4.23) and in dipolar aprotic solvents
NMP, DMF, and DMSO (Figure 4.22) which is attributed to the probable protonation
interactions of proton-donor solvent with oxygen and/or nitrogen acceptors and
disruption of planarity. More interestingly, absorption intensity of 0—1 peak was
intensified corresponding to 0—0 peak in high dipolar aprotic solvent, DMSO and
high polar protic solvents methanol and water. This shows the weak aggregation

tendency in high polar solvents (Table 5.3).
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Table 5.3: Ratio of absorption intensities of EONPI in different solvents

Aprotic Solvents

Solvent AT AT AT A
CHCl; 1.449  1.623 1.12
NMP 1261  1.301 1.03
DMF 1.114  1.130 1.01
DMSO 1.134  1.104 0.97

Protic Solvents

2-propanol  0.277  0.288 1.04
Ethanol 0.363  0.369 1.02
Methanol 1.978 1.844 0.93
Water 0.461 0.444 0.96

The molar extinction coefficients for the 0—0 absorption bands of EONPI were
measured in all the above nonopolar, dipolar aprotic and protic solvents (Tables 4.5,
4.7 and 5.4). Surprisingly, the values measured were quite high comparing with those
found in literature. In chloroform solution, it was estimated as 157400 L mol™ cm’!
at 380 nm. In order to confirm the high molar absorptivity, it was obtained by the
absorption measurements which were carried out in seven solutions of different
concentrations and from the slope of plots of the absorption versus concentration
(correlating coefficients > 0.99) (Table 4.6 and 4.7 shows the absorbances and molar
absorptivities data). The unexpected high molar absorptivity could be attributed to
intermolecular charge transfer and n-m* electron transitions of the conjugated
molecule. Additionally, the extinction coefficients gradually decreased with
increasing polarity of solvent, attributed to respective solute-solvent interactions
being much stronger in polar solvents. In contrast, the high molar extinction

coefficient in methanol could be due to respective charge transfer interactions. It is
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Table 5.4: Absorption wavelengths A,,, (nm), maximum absorption wavelengths A, m.« (nm), emission wavelengths ., (nm), maximum emission
wavelengths Ae,mx (nm), absorption wavelengths of 0—0 transition A, oo (nm), molar absorptivities of 0—0 transition ¢ (L - mol™' + cm™),

excimer emission wavelengths Aime: (nm), stokes shifts A¥ (cm™' (eV)) and fluorescence quantum yields @ data of EONPI

Aprotic Solvents

Solvent Zabs Aabs,max Aem Aemmax  Aabs, 00 & Aexcimer Av Dy
CHCl; 343, 361, 380, 397, 413 380 392,409,513 513 380 157400 513 75188 (9.3) 0.017
NMP 346, 362, 382, 416 382 470, 550 470 382 125900 470 113636 (14.1)
DMF 325, 343, 360, 380, 416 380 460, 555 460 380 110900 460 125000 (15.5) 0.012
DMSO 326, 344, 362, 382,416 362 458, 542 458 382 108400 458 131579 (16.3)
Protic Solvents

2-Propanol 319, 342, 358, 379, 379 356, 376, 433, 356 379 376 —3333333 (-413.3)

393,412 457
Ethanol 319, 341, 358, 379, 412 379 376,436,458 376 379 376 —3333333 (-413.3)
Methanol 326, 340, 357, 378 357 372,397,435, 397 378 155400 397 526316 (65.3) 0.022

503
Water 320, 343, 362, 383 362 359, 374 374 383 374 —1111111 (-137.8)  0.032
solidstate

312, 345, 365, 378, 394, 428 365
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clear from Table 5.4 and Figures 4.22 and 4.23 that the extinction coefficients are
strongly dependent on solvent polarity and proticity. Figures 4.24 — 4.26 explore the
absorption behavior at different concentrations of nonpolar, dipolar aprotic and protic
solvents. At higher concentration, 2x107 M, in chloroform, the shoulder bands at
397 nm and 413 nm were stronger comparing to the lower concentrations (Figure
4.24). Figure 4.25 shows the absorption spectra in DMF at three different
concentrations and as the concentration decreased gradually, the absorption
intensities of 0—0 and 0—1 bands became equal. Additionally, the charge transfer
peak at 416 nm reduced in intensity as the concentration is lowered. The absorption
spectra in methanol (Figure 4.26) reveal that irrespective of concentration the
absorption intensity reversal was noticed (0—1 absorption band intensity is higher
than 0—0 absorption band) (Table 5.3).

On the other hand, the absorption spectrum of oligomeric diimide, EONPI in
solid-state (Figure 4.27, Table 5.4) was different from the solution absorption
spectrum indicating the difference in intermolecular interactions in both states,
revealing the broader spectral shape in solid-state. Additionally, the most intensive
absorption in solid state was found at 365 nm (0—1 absorption band) unlike the
maximum absorption band at 380 nm (of 0—0 absorption band) in chloroform
solution. Moreover, EONPI gives rise to three charge-transfer band maxima around

312, 394 and 428 nm (Figure 4.27, Table 5.4).
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5.7 Analyses of Fluorescence Spectra

5.7.1 Emission Spectra of EOPPI

All the emission spectra of EOPPI were taken at 485 nm excitation wavelength
and are shown in Figures 4.28 — 4.31. The emission bands and Stoke shift value in
CHL for EOPPI are 535, 577, 625 and 8 nm, respectively (Figures 4.17 and 4.28).
Red-shifted emission in TCE comparing to the other solvents (541, 582 and 631 nm)
can be noticed from the emission spectra of EOPPI in various solvents (Figure 4.28).
The relative fluorescence quantum yields were determined in various solvents using
N,N’-didodecyl-3,4,9,10- perylenebis (dicarboximide) in chloroform (®f = 1.0) as
standard (Equn. 4.6). The fluorescence quantum yields of compounds are measured
and given in Table 4.8. Interestingly, the dimer-EOPPI has shown high fluorescence
quantum yield in methanol. Meanwhile, the low fluorescence quantum yields in
various solvents are attributed to the re-absorption of emitted photons and the
selfquenching due to the intra and intermolecular interactions.

As shown in Figure 4.29 at three different concentrations in chloroform, the peak
maxima and the shapes were completely changed with changing concentration. Even
at lowest concentration, 1x107° M, the resultant reciprocal transitions that are
exhibited by mirror symmetry of the fluorescence spectrum for all the absorption
bands were not noticed (Figures 4.17, 4.19 and 4.29). At 1x107° M, the maximum
emission intensity was noticed at 535 nm among the emission peak maxima at 535,
576 and 623 nm, respectively. When the concentration was increased by 10 fold, the
maximum emission intensity was shifted to 576 nm comparing to the previous
1x10° M concentration. Moreover, with a small red shift (535 nm at 1x10° M to
540 nm at 1x10™> M) the emission peak maximum at 540 nm is reduced in intensity
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comparing to 576 nm. The reason behind this unusual decrease in intensity of 0—0
emission band is the overlap between the absorption and emission spectra of
compounds which could lead to re-absorption of the emitted photons by ground state
and to the probable intra and intermolecular interactions. After another 10 fold
increase in concentration (making the total concentration of 1x10™* M), intensity of
0—0 emission band was diminished completely and a drastic change in peak shapes
and maxima was noticed. Emission band intensity at 587 nm (0—1) reduced while
the emission at 629 nm (0—2) increases significantly. The net emission was
observed at 629 nm (Figure 4.29). These unusual changes in emission and resulting
net emission shifts at different concentrations correspond to color tunability (Figure
4.30). The color tunability was pictured in Figure 4.30 where the oligomeric perylene
diimide emits green, yellow and red colored light at 1x10° M, 1x10” M and 1x107*
M, respectively. Wang et al. have reported similar tunability and attributed this result
to the existence of folded polymers [72], which leads to the emission of different
colors as the folded chromophoric oligomers become larger.

Figure 4.31 shows the effect of temperature on fluorescence properties of EOPPI.
Upon heating, the emission maxima are slightly blue shifted and decreased in
emission intensity. This optical change could be related to the conformational
transition of the conjugated backbone and to aggregation of oligomer. This property

is in agreement with the literature data [73, 74].
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5.7.2 Energy Transfer Studies of EOPPI

The perylene dyes would give photosensitized energy-electron transfer processes
from singlet state [70]. Interestingly, EOPPI acts as an energy donor when combined
with a quencher such as CoCl, and NiSO4 by the mechanism of Forster resonance
energy Transfer (FRET). The short range Dexter exchange mechanism could be
effective as well. Figures 4.32 — 4.39 explain the singlet energy transfer mechanism
of oligomeric diimide, EOPPI when combined with quenchers CoCl, and NiSO4. An
efficient overlap between the absorbance spectrum of quencher and emission
spectrum of donor is considered as a primary requirement which indicates the
probable transfer of energy by FRET mechanism. Figures 4.32 and 4.36 reveal that
the overlap between CoCl, and EOPPI is more efficient comparing to the couple
NiSO4 and EOPPI. Although the overlap is not as efficient as CoCl, and EOPPI
couple, NiSO,4 appreciably quenched the fluorescence of donor, EOPPI and the
quenching rate was measured by the fluorescence spectra and by using Stern-Volmer
plot.

Figures 4.33 and 4.37 indicate the effect of quencher concentration on
corresponding absorbance of donor, EOPPI. For both couples, a gradual increase in
absorbance of donor was noticed with increase in concentration of quencher. On the
other hand, it is evident that the reverse trend was occurred for emission spectra of
donor (Figures 4.34 and 4.38). With a gradual increase in concentrations of
quenchers, the fluorescence of donor was reduced effectively. This indicates the
probable energy transfer from EOPPI to the quencher by FRET mechanism.

The Stern-Volmer plots drawn (Figures 4.35 and 4.39) for the couples CoCl, and
EOPPI and NiSO,; and EOPPI indicate the quenching and respective rate constants

for bimolecular fluorescence quenching. The rate constant for bimolecular
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fluorescence quenching was estimated from the corresponding emission intensity
ratios of donor and respective theoretical fluorescence lifetimes that are measured
from the absorption spectra of donor. The quenching rate constant was high for
CoCl, and EOPPI couple (1.06x10'° M~ s™) comparing to the NiSO4 and EOPPI
couple (1.24x10° M s7"), as expected from the better overlap between quencher and

donor of CoCl, and EOPPI couple. The critical transfer distance (R;) measured for

CoCl, and EOPPI couple was 28.9A | These results show that the energy transfer

occurs from EOPPI to the quenchers by long-range FRET mechanism.

5.7.3 Emission Spectra of EONPI

All the emission spectra of EONPI were taken at 360 nm excitation wavelength
and are shown in Figures 4.21, and 4.40 — 4.52. As seen in Figure 4.21, the emission
spectrum is not a mirror image of corresponding absorption spectrum like EOPPI
oligomeric diimide with the same diamine. All the emission spectra of EONPI
measured were striking with exciting device application possible properties. In all
kinds of solvents reported, EONPI exhibited excimer like emission (Figures 4.40 and
4.41, Table 5.4). The emission maxima were observed at 513 nm in chloroform, 470
nm in NMP, 460 nm in DMF and 458 nm in DMSO, respectively (Figure 4.40).
Especially in chloroform, the excimer emission was red shifted comparing to other
solvents which is attributed to n-stacked interactions and all the excimers appeared in
all solvents is an important indication of strong intermolecular interactions between
planar oligomer chains in solution. A large Stokes shifts were observed in all aprotic
solvents and increased gradually with the increase in solvent polarity (Table 5.4).
These large solvent dependent Stokes shifts indicate three major phenomena, (i) the

excitation occurred to excited singlet S, state; (ii) the lowest energy electronic
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transition has profound charge transfer character; and (iii) the intermolecular
interactions in the ground and excited states are different from each other.

Figure 4.41 explore the emission properties of EONPI in protic solvents. In the
similar manner of their absorption spectra, the emission properties were different
from the aprotic solvents. Contrary to aprotic solvent emission spectra, the excimer
emission bands were blue shifted. These higher energy excimer emission bands
shapes were dramatically changed and the most blue shift was occurred in most polar
protic solvent, water. The highest energy excimer band resulted in water is attributed
to the disruption of the intermolecular interactions, n-stacking and planarity of the
oligomeric diimide. Because of the drastic blue shifts in excimer-band maxima in
protic solvents, anti Stokes shifts were resulted (Table 5.4). However, the large
Stokes shift observed in methanol comparing to the other solvents is attributed to the
probable intermolecular interactions and charge transfer character. It is evident from
all the emission spectra that there exist specific interactions between naphthalene
oligomeric diimide and aprotic, protic solvents which have a great influence on the
photophysical properties of EONPI.

The fluorescence quantum yields were measured in different solvents by using the
reference anthracene as a standard. In general, the fluorescence quantum yields of
naphthalene dyes were lower because of the effect of inter system crossing.
Interestingly, the quantum yields were rised (similar to their corresponding high
extinction coefficients) comparing to the literature values of naphthalene dyes but
still they are lower in percentage. The increased quantum yield in chloroform
comparing to the ones in literature could be attributed to the increase in rigidity
which reduces the loss of energy via radiationless thermal vibrations. On the other

hand, there is an increase in fluorescence quantum yield in protic solvents with
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increase in proticity. This is due to the probable hydrogen-bonding talent of solvent
molecules which have the ability to modify n,n* — n,n* energy gap, shifting the n,m*
state to the blue and m,* state to the red. If the solvent is more polar and protic with
better hydrogen bond formation ability, it results in decrease of inter system crossing
rate and thus will give high luminescence.

Figures 4.42 — 4.47 explain the effect of concentration on fluorescence and
resulting excimer-emission properties of EONPIL. In Figure 4.42, the concentration
dependent emission spectra in chloroform were presented which reveal that at
highest concentration 1x10™ M, a red shifted excimer band was occurred. The same
trend was noticed in other solvents. This red shifted emission at high concentration
can be explained by the stacking and hydrogen bonding interactions. On the contrary,
when the concentration was gradually decreased in dipolar aprotic and protic
solvents, the excimer emission maxima were blue shifted (Figures 4.43 — 4.46). This
indicates that the ground electronic state is more polar than the excited state S,, and
therefore better stabilized by polar salvation with lowering of energy. Hence, the

transition occurs at a shorter wavelength at lower concentrations.

5.7.4 Color Tunability of EONPI

Figure 4.47 shows the concentration and solvent dependent color tunability of
EONPI in three types (nonpolar, dipolar aprotic and protic) of solvents. From the
above discussed concentration dependent emission spectra in different solvents
(Figures 4.42 — 4.46), it is clear that EONPI emits light at various wavelength
maxima (in chloroform: 564, 513 at 10 M, 10~ M; in DMF: 512, 444 at 107 M,
107 M; in methanol: 525, 397 at 107 M, 107° M, respectively) representing different
colors of visible region from electromagnetic spectrum. In protic solvents, the light

emitted by the oligomer shifts from the low energy, long wavelength to the high
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energy, short wavelength end of the spectrum. This is attributed to the complex
formation with oligomer via the non-bonding electron pair of the electrophilic
carbonyl oxygen atom. As a conclusion, under day light, EONPI exhibits golden
yellow color in the three reported solvents, chloroform, DMF and methanol at 107°
M; and at 365 nm, light yellow, light blue and strong blue colors were noticed
respectively. When the concentration was increased to 10~ M, fluorescence intensity
was increased. Under day light, EONPI exhibits fluorescent brown color in the three
solvents (chloroform, DMF and methanol) at 10™* M; and at 365 nm, intensive
fluorescent yellow in both chloroform and DMF, green light in methanol were
noticed respectively. The color tunability and light emitting excimer emission
propertiesof the naphthalene oligomeric diimide are very remarkable for future

device applications in photonic technology.

5.7.5 Effect of Temperature and Excitation Dependency on Fluorescence
Spectra of EONPI

Figures 4.48 — 4.50 reveal the effect of temperature on emission spectra of EONPI
in three different solvents at 10~ M, 10~ M concentrations. In all the three solvents,
chloroform, DMF and methanol, the excimer bands are red shifted and gradually
decreased in intensity at higher concentration. This can be attributed to probable -
stacking interactions. In chloroform, at both concentrations the emission peak shapes
and peak positions have shown no effect with temperature change (Figure 4.48). This
indicates the stabilization of energy levels by strong hydrogen bonding interactions.
On the other hand, an increase in emission range was noticed in DMF and methanol
relative to chloroform. Unlike the emission spectra of chloroform, at both
concentrations in DMF, a decrease in intensity was observed with increase in

temperature (Figure 4.49). This could be attributed to the disruption of the
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intermolecular interactions and m-stacking. Interestingly, a different behavior was
noticed in methanol from the other two solvents (Figure 4.50). At higher
concentration, 10~ M, the excimer emission intensity at 512 nm was gradually
decreased with increasing temperature; whereas, at lower concentration, 107 M,
emission spectra showed a gradual increase of excimer emission intensity at 397 nm
and gradual decrease in intensity at 512 nm as temperature is increased. This
behavior indicates that the two bands observed in methanol represent two different
emitters and their existence ration with the influence of temperature.

Figures 4.51 and 4.52 show the excitation dependency on fluorescence behavior
of EONPI. As it is evident from the figures that the peak shapes were unchanged
when excited at different excitation wavelengths in both the solvents chloroform and
DMF.

The solid-state emissions of EOPPI and EONPI could not be taken in all attempts
due to the weak emission intensity. This was attributed to the self-quenching as a

result of efficient energy transfer at solid-state.

5.7.6 Energy Transfer Studies of HP-CH

Similar to the energy transfer studies of EOPPI, energy transfer behavior of HP-
CH was studied with anthracene (Figures 4.53 — 4.55). Here, anthracene was used as
energy donor molecule and perylene substituted chitosan polymer (HP-CH) was
considered as acceptor. Figure 4.53 shows the overlap of absorption and emission
spectra of HP-CH and anthracene respectively in methanol. The emission spectra
figured out in Figure 4.54 show the decrease of donor fluorescence with increase in
concentration of acceptor HP-CH concentration. The measured value of rate constant
for biomolecular fluorescence quenching is high (9.79x10"> M~ s™) indicating the

efficient transfer of energy from anthracene to perylene dye (Figure 4.55).
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5.8 Thermal Stability

Thermal behaviors of the oligomeric diimides were studied by DSC and TGA
(Figures 4.56 and 4.57) techniques. Figure 4.56 shows the DSC thermograms
recorded for oligomers at three sequential runs (heating, cooling and reheating) (only
o heating was shown for EOPPI in the figure). Both EOPPI and EONPI do not
exhibit glass transition temperature in the DSC runs (1st and 2nd heating) up to 300
°C for EOPPI (only the 2" heat was shown in the figure) and up to 350 °C for
EONPI. At any stage in three different runs, oligomers exhibited no variation in
curve shapes and no melting up to 300 °C for EOPPI and up to 350 °C for EONPI.
The DSC curves of EONPI revealed that the decomposition starts at around 325 °C.

Thermogravimetric analysis of the oligomeric diimides (Figure 4.57) reveals that
EOPPI began to lose mass at 375 °C, whereas EONPI began to lose at 325 °C and
thus proving the exceptional high thermal stability of the compounds in their kind.
The weight loss starting temperatures for some similar polymers (with long aliphatic
ethoxy chains at back bone) were reported around 250 °C and for some of them no
literature data was presented up to the best of our knowledge. In addition, for
EONPI, only a 27% weight loss was observed between 325 — 455 °C. After heating
to 570 °C, 57% weight loss was observed followed by a total weight loss of 97.5%
up to 650 °C. At the end of analysis of 900 °C, 2.5% char yield was noticed. Despite
the long aliphatic chains present in the backbone, oligomeric diimides thermal
stability was not sacrificed and showed unusual stability in its class of compounds.
This could be attributed to the probable intermolecular forces, flexibility and

symmetry of the structure (Figure 4.57).
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5.9 Electrochemistry of n-type Materials

5.9.1 Electrochemistry of EOPPI

Electrochemical properties of the oligomers were investigated through the redox
data obtained from cyclic voltammetry (CV) and squarewave voltammetric (SWV)
measurements. The CVs of EOPPI were shown in Figures 4.58 — 4.60 that are taken
in pure dichloromethane and the redox potentials, electrochemical parameters were

summarized in Tables 5.5 and 5.6.

Table 5.5: Electrochemical data of EOPPI

E1/2 Vs. EFc Vs. E]/z Vs.
Epc Epa AE, Ag/AgNO; Ag/AgNO; Fc
(V) V) (mV) V) V) (V)
EOPPI -0.741 -0.800 59 -0.771 0.175 -0.946
(CH,Cl) -0.959 -1.025 66 -0.992 0.175 -1.167
Table 5.6: Cyclic voltammetry data of EOPPI
Scan Rate EOPPI
Epa Epc AE, ipa  dpc  lpafipe
(mVs™) (V) (mV)  (nA)

25 -0.810 -0.741 69 0.20 0.20 1.00
-1.039 -0.937 102

50 -0.810 -0.745 65 0.64 0.62 1.03
-1.035 -0.958 77

100 —-0.800 -0.741 59 0.68 0.63 1.08
-1.025 -0.959 66

400 -0.805 -0.747 58 1.43 1.42 1.01
—-1.047 -0.963 84

800 —-0.808 -0.746 62 2.18 2.18 1.00
-1.050 -0.957 93

1000 -0.755 -0.812 57 2.33 2.33 1.00

-1.068 -0.959 109
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EOPPI undergone two fast reversible, one-electron reductions at —0.946 V and
—1.167 V (vs. ferrocene/ferrocenium couple) with a AE, = 59 mV and AE, = 66 mV,
respectively, in CHyCl, (Figure 4.58 and Table 5.5). The calculated AE, in the range
60-70 mV for EOPPI shows that reversibility of electron transfers were fairly well
maintained in the system.

Table 5.6 reveals that EOPPI possessed completely reversible reduction steps for
the entire scanning rate in the region of 25-1000 mVs™'. The calculated cathodic and
anodic peak currents ratio (ipa/ipc) were equal to unity and the AE, was about 60-70
mV at each scan rate. Especially, at 100 mVs™, AE, was exactly 59 mV indicating
the high reversibility. Thus, each reduction process indicates reversible, diffusion-
controlled one-electron transfer according to the standard reversibility criteria.

The plots drawn for EOPPI in Figures 4.59 and 4.60 shows that the cathodic peak
currents against square root of scan rate and log of scan rate were linear with near-
unity adjacent R-square values. This fulfills the conditions for diffusion-controlled
processes. As shown in Figures 4.59, 4.60 and Table 4.19, the diffusion constant was
calculated as 1.33x10™ cm?/s.

The LUMO energy of the compound was calculated from cyclic and square-wave
voltammograms (Figure 4.58, Equn. 4.16) as —3.85 eV. The optical band gap, E, was
calculated from the corresponding absorption spectrum of EOPPI as shown in Figure
4.6 and from Equn. 4.17. E, was approximately measured as 2.24 eV for EOPPIL
From these values, by using the formula (Equn. 4.18) the HOMO energy of the
oligomer EOPPI was estimated as —6.09 eV. All values were also tabulated in Table
4.18 with the same amine made naphthalene oligomeric diimide for comparison. The
corresponding band energy diagram was shown in Figure 4.66. It can be concluded

from the data that EOPPI is electrochemically stable and reversible.
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5.9.2 Electrochemistry of EONPI

Figures 4.61 — 4.66 show the cyclic and squarewave voltammetry data measured
in different solvents at various scan rates. Tables 5.7 and 5.8 summarize the redox
data.

Table 5.7: Electrochemical data of EONPI

Epc Epa AE'p E1/2 EFc E1/2
/V /V / mV VS. VS. VS.
EONPI
(Ag/AgCD) (Ag/AgCl) Fc
/V /V /V
CH,Cl, —0.682 -0.824 142  -0.753 0.35 ~1.103
~1.044 -1.170 126  -1.107 0.35 ~1.457
CH;0H+CH,CN —0.505 -0.569 64 -0.537 0.38 -0.917
(50:50)

Table 5.8: Cyclic voltammetry data of EONPI in CH,Cl,

EONPI in CH,Cl,
Scan Rate  Ep, E,. AE, ipa  dpe  Ipalipe
(mVs™) IV / mV / pA
50 -0.836 -0.679 157 0.51 0.55 09
-1.173  -1.044 129
100 -0.824 -0.682 142 1.12 1.11 1.0
-1.170 -1.044 126
200 -0.830 -0.679 151 1.43 139 1.0
-1.173 -1.044 129
500 -0.827 -0.679 148 1.82 1.82 1.0

-1.177 -1.044 133

In solvent CH,Cl,, oligomer undergoes two reversible one-electron reductions, the

first of which is the reduction of the neutral compound to radical anion (EONPI )
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and the second reduction corresponds to the formation of the dianion (EONPIZ_). As
shown in Figure 4.61 and Table 5.7, the reduction potentials were —1.103 V and —
1.457 V respectively according to ferrocene/ferrocenium couple with peak
separations AE, of 142 and 126 mV respectively. The large peak potential
separations indicate the poor reproducibility of current due to possible charge
transfer kinetics. As apparent from Figure 4.61 and Table 5.8, at different scan rates
in CH,Cl,, oligomer shows electrochemical reversibility and stability. Thus, each
reduction process indicates reversible, diffusion-controlled one-electron transfer

according to the standard reversibility criteria.

Table 5.9: Cyclic voltammetry data of EONPI in CH;0H+CH;CN (50:50)

EONPI in CH;0H+CH;CN (50:50)

Scan Rate Epa Epc AE, ipa ipc  Ipalipe
(mVs™) /V  /mV /mV / pA
50 -0.562 -0.500 62 0.25 027 0.9
100 -0.569 -0.505 64 1.05 1.07 1.0
200 -0.586 -0.503 83 251 259 1.0
500 -0.615 -0.500 115 418 385 1.1

In contrast, oligomer in polar medium (methanol + acetonitrile) does not show
such electrochemical reversibility and stability (Figure 4.62). Even the second
reduction was unsuccessful. This can be attributed to the rigidity, symmetry of
oligomer and disruption in local packing of oligomer by the probable intermolecular
hydrogen bonding interactions in high protic solvents. The peak potential for the only
one reversible electron reduction according to ferrocene/ferrocenium couple was

—0.917 V, which is slightly positive comparing to the reduction in dichloromethane.
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From Table 5.9, the calculated peak current ratios (Figure 4.63) were equal to unity
and the peak separation (AE,) was about 62-115 mV, which is better than electron
reductions in dichloromethane. Various electrochemical parameters estimated for
EONPI in CH,Cl, and CH3;0H+CH;3CN (50:50) were summarized in Table 4.18.
Absolute energy of LUMO levels of EONPI was estimated with respect to the
vacuum level by standardizing the redox data to the ferrocene/ferricenium couple
which has a calculated absolute energy of —4.8 eV. The estimated band gap energy
(E,), LUMOs, HOMOs in CH,Cl, and CH30H+CH;CN (50:50) were 2.71 eV/-3.12
eV; —3.69 eV/-3.88 eV; —6.04 eV/-7.00 eV, respectively. It is noteworthy that the
band gap energy value increased in protic solvent mixture of high polarity than
nonpolar solvent dichloromethane (Figure 4.66). Therefore, solvent dependent band
gap tunability was evident from the data which imply the chance of using the
compound as an electron acceptor in coupled with the respective range electron
donors in search of light harvesting systems and for opto-electronic applications.

The plot of peak current (ipc) vs. square root of scan rate (v'?) was linear implying
the diffusion controlled processes in both solvents (Figures 4.64 and 4.65). By using
Randles-Sevcik equation (Equn. 4.19), the diffusion coefficient (D) was calculated
with the cyclic voltammetry data (Tables 5.8 and 5.9). The diffusion coefficient (D)
of EONPI in solution was estimated from the slope of the plot iy vs. v,
Accordingly, the diffusion coefficients in CH,Cl, and CH;0OH+CH3;CN (50:50) were
determined as 3.52x107'% cm’s™" and 3.02x107° cm’s™" respectively. High precision
in AE, ranges provided with the unity value of peak current ratio (ipa /i) for the
entire scanning rate proves the complete reversibility of reduction processes in

oligomeric diimide.
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5.9.3 Electrochemistry of HP-CH

Electrochemical properties of the novel perylene substituted fluorescent chitosan
polymer were investigated through the redox data obtained from cyclic voltammetry
(CV) and squarewave voltammetric (SWV) measurements (Figures 4.67 — 4.72).
Chitosan itself is a polyelectrolyte and when combined with perylene dye, an
interesting electrochemistry was recorded and the data were described in detail. The
CV of HP-CH was shown in Figure 4.67 taken in dipolar aprotic solvent
dimethylacetamide and the redox potentials, electrochemical parameters were

summarized in Tables 5.10 and 5.11.

Table 5.10: Electrochemical data of HP-CH

Eq, Vs. Eg. Vs. Eq, Vs.

Epc Epa AE, Ag/AgCl Ag/AgCl Fc

V) V) (mV) V) V) V)

HP-CH -0.319 -0.415 9%  -0.367 0.586 —0.953
DMAc -0.556 -0.660 104 -0.608 0.586 -1.194

HP-CH has shown two reversible one electron reductions at —0.953 V and —1.194
V peak potentials corresponding to ferrocene/ferrocenium couple. The peak
potentials are similar to the perylene dyes reported in literature. The peak separations
are appreciable (96 mV and 104 mV) as expected from a high dipolar aprotic solvent
medium. The peak separations indicate moderate reproducibility of current.

Electrochemical stability of the polymer was examined by measuring repeated
cycles of redox processes thoroughly. All the voltammetric measurements were

repeated several times and the values of reduction potentials were found to be
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reproducible. The compound has shown reversible reduction steps at the entire
scanning rate tabulated below (Figures 4.68, 4.69 and Table 5.11).

Table 5.11: Cyclic voltammetry data of HP-CH

HP-CH in DMAc
Scan Rate  E, Epa AE, Ipa ipe  Ipalipe
(mVs™) IV / mV / pA
20 -0.319 -0.417 98 2349 2.354 1.0
-0.564 -0.648 84
50 -0.319 -0.412 93 3962 3.812 1.0
-0.569 -0.648 79
100 -0.319 -0.415 96 5.081 4.980 1.0
-0.556 -0.660 104
200 -0.322 -0.412 90 7.340 6.956 1.0
-0.564 -0.648 84
500 -0.318 -0.413 95 10.539 10305 1.0
-0.562 -0.647 85
800 -0.315 -0.413 98 13455 13.122 1.0
-0.562 -0.654 92
1000 -0.314 -0.419 105 16.286 16.312 1.0

-0.555 -0.650 95

For the entire scan rate from 25 — 1000 mV/s, Table 5.11 and Figures 4.68 — 4.70
explore that the calculated peak current ratios (Figure 4.70) were equal to unity and
the peak separation (AE,,) range was about 84-105 mV. High precision was noticed in
AE, values provided with the unity value of peak current ratio (ip, /ipc) for the entire
scanning rate which proves the complete reversibility of reduction processes in HP-
CH. Squarewave voltammograms (Figure 4.71) show the peaks are reversible as
Tforward and Ireversible are mirror images to each other and the lgifference confirms the two

reduction processes.
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Calculated LUMO, HOMO and E, values were summarized in Table 4.18 for
comparison with other n-type materials. Absolute energy of LUMO levels of EONPI
was estimated with respect to the vacuum level by standardizing the redox data to the
ferrocene/ferricenium couple. The estimated band gap energy (E;), LUMO, HOMO
in DMAc were 2.28 eV, —3.85 eVand —6.13 eV, respectively.

The plot of peak current (ip.) vs. square root of scan rate (v'*) was linear implying
the diffusion controlled processes in dipolar aprotic solvent, DMAc (Figure 4.72). By
using Randles-Sevcik equation (Equn. 4.19), the diffusion coefficient (D) was
calculated with the cyclic voltammetry data (Tables 5.10 and 5.11). The diffusion
coefficient (D) of HP-CH in DMAc solution was estimated from the slope of the plot
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ipc vS. v'°. Accordingly, the diffusion coefficient was determined as 1.68x107"°

cm’s™". The unity value of peak current ratio (i /ipc) for the entire scanning rate

proves the electrochemical reversibility and stability of the polymer.

5.9.4 Electrochemistry of TEONPI

Electrochemical properties of the polymer with another flexible diamine were
investigated with the redox data obtained from cyclic voltammetry (CV) and
squarewave voltammetric (SWV) measurements (Figures 4.73 — 4.80). The CV of
TEONPI (at 100 mVs’l) was shown in Figure 4.73 which reveals that a total of three
reductions are possible. The CV is different from the usual CVs of similar dyes such

as EOPPI and EONPI.
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Table 5.12: Electrochemical data of TEONPI at 100 mV s~

E1/2 Vs. EFC Vs. El/z Vs.
Epec Epa AE, Ag/AgCl Ag/AgCl Fc

V) (V)  (mV) V) V) V)

TEONPI  -0.448 -0.636 188  -0.542 0.552 —-1.094
in CHCl; -0.845 -0.748 97  -0.796 0.552 —1.348
-0.924 -1.017 93  -0.971 0.552 -1.523

Although it looks like three reductions are possible, two of them are very weak
and are not reproducible. However, Figure 4.74 shows that at a particular scan rate
(100 mV s™) the peak potentials did not vary with the repeated cycles. The poor
reproducibility of the current and respective peak potentials are shown in Figure
4.75. The figure shows that at lowest scan rate (20 mV s™), the three reduction peak
potentials were well appeared. When the scan rate was doubled, the peak potentials
especially in the anodic region become negligible. After another double scan rate
(100 mV s™), the anodic peak potential at —0.636 V was almost disappeared and just
appeared as a small shoulder. These three scan rates and corresponding peak
potentials were overlapped in one figure and the poor reproducibility of cathodic and
anodic peaks were clearly observed.

The cyclic voltammograms carried out at higher scan rates (Figures 4.76 — 4.77)
clearly indicate that the cathodic peak potentials observed at —0.845 V and —0.924 V
and anodic peak potentials observed at —0.636 V and —0.748 V were combined as a
single peak potential (for example at 500 mV s™') and appeared in the cathodic
region at —0.852 V and in the anodic region at —0.762 V, respectively. The following

table shows the respective peak potentials taken at higher scan rate.
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Table 5.13: Electrochemical data of TEONPI at 500 mV s~

E1/2 Vs. EFC Vs. El/z Vs.
Epec Epa AE, Ag/AgCl Ag/AgCl Fc

V) (V)  (mV) V) V) V)
TEONPI 0367 -0.762 395 -0.565 0.552 -1.117
in CHCl; -0.852 -1.042 190 -0.947 0.552 -1.499

Although two reduction potentials were noticed at higher scan rates (Figures 4.76,
4.77), they are not reproducible similar to the peak potentials at lower scan rates
(Figure 4.75) as evident from the calculated peak potential separation shown in Table
5.13. Squarewave voltammograms are much sensitive comparing to the cyclic
voltammograms and the SWVs were measured (Figures 4.78 — 4.80) for the polymer
in order to elucidate the number of peak potentials.

The uncertainity in peak potentials due to the blank solution (consists of
supporting electrolyte, TBAPFs and internal reference, ferrocene) was erased with
the SWVs shown in Figure 4.78. The blank solution solution’s SWV is quite
different from the polymer’s SWV. Provided, the blank subtracted SWV of polymer
resembles the SWV of unsubtracted polymer indicating the three reduction potentials
noticed were belonging to the polymer.

The question of amine presence (which is used for the synthesis of polymer) and
its effect on the polymer’s reduction was studied and the SWVs are presented in
Figures 4.79 and 4.80. Figure 4.80 reveals that both amine and blank solution were
having almost same peaks. Therefore, the reduction peak potentials of polymer were
unchanged when subtracted the SWVs of polymer from amine and blank solutions
(Figure 4.79). It concludes that there are three reduction potentials exist but very

week in intensity and thus are not reproducible when scanned at different scan rates.
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Chapter 6

CONCLUSION

The project is focused on to synthesis of different n-type materials towards device
and photonic applications. Based on hydrophobic perylene and naphthalene
chromophores and flexible ethylene glycol moieties, a rigid-flexible-rigid system
was designed using a specially synthesized diamine. A perylene oligomer dye and a
naphthalene oligomer dye were synthesized successfully with high yields and the
structures were proved by NMR and elemental analysis. The weight average
molecular weights were determined by GPC and in parallel, intrinsic viscosity
measurements were carried out. In order to explore their potential applications, a
detail characterization of optical, photophysical, thermal and electrochemical
properties was performed.

The design of rigid — flexible — rigid system provided remarkable solubility for
both perylene and naphthalene oligomers in various common organic solvents. In
addition to the organic medium, appreciable solubility in aqueous medium was
noticed for EONPI. Excellent solubility means excellent processability of the
material concerning device architectures.

Both oligomers possessed very high molar absorptivities that are not reported in
literature for similar oligomers with long aliphatic chains. In addition, increased

broad absorptions were noticed in solid state comparing to solution absorptions.
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When organic photovoltaic devices are considered, the primary aspect insisted is the
high absorption ability of organic material to capture as much as photons from solar
energy. Hence, the exceptionally high molar absorptivity of the oligomers is an
attractive property towards photovoltaic materials.

The conclusion on fluorescence properties of perylene oligomer dye is that it
exhibits concentration dependent color tunability by emitting green, yellow and red
colors. On the other hand, EONPI has shown both solvent and concentration
dependent color tunability by emitting fluorescent yellow, blue and green colors. In
addition to the color tunability, EONPI delivered excimer emissions in all common
organic and aqueous solvents with a surprising increase in fluorescence quantum
yields which were not noticed in literature for similar naphthalene dyes. A large
Stokes shifts in aprotic solvents and anti-Stokes shift in protic solvents were also
observed. Organic Light Emitting Diodes (OLEDs) and other opto-electronic
devices need organic materials with such a light emitting and color tunable
capabilities. In that point of view, both oligomers are excellent candidates for opto-
electronic and photonic device applications. In addition, the sensitivity of
fluorescence to solvent character could be applicable in fluorescent labeling
experiments.

Besides to the exciting optical and photophysical properties, both the compounds
possessed high thermal stability (>300 °C) regardless of long aliphatic chains exist in
the oligomer back bone. Every device constructed of organic materials must be
resistant to heat and temperature and thus both the oligomeric compounds fulfill the
requirement of high thermal stability.

Both the oligomeric dyes exhibited two reversible one-electron reductions in

nonopolar solvent and EONPI especially undergone single reversible reduction in
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dipolar aprotic and polar protic solvent mixture. Therefore, solvent dependent band
gap tunability of EONPI was evident. Both the oligomers showed diffusion
controlled electrochemical processes, electrochemical stability and reversibility. The
diffusion constants calculated were appreciable for both the oligomers. The energies
of LUMO and HOMO levels were measured from the reduction peak potentials.

Any organic polymer based photovoltaic device explains the necessity of efficient
absorption of solar energy by lower band gap organic material, related charge carrier
formation, charge carrier mobility and charge diffusion to respective electrodes;
which are the key driving forces in determining the power generation efficiency of
the device. Both the oligomers fit the requirements of such devices with low, tunable
band gap energies and appreciable diffusion constants.

It can be finally concluded that the oligomers act as efficient n-type organic
materials and possess excellent potential applications. The interesting high
absorptions, high quantum yields, light-emmiting optical and photophysical

processes make them exciting choices for various device architectures.
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