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ABSTRACT
DESIGN AND SYNTHESIS OF A LOW-BAND GAP PERYLENE IMIDES

Samuel Asumadu-Sarkodie
M.Sc. Sustainable Environment and Energy Systems

Supervisor: Asst. Prof. Dr. Mustafa Erkut Ozser

Dye-sensitized solar cells have only achieved between 10% to 12% power conversion
efficiency. Therefore, a major advancement in the conversion efficiency would be
possible if new materials are developed. In this study, two novel isomerically pure 1,
7-bay substituted perylene-bisimides were designed, synthesized and characterized.
The ultimate aim is to expand the solar light harvesting and to improve charge
separation and transport abilities. To achieve the goal, a number of various donor
substituents were introduced at the core positions of the perylene unit. This led to an
enhancement of the spectral response in the red region of the solar spectrum, thus, a
step to improving the performance of photovoltaics. The structural and photophysical

characteristics of the synthesized new materials were investigated and discussed.

Keywords: Perylene imides, solar cells, low-bandgap, PTCDA, organic photovoltaic



oy4
DUSUK BAND ARALIKLI PERILEN IMITLERIN TASARIMI VE SENTEZI
Samuel Asumadu-Sarkodie

M.Sc. Surddrulebilir Cevre ve Enerji Sistemleri

Tez Yoneticisi: Asst. Prof. Dr. Mustafa Erkut Ozser

Boya Duyarli Giines Pilleri halen, yalmizca %10-%12 arasinda gii¢ donilisiim
verimliligi elde edebilmiglerdir. Verimlilklerinde artis ancak yeni malzemelerin
gelistirilmesi ile miimkiin olacaktir. Bu ¢aligmada izomerik olarak saf iki yeni 1,7-
sibstitue perilen-imid tasarlanarak, sentezlenmis ve karakterize edilmistir. Nihai amag
malzemelerin giines 15181 hasatin1 genisletmek ve yiikk ayrimi ve tagima yeteneklerini
gelistirmektir. Bu amagla, bir dizi elektron dondr grup, perilen biriminin c¢ekirdek
konumlarina eklenmistir. Boylece, absorbsiyon spektrumlarinda kirmiziya kayma elde
edilerek, fotovoltaik uygulamalarda verimliligi arttirabilecek bir gelisme saglanmistir.
Sentezlenen yeni malzemelerin yapisal karakterizasyonlari1 ve fotofiziksel 6zellikleri

arastirilarak tartisilmistir.

Anahtar Kelimeler: Perilen imidler, giines pilleri, diisik band araligi, PTCDA,

organik fotovoltaik
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CHAPTER 1

INTRODUCTION

1.1 Background Statement

Global warming has become one of the most vital challenges facing the globe in the
impending periods. The Intergovernmental Panel on Climate Change (IPCC) has
concluded that the warming of the global climate is as a result of the man-made
activities such as deforestation and burning fossil fuels [1]. Figure 1.1 presents the
breakdown of greenhouse gas emissions by trade and industrial sectors. Evidence from
Figure 1.1 shows that the direct greenhouse gas (GHG) emissions comprise of
electricity and heat production (25%), agriculture, forestry and other land use
(AFOLU) (24%), industry (21%), transport (14%), other energy (9.6%) and buildings
(6.4%). In addition, the breakdown of the 25% greenhouse gas emissions from
electricity and heat production is due to buildings (12%), industry (11%), energy
(1.4%), AFOLU (0.87%) and transport (0.3%) which are responsible for indirect

carbon dioxide emissions.

. Electricity and heat production

@

. AFOLU

) Energy
Industry

. Transport

L J \ J
g g

Direct GHG Emissions Indirect GHG Emissions

Figure 1.1. Breakdown of GHG Emissions by Trade and Industrial Sectors [2].
1



Even though the prediction of the actual effects of global warming as a result of climate
change and its related impacts are uncertain, nevertheless, developing and utilizing
clean and renewable energy sources like solar, wind, and biomass play an important
role in the climate change adaptation and mitigation [1, 3, 4]. With the growing global
population and energy demand, the availability and accessibility of clean and
affordable energy are one of the challenges apart from climate change the world faces
within the last decades [5].

The increasing global demand for clean and affordable energy technologies cannot be
underestimated due to the waning conventional fuel reserves (i.e. oil, coal and natural
gas), which play a role in GHG emissions and subsequently causing global warming.
Energy is considered as one of the most important topics in the 21% century [6]. In
assumption, the global demand for energy will grow by almost 70% between the year
2000 and 2030. Significantly, 80% of the world’s energy demand is supplied via fossil
fuels. In 2002, the global fossil fuel reserves like oil, natural gas and coal were
projected to last for; 40 years, 60 years and 200 years [7]. The world’s rate of energy
consumption go beyond the 6,000 gigawatts limit and is expected to further increase
sharply [8]. This indicates a higher depletion of fossil fuel reserves resulting in a
further exacerbation of environmental pollution. In addition to this, the hazards rising
from the build-up of plutonium fission products from nuclear reactors threaten the
quality of life on earth, unless renewable energy resources are quickly developed [8].
Developing new technologies based on renewable energy sources that provide
solutions to the energy problem, as well as address the environmental issues is a great
challenge. With the current rapid depletion of fossil fuel based energy, there has being
a growing need for clean energy technologies which is widely available, accessible
and sustainable. One of the biggest challenges facing humanity is to replace fossil-fuel
based energy generation coupled with global warming and its associated climate
change with renewable energy sources due to the increasing rate of population and the
rising energy demand [9]. As a result, there is an emergence of a global paradigm shift
initiated by the IEA, to promote energy security through; a collective response to
physical disruptions in fossil fuel based energy supply, by the provision of

authoritative research, and analysis on all forms of renewable energy resources. This
2



global action will ensure: a reliable, affordable, accessible, quality, quantity and clean
energy provision in a way to reduce greenhouse-gas emissions that contribute to
climate change [10]. Figure 1.2 depicts the Global Energy by Source. Evidence from
Figure 1.2 shows that in 2014, 86% (11,158.4 mtoe) of the world’s primary energy
consumption (12,928.4 mtoe) came from fossil fuels while 14% (1,769.9 mtoe) of the
world’s primary energy consumption came from low-carbon sources like hydropower,

solar, wind, biomass and nuclear energy.

Oil

Renewables Natural Gas

|

Hydropower 8 Coal

Nuclear
Energy

=O=World Energy Consumption (Mtoe)

Figure 1.2. Global Energy Consumption by Source [11].

Figure 1.3 depicts the Global Gross Power Generation Capacity. Evidence from Figure
1.3 shows that paradigm shifts in the global gross power generation occurred in 2013
where, clean energy (hydropower, solar, wind, biomass, geothermal and nuclear
energy) consumption grew to 143 GW compared to 141 GW of fossil fuel
consumption. It is projected that clean energy consumption will increase to 279 GW
in 2030 compared to 64 GW of fossil fuel consumption. Evidence from Figure 1.3
shows that solar energy will dominate the clean energy power generation capacity from
2013-2030 and beyond.
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Figure 1.3. Global Gross Power Generation Capacity (GW) [12].

1.2 Problem Statement

In 1954, researchers employed a p—n junction-type of a solar cell to convert the first
useful solar radiation into electric energy with 6% efficiency [13]. With the initiation
of the space program, photovoltaic cells made from semiconductor-grade silicon
rapidly turn out to be the preferred choice of power source for satellites [7]. The solar
power conversion efficiencies of most semiconductor-grade silicon were between 15
and 20% [14]. Nonetheless, the comparatively high manufacturing cost of the
semiconductor-grade silicon cells disallowed their extensive use in the global market.
In addition, the toxicity of the chemicals used for the manufacturing of silicon cells is
another disadvantage. These aspects of the conventional devices prompted the study
on dye-sensitized solar cells, which are ecologically friendly, and has low-cost solar

cell options.

Dye-sensitized solar cells use special dyes to capture the light energy [15-22]. Dye
molecules anchored on mesoporous titanium dioxide nanoparticles [23-27], capture
the light coming from the sun, which results in photoexcitation. Photoexcitation of the
dye initiates redox reactions involving the dye and iodine/triiodide couple [28-31]. As

a result, electric current is produced without a net chemical change. The construction
4



of dye-sensitized solar cells is much easier and cheaper compared to silicon-based
solar cells [32-39]. Historically, dye-sensitized solar cells have only achieved between
10% to 12% power conversion efficiency [28, 40-60]. Therefore, a major advancement

in the conversion efficiency would be possible if new materials are developed [61-63].

The synthesis, characterization, and the study of the photophysical and optical
properties of sensitizers are proposed in the study. The study applies a methodology
that involves the design, synthesis and characterization of new organic perylene
bisimide based dyes as potential sensitizers that may contribute in the direction of

improving the power conversion efficiency in dye-sensitized solar cell applications.



CHAPTER 2

LITERATURE REVIEW

2.1 Solar Energy

2.1.1 Overview

The ubiquitous nature of the sun as the source of clean, environmentally friendly,
sustainable technology and cheap energy supply has become one of the alternatives to
solving the world’s energy crisis. The energy from the sun is available freely, abundant
globally and recognized as an economically feasible energy source for many solar
applications which is worth investing. The solar energy that reaches the earth from the
sun is enormous and enduring to a magnitude that, the total annual global energy
consumption is provided in a short period like thirty minutes [64]. According to Bauer
[65], the life expectancy of the sun, which is the reservoir of solar radiation amounts
to 4.5 billion years which makes it effectively inexhaustible. The most incredible thing
is that the sun is the cleanest, renewable, and sustainable energy source, which emits
neither greenhouse gases nor toxic waste via its exploitation. Among such alternative
options of renewable energy technologies are; solar thermal, hydropower, wind, tidal
power and wave, liquid fuels derived from biomass and biomass-fired electricity
generation. Solar energy technologies like photovoltaics is one of the renewable
energy resources that is clean and sustainable alternative sources compared to
conventional sources of energy. Photovoltaic is considered as the most promising one,
irrespective of their initial capital cost and the area of land used for photovoltaics
power system installations. According to Rekioua and Matagne [64], photovoltaic is a
technology in which radiant energy from the sun is converted to direct current (DC)
electricity. The direct conversion of sunlight into electric power is one of the

significant options for renewable energy technologies like photovoltaics.



2.1.2 Solar Radiation

Fossil fuel based energy production is finite and results in carbon dioxide emissions
through the combustion process. Gasoline, typically used in combustion engines
contains five hydrocarbons and twelve carbon atoms in length. For example, in the
combustion of octane, the hydrocarbons react with oxygen thus, releasing carbon

dioxide as showed in equation (2.1):
2 CgHyg + 250, - 16 CO, + 18 H,0 (2.1)

Where CO, is carbon dioxide emissions, a greenhouse gas (GHG) which is absorbed
and emitted as infrared radiation. Thus, the GHG effect is because of the ultraviolet-
visible energy of the photons irradiating from the sun onto the earth. The ultraviolet-
visible light is absorbed by the earth and re-irradiates infrared photons as the earth
heats up. Thus, the temperature of the earth is due to an equilibrium established
between the radiation from the sun and the radiated energy into the atmosphere by the
earth. The absorption and re-emission of infrared radiation by the greenhouse gases
result in global warming [66]. The environmental impact of electricity generation from
conventional forms (fossil fuel based energy production) provide more evidence for

examining the importance of photovoltaic technology.

The exploitable potential of biomass energy is about 5-7 TW, hydropower energy
potential is almost 1.2 TW, geothermal energy is about 1.9 TW, tide/oceanic wave
energy is almost 0.7 TW, wind energy is about 14 TW and solar energy is almost
10,000 TW at the surface of the earth [67]. The everyday light experienced is a just a
segment of the total emitted energy on the earth by the sun. The solar cell efficiency
is delicate to the varying intensity and the dispersal of energy by the sun incident on
the earth. Sunlight is a form of electromagnetic radiation that shows a fraction of the
electromagnetic spectrum in the form of visible light. Figure 2.1 shows a
representation of the electromagnetic spectrum of sunlight. In Figure 2.1, the
electromagnetic spectrum describes the visible light as a wave with a specific
wavelength, which covers gamma rays, Xx-rays, ultraviolet, visible, infrared,
microwaves, radio and TV waves. Figure 2.2 depicts the solar radiation showing an
7



extra-terrestrial spectrum, a blackbody at 5670 K, visible wavelength and the reference
Air Mas 1.5 spectra. Gases, aerosols and dust influence solar radiation through the
atmosphere, as they absorb the incident photons. Nevertheless, atmospheric gases such
as; ozone (03), carbon dioxide (CO,) and water vapor (H,0) produces deep channels
in the spectral radiation curve due to their high absorption of energy photons as shown
in Figure 2.2. Evidence from Figure 2.2 shows that the majority of the UV light lower
than 0.3 um is absorbed by 05 and a majority of infrared light beyond 2 pum is absorbed
by H,0 as well as CO, [68].
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Figure 2.1. Electromagnetic Spectrum [68].
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Figure 2.3 depicts the solar spectrum and spectral photon flux density. The spectral
energy density (dj;/dhw) that is released by the sun and restrained at the sun-earth
distance is termed as the solar spectrum depicted in Figure 2.3 (deep-blue line) as a
function of frequency v of light multiplied by Planck’s constant h (energy). AM 0
represents the air mass of a spectrum measured outside the earth atmosphere with a
solar constant of 1,353 W/m?. Air mass defines sunrays that travel a distance through
the atmosphere in multiples of the radial extension of the atmosphere. Accordingly,
the air mass measured on the earth’s surface is at least one [69]. The air mass (AM 1)
is exactly one when the incidence is perpendicular. Figure 2.4 shows the schematic
representation of the Air-Mass spectra definition. The air mass on the earth’s surface
is expressed as AM = 1/ cos a. Where, a is the angle of incidence of the sun. At a =
48.2° represents AM 1.5g thus, the standard spectral distribution of the light employed
for testing PV devices with a temperature of 25 °C and an irradiance of the standard

spectrum-per-unit-area and a unit time of 1,000 W/m? [70].

d Solar Radiation

Earth Surface

Figure 2.4. Schematic of Air-Mass spectra definition.
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For photovoltaic applications, the incident solar energy should exhibit four
characteristics in the interaction between the incidence sunlight and the photovoltaic
converter. The four characteristics include; the spectral content of the incidence light,
the radiant power density from the sun, the angle at which the incidence solar radiation
strikes the PV module and the radiant energy from the sun for a particular surface in a
day or year [68].

2.1.3 Photovoltaics

2.1.3.1 Overview of Photovoltaics

Photovoltaic solar energy converters are projected to make a significant contribution
to the identification of ecologically friendly resolutions to the global energy problem
[8]. Electricity from photovoltaic (PV) systems has achieved global prominence and
competitiveness in the energy market [71, 72]. The recent sharp drop in the cost of
generating electricity using photovoltaic (PV) has triggered an increasing global
demand and rapid investment in PV power plants [73] regardless of the intermittent
and seasonal variability of solar energy which appears to be the main obstacle

impeding its total dependence.

2.1.3.2 History of Photovoltaics

Historically speaking, photovoltaic technology dates back over 160 years where the
first scientific discovery photovoltaic effect was made in 1839 by a French Physicist,
Alexandre Edmond Becquerel via the experimentation with metal electrodes and
electrolyte resulting in a physical phenomenon that allows light-electricity conversion
[74]. The photovoltaic effect is expounded as the change of electrical potential existing
between two electrodes separated by an appropriate electrolyte. Thus, the photons fall
upon a semiconductor and generate an electron-hole pair. Significantly, Edmond
Becquerel performed his experiment on liquid photo-electrochemical devices and

illuminated solutions that contained metal halide salts. His experiment produced a
11



current between two platinum electrodes submerged in the electrolyte [75]. In 1873,
the photoconductivity of selenium was discovered by Smith [76] while in 1883,
Charles Fritts discovered his first solar cells made from selenium wafer. In 1886, the
photovoltaic effect of selenium was experimented by Hertz [77]. In 1888 and 1901,
Edward Weston and Nikola Tesla received their first US patent for solar cell and
method of utilizing, and apparatus for the utilization of radiant energy respectively
[74, 78].

Lenard [79] discovered in 1904 how the frequency of light plays a role in the energy
emitted by electrons. Research advances in 1905, where Albert Einstein elaborated on
the theory behind the frequency of light in the energy emitted by electrons
photoelectric effect and publishes a paper titled: “A Heuristic Viewpoint Concerning

the Production and Transformation of Light” [80].

The role of the photovoltaic effect in modern technological advancement is
outstanding as it permits a maximum direct changeover of sunlight into electricity. The
process involved in photovoltaic effect requires a solar module that is aligned to the
sun. Unlike conventional generators with rotating elements, the solar modules do not
contain any mechanical wear parts. As a result, there is a long-term stability and low

maintenance costs compared to the conventional types of electricity generation [69].

In 1883, the first PV device from selenium film with a large area of 30 cm? was
manufactured by Fritts [81]. The Bell Laboratory in the US discovered how a voltage
was produced by p-n junction diodes under room light. From 1954-1980s, commercial
solar age begun on silicon semiconductors, where the photoelectric properties of
silicon were discovered leading to the development of silicon solar cells with an
efficiency of 6%. CupS/CdS, a thin film heterojunction solar cell achieved an
efficiency of 6% within the same year. After a year, RCA Laboratory in the USA
reported an efficiency of 6% from gallium arsenide (GaAs) p-n junction solar cell [82].
In the same year, Hoffman Electronics in the US sold commercial silicon photovoltaic
cells with 2% efficiency for $1500/W. The efficiency of the commercial silicon
photovoltaic cells was gradually increased by Hoffman Electronics; 8% in 1957, 9%

12



in 1958 and 10% in 1959. In 1960, the essential theories of p-n junction solar cells
were developed to expound the causal link between thermodynamics, temperature,

incident-spectrum, band-gap, and the efficiency [83-86].

The first marketable telecommunication satellite Telstar that was power-driven by a
PV power system was launched in 1962. Sharp Corporation in Japan produced the first
commercial silicon modules in 1963. Remarkably, there is a paradigm shift in clean
energy demand, as many countries sought for renewable energy technologies including
PVs because of the global oil crisis in 1973. In addition, there was a great

improvement in GaAs PV device, as efficiency increased to 13.7% [87].

As the years passes by, there were improvements in the efficiency and the cost of
Photovoltaic which led to its popularity as a power source in consumer electronic
devices like; radios, watches, calculators, lanterns, and other small-battery-charging
gadgets [64, 74, 88]. From 1990-2008, the photovoltaic industry began to grow rapidly
due to subsidies introduced by progressive Governments like; Germany, US and Japan

to spur its adoption [74].

As the PV technology experienced an exponential increase in the 1980s, the first thin-
film solar cell based on cuprous sulphide / cadmium sulphide (Cu2S/CdS)
heterojunction with more than 10% efficiency was made. The Atlantic Richfield
Company (ARCO Solar) became the first company to build the largest PV module
(100,000; 1' x 4" that produced 5.2 MW in the Carizzo Plain in California and later
built a 1 MW grid-connected PV power plant in Hispera, California [89]. In 1985, the
researchers of Australia’s University of New South Wales fabricated silicon solar cells

with 20% efficiency under standard sunlight in the laboratory.

ARCO Solar manufactured their first commercialized thin film PV array in 1986 while
in 1989; British Petroleum (BP) got a thin-film solar cell production patent. In 1990,
Siemens acquired ARCO Solar, establishing Siemens Solar which leads to an
achievement of 100 MW of power production from the PV modules [90]. In 1997,
Siemens Solar became the first solar PV Company to offer a 25-year warranty while

SolarWorld entered the Germany’s burgeoning solar market as a start-up business. In
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1999, the German Government required utilities to pay feed-in tariffs at a fixed

premium rate as a payment for Solar system owners’ power contribution to the grid
[90].

A number of important events have occurred within the past decades, including the
advent of; Cu(InGa)Se> polycrystalline thin-film solar cell with 20% efficiency [91],
GalnP/GaAs: an ultra-thin and multijunction tandem concentrator cell with an
efficiency of 30.2% by the NREL, USA [92], GalnP/GaAs/GalnAs monolithic tandem
solar cells for terrestrial concentrator conversion efficiency between 40-45% [93] and
a photo-electrochemical DSSCs with 11% efficiency [94].

2.1.3.3 Photovoltaics: The Global Market

There has been a remarkable growth in the PV market in the last decades due to the
overwhelming increase in the demand for clean energy [95]. The world’s installed PV
capacity was over 23 GW at the end of 2009, over 70.5 GW at the end of 2011, almost
100 GW in 2012 and 138.9 GW at the end of 2013-capable of producing at a minimum
of 160 TWh of electricity yearly [96]. As of 2013, the installed PV capacity in Europe
was 81.5 GW representing 59% thus, making it the leading continent in cumulative
installed PV capacity in the world. Asia Pacific countries and the America’s follows
with a 40.6 GW and 13.7 GW of cumulative installed PV capacity [96]. Nevertheless,
the huge potential of solar PV power is receiving much attention in the Middle East,
South East Asia, Africa, and Latin America Countries [10, 95, 96].

Figure 2.5 presents the Global Annual PV Installation from 2000 to 2013. The global
PV market experienced a high patronization with almost 40 GW installed in 2013
because of a rapid PV power development in Asia, with China alone with 1.1 GW of
installed PV capacity. Evidence from Figure 2.5 shows that China achieved the world
highest installed PV capacity in 2013 growing from 3.5 GW to 11.8 GW of grid-
connected PV. Italy installed 9.3 GW of installed PV capacity in 2011, Germany
installed between 7.4 GW and 7.6 GW of PV capacity from 2010-2013. Moreover,
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Japan installed 6.9 GW of PV capacity in 2013 while the US installed 4.8 GW of PV
capacity in 2013 [96].

Evidence from Figure 2.5 shows that Europe has experienced an exponential increase
in installed PV capacity from 2 GW in 2007 to 22 GW in 2012 nevertheless, there was
a reduction in 2012 and 2013 (about 18 GW and 11 GW) due to economic crisis and
unpredictable opposition to the expansion of PV in some European countries. In 2013,
the installed PV capacity in Germany, UK, Italy, Romania, and Greece was 3.3 GW,
1.5GW, 1.4 GW, 1.1 GW, and 1.04 GW respectively. There has being a slow pace in
installed PV capacity in the Middle East and Africa (MEA) from 0.1 GW in 2011 to
0.4 in 2013. The Americas have experienced exponential growth in the installed PV
capacity from 0.5 GW in 2009 to 5.4 GW in 2013. The Asia-Pacific (APAC) countries
have experienced a remarkable increase in the installed PV capacity from 1.6 GW in
2010 to 9.8 GW in 2013. The APAC countries (Japan, Korea, Australia, Taiwan and
Thailand) in addition to China were ranked first in the global PV market in 2013 thus,
almost 22 GW out of 38.4 GW (56.4%) of the world’s PV market compared to
Europe’s 11 GW (28.6%), Americas’ 5.4 GW (14%) and MEA countries’ 0.38 (1%).
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Figure 2.5. Global Annual PV Installation [96].
NB: RoW- Rest of the World, MEA- Middle East and Africa and APAC- Asia Pacific
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2.1.3.4 Photovoltaics: The Cost

Presently, the high cost of electricity generation from photovoltaics has become the
barrier for market penetration in the Middle East, South East Asia, Africa, and Latin
America Countries. Figure 2.6 presents the cost and efficiency of the three generations
of solar cells studied at the Australia Research Council (ARC) Photovoltaics Centre of
Excellence, University of New South Wales (UNSW). Evidence from Figure 2.6
shows that the first generation (wafer) PV technology has a high production cost per a
unit area and moderate possible efficiencies of the PV module level between 14-20%.
The short dashes in Figure 2.6 show its corresponding cost per watt thus, the market
metric. According to ARC UNSW [97], the market metric (US$1.00/watt-
US$3.50/watt) of first generation PV technology is evidential in the Asian
manufacturers of first generation products from China. The high cost of the first
generation PV technology propelled extensive funding of research into the promising
third generation solar cell technology in the UNSW.

The second generation PV technology (thin film) has a lower production cost per a
unit area (US$0.50/watt-US$3.50/watt) compared to the first generation PV
technology in large scale production and a lower energy-conversion efficiencies of the
PV module level between 6-15%.

Evidence from Figure 2.6 shows that the third generation PV technology has the lowest
production cost per a unit area (US$0.10/watt-US$0.50/watt) compared to the first and
second generation PV technology in large-scale production. Due to its operating
principles, there are no constraints in the efficiency of the third generation PV
technology compared to the conventional cells of 31% limit. The Shockley-Quiesser
31% limit is only applicable to single-junction cells between 1.25 and 1.45 eV
bandgaps operating at AML1.5 global conditions. The limit increases intensely with
multijunction concentrator cells which can theoretically utilize the entire photon
energy flux from 0.5 to 3.5 eV [98]. Thus, the third generation PV technology focuses

on the efficient utilization of the entire solar spectrum with multijunction cells to
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increase the solar-conversion efficiency greater than 74% if a realistic amount of light
is absorbed and utilized [97].
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Figure 2.6. Cost/Efficiency of Photovoltaic Technology [97].

2.1.3.5 Organic Photovoltaic

Organic photovoltaic is a new technology that has been developed within the last
decades and has experienced the recent development of new classes of solar cells by
scientists [99]. Organic photovoltaics can be classified based on their device
structures: flat heterojunction solar cell (Figure 2.7), bulk heterojunction solar cell
(Figure 2.8) and dye-sensitized solar cell (Figure 2.9) [100].

In flat heterojunction solar cell (Figure 2.7), the donor compound is deposited on the
indium tin oxide coated glass/plastic substrate made of transparent conducting
electrodes. On top of the donor compound is an acceptor material and on top of the
acceptor material are metal electrodes like silver, gold and aluminium deposited by a

vacuum sublimation [99].
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Indium Tin Oxide Coated
Glass

Figure 2.7. Flat Heterojunction Solar Cell

In bulk heterojunction solar cell (Figure 2.8), a mixture of a solution of donor and
acceptor like fullerenes are spin-coated on a transparent conducting electrodes

followed by an introduction of metal electrodes [99].

Acceptor + Donor

Figure 2.8. Bulk Heterojunction Solar Cell

In dye-sensitized solar cell (Figure 2.9), the mesoporous inorganic semiconductor like
titanium dioxide is deposited on the fluorine-doped tin oxide coated glass/plastic
substrate made of transparent conducting electrodes. The surface of the inorganic
semiconductor is then impregnated with a single layer of the dye molecule. A platine
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coated fluorine-doped tin oxide substrate is then introduced on top of the dye and the
semiconductor layer with a subsequent injection of an electrolyte having a redox
reagent or a hole-transporting material between the two fluorine-doped tin oxide

electrodes [99]. The dye-sensitized solar cell operation is elaborated in Chapter 3.

Transparent Conducting
Electrode

Electrolyte/Hole
Transport Material

Fluorine-Doped Tin Oxide
Coated Glass

Figure 2.9. Dye-sensitized solar cell

2.1.3.5.1 Scientific Research on OPV

There have been a growing scientific interest and technological advancement in
Organic photovoltaics (OPV) within the past decades. A search in Web of Science and
Google Scholar on Organic photovoltaics shows a growing scientific research interest
within the past decades. Evidence from Figure 2.10 shows that the first scientific
research reported in Web of Science was done in 1984 with 3 publications compared
to 73 publications in Google Scholar, however; there was a research boom after 2000
and beyond. Currently, there is 12,847 scientific research reported and indexed in Web
of Science while a search in Google Scholar on Organic photovoltaics shows a total

of 87,229 scientific research papers.
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CHAPTER 3

THEORETICAL CONCEPT OF DSSC

3.1 History of Dye-Sensitized Solar Cells

Photovoltaic technology is grounded on the principle of charge separation at an
interface of two materials of diverse transfer mechanism [101]. So far, the solid-state
junction devices, typically made of silicon dominates the photovoltaic technology.
This has led to increasing technological advancement, experiences, profits, and
availability of materials from the semiconductor industry [101]. According to Grétzel
[101], the inorganic solid-state junction devices (semiconductors) that dominants the
photovoltaic technology are facing an industrial competition with the development of
the third generational solar cells, constructed using nanocrystalline and conducting
polymer films. This third generation of solar cells provides the potential of very low
cost of fabrication coupled with attractive characteristics that facilitate its commercial

access.

Nature makes use of light energy coming from the sun by a process called
photosynthesis. Green plants have photosynthetic reaction centers that can be regarded
as nature’s energy conversion and storage factory. Photosynthesis involves harvesting
solar energy (photons coming from the sun) and using that energy to create a flow of
electrons. As a result, the chemical energy generated is used to produce the food
(sugar) required for life. Solar cells can be regarded as artificial photosynthetic devices
that mimic the light absorption and electron flow of photosynthesis to generate
electricity [102].

As aresult of this, it is possible to deviate from the conventional solid-state cells which
are substituted by devices centered on the interpenetrating network junctions, or by
substituting the connection part to the semiconductor by a liquid, a gel, an electrolyte,
or a solid, thus creating a photoelectrochemical cell [101, 103]. The outstanding

development realized recently in the fabrication and characterization of
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nanocrystalline materials has opened up vast new opportunities for these systems.
Contrary to expectation, devices based on interpenetrating networks of mesoscopic
semiconductors have shown extremely high conversion efficiencies, which compete
with those of conventional devices [101, 104]. Conventional-type of organic
photovoltaic devices uses a donor and an acceptor type of organic materials, which
form a heterojunction favouring the separation of the exciton into two carriers. The
formed carriers are then transported to the electrodes by the same organic materials
that are used for the generation of an exciton. A material for classical-type of organic
photovoltaic devices in theory should have a characteristic of both good light
harvesting properties and good carriers transporting properties which in practice is a
difficult task to achieve. Conversely, the dye-sensitized solar cell technology separates
the two requirements as the charge generation is done at the semiconductor-dye
interface and the charge transport is done by the semiconductor and the electrolyte. In
other words, the prototype of this family of dye-sensitized solar cell recognizes the
optical absorption and the charge separation processes by the association of a
sensitizer as light-absorbing material with a wide band gap semiconductor of
nanocrystalline morphology [101, 104, 105]. The optimization of the spectral
properties can be done by modifying the dye alone, whereas carriers transport
properties can be improved by optimizing the semiconductor and the electrolyte

composition [9].

In 1887, the first sensitization of photoelectrode was reported [106, 107]. Nonetheless,
the mechanism of operating by injecting electrons from photoexcited dye molecules
into the conduction band of a n-type semiconductor substrates dates back from 1960s
where Tsubomura, Matsumura [108] and Gerischer, Michel-Beyerle [109] employed
ZnO as a semiconductor and different dyes like rose Bengal used as photosensitizer
[110]. In 1981, this concept was developed with the chemisorption of the dye on the
surface of a semiconductor [9, 111] followed by the use of dispersed particles to
provide sufficient interface area [112]. In 1991, O'Regan and Gratzel [105] first
reported dye-sensitized nanocrystalline TiOz solar cells based on a fast regenerative

photo-electrochemical mechanism. The energy conversion efficiency of dye-
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sensitized nanocrystalline TiO solar cells was 7.1-7.9% under simulated solar light

which is comparable to the efficiency of amorphous silicon solar cells [113].

Importantly, the mesoporous nature of the semiconductor layer is an essential feature
in dye-sensitized solar cells, thus providing it with a high surface area. As a result, it
increases the light harvesting efficiency of dye-sensitized solar cells. It is an important
requirement for the cell since a planar surface covered with a monolayer of a strongly
absorbing sensitizer cannot absorb more than 1% of the light [114].

3.2 Configuration of Dye-Sensitized Solar Cell

Different components make-up the dye-sensitized solar cell namely: a conducting
glass substrate, a porous layer with semiconductor nanoparticles known as the photo
anode, a sensitizer, an electrolyte with a redox couple and a counter electrode as
shown in Figure 3.1. Figure 3.1 depicts the schematic representation of the DSSC
Makeup.

The catalyst is deposited on the conducting glass which behaves as a counter
electrode. Significantly, the catalyst speeds-up the charge transfer between the

electrode and the liquid solution.

The photoanode is sensitized by a monolayer of dye molecules, liable to the absorption
of light and the generation of photoelectrons. To achieve a relatively high light
absorption and a higher photoconversion efficiency in the solar cell, the photoanode is
made up of a nanostructure with a high specific surface area to ensure a greater

attachment of a number of dye molecules to the surface.

The electrolyte with a redox couple infiltrates the pores of the nanostructured
photoanode to have a close proximity with the molecules of the sensitizer. The
electrolytic solution conducts holes via a redox couple and regenerate the oxidized

dye molecules in order to close the electrical circuit [115].

23



7
Transparent Conducting Glass (Té(})

\\ } Working Electrode

Porous layer with semiconductor nanoparticles
with sensitizer molecules adsorbed /_’

- =3
(=
Electrolyte 1\_
=3
Catalyst (Platine Metal) _/
® -~ Counter Electrode
r Conducting Glass Q?'

Figure 3.1. Schematic representation of the DSSC Makeup

3.3 The Working Electrode

The working electrode is made up of a mesoporous wide band-gap semiconductor
layer mostly titanium dioxide. Compared to past studies in photo-electrochemical
systems, a monolayer of semiconductor was employed, which could absorb limited
light and only inject electrons into the semiconductor once is bounded to the surface.
Using a mesoporous layer rather than a monolayer of semiconductor can enhance the
surface area in a thousand fold. The inception of mesoporous layers can enhance the
absorption of light photons. There is a similarity of mesoporous semiconductor layer
in nature, where the surface area can be increased by piling the chlorophyll having
thylakoid membranes to grana structures [66]. The nanoparticle must have an
electrical conduction pathway to be more effective. The nanoparticle layer is about 10
um thick and a size of 10-30 nm. The mesoporous layer is deposited on a transparent
conducting oxide like fluorine-doped tin oxide, on either plastic or a glass substrate.
Figure 3.2 presents the molecular structure of various semiconductors along with their
energy band gap. The development of dye-sensitized solar cells in history has
employed several semiconductors including; Gallium Arsenide (GaAs) with energy
band gap of 1.4 eV, Gallium Phosphide (GaP) with an energy band gap of 2.25 eV,
Cadmium Selenide (CdSe) with an energy band gap of 1.7 eV, Cadmium Sulphide
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(CdS) with an energy band gap of 2.25 eV, Zinc Oxide (ZnO) with an energy band
gap of 3.2 eV, Iron (I11) Oxide (Fe203) with an energy band gap of 2.1 eV, Tungsten
Trioxide (WO3) with an energy band gap of 2.6 eV, Tin Dioxide (SnO.) with an
energy band gap of 3.8 eV, Silanyliumylidynemethanide (SiC) with an energy band
gap of 3.0 eV and Titanium Dioxide (TiO2) with an energy band gap of 3.2 eV [116].

Ga3+AS3- Ga3+P3_
Gallium Arsenide (GaAs) Gallium Phosphide (GaP)
Band Gap=1.4¢eV Band Gap =2.25 eV
Cd?*Se? Cd**s*
Cadmium Selenide (CdSe) Cadmium Sulphide (CdS)
Band Gap = 1.7 eV Band Gap = 2.25 eV
Fe3*  Fe’*
Zn2+02- 02— 02— 02—
Zinc Oxide (ZnO) Iron (IIT) Oxide (Fe,03)
Band Gap =3.2 eV Band Gap = 2.1 eV
0%
W6+ Sn4+
02- 02- 02- 02-
Tungsten Trioxide (WO5) Tin Dioxide (SnO5)
Band Gap =2.6 eV Band Gap =3.8 eV
Ti+
*Si=cC" 0> 0%
Silanyliumylidynemethanide (SiC)  Titanium Dioxide (TiO,)
Band Gap =3.0eV Band Gap=3.2 eV

Figure 3.2. Molecular Structure and Band Gap of Semiconductors
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3.4 Sensitizer

The sensitizer is the core of the dye-sensitized solar cell with a role of absorbing light
photons and generating electrons which are then injected into the conduction band of
the semiconductor, where it is chemisorbed. Significantly, the dye only affects the
light harvesting efficiency and the overall photoelectric conversion efficiency of the

solar cell.

Once the light photons have been absorbed, an electron is pushed from the
fundamental state thus, the Highest Occupied Molecular Orbital (HOMO) to the
excited state thus, the Lowest Unoccupied Molecular Orbital (LUMO). If the LUMO
and the semiconductor conduction band are in favourable positions, the electron can
move into the oxide material from the highest energetic orbital. It is important for the
dye’s excited state to be a bit higher in energy than the semiconductor conduction
band of the oxide material to easily allow the injection of the excited electrons. For
the efficient dye regeneration, the HOMO level of the dye must be at the lower energy
than the redox potential of the electrolyte [117]. The aforementioned reasons make
the selection of a dye-electrolyte and dye-semiconductor pairs of significance in the
efficient dye-sensitized solar cell operation. A good sensitizer should have an
absorption range property thus, the longer the absorption ranges, the higher the cell
efficiency. The dye should have a light absorption spectrum range from the ultraviolet
region to the infrared region, with an absorption peak in the visible region. Again, in
order to obtain a stable chemical bond and a low charge transfer resistance in the dye-
sensitized solar cell, the dye should be strongly anchored to the surface of the oxide
material [118].

A sensitizer should have an easy synthesis for future large scale production, be low in
toxicity, able to recycle, must have a high photo stability for at least 20 years and must
block the recombination pathways in order to attain a long-lifetime of the injected
electrons [119].

In order to increase the decay from the excited state to the fundamental state and
subsequently reduce the electron injection into the semiconductor conduction band,

26



the dye must not suffer in aggregation: as dyes tend to aggregate each other on the

oxide material surface.

Integrating different groups into the dye molecule can alter the properties of the
organic sensitizers. The performance of the solar cell can be improved by shifting the
energy levels, fine-tuning the sensitizer to increase the long wavelength absorption
property, and choosing the correct sensitizer design. Organic dyes are beneficial in the
easily structural modification, higher extinction coefficients, and are less harmful to
the environment compared to other transitional metal complexes. Nevertheless,
Organic dyes have narrow absorption bands, stability problems and a higher propensity
to aggregate compared to other transitional metal complexes [119]. Recent studies
employ additives like chenodeoxycholic acid (CDCA) (see Figure 3.3) to serve as a
co-adsorbent with the sensitizer to minimize dye aggregation thus, enhancing the

electron injection which improves photo-voltage and current [120, 121].

OH

H o\\\\\\\ 3 \\\\\\\\ .

Figure 3.3. Molecular Structure of chenodeoxycholic acid (CDCA)

The Donor-Linker-Acceptor (D-n-A) strategy is the common way of designing
organic dyes. Figure 3.4 shows a schematic representation of a sensitizer with the
Donor-Linker-Acceptor design. In the D-n-A strategy design, the dye molecule
consists of an electron donor, a conjugated linker and an electron acceptor, as shown

in Figure 3.4.
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Figure 3.4. Schematic of a Sensitizer with the Donor-Linker-Acceptor Design

Upon excitation, the structure of the dye molecule yields an intramolecular charge
separation essential for the dye-sensitized solar cell operation. Many molecular
structures have been utilized as organic dyes since the inception of the dye-sensitized
solar cell. Such organic sensitizers include perylene [122, 123], carbazole [124],
indoline [125], hemicyanine [126], triarylamine [127-129], and coumarine [130]. The
conjugated linker in the D-n-A strategy design can either be an aromatic compound
like thiophene [131] or some chains of methine units. On the other hand, 2-

cyanoacrylic acid is the most common acceptor used in the D-n-A strategy design.

@oo

Perylene Carbazole Indoline Thiophene
////
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\\\\ iy
//,,,’ \\\ %
' OH
- /

Triarylamine Coumarine 2-Cyanoacrylic acid

Figure 3.5. Molecular Structure of Organic Sensitizers
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In subsequent years, the development of sensitizers was mainly based on
organometallic compounds. For example, ruthenium based sensitizers like N3, N719
and Black dyes were sensitized to increase their efficiencies more than 11% [132-135].
Metal-free organic dyes like C219 has 10% efficiency [136] while non-noble metal
sensitizers like green coloured porphyrin dye YD-2 has an efficiency of 11% [137,

138].

TBA=Tetra-butylammonium cation

Ruthenium N3 Ruthenium N719 Ruthenium Black dye

R

Organic Dye C219

Porphyrin Dye YD-2

Figure 3.6. Molecular Structure of Dyes
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Some organic dyes from conjugated polymer like poly(3-thiophene acetic acid),
carboxylated poly (p-phenylene ethynylene), and carboxylated polythiophene, have
emerged with promising features such as easy deposition on various substrates, large

absorption coefficient, multiple binding sites and tunable energy levels.

HO
(CH,)sCOOH
g @
s N s n
Poly(3-thiophene acetic acid) Carboxylated polythiophene
COOH

COOH

Carboxylated poly(p-phenylene ethynylene)

Figure 3.7. Molecular Structure of Organic Dyes

3.5 The Counter Electrode

The counter electrode is made up of a conducting layer on a plastic substrate or on a
glass. The substrate is normally coated with a layer of platinum or carbon-based
materials in order to increase the efficient regeneration of the redox couple. In addition,
coating the substrate with a catalyst ensures adequately fast reduction kinetics at the
transparent conducting glass-coated cathode [139]. Platinum is the commonly used
catalyst in dye-sensitized solar cells due to its high values of current and voltage, and
low counter electrode resistance [140]. However, platinum has been proven unstable

in iodide-based electrolytes. Against the backdrop, a new platinum catalyst known as
30



‘platinum thermal cluster catalyst’ have been discovered to provide higher kinetic
performance in relationship to conventional platinum deposition methods. The
platinum thermal cluster catalyst reduces cost due to low platinum loading and exhibits
a high mechanical stability and optical transparency of the counter electrode surface
[115].

Apart from the outstanding role of platinum in catalytic action, platinum has a
disadvantage of being expensive. The high cost of platinum has led to the discovery
of a low cost catalyst like graphite as a counter electrode [141]. Other counter
electrodes employed in dye-sensitized solar cells include polymers and carbon black
[141-144].

3.6 Electrolyte

The electrolyte system plays a crucial role in the efficient transport of electrons in dye-
sensitized solar cell operation. Electrolytes used in a dye-sensitized solar cell should

meet the following criteria [115]:

1. In order to avoid issues pertaining to dye degradation from the oxide surface,
the electrolyte must exhibit a long-term chemical, optical, thermal, and
electrochemical stability property.

2. The electrode must have a carrier-transport function between the working
electrode and the back electrode. The oxidized dye should regenerate and
report to its ground state after the injection of the electrons into the conduction
band of the oxide material.

3. The electrolyte must not show absorption properties in the visible range of
light.

4. The electrolyte must safeguard the fast diffusion of the charge carrier into the
solar cell device and create a good contact with the counter electrode and the

porous nanocrystalline oxide layer.
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lodide-triiodide (17 /13) is usually used as a redox couple in a liquid electrolyte like
acetonitrile (CH3CN) in mostly common hole-conducting medium in dye-sensitized
solar cell operations. Due to the low boiling point (78°C) of acetonitrile, 3-
methoxypropionitrile (MPN) [145] with a high boiling point (164°C) and low toxicity
is a preferable candidate for long-term stability test in dye-sensitized solar cell
operations. Some solvents used in dye-sensitized solar cells include gamma-
butyrolactone, propylene carbonate, ethanol, acetonitrile, glutaronitrile, valeronitrile,
3-methoxypropionitrile, methoxyacetonitrile, water, and propionitrile. Nonetheless,
Water, ethylene carbonate, propylene carbonate, and ethanol are the less used solvents
[146].

Some limitations exist with volatile electrolytes as it leads to long-term stability
concerns because of difficulties in sealing the operating device. Nevertheless, research
has proven that a change from volatile electrolytes to non-volatile ionic liquids or
gelification of the solvent provides the best stability whereas organic nitrile-based
solvents provide the highest efficiencies [119, 139]. Apart from I~ /I3 couple, other
redox systems have been proven successful. Among these successful couples include
one-electron cobalt-based systems like polypyridyl cobalt (11/111) [53, 147] and cobalt
(1/11) [148] coordination complexes, pseudohalides SeCN~/(SeCN), and SCN~/
(SCN),, SCN~/(SCN)3 [149], Br~/Br; [150], 1-ethyl-3-methylimidazolium
selenocyanate (EMISeCN), SeCN~/(SeCN)3, selenocyanate-based ionic liquid

electrolytes provided an outstanding performance [151].

In addition, over 7% of device efficiency has been proven by using low-viscosity
formulations like 1-ethyl-3-methylimidazolium thiocyanate, tricyanomethide,
selenocyanate, and tetracyanoborate. With the exception of tetracyanoborate, all the
other low-viscosity formulations are proven to be unstable under persistent thermal
stress and light soaking [152]. Other organic based couples include 2,2, 6,6-
tetramethyl-1-piperidinyloxy (TEMPO) [148] and N,N'-di-m-tolyl-N, N'-
diphenylbenzidine (TPD) [153].
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Figure 3.8. Molecular Structure of Electrolytes (1)

The redox mediator in the dye-sensitized solar cell can be substituted by a solid-state
organic-hole condctor such as 2,2°,7, 7 -tetrakis-(N,N-di-p-methoxyphenylamine)
9,9"-spirobifluorene (spiro-OMeTAD) with almost 6% efficiency [23], poly (3,4-
ethylenedioxythiophene) (PEDOT), poly(3-hexylthiophene) (P3HT) with 0.16%
efficiency [154], polyaniline (PANI) with 0.10% efficiency [155], polypyrrole (PPy)
with 0.10% efficiency [156], and poly[2-methoxy-5-(2-3thylhexyloxy)-1,4-
phenylene-vinylene] (MEHPPV) with 0.51% efficiency [157]. In addition, the redox
mediator in the dye-sensitized solar cell can be replaced by a solid-state inorganic p-
type semiconductors like Cul [158] and CuSCN [159]. The composition of the
electrolyte can be further transformed with additives like 4-tert-butyl pyridine to
improve the solar cell performance. Other additives include guanidinium thiocyanate
(GuSCN) and Li cations. There is an increase in both current and voltage when

guanidinium thiocyanate is added to liquid electrolytes due to a positive shift of the
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titanium dioxide/carbon-black composition (TiO2/CB) and a reduction of charge

recombination [160].
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Figure 3.9. Molecular Structure of Electrolytes (2)
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3.7 Working Principle

Dye-sensitised solar cell consists of five components namely: a mechanical support
coated with transparent conducive oxides (TCO); the semiconductor film, typically
titanium dioxide (TiO2); a sensitizer adsorbed onto the surface of the semiconductor;
an electrolyte containing a redox mediator; and a counter electrode that is able to
regenerate the redox mediator like Platine [9]. Figure 3.10 shows a schematic
representation of the dye-sensitized solar cell. Photoexcitation of the sensitizer is
followed by electron injection into the conduction band of an oxide semiconductor
film. The redox system regenerates the dye molecule, which is regenerated by itself at
the counter-electrode by the electrons that passes through the load [103].

("\} TiO , Dye
a A ]
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Counter Electrode
Sunlig é
A
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9 I I tin oxide (FTO)
(%) HOMO™J Electrolyte
Redox Mediator

TG > @

Figure 3.10. Schematic representation of the working DSSC

Figure 3.11 presents a schematic representation of the operation kinetics of a dye-
sensitized solar cell. The order of the charge transfer processes responsible for the
operation of a dye-sensitized solar cell is as follows [115, 161]:
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. The photosensitizer adsorbed on the semiconductor surface absorbs the
incident photons and excites from the ground state (S) to the excited state (S*),
expressed in equation (3.1):

S+hv -»§* (3.1)

. The excited electrons are injected into the conduction band of the
semiconductor causing an oxidation of the sensitizer (S*), expressed in
equation (3.2):

S* > ST+ ecp (3.2)
. The sensitizer that is oxidized (S*) is regenerated as a result of accepting

electrons from the iodide ion (I7), expressed in equation (3.3):

St 4217 > I3 +S (3.3)

. At this point, the triiodide redox mediator (I5) spreads to the counter electrode
and is reduced to iodide (I7), expressed in equation (3.4):
I3 + 2egg — 31 (3.4)

It is noteworthy that the electron loss pathway must be considered alongside
the forward electron transfer and the ionic transport processes, expressed in
equations (3.5-3.7):

. The decay of the dye from the excited state to the ground state, expressed in
equations (3.5):
S*—>S (3.5)

. The recombination of the injected electrons with the dye cations, expressed in

equations (3.6):
S*+ecg— S (3.6)
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7. The recombination of the injected electrons with the triiodide redox mediator

(I3), expressed in equations (3.7):

I3 + 2ecg = 31~ (3.7)
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Figure 3.11. Schematic Representation of the Operation Kinetics of a DSSC

3.8 Parameters of a Solar Cell

The photovoltaic device employs the photoelectric effect to convert the incidence rays
of sunlight into electrical energy. The ability of the PV device to produce voltage over
an external load and current through the load at the same time is a necessity to generate
electrical power under illumination. The performance of the dye-sensitized solar cell
is dependent on the open circuit photovoltage (V,.), the short circuit photocurrent (J.),
the fill factor (FF) and the photo conversion efficiency (). One of the fundamental
measurements of dye-sensitized solar cell performance is the incident photon to
current conversion efficiency (IPCE). The incident photon to current conversion

efficiency describes the efficient conversion of the light of a specified wavelength to
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useful current (i.e. electrons-out/photons-in). The incident photon to current
conversion efficiency can be mathematically represented as shown in equation (3.8)
[119]:

1240 X Jgc

IPCE(%) = ———

X 100 (3.8)

Where J,. is the short-circuit current density, A is the wavelength of incidence light,
and @, is the intensity of the incidence light. The factor that determines the incident
photon to current conversion efficiency can be mathematically represented as shown

in equation (3.9):
IPCE = LHE X ®pj X Npog X Nec (3.9)

Where LHE is the light harvesting efficiency, @, ; is the quantum yield of the charge

injected, n,4 is the dye regenerated, and n, is the charge collected efficiency.

3.8.1 Open Circuit Photovoltage

The open circuit photovoltage (V,.) is maximum voltage generated by the solar cell
when connected to an infinite resistance (i.e. when there is no flow of current). It is
well defined as the potential difference between the two terminals (i.e. the conduction
band of the titanium dioxide and the redox potential of the electrolyte) in the solar cell
under illumination once the circuit is open. The process depends on the dark current
level and the Fermi level of the semiconductor [115, 119].

3.8.2 Short Circuit Photocurrent

The short circuit photocurrent (J,.) is the maximum current (i.e. the photocurrent per
unit area) when an illuminated cell or the electrodes are short-circuited. The short
circuit photocurrent is dependent on some factors which include the injection

efficiency, the light absorption, the light intensity, and the regeneration of the oxidized
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dye [115, 119]. Figure 3.12 show a schematic representation of a typical Current-
Voltage characteristic of a standard solar cell. The typical current-voltage
characteristic of a standard solar cell illustrates the current-voltage characteristics of a
solar cell under illumination with an external load going from a zero load (i.e. an open-

circuit (V) situation) to an infinite load (i.e. a short-circuit (J,.) situation).
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Figure 3.12. Typical Current-Voltage Characteristic of a Standard Solar Cell

3.8.3 Fill Factor

The fill factor (FF) measures the cell quality and is well defined as the relation of the
maximum power output (Jmax X Vimax) 10 the product of the short-circuit
photocurrent (Js.) and the open-circuit photovoltage (V,.). The fill factor depends on
the inner resistance thus; a higher inner resistance results in a low fill factor and the
overall efficiency decreases [40, 115, 119]. It can be mathematically represented as
equation (3.10):

FF = Imax*Vmax (3.10)

JseX Voc
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3.8.4 Photo Conversion Efficiency

The photo conversion efficiency (n) is the most essential parameter resulting from the
classical current-voltage characteristic of a standard cell. The photo conversion
efficiency (n) is well defined as the relation of the maximum output (B,,,,) of the solar
cell to the power density of the incidence light in the cell. It is mathematically
represented by the measured open-circuit photovoltage (V,.), the short-circuit
photocurrent (J,.) photocurrent density, the fill factor (FF) and the intensity of the
incidence light (P;;,) in the cell as shown in equation (3.11):

Pmax __ Jse¢X VocX FF
Pin Win

n= (3.11)

Where W;, is the optical incidence power density equals to 100 mW/cm? under a
standard AM 1.5g condition (see Figure 2.3).

3.9 Perylene Diimides

Perylene-3,4,9,10-tetracarboxylic acid (Figure 3.13) diimide derivatives [162-166],
popularly called the perylene diimides (PDIs) have been studied comprehensively as
soluble dyes, colorants in the industry and insoluble pigments [167]. PDIs represents
an outstanding class of organic compounds that has been utilized in an extensive
collection of high industrial applications such as field effect transistors, logic gates,
organic solar cells, sensors, organic light-emitting diodes, photosensitizers and optical
switches, but not limited to them [168]. Due to its versatility and fascinating properties
like exceptional electron acceptor, fictionalization, high molar extinction coefficient
in visible region and high fluorescence quantum vyields, PDIs are used as building

blocks for many applications [169].
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Figure 3.13. Molecular Structure of Perylene-3,4,9,10-tetracarboxylic acid

Figure 3.14 shows the functionalized perylene core positions. There are twelve
functionalized positions in the perylene core namely; 3,4,9,10 (known as peri),
2,5,8,11 (known as ortho) and 1,6,7,12 (known as bay). Figure 3.15 shows the
developmental stages of perylene imides within the past centuries. Three generational
stages of perylene imides exist as shown in Figure 3.15. The first generation of the
perylene imides (i.e. 3,4,9,10-diimides substitutions) was discovered and developed in
the 1910s. The second generation of the perylene imides (i.e. additional or exclusive
1,6,7,12-decoration and asymmetric perylene monoimides or monoanhydride) was
discovered and developed extensively in the 1970-1980s to improve the orbital and
colour tuning, and the solubility for solution-fabricated devices (i.e. bulk
heterojunction solar cell). In terms of copolymers, perylene diimides with halogenated
bay positions are the preferred candidate capable of merging with other compounds
like oligothiophenes to form donor-acceptor copolymers employed in single material

solar cells.
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Figure 3.14. Functionalized Positions of Perylene Core
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Figure 3.15. Developmental Stages of Perylene Imides

Bohm, Arms [170] discovered bay-site-bromination of Perylene-3,4,9,10-
tetracarboxylic dianhyride (PTCDA) in the early nineties to vyield 1,7-
dibromoperylene-3,4,9,10-tetracarboxylic. In 2004, Wirthner, Stepanenko [171]
reconsidered the procedure adopted by Boéhm, Arms [170] and discovered that the
dibromination reaction was not regioselective, but rather produces a regioisomeric
mixture of 1,7- and 1,6- dibromoperylene dianhyride as well as tribrominated isomers.
As a result, the subsequent imidization of cyclohexyl amine yielded a regioisomeric
mixture of 1,7-dibromoperylene diimides and 1,6-dibromoperylene diimides. The
successful separation and characterization of regioisomerically pure N, N’-1,7-
dicyclohexyl-1,7-dibromoperylene diimides from the regioisomeric mixture was done
through a mechanism called repetitive recrystallization, which has being used till date
[172, 173]. Significantly, bay-region substitutions are the most decorative synthetic
approach to fine-tune the optoelectronic properties [167, 174]. The third generation of
the perylene imides (i.e. 2,5,8,11-diimides substitutions) was discovered and
developed in the 1990-todate (see Figure 3.15) [99].
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3.9.1 Synthesis of Perylene Imides

In order to tune the electrochemical and optical properties of perylene imides, there is
the need to attach the perylene core with different substituents via various synthetic
methods presented in Figure 3.16 to Figure 3.20. A number of organic reactions which
include saponification, metal-catalyzed coupling, imidization, nucleophilic
substitution and cyclo-dehydrogenation, have been used in the chemistry of perylene
imides since the inception of the perylene imides in solar cell application [167, 175,
176].

Figure 3.16 presents the synthesis of perylene imides in the peri-position. The
synthesis of perylene imides begins with the use of perylene dianhydride (Al) as a
starting material. A simple imidization reaction to Al using aromatic or aliphatic
amines leads to a soluble or insoluble perylene dye (perylene diimide) A2. The
introduction of aryl or alkyl substituents is essential to achieve a soluble perylene
diimide [177]. The functionalization of Al with aromatic diamines using adjacent
amino groups is able to tune the absorption behaviour of the perylene diimide to form
A3 (perylene diamindine) [99, 167, 175, 176].
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Figure 3.16. Synthesis of Perylene Imides in the Peri-Position
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Figure 3.17 presents the synthesis of perylene imides in the ortho-position. Using
arylboranates/alkenes as a starting material in the perylene diimide (B2) with a
subsequent introduction of aryl/alkyl substituents to the ortho-position forms perylene
B4 using a regioselective reaction by ruthenium catalysis [178]. Perylene B4 has both
higher solid-state fluorescence and solubility than bay-substituted perylene diimide
(C5) while perylene B3 (tetraboronated perylene diimides) provides three choices (B5,
B6 and B7) of functionalizing the perylene diimide in a copper (1) catalyzed reaction
conditions. A subsequent functionalization of B5 using amination leads to perylene B8
[179].

Figure 3.18 presents the synthesis of perylene imides in the bay position. Perylene
dianhydride (C1) is halogenated with amines under acid coupling to synthesize 1, 6,
7, 12-tetrachloro dianhydride or 1, 6, (7)-dibromoperylene dianhydride (C2, C3)
which is currently the essential building block in perylene chemistry [180].
Nucleophilic substitution and metal-catalyzed reactions can be performed after the
bay-halogenation of the perylene diimides [167]. In order to improve the solubility of
perylene diimides, the phenol is reacted with a base in a process known as

phenoxylation.

The tetrachloro-perylene diimide (C4) through a one-step palladium-catalyzed Migita-
Kosugi-Stille coupling reaction forms perylene diimides (C6) with an expanded-bay
region by two-Sulphur bridges forming a strong hypsochromic shift in absorption [99].
In the same vein, using dibromo-perylene diimides (C7) as precursors, the bay-region
can be expanded with coronene diimides (i.e. n = 0), dibenzocoronene diimides (i.e. n
= 1), and dinaphtocoronene diimides (i.e. n = 2) forms perylene diimide (C9) [181].
The pathway of the bromo-substituted-perylene diimides (C7) is by nucleophilic
substitution using phenol (phenoxylation) [182], potassium fluoride (fluorination)
[183], cyano copper (1) (cyanation) [184], and pyrrolidine (amination) [185]. Perylene
diimides (C8) are under investigations in the field of organic solar cells and organic
field effect transistors [167].
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Figure 3.17. Synthesis of Perylene Imides in the Ortho-Position
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Figure 3.18. Synthesis of Perylene Imides in the Bay-Position

Figure 3.19 presents the synthesis of perylene imides in the bay+ortho-position. The
bay-ortho positions of the perylene diimides (D2) can be functionalized to form
1,2,5,6.7,8,11,12-octacholoro- perylene diimides (D3) used as an organic field effect
transistors (OFET) material application [186].
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Figure 3.19. Synthesis of Perylene Imides in the Bay + Ortho-Position

Figure 3.20 presents the synthesis of perylene imides in the bay+peri-position. The
asymmetric perylene monoimides (E3) can be monobrominated in acetic acid as the
reaction solvent to form mono-bromo-perylene monomides (E4) or tribrominated in
chloroform as the reaction solvent to form tri-bromo-perylene monomides (E5).
Mono-bromo-perylene monomides (E4) can be fuctionalized by palladium-catalyzed
reaction (i.e. Buchwald-Hartwig amination/Suzuki C-C coupling). Terrylene diimides
(E7 i.e. m =1) are formed when the mono-bromo-perylene monoimides (E4) is reacted
with four functionalized naphthalene monoimides followed by a treatment with a base
(for example, Potassium carbonate for cyclodehydrogenation). The tri-bromo perylene
monoimides (E5) allows for the decoration of the 1,6-positions before the peri (9)-

position leading to perylene monoimide (E8). It is noteworthy that the 1,6-position is

47



essential for fine-adjustment while the peri (9)-position is necessary for changing the

optical and electronic properties of the perylene monoimides [99, 187, 188].
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Figure 3.20. Synthesis of Perylene Imides in the Bay + Peri-Position
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3.9.2 Perylene Diimides Derivatives for DSSC

The emergence of perylene-3,4,9,10-tetracarboxylic dianhydride in organic
compounds have played a versatile role in different technological applications that
include electro photographic devices, organic solar cells, optical power limiters,
sensors, dye lasers, organic field effect transistors (OFET), fluorescent solar collectors,
optical switches, logic gates, photosensitizers, organic light emitting diodes, etc. [173].
The first perylene-3,4,9,10-tetracarboxylic dianhydride was discovered in 1913 by
Kardos in the industrial sector as colorants (i.e. as pigments and dyes) due to their
outstanding thermal, chemical, photo and weather stability [176, 189]. In 1913, the
first industry pigment based on perylene diimides called Pigment Red-179 (Figure
3.21) was discovered and used as a pigment in industrial applications resulting from

the work of Harmon Colours that describes the conversion of vat dyes to pigments.

Due to its versatility, perylene-3,4,9,10-tetracarboxylic dianhydride derivatives are
currently used in the automobile and manufacturing industry for high-grade industrial
paints and carpet fiber manufacturing [176]. Ab initio, the Photostability and the high
quantum vyield of perylene-3,4,9,10-tetracarboxylic dianhydride derivatives were
hidden till 1959 and was mostly centered on industrial pigment manufacturing due to
its poor solubility in organic solvents [190]. Nevertheless, there has been an enormous
discovery of the perylene-3,4,9,10-tetracarboxylic dianhydride applications in

electronics and organic photovoltaics [190].

Perylene-3,4,9,10-tetracarboxylic dianhydride, aka perylene diimides, has been used
as sensitizers in dye-sensitized solar cell applications due to its ability to be
functionalized with an anhydride or carboxylic groups, which functions as a fix
position for attachment onto the inorganic surfaces of the semiconductor. The perylene
imides allow the measurements of charge injection rate by facilitating time correlated
emission experiments [99]. Figure 3.21 presents the molecular structure of the three
most essential industry pigments based on perylene diimides. Perylene diimides have
different colours such as red, violet and shades of black [191]. Perylene diimides

exhibit outstanding migration stability in plastics, chemically inert, easy-over-coating
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in paints and higher thermal stability [169, 176]. From 1950, numerous perylene
diimide derivative like Pigment Red-179, Pigment Red-149 and Pigment Red-178
(Figure 3.21) have been used in manufacturing scale production and applications
[176].

Pigment Red 178

Figure 3.21. Molecular Structure of Industry Pigments based on PDI

Figure 3.22 shows the molecular structure of PDI derivatives for DSSC applications.
Perylene imides with carboxylic acid groups to fix onto tin (1) oxide (SnO3) in Figure
3.22 (a) and (b) were the first dye semiconductor coordination employed as sensitizers
in the first reported photovoltaic application [150]. A nanoporous tin (IV) oxide film
on a fluorine-doped tin oxide glass with a thickness of 2.5 pm containing the dye and
a platinum-coated fluorine-doped tin oxide glass substrate was revealed. A DSSC
device containing the sensitizer in Figure 3.22 (a) could attain a maximum incident
photon-to-current efficiency of almost 30% at a wavelength region between 458 and
488 nm and a total power conversion efficiency of almost 0.89%. Even though the
power conversion efficiency of 0.89% is lower in this era of technological
advancement nonetheless, it was proven in that era, the potentials of perylene diimide

derivatives in DSSC applications [99, 150].
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A continual research in perylene diimide derivatives led to the inception of sensitizers
reported in Figure 3.22 (b) and (c) which were examples of the reported perylene
diimide derivatives in titanium dioxide nanocrystalline films [192]. As reported, a
bromine-doped titanium dioxide nanocrystalline films might improve the maximum
incident photon-to-current efficiency of the sensitizer in Figure 3.22 (c) to almost 40%
in a wavelength region between 440 and 530 nm. The advancement of research in
perylene diimide derivatives led to the inception of sensitizers reported in Figure 3.22
(d), (e), (f), (g) and (h) with anhydride groups as anchor were synthesized [193].
Evidence from the reported sensitizers in Figure 3.22 (d), (e), (f), (g) and (h) shows
that the photovoltaic performance in DSSC is influenced by the variations of the imide
groups in perylene monoimides monoanhydride. A scrutiny of the sensitizer reported
in Figure 3.22 (d) with a 1-pentyl-hexyl at the amide position showed the highest
efficiency of 1.61% under air mass (AM) 1.5 solar light compared to the sensitizers in
Figure 3.22 (e), (f), (g) and (h) [99]. Notwithstanding, the power conversion
efficiencies of the sensitizers reported in Figure 3.22 (d), (e), (f), (g) and (h) are too
low for industrial applications. Obviously, these low power conversion efficiencies
may be due to lack of intermolecular push-pull effect in the sensitizers in Figure 3.22
(d), (e), (F), (9) and (h) since they are all deficient in donor groups. The aforementioned
sensitizers are limited with ordinary chromophore anchor group that limits the

efficiency of the dye-conduction band electron transfer of the metal oxide [99].

Later on, donor groups were introduced in subsequent research in perylene diimide
derivatives as showed in Figure 3.22 (i), (j), (k) and (I) [194]. The 1,6-Pyrrolidinone
perylene monoimides monoanhydride derivatives in Figure 3.22 (i), (j), (k) and (I) are
thought to exhibit certain advantages. These advantages include; improved light
harvesting efficiency in the red-to-near infrared region and a more improved
exothermic electron injection from the excited singlet state to the conduction band of
titanium dioxide electrode. The aforementioned advantages are due to the strong
ability of the pyrrolidinone groups that shift the first oxidation and the first reduction
potentials in the positive direction. In addition, the bay-substituents of the 1,6-
pyrrolidinone perylene monoimides monoanhydride derivatives in Figure 3.22 (i), (j),

(k) and (I) suppress the dye aggregation on the surface of the titanium dioxide leading
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to a delayed intermolecular charge recombination. The performance of perylene
monoimides monoanhydride derivatives in Figure 3.22 (i) and (j) outweighed the
perylene diimide derivatives in Figure 3.22 (k) and (). The reason has been that the
phenylcarboxy acid groups in Figure 3.22 (k) and (l) which serves as anchors keep the
chromophores at a far distance from the surface of the titanium dioxide, a condition

that is unfavorable for the charge transport mechanism [99].

Subsequently, the same concept was applied to examine how the nature of electron
donating substituents (phenoxy/piperidine) affect the perylene core, the effect of the
anchoring group positions, and how the existence of a fused benzimidazole moiety
affect the performance of DSSCs [195]. It was reported that DSSCs with sensitizers in
Figure 3.22 (m), (n) and (0) got efficiencies between 0.2% and 2.3%. Evidence from
the study shows that both the phenoxy and piperidine groups exhibit the same
behaviour at the bay position of the perylene core, however, the phenoxy group at the
bay-position has a lower propensity to aggregate thus, exhibits a slightly higher
performance. In addition, the position of the anchoring groups can influence the
electron injection efficiency and a bathochromic shift of the absorption spectrum

occurs as the sensitizer is functionalized with benzimidazole moiety [99].

Another study presented a perylene monoimides monoanhydride derivative in Figure
3.22 (p) with a piperidine-substituent anchoring through the anhydride [196]. The
complexity of the sensitizer in Figure 3.22 (p) makes it able to selectively bind lithium
ions in DSSCs thereby producing higher voltages but lower photocurrents. The later
results in a shift of the titanium dioxide conduction band due to the formed dipole at
the surface of the semiconductor resulting from the complexation of lithium with aza

crown ether [99].

The absorption properties of perylene monoimides monoanhydride moiety and
ruthenium complexes were improved by incorporating them into the ligand in Figure
3.22 (q) [197]. Notwithstanding, the strong electron withdrawing nature of the amide
groups weakens the intramolecular charge transfer thus, resulting in a low efficiency

(3.08%) of the dye in DSSCs. In summary, due to the outstanding light-harvesting
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abilities of perylene diimide derivatives, they have a good potential for dye-sensitized
solar cell applications.

(a) COOH (b) HOOC 0.0 COOH
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Figure 3.22. Molecular Structure of Perylene Diimide Derivatives for DSSC
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3.9.3 Preparation of Perylene Diimides Derivatives

Perylene-3,4,9,10-tetracarboxylic dianhydride is the principal starting material for the
synthesis of perylene diimide derivatives. High yields of perylene diimide derivatives
are achieved when there is a condensation reaction between the perylene-3,4,9,10-
tetracarboxylic dianhydride and an aniline/alkyl amine. Scheme 1.1 and Scheme 1.2
show the imide substituent positions of the perylene diimide preparations. A large
manufacturing scale of the synthesis of perylene-3,4,9,10-tetracarboxylic dianhydride
begins with the air oxidation of acenaphthene to produce a naphthalic anhydride, with
a subsequent treatment with ammonia to produce the 1,8-naphthalene dicarboxylic
acid imide. In order to obtain perylene-3,4,9,10-tetracarboxylic diimide, the 1,8-
naphthalene dicarboxylic acid imide is fused with caustic alkali (i.e. potassium
hydride) between a temperature of 190-220°C with a subsequent oxidation of the
molten reaction mixture by air. The hydrolysis of the perylene-3,4,9,10-tetracarboxylic
diimide solid with a concentrated sulphuric acid at a temperature of about 220°C
produces the perylene-3,4,9,10-tetracarboxylic dianhydride synthesis. At this juncture,
the reaction between the perylene-3,4,9,10-tetracarboxylic dianhydride and different
aromatic aniline/aliphatic amines leads high isolated yields of insoluble and
symmetrical organic perylene diimides with high melting points (see Scheme 1.1)
[198].
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Scheme 1.1. Imide Substituent Positions of PDI Preparations (1)

From Scheme 1.2, the attachment of the imide positions with substituents makes it
easy to obtain a soluble perylene diimide dye. The condensation reaction of the
perylene-3,4,9,10-tetracarboxylic dianhydride with primary amines and aromatic
aniline in a high boiling point solvent like quinoline/imidazole with a boiling point
above 160°C and a subsequent addition of anhydrous zinc acetate [Zn(OAc).] as a
catalyst is the commonly used procedure in synthesizing symmetrical perylene diimide
derivatives. With a simple purification procedure, the isolated yield of the
aforementioned reaction normally approaches 95% [177]. Another way of
synthesising symmetrical perylene diimide is treating the perylene-3,4,9,10-
tetracarboxylic dianhydride with a reactive amine in hot alcohol like n-butanol, a
carboxylic acid like propionic acid and acetic acid or by mixing water and alcohol with
the isolated yields above 90%. In addition, a condensation reaction of the perylene-
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3,4,9,10-tetracarboxylic dianhydride with the o-phenylenediamine derivatives lead to
the achievement of perylene benzoimidazole derivatives. A subsequent
benzoimidazole derivatives synthesis produces two regioisomers however, employing
purification methods like recrystallization and column chromatography is very
thought-provoking to separate the two regioisomers [198].

R-NH,
Zn(OAc),
—_—.

imidazole/quinoline
or
R-NH,

1-n-butanol

perylene-3,4,9,10-tetracarboxylic dianhydride vrs alipahatic

perylene-3,4,9,10-tetracarboxylic dianhydride amines/aromatic aniline

NH,

R O O

Kj OO
N N
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> +
A\

958,
N N
S585e;

benzoimidazole derivatives

Scheme 1.2. Imide Substituent Positions of PDI Preparations (2)

Scheme 1.3 shows the imide substituent positions of asymmetric PDI preparations.
Two methods of perylene diimide synthesis with diverse substituents on the imide
position through a multi-step organic synthesis exist from Scheme 1.3. The preparation
of the individual symmetrical perylene diimide dyes becomes the first step of the first
synthetic method for asymmetrical perylene diimide. Almost 50% yield of the
individual perylene monoimides monoanhydride compounds are due to hydrolysis of
symmetrical perylene diimide. A subsequent imidization reaction of the perylene
monoimides monoanhydride derivatives with a second aniline/amine introduces other
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substituents to create the anticipated asymmetrical perylene diimides. It is noteworthy
that a direct synthesis of the perylene monoimides monoanhydride derivatives from
the perylene-3,4,9,10-tetracarboxylic dianhydride with the primary amine is very
challenging due to the difficulty in ensuring a one-site-condensation reaction. The
aforementioned method has been employed in the synthesis of perylene imide

benzoimidazole [198].

Another method for the synthesis of asymmetrical perylene diimides begins with the
hydrolysis of the perylene-3,4,9,10-tetracarboxylic dianhydride to form the perylene
monoimides monoanhydride salt and subsequently introducing functionalization

reactions like imidization (see Scheme 1.3) [199].
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Scheme 1.3. Imide Substituent Positions of Asymmetric PDI Preparations
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3.9.4 1,7-Di-Substituted Derivatives

Perylene bisimides are a class of outstanding organic dyes receiving much attention in
both industrial and academic research. Their enormous physical properties like photo
and thermal stability, optical, chemical robustness, and electronic properties make
them a potential candidate for industrial colorants, n-type semiconductors

(photovoltaic and organic electronics), and fluorescent sensors [200].

Perylene tetracarboxylic acid derivatives with modified optical and electrochemical
properties while preserving good solubility, outstanding stability and high
fluorescence quantum yields are shown in Figure 3.23. The absorption and emission
spectra of Al [201], B1 [202], C1, and D1 [201] compounds in Figure 3.23 shift
bathochromically and increases electron deficiency from left to right. The structure of
Al1-D1 can be modified by attaching the peri positions (3,4,9,10-tetracarboxylic acid)
or the bay positions (1,6,7,12) with different functional groups. It has emerged that,
additional alteration in the electrochemical and optical properties may arise at the bay
positions, due to insensitivity to the substituent changes at the carboxylic acid positions
[200]. Due to this, bay-brominated derivatives (A2, B2, C2, and D2) can participate in
a different substitution reactions with their bromine atoms to produce highly valued
and multipurpose intermediates for bay-functionalized chromophore synthesis with

tunable optical and electronic properties.

Substitution at the bay position normally consist of two or four substituents, with a
prior halogenation of perylene-3,4,9,10-tetracarboxylic bisanhydride to yield 1,7-
dibromoperylene-3,4,9,10-tetracarboxylic bisanhydride [170] or 1,6,7,12-tetrachloro
perylene-3,4,9,10-tetracarboxylic bisanhydride [203]. An isomerically impure mixture
of 1,7- and 1,6-isomers, from a substitution at the bay position of 1,7-
dibromoperylene-3,4,9,10-tetracarboxylic bisanhydride are produced. Recent studies
have demonstrated that the electrochemical and optical properties of 1,7- and 1,6-
substituted perylene bisimides can be distinctly different [168]. In this way, an

isomeric purity of the aforementioned compounds is highly significant.
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Figure 3.23. Perylene tetracarboxylic acid derivatives

Apart from 1,7-dibromoperylene-3,4,9,10-tetracarboxylic bisanhydride and perylene
bisimides, the synthesis of 1,7-dibromoperylene-3,4,9,10-tetracarboxylic tetraesters
have been reported in literature [204]. However, the isomerically pure form of 1,7-
dibromoperylene-3,4,9,10-tetracarboxylic tetraesters have not been obtained. Various
techniques like chromatography, repetitive recrystallization or solubility difference
dependent separation have been used to improve the isomeric purity of 1,7-substituted
products from a mixture of 1,7- and 1,6-isomers of dibromoperylene-3,4,9,10-
tetracarboxylic bisanhydride and perylene-3,4,9,10-tetracarboxylic tetraesters [171,
173, 205]. However, due to the limitation to specific compounds, sensitivity to
structural changes of the molecules and the limited efficiency of the aforementioned
techniques, they are not suitable for extensive synthesis of regioisomerically pure

derivatives.
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Against the backdrop, Sengupta, Dubey [200] reported the first synthesis of
regioisomerically pure dibromoperylene-3,4,9,10-tetracarboxylic derivatives, as
shown in Scheme 2.1 and Scheme 2.2 (3-8). The synthesized compounds in Scheme
2.2 (4, 5 and 8) with one or more anhydride functionality and 1,7 bromo substituted
products, permit a nearly unlimited attachment of the substituents at the bay and peri-

positions.

The synthesis of compounds shown in Scheme 2.1 and Scheme 2.2 (3-8) begun with
a commercially existing perylene-3,4,9,10-tetracarboxylic bisanhydride (Scheme 2.1
(1)), which was synthesized into perylene-3,4,9,10-tetrabutylester (Scheme 2.1 (2))
with a subsequent dibromination in dichloromethane (DCM) at room temperature. The
preferred pure 1,7 isomer (Scheme 2.1 (3)) was derived from a mixture of dibromides
(Scheme 2.1 (3 and 3a)) via crystallization from an ACN/DCM mixture. 1,7 isomer
(Scheme 2.1 (3)) was converted to Scheme 2.2 (4) by an acid-catalyst to remove two
ester moieties in heptane at a temperature 90 degrees. An excess of p-TsOH.H20 in
toluene at a temperature 100 degrees is used to convert 1,7 isomer (Scheme 2.1 (3)) to
bisanhydride (Scheme 2.2 (5)). Anhydrides (Scheme 2.2 (4 and 5)) are imidized with
2,6 dissopropylaniline in NMP and acetic acid, resulting in compounds in Scheme 2.2
(6 and 7). Compound in Scheme 2.2 (6) was treated with p-TsOH.H>O in excess
toluene at a temperature 100 degrees to yield compound in Scheme 2.2 (8).
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CHAPTER 4

EXPERIMENTAL

4.1 Materials and Instruments

The commercially available chemicals and solvents employed in the study were
purchased from either Merck Millipore or Sigma-Aldrich and were reagent grade
purity. Chemicals and reagents were used as received, without further purification
unless otherwise stated. Solvents used for chromatographic separations were purified
according to standard purification methods [206]. Moisture/air-sensitive reactions
were performed under argon (Ar) atmosphere. N-Methyl 2-pyrrolidone (NMP) was
dried over molecular sieves. Chromatographic purification was done with silica gel
pore size 60 A, 70-230 mesh, 63-200 pum, for column chromatography and thin layer
chromatography (TLC) was performed on aluminium TLC plate, silica gel coated with
fluorescent indicator F254. Melting points were determined with Mel-Temp® capillary
melting point apparatus and were uncorrected. Nuclear magnetic resonance (NMR)
spectra were measured and recorded on a Bruker Avance 400 MHz NMR
spectrometer. FTIR spectra were recorded with a Varian-660 IR spectrometer in the
4000400 cm~ ! spectral range in the transmittance mode. Solid samples were recorded
as KBr pellets. UV-visible measurements were recorded either on a PG-Instruments
T80+ or on Shimadzu UV-2450 spectrophotometer. Fluorescence emission spectrums
were recorded on a Shimadzu RF-5301PC Spectrofluorophotometer Spectral data
were processed into graphs with Microsoft Excel™; spectral data were analyzed via
curve fitting procedures using nonlinear regression analysis with the help of
OriginLab® software and Spectragryph optical spectroscopy software [207] in order to
determine molar absorptivity coefficients at the selected wavelengths and quantum
yields. All solvents employed for spectral measurements were of a spectroscopic
grade.
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4.2 Synthetic Procedures
4.2.1 Synthesis of perylene-tetracarboxylic tetrabutyl ester (P-1)

A mixture of PDA (0.980 g, 1 equivalent), 1,8- oo 0 0.0 Q o-cpy

Diazabicyclo[5.4.0Jundec-7-ene (DBU) (4 equivalent), C4Hgo%o O O O~

n-butanol (1.5 g, 8 equivalent) in 500 ml of N,N-

Dimethylmethanamide (DMF) was stirred at 60°C for 0.5 hour. 1-bromobutane (2.74
0, 8 equivalent) was added to the mixture and a subsequent addition of another 9 ml
of DMF, and further stirred for 3 hours. After cooling the resulting mixture to room
temperature, the solvent was poured into water (100 ml) and stirred for 15 minutes,
after which it was filtered. The crude residue after the filtration process was subjected
to column chromatography on silica gel, eluting with dichloromethane (CH.Cl.), to
produce compound (P-1) in a golden-orange solid (yield, 1.54 g). Characterization
data for P-1: IR (KBr): 3247, 2964, 2330, 1730, 1587, 1447, 1304, 1034, 810, 737,
606 cm™; Aax cHcl,= 472 nm (e = 63593, Pearson’s r = 0.99 and R? =0.98) and 443
nm (e = 51863, Pearson’s r = 0.99 and R? = 0.98); Aax pmr = 469 Nm (g = 46069,
Pearson’s r = 1.00 and R? = 1.00), and 441 nm (e = 38616, Pearson’s r = 1.00 and R?
= 1.00); and, *H NMR (CDCls, 400 MHz): 1.04 (t, 12H), 1.55 (m, 8H), 1.83 (m, 8H),
4.37 (t, 8H), 7.80 (d, 4H), 7.85 (d, 4H); *3C NMR (CDCls, 100 MHz): 13.8, 19.3, 30.7,
65.3, 121.1, 128.3, 128.5, 130.1, 132.4, 168.5. The 'H NMR and *C NMR Spectrum
of P-1 are presented in Figure 4.1 and Figure 4.2.
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4.2.2 Synthesis of 1,7-dibromoperylene-3,4,9,10-tetracarboxyl tetrabutylester (P-
2)
A mixture of perylene tetrabutylester 5 (0.5 g, 0.766 o B o

) CiHg—O ¢ Y o-c,
mmol) and K2CO3 (0.25 g, 1.81 mmol) were taken into a CAHQOOC4H9
50 mL round-bottom flask, with a subsequent addition of e °
CHCI> (10 mL). Drop wise, bromine (0.5 mL, 9.70 mmol) was added to the resulting
mixture and stirred for 24 hours at room temperature. Afterwards, an aqueous solution
of sodium metabisulphite (Na2S20s) was added drop wise to the reaction mixture while
stirring. The organic layer of the reaction mixture was washed with several portions of
water and dried over sodium sulphate (Na2SO4). The solvent was then removed by
rotary evaporation giving crude product (0.597 g) consisting of a mixture of 1,7- and
1,6-dibromo isomers. The isolation of the regioisomerically pure 1,7- dibromo was
accomplished by a double crystallization from dichloromethane / acetonitrile.
Characterization data for P-2: IR (KBr): 3577, 3328, 2952, 2870, 2511, 2331, 2086,
1944,1731, 1589, 1454, 1385, 1303, 1168, 1051, 951, 816, 740, 603 cM™; Apax cHel, =
468 nm (g = 32363, Pearson’s r = 1.00 and R? = 1.00) and 443 nm (¢ = 28719,
Pearson’s v = 1.00 and R? = 1.00); Apax pmr = 466 Nm (e = 31509, Pearson’s r = 1.00
and R? = 1.00), and 441 nm (e = 28249, Pearson’s r = 1.00 and R? = 1.00); and, *H
NMR (CDClIs, 400 MHz): 1.00 (t, 12H), 1.60-1.46 (m, 8H), 1.81-1.77 (m, 8H), 4.34
(t, 8H), 8.08 (d, 2H), 8.28 (s, 2H), 8.91 (d, 2H); 3C NMR (CDCls, 100 MHz): 13.8,
19.2, 30.6, 65.6, 65.8, 118.7, 126.5, 127.6, 129.0, 130.4, 131.1, 131.7, 136.7, 167.1,
168.0. Figure 4.3 and Figure 4.4 depict the *H NMR and *C NMR Spectrum of P-2.
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4.2.3 Synthesis of 1,7-Dibromoperylene-3,4,9,10-tetracarboxy monoanhydride
Dibutylester (P-3)

Regioisomerically pure P-2 (1 g, 1.23 mmol) . Br .
and p-toluenesulfonic acid monohydrate (p-TsOH-H20) C“”goo
(305 mg, 1.60 mmol) were taken in 3 mL of n-heptane. The AR Br O °
reaction mixture was stirred at 90 °C for 5 hours. The product (P-2) begun to
precipitate from the reaction mixture within a period. The reaction mixture was cooled
to room temperature after 5 hours, and the product was filtered off and washed with
some few portions of methanol and water. The dried orange precipitate was
subsequently taken in methanol (200 mL) and refluxed for 2 hours. The refluxed
mixture of compounds was cooled to room temperature and filtered to remove the
starting compound. The residue was the monoanhydride compound (P-3), whereas the
remaining was the starting material (P-2) soluble in methanol. Finally, the dried
residue was dissolved in a little amount of dichloromethane (DCM) and filtered to
remove the insoluble bisanhydride. The solvent was then evaporated to produce the
crude product. Purification by column chromatography, using chloroform, gave 0.254
g of the product (32% vyield). Characterization data for P-3: IR (KBr): 3454, 3058,
2943, 2871, 2727, 2510, 2364, 1782, 1706, 1602, 1458, 1379, 1271, 1168, 1019, 806,
695 cM™; Amax crcl, = 505 Nm (e = 41209, Pearson’s r = 1.00 and R? = 1.00) and 484
nm (g = 34093, Pearson’s r = 1.00 and R? = 1.00); Apax pmr = 497 nm (e = 32017,
Pearson’s r = 1.00 and R? = 1.00), and 469 nm (g = 26757, Pearson’s r = 1.00 and R?
= 1.00); Melting point: 205 °C (literature 202 °C); *H NMR (400 MHz, CDCls): § =
9.27 (d, J = 8.0 Hz, 1H), 9.24 (d, J = 8.1 Hz, 1H), 8.89 (s, 1H), 8.68 (d, J = 8.0 Hz,
1H), 8.34 (s, 1H), 8.15 (d, J = 8.0 Hz, 1H), 4.39-4.33 (m, 4H), 1.85-1.78 (m, 4H),
1.54-1.48 (m, 4H), 1.04—1.00 ppm (m, 6H). Figure 4.5 shows the *H NMR spectrum
of compound (P-3) in CDCls.
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Figure 4.5. 'H NMR spectrum of P-3 in CDCls

4.2.4 Synthesis of 1,7-Dibromoperylene-3,4,9,10-tetracarboxylic bisanhydride (P-
X)

In 20 ml of toluene, regioisomerically pure tetrabutylester (P-2) N

(0.5 g, 0.618mmol), and p-toluenesulfonic acid monohydrate Z 0.0 Z
(3.09mmol, 0.6g) were mixed and the resulting mixture was g O O S
stirred at 100°C for 30 hrs. After cooling to room temperature, Br

resulting red precipitate was filtered and washed with methanol (3 x 25 ml) and water
(3 x 25 ml), and resulting solid was dried at 100°C in a vacuum oven. The crude
product was taken into 100 ml of chloroform and refluxed for 3 hrs. After cooling to
RT, filtered, washed with chloroform and dried at 65°C in a vacuum oven to afford
0.322 g of brown/red solid product. (95% vyield). Because of the low solubility of this

product, NMR-spectrum were not recorded and used without further purification.
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4.2.5 Synthesis of 1,7-Dibromo-N,N’-Bis[2-(diethylamino)ethyl]-3,4,9,10-
perylene- tetracarboxylic Diimide (P-4) - B

In a 50 ml of round-bottom flask, 1,7-Dibromoperylene- —/ X 8.8 Nx/*
3,4,9,10-tetracarboxylic bisanhydride (P-X) (0.518 g, © o =
0.93mmol) synthesized at the previous step was suspended in 15 ml of water / 2-
propanol (1:1 v/v) mixture. To this, N,N-diethylene diamine (0.312 g, 2.7 mmol) and
glacial acetic acid (0.327 g, 5.5 mmol) was added via syringes. Resulting mixture was
stirred at 80°C under argon atmosphere for 40 hrs. After cooling to room temperature,
solvent removed under reduced pressure. Resulting solid residue was dissolved in
dichloromethane (50 ml) and filtered to remove unreacted starting material. After
removing the solvent under reduced pressure, resulting crude product was
chromatogramed on silica, eluting with dichloromethane / methanol (10:1) to afford
0.34 g of pure product, after removal of solvent. (Red solid, R = 0,36) (49.5 % yield).
Characterization data for P-4: IR (KBr): 3561, 3313, 3237, 3237, 3162, 3054, 2950,
2802, 2582, 2468, 2327, 2106, 1927, 1685, 1602, 1347, 1237, 1168, 1092, 947, 871,
796, 692 cM™; Apax cucl,= 526 Nm (e = 57019, Pearson’s r = 1.00 and R* = 0.99) and
491 nm (g = 40512, Pearson’s r = 1.00 and R? = 0.99); Ayax pmr = 523 Nm (e = 38811,
Pearson’s v = 1.00 and R? = 0.99), and 488 nm (g = 27925, Pearson’s r = 1.00 and R?
=0.99); *H NMR (400 MHz, CDCls): § = 9.38 (d, J = 8.3 Hz, 2H), 8.83, (s, 2H), 8.61
(d, J=8.2 Hz, 2H), 8.61 (d, J = 7.3 Hz, 2H), 4.31 (t, )= 7.3 Hz, 4H), 2.81 (t, J = 7.2
Hz, 4H), 2.67 (q, J = 7.3 Hz, J =7 Hz, 8H), 1.09 (t, J = 7 Hz, 12H). Figure 4.6 shows
the *H NMR spectrum of compound (P-4) in CDCls.

70



MEO-2014-015 1H.010.001.1r.esp

—1.09

0.65 =
0.60 -~

0.55+

110

0.50 =

883
2,68
2.66
107

0.45 -
0.40 =
0.35+

0.30+

Normalized Intensity

8.62
8.60

0.25+

9.39
—9.37
_\-_

0.20+

A4 .

S
2.00 1.952.07 4.19 4.16 8.20 12.50

—1.27

[ [ | — Ll —
....... LI e B B B e e B B e e
9 8 7 6 4 3 2 1 (0]

5
Chemical Shift (ppm)

Figure 4.6. 'H NMR spectrum of P-4 in CDCls

4.2.6. Synthesis of 1,7-Di(4-tert-butylphenoxy)-N,N’-bis[2-(diethylamino)ethyl]-
3,4,9,10-perylene- tetracarboxylic diimide (P-5)

4-tert-butylphenol (59 mg, 3 eq.), K2CO3 (108 mg, 6 eq.),

and 18-crown-6 (409 mg, 12 eq) was dissolved in 10 ml dé

of dry toluene, eTnd stirred for 20- min. under a-rgon ijz Q.Q cNa ~
atmosphere. To this was added 1,7-Dibromo-N,N’-bis[2- I
(diethylamino)ethyl]-3,4,9,10-perylene- tetracarboxylic ’

diimide (P-4) (100 mg, 1 eq) and resulting mixture was 7@

stirred at 90 °C under argon for 40 hrs. After cooling down the reaction mixture to
RT., solvent removed under reduced pressure. Resulting solid was washed with water,
dried and crude product was purified by flash column chromatography on silica,
eluting with CHCI3z / Methanol (100:5, v/v) to give 80 mg dark red solid product. (69
% yield, Rr = 0.28). Characterization data for P-5: A,k cuci,= 548 nm (e = 53394,
Pearson’s r = 1.00 and R? = 1.00) and 512 nm (e = 35820, Pearson’s r = 1.00 and R?
= 1.00); Amax pmr = 541 nm (e = 35052, Pearson’s r = 1.00 and R? = 1.00), and 508
nm (e = 24658, Pearson’s r = 1.00 and R? = 1.00); *H NMR (400 MHz, CDCls): § =

9.53 (d, J = 8.5 Hz, 2H), 8.52 (d, J = 8.5 Hz, 2H), 8.31, (s, 2H), 7.47 (d, J = 8.5 Hz,
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4H), 7.10 (d, J = 8.8 Hz, 4H), 4.25 (t, J = 7.5 Hz, 4H), 2.78 (t, = 7.5 Hz, 4H), 1.39 (s,
18H), 1.09 (t, J = 7 Hz, 12H). Figure 4.7 shows the *H NMR spectrum of compound
(P-5) in CDCla.
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Figure 4.7. *H NMR spectrum of P-5 in CDCls

4.2.7. Synthesis of 1,7-Di(pyrrolidinyl)-N,N’-bis[2-(diethylamino)ethyl]-3,4,9,10-
perylene- tetracarboxylic diimide (P-6)
1,7-Dibromo-N,N’-bis[2-(diethylamino)ethyl]-

Q

3,4,9,10-perylene- tetracarboxylic diimide (P-4) (76 — o

(o]
_ _ - e dad
mg, 1 eq) was dissolved in 4 ml of pyrrolidine and - Q. NXNC
o o
stirred under argon atmosphere at 60°C for 24 hrs. After “Q

cooling to RT., solvent removed under reduced pressure. The resulting green crude
product was purified by flash-column chromatography on silica, eluting with CH2Cl>
/ Methanol (10:1, v/v) giving 50 mg of green pure product. (70 % yield, Rs = 0.23).

Characterization data for P-6: Apax chci, = 704 nm (e = 32485, Pearson’s r = 1.00 and
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R?=1.00) and 436 nm (c = 14843, Pearson’s r = 1.00 and R? = 1.00); Ayax pmr = 704
nm (g = 27057, Pearson’s r = 1.00 and R? = 1.00), and 433 nm (¢ = 12764, Pearson’s
r = 1.00 and R? = 1.00); *H NMR (400 MHz, CDCls): § = 8.45 (s, 2H), 8.40 (d, J = 8
Hz, 2H), 7.66, (d, J = 8 Hz, 2H), 4.35 (t, J = 6 Hz, 4H), 3.74 (bm, 4H), 2.88-2.72 (m,
16H), 2.09-1.97 (m, 8H), 1.16 (t, J = 7 Hz, 12H). Figure 4.8 shows the 'H NMR
spectrum of compound (P-6) in CDCls.
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Figure 4.8. *H NMR spectrum of P-6 in CDCls
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4.3 Data and Calculations

4.3.1 Maximum Extinction Coefficient (emax)

The maximum extinction coefficient measures the strength of light absorption by a
chemical special at a given wavelength. According to Beer Lambert’s law, the
maximum extinction coefficient is a linear relationship between the absorbance and
concentration and path length of light. The mathematical representation of the
maximum extinction coefficient is:

€max = 2 (5 . 1)

cl

Where €,,,, 1S the maximum extinction coefficient at a certain absorption wavelength
(L mol - cm™), A is absorbance, c is the concentration (mol - L) and [ is the path

length of light (cm).

4.3.2 Absorption and Emission Properties

Based on the Beer Lambert’s law in equation (5.1), the molar absorptivity coefficient
was calculated from the plot of absorbance versus concentration. A minimum of five
concentrations of the selected compounds’ solution was prepared and their
corresponding absorbance for each of the two wavelength peaks was recorded and
analyzed. The analysis revealed the slope (g), intercept, Pearson’s correlation
coefficient and R-squared between the plots of absorbance versus concentration. The
output analysis of the data presents a plot of the actual spectra, the absorbance versus
concentration plot of the compounds at each of the two peaks for different
concentrations in different solvents (CHCIls and DMF). The absorbance versus
concentration plot of the compounds at each of the two peaks for the selected
concentrations is presented in Figure 4.9 - Figure 4.44. The normalized absorption and

emission spectra are presented in Figure 4.45 - Figure 4.56.
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Figure 4.10. Absorbance versus Concentration plot of P-1 at 472 nm in CHCI3
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Figure 4.11. Absorbance versus Concentration plot of P-1 at 443 nm in CHCls
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Figure 4.12. Absorption spectra of P-2 in CHCI3
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Figure 4.14. Absorbance versus Concentration plot of P-2 at 443 nm in CHCls
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Figure 4.15. Absorption spectra of P-3 in CHCI3
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Figure 4.16. Absorbance versus Concentration plot of P-3 at 505 nm in CHCls
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Figure 4.18. Absorption spectra of P-4 in CHCI3
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Figure 4.23. Absorbance versus Concentration plot of P-5 at 512 nm in CHCl3
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Figure 4.24. Absorption spectra of P-6 in CHCl3
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Figure 4.25. Absorbance versus Concentration plot of P-6 at 704 nm in CHCls
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Figure 4.26. Absorbance versus Concentration plot of P-6 at 435.6 nm in CHCl3
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Figure 4.27. Absorption spectra of P-1 in DMF
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Figure 4.28. Absorbance versus Concentration plot of P-1 at 469 nm in DMF
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Figure 4.29. Absorbance versus Concentration plot of P-1 at 441 nm in DMF
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Figure 4.30. Absorption spectra of P-2 in DMF
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Figure 4.31. Absorbance versus Concentration plot of P-2 at 466 nm in DMF
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Figure 4.32. Absorbance versus Concentration plot of P-2 at 441 nm in DMF
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Figure 4.33. Absorption spectra of P-3 in DMF
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Figure 4.34. Absorbance versus Concentration plot of P-3 at 497 nm in DMF
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Figure 4.35. Absorbance versus Concentration plot of P-3 at 469 nm in DMF
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Figure 4.36. Absorption spectra of P-4 in DMF
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Figure 4.37. Absorbance versus Concentration plot of P-4 at 523 nm in DMF
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Figure 4.38. Absorbance versus Concentration plot of P-4 at 488 nm in DMF
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Figure 4.39. Absorption spectra of P-5 in DMF

0.8
Slope 35052.31
Pearson's r 1.00
R-Square(COD) 1.00 /.

0.6 + /

0.4

Absorbance

0.2 1

7
e

T T T T T T T T 1
0.00 4.80x10° 9.60x10°® 1.44x10° 1.92x10° 2.40x10°
Concentration (M)

Figure 4.40. Absorbance versus Concentration plot of P-5 at 541 nm in DMF
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Figure 4.41. Absorbance versus Concentration plot of P-5 at 508 nm in DMF
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Figure 4.42. Absorption spectra of P-6 in DMF
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Figure 4.43. Absorbance versus concentration plot of P-6 at 704 nm in DMF
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Figure 4.44. Absorbance versus concentration plot of P-6 at 433 nm in DMF
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Figure 4.45. Normalized absorption and emission of P-1 in CHCl3
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Figure 4.46. Normalized absorption and emission of P-2 in CHCl3
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Figure 4.47. Normalized absorption and emission of P-3 in CHCl3
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Figure 4.48. Normalized absorption and emission of P-4 in CHClI3
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Figure 4.49. Normalized absorption and emission of P-5 in CHCl3
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Figure 4.51. Normalized absorption and emission of P-1 in DMF
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Figure 4.52. Normalized absorption and emission of P-2 in DMF
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Figure 4.53. Normalized absorption and emission of P-3 in DMF
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Figure 4.54. Normalized absorption and emission of P-4 in DMF

97



Normalized Absorbance / Intensity [au]

Normalized Absorbance / Intensity [au]

0.9+

0.8

0.7+

0.6+

0.5+

0.4

0.3

0.2+

0.1

—FI
—uv

350

0.9+

0.8

0.7

0.6

0.5+

0.4+

0.3

0.2

0.1+

Figure 4.55. Normalized absorption and emission of P-5 in DMF
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Figure 4.56. Normalized absorption and emission of P-6 in DMF
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4.3.3 Singlet Excitation Energies (Es)
The minimum amount of energy required by a chromophore to get excited from the
ground state to the excited state is known as Singlet Excitation Energy. A mathematical

representation of Singlet Energy is expressed as [208]:

E, = 2.86X10° (5.2)

}\max

Where Eq is the singlet energy (kcal mol™?), A,.x iS the maximum absorption
wavelength (A). The singlet energies for the selected compounds calculated using

equation (5.2) is shown in Table 4.1

Table 4.1. Singlet Excitation Energies for the selected compounds

Compound
Analysis P-1 P-2 P-3 P-4 P-5 P-6
Solvent: CHCls
Amax (A) 4720 4680 5050 5260 5480 7040
Es (kcal mol™?) 60.59 61.11 56.63 54.37 52.19 40.63
Solvent: DMF
Amax (A) 4690 4660 4970 5230 5410 7040
Es (kcal mol?) 60.98 61.37 57.55 54.68 52.87 40.63

4.3.4 Oscillator Strength (f)
Oscillator strength is a dimensionless quantity used to measure the relative strength of
an electronic transition within an atomic and molecular system. A mathematical

representation of Oscillator strength is expressed as [208]:
f =432 x107°A03 /5 emax (5.3)

Where f is the oscillator strength, Av; /, is the half-width of an absorption (cm™), and

€max 1S the maximum extinction coefficient at a certain absorption wavelength (L mol
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1-ecm™). A schematic representation of the half-width selected for a specific absorption

is given in Figure 4.57.

The half-width of an absorption (A7, ;) represents the full or half-width of the

maximum intensity curve, which is calculated as:

Aﬁl/Z = 171 - 17” (54)
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071
0.6—-
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AV, w="V

Absorbance

0.3 1
0.2 1
0.1+

0.0 +

T ! T =45514 A,=495.2

. — —
300 350 400 450 500 550 600
Wavelength (nm)

Figure 4.57. Representation of the Half-Width for P-1 at 472 nm

From Figure 4.57, A; = 455.4 nm

107° 1cm

Thus, A; =455.4 nm X —— X —— = 4.55 x 107>cm
1nm 107“m
vy = Kllo_s =21,958.72 cm?
Also, A;; =486.4 nm
-9
A = 486.4nm X —— X — = 4,86 x 10~5cm
1nm 107“m
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vy = —
™ 4 86x10-5

1

=20,599.21 cm?

Av, , = 22,011.89 cm? - 20,599.21 cm™=1,399.51 cm™?

Using the aforementioned procedure, the half-width for remaining selected

compounds is estimated in Table 4.2.

Table 4.2. Half-Width Estimation for the Selected Compounds

Compound  Amax (MM) A (M) Ay (nm) T (em™) Gy (em™) ATy, (cm™)
Solvent: CHCl3
P-1 472 455.40 486.40 21,958.72 20,599.21 1,399.51
P-2 468 451.81 484.64 22,133.20 20,633.87 1,499.33
P-3 505 486.08 524.35 20,572.75 19,071.23 1,501.51
P-4 526 505.27 541.69 19,791.40 18,460.74 1,330.66
P-5 548 522.61 566.42 19,134.73 17,654.74 1,479.98
P-6 704 665.05 730.50 15,036.46 13,689.25 1,347.21
Solvent: DMF
P-1 469 453.00 483.40 22,075.06 20,686.80 1,388.25
P-2 466 451.60 482.00 22,143.49 20,746.89 1,396.60
P-3 497 480.60 519.70 20,807.32 19,241.87 1,565.45
P-4 523 505.10 540.30 19,798.06 18,508.24 1,289.82
P-5 541 520.70 555.70 19,204.92 17,995.32 1,209.60
P-6 704 664.60 734.00 15,046.64 13,623.98 1,422.67

4.3.5 Theoretical Radiative Lifetimes (tq)

In the absence of radiationless transitions, there is a theoretical lifetime of an excited

molecule known as Theoretical Radiative Lifetime, expressed as [208]:

To =

3.5x108

— —
V% maxXEmaxXAVq /2
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Where 1, is the theoretical radiative lifetime (ns), 7,4, iS the mean frequency of the
maximum absorption band (cm™), &,,4, i the maximum extinction coefficient at a
certain absorption wavelength (L- mol™* - cm™) and Aw,,, is the half-width of an

absorption (cm™).
From Figure 4.57, Aax =472 nm

lcm

-9
Thus, Ayay = 472 NMX —— X =4.72 x 10~5cm

1nm 1072m

_ 1
V. = —7
max — 472x10°5

=21,186.44 cm
72 a= (21,186.44 cm™)? = 4.49%x108 cm™2
From equation (5.5), the theoretical radiative lifetime is calculated as:

_ 3.5x108
 4.49%x108%29,974 x1,399.51

To =18.60 ns

Using the aforementioned algorithm, the theoretical radiative lifetime of the remaining

compounds are shown in Table 4.3.

Table 4.3. Theoretical Radiative Lifetime of Compounds

Compounds P-1 pP-2 P-3 P-4 P-5 P-6

Solvent: CHCI3

92 (cm?)  4.49x10° 457x10° 3.92x10° 3.61x10° 3.33x10° 2.02x10°
ATy (cm?) 1,399.51 1,499.33 150151 1,2330.66 1,479.98 1,347.21
Emax (Mcm?) 29974 32362 41,209 57,019 53,394 32,485
7o (NS) 1860  15.80 14.40 12.80 1330  39.60

Solvent: DMF

92,00 (cm?)  4.55x10° 4.60x10° 4.05x10° 3.66x10° 3.42x10° 2.02x10°
ATy (cm?) 1,388.25 1,396.60 156545 1,289.82 1,209.60 1,422.67
emax (Mtcm?) 23837 31509 32,017 38811 35052 27,057
7o(NS) 2330  17.30 17.20 19.10 2410  45.00
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4.3.6 Optical Band Gap Energy (E )

The optical band gap energies of the compounds are calculated using their absorption
spectral by extrapolating the maximum absorption band to zero absorbance with the

corresponding wavelength following equation (5.6):

1240 eV nm
E -

8= 2 (5.6)

Where E, is the band gap energy in eV, and A is the cut-off wavelength of the

absorption band in nm.

From Figure 4.58, 1 =770 nm

Thus, Ey = “o— 0 =1 61 eV
770 nm

Table 4.4 shows the various cut-off wavelength of the compounds while Figure shows
the representation cut-off wavelength for P-6 at 770 nm in DMF.

Table 4.4. Cut-off wavelength of Compounds

Compounds P-1 pP-2 P-3 P-4 P-5 P-6
Solvent: CHCl;

oo (NM) 494 497 542 555 582 756
Solvent: DMF

oo (NM) 491 495 534 554 576 770
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Figure 4.58. Cut-off Wavelength for P-6 at 770 nm in DMF

4.3.7 Fluorescence Quantum Yield (®f)

When light photons are absorbed by a fluorophore, an excited state is formed
depending on the nature of the compound and its surroundings, nonetheless, the
excitation ends in loss of energy (deactivation) and returns to ground state. Figure 4.59
shows a typical Jablonski diagram indicating all the processes of a fluorophore during
excitation state. The ideal processes involve the loss of energy by the emission of a
photon (fluorescence), internal conversion and vibrational relaxation (non-radiative
loss of energy as heat to the surroundings), and intersystem crossing to the triplet

manifold and subsequent non-radiative deactivation [209].

Fluorescence quantum yield (®f) is defined as the ratio of photons emitted through
fluorescence to the photons absorbed. In addition, information on the probability of an
excited state being deactivated by fluorescence in contrast to the non-radiative

mechanism is provided by the quantum yield.
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Figure 4.59. Typical Jablonski Diagram

The accuracy in the calculation of quantum yield for novel compounds is essential.
Against the backdrop, the study employs the comparative method of Williams,
Winfield [210], the most reliable method for recording quantum yield. The method
involves the use of a well-characterized standard sample with a known quantum yield.
Subsequently, solutions of the standard and test samples with the same absorbance and
excitation wavelength is assumed to absorb the same number of photons. Accordingly,
the ratio of the quantum yield values can be derived by a simple ratio of the integrated
fluorescence intensities of the two solutions recorded under the same conditions. ®g
of the test samples is calculated as:

P, = Py (GTadu) (@) (5.7)

Gradgt Nst

Where &, is the fluorescence quantum vyield of the unknown sample, @, is the

fluorescence quantum yield of the standard sample, Grad,, is the gradient from the

plot of integrated fluorescence intensity versus absorbance of the unknown, Grady; is
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the gradient from the plot of integrated fluorescence intensity versus absorbance of the
standard sample (Figure 4.60), n,, is the refractive index of the solvent for the unknown

sample and, n,; is the refractive index of the solvent for the standard sample.

250009 rgrepe 1.60E+06
Pearson's r 1.00
R-Square(COD) 1.00
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Figure 4.60. Gradient of Standard Sample

N,N'-bis(2,6-diisopropylphenyl)-perylene-3,4,9,10-tetracarboxdiimide with a ®p =
100% in CHCIswas used as the standard sample for the quantum yield measurements
of P-4, P-5 and P-6. The emissions spectra for the standard and test samples was taken

at the same wavelength, A.,.= 460 nm.

From equation (5.7), the quantum yield of P-4 was calculated as:

@, = 1( 9429.1 )(1.44952) — 0.006

1.60x10%/ \1.44952
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4.3.8 Theoretical Fluorescence Lifetime (tf)

The theoretical fluorescence lifetime is defined as the theoretical average time of the
molecules to stay in the excitation state before emitting photons (fluorescence). It is
calculated as [208]:

Tr = T X q)p (58)

Where 1 is the fluorescence lifetime (ns), T, is the theoretical radiative lifetime (ns)

and @ is the fluorescence quantum yield.
From equation (5.8), the fluorescence lifetime of P-4 is calculated as:
T = 0.006 x 12.8 =0.08 ns

Table 4.5 shows the remaining fluorescence lifetime of P-5 and P-6. Compounds P-4
and P-6 have shorter fluorescence lifetime making them weak emitters compared to P-

5 that has a longer fluorescence lifetime leading to a low photon turnover rates.

Table 4.5. Theoretical Fluorescence Lifetime of P-4 - P-6 in CHCl3

Compound @ T T

P-4 0.006 12.80 0.08
P-5 0.133 13.30 1.77
P-6 0.007 39.60 0.28

4.3.9 Fluorescence Rate Constant (kp)

The theoretical fluorescence rate constant for the compounds is calculated as:

Where kj is the fluorescence rate constant (s*) and T, is the theoretical radiative

lifetime (ns).

From equation (5.9), the fluorescence rate constant of P-4 was calculated as:
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kp =————=7.81x10"s?!

T 1.28%x10-8

Table 4.6 shows the theoretical fluorescence rate constant of P-4 - P-6.

Table 4.6. Theoretical Fluorescence Rate Constant of P-4 - P-6 in CHCl3

Compound T kp (s
P-4 12.80 7.81 x 107
P-5 13.30 7.52 x 107
P-6 39.60 2.53 x 107

4.3.10 Rate Constant of Radiationless Deactivation (kg)

The rate constant of radiationless deactivation of the compounds was calculated as:
— (ke _
k, = (0) Ky (5.10)

Where k, is the rate constant of radiationless deactivation (s*), Ky is the fluorescence

rate constant (s) and T, is the theoretical radiative lifetime (ns).

From equation (5.10), the fluorescence rate constant of P-4 was calculated as:

7.81 x 107

) —7.81 x 107 =7.81 x 107 s
0.008

kd = (
Table 4.7 shows the rate constant of radiationless deactivation of P-4 - P-6.

Table 4.7. Rate Constant of Radiationless Deactivation of P-4 - P-6 in CHCl3

Compound T kg (sY) ky (s

P-4 12.80 7.81 x 107 1.29 x 10%°
P-5 13.30 7.52 x 107 4.90 x 108
P-6 39.60 2.53 x 107 3.58 x 10°
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CHAPTER 5

RESULTS AND DISCUSSION

The study aims at designing and synthesizing low band-gap bay-substituted perylene-
bisimides to increase the solar light harvesting properties, as potential sensitizers for
dye-sensitized solar cell application. In order to accomplish the aim of the study, a
number of various donor substituents are introduced at the core positions of the
perylene unit as depicted in Figure 5.1. The experimental procedure involves a
systematic synthesis, functionalization and purification of the novel target molecules

shown in Figure 5.1.

Synthesized Compounds

R' = diethyl(amino)-ethyl
R= o)
N

Figure 5.1. Schematic representation of the synthesized target structures

5.1 Chemical Synthesis

The synthesis of the proposed target structures at the bay-position starts with the
halogenation of the perylene-3,4,9,10-tetracarboxylic bisanhydride (PBA), in
accordance with the procedures outlined in the BASF patent [170] (Scheme 2.3).

Under the applied experimental conditions, a respective 1,7-dibromo-, 1,6-dibromo
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and 1,6,7,-tribromo-PBA, are produced from the reaction as regioisomeric mixtures
[171].

(0] (0} o (0] O 0} (o) O (0] O, O 0]
I I Br,,l, Br I I Br l l Br Br I l Br
—_— + +
O O o QO ) OO OO )
O o o O (0] o o O (0] O (0 (0]

&) 1,7-(4) 1,6-(4) 1,6,7-(4)
Scheme 2.3. Schematic representation of the bromination of perylene bisanhydride

Due to the insolubility of the resultant isomeric mixture, the synthesized bay-
substituted compounds from this mixture are not isomerically pure. A recent research
has demonstrated that the optical and electrochemical properties of the 1,6- and 1,7-
substituted perylene bis-imides (PBIs) can be distinctly different [205]. This requires
the separation of the resulting isomers from the aforementioned reaction where this

has been proven difficult if not impossible.

Nevertheless, a new route for the synthesis of the isomerically pure 1,7-dibrominated
perylene compounds have recently been reported [200]. The reported synthons are
outstanding starting materials for the synthesis of a large variety of the bay-position-
substituted compounds and with the advantage of controlling the optical and
electrochemical properties of the target materials. Therefore, in this study, our
synthetic strategy was based on the reaction pathway shown in Scheme 2.4. The
significant intermediates in this scheme are perylene-3,4,9,10-tetracarboxylic
tetraesters (PTES), Scheme 2.4 (5) and (6).

110



C4HoC4Hy
0O O
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Scheme 2.4. Schematic representation of the synthesis of regioisomerically pure 1,7-
Dibromoperylene-3,4,9,10-tetracarboxy Tetrabutylester (P-2) from PBA (1)

The advantage of this procedure is that the dibromination of PDA can be carried out
in very mild conditions with high yield. From the resulting mixture of the dibromo 1,7-
(6) and 1,6-(6), 1,7-isomer of (6) can be obtained in the pure form by repetitive
crystallization from an acetonitrile/dichloromethane mixture [200].

Synthesis starts with the formation of perylene tetracarboxylic tetrabutylester (5) from
commercially available Perylene-3,4,9,10-tetracarboxylic dianhydride (3) in Scheme
2.4. In DMF, using a liphophilic base 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)
together with butanol and n-butyl bromide leads to the tetrabutylester (5) with
excellent yield. Subsequent bromination at the bay position in dichloromethane can be
carried out at mild conditions, in fact at room temperature. The bromination product
is an isomeric mixture of (1,7) and (1,6) isomers. NMR analysis revealed that
(1,7)/(1,6) isomeric ratio is 4/1. Repetitive crystallization from acetonitrile /
dichloromethane mixture leads to the isolation of (1,7) isomer of (6) in pure form (see
Scheme 2.4).

The synthesis of isomerically pure 1,7-Dibromoperylene-3,4,9,10-tetracarboxylic
bisanhydride in Scheme 2.5 (7) can be achieved by an acid catalyzed dehydration

reaction.
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Br
1,7-(6) [P-2] (8) [P-X]

Scheme 2.5. Tetraester to Bisanhydride formation

The study followed the imidization process with a subsequent bay-substitution strategy
for the synthetic plan, en route to the design of new compounds. Imidization of an
isomerically pure 1,7-dibromo perylene dianhydride with N,N-diethylene diamine was
carried at mild conditions in 2-propanol/water mixture as solvent and using acetic acid

as catalyst.

Br, Br,
TP — <A~
) )
o) o) o) o) \ -

Br Br
3 [P-X] 9) [P-4]

Scheme 2.6. Bisimide formation

This compound is a key intermediate structure in synthesizing isomerically pure 1,7-
bay-substituted perylene diimide compounds bearing various bay-substituents. The
design involves the attachment of electron donating groups to the perylene ring at 1,
7-positions leading to two novel bay-substituted perylene bisimide compounds (P-5
and P-6).

In order to attach phenoxy groups, we carried out nucleophilic substitution reactions
that involve double aromatic substitution. The reaction was carried out in dry toluene
as solvent at 90 °C, with a mild base K.COs and crown-ether (18-crown-6) as phase
transfer catalyst. The desired product was obtained in pure form after column

chromatographic separation with a good yield of 69 %.
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Secondary cyclic amines like pyrrolidine are known to be good electron-donating
substances. In order to investigate the effect of N-substitution and compare it with
phenoxy-substitution, we synthesized the isomerically pure novel compound (P-6)
bearing pyrrolidinyl groups at 1,7-positions of perylene-core. The synthesis of
compound (P-6) was achieved by reacting 1,7-dibromo bisimide (P-4) in pyrrolidine
at 60 °C. After column chromatographic separation and purification, the title “green-

perylenebisimide” compound was obtained with a 70 % isolated yield.

It is reported in the literature that the perylenetetracarboxy-monoanhydride-diester, the
main intermediate for the unsymmetrically substituted perylene-imides can be
synthesized from a symmetrically tetra-substituted perylene esters like (3) or (4), by
an acid-catalyzed partial hydrolysis reaction [211].

Br ] l

p-TsOH
n-heptane Br
Br 90°C OO
(0] o
? 9
| | C4H9C4H9
(6) [P-2] () [P-3]

Scheme 2.7. Schematic representation of the Synthesis of Regioisomerically Pure
1,7-Dibromoperylene-3,4,9,10-tetracarboxy monoanhydride-dibutylester (7) from (6)

Scheme 2.7 presents the synthesis of regioisomerically pure 1,7-Dibromoperylene-
3,4,9,10-tetracarboxy monoanhydride-dibutylester (7) from (6). It was further reported
that, in order to suppress the dianhydride formation, which reduces the yield of
formation of (7), a solvent that dissolves (6) but hardly dissolves (7) is used at the
reaction temperature. Our initial attempts to synthesize (7) in n-heptane as the solvent

at 90°C resulted in a significantly lower yield than the reported 82% literature yield.

113



Observations from the outcome shown that besides the choice of solvent, a temperature
at which the reaction is carried out and the reaction time were important factors needed
to be controlled. As a result, there are ongoing efforts on optimizing the reaction
conditions. It is worth to mention that (7) is an excellent synthon en route to the
unsymmetrically substituted perylene imides, which will be the subject of a future

work.

All synthesized compounds within this study were isolated, purified, and structurally
characterized by standard characterization techniques like IR, and NMR spectroscopic
techniques (see the experimental section for full synthetic procedures and

characterization data).

5.2 Physical Properties

The observable features of compounds (P-1 - P-6) are analyzed to distinguish one
substance from the other. The physical properties of the compounds analyzed include
the colour and solubility. Qualitatively, solubilities are determined at both room
temperature (RT) and hot solvents (60 °C) presented in Table 5.1. Figure 5.2 and Figure
5.3 show a picture of P-1 - P-6 in chloroform in daylight and under UV light. The
colour of the compounds (P-1 - P-6) depends on an alteration that affects the n-system.
This structural alteration causes the absorption band to have longer wavelength thus,
the colour of the compounds move from yellow > orange > pink > green (i.e.
bathochromic shift) while an emission of the residual energy (i.e. light) in P-1, P-2,
and P-3 causes the compound to glow (fluorescence) under UV light as shown in

Figure 5.3.
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Figure 5.2. Picture of P-1 - P-6 in chloroform in daylight

Figure 5.3. Picture of P-1 - P-6 in chloroform under UV light
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5.3 Solubility Properties

Among some other essential properties, to be able to use as sensitizer component in a
DSSC, compounds must have good solubility properties. The solubility properties of
the synthesized compounds at various conditions are presented in Table 5.1. Table 5.1
shows the solubility test for P-1 - P-6 in a non-polar solvent (Chloroform), polar protic
solvent (Ethanol), and polar aprotic solvents (Dimethylformamide and Acetonitrile).
Best solubilities are observed in low-polarity solvent CHCls, where all the compounds
are fully soluble in chloroform at room temperature and in hot condition. P-1 and P-3
are fully soluble in DMF at room temperature and in hot condition, however, P-2, P-4
and P-5 are partially soluble in DMF at room temperature but fully soluble in hot
condition while P-6 is sparingly soluble in DMF at room temperature but fully soluble
in hot condition. P-1 and P-6 are partially soluble in ethanol at room temperature but
fully soluble in hot condition, P-2 is sparingly soluble in ethanol at room temperature
but fully soluble in hot condition while P-3, P-4, and P-5 are sparingly soluble in
ethanol at room temperature but partially soluble in hot condition. P-3 is partially
soluble in acetonitrile at room temperature but fully soluble in hot condition. P-1, P-2
and P-6 are sparingly soluble in ethanol at room temperature but fully soluble in hot
condition. P-5 is sparingly soluble in acetonitrile at room temperature but partially
soluble in hot condition, while P-4 is sparingly soluble in both room temperature and

in hot condition.

Core-unsubstituted perylene bisimide compounds usually show poor solubility and
strong aggregate formation tendencies especially in higher polarity solvents due to the

strong 7-7 interactions between the aromatic perylene cores. The introduction of bay
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substituents distorts the perylene core, leading to twisting of core ring plane, which

reduces the degree of m-m interactions and aggregate formations and significantly

increases the solubility.

Table 5.1. Solubility Test for P-1 - P-6
Compounds

Solvent P-1 P-2 P-3 P-4 P-5 P-6
RT Hot RT Hot RT Hot RT Hot RT Hot RT Hot

CHCIl3  +++ +++ +++ +++ +++ +++ +++  +++  +++  +++  +++  +++
Yellowish-  Dark- Dark- Dark-red Dark-pink  Dark-green
green yellow yellow colour colour colour
colour colour colour

EtOH  ++  +++ + +++ + ++ o+ ++ 4+ ++ o+ +++
Yellowish-  Dark- Dark- Pale-red Pink colour  Green
green yellow yellow colour colour
colour colour colour

DMEFE +++ +++ ++ +++ +++ +++  ++ +++ ++ +++ + +++
Yellowish-  Dark- Dark- Pale-red Pale-pink Pale-green
green yellow yellow colour colour colour
colour colour colour

MeCN + +++  + +++  ++ +H+ + + + ++ o+ +++
Yellowish-  Dark- Dark- Very pale- Pale-pink Pale-green
green yellow yellow red colour  colour colour
colour colour colour

-Not Soluble, +++ Fully Soluble, ++ Partially Soluble, and + Sparingly Soluble.
Hot: (60 °C)
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5.4 Optical Properties
5.4.1 Steady-State Absorption

The optical properties of the synthesized compounds of P-1 - P-6 in solution were
studied by ultraviolet-visible (UV-Vis) and fluorescence spectroscopy. Information on
the structural features of molecules can be obtained from UV-vis spectra studied from
the solution. It is noteworthy that substitutions along the peri-positions do not have
much effect on the absorption properties of this class of compounds (because of the
available node on the imide nitrogen HOMO and LUMO) but significantly affect
aggregation and solubility properties. On the other hand, bay-substitution results in
alterations not only on the electronic and optical properties but on solubility as well,
resulting in substances that are more soluble. This increased the solubility results from
the distortion of the perylene core where it significantly reduced the n-7 interactions,
leading to higher solubilities over a wider range of solvents. Figure 5.4 shows the
absorption spectra of P-1 - P-6 recorded in CHClIz (a) and in DMF (b).
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————
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Figure 5.4. Absorption Spectra of P-1 - P-6 recorded in (a) CHClz and (b) DMF

In literature, there is evidence that at the bay-positions, 1,6- and 1,7-disubstituted
perylene imides may show significantly different electrochemical and photophysical
properties [205]. Therefore, the isomerically pure 1,7-substituted compounds (P-4, P-
5, and P-6) prepared and purified in this study are significant molecules for studying

the structure-property relationship of this class of compounds.

Perylene bis-imide compounds are usually characterized with three well-defined sharp
absorption bands, which are vibronic in nature (So — S transitions). Among the
synthesized compounds P-1 - P-6, taking 1,7-dibromo perylene tetracarboxylic
dianhydride P-4 as parent compound (Aabs = 526nm, Aabs = 491 nm in CHClz), perylene
tetracarboxylic monoanhydride compound [P-3] (Aabs = 505 nm and Aaps = 484 nm in
CHCIzs), shows absorption maxima, which are 21 nm and 7 nm blue (hypsochromic)
shifted respectively. Large hypsochromic shifts were observed with perylene
tetracarboxylic tetraesters P-1 (Aabs = 472 nm and Aaps = 443 nm in CHClz), and P-2
(Aabs = 468 nm and Aaps = 443 nm in CHCIs), as 33 nm and 41 nm (in the case of P-1),
and 37 nm and 41 nm (in the case of P-2) respectively. It is noteworthy that among the

perylene tetracarboxylic derivatives, tetraesters are the weakest in terms of electron
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withdrawing ability, because of their weak perylene-core ester-carbonyls orbital
interactions. This type of orbital interaction that enhances delocalization of electrons
are stronger in bisimide derivatives and strongest in bisanhydride derivatives which
are in accordance with the electron withdrawing ability of ester < imide < anhydride
groups. It is evident that the attachment of weakly electron withdrawing bromine
groups further shifts the absorption maxima of P-2 by 4 nm to lower wavelengths
compared to that of P-1. Table 5.2 and Table 5.3 show the measured and calculated

photophysical data for P-1 - P-6 in CHCI; and DMF respectively.

Table 5.2. Photophysical data of P-1 - P-6 in CHCl3

Compound  Amax(nm)/€max  Aems(NM) Dr/dexc(Nm)  Stokes Es(kcal f T0 Eq
(M1cmt) shift (nm)  mol?) (ns) (eV)

P-1 472(29974) 490 - 18 60.59 0.18 18.60 251
443(23837)

P-2 468(32362) 499 - 31 61.11 0.21 15.80 2.49
443(28719)

P-3 505(41209) 540 - 35 56.63 0.27 1440 2.29
484(34093)

P-4 526(57019) 552 0.006/460 26 54.37 0.33 12.80 2.23
491(40512)

P-5 548(53394) 586 0.133/460 38 52.19 0.34 13.30 2.13
512(35820)

P-6 704(32485) 727 0.007/460 23 40.63 0.19 39.60 1.64
436(14842)

A common strategy to red shift the absorption band of sensitizers, which is applied in
this work as well, is to incorporate electron-donating substituents at positions that can

extend the electron delocalization through the structure.

As expected, the attachment of two electron donating tert-butyl-phenoxy groups at the

1,7-positions in P-5 resulted in 22 nm red shift of So — S transitions with Amax Mmoving

from 526 nm to 548 nm. Electronic coupling between the electron-rich tert-butyl-
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phenoxy substituents and electron-deficient perylene core accounts to such a change

in absorption spectra.

The molar absorptivity of compounds P-1 - P-6 was measured in CHClz and DMF as
shown in Table 5.2 and Table 5.3. In order to confirm the accuracy of the molar
absorptivity of the compounds, five different concentrations are measured in CHCI3
and DMF. The slope (thus, €) is analysed with four accurate points, with corresponding
R-squared and Pearson’s correlation obtained from the absorbance versus

concentration plot.

There is a loss of vibrational energy as an electron moves from an excited state to the
ground state. As a result, there is a shift in the emission spectrum to longer wavelengths
compared to the absorption spectrum known as the stokes shift. It is noteworthy that,
the higher the stokes shift, the greater it is to separate the excitation light from the
emission light. The stokes shift for compounds P-1 - P-6 in CHClz are 18, 31, 35, 26,
38, and 23 nm while in DMF are 19, 33, 47, 23, 32, and 28 nm as shown in Table 5.2
and Table 5.3.

Table 5.3. Photophysical data of P-1 - P-6 in DMF

Compound  Amax(nm)/€max  Aems(NM) Dr/dexc(Nm)  Stokes Es(kcal f to(ns) Eg
(Mtcm?) shift (nm)  mol?) (eV)

P-1 469(46069) 488 - 19 60.98 0.28 2330 2.53
441(38616)

P-2 466(31509) 499 - 33 61.37 0.19 1730 251
441(28249)

P-3 497(32017) 544 - 47 57.55 0.22 17.20 2.32
469(26757)

P-4 523(38811) 546 - 23 54.68 0.22 19.10 2.24
488(27925)

P-5 541(35052) 573 - 32 52.87 0.18 2410 215
508(24658)

P-6 704(27057) 732 - 28 40.63 0.17 4500 1.61
433(12764)
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The steady state UV-visible absorption spectra of P-6 shows a broad absorption band
within 400-750 nm band. Absorption maxima of lowest energy transition now shift to
704 nm. In addition to the characteristic of So — Si transition band locating Amax at 704
nm, a second peak is located at 436 nm. This second peak is presumably the result of
So — S transitions.

In all cases, substitution at the bay positions resulted in bathochromic shifts of the
absorption maxima, and a broadening of the absorption bands leading to the loss of
three characteristic sharp absorption bands observed in core-unsubstituted perylene-
bisimides originating from vibronic nature of the transitions. Observed band
broadening may be the result of increased conjugation between the bay-substituents
and perylene ring and/or bay-substituents induced twisting of the perylene core [212-
216].

5.4.2 Steady-State Fluorescence

Fluorescence spectra of the compounds are recorded in both chloroform and DMF.
Figure 5.5 shows the emission spectra of P-1 - P-6 in CHClI3 (a) and DMF (b) while
the data is summarized in Table 5.2 (CHClIz) and Table 5.3 (DMF).
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Similar to that observed in absorption spectra, the emission maxima of P-5 and P-6
red-shifted significantly compared to that of P-4. The emission spectrum of P-5 is
recorded with excitation at 548 nm (in CHCl3) and at 542 nm (in DMF). The emission
band (Aems = 586) shows 34 nm red shift in CHCl3 and (Aems = 573) shows 27 nm red
shift in DMF, compared to that of P-4. On the other hand excitation of P-6 at 703 nm
both in CHCI3 (Aems = 727 nm) and in DMF (Aems = 732 nm) lead to 175 nm and 186
nm red shifts in these solvents respectively.

While P-1 - P-3 are fluorescent, P-4 - P-6 are weakly fluorescent. Fluorescence
quantum vyields of P-4 - P-6 in CHCIz are determined relative to N,N'-bis(2,6-
diisopropylphenyl)-perylene-3,4,9,10-tetracarboxdiimide, the standard compound
(®rF = 1.00). High dilution conditions are applied, where the absorbance of the
compounds at the excitation wavelength (Aex =460 nm) are < 0.01 unit, in order to
avoid self-quenching. The calculated quantum yields are 0.006, 0.133, and 0.007 for
P-4, P-5, and P-6 respectively. The perylene-core is strongly an electron withdrawing,
therefore an introduction of substituents bearing tertiary amine units at the peri-

positions as well as electron donating groups at the 1,7-positions introduces a charge
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transfer character to the excited states. It is essential to note that the observed extremely

small quantum yields are in line with this reasoning.

Optical band gaps (Eg) have been determined from the absorption onsets as presented
in Table 5.2 and Table 5.3. It is noteworthy that very similar trends and optical
properties are observed in low-polarity solvent CHCIs and in polar aprotic solvent
DMF.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

In this study, low band-gap bay-substituted perylene-bisimides were designed and
synthesized successfully to increase the solar light harvesting properties for dye-
sensitized solar cell applications. A number of various donor substituents were
introduced at the core positions of the perylene unit. Two new isomerically pure 1,7-
substituted perylene-bisimide derivatives namely; 1,7-Di(4-tert-butylphenoxy)-N,N’-
bis[2-(diethylamino)ethyl]-3,4,9,10-perylene-tetracarboxylic ~ diimide and 1,7-
Di(pyrrolidinyl)-N,N’-bis[2-(diethylamino)ethyl]-3,4,9,10-perylene- tetracarboxylic
diimide, have been synthesized, isolated, purified and characterized by NMR and
FTIR-spectroscopy. Solubilities, as well as optical and photophysical properties, were

studied by steady-state UV-visible and fluorescence spectroscopy.

The molar absorptivities of the synthesized compounds are 53394 at 548 nm in CHCI3
and 35052 at 541 in DMF for 1,7-Di(4-tert-butylphenoxy)-N,N’-bis[2-
(diethylamino)ethyl]-3,4,9,10-perylene-tetracarboxylic diimide and 53394 at 548 nm
in CHCI3 and 35052 at 541 in DMF for 1,7-Di(pyrrolidinyl)-N,N’-bis[2-
(diethylamino)ethyl]-3,4,9,10-perylene- tetracarboxylic diimide. The measured molar
absorptivities are high and reflect the desired high photon absorbing ability of these
compounds. It was evidential that the attachment of two electron donating tert-butyl-
phenoxy groups at the 1,7-positions in 1,7-Di(4-tert-butylphenoxy)-N,N’-bis[2-
(diethylamino)ethyl]-3,4,9,10-perylene-tetracarboxylic diimide resulted in 18 nm red

shift of So — Si transitions with Amax moving from 526 nm to 543 nm.

Electronic coupling between the electron-rich tert-butyl-phenoxy substituents and
electron-deficient perylene core accounts to such a change in absorption spectra. The
steady state UV-visible absorption spectra of 1,7-Di(pyrrolidinyl)-N,N’-bis[2-
(diethylamino)ethyl]-3,4,9,10-perylene- tetracarboxylic diimide shows a broad
absorption band within the red region. Absorption maxima of lowest energy transition

now shift to 704 nm. In addition to the characteristic of Sg — S; transition band
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locating Amax at 704 nm, a second peak is located at 436 nm. This second peak was

apparently the result of So — S transitions.

Evidence from the study shows that the low quantum yields of 1,7-Dibromo-N,N’-
Bis[2-(diethylamino)ethyl]-3,4,9,10-perylene-tetracarboxylic Diimide and, 1,7-
Di(pyrrolidinyl)-N,N’-bis[2-(diethylamino)ethyl]-3,4,9,10-perylene-tetracarboxylic

diimide are due to the attachment of pyrrolidine, as well as the tertiary amine groups

attached at the peri-positions.

The 1,7-Di(4-tert-butylphenoxy)-N,N’-bis[2-(diethylamino)ethyl]-3,4,9,10-perylene-
tetracarboxylic diimide exhibited a higher fluorescence due to the attachment of tert-
butyl-phenol at the bay position of the perylene core which leads to low-photon

turnover rates.

The 1,7-Di(4-tert-butylphenoxy)-N,N’-bis[2-(diethylamino)ethyl]-3,4,9,10-perylene-
tetracarboxylic diimide and 1,7-Di(pyrrolidinyl)-N,N’-bis[2-(diethylamino)ethyl]-
3,4,9,10-perylene- tetracarboxylic diimide have unique characteristics that are desired
for a sensitizer component to be used in photovoltaic devices. Thus, the former results
in a high quantum yield while the later results in a broader absorption range (350-750
nm), which allows more photons to be captured. The 1,7-Bay substitution increased
the solubility of the compounds which helps improve the processability of synthesized

compound.

The estimation of the energy potential of the compounds P-1 — P-6 in a solar spectrum
perspective is depicted in Figure 5.6. A critical look at the optical properties of the
compounds reveals their light harvesting potentials for electricity generation in dye-
sensitized solar cell applications. The maximum extinction coefficient and the
corresponding optical bandgap energies of compounds P-1 — P-3 happens to be lower
compared to P-4, the parent compound. However, for a potential sensitizer that can
harness the entire energy spectrum of sunlight from 3.54-1.65 eV (350-750 nm), P-5
and P-6 surpasses the remaining compounds. Against the background, P-5 and P-6 are
good candidates with outstanding optical properties that can increase the photo-

conversion efficiency of dye-sensitized solar cell applications.
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Figure 5.6. Estimation of Energy Potential

Future studies should aim at analyzing the thermal stability and electrochemical
properties of 1,7-Di(4-tert-butylphenoxy)-N,N’-bis[2-(diethylamino)ethyl]-3,4,9,10-
perylene-tetracarboxylic diimide and 1,7-Di(pyrrolidinyl)-N,N’-bis[2-(diethylamino)
ethyl]-3,4,9,10-perylene- tetracarboxylic diimide. Finally, the bay position of 1,7-
dibromoperylene-3,4,9,10-tetracarboxy monoanhydride dibutylester can further be
substituted with tert-butyl-phenol / pyrrolidine, en route to the nonsymmetrical bay-
substituted monoimide mono-anhydride compounds, in order to compare their
properties with P-5 and P-6 and to ascertain its potential for dye-sensitized solar cell
applications.
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